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Permeability of co-extruded linear
low-density polyethylene films to oxygen
and carbon dioxide as determined by
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The mechanical relaxation spectra of co-extruded linear low-density polyethylene (LLDPE) films, prepared
from copolymers of ethylene and l-octene, were measured in parallel and transverse directions to the
processing orientation. Both the - and /-relaxations do not show a noticeable dependence on the direction
in which the measurements were performed. However, whereas the a-relaxation in the measurements
performed in the parallel direction appears as two peaks, in order of increasing temperature, which were
denoted as o’ and «”, the measurements carried out in the transverse direction only exhibit the a’-peak. The
influence of tensile drawing on the permeability of co-extruded LLDPE films to oxygen and carbon dioxide
was investigated by electrochemical techniques over the range of temperatures where the a’-relaxation
process is located. In general, the permeability coefficients do not show a significant dependence on the
drawing direction in the temperature interval corresponding to the low-temperature region of the o’-peak.
In this high-temperature zone, the values of the permeability coefficient for O, and CO; through the oriented
films after tensile drawing are significantly lower than those obtained for these gases through undrawn co-
extruded LLDPE films. The diffusion coefficients do not show a definite dependence on tensile drawing.
Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION Polymers in the rubbery state are similar to liquids in
the sense that they respond quickly to external perturba-
tions, in order to maintain thermodynamic equilibrium.
Consequently, the permeation properties of polymer
films made of these materials do not depend on the prior
history. Diffusion is the rate-determining step in gas
permeation, particularly at temperatures well above the
glass transition temperature. As in the glassy state, the
chemical structure governs the dynamics of the chains.
Thus chains with bulky polar groups in their structure
hinder long-range motions and, as a result, films made of
these materials have a lower permeability in the rubbery
state than other films in the same state prepared from
polymers with more flexible molecular chains®”’.

Owing to the close correlation between dynamics and
diffusion, it is important to study the diffusional
characteristics of polymer films in parallel with studies
dealing with the influence of the orientation on the
relaxation processes. Both gas permeation and relaxa-
tion processes are strongly dependent on the morphology
of the films. For example, development of crystalline
* To whom correspondence should be addressed order reduces the solubility of the gases in the films, on

Permeation of gases through polymer films involves
dissolution of the gas at the high-pressure interface,
molecular diffusion of the gas through the film and release
of the gas from solution in the low-pressure interface'.
Therefore gas permeation is a rather complex process,
which is strongly related to the thermodynamics of the
polymer used as a gas barrier at a given temperature.

In the glassy state, the molecular chains are frozen and
only local motions are permitted so that the development
of holes through which molecules can jump is severely
hindered. Moreover, owing to the fact that the glassy
state is a metastable state, the permeability character-
istics of the films depend on the sorption and thermal
histories* . The packing efficiency of polymers with
bulky functional groups is relatively low and the
permeability of films prepared from these polymer
chains is higher than that of films prepared from
polymers with flexible chains.
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the one hand, and increases the tortuosity of the path
followed by the diffusants in the matrix, on the other
hand'®"'*. In the same way, the morphology also
governs the relaxation behaviour of the films' so that
it is extremely important to find out how molecular
motions as determined by mechanical relaxation
spectroscopy affect the diffusional characteristics of the
films.

In a recent publication'®, the permeability properties
and the mechanical relaxation behaviour exhibited by
co-extruded linear low-density polyethylene (LLDPE)
films were studied. It was found that the mechanical a-
relaxation, which is governed by molecular motions of the
crystalline entities, seems to be the result of two over-
lapping peaks whose shape and location are dependent on
the processing conditions of the films. Studies of the
temperature dependence of both the permeability and
diffusion coefficients over the range of temperatures where
the a-relaxation is located showed a strong sensitivity of
these coefficients to the melting and recrystallization
processes which occur in these films at high temperatures.
These processes, reflected in the relaxation spectra, alter
the morphology of the films and, as a result, their
diffusional characteristics. The shape of the relaxation
peaks and the permeation characteristics seem to be
dependent on the orientation of the films. For this reason,
attention is paid in this present work to the longitudinal
and transverse responses of the co-extruded films in a
dynamic mechanical force field.

