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ABSTRACT: The permeability and diffusivity of oxygen, carbon dioxide, nitrogen, and
helium have been obtained for a range of linear low density polyethylene (LLDPE) films
prepared from the same raw materials but with different processing conditions. The
measurements were carried out by means of a permeation technique over the temper-
ature interval where the a-relaxation processes were observed in earlier studies. The
temperature dependence of the permeability and diffusion coefficients of gases shows 2
well-differentiated regions in all films. The break temperature of these regions is
approximately located at the same temperature as the a-relaxation takes place. Both
the permeability and their temperature dependence do not show a noticeable influence
on the processing conditions. The effect of processing conditions on the diffusivity seems
to be more complex. Differences are observed for different films in the diffusion coeffi-
cients, in the case of oxygen, and in their change with the temperature, which is
particularly marked in the case of carbon dioxide. Fujita’s free volume model has been
applied to diffusivity data in order to study the influence of films microstructure in gas
permeation properties through them. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70:
23–37, 1998
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INTRODUCTION

The study of gas diffusion through membranes
has been developed by different investigators to
determine selectivities, apparent diffusion coeffi-
cients, and permeabilities, but the mechanism
involved in the diffusional transport is poorly un-
derstood.1–3 The permeation rate through poly-
mer films is governed by the size of the permeate

molecules and the dynamics of the molecular
chains,4,5 being the last effect straightforwardly
related to the structure of the chains. In this way,
recent studies6 carried out on compression-
molded films have suggested that the mobility
could be decreased and the transport likely occurs
in a small volume fraction of a less-dense bound-
ary phase. This fact shows that the diffusional
processes is conditioned by the free volume, and,
therefore, sorption and diffusion take place al-
most exclusively through the amorphous regions.

Different investigators7–9 suggested that the
gas transport in semicrystalline polyethylene
films occurs nearly exclusively through the non-
crystalline phase, so that the crystalline regions
only act as physical barriers to impede the flow.
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Contract grant sponsors: DGICYT and Fundación Caixa-
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This fact permits to relate the fractional free vol-
ume to relative fraction of amorphous phase in
the polyethylene film. The physical barriers to gas
permeation provided by the crystalline entities
and their influence on the packing density in the
relatively ordered crystalline–amorphous inter-
faces will depend on the molecular orientation of
the films. The microstructure of the films is gov-
erned by the chemical structure and composition
of the linear low-density raw materials and pro-
cessing conditions.

Preliminary studies,10,11 which were carried
out in similar polyethylenes films, have focused
on the interpretation of the spectra for the tem-
perature intervals over which the oxygen and car-
bon dioxide permeation studies were performed,
with the aim of comparing the changes occurring
in the spectra with those observed in the perme-
ability measurements. In other articles, the rela-
tionship between thermomechanical and diffusive
effects in LLDPE films subject to longitudinal and
transversal tensile drawing was investigated.12

Finally, we also have studied the effect of anneal-
ing on the permeation characteristics of gases of
LLDPE films.13,14

In this article, we describe a comparative study
of the temperature dependence of both permeabil-
ity and diffusion coefficients in 3 different poly-
ethylenes in terms of Fujita’s free volume model,
assuming that this volume is now one relative
variation of the specific volume of amorphous and
crystalline phases of linear low-density polyethyl-
ene (LLDPE). The effect of the composition of the
LLDPE and the processing conditions on the gas
permeation characteristics of films has been in-
vestigated.

EXPERIMENTAL

Characteristics of LLDPE Films

The raws materials used in the preparation of the
films used in this study are 1-octene-co-ethylene
copolymers with roughly 8% mol content of the
first comonomer. The films were made up of 3
layers, that is C(15 wt %), A(70 wt %), and B (15
wt %). Layers C and A are Dowlex 2247 (r 5 0.917
g cm23), and the third layer (B) is Dowlex 2291 (r
5 0.912 g cm23). The thickness of the first, sec-
ond, and third layers were 3.5, 16, and 3.5 mm,
respectively. The 3 films used, which will be
called LLDPE 1, LLDPE 12, and LLDPE 14, were
obtained by coextrusion using the same raws ma-

terials but with different processing conditions.
Thus, the distances between die and chill roll
were 15, 10, and 5 mm, respectively, for LLDPE 1,
LLDPE 14, and LLDPE 12. Another difference in
the processing conditions was that the vacuum
knife depression for LLDPE 1, LLDPE 14, and
LLDPE 12 films amounted to 2, 3, and 5 cm Hg,
respectively. The speed of the three extruders C,
A, and B, which were 88, 29, and 88, respectively,
and the die-exit temperature kept at 543 K, were
the same for all the LLDPE films. Finally, it
should be mentioned that the line speed was 200
rpm in all cases.

