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A B S T R A C T   

To safely contain Per-and Polyfluoroalkyl substances (PFAS) in municipal solid waste landfills and contaminated 
soil monofills, it is necessary to understand how these substances interact with components of engineered sys-
tems designed to contain them. This paper examines the interaction between one of the most critical components 
of the system: a high-density polyethylene (HDPE) geomembrane. The same geomembrane is immersed in PFAS 
solution and synthetic municipal solid waste leachate containing PFAS for 2.5 years, and the effects of PFAS on 
antioxidant depletion time is examined. The geomembrane is incubated in ovens at 85-40 ◦C to obtain data for 
Arrhenius predictions at typical landfill temperatures. When exposed to PFAS solution alone, the antioxidant 
depletion times are smaller than when the same geomembrane is immersed in synthetic municipal solid waste 
leachate alone. The combination of the two has a synergistic effect which leads to an even greater reduction in 
antioxidant depletion time for this geomembrane, with results showing a 68% decrease in predicted antioxidant 
depletion time at a typical landfill temperature of 35 ◦C when PFAS is present in leachate. This study highlights 
the need to consider the potential impact of PFAS on the service life of geomembranes used to contain them.   

1. Introduction 

1.1. PFAS and the environment 

Per-and polyfluoroalkyl substances (PFAS) constitute over 9000 
chemicals used in a large number of materials over the last half-century 
(Key et al., 1997) including products like non-stick coatings, firefighting 
foams, textiles, paper, material for food packaging, insecticides, and a 
variety of other useful products (Kissa, 1994). PFAS are widely used 
mainly because of their ability to repel oil and water, and are generally 
considered surfactants (Dixon-Anderson and Lohmann, 2018). 

PFAS are subclassed into polymer and non-polymer PFAS. Under the 
non-polymer PFAS subclass are the per-fluorinated and the poly-
fluorinated compounds. The per-fluorinated subclass includes per- 
fluorocarboxylic acids and per-fluoroalkyl sulfonic acids (Bouazza, 
2021). Of these, the most studied per-fluoroalkyl acids are 
per-fluorooctanoic acid (PFOA) and per-fluorooctanesulfonic acid 
(PFOS). The carbon-fluorine bond is particularly strong, a consequence 
of this, is the strength, durability, heat resistance and environmental 

stability per-fluoroalkyl acids possess (Bartlett and Davis, 2018; 
Bouazza, 2021). PFOA and PFOS have been identified as persistent 
organic pollutants because of their physiochemical characteristics, 
widespread usage and effects on wildlife and humans (Giesy and 
Kannan, 2001). 

The widespread usage of PFAS in everyday life means ultimately, 
they end up as part of our waste from PFAS-bearing consumer goods, 
industrial activities, sewage sludge, and contaminated site cleanup. 
Considering the timeline of PFAS usage, it would be fair to assume that 
all waste materials landfilled since the 1950s are bound to contain sig-
nificant amounts of PFAS (ITRC, 2017). This makes the study of the 
interactions between these substances and the consequent effect on the 
long-term performance of geosynthetic liner components of landfill 
liners, such as geomembranes, of considerable importance. The need to 
fill this information gap is highlighted by Bouazza (2021), which gives 
some information on possible PFAS-geosynthetic liner interactions but 
concludes by acknowledging the scarcity of research evaluating the 
effectiveness of geosynthetic liners in containing PFAS and reiterates the 
need to channel more efforts into understanding the subject. 

Abbreviations: PFAS, Per-and Polyfluoroalkyl Substances. 
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1.2. Brief overview of geomembranes 

