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ABSTRACT: The effect of the addition of a liquid crystal polymer (Rodrun®) on the
sorption and transport properties of water through films of a polyetherimide (PEI,
Ultem 1000) was investigated. A Cahn electrobalance was employed for measuring the
water uptake by the polymer samples. Sorption measurements were made with films of
PEI, Rodrun, and heterogeneous PEI/Rodrun blends at different water activities at
30°C. In all cases, diffusion and sorption coefficients decreased when the amount of
Rodrun increased. Values of the water-sorption isotherms were adjusted to different
models. Permeabilities for the different samples were indirectly obtained using exper-
imental values of the solubility and diffusion coefficients described above. Furthermore,
permeabilities of the binary composite material were calculated on the basis of those of
the pure components and some theoretical assumptions concerning blend morphology.
Results were consistent with a Rodrun structure in the composite intermediate between
a fibrillar and a laminar morphology. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73:
323–332, 1999
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INTRODUCTION

In a recent article,1 we reported the transport
properties of carbon dioxide through composite
membranes based on polyetherimide (PEI, Ul-
tem) and a liquid crystal polymer (LCP, Rodrun® ).
The addition of small amounts of the LCP was
enough to induce relevant changes in the differ-
ent steps involved in the global permeability pro-
cess. According to the so-called solution–diffusion
mechanism, gas permeation is a complex process
controlled by both diffusion (a kinetic process)

and solution (an equilibrium process) of the pen-
etrant gas molecules in the membrane matrix. At
the steady state and when the diffusion coefficient
is independent of the penetrant concentration,
the permeability coefficient of amorphous poly-
mers can be written as the product of the effective
diffusion, D, and the solubility, S, coefficients:

P 5 DS (1)

The article cited above illustrates that both pro-
cesses and, consequently, the global permeability
are sensitive to changes in the membrane struc-
ture. In blends of a glassy polymer with a liquid
crystal polymer (LCP), these changes can be par-
ticularly important given the excellent barrier
properties usually exhibited by these materials2

as a consequence of the particular microstructure
that they adopt in the solid state. These charac-
teristics seem to be well established in spite of one
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of the more relevant features of these composites:
the immiscibility between the blend components.
Transport properties of other liquid-crystalline
copolyesters and polyamides were recently re-
ported.3,4

Because of their excellent chemical, mechani-
cal, and thermal properties, durability, and trans-
port properties, polyimides have received much
attention in the area of different separation pro-
cesses.5 Recently, water-vapor separation mem-
branes have attracted great interest because of
their application to the dehumidification of gases,
air, and organic vapors.6,7 Polyimides are also
applicable as membranes for water-vapor separa-
tion and have applications in electronics, compos-
ite materials, and adhesives, in which water sorp-
tion can alter the performances. Consequently,
studies of sorption and permeation in this mate-
rial family have received recent attention in the
literature, including the widely used commercial
PEI (Ultem) film.8–11

In a comparative study of water-transport
properties of different polyimides, Okamoto et
al.11 verified the low water permeability of the
Ultem polyimide, in spite of its high diffusion
coefficient. The low water sorption was the origin
of this behavior.

As previously mentioned, the addition of small
amounts of the LCP Rodrun to the Ultem polyim-
ide modified its carbon dioxide transport proper-
ties. It would be interesting to study the influence
of the Rodrun concentration on the Ultem water-
transport properties. This was the aim of the
present work for which the same composite mem-
branes previously described1 will be used. Their
mechanical properties were previously studied by
other members of our department.12

Water vapor is a special penetrant in studying
polymer-transport properties. Water sorption de-
viates in some cases from the Henry’s law with
positive deviations attributed to swelling and
clustering processes.13 In the first case, this im-
plies an increase in the available free volume
which is reflected in an increase of the diffusion
coefficient with the water-vapor activity. Cluster-
ing is a consequence of the water molecules asso-
ciation which restricts the water molecule motion
and, consequently, decreases the diffusion coeffi-
cient at high water activities. However, this type
of behavior is particularly evident in high- and
medium-hydrophilic polymers and less important
in hydrophobic materials.

