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Abstract−Asymmetric Flat sheet polysulfone-polyimide (PSF-PI) blended polymeric membranes (with PI content

from 5-20%) have been fabricated following phase inversion technique. The membranes have been thoroughly character-

ized by the measurement of porosity, mechanical properties and also by SEM, FTIR and DSC analyses. With the in-

crease in the PI content, the mechanical properties of the membranes, like Young’s modulus, tensile strength and elon-

gation at break, increased. SEM investigations revealed that the surfaces of fabricated blended membranes possessed

adequate homogeneity and their cross-sections showed non-porous top and diminutive porous substructure. From DSC

analyses it has been observed that different compositions of the blended membranes exhibited single glass transition

temperatures, implying proper compatibility of the polymers. The permeance of CO2 and CH4 through the membrane

increased with the increase in PI content and it gradually decreased with the increase in the feed pressure in the range

of 2-10 bar. Under the present investigation, the membrane with 20% PI content exhibited the maximum selectivity

for the separation of CO2 /CH4 gas mixes.
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INTRODUCTION

CO2 needs to be separated from natural gas due to its corrosive-

ness and diluents effect on the calorific value of natural gas [1,2].

Membrane technology has become a promising alternative among

different separation techniques in this regard due to its several advan-

tages like, environmental friendliness, lower capital cost, lower en-

ergy consumption, better space utility, and greater suitability for ap-

plications in remote locations [3-9]. However, fabrication of mem-

branes with higher permeability and selectivity for gas separation

is the key challenge in improving the competitiveness of membrane

technology over other separation techniques [10-12].

Many glassy polymeric materials have been used for the fabri-

cation of gas separation membranes. Among these materials PI is

considered to be the best for its relatively higher permeability and

selectivity. However, it is highly susceptible to plasticization in CO2

atmosphere, resulting in reduced permselectivity of the membrane

for operating pressure ≥8 bar. This problem can be overcome by

cross-linking of PI with other suitable polymers, making it more

resistant towards plasticization [13-16]. Kapantaidakis et al. [17]

studied the blending properties of polyethersulfone/polyimide blends

hollow fiber membranes for gas separation at different composi-

tions showing high permeation properties for CO2 from 31 to 60

GPU. Hosseini and Chung [18] studied the effectiveness of carbon

membranes from blend of poly(benzimidazole) (PBI)/matrimid 5218

and compared this blend with another blend of Torlon (a polya-

mide imide)/P84 (polyimide). They observed that PBI/matrimid

blends exhibited good performance as compared to the other blends.

By cross-linking it further with 10wt% p-xylene diamine in meth-

anol, H2/N2 and H2/CO2 selectivites were enhanced. Similar blend-

ing work has also been reported by Ismail et al. [19] using flat sheet

based polyetherimide/polyimide blends with zeolite particles. Their

results indicated that the structure and properties of the membranes

were further improved as the zeolite loading was increased. Won

et al. [20] carried out surface carbonization of polyimide (PI) and

polysulfone (PSF) by ion beam to adapt the carbon molecular sieve

properties on the skin of the polymeric membranes without the de-

formation of the membrane structure.

As PSF exhibits resistance towards plasticization over an oper-

ating pressure of 30 bar maintaining good permselectivity, cross-

linking of PSF and PI polymers is likely to impart superior proper-

ties in the membrane for gas separation [21-25]. In the present in-

vestigation, therefore, PSF-PI blended asymmetric membranes of

different compositions have been fabricated by phase inversion tech-

nique and the membranes have been characterized in terms of mor-

phology, porosity, glass transition temperature, mechanical strength

and CO2/CH4 separation performance.

EXPERIMENTAL

1.Materials

For the development of membranes, PSF Udel® P-1800 was pur-

chased from Solvay Advanced Polymers, L.L.C, U.S., in the pow-

dered form having high glass transition temperature (Tg) of 185
oC.

