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ABSTRACT 

High-density polyethylene (HDPE) geomembranes and geosynthetic clay liners (GCLs) are widely 
used together in composite liners systems in engineered landfills to contain leachate and prevent 
the migration of contaminants into the surrounding environment. While previous research has 
documented the diffusion of some contaminants through composite liners, the transport of volatile 
per- and polyfluoroalkyl substances (PFAS) through HDPE-GCL composite liners has received 
little attention. Fluorotelomer alcohols (FTOHs) are of particular concern because they are among 
the dominant volatile PFAS present in landfills and are precursors of persistent and regulated 
PFAS. 

The objective of this project is to expand knowledge in the area of permeation of FTOHs through 
HDPE-GCL composite liners by answering the following questions: 1) How do different types of 
FTOHs permeate through the liner system? 2) How accurately can we model the permeation of 
FTOHs through the composite liner? 3) How does the HDPE layer compare to the composite liner 
for FTOHs permeation? 

We used double-chamber diffusion cells consisting of a source chamber containing deionized 
water spiked with 4:2, 6:2, 8:2, and 10:2 FTOHs at 500 µg/L each and a receptor chamber 
containing deionized water. The chambers were separated by an HDPE-GCL composite liner, with 
the HDPE directly contacting the source chamber. Experiments were conducted at 40, 50, 60, and 
70 °C. FTOH transport through the composite membrane increased with temperature and was 
dependent on FTOH chain length. At each temperature, the long-chain FTOHs decreased faster in 
the source chamber, while 6:2 FTOH showed the greatest increase in the receptor chamber. The 
concentrations of 8:2 and 10:2 FTOHs remained below the quantification limit in the receptor 
chamber at all temperature conditions, while detectable receptor concentrations of 4:2 and 6:2 
FTOHs were observed at 60 and 70 °C. The maximum permeation rates were below the ASTM 
F739-20 breakthrough flux of 0.1 µg/cm2/min at all test conditions for all FTOHs. Therefore, no 
standardized breakthrough time was reported based on this criterion.  

Three types of GCLs were tested in this study. They showed similar FTOH permeation 
performance. We also evaluated the contribution of the GCL to the overall barrier performance by 
comparing the HDPE–GCL composite liner against a single layer HDPE geomembrane at 60 °C. 
4:2 and 6:2 FTOHs were detected in the receptor chamber after approximately 50 and 30 days, 
respectively, for the HDPE-GCL composite liner, and after approximately 15 and 11 days, 
respectively, for the HDPE alone. GCL is usually considered as the secondary barrier in the 
composite liner, but its addition into the barrier delayed the breakthrough of FTOHs by 
approximately three-fold, suggesting its important role in the composite barrier. 
 
We used Fick’s Law-based models to determine the diffusion and partition coefficients of the 
individual layers in the HDPE-GCL composite membrane. The diffusion coefficients ranged from 
6.7×10-14 to 3.9×10-13 m2/s for the HDPE geomembrane and from 1.4×10-11 to 9.3×10-11 m2/s for 
the GCL at 60 and 70 °C. The much lower diffusion coefficients of HDPE compared to GCL 
confirms that the HDPE geomembrane is the primary barrier in the composite liner. The partition 
coefficients of 4:2 and 6:2 FTOHs ranged from 310 to 420 for HDPE and from 400 to 450 for 
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GCL, suggesting slight difference in FTOH sorption between HDPE and GCL. Parameter 
sensitivity analysis further demonstrated the distinct roles of the two components in the composite 
liner. While the diffusion and partition coefficients for HDPE influence FTOHs in both source and 
receptor, the diffusion and partition coefficients for GCL affects only the receptor. Both the HDPE 
geomembrane and GCL contributed to permeation resistance to FTOHs, with the HDPE 
geomembrane limiting the rate of diffusion and the underlying GCL delaying migration to the 
receptor through adsorption. 

 

 
Key Words: FTOH, GCL, geomembrane, HDPE, landfill, liner  
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EXECUTIVE SUMMARY 

 
Introduction 
 
Composite liners are an important component of engineered landfills that are designed to prevent 
leachate and landfill gas from migrating into the surrounding environment. These liners commonly 
consist of a geomembrane like high-density polyethylene (HDPE) combined with an underlying 
low-permeability layer such as a geosynthetic clay liner (GCL). However, there is evidence that 
some contaminants can slowly diffuse through landfill barrier materials. Recently, per- and 
polyfluoroalkyl substances (PFAS), a diverse group of persistent contaminants, have been 
frequently detected in landfill leachate and gas. Their persistence and potential toxicity make their 
migration from landfills into the surrounding environment a concern. 
 
Previous studies have evaluated the transport of some contaminants through geomembranes and 
GCLs. However, limited information is available on the transport of volatile PFAS through 
composite landfill liners. Fluorotelomer alcohols (FTOHs) are of particular interest because they 
are among the dominant volatile PFAS reported in landfill environments and can transform into 
persistent and regulated PFAS. Our previous project evaluated the permeation of FTOHs through 
a single HDPE geomembrane. This project extended that work by evaluating FTOH transport 
through a more representative composite membrane consisting of HDPE and GCL. 
 
The overarching goal of this project was to expand knowledge of FTOH permeation through 
HDPE-GCL composite membranes used in landfill liners. The specific objectives were to evaluate: 

1) How do different types of FTOHs permeate through the liner system?  
2) How accurately can we model the permeation of FTOHs through the composite liner under 

various environmental scenarios?  
3) How does the HDPE layer compare to the composite liner for FTOHs permeation? 

 
Three tasks have been completed in this project to achieve the objectives, including: 

Task 1: Permeation experiments at different temperatures 
Task 2: Permeation modeling  
Task 3: Permeation model evaluations 

 
 
Methods 
 
In Task 1, permeation experiments were conducted using dual-chamber diffusion cells, each 
consisting of a source chamber spiked with 4:2, 6:2, 8:2, and 10:2 FTOHs at 500 µg/L for each 
FTOH in deionized water and a receptor chamber containing deionized water. The two chambers 
were separated by a composite liner consisting of an HDPE geomembrane and the first type of 
GCL (i.e., GCL 1), with the HDPE directly contacting the source solution. Four temperatures were 
tested (40, 50, 60, and 70 °C). Samples were collected from the source and receptor chambers to 
measure the trend of change in FTOH concentrations. To evaluate various types of GCL, the 
second and third types of GCL (i.e., GCL 2 and GCL 3) were also tested while combining with 



 

xiii 
 

the same HDPE geomembrane at one temperature (50 °C). As a no-GCL control, the HDPE 
geomembrane was also tested at one temperature (i.e., 60 °C).    
 
Task 2 focused on permeation modeling. We used Fick’s Law-based models to simulate the 
transport of FTOHs through the HDPE-GCL composite liner. By fitting the model-simulated data 
with the experimental data, the diffusion and partition coefficients of each layer were determined. 
Other transport parameters, including the maximum permeation rate and standardized 
breakthrough time, were also evaluated following the American Society for Testing and Materials 
(ASTM) Method F739-20.   
 
In Task 3, the HDPE transport parameters determined from the HDPE-GCL composite liner study 
were compared with those independently determined from the HDPE-only study to evaluate 
parameter consistency. The contribution of the GCL to the composite liner performance was also 
evaluated by comparing the HDPE-GCL permeation results with the HDPE-only permeation 
results at the same temperature of 60 °C. Sensitivity analysis was conducted by varying the 
diffusion and partition coefficients of the individual HDPE and GCL layers to determine their 
influence on the source and receptor concentrations.  
 
 
Results and Discussion  

We observed that the FTOH transport through the HDPE-GCL 1 composite membrane was 
dependent on temperature and FTOH chain length. At each temperature, the long-chain FTOHs 
generally decreased faster in the source chamber, indicating greater sorption to the liner materials.  
In the receptor chamber, 6:2 FTOH showed the greatest increase among the four FTOHs while the 
concentrations of 8:2 and 10:2 FTOHs remained below the quantification limit in the receptor 
chamber at all experimental conditions. For 4:2 and 6:2 FTOHs, measurable receptor 
concentrations were observed at 60 and 70 °C, while receptor concentrations remained below the 
quantification limit at 40 and 50 °C during the test period.  
 
The influence of GCL type was evaluated by comparing three different GCL products combined 
with the same HDPE geomembrane at 50 °C. No significant differences were observed among the 
source concentration trends for the HDPE-GCL 1, HDPE-GCL 2, and HDPE-GCL 3 
configurations. FTOH concentrations in the receptor chambers also remained below the 
quantification limit for all three composite liners during the experimental period. Therefore, the 
three types of GCL showed similar permeation performance for the four FTOHs. 
 