The experimental data of the water-vapor
transport properties in our mixtures were ana-

lyzed in light of different approaches. The main
goal was to reproduce experimental data using
the values of these properties in pure components
and some assumptions concerning the influence of
the heterogeneous structure of the films on their
capacities to alter the transport of the penetrants
through them.

EXPERIMENTAL

Materials

The PEI commercially sold under the trade name
of ULTEM-1000 was supplied by General Elec-
tric. It is a thermoplastic with a glass transition
temperature of 490 K and a nominal molecular
weight of 20,000. The liquid LCP RODRUN LC-
5000 is a random copolyester of ethylene tereph-
thalate and p-hydroxybenzoic acid in an 18/82
molar composition, as determined14 by 1H-NMR.
It was provided by UNITIKA (Tokyo, Japan).

PEI and PEI/Rodrun films were extruded in a
Brabender extruder. The materials were mixed at
330°C in a static mixer composed of five Kenics
elements. The die temperature was 370°C. Draw-
ing of the extruder ribbon was carried out in the
melt state using an Axon three-roll drawing unit.
The average thickness of the membrane samples
used for the sorption measurements varied from
40 to 100 mm, measured with a Duo-Check ST-10
apparatus with a thickness variation of 61 mm.
Given that, in the case of Rodrun, it was impos-
sible to prepare films by extrusion, Rodrun films
for sorption measurements were obtained by com-
pression molding in a Schwabenthan press, Polys-
tat 200T Model, with a maximum temperature of
300°C. A description of the films used in this
study is given in Table I, where the sample com-
position is given in a weight fraction (as they will
be denoted throughout this article). The phase
behavior of the mixtures, characterized by differ-
ential scanning calorimetry (DSC) and electronic
microscopy (EM) examination of the fracture sur-
faces of the samples, were previously reported.1

Apparatus and Procedure

Water-sorption–desorption measurements in
PEI, Rodrun, and PEI/Rodrun mixtures were de-
termined using integral gravimetric sorption ex-
periments performed on a Cahn D-200 electrobal-
ance enclosed in a constant temperature cham-
ber. A detailed description of the required setup
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for such a type of experiment was reported by
Hernandez and Gavara.15 It can be defined as a
“dynamic method” in which a stream of nitrogen
gas, flowing continuously through the balance
and adjusted to specific values of water activity,
provides the source of water vapor in equilibrium
with the polymer films. The film sample was con-
ditioned at 100°C in a vacuum oven for 48 h,
maintained in the same oven at 60°C for 1 week,
and finally suspended in the glass chamber of the
electrobalance.

The weight gain of the polymer sample at each
value of water activity was obtained from the
difference between the weight at the initial and
final steady states. However, this experimental
setup does not provide the desired humidity (or
water activity) instantaneously. As we will dis-
cuss later, this implies some difficulties in the
correct determination of diffusion coefficients. Be-
cause of that and because of some water-conden-
sation problems we found in our experiments,
they were scheduled in a special manner that we
describe below.

After having the right vacuum in the balance,
the flow meters of the system were adequately
adjusted in order to provoke a first relative hu-
midity (RH) jump between 0% and the desired
final value. Once the system reached equilibrium,
the water activity of the gas surrounding the film
sample was increased to a new value without
removing the sample from the electrobalance and
a new sorption process was carried out. The
change in water activity for this second experi-
ment was smaller than 0.1. In all cases, the hu-
midity values were measured by using Type H-3
humidity hygrosensors from Newport Scientific,
Inc. After these two different processes, the sam-
ple was removed from the chamber, which was
then purged with a stream of dry nitrogen and a
new process began with a new two-jump process.
This procedure was repeated to cover the whole
range of water activity for each temperature.

