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ABSTRACT: The effect of the pressure difference on the permeability of carbon dioxide, oxygen, and
nitrogen through annealed LLDPE films is studied. The isotherms showing the dependence of the
permeability coefficient on the pressure of the upstream chamber, p,, exhibit an anomalous decrease in
the low-pressure region whose location is shifted to lower values of p, as the temperature of the isotherms
decreases. The diffusion coefficient increases with p,, the increase being larger the higher is the
temperature. The curves showing the dependence of the solubility coefficient on the pressure of the
upstream chamber exhibits the same pattern as that of the permeability coefficient. The strong
dependence of the diffusive characteristics of gases on p, in the low-pressure region was interpreted in
terms of the dual mode theory. The values of the apparent diffusion coefficients for the molecules in the
dissolved and the trapped modes are estimated. In the same way, the Henry’s law solubility coefficient,
kp, and the Langmuir sorption capacity, C'y, are obtained. The values of kp and C'y for different gases
are somewhat lower than those reported for glassy membranes. A detailed study on the effect of p, on
the activation energies associated with both the permeability and the diffusion coefficients is reported.

Introduction

Because of their good mechanical properties, espe-
cially high tear strength, toughness, and good process-
ability characteristics, coextruded films prepared from
linear low-density polyethylene (LLDPE) present a wide
variety of uses in the packaging industry.! The good
mechanical properties of the films arise from the co-
polymeric nature of LLDPE that makes possible the
preparation of films that combine a relatively low
crystallinity and a moderate orientation. Since these
films are mainly used in food packaging, the study of
the diffusive characteristics of gases through them,
specially oxygen, nitrogen and carbon dioxide, is of a
great importance.

The permeation of gases in LLDPE semicrystalline
films is a rather complex process.2=6 Gas permeation
through the amorphous phase of the films is a simple
process, similar to that occurring through a liquid, and
it is expected that the changes in the permeation
characteristics with temperature obey Arrhenius be-
havior. However, crystalline entities in the semicrys-
talline films act as impermeable barriers to gases,
forcing the penetrants to travel a longer path in the
crystalline—amorphous interface than in the amorphous
region, thus decreasing the diffusion coefficient.3 More-
over, as a consequence of the presumable changes in
the crystalline—amorphous interface with temperature,
the transport of gases in LLDPE films may not be a
simple thermal-activated process.

Earlier studies have shown that annealing causes a
significant increase in the permeability coefficients of
gases in coextruded LLDPE films without changing
their overall degree of crystallinity.”8 On the other
hand, the fact that the apparent diffusion coefficient
only slightly decreases with annealing suggests that the
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most important consequence of this thermal process is
a strong increase of the solubility of gases in the films.
It would be expected, however, that annealing per-
formed at relatively high temperatures (~80 °C) would
change the crystalline—amorphous interface in two
opposing ways: favoring crystallites thickening, and
increasing the transition order — disorder in the
oriented molecules close to the crystalline—amorphous
interface. In view of this, the increase of the apparent
solubility coefficients by effect of annealing could be due
either to a significant increase in the amorphous rub-
bery region at the expense of both the oriented regions
and the melting of the low size crystalline entities, or
to the formation of molecular packing defects in the
crystals and/or the crystalline—amorphous interface
that could accommodate individual site molecules with-
out disturbing the natural dissolution process of the gas
in the amorphous region.® The first cause seems
unlikely because a significant change in the overall
crystallinity of the films is not detected. Therefore the
increase in solubility could be attributed to adsorption
processes taking place in defects in the crystals and/or
in cavities formed in the crystalline—amorphous inter-
faces. In this case, adsorption processes would play an
important role in the gas transport. If this assumption
is true, the dual mode model that gives a good account
of gas transport in glassy membranes®1° would also
describe the gas transport in annealed semicrystalline
films. According to the model, diffusion would occur by
jumps of dissolved molecules in the amorphous region
(first mode) and partial mobility of trapped molecules
in the cavities (second mode). To test the reliability of
this assumption, attention was paid in this work to the
study of the permeability of annealed coextruded LL-
DPE films as a function of the pressure gradient. The
results were further interpreted by assuming that
Langmiur gas adsorption plays an important role in the
solubility characteristics of the films. Attempts were
also made to investigate how the combination of pres-
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Figure 1. Scheme of the experimental device used in the permeation measurements.

sure and temperature may affect the gas transport and
the permselectivity of the coextruded LLDPE films.

