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Effect of Raw Multi-Wall Carbon Nanotubes on Morphology
and Separation Properties of Polyimide Membranes
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"Membrane Research Laboratory, School of Chemical Engineering, College of Engineering,
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Raw multi wall carbon nanotubes (r-MWCNTSs) were embedded
as fillers inside the polyimide (PI) matrix and PI/r-MWCNTSs mixed
matrix membranes were fabricated by the phase inversion method.
The TEM images and permeation results using helium as test gas
showed that -MWCNTs were generally closed ended and acted as
impermeable nano particles. Gas permeation tests using CO, and
CH, showed that the addition of -MWCNTs into the dope solution
increased the CO,/CH, separation factor while decreasing the
carbon dioxide and methane permeances. When the r-MWCNTs
content was increased from 0% to 6 wt.%, permeance of CO, in
the flat sheet mixed matrix membranes decreased from 9.15 GPU
to 549 GPU and CO,/CH, separation factor increased from
19.05 to 45.75. Identical to flat sheet mixed matrix membranes,
the addition of 2wt.% r-MWCNTs into a spinning dope increased
the CO,/CH, separation factor from 46.61 to 72.20. The glass tran-
sition temperature of the mixed matrix flat sheet membranes
increased with an increase in the -MWCNTs content. This implies
a good segmental-level attachment between the two phases that
forms a rigidified polymer region at the polymer/r-MWCNTSs
interface. FESEM images showed well dispersed r-MWCNTs in
the polymer matrix at a loading of 2 wt% r-MWCNTs.

Keywords gas separation; mixed matrix membranes; multi wall
carbon nanotubes

INTRODUCTION

In 1991 Robeson, and later in 1999 Freeman presented a
selectivity versus permeability plot and showed that the sel-
ectivity of many polymeric membranes for various gas
pairs lies on or below a straight line defined as the upper
bound tradeoff curve (1,2). To overcome the Robeson’s
upper bound tradeoff, researchers started to use carbon
membranes for the separation of gases (3). Some
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researchers indicated that these membranes are difficult
to handle and expensive to fabricate, fragile, easily plagued
by cracks or gaps, and difficult to be transformed into a
high surface area module (4,5).

Mixed matrix membranes started to emerge as an alter-
native in membrane technology. In this approach, superior
gas separation properties of molecular sieve materials com-
bine with desirable mechanical properties and economical
processability of polymers (6). Zeolites and carbon molecu-
lar sieves (CMS) are the most commonly used inorganic
fillers for mixed matrix membrane development (5-8).
Metal organic frameworks (9), activated carbon (10,11),
and carbon nanotubes (12,13) are other types of materials
that have been applied as the dispersed phase in mixed
matrix membranes fabrication.

Among these materials, carbon nanotubes (CNTs) have
been proposed recently for gas separation application due
to the following attractive properties (12,14-16):

. High mechanical strength

. High strength-to-weight ratio
. Large length/diameter ratio
High thermal stability

. Very smooth internal surface
. Precise diameter

Briefly, carbon nanotubes are rolled-up cylinders of
graphite sheets (Grapheme) of sp” hybridization bonded
carbon atoms whose diameter is several Angstroms and
whose length is up to several microns (14,17). The nanotubes
can be synthesized as singular tubes (single wall carbon
nanotubes) or may consist of up to tens or hundreds of
co-centric shells of carbon (multi-wall carbon nanotubes).

Due to the aforementioned properties of carbon
nanotubes, these tubes are suitable for the preparation of
composite materials with high mechanical strength and
high thermal stability. In addition, carbon nanotubes have
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been used extensively as field emitters, electro-catalysts of
an oxygen reduction reaction, which is important for fuel
cells, battery electrodes, high-capacity hydrogen storage
media, central elements of electronic devices, logic circuits
(14), and adsorption systems (18). Furthermore, due to
their smooth surface and their excellent separation pro-
perties, carbon nanotubes have also been used as potential
new fillers in mixed matrix membranes fabrication
(12,15,16,19,20).

