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ABSTRACT 
 
Typical constituents found in municipal solid waste (MSW) landfill leachate include aromatic and 
halogenated volatile organic compounds (VOC) which are considered environmental pollutants 
and carcinogenic health hazards.  As the industry approaches zero leachate leakage rates in the 
liner installation, the diffusion component of the total mass transport through the geomembrane 
becomes more significant.  Incorporating a thin layer of ethylene vinyl alcohol (EVOH) into a 
polyolefin geomembrane by way of coextrusion can significantly reduce the diffusion of VOCs 
through the geomembrane while still using traditional field deployment and installation 
techniques.   EVOH geomembranes may also be used as a daily or intermediate cover for odor 
management especially for MSW landfills in urban areas.  EVOH has lower hydrogen sulfide 
diffusion coefficients than polyethylene.  EVOH also has lower diffusion coefficients to methane.  
Complementary to gas extractions wells, containment of greenhouse gases becomes an added 
benefit that EVOH geomembranes offer for intermediate and final covers.  For nearly a decade 
now, several owners have been taking advantage of the benefits of EVOH geomembranes to solve 
the various odor and contaminant issues they are facing.  An EVOH geomembrane has also been 
performing well in a biopile to remediate fuel contaminated soil at a research station in Antartica.  
This paper will cover barrier properties of EVOH geomembranes targeting landfill liner and 
landfill covers applications as well as provide an economic study for owners to consider their use 
as an effective odor management tool. 
 
INTRODUCTION 
 
The waste management industry has over its history been proactive and resourceful in finding 
ways to contain environmental pollutants resulting from the landfilling of municipal solid waste 
(MSW).  At the bottom of the landfill, geomembranes, geocomposite clay liners, compacted clay 
liners and electric leak detectors have played major roles in reducing the leakage rate of 
contaminants in the liquid phase into the surrounding soil and the water table.  At the top of the 
landfill, gas extraction combined with the use of geomembranes and soil cover help owners 
manage greenhouse gas emissions.   

Traditional geomembranes are made of polyvinyl chloride (PVC), ethylene interpolymer 
alloys (EIA), flexible polypropylene (fPP), chloro-sulfonated polyethylene (CSPE), linear low 
density polyethylene (LLDPE) or high density polyethylene (HDPE).  These polymers provide 
excellent mechanical properties and hydraulic barrier and good chemical resistance to MSW 
leachate.   
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Incorporating a thin layer of ethylene vinyl alcohol (EVOH) into a polyolefin 
geomembrane by way of coextrusion can significantly reduce the diffusion of VOC through the 
geomembrane while using traditional deployment and installation techniques.   In addition to 
benzene, toluene, ethyl-benzene, xylene (BTEX), EVOH offers barrier to chlorinated substances 
such as 1,2-dichloroethane (DCE) and trichloroethylene (TCE). 

Neighborhood encroachment of MSW landfills in urban areas leads to neighborhood 
complaints from drifting bad odors.  Hydrogen sulfide (H2S) is a particularly noxious gas that has 
a very low threshold to the human nose and is often the dominant contributor to the odor issues.  
Odor issues are more prevalent during the warmer spring/summer months.  Odor issues become 
more prevalent when under the right conditions the methane to carbon dioxide ratio inverts from 
a typical 1.0~1.2 to less than 1.0 when temperatures are higher in the year or for elevated 
temperature landfills where sustained elevated landfill temperatures.  In several cases the odor 
issues lead to neighbor complaints that can escalate to class action lawsuits between a municipality 
or a state and the owner.   
 
DESIGN OF AN EVOH GEOMEMBRANE 

EVOH geomembranes may be manufactured by direct coextrusion via a multilayer blown film 
(annular) or cast film (flat) die.  The multilayer die technology combined with the good thermal 
and viscosity stability of EVOH, make it possible to combine the properties of traditional material 
with hydraulic barrier with products like EVOH to yield a final membrane that also has diffusion 
barrier to organic solvents and gases.  A typical coextrusion line for EVOH has at least five layers 
where the core layer is EVOH, the EVOH is encapsulated by two adhesive or “tie” layers that are 
chemically compatible with EVOH and physically compatible with the skin polyolefin layers.  The 
geomembrane may alternatively have seven or even nine layers where the additional layers 
increase the design flexibility of the geomembranes and where each additional layer may have a 
specific formulation to further optimize the overall properties of the multilayer composite. 

