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ABSTRACT

In this paper, novel flat sheet membranes were prepared via the vapor induced phase separation
method and using the poly(propylene fumarate)/(graphene oxide/Pluronic F-68)/2-pyrrolidone
casting solutions. The membrane properties such as morphology, mechanical, hydrophilicity and
permeation properties were examined as functions of GO/Pluronic F-68 additive concentration
and exposure vapor time. These membranes were characterized by scanning electron microscopy,
Fourier-transform infrared spectroscopy, mechanical testing, molecular weight cut-off evaluation,
contact angle measurement and dynamic wetting tests. The experimental results indicated that
modified membranes exhibit significant differences in surface properties and inherent properties.
Also, exposure time has an effective role in membrane structure. So that by increasing the exposure
time up to 20 min, the structure of the membrane changed from an asymmetrical structure to a
symmetrical structure with the cellular structure. In addition, an increase in mechanical proper-
ties and resistance of membranes was observed for the poly propylene fumarate membranes mod-
ified with GO/Pluronic F-68 and exposed to vapor for 20 min. These membranes have a relatively
noticeable rejection of the local ceramic factory wastewater pollutants of properly than others.

Keywords: Vapor induced phase separation; Membrane; Poly(propylene fumarate); Graphene oxide;
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1. Introduction

Nowadays, there is a substantial emerging interest in
fundamental and applied research on wastewater treatment
using membrane filtration. There are different methods for
membrane preparation such as phase separation, sol-gel
process, stretching, interfacial reaction, track etching, micro-
fabrication, etc. In these methods, phase separations are the
most common method upon membrane fabrication [1].

Phase separation processes are mainly including non-
solvent induced phase separation (NIPS), evaporation

* Corresponding author.

induced phase separation (EIPS), thermally induced phase
separation (TIPS) and vapor-induced phase separation
(VIPS) methods. The VIPS technique is a relatively slow pro-
cess that allows a more uniform diffusion of vapor into the
polymer, which offers better control in the phase inversion
process [2]. In the VIPS, the cast film is exposed to an envi-
ronment (typically open-air) with controlled humidity. The
penetration of non-solvent into the film causes the polymer
to precipitate, which results in the formation of a thin skin
layer of a symmetric porous membrane [3].
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In the filtration industry, development of novel mem-
branes with enhanced mechanical, permeation, anti-bio-
fouling properties for membrane applications is of enor-
mous importance [4]. Poly(propylene fumarate) (PPF) is a
linear and unsaturated copolyester based on fumaric acid
[5]. It has good mechanical performance, adjustable biode-
gradability, easy processing, etc. [6]. Despite these desirable
properties, PPF has disadvantages. The main disadvantage
of the PPF in membrane separation is related to the hydro-
phobicity property of it which leads to a low membrane
flux and is easily susceptible to fouling. Therefore, efforts
should be made to solve this problem by chemical or physi-
cal modifications. Several approaches that have been widely
explored for membrane modification are include coating
with hydrophilic materials [7,8], surface grafting polym-
erization [9], the addition of additives [10-12], coating
with hydrophilic polymers [13-15] and so on.

Several critical hydrophilic materials explored for mem-
brane modification, including single-walled carbon nano-
tubes (SWCNT), multi-walled carbon nanotubes (MWCNT),
poly(ethylene glycol), graphene-based material and so on
[16]. Among them, graphene-based materials 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 [17,18].

In recent years, graphene oxide (GO) has been consid-
ered the most common hydrophilic inorganic particle that
is used for membranes modification. The presence of oxy-
genated functional groups such as hydroxyl, epoxy, and car-
boxyl in GO causes the modified membranes to have high
effective flux and better antifouling properties [19]. Also, it
takes pleasure in the high surface area, excellent mechanical
and thermal stability, biocompatibility, prominent elec-
tron transport, cytotoxicity, and cost efficiency [20,21].
Additionally, the anti-bacterial property of GO would hin-
der straight contact among the bacterial cells and GO, which
prevent bacteria growth [22,23].

It is one of the most well-known graphene derivatives
which, has been recently applied in several fields such as in
the biosensor preparation [24], biomedical applications [25],
as well as additive for membranes applied in wastewater
treatment [26,27].

One of the main problems associated with the prepa-
ration of membranes containing GO is possibly related to
the more homogenous dispersion of GO into the polymer
matrix. Graphene oxide having oxygen-containing func-
tional groups can dissolve in polar solvents. So to improve
the dispersion of it in organic solvents and better compati-
bility with polymer matrices, the GO must be modified by
suitable agents [28]. One of the modification agents that can
be used for GO dispersity in a nonpolar medium is Pluronic
F-68. Pluronic F-68 is a nonionic triblock copolymer com-
posed of a central chain of (poly(propylene oxide)) flanked
by two hydrophilic chains of (poly(ethylene oxide)). The
presence of a central hydrophobic chain of (poly(propylene
oxide)) in Pluronic F-68 structure can improve the disper-
sion of graphene in nonpolar solutions [29]. So the presence
of Pluronic F-68 into the membrane matrix is prominent
in increasing the permeability and anti-fouling resistance
and antibacterial properties for membrane applications.

