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Effect of Surface Fluorination on Diffusion through a High
Density Polyethylene Geomembrane

Henri P. Sangam1 and R. Kerry Rowe, F.ASCE2

Abstract: The relative improvement of the diffusive barrier function of high density polyethylene~HDPE! geomembranes to volat
organic compounds~VOCs! when subjected to surface fluorination is experimentally examined. The surface fluorination cons
applying elemental fluorine, which exchanged with hydrogen along polymer chains at the surface of a polyolefin substrate. So
diffusion tests were performed on both traditional “untreated” and “fluorinated” 1.5 mm HDPE geomembranes using dilute
organic contaminants commonly found in municipal solid waste leachate. The partitioning coefficient is shown to remain ess
same after the surface fluorination; however, the surface fluorination resulted in a reduction in both the diffusion and the p
coefficients by factors ranging between 1.5 and 4.5, depending on the hydrocarbon examined. Modeling of VOC diffusion
geomembrane/compacted clay composite liner indicated that contaminant impacts were about 1.7–2.9 times lower when a
geomembrane is used. To achieve the same level of protection as provided by the fluorinated geomembrane underlain by
compacted clay, one would need an additional 0.4–0.9 m of compacted clay in conjunction with a conventional~untreated! geomembrane
The importance of the thickness of the treated layer is highlighted.

DOI: 10.1061/~ASCE!1090-0241~2005!131:6~694!

CE Database subject headings: Geomembranes; Diffusion; Sorption; Volatile organic chemicals; Fluoridation.
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Introduction

It is well established that intact high density polyethylene~HDPE!
geomembranes used as part of a composite liner~geomembrane
compacted clay! system for municipal solid waste~MSW! land-
fills provide a barrier to advective migration for all contamina
and diffusive migration for inorganic contaminants. Howe
HDPE geomembranes have limited effectiveness with rega
controlling the diffusion of volatile organic compounds~VOCs!.
Several investigations~Park and Nibras 1993; Prasad et al. 19
Rowe et al. 1995, 1996; Sangam and Rowe 2001! have shown
that many organic contaminants can readily migrate throug
geomembrane liner and hence could potentially pollute gro
water if there is not an adequately compacted clay liner and/
attenuation layer below the geomembrane. Thus, there is a p
tial role for improved geomembranes that can be more effe
as barrier to VOCs.

The migration of an organic contaminant through a geom
brane is a three-steps process~Park and Nibras 1993!: ~1! parti-
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tion of the contaminant between inner surface of the geom
brane and the medium containing the contaminant~adsorption!;
~2! diffusion of the penetrant through the geomembrane; an~3!
partition between the outer surface of the geomembrane an
outer medium ~desorption!. Several researchers~e.g., Roger
1985; Naylor 1989; Park and Nibras 1993; Sangam and R
2001, etc.! have provided detailed descriptions of the migra
processes as well as a discussion of the factors that affe
overall process. These factors include the geomembrane p
ties ~e.g., density, crystallinity, crosslinking, chain branch
etc.!, chemical properties~e.g., polarity, size, etc.!, and tempera
ture. In general, the well-known principle of solubility “like d
solves like” holds, and it has been shown that in most poly
penetrant systems, both diffusion and permeation coeffic
exhibit a general increase with similarity between the compon
~August and Tatzky 1984; Rowe et al. 1995, 1996; Sangam
Rowe 2001!.

One means of improving the effectiveness of a geomemb
with regard to the permeation of organic contaminants is to
the material in order to reduce its affinity to these chemical
fluorinating the surface of the geomembrane. The technique
sists of applying elemental fluorine, which exchanges with hy
gen along polymer chains at the surface of a polyolefin sub
~Smart 1994!. Although the method has been widely used in
packaging industry, its applicability to landfill geomembrane
ers has not previously been examined.

The objective of the paper is to examine the potential impr
ment in the diffusive properties of HDPE geomembranes w
their surfaces are fluorinated. The paper presents the sor
diffusion, and permeation coefficients for organic contamin
for both “untreated” and “treated” geomembranes. The pape
outlines the level of barrier improvement achieved by the su
treatment and addresses the potential implications for the d

of landfill barriers.
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Overview of Surface Fluorination

Surface fluorination is a technique that applies a controlled
dation using elemental fluorinesF2d to exchange with hydroge
sH2d on the polymer chains at the surface of the geomembra
illustrated in Fig. 1. The fluorination proceeds via a free rad
mechanism wherein fluorine atoms exchange for hydrogen a
This exchange is due to the weakness of the F–F bond
strength of the C–F bond, the stability of the HF group tha
formed as a consequence of the reaction, and the extreme
activation energy for hydrogen abstraction and substitu
~Anand et al. 1994!. Thus, the fluorine becomes covalently~per-
manently! bonded in place of hydrogen at the surface, creati
barrier layer to certain hydrocarbons.