Owing to the widespread use of co-extruded LLDPE
films in the packaging industry, it was felt the need to
investigate the diffusional characteristics of films of this
kind which have been oriented by tensile drawing, either
in the longitudinal or transverse directions. Therefore, in
this present work the temperature dependence of both
the permeability and diffusion coefficients of oxygen and
carbon dioxide through these oriented LLDPE films are
studied and the results compared with those correspond-
ing to undrawn films.

EXPERIMENTAL

Characteristics of the co-extruded films

The films used in this study, which are basically
copolymers of ethylene-co-octene with ca. 8 mol% of the
latter comonomer, are made up of three layers, namely
A (15wt%), A (70 wt%), B (15 wt%), in which the layers A
and B are, respectively, Dowlex/2247 (p = 0917 gem™)
and Dowlex/2291 (p = 0.912gcm ) (supplied by Dow
Chemical, Tarragona, Spain).

The thermograms of the films, obtained with a Perkin-
Elmer DSC-4 calorimeter at a heating rate of 8 °C min*l,
exhibit a simple and broad melting peak, whose departures
from the baseline and maximum are located, respectively,
in the vicinity of 60 and 120°C. The degree of crystallinity
of the films, determined by calorimetry, amounts to 25%.
A more detailed analysis of the morphology of the films,
carried out by using Raman spectroscopy, gives 0.24,
0.85 and 0.11 for the values of the crystalline, amorphous
and crystalline—amorphous interface fractions, respec-
tively. As a result of the processing conditions, the films
are oriented in the direction of the extrusion (longitudinal
direction), as indicated by their birefringence (An =
1.4 x 1073).
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Figure 2 Schematic diagram of the device used for permeability
measurements of carbon dioxide

Permeability measurements

The permeation of oxygen was measured in a cell made
up of two chambers which are separated by the film
whose permeability is being measured. One side of the
film is in contact with an aqueous solution of oxygen
whose pressure is 155 mmHg. The other side is separated
from an oxygen electrode by a small cavity filled with
deoxygenated distilled water. The electrode is a per-
meometer model 201 T (Rheder Development Co.) in
which the polarographic cell is a solid cylindrical cathode
of 24 carat gold (4.25mm in diameter and 6 mm in
length). The anode is a hollow cylinder made of silver
(purity 99.9%), 7mm in length with the internal and
external diameter of the cylinder being 5 and 10 mm,
respectively. The oxygen permeation was monitored by
the oxygen clectrode as indicated below. A thermistor
was installed into the anode in order to monitor the
temperature of the cell and the films during the
permeation measurements. The temperature was con-
trolled by a thermostated water bath which maintained
the temperature to within 7 4+ 0.1°C. Details of the
experimental assembly are given in Figure 1°.

The cell used for the permeation of carbon dioxide was
made of Pyrex glass, designed specially for permeability
measurements using the Orion-95-02 sensor. The film
was clamped tightly between two compartments of
approximately 150cm’ in capacity, while the surface
area of the film through which permeation of the carbon
dioxide took place was 4.15c¢m?*. A diagram of the cell
used is shown in Figure 2. The upstream side of the cell
was filled with water saturated with CO, at a pressure of
I atm, at time ¢ = 0, and the pressure was kept constant



Permeability of co-extruded LLDPE to O, and CO,: V. Compar et al.

during the experiment. The downstream side of the cell
contained water equilibrated with atmospheric CO, and
the carbon dioxide sensor. Permeability coefficients were
calculated from the change in concentration of CO,,
which was monitored by the CO, electrode. The
experimental device was kept inside a water thermostat,
and the accuracy of the temperature measurements was
also +0.1°C.

Dynamic mechanical measurements

Values of the storage relaxation modulus and the loss
tan é of the films were measured at five frequencies (0.1,
0.3, 1, 3, and 10Hz) with a PL-DMTA Mark II
apparatus by using the double cantilever method in
flexion mode. The measurements were performed from
low to high temperatures, at a heating rate of 1°C min ',
over the temperature range from —140 to 100°C.

