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ABSTRACT: The offect of annenling on the permeation of oxygen, nitrogen, and carbon dioxide through
coextruded linear low-density polyethylene (LIDPE) films is studied The results indicate that the
permeability coeffiient P of nitrogen docs not show a definite dependence on the fire of annesling, 2,
whereas for the pther gases this parameter increases with fu. The analysis of the variation of the diffusion
coefficient of Op and N, with £, indicates that D undergoes a sharp decrease from f = Otofa=2h, but
for larger times of anmealing the diffusion parameter only undergoes a slight diminution; on the contrary,
the diffusion coefficient of GO, gradually decreases with Inereasing £,. The fact that annealing increases
the solubility of the gases in the polymer flms suggests that thermal treatments may favor the formation
of microcavities or molecnlar packing defacts in the crystalline amorphous interface that can accommodate
individual site molecules without disturbing the nutural dissolution process in the rubbery region of the
polymer matrix. Finally, frea volume theoriss are not sensitive énough to interpret the effect of annealing
on the permeation characteristics of coextruded LLDFE films.

Introduction

Owing to the fact that gas diffusion in molecular
barriers depends on the free velume available, perme-
ation studies of gases through polymer membranes may
afford a sensitive probe of polymer morphology. For
example, all the steps involved in permeation processes
through semicrystalline polymers, namely, sorption,
diffusion, and desorption, take place in the amorphous
region, the crystal entities acting as impermeable bar-
riers. For systems of this kind in which the amorphous
phase is in the rubbery state, permeation is largely
reduced due to the fact that the crystalline entities force
the penetrant to travel a longer path than in an
amorphous rubbery material. Blocking fsclors arising
from the narrowness of amorphous layers may
hinder the passage of larger penetrants, thus affecting
the permeation characteristics of semicrystalline
membranes. 18

Studies on the temperature dependence of both the
permeability and mechanical properties of coextruded
linear low-density polyethylene (LLDPE) films suggest
that melting and crystallization processes occurring
above room temperature presumably atfect the perme-
ability and diffusion coefficients of gases through them .8
Further studics carried out on the permeation of oxygen
and carbon dioxide through LLDPE films oriented by
cold tensile drawing show that the permeability coef-
ficienis are rather insensitive to the drawing direction,
though the values of these coefficients in the high-
temperature region are significantly lower than those
obtained through the undrawn films”

Preliminary investigations carried out on gas perme-
ation in coextruded LILDPE films indicate that annea]-
ing may have z strong effect on their permeability
characteristies, giving rise to both & significant enhanece-
ment of the permeability and a slight decrease of the
diffusion coeffident.? Annealing may promote morpho-
logical changes in the erystalline amorphous interface
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that may affect gas permeation through the films.
Actually, coextruded LLDPE films are oriented in the
gxtrusion direction, thus increasing the order in the
crystalline—amorphous interface, and annealing may
produce two effects in this interface: to favor coiled
conformations, on the one hand, and to favor erystallite
thickening, on the other hand. At first sight, these two
phenomena will affect in opposite ways the permesation
characteristics of the films.

In view of these facts, it was falt that we needed to
investigate how both the permeability and the diffusion
coefficients of gases through LLDPE films evolve with
the time of annealing. These studies may be important
not only on practical grounds, due to the extensive use
of coextruded LLDPE films in the packaging indusiry,
but also because they cvan shed light on how the
morphological changes promoted by annealing may
affect the solubility end diffusional characteristics of
coextruded LINPE films,

Experimental Part

Characteristics of LLDFE Films. The raw materials
used in the preparation of the films ulilized in this study are
1-octene-co-athylena copolymers with roughly B% mol content
of the first comonomer. The films are made up of three layers,
ie. O(15 wt %)ACT0 wt %)B(15 wt %). Layerz A and C ave
Dowlex 2247 (p = 0.917 g cm~?), and layer B is Dowlex 2291
(g = 0.912 g em*3). The {ilms, supplied to us by Dario Manuli
(Ttaly), were casxtruded with three extruders C, A, and B at
‘speeds of 88, 29, and 88 rpm, respectively, and the thicknesses
of the layers comprising the films were 3.5, 16, and 3.5 um,
respectively. The die-exit temperature was 270 °C, and the
diztances between the die and tha chill roll (cooled with water
ot 20 °C) and between the die exit and the frost line were
respectively 15 and 155 mm. Finally, the vacuum hknife
depression and the line speed were regpectively 3.5 cmHg and
200 rpm ?

