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ABSTRACT: The development of desirable chemical structures and properties in nanocomposite membranes involve steps that need to
be carefully designed and controlled. This study investigates the effect of adding multiwalled nanotubes (MWNT) on a Kapton—poly-
sulfone composite membrane on the separation of various gas pairs. Data from Fourier transform infrared spectroscopy and scanning
electron microscopy confirm that some studies on the Kapton—polysulfone blends are miscible on the molecular level. In fact, the
results indicate that the chemical structure of the blend components, the Kapton—polysulfone blend compositions, and the carbon
nanotubes play important roles in the transport properties of the resulting membranes. The results of gas permeability tests for the
synthesized membranes specify that using a higher percentage of polysulfone (PSF) in blends resulted in membranes with higher ideal
selectivity and permeability. Although the addition of nanotubes can increase the permeability of gases, it decreases gas pair selectiv-
ity. Furthermore, these outcomes suggest that Kapton—PSF membranes with higher PSF are special candidates for CO,/CH, separa-
tion compared to CO,/N, and O,/N, separation. High CH,;, CO,, N,, and O, permeabilities of 0.35, 6.2, 0.34, and 1.15 bar,
respectively, are obtained for the developed Kapton—PSF membranes (25/75%) with the highest percentage of carbon nanotubes
(8%), whose values are the highest among all the resultant membranes. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43839.
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INTRODUCTION not shown high gas separation performance because of their

I L . low productivity and efficiency and limitation by an upper
Within the last few decades, energy consumption industries P Y y Y PP

have been widely developed.l’2 The CO,/N,, CO,/CH,, O,/N,,
and N,/CH, purification processes are used to separate gases in
the conservation and recovery of energy, refinery, chemical
processing, and fertilizer industries.>® Currently, commercially
available purification and recovery techniques for this approach
are gas sweetening, swing adsorption, amine treating, and cryo-
genic procedures, which have high costs and high energy
use.””'* Within the last few years, researchers have been greatly
interested in synthesizing novel membranes for gas-separation
systems. High efficiency and productivity and low consumption
of energy are regarded as the most important objectives in
designing such systems.'"'> The trade-off between efficiency

bound. New membranes and procedures of membrane fabrica-
tion are being scrutinized to improve the separation perform-
ance of membranes (especially polymer membranes). Among
the various high-performance gas-separation membranes, com-
posite and mixed-matrix membranes are well above Robeson’s
upper bound trade-off curve."”' These novel and modified
membranes started to emerge as an alternative approach in sep-
aration technology and membrane science in order to overcome
the production and process limitations. They have been pro-
duced from suitable polymers and fillers.>*™> Mainly nonor-
ganic materials are used in the synthesis of composite
membranes. Studies on nanotubes to fabricate composite mem-

(selectivity) and productivity (permeability) is considered to be
a significant limitation in membrane processes.'”> Accordingly,
membranes used for gas separation are compared with an upper
bound correlation by Robeson.'>'* Polymer membranes have
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branes demonstrate that these substances are identified as the
most suitable material for the transportation of light gases such
as methane and hydrogen in comparison to other substances
with the same pore sizes.”*° The optimized size distribution of
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these nanotubes leads to composite membranes with high qual-
ity and efficiency in comparison to polymeric membranes.’"**
The production of these composite materials contributes to
achieving a better membrane with more acceptable specifica-
tions and transport properties than both types of polymeric and
inorganic membranes, such as permeability and selectivity and

suitable mechanical and thermal resistance.*>**

Within the last decade, polymeric membranes with good chemi-
cal and thermal stability and high selectivity and gas flux, along
with inorganic particles (e.g., zeolite,”* carbon molecular
538 inorganic oxides,” and organic fillers* (e.g., fuller-
enes and carbon nanotubes (CNT)*'™*°) have been applied in
the preparation of composite membranes. Various combinations
of fillers and polymers result in diverse interface morphologies,
which lead to special influences on gas-separation performance.
This is because the synthesis of composite membranes generally
involves difficulties like poor size distribution of the dispersed
phase and weak particle contact in the matrix of the polymer.

