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ABSTRACT: Recycled polymers containing a pollutant can be used for food packaging if
the food is protected by a functional barrier made of virgin polymer. The mathematical
treatment of the diffusion of pollutant through the packaging is established when
the diffusivity is constant and when there is no transfer through the packaging—food
interface. A functional barrier not only reduces but also delays migration during a lag
phase. An increase in the relative thickness of the functional barrier dramatically
increases its efficiency. Practical examples are presented. The difficulties of control of
migration through functional barriers are pointed out. © 1997 John Wiley & Sons, Inc. J

Appl Polym Sci 66: 597-607, 1997
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INTRODUCTION

Recycling of packaging plastics to produce new
food packages can be achieved efficiently if the
collection, control, and processing of wasted mate-
rials can be mastered. The main difficulty is that
wasted packages might have come into contact
with substances other than food, which may not
be harmless. In the new life of the package, these
substances may migrate from the recycled pack-
aging material into the food. The Food and Drug
Administration (FDA) has proposed definitions
and practical means with this purpose in mind.!
One of the most interesting approaches consists
in reusing the wasted plastic as the core of the
new material, a layer of virgin polymer being
placed between the recycled material and the
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food. The FDA calls this virgin polymer a func-
tional barrier.

In the original definition, it was suggested that
a functional barrier reduced the migration to a
level that could be acceptable from the toxicologi-
cal point of view. Toxicologists were therefore
asked to give advice about acceptable daily in-
takes of pollutants whose identities were not
known. Based on toxicity data of hundreds of
known chemicals, the FDA evaluated the risk
linked to the ingestion of an unknown chemical.?
They considered that a migration of 10 ppb in food
represented an acceptable risk.?

In line with this approach, Begley and Holli-
field calculated that the thickness of a poly(ethyl-
ene terephthalate ) functional barrier had to be at
least 25 pum thick in order to ensure that migra-
tion into food would not exceed 10 ug/kg.* They
considered two approaches: one for monolayer and
one for bilayer materials. In the first case, the
polymer was assumed to be a semi-infinite me-
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dium with a constant concentration of pollutant,
while the concentration in the food was constantly
zero. The amount of pollutant transferred was
proportional to its concentration in the polymer
and to the square root of time. In the second case,
with a two-layer package, the functional barrier
isolating the recycled polymer layer from the food
was assumed to play the role of a membrane with
constant concentrations on both sides, namely in
the food and in the recycled layer. The amount of
pollutant entering the food was thus given in
terms of a series. In spite of the fact that these
two approaches do not correspond to the bilayer
problem with diffusion through the two layers and
transfer into the food, the idea that diffusion
through a functional barrier can be modelled
emerges with great interest. This suggests that a
predictive model might replace or complement the
toxicological approach in some cases.

The whole problem of diffusion in polymers in
contact with liquid food is very complex from a
theoretical point of view.>® Various parameters
may affect the efficacy of the functional barrier,
such as the nature of the polymer and of the pol-
lutants, as well as their mutual compatibility; the
transfer of the food into the polymer, which may
enhance the diffusivity of the pollutants”; the na-
ture of the food; and the level of the pollutant
in the recycled layer and the thickness of each
polymer layer.

In order to find a solution for these highly com-
plex problems of diffusion, the best way consists in
dividing the whole process into its various stages,
then considering each stage successively, while
keeping in mind that they should be considered
simultaneously later. Prior to any experimental
work, there is a need for theoretical investigation
for predicting the behavior of various materials.

We have undertaken a theoretical study in or-
der to determine the influence of the nature of
some pollutants and polymers and to evaluate the
effect of the thicknesses of the polymer layers on
the diffusion time of these pollutants through the
polymers. The first purpose in this study is to
consider the Fickian diffusion of the contaminant
through the polymer layers and to establish ana-
lytical solutions of the problem through mathe-
matical processing. Only the transfer of the pol-
lutant is considered, while its diffusivity is consid-
ered to be constant. The packaging consists of two
polymer layers: one made of the recycled polymer
and the other one being the functional barrier.
The second objective of this article is to determine
relevant data, such as concentration profiles of

Figure1l Scheme of the two layer packaging at¢ = 0,
with the recycled film of thickness H and the functional
barrier of thickness L — H: (A) surface intended to
come in contact with food.

the pollutant developed through the packaging;
the concentration—time history of the pollutant
on the surface, which is intended to be in contact
with the food; and the time necessary for the pol-
lutant to reach given levels on this surface. Calcu-
lations are made for various liquid—polymer cou-
ples by using published diffusion constants.