PRINCIPLES OF OPERATION OF THE OXYGEN
AND CARBON DIOXIDE SENSORS

The oxygen electrochemical device measures the catho-
dic current resulting from the following reaction:

0, + 2H,0 + 4e~ & 40H~
d4Ag —de” < 4AgT (1)

The flux of oxygen from the high-oxygen-concentration
side of the membrane to the side facing the oxygen
electrode, is assumed to obey Fick’s law, as follows:

aC dp

J D e Dk o (2)
where D is the diffusion coefficient, C is the oxygen
concentration in the solution, x is the normal distance to
the surface of the film, p is the partial pressure of oxygen
in the solution which is assumed to be related to the gas
concentration by Henry’s law (C = kp), and the product
kD is known as the permeability coefficient, P. Once the
electrochemical process in the potentiostatic cell reaches
steady-state conditions, the electrical current is related to
the oxygen flux by the following relationship:

I{t - o00) = —vFAJ = Z/FADTk (Po —pL) (3)

where v is the number of electrons transferred in the
cathodic reaction, A4 is the area of the film facing the
cathode, F is the Faraday constant, L is the thickness of
the film and p, (= 155mmHg) and p; are, respectively,
the oxygen pressures on the two sides of the film. The
oxygen permeating through the film is rapidly reduced by
the cathode and, consequently, p; ~ 0. Thus the per-
meability coefficient can be written as follows:

I(t — o)L

P =Dk =
I/FAp()

4)

In order to determine the apparent diffusion coefficient
of oxygen through the films, it is necessary to solve Fick’s
second law, 1.e.

ap 82p
o~ Loz (5)

with the following boundary conditions:
p(x=0,1<0)=0
plx=0,1>0)=p, (6)
plx=Lt20)=0

Solution of equation (5) gives'> the oxygen partial
pressure profile at time ¢, i.e. p(x,t), which together
with equation (2) and the expression I = —vFAJ allows
the determination of the diffusional characteristics of the
films from electrochemical measurements. Thus the total
electric charge transferred through the membrane in a
time ¢ can be written as follows:

t
= uFADkJ (@) dr
0 \Ox x=0

Dk L’
= VFA'z—po ([—@> (7)

The value of D can be obtained from the intersect with
the horizontal axis of the plot of Q(¢) against ¢. This
procedure, also called the time-lag method, was used in
the determination of the diffusion coefficient of oxygen
through the LLDPE films.

The permeability of carbon dioxide was measured by
utilizing an electrode sensor of Ag/AgCl in a liquid-to-
liquid diffusion cell, similar to the oxygen sensor, in
combination with a pH meter'®. Carbon dioxide
permeated through the membrane from the upstream
side in which it was dissolved, at equilibrium, to the
downstream side where the sensor is located, leading to
the following reaction:

CO, + H,0 & HCO; + H* (8)

The permeation of CO, can be monitored by measuring
the pH of the reaction medium, which is given by the
following:

pH = pK + log[HCO3 | — log[CO,] (9)

where pK = —log K, with K being the dissociation
constant of the reaction described in equation (8). By
adding a small quantity of sodium bicarbonate, [HCO5 |
is kept constant, so that:

pH = 4 — log[CO,] (10)

where 4 = pK + log[CO;H™]. Changes of pH in the
downstream chamber can be determined from the
difference of the electromotive force E with the reference
electrode. Actually, E is related to [H'] by the Nernst
equation, as follows:

RT

E = E() + —Fln ay-
: (11)
RT RT
= EO + ;ln’y + Fll’l CH*

where ~ is the activity coefficient and z is the charge. By
making

RT
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and taking into account that [CO,] = [H"]. equation (11)
can be written as follows:

RT

In
zF
so that the concentration of carbon dioxide in the
downstream chamber is given by:

(E — E)zF
RT
The permeability of CO, can be determined by the
procedure outlined by Nakagawa er al.'°. Thus once
steady-state conditions are reached, the permeation of
gas through the membrane is expressed by the following
_VdC

relationship:
Po — Pt
=— —=D
A dr k( L ) (15)

where ¥ is the volume of the downstream chamber, A4 is
the area of the film through which permeation of the
carbon dioxide takes place, and p, and p; are,
respectively, the partial pressure of CO, at the high-
stream and lowstream sides of the cell. By writing py =
C¢/a, where « is the Bunsen constant (= 0.759 cmHg ™!
at 25°C), equation (15) leads to the following expression
vV

for the permeability:
dC
dt J \A(py — Ct/ar)

where dC/dt was obtained from equation (14). The
diffusion coefficient of CO, was determined by the lag-
time method.

