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Abstract: The relative improvement of the diffusive barrier function of high density polyethy(elfi#PE) geomembranes to volatile
organic compound$VOCs) when subjected to surface fluorination is experimentally examined. The surface fluorination consisted of
applying elemental fluorine, which exchanged with hydrogen along polymer chains at the surface of a polyolefin substrate. Sorption anc
diffusion tests were performed on both traditional “untreated” and “fluorinated” 1.5 mm HDPE geomembranes using dilute aqueous
organic contaminants commonly found in municipal solid waste leachate. The partitioning coefficient is shown to remain essential the
same after the surface fluorination; however, the surface fluorination resulted in a reduction in both the diffusion and the permeatior
coefficients by factors ranging between 1.5 and 4.5, depending on the hydrocarbon examined. Modeling of VOC diffusion through a
geomembrane/compacted clay composite liner indicated that contaminant impacts were about 1.7-2.9 times lower when a fluorinate
geomembrane is used. To achieve the same level of protection as provided by the fluorinated geomembrane underlain by 0.60 m ¢
compacted clay, one would need an additional 0.4—0.9 m of compacted clay in conjunction with a convanitoeatedl geomembrane.

The importance of the thickness of the treated layer is highlighted.
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Introduction tion of the contaminant between inner surface of the geomem-
brane and the medium containing the contamin@efsorptiof;

It is well established that intact high density polyethyléH®PE) (2) diffusion of the penetrant through the geomembrane; @nd
geomembranes used as part of a composite ligeomembrane/ partition between the outer surface of the geomembrane and the
compacted claysystem for municipal solid wast@SW) land- outer medium (desorption. Several researcherg.g., Rogers

fills provide a barrier to advective migration for all contaminants 1985; Naylor 1989; Park and Nibras 1993; Sangam and Rowe
and diffusive migration for inorganic contaminants. However, 2001, eto. have provided detailed descriptions of the migration
HDPE geomembranes have limited effectiveness with regard toProcesses as well as a discussion of the factors that affect the
controlling the diffusion of volatile organic compoun@¢OCs). overall process. These factors include the geomembrane proper-
Several investigationgPark and Nibras 1993; Prasad et al. 1994; ti€s (€.g., density, crystallinity, crosslinking, chain branching,
Rowe et al. 1995, 1996; Sangam and Rowe 20@ive shown  ©tC), chemical propertiete.g., polarity, size, etf.and tempera-
that many organic contaminants can readily migrate through the tUre- In general, the well-known principle of solubility “like dis-
geomembrane liner and hence could potentially pollute ground- SCVes like” holds, and it has been shown that in most polymer-
water if there is not an adequately compacted clay liner and/or anPENetrant systems, both diffusion and permeation coefficients

attenuation layer below the geomembrane. Thus, there is a poten_exhibit a general increase with similarity between the components

tial role for improved geomembranes that can be more effective (August and Tatzky 1984; Rowe et al. 1995, 1996; Sangam and
as barrier to VOCs. Rowe 2001 . ) .
The migration of an organic contaminant through a geomem- One means of improving the effectiveness of a geomembrane

brane is a three-steps proceé®ark and Nibras 1993(1) parti- with regard to the permeation of organic contaminants is to treat
the material in order to reduce its affinity to these chemicals by

fluorinating the surface of the geomembrane. The technique con-
Environment, 2200 Lake Shore Blvd. West, Toronto, Ontario, Canada, sists of applying elemerlltal fluorine, which exchanges \.Nlth hydro-
M8V 1A4. E-mail: henri.sangam@snclavalin.com gen along polymer chains at the surface of a pplyolefln su.bstrate
%professor of Civil Engineering and Vice Principal of Research, (Smart 1994 Although the method has been widely used in the
GeoEngineering Centre at Queen's-RMC, Queen’s Univ., Kingston, packaging industry, its applicability to landfill gegomembrane lin-
Ontario, Canada, K7L 3N6 (corresponding authpr E-mail: ers has not previously been examined.
kerry@civil.queensu.ca The objective of the paper is to examine the potential improve-
Note. Discussion open until November 1, 2005. Separate discussionsment in the diffusive properties of HDPE geomembranes when
must be submitte_d for individual papers._To ex‘tend the closing date. bY their surfaces are fluorinated. The paper presents the sorption,
one month, a written request must be filed with the ASCE Managing i sion, and permeation coefficients for organic contaminants
Editor. The manuscript for this paper was submitted for review and pos- M N . "
sible publication on July 3, 2003; approved on September 10, 2004. Thisfor k_’Oth untreated” and . tre_ated geomembrgnes. The paper also
paper is part of thelournal of Geotechnical and Geoenvironmental outlines the level of barrier improvement achieved by the surface
Engineering Vol. 131, No. 6, June 1, 2005. ©ASCE, ISSN 1090-0241/ treatment and addresses the potential implications for the design
2005/6-694—704/$25.00. of landfill barriers.
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Fig. 1. Surface fluorination{a) molecule exchange equation; afi) idealized three-layered fluorinated geomembrane system

