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Graphene oxide/Ag nanoparticles (Ag/GO) was prepared and employed to synthesize antifouling
polyethersulfone (PES) mixed matrix membranes. The performance of the membranes was evaluated
in terms of flux, hydrophilicity and anti-biofouling properties. With increment of the Ag/GO from 0 to
0.1 wt.%, the pure water flux increased from 24.7 up to 54.1 kg/m? h. The flux recovery ratio (FRR) of
the membranes was performed using milk powder solution and the results illustrated that the 0.1 wt.%
Ag/GO membrane had the best fouling resistance with the FRR value of 95.45%. The performance of
the nanofiltration was assessed using the retention of Direct Red 16. It was indicated that the Ag/GO-
PES membranes have remarkable dye removal (98.38% rejection). The anti-biofouling activities of the
0.1 wt.% Ag/GO mixed matrix membrane was also investigated using activated sludge and the results
showed a notable improvement.

doi: 10.5829/ije.2017.30.10a.02

1. INTRODUCTION

Application of the membrane processes among the
modern methods for separation is of high interest for
scientists[1, 2]. Membrane separation has many
advantages such as simplicity of operating conditions,
low energy consumption, no phase shift, compact
design and environmental friendliness. However,
membrane fouling as a key constraint has limited its
application. This limitation can surpass membrane
performance and can bring huge damage in this type of
separation [3-6]. Diverse polymers such as polysulfone
(PSF),  polyethersulfone  (PES),  polyvinylidene
difluoride (PVDF) and polyacrylonitrile (PAN) have
been used for membrane preparation [6-10]. The PES
polymer, due to its physical and chemical properties
such as thermal and hydrolytic stability as well as good
mechanical and film forming properties is the most
common type of used polymer in membrane processes
[11-13]. The major problem of PES is its hydrophobic
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characteristic that will lead to membrane fouling,
reducing the membrane performance [14]. Membrane
modification is the alternative mitigating the fouling and
biofouling in the membrane through improving of
hydrophilicity property [15]. Many strategies employed
for developing antifouling membranes are including
hydrophilic surface modification by coating [16-18],
grafting [16], embedding and mixing hydrophilic
nanoparticles [19].

Bio-fouling on membrane surface are formed by
bacterial bio-films [20]. The common way to eliminate
this type of fouling is the use of antibacterial agents.
Silver nanoparticles (Ag NPs) exhibit very strong
bactericidal activity against both Gram-positive and
Gram-negative bacterial strains [21-23]. For instance, in
a research work performed by Guzman and his
colleagues, the Ag NPs was synthesized by
agglomerates of grains with a fine size, showing
reasonable bactericidal activity against Escherichia coli,
Pseudomonas aeruginosa, and Staphylococcus aureus
[24]. Lee and coworkers have reported the Ag NPs
immobilized on thin film composite polyamide
membrane for anti-biofouling performance [25].
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Another finding on the Ag NPs shows a reduction in
anti-biofouling properties due to its accumulation [7,
26]. For this reason, sufficient dispersion is needed
which can be provided through placing on a carbon
substrate. Graphene oxide (GO) due to the existence of
hydroxyl groups, epoxy, carbonyl and carboxyl and
covalently bonded oxygen-containing groups can create
a good dispersion of silver on the surface and edge of
the graphene oxide sheets and can be used as a carbon
substrate for the nanoparticles [27-31]. Modified GO
with silver nanoparticles can be used as an additive in
the matrix of membrane that gives properties such as
hydrophilicity, antibacterial, low toxicity and biological
and chemical durability [32, 33]. The observed
antibacterial effect of Ag ions has been associated to
inactivation with the thiol group in biotic enzymes and
DNA, resulting in the marked development of
pyrimidine dimerization with photodynamic reaction
and the possible obstacle of DNA proliferation. The
structural changes in the cellular coverage and exchange
of the hydrogen atom of the thiol group to form a S—-Ag
complex have also been confirmed in bacterial cells [34,
35].

