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ABSTRACT: This paper presents experimental results of the diffusion of phenolic compounds
through virgin and aged polyethylene (PE) films. The study considers five chlorophenols
contaminants (4-chlorophenol, 2,4-dichlorophenol, 2,4,6-tricholophenol, 2,3,5,6-tetrachlorophenol, and
pentachlorophenol) that are known to be toxic even at very low concentrations. The concentration
dynamics in the source and receptor chambers of the diffusion cells is interpreted using the
numerical code Pollute. For virgin PE film, partition coefficients ranged from 0.68 to 278, which
corresponded to 4-chlorophenol and pentachlorophenol, respectively. Diffusion coefficients ranged
from 1.0 X 107 to 2.7 X 1073 m?/s, which corresponded to pentachlorophenol and 2,4-
dichlorophenol, respectively. The study also looked at how the partition and diffusion coefficients
were affected by the aqueous solubility, n-octanol—water partition coefficient, molecular diameter,
and molecular weight. The trends observed in this study are similar to those found for diffusion of
phenolic compounds through PE geomembranes. The results also revealed trends that differ from
those previously reported for diffusion of volatile organic compounds (VOCs) through
geomembranes. The existing empirical relationships for VOCs are not applicable except for
calculating how the diffusion coefficient evolves as a function of solubility in water. Increasing the
number of chlorine atoms on the phenolic nucleus causes an increase in the partition coefficient,
which is tentatively attributed to the polarity of the molecules under study.
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1. INTRODUCTION

Impermeable liners in landfills aim to limit soil and
atmosphere contamination due in particular to micro-
organic pollutants present in municipal solid waste lea-
chate. These pollutants can have toxic effects (acute
toxicity, genotoxicity, reproductive toxicity, etc.) (Sisinno
et al. 2000; Takigami et al. 2002) and their presence in
leachate from municipal solid waste landfills has been
clearly demonstrated in several countries (Oman and
Hynning 1993; Ahel and Tepic 2000; Robinson et al.
2001; Hiroshi et al. 2002).
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The most frequently encountered organic micropollu-
tants in leachate are monoaromatic hydrocarbons (ben-
zene, toluene, ethylbenzene, xylene) and polyaromatic
hydrocarbons (naphthalene, phenanthrene, etc.). Some
chlorinated solvents (trichlorethylene, chloromethane,
etc.), plasticisers (phthalates, bisphenol A (BPA), etc.),
pesticides, and phenolic derivatives are also found in
leachate (Harmsen 1981; Bauer and Herrmann 1997,
Staples et al. 1998; Gron et al. 1999; Christensen et al.
2001; Cousins et al. 2002; Kjeldsen et al. 2002; Niederer
and Goss 2008; Van Praagh et al. 2011).
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Phenolic compounds, and in particular certain deriva-
tives of halogenated phenolic compounds, are known to be
toxic to humans and the environment even at very low
concentrations. These compounds are used as disinfec-
tants, biocides, preservatives, dyes, pesticides, and organic
chemicals in medicine and industry (Ramamoorthy and
Ramamoorthy 1997; Kujawski er al. 2004; Otero et al.
2005).

Geomembranes are widely used in geoenvironmental
applications where they act as a barrier to prevent water
and contaminants from entering the environment. A num-
ber of studies regarding the use of geomembranes have
focused on the diffusion of sodium chloride (Rowe et al.
1995) or volatile organic compounds (VOCs) for virgin
high-density polyethylene (HDPE) geomembranes (Park
and Nibras 1993; Prasad et al. 1994; Miiller et al. 1998;
Sangam and Rowe 2001; Park et al. 2012), virgin
polyvinyl chloride (PVC), linear low-density polyethylene
with and without coextruded ethylene vinyl-alcohol inner-
core geomembranes (McWatters and Rowe 2008, 2010),
fluorinated HDPE geomembranes (Sangam and Rowe
2005), and aged HDPE geomembranes (Rowe et al. 2003;
Islam and Rowe 2008, 2009).

Regarding organic micropollutants other than VOCs,
Touze-Foltz et al. (2012) studied the diffusion of phenolic
compounds (phenol, o-cresol, p-cresol, 2,4-xylenol,
3,4-xylenol, 2-chlorophenol, 4-chlorophenol (4-CP),
2,4-dichlorophenol (2,4-DCP), 2,4,6-trichorophenol (2.,4,6-
TCP), 2,3,4,6-tetrachlorophenol, 2,3,5,6-tetrachlorophenol
(2,3,5,6-TeCP), pentachlorophenol (PCP) and BPA)
through a 2 mm-thick virgin HDPE geomembrane. The
diffusion of phenolic compounds through geosynthetic
clay liners was also studied (Mendes ef al. 2013).

To study how ageing affects diffusive transfer through a
geomembrane, virgin and aged samples of a single
geomembrane must be obtained. However, the estimated
time necessary for geomembranes to present significant
degradation due to ageing is quite long at temperatures
representative of field conditions, which makes it difficult
to obtain appropriate samples. Indeed, a review of the
subject by Pons (2012) finds only a limited number of
studies on the durability of geomembranes. In some of
these studies, specimens were aged in the laboratory or in
situ and then submitted to mechanical testing. Other
researchers cited by Pons (2012) considered adsorption
and diffusion through aged geomembranes. For these
studies, the experiments were directly related to the barrier
function of the geomembrane. However, no comparisons
with the corresponding virgin sample were possible be-
cause of the absence of control samples. Thus, there are
currently too few studies of how ageing affects the ability
of geomembranes placed at the bottom of municipal solid
waste landfills to serve as a barrier to pollutants.

