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1. Introduction 
 

Scarcity of fresh water is a serious problem in many 

regions around the world. Reliable and sustainable supplies 

of good quality water are vital for domestic consumption, 

agriculture, industry, recreation, and energy generation. 

Continued population growth, contamination of both 

surface and ground waters, uneven distribution of water 

resources and periodic droughts have forced water utilities 

to search for alternate sources of water supply. Wastewater 

reuse has drawn increasing attention worldwide as an 

integral part of water resources management. Reuse and 

recovery of municipal and industrial wastewaters can be 

achieved by adopting appropriate wastewater treatment 

processes (Wang and Tarabara 2007). Technologies like 

adsorption, catalytic degradation, advanced membrane 

filtration, chemical treatment, fixed-media devices, 

enhanced air flotation etc. are being used to recycle water 

economically and to achieve zero liquid discharge. 

Membrane processes involve separation of two components 

in a mixture using a semi-permeable membrane made of 

inorganic or organic polymer materials. This can be used 

for gas separation, liquid separation, separation of solids  
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from liquids etc. Processes employed include membrane 

distillation (Gryta 2010), membrane electro dialysis 

(Tanaka 2010), and membrane filtration (Nandhi et al. 

2011, Morao et al. 2011). 

Membranes are thin and porous sheets of material that 

separate contaminants from water when a driving force is 

applied. Based on the size of the pores in the membrane and 

the operating pressure, membrane processes can be divided 

into four types, viz. microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO). 

Membranes are fabricated in four main types of modules: 

plate-and-frame, tubular, spiral wound, and hollow fibre. 

Two types of modules are generally used for evaluating the 

performance of membranes. These are dead end cell and 

cross flow cell (Fig. 1). In membrane processes, steric 

hindrance and electrostatic repulsion cause the separation of 

solutes from aqueous solutions. 

Organic membranes are fabricated by phase inversion 

mechanism, using three components, namely, a polymer, a 

solvent and a non-solvent (Fig. 2). Dry phase inversion and 

wet phase inversion are the two variations of the phase 

inversion process. Wet phase inversion process is generally 

used for the fabrication of membranes (Vatanpour et al. 

2011, Ladan et al. 2014). 

Polysulfone, polyethersulfone, and polyvinyl fluoride 

are generally used as host polymer materials in the 

fabrication of mixed matrix membranes. These materials are 

widely used for the synthesis of MF, UF, NF and RO 

membranes due to its chemical and thermal resistance, 

tolerance to variation in pH, easy processing, environmental  
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Abstract.  In this work, the performance of a mixed matrix membrane in the removal of crystal violet from aqueous 

solutions is reported. This membrane was fabricated by adding a nanocomposite (fMWNTs/GO/MnO2 NC) synthesized with 

functionalized multi-walled carbon nanotubes, graphene oxide, and manganese dioxide nanoparticles, to polysulfone. Details 

pertaining to the preparation and characterization of the membrane, evaluation of its performance in the removal of crystal 

violet, and antifouling properties of the membrane are reported in this paper. The membranes were fabricated by embedding 

varying concentrations of fMWNTs/GO/MnO2 NC (from 0 to 0.3wt%) in the Psf matrix. Incorporation of fMWNTs/GO/ 

MnO2 NC was found to enhance hydrophilicity, equilibrium water content, porosity, mean pore radius, pure water 

permeability and antifouling properties of the membrane. Analyses of surface morphology of the fabricated membranes 

revealed the presence of macro-voids in the matrix of the membrane after addition of fMWNTs/GO/MnO2 NC, resulting in an 

increase in pure water flux and permeability. It was observed that 0.1wt% is the optimum concentration of fMWNTs/GO/ 

MnO2 NC in the Psf matrix since the membrane exhibited maximum hydrophilicity, equilibrium water content, porosity, pure 

water permeability and dye rejection at this concentration. Also, it was observed that the polysulfone membrane exhibited 

enhanced antifouling properties at this concentration of the nanocomposite. 
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Fig. 2 Phase inversion mechanism 

 

 

endurance, and broad pore size range. 

N-methyl pyrrolidone, dimethyl sulfone etc. are some of 

the solvents used in membrane fabrication to dissolve the 

polymer material and make the membrane casting solution. 

Non-solvents like water are used for coagulation of the 

polymer, leading to the formation of membranes. Achieving 

maximum permeate flow and maximum solute rejection 

with minimum capital and operating costs are the criteria 

employed for optimising the design of membrane processes 

(Sablani et al. 2001, Maskan et al. 2000). It is desirable to 

have a membrane with as long a life span as possible 

(Sablani et al. 2001). Membrane fouling caused by 

microbial adhesion, gel layer formation, solute adhesion, 

and concentration polarisation due to solute build-up at the 

membrane surface are the primary factors that affect the 

lifespan and permeate flux of membranes (Maskan et al. 

2000). Improvement in the hydrophilicity of polymer 

membranes reduces biofouling because protein-like foulants 

are hydrophobic in nature. Surface modification of the 

membranes has been widely employed to improve the 

permeation properties of hydrophobic membranes and to 

reduce the adsorption of proteins (Higuchi et al. 2010). This 

is achieved by incorporating hydrophilic inorganic materials 

into the polymer matrix. 