Experimental Section

LLDPE films were prepared by coextrusion of 1-octene-co-
ethylene copolymers of roughly 8% mol content of 1l-octene.
The films, a gift from Dario Manuli (Italy), were made of three
layers, C (15 wt %, t = 3.5 um), A (70 wt %, t = 16 um), and
B (15 wt %, t = 3.5 um), where t refers to the thickness of the
layers. The C and A layers are Dowlex 2247 (o = 0.917 g cm™3)
while the B layer is Dowlex 2291 (p = 0.912 g cm~3). The films
were processed with three extruders C, A, and B at speeds of
88, 29, and 88 rpm, respectively. Details of the processing
conditions are given elsewhere.!

The thermogram of the films, determined with a DSC-4
calorimeter at a heating rate of 10 °C min~?, exhibits a blurred
melting peak in the vicinity of 38 °C, which presumably
corresponds to the melting of low crystalline size entities,
followed by a wide melting endotherm extending from 90 °C
up to 125 °C with the peak maximum located at 123°. The
degree of crystallinity determined from the endotherms
amounted to 0.28. The films used in the permeation measure-
ments were annealed at 80 °C for 24 h. The thermograms of
these films showed nearly the same pattern that the nonan-
nealed ones, although the small endotherm peak appearing
at 38 °C in the latter films was not detected. The degree of
crystallinity of the annealed films was 0.30.

Permeation measurements of N, O, and CO; through the
annealed films were carried out in the experimental device
shown in Figure 1. Keeping the valves 3, 4, and 5 open and
valve 2 closed, high vacuum (~10~* mmHg) was made for 24
h in the upstream and downstream chambers separated by
the films. Valves 4 and 5 were then closed, valve 2 was
opened, and the testing gas, kept in a ballast bottle placed
inside a thermostated bath at a pressure close to that used in
the experiment, suddenly flowed into the high-pressure cham-
ber. Taking as zero the time at which valve 2 was open, the
evolution of the pressure in the downstream chamber with
time was monitored with a transducer pressure sensor (0—10
mmHg). Before each series of measurements, the system was
vacuum calibrated by measuring the inlet of air into the
downstream chamber.

Results

The plots showing the time dependence of the pres-
sure in the downstream chamber present, as usual, a

transient state at short times and steady-state transport
conditions at long times. The intercept of the extrapo-
lated steady-state part of the curve with the time axis
gives the time-lag 6 which is related to the apparent
diffusion coefficient, D, by the following expression
suggested by Barrer:1!

D = L%(66) (1)
where L is the thickness of the films. The permeability

coefficient P can be obtained from the slope of the
steady-state part of the curves by means of the equation

_ 273( VL \(dp(t)
76 \ATpO)( dt )

P @)

where V is the volume of the low-pressure chamber, A
is the effective area of the film, p, is the pressure, in
centimeters of Hg, of the penetrant gas in the upstream
chamber, dp(t)/dt is the slope of the steady-state part
of the curve that shows the time dependence of the
pressure of the gas in the downstream chamber, and T
is the absolute temperature. The diffusion coefficient
is usually given in centimeters squared per second,
while P is expressed in barrers (1 barrer = 10~1%(cm3-
(STP)cm)/(cm? s cmHg)).