The thermal behavior of the films was deter-
mined with a DSC-821 Metller Toledo calorimeter
at a heating rate of 10°C/min. The thermogram of
the films shows a small melting peak in the vicin-
ity of 40°C in all films. These peaks correspond,
presumably, to the fusion of very small crystalline
entities, followed by a wide melting endotherm
that extends from 90 up to 125°C, with the max-
imum of the peak centered at 120°C. The degree
of crystallinity of the films, determined from the
melting endotherms by assuming that the melt-
ing enthalpy is 960 cal (mol CH2)21, was found to
be 0.25, 0.24, and 0.30, respectively, for LLDPE 1,
LLDPE 14, and LLDPE 12.

The crystallinity of the films was also deter-
mined by Raman spectroscopy using a Ramanor
U 1000 double monochromator equipped with 2
1800 g mm21 planar holographic gratings. The
spectra present 2 peaks in the 3 films centered at
1418 and 1077 cm21, which are considered to be
associated, respectively, with the crystalline and
amorphous phases.15 By comparing the intensi-
ties of these peaks with that of the peak located at
1296 (independent of the morphology of the
films), one finds that the crystallinity–amorphous
fractions of the LLDPE 1, LLDPE 14, and LLDPE
12 films are 0.25/0.62, 0.24/0.60, and 0.30/0.57,
respectively. According, the fraction interfacial
material for LLDPE 1, LLDPE 14, and LLDPE 12
amounts to 0.13, 0.16, and 0.13, respectively.

The films exhibit birefringence as a conse-
quence of their orientation in the direction of ex-
trusion. The value Dn, measured with an Am-
plival Pal microscope at room temperature, was
1.4 z 1023, 2.9 z 1023, and 2.6 z 1023 for LLDPE 1,
LLDPE 14, and LLDPE 12, respectively.

Permeability Measurements

The permeability measurements of gases through
the films were carried out by using an experimen-
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tal setup that has been described elsewhere.10–14

The permeation of the oxygen and carbon dioxide
was measured through LLDPE 1 and LLDPE 12,
and oxygen, carbon dioxide, nitrogen, and helium
through LLDPE 12. Values of the transport coef-
ficients of the pure gases through the 3 above-
mentioned films were determined in the temper-
ature interval of 298–358 K by a standard device
in which 2 chambers coupled to pressure sensors
are separated by the membrane whose perme-
ation is to be measured. Measurements of the rate
of increase in the pressure of the gas at the down-
stream pressure chamber, p1, and the value of the
upstream pressure, p0, were obtained by means of
Leybold-CM3 pressure transducers with full-
scale ranges of 10 mm Hg and 103 mm Hg, respec-
tively, and monitored by computer. The experi-
mental device was immersed in a thermostat bath
Techne TU-16D, whose temperature was mea-
sured and controlled with PT100 sensors with
accuracy of 60.1°C. The area of the films, which
was assumed to be the same as that of O-ring
opening, which is in direct contact with the sam-
ple, was 5 cm2. The volume in the downstream
reservoir was measured by using the helium ex-
pansion technique. The value of this volume was
fixed at 9.0 cm3 by convenience in order to get
downstream pressures sufficiently low in compa-
ration with the pressure in the upstream side. In
all experiments, the relation p1 , 0.01 p0 was
satisfied.

RESULTS AND DISCUSSION

The transport of gases through membranes is
generally expressed in terms of the apparent per-
meability P and the apparent diffusion coefficient
D. The permeability coefficient, under conditions
of steady-state permeation, can be evaluated by
means of the following expression10:

Papp 5
273
76 z

V z L
A z T z p0

z
dp~t!

dt (1)

where V is the volume of the low-pressure cham-
ber, A is the effective area of the film, L is the
thickness of the membrane, p0 is the pressure in
cm of Hg of the penetrant gas in the upstream
chamber, T is the absolute temperature of the
measurement, and dp(t)/dt is the rate of pressure
measured by the pressure sensor in the low-pres-
sure chamber.

