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rties and anti-bacterial/anti-
biofouling activity of polysulfone–graphene oxide
composite membranes phase inversed in graphene
oxide non-solvent†

V. R. S. S. Mokkapati,*ab Derya Yuksel Koseoglu-Imer,cd Nurmiray Yilmaz-Deveci,e

Ivan Mijakovica and Ismail Koyuncucd

A new and facile method for the fabrication of polysulfone–graphene oxide composite membranes is

reported, where after casting, phase inversion is carried out with graphene oxide flakes (GO) in

a coagulation bath. The membranes were characterized and the morphology was analysed using

scanning electron microscopy. A bacterial inhibition ratio of 74.5% was observed with membranes

fabricated from a very low concentration of di-water–GO non-solvent (0.048% of GO). The membranes

were successfully tested for permeate flux and fouling resistance using activated sludge filtration from an

MBR system. The observed trend shows that GO can operate as a protective barrier for membrane pores

against the bacterial community. To our knowledge this is the first time where the immersion

precipitation mechanism was carried out in a coagulation bath with GO flakes under continuous stirring.

Using this method, a very low concentration of GO is required to fabricate membranes with

conventional GO composite membrane properties and better selectivity.
Introduction

Anti-bacterial activity of graphene and graphene derivatives has
attracted considerable attention of the scientic community,
although many controversies around this issue remain to be
resolved.1 In particular, graphene oxide (GO) in combination
with several polymers has been extensively studied, and is re-
ported to be more effective in specic concentrations against
certain types of bacteria.2 In addition, GO has also been surface
modied3 and/or doped4 to increase its anti-bacterial perfor-
mance. Recently, it has also been established that the ake size
of GO plays an important role.5,6

While considering the anti-bacterial activity of GO as
a function, it is also equally important to consider the param-
eters and aspects of GO integration with the polymer. Most
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common method of GO integration within membrane matrix is
by wet phase inversion7–9 (immersion precipitation), where aer
casting, the polymer solution blended with GO is phase
inversed in a coagulation bath with a non-solvent. During phase
inversion, the solvent from the polymer solution is removed
resulting in a porous solidied membrane. The method of
phase inversion also depends on the type of polymer and the
solvent used to dissolve the polymer. The membrane structure
aer the phase inversion is the combination of phase separa-
tion and mass transfer. The two most important questions that
arise during membrane formation are:

(1) What exactly happens during the phase inversion
process? And (2) what is the effect of the particulates (from non-
solvent which is generally di-water) on the morphology and
properties of the solidied membranes?

(1) The development of asymmetric membranes has been
a signicant step towards the application of ultraltration for
high ltration rates.10 The properties of the fabricated
membranes can be controlled by various parameters like choice
of polymer, solvent and the non-solvent.11 Phase transition is
carried out due to the interchange of solvent and non-solvent by
diffusion12 in which a homogenous polymer solution is trans-
formed into two phase systems: (a) a solid polymer rich phase
which forms the membrane and (b) liquid polymer poor phase
which forms the pores.13,14 In this process, precipitation of the
polymer is carried out by solvent loss and non-solvent
penetration.
This journal is © The Royal Society of Chemistry 2017
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(2) In our study we present a new and facile method for the
fabrication of polysulfone (PSF)–GO composite membranes
where aer polymer casting, lms were phase inversed in GO–
di-water coagulation solution rather than in only di-water. The
membranes were characterized for their physical and surface
properties which fared far better compared to the membranes
fabricated earlier15 with much higher GO concentrations, which
were phase inversed in di-water. We also discuss the effect of GO
akes ratio on the properties of these fabricated membranes.
Experimental
Materials and methods

Polysulfone (PSF) was purchased from Solvay (UdelPSU 3500,
Mw ¼ 77 000 Da) and polyvinylpyrrolidone (PVP) (Mw ¼ 35 000)
was purchased from ISP (USA). N,N-Methyl pyrrolidine (NMP)
was purchased from Sigma and used as a solvent. Graphene
oxide (GO) was purchased from Graphene Supermarket Inc
(USA), having a ake size of 0.5 to 5 microns with atleast 60%
being one atomic layer. All chemicals in this study were used
without further purication.
Fabrication of bare and graphene oxide composite
membranes

PSF dope solution was prepared at room temperature and the
quantities were determined according to wt%. The membranes
were casted using an aluminum casting knife followed by
solvent evaporation and phase inversion in GO coagulation
solution (except for the control membrane where the phase
inversion was carried in di-water as non-solvent).