The contribution of the GCL to the overall barrier performance was demonstrated by comparing 
the HDPE-GCL composite liner with the single-layer HDPE geomembrane. At 60 °C, permeation 
of 4:2 and 6:2 FTOHs into the receptor chamber at detectable levels occurred after approximately 
50 and 30 days, respectively, for the composite liner, and approximately 15 and 11 days for the 
HDPE alone. Addition of the GCL therefore delayed FTOH permeation into the receptor chamber 
by approximately three-fold. This comparison demonstrates the additional permeation resistance 
provided by the GCL and shows that the HDPE geomembrane alone does not fully represent the 
containment performance of the composite liner. 
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We calculated the maximum permeation rates and standardized breakthrough times based on 
ASTM F739-20. The maximum permeation rates increased with temperature and ranged from 
2.8×10-6 to 6.0×10-6 for 4:2 FTOH and 5.0×10-6 to 9.4×10-6 µg/cm2/min for 6:2 FTOH. The 
permeation rates could not be quantified for 8:2 and 10:2 FTOHs at any temperature or for 4:2 and 
6:2 FTOHs at 40 and 50 °C because their receptor concentrations remained below the 
quantification limit. Since the maximum permeation rates were below 0.1 µg/cm2/min, the 
threshold flux defined in ASTM F739-20, FTOHs did not breakthrough under the experimental 
conditions in this study. 
 
We used Fick’s Law-based models to determine the diffusion and partition coefficients of the 
individual layers in the HDPE-GCL 1 composite liner. The diffusion coefficients ranged from 
6.7×10-14 to 3.9×10-13 m2/s for the HDPE and from 1.4×10-11 to 9.3×10-11 m2/s for the GCL at 60 
and 70 °C. The lower diffusion coefficients of the HDPE indicate that diffusion through this layer 
is slower than in the GCL. The partition coefficients ranged from 310 to 420 for the HDPE and 
from 400 to 450 for the GCL for 4:2 and 6:2 FTOHs respectively. 
 
Sensitivity analysis shows that the transport parameters of the two layers have different influences 
on the source and receptor concentration trends. While the HDPE diffusion and partition 
coefficients significantly influence both source and receptor concentrations, the GCL transport 
parameters have little influence on the source concentration, but significantly affect the receptor 
concentration. These results indicate that the source chamber response is predominantly influenced 
by the HDPE, but the receptor response is governed by both the HDPE and GCL. This conclusion 
is consistent with the above conclusion on GCL delaying FTOH permeation even though the 
diffusion in GCL is much faster than that in HDPE.     
 
The HDPE transport parameters determined from the composite liner study are comparable to 
those independently determined from the single-layer HDPE study: The difference is less than 
28%. 
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1. INTRODUCTION 
 
1.1 Background 
 
Landfilling is a commonly used process for the management of municipal solid waste (MSW).  
Engineered landfills consist of a bottom liner to protect the surrounding environment from the 
leachates and associated contaminants and a final cover to reduce the release of landfill gas and 
contaminants in the gas phase (Rowe et al., 2004). These composite barrier systems usually consist 
of multiple components, including geomembranes like high density polyethene (HDPE) or linear 
low-density polyethylene (LLDPE), and geosynthetic clay liners (GCLs). The geomembrane 
serves as a diffusive barrier to contaminants (Sangam & Rowe, 2001) while the GCL is the 
secondary containment layer in the composite liner system.  
 
The typical landfill liner system is classified as either a single or a double liner system. A single 
composite liner system consists of a geomembrane (typically HDPE) underlain by a low-
permeability clay component, which may include a compacted clay liner or a GCL as seen in 
Figure 1. This is the most common configuration for municipal solid waste. A double liner system 
incorporates a secondary liner beneath the primary liner, with a leak-detection layer positioned 
between the two liners. The U.S. Code of Federal Regulations Title 40 (USEPA, 2025) requires 
municipal solid waste landfill (MSWLF) units to be constructed with a single composite liner 
system. Double liner systems are more protective. They are typically associated with hazardous 
waste landfills under the Resource Conservation and Recovery Act (RCRA) Subtitle C or required 
by individual states whose programs set standards more stringent than the federal minimum. 
 

 
Figure 1. Cross section of a landfill with a composite liner system 
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There is literature on the performance of the individual layers in the liner system for controlling 
the transport of contaminants, including geomembranes like HDPE and LLDPE (McWatters & 
Rowe, 2010; Park et al., 2012; Sangam & Rowe, 2001) and GCLs (Barakat et al., 2024; Lake & 
Rowe, 2000, 2004a; Mikhael et al., 2025). These layers provide some resistance to contaminant 
migration, but none is fully impermeable. Contaminants have been shown to diffuse slowly 
through geomembranes (Sangam & Rowe, 2001) and generally faster through GCLs (Lake & 
Rowe, 2004a). The transport of contaminants across geomembranes is more studied than the GCLs 
and composite liners (i.e., geomembrane and GCL) because geomembranes are the primary barrier 
for contaminant diffusion. There is a need to understand how the two layers in the composite liner 
function in combination and whether transport behavior determined for the primary barrier (i.e., 
geomembrane) adequately represents contaminant migration through the composite liner system. 
 
 
1.2 Permeation of contaminants through composite liners 
 
Studies on contaminant transport through the geomembranes are reviewed in Tang et al. (2025). 
Table 1 shows the studies that evaluates the transport of contaminants across the GCL layer and 
composite liner systems. One of these studies evaluates the composite liner system consisting of 
geomembrane and GCL. These studies use experiments combined with mathematical modeling to 
estimate transport parameters including diffusion and partition coefficients for individual layers or 
the composite liner. The studies focus on organic aromatic compounds like benzene, toluene, 
xylenes and ethylbenzene and chlorinated hydrocarbons like trichloroethylene (TCE). There is 
need to evaluate emerging contaminants like per- and polyfluoroalkyl substances (PFAS) that have 
gained significant attention in recent years as these liner systems were established without 
consideration of these contaminants. 
 
Per- and polyfluoroalkyl substances (PFAS) have drawn significant attention due to their common 
detection in landfill leachates (Di Battista et al., 2020). PFAS are classified into two main groups: 
polymer and non-polymer PFAS. The non-polymer category can be further split into two 
subgroups, including perfluoroalkyl substances and polyfluoroalkyl substances. Perfluoroalkyl 
acids (PFAAs) are one of the main subcategories of perfluoroalkyl substances. PFAAs include 
perfluoroalkyl carboxylic acids (PFCAs) and perfluorosulfonic acids (PFSAs). Fluorotelomer 
alcohols (FTOHs) is among the main subcategories of polyfluoroalkyl substances (Hu & Scott, 
2024). 
 
One study reviewed in Table 1 focuses on the transport of two PFAS, including perfluorooctanoate 
(PFOA) and perfluorooctane sulfonate (PFOS), both belong to the subcategory of PFAAs (Barakat 
et al., 2024). While PFAAs are among the dominant PFAS in landfills, there is evidence of 
dominant presence of other PFAS such as FTOHs (Tang & Goukeh, 2024). FTOHs have been 
reported as precursors of PFAAs through abiotic and biotic processes in the environment (Zhang 
et al., 2021). FTOHs have high octanol water partition coefficients (Carmosini & Lee, 2008), 
which makes them to likely partition to the liner system. These unique properties make FTOHs an 
important subcategory to evaluate in this study.  
 
The temperature conditions of landfills vary considerably and have been reported to reach up to 
40-60°C at the base of the landfills (Rowe, 2005). This shows the need to assess the transport of 
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FTOHs at temperatures much higher than the room temperature, while most studies in the literature 
use room temperature (Table 1). This study evaluated FTOHs transport through the HDPE and 
GCL composite liner system across a range of temperatures. 
 
 

Table 1. Previous studies on chemical permeation through GCLs and composite liners  
Reference  Liner 

system 
Chemicals Conc. 

