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ABSTRACT: Molecular transport of n-alkanes was inves-
tigated by calculating sorption, diffusion, and permeation of
liquids through the diol chain-extended polyurethane (PU)
membranes in the temperature interval 25–60°C. Sorption
experiments were performed gravimetrically. Diffusion co-
efficients were calculated from Fick’s equation. These results
showed a dependency on the nature and size of interacting
n-alkane molecules as well as morphology of the chain-
extended PUs. Transport kinetics followed an anomalous
trend. Using the temperature-dependent transport parame-
ters, activation energies were calculated for diffusion and
permeation processes using an Arrhenius equation. The

van’t Hoff relationship was used to obtain enthalpy and
entropy of sorption. Concentration profiles of liquids
through PU membranes were computed using Fick’s equa-
tion, solved under appropriate initial and boundary condi-
tions. A correlation was attempted between transport prop-
erties of liquids and physicomechanical properties of PU
membranes. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 96:
874–882, 2005

Key words: polyurethanes; membranes; diffusion; physico-
mechanical properties; transport kinetics

INTRODUCTION

Polyurethane (PU) elastomers are the well-known en-
gineering flexible polymers that exhibit unique me-
chanical properties, primarily as a result of two-phase
morphology. These polymers have alternating block
copolymers made of hard segments of aromatic
groups from the diisocyanate/chain extender and soft
segments of aliphatic chains from the diol (ether or
ester).1–3 Hard and soft segments are chemically in-
compatible and microphase separation of hard seg-
ments into domains dispersed in a matrix of soft seg-
ments can occur to varying degrees. Chain-extended
PUs find a wide variety of engineering applications
because of their diversified engineering properties
useful as coatings, adhesives, and biomedical applica-
tions, for example, these PUs are well known for their

good mechanical properties.4,5 In commercial applica-
tions of PU, it is likely that they come into contact with
organic liquids and, thus, interactions of PU chains with
organic molecules are of relevance before their success-
ful industrial applications. In view of this, molecular
transport studies on PU membranes with organic liquids
have been extensively investigated over the past de-
cade.6–8 In these studies, we observed that sorption,
diffusion, and permeation of n-alkanes (C6–C9) through
segmented PU membranes were influenced by the phys-
ical and chemical nature, morphology, and crosslink
density of the polymer in addition to temperature,
shape, and size of the interacting molecules.9,10

With the ever-increasing importance of polymer
blends in engineering areas,11,12 studies have been
directed to develop chain-extended PUs.13 Swelling of
such polymers can be used to understand the poly-
mer–solvent interactions. A search of the literature
revealed no systematic studies on sorption, diffusion,
and swelling of natural polyol (caster oil) based diol
chain-extended PUs with n-alkanes, although a few
studies have been published with respect to commer-
cial PU membranes.14,15 In view of the importance of
PU as a membrane in engineering applications and in
continuation of our ongoing program of research on
molecular transport,6–10 we present here transport
data on butane 1,4-diol (BD) and hexane 1,6-diol (HD)
based chain-extended PUs with n-hexane, n-heptane,
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n-octane, and n-nonane. Diffusion coefficients were
computed from Fick’s diffusion equation. Permeabil-
ity coefficients were calculated from sorption and dif-
fusion results. Sorption results were used to compute
concentration profiles at different depths along the
membrane thickness and at different time intervals by
solving Fick’s equation, using appropriate initial and
boundary conditions, based on the numerical simula-
tion scheme using a finite-difference approach.16–19

EXPERIMENTAL

Materials

Castor oil [CO; number-average molecular weight
(Mn) � 930; hydroxyl number � 160 to 168; acid value
� 2.45; isocyanate equivalent � 30] was obtained from
the local market. Toluene-2–4-diisocyanate (TDI), 4,4�-
methylenebis (phenylisocyanate) (MDI), hexamethyl-
ene diisocyanate (HMDI), and dibutyl tin dilaurate
(DBTL) were obtained from Sigma–Aldrich (Milwau-
kee, WI) and were used as received. Chain extenders,
1,4-butane diol and 1,6-hexane diol, were obtained
from Fluka Chemie (Buchs, Switzerland). Toluene, n-
hexane, n-heptane, n-octane, n-nonane, and methyl
ethyl ketone (MEK) were all of AR grade samples and
distilled before use.