Surface fluorination of HDPE substrates are commerc
available and are being routinely used in the polyolefin conta
industry to improve the shelf life storage of hydrocarbon flu
The permeation resistance of HDPE to hydrocarbons is incre
by a factor that may reach 2 orders of magnitude for thin HD
substrates~Barsamyan and Sokolov 1999!. However, the physica
performance properties~e.g., tensile properties! of the container
remain practically unchanged, since for surface fluorina
fluorine/hydrogen exchange occurs only in a thin layer along
exposed surfaces.

The increase in the permeation resistance to hydroca
arises from at least three synergistic effects~Anand et al. 1994!.
First, the application of elemental fluorine raises the surface
ergy as the surface water wettability increases. As a consequ
the effective solubility parameter of the modified polymer
creases~compared to the solubility parameters of organic
vents! and hence reduces the solubility~or partitioning! of the
nonpolar organic liquids in the material. Second, the surface
rination reduces the free volume of the polymer through w
the chemical can permeate, leading to a reduction in the solu
or partitioning. The last cause is the crosslinking that accom
nies the fluorination. The direct effect of crosslinking is the
duction of the segmental mobility of the polymer chains

Fig. 1. Surface fluorination:~a! molecule exchange equat
hence the reduction of the diffusivity of larger penetrant mol-

JOURNAL OF GEOTECHNICAL AND
,

ecules. The level of reduction in the permeation of hydrocar
depends essentially on the thickness of the fluorinated su
layer, which in turn depends on the number of treatments
other factors previously cited. For example, Carstsens e
~1999! showed that a quadruple fluorination treatment of
HDPE pipe resulted in a 80-fold improvement compared
twofold improvement provided by a single treatment.

There are two fundamental methods of surface fluorina
~Anand et al. 1994!: posttreatment~postforming! and in situ treat
ment. The main difference between the methods resides no
in the terms of their principles of operation but also in regar
economic flexibility, applicability, and the ultimate properties
the product. In post-treatment, the polymer is exposed to flu
after it has been formed resulting in an improvement in op
tional flexibility and better economics for smaller productions
contrast, in situ treatment uses existing polymer-processing e
ment to apply the desired fluorine to the polymer. Independe
the method used, the effectiveness of the treatment depen
several factors including the fluorine partial pressure and dilu
reaction time, temperature, and the presence of corea
~Anand et al. 1994!.

Experimental Investigation

High Density Polyethylene Geomembranes

The investigation was conducted on both untreated and fl
nated geomembranes provided by Fluoro-Seal Inc.~Texas! with

Table 1. Selected Properties of Untreated and Fluorinated High De
Polyethylene Geomembranes

Properties ASTM Untreated Fluorinate

Thickness~mm! D 5199 1.5 1.5

Density sg/cm3d D 792 0.950 0.953

Crystallinity ~%! E 794 61.3±1.3 61.0±4.2

Oxidative induction time~min! D 3895 120±1.5 196±2.6

nd~b! idealized three-layered fluorinated geomembrane system
ion; a
GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005 / 695
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Table 2. Selected Propertiesa of Organic Contaminants Examined

Chemicals

Molecular
weight

~g/mole!

Density
r

sg/cm3d

Molar
volumeb

scm3d

Aqueous
solubilityc

~mg/L! log Kow
d

Boiling
temperature

~°C!

Dipole
momen
~Debye!

Dichloromethane 84.93 1.3266 64.02 20,000 1.25 40.2 1

1,2-Dichloroethane 98.96 1.2530 78.98 8,690 1.45 83.5 1

Trichloroethylene 131.39 1.4642 89.74 1,100 2.53 87.2 0

Benzene 78.11 0.8765 89.11 1,780 2.13 80.1 0.

Toluene 92.14 0.8669 106.28 515 2.79 110.6 0.

Ethylbenzene 106.17 0.8670 122.46 152 3.13 136.2 0

m-Xylene 106.17 0.8642 122.85 161.9 3.20 138.0 0.3

o-Xylene 106.17 0.8802 120.62 152 3.13 144.0 0.6

p-Xylene 106.17 0.8669 122.47 156 3.18 138.3 0.0
aFrom Montgomery and Welkom~1990!.
bCalculated based on chemical density and molar weight.
cAt 20°C.
dlog K : octanol–water partitioning coefficient.
ow

12

96

57

27

243

90

34
Table 3. Inferred Partitioning CoefficientssSgfd from Sorption Test for Both Untreated and Fluorinated Geomembranes

Chemical

Untreated geomembrane Fluorinated geomembrane

Sgf
acf0

SU1
Mg=7.722 g

SU2
Mg=7.757 g Average cf0

b
SF1

Mg=7.769 g
SF2

Mg=7.794 g Average

Dichloromethane 4.6 12 14 13 4.7 13c 12c 13 13

1,2-Dichloroethane 4.7 14 10 12 4.8 10 13 12

Trichloroethylene 2.7 97 92 95 2.5 102 92 97

Benzene 3.6 56 58 57 3.7 51 63 57

Toluene 2.6 116 128 122 2.6 134 130 132 1

Ethylbenzene 1.5 260 224 242 1.4 247 240 244

m&p-Xylenes 1.4 274 290 282 1.3 321 274 298 2

o-Xylene 1.7 254 234 244 1.5 245 203 224 2
aAverage ofSgf values for both treated and untreated geomembranes.
bInitial solution concentrations~mg/L!.
c
Equilibrium not reached.

