Geosynthetics International, 2009, 16, No. 3

Diffusion modelling of OIT depletion from HDPE

geomembrane in landfill applications

S. Rimal! and R. K. Rowe?

1 Land(fill Design Engineer, Golder Associates, 2390 Argentia Road, Mississauga, Ontario, Canada,
L5N 577, Telephone: +1 905 557 4444, Telefax: +1 905 567 6561, E-mail: Santosh_Rimal@golder.com
2 Professor, GeoEngineering Centre at Queen s-RMC, Queen’s University, Kingston, Ontario, Canada,
K7L 3N6, Telephone: +1 613 533 6933, Telefax: +1 613 533 6934, E-mail: kerry@civil.queensu.ca

Received 10 August 2008, revised 1 February 2009, accepted 22 March 2009

ABSTRACT: The results of a diffusion modelling study to evaluate experimental data on oxidative
induction time (OIT) depletion from high-density polyethylene (HDPE) geomembrane (GM) in
accelerated ageing tests are presented. The paper provides: (1) results of diffusion modelling of
OIT depletion from a GM immersed in leachate and in a composite liner with leachate above the
liner at different incubation temperatures; (2) a comparison of the results of the diffusion model
and the conventional first-order (exponential) antioxidant depletion model; (3) estimates of diffusion
and partitioning coefficients at typical landfill temperatures based on Arrhenius-type relationships;
and (4) an application of the estimated parameters to model a composite liner with 30 cm thick
sand layer. The antioxidant diffusion coefficients ranged from 2.1 X 10~ (at 26°C) to
1.6 X 1073 m?/s (at 85°C) and the partitioning coefficients ranged from 720 (at 26°C) to 4 (at
85°C). The antioxidant depletion time obtained using the first-order model was similar to that
predicted using the diffusion model for tests where the OIT was depleted during the test period.
However the first-order model gave smaller predictions of depletion time than the diffusion model
in cases where there was only limited OIT depletion and in these cases the diffusion model is
likely to the give more accurate predictions. Arrhenius modelling provided a means of estimating
diffusion and partitioning coefficients at field temperatures. At a typical landfill temperature of
35°C the calculated antioxidant depletion time for the geomembrane considered was about 130
years for a case where there was a 1.5 cm sand protection layer and 230 years for the case when
30 cm sand protection layer was used. Thus these results suggest that the use of a 30 cm sand
protection layer in addition to the typical geotextile protection layer between the geomembrane and
a coarser granular leachate drainage layer would provide potential benefits in terms of extending
the geomembrane service life by reducing the rate of outward diffusion of antioxidants from the
geomembrane (as well as providing good physical protection of the liner). This paper has also
illustrated how diffusion modelling can be used for considering a range of situations different from
those under which the basic experimental data was obtained.
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1. INTRODUCTION

High-density polyethylene (HDPE) geomembranes (GM)
are frequently used in composite landfill liners due to
their effectiveness in reducing outward advective and
diffusive contaminant transport from the landfill (Rowe et
al. 2004; Rowe 2005). Extensive research has recently
been conducted into factors affecting both the leakage
through geomembrane liners (Take ef al., 2007; El-Zein
and Rowe 2008; Saidi et al., 2008; Zhu et al., 2009) and
the source of tensions in the GM that could ultimately
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cause stress cracking in these liners (Thusyanthan et al.,
2007; Brachman and Gudina, 2008a, b). HDPE GMs have
excellent short-term high resistance to chemicals present
in landfill leachate (Tisinger et al. 1991; Koerner 1998;
Rowe et al. 2004). To protect GM from oxidative degrada-
tion antioxidants are added to the polymer matrix.
The long-term performance of a GM not only depends on
the chemical nature of the antioxidants but also on the
physical loss of antioxidants during its lifetime. The
service life of GM is initially controlled by the rate of
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depletion of antioxidants. The process involves dissolution
or consumption of antioxidants from the surface of GM
and outward diffusion from the core to the surface due to
a concentration gradient (Hsuan and Koerner 1998;
Sangam and Rowe 2002). The depletion of antioxidants
leaves the GM susceptible to oxidative degradation
(Grassie and Scott 1985). Thus the first stage of degrada-
tion of GM is antioxidant depletion, the second stage is
the induction time to the onset of polymer degradation,
and the third stage is polymer degradation involving the
decrease in a geomembrane property to a level often taken
to be 50% of the original value (Hsuan and Koerner
1998). The aging of the geomembrane is a function of
temperature and temperatures of 30-60°C have been
reported for landfill liners (Rowe 2005; Koerner and
Koerner, 2006; Rowe and Hoor 2009).

Antioxidant depletion has been examined in laboratory-
accelerated ageing studies for GMs immersed in air, water,
synthetic landfill leachate, acid mine drainage, and hydro-
carbons (Hsuan and Koerner 1998; Sangam and Rowe
2002; Gulec et al. 2004; Rimal et al. 2004; Rowe and
Rimal 2008a). In these studies results were analysed using
a first-order antioxidant depletion model (Hsuan and
Koerner 1998). This is adequate for predicting the deple-
tion of antioxidants from GM for exposure conditions
similar to (except of temperature) those examined in the
original tests (e.g. data on a GM immersed in a fluid of
interest at three or more temperatures could be used
together with Arrhenius modelling to predict the likely
performance of the GM immersed in the same fluid at a
temperature different from the original test temperatures).
However, the first-order antioxidant depletion model can-
not be readily used to predict the performance of the GM
in an environment different from that used to obtain the
original data. Thus, for example, a first-order model with
parameters obtained from leachate immersion tests will
not provide a good prediction of the likely depletion rate
in a composite liner in a landfill (Rowe and Rimal 2008a).
Likewise, first-order antioxidant depletion parameters
obtained from the tests reported by Rowe and Rimal
(2008b) for a GM in a composite liner with a 1.5 cm thick
sand protection layer cannot be directly used to predict the
likely antioxidant depletion from a GM where there is a
thicker (e.g. 30 cm thick) sand protection layer. To do so
one would need to be able to model the diffusion from the
GM into the adjacent porous media.

