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a b s t r a c t
In this study hydrophilic modification of polyethersulfone (PES) membrane was achieved through 
the blending of pluronic F127 (PF-127)/graphene oxide (GO) and phytic acid (PA)/GO blended 
additives. The modified PES membranes were prepared using an immersion precipitation tech-
nique. The membrane’s characteristics were evaluated using scanning electron microscopy, Fourier-
transform infrared spectroscopy, atomic force microscopy, water contact angle, tensile testing and 
dynamic test of oily wastewater treatment. The modification of GO by PF-127 and PA improved 
the dispersibility of GO in the PES polymer matrix, so it can highly affect the morphology, filtration 
performance and fouling mitigation of membrane. According to the results, a substantial increase 
in mechanical properties was observed for the (PF-127/GO; 6 wt.%)/PES and (PA/GO; 4 wt.%)/PES 
membranes. It was revealed that by adding modified GO, because of increasing surface hydrophilic-
ity, the flux increased from 121.1 Lm–2 h–1 for neat PES membrane to 258.2, 303 Lm–2 h–1 for (PF-127/
GO; 6 wt.%)/PES, (PA/GO; 4 wt.%)/PES membranes respectively. In addition, the results of the per-
meability recovery ratio showed that the anti-fouling properties of the modified PES membranes 
were improved due to the increase in membrane surface hydrophilicity.
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1. Introduction

Nanofiltration (NF) technology has now become an 
attractive option for the treatment and reuse of industrial 
and municipal wastewaters [1]. One of the main problems 
associated with this technology is membrane fouling. The NF  
performance inevitably decreases with filtration time due 
to this problem especially when hydrophobic membranes 

are used in the separation. Polyethersulfone (PES) is one 
of hydrophobic polymers which is used in the commercial 
membrane manufacturing. It possesses excellent chemical 
resistance, environmental endurance as well as easy 
processing, thermal and mechanical properties [2–4]. Despite 
these desirable properties, PES has disadvantages. The main 
disadvantage of the PES is related to the hydrophobicity 
character of it which has restricted its usage in separation 
processes [5,6]. The inherent hydrophobicity of PES due 
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to its structure leads to a low membrane flux and is easily 
susceptible to fouling [4,7]. Therefore, efforts have devoted 
to improving the hydrophilicity of PES either by chemical or 
physical modifications. These modifications of PES have been 
reported in the literature. Some of these modifications are 
blending with hydrophilic nanoparticles [8], the addition of 
additives [9,10], surface grafting polymerization [11], coating 
with  hydrophilic polymers [12] and so on. Among various 
nanomaterials, graphene-based nanomaterials have been 
considered for different fields of technology and science due to 
their unique properties, including excellent thermal properties, 
mechanical and chemical stability, high surface area, and low-
cost production [13]. Graphene oxide (GO), with a hydrophilic 
feature, due to the presence of oxygenated functional groups 
like epoxy, hydroxyl, carboxyl and carbonyl groups on 
its structure, has been applied for polymeric membrane 
modification [14]. Since many studies have been conducted on 
membrane modifications using GO [15–17]. One challenge in 
designing and fabricating hybrid membranes containing GO 
is introducing increased GO with homogeneous distribution 
into the polymer matrix. The presence of, hydroxyl, epoxies 
groups on the surface and carboxyl, carbonyl groups at the 
edges of GO enable it to be dispersed in the polar solvent [18]. 
So to improve the dispersion of GO in organic solvents and 
better compatibility with polymer matrices, the GO must be 
modified by suitable agents.

For GO dispersity in the non-polar medium, lots of stud-
ies have been conducted. Yu and Xie [19] used a phase trans-
fer method for dispersion of GO in the n-octane solvent. For 
this purpose, he applied oleylamine as a suspending agent 
in a solvent. Consequently, a strong interaction was formed 
between oleylamine and GO.

As a modification agent, pluronic F127 (PF-127) is 
an amphiphilic surfactant with a chemical composition 
of poly(ethylene oxide)98 − poly(propylene oxide)67 − 
poly(ethylene oxide)98 (PEO98 − PPO67 − PEO98) that can be 
added to GO [19]. The presence of the alkyl chain in PPO can 
prevent reaglomoration of graphene in non-polar solution 
[20]. On the other hand, the presence of PF-127 in membrane 
structure can effectively increase the hydrophilic of the 
membrane and improve the membrane fouling resistance. 
The long PEO segments give PF-127 the excellent ability to 
reduce hydrophobic compounds adsorption and the PPO 
segment with the appropriate length makes the PF-127 located 
in the membrane matrix stable [21].

One of the other amphiphilic agents that can be used in 
GO modification is phytic acid (PA). PA, composed of six 
phosphate groups, exhibits an excellent characteristic for 
the modification of numerous materials [22]. The prepared  
PA/GO blended additive has amphiphilic properties because 
it has hydrophobic aromatic domains and hydrophilic 
functional groups such as inositol triphosphate and phos-
phoric acid [23]. Therefore, this additive can form a strong 
π-stacking interaction with some organic solvents and is a 
good candidate for the GO modifier agent. In this work, to 
improve the hydrophilic and morphological properties of the 
PES membrane, the GO that has been modified by pluronic 
F127 and PA was added into the membrane. The effects of the 
modified additive and PES concentrations on morphology, 
mechanical properties, hydrophilicity and permeation flux 
of the PES membranes were investigated.