.5

.9

.1

.7

.5

.4
Table 4. Diffusion sDgd, PartitioningsSgfd, and PermeationsPgd Coefficients Inferred from Diffusion Tests

Contaminants

Untreated geomembrane Fluorinated geomembrane PR

c0
a

~mg/L!
Dg

s10−12 m2/sd Sgf

Pg

s10−12 m2/sd
c0

a

mg/L Sgf

Dgf

s10−13 m2/sd
Pgf

s10−12 m2/sd
Pgs

s10−14 m2/sd
Outer
layerb Averagec

Dichloromethane 5.1 0.25 14 3.5 5.2 20 1.2 2.4 4.0 87 1

1,2-Dichloroethane 4.9 0.18 18 3.2 5.1 18 0.99 1.7 1.9 166 1

Trichloroethylene 2.9 0.28 120 33.6 2.4 120 0.91 10.9 8.6 391 3

Benzene 3.6 0.2 60 12 3.9 60 0.76 4.5 3.8 314 2

Toluene 2.7 0.22 140 30.8 2.3 140 0.62 8.7 6.5 477 3

Ethylbenzene 1.6 0.16 260 41.6 1.3 260 0.36 9.4 6.5 643 4

m& p-Xylenes 1.5 0.15 300 45 1.3 300 0.33 9.9 6.8 666 4.5

o-Xylene 1.8 0.11 250 27.5 1.6 250 0.28 7 5.0 550 3.9
aInitial solution concentrations~mg/L!.
bPR=permeation reduction factor=Pg/Pgs.
c
PR=permeation reduction factor=Pg/Pgf.
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properties as given in Table 1. The untreated geomembran
1.5 mm thick HDPE smooth geomembrane having a densi
0.95 g/cm3, a crystallinity of about 61%, and a standard oxida
induction time ~OIT! of 120 min. The treated geomembrane
formed by fluorinating~post-treatment! the same geomembra
on both surfaces. To infer the thickness of fluorinated layer,
untreated and fluorinated were cross sectioned with a razor
given a thin, sputter-deposited gold coating~to alleviate chargin
problems during the ensuing examination!, and then examined b
scanning electron microscopy combined with energy dispe
x-ray spectroscopy. The thickness of the fluorinated layer
inferred to range from 1 to 5mm with an average value of abo
4 mm.

The difference between the two materials is apparent from
high Std-OIT of about 196 min measured on disk specimen
across the treated geomembrane as opposed to 120 min f
untreated geomembrane. This value is 63% higher than th
treated measured OIT and is probably caused by the prese
the two layers formed by the fluorination process that reduce
diffusion of oxygen through the material during testing.

Contaminants

The contaminants examined are VOCs including chlorinated
phatic @dichloromethane~DCM!, 1,2-dichloroethane~1,2-DCA!,
and trichloroethylene~TCE!# and aromatic hydrocarbons@ben-
zene, toluene, ethylbenzene, and xylenes~BTEX!#. These con
taminants are commonly found in MSW landfill leachate~Rowe
et al. 1995!. The tests were performed using dilute aqueous m
solutions of laboratory grade chemicalss99% +purityd and hav
ing the properties summarized in Table 2. The initial conce
tions of each contaminant in the solution ranged f
1.3 to 5.2 mg/L~Tables 3 and 4!.

Samples collected during the tests were analyzed using
chromatography/mass spectrometer~GC/MS! equipped with a
autosampler used in solid phase microextraction and head
modes. The equipment conditions and the complete anal
procedure used were the same as described in detail by Sa
and Rowe~2001!. The tests were conducted at a laboratory t
perature of 23±2°C.