The thermal behavior of the films was determined with a
Perkin-Elmer DEC-4 calorimeter at a heating rate of 8 °C
min~2, The thermogram of the films shows a small melting
peak in the vicinity of 40 °C, which presumably corresponds
to the fusion of vary emall erystalline entities followed by a
wide melting endetherm that extends from 90 up to ca. 127
°(3 with the maximum of the peak located at ca. 122 °C. The
depree of erystallinsty of the films, determined from the
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Figure 1. Scheme of the experimental device for the perme-
ation measurements. Th and T and pa and py represent,
respeetively, temperature and pressure EERSOTS. Vp and Vg are
respectively the volumes of the high- and low.pressure cham-
bers, while the symbols ® denate valves.

melting endotherm by assuming that the melting enthalpy is
960 cal (mel OH)~!, was 0,30. The films exhibit birefringence
as a consequence of their orientation in the extruding direction,
The value An, measured with an Amplival Pol microscope st
room temperaturs, was 1.40 x 10-3,

Permeability Measurements. The experimental setup
used in the permeability measurements is made up of two
chambers separated by the film, as indicated in Figure 1. A
reservoir with the diffusant gas al a pressure slightly ahove
that of the measurement was placed im the thermostat
containing the permeation cell. Once high vacuum throughout
the experimental device immersed in the thermostat was
made, the vslve separating the reservoir from the eell was
rupidly opened and the pressure in chamber A of volume V,
reached nearly instantaneocusly the prassurae of 155+ 1 mmHg
at the tenperature of the measurement. Opening of the valve
was taken as the zero in the time scale. The evolution with
time of the diffusants in the low-pressure chamber B was
mpnitored by computer from a Leybold CM3 vacuum gauge
provided with a capacitance sensor GDC 120. The permeation
exparimenis were stopped once the pressure of diffusant in
the low-pressure chamber was about 2% of the pressure in A,
Each exporimnent was repeated threa times, and the perme-
ability coefficient was taken as the average of the values
obtained. The experiments were performed over the temper-
atnre interval 20—80 °C and the temperature was kept within
+0.1 deg of 7. -

Ezperimental Results

Under conditionsg of steady state permeation, the
permeability coefficient P can be obtained by means of
the following expression

273 Vil dp (z)
76 \ATp, /\ dt

where A and ! are respectively the effective area and
the thickness of the film, 7" is the temperature of the
raeasurerment in K, and p represents the evolution of
the downstream pressure. P is usually expressed in
barrers [=10-20 (cnd (STP) emM(em? s emHg)]-

In nonsteady state conditions, gas permeation in films
is described by the second law of Fick, as follows

P= (1)

Z
o _ p¥C

=i (@)
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The golution of this cquation vsing the boundary condi-
tiongl®11

C(x=0,t=0)=0;
Clx=0,t=0) = C;

Cle=lt=0) =0 (2)
Clx=liz=0)=C =0

permits ug to obtain the expression

o =27t - &) )

where @) represents the ameunt of gas per unit of area
that up to time ¢ would flow through the membrane in
steady state conditions. Then the diffusion coefficient
can be obtained from the intercept with the time axis,
8, of the plot p1 against £, as suggested by Barrer.1?
Accordingly,
2
D= 7] (5)

