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Abstract Multi-walled carbon nanotubes (MWCNT)

were carboxylated by a chemical method. Poly(phenylene

sulfone) (PPSU), MWCNT and functionalized (carboxyl-

ated) MWCNT/poly(phenylene sulfone) (PPSU) blend

membranes were synthesized via the phase-inversion

method. The resultant membranes were then characterized

by attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR), scanning electron microscopy

(SEM), atomic force microscopy (AFM) and contact angle.

The FMWCNT blend membranes appeared to be more

hydrophilic, with higher pure water flux than did the pure

PPSU and MWCNT/PPSU blend membranes. It was also

found that the presence of multi-walled carbon nanotubes

(MWCNTs) in the blend membranes was an important

factor affecting the morphology and permeation properties

of the membranes. The model proteins such as trypsin

(20 kDa), pepsin (35 kDa), egg albumin (45 kDa) and

bovine serum albumin (69 kDa) rejection experiments were

carried out under identical operational conditions employ-

ing both PPSU and blend membranes. The membranes were

also subjected to the determination of molecular weight cut-

off (MWCO) using different molecular weights of proteins.

During trypsin ultrafiltration, PPSU/MWCNT and PPSU/

FMWCNT membranes showed a slower flux decline rate

than did the PPSU membrane.

Keywords Poly(phenylene sulfone) � Ultrafiltration �
Carbon nanotubes � Nanocomposite � Blend membranes

Introduction

To date, polysulfone that is a family of thermoplastic

polymers has been showing a continuous domination on the

membranes of materials for separation technology due to

low cost and ease of process in addition to thermal and

chemical resistibility. However, these membranes com-

prising hydrophobic materials, which tend to suffer severe

decreases in pure water flux, during operation caused by

solute adsorption pore blocking and cake formation (Baker

2000). Membrane fouling, especially, is a serious problem

in the case of protein separation because hydrophobic

interactions between proteins and the membrane surface

induce a non-selective and irreversible adsorption. Easily

fouled membranes need frequent chemical cleaning and

replacement of the membrane module, giving a sort life-

time, which leads to high utility costs (Pontie et al. 2007;

Zularisam et al. 2007; Vrijenhoek et al. 2001; Shi et al.

2007). To circumvent the above drawbacks, it is well

known that increasing the membrane hydrophilicity can

effectively minimize membrane fouling (Zhao et al. 2010;

Ran et al. 2011) though charged membranes can also be

used to reduce membrane fouling (Mulder 1997). As such,

methods such as surface graft polymerization, chemical

grafting, and radiation-induced grafting have been devel-

oped in an attempt to increase the surface hydrophilicity of

membranes (Deng et al.2009; Abu Seman et al. 2010).

Recently, the new types of membrane have been

showing a promising role in improving existing membrane

materials. For example, polymeric blend membranes, and

polymeric nanocomposite membranes (organic–inorganic),
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in which organic–inorganic membranes have great attrac-

tions for separation applications, because of their excellent

mechanical strength and chemical resistance (Savage et al.

2009).

In addition, it is expected that such membranes will have

the physicochemical stability of inorganic materials and the

membrane-forming properties of polymers. In particular,

nano-sized inorganic material-blended composite mem-

branes are attractive because of their enhanced properties,

such as high permselectivity, higher hydrophilicity, and

enhanced fouling resistance (Liu et al. 2005; Shen et al.

2011; Lee et al. 2011). Literature reports have shown that

there is a high potential for carbon nanotubes (CNTs) to

improve the material properties of polymers (Kim et al.

2006, 2007; Peng et al. 2007a, b; Sharma et al. 2010;

Aroon et al. 2010a, b, c; Cong et al. 2007). CNTs have an

exceptionally high aspect ratio in combination with low

density, and high strength and stiffness, which makes them

a potential candidate as an effective reinforcing additive in

polymeric materials.