Nanotechnology has a wide range of applications in 

membrane technologies employed in water and wastewater 

treatment. Many researchers are working on the 

advancement of antifouling properties of mixed matrix 

 

 
Fig. 3 Structure of crystal violet 

 

 

membranes in which nanomaterials are the additives 

(Escobar 2005, Li et al. 2007, 2009, Kim and Bruggen 

2010). Nanomaterials are added to the polymer/ polymer 

matrix for attaining the certain desirable properties which 

are mentioned below. Specific structures imparted to the 

polymer matrix consequent to addition of nanomaterials 

render favourable selectivity and permeability to the 

membrane for filtration and gas separation in the case of UF 

and NF membranes. The structure of the membrane matrix 

can be altered by the addition of nanomaterials and this 

alters the pore size of the membrane. Thus, a MF membrane 

can be converted to an UF membrane, and an UF membrane 

can be altered to a NF membrane. Improvement in the 

antifouling property of the polymer membranes is another 

characteristic feature that is achieved by the presence of 

various functional groups and due to the hydrophilicity of 

the nanocomposite materials (Li et al. 2007, Kim and 

Bruggen 2010, Roy et al. 2011, Razmjou et al. 2011, Xu et 

al. 2009). Membranes in which nanoparticles have been 

incorporated exhibit properties that are considerably 

different from those of the pristine polymer. These are 

incorporated by assembling engineered nanoparticles into 

the porous membranes (Li et al. 2009) or blending them 

with polymeric membranes (Kim et al. 2003, Razmjou et al. 

2011). Inorganic materials like silica, zeolite, graphite, 

metal oxide nanoparticles, carbon nanotubes, and oxidised 

multi-walled carbon nanotubes are used as additives in 

conventional membranes to increase its permeability and 

fouling-resistance as well as to improve the quality of 

permeate (Li et al. 2009, Merkel et al. 2002, Kim et al. 

2003, Taurozzi et al. 2008, Rahimpour et al. 2008, Bottino 

et al. 2002). 

Researchers have investigated the performance of mixed 

matrix membranes, fabricated with fMWNTs (Vatanpour et 

al. 2011), GO (Swati et al. 2014, Zinadini et al. 2014) and  

 
Fig. 1 Schematic representation of cross flow membrane filtration process 
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MnO2 (Jamshidi et al. 2014) as additives. The effect of 

incorporation of this nanocomposite in polysulfone on pure 

water flux, permeability, porosity, mean pore radius, 

equilibrium water content, surface morphology, hydro- 

philicity, antifouling properties and flux recovery have been 

investigated. In this study, a nanocomposite synthesised 

from functionalised multi-walled carbon nanotubes 

(fMWNTs), graphene oxide (GO) and manganese dioxide 

(MnO2) nanoparticles (fMWNTs/GO/MnO2 NC) was used 

as the additive to fabricate a mixed matrix membrane in 

which polysulfone is used as the host polymer (Psf/ 

fMWNTs/GO/ MnO2 NC membrane). 
The main aim of the present work was to investigate the 

performance of Psf/fMWNTs/GO/MnO2 NC mixed matrix 
membrane in the removal of a cationic dye, crystal violet 
(CV), from aqueous solutions. The structure of crystal 
violet is presented in Fig. 3. The influence of the 
concentration of fMWNTs/GO/MnO2 NC in the poly- 
sulfone matrix, initial concentration of the dye, and 
operating pressure, on the rejection of the dye by the Psf/ 
fMWNTs/GO/MnO2 NC mixed matrix membrane was 
investigated. 

 

 

2. Materials and methods 
  

Reagent grade chemicals were used in all the 

experiments. Multi-walled carbon nanotubes (MWNTs, 

93%) nitric acid (HNO3, 70%) and crystal violet (Molecular 

formula: C25H30N3Cl, Molecular Weight: 408, λ: 580nm) 

from were procured from Redex Nano Lab, Merck, and 

SRL respectively. Potassium permanganate (KMnO4), 

sodium nitrate (KNO3), hydrogen peroxide (H2O2) and 

sulphuric acid (H2SO4) procured from Merck and locally 

available graphite powder were used for the synthesis of 

GO. Manganese sulphate monohydrate (MnSO4.H2O), 

potassium permanganate (KMnO4, 99.3%), and hydrogen 

peroxide (H2O2, 30%) procured from Merck were used for 

the synthesis of manganese dioxide (MnO2) nanoparticles. 

N - methyl pyrrolidone (NMP) and polysulfone used for 

membrane fabrication were procured from Sigma Aldrich. 

Bovine serum albumin (BSA) used in the antifouling 

analysis was procured from Merck and Potassium bromide 

(KBr) used in the FTIR spectroscopy from Sigma Aldrich. 

Distilled water was used for preparation of solutions of 

different concentrations. 
 

2.1 Synthesis of fMWNTs/GO/MnO2 nanocomposite 
 

fMWNTs/GO/MnO2 nanocomposite was prepared by 

mixing MnO2, fMWNTs, and GO in equal proportions 

 

 
Fig. 4 Motorised film applicator 

 

 

thoroughly by sonication for 1h in water. After thorough 

dispersion, the material was dried in ambient air. The dried 

material was stored for characterisation and fabrication of 

the Psf/fMWNTs/GO/MnO2 NC membrane. 
 

2.2 Fabrication of Psf/fMWNTs/GO/MnO2 nano- 
composite nanofiltration membranes 

 

The asymmetric, flat sheet type, dense Psf membrane 
were fabricated by phase inversion induced by the 
immersion precipitation technique in a non-solvent (water). 
Pristine Psf membranes and Psf/fMWNTs/GO/MnO2 NC 
membranes with fMWNTs/GO/MnO2 NC as additive were 
fabricated from a casting solution containing the polymer, 
polysulfone, and the solvent, NMP.  

Table 1 presents the amount of Psf, NMP, and fMWNTs/ 
GO/MnO2 NC used in the fabrication of Psf/fMWNTs/GO/ 
MnO2 NC membranes with different concentration of 
fMWNTs/GO/MnO2 NC. The casting solution was prepared 
by dissolving Psf in NMP by heating at 60°C in a magnetic 
stirrer for 12 h. fMWNTs/GO/MnO2 NC was dispersed in 
NMP using a sonicator first and then mixed with the Psf- 
NMP mixture after 8 h of stirring. Stirring continued for 
about 4h till the formation of a homogeneous mixture of Psf 
and fMWNTs/GO/MnO2 NC. 