Synthesis of chain-extended polyurethane
membranes

Castor oil (0.001 mol) was dissolved in 50 mL of MEK
and reacted with diisocyanate (0.0022 mol) using 2–3
drops of DBTL as a catalyst in a 250-mL three-neck
round-bottom flask. The contents were stirred on a
magnetic stirrer for 1 h at 70°C. The prepolyurethane
formed was reacted with an equal molar ratio (0.001
mol) of diol dissolved in MEK. The mixture was
stirred for another 15–20 min at 70°C to form a uni-
form mixture and poured onto a clean glass plate kept
in a preheated circulating air oven at 70°C for 24 h.
The membrane thus formed was cooled and removed
from the mold. A similar procedure was adopted for
all other preparations. The golden yellow colored
transparent and toughened diol chain-extended PU
films were obtained.

The chemical structure of the chain-extended PU is
given in Scheme 1. Six types of PUs with different
diisocyanates and diols were prepared following the
above procedure and were designated as

• CO � TDI � 1,4-diol (PU-1)
• CO � TDI � 1,6-diol (PU-2)
• CO � MDI � 1,4-diol (PU-3)
• CO � MDI � 1,6-diol (PU-4)
• CO � HMDI � 1,4-diol (PU-5)
• CO � HMDI � 1,6-diol (PU-6)

Specimen preparation

The prepared PU samples were cut circularly (diam-
eter � 1.76 cm) using a sharp-edged steel die. The
thickness of the specimen varied from 0.20 to 0.26 cm.
Samples were dried in a desiccator before use. Dry
weights of the cut samples were taken before immer-
sion into airtight, metal-capped test bottles containing
n-alkanes for subsequent sorption experiments.

Physicomechanical properties

The diol-based chain-extended PUs were character-
ized for density and surface hardness (Shore A and
Shore B) according to ASTM D 792-86 and ASTM D
785 methods, respectively. Tensile strength, % elonga-
tion at break, and tensile modulus were measured
according to ASTM D 368 using a 4302 model
Hounsfield universal testing machine (Redhill, UK). At
least five samples were chosen for testing at room tem-
perature for each formulation and average values are
reported in Table I.

Sorption experiments

Sorption experiments were performed at 25, 40, and
60°C by immersing the cut membrane samples in test
media (n-alkanes) taken in screw-tight metal-capped
bottles maintained at the desired constant tempera-
ture (�0.5°C) in a thermostatically controlled oven. At
specified intervals of time, membranes were removed
from the containers, surfaces were dried between
smooth filter paper wraps, and weighed immediately
using an analytical balance to an accuracy of �0.01
mg. The specimens were then placed immediately into
the test liquid and transferred to the temperature-
controlled oven. Total time spent by the membrane
outside the solvent was kept at a minimum (say, �
30–50 s) to minimize the experimental error arising
from evaporation losses. Weighing of samples was
continued until attainment of equilibrium sorption.

Scheme 1
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The time taken to reach equilibrium sorption for dif-
ferent liquids varied from 70 to 90 h, depending on the
nature of the n-alkanes. The % weight gain Qt of the
sorbed membrane was calculated as

Qt � �Mt � Mi

Mi
� � 100 (1)

where Mi is the initial dry weight of the membrane and
Mt is the weight of the sorbed membrane at time, t.

RESULTS AND DISCUSSION

Physicomechanical properties

Physicomechanical properties of all PUs are presented
in Table I. Densities varied between 1.028 and 1.127
g/cm3, depending on the nature of the chain extender
used. For 1,4-diol–based PUs, densities were lower
than those observed for 1,6-diol–based PUs. This
could be attributable to higher crosslink density as a
result of long chain-extended 1,6-diol rather than 1,4-
diol. Surface hardness values reflect the resistance to
local deformation, which could be related to degree of
crystallinity, crosslink density, and porosity of the
polymer. Shore A hardness values ranged between 55
and 78, whereas Shore B varied from 36 to 59. Surface
hardness values for 1,6-diol–based PUs were gener-
ally higher than those observed for 1,4-diol extended
PUs, suggesting higher dimensional stability of 1,6-
diol extended PUs than that of 1,4-diol extended PUs.