Powdered PI Matrimid® 5218 was obtained from Huntsman Ad-

vanced Materials Americas Inc. It has excellent Tg of 302
oC having

3,3,4,4-benzophenone tetracarboxylic dianhydride and diaminophe-
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nylindane monomers. Other solvents that include N-methyl-2-pyr-

rolidone (NMP) having 99%purity b.p.204.3 oC, Dichloromethane

(DCM) purity 99% b.p.40 oC and ethanol purity 99.8 were sup-

plied by Merck.

2. Membrane Fabrication

To fabricate the membrane the polymers PSF and PI were dried

for 24h prior to their use. The casting solution was prepared by adding

20% (w/w) PSF/PI blended polymer solution in 20wt% of DCM

and 80wt% of NMP. The compositions of the polymeric blends

are shown in Table 1. The mixture was stirred in a round bottomed

vessel at 35 oC for 24 h to obtain a clear solution followed by bath

sonication in Transsonic Digital S, Elma® for 5 h for the purpose

of degassing. Using this casting solution, asymmetric flat sheet mem-

branes were prepared by phase inversion process. In this process,

the solution was cast on a flat glass plate (warmth at 30 oC) by us-

ing a casting blade with an opening gap of 150µm at ambient con-

ditions (25 oC and 74% relative humidity). The cast solution was

then allowed to evaporate under nitrogen stream, released above

the solution for 15 seconds before immersion in ethanol coagulat-

ing bath at ambient conditions. This process took 1h in ethanol bath

to get the membrane film peeled off from the glass plate. It was then

taken out from the bath and air-dried for 12 h.

The overall membrane porosity or void fraction (ε) was calcu-

lated using the following formula [26,27]

(1)

Where Vvoid is the void volume, Vpol and ρ are polymer volume and

density, respectively, m is the weight of sample, A is the area of

membrane and l is thickness of the membrane. Thickness (l) was

determined directly from SEM as well as by a digital micrometer.

The data are presented in Table 1.

3. Scanning Electron Microscopy (SEM)

Random specimens from the developed asymmetric membranes

were carefully drawn to examine the morphology of surfaces using

LEO 430VP SEM analyzer. Cross-section of the membranes was

obtained by liquid nitrogen induced freeze fracturing and then they

were gold sputter coated using Polaron Range SC7640 in order to

obtain clear image of the membrane samples.

ε = 
Vvoid

Vtot

---------- = 
Vtot − Vpol

Vtot

---------------------  = 
lA − m/ρ( )pol

lA
-----------------------------

Table 1. Composition of developed PSF-PI membranes

Membrane

samples

Polymer blends Membrane

thickness (µm)

Glass transition,

Tg (
oC)PSF (%) PI (%)

1 100 00 39.845 185.33

2 095 05 40.245 190.85

3 090 10 35.852 198.67

4 085 15 41.215 204.77

5 080 20 35.525 209.09

Fig. 1. Structures of (a) PSF, Udel P-1800 (b) PI, Matrimid 5218 (c) NMP and the possible interactions among the polymers species indicated
by arrows and dotted lines.
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4. Fourier Transform Infrared Spectroscopy (FTIR)

Spectral analysis of the developed membranes was carried out

on FTIR, Perkin Elmer Spectrum One spectrometer. Potassium brom-

ide (KBr) pellets were prepared by hydraulic pressurizing the powder

followed by thin coating of the pellet with sample solution. The sam-

ples were then run under transmittance mode in the wavelength range

of 500 to 4,000 cm−1.

5. Differential Scanning Calorimetry (DSC)

Each membrane was examined for measuring Tg values under

Perkin Elmer, DSC Pyris-1 calorimeter. Samples were prepared by

taking small piece of a membrane in aluminum pan about 10-15

mg in weight followed by thermal scanning in a range of 50 oC to

400 oC at a heating rate of 10 oC rise per minute.

6. Mechanical Analysis

The tensile strength and related properties of the membrane were

determined following ASTM D882-02 with samples of dimensions

100mm×9mm using universal testing machine (UTM, LR 5K Lloyd

Instruments) at the testing speed of 10mm/min.