Experimental Procedure

Sorption Test
Geomembrane coupons~both untreated or fluorinated! were im-
mersed in a cells70 mm diameter3100 mm highd filled with a
dilute solution of VOCs having initial concentrations in the ra
of 1.3–4.7 mg/L~Table 3!. These concentrations are similar
exceed slightly typical concentrations expected in leachate la
as reported by Rowe~1995!. The change in contaminant conc
trations in the solution was monitored with time until equilibri
~no significant concentration change for successive samples! was
reached. The partitioning coefficientsSgfd is then calculated usin
the procedure described by Sangam and Rowe~2001! using the
following expression:

Sgf =
fcf0Vf0 − cfFVfF − o Vicigrg

MgcfF
s1d

with cf0= initial solution concentrationfML−3g, cfF=final equilib-
rium solution concentrationfML−3g, Vf0= initial solution volume
fL3g; VfF=final solution volume fL3g; Mg=initial mass o

−3
geomembrane@M#; rg=geomembrane densityfML g; and

JOURNAL OF GEOTECHNICAL AND
,

f

SVici =mass removed by sampling events@M# ~Vi andci are vol-
ume and concentration at each event!.

Diffusion Test
Diffusion tests were conducted in a double compartment
similar to that used by Haxo and Lahey~1989! and Sangam an
Rowe ~2001! and consisting of a closed system with source
receptor reservoirs separated by the geomembrane examine
receptors70 mm diameter330 mm highd was initially filled with
contaminant-free water~de-ionized water! while the source rese
voir s70 mm diameter3100 mm highd was filled with the mixed
dilute aqueous solution of chemicals~see Sangam and Rowe 20
for details regarding filling procedure!. The initial contaminant
concentration in source solution varied from 1.3 to 5.2 m
~Table 4!. During the test, the chemical concentrations in b
source and receptor solution were monitored with time as
taminants diffused through the geomembranes.

The governing differential equation for the diffusive migrat
of contaminants through the geomembrane as observed in
tests can be written

]cg

]t
= Dg

]2cg

]z2 s2d

where Dg=diffusion coefficient of the geomembranefL2 T−1g;
cg=concentration of diffusing substance in the geomemb
fML−3g; andz=position through the specimen@L#. Since the con
centrations scfd in the reservoir are monitored, the fl
j fML−2 T−1g, associated with the process, can be written
~Rowe 1998; Sangam and Rowe 2001!

j = − SgfDg

dcf

dz
= − Pg

dcf

dz
s3d

where Pg=SgfDg, referred to as the permeation coefficie
=contaminant mass transfer coefficientfL2 T−1g; and Sgf=cg/cf

f−g=partitioning coefficient of the contaminant between
geomembrane and the adjacent fluid and depends on che
geomembrane system.

Dg and sSgfd were deduced following the procedure descr
by Sangam and Rowe~2001! using the finite layer analysis pr
gramPOLLUTE© v6.3.6~Rowe et al. 1999! that specifically al
lows modeling of the phase change and the boundary cond
associated with these tests.

Modeling Approach
First, the contaminant transport properties were establishe
the untreated geomembrane following the procedure out
above and described in detail by Sangam and Rowe~2001!. Then,
the fluorinated geomembrane was modeled as a three-layere
terial consisting of two identical outer layers representing the
fluorinated surface layers~each 4mm thick on average! and a
middle layer~not affected by the surface treatment! that was the
same as the untreated geomembrane. The contaminant flu
and out of the sample is controlled by the ratioPgs/ tgs, wherePgs

is the permeation coefficient through the outer fluorinated la
and tgs is the thickness of the surface layer. The different pe
ation coefficients can be interrelated using the series resis
model ~Mohr et al. 1991!

tg
Pgf

=
2stgsd
Pgs

+
tgm

Pgm
s4d

wheretg, tgs, andtgm=thicknesses of the geomembrane, thin

face layer assumed to be affected by fluorination, and middle

GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005 / 697
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unaffected layer, respectively; andPgf andPgm represent the pe
meation coefficient for the entire fluorinated geomembrane
middle untreated layer, respectively.

Since surface fluorination is a treatment that creates a
barrier layer on the surface of the geomembrane, it was hy
esized thatDgs ~diffusion coefficient through the surface laye!
will be affected much more thanSgf as shown by the sorption te
results discussed later. Thus, for the modeling,Sgf was no
changed through the entire thickness of the geomembrane
Dgf through fluorinated geomembrane was varied until a goo
was obtained to the measured data. Finally,Pgs is computed usin
Eq. ~4!. However,Dgs cannot be calculated since the exact p
tioning coefficients for these layers are not known.

Results and Discussion

Sorption Test

The typical changes in contaminant concentrations moni
during the sorption tests are shown in Fig. 2 for both untreate~a!
and fluorinated~b! geomembranes~control tests were also co

Fig. 2. Variation in contaminant concentration
ducted without a geomembrane but are not shown!. These varia-

698 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
tions are plotted as normalized concentrations relative to th
tial concentrations with each data point representing the av
of triplicate concentration measurements and the bars repr
ing the standard deviation. These decreases in the contam
concentration with time are typical of this type of sorption p
cess as previously observed by Sangam and Rowe~2001! and are
mainly the consequence of chemicals removal from the solu

For the untreated geomembrane, all chemicals reached
librium approximately within the first 10 days of testing, exc
for DCM and 1,2-DCA@Fig. 2~a!#. Dichloromethane and 1,
DCA took almost 40 days before reaching equilibrium. Am
the chlorinated contaminants, TCE concentration decrease
most with the equilibrium concentration of 60% of the init
followed by 1,2-DCA and DCM~although DCM and 1,2-DC
were very close!. Among the aromatic contaminants, ethylb
zene and xylenes showed the greatest decrease of about 8
the initial concentration followed by toluene with a decreas
65% and benzene with a concentration reduction of 40%.

