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Only limited data are available on the diffusion of volatile organic solvents through
flexible membrane liners (FMLs) used for lining impoundments and landfills. To
expand this database, a rapid, inexpensive method is needed to measure the diffusion
coefficients of volatile organic solvents through FML materials. An absorption
method has been developed to determine the diffusion coefficients of volatile organic
solvents through FML materials. The method is based on the depletion of an organic
compound from an aqueous solution due to absorption by a submerged sample of
FML. A numerical solution of Fick’s second law of diffusion was used to develop a
graph which can be used to determine the diffusion coefficient from the time
dependent concentration data. The diffusion coefficients obtained from the absorp-
tion tests were validated by comparing them with coefficients determined using a two
chamber diffusion cell. The diffusion coefficients determined for toluene and xylene in
high density polyethylene (HDPE) were 5.1 x 10 cm?s~' and 1.0 x 107° cm?s~! by the
two methods, respectively. The data indicate that the coefficient of distribution (K)
between the FML and the organic solution, a value which is needed to calculate the
diffusion coefficient from the data, can be estimated from the log of the octanol-water
partition coefficient (K_,), a commonly measured and reported value for many
chemicals.

Key Words—Landfill, liner, solvents, leachate, leakage, mechanism, Fick’s law,
partitioning.

1. Introduction

Multiple liners are now utilized for surface impoundments and landfills used for
hazardous waste containment. Liners typically consist of an upper flexible membrane
liner (FML) over a leachate collection and removal system which, in turn, both overlie a
composite bottom liner consisting of a second FML over a compacted clay liner. The use
of FMLs as landfill liners has been widely accepted because, given proper installation,
they are almost impermeable to the mass flow of liquids. While studies have been
conducted to document the loss of liquids through flaws in FMLs (Brown & Thomas
1988, Jayawickrama et al. 1988) little attention has been given to the diffusion of volatile
organic compounds through FMLs.

Diffusion through FMLs may be measured using techniques of vapour transmission,
radioactive tracer transmission, water absorption, or water vapour absorption (Lord et
al. 1985). Carpenter & Fisher (1981) used sequential chemical absorption techniques
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(modification of ASTM D-471 test) to determine permeation and diffusion properties of
elastomers. The diffusion coefficient was estimated from the following expression,

D=0.212 [t [1]

where, 1 is the time for the FML to reach 90% of the equilibrium concentration, / is the
thickness, and D is the diffusion coefficient. Because this expression was derived without
considering the effect of the coefficient of distribution between the FML and the organic
solution, it is applicable only when a sheet of the FML is suspended in a solution of
constant concentration.

Haxo & Lahey (1988) have shown that even at low concentrations, some volatile
organics are highly absorbed by polymeric films. In their study, samples of FMLs were
placed in cells filled with a series of aqueous solutions saturated with a single organic.
They reported that the amount of organics absorbed by FMLs from the saturated
solutions approached the amounts the FML absorbed when immersed in neat organics.
Haxo (1989) explained these findings as being anomalous and that it may have occurred
due to water acting as a permeable medium between the FML and the reservoir of excess
organics which allowed the organics to be absorbed by the FML until saturation of the
FML was reached. Haxo (1989) conducted experimental work in which volatile organic
chemicals were partitioned between dilute aqueous solutions and FML materials. Again,
the results indicated that the organics were strongly partitioned into the FML materials
but no attempt was made to utilize the data to determine the diffusion coefficients.

Zobel (1982) designed an apparatus to measure diffusion coefficients of packaging
films to odiforous compounds. Steady state organic vapour permeability was measured
for different gradients at low concentrations and the diffusion coefficient was calculated
using an empirically derived equation:

D=112/1 2]

where, ¢ is the time for saturation. Similar steady state methods were utilized by
Pasternak et al (1970) and Smith & Adam (1981) for estimating the value of D.

Haxo et al (1984) used the ASTM D1434 procedure for determination of gas
permeability of FMLs, the ASTM E96 procedure to determine water vapour permeabi-
lity of polymeric membranes, and a modification of the ASTM E96 procedure to
determine solvent vapour permeability. The permeation rates of organic vapours
determined by these methods varied by 5 orders-of-magnitude, depending upon the type
and thickness of the FML and the type of organic.