sieves

50-52

Engineering polymers of polysulfone (PSF) groups, polycar-
bonates,> poly(aryl ketones), and polyimides (P1)°*>° have
demonstrated specifications like the applied material in the
composite membranes. Among the polymeric precursors in the
preparation of composite membranes, polysulfones and polyi-
mides are the most fascinating because of their excellent proper-
ties, such as high productivity and efficiency of separation, high
thermal and chemical stability, high mechanical resistance, and
ease of preparation.®®** They tend to have the highest gas
transport properties of the polymer families, but even the best
solution polymeric membranes are limited by an upper bound
of possible gas selectivity and permeability. The high gas selec-
tivity, combined with a relatively high gas permeability, allows
many of these membranes to operate above the upper bound.**

Ansaloni et al®® put into practice different functionalities in
multiwalled nanotubes with a diameter of 10-15nm and syn-
thesized poly(vinyl acetate) (PVA)/multiwalled
(MWNT) membranes displaying high CO, permeability and
good gas pair selectivity for CHy, H,, and N,. In addition,
Zhao et al> applied amino-modified multiwalled carbon nano-
tubes to prepare mixed-matrix membranes (MMMs). The
results showed that the normalized N,, CH,, and CO, perme-
ability had almost the same increase and the CO,/N,, CO,/H,,
and CO,/CH, selectivity remained constant with increasing
MWNT-NH, content. Thus, the incorporation of MWNT-NH,
significantly enhanced the gas permeation properties of poly-
mer/MWNT-NH, MMMs.

nanotube

In the present work, the gas properties of the composite mem-
branes are evaluated. The main objectives of this research are to
explore the effect of the polymer precursor blended molecular
structures and of the percentage of multiwalled carbon nano-
tubes in a polymeric matrix to provide a direction for investiga-
tors in the field of fabrication and design of high-performance
membranes. Two engineering polymers (Kapton and PSF) with
different chemical structures were chosen for this comprehen-
sive study. The applicable procedures for fabricating new mem-
branes with good performance are analyzed. To the best of our
knowledge, this is the first study on the preparation of compos-
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ite membranes derived from polymeric blend precursors
comprising PSE, Kapton, and MWNT. The composite mem-
branes fabricated in this investigation can be developed as appli-
cable membranes with extremely good performance in gas-
separation efficiency and transport productivity for the main
gases (such as O,, N,, CO,, and CH,) in industrial applications.

EXPERIMENTAL

Materials

The materials used in this research work were Kapton poly
(pyromellitic dianhydride-co-4,4’-oxydianiline; PMDA-ppODA),
which was purchased from DuPont, Boston, MA, USA. and pol-
ysulfone, which was prepared by the Aldrich Chemical Com-
pany Inc. (Milwaukee, USA). Carbon nanotubes with high
purity (middle diameter: 10-15 nm, length: 5-15mm, 116 m*/g)
as nonorganic fillers were supplied by TECNAN (Tecnologia.
Navarra de Nanoproductos S.L, Spain). Other chemicals such as
dimethylacetamide 98% (DMAC) as solvent, sulfuric acid 98%,
and nitric acid 65% were purchased from Merck (Darmstadt,
Germany) and used without purification. The N,, CHy, CO,,
and O, gases used had 99.99% purity.

Functionalization Method for MWNTs and Synthesis

of Composite Membranes

Nitric acid and sulfuric acid with a volume ratio of 1:3 was
used to oxidize the carbon nanotubes. The oxidation of nano-
tubes with oxidizing acid produced numerous functional
groups, such as hydroxyl (OH), carboxyl (COOH), and car-
bonyl (C=O0), on the surface of the nanotubes. These functional
groups connected on the surface of the nanotubes, causing an
increase in the specific surface area of the nanotubes.

