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ABSTRACT

The diŠusion characteristics of high density polyethylene (HDPE) geomembranes with respect to hydrocarbons are
investigated at temperatures of 22±19C and 6±19C. Results are reported for an aqueous solution of benzene, tol-
uene, ethylbenzene, and xylene (BTEX). The partitioning coe‹cient obtained from sorption/immersion test is shown
to be eŠectively the same as that from desorption test. Both conventional untreated (HDPE) and ‰uorinated (f-HDPE)
geomembranes are examined and it is shown that a ‰uorinated layer on the surface of an HDPE geomembrane in-
creases its resistance to the permeation of BTEX penetrants by about a factor of 2.4 at 229C and 1.8 at 69C. An
Arrhenius relationship is developed that could be used for estimating hydrocarbon permeation at diŠerent tempera-
tures between 69C and 229C for both the HDPE and f-HDPE geomembranes examined.
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INTRODUCTION

High density polyethylene (HDPE) geomembranes are
used to minimize the migration of potentially hazardous
contaminants because of their excellent performance as
barriers against the leakage of ‰uids if properly designed
and constructed (e.g., Rowe et al., 2004; Rowe, 2005;
Mitchell et al.; 2007, Rowe et al.; 2009, Brachman and
Sabir, 2010; Koerner et al., 2010). Provided that they can
be maintained intact (i.e., without any holes) then con-
taminated liquids will be retained by the geomembrane.
However, there is still the potential for contaminant
migration by molecular diŠusion through the geomem-
brane which could contaminate groundwater (Rowe,
1998; Edil, 2003; Rowe, 2005). In addition to traditional
applications such as liners in municipal landˆlls where the
geomembrane temperature is usually at or above 209C,
there are also applications for geomembranes to control
the migration of hydrocarbon contaminated groundwater
and for the containment of hydrocarbon contaminated
soil in situations where the geomembrane temperature is
below the temperature at which most prior geomembrane
diŠusion testing has been conducted (i.e., room tempera-
ture of 20–249C). An example of a case where a compo-
site liner comprised of a geomembrane and geosynthetic
clay liner (GCL) was used to contain a hydrocarbon spill
in Arctic was described by Bathurst et al. (2006). The
eŠect of temperature on diŠusion and sorption for the
GCL component of the liner was reported by Rowe et al.

(2005) who compared parameters deduced at typical
room temperature (229C) with those at the average sum-
mer temperature of 69C measured at the site. This present
paper looks at diŠusion through the geomembrane com-
ponent of that liner at the same two temperatures. While
the temperatures examined were motivated by this
speciˆc ˆeld case, in fact the relevant temperature for
many practical applications not involving municipal
landˆlls or ash monoˆlls lay between the two tempera-
tures examined herein and hence it is expected that the
results of this present study have much wider application
than the speciˆc case which motivated the study.

DiŠusion through a geomembrane is characterized by
three separate phases: adsorption, diŠusion and desorp-
tion. The rate of mass transport through a geomembrane
is aŠected by factors such as: the molecular structure of
the HDPE (e.g., the level of cross-linking and crystallini-
ty), polymer swelling, contaminant concentration, and
temperature (Anand, 1994; Aminabhavi and Naik, 1998;
D'Aniello et al., 2000). It is known that volatile organic
contaminants readily diŠuse through HDPE geomem-
brane liner at room temperature (Park and Nibras, 1993;
Sangam and Rowe, 2001; Sangam and Rowe, 2005; Islam
and Rowe, 2009). This has prompted the development of
modiˆed geomembranes that will provided a better barri-
er to hydrocarbons including co-extruded geomembranes
(McWatters and Rowe, 2010) and ‰uorinated geomem-
branes as discussed below.

It is known that ‰uorination can substantially reduce
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gas permeation (Mohr et al., 1991a, b) and the permea-
tion of hydrocarbons (Sangam and Rowe, 2005) through
a membrane. A ‰uorinated geomembrane (referred as
f-HDPE, herein) is created by utilizing a surface ‰uorina-
tion technique that exchanges the hydrogen on the outer
surface of the polymer chains of an HDPE geomembrane
with elemental ‰uorine. The exchange of hydrogen and
‰uorine is a free radical substitutive reaction caused by
the weakness of the ‰uorine—‰uorine bond and the high
strength of a carbon—‰uorine bond (Anand et al., 1994).
For the ‰uorinated geomembrane considered herein, sur-
face ‰uorination was applied to both sides of the geo-
membrane. Surface ‰uorination decreases the permea-
tion of hydrocarbons without aŠecting the physical prop-
erties of the geomembrane as less than 1z of the geo-
membrane is subjected to the treatment (Sangam et al.,
2001).

Previous studies of factors relevant to the containment
of hydrocarbon spills in the groundwater by a composite
barrier walls have addressed the design and construction
(Bathurst et al., 2006), diŠusion through the GCL (Rowe
et al., 2005) and the long-term performance (service life)
of the geomembrane (e.g., Rowe et al., 2010). Thus the
primary objectives of this paper are to examine the diŠu-
sive characteristics of the geomembrane at relevant tem-
peratures by: (a) evaluating the permeation coe‹cients
for selected hydrocarbons (benzene, toluene, ethylben-
zene and xylene; BTEX) with respect to both HDPE and
f-HDPE geomembranes at 22±19C and 6±19C, (b) de-
veloping an Arrhenius relationships that could potential-
ly be used to estimate the permeation characteristic at
temperatures between 22 and 69C based on data at room
temperature (229C), and (c) comparing the eŠectiveness
of the application of a ‰uorine layer to an HDPE geo-
membrane for two diŠerent f-HDPE geomembranes by
comparing results from the present study with those ob-
tained by Sangam and Rowe (2005) at room temperature
(22±19C).