For the fluorinated geomembrane@Fig. 2~b!#, the decrease
contaminant concentrations at equilibrium is similar to that o
untreated geomembrane. However, the equilibrium is not rea

sorption test SU1~untreated! and SF1~fluorinated!
during
as fast as for the untreated geomembrane. For aromatic hydrocar-

ERING © ASCE / JUNE 2005
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bons and TCE, the equilibrium is approached after 40 d
whereas for DCM the equilibrium was not reached after alm
80 days of testing.

The partitioning coefficient calculated using Eq.~1! is summa
rized in Table 3 and it can be seen thatSgf values for the untreate
and fluorinated samples are similar. Among the chlorinated
drocarbons, TCE has the highestSgf=96 followed by the 1,2
DCA and DCM with Sgf=12 and 13, respectively for the u
treated geomembrane. As previously mentioned, DCM did
reach equilibrium and hence the realSgf value may be slightl
higher than the reported value. For the aromatics, the hi
Sgf=290 was obtained form&p-xylenes, followed by ethylben
zene sSgf=243d, o-xylene sSgf=234d, and toluenesSgf=127d.
Benzene has the lowestSgf=57.

The sorption test results presented above revealed two
findings. First,Sgf were not significantly affected by the surfa
treatment. This is because only thin surface layers of about 4mm
are fluorinated and, thus, more than 99.5% of the materia
mained untreated. As a consequence, the fluorinated geo
brane will sorb essentially the same mass of contaminant a
untreated geomembrane. Second, the sorption curves for th
orinated geomembrane indicated that the equilibrium time c
be four times longer than for the untreated geomembrane.
suggests that the contaminants examined diffuse into the s
at slower rates for the fluorinated geomembrane than for th

Fig. 3. Variation in chlorinated hydrocarbon concentrations with
geomembranes
treated geomembrane. This observation is attributable to the sur-

JOURNAL OF GEOTECHNICAL AND
-

face modifications associated with the fluorination treatmen
fact, as previously mentioned in “Overview of Surface Fluor
tion,” the direct effects of fluorination~increase of surface pola
ity and additional crosslinking! reduce the segmental mobility
the polymer chains required to achieve the diffusive jumps
hence the diffusive migration of chemicals into the geomemb

Diffusion Test

Duplicate diffusion tests were conducted. Figs. 3 and 4 s
typical variations in the source and receptor concentration
both the untreated~circle! and the fluorinated~square! geomem
brane as measured during the diffusion test for chlorinated h
carbons and BTEX, respectively. The results are plotted as
malized concentrations relative to the initial concentra
measured at the beginning of the test with each point represe
the average of at least triplicate concentration quantified
GC/MS analyses and the bars shown on the points repres
the standard deviation.

It can be seen that, for both cases, the concentration i
source decreased faster for the untreated geomembrane th
the fluorinated geomembrane. Meanwhile, the increase in th
ceptor as the contaminants migrate is lower for the fluorin
geomembrane compared to the original untreated geomem
with the notable exception of DCM. In general, the change in

in source and receptor during diffusion tests for untreated and fl
time
source concentration is predominantly controlled bySgf while the

GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005 / 699
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n tests for
receptor variation is controlled byPg of the contaminant. From
the data in Figs. 3 and 4, one may anticipate that either the
titioning or diffusion coefficients~or both! decreased due to t
fluorination treatment, and hence the permeation coefficient
decreased. Since the fluorinated layers are very thin, it doe
matter whether the change inPg was due to a change inDg or Sgf

Fig. 4. Variation in benzene, toluene, ethylbenzene, and xylen
untreated and fluorinated geomembranes
as the net effect is the same. If there is a change inSgf in the

700 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
fluorinated layer, it has very little effect on the bulk sorption s
the layers are so thin as confirmed by the sorption tests prev
discussed.

As evident from Fig. 3, DCM exhibits a completely differ
pattern compared to other chemicals when the geomembra
fluorinated. The DCM concentration in the source solution

ncentrations with time in source and receptor during diffusio
es co
creases more rapidly for the fluorinated geomembrane than for the
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untreated material, whereas its concentration in the receptor
not increase as quickly for the fluorinated geomembrane
pared to the untreated geomembrane. This pattern indicate
the large amount of chemical that is removed from the so
solution is not completely transferred to the receptor, sugges
greater sorption. Based on this, it should be expected tha
partitioning coefficient is higher while the diffusion coefficien
reduced. This observation confirms the suspicion from sor
tests suggesting that the partitioning coefficient may be h
than obtained in the sorption tests because equilibrium wa
reached when the test was terminated.