Overview of Surface Fluorination ecules. The level of reduction in the permeation of hydrocarbons
depends essentially on the thickness of the fluorinated surface
Surface fluorination is a technique that applies a controlled oxi- layer, which in turn depends on the number of treatments and
dation using elemental fluoring-,) to exchange with hydrogen other factors previously cited. For example, Carstsens et al.
(H,) on the polymer chains at the surface of the geomembrane ag1999 showed that a quadruple fluorination treatment of an
illustrated in Fig. 1. The fluorination proceeds via a free radical HDPE pipe resulted in a 80-fold improvement compared to a
mechanism wherein fluorine atoms exchange for hydrogen atomstwofold improvement provided by a single treatment.
This exchange is due to the weakness of the F—F bond, the There are two fundamental methods of surface fluorination
strength of the C—F bond, the stability of the HF group that is (Anand et al. 1994 posttreatmengpostforming and in situ treat-
formed as a consequence of the reaction, and the extremely lowment. The main difference between the methods resides not only
activation energy for hydrogen abstraction and substitution in the terms of their principles of operation but also in regard to

(Anand et al. 199% Thus, the fluorine becomes covalentper- economic flexibility, applicability, and the ultimate properties of
manently bonded in place of hydrogen at the surface, creating a the product. In post-treatment, the polymer is exposed to fluorine
barrier layer to certain hydrocarbons. after it has been formed resulting in an improvement in opera-

Surface fluorination of HDPE substrates are commercially tional flexibility and better economics for smaller productions. In
available and are being routinely used in the polyolefin container contrast, in situ treatment uses existing polymer-processing equip-
industry to improve the shelf life storage of hydrocarbon fluids. ment to apply the desired fluorine to the polymer. Independent of
The permeation resistance of HDPE to hydrocarbons is increasedhe method used, the effectiveness of the treatment depends on
by a factor that may reach 2 orders of magnitude for thin HDPE several factors including the fluorine partial pressure and dilution,
substrate¢Barsamyan and Sokolov 199%However, the physical ~ reaction time, temperature, and the presence of coreactants
performance propertie®.g., tensile propertie¢of the containers (Anand et al. 1994
remain practically unchanged, since for surface fluorination,
fluorine/hydrogen exchange occurs only in a thin layer along the
exposed surfaces.

The increase in the permeation resistance to hydrocarbons
arises from at least three synergistic effe@sand et al. 1994 High Density Polyethylene Geomembranes

First, the application of elementa_lll qupnne raises the surface €N The investigation was conducted on both untreated and fluori-
ergy as the surface water wettability increases. As a consequence

the effective solubility parameter of the modified polymer in- hated geomembranes provided by Fluoro-Seal (fiexa3 with

creases(compared to the solubility parameters of organic sol-

Experimental Investigation

venty and hence reduces the solubilitgr partitioning of the Table 1. Selected Properties of Untreated and Fluorinated High Density
nonpolar organic liquids in the material. Second, the surface fluo- Polyethylene Geomembranes
rination reduces the free volume of the polymer through which Properties ASTM Untreated  Fluorinated
nier) the fluo?i.nation The direct effect of crossligkin is the rg- Density (g/ o) D 792 0.950 0.953

: 9 Crystallinity (%) E 794 61.3+1.3 61.0+£4.2

duction of the segmental mobility of the polymer chains and

hence the reduction of the diffusivity of larger penetrant mol- OXldative induction timgmin) D 3895 120+15  196+2.6
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Table 2. Selected Propertid®f Organic Contaminants Examined

Molecular Density Molar Aqueous Boiling Dipole
weight p volumé solubility® temperature moment
Chemicals (g/mole (g/cn?) (cm®) (mg/L) log Koyl (°C) (Debye
Dichloromethane 84.93 1.3266 64.02 20,000 1.25 40.2 1.60
1,2-Dichloroethane 98.96 1.2530 78.98 8,690 1.45 83.5 1.44
Trichloroethylene 131.39 1.4642 89.74 1,100 2.53 87.2 0.77
Benzene 78.11 0.8765 89.11 1,780 2.13 80.1 0.00
Toluene 92.14 0.8669 106.28 515 2.79 110.6 0.30
Ethylbenzene 106.17 0.8670 122.46 152 3.13 136.2 0.36
m-Xylene 106.17 0.8642 122.85 161.9 3.20 138.0 0.30
o-Xylene 106.17 0.8802 120.62 152 3.13 144.0 0.63
p-Xylene 106.17 0.8669 122.47 156 3.18 138.3 0.00
*From Montgomery and Welkorti1990.
PCalculated based on chemical density and molar weight.
‘At 20°C.
Yog Ky, OCtanol-water partitioning coefficient.
Table 3. Inferred Partitioning Coefficient&S;) from Sorption Test for Both Untreated and Fluorinated Geomembranes
Untreated geomembrane Fluorinated geomembrane
Su1l Su2 SF1 SF2
Chemical Cro My=7.722 g My=7.757 g Average cfob My=7.769 g My=7.794 ¢ Average nga
Dichloromethane 4.6 12 14 13 4.7 13 12 13 13
1,2-Dichloroethane 4.7 14 10 12 4.8 10 13 12 12
Trichloroethylene 2.7 97 92 95 25 102 92 97 96
Benzene 3.6 56 58 57 3.7 51 63 57 57
Toluene 2.6 116 128 122 2.6 134 130 132 127
Ethylbenzene 1.5 260 224 242 14 247 240 244 243
m&p-Xylenes 1.4 274 290 282 1.3 321 274 298 290
o-Xylene 1.7 254 234 244 15 245 203 224 234
“Average ofS;s values for both treated and untreated geomembranes.
Blnitial solution concentrationémg/L).
°Equilibrium not reached.
Table 4. Diffusion (Dg), Partitioning(Sy), and PermeatioPg) Coefficients Inferred from Diffusion Tests
Untreated geomembrane Fluorinated geomembrane PR
¢t Dy Pq co? Dy Pyt Pgs Outer
Contaminants (mg/l) (102m?/s) Sy (10%2m?%s) mgll S (108m%s) (102m?/s) (10 m?/s) laye?  Averagé
Dichloromethane 51 0.25 14 35 5.2 20 1.2 2.4 4.0 87 1.5
1,2-Dichloroethane 4.9 0.18 18 3.2 51 18 0.99 1.7 1.9 166 1.9
Trichloroethylene 2.9 0.28 120 33.6 24 120 0.91 10.9 8.6 391 3.1
Benzene 3.6 0.2 60 12 3.9 60 0.76 45 3.8 314 2.7
Toluene 2.7 0.22 140 30.8 23 140 0.62 8.7 6.5 477 35
Ethylbenzene 1.6 0.16 260 41.6 1.3 260 0.36 9.4 6.5 643 4.4
mé& p-Xylenes 15 0.15 300 45 1.3 300 0.33 9.9 6.8 666 4.5
o-Xylene 1.8 0.11 250 275 16 250 0.28 7 5.0 550 3.9