Geomembranes are used as part of barrier systems for the contain-
ment of fluids generated from activities like water treatment, heap-leach 
mining (a method of mining where crushed ores are stacked over geo-
membranes in relatively thin lifts and irrigated with solvents to extract 
metal from ores (Zanbak, 2013).), and landfill storage of waste 
(municipal solid waste, industrial waste etc.). They are practically 
impermeable except if they have holes (e.g., Rowe et al., 2003). To 
minimize the leakage through holes they are often used as part of a 
composite liner with a clay component (Rowe, 2011). Due to their 
effectiveness in minimizing the escape of contaminants to the environ-
ment they have been widely used in landfills for 50 years and more 
recently to line specialty disposal areas (monofills) for PFAS contami-
nated soil. This paper focused on municipal solid waste landfill appli-
cation. Although geomembranes are manufactured from many different 
polymers (e.g., polyvinyl chloride, polypropylene, linear low-density 
polyethylene, medium-density polyethylene, high-density poly-
ethylene, chlorinated polyethylene, chlorosulphonated polyethylene, 
ethylene propylene rubber and bitumen; Rowe and Sangam, 2002; 
Scheirs, 2009), high-density polyethylene (HDPE) is most extensively 
used in landfill applications due to its comparatively high resistance to 
aggressive leachate components (August and Tatzky, 1984; Haxo and 
Nelson, 1984; Rowe, 2001, 2020; Rowe and Jefferis, 2022). Thus, HDPE 
geomembranes are the focus of this paper. 

HDPE geomembranes are typically manufactured with 96–97.5 wt% 
medium-density polyethylene resin with densities ranging from 0.932 to 
0.940 g/cc. However, the addition of 2–3 wt% carbon black increases 
the densities of final products to ranges of 0.941–0.950 g/cc, which is 
classified as “HDPE” according to ASTM D883. About 0.5 to 1 wt% of the 
final product is usually made up of other antioxidants/stabilizers (Hsuan 
and Koerner, 1995, 1998). 

1.2.1. Geomembrane service-life 
The contaminating lifespan of landfills can be centuries long (Rowe 

et al., 2004). Hence, it is expected that any geomembrane used as part of 
a barrier system be able to perform its intended function during, and 
possibly beyond the contaminating lifespan if good construction and 
installation practices are employed. The length of time that a geo-
membrane will perform its design function of minimizing the escape of 
contaminants to the environment is defined as its service life. In land-
fills, there are three key factors that influence service life of a geo-
membrane, namely (i) leachate chemistry (Rowe et al., 2008; Abdelaal 
et al., 2014a); (ii) temperature (Yoshida, and Rowe, 2003; Rowe and 
Islam, 2009; Jafari et al., 2014; Rowe, 2020); and (iii) exposure condi-
tions (Rowe et al., 2010, 2013; Abdelaal et al., 2014a, 2014b; Ewais 
et al., 2014; Abdelaal et al., 2014a, 2014b). During its service life a 
geomembrane will experience both physical ageing and chemical ageing 
(Hsuan and Koerner, 1995, 1998). 

During physical ageing, the polymer chains of the geomembrane 
seek to return from an unstable as constructed state to a stable equi-
librium state. This process involves rearrangement of fibrils and relax-
ation of stresses induced during manufacturing and does not involve 
breakage of covalent bonds within the polymer chains (Petermann et al., 
1976). Chemical ageing on the other hand, involves breakage in the 
backbone of the polymer chains, and formation of weaker intermolec-
ular crosslinks (Scanabel, 1981), which lead to a decrease in geo-
membrane mechanical properties and eventually failure. This makes 
chemical ageing worthy of special attention when it comes to assessing 
the performance of a geomembrane during its service-life (Rowe and 
Sangam, 2002). 

Hsuan and Koerner (1998), categorized the chemical ageing process 
into three conceptualized stages:  

i. Stage I (Antioxidant depletion) – Antioxidants are chemical 
compounds designed to retard or prevent oxidative degradation 

of a material (International Geosynthetics Society, 2009). Stage I 
in the chemical ageing process represents a period where anti-
oxidants and stabilizers put in the geomembrane to protect the 
polymer resin from oxidative degradation are either completely 
consumed or deactivated, leaving it exposed to oxidation. The 
length of this stage is very important in assessing how long a 
geomembrane will be able to perform its intended function 
because it controls the length of time that the polymer is pro-
tected from oxidative degradation. Antioxidant depletion can be 
assessed using two laboratory tests, standard oxidative induction 
time (Std-OIT) test and/or high-pressure oxidative induction time 
(HP-OIT) test. Oxidative Induction Time (OIT) is defined as a 
relative measure of a geomembrane’s resistance to oxidative 
decomposition and is obtained by the measurement of the time 
interval to onset of exothermic oxidation of a geomembrane resin 
at specified temperature and oxygen atmosphere (ASTM D3895). 
OIT tests are described in more detail in Section 2.3. 

ii. Stage II (Induction time) – At this stage, oxidation of the geo-
membrane resin begins. However, this occurs at a relatively slow 
rate and degree of degradation is often immeasurable during this 
period.  

iii. Stage III (Nominal failure) – This stage is often preceded by a 
rapid rate of geomembrane resin degradation, leading to signif-
icant change in mechanical properties. The end of this period is 
often characterized by loss of 50% of the initial value of a me-
chanical/engineering property of interest. 

