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a b s t r a c t

Ceramic-supported polymer (CSP) membranes were prepared based on Torlon, P84, and Matrimid. The
dehydration performance of these membranes was determined by pervaporation of n-butanol/water mix-
tures (95/5 wt%) at 95 ◦C. Based on their performance P84 was selected for further testing. P84 membranes
showed excellent separation performance in dehydration of n-butanol for at least 300 days. Different cur-
ing temperatures in the range of 70–300 ◦C were used. The most significant flux difference was seen for a
P84 membrane cured at 300 ◦C, compared to the lower temperatures. The separation performance of a P84
CSP membrane at 150 ◦C showed water fluxes in the range of 1–6 kg/m2 h and separation factors of at least
360. The membrane life-time in n-butanol/water mixtures ranges from 80 to 140 days at 150 ◦C. No clear
relation between curing temperature and membrane stability could be derived. Reasonable separation
performance of a P84 CSP membrane in an ethanol/water mixture was demonstrated. Stable performance
at 150 ◦C was observed for the dehydration of t-butanol up to at least 250 days.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Molecular separation processes are responsible for an estimated
40% of the total energy consumption in the (petro)chemical indus-
try worldwide. The main energy-consuming separation processes
include dehydration of organic solvents, oxygen separation from air,
olefin/paraffin separation, and hydrogen separation from several
sources. These separations are currently performed using (cryo-
genic) distillation or adsorption-based techniques. The exergetic
efficiency of these techniques is in general as low as 10% [1].
Separation using membrane technology is widely accepted as an
energy-efficient alternative. Each of the above-mentioned appli-
cations has its own specific requirements, resulting in dedicated
solutions in terms of appropriate membrane material, design of
module and membrane geometry, sealing concept, and process
design. For the profitable introduction into new markets, we believe
that the membrane should be able to function at temperatures up
to at least 150 ◦C for several years.

A number of water selective materials have been proposed for
application in pervaporation membranes over the years. The first
class of materials is that of organic polymers. Polyvinyl alcohol
(PVA) has been described as early as 1990 [2], and the perfor-
mance can be improved through cross-linking [3]. Alternatives such

∗ Corresponding author. Tel.: +31 224 564949; fax: +31 224 568615.
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as polyamide-6 [4] and the polyimides Matrimid® [5], and P84®

[6–8] have been investigated. Microporous ceramic alternatives
were presented for their expected higher chemical and thermal
stability. Specific examples include amorphous networks of pure
silica [9], methylated silica [10], silica/zirconia mixtures [11], and
crystalline zeolites [12,13]. Commonly, the membrane performance
is determined for the separation of water from iso-propanol or n-
butanol at temperatures up to 100 ◦C. This temperature has been
shown to be the maximum application temperature of commercial
PVA membranes [14,15] and methylated silica [10]. To the best of
our knowledge only one example of a membrane that is hydrother-
mally stable above 100 ◦C has been reported in the open literature.
This membrane type, developed in collaboration with our group,
consists of an organic–inorganic hybrid silica-based material that
can separate water from n-butanol at 150 ◦C for a period of over 1
year [16].

Because of the high-temperature stability of high performance
polymers, such as polyimides, we were interested in their long-
term performance as water selective membrane materials at
temperatures over 100 ◦C. To this end, we have selected materials
with a high chemical and thermal stability and acceptable solu-
bility, namely Matrimid®, P84®, and the polyamide–imide Torlon®

(Fig. 1). Polyimide membranes are commonly prepared in the
form of hollow fibers with an inner and outer diameters rang-
ing from 0.15 to 5 mm and from 0.3 to 8 mm, respectively [5,17].
Limitations in the pervaporation performance can occur due to a
pressure drop on the permeate side of the membrane as result

0376-7388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structures of P84® , Matrimid® , and Torlon® .

the small inner diameter and the permeate side being located at
the inside of the fiber [5]. This problem becomes especially impor-
tant when scaling up to industrially sized units. Furthermore, the
mechanical stability of hollow fibers could be an issue, especially
at increased temperatures under relatively high-pressure drops.
Microporous membranes are normally deposited as a thin layer
(∼100 nm) on a mesoporous ceramic tubular support [10,18] and
do not suffer from these drawbacks. Therefore, we have chosen
to make use of the concept of ceramic-supported polymer (CSP)
membranes. This membrane concept is potentially suitable for
the preparation of large quantities of membranes and is com-
patible with module and sealing designs developed for ceramic
membranes.