The novelty in this research lies in introducing graphene
oxide/Pluronic F-68 additive to the PPF to improve the
performance of the PPF membrane for ceramic factory
wastewater filtration. In order to improve the hydrophilic
and morphological properties of PPF membrane, the
graphene oxide that has been modified by Pluronic F-68 was
added to the membrane. These membranes were prepared
with the VIPS method. The effects of the modified additive
concentrations and vapor exposure times on morphology,
mechanical properties, hydrophilicity and permeation flux
of the PPF membranes were investigated.

2. Experimental
2.1. Materials

Poly(propylene fumarate) (MW = 3,600 g/mol) was
supplied from Merck (Germany). Solvent of 2-pyrrolidone
with an analytical purity of 99% was supplied from Alfa
Aesar (Germany). Pluronic F-68 (Molar mass = 1,000 g/mol;
PEO weight content, %PEO = %70) (Molar mass of poly-
propylene glycol block: 850 g/mol, percentage of polyeth-
ylene glycol in molecule: 10%) was purchased from BASF.
Graphene oxide (GO) was purchased from ACS Material
LLC (Medford, MA).

PEG with an average molecular weight of 200 Da, 400 Da,
600 Da, 4 kDa, 20 kDa, 35 kDa, 100 kDa and 200 kDa were
supplied from M/s, Sigma Chemicals. Dextran with average
molecular weight of 70 kDa was purchased from Millipore
Sigma Chemicals, USA. DI water was obtained by a purifi-
cation system (Millipore). Wastewater used in the present
study was supplied from a local ceramic factory. Three pol-
lution indices of this wastewater, that is, turbidity, chemical
oxygen demand (COD), and total dissolved solids (TDS),
were in the range of 231 NTU, 2,131 mg/L, and 954 mg/L,
respectively.

3. Methods
3.1. Non-covalent functionalization of GO

At first, GO and Pluronic F-68 were taken in a ratio of
1:3 in a 40 mL glass vial and then 10 mL of ultrapure water
was added to dissolve Pluronic F-68. The mixture was son-
icated by using an ultrasonic bath sonicator (PCI analytics)
for 1 h at 60°C by vortexing the solution every 15 min. After
that, the GO suspension was filtrated by vacuum filtration
through a 0.22 p nylon filter. The filtrate was centrifuged
using ultracentrifuge (Sorvall Discovery M150 SE) for 6 h at
4°C, 23,000 rpm to remove the unbound Pluronic F-68. Then
the GO/Pluronic F-68 solution is lyophilized, weighed out,
dried and stored at -80°C.

3.2. Membrane preparation

For membrane preparation, at first the PPF was dis-
solved in a 2-pyrrolidone solvent with the concentration of
18%. The solution was stirred for one week to obtain a trans-
parent and homogeneous solution. After that, the Pluronic
F-68/GO additive was added, and the solution was treated
in an ultrasonic bath for 30 min to complete dissolution and
remove air bubbles to avoid membrane defects. After air
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bubbles removed, an appropriate amount of polymer solu-
tion was cast on a glass plate with a 250 pm casting knife
(casting speed of 2.5 m/min). The casting was carried out at
a temperature of 25°C and humidity of 20%. For evaporation
of the nascent membrane, the cast film was then placed in
a closed cabin with a constant humidity of 80% at various
exposure times (10, 20, 30 and 40 min), and then immersed
in the coagulation bath with DI water for complete phase
separation. After completing coagulation, the membranes
were washed with ultra-pure water and then was transferred
to distilled water overnight to wash out the rest of solvent.

3.3. Thermodynamic analysis

Ternary phase diagram was determined the diffusion
rate of coagulant in the polymeric system and represented
that whether or not a polymeric solution is suitable for mem-
brane formation [30]. For this stabilization, cloud point mea-
surement was done by the titration method. First, polymer
solution with certain given content (wt.%) was taken into
a glassware equipped with stirring. Then coagulant was
slowly dropwise added from burette to the polymer solu-
tion until the local cloudy state occurred. By weighing of
non-solvent, solvent and polymer present in the glassware,
the ternary composition of cloud point can be obtained.

3.4. Membrane characterization

For investigation of membrane structure, scanning
electron microscopy (SEM) images were made by using a
FEI Quanta 200 ESEM (ThermoFisher Scientific, Waltham,
MA, USA) under high vacuum and at a potential of 25 kV.