Although carbon nanotubes have excellent separation,
electrical and mechanical properties, raw carbon nanotubes
are a mixture of CNTs on the catalytic support together
with amorphous carbon, metal particles, and other carbon
nanomaterials (21,22) which must be efficiently eliminated
for potential applications. Depending on CNTs mor-
phology and the processes used for the preparation of
CNTs, both chemical and physical methods can be used
for the purification of carbon nanotubes (23). Chemical
methods (such as oxidation by heating, or with acids and
oxidizing agents, alkali treatment, and annealing in inert
gases) can effectively purify the CNTs but remarkable
damages to the nanotubes’ morphology and wide loss of
product during the purification process may be expected
(24). On the other hand, physical methods (such as ultra-
sonication, filtration, centrifugation, and size-exclusive
chromatography) are more complex and less effective com-
pared to the chemical techniques (24).

The objective of this research is to investigate the effect
of raw multi-wall carbon nanotubes (r-MWCNTs) on the
morphology and separation properties of polyimide mem-
branes. Raw MWCNTs were chosen as fillers to avoid
the loss of CNTs and damages to the nanotubes’
morphology during the complex purification procedure.

EXPERIMENTAL
Materials

The dope used in this study consisted of polyimide (PI)
supplied by A. Johnson Mattey Company, and
N-methylpyrrolidone (NMP), tetrahydrofuran (THF),
and ethanol (EtOH), supplied by Merck. Tap water was
used as the coagulation medium. Multi-wall carbon nano-
tubes were synthesized using a catalytic chemical vapor
deposition (CCVD) system at atmospheric pressure and
characterized by the authors.

Fabrication of Pl Flat Sheet Membranes

Polyimide flat sheet membranes for gas separation were
fabricated using the wet phase inversion method. Polyimide
was dried in an oven at 120°C overnight to remove any
adsorbed water. Then a predetermined amount of polyi-
mide was added to the solvent mixture gradually and the
mixture was stirred for 1 day. After this period of time,
the prepared homogeneous viscous polymeric solution

was sonicated for 90 minutes and then degassed for 1 day
to remove the gas bubbles that may exist in the dope. After
degassing, the dope was cast onto a glass plate with a cast-
ing knife for a gap setting of 200 micrometers at ambient
conditions and was then immediately immersed into the
coagulation bath. After 1 day of immersion in water, to
remove the remaining solvent, the water in the membrane
was replaced by n-hexane following the methanol/
n-hexane solvent exchange technique and, subsequently,
the membrane was dried (25,26). Furthermore, the mem-
brane so fabricated was coated with silicone rubber using
a commercial elastomer product called Sylgard 184. The
silicone elastomer was supplied in two parts: a lot-matched
base and a curing agent. The coating solution was prepared
by thoroughly mixing the base material and the curing
agent in a 10:1 by weight ratio and further dilution to
3wt.% in n-hexane. The membrane was immersed in the
coating solution for 6 hours, removed from the coating sol-
ution, and left in an oven at 85°C overnight. Table 1 shows
the casting conditions.

Fabrication of Pl Hollow Fiber Membranes

Asymmetric polyimide hollow fiber membranes for gas
separation were fabricated using a dry /wet spinning process.

The dope preparation method for hollow fiber was
identical to the flat sheet, as described earlier. After degas-
sing, the polymeric solution was poured slowly into the
dope reservoir (500 mL) at ambient temperature. The poly-
mer solution was delivered from the reservoir by a gear
pump (Induction Motor SIK60GU-SF) to the spinneret
that was maintained at 10 bar gauge under nitrogen press-
ure to prevent cavitation in the line to the pump. The bore
fluid was pumped to the spinneret using a peristaltic pump
(MASTERFLEX 77200-60) simultaneously and the dope
and bore fluids were co-extruded through the spinneret as
shown in Fig. 1. Tap water at ambient conditions was used
as the external coagulant while a mixture of NMP and dis-
tilled water (90/10 wt.%) was used as the bore fluid in order
to create an open porous inner surface without a skin and
minimize substructure and inner skin effects on fiber
performance (27-29). The ratio of the dope extrusion

TABLE 1
Polyimide flat sheet membrane fabrication conditions

Casting parameters Values

PI 25, solvent mixture 75
NMP 48.2, THF 16.1,

Dope composition (wt.%)
Solvent mixture composition
(Wt.%, total sum of 75 wt.%) EtOH 10.7
Coagulant Tap water
Coagulation bath temperature 25°C
Ambient conditions 25°C and 84% relative
humidity
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FIG. 1. Schematic diagram of hollow fiber spinning system: (1) nitrogen
cylinder; (2) dope reservoir; (3) gear pump; (4) on-line filter, 7mm; (5)
peristaltic pump; (6) spinneret; (7) forced convective tube; (8) roller; (9)
wind-up drum; (10) refrigeration/heating unit; (11) coagulation bath;
(12) washing/treatment bath; (13) wind-up bath; (14) schematic diagram
of the spinneret.