Immersion precipitation method was used to fabricate the
bare (polymer) and GO integrated membranes (composite). In
the rst step, PVP (6%, w/w) was added to the solvent (NMP)
under continuous stirring for approximately 20 min until it was
completely dissolved, followed by the addition of PSF pellets
(16%, w/w) and le for 24 h in order to obtain homogeneous
solution. PVP was used as a hydrophilic additive and pore agent
and its concentration was selected as 6% (w/w) according to
literature studies16–18 for the fabrication of nger-like
membrane cross section. PVP increases the viscosity of the
cast lm and this slows down the diffusional exchange rate of
the solvent (NMP) and non-solvent (di-water) during the
membrane formation in the coagulation bath. So, the change in
PVP concentration changes the rate of phase inversion resulting
Fig. 1 Schematic representation of PSF–GO membrane casting and
phase inversion.

This journal is © The Royal Society of Chemistry 2017
in sponge-like or nger-like cross-section membrane
morphology.19

Aer the preparation of casting solution, the solution was
kept in an ultrasonic bath for 2 h followed by membrane
casting. The casting solution was attened using a casting knife
(180 microns) followed by phase inversion of the casted
membrane in GO solution bath which was maintained under
continuous stirring.

An automatic lm applicator (Cambridge, UK, Sheen auto-
matic lm applicator) with a casting knife (with adjustable
thickness) was used for membrane casting. A specic volume of
homogeneous dope solution was poured on a glass surface
followed by casting the PSF solution with a constant velocity
(100 mm s�1). The lm was le for 10–20 s for the solvent to
evaporate, followed by placing the casted solution along with
the glass plate in a coagulation bath with di-water for phase
inversion. The same process was followed to fabricate GO
integrated membranes, except that the phase inversion was
carried out in different concentrations of GO for different
membranes (Fig. 1). Graphene oxide solution concentrations: 1/
60 ¼ 0.009%, 1/40 ¼ 0.012%, 1/20 ¼ 0.024%, 1/10 ¼ 0.048% (all
these concentrations were calculated from the GO stock of 497
mg/100 mL). Three sets of membranes were fabricated for each
GO concentration. For each membrane that was casted for
a specic GO concentration, GO solution was replaced with
a fresh solution to maintain the initial GO concentration. The
fabricated membranes were further transferred to a bath lled
with distilled water to prevent any biological growth and to
evaporate the remaining solvent.
Membrane characterization methods

Permeability experiments were carried out using a dead-end
stirred cell ltration system (Sterlitech, HP4750) pressurized
with nitrogen gas. For all the experiments, the membranes were
initially compacted at 10 bar for 1 h followed by monitoring the
ux prole gravimetrically in real time. At least three different
membranes were subjected to hydraulic membrane perme-
ability at different transmembrane pressures ranging from 2–4
bar. Properties of the ltration system are indicated in Table 1.

Permeability is calculated using the equation:

Permeability
�
L m�2 h�1 bar�1

� ¼ Jp

DPtm

(1)

where Jp is the permeate ux (L m�2 h�1) and DPtm is the
transmembrane pressure (bar).
Table 1 Technical properties of the filtration system

Parameter Value

Membrane diameter 49 mm
Active membrane
area

14.6 cm2

Volume 300 mL
Maximum pressure 69 bar
Maximum
temperature

121 �C

RSC Adv., 2017, 7, 4378–4386 | 4379
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Permeability tests were carried out for at least 3 times for all
the mentioned membranes with and without GO.

The contact angles of the membranes were measured on KSV
Attension Theta contact angle device using sessile drop mode
on dried membranes. For ensuring the accuracy of the
measurement, the analysis was performed at four different
locations on the membranes. The roughness values (RMS) of
membranes were determined with optic prolometer (Digital
Instruments). Before observations, the membranes were dried
at room temperature. Membrane samples were xed on a glass
slide and scanned over 10.0 mm � 10.0 mm.