7. Gas Permeation Evaluation

The membrane permeation assembly unit consisted of a perme-

ation cell having stainless steel paired disk with an area of 14.54

cm2. To start the experiment, the system was fully evacuated from

residual gases or dust for 30minutes. The feed pressures were main-

tained at 2, 4, 6, 8 and 10 bar, respectively. The permeation of the

gases CO2 and CH4 at ambient conditions was recorded by bubble

flow meter attached to the assembly [28]. The permeance Pi/l for

species i was calculated using the following equation:

(2)

where, Ji is the flux of species i, ∆pi is the differential partial pres-

sure of species i across the membrane, and l is the membrane thick-

Pi

l
---- = 

Ji
∆pi

-------

Fig. 2.SEM images of membranes surfaces (a) PSF (b) PSF/PI-10% (c) PSF/PI-20% and cross sections (d) PSF (e) PSF/PI-10% (f) PSF/PI-20%.
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ness. Similarly, the permeance for species j can also be calculated.

The ideal selectivity (α) is the ratio of permeance of the two species

i, j is calculated using the following formula [29]:

(3)

RESULTS AND DISCUSSION

In the present investigation, asymmetric membranes were devel-

oped by phase inversion technique with different proportions of PI and

PSF content in the system. Fig. 1 indicates the proposed model of

polymer interactions and its dissolution with the solvent that formed

pi and hydrogen bonds. Repeating unit of PSF indicated its pres-

ence in excess as compared to PI and arrows indicate the probable

locations for bond formation. During the fabrication process low

boiling solvent DCM resulted in the development of diffused skin

layer by rapid solvent evaporation and NMP controlled the rate of

solvent evaporation.

The morphology of the surface and cross sections of pure PSF

is compared with the blended membranes shown in Fig. 2. From

the microstructures of the pure and blended asymmetric membranes

it is apparent that the surfaces are reasonably homogeneous, indi-

cating adequate compatibility between the two glassy polymers. The

polymeric blends apparently showed no phase separation. The cross-

sectional views of the membranes showed the presence of fairly

dense skins and micro porous sub-layers in the structures [30]. The

observed microvoids in the membrane were produced by the re-

moval of the non-solvent during the wet phase separation. Low boil-

ing solvent DCM resulted in the development of diffused skin layer

by rapid solvent evaporation during the fabrication process. NMP

was used along with DCM in the ratio of 4 : 1 to control the rate of

solvent evaporation. The formation of skinny layer was evident within

30 seconds of evaporation, demonstrating that the top layer of the

film was subjected to the minimum nucleation rate. During the im-

mersion step of the film in alcohol, the top skin acted as a barrier

against the diffusion of non-solvent as well as penetration of the

incoming solution for affecting the substructure. Therefore, it has

resulted in the retardation of the precipitation step, causing delayed

demixing forming pores in the sub-layer [31-35].

The FTIR spectra of the blended PSF/PI-20% asymmetric mem-

brane are shown in Fig. 3. Increasing PI composition in the blended

membranes resulted in improved intensity of the PI spectra in the

blends. Characteristic spectrum of pure PSF and PI membranes is

shown in Table 2 for their corresponding wavenumber. Due to the

presence of PI in the blended membranes, the spectral changes were

observed for C=O to 1,717cm−1 (symmetric) and 1,773 cm−1 (asym-

metric), while C-N axial vibration changed was observed to 1,206

cm−1. Similarly, due to blending of polymers, PSF changes in spec-

trum were observed for C6 H6 ring to 1,584 cm
−1 and 1,495 cm−1.

S=O showed changes in the spectra due to symmetric, asymmetric

stretching vibration to 1,151 cm−1. C-O due to asymmetric stress

vibration changes to 1,247 cm−1 while O-H aliphatic and aromatic

shifts occurred to 2,892, 2,842 & 2,969 cm−1, respectively . These

spectral changes indicated the existence of molecular interaction

among the polymeric blends, highlighting the compatible nature for

each other.

