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Abstract  In this work, thin nanocomposite membranes were designed for water desalination. For the purpose, pristine 
polystyrene (PS) was modified into amino-functional polystyrene (PS-NH2) and used as matrices. Nano-bifiller technology 
has been employed involving the formation of multi-walled carbon nanotube-grafted-graphite oxide (MWCNT-g-GO). Prior 
to grafting, nanotubes were acid functionalized to chemically interact with GO. Consequently, nanocomposite series with 
0.1-3 wt. % nano-bifiller were prepared. Surface morphology of the membranes was studied by scanning electron microscopy. 
PS-NH2/MWCNT-g-GO 0.1-3 hybrid showed increasing trend in tensile strength from 45.5-50.2 MPa relative to 
PS-NH2/MWCNT-g-GO 0.1-3 (38.1-43.5 MPa). % Water content of PS-NH2/MWCNT-g-GO series was changed from 1.58 
to 1.94 % whereas for PS/MWCNT-g-GO hybrids altered in the range of 2.22-3.78 %. Moreover, PS-NH2/MWCNT-g-GO 3 
showed highest porosity in water as 0.20 gcm-1 among all membranes. Shrinkage ratio decreased with increasing nano-bifiller 
content in all prepared hybrid membranes. Pure water flux and membrane recovery (12.3 mLcm-2min-1 and 89.6 %) for of 
PS-NH2/MWCNT-g-GO 3 were found to be higher than other membranes prepared.  

Keywords  Modified polystyrene, Multi-walled carbon nanotube-grafted-graphite oxide, Hybrid membranes, 
Morphology 

 

1. Introduction 
At present, membrane filtration is recurrently employed 

technique for water purification [1]. Commendable 
membranes must present reduced thermal conductivity, 
amplified hydrophobicity and superior penetrability. 
Polymers or additives accompanied by the formation 
strategy of membrane have been accounted to engender such 
physiognomies. In order to purify through hydrophilic 
polymer membrane, surface charge and porosity exhibit 
crucial parts to eradicate various pollutants of kinds like 
microorganisms, organic contaminants and inorganic 
particles from the treatment of superfluous water [2, 3]. 
Innovative membrane processes have less energy costs, 
guileless operative control, prospective material 
recuperation and condescending compact congregation than 
traditional technology. In this regard, nanaofiltration 
membranes have procured interest on account of 
straightforward filtration methodologies and pore size [4]. 
However, the membrane technology bestows the drawback 
of mechanical hardness and fouling [5, 6]. Biological   
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adsorbates like bacteria and virus have sizes of more than 
microporous adsorbents. Depending on the size dissimilarity, 
greatest amount of biological pollutants have 
un-approachability to the surface area of pores, restricting 
the removal [7, 8]. Recently, nanotechnology has 
industrialized various nanomaterials like multi-walled 
carbon nanofiller (MWCNT)/polymer-based nanocomposite, 
etc. that have the capacity to separate biological pollutants, 
heavy metals and organics [9, 10]. The modification of 
polymer membranes may amend the structure and 
composition of macromolecules [11]. Lately, polymer / 
MWCNT composites have revealed astonishing boost in 
their mechanical and thermal features specifically on 
well-dispersion of filler in the domains of matrix [12-14]. 
Generally, with the increase in crystalline comportment in 
polymers, the free volume available to species transport may 
decrease instigating an undesirable influence on the ultimate 
membrane transport features [15, 16]. High hydrophobicity 
creates additional contraction and influence the membrane 
porosity, reducing the clean water flow rate. The key factor is 
surface which interacts with the environment [17]. 
Convincingly, functionalization is desired for the application 
of polymer membranes [18]. Polystyrene (PS) is a 
multi-purpose and widely used polymer because of its good 
chemical resistance, the low density, and the ease of 
processing and can be used to decrease the exorbitant 
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membrane shrinkage [19]. In our research we have chosen 
two types of nanofillers to reinforce modified polystyrene - 
based membranes. Firstly, MWCNT was opted which is an 
extensively used filler for the purpose. For application of 
MWCNT as additives in polymers, surface functionalization 
is important not only to simplify the fabrication process of 
polymer/MWCNT composites, but also to improve the 
interfacial bonding between the polymer matrix and the 
MWCNT. The nanotube has, thus, been functionalized with 
various functional groups to increase their water solubility 
and compatibility. Secondly, graphene oxide (GO) owing to 
its better reinforcement properties in polymer matrix even at 
lower loading level [20]. Our motivation to utilize graphene 
oxide in preparing the filtration membrane actually stems 
from the unique properties that GO possesses owing to its 
functional groups such as carboxyl, epoxy, and hydroxyl 
groups. The presence of GO in membrane material would 
induce hydrophilicity, which may ensure high water 
permeation and impede bio-fouling because of the low 
interfacial energy between a surface and water. To enhance 
the interfacial compatibility between PS and nanofillers, we 
have also modified polystyrene with amino-functionality 
(PS-NH2). The graphene oxide was then grafted with 
nanotubes (MWCNT-g-GO). Using the bi-filler in varying 
content (0.1-3 wt. %), series of PS/MWCNT-g-GO and 
PS-NH2/MWCNT-g-GO were fabricated. Tensile properties, 
morphology, % solvent content, porosity, shrinkage ratio, 
pure water flux, salt rejection, and membrane recovery were 
scrutinized. 