Tensile strength values were found to depend on
the type of chain extender used. These values were
higher for 1,4-diol–based chain-extended PUs than
those for 1,6-diol–based extended PUs. Tensile
strength with respect to diisocyanates varied accord-
ing to the sequence: MDI � TDI � HMDI. The %
elongation at break ranged between 124 and 162; these
results were higher for 1,4-diol chain-extended PUs
than those for 1,6-diol extended PUs. Tensile moduli
varied between 2.8 and 6.7 MPa. The lowest tensile
modulus of 2.8 MPa was observed for 1,6-diol ex-
tended HMDI-based PU, whereas the highest value

was observed for 1,4-diol–based TDI containing PU.
This indicates the poor dimensional stability of
HMDI-based systems than that of the aromatic diiso-
cyanate–based PUs. In all cases, 1,4 diol chain-ex-
tended PUs showed higher tensile modulus than that
of 1,6-diol–based PUs, indicating that 1,4-diol–based
PUs have mechanical properties that are superior to
those of the 1,6-diol chain-extended PUs.

Sorption equilibrium

Sorption curves of n-alkanes expressed as mass %
uptake (Qt) versus square root of time at 25, 40, and
60°C are displayed in Figure 1 for PU-1. Sorption
occurs as a result of rapid solvent diffusion in relation
to polymeric chain relaxation.10,20 Irregular trends in
sorption curves could be attributable to deviations in
the rates of molecular chain relaxation arising from
locally induced stresses in the polymer matrix. In the
present systems, regularly increasing mass uptake
trends were observed as a result of ingression of a
large number of solvent molecules inside the free-
volume voids of the polymer chains. However, the
time required in attaining equilibrium sorption varied
depending on polymer morphology in addition to the
nature of penetrant molecule. An examination of sorp-
tion curves (Fig. 1) suggests a systematic trend with
respect to molecular volume of n-alkanes. Even
though sorption attained equilibrium within 25 min
from the beginning of sorption experiment for all n-
alkanes, experiments were nevertheless continued for
a longer time to ensure complete attainment of equi-
librium sorption.

In this study, effects of the nature of diisocyanates
on sorption behavior of PU membranes were investi-
gated. Typical sorption curves for 1,4-diol chain-ex-
tended PU membranes with different diisocyanates
are shown in Figure 2 for n-octane at 40°C. Here, a
higher mass uptake was observed for HMDI-based PU
membranes than that of TDI- and MDI-based PU
membranes. The reason for this is that MDI- and TDI-
based PUs possess a greater number of hard segments,

TABLE I
Physicomechanical Properties of Diol Chain-Extended Polyurethanes

PU sample
Sample

code

Tensile
strength
(MPa)
(�2%)

%
Elongation
at break �

(�3%)

Tensile
modulus

(MPa)
(�2%)

Surface hardness Density
(g/cm3)Shore A Shore D

CO � TDI � 1,4-diol PU-1 1.25 156 6.7 70 46 1.058
CO � TDI � 1,6-diol PU-2 1.05 136 4.8 69 50 1.127
CO � MDI � 1,4-diol PU-3 1.29 162 5.0 76 48 1.041
CO � MDI � 1,6-diol PU-4 1.10 137 4.2 78 59 1.105
CO � HMDI � 1,4-diol PU-5 1.18 147 3.8 55 38 1.028
CO � HMDI � 1,6-diol PU-6 0.99 124 2.8 65 36 1.086
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thus creating a tortuous21 path, giving a slow diffusion
of n-alkanes, and thus the equilibrium uptake value
was smaller. However, with decreasing number of
hard segments, the size of the crystalline phase also
decreased, although the number of soft segment in-
creased. Thus, the contact between soft domains in-
creased, thereby leading to a higher penetrant uptake.
Because soft domains form a continuous phase, diffu-
sion may therefore be continuous in the soft phase
(amorphous). Thus, a sharp increase in uptake was
observed.