2. Experimental setup

2.1. Materials

PES (Ultrason E6020 P, MW = 58,000 g gmol–1) was 
purchased from BASF Chemical Co. (Germany) and was 
dried at 110°C for 12 h before use. The solvent of N,N-
dimethylacetamide (DMAc) with an analytical purity 
of 99.5% was supplied from Merck (Germany). Triblock 
copolymer pluronic F127 (PF-127) (PEO100-PPO65-PEO100) 
(MW = 12.6 kg mol–1; PEO weight content, %PEO = %70) 
was purchased from Sigma-Aldrich (St. Louis, MO, United 
States). GO purchased by the company Abalonyx AS 
(Norway-OSLO). PA was obtained from Sigma-Aldrich. 
All other chemicals were of commercial analytical grade. 
Wastewater used in the present study was sampled from 
a local grease factory. Three pollution indices of the oily 
wastewater, that is, turbidity, chemical oxygen demand 
(COD), and total dissolved solids (TDS) were in the range 
of 332 NTU, 3,012 and 1,211 mg L–1, respectively.

2.2. Modification of GO

In this work, a typical experiment to modified GO was 
performed by a hydrothermal method. In this typical pro-
cedure, 60 mg of PF127 was dispersed in 100 ml deionized 
water at room temperature for 24 h. The homogenous solu-
tion is then added slowly to 25 mL of GO water solution 
(5 mg mL–1). After 24 h of vigorous stirring, the suspension 
was transferred to a teflon-lined stainless steel sealed vessel 
and heated to 180°C for 12 h. Then the mixtures were cooled 
to room temperature overnight. The product was washed 
with ethanol and water several times and then freeze-dried 
under vacuum condition for 24 h.

The PA/GO was prepared using the same method and the 
mass ratio of GO and PA was 1:5.

2.3. Membrane preparation

Asymmetric membranes of modified PES membranes 
were prepared using the phase inversion method induced 
by immersion precipitation. At first, various loading of 
0, 2, 4, 6 and 8 wt.% modified GO were dissolved into the 
DMAc and was sonicated at 25°C for 48 h to obtain a uni-
form and homogeneous casting suspension. Subsequently, 
21 wt.% PES was added and the mixture was sonicated again 
for 3 d till completely transparent mixture was obtained. 
After degassing, this mixture poured onto a glass plate and 
spread with a membrane applicator to be as thin as 250 µm 
at room temperature. The nascent membrane was evaporated 
at 25°C ± 1°C for 15 s and then immersed in the water coag-
ulation bath maintained at 25°C ± 1°C for at least 2 d to com-
pletely remove the remained solvent before characterization.

2.4. Thermodynamic stability aspect of membrane formation

To predict the effect of the polymer solution and non- 
solvent on thermodynamic of phase separation, ternary 
phase diagrams were determined. The ternary phase dia-
gram is useful for the prediction of the phase transitions that 
cloud occur when phase separation is induced according to 
the immersion precipitation method [24].
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The ternary phase diagram of (modified GO/PES)/ 
solvent/non-solvent systems at ambient temperature, which 
are constructed based on the cloud-point measurements. 
Hence, cloud-point data were obtained by the titration 
method and was obtained as follows: (modified GO/PES) 
solution with different composition was taken into a glass-
ware and the non-solvent was slowly added to the modified 
GO/PES solution from a burette while the glass-ware was 
subjected to gentle stirring until the clear polymer solution 
visually became too cloudy. The composition at the cloud 
point was then calculated from the weight of the added 
non-solvent, solvent, and polymer in the glass-ware.

2.5. Characterization of GO, PF-127/GO and PA/GO

The morphology images of GO, PF-127/GO, and PA/GO 
were captured with scanning electron microscopy (SEM) 
(KYKY EM3200, Japan). Besides, the Fourier-transform infra-
red (FTIR, Thermo Nicolet 6700, USA) spectroscopy was 
employed to analyze the composition of GO, PF-127/GO and 
PA/GO.

2.6. Membrane characterizations

The cross-sectional morphologies of the membranes were 
characterized using the KYKY EM3200 instrument (Japan) 
with an accelerating voltage of 20 kV. For the preparation 
of the cross-sectional images, the dried membrane samples 
were immersed in liquid nitrogen and then fractured. The 
membranes were then coated with a thin film of gold by a 
gold sputter coater (Cressington 108 auto, UK).

The hydrophilicity of the membrane top surface was 
characterized based on a water contact angle measuring sys-
tem (G10, KRUSS, Germany). For this purpose, de-ionized 
water was used as the probe liquid in all the measurements. 
Measuring system equipped with video capture at room 
temperature. To minimized experimental error, the contact 
angles were measured five times for each sample and then 
were averaged.

Atomic force microscopy (AFM) was used to analyze 
the surface morphology and roughness of the prepared 
membranes. The AFM device was a DualScopeTM scanning 
probe-optical microscope (DME model C-26, Switzerland). 
Small squares of the prepared membranes (approximately 
1 cm2) were cut and glued on the glass substrate. The mem-
brane surfaces were imaged in a scan size of 5 µm × 5 µm by 
DME SPM software.

The structural changes were assessed by FTIR using a 
Thermo Scientific Nicolet 6700 FTIR spectrometer (United 
States). FTIR is used to obtain the infrared spectrum for 
a particular sample. It collects data over a wide spectral 
range and this data can be used to identify specific func-
tional groups that are present in the sample being studied. 
Spectral outputs were recorded in transmittance mode as a 
function of wave number.