A sonication-assisted method was used for about 10min 
to remove air bubbles that may be present in the casting 
solution. Afterwards, the solution was cast onto a clean 
glass plate using an adjustable (thickness) Baker film 
applicator (Elcometer, Fig. 4) to obtain a membrane of 
thickness 200 µm. The glass plate was then immediately 
immersed into the non-solvent bath of distilled water 
without any evaporation. After primary phase separation 
and membrane formation, the membranes were stored in 
fresh distilled water for 24 h to ensure complete phase 
separation. Finally, for drying, the membranes were 
sandwiched between two sheets of filter paper for 24 h at 
room temperature. The overall scheme of fabrication of the 
membrane is presented in Fig. 5. 

Table 1 Percentage composition of membranes 

Psf NMP fMWNT/ GO/ MnO2 NC 

Weight % Weight (g) Weight % Volume (mL) Weight % Weight (mg) 

15.0 1.50 85 8.5 0.0 0.00 

14.5 1.45 85 8.5 0.5 0.05 

14.0 1.40 85 8.5 1.0 0.10 

12.0 1.20 85 8.5 3.0 0.30 
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Fig. 5 Overall scheme of fabrication of the membrane 

 

 
Fig. 6 Cross flow membrane filtration cell (CF042) 

 

 

3. Characterization 
 

Chemical characterization of the functionalized groups 

in fMWNTs, GO, and MnO2 nanoparticles and synthesized 

nanocomposite-polysulfone membranes was performed by 

recording its FTIR spectra using a spectrometer (Jasco, 

4108). Field Emission Scanning Electron Microscope 

Hitachi SU6600 was used to analyse the surface 

morphology of the fMWNT/GO/ MnO2 NC, Psf, and Psf/ 

fMWNT/GO/MnO2 NC membranes (with varying amounts 

of fMWNTs/GO/MnO2 NC). The membranes were cut into 

small pieces and cleaned with filter paper. The dried 

samples were gold sputtered to induce electrical 

conductivity. Thereafter, these were viewed under an 

electron microscope at 5kV. Membrane hydrophilicity was 

assessed in terms of the water contact angle between the 

membrane surface and water. Water contact angles were 

measured using the sessile drop method with a goniometer 

(Digidrop GBX). To minimise experimental errors, this was 

measured at three random locations for each sample and the 

average was reported. Other properties of polymer 

nanocomposite membranes such as equilibrium water 

content, pure water permeability, mean pore size, and 

porosity were also determined. 
 

3.1 Equilibrium water content or water uptake 
 

Equilibrium water content or water uptake of the 

membrane was determined by measuring the difference in 

weight of the dry membrane, and wet membrane after 

hydration. The wet weight (ww) of the membrane was 

determined after immersing it for 24h in distilled water and  

Table 2 Parameters of the cross flow membrane filtration 

cell 

Parameter Value 

Active Membrane Area 42 cm² (6.5 in2) 

Active Area Dimensions 9.207 cm x 4.572 cm 

Support Membrane 20 μm sintered stainless steel 

Maximum Pressure 69 bar (1000 psig) 

Maximum Temperature 80°C (180 °F) 

O-ring Buna-N 

 

 

then removing the water attached to the surface using a 

blotting paper. The weight of the dry membrane (wd) was 

determined after drying it. The percentage of water uptake 

was calculated by Eq. (1). 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 ⥂  (%) = (
𝑤𝑤 − 𝑤𝑑

𝑤𝑑

) × 100 (1) 

 

3.2 Porosity and pore size of Psf/fMWNTs/GO/MnO2 
NC membrane 

 

Overall porosity (ε) of a membrane is the percentage of 

volume of pore spaces to the total volume of the membrane. 

This was determined using gravimetric method (Li et al. 

2009) using Eq. (2). 

𝜀 =
𝑤𝑤 − 𝑤𝑑

𝐴𝑙𝑑𝑤
× 100 (2) 

where, ww is the weight of the wet membrane; wd is the 

weight of the dry membrane; A is the effective area (m2) of 

the membrane, d is the density of water (998 kg/m3) and l is 

the membrane thickness (m). Mean pore radius (rm) of the 

membrane was determined on the basis of the pure water 

flux, operational pressure, and porosity using the Guerout– 

Elford–Ferry Eq. (3) 

𝑟𝑚 = √
(2.9 − 1.75𝜀) × 8𝜂𝑙𝑄

𝜀𝐴𝛥𝑃
 (3) 

where,  is the viscosity of water (8.9 x 10-4Pa s), Q is the 

volume of permeated pure water per unit time (m3/s) and 

P is the operational pressure. 
 

3.3 Membrane filtration process for the removal of 
crystal violet 

 

Membrane filtration experiments were performed in a 

bench-scale membrane filtration system (Sterlitech, USA) 

with a cross flow cell CF042 (Fig. 6 and Table 2). 

The flow diagram of the membrane filtration system is 

presented in Fig. 7. Feed water was pumped from the feed 

tank with a high pressure pump to the cross flow cell 

through the bottom of the filtration cell. The permeate 

(through the membrane) was collected at the top of the cell; 

the concentrate flows through the outlet at the bottom to the 

feed tank. Pressure gauges were provided to measure the 

pressure in the flow line and valves were used to regulate  
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Fig. 7 Flow diagram of membrane filtration 

 

 

the pressure. A bypass valve was provided to avoid 

unexpected pressure rise in the system. 
 

3.3.1 Compaction of the membrane 

The membrane has to be compacted before any filtration 

experiment. This enables densification of the inner structure 

of the membrane so that problems due to compaction during 

the treatment process can be avoided. It is generally carried 

out at a pressure 2 to 3 times higher than the highest 

operating pressure for about 3h with distilled water. In this 

study, compaction of the membrane was performed at a 

pressure of 15 bars. The procedure adopted is as follows. 