For this analysis, the membranes were immersed into
liquid nitrogen and cross-section samples were prepared
by creating smooth breaks of the frozen membranes using a
razor blade. The samples were then coated with a thin film
of conductive gold to minimize sample charging problems.

The bursting pressure to study mechanical stability
was determined by using SANTAM 20KN testing machine
at 25°C. At first, the membrane samples were placed with
the skin-side facing down into the bursting pressure device.
Then the plunger directly moved with a crosshead speed
of 10 mm/min onto the sample. The bursting pressure of
the device was raised continuously until it was reached to
the extent that the pressure caused the membrane to break.
Finally, the reached pressure was read from the meter of
the device. An average of the reached pressures on three
specimens was reported as a proper value.

The Fourier-transform infrared spectroscopy (FTIR,
Thermo Nicolet 210, USA) spectroscopy was performed to
analyze the membrane composition. Spectra represented cor-
respond to the average of 16 scans captured at a resolution
of 4 cm™.

For evaluation of membranes surface hydrophilicity,
contact angle measurement was done by the technical equip-
ment (JC2000D, Shanghai Zhongcheng Digital Technology
Apparatus Co., Ltd., China).

Dynamic wetting tests were done by a Camtel CDCA-
100F dynamic adsorption apparatus (Camtel, UK). The
sample was cut to a size of 1 cm x 6 cm with sharp scissors.
When the specimen was immersed to water, the weight of

adsorbed water was detected and recorded. The dynamic
water adsorption was plotted as a function of time.

Each membrane filtrate was analyzed for different pol-
lution indices of turbidity, TDS and COD using turbid-
ity DR/890 colorimeter (HACH), Myron L DS TDS Meter
model 512T4 and YSI 910 COD colorimeter, respectively.

Molecular weight cut-off (MWCO) of the prepared
membranes were determined by the rejection studies of
different molecular weights of PEG (400 Da, 4 kDa, 6 kDa,
10 kDa, 20 kDa, 35 kDa, 100 kDa and 200 kDa) and also dex-
tran 70 kDa. Solute rejection measurements were conducted
in a stirred batch cell at 140 kPa pressure and 1,500 rpm.
The permeate samples were analyzed using a refractom-
eter (Abbe Refractometer Model 2WA]J, Australia). In this
study, the molecular weight corresponding to 90% rejec-
tion was estimated as the MWCO of the membrane. The
rejection values were plotted against the molecular weight
of the solutes in a semi-logarithmic curve. The rejection
was calculated using the following equation [31]:

o, CP
R(%)= oo x 100 (1)

f

where C, and C are the concentration of solute in the feed
and permeate, respectively.

The average pore radius of the membranes was achieved
using Eq. (2) [32].

0.557

r. =16.73x10"(MW) 2)

where 7_is in nm and MW is in Da.

In order to measure the membrane porosity, the mem-
brane sample with a certain dimension was dipped in water
for 24 h. Then, the surface of the species was dried by fil-
ter paper and immediately weighed. After that, the mem-
branes were dried in an oven at 50°C for 24 h and weighed
again. Overall porosity (¢) was determined with the
gravimetric method using the following equation [33]:

o) = Mo = We.
S(A))—Axlxdwxloo (3)

where W , W, A, l and d  are wet and dry membrane weights
(g), the surface area of membrane sample (cm?), membrane
thickness (cm) (measured by a digital micrometer (Mitotoyo,
Japan)) and water density (0.998 g/cm?), respectively.

3.5. Evaluation of membrane performance

To evaluation of the prepared membrane performance
in ceramic factory wastewater filtration, batch cross-flow
filtration was selected. The laboratory-scale membrane
test unit that used in this research has mainly consisted
of a feed tank, pump, and membrane module. Pure water
flux (PWF) and rejection measuring were determined at a
transmembrane pressure of 7 bar at ambient temperature.
The retentate and permeate were returned to the feed tank
in order to maintain constant concentration. Permeate flux
was obtained from the volume of the permeate within 60
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and 30 min for pure water and ceramic factory wastewater
respectively and calculated as [34]:

J= @

where | (L m™h) is the permeation flux, m (Kg) is the total
weight of permeate in At (min) time, and A (m) is the mem-
brane area. Membrane rejection (R) was measured at 7 bar
according to Eq. (1) that C, and C,are the concentration of
permeate and feed, respectively.

3.6. Preparation of the suspension culture of bacteria

Escherichia coli DH50 was taken on this research. First,
LB medium was prepared by weighing the appropriate
powder medium and adding to water in a sterile flask.
Then the broth autoclave and cool to room temperature and
consequently in a laminar flow chamber, transfer approxi-
mately 1 mL of overnight E. coli culture to the flask. Finally,
seal the mouth of the flask with sterile cotton and incubate
overnight at 37°C with continuous shaking.