Surprisingly, poly(phenylene sulfone) (PPSU) which is

one the members of the polysulfone family, has superior

physical and chemical properties compared to bisphenol-

A-modified polysulfones. Only few researchers have

studied the applicability of PPSU in fuel cell (Luisa Di

Vona et al. 2006, 2008; Sgreccia et al. 2011; Hsiang Weng

et al. 2008). However, not much attention was paid to

PPSU for UF applications. Hence, the present investigation

is aimed to study the utility of PPSU in ultrafiltration

applications.

Carbon nanotube (MWCNT)-blended polysulfone

ultrafiltration and microfiltration membranes were reported

elsewhere. In view of literature, poly(phenylene sulfone)

has not yet been used to prepare CNT-blended membranes

for protein separation and water treatment. In this present

investigation, multi-walled carbon nanotube/poly(pheny-

lene sulfone) and functionalized multi-walled carbon

nanotube/poly(phenylene sulfone) blend membranes were

prepared and characterized, PPSU/MWCNT and PPSU/

MWCNT blend membranes characterized in terms of pure

water flux, water content and water contact angle. The

enrichment of CNT in the surface of the membrane ascer-

tained through Fourier transform infrared (FTIR) spectros-

copy. The surface and cross-sectional morphology were

analyzed by SEM. Furthermore, model proteins such as

trypsin (20 kDa), pepsin (35 kDa), egg albumin (45 kDa)

and bovine serum albumin (69 kDa) rejection experiments

were carried out under identical operational conditions

employing both the PPSU and blend membranes. The pro-

tein rejection efficiency and stable permeate flux were tes-

ted to compare the separation behavior of both the

ultrafiltration membranes. Then, the fouling decline ratio

was determined using trypsin as a model protein.

Experimental

Materials

Radel-5500 Poly (phenylene sulfone) was supplied by

Solvay polymers. Analytical grade N-methylpyrrolidone

(NMP) from Merck (I) Ltd was used as supplied as a sol-

vent for the nanocomposite blend solution preparation.

Carbon nanotubes were procured from Korean Carbon

Nanomaterial Technology Co., Ltd. Anhydrous sodium

monobasic phosphate and sodium dibasic phosphate hep-

tahydrate were procured from Merck (I) Ltd and were used

for the preparation of phosphate buffer solutions in the

protein analysis. Proteins, viz., bovine serum albumin

(BSA) (69 kDa), from Alpha Laboratories, India; egg

albumin (EA) (45 kDa), from Merck (I) Ltd; pepsin

(35 kDa) and trypsin (20 kDa) from BDH Chemicals

Limited, was used as received. Deionized water was used

throughout this study.

Fabrication of membranes

The blend solutions based on PPSU, PPSU/0.5 wt%

MWCNT, PPSU/0.5 wt% FMWCNT (total polymer con-

centration = 17.5 wt%) were prepared by dissolving with

different compositions in a solvent, NMP (80 wt%) under

constant mechanical stirring at a moderate speed of

rotation in a round bottomed flask for 4 h at 40 8C
(before adding PPSU CNT and NMP were sonicated for

4 h to attain uniform dispersion of CNT in NMP). Multi-

walled carbon nanotube (MWCNT) was carboxylated by

chemical method as reported elsewhere. The homoge-

neous solution that was obtained was allowed to stand at

room temperature for at least 1 day in an airtight condi-

tion to get rid of air bubbles. The method of preparation

involved is the same as that of the ‘‘phase inversion’’

method employed in earlier works as reported by other

researchers (Rahimpour and Madaeni 2007). The casting

environment (relative humidity and temperature) was

standardized for the preparation of membranes with better

physical properties such as the homogeneity, thickness,

and smoothness. The membrane-casting chamber was

maintained at a temperature of 24 ± 1 �C and a relative

humidity of 50 ± 2 %. The casting and gelation condi-

tions were maintained constant throughout, because the

thermodynamic conditions would largely affect the mor-

phology and performance of the resulting membranes

(Barth et al. 2000). The membranes were casted over a

glass plate using a doctor blade. After casting, the solvent

present in the cast film was allowed to evaporate for 30 s,

and the cast film along with the glass plate was gently

immersed in the gelation bath. After 2 h of gelation, the

membranes were removed from the gelation bath and
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washed thoroughly with distilled water to remove all

NMP from the membranes. The membrane sheets were

subsequently stored in distilled water, containing 0.1 %

formalin solution to prevent microbial growth. Perkin

Elmer attenuated total reflectance Fourier transform

infrared spectroscopy (ATR) FTIR was employed for

membrane surface characterization.

