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Equilibrium and transient sorption isotherms were obtained for toluene and n-heptane in both annealed
and non-annealed Matrimid� asymmetric hollow fiber membranes at 35 �C. Equilibrium sorption follows
the dual mode model except for toluene sorption into annealed fibers above a pressure of 0.5 psia. Except
at the highest toluene exposure pressure, the equilibrium uptake of penetrant in annealed fibers was
signigicantly less than in non-annealed fibers at a given pressure due to the significant reduction of
excess free volume. Changes in the dual mode model parameters for the annealed samples may reflect
not only reductions in sample free volume, but also charge transfer formation. The Berens–Hopfenberg
model successfully describes all of the various transient sorption behaviors observed for toluene and
n-heptane in Matrimid� with a significant relaxation-controlled contribution to the overall mass uptake
over much of the experimental range explored. Purely diffusion-controlled (Fickian) uptake was seen
only for toluene sorption in annealed fibers for a change in activity from 0 to 0.05, while purely relax-
ation-controlled (non-Fickian) uptake was observed for n-heptane sorption in non-annealed fibers for
a change in activity from 0 to 0.09. A reduced value of DA/L2, the effective Fickian diffusion time, in non-
annealed fibers for toluene at a low activity level provides evidence of antiplasticization, while at
intermediate to high activity, the value of DA/L2 increases with activity for all of the systems studied in
this work indicating plasticization.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There are few reports on explored the effect of condensable
aromatic and heavier aliphatic contaminants on membrane
performance for gas separation [1–4]. The impact of these highly
sorbing contaminants on the membrane system has still remained
poorly understood due to the complexity of these components and
the difficulty in characterizing their effects experimentally.

This work investigates the transport properties of model
aromatic and paraffin hydrocarbons using toluene and n-heptane in
asymmetric Matrimid� hollow fiber membranes. Equilibrium and
transient sorption isotherms are reported for both annealed and
non-annealed fibers to investigate effects of annealing on toluene
and n-heptane sorption and transport properties. Understanding
the interactions of these condensable hydrocarbon contaminants
with glassy asymmetric membranes is useful for analyzing state of
the art membranes for natural gas feeds containing aromatic and
aliphatic contaminants. This study, therefore, provides a basis for
subsequent studies regarding ternary and quaternary feed mixture
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of CO2, CH4, with one or more of these components as model
hydrocarbon contaminants found in natural gas. The focus of the
subsequent studies [5,6] is on the CO2 and CH4 transport behavior
of the same asymmetric membranes discussed here. The current
study considers the simpler case without CO2 or CH4 components.
Working with these simpler feeds allows understanding the
changes induced in the glassy polymer matrix by these heavy
hydrocarbon sorbates.
2. Experimental

2.1. Materials

The membranes studied in this work were all formed from
Matrimid� 5218 a wholly amorphous polyimide that is manufac-
tured and marketed by Huntsman LLC. The backbone repeat
structure of Matrimid� is shown in Fig. 1, and Table 1 provides
physical properties for Matrimid�. Matrimid� hollow fibers are
spun using a dry-jet/wet-quench process [7–10] using a polymer
dope consisting of Matrimid�, N-methyl pyrrolidinone acting as
a solvent, and ethanol acting as a non-solvent. A skin thickness of
defect-free Matrimid� fibers is approximately 100 nm. The nodular
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Fig. 1. Matrimid� repeat structure.
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or porous support layer of the fiber has characteristic dimensions of
the same order of magnitude. A scanning electron micrograph
illustrates the asymmetric hollow fiber morphology in Fig. 2. For
the annealed sample preparation, fibers were annealed at 220 �C
for 12–16 h under vacuum.

2.2. Gravimetric vapor sorption

The McBain quartz spring method is used to measure sorption
gravimetrically of highly sorbing vapors [11–13]. A sample is hung
on a calibrated quartz spring (Ruska Instruments) with a spring
constant of 2.51�10�3 g/cm. Both sample and quartz spring are
located in a glass chamber maintained at 35 �C by a hot water
jacket. The rest of the system is heated to prevent condensation of
the vapor on the side walls. The pressure in a glass chamber is
measured using a MKS Baratron� 1000 torr pressure transducer
(Type 727). Typical polymer sample weights in this work are
approximately 25 mg.