A mixed membrane consisting of Kapton—PSF (50/50 wt %)
with multilayer carbon nanotubes was synthesized with the dry/
wet phase inversion method. Before preparing the solution, the
polymer powder and carbon nanotube particles were put in an
oven at 80°C for a few hours in order to dry them and elimi-
nate the humidity. Kapton-PSF (50/50 wt %) was dissolved in
DMAC at 10 wt % at 70°C to produce a homogenous mixture.
The final solution was cast in a glass and held for a period of
12h at 65°C in an oven. The prepared membrane was placed in
a vacuum oven at 75 °C for a period of 8h to complete the pro-
cess of solvent removal. To synthesize the nanocomposite mem-
brane, first, the carbon nanotube particles were dispersed with
different polymer weight percentages of 2.5, 5, and 8, for a
period of 3h, then the considered polymer was added to the
homogenous solution and stirred for a period of 3h to produce
a homogenous and steady solution. This solution was used for
membrane casting. The thickness of the pure and developed
nanocomposite membranes was about 50 micron.

Characterization

Functional structures and groups of nanocomposite membranes
were studied with a Fourier transform infrared spectrometer
(FTIR PerkinElmer, Shelton, USA) BIO-RAD FTS-7 in the range
of 400-4000cm™'. A scanning electron microscope (SEM)
(Philips, The Netherlands) KYKY-EM 3200 was used to study
the morphology and manner of the nanoparticle distribution in
the modified membranes. Subsequently, the thermal properties
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o Figure 2. FTIR spectrum of (A) pure carbon nanotube, (B) functionalized
carbon nanotube. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
ture of the composite membranes. Furthermore, it is essential
to scrutinize the interaction between the particles and polymer

IS

Figure 1. Schematic of the applied separation test setup.

of the membranes were determined by differential scanning calo-
rimetry (DSC) (Mettler, Switzerland) using a Rheometric Scien-

tific STA1500 with Ar purging at a flow rate of 30 mL min~ .

Gas Permeability Test

The permeability and ideal selectivity of the membranes are deter-
mined for the pure gases N,, O,, CO,, and CH, at 30°C and 10
bar. A schematic of the applied separation test setup is presented
in Figure 1. The flow rate of gas transportation was assessed by a
bubble flow meter, and each test was repeated at least two times.
Equation (1) is used to calculate the gas permeability:

__ 4
g v

The gas permeability was calculated from the rate of pressure

increase at steady state using the following equation:

_ 273.15X10'0y] dp
760AT[(poX76)/14.7] \ dt

2

where P is the gas permeability of the membrane in units of
Barrer (1 Barrer=1 X 10" ' ¢cm® (STP) cm cm 2 s ! cmHgfl),
v is the volume of the downstream chamber (cm’), A is the
effective area of the membrane (cm?) (this is the same in the
permeability test for all the membranes), | is the membrane
thickness (cm), T is the operating temperature (K), and the
feed gas pressure in the upstream is given by P, in psia. The
ideal separation factor (selectivity) is defined as the ratio of per-
meabilities of a pure gas pair:
Py

=2 3
/=5 (3)

RESULTS AND DISCUSSION

Polymer Structure by FTIR

The molecular structures of the composite membrane and the
carbon nanotubes have been studied by FTIR. This test is con-
ducted to confirm the reliability of both the functionalization of
the carbon nanotubes and the existence of particles in the struc-
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matrix in the network. The FTIR spectra of pure and function-
alized carbon nanotubes are presented in Figure 2. In compar-
ing the two infrared spectra of the preliminary and
functionalized nanotubes, the existence of new functional
groups can be clearly observed because of a new absorption
peak in the spectrum. A small wide peak at 3070cm ™' is also
observed and may be related to C—H tensional absorption. An
absorption peak at 2419 cm™ "' is observed in the functionalized
nanotube spectrum arising from the absorption band of the
O—H group. The peak related to the C=0 imide group is pres-

ent at 1722cm™ L.