Tang and his colleagues fabricated Ag/GO
nanocomposites with different Ag NPs to GO ratios and
carefully investigated their antibacterial activities
against both the Gram-negative (G—) bacteria
(Escherichia coli) and the Gram-positive (G+) bacteria
(Staphylococcus aureus) [36]. Vatanpour and his
coworkers have reported the addition of Ag/GO
nanosheets to polyethersulfone mixed matrix membrane
with  anti-bacterial ~ properties  which increased
membrane performance. Mahmoudi and his colleagues
synthesized a novel nanohybrid polysulfone membrane
blended with Ag nanoparticles on GO nanosheets that
improved water contact angle and flux and also showed
excellent antibacterial properties, which could prevent
the organization of biofouling on the membrane surface
[5]. And then, in another research, the Ag/GO
nanocomposites modified PVDF membranes displayed
an improvement in hydrophilicity, mechanical property,
permeability, antibacterial properties and biofilm
formation prevention [37].

In this work, the Ag/GO nanoparticle was used in
the matrix of PES nanofiltration membrane. In order to
investigate the effect of the Ag/GO nanoparticle on
membrane performance removing dye, the surface
hydrophilicity, antifouling capability, and permeability
were measured and calculated. The membrane structure
was evaluated by SEM images, water contact angle and
AFM analysis. The antifouling capability of modified
membranes was assessed during activated sludge
filtration.

2. MATERIALS AND METHODS

2. 1. Materials Solvent of dimethylacetamide
(DMAc) and Ultrason E 6020P Mw=58000 g/mol
Polyethersulfone (PES) polymer were provided by
BASF Co., Germany. Polyvinyl pyrrolidone (PVP) with
25,000 g/mol molecular weight was obtained from
Merck, Germany. Distilled water was employed in this
work. All the chemical reagents used in our
experimental work were obtained from Fluka, Aldrich,
or Merck and used without further purification. To
characterize the products, X-ray diffraction (XRD)
patterns were recorded with a Riguka diffractometer
(Japan, RINT 2500 V) using Cu-Ka radiation.

2. 2. Preparation of Ag/GO Nanocomposites
The Ag/GO nanocomposites were prepared in one step
reaction. In a typical procedure, 200 mg GO powder
was dispersed in 100 mL of water by ultrasonication for
1 h at room temperature, forming stable graphite oxide
colloid;then, 230 mg AgNO; was added while stirring.
Then, 1 g sodium citrate was gradually added to the
mixture with magnetic stirring for 30 min.
Subsequently, the mixture was transferred to an oil bath
and kept at 95°C for 1 h under constant stirring. Finally,
the products were washed with ethanol and deionized
water. The resulting Ag/GO nanocomposites were dried
in a vacuum oven at 60 °C for 24 h [38].

2. 3. Preparation of Mixed Matrix Ag/GO/PES
The unfilled and mixed matrix asymmetric PES
membranes were prepared by immersion precipitation
phase inversion method. The composition of casting
solutions for all membranes are presented in Table 1.
The proper quantity of the Ag/GO was mixed into
DMACc and well dispersed by sonication for 30 min to
improve homogenous solutions using DT 102H
Bandelin ultrasonic (Germany). Then, PES and
polyvinylpyrrolidone (PVP) were dissolved in the dope
solution by continuous stirring for 24 h. Finally, the
prepared homogenous polymer solution was again
sonicated for 20 min to remove air bubbles and
impressive dispersing of the Ag/GO in the polymer
matrix. After that, the solutions were casted using self-
made casting knife with 150 pum thickness on glass plate
and immediately moved to a non-solvent bath (distilled
water) for immersion precipitation at room temperature
(25°C) without any evaporation.

After primary phase separation and membrane
formation, the membranes were stored in fresh distilled
water for 24 h to guarantee complete phase separation.
This will wash out the water-soluble components from
the membrane.
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TABLE 1. The compositions of casting solutions

Membrane type PES PVP Ag-GO DMAC
(wt.%) (wt.%) (wt.%) (wt.%)

M1 20.0 1.0 0 79.0

M2 20.0 1.0 0.1 78.9

M3 20.0 1.0 0.5 78.5

M4 20.0 1.0 1.0 78

Finally, the membranes were sandwiched between two
sheets of filter papers for 24 h at room temperature for
drying.

