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ABSTRACT: P84 polyimide membranes with thicknesses
ranging from 6 to 310 pm were successfully fabricated by
spin coating. The glass transition temperature of the P84
powder was found to be 315°C using differential scanning
calorimetry, whereas its decomposition temperature was
536°C using thermogravimetric analysis. Scanning electron
microscopy was used to examine the morphology of the
membranes. The permeability of single gas (He, N,, O,,
and CO,) and the ideal selectivity of gas pair (O,/N,, He/
CO,, CO,/N,, and He/0O,), as a function of membrane
thickness, were determined. The results showed that the
permeability of a single gas increased with increasing
membrane thickness, whereas the selectivity of a given gas
pair was nearly independent of the membrane thickness.
The average selectivity of O,/N,, He/CO,, CO,/N,, and
He/O, were found to be 8.2, 10.0, 12.9, and 15.8, respec-
tively. The effects of heat treatment on the membrane mor-

phology and gas transport properties were investigated
for three annealing temperatures, i.e., 80°C, 200°C, and
315°C. The membrane annealed at 315°C was cracked due
to the stress sustained either during heating or cooling,
thereby resulting in little or no selectivity. The permeabil-
ities of P84-118 membrane (118 pm thickness) annealed at
80°C were 16.2, 0.196, 1.20, and 2.01 Barrer for He, N,, O,,
and CO,, respectively. The permeabilities of P84-118 mem-
brane annealed at 200°C decreased by 9.75%, 47.96%,
25.83%, and 30.85% for He, N, O,, and CO,, respectively, as
compared with those at 80°C, whereas the ideal selectivities
increased by 42.65%, 30.52%, 32.85%, and 21.63% for O,/N,,
He/CO,, CO,/N,, and He/O,, respectively. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 116: 2906-2912, 2010
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INTRODUCTION

Polymeric membranes have been of great interest in
the food production industry' and in the separation of
many important industrial gases, such as oxygen/
nitrogen enriched air, hydrogen recovery from purge
steam in ammonia plants or hydrogenation processes,
natural gas dehydration, and hydrocarbon recovery.>™*
Such interest in polymeric membrane technology is
due to the easy processability of membranes and low
capital investment cost. Glassy polymers that have
lower intrasegmental mobility and longer relaxation
time are always preferentially chosen as practical
membrane materials, amongst the various polymer
materials, for gas separation because of their inherent
high selectivity, excellent thermal and chemical stabil-
ity, and good mechanical properties.

Recently, to further enhance membrane perform-
ance for gas separation, considerable work has
focused on exploring new membrane materials™®
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and novel membrane structure designs.”'® For prac-
tical applications, membrane thickness also plays a
critical role in gas separation performance and cost-
effective productivity. To the best of the authors’
knowledge, limited work is devoted to investigating
the effect of membrane thickness on the transport
properties of membranes. Yang et al.'' investigated
the water sorption and diffusion behavior of Kapton
films with different thicknesses and found that the
water diffusivity in the 50 pm film was three times
larger than that in the 7.5 um film due to the differ-
ence in the molecular aggregate orientation. Mensi-
tieri et al.'” investigated the effect of film thickness
on oxygen sorption and diffusion in Kapton® poly-
imide. They observed sharp increases in permeabil-
ity, solubility, and diffusivity coefficient for increas-
ing film thickness for 13-50 um range. Koops et al.'?
studied the pervaporation selectivity as a function of
the membrane thickness and found the selectivity of
polysulfone (PSF), poly(vinyl chloride) (PVC), and
polyacrylonitrile (PAN) decreased with decreasing
membrane thickness, below a limiting value of about
15 pm. Huang and Paul'* investigated the relation-
ship between the physical aging and film thickness.
They found that the resulting films exhibited a dis-
tinct decrease in permeability with time due to
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Figure 1 Chemical structure of P84 (BTDA-Me4PDA/
MDA) co-polyimide.

physical aging, and the physical aging effect became
greater for the thinner films.

P84 co-polyimide (BTDA-Me4PDA /MDA, co-poly-
imide of 3,3,44-benzophenone tetracarboxylic dia-
nhydride and 80% methylphenylene-diamine + 20%
methylene diamine), a commercially available glassy
polymer, has attracted significant attention as a novel
membrane material for gas separation’! and perva-
poration* % due to its high selectivity with superior
anti-plasticization properties against CO,. In this
study, P84 co-polyimide membranes of thicknesses
ranging from 5 to 310 pm were prepared by spin coat-
ing. The effect of membrane thickness on gas perme-
ability and selectivity and the effect of heat treatment
on membrane properties were investigated.