The storage tank was filled with distilled water. 

Connections between the feed tank, pump, cross flow cell 

and the filtration system were secured and the filtration 

system was switched on. Distilled water was forced up the 

membrane using the pump at a pressure of 15 bars. 

Compaction was continued till the permeate flux, i.e., the 

volume of water coming out through a unit area of 

membrane in unit time, became constant. The permeate 

flux, (kg/m2h) was calculated using Eq. (4). 

𝐽𝑤 =
𝑚

𝐴 × 𝛥𝑡
 (4) 

where, m is the weight of the permeated pure water (kg), A 

is effective area of the membrane (m2) and t is the time 

duration of the permeation experiment (h). 

 

3.3.2 Pure water flux and permeability 

After compaction, experiments were performed to 

determine the pure water flux and pure water permeability 

of the Psf/fMWNTs/GO/MnO2 NC membranes. Pure water 

flux of the Psf/fMWNTs/GO/MnO2 NC membranes were 

determined by pressurizing distilled water through it at 

different operating pressures ranging from 2 to 8 bars. The 

quantity of permeate was observed at an interval of 15 min 

until a steady state is achieved w.r.t. the flux. Pure water 

flux of the Psf/fMWNTs/GO/MnO2 NC membranes was 

computed using Eq. (4). Pure water permeability was 

computed by dividing the pure water flux by the operating 

pressure (Eq. 5) 

𝑃𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝑘𝑔/𝑚2. 𝑏𝑎𝑟. ℎ) =
𝐽𝑤
𝛥𝑃

 (5) 

The performance of the Psf/fMWNTs/GO/MnO2 NC 

membranes w.r.t. the removal of CV from an aqueous 

solution of CV dye was evaluated as a function of the 

concentration of fMWNTs/GO/MnO2 NC in the Psf/ 

fMWNTs/GO/MnO2 NC membranes, operating pressure, 

and the initial concentration of CV in the aqueous solutions. 

In all the filtration experiments, the feed tank was filled 

with an aqueous solution of CV dye and filtration was 

performed at various pressures until steady state permeate 

flux was obtained. The permeate was collected every 15min 

for determining the permeate flux as well as the 

concentration of CV in it. Percentage rejection of the dye 

was calculated using Eq. (6). 

𝑅(%) = (1 −
𝐶𝑝

𝐶𝑓
) × 100 (6) 

where Cp and Cf are the concentrations of CV in the 

permeate and the feed respectively. Between each of the 

runs, the membrane was thoroughly washed to remove 

traces of dye sticking inside the bench-scale membrane 

filtration unit. 

 

3.3.3 Analysis of membrane fouling 
Analysis of membrane fouling was performed with 

Bovain Serum Albumine (BSA) solution of concentration 

150 mg/L at an operating pressure of 5bars. The analysis 

was performed in three steps. First, the permeate flux with 

pure water (Jw1) was determined. Then, the permeate flux 

with BSA of concentration 150 mg/L was determined (Jp). 

After this, the membranes were washed with distilled water 

and kept immersed in it for about 20 min. This was 

followed by estimation of pure water flux of the cleaned 

membranes (Jw2). Flux recovery ratio, total fouling ratio, 

reversible fouling ratio, and irreversible fouling ratio of the 

Psf and Psf/fMWNTs/GO/MnO2 NC membranes are 

parameters used to indicate antifouling characteristics of 

these membranes. Flux recovery ratio (FRR) is the ratio of 

flux obtained for distilled water permeation through the 

membranes after BSA permeation to that obtained for 

distilled water permeation through the membranes before 

BSA permeation. This is expressed in percentage and is 

calculated by Eq. (7) 

𝐹𝑅(%) =
𝐽𝑤2
𝐽𝑤1

× 100 (7) 

High values of FRR indicate that the membrane is 

superior with regard to antifouling properties. In this study, 

the antifouling properties of the Psf/fMWNTs/GO/MnO2 

NC membranes were evaluated by computing the total 

fouling ratio (Rt), reversible fouling ratio (Rr), and 

irreversible fouling ratio (Rir). Reversible fouling ratio is a 

measure of the fouling which can be removed by washing 

whereas irreversible fouling ratio is related to the fouling 

which cannot be removed by washing. Total fouling ratio 

(Rt) is the sum of reversible and irreversible fouling ratios. 

These parameters were calculated by the following 

equations. 

Total fouling ratio  𝑅𝑡 = (1 −
𝐽𝑝

𝐽𝑤1
) × 100 (8) 
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Reversible fouling ratio  𝑅𝑟 = (
𝐽𝑤2−𝐽𝑝

𝐽𝑤1
) × 100 (9) 

Irreversible fouling ratio  𝑅𝑖𝑟 = (
𝐽𝑤1−𝐽𝑤2

𝐽𝑤1
) × 100 (10) 

 

 
4. Results and discussion 

 

4.1 FESEM analysis 
 
The size, shape and structure of the fMWNTs/GO/MnO2 

NC and the surface morphology of the synthesized Psf/ 

fMWNTs/GO/MnO2 NC membranes were characterized by 

imaging with FESEM; the results are presented in Fig. 8. 

The structure of the fMWNTs/GO/MnO2 NC was like 

spheres of MnO2 nanoparticles covered by the graphene 

layers, out of which the fMWNTs spiked out. The FESEM 

image of the pristine Psf and Psf/fMWNTs/GO/MnO2 NC 

membranes exhibited a typical asymmetric structure, and 

developed macro-voids. Formation of a dense layer on the 

Psf/fMWNTs/GO/MnO2 NC membrane could be observed 

whereas this was absent in the pristine Psf membrane. Fast 

exchange of solvent and non-solvent in the phase inversion 

process due to the presence of hydrophilic fMWNTs/GO/ 

MnO2 NC in the Psf matrix (Blanco et al. 2006), 

interactions between components in the casting solution, 

and phase inversion kinetics contributed to this. Through 

the cracks formed on the surface of the Psf/fMWNTs/ 

GO/MnO2 NC membrane, the porous inner structure could 

be observed. 

