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ABSTRACT: This article describes the diffusion and permeability

of oxygen, carbon dioxide, methane, ethane, ethylene, propane,

and propylene in 1-octene based polyethylene of densities 0.94,

0.92, 0.904, and 0.87. The isotherms obtained in the time-lag ex-

perimental device display a diffusion coefficient and permeabil-

ity behavior similar to that of glassy polymers. We apply the

dual model to semicrystalline polymers assuming that Henry’s

sites are related to the amorphous phase, which decreases

when the crystallinity percentage increases. Whereas the inter-

phase of the polymeric matrix and the crystalline phase prevails

and acts as Langmuir sites. Their effect is to increase both, the

tortuosity of diffusion trajectories and the chain immobilization.

We now explain this effect using thermodynamic considera-

tions. In fact, the tortuosity is related to the change in activation

entropy, and the chain immobilization to the cohesive energy of

the polymeric matrix. In those terms, the diffusion coefficient

does not follow the same crystalline percentage dependence

than the solubility. According to the previous findings, the solu-

bility changes in proportion to amorphous percentages. Instead,

diffusion coefficient has exponential dependence. Furthermore,

we show that the permeability changes as a consequence of the

modification of diffusion and solubility, according to the product

of both quantities. Comparison with previous publication has

been included. VC 2010 Wiley Periodicals, Inc. J Polym Sci Part B:

Polym Phys 48: 634–642, 2010

KEYWORDS: crystallinity; gas diffusion; permeability; polyethyl-

ene; solubility; sorption

INTRODUCTION Diffusion or transport of a chemical species
of low molecular weight in both rubbery and glass polymers
is a topic of interest in many fields of science and technol-
ogy. Their importance has been growing over the past few
years regarding the development of polymer films as separa-
tion barriers used for packaging food and beverages, cable
covered protection, encapsulating drugs with controlled
delivery, elaborating contact lenses, and manufacturing ion-
exchange membranes.1

One of the most promising application of polymers comes in
the industry of separation of gas mixtures, such as helium
from natural gas, oxygen from nitrogen, as well as hydrogen
and methane purification.2,3 Most membranes used in the
separation of gas mixtures are made from polymeric sub-
stances, with high glass transition temperatures, such as
polysulfones, polyamides, cellulose triacetate.

The mechanism of gas separation by such membranes is
called solution-diffusion, and it consists of three steps: (1)
Absorption or adsorption upon the upstream boundary, (2)
Activated diffusion through the membrane, and (3) Dissolu-

tion or evaporation from the downstream boundary. The
drive force for diffusion is given by the difference in thermo-
dynamic activity established at the upstream and down-
stream faces of the membrane. In most cases, the gas sorp-
tion results proportional to Henry’s law and the solubility of
the gas in the polymer is linearly dependent to its partial
pressure. It should be noted that the gas sorption involves
molecular interactions between the gas and the chemical
components of the polymer. On the other hand, the diffusion
is controlled by the free volume and the intramolecular mo-
bility. The gas permeability is a consequence of both proc-
esses expressed as their product.

The development of new gas separation membranes is ori-
ented to obtain a good balance of two properties, namely
permeability and permselectivity. To improve these proper-
ties, a better knowledge of the relationship between chemi-
cal structure, thermodynamics and transport parameters is
needed.4–8

Along these lines, the study of films made from Linear PE of
Low Density (LLDPE) and relatively low crystalline degree
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has been reported.9 The interest is about the relationship
between the mechanical analysis and permeation measure-
ments. Thanks to its processability properties, and its flexi-
bility and high elongation modulus, LLDPE was selected to
be used for packaging and storing food. Therefore, the study
of gas diffusion properties is of great interest, particularly
the characterization of oxygen, carbon dioxide, methane, eth-
ane, ethylene, propane, and propylene, which is the goal of
this article.

Preceding studies10 using these kind of semi crystalline poly-
ethylene were focused on the role played by the inter phase
effect between amorphous and crystalline boundaries, which
decreases the Henry solubility11 constant and the diffusion
coefficient.3 Therefore, assuming a modified free volume
with an impermeable-crystalline component in the material
(semi crystalline-free volume model), it can help to explain
the variation of the solubility coefficient.12,13 But it remains
to analyze the changes on P and D with temperature and
concentration.