rate to bore fluid injection rate was maintained almost con-
stant at 3.0 in order to reduce the complicated coupling
effects of bore fluid on fiber formation. To minimize the
effects of elongation stress and gravity on fiber formation,
the jet stretch ratio (ratio of drum take-up speed to dope
extrusion speed) was kept constant at 1.0 (29). After spin-
ning, the membranes were immersed in water to remove the
remaining solvents and then dried using a methanol/
n-hexane solvent exchange technique (26,30). The hollow
fibers were hung vertically and air-dried at room tempera-
ture for 1 day. Similar to flat sheet membranes, hollow fiber
membranes were coated by silicon rubber/n-hexane

solution as described earlier. Table 2 shows the spinning
conditions.

Fabrication of PI/r-MWCNTs Flat Sheet and Hollow
Fiber Mixed Matrix Membranes

Except for the dope composition and dope preparation
process, other procedures for fabrication of mixed matrix
membranes were identical to the neat polymer membranes.
The dope preparation procedure of the mixed matrix mem-
brane was as follows. First, raw carbon nanotubes and poly-
imide were dried in an air circulating oven (Memmert model
100-800) at 120°C overnight. Then a predetermined amount
(1-6 wt.%) of raw MWCNTs (r-MWCNTs) was added into
the solvent mixture and the resulting suspension was soni-
cated for 20 minutes for better particle distribution. The
suspension was further stirred for 4 hours to separate the
particles by the high shear rate (31). After this period of time;
polyimide was added gradually into the particle suspension
and the polymeric suspension, composed of polyimide and
r-MWCNTs in the solvent mixture, was stirred for 1 day
to obtain a homogeneous viscous solution. Table 3 shows
the mixed matrix membrane dope composition.

Characterization of Flat Sheet Polymeric and Mixed
Matrix Membranes

The morphology of polymeric membranes was observed
by a low vacuum scanning electron microscope (SEM:
JEOL JSM-6390LV) while for characterization of poly-
imide/-MWCNTSs mixed matrix membranes, a field emis-
sion scanning electron microscope (FESEM: JEOL
JSM-6701 F) was used. The samples for SEM and FESEM
characterization were prepared by breaking membranes
after immersion in liquid nitrogen, followed by Pt coating.
The structure and properties of raw multi-wall carbon

TABLE 2
Polyimide hollow fiber membrane fabrication conditions

Spinning parameters

Values

Spinneret dimensions

Bore fluid flow rate

Dope flow rate

Dope flow rate to bore flow rate ratio

Jet stretch ratio (ratio of drum take-up speed
to dope extrusion speed)

Dope composition (wt.%)

Solvent mixture composition (wt.%, total sum of 75 wt.%)

Bore fluid composition (wt.%)
Air gap length

Coagulant

Coagulation bath temperature
Ambient conditions

I.D.=0.55mm, O.D.=1.1mm
1 ml/min

3ml/min

3

1

PI 25, solvent mixture 75

NMP 48.2, THF 16.1, EtOH 10.7
NMP 90, distilled water 10

6cm

Tap water

25°C

25°C and 84% relative humidity
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TABLE 3
The dope composition for the fabrication of PI/r-MWCNTs mixed matrix membranes

Polyimide Solid base -MWCNT Total base -MWCNT Solvent mixture

Solvent mixture

(wt.%) (wt.%) (Wt.%) (wt.%) composition (wt.%)

25 1 0.253 74.747 NMP 48.047, THF 16.02, EtOH 10.68
25 2 0.510 74.490 NMP 47.890, THF 15.96, EtOH 10.64
25 4 1.042 73.958 NMP 47.538, THF 15.85, EtOH 10.57
25 6 1.596 73.404 NMP 47.184, THF 15.73, EtOH 10.49

nanotubes (r-MWCNTs) were examined by a transmission
electron microscope (TEM: JEOL JEM-2100). The samples
for TEM were prepared by sonication of -MWCNTs into
chloroform and then picking them up on the sample stub
surface. The glass transition temperature (T,) of the sam-
ples was measured by a differential scanning calorimeter
(DSC: METTLER TOLEDO DSC 822°).

