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Abstract.  Increase in the hydrophilicity (HPCT) of polysulfone (PS) membrane and subsequently decrease 

in fouling can be achieved by surface modification of PS based membranes. Therefore, in this work, 

ultrafiltration membranes with increased HPCT were prepared using the enantiomeric tartaric acid (D-TA) 

and racemic tartaric acid (DL-TA). Phase inversion technique was used for the preparation of polyethylene 

glycol and TA blended PS membrane. Morphological analysis of the fabricated membranes was done by 

scanning electron microscope and atomic force microscopy. Bovine serum albumin (BSA) solution was taken 

for finding the permeation and rejection behavior of prepared membranes. Maximum BSA rejection was 

increased by 70.5% for the modified membrane. 
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1. Introduction 
 

Polysulfone (PS) based asymmetric ultrafiltration (UF) membranes are widely used in water 

treatment, food processing and biotechnology (Cheryan 1998, Mulder 1996). This is one of the 

most promising clean energy technologies. PS have certain potential advantages, including its 

excellent acidic and basic resistance, good thermal stability, wide pH range and film forming 

ability (Bhadra et al. 2008, Geise et al. 2010, Kim et al. 1998, Tweddle et al. 1983). Major 

disadvantages of PS membranes include their low infiltration capacity and severe membrane 

fouling because of their hydrophobic nature (Zhang et al. 2008). It is very necessary to overcome 

these problems for increasing the permeability and life span of the membrane. Membrane fouling 

can be classified in two types; these are as reversible and irreversible fouling. Reversible 

adsorption and deposition of protein causes reversible fouling. This type of fouling can be 

removed by simple hydraulic cleaning. But irreversible protein adsorption causes irreversible 

fouling that can only be eliminated by chemical cleaning or enzymatic degradation (Kimmerle et 

al. 1990). Surface characteristics of membrane such as morphology, porosity, pore size and 

hydrophilicity (HPCT) affect the membrane fouling (Vatanpour et al. 2012). Flux-declining and 
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membrane fouling can be reduced by improving the HPCT of the membrane. Many researchers 

have done work by altering the composition of the membrane for finding an additional hydrophilic 

material. So, membrane fouling can be remarkably reduced by increasing the HPCT of the 

membrane surface as well as porous surfaces (Ahmad et al. 2013, Li et al. 2006). Surface 

modification of PS membrane can be done by blending of organic acids that result in increased 

hydrophilicity of the membrane.  

BSA can bind a broad range of substances such as hormones, fatty acids, amino acids and a 

large variety of drugs. Consequently formed complexes that are involved in transport and 

regulatory processes and thus, they are enormously useful in biological processes (Sevilla et al. 

2007). Serum protein adsorption onto PS membrane in different blood-contact applications can be 

the reason of life threatening complications (Wang et al. 2008). Hence, BSA was used for the 

characterization of membranes in this study.  Sinha et al. (2015) synthesized polyurethane 

macromolecules (PU) with end capping of different organic acids. Membranes blended with PU 

showed improved pore density, HPCT and pure water flux compared to plain PS membrane. They 

observed that BSA flux recovery ratio was enhanced by the addition of PU for all the modified 

membranes. Sharma et al. (2016) studied the Racemic and enantiomeric effect of tartaric acid on 

the hydrophilicity of polysulfone membrane. They resulted with improved HPCT of synthesized 

membranes. 

Ghaemi et al. (2012a) studied the xenobiotics removal at different solution pHs. Effect of 

several concentrations of different organic acids on the morphology and performance of PS 

membrane was investigated by them. They resulted with the fact that porosity was maximum for 

0.5 wt % of all the organic acids in the PS membrane. They also observed the fact that increased 

zeta potential of the membrane caused increased xenobiotics rejection. Ghaemi et al. (2012b) also 

studied the effect of amphiphilic fatty acids (palmitic, oleic, and linoleic acid) on the structure and 

performance of cellulose acetate nano filtration membranes. They observed that addition of 

palmitic acid depicts higher rejection of nitrophenols than other fatty acids. Mansourizadeh et al. 

(2010) used Polyethylene glycol (PEG 200) and ethanol, glycerol and acetic acid as the additives 

in porous PS hollow fiber membranes for CO2 absorption. They found that all the additives 

resulted in enhanced surface porosity. Wei et al. (2012) studied the effect of preadsorption of citric 

acid on surface modification of PS ultrafiltration membrane. They observed that after 

modification, the membrane surfaces became more hydrophilic and permeability also improved. 

The modified membranes showed enhanced BSA and PEG retentions and improved antifouling 

properties with higher flux recovery ratios. Acrylic acid was also used with different hydrophilic 

polymers (Li1 et al. 2013) for improving the antifouling properties of protein. Ingole et al. (2016) 

prepared the activated carbon incorporated polysulfone membranes for dye separation. Their study 

resulted with improved dye separation by the addition of activated carbon. 

It appears from the recent literature that improved HPCT of polymeric membrane can be 

achieved by the addition of an organic acid. It is also found that although a lot of works have 

reported on the addition of different organic acids to polymeric membrane, but only few 

researchers have done work on enantiomeric and racemic effect of organic acids on membranes 

(Yang et al. 2009). In addition, D-TA and DL-TA possess different solubility in water as well as 

have different acid dissociation constants which can affect the porosity and surface charge of 

membrane. Therefore, in the present work a detailed study was done for finding the effects of 

addition of different amounts of D-TA and DL-TA (0.5 and 1 wt %) into the casting solution of PS 

membrane; in order to increase the HPCT and BSA rejection performance of PS membrane. PEG 

(400 Da) was taken as pore former in this study and blended in PS membrane casting solution.  
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(a) 

 
(b) 

 
(c) 

Fig. 1 (a) Chemical structure of D-Tartaric acid and L-Tartaric acid (b) Polysulfone 

(c) Polyethylene glycol (PEG) 

 

 

Effects of chirality of TA on the HPCT, water flux as well as permeation and rejection behaviour 

of BSA under various solution conditions was studied. For characterizing the prepared 

membranes, morphological parameters were examined. FTIR-ATR, contact angle and zeta 

potential measurements were also performed. All the parameters were examined and explained 

well. 