(mg/L) 
Temp. 
(°C) 

Experiment Parameters 

(Lake & 
Rowe, 
2000) 

 
NPa 
GCLs 
with 
sodium 
bentonite 

 

Chloride,  
sodium 

 2790, 
1810 

 

 

23 DCa 
permeation 
and batch 

Dg
b: 0.35-

3.7×10-10 

Dg: 0.6-5.0×10-

10 
Kd,GCL

e: 0.12  

(Lake & 
Rowe, 
2004a) 

NP NWa 
GCL with 
sodium 
bentonite  

Methylene 
chloride, methyl 
tertiary butyl 
ether, 
trichloroethylene
, chlorobenzene  

0.9-3.2 23 DC 
permeation 
and batch 

Dg: 2.1-3.3×10-

10 

Kd,geotextile: 0-70 
Kd,bentonite: 0.3-
1.2 

(Barakat 
et al., 
2024) 

Reinforced 
NW GCL 
with sodium 
bentonite  

PFOA,  
PFOS 

25 23 DC 
permeation 
and batch 

Dg: 1.6-3.5×10-

11 

Kd,GCL: 0-4.7 
Kd,bentonite: 0.3-
1.2 

(Rowe et 
al., 2005) 

NP GCL 
with sodium 
bentonite  

Benzene, 
toluene, 
ethylbenzene, 
xylenes 

2.5 22 Diffusion 
column 
apparatus 

Dg: 2.5-4.0×10-

10 

Kd,GCL: 4.4-42 
 

(Eun et 
al., 2017) 

Composite 
liner: 
HDPE + 
GCL + sand 

Methylene 
chloride, methyl 
tertiary butyl 
ether, 
trichloroethylene
, chlorobenzene 

100 23 Diffusion 
column 
apparatus 

Db
c: 5.2-

5.9×10-11 

Dh
d: 2.9-

11×10-13 

Kd,GCL: 0-4.7 
Kd,bentonite: 0 
Kd,cover: 0.2-30 
Kd,carrier: 0.4-17 

Notes:  
a. DC - double chamber, NW - non-woven, NP- needle punched,  
b. Dg - diffusion coefficient of GCL (m2/s) 
c. Db - diffusion coefficient of bentonite layer (m2/s) 
d. Dh - diffusion coefficient of HDPE layer (m2/s) 
e. Kd - partition coefficient (mL/g) 
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1.3 Project objectives and tasks 
 
The goal of this project was to expand knowledge in the area of permeation of FTOHs as volatile 
PFAS through a landfill liner system consisting of an HDPE geomembrane and a GCL. The 
objectives of this project were to answer the following questions: 

1) How do different types of FTOHs permeate through the liner system? 
2) How accurately can we model the permeation of FTOHs through the composite liner 
under various environmental scenarios? 
3) How does the HDPE layer compare to the composite liner for FTOHs permeation? 
 

To achieve these objectives, three tasks were completed, including: 
Task 1: Permeation experiments at different temperatures 
Task 2: Permeation modeling 
Task 3: Permeation model evaluation 
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2. METHODS 
 
2.1 Materials used in this study 
 
Three GCL types were tested. The first was a needle punched reinforced composite GCL with 
granular bentonite sandwiched between two non-woven geotextile layers. The second was a needle 
punched reinformed GCL with granular bentonite encapsulated between a non-woven and a scrim-
nonwoven geotextile. The third was a needle-punched reinforced composite GCL with granular 
sodium bentonite encapsulated between a woven geotextile and a nonwoven geotextile. An HDPE 
membrane with a thickness of 60 mil (1.5mm) was combined with each GCL to form the composite 
liner. FTOHs were purchased from Sigma Aldrich and Wellington Laboratories. Their properties 
are shown in Table 2. 

Table 2. Properties of FTOHs used in this study 
Abbreviation Compound CAS Chemical 

formula 
Molecular 
weight, 
g/mol 

Log Kowa 

4:2 FTOH 
 

1H,1H,2H,2H-
perfluoro-1-
hexanol 

2043-47-2 C6H5F9O 264 3.3 

6:2 FTOH 
 

1H,1H,2H,2H-
perfluoro-1-
octanol 

647-42-7 C8H5F13O 364 4.54 

8:2 FTOH 
 

1H,1H,2H,2H-
perfluoro-1-
decanol 

678-39-7 C10H5F17O 464 5.58 

10:2 FTOH 
 

1H,1H,2H,2H-
perfluoro-1-
dodecanol 

865-86-1 C12H5F21O 564 6.63 

a. Log Kow - Octanol water partitioning coefficient (Carmosini & Lee, 2008) 

 
 
2.2 Sampling and analysis 
 
The FTOHs were measured by solid phase microextraction (SPME) followed by gas 
chromatography (GC). Agilent 8890 gas chromatography coupled with a 5977B mass 
spectrometer was used. Liquid samples of variable volumes depending on the dilution 
requirements were transferred to a 40 mL vial to make a volume of 20 mL. Internal standards 2-
perfluorohexyl [1,1–2H2]-[1,2–13C2] ethanol (MFHET, Wellington Laboratories) and 2-
perfluorooctyl [1,1–2H2]-[1,2–13C2] ethanol (MFOET, Wellington Laboratories) were added at 0.2 
µg/L. A Carboxen /Polydimethylsiloxane (CAR/PDMS) fiber (Supelco, Bellefonte, USA) was 
inserted in the headspace of the vial to extract the compounds while the vial was stirred at 400 
rounds per minute (rpm) at 100°C for 20 minutes (min). Analytes in the fiber was then desorbed 
for 10 min at an inlet temperature of 220°C. The FTOHs were quantified based on calibration 
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curves, with detection limits of 0.02, 0.05, 0.03 and 0.03 µg/L for 4:2, 6:2, 8:2 and 10:2 FTOH 
respectively. The quantification limit was ~1 µg/L for all FTOHs after considering dilution. Gas 
measurement was conducted in a similar way except the gas samples were collected and then 
injected into an empty capped vial before SPME was carried out. 
 
 
2.3 Hydration of GCLs 

The GCL membranes were pre-hydrated to allow the bentonite to swell and reach a stable hydrated 
condition before starting the experiments. Three replicates of each GCL were taken for hydration. 
Initial mass and thickness of each membrane were recorded, after which each was exposed to water 
in a bath filled with deionized water under unconfined conditions at room temperature. Changes 
in membrane mass and thickness were monitored periodically during hydration. Hydration was 
considered complete when successive measurements showed no significant change in mass and 
thickness, indicating that the specimen had reached an approximately stable swelling condition. 
The final hydrated mass and thickness were recorded, and the hydrated membranes were used in 
the permeation experiments. The mean values of the three samples of each GCL were used to 
evaluate changes in mass and thickness during hydration. Normalized thickness was evaluated to 
compare the relative change in thickness compared to the initial thickness of the membrane using 
Equation 1. 
 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐿𝐿𝑡𝑡 
𝐿𝐿𝑜𝑜 

   (1) 
where 𝐿𝐿𝑡𝑡 is thickness at time t (mm), and 𝐿𝐿𝑜𝑜 is the initial thickness (mm). 
 
 
2.4 Permeation experiments (Task 1) 
 
In this Task, we evaluated the permeation of four FTOHs (i.e., 4:2, 6:2, 8:2, and 10:2 FTOH) each 
at 500 µg/L in deionized water through the composite HDPE and GCL membrane at four 
temperatures (i.e., 40, 50, 60, and 70 °C). GCL 1 was evaluated at all four temperatures while GCL 
2 and 3 were tested at only 50 °C. An additional experiment using the HDPE membrane was also 
set up at 60 °C as a control. The permeation experiments followed the American Society for 
Testing and Materials (ASTM) Method F739-20 (2020) with a modification for long testing 
periods. It was conducted in two-chamber diffusion cells: a source chamber and a receptor chamber 
separated by the test barrier (HDPE geomembrane or combination of HDPE geomembrane 
combined with a GCL). The source chamber contained the FTOHs at 500 µg/L for each FTOH 
dissolved in deionized water while the receptor chamber contained deionized water. Each chamber 
had a liquid volume of 325 mL. The membrane surface area was 12.0 cm2 on each side. Figure 2a) 
shows the two chambers placed in a heated water bath while Figure 2b) shows the exploded view 
of the joint of the source and receptor chambers. In all experiments with the combination of the 
HDPE geomembrane and GCL, the geomembrane faced the source chamber (contaminant side) 
while the GCL faced the receptor chamber (deionized water side). Table 3 shows the list of all 
experiments in Task 1. 
 
The test conditions used in this task were selected to achieve measurable permeation within a 
practical testing period of one year, considering the dependence of permeation on the concentration 
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gradient, membrane thickness, and temperature. The permeation parameters obtained through 
these test conditions were then used to simulate environmentally relevant conditions. 
 

