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Abstract

Sorptionrdesorption results of n-alkanes into high density polyethylene, linear low density
polyethylene, very low density polyethylene and polypropylene geomembranes are presented at
25, 50 and 708C. Sorption results are obtained by a gravimetric method and diffusion coefficients
have been calculated by using Fick’s equation from the initial linear portions of the sorptionrde-
sorption curves. Swelling of the geomembranes was studied from a measurement of the increase in
volume, thickness and diameter. From a temperature dependence of sorption and diffusion
coefficients, the Arrhenius parameters have been calculated. Liquid concentration profiles have
been computed using Fick’s equation for the appropriate initial and boundary conditions. The
results of this study may have relevance in selecting the suitable geomembrane for a specific
application in hazardous waste chemical ponds and other similar situations. q 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Polymeric geomembranes are the nonporous materials which are impermeable to
w xorganic liquids and other leachates 1–8 . These are used as liners for the containment of

hazardous or municipal wastes in conjunction with geotextiles or mesh underliners
which reinforce or protect the more flexible geomembrane whilst at the same time acting
as an escape route for gases and leachates generated in certain wastes. The range of
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geomembrane products and their applications has expanded rapidly over the past decade
w x9 . Selecting a liner involves defining the site requirements, length of storage and
hazardous waste to be contained. Failure in geomembrane performance will occur due to
chemical attack and hence, its resistance to hazardous chemicals from a study of
sorptionrdesorption and diffusion properties are important in selecting a geomembrane
w x10 . Because of differences in chemical structure, crosslinking, etc. geomembranes vary
widely in their resistivity to a given chemical and therefore their chemical resistivity
testing is to be performed.

The geomembranes find applications as solid and liquid containments such as
hazardous waste landfills and caps, ponds, lagoons and reservoirs, mining heap, beach
pads, failings, impoundments, solution channels, industrial sites, floating covers, etc. Of

Ž . Ž .these, the high density polyethylene HDPE , linear low density polyethylene LLDPE ,
Ž . Ž .very low density polyethylene VLDPE and polypropylene PP are important. How-

ever, these, HDPE is one of the most widely used geomembranes for tank linings and
sludge pond as it provides good chemical resistance and impermeability in addition to its
exceptional ultraviolet light resistance and excellent mechanical strength. The LLDPE

w xand VLDPE geomembranes have also been used frequently 9,10 . Approximately 80%
of all geosynthetics are made from polypropylene. The wide uses of geomembranes as
effective barriers between the organic pollutants under varied environmental conditions
and the fertile soil require a precise determination of sorptionrdesorption and diffusion
properties by the test methods that are appropriate to service conditions. Geomembranes,
are known to permeate liquids on a molecular level by the process of sorption and

w xdiffusion 4–6,9,10 . Desorption is also an important inherent property of the geomem-
brane materials.

The principal objective of this study is to present some useful experimental data on
the resistivity of HDPE, LLDPE, VLDPE and PP geomembranes to n-alkanes that are
frequently found in landfill and impoundment sites. Sorption results at 25, 50 and 708C
and the desorption data at 258C have been obtained by the gravimetric sorption
technique. From the sorption and desorption data, diffusion coefficients have been

w xcalculated using Fick’s equation 11 . The temperature dependence of sorption and
diffusion coefficients has been studied using Arrhenius equation to estimate the activa-
tion parameters. Furthermore, the concentration profiles of liquids into geomembranes
have been calculated. Such a database would be a useful source index to the liner
manufacturers, vendors, purchasers and reviewers of permit applications to select the
most chemically resistant geomembrane for a given waste site application.

2. Experimental

2.1. Chemicals

The n-alkanes used in this research are: hexane, heptane, nonane, dodecane and
Žpentadacane all were of analytical reagent grade samples supplied from S.D. Fine

.Chemicals, Mumbai, India .
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Table 1
Some typical properties of geomembranes used

Property Method Units Geomembranes

PP VLDPE LLDPE HDPE

Thickness ASTM D 751, NSF model mm 1.085 1.06 1.08 1.59
3Density ASTM D 1505 grcm 0.91 0.922 0.928 0.948

Carbon black content ASTM D 1603 % 2.3 2.5 2.3 2.35
Tensile properties ASTM D 638
Stress at yield MPa y 11.6 y 17.6
Stress at break MPa 18.8 32.6 35.2 33.4

Ž .Strain at yield 1.3 in. gauge length NSF % y 20.5 y 16.9
Strain at break 2.0 in. gauge or extensometer % y 1000 y 890
Modulus of elasticity ASTM D 638 MPa y 571 y 931
100% Secant modulus MPa 10.8 y y y
Dimensional stability ASTM D 1204, NSF model % 0.4 1.1 0.6 0.4
Tear resistance ASTM D 1004 Nrcm 692 1505 1243 1050
Puncture resistance ASTM D 4833 Nrcm 2058 3542 4098 3728
Water absorption ASTM D 570 at 238C % y 0.04 y 0.05

2Water vapor transmission ASTM E 96 grday m y 0.174 y 0.009

2.2. Geomembranes

The PP, LLDPE, VLDPE and HDPE geomembranes used were fabricated at NSC
Research Center, Galesburg, IL, USA in sheets with dimensions of 28 cm=22
cm=0.110 cm, 35 cm=30 cm=0.106 cm, 35 cm=30 cm=0.109 cm and 35
cm=30 cm=0.160 cm, respectively. Some typical properties of these geomembranes
are summarized in Table 1.