Compaction and pure water permeability test

The ultrafiltration experiments were carried out in a batch

type, dead end cell (UF cell-Amicon, USA) with an

internal diameter of 76 mm, fitted with Teflon-coated

magnetic paddle. This cell was connected to a compressor

with a pressure control valve and gauge through a feed

reservoir. The thickness of the cast membrane was mea-

sured using a micrometer (Mitutoyo, Japan). The thick-

ness of the membrane used in this study was

0.22 ± 0.02 mm. The prepared membranes were cut to

the required size for use in the UF cell. The membranes

were initially pressurized with distilled water at 414 kPa

for 2 h. These pre-pressurized membranes were used in

subsequent ultrafiltration experiments at 345 kPa. Mem-

branes after compaction were subjected to pure water flux

studies at a transmembrane pressure of 345 kPa. The flux

was measured under steady-state flow. The pure water

flux is determined as follows (Osada and Nakagawa

1992):

Jw ¼ Q

A:Dt

where, Jw is the pure water flux (l m-2 h-1), Q the quantity

of pure water permeated (l) A the membrane area (m2) and

Dt is the sampling time (h).To determine membrane

hydraulic resistance (Rm), the pure water flux of

membranes was measured at different transmembrane

pressures (DP) of 69, 138, 207, 276, 345 and 414 kPa,

after compaction. The resistance of the membrane, Rm was

evaluated from the slope of water flux versus

transmembrane pressure difference (DP) using the

following equation:

Jw ¼ DP

Rm

Water content and contact angle measurement

The water content of the membranes was determined by

soaking the membranes in water for 24 h and weighing

after mopping with blotting paper. The wet membranes

were placed in a vacuum oven at 75 8C for 48 h and the dry

weights were determined. From these values, the percent-

age water content was derived as follows (Tamura et al.

1981):

Water content ð% Þ ¼ wet sample weight � dry sample weight

wet sample weight

� 100

Sessile drop method was employed to measure the

contact angle of the membranes. The contact angles were

measured at ten places and then average values were

reported. Contact Angle Meter 110 VAC was employed to

measure the contact angles.

Thermal stability of the membranes

The temperature of degradation was obtained by a thermo

gravimetric analyzer with heating rate of 10 �C min-1

(Mettler, Model TA 3000) with a TG 50 thermo balance.

Morphological studies

The top surfaces of the CA/PPSU blend membranes were

studied under a scanning electron microscope (SEM)

(JEOL, Japan). The membranes were cut into pieces of

various sizes and mopped with filter paper. These pieces

were immersed in liquid nitrogen for 20–30 s and frozen.

Frozen bits of the membranes were broken and kept in a

desiccator. These dry membrane samples were used for

SEM studies. The samples were gold-sputtered for pro-

ducing electrical conductivity, and photomicrographs of

the samples were taken under very high vacuum conditions

operating between 5 and 10 kV, depending on the physical

nature of the sample. Various SEM images were taken for

top surface views of the polymeric membranes. In addition,

atomic force microscopy (AFM) (using a Veeco Multi-

Mode SPM with a Nanoscope V controller) was used to

characterize the topography of membrane surfaces.