2. Experimental Section 
2.1. Materials  

Polystyrene (average Mw~350,000, average Mn~170,000), 
polyethylene glycol (average Mw ~ 8,000), graphite (fine 
powder), anhydrous tin(II) chloride (99 %), potassium 
persulfate (K2S2O8, 99 %), and phosphorus pentoxide (P2O5, 
99 %) were obtained from Aldrich. Multi-walled carbon 
nanotube > 98% carbon basis, O.D. × L 6-13 nm × 2.5-20 
μm (chemical vapor deposition method) was also prepared 
from Aldrich. Sodium hydroxide (NaOH, 98%), 
tetrahydrofuran (THF, 99%), methanol (99%), ethanol 
(99 %), hydrochloric acid (HCl, 99 %), nitric acid (HNO3, 
65 %) and sulfuric acid (H2SO4, 98%) were supplied by 
Merck. 

2.2. Instrumentation 

The infrared (IR) spectra were recorded using a Fourier 
transform infrared (FTIR) Spectrometer, Model No. FTSW 
300 MX, manufactured by BIO-RAD, California, USA (4 
cm-1 resolution). The field Emission Scanning Electron 
Microscopy (FE-SEM) of freeze fractured samples was 
performed using a JSM5910, JEOL Japan. The stress-strain 
behavior of the samples was studied using a Testomeric 
materials testing machine M500–30CT. The test specimens 

were employed in the form of strips (lwh 40×2×7 ± 0.05 mm3) 
according to an ASTM D638 standard method. The 
crosshead speed was 2 mm/min at room temperature. The 
data given are the average of the three measurements. To 
analyze the water content, membranes were soaked in 
distilled water for 24 h followed by mopping with blotting 
paper and weighing. The wet membranes were first kept at 
100 °C for 24 h, and subsequently weighed to obtain the dry 
weight using an electronic balance. The percent solvent 
content was calculated using the following equation: 

% Solvent Content  =
W1 - W2

W2  
Where W1 = Wet membrane weight (g) 

W2 = Dry membrane weight (g) 
To analyze the porosity of the membranes, samples were 

soaked in distilled water for 24 h followed by mopping with 
blotting paper and weighing. The membranes were dried at 
100 °C for 24 h and weighed. Porosity was calculated using 
the equation: 

 
Where  W1 = Wet membrane weight (g)  

W2 = Dry membrane weight (g) 
Ah = Membrane area (cm2) 

Pure water flux of membrane was measured using 
membrane cell with cross-flow mode. The permeate was 
collected every 10 min for 1 h. Membrane after compaction, 
were subjected to pure water flux estimation at 
trans-membrane pressure of 345 kPa. The permeability was 
measured under steady state flow. Pure water flux was 
calculated as follows: 