 

 

2. Experimental 
 

2.1 Reagents and materials  
 

Polysulfone (average molecular weight 30,000 Da) was procured by Sigma-Aldrich Co. USA 

and dimethyl acetamide (DMAc) supplied by LOBA Chemie, India were used as base polymer and 

solvent, respectively for membrane preparation. Sisco Research Laboratories Pvt. Ltd, Mumbai 

India, supplied the PEG (average molecular weight 400 Da), which was used as pore forming 

additive. D-tartaric acid (pKa=2.98) and DL-tartaric acid (pKa=3.03) with average molecular 

weight of 150 Da for both TAs and bovine serum albumin (molecular weight 68000 Da) were 

supplied by Otto Chemie Private Limited India. Chemical structures of PEG, D-tartaric acid, L-

tartaric acid and PS are shown in Fig. 1. 

       

2.2 Membrane fabrication 
 

Flat sheet PS membrane fabrication was done by the wet phase inversion method using PEG 

(400 Da) with D-TA and DL-TA. The PS concentration was fixed at 18 wt % for all the 

membranes. PEG (2 wt %), D-TA and DL-TA (0.5 and 1 wt %) were used as additives (Table 1). 

Membranes with different compositions were designated as M-1, M-2, M-3, M-4 and M-5, 

containing different ratio of organic acids (i.e., D-TA and DL-TA) and solvent (i.e., DMAc). 

Magnetic stirrer was used for preparing the membrane casting solution. Detailed membrane  
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Table 1 Composition of PS casting solutions of the membranes 

Serial No. Membrane PS (wt%) PEG (wt%) DMAc (wt%) D-TA (wt%) DL-TA (wt%) 

M-1 Plain 18 2 80 - - 

M-2 D1 PEG 18 2 79 1 - 

M-3 D0.5 PEG 18 - 79.5 0.5 - 

M-4 DL1 PEG 18 2 79 - 1 

M-5 DL0.5 PEG 18 - 79.5 - 0.5 

 

 

fabrication procedure is discussed in our previous work (Sharma et al. 2015). Membranes 

thickness was maintained as 100 μm for all the five membranes. 

 

2.3 Characterization of membranes 
 

Permeation experiments and morphological analysis were performed for the characterization of 

prepared membranes. Membrane performance was evaluated in terms of compaction factor (CF), 

equilibrium water content (EWC), pure water flux (PWF), BSA rejection percentage (% R). HPCT 

of membrane was measured by water contact angle. Zeta potential of membranes was measured by 

Delsa nano, Beckman coulter, Switzerland. The pore size distribution and porosity of the 

membrane are main factors for deciding its performance (Kamusewitz et al. 1997). Liquid-liquid 

displacement porosimetry (LLDP) method was used for the morphological analysis of the prepared 

membrane.  

 

2.3.1 Liquid-liquid displacement (LLDP) porosimetry method 
Number of pores, mean pore size and cumulative permeability (%) with respect to pore size of 

the prepared membranes were determined by LLDP method (Mulder 1996). In this method, a 

suitable penetrating liquid was used for complete wetting of the membrane and then a liquid that 

can not wet the membrane was taken for pressurizing, to pass through the pores by displacing the 

liquid which was already filled in the pores (wetting liquid). The radius (r) was calculated by 

renowned Cantor’s equation 

P
r

2


 
(1) 

Where, P is the transmembrane pressure and σ is the interfacial tension between the two 

liquids. The total hydraulic permeability coefficient (Ln) was calculated by 

 
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,                                                         (2) 

where Ji,k is flux at pressure Pi,k and Li,k is partial permeability coefficient of the pores with radius ri 

and rk evaluated at Pi,k, which corresponds to a mean radius ri,k. 

2
,
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
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(3) 

Pore radius versus pore number and pore radius versus pore area curves can be obtained using 
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the following equations (Abaticchio et al. 1990) 

kikiki JP
d

N ,,
3
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2


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(4) 

kikiki NrA ,,
2

, 
 

(5) 

where Ni,k is the pore density, i.e., the number of pores having radius between ri and rk per unit area 

of the membrane surface, d is the pore length which is nearly equal to width of the top skin layer 

and η is the viscosity of the alcohol rich mixture. Ai,k is the area of the pores having radii between 

ri and rk. Last two equations are found from the well known Hagen-Poiseuille’s permeation 

equations with the assumption of cylindrical pores and laminar flow. Skin layer thickness was 

equal to 100 nm in this work. The total area At and total number of pores per unit area of the 

membrane Nt was calculated as follows 

 kit AA ,  
(6) 

 kit NN ,  
(7) 

The mean pore radius rm was calculated as (Cappanelli et al. 1983) 
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(8) 

The inadequacy of this method is that the absolute values of At, Nt and their distribution 

probably have an error due to the deviation from the hypothesis of cylindrical pores and 

inconsistent thickness of membranes skin layer (Sinha et al. 2013). Though, the results are 

possibly helpful for the comparison of various membranes. 