 
 

 
 
Figure 2. Permeation experiments set-up: a) diffusion cell in water bath b) exploded view of two 

chambers separated by a composite liner  

a) 

b) 
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Table 3. Permeation experiments in Task 1 
Experiment #  Explanation 

#1 Permeation of FTOHs at 500 μg/L in source at 40 °C through GCL 1 + 
HDPE 

#2 Permeation of FTOHs at 500 μg/L in source at 50 °C through GCL 1 + 
HDPE 

#3 Permeation of FTOHs at 500 μg/L in source at 60 °C through GCL 1 + 
HDPE 

#4 Permeation of FTOHs at 500 μg/L in source at 70 °C through GCL 1 + 
HDPE 

#5 Permeation of FTOHs at 500 µg/L in source at 60 °C through HDPE 
#6 Permeation of FTOHs at 500 µg/L in source at 50 °C through GCL 2 + 

HDPE 
#7 Permeation of FTOHs at 500 µg/L in source at 50 °C through GCL 3 + 

HDPE 
 
 
2.5 Permeation modeling (Task 2) 
 
In Task 2, we developed a modeling framework to describe and predict the permeation behavior 
of 4:2, 6:2, 8:2, and 10:2 FTOHs through multilayer composite landfill liners. This task integrated 
experimental data obtained from Tasks 1 into quantitative models. The modeling focused on four 
key parameters below. 
 
2.5.1 Permeation rates and breakthrough times 
 
The permeation rate (𝑃𝑃𝑟𝑟) is defined based on the ASTM F739-20 and calculated using Equation 2. 
The standardized breakthrough time is the time when the permeation rate is 0.1 µg/cm2/min. 

𝑃𝑃𝑟𝑟(𝑡𝑡𝑖𝑖) = (𝐶𝐶𝑟𝑟(𝑡𝑡𝑖𝑖)−𝐶𝐶r(𝑡𝑡𝑖𝑖−1))∗𝑉𝑉𝑟𝑟 
(𝑡𝑡𝑖𝑖−𝑡𝑡𝑖𝑖−1) ∗𝐴𝐴𝑚𝑚

                            (2) 
where 𝐶𝐶𝑟𝑟 is the concentration in the receptor (mg/cm3), t is the time of measurement, 𝑉𝑉𝑟𝑟 is the 
volume of the receptor chamber (cm3) and 𝐴𝐴𝑚𝑚 is the membrane diffusing area (cm2). 
 
2.5.2 Diffusion, partition and permeation coefficients 
 
The transport of the contaminant through the composite liner happens in multiple steps (Sangam 
& Rowe, 2001). The first step is the partition of the FTOH into the HDPE layer from the aqueous 
phase as described by Equation 3. 

                                      𝐶𝐶ℎ(0, 𝑡𝑡) = 𝑆𝑆ℎ𝐶𝐶𝑠𝑠 (𝑡𝑡)                                          (3) 
where 𝐶𝐶ℎ(0, 𝑡𝑡) is the FTOH concentration at the surface of the HDPE membrane in contact with 
the liquid in the source at time t (mg/L), 𝑆𝑆ℎ is the HDPE water partition coefficient (dimensionless) 
of the FTOH, and 𝐶𝐶𝑠𝑠 is the concentration of FTOH in the source chamber (mg/L). 
 
The second step is the transport of the chemical through the HDPE layer governed by Fick’s second 
law of diffusion in Equation 4 (McWatters & Rowe, 2010). 
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                                 𝜕𝜕𝐶𝐶ℎ(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝜕𝜕

= 𝐷𝐷ℎ �
𝜕𝜕2𝐶𝐶ℎ(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝑥𝑥2
�                                        (4) 

where 𝐷𝐷ℎ is the diffusion coefficient of the HDPE layer (m2/s), x is the distance along the direction 
of diffusion (m), 𝐶𝐶ℎ(𝑥𝑥, 𝑡𝑡) is the concentration of the FTOH in the HDPE membrane at location x 
and time t (mg/L). 
 
The third step is the partition of FTOH into the GCL layer from the HDPE layer as described by 
Equation 5. 

                      𝐶𝐶ℎ(𝐿𝐿ℎ, 𝑡𝑡) = 𝑆𝑆ℎ
𝑆𝑆𝑔𝑔
𝐶𝐶𝑔𝑔 (0, 𝑡𝑡)                                          (5) 

where 𝐶𝐶ℎ(𝐿𝐿ℎ, 𝑡𝑡) is the FTOH concentration at the surface of the HDPE membrane in contact with 
the GCL layer at time t (mg/L), 𝐿𝐿ℎ is the HDPE membrane thickness (m) and 𝐶𝐶𝑔𝑔 (0, 𝑡𝑡) is the FTOH 
concentration in the GCL layer at the interface of the HDPE layer at time t (mg/L), 𝑆𝑆𝑔𝑔 is the GCL-
water partition coefficient (dimensionless).   
 
The forth step is the transport of FTOH through the GCL layer governed by the transport through 
a homogenous, saturated porous media described by Equation 6 (Lake & Rowe, 2004b; Rowe et 
al., 2005). 

                𝑛𝑛𝑡𝑡
𝜕𝜕𝐶𝐶𝑤𝑤(𝑧𝑧,𝑡𝑡)

𝜕𝜕𝜕𝜕
=  𝑛𝑛𝑡𝑡𝐷𝐷𝑒𝑒 �

𝜕𝜕2𝐶𝐶𝑤𝑤(𝑧𝑧,𝑡𝑡)
𝜕𝜕𝑧𝑧2

� − 𝜌𝜌𝑑𝑑𝐾𝐾𝑑𝑑
𝜕𝜕𝐶𝐶𝑤𝑤(𝑧𝑧,𝑡𝑡)

𝜕𝜕𝜕𝜕
                          (6) 

 
where 𝐷𝐷𝑒𝑒 is the effective diffusion coefficient of the GCL layer (m2/s), z is the distance along the 
direction of diffusion (m), 𝐶𝐶𝑤𝑤(𝑧𝑧, 𝑡𝑡) is the aqueous concentration of the FTOH in the GCL pores at 
location z and time t (mg/L), 𝐾𝐾𝑑𝑑 is the partition/distribution coefficient of FTOH (cm3/g), 𝑛𝑛𝑡𝑡 is the 
total porosity of the GCL (dimensionless), and 𝜌𝜌𝑑𝑑 is the dry density of the GCL (g/cm3). 𝐶𝐶𝑤𝑤 in 
Equation 6 is related to the bulk concentration of FTOH in the GCL (Cg, mg/L) through mass 
balance Equation 7, in which the first term on the right represents FTOH in the pore water and the 
second term on the right represents FTOH sorbed into the solid contents (i.e., bentonite) of the 
GCL. 

 𝐶𝐶𝑔𝑔 =  𝑛𝑛𝑡𝑡𝐶𝐶𝑤𝑤 + 𝜌𝜌𝑑𝑑𝐾𝐾𝑑𝑑𝐶𝐶𝑤𝑤 = (𝑛𝑛𝑡𝑡 +  𝜌𝜌𝑑𝑑𝐾𝐾𝑑𝑑)𝐶𝐶𝑤𝑤     (7) 
 

Based on the definition of 𝐶𝐶𝑔𝑔 =  𝑆𝑆𝑔𝑔𝐶𝐶𝑤𝑤 and Equation 7, 𝑆𝑆𝑔𝑔 can be expressed as 
                                       𝑆𝑆𝑔𝑔 =  (𝑛𝑛𝑡𝑡 +  𝜌𝜌𝑑𝑑𝐾𝐾𝑑𝑑)                                                (8) 

 
Substituting Equations 7 and 8 into Equation 6 yields Equation 9. 

                                     𝜕𝜕𝐶𝐶𝑔𝑔(𝑧𝑧,𝑡𝑡)
𝜕𝜕𝜕𝜕

= 𝑛𝑛𝑡𝑡𝐷𝐷𝑒𝑒
𝑆𝑆𝑔𝑔

�𝜕𝜕
2𝐶𝐶𝑔𝑔(𝑧𝑧,𝑡𝑡)
𝜕𝜕𝑧𝑧2

�                                         (7) 

 
To further simplify Equation 9, the apparent diffusion coefficient of the GCL (Dg, m2/s) is defined 
by Equation 10. 

                            𝐷𝐷𝑔𝑔 =  𝑛𝑛𝑡𝑡𝐷𝐷𝑒𝑒
𝑆𝑆𝑔𝑔

=  𝑛𝑛𝑡𝑡𝐷𝐷𝑒𝑒
(𝑛𝑛𝑡𝑡+ 𝜌𝜌𝑑𝑑𝐾𝐾𝑑𝑑)

                                                  (8) 

 
The final form for the governing transport equation of FTOH through the GCL is represented as 
Equation 11. 

                       𝜕𝜕𝐶𝐶𝑔𝑔(𝑧𝑧,𝑡𝑡)
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑔𝑔 �
𝜕𝜕2𝐶𝐶𝑔𝑔(𝑧𝑧,𝑡𝑡)

𝜕𝜕𝑧𝑧2
�                                        (9) 
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The final step is the partition of the FTOH into the liquid in the receptor chamber from the GCL 
membrane per Equation 12. 