Protein separation

After mounting the compacted membrane in the UF cell, the

chamber was filled with individual protein solutions and

immediately pressurized with nitrogen gas to the desired

level (345 kPa), which was maintained constant throughout

the run. Proteins, i.e., BSA, EA, pepsin, and trypsin, were

individually dissolved (0.1 wt%) in the phosphate buffer

(0.05 M, pH 7.2) and used as standard solutions. The per-

meate was collected over measured time intervals and

protein contents were analyzed with a spectrophotometer

(Perkin Elmer) at the max of 280 nm. The permeate protein

concentration was estimated using a UV–Vis spectropho-

tometer at a wavelength of 280 nm. The percentage of

rejection was calculated using the formula:

SR% ¼ 1 � Cp

Cf

� �
� 100
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where, Cp and Cf are the concentrations of permeate and

feed solutions, respectively.

After compaction, 1 mg/ml trypsin concentration at pH 7

and with a phosphate buffer solution was used as ultrafiltra-

tion solution. The flux was collected over measured time

intervals. Protein concentration was determined spectro-

scopically at 280 nm using a UV–visible spectrophotometer

(Perkin Elmer). The flux during protein filtration was recor-

ded until the constant flux was reached (Jp). Flux decline ratio

(JFD) value was calculated to reflect the fouling resistance

ability of the membrane by the following equation:

JFD ¼ 1 � JP

�JW

� �
� 100

Results and discussion

PPSU, PPSU/MWCNT and PPSU/FMWCNT membranes of

1 mm thickness were prepared by phase-inversion technique.

Generally, hydrophilicity and surface structure are main

factors, which have strong effects on the transport property of

the membrane. The PPSU, PPSU/CNT nanocomposite

membranes were characterized in terms of pure water flux,

surface and cross-section morphology by SEM, contact angle

by sessile drop method and also rejection percentage of

proteins was studied and discussed in detail below.

FTIR (Fourier transform infrared spectroscopy)

Figure 1 shows the FTIR spectra of surfaces of the pure

PPSU, PPSU/MWCNT and PPSU/FMWCNT blend mem-

branes with 0.5 wt% CNTs. The PPSU/MWCNT blend

membranes are noticeably different from the pure PPSU/

FMWCNT membrane, with a new peak at 1,410 cm-1,

corresponding to the -OH vibration of carboxyl groups

(Yuen et al. 2008). As such, it is thought that the blend

membranes might be formed via hydrogen bonding inter-

actions between the sulfonic groups of PPSU and the car-

boxylic groups of functionalized MWCNTs (Rong et al.

2010), as reported elsewhere.

Compaction and pure water permeability test

At constant operating pressure (414 kPa), the pure water

flux of pure PPSU, PPSU/MWCNT and PPSU/MWCNT

blend membranes upon compaction was measured for

every 1 h. During compaction, the water flux was found to

be high initially and declines gradually and reaches a

steady state after 2–3 h of compaction. This initial decline

in flux might be due to the fact that the membrane pores are

being compacted leading to uniform pore size and steady-

state water flux.

Membranes after compaction were subjected to a pressure

of 345 kPa for the measurement of pure water flux. The flux

was measured under steady-state flow (Osada and Nakagawa

1992). The values of pure water flux are presented in Fig. 2.

Pure water flux of bare PPSU membrane at 345 kPa is

7.9 l m-2 h-1. The addition of 0.5 wt% MWCNT to PPSU

enhances the flux from 7.9 to 46.6 l m-2 h-1. This drastic

enhancement in flux might be due to the increase in segmental

gap between the PPSU and CNT during membrane forma-

tion. In the case of PPSU/FMWCNT blend membranes,

higher flux was observed in comparison with PPSU/MWCNT

membranes. This enhancement in flux is due to addition of

hydrophilic –COOH moieties in the blend membrane. Pure
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Fig. 1 ATR-IR spectrum of

a PPSU, b PPSU/MWCNT,

c PPSU/FMWCNT membranes
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water flux for the PPSU/FMWCNT was found to be

56.9 l m-2 h-1 at 345 kPa. In order to determine the

hydraulic resistance, the prepared membranes were subjected

to different transmembrane pressures (TMP) from 69 to

414 kPa, and the corresponding pure water fluxes were

measured. The plot of the pressure versus pure water flux

gives a linear relationship and the inverse of the slope is the

membrane hydraulic resistance. From Fig. 3, it is evident that

the pure water flux increased with increased operating pres-

sure. The higher Rm exhibited by 100 % PPSU membrane,

i.e., 6.98. Addition of 0.5 wt% MWCNT into PPSU the

hydraulic resistance decreased from 6.98 to 1.22 kPa/

l m-2 h-1. This is due to PPSU/MWCNT membrane being

more hydrophilic and less crystalline compare to PPSU

membranes. The Rm value for PPSU/FMWCNT was found to

be 1.03 kPa/l m-2 h-1, this slight decrease in Rm value due to

incorporation of –COOH group in MWCNT resulting in

higher permeate water flux.