Owing to the relatively low values of 6 obtained for
the very thin semicrystalline rubbery films used in this
study, significant errors can be involved in the deter-
mination of the diffusion coefficient by the time-lag
method. To increase the value of this quantity and thus
diminish the uncertainty of the value of D, transport
measurements were performed in membranes made up
of three films firmly stuck together with a rolling
cylinder at room temperature. However, heterogene-
ities in the interfaces arising from gas vowels formed
between two consecutive layers could alter the values
of the time lag in the membrane. This possibility was
tested by measuring the time lags for the permeation
of CO,, N2, and O, in membranes made up of 1, 2, 3, 4,
and 5 layers. The results obtained, shown in Figure 2,
indicate that the time lag of the gases used in this study
scales with the square of the number of layers of the
membrane, as eq 1 suggests for homogeneous mem-
branes. Consequently boundary effects are not impor-
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Figure 2. Dependence of time lags of CO,, O, and N, at 25
°C, on the square number of layers, n?, of LLDPE membranes.
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Figure 3. Variation of the permeability coefficient of carbon
dioxide with the pressure of the upstream chamber at several
temperatures: (®) 25, (W) 35, (®) 45, and (O) 55 °C. The curve
at 65 °C includes two sets of experiments with 5 (O) and 11
points (¥), respectively.

tant in the study of the gas transport through the
multilayer LLDPE membranes used in this work.

The relative error, A, involved in the determination
of the diffusion coefficient by the time-lag method was
obtained by the following expression

L2e(0)

A =100 :
60

—| +

30 D 3)

‘ Le(L)

where ¢(L) and «(0) are, respectively, the errors involved
in the evaluation of the thickness of the membranes and
the time lag, respectively. It should be pointed out that
even in the most unfavorable case (highest tempera-
ture), the error estimated in the determination of the
apparent diffusion coefficient in membranes made up
of three layers was lower than 10%.

Values of the permeability coefficient for CO2, N2, and
0O,, at different temperatures, are plotted as a function
of the pressure of the upstream chamber in Figures 3,
4, and 5, respectively. All the curves exhibit the same
pattern, in the sense that the permeability coefficient
decreases with increasing pressure. An important
characteristic of the isotherms obtained at temperatures
above 45 °C is that the values of the permeability
coefficient undergo an anomalous increase or upturn
with decreasing p, in the low-pressure region. More-
over, the results suggest that the region in which this
increase occurs is shifted to lower pressures as the
temperature decreases. It is worth noting that the
upturn in the curves P against p, is not detected at
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Figure 4. Dependence of the permeability coefficient of
oxygen on the pressure of the upstream chamber at several
temperatures: (@) 25, (M) 35, (®) 45, (a) 55, and (O) 65 °C.
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Figure 5. Isotherms showing the variation of the permeability
coefficient of nitrogen with the pressure of the upstream
chamber: (@) 25, (W) 35, (®) 45, (a) 55, and (O) 65 °C.
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Figure 6. Variation of the diffusion coefficient of carbon
dioxide with temperature for different values of the pressure
of the upstream chamber: (®) =15.5, (W) =24.9, (¢) =49.8,
(a) =74.8, and (O) =95.5 cmHg.

temperatures below 35 °C; the upturn in the low-
temperature isotherms could be shifted to pressures
below 100 mmHg, the lowest value of the pressure of
the upstream chamber used in this study. As usual,?
the permeability coefficient follows the trend P(CO,) >
P(O,) > P(Ny), independently on the pressure used in
the upstream chamber.

Results for the apparent diffusion coefficients of CO,,
0O,, and N, at different temperatures and pressures, are
given in Figures 6, 7, and 8, respectively. It can be seen
that the values of D increase with both the temperature
and the pressure of the upstream chamber. Moreover,
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Figure 8. Dependence of the diffusion coefficient of nitrogen
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Figure 9. Isotherms showing the variation of the solubility
coefficient of carbon dioxide with the pressure of the upstream
chamber: (®) 25, (m) 35, (®) 45, (a) 55, and (O) 65 °C.

the diffusion coefficients follow the same trend as the
permeability coefficients, that is, D(CO;) > D(Oy) >
D(Ny).