 

2.3.2 Permeation experiments  
Batch experiments were performed in a dead-end, stainless steel cell discussed in our previous 

work (Sharma et al. 2015). Nitrogen gas of normal purity was used for pressurizing the cell to an 

operating pressure of 208 kPa. Before the experiments membranes were compacted at 345 kPa. 

Permeate was collected from the lower side of the cell. Compaction factor (CF) was determined by 

standard technique (Chakrabarty et al. 2008).  

 

2.3.3 Hydraulic permeability (Pm) and pure water flux (PWF) 
Deionized water was permitted to move across the compacted membrane for finding the pure 

water flux (PWF). Pure water flux at different trans membrane pressures (upto 345 kPa) was 

calculated using the following equation 

tA

Q
J w


                                                                         (9) 

where, Jw is the pure water flux (L/m
2
 h), Q is the volume of permeated water (L), A is the effective 

membrane area (m
2
), t is the permeation time and slope of the Jw vs P plot gave the Pm (L/m

2
h kPa) 

(Sinha et al. 2015).  
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2.3.4 HPCT and membrane resistance 
Static contact angle was measured for finding the HPCT of membrane. Detailed information is 

given in our previous works (Sharma et al. 2015, Sinha et al. 2013). Membrane resistance was 

calculated by the following equation 

water

T

m
J

P
R


                                                               (10) 

Where, Jwater is PWF, PT is the pressure, μ is the viscosity of water and Rm is membrane resistance. 

 

2.4 Ultrafiltration experiment  
 

Stainless steel batch cell was used for performing ultrafiltration experiments, explained in 

literature (Sharma et al. 2015) to study the effects of chirality of tartaric acid on permeate flux as 

well as solute separation performance of the prepared membranes. Bovine Serum Albumin (BSA) 

protein was taken as solute for the permeation experiments. Concentration of BSA Solution was 

taken as 1000 mg L
−1 

for all the permeation and separation experiments. The pH of BSA solution 

was taken approximately at five values: 3, 4.8, 7, 8 and 10. The BSA rejection ratio was measured 

by the following equation: 

1001 % 















f

p

C

C
R                                                           (11) 

where, Cf concentrations in the feed and Cp concentrations in the permeate in mg/mL, respectively. 

Concentration of BSA was measured for 5h, the permeate sample was collected at every 1h period 

of ultrafiltration. UV-vis Spectro-photometer (Perkin-Elmer Precisel, Lamda-35) was used for 

finding the concentrations of BSA in permeate, at wavelength of 280 nm. 

 

2.5 Fouling study 
 

Membrane fouling causes flux loss (Jw1-Jp). To study the antifouling property, Cheryan (1998) 

defined some ratios to describe the fouling process. The first ratio is Ft, which is the degree of total 

flux loss caused by total fouling. Ft was calculated by following equation 

     
  
   

 (12) 

Fr and Fir are other two ratios. Where, Fr is reversible fouling and Fir is irreversible fouling. Fr 

and Fir were calculated by the following equations 

   
      
   

 (13) 

    
       
   

 (14) 

Where, Jw1 is initial water flux (L/m
2
h) and Jw2 is water flux in second run (L/m

2
h) and Jp is 

BSA solution flux (L/m
2
h). The reversible BSA adsorption on the membrane surface causes 
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reversible fouling, which can be eliminated by hydraulic cleaning. Irreversible fouling caused by 

irreversible BSA adsorption, cannot be avoided by hydraulic washing. Thus Ft is sum of Fr and Fir. 

           (15) 

 

 

3. Results and discussion  
 

3.1 FTIR-ATR spectroscopy analysis of different membranes 
 

For the confirmation of whether D-TA and DL-TA were retained or not in casted membrane 

matrix, FTIR-ATR spectra of plain M-1 membrane, D-TA and DL-TA containing M-2 and M-4 

membranes was taken. Fig. 2 (a), (b) and (c) depict the spectra for membrane M-1, M-2 and M-4, 

respectively. Fig. 2(a) shows the peak at 686 cm
-1 

is the characteristic band of the plane aromatic 

C-H bond in PS membrane, stretching at 851 cm
-1 

represents S-O-C, symmetric and asymmetric 

stretching of sulfonate groups are presented by peaks 1140 cm
-1 

and 1250 cm
-1

, respectively. The 

strong absorption peak at 1500 cm
-1

 is characteristic peak of C=C which is related to the stretching 

benzene ring skeletal. Peak found at 3744 cm
-1 

in FTIR-ATR spectra of PS based membrane is 

related to -OH groups of PEG molecules which added as the pore former to PS casting solution. A 

few groups were remained there in the membrane matrix because it was not completely washed 

away during wet phase inversion (Kobayashi et al. 2002, Liou et al. 2011, Silverstein et al. 1991). 

Fig. 2 (b) and (c) represent the FTIR spectra of D-TA and DL-TA membranes with 1 wt %. 

Peak at 3601 cm
-1

 confirms the presence of small amount of TA in both the membranes after 

fabrication process (Stuart 2004). 

 

3.2 Morphological study 
 

AFM images were used for finding the surface roughness parameters. Whereas, size and shape 

of the pores on the membrane surface were examined by high resolution field emission scanning 

electron microscope (FESEM). Cross-sectional morphology of the prepared membranes was 

analyzed by SEM images, since lower magnification was sufficient for finding the cross sectional 

morphology of the pores. 

