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ABSTRACT: The effect of penetrant diffusion on the barrier properties of PVC geomem-
branes have been determined for the following organic environmental contaminants:
benzene, dichloromethane, and trichloroethylene. The membranes experienced swelling
to a degree which depends on the type of penetrant used. Some dissolution may occur,
and in general we are dealing with Case II transport. The experimental work was
performed with an ASTM-cell, a Cahn balance, and an in-house built gravity (G-) cell.
Those instruments generated comparable data on breakthrough times. The obtained
diffusion coefficients as well as the breakthrough times obeyed an Arrhenius-type rela-
tion over the temperature range studied. Liquid sorption of the various penetrants
modified the geomembrane structure. Membrane surface pretreatment with different
contaminants influences the subsequent transport of organic penetrants through PVC
geomembranes. That is to say: the induced swelling, as result of membrane contact
with one penetrant, is likely to alter the system free volume, allowing for a different
rate of mass transport for subsequent penetrants. q 1997 John Wiley & Sons, Inc. J Appl
Polym Sci 63: 1189–1197, 1997
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INTRODUCTION membrane interactions, and possible cell container
materials/penetrant interactions. Based on these
considerations, one should take into account theRecent studies have evaluated the barrier proper-
suitability of the cell material and the possibleties of geomembranes.1,2 Geomembranes are poly-
geomembrane modifications resulting from the or-meric membranes used as liners for solid waste
ganic penetrant diffusion. Rowe, Hrapovic, and Ko-disposal facilities. Their role is to prevent waste
saric1 have examined cell container material/pen-leachate from contaminating the surrounding
etrant interactions during geomembrane diffusiongroundwater. Waste leachate may contain poten-
tests. Comparison of stainless steel, polytetra-tial carcinogenic organic compounds such as ben-
fluoroethylene, and glass as cell container materialzene, vinyl chloride, dichloromethane, etc. PVC
indicated that only glass did not interfere with thegeomembranes contain poly(vinyl chloride) resin,
diffusion study of dichloromethane in dilute aque-additives, and a significant amount of plasticizer
ous solution through high density polyethylenewhich can represent up to 30% of the geomem-
geomembranes. Our observations involving otherbrane total weight.3,4

chemicals are different.Migration of organic penetrants through a mem-
Transport of organic penetrants through poly-brane involves molecular diffusion, penetreant/

meric materials is controlled by two mechanisms:
chemical potential gradient driven diffusion asso-
ciated with a companion stress evolution. The rel-Correspondence to: D. De Kee.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/091189-09 ative magnitude of these two processes will dic-
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tate which mechanism is predominant. When the membrane surface using filter paper. Then,
the membrane was weighted using a Mettlermembrane swelling is not observed, the transport

mechanism is mainly due to molecular diffusion model 240 balance to {0.1 mg and the membrane
thickness was measured using a micrometer toand the advance of the penetrant front is propor-

tional to tn with n É 1
2. This situation is referred {0.001 mm. The membrane was reinstalled and

the above procedure was repeated. After the sorp-to as a Case I mechanism. When membrane swell-
tion test was completed, the desorption test wasing is observed, the stress in the viscoelastic mem-
carried out by following the weight and thicknessbrane is altered significantly and nÉ 1. This situ-
of the contaminated membrane with time underation is referred to as a Case II mechanism.
atmospheric conditions.In this study we report on the effect of organic

penetrants diffusion on the barrier properties of
PVC geomembranes. In particular, we consider Vapor Sorption Test
the effect of membrane surface pretreatment, of

Vapor sorption and desorption experiments havetemperature, and of concentration. Penetrants
been carried out using a CAHN 2000 electrore-such as benzene, dichloromethane, and trichloro-
cording microbalance. The weighting unit is en-ethylene have been selected for the permeation
closed in a glass vacuum bottle having a vacuumand sorption tests.
outlet and three hangdown tubes. The geomem-
brane sample and counterweight stirrup are sus-
pended using wires and metal loops which areEXPERIMENTAL
attached to the beam. The whole weighing unit is
fitted inside a metallic box and the temperatureMaterials and Chemicals
is controlled by a Sargent-Welch thermomonitor