The cross-section morphologies of the resulted membranes
were directly observed with SEM (Philips-XL30 SFEG) in high
vacuum mode aer coating with a thin layer of gold to observe
the pore structure. Before the SEM analysis, the membrane
samples were immersed in ethanol/water solutions at room
temperature followed by step dehydration with 25, 50, 75 and
100% ethanol for 10 min. The membranes were then dried at
room temperature to be ready for SEM scan.

The mechanical properties of bare and GO nanocomposite
membranes were measured using SII DMS 6100 Exstar dynamic
mechanical analyzer. Membranes were mounted between the
grips and fastened. A cross sectional thickness measuring
device was used to calculate the cross sectional area of the
membranes. Data was taken every three seconds at force
increments of 250 N over 20 steps for a total load of 5000 N. For
each sample, measurements were performed in triplicates and
the average Young's modulus values were reported.

For surface charge analysis of the membranes, streaming
current measurements were performed with an electrokinetic
analyser (SurPASS, Anton Paar GmbH, Austria) using
a measuring cell for solid samples with a planar surface. For
each measurement, membrane samples of 20 mm � 10 mm
were xed on sample holders using double sided adhesive tape.
The sample holders were inserted into the adjustable-gap cell,
such that the membrane surfaces were facing each other. A gap
of 100 mm was set between the sample surfaces. Prior to sample
mounting, the membranes were soaked in 10�3 mol L�1 KCl
solution for 24 h. Before starting the measurement, the samples
were thoroughly rinsed with measuring electrolyte. A 10�3 mol
Table 2 The properties of activated sludge

Parameters Values

MLSS concentration (mg L�1) 10 050 � 136
Viscosity (cP) (at 25 �C) 2.3
The protein concentration of
soluble EPSa (mg L�1) – sEPSp

74.6 � 1.8

The carbohydrate concentration
of soluble EPS (mg L�1) – sEPSc

57.2 � 2.8

The protein concentration of bound
EPS (mg protein per g MLSS) – bEPSp

27.0 � 3.2

The carbohydrate concentration of bound
EPS (mg carbohydrate per g MLSS) – bEPSc

21.8 � 2.3

Average particle size (mm) 13.7

a EPS: extracellular polymeric substances.

4380 | RSC Adv., 2017, 7, 4378–4386
L�1 KCl solution was used as the background electrolyte and the
pH of this aqueous solution was adjusted to 6.2 with 0.1 M HCl.
The measurements were repeated twice for different membrane
samples.

The attenuated total reectance Fourier transform infrared
(ATR-FTIR) spectroscopy was used to analyze the functional
groups of GO on the membrane surface. The infrared spectra of
the samples was recorded in the range 4000–400 cm�1 on
a Perkin Elmer ATR-FTIR spectrophotometer.

The anti-bacterial properties of PSF–GO composite
membranes phase inversed in graphene oxide non-solvent were
investigated by culturing Escherichia coli bacteria on membrane
surfaces with disc diffusion test. E. coli was rstly cultured in
Luria Broth. The initial amount of E. coli was 210 CFU mL�1.
The membranes were rstly washed with phosphate buffer
saline (PBS) and then introduced into the bacterial medium
aer 2 hours. This procedure was repeated three times to ensure
that all E. coli bacteria in the culture medium were bond for
creating the bacterial environment on the membrane surface.
Further, the membranes were placed on the agar surface
(middle of the plate). These agar plates were then placed in an
incubator at 37 �C for 48 h. Aer 48 h the agar plates were
visually observed and counted for the growth of bacteria
colonies.

In order to explore the activated sludge fouling resistances of
bare and GO composite membranes, ltration experiments
were performed using real activated sludge. Activated sludge
suspension was taken from the aeration tank of laboratory scale
membrane bioreactor (MBR) system. Glucose, (NH4)2SO4 and
peptone, K2HPO4 and KH2PO4 were used as carbon, nitrogen
and phosphorus sources, respectively. Additional trace metals
and alkalinity (NaHCO3) were also supplied to the tank. The
sludge characteristics are summarized in Table 2.