Water content and contact angle

Contact angle measurement of membranes and water

content is considered to be an important parameter for

membrane characterization, since the pure water flux of the

membrane can be predicted based on these results. Water

content of the membranes is an indirect indication of the

hydrophilicity and flux behavior of membranes. Mem-

branes were thoroughly washed with distilled water before

estimation of water content. The pure PPSU membrane in

absence of CNT was found to have water content of 60 %.

In the case of PPSU/MWCNT nanocomposite membrane

the water content was increased; it was found to be 70 %.

Addition of MWCNT increased the immiscible nature of

blend due to poor adhesion properties between PPSU and

CNT. Further, this leads to increase in void volume of

membrane, which results in the formation of bigger size

pores. In the case of PPSU/FMWCNT blend membranes,

higher water content was observed in comparison with

PPSU/MWCNT membranes. This enhancement in water

content is due to addition of hydrophilic –COOH moieties

in the blend membrane. Water content for the PPSU/

FMWCNT was found to be 73 %.

Contact angle measurement was performed on PPSU,

PPSU/MWCNT and PPSU/FMWCNT films using a sessile

drop method. The change in the contact angle of the films

was measured by dropping the water on the membrane

surface. The contact angles were measured at ten places

and then average values were reported. As shown in Fig. 4,

the PPSU membrane had the highest contact angle (768),
corresponding to the lowest hydrophilicity. The contact

angle decreases with the addition 0.5 wt% MWCNT in this
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blend due to increase of hydrophilicity. In the case of

PPSU/FMWCNT blend membranes, lower contact angle

was observed in comparison with PPSU/MWCNT mem-

branes. The decrease in the water contact angle of modified

membranes implies that a polar surface was obtained by

increasing the –COOH group and the hydrophilicity of

PPSU/FMWCNT membranes was improved by increasing

the average polarity of the blend. Therefore, it was pro-

posed that the carboxylated membranes absorb more per-

meate into the membrane and thus enhance the flux rate.

The static contact angles of the PPSU/MWCNT and PPSU/

FMWCNT are 658 and 458, respectively.

Thermal stability of membranes

The thermal stability of pure PPSU, PPSU/MWCNT and

PPSU/FMWCNT films were investigated by TGA. The

experiment was run from 20 to 800 8C at a heating rate of

10 8C min-1 under nitrogen atmosphere. The thermal

degradation behaviors of PPSU, PPSU/MWCNT and

PPSU/FMWCNT blend membranes are shown in Fig. 5. It

is seen that from Fig. 5 the initial degradation above

400 8C may be attributed to loss of sulfone content in

poly(phenylene sulfone), while the decomposition above

500 8C may be assigned to degradation of polymer chain.

The thermal behavior of PPSU/MWCNT revealed that

slight enhancement of degradation temperature on com-

parison with bare PPSU. Similar trend was also observed

for PPSU/FMWCNT blend nanocomposite membranes in

the initial TGA; however, after at 450 8C the thermal sta-

bility is slightly reduced due to decomposition of –COOH

started after 450 8C. Thermal stability studies reveal that

nanocomposite membranes shows higher thermal stability

than bare PPSU membranes.