THEORETICAL

As the whole problem of diffusion in polymer
packaging is highly complex, a simplified, but still
very practical problem is considered in this arti-
cle. This is precisely defined by the following basic
assumptions.®

Assumptions

(1) The packaging consists of two layers of the
same polymer in perfect contact (Fig. 1).
There is no resistance to mass transfer at
the interface between the two layers. This
assumption is quite reasonable, as the two
polymer layers are not stuck, but melted
together by coextrusion.

(2) We consider the behavior of a single con-
taminant. Initially, its concentration is
uniform in the recycled layer, while the
functional barrier is free from contami-
nant. In other words, the profile of concen-



tration of the contaminants is supposed to
be vertical at the polymer layers interface.
This is surely questionable. However, for
the time being, it is very difficult and not
yet done to determine this profile of concen-
tration. If the real concentration profile of
the pollutant was known, it would be possi-
ble to treat the problem by using a numeri-
cal model.

(3) The transfer of contaminant is controlled
by Fickian diffusion, the polymers being in
the elastomeric state.

(4) The diffusivity of the contaminant is con-
stant and identical in both polymer layers.
This is not too far from reality since the
two layers are made from the same poly-
mer. The transport is unidirectional.

(5) There is no transfer of contaminant
through the two external surfaces of the
packaging. In reality, some losses may oc-
cur, especially if the pollutant is volatile.
However, we will focus on an initial period
of storage, where such losses by vaporiza-
tion are reduced. In any case, the rate of
evaporation is expected to be low.

(6) No food enters the polymer. We are consid-
ering here the evolution of a package before
it comes into contact with food.

(7) The thickness of each layer remains con-
stant. Swelling of the polymer is consid-
ered negligible since the concentration of
the pollutant is expected to be very low.

Mathematical Treatment

The equation for unidirectional diffusion with a
constant diffusivity (assumption 4) is

8Cx Wt . 82 x,t
ot b Ox? (1)
where C, ; is the concentration of contaminant at
position x and time ¢, and D is the constant diffu-
sivity of the pollutant.
The initial and the boundary conditions shown
in assumptions 2, 1, and 5, respectively, are ex-
pressed by

t=0 0<x<H C=¢C, (2)
H<x<L C=0 (2a)

oC oC
L= 0 (a>x—0 N (a)x—L - O (3)
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H and L are the thicknesses of the recycled layer
and of the whole material, respectively (Fig. 1).
C,, is the initial concentration of the pollutant in
the recycled polymer.

Following assumptions 3, 4, and 6, mathemati-
cal processing is feasible.>® In this case, the ana-
Iytical solution is obtained using the method of
separation of variables.

The concentration of pollutant C, , is thus ex-
pressed as a function of time by eq. (4), as follows:

Coro _H 2 51 gonoH o nme
C. L = %n L L
2__2
><exp<—”L—’;Dt> (4)

The concentration of pollutant on the surface of
the packaging in contact with the food is obtained
by putting x = L in eq. (4), as follows:

Ce,
Cin

)* . nmH
sin

hlm
=1|l\9

cIn

2,2

u Dt) (5)

X exp<—

When the ratio of the thicknesses H/L is very
small, eq. (5) reduces to

% 2__2
CL,t:Ig[1 +2y (—1)”'exp<—n—7TDt>]

L2

n=1

(5a)

and, for long times, the first term of the series in
eq. (5a) becomes preponderent, leading to

2
CL,t:I_{[l—2-exp<—%Dt>] (5b)

C, L

The amount M, of contaminant transferred into
the functional barrier at time ¢ is obtained by inte-
grating the concentration C,, with respect to
space between the abscissae H and L. M, is ex-
pressed as a fraction in eq. (6) of the amount M,
of contaminant initially located in the recycled
layer.
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M, L-H 2L Ei sin 7HY
M, L r2-H % n? L
2_2
><exp(—nL72r Dt) (6)

All the equations are expressed in terms of the

D H
dimensionless numbers L—; for the time, 7 for the

M, for the

1243

relative thickness of the barrier,

x,t

for the

amount of pollutant transferred, and

1243

concentration of pollutant.