The sample is loaded and completely degassed before each
sorption experiment is performed. In order to remove all air in the
headspace of the liquid vial and dissolved gases, at least five freeze-
pump-thaw cycles were performed prior to each sorption experi-
ment. For the equilibrium sorption experiment, equilibrium is
assumed to be attained when the spring position does not change
over the course of 24 h. As for kinetic sorption, more frequent data
collection was performed to obtain a more accurate diffusion
coefficient at each activity level. The extension of the spring can be
measured to within 5 mm using the cathetometer. Once equilibrium
is confirmed, more vapor is introduced for the next activity level of
sorption measurement. The concentration of vapors sorbed in the
polymer, ccSTP/cc polymer, is calculated by Equation (1).

C ¼ ðKDxÞ
�

22;414� rp

Mw �Mp

�
(1)

K is the spring constant, g/cm, 6x is the change in spring
position, cm, rp is the polymer density, g/cc, Mw is the molecular
weight of highly sorbing vapors (i.e. 92.1 g/mol for toluene and
100.2 g/mol for n-heptane), and Mp is the mass of the polymer
sample, g.

3. Results and discussion

3.1. Equilibrium sorption of n-heptane and toluene

Equilibrium sorption experiments of n-heptane and toluene
were performed at 35 �C in small steps of increasing pressure. The
dual mode sorption and transport model describes sorption,
Table 1
Physical properties of Matrimid� material at 65 psia and 35 �C [7].

Tg 305 [�C]
Density 1.2 [g/cm3]
diffusion, and permeation of penetrants in glassy polymers [14].
This idealized model considers, two types of microscopic sorption
populations comprising sorption in unrelaxed (non-equilibrium)
volume regions (CH) and the densely packed (equilibrium) volume
regions (CD), respectively. Penetrant in these two populations are
assumed to be in local equilibrium with each other. The basis for
this model is the known fact that cooling an amorphous polymer
below its glass transition temperature locks in intersegmental
molecular scale packing defects or excess free volume, sometimes
referred to as ‘‘holes’’. On the other hand, densely packed region
representative of more or less equilibrium sorption sites are
envisioned to comprise zones of well packed segment, in which
penetrant sorbs in a ‘‘dissolved’’ mode (CD) similar to that in
a simple rubbery polymer or liquid. Combining these regions leads
to the dual mode sorption expression in equation (2).

C ¼
C0Hbp

1þ bp
þ kDp (2)

The first term represents Langmuir type sorption in the non-
equilibrium regions and the second term represents Henry’s law
sorption in the equilibrium region. CH

0
is the Langmuir capacity

constant, ccSTP/ cc polymer, and b is Langmuir affinity constant,
psia�1, p is the pressure of penetrants in equilibrium with the
polymer. The kD parameter is the Henry’s law solubility coefficient,
ccSTP/ cc polymer/psia.

The sorption isotherms of n-heptane in both annealed and
non-annealed Matrimid� asymmetric hollow fibers are shown in
Fig. 3. As shown in Fig. 3, both isotherms are well described by the
dual mode model of sorption in glassy polymers up to an activity
level of 0.7. Also, the n-heptane sorption capacity in the annealed
fiber samples is substantially lower than that in non-annealed
fibers. The corresponding dual mode parameters for n-heptane are
given in Table 2. It is surprising that annealing causes a substantial
increase in Langmuir affinity constant, b.

The equilibrium sorption isotherms for toluene in both
non-annealed and annealed fibers are given in Fig. 4. As observed
previously for n-heptane, the toluene sorption capacity of the
annealed fiber sample is substantially lower than that of the non-
annealed sample. Moreover, the isotherm of annealed fiber above
0.5 psia shows an upward inflection that the dual mode model is
not capable of capturing. At these relatively high pressures, the
sorption of toluene in annealed fibers approaches that of non-
annealed fibers. Zhou saw a similar behavior for the sorption of
acetic acid at high activity in Matrimid� asymmetric hollow fiber
membranes [15]. Apparently, the effect of annealing is lost in the
presence of high activities of toluene (See dotted line in Fig. 4) and
it is believed that high activity level of toluene overcomes the
effects of annealing, while the lower sorbing n-heptane is not able
to do so. It should be noted that this effect with toluene occurs at
a much higher sorption level than that achieved with n-heptane. It
can be hypothesized that the effect of annealing may be lost with
any penetrant capable of achieving a critical sorption level. The
dual mode parameters for toluene are given in Table 3. As with
n-heptane, annealing of the fiber sample generates a substantial
reduction in the Langmuir capacity constant, CH

0
, and an increase in

the Langmuir affinity constant, b. It is interesting that annealing
increases the Henry’s law constant, kD, unlike n-heptane.