In this report we will present the first results on the influence of
polymer type, polymer concentration in the coating solution, and
curing temperature on the long-term pervaporation performance
(flux and separation factor) of an n-butanol/water mixture at tem-
peratures up to 150 ◦C. In addition, results for the high-temperature
dehydration of ethanol and t-butanol are reported.

2. Experimental

2.1. Membrane preparation

Dense polymer top layers were prepared from solutions of
the polyimides P84® (High Performance Polymers Inc., Lenzing,
Austria), Matrimid® 9725 (Huntsman Advanced Materials, Basel,
Switzerland), and the polyamide–imide Torlon® AI-10 (Solvay
Advanced Polymers, Greenville, USA). The polymer names are
abbreviated hereafter as P84, Matrimid, and Torlon, respectively.
The polymers were dissolved as received in N-methylpyrrolidone
(NMP, Merck) or �-butyrolactone (Merck). Because of the sim-
ilarity in performance of the membranes obtained from both
solvents, only the results using NMP as a solvent are discussed
here. Dip-coating techniques developed for ceramic membranes
were applied, as described elsewhere [18]. Concentrations between
1 and 12 weight% (wt%) of polymer in the solvent were used for the

dip-coating on tubular mesoporous ceramic supports. These sup-
ports consist of a commercially available extruded �-alumina tube
coated with two macroporous �-alumina layers and a mesoporous
�-alumina top layer [18]. After dip-coating the tubes were trans-
ferred directly to a stove and cured in air at temperatures in the
range of 70–300 ◦C for 2 h, with heating and cooling ramp rates
of 1 ◦C/min. The thickness of the polymer layers was determined
by pre- and post-test analyses of the membrane cross-section by
means of Scanning Electron Microscopy using a Jeol 6330F SEM
equipped with a Noran Voyager EDX.

2.2. Solvent content in films

To assess the content of NMP in the membranes after the curing
procedure, differential thermal analysis and thermo-gravimetric
analysis (DTA–TGA) were done on a Netzsch STA 409. All measure-
ments were performed under air atmosphere on flat film polymer
samples, prepared from 5 wt% polymer solutions. One measure-
ment was done up to 600 ◦C to investigate the solvent evaporation
and polymer decomposition (dT/dt = 1 ◦C/min). For the other mea-
surements ramp rates and dwell times were taken identical to those
of the membrane preparation. After curing and cooling down the
samples were heated again to 300 ◦C (dT/dt = 1 ◦C/min) and kept at
this temperature until no solvent evaporation could be observed by
weight loss.

2.3. Pervaporation tests

Long-term pervaporation measurements on the ceramic-
supported polymer membranes, with a surface area of ∼40 cm2,
were performed at 150 ◦C in a continuous flow setup. The feed was
pumped with a constant flow of 1000 l/h from a 50 l storage ves-
sel over six membrane modules that were aligned in series (Fig. 2).
The retentate was fed back to the feed vessel. The performance of
the membranes was determined individually at regular intervals
with a feed mixture containing 5 wt% demineralized water in n-
butanol, ethanol, or t-butanol (Merck P.A.). For additional testing
glass setups were used at feed temperatures of 95 ◦C and stain-
less steel autoclaves were used at 150 ◦C. These setups are operated
batch-wise and the feed mixture is well stirred. During all the
longevity tests the membranes were constantly kept on stream and
the water content at the feed side was controlled to be 1–3 wt%,
while the permeate pressure was kept at 10 mbar. Measurements
were done at 5 wt% of water in the feed (batch-wise processes) or
the results were corrected for the feed composition (continuous
flow setup). The permeate was cooled with liquid nitrogen to facil-
itate collection. The permeate composition was determined using
the refraction index and the composition of the feed was deter-
mined by Karl Fischer titration. The separation factor, ˛, is defined
as