 

Figure 1 Model of an EVOH Geomembrane 

Alternatively, EVOH geomembranes may also be fabricated by laminating a barrier film 
to a polyolefin geomembrane.  Additionally, Chow and Koerner (2014) show that EVOH 
geomembranes may be seamed using conventional techniques including solid wedge, dual track 
and extrusion welding.   

GAS BARRIER PROPERTIES OF EVOH 

As a copolymer of ethylene and vinyl alcohol, different grades of EVOH are produced by varying 
the amount of ethylene units in the polymer backbone.  EVOH is polymerized in a range of 24 to 
48 mole percent ethylene or the m units of Equation 1: 

Polyethylene or polypropylene

Adhesive

EVOH
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– [(CH2 – CH2)m – (CH2 – CHOH)n] –                                       (1) 

For EVOH copolymers, the lower the ethylene or the higher the vinyl alcohol content of EVOH, 
the higher its barrier properties to gases and organic solvents.  The permeability of EVOH and 
HDPE to gases normalized to a thickness of 20 microns is shown in Table 1.  Micron per micron, 
EVOH offers orders of magnitude lower permeability than HDPE to common gases.  
Consequently, a thin layer of EVOH can provide a high degree of resistance to CH4 and CO2 
transport in landfill covers.  

Table 1 – Gas Permeability of EVOH and HDPE to various gases (ASTM D1434) 
 

32 mol% EVOH HDPE 
GAS (cm3.20µm/m2.day.atm) @ 23°C, 0% RH 
METHANE 0.40 2845 
CARBON DIOXIDE 0.60 17520 
NITROGEN 0.02 190 
OXYGEN 0.25 2300 
SULFUR DIOXIDE 0.30 21840 

 

VOLATILE ORGANIC COMPOUND BARRIER OF EVOH 

The effectiveness of a geomembrane against VOCs depends firstly on its hydraulic barrier to 
liquids particularly when the lining systems are installed with a minimal number of holes.  HDPE 
and other polyolefins provide superb barrier properties for the containment of liquids.  As the 
geosynthetic industry continues to reduce leakage rate of installed geomembranes, the diffusion of 
contaminants through the geomembrane becomes more and more significant. 

The derivation of the relationship between the mass flux due to diffusive migration and the 
solubility of the solvent in the polymer is defined by the permeation coefficient.  The relationship 
between the mass flux f, the solubility, diffusion and permeation coefficients (Sgf, Dg and Pg) is 
given by Equation 2 where cf is the solution concentration and z is the position through the 
membrane.  

 

McWatters and Rowe (2010) studied the permeation coefficients of benzene, toluene, 
ethylbenzene and xylene (BTEX) through thin monolayer EVOH films using double compartment 
cells for aqueous phase diffusion tests.  The source cell was filled with a dilute aqueous BTEX 
solution where the initial source concentration was approximately 40 mg/l (parts per million; ppm) 
for m&p-xylenes and 20 ppm for the other compounds.  The receptor cell was filled with deionized 
water.  Both cells were agitated to maintain a homogeneous concentration.  The source and 
receptor were sampled and measured using gas chromatography until equilibrium was reached.   
Table 2 summarizes the findings for thin monolayer EVOH films.  The permeation coefficients of 
BTEX through low and high ethylene content EVOH was found to be in the order of 10-14 m2/s.   

 

(2) 
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Table 2 – Partitioning (Sgf), diffusion (Dg) and permeation (Pg) coefficients for BTEX 
through thin monolayer EVOH films 

 15µm 32mol% et. EVOH 15µm 44mol% et. EVOH 
 Sgf Dg Pg Sgf Dg Pg 

CONTAMINANT ̶ x10-15 m2s-1 x10-14 m2s-1 ̶ x10-15 m2s-1 x10-14 m2s-1 
BENZENE 12 15 25 15 2.5 3.0 
TOLUENE 20 10 15 25 1.5 3.6 
ETHYLBENZENE 30 5 38 30 1.3 4.4 
M&P-XYLENES 50 3 63 40 1.0 5.3 
O-XYLENES 50 3 58 50 1.1 5.3 

 
Chlorinated solvents are also common contaminants found in landfill leachate and near chemical 
refineries, laundry dry cleaners and in brownfield sites where the quality of the soil has been most 
likely compromised by to the lack of an adequate chemical barrier.  Table 3 compares the 
permeation of BTEX, trichloroethylene (TCE) and 1,2-dichloroethane (DCE) through a 44 mol% 
et. EVOH and HDPE.  Results show that EVOH has permeation coefficient to DCE is in the order 
of 10-14 m2/s and that it is approximately two orders of magnitude lower than the permeation 
coefficients versus HDPE and three orders of magnitude lower BTEX and TCE permeation 
coefficients than HDPE. 