Gas Permeation Tests

The constant pressure method was used to measure the
gas permeation rate as described elsewhere (25). The per-
meances of the fabricated flat sheet membranes were mea-
sured for pure carbon dioxide and methane at 25°C and a
feed pressure of 15bar gauge while fluxes of the hollow
fiber membranes were measured for pure carbon dioxide
and methane at 25°C and 9 bar gauge. The volumetric flow
rate of the permeate was measured by a soap bubble flow
meter and converted to the standard temperature and
pressure. Each set of data represents 5-10 replicates.

Circular membrane discs with a 5cm diameter and an
effective permeation area of 13.5cm” were used for flat
sheet gas permeation tests.

Hollow fiber modules were prepared as follows. Ten
fibers were selected and one end was sealed with silicon
epoxy (LOCTITE E30-CL HYSOL, USA) to make a hol-
low fiber bundle. The bundle was then inserted into a stain-
less steel tube (1/2 inch diameter) and the other end of the
bundle was glued to the tube wall with epoxy resin while
filling the space between fibers (and the space between
the fibers and the wall). This end of the glued bundle was
cut with a knife to make the fibers open-ended. The effec-
tive length of the fiber was 20 cm. Three to five such mod-
ules were tested for each sample in a parallel mode, the feed
gas flowed through the shell side channel while permeate
flowed through the lumen side channel.

Equation (1) was used to determine the permeance
through the membranes:

(P/I) = Q/(4-AP) (1)

where Q is the measured volumetric flow rate (at standard
temperature and pressure), P is the permeability, / is the
membrane skin layer thickness, 4 is the effective membrane

area, and AP is the pressure difference across the mem-
brane. The common unit of the permeance is GPU and 1
GPU is equal to 107¢ cm3(STP)/crn2 -s-cmHg.

Equation (2) was used for calculating the ideal separ-
ation factor (o):

x= Pi/P; (2)

where P; and P; are the permeabilities of components i and
J, respectively.

§ L' T N

(b)

FIG. 2. Transmission electron microscope images of -rMWCNTs.
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RESULTS AND DISCUSSION
Carbon Nanotubes Characterization

Multi-wall carbon nanotubes (MWCNTs) were synthe-
sized by our CNT group using a catalytic chemical vapor
deposition (CCVD) system at atmospheric pressure. The
supported catalyst (nickel supported on silica-alumina)
was prepared by the impregnation method. The reaction

O ol

FIG. 3. Amorphous carbon free surface of -MWCNTs.

was performed at a temperature above 700°C with an
optimized reaction time. Acetylene (C,H,) was used as
the source of carbon for the production of carbon nano-
tubes (CNTs) and nitrogen (N,) acted as the carrier gas.
The basic mechanism in this process is the dissociation of
C,H, molecules catalyzed by the nickel supported on
silica-alumina and saturation of carbon atoms in the Ni
nano-particles. Precipitation of carbon from the metal par-
ticle leads to the formation of carbon nanotubes in a sp>
structure. The CNT product was collected as a black and
fluffy powder. The details of the MWCNTSs production
technique are given elsewhere (32,33).

The MWCNTs so prepared were used without any
further treatment (e.g., purification or functionalization)
and are referred to hereafter as r (raw)-MWCNTs.

The TEM images of the r-MWCNTs are shown in
Figs. 2a and 2b. The inner diameter of the synthesized
multi-wall carbon nanotubes was in the range of
1.75-4.71 nm (average 3.35nm) and their outer diameter
was between 10.22 to 18.44 nm (average 13.8 nm).

Those r-MWCNTs were free from amorphous carbon at
the surface as Fig. 3 shows.

The r-MWCNTSs were however not pure and catalytic
impurity was observed. When the -MWCNTSs were exam-
ined, the impurity (black dots) could be detected either

FIG. 4. Catalytic impurities on the outer surface, inside or on tips of the -MWCNTs.
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on the outer surface, inside, or on the tips of the carbon
nanotubes as shown in Figs. 4a—d. These impurities inside
the -MWCNTs can block penetrants when they are used
as fillers in membrane preparation.