In this context, one of the objectives of the Durageos
project (Farcas et al. 2013), which was developed in
partnership with several laboratories and landfill owners,
was to verify how ageing affects the capacity of geosyn-
thetics to serve as barriers. Without an aged geomembrane
sample and an associated control sample, the Durageos
project used films specially designed for the research.
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According to Pons (2012) and Pons ef al. (2012), films
thinner (0.3 mm on average) than a geomembrane but
made from the same polymer as the geomembrane allow
one to: (i) obtain virgin and aged specimens of polyethy-
lene (PE) films under controlled conditions in the labora-
tory; and (ii) compare the diffusion of micro-organic
pollutants through aged and virgin specimens of PE films.

Therefore, the objective of the present study was to see
how ageing of PE films affects diffusive transfer of
chlorophenols. This study compares the diffusion of
phenolic compounds through virgin and aged PE films.
The results of experiments involving chlorophenols diffus-
ing through PE films are compared with those obtained by
Touze-Foltz et al. (2012) for phenolic compounds diffus-
ing through a HDPE geomembrane. The results are also
compared with those of the diffusion of VOCs through
HDPE geomembranes.

2. MATERIALS AND METHODS

2.1. Polyethylene films

2.1.1. Fabrication

The PE films studied herein were produced from the same
base resin as commercially available HDPE geomem-
branes in Europe; namely, a copolymer of polyethylene-
octene that was obtained in the form of pellets containing
process stabilisers (antioxidants effective at high tempera-
tures). For the resin, the molar mass in number (M,) and
in weight (M,,) as determined by ‘ultrahigh temperature’
gas phase chromatography, are M, =44.1 kg/mol and
M,, = 136.7 kg/mol. The density of PE is equal to 0.911
and the rate of crystallinity to 51%. The films were
fabricated from pellets by using a Gibritte Instrument
press. The pressing conditions were those of Farcas et al.
(2013). The method consists of heating the plates from the
press to 200°C. The heated plates were protected by
cooking paper that protects the PE films during the
process. Next, a pressure of 3 MPa was applied for 10s,
then 30 MPa for 30 s.

On average, 3 g of PE were used to make each film.
Each film was 0.3 mm thick on average and had diameters
ranging from 0.17 to 0.19 m. Figure 1 shows a specimen
of PE film.

2.1.2. Ageing of PE film
Ageing is any phenomenon contributing to slow and
irreversible evolution of the structure or composition of a
material and that results from the material’s own instabil-
ity, interaction with the environment, mechanical solicita-
tions, or combined effects (Verdu 1984). Polymers are
affected by two types of ageing: chemical ageing and
physical ageing (morphological ageing). In the first case,
the chemical structures of macromolecules are modified;
in the second case, there is no alteration of the chemical
structure, only the spatial configuration of the material is
affected. In practice, chemical ageing is superimposed on
physical ageing (Farcas et al. 2013).

Some PE film specimens fabricated as described in
Section 2.1.1 were aged by thermo-oxidation at 105°C,
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Figure 1. PE film specimen

which leads to the formation of carbonyl compounds
(alcohols, carboxylic acids, etc.) and to an expected
increase in the crystallinity. The final carbonyl concentra-
tions in the oxidised samples were between 0.1 and
0.4 mol/kg obtained after 300 h of thermo-oxidation (Pons
2012). For this carbonyl concentration, the crystallinity
ranged from 54 to 66% according to the calibration curve
proposed by Pons (2012) for the same polymer as that
used in this study. These results are to be compared with
51% for virgin PE.

The main features of the PE films tested (virgin or
aged) are presented in Table 1. For virgin specimens,
duplicate diffusion experiments were performed in inde-
pendent cells. Only a single aged specimen was tested.

2.2. Phenolic compounds

2.2.1. Description of the phenolic compounds under
study

The adsorption characteristics of five phenolic compounds
are reported in this paper: 4-CP, 2,4-DCP, 2,4,6-TCP,
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2,3,5,6-TeCP and PCP. Various physical and chemical
properties of the selected compounds are given in Table 2.
The chemical solution used to measure diffusion contained
the same 13 phenolic compounds used by Touze-Foltz et
al. (2012). From among these 13 compounds, only the
results of the five compounds mentioned above were
analysed.

All chlorophenols studied were in the solid state and at
ambient temperature (23°C). Their boiling points are
between 188 and 300°C. In general, these compounds
dissolve poorly in water, but well in organic solvents.

As mentioned by Ahari ef al. (2011), the octanol—water
partition coefficient, Koy, of the pollutants under study in
this paper strongly increases with the number of chlorine
atoms whereas the water solubility (hydrophilicity) de-
creases. Furthermore, the degree of dissociation of chlor-
ophenols increases (indicated by decreasing pK, values)
with increasing number of chlorine atoms. It is thus
expected that any differences between the properties of
the various phenolic compounds would lead to differences
in diffusion through the PE films studied in this paper.