Blank runs were performed in order to prop-
erly account for and correct buoyancy effects as
well as the possible adsorption on both metal and
glass surfaces of the electrobalance. This was par-
ticularly important in the Rodrun case. In the RH
interval considered here (0–70%), the adsorbed
water on the electrobalance elements increased
linearly with the RH percentage up to 0.012 mg at
an RH of 65%. This adsorption supposed approx-
imately a 25% of the total amount of water sorbed
during the Rodrun experiments. In the rest of the
investigated samples (PEI and composites), the
influence of these adsorption effects were much
less, being practically negligible.

Computations

Using sorption–desorption experiments and if the
concentrations just within the surfaces of a plane
sheet are maintained constant, the amount of the
diffusant, Mt, taken up by the sheet in a time, t, is
given by the equation16

Mt

M`
5 1 2

8
p2 O

n50

` 1
~2n 1 1!2 expS2

Dw~2n 1 1!2p2t
l2 D

~2!

where Mt is the absorbed mass at time t; M`, the
total absorbed mass at equilibrium; l, the film
thickness; and Dw, the diffusion coefficient (cm2/
s). For long times, eq. (2) may be approximated by

Mt

M`
5 1 2

8
p2 expS2

Dwp2t
l2 D (3)

and Dw can be calculated from an adequate plot of
the sorption data.

The equilibrium amount of water finally ab-
sorbed in the polymer will be expressed in the

Table I Film Description

Sample
Thickness

(m)
Weight

(mg)
Density
(g cm23)

Preparation
Method

PEI 49 88.631 1.270 Extrusion
PEI/Rodrun 95/5 49 85.191 1.276 Extrusion
PEI/Rodrun 90/10 45 85.219 1.283 Extrusion
PEI/Rodrun 85/15 40 70.083 1.289 Extrusion
Rodrun 103 92.414 1.410 Compression
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following in two different forms: The so-called
solubility coefficient of water in the polymer, Sw,
was calculated from the M` values at each tem-
perature and the dry weight of the sample film,
mp, as indicated by equation

Sw 5
M`

mppv
0a

(4)

where pv
0 is the saturation vapor pressure and a is

the water activity. It is a solubility coefficient
reduced to the penetrant activity in each experi-
ment. On the other hand, the equilibrium volume
fraction of water in the polymer, fw, is calculated
from the equation

fw 5
M`rp

M`rp 1 mprw
(5)

where rw and rp are the densities of pure water
and the polymer. Finally, the permeability coeffi-
cient, P, can be calculated from the solubility co-
efficient, S, and the diffusion coefficient, D, ob-
tained for each film, using eq. (1).

RESULTS AND DISCUSSION

Diffusion Coefficients

As previously mentioned in the Experimental
part, the sorption experiments were carried out in
a series of two experiments. In the first one, hu-
midity was changed from 0% to the desired value.
After that, a smaller jump in RH was allowed.

When the diffusion coefficient was calculated for
each experiment, it was seen that Dw was almost
constant in each blend composition, indepen-
dently of the final activity in the balance and of
the magnitude of the RH jump. As an example,
Table II illustrates the results obtained with the
films of the composite membrane containing 90%
PEI and 10% Rodrun (weight percentage). Simi-
lar behavior was observed both with the other two
blends and with the pure components.

Therefore, we decided to calculate an average
diffusion coefficient for each sample. The values
are shown in Table III. As can be seen, when the
percentage of Rodrun in the sample increases, the
diffusion coefficient decreases. However, the
value for pure Rodrun is similar to that of the
pure PEI. A possible explanation for this last
result could be the fibrous nature of pure Rodrun
which did not allow the preparation of films by
extrusion in similar conditions to those used in
the rest of the films. The preparation of Rodrun
films by compression, leading to a microstructure
substantially different from those encountered in
the PEI/Rodrun blends, and perhaps its different
thickness, could be the origin of the relatively
high diffusion coefficient of the pure Rodrun.