4nitial solution concentrationgmg/L).
’PR=permeation reduction factoPg/ Py
‘PR=permeation reduction factoPg/ Pys.
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properties as given in Table 1. The untreated geomembrane is & V,c;=mass removed by sampling evefit4] (V; andc; are vol-
1.5 mm thick HDPE smooth geomembrane having a density of ume and concentration at each eyent
0.95 g/cnd, a crystallinity of about 61%, and a standard oxidative
induction time (OIT) of 120 min. The treated geomembrane is Diffusion Test
formed by fluorinating(post-treatmentthe same geomembrane Diffusion tests were conducted in a double compartment cell
on both surfaces. To infer the thickness of fluorinated layer, both similar to that used by Haxo and Lah€1989 and Sangam and
untreated and fluorinated were cross sectioned with a razor bladeRowe (2001 and consisting of a closed system with source and
given a thin, sputter-deposited gold coatithg alleviate charging receptor reservoirs separated by the geomembrane examined. The
problems during the ensuing examinadioand then examined by  receptor(70 mm diametex 30 mm high was initially filled with
scanning electron microscopy combined with energy dispersive contaminant-free watdde-ionized watgrwhile the source reser-
x-ray spectroscopy. The thickness of the fluorinated layer was voir (70 mm diametex 100 mm high was filled with the mixed
inferred to range from 1 to m with an average value of about dilute aqueous solution of chemicafee Sangam and Rowe 2001
4 pm. for details regarding filling procedureThe initial contaminants

The difference between the two materials is apparent from the concentration in source solution varied from 1.3 to 5.2 mg/L
high Std-OIT of about 196 min measured on disk specimens cut (Table 4. During the test, the chemical concentrations in both
across the treated geomembrane as opposed to 120 min for theource and receptor solution were monitored with time as con-
untreated geomembrane. This value is 63% higher than the un-taminants diffused through the geomembranes.
treated measured OIT and is probably caused by the presence of The governing differential equation for the diffusive migration
the two layers formed by the fluorination process that reduces theof contaminants through the geomembrane as observed in these

diffusion of oxygen through the material during testing. tests can be written
ac #c
i —=p,— 2
Contaminants p P 2

The contaminants examined are VOCs including chlorinated ali-
phatic [dichloromethangDCM), 1,2-dichloroethanél,2-DCA),

and trichloroethylengTCE)] and aromatic hydrocarbori®en-
zene, toluene, ethylbenzene, and xyle(B$EX)]. These con-
taminants are commonly found in MSW landfill leaché®owe

where Dg=diffusion coefficient of the geomembranfe? T™1];
cg=concentration of diffusing substance in the geomembrane
[ML~3]; andz=position through the specim¢h]. Since the con-
centrations (c;) in the reservoir are monitored, the flux

) P . . i
et al. 1995. The tests were performed using dilute aqueous mixed J(él\élvl\_, e irgg]é, z;zsnogc;;t]e: n;vg;vbgezqg)étl)cess, can be written as
solutions of laboratory grade chemicdB9% + purity) and hav- ’

ing the properties summarized in Table 2. The initial concentra- . dc de

tions of each contaminant in the solution ranged from )= _ngDga =" PQE )

1.3t0 5.2 mg/L(Tables 3 and #

Samples collected during the tests were analyzed using a gagvhere Py=§;:Dy, referred to as the permeation coefficient,
chromatography/mass spectromet&C/MS) equipped with an ~ =contaminant mass transfer coefficidit” T™]; and Sy;=cg4/c;
autosampler used in solid phase microextraction and headspacé-]=partitioning coefficient of the contaminant between the
modes. The equipment conditions and the complete analyticalgeomembrane and the adjacent fluid and depends on chemical/
procedure used were the same as described in detail by Sangargeomembrane system.
and Rowe(2001). The tests were conducted at a laboratory tem- Dy and(S;) were deduced following the procedure described
perature of 232°C. by Sangam and Rowg001) using the finite layer analysis pro-
gramPOLLUTEO v6.3.6(Rowe et al. 199pthat specifically al-
lows modeling of the phase change and the boundary conditions

Experimental Procedure associated with these tests.