The phenolic compounds were selected using the
following criteria: (1) polarity; (2) solubility in water; (3)
mobility of pollutants in soils; (4) presence in leachate;
and (5) toxicity. Concentrations were chosen based on (1)
a literature review to determine minimum, maximum, and
average concentrations in leachate of the selected phenolic
compounds (see Table 3) (Reinhard and Goodman 1984;
Sawhney and Kozloski 1984; Oman and Hynning 1993;
Schrab et al. 1993; Nininen and Kalliokoski 1994;
Yasuhara et al. 1997; Lee et al. 1998; Viraraghavan and
Alfaro 1998; Yamada et al. 1999; Yasuhara et al. 1999;
Banat et al. 2000; Paxeus 2000; Behnisch er al. 2001;
Yamamoto et al. 2001; Koumanova and Peeva-Antova
2002; Ribeiro et al. 2002; Reitzel and Ledin 2002;
Schwarzbauer et al. 2002; Baun et al. 2004; Nagasaki et
al. 2004; Yu et al. 2004; Ozkaya 2005; Slack et al. 2005;
Richards and Bouazza 2007) and (2) the limit of detection

Table 1. Characteristics of specimens of PE films tested

Specimen Mass Thickness Density Specimen Crystallinity (%)
no. (2) (mm) condition

1 6.45 0314 0911 virgin 51

2 5.34 0.316 0.911

3 5.20 0.299 0911 aged 54 to 66

Table 2. Physical and chemical properties of chlorophenol compounds under study
(Touze-Foltz et al. 2013)

Contaminants Formula Molecular weight Solubility g/l pKa Log Kow
(g/mol) (at 20°C)

Chlorophenols

4-CP CeHsClO 128.56 27 9.37 2.53
2,4-DCP C¢H4CLO 163.00 4.5 7.90 3.20
2,4,6-TCP C¢H3CL,O 197.45 0.434 6.00 3.67
2,3,5,6-TeCP CeH,CL,0 231.89 0.100 5.02 5.02
PCP CsClsOH 266.34 0.014 4.74 5.85

Geosynthetics International, 2014, 21, No. 2
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Table 3. Concentrations used for experiments (Ahari et al. 2011)

Mendes, Touze-Foltz, Gardoni and Mazéas

Contaminants Min. value Max. value Mean value Corrected mean LOD (ng/l) Concentration
(ug/) (ng/) (ug/) (ng/) (ug/)

4-CP 0.070 1.300 0.611 0.611 25 10

2,4-DCP 0.010 12.820 1.026 0.30 1.04 10

2,4,6-TCP 0.002 1.870 0.162 0.065 1.11 x 1073 10

2,3,5,6-TeCP 0.012 0.012 0.012 0.012 1.15x 1073 10

PCP 0.015 21.610 3.798 0.83 1.07 10

(LOD) and limit of quantification (LOQ) calculated using
the method developed by Limam et al. (2010). The
method of Limam et al. allows an analysis of compounds
via the headspace solid-phase micro-extraction (HS-
SPME) coupled with gas chromatography mass spectro-
metry (GC-MS), which were also used in the present
study. Concentrations chosen for the chlorophenols are
slightly greater than the average concentrations found in
leachate because the concentrations reported in the litera-
ture are significantly lower than the LOQ.

2.2.2. Preparation of solutions

Prior to performing the experiment, a stock solution of the
13 phenolic compounds dissolved in methanol was pre-
pared with a concentration 1000 times greater than the
concentration in the solution used for the diffusion experi-
ments (see Table 3). In a volumetric flask, 0.001 g of each
chlorophenol was mixed with methanol to obtain 100 ml
of the stock solution, which was then stored at —20°C. To
obtain the desired concentration in diffusion experiments
(10pg/1 for each chlorophenol as shown in Table 3), the
stock solution was diluted with deionised distilled water
(DDW). The resulting source solution was used both in
the source of the diffusion cells and for preparing
standards for calibrating the gas chromatograph. The
internal standard solution was prepared with 2,4,6-tricho-
lorophenol '*C® and pentachlorophenol '3C°, which are
compounds containing isotopes of carbon 13 (‘3C’ to
carbon 13).

3. EXPERIMENTAL PROCEDURES

3.1. Batch-partitioning experiments

3.1.1. Experimental procedure
Batch-partitioning experiments were performed at room
temperature (i.e. 23 £1°C) in 120ml glass bottles
equipped with screw-tight polytetrafluoroethylene (PTFE)-
lined caps for sampling. The experimental procedure was
based on that of Islam and Rowe (2009). In preparing the
PE films for batch-partitioning experiments, the films
were cut into pieces (30 mm X 20 mm in average). Ac-
cording to Nefso and Burns (2007), cutting the films into
smaller pieces does not affect the ultimate sorption
capacity because the equilibrium between organic-pollu-
tant and polymer sorption is a dissolution-controlled
process, not a surface-controlled process.

Four bottles were used. Two of them, I1 and 12,
contained 3 g of PE films cut in pieces and immersed in

60 ml of diffusion solution (solid/liquid ratio of 1/20, as
performed by Touze-Foltz et al. (2012)). The other two
bottles, C1 and C2, were used for control experiments and
contained only a solution identical to the one used in the
diffusion tests (i.e. no PE films). A biocide agent
(400 mg/1 HgCl,) was added to all four bottles to limit the
effects of biodegradation, as recommended by Touze-Foltz
et al. (2012). Concentrations of the various chlorophenols
were measured at the beginning (¢y) and at the end (#;) of
the diffusion experiments to calculate the partition coeffi-
cient, Sgf.