In this article, we proceed to show that by means of the use
of the dual-semicrystalline model it is possible to explain the
variation of the gas diffusion for oxygen, carbon dioxide,
methane, ethane, ethylene, propane and propylene, using
LLDPE as a function of density or crystalline percentage, at
temperatures of 25 and 35 �C. The results for the diffusion
coefficient, and the permeability parameter for the gases
tested have been interpreted assuming that the amorphous
part of the polymer represents a continuum phase in which
Henry’s sites are homogenously distributed, whose volume
fraction decreases when the crystalline fraction increases.

On the other hand, increasing the percentage of crystallinity,
the microcavities or Langmuir sites increases, so that the
Langmuir sites in semicrystalline LLDPE play a more impor-
tant role than the Henry’s sites.14 However, the last produce
the tortuosity in the gas trajectory and chain immobilization
increase in the amorphous phase, therefore, the diffusion
coefficient is diminished. The result shows that its depend-
ence with the crystallinity fraction follows an exponential
rule, as it will be discussed later.

Finally, the thermodynamic counterparts of the tortuosity
and chain immobilization factors will be discussed.

EXPERIMENTAL

Films Preparation
Polyethylene supplied by Dow (Tarragona, Spain), specifi-
cally, Dowlex 2740 E, Dowlex 2045 E, Attane SC-4108, and
Engage 8200, whose commercial densities are 0.940, 0.920,
0.904, and 0.870 g/cm3, respectively, were used. LDPE films
were prepared by compression molding between two heating
plates at 200 �C for 15 min. Then the films were cooled at
room temperature. The acronyms for the films in decreasing
order of crystallinity are, PE94, PE92, PE90, and PE87,
respectively.

Permeation Measurements
Permeation measurements of oxygen, carbon dioxide, meth-
ane, ethane, ethylene, propane, and propylene in the films
were carried out in the experimental device schematically
represented in Figure 1. The apparatus consists of two
chambers, separated by the membrane, immersed in a ther-
mostatic bath controlled by a computer. Vacuum is made in
the two chambers by means of a Leybold AG vacuum pump
model Trivac D 1,6 B that can reach 4 � 10�4 mbar. Pres-
sures are measured using capacitive sensors. Leybold DI
2000 sensor (S1) and Tylan General CDHD45-11 sensor (S2),
with an accuracy of 0.15% of reading, were used in the
upstream- and downstream chambers, respectively. Nupro
pneumatic valves model SS-4BK-1C controlled from a com-
puter using electrovalves were utilized. A computer program
controls temperature, vacuum, gas filling of the upstream
chamber, measurement of pressures in the chambers, and
calculates both permeability and diffusion coefficients. The
program automatically repeats this job for each temperature
and pressure of the upstream chamber. Before each series of
measurements, the system was vacuum calibrated by meas-
uring the inlet of air into the downstream chamber. Keeping
all the valves open but valve 5 closed, high vacuum was
made for 24 h in both chambers. Then valves 2 and 3 were
closed, and valve 5 was opened thus allowing the gas to fill
a 150 cc deposit at a pressure close to that of the experi-
ment. The program computer suddenly closed valve 1 and
opened valve 3 taking as zero this time. The evolution of the
pressure in the downstream chamber with time was moni-
tored with the transducer pressure sensor CDHD45-11. The
permeation measurements were performed at the tempera-
ture constant of 25 �C.

The permeability coefficient P, was obtained from the slope
of the straight line of the p versus t plot by means of the
expression

P ¼ 3:59
VL

p0AT
lim t!1

d½pðtÞ�
dt

� �
(1)

where p(t) and p0 are, respectively, the pressure in the
downstream and upstream chambers in cmHg, V is the vol-
ume of the downstream chamber in cm3, A is the area of the
membrane in cm2, L is the thickness of the sample in cm,

FIGURE 1 Experimental device used in the gas permeability

measurements. M: membrane. S1 and S2 pressure sensors. 1,

2, 3, 4, and 5 electrovalves.
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and T, the absolute temperature. Using these units, P is given
in barrers [1 barrer ¼ 10�10 cm3(STp) cm/(cm2 s cmHg)].
The diffusion coefficient was obtained by the time-lag
method, that corresponds to the intersection of the straight
line p versus t with the abscissa axis, using the equation sug-
gested by Barrer15

D ¼ L2

6h
(2)

where h is the time lag.