Sorption Test

Geomembrane couporiboth untreated or fluorinatgdvere im-
mersed in a cell70 mm diametex 100 mm high filled with a
dilute solution of VOCs having initial concentrations in the range
of 1.3—-4.7 mg/L(Table 3. These concentrations are similar or
exceed slightly typical concentrations expected in leachate landfill
as reported by Rowg€l995. The change in contaminant concen-
trations in the solution was monitored with time until equilibrium
(no significant concentration change for successive sampias
reached. The partitioning coefficie{&,) is then calculated using
the procedure described by Sangam and R@@91) using the
following expression:

Modeling Approach

First, the contaminant transport properties were established for
the untreated geomembrane following the procedure outlined
above and described in detail by Sangam and R@061). Then,

the fluorinated geomembrane was modeled as a three-layered ma-
terial consisting of two identical outer layers representing the thin
fluorinated surface layergeach 4um thick on averageand a
middle layer(not affected by the surface treatmgtitat was the
same as the untreated geomembrane. The contaminant flux into
and out of the sample is controlled by the rafig/t,,, wherePgg

is the permeation coefficient through the outer fluorinated layers
andty is the thickness of the surface layer. The different perme-

ation coefficients can be interrelated using the series resistance
[CioVio = CreVie — 2 Vici] 9
o= fo7fo ~rFYiF i%1Pg (1) model (Mohr et al. 1991
MngF
. i , . , - 1y 2ty tgm
with cqo=initial solution concentratiofML ~%], ¢;==final equilib- 5 - p_ 'p (4)
rium solution concentratiopML ~%], Vo =initial solution volume of g gm

[L3]; Vie=final solution volume [L3]; Mg=initial mass of wheret, t,, andty,=thicknesses of the geomembrane, thin sur-
geomembrane[M]; p,=geomembrane densityML~%]; and face layer assumed to be affected by fluorination, and middle
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Fig. 2. Variation in contaminant concentration during sorption test Slitreated and SF1(fluorinated

unaffected layer, respectively; aiy; and Py, represent the per-  tions are plotted as normalized concentrations relative to the ini-
meation coefficient for the entire fluorinated geomembrane andtial concentrations with each data point representing the average
middle untreated layer, respectively. of triplicate concentration measurements and the bars represent-

Since surface fluorination is a treatment that creates a thining the standard deviation. These decreases in the contaminant
barrier layer on the surface of the geomembrane, it was hypoth-concentration with time are typical of this type of sorption pro-
es_ized thaiD, (diffusion coefficient through the surface_ layers  cess as previously observed by Sangam and R@@@1) and are
will be affected much more tha®;; as shown by the sorption test  mainly the consequence of chemicals removal from the solution.
results discussed later. Thus, for the modeli$g was not  por the untreated geomembrane, all chemicals reached equi-
changed through_ the entire thickness of the g.eome”?bfa”e Wh!lelibrium approximately within the first 10 days of testing, except
Dy through fluorinated geomembrane. was yarled until a gpod fit for DCM and 1,2-DCA[Fig. 2a)]. Dichloromethane and 1,2-
was obtained to the measured data. Findly,is computed using DCA took almost 40 days before reaching equilibrium. Among
Eg. (4). However,Dqs cannot be calculated since the exact parti- the chlorinated contaminants, TCE concentration decr.eased the
tioning coefficients for these layers are not known. . A, ' : o

most with the equilibrium concentration of 60% of the initial,

followed by 1,2-DCA and DCM(although DCM and 1,2-DCA
were very close Among the aromatic contaminants, ethylben-
zene and xylenes showed the greatest decrease of about 82% of
) the initial concentration followed by toluene with a decrease of
Sorption Test 65% and benzene with a concentration reduction of 40%.
The typical changes in contaminant concentrations monitored For the fluorinated geomembrafigig. 2(b)], the decrease in
during the sorption tests are shown in Fig. 2 for both untreéed ~ contaminant concentrations at equilibrium is similar to that of the
and fluorinatedb) geomembranegcontrol tests were also con-  untreated geomembrane. However, the equilibrium is not reached
ducted without a geomembrane but are not showhese varia- as fast as for the untreated geomembrane. For aromatic hydrocar-