In addition to the presence of amorphous carbon and
catalytic impurities, the tendency of MWCNTs to agglom-
erate can affect membrane properties and should be taken
into account during dope preparation. Figure 5 is an image
of -MWCNTs in which agglomerated carbon nanotubes
are observed.

From these TEM images, it was concluded that most of
the carbon-nanotubes are not open cylinders, as evidenced
by helium permeation tests discussed later.

(®)

FIG. 5. TEM images of raw multi walled carbon nanotubes: (a) orig-
inally long and endless, (b) agglomerated and blocked by impurities (black
dots).

Glass Transition Temperatures of Pl and PI/r-MWCNTs
Mixed Matrix Flat Sheet Membranes

Addition of a dispersed inorganic phase can affect the
fundamental properties (such as T,) of the polymer matrix
when good segmental-level attachment exists between these
two phases (6). The glass transition temperature (T,) is
strongly dependent on the thermal, mechanical or proces-
sing history of the sample (34). Increased T, reflects the
change in long-range segmental mobility of polymer chains
(35). Moore and Koros attributed the T, increase in the
mixed matrix membrane to the rigidification of polymer
regions around the particles (36), occurring due to the
stresses arising during membrane formation. In the rigidi-
fied region, the mobility of polymer chains can be inhibited
and the diffusivity difference between larger and smaller
gas molecules will possibly increase. Therefore, higher
selectivity and lower gas permeability in the vicinity of
the dispersed phase will contribute to an improvement in
the overall selectivity of the mixed matrix membrane (37).

Table 4 shows the effect of the amount of carbon nano-
tubes on the glass transition temperature of the flat sheet
membranes.

According to Table 4, the glass transition temperature
of the neat polyimide flat sheet membrane was about
305.8°C and addition of 1% r-MWCNTSs increased the
glass transition temperature of the membrane to 318.6°C
(by 12.8°C). The glass transition temperature further
increased with an increase in -MWCNTs content. This
increase in the glass transition temperature implies a good
segmental-level attachment between the two phases as well
as the presence of a rigidified polymer region at the
polymer/r-MWCNT interface.

Gas Separation Test Results

Gas permeation rates of flat sheet membranes were mea-
sured at 15bar gauge and 25°C using pure carbon dioxide
and methane, while gas permeation rates of hollow fiber
membranes were measured at 9bar gauge and 25°C.
Table 5 shows the CO, and CHy4 permeances of the flat
sheet membranes.

TABLE 4
Glass transition temperature of PI and PI/r-MWCNTSs
mixed matrix flat sheet membranes

Solid base Glass
r-MWCNTs content  transition

Sample in membrane temperature
description (wt.%) O]
Neat polyimide (PI) 0.0% 305.8
PI/r-MWCNTs 1.0% 318.6
PI/r-MWCNTs 2.0% 319.2
PI/r-MWCNTs 6.0% 332.2
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TABLE 5
Gas separation properties of PT and PI/r-MWCNTSs mixed matrix flat sheet membranes

r-MWCNT content CO, permeance CH,4 permeance CO,/CH,4
Sample description in membrane (wt.%) (GPU) (GPU) selectivity
Neat polyimide (PI) 0.0 9.15 0.48 19.05
PI-r-MWCNT 1% 8.78 0.38 23.11
PI-r-MWCNT 2% 7.32 0.22 33.26
PI-r-MWCNT 6% 5.49 0.12 45.75

According to Table 5, when the r-MWCNTs content
increased from 0% to 6 wt.%, the permeance of CO, decreased
from 9.15 GPU to 5.49 GPU and the CO,/CHy, selectivity
increased from 19.05 to 45.75 (by 140%). From the TEM
images we have concluded that a large part of the -MWCNTSs
are not open-ended cylinders, which can be further supported
by helium gas permeation data at 5bar gauge as follows.
Table 6 shows the helium permeation results of PI and PI/
r-MWCNTs mixed matrix flat sheet membranes.

As shown in Table 6, the permeance of helium
decreased with an increase in r-MWCNTs loading. The
decrease in helium permeance can be attributed to the
impermeable behavior of -MWCNTs and to the good
adhesion between the dispersed phase and the polymer
matrix (12). It is necessary to note that if the -MWCNTs
are open-ended and substantial gas transport takes place in
the -MWCNTs, the results should be the opposite because
of the extremely high r-MWCNTs permeability due to
their smooth surfaces. Hence, we can conclude that most
r-MWCNTs are not open-ended.