Activated sludge ltrations were conducted at 3 bar and 1 h
using the dead-end stirred ltration cell. The permeate ux was
evaluated as gravimetrically. Filtration or fouling resistances are
calculated as following;

Rt ¼ DP

mJ

where, J is the permeate ux (m3 m�1 s�1), DP is the trans-
membrane pressure (Pa), m is the viscosity of permeate (Pa s),
and Rt is the total ltration resistance (m�1) and can be
described as the sum of various resistances as follow:

Rt ¼ Rm + Rp + Rc

where Rm is the membrane resistance (m�1), Rp is the pore
blocking resistance (m�1) and Rc is the cake resistance (m�1).
Each resistance can be calculated as follow:

Rt ¼ DP

mJt

Rm ¼ DP

mJ0
This journal is © The Royal Society of Chemistry 2017
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Rp ¼ DP

mJ1
� Rm

Rc ¼ Rt � Rp � Rm

where Jt is the steady state ux at the activated sludge (L m�2

h�1) ltration, J0 is the initial steady state ux (L m�2 h�1) of
distilled water and J1 is the steady state ux of distilled water (L
m�2 h�1) aer removing the cake layer.
Results and discussion
Membrane characterization

Fig. 2 graphically shows the membrane characterization results.
In surface charge graph, the membranes with high GO content
(1/20 and 1/10) have more negative surface charge while low GO
content membranes (1/60 and 1/40) have more positive surface
charge compared to bare PSF and high GO content membranes.

The contact angle data shows an interesting trend where the
membranes with low GO content (1/60 and 1/40) tend to be
more hydrophilic compared to bare PSF and high GO content
(1/20 and 1/10). Xu et al. explained that the improved hydro-
philicity of GO is due to the oxygen-containing functional
groups that migrate spontaneously to the membrane surface to
reduce the interface energy during the phase inversion process,
which makes the membrane surface more hydrophilic.20 With
increasing GO concentrations there is an increase in contact
angle which means that more GO within the coagulation bath
caused more hydrophobic membrane surface than low GO
content.

The roughness values of membranes with high GO concen-
tration (1/20 and 1/10) are found to be higher than the
membranes with low GO concentrations (1/60 and 1/40) and
bare PSF membrane (ESI 2†).

The Young's modulus value of high GO concentrations (1/20
and 1/10) membranes is lower than other membranes. High GO
concentration membranes show reduced mechanical
membrane stability. These differences between the membranes
Fig. 2 Membrane characterization results of the fabricated
membranes.

This journal is © The Royal Society of Chemistry 2017
with low and high GO concentrations showed that the GO akes
in coagulation bath changed the membranes structure and/or
morphology depending on the GO ratio. The amount of dis-
solved GO affected the thermodynamic and kinetic of phase
inversion process such as diffusional exchange rate of solvent
(NMP) and non-solvent. This is explained by Meng et al.,21 that
the exchange of solvent and non-solvent during the phase
inversion process dramatically decreases in the presence of
trace GO nanosheets within the coagulation bath. It was indi-
cated that no or less pores were formed in the areas covered by
GO nanosheets due to lack of solvent and non-solvent exchange
during membrane formation. The decrease in solvent/non-
solvent exchange rate changed the GO location along the
membrane matrix further affecting the physical properties
(surface charge, roughness, contact angle and mechanical
properties) of the resulted membrane.

In our study, it can be said that GO akes in the coagulation
bath differently settled down within the membranes of low and
high GO concentrations. Addition of GO slowed down the
solvent–non-solvent exchange in the coagulation bath
compared to only di-water coagulation bath. Increase in GO
concentration decreased the exchange rate. Thus, the
membrane formation slowed down with increasing GO
concentration, there by increasing the thickness of the
membrane skin layer due to the stacking of more GO akes. Due
to this reason, high GO concentration has resulted in higher
negative surface (naturally GO has negative charge), high
surface roughness (irregular stacking) and low mechanical
stability (due to macro-void formation). At low GO concentra-
tions, the exchange rate is faster and GO akes may tend to
accumulate along the membrane matrix (thin skin layer and
also sub-layer) while GO akes may settle down within the thick
skin layer in high GO concentration membranes due to slow
water direction through the phase inversion process.