BACKGROUND

Contaminant Permeation through a Polymer
When an HDPE geomembrane is placed between two

aqueous solutions one of which contains BTEX, creating
a concentration gradient across the geomembrane, con-
taminants will permeate from the solution with the high
concentration through the polymer to the solution of
lower concentration. This permeation process is charac-
terized by three diŠerent phases. First, the molecules par-
tition to the adjacent surface of the polymeric material
(adsorption), they then diŠuse through the polymer
matrix (diŠusion), and ˆnally they partition from the
polymer to the outer solution (desorption) (Park and
Nibras, 1993).

When in contact with dilute aqueous solutions under
isothermal conditions, partitioning is proportional to the
concentration (activity) of the solution and can be de-
scribed by Henry's Law which relates the ˆnal equilibri-
um concentration in the polymer to the ˆnal equilibrium

concentration of the surrounding solution (Aminabhavi
and Naik, 1998), thus

cg＝Sgfcf (1)

where: cg＝the ˆnal concentration at equilibrium in the
polymer [ML－3]; Sgf＝partitioning coe‹cient [－] and
cf＝ˆnal concentration in the contaminated (source) ‰uid
adjacent to the geomembrane at equilibrium [ML－3]
(Sangam and Rowe, 2001).

DiŠusion from dilute aqueous systems through a geo-
membrane is characterized by Fick's ˆrst law of diŠusion
(Crank, 1975) in which mass transport is proportional to
the concentration gradient and there is a constant diŠu-
sion coe‹cient:

j＝－Dg
dcg

dz
(2)

where j＝mass ‰ux or mass transport per unit area
[ML－2T－1]; Dg＝diŠusion coe‹cient in the geomembrane
[L2T－1]; (dcg/dz)＝the concentration gradient in the geo-
membrane, and z＝the direction parallel to the concen-
tration gradient.

In the transient state, diŠusion is governed by Fick's
second law, subject to the appropriate boundary and ini-
tial conditions (Crank, 1975):

&cg

&t
＝Dg

&2cg

&z2 (3)

Desorption is similar to the adsorption process only in
reverse, whereby molecules partition from the polymeric
matrix to the outer (receptor) ‰uid. This process is also
described by Henry's Law:

c?g＝Sgfdc?f (4)

where c?g and c?f are the ˆnal equilibrium concentrations in
the polymer and receptor ‰uid respectively [ML－3] and
Sgfd is the partitioning coe‹cient of the molecules from
the polymer to the outer (receptor) ‰uid [－]. For aque-
ous solutes and water on either side of the geomembrane
it is commonly assumed that Sgfd is equal to Sgf (Sangam
and Rowe, 2001). In this paper, desorption tests will be
performed and the validity of the common assumption
that Sgfd＝Sgf will be evaluated.

It is di‹cult to measure and monitor concentration
within the polymer itself during a permeation test. Thus,
it is common practice to monitor the concentrations in
the solutions adjacent to the geomembrane, observing
that the concentration decreases in the source and in-
creases in the receptor solutions with time. Combining
Henry's law (Eq. (1)) and Fick's law (Eq. (3)), the diŠu-
sive ‰ux through the geomembrane can be described by:

j＝－Dg
dcg

dz
＝－SgfDg

dcf

dz
＝－Pg

dcf

dz
(5)

where

Pg＝SgfDg (6)

where Pg, referred to as the permeation coe‹cient [L2T－1]
(Rowe et al., 2004; Sangam and Rowe, 2005), accounts
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Table 1. Properties of HDPE geomembranes tested

Properties HDPE
geomembrane

f-HDPE
geomembrane

Thickness 1.5 mm 1.5 mm
Crystallinity 50z 54z
Std-Oxidative Induction Time 135 Minutes 110 Minutes
Density 950 kg/m3 950 kg/m3

Table 2. Chemical properties tested

Chemical
Molecular
Weight
[g/mol]

Density*
[g/mL]

Molecular
Volume**

[cm3]

Solubility*
[mg/L]

Log
K*ow

Benzene 78.11 0.8786 88.90 1780 2.13
Toluene 92.14 0.8669 106.28 515 2.79
Ethylbenzene 106.17 0.8670 122.46 140 3.13
m-Xylene 106.17 0.8642 122.85 158 3.19
p-Xylene 106.17 0.8611 123.30 200 3.19
o-Xylene 106.17 0.8801 122.47 152 3.13

* From Montgomery and Welkom (1989)
** Based on chemical density and Molecular Weight
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for the eŠects of both diŠusion and partitioning
(Aminabhavi and Naik, 1998).

Arrhenius Model
The temperature dependency of the diŠusion

coe‹cients may be modelled utilizing an Arrhenius
relationship (Crank and Park, 1968).

DT1＝A exp Ø－ED

RT » (7)

where A＝Constant [L2T－1]; ED＝Activation Energy
[Jmol－1]; R＝the universal Gas Constant [Jmol－1K－1];
T＝Temperature [K]. Equation (7) can be used to convert
the diŠusion coe‹cient, DT1, at some reference tempera-
ture, T1, to that at a second known temperature, T2, as
follows:

DT1

DT2

＝exp Ø ED

RT2
－

ED

RT1
» (8)

or

DT1＝DT2 exp Ø ED

RT1T2
(T1－T2)» (9)

Modelling environmental systems often involves temper-
atures in the range of 09C to 359C. Within this tempera-
ture range it may be assumed that ED/RT1T2 will remain
relatively constant and the Arrhenius relationship may be
simpliˆed to the following (Schnoor, 1996):

DT1＝DT2u(T1－T2) (10)

where u＝constant temperature coe‹cient that lies within
the range of 1.0–1.10. In this paper, u will be deduced for
diŠusion and partitioning coe‹cients based on data at
two diŠerent temperatures.