Molecular transport of liquids through polymeric
membranes depends on temperature, and thus we
studied the effect of temperature on sorption. Such
dependency is typically shown in Figure 3 for n-oc-
tane for 1,4-diol chain-extended PU. Shapes of sorp-
tion curves at 25°C are similar to those at 40 and 60°C,
even though the initial slopes of the curves are more
pronounced between 25 and 40°C than between 40
and 60°C. Equilibrium sorption increased with in-
creasing temperature because of the increase in free
volume at higher temperature.22

Values of sorption coefficient S, given in Table II,
were obtained from the plateau regions of the equilib-
rium sorption curves. In all cases, sorption increased
with increasing size of n-alkanes (i.e., C6 to C9). How-
ever, a higher value of S of 1.86 g/g for PU-6 at 60°C
with n-nonane could be the result of its compact seg-
ment structure in the presence of HMDI and HD.
Lower S value of 0.80 g/g for PU-3 at 25°C in n-hexane
could be attributable to the presence of hard segments
(phenyl) or to molecular symmetry in methylene di-
isocyanate–based PU membranes. HMDI diisocya-
nate–based PUs showed higher S values than those of
TDI- and MDI-based PUs. Also, sorption values were
higher for 1,6-diol–based PUs than those for 1,4-diol–
based PUs. Variation of S among different diisocya-
ntes exhibited opposite trends to those of tensile
strengths of the same PUs. As the tensile strength
increased, the value of S decreased because hard seg-
ments of PUs might have induced lower swelling of
PUs.

Sorption kinetics

To investigate the nature of diffusion kinetics we an-
alyzed the sorption data, using the following equa-
tion23–25 to compute n and K:

log�Mt

M�
� � log K � n log t (2)

where K and n are empirical parameters; and Mt and
M� are mass uptake values at time t and at equilib-

Figure 1 Plot of percentage mass uptake Qt of PU-1 versus
t1/2 with different n-alkanes at (a) 25°C, (b) 40°C, and (c)
60°C.

Figure 2 Plot of percentage mass uptake Qt versus t1/2 for
chain-extended PUs with different diisocyanates in n-octane
at 40°C.

Figure 3 Plot of percentage mass uptake Qt versus t1/2 for
PU-1 in n-octane.
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rium time t�, respectively. The magnitude of n decides
the nature of transport kinetics. For instance, n � 0.5
for Fickian transport. If n � 1, transport follows a
non-Fickian trend. In the present study, intermediate
values of n, ranging between 0.5 and 1, were indicative
of an anomalous type diffusion kinetics.6–10 To deter-
mine n and K, plots of log(Mt/M�) versus log t were
constructed. The average uncertainty in the estima-
tions of n and K were around �0.01 and �0.008,
respectively. Values of n did not show any systematic
variation with temperature (see Table III). However, a
general variation of n, from a minimum of 0.55 to a
maximum of 0.61, indicated the anomalous type trans-
port phenomenon. Diffusion deviated slightly from a
Fickian trend, but not to a greater extent. This fact was
substantiated from the observed slight curvature of Qt

versus t1/2 curves shown in Figures 1–3. Such obser-
vations were also evident from the work of Nicolais et
al.,26 for n-hexane transport in glassy polystyrene.

Diffusion and permeation coefficients

From the slope, � of the initial linear portion of sorp-
tion curves (i.e., Qt versus t1/2) diffusion coefficient
was calculated using Fick’s equation21

D � �� h�

4M�
� 2

(3)

Here, h is thickness of the membrane and M� is the
mass uptake at equilibrium time. Triplicate measure-

TABLE II
Diffusion D, Sorption S, Permeation P, Coefficients and Thermodynamic Sorption Constant (Ks) of Different Diol

Chain-Extended PUs in n-Alkanes at Different Temperatures

PU
sample

T
(°C)