In spite of their potential use as membranes for
water-vapor separation, few articles have been
published8–11,17 concerning water transport in
polyimides. Okamoto et al.11 studied the sorption
and diffusion of water vapor in different polyim-
ide films, including Ultem polyimide. They stud-
ied a 50-mm film at 50°C. Using activation ener-
gies given in the same article for other members
of the polyimide family, the calculated PEI value
of Dw at 30°C is five to six times higher than that
reported in this article. Such a difference could
arise from the different experimental setup. In
our dynamic method in which the % RH is not
instantaneously attained, the calculation of Dw at
a constant RH could be erroneous, although the
nearly constant value obtained at different RH

Table II Water-Diffusion Coefficients at 30°C
for the PEI/Rodrun 90/10 Film

% HR
Jump

Dw (cm2/s)
3 1010

% HR
2nd Jump

Dw (cm2/s)
3 1010

0–4.1 14.57
0–6.3 18.25 6.3–9.5 15.06
0–12.3 15.93 12.3–17.6 18.57
0–15.0 14.19
0–20.0 17.62 20.0–25.4 15.64
0–24.0 19.42 24.0–29.8 16.73
0–31.3 18.69
0–39.6 21.52 39.6–42.3 16.01
0–45.5 16.58
0–50.5 17.06 50.5–53.5 16.31
0–64.5 14.35

Table III Average Water-Diffusion Coefficients
at 30°C

Sample Dw (cm2/s) 3 1010

PEI 20.5 6 1.8
PEI/Rodrun 95/5 18.6 6 2.1
PEI/Rodrun 90/10 16.9 6 1.9
PEI/Rodrun 85/15 12.3 6 2.2
Rodrun 22.6 6 2.6
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jumps seems to validate our procedure. However,
both series of data agree in a nearly independent
value of the diffusion coefficient on the water ac-
tivity.

Water Solubility

The values of the solubility coefficient of water in
PEI and Rodrun, Sw, were calculated as indicated
in eq. (4) and are presented in Figure 1. These
data show the usual behavior in this kind of ex-
periment, that is, the solubility coefficient de-
creases as water activity increases. This decrease
is observed until 25% RH; above this value, Sw
becomes almost constant. The sharp fall at low
activities followed by an almost constant value
can be considered as supporting evidence of the
hypothesis of a bimodal sorption mechanism. This
behavior has been observed in other polymer/pen-
etrant systems, as is the case of Nylon 6 mem-
branes and water vapor.15

Using average Sw data after the “steady-state”
plateau, a decrease of the solubility coefficient
with an increase of the Rodrun quantity in the
samples was observed. The average values calcu-
lated at the steady state are shown in Table IV.

The value for PEI is reasonably consistent with
that of Okamoto et al.11 if we take into account
the differences in temperature and the sorption
enthalpies for other polyimides of the family re-
ported in the same article. In this case, the differ-
ences in the experimental setups should not be so
decisive as in the case of the diffusion coefficient.

In the literature, there are different theoretical
expressions that could explain the solubility ex-
perimental data. For polymers below their glass

transition temperatures, the dual-mode approxi-
mation is useful. Two contributions to the sorp-
tion can be distinguished: One of them is attrib-
uted to the Henry’s mechanism and the other one
is similar to a Langmuir-type process18 which
corresponds to the molecules which are trapped in
the free-volume holes of the glassy polymer. Both
populations are in dynamic equilibrium. The du-
al-sorption mechanism explains the curvature
usually found at low activities, reflecting that the
gas is adsorbed in an amount slightly higher than
expected in the Henry’s mechanism. The experi-
mental sorption data can be fitted, according to
the dual-mode sorption, as

C 5 CH 1 CL 5 kDp 1
C9H bp
1 1 bp (6)

where the total solute concentration in the poly-
mer, C, is the sum of two contributions, CH and
CL, due to the Henry and Langmuir mechanisms,
respectively. kD is the Henry’s law constant; b, the
Langmuir affinity constant; C9H, the Langmuir
capacity constant; and p, the equilibrium pres-
sure. When the penetrant is water vapor, it is
usual to express concentration as a volume frac-
tion, fw. Equation (6) can be then rewritten as

fw 5 KDa 1
Ka

1 1 Ba (7)

where a is the penetrant activity, KD 5 kD ps, K
5 C9Hfbps, and B 5 bps, with ps the penetrant
saturated vapor pressure and f a conversion fac-
tor.19 The model that we summarized above has
been particularly useful in describing the sorption
data of permanent gases in glassy polymers. How-
ever, eq. (7) did not reproduce, with a similar
accuracy, the sorption data of organic or water
vapors on polymer films,20,21 showing positive de-
viations to the Henry’s mechanism, especially at