Tensile testing to study tensile strength, tensile  modulus 
and elongation at break (mm) were performed using 
SANTAM 20KN (Iran) testing machine at ambient tem-
perature. All tests were done according to ASTM D638 
stan dard [25]. The samples were analyzed at a cross-head 
speed of 1 mm min–1. The film specimens had a dimension 

of 60 mm × 10 mm × 0.25 mm. The grip distance was 50 mm 
and the gage length was 25 mm. Property reported values 
here to represent an average of the results for tests run on 
three specimens.

2.7. Experimental procedure

The laboratory experiments are carried out in the cross-
flow filtration unit [26] at ambient temperature and trans-
membrane pressure of 10 bar. At the beginning of the process, 
the membranes are subjected to pure water permeability for 
assessing their functions and operational evaluations. After 
pure water filtration, the feed reservoir was emptied and 
refilled with the feed solution to its filtration. This solution 
was forced to permeate through the membrane at the same 
pressure for 30 min and the flux was recorded. To evaluate 
the filtration efficiency in the removal of pollution indices of 
COD, TDS, and turbidity of the wastewater, their values in 
the feed and permeate were measured. The COD was mea-
sured by using the thermoreactor of ET-108 (Aqaualytic, 
Germany) for the heating and digestion of COD vials con-
tents along with the MD 200 COD photometer from Lovibond 
Tintometer (Germany). Conductivity meter (model 666 222, 
LEYBOLD, Germany) was used for measuring the TDS. The 
turbidity meter (model 2020WE, USA) was used to measure 
the turbidity.

The solute rejection was measured at 10 bar and calcu-
lated by Eq. (1) [27]:
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×1 100  (1)

where Cp and Cf are the concentration of pollution indices in 
permeate and feed solutions, respectively.

2.8. Membrane fouling analysis

The degree of membrane fouling was calculated quanti-
tatively using the resistance-in-series model [4]:

J
Rt

=
×

TMP
η

 (2)

where J is the permeation flux (Lm–2 h–1); TMP = trans-
membrane pressure (10 bar); h = viscosity of water at room 
 temperature. Rt is the total resistance and calculated as:

Rt = Rm + Rf + Rc (3)

where Rm is the membrane hydraulic resistance, Rf is the 
sum of the resistances caused by solute adsorption into the 
membrane pores or walls and chemically reversible cake. Rc 
is the cake resistance formed by the cake layer deposited over 
the membrane surface. Resistances values were calculated by 
the following equations:

R
jm = ×

TMP

iwη
 (4)
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jiw is the pure water flux at the beginning of the process 
(before wastewater filtration) and used to determine the Rm. 
After wastewater filtration, the membrane was perfectly 
washed in a cross-flow manner with distilled water and pure 
water flux (jfw) was measured again for using to determine 
the Rf .

3. Results and discussion

3.1. Thermodynamic stability of ternary  
(modified GO/PES)/DMAs/Water

Thermodynamic analysis reveals the effect of interaction 
potentials on the mixing and demixing of blended compo-
nents, which are often demonstrated by phase diagrams 
[24]. The ternary phase diagram of the (modified GO/PES)/
DMAs/Water combination systems are obtained from the 
cloud points measurements which are shown in Fig. 1. As can 
be seen, by increasing water concentration, the cloud point 
curve shifts closer to the (modified GO/PES)/DMAs axis 
because of the lower stability of the polymer solution. This 
phenomenon indicates that the phase separation process is 
eventually dominated by the liquid–liquid demixing. On the 
other hand, blending modified GO into the polymer solution 
reduces the thermodynamic stability and can promote phase 
inversion. This might be explained by the fact that the hydro-
philic nature of the PF-127 and PA causes water inflow into 
the nascent membrane.

The gelation boundary for the (PA/GO)/PES/DMAs/
water system is closer to the (modified GO/PES)/DMAs axis 
as compared to the other (PF-127/GO)/PES/DMAs/water sys-
tems. This result is due to the higher affinity of PA to water 
than PF-127 which results in faster liquid-liquid demixing.

3.2. Morphology of GO, PF-127/GO and PA/GO

The morphologies of GO, PF-127/GO and PA/GO were 
characterized by SEM as shown in Fig. 2. The SEM images of 
GO revealed that the surface of GO was smooth which was 
corresponding to its layered-like structure but all PF-127/GO 
and PA/GO composites exhibit three-dimensional porous 
structures, formed during the hydrothermal process. It can 
be observed that the PF-127/GO presented a honeycomb-like 
structure and uniform distribution due to the deformation 
of GO layers by strong π-π-stacking. The SEM image of  
PA/GO represents a micropore structure which is attributed 
to the fact that each PA molecule can interact with several GO 
sheets to form a branched microstructure.