Although antioxidant depletion is controlled by diffu-
sion of antioxidants from the GM, none of these prior
studies analysed the antioxidant depletion data using
diffusion modelling techniques. Furthermore, there has
been no comparison of the results from diffusion model-
ling with those inferred from the first-order antioxidant
depletion model. Rowe and Rimal (2008b) developed and
applied a theoretical technique for modelling diffusion of
antioxidants from a GM and used this to interpret the
effect of various protection layers on the depletion of
antioxidant from a GM. However, they only considered
depletion at room temperature. The present study seeks to
use similar diffusion modelling to evaluate the experimen-
tal data on antioxidant depletion from immersion and
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composite liner simulation test at a range of incubation
temperatures (85, 70, 55 and 40°C and room temperature).
Thus this study had four objectives: (1) to analyse
experimental data on OIT depletion from GM in leachate
immersion tests and composite liner simulation tests at
different incubation temperatures using a diffusion model;
(2) to compare the results of the diffusion model and the
first-order (exponential) antioxidant depletion model; (3)
to establish Arrhenius-type relationships to estimate diffu-
sion and partitioning coefficients at typical landfill tem-
peratures; and (4) to use the estimated parameters to
model OIT depletion from a GM in a composite liner with
a 30 cm thick sand protection layer and hence assess the
potential beneficial effect of the protection layer in
reducing the depletion of antioxidants.

2. THEORETICAL CONSIDERATIONS

2.1. Outward migration of antioxidants

For all but thin polyethylene films (thickness < 0.1 mm)
and high surface concentration of antioxidants (Méller and
Gevert 1996; Haider and Karlsson 2000), the rate of loss
of antioxidants depends on (a) the partitioning of the
antioxidant between the GM surface and the adjacent
fluid, and (b) the rate of diffusion of the antioxidants from
core to surface of the GM. Consumption of antioxidants
(e.g. hydrolysis of phosphite stabilizer and reaction of the
antioxidant with oxygen, free radicals and alkyl peroxides)
may occur at the surface of the GM and in an aqueous
phase (Haider and Karlsson 2002; Grassie and Scott
1985). The loss of antioxidant from the GM at the surface
is, in part, controlled by the affinity of the antioxidants for
polyethylene relative to the surrounding media. This is
usually related to the difference in solubility of the
antioxidants in the two materials. When placed in a fluid,
antioxidants will be released into the adjacent fluid until a
final equilibrium is reached. At this point, the concentra-
tion of antioxidant in the GM, cgpy (ML), and in the
adjacent fluid, c; (ML), are related by Henry’s law:

Com = Cngf (1

where Syr is a partitioning coefficient (—) between the GM
and the fluid; Sy is a constant for a given permeant, fluid,
GM and temperature of interest. Equation 1 is valid at low
concentrations or when the antioxidant does not interact
with the polymer (Rogers 1985).

The diffusive flux of permeant through a GM is
governed by Fick’s first law of diffusion:

Ocem

f= _ngg 2)

where f is mass flux or rate of transfer of diffusing
substances through a unit area of the GM (ML2T~!);
Dy, is the diffusion coefficient in the GM (LT~ Com 1S
the concentration of the diffusing substance in the geo-
membrane (ML73); and z is the distance parallel to the
direction of diffusion (L).

In the transient state, consideration of conservation of
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mass gives the following governing differential equation
(Fick’s second law of diffusion):

OCom P Com
o =~ P52 ®)

which must be solved for the appropriate initial and
boundary conditions.

Temperature is a key factor influencing the diffusion of
antioxidants. The temperature dependence of diffusion
coefficient is mathematically described by Arrhenius-type
relationship (Crank and Park 1968; Moisan 1985):

Eq

— 4

R.T > @)
In logarithmic form the above equation can be ex-

pressed as

In (Dgm) = In (D,) — (?) <;) (5)

where Dy is the diffusion coefficient typically in m%/s;
D, is pre-exponential factor (a constant for a particular
system independent of temperature) in m?/s; Eq is the
activation energy of diffusion in kImol™'; R is the
universal gas constant, 8.31 Jmol™! K~!; and T is the
absolute temperature in K.

Other factors that affect the outward migration of
antioxidants from the GM are solubility of antioxidant in
the polymer, polymer structure (crystallinity and density),
structure of the diffusant (molecular weight and shape)
(Moisan 1980a, b; Billingham 1990). Moisan (1980b)
demonstrated that the diffusion coefficient of an antiox-
idant decreased steadily with increasing density of poly-
ethylene. This also implied a decrease in diffusion
coefficient with increase in crystallinity of polyethylene.
Experimental results of Roe er al. (1974) and Moisan
(1980a) demonstrated that the diffusion coefficient de-
creased with increasing molecular weight of antioxidants.
However, the shape of the molecules affected the correla-
tion between diffusion coefficient and molecular weight.
Billingham (1990) summarized the results on different
studies on dependence of diffusion coefficient with mole-
cular structure of antioxidants. It was concluded that, for a
given molecular weight, the antioxidant with long flexible
molecules diffused faster than the more rigid and compact
molecules.

Dy = D, exp (—

2.2. Exponential OIT depletion model, antioxidant
depletion rate and time

OIT is a useful index of the amount of antioxidants in the
GM. Depletion of OIT from GM follows a first-order
(exponential) decay model (Hsuan and Koerner 1998;
Sangam and Rowe 2002). The OIT representing the total
amount of antioxidant remaining in the GM at time t is
given by a kinetic equation of first-order.

OIT(t) = OIT, - exp (—st) (6)

where OIT, is the initial OIT (min); s is the antioxidant
depletion rate (month™!); and ¢ is the aging time (months).

In most previous studies, OIT depletion was modelled
using Equation 6. The time taken for depletion of

antioxidants (Stage I of the GM service life) was calcu-
lated as the time taken for the reduction of OIT from the
initial value of OIT, to a final residual value of
OITry = 0.5 min. (Hsuan and Koerner 1998). On rearran-
ging, Equation 6 gives:

L (OIT,) — In (OITy)) (7)

N

which can be used to calculate the antioxidant depletion
time, #4, for antioxidant depletion rate, s at a particular
temperature.

2.3. Theoretical diffusion modelling and OIT
depletion rates

The analytical solution to Equation 3 for outward diffusion
of antioxidants from a polymer film (a GM in our case)
placed in an infinite bath is given by Equations 8 and 9
(Crank 1975; Comyn 1985).