The diffusion coefficient was obtained from the
intercept with the time axis u of the plot p1
against t, as suggested by Barrer16

Dapp 5
L2

6u (2)

Values of the P and D were quite well repro-
ducible, with standard deviations being 62 and
620%, respectively. Once P and D are calculated,
the apparent solubility coefficient S may be eval-
uated by means of the following expression in
convenient units:

Sapp 5
P
D (3)

Owing to the relatively low values of u obtained
for the very thin LLDPE films used in this study
(> 25mm), significant errors could be obtained in
the determination of the diffusion coefficient by
this method. Actually, the smaller the thickness,
the lower u and, consequently, the larger the un-
certainty of the value of D obtained. In order to
increase the magnitude of the time lag and thus
reducing the uncertainty of the D values, trans-
port measurements were performed in LLDPE
films made up of 4 films firmly stacked with a
rolling cylinder at room temperature, similar to

Table I Illustrative Example of the Time Lag
Values Estimated for N2 Gas in Different Films
of LLDPE 12 Firmly Stacked for the Whole
Range of Temperature Studied

Temperature
(°C)

Time Lag (s)

2
Films

4
Films

8
Films

12
Films

25 15.2 52.7 112 298
30 11.0 38.7 90.9 245
35 9.2 29.6 69.1 183
40 7.5 21.9 54.3 144
45 6.1 16.4 42.9 111
50 5.0 13.3 34.8 90.0
55 4.1 10.4 28.7 72.0
60 3.6 8.5 23.9 61.2
65 2.8 7.4 21.0 53.2
70 2.3 6.0 18.0 45.3
75 1.9 5.4 15.6 36.0
80 1.5 4.3 13.8 31.4
85 1.3 3.7 12.2 26.6
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the study carried out on the effect of the anneal-
ing in coextruded LLDPE films where boundary
effects at the interface between films were not
detected.13,14

Earlier studies carried out on the diffusion
gases through multilayer membranes showed
that the relation between the time lag of the
whole multilayer system and that of a single layer
is given by17

u 5 F O
i 5 1

n H li

Di
P
j 5 0

i 2 1

kjJG 2 1

3 3 O
i 5 1

n H li
2

2Di
O

i 5 1

n F li

Di
P
j 5 0

i 2 1

kjG 2
li

3

3Di
2 P

j 5 0

i 2 1

kjJ

1 O
i 5 1

n 5 li

Di
S P

j 5 0

i 2 1

kjD O
b 5 i 1 1

n

3 5 lb

P
j 5 0

b 5 1

kj

O
b 5 b

n F lb

Db
P
j 5 0

b 5 1

kjG 2
lb

2

2Db664 (4)

where Di is the diffusion coefficient of the diffus-
ant in the ith component phase, where i
5 1,2, . . . n, and is assumed to be independent of
concentration, time, or positional coordinate; ki is
the distribution coefficient between the 2 fazes;
and li is the thickness of the each slab. In our case

Figure 1 Arrhenius plots for the permeability coefficient of oxygen and carbon dioxide
through LLDPE 1 and LLDPE 14.
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(n 5 4), the time lag, taking ki 5 1, Di and li
identicals in each layer, will be

u 5 10 z u1 1 f~li,Di,ki! (5)

where f(li,Di,ki) 5 6u1 when we are in the ideal
case.

The experimental values obtained for the time
lags in different multilayers of LLDPE 12 films
for whole range of temperatures studied are given
as an example in Table I. In this table, it can be
observed that if the number of the stacked films
increase, the time lag increases; consequently,
the uncertainty in the evaluation of the diffusion
coefficient decreases. It should be mentioned that
the stacking of LLDPE films is apt to result in
systematic errors in the determination of P and D
coefficients. These errors have been estimated,

and some attempts have been made in order to
reduce them, as can be seen in recent publica-
tions.14 Following Shishatskii and coworkers,18

the configuration of the gas permeation appara-
tus and the permeation experiments were con-
ceived in such a manner that systematic errors
introduced by the stacking of the films were no-
ticeably reduced. It has been reported that the
permeability coefficients of gases obtained in
stacked samples did not seem to be affected by the
stacking. However, significant variations were
found in the diffusion coefficients measured in
stacked LLDPE films. This result was analyzed
and interpreted according to current theories. All
these circumstances were taken into account in
the present work, so the results are carefully
checked, and all the erratic runs were eliminated
from further consideration.