EXPERIMENTAL

DSC and TGA characterizations of
P84 polymer powder

P84 co-polyimide powder for preparing the mem-
branes was supplied by HP Polymer GmbH, Aus-
tria. The chemical structure of P84 co-polyimide is
shown in Figure 1. To investigate the thermal stabil-
ity of the P84 polyimide, a thermogravimetric ana-
lyzer (TGA 7, PerkinElmer) was used. The thermog-
ravimetric analysis (TGA) was operated at a
temperature range of 25-900°C using a heating rate
of 20°C/min under nitrogen atmosphere. A differen-
tial scanning calorimeter (DSC 7 Sub-Amb, Perkin-
Elmer) was used to determine the glass transition
temperature (T,) of the P84 polyimide. The DSC
tests were conducted at a temperature range of
—20°C to 400°C using a heating rate of 20°C/min.

Fabrication of P84 membranes
with various thicknesses

The P84 powder was degassed under vacuum at
373°C overnight to remove any moisture before the
preparation of the membranes. A total of 8 g of P84
powder was dissolved in 20 mL of N-methyl-2-pyr-
rolidinone and the mixture was stirred at 60°C for
three days. The solution was then cooled to ambient
temperature and left standing for several hours to
remove any gas bubbles before spin coating.

A spincoater (Model P6700, Specialty Coating Sys-
tems) was used to prepare the membranes with vari-
ous thicknesses by varying the number of coats. Dur-
ing spin coating, two types of substrates, i.e., porous
stainless steel substrates and poly(methyl methacry-
late) (PMMA) substrates were used to prepare
defects-free membranes with thicknesses ranging
from 6 to 310 pm. Before spin coating, the porous
stainless steel substrates were ultrasonic-cleaned in
ethanol for 5 min and rinsed with ethanol for several
times to remove any surface contaminants. They were
then immersed into a solution of 2 wt % cetyltrime-
thylammonium bromide (C;,TAB) and ethanol for 10
min and rinsed with ethanol thrice. Finally, they were
dried in an oven at 100°C overnight. For the PMMA
substrates, they were cleaned with ethanol but with-
out immersing into a solution of C;,TAB and ethanol,
and then dried at 60°C in an oven overnight.

During its operation, the spin coating system was
evacuated by a vacuum pump and the working
chamber was purged by a stream of nitrogen gas to
ensure an inert condition. All the spin coatings were
conducted under ambient temperature. The process
parameters for the spin coating are shown in Table I.
During each spin coating, 0.4 mL P84 solution was
injected onto the substrate with a syringe. After each
coating, the substrate together with the coating mem-
brane was taken from the spincoater and dried in a
vacuum oven under ambient temperature. The thick-
nesses of the coating membranes were varied by the
number of separate coats applied.

Heat treatment of P84 membranes

To study the effects of heat treatment on the morphol-
ogy and gas transport properties of the membranes,
membranes with thickness of 118 pm were annealed
under vacuum at three different temperatures, i.e.,
80°C, 200°C, and 315°C. For the annealing tempera-
tures of 80°C and 200°C, it was conducted using a
vacuum oven (C3000, France Etuves), whereas for
that at 315°C, the annealing was conducted using a
furnace (Eurotherm 2416CG, Carbolite) with a tem-
perature controller. For each annealing process, the
temperature was increased at the rate of 0.5°C/min to
the preset temperature and kept at that temperature
for 24 h. Finally, the samples were cooled down to
room temperature at the same rate.

TABLE I
Process Parameters for Spin Coating
Stage 1 2 3 4
Speed (rpm) 1000 2000 6000 0
Ramp (s) 5 5 10 10
Time (s) 10 10 20 -
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Figure 2 Thermogravimetric curve of P84

powder.

analysis

Scanning electron microscopy

Scanning electron microscopy (JSM-5600LV, JEOL)
was used to examine the morphology of the result-
ing membranes. Before the scans, all the samples
were coated with platinum. For the cross-sectional
views, the samples were attached to a vertical sur-
face and then coated with platinum.