2.3. Sorptionrdesorption measurements

In our experimental approach, the geomembrane is exposed to the challenge chemical
for a definite period of time and the changes in mass of the samples as well as
dimensions are measured. These samples absorb liquids depending upon the polymer
network structure. From these experiments, mass gain due to sorption or mass loss due
to desorption as well as swelling of the geomembranes are accurately monitored as a
function of time. These data are then used to calculate diffusion and sorption coefficients

w x w xof the migrating chemicals inside the geomembrane 12–18 19–24 .
Sorption experiments were performed at 25, 50 and 708C using an electronically

Ž .controlled oven WTB Binder, Germany maintained at the desired temperature within
the accuracy of "0.58C. The circularly cut disc-shaped samples of geomembrane having
the diameter of f2.00 cm were kept in vacuum oven at 258C for 48 h before

Ž 3.experimentation. These samples were exposed to n-alkanes 20–30 cm by placing
them inside the screw-tight test bottles which were maintained at the desired temperature
within the accuracy of "0.58C. The test bottles were placed inside the oven that was
calibrated previously with a quartz thermometer for precise temperature control. The
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Table 2
Ž .Sorption coefficients S in wt.% for geomembranes with n-alkanes

Ž .n-Alkanes Temperature 8C PP VLDPE LLDPE HDPE

Hexane 25 181.63 17.42 15.36 6.59
Ž . Ž . Ž . Ž .50 240.84 69.13 31.60 14.31 22.18 11.36 9.87 7.30

Heptane 25 185.86 16.03 13.52 6.82
50 252.65 32.82 22.27 9.87

Ž . Ž . Ž . Ž .70 320.75 74.59 68.91 14.08 36.72 11.04 13.61 5.37
Nonane 25 178.75 16.10 12.62 6.42

50 252.51 32.42 21.62 9.45
Ž . Ž . Ž . Ž .70 315.51 87.01 76.31 13.92 36.56 10.64 12.92 5.01

Dodecane 25 159.35 15.67 12.39 6.12
50 229.02 28.90 19.38 8.91

Ž . Ž . Ž . Ž .70 296.84 27.58 62.26 13.61 32.93 8.582 11.84 4.39
Pentadecane 25 135.56 19.55 15.19 6.32

50 229.70 32.85 17.41 10.33
Ž . Ž . Ž . Ž .70 267.83 13.90 49.38 12.99 28.62 7.17 10.85 1.95

Values in the parentheses are desorption coefficients at 258C.

weight measurements were done at suitably selected time intervals by removing the
samples and wiping the surface adhered solvent drops in-between filter paper wraps. The

Žsamples were then placed on a top-loading single pan digital Metler balance Model AE
.240, Switzerland sensitive to "0.01 mg and the mass measurements were taken.

The total time spent by the geomembrane outside the solvent container was kept
within 20–30 s in order to minimize the possible experimental error. This error was

Ž .found to be negligible considering the small amount of time spent 30 s or even less by
the membrane outside the test bottle. The desorption runs were performed by keeping
the already sorbed samples in a vacuum controlled oven at 258C under the atmospheric
pressure. The mass loss of the samples was monitored at regular intervals of time by
removing them from the oven and weighing in the same manner as was done in sorption
experiments. When the samples attained equilibrium sorption or desorption, no more
mass gain or loss occurred and this did not change significantly by keeping the samples
inside the containers for a further period of one or two days.

The weight percent increase C , as a function of time, t is calculated as:t

W yWt 0
C s =100 1Ž .t ž /W0

where W is initial weight of the sample and W is its weight at time t, for the0 t

immersion period. These data are given in Table 2. The weight percent decrease for
Ž .desorption was calculated similarly using Eq. 1 .

3. Estimation of solvent diffusion coefficients from sorption data

Chemical resistivity of a geomembrane is related to its ability to perform the intended
function during or after contact with a liquid. If no change occurs in liner’s ability to
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function as designed after chemical exposure, it is said to be resistant to the chemical.
Even though geomembranes are nonporous, liquids, gases and vapors of liquids can
permeate through it on a molecular level. Thus, even if a geomembrane is free of voids,
some liquids may permeate through it in order to escape out of the containment unit. In
a way the geomembranes are permeable to organic liquids to some extent and therefore
an assessment of the diffusivity of liquids through these materials is important. How-
ever, the basic transport mechanism in these processes is essentially the same for all the

w x w xpermeating molecules 11–18 19–25 .
Several methods have been developed in the literature to estimate the ability of a

w xgeomembrane to act as an effective barrier to an aggressive chemical 4–8 . In most of
these studies, Fickian diffusion theory is used which emphasizes the prediction of
diffusion coefficient of a liquid in a polymer. Critical review of the applicability and

w xreliability of such test methods have been given elsewhere 9 . However, a study of the
w xconcentration dependence of D for polymer–solvent systems has also been made 24 .