Results and Discussion
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Fig. 3. Variation in chlorinated hydrocarbon concentrations with time in source and receptor during diffusion tests for untreated and fluorinated
geomembranes

bons and TCE, the equilibrium is approached after 40 days, face modifications associated with the fluorination treatment. In
whereas for DCM the equilibrium was not reached after almost fact, as previously mentioned in “Overview of Surface Fluorina-
80 days of testing. tion,” the direct effects of fluorinatiofincrease of surface polar-
The partitioning coefficient calculated using Eg) is summa- ity and additional crosslinkingreduce the segmental mobility of
rized in Table 3 and it can be seen ti$gtvalues for the untreated  the polymer chains required to achieve the diffusive jumps and
and fluorinated samples are similar. Among the chlorinated hy- hence the diffusive migration of chemicals into the geomembrane.
drocarbons, TCE has the highelf;=96 followed by the 1,2-
DCA and DCM with §;:=12 and 13, respectively for the un-
treated geomembrane. As previously mentioned, DCM did not
reach equilibrium and hence the regy; value may be slightly Duplicate diffusion tests were conducted. Figs. 3 and 4 show
higher than the reported value. For the aromatics, the highesttypical variations in the source and receptor concentrations for
$,r=290 was obtained fom&p-xylenes, followed by ethylben-  both the untreateccircle) and the fluorinatedsquar¢ geomem-
zene (§;;=243), o-xylene (§;;=234), and toluene(S;=127). brane as measured during the diffusion test for chlorinated hydro-
Benzene has the loweS};=57. carbons and BTEX, respectively. The results are plotted as nor-
The sorption test results presented above revealed two majommalized concentrations relative to the initial concentration
findings. First,S;; were not significantly affected by the surface measured at the beginning of the test with each point representing
treatment. This is because only thin surface layers of abquin4 the average of at least triplicate concentration quantified by
are fluorinated and, thus, more than 99.5% of the material re- GC/MS analyses and the bars shown on the points representing
mained untreated. As a consequence, the fluorinated geomemthe standard deviation.
brane will sorb essentially the same mass of contaminant as the It can be seen that, for both cases, the concentration in the
untreated geomembrane. Second, the sorption curves for the flusource decreased faster for the untreated geomembrane than for
orinated geomembrane indicated that the equilibrium time could the fluorinated geomembrane. Meanwhile, the increase in the re-
be four times longer than for the untreated geomembrane. Thisceptor as the contaminants migrate is lower for the fluorinated
suggests that the contaminants examined diffuse into the samplegeomembrane compared to the original untreated geomembrane
at slower rates for the fluorinated geomembrane than for the un-with the notable exception of DCM. In general, the change in the
treated geomembrane. This observation is attributable to the sursource concentration is predominantly controlledSgywhile the

Diffusion Test

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005 / 699



1.2 1.2

—= Fluorinated, Dgg=0.076x10""2 m?s, §o(=60 —  Fluorinated, D,=0.062x10 2 m?s, S, =140

Preducted — 2 2 Predicted ™ 210
1.0 Untreated, Bg=0.19x10"" m“/s, So¢=60 1.0 @ Untreated, D;=0.2 x 07" m®/s, §,=140 ]
0O&  Fluorinated
i H4. o Measured Om  Fluorinated o Measured uoninate
0.8 ‘*i\\ AA  Untreated 0.8 o4 Untreated

0.6 0.6

—
——
—_—

0.4 0.4

0.2 0.2

Benzene relative concentration
Toluene relative concentration

0.0+

0.0¢

Time (days) Time (days)

1.2 v 1.2

Predicted —~— Fluorinated, D_=0.036x10" m%/s, § =260 == Fluorinated, Dgr=0.033x1 012 m2s, 8130

- -12 2 - Predicted -
10 Untreated, Dg=0.15x10""* m"/s, Sqr=260 1.0 Untreated, Dg=0.15x10""2 m2/s, $¢r=300
LA Untreated
Measured A :
Om  Fluorinated Measured 2: Elrﬁltc::;‘?;:d
0.8 0.8 '\

0.6

Ethylbenzene relative concentration
mé&p-Xylenes relative concentration

0.2
oobes e |
0 20 40 60 80 0 20 40 60 80
Time (days) Time (days)
1.2
_——— Fluorinated, D,=0.028x10™* m’fs, S,=250
1.0 Predicted ___ ynireated, D,=0.11x10" ms, §,=250
0.8 \;\i\ Measured i: fjlrl:tor;ira‘taetgd

o-Xylene relative concentration

0.0 —= —
0 20 40 60 80

Time (days)

Fig. 4. Variation in benzene, toluene, ethylbenzene, and xylenes concentrations with time in source and receptor during diffusion tests for
untreated and fluorinated geomembranes

receptor variation is controlled blpy of the contaminant. From  fluorinated layer, it has very little effect on the bulk sorption since
the data in Figs. 3 and 4, one may anticipate that either the par-the layers are so thin as confirmed by the sorption tests previously
titioning or diffusion coefficientgor both decreased due to the discussed.

fluorination treatment, and hence the permeation coefficient also  As evident from Fig. 3, DCM exhibits a completely different
decreased. Since the fluorinated layers are very thin, it does notpattern compared to other chemicals when the geomembrane is
matter whether the change Ity was due to a change Dy or Sy fluorinated. The DCM concentration in the source solution de-
as the net effect is the same. If there is a chang&jnin the creases more rapidly for the fluorinated geomembrane than for the
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untreated material, whereas its concentration in the receptor does

not increase as quickly for the fluorinated geomembrane com-
pared to the untreated geomembrane. This pattern indicates tha
the large amount of chemical that is removed from the source
solution is not completely transferred to the receptor, suggesting a
greater sorption. Based on this, it should be expected that the
partitioning coefficient is higher while the diffusion coefficient is
reduced. This observation confirms the suspicion from sorption
tests suggesting that the partitioning coefficient may be higher
than obtained in the sorption tests because equilibrium was not
reached when the test was terminated.