Permeation measurements

Single gas permeation tests on the P84 membranes
were conducted using a constant volume, varying
pressure experimental set-up as described in Lua
and Su.”® The single gas used in these tests was He,
N,, O, and CO,. Each gas was of a purity of
99.99%. All the tests were carried out at room tem-
perature. Once the membranes were prepared, they
were not left standing but subjected to permeation
tests. Hence, the effect of aging, if any, would be in-
significant for all the membranes tested. The gas per-
meability P was determined in accordance to that
given by Cong et al.* and its unit is in Barrer (1
Barrer = 1 x 107 em® (STP) em/(cm? s cmHg)).
The permeability P is given by

P VL dp
~ ARTAP dt

where V is the downstream volume, L is the mem-
brane thickness, A is the effective membrane area, R is
the universal gas constant, T is the absolute tempera-
ture, AP is the transmembrane pressure difference
p1 — p2 (where p; and p, are the upstream and down-
stream pressures, respectively), and dp/dt is the steady
rate at which the pressure is increasing on the down-
stream side. To determine the performance of the
membrane per unit thickness basis, the membrane
permeance P(P = P/L) is used and is defined as the
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Figure 3 Differential scanning calorimetry curve of P84
powder.

ratio of permeability P to membrane thickness L.
The ideal selectivity S of a given gas pair is given by

S=P4/Pp

where P, and Pp are the permeabilities of single
gases A and B, respectively. Membrane coated on
the porous stainless steel substrate was used directly
for the gas permeation test, whereas membrane
coated on PMMA substrate was peeled from the
substrate and then assembled into the gas permea-
tion set-up. The thickness of membrane was meas-
ured by a micrometer. For each membrane, eight
measurements on different locations were conducted
and the average value was obtained.
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Figure 4 Relationship between the membrane thickness
and the number of coats using porous stainless steel and
PMMA substrates.
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Figure 5 SEM micrographs of the cross-section of P84-118 membrane annealed at (a) 80°C, and (b) 200°C, and (c) a digi-
tal photograph together with the SEM micrograph of top surface (insert) of P84-118 annealed at 315°C.

RESULTS AND DISCUSSION
TGA and DSC results

Figures 2 and 3 show the TGA and the DSC curves
of the P84 powder, respectively. From the TGA
curve, the decomposition temperature of P84
powder was 535.5°C, indicating its excellent thermal
stability. A weight loss of about 4% at the
temperature of 100°C was due to the moisture pres-
ent in the powder. The glass transition temperature
of P84 as determined from the DSC curve was
315°C, which was consistent to that reported by
Qiao et al.**

P84 membranes with various thicknesses

For the preparation of the membrane, porous stain-
less steel substrates were initially used because of
the ease in processing the membranes for the gas
permeation tests. However, it was difficult to obtain
defects-free membranes with thickness <50 pm
using these substrates. Dense PMMA substrates with
much smoother surface were subsequently used for
preparing thinner membranes. The membrane pre-
pared using PMMA substrate had to be detached
from the substrate by immersing it into ethanol/
water solution. A total of seven membranes with
thickness ranging from 6 to 310 um were prepared
by controlling the number of spinning coats. The
relationship between the membrane thickness and
the number of coats is shown in Figure 4. The mem-
brane with a certain thickness L was labeled as
“P84-L.” For example, a membrane with thickness of
309 um was labeled as P84-309.

Effect of heat treatment on the properties
of P84 membranes

The study on the effect of heat treatment on the P84
membranes was carried out on the membranes hav-
ing a thickness of 118 pm. Membrane P84-118 was
annealed at three different temperatures, ie., 80°C,
200°C, and 315°C, to investigate the effect of heat
treatment on its gas transport properties. Mem-
branes annealed at 315°C were found to be cracked
due to the unequal thermal stress generated at the
interface between the substrate and the polymer
membrane during the heating or cooling process.
The membrane had a line crack as shown in Figure
5(c), whereas the membranes annealed at 80°C and
200°C were defects-free. Table II shows that P84-118
membrane annealed at 200°C yields higher selectiv-
ity than that at 80°C, but lower permeability for all
the single gas (He, Ny, O,, and CO,). The permeabil-
ities of P84-118 annealed at 80°C are 16.2, 0.196, 1.20,
and 2.01 Barrer for He, Ny, O, and CO,, respec-
tively. The permeabilities of P84-118 membrane
annealed at 200°C decreased by 9.75%, 47.96%,
25.83%, and 30.85% for He, N,, O, and CO,, respec-
tively, as compared with those at 80°C, whereas the
ideal selectivities increased by 42.65%, 30.52%,
32.850/0, and 21.63% for Oz/Nz, He/C02, COz/NZ,
and He/O,, respectively. This behavior of gas trans-
port in P84-118 membranes was due to the different
membrane morphologies, resulting from different
annealing temperatures. As shown in Figure 5(a),
there was a distinct lamination structure in the
cross-section of P84-118 membrane annealed at 80°C,
which was formed due to the separate layers of coat-
ing. For the membrane P84-118 annealed at 200°C,