August & Tatzky (1984) measured and reported permeability values for various types
of FMLs and organics using a specially designed permeation cell in which the fluid above
the FML was kept at a constant concentration C and the space beneath the FML was
kept at a constant concentration C= O through the use of a partial vacuum. Permeabi-
lity values obtained from the studies of Haxo er al. (1984) and August & Tatzky (1984)
for the same type of FML and chemical differed considerably. For example, the
permeation rate reported by Haxo er al. (1984) for xylene through a 0.97 mm thick
HDPE FML was 220 g m~*d "' while the permeation rate reported by August & Tatzky,
(1984) for a 1 mm thick HDPE FML was 32 gm~2d~". These differences may be due to
differences between the FML materials or may have been due to different concentration
gradients.
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TABLE 1
Physical and chemical properties of the organic chemicals used in the absorption tests

Density Solubility Log of the
Organic Molecular at 20°C in water octanol-water
chemical weight (g cm™3) (mg 171 Partition Coefficient
Acetone 58.1 0.788 - -
Benzene 78.0 0.877 1,150 2.12
Cyclohexane 84.2 0.778 45 3.44
1,2-Dichloroethane 99.0 1.255 8,500 1.48
Toluene 92.1 0.866 515 2.73
Trichloroethylene 1314 1.338 1,100 2.36
Xylene 106.2 0.870 200 3.26

Haxo & Lahey (1988) conducted experiments in a three-chambered laboratory vessel
designed to simulate a landfill. Their data show that organics in dilute aqueous solutions
are rapidly absorbed by the FML materials, diffuse through them, and are rapidly
transferred to the air or water on the other side of the membrane. Unfortunately, due to
the complexity of the experimental setup it is not possible to calculate diffusion
coefficients from the data.

Diffusion coefficients of volatile organic compounds through FMLs are needed to
assess leakage rates, to set pretreatment standards for land disposal and to facilitate the
optimum design and configuration of landfill liner systems. Since diffusion tests are
expensive and time consuming, a rapid test which can be conducted in readily available
laboratory equipment needs to be developed. Therefore, this study was undertaken to
develop a rapid and inexpensive method of using absorption test data to determine the
diffusion coefficients of organics through FMLs.

2. Materials and methods

Seven organic chemicals representative of chlorinated hydrocarbons (1, 2-dichloro-
ethane and trichloroethylene), aromatic hydrocarbons (cyclohexane, benzene, toluene,
and xylene), and oxygenated hydrocarbons (acetone) were selected for this study.
Pertinent physical and chemical properties of these chemicals are given in Table 1. The
FML used was 1 mm (40 mil) thick high density polyethylene (HDPE). Table 2 shows
some of the relevant properties of this FML.

Absorption tests were carried out in 400 ml jars sealed with teflon lined caps equipped
with swagelock fittings which allowed the solution to be sampled. FMLs were cut into
50.2 by 76.2 mm pieces and placed in a jar containing 350 ml of aqueous organic solution
of known concentration. The solutions were prepared by saturating the water with
organic solvents, except for acetone which was prepared at a concentration of
50 000 mg/l. Sodium azide was added at a concentration of 50 mg/l to inhibit biodegra-
dation. Each mixture was stirred for several hours. Subsamples were then analysed by a
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TABLE 2

Relevant properties of the HDPE material used in this study

Property Method HDPE
Thickness (mil) ASTM D751 40
Density (g cm™?) ASTM D1505 0.944
Water absorption ASTM D570 0.0079

(% change in weight)

Moisture vapour ASTM E96 <0.001
transmission (g m~*d"")

HDPE - High Density Polyethylene

Tracor model 540 gas chromatograph (GC) equipped with a DBS5 megabore column
(fused silica type, cross bonded phase, 0.53 mm diameter, 30 m long, 1.5um film
thickness, manufactured by J&W Scientific), and a Flame Ionization Detector (FID).
While stirring continued, subsamples were analysed hourly until two successive analyses
showed no difference, at which point the solution was assumed to be saturated. These
solutions were then used as stock solutions for absorption tests and calibrating the GC.
Concentrations were 1 150, 45, 8 500, 515, 1 100, and 200 mg/1 for benzene, cyclohexane,
1,2-dichloroethane, toluene, trichloroethylene, and xylene respectively. The jars contain-
ing the solutions were kept at a constant temperature of 25°C. Samples were withdrawn
periodically (more frequently at the start of each test) and analysed by GC. Additionally,
absorption tests were also conducted by weighing samples of FML before and after
immersion in pure organic solvents to determine the partition coefficients.