˛ = Yw/Yb

Xw/Xb
(1)

where Y and X are the weight fractions of water (w) and n-butanol
(b) in the permeate and feed solutions, respectively.

3. Results

3.1. Preparation

The preparation of around 60 tubular CSP membranes with
a total surface area of around 8000 cm2 proved to be relatively
straightforward. Only a very limited number of attempts lead to
a non-selective membrane. This happened for instance when the
polymer concentration in the solvent was too low (≤1% for P84),
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Fig. 2. (a) Schematic overview and picture (b) of continuous flow pervaporation setup used for longevity tests.

leading to imperfect coverage of the support. As proof for the gas
tightness of the membrane the helium permeance was measured
at room temperature. The values obtained were in all cases smaller
than 3.0 × 10−8 mol/m2 Pa s, indicating the absence of defects.

Ceramic-supported polyimide layers were obtained with a mean
layer thickness in the range of 0.2–10 �m, as determined with scan-
ning electron microscope (SEM) measurements. The layer thickness
depended mainly on the starting concentration of the polymer
solution, whereas it was not significantly affected by the curing
temperature. SEM images of cross-sections of these membranes
revealed a layer thickness of about 7 �m for a layer based on a
12 wt% solution of P84 in NMP and about 1 �m for a layer based on
a 5 wt% solution after curing at 70 ◦C (Fig. 3).

3.2. Solvent content

DTA–TGA measurements were done on a P84 film prepared from
a 2.5-wt% solution in NMP to estimate the residual solvent con-
tent after curing of the membranes. These measurements indicate
a gradual weight loss from 90 to 350 ◦C, indicative for the evap-
oration of residual solvent (NMP). At 450 ◦C a sharp decrease in
weight sets in, which is accompanied by a strong exothermic DTA
signal (Fig. 4a). This exothermic peak can be explained by oxida-
tive decomposition of the polymer. Based on this measurement a
program was setup to determine the residual solvent after different
preparation methods. Samples from solutions of P84 in NMP were

cured at 150, 225, and 300 ◦C and cooled down, followed by the TGA
program (Fig. 4b). For the samples cured at 150 and 225 ◦C a sig-
nificant weight loss of 10 and 5%, respectively, is observed during
this program. During the dwell at 300 ◦C the weight loss continues
for these samples. These data indicate that a significant amount of
NMP is still present in the samples cured. For the sample cured at
300 ◦C no additional weight loss was observed during this program.

3.3. Pervaporation performance at 95 ◦C

The pervaporation performance of the different CSP membranes
was compared at 95 ◦C in an n-butanol/water mixture (Fig. 5). The
Matrimid membrane showed a slightly higher water flux than the
Torlon and P84 membranes. However, the water content of the
permeate was only around 75–80 wt% (˛ = 57–76) for Matrimid,
whereas the Torlon and P84 membranes had initial water contents
in the permeate of over 95 wt% (˛ > 361). For the Torlon membrane,
a clear decrease in separation performance is noted in the course of
120 days of continuous testing. After this period the water content
in the permeate is only 90 wt%. Despite the decrease in separation
factor, the water flux of this Torlon membrane is stable during the
measurement period. The P84 membrane clearly has the highest
water content in the permeate stream of these three supported
polymer membranes (around 98 wt%, ˛ = 931).