3.7. Evaluation of anti-bacterial and anti-biofouling
properties of membranes

The anti-bacterial property of modified membranes was
evaluated as follows: after injection of E. coli bacteria to the
suspension culture and incubation under constant agita-
tion rate of 180 rpm for 10 h at 37°C, resulting suspension
was diluted to about 107 (CFU)/mL by phosphate-buffered
saline (PBS). The diluted suspension was pipetted into an
agar plate and then exerted throughout the surface. The
membrane samples that were cut (2 cm? x 2 cm?), then
placed on the agar surface and were incubated at 37°C for
24 h. After that, the plates were visually investigated for the
bacteria colonies.

For investigation of the anti-biofouling property, the
sterilized membranes were immersed in 10 mL bacterial
suspension comprising 106 CFU/mL E. coli and incubated
in the shaking incubator at 37°C for 12 h. After that, the
membranes were removed from bacterial suspension and
rinsed with DI water. SEM images were employed to study
the surface of the unmodified and modified membranes.
Moreover, the bacterial solutions were diluted with phos-
phate-buffered saline up to the concentration of 1 x 107 cell/
mL. 1 mL of the diluted suspension was spread onto the
surface of agar petri-dishes and incubated for 24 h at 35°C.
The colonies were counted to estimate the number of viable
E. coli remaining in the suspensions.

4. Results and discussion
4.1. Thermodynamic analysis

A ternary phase diagram can be present the thermody-
namic states of the polymer solution. The phase separation
in the VIPS process is based on the nucleation and growth
mechanism and, or the spinodal decomposition mecha-
nism. If the composition of the polymer solution locates in
the meta-stable region, nucleation and growth mechanism

occurs, resulting in a closed and cellular pore. A bi-contin-
uous or a droplet morphology will form if the composi-
tion of the solution locates in the unstable region (spinodal
decomposition mechanism). The ternary phase diagram of
the (modified GO/PPF)/2-pyrrolidone/Vapor combination
systems is obtained from the cloud points measurements
which are shown in Fig. 1. As can be observed, the bimodal
curve is shifted toward the modified polymer/solvent axis
by increasing water concentration, which is even more
noticeable the lower stability of the polymer solution. The
hydrophilic nature of the Pluronic F-68 promotes water
vapor inflow and causes lower thermodynamic stability.

4.2. Characterization
4.2.1. FTIR analysis

The FTIR spectrums of GO, Pluronic F-68, Pluronic F-68/
GO, PPF and (Pluronic F-68/GO)/PPF membranes are shown
in Fig. 2. In the FTIR spectra of GO, the strong and broad
O-H stretching vibration band is evident at 3,410 cm™. Also,
C=0 stretching vibration band at 1,730 cm™, C-O stretch-
ing vibration at 1,087 cm™ for the epoxy group, and O-H
deformation vibration band at 1,404 cm™ were observed.
The Pluronic F-68 represents characteristic O-H stretch-
ing vibration at 3,433 cm™, C-H stretching vibration at
~2,886 cm™, and C-O stretching vibration at ~1,116 cm™.
For PPF, the ester carbonyl bonds and C=C stretching
appeared at 1,724 and 1,640 cm™, respectively. The FTIR
of Pluronic F-68/GO exhibits characteristic peaks around
1,733 and 1,222 cm™ ascribed to C=0 and C-O, respectively.
A specific peak appearing at 1,582 cm™, indicating the defor-
mation of C-C bond due to the existence of epoxy groups.
The spectrum of the (Pluronic F-68/GO)/PPF blending
membrane exhibits bands at 3,530 cm™ due to O-H stretch-
ing vibration, 1,654 cm™ ascribed to the bonding vibration
of C=C, and C=0 in GO. The existence of oxygenized func-
tional groups in (Pluronic F-68/GO)/PPF FTIR spectrum
can be related to hydrogen interactions between the C=0O
groups of PPF and the -COOH groups of GO. Additionally,
the characteristic peaks of Pluronic F-68 in blend mem-
branes were overlapped by PPF peaks with the high rel-
ative intensity of the C-O bond appearing at 1,107 cm™.

4.2.2. SEM result

To evaluate the effect of GO/Pluronic F-68 and pro-
cess parameters, including exposure time on the mem-
brane structure, the SEM images were applied (Fig. 3). PPF
is an amorphous polymer and SEM image of the neat PPF
membrane show a finger-like structure.

SEM results of modified membranes with GO/Pluronic
F-68 at exposure time of zero exhibit finger-like structure
with a dense top-layer and porous sublayer. It is clear that
by Pluronic F-68 loading to GO the finger-like pore size
and the connectivity of the pores between the sub-layer and
top-layer of the PPF membranes was changed.