 

 

 

Fig. 2 FTIR-ATR spectra of M-1, M-2 and M-4 membranes 
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(a) (b) 

Fig. 3 SEM images of M-1, M-2 and M-4 at different magnifications 
 

 

3.2.1 SEM image analysis 
Fig. 3 depicts the SEM images of the cross-sectional view of M-1, M-2 and M-4 membranes 

(Table 1) with lower and higher magnification. Structure of both the membranes depicts a dense 

top layer and a permeable sub-layer, which was almost common for both the membranes. The 

thickness of top layer (active layer) changed by the addition of D-TA in the membranes. Finger-

like structure was appeared on the porous sub-layer. Since, DMAc shows high interactive affinity 

with water; DMAc goes to water bath and simultaneously water comes to the membrane matrix, 

instantaneous demixing resulted in the groove like cavities in the sub-layer of the prepared 

membranes (Mulder 1996). This fact can also be explained by the information that addition of an 

additive into the casting solution causes kinetic hindrance against phase separation by increasing 

the viscosity of the solution. Throughout the process, non-solvent concentration in the polymer  

M-1 

20 µm Mag = 1 KX 

M-1 

M-2 M-2 

M-4 M-4 

2 µm Mag = 7.5 KX 

20 µm Mag = 1 KX 2 µm Mag = 7.5 KX 

2 µm Mag = 7.5 KX 20 µm Mag = 1 KX 
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Fig. 4 Top surface FESEM images 

 

 

solution rises until the demixing gap is achieved (Duarte et al. 2012). Structural analysis of the 

membranes can be done by the phase separation theory. Top layer thickness of both the 

membranes M-2 and M-4 got reduced and porosity increased as compared to plain membrane M-1, 

possibly due to the interactions between ingredients in the casting solution Ghaemi et al. (2012a). 

Tartaric acid present in the casting solution forms hydrogen bonds between oxygen atoms of 

polymer chains and hydrogen atoms of tartaric acid. Consequently bonds became weak between 

polymers chain; and faster phase separation occurred in the case of M-2 and M-4 membranes. 

 

3.2.2 FESEM analysis 
Fig. 4 depicts the top surface images of M-1, M-2 and M-4 membranes captured by FESEM. 

Dense top layer on the membrane surface was developed by spinodal demixing. This may be 

because of the fact that the diffusion process between coagulation medium and polymer solution 

was so fast to become extremely unstable and cross the spinodal curve during formation of top 

layer (Kimmerle et al. 1990, Reuvers et al. 1987). Pore size analysis of images taken by FESEM 

was done by Image J software (Hand et al. 2009). Mean pore size was measured 12.43 nm, 9.41 

nm and 10.69 nm for M-1, M-2 and M-4, respectively. It was confirmed that addition of D-TA and 

DL-TA reduced the pore size of the membrane with different concentration of D-TA and DL-TA 

in PEG (400 Da) containing membrane.  

 

3.2.3 AFM analysis 
Atomic force microscopy (AFM) was used for analyzing the surface morphology and 

roughness of the membranes. Small squares of membranes (Approximately 1.5 cm
2
) were taken 

for study. WSxM software was used for image analysis. Fig. 5 depicts the AFM images of all the 5 

membranes. Average height (Sz), root mean square (RMS) roughness (Sq) and Average Roughness 

(Sa) were measured. RMS roughness was found to be increased with the addition of both D-TA 

and DL-TA. Further it was also observed that D-TA containing membranes show more RMS 

roughness than DL-TA containing membranes (Table 2). It may be attributed to the fact that 

porosity was increasing since number of pores on the surface was increasing by the addition of D-

TA as compared to DL-TA. Table 2 shows different surface roughness parameters. PS membrane 

M-1 has a surface with compacted structure as shown in Fig. 5(a), in contrast M-2, M-3, M-4 and 

M-5 membrane Fig. 5(b) has an uneven surface with lots of small pores, thus higher surface 

porosity. The contact angle also decreased with the addition of TA and was measured as 79°, 57°, 

61°, 68° and 71° for M-1, M-2, M-3, M-4 and M-5, respectively. Hydrophilic behavior of the  

100 nm 
Mag = 100 KX 

M-1 

100 nm 
Mag = 100 KX 

M-2 

100 nm 
Mag = 100 KX 

M-4 
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Fig. 5 2D and 3D AFM images of membranes 
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Table 2 Surface roughness and other characterization parameters of the membranes 

Serial No. Membra-ne 
Roughness parameters Pore number 

Nt×10
-8 

(m
2
) 

Zeta Potential 

(mV) at pH 7.5 Sz (nm) Sq (nm) Sa (nm) 

M-1 Plain 2.2 1.4 1.7 0.86 -8.11 

M-2 D1 PEG 15 5.8 6.7 2.5 -18.39 

M-3 D0.5 PEG 12.8 5.3 5.1 1.8 -17.16 

M-4 DL1 PEG 10.7 4.9 2.7 1.4 -17.58 

M-5 DL0.5 PEG 4.1 3.9 2.5 0.93 -16.75 

 

 

Fig. 6 Pore size distribution of all the membranes by LLDP method 

 

 

membrane is explained by water contact angle measurement. Lower the WCA value higher will be 

the hydrophilicity of the membranes and more hydrophilic membranes are less prone towards 

fouling. Pore area and number of pores also increased by blending of both D-TA and DL-TA. It 

indicates increasing HPCT with addition of both TA’s in this study. Between D-TA and DL-TA 

former gave better HPCT for example contact angle for M-2, and M-4 was 57° and 68°, 

respectively. It may be probably because of the fact of the more solubility of D-TA in water than 

DL-TA and molecules of L-TA also retained inside the membrane matrix as polarimeter did not 

show any enantiomer traces for the PWF collected from DL-TA containing membrane. Thus, more 

pores were formed by the addition of D-TA. 