Morphological studies

The surface and cross-section structure of a flat sheet,

ultrafiltration membrane, is the most critical part, helping

to identify the role of the membrane in the mechanism of

permeation and rejection. SEM is important for the deter-

mination of morphology of the membranes. To attain high-

performance membranes for specific applications, it is

essential to manipulate the morphological structures of the

membranes (Malaisamy et al. 2002). Hence, the morpho-

logical studies of the blend membranes were made using

SEM. The SEM micrographs of top surface of PPSU,

PPSU/MWCNT and PPSU/FMWCNT blend are shown in

Fig. 6a–c. A good and smooth surface was observed for all

three membranes. Cross sections of PPSU, PPSU/MWCNT

and PPSU/FMWCNT blend are shown in Fig. 6d–f. PPSU

and PPSU/MWCNT membranes showed a typical asym-

metric membrane structure with a dense top layer, a porous

sub-layer, and fully developed macropores at the bottom.

Nevertheless, PPSU/FMWCNT membrane reveals that the

formation of macropores was suppressed by the addition of

FMWCNTs into the membrane structure. PPSU/FMWCNT

membranes showed an asymmetric membrane structure

with a dense top layer, a porous middle layer, and followed

spongy sub-layer. This may be due to incorporation of

–COOH group in the PPSU blend changing the thermo-

dynamic behavior during the gelation resulting alters the

membrane cross section.

Atomic force microscopy is an excellent tool for mea-

suring the external surface roughness of the polymeric

membranes, which may significantly visualize fouling

behavior of membranes. 3D and phase AFM images for

pure PPSU, PPSU/MWCNT and PPSU/FMWCNT were

taken and shown in Fig. 7a–d. From AFM images, changes

in membranes roughness were clearly observed. Functional

nanocomposites membranes had better surface compared

to PPSU and PPSU/MWCNT nanocomposites membranes.

It might be because of a good compatibility of functional

FMWNCT with polysulfone matrix due to acid functional

group. Due to smooth surface, PPSU/FMWCNT blend

membrane was less prone to fouling compared to pristine

PPSU membranes. Therefore, inclusion of FMWCNT into

PPSU membrane may be considered as one of the potential

solutions to alter the surface roughness properties.

Protein rejection studies

The rejection of the proteins BSA, EA, pepsin and trypsin

were attempted individually with the prepared membranes.

Initially, a protein of low-molecular weight, trypsin, was used

for the UF experiments because we expected the use of a high

molecular weight protein at the beginning would spoil the

originality of the pores for the separation and comparison of
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low-molecular weight proteins. The interaction of the solutes

with the membranes results in adsorptive fouling and inter-

feres with the performance of the membranes. The pH of the

individual feed solutions was kept constant at 7.2, since a

change in pH may increase the adsorptive fouling of the

membranes (Brinck et al. 2000). Furthermore, intermolecular

forces between protein molecules and membranes will pre-

dominate and affect the efficiency of membranes if the pH of

the solution changes (Koehler et al. 2000). All the experi-

ments were carried out at least three times to observe the

reproducibility. The results provided are the average of three

values; the deviations between each value were negligibly

small. It is seen from the Fig. 8 pure PPSU membrane

exhibited rejections of 99 % for BSA and EA. The higher

rejection of BSA and EA is due to its larger size compared

with pepsin and trypsin. The rejection percentage of pepsin

and trypsin is 97 and 90 %, respectively. The PPSU/

MWCNT blend nanocomposite membrane exhibits slightly

less rejection compared to bare PPSU membrane. The

structural change occurred with the addition of MWCNT in

PPSU polymer moiety and increases the pore size of the

nanocomposite membrane. PPSU/FMWCNT nanocomposite

membrane resulted in slightly lesser rejection of all protein

compared to PPSU/MWCNT membrane. This decrease in

rejection is due to carboxylated CNT altering the membrane

surface and inside the membrane structure. The increased

pore size is accredited to the partial miscibility of PPSU and

CNT. The increase in pore size of blend membranes with

increasing CNT content in the blend membranes was also

confirmed by SEM.