The best-fit theoretical curveines) generated by solving the
diffusion equation subjected to the appropriate boundary condi-
tions are also shown in Figs. 3 and 4. The inferred partitioning
and diffusion coefficients together with the calculated permeation
coefficient are presented in Table g values obtained from the
diffusion tests agree well with those calculated for sorption tests.
For example, for the untreated geomembrane, the tolﬁg}rmal-
culated from the sorption test is 122 compared to 140 from the
diffusion test.

The inferred diffusion coefficients for the untreated geomem-
brane varied from 0.18 10*?to 0.28x 107*> m?/s for chlori-
nated compounds with trichloroethylene diffusing the fastest. For
aromatic chemicalsP, values are lower and ranged between
0.11x 102 and 0.22< 102 m?/s. Toluene has the higheBy,
=0.22x10m?/s and o-xylene the lowest withDy=0.11
X102 m?/s.

In general, the diffusion and partition coefficients obtained for

the untreated geomembrane are similar to values reported in the

literature. For instancel, and §;; measured for toluene for the
untreated geomembrane are 02P0?m?/s and 140, respec-
tively, compared to 0.28 101> m?/s and 160 reported by Miiller

et al. (1998, for a 1 mm thick HDPE geomembrane having a
crystallinity of 59%. This suggests that the procedure adopted in
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Fig. 5. Variation of permeation reduction factor due to fluorination

with n-octanol/water partitioning coefficients for(a) entire
geomembrane; an@) fluorinated outer layers

this investigation is relatively reliable and accurate.
When the geomembrane is subjected to a surface fluorination,

S values were essentially the same as for the untreated geo-

membrane except for DCM, which had a highgy; of 20

for treated compared with 14 untreated. This may be attributed
to the fact that the surface layer polarity increased due to fluori-
nation. Among all chemicals tested, dichloromethane is the most
polar (1.60 Deby¢ and hence it is likely to be most attracted

coefficient(Py) and the permeation coefficie(Ryy) of the fluori-
nated outer layer. A summary of PR values is presented in Table 4
and represented in Fig. 5.

Fig. 5@ shows the overall reduction in permeation coefficient
for the fluorinated geomembrane. Of the chlorinated hydrocar-

to the surface layer. As a consequence, the partitioning betweerPONs, DCM has the lowest decrease with a factor of 1.4 followed

the solution and the surface layers increased. As presented irp

Table 4, the average diffusion coefficieri@;) for fluorinated
geomembrane vary from 0.X110to 1.20x 10 m?/s for
chlorinated compounds while for aromatics, the values range be-
tween 0.28< 1013 and 0.76< 10713 m?/s. These values are about
1-2 orders of magnitude lower than those inferred for the un
treated geomembrane.

Discussion

To assess the degree of barrier function improvement provided by
fluorination, the permeation coefficient measured for the fluori-
nated geomembrane is compared to the original untreated
geomembrane in terms of the permeation reduc(PR) factor.

Two reduction factors are calculated. The first reduction factor
compares the average permeation coefficiept of the fluori-
nated geomembrane to the untreated permeation coeff(@ght

y 1,2-DCA with PR=1.9. Trichloroethylene has the highest re-
duction in the permeation coefficient when the geomembrane is
fluorinated with PR=3.1. This reduction appears to be inversely
related to the hydrophobicity of the contaminant. High hydropho-
bicity corresponds to high I¢¥,,) and consequently low hydro-
phobicity corresponds to low l¢K,,). Trichloroethylene, with
higher hydrophobicityflog(K,,)=2.53), has the highest decrease
while DCM, with the lowest lo¢K,,,)=1.25 (low hydrophobic-
ity), experienced the lowest decrease in permeation.

For the aromatic compounds, the data show that the perme-
ation coefficient measured for the fluorinated geomembrane
decreased by factors of between 2.7 and 4.5. The highest de-
creases were observed for&p-xylenes and ethylbenzene with a
ratio of 4.5 and 4.4, respectively, while benzene has the lowest
decrease of about 3.5. Toluene amdylene are reduced by fac-
tors of about 3.5 and 3.9, respectively. As observed for chlori-
nated compounds, the reduction in the permeation coefficient in-
creases with the increase in the hydrophobicity expressed in term

The second factor is the ratio between the untreated permeatiorof log(K,,,).
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Table 5. Maximum Contaminant Concentration in Aquifer Due to Hypothetical Landfill