3.3. Morphology of membranes

In order to understand the influence of modified GO on 
the membrane structure, cross-section of the membranes 
was observed using SEM (Fig. 3). As can be seen, all mem-
branes exhibit an asymmetric structure consisting of two 
sections, that is, a dense top-layer and a porous sublayer 
and there is no significant difference between the modi-
fied and unmodified membrane’s structure. However, it is 
clear that the addition of PF-127 and PA to GO significantly 
affected the finger-like pore size and the connectivity of the 
pores between the sub-layer and top layer of the PES mem-
branes. Generally, structures with large pores depend on 
the rate difference between the diffusion rate of non- solvent 
to casting solution and the pervasion rate of the  solvent 
to the coagulation bath [7]. The hydrophilic nature of two 
additives causes a great diffusion velocity of water into the 
nascent membrane during the phase inversion so macro-
voids grow throughout the membrane. In fact, uniform dis-
tribution of GO in casting solution due to the presence of 
additives leads to the more regular formation of macrovoids 
in the membrane.

The presence of PF-127 and PA has an important effect 
on the micelle structure of the casting solution. The vol-
ume and density of the micelles in the casting solution 
influence on the membrane structure. By increasing PF-127  
(up to 6 wt.%) and PA (up to 4 wt.%), the density and size 
of micelles increases, so membranes with dense skin layer, 
the porous sublayer, and the macroporous support layer 
will be formed. When the concentrations of PF-127 and PA 
increase more than a certain value (>6 wt.% for PF-127 and 
>4 wt.% for PA) the sublayer gradually thickened into a 
dense sponge-like structure, the finger-like holes of support 
layer became larger and gradually extended to the bottom 
of the membrane. In fact, with increasing additives concen-
tration in casting solution the viscosity greatly increases 
and the movement of macromolecules is suppressed. So the 
 liquid–liquid demixing process is delayed and the phase 
separation process is dominated by the solid–liquid demix-
ing. Comparison between (PF-127/GO)/PES and (PA/GO)/
PES membranes indicate that the membranes modified by 
PA/GO are more porous than other membranes modified by 
(PF-127/GO). It is justifiable by greater hydrophilicity of PA 
due to the six phosphates groups attached symmetrically 
to a cyclohexanehexol ring which is liable to interact with 
water molecules.

Fig. 1. Ternary phase diagram of (modified GO/PES)/DMAs/
water system.
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3.4. Mechanical properties of membranes

Table 1 shows the effect of the modified GO incorporation 
on the essential mechanical properties of the membranes. 
Generally, GO is used in polymeric matrices to improve 
the thermal, electrical and mechanical properties. Whereas 
it has high values of mechanical properties in polymeric 
matrices, this matter can be an increasing agent of matrix 
stiffness [28]. As mentioned to improve the dispersion of 
GO in DMAc solvent and better compatibility with polymer 
matrices, the GO is modified by PF-127 and PA additives. 
The uniform distribution of GO in polymer matrix can be 
prompts the mechanical property of the membrane. As 
can be seen, the tensile modulus and strength sequentially 
enhanced with increasing the modified GO content up to 
certain values. Afterward, an excessive amount of modified 
GO more than a certain concentration is leading to an 
insignificant increase in the membrane’s tensile strength 
and Young’s modulus. The GO modification significantly 
achieved the homogeneous dispersion in the PES matrix 
that improved interfacial adhesion between GO particles 
and the polymer matrix. On the other hand, the free motion 
of polymeric chains is partly restricted by the intermolecular 
forces between the polymeric chains and the GO dispersed 
uniformly in a polymer.

By increasing modified GO content (more than 6 wt.% 
for PF-127/GO and 4 wt.% for PA/GO) the static hindrance 
and coalesces of modified GO in the membrane may wreck 

the crystallinity and thus decrease the tensile strength and 
Young’s modulus.

In particular, the membranes containing 6 wt.% of 
PF-127/GO and 4 wt.% for PA/GO showed the highest mod-
uli and tensile strength that were much higher than that of 
PES itself while showing strengths comparable to that of neat 
PES membrane.

Also, the elongation at break was reasonably decreased 
with increasing values of modified GO content more than 
4 wt.% of both modified GO due to the strong interaction 
between the modified GO and the polymer, which restricts 
the movement of the polymer chains. PES membranes mod-
ified with PA/GO are more porous than those of modified 
with PF-127/GO. So these membranes have relatively less 
mechanical properties due to more porosity than others.

3.5. Contact angle measurement

Water contact angle measurement was conducted to 
investigate the hydrophilicity and surface wettability of the 
membranes. It can also be seen from Fig. 4 that the water con-
tact angle of the membranes decreases with an increase in 
the amount of modified GO (0–4 wt.%). However, a higher 
amount of the modified GO (≥4 wt.%) leads to an increase 
in the water contact angle of the membranes. The membrane 
hydrophilicity is improved by the addition of modified GO 
due to the presence of affinity and interaction between PF-127 
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Fig. 2. SEM images of (a) GO, (b) PF-127/ GO, and (c) PA/GO.
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Neat PES membrane 2wt.% (PA/GO) 

 2wt.% (PF-127/GO) 
4wt.% (PA/GO) 

4wt.% (PF-127/GO) 6wt.% (PA/GO) 

6wt.% (PF-127/GO)  8wt.% (PA/GO) 

8wt.% (PF-127/GO) 

Fig. 3. SEM cross-sectional images of the PES membranes modified with PF-127/GO and PA/GO.
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and PA as additives that used to GO modification and coagu-
lant (water) which provides a great migration of hydrophilic 
GO functional groups toward membrane surface results in 
membrane hydrophilicity enhancement and reduction of 
interface energy with water. The higher modified GO con-
tent (≥4 wt.%) will lead to a decrease in hydrophilicity due 
to the high density, aggregation of the modified GO inside 
the polymeric matrix, irregular placement of modified GO in 
membrane structure and consequently reduction of hydro-
philic functional groups on the membrane [29]. Also, all PES 
membranes modified by PA/GO have a lower contact angle 
than others. It can be attributed to the stronger affinity of PA 
than PF-127 due to the six phosphates groups attached sym-
metrically to a cyclohexanehexol ring to water molecules.