Cc-G, ——Z —D(2n+1)2nzt
C -G, 2n +1 472

(2n+ 1)mx
21

X cos (®)

where C is the concentration at points within the GM; C,
is the initial concentration within the GM; 2/ is the GM
thickness; n is the integer number; D is the diffusion
coefficient; ¢ is the time; x = 0 at the centre of a GM of
thickness 2/; and its faces being located at x = +/ and —/ .
If the GM (—/ < x <) has an initial antioxidant concen-
tration C, =1 and the surfaces are kept at a constant
concentration C; = 0, then the concentration C at points
within the GM is given by:

B ﬂi (-1)" o —D(2n+1)°7%t
T alon+1 7P 47

(2n+ 1)7x
21

)

X cos

The experimental results can be evaluated according to
the solution given by Crank (1975) for mass.

> —D(2n+ 1)’
Z exp 47

n:O 271 —+ 1
(10)

where M, denotes the mass of antioxidant which has left
the GM at time ¢, and M., the corresponding quantity
after infinite time (i.e. the initial mass of antioxidant in
the GM). Thus the OIT value measured in the GM at time
t can be represented by OIT =M, — M, and initially
OIT, = M,

The normalized expression for OIT is given by

oIrr & 8 —D@2n+ 1)’
= Z 3 eXp )
OIT,  “=(2n+ 1)’z 41

(11
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The variation in the normalized OIT with time was
calculated from Equation 11 for a GM with a typical
thickness of 1.5 mm immersed in leachate for a diffusion
coefficient Dgy = 2.1 X 107" m?/s (Rowe and Rimal
2008b) as shown by the ‘analytical solution’ in Figure 1.
Since the outward diffusion profile is symmetrical from
the two sides of the GM, it is sufficient to model a half
thickness (0.75 mm) of the GM with a zero constant
concentration boundary condition at the surface and a zero
flux boundary condition at the middle of the GM. This
case also was modelled using the finite layer analysis
program POLLUTE® v7.09, (Rowe and Booker 2004)
and the concentration curve was integrated to obtain the
mass of antioxidant in the GM at different times and these
are shown as ‘model’ in Figure 1. The finite layer
diffusion model results (Figure 1(a)) are in excellent
agreement with the results evaluated using the analytical
solution (Equation 11). The theoretical results were then
plotted as In(OIT/OIT,) versus time (Figure 1(b)) and a
linear regression curve fitted to the normalized OIT values
deduced from the diffusion model at different times was
used to obtain the OIT depletion rate s (Equation 6). A
visual inspection of Figure 1(b) reveals that while the
regression line presents a very good fit, the data points do
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Figure 1. Normalized OIT depletion at different times based
on diffusion theory (from both an analytical solution and a
finite layer model) and a first-order regression fit to that
data. The first-order curve in Figure 1(a) corresponds to the
regression line in Figure 1(b)
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not all fit on the straight line. This implies that the
relationship given by Equation 6 is an approximation and
inspection of Figure 1(b) suggests that the estimation of
the depletion rate may vary depending on the time period
over which the fit is applied. To quantify this observation,
regression curves were fit to the ‘data’ from the analytical
solution (i.e. any issues of ‘experimental error’ are
excluded). A regression of the data from # = 0 months (at
OIT=0IT,) to t=226 months (corresponding to
OIT = 0.5 min. at complete depletion of antioxidants)
from both the analytical solution and the finite layer
model gave s = 0.0254 month~!' (with R?> = 1.0). Regres-
sion of data at shorter time intervals gave, for example,
(a) s = 0.0733 month~!' (R? = 0.92) for a fit from 7 = 0 to
3.3 months, (b) s=0.0318 month™' (R?>=0.95) from
t=0 to 33 months, (c) s=0.0294 month™' (R?> =0.97)
from t=0 to 50 months, and (d) s = 0.0254 month~!
(with R? =1.0) from ¢ =0 to 226 months (full depletion
as noted above). Based on these results it was found the
evaluation of short-term theoretical data using the first-
order kinetic equation (Equation 6) gave higher OIT
depletion rates based on the short term data compared to
those based on the long-term data at which the OIT had
reached to 0.5 min. This arises from the fact that while the
diffusion process can be reasonably approximated over a
long-time period by the first-order relationship (Equation
6), diffusion gives relatively faster depletion at small times
(when the concentration gradient is very high) and slower
depletion at later times (when the concentration gradient
is much lower). This also provides a theoretical basis for
the fact that early time experimental data is often below
the best fit line obtained in antioxidant depletions tests
(e.g. Sangam and Rowe 2002; Rowe and Rimal 2008a;
Rowe et al. 2009). Thus it can be concluded that it is
important to analyse long term data (i.e. to depletion) to
obtain accurate antioxidant depletion rates using a first-
order approximation. Fitting to data over shorter time
periods (as is often necessary at low temperatures due to
the time it takes to deplete antioxidants at lower tempera-
tures such as room temperature) will results in an over
prediction of the depletion rate and consequently an
underestimate of the time for antioxidant depletion.

3. MODELLING DIFFUSION OF OIT

A technique for modelling diffusion of OIT was developed
to examine the application of the diffusion model to the
OIT depletion data from leachate immersion and compo-
site liner simulation tests. The authors have previously
reported results of accelerated aging laboratory investiga-
tions on the OIT depletion and long-term performance of
GM (Sangam and Rowe 2002; Rowe and Rimal 2008a, b;
Rowe et al. 2009). A brief synopsis of these tests and
material used will be presented below, followed by model-
ling procedures, parameters and results.

3.1. Laboratory testing

3.1.1. Immersion tests
Accelerated aging tests were conducted on 2.0 mm thick
GM (GM-A, initial OIT = 133 min., Table 1) immersed
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in synthetic leachate and water (Sangam 2001; Sangam
and Rowe 2002; Rowe et al. 2009). Coupons of the GM
were placed in the incubation containers at 85, 70, 55,
40 and 22°C (room temperature). This study demon-
strated that antioxidant depletion times were shorter for
samples immersed in leachate than in water and longest
in air.