                                         𝐶𝐶𝑔𝑔�𝐿𝐿𝑔𝑔, 𝑡𝑡� = 𝑆𝑆𝑔𝑔𝐶𝐶𝑟𝑟 (𝑡𝑡)                                          (10) 
where 𝐿𝐿𝑔𝑔is the GCL layer thickness (m), and 𝐶𝐶𝑟𝑟 (𝑡𝑡) is the FTOH concentration in the receptor 
chamber at time t (mg/L).   
                                    
The concentrations of the source and receptor chambers are governed by Equations 13 and 14, 
respectively, adapted from Joo et al. (2005). 

   𝐶𝐶𝑠𝑠(𝑡𝑡)𝑉𝑉𝑠𝑠 =  𝐶𝐶𝑠𝑠(0)𝑉𝑉𝑠𝑠 − �𝐴𝐴ℎ ∫ 𝐶𝐶ℎ (𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑑𝑑 𝑥𝑥=𝐿𝐿𝑚𝑚
𝑥𝑥=0 � −  �𝐴𝐴𝑔𝑔 ∫ 𝐶𝐶𝑔𝑔 (𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑑𝑑 𝑧𝑧=𝐿𝐿𝑔𝑔

𝑧𝑧=0 � − 𝑉𝑉𝑟𝑟𝐶𝐶𝑟𝑟(𝑡𝑡)     (11) 

                   𝐶𝐶𝑟𝑟(𝑡𝑡)𝑉𝑉𝑟𝑟 =  𝐶𝐶𝑟𝑟(0)𝑉𝑉𝑟𝑟 + 𝐴𝐴𝑔𝑔𝐷𝐷𝑔𝑔 ∫ �𝑑𝑑𝐶𝐶𝑚𝑚(𝐿𝐿,𝑡𝑡)
𝑑𝑑𝑑𝑑

� 𝑑𝑑𝑑𝑑𝑡𝑡
𝑡𝑡=0                                 (12) 

where Cs(0) and Cr(0) is the initial concentration in the source and receptor chambers, respectively 
(mg/L), Vs and Vr  is the volume of the source and receptor chamber, respectively (L), Ch(x,t) is the 
concentration in the HDPE membrane at location x and time t (mg/L), Cg(z,t) is the bulk 
concentration in the GCL membrane at location z and time t (mg/L), and Ah and Ag are the surface 
area of the HDPE and GCL, respectively (m2). 
 
The apparent diffusion and partition coefficients were estimated by fitting the simulated 
concentrations in the source and receptor chambers per Equations 13 and 14 to the measured data 
from the experiments using PEST -- a model independent parameters estimator (Doherty, 2004). 
The variation between the model and the experiments was quantified using the mean sum of 
squared relative residual (MSSRR) (Equation 15).  
 

              𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑁𝑁
�∑ �𝐶𝐶𝑠𝑠 

𝑚𝑚(𝑡𝑡) −𝐶𝐶𝑠𝑠𝑒𝑒 (𝑡𝑡)
𝐶𝐶𝑠𝑠𝑒𝑒 (𝑡𝑡)

�
2

+ ∑ �𝐶𝐶𝑟𝑟
𝑚𝑚 (𝑡𝑡) −𝐶𝐶𝑟𝑟𝑒𝑒(𝑡𝑡) 

𝐶𝐶𝑟𝑟𝑒𝑒 (𝑡𝑡)
�
2

𝑇𝑇
𝑡𝑡=0

𝑇𝑇
𝑡𝑡=0 �                    (13) 

where 𝐶𝐶𝑠𝑠𝑚𝑚(𝑡𝑡) and 𝐶𝐶𝑟𝑟𝑚𝑚(𝑡𝑡) is the FTOH concentration in the source and receptor chambers predicted 
by the model at time t, respectively, 𝐶𝐶𝑠𝑠𝑒𝑒(𝑡𝑡) and 𝐶𝐶𝑟𝑟𝑒𝑒(t) is the FTOH concentration of the source and 
receptor chambers in the experiment at time t, respectively, and N is the number of experimental 
measurements. 
 
The permeation coefficient was then calculated as the product of the partition coefficient and 
diffusion coefficient. 
 
 
2.6 Permeation model evaluation (Task 3) 

In Task 3, the permeation parameters determined from Task 2 were compared to parameters that 
are available in the literature. One study in the literature is of particular interest since it evaluated 
FTOH permeation through an HDPE geomembrane (Tang et al., 2025). This evaluation was 
conducted to assess the consistency of the estimated HDPE parameters based on independent 
studies.  
 
To experimentally evaluate the permeation parameters, batch sorption experiments were conducted 
to determine the partition coefficients of the individual components and the combined GCL. Three 
batch bottles each containing equal masses of the cover geotextile, carrier geotextile and bentonite 
were separately added to aqueous solutions containing FTOHs at 500 µg/L. An additional 
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experiment consisting of the three components was prepared to evaluate sorption by the whole 
GCL. All the experiments had the same total mass of solid components at 2g and were operated at 
50 °C.  The experiments were continued until equilibrium was reached, defined as the point at 
which no further change in FTOH concentration was observed. 
 
In addition, a sensitivity analysis of the transport parameters was conducted to identify the 
parameters that strongly influence FTOH transport through the composite system. 
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3. RESULTS AND DISCUSSION 
 
3.1 Membrane hydration 

We compared the hydration of the three GCLs by immersing them in deionized water and 
observing the change in thickness. Figure 3a) shows the change in thickness of the three GCLs 
during hydration while Figure 3b) shows the normalized thickness change. All GCLs exhibited 
rapid increase in thickness during the initial hydration period, followed by a progressively smaller 
change as hydration continued. Most of the swelling occurred within approximately the first 7–10 
days, after which the thickness remained relatively stable, indicating that the GCLs were 
approaching their equilibrium hydrated condition. The extent of swelling differed among the three 
materials. GCL 2 reached the highest thickness, increasing from approximately 7 mm to 13 mm, 
while GCL 1 and GCL 3 stabilized at approximately 10–11 mm. The normalized thickness was 
calculated using Equation 1 and showed that GCL 1 experienced the greatest relative increase in 
thickness, with approximately a two-fold increase followed by GCL 2 and GCL 3. 
  

 

 
Figure 3. Change of GCL thickness after hydration: a) effective thickness and b) normalized 

thickness 
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3.2 Permeation experiments (Task 1) 
 
We first did permeation experiments with the source chamber containing the four FTOHs at 500 
µg/L for each FTOH in deionized water and the receptor chamber filled with deionized water 
separated by an HDPE-GCL1 composite membrane.   
 
 
3.2.1 Effects of FTOH chain length  
 
Figure 4 represents the FTOHs concentrations of the source and receptor chambers at the four 
temperatures 40, 50, 60, 70°C, respectively. All experiments at the four temperatures led to the 
same conclusion: As the chain length of FTOH increased, the sorption of FTOH in the source to 
the membrane increased. On the other hand, the FTOH concentrations in the receptor chamber 
increased the fastest for 6:2 FTOH while the two long chain FTOHs (i.e., 8:2 and 10:2 FTOH) 
were below the quantification limit for the test period of more than 200 days. The effects of the 
FTOH chain length on its permeation are further discussed in the modeling section.  
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Figure 4. Permeation of FTOHs at 500 µg/L at 40, 50, 60, 70°C: left) source chamber and right) 

receptor chamber separated by HDPE-GCL1 composite liner 
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3.2.2 Effects of temperature  
 
To show the effects of temperature on the FTOH permeation, Figure 5 compares 6:2 FTOH 
permeation at the four temperatures. High temperature accelerated the transport of FTOHs across 
the membrane into the receptor chamber. The receptor chamber during the test period remained 
below the limit of quantification for experiments at 40 and 50 °C and only showed permeation for 
the experiments at 60 and 70 °C.  
 
 

 

 
Figure 5. Permeation of 6:2 FTOH at 500 µg/L in the source chamber at four temperatures: a) 

source chamber b) receptor chamber 
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3.2.3 Effects of GCL type  
 
We compared the three GCLs (i.e., GCL 1, GCL 2 and GCL 3) in composite liners that all have 
the HDPE geomembrane as the first layer and GCL as the second layer. Figure 6 compares the 
concentration profiles in the source and receptor chambers for the experiments with HDPE–GCL 
1, HDPE–GCL 2 and HDPE–GCL 3 at 50 °C. FTOH concentrations in all receptor chambers 
remained below the limit of quantification throughout the test period. Similarly, no big differences 
were observed among the source chamber concentration trends for the three HDPE-GCL 
configurations. The source chamber was in direct contact with the HDPE geomembrane. This 
likely drove the source chamber concentration changes due to sorption and hence this observation. 
 