Hexane Heptane Octane Nonane

D � 107

(cm2/s)
S � 102

(g/g)
Ks

� 102
P � 107

(cm2/s)
D � 107

(cm2/s)
S � 102

(g/g)
Ks

� 102
P � 107

(cm2/s)
D � 107

(cm2/s)
S � 102

(g/g)
Ks

� 102
P � 107

(cm2/s)
D � 107

(cm2/s)
S � 102

(g/g)
Ks

� 102
P � 107

(cm2/s)

PU-1 25 2.65 86 1.00 2.40 1.23 98 0.98 1.20 0.86 107 0.93 0.92 0.68 118 0.92 0.80
40 4.00 100 1.16 4.00 1.42 108 1.08 1.53 1.32 119 1.04 1.57 0.92 130 1.01 1.19
60 4.30 108 1.25 4.64 1.72 118 1.18 1.02 1.62 128 1.12 2.07 1.34 140 1.09 1.87

PU-2 25 3.29 98 1.13 3.22 1.32 110 1.10 1.45 1.22 120 1.05 1.46 0.92 132 1.03 1.21
40 4.39 112 1.30 4.91 1.62 121 1.21 1.96 1.60 132 1.15 2.11 0.98 148 1.15 1.45
60 4.78 126 1.46 6.02 1.83 137 1.37 3.11 1.72 148 1.29 2.54 1.35 160 1.25 2.16

PU-3 25 1.79 80 0.93 2.16 1.20 92 0.92 1.10 0.84 102 0.89 0.85 0.63 112 0.87 0.70
40 2.98 107 1.24 3.18 1.39 100 1.00 1.39 1.29 112 0.98 1.44 0.89 126 0.98 1.12
60 3.58 119 1.38 4.26 1.68 108 1.08 1.81 1.58 120 1.05 1.89 1.27 132 1.03 1.67

PU-4 25 2.31 92 1.06 2.12 1.28 98 0.98 1.25 1.19 117 1.02 1.39 0.88 124 0.96 1.09
40 3.24 109 1.26 3.53 1.52 116 1.16 1.76 1.51 126 1.10 1.90 0.92 136 1.06 1.25
60 3.78 121 1.40 4.57 1.75 128 1.28 2.24 1.64 134 1.17 2.19 1.29 151 1.17 1.94

PU-5 25 4.32 110 1.27 4.75 4.2 118 1.18 4.95 3.89 130 1.14 5.05 3.72 141 1.10 5.24
40 4.82 119 1.38 5.73 4.45 126 1.26 5.00 4.02 141 1.25 5.66 3.86 152 1.18 5.86
60 5.02 128 1.48 6.42 4.86 140 1.40 6.80 4.16 152 1.33 6.32 3.95 168 1.31 6.63

PU-6 25 4.58 130 1.51 5.95 4.32 142 1.42 6.13 4.25 158 1.38 6.71 4.06 161 1.25 6.53
40 5.06 140 1.62 7.08 4.83 150 1.50 7.24 4.62 162 1.42 7.48 4.36 175 1.36 7.63
60 5.23 154 1.79 8.05 4.96 162 1.62 8.03 4.76 173 1.51 8.23 4.56 186 1.45 8.48

TABLE III
Analysis of Sorption Data According to Eq. (2) for Diol Chain-Extended PU Systems

in n-Alkanes at Different Temperatures

n-Alkane
T

(°C)

n � 0.001 K � 102 (g g	1 h	1)

PU-1 PU-2 PU-3 PU-4 PU-5 PU-6 PU-1 PU-2 PU-3 PU-4 PU-5 PU-6

Hexane 25 0.554 0.568 0.562 0.572 0.583 0.590 1.47 1.38 1.32 1.52 1.85 2.26
40 0.589 0.573 0.592 0.601 0.592 0.598 2.52 2.48 2.38 2.40 2.39 2.95
60 0.598 0.582 0.608 0.609 0.600 0.608 3.14 4.09 3.02 3.26 3.62 4.02

Heptane 25 0.567 0.572 0.578 0.582 0.583 0.592 1.48 1.59 1.82 1.95 1.95 2.00
40 0.600 0.612 0.602 0.603 0.608 0.612 2.86 2.98 2.72 3.06 2.69 3.82
60 0.598 0.603 0.600 0.610 0.610 0.611 4.26 4.28 4.10 4.65 3.82 4.00