The best-fit theoretical curves~lines! generated by solving th
diffusion equation subjected to the appropriate boundary c
tions are also shown in Figs. 3 and 4. The inferred partitio
and diffusion coefficients together with the calculated perme
coefficient are presented in Table 4.Sgf values obtained from th
diffusion tests agree well with those calculated for sorption t
For example, for the untreated geomembrane, the tolueneSgf cal-
culated from the sorption test is 122 compared to 140 from
diffusion test.

The inferred diffusion coefficients for the untreated geom
brane varied from 0.18310−12 to 0.28310−12 m2/s for chlori-
nated compounds with trichloroethylene diffusing the fastest
aromatic chemicals,Dg values are lower and ranged betw
0.11310−12 and 0.22310−12 m2/s. Toluene has the highestDg

=0.22310−12 m2/s and o-xylene the lowest withDg=0.11
310−12 m2/s.

In general, the diffusion and partition coefficients obtained
the untreated geomembrane are similar to values reported
literature. For instance,Dg and Sgf measured for toluene for th
untreated geomembrane are 0.22310−12 m2/s and 140, respe
tively, compared to 0.20310−12 m2/s and 160 reported by Müll
et al. ~1998!, for a 1 mm thick HDPE geomembrane havin
crystallinity of 59%. This suggests that the procedure adopt
this investigation is relatively reliable and accurate.

When the geomembrane is subjected to a surface fluorin
Sgf values were essentially the same as for the untreated
membrane except for DCM, which had a higherSgf of 20
for treated compared with 14 untreated. This may be attrib
to the fact that the surface layer polarity increased due to fl
nation. Among all chemicals tested, dichloromethane is the
polar s1.60 Debyed and hence it is likely to be most attrac
to the surface layer. As a consequence, the partitioning bet
the solution and the surface layers increased. As presen
Table 4, the average diffusion coefficientssDgfd for fluorinated
geomembrane vary from 0.91310−13 to 1.20310−13 m2/s for
chlorinated compounds while for aromatics, the values rang
tween 0.28310−13 and 0.76310−13 m2/s. These values are abo
1–2 orders of magnitude lower than those inferred for the
treated geomembrane.

Discussion

To assess the degree of barrier function improvement provid
fluorination, the permeation coefficient measured for the flu
nated geomembrane is compared to the original untre
geomembrane in terms of the permeation reduction~PR! factor.
Two reduction factors are calculated. The first reduction fa
compares the average permeation coefficientPgf of the fluori-
nated geomembrane to the untreated permeation coefficiensPgd.

The second factor is the ratio between the untreated permeation

JOURNAL OF GEOTECHNICAL AND
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coefficientsPgd and the permeation coefficientsPgsd of the fluori-
nated outer layer. A summary of PR values is presented in Ta
and represented in Fig. 5.

Fig. 5~a! shows the overall reduction in permeation coeffic
for the fluorinated geomembrane. Of the chlorinated hydro
bons, DCM has the lowest decrease with a factor of 1.4 follo
by 1,2-DCA with PR=1.9. Trichloroethylene has the highes
duction in the permeation coefficient when the geomembra
fluorinated with PR=3.1. This reduction appears to be inve
related to the hydrophobicity of the contaminant. High hydrop
bicity corresponds to high logsKowd and consequently low hydr
phobicity corresponds to low logsKowd. Trichloroethylene, with
higher hydrophobicityflogsKowd=2.53g, has the highest decrea
while DCM, with the lowest logsKowd=1.25 ~low hydrophobic
ity!, experienced the lowest decrease in permeation.

For the aromatic compounds, the data show that the pe
ation coefficient measured for the fluorinated geomemb
decreased by factors of between 2.7 and 4.5. The highe
creases were observed form&p-xylenes and ethylbenzene with
ratio of 4.5 and 4.4, respectively, while benzene has the lo
decrease of about 3.5. Toluene ando-xylene are reduced by fa
tors of about 3.5 and 3.9, respectively. As observed for ch
nated compounds, the reduction in the permeation coefficie
creases with the increase in the hydrophobicity expressed in