Table 3 – Permeation coefficients (Pg) of Organic Solvents through EVOH and HDPE 
 

44mol% et. EVOH HDPE 
CONTAMINANT x 10-14 m2s-1 
BENZENE 3.0 1000 
TOLUENE 3.6 3000 
ETHYLBENZENE 4.4 5000 
m&p XYLENE 5.3 6000 
TRICHLOROETHYLENE 6.6 3400 
1,2 DICHLORETHANE 2.3 480 

 

Advancements in coextrusion technologies provide geomembrane manufacturers the capability to 
combine the aforementioned barrier properties of EVOH with the hydraulic barrier and mechanical 
properties of polyolefins with the diffusion barrier of EVOH.  For example, a blown film line 
equipped with a 5-layer coextrusion die head is used to manufacture a structure that is represented 
in Fig. 2.  The core layer of EVOH is encapsulated by two tie layers that are physically compatible 
with LLDPE and chemically compatible with EVOH. 
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Figure 2. Schematic of EVOH geomembrane with LLDPE outer layers 

McWatters and Rowe (2010) show that a 0.53 mm (20 mil) LLDPE/tie/EVOH/tie/LLDPE 
geomembrane with 4% EVOH  has a lower mass transport coefficient of benzene (39x), toluene 
(37x), ethylbenzene (14x), m&p-Xylenes (19x) and o-Xylenes (20x) versus an LLDPE 
geomembrane of equivalent thickness tested under the same conditions.  Even when compared 
versus a 1.5 mm (60 mils) HDPE conventional geomembrane, the 0.53 mm (20 mils) 
LLDPE/tie/EVOH/tie/LLDPE diffusion barrier geomembrane exhibited lower mass transport of 
benzene (5.7x), toluene (10x), ethylbenzene (8.9x), m&p-Xylenes (13x) and o-Xylenes (9.8x) 
solvents.  The results are summarized in Table 4. 

Table 4 – Permeation coefficient (Pg) for BTEX for Various Geomembranes 

 32mol% 
EVOH 

44mol% 
EVOH 

38mol% 
EVOH 

LLDPE/ 
EVOH/LLDPE 

LLDPE  HDPE  

THICKNESS 15µm 15µm 21µm 0.53mm 0.53mm 1.5mm 
 x10-14 m2s-1 
BENZENE 25 3.0 0.90 180 7000 1000 
TOLUENE 15 3.6 0.85 300 11000 3000 
ETHYLBENZENE 38 4.4 0.80 560 8000 5000 
M&P-XYLENES 63 5.3 0.80 480 9000 6000 
O-XYLENES 58 5.3 0.75 410 8000 4000 

‘ * 38 mol% et. EVOH film removed from the 0.53 mm LLDPE with EVOH GM 

Chow (2016) shows that the permeation coefficients for aromatic solvents provided by a 0.53-mm 
(20 mils) EVOH geomembrane are approximately two orders of magnitude lower than the 
permeation coefficients provided by several thicker traditional geomembranes.  In this test the 
PVC geomembrane showed the highest permeation followed by the group of the CSPE, EIA and 
LLDPE geomembranes.  The HDPE geomembrane demonstrated the best barrier performance of 
all the polyolefins tested.  On the other hand and as an example, the permeation coefficient of o-
Xylenes for the 0.53-mm EVOH geomembrane is 156 times lower than the permeation coefficient 
of o-Xylenes for the 1.0-mm PVC geomembrane.  The results are summarized in Table 5. 

 Table 5 – Permeation coefficients (Pg) of BTEX through traditional geomembranes 

GEOMEMBRANE 
(mm) 

COEX 
(0.53) 

HDPE 
(1.0) 

LLDPE 
(0.76) 

PVC 
(1.0) 

CSPE 
(0.76) 

EIA1 
(1.14) 

EIA2 
(0.91) 

CONTAMINANT x10-10 m2s-1 

BENZENE 0.018 0.23 0.34 1.20 0.38 0.46 0.44 
TOLUENE 0.030 0.39 0.59 2.76 1.00 1.09 1.07 
ETHYLBENZENE 0.056 0.70 1.43 5.73 1.82 1.80 2.34 
M&P-XYLENES 0.048 1.04 1.71 7.04 2.45 2.18 2.65 
O-XYLENES 0.041 0.72 1.62 6.41 1.97 1.91 2.55 