 

4.2 FTIR spectra 
 
ATR-FTIR spectroscopy allowed assessing the 

effectiveness of the hydrogen bonds formed between the 

fMWNTs/GO/MnO2 NC in the Psf/fMWNTs/GO/MnO2 

NC membrane and water. Fig. 9 is the FTIR spectra of the 

Psf and Psf/fMWNTs/GO/MnO2 NC membranes with 

0.1wt% fMWNTs/GO/MnO2 NC. It exhibited a stretch 

band at 3400–3600cm−1 for the Psf/fMWNTs/GO/MnO2 

NC membrane.  

This is the characteristic band of hydrogenation bond 

and this was absent in the spectra of the pristine Psf 

membrane. It indicates high affinity of the Psf/fMWNTs/ 

GO/MnO2 NC membranes to water. 

 

4.3 Contact angle 

 

Water contact angle of the membranes, determined by 

the sessile drop method, was used to confirm the conversion 

of hydrophobic polysulfone membrane to hydrophilic when 

fMWNTs/GO/MnO2 NC was incorporated to Psf in varying 

quantities. From the results, presented in Fig. 10(a), it is 

observed that the contact angles of the Psf/fMWNTs/GO/ 

MnO2 NC membranes gradually decreased from 86.00 to 

73.80 when the percentage by weight of fMWNTs/GO/ 

MnO2 NC was increased in the mixed matrix membranes 

from 0 to 0.3%. 

This indicated that the hydrophilicity of the membranes 

 
Fig. 8 FESEM image of fMWNTs/GO/MnO2 NC, 

pristine Psf, Psf/fMWNTs/GO/MnO2 NC membranes 

 

 
Fig. 9 FTIR spectra of Psf and Psf/fMWNTs/GO/MnO2 

membranes with 0.1wt% fMWNTs/GO/MnO2 
 

 

improved with increase in the amount of fMWNTs/GO 

MnO2 NC in the Psf/fMWNTs/GO/MnO2 NC membrane. 

Decrease in the water contact angle indicates increase in 

hydrophilicity of the Psf/fMWNTs/GO/MnO2 NC 
membranes. This can be explained by the fact that during 

the phase inversion process, the hydrophilic fMWNTs/GO/ 

MnO2 NC migrates spontaneously to the membrane-water 

interface to reduce the interface energy (Sun et al. 2009, 

Celik et al. 2011). By increasing the amount of fMWNTs/ 

GO/MnO2 NC in the Psf matrix, the top surface of the 

membrane, i.e., the surface exposed to water in the phase 

inversion process, became more hydrophilic than the 

bottom surface i.e., glass side. This is evident from Fig.10b 

indicating migration of fMWNTs/GO/MnO2 NC to the top 

surface of the membrane. Increasing the amount fMWNTs/ 

GO/MnO2 NC to more than 0.1 wt% did not result in further 

enhancement of hydrophilicity of the Psf/fMWNTs/GO/ 

MnO2 NC membranes. Celik et al. (2011) also reported a 

similar behaviour. This might be explained by the 

irregular positioning of fMWNTs/GO/MnO2 NC in the 

membrane structure when the amount of fMWNTs/GO/ 
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MnO2 NC in the Psf/fMWNTs/GO/MnO2 NC membrane is 

higher than 0.1 wt% (Qiu et al. 2009), leading to 

aggregation and reduction in the formation of effective 

surface with fMWNTs/GO/MnO2 NC on the Psf/ fMWNTs/ 

GO/MnO2 NC membranes. Similar results have been 

reported by Vatanpour et al. (2011). It was also observed 

that the water contact angle of the Psf/fMWNTs/GO/MnO2 

NC membranes was less for the membrane fabricated by the 

wet phase inversion process than that for the one fabricated 

by the dry phase inversion process (Fig. 10(c)). This 

indicated that the membrane fabricated by wet phase 

inversion has higher hydrophilicity than that fabricated by 

dry phase inversion.  
 

4.4 Porosity  
 
Porosity of the fabricated Psf/fMWNTs/GO/MnO2 NC 

membranes was calculated using the wet weight and dry 

weight of the membranes. Variation in the porosity of the 

Psf/fMWNTs/GO/MnO2 NC membranes with concentration 

of fMWNTs/GO/MnO2 NC in the Psf/fMWNTs/GO/MnO2 

NC membranes is presented in Fig. 11(a). The porosity of 

the Psf membranes could be greatly enhanced by the 

inclusion of fMWNTs/GO/MnO2 NC up to 0.1wt%. This 

may be due to the fast exchange of NMP with water in the 

presence of the hydrophilic fMWNTs/GO/MnO2 NC during 

the phase inversion process (Blanco et al. 2006). When the 

concentration of fMWNTs/GO/MnO2 NC was increased to 

0.3wt%, porosity started reducing, probably due to 

reduction in the size of macro-voids. The pore walls form a 

sub-layer due to pore blocking and increase in viscosity of 

the Psf/fMWNTs/GO/MnO2 NC blend solution due to the 

inclusion of fMWNTs/GO/MnO2 NC (Han and Nam 2002, 

Vatanpour et al. 2011).  