Half-life
(years CCL Cmax IN aquifer (wg/L)
Co thickness

Contaminant (ng/L) Leachate CCL (m) Fluorinated Untreated Reduction

Dichloromethane 3,360 10 50° 0.6 99.0 188 1.8
1.0 — 103
1.1 — 91

1,2-Dichloroethane 1,000 10 50 0.6 27.3 46.3 1.7
0.9 — 30.0
1.0 — 26.3

Trichloroethylene 1,000 10 50 0.6 24.3 56.1 2.3
1.0 — 31.2
1.2 — 24.2

Benzene 20 25 128 0.6 1.0 2.0 2.0
1.0 — 1.2
1.2 — 1.0

Toluene 1,000 15° 128 0.6 27.6 66.7 2.4
1.2 — 32.2
1.4 — 26.6

Ethylbenzene 500 15 125 0.6 8.2 22.8 2.8
1.2 10.9
1.5 8.2

m&p-Xylenes 500 15 125 0.6 7.5 20.9 2.8
1.2 — 9.9
1.5 — 7.5

o-Xylenes 500 15 125 0.6 6.5 18.6 2.9
1.2 — 8.9
1.5 — 6.7

*From Ontario Regulation 232/98.998.
PFrom Rowe(1998.

A relationship was established between the reduction factorsa fluorinated layer thickness of one fiftd0%) of the HDPE pipe
deduced for the thin fluorinated layers and the hydrophobicity of thickness. In the present case, the total fluorinated layer thickness
compound testefFig. 5(b)]. Again, there was an increase of per- (sum of the two 4um layers is only about 8um and hence only
meation reduction factor with I¢¥,,), indicating that highly hy-  about 0.5% of the treated geomembrane. The direct consequence
drophobic chemical will permeate at a lower rate in the fluori- s that the middle untreated layer has a significant overall perme-
nated geomembrane compared to the untreated geomembranedtion and net effect of fluorination is less than for thin fluorinated
This can be explained in terms of the properties of outer fluori- fjims.
nated layers. As previously noted in “Overview of Surface Fluo-
rination,” the surface fluorination increases the surface energy and
hence increases the water wettabiliynand et al. 199% In this
context, the affinity between water and the relatively more polar
geomembrane surface is enhanced and, consequently, the affinit . .
between the geomembrane and organic chemical decreases. Th evaluate the consequences of the reduction fa(_:tors mentlone_d
second factor is that the migration becomes highly chemical size 2P0ve, modeling analyses were conducted assuming a hypotheti-
dependant because of the additional crosslinking caused by the?@! 1,000<1,000 m landfill having an average height of waste of
fluorination that restricts the segmental mobility of the polymer 20 m with a single composite liner system. The barrier system
chains(Rogers 1985; Naylor 1989t can be seen that chemicals ~consists of a geomembra@&M) (untreated or fluorinatgcbver
with high log(K,,) are bigger moleculetee Table 2 indicating 0.6 m of a compacted clay linéCCL) with a hydraulic conduc-
that they will be more affected by the fluorination. tivity of 1 X 10™° m/s. In this case, it is assumed that there is no

The reduction in permeation of the hydrocarbon inferred for natural attenuation layer below the barrier, the barrier system
the fluorinated outer layers ranges between 87 and 666 and ioeing directly underlain by a 3 m thick aquifer. Compacted clay
consistent with the reduction of about 2 orders of magnitude gen- properties were taken directly from RowE998, while geomem-
erally reported for completely fluorinated thin filanand et al. branes parameters were based on results obtained from the
1994; Carstsens et al. 1999; Lagow and Wei 199%9follows present study. The initial contaminant concentrations summarized
from this that the net effect of fluorination on the diffusive per- in Table 5 are selected based on Ontario landfill regula@n
formance of a geomembrane will be highly dependant on the ratio Reg. 232/98The diffusion coefficients for the clay layer were

Implications for Landfill Design

of fluorinated layer thickness to geomembrane thickriggét,). taken to about 2.5-6:31071° m?/s (Ontario Regulation 232/98
Carstsens et a(1999 indicated that petrol permeation has been 1998, while sorption was considered to be negligible. Since the
reduced from approximately 3.3 to 0.17 g7iday (19-fold) with permeation properties are of concern, it was assumed that the

702 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005



presently being examined in terms of its short-term and long-term

200 T T

performances.
. Fluorinated GM + 0.60 m CCL
/' \ ——— Untreated GM + 0.60 m CCL
," O Untreated GM + 1.00 m CCL
;i S IRt Untreated GM + 1.10 m CCL X
[ | Summary and Conclusion

-
(S
o

\ — G\ (1.5 mm)
CCL (Variable)

An evaluation of the effectiveness of fluorination in improving
the diffusive barrier properties of a 1.5 mm HDPE has been con-
ducted. The investigation consisted of performing sorption and
diffusion tests on both the original untreated geomembrane and a
fluorinated treated geomembrane and comparing the respective
diffusion, partitioning, and permeation coefficients for chlorinated
and aromatic hydrocarbons commonly found in MSW landfill
leachates.
Sorption tests indicated that the partition paramésgy) is not
significantly affected and remains unchanged except for dichlo-
. ‘ . - - romethane for whiclg;; appeared to have increased. In contrast,
0 50 100 150 200 250 300 350 diffusion test results showed that, for the chemical examined, the
Time (years) diffusion coefficient decreased and, as a consequence, the perme-
ation coefficients decreased by a factor varying from 1.4 to 4.5
Fig. 6. Calculated variation in dichloromethane concentration in when the geomembrane is fluorinated compared to the untreated
aquifer due to hypothetical landfill material. It was also found that the reduction factor is chemical
dependant and was exponentially related to rhectanol/water
coefficient of the contaminant examined indicating that highly