 

3.2.4 Analysis of liquid-liquid displacement porosimetry results 
Radius of the pore, permeability of the membranes, pore number per unit area and area of the 

pores for each membrane were calculated using Eqs. (1), (2), (4) and (5), respectively. Pore size 

distribution of the membranes observed by LLDP is shown in Fig. 6. Around 16% of the pores 

were in the size of 2-3 nm for M-2. For M-1, M-3, M-4 and M-5 these numbers are 14.1%, 15.5%, 

15% and 14.4%, respectively. It can be seen from the figure 6 that the pores approximately 90% 

for all the five membranes are in the range of 3-5 nm which clearly brought them under UF range. 

Fig. 7 depicts the Variation in cumulative permeability (%) with pore size (nm). Though, larger 

pores play major role in overall permeability; as contribution from the small number of larger 

pores (>50 nm) can be quite high compared to the smaller size pores (<5 nm) though they are 

majority in number (Chakrabarty et al. 2008). Hagen-Poissuille equation explains that the enlarged  
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Fig. 7 Variation in cumulative permeability (%) with pore size (nm) 

 

 

pore radius can be responsible for increase in flux. Calvo et al. (2004) observed the same results 

for UF membranes formed by track etched method. However, it is difficult and challenging to 

measure the accurate part of the larger pores (>50 nm) and smaller pores (<2 nm) by the LLDP 

method. Results obtained by LLDP method are placed in Table 2. It is observed that, by the 

addition of both D-TA and DL-TA number of pores for all the membranes increases; especially 

addition of D-TA resulted in more porous membranes. Pores were increased from 0.86×10
8
 m

-2 
to 

2.5×10
8 

m
-2 

for membrane M-1 and M-2, respectively. The mean pore size rm for all the five 

membranes was slightly decreased by the addition of TAs. It was calculated as 1.98 nm, 1.39 nm, 

1.41 nm, 1.43 nm and 1.5 nm for M-1, M-2, M-3, M-4 and M-5, respectively. 

 

3.3 Permeation studies 
 

PS/PEG/TA/DMAc blended membranes were checked by permeation behavior. 

Characterization of the membranes was done in terms of CF, PWF and hydraulic permeability. 

Lastly, the membranes were examined for its permeation and rejection behavior with BSA protein 

at several pHs.  

 

3.3.1 Effect of chirality of TA on CF 
Compaction factor (CF) has significance for describing the structure of the membrane. 

Increased CF shows that the membrane would be more compacted as sublayer owns more 

macrovoids. Membranes compaction was done at 345 kPa for 1 h. After that operating pressure 

was maintained at 208 kPa for next 1h during pure water flux collection. Fig. 8 shows the flux 

profile during compaction, it was observed that initial PWF was maximum for both the D-TA 

containing membranes whereas flux was least for the membrane without any TA. It may be 

because of the fact that addition of tartaric acid to the casting solution is the reason of unsteadiness 

in thermodynamic equilibrium of the system Ghaemi et al. (2012 a). Thus, increased demixing rate 

was responsible for highly porous membranes. However, membranes with D-TA gave higher flux 

than DL-TA membranes with constant molecular weight of PEG (400 Da). It may be because of 

the fact that DL-TA is less soluble than D-TA in coagulation medium (water).  

       

3.3.2 Effect of D-TA and DL-TA on compaction behavior, hydraulic permeability and 
PWF 
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Fig. 8 Flux profile during compaction at 345 kPa and effect of transmembrane pressure on PWF 

 
 
Left part of Fig. 8 shows effect of compaction time on PWF. PWF is initially found to be 

decreased sharply with time for all the membranes probably as a result of compaction and finally 

achieve a constant flow rate after around 0.5 h. This may be because of the pore size reduction. 

Since, the walls of the sublayer pores became narrower, denser and uniform (Qiu et al. 2009). It 

was observed from the figure that the steady state PWF increased when both the TAs were added. 

For example, the steady state flux increases from around 13.32 L/m
2
h to 38.01 L/m

2
h, when D-TA 

was added to the membrane and also increases from 13.32 L/m
2
h to 26.04 L/m

2
h by the addition of 

DL-TA to the membrane with PEG (400 Da). Table 3 presents the CF for the membranes. The 

main observation was that PS/DMAc/PEG/D-TA membranes acquire highest CF than both DL-TA 

containing membranes and without any acid containing membrane. The CF decreases from 4.3 to 

2.7 for membrane M-1 and M-2, respectively. Since, addition of two additives and type of solvent 

used into the membrane casting solution can act as either enlarger or in addition suppresser of the 

macrovoids present in the membrane underneath the top layer (i.e., sublayer) (Machado et al. 

1999). In the present study, it is possible that for both PS/DMAc/PEG/D-TA and 

PS/DMAc/PEG/DL-TA system have a membrane with a very well permeable substructure owing 

to the presence of increased number of macrovoids which may be larger than the voids created by 

PEG alone. Between D-TA and DL-TA membranes former gave better pore structure may be 

because of its more solubility than DL-TA.   

Fig. 8 also depicts the effect of addition of D-TA and DL-TA or chiralily of TA on PWF at 

different trans membrane pressures (TMP). PWF (calculated using Eq. (1)) found to be increased 

with increase in TMP. PWF was lowest for PS/DMAc/PEG membrane; this finding is in 

agreement to the compaction study. For example, at 345 kPa, the PWF increases from 30.4 Lm
−2

 

h
−1

 to 94.82 Lm
−2

 h
−1

 for membrane M-1 and M-2, respectively. 