A poly(vinyl chloride) geomembrane produced by and RMT cooling unit. Pressure control and mea-
Texcel, Beauce-Nord, Canada, was employed in surement are achieved by a pressure control loop
this study. The monomer molecular weight, the that consists of a valve controller, an electronic
density and the membrane thickness were 62.5 g/ manometer, a pressure transducer, and a servo
mol, 1.25 g/cm3, and 1.00 { 0.03 mm, respec- valve. The data acquisition part consists of an
tively. The measured density suggests the pres- HP3421A data acquisition unit and a microcom-
ence of additives and/or plasticizers. The degree puter. A computer program was developed to
of crystallinity is probably Ç 15%. No exact infor- transfer the digitized output signals from the data
mation could be obtained from the manufacturer. acquisition unit to the HP–IB interface card. The
The organic penetrants considered were dichloro- program prints the following numerical values:
methane (DCM) and glass distilled grade benzene sample weight, temperatures of both the sample
purchased from OmniSolv. In addition, A.C.S. and the chamber, and the pressure as a function
Spectro, grade trichloroethylene (TCE) was ob- of time. Further information on this experimental
tained from Anachemia. set up can be found in Guo and De Kee.8

A PVC 240 geomembrane sample of thickness
1.0 mm is cut into 5 1 5 mm2 slabs weighingLiquid Sorption Test Ç 40 mg and loaded onto the sample pan of the
balance. The system is degassed by a vacuumA home made contamination-permeation cell (C-

cell) was used for the liquid sorption tests. This pump for 24 h at a pressure of 1002 mmHg. After
the temperature of the sample and the sur-cell made of aluminum is based on a modification

of the cone standard gravimetric cell,5 which rounding chamber achieved the test temperature,
the sample was exposed to pure solvent vapor.allows liquid to contact only one side of the mem-

brane. The liquid–membrane contact area is 20 The weight change of the geomembrane, the vapor
pressure, and the temperatures of interest werecm2, which is the same as for the standard ASTM

permeation cell. To perform the liquid sorption recorded as a function of time. The sorption test
is considered to be completed when the weighttest, a protocol similar to the immersion test as

described by Aminabhavi and Aithal6 and Ami- change during a 50 min interval is õ1006 g. This
does not imply that equilibrium conditions werenabhavi et al.7 was developed. That is to say: after

the liquid was applied to the challenging side of achieved. When this criterion is satisfied, desorp-
tion is initiated by quickly applying vacuum tothe membrane for a required time interval, the

liquid was decanted, the cell was quickly disas- the weighing system. Again, once the weight
change is less than 1006 g in a 50 min interval,sembled, and the extra liquid was wiped off from
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was developed. The standard ASTM permeation
cell (F-739-85) was connected to a gas chromato-
graph (Hewlett Packard, model 5790A series)
through a Valco programmer valve. Nitrogen at
a flow rate of 100 mL/min01 was used as the car-
rier gas. The ASTM cell was immersed in a water
bath with temperature controlled at 30 { 0.57C.
The penetrant which had diffused through the
membrane was automatically sampled with the
Valco programmed valve and analyzed by a GC
flame-ionization detection (FID) system. The sen-
sitivity of the detector was regularly calibrated
using the standard diffusion capillary tubes at the
same condition as for the permeation tests.Figure 1 Photograph of the G-cell.

the desorption is considered to be completed. If RESULTS AND DISCUSSION
required, another sorption/desorption cycle at an-
other pressure can be initiated at this time. Sorption/Desorption Study

Both thickness and weight of the membrane dur-
Permeation Test ing liquid sorption and desorption were examined.

Figure 2 presents changes of both weight andThe gravimetric method as well as the ASTM
thickness ( l ) of a PVC240 membrane upon sorp-method were used to study the permeation of or-
tion/desorption of various chemicals at 303 K. Theganic liquids through geomembranes.
desorption was initiated after 100 min. For theThe gravimetric method made use of a home-
DCM/PVC system, the membrane swells rapidly,made gravity cell (G-Cell) . A detailed description
reaches a maximum thickness after 15 min, andcan be found in Guo, De Kee, and Harrison.9 This
then slowly retracts. Meanwhile, its weightcell, made of Teflon, is basically a liquid container
change follows a similar pattern. In the case ofwith a sample (membrane) sealed on its top. The
benzene, a maximum thickness is approachedbottom part of the cell is essentially a liquid con-
only after 40 min, and the retraction during thetainer. The inside diameter of the container is