Figure 2 Arrhenius plots for the permeability coefficient of oxygen, carbon dioxide,
nitrogen, and helium through LLDPE 12.
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The temperature dependence of permeability
coefficient of O2 and CO2 through the LLDPE 1
and LLDPE 14 films and N2, O2, He, and CO2
through the LLDPE 12 films are shown in Figures
1 and 2. The permeability coefficient of CO2 is
larger than that O2 in LLDPE 1 and LLDPE 14
films; whereas in LLDPE 12 film, the permeabil-
ity of the gases increases in the following order
P(CO2) . P(He) . P(O2) . P(N2). Similar trends
have been observed for other polyethylene films in
recent investigations.19 If we compare the gas
permeation between the different films, some dif-
ferences between the values of gas permeability
measured for a given temperature could be ob-
served. For example, the value of P for O2 at 25°C
in the LLDPE 1 film is 2.9 barrers, whereas this
value rises to 4 and 4.8 barrers in the LLDPE 14
and LLDPE 12 films, respectively.

The apparent diffusion coefficients of the gases
obtained at different temperatures for LLDPE
films are plotted in Figures 3 and 4. For clear
comparison, the values obtained for D in LLDPE
1 and LLDPE 14 are shown in the same figure. A
similar behavior as in the permeability results for
LLDPE 1 and LLDPE 14 can be observed, since
the D for CO2 is larger than D for O2. In the case
of LLDPE 12 film, the D values for He are signif-
icantly larger than the D values for the rest of the
gases, whose values are nearly the same. In con-
trast to permeability values, the diffusivity of the
gases increases in the following order: D(He)
. D(O2) . D(CO2) > D(N2). The results also in-
dicate that the gas diffusion seems to be higher in
LLDPE 12 than in LLDPE 1 and LLDPE 14, as it
has been observed in permeability. For example,
the value of D for O2 at 25°C in the LLDPE 1 film

Figure 3 Arrhenius plots for the diffusion coefficient of oxygen and carbon dioxide
through LLDPE 1 and LLDPE 14.
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is 4.7 3 1028 cm2 s21 and 8.0 3 1028 cm2 s21 in
the LLDPE 14 film, and it reaches to 5,1 3 1027

cm2 s21 in LLDPE 12.
The change of behavior between permeability

and diffusion coefficients found in LLDPE 12 sug-
gests that the solubility of the permeate gas may
play an important role in the permeation process
through LLDPE films. The effect of the solubility
could be due to the fact that the small crystals
formed in the amorphous zone have less volume;
consequently, the gas solubility in the polymer
increases and so does the permeability. These
changes in the diffusion and in the permeability
are much greater in the high-temperature region.
This fact might be due to the melting of small and
less perfect crystalline entities. This melting pro-
cess might increase the solubility of the gases in
the films, on the one hand, and favor the ease of

the gas diffusion due to the decrease of the ob-
struction of the diffusion paths, on the other
hand, so that the permeability through the films
increases.

The study of gas permeation in LLDPE films
reveals that there is not any correlation between
the permeability coefficient and the physical char-
acteristics of the diffusing molecule; however, it is
clear from Figure 5 that the diffusion coefficient
decreases as the size of the diffusing molecule
increases. In contrast, as is shown in Figure 6, the
solubility coefficient increases with increasing
molecular dimensions. These tendencies are in
accordance with the general trend observed in
other polymers.20

On the assumption that the films are homoge-
neous systems, the transport of gases through the
films may be described as a thermally activated

Figure 4 Arrhenius plots for the diffusion coefficient of oxygen, carbon dioxide,
nitrogen, and helium through LLDPE 1.
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process that obey the Arrhenius equation given
by

X 5 X0 expS 2
Ex

RTD (6)

where X represents the permeability or diffusion
coefficient, P and D, Ex becomes the activation
energy of the permeability Ep or the activation
energy of diffusion ED, and X0 is a constant (P0 or
D0), which is characteristic of the polymer–per-
meate system. Consequently, activation energies
associated with these processes may be deter-
mined from the semilogarithmic plots shown in
Figures 1 to 4.