Octane 25 0.561 0.570 0.579 0.590 0.583 0.592 1.98 1.86 1.76 2.00 1.95 1.86
40 0.556 0.563 0.571 0.586 0.582 0.590 3.08 2.86 3.02 3.42 3.28 2.62
60 0.594 0.602 0.602 0.608 0.608 0.610 4.86 4.52 4.32 4.52 3.68 4.68

Nonane 25 0.566 0.571 0.578 0.586 0.588 0.590 1.62 1.38 1.52 1.62 1.72 1.70
40 0.585 0.593 0.590 0.598 0.610 0.612 4.38 3.52 3.42 3.18 3.92 2.92
60 0.581 0.596 0.598 0.610 0.602 0.608 5.62 4.38 5.21 4.29 4.26 4.62
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ment of D from sorption curves gave D values within
an error of �0.003 at 25°C, �0.004 at 40°C, and �0.005
at 60°C for all PU � n-alkane systems (see Table II).
Diffusion coefficients decreased with increasing mo-
lecular volume of the migrating liquids from n-hexane
to n-nonane. Such an inverse dependency of D on
molecular volume of n-alkanes suggested that larger
molecules in a related homologous series occupy
larger free volumes, leading to hindered diffusion
through the polymer matrix.27

The permeability coefficient P, calculated28 using P
� DS, also followed the same trends as that of D.
HMDI diisocyanate–based PUs showed higher S and
D values than those of TDI- and MDI-based PUs.
Sorption and diffusion values were higher for 1,6-
diol–based PUs than those for 1,4-diol–based PUs.
Variations of S and D within different diisocyantes
exhibited the opposite trends to those of tensile
strength values of the same PUs. As the tensile
strength increased, sorption coefficients decreased be-
cause hard segments of PUs might have caused lesser
swelling of PUs.

Thermodynamic parameters and activation
parameters

Using sorption data, we calculated the equilibrium
sorption constant KS, by considering equilibrium sorp-
tion at constant temperature and pressure, using the
following equation:

KS � number of moles of penetrant sorbed/

unit mass of the polymer (4)

These data are also included in Table II. A systematic
decrease in KS with increasing molecular volume of
n-alkane was observed, suggesting an inverse depen-
dency of KS on molecular volume of n-alkanes. This
could be logical because larger size molecules occupy
more free volume than smaller molecules in the amor-
phous regions of PU, according to free volume theory
propositions.29–31 It has been well documented that
free volume of a rubbery or glassy polymer is related
to transport parameters of small liquid molecules.30,31

Temperature-dependent values of KS were fitted to
the van’t Hoff equation23 to estimate enthalpy (i.e.,
heat of sorption) 
H0 and standard entropy 
S0 of
sorption, as follows:

log KS � � 
S0

2.303R� � � 
H0

2.303R� � �1
T� (5)

Estimated values of 
H0 and 
S0 are given in Table IV.
The average estimated error in 
H0 was about � 4
J/mol, whereas for 
S0 it was about �1 J mol	1 K	1.
The 
H0 values were low for PU-6 membrane, sug-

gesting its stronger specific interactions with n-al-
kanes. Comparatively higher values of 
H0 for PU-2
confirmed higher interactions arising from endother-
mic sorption. For all PU-n-alkane systems, values of

H0 were positive, suggesting endothermic sorption
dominated by Henry’s mode (i.e., sorption could pro-
ceed as a result of creation of new pores in the mem-
brane matrix).27 From Figure 3, it can be seen that
plots vary systematically with temperature in the in-
terval of 25 to 60°C. The calculated 
S0 values are
negative for all PU-n-alkane systems, suggesting that
solvent molecules retained their liquid-state structure
even in the sorbed state.