Based on this information we selected P84 for further optimiza-
tion in a detailed screening. The effect of the curing temperature

Fig. 3. SEM images of ceramic-supported P84 membranes based on 5 wt% (left) and 12 wt% (right) solutions at different magnifications; �-, �-alumina, and P84 layer indicated.
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Fig. 4. (a) DTA-TGA plot of P84 film, casted from 2.5 wt% solution in NMP and (b) relative weight of P84 samples during ramp to and dwell at 300 ◦C, after curing at 150, 225,
and 300 ◦C.

Fig. 5. (a) Water flux and water concentration in permeate (b) against time (in days) for P84, Matrimid, and Torlon membranes based on 5 wt% solutions in NMP, cured at
200 ◦C. Conditions: 5 wt% water in n-butanol at 95 ◦C.

was investigated using P84 membranes based on 5 wt% solutions
in NMP with curing treatments at 70, 100, 150, 200, and 300 ◦C
(Fig. 6). The long-term behavior of these membranes indicates that
the water fluxes decrease slightly during the first about 20 days
for the membranes cured in the range of 70–200 ◦C. All of these
fluxes are in the range of 1–2 kg/m2 h after an initial stabilization
period. The water flux obtained for the membrane cured at 200 ◦C
is the lowest of the four membranes in this range. The water flux
of the membrane cured at 300 ◦C is significantly lower and varies
between 350 and 650 g/m2 h over a period of 270 days. Overall, the
water content of the permeate stream increases slightly with higher
curing temperatures. The best performance results were obtained
for membranes cured in the temperature range of 150–300 ◦C. As
an example, the membrane cured at 300 ◦C shows relatively stable
behaviour with a water content in the permeate of over 95 wt% up
to 235 days (not shown in the graph). After this period it strongly
decreases, indicative for the breakdown of the membrane.

A comparison of the water flux against the weight percentage of
polymer in the preparation solution was made, using membranes

based on 2.5, 5, and 12 wt% of P84 cured at 70 ◦C (Fig. 7). The test-
ing conditions were 95 ◦C, 5 wt% water in n-butanol and a permeate
pressure of 10 mbar. These results show that the flux decreases with
increasing weight percentage of polymer solution. This relates well
with the observed increase in layer thickness with increasing poly-
mer concentration. Importantly, the water content of the permeate
stream is comparable and over 95 wt% for all three polymer con-
centrations. Moreover, for the membranes based on 2.5 and 5 wt%
concentrations the performance was measured for a period of 280
days and remained nearly constant. After a decrease in flux during
the first 20 days of operation, the flux increased slightly for these
membranes over the remaining running time. After 280 days, the
selectivity of the membrane based on 2.5 wt% P84 strongly declines
due to a sharp increase of the n-butanol flux.

3.4. Pervaporation performance at 150 ◦C

Pervaporation measurements at 150 ◦C using a water/n-butanol
feed mixture were performed to estimate the potential for these

Fig. 6. Influence of curing temperature on water flux (a) and water concentration in permeate (b) against time (in days) for P84 membranes based on 5 wt% solution in NMP.
Conditions: 5 wt% water in n-butanol at 95 ◦C.
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Fig. 7. Influence of P84 concentration in dip-coating (2.5, 5, 12 wt%) on water flux (a) and water concentration in permeate (b). Conditions: 5 wt% water in n-butanol at 95 ◦C.

Fig. 8. (a) Water flux and water concentration in permeate (b) against time (in days) for two Matrimid membranes based on 10 wt% solutions in NMP, cured at 300 ◦C.
Conditions: 5 wt% water in n-butanol at 150 ◦C.

