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Abstract: The effects of aging of high-density polyethylene (HDPE) geomembranes on the diffusion and partitioning of a group of
volatile organic compounds (VOCs) are examined. Two different 1.5 mm thick HDPE geomembranes were aged in the laboratory at 85°C
by immersing in a synthetic leachate for up to 32 months. The results of partitioning and diffusion tests performed at room temperature
on both unaged and aged geomembranes using a dilute aqueous solution containing four VOCs commonly found in landfill leachates
[benzene, toluene, ethylbenzene, and xylenes (BTEX)] are reported. The diffusion and partitioning coefficients decreased with increased
aging. The calculated permeation coefficients decreased by 36—62% after aging the geomembrane for about 10—32 months. This decrease
in diffusion, partitioning, and permeation coefficients is related to the increase in geomembrane crystallinity during aging. A relationship
between partitioning, diffusion, and permeation coefficients with the geomembrane crystallinity is established and could potentially be
used to evaluate the migration of VOCs through HDPE geomembranes. Aging of HDPE geomembrane did not increase diffusive transport

of organic contaminants.
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Introduction

High-density polyethylene (HDPE) geomembranes have been
widely used as a component of modern composite landfill liner
systems because of their excellent resistance to the advective flow
of leachate, resistance to chemical attack, and the availability of
effective seaming techniques (Haxo 1990; Eith and Koerner
1997) however despite their wide use there are still a number of
issues that need to be addressed concerning their use in composite
landfill liners (Rowe 2005; Brachman et al. 2008a,b; Saidi et al.
2008). One of these issues relates to the potential for contami-
nants to diffuse through intact HDPE geomembranes. A wide
range of organic and inorganic compounds are found in municipal
solid waste landfill leachate (Kim et al. 1995; Riigge et al. 1995;
Joo et al. 2004; Rowe et al. 2004). When used as part of a com-
posite liner, HDPE geomembranes have been shown to be an
excellent barrier to the advective-diffusive migration of inorganic
and ionic contaminants (Rowe et al. 1996; Rowe 2005). However,
volatile organic compounds (VOCs) have been shown to diffuse
through an intact HDPE geomembrane (Park and Nibras 1993;
Prasad et al. 1994; Rowe et al.1995; Fong et al. 1998; Rowe
1998, 2005; Sangam and Rowe 2001, 2005; Joo et al. 2004, 2005;
Chao et al. 2006, 2007). Thus, it is important to consider the
diffusive migration of VOCs through HDPE geomembrane when
designing landfill liner systems.
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The mass transfer of organic contaminants through an HDPE
geomembrane involves three key mechanisms (Haxo and Lahey
1988; Park and Nibras 1993; Prasad et al. 1994; Park et al. 1996;
Sangam and Rowe 2001, 2005): (1) partitioning between the
inner surface of the geomembrane and the medium containing the
organic compound (adsorption); (2) diffusion through the
geomembrane; and (3) partitioning between the outer surface of
the geomembrane and the outer medium (desorption). These
transport mechanisms are generally influenced by various factors,
for example: (1) density, crystallinity, thickness, degree of cross-
linking, and chain rigidity of the polymer; (2) molecular weight,
molecular volume, shape, polarity, and initial concentration of the
compound; (3) interaction between the polymer and the organic
compound; and (4) temperature (Rogers 1985; Naylor 1989;
Sangam and Rowe 2001, 2005; Chao et al. 2006). Among these
factors the crystallinity of the polymer is considered to be an
important factor, since the diffusion of organic compounds occurs
through the amorphous region of the semicrystalline HDPE
geomembrane. Studies conducted by Michaels and Parker (1959),
Michaels and Bixler (1961), and Michaels et al. (1963) have
shown that the diffusion coefficients of different gases (e.g., he-
lium, oxygen, methane, ethane, propane, propylene etc.) de-
creased with the increase of polymer crystallinity. For example,
for propane gas the diffusion coefficients were 3.1X 107!,
1.1 X 107" and 0.25 X 107" m?/s, respectively, when the crystal-
linities of the polymers were 29, 43, and 77% (Michaels and
Bixler 1961).