Hydraulic resistance (Rm) is also an important consideration for finding the HPCT of 

membranes. It was calculated using Eq. (2). It was found that hydraulic resistance (Rm) was 

decreasing by the addition of TA and consequently flux was increasing. Water molecules 

accommodated in the pores present on the membrane surface also in the porous structure of the 

sublayer (Sivakumar et al. 1999) and addition of TA increases the number of pores on the top 

layer as well as in the sublayer. By the addition of D-TA and DL-TA, Rm was found to be 

decreased; however D-TA gave better result than DL-TA. Rm for membrane M-1, M-2, M-3, M-4 

and M-5 was calculated as 4.6×10
12 

(m
-1

), 1.5×10
12 

(m
-1

), 2.1×10
12 

(m
-1

), 2.8×10
12

 (m
-1

) and 

3.1×10
12

 (m
-1

), respectively. Fouled resistance Rf for membrane M-1, M-2, M-3, M-4 and M-5 was 
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Fig. 9 PWF for all the membranes after compaction (at 345 kPa), at 208 kPa and 1h and Rm 

 

 

also calculated. It was calculated as 13.5×10
12

 (m
-1

), 4.3×10
12

(m
-1

), 6.1×10
12

 (m
-1

), 8.2×10
12

 (m
-1

) 

and 9.1×10
12

 (m
-1

), respectively. These results clearly depict the increased HPCT of fabricated 

membranes by the addition of both D-TA and DL-TA. 

Lower flux was found as the hydraulic resistance increased with addition of DL-TA as 

compared to the addition of D-TA may be due to the solubility of it in water, as it is less soluble 

than D-TA, it remains inside the pore with PEG and reduced the sublayer pore length. However 

the top layer pores were bigger and pores present in per unit square area were less on top surface 

as shown in FESEM images depicted in Fig. 4. Whereas, decrease in hydraulic resistance and 

therefore elevated flux by the addition of D-TA may due to the fact that it is highly soluble in 

water and since having less molecular size it creates smaller pores on the top layer it does not 

remain inside the pores with or without PEG and increased the sublayer pore size thus, pores 

present in per square area on the top surface were more as shown in FESEM images depicted in 

Fig. 4. In the present study, perhaps swelling of PEG molecules (knotted inside the membrane 

matrix) with DL-TA molecules predominantly took place as a result of its hygroscopic and 

hydrophilic nature. This followed by blocking of pores and subsequently in flux reduction (Chun 

et al. 2004).  

 

3.3.3 Effect of chirality of TA on the flux and rejection behaviour of all the membranes 
Fig. 9 shows the pure water flux after compaction (for 1 h at 345 kPa). It was observed that flux 

was least for PS/DMAc/PEG membrane and both the D-TA containing membranes show higher 

flux because of the fact that addition of two or more additives in casting solution may increase the 

porosity of the membranes discussed in earlier section. Membrane resistance was also found to be 

decreased by the addition of both the TAs. It may be because of the increased HPCT of TA 

containing membranes. Afterwards, BSA rejection at normal pH (i.e., at pH 7) of all the 5 

membranes was also measured by collecting the permeate for 1 h. Fig. 10 depicts the flux and 

rejection (%) of BSA and it was observed that maximum BSA flux and rejection (%) occurred on 

M-2 membrane which contains D-TA 1 wt% and PEG (400 Da). BSA flux and rejection (%) trend 

was just opposite for the D-TA containing membrane from the mere PEG containing membrane. 

Rejection % was enhanced with increasing the concentration of D-TA in membrane. It may be 

described by the fact that thermodynamic and rheological changes may affect the morphology of 

the membrane as two additives (i.e., PEG and D-TA or DL-TA) were added in casting solution 

(Sharma et al. 2015). 
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Fig. 10 BSA flux and rejection for all the membrane at 208 kPa and pH7 for 1h and 1000mg/L 

BSA concentration 

 
Table 3 Values of some characterization parameters of all the 5 membranes 

Membrane EWC (%) Rm×10
-12 

(m
-1

) CF IEC Contact angle (
o
) 

M-1 18.3 4.6 4.3 0.07 79 

M-2 45.9 1.5 2.7 0.65 57 

M-3 42.1 2.1 2.75 0.35 61 

M-4 

M-5 

26.8 

22.4 

2.8 

3.1 

2.9 

3.1 

0.29 

0.25 

68 

71 

 

 

3.4 Characterization of membranes on the basis of EWC, HPCT and porosity  
 

3.4.1 Effect of the addition of TAs on EWC 
For finding the EWC of all the membranes standard equation (Sharma et al. 2015) was used 

and calculated values are placed in Table 3. Observations show that by the addition of D-TA EWC 

(%) have increased from 18.3 to 45.9 and 42.1 for membrane M-1, M-2 and M-3, respectively. 

This tendency confirms the increasing number of pores in the membrane with addition of D-TA 

(Table 2). The pores formed on the surface as well as macrovoids in the sublayer during wet phase 

inversion process are helpful for compliant water molecules in the membrane (Sivakumar et al. 