The apparent solubility coefficient, S, can be written
as

S=PD (4)

the units of S being cm?® gas/cm® cmHg. The values of
S at different temperatures are plotted as a function of
the pressure of the upstream chamber in Figures 9, 10,
and 11 for CO,, O,, and Ny, respectively. An inspection
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Figure 10. Variation of the solubility coefficient of oxygen
with the pressure of the upstream chamber at several tem-
peratures: (@) 25, (H) 35, (®) 45, (a) 55, and (O) 65 °C.
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Figure 11. Dependence of the solubility coefficient of nitrogen
on the pressure of the upstream chamber at several temper-
atures: (@) 25, (W) 35, (®) 45, (a) 55, and (O) 65 °C.

of the curves reveals that the solubility coefficient
increases as p, decreases. In general the curves exhibit
the same pattern that those corresponding to the
permeability coefficient.

Discussion

The anomalous dependence of the transport proper-
ties on the upstream pressure suggests that the appar-
ent solubility of the gases in coextruded LLDPE films
could be the result of Henry’'s solution in the rubbery
region and trapping of gas in defects occurring in the
crystals and/or the crystalline—amorphous interface.
Accordingly, two modes of transport would be respon-
sible for the permeation of the gases through the films.
The flow of gas through a membrane governed by the
dual mode is described by'3

J=-D,VC — D,VC, (5)

where Dp and Dy are, respectively, the apparent diffu-
sion coefficients for the permeant molecules in the
dissolved and the trapped modes. This equation is only
valid if coupling between the two modes is absent, at
first sight an unlikely assumption. However, consid-
eration of coupling between the two modes in the
development of flow transport equations leads to com-
plex relationships involving a substantial unknown
number of parameters that inhibit their application.
As a consequence, the experimental values of the
permeability coefficient were interpreted, as usual, in
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of permeability coefficient of CO,, at 45, 55, and 65 °C, to eq
6.

Table 1. Contributions of the First and Second Modes to
the Permeability Coefficients of CO;, O,, and N, through
Coextruded LLDPE Membranes

gas T,°C 10 x kpDp? 100 x C'yDy?2 b, (cm Hg)™*
CO» 45 454+ 1.3 600 £+ 150 0.060 + 0.025
55 545+18 800 £ 200 0.068 + 0.025
65 35+ 17 4500 + 3000 0.020 + 0.017
65 36+5 4000 + 900 0.023 + 0.005
O, 45 8.8+0.38 300 £ 100 0.040 + 0.020
55 115+ 0.9 400 £+ 100 0.043 £+ 0.018
65 16.3+15 600 + 200 0.042 + 0.021
N2 45 3.6+0.2 70 + 20 0.050 + 0.025
55 45+ 0.6 140 + 80 0.05 £ 0.04
65 6.4 +0.3 150 + 30 0.056 + 0.019

akpDp and C'yDy are given in barrers (1 barrer = 10-1%(cm3(STP)
cm)/(cm? s cmHg)). P These results were obtained with 11 points
in the pressure dependence of the permeability coefficient.

terms of the following relationship®3
Cyb
P =kpDp + Dy 1+ bp, (6)
where kp is the Henry's law solubility coefficient, C'y
is the Langmuir sorption capacity, Dp and Dy are the
diffusion coefficients for Henry and Langmuir modes,
respectively, and b is an affinity parameter character-
izing the ratio of the rate constants for sorption and
desorption. Values of P were plotted against 1/(1 + bpo)
using different values of b; the right value of b was
taken as that one that best fits the plot to a straight
line. Illustrative plots of this kind are given in Figure
12. The values of kpDp and DyC'wb were determined,
respectively, from the intercepts and slopes of the
straight lines obtained. The results for b at different
temperatures are given in the last column of Table 1.
The contribution of the first mode, kpDp, to the perme-
ability coefficient undergoes at each temperature a
moderate increase from N, to O, and a sharp increase
from O, to CO,. The same occurs with the term C'yDy
of the Langmuir mode while the value of b though
remains nearly constant in the interval of temperature
investigated seems to increase with the size of the
diameter of the penetrant molecule.
The apparent values of kp and C'y can be estimated
from the dependence of the apparent solubility coef-
ficient on p, given by

bC',,

1+ bp, 7)

S=kp+
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Figure 13. lllustrative plots showing the fitting of the values
of the solubility coefficient of CO,, at 45, 55 and 65 °C, to eq
6.