3.1.2. Immersion versus composite liner tests

Aging tests were performed with a GM (GM-B, Table 1)
in a simulated landfill liner system and were compared
with results from conventional leachate immersion tests
on the same GM (Rowe and Rimal 2008a). From top
down, the composite liner cells (denoted as CL-T) com-
prised a 19 mm gravel layer (simulating the leachate
collection layer), a 270 g/m? needle punched nonwoven
geotextile protection layer, a 1.5 mm thick GM with initial
OIT = 135 min., a hydrated geosynthetic clay liner (GCL),
and compacted moist Ottawa silica sand. The gravel layer
was saturated with leachate that was refreshed every 2
weeks. The composite liner cells were incubated at 85, 70,
55 and 26°C (room temperature). The leachate immersion
test on the same GM was conducted simultaneously at the
same temperatures. The GM in the simulated composite
liner cells was removed at different times and tested for
OIT (Rowe and Rimal 2008a). It was concluded that the
length of antioxidant depletion time was considerably
shorter in the leachate immersion tests than in the compo-
site liner tests. Thus the results from simple immersion
tests were confirmed to be conservative.

3.1.3. Composite liner tests with three different protec-
tion layers

The primary function of a protection layer above a GM in
a barrier system is to protect the GM from physical

Table 1. Properties of HDPE GMs?®

damage. However, it was hypothesized that the protection
layer also may provide some protection to the GM from
interaction with leachate and hence antioxidant depletion.
If this were found to be the case, then the protection layer
could be designed to improve the service life of the GM.
To examine this concept, three protection layers were
tested to examine their effect on antioxidant depletion
from the GM (Rowe and Rimal 2008b). The first involved
a typical GT protection layer above the GM (denoted as
CL-T as described in the previous sub-section). The
second consisted of GT and GCL above the GM (denoted
as CL-TG). The third comprised a 1.5 cm thick sand layer
contained between two GT layers (denoted as CL-TST).
Rowe and Rimal (2008b) found that the time to antiox-
idant depletion time was best (longest) for the GM with
protection layers of a GT and GCL (composite liner CL-
TG) followed by GT—sand—GT (composite liner CL-TST)
and shortest for GT alone (composite liner CL-T). The
results suggested that the GM service life could be
improved by using a GCL (in CL-TG) or 1.5 cm of sand
plus a geotextile (CL-TST) above the GM. One might
expect an even longer life with thicker sand layer but the
work of Rowe and Rimal (2008b) did not address a greater
thickness of sand.

3.2. Model parameters

Analysis of the composite liners explicitly modelled the
gravel layer, protection layer, GCL and sand as porous
media. The diffusion coefficient in GM was based on the
OIT depletion data as described in the next section. A
range of diffusion coefficients were modelled for the
gravel, GT and sand layers to assess sensitivity over the
range indicated in Table 2 for values at room temperature
(with choice of values being guided by Rowe et al. 2004).
Diffusions coefficients at other temperatures were related

Property Method (ASTM) GM-A GM-B

Average COV (%) Average COV (%)
Thickness (mm) As received 2.0 1.4 1.5 -
Density (g/cm?) D1505 0.940 - 0.944 2.43
Carbon black content (%) D1603 2.54 - 2.43 -
OIT (min) D3895 133 3.7 135 33
HP-OIT (min) D5885 380 1.3 660 4.4
Crystallinity (%) E794 44 1.2 49 6.1
MFT (g/10 min.) D1238 0.42 1.5 0.49 3.2
Tensile properties (machine) D6693
Tensile-strength at yield (kN/m) 33.9 0.89 26.9 2.5
Tensile-strength at break (kN/m) 80.5 32 64.7 1
Tensile-strain at yield (%) 22 1.6 18.1 3.7
Tensile-strain at break (%) 1034 6.0 962 0.8
Tensile properties (cross machine) D6693
Tensile-strength at yield (kN/m) 34.0 22 27.1 2.5
Tensile-strength at break (kN/m) 79.6 3.9 59.9 8.1
Tensile-strain at yield (%) 23 0.69 18.1 1.4
Tensile-strain at break (%) 1012 6.7 898 8.4
Single point stress crack resistance (h)|  D5397, Appendix 5220 3.0 > 400 -

COV, coefficient of variation.
Modified from Rimal (2009).

Geosynthetics International, 2009, 16, No. 3




188

to that at room temperature using an Arrhenius type model
(e.g. Equation 4). The sensitivity analysis (Rimal 2009)
showed that because of the many orders of magnitude
difference in the diffusion coefficients in the GM and the
porous media layers, the precise value of diffusion coeffi-
cient for these layers (over the likely range of uncertainty)
only had a modest effect on the results with a maximum
of 13% in the predicted antioxidant depletion time at room
temperature and a minimum of 0% at 85°C. In the
following analyses, the lower values for each range
examined were adopted. The importance of the porous
media layers arose from (a) the build-up in antioxidant in
these layers as they diffuse out of the GM, and (b) the
separation that they provide for the GM from direct
contact with significant concentration of leachate constitu-
ents like surfactants.

At each test temperature, the diffusion coefficients in
the GM were deduced by matching the predicted and
observed immersion test results (described below). The
partitioning coefficients were deduced from CL-T tests.
To model the composite liner test at higher temperature
the values of diffusion coefficients of antioxidants in other
layers (GT, GCL, sand, gravel) were assumed to increase
with temperature by the same ratio as that in the GM.

3.3. Diffusion modelling procedure

A linear relationship has been established between OIT
and antioxidant concentration by Viebke and Gedde
(1997) for an initial antioxidant concentration of between
0 to 0.3% by weight in polyethylene. Thus, it is assumed
that the value of OIT measured at different time intervals
can be taken to be representative of mass of antioxidant in
the GM. The OIT test data at a particular incubation
temperature were analysed following the methodology
described below. The finite layer analysis program was
used to solve the governing differential equations for
appropriate boundary conditions.

As described by Rowe and Rimal (2008b), the outward
diffusion of antioxidant from the initial concentration in
the GM to the adjacent fluid was modelled for leachate
immersion tests at room temperature. A thin layer
(0.0001 m) was modelled at the surface of the GM to
simulate the interface conditions between polyethylene
GM and the fluid. The leachate was regularly refreshed in
these tests thus it was assumed that there was no build-up
of antioxidant in the adjacent fluid next to the GM
surface. For a given GM diffusion coefficient the concen-
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tration of antioxidant could be calculated at any time. The
concentration curve (concentration plotted against depth)
was integrated at each time OIT had been measured. As
the mass of antioxidant is directly related to the OIT
value, the calculated normalized antioxidant mass ratio
m(t)/my, = OIT(¢)/OIT, from the model could be compared
with the observed normalized ratio OI7(¢t)/OIT,. The GM
diffusion coefficient was adjusted as needed to get the best
match between the calculated and observed OIT values.
The leachate contains a surfactant that allowed full
wettability of the interface (Rowe ef al. 2008). Thus it was
assumed that the properties of the thin interface layer in
leachate immersion tests were the same as for the bulk
GM. In the water immersion tests, the same diffusion
coefficient was used for the bulk GM as that in the
leachate immersion test. However, due to the reduced
wettability, there was a difference in interface condition
when the GM was exposed to water as opposed to
leachate. The diffusion coefficient of the thin layer was
adjusted to obtain the best match between the calculated
and observed OIT data. The diffusion parameters deduced
from the immersion tests were used to make predictions
for the GM in the composite liners as described below.