3.1.2. Calculation of partition coefficient
The concentration of contaminant in the PE films, cg, and
in solution, c¢, are linked by Henry’s Law

Cg = ngcf (1)

where S,¢ is the partition coefficient, which depends on
temperature, fluid, PE film, and contaminant of interest.
The partitioning coefficients S, were calculated for each
bottle and each phenolic compound by using the following
equation adapted from Sangam and Rowe (2001)

_ [(eroVr0) - (1p) — ewVie — X ciVi] p, 2)

f
& MngF

where ¢ and cg are the initial and final concentrations of
the solution in g/l, respectively, Vg and Vi are the initial
and final volumes of the solution in litres, respectively, ps
is the proportion of contaminant sorbed onto the glass as
determined based on the evolution of the concentration in
bottles C1 and C2 and which is assumed to be indepen-
dent of whether or not a PE film is present, p, is the
density in g/l of the PE films, and M, is the initial mass in
grams of the PE films in bottles I1 and 12. Although a
film was studied instead of a geomembrane, the subscript
‘g’ was used instead of ‘f’ to be consistent with the
notation used in previous publications of diffusion studies.

3.2. Diffusion experiment

3.2.1. Apparatus

The apparatus, shown in Figure 2, consists of two
independent cylindrical glass chambers similar to
(although smaller than) the diffusion-experiment apparatus
previously used by Touze-Foltz et al. (2011, 2012) to test
geomembranes. Diffusion-experiment apparatus for geo-
membranes have an internal diameter of 0.12 m and the
volume of each chamber is 0.731. For PE films, the
internal diameter is 0.10 m and the volume of each

Geosynthetics International, 2014, 21, No. 2
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Figure 2. Diffusion cell

chamber is 0.44 L. These reduced dimensions were im-
perative because it was not possible to obtain larger PE
films with the fabrication method adopted (described in
Section 2.1.1).

The specimen of PE film (Figure 1) was placed between
the two chambers of the diffusion-experiment apparatus,
which were then assembled by a metallic screw clamp,
making for a very quick setup time for the experimental
device. No sealant or o-ring was used. Each film was in
direct contact with the glass cell on both sides. Each
chamber contained a sampling port with a PTFE cap and
a second port that could be used to fill the cell.

The same diffusion apparatus was used as a control cell
in blank experiments (i.e. with no PE film) to assess the
mass loss due to sorption onto the glass cell. The blank
experiments were performed in parallel with the diffusion
experiments. No stirring was used.

3.2.2. Experimental procedure

A permeation-diffusion method in which a PE film divides
a diffusion-experiment cell into two compartments (source
chamber and receptor chamber) was used because, com-
pared with immersion-sorption experiments, such a meth-
od simulates more closely the transport process expected
to occur in a landfill application (Sangam and Rowe
2001).

The PE film specimens were placed between the
chambers of the diffusion cell and the following procedure
was used for both virgin and aged specimens: (i) the
receptor chamber of the diffusion cell was filled with
DDW; (ii) the source chamber of the diffusion cell was
filled with the previously prepared diffusion solution
containing chlorophenols; (iii) in both chambers, 400 mg/1
of a biocide agent (HgCl,) was added to minimise
biodegradation of the phenolic compounds; and (iv) the
cells were covered with aluminium sheets to avoid photo-
degradation of the phenolic compounds. The experimental
configuration ensured that there was no hydraulic gradient.
The experiments were performed in duplicates at 23 + 1°C
in glass cells.

The solutions were immediately sampled to establish
the initial concentrations of each phenolic compound in
the source and receptor chambers. Subsequent samplings
were performed at regular time intervals from both the
source and receptor chambers. Samples were taken by
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inserting a syringe through the PTFE-lined septum of the
sampling ports.

3.2.3. Calculation of diffusion coefficient
The diffusion of organic compounds through PE films can
be modelled by Fick’s first law

de
J=-Dyg; 3
where f is the mass flux or permeation rate per unit area
(g/m? per s), D, is the diffusion coefficient of organic
compounds through the film (m?/s), ¢, is the concentra-
tion of compound in the PE film (g/l), and z is the
distance parallel to the direction of diffusion (m).
According to Fick’s second law, the change with time ¢
in contaminant concentration at any point in the PE film

is governed by the differential equation
Ocg ey
o %02
The experimental procedure was based on concepts and
theory proposed for geomembranes by Rowe et al. (1995),
Sangam and Rowe (2001) and Islam and Rowe (2009).
For these closed systems, the mass of contaminant in the
source solution at any time ¢ equalled the initial mass

minus the mass that diffused through the PE film. This
can be expressed as

(4)

1

1
o) = o= o1 [ S ©
0

where ¢,(t) is the concentration in g/l of contaminants in
the source solution at time ¢, ¢q is the initial concentration
in g/l in the source solution, H; is the height in metres of
the source fluid (volume of source fluid per unit area),
and f,(7) is the mass flux in g/m? per s of contaminant
into the PE film at time 7. The concentration cy(¢) in the
receptor compartment at any time can be expressed as

1
a0 = v — 71 J Fy(0)dr ©)

0

where cy(#) is the initial concentration in g/l in the
receptor solution, H, is the height in metres of the receptor
(volume of receptor chamber per unit area), and f,(7) is
the mass flux in g/m> per s of contaminant into the
receptor chamber at any time 7.

The diffusion coefficient D, and partition coefficient
Ser were deduced following the procedure described by
Sangam and Rowe (2001) by using the finite-layer analy-
sis program POLLUTE v6 (Rowe and Booker 1997).