The two factors affecting porosity of the membranes are 

the hydrophilicity of the membrane and the viscosity of the 

membrane casting solution. Hydrophilicity plays a role in 

increasing the porosity of the membrane upto 0.1wt% 

concentration of fMWNTs/GO/MnO2 NC in the Psf/ 

fMWNTs/GO/MnO2 NC membranes. When the 

concentration of fMWNTs/GO/MnO2 NC exceeds 0.1wt%, 

viscosity of the casting solution hinders the exchange 

between the solvent and the non-solvent during phase 

inversion, slows down the precipitation of the membrane, 

causes clustering of the fMWNTs/GO/MnO2 NC during 

phase inversion and suppresses the porous structure inside 

the membrane (Wu et al. 2010). Therefore, a less porous 

membrane is created. The flux decreased in the case of the 

Psf/fMWNTs/GO/MnO2 NC membrane with 0.3wt% of 

fMWNTs/GO/MnO2 NC. A similar behaviour was observed 

by Vatanpour et al. (2011) with MWNT/PES NF 

membranes, Wu et al. (2010) in carboxylated MWNT/ 

brominated polyphenylene oxide (BPPO) UF membranes 

and Choi et al. (2007) in oxidized MWNT/Psf membranes. 
 

4.5 Equilibrium water content 
 

Equilibrium water content of Psf/fMWNTs/GO/MnO2 

NC membranes with different concentrations of fMWNTs/ 

GO/MnO2 NC was determined by measuring the difference 

in weight of the dry membrane and wet membrane after 

 
(a) 

 
(b) 

 
(c) 

Fig. 10 Variation of contact angle with a) concentration 

of fMWNTs/GO/MnO2 NC in Psf/fMWNTs/GO/MnO2 

NC membranes, b) upper and lower side of Psf/ 

fMWNTs/GO/MnO2 NC membrane and c) type of phase 

inversion process 
 

 

hydration. The results presented in Fig. 11(a) indicate that 

there is huge improvement in the equilibrium water content 

of the membrane when fMWNTs/GO/MnO2 NC was 

incorporated into the pristine Psf membrane. This may be 

due to the incorporation of hydrophilic fMWNTs/GO/MnO2 

NC, which can absorb more water into the membranes 

(Vatanpour et al. 2011).  

It was also observed that the membrane with 0.1wt%  
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(a) 

 
(b) 

Fig. 11 Effect of concentration of fMWNTs/GO/MnO2 

NC in Psf/fMWNTs/GO/MnO2 NC membranes on (a) 

Porosity and (b) equilibrium water content of Psf/ 

fMWNTs/ GO/ MnO2 NC membranes 

 

 

fMWNTs/GO/MnO2 NC in Psf exhibited the highest 

equilibrium water content. Psf/fMWNTs/GO/MnO2 NC 

membranes with 0.05wt% fMWNTs/GO/MnO2 NC 

exhibited relatively low equilibrium water content because 

it contained lesser amount of the fMWNTs/GO/MnO2 NC. 

The Psf/fMWNTs/GO/MnO2 NC membrane containing 

.3wt% fMWNTs/GO/MnO2 NC exhibited a relatively lower 

equilibrium water content because of the agglomeration of 

fMWNTs/GO/MnO2 NC which hindered the absorption of 

water molecules. 

 

4.6 Pure water flux and permeability 

 

Pure water flux and permeability of the Psf/fMWNTs/ 

GO/MnO2 NC membranes were determined by pressurizing 

distilled water through the membranes at an operating 

pressure ranging from 2 to 8 bars. The pure water flux and 

permeability of the Psf/fMWNTs/GO/MnO2 NC membranes 

with different concentrations of the nanocomposite as well 

as that of the pristine Psf membrane are presented in 

Figs.12a and 12b respectively. Pure water flux increased 

with increase in operating pressure because the force 

pushing water through the membranes increases with 

increase in operating pressure. 

Pure water permeability of the Psf/fMWNTs/GO/MnO2 NC 

membranes increased when the concentration of fMWNTs/  

 
(a) 

 
(b) 

Fig. 12 Effect of (a) operating pressure on pure water 

flux and (b) concentration of fMWNTs/GO/MnO2 NC in 

Psf/fMWNTs/GO/MnO2 NC membranes on pure water 

permeability 

 

 

GO/MnO2 NC in the membrane was increased from 

0.05wt% to 0.1wt%. Thereafter, it exhibited a decline when 

the concentration of the fMWNTs/GO/MnO2 NC was 

increased to 0.3wt%. 

Hydrophilicity and pore size are the two factors that 

control permeation of pure water through the membranes. 

As already mentioned, the hydrophilic fMWNTs/GO/MnO2 

NC in the top layer of the Psf/fMWNTs/GO/MnO2 NC 

membranes improves the hydrophilicity of the membrane 

surface, resulting in an increase in pure water flux. An 

increase in pore size also leads to enhanced permeation of 

water through the membranes. Enhancement in pure water 

flux up to 0.1wt% of fMWNTs/GO/MnO2 NC in the 

membrane may be attributed to improvement of membrane 

hydrophilicity and increase in pore size of the top-layer, 

caused by increase in the exchange rate of solvent to 

non-solvent during formation of the Psf/fMWNTs/GO/ 

MnO2 NC membranes in the phase inversion process. 

 
4.7 Mean pore radius 

 
Mean pore radius of the fabricated membranes with 

different concentrations of fMWNTs/GO/MnO2 NC was 
calculated using the Grout–Alford–Ferry equation, using 
the known values of porosity, effective area and thickness 
of the membranes, and flow rate at a particular operating  
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Fig. 13 Effect of concentration of fMWNTs/GO/MnO2 

NC in Psf/ fMWNTs/GO/MnO2 NC membranes on mean 

pore radius of the membranes 

 

 

Fig. 14 Effect of concentration of fMWNTs/GO/MnO2 

NC in the Psf matrix on rejection of CV by Psf/ 

fMWNTs/GO/ MnO2 NC membranes 

 

 

pressure. From the results presented in Fig. 13, it is 

observed that the size of the pores in the pristine Psf 

membrane was in the range of that of UF membranes. But 

when fMWNTs/GO/ MnO2 NC was incorporated into the 

pristine Psf membrane, the mean pore size reduced to the 

range of NF membranes. This is because as fMWNTs/ 

GO/MnO2 NC is added to pristine Psf, the viscosity of the 

casting solution increases. This, in turn, reduces the mean 

pore radius of the membrane (Wu et al. 2010) and causes a 

decrease in water flux. Incorporation of fMWNTs/GO/ 

MnO2 NC can also cause blocking of the pores. 