Based on this assumption, the permeation data of CO,
and CH,4 given in Table 5 are interpreted as follows. As
mentioned in the foregoing section, the rigidification of
the polymer matrix in the presence of r-MWCNTs was
proved by T, measurements. In addition to the rigidifica-
tion effect, the decrease in the permeance and the increase
in the separation factor can be attributed to an increase in
the tortuous path around the fillers. Generally, the addition
of nonporous particles into the polymer matrix increases
the penetrant diffusion pathway length (38,39). Further-
more, although the diffusion pathway length for both pene-
trants increases, the diffusion rate of the larger molecule

TABLE 6
Permeance of He in PI and PI/r-MWCNTSs mixed matrix
flat sheet membranes at 5bar

r-MWCNT content He permeance

Sample description in membrane (wt.%) (GPU)
Neat polyimide (PI) 0.0 8.51
PI-r-MWCNT 1% 7.18
PI-r-MWCNT 2% 5.64

through the tortuous path decreases more than the smaller
molecule and subsequently the addition of nonporous fil-
lers can improve the separation properties of the resulting
mixed matrix membranes (10). Hence, most likely,
r-MWCNTs act as impermeable particles and improve
the separation properties for gas pairs (CO,/CH,) by chan-
ging the matrix tortuous pattern. This result is in accord-
ance with the Maxwell model, which predicts that the gas
permeability of a mixed-matrix membrane containing non-
porous fillers is lower than that of the unfilled polymer and
also decreases with increasing filler content (40-42).

Table 7 shows the effect of -MWCNTSs on the perform-
ance of mixed matrix hollow fiber membranes.

As shown in Table 7, identical to flat sheet mixed matrix
membranes, the addition of -MWCNTs into the dope can
increase CO,/CH, separation factor while CH4 and CO,
permeances decrease. Also, an increase in r-MWCNTSs
loading increases the separation factor of hollow fiber
membranes. It is very interesting to note that in contrast
to polymer/clay nanocomposites in which a decrease in per-
meability is not necessarily accompanied by an increase in
selectivity (43,44), the addition of only 2 wt.% (solid base)
r-MWCNTs into the polyimide matrix can increase the
CO,/CHj, separation factor by 54.9% (from 46.61 to 72.20).

Morphology of Mixed Matrix Membranes (SEM and
FESEM Results)

Figure 6 shows the cross-sectional SEM images of neat
polyimide (PI) and PI/--MWCNT MMM samples.

TABLE 7
Gas separation properties of hollow fiber membranes
Air COz CH4 COz/
Sample gap permeance permeance CHy
description (cm) (GPU) (GPU)  selectivity
Neat 6 10.72 0.23 46.61
polyimide
PI-1% 6 7.45 0.13 57.31
r-MWCNT
PI-2% 6 3.61 0.05 72.20

r-MWCNT
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FIG. 6. Cross-sectional SEM images of PI and PI/--MWCNTSs mixed matrix flat sheet membranes; (a): PI, (b): 1% r-MWCNTs embedded in PI,

(c): 2% r-MWCNTs embedded in PI.

From Fig. 6 it is found that the structure of the
sub-layer was not affected by the addition of -MWCNT
particles. This result is different from Aerts et al.’s (45)
and Zhang et al.’s observation (46). This phenomenon
can be attributed to the negligible amount of embedded
carbon nanotubes. Under this condition, the amount of
particles in the casting solution is not enough to hinder
their free movement in membrane formation (46).

Although the sub-layer structure did not change, the
skin layer thickness (/) decreased as the amount of
MWCNTs in the membrane increased (Fig. 7).

This implies that the addition of -MWCNT particles
into the casting solution has an effect on the membrane for-
mation mechanism during the immersion precipitation pro-
cess. It is likely that the addition of nano-sized particles into
the dope increases polymer-particle-polymer interactions,
causing the macromolecules to approach the most
tightly-coiled conformation. The densification of macromo-
lecules in the skin layer, when it occurs in the vertical direc-
tion, makes the skin layer thinner. A decrease in the skin
layer thickness, however, does not compensate the rigidifi-
cation and other effects, and the permeance decreases with

an increase in the -MWCNT content. It is known that
adding fillers to the polymer solution results in a mechani-
cally more rigid system, which is also beneficial to forming
a porous sub-layer with less macrovoids (46). Further
investigation is necessary to prove this mechanism.