  

  

  
Figure 6. Permeation of FTOHs at 500 µg/L for the experiments at 50°C with HDPE combined 

with GCL 1 a) and b), GCL 2 c) and d), and GCL 3 e) and f)  
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3.2.4 Effects of liner layer 

The effect of the GCL layer is shown in Figure 7 by comparing the permeation of the composite 
liner (HDPE-GCL 1) against the single HDPE layer separating the source and receptor chamber at 
60 °C.  4:2 and 6:2 FTOH showed detection in the receptor chamber after approximately 50 and 
30 days, respectively, for the HDPE-GCL 1 composite, and after approximately 15 and 11 days, 
respectively, for the single HDPE layer. The addition of GCL 1 delayed the breakthrough of FTOH 
through the composite membrane by approximately three-fold, suggesting the role of GCL as a 
secondary barrier to permeation of FTOHs. A detailed evaluation is discussed in the section of 
permeation model evaluation. 
 

 

 
Figure 7. Comparison of permeation through 1) HDPE-GCL composite and 2) HDPE 

geomembrane for a) 4:2 FTOH and b) 6:2 FTOH at 500 µg/L in the source chamber at 60°C  
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3.3 Permeation modeling (Task 2) 
 
3.3.1 Permeation rates and breakthrough times 

Table 4 shows the maximum permeation rates of the FTOHs for the GCL 1. The rates were 
calculated using Equation 2. Results are reported only for experiments that showed FTOH 
detection (> 1 µg/L as the quantification limit) in the receptor chamber. A higher temperature 
resulted in a higher maximum permeation rate. The addition of a GCL 1 into the permeation barrier 
decreased the maximum permeation rate by two fold for 4:2 FTOH and four fold for 6:2 FTOH. 
Since the maximum permeation rates were below 0.1 µg/cm2/min in all experiments, FTOHs did 
not breakthrough the HDPE-GCL1 composite liner or the HDPE geomembrane under the 
experimental conditions.  
 
GCL 2 and GCL 3 were also evaluated at 50°C as shown in Figure 6. The three GCLs were the 
same in that none of the FTOHs were detected in the receptor chamber.  
 

Table 4. Maximum FTOHs permeation rates for the experiments based on GCL 1  
Temperature 

(°C) 
4:2 FTOH 

(µg/cm2/min) 
6:2 FTOH 

(µg/cm2/min) 
8:2 FTOH 

(µg/cm2/min) 
10:2 FTOH 

(µg/cm2/min) 

 HDPE-
GCL 1 

HDPE 
only 

HDPE-
GCL 1 

HDPE 
only 

HDPE-
GCL 1 

HDPE 
only 

HDPE-
GCL 1 

HDPE 
only 

40 -a b -  -  -  
50 -  -  -  -  
60 2.8×10-6 4.3×10-6 5.0×10-6 2.1×10-5 - - - - 
70 6.0×10-6  9.4×10-6  -  -  

Notes:  
a. -FTOH was below the quantification limit in the receptor chamber during the experiment.  
b. An empty cell means no experiment. 

 
 
3.3.2 Diffusion, partition and permeation coefficients 

To determine the diffusion and partition coefficients, we fitted the modeling results from Equations 
13 and 14 with experimental data obtained from Task 1 for GCL 1. Results are reported only for 
experiments that showed FTOH detection in the receptor chamber. Experimental data and the 
model-simulated results are compared in Figure 8 for the 70 °C experiments and Figure 9 for the 
60 °C experiments with the HDPE-GCL 1 composite liner and compared in Figure 10 for the 60 
°C experiments with the HDPE geomembrane.   
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Figure 8. Comparison of model simulated results to experiments with the HDPE-GCL 1 
composite liner at 70°C: a) source chamber and b) receptor chamber 
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Figure 9. Comparison of model simulated results to experiments with the HDPE-GCL 1 
composite liner at 60°C: a) source chamber and b) receptor chamber 
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Figure 10. Comparison of model simulated results to experiments with the HDPE geomembrane 
at 60°C: a) source chamber and b) receptor chamber 

 
 

0

100

200

300

400

500

600

0 20 40 60 80

C
on

ce
nt

ra
tio

n 
(µ

g/
L

)

Time (days)

a) Source chamber at 60ºC

4:2 source expt 6:2 source expt

4:2 source model 6:2 source model

0

5

10

15

20

25

0 20 40 60 80

C
on

ce
nt

ra
tio

n 
(µ

g/
L

)

Time (days)

b) Receptor chamber at 60ºC

4:2 receptor expt 6:2 receptor expt

4:2 receptor model 6:2 receptor model



 

22 
 

Table 5 summarizes the diffusion coefficients based on experiments with GCL 1. As the 
temperature increased by 10°C, the diffusion coefficients increased by approximately three to five 
fold for each FTOH for each layer. As the chain length of FTOH increased from 4:2 FTOH to 6:2 
FTOH, the diffusion coefficient exhibited an increasing trend. The modeling results are consistent 
with the experimental observation in Task 1: 6:2 FTOH increased the fastest in the receptor 
chamber compared to the other three FTOHs. The diffusion coefficient in the HDPE was lower 
than that in the GCL at all experimental conditions by two to three orders of magnitude. This big 
difference indicates much slower contaminant diffusion through the HDPE geomembrane than 
GCL, highlighting the HDPE’s primary role in the transport barrier.  

Table 5. FTOH diffusion coefficients for the experiments with GCL 1 
Temp.  
(°C) Layer 4:2 FTOH 

(m2/s) 
6:2 FTOH 

(m2/s) 
8:2 FTOH 

(m2/s) 
10:2 FTOH 

(m2/s) 

  HDPE-
GCL1 

HDPE 
only 

HDPE-
GCL1 

HDPE 
only 

HDPE
-

GCL1 

HDPE 
only 

HDPE
-

GCL1 

HDPE 
only 

40 
HDPE -a b -  -  -  
GCL -  -  -  -  

50 
HDPE -  -  -  -  
GCL -  -  -  -  

60 
HDPE 6.7×10-14 8.0×10-14 1.3×10-13 1.8×10-13 - 3.2×10-15 - 2.0×10-15 
GCL 1.4×10-11  1.7×10-11      

70 
HDPE 3.1×10-13  3.9×10-13  -  -  
GCL 3.3×10-11  9.3×10-11      

Notes:  
a. -FTOH was below the quantification limit in the receptor chamber during the experiment.  
b. An empty cell means no experiment. 

 

The partition coefficients are summarized in Table 6 and are comparable between the HDPE 
geomembrane and GCL 1. Like the diffusion coefficient, the partition coefficient also increases 
with an increase in chain length and temperature. Partition of FTOH onto GCL is likely due to the 
geotextile cover (top) and carrier (bottom), which are typically manufactured from polymers like 
polypropylene (PP). PP has been shown to sorb organic compounds, and exhibit partition 
coefficients greater than those of HDPE for some chemicals (Nefso & Burns, 2007). Previous 
studies have similarly demonstrated that sorption by geotextile components can influence 
contaminant partitioning and should be considered when modeling transport through GCLs (Lake 
& Rowe, 2004b; Rowe et al., 2005). The cover and carrier layers are not made of continuous 
polymer sheet like the HDPE geomembrane. However, the presence of polymer contributes to 
their sorption capacity. To verify this, we carried out a batch sorption experiment to compare the 
different layers of the GCL. The cover, carrier and bentonite layers were placed in batch sorption 
bottles containing 500 µg/L of 6:2 FTOH at 50 °C.  Figure 11 shows that the cover and carrier 
geotextiles sorbed the most FTOH while the bentonite layer sorbed a negligible amount. 
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Table 6. FTOH partition coefficients for the experiments with GCL 1 
Temp.  
(°C) Layer 4:2 FTOH 

(dimensionless) 
6:2 FTOH 

(dimensionless) 
8:2 FTOH 

(dimensionless) 
10:2 FTOH 

(dimensionless) 

  HDPE-
GCL1 

HDPE 
only 

HDPE-
GCL1 

HDPE 
only 

HDPE
-

GCL1 

HDPE 
only 

HDPE
-

GCL1 

HDPE 
only 

40 
HDPE -a b -  -  -  
GCL -  -  -  -  

50 
HDPE -  -  -  -  
GCL -  -  -  -  

60 
HDPE 400 425 410 480 - 5.3×103 - 5.6×103 
GCL 310  350      

70 
HDPE 436  450  -  -  
GCL 380  420      

Notes:  
a. -FTOH was below the quantification limit in the receptor chamber during the experiment.  
b. An empty cell means no experiment. 