2. 4. Characterization of the Synthesized Ag/GO
and Prepared NF Membranes The morphology
of the membrane surface and cross-section was
investigated using Philips-XL30 scanning electron
microscope (The Netherlands) with an accelerating
voltage of 20kV. The membranes were cut into small
pieces and cleaned with filter paper for removal of
probable attached contaminants. The pieces were
immersed in liquid nitrogen for 60-90 s to freeze.
Frozen pieces of the membranes were broken and held
in air for drying. The dried samples were gold sputtered
to make them electrically conductive. SEM images were
taken under very high vacuum conditions at 20 kV.

The surface morphology and roughness of the
prepared membranes was analyzed by atomic force
microscopy (AFM). The AFM device was Nanosurf®
Mobile S scanning  probe-optical  microscope
(Switzerland) equipped with Nanosurf® MobileS
software. Small squares of the prepared membranes
were cut and pasted on specimen holder. The membrane
surfaces were imaged in a scan size of 4.4um x 4.4um
The surface roughness parameters of the membranes
which are reflected in terms of the mean roughness (Sa),
the root mean square of the Z data (Sq) and the mean
difference between the highest peaks and lowest valleys
(Sz) were obtained by Nanosurf® MobileS software for
quantitative analysis of images.

A current method to quantify the surface
hydrophilicity is water contact angle measurement
technique. Propensity of small water droplets to be
extended on the membrane surface is related to the
membrane  surface  hydrophilicity. For  this
measurement, a G10, KRUSS digital microscope
(Germany) was applied to record the status of distilled
water droplets injected on the membrane surface and to
determine the prepared membranes hydrophilicity. All
contact angle measurements were performed using 2ul
of deionized water. To minimize the experimental error,
the mean value of the contact angle was calculated
using five random sites on each membrane.

2. 5. Porosity Measurements The overall
porosity (¢) was determined using gravimetric method,
as defined in the following equation [39]:

_ W;—wy
€= A X1 Xdy, (1)

where w1 and 2 are the weight of the wet and dry
membranes, respectively. A is the membrane effective
area (m?), dw water density (0.998 g/cm®) and L the
membrane thickness (m).

Furthermore, in order to calculate the, mean pore
radius (rm) of the membrane, Guerout—Elford—Ferry
equation on the basis of pure water flux and porosity
data was employed [39].

_ [(2.9-1.75¢) x811Q 2
I'm = \/ € XA XAP @)

where, 1 is the water viscosity (8.9x10™ Pa s), Q the
volume of the permeate pure water per unit time (m%/s),
and AP the operation pressure (0.5 M Pa).

2. 6. Membrane Performance

2. 6. 1. Pure water flux and Antifouling
Experiments The permeate flux, separation and
fouling tests of the Ag/GO PES nanofiltration
membranes were carried out in a dead-end cell (150 ml
volume) with a membrane surface area of 12.56 cm’.
The cell was equipped with a pressure gauge.
Pressurized nitrogen gas was used to force the liquid
through the membrane. Constant stimulation at a rate of
400 rpm was applied to decrease the concentration
polarization of the membrane. The transmembrane
pressure was compressed at 5 bar for 30 min to earn a
constant permeate flow and after that, the pressure was
reduced to the operating pressure of 4 bar. The pure
water flux (PWF), JW; (kg/m? h) was calculated using
the equation:

Jwa= AﬂAt (3)
where, M (kg) is the weight of permeated water, A (m?)
the membrane area, and At (h) the permeation time.