From the FTIR spectra (ESI 1†) it can be observed that the
peak intensity at 1712–1713 cm�1 increases with the increase in
GO concentration. This peak is attributed to C]O and specic
for GO and its dispersity which is not observed in bare PSF. The
broad band between 3000 cm�1 and 3650 cm�1 attributes to
O–H functional group stretching from graphene oxide surface
(this band is not shown in the image as it is common for all the
acquired data).15,22 The peak at 1293 cm�1 in bare PSF spectrum
corresponds to the O]S]O asymmetric stretching while the
peak at 1148 cm�1 corresponds to symmetric stretching of O]
S]O. The absorption band at 1241 cm�1 is attributed to
asymmetric stretching of C–O–C group.22
Membrane morphology

The cross-sectional morphologies of the bare and GO composite
membranes can be seen in Fig. 3. All the fabricated membranes
have an asymmetric structure with nger-like pores (due to high
PVP concentration). As seen in the gure below, bottom layer
macro-voids are seen in bare PSF (hole-like macro-void) and in
highest GO concentration membranes (1/10) (nger-like macro-
void). It is observed that high amounts of GO generate largest
macro-voids (in GO 1/10 membrane), which slows down the
RSC Adv., 2017, 7, 4378–4386 | 4381
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water passage from the membranes (discussed in permeability
results). It can be said that increasing GO concentrations affect
the membrane morphology negatively. Higher GO concentra-
tion membranes have more GO akes, resulting in accumula-
tion which is observed in the bottom layer of the membrane.

The formation of membranes is a dynamic process where
along with phase equilibrium, kinetics of phase separation is
also involved.23 The polymer solution aer casting is subjected
to the exchange of solvent and non-solvent, which is guided by
diffusion, and ultimately resulting in the increase of non-
solvent within the lm. Due to the increase in non-solvent,
the polymer solution becomes thermodynamically unstable
leading to phase separation.23 This instability could be caused
by the loss of solvent, increase in non-solvent or increase in
temperature. The formation of the membranes by phase
inversion takes place by nucleation and growth, which means
that the time available for precipitation is an important factor.

Relation between mass transfer and rate of nucleation?
During phase inversion, the factor that determines the skin

formation is the local polymer concentration in the top layer of
the polymeric solution. Phase inversion can be carried out in
different ways, such as vapour phase precipitation, precipita-
tion by controlled evaporation etc. In our work we discuss only
the phase inversion by immersion precipitation. During
immersion, solvent depletion from the top layer is rapid, which
results in the increase of polymer concentration in the top layer.
This increase will generate the platform for gelation of the
system, which in turn is favoured by the penetration of non-
solvent.23

Does addition of additives (GO in our case) result in a denser
skin and a more selective membrane?

To develop a more selective membrane three important
parameters are to be specically noted: higher initial polymer
concentration, lower tendency of the non-solvent to induce
liquid–liquid phase separation and lower temperature of the
coagulation bath. All these three parameters favour the super-
saturation in the top layer before nucleation sets in.23

Here we specically discuss lower tendency of the non-
solvent to induce liquid–liquid phase separation. According to
Wijmans et al., if the non-solvent penetration in to the cast lm
Fig. 3 Cross section SEM images of PSF and PSF–GO composite
membranes phase inversed in di-water–GO non-solvent.

4382 | RSC Adv., 2017, 7, 4378–4386
is of lower tendency, there is a delay for the onset of gelation. In
other terms, as long as there is not enough loss of solvent from
the cast lm, the gelation of the cast lm is not achieved and
supersaturation is favoured. Addition of certain additives to the
coagulation bath and the choice of non-solvent serves the
purpose in forming a denser skin and a more selective
membrane. If sufficient solvent is added to non-solvent,
microporous structure without skin is formed. So with just
non-solvent and small additives, the membrane will be denser
and more selective due to low solvent–non-solvent exchange
rate.

For ease of description (Fig. 4) we refer to conventional phase
inversed membranes as type 1 (A1 and A2) and di-water–GO
phase inversed membranes as type 2 (B1 and B2).