The relative error D, involved in the determination of the dif-
fusion coefficient by the time-lag method was obtained by
the following expression

D ¼ 100

D

LeðLÞ
3h

þ L2eðhÞ
6h2

� �
(3)

where e(L) and e(h) are the errors involved in the evaluation
of the thickness of the films and the time-lag, respectively. It
should be pointed out that even in the most unfavorable
case; the error estimated in the determination of the appa-
rent diffusion coefficient in semicrystalline LLDPE films was
lower than 10%.

The precision of the permeability coefficient e(m), was esti-
mated from the slope m ¼ dp/dt of the isotherm in the
steady state conditions, and the correlation coefficient of the
straight line r, according to the expression.

eðmÞ ¼ m
tanðarc cosðrÞÞffiffiffiffiffiffiffiffiffiffiffiffi

N � 2
p (4)

where N is the number of experimental points used in the
straight line determination. The precision obtained for the per-
meability were about 2–3% for all gases in all the films studied.

Diffusion Coefficient Results
We assume the following expression for the diffusion coeffi-
cient in terms of the crystalline fraction and temperature:

Dðacris;TÞ ¼ D�ðTÞ expð�AðTÞ � acrisÞ (5)

where D*(T) is the diffusion coefficient of the gas in com-
pletely amorphous polymer matrix, A(T) is a constant quan-
tity independently of the presence of crystalline phase and
acrys is the phase crystalline fraction. The plot of the loga-
rithm of the diffusion coefficient in terms of the crystalline
fraction for carbon dioxide, ethylene, and propane at 25 �C,
is given in the Figure 2. The crystalline fraction was deter-
mined from density data by using the prescription given in
reference.16 The fitting values for several gases are reported
in the Table 1.

Thermodynamic Interpretation of the Diffusion
Coefficient Expression for a Semicrystalline Polymer
In the homogeneous membrane model, the gas-filled space
through which transport of permeates can occur may be con-
ceived as fluctuating pores or channels of the polymeric ma-
trix, which are not fixed either in size nor in location. As a
consequence of the fluctuating effect, the free volume in a
polymer membrane exhibits a fair degree of mobility so that
the size and the shape of the pores or channels may continu-
ously change. The geometry of the polymer network sets
upper limit for the size of such pores and also for the size of
the molecules which can permeate. The transport is depend-
ent on the probability that the permeate molecules find a
hole at their locations. Therefore, considering that diffusion
is a thermal activated process, the diffusion coefficient can
be expressed as

D ¼ m exp �DGþþ

RT

� �
(6)

where m is the translational oscillation frequency of the dif-
fusing molecule; it is related to the diffusion jump distance k
and Boltzmann’s and Planck’s constants by v � k2ðkT=hÞ,
and has the units cm2/s. The quantity DGþþ is the activation
free energy for the diffusion process.

In the case of semicrystalline polymers DGþþ is dependent
on three parameters (aam, T, p), where aam is the amorphous
phase fraction. Under isothermal and isobaric conditions,
according to the previous view of gas diffusion in a semi-
crystalline polymer, the variation of the total Gibbs free

FIGURE 2 Natural logarithm of D versus de degree of crystal-

linity, for carbon dioxide, ethylene and propane.

TABLE 1 Slope and lnD* Values From lnD versus Degree of

Crystallinity Plot, Reported for Several Gases

Gas ln(D*) A (slope)

Oxygen �13.103 �1.7461

Carbon Dioxide �12.602 �3.7905

Methane �12.729 �4.5519

Ethane �12.867 �6.1479

Ethylene �12.985 �5.219

Propane �12.826 �7.6288

Propylene �12.713 �6.7853
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energy is only given by taking into account the amorphous
phase, and is only dependent of aam.