MATERIALS, TEST METHOD AND ANALYTICAL
METHOD

Geomembranes
The materials investigated were a conventional 1.5 mm

thick HDPE geomembrane (referred herein as HDPE)
and a 1.5 mm ‰uorinated HDPE (referred herein as
f-HDPE) geomembrane. Both the HDPE and f-HDPE
geomembranes were provided by Fluoroseal Inc. (Texas).
The base geomembrane was the same in each case
although there was some change in the f-HDPE geomem-
brane (a small increase in crystallinity and decrease in std-
OIT) due to the temperature of the ‰uorination process
(Table 1). The thickness of ‰uorinated layer was ob-
tained by cutting a cross-section of the f-HDPE with a
razor blade, applying a thin sputter-deposited gold coat-
ing, and then examining the section using a scanning elec-
tron microscopy combined with energy dispersive X-ray
(SEM/EDX) spectroscopy. The thickness of the ‰uori-
nated layer on the f-HDPE geomembrane samples exam-
ined was variable and ranged between 1–4 mm with an
average value (used in modelling) of 2.5 mm. This may be
compared with a diŠerent f-HDPE geomembrane exam-
ined by Sangam and Rowe (2005) which had a thickness

of the ‰uorinated layer ranging from 1 to 5 mm with an
average value of 4 mm as discussed later.

Contaminants, Standards and Quality Controls
Five volatile organic compounds—benzene, toluene,

ethylbenzene, m and p and o-xylenes (BTEX)—with
properties as given in Table 2 were examined. BTEX are
common constituents of gasoline and diesel fuels. Tests
were performed using a dilute aqueous solution of chemi-
cal grade chemicals (99.8z pure) purchased from Fisher
Chemicals.

A Varian Gas Chromatography/Mass Spectrometer
(GC/MS) system consisting of a Saturn 2000 MS and
3800 GC and 8200 CX auto sampler was used to identify
and quantify the concentrations of the contaminants in-
vestigated. The source solution for the permeation tests
was prepared the day prior to the commencement of the
experiments by dilution of a stock solution containing a 1
g/L mixture of BTEX dissolved in distilled and de-
ionized water (referred as DDW, herein). Then 0.67 mL
of stock solution was added to 250 mL of DDW. The
container was then sealed with a Te‰on lid and refrigerat-
ed, allowing su‹cient time for the solute and solvent to
become completely mixed.

To monitor the quality and performance of the
GC/MS, BTEX standard solutions of 1 mg/L and blanks
were used for each round of testing. Blanks, consisting of
1z methanol and DDW were run at least every 10 vials to
evaluate the performance of GC/MS throughout the run
and check for any minor contamination. Two diŠerent
BTEX standards were run that were of diŠerent known
concentrations to verify and check the output data for the
test series.

The accuracy and precision of the GC/MS were exam-
ined by creating one standard of a known concentration
and running eight vials of the solution through the
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Fig. 1. Schematic of the permeation test system
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GC/MS and the mean value, standard deviation, and de-
tection limit were calculated. The detection limit for
BTEX was established to be between 6 mg/L–12 mg/L de-
pending on the compound examined.

Permeation Tests
Figure 1 schematically shows the entire system used for

a permeation experiments conducted in this study. The
permeation cells were stainless steel and consisted of a
source and receptor separated by an HDPE or f-HDPE
geomembrane. A magnetic stir bar was placed in the
source and receptor reservoir to mix the solution and pro-
vide homogeneous concentrations in each reservoir. The
‰ange of the receptor consisted of three grooves and
‰anges which were used to secure the 70 mm diameter
geomembrane that separated the source and the receptor
to ensure no side wall leakage. The receptor portion of
the cell was initially ˆlled with contaminant free DDW.
The source was then ˆlled with the dilute BTEX solution
with an initial concentration of 2.5 mg/L for each case.
Once the cell was secured, initial samples were immedi-
ately taken and the concentrations in the source and
receptor were monitored with time. The permeation cells
were placed such that the geomembrane was vertical, en-
suring ‰uid contact on either side of the geomembrane
and avoiding contact between the stirring bars and geo-
membrane.

Sorption and Desorption Tests
In a sorption/immersion test, the geomembrane is im-

mersed in an aqueous solution containing the BTEX
compounds of interests with an initial concentration of
2.5 mg/L for each compound and the decrease in concen-
tration with time is monitored until equilibrium is
reached. The results from the sorption/immersion tests
were interpreted to give the partitioning parameter be-
tween aqueous solution and the geomembrane, Sgf, using
the approach described by Sangam and Rowe (2001).

In their interpretation of permeation experiments, San-
gam and Rowe (2001) hypothesized that sorption and

desorption were governed by the same parameter (Sgf). To
examine that hypothesis, in this study, desorption tests
were also performed. First, an immersion test was per-
formed with the HDPE geomembrane being placed in a
vial with each individual BTEX compound. The uptake
mass of BTEX into the geomembrane coupons was meas-
ured regularly. As soon as the uptake mass reached
steady state, each HDPE geomembrane coupon was
moved into a 40 mL bottle ˆlled with DDW to conduct a
desorption test. The partitioning parameter obtained
from the desorption test, denoted as Sgfd, can be ex-
pressed by:

CGRE＝SgfdCsF (11)

where CsF is a residual concentration for each BTEX com-
pounds in the DDW solution at the equilibrium state of
desorption test and CGRE is the concentration of residual
BTEX in the geomembrane. If ME0 is the initial mass of
BTEX in the geomembrane, then after the desorption im-
mersion test the contaminant mass balance at equilibrium
can be written as:

ME0＝MsF＋MGRE＋MR (12)

where MsF is the ˆnal mass of contaminant in the DDW
solution, MGRE is the residual mass of contaminant in the
geomembrane, and MR is the mass removed by sampling
events. ME0 can be measured before starting the desorp-
tion test by subtracting the initial mass from the mass at
the end of the immersion tests for each geomembrane
coupon. Expressing the masses in terms of respective con-
centrations and volumes, Eq. (12) becomes:

ME0＝CsFVsF＋
MG

rG
CGRE＋S ViCi (13)

VsF is the volume of DDW solution at the equilibrium
state; MG and rG are mass and density of geomembrane
coupon and; SViCi is the mass removed at each sampling
event. Sgfd can then be obtained from Eqs. (11)–(13) as:

Sgfd＝
[ME0－CsFVsF－S CiVi]rG

MGCsF
(14)

RESULTS

Partitioning Coe‹cient, Sgf and Sgfd

Sorption and desorption tests at 229C were performed
seven times to evaluate Sgf from sorption tests and twice
to evaluate Sgfd from desorption test. Figures 2 and 3
show typical variations in the BTEX concentrations with
time in sorption and desorption tests respectively. In the
immersion/sorption tests (e.g., Fig. 2), the magnitude of
the decrease in the reservoir concentration at equilibrium
was controlled by Sgf. Benzene had the smallest drop in
concentration of all the contaminants, reaching about
45z of the initial concentration. m and p-Xylene ex-
perienced the most pronounced decrease in concentration
dropping to less than 10z of the initial concentration.
The Sgf values, estimated using the approach described by
Sangam and Rowe (2001), are given in Table 3.
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Fig. 2. Typical variation in BTEX concentrations with time in a sorp-
tion test (mean value and standard deviation of 3 samples)

Fig. 3. Typical variation in BTEX concentrations with time in a
desorption test (mean value and standard deviation of 3 samples)

Table 3. Partitioning coe‹cients obtained from sorption and desorp-
tion tests at 229C: mean value (standard deviation in brackets)

Sgf Sgfd

Benzene 36( ＋7) 30( ＋0.7)
Toluene 121(＋14) 114(＋21.9)

ETB 309( ＋8) 325( ＋3.5)
m and p-Xylene 337( ＋3) 412(＋69.3)

o-Xylene 243(＋25) 349(＋45.3)

Table 4. Partitioning coe‹cients obtained from sorption immersion
tests at 69C and 229C

Sgf at 69C Sgf at 229C

Benzene 21( ＋5) 36( ＋7)
Toluene 87( ＋6) 121(＋14)

ETB 214(＋28) 309( ＋8)
m and p-Xylene 247( ＋3) 337( ＋3)

o-Xylene 184( ＋3) 243(＋25)
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Benzene had the least drop in concentration in the
sorption tests (i.e., the lowest value of Sgf) and conse-
quently exhibited the greatest increase in concentration of
all compounds in a desorption tests as shown in Fig. 3.
The values of Sgfd, deduced (Eq. (14)) from the residual
concentration of each BTEX compound in the DDW
(e.g., Fig. 3) are given in Table 3. Comparing the results
for Sgf and Sgfd (Table 3), the greatest diŠerence in par-
titioning coe‹cient was for m and p Xylene (which also
had the greatest uncertainty in Sgfd based on two tests) fol-
lowed by o-xylene. However, generally there was no
statistically signiˆcant diŠerence between the Sgfd and Sgf

and it was concluded that to all practical purposes Sgfd

may be taken as equal to Sgf for the interpretation of the
permeation experiments.

Table 4 provides a comparison of the partitioning
coe‹cient obtained from the sorption/immersion test at
69C with those performed at 229C. Except for benzene,
the ratio of mean Sgf at 69C to 229C was between 0.69
and 0.76. The variability for benzene was greater (mean
ratio of 0.58) but this may be due to the greater uncertain-
ty associated with the mean values (as is evident by the
larger coe‹cient of variation) for benzene. In all cases the

results clearly show a decrease in Sgf with a decrease in
temperature from 229C to 69C.

PERMEATION EXPERIMENTS

HDPE Geomembrane
Permeation experiments were performed at 229C±

19C and 69C±19C for a period of 110 days. Con-
taminant concentrations were measured from the source
and the receptor and analyzed in triplicate. Results ob-
tained for the HDPE geomembrane at 229C and 69C are
shown as normalized source and receptor concentrations
plotted against time for the ˆve contaminants in Figs. 4
to 8. The points shown represent the mean of the three
data points divided by the mean measured initial concen-
tration of the source and the error bars show the standard
deviation of the data set divided by the mean initial
source concentration. The solid and dotted lines
represent the calculated curves to be discussed later.

The results of the permeation experiments (Figs. 4 to 8)
show a decrease in the source concentration with time
while the receptor concentration increased as con-
taminants diŠused through the geomembrane. There was
a signiˆcant drop, with time, in the source concentration
for all the contaminants due to both partitioning to the
geomembrane and diŠusion through the geomembrane to
the receptor reservoir. Of all the contaminants, benzene
exhibited the smallest drop in source concentration with
the source being about 45z of the initial concentration at
the end of the test shown. m and p Xylene experienced the
most pronounced decrease in source concentration, drop-
ping to less than 10z of the initial concentration in the
same period of time. Except for benzene, the experiments
at 229C were either at, or very close to, equilibrium be-
tween the source, receptor and geomembrane in 110 days
when they were terminated. The contaminants which ex-
perienced a large decrease in their source solution also ex-
hibited a low rate of increase in the receptor concentra-
tion implying signiˆcant partitioning of these con-
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Fig. 4. Variation in benzene concentration in source and receptor cells
for a permeation test on an HDPE geomembrane at 229C and 69C
(mean value and standard deviation of 3 samples)