A close inspection of these figures suggests the
following 2 different behavior: one covering the
temperature interval 298–323 K, and another
from 328 to 358 K, for LLDPE 1 and LLDPE 12.
We can observe similar variations for LLDPE 14,
but the intervals are slightly shifted to 298–328

and 333–358 K. The fitting of the permeability
values to straight lines is satisfactory in all cases.
The activation energies are presented in Table II.
A significant decrease in the activation energy of
the permeability can be detected in going from the
low-temperature to high-temperature interval,
presumably as a consequence of the increase in
solubility arising from initiation of the melting of
the smaller crystalline entities. The activation
energy for the permeability in the 298–323 K
interval is somewhat lower than that previously
reported for oriented PE,21 presumably as a con-
sequence of the low crystallinity of the coextruded
LLDPE films studied in this article. Similar Ar-
rhenius plots over the temperature intervals in-
dicated above also give a good representation of
the temperature dependence of the gas diffusion
coefficient. The values obtained for activation en-
ergy from the plots are also given in Table II. We
can observed in Table II that the films LLDPE 1
and LLDPE 14 follow, for activation energy,

Figure 5 Diffusion coefficient versus molecular diameter of gases for LLDPE 12 films
at 25°C.
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the trend ED (O2) . ED (CO2) and EP (O2) . EP
(CO2). In LLDPE 12, the trend is ED (CO2) . ED
(O2) . ED (N2) . ED (He) and EP (N2) . EP (O2)
. EP (He) . EP (CO2). Consequently, the heat of
solution DH 5 EP 2 ED decreases from oxygen to
carbon dioxide in LLDPE 1 and LLDPE 14 and
decreases from nitrogen to carbon dioxide in

LLDPE 12. The values of DH for the films and
each gas studied are also given in Table II. It is
worth noting that the values for diffusion activa-
tion energy are higher than that obtained for
permeability activation energy in LLDPE 1 and
LLDPE 14. The activation energy of the perme-
ability is relatively higher in the LLDPE 12 for all

Table II Activation Energy in kJ/mol for the Oxygen, Carbon Dioxide, Nitrogen, and Helium
Obtained from Permeabilities and Diffusion Coefficient Measurements Through LLDPE 1,
LLDPE 12, and LLDPE 14

Film
Temperature
Interval (°C)

EP Permeability ED Diffusion

CO2 O2 N2 He CO2 O2 N2 He

LLDPE 1 25–50 31.7 38.4 — — 47.1 45.6 — —
LLDPE 1 50–85 21.9 27.8 — — 36.8 44.2 — —
LLDPE 12 25–50 — 35.3 39.7 30.2 — 33.5 31.7 27.4
LLDPE 12 50–85 — 24.9 28.6 27.4 — 25.5 22.5 25.8
LLDPE 14 25–50 31.8 37.6 — — 43.8 46.8 — —
LLDPE 14 50–85 21.8 28.3 — — 32.8 47.1 — —

Figure 6 Solubility coefficient of gases in function of Lennard–Jones potential for
LLDPE 12 films at 25°C.
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gases than the activation energy of the diffusion.
This behavior suggests that gas diffusion through
the films may not be a single activated processes
as a consequence of the morphological changes
caused by recrystallization processes. The fact
that the activation energy values for diffusion in
LLDPE 12 are lower than that LLDPE 1 and
LLDPE 14 suggests that the obstruction to the
diffusion process produced by the crystalline mi-
crostructure is somewhat lower in the first film,
as was revealed by other investigators.22,23

The effects of the polymer on the diffusivity
were taken into account by Michaels and Parker22

and Michaels et al.23 who expressed the diffusion
coefficient by means of

D 5
D*
tb

(7)

where D* is the apparent diffusion coefficient for
completely amorphous polymers and, conse-
quently, only depends on the nature of the dif-
fusant. The parameter t reflects the tortuosity of
the path caused by the presence of crystalline
entities, whereas b is mainly related with the lack
of mobility in the amorphous regions close to the
anchoring points in the crystals.22 The compari-
son of the values of diffusion coefficients in
LLDPE films permits to relate qualitatively the
differences observed in the D values to differences
in the structural parameter mentioned above and
to put into relation the diffusion coefficients and
the crystalline and amorphous fractions in the
films. In this way, when we compare the values
obtained for the apparent diffusion coefficients in
the 3 films, the values in the LLDPE 12 are
significantly larger than the values in the other

Figure 7 Dependence of the diffusion coefficient on the free volume for oxygen and
carbon dioxide in LLDPE 1 films.
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films since the crystallinity in the first film is the
largest.