So that, DGþþ ¼ aam DGþþ
am where DGþþ

am ¼ DGþþ
am (aam ¼ 1,

T), and then

Dðaam;TÞ ¼ m exp � aamDGþþ
am

RT

� �
(7)

For the case of polymer as amorphous pure phase, eq 7
becomes

D�ðTÞ ¼ m exp �DGþþ
am

RT

� �
(8)

The ratio for diffusion coefficient of eqs 7 and 8 is the
following

D�ðTÞ
Dðaam;TÞ ¼ exp �DGþþ

am

RT
ð1� aamÞ

� �
¼ expðAacrysÞ (9)

where we have used that aam þ acrys ¼ 1.

From eq 9, the formal expression for the parameter A can be
established

A ¼ �DGþþ
am

RT
(10)

where DGþþ
am is the activation free energy for gas diffusion in

the amorphous part of the polymeric matrix.

Comparison with Michael and Bixler
In the previous work of Peterlin,17 Gedde and coworker,18

Michael and Parker,10 and Michael and Bixler,19 the ratio of
the diffusion coefficients between the amorphous phase and
the semicrystalline one, is expressed by

D�ðTÞ
Dðaam;TÞ ¼ bs (11)

where s is the tortuosity factor, and b is the immobilization
factor, accounted for restricted segmental mobility of amor-
phous chains near the amorphous–crystalline interphase,
due to the crosslinking-type effect of crystallites.

Now, we are interested to analyze their proposal in terms of
the result of eq 9, so we concern on the logarithm relation-
ship which results from eqs 9 and 11, that is,

lnðbÞ þ lnðsÞ ¼ Aacrys (12)

Data in Tables 2–7 show a behavior, which is the same found
in data reported by Michaels and Bixler (ref. 20). for the
gases oxygen, carbon dioxide, methane, ethane, and propane.

From the comparison of the Michaels and Bixler data with
ours in Tables 2–6, we reach the same conclusions proposed
in eq 5, concerning to the dependence of the diffusion coeffi-
cient on acrys.

Diffusion Coefficient Analysis
Thermodynamic Interpretation of the Parameter s and b

The diffusion coefficient can be expressed as20

D ¼ m exp �D�Gþþ

RT

� �
¼ m exp �D�Hþþ

RT

� �
exp

D�Sþþ

R

� �
(13)

The quantities D�Gþþ, D�Hþþ, and D�Sþþ are the free energy of
activation, the enthalpy of activation for the diffusion proc-
esses, and entropy of activation, respectively.

We now consider the diffusion coefficient for a pure amor-
phous membrane.

TABLE 2 Slope and lnD* Values From lnD versus Degree

of Crystallinity Plot, Reported for Several Gases by

Michaels (1964)19

Gas ln(D*) A (slope)

Oxygen �13.095 �3.1551

Carbon Dioxide �13.385 �3.1347

Methane �13.743 �3.7118

Ethane �14.46 �4.4828

Ethylene – –

Propane �15.036 �5.0685

Propylene �14.657 �4.5689

TABLE 3 Comparison of Expressions ln(b) 1 ln(s) and (Aacrys)

for Ethane. Here n 5 1.88 and n 5 1.25

acrys ln(b) þ ln(s) Aacrys Aacrys (Michaels)

n ¼ 1.88

0.77 7.162990824 4.733883 4.303761

0.43 2.806783566 2.643597 2.403399

0.29 1.793881781 1.782891 1.620897

n ¼ 1.25

0.77 6.237094963 4.733883 4.303761

0.43 2.452648648 2.643597 2.403399

0.29 1.578112886 1.782891 1.620897

TABLE 4 Comparison of Expressions ln(b) 1 ln(s) and (Aacrys)

for Methane. Here n 5 1.88 and n 5 1.25

acrys ln(b) þ ln(s) Aacrys Aacrys (Michaels)

n ¼ 1.88

0.77 5.162990824 3.504963 3.449831

0.43 2.256783566 1.957317 1.926529

0.29 1.743881781 1.320051 1.299287

n ¼ 1.25

0.77 4.237094963 3.504963 3.449831

0.43 1.902648648 1.957317 1.926529

0.29 1.528112886 1.320051 1.299287
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Dam ¼ m exp �D�Gþþ
am

RT

� �
¼ m exp �D�Hþþ

am

RT

� �
exp

D�Sþþ
am

R

� �
(14)

here the quantities D�Gþþ
am , D�Hþþ

am , and D�Sþþ
am ¼ 0 are the free

energy, enthalpy of activation for the diffusion processes, and
entropy of activation, respectively, for the case of 100%
amorphous membrane.