Theoretical approaches to estimate diffusion coefficients involve the application of free
w xvolume theory 26,27 . Although these models provide a good qualitative representation

of the variations of D with temperature and liquid concentration, it is difficult to apply
them because they require physical property data that are not generally available.
Consequently, these approaches are not suitable in the present study. Therefore, we have

w xused Fick’s diffusion equation to estimate the diffusion coefficient 11 :

E C E 2 C
sD 2Ž .2ž /E t E x

Ž .where CsC x, t is liquid uptake in weight percent, D is diffusion coefficient in
2 Ž .cm rs and x is sample thickness in cm. Eq. 2 can be solved for concentration-inde-

w xpendent diffusivity, D as 11 :

2hu
Dsp 3Ž .ž /4C`

where C is equilibrium weight uptake at t™`, u is slope of the initial linear portion`

of the sorptionrdesorption curves; h is membrane thickness. The sorptionrdesorption
data initially vary linearly with time up to about 50–55% attainment of equilibrium
saturation.

For a successful application of geomembranes it is essential to know the liquid
concentration profiles of the migrating chemicals. This was done by solving the one

w xdimensional Fick’s diffusion equation using the following assumptions 25 :
1. liquid diffusion into the geomembrane takes place in the x-direction only,
2. sorption takes place under transient conditions with a constant diffusivity,
3. during sorption, when the geomembrane is exposed to solvent, its concentration on

the membrane surface reaches equilibrium immediately,
4. time required for the geomembrane to establish thermal equilibrium is negligible

when compared to the time of sorption, and
5. changes in geomembrane dimensions are negligible during its liquid exposure time.
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Ž . Ž 1r2 . Ž .Fig. 1. Sorption curves i.e. wt.% uptake C vs. square root of time t for PP geomembrane with `t
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .hexane, ^ heptane, I nonane, v dodecane, ' pentadecane at A 258C, B 508C, C 708C, and D

desorption curves at 258C.
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Ž .Eq. 3 can be solved for the following initial and boundary conditions,

ts0 0FxFh Cs0 4Ž .
tG0 xs0, xsh CsC 5Ž .`

E C
s0 xs0, t)0 6Ž .

E x

Ž .to yield an equation for solvent uptake C inside the geomembrane of thickness h, atx ,t
w xtime t and distance, x as 25 :

2 2`C 4 1 D 2mq1 p t 2mq1 p xŽ . Ž .Ž x , t .
s1y exp y sin 7Ž .Ý 2C p 2mq1 hhŽ .` ms0

Ž .where m is an integer. Solving Eq. 7 , we get concentration profiles of the migrating
liquids developed within the geomembrane. These data are useful to study the liquid
migration as a function of time and penetration depth of the liquid from face to the
middle of the geomembranes along the thickness direction.

4. Results and discussion

4.1. Sorptionrdesorption kinetics

Sorption results of n-alkanes with PP geomembrane expressed in weight percent units
at 25, 50 and 708C as well as desorption data at 258C are presented in Fig. 1. It is
observed that at 258C, sorption curves for lower alkanes viz., hexane, heptane and
nonane are higher than those observed for dodecane and pentadecane. Also, for lower
alkanes the curves reach maxima much faster than the higher alkanes. However, after
attainment of equilibrium sorption, a slow decrease in sorption is observed at 258C for
lower alkanes only. At 50 and 708C all the alkanes show a decrease in sorption values
after attainment of equilibrium. This type of decrease in sorption is due to the fast
desorption of liquids from the PP geomembrane. The desorption curves of lower alkanes
show a rapid decline than higher alkanes. The sorption and desorption results do not
show any systematic variation with the size of n-alkanes. In general, equilibrium
sorption values show an increase with increase in temperature for all the alkanes.
Dodecane and pentadecane require longer time for sorption as well as desorption than
the lower alkanes. In all the cases and at all the temperatures, sorption curves follow a
Fickian transport i.e. no sigmoidal trends are observed. At 708C, the sorption curves
exhibit an overshoot effect suggesting an immediate burst effect of alkane molecules
within the pores of geomembrane matrices. Sorption results for hexane at 708C are not
presented due to its lower boiling temperature.

