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Abstract: Many significant developments regarding membranes have been taken place in past few decades. The wet 
phase inversion is a simple method to prepare asymmetric polysulfone membranes. Membranes were fabricated from 

polysulfone using N,N dimethyl formamide (solvent) and water (non-solvent) and permeation properties were 
investigated. We have explored the differences in performances of the membranes prepared from consecutive phase 
inversion of polysulfone. The effect of addition of sodium lauryl sulphate and their multi stage phase inversion were also 

studied. Functional group ruination/formation, Morphology, hydrophobicity, MWCO were analysed from different 
analytical instruments (viz. SEM, FTIR-ATR, TGA, contact angle, GPC). Fourier Transform Infrared (FTIR-ATR) spectra 
of polysulfone membranes were analysed to identify the variations of the bonds. The results obtained from water 

permeation experiments showed that consecutive phase separation of polysulfone increased the water permeability of 
the membranes. The polysulfone membranes resulted from multistage phase separation showed decreasing trend in 
separation for polyethylene oxide (PEO, 200kDa) as well as Bovine Serum Albumin (BSA, 66 kDa).  
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INTRODUCTION 

Polysulfones (PSf) are well-known high temperature 

amorphous engineering thermoplastic materials. The 

PSf has attracted the polymer scientists for its excellent 

characteristics, such as good solubility in a wide range 

of aprotic polar solvents, high thermal resistance (150-

170
o
C), good chemical resistance over a wide range of 

pH, good oxidative resistivity, high mechanical 

resistance of the films (fracture, flexure, torsion), 

moderate reactivity in aromatic electrophilic 

substitutions reactions (sulfonation, nitration, chlorome- 

thylation, acylation, etc.) [1, 2]. The PSf can be molded, 

extruded, and thermoformed into a wide variety of 

shapes for different applications. Due to all these 

features, PSf and it derivatives have been widely used 

as new functional materials in various fields such as; 

biochemical, industrial and medical applications, as a 

high performance technological/biomedical material, 

but mostly in membranes for separation technologies 

(ultra filtration, reverse osmosis, or gas separation) [3-

10]. 

It has been found that mostly the modification of 

polysulfone has been achieved chemically (by 

chloromethylation, suphonation, grafting of suitable 

monomers on to membrane surface etc.) to get the 

polymer of desired properties for its specific 

applications viz. fuel cell, pH responsive membrane  
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etc. [11-16]. Apart from its functionality, the formation of 

controlled pores is another criterion to form better 

membranes. There are many techniques to form pores 

on the membranes such as incorporation of porogens 

in the membrane which can be destructed thermally, 

leached after particular reaction [17-20]. The porosity in 

PSf was introduced by embedding calcium carbonate 

nanoparticles in the bulk polymer [21].  

Here in this particular study we have approached 

simple wet phase inversion technique. The demixing of 

solvent–non-solvent is the basic mechanism of the 

formation of pores in polymer membrane. In the 

present study phase inversion steps are enhanced to 

study the property profiles of PS membranes from 

different steps. The present study is conceptualised 

focusing the justification of reusability of polysulfone, 

once phase-inversion has done.  

MATERIALS AND METHODS 

Materials  

Polysulfone (PSf) pellet (Udel P-3500, Solvey 

Advanced Polymers, USA), Non-Woven polyester 

fabric (Filtration Sciences Corp., USA), N,N dimethyl 

formamide (Merck, India), Sodium lauryl sulphate (SLS, 

SD fine chemicals, India) were used for the preparation 

of membranes. Polyethylene Oxide (Mw 200kDa) 

(Sigma-Aldrich) was used as markers for the 

characterization of membranes in terms of separation 

abilities. Bovine serum albumin (BSA) (Mw 66kDa) 

(Sigma-Aldrich, USA) was used to study the separation 

performances of the membrane. Milli-Q water was used 

in the experiment. 
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Preparation of Polysulfone (PS) Membrane  

Polysulfone (PS) solution (15% w/w) in DMF was 

prepared through dissolution in heating under stirring 

condition over a period of 3h until the solution become 

homogenous. Then the solution was brought to RT 

(27°C). 

The milli-Q water (with and without adding sodium 

lauryl sulfate) was added dropwise in prepared PSf 

solution under stirring condition. The concentration of 

sodium lauryl sulfate was kept at 2.1g/ l. The PS was 

solidified into non-solvent (water) in the mentioned two 

systems. The PS collected from the two systems was 

designated as PS-I-w and PS-I-s from water and SLS-

water system. PS-I-w and PS-I-s both (15% w/w in 

DMF) were taken into the DMF solutions as mentioned 

before. The milli-Q water (with and without adding 

sodium lauryl sulfate) again poured drop-wise and 

solidified into water and SLS-water respectively. The 

PS collected from the two systems and designated as 

PS-II-w and PS-II-s. In similar approach PS-III-w, PS-

III-s, PS-IV-w and PS-IV-s were collected from 3
rd

 and 

4
th

 stage respectively. 