 

4.8 Membrane filtration experiments 

 
The capability of nanofiltration membranes to separate 

CV dye from aqueous solution was assessed by performing 

membrane filtration experiments with CV solutions of 

various concentrations ranging from 0.5 to 10mg/L. The 

effect of operating pressure on the removal of CV by 

filtration through the Psf/fMWNTs/GO/MnO2 NC 

membrane was also investigated. The antifouling 

characteristics of the Psf/fMWNTs/GO/MnO2 NC 

membrane with 0.1wt% of the nanocomposite was 

compared with that of pristine Psf membrane. 

 
(a) 

 
(b) 

Fig. 15 Effect of (a) time and (b) operating pressure on 

the rejection of CV by Psf/fMWNTs/GO/MnO2 NC 

membrane with 0.1wt% fMWNTs/GO/MnO2 NC 
 

 

4.8.1 Effect of concentration of fMWNTs/GO/MnO2 
NC in Psf/fMWNTs/GO/MnO2 NC membranes on 
rejection of CV 
The effect of concentration of fMWNTs/GO/MnO2 NC in 
the Psf/fMWNTs/GO/MnO2 NC membranes on the removal 
of CV from aqueous solution by membrane filtration was 
investigated at a constant operating pressure of 5 bars. From 
the results of the study presented in Fig. 14, it is observed 
that the highest removal was obtained for the Psf/ 
fMWNTs/GO/MnO2 NC membrane with 0.1wt% of 
fMWNTs/GO/MnO2 NC. The percentage removal observed 
at different concentrations of the fMWNTs/GO/MnO2 NC 
in the Psf membrane exhibited a trend similar to that 
observed in the case of pure water permeability of the 
membrane. This can be due to the overall effect of all the 
properties of the membrane such as porosity, equilibrium 
water content, and hydrophilicity. It can be concluded that 
0.1wt% of fMWNTs/GO/MnO2 NC in Psf is the optimum 
concentration for maximum removal of CV from aqueous 
solution by membrane filtration. All further investigations 
on the rejection of CV with membranes were performed on 
Psf/fMWNTs/GO/MnO2 NC membranes with 0.1wt% of 
fMWNTs/ GO/MnO2 NC.  

 
4.8.2  Effect of operating pressure on percentage 

rejection of CV from aqueous solutions 

The observed removal of CV from aqueous solution by  
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Fig. 16 Effect of initial concentration of aqueous 

solution of CV on percentage rejection by Psf/fMWNTs/ 

GO/MnO2 NC membrane 

 

 
(a) 

 
(b) 

Fig. 17 (a) Flux versus time - Analysis of antifouling and 

(b) comparison of flux recovery and fouling ratio of Psf 

and Psf/fMWNTs/GO/MnO2 NC membrane with 

0.1wt% fMWNTs/GO/MnO2 NC 

 

 

the Psf/fMWNTs/GO/MnO2 NC membrane with 0.1wt% of 

the nanocomposite at various operating pressures is 

presented in Fig. 15(a). Removal increased with time and 

finally attained a steady state value at all the operating 

pressures. 

The time required to attain a steady removal varied with 

the operating pressure. At higher operating pressures, the 

time required for attaining steady state was less than that at 

lower operating pressures. The increase in observed 

removal was found to be very high in the beginning. This is 

because the dye molecules rejected by the Psf/fMWNTs/ 

GO/MnO2 NC membrane accumulates on the surface of the 

membrane in the beginning, hindering the passage of other 

dye molecules. However, increase in percentage removal 

considerably slows down with time; this may be due to 

concentration polarization. Since the effect of concentration 

polarization increases, concentration of the dye at the 

surface of the membrane increases with time. The net 

difference between the concentration of the dye in the feed 

and the permeate increases.  

This increase in the concentration gradient acts as the 

driving force to cause more and more dye molecules to flow 

through the membrane, thereby resulting in increased 

concentration of CV in the permeate. It was observed that 

the observed removal was the maximum at an operating 

pressure of 5 bar (Fig. 15(b)). This may be due to lower 

effect of concentration polarisation at this pressure.  Thus 

the operating pressure of 5 bars can be treated as the 

optimum for the removal of CV from an aqueous solution 

using a Psf/fMWNTs/GO/MnO2 NC membrane with 

0.1wt% of the nanocomposite. 
 

4.8.3 Effect of initial concentration 
The effect of initial concentration of CV on the 

percentage removal of CV by the Psf/fMWNTs/GO/MnO2 

NC membrane with 0.1wt% fMWNTs/GO/MnO2 NC was 

investigated using aqueous solutions with different 

concentrations of CV – 0.5 mg/L, 2 mg/L, 5 mg/L and 10 

mg/L - at an operating pressure of 5bars. From the results 

presented in Fig. 16, it is observed that almost 100% 

removal was obtained from the aqueous solutions with 

concentrations 0.5 mg/L and 2 mg/L of CV. Removal of CV 

from the aqueous solutions with concentrations 5 mg/L and 

10 mg/L was 92% and 68% respectively. 
 