RESULTS

Three kinds of results are of interest: the concen-
tration profiles of the contaminant developed
through the packaging; the concentration—time
history of the contaminant at the surface in con-
tact with the food; the kinetics of mass transfer
of the contaminant.

In order to get general results that can be of
use in all practical situations corresponding to the

basic assumptions 1-7, we have calculated mas-

ter curves using the dimensionless numbers 72
H M, C.,

f ’ Min Cin

, and

Profiles of Concentration of Contaminant

The concentration profiles calculated using eq.
(4) are drawn in Figures 2—4 for various values
of the thicknesses ratio H/L ranging from 1/2
to 1/4.

The following conclusions can be drawn.

(1) At the very beginning (% = 0.004) , the

concentration of contaminant falls abruptly
at the interface of the two polymer layers
Cy, 1

down to C,,/2: c. "3

For values of D¢/L? lower than 0.004, the
profiles in the two layers are symmetrical,
with the point of symmetry being at the
interface, with Cy ,/C;, = 1/2. This is true,
whatever the thicknesses of the layers.
The effect of the thickness of the functional
barrier appears for Dt/L? = 0.004. The

(2)

(3)
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Figure 2 Profiles of concentration of contaminant developed through the packaging
with the ratio H/L = 1/2 for various times (values of D¢/L? are shown).
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Figure 3 Profiles of concentration of contaminant developed through the packaging
with the ratio H/L = 1/3 for various times (values of D¢/L? are shown).

curves remain symmetrical only when the
two layers have the same thickness (H/L
= 1/2; Fig. 2).

At equilibrium after infinite time, the trig-
onometrical series tend towards zero, and
the uniform contaminant concentration
throughout the packaging is given by the
simple relation, C, ../C;, = H/L. In fact, for
a value of D¢/L? around 0.8, equilibrium is
nearly reached (Figs. 2—4).

The gradient of concentration is flat on the
two external surfaces of the packaging, at
x = 0 and x = L, since there is no mass
transport through these surfaces, follow-
ing the boundary conditions [eq. (3)].

Concentration C;; of Contaminant on the Surface
of the Packaging That is to Come in Contact
with Food

It is essential to have good knowledge of the con-
centration—time history of the contaminant on
the packaging surface that is to be in contact with
the food. The increase in concentration with time
as a function of Dt/L? is drawn in Figure 5 for
various values of the ratio of the thickness of the
two layers H/L.

Important conclusions can be drawn.

(1)

(2)

(3)

(4)

(5)

Initially, the virgin polymer layer plays the
role of a highly efficient functional barrier,
as shown in Figure 5. No mass transport
appears on this surface up to a given time.
This corresponds to a lag time behavior.
After this time, the concentration of con-
taminant increases with time, as shown
more precisely in Table I, where the ratio
C../C;, is evaluated at various values of
Dt/L? and for different thicknesses H/L.
The master curves drawn in Figure 5, as
well as the values shown in Table I, can be
used in all typical cases.

The effect of the relative thicknesses of the
two polymer layers, especially at initial
stages, is well illustrated in Figure 6,
where L, (Cy ./C;,) is plotted against H/L
for various values of Dt/L>.

The master curves in Figures 5 and 6 can
be used for determining the period of high-
est efficiency of the functional barrier. Dur-
ing this period of high efficiency, the con-
taminant concentration on the surface (x
= L) is very low. Table II illustrates how
the mathematical equations can be applied
to predict the lag phase in practical situa-
tions. Calculations are made for the follow-
ing three typical low-molecular-weight,
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Figure 4 Profiles of concentration of contaminant developed through the packaging
with the ratio H/L = 1/4 for various times (values of D¢/L? are shown).

fast-diffusing polluants: limonene, ethyl
acetate, and trichloroethylene, and for a
given thickness of the recycled layer (50
pm). The polymer—pollutant couples are
characterized by the diffusivity D of the
pollutant in the polymer. For instance,
when the two layers have the same thick-
ness (H/L = 1/2), Table I shows that the
concentration on the surface (x = L)
reaches 1.2% of the initial concentration
(Cr,/C;, = 0.012) when Dt/L*? = 0.02. For
limonene in polypropylene (D = 0.65 x 10 '
m? s71),° the corresponding time is 3.1
days. The times necessary for the ratio of
concentrations on the surface C,/C;, to
reach values of 0.001 and 0.01 are shown
in Table II for the three contaminant—
polymer couples, using diffusivities taken
from literature.