In Fig. 4, a comparison between the membranes which were
phase inversed in di-water (type 1) and GO + di-water (type 2)
can be observed. Type 1 membranes show much higher porous
structure compared to the type 2 membranes (though the pore
size is almost identical). This is due to the fact that by adding
solvent to non-solvent, or adding some other particulates to
non-solvent before phase inversion, delays the phase inversion,
resulting in a thicker skin (the thickness depends on the
concentration of the particulates). Fig. 4 shows the morphology
of the skin of both type 1 and type 2 membranes. In type 1
membranes the cross-section images show porous skin,
whereas in type 2 membranes (Fig. 4B1) the skin layer is almost
non-porous.

In Fig. 5, the difference in the porosity can be clearly
observed between the type 2 membranes: B1 (high GO
concentration) and B2 (low GO concentration). B1 with high GO
Fig. 4 Cross section SEM images of conventional di-water phase
inversed PSF–GO composite membranes (A1 and A2) vs. PSF–GO
composite membranes phase inversed in di-water–GO non-solvent
(B1 and B2).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Graphical representation of permeability of the fabricated
membranes.
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concentration has less pores compared to B2, which clearly
supports the notion that the GO concentration within the
coagulation bath is proportional to the density of the skin.

As observed in Fig. 5B1, the absence of very small pores
directly under the skin layer is a result of optimal initial polymer
concentration.23

In addition to the pores, if we examine the membranes on
a much larger scale, one detects a lot of voids which range up to
a few micrometres in length. These voids are typical for the
membranes prepared by wet phase inversion and several
mechanisms have been proposed for their formation.24–26 We do
not discuss this mechanism here, as both the mentioned
membranes in this work (di-water phase inversed and di-water–
GO phase inversed membranes) were fabricated by wet phase
inversion (immersion precipitation) and it is out of the scope of
our work.

Further, these membranes were used successfully to study
the permeability, anti-bacterial activity and permeate ux of
activated sludge.
Water permeability

As seen in permeability graph (Fig. 6), there is an increasing
trend from bare PSF to GO 1/40 but the increase of GO content
decreased the membrane permeability because of denser skin
layer. Initially, addition of GO increased the water permeability
to 158 L m�2 h�1 bar�1 (for GO 1/40). Increase in the perme-
ability generally is explained with increase in the surface pore
size27 or porosity and the surface hydrophilicity.28 Whereas, the
decrease of permeability in composite membranes is explained
with lower solubility of nanoakes with in polymer solution that
hold between the polymer chains thereby clogging the pores at
membrane surface and prevents the passage of water.29 In our
case, the possible reason for changing permeability of GO
membranes can be explained with de-mixing pattern in phase
inversion. Addition of GO akes to the coagulation bath causes
delay or slows the phase inversion rate (exchange solvent/non-
solvent) and this changes the thickness and morphology of
the skin and sub-layer membranes. Therefore, the membranes
with high GO concentration has thicker and denser skin layer,
thereby resulting in lower permeability values compared to low
GO concentration membranes. The reason of this is low porous
Fig. 5 SEM (cross section) images showing the pore morphology of
membranes with high (B1) and low (B2) concentrations of GO in di-
water–GO non-solvent respectively.

This journal is © The Royal Society of Chemistry 2017
sub-structure and thicker skin layer at high GO concentration.
From these results, it can be concluded that the addition of
optimum GO (1/40) to the coagulation bath resulted in the
dominance of solvent/non-solvent de-mixing in coagulation
bath and was responsible for the synergistic effect of good
porous structure and hydrophilic surface with high water
permeability.
Anti-bacterial and anti-biofouling performance of the
membranes

The accumulation of micro-organisms or any other living forms
on a wet surface is referred to as biofouling. In membrane
applications, biofouling causes the reduction of membrane
performance, bio-degradation and increase in power
consumption. Polymeric membranes are most commonly used
in ltration applications, where, aer certain period of time the
membranes start fouling. Membrane modication by adding
inorganic or organic llers to the membrane matrix is very
popular and a useful way for preventing the biofouling with
different pore structures, surface properties, and mechanical
properties of the modied membranes.30 Graphene oxide is one
of the organic llers and is used for anti-fouling31–33 or anti-
biofouling activity.34 The anti-biofouling effect of GO within
the membranes was explained by its hydrophilicity, negative
charge, and surface smoothness.35,36 The other anti-bacterial
mechanism of GO in membranes was explained with oxidative
stress caused by interaction with the basal planes of GO.37