The diffusion of small molecules through semi-
crystalline polymers can be expressed in terms of
Fujita’s free volume model24 by means of the fol-
lowing expression:

D 5 RTAd expS Bd

favf
D (8)

where fa is the volume fraction of amorphous
polymer, nf is the fractional free volume, R is the
universal gas constant, T is the absolute temper-
ature, and Ad and Bd are characteristic parame-
ters of the system. The last parameters are de-
pendent on the size and shape of the penetrant
molecule, and they are taken as independent of

temperature and penetrant concentration. The
fractional free volume, which depends on the hy-
drostatic pressure applied on the high-pressure
chamber, temperature, and the penetrant concen-
tration expressed as a free volume n, can be writ-
ten as

nf 5 nfs~Ts,ps,0! 1 a~T 2 Ts! 2 b~p 2 ps! 1 gn (9)

where nfs(Ts,ps,0) is the fraction free volume of the
polymer at some reference temperature Ts and
pressure ps, a 5 (­nf/­T)S is the thermal expan-
sion coefficient, b 5 (­nf/­p)S is the compressibil-
ity coefficient, and g 5(­nf/­n)S is a coefficient that
defines the effectiveness of the penetrant as a
plasticizer. At low pressure, like those used in
this work, following Stern and coworkers,25 the

Figure 8 Dependence of the diffusion coefficient on the free volume for oxygen and
carbon dioxide in LLDPE 14 films.
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fractional free volume expression given by eq. (8)
can be simplified as follows:

nf 5 nfs~Ts! 1 a~T 2 Ts! (10)

In this work, values of the fractional free vol-
ume as a function of temperature were obtained
from the following relationship, which is a rather
good approximation, as has been shown in an-
other study14:

nf ~T! 5
na~T! 2 nc~T!

na~T!
(11)

where nc and na represent, respectively, the spe-
cific volume of LLDPE in crystalline and amor-
phous phases. Following Chiang and Flory,26 the

temperature dependence of the specific volumes
was made from the following relationships:

na~T! 5 1,152 1 8,8 10 2 4~T- 273,15! (12)

nc~T! 5 0,993 1 3,0 10 2 4~T- 273,15! (13)

If eq. (8) is expressed in a logarithmic form,

lnS D
RTD 5 ln Ad 1

Bd

fanf
(14)

it is clear that the parameters Ad and Bd may be
obtained from the least squares fitting of the cor-
responding diffusion data in the plots of ln (D/RT)
against 1/nf. As can be seen in Figures 7 to 9, the

Figure 9 Dependence of the diffusion coefficient on the free volume for oxygen, carbon
dioxide, nitrogen, and helium in LLDPE 12 films.
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data fit fairly well to straight lines for all LLDPE
films studied. The values of parameters Ad and
Bd obtained for the different gases are listed in
Table III.

It can be seen that the values for the Ad pa-
rameter decrease in the following order: CO2 , O2
in LLDPE 1 and LLDPE 14, and CO2 , N2 , O2
, He in LLDPE 12. It is also observed that these
values are quite different in the 3 LLDPE films.
Moreover, the values of parameter Bd, which
shows the same dependence on the films as found
for the parameter Ad, are significantly larger in
LLDPE 1 and LLDPE 14 than the values ob-
tained in the LLDPE 12. In the 2 first polymers,
their values are very similar. These results sug-
gest that the free volume parameters are very
sensitive to the structural characteristics of the
films in the sense that both Ad and Bd are larger
for the films, which exhibit high birefringence. It
should be pointed out that the values thus ob-
tained for Ad involve some uncertainty owing to
the fact that it is necessary to extrapolate to 1/nf
5 0 from rather limited values of nf. Stern and

coworkers27 performed a thorough study on the
permeation of gases through polyethylene films,
finding that the values of Ad and Bd for CO2 are
5.4 3 10211 (m2 gmol s21 J21) and 0.40, respec-
tively. Whereas in these results, the value of Bd
compares satisfactorily with that given for CO2 in
LLDPE films, and the value of Ad is somewhat
higher that found in these films.