Although a number of investigators have examined the trans-
port of VOCs through virgin HDPE geomembranes as cited
above, there is a paucity of research in the literature relating to the
diffusion of VOCs through aged HDPE geomembranes. Rowe
et al. (2003) examined the partitioning and diffusion of VOCs
through a 1.5 mm geomembrane (GM) removed from a municipal
solid waste landfill leachate lagoon after 14 years. This GM, with
a crystalinity of 65-68%, had permeation coefficients at room
temperature of between 1.4X107'2m?/s and 1.8 X 107! m?/s
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Table 1. Selected Properties of Geomembranes

Geomembrane #1 (GM1)

Geomembrane #2 (GM2)

Time Time Time Time
Properties Method Unit Time=0 =13 months® =32 months” Time=0 =10 months® =25 months®
Thickness (nominal) ASTM D5199 mm 1.5 1.5 1.5 1.5 1.5 1.5
Std-OIT ASTM D3895 min 174 0.92 0.89 135 1.41 1.53
HP-OIT ASTM D5885 min 903 67 63 244 81 79
Crystallinity ASTM E794 % 38 46 54 48 55 61
MI ASTM D1238° g/10 min 12.6 11.1 10.9 14.3 13.6 12.0
Density ASTM D792 glce 0.946 — — 0.947 — —
Tensile properties ASTM D6693 — — — — — — —
Strength at yield — kN/m 28.5 31.9 334 27.8 31.5 30.5
Strength at break — kN/m 60.8 59.0 52.9 44.8 42.5 30.0
Strain at yield — % 23.5 21.3 21.5 21.2 21.8 22.6
Strain at break — % 945 922 859 823 764 640

*Aged at 85°C.
®Using 21.6 kg load.

for seven VOCs (dichloromethane, 1,2-dichloroethane, trichloro-
ethylene, benzene, toluene, ethylbenzene, and xylenes). However
there was no virgin material to compare with the aged GM. Joo
et al. (2004) investigated the transport of VOCs in aqueous solu-
tion through both virgin and 5-year aged 2.0 mm HDPE geo-
membranes. The aged geomembrane was exhumed from a landfill
after 5 years of service. The properties of the aged geomembrane
(e.g., density, oxidative induction time, carbon black content,
puncture resistance, and tensile elongation properties) were al-
most the same as the virgin geomembrane. The results from
batch immersion tests showed no significant changes in the par-
titioning coefficients of the contaminants examined although the
diffusion coefficients were 23% lower for aged geomembrane
than the unaged geomembrane. The permeation coefficients at
room temperature ranged from 6.1 X 107'2 to 7.4 X 107! m?/s for
the VOCs examined (benzene, toluene, ethylbenzene, p-xylene,
o-xylene, chloroform, methylene chloride, tetrachloroethylene,
1,1,1-trichloro-ethylene). Unfortunately, the crystallinity of the
geomembrane was not reported in this paper.

It has been shown from several recent laboratory studies
(Sangam 2001; Rowe et al. 2008; Rowe and Rimal 2008) that the
crystallinity of the HDPE geomembrane increases with aging
however until now, the effect of aging and crystallinity on diffu-
sion has not been examined. Thus the primary objective of this
study is to examine the effect of accelerated geomembrane aging
on the diffusion of VOCs through HDPE geomembranes at room
temperature. A secondary objective is to establish an empirical

Table 2. Selected Properties” of Organic Contaminants Tested

relationship between partitioning, diffusion, and permeation coef-
ficients with geomembrane crystallinity. The present paper sub-
stantially expands on the results reported by Islam and Rowe
(2008).

Experimental Procedure

HDPE Geomembranes

Two different 1.5 mm HDPE geomembranes were examined. One
geomembrane (manufactured by GSE Lining Inc., Texas) is des-
ignated as GM1 and the other geomembrane (manufactured by
Solmax International, Quebec) is designated as GM2 for this
paper. Tests were conducted on both unaged and aged samples at
room temperature (i.e., 22°C). Aging of geomembrane was car-
ried out at 85°C by immersing in a synthetic leachate. The
leachate was comprised of trace metals and surfactant in distilled
water. For geomembrane GM1, the tests were conducted on un-
aged, 13-, and 32-month aged samples. For geomembrane GM2,
the tests were conducted on unaged, 10-, and 25-month aged
specimens. Table 1 shows the key properties of the geomem-
branes tested. Based on considerations of the depletion of antioxi-
dants and the change in tensile break properties at different
temperatures, the equivalent aging durations at 20°C were esti-
mated to be 65-200 years for samples aged for 10—13 months
and 440-685 years for samples aged for 25—32 months at 85°C

Molecular Molar Aqueous Boiling
weight Density volume solubilityb temperature
Contaminants (g/mol) (g/cm?) (cm?®) (mg/L) log K y,° (°C)
Benzene 78.11 0.8765 89.11 1,780 2.13 80.1
Toluene 92.14 0.8669 106.28 515 2.79 110.6
Ethylbenzene 106.17 0.8670 122.46 152 3.13 136.2
m-xylene 106.17 0.8642 122.85 162 3.20 138.0
p-xylene 106.17 0.8802 122.47 156 3.18 138.3
o-xylene 106.17 0.8811 120.62 152 3.13 144.0

“Montgomery and Welkom (1990) and Sangam and Rowe (2001).