1.79 cm and its depth is 1.00 cm. The top part,
which has the same inside diameter as the bottom
container, helps to secure the membrane on the
liquid container. The inside diameter of the cell
accurately defines the permeation area of the
membrane. The top part of the cell is cut in the
form of a gear, as shown in Figure 1. This has a
dual purpose: (1) when the cell is turned upside
down, the liquid is in contact with the membrane
and the gear spacing allows for a quick removal
of permeated vapor; (2) the weight of the cell is
reduced and a more sensitive balance (Mettler
AE240) weighting range can be accessed. The use
of Teflon also helps in reducing the weight and
introduces negligible errors due to chemical inter-
actions, since the concentrations of the chemicals
are such that the tests require a few hours as
opposed to a few weeks when working with very
dilute solutions.1 In addition, a permeation test
using DCM as the penetrant and a Teflon sheet Figure 2 Changes of thickness (open symbols) and
did not show any detectable weight loss over a 24 weight (closed symbols) of a PVC 240 membrane with
h period. time during liquid sorption and desorption at 303 K

using a C-cell.In the ASTM method, an open loop assembly
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sorption process is also much less significant than follow a similar pattern independent of the initial
pressure, suggesting a unique desorption mecha-that for the DCM sorption. For TCE, the maxi-

mum thickness is obtained after 25 min, however, nism. At each pressure, the desorption curve de-
scribes three different regions. Immediately afterthe change in thickness during the sorption pro-

cess is smaller than for either DCM or benzene the onset of desorption, the amount of the pene-
trant is quickly decreasing; then there is a mucheven though the weight change is similar to the

DCM sorption case. In the case of the desorption slower decrease (or a transition region) which is
finally followed by a tail. We choose the onset ofprocess, we note that the thickness and weight of

the membrane in contact with DCM is smaller the tail as the transition time t* [see Fig. 3(b)] .
Normalizing Q (t ) via Q (t*) and measuring timethan their initial values. In the case of TCE trans-

port through the membrane, only the membrane in relative units of t* generates a master curve,
as shown in Figure 3(c) . Stastna, De Kee, andthickness becomes smaller than its initial value,

whereas in the case of benzene contamination, Harrison12 analyzed this situation in terms of a
continuous random walk diffusion model.both the membrane thickness and weight after

200 min are larger than their initial values (see
Fig. 2).

Permeation StudyGenerally, transport of molecules through poly-
meric materials has been expressed by an equa- Comparison of Test Methods
tion of the form10

The permeation flux, F (g cm02 s01), of organic
penetrants through geomembranes was mea-Q (t )

Q (` )
Å ktn (1) sured using the G-cell and the ASTM-cell, de-

scribed earlier. Generally, the ASTM technique is
more sensitive and more accurate, but is more

Where expensive to operate, as it involves a gas chroma-
tograph, a valve selector for sampling, etc. The G-

Q (t ) Å W (t ) 0 W (o (2) cell (gravimetric method) relies on a more simple
procedure, is considerably less expensive to oper-
ate, but is not suitable to study multicomponentW (o ) is the weight of the dry membrane and W (t )

is the weight of the membrane plus penetrant at permeation. Both systems allow for the determi-
nation of the breakthrough time (tb ) and the per-time t ; k is a constant and the exponent n is associ-

ated with the type of transport mechanism. For a meation flux. The breakthrough time is the time
required for the penetrant to be detected on theFickian diffusion, the value of n is 0.50. For Case

II diffusion, where the rate of diffusion is much opposite side of the membrane. This value de-
pends on the sensitivity of the measuring system.faster than the rate of the relaxation process, val-

ues of n are reported to be around unity.11 Our Figure 4 presents typical permeation results of
DCM, TCE, and benzene through a PVC 240results, as shown in Figure 2, indicate that a

nearly linear relationship exists for the initial geomembrane. It shows that the estimation of tb

via the two techniques is quite comparable.weight gain and time for all contaminants investi-
gated, implying that the overall process of the liq- Table I lists the measured results for tb and

for the maximum flux, illustrating the relationuid sorption is a Case II transport.
Figure 3(a) presents vapor sorption as a func- between tb and the time required to achieve maxi-

mum swelling. We further note that, as expected,tion of DCM vapor pressure ranging from 6.5 to
100 mm Hg. As the pressure increases, a linear the breakthrough time corresponds to the time

required for the membrane to reach its maximumrelation is observed between the initial weight
gain and time, suggesting that Case II transport thickness (see Fig. 2). Also, following the break-

through time, the permeation flux (F ) increasesis predominant. Graphs of the initial weight gain
versus the square root of time suggest that a to reach a maximum value and then gradually

decreases toward a steady state value, providedchange in mechanism from Case II toward Fick-
ian transport occurs with decreasing vapor pres- a sufficient supply of penetrant is available. We

assume the existence of a sharp boundary, sepa-sure. Such a change in mechanism with vapor
activity has been experienced in many polymer- rating a downstream glassy zone from an up-

stream swollen rubbery zone, as the penetrantpenetrant systems.11

Figure 3(b) shows weight changes of the mem- front moves through the membrane. Maximum
swelling is achieved once the front traveledbrane during desorption. The desorption curves
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SORPTION THROUGH PVC 1193

Figure 3 (a) Vapor sorption curves for the DCM/PVC 240 system at 303 K. (b)
Vapor desorption curves for the DCM/PVC 240 system at 303 K. (c) Normalized vapor
desorption curve for DCM in PVC 240 at 303 K.

through the membrane. At this (breakthrough)
F (t ) Å 0DS Ìc

ÌxDZxÅl
time, the membrane experiences its maximum
thickness (see Table I) , the desorption process is
initiated, and with time, the membrane tries to

Å 2c1S D
ptD

1/2

∑
`

mÅ0

expF0 (2m / 1)2l2

4Dt G (3)regain its original shape, presumably as a result
of structural changes associated with a relaxation
process.