COEX = LLDPE/EVOH/LLDPE with 4% layer of 38mol% et. EVOH 
CSPE = Hypalon, EIA1 = XR5, EIA2 = Petrogard VI 
 
McWatters, et.al. (2014) used an HDPE/EVOH/HDPE geomembrane in a biopile to assess its 
effectiveness to remediate contaminated soil from a fuel spill at Casey station, Antartica.  After 
nearly a decade since its installation, exposure to UV, solar radiation, cold weather and 
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atmosphere, the EVOH geomembrane is holding well in the harsh condition and providing the 
expected superior hydrocarbon barrier versus three other generations of geomembranes.   
 
HYDROGEN SULFIDE BARRIER OF EVOH GEOMEMBRANES 

Hydrogen sulfide (H2S) is a noxious gas that is known for its characteristic rotten egg odor smell, 
has a very low odor threshold level for the human nose and is emitted from landfills.  H2S is highly 
toxic and California is considering H2S as a human health risk driver for future landfill regulations.  
EVOH offers good barrier to H2S and starting in 2011, EVOH geomembranes are providing 
immediate relief to several landfill owners from odor complaints from encroaching neighbors 
around the United States. 

Eun (2014) found that H2S diffusion coefficient through EVOH geomembrane was more than 
80~100 times smaller than through conventional geomembranes.   

Table 6 – Diffusion coefficients of H2S through PVC, LLDPE and EVOH geomembranes 

GEOMEMBRANE (mils) m2/s X 10-10 
PVC (30) 1.06 
LLDPE (30) 0.87 
LLDPE/EVOH/LLDPE (30) 0.011 

 

METHANE BARRIER OF EVOH GEOMEMBRANES 

Landfill gas is 45~50% CH4 (methane), 45~50% CO2 (carbon dioxide) and small concentration of 
H2S (hydrogen sulfide), aromatic solvents, chlorinated compounds, mercaptans and other VOCs.  
The landfill industry manages landfill gas emissions by containing, collecting and controlling 
emissions.  Cover soil and/or a synthetic geomembrane is used to contain gases.   The 
implementation of gas extraction wells in the 1990s made a significant reduction in the emissions 
of greenhouse gas emissions from MSW landfills.  Finally emissions may be controlled by flaring 
or preferably by using the gas for electrical power, compressed natural gas or even pipeline quality 
gas. 

CH4 emissions from landfills are a major source of CH4 emissions in the United States and 
emission controls that capture landfill CH4 are an effective reduction strategy. Hence, EPA 
recently proposed that new, modified, exiting landfills would begin collecting and controlling 
landfill gas (LFG) at emission levels nearly one-third lower than current requirements. The 
proposal is also as a part of the president’s “Climate Action Plan-Strategy to Reduce Methane 
Emissions.”  Therefore, methodology to directly control CH4 emissions is warrant for landfill areas 
that have reached interim or final grades and have not received a final cover. Interim cover can be 
an effective method placed over a landfill area that controls odor, vermin, infiltration, and landfill 
gas emissions (19-40 Tg/yr) (Bogner and Matthews 2003). One of the methods for interim covers 
is to incorporate a geomembrane within the interim cover layer (Aitchison 1993; Boeckx et al. 
1996).  

Containment of greenhouse gas such as methane (CH4) and carbon dioxide (CO2) is another 
benefit that EVOH geomembranes offer in landfill cover applications.  Eun (2014) found that CH4 
diffusion coefficient through an EVOH geomembrane was more than 170-290 times smaller than 
through conventional geomembranes.   
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Table 7 – Diffusion coefficients of CH4 through PVC, LLDPE and EVOH geomembranes 

GEOMEMBRANE (mils) m2/s X 10-11 
PVC (30) 2.61 
LLDPE (30) 2.35 
LLDPE/EVOH/LLDPE (30) 0.012 

 

Fig. 3 presents the predicted variation of the flux at steady-state for different cover systems. The 
flux through interim covers of 0.3 m-thick soil with 0.76 mm LLDPE and PVC GM were compared 
to that of 0.3 m-soil with 0.76mm EVOH geomembrane.  While the 0.76mm LLDPE 
geomembrane and the 0.76mm PVC geomembrane were monolayer in nature, the 0.76mm EVOH 
geomembrane was a 5-layer goemembrane as illustrated in Fig. 2.  More specifically, the EVOH 
geomembrane consisted of linear low density Polyethylene (LLDPE) skin layers with a thickness 
of approximately 343µm each, two adhesive or tie layers, each with a thickness of approximately 
23µm, and an EVOH layer with a thickness of approximately 30µm.  The EVOH used was a 38 
mole percent ethylene content EVOH grade.    