The ratio of the diffusion coefficients of the amorphous
phase and the semicrystalline one, using eqs 13 and 14, is
the following

D�ðTÞ
Dða;TÞ ¼ exp �DGD

RT

� �
¼ exp �DHD

RT

� �
exp �D�Sþþ

R

� �
(15)

where DGD¼D�Gþþ
am � D�GþþðT; aÞ, DHD ¼ D�Hþþ

am � D�HþþðT; aÞ.
From eq 15 we identify the product bs, as it was given by eq
11, then

b ¼ exp �DHD

RT

� �
(16)

s ¼ exp
D�Sþþ

R

� �
(17)

Interpretation of the Tortuosity Factor
The tortuosity factor is physically interpreted in terms of
the change of the activation entropy induced by the

presence of the crystalline phase, as it will be seen in the
time being.

The concept of the activation entropy is related to the addi-
tional difficulties for the diffusion particle in the activated
state to go from one site to another. That is, the required
entropy change represents the hindrances in the diffusion
path when the crystalline phase is present.

That can be explained in another way.

Consider that the activation entropy can be expressed in
terms of the number of conformations in which one trajec-
tory of the heterogeneous phase can bifurcate (Xþþ) when
the crystalline phase is present. DSD ¼ kT ln Xþþ. Therefore
s ¼ Xþþ.

Now the diffusion coefficient depends on the conformation
number, and can be written as

Dðaam;TÞ ¼ v

Xþþ exp �D�Hþþ

RT

� �
(18)

Since there is not contribution of the activation entropy for a
homogeneous phase, we have for the purely amorphous
phase Xþþ ¼ 1, and s ¼ 1; DSD ¼ 0, that corresponds to the
100% amorphous matrix. Taking this value as reference, the
diffusion process requires increase in the activation entropy
when the crystalline fraction increases.

Therefore, in this interpretation the tortuosity factor is
related to the number of new conformations raised by the
hindrances present in the path diffusion. Along these terms
the activation entropy is related to the heterogeneous degree
in the composed phase.21

To quantify the conformation number or the activation en-
tropy, one can see the change in the intersection of the ordi-
nates axis in an Arrhenious plot.

The Problem of the Tortuosity Factor Formulation
Peterlin (ref. 17) Michaels and Bixler (ref. 19) determined
the tortuosity factor for a series of PEs, and they have given
the following expression to describe the experimental data.

ln s ¼ �n lnð1� acrysÞ; (19)

They report two values for the parameter n depending on
the polymerization preparation. For Ziegler catalysts and

TABLE 5 Comparison of Expressions ln(b) 1 ln(s) and (Aacrys)

for Oxygen. Here n 5 1.88 and n 5 1.25

acrys ln(b) þ ln(s) Aacrys Aacrys (Michaels)

n ¼ 1.88

0.77 4.462990824 1.344497 2.971199

0.43 2.356783566 0.750823 1.659241

0.29 1.643881781 0.506369 1.119023

n ¼ 1.25

0.77 3.537094963 1.344497 2.971199

0.43 2.002648648 0.750823 1.659241

0.29 1.428112886 0.506369 1.119023

TABLE 6 Comparison of Expressions ln(b) 1 ln(s) and (Aacrys)

for Propane. Here n 5 1.88 and n 5 1.25

acrys ln(b) þ ln(s) Aacrys Aacrys (Michaels)

n ¼ 1.88

0.77 9.262990824 5.874176 4.969349

0.43 3.056783566 3.280384 2.775091

0.29 1.813881781 2.212352 1.871573

n ¼ 1.25

0.77 8.337094963 5.874176 4.969349

0.43 2.702648648 3.280384 2.775091

0.29 1.598112886 2.212352 1.871573

TABLE 7 Comparison of Expressions ln(b) 1 ln(s) and (Aacrys)

for Carbon dioxide. Here n 5 1.88 and n 5 1.25

acrys ln(b) þ ln(s) Aacrys Aacrys (Michaels)

n ¼ 1.88

0.77 4.462990824 2.918685 3.065447

0.43 2.106783566 1.629915 1.711873

n ¼ 1.25

0.77 3.537094963 2.918685 3.065447

0.43 1.752648648 1.629915 1.711873
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branched and linear high pressure polyethylene n ¼ 1.88.
For Philips catalysts and hydrogenated polybutadienes n ¼
1.25. The increase of n is related to the spherical morphol-
ogy of the crystals and the type of the polymeric network.22