Signifieant errors mey be involved in the determination
of D by the lag method, arising, in most cases, from the
small thickness of the films (=25 gm). Actually, the
emaller the thickness, the lower i= 8 and, consaguently,
the larger is the uncertainty of the value of I obtained
by this method. Moreover, since 2 depends on 12, the
uneertainty in the measurement of  for thin films may.
also give rise to a significant error in the value of D.
Actually, the relative error involved in the determina-
tion of the diffusion coefficient of oxygen through
LIDPE films is given by

2
3! e(e)] D ®

66%

where €(I) and «(#) are, respectively, the errors involved
in the measurements of the thickness and lag time. It
should be pointed out that «(8) was obtained from three
consecutive permeability measurements earried out on
the films at the temperatures of interest. Let us now
determine the error involved in the determination of D
for oxygen, at 35 °C, in a sample annealed for 2 h. In
this case, I =23 = 1 ym and # = 5.6 + 1.4 5 so that the
relative error is 33%. From the same type of experiment
in a nonannealed film one obtains 6 = 2 & 2 5, at the
same temperature, and the relative error is ca. 100%.

In view of the significant errors involved in the
determination of D, arising from the extreme thickness
of the filme, the permeation measurements were per-
formed in membranes made up of three films firmly
stuck together with a rolling cylinder at room temper-
ature. Boundary effects at the interface between films
were not detected, as indicated by the fact that the flow
through membranes containing different numbers of
films scales with the reciprocal of the membrane thick-
ness (Figure 2), As will be discussed below, annealing
decreases the diffusion coefficient and, consequently, the
relative error of the values of I obtained by the lag time
method decreases as the time of annealing increases.
For illustrative purposes, the relative errors estimated
in the determination of the diffusion coefficient at 25
and 55 *C are given in Teble 1. It can be seen that,
even in the most unfavorable cases, the error in IJ is
lower than 15% in the interval of temperature indicated.

The effect of annealing on the permeant characteris-
tics of coextruded LLDPE films was investigated by
studying the temperature dependence of the perme-

relative error = 100 x [21:;:)
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Figure 2. Plot showing the flux of oxygen as a function of
the reciprocal of the thickness of membranes made up of
LIDPE filine firmly stuck logether.
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Figura 3. Temperature dependence of the permesnbility

coafBeiont of nitrogen through LLDPE membranes previcusly
anpealed at 85 °C for (W) 0, (O) 2, (%1 §, (+) 12, and (&) 24 h.

Table 1. Dlustrative Examples of the Ralative Exvors
Estimnated in the Determination of the Diffugion
Coefficients of Nitrogen, Oxygen, and Carhon Dioxide in
LILDPE Membranes

time of rel
T,°C nnnealing,h gas. lagtime, s 107D, cm®s™! emor, %
25 0 Ny 144 %15 5.0 13.0
25 24 My 8SB2£28 X 54
5B o Na 128 1.1 G.2 11.3
&5 24 2 ALBE 23 1.9 o
25 (4] 0. 17.6+14 4.5 10.7
26 24 0 72131 1.1 G.4
23 0 Qg 12614 6.3 138
56 24 Oz 34521 23 8.7
25 4] COs 176+ 15 ‘4.5 113
25 24 CO: 629428 16 7.8
55 a CQy H8x10 8.1 13.0
55 24 COz 24.0+1.9 a3 10.8

ability, diffusion, and solubility caefficients of some
representative gases in membranes annealed at 85 °C
for 2, 6, 12, and 24 h. For comparative purposes, the
temperature dependence of these parametars was also
investigated in not annealed membranes. The perme-
ation results are summarized in Figures 3—5 where the
changes occurring on the values of the permeability
eoefficient of nitrogen, oxygen, and carbon dioxide with
temperature are shown. Although in all the cases the
permeability coefficient increases with temperature, the
effect of annealing on this parameter depends on the
diffusant. Thus, whereas the permeability coefficient
of No does not show a definite dependence on the
thermal treatment, the valnes of P, for the ather gases,
seem to increase with the time of annealing, .. For
example, the values of P for Oy at 25 and 85 °C in the
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Figure 4. Variation of the permeability coefficient of oxygen
with temperature through LLDPE membranes previowsly
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Figure 5. Temperature dopondence of the permeability
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Figure 6. Temperature dependence of the diffusion coefficient
of nitrogen throngh LLDPE membranes annealed at 85 °C for
) 9, @) 2, (x) 6, (+) 12, and (@) 24 h.