In fact, from the dimensionless number Dt/
L?, the time necessary for a given trans-
port is inversely proportional to the diffu-
sivity, as shown in eq. (4). Thus, the values
of the times in the second and third con-
taminant—polymer couple can be easily ex-
trapolated from the times shown for the
first contaminant—polymer couple. The ra-
tio of the thicknesses of the two polymer

layers appears in eqgs. (4) and (5), as well
as the thickness of the packaging L in the
dimensionless number Dt/L?. Thus, the
time necessary to reach a given transport
is not proportional to the thickness L of the
packaging but strongly increases with H/L.

Kinetics of the Contaminant Transfer Through the
Two Polymer Layers

The kinetics of contaminant transfer from the re-
cycled layer into the functional barrier is calcu-
lated using eq. (6). They are drawn for various
values of the thicknesses H/L in Fig. 7 for long
times (or rather Dt/L?).

These results solicit the following comments.

(1) A vertical tangent is observed at the begin-
ning of the process, corresponding to a very
high rate of contaminant transfer. This sit-
uation results from the perfect contact be-
tween the two polymer layers at abscissa H.

(2) The rate of mass transfer decreases expo-
nentially with time or with the dimen-
sionless number D¢/L2.

(3) The end of the process, from the theoretical
point of view, is attained after infinite
time. From a practical point of view, the
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Figure 5 Concentration of contaminant (C;,,/C;,) on the surface intended to come in
contact with food as a function of time (D¢/L?), with various values of the ratio H/L.

rate of transfer is very low when the di-
mensionless number D¢/L?is 0.8. In Table
II, we have calculated the times necessary

%L’t equal to 0.9 and 0.99

to reach values of

%

for the three pollutant—polymer couples.

DISCUSSION

Properties of a Functional Barrier

This work shows how a functional barrier works.
Initially, the concentration Cj ; of the pollutant
on the surface (x = L, Fig. 1) is very low and
can be assimilated to zero. During this period, the

pollutant diffuses through the functional barrier.
When it reaches the surface meant to come into
contact with food (x = L) in the package, Cy,
slowly increases. This behavior is typical of lag
time behavior. For longer times, the pollutant is
diluted over the two layers, thus reducing migra-
tion. A legal definition of the functional barrier
should therefore specify that it both delays and
reduces migration. During the lag phase, no con-
taminant reaches the surface meant to come in
contact with food. If there was contact with food,
then no migration could occur during the lag
phase. This is a first remarkable property of mate-
rials having a functional barrier.

The introduction of the lag phase concept in
the definition of functional barriers has important

Table I C.,/C;, at the External Surfaces Versus Time (D¢/L?) for Various Relative Thicknesses H/L

Dt/L? x 100
H/L 0.1 0.2 0.5 1 1.5 2 2.5
2/3 <1077 1.4 x 1077 8.6 x 10°* 1.8 x 1072 5.4 X 1072 9.5 x 1072 17 x 1072
1/2 <1077 <1077 5.7 x 1077 41x 10 3.9 x10°® 1.2 x 1072 4.1 x 1072
1/3 <1077 <1077 <1077 2.4 x 10°° 1.2 x 107 8.6 x 107* 6.5 x 10°°
1/4 <1077 <1077 <1077 1.1 x 1077 1.5 x 10°° 1.8 x 10°* 2.2 x 1078
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Figure 6 Concentration of contaminant on the surface [Ln(C,/C;,)] as a function
of the ratio H/L for various values of D¢t/L?: (1) Dt/L? = 0.01; (2) D¢t/L? = 0.015; (3)
Dt/L? = 0.02; (4) Dt/L* = 0.025; (5) Dt/L* = 0.05; (6) D¢t/L? = 0.2.

practical consequences. If it can be demonstrated acceptable risk linked to a contamination of food
that the use of the package occurs during the lag by the pollutant. This allows the shifting of a dif-
phase, no migration can occur; and there is no ficult control of migration to a control of the source
toxicological concern, and no need to estimate an of recycled polymer and of the process.!