 
Where  Q = Quantity of permeate collected (L) 

Jw = Pure water flux (mLcm−2 min−1) 
A = Membrane area (cm-2)  
t = Sampling time (min) 

A piece of wet membrane, immersed in a water bath, was 
cut and the length and width of the membrane was measured. 
Then the membrane was heated at 100 °C for 24 h. The 
length and width of the dry membrane were measured. The 
shrinkage ratio was calculated using the equation:  

 
Where  a = length of dry membrane (m) 

b = breadth of dry membrane (m) 
ao = length of wet membrane (m) 
bo = breadth of wet membrane (m) 

Rejection indicates the amount of components rejected by 
membranes. It shows the separation efficiency of the 
components by the membrane. It is calculated as: 
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Where  Re = Rejection 

Cp = Concentration of components in permeate 
(g/m3) 

Cf = Concentration of components in feed water 
(g/m3) 

Recovery is also known as productivity. Here also the 
membrane cell with cross-flow mode was used. According to 
mass balance, the feed flow is equal to the sum of 
concentrate flow and permeates flow. Recovery was 
calculated by: 

 
Where, γ = Recovery (%) 

Qp = Permeate flow (m3/h) 
Qf = Feed flow (m3/h) 

2.3. Preparation of Graphene Oxide (GO) 

The graphite powder (15 g) was put into a solution of 
concentrated H2SO4 (60 mL), K2S2O8 (7.8 g), and P2O5 (8.4 
g) and refluxed at 80 °C. After 2 h, the mixture was left to 
cool down to room temperature for 6 h. The mixture was 
then carefully diluted with 300 mL of distilled water, 
filtered, and washed until the pH became neutral. The 
product was dried at 60 °C for 48 h [21]. 

2.4. Purification of Raw MWCNT 

Purification steps involved oxizing 20 g raw MWCNT at 
420 °C for 0.5 h. 18 g oxidized MWCNT were then sonicated 
by adding 300 mL HCl in a 500 mL two necked round 
bottom flask. The flask was sonicated for 3h at room 
temperature. 0.45 nm size Whatman filter paper was used to 
filter the nanotubes through suction a filtration assembly, 
followed by washing with distilled water to attain pH ~7. As 
filtered MWCNT were dried at 90 °C for 4 h.  

2.5. Functionalization of MWCNT  

17 g MWCNT was added to 10 mL H2SO4:HNO3 mixture 
(3:1), and then sonicated and refluxed for 4 h at 50 °C. The 
above mixture was then filtered and washed with distilled 
water till pH~7. Black product obtained was dried at 80 °C 
for 12 h. FTIR (KBr) 3426 cm-1 (O–H stretching vibration), 
3021 cm-1 (aromatic C–H stretching vibration), 1720 cm-1 
(C=O stretching vibration) [22].  

2.6. Multi-Walled Carbon Nanotube-grafted-Graphite 
Oxide (MWCNT-g-GO) 

Initially, above prepared GO (0.5g) and acid 
functionalized MWCNT (0.5 g) were separately sonicated in 
30 mL of deionized water for 8 h to attain uniform dispersion 
of the nanofillers. Then the two mixtures were added to 500 
mL HNO3. The acid mixture was again sonicated at 80 ºC for 
8 h at room temperature and then centrifuged for 4 h. The 
resulting MWCNT-g-GO hybrid was washed with deionized 

water and filtered [23]. Finally, the product was dried at 
70 °C (Fig. 1). 