3.6. AFM analysis

AFM images of the neat and modified PES membranes 
are shown in Fig. 5. These images confirm that the neat 
PES membrane has a smoother structure than the modified 
membranes with PF-127/GO and PA/GO. The surface roughness 
parameters of membranes in scan areas of 5 µm × 5 µm 
were calculated by DME SPM software and are presented 
in Table 2. For PES membranes that modified with PF-127/
GO the Ra value of the neat membrane was about 20.36 nm 
whereas these values in samples containing 6 wt.% PF-127/GO  

reached 41.4 nm. When the content of the PF-127/GO 
was increased to 8 wt.%, the surface roughness of the PES 
membrane decreased. It might be explained by that the 
PEO part of PF-127 has lower miscibility than PPO part 
to PES; thus, it tends to separate from the hydrophobic 
PES polymer and PPO and then locates the membrane 
surface. Therefore the surface pores of the membranes were 
occupied by these organic groups consequently the surface 
smoothness increased gradually [30]. In the case of (PA/GO)/
PES membranes, modified membranes presented rougher 
surface than PES without PA/GO adding and the pores of 
prepared membranes became more visible with an increase 
of PA/GO content up to 4 wt.%. Because the bulk density of 
PES is estimated to be 1.38 g mL–1 and the bulk density of PA 
is 1.43 g mL–1, gravity has more effect on PA than PES. So, 
it is not observed the PA on the membrane surface due to 
the main gravity role. By adding more PA/GO (>4 wt.%) in 
the matrix, the roughness decreased due to the increase in 
viscosity of casting solution and aggregation of PA/GO and 
finally blocking the pores.

The Ra of the neat and (PA/GO; 4 wt.%)/PES membranes 
were 28.36 and 40.1 nm, respectively. Higher roughness 
commonly led to two changes in the modified membrane; 
an increase of efficient filtration area and a decrease of the 
anti-fouling performance. The root mean squared (RMS) is 
the root mean square average of height deviations taken from 
the mean data plane. Membrane surface roughness data that 
examined in terms of the RMS and the mean surface rough-
ness (Ra) are shown in Table 2.

3.7. FTIR analysis

Fig. 6 shows the FTIR spectrum of GO, PF-127, PF-127/GO,  
PA, PA/GO, PES and modified PES membranes. This analysis 
was conducted to observe the compositions and to identify 
the functional groups of membranes upon the introduction 
of PF-127/GO and PA/GO.

The GO represents characteristic C=O stretching vibra-
tion at 1,730 cm–1, C–OH stretching vibration at ~1,230 cm–1, 
C–O stretching vibration at ~1,040 cm–1 for the epoxy group, 
O–H stretching vibration at 3,435 cm–1, and skeletal vibration 
of unoxidized graphitic domains at 1,620 cm–1. FTIR spectrum 
of PF-127 is characterized by principal absorption peaks at 
2,884 cm–1 (C–H, stretch, aliphatic), 1,342 cm–1 (in-plane O–H 
bend) and 1,111 cm–1 for C–O stretch.

Table 1
Mechanical properties of the PES membranes modified with PF-127/GO and PA/GO

Membrane Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (mm)

Neat PES membrane 2.75 53 0.5
(PF-127/GO; 2 wt.%))/PES 3.7 69 1.87
(PF-127/GO; 4 wt.%))/PES 4.5 86 2.65
(PF-127/GO; 6 wt.%))/PES 4.7 89 2.1
(PF-127/GO; 8 wt.%))/PES 3 73 1.3
(PA/GO; 2 wt.%))/PES 3.5 61 1.67
(PA/GO; 4 wt.%))/PES 3.7 66 1.95
(PA/GO; 6 wt.%))/PES 2.6 50 1.4
(PA/GO; 8 wt.%))/PES 2.2 41 0.94

Fig. 4. Contact angle of PES membranes modified with  
PF-127/GO and PA/GO.
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Neat PES membrane 

2wt.% (PF127/GO) 

 4wt.% (PF127/GO) 

 6wt.% (PF127/GO) 

8wt.% (PF127/GO) 
 2wt.% (PA/GO) 

4wt.% (PA/GO)  6wt.% PA/GO 

 8wt.% PA/GO 

Fig. 5. AFM three-dimensional surface images of PES membranes modified with PF-127/GO and PA/GO.
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The characteristic bands for PA at 3,400 assigned as 
(O–H) group, 1,638 and 1,150 cm–1 attributed to phosphate 
hydrogen group, 500 and 1,005 cm–1 related to the phosphate 
group.

There are several characteristic bands of PES membrane 
that can be identified including aromatic C=C band at 1,450 
and 1,580 cm–1, aromatic ether (–C–O–C–) at 1,240 cm–1 and 

asymmetric/symmetric stretching of O=S=O at 1,320 and 
1,162 cm–1.

The FTIR of PF-127/GO illustrates peaks at 1,733 and 
1,222 cm–1 that are attributed to C=O and C–O, respectively, 
while the peak appearing at 1,582 cm–1 corresponds to the 
deformed C–C bond because of the existence of epoxy groups.