The dependence of n takes into account the changes of the
interphace crystal- polymer randomly distributes and the na-
ture of the polymeric matrix.

Taken the logarithm of the tortuosity factor from eqs 17 and
19, it is possible to identify the activation entropy change

D�Sþþ ¼ �n � R � lnð1� acrysÞ (20)

In Figure 3 it can been seen that the activation entropy
increases when the crystalline fraction does. The slop of this
curve depends on the value of n.

On the other hand, for nonspherulitic crystals another vari-
able has to be introduced to describe in a complete form the
tortuosity factor, X ¼ w=l. Where w is the width and l is the
thickness of the crystals. According to H. Fricke23 slight
modifications of X results in an appreciable variation in the
tortuosity factor.

Another effect to be included in the activation entropy is the
crystal orientation of nonspherulitic crystals, present when
the heterogenous nucleation is developed. Related to this
effect, the anysotropic diffusion has been reported.24–26 Up
to day, an unified formulation of tortuosity factor, taking into
account the crystal morphology, heterogenous nucleation,
interphase crystal–polymer effect, as well the crystallization
degree is an incomplite task.

Interpretation of the Immobilization Factor
The identification of the immobilization b, in eq 16, envolves
the activation enthalpy given by D�Hþþ ¼ ED þ RT, where ED
is the activation energy, that is, it is the energy required to
open a cylindrical cavity of diameter equal to that of the
permanent molecule d, and with a length k, in a medium of
cohesive density energy ECED. Accordingly

27

ED ¼ p
4
d2kNAECED (21)

where NA is the Avogadro’s number. The change of the en-
thalpy activation can be modeled using the change of the co-
hesive energy density

DECED ¼ ECED � ðECEDÞam (22)

then,

DHD ¼ � p
4
kd2NADECED ¼ cd2 (23)

where d2 is the reduced molecular diameter squared in ang-
strom,2 and k is the characteristic jump distance. The param-
eter c is the second parameter of Michaels and Bixler, and is
equal to

c ¼ � p
4
kNADECED: (24)

FIGURE 3 D�Sþþ versus acrys for three values of n. The curves

are independent of the gas.
FIGURE 4 c versus acrys for several gases. Parameter n ¼ 1.25.

FIGURE 5 c versus acrys for several gases. Parameter n ¼ 1.88.
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Therefore, the immobilization chain factor is given in terms
of this parameter

b ¼ exp
cd2

RT

� �
(25)

The physical interpretation of the factor b is established by
means of eq 25. That is, an increment in crystallinity
increases the cohesive energy density, and so does immobili-
zation of the polymeric chains.

Now, using eqs 12, 18, and 25, we are able to obtain one
expression for the parameter c.

c ¼ RT

d2
½Aacrys þ n ln aam� (26)

In Figures 4 and 5, it is shown the obtained values for the
parameter c in terms of the crystalline fraction.

Along these terms, we conclude that the immobilization fac-
tor increases due to the increase on the cohesive energy,
related in turn to the increasing of the Langmuir center or
crystalline portion.

In Figure 6, it is shown the dependence of lnb ¼ c
RT d

2 on the
reduced molecular diameter squared.28 This plot shows the
particular nature of the parameter c, as it is proposed here.

Finally, it should be stressed that the parameters n and c
depends on the thermal history and the polymerization mode29

on the sample, which introduce a new variable, and it does
make any approach incomplete. However, it is possible to pre-
dict the gas diffusivity and permeability on the basis of the level
of crystallinity, if the analysis is based using polyethylene sam-
ples produced by similar conditions of thermal history and
polymerization. This is the case presented in our approach.