Where l is the thickness of the membrane, c1 is
the penetrant concentration at x Å 0, and D is aEstimation of Diffusion Coefficient
constant diffusion coefficient. For small times,
only the first term of the series is important andRogers13 related the penetrant flux F (t ) to the

diffusion coefficient D by the equation reduces to:
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Table II Diffusion Coefficients of Penetrants
through Different PVC Membranes

Penetrant/Membrane at Diffusion Coefficients
303 K D0 1 107 (cm2/s)

DCM/PVC220 (thickness:
0.51 { 0.02 mm) 3.4

DCM/PVC240 2.7 (2.4)a

TCE/PVC240 0.80 (0.69)a

Benzene/PVC240 0.36 (0.52)a

a Diffusion coefficient obtained from G-cell data.

played in Figure 4. That is to say: DCM has the
highest diffusion coefficient, associated with the
largest flux (Fig. 4). This is followed by TCE and
by benzene. Table II reveals a diffusion coefficient
of 2.7 1 1007 cm2/s for the 1.00 mm thick PVC
membrane and a diffusion coefficient of 3.41 1007

Figure 4 Permeation of organic solvents through cm2/s for the 0.51 mm thick sample. This is most
PVC 240 at 303 K using an ASTM-cell (closed symbols) likely due to the nature of the additives present.
and a G-cell (open symbols).

The different colors of the PVC 220 and PVC 240
samples lend support to this observation.

Temperature. Temperature plays a very im-
ln(t1/2F ) Å lnF2c1SD

p D
1/2G 0 l2

4Dt
(4) portant role in the diffusion of penetrant mole-

cules through polymeric membranes. As observed
elsewhere,14 the diffusion coefficient increases
with increasing temperature. As a result, the per-A graph of ln(t1/2F ) against (1/t ) yields a straight
meation flux increases with increasing tempera-line with slope 0l2 /4D from which the value of D
ture resulting in a shorter breakthrough time.can be estimated. One actually estimated D0 , the
The breakthrough time (tb ) as well as the diffu-limiting diffusion coefficient at zero concentra-
sion coefficient (D0) follow an Arrhenius type rela-tion, since the concentration of penetrant in the
tion given bymembrane is small when t r 0.

Effect of Concentration, Temperature, and tb Å B0exp(EB /RT ) (5)
Contamination on Permeation

Membranes and Penetrants. Estimated diffu- and
sion coefficients of penetrants through different
membrane samples are summarized in Table II.
The data in Table II confirm the information dis- D0 Å d exp(0ED /RT ) (6)

Table I Comparison of Different Tests Using PVC 240 Geomembrane

Liquid Sorption Permeation Tests
Contact Time (min)

to Achieve tb (min) F 1 105 (g/cm2/s)a

Maximum
Penetrant Thickness G-cell ASTM G-cell ASTM

DCM 15 15 15 4 4.1
TCE 25 30 28 1.7 2
Benzene 40 48 42 0.8 1.1

a Maximum permeation flux.
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proportional to the DCM concentration. Such a
relationship is to be expected since water has no
effect on the membrane barrier properties, as will
be discussed in the following section.

Effect of Contamination. The effect of geomem-
brane pretreatment with other chemicals on the
permeation flux of various components was also
evaluated. One test involved pretreating the
membrane by immersion in water for 72 h. An-
other test involved applying a vacuum for 72 h,
in order to remove undesired surface components.
A combination of these two treatments was also
examined. Subsequent permeation tests with
DCM showed no effect on the breakthrough time
following these pretreatments. However, this was
not the case when contaminants other than water
were used.

Figure 7 illustrates that immersion of a PVC
240 membrane in benzene for 1 h, followed byFigure 5 Effect of temperature on tb and D0 for a

DCM/PVC 240 system. applying a vacuum (1002 mm Hg) for 6 days re-
duces and delays the maximum flux of DCM. One
observes also that a small amount of benzene was
still present in the PVC membrane after this 6
day treatment (o ) . On the other hand, immersion
of the PVC membrane in DCM for 1 h, followedover the temperature range studied (see Fig. 5).