Table 2. Values of the Individual Parameters Associated
with the First and Second Modes of Transport of CO,,
O, and Nz through Coextruded LLDPE Membranes

gas T,°C 10% x kp? C'y? 107 x Dp? 107 x Dy?
CO, 45 73x14 0.53+0.2 6.2+12 11407
55 50+11 045+02 109+24 18412
65 09405 114+£03 41+4 35+17
0z 45 21402 028+0.16 42+06 11+1.0
55 15402 030+0.15 7.7+14 13+1.0
65 09+0.2 0.20+0.11 18+5 3.0+25
N2 45 09+01 0.12+0.06 40+07 06+£05
55 1.0+0.2 0.13+0.06 45+15 11+1.1
65 053+0.14 0.09+0.03 12+4 1.7+£0.8

aThe units of kp and C'y are cm3(STP)/(cm® cmHg) and
cm3(STP)/cm3, respectively, while the unit of Dp and Dy is cm?
st

Table 3. Henry and Lagmuir Parameters for CO; in
Glassy Membranes (Amorphous Bisphenol A
Polycarbonate (PC), Semicrystalline
Poly(2,2,4,4-tetramethyl cyclobutane carbonate)
(TMCBPC), and Amorphous Tetramethylbisphenol A
Polycarbonate (TMBPPC)%) and Coextruded LLDPE

Membranes
membrane T,°C 103 x kp? Cy2 103 x b (cm™1)
PC 35 8.9 18.8 3.4
TMCBPC 35 15.7 27.6 5.7
TMBPPC 35 13.3 7.9 3.7
LLDPE 45 7.3 0.53 60

aThe units of kp and C'y are cm3(STP)/(cm® cmHg) and
cm3(STP)/cm3.

Values of S were plotted against 1/(1 + bp,), using for
b the results of Table 1. Illustrative plots are shown in
Figure 13. From the slopes and intercepts of these plots,
the values of C'y and kp shown in the second and third
columns of Table 2, respectively, were obtained. In
Table 3, and for comparative purposes, the values at
35 °C of kp, C'y and b for CO, are also shown for
membranes prepared from amorphous bisphenol A
polycarbonate (PC), semicrystalline poly(2,2,4,4-tetram-
ethyl cyclobutane carbonate) (TMCBPC) and amorphous
tetramethylbisphenol A polycarbonate (TMBPPC).10 All
of these membranes have high glass transition temper-
atures; gas solution in these membranes is viewed as a
process involving absorption in the homogeneous part
of the matrix, and adsorption in microcavities, respon-
sible for the excess of volume in the glassy state,
dispersed in a continuous matrix. In general, the values
of kp and C'y reported for these glassy membranes are
larger than those obtained for coextruded LLDPE
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Figure 14. Arrhenius plot of the permeability coefficient of
carbon dioxide at 25 cmHg.

membranes. However, the results for b in the latter
membranes are significantly larger than those corre-
sponding to the former ones. It is worth noting that
the values of kp for CO, in LLDPE membranes are lower
than those corresponding to the glassy membranes even
if they are related to the amorphous phase. In this case,
Henry's constant for LLDPE membranes has a value
of 9.1 x 1073 cm? (STP)/(cm3(amorphous phase) cm Hg)
nearly equal to that corresponding to amorphous PC
membranes but significantly lower than the values of
this quantity for TMCBPC and TMBPPC. This behav-
ior may be due to the fact that attractive interactions
are more favored between the CO, molecules and the
polar chains (PC, TMCBP, and TMBPPC) than between
CO; and the nonpolar LLDPE chains. On the other
hand, the adsorption/desorption rate for CO, in LLDPE
membranes is significantly larger than that correspond-
ing to this gas in the glassy membranes. To check the
reliability of the values of b, this quantity was also
obtained from a experimental set in which 11 different
pressures were used in the high-pressure chamber. The
pertinent results for CO, at 65 °C are shown in the
fourth row of Table 1. The value of b obtained from
these results amounts to 0.023 + 0.005, very close to
that obtained from the set of experiments carried out
with only five experimental data.