From examination of Table 2 and Table 3, it is apparent that the
effect of annealing on the dual mode model parameters is generally
similar, but not identical for both n-heptane and toluene. For both
penetrants, the value of the Langmuir capacity constant, CH

0
,

decreases and the value of the Langmuir affinity constant, b,
increases due to annealing. Unlike n-heptane, for which the value of
the Henry’s Law constant, kD, remains approximately constant as



Fig. 2. SEM images of 280 mm outer diameter Matrimid� hollow fibers. Characteristic dimensions of the nodular, porous support layer are similar in size to the skin thickness [9].
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expected, kD for toluene increases due to annealing. It is surprising
that annealing results in an increase in b and kD, since past studies
of annealing and physical aging showed primarily a simple reduc-
tion in CH

0
, while values of kD and b remained relatively unaffected

[16–18]. Typically, sub-Tg thermal annealing is thought to simply
accelerate the rate of physical aging, or the rate of volume reduction
[19–21]. If this assumption holds, only reductions in CH

0
would be

observed from annealing; however, annealing of Matrimid�

asymmetric hollow fibers also results in increased values of kD and
b. In this work, the observed increases in kD and b due to annealing
may be related to charge transfer complex formation. In earlier
work, Fourier Transform Infrared Spectroscopy (FTIR) showed that
the spectra of the untreated and treated Matrimid fibers are almost
identical, demonstrating that heat treatment does not cause any
chemical crosslinking [15]. UV fluorescence spectroscopy suggested
the formation of charge transfer complexes after annealing. Since
our work used the same source materials and annealing protocol,
similar charge transfer complexing is expected. The formation of
such charge transfer complexes could essentially create a suffi-
ciently new material with the same chemical structure but different
inter and intra-chain interactions and packing to affect the values of
kD and b. Added mobility at high temperature from thermal
annealing can enable the formation of charge transfer complexes as
well as relax excess glassy state volume. While speculative, this
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Fig. 3. Sorption isotherm of n-heptane in both annealed (open diamond) and non-
annealed (cross) fibers at 35 �C (Solid lines are fit to dual mode model).
suggestion could indicate avenues for using other probe molecules
with similar size and shape, but with different polarities, e.g.,
chlorobenzene or phenol vs. toluene and 1-chlorohexane or
1-hexanol vs. heptane. Such future studies could determine if
similar or larger changes in affinity constants are observed for these
more complex cases. In any case, the reduction in CH

0
due to

annealing exceeds the increases observed in kD and b, thereby
resulting in the lower equilibrium uptake of penetrant in the
annealed samples. This trend would be expected even for more
polar penetrants as well. The value of CH

0
is often correlated with the

excess fractional free volume of polymer as [22–25]:

C0H ¼
�

Vg � Vl

Vg

�
r* (3)

where, Vg is the specific volume of the polymer in the glassy state,
Vl is the specific volume of the polymer in a hypothetical liquid
state, and r* is the liquid-like molar density of the penetrant in the
Langmuir region. The significant reductions in sorption for both
penetrants due to annealing, therefore, primarily represent
a significant reduction in the free volume of the fibers.
3.2. Transient sorption of n-heptane and toluene

The time-dependent uptake of gas/vapor into a glassy polymer
exhibits many possible behaviors [26–31]. The simplest of these
behaviors is Fickian diffusion-controlled uptake of gas into the
glassy polymer matrix. In this case, the time-dependent uptake into
a sheet of thickness L can be determined by solving the diffusion
equation with constant boundary conditions and uniform initial
concentration of penetrant in the polymer. Crank [32] gives
a solution for this case:

�
Mt

MN

�
¼ 1�

XN
n¼0

8

p2ð2nþ 1Þ2
exp

 
�DAð2nþ 1Þ2p2t

L2

!
(4)

where DA is the diffusion coefficient of gas ‘A’ in the polymer, and
Mt and MN are the masses of the penetrant sorbed at times t and N.
The mathematics of Fickian diffusion are often complicated by the
highly concentration dependent diffusion coefficients which occur
in glassy polymers; however, one can still fit the kinetic response if
Table 2
Dual mode model parameters for n-heptane sorption in Matrimid� asymmetric
hollow fibers at 35 �C.