E=Ey+

(CO] (13)

(€0u] = exp( (14)

J

(16)

RESULTS
Mechanical relaxation spectra

As indicated in the Experimental section, the proces-
sing conditions confer orientation to the films. With the

mpari et al.

aim of obtaining information on how the orientation can
affect the dynamic mechanical behaviour of the films,
pertinent experiments were performed on the fiims in
parallel () and transverse () directions to the proces-
sing orientation. In the following, the physical properties
thus measured will carry these symbols as subindices.

The dynamic mechanical results, expressed in terms of
both tané and tané,, are represented as a function of
the temperature in Figure 3. In both cases, the relaxation
spectra present three absorptions, which going from low
to high temperature are denoted as the - - and a-
relaxation processes. Whereas the «y-relaxation is a well-
defined peak, the 3-process overlaps with the o-relaxa-
tion, appearing as a shoulder of the latter absorption.
However, if the results corresponding to the 3-region are
expressed in terms of the loss relaxation modulus, the 3-
peak becomes a well-defined relaxation process, as
indicated in Figure 4, where the values of E ﬁ as a
function of temperature are shown. The 3-process does
not show a noticeable dependence on the orientation, as
can be seen in Figure 5 where the temperature
dependence of £ and Ej at 1 Hz is represented.

The | absorption seems to be formed by a poorly
defined o’-peak in the low-temperature side of this
relaxation, followed by an ostensible a”-peak; as can be
seen in Figure 6, only the o'-peak is detected in the
measurements performed in the direction transverse to
the processing direction.

Permeability and diffusion coefficients

Values, measured at different temperatures, of the
permeability coefficients of O, and CQ, through the
undrawn films are shown in Figures 7 and 8, where three
well-differentiated regions can be detected. In the first
region, extending from 20 to 35°C, the permeability of
oxygen is an increasing linear function of temperature; at
~35°C, a comparatively steep increase in the perme-
ability occurs, reaching a plateau at ~40°C. The
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Figure 3 Temperature dependence of tan é for the experim‘enfs performed in parallel (@) and transverse (O) directions to the processing orientation
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Figure 5 Temperature dependence of the loss relaxation modulus (Pa)
in the S-region; the results were obtained at 1 Hz in parallel (®) and
transverse {O) directions to the processing orientation

temperature dependence of the permeability coeflicient
of CO, follows similar trends although, as is usually
observed, this coefficient is much larger than that of
oxygen.

The permeability coefficient was also obtained for
oriented films by tensile drawing in which the elongation
ratio () in the direction parallel to the processing
orientation was 2; these experiments were also performed
on oriented films after drawing in a direction perpendi-
cular to the processing orientation, for which the
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Figure 6 Temperature dependence of tan é in the a-region; filled and
open symbols refer, respectively, to results obtained in paralle and
transverse directions to the processing orientation

elongation ratio (A, ) was also 2. Although the tempera-
ture dependence of Py exhibits three regions, as in the
case of the undrawn films, the increase in the perme-
ability coefficient between the first and third region is
relatively small. The results of Figure 6 show, for
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Figure 7 Plots showing the permeability coeflicient of oxygen through
co-extruded LLDPE films (W) and through films tensile drawn in
parallel ((J) and transverse (+) directions to the processing orientation;
in the latter two cases the clongation ratio was 2
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Figure 8 Plots showing the permeability coefficient of carbon dioxide
through co-extruded LLDPE films (M) and films tensile drawn in
parallet (O) and transverse (+) directions to the processing orientation:
in the latter two cascs the elongation ratio was 2