 

 
Figure 11. Normalized FTOH trends from the batch sorption experiments with different 

components of the GCL at 50 °C 
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The permeation coefficients in Table 7 showed similar trends to the other transport parameters as 
they increased with an increase in temperature. 6:2 FTOH had higher permeation compared to 4:2 
FTOH. Permeation describes the overall transport combining sorption and diffusion. The GCL 
layer showed much faster permeation compared to the HDPE geomembrane due to its greater 
diffusion.  

Table 7. Permeation coefficients for the FTOHs at four different temperatures 
Temp.  
(°C) Layer 4:2 FTOH 

(m2/s) 
6:2 FTOH 

(m2/s) 
8:2 FTOH 

(m2/s) 
10:2 FTOH 

(m2/s) 

  HDPE-
GCL1 

HDPE 
only 

HDPE-
GCL1 

HDPE 
only 

HDPE
-

GCL1 

HDPE 
only 

HDPE
-

GCL1 

HDPE 
only 

40 
HDPE -a b -  -  -  
GCL -  -  -  -  

50 
HDPE -  -  -  -  
GCL -  -  -  -  

60 
HDPE 2.7×10-11 3.4×10-11 5.3×10-11 8.6×10-12 - 1.7×10-11 - 1.2×10-11 
GCL 4.3×10-9  6.0×10-9      

70 
HDPE 1.4×10-10  1.8×10-10  -  -  
GCL 1.3×10-8  3.9×10-8      

Notes:  
a. -FTOH was below the quantification limit in the receptor chamber during the experiment.  
b. An empty cell means no experiment. 

 

 

3.3.3 Concentration profiles and mass balance analysis  

We used the model to develop a concentration profile of FTOH across the different compartments, 
i.e., source chamber, HDPE layer, GCL 1 layer and receptor chamber. Figure 12 shows the 
concentrations of 6:2 FTOH at 70 °C as a sample. Initially the source concentration is the highest 
while all the other compartments have no FTOH. Gradually the 6:2 FTOH increases in all sections 
until it migrates to the receptor chamber.  
 
We also used the 6:2 FTOH experiment at 70 °C as a sample to analyze mass balance. Based on 
the experimental data (Figure 13a), the mass is distributed into 1) the source chamber, 2) the 
receptor chamber, and 3) the HDPE and GCL combination, which is calculated as the difference 
between the initial 6:2 FTOH mass in the source chamber and the total 6:2 FTOH mass in the 
receptor and source chambers at certain day. On the other hand, the mass balance from the model 
(Figure 13b) evaluates the mass in all the four compartments: 1) the source chamber, 2) the 
receptor chamber, 3) the HDPE geomembrane, and 4) GCL 1. Mass balance based on experimental 
data and simulated data consistent: The HDPE – GCL combination contains the highest mass 
towards equilibrium, indicating that the composite liner acts as a sink for FTOH during the 
permeation experiments. The model-based mass balance further shows that the GCL layer holds 
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more 6:2 FTOH than the HDPE lays does towards equilibrium, highlighting the role of the GCL 
as the major sink for FTOH due to its greater thickness. 
 
 

 
Figure 12. 6:2 FTOH concentration profile in the HDPE-GCL 1 system at 70 °C   

 

  
Figure 13. Mass balance for 6:2 FTOH in the different compartments of the HDPE-GCL 1 

system at 70 °C based on a) experiment and b) model 
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3.3.4 Comparison of transport parameters to the GCL literature 

We compare the transport parameters of FTOHs in this study to the transport parameters of other 
chemicals reported in the literature for GCL in Table 8. Since the studies are different in their test 
conditions such as temperature, GCL type, and chemical concentrations, the comparison made 
here is a rough estimate. While the diffusion coefficients of FTOHs are generally lower than the 
other chemicals in Table 7, the partition coefficients of FTOHs are generally higher than the other 
chemicals. Both can be explained by the FTOHs’ high molecular weight and high Kow. Compared 
with the water-soluble PFAS (PFOA and PFOS), FTOHs have similar diffusion coefficients and 
one to two orders of magnitude higher partition coefficients. 
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Table 8. Transport parameters of FTOHs and other chemicals for GCL 

Chemical 
Molecular 

weights 
(g/mol) 

Log Kow Membrane 
Diffusion 

coefficienti 
 (10-11 m2/s) 

Partition 
coefficient, Kd, 

(mL/g) 

Chloride, Sodiuma 23-35 - NPh-GCL De = 3.5-50i Kd,bentonite = 0.12 
(Na+) 

Water soluble PFAS 
(PFOA, PFOS)b 414-500 4.49-

4.81 

Reinforced
- 

GCL 

De = 1.6- 3.5 
 

Kd,GCL = 0-2.2 
Kd,geotextile = 0.2-30 

BTEXc, h 78-106 2.13-
3.18 NP-GCL De = 25-40 

Kd,GCL = 4.4-27 
Kd,geotextile = 26-

298 
Kd,bentonite = 0.3-3.2 

Methylene chloride, 
methyl tertiary 
butyl ether, 
trichloroethylene, 
chlorobenzened 

85-131 2.13-3.2 
HDPE- 

GCL- sand 
layer 

De = 5.2-5.9 
Kd,bentonite = 0.04-

0.12 
 

Dichloromethane, 
1,2-dichloroethane, 
TCEh, benzene, 
toluenee 

78-113 1.15-
2.69 NP GCL De = 20-30 

Kd,bentonite = 0.3-1.2 
Kd,geotextile = 0-70 

 

FTOHsf 
(4:2, 6:2) 264-364 3.3-4.54 NP-GCL-

HDPE 
Dg =1.4- 9.3 

 

Kd,GCL = 670-900h, 
Sg = 310-420g 

 
Notes: 
a - (Lake & Rowe, 2000),   
b- (Barakat et al., 2024), 
c- (Rowe et al., 2005),  
d- (Eun et al., 2017),  
e- (Lake & Rowe, 2004b) 
f- this study,  
g- Partition coefficient (-), 
h- NP = Needle punched, BTEX = benzene, toluene, ethylbenzene, xylenes, TCE- 
trichloroethylene, 
i- De – effective diffusion coefficient of GCL (m2/s), Dg- apparent diffusion coefficient of 
GCL(m2/s)  
h-KdGCL = Sg− nt

ρd
,  nt = 0.83, ρd=0.46 g/mL based on GCL properties 
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3.4 Permeation model evaluation (Task 3) 
 
3.4.1 Parameter evaluation  

We expected that the HDPE-relevant permeation parameters based on the HDPE-GCL 1 
composite liner model be consistent with those independently estimated from the HDPE-only 
model. To assess this, we compared the diffusion and partition coefficients for 4:2 FTOH and 6:2 
FTOH at 60 °C based on the two models in Tables 5 and 6. The difference was less than 28% in 
all comparisons, suggesting good consistency.   
 
 
3.4.2 Sensitivity analysis 

The influence of each transport parameter on permeation through the HDPE-GCL1 composite 
membrane was evaluated by varying the magnitude of the diffusion (Dh, Dg) and partition (Sh, Sg) 
coefficients of the individual layers i.e., HDPE and GCL, one at a time while keeping the other 
parameters constant. Figure 14 shows the effect of varying each parameter on the FTOH 
concentrations in the source chamber (left) and receptor chamber (right). An increase in the 
diffusion coefficient for the HDPE layer (a and b) corresponds to a faster decrease in the source 
chamber and a faster increase in the receptor chamber. Increasing this parameter by ten-fold leads 
to a decrease in the time of FTOH detection in the receptor chamber by ~10 days. In contrast, 
varying the diffusion coefficient for the GCL layer (c and d) showed little influence on the source 
chamber concentration, but significantly increased the rate of FTOH transport into the receptor 
chamber. Changes in Dg primarily affect the transport of FTOHs that have already permeated 
through the HDPE and entered the GCL with little influence on the source chamber.  
 
A similar trend is observed for the partition coefficients. Changes in the HDPE partition coefficient 
(e and f) affect both source depletion and receptor accumulation because Sh controls the 
partitioning of FTOHs from the source solution into the HDPE. Increasing Sh therefore increases 
the amount of FTOH associated with the HDPE and affects the subsequent transport through the 
composite membrane. In comparison, changes in the GCL partition coefficient (g and h), produce 
little change in the source concentration but have a significant effect on the receptor chamber 
concentration. Interestingly, increasing the Sg by ten-fold leads to a reduction in the maximum 
receptor concentration by ten-fold while decreasing Sg by ten-fold leads to an increase in the 
maximum receptor concentration by three-fold at the same time point. This behavior indicates that 
stronger partitioning within the GCL increases retention of FTOHs within this layer and delays 
their transfer to the receptor chamber. 
 