not annealed membrane are 4 and 31 barrers, respec-
tively, and these values rise to 9 and 46 barrers,
respectively, in the membranes annealed at 85 °C: for
24 h. On the other hand, although the permeability
coefficient of €Oz in the not annealed mermbranes is
significantly lower than that in the annealed ones, the
values of this parameter do not show a definite depen-
dence on the annealing time for ta > 2 h,

Figures 6—8show respectively the effect of annealing
on the diffusion coefficients of nitrogen, oxygen, and
carbon dioxide. Tt can be seen that the diffusion
coefficient of CQ» at each temperature gradually de-
¢reases with f,, the values of 107D at 85 °C changing
from 14.5 em? s~ for #, = 0 to 6 cm? s~ for ¢, = 24 h; at

N° TX/RX8812 P.004
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Figure B. Variation of the diffusion coefficient of earbon
dioxide with temperature in LLDPE membranes previously
annealed at 85 °C for (W) 0, (O) 2, (x) 6, (+) 12, and () 24 k.,

95 °C, these changes are only from 4.25 to 1.76 em? 671,
respactively. The values of the diffusion coefficient of
oxygen undergo a rather sharp decrease between 1, =
0 and 2 h, the values of D in the former case being
nearly 2 timee larger than those in the latter. As ¢,
increases between 2 and 24 h, a gradual and moderate
decrease in the values of D at each temperature of
interest occurs. As far as the dependence of the diffu-
gion coefficient of nitrogen on #, is concerned, this
parameter behaves in a way similar to that observed
in oxygen.

Discussion

As usual,X® the permeability coefficients of the gases
used in this study increase in the following order:
BCO2) = P(Oz) = P(No). Similar trends also hold for
the diffusion coefficient at most temperatures. On the
other hand, the fact that the thermal treatment tends
both to increase the permeability coefficient and to
decrease the diffusion coefficient suggests that anneal-
ing changes, in a significant way, the values of the
apparent solubility coefficient (8 = P/D) of the gases in
the membranes. The curves depicting the dependence
of the apparent solubility coefficient on both annealing
time and ternperature for nitrogen, oxygen, and carbon
dioxide, shown in Figures 2—11, respectively, exhibit the
same pattern. In all the cases the solubility coefficient
gradually inereases with the annealing time. For
example, the value of § for Oz in 1077 (cm? of gasfiem®
of polymer cmHg) goes up from 1 to 8, at 25 °C, when £,
increases from 010 24 h. These changes in the apparent
soluhility caefficient, at the same temperatures, are from
3 to 18 and from 0.2 to 1.5, in the same units, for COg
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and Ny, respectively. It is noteworthy that the value of
the solubility coefficient either remaijns constant or
undergoes a slight increase with increasing tempera-
ture. Moreover, as expected, S(CQ2) = §(02) = SNz
Because pas solubility preferentially oceurs in the
amorphous regions of semicrystalline polymers, the
increase in solubility with annealing suggests at first
gipht that the overall effect of the heat treatment may
be to increase the formation of coiled regions. Obvi-
ously, this can be aceamplished by melting of low-size
crystalline entities and also by coiling oriented parts of
the erystalline amorphous interface.

N° TX/RX8812 P.005
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Figure 12. Thermal behavior of coextruded LLDEE films
annealed at 85 °C for (w==-)2, (===) 4 and (—) 6 h.