Permeation tests were conducted in an apparatus patterned after that of Haxo &
Lahey (1988). The apparatus was modified to include only two chambers, each equipped
with a sampling port, and separated by a FML with no exposed edges. A solution of
known concentration was added to one chamber, while distilled water was added to the
other chamber. Samples were withdrawn from these chambers periodically and analysed
by GC.

3. Theoretical considerations
3.1 Absorption

When a known volume and mass of FML is submersed in a solution of known
concentration of a volatile organic in a vapour tight jar, the concentration of the organic
in the solution will change over time depending upon the interaction between the organic
and the FML. If we assume that: 1) the diffusion coefficient in the FML is a constant; 2)
equilibration of the organic in the solution phase with the absorbed phase on the surface
of the FML is achieved instantaneously; and 3) the diffusion of the organic through
edges of the thin FML is negligible, then the change in concentration in the solution with
time can be described by the following equations:
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°_p %Y
ot ox?

Cix,)=0,t=0,0<x<]

C,=C. t=0 (3]

s(1) 50’

Cron=Crn=K.C, for all ¢
6C,/5x=0, x=1/2, for all ¢
0C,/0t=D(0C/{0x),_,A/V,

where: A=the area of the FML exposed in the diffusion chamber, (cm?); C,=concent-
ration of the organic in the FML at any given time t, (g cm™*); C, = concentration of the
organic in solution at any time t, (g cm%); C, =concentration of the organic in the
solution at time r=0, (g cm™%); D=diffusion coefficient, (cm? s™'); K,=coefficient of
distribution between the solution phase and the FML; 1 = the thickness of the FML,
(cm); t=time, (s); ¥, = the volume of the solution in the jar, (cm’); x=one-half of the
thickness of the FML.

Since equation 3 does not have an analytical solution, a numerical solution procedure
was used. The following equation represents the discretized form of equation 3.

U

i+l

=u,+D21 (U,

g+l 2Uu+ U:j— /)
(Ax)?

(4]

Where: U=the concentration at different points of time, and /,j = time increments.

A FORTRAN code was written to estimate the change in concentration of the organic
in solution with time for assumed values of D. A family of curves representing the
concentration of the organic in the solution versus time was generated for various
assumed values of D. The experimental data of the time dependent concentration in the
solution containing the sample of FML was then compared to the curves generated by
the simulation to estimate the actual value of D.

3.2 Diffusion

Using the same assumptions listed above, the following mathematical formulation was
used to describe the permeation of the organic to the other chamber through the FML
separating the chambers of a two-chamber diffusion cell.

o p ¥
ot ox?
C;=Crp & C4=0,1t=0 [5)

Crioy=K,Cro, CO<Xx<1,0)=0
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TABLE 3

Calculated partition coefficients of organics between aqueous solutions and FMLs

Solubility

in FML Partition
Organic (mg kg™") Coefficient K,*
Acetone 1.25% 10 0.2
Benzene 6.58 x 10* 57.2
Cyclohexane 1.07 x 10° 2371.7
1,2-Dichloroethane 6.13x10* 7.2
Toluene 9.88 x 10° 191.8
Trichloroethylene 1.48 x 10° 134.5
Xylene 9.97x 10* 498.5

* Partition coefficient is calculated as solubility of organic in FML divided by solubility of the organic in
water. For acetone, a value of 0.2 has been assumed.

Cron=K.Cy (1) & Cppy=K,Cr (), 1>0
3C,/01=D(ICJx) .-, AV,
0C,/01=D@ACox) ._, AV,

where: Cp,=concentration of the organic in the bottom chamber of the permeation
apparatus at any time t, (g cm~3); C,= concentration of the organic in the top chamber
of the permeation apparatus at any time ¢, (g cm~?); C,, = concentration of the organic
in the top chamber of the permeation apparatus at 1=0, (g cm™?); ¥V,=volume of the
bottom chamber, (cm?); V,= volume of the top chamber, (cm?).

This problem was solved numerically in a manner similar to that described for the
previous problem.