2.7. Functionalization of Polystyrene (PS-NH2)  

The functionalization of polystyrene first involved the 
dissolution of 10 g of polystyrene in 50 mL of THF to form a 
stock solution. The nitrating mixture (70 mL fuming HNO3 
and 30 mL concentrated H2SO4) was added drop wise to the 
stock solution. The mixture was cooled to 0 °C and then 
refluxed at 60 °C for 6 h. The above mixture was cooled and 
neutralized with 30% solution of NaOH. The 
nitro-functionalized polymer obtained was dried at 80 °C for 
24 h. 5 g of the nitro-functionalized polystyrene was then 
dissolved in 30 mL THF to form a stock solution. The 
reducing mixture was prepared by dissolving 60 g of the 
anhydrous stannous chloride in 60 mL of HCl. The polymer 
solution and the reducing mixture were mixed and refluxed 
at 80 °C for 8 h. This mixture was also neutralized with the 
30% NaOH. The orangish brown color polymer was 
obtained and dried at 80 °C [24]. 

2.8. Preparation of PS/MWCNT-g-GO and 
PS-NH2/MWCNT-g-GO Membranes  

The series of the hybrid membranes were prepared with 
the nano-bifiller. 1g of polystyrene (PS/PS-NH2), was 
dissolved in 10 mL of THF to prepare the stock solution with 
a stirring of 12 h. The MWCNT-g-GO (0.1, 0.3, 1 and 3 %) 
was added to the stock solution and stirred for another 12 h. 
Thin hybrid films were cast in the glass Petri dishes [25].   

 

Figure 1.  Schematic illustration for the formation of multi-walled carbon 
nanotube-grafted-graphene oxide 
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3. Results and Discussion 
3.1. FTIR Analysis 

 

Figure 2.  FTIR spectra of (A) PS/MWCNT-g-GO 0.1 and (B) PS-NH2/ 
MWCNT-g-GO 0.1 hybrids 

Fig. 2A shows the FTIR spectrum of PS/MWCNT-g-GO 
0.1 hybrid membrane. All the expected vibrations were 
found to appear in the spectrum and corroborated the 
structure of novel membranes. The ester bands were found to 
appear at 1711 and 1256 cm-1 due to chemically linked 
nano-bifiller. Furthermore, the C=O anhydride stretching 
vibrations were also observed at 1820 and 1761 cm-1 because 
of the reinforcement introduced. Aromatic and aliphatic C–H 
also appeared at 3047 and 2922 cm-1 respectively, owing to 
the polystyrene spine. Peaks due to un-oxidized graphite 
structure and aromatic C=C were found to appear at 1610 
cm-1. FTIR spectrum of PS-NH2/MWCNT-g-GO 0.1 hybrid 
membrane is shown in Fig. 2B. In the case of 
amino-functional polystyrene matrix, aromatic N-H 
stretching and bending vibrations were found to appear at 
3261 and 1598 cm-1 respectively. The ester peaks appear at 
1713 and 1267 cm-1, similar to PS/MWCNT-g-GO 0.1 
hybrid. Moreover, the anhydride C=O stretching vibrations 
were also observed at 1843 and 1787 cm-1. The broad –OH 
stretching vibrations at 3450 and 3423 cm-1 were seen in both 

the PS/MWCNT-g-GO and PS-NH2/MWCNT-g-GO spectra 
respectively.  

3.2. Mechanical Properties 

Table 1 shows the tensile properties of the neat 
polystyrene, the modified polystyrene, PS/MWCNT-g-GO 
and PS-NH2/MWCNT-g-GO hybrids. The pure polystyrene 
and the amino-functional polystyrene illustrated 
comparatively lower tensile strength of 20.3 and 25.7 MPa 
relative to the hybrid series. The tensile modulus and 
toughness of the PS and PS-NH2 was found to be lower 
around 0.7 and 0.9 GPa and 0.14 and 0.15 Jm−3 respectively. 
Even as examining the effect of the nano-bifiller loading on 
the tensile strength, the PS/MWCNT-g-GO 0.1-3 was found 
to have lower values in the tensile strength (38.1-43.5 MPa) 
relative to the PS-NH2/MWCNT-g-GO 0.1-3 (45.5-50.2 
MPa). Dependence of the tensile strength of PS-NH2/ 
MWCNT-g-GO 0.1-3 on the nano-bifiller content is given in 
the Fig. 3. The most probable reason was the increased 
robustness of the amino-functional matrix after the 
modification and the hybrid formation. However, the filler 
loading in the matrices (PS and PS-NH2) resulted in the 
higher mechanical stability compared with the pure polymers. 
The tensile modulus and toughness of PS-NH2/MWCNT-g - 
GO was also found to be higher in the range 7.4-10.7 GPa 
and 999-1234 Jm−3 respectively. The tensile modulus and 
toughness of PS/MWCNT-g-GO was relatively lower in the 
range 3.1-5.2 GPa and 720-1033 Jm−3 respectively.  