CSP membranes in the higher temperature range. At this temper-
ature Matrimid membranes have an initial water content of over
95 wt% in the permeate. However, for all of the Matrimid mem-
branes the water content drops to 70 wt% in the course of 10 days.
In addition, the water and n-butanol fluxes increase steadily over
the whole measurement period of up to 70 days. The performance
of the Matrimid membranes was very reproducible and all mem-
branes based on this polymer show a similar rapid decrease in
selectivity. As an example, the performance of Matrimid mem-
branes based on 10 wt% polymer solution that were cured at 300 ◦C
is shown (Fig. 8). Parallel small fluctuations in performance of both
membranes are observed because of small fluctuations in water
concentration of the feed in the continuous flow setup (Fig. 8). These
membranes were tested in the same test run and the similarity of
their performance can be attributed to reproducible preparation of
the membranes.

For the P84 membranes the water content in the permeate
stream is over 95 wt% in all cases for the first 80–100 days of opera-
tion. Similar to the measurements at 95 ◦C the membranes prepared

from 5 to 12 wt% solutions of P84 have lower fluxes compared to
those prepared from a 2.5 wt% solution. In addition the initial water
flux observed for a membrane cured at 300 ◦C is lower than for
those cured at lower temperatures. Because of their superior fluxes,
membranes based on 2.5 wt% solutions were selected for further
experiments. For all of the membranes a gradual increase of the
water flux over the complete measurement period was observed.
This effect was more dramatic for the membranes prepared from
lower concentrations of P84. Different temperatures of heat treat-
ment (150, 225, and 300 ◦C) do not have a significant effect on the
rate of the water flux increase. After 80–140 days of operation the
n-butanol fluxes increases to such an extent that the selectivity
drops (Fig. 9). The separation experiments were stopped when this
occurred.

We investigated the influence of the long-term high-
temperature pervaporation conditions on the membrane layer
with SEM. A membrane based on 12 wt% of P84 in NMP was tested
in an n-butanol/water 95/5 wt% mixture at temperatures ranging
from 110 to 150 ◦C during a total running time of 250 days. The

Fig. 9. Influence of curing temperature (150, 225, 300 ◦C) on water flux (a) and water concentration in the permeate (b) of P84 membranes prepared from 2.5 wt% solution.
Conditions: 5 wt% water in n-butanol, 150 ◦C.
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Fig. 10. Influence of pervaporation feed mixture on performance of P84 membrane. Conditions: 150 ◦C, 5 wt% water in n-butanol, t-butanol, or ethanol.

estimates of the layer thickness using SEM indicate that for this
membrane the initial thickness of about 9 �m is reduced to 120 nm
after this test. Apparently, most of the membrane material is lost
during the experiment.

The comparison of the pervaporation results using a feed mix-
ture of 5 wt% water in either n-butanol, t-butanol, or ethanol at
150 ◦C lead to unexpected results (Fig. 10). Despite the long-term
stability of P84 membranes in the dehydration of n-butanol at 95 ◦C,
an increase of the flux over a period of 90 days was observed at
150 ◦C. After this time period a drop of the water content in the
permeate stream was observed for this separation. For the dehydra-
tion of ethanol the water flux fluctuated around an average value
of 3 kg/m2 h over a period of 200 days. The water content in the
permeate ranged from 90% initially to 50% after 200 days. In con-
trast, for t-butanol a completely stable behavior of the water flux
and the water concentration in the permeate was observed for a
measurement time of 250 days at 150 ◦C. The water flux was stable
at around 4 kg/m2 h with a water content in the permeate stream
of over 99 wt% (˛ > 1881).