This paper focused on Stage I of the chemical ageing process, with 
emphasis on the following objectives:  

• Evaluating the effects of PFAS in water on antioxidant depletion from 
an HDPE geomembrane.  

• Evaluating the effects of PFAS in synthetic municipal solid waste 
(MSW) leachate on antioxidant depletion from an HDPE 
geomembrane. 

2. Materials and methods 

2.1. Geomembrane properties 

The smooth black 1.5 mm thick HDPE geomembrane examined was 
manufactured in 2015 and had initial properties as defined in Table 1. 

2.2. Incubation media 

Studies of the PFAS compounds in landfill leachate indicate that per- 
fluoroalkyl acids with 8 carbons or less tend to dominate, with per- 
fluoropentanoate (PFPeA), per-fluorohexanoate (PFHxA), PFOA, and 
PFOS among the prominent components found at landfill sites (Huset 
et al., 2011; Benskin et al., 2012; Simmons, 2019). Although the studies 
of PFAS in landfill leachate provide insight, the studies are relatively 
recent, only represent a small proportion of the facilities, and were 
performed over a very narrow window of time. It is more likely than not 
that there are landfills with concentrations higher than have been re-
ported. Recognizing the uncertainties, a cautious (conservative) 
approach was adopted in the selection of the PFAS compounds and the 
concentrations (i.e., they were selected to represent some of the more 
critical PFAS compounds at a concentration above that reported to date 
in the field). The selected PFAS solution contained 20 mg/L (7.5 × 10− 5 

mol/L) of per-fluoropentanoic acid (PFPeA), plus 20 mg/L (6.3 × 10− 5 

mol/L) of per-fluorohexanoic acid (PFHxA), plus 20 mg/L (4.8 × 10− 5 

mol/L) of PFOA, plus 20 mg/L (3.9 × 10− 5 mol/L) of PFOS and is 
referred herein as PFAS. 

The geomembrane used in this study was immersed in three different 
solutions: 
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• Solution 1 [synthetic MSW leachate]: Synthetic municipal solid 
waste leachate (no PFAS) with the composition given in Table 2.  

• Solution 2 [PFAS + DI water]: The PFAS indicated above and 28 mg/ 
L of CaCO3 were added to reverse osmosis water. The 28 ppm CaCO3 
was added to lower the Langelier Index (used as an indirect indicator 

of the “aggressiveness” of water) of the reverse osmosis water, 
thereby curtailing the aggressive nature of reverse osmosis water 
(Table S1 in supplemental materials). This was done to ensure that 
interaction between the PFAS and geomembrane was not over-
shadowed by geomembrane-water interaction and whatever deple-
tion was observed was to a large extent due to the presence of PFAS 
in the solution.  

• Solution 3 [PFAS + synthetic MSW leachate]: the PFAS indicated 
above was added to the synthetic municipal solid waste leachate 
(primarily consisting of inorganic salts and surfactant). 