The glass transition temperature (Tg) values from the DSC curves

for the PSF/PI blended membranes are shown in Table 1. The misci-

αij = 
Pi/l

Pj/l
-------

Table 2. FTIR spectra of pure PSF and PI membranes

PSF spectra Wavenumber, cm−1 PI spectra Wavenumber, cm−1

S=O symmetric 1150, 1307 C=O symmetric & asymmetric stretch 1710, 1782

C SO2 C asymmetric stretch 1322 C N axial stretch 1210-1389

C O asymmetric stretch 1244 C6 H4 or C6 H2 1144

C6 H6 ring stretch 1587-1489 C6 H6 ring bending 833

O-H aliphatic & aromatic stretch 2886, 2938 & 2971 C C=O stretch 684

Fig. 3. FTIR spectra of PSF/PI-20% membrane.

Fig. 4. Glass transition temperature of PSF/PI blended membranes
in comparison with series, parallel and logarithmic models.
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bility of the polymers in the molecular level could be confirmed as

all the compositions exhibited distinct single Tg values. Fig. 4 shows

the experimental Tg values together with the estimated Tg values

for the series, parallel and logarithmic models [36,37].

(4)

(5)

(6)

The parallel model gave the closest fit to the empirical Tg value a-

mongst the three models in this case. The empirical value exhib-

ited a convex curve, while the models showed a concave curve or

a straight line (Fig. 4). This discrepancy might be related to the non-

consideration of the interactions between the two polymers in the

models. A convex curve for the Tg profile has been reported in litera-

ture also for a binary polymer blend system with strongly interact-

ing components [38].

The properties of asymmetric membrane films were further eval-

uated on the basis of mechanical analyses (Table 3). Young’s mod-

ulus of the membranes increased with the proportion of PI in the

blends, indicating the increased rigidity of the developed membranes.

Subsequently, the membrane porosity gradually decreased with the

addition of PI content, which can be understood for the increase in

the tensile strength and elongation at break properties. This is also

evident with cross section views of SEM structures shown in Fig.

2. This strengthening and toughening of the blended membranes

was due to strong interfacial interaction between blended polymers

and decreased amount of cavitations in the subporous layer with

increase in PI contents, as compared to pure PSF membrane. By

increasing the concentration of PI contents, the number of chain

entanglement increased that permitted the membrane to have exten-

sive elongation.

The permeation properties of CO2 and CH4 gases enabled to de-

velop correlation with the membrane structures against various pres-

sures. Fig. 5 shows that compositions of the membranes significantly

affected the permeation behavior of both the gases. The trend of

the gases showed that the permeance decreased slightly with the

increase in the operating pressure, indicating the absence of plasti-

cization in the membrane matrix. In the presence of plasticization,

especially for CO2, the membrane showed high values of permeance

just after achieving the lowest value at high pressures, which indi-

cated the swelling of the membrane (Wind et al., 2002). The CO2

permeation decreased from 33.7±0.1 to 29.6±0.3GPU with increase

in the pressure from 2 to 10 bar for pure PSF. It was observed that

with the increase in the PI content in PSF membrane, the perme-

ation of CO2 increased gradually as compared to slightly improved

CH4 gas molecules. So PSF/PI-20% membrane exhibited maximum

CO2 permeation of 39.3±0.2GPU that decreased to 35.0±0.3GPU

at 10 bar pressure (Fig. 5). The high permeance of CO2 for mem-

branes with increasing PI content was attributed towards the soar-

ing affinity for CO2 in membrane matrix. This is because CO2 pos-

sesses polar linear structure with relatively smaller kinetic diameter

of 3.3 oA as compared to slower moving saturated CH4 non-polar

molecules with kinetic diameter of 3.8 oA and tetrahedral structure.