Fig. 5. Variation in toluene concentration in source and receptor cells
for a permeation test on an HDPE geomembrane at 229C and 69C
(mean value and standard deviation of 3 samples)

Fig. 6. Variation in ethylbenzene concentration in source and receptor
cells for a permeation test on an HDPE geomembrane at 229C and
69C (mean value and standard deviation of 3 samples)

Fig. 7. Variation in m and p-Xylene concentration in source and
receptor cells for a permeation test on an HDPE geomembrane at
229C and 69C (mean value and standard deviation of 3 samples)

Fig. 8. Variation in o-Xylene concentration in source and receptor
cells for a permeation test on an HDPE geomembrane at 229C and
69C (mean value and standard deviation of 3 samples)
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taminants to the geomembrane from the aqueous solu-
tion. The data from the experiments at 69C followed
similar trends to those at 229C but at a much slower rate
with none of the contaminants approaching equilibrium
between the source and receptor in the 110 days before
termination (in contrast to those at 229C as noted above).
It can be visually inferred from Figs. 4–8 that tempera-
ture had a signiˆcant eŠect on both the diŠusion
coe‹cient, Dg, and partitioning coe‹cient, Sgf.

F-HDPE Geomembrane
The experimental data for f-HDPE geomembranes ex-

hibited similar trends to those discussed for the HDPE
geomembranes as shown in Figs. 9 to 13. Again the most
signiˆcant drop in concentration was observed for m and
p-Xylene which decreased to 13z of the initial normal-
ized concentration by the time equilibrium was reached.
The equilibrium concentrations were the same for both
the HDPE and f-HDPE geomembranes indicating that
the sorption was the same for both the f-HDPE and
HDPE geomembranes. However, the rate of the decrease
in normalized source concentration and increase in nor-
malized receptor concentration for f-HDPE geomem-
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Fig. 9. Variation in benzene concentration in source and receptor cells
for a permeation test on a f-HDPE geomembrane at 229C and 69C
(mean value and standard deviation of 3 samples)

Fig. 10. Variation in toluene concentration in source and receptor
cells for a permeation test on a f-HDPE geomembrane at 229C and
69C (mean value and standard deviation of 3 samples)

Fig. 11. Variation in ethylbenzene concentration in source and recep-
tor cells for a permeation test on a f-HDPE geomembrane at 229C
and 69C (mean value and standard deviation of 3 samples)

Fig. 12. Variation in m and p-Xylene concentration in source and
receptor cells for a permeation test on a f-HDPE geomembrane at
229C and 69C (mean value and standard deviation of 3 samples)

Fig. 13. Variation in o-Xylene concentration in source and receptor
cells for a permeation test on a f-HDPE geomembrane at 229C and
69C (mean value and standard deviation of 3 samples)

1109BTEX PERMEATION THROUGH GEOMEMBRANES

branes was slower than for the HDPE geomembranes.
This shows that the ‰uorinated layer decreased mass

transport through the geomembrane.

Permeation Parameters, Pg, Pgs, Pgf

Theoretical curves (obtained using POLLUTE
v7—Rowe and Booker, 2005) were ˆt to the experimental
data to estimate the permeation coe‹cients for each geo-
membrane and compound ( see Figs. 4–13). The model-
ling was conducted using the procedure and boundary
conditions described by Sangam and Rowe (2001, 2005).
The HDPE geomembrane was modeled as one layer and
the theoretical curve was selected to minimize the sum of
the squares of the deviation of the data from the theoreti-
cal curve. The f-HDPE geomembrane was modeled as a
three layer material (i.e., with a ‰uorinated layer, HDPE
geomembrane and ‰uorinated layer). Based on both the
sorption and diŠusion data it was found that the value of
Sgf was the same for both the HDPE and f-HDPE (i.e.,
‰uorination did not aŠect partitioning in a measurable
way). Thus the values of Sgf for modelling the f-HDPE
were taken to be those obtained from the best ˆt model-



1110

Table 5. Parameters obtained from modeling of diŠusion tests at 229C

Sgf

(—)
Dg*×1013

(m2/s)
Dgs×1016

(m2/s)
Dgf×1013

(m2/s)
Pg×1013

(m2/s)
Pgf×1013

(m2/s)
Pgs×1013

(m2/s)
PR
(—)

PR Outer layer
(—)

Benzene 35 2.7 7.0 1.2 94.5 41 0.25 2.3 395
Toluene 135 2.3 6.0 1.0 311 137 0.81 2.3 385

ETB 310 1.9 4.0 0.74 589 228 1.2 2.6 475
m and p-Xylene 350 1.9 4.0 0.74 665 258 1.4 2.6 475

o-Xylene 260 1.7 4.0 0.70 442 183 1.0 2.4 425

* Example: for Benzene Dg×1013 (m2/s)＝2.7 thus Dg＝2.7×10－13 m2/s
PR＝Pg/Pgf

PR Outer layer＝Pg/Pgs

Table 6. Parameters obtained from modeling of diŠusion tests at 69C

Sgf

(—)
Dg×1013

(m2/s)
Dgs×1016

(m2/s)
Dgf×1013

(m2/s)
Pg×1013

(m2/s)
Pgf×1013

(m2/s)
Pgs×1013

(m2/s)
PR
(—)

PR Outer layer
(—)

Benzene 21 0.9 3.2 0.47 19 10 0.067 1.9 280
Toluene 87 0.65 2.7 0.36 57 31 0.23 1.8 240