4. Discussion and conclusions

Based on these pervaporation results it appears that the separa-
tion factors of obtained for ceramic-supported P84 membranes are
much higher than those of Matrimid and Torlon membranes. The
initial water fluxes obtained with these P84 membranes are in the
range of 1–6 kg/m2 h and are among the highest reported in liter-
ature (see e.g. [6,8,21]). Therefore we conclude that of these three
polymer types P84 is the most suitable material for the pervapo-
ration of n-butanol/water mixtures. The higher separation factor
obtained for P84 as compared to Matrimid can be related to the
higher fractional free volume of Matrimid [22]. For Torlon the ini-
tial performance is comparable to P84, which is in line with their
comparable free volume. However, the separation factor of the
Torlon membrane rapidly declines, whereas the P84 membrane
shows stable performance. We propose that the polyamide groups
in Torlon are prone to hydrolysis, leading to structural changes
and eventually to breakdown of the membrane. The stable long-
term pervaporation performance of the P84 CSP membranes in
95/5 wt% n-butanol/water mixtures at 95 ◦C is unprecedented in
literature. Measurement times of 80–100 days could be achieved
easily without noticeable degradation of the membrane. A number
of these membranes were tested for longer periods and performed
well even up to at least 300 days. Only one membrane based on
the lowest polymer concentration (the thinnest layer) broke down
after about 300 days of testing. Curing temperatures of 200 and
300 ◦C clearly lead to lower water fluxes and slightly improved sep-
aration factors. Based on the TGA results for free standing films,
this can be attributed to a lower residual solvent content after

these curing treatments. Removal of the residual NMP presum-
ably leads to further densification of the polymer film and thus to
lower water fluxes. It is clear that depending on the specific appli-
cation, the water flux and separation factors can be tuned within
reasonable limits. The separation factors can be increased up to
1881 (99 wt% water in the permeate), at the expense of the water
flux.

During separation measurements at 150 ◦C degradation of the
membranes in water/n-butanol mixtures occurs at a higher rate. All
membranes exhibit a gradual increase in both water and n-butanol
flux, eventually leading to loss of selectivity. For the Matrimid
membranes the water and n-butanol fluxes increase rapidly dur-
ing the first 25 days of operation. Consequently, the water content
in the permeate drops to a disappointing 85% in this period.
This is similar to the performance of the Matrimid membrane
observed at 95 ◦C. Most of the P84 membranes break down after
80–120 days of operation at 150 ◦C in n-butanol/water. Still, the
stability of the P84 membranes is much higher than that of the
Matrimid membranes. Interestingly, a P84 membrane is stable up
to at least 250 days in a mixture of 95/5 wt% t-butanol/water.
At the moment we do not have an explanation for this appar-
ent difference in the two alcohol/water mixtures. For example,
the Hansen solubility parameters [23] for n-butanol and t-butanol
are very similar and do not explain the large difference in perfor-
mance.

From the post-test analysis results for the separation of n-
butanol/water it is clear that loss of membrane material occurs
during the measuring time. The SEM micrographs of the mem-
brane layer before and after testing are featureless. Therefore, we
conclude that morphology changes due to phase changes at the
membrane surface are not taking place. At this moment is unclear if
either degradation or dissolution of the polymer chains is respon-
sible for the loss of material. Based on the available literature on
polyimide degradation [19,20], we propose that hydrolysis of poly-
imide group results in gradual breakdown of the polymer chains.
Based on the rapid degradation of Matrimid at 150 ◦C, hydrolysis
of this polymer occurs at a much higher rate than hydrolysis of
P84. Currently, we are investigating this effect in more detail and
are looking into modifications of the CSP membranes to arrive at
higher stabilities.

In general, the pervaporation performance of these membranes
is highly reproducible, indicating the suitability of this approach
for larger scale application. Furthermore, we have demonstrated
that several tens of tubular ceramic-supported polyimide mem-
branes can be prepared quite readily. The results obtained for
high-temperature dehydration using these CSP membranes are
especially promising. To the best of our knowledge, this long-term
behavior of polyimide membranes in pervaporation at tempera-
tures above 100 ◦C is demonstrated for the first time. It is clear that
under these industrially relevant conditions the long-term stabil-
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ity of P84 and Matrimid membranes in n-butanol/water is limited.
However, the stability of the P84 membrane in the dehydration of
t-butanol is very high, which opens the way for pre-commercial
testing of this application. Therefore, we are aiming at the applica-
tion of such polyimide membranes on a larger scale of 1 m2, using
a previously developed pilot scale separation unit.
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