At 20°C.

“n-octanol/water coefficient.
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Table 3. Partitioning Coefficients, S, from Immersion Tests for Both Unaged and Aged Geomembrane GM1 (All Numbers Rounded to Nearest 5)

Unaged GM, time=0 month
crystallinity=38%

Aged GM, time= 13 months
crystallinity=46%

Aged GM, time=32 months
crystallinity=54%

ng(—) ng(_) ng(_)
Contaminants Uncorrected Corrected Modeled* Uncorrected Corrected Modeled* Uncorrected Corrected Modeled*
Benzene 75 55 60 65 45 45 45 25 30
Toluene 160 125 130 125 100 100 95 70 75
Ethylbenzene 395 315 340 375 290 300 285 215 245
md&p-xylenes 505 380 420 415 305 345 305 220 255
o-xylene 360 280 305 350 275 280 265 210 235

!Considering mass loss in modeling.

(Islam 2009). At 35°C the equivalent aging durations were esti-
mated to be 20—45 years for samples aged for 10— 13 months and
100—145 years for samples aged for 25-32 months at 85°C
(Islam 2009).

Organic Compounds

Four volatile aromatic hydrocarbons: benzene, toluene, ethylben-
zene, and xylenes (BTEX) commonly found in landfill leachate
(Rowe 1995; Rowe et al. 2004) were examined. Laboratory grade
BTEX standards were purchased from Sigma-Aldrich, Missis-
sauga, Ont., Canada. Table 2 shows the key properties of these
chemicals. Tests were carried out by diluting the standard solution
with deionized distilled water (DDW). The initial concentrations
of contaminants were in the range from 2.0 to 2.6 mg/L.

Analytical Methods

A Varian gas chromatography/mass spectrometer (GC/MS)
equipped with a 30 m X 0.25 mm ID X 0.25 wm DB-5 fused silica
capillary column was used to analyze BTEX samples. Helium
was used as carrier gas with a flow rate of 1.3 mL/min. The
column temperature was programmed to 35°C initially to hold
for 0.5 min then rose to 200°C at two ramps of 10°C/min to
100°C and 50°C/min to 200°C with a final hold time of 3 min.
The sample was extracted in headspace mode from 2 mL vials in
5 min using a 8200 CX Varian autosampler equipped with
100 pm polydimethylsiloxane solid phase micro extraction fiber
and the desorption was done in 1 min. The volume of headspace
in the vial was 1.2 mL. The chromatographs were quantified
using Varian Saturn 2000 chromatography software (Version
5.05). BTEX concentrations were quantified based on the calibra-
tion curves that were produced through analysis of known stan-

dards. The performance of the GC/MS was checked each time
samples were tested by running duplicates, a lab blank, and a
known standard sample and was found to be within the 95% of
the target value.

Test Procedures

Partitioning Test

Partitioning experiments were performed at room temperature
(i.e.,, 22%+1°C) in 250 mL glass serum bottles equipped with
screw-tight Teflon lined caps. HDPE geomembrane specimens
(approximately 15 mm X 125 mm) were washed with DDW and
dried in air and their masses were recorded before placing into the
glass serum bottles. The bottles were filled completely with dilute
aqueous BTEX solution and sampled immediately to get the
initial concentrations. The concentrations of contaminants were
monitored with time until the equilibrium concentration was
reached. The partitioning coefficient of each contaminant was cal-
culated following the method described by Sangam and Rowe
(2001) and briefly described as follows. When the equilibrium is
reached, the mass balance equation in the geomembrane-aqueous
solution system can be written as

My=Mp+Myp+ My (1)

where M, and M =initial and final mass of contaminant in the
solution respectively [M]; M gr=mass of contaminant uptake by
geomembrane [M]; and Mz=mass of contaminant removed dur-
ing sampling events [M]. By converting the masses in terms of
their respective concentrations and volumes, Eq. (1) can be ex-
pressed as follows:

Table 4. Partitioning Coefficients, S, from Immersion Tests for Both Unaged and Aged Geomembrane GM2 (All Numbers Rounded to Nearest 5)

Unaged GM, time=0 month
crystallinity=48%

Aged GM, time=10 months
crystallinity=55%

Aged GM, time=25 months
crystallinity=61%

ng(_) Sg/(_) Ser(=)
Contaminants Uncorrected Corrected Modeled” Uncorrected Corrected Modeled” Uncorrected Corrected Modeled®
Benzene 60 40 45 45 30 35 40 25 25
Toluene 100 75 90 90 65 80 75 50 65
Ethylbenzene 345 275 305 290 220 265 265 200 240
md&p-xylenes 380 280 365 300 215 285 280 200 250
o-xylene 305 240 275 260 205 240 240 185 225