The FTIR spectra of nanocomposite membranes composed of
Kapton—PSF/carbon nanotubes are shown in Figure 3. These
figures feature the peaks related to C—H stretching vibrations at
2923cm” " and the peaks related to C=C double-bond vibra-
tions at 1677cm” '. In addition, the range 726 to 1383cm '
indicates the existence of heterocyclic rings. Adding carbon
nanotubes will display the existence of functional groups in car-
bon nanotube. The main absorption bands are 1050cm™ ',
which is related to the SO, groups in PSF; 2700 cm ™', for the
CH; groups in PSF; 3200cm ™', for the aromatic rings in PSF;
and 1700 cm ™', for the NH, groups in amino CN'Ts.
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Figure 3. Comparison between FTIR spectra of nanocomposite mem-
branes (50/50) with different percentages of carbon nanotubes. [Color fig-
the online which is available at

ure can be viewed in issue,

wileyonlinelibrary.com. ]
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Figure 4. Scanning electron microphotographs of (a) synthetic membranes with PSF percentages of 50% of Kapton and PSF and (b) nanocomposite

membranes with PSF percentages of 50% in Kapton—-PSF and 2.5% of multilayer carbon nanotubes. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Polymer Structure and Characteristics

Figures 4 and 5 illustrate the scanning electron microphoto-
graphs of width-wise sections of PI-PSF synthetic membranes
and nanocomposites with different percentages of carbon nano-
tubes. These figures show a spherical distribution of a phase in
another phase. However, they show the structure of the forma-
tion of a layer of polymer. Such a phenomenon occurs because
of the unsuitable adaptation of two polymers with one another,
and finally this causes a phase separation in the structure. A
study of the preparation of the nanocomposite shows that the
carbon nanotubes have a tendency to exist as a continuous
phase. Holistically, it is observed that nanotubes have a homog-
enous distribution in the polymer network, and there is no
defect on the membrane and no emergence of two phases of
polymer/nanotubes. Conclusively, there is an appropriate adap-
tation between the two phases of polymer and nanotubes. The

24 KV

50.0 KX 1um KYKY-EM3200 SN:0615

cross-sectional figures reveal that there are some fibers with
diameters of 29 to 40 nm. Given that the diameter of nanotubes
has been reported in the range of 15-18 nm, this implies that a
thin layer of polymer has coated the surface. This phenomenon
confirms the effective improvement of the surface, which pro-
motes a suitable interaction of the nanotube surface with the
polymer. In the presence of the carbon nanotube (Figures 4 and
5), no agglomeration is observed. This means that nanotubes
have been distributed through the matrix very well.

Gas Property Results

Table I presents the permeability and ideal selectivity of oxygen,
nitrogen, carbon dioxide, and methane gases versus carbon
nanotube percentage in conditions of 10 bar and 30°C. As sum-
marized in this table, the O,, N,, CO,, and CH, permeability
will increase with an increasing percentage of carbon nanotubes.

b)

24 KV 50.0 KX 1um KYKY-EM3200 SN:0615

Figure 5. Scanning electron microphotographs of (a) nanocomposite membranes with PSF percentage of 50% in Kapton—PSF and 5% of multilayer car-

bon nanotube and (b) nanocomposite membranes with PSF percentage of 50% in Kapton—PSF and 8% of multilayer carbon nanotube. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Permeability and Selectivity of Pure Gases through Nanocomposite Kapton—PSF Membranes at Conditions of 10 bar and 30°C

Membrane Permeability (Barrer) Selectivity

Kapton/PSF (50/50 wt %) CH4 CO2 N2 02 CO2/N2 CO2/CH,4 02/N2
CNT-0 (0O wt % CNT) 0.2159 4.462 0.225 0.8286 19.83 20.67 3.68
CNT-2.5 (2.5 wt % CNT) 0.242 4714 0.24 0.8636 19.64 19.47 3.598
CNT-5 (5 wt % CNT) 0.27 5.146 0.262 0.9356 19.64 19.05 3.571
CNT-8 (8 wt % CNT) 0.32 5.434 0.31 1.0075 17.53 16.98 3.25

Table II. Physical Properties of Various Gases and Equilibrium Isotherm
Parameters for Membranes

Molecular  Viscosity, Condensability
Gas d(A)  weight nx107 (Pas) (K
No 364 2801 178 195
CH, 380 16.04 116 107
CO, 330 4401 148 71
O, 346 321 201 149

This behavior is due to the change of free volume and empty
spaces. The presence of nanotubes in a mixed matrix modifies
the network chains and changes the free volume. In fact, a suit-
able space will be provided for gas transport, and the perme-
ability of gases through the membrane will also be increased
due to making the carbon nanotube structure and the existence
of a capillary in the nanotube. An assessment of the behavior of
gas permeability in membranes and nanocomposite membranes
demonstrates that the order of gas permeability in a mixed-
matrix membrane is as follows:

PCQ2 > po2 > PN2 > PCH4

0.29 -
027
5
£025 -
2
2023 - ——N2
E=
=
5021 - ~=-CH4
£0.19 -

0.17 -

0.15 : .