TABLE II
Transport Properties of P84-118 Membrane Annealed at 80°C and 200°C

Permeability P (Barrer)

Selectivity S

Temperature (°C) He N, O, CO, 0,/N, He/CO, CO,/N, He/O,
80 16.2 0.196 1.20 2.01 6.12 8.06 10.26 13.50
200 14.62  0.102 0.89 1.39 8.73 10.52 13.63 16.42

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Permeability of helium for various membranes
subjected to different feed pressures.

the different layers of polymer were sintered to-
gether and the lamination lines disappeared due to
chain movements as shown in Figure 5(b). This is
reasonable considering the fact that a higher temper-
ature is favorable to chain movements in polymers.
This is termed the densification process whereby the
excess free volume of the membranes is reduced.
This, in turn, enhances selectivity but reduces per-
meability of the membrane. Subsequently, to ensure
good performance in gas separation, all membranes
were prepared and annealed at 200°C.

Effect of membrane thickness on gas transport
properties of P84 membranes

Gas permeation tests were carried out to investigate
the effect of membrane thickness on the transport
properties of P84 membranes. Figure 6 shows that
the helium permeability through membranes with
different thicknesses (P84-6 to P84-309) is independ-
ent of pressure. This behavior is characteristic of the
permeation of nonplasticizing gases through glassy
polymers and also indicates that some nonselective
transport mechanisms, such as Knudsen flow, are
not present during the gas transport processes. Fur-
ther, there were no defects or pinholes present in the

SHEN AND LUA

membranes as verified by the SEM micrographs
obtained, but not presented in this article.

The gas permeation results for helium, nitrogen,
oxygen, and carbon dioxide and the ideal selectivity
of the given gas pairs are shown in Table IIIl. A feed
pressure of 4 bars was used for all the tests. For all
the single gases (He, Ny, O,, and COy), their perme-
abilities are highly dependent on the membrane
thickness whereby the permeability increases with
increasing membrane thickness. The permeability of
all the single gases increased by more than three
times as the membrane thickness increased from 6 to
309 pm. Table III also shows that the permeability of
the single gas increases in the following order: He
(2.6 A) > CO, (33 A) > O, (346 A) > N, (3.64 A),
with its respective molecular gas diameter given
within the parenthesis. These trends are also shown
in Figure 7. Hence, the permeability of the gas
increases with decreasing size of the gas molecule,
as expected. P84 is a partial crystallized polyimide
and its crystallinity level, crystallinity orientation,
and excess free volume are highly dependent on the
membrane thickness.** Thinner membranes have a
lower crystallinity level, smaller excess free volume,
and a higher molecule chain alignment in a parallel
orientation to the membrane surface. These mem-
brane structure and morphology have considerable
influences on the gas transport properties through
the membrane. Lower crystallinity will lead to
increased gas permeability but smaller excess free
volume and higher molecule chain alignment will
both lead to decreased gas permeability due to
increased pore diffusion resistance. Of the four sin-
gle gases studied in this work, Figure 7 shows that
the permeability of each single gas decreases with
decreasing membrane thickness. For a thinner mem-
brane, the combined effects of a smaller excess free
volume and a higher molecule chain alignment in a
parallel orientation to the membrane surface are
more pronounced than the lower crystallinity effect
and, therefore, result in lower permeability as com-
pared with a thicker membrane. The numerical val-
ues of permeability for the various single gases
for different membrane thicknesses are given in

TABLE III
Single Gas Permeability and Selectivity of Gas Pairs for Membranes with Various Thicknesses

Permeability P (Barrer)