Considering mass loss in modeling.
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Fig. 1. GM1 partitioning tests: variation in observed and modeled concentrations of benzene, toluene, md&p-xylenes, and o-xylene with time for

both unaged and aged geomembranes

M,
CfUVfU = CfFVfF+ ?&ch-F E Vici (2)
4

where ¢y and cgp=respectively, initial and final concentrations of
the solution [ML™]; Vy, and V-=respectively, initial and final
volume of the solution [L3]; pg=geomembrane density [ML-3];
M =initial mass of geomembrane [M]; ¢ r=final equilibrium
concentration in geomembrane [ML™]; V,=volume of solution
removed at each sampling event [L?]; and c;=concentration of
contaminant at each sampling event [ML™]. The concentration of
contaminant in the geomembrane and solution at equilibrium can
be written as follows:

Cor = ngCfF (3)

where S, ,=partitioning coefficient [—] and is dependent on tem-
perature, fluid, geomembrane, and contaminant of interest. The

partitioning coefficient can be obtained by substituting Eq. (3) in
Eq. (2) as shown in the following:

_ [Cf()Vﬂ) —crpVir— EViCi]Pg
M cpr

ng (4)

The uncorrected S,, was calculated directly from Eq. (4) as-
suming no mass loss to the glass. It is expected that some con-
taminants will be adsorbed on to glass bottles and caps. To
account for this loss of contaminant from solution, control tests
were conducted using similar glass serum bottles having the same
concentration of contaminants as in the partitioning test. Sam-
pling for control tests was done at the same time as for the par-
titioning tests were sampled and the equilibrium concentration
obtained from control test was used to calculate the corrected S,,
values. Since the amount of partitioning to the glass is likely to be
less when there is geomembrane present than when it is not

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / AUGUST 2009/ 1133

Downloaded 02 Aug 2009 to 130.15.241.167. Redistribution subject to ASCE license or copyright; see http://pubs.asce.org/copyright



Norm. Benzene Conc. (c/c,)

04 |- -
02 |- -
0.0 L Il L Il L Il L Il L
0 20 40 60 80 100
Time (days)
12 —— 11—

Norm. Ethylbenzene Conc. (c/c,)

-3
<
L
)
=)
S}
Q
[}
=
[
i
S
H
S 02 —
Z - -
0.0 L Il L Il L Il L Il L
0 20 40 60 80 100
Time (days)
12 —— 7

Norm. m&p-Xylenes Conc. (c/c,)

Time (days) Time (days)
12 — —

~ i
\2 1.0Z8 [m| Observed (T = 0mo) —
:)./ (¢] Observed (T = 10mo) R
g 084 A Observed (T = 25mo) 7]
Lé Modeled (T = O0mo) 7
5 06 ———— Modeled (T = 10mo) |
>? Modeled (T = 25mo)

S

£

=}

Z

0 20 40 60 80 100
Time (days)

Fig. 2. GM2 partitioning tests: variation in observed and modeled concentrations of benzene, toluene, m&p-xylenes, and o-xylene with time

during partitioning tests on both unaged and aged geomembranes

present (due to preferential partitioning to the GM) the actual
partitioning coefficient is expected to lie between the corrected
and uncorrected values given in Tables 3 and 4.

Diffusion Test

Diffusion tests were carried out at room temperature in double
compartment glass cells with the source (70 mm diameter
X 100 mm high) and receptor (70 mm diameter X 30 mm high)
reservoirs separated by the geomembrane. The same types of cell
have been used by other researchers (Haxo and Lahey 1988;
Rowe et al. 1995, 1996; Sangam and Rowe 2001, 2005) in con-
ducting diffusion tests. A two-part epoxy adhesive (type 2216
B/A, 3M St. Paul, Minn.) was used to seal the geomembrane with
the source and receptor compartments and cured for 7 days. After
curing, the outside of the geomembrane-compartment joint was
covered with a thick silicone sealant and dried in air at room
temperature for 7 days for hardening of the silicone. The receptor

compartment was filled first with DDW then the source compart-
ment was filled with dilute aqueous BTEX solution and sampled
immediately to obtain the initial concentrations. Liquid samples
were taken from the source and receptor compartments at regular
time intervals and analyzed using GC/MS.