Fig. 5. Variation of permeation reduction factor due to fluorina
with n-octanol/water partitioning coefficients for:~a! entire
geomembrane; and~b! fluorinated outer layers
of logsKowd.
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A relationship was established between the reduction fa
deduced for the thin fluorinated layers and the hydrophobici
compound tested@Fig. 5~b!#. Again, there was an increase of p
meation reduction factor with logsKowd, indicating that highly hy
drophobic chemical will permeate at a lower rate in the flu
nated geomembrane compared to the untreated geomem
This can be explained in terms of the properties of outer flu
nated layers. As previously noted in “Overview of Surface F
rination,” the surface fluorination increases the surface energ
hence increases the water wettability~Anand et al. 1994!. In this
context, the affinity between water and the relatively more p
geomembrane surface is enhanced and, consequently, the a
between the geomembrane and organic chemical decrease
second factor is that the migration becomes highly chemica
dependant because of the additional crosslinking caused b
fluorination that restricts the segmental mobility of the poly
chains~Rogers 1985; Naylor 1989!. It can be seen that chemic
with high logsKowd are bigger molecules~see Table 2!, indicating
that they will be more affected by the fluorination.

The reduction in permeation of the hydrocarbon inferred
the fluorinated outer layers ranges between 87 and 666 a
consistent with the reduction of about 2 orders of magnitude
erally reported for completely fluorinated thin films~Anand et al
1994; Carstsens et al. 1999; Lagow and Wei 1999!. It follows
from this that the net effect of fluorination on the diffusive p
formance of a geomembrane will be highly dependant on the
of fluorinated layer thickness to geomembrane thicknessstgs/ tgd.
Carstsens et al.~1999! indicated that petrol permeation has b

2

Table 5. Maximum Contaminant Concentration in Aquifer Due to H

Contaminant
c0

smg/Ld

Half-life
~years!

Leachate CCL

Dichloromethane 3,300a 10a 50b

1,2-Dichloroethane 1,000 10 50

Trichloroethylene 1,000 10 50

Benzene 20a 25a 125b

Toluene 1,000a 15a 125b

Ethylbenzene 500 15 125

m&p-Xylenes 500 15 125

o-Xylenes 500 15 125

aFrom Ontario Regulation 232/98~1998!.
bFrom Rowe~1998!.
reduced from approximately 3.3 to 0.17 g/m/day ~19-fold! with
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a fluorinated layer thickness of one fifth~20%! of the HDPE pipe
thickness. In the present case, the total fluorinated layer thic
~sum of the two 4mm layers! is only about 8mm and hence on
about 0.5% of the treated geomembrane. The direct conseq
is that the middle untreated layer has a significant overall pe
ation and net effect of fluorination is less than for thin fluorina
films.

Implications for Landfill Design

To evaluate the consequences of the reduction factors men
above, modeling analyses were conducted assuming a hyp
cal 1,00031,000 m landfill having an average height of wast
20 m with a single composite liner system. The barrier sy
consists of a geomembrane~GM! ~untreated or fluorinated! over
0.6 m of a compacted clay liner~CCL! with a hydraulic conduc
tivity of 1 310−9 m/s. In this case, it is assumed that there i
natural attenuation layer below the barrier, the barrier sy
being directly underlain by a 3 m thick aquifer. Compacted
properties were taken directly from Rowe~1998!, while geomem
branes parameters were based on results obtained from
present study. The initial contaminant concentrations summa
in Table 5 are selected based on Ontario landfill regulatioO.
Reg. 232/98. The diffusion coefficients for the clay layer we
taken to about 2.5–6.3310−10 m2/s ~Ontario Regulation 232/9
1998!, while sorption was considered to be negligible. Since

tical Landfill

CCL
thickness

~m!

cmax in aquifer smg/Ld

Fluorinated Untreated Reduc

0.6 99.0 188 1.8

1.0 — 103

1.1 — 91

0.6 27.3 46.3 1.7

0.9 — 30.0

1.0 — 26.3

0.6 24.3 56.1 2.3

1.0 — 31.2

1.2 — 24.2

0.6 1.0 2.0 2.0

1.0 — 1.2

1.2 — 1.0

0.6 27.6 66.7 2.4

1.2 — 32.2

1.4 — 26.6

0.6 8.2 22.8 2.8

1.2 10.9

1.5 8.2

0.6 7.5 20.9 2.8

1.2 — 9.9

1.5 — 7.5

0.6 6.5 18.6 2.9

1.2 — 8.9

1.5 — 6.7
ypothe
permeation properties are of concern, it was assumed that the
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geomembrane is free of defects~holes! and therefore any co
taminants collected in the aquifer have migrated essential
diffusion.

Fig. 6 presents an example of the calculated variation in
taminant concentrations with time in the aquifer for different
rier systems in the case of dichloromethane. First, the mini
system of~GM+0.6 m CCL! is examined for both untreated a
fluorinated geomembranes and the results being summariz
Table 5. It can be seen that contaminants impact is higher fo
case where an untreated geomembrane is used. For examp
DCM maximum impact calculated is about 188mg/L for the un-
treated geomembrane while for a fluorinated geomembran
impact is about 99.0mg/L. Similarly, the calculatedm&p-xylene
maximum concentration is 20.9mg/L for an untreated geomem
brane compared to 7.5mg/L for a fluorinated geomembrane. F
the conditions examined, the fluorination of the HDPE geom
brane helps reduce contaminant impacts to levels between 1
2.9 times lower than the impact given by the untreated GM.