3.3. Analytical methods

The concentrations of phenolic compounds were quanti-
fied by HS-SPME-GC-MS according to the analytical
method developed by Limam ef al. (2010). The GC-MS
(trace GC and DSQ, Dual-Stage quadrupole, Thermo
Fischer) was equipped with a Combi PAL autosampler

Geosynthetics International, 2014, 21, No. 2
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(CTC Analytics) allowing automatic SPME extraction.
The GC split-splitless injector was used in splitless mode.
The chromatographic column was a Zebron 5 MS column
(5%  phenyl-methylpolysiloxane, Phenomenex, 60 m
length, 0.25 mm inner diameter, 0.25 pm film thickness).
Chromatographic separation was performed using the
following eight temperature stages: (1) 40°C for 5 min;
(2) an increase to 115°C at 15°C/min; (3) an increase to
175°C at 3°C/min; (4) 175°C for 5 min; (5) an increase
to 250°C at 30°C/min; (6) 250°C for 2 min; (7) an increase
to 280°C at 30°C/min; and (8) 280°C for 5 min. The
injector temperature was held at 250°C and the splitless
time was 5 min. Helium was used as carrier gas with a
column flow rate of 1.1 ml/min. The Xcalibur software
from Thermo Fisher was used for online data acquisition
and processing. The fibre consisted of a 100 um poly-
dimethylsiloxane (PDMS) from Supelco. As internal stan-
dard for quantification, 4,6-trichlorophenol-'>C, was used
for 4-CP, 2,4-DCP, and 2,4,6-TCP and pentachlorophenol-
13 was used for 2,3,5,6-TeCP and PCP.

The quantification procedure involved two steps: deri-
vatisation and headspace extraction. The derivatisation
step consisted of adding 2 g of sodium chloride (NaCl)
(40% W/V), 200 mg of potassium bicarbonate (KHCO3),
and 30 pl of anhydride acetic acid [(CH3CO),0] into a
20 ml PTFE-capped glass vial containing 5 ml of aqueous
sample. The sodium chloride saturates the solution, which
permits the phenolic compounds to pass easily into the
gas phase, thereby improving the sensitivity of the analy-
sis. The sodium bicarbonate (KHCO3) avoids degradation
of the phenolic compounds that would otherwise result
from the addition of anhydride acetic acid [(CH3CO),0].
The sequence in which these reagents are added is
essential because introducing the anhydride acetic acid
[(CH3CO),0] first could lead to an underestimate of
compound concentration. To complete the derivation reac-
tion, a 5 min 80°C pre-incubation period was necessary.

Pre-incubation was followed by extraction with the
SPME fibre covered with a 100 um thick PDMS film at
80°C for 30 min under agitation (500 rpm). Injection into
the GC-MS was performed at 250°C, lasted 5 min, and led
to desorption of phenolic compounds from the fibre in the
injector. Phenolic compounds were quantified by using the
single-ion monitoring mode (SIM). Ion m/z = 128, 162,
196, 232, and 266 were used for 4-CP; 2.,4-DCP; 2,4,6-
TCP; 2,3,5,6-TeCP; and PCP, respectively.
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4. RESULTS

4.1. Control cell

To access the mass loss due to sorption onto the glass cell, a
blank diffusion experiment was conducted using the diffu-
sion apparatus with no specimen. The experiment was
performed at the same time as the diffusion experiments.
Figure 3 presents the temporal evolution of the concentra-
tions (normalised with respect to initial concentration) in
blank diffusion experiments. The concentration decrease
due to sorption was negligible for all chlorophenols studied.

4.2. Partitioning experiments

Following the methodology described in Section 3.1, the
partition coefficients Ser for each phenolic compound were
calculated with the assumption that the mass loss onto
glass would occur even in the presence of a PE film. The
corresponding partition coefficients are given in Table 4,
which shows that the coefficients obtained for aged PE
films are greater than those for virgin films.

4.3. Diffusion experiments

Figures 4a and b show the temporal variation in concen-
tration (normalised by initial concentration) of chlorophe-
nols in the source and the receptor chambers, respectively,
for virgin PE films. A single evaluation of the concentra-
tion by GC-MS was done for each PE film specimen, and
the average of two such measurements produced the data
shown in Figure 4. Figures 5a and b show the temporal
variation in concentration of chlorophenols in experiments

1.40
120}
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1.005&&?33% 5P % 968 X o 0 ooy
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Figure 3. Normalised concentrations of chlorophenols in
control cells for diffusion experiments

Table 4. Inferred partitioning and diffusion coefficients calculated from diffusion experiments

Compound Virgin PE film Aged PE film

Sp D, P, St D, P,

(-) (X 10712 m?%/s) (X 10712 m?%/s) (-) (X 10712 m?/s) (X 10712 m?%/s)
4-Cp 0.68 0.10 0.068 1.67 0.15 0.25
2,4-DCP 3.19 0.27 0.861 15.93 0.08 1.27
2,4,6-TCP - - - 78.52 0.04 3.14
2,3,5,6-TeCP 48.2 0.07 3.37 140.9 0.04 5.64
PCP 278 0.01 2.78 - -