On the other hand, the pristine and the modified polymers 
without the nano-filler have relatively less rigid structure. 
Although the elongation at break showed decreasing trend 
with increased filler loading in both the hybrid series. In 
PS/MWCNT-g-GO series, the elongation at break decreased 
from 8.8 to 5.2 %, while PS-NH2/MWCNT-g-GO 0.1-3 
showed decrease from 7.5 to 4.4 % due to increased 
matrix/filler amalgamation. When the tensile strength of the 
novel PS-NH2/MWCNT-g-GO membranes was compared 
with a sample of HDPE/PVC (90:10), the tensile strength of 
49 MPa, modulus of 1.13 G and toughness value of 96 Jm-3 
was obtained. The properties of PS-NH2/MWCNT-g-GO 
were found to be considerably higher than the HDPE/PVC 
composition prepared. 

Table 1.  Mechanical properties of PS, PS-NH2, PS/MWCNT-g-GO and PS-NH2/MWCNT-g-GO hybrids 

Composition 
Tensile 

Strength 
(MPa) 

Elongati
on at 
break 

Tensile 
Modulus 

(GPa) 

Toughness 
(Jm-3) 

PS 20.3 0.02 0.7 0.14 
PS-NH2 25.7 0.02 0.9 0.15 

PS/MWCNT-g-GO 0.1 38.1 8.8 3.1 720 
PS/MWCNT-g-GO  0.3 39.2 7.5 3.8 832 
PS/MWCNT-g-GO  1 41.2 6.9 4.1 921 
PS/MWCNT-g-GO  3 43.5 5.2 5.2 1033 

PS-NH2/MWCNT-g-GO  0.1 45.5 7.5 7.4 999 
PS-NH2/MWCNT-g-GO  0.3 47.8 6.2 8.2 1032 
PS-NH2/MWCNT-g-GO  1 48.9 5.3 9.1 1145 
PS-NH2/MWCNT-g-GO  3 50.2 4.4 10.7 1234 
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Figure 3.  Drift of tensile strength vs. MWCNT-g-GO content in 
PS-NH2/MWCNT-g-GO hybrids 

3.3. Morphology Investigation 
FE-SEM analysis was performed for PS/MWCNT-g-GO 

0.1, PS-NH2/MWCNT-g-GO 0.1 and 

PS-NH2/MWCNT-g-GO 3. The Fig. 4A-C shows the 
morphology of pure polystyrene matrix loaded with the 0.1 
wt. % MWCNT-g-GO. The surface morphology reflected 
the layered structural arrangement. Fig. 5A-E shows the 
morphology of amino-functional polystyrene loaded with 0.1 
and 1 wt. % MWCNT-g-GO. The micrographs of PS-NH2/ 
MWCNT-g-GO 0.1 at various resolutions (Fig. 5A & B) 
have shown the complete embedding of nano-bifiller in the 
matrix probably due to the lower filler loading. The fractured 
membrane surface of PS-NH2/MWCNT-g-GO 1 (Fig. 5C-D) 
also showed the polymer coating over the entire nano-bifiller 
loaded. The nano-bifiller coated with polymer was more 
visible in the micrographs of PS-NH2/MWCNT-g-GO 3 at 
500 nm-1µm (Fig. 6 A & B). Such type of folded and layered 
morphology is usually observed for polymer/graphene 
nanocomposites [26]. However, the closer cross section 
image of PS-NH2/MWCNT-g-GO 3 at 200 nm showed the 
nanoporous morphology of the membranes (Fig. 6C). The 
nanoporous morphology was consistent with the membrane 
property studies reported in the succeeding sections. 