example, that the value of P for CO, through the
undrawn film in the plateau region is ca. 13 Barrer at
50°C, whereas the value for P is only 6 Barrer at the
same temperature. As can be seen in Figures 7 and 8, the
temperature dependence of both P and P, in the first
region is similar; departure of the values of these
quantities from those corresponding to the undrawn
films appears in the second and third regions, with the
values of P_ being somewhat larger than those of Py
The results for the diffusion coefficients of oxygen and
carbon dioxide through the tensile undrawn films, D, are
represented in Figures 9 and 10, respectively. The values
of Dy and D are plotted in the same figures, where it can
be seen that relatively strong changes of the diffusion
coefficients with temperature, compared to those taking
place with the permeability coefficients, do not occur.
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Figure 9 Variation of the diffusion coeflicient of oxygen through co-
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oxygen for undrawn LLDPE films in figures 2 and 3 of ref. 14, should
read D x 107 cm®s™! instead of D x 108¢m?®s™" on the ordinate axis)
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Figure 10 Variation of the diffusion coefficient of carbon dioxide
through co-extruded LLDPE films (+) and films tensile drawn in
parallel ((7) and transverse (+) dircctions to the processing orientation.
(The plot showing the temperaturc dependence of the diffusion
coefficient of carbon dioxide for undrawn LLDPE films in figures 2
and 3 of ref. 14, should read D x 107 cm’ s instead of D x 10°cm®s ™!
on the ordinate axis)

DISCUSSION

In general, the mechanical relaxation spectra of poly-
ethylene present three transitions, denoted as «, 3, and =,
in order of decreasing temperature. In addition it is a
well-stated fact that the location and intensity of the
peaks depend on the morphology and branching of the
samples!?!17. The y-transition seems to have its origin in
the amorphous regions and most researchers seem to
agree that the process involves a cooperative short-range
conformational transition requiring a minimum of three
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skeletal bonds. Actually, simulation studies carried
out by Helfand and coworkers on local motions that
produce secondary relaxations in simple chains such as
polyethylene indicate that the following transitions'®:

Lgtn e gt

(17)

Lt e gt e

overwhelmingly account for the cooperativity. In both
cases, the final state of each bond, except the central one,
is parallel to its initial position; this parallel transition
will also occur with the molecular tails attached to the
bonds that undergo these transitions.

The [-relaxation is weak for high-density polyethy-
lene, but it becomes a well-developed process in
branched polyethylene. Although the origin of this
relaxation still needs to be clarified, the fact that the
intensity of the relaxation process increases as the
branching increases led to it being attributed to motions
of branches in the amorphous matrix'*~2!, Therefore
linear low-density polyethylene exhibits a 3-relaxation
whose intensity increases as the comonomer (1-octene, 1-
butene, etc.) content increases. Although some studies
seem to indicate that the [-absorption exhibits the
characteristics of a glass—rubber relaxation, analysis of
the normal Raman modes suggest that it may result from
motions of disordered chain units associated with the
interfacial regions of semicrystalline polyethylene?.
Finally, the a-transition increases with crystallinity and
therefore it was attributed to molecular motions in which
crystalline entities intervene'>?>?*. The fact, however,
that this transition is not observed in the mechanical
relaxation spectrum of single crystals of n-alkanes®
indicates that the presence of an amorphous region is
necessary for its development. In accord with this,
Boyd® has attributed the o-relaxation to the deforma-
tion of the amorphous region, which takes place as a
consequence of reorientation within the crystallites.

The effects of the orientation on the relaxation
behaviour of the films was studied by registering the
mechanical spectrum in directions longitudinal and
transverse to the processing orientation. Both spectra
nearly superpose in the v- and g-regions, thus indicating
that the orientation does not have a noticeable influence
in these processes. However, a clear difference can be
detected in the a-region, as can be seen in Figure 6 where
the a-peaks obtained in the longitudinal and transverse
experiments are represented. For example, the a-peak
corresponding to the longitudinal experiments seems to be
the result of a broad and poorly defined o'-peak, centred
at ca. 80°C. Since an increase in the storage relaxation
modulus is detected in the region where the o-peak is
located, this relaxation process was attributed to crystal-
lites thickening. The results obtained in the transverse
experiments only exhibit a relatively well-defined o’-peak
which is centred at the same temperature as the o'-peak
which corresponds to the longitudinal experiments.

The temperature dependence of the permeability of O,
and CO, through undrawn films show three well-
differentiated regions in the temperature interval between
20 and 50°C, with the changes in P in these regions when
going from low to high temperature being, respectively,
moderately low, high and virtually zero. It is noteworthy
that this apparently complex permeation behaviour occurs
in the temperature interval where the a’-peak develops.