ETB 214 0.50 2.0 0.27 107 58 0.43 1.8 250
m and p-Xylene 247 0.50 2.0 0.27 124 67 0.49 1.8 250

o-Xylene 184 0.45 2.0 0.26 83 47 0.37 1.7 225

PR＝Pg/Pgf

PR Outer layer＝Pg/Pgs
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ling of the HDPE. Also since the base geomembrane used
for the f-HDPE was the same as the HDPE, in modelling
the f-HDPE it was assumed that the diŠusion coe‹cient
in the core of the geomembrane, Dg, was the same as for
HDPE and the only unknown to be established from
these tests was the diŠusion coe‹cient in the ‰uorinated
layer, Dgs. Based on the values of Dg obtained from the
analysis of the HDPE geomembrane and Dgs obtained
from the 3-layer analysis of the f-HDPE geomembrane,
an ``equivalent'' single layer diŠusion coe‹cient, Dgf,
was calculated for the f-HDPE geomembrane based on
the harmonic mean of the two ‰uorinated surface layers
and the core of the f-HDPE geomembrane. The permea-
tion coe‹cient for the f-HDPE geomembrane was calcu-
lated as Pgf＝Sgf×Dgf. The permeation coe‹cient for the
thin ‰uorinated layer was calculated as Pgs＝Sgf×Dgs.
Tables 5 and 6 summarize these migration parameters
obtained from modeling for permeation experiments con-
ducted for both the HDPE and f-HDPE geomembranes
at 229C and 69C.

The permeation coe‹cients, Pg, for the HDPE and Pgf

for the f-HDPE (Tables 5 and 6) were from greatest to
least: m and p-XyleneÀEthylbenzeneÀo-XyleneÀTol-
ueneÀBenzene as indicated in Table 5. To illustrate the
improvement of the geomembrane due to the application
of the ‰uorinated layer, the permeation ratio (PR＝Pg/
Pgf) was calculated as the permeation coe‹cient for
HDPE, Pg, divided by that for f-HDPE, Pgf. For the ex-
periments at 229C, the permeation ratio was similar for
all compounds considered with an average of 2.4 indicat-
ing an approximately 60z decrease in permeation due to
the ‰uorinated layer. For experiments at 69C, the eŠect
of ‰uorination was similar for all compounds with an
average PR＝1.8 indicating an approximately 45z

decrease in permeation due to the ‰uorinated layer. The
important role played by the thin outer layer is highlight
by the permeation ratio of this outer layer which average
about 430 at 229C (i.e., the ‰uorinated layer provided 430
times the resistance to contaminant migration per unit
thickness than the HDPE geomembrane core) and about
250 at 69C (Tables 5 and 6).

ARRHENIUS MODELLING FOR 69C
EXPERIMENTS

Arrhenius modeling provides a potential means of
predicting the permeation coe‹cients at other tempera-
tures based on results at room temperature. To do so,
however, it is necessary to establish the value of u in Eq.
(10). Values of u were obtained based on the best-ˆt
parameters for each contaminant at the two temperatures
and they are given in Tables 7, 8 and 9 for Dg, Dgs and Sgf

respectively. The average value of u was then deduced for
each parameter and then used in Eq. (10) to calculate the
value for a given parameter for each contaminant at 69C
based on the values at 229C (Tables 7–9). These values
were typically within 6z of the measured values, except
for benzene which was a little higher (average 11z dis-
crepancy). One can estimate the value of Pg and Pgf at a
given temperature by ˆrst estimating Dg, Dgs and Sgf from
Eq. (10) using the appropriate value of u (1.083, 1.047
and 1.026 respectively) as illustrated in Tables 7–9 for
69C and calculating Pg＝Sgf×Dg and Pgf＝Sgf×Dgf from
these values. A comparison on the observed and calculat-
ed values of Pg and Pgf at 69C is given in Table 10 and it
can be seen that the approach yields reasonable results.
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Table 7. EŠect of temperature on diŠusion coe‹cient for an HDPE
geomembrane

Observed
Dg×1013

(m2/s)
at 229C

Observed
Dg×1013

(m2/s)
at 69C

u

Dg×1013

(m2/s)
at 69C based

on u*average

Benzene 2.7 0.90 1.071 0.76
Toluene 2.3 0.65 1.082 0.64

ETB 1.9 0.50 1.087 0.53
m and p-Xylene 1.9 0.50 1.087 0.53

o-Xylene 1.7 0.45 1.087 0.48

* uaverage＝1.083

Table 8. EŠect of temperature on diŠusion coe‹cient for an f-HDPE
geomembrane

Observed
Dgs×1016

(m2/s)
at 229C

Observed
Dgs×1016

(m2/s)
at 69C

u

Dgs×1016

(m2/s)
at 69C based

on u*average

Benzene 7.0 3.2 1.050 3.4
Toluene 6.0 2.7 1.051 2.9

ETB 4.0 2.0 1.044 1.9
m and p-Xylene 4.0 2.0 1.044 1.9

o-Xylene 4.0 2.0 1.044 1.9

* uaverage＝1.047

Table 9. EŠect of temperature on geomembrane partitioning coe‹-
cient Sgf (—)

Observed
Sgf

at 29C

Observed
Sgf

at 69C
u

Sgf at 69C
based on

u*average

Benzene 35 21 1.032 23
Toluene 135 87 1.028 90

ETB 310 214 1.023 207
m and p-Xylene 350 247 1.022 234

o-Xylene 260 184 1.022 174

* uaverage＝1.026

Table 10. Observed and calculated permeation coe‹cients Pg and Pgf

for HDPE and f-HDPE geomembranes based on Arrhenius predic-
tions for Dg and Dgs Sgf, given in Tables 7–9