2.3. Immersion and index testing 

The geomembrane sheet was cut into 20 cm × 10 cm coupons and 
put in 3.5-Litre jars. Coupons were separated with glass rods in the jars 
to ensure adequate contact with solutions on both sides of the coupons 
and were incubated in ovens at 85, 75, 65, 55 and 40 ◦C for 2.5 years. 
Specimens were taken out periodically and tested in differential scan-
ning calorimeters (DSCs) to monitor antioxidant depletion with time. As 
mentioned in the previous section, Std-OIT and HP-OIT tests were both 
used to assess antioxidant depletion. Std-OIT tests were run at 200 ◦C, 
under 35 kPa oxygen pressure as per ASTM D3895 while HP-OIT tests 
were run at 150 ◦C, under 3500 kPa oxygen pressure as per ASTM 
D5885. The two tests are required to obtain a full picture of the deple-
tion of antioxidants and stabilizers which usually involves at least 3 or 4 
different chemical compounds. Ideally, antioxidant depletion time pre-
dictions are made by assessing both Std-OIT and HP-OIT test results. 
However, after 2.5 years of incubation, HP-OIT results recorded for this 
geomembrane had not reached the residual value required to make 
useful antioxidant depletion time predictions. Hence, predictions made 
in this paper were based on Std-OIT results only. Std-OIT results pre-
sented in this paper are from significant long-term tests with replicates 
on all samples taken at a given period. Error bars presented in figures 
represent maximum and minimum values recorded at a specified period. 

2.4. Uncertainty and repeatability 

This study examined the performance of 80 different samples of the 
same geomembrane. There were 16 samples at each of 5 different 
temperatures involving the collection of many hundreds of data points. 
The interpretation is based on hundreds of data points collected over a 
significant 2.5 years. The 95% confidence levels are indicated for the 
predictions in Supplementary Material Table S2. Although there is un-
certainty in any data set, experience has shown that to the extent that 
they err, predictions based on 2.5 years of data are likely to underpredict 
the time to depletion at lower temperatures than we used in obtaining 
the predictions (i.e., they tend to be conservative and err on the safe side 
for engineering design). 

3. Results and discussion 

3.1. Std-OIT depletion curves 

The decrease in Std-OIT with time at each temperature for all three 
solutions examined followed the trend of increasing rate of depletion 
with increasing incubation temperature and is illustrated for PFAS + DI 
water in Fig. 1. The depletion of antioxidants normally follows a first 
order exponential decay model (Hsuan and Koerner, 1998; Sangam and 
Rowe, 2002; Mueller and Jakob, 2003; Gulec et al., 2004; Rowe and 
Rimal, 2008a, b; Hsuan et al., 2008; Rowe and Islam, 2009; Rowe et al., 
2008, 2009, 2013, 2019, 2020; Abdelaal et al., 2014a, 2014b, Ewais 
et al., 2018; Abdelaal and Rowe, 2019; Morsy and Rowe, 2020; Morsy 
et al., 2020), represented by the following expression: 

OITt =OITo e− st (1) 

OIT at given time (OITt), depletion rate (s) and time (t), to reach a 

Table 1 
Unaged geomembrane properties.  

Nominal Thickness ASTM 
D5199 

1.5 mm 

Melt Indexa (sheet) (2.16 kg) ASTM 
D1238 

0.215 ±
0.007 

g/ 
10min 

High Load Melt Indexb (sheet) (21.6 
kg) 

ASTM 
D1238 

12.6 ± 0.3 g/ 
10min 

Melt flow rate ratioc (sheet) ASTM 
D1238 

58.6 – 

Tensile properties (machine direction) ASTM 
D6693   

Strength at yield  33.3 ± 0.2 kN/m 
Strength at break  51.5 ± 0.6 kN/m 
Strain at yield  18.8 ± 0.1 % 
Strain at break  720 ± 3 % 
Tensile properties (cross machine 

direction) 
ASTM 
D6693   

Strength at yield  34.9 ± 0.7 kN/m 
Strength at break  52.7 ± 1.1 kN/m 
Strain at yield  16.9 ± 0.3 % 
Strain at break  740 ± 5 % 
HP-OIT ASTM 

D5885 
1391 ± 113 minutes 

STD-OIT ASTM 
D3895 

235 ± 11 minutes 

Stress crack resistance ASTM 
D5397 

5677 ± 386 hours  

a Measurement for the mass of molten geomembrane that extrudes from a die 
over a certain period under a prescribed load of 2.16 kg. The melt index provides 
an indirect measure of geomembrane sheet molecular weight (ASTM D1238). 

b Mass of molten geomembrane that extrudes from a die over a certain period 
under a prescribed load of 21.6 kg. 

c - Calculated ratio of the average melt index measurements at the higher load 
to those at the lower load. This ratio is used to infer the molecular weight dis-
tribution of the geomembrane sheet (ASTM D1238). 