Table II Time (Days) Associated With Given Concentrations C.,/C;, or C.,/C.. on the Surface
with H = 50 um

Thickness Limonene/PP? Ethyl acetate/PP* Trichloroethylene/HDPE"
(L, in pym) C.,/Cy C../C. (D = 0.65 10*® m%s7 1) (D = 1510 m2%s7 1) (D =520 10 m?s71)

100 0.001° — 2.06 0.089 0.0026

100 0.01° — 3.35 0.14 0.0042

100 — 0.94 45.90 1.99 0.058

100 — 0.99¢ 87.44 3.79 0.11

200 0.001° — 18.52 0.80 0.023

200 0.01° — 30.1 1.31 0.038

200 — 0.9¢ 208.6 9.04 0.262

200 — 0.99¢ 374.8 16.24 0.469

500 0.001° — 168.3 7.2 0.210

500 0.01° — 286.9 12.43 0.359

500 — 0.94 1343.7 58.22 1.68

500 — 0.99¢ 2382.3 103.23 2.98

2 See Franz'’.

b Prased et al.'".

¢ Describing the lag phase.

4 Describing how the system reaches equilibrium; PP = polypropylene; HDPE = high-density polyethylene.
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Figure 7 Kinetics of contaminant transfer within the two layer packaging for various
values of the thicknesses of the polymer layers H/L.

Testing Migration Through Functional Barriers

The diffusion kinetics of the pollutant (Fig. 6)
have a consequence on official methods to control
migration. With monolayer materials, when the
viscosity of the food is low and when the migrant
dissolves readily in food, migration increases lin-
early with the square root of time of contact in an
initial period.® Then, migration at ¢ = 360 days
cannot exceed six times the migration occuring at
t = 10 days. Testing for 10 days, as in official EU
procedures, thus gives an overview of the migra-
tion over the whole life of the package. The situa-
tion is different for multilayer materials like those
shown in Figure 1, especially if the functional bar-
rier is efficient. If the lag time is higher than 10
days, no migration will be detected at ¢ = 10 d,
while migration may become significant for longer
test times. If migration had to be determined ex-
perimentally, then testing should be carried out
over much longer periods, possibly over the whole
shelf life, which is not realistic. Furthermore, it
must be taken into account that migration starts
when the material is manufactured and not when
the package is filled, as with monolayer materials.
For these reasons, monitoring migration from
multilayer materials into food simulants cannot
be a general routine method for quality control. A

practical procedure for testing functional barriers
has been described,'®~'* but it is of no practical
use, since the kinetic specificities of multilayer
materials have been overlooked.

The situation is not easier with alternative con-
trol methods. For monolayer materials, practical
methods developed to avoid carrying out migra-
tion testing according to official procedures were
developed; they rely on extraction of the mate-
rial, %716 followed by quantitative and qualita-
tive analysis of the potential migrants. This can-
not be used for testing the efficiency of a func-
tional barrier since pollutants from the recycled
layer will be present in extracts. If these sub-
stances do not belong to a positive list, the mate-
rial may still be suitable for food contact as long
as an inacceptable migration of the pollutants
does not occur.

Given all these difficulties, a theoretical ap-
proach with calculated kinetic curves should play
a major role for the decision to accept a recycled
material on the market. The main information
needed to predict a worst case situation is the
identity of the polymer constituting the functional
barrier. This is routinely obtained by microscopic
observation associated with infrared spectros-
copy. Once the polymer is known, diffusion con-
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stants of worst case volatile pollutants can be
found in literature.'>'” Given the thicknesses of
the layers, which can also be determined by mi-
croscopy, it is possible to predict the state of the
system at any time using the master curves
shown here. Before deciding whether a material is
suitable for food contact, the influence of elevated
temperatures reached during the processing of
plastics must be considered: it may induce prefer-
ential losses of the most volatile pollutants by va-
porization, which renders the material safer; but
it may also stimulate the diffusion of the pollut-
ants into the functional barrier.

Definition of the Lag Time

Before lag time, the pollutant diffuses through
the barrier without reaching the surface meant to
come in contact with food. After lag time, it may
migrate into food. The concept of lag time, which
is easy to understand with common sense, is diffi-
cult to define from a theoretical point of view since
the concentration on the surface (x = L) can al-
ways be calculated, even if it reaches very low
values (see Table I; values of Cy,,/C;, lower than
10 7). Therefore, conventional definitions of lag
time are proposed here.

There are two ways to define lag time from a
practical point of view. The first possibility con-
sists in saying that lag time is the time necessary
toreach Cy,,/C;, = 0.001 (Cy, ,is 0.1% of the initial
concentration). For each material, the corre-
sponding time can then be deduced for the appro-
priate H/L ratio from Figures 6 and 7 and from
Table I.