The FTIR spectrum of the prepared (PA/GO)/PES exhib-
its characteristic bands around 3,600 and 3,420 from the OH 
stretching vibration indicating the presence of a hydrophilic 
layer on the surface and presence of phosphate hydrogen 
group the modified membrane which confirms the proper 
embedment of the GO/PA into the PES matrix. OH group 
in FTIR spectra of (GO/PA)/PES indicates the presence of 
oxygenized functional groups in the modified PES matrix 
which was created by the hydrogen interactions of GO car-
boxyl groups and O=S=O groups of PES.

In the case of (PF-127/GO)/PES, there are some featured 
peaks in modified PES membranes, of which the peak at 
3,530 cm–1 is due to O–H stretching vibration and the peak 
at 1,654 cm–1 may be ascribed to the bonding vibration of 
C=C and C=O in GO. Also, the characteristic peaks of PF-127 
in blend membranes were overlapped by PES peaks with 
the high relative intensity of the C–O bond appearing at 
1,107 cm–1.

3.7. Membrane performance

3.7.1. Pure water permeability

Fig. 7 shows the effect of PF-127/GO and PA/GO concen-
tration on pure water permeability of the prepared mem-
branes at TMP of 10 bars. As shown, pure water permeabil-
ity of all modified PES membranes increased in comparison 
with that of the neat PES membrane. For PES membrane 
modified with PF-127/GO, pure water permeability of the 
membranes maintained between 12.4 and 26.4 Lm–2h–1 bar–1 

when PF127/GO concentration increased from 0 to 6 wt.% 
and then decreased due to additives coalesce. Also, the 
ascending trend of pure water permeability was observed for  
(PA/GO)/PES membranes up to 4 wt.% of PA/GO concen-
tration. Afterward, pure water permeability decreased 
slightly with increasing (PA/GO) content. The membranes 
with higher porosity and thinner dense top layer presented 
higher pure water permeability. There is a direct relationship 
between porosity and permeability [24].

Table 2
Roughness parameters of membrane surface calculated with 
DME SPM software

RMS (nm)Ra (nm)Membrane

12.0220.361Neat PES membrane
22.8234.732(F-127/GO; 2 wt.%))/PES
25.639.1(F-127/GO; 4 wt.%))/PES
28.441.4(F-127/GO; 6 wt.%))/PES
16.626.5(F-127/GO; 8 wt.%))/PES
24.336.3(PA/GO; 2 wt.%))/PES
27.440.1(PA/GO; 4 wt.%))/PES
21.132.1(PA/GO; 6 wt.%))/PES
15.624.7(PA/GO; 8 wt.%))/PES

(a)

 

(b) 

Fig. 6. FTIR spectra of PES membrane modified by (a) PF-127/GO 
and (b) PA/GO.
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As can be seen, pure water permeability PES membranes 
modified with PF-127/GO is in the range of permeability for 
NF membranes (1–20 Lm–2 h–1 bar–1) [31]. So these membranes 
act as NF membranes.

3.7.2. Fouling analysis

The various filtration resistances are shown in Table 3. 
The impact of surface properties on cake layer resistance, 
hydraulic resistance and on some of the resistances caused by 
solute adsorption into the membrane pores are investigated. 
The results clearly show that Rc and Rt values decreased 
substantially with increasing PF-127/GO and PA/GO con-
tents. Hydraulic resistance (Rm) of membranes modified with 
PF-127/GO is higher compared to other membranes, which 
confirms that these membranes are low porous than the 
prepared membranes modified with PA/GO. The Rf values 
suggest that introducing the modified GO might enhance 
PES membrane hydrophilicity. This is further supported by 
the Rc/Rt ratio in Table 3. As can be seen, this ratio decreased 
from 74.5% in the neat PES membrane to 16.31% for the  
(PF-127/GO; 8 wt.%)/PES membrane and 9.24% for the  
(PA/GO; 8 wt.%)/PES membrane. It is attributable to the 
reduction in hydrophobic interaction between the hydropho-
bic membrane (PES) and foulants.

3.7.3. Rejection and flux

The COD, TDS and turbidity rejection results for unmod-
ified and modified PES membranes are shown in Table 4. 
These results show a considerable rise in the COD rejec-
tion by deposition of PF-127/GO up to 6 wt.%, and PA/GO 
up to 4 wt.% in the polymer matrix. The higher contents of 
these values lead to a decrease in permeability and results 
in smooth increasing (almost constant) the COD rejection of 
wastewater because of the denser structure caused by exces-
sive PF-127/GO and PA/GO additives. In our study, because 
of the hydrophobic surface of the neat PES membrane, a rela-
tively high amount of pollutant adsorbed irreversibly on the 
surface and cake layer formed during permeation. This will 
lead to a decrease in porosity and pore size of the membrane 
surface. After additives are deposited on the membrane sur-
face, the hydrophilicity of the membrane surface is improved, 
and free water fraction is increased. Consequently, the pol-
lutant irreversible adsorption on the membrane surface is 
reduced. As a result, the COD rejection ratio of the modified 
membrane is higher than that of the corresponding neat PES 
membrane and reaches up to 94%.