Fiber Sample kD

�
ccSTP

ccPoly,psia

�
C0H

�
ccSTP
ccPoly

�
b
�

1
psia

�
Non-Annealed 19.9� 1.6 19.8� 1.8 9.7� 2.1
Annealed 18.4� 0.4 9.2� 0.3 32.2� 7.1
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Fig. 4. Sorption isotherm of toluene in both annealed (open diamond) and non-
annealed (cross) fibers at 35 �C (Solid lines are fit to dual mode model. Dotted lines
shown is to aid the eye and is not theoretically predicted).
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DA is interpreted as an average coefficient applicable over the
applicable concentration range.

In addition to the added complexity of concentration dependent
diffusion, glassy polymers can also experience relaxation-
controlled uptake of penetrant. As penetrant sorbs into the polymer
matrix, the segmental mobility of polymer chains may increase in
a delayed manner, thereby allowing for relaxation. As the polymer
matrix relaxes, more room becomes available for penetration
occupation. The time-scale of these relaxation processes is usually
much longer than that of diffusion. Berens and Hopfenberg [33]
proposed a model to account for the simultaneous processes of
Fickian and relaxation driven uptake occurring in glassy polymers.
In this model the mass uptake Mt is given as:

�
Mt

MN

�
¼
"
ð1� aRÞ

(
1�

XN
n¼0

8

ð2nþ 1Þ2
exp

 
�DAð2nþ 1Þ2p2t

L2

!)#
þ
"

aR

�
1� exp

�
�t
sR

��#
ð5Þ

where aR is the fraction of mass uptake occurring via a relaxation-
controlled process, ð1� aRÞ is the fraction of mass uptake occurring
via a diffusion-controlled, and sR is the time constant of the
relaxation process. Although the Berens–Hopefenberg model
accounts for the simultaneous occurrence of diffusion-controlled
and relaxation-controlled uptake; it is often possible to divide the
mass uptake into two distinct stages where the initial, fast uptake is
associated with the Fickian response and the longer, slower
approach to equilibrium is controlled by the relaxation process.
Table 3
Dual mode model parameters for toluene sorption in Matrimid� asymmetric hollow
fibers at 35 �C.

Fiber Sample kD

�
ccSTP

ccPoly,psia

�
C0H

�
ccSTP
ccPoly

�
b
�

1
psia

�
Non-Annealed 67.7� 3.5 55.8� 3.5 9.3� 1.1
Annealed 83.9� 7.4 22.2� 3.4 34.7� 14.5
Transient sorption isotherms were collected at 35 �C for toluene
and n-heptane in non-annealed and annealed Matrimid� asym-
metric hollow fiber membranes. Four types of isotherms are
observed. Purely Fickian uptake is seen only for toluene sorption in
annealed fibers for a change in activity from 0 to 0.05 and is shown
in Fig. 5. As shown in Fig. 5, uptake of toluene in annealed fibers at
an activity of 0.05 procedes via a purely diffusion-controlled
process. In this case, a Fickian diffusion coefficient of
1.1�10�11 cm2/sec may be calculated by assuming a characteristic
thickness of 120 nm for the typical morphological features of the
asymmetric hollow fiber membranes illustrated in Fig. 2. This value
of the diffusion coefficient is reasonable based on previous inves-
tigations of solvent transport in other polymers [34–36]. Never-
theless, this calculation of the diffusion coefficient is only
approximate, since the characteristic thickness of 120 nm was
estimated by simple inspection of the morphology in Fig. 2.
Although the value of 120 nm is an estimate, the observation of
Fickian uptake in Matrimid� asymmetric hollow fibers indicates
that a single characteristic thickness does exist for this morphology.
Zimmerman et al. showed that in morphologies where a distribu-
tion exists in the characteristic dimension, apparent Fickian uptake,
such as that shown in Fig. 5, will not be observed [37]. However, the
fact that such a well-behaved Fickian response is observed strongly
suggests that a well-defined characteristic dimension does exist
within this complex asymmetric hollow fiber morphology.