Geosynthetics International, 2014, 21, No. 2



Diffusion of phenolic compounds through polyethylene films 143
1.2
A
Xoopx x
1.0¢ ¥ X
x4 ! i R S N R X
A x| T 111y
gr e s T roe
0.8 [ & ) P X 3
A RLe g% & X X
o : ‘\A A A
Q 06 F A . o b & 4 ¢ & &
3 N el bS
® o
® o e
04 e o
[ ]
[ ] ° ®
x 4-CP[E] 4-CP [P] ¢
0.2F 4 24DCPE] 2,4-DCP [P]
o 2,3,5,6-TeCP [E] 2,3,5,6-TeCP [P]
oL PCPIE, — PCP [P] . ‘
0 5 10 15 20 25 30
Time (days)
(a)
0.5
x  4-CP [E] 4-CP [P]
A 2,4-DCP [E] 2,4-DCP [P]
o4l © 2356TeCP[E] oo 2,3,5,6-TeCP [P]
: e PCPIE] PCP [P]
0.3
g s
3 S
Q. -
0.2+ _ :
7

Time (days)
(b)

Figure 4. Temporal evolution of chlorophenols concentrations in: (a) source, and (b) receptor for virgin PE films

with aged PE films. The data for aged PE films corre-
spond to a single film specimen. The experimental data
are identified by ‘E’ in the figures. Figures 4 and 5 also
show the theoretical curves, which are identified by ‘P’.
These curves were generated by numerically solving the
diffusion equation (Equations 5 and 6) for the partitioning
coefficient previously determined (using Equation 2). The
data presented are those corresponding to data which
could be interpreted.

The diffusion coefficients thus determined range from
1 X107 to 2.7 X 1071 m?%/s for virgin PE films and
from 4 X 107'* to 1.5 X 10713 m?/s for aged PE films
(Table 4). The permeation coefficients determined for the
virgin specimens range from 7 X 104 m?/s for 4-CP to
3.13 X 1072 m?/s for 2,4,5,6-TeCP. For the aged speci-
mens, the permeation coefficients range from 2.5 X
1013 m?/s for 4-CP to 5.21 X 10~'2 m?/s for 2,4,5,6-TeCP.

5. DISCUSSION

5.1. Influence of chlorine atoms on diffusion
parameters

5.1.1. Partition coefficient Sgr
An analysis of the results obtained indicates that the
partition coefficient is closely linked to the degree of

substitution of chlorine atoms on the phenolic nucleus. For
both virgin and aged PE films, larger numbers of chlorine
atoms correspond to larger partition coefficients. This
phenomenon is most likely due to the difference in
polarity of the chlorophenols, as previously noted by
Touze-Foltz et al. (2012).

5.1.2. Diffusion coefficient
For both virgin and aged PE films, diffusion coefficients
generally decrease with increasing number of chlorine

atoms. However, an exception occurs for virgin PE film
for 4CP and 2,4-DCP.

5.2. Influence of ageing

The diffusion coefficients increased from 1.0 X 10~"3m?/s
to 1.5X 1073 m?s for 4-CP but decreased from
2.7 X 107 Bm?/s to 0.8 X 10~'3 m?/s for 2,4-DCP and from
0.7 X 1073 m?/s to 0.4 X 103 m%/s for 2,3,5,6TeCP. On
the overall diffusion coefficients are smaller for aged speci-
mens than for virgin specimens. Indeed the maximum value
was 1.5 X 10713 m?/s for aged specimens whereas for
virgin specimens the maximum value was 2.7 X 107! m?/s
(Table 4). The increase in crystallinity caused by ageing of
PE films can explain the reduction in the diffusion coeffi-
cients (by a factor of approximately 1.9) in PE films. The
permeation coefficient of the film, P,, obtained as the
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Figure 5. Temporal evolution of chlorophenols concentrations in: (a) source, and (b) receptor for aged PE films

product of Ser and D, increased in relation with ageing for
those three contaminants from 6.8 X 1074 m?/s to 2.51 X
107 m?/s for 4-CP, 8.61 X 1078¥ m?s to 127X
1072 m?/s for 2,4-DCP and from 3.37 X 10~2 m?/s to
5.64 X 1072 m?/s for 2,3,5,6TeCP. These results are oppo-
site to those obtained by Rowe et al. (2003) upon comparing
the diffusion coefficients of a new modern geomembrane
with those of a 14-year-old geomembrane (both HDPE):
Diffusion experiments performed with chlorinated hydro-
carbons and aromatic hydrocarbons diffusion revealed that
permeation coefficients for the virgin specimens were four
to five times greater than those of the older specimens.

5.3. Effect of pollutant properties on diffusion

The partition coefficient (Figure 6) and diffusion coeffi-
cient (Figure 7) are plotted as a function of various
chemical properties of the chlorophenols studied: the
aqueous solubility S, the n-octanol—water partition coeffi-
cient, K., the molecular diameter, d,,, and the molecular
weight. The influence of these chemical properties on
geomembrane diffusion parameters obtained from experi-
ments with VOCs and phenolic compounds has been
reported in the literature. Figures 6 and 7 show values

from the literature together with values obtained from
empirical equations and based on experimental data for
VOCs. A compilation of existing empirical equations is
presented in Table 5. Data of the diffusion of VOCs in
HDPE geomembranes that were used to construct Figures
6 and 7 originate from Park and Nibras (1993), Prasad et
al. (1994), Miiller et al. (1998), Rowe (1998), Sangam and
Rowe (2001), Rowe et al. (2003), Joo et al. (2004, 2005),
Nefso and Burns (2007), Islam and Rowe (2009), Touze-
Foltz et al. (2011) and Park et al. (2012). The work of
Touze-Foltz et al. (2012) was used as the reference for the
diffusion of phenolic compounds through an HDPE
geomembrane.