In Fig. 2 are presented the sorptionrdesorption results of VLDPE geomembrane vs.
alkanes. At 25 and 508C, the sorption tendencies of pentadecane follow a two-step
function possibly because of the difficulty involved in its transport as a result of its
larger size than the other alkanes. However, at 708C a decrease in sorption values is



( )T.M. AminabhaÕi, H.G. NaikrJournal of Hazardous Materials 60 1998 175–203182

Ž . Ž 1r2 . Ž .Fig. 2. Sorption curves i.e. wt.% uptake C vs. square root of time t for VLDPE geomembrane at At
Ž . Ž . Ž .258C, B 508C, C 708C, and D desorption curves at 258C for the same solvents as given in Fig. 1.
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observed for all the alkanes. In all the cases, sorption does not follow any systematic
trend with the size of alkanes. On the other hand, desorption curves for VLDPE
geomembrane vary systematically with the size of n-alkanes i.e. lower alkanes desorb
much faster than the higher alkanes. The absence of sigmoidal trends for the VLDPE
geomembrane suggests the presence of Fickian transport. The sorptionrdesorption
results for LLDPE geomembraneqn-alkanes are presented in Fig. 3. It is found that the
sorption curves at 258C follow a systematic trend with the size of alkanes i.e. sorption
results for hexane are higher and these values decrease with increasing size of alkanes.
The sorption curve for pentadecane is increasing monotonically with time. However, at
508C sorption curves for lower alkanes vary almost identically, whereas for dodecane
and pentadecane the sorption curves show a Fickian trend. At 708C, the sorption curves
of heptane and nonane are quite identical, but for higher alkanes, these are different.
Another characteristic property of the curves at 708C is that a slow decrease in sorption
is observed indicating a quick desorption of the liquids from the geomembrane. The
desorption curves in Fig. 3 show a systematic trend with the size of alkanes i.e. lower
alkanes desorb faster than the higher alkanes.

In Fig. 4 are presented the sorptionrdesorption curves for n-alkanes with HDPE,
which is considered to be one of the toughest and most widely used geomembranes in
chemical pond lining applications. It also is known to exhibit least sorptivity for many
liquids, a reputation upheld in this study. For HDPE, sorption curves at 25 and 708C
show more sigmoidal trends than at 508C; the curve for pentadecane exhibits a
double-step increase at 508C. The observed sigmoidal shapes are further indicative of the
slow migration of n-alkanes in HDPE geomembrane. The variations in sorption curves
follow a systematic dependence on the size of n-alkane molecules only at 708C.
However, at 25 and 508C no systematic variation of sorption curves is observed with the
size of alkanes. For instance, at 258C the curves for hexane and nonane show a steady
decline after reaching equilibrium. Similarly, at 508C the sorption curves for hexane and
heptane are almost identical. Therefore, a single curve is drawn to show the dependence
for both hexane and heptane. The desorption curves presented in Fig. 4 exhibit a
systematic dependence on the size of n-alkanes. Compared to all n-alkanes, pentadecane
shows a least desorptivity.

Fig. 5 displays a comparison between different geomembranes for the transport of
hexane and pentadecane at 258C. Wide variations in the sorption of PP geomembrane
are observed when compared to other geomembranes. Similar types of dependencies are
shown in Figs. 6 and 7 at 50 and 708C, respectively.

In order to confirm whether the samples have attained complete equilibration or not,
the geomembranes were kept immersed in the respective liquids over an extended period
of one or two days beyond the equilibrium saturation times. From the equilibrium values
sorption coefficients, S were calculated in weight percent units. These data are presented
in Table 2. The sorption results show a systematic variation depending upon the type of
geomembrane and the alkanes used. For instance, HDPE geomembrane shows least
sorptivity, whereas for LLDPE and VLDPE geomembranes sorption is higher than
HDPE. In the case of PP geomembrane, sorption is higher than all the other poly-

Ž .ethylene-based geomembranes HDPE, LLDPE and VLDPE . Sorption results decrease
with increasing molecular size of n-alkanes i.e. from hexane to pentadecane for the
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Ž . Ž 1r2 . Ž .Fig. 3. Sorption curves i.e. wt.% uptake C vs. square root of time t for LLDPE geomembrane at At
Ž . Ž . Ž .258C, B 508C, C 708C, and D desorption curves at 258C for the same solvents as given in Fig. 1.
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Ž . Ž 1r2 . Ž .Fig. 4. Sorption curves i.e. wt.% uptake C vs. square root of time t for HDPE geomembrane at At
Ž . Ž . Ž .258C, B 508C, C 708C, and D desorption curves at 258C for the same solvents as given in Fig. 1.



( )T.M. AminabhaÕi, H.G. NaikrJournal of Hazardous Materials 60 1998 175–203186

Ž . Ž 1r2 . Ž . Ž .Fig. 5. Sorption curves i.e. wt.% uptake C vs. square root of time t for PP `,v , VLDPE ^,' ,t
Ž . Ž .LLDPE I,B and HDPE \,% geomembranes with hexane and pentadecane respectively at 258C.

geomembranes in the investigated temperature range of 25 to 708C. With an increase in
temperature, sorption also increases and this effect is more significant with PP, VLDPE
and LLDPE than with the HDPE geomembrane. From the sorption results presented in
Table 2, it may be inferred that HDPE is the most resistant geomembrane and may be
recommended as a liner in the environment of n-alkanes and that PP geomembrane is
not as suitable when compared to polyethylene-based geomembranes. The desorption
values at 258C are also included in Table 2. These values vary in the sequence:
PP)VLDPE)LLDPE)HDPE for all the liquids.