4. Results and discussion
4.1 Absorption

Partition coefficients (K,) between aqueous solutions and FMLs for the various organics
used in this study were calculated from the data obtained from absorption tests using
pure solvents and are presented in Table 3. The data indicate that of the chemicals tested,
cyclohexane has the greatest partition coefficient while the acetone has the least. When
listed in decreasing order of partition coefficients, the chemicals tested are cyclohexane,
xylene, toluene, trichloroethylene, benzene, 1,2-dichloroethane, and acetone. The parti-
tion coefficients are inversely related to the solubility of the organic in water and directly
related to the octanol-water partition coefficient. A plot of the log of the octanol-water
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Fig. 1. Relationship between the log of the octanol-water partition coefficient and the log of the distribution

coefficient. y=0.84x+0.73, 2=0.95

partition coefficient versus the log of the partition coefficient (Fig. 1) yielded a straight
line relationship with an r? of 0.95. Thus, these data suggest that it may be possible to
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Fig. 2. Mass of TCE remaining in the 350 ml of solution versus time for absorption tests with 1 mm thick

HDPE sample. (B), rep. 1; (), rep. 2.
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estimate partition coefficients for other organic solvents from the K, values reported in
the literature.

The measured partition coefficients were used with equation 5 to predict the amounts
of organics remaining in solution as a function of time. Figure 2 shows the measured
mass of TCE (trichloroethylene) remaining in solution versus time in an absorption test
with 1 mm thick HDPE as compared to the computer generated curves for four assumed
values of D ranging from 1x 1077 to 1 x107'® ¢cm? s~'. The data indicate that the
diffusion coefficient for TCE in the ] mm HDPE is about 5% 10~?cm?s™". The complete
list of diffusion coefficients determined for the 1 mm HDPE to all seven organics in
aqueous solutions used in this study is given in Table 4.

4.2 Diffusion

Plots of the experimental data and calculated data for the two chamber permeation cells
show the estimated diffusion coefficients are 5% 107%¢m® s™' and 1 x10~°cm? s™! for
TCE and xylene, respectively (Figs 3 and 4). These data are in close agreement with the
diffusion data obtained from the absorption test and indicate that the use of absorption
tests is a valid technique for determination of diffusion coefficients. One permeation test
was carried out in solutions containing a mixture of TCE and toluene to test for
interactive effects between the chemicals on their diffusion coefficients. The results
shown in Fig. 3 indicated that toluene and TCE do not exhibit any interactions and
diffuse through the FML at the same rates as they did in tests conducted with individual
aqueous solutions. However, August & Tatzky (1984) and Morel et al. (1979) have

TABLE 4
Diffusion coefficients for | mm HDPE calculated from the absorption and diffusion test data

Diffusion Coefficient

(cm?s™')
Organic Measured in Measured in Calculated from
Chemical absorption diffusion data of August &
tests chamber Tatzky (1984)

Acetone <1.0%x10°"?

Benzene 3.7x10°"

Cyclohexane 1.2x 1071

1,2-Dichloroethane 6.8x107*

Toluene 5.1x10°° 23x107°
Trichloroethylene 52x107° 5.0x10-° 6.9x10"°
Xylene 1.0x10°* 1.0x10"° 1.8x10°°

* Permeability coefficients were calculated as the product of diffusion coefficient and solubility of the organic
in the FML.
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shown experimental evidence that interactive effects on permeability of some organics
through FMLs do exist. Further research is required to determine how the combination
of solvents affects the diffusion process.

Implications of these data are that the organic solvents in landfill leachates will be
partitioned into and diffuse through the FML. Since equilibrium concentrations
between chambers on either side of the FML are reached rather quickly, concentrations
of soluble organic contaminants measured in the landfill leachate may be nearly the same
as the concentrations immediately beneath the FML. Thus, it is possible that significant
amounts of organics may diffuse through FMLs.

5. Conclusions

Absorption tests have been shown to be useful as a low cost, rapid means of estimating
diffusion coefficients of organics in FMLs. Procedures for calculating these coefficients
from simple absorption tests with minimal instrumentation have been developed.
However, care must be taken to make sure that processes other than absorption of the
chemical by the test FML, such as biodegradation, volatilization and photodegradation,
are prevented by proper selection of experimental conditions and equipment. Diffusion
coefficients may vary by several orders-of-magnitude due to inherent differences in the
FML materials and generalizations between materials and manufacturers must be made
with extreme caution. Partition coefficients needed for calculating diffusion coefficients
may be estimated from the log of the octanol-water partition coefficients. The data show
the potential for organic contaminants to diffuse through FMLs and contaminate the
underlying soil and water resources.
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Fig. 3. Modeled and experimental values of relative concentration of TCE versus time in seconds [( ) and
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