In order to investigate the distribution of -MWCNTs
within the polymer matrix, cross-sectional images of the
mixed matrix membranes (MMMs) were taken by
FESEM.

FESEM images did not reveal -MWCNTs in the skin
layer of the P1/1% and 2% r-MWCNTs mixed matrix flat
sheet membranes. This was probably because the nano-
sized particles were hidden in the dense structure of the
skin layer.

Figure 8 presents the FESEM image (magnification
50,000 x) of the sublayer immediately below the skin layer
of a mixed matrix flat sheet membrane with 2wt.% raw
MWCNTs.

Figure 8 shows that some r-MWCNTs are well dis-
persed in the polymer matrix. Unfortunately, the detailed
structure of the r-MWCNTs-polymer matrix interface
could not be observed.
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FIG.7. SEM images of the skin layers of neat PI and PI/r--MWCNTSs mixed matrix flat sheet membranes; (a): PL, (b): 1% r-MWCNTs embedded in PI,
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FIG. 8. FESEM images of the sub layer near the skin layer of P1/ 2%
r-MWCNTs mixed matrix flat sheet membrane (arrows show the FIG.9. FESEM images of the inner layer of PI/ 2% r-MWCNTSs mixed
r-MWCNTs). matrix hollow fiber membrane (arrows show the -MWCNTs).
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FIG. 10. FESEM images of the sub layer near the skin layer of PI/ 2%
r-MWCNTs mixed matrix hollow fiber membrane (arrows show the
r-MWCNTs).

Figure 9 presents the FESEM image (magnification
20,000 x) of the sub-layer near the inner layer of a mixed
matrix hollow fiber membrane with 2 wt.% raw MWCNTs.

As shown in Fig. 9, some r-MWCNTs dispersed in the
polyimide matrix are observed.

Figure 10 shows the FESEM image (magnification
50,000 x) of the sub-layer immediately below the skin layer
of a mixed matrix hollow fiber membrane with 2 wt.% raw
MWCNTs.

Figure 10 shows some relatively well dispersed raw
multi-walled carbon nanotubes in the nodular structure
of the sub-layer near the skin layer of the mixed matrix
hollow fiber membrane samples.

CONCLUSIONS

Mixed matrix flat sheet and hollow fiber membranes
containing raw multi-wall carbon nanotubes (r-MWCNTs)
embedded in the polyimide matrix were prepared success-
fully. The decrease in permeance of CO, and CH,4 along
with the increase in selectivity for the CO,/CH, gas pair
with an increase in -MWCNTs loading indicates that the
addition of supposedly closed-ended raw carbon nanotubes
into the dope can increase the tortuous path length of gas
molecules in the polymer matrix. This result is in accord-
ance with the Maxwell model which predicts that the gas
permeability of the mixed-matrix membrane (MMM) con-
taining nonporous fillers is lower than that of the unfilled
polymer. It is also very interesting to note that the addition
of only 6 wt.% (solid base) of -MWCNTs into the polyi-
mide matrix could increase the selectivity for the CO,/
CHy,4 gas pair by 140% as compared to the neat PI flat sheet
membrane. In other words, a negligible amount of carbon

nanotubes could change the separation properties of the
fabricated MMMs drastically. In addition to changing
the matrix tortuous pattern, the addition of carbon nano-
tubes into the polymer matrix affected the fundamental
properties (such as the T,) of the polymer matrix. An
increase in the glass transition temperature of the flat sheet
MMDMs with an increase in -MWCNTSs loading implies a
good segmental-level attachment between the two phases
along with the formation of a rigidified polymer region at
the polymer/r-MWCNT interface. The cross-sectional
FESEM images of MMMs showed that -MWCNTs were
well-dispersed in the polymer matrix at a loading of 2 wt.%.
Also, the SEM results showed that the sub-layer structure
of the as-cast flat sheet MMMs did not change with the
addition of -MWCNTs but the skin layer of the MMMs
was thinner than that of the neat polyimide flat sheet mem-
brane. This implies that the addition of nano-sized particles
into the dope may increase polymer-particle-polymer inter-
actions, leading to a more tightly coiled conformation of
the polymer.
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