The initial sorption results before completion of 50–55% of equilibrium have been
w xanalyzed using the empirical relationship 28,29 .

Ct nsKt 8Ž .
C`

where, C and C are the same as defined before. The parameter, K represents thet `
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Ž . Ž 1r2 . Ž . Ž .Fig. 6. Sorption curves i.e. wt.% uptake C vs. square root of time t for PP `,v , VLDPE ^,' ,t
Ž . Ž .LLDPE I,B and HDPE \,% geomembranes with hexane and pentadecane respectively at 508C.

extent of interaction between n-alkanes and geomembranes, while the exponent value of
n indicates the type of transport mechanism. The values of K and n have been
calculated using the least-squares procedures, but only the results of K are presented in
Table 3. It may be noted that the values of K also exhibit the trends similar to sorption
results i.e. these results vary according to the sequence: HDPE-LLDPE-VLDPE-

PP. Thus, sorption results are indicative of the membrane–solvent interactions as
manifested in the K values. The values of K show a systematic increase with increasing

Ž .temperature. The values of n not included in Table 3 for the present n-alkane–geo-
membrane systems show variations from 0.50 to 0.60 suggesting that transport is of
Fickian type. Sorption results presented in Figs. 1–7 also indicate a near linearity in the
early stages i.e. up to 50–55% equilibrium sorption, for the mass uptake vs. square root
time plots. This further supports that the overall transport is of Fickian type. In the
present study, the values of n for HDPE geomembrane range between 0.50–0.57; for
LLDPE, n varies between 0.50–0.59; for VLDPE, it is 0.50–0.59, whereas for PP, n
values are in the range 0.50–0.60.
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Ž . Ž 1r2 . Ž . Ž .Fig. 7. Sorption curves i.e. wt.% uptake C vs. square root of time t for PP `,v , VLDPE ^,' ,t
Ž . Ž .LLDPE I,B and HDPE \,% geomembranes with hexane and pentadecane respectively at 708C.

4.2. Diffusion

Ž .Diffusion coefficients, D calculated from Eq. 3 for n-alkanes with the geomem-
branes are presented in Table 4. In general, the values of D show a systematic
dependence on the size of n-alkanes as well as the type of the geomembrane. The values
of D follow the same pattern as those of S and K discussed before. Diffusion
coefficients of all the alkanes in the case of HDPE geomembrane are lower than
observed for all the remaining geomembranes. This further confirms that HDPE is most

Ž . Ž .resistant of all. The values of D and K calculated from Eqs. 3 and 8 respectively,
from desorption data at 258C are also included in Tables 4 and 3. It is observed that D
and K values for desorption are higher than those observed for sorption in all the cases.

4.3. Concentration profiles

Ž .The calculated concentration profiles from Eq. 7 for the high diffusing heptane with
all the geomembranes at 25, 50 and 708C are displayed in Figs. 8–10 respectively. In
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Table 3
2 Ž Ž .n.Results of parameter K =10 in grg min of Fig. 8 for geomembranes at different temperatures

Ž .n-Alkanes Temperature 8C PP VLDPE LLDPE HDPE

Hexane 25 5.5 5.11 4.89 2.18
Ž . Ž . Ž . Ž .50 10.19 22.12 8.41 8.34 8.16 8.07 3.58 2.99

Heptane 25 4.79 3.39 3.12 1.64
50 8.65 7.21 6.79 3.31

Ž . Ž . Ž . Ž .70 13.26 16.53 12.36 6.02 10.50 4.56 4.60 1.99
Nonane 25 4.20 3.17 2.85 1.54

50 6.33 5.49 5.40 2.47
Ž . Ž . Ž . Ž .70 11.56 10.27 10.55 5.07 5.83 3.21 3.30 0.38

Dodecane 25 2.68 2.39 2.31 1.33
50 4.38 4.08 3.70 2.45

Ž . Ž . Ž . Ž .70 8.04 7.90 7.60 3.68 4.66 1.04 2.92 0.16
Pentadecane 25 1.82 1.49 1.42 1.26

50 3.83 3.37 2.72 2.12
Ž . Ž . Ž . Ž .70 6.01 5.90 5.42 1.86 4.43 0.23 3.02 0.09

Values in the parentheses are obtained from desorption runs at 258C.

general, concentration profiles are systematically higher for heptane with increasing
temperature and the profiles depend on the type of geomembrane. While calculating the
theoretical curves it was not possible to use the same initial times so as to facilitate
comparison of the curves under identical conditions and hence, different times were
chosen for different membranes. It is gratifying to note that different shapes and
different values of the profiles are observed depending upon the nature of the barrier