  

 

Figure 4.  FESEM micrographs of (A) PS/MWCNT-g-GO 0.1 at 20 µm; (B) PS/MWCNT-g-GO  0.1 at 2 µm; (C) PS/MWCNT-g-GO 0.1 at 1 µm 
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Figure 5.  FESEM micrographs of (A) PS-NH2/MWCNT-g-GO 0.1 at 1 µm; (B) PS-NH2/MWCNT-g-GO  0.1 at 500 nm; (C) PS-NH2/MWCNT-g-GO  1 
at 2 µm; (D) PS-NH2/MWCNT-g-GO  1 at 1 µm; and (E) PS-NH2/MWCNT-g-GO  1 at 500 nm 

  

 

Figure 6.  FESEM micrographs of (A) PS-NH2/MWCNT-g-GO  3 at 1 µm; (B) PS-NH2/MWCNT-g-GO 3 at 500 nm; and (C) PS-NH2/MWCNT-g-GO  3 
at 200 nm (cross section) 

3.4. Membrane Properties 

Porosity of PS, PS-NH2, PS/MWCNT-g-GO and 
PS-NH2/MWCNT-g-GO membranes are reported in Table 2. 
Neat PS membrane had lower porosity in all the solvents 
tested ~ 0.001 g/cm2. The membranes showed a steady 

increase in porosity with nano-bifiller content in different 
solvents (water, ethanol, methanol and propanol). This is 
because the nano-filler enhanced the hydrophilic nature of 
the membranes. As the hydrophilicity of solvent decreased 
(moving from water to propanol) the membrane porous 
nature was also decreased. % Solvent content of membranes 
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was also measured and found to show increasing trend in 
different solvents (Table 3). However, % solvent content was 
also observed to decline when moving from water to less 
polar solvent depending upon the solvent hydrophilicity. 
Both the porosity (0.20 g/cm2) and percent solvent content 
(3.78 %) was dependent upon the solvent hydrophilicity and 
the best results were found when membranes were tested in 
water. Moreover, the decrease in shrinkage ratio has high 
impact on the membrane porosity. Higher porosity resulted 
in lower shrinkage ratio of the membranes. Table 4 shows 
that as the nano-bifiller content increased from 0.1-3 wt. % 
the shrinkage ratio decreased accordingly with the increased 
filler. This was attributed to the fact that the loading 
enhanced the porous nature of membranes. 
PS/MWCNT-g-GO 0.1-3 showed decrease in shrinkage ratio 
from 8.61-7.43, while PS-NH2/MWCNT-g-GO showed 
decrease in shrinkage ratio from 8.33-7.31 in water. Pure PS 
and modified matrices have shrinkage ratio of 10.9 and 9.80 
respectively.  

Pure water flux was also measured as an important 
nano-filtration membrane feature. Here, the water flux was 
increased with the augmented nano-bifiller content due to 
increased membrane porosity. The modified PS membrane 

PS-NH2/MWCNT-g-GO 3 showed higher water flux of 12.3 
mLcm−2 min−1 relative to PS/MWCNT-g-GO 3 with 9.2 
mLcm−2 min−1. Moreover, salt (NaCl) rejection has higher 
values for PS-NH2/MWCNT-g-GO 3 membrane as 
compared to PS/MWCNT-g-GO 3 showing better membrane 
performance. Membrane recovery was also maximum for 
PS-NH2/MWCNT-g-GO 3~89.6%. The over all performance 
of 3 wt. % filler loaded PS-NH2/MWCNT-g-GO membrane 
was better than other composites prepared. The salt rejection 
efficiency of HDPE/PVC (90:10) was found to be 60 % 
which was lower than the novel membranes prepared. 
However, the flux was found to be 12 mLcm−2 min−1 which 
was slightly lower than that of PS-NH2/MWCNT-g-GO 3 
[27]. Another important aspect of the novel membranes was 
their high efficiency of absorption and retention of oil (fuel 
and compressor) and grease. The PS-NH2/MWCNT-g-GO 3 
membrane was tested for the de-oiling or removal of free and 
dispersed oil present in water. Higher oil removal efficiency 
of PS-NH2/MWCNT-g-GO 3 at water flux of 12.3 mLcm−2 
min−1 was observed. The membrane was found to be 94 % 
efficient in absorption of oil from water and 99 % for the 
grease removal. The performance of these membranes was 
not decreased at high temperatures (Table 6). 