In anti-bacterial tests, the bacterial growth in agar plates
with GO membranes was observed to be relatively lower
compared to bare PSF membrane (Fig. 8). Bacterial count is
graphically represented in Fig. 7. Anti-bacterial effect by
membrane and oxidative stress with reactive oxygen species
(ROS) is being induced on the bacterial cells when in contact
with GO membranes, thereby damaging the cell membrane.
Certain parameters like the size of the GO akes, orientation
and functional groups density also play an important role.
Though there are several established theories which relate to
the anti-bacterial activity of GO, GO induced ROS generation
theory is gaining a wide acceptance38 where when the bacterial
cells come in contact with graphene oxide and/or other
RSC Adv., 2017, 7, 4378–4386 | 4383
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Fig. 7 Graphical representation of anti-bacterial activity of the fabri-
cated membranes.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 6
/3

0/
20

24
 6

:2
0:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
graphene derivatives, oxidative stress is induced by reactive
oxygen species (ROS) generation. According to Mokhir et al.,39 it
is the endoperoxides derived from GO that are responsible for
the toxicity. GO that has been obtained by oxidation with
KMnO4 contains carbon radicals,40 manganese ions41 and
endoperoxides. The existence of endoperoxides have been pre-
dicted by ab initiation calculations42 as well as supported by
experimental evidence.43

There are two important factors that are to be considered
regarding the toxicity of GO: (1) exposure of GO to UV and (2) life
time of GO.

By treating GO with UV radiation the endoperoxides can be
removed rendering GO to be non-toxic.39 So, in order to retain
the toxicity of GO, it should not be treated with UV, or at least
not for longer times.

According to Mokhir et al., the reactivity of GO gradually
decreases aer three weeks when stored at 4 �C. In our experi-
ment this can be an important factor which is related to the
anti-bacterial activity of GO. GO–PSF composite membranes
aer fabrication were stored in water for a week before char-
acterization followed by repetitive storage times in cold room
during the whole experiment. Our data in Fig. 7 suggest that the
concentration of GO and anti-bacterial activity are proportional
Fig. 8 Agar plates with fabricated membranes incubated with E. coli
colonies were counted after 24 h.

4384 | RSC Adv., 2017, 7, 4378–4386
(except for 1/10). This means that the presence of endoperox-
ides is higher in 1/10 compared to the rest of the membranes,
though not completely removed despite the membranes being
stored in di-water for weeks. We attribute this to the concen-
tration and stacking of GO akes within the membrane.

If we compare the inhibition ratio of the GO membranes, it
can be said that the increase in GO concentration decreases the
inhibition ratio of GOmembranes until GO 1/10. Themaximum
inhibition ratio was observed in highest GO concentration (1/10
GO) due to more GO akes interaction with bacteria on the
membrane surface. In 1/10 and 1/60 GO membranes, the akes
are well exposed to the bacterial environment, unlike in 1/40
and 1/20 in which the GO akes did not enough interact with
the bacteria cells.

Though our membranes were not subjected to UV and long
term continuous storage under 4 �C, there is a slight inactiva-
tion of endoperoxides from GO akes which is reected in the
anti-bacterial performance of the membranes. This is probably
due to the on and off storage times of the membranes within di-
water and cold room during the experimental process. Incor-
poration of endoperoxides within GO akes and/or reduction of
processing times of the membranes which directly avoids the
cold room storage can increase the anti-bacterial activity of
these membranes.

In anti-biofouling tests, real activated sludge was used
because of its mixed bacterial environment. The permeate
uxes of membranes are graphically shown in Fig. 9. GO
membranes show similar initial ux values while bare PSF
shows higher initial ux probably due to more denser
membrane layer. Whereas, the ux decline was lower in GO
membranes than bare PSF, in other words, the ltration
performance loss of GO membranes was lower than bare PSF.
Among GOmembranes, GO 1/20 and GO 1/40 membranes show
better steady state ux values. GO 1/60 show the lowest steady
state ux values. GO 1/20 and GO 1/40 composite membranes
fared better compared to other membranes. We presume that
this is due to the change in membrane surface characteristics
with different ratios of GO, such as hydrophilicity, surface
charge and roughness. In anti-bacterial tests, there is no
Fig. 9 Graphical representation of the permeate flux of activated
sludge.