In addition to the porous layers discussed earlier, for the
composite liner (CL-T), the GM was divided into three
layers (i.e. a top thin GM layer exposed to leachate, the
GM layer, and the bottom thin GM layer exposed to
water). These layers were adopted because in the CL-T
test the top surface of the GM was in contact with
leachate in the GT whereas the bottom surface was in
contact with water in the GCL. For the results presented
in this paper, the gravel and geotextile above the GM and
the GCL and sand below the GM were modelled as porous
media using diffusion parameters at the lower end of the
range given in Table 2 at room temperature and the
corresponding values given by an Arrhenius relationship
at higher temperatures. The replacement of leachate at
regular intervals with the consequent removal of mass of
antioxidant from the gravel layer above the protection
layer was modelled. The diffusion coefficients deduced
from immersion tests were used for the GM while the GM
partitioning coefficient was deduced from the CL-T test.
In other composite liners CL-TG and CL-TST the protec-
tion layers were considered to inhibit the access of
leachate to the GM. Therefore, in these composite liners,
GM was modelled with a thin layer of GM exposed to
water on both sides.

Table 2. The parameters used for diffusion modelling of the composite liner cells at

room temperature

Layer Diffusion coefficient (m?/s) Matrix porosity
Gravel 6-10 X 10710 0.40

GT 6-10 X 10710 0.79

Sand 3-10 X 10710 0.41

GM 2.1 % 10715 N/A (1)
Thin GM interface layer exposed to leachate 2.1 X 1071 N/A (1)
Thin GM interface layer exposed to water 2.5 X 10716 N/A (1)
GCL 1-3x 10710 0.80
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4. RESULTS AND DISCUSSION

4.1. Results for immersion tests

The leachate immersion tests on 1.5 mm thick GM (49%
crystallinity) were modelled and the illustrative results
shown in Figures 2 to 4 correspond to temperatures of 85,
70 and 55°C, respectively (all results are given in Rimal
(2009)). Each figure shows experimental data, the conven-
tional first-order (exponential) best fit to the data, and the
best fit results based on the diffusion modelling. It can be
seen that the diffusion curve provided a better fit to the
data than the exponential fit (although both are good). The
deduced diffusion coefficients are presented in Table 3.
The diffusion coefficients of the thin GM layer when
exposed to water obtained by modelling water immersion
test results and the partitioning coefficients at each test
temperature are also given in Table 3. Similarly OIT
depletion from a 2.0 mm thick GM (44% crystallinity)
immersed in leachate also were modelled. The result for a
test at 40°C is shown in Figure 5 (results at other
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Figure 2. Normalized OIT depletion with time for 1.5 mm
GM immersed in leachate at 85°C showing observed
experimental data, the best first-order (exponential) fit to
that data, and the diffusion model fit to the same data
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Figure 3. Normalized OIT depletion with time for 1.5 mm
GM immersed in leachate at 70°C showing observed
experimental data, the best first-order (exponential) fit to
that data, and the diffusion model fit to the same data
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Figure 4. Normalized OIT depletion with time for 1.5 mm
GM immersed in leachate at 55°C showing observed
experimental data, the best first-order (exponential) fit to
that data, and the diffusion model fit to the same data

temperatures are given in Rimal (2009)). Diffusion coeffi-
cients Dy deduced from analysing the data for 2 mm
thick GM tests are given in Table 4 and they are fairly
similar to those obtained for the 1.5 mm GM. The OIT
depletion for the 2 mm GM could be well modelled using
the same S,r values as for the 1.5 mm GM. Thus at 85 and
55°C (the common temperatures for the two GMs) the
same Sy values were used for both GMs. The S,¢ values
for the 2 mm GM at 40C and 22°C were obtained using
the temperature-dependence relationship of partitioning
coefficient developed for the 1.5 mm GM as described
later in this paper.

The antioxidant depletion times to reach OIT = 0.5 min.
were derived using Equation 7 and a depletion rate, s,
obtained from three different methods: (1) first-order
(exponential) fit to the experimental data (denoted as ),
(2) first-order fit of the theoretical diffusion data gener-
ated upto the time that latest laboratory data was collected
(denoted as S), and (3) first-order fit of the theoretical
diffusion data generated upto OIT = 0.5 min. (denoted as
S3). The values of S;, S; and S5 are given in Table 5. The
antioxidant depletion times 7, 7; and 73 obtained from
Equation 7 using Sj, S, and S3, respectively, are given in
Table 6. The time when the diffusion curve itself reached
OIT = 0.5 min, Ty, is also given in Table 6.