25 50 75 100
PSF (wt%)

The high permeability of CO, is due to the higher solution of
carbon dioxide in comparison to other gases in a composite
membrane. Since CO, molecules are smaller than the other
gases (in this study) from a molecular point of view, this facili-
tates the influence of this gas in the productivity of a membrane
(data from Table II). It is noted that the dominant mechanism
of gas transport through polymer membranes is a solution—dif-
fusion mechanism. Regarding this mechanism, polymers act as
molecular screens, and gases of smaller size will pass through
more quickly. As a whole, they highly influence the phenom-
enon of gas transport. A comparison of the results of CH, and
N, permeability leads to a conclusion that the permeability of
these gases are similar (Figure 6). It is expected that the perme-
ability values of these gases are different from one another since
this matrix has been derived from a blend of glass polymers.
This is the result of phase separation in the blended membrane.
As mentioned, the two polymers of the case study are not well
adapted to each other. This increases the solution of the con-
densable gas of methane, and it is considered to be a remedy
for the lack of its influence in the membrane. Therefore, the
permeabilities of these two gases (solution X diffusion) will be
very close.

——N2
p -=-CH4

0.15 T T T ‘
0 2 Bl 6 8
MWCNT (wt%)

Figure 6. Results of nitrogen and methane permeability for composite membranes derived from Kapton—PSF at 10 bar and 30 °C versus (a) various per-
centages of PSF and (b) various percentages of carbon nanotubes. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Figure 7. Results of pure gas permeability for Kapton—-PSF composite
membranes at 10 bar and 30 °C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The results for gas permeability in nanocomposite membranes
reveal that adding nanoparticles increases the CH, permeability
more than the nitrogen permeability, and the order of gas per-
meability is modified as below:

Pcoz > Poy > Pens > Pxz
It is observed that CH, with its larger size has more permeabil-

ity than N,. Contemplation of the molecular specifications of
gases determines that CH, has more condensability than N,.

Applied Polymer
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This fact proves that the presence of carbon nanotubes in the
structure provides suitable capillaries in the membrane. Since
there is a good absorption space on the surface, the gases are
absorbed better. As a matter of fact, CH, is more condensable,
and it can be absorbed into the structure. In fact, its permeabil-
ity is increased. This phenomenon indicates that the presence of
carbon nanotubes in the structure will increase the effect of the
solution mechanism in gas permeability.

Figure 7 displays the gas permeability of Kapton—PSF blend pre-
cursors with various PSF compositions and their corresponding
nanocomposite membranes for N,, CHy, O,, and CO,. In con-
trast, a smaller increase in CH,; and N, permeability was
observed. Tables III represents the gas-transport properties and
separation performance of Kapton—PSF/nanocomposite mem-
branes and also the measured gas permeation values for the pre-
cursors fabricated from blends of Kapton and PSE. The data in
these tables show that adding carbon nanotubes to the structure
of the membrane diminishes the ideal selectivity of all gases.
Figure 8 illustrates the O,/N, and CO,/CH, gas pair selectivity
of composite membranes derived from Kapton—PSF at 10 bar
and 30°C versus various percentages of PSF and carbon
nanotubes.