The permselectivity of LLDPE films expressed
in terms of permeability ratios is given in Tables
IV and V. The values obtained for LLDPE 14 are
quite similar to LLDPE 1. A close inspection of
these tables reveals that the permselectivity de-
creases as the temperature increases. For exam-
ple, the decrease in selectivity varies from 10% for
P(CO2)/P(He) to 50% for P(CO2)/P(N2) in LLDPE
1 film. I the case of LLDPE 12 and LLDPE 14
films, this decrease is approximately the same so
that it amounts to 17% for P(CO2)/P(He) and 49%
for P(CO2)/P(N2). We think that the decrease in
permselectivity with the temperature is a conse-
quence of the decrease in diffusivity or mobility
selectivity (we can observe this when we compare

Table III Values of the Free Volume Parameter Ad and Bd Evaluated
from the Diffusion Coefficient Results Using Equation (11)

Permeant Gas
LLDPE 1
Ad z 1011

(fa 5 0.65)
Bd

LLDPE 12
Ad z 1011

(fa 5 0.57)
Bd

LLDPE 14
Ad z 1011

(fa 5 0.60)
Bd

CO2 2.0 0.34 0.21 0.17 3.4 0.31
O2 2.3 0.39 0.97 0.22 6.1 0.38
N2 — — 0.49 0.21 — —
He — — 8.0 0.25 — —

The units of Ad are m2 gmol s21 J21, while Bd is dimensionless.

Table IV Permselectivity of LLDPE 1 Film Expressed in Terms of Permeability Ratios

T (°C) CO2/He CO2/O2 CO2/N2 He/O2 He/N2 O2/N2

25 2,9 4,4 13 1,5 4,4 2,9
30 3,0 4,4 13 1,5 4,2 2,9
35 2,9 4,1 12 1,4 4,1 2,9
40 2,8 4,0 11 1,4 3,8 2,7
45 2,8 4,0 10 1,3 3,6 2,6
50 2,8 3,7 9,9 1,3 3,5 2,7
55 2,7 3,6 9,0 1,3 3,3 2,5
60 2,7 3,6 8,6 1,3 3,2 2,4
65 2,7 3,4 8,0 1,3 3,0 2,4
70 2,6 3,2 7,5 1,2 2,9 2,3
75 2,4 3,0 6,8 1,2 2,8 2,3
80 2.3 2.9 6.7 1.3 2.8 2.2
85 2,3 2.9 6,5 1,2 2,7 2,3
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the values of D(O2)/D(N2) for each temperature),
as has been obtained by Koros.28

CONCLUSIONS

The results discussed above suggest that the gas
permeation through LLDPE films is a rather com-
plex process in which the permeation in these
samples does not show a noticeable influence on
the processing conditions since only small varia-
tions in permeability and diffusion coefficients
and their temperature dependence, among 3 dif-
ferent samples, are detected. This fact, together
with the results reported in preliminary studies,
in which both the variation of the gas applied
pressure and the tensile drawing of the samples
had a little effect on the gas permeation charac-
teristics of the samples, makes LLDPE films suit-
able for the use in the packaging industry.

The analysis of the temperature dependence of
the permeability and diffusion coefficients of
gases through these films showed, in all cases, a
significant increase in the values of P and D with
the temperature in 2 different intervals. The
break temperature of these intervals correspond
to a-relaxation observed in earlier studies.10–12

The location of these breaks with a-relaxation
could be due to orientation of the coextruded films
analyzed as a consequence of the fact that it
arises from motions in which crystalline entities
intervene.

On the other hand, the presence of octene in-
creases the gas permeability in LLDPE films,
and, therefore, a reduction in the activation en-
ergy is observed. As the diffusion coefficients and

the energy related to the diffusion process are
almost the same as that found in conventional
polyethylene, this behavior is associated with a
change in the gas solubility as a consequence of
the fusion of small crystalline entities.

Finally, we have observed that the Fujita’s free
volume model expressed by means of eq. (8) seems
to be valid to put into relation the diffusion values
with the volume fraction of free volume, which
has been taken into account by eq. (11) in LLDPE
samples. It is observed an increase in diffusional
parameters as the fraction of interfacial material
increases; probably, as a consequence of this fact,
the permeability of LLDPE 14 is larger than in
the other LLDPE films. This is possible according
to the favoring of microcavities in the interfaces
that increase the solubility.
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