The permeate flux of protein solution is essential to

specify the product rate and predict the economics of the

Fig. 6 SEM images of surface:

a PPSU, b PPSU/MWCNT,

c PPSU/FMWCNT. Cross

section: d PPSU, e PPSU/

MWCNT, f PPSU/FMWCNT

membranes
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membrane process. The aqueous protein solution permeate

fluxes were measured simultaneously during rejection

experiments for PPSU, PPSU/MWCNT and PPSU/

FMWCNT membranes. The pure (100 %) PPSU mem-

brane offered a lower flux value of 2.6 l m-2 h-1 for BSA

and a higher value of 3.8 l m-2 h-1 for trypsin. When the

0.5 wt% MWCNT was added, the flux of BSA increased

from 23.6 to 41.1 l m-2 h-1 BSA as shown in Fig. 9. In

the case of PPSU/FMWCNT system, the protein flux val-

ues are 32.6, 36.9, 42.7 and 52.6 for BSA, EA, pepsin and

trypsin, respectively. This enhancement in flux upon

increase of FMWCNT might lead to the higher hydrophi-

licity by means of carboxylation. MWCO is a pore char-

acteristic of membranes and is related to rejection for a

given molecular weight of a solute. The molecular weight

has a linear relationship with the pore radius or pore size of

a membrane (Mahendran et al. 2004). In general, the

MWCO of a membrane is determined by the identification

of an inert solute, which has the lowest molecular weight

and has a solute rejection of 80–100 % in steady-state UF

Fig. 7 AFM images for pure PPSU and PPSU/FMWCNT membranes
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experiments (35). This study reveals that almost all the

three membranes exhibited the MWCO value around

20–30 kDa.

Antifouling properties

Figure 8 shows the effect of MWCNT and FMWCNT on

the protein flux of the PPSU membranes. Compacted

PPSU, PPSU/MWCNT and PPSU/FMWCNT membranes

were employed for ultrafiltration of the BSA solution.

Before ultrafiltration of BSA solution, the blend mem-

branes were cleaned with pure water for an hour, which

shows that there is no significant change in the pure water

flux, as shown in Fig. 10. The flux decreased dramatically

at the initial operation of BSA solution ultrafiltration due to

protein adsorption or convective deposition. It is proposed

that some protein molecules in the feed deposit or adsorb

on the membrane surface (cake formation), causing a drop

in the first few minutes of operation. Under constant

pressure, the effects of membrane fouling and concentra-

tion polarization are usually observed by considerable

decline in permeate flux with time. In the present work, the

concentration polarization was minimized because of high

molecular weight BSA molecules and rigorous stirring near

the membrane surface (Lawrence Arockiasamy et al.

2009). Therefore, the flux decline of the membranes was

mostly caused by membrane fouling. Flux decline ratio

(RFD) value is introduced to reflect the fouling resistance

ability of the membrane; a lower value of RFD means a

higher fouling resistance ability of the membrane. For the

PPSU and PPSU/MWCNT, PPSU/FMWCNT blend mem-

branes, the RFD values were 64, 14, and 11 (Fig. 9),

respectively. It indicated that the fouling resistance

increased with an addition of MWCNT in the casting

solution. The lowest RFD value was observed for PPSU/

FMWCNT membrane. This is probably due to the more

hydrophilic –COOH group enrichment of the membrane

surface, which is consistent with contact angle measure-

ments of blend membrane surfaces.

Conclusions

Poly(phenylene sulfone) membranes were successfully

modified by adding MWCNT and carboxylated MWCNT

for the formation of the blend membranes, where MWCNT

and FMWCNT resulted in higher separation figures of

merit including with water flux and water content and

lower hydraulic resistance. The addition of MWCNT and

FMWCNT also slightly altered the molecular weight
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FMWCNT membranes
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cut-off (MWCO), membrane structure and the mechanical

properties of the membranes. The improved surface

hydrophilicity, due to surface enrichment of –COOH con-

tent, endowed the PPSU/FMWCNT blend membranes with

significantly enhanced protein adsorption resistance. We

observed that the incorporation of the hydrophilic

MWCNT and FMWCNT blend membranes played a major

role in improving the flux and performance characteristics

of membranes.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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