Table IV Water-Sorption Coefficients at 30°C at
the Steady State

Sample Sw (gwater/gpol atm)

PEI 32.03 3 1022

PEI/Rodrun 95/5 30.68 3 1022

PEI/Rodrun 90/10 29.64 3 1022

PEI/Rodrun 85/15 28.67 3 1022

Rodrun 3.145 3 1022

Figure 1 Water-sorption coefficient Sw at 30°C as a
function of the RH: (F) PEI; (E) Rodrun.
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high activities. As pointed out in the Introduction,
this kind of behavior has been related to the
swelling of the polymer by the solute. This swell-
ing generates new free-volume sites where addi-
tional solute molecules can be sorbed. In other
cases, solute molecules seem to cluster in aggre-
gates.22 This clustering effect can immobilize sol-
ute molecules, with an experimental decrease in
the diffusion coefficient.

These deviations from the classical dual model
have been explained with the introduction of new
formulations. A concentration dependence of the
Henry’s coefficient has been proposed in some
cases,23–25 whereas Berens26 introduced the Flory–
Huggins theory, as a generalized version of the
Henry’s term, in order to fit sorption data in the
vinyl choride/PVC system. Similar, satisfactory,
results using a Flory–Huggins contribution were
reported by Hernandez et al.19 in fitting the ex-
perimental data of water sorption to an amor-
phous polyamide.

At a high molecular weight of the polymer, the
Flory–Huggins expression predicts a relationship
between activity and equilibrium concentration:

ln a 5 ln fw 1 fp 1 xfp
2 (8)

where fw is the water volume fraction, fp, the
polymer volume fraction; and x, the well-known
Flory–Huggins interaction parameter. Equation
(8) does not give, in most cases, a quantitative
description of the polymeric solutions, although
reasonable qualitative trends can be inferred
from it. As previously mentioned, the Flory–Hug-
gins equation is a generalization of the Henry’s
law for low penetrant activities. Therefore, it is
possible to express the equilibrium concentration
as a penetrant volume fraction separated into two
contributions:

fw 5 fw
FH 1 fw

L (9)

where fw
FH is the Flory–Huggins contribution to

the total amount of the sorbed penetrant and fw
L

is the corresponding Langmuir contribution. This
Langmuir contribution has the same mathemati-
cal form as that in eq. (7), whereas the Flory–
Huggins one is not linear and should be resolved
by iterative or numerical methods, for instance,
Newton–Raphson. In doing so, eq. (7) can be re-
written as

fw 5 f~a,x! 1
Ka

1 1 Ba (10)

where f(a,x) is the penetrant volume fraction ob-
tained from the Flory–Huggins equation for each
activity and interaction parameter value. When
the Flory–Huggins and Langmuir contributions
are used together to explain sorption data, we will
denote the model as the modified dual model
(MDM).

Sorption data, similar to those exhibited in Fig-
ure 1 but in the form of the volume fraction fw
(i.e., without reducing to the water-vapor activity)
were used in order to check different fitting ex-
pressions. In all cases, the efficiency of the fitting
method was quantified as the average error:

Error 5
1
n O

i51

n
abs@fw~experimental!

2 fw~theoretical!#
fw~experimental! (11)

As shown in Figure 2, our data have small con-
tributions of the Langmuir term. This is reflected
in the nearly linear appearance of the figure. On
the other hand, similar fits were obtained using
both the dual mode or the modified dual mode.
For the other membranes, we obtained similar
behavior. Tables V and VI give the results corre-
sponding to the fitting parameters appearing in
eqs. (7) and (10), respectively. Subtle differences
favoring the modified dual model are revealed by
these tables, but the low water solubility in the
different investigated films does not allow any
deeper comparison.