The results for kp and C'y in combination with those
obtained for kpDp and C'yDy allow the determination
of Dp and Dy. The values of the diffusion coefficients
for the first and second modes, also shown in Table 2,
suggest that Dy/Dp < 1, in concordance with earlier
results indicating that the ratio usually falls into the
range 0.04—0.6.13 Although the temperature depen-
dence of both Dp and Dy seems to follow Arrhenius
behavior there are few results to obtain quantitative
conclusions regarding the activation energy of the two
diffusive modes.

Overall activation energies of the permeation process
were obtained by plotting the natural logarithm of the
permeability coefficient against the reciprocal of the
temperature at different pressures. lllustrative plots
of this kind, shown in Figure 14, indicate that despite
the complexity of the transport process the results obey
fairly well Arrhenius behavior. The values of the
activation energy Ep, associated with the gas perme-
ation, are summarized for different values of the pres-
sure of the upstream chamber in Figure 15. As ex-
pected, Ep(N2) > Ep(O,) > Ep(COy), independently on
the value of p,. On the other hand, it is worth noting
that for each gas Ep decreases as p, increases. The
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temperature dependence of the apparent diffusion coef-
ficient for different gases was also interpreted in terms
of the Arrhenius equation. In general the results for
the apparent diffusion coefficient fit fairly well to this
equation, as the fact that the correlation factor for
Arrhenius plots is larger than 0.90 suggests. Values of
the activation energies at different pressures are shown
in Figure 16 where it can be seen that Ep(N2) < Ep(Oy2)
< Ep(COy) for each value of p,. Moreover, the values
of the activation energy increase as the pressure goes
up. Because Es = Ep — Ep, the inequality Es(N,) > Es-
(O2) > Es(COy) will hold for the activation energy
associated with the apparent solubility coefficient.

The gas separation factor of a membrane toward gas
A relative to gas B is usually expressed by the perm-
selectivity factor a(A/B) given by

o(A/B) = [P(A))/[P(B)] (8)

Illustrative plots showing the temperature dependence
o(CO2/N3) and a(CO,/0,) at p, = 25 cmHg are shown
in Figure 17. It can be seen that the values of these
guantities which at 25 °C are 16 and 4.2, respectively,
decrease to 8 and 3.4 at 66 °C. The permselectivity
factors a(CO»/N;) and a(CO,/O,) are independent of p,
in the temperature range 20—70 °C.

In Table 4 the permeability coefficients of several
glassy membranes are collected. It can be seen that the
permeability coefficients of CO,, O,, and N, through
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Figure 17. Dependence of the pemselectivity coefficients o-
(C0O2/0,) (O) and o(CO2/N) (O) on temperature for p, = 15
cmHg.

Table 4. Permeability Characteristics of Different
Membranes?®

permeability at 25 °C (in barrers)

material O, N2 CO»
polysulfone 1.1 0.18 6.9
polycarbonate 0.30 8.0
poly(phenylene oxide) 3.81 75.7
LLDPE 4.8 15 20

semicrystalline LLDPE membranes are significantly
larger than the corresponding values in membranes
prepared from polysulfones and polycarbonates. Al-
though glassy membranes prepared from poly(3,4-
dimethylphenylene oxide) (PPO) are more permeable to
COz and N3 than the LLDPE membranes, the permse-
lectivity factor a(CO2/Ny) is near similar in both cases.
In general, the value of this factor at 35 °C in the
rubbery LLDPE membranes is rather close to that
reported for glassy membranes.

It can be concluded from this study that transport of
gases through semicrystalline rubbery LLDPE mem-
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branes exhibit the same transport pattern that the
glassy membranes. The strong dependence of the
diffusive characteristics of gases on the pressure differ-
ence in the low-pressure region can be interpreted in
terms of the dual mode theory. The main difference
between the LLDPE membranes used in this study and
the glassy membranes lies in the affinity parameter b
whose value for CO; in the former membranes, is nearly
1 order of magnitude larger than the value of this
guantity for the same gas in the latter ones.
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