Observed
Pg×1013

(m2/s)
at 69C

Calculated
Pg×1013

(m2/s)
at 69C

Observed
Pgf×1013

(m2/s)
at 69C

Calculated
Pgf×1013

(m2/s)
at 69C

Benzene 19 18 10 10
Toluene 57 58 31 33

ETB 107 110 58 57
m and p-Xylene 124 124 67 65

o-Xylene 83 83 47 45
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DISCUSSION

HDPE Permeation Parameters and Crystallinity
Sangam and Rowe (2005) performed permeation tests

on 1.5 mm HDPE and f-HDPE geomembranes with a
crystallinity of 61z and obtained partitioning and diŠu-
sion coe‹cients. Islam and Rowe (2009) conducted per-

meation tests using unaged and aged HDPE geomem-
branes. It is useful to compare the parameters obtained in
this study for HDPE geomembrane A with 50z crystal-
linity with those obtained by Sangam and Rowe (2005)
for HDPE geomembrane B with 61z crystallinity and Is-
lam and Rowe (2009) for HDPE geomembrane C with 38,
46, 54z crystallinity and geomembrane D with 48, 55
and 61z crystallinity. The diŠusion results in each case
were performed using similar methodology. Geomem-
branes A and B came from one manufacturer while geo-
membranes C and D came from another manufacturer.
Since the geomembranes were all obtained at diŠerent
times even those from the same manufacturer do not
necessarily have the same resin.

For a given geomembrane, physical aging leads to an
increase in crystallinity and this is accompanied by a
decrease in the values of the diŠusion and sorption
parameters (Islam and Rowe 2009 and Table 11; geo-
membranes C and D). This may be explained by the fact
that, other things being equal, greater crystallinity values
indicate a smaller amorphous zone and greater number of
impermeable crystals in the geomembrane. Since diŠu-
sion is through the amorphous zone, as the crystallinity
increases the diŠusion and partitioning coe‹cients will
decrease (D'Aniello et al., 2000). However crystallinity
alone does not fully deˆne the diŠusion characteristics.
For example, the diŠusion parameters (Dg and Sgf) for
geomembrane B with a virgin crystallinity of 61z are
substantially higher than for geomembrane D when it had
been aged to 61z crystallinity. While some of the diŠer-
ence may be attributed to uncertainty and limitations of
the method for establishing diŠusion parameters, there is
a clear diŠerence for all the contaminants examined. Also
geomembrane A with a crystallinity of 50z had diŠusion
coe‹cients very similar (except for benzene) to those for
virgin geomembrane C at 38z crystallinity. Thus it
would appear that the diŠusion parameters may be relat-
ed to both diŠerences in the arrangements of the crystals
and cross-linking as well as the number (proportion) of
crystals as deˆned by the crystallinity. Table 11 clearly il-
lustrates that even for a given geomembrane there are no
unique diŠusion parameters (they vary with time as the
geomembrane experiences physical aging) and that there
are diŠerence for diŠerent geomembranes even from the
same manufacturer. However these results also give an
indication of the range of values that might be encoun-
tered (Table 12).

EŠect of Fluorination
The results obtained from the current study of f-HDPE

geomembrane A can be compared with those for the
f-HDPE geomembrane B examined by Sangam and
Rowe (2005). There are two primary diŠerences between
the two geomembranes. First, the crystallinity and the
diŠusion parameters of the base geomembrane are diŠer-
ent (Table 13). Second, the geomembrane examined here-
in had a ‰uorine thickness of 1–4 mm with an average of
2.5 mm whereas the geomembrane examined by Sangam
and Rowe (2005) had a ‰uorinated layer thickness of 1–5
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Table 11. DiŠusion and sorption coe‹cients and crystallinity obtained from references

Geomembrane A(a) B(b) C(c) C(d) C(e) D(f) D(g) D(h)

Crystallinity 50z 61z 38z 46z 54z 48z 55z 61z

Parameters Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)
Dg×1013

(m2/s)
Sgf

(—)

Benzene 2.7 35 2.0 60 2.4 55 1.8 45 1.4 35 1.9 50 1.5 40 1.3 30
Toluene 2.3 135 2.2 140 2.2 125 1.8 100 1.4 80 1.9 100 1.5 80 1.1 60
Ethylbenzene 1.9 310 1.6 260 1.8 345 1.4 300 1.1 230 1.6 310 1.2 270 0.9 230
m and p-Xylene 1.9 350 1.5 300 1.7 440 1.3 350 1.0 260 1.5 340 1.1 290 0.8 250
o-Xylene 1.7 260 1.1 250 1.7 320 1.2 290 0.9 235 1.4 295 1.1 255 0.8 220

(a) This study, (b) Sangam and Rowe 2005 (c)–(h) Islam and Rowe 2009. (c) and (f) are for virgin samples of geomembranes C and D respectively,
(d),(e),(g),(h) are for samples aged for diŠerent periods of time at 859C: (d) geomembrane C after 13 months, (e) geomembrane C after 32 months,
(g) geomembrane D after 10 months and (h) geomembrane D after 25 months.