Free Volume Model Interpretation of the Chain
Immobilization Factor
For a semicrystalline polymer through which diffusion occurs
in the amorphous component, it is possible to identify the

enthalpy contribution to the gas diffusion in terms of the
free volume. Accordingly to the Gedde and coworkers,30 it
has for the enthalpy contribution in eq 16 the following
relationship

DH
RT

¼ Bd/Aðf1 � f2Þ
f2ðf2 þ /Aðf1 � f2ÞÞ (27)

where the fractional free volume of the gas penetrate is (f1),
the fractional free volume of the amorphous fraction of the
pure polymer is (f2). Naturally, the polymer free volume (f2)
diminishes as a consequence of the increasing of the crystal-
line fraction. /A is the volume fraction of the gas and /P is
the volume fraction of the polymer. /A þ /P ¼ 1. Bd is a con-
stant depending on the geometry of the molecular gas.

In obtaining eq 27, it was supposing that the gas penetrating
brings free volume to the amorphous fraction. In this com-
plementary view of the interpretation of the activation en-
thalpy and ultimately of the immobilization chain factor, it
depends on the difference in the free volume of gas and
polymer matrix, and on the concentration of the gas in the
membrane, as it was pointed out by Peterlin (ref. 11).

Permeability Analysis
To analyze the permeability, we consider the expressions
given for diffusion in eq 9, and the following expression for
the solubility.

S ¼ aamSam (28)

The permeability have been considering given according to

P ¼ D � S (29)

therefore

P ¼ aamP
�e�Aa crys (30)

where

P� ¼ D� � Sam (31)

In Figure 7, it is shown the dependence of the permeability
on the crystalline fraction for several gases using eq 30 and
comparing to the experimental values. The agreement
between these values is enough to conclude that the validity
of eq 29 prevails for semicrystalline polymers, where the dif-
fusion coefficient and sorption dependence have their main
dependence on the crystalline fraction.

CONCLUSIONS

The dual-semicrystalline model describes the sorption, diffu-
sion coefficient and permeability constant behavior of LLPD
depending on temperature and crystalline fraction. It is
based in the following assumptions:

1. There are two phases in the material, the polymeric ma-
trix and the dispersed one. The former is an amorphous
phase and the last one is given by small crystal regions.

FIGURE 6 lnb ¼ c
RT d

2 versus reduced molecular diameter

squared d2 (angstrom2).
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The original polymeric matrix is modified by the inter-
phase polymer–crystal, which become important when
the crystal fraction increases.

2. The amorphous phase is where the gas sorption and dif-
fusion takes place.

3. The decreasing of the diffusion coefficient is explained in
terms of the effect of the crystalline phase on the poly-
meric phase. In fact, the modification of the amorphous
phase is explained by the two following factors: (1) the
tortuosity and (2) the chain immobilization, as it was pro-
posed by Michaels and Parker (refs. 2 and 3), and
Michaels and Bixler (ref. 12). Both factors increase when
the crystalline fraction increases.

4. In terms of the results of this work, both parameters have
a thermodynamic interpretation, as it was shown in the
text. The tortuosity factor is related to the increases of
the activation entropy D�Sþþ, which could be modeled by
D�Sþþ ¼ �nR ln aam, where n is a parameter depending on
the material.

Regarding to the chain immobilization factor, it is related to
the change of cohesive energy density, produced by the
crosslinking effect of the crystallites on the amorphous
phase. The consequence of this is that the dependence of dif-
fusion coefficient on the reduced molecular diameter
squared is introduced through the change of the activation
energy, according to eq 23.

The resulting expression for the diffusion coefficient is given by

Dðaam;TÞ ¼ D0 exp �ðEDÞapp
RT

� �
(32)

where

D0 ¼ m exp
DSD
R

� �
(33)

And the apparent activation energy (ED)app is given by the
sum of two contributions, one corresponding to the amor-
phous part and one corresponding to the change induced by
the crystalline phase.

ðEDÞapp ¼ ðEDÞam þ cd2 (34)

So far, in the resulting model there are two fitting parame-
ters, one is (ED)am and the other is the constant n. The pa-
rameter c can be obtained from eq 26.
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