For the 1.5 mm thick GM the depletion times T}, T3, T3,
and T were very similar at 85, 70 and 55°C with only 1-2
years difference between the predicted depletions times
using the four different methods. This is not surprising
since in each case the tests had been run long enough for
the OIT to deplete and hence it was possible to get a -erm
exponential fit to the data. Thus, as discussed in Section
2.3, one would expect good agreement. However at room
temperature the OIT was far from being depleted to
residual values. Hence there was significant difference in
the predictions based on the period when data is available
(i.e. short-term compared to the actual depletion time: T
and 75) and those based on diffusion modelling to
depletion (73 and 7). This highlights the differences in
predictions based on a first-order approximation using
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Table 3. Deduced diffusion and partitioning coefficients at different testing temperatures
for 1.5 mm thick GM
Temperature Dy and Dym-thin-leachate Dgm-thin-water Set
°O (m*/s) (m*/s) )
85 1.6 x 10713 1.1 x 1071 4
70 5.0 x 10714 6.6 X 10715 12
55 1.1 x 1071 2.6 X 1071 42
26 2.1 X 1071 2.5 X 10716 720
12 ! T ! ! T ! ! ! ! T ! ! ! ! T ! ! ! -1 . . . . . .
O  Observed OIT/OIT, 1 or the first-order fit to the diffusion results. Similar
10 Exponential fit | ] observations can be made for the 2 mm thick GM. The
; ;0'058?] montth | 1 depletions times, as might be expected, are longer for the
——— Diffusion theoretical curve ]
0.8 Dy = Dy inmtencete = 9.5 X 1071 s 3 2 mm GM than for the 1.5 mm GM.
= Sy = 170 ] . o
S o6 E 4.2. Results for simulated composite liner tests
}\ : 1 . .
S ] The composite liner tests were modelled at all tempera-
0.4 . tures using the GM properties deduced from the immer-
] sion tests as discussed earlier and typical results are
0.2 . illustrated in Figures 6 to 9. These plots show laboratory
N data and predicted depletion curves from the diffusion
0.0 e ! o] modelling of the composite system. The theoretical curves
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Figure 5. Normalized OIT depletion with time for 2.0 mm
GM immersed in leachate at 40°C showing observed
experimental data, the best first-order (exponential) fit to
that data, and the diffusion model fit to the same data

Table 4. Deduced diffusion and partitioning coefficient at
different testing temperatures for 2.0 mm thick GM

Tempel‘ature ng and ng»thin»leachate ng
(°C) (m%/s) )
85 1.0 X 1071 4
55 25X 1071 42
40 9.5 x 1071 172
22 2.7 X 1071 1080

short- and long-term results. The predictions based on a
first-order fit to data that is well short of the time to full
depletion gave conservative (shorter) antioxidant depletion
time than the diffusion model based on the available data

generated from the diffusion modelling provided good
predictions of the laboratory results.

4.3. Temperature dependence of diffusion and
partitioning coefficients

The results in Tables 3 and 4 can be used to obtain a
relationship between logarithm of Dy, and inverse of the
temperature as shown in Figure 10 for 1.5 mm thick GM
and Figure 11 for 2.0 mm thick GM. Similar relationship
have been obtained for various antioxidant in polymer/
fluid in the literature (Moisan 1980a, 1985; Modller and
Gevert 1994; Bertoldo ef al. 2003). The activation energy
of diffusion was deduced from the slope E4/R of the
regression curve. The Arrhenius equation and inferred
activation energies are given in the figures. The calculated
activation energy was 65.0 kJ/mol for 1.5 mm thick and
50.4 kJ/mol for 2.0 mm thick GM. Using the Arrhenius
equations, diffusion coefficients were predicted for field
temperatures ranging from 10 to 60°C (Table 7). A similar
temperature dependence analysis (Figure 12; activation
energy 58.5 kJ/mol) and prediction (Table 7) was carried

Table 5. Antioxidant depletion rates obtained using three different methods

Antioxidant depletion rates (month~!) for 1.5 mm thick leachate
immersed GM (based on data from Rowe and Rimal 2008a)

Antioxidant depletion rates (month~!) for 2 mm thick leachate
immersed GM (based on data from Rowe et al. 2009)

Temp.(°C) Si S S3 Temp. (°C) Si S S3

85 12423 (0.95) | 15473 (1.00) | 1.5386(1.00) 85 0.4341 (0.96) 0.6237 (1.00) 0.6225 (1.00)
70 0.4809 (0.99) | 0.5335(1.00) | 0.5325(1.00) 55 0.1438 (0.98) 0.1578 (1.00) 0.1585 (1.00)
55 0.1183(0.99) | 0.1248(1.00) | 0.1241 (1.00) 40 0.0586 (0.99) 0.0602 (1.00) 0.0599 (1.00)
Room (26) 0.0253 (0.98) | 0.0266(0.98) | 0.0224(1.00) | Room (22) | 0.0185(0.98) 0.0179 (0.99) | 0.0165 (1.00)

S; = Obtained by fitting laboratory data.

S> = Obtained by fitting the theoretical data generated upto the time that final laboratory data was collected.
§; = Obtained by fitting the theoretical data generated upto the time that OIT = 0.5 min.

Number in the parenthesis is coefficient of determination R?.
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Table 6. Calculated antioxidant depletion times using four different approaches

191

Antioxidant depletion times (months) for 1.5 mm thick leachate Antioxidant depletion times (months)for 2 mm thick leachate
immersed GM immersed GM
Temp. (°C) T T, Ty T, Temp. (°C) T 7 7 T
85 4.5 3.6 3.6 3.6 85 13 9.0 9.0 9.0
70 12 10 11 10 55 39 35 35 36
55 47 45 45 46 40 95 93 93 94
Room (26) 221 211 250 254 Room (22) 302 312 339 344
Ti = Obtained using Equation 7 and S1 from Table 5.
T, = Obtained using Equation 7 and S, from Table 5.
T; = Obtained using Equation 7 and S; from Table 5.
T, = Time when the diffusion modelling gives OIT = 0.5 min.
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Figure 7. Observed normalized OIT versus time and the
predicted diffusion curve for a composite liner with a GT-
1.5 cm sand-GT protection layer (test CL-TST) at 55°C

out for the diffusion coefficient of thin GM layer when
exposed to water.

The S,¢ values given in Table 3 were also plotted with
respect to inverse of absolute temperature (Figure 13).
There was a distinct decrease in S,y with the increase in

Time (months)

Figure 9. Observed normalized OIT versus time and the
predicted diffusion curve for a composite liner with a GT
protection layer (test CL-T) at 85°C

temperature and with activation energy of —78.5 kJ/mol.
This indicates that the GM has a greater tendency to retain
antioxidants at lower temperature than at higher tempera-
ture. Similarly, a decrease in Sgr with increasing tempera-
ture was also obtained by Gandek er al. (1989b) for

Geosynthetics International, 2009, 16, No. 3



192 Rimal and Rowe
—— ———
® Diffusion coefficients 1 ® Diffusion coefficients J
-20 In(D) = —7822/T — 7.84, R? = 0.97 . -20 | In(D) = —7037/T — 12.29, R? = 0.99 .
E4 = 65.0 kd/mol | [ E, = 58.5 kd/mol |
" -30F ‘\1\\. ] g 30r ]
5 1 g ._\‘\‘\‘
£ 1 £
—40 1 . —40 - .
50 M M M L ~50 [ M BT R B L
0.0028 0.0030 , 0.0032 0.0034 0.0028 0.0030 0.0032 0.0034
1T (K™ ' ' ’ ’
K UT (K™Y

Figure 10. Arrhenius-type temperature dependence of
diffusion coefficient of antioxidant for a 1.5 mm GM-B
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Figure 11. Arrhenius-type temperature dependence of
diffusion coefficient of antioxidant for a 2.0 mm GM-A

phenolic antioxidant butylhydroxytoluene (BHT) in HDPE
exposed to water. (It is noted that partitioning coefficient
in Gandek er al. (1989a, b) was defined as migrant
concentration in fluid divided by that in the solid and is,
thus, the inverse of Sy , as defined in this paper.) Using
the relationship given in Figure 13, Syr was predicted for
field temperatures ranging from 10 to 60°C as given in
Table 7.