The addition of GO/Pluronic F-68 causes a great dif-
fusion velocity of water to the nascent membrane during
the phase inversion, so macrovoids grow throughout the
membrane. Homogeneous dispersion of the GO within the
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Fig. 1. Ternary phase diagram for modified PPF membrane prepared by VIPS process.
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Fig. 2. FTIR spectra of Pluronic F-68, GO, Pluronic F-68/GO, PPF and membrane modified by Pluronic F-68/GO.

polymer matrix and preventing the aggregation of the GO
by Pluronic F-68 loading, results in the more regular forma-
tion of macrovoids in the membrane. The micelle structure
of the casting solution is mainly depends on the Pluronic
F-68 presence on it. So that the density of the micelles influ-
ences the membrane structure. Results show that the size
of micelles was increased by increasing GO/Pluronic F-68
up to 4 wt.% and consequently, the membranes with the
macroporous support layer, dense skin layer and porous
sublayer was formed.

An increase with a higher concentration of GO/Pluronic
F-68 (>4 wt.%), the sublayer gradually changed into a dense
sponge-like structure and the finger-like structure of the sup-
port layer displayed larger holes and extended to the bottom
of the membrane. This increase indicates a delay in liquid-
liquid demixing process and an acceleration in solid-liquid
demixing.

In the presence of GO/Pluronic F-68 additive, the inter-
action between polymer and solvent molecules decreases,
so that solvent molecules can diffuse more easily from the

polymer matrix into coagulant. Thus, surface pore size and
porosity of the impregnated membrane with GO/Pluronic
F-68 additive can be larger than the neat PPF membrane.
It’s clear that an increase with a higher concentration of
this additive (>4 wt.%), significant agglomeration takes
place.

The Effect of exposure time on membrane morphology
was illustrated in Fig. 4. Results show that by increasing the
exposure time up to 20 min, the structure of the membrane
changed from an asymmetrical structure to a symmetrical
structure with the cellular structure. At zero time, the mem-
brane structure may not change significantly during the
VIPS step and the phase inversion occurs mainly by NIPS
step and no VIPS occurred. The resulting morphology is
similar to typical morphologies obtained by the dense layer
and finger-like macrovoids.

At the time of 10 min, the mechanism of the phase
inversion is a combination of VIPS and NIPS. So the struc-
ture of membranes is a combination of dense layer and fin-
ger-like macrovoids with sponge-like pores.
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At the time of 20 min, the mechanism of membrane for-
mation is the VIPS process. Regarding the amorphous nature
of the PPF polymer, the membrane morphology is the cellu-
lar-like structure due to the coarsening of the polymer-lean
phase at the late stage of phase separation.

Also, by increasing the exposure time up to 20 min, the
surface porosity was increased. However, this increase is
not observed at further exposure of time. When the form-
ing membrane was in contact with water vapor for a fixed
period of time prior to the immersion in the water bath,
the non-solvent vapors gradually interacted with the cast
dope solution and penetrated it. So the phase separation
process is mainly influenced by the vapor-induced time,
which determines the content of adsorbed non-solvent.
At higher exposure time (more than 20 min), wetting is
prevented by air pockets trapped between the polymer
and liquid phases. So with an increase in exposure time
(>20 min), no further increase in surface porosity was seen.

4.2.3. Membrane porosity

The overall porosity information of prepared mem-
branes is presented in Fig. 5. This result reveals that GO/
Pluronic F-68 modified membranes offer the greater void
capacity to a higher degree compared with neat PPF mem-
brane. This is attributed to the presence of additives and
their effect on phase inversion kinetic, that is, the rate of
membrane precipitation during replacement of solvent and
non-solvent. An increase in porosity up to 77.6% is also seen
with increasing exposure time up to 20 min which is due to
the expansion of the cellular structure throughout the mem-
brane by increasing exposure time.

4.2.4. Contact angle measurement

Since PPF is a hydrophobic polymer, its hydrophobic-
ity can be reduced significantly by adding of hydrophilic
compounds. Fig. 6 illustrates the results of this measure-
ment. As shown in Fig. 6, generally modification with
GO/Pluronic F-68 is a useful method for increasing PPF
membrane hydrophilicity. As can be seen, an increase
in the level of hydrophilicity was found upon increasing

—@— Exposure time: 0 min

Exposure time: 10 min

57

GO/Pluronic F-68 loading from 0 to 4 wt.%. Also, it is
observed that the contact angle is decreased by increasing
the exposure time up to 20 min due to the high porosity of
membranes than others (Fig. 7).