Other fitting attempts can be undertaken if we
consider the heterogeneous character of our sam-
ples. In the preceding fittings, the blend films

Figure 2 Water-sorption isotherm for the PEI film:
(squ;) experimental points; (●) dual-mode theoretical
data; (—) modified dual-mode theoretical data.
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were considered as isotropic and the fitting pa-
rameters characterized the whole solubility pro-
cess in the blend. However, EM evidenced1 the
heterogeneous character of our samples. In trying
to fit data to heterogeneous samples, the first and
easier idea is to assume an additive character,
using the data of the pure components and the
blend composition. Furthermore, we must con-
sider that both polymers are totally separated;
thus, each component constitutes its own phase
where the other component is not present.

If this assumption is correct, the water-volume
fraction in the blend film could be calculated as

fw 5 fA VA 1 fB VB (12)

where fw is the total volume fraction of water in
the film, fi the volume fractions of the i compo-
nent in the polymer blend, and Vi, the water vol-
ume fraction absorbed at a given activity in the i
pure polymer. For instance, when it is assumed
that the dual model is obeyed in both separated
phases, the latter equation takes the following
form:

fw 5 fASKDAa 1
KAa

1 1 BAaD
1 fBSKDBa 1

KBa
1 1 BBaD (13)

A similar expression can be written for the mod-
ified dual model. As expected, solubilities calcu-
lated according to eq. (12) reproduced the exper-
imental results reasonably well and with similar
average errors to those previously described. The
observed variations when pure parameters were
taken from dual-model or modified dual-model
fittings were also unimportant, at least in a first
approximation. However, in studying the varia-
tion of the average errors with the blend compo-
sition, it appears that they deviate from additivity
when the Rodrun concentration in the blend in-
creased (see Table VII).

To explain this slight tendency to nonadditiv-
ity, we used a recent proposal of Morisato et al.27

According to the authors, even in phase-sepa-
rated samples, a free-volume excess can appear as
a consequence of the presence of the second com-
ponent. They applied this idea to a mixture of
poly(1-trimethylsylyl-1-propine) (PTMSP) and
poly(1-phenyl-1-propine) (PPP), exposed to vapors
of n-propane and n-butane. Although this is a
mixture in which the free volume should play a
more important role than in the mixture that we
are studying in this article, we would like to test
the implications of such a type of analysis for our
membranes.

In the above-mentioned article, although PTMSP
and PPP are stated to be clearly immiscible, ex-
perimental gas solubilities and those calculated
using additivity were different.27 Based on the
large excess of the free volume exhibited by PTMSP,
the authors hypothesized that these differences
could arise from a deviation of the real free vol-
ume with respect to the additive one. This devia-
tion should affect mainly the Langmuir parame-
ters K and B. In other words, the free volume in
the phase-separated mixtures is influenced by the
presence of the second component and this influ-
ence is interpreted as a consequence of the pres-
ence of an interphase which contributes to the
total free volume of the mixture.

Table V Dual-Model Parameters [eq. (7)] for
the PEI/Rodrun at 30°C

Sample KD B K Error

PEI 0.0160 163.4 0.074 0.0277
PEI/Rodrun 95/5 0.0150 347.4 0.200 0.0273
PEI/Rodrun 90/10 0.0143 181.0 0.112 0.0198
PEI/Rodrun 85/15 0.0138 358.0 0.199 0.0217
Rodrun 0.0017 380.0 0.0131 0.0281

Table VI Modified Dual-Model Parameters
[eq. (10)] for the PEI/Rodrun at 30°C

Sample x B K Error

PEI 3.24 33.8 0.028 0.0261
PEI/Rodrun 95/5 3.27 149.2 0.100 0.0232
PEI/Rodrun 90/10 3.30 224.6 0.146 0.0188
PEI/Rodrun 85/15 3.33 645.0 0.380 0.0179
Rodrun 5.37 1063.0 0.050 0.0269

Table VII Average Errors Between
Experimental Water Solubilities and Those
Calculated Using Dual and Modified Dual
Model Assuming Additivity [eq. (12)]