The decrease in the permeation coefficient with orientation
which is observed in Figures 7 and 8 may be due either to a
diminution of the solubility coefficient in the oriented films
as a result of tensile drawing, or to an increase of the
tortuosity factor in these films which affects the ease of
gas diffusion. One would expect that tensile drawing
would increase conformational order in the crystalline—
amorphous interphase, thus decreasing the diffusion
coefficient. However, the curves representing the tempera-
ture dependence of the diffusion coefficient (Figures 9 and
10) do not follow similar trends. Thus the values of D for
0O, and CO, through undrawn LLDPE films are,
respectively, intermediate to and lower than those found
for this parameter for the films oriented by tensile drawing.
At first sight, the decrease observed in the values of the
permeability coefficient with drawing might seem consis-
tent with earlier results reported by Ward and coworkers'?
for highly oriented polyethylene. The reduction in the
permeability characteristics of drawn polyethylene was
attributed by these authors to the fact that, on drawing, the
initial spherulitic structure transforms into a new micro-
fibrilar structure. In drawing, microshear processes at the
surface of the fibrils may produce extended molecules and
also the possibility could exist of an improvement in
molecular order in the crystalline—amorphous interface.
However, the only minor changes that drawing introduces
in the gas diffusion coefficients through the films used in
this study suggest that morphological transformation, if
any occur, would have a greater effect on the solution—film
interface, and hence the solubility coefficient, than on the
diffusion paths of the films.

The permeation properties in amorphous films are
thermally activated processes, i.e. their temperature
dependence follows an Arrhenius-type behaviour. Con-
sequently, apparent activation energies associated with
these processes are determined from semilogarithmic
plots of the permeation and diffusion coefficients against
the reciprocal of the absolute temperature. The situation
can be somewhat more complex in semicrystalline
polymers, as is shown in Figures 11 and 12 where plots

-20 l‘l 1l I | T | l 14 1 1 1 ) N W | I 11 1
20.5 —
& 214 [
21.5 1 -
'22 ‘ LR UL L L L L '\Iﬁ' L —
3 31 32 33 34 35

1000/T(K 1)

Figure 11 Arrhenius plots for the permeability coefficient of carbon
dioxide through co-extruded LLDPE films (M) and through films
tensile drawn in parallel () and transverse (+) directions to the
processing orientation
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Figure 12 Arrhenius plots for the diffusion coefficient of oxygen
through co-extruded LLDPE films (<) and through films tensile drawn
in parallel (@) and transverse (O) directions to the processing
orientation

Table 1 Values of the activation energies (kcal mol™') associated with
the apparent permeability and diffusion coefficients for O, and CO,
through unstrained films and films oriented by tensile drawing over the
temperature range from 290 to 320K

Carbon dioxide Oxygen
Gas barrier Ep Ep Ep Ep
Undrawn film 9.8 5.0 8.9 2.6
Tensile-drawn film () = 2) 4.9 4.0 59 2.6
Tensile-drawn film (A} = 2) 7.0 4.8 6.4 2.4

of this kind are presented. It can be seen that the fitting of
the experimental results to straight lines is rather poor
for the permeability coefficient of the undrawn films, but
is somewhat better in the oriented films produced by
tensile drawing. Values of the apparent activation
energies associated with the permeability coefficients
are presented in Table 1. The discrepancies observed for
the activation energies of the permeability coefficients
may be the result of differences in the solubility
coeflicients brought about by the effects of orientation.
The Arrhenius plots for the diffusion coefficient also
correspond rather poorly to straight lines. It is note-
worthy that the apparent activation energies associated
with the diffusion coefficients seem to be independent of
tensile drawing, thus suggesting that the diffusion paths
may not be significantly affected by the orientation.

CONCLUSIONS

The location and shape of the - and S-mechanical
relaxations in LLDPE films do not seem to be dependent
on the orientation of the films. The a-relaxation is sensitive
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to the orientation as a consequence of the fact that it arises
from motions in which crystalline entities intervene.

In general orientation decreases the permeability
coefficients of oxygen and carbon dioxide through the
LLDPE films. The fact, however, that the corresponding
effect on the diffusion coefficient seem to be relatively
small suggests that changes in the solution—film inter-
face, rather than in the diffusion coefficients, are
responsible for the decrease in permeability observed in
LLDPE films which have been oriented by tensile
drawing.
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