Selectivity S

Thickness L (pm) He N2 Oz COZ Oz/Nz He/C02 COz/Nz He/02

6 4.02 0.039 0.26 0.41 6.67 9.66 10.51 15.23

13 541 0.051 0.36 0.59 7.06 9.19 11.57 15.06

42 9.20 0.065 0.57 0.92 8.77 10.0 14.16 16.14

118 14.64 0.102 0.89 1.39 8.73 10.52 13.63 16.42

174 15.31 0.117 0.95 1.48 8.12 10.32 12.65 16.07

219 17.09 0.122 1.09 1.66 8.93 10.27 13.61 15.56

309 18.33 0.127 1.13 1.82 8.90 10.06 14.33 16.20

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Permeability of membranes with various thick-
nesses.

Table IIL. The effect of aging on the gas permeability
is probably negligible as all the P84 membranes
were used soon after they were prepared. To further
evaluate the gas permeability through the mem-
branes with varying thicknesses, the relationship
between the permeance and the membrane thickness
is shown in Figure 8 and Table IV. The permeance
of single gas (He, Ny, O, and CO;) decreases with
increasing membrane thickness. This is due to the
fact that the pore diffusion resistance through the
membrane increases exponentially with increasing
membrane thickness due to increasing tortuosity
effects, resulting in increasing gas path length. The
selectivity of gas pairs (O2/N,, He/CO,, CO,/N,,
and He/O,) seems to be almost independent of
membrane thickness as shown in Figure 9, although
some minor variations could be observed. Such rela-
tionship between selectivity and membrane thick-
ness was also reported for other polymer materials,

=
=

Permeance (Barrer/um)
o
=

I
w
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Figure 8 Permeance of membranes with various thick-
nesses.

TABLE IV
Single Gas Permeance for Membranes with Various
Thicknesses

Permeance P (Barrer/um)

Thickness L (um) He N, O, CO,

6 0.6700 0.0065 0.0433 0.0683

13 0.4162 0.0039 0.0277 0.0454

42 0.2191 0.0015 0.0136 0.0219

118 0.1241 0.0009 0.0075 0.0118

174 0.0880 0.0007 0.0055 0.0085

219 0.0780 0.0006 0.0050 0.0076

309 0.0593 0.0004 0.0037 0.0059

such as p013ysulfone (PSF), polyetherimide, and poly-
carbonate.”® From Table III, the average selectivity of
0,/N,, He/CO,, CO,/N,, and He/O, were found
to be about 8.2, 10.0, 12.9, and 15.8, respectively.

CONCLUSIONS

P84 polyimide membranes with thicknesses ranging
from 6 to 310 um were fabricated by spin coating.
The effects of heat treatment on the membrane mor-
phology and gas transport properties were investi-
gated. It was found that membrane P84-118 (118 pm
thickness) annealed at 315°C for 24 h, cracked
because of the stress generated in the interface
between the substrate and the polymer membrane,
resulting in very low or no selectivity. Membrane
P84-118 annealed at 200°C exhibited higher selectiv-
ity but lower permeability than that annealed at
80°C. The permeabilities of P84-118 annealed at 80°C
are 16.2, 0.196, 1.20, and 2.01 Barrer for He, N,, Oy,
and CO,, respectively. The permeabilities of P84-118
membrane annealed at 200°C decreased by 9.75%,
47.96%, 25.83%, and 30.85% for He, N5, O,, and CO,,
respectively, as compared with those at 80°C,
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Figure 9 Selectivity of membranes with various thick-
nesses.
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whereas the ideal selectivities increased by 42.65%,
30.52%, 32.85%, and 21.63% for O,/N,, He/CO,,
CO,/N,, and He/O,, respectively. The SEM micro-
graphs revealed that the higher annealing tempera-
ture of 200°C was favorable to fuse the lamination
lines resulting from the separate coats during prepa-
ration, and this could reduce excess free volume and
densify the membrane. The helium permeability for
the membranes with varying thicknesses was found
to be independent of the feed pressure, indicating
the absence of defects or pinholes in the membranes.
The gas permeation tests showed that the permeabil-
ity of membranes increased significantly with
increasing membrane thickness. This is due to the
combined effects of larger excess free volume and
lower molecular chain alignment in a parallel orien-
tation to the membrane surface, which predominate
over the adverse effect of higher crystallinity level in
a thicker membrane. The selectivity of gas pairs was
nearly independent of the variations in membrane
thickness.
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