Model
PEI/Rodrun

95/5
PEI/Rodrun

90/10
PEI/Rodrun

85/15

Dual 0.0338 0.0353 0.0396
Modified 0.0291 0.0294 0.0297
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With this idea in mind, the total solubility can
be calculated by assuming an additive behavior of
the Henry’s law term whereas the Langmuir con-
tribution is not supposed to be additive and can be
represented by characteristic parameters of the
blend under consideration. A similar treatment
could also be proposed for the modified dual mode,
but since the fittings of both models are quite
similar and given the mathematical simplicity of
the dual model, in this work, we focused only on
this latter one. In mathematical terms, the Henry’s
constant of the mixture can be written as

KDM 5 fAKDA 1 fBKDB (14)

but the Langmuir term will contain parameters
KM and BM, which can be seen as characteristic of
each mixture. Consequently,

fw 5 KDMa 1
KMa

1 1 BMa (15)

Table VIII summarizes the values of KM and BM
for the investigated films calculated according to
eq. (15), as well as the average deviations from eq.
(11). There are not significant differences in the
values of KM and BM corresponding to the differ-
ent films, although they are very different from
those calculated for the pure components using
the dual mode (see Table V). However, this is not
very important, because, even with these differ-
ences, the Langmuir contribution is small and of
the same order.

The average deviations shown in Table VIII
are smaller than those summarized in Table VII,
where additivity is assumed. Furthermore, the
improvement has been obtained only by modify-
ing the parameters related to the Langmuir frac-
tion, which is the term having a minor contribu-
tion to the total sorbed water. Besides, the error
values in the last table actually are very close to

those summarized in Table V, in spite of the three
adjustable parameters used there instead of the
two used in Table VIII. Both comparisons seem to
support the idea of a nonadditive character of the
Langmuir contribution and the necessity of fitting
the most adequate parameters for each blend.
Figure 3 illustrates that the Langmuir contribu-
tion, calculated according to eq. (15), is higher
than the additive one. It should be remembered
that, implicit in eq. (15), is the idea of an excess
free volume as a consequence of the interphase in
the biphasic mixture.

This is just the opposite behavior to that found
by Morisato et al.27 in PTMSP/PPP blends. But
PTMSP is a high free-volume polymer, for which
it seems reasonable to think that any blend with
a second component could reduce the free volume
available. The situation for both PEI and Rodrun
is completely different with a substantially lower
free volume which could be increased by the effect
of an interphase, which, on the other hand, should
be different for every film.

Permeability and Morphology: Two-phase Model

Table IX shows the water permeabilities (in Bar-
rer) of the different investigated films. These per-
meabilities were calculated from the experimen-
tal data of DW and SW (in adequate units) using
eq. (1). It is clear that the presence of small con-
tents of Rodrun induces a marked decrease in the
water permeability, as expected.

In the following, we resume our attempt to
explain this behavior, taking into account the

Figure 3 The Langmuir contribution to the water
sorption for both the PEI/Rodrun 95/5 and 85/15 where
additive values are compared with those calculated
using eq. (15).

Table VIII Langmuir Contribution Parameters
to the Water Solubility in Three Different PEI/
Rodrun Films Assuming No Additivity
of the Dual Mode [eq. (15)]

PEI/Rodrun
95/5

PEI/Rodrun
90/10

PEI/Rodrun
85/15

KM 0.5171 0.5074 0.5619
BM 1043.3 967.3 1063.3
Error 0.0302 0.0208 0.0218

330 ALFAGEME ET AL.



blend morphology, previously evidenced by EM.1

In a similar manner to that used in the previous
article,1 and using the so-called two-phase model,
the permeability coefficient of the mixture can be
calculated on the basis of the permeabilities of the
pure components and the morphology of the mem-
brane.28,29