Table 12. Range of values for BTEX diŠusion parameters at room
temperature obtained for diŠerent HDPE geomembranes using the
same methods

Sgf

(—)
Dg×1013

(m2/s)
Pg×1013

(m2/s)

Benzene 30–60 1.3–2.7 40–130
Toluene 60–135 1.1–2.3 70–310

ETB 230–345 0.9–1.9 210–620
m and p-Xylene 260–440 0.8–1.9 200–750

o-Xylene 220–320 0.8–1.7 180–550

Table 13. Values for BTEX diŠusion parameters at room temperature
obtained for f-HDPE geomembranes

Present study
Geomembrane A

Sangam and Rowe (2005)
Geomembrane B

Crystallinity 54z 61z

Sgf

(—)
Dgf×1013

(m2/s)
Pgf×1013

(m2/s)
Sgf

(—)
Dgf×1013

(m2/s)
Pgf×1013

(m2/s)

Benzene 35 1.2 41 60 0.76 45
Toluene 135 1.0 137 140 0.62 87

ETB 310 0.74 228 260 0.36 94
m and p-Xylene 350 0.74 258 300 0.33 99

o-Xylene 260 0.70 183 250 0.28 70

Fig. 14. Evaluation of ‰uorinated layer of f-HDPE geomembrane at
229C (ETB)
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mm but with an average of 4 mm.
When examining the permeation coe‹cient for the

‰uorinated geomembrane, it was found that the permea-
tion coe‹cients established by Sangam and Rowe (2005)
were substantially lower than those established herein for
all contaminants except benzene as indicated by the range
of Pgf values given in Table 13. This may be partly due to
the diŠerence in base geomembrane—but only partly.
The permeation ratio PR indicates the improvement in
performance of the given geomembrane due to ‰uorina-
tion. A comparison of the average permeation ratio's
(PR＝2.4 for geomembrane A and PR＝3.8 for geomem-
brane B) shows a 60z improvement in performance of
geomembrane B compared to geomembrane A due to
‰uorination. This is considered to be at least partially due
to the thicker average ‰uorinated layer (4.0 mm) for geo-
membrane B than for geomembrane A (2.5 mm). To illus-
trate the eŠect of the thickness of ‰uorine layer, analyses

were performed for f-HDPE geomembrane and ethylben-
zene for the average thickness (2.5 mm) and the upper (4
mm) and lower (1 mm) bound thicknesses. The ‰uorinated
layer thickness has a signiˆcant eŠect on the mass trans-
port both into and through the geomembrane ( see Fig.
14). Based on the parameters given in Table 5, the perme-
ation coe‹cient can be calculated assuming that the
‰uorinated layer had the same average thickness as for
geomembrane B (4 mm) and the corresponding permea-
tion ratio would increase by almost 40z to 3.3. The
remaining diŠerence in the permeation through the two
f-HDPE geomembranes may be attributed the lower
diŠusion coe‹cient in the ‰uorinate layer for geomem-
brane B relative to geomembrane A.

These results highlight the importance of both the con-
sistency of the ‰uorination process that would be re-
quired to consistently reduce the permeation of BTEX as
well as the need to minimize scratching of the geomem-
brane in the ˆeld to minimize damage to the thin ‰uori-
nated layer in ˆeld applications.

Prediction of Permeation Parameters due to a Change in
Temperature

Previous studies have indicated that an Arrhenius
relationship may be used to predict diŠusion coe‹cients
of geomembranes at a second temperature (Crank and
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Park, 1968; Schnoor, 1996; Aminabhavi and Naik,
1998). Rowe et al. (2005) discussed the eŠect of tempera-
ture on diŠusion and sorption of BTEX to geosynthetic
clay liners and concluded that the change in diŠusion
coe‹cient due to a change in temperature dominates over
the eŠect of the change in partitioning coe‹cient. A simi-
lar conclusion can be reached for the geomembrane stud-
ied herein with the value of the Arrhenius parameter u
(Eq. (10)) being 1.083 for Dg, 1.047 for Dgs and only 1.026
for Sgf. These values of u can be used in Eq. (10) to esti-
mate these parameters at temperatures between 229C and
69C.

CONCLUSIONS

The eŠectiveness of the ‰uorination layer and the eŠect
of temperature were examined for both 1.5 mm HDPE
and f-HDPE geomembranes at temperatures of 229C and
69C. The partitioning coe‹cient obtained from sor-
ption/immersion test was shown to be eŠectively the
same as that from desorption test. The thickness of the
‰uorinated layer on the f-HDPE geomembranes ranged
between 1–4 mm with an average value of 2.5 mm. The
diŠusion, permeation coe‹cients and permeation reduc-
tion were evaluated for both HDPE and f-HDPE geo-
membranes.

The permeation coe‹cients of f-HDPE geomembrane
at room temperature were signiˆcantly less than those for
the conventional HDPE (by a factor of about 2.4). The
permeation ratio indicates the improvement in perfor-
mance of a geomembrane due to ‰uorination. The eŠect
of ‰uorination was greater at room temperature (PR＝
2.4) than at 69C (PR＝1.8). The Arrhenius parameter u
of 1.083 for the diŠusion coe‹cient for the base geomem-
brane, 1.047 for the diŠusion coe‹cient for ‰uorinated
layer and 1.026 for the partitioning coe‹cient can be used
to estimate these parameters at temperatures between
229C and 69C.

A comparison of the average permeation ratio's (at
room temperature) of PR＝2.4 for the geomembrane
studied herein with PR＝3.8 for the geomembrane exam-
ined by Sangam and Rowe (2005) shows 60z better per-
formance due to ‰uorination for the f-HDPE examined
by Sangam and Rowe (2005). Calculations indicate that
two thirds of this diŠerence can be attributed to the thick-
er average ‰uorinated layer (4.0 mm) for Sangam and
Rowe's geomembrane compared with the present geo-
membrane (2.5 mm). The remaining diŠerence in the per-
meation ratio for the two f-HDPE geomembranes may be
attributed the lower diŠusion coe‹cient in the ‰uorinate
layer obtained for Sangam and Rowe's geomembrane.

Thus while ‰uorination can signiˆcantly increase the
diŠusive ‰ux of BTEX through a geomembrane, it the
thickness of the ‰uorinated layer and the consistency of
the ‰uorination process greatly in‰uence the eŠectiveness
of f-HDPE in reducing the permeation of BTEX. It also
follows that in the use of these material considerable care
will be needed to minimize scratching of the thin ‰uori-
nated layer in ˆeld applications if optimal performance is

to be realized.
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