Table 4
Ž 7 2 .Diffusion coefficients D=10 cm rs of geomembranes with n-alkanes

Ž .n-Alkanes Temperature 8C PP VLDPE LLDPE HDPE

Hexane 25 3.91 1.35 1.27 0.70
Ž . Ž . Ž . Ž .50 7.72 21.4 4.32 2.01 3.33 1.64 2.20 0.29

Heptane 25 2.30 0.97 0.88 0.43
50 5.54 3.52 2.56 1.62

Ž . Ž . Ž . Ž .70 8.37 16.7 8.09 1.77 5.84 1.41 3.10 0.44
Nonane 25 1.26 0.70 0.53 0.21

50 2.75 1.93 1.41 1.19
Ž . Ž . Ž . Ž .70 4.71 3.82 4.11 1.08 3.29 0.64 1.99 0.30

Dodecane 25 0.49 0.43 0.24 0.07
50 1.23 1.11 0.99 0.68

Ž . Ž . Ž . Ž .70 2.35 1.58 2.21 0.78 1.81 0.07 0.92 0.08
Pentadecane 25 0.32 0.27 0.08 0.04

50 0.95 0.76 0.53 0.23
Ž . Ž . Ž . Ž .70 1.59 1.09 1.43 0.50 1.17 0.02 0.85 0.01

Values in the parentheses are obtained from desorption runs at 258C.
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Ž . Ž . Ž . Ž . Ž .Fig. 8. Concentration profiles calculated from Eq. 7 for heptane at ` 0.6 min, v 4 min, I 8 min, B

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .20 min, ^ 40 min, ' 60 min, \ 100 min, % 600 min with A PP, B VLDPE, C LLDPE and D
HDPE geomembranes at 258C.

geomembrane. Similar plots are shown for the low diffusing pentadecane in Figs. 11–13
wherein again the same observations are seen as those observed for heptane. In Figs. 14
and 15, a comparison is made between different geomembranes for heptane and
pentadecane at 25, 50 and 708C. For the other alkanes, intermediary values are observed.
It is further found that lower values of concentration profiles are observed for PP
geomembrane than all the other geomembranes.
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Ž . Ž . Ž . Ž .Fig. 9. Concentration profiles calculated from Eq. 7 for heptane with A PP, B VLDPE, C LLDPE and
Ž .D HDPE geomembranes for the same time intervals as in Fig. 8 at 508C.

4.4. Swelling

Dimensional response of the geomembranes has been investigated from a calculation
of the volume changes of the samples due to swelling. The changes in thickness and
diameter of the geomembrane samples have been calculated at different time intervals

Ž .during soaking experiments. The thickness measurements "0.001 cm were done using
the micrometer screw gauge. Vernier callipers was used to measure the diameter within
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Ž . Ž . Ž . Ž .Fig. 10. Concentration profiles calculated from Eq. 7 for heptane with A PP, B VLDPE, C LLDPE and
Ž .D HDPE geomembranes for the same time intervals as in Fig. 8 at 708C.

an accuracy of "0.001 cm. The values of D based on volume changes are then
w xcalculated by using 13 :

1r2W 4W Dt ` n 1r2C s s t 9Ž .t ž /ž / ž /W hW p0 0

where W is equilibrium weight of the samples and D is diffusion coefficient` Õ

calculated from volume expansion of the samples. Assuming that increase in volume of
the geomembrane at any given instant of time is proportional to the weight of the liquid

Žsorbed up to that time so that we may write: W A swollen volume of the geomembranet
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Ž . Ž . Ž . Ž .Fig. 11. Concentration profiles calculated from Eq. 7 for pentadecane with A PP, B VLDPE, C LLDPE
Ž .and D HDPE geomembranes for the same time intervals as in Fig. 8 at 258C.

.at time t - initial volume of the geomembrane . Thus, the mass gain at time, t is
calculated as:

W sbp r 2 h yr 2 h 10Ž .Ž .t t t 0 0

W sbp r 2 h yr 2 h 11Ž .Ž .` ` ` 0 0

where b is a proportionality constant and r , r and r are radii of the circular0 t `

disc-shaped samples initially at zero time, after lapse of time, t and at equilibrium time
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Ž . Ž . Ž . Ž .Fig. 12. Concentration profiles calculated from Eq. 7 for pentadecane with A PP, B VLDPE, C LLDPE
Ž .and D HDPE geomembranes for the same time intervals as in Fig. 8 at 508C.

Ž .respectively. Substituting the values of W and W into Eq. 9 we get,t `

1r22 24 r h yr h DŽ .` ` 0 0 Õ2 2 1r2r h yr h s t 12Ž .Ž .t t 0 0 ž /ž /h p

Ž 2 2 . Ž 2 2 . Žwhere r h yr h and r h yr h represent the volume changes at time, t i.e.t t 0 0 ` ` 0 0
. Ž . Ž .DV and at equilibrium time i.e. DV . Thus, Eq. 12 can be rewritten ast `

1r24DV D` Õ 1r2
DV s t 13Ž .t ž / ž /h p
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Ž . Ž . Ž . Ž .Fig. 13. Concentration profiles calculated from Eq. 7 for pentadecane with A PP, B VLDPE, C LLDPE
Ž .and D HDPE geomembranes for the same time intervals as in Fig. 8 at 708C.