This high CO2 permeance might be related to the increased solubil-

ity of CO2 as compared to CH4 molecules, as well as to the presence

of more voids in the membrane substructure. For high pressure natu-

ral gas streams, CO2 permeance would be quite momentous. So in

such conditions, prevention must be considered for methane loss in

excess, though in this study this phase is beyond scope. The perme-

ation of gases was further evaluated by subjecting the membranes

to heat treatment at 120 oC for 1 hour to minimize membrane swell-

ing. It was found that the permeation of gases was decreased slightly

as compared with the untreated membranes (Fig. 6). The ideal selec-

Tg
b

−1

= w1Tg1

−1

+ w2Tg2

−1

Tg
b
 = w1Tg1

+ w2Tg2

Tln g
b
 = w1 Tg1

ln + w2 Tln g2

Fig. 5. Permeance of CO2 and CH4 for different membranes at vari-
ous feed pressures.

Table 3. Mechanical properties of developed PSF/PI membranes

PSF
PSF/PI

(5%)

PSF/PI

(10%)

PSF/PI

(15%)

PSF/PI

(20%)

Young’s modulus (GPa)

00.879 00.940 01.185 01.450 01.668

Tensile strength (MPa)

15.866 16.146 22.535 23.950 28.197

Elongation at break (%)

17.683 20.759 23.314 25.086 28.552

Fig. 6. Effect of heat treatment at 150oC on permeance of CO2 and
CH4 for different membranes at various feed pressures.
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tivity of CO2/CH4 for untreated and treated membranes at various

feed pressures has been shown in Fig. 7. For all the membrane com-

positions the selectivity decreased with the increase in the feed pres-

sure up to 10 bar under the experimental condition. For untreated

membranes, PSF/PI 20% blended membrane showed the maxi-

mum selectivity (α=28.69±0.1-28.22±0.5) from 2 to 10 bar pres-

sure, respectively) compared to other membrane blends. The de-

creasing trends of selectivity with increasing feed pressures have

also been reported by other workers [39-42]. It was found that for

heat treated membranes, though, the permeation decreased slightly

but the selectivity increased for each membrane composition as com-

pared to untreated membranes (Fig. 7). So for the treated membranes,

the maximum selectivity of PSF/PI 20% blended membrane in-

creased to 30.24±0.5-29.70±0.7 followed by PSF/PI-15% (α=

29.54±0.5-29.20±0.2), PSF/PI-10% (α=28.98±0.15-28.49±0.7),

PSF/PI-5% (α=28.16±0.3-27.47±0.3) and PSF (α=27.43±0.20-

26.84±0.4). This blending technique provides improved chemical

and mechanical stability for the blends of polymeric membranes,

resulting in improved intrinsic permselectivity compared to indi-

vidual pure PSF.

CONCLUSION

Asymmetric flat sheet membranes were prepared by PSF and

PI polymers in which the proportions of PI varied from 5% to 20%

in PSF using phase inversion technique. Morphological analysis of

the developed membranes showed homogeneous and uniform mem-

brane blends with porous sublayer. FTIR analysis of this blended

membrane showed that the frequency was shifted for the character-

istic peaks involving diaryl sulfone and ether groups of PSF along

with the C-N group of PI. DSC analysis indicated the presence of

single Tg value for each developed membrane blends. The perme-

ation of CO2 compared to CH4 was quite significant and it decreased

with the increase in the operating pressure from 2 up to 10bar. Heat-

treated membranes showed a small decrease in the permeation for

all the membranes, but the selectivities improved as compared to

untreated membranes and the maximum selectivity was observed

for PSF/PI-20% membrane. This blending technique not only pro-

vides improved chemical and thermal stability but is also efficient

enough to improve the permselective properties with economical

viability.
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SYMBOLS USED

α : ideal selectivity [-]
oA : length [Angstrom]
oC : temperature [Celsius]

Tg : glass transition temperature [Celsius]

P/l : permeance of any species i, j [GPU]

l : membrane thickness [cm]

Ji : flux of species i [cm3(STP)/cm2·s]

∆Pi : differential partial pressure of species i [Bar]

αi, j : ideal selectivity of i, j [-]
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