4.4. Prediction for composite liner with protection
layer involving 30 cm of sand

Using the parameters at 26°C (laboratory temperature) an
analysis was carried for a case involving composite liner

Figure 13. Temperature dependence of partitioning
coefficient, Sy

CL-TST with protection layer involving 30 cm thick sand
layer sandwiched between two geotextile layers. The
resulting theoretical curve is shown along with the theor-
etical curve for the test CL-TST with 1.5 cm thick sand
layer at the room temperature in Figure 14. The OIT
depletion rates and depletion time are given in Table 8.
For the CL-TST with 1.5 cm of sand the OIT depletion
times (71, 7>, T3 and T;) were predicted using techniques
defined earlier in the paper. It was observed that predicted
depletion time 7} and 7, were fairly similar. Both predic-
tions were based on 35 months of data, but 7} was based
on an exponential fit of the laboratory data and 7, was
based on exponential fit to the diffusion modelling over a

Table 7. Predicted diffusion and partitioning coefficients at different service temperatures

Temperature (°C) Dy (1.5 mm GM) (m?/s) Dy (2 mm GM) (m?/s) Dgm-thin-water (M>/3) St (-)
10 3.9 % 10716 1.2 x 10715 7.3 x 1077 4197
20 1.0 x 1079 25X 1071 1.7 X 10716 1344
30 24 X101 49 x 1071 3.8 X 10710 464
35 3.7 X 1071 6.8 X 10715 5.5x 10716 280
40 55X 10715 93X 10715 8.0 X 10710 172
50 1.2 x 10~ 1.7 X 10~ 1.6 X 10713 67
60 25X 1071 3.0 X107 3.1 X 10715 28
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Figure 14. Comparison between predicted antioxidant
depletion for 1.5 and 30 cm of sand layer above the composite
liner at room temperature

35 month period. At 35 months OIT had only dropped by
12% (i.e. OIT/OIT, = 0.88). Thus the period of 35 months
could be considered as ‘short-term’ data at room tempera-
ture compared to the expected time period for depletion.
Predicted depletion times 73 and 7; (both based on ‘long-
term’ diffusion modelling to depletion) were fairly similar
but were much longer than 77 and 7. Thus it was found
that the prediction based on a first-order fit to ‘short-term’
laboratory data or short-term diffusion modelling gave
very conservative (on the low side) depletion times com-
pared to those based on ‘long-term’ diffusion modelling.
Thus it should be emphasized that prediction based on
short-term (35 month) data in cases in which the antiox-
idant have only slightly depleted may lead to very
conservative estimates of antioxidant depletion time.

The OIT depletion times 73 and 7 also were predicted
for a 30 cm sand protection layer. The only difference
between CL-TST (1.5 cm sand) and CL-TST (30 cm sand)
is the thickness of the sand layer. Diffusion coefficients,
interface layer between the GM and the adjacent media
and boundary conditions of the system are the same. Thus
the thickness of the sand layer is the only factor giving
rise to the difference in results for CL-TST (1.5 cm sand)
and CL-TST (30 cm sand) shown in Figure 14. At 26°C
the value of predicted depletion time was significantly
longer (by almost three times) when 30 cm thick sand
layer was placed instead of 1.5 cm thick sand layer. Thus
these results suggest that the use of a 30cm sand

Table 8. OIT depletion rates and depletion
30 cm of sand at room temperature
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protection layer in addition to the typical geotextile
protection layer between the geomembrane and a gravel
leachate drainage layer would provide potential benefits in
terms of extending the geomembrane service life by
reducing the rate of outward diffusion of antioxidants from
the geomembrane (as well as providing good physical
protection of the liner).

It should be noted that although sand may provide an
excellent protection layer, it is generally not good as part
of a leachate collection system for municipal solid waste
leachate due to the significant (many orders of magnitude)
drop in hydraulic conductivity caused by biologically
induced clogging (see Rowe er al. 2004; Rowe 2005;
Cooke and Rowe 2008). For example, field exhumations
(Reades et al. 1989; Barone et al. 1993) found that the
upper portion of the sand protection layer over the liner at
the Keele Valley Landfill became clogged within the first
4 years and did not contribute to the hydraulic perform-
ance of the leachate collection system. The lack of flow in
the sand layer was evident from the presence of a clear
diffusion profile for both chloride and several volatile
organic compounds that started at the top of the sand
layer. Thus the sand layer acted as part of the liner system
in terms of a ‘diffusion barrier’ as opposed to part of the
drainage system (Rowe 2005). This role as a diffusion
barrier is good with respect to controlling both the
outward diffusion of contaminants from the waste and, as
demonstrated here, reducing the outward diffusion of
antioxidants from the geomembrane.

Similar diffusion modelling predictions were made for
1.5cm sand (test CL-TST) and a 30 cm thick sand
protection layer at landfill liner temperatures of 26, 35
and 50°C. The predicted OIT depletion curves obtained
from the diffusion model for a 30 cm sand protection layer
are shown in Figure 15 and the depletion times are given
in Table 9 for both 1.5 and 30 cm of sand as a protection
layer. At a constant landfill liner temperature of 35°C the
antioxidant depletion time (7;) was 130 and 230 years for
a 1.5 and 30 cm sand protection layer above the GM,
respectively.