The permeation of organic compounds through an HDPE
geomembrane is primarily a diffusion mechanism and can be
modeled by Fick’s first law as follows:

__p .

f - DK dZ (5)
where f=mass flux or permeation rate per unit area [ML™2T'];
D, =diffusion coefficient of organic compound in the geomem-
brane [L2T']; c,=concentration of compound in the geomem-
brane [ML7]; and z=distance parallel to the direction of
diffusion [L]. The change in contaminant concentration at any
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Fig. 3. Diffusion tests on GM1: variation in observed and modeled concentrations of benzene, toluene, m&p-xylenes, and o-xylene with time
during diffusion tests on both unaged and aged geomembranes

point in the geomembrane with time, ¢ is governed by the follow- the mass of contaminant in the source solution at any time ¢ is
ing differential equation according to Fick’s second law: equal to the initial mass minus the mass that diffused into the
P geomembrane and can be expressed as follows:
“e_p, T (©)
ot dz .
When the source and receptor fluids are similar, the flux involved c(t) =y — L f fo(m)dr (8)
with the migration process can be obtained by substituting Eq. (3) HgJ
into Eq. (5)
de des des where ¢ (t)=contaminant concentration in the source solution
f= _Dg;g =- ngDg;[ =-P g;[ (7) at time {ML™]; c¢,,=initial concentration in the source solu-
< < < tion [ML™]; H,=reference height of solution in the source
where P,(=S,.D,)=permeation coefficient or mass transfer coef- (volume of source solution per unit area) [L]; and f,(T)=mass
ficient [L?T~!]; and c{(=ch)=equilibrium concentration in the flux of contaminant from the source into the geomembrane
source reservoir [ML™]. at time T[ML2T~!]. Similarly, the contaminant concentration
There was a finite mass boundary for both the source and in the receptor compartment at any time ¢ can be written as
receptor. Considering the mass balance in these closed systems, follows:
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Fig. 4. Diffusion tests on GM2: variation in observed and modeled concentrations of benzene, toluene, m&p-xylenes, and o-xylene with time

during diffusion tests on both unaged and aged geomembranes

cp(t)=cr+ HL JO frs(T)dr )

where c¢,,(f)=contaminant concentration in the receptor solution
at time f{ML™%]; ¢,o=initial concentration in the receptor solution
[ML™3]; H,,=reference height of solution in the receptor (volume
of receptor solution per unit area) [L]; and f,,(T)=mass flux of
contaminant from the geomembrane into the receptor at time
T[ML=2T71].

The diffusion equations were solved by applying the boundary
conditions provided in Egs. (8) and (9) using a finite layer con-
taminant transport model POLLUTE v7 (Rowe and Booker
2004). The diffusion and partitioning coefficients were estimated
by fitting the theoretical concentrations from diffusion equations
to the concentrations observed in the source and receptor. Control
tests were conducted, to account for the loss during diffusion
tests, in the cell similar to the source compartment but with no

geomembrane as described by Krol (2000) and values deduce
both with and without a correction for the mass sorbed to glass in
the control experiments are reported.

Results and Discussion

Partitioning Test

The changes in BTEX concentrations during the partitioning tests
are presented in Figs. 1 and 2, respectively, for the geomembranes
GMI and GM2. The concentrations are plotted as the normalized
concentrations relative to the initial concentrations. Each data
point represents the average of triplicate concentrations evaluated
by GC/MS and the vertical bars represent the standard deviation.
Other things being equal, the lower the normalized equilibrium
concentration the higher the partitioning coefficient with the order
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Table 5. Partitioning (S,;), Diffusion (D,), and Permeation (P,) Coefficients from Diffusion Tests on Both Unaged and Aged Geomembrane GM1

Unaged GM, time=0 month
crystallinity=38%

Aged GM, time= 13 months
crystallinity=46%

Aged GM, time=32 months
crystallinity=54%

ng Dg Pg ng Dg Pg ng Dg Pg

Contaminants (=) (1072 m?/s) (1002 m?/s) (=) (1002 m?/s) (1072 m?%/s) (=) (1072 m?/s) (10712 m?/s) PR, PR,
Benzene 55 0.24 13 45 0.18 7.9 35 0.14 49 0.60  0.37
Toluene 125 0.22 28 100 0.18 18 80 0.14 11 0.67 041
Ethylbenzene 345 0.18 62 300 0.14 42 230 0.11 25 0.68 0.41
md&p-xylenes 440 0.17 75 350 0.13 46 260 0.10 26 0.61 0.35
o-xylene 320 0.17 54 290 0.12 35 235 0.09 21 0.64 0.39

Average’=0.64 0.38

Note: Sgf values rounded to nearest 5, D,, and P, rounded to two significant digits.

“Permeation reduction factor, PR;=P,(13-month aged)/ P (unaged).
®Permeation reduction factor, PR,=P,(32-month aged)/ P (unaged).

“Average represents the average of PR values for benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene.

(highest to lowest S,;) md&p-xylenes>ethylbenzene> o-xylene
>toluene > benzene for both types of geomembrane. A similar
trend was observed by Sangam and Rowe (2001, 2005).