4.2.5. Dynamic wetting

The results of the water adsorption tests reveal the
dynamic wetting behavior of the prepared membranes. The
membrane shows very low adsorption before the addition
of GO/Pluronic F-68, as shown in Fig. 8. When the sample is
immersed into water, the effect of buoyancy of water pushes
the materials upwards since the surface contact angle is
almost 83°. This observation confirms the hydrophobic
behavior of the PPF membrane. It can be seen from Fig. 7
that the adsorption curve of the modified porous membrane
(Pluronic F-68/GO: 4 wt.%, exposure time: 30 min) displays
a contrary evolution to that of the unmodified membrane.
The Pluronic F-68/GO addition considerably improves the
water adsorption properties of the PPF membrane due to
the lower contact angles.

4.2.6. Mechanical stability measurement
4.2.6.1. Effect of GO/Pluronic F-68 content

In order to improve the mechanical properties of PPF
membranes, blending with GO/Pluronic F-68 was followed.
Table 1 shows the effect of GO/Pluronic F-68 addition on
PPF membranes on essential mechanical properties. As
can be seen the tensile modulus and strength sequentially
enhanced with increasing the GO/Pluronic F-68 concentra-
tion (wt.%) up to certain values. Excessive addition of GO/
Pluronic F-68 more than a certain concentration is lead-
ing to an insignificant increase in the membrane’s tensile
strength and Young’s modulus.

The non-covalent functionalization of GO has an effec-
tive role in homogeneous dispersion in the PPF matrix. So
interfacial adhesion between GO particles and polymer
matrix can be improved. Additionally, the intermolecu-
lar forces between the polymeric chains and the GO dis-
persed uniformly in polymer causes the restriction of free
motion of polymeric chains.

Exposure time:20 min

Exposure time: 30 min —@— Exposure time: 40 min
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Fig. 5. Overall porosity evaluation of prepared membranes.
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Fig. 6. Contact angle of the prepared membranes (exposure time: 0 min).
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Fig. 7. Contact angle of the prepared membranes (GO/Pluronic F-68 content: 4 wt.%).
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Fig. 8. Dynamic water adsorption of PPF membrane before and
after modification.

The lower mechanical properties of the reinforced mem-
branes at higher concentration of GO/Pluronic F-68 (more
than 4 wt.%) compared to another one may be attributed
to high porosity and large cavities that occur in the mem-
brane structure.

4.2.6.2. Effect of exposure time

As the SEM results showed, exposure time plays an
effective role in membrane morphology. So this parameter
enables to adjustment the mechanical stability of the mem-
brane. According to SEM results, the morphology of the
membranes tends to cellular structure when the exposure
time increases from 0 to 20 min. Generally, by the forma-
tion of symmetric cellular structures the mechanical prop-
erties strengthened than the asymmetric structure of the
dense skin layer with finger-like macrovoids obtained from
the NIPS process (zero exposure time). Also, the mechan-
ical properties of modified membranes decreased with
increasing exposure time from 20 to 40 min. This behav-
ior may be attributed to coalesces of GO/Pluronic F-68 and
higher crosslinking density results in crystalline wrecking.

4.2.7. Measurement of the MWCO and average
pore size of the prepared membranes

The MWCO results for all the membranes were deter-
mined individually based on the percentage rejection
data of PEG and dextran (Fig. 9 and Table 2). As observed,
the MWCO increases by GO/Pluronic F-68 concentra-
tion up to 4 wt.%. Also, it is observed that the MWCO is
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Table 1

Mechanical properties of the PPF membranes modified with GO/Pluronic F-68

59

Exposure Pluronic F-68/GO Tensile strength Young’s modulus Elongation at
time (min) content (wt.%) (MPa) (MPa) break (mm)
0 2.7 72 1.93
2 3.5 82 2.36
0 4 4.2 88 2.3
6 3 73 1.1
0 3.3 74 21
2 3.7 85 2.41
10
4 4.6 91 2.5
6 4 88 1.93
0 3.7 76 2.3
20 2 4.8 88 2.6
4 5 94 2.3
6 42 90 2.1
0 3.1 73 1.95
30 2 3.7 83 2.61
4 45 89 2.38
6 34 76 1.45
0 29 71 1.96
2 3.6 84 24
40 4 4.3 90 2.36
6 3.2 75 127
Table 2
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Fig. 9. Rejection rate curve of different molecular weights of
solute for prepared membranes (exposure time: 20 min).

increased by increasing the exposure time up to 20 min due
to the high porosity of membranes than others. Generally, a
highly porous membrane offers lower solute rejection and
hence higher MWCO. Therefore, at the 4 wt.% concentra-
tion of GO/Pluronic F-68 with an exposure time of 20 min, a
more porous membrane with a higher MWCO of 97.8 kDa
was obtained. However, for neat membrane (exposure time
of 0 min), the lowest MWCO of 29.2 kDa was obtained
due to its dense and thicker membrane morphology.