Increasing the percentage of PSF in the matrix network of
membranes enhances the permselectivity of CO,/CH,. However,
a minor improvement was observed in the ideal selectivity of

Table III. Permeability and Selectivity of Pure Gases through Nanocomposite/Kapton—PSF Membranes (25/75%) at Conditions of 10 bar and 30°C

Permeability (Barrer) Selectivity
Membrane
(Kapton/PSF) (25/75 wt %) CH4 C02 N2 02 COZ/CH4 02/N2
CNT-0 (0O wt % CNT) 0.252 5.298 0.26 0.972 21.01 3.74
CNT-2.5 (2.5 wt % CNT) 0.261 5432 0.259 0.989 20.81 3.82
CNT-5 (5 wt % CNT) 0.295 5.89 0.28 1.06 19.97 3.786
CNT-8 (8 wt % CNT) 0.35 6.2 0.34 1.15 17.71 3.38
a) b)
25 25 -
201 G——_-B—_—_—g—-___-_a 20 9\&*“\‘
&15 4 ——02/N2 215
& 2
2 =CO2CH4 3 —~-02/N2
@ 10 - @10 1 --CO2/CH4
5 o 5
01 = - = o . ‘ ‘
25 50 75 100 0 4 6 10
PSF (wt%) MWCNT (wt%)

Figure 8. Results of O,/N, and CO,/CH, selectivity of composite membranes derived from Kapton—PSF at 10 bar and 30°C versus (a) various percentages
of PSF and (b) various percentages of carbon nanotubes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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0,/N, for a blended membrane with higher PSE. It is essential
to consider that there is only a minor difference in the kinetic
diameter (d) of oxygen and nitrogen. Figure 8(b) demonstrates
the separation performance of Kapton—-PSF/nanocomposite
membranes for O,/N, and CO,/CH, separations for various
carbon nanotube percentages. The data in this figure clearly
specify the impact of carbon nanotubes on O,/N, and CO,/
CH, selectivity. In general, the ideal selectivity of nanocompo-
site membranes with higher percentages of carbon nanotubes
was lower than for other membranes. However, the O,/N, selec-
tivity remained constant for all the percentages of carbon nano-
tubes in composites. As mentioned before, adding carbon
nanotubes provides more empty spaces for transporting gas
molecules, so the gas permeability is increased as well. Mean-
while, providing such spaces and their existence in the structure
of the membrane decreases the screening specifications of the
membrane and degrades the selectivity for gases. Finally, it can
be generally stated that the increase of the carbon nanotubes in
the membrane structure reduces the selectivity of all gases. As
pointed out, the addition of carbon nanotubes creates the void
spaces for gases to pass through. This will result in increasing
permeability. Besides the presence and creation of these spaces
in the membrane structure, the gas pair separation will be
reduced in the membrane, and the selectivity of gases will be
diminished.

CONCLUSIONS

Advanced nanocomposite membranes were developed by incor-
porating carbon nanotubes into blended polymers composed of
different ratios of Kapton and PSF in their chemical structures.
The effect of different percentages of PSF and carbon nanotubes
was investigated on the performance for gas-separation applica-
tions of the membranes developed here. The percentage of PSF
was important in controlling the gas permeability and ideal
selectivity of the precursors and the nanocomposite membranes
derived from PSE. For the nanocomposite membranes, the trend
was as follows: Pco, > Pos > Pcpg > Pnp. Nanocomposite mem-
branes derived from Kapton—-PSF with higher percentages of
PSF exhibited more remarkable gas permeability than the other
blends. It should be considered that a higher PSF content can
result in improved permeability but less selectivity, particularly
for CO,/N,, CO,/CH,, and O,/N, separation. Also, membranes
derived from PI-PSF (25/75 wt %) exhibited more attractive
gas-separation performance than the other blends, in which a
higher PSF content could result in improved permeability while
enhancing selectivity. The results of the characterization tests
indicated that the existence of nanotubes in the polymer struc-
ture provides some fibers in the membrane, reflecting a suitable
and nanometric distribution of particles in the membrane. The
permeability of CHy, CO,, N,, and O, increased from 0.216,
4.462, 0.225, and 0.829 Barrer (at no loading of CNT and pres-
sure of 10 bar) to 0.32, 5.434, 0.31, and 1.007 Barrer (at 8 wt %
of CNT and 10 bar), respectively, with imperceptible changes in
gas pair selectivity. The nanocomposite membranes developed
in this research can be applied as membranes with effective per-
formance for various gas applications.
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