Tables 3 and 4 show the calculated partitioning coefficients
(Sgp) using Eq. (4) with and without considering mass losses
for the geomembranes GM1 and GM2, respectively. The losses
of contaminants during partitioning tests were 11, 13, 18, 21,
and 16%, respectively, for benzene, toluene, ethylbenzene,
md&p-xylenes, and o-xylene. The values of partitioning coeffi-
cients (S,) increased with the increase of hydrophobicity [i.e.,
with the increase of n-octanol/water coefficients (log K,,)] of the
contaminants (Table 2). The partitioning coefficients have also
shown to increase with the decrease of contaminant aqueous solu-
bilities (Table 2). These results are in accordance with the results
obtained by other researchers (Miiller et al. 1998; Sangam and
Rowe 2001, 2005; Joo et al. 2004, 2005). Another important
observation from the results of partitioning tests is that the S,/
values of BTEX decreased with the increase of aging durations.
For example, for the geomembrane GM1, the corrected ng values
of ethylbenzene for unaged, 13- and 32-month aged GM1 speci-
mens were 320, 290, and 215 respectively (Table 3). Similarly, for
the geomembrane GM2, the corrected S, values of ethylbenzene
were 275, 220, and 200, respectively, for unaged, 10- and 25-
month aged specimens (Table 4).

Theoretical partitioning curves were generated (shown as
lines in Figs. 1 and 2) using the contaminant transport model

POLLUTE and were fitted to the experimental concentrations.
Due to the nature of the boundary conditions, both S, and D, can
uniquely be inferred from the one test (to experimental accuracy)
and the value of S, can be compared with that obtained from the
partitioning tests. The modeled S, values are presented in Tables
3 and 4 for the geomembranes GM1 and GM2, respectively. The
modeled S, values lie between the values obtained from the par-
titioning tests using Eq. (4).

Diffusion Test

Figs. 3 and 4 show the variations in BTEX concentrations (nor-
malized with respect to the initial concentrations) with time in the
source and receptor compartments during diffusion tests for the
geomembranes GM1 and GM2, respectively. Similar to the parti-
tioning tests, each data point represents the average of at least
triplicate concentrations measured by GC/MS and the bars repre-
sent standard deviation. The experimental concentrations were fit-
ted using the finite layer contaminant transport model POLLUTE
and are plotted as lines in Figs. 3 and 4. The best-fit curves were
obtained by trial and error considering the least summation of
square errors between the theoretical and experimental data
points. Model predictions considered the loss of contaminants
during diffusion tests. The mass losses were 9, 12, 21, 24, and
17% for benzene, toluene, ethylbenzene, md&p-xylenes, and
o-xylene, respectively, during diffusion test. The concentrations

Table 6. Partitioning (S,;), Diffusion (D,), and Permeation (P,) Coefficients from Diffusion Tests on Both Unaged and Aged Geomembrane GM2

Unaged GM, time=0 month
crystallinity=48%

Aged GM, time=10 months
crystallinity=55%

Aged GM, time=25 months
crystallinity=61%

ng Dg Pg ng Dg Pg ng Dg Pg

Contaminants (=) (1072 m?/s)  (1072m?/s) (=) (1072m%s) (1072m%s) (-) (1002m¥s)  (107'2m?/s) PR, PR,
Benzene 50 0.19 9.5 40 0.15 5.7 30 0.13 3.9 0.60 0.41
Toluene 100 0.19 19 80 0.15 12 60 0.11 6.6 0.63 0.35
Ethylbenzene 310 0.16 50 270 0.12 32 230 0.09 21 0.65 042
md&p-xylenes 340 0.15 51 290 0.11 32 250 0.08 20 0.63 0.39
o-xylene 295 0.14 41 255 0.11 28 220 0.08 18 0.68 044

Average=0.64 0.40

Note: S, values rounded to nearest 5, D, and P, rounded to two significant digits.

“Permeation reduction factor, PR;=P(10-month aged)/ P (unaged).
PPermeation reduction factor, PR, =P, (25-month aged)/ P (unaged).

“Average represents the average of PR values for benzene, toluene, ethylbenzene, md&p-xylenes, and o-xylene.
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of contaminants in the source decreased with time, whereas the
concentrations in the receptor increased as the contaminants dif-
fused through the geomembrane. The final equilibrium concentra-
tion is directly related to the partitioning coefficient S, . The final
source concentration increased with the increase of aging dura-
tion. For example, for the geomembrane GM1, the concentrations
of toluene in the source dropped to about 31, 38, and 45% of the
initial concentration by the end of the testing period (i.e., after
approximately 85 days) for unaged, 13- and 32-month aged speci-
mens, respectively (Fig. 3).