Table 2 
Composition of 1 L of synthetic MSW leachate used in this study (modified from 
Rowe et al., 2008).  

Constituent Formula Units Concentration 

Sodium Hydrogen Carbonate NaHCO3 mg/ 
L 

3012 

Calcium Chloride CaCl2 mg/ 
L 

2882 

Magnesium Chloride MgCl2•6H2O mg/ 
L 

3114 

Magnesium Sulfate Heptahydrate MgSO4•7H2O mg/ 
L 

319 

Ammonium Hydrogen Carbonate NH4HCO3 mg/ 
L 

2439 

Urea CO(NH2)2 mg/ 
L 

695 

Sodium Nitrate NaNO3 mg/ 
L 

50 

Potassium Carbonate K2CO3 mg/ 
L 

324 

Potassium Hydrogen Carbonate KHCO3 mg/ 
L 

312 

Potassium dihydrogenphosphate K2HPO4 mg/ 
L 

30 

TMS- Trace Metal Solution  ml/L 1 
Sodium Sulphide nonahydrate (3% w/ 

v)→Eh ~ -120mV 
Na2S ml/L 0.68 

Surfactant Igepal® 
CA720 

ml/L 5 

Sulphuric acid to adjust pH~6 H2SO4 ml/L 0.70  
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given OIT value. However, Equation (1) assumes that antioxidants will 
deplete to a residual OIT value (OITr) of 0.5 min (the OIT value of a pure 
HDPE resin with no antioxidants; Hsuan and Koerner, 1998). For that 
scenario, OITr is assumed to be zero and hence the OIT data can be fit to 
a 2-paramter exponential decay function (Hsuan and Koerner, 1998). 
Equation (1) provides a relation between the mean OIT value of the 
unaged geomembrane (OITo). 

A different scenario exists for the HDPE geomembrane used in this 
study because, based on the currently available data, it appears that OITr 
~24 min in PFAS + DI water and OITr ~5 min in synthetic MSW 
leachate and PFAS + synthetic MSW leachate. For OITr > 1.5 min, using 
the simplified 2-parameter exponential decay function to fit OIT data 
can lead to misinterpretation OIT depletion times. In this scenario, a 3- 
parameter exponential decay function based on Equation (2) is adopted 
(Rowe et al., 2013; Abdelaal and Rowe, 2014a,b; Rowe and Abdelaal, 
2016). 

OITt =OITr + (OITo − OITr) e− st (2) 

Fig. 1 shows the best-fits of the 3-parameter model to the data for 
PFAS + DI water at all 5 temperatures. The depletion rate can then be 
inferred from these fits. 

Fig. 2 shows the variation in normalized standard OIT versus time for 
the geomembrane in the three solutions at 65 ◦C, where the normalized 
OIT (OITt/OITo) is obtained by dividing the mean Std-OITt value at time 
t, by the initial Std-OITo of the unaged geomembrane (a complete set of 
similar normalized curves are given in the Supplementary Material 
Figs. S3–S5). 

The results for the three solutions (Fig. 2) show similar trends for 
PFAS + DI water, synthetic MSW leachate, and PFAS + synthetic MSW 
leachate, with the slowest depletion being for PFAS + DI water, and the 
faster depletion for PFAS + synthetic MSW leachate, with synthetic 
MSW leachate coming between the two but closer to PFAS + synthetic 
MSW leachate. Similar trends were observed for OIT reduction curves 
obtained from incubation at T ≥ 75 ◦C. However, the differences in the 
relative OIT reduction with time for the 3 solutions becomes apparent 
from a comparison of the results at 65 ◦C (Fig. 2) with those at 55 ◦C 
(Fig. 3). In contrast to the trend for T ≥ 65 ◦C discussed above, at 55 ◦C 
(Fig. 3), the fastest depletion still being for PFAS + synthetic MSW 
leachate but the slowest now being for synthetic MSW leachate, with 
PFAS + DI water generally being between the two at any given time. 