geomembrane is free of defedtsoles and therefore any con- hydrophobic contaminants are greatly affected by fluorination
taminants collected in the aquifer have migrated essentially by treatment.
diffusion. The impact of the examined contaminants on an aquifer due to
Fig. 6 presents an example of the calculated variation in con- the presence of a hypothetical landfill with a composite liner sys-
taminant concentrations with time in the aquifer for different bar- tem consisting of a 1.5 mm thick HDPE geomembrangreated
rier systems in the case of dichloromethane. First, the minimum or treated on 0.6 m of compacted clay liner was analyzed. The
system of(GM+0.6 m CCL) is examined for both untreated and results showed that the use of the fluorinated geomembrane re-
fluorinated geomembranes and the results being summarized irfluced the maximum contaminant concentrations by a factor of
Table 5. It can be seen that contaminants impact is higher for theabout 1.7-2.9. Furthermore, the analyses indicated that, for the
case where an untreated geomembrane is used. For example, thgonditions examined, additional 0.4—0.9(e., 1.0—1.5 m total
DCM maximum impact calculated is about lﬁ@/L for the un- thiCkneS;‘o CCL thickness, is required under the untreated
treated geomembrane while for a fluorinated geomembrane thedeomembrane to reduce contaminants to levels achieved by the
impact is about 99.Qug/L. Similarly, the calculatedh&p-xylene use of fluorinated geomembrane in conjunction with 0.6 m of
maximum concentration is 20;9g/L for an untreated geomem-  compacted clay.
brane compared to 7,5g/L for a fluorinated geomembrane. For The results of this study suggest that surface fluorination treat-
the conditions examined, the fluorination of the HDPE geomem- ment may improve the effectiveness of HDPE geomembranes as a
brane helps reduce contaminant impacts to levels between 1.7 andarrier to organic contaminants, especially aromatic hydrocar-
2.9 times lower than the impact given by the untreated GM. bons. It appears that the performance of the treated geomembrane
To examine the significance of the reduction, a series of analy- could be further improved by increasing the thickness of the flu-
ses was performed to estimate the Compacted C|ay thickness [ha@rinatEd Iayer. It also follows that different fluorinated geomem-
would be required for use with the untreated geomembrane tobranes may have quite different properties depending on the
provide a composite liner that would give the same impact as athickness of the fluorinated layer and tli@r a surrogate of thjs
fluorinated geomembrane over 0.6 m of compacted (y. 6). should be specified and monitored. Finally, research is required to
The results in Table 5 indicate that about 0.4—0.9 m additional assess how well the fluorinated layer stands up to scratching dur-
Compacted C|ay is required to achieve the same level of protectioning installation and other environmental agents encountered in the
as provided by the fluorinated geomembrane for the contaminantsfield.
examined.
The fact that the fluorinated layer has a notable effect while
being so thin4 wm) has several important practical implications. Acknowledgments
First, the performance of the treated geomembrane could be fur-
ther improved by adopting procedures that increased the thicknessThe study was supported in part by Natural Sciences and Engi-
of the fluorinated layer. Second, care is needed if specifying the neering Research CoundiNSERQ and Center for Research in
permeation characteristics required or the thickness of the fluori- Earth and Space Technolog@RESTeclh The writers acknowl-
nated layer(since a thickness less than that of the geomembraneedge Dr. Ross Davidson and Dr. Stewart Mcintyre of Surface
tested herein could result in properties that do not meet the designScience Western, for arranging the SEM/EDX test used to obtain
requirements Third, further research is required to assess how the thickness of the fluorinated layers. The writers would also
well the fluorinated layer stands up to field ugeg., scratching thank Fluoro-Seal Inc. for providing the geomembranes tested
during installation. A field trial using a fluorinated geomembrane and Mr. Mark W. Cadwallader of Cadwallader Technical Services
has been reported by Li et dR002 and this geomembrane is for his assistance in securing the geomembrane samples.
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Notation

The following symbols are used in this paper:

¢ = final equilibrium solution concentratidn];
Ciop = initial solution concentratiofiML ~3];
¢, = concentration of diffusing substance in

geomembrane;
Dy = diffusion coefficient of geomembranf&? T71;

Dy = average diffusion coefficient through fluorinated
geomembranglL? T71];
Dys = diffusion coefficients through surface layers
[L2T1;
j = flux [ML™2T™1];
My = initial mass of geomembrarié/];

Pg,PgiPgs = permeation coefficients of untreated, fluorinated
geomembranes, and outer fluorinated layers
LT
S+ = partitioning coefficient of contaminait-|;
telgelgm = thickness of thin fluorinated surface and
unaffected middle layerfd |;
Vi = final solution volumeL3];
Vo = initial solution volume[L?];
V,,c; = volume[L®] and concentratiohML 3] at
sampling event;
z = position in geomembrané.]; and
pg = geomembrane densifML ~3].
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