The diffusion (D,) and partitioning (S,,) coefficients deduced
from the best-fit curves to the diffusion data are presented in
Tables 5 and 6 for geomembranes GM1 and GM2, respectively.
The diffusion coefficients tend to decrease with increasing con-
taminant molecular volume (Tables 2, 5, and 6). A similar trend
was observed by other researchers (Park and Nibras 1993;
Sangam and Rowe 2001, 2005; Joo et al. 2004, 2005). The reason
for the lower diffusion coefficient is the higher activation energy
required for diffusion of larger molecules (Joo et al. 2004, 2005).
The values of D, decreased with the increased aging durations
for both types of geomembranes. For example, the diffusion
coefficients (D,) of toluene for unaged, 13- and 32-month
aged geomembrane GM1 were 0.22X 107'2, 0.18 X 1072, and
0.14X 1072 m?/s, respectively (Table 5). Similarly, for GM2
geomembrane the diffusion coefficients of toluene for unaged,
10- and 25-month aged geomembrane were 0.19X107'2
0.15X 107'2, and 0.11 X 107'2 m?/s, respectively (Table 6). Simi-
lar to the diffusion coefficients, the values of partitioning coeffi-
cients (ng) also decreased with the increase of aging durations as
has been seen in partitioning tests. For example, for the geomem-
brane GM1, the values of toluene for unaged, 13- and 32-month
aged specimens were 125, 100, and 80, respectively. Likewise,
for the geomembrane GM2, the S of values of toluene for unaged,
10- and 25-month aged geomembrane were 100, 80, and 60, re-
spectively. Furthermore, the partitioning coefficients (S,) ob-
tained from diffusion tests fall within the range of corrected and
uncorrected partitioning coefficients from partitioning tests
(Tables 3-6). The permeation coefficients (P,) for both geomem-
branes, calculated by multiplying respective diffusion (D,) and
partitioning (ng) coefficients, are also shown in Tables 5 and 6.
The calculated permeation coefficients were also found to be
lower with the increased aging durations.

It appears that the crystallinity of the geomembrane played an
important role in reducing the values of D,, Sy and P, for both
geomembranes. The values of D,, S, and P, were lower for the
unaged geomembrane GM2 because of the higher crystallinity of
the unaged geomembrane GM2 (i.e., 48%) compared to the un-
aged geomembrane GM1 (i.e., 38%) (Tables 5 and 6). Fig. 5
shows the variations in D, and S, with geomembrane crystallin-
ity for both geomembranes and Table 7 shows the respective
equations of linear regression lines. For P, the best fit was ob-
tained by fitting least square quadratic lines with the experimental
data. An unconstrained linear regression through the test data did
not project to zero when crystallinity approached 100% (Islam
2009). However, one might expect them to approach zero when
crystallinity is 100% because in the fully crystalline state there
would be no amorphous region for diffusion and partitioning to
occur; therefore, the regression lines shown in Fig. 5 are forced to
pass through zero value when the crystallinity is 100%. Good
agreement (with coefficient of determination, R?>>0.95) between
the three coefficients (e.g., D,, S, and Pg) and geomembrane
crystallinity was observed (Table 7).

The migration parameters (i.e., D,, S, and Pg) of BTEX
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Fig. 5. Variation in partitioning (S,;), diffusion (D,), and permeation
(P,) coefficients with crystallinity for both GM1 and GM2 consider-
ing that the regression lines meet zero at 100% crystallinity

observed by Rowe et al. (2003) are in good agreement with the
calculated parameters using the equations described in Table 7 for
the crystallinity of the geomembrane examined. For example, for
this geomembrane with crystallinity of 67.5%, the observed val-
ues of D,, ng, and P, for benzene are 0.12 X 1072 m?/s, 26, and
3.1 X 10712 m?/s, respectively, and the corresponding calculated
values are 0.11 X 10712 m?/s, 27, and 3.4 X 10712 m?/s.

Care should be taken in using the relationships described in
Table 7 because the diffusion through HDPE geomembrane de-
pends not only on the crystallinity but also on the tortusity of the
geomembrane (Michaels and Bixler 1961) and the concentration
of contaminants (Park et al. 1996). The dependence on tortusity is
discussed in the following section. Thus while Table 7 could be
used to obtain preliminary estimates of parameters for an HDPE
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Table 7. Relationships between Partitioning (S,,), Diffusion (D,), and Permeation (P,) Coefficients with Geomembrane Crystallinity (C) for Regression

Lines through Zero at 100% Crystallinity

Partitioning coefficient

Diffusion coefficient

Permeation coefficient

(Syy) (Dy) (Py)

Contaminants (=) (m?/s) (m?/s)

Benzene S4/=85-0.854C D,=349%10713-3.5x 10715C P,=28X10"1-545X 1073C+2.6 X 10-15¢2
R?=0.988 R>=0.988 R>=0.956

