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ABSTRACT 
 
Antioxidant depletion in a textured high-density polyethylene (HDPE) geomembrane (GM) 
exhumed from a composite liner in a landfill cell was evaluated after exposure to the atmosphere 
for 12 yr using oxidative induction time (OIT) tests. GM samples were exhumed from locations 
along the top, middle, and toe of the east and south slopes. GM specimens from the top of the 
south slope had low OITtop (53±1.5 min), whereas samples exhumed from the toe had higher 
OITtoe (203±5.0 min). GM specimens from the middle of the south slope had a OITmid = 83±2.5 
min. A similar trend was observed for specimens exhumed from the east slope, i.e., OITtop = 
83±2.8 min OITmid = 101±3.1 min, and OITtoe = 175±3.3 min. The high OIT of specimens at the 
toe of slope is attributed to lower exposure time to sunlight, resulting in lower dose of ultraviolet 
radiation and smaller diurnal temperature fluctuations.  
 
Keywords: HDPE geomembrane, antioxidant, oxidative induction test, ultraviolet, exposed, 
landfill 
 
INTRODUCTION 
 
Composite barrier systems consisting of a geomembrane (GM) overlying a geosynthetic clay 
liner (GCL) or a compacted clay liner are used in municipal solid waste (MSW) disposal 
facilities to limit contaminant transport to very low rates (Foose et al. 2002, Tian et al. 2017). 
High-density polyethylene (HDPE) is the most common polymer used for GMs in MSW 
disposal facilities. Understanding the rate of degradation of HDPE GMs used in MSW facilities 
is necessary to assess their service life when conducting a performance assessment for a disposal 
facility.  

GMs undergo non-mechanical degradation in three stages: antioxidant depletion (Stage 
I), induction time to the onset of polymer degradation (Stage II), and polymer property 
degradation (Stage III). Degradation of polyethylene follows the processes shown in Fig. 1 
(Grassie and Scott 1985, Hsuan and Koerner 1998, Rowe and Sangam 2002). A polymer chain 
(RH) breaks into a free radical polymer chain (R•) and hydrogen (H•) after obtaining sufficient 
activation energy (e.g., radiation or thermal). R• can react with oxygen (O2) to form a 
hydroperoxy free radical (ROO•), which attacks the polymer backbone (RH) to form 
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hydroperoxide (ROOH) and another free radical polymer chain. As oxidation continues, 
accumulation of ROOH results in decomposition into RO• and OH• and the generation of more 
free radicals that may attack the original polymer chain. Consequently, the process is auto-
accelerating (Hsuan and Koerner, 1998 and Rowe and Sangam, 2002) and degradation occurs at 
an increasing rate over time.  
 

 
Figure 1. Oxidation loops for polyethylene [adapted from Grassie and Scott (1985) and 

Rowe and Sangam (2002). 
 

Antioxidant packages consisting of a combination of two or more antioxidants are 
commonly added to the polymer resin to protect GMs from oxidation. Antioxidants intercept the 
links (e.g., a, b, d, and e in Fig. 1) by donating or accepting an electron to react with the free 
radicals (e.g., ROO•, RO•, and OH•) to form a stable product (ROOH, ROH, and H2O), as 
indicated by the dashed line in Fig. 1. Secondary antioxidants are designed to convert the ROOH 
to a stable alcohol (ROH), as shown by the dashed line c (Hsuan and Koerner, 1998). When the 
antioxidant is completely depleted, the GM becomes vulnerable to oxidation degradation and 
progresses through Stages II and III of degradation (Grassie and Scott, 1985 and Rowe et al., 
2009). Thus, understanding the time for antioxidant depletion is critical to estimate the service 
life of HDPE GMs.  

Antioxidant remaining in an exposed HDPE GM from a composite liner in a MSW 
landfill was assessed in this study. The landfill was located in a temperate climate in California, 
USA and the GM had been exposed for 12 years because the leachate collection system and 
waste were never placed. During this 12-year period, the GM was exposed to ultraviolet (UV) 
radiation from sunlight, precipitation, and diurnal and seasonal temperature fluctuations. The 
mean annual temperature, mean minimum temperature, and the mean maximum temperature 
were 15.8, 9.1, and 22.5°C respectively and the mean annual precipitation was 414.7 mm during 
the exposure period at the site. Further details of the landfill and the exhumation process are 
provided in Hanson and Yeşiller (2018). GM samples were collected along south and east side 
slopes. Oxidation induction time tests were conducted to evaluate the remaining antioxidant.  
 