The possible changes in the morpholegy of the films
which could arise from annealing were qualitatively
investigated by DSC calorimetry and birefringence. A
close inspection of the thermograms obtained for Jif-
ferent annealing times, represented in Figure 12, shows
that 4 weak and blurred peak appearing in the vieinity
of 40 °C in the not annesled membrane is absent in the
annealed ones. This peak, characteristic of LIDPE
filrs, presumably reflects the melting of very small
crystalline entities. Moreover, the shape and intensity
of the melting peak centered in the vicinity of 120 °C
do not show a noticeable dependence on the annealing
time., Annealing also does not affect, in a gignificant
way, the birefringence of the films. Thus the values of
109A7 at room temperature amount to 1.40 £ 0.03, 1.58
+ 0.08, 1.64 &= 0.06, 1.58 & 0.06, 1.46 %= 0.11, and 1.55
+ 0.09, respectively, for the membranes whose anneal-
ing times are 4, = 0, 2, 4, 6, 12, and 24 h. The fact that
annealing does not seem to give rise to significant
differences either in the thermal behavior or in the
birefringence suggests that the increase ohserved in the
permeability of 0z and COz through the annealed
membranes may be the overall effect of morphological
changes arising from the melting of the smallest crys-
talline entities and from two apparently opposite
processes: coiling of the ordered interfaces and crys-
tallites thickening!? at the expense of the erystalline-
amorphous interface.

(Gas diffusion through isotropic barriers is an acti-
vated process that obeys Arrhenius behavior. In gen-
eral, the Arrhenius plets for the diffusion coefficient in
gemicrystalline polymers fit rather poorly to straight
lines, as reflected by the low correlation coefficients
obtained, which lie in the range 0.80—0.95. This iz a
consequence of both the lack of isotropy and the
morphological changes eccurring with temperature in
the films. In any case the activation energy associated
with the transport of oxygen and nitrogen in annealed
membranes seems to be somewhat higher than that
jnvelved in the diffusive transport of these gases in the
nok gnnealed ones. For example, the apparent values
of the activation energy for the diffusive transport of
oxygen in membranes annealed for 0 and 2 h are,
respectively, 8.3 (r = 0.93) and 5.0 (r = 0.95) kcal mol—1;
these changes seem to be even somewhat higher for
nitrogen and negligible for carbon dioxide. The diffusion
coefficient reflects the speed with which the gas per-
meation reaches steady state econditions and, conse-
quently, depends on the size of the permeant and the
structure of the matrix through which diffusion occurs.
Michaels and Parker? assume that the apparent diffu-
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sion coefficient through semierystalline membranes is
given hy

D*

n B (M
where D* is the diffasion coefficient for the completely
arnorphous pelymer, r aceounts for the tortuosity of the
diffusive path caused by the crystalline entities, and f
is mainly related vo the lack -of mobility in the amor-
phous regions close to the anchoring points in the
cryatals.’F  According to the model, the fact that the
activation energy of the apparent diffusion coefficient
through the not annealed membranes is somewhat
lower than that in the annealed ones suggesis that
annealing may produce morphological changes that
cause additional obstruction to the diffusion. Annealing
processes may then favor the formation of microcavities
(molecular packing defectz) in the crystalline—amor-
phous interface that can accommeodate individual site
molecnles without disturbing the normal dissclution
process in the rubbery region of the polymer matrix.
According to this interpretation, annealing may cause
crystallite thickening that hinders gas permeation but
alzp may provide packing defects in the crystalline
amorphous interface that can act as sorption sites for
the permeants, thus increasin%‘the golubility coefficient.