PS membranes were prepared from all the PS 

samples (PS-0-w (initial), PS-I-w, PS-II-w, PS-III-w, PS-

IV-w, PS-0-s (initial), PS-I-s, PS-II-s, PS-III-s, PS-IV-s). 

PS solutions were taken in DMF solvent and casted on 

non-woven Polyester fabric fitted on glass plate and 

then immediately immersed in gelation bath. The 

solution was cast on the support under controlled 

conditions of temperature (27°C), relative humidity 

(37%). PS membranes (w and s-series) were prepared 

from water and SLS-water system respectively. The 

whole system is depicted in Scheme 1.  

Analytical Tools 

FTIR-ATR (Cary 680, Agilent Technologies), SEM 

(Leo, 1430UP, Oxford Instruments), Thermal 

Gravimetric Analyser GA (TG-209 F1 Libra, NETZSCH, 

Germany), X-ray Diffractometer (PAN alytical 

Empyrean using Cu K  radiation as monochromator), 

Contact angle measurements were done by sessile 

drop method (DSA 100, KRUSS, Germany) were used 

for the characterization study of Polysulfone 

asymmetric membranes. Thermal studies are carried 

out at heating rate 10°C/min in nitrogen atmosphere. 

The viscosities of PSf solutions were measured by 

viscometer (DVII+ Pro Brookfield Viscometer, USA) at 

29°C using LV-3 spindle and 80rpm speed. UV-Vis 

absorption spectrophotometer (UV-2700, Shimadzu) 

was used for BSA concentration measurements. 

Permeability Measurements 

Water permeability study was carried out using 

cross-flow filtration system at temperature 30°C and 

0.34MPa. The macromolecule (PEO Mw 200kDa) and 

BSA (66kDa) separation experiments were carried out 

using cross-flow and dead-end filtration system at 0.34 

and 0.17MPa respectively. In cross-flow filtration the 

membrane area is kept at 0.00152 m
2
, where as in 

dead-end filtration it is kept at 0.00385 m
2
). The 

separation was determined by HPLC-GPC Waters, 

2695 module 2414 RI detector) using the following 

equation 

  

R(%) = 1
C

p

C
f

x100           (1) 

Where Cf is the feed and Cp is the permeate 

concentration 

Porosity Measurements  

The porosity measurements were done using 

Polysulfone membranes having area of 3 x 3 cm
2
. First 

membranes were dipped in water for 16h and then they 

were sorbed with tissue paper and weight was taken. 

After drying at 70°C weights of the membranes were 

rechecked. The porosities were determined using the 

following equation 

Porosity (%) =
W
wet

W
dry

A d p
100          (2)  

where Wwet and Wdry are the weight of the membranes 

in wet and dry conditions respectively, A (membrane 

area), d (density of water) and  (thickness of the 

membranes) are used. 

RESULTS AND DISCUSSION  

Polysulfone membranes are prepared by wet phase 

separation technique. In the phase separation process 

there is diffusional exchange between N, N dimethyl 

formamide (solvent) and water (non-solvent). This 

results the polymer rich and lean phases and it is better 

described asymmetric with a top skin layer supported 

by porous layer. The phase separation results in order 

to minimize the free energy of the polymer-solvent-

nonsolvent mixture [22]. It is one of the kinds of ternary 

system and diagram is divided into a homogeneous 

region and an area representing liquid-liquid demixing 

gap. [23] The diffusion exchange between solvent-non-

solvent of polysulfone polymer results the solution to be 

thermodynamically unstable and demixing occurs [24, 
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25]. This mechanistic pathway designs the asymmetric 

nature as well as porosities of the membranes. The 

membranes from the consecutive stages are prepared 

following the same mechanistic pathways.  

FTIR-ATR studies (Figure 1) prove the existence of 

Polysulfone on the non-woven polyester fabric. It 

shows the strong reflectance benzene ring stretching 

 

Scheme 1: Schematic diagram of the whole process. 
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mode at 1583-1502 cm
-1

. Aromatic C-H bending, 

rocking vibrations (871, 850, 831cm
-1

) are seen in the 

spectra. The band at 1149 cm
-1

 (symmetric stretching 

of sulfone (C-SO2-C)) and at 1319 and 1292 cm
-1

 

(asymmetric C-SO2-C stretching) are observed. 

Asymmetric C-O stretching frequencies are also seen 

at 1238 and 1012 cm
-1

. FTIR spectra of the 

membranes from consecutive stages are closely 

observed and there is no difference reflected. The 

spectra of the membranes from 1
st
 and 4

th
 stage from 

both the series (water and surfactant-water) are in 

ensemble. It suggests the functionalities are remaining 

same in the consecutive stages of membrane 

preparation.  

 

Figure 1: FTIR-ATR spectra of Polysulfone membranes. 

Thermal studies of polysulfone membranes from the 

consecutive phase separation stages are performed. 

The thermal stabilities of Polysulfone in both the series 

is excellent up to 350°C, after that the degradation 

starts and mass change is little above 75% at 500 °C. It 

is reported that the chain scission at the temperature 

range 400-500°C at the carbon-sulphur bond, the 

weakest link in the polysulfone repeat unit between the 

aromatic ring and sulfone [26]. There are no changes in 

thermo gravimetric studies of polysulfone membranes 

of different stages. The thermograms of membranes 

from 1
st
 and 4

th
 stages of both the series water and 

surfactant-water series are in ensemble (Figure 2A, B). 