MWCO and average pore size of prepared membranes

Exposure Pluronic F-68/GO  MWCO  Average pore
time (min) content (wt.%) (kDa) size (nm)
0 29.2 513
2 32.6 5.46
0 4 443 6.47
6 30 5.21
0 32.5 5.45
10 2 38.6 6
4 65.4 8.049
6 34.8 5.66
0 36 5.77
20 2 75.6 8.72
4 97.8 10.07
6 44 6.45
0 34 5.59
2 40.2 6.13
30 4 77.3 8.83
6 38.3 5.97
0 284 5.05
2 30.3 5.24
40 4 40.7 6.18
6 28.1 5.02
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The unmodified membrane (exposure time: 0 min) has
the smallest average pore size of about 5.13 nm on the
membrane surface, as tabulated in Table 2. The trend of the
average pore size is similar to that of MWCO. So, the pre-
pared membrane with GO/Pluronic F-68 concentration of
4 wt.% (exposure time: 20 min) has a higher average pore
size than others. The increased average pore sizes of the
resultant blend membranes up to 4 wt.% were due to the
increasing nature of immiscible phase behavior of blend,
attributed to low molecular attractive forces between the
blend components, and as a result produced membranes
with open (more extensive) pores size.

4.3. Anti-bacteria and anti-biofouling performance

Figs. 10 and 11 show some typical results indicating
the anti-bacteria and anti-biofouling of prepared mem-
brane performance. The high reduction in bacteria density
can be observed around modified membrane concerning
another one. Hydrophilic modification of PPF by Pluronic

F-68/GO can decrease bacterial proliferation. Since the
bacteria tend to grow on hydrophobic surfaces, so hydro-
philic surfaces may prohibit bacterial proliferation.

Anti-biofouling behavior of the neat and modified
membranes evaluated after immersing in E. coli suspen-
sion. The anti-biofouling performance of membranes
was studied by CFU, determining on neat and modified
membrane specimens. Fig. 11 illustrates the CFU results
of E. coli. As can be seen, a highly significant decrease in
CFU is observed in the presence of modified membranes
compared to the unmodified ones. Also, the SEM analy-
sis was conducted to investigate further the anti-biofoul-
ing behavior of the membrane samples (Fig. 12). The neat
PPF membrane surface was covered by bacterial conges-
tion, while the coverage of modified membrane surfaces
was significantly lower with several isolated bacterial
colonies. In fact, by forming the hydration layer near the
surface resulting in hydrophilicity of the membrane, the
energy barrier is created. So the bacteria and pollutants
kept away from approaching the membrane surface.

Fig. 10. Images of bacteria growth on (a) neat PPF and (b) PPF/Pluronic F-68/GO (4 wt.%) membranes.
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Fig. 11. CFU results of Escherichia coli on modified and unmodified membranes.
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Fig. 12. SEM image of membranes surface after immersing in Escherichia coli suspension, (a) neat PPF membrane,
(b) PPF/Pluronic F-68/GO (4 wt.%) (exposure time: 0 min), and (c) PPF/Pluronic F-68/GO (4 wt.%) (exposure time: 20 min).

It is noticeable that additive role is predominant in
the investigation of anti-bacteria and anti-fulling behav-
ior, so exposure time has little role in anti-bacteria and
anti-fulling properties.

4.4. Membrane permeability and rejection performance

The results of pure water permeability of prepared
membranes are presented in Fig. 13. As shown, the pre-
pared membranes with modification by Pluronic F-68/GO
present higher pure water permeability than the neat PPF
membrane. This value enhances by considering Pluronic
F-68/GO up to 45%. After adhesion of Pluronic F-68/GO
additive up to 4 wt.% in the casting solution, the abundant
oxygenate functional groups increased in the membrane sur-
face that may lead to more hydrogen bonds between water
molecules and the surface of the membrane. Therefore, the
tendency to absorb water increases. By increasing the expo-
sure time Up to 20 min, the prepared membrane presents
higher pure water permeability in comparison with those
that were not exposed to vapor.

The influences of the Pluronic F-68/GO contents and
vapor exposure time s on the permeation flux are shown in

Fig. 14. Obviously, the permeation flux increases with the
introduction of additive. As can be seen in Fig. 14, the per-
meate flux of all membranes reduces drastically with time,
which is rapid during the first 10 min and then followed
by a more gradual decline until becomes constant. This
behavior refers to concentration polarization and fouling
of the membranes. The trend of the wastewater perme-
ation flux is almost similar to that of pure water flux. So,
the prepared membranes exposed to vapor up to 20 min
have higher fluxes than others.

When the exposure time increased up to 20 min, the
membrane structure changed from asymmetrical to the
symmetrical and cellular structure by the coarsening of
the polymer lean phase, at the late stage of phase inver-
sion. Therefore, the size of the cell increased, resulting in
a pore size enlargement. Thus, higher membrane permea-
bility could be recorded. After that, by more increasing, the
coalescence of the polymer-rich phase results in a decrease
the interconnectivity of pores.so there is no inter-connection
between the pores. Consequently, a decrease in the mem-
brane permeability occurs.