Due to the thermodynamics and kinetics factors, the 
enhancement in delayed demixing by the additives fol-
lows the sequence: PF-127/GO > PA/GO. So PES membrane 
modified with PF-127/GO results in the formation of low 

Table 3
Filtration resistances of neat PES and modified PES membranes

Rc/Rt (%)Rt (×107 m–1)Rc (×107 m–1)Rf (×107 m–1)Rm (×107 m–1)Membrane

74.59.927.42.40.42Neat PES
26.73.670.982.250.46(PF-127/GO; 2 wt.%)/PES
18.83.440.652.10.50(PF-127/GO; 4 wt.%)/PES
15.382.730.421.80.51(PF-127/GO; 6 wt.%)/PES
16.311.90.312.10.40(PF-127/GO; 8 wt.%)/PES
26.373.450.912.10.44(PA/GO; 2 wt.%)/PES
20.142.780.561.760.46(PA/GO; 4 wt.%)/PES
17.152.390.411.50.48(PA/GO; 6 wt.%)/PES
9.242.380.221.70.46(PA/GO; 8 wt.%)/PES

Table 4
Performance of PES membranes modified with PF-127/GO and PA/GO

Modified GO Content 
(wt.%)

Average value of COD  
rejection in twice replicates

Average value of TDS  
rejection in twice replicates

Average value of turbidity 
rejection in twice replicates

(PF-127/GO)/PES 0 40.3 30.4 91
2 68 56 93
4 83 72 94
6 87.2 76.5 97
8 87.1 76.9 98

(PA/GO)/PES 0 40.3 30.4 91
2 70.4 59.4 95
4 74.3 65.4 95.2
6 74.9 72.4 95
8 75.5 71.6 95.1
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porous structures which consequently increases the resis-
tance against the transmission of wastewater. Obviously with 
decreasing resistance against the transmission while increas-
ing flux, the selectivity of membranes reduces. Therefore, 
PES membranes modified by PA/GO with the most flux in 
comparison with others have less selectivity than other mem-
branes and have not been able on the rejection of wastewater 
pollution indices. The results demonstrate that maximum 
COD rejection is obtained at the transmembrane pressure of 
10 bars for modified membrane by PF-127/GO with a concen-
tration of 6 wt. %.

The percentage rejections of two important parameters 
(i.e., TDS and turbidity) were also recorded for evaluation of 
membrane rejection efficiency. According to Table 4, the trend 
of TDS rejection is almost similar to that of COD rejection. It 
means that TDS rejection is increased by increasing PF-127/GO  
and PA/GO concentration. Pore size, surface porosity and 
selectivity of the membrane are main factors that affect the 
membrane performance. These additives influence these fac-
tors and cause them to change the TDS rejection. As shown in 
Table 4, in the presence or absence of PF-127/GO and PA/GO, 
turbidity rejection is above 92%. The results reveal that these 
membranes can be solely sufficient to reduce the turbidity 
of the wastewater. Therefore, adding the additives does not 
have a considerable effect on turbidity rejection.

The antifouling properties of the neat PES membrane and 
the modified PES membranes were determined by measur-
ing the flux during 2 h continuous filtration of pure water 
and oily feed solution. As shown in Fig. 8, during the first 
30 min which the pure water flux was determined, the trend 
of reducing the neat PES membrane flux relative to the mod-
ified membranes was more significant. In the next 60 min, by 
replacing the oily feed solution instead of pure water, a sig-
nificant reduction in the flux of all membranes was evident. 
This behavior refers to the concentration polarization and 
fouling of the membranes [24]. The flux of neat PES mem-
brane declined to 30.2 Lm–2 h–1 and the flux of PES membranes 
modified with 2, 4, 6 and 8 wt.% (PF-127/GO) reduced to 69, 
156.2, 166.3 and 64 Lm–2 h–1, respectively. For PES membranes 
modified with 2, 4, 6 and 8 wt.% (PA/GO) the permeation 
flux values declined to 171, 201, 181 and 150.3 Lm–2 h–1 respec-
tively. Obviously, by introducing PF-127/GO and PA/GO, the 
hydrophilic and structure of the PES membrane changes, so 
permeation flux of all modified membranes are much more 
than the neat PES membrane. The trend of permeation flux of 
all membranes is almost similar to that described in section 
(3.7.1). Forasmuch as the effects of PA/GO on the structure 
of membrane are greater than PF-127/GO, the pore size and 
porosity of the membrane with PF-127 are less than mem-
branes modified with PA/GO. So the flux of membrane with 
PF-127/GO was lower than PA/GO.

In the third step, the blocked membranes with the oily 
solution were washed with deionized water and then the 
pure water flux was determined. Under this condition, the 
permeability recovery of the modified PES membranes is 
more than the neat PES membrane. The difference in the per-
meability recovery between these membranes may be related 
to the hydrophilic surface of the modified membranes due to 
the incorporation of PF-127/GO and PA/GO. The hydrophilic 
surface of the modified membranes may adsorb water mole-
cules and by forming a layer of water, prevent the adsorption 
of oily molecules.

For antifouling properties investigation of the modified 
and unmodified PES membranes the flux measuring was car-
ried out in three consecutive runs (Fig. 9).

The permeability recovery ratio (PRR), which is defined 
as (J1 – J2)/(J0) were calculated for all PES membranes to ana-
lyze the permeability tendency of the fouled membranes and 
are presented in Fig. 10. Here, J0, J1, and J2 represent the ini-
tial permeability of the membranes at the beginning of water 
filtration, the constant membrane permeability at the end of 
filtration after 210 min and the membrane permeability just 
after the feed filtration, respectively [32].