On the other hand, purely relaxation-controlled uptake was
observed for n-heptane sorption in non-annealed fibers for
a change in activity from 0 to 0.09, and this behavior is shown in
Fig. 6. The presence of its total chain relaxation-controlled kinetics
at low activity verifies that n-heptane is a highly sorbing penetrant
able to increase segmental motion associated with chain relaxation.

The majority of the transient sorption isotherms observed
showed some amount of simultaneous diffusion-controlled (i.e.
Fickian) uptake and relaxation-controlled uptake. Transient
isotherms which show uptake by both mechanisms are of two
distinct types. The first type is a smooth, concave-down curve
gradually approaching the final equilibrium uptake. Fig. 7 shows
this behavior for n-heptane sorption in non-annealed fibers from
Fig. 5. Example of diffusion-controlled Fickian uptake for toluene sorption in annealed
Matrimid� asymmetric hollow fiber membranes from an activity change of 0.0 to 0.05 at
35 �C. Solid line is Berens–Hopfenberg model fit with aR¼ 0, DA/L2¼1.3�10�3 sec�1,
and sR¼ 0 min.



Fig. 6. Example of relaxation-controlled uptake for n-heptane sorption in non-
annealed Matrimid� asymmetric hollow fiber membranes from an activity
change of 0.0 to 0.09 at 35 �C. Solid line is Berens–Hopfenberg model fit with
aR¼ 1, DA/L2¼ 0 sec�1, and sR¼ 238 min.

Fig. 8. Example of ‘‘two-stage’’ uptake for toluene sorption in non-annealed Matrimid�

asymmetric hollow fiber membranes from an activity change of 0.51 to 0.61 at 35 �C.
Solid line is Berens–Hopfenberg model fit with aR¼ 0.69, DA/L2¼1.3�10�1 sec�1, and
sR¼ 2285 min.
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a 0.09 to 0.18 step in activity. The second type of transient isotherm
more clearly showed vapor uptake by both diffusion and relaxa-
tion-controlled processes. In these so-called ‘‘two-stage’’ transient
sorption isotherms, an initial quick diffusion-controlled, Fickian
uptake is followed by a longer relaxation-controlled uptake [38,39].
This behavior is show in Fig. 8 for toluene sorption in non-annealed
fibers from a 0.51 to 0.61 activity step.

The Berens–Hopfenberg model parameters are given for toluene
and n-heptane sorption in annealed and non-annealed Matrimid�

asymmetric hollow fiber membranes for all activities tested in this
work in Figs. 9–12. The Berens–Hopfenberg model fit all of the data
remarkably well; however, interpretation of the model parameters
is complex. The effect of penetrant activity and thermal history on
the Berens–Hopfenberg parameters will be described with an
interpretation of these results. Berens–Hopfenberg parameter
Fig. 7. Example of simultaneous diffusion and relaxation-controlled uptake for
n-heptane sorption in non-annealed Matrimid� asymmetric hollow fiber membranes
from an activity change of 0.09 to 0.18 at 35 �C. Solid line is Berens–Hopfenberg model
fit with aR¼ 0.58, DA/L2¼ 2.5�10�3 sec�1, and sR¼ 1391 min.
trends for n-heptane sorption in non-annealed samples are given in
Fig. 9. As shown, the value of diffusional resistance, 1/(DA/L2),
generally decreases with an increasing activity level of n-heptane
after the first activity step, where the total chain relaxation-
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Fig. 9. Berens–Hopfenberg model parameters for n-heptane sorption in non-annealed
Matrimid� asymmetric hollow fiber membranes at 35 �C (In (A), black triangle-
relaxation resistance: sR, black rectangular-fractional resistance: aR; In (B), black circle-
diffusional resistance: 1/(DA/L2). The lines shown are to aid the eye and are not
theoretically predicted).
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controlled kinetics are observed. The ‘‘L’’ in Fig. 9 refers to the
characteristic morphological feature, noted above to be reasonably
estimated as 120 nm. The presence of its total chain relaxation-
controlled kinetics at low activity verifies that n-heptane is a highly
sorbing penetrant as discussed before. Moreover, an overall
decrease in diffusional resistance is expected as increasing sorbed
concentration should lead to higher chain mobility.