Another possibility is to give a more general,
but more conventional, definition. It can be seen
in Table I that when H/L = 1/2 (which covers all
practical situations), Cr,;/C;, = 0.001 when D¢/
L? = 0.01. Thus, a conventional definition of lag
time is

L2
tie = 0.01 7

where ¢, is the conventional lag time when H/L
=1/2.

Of course tf, depends on the polymer, on the
pollutant, and on the thicknesses of the layers.
However, worst case pollutants are those that
have the largest D values, i.e., the lowest molecu-
lar weight.'®

Table IT shows typical lag time values of low-

molecular-weight compounds in polyolefines.
Since the lag phase occurs till C;,,/C;, = 0.001, it
can be seen that a 450 yum PP layer (L = 500 pm;
H = 50 pym) protects the food from migration of
limonene during 168.3 days. For ethyl acetate, lag
time is only 7.2 days. If information about the
behavior of materials and other pollutants is
needed, the relevant data can be deduced from
those in Table II by proportionality.

Influence of the Thickness of the Layers and
Possible Optimization of the Functional Barrier

The practical effect of the thickness of the func-
tional barrier and of H/L appears clearly from
examples given in Table II. When L = 100 ym,
the material is a poor functional barrier. How-
ever, when the relative thickness of the functional
barrier increases, £ o; increases strongly with L/H .

This suggests that efficient polyolefine func-
tional barriers can be made in thick materials
rather than in films.

After the lag phase, the concentration of the
pollutant in the recycled layer increases slowly
with time. Gradually, the concentration equili-
brates to C,,/2 (for L/H = 2). This is equivalent
to a dilution of the pollutant throughout the whole
material, which is expected to lead to a reduction
of migration, as in the FDA definition. The func-
tional barrier thus behaves as a filter reducing
migration. If the material is stored without con-
tact with food, equilibration occurs after long peri-
ods of time (see C;,,/C.. = 0.9 and 0.99 in Table II).

The following effect of the thickness of the lay-
ers thus appears to be very important for the opti-
mization of a recycled material: lag time strongly
increases when the ratio % decreases (Fig. 6);
after long periods of time, the smaller the ratio
% , the larger the dilution of the pollutant. Limi-
tations of the present approach mainly concern
the kind of polymer; the model does not apply to
glassy polymers. However, obviously, they should
also exhibit a similar lag phase behavior.

Other approaches have been used to predict the
behavior of functional barriers.*'*~'* However,
they are based on a mathematical model called
infinite packaging,' which does not take into ac-
count the possible diffusion of the pollutant in the
recycled layer, nor the influence of the thickness.



CONCLUSIONS

As shown in this article, the functional barrier
acts on the transfer of contaminant from the recy-
cled polymer layer in two ways. First, it retards
the migration of the contaminant into the food as
it takes some time for the contaminant to diffuse
through the virgin layer. In that sense, this layer
plays the role of a functional barrier. Secondly,
the contaminant tends to be uniformly distributed
through the bilayer packaging after long periods
of time. Thus, a dilution of the contaminant occurs
during the process. Obviously, the final concentra-
tion of contaminant depends on the thicknesses
of the two polymer layers.

Another result of interest appears with the con-
centration—time history of contaminant on the
surface of the packaging in contact with the food.

The results are expressed in terms of dimen-
sionless numbers; thus, they are of use in any of
the cases corresponding to the basic assumptions
taken in this article. The time of protection has
been evaluated from these results in typical cases
for various thicknesses of the two polymer layers.
The results suggested that typical official test con-
ditions defined for monolayer materials cannot be
used for the control of a functional barrier. Given
the state of the art, only a predictive approach
can be of help in deciding whether a functional
barrier is efficient and whether recycled plastics,
although possibly polluted, can be used safely.
During the lag phase, the food is completely pro-
tected from migration of the pollutant. After the
lag phase, a low migration can be expected. Intro-
ducing the concept of lag phase enables to define
practical conditions of use of the material. This
work also shows how a material can be optimized
by playing with the thicknesses of the two layers.
For symmetry reasons, the same approach can be
used to describe three-layer materials, where the
recycled polymer is in the middle. Practical vali-
dations of the model should allow to take into ac-
count crystallinity effects'® on functional barrier
properties.
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