1999). Addition of DL-TA into the membrane matrix also increased the EWC from 18.3 to 26.8, 

22.4 for membrane M-1, M-4 and M-5, respectively. However, D-TA containing membranes have 

shown better EWC than membranes with DL-TA. This may be attributed to the reality that D-TA 

molecules may have circulate into the PEG molecule and in membrane matrix and during 

immersion of casted membrane in water (phase inversion) they got released from the membrane 

and mostly from the top surface and disturb the network on the other hand DL-TA molecules 

could not disperse in the same amount into the coagulation bath since, their solubility in water is 

less than D-TA. Hydrogen bonds between PEG and TA may first formed during preparation of 

membrane casting solution and have been broken during immersion of membrane into the 

coagulation bath and some TA molecules came out to the surface of membrane, hence 1 wt% D-

TA with PEG (400 Da) containing membrane formed more pores which are smaller in size, on the 

surface of membrane. 
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3.4.2 Effect of addition of TAs on HPCT 
Role of HPCT and porosity of the membrane is undoubtedly significant in membrane 

permeation performance. Contact angle measurement is a potential tool for finding the surface 

HPCT (Zheng et al. 2006). Generally it is a common phenomenon that the HPCT increases as the 

value of contact angle decreases. Contact angle of membranes without any kind of TA and with 

different concentration of D-TA and DL-TA are shown in Table 3. It can be resulted from Table 

that contact angle decreased with the addition of both D-TA and DL-TA. However, D-TA 

containing membranes showed more reduced contact angles and increased porosity than 

membranes having DL-TA. The contact angle for M-1, M-2, M-3, M-4 and M-5 was 79°, 57°, 61°, 

68° and 71°, respectively.  

 

3.4.3 Effect of TAs on porosity 
Porosity was found to be increased by the addition of both the TAs (Table 2). Increase in 

porosity may be due the fact that they disturbed the thermodynamic equilibrium of membrane 

casting solution with coagulation bath during membrane formation by wet phase inversion method, 

as discussed in the previous section. The porosity changes can also explain with the help of kinetic 

consideration. Presence of additives into the casting solution can cause two alterations. Firstly, the 

reduced miscibility of the casting solution in nonsolvent due to phase separation since the 

thermodynamic improvement occurs. Secondly, it produces kinetic obstruction to phase separation 

because of the increased viscosity of the solution (Mulder 1996). Viscosity of casting solution 

prepared by blending of different ingredients was measured as 0.879 Pa s, 0.921 Pa s, 0.911 Pa s, 

0.928 Pa s and 0.919 Pa s for M-1, M-2, M-3, M-4 and M-5, respectively. It confirmed from SEM 

images shown in Fig. 3 that by the addition of D-TA top layer got reduced and sublayer pores 

became more regular.  

 

3.5 Ultrafiltration of BSA 
 

TMP is a key factor for finding the characteristic of flux other than that, quality of flux and 

solute retention through the membranes mainly assessed by the feed solution characteristics, 

specially its pH. Concentration of BSA solution was taken as 1000 mg/L. 

 

3.5.1 Effect of D-TA and DL-TA concentration on BSA rejection 
Fig. 11 shows the effect of two different concentrations of D-TA and DL-TA on the rejection 

profile of BSA at normal pH (i.e., pH 7). It was observed that the rejection was constant after 4h 

for all membranes. Maximum rejection was achieved by membrane M-2; i.e., by increasing the 

concentration of D-TA and DL-TA the rejection was found to be increased, it may be attributed to 

the fact that hydrophilic functional groups of both TAs were increased into the PS casting solution. 

However, addition of DL-TA showed the lower rejection than D-TA containing membranes 

because of the formation of larger pores on the top surface of membranes. For example rejection 

(%) for M-1, M-2, M-3, M-4 and M-5 was found as 22.5%, 78.1%, 75.4%, 51.7% and 36%, 

respectively. By reducing the TA concentration the rejection (%) was also declined. For instance 

% R for M-3 and M-5 was measured as 75.4% and 36%, respectively. It may be because of the fact 

that presence of hydrophilic group was lowered on the membrane surface by decreasing the TA 

concentration in casting solution. Moreover, addition of organic acid altered the membrane 

morphology as well as skin-layer thickness (Fig. 3) and hence higher porosity was formed (Table  
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Fig. 11 BSA Rejection profile at normal pH 

 

 
Fig. 12 Effect of pH on BSA flux and rejection for M-2 membrane 

 

 

2). Varying morphology possesses a significant control over increment of PWF of the modified 

membranes. However, rejection (%) is low for membrane M-1, it may be due to the fact that some 

bigger pores are present on the membrane surface (Fig. 4). These pores might be responsible for 

lower rejection. Mean pore size was measured 12.43 nm, for membrane M-1 by FESEM image 

analysis. 

      Values of zeta potential (ZP) also play important role in rejection performance of the 

membrane. ZP was found to be increased by the addition of both D-TA and DL-TA in membrane 

casting solution. At pH 7.5 it was measured as -8.11 mV, -18.39 mV, -17.16 mV, -17.58 mV and -

16.75 mV for M-1, M-2, M-3, M-4 and M-5, respectively. So due to elevated ZP negative charge 

(OH
-
) also increases for acid containing membrane. Since, carbonyl groups present in carboxylic 

acid electrophilic in nature which results in increased OH
- 

in carboxylic acid (Ghaemi et al. 

2012a). Therefore addition of D-TA and DL-TA in PS membranes consequences in more rejection 

of BSA molecules.  

 

3.5.2 Effect of pH on BSA flux and rejection  
Fig. 12 depicts the flux and rejection through membrane M-2 at different pH. It was observed 

that flux was maximum at pH 3 and minimum at pH 10, it may be approved by the fact that at 

basic condition (pH 10) there was a high charge density at the surface of the membrane because, at 
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pH 10 there was increased negative charge in solution and negative charge already present on 

membrane surface (Table 2). Elevated ion density on the top layer of the membrane obstructs the 

permeation, consequently reduced flux was observed. Whereas, at pH 3 there was a lowest charge 

density on the membrane surface
 
hence highest flux was achieved. At pH 8 and 7 flux was 

moderate due to electrostatic charge repulsion (since BSA molecules have elevated net negative 

charge) (Fane et al. 1981, Musale et al. 1997, Ghosh et al. 1998). At iso-electric point (IEP) BSA 

molecules are least soluble and they do not have any charge in this condition. They accumulated in 

a compact layer which is mostly responsible for lower flux and higher BSA rejection at 4.8 than at 

pH 3.  