It suggests that there is no bond breaking and 

formation in the consecutive stages of polysulfone 

membrane preparation.  

 

Figure 3: XRD pattern of Polysulfone membranes from PS-w 
and PS-s series. 

The X-ray diffraction studies of polysulfone 

membranes show that they are in general amorphous. 

It shows in the Figure 3. It also suggests that there are 

no major changes in the amorphous character in the 

consecutive stages of preparation of membranes. The 

 

Figure 2: A. Thermogravimetric B. Differential Thermal pattern of Polysulfone membranes from PS-w and PS-s series. 
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phase inversion step couldn’t bring any influence in the 

amorphous character in the polysulfone membrane. 

But contact angle studies show that contact angles of 

the membranes for the consecutive stages are in 

decreasing trend. It suggests that the relative 

hydrophobic character decreases for the membranes 

prepared in consecutive stages and Figure 4 shows 

similar trend for both the series (water and sodium 

lauryl sulfate-water).  

 

Figure 4: Variation of contact angle of Polysulfone 
membranes of different stages.  

The micrographs of the top surface of membranes 

from first and fourth stages of polysulfone membranes 

are depicted in Figure 5. There is distinct difference 

with respect to polysulfone membrane matrix. It shows 

that the porous networks in fourth stages are more 

compared to initial stage. In the surfactant series the 

porous network is also well marked.  

The property profiles in terms of water permeability 

show systematic increase with the consecutive stages. 

The percentage increase in water permeability for 

different stages compared to initial stage (95.23 LMH 

(water only) and 264.47 LMH (water- surfactant)) are 

shown in Figure 6. It indicates that with stages the 

asymmetric character of the membranes is increasing. 

The successive solidification of the phase separated 

solution leads to a porous, asymmetric structure. Table 

1 shows that the decreasing trend in viscosities for 

polysulfone solutions, prepared from different stages 

suggest that the diffusion exchange with water is 

comparatively better. Thus the growth of asymmetric 

nature is better with the consecutive stages of 

preparation. This is reflected from porosity studies. The 

% porosity, obtained from equation 2 shows the 

increasing trend with the consecutive stages (Figure 7). 

 

Figure 6: Variation of percentage increase in pure water 
permeability of the membranes for different stages. 

 

Figure 5: Scanning electron micrograph of Polysulfone samples for Ps-w series (LHS) and Ps-s (RHS), Inset (a) is for initial and 
(b) for fourth stage. 
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Figure 7: Variation of porosity (%) of membranes (PS-w and 
PS-s) for different stages. 

Table 1: Viscosities of Polysulfone Solutions of 
Different Stages 

Stages PS-w (cP) PS-s (cP) 

0 302.9 289.2 

I 231 218.2 

II 201.2 181.4 

III 175 157 

IV 131.9 111.8 

 

The macromolecule separation abilities of 

membranes are also co-related with the different 

stages. The initial stage (termed as ‘0’ stage) shows 

>90% separation where as for the consecutive stages it 

is in decreasing trend (Figure 8). It suggests that 

porosities are increasing with the consecutive stages. It 

supports the increase in water permeability as well as 

porosities with the stages. The trend is similar for the 

membranes from both the series.  

SEPARATION PERFORMANCES OF BSA 
THROUGH MEMBRANES 

The performances of membranes in terms of 

biomacromolecule Bovine Serum albumin (BSA) 

separation are performed. The results are shown in 

Figure 9. It shows that the separation performances of 

membranes with the stages are decreasing with the 

increasing flux data. The extent of separation of the 

membranes from surfactant-water mixtures is little 

higher. It may be the effect of surfactant which 

influences uniform pores. The flux data of the 

membranes are also increased with the membranes 

prepared from different stages.  

 

Figure 8: Separation performance of polyethylene oxide 
(MW-200 kD) through membranes for different stages (Feed 
concentration 500 mg/L), (pressure 0.34MPa). 

 

Figure 9: Separation performance of BSA (MW-66 kD) through membranes for different stages (Feed concentration 500 mg/L), 
(pressure 0.17MPa). 
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CONCLUSIONS  

In this study an improved scheme multi- wet phase 

separation has been used successfully. The addition of 

sodium lauryl sulphate into the non-solvent water bath 

was used to investigate the performances of the 

membranes. Results clearly demonstrate that 

membrane performance is quite sensitive to the multi-

phase separation with significant membrane property 

changes expected. There is no functional group 

formation/ruination in the multi-phase separation of 

polysulfone. The water permeabilities of the 

membranes are increased for the membranes result 

from consecutive stages of preparation. The 

polysulfone membranes result from multistage phase 

separation show decreasing trend in separation for 

polyethylene oxide (PEO, 200kDa) as well as Bovine 

Serum Albumin (66kDa). Our approach offers a 

powerful means both for correlating membrane 

performance with the repetitive phase separation.  
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