Ž .For the changes in volume per unit volume, Eq. 13 becomes

DVt
4 1r2ž /DV DVt Õ0 1r2s t 14Ž .ž /ž /V h p0 � 0
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Ž . Ž . Ž . Ž .Fig. 14. Concentration profiles calculated from Eq. 7 for heptane with PP ` ; VLDPE v ; LLDPE I ;
Ž . Ž . Ž . Ž .and HDPE B ; at A 258C, B 508C and C 708C for 20 min sorption.

The expression for diffusion coefficient, D may then be written as:Õ

2
u h

D sp 15Ž .Õ ž /4DVm

where u is slope of the DV rV vs. t1r2 plots.t 0

Swelling curves for PP geomembranes at 258C are presented in Fig. 16. The
dependence of percentage increase in thickness and diameter in addition to percentage
volume swell data of the geomembrane samples are also presented. Due to insignificant
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Ž . Ž . Ž .Fig. 15. Concentration profiles calculated from Eq. 7 for pentadecane with PP ` ; VLDPE v ; LLDPE
Ž . Ž . Ž . Ž . Ž .I and HDPE B at A 258C, B 508C and C 708C for 40 min sorption.

swelling of the polyethylene-based geomembranes, such swelling curves are not pre-
sented for these geomembranes. Swelling results expressed as maximum percentage
increase in thickness, Dh and diameter, Dd are presented in Table 5 only in the case` `

of PP geomembrane. Since, no increase in thickness or diameter for the polyethylene-
based geomembranes is observed, these data were not obtained. In general, equilibrium
swelling is higher for heptane than hexane in the case of PP geomembrane. However,
for the other alkanes equilibrium swelling decreases with increasing size of n-alkanes
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Ž . Ž . Ž .Fig. 16. Percentage increase in thickness Dh , diameter Dd and increase in volume DV vs. square root ofm
Ž 1r2 . Ž . Ž . Ž . Ž . Ž .time t for PP geomembrane with ` hexane, ^ heptane, I nonane, v dodecane and '

pentadecane at 258C.

i.e. equilibrium swelling of pentadecane is lower than all the other alkanes showing a
clear-cut dependence of swelling on the size of n-alkane molecules.

ŽFrom a least-squares analysis of the slope of the linear portion i.e. before 55%
.swelling equilibrium of the volume swelling curves presented in Fig. 16, the values of

Ž .D have been calculated using Eq. 15 and these are also included in Table 5 along withÕ

Ž . Ž .the swelling index data calculated as: as Dh d r Dd h . The values of a are` 0 ` 0
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Table 5
Ž . Ž . Ž .Percent maximum increase in thickness, Dh cm , diameter, Dd cm and volume DV , diffusivity for` ` `

Ž 7 2 . Ž 3 .volume change, D 10 cm rs , swelling index, a cm rg at equilibriumÕ

n-Alkanes PP geomembrane

Dh Dd DV D a` ` ` Õ

Hexane 141.30 20.68 2.48 1.69 7.29
Heptane 146.01 20.65 2.59 2.45 7.22
Nonane 140.10 19.50 2.40 1.04 7.08
Dodecane 121.36 15.96 1.98 0.55 7.57
Pentadecane 114.25 13.36 1.65 0.26 7.88

almost identical for all the n-alkanes and vary from 7.08 to 7.88. The values of D areÕ

smaller than those of D obtained from sorption experiments. This may be explained in
w xterms of free volume considerations 26,27 . If the available free volume spaces between

polymer segments are bigger than the solvent molecules, then the liquid entering into
these spaces may not cause significant change in volume. On the other hand, when the
n-alkanes do not enter into the already available free volume, then the polymer segments
tend to relax and thereby contribute toward swelling. In the absence of any such
interactions between the polymer segments and n-alkanes at any time t, the mass uptake
by the geomembrane may not be equivalent to the corresponding volume gain. This
further results in a decrease in the values of volume gain when compared to mass gain
results. Therefore, the diffusion coefficients calculated from mass gain measurements
are higher than those obtained from dimensional response measurements.

4.5. Arrhenius actiÕation parameters

Diffusion data of the geomembrane–alkane systems increase with increasing tempera-
ture and hence, attempts have been made to calculate the energy of activation for
diffusion Arrhenius plots of ln D vs. 1rT. In all the cases, Arrhenius plots exhibit

Ž .linearity Fig. 17 and this suggests that the values of activation energy for diffusion, ED

are roughly constant over the investigated range of temperature. The E values haveD

been estimated from least-squares method by fitting the ln D data vs. 1rT using the
following Arrhenius relation:

ED
ln Ds ln D y 16Ž .0 RT

In a similar manner, the results of S have been used to estimate the heat of sorption,
D H using the relation:S

D HS
ln Ss ln S y 17Ž .0 RT

In the above equation, D and S represent the constant terms, R is gas constant and0 0

T is absolute temperature. The estimated values of E and D H for all the systems areD S

presented in Table 6. In the case of PP geomembrane, the E values increase from 25 toD
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Ž . Ž . Ž . Ž .Fig. 17. Arrhenius plots of ln D vs. 1rT for A PP, B VLDPE, C LLDPE and D HDPE geomembranes
with n-alkanes, symbols are the same as in Fig. 1.