The COD, TDS, and turbidity rejection results for unmod-
ified and modified PPF membranes are shown in Table 3.
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Fig. 13. Pure water permeability of prepared modified PPF membranes.

Since the surface of the neat PPF membrane is hydropho-
bic, a relatively high amount of pollutant adsorbed on the
surface irreversibly and leads to cake layer formation. So,
a decrease in porosity and pore size of membrane surface
occurs. After deposition of Pluronic F-68/GO on the mem-
brane surface, the hydrophilicity of the membrane surface is
improved and free water fraction is increased. Consequently,
the irreversible pollutant adsorption on the membrane sur-
face is reduced. As a result, the COD rejection ratio of the
modified membrane is higher than that of the corresponding
neat PPF membrane and reaches up to 94%.

The TDS rejection result is also similar to COD rejection.
It means that TDS rejection is increased by adding Pluronic
F-68/GO additive to polymer matrix. As shown in Table 3,

Table 3
Evaluation of PPF membranes modified with Pluronic F-68/GO

in the presence or absence of Pluronic F-68/GO additive, the
turbidity rejection is above 90%. The results indicate that
these membranes can be solely sufficient to reduce turbid-
ity of the wastewater. Therefore, adding the additives does
not have a considerable effect on turbidity rejection. At a
higher exposure time which forms low porous structures
(granular structure), the resistance against the transmis-
sion of wastewater increases. Obviously, with increasing
in resistance against the transmission, the selectivity of
membranes increases.

Furthermore, the anti-biofouling performance of mem-
branes shows that the Pluronic F-68/GO modified mem-
branes have anti-biofouling properties, since some of the
pollutants are biological, so they are expected to perform

Exposure Pluronic F-68/GO  Average value of COD Average value of TDS Average value of turbidity
time (min)  content (wt.%) rejection in twice replicates rejection in twice replicates rejection in twice replicates

0 42 32 90

2 69 54 91.1
0 4 80 73 92

6 85 78 925

0 45 35 91.9
10 2 71 51 92.1

4 83 71 93

6 87 81 93.2

0 46 40 92
20 2 74 57 92.4

4 85 77 93

6 89 85 93.5

0 50 42 93

2 77 59 93.2
30

4 87 80 93.4

6 92 88 93.8

0 53 46 93

2 86 69 93.5
40 4 91 84 9%

6 94 90 94
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Fig. 14. Permeate flux of ceramic factory wastewater through the prepared membranes, (a) exposure time: 0 min,
(b) exposure time: 10 min, (c) exposure time: 20 min, (d) exposure time: 30 min, and (e) exposure time: 40 min.

well in rejections. Generally compared to other ultrafiltra-
tion membranes, the Pluronic F-68/GO modified membranes
had better performance [35-37].

5. Conclusion

In this paper, the propylene fumarate membranes
were modified with Pluronic F-68/GO additive. These
membranes were prepared via the VIPS process. In terms
of effective parameters in membrane formation, Pluronic
F-68/GO concentration and vapor exposure time were
evaluated. Membrane morphology, mechanical proper-
ties as well as membrane performance are presented. PPF

membrane hydrophilicity was changed by adding Pluronic
F-68/GO to the casting solution (up to 4 wt.%), and the
hydrophobic interaction between the membrane surface
and pollutants is decreasing. Different trends and morphol-
ogies have been observed at various exposure times. At
lower times (<20 min), there is a finger-like structure that
is formed. At higher times (>20 min), cell-like and granular
structures tend to form. It was revealed that the mechan-
ical properties of the (Pluronic F-68/GO)/PPF membranes
increase with increasing the Pluronic F-68/GO content up
to 4 wt.%. The lower mechanical properties of the rein-
forced membranes at higher concentration of GO/Pluronic
F-68 (more than 4 wt.%) compared to another one may be
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attributed to high porosity and large cavities that occur in
the membrane structure. Also, by the formation of sym-
metric cellular structures at higher exposure times, the
mechanical properties strengthened than the asymmetric
structure of the dense skin layer with finger-like macro-
voids obtained from the NIPS process (zero exposure time).
The experimental results generally showed that the addi-
tion of GO/Pluronic F-68 also increased the MWCO and
average pore size of Pluronic F-68/GO blend membranes.
The modified PPF membranes displayed higher resis-
tance to biofouling than the unmodified membranes. SEM
analysis revealed that less bacterial coverage and growth
occurred on the modified PPF membrane surfaces. These
membranes present higher pure water permeability in
comparison with the neat PPF membrane. It is important
to note that the membranes modified with Pluronic F-68/
GO have a high ability to reduction of wastewater pollution
indices in comparison with the neat PPF membrane.
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