3.2. Arrhenius modelling 

Rate of antioxidant depletion at typical landfill temperatures 
(approximately 35 ◦C for many decades and then decreasing to annual 
average ambient temperature) is usually slow. Hence the geomembrane 
used in this study was incubated in the solutions of interest at higher 
temperatures to help assess changes in geomembrane properties within 
a few years of testing rather than decades. Extrapolations were then 
made to typical landfill temperatures (T ≤ 40 ◦C). This was achieved by 
plotting the ln of the rate of antioxidant depletion, s, at each temperature 
versus the inverse of temperature (1/T) in Kelvin to obtain an Arrhenius 
relationship as described by equation (3) and shown in Fig. 4. 

ln(s)= ln A − (E /R)(1 / T) (3)  

where s = OIT depletion rate at each incubation temperature, E =
activation energy (kJ/mol), R = gas constant (8.314 J mol− 1. K− 1), T =
incubation temperature in Kelvin (K), and A = constant (intercept). 
Equation (3) can also be written in the form: 

Fig. 1. Plot of Std-OIT depletion with time for PFAS + DI water – error bars indicate minimum and maximum Std-OIT values but are difficult to make out in most 
cases due to small range of values for a given set of data points. 

Fig. 2. Plot of normalized Std-OIT depletion with time for all three solutions 
at 65 ◦C. 
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s=Ae− E/RT (4) 

Using the slope and intercept from the plot in Fig. 4 for PFAS +
synthetic MSW leachate (see Figs. S6 and S7 for the other two solutions), 
depletion rates for relatively lower temperatures of interest can obtained 
by simply changing the variable, T in Equation (3) or 4. 

3.3. Std-OIT predicted depletion times 

Based on the Arrhenius relationships, the rate of depletion, s, can be 
predicted at different temperatures (Table 3). At common landfill tem-
perature during the life of a landfill (Rowe and Islam, 2009) the pre-
dicted time to depletion of antioxidants detected by the Std-OIT test was 
fastest for PFAS + synthetic MSW leachate, followed by PFAS + DI water 
with the slowest rate being for the synthetic MSW leachate (Table 3). It 
could be hypothesized that combination of surfactant in the synthetic 
MSW leachate and PFAS, which is also classified as a surfactant, led to an 
increase in the wettability of the surface of the geomembrane thereby 
promoting extraction of antioxidants from the geomembrane as hy-
pothesized by Rowe et al. (2008). However, Rowe et al. (2008) also 
reported that increasing surfactant concentration in synthetic MSW 
leachate from 5 ml/L to 10 ml/L had no additional effect on antioxidant 
depletion. Nonetheless, it appears that the addition of PFAS to the 5 
ml/L of surfactant in synthetic MSW leachate to produce PFAS + syn-
thetic MSW leachate only constitutes a 0.08 ml/L increase in surfactant 

concentration, it can be argued that the 5 ml/L to 10 ml/L limit may be 
specific to particular surfactant (Igepal® CA720) used in the simulated 
MSW leachate or the HDPE geomembrane studied by Rowe et al. (2008). 

Another hypothesis that could be used to explain the shorter anti-
oxidant depletion times observed for PFAS + synthetic MSW leachate 
compared to synthetic MSW leachate is the synergistic effect of the 
presence of Igepal® CA720 and functional groups in PFAS chemical 
structure influencing antioxidant consumption with time. However, the 
exact reaction mechanism which could be responsible for this increased 
antioxidant consumption are presently unknown. 

The depletion time predictions given Table 3(a) are for a geo-
membrane immersed in solution and subject to antioxidant depletion on 
both sides. In practical applications, this may be applicable below 
wrinkles with a hole. However, over most of the area of the geo-
membrane, the leachate is only likely to be on one side with the clay 
liner on the other side. Studies comparing the performance of the geo-
membrane immersed in solution and the same geomembrane in a 
composite liner system, with the leachate only above the liner, have 
shown that there is a substantial difference in the time to antioxidant 
depletion for the geomembrane in a composite liner configuration 
(Rowe and Rimal, 2008a,b; Rowe et al., 2009, 2010, 2013). The time to 
depletion depends on the level of protection above the geomembrane 
and temperature but based on available data the time to depletion in the 
simple composite liner with a nominal protection layer is approximately 
3.4 times higher than the time to depletion reported for laboratory im-
mersion tests (Rowe and Rimal, 2008a,b; Rowe et al., 2009, 2010, 

Fig. 3. Plot of normalized Std-OIT depletion with time for all three solutions 
at 55 ◦C. 