Arrhenius activation energies for diffusion (ED)
and permeation (EP) were computed from: X
� X0exp(	Ex/RT), where X � D or P, X0 � D0 or P0,
Ex represents ED for diffusion and EP for permeation,
and R is the molar gas constant. These data are also
included in Table IV. Values of ED and EP varied from
5.86 to 24.36 and 9.65 to 25.12 kJ/mol, respectively.
These were within the range expected for rubbery
polymers, well above their glass-transition tempera-
tures. The ED values increased systematically with
increasing molecular volume of n-alkanes, following
Eyring’s hole theory.22,27 The larger permeating mol-
ecules in a related homologous series of n-alkanes (i.e.,

TABLE IV
Activation Energy for Permeation (EP, kJ/mol),

Activation Energy for Diffusion (ED, kJ/mol), Enthalpy
of Sorption (�Hs kJ/mol � 4) and Entropy of Sorption

(�S0, J mol�1 K�1 � 1) for Chain-Extended
PU–n-Alkane Systems

PU
sample

Activation
parameter Hexane Heptane Octane Nonane

PU-1 EP 9.65 10.36 11.26 12.65
ED 5.86 7.49 8.38 9.54


HS 45.72 66.51 62.30 58.01
	
S 35.33 35.86 38.82 37.24

PU-2 EP 10.20 11.30 10.95 11.24
ED 6.82 9.02 7.82 8.32


Hs 66.51 62.38 78.98 91.45
	
S 32.00 34.25 37.32 35.83

PU-3 EP 14.30 17.86 20.26 23.23
ED 11.42 15.36 18.12 20.22


HS 54.04 70.16 54.04 74.82
	
S 32.84 34.83 37.99 36.41

PU-4 EP 15.83 21.62 20.32 25.12
ED 12.01 18.38 20.36 24.36


HS 58.19 91.45 45.72 66.51
	
S 27.02 33.92 36.78 35.33

PU-5 EP 12.00 16.36 15.23 18.32
ED 9.83 13.00 12.62 15.26


HS 41.57 49.95 49.90 58.01
	
S 26.77 34.08 37.41 35.95

PU-6 EP 14.21 13.62 16.32 15.22
ED 8.02 7.42 10.36 12.89


HS 49.90 54.04 48.80 49.90
	
S 26.39 32.08 35.58 34.83

MOLECULAR TRANSPORT OF N-ALKANES 879



C6 to C9) will have larger ED values and smaller D.
Values of EP were higher than ED for all PU–n-alkane
systems because of the higher degree of cohesive en-
ergy of the polymer. Higher values of 
S0 for PU-1
and lower values of 
S0 were observed for PU-5.
Liquids with lower values of D have shown higher ED

and vice versa, although there is no systematic varia-
tion of EP with molecular volumes of n-alkanes.

Computation of concentration profiles

For successful applications of PU membranes in engi-
neering areas, it is important to know the extent of
liquid ingression as a function of time and depth of
penetration. We have computed liquid concentration
profiles for n-alkanes migrating through the PU mem-
brane by solving Fick’s second-order differential equa-
tion [i.e., eq. (6)] under appropriate initial and bound-
ary conditions. This yielded eq. (7) for solvent uptake
C(x,t) of the membrane of thickness h, as a function of
time t and distance x along the membrane thickness
direction,16–18 as follows:

�C
�t � D��2C

�x2� (6)

�C�x, t�
C�

� � 1 �
4
�

�
m�0

� 1
2m � 1�

exp

� �
D2m � 1�2�2t

h2 � sin�2m � 1��x
h � (7)

In eq. (7), m is an integer and D is the diffusion
coefficient computed from eq. (3). To derive eq. (7)
from eq. (6), several assumptions were made16–18: (1)
when the membrane is soaked in a liquid, its concen-
tration on both surfaces immediately reaches equilib-
rium, (2) the time required to attain thermal equilib-
rium for the membrane is negligible compared to
sorption (immersion) time, and (3) changes in dimen-
sions of the membrane are negligible (i.e., negligible
swelling) during liquid immersion experiments. Then,
by using the following boundary conditions

t � 0 0 � x � h C � 0
t 	 0 x � 0 x � h C � Cx

(8)

we generated concentration profiles at different expo-
sure times for imaginarily varying depths of liquid
penetration into membranes. These were computed
writing programs in C language and using the proce-
dure developed previously.18