In those equations, B0 and d are constants, EB by applying a vacuum for 6 days, resulted in a
delayed appearance of benzene, probably due toand ED are the (nominal) activation energies for

breakthrough and diffusion. They have been structural changes resulting from membrane in-
teraction (dissolution) with concentrated DCM.found to be 21 kJ/mol and 54 kJ/mol, respectively,

for DCM transport through a PVC 240 membrane We also observe a lower initial value of the slope
(see Fig. 5). The values of the estimated activa-
tion energies are of an order of magnitude, compa-
rable to those obtained by Hofenberg11 involving
a study of n -pentane transport through a polysty-
rene membrane. We note, however, that the mem-
brane materials are different so that a comparison
may not be strictly valid.

Penetrant Concentration. The permeation of
aqueous DCM solutions in the concentration
range of 100 to 1000 ppm through PVC mem-
branes was measured via the ASTM method. De-
tection limits made it unrealistic to determine a
permeation flux of solutions of concentration
lower than 150 ppm in our open loop system in-
volving a carrier gas. In recent studies, Rowe,
Hrapovic, and Kosaric1 and Park, Sakti, and
Hoopes2 used a closed-loop system which allowed
them to study more dilute solutions. Such a sys-
tem allows for the measurement of accumulated
concentrations. We note, however, that open loop
systems are more representative for actual land-
fill situations.

Figure 6 depicts permeation profiles of aqueous
DCM solutions through PVC 240. One observes Figure 6 Permeation profiles of aqueous DCM solu-

tions through PVC 240 at 303 K using an ASTM-cell.that the permeation flux at equilibrium (Fe ) is
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and DCM refer to benzene and dichloromethane,
respectively. That is to say: we do not consider
interactions between the benzene and the dichlo-
romethane molecules traveling through the mem-
branes. We consider only L11 and Lik Å 0 ( i x k ) .

In the case of benzene, the linear relation be-
tween the flux and the time observed in Figure 7
suggests that the coefficient of Ì2c /Ìx2 in eq. (8)
should not be constant, but should be a function
of concentration.

Figure 8 also shows the permeation of DCM
and benzene through a PVC 240 geomembrane.
Here the experimental conditions are as follows.
In one test, the membrane has been in contact
with benzene for 20 min prior to measuring the
DCM permeation (j ) . Compared to the situation
illustrated in Figure 4, we note, as expected, a
shorter breakthrough time for DCM. In the case
where the membrane was continuously chal-

Figure 7 Permeation profiles of DCM (closed sym- lenged with a mixture of 0.1 mol fraction benzene
bols) and/or benzene (open symbols) through pre- and 0.9 mol fraction DCM (h ) , we observe a de-
treated PVC 240 at 303 K using an ASTM-cell. (j) layed and reduced DCM flux, confirming observa-
DCM/untreated geomembrane (see also Fig. 4); (l) tions made in the context of Figure 7. That is
DCM/benzene contaminated membrane (see text); (s) to say: as a result of the contamination, residual
residual benzene/benzene contaminated membrane;

benzene leaves the membrane, simultaneously(h) benzene/untreated geomembrane; (,) benzene/
with the DCM removal, as was the case for theDCM contaminated membrane.
test involving the mixture supply.

of the benzene F versus t curve. In addition, the
slope is now constant.

We note that in general, a flux F is related to
a generalized thermodynamic force X as follows:

F Å ∑
i

LikXk (7)

where the coefficients Lik are the Onsager kinetic
coefficients. Of particular interest are the diago-
nal coefficients Lii , which are the proper coeffi-
cients, representing pure effects such as conduc-
tivity, diffusion, etc. The off diagonal coefficients
Lik ( i x k ) are mutual coefficients describing cross
effects, that is to say: interference between irre-
versible processes i and k .10

In particular, the mass flux F is related to the
concentration gradient and the time evolution of
the concentration can be expressed in the follow-
ing form15:

Dc
Dt
Å L11

rT
Ì (mB 0 mDCM)

Ìc
Ì2c
Ìx2 (8) Figure 8 Permeation profiles of DCM and benzene

through PVC 240 at 303 K using an ASTM-cell. (j)
DCM/benzene contaminated membrane (see text); (l)

Here, D /Dt is the substantial time derivative, L11 benzene/benzene contaminated membrane (see text);
is the Onsager transport coefficient of diffusion, (h) DCM/untreated membrane (see text); (s) benzene/

untreated membrane (see text).m is the chemical potential, and the subscripts B
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