Table 2.  Porosity of PS, PS-NH2, PS/MWCNT-g-GO and PS-NH2/MWCNT-g-GO membranes in different solvents 

Propanol Methanol Ethanol Water Concentration 

0.001 0.003 0.006 1.01 PS 
0.25 0.76 0.87 1.16 PS-NH2 

0.34 0.66 0.78 1.58 PS/MWCNT-g-GO 0.1 
0.45 0.71 0.81 1.66 PS/MWCNT-g-GO  0.3 
0.57 0.92 1.13 1.89 PS/MWCNT-g-GO  1 

0.64 1.01 1.38 1.94 PS/MWCNT-g-GO  3 
0.75 0.95 1.82 2.22 PS-NH2/MWCNT-g-GO  0.1 
0.77 1.15 1.99 2.73 PS-NH2/MWCNT-g-GO  0.3 

1.18 1.73 2.79 3.21 PS-NH2/MWCNT-g-GO  1 
1.43 1.93 2.82 3.78 PS-NH2/MWCNT-g-GO  3 

Table 3.  % Solvent content of PS, PS-NH2, PS/MWCNT-g-GO and PS-NH2/MWCNT-g-GO membranes in different solvents 

Porosity (g/cm2) 
Concentration 

Propanol Methanol Ethanol Water 

0.001 0.001 0.001 0.001 PS 
0.004 0.005 0.02 0.02 PS-NH2 
0.007 0.008 0.03 0.04 PS/MWCNT-g-GO 0.1 

0.009 0.01 0.04 0.05 PS/MWCNT-g-GO  0.3 
0.01 0.03 0.05 0.07 PS/MWCNT-g-GO  1 
0.02 0.05 0.06 0.08 PS/MWCNT-g-GO  3 

0.04 0.06 0.07 0.09 PS-NH2/MWCNT-g-GO  0.1 
0.06 0.07 0.08 0.10 PS-NH2/MWCNT-g-GO  0.3 
0.08 0.09 0.09 0.14 PS-NH2/MWCNT-g-GO  1 

0.09 0.10 1.13 0.20 PS-NH2/MWCNT-g-GO  3 
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Table 4.  Shrinkage ratio of PS, PS-NH2, PS/MWCNT-g-GO and PS-NH2/MWCNT-g-GO membranes in different solvents 

Propanol Methanol Ethanol Water Concentration 

8.12 8.72 9.11 10.9 PS 
6.90 7.74 8.92 9.80 PS-NH2 
6.62 7.12 7.61 8.61 PS/MWCNT-g-GO 0.1 
6.43 6.82 7.52 8.22 PS/MWCNT-g-GO  0.3 
5.11 5.24 6.94 7.60 PS/MWCNT-g-GO  1 
4.90 48.4 5.27 7.43 PS/MWCNT-g-GO  3 
6.11 7.03 7.31 8.33 PS-NH2/MWCNT-g-GO  0.1 
5.14 6.67 7.11 8.12 PS-NH2/MWCNT-g-GO  0.3 
4.98 5.06 6.54 7.43 PS-NH2/MWCNT-g-GO  1 
4.65 4.24 5.03 7.31 PS-NH2/MWCNT-g-GO  3 

Table 5.  Pure water flux, salt rejection, and recovery of PS, PS-NH2, PS/MWCNT-g-GO and PS-NH2/MWCNT-g-GO membranes 