5.3.1. Partition coefficient Sy
Figure 6 presents the partition coefficient Sgr plotted as a
function of S, log K.y, dm, and molecular weight (Figures
6a to d, respectively). The partition coefficient decreased
with increasing aqueous solubility (Figure 6a) and with
increasing log K, (Figure 6b), which was expected
because the less polar the contaminant, the less soluble it
is in water.

These results are consistent with previous results
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Figure 6. Partition coefficient Sy as a function of: (a) aqueous solubility S; (b) rz-octanol-water partition coefficient K, ;

(c) molecular diameter dy,; and (d) molecular weight for phenolic compounds and VOC:s in diffusion experiments with
geomembranes (results from the literature, see Section 4.4) and chlorophenols in diffusion experiments with PE films (results
from present study) in virgin conditions (v PE film) and aged condition (a PE film)

obtained for the diffusion of phenolic compounds through
HDPE geomembranes. The range of variations is similar,
despite the ageing and the variations in geomembrane
thickness. When one compares the range of values
obtained for VOCs with those of phenolic compounds, it
seems that the partition coefficient is much less influenced
by ageing or thickness than by the chemical family of the
diffusing compound.

No general trend was found for the partition coefficient

as a function of molecular diameter (Figure 6c¢). For
chlorophenols, molecular weight correlated well with
partition coefficient (Figure 6d), a result that may be
related to polarity.

5.3.2. Diffusion coefficient

Figures 7a to d present the diffusion coefficient D, as a
function of solubility, log K,y, molecular diameter, and
molecular weight, respectively. The diffusion coefficient
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Figure 7. Diffusion coefficient D, as function of (a) aqueous solubility, (b) n-octanol—water partition coefficient K,
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from present study) in virgin conditions (v PE film) and aged condition (a PE film)

increases with increasing aqueous solubility (Figure 7a)
and decreases with log K, (Figure 7b), which is similar
to the trends observed by Touze-Foltz et al. (2012) for the
diffusion of phenolic compounds through geomembranes.
However, more scatter is observed between data obtained
for films and geomembranes than is the case for the
partition coefficient. No general trend was found for the
molecular diameter (Figure 7c). Touze-Foltz et al. (2012)
noticed that, if BPA is excluded, previously given empiri-
cal equations (for VOCs) linking diffusion coefficient and
molecular diameter would be acceptable for phenolic
compounds. However, diffusion coefficients for the diffu-
sion of chlorophenols through PE film do not follow the
same trend. Figure 7d shows that the diffusion coefficients

decrease with increasing molecular weight for chlorophe-
nols diffusing through PE films, which was not observed
by Touze-Foltz et al. (2012) for phenolic compounds
diffusing through geomembranes.

Bellili et al. (2012) provide an insight by using three
molecular models to assess the diffusion coefficient.
These three models, based on mathematical correlations
between polymer type, diffusing substance molecular
mass, and temperature, were previously combined by
Helmroth ef al. (2002) and used to predict the diffusion
coefficient. Equations by Brandsch et al. (2000), Helmroth
et al. (2002) and Limm and Hollifield (1996) are pre-
sented in Table 5. In Equation 18 in Table 5, 4, = 8.8 as
given by Brandsch et al. (2000) because HDPE was used
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Table 5. Equations predicting partition coefficient, diffusion coefficient, and permeation coefficient

Equation Parameters Validity Source

7 log Ser = 1.2355 log Koy, — 1.1523 HDPE Sangam and Rowe (2001)
geomembranes

8 log D = 0.3424(log Koy)? +0.9205 log Ko — 12.3624

9 log Sgr = 0.670 log Koy +0.084 HDPE Joo et al. (2004)
geomembranes

10 log Syr = —0.532log S+3.316

11 log D= —5.534 dy, —9.368

12 log Sgr = 1.0614 log Ko, — 0.8757 HDPE
geomembranes

13 log Sgr = —0.8312log S +4.2291

14 log Syt = 14.363d,, — 6.0543

15 log D = —0.2283(log Koy)? + 0.6166 log Koy — 12.4590 VOCs Park e al. (2012)

16 log D =0.2049 log S — 13.0485

17 log D = -4.5119d,,, — 9.9659

18 A4, =838 Phenolic Brandsch et al. (2000)

D = 10%exp (Ap —0.13M?3 — w) C=2315 compounds and
T VOCs
19 D = a exp(—MP) a=17x10"1° Helmroth ez al. (2002)
b=0.39
20 KM a=0.819 Food packaging | Limm and Hollifield (1996)
D = Dyexp <aM°~5 - T) K =1760.7 PE films
Dy=937x%x107°

(understanding A, as a characteristic structural parameter
of the polymer which must be determined experimentally).
To account for the effects of specific temperature effects
on polymers the values of C, a polymer-specific param-
eter, are either 0 or 1577, as recommended by Piringer
and Baner (2000). The best fit was obtained by using
C = 2315. In fact, Bellili et al. (2012) suggest adjusting
A, and C as required to obtain the best fit to experimental
data. As suggested by Helmroth e al. (2002), Equation 19
in Table 5 was used with b = 0.39 for HDPE, whereas a
was set to 1.7 X 107! to obtain the best fit to the
experimental data. Empirical constants @ and b for
Piringer’s diffusion model are, respectively, an additive
molecular weight-specific constant and a temperature-
specific constant. For Equation 20 in Table 5, by Limm
and Hollifield (1996), a =0.819 and K = 1760.7 were
used, as suggested by those authors for HDPE (a is
proportional to the slope of a plot of the diffusion coeffi-
cient as a function of the molecular weight square root; K
is a constant related to molecular weight). The parameter
D, was set to 9.37 X 107> to obtain the best fit to
experimental data.