Following Stern and co-wor. erg,16-18 the diffusion of
small melecules through semicrystalline polymers can
be expressed in terms of Fujita’s free volume!? model
by means of the expression

B
D =RTA, exp(‘#—:’—‘) 8)

where ¢, is the volume fraction of amorphous pelymer,
vy is the fractional free volume, and Ay and By depend
on penetrant molecular size. The last parameter is
assumed to be a constant close to unity, though more
rigorous trestments suggest that its value depends on
the size of the polymer unit jumping and the minimum
gize of hole required for a diffusive jump to geewr. The
fractional free volume, which depends on the pressure
in the high-pressure chamber, temperature, and the
peréetrant coneentration as free volume, can be written
&5]

Ut(T} = vfu(Tupn) R Ti) - ﬁ(p - P;;) + v (9)

where va(T.,p.) is the fractional free volume at s0me
reference temperature T and pressure p, and a (=(avd
aT)s), B (=(8vdop)s), and y (=(dugdv)s) are coefficients
which define the effectiveness of the penetrant as a
plastizicer. At low pressures, like those used in this
work, eq 9 is approximately given by

vT) =ve(T) + (T = T,) 10

A rather good approximation for the fractional free
volume of LLDPE can be obtained from the following
relatignghip

T = (11

where v and p, are respectively the specific volume of
{he amorphous and erystalline phases of LLDPE. In
the evaluation of the fractional free volume, use was
made of the temperature dependence of vy and ug
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Figure 13. Dependence of the diffusion coefficient on the free
volume for carbon dioxide in membranes annealed al 85 °C
for (M) 0, () 2, (x) 6, (H) 12, and (@) 24 b

Table 2. Tafluence of Annesaling on the Free Volume
Parameters of Coextruded LLDPE Films for Nz, O, and

e
annealing time, h gas 10M4a Ba
0 Nz (0.04) 0.44
2 (136) 0.B4
] 12.0 1.20
12 1i.2 1.49
24 E2.1 1.78
0 Q2 0.5 Q.85
2 a9 0.97
[ 13.1 0.97
12 20.7 0.99
24 4.8 0.97
0 COg 8.8 1.20
2 2.6 1.12
1 1.9 1.08
12 1.4 1.06
24 3.0 1,26

A4 has units of (m? g mol/(s J) and By is dimensionless.

reported by Chiang and Flory? for polyethylene, given
by

v(T) =1.152 + 8.8 x 10747 — 273.18) (12)
v (T) = 0.993 + 3.0 x 1077 — 273.15)

With few exceptions, the plots of In(D/RT) against L/ve
fit, fairly well to straight lines, as indicated in Figure
18 where, as an example, the data corresponding to the
diffusion of CO» are shown. The values of Aa and Ba
for N3, Op, and COa, obtained respectively from the
slopes and intercepts in the ordinate axis of the corre-
sponding straight lines, are listed in Table 2, Tt should
be pointed out that the values thus obtained for Ag4
involve some uncertainty owing to the fact that it is
necessary to extrapolate to z¢ — 1 = 0 from rather
limited velues of vr. Stern and co-workers!? performed
a thorough study on the permeation of gases thropgh
polyethylene films, finding that the values of Ag and By
for GOg are B.4 x 10-1 (m? g molX(s J) and 0.40,
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respectively. Whereas in these results the value of Ay
compares satisfactorily with that given for COz in not
annealed LLDPE membranes, the value of By is nearly
half of that found in these membranes. The results in
Tahle 2 do not show a definite dependence of Bg on
annealing time, except in the case of N2 where this
parameter seems to increase with £,, The fact that free
volume parameters for COp and O do not show a
definite variation with annealing time suggests that the
changes that annealing may produee in the free volume
are not important enough to affect in a decisive way the
gas diffusion through LLDPE films.

The results discussed above suggest that gas perme-
ation through LLDPE films is a rather complex process
int which golubility seems to play a leading role. Mor-
phological changes oceurring in the films during en-
nealing seem to favor the formation of molecular
packing defects which presumably act as sorption sites
for the permeant. Consequently, to get a better under-
standing of the diffusant characteristics of LLDPE films
would require us to carry out further studies by both
X-ray and Raman spectroscopy to determine the effect
of annealing on the distribution of crystallites in these
films.
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