The interim cover with the conventional geomembrane layer allowed more than two orders of 
magnitude higher fluxes through the cover than for the cases where EVOH geomembranes were 
used. For example, the CH4 flux through the LLDPE geomembrane ranged from approximately 
160 [mg m-2 d-1]. However, the CH4 flux through the EVOH geomembrane ranged from 
approximately 0.75 [mg m-2 d-1].   

 

 
Fig. 3. Comparison of CH4 flux for 0.76-mm LLDPE, 0.76-mm PVC and 0.76-mm EVOH 
GM underlying 0.3 m-soil at steady state. 

In February 2018, the United States EPA Greenhouse Report updated the following statistics for 
the USA:  

• 6546 million tons CO2e (CO2 equivalents) 
• GHG: CO2 (82%), CH4 (10%), NOx (5%), fluorinated gases (3%) 
• CH4: enteric fermentation (26%), natural gas systems (25%), landfills (16%) 
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• Landfill emissions = 108 million tons of CO2e  
 

Based on this report and the diffusion coefficient comparison, the cover employing the EVOH 
geomembrane shows much better performance in mitigating the migration of methane. Therefore, 
the application of coextruded EVOH geomembrane on interim cover in landfill site can promise 
to reduce the emissions of CH4.  Based on rough calculation as considering total emission of LFG 
per year (~32 million tons a year), the emission of CH4 might be reduced to 160,000 tons a year 
when co-extruded EVOH geomembrane with 200 times lower diffusion coefficient is used for 
interim covers. 

VALUE JUDGEMENT ON NEIGHBOR COMPLAINTS 

Aside from the distractions from managing landfill operations and the numerous work hours 
incurred, owners that deal with odor complaints from encroaching neighbors incur significant 
relevant expenses.  Mitigation procedures include modified sump pump systems, installed covers 
on leachate tanks and solidification pits, upgraded gas collection systems, deodorants, synthetic 
daily covers, thicker or even double intermediate covers, improved monitoring procedures and in 
some cases legal fees to deal with lawsuits from government agencies.   

In addition to state of the art gas collection systems, EVOH geomembranes are quickly 
positioning themselves as the leading odor management tool for the waste management industry.  
The manufacturing process and raw materials used to make EVOH geomembranes are more 
sophisticated than those that are used to make traditional polyolefin geomembranes.  The higher 
manufacturing cost requires the geomembrane manufacturer to demand a higher selling price.  In 
the final version of this paper, this section will detail how the price premium of EVOH 
geomembranes can quickly be offset by the reduction in neighbor complaints that have been 
reported by owners that have adopted early to EVOH geomembrane technology. 
 

FUTURE WORK 

New emerging compounds referred to as perfluoroalkyl substances (PFAS) are now wreaking 
havoc in the water industry.  PFAS can spread readily in surface and ground water and have 
maximum concentration values that pose health concerns to human beings in the parts per trillion 
range.  PFAS originate from the production of non-stick pan coatings and water-repellent fabric 
coatings and fire-fighting foams.   

EVOH has demonstrated good barrier to fluorinated and brominated fumigants used for 
soil treatment in agricultural applications.  Measurement of diffusion coefficient for PFAS of 
EVOH geomembranes is an imminent goal of the author targeting geomembrane applications for 
the drinking water quality industry. 
 
CONCLUSION 
 
Ethylene vinyl alcohol (EVOH) geomembranes combine the hydraulic barrier of polyolefins with 
the VOC diffusion barrier of EVOH for MSW landfill liner and cover applications.  EVOH 
geomembranes provide barrier to the diffusive transport of aromatic and halogenated VOCs found 
as typical constituents of MSW landfill leachate.  With barrier to hydrogen sulfide gas, EVOH 
geomembranes can also be used as a daily or intermediate cover for odor management especially 
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for landfills in urban areas.  Complementary to gas extractions wells, containment of greenhouse 
gases becomes an added benefit that EVOH geomembranes offer for intermediate and final covers.  
EVOH geomembranes are becoming a cost effective way to mitigate existing issues such as odor 
management and represent a viable alternative for the industry to deal with tightening greenhouse 
gas emission regulations and the liability of personal and environment contamination related to 
the diffusive migration of contaminants through the geomembrane.   
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