In this approach, membranes are considered to
be composed of distinct microscopic domains of
noninteracting components A and B, character-
ized by the permeability coefficients PA and PB,
similar to those of the corresponding bulk phases.
The composite is conceived as a microparticulate
dispersion of the minority component (A) in a
continuous matrix of the other (B). The dispersed
phase can be defined in terms of particle shape,
size, orientation, and mode of packing.28,30,31 Af-
ter defining the relation between the permeabili-
ties of the same penetrant in both components, a,
as

a 5
PA

PB
(16)

it is possible to obtain simple expressions for dis-
persions of spheres or long cylindrical rods. The
different equations can be included in a general
equation28,29 which relates the composite perme-
ability with the pure components permeabilities
(PA and PB, which are supposed to be independent
of the concentration of the permeant), the relation
between the permeabilities, a, the composition (in
terms of the volume fractions of the components,
fA and fB 5 1 2 fA), and the morphology of the
composite medium:

P 5 PBF1 1 ~1 1 A!fASa 1 A
a 2 1 2 fAD21G (17)

Different morphologies are considered through
the A parameter. When A 3 ` or A 5 0, eq. (17)

leads, respectively, to the arithmetic or the har-
monic mean permeability of laminate of A and B
oriented so that the laminations are parallel or
normal to the direction of flow. A 5 2 yields the
Maxwell equation for a dilute dispersion of
spheres, in which interparticle distances are suf-
ficiently large to ensure that the flow around any
sphere is practically undisturbed by the presence
of the others. Finally, when A 5 1, eq. (17) de-
scribes the case of long transverse cylinders ori-
ented at right angles to the direction of the flow,
with the morphology related to the fibers.

Using eq. (17) with different values of the A
parameter of the simplified models (A 5 0, A 5 1,
A 5 2 and A3 `), we found that none is adequate
to describe the observed experimental behavior.
Also, a deviation is particularly relevant for the
film with 15% of Rodrun. As EM photomicro-
graphs have demonstrated,1 whereas the films
with 5 and 10% of Rodrun showed a fibrillar
structure, the film with 15% of Rodrun is basi-
cally laminate. Then, our film structure is a mix-
ture between fibers and lamellae, these last in-
creasing with the Rodrun amount in the mixture.
That could be the reason why our experimental
data do not fit the equations properly.

Values of A may be calculated using eq. (17) for
each composite composition. Table X summarizes
the results of this calculation using water-vapor
data as well as carbon dioxide data taken from
our previous article.1

The table clearly evidences that, both with wa-
ter vapor and carbon dioxide, the 85/15 composite
behaves in a different manner from that of the
other two compositions. This is consistent with
our previous conclusion,1 according to which ex-
perimental data of the transport properties could
be of interest in extracting qualitative conclusions
about membrane morphology.

CONCLUSIONS

The addition of an LCP (Rodrun) to a glassy poly-
mer (PEI) has an important effect on the water-

Table X Values of the Morphological
Parameter A [See eq. (17)] from Experimental
Data of Permeability Coefficients of Water
Vapor and Carbon Dioxide1

PEI/Rodrun
95/5

PEI/Rodrun
90/10

PEI/Rodrun
85/15

H2O 0.16 0.23 0.03
CO2 0.28 0.26 0.14

Table IX Water Permeability Coefficients at
30°C Obtained from SW and DW

Sample P (Barrer)

PEI 136.6
PEI/Rodrun 95/5 119.3
PEI/Rodrun 90/10 105.1
PEI/Rodrun 85/15 74.5
Rodrun 16.4
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vapor transport properties of the thermoplastic.
Diffusion, solubility, and the global process, per-
meability, were quantified. In all cases, the effect
of a high barrier material, such as Rodrun, is
clearly evident. The experimental results of solu-
bilities and permeabilities were analyzed on the
basis of some approaches which take into account
the deviations from the simple additive rules.
These deviations are caused mainly by the mor-
phology of the heterogeneous blends. In the case
of the solubility results, the possible excess free
volume arising from the interphase region seems
to cause the Langmuir contribution to deviate
from additivity. In the permeability case, the dif-
ferent morphologies induced during the blend
preparation are the origin of the deviations from
the additive rule.
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