Overall, the sensitivity results demonstrate the different roles of the two layers in controlling the 
observed chamber concentrations. The HDPE transport parameters influence both the removal of 
FTOHs from the source and their eventual change in the receptor, whereas the influence of the 
GCL parameters is expressed predominantly by the receptor response. The strong influence of the 
transport parameters of the HDPE layer on both chambers can be attributed to its relatively low 
diffusion coefficient compared with the GCL. This makes HDPE transport the rate limiting step 
for permeation as a small change in transport parameters leads to a significant change in both 
source and receptor chambers. However, the GCL transport parameters, especially the partition 
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coefficient Sg, have critical implications for the receptor chamber behavior, which represents 
contaminant migration beyond the composite liner into the surrounding environment. 
 

 
Figure 14. Sensitivity analysis of diffusion (Dh, Dg) and partition (Sh, Sg) coefficients for 6:2 

FTOH permeation at 70 °C  
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3.4.3 Practical implications 

To understand the impact of the different liner components on FTOHs transport from leachate to 
the surrounding environment, we simulated the breakthrough profiles of the individual layers and 
compared them to the composite liner of HDPE-GCL. Based on the transport parameters estimated 
for 6:2 FTOH, we simulated the following simplified conditions: The landfill leachate has a 
constant FTOH concentration of 21 ng/L and 150 ng/L. Both concentrations are found in Florida 
municipal solid waste landfill leachates (Goukeh et al., 2025 and our recent unpublished research). 
The temperature is 60°C, the high end of landfill temperature and the worst case scenario (Rowe, 
2005). The following three scenarios were simulated and compared: Scenario 1 is the HDPE-GCL 
composite liner; Scenario 2 is the GCL layer only, representing HDPE geomembrane structural 
failure in practice; Scenario 3 is the HDPE geomembrane only, representing GCL structural failure 
in practice. This evaluation is a conceptual illustration of how the two layers in the landfill liner 
contribute to the FTOH permeation. 
 
Using the source concentration at 150 ng/L as an example, the simulations showed clear difference 
in the long-term transport behavior of the three scenarios. The GCL alone exhibits the earliest 
breakthrough and a rapid increase in receptor concentration, reaching the maximum source 
concentration within approximately 150 days. In the HDPE geomembrane alone scenario, the 
receptor concentration remains below the source concentration throughout the one-year 
simulation. The greatest resistance to FTOH transport is observed for the HDPE-GCL composite 
liner, which substantially delayed breakthrough and maintained the receptor concentration at 
approximately 25 ng/L after one year, compared with approximately 128 ng/L for the HDPE 
geomembrane alone and 150 ng/L for the GCL alone. Considering breakthrough as the receptor 
reaching 10% of the source concentration, the HDPE alone delays breakthrough by four fold and 
the HDPE-GCL composite liner delays breakthrough by 20 fold compared to the GCL alone 
scenario. These results combined with the permeation parameters demonstrate that both the HDPE 
geomembrane and GCL contributed to permeation resistance to FTOHs, with the HDPE 
geomembrane limiting the rate of diffusion and the underlying GCL delaying migration to the 
receptor through adsorption. The breakthrough time for most landfills is expected to be a few 
orders of magnitude longer than the time frame discussed here since the temperature in most 
landfills is much lower than 60 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

31 
 

 

 
Figure 15. Model-predicted concentrations of 6:2 FTOH in groundwater surrounding simplified 
landfills at 60 °C with leachate concentrations at: a) 150 ng/L and b) 21 ng/L for different liner 

configurations 
 
 
 
 
 
 
 

0

40

80

120

160

0 100 200 300 400

C
on

ce
nt

ra
tio

n 
(n

g/
L

)

Time (days)

a) 6:2 FTOH 60ºC - 150ng/L

GCL+ HDPE GCL HDPE

0

5

10

15

20

25

0 100 200 300 400

C
on

ce
nt

ra
tio

n 
(n

g/
L

)

Time (days)

b) 6:2 FTOH 60ºC - 21 ng/L

GCL+HDPE GCL HDPE



 

32 
 

4. CONCLUSIONS 
In this study, we evaluated the transport of four representative volatile PFAS, i.e., 4:2, 6:2, 8:2, 
and 10:2 FTOHs through a composite liner consisting of an HDPE geomembrane and a 
geosynthetic clay liner (GCL). Permeation experiments were conducted using a diffusion cell with 
a source chamber containing deionized water spiked with each FTOH at 500 µg/L and a receptor 
chamber containing deionized water at four temperatures: 40, 50, 60, and 70 °C. The two chambers 
were separated by the HDPE-GCL composite membrane, with the geomembrane facing the source 
chamber. 
 
FTOH transport through the composite liner was strongly dependent on its chain length and 
temperature. High temperature accelerated the transport of FTOHs across the liner into the receptor 
chamber. As the chain length of FTOH increased, the sorption of FTOH in the source to the 
composite liner increased. On the other hand, the FTOH concentrations in the receptor chamber 
increased the fastest for 6:2 FTOH, while the two long-chain FTOHs (i.e., 8:2 and 10:2 FTOH) 
were below the quantification limit for the test period of more than 200 days.  
 
We calculated maximum permeation rates and breakthrough times based on ASTM F739-20. The 
maximum permeation rates increased with temperature and ranged from 2.8×10-6 to 6.0×10-6 for 
4:2 FTOH and 5.0×10-6 to 9.4×10-6 µg/cm2/min for 6:2 FTOH. Permeation rates could not be 
quantified for 8:2 and 10:2 FTOHs at any temperature because their receptor concentrations 
remained below the quantification limit. Since the maximum permeation rates were below 0.1 
µg/cm2/min, the threshold flux defined in ASTM F739-20, FTOHs did not breakthrough under the 
experimental conditions in this study. 
 
We compared the three types of GCLs (i.e., GCL 1, GCL 2 and GCL 3) in composite liners that 
all have the HDPE geomembrane as the first layer and GCL as the second layer at 50 °C. FTOH 
concentrations in all receptor chambers remained below the limit of quantification throughout the 
test period. Similarly, no big differences were observed among the source chamber concentration 
trends for the three HDPE-GCL configurations. The source chamber was in direct contact with the 
HDPE geomembrane. This likely drove the source chamber concentration changes due to sorption 
and hence this observation. 
 
The contribution of the GCL to the overall barrier performance was evaluated by comparing the 
HDPE–GCL composite membrane against a single layer HDPE geomembrane at 60 °C.  4:2 and 
6:2 FTOH showed detection in the receptor chamber after approximately 50 and 30 days, 
respectively, for the HDPE-GCL 1 composite, and after approximately 15 and 11 days, 
respectively, for the single HDPE layer. The addition of GCL 1 delayed the breakthrough of FTOH 
through the composite membrane by approximately three-fold, suggesting the role of GCL as a 
secondary barrier to permeation of FTOHs 
 
We used Fick’s Law-based models to determine the diffusion and partition coefficients of the 
individual layers in the HDPE-GCL composite membrane. The diffusion coefficients ranged from 
6.7×10-14 to 3.9×10-13 m2/s for the HDPE and from 1.4×10-11 to 9.3×10-11 m2/s for the GCL at 60 
and 70 °C.  The much lower diffusion coefficients of the HDPE indicate that diffusion through this 
layer is slower than that in the GCL. The partition coefficients of for 4:2 and 6:2 FTOHs ranged 
from 310 to 420 for the HDPE and from 400 to 450 for the GCL. 
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Parameter sensitivity analysis further demonstrated the distinct roles of the two components in the 
composite liner. The diffusion and partition coefficients for HDPE influence both the source and 
receptor concentrations whereas diffusion and partition coefficients for the GCL affect only the 
receptor concentration. 
 
We compared the diffusion and partition coefficients for 4:2 FTOH and 6:2 FTOH at 60 °C based 
on the two independent studies: 1) HDPE-GCL composite liner study and 2) single HDPE layer 
study. The coefficients showed a difference of less than 28% in all comparisons between the two 
studies, suggesting good consistency.  
 
In summary, the short-chain volatile PFAS (i.e., 4:2 and 6:2 FTOHs) are more likely to permeate 
through composite liners, compared to the long-chain FTOHs (i.e., 8:2 and 10:2 FTOHs). The 
HDPE geomembrane primarily controls the rate of diffusion through the composite liner and 
serves as the primary permeation barrier, while the GCL serves as the secondary barrier by further 
delaying the FTOH transport into the receptor through sorption. 
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