Numerical solutions of eq. (7) were obtained from a
finite-difference method. Partial differential equations
were converted into algebraic equations (more accu-
rately, difference equations). Instead of using the con-

tinuous variable x, we selected a discrete set of points
{xj} and instead of time t we selected the set {ti}.
Likewise, the concentrations would be Ci,j and deriv-
atives are given as

�C
�t �

Ci�1,j � Ci,j


t (9)

and

�2C
�x2 �

Ci,j�1 � 2Ci,j � Ci,j	1


x�2 (10)

In eqs. (9) and (10), higher-order terms were elimi-
nated during computations. Upon inserting eqs. (9)
and (10) into eq. (6) and rearranging, we obtain

Ci�1,j � Ci,j �
D
t�

x�2 � Ci,j�1 � 2Ci,j � Ci,j�1� (11)

where increments 
t � ti�1 	 ti and 
x � xj�1 	 xj are
constants. If the initial concentration profiles Cij are
known, then eq. (11) provides a means of moving up
in time to Ci�1 (upward curve). Such iterations were
continued until numerical approximation to equilib-
rium or steady state was achieved (minima). Values of

t were then used in the numerical analysis and the
membrane was divided into a number of finite slices
of equal thickness (
x) by the concentration-difference
planes.

Concentration profiles generated for the PU-1
membrane at 25°C for n-alkanes are shown in Figure
4, wherein it was observed that values of C(x,t)/C�

decreased with increasing size of n-alkanes. Con-
centration profiles changed smoothly within the
membrane matrix at different thicknesses. When D
increased with concentration, then a sharp solvent
front was observed because for the same concentra-
tion gradient, the flux increased, resulting in the
parabolic nature of the concentration profiles, as
shown in Figure 4. The minimum was observed at
the center of the membrane thickness. It may be
noted that during desorption, the fraction of liquid
molecules desorbed is equal to the fractional mass
uptake if D is considered to be constant. Therefore,
sorption and desorption curves shown in Figure 4
are symmetrical on either surface of the membrane.
These curves showed a systematic variation with
temperature (i.e., with an increase in temperature);
the concentration profiles also increased, suggesting
a relationship between the variation in concentra-
tion profiles and transport data (sorption, diffusion,
or permeation).

The simulation method used in this study would
serve as a sensitive test to predict the concentration
profiles. It was further demonstrated that, with in-
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creasing immersion time, concentration profiles also
increased dramatically. In the present study, it was
found that these variations were quite substantial,
further confirming that D values in these systems
exhibited considerable concentration dependency, as
seen by non-Fickian curvature trends of the sorption
curves (see Figs. 1 and 2). This is especially significant
in complicated systems such as the chain-extended
PUs developed here. At any rate, the simulation
method used here was useful in predicting the liquid
concentration profiles, provided diffusion data of liq-
uid–polymer systems are available.

CONCLUSIONS

In the present study, we have tried to identify factors
that limit the long-term performance of chain-ex-
tended PUs by calculating sorption, diffusion, and
permeation of n-alkanes (C6–C9) for the structurally
different castor oil–based diol chain-extended PUs.
Factors such as solvent type, chemical nature of PU,
and their morphology have shown an influence on
their transport characteristics. Lower diffusion coeffi-
cients observed for MDI- and TDI-based PUs than
those of HMDI-based membranes were consistent
with the morphological setup (physicomechanical
properties) of PU membranes. Values of n were in the
range of 0.554–0.612, suggesting that transport fol-
lowed a Fickian mode. The 
H0 and 
S0 values for all
PU–n-alkane systems were in the range of 41.57–91.45

kJ/mol and 	38.82 to 	26.39 J mol	1 K	1, respec-
tively. The negative values of 
S0 implied that solvent
structures were retained even in the sorbed state. The
positive values of 
H0 indicated an endothermic sorp-
tion process. Higher values of ED and EP were ob-
served for distribution of hard segments in PUs rather
than the soft segments, indicating the difficulty in-
volved in molecular transport of liquids through the
chosen membranes. From the simulation method
used, it was demonstrated that by increasing the im-
mersion time, concentration profiles also increased.
The method could be used as a sensitive test to com-
pute concentration profiles in any polymer–solvent
system.
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