31 kJrmol, whereas for VLDPE there is a decrease in E values which range from 40D

to 31 kJrmol from heptane to pentadecane. In the case of LLDPE and HDPE
geomembranes these values increase with the size of alkanes and the E values forD

HDPE are higher than all the other geomembranes. The results of D H for PP andS

HDPE geomembranes are smaller than LLDPE and VLDPE geomembranes and these
values vary from 10 to 13 kJrmol. This further suggests that the results of D H and ES D

are dependent more on the nature of the geomembrane than the size of the penetrating
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Table 6
Ž . Ž . ŽActivation energy for diffusion E in kJrmol , heat of sorption D H in kJrmol and heat of mixing D HD S mix

.in kJrmol for geomembranes with n-alkanes
an-Alkanes D H Property PP VLDPE LLDPE HDPEÕ

Heptane 37.36 E 24.8"2.5 40.2"0.8 35.6"1.0 37.8"3.5D

D H 10.3"0.3 27.2"3.1 18.7"2.0 13.0"0.8S

D H 47.7"0.3 64.6"3.1 56.1"2.0 50.4"0.8mix

Nonane 43.75 E 25.0"0.1 33.4"0.6 34.4"2.1 43.9"9.0D

D H 10.8"0.2 26.6"5.7 19.9"1.9 13.2"0.6S

D H 54.6"0.2 70.4"5.7 63.7"1.9 57.0"0.6mix

Dodecane 49.61 E 29.6"0.2 31.1"0.2 38.6"4.8 50.9"17D

D H 11.8"0.1 20.0"6.9 18.2"2.8 12.5"0.3S

D H 61.4"0.1 69.6"6.9 67.8"2.8 62.1"0.3mix
bPentadecane E 30.8"3.1 31.7"1.1 51.0"6.6 60.5"0.4D

D H 13.2"2.7 10.1"3.9 11.5"5.1 10.6"4.0S
c c c c

D Hmix

a Ž . Ž .These values in kJrmol were taken from the CRC Handbook of Chemistry and Physics Weast , 67th edn.,
CRC Press, Boca Raton, FL, 1986–1987.
b Data not available.
c Data not calculated.

alkane molecules. The heat of sorption being positive in all the cases, suggests that the
heat of condensation is positive and greater in magnitude than the heat of mixing D Hmix

w xwhich can be calculated according to the relation 30 :

D H sD H qD H 18Ž .mix S Õ

where D H is heat of vaporization. These D H values presented in Table 6 show anÕ mix

increasing trend from heptane to pentadecane suggesting a driving force increase with
increasing length of n-alkanes.

5. Conclusions

In field applications, the barrier geomembranes with lower liquid sorptionrdiffusion
properties are needed not only for liquid storage, but also to dispose off the hazardous
wastes. Such barrier materials with better liquid resistivity properties have good
applications as liners in hazardous waste pond applications to prevent the transport of
leachates or liquids in the wastes, thereby alleviating the pollution of ground water. In
the absence of actual field experience on long-term performance of geomembranes,
preliminary laboratory data of the kind presented here are useful. However, it is possible
that the geomembranes may be subjected to a variety of pollutants that may adversely
affect their performance due to chemical degradation, swelling and environmental stress
cracking. These aspects need to be well understood before their successful applications.

The goal of the present research is to identify factors that are responsible for
predicting the long-term performance of HDPE, LLDPE, VLDPE and PP geomembranes
with n-alkanes. Sorption and diffusion data are obtained at 25, 50 and 708C, while
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desorption and swelling results were obtained at 258C. The temperature dependence of
these parameters indicate that the activation energy of diffusion and heat of sorption are
dependent on the type of the geomembrane used and the nature of liquid environment.

Ultimately, the choice of geomembrane depends upon the type of the hazardous
chemical to be retained. Among many criteria used to assess the compatibility of
geomembranes, one of the most useful parameters is its interaction with the liquid
environments. In addition, weight, volume, mechanical properties and hardness changes
of the geomembrane are also important. Generally, a geomembrane is considered
acceptable for lining applications if it undergoes less than 10% weight or volume change
and less than 10 point Durometer hardness change after 30 days of exposure in the
selected environment. It was found that the chemical resistivity of a geomembrane
depends on polymer structure, molecular weight, crystallinity and degree of cross-lin-
king, if any. Chemical compatibility testing of these materials must be performed both to
meet the designers need to support the material selection decision and to provide
documentation for the facility operating permit application.
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