Berens–Hopfenberg parameter trends for n-heptane sorption in
annealed samples are given in Fig. 10. Annealing fibers results in
reduced magnitude of aR across the full activity range compared to
that of non-annealed suggesting that it hinders chain relaxation
movement due to the reduction of excess free volume. This trend is
consistent with a reduced sorption uptake of n-heptane in annealed
fibers in equilibrium sorption due to a huge reduction in CH

0
.

Berens–Hopfenberg parameter trends for toluene sorption in
non-annealed samples are given in Fig. 11. All transient sorption
isotherms for toluene in Matrimid� fibers show a significant
relaxation-controlled contribution to the overall mass uptake based
on the fact that its overall aR values are relatively large. As with
n-heptane sorption in non-annealed samples, the value of diffu-
sional resistance, 1/(DA/L2), generally decreases with an increasing
activity level of toluene. The decrease in diffusional resistance
appears to be larger and more rapid compared to n-heptane, which
is consistent with higher sorbed toluene concentration at a given
activity as shown in equilibrium sorption isotherms. Furthermore,
a larger value of aR and a smaller value of sR for toluene in
non-annealed fibers compared to the corresponding values for
n-heptane support the suggestion that toluene is a more effective
plasticizer than n-heptane. Again, it is consistent with sorption
isotherms where toluene shows higher sorbed concentration at
a given activity. Evidence of antiplasticization exists from the first
two points of 1/(DA/L2), where its value increases. Antiplasticization
of the polymer is known to result from sorption of some penetrants
at low concentration. In the antiplasticization regime, sorbed
penetrant hinders polymer segmental motion and thereby
decreases the diffusion coefficient and possibly the chain relaxation
rate responsible for relaxation-controlled uptake. On the other
hand, at intermediate to high penetrant activity, plasticization of
the polymer occurs, based on the fact that the value of 1/(DA/L2)
decreases. In the plasticization regime, sorbed penetrant facilitates
polymer segmental motion and, thereby, increases the diffusion
coefficient of the sorbed penetrant. A drastic drop of values in sR at
high activity further supports the idea that toluene plasticizes
fibers strongly at high activity.

Lastly, Berens–Hopfenberg parameter trends for toluene sorp-
tion in annealed samples are given in Fig. 12. As shown in
n-heptane case, annealing fibers reduces the magnitude of aR

values in the overall activity level compared to that of non-
annealed, which is consistent with the reduced sorption uptake of
annealed sample in sorption isotherms. Unlike the non-annealed
sample, there is no discernible evidence of antiplasticization at low
activity in annealed fiber. However, antiplasticization may still
occur at activities lower than the lowest activity tested, based on
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relaxation resistance: sR, black rectangular-fractional resistance: aR; In (B), black circle-
diffusion resistance: 1/(DA/L2). The lines shown are to aid the eye and are not
theoretically predicted).
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the fact that annealing reduces excess free volume, thereby,
decreasing the chain mobility.
4. Conclusions

The equilibrium sorption isotherms for toluene and n-heptane,
in both annealed and non-annealed membranes, were well
described by the dual mode sorption model. Thermal annealing of
the fibers resulted in a significant decrease in the equilibrium
sorption of all penetrants. Within the framework of the dual mode
sorption model, the reduction in equilibrium sorption upon
thermal annealing was correlated to a reduction of the Langmuir
capacity constant, CH

0
. The increases of kD and b values in the dual

mode model for the annealed samples are believed to be due to the
formation of charge transfer complexes, which fundamentally
alters the nature of the glassy matrix. All transient sorption
isotherms of toluene and n-heptane in both annealed and non-
annealed Matrimid� asymmetric hollow fiber membranes were
well described by the Berens–Hopfenberg model. The range of
transient sorption behaviors observed in this study was exceed-
ingly complex. This complexity results from the interaction of
concentration dependent phenomena such as antiplasticization/
plasticization and history dependent phenomena such as the
formation of charge transfer complexes.
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