Generally, it is found that all PRR values of the modi-
fied membranes are improved compared to the neat PES 
membranes. The PRR values of membranes modified with 
PF-127/GO increased with increasing PF-127/GO content up 
to 6 wt.% (PRR ≅ 0.31) and then decreased when PF-127/GO 
content reached to 8 wt.% (PRR ≅ 0.15). Also, the ascending 
trend of PRR values was observed for (PA/GO)/PES mem-
branes up to 4 wt.% of PA/GO concentration (PRR ≅ 0.33).

According to the flux curves, the pure water flux of the 
membranes containing PF-127/GO (6 wt.%) and PA/GO 
(4 wt.%) can be retained nearly about 252 and 300 Lm–2 h–1 
respectively after three oily solution filtration runs mean-
while the pure water flux of the neat PES membrane 
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decreased dramatically and recovery fluxes can’t reach to 
50% of membrane initial pure water flux after three oily solu-
tion filtrations. Comparison of all these data allows us to con-
clude that the blending of PF-127/GO and PA/GO with PES is 
an appropriate method to prepare antifouling filtration PES 
membranes.

4. Conclusion

PES membranes were modified by the addition of 
 different amounts of PF-127/GO and PA/GO to the casting 
solution. The effect of PF-127/GO and PA/GO additives con-
centration were evaluated on the membrane specifications 
including morphology, mechanical properties, contact angle 
and treatment ability. Addition of PF-127/GO and PA/GO to 
PES membrane significantly affected the finger-like pore size 
and the connectivity of the pores between the sub-layer and 
top layer of the PES membranes. The membrane morphology 
modified by PA/GO has presented higher porosity compared 
to membranes modified by PF-127/GO. The contact angle of 
water droplets on the membrane surface reduced from 68° 
for neat PES membrane to 55° and 52° after the embedding 
of (PF-127; 4 wt.%)/GO and (PA; 4 wt.%)/GO in PES matrix 
which is likely because of the hydrophilic nature of modified 
GO. The tensile strength displayed an increasing tendency 
with the PF-127/GO and PA/GO contents. For modified PES 

membrane with PF-127/GO (6 wt.%) and PA/GO (4 wt.%), 
the tensile strength increased 70.9% and 34.5% compared 
to the neat PES membrane. The Young modulus of (GO/
PF-127; 6 wt.%)/ PES and (GO/PA; 4 wt.%)/PES membranes 
reached 89 and 66 MPa, which increased 67% and 24% than 
the pristine PES membrane. As apparent, the addition of 
modified GO reduced the cake resistance (Rc), as well as the  
Rc/Rt% values, which coupled with the fact that cake resistance 
mainly due to extracellular polymeric resistance proved to 
be the predominant fouling mechanism suggests that intro-
ducing the PF-127/GO and PA/GO decrease the adhesion or 
the adsorption of the pollutants on the membrane surface. 
Results show that Rc/Rt ratio decreased from 74.5% in the neat 
PES membrane to 16.31% for the (GO/PF-127; 8 wt.%)/PES  
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Fig. 10. Permeability recovery ratio of modified and unmodified 
PES during continuous filtration process including three consec-
utive runs.

0

50

100

150

200

250

300

0 50 100 150 200 250 300 350

Fl
ux

 (L
m

-2
h-1

 ) 

Time (min) 

Neat PES membrane

2wt.% (PF127/GO)

4wt.% (PF127/GO)

6wt.% (PF127/GO)

8wt.% (PF127/GO)

(a) 

0

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350

Fl
ux

 (L
/m

-2
h-1

) 

Time (min) 

Neat PES membrane

2wt.% (PA/GO)

4wt.% (PA/GO)

6wt.% (PA/GO)

8wt.% (PA/GO)

(b) 

Fig. 9. Time-dependent fluxes of the membranes during contin-
uous filtration process including three runs. (a) PES membranes 
modified with PF-127/GO and (b) PES membranes modified 
with PA/GO.



F. Kouhestani et al. / Desalination and Water Treatment 171 (2019) 44–5656

membrane and 9.24% for the (GO/PA; 8 wt.%)/ PES mem-
brane. Also it was revealed that by adding modified GO, 
because of increasing surface hydrophilicity, the flux 
increased from 121.1 Lm–2 h–1 for neat PES membrane to 
258.2, 303 Lm–2h–1for (GO/PF-127; 6 wt.%), (GO/PA; 4 wt.%)/
PES membranes respectively. The PRR of the modified PES 
membranes was higher than that of the neat PES membrane. 
The average PRR values during the continuous filtration pro-
cess in three consecutive runs for the neat PES membrane is 
0.08 and these values for (GO/PF-127; 6 wt.%)/ PES, (GO/PA; 
4 wt.%)/PES are 0.3, 0.33 respectively. This indicated that the 
addition of PF-127/GO and PA/GO to the PES membrane was 
very useful for the desorption of oily molecules deposited on 
the membrane. Rejection results revealed a considerable rise 
(more than 100%) in the COD and TDS rejection by deposi-
tion of PF-127/GO and PA/GO in the polymer matrix. It is 
proved that modified PES membranes have shown an excel-
lent performance in the separation of different contaminants 
from oily wastewaters.
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