Recovery 
(%) Salt rejection (%) Pure water flux 

(mLcm−2 min−1) Membrane type 

72.7 56.5 8.4 PS/MWCNT-g-GO  1 
80.2 62.2 9.2 PS/MWCNT-g-GO  3 
85.4 75.1 10.5 PS-NH2/MWCNT-g-GO  1 
89.6 80.3 12.3 PS-NH2/MWCNT-g-GO  3 

Table 6.  Performance of PS-NH2/MWCNT-g-GO 3 membrane in treatment of oil and oil products 

Sample Before treatment 
(ppm) 

After treatment 
(ppm) 

Overall removal      
(%) 

Fuel oil 72 4.0 94 
Compressor oil 72 4.0 94 

Grease 80 1.5 99 

 

4. Conclusions 
The effort involves the synthesis of modified polymers 

with well-defined structure as tailored membrane materials. 
The advanced surface functionalization yielded novel 
compatiblized barrier structures through the combination of 
modified polymer structure with tailored nano-filler. Once a 
satisfactorily selective polymer was found, a membrane was 
developed with a separating layer thin enough to obtain a 
high permeate flux. Important innovation was based on 
intrinsic properties of the polystyrene as a homogenous 
barrier phase and the formation of special morphologies by 
phase separation and pore formation in the barrier phase. The 
explicit properties of the boundary layers of the interphase 
region were, therefore, obtained. The formation of the 
specific interphase region through the integration of the 
modified surface and inclusion of tailored nano-additives 
into the continuous technical manufacturing of membranes 
has the advantage, that no additional process step would be 
necessary. A high surface activity, thus, resulted in low 
additional material cost. Due to the interplay between barrier 
and interphase properties of a membrane, such a membrane 
modification in reality is equivalent to the development of a 
novel membrane for large industrial units. This work, so, 
develops the design and operation of novel nanocomposite 
polystyrene/MWCNT-g-GO membranes for nano-filtration 

unit. Integrally skinned membranes can be obtained by 
casting novel polymer solution followed by an evaporation 
step. Due to evaporation of the solvent the surface 
concentration becomes high enough resulting in a thin dense 
layer, while underneath the top layer, where the polymer 
concentration is much lower, a porous layer was formed. 
Optimum surface porosity results in a larger contribution of 
the material to the separation properties of the composite 
membrane. High water flux was obtained using higher filler 
content generating optimal membrane porosity. However, 
the flux of polystyrene/MWCNT-g-GO membranes 
decreased with decreasing porosity, but is still acceptable. 
Further modified membranes can be developed with higher 
porosity and water flux. The properties of novel water 
purification membranes of PS-NH2/MWCNT-g-GO after 
several uses seemed not to have changed when comparing 
the new membrane. The swelling of the membrane was 
found to be lower for the re-used membrane. Simultaneously, 
the water flux, salt rejection, and recovery of the re-used 
membranes was measured and found to be equally good. 
This indicates that the reliability of nano-bifiller technology 
in the maintenance of membrane structure and durability by 
applying several operational cycles of compressed water. 
Homogeneous dense membranes possess sufficient 
mechanical strength with a negligible contribution to the 
overall transport resistance. Another potential advantage of 
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the membranes was their resistance and resilience to the 
severe environmental conditions. The membrane damage 
might be caused by the heat generation occurring within the 
membrane or by degradation due to the alkaline environment 
or pressure created by the water filtration process. Howbeit, 
successive measurements with the same membrane sample 
demonstrate that this do not result in any damage of the 
membrane. Treatment of water using PS-NH2/ 
MWCNT-g-GO 3 membrane for the oil recovery from water 
with high oil content was also an important aspect to meet 
beneficial use specifications. Due to high salt rejection 
efficiency, these membranes can also be used for example in 
electrodialysis where a salt solution is separated into a 
solution enriched in ions and a solution depleted of ions. 
According to the study of nanotoxicity, exposure to tailored 
nanoarchitectures might pose tangible human health risks. 
Although in the case of the novel membranes, the nano-filler 
was loaded at very low concentrations 0.1-3 wt. % embedded 
in the nontoxic polymer. Use of PS-NH2 with such low 
nano-filler content is not supposed to cause any health risk. 
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