  

RH: Polyethylene polymer chain  
R•: Reactive free radical 
ROO•: Hydroperoxy radical 
ROOH: Hydroperoxide 
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METHODS AND MATERIALS 
 
Geomembrane. The GM was a 1.5-mm-thick black HDPE GM placed on top of a GCL. The 
geomembrane was textured on one side and smooth on the other side. The textured side was 
placed against the underlying GCL and the smooth side was on top, exposed to the atmosphere. 
The GM samples were obtained from two 2:1 (26.6°) side slopes in the landfill cell. An aerial 
photograph of the cell showing the sampling locations is in Fig. 2. The white lines illustrate the 
approximate locations of the exhumed samples. Each GM sample was 300 mm x 300 mm. 
Because the samples were collected from a liner that is below the elevation of the surrounding 
landscape, the south slope has a northern orientation relative to the sun and the east slope has a 
western orientation relative to the sun. 
 

 
 
Figure 2. Plan view of landfill cell show locations on slopes where samples were exhumed. 

White lines indicate approximate exhumation locations of the samples. (Figure from 
Google map). 

 
Oxidative Induction Time (OIT). Oxidative induction time (OIT) was measured using 
differential scanning calorimetry (DSC) to determine the antioxidant remaining in the GM 
samples. OIT was measured in accordance with ASTM D3895 using a TA Instruments Q100 
DSC. A 5-mg specimen was heated to 200°C at 20°C in a nitrogen atmosphere. After reaching 
200°C, the specimen was maintained isothermally for 5 min. The gas was then changed to 
oxygen, and the change in enthalpy was recorded. The test was terminated when an exothermal 
peak was detected. OIT is proportional to the amount of antioxidant remaining in the GM; i.e., 
higher OIT represents more antioxidant in the GM. The 5-mg specimen was cut through entire 
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thickness to reflect bulk properties. Average OIT was reported in this study based on triplicated 
tests distributed over the entire specimen.  
 
RESULTS AND DISCUSSION 
 
OIT is shown in Fig. 3 for specimens from the south and east slopes. The GM exhumed from the 
top of the south slope had low OIT (OITtop = 53±1.5 min), whereas GM from the toe had high 
OIT (OITtoe = 203±5.0 min). OIT of GM from the middle of the south slope (OITmid) was 83±2.8 
min, falling in between OIT of the top and toe specimens. A similar trend was observed for 
specimens exhumed from east slope, i.e., OITtop = 83±2.8 min, OITmid = 101±3.1 min, and OITtoe 
= 175±3.3 min.  
 

 
 

Figure 3. Oxidative induction time (OIT) of exhumed HDPE GM specimens from top, 
middle, and bottom of south and east slopes after 12 years of exposure. 

 
The higher OIT of specimens from the toe of slope is attributed to less exposure to solar 

radiation, resulting in a lower dosage of ultraviolet radiation and smaller diurnal temperature 
fluctuations. GM with different orientations would receive various solar radiation dosages (Take 
et al. 2015), resulting in different antioxidant depletion rate. At the top of slope, greater UV 
radiant energy is present to break polymer bonds, more consumption of antioxidants (Phillips, 
1988, Hsuan et al., 1991 and Peacock 2000), and lower OIT remains. However, no consistent 
difference between OIT of the GM specimens from the south and east slopes was observed, 
despite their different orientations relative to the sun. Overall, significant variations were present 
in the OIT for the GM used at the site indicating the need for timely cover of the HDPE GM.  
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CONCLUSION 
 
Tests were conducted to evaluate the antioxidant remaining in a 1.5-mm-thick single-side 
textured high-density polyethylene (HDPE) geomembrane (GM) exhumed from a composite 
liner after exposure to the atmosphere for 12 yr. The HDPE GM had been exposed because the 
cell was never filled with waste and the leachate collection system was not installed. GM 
samples were exhumed from locations along the top, middle, and toe of the east and south 
slopes. Oxidative induction time (OIT) was measured on GM specimens from each sample to 
evaluate the remaining antioxidants.  

OIT was higher for specimens from the toe of slope, whereas GM specimens from the top 
of slope had lower OIT. Specimens from mid-slope had OIT between those from the top and toe 
of slope. Similar variations along the slope were observed at both orientations, and there was no 
consistent difference in OIT relative to slope orientation. Lower OIT of specimens from the top 
of slope is attributed to greater solar radiation, resulting in higher dosage of ultraviolet radiation 
and greater temperature fluctuations.  
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