5. CONCLUSIONS

The findings of diffusion modelling of OIT depletion from
HDPE GMs were presented. Based on the results the
following specific conclusions were reached.

times for CL-TST with 1.5 cm of sand and

1.5 cm sand 30 cm sand Comparison
(30 cm sand/1.5 cm sand)
S; (month™) 0.0040 - -
71 (months) 1400 - -
S, (month™) 0.0038 (0.95) - -
T, (months) 1473 - -
S; (month™) 0.0018 (1.0) 0.00064 (1.0) 0.36
T3 (months) 3110 8748 2.8
T4 (months) 3067 8767 2.9

Number in the parenthesis is coefficient of determination R>.
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Figure 15. Predicted antioxidant depletion curves for a
composite liner with a 30 cm sand protection layer above
geomembrane GM-B at different temperatures

1. Based on purely theoretical considerations it was
shown that predictions of antioxidant depletion time
based on Arrhenius modelling using antioxidant
depletion rates obtained from a first-order approx-
imation to short-term data (i.e. where there is still
significant antioxidant remaining when the last data
was collected) are conservative compared to pre-
dicted depletion time based on the diffusion
modelling.

2. Experimental data on OIT depletion from a GM
immersed in leachate and in a composite liner at
different incubation temperatures were analyzed
using a diffusion model and diffusion and partition-
ing coefficients were deduced. For 1.5 mm thick GM
between 85°C and room temperature the diffusion
coefficient ranged from 2.1 X 10715 m?/s at 26°C to
1.6 X 10713 m?/s at 85°C and partitioning coefficient
ranged from 720 (at 26°C ) to 4 (at 85°C).

3. The results of the diffusion model and the first-order
antioxidant depletion model were compared. For both
a 1.5 and 2 mm thick GM immersed in leachate long
enough for the OIT to have been largely or totally
removed (i.e. at 85, 70 and 55°C), the depletion time
calculated using the first-order model was similar to
that predicted using the diffusion model. However, at
laboratory temperature where very little OIT had
depleted during the study period there was a
significant difference in the results obtained from a

Table 9. Predicted OIT depletion time (7; to reach

OIT, = 0.5 min.) for geomembrane GM-B with a 1.5 cm
(CL-TST) and 30 cm sand protection layer at three landfill
liner temperatures based on diffusion modelling (rounded
to 2 significant digits)

Temperature (°C) OIT depletion time, 7, (years)

1.5 cm of sand 30 cm of sand

26°C 260 730
35°C 130 230
50°C 47 57

Rimal and Rowe

first-order model and a diffusion model fitted to the
available short-term data. Predictions based on a
first-order fit to short-term data gave much smaller
(conservative) antioxidant depletion times than a
diffusion model based on the same data. This is
consistent with the findings from purely theoretical
consideration noted above. The predictions from the
diffusion model are more likely to be correct.

4.  Arrhenius-type relationships were established to
estimate diffusion and partition coefficients of OIT
at typical landfill temperatures. At the landfill
temperature from 10—60°C the predicted diffusion
coefficient ranged from 3.9 X 107! to 2.5 X 1014
m?/s and partitioning coefficient ranged from 4200
to 28. For the 2.0 mm thick GM diffusion coefficient
ranged from 1.2 X 10715 to 3.2 X 10~ '* m?/s.

5. The estimated diffusion and partitioning coefficients
were used to model OIT depletion from a GM in a
composite liner with 30 cm thick sand protection
layer. At laboratory temperature of 26°C the
predicted antioxidant depletion time based on theor-
etical diffusion model was approximately three times
longer when 30 cm thick sand layer was placed
instead of 1.5 cm thick sand layer. This highlighted
the beneficial effect of using thicker sand protection
layer. Using parameters based on Arrhenius model-
ling it was possible to model antioxidant depletion
times at typical landfill temperatures. At a liner
temperature of 35°C the antioxidant depletion time
was about 130 years for the case with 1.5 cm sand
layer and 230 years when 30 cm sand protection
layer was used.

6.  Although Arrhenius modelling using antioxidant
depletion rates obtained from a first-order approx-
imation to data can provide conservative predictions
of antioxidant depletion time, the first-order antiox-
idant depletion model cannot be readily used to
predict the performance of the GM in a system other
than the original laboratory test configuration used
to get the data. In contrast, diffusion parameters
deduced from immersion tests could be used to get
good predictions of the antioxidant depletion in
various different liner systems and hence could be
used for modelling a variety of other design
scenarios not considered in this paper.
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NOTATIONS

Basic SI units are given in parentheses.

C concentration at points within the
geomembrane (kg/m?)

C, initial concentration at the surface of the
geomembrane (kg/m?)

C, concentration at the surface of the
geomembrane (kg/m?)

cr concentration of antioxidant in the adjacent
fluid (kg/m?)

cgm concentration of antioxidant in the

geomembrane (kg/m?)
D diffusion coefficient (m?/s)
Dy, diffusion coefficient in the GM (m?/s)
D, constant used in Equation 4 (m?/s)
E4 diffusion activation energy (J/(mol K))
f mass flux or rate (kg/(m? s))
! geomembrane half-thickness (m)
n integer number (dimensionless)
m(t) mass of antioxidant at time ¢ (kg)
m, initial mass of antioxidant (kg)
M, mass of antioxidant which has left the
geomembrane at time ¢ (kg)

My, mass of antioxidant in the geomembrane after

infinite time (kg)

OIT, 1initial OIT (s)

final residual OIT value (s)

OIT at time ¢ (s)

R universal gas constant (8.314 J/(mol K))

Ser  a partitioning coefficient (dimensionless)

s antioxidant depletion rate (s~')

S| antioxidant depletion rate obtained from first-
order fit to data (s™')

S, antioxidant depletion rate obtained from first-
order fit of the theoretical diffusion curve
generated up to the final laboratory data (s~')

S3 antioxidant depletion rate obtained from first-
order fit of the theoretical diffusion curve
generated up to OIT = 0.5 min (s7!)

T absolute temperature (K)

T1 antioxidant depletion time derived from
Equation 7 using S; (s)

T, antioxidant depletion time derived from
Equation 7 using S, (s)

T; antioxidant depletion time derived from
Equation 7 using S5 (s)

T, antioxidant depletion time when diffusion
curve itself reaches OIT = 0.5 min. (s)

t time (s)

tq antioxidant depletion time (s)

x the distance at the centre of the film (m)

z the distance parallel to the direction of
diffusion (m)

GCL geosynthetic clay liner
GM geomembrane
GT geotextile
HDPE high density polyethylene
HP-OIT high pressure oxidative induction time
OIT standard oxidative induction time
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