To examine the significance of the reduction, a series of a
ses was performed to estimate the compacted clay thicknes
would be required for use with the untreated geomembran
provide a composite liner that would give the same impact
fluorinated geomembrane over 0.6 m of compacted clay~Fig. 6!.
The results in Table 5 indicate that about 0.4–0.9 m addit
compacted clay is required to achieve the same level of prote
as provided by the fluorinated geomembrane for the contami
examined.

The fact that the fluorinated layer has a notable effect w
being so thins4 mmd has several important practical implicatio
First, the performance of the treated geomembrane could b
ther improved by adopting procedures that increased the thic
of the fluorinated layer. Second, care is needed if specifyin
permeation characteristics required or the thickness of the fl
nated layer~since a thickness less than that of the geomemb
tested herein could result in properties that do not meet the d
requirements!. Third, further research is required to assess
well the fluorinated layer stands up to field use~e.g., scratchin
during installation!. A field trial using a fluorinated geomembra

Fig. 6. Calculated variation in dichloromethane concentration
aquifer due to hypothetical landfill
has been reported by Li et al.~2002! and this geomembrane is

JOURNAL OF GEOTECHNICAL AND
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presently being examined in terms of its short-term and long-
performances.

Summary and Conclusion

An evaluation of the effectiveness of fluorination in improv
the diffusive barrier properties of a 1.5 mm HDPE has been
ducted. The investigation consisted of performing sorption
diffusion tests on both the original untreated geomembrane
fluorinated treated geomembrane and comparing the resp
diffusion, partitioning, and permeation coefficients for chlorina
and aromatic hydrocarbons commonly found in MSW lan
leachates.

Sorption tests indicated that the partition parametersSgfd is not
significantly affected and remains unchanged except for di
romethane for whichSgf appeared to have increased. In cont
diffusion test results showed that, for the chemical examined
diffusion coefficient decreased and, as a consequence, the p
ation coefficients decreased by a factor varying from 1.4 to
when the geomembrane is fluorinated compared to the untr
material. It was also found that the reduction factor is chem
dependant and was exponentially related to then-octanol/wate
coefficient of the contaminant examined indicating that hi
hydrophobic contaminants are greatly affected by fluorina
treatment.

The impact of the examined contaminants on an aquifer d
the presence of a hypothetical landfill with a composite liner
tem consisting of a 1.5 mm thick HDPE geomembrane~untreated
or treated! on 0.6 m of compacted clay liner was analyzed.
results showed that the use of the fluorinated geomembran
duced the maximum contaminant concentrations by a fact
about 1.7–2.9. Furthermore, the analyses indicated that, fo
conditions examined, additional 0.4–0.9 m~i.e., 1.0–1.5 m tota
thickness! CCL thickness, is required under the untrea
geomembrane to reduce contaminants to levels achieved b
use of fluorinated geomembrane in conjunction with 0.6 m
compacted clay.

The results of this study suggest that surface fluorination
ment may improve the effectiveness of HDPE geomembrane
barrier to organic contaminants, especially aromatic hydr
bons. It appears that the performance of the treated geomem
could be further improved by increasing the thickness of the
orinated layer. It also follows that different fluorinated geom
branes may have quite different properties depending on
thickness of the fluorinated layer and this~or a surrogate of this!
should be specified and monitored. Finally, research is requir
assess how well the fluorinated layer stands up to scratchin
ing installation and other environmental agents encountered
field.
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.

Notation

The following symbols are used in this paper:
cfF 5 final equilibrium solution concentration@ #;
cf0 5 initial solution concentrationfML−3g;
cg 5 concentration of diffusing substance in

geomembrane;
Dg 5 diffusion coefficient of geomembranefL2 T−1g;

Dgf 5 average diffusion coefficient through fluorinate
geomembranefL2 T−1g;

Dgs 5 diffusion coefficients through surface layers
fL2 T−1g;

j 5 flux fML−2 T−1g;
Mg 5 initial mass of geomembrane@M#;

Pg,Pgf,Pgs 5 permeation coefficients of untreated, fluorinate
geomembranes, and outer fluorinated layers
fL2 T−1g;

Sgf 5 partitioning coefficient of contaminant@2#;
tg,tgs,tgm 5 thickness of thin fluorinated surface and

unaffected middle layers@L#;
VfF 5 final solution volumefL3g;
Vf0 5 initial solution volumefL3g;

Vi,ci 5 volume fL3g and concentrationfML−3g at
sampling eventi;

z 5 position in geomembrane@L#; and
rg 5 geomembrane densityfML−3g.
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