Charge density in the membranes can be found by IEC. It also affects their fouling behavior. 

IEC was measured by standard technique (Yan et al. 2012). Table 3 illustrates the IEC of different 

membranes; IEC for membranes M-1, M-2, M-3, M-4 and M-5 were 0.07, 0.65, 0.35, 0.29 and 

0.25, respectively. It clearly shows that IEC increasing with increasing the concentration of D-TA 

(1 wt %) in the membranes. This fact can be explained with the help of ionization behavior of D-

TA present in membrane matrix of M-2, M-3, M-4 and M-5. Variation in BSA solution flux at 

different pH may be described by protonation and deprotonation potential of D-TA. Deprotonation 

of carboxylic groups of TA resulted in carboxylate ions. These carboxylate ions offer excessive 

charge in the PEG/D-TA containing membranes.  

Right part of Fig. 12 depicts the rejection behavior of BSA solution at different pH for 

membrane M-2. Rejection of BSA molecules with the pH was found in the sequence of 10>8.0>7> 

4.8>3. Rejection was found to be lowest at lowest pH (i.e., pH 3) it may be because of the fact that 

pores become bigger at extreme acidic condition due to collapse of PEG/D-TA molecules and thus 

fallout in lower rejection of BSA (Hunter 1981). At IEP (i.e., pH 4.8) BSA is least soluble and 

hence accumulated on the surface of membrane and results in lowering flux and moderate 

rejection than pH 3 and pH 10. The highest rejection of BSA molecules in extreme basic solution 

condition (pH 10) might be explained by the fact that at this pH feed solution had net negative ions 

and deprotonation of D-TA was occurred and robust electrostatic charge revulsion between 

negative charges of the membrane surface and negative BSA molecules (Ghaemi et al. 2012a). 

 

3.6 Reversible and irreversible fouling study 
 

For finding the fouling values, pH of 7 was used during experiments. The time dependent flux 

of membranes modified by the blending of D-TA and DL-TA is shown in Fig. 13 Deionized water 

flux (Jw1) was measured from 0-60 min, 180-240 min (Jw2), and BSA flux was measured from 60-

180 min and 240-360 min. Water permeation results were showing a slight loss of flux through 

initial time of water permeation and after that it remains constant for all the membranes, but during 

BSA permeation, a severe flux loss was seen in initial permeation for all the membranes. Initial 

loss of flux during UF of BSA may be because of the deposition or adsorption of BSA molecules 

on the surface of membranes or inside the pores. So, the fouling resistance membrane should 

successfully oppose the deposition or adsorption of foulants to their surface or pore as reported in 

literatures (Li et al. 2013, Huisman et al. 2000). 

For investigating the fouling resistant behaviour of the membrane, Fr and Fir values were 

calculated from Fig. 13 using Eqs. (13), (14) and are shown in Fig. 14. It can be seen in Fig. 14 

that by the addition of D-TA and DL-TA in modified membranes, Fir values are reduced 

significantly as compared to plain membrane and therefore, the Fr values are increased. 

Furthermore the sequence of fouling values is consistent with hydrophilicity and BSA rejection  
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Fig. 13 Time dependent flux of membrane during ultrafiltration 

 

 
Fig. 14 Effect of TAs on fouling parameters 

 

 

trend of membranes. In this case, the hydrophilic segment of the TAs could form hydration layer 

on the membrane surface through hydrogen bonding, exhibiting anti fouling property and 

efficiently prevent adsorption deposition of foulants. Sharma et al. (2017) also observed the 

similar result by the blending of amphiphilic amino alcohol plasticizer with PSF membrane. 

However, it can be remarked that Fr values increased after addition of both the TAs. The possible 

reason could be accumulation of more BSA on membrane surface due to comparatively increased 

BSA rejection. Even though increased Fr value, the value of total fouling showed a reducing trend 

due to remarkable decrease in Fir value. So, these trends suggest that anti fouling property, 

especially irreversible fouling of modified PSF membrane was enhanced appreciably by the 

blending of TAs. 

 

 

4. Conclusions 
 

Effects of D-TA and DL-TA (i.e., effect of chirality) on the morphology such as pore number, 

pore area and porosity in terms of average pore size of PS membrane were checked in detail. 

Effect of wt % of both the TAs in membrane morphology were measured and following 

observations were made:  
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(i) Both D-TA and DL-TA were responsible for pore size reduction on the membrane surface. 

But, FESEM images confirm the fact that it was minimum by the addition of D-TA. Thus, 

chirality influenced the morphology of membrane. 

(ii) The PWF, hydraulic permeability, EWC (%) increased and hydraulic resistance Rm 

decreased with increasing the wt % of D-TA as well as DL-TA from 0.5 to 1 wt % and 

subsequently depicted increase in HPCT and porosity of the membranes. 

(iii) Maximum porosity was observed for PEG (400 Da) with D-TA (1 wt %). Porosity was 

found to be increased by the addition of both D-TA and DL-TA. However, it was found lower 

by the addition of DL-TA as compared to D-TA addition.  

(iv) At normal solution pH (i.e., pH 7) BSA rejection was found maximum for M-2 membrane. 

Further study the effect of pH on the selected M-2 membrane revealed the fact that BSA flux 

was maximum at acidic pH (i.e., pH 3). Order of BSA flux was 3˃4.8˃7˃8˃10 and BSA 

rejection was highest at basic pH conditions, the order of pH with respect to the BSA rejection 

was as 10˃8˃7˃4.8˃3. 
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