Toluene S4=186-1.869C D,=336X10"13-3.4x 10715C P =7.0%10"11-14.6 X 1073C+7.7x 1075¢?
R>=0.989 R>=0.988 R>=0.949

Ethylbenzene S4=562-5.618C D,=2.71X10713-2.7x 10715C P =15.6X 1071-31.42% 10"3C+15.8 X 10715C2
R>=0.994 R?>=0.983 R>=0.970

mé&p-xylenes S4=652-6.537C D,=2.52X10713-2.5x 10-15C P,=17.4X10711-3522% 10"3C+17.9 107152
R?>=0.991 R?*=0.977 R>=0.965

o-xylene Sr=537-5.364C D,=2.42X107-2.4x1071C P,=12.8X10711-252X10"3C+12.4 X 1071°C?
R>=0.996 R?>=0.972 R?>=0.951

Note: Unit of crystallinity (C) is %.

GM with a given crystallinity, tests should be performed if the
values are critical to the performance of the system.

Evaluation of Effects of Aging

To evaluate the effect of aging on the diffusive migration of
VOCs through HDPE geomembranes, a permeation reduction
(PR) factor was calculated by dividing the permeation coefficient
of aged geomembrane by that of unaged geomembrane (Tables 5
and 6). The average permeation reduction factors, for the geo-
membrane GM1, were 0.64 and 0.38, respectively, after 13 and
32 months of aging at 85°C. Similar reduction factors were
observed for the geomembrane GM2. For example, after 10 and
25 months of aging the average reduction factors were 0.64 and
0.40, respectively, for the geomembrane GM?2.

The diffusive migration of VOCs through an HDPE geomem-
brane is considered to be a molecular activated process and suf-
ficient activation energy must be concentrated within the zone of
chain segments for a successful diffusion step to occur (Michaels
and Bixler 1961). The mobility of amorphous chain segments are
reduced due to the presence of crystalline zone in the geomem-
brane. Because of the reduction in the amorphous region, higher
activation energy is required for the diffusion to take place which
eventually reduces the chance of diffusive migration (Michaels
and Bixler 1961; Rogers 1985; Naylor 1989). Diffusion through a
polymeric material is also expected to decrease because of the
irregular shape of interconnected amorphous regions surrounded
by impenetrable crystallites (Michaels and Bixler 1961). The ir-
regularities in amorphous regions or tortusity increases as the
degree of polymer crystallinity increases (Michaels and Parker
1959). Thus higher crystallinity in the aged geomembrane low-
ered the permeation of contaminants through HDPE geomem-
brane because the crystalline zones perform as an impermeable
barrier for the diffusion process and reduce the volume of amor-
phous material where partitioning can take place (Crank and Park
1968; Rogers 1985; Naylor 1989).

Conclusions

The effects of aging on the diffusive migration of a group of
VOCs: benzene, toluene, ethylbenzene, xylenes (BTEX) through
high-density polyethylene geomembrane was examined. Parti-
tioning and diffusion tests were conducted at room temperature
using both unaged and aged geomembranes. The diffusion (Dg)

and partitioning (S,) coefficients were estimated from the best-fit
theoretical curves using a finite layer contaminant analysis pro-
gram POLLUTE v7.

Using data obtained for the two GMs at three crystallinities for
each, correlations were established between the diffusion charac-
teristics and the degree of crystallinity. These relationships could
be used to obtain preliminary estimates of diffusion parameters
for an HDPE GM with a given crystallinity, however if the values
are critical to the performance of the system then tests should be
performed for the particular material being examined. The pro-
posed equations gave good predictions of the diffusion, partition-
ing, and permeation coefficients for the geomembrane aged by
14 years exposure to leachate in a lagoon prior to diffusion testing
by Rowe et al. (2003).

It was shown that the diffusion, partitioning, and permeation
coefficients all decreased with an increase in geomembrane aging.
The permeation coefficients were reduced by approximately 36
and 62% after 13 and 32 months of aging at 85°C for geomem-
brane GMI1. For the geomembrane GM2, the reductions were
about 36 and 60%, respectively, for 10 and 25 months of aging at
85°C. The crystallinity of the geomembrane controls the reduc-
tion in permeation coefficients for aged geomembranes and a
strong correlation was developed between the various diffusion
parameters and crystallinity. Since an increase in polymer crystal-
linity causes a decrease in the mobility of amorphous chain seg-
ments there was a consequent decrease in the diffusive transport
of VOCs. The results of this study suggest that while the
geomembrane remains intact, the aging of the geomembrane did
not cause any increase in diffusive transport but rather, when the
geomembrane crystallinity increased with physical aging, there
was a reduction in the diffusive migration of organic contami-
nants through the two different HDPE geomembranes examined.
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