The minimum least square difference between the fits
and experimental data was obtained with Equations 18
and 19 in Table 5. These equations seem to predict the
order of magnitude of the diffusion coefficient over the
entire range of molecular weights of VOCs and phenolic
compounds tested to date. However, before using these
equations as predictive tools it is necessary to check if
they apply to other families of chemical compounds.

According to Helmroth er al. (2002), no currently
available theories are sufficiently accurate to predict the
evolution of the partition coefficient and the permeation
coefficient as a function of molecular weight.

The diffusion parameters (Sgr and D,) obtained from

testing the diffusion of chlorophenols through virgin and
aged PE films are the same order of magnitude as those
obtained from experiments of phenolic compounds diffus-
ing through geomembranes. To verify the validity of using
PE films to investigate the effect of ageing on diffusion
through HDPE geomembranes, it should be confirmed
that these trends apply to other families of pollutants.

6. CONCLUSION

This paper presents experimental results of the diffusion
through virgin and aged PE films of five chlorophenols
(4-chlorophenol, 2,4-dichlorophenol, 2.,4,6-trichlorophe-
nol, 2,3.4,6-tetrachlorophenol, and pentachlorophenol).
The aim of the present study was to determine any
possible detrimental effect of ageing on the diffusion
parameters of PE film. The results obtained in this work
are also compared with published results for other com-
pounds (VOCs and phenolic compounds) diffusing
through HDPE geomembranes with the goal of verifying
that the experiments performed with virgin and aged PE
films are representative of diffusive transfer through virgin
and aged HDPE geomembranes.

For PE films, the partition coefficients increase with an
increasing number of chlorine atoms for chlorophenols
whereas the diffusion coefficients generally decrease with
increasing number of chlorine atoms.

For PE films, the diffusion coefficients decrease with the
increase in crystallinity that occurs upon ageing. The
permeation coefficient however increased contrarily to what
was observed by Rowe ef al. (2003) when they compared
the diffusion of chlorinated and aromatic hydrocarbons
through a new modern HDPE geomembrane compared with
that through a 14-year-old HDPE geomembrane.

The results show that the partition coefficient is linked
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to the aqueous solubility and the n-octanol—water partition
coefficient of the contaminant. In view of the results
reported by Touze-Foltz et al. (2012), this latest result
seems logical because less polar contaminants are less
soluble in water. No clear evidence supports a link with
the molecular diameter; however, for chlorophenols the
molecular weight correlates well with the partition coeffi-
cient; a result that may be related to polarity.

An analysis of the chlorophenols under study (4-CP,
2,4-DCP, 2,4,6-TCP, 2,3,5,6-TeCP, and PCP) implies that
the partition coefficient is closely linked with the degree
of substitution of chlorine atoms on the phenolic nucleus
— a phenomenon that may also be attributed to a
difference in polarity between the various chlorophenols
studied, as noticed by Touze-Foltz et al. (2012).

The diffusion coefficient and permeation coefficient
correlate well with the aqueous solubility and the n-
octanol-water partition coefficient of the chlorophenols.
They also correlate well with the molecular diameter.

These trends are consistent with previous trends ob-
tained for the diffusion of VOCs and phenolic compounds
through geomembranes. However, the range of parameters
obtained is significantly different, so the empirical equa-
tions published for VOCs cannot be used to predict the
evolution of the partition coefficient of the chlorophenols
studied herein and of the phenolic compounds studied by
Touze-Foltz et al. (2012).
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NOTATION

Basic SI units are shown in parentheses.

Ap  characteristic structural parameter of the
polymer (dimensionless)
a additive molecular weight-specific
constant (m?/s)
b temperature-specific constant
(dimensionless)
C polymer specific parameter (K)
¢p concentration in receptor compartment at
time ¢ (kg/l)
cg final equilibrium solution concentration
(kg/l
¢ initial solution concentration (kg/l)
cg concentration of diffusing substance in
geomembrane (kg/l)
¢; concentration at sampling event i (kg/l)

Mendes, Touze-Foltz, Gardoni and Mazéas

¢, concentration in source solution at time ¢
(kg/l)
D, diffusion coefficient of geomembrane
(m?/s)
[ flux (kg/m?/s)
fm flux of contaminant into receptor
chamber at time ¢ (kg/m?/s)
fi flux of contaminant into geomembrane at
time ¢ (kg/m?/s)
H; volume of source fluid per unit area (m)
K constant related to molecular weight
((mol/g)*K)
M molecular weight (kg/mol)
M, initial mass of geomembrane (kg)
P, permeation coefficient of the
geomembrane (m?/s)
ps proportion of contaminant sorbed onto
glass (dimensionless)
Ser  partition coefficient of contaminant
(dimensionless)
t time (s)
Ve final solution volume (m?)
Vo initial solution volume (m?)
V;  volume at sampling event i (m?)
z position in geomembrane (m)
parameter proportional to the slope of a
plot of the diffusion coefficient in
function of the molecular weight square
root ((mol/g)’?)
pg geomembrane density (kg/m?)

ABBREVIATIONS

LOD limit of detection
PCP pentachlorophenol

2,4-DCP 2,4-dichlorophenol
2,4,6-TCP  2,4,6-trichlorophenol
2,3,5,6-TeCP  2,3,5,6-tetrachlorophenol
4-CP  4-chlorophenol
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