Fig. 4. Plot of relationship between OIT depletion rates and temperature for 
immersion in PFAS + synthetic MSW leachate based on depletion rates at 85 ◦C, 
75 ◦C, 65 ◦C & 55 ◦C. 

Table 3 
Predicted Std-OIT depletion times based on Arrhenius Plot for (a) immersion and 
(b) adjusted for a composite liner (Ra = 3.4). Numbers rounded to 2 significant 
digits.  

Temp. 
(◦C) 

(a) Predicted Depletion Time 
Immersed in Leachate (years) 

(b) Predicted Depletion Time In 
Composite Liner (years) 

1: 
synthetic 
MSW 
leachate 
[OITd ~ 5 
min] 

2: 
PFAS 
+ DI 
water 
[OITd 

~ 24 
min] 

3: PFAS +
synthetic 
MSW 
leachate 
[OITd ~ 5 
min] 

1: 
synthetic 
MSW 
leachate 

2: 
PFAS 
+ DI 
water 

3: PFAS 
+

synthetic 
MSW 
leachate 

40 50 27 18 170 90 63 
35 90 45 30 310 150 98 
30 170 78 46 580 270 160 
25 330 140 74 1100 460 250 
20 640 240 120 >2000 830 410  

Fig. 5. Variation in predicted antioxidant depletion times for a 1.5 mm-thick 
HDPE geomembrane in a composite liner containing synthetic MSW leachate, 
PFAS + synthetic MSW leachate and PFAS + DI water. 
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2013). Thus, Table 3(b) and Fig. 5 show the expected times to depletion 
in a composite liner using the geomembrane examined for the 3 different 
leachate solutions. Table 3b can be used in estimating service life of 
geomembranes in landfills with a time temperature history (Yoshida and 
Rowe, 2003; Jafari et al., 2014) as per Rowe and Islam (2009). The effect 
of PFAS highlights importance of limiting the strains in geomembrane 
(Tognon et al., 2000; Rowe and Yu, 2019; Abdelaal et al., 2014a, 2014b; 
Ewais et al., 2014) to avoid premature failure and designing a robust 
system with redundancy (Rowe, 2011) that includes consideration of the 
hydrogeological protection as well as the engineering using models that 
can manage the time and dimensional scales involved (e.g., Rowe, 1988; 
Rowe et al., 1997: Rowe and Booker, 1995, 2005; Rowe et al., 2004). 

4. Conclusions 

Based on 2.5 years of testing of an HDPE geomembrane immersed in 
three solutions including two containing PFAS, the following pre-
liminary conclusions have been reached for the conditions examined:  

1. The addition of PFAS to either DI water or simulated MSW landfill 
leachate accelerated the depletion of antioxidants and hence is likely 
to impact on the service life of the geomembrane for containing 
PFAS.  

2. For the conditions examined, the depletion of antioxidants over the 
range of typical landfill temperatures was slowest in simulated MSW 
landfill leachate, followed by a solution of PFAS in amended DI 
water, and fastest in solution of PFAS in simulated MSW landfill 
leachate. 

It is acknowledged that the work reported in this study is limited to a 
single geomembrane and combination of PFAS compounds over a 2.5- 
year period. Different geomembranes may have different additive 
packages that respond differently to the solutions examined and hence 
the specific predictions should not be generalized to other geomembrane 
products or other solutions containing PFAS. However, this study does 
provide the first published indication of the importance of considering 
how PFAS being contained by a geomembrane can affect service life of 
the geomembrane. It highlights the need for more research into this 
topic. 
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ASTM: American Society for Testing and Materials 
DI: Deionized 
HDPE: High-Density Polyethylene 
HP-OIT: High-Pressure Oxidative Induction Time 
MSW: Municipal Solid Waste 
OIT: Oxidative Induction Time 
PFAS: Per- and Polyfluoroalkyl Substances 
PFHxA: Perfluorohexanoic acid 
PFPeA: Perfluoropentanoic acid 
PFOA: Perfluorooctanoic acid 
PFOS: Perfluorooctanesulfonic acid 
RO: Reverse Osmosis 
Std-OIT: Standard Oxidative Induction Time 
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