This journal is © The Royal Society of Chemistry 2017
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pressure or ltration, so diffusion of GO would be the main
factor (discussed earlier) against bacterial cells while in
biofouling test, ltration is carried out with pressure so the
membrane surface properties become dominant for initial
bacterial attachment. High GO concentration membranes has
high negative, hydrophobic and rougher surface. Hydropho-
bicity and rougher surfaces tend to accumulate bacterial cells
very easily44 but negative surface is an important anti-biofouling
parameter due to the negative surface charge of bacteria.
Dominant factors for anti-biofouling among the membrane
properties may vary according to the additive types. In GO
membranes, the reason for the high ux of GO 1/20 membranes
could probably be because of negative surface (�26 mV).
Bacterial cells also have negative surface charge, which prevents
the cell attachment on GO 1/20 membrane surface and so the
increase in the ux value. However, increasing GO concentra-
tions decreased the ux values due to dense membrane
morphology. It can be said that the optimum GO concentration
showed good anti-biofouling performance.

In order to explain the fouling phenomena of bare and GO
composite membranes, resistance-in-series model was used
and various ltration resistances were calculated and the results
are graphically shown in the Fig. 10. Rm values of the composite
membranes increased with increasing GO ratios. Membrane
resistance is strongly dependent on the membrane character-
istics (hydrophilicity, pore size distribution, thickness, etc.). In
our experiments, Rm changed, especially with membrane
hydrophilicity for GO composite membranes. The other resis-
tance values indicated that Rp values decreased substantially
with the increase in GO concentration of the composite
membranes. Addition of GO increased Rc values of the
membranes compared to bare PSF. The cake layer on
membrane surface regulates the development of membrane
biofouling45 and this phenomenon increases the cake resistance
of the membranes. The bacteria and bacterial composition in
activated sludge may clog the membrane pores or accumulate
on themembrane surface. For GO composite membranes, these
materials may mostly accumulate onto the membrane surface
and stimulate an increase in cake resistance. Therefore,
decrease in pore resistance (Rp) values with GO membranes can
be observed, which is the main effect of severe membrane
fouling. Xu et al. explained the low fouling mechanism of GO
Fig. 10 Filtration resistance data comparison between bare PSF and
different concentrations of GO composite membranes.

This journal is © The Royal Society of Chemistry 2017
membranes with low adhesion forces between membrane and
foulants where the adhesion forces were higher in bare
membrane than GO membranes and so the ux of bare
membranes severely declined due to the stronger adhesion
force of the membrane-foulant.46 The adhesion force between
the bacteria and bacterial products and the GO membranes
should be weak, while it has to be strong between bacteria and
bare PSF membrane. It will lead to an increase in the molecular
adhesion between bacterial products and consequently, to more
pore clogging in the membrane pores. The dominant factor of
low pore fouling (which generally creates irreversible fouling) is
the membrane surface charge. Depending on the surface charge
values, GO 1/10 membrane has the highest negative surface
thereby showing least pore resistance.

Conclusion

GO–PSF composite membranes were fabricated by wet phase
inversion method (immersion precipitation) where the non-
solvent was GO solution. The membranes were characterized
for their physical and performance abilities. SEM characteriza-
tion of these membranes revealed that they have a different
pore structure compared to conventional di-water phase
inversed membranes. When using our di-water–GO non-solvent
phase inversion process, very low concentrations of GO are
enough to reach the properties of conventional PSF–GO
composite membranes. The membranes were successfully
tested for anti-bacterial activity, with the best inhibition ratio of
74.5% achieved with the 1/10 GO concentration membranes
(0.048% of GO). This correlates to the high hydrophilicity, more
negative surface charge and low roughness of the membrane
surface, along with the material properties of graphene oxide.
The membranes were further tested with real activated sludge
from MBR (molecular bio-reactor) system for treating waste
water. With fouling resistance experiments, Rp values decreased
substantially with the addition of GO to the membranes. This
trend shows that graphene oxide can trade as a protective
barrier for membrane pores.
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