4.8.4 Analysis of antifouling 

Analysis of antifouling properties of pristine Psf 

membrane and Psf/fMWNTs/GO/MnO2 NC membranes 

with 0.1wt% fMWNTs/GO/MnO2 NC was performed by 

measuring water flux recovery after fouling by Bovine 

Serum Albumine (BSA) solution (concentration of aqueous 

dolution of CV = 150 mg/L). From the results of the 

analysis presented in Fig. 17(a), it is observed that the flux 

recovery ratio (FRR) of the Psf/fMWNTs/GO/MnO2 NC 

membranes with 0.1wt% fMWNTs/GO/MnO2 NC was 

higher than that of the pristine Psf membrane. This 

indicated that the antifouling property of the pristine Psf 

membrane could be enhanced by incorporating fMWNTs/ 

GO/MnO2 NC into the Psf matrix. Four types of forces are 

responsible for the adsorption of proteins onto solid 

surfaces from aqueous solution, namely, electrostatic force, 

hydrogen bonding force, hydrophobic force, and Van der 

Waals force (Déjardin 2006). The isoelectric point of BSA 

is about 4.9 (Boributh et al. 2009), and pH value of the 

BSA solution is 7. Therefore, BSA molecules are negatively 

charged in this condition. The functionalized groups such as 

fMWNTs/GO/MnO2 NC, that existed on the surface of the 

membranes were also negatively charged at pH 7 due to 

dissociation. The strong electrostatic repulsion force 

between the negatively charged BSA molecules and the 
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membrane surface is an important reason for improvement 

in the antifouling performance (Boributh et al. 2009, 

Huisman et al. 2000). Membrane fouling is primarily 

caused by the adsorption and deposition of proteins on the 

membrane surface and entrapment of proteins in the pores. 

Due to the relatively high hydrophilicity of the Psf/ 

fMWNTs/GO/MnO2 NC membrane with 0.1wt% fMWNTs/ 

GO/MnO2 NC, a layer of water is adsorbed. This prevents 

adsorption of protein on the surfaces of the membranes and 

enhances the antifouling properties of the Psf/fMWNTs/ 

GO/MnO2 NC membranes. Membrane fouling consists of 

reversible fouling and irreversible fouling. The sum of 

reversible fouling and irreversible fouling is the total 

fouling. Reversible fouling can be removed by simple 

hydraulic cleaning. On the contrary, irreversible fouling is 

caused by firm adsorption of protein molecules on the 

surface or entrapment of protein molecules in the pores 

(Peng et al. 2011, Pieracci et al. 2002). Fig. 17(a) presents 

the results of analysis of antifouling of the pristine Psf 

membrane and the Psf/fMWNTs/GO/MnO2 NC membranes 

with 0.1wt% fMWNTs/GO/MnO2 NC in three steps. The 

first stage is the permeation of pure water through the 

membranes for a duration of 30min. Flux obtained in this 

stage was about 300 L/m2h and 400 L/m2h for pristine the 

Psf membrane and the Psf/fMWNTs/GO/MnO2 NC 

membrane respectively. The flux obtained in the second 

stage (permeation of the solution of BSA through the 

membranes) was 150 L/m2h and 250 L/m2h for the pristine 

Psf membrane and the Psf/fMWNTs/GO/MnO2 NC 

membrane respectively. In the third stage (permeation of 

pure water through the membranes), the flux obtained was 

185 L/m2h and 271 L/m2h for the pristine Psf membrane 

and the Psf/fMWNTs/GO/MnO2 NC membrane respectively. 

Results of reversible fouling, irreversible fouling, and total 

fouling ratios are presented in Fig. 17(b).  

From the Fig. 17 (b), it is observed that the total fouling 

ratio of the pristine Psf membrane was higher than that of 

Psf/fMWNTs/GO/MnO2 NC membrane with 0.1wt% 

fMWNTs/GO/MnO2 NC by 12%. The difference between 

the irreversible fouling resistance of the Psf and the Psf/ 

fMWNTs/GO/MnO2 NC membranes with 0.1wt% fMWNTs/ 

GO/MnO2 NC was observed to be higher than the 

difference between the reversible fouling resistance of these 

membranes. This implies that irreversible fouling dominates 

total fouling. The pristine Psf membrane exhibited higher 

irreversible fouling ratio than the Psf/fMWNTs/GO/MnO2 

NC membrane with 0.1wt% fMWNTs/GO/MnO2 NC due to 

the relatively lower hydrophilicity and surface charge 

imparted by the fMWNTs/ GO/MnO2 NC. 
 

 

5. Conclusions 
 

A polymer nanocomposite membrane was synthesised 

by dispersing fMWNTs/GO/MnO2 NC in polysulfone 

matrix. fMWNTs/GO/MnO2 NC was synthesised by 

sonicating fMWNTs, GO and MnO2 in equal proportions. 

Incorporation of fMWNTs/GO/MnO2 NC in polysulfone 

resulted in an increase in hydrophilicity, as indicated by a 

comparison of the values of water contact angle, 

equilibrium water content, pure water flux, and pure water 

permeability of this membrane and the corresponding 

values for the pristine Psf membrane. The values of these 

characteristics were the maximum for the Psf/fMWNTs/ 

GO/MnO2 NC membrane with 0.1wt% of the nano- 

composite. Incorporation of fMWNTs/GO/MnO2 NC in the 

polysulfone matrix also altered the mean pore size and 

porosity of the pristine Psf membrane. Percentage rejection 

of CV was the highest for the Psf/fMWNTs/GO/MnO2 NC 

membrane with 0.1wt% of the nanocomposite. The 

optimum operating pressure, corresponding to which the 

maximum removal of CV was observed from the aqueous 

solutions was 5 bars. Almost 100% removal of CV was 

obtained from the aqueous solutions with initial 

concentration of CV up to 2 mg/L. Incorporation of 

fMWNTs/GO/MnO2 NC in the Psf matrix resulted in an 

increase in the recovery ratio and decrease in the total 

fouling ratio of the membrane when compared to the 

pristine Psf membrane. 
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