To assess the antifouling properties of the prepared
membrane, a milk powder solution with concentration
of 8000 mg/L was rapidly replaced with the stirred cell
after PWF tests. The flux for milk powder, JP (kg/m? h),
was measured based on the water quantity permeated
through the membranes at 4 bar for 90 min. The fouled
membranes were washed with distilled water for 15 min
after filtration of milk solution. Consequently, the water
flux of cleaned membranes, Jy, (kg/m? h), was again
measured. The flux recovery ratio (FRR) can be defined
as follows:

FRR = (%) x 100 )
Generally, higher FRR shows better antifouling property
of the ultrafiltration membranes. Furthermore, in order
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to analyze the fouling process in detail, total fouling
ratio (R.), reversible fouling ratio (R,) and irreversible
fouling ratio (R;.) were calculated using the following
equations [39]:

Re(%) = (1- ]’7”) x 100 = R,y — R, ©)

R, (%) = (%) x 100 ©)
o) — (Iwiziwz

Ry (%) = (—fw1 ) X 100 7

2. 7. Anti-biofouling Assessments Distilled
water and activated sludge were stirred together and
finally a turbid solution (100 ppm activated sludge) was
obtained. A sludge with concentration of 100 mg/l was
used for biofouling test because the maximum possible
effluent TSS concentration under unbalanced condition
is less than 100 mg/l. The activated sludge solution
separation test was carried out in a dead-end cell with
effective separation area of 12.56 cm® The flux for
turbid solution was measured based on the water
quantity permeated through the membranes at 4 bar for
90 min. After filtration of turbid solution, the fouled
membranes were washed with distilled water for 15 min
and then the water flux of cleaned membranes was
again measured.

2. 8. Dye Removal Experiments In the present
study, Direct red 16 was selected as a dye containing
azo group. In order to evaluate the dye removal
efficiency of the prepared membranes, filtration
experiments were performed in the dead-end filtration
cell for 120 min with driving force of 4 bar. In every
run, 150 mL of synthetic dye solution (50 mg/L), which
is within the range of typical concentration in textile
wastewaters, was used and the flux and rejection were
calculated from Equations (3) and (8). 35 UV-Vis
spectrophotometer (JENWAY 6320D) at 526 nm was
employed for dye concentration determination. The
calibration standard curves with R250.999 was
obtained. The following equation was used for
assessment of dye removal (R) percent [19]:

&
Cr

(%) = (1 - ) x 100 ®)
where, Cp and Cf are dye concentration (mg/L) in feed

and permeate, respectively.

3. RESULTS AND DISCUSSION

3. 1. Characterization of Ag/GO Nanocomposites
To identify the sample composition, XRD
characterizations were performed (Figure 1). In the
patterns of Ag/GO nanocomposites, there are only four

main diffraction peaks at 20 values of 38.048, 44.53,
64.63, and 77.54 corresponding to (111), (200), (220)
and (311) planes of face centered cubic (FCC) silver
with a lattice parameter of a = 4.08 and compared with
the standard powder diffraction card of JCPDS, Silver
file NO. 98-006-2675.

Figure 2 (a—d) shows the morphology of the as-
prepared Ag/GO composites according to FE-SEM.
After the GO was doped with Ag particles and reduced,
the Ag crystallites are deposited on graphene surfaces as
spacers to keep the neighboring sheets separate, and a
curled and corrugated morphology was observed. The
average particle size of the spherical nanoparticles
found to be in the range of 45-95 nm [38].

3. 2. Hydrophilicity and Pure Water Flux of the
Ag/GO Membranes Water contact angel
measurement can be used to identify surface
hydrophilicity of the prepared membrane. As illustrated
in Figure 3, by adding nanofiller to the membrane
matrix, a logical trend on reduction in the amount of
water contact angles can be observed. It should be noted
that presence of oxygenated functional groups on the
graphene oxide surface can bring about a reduction in
the contact angle, causing an increase in membrane
permeability [40].

Flux transmission depends on many factors,
including hydrophilicity.

(111)

0] (200)

Intensity (a.u.)

(220) (311)

T T T
@ D @ 7

2 Theta (degree)

Figure 1. XRD patterns of Ag/GO nanocomposite

Figure 2. SEM images of (a—d) Ag/GO nanocomposites
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Figure 3. Water contact angle of the produced membranes

The hydrophilic functional groups on the membrane
surface caused a change in the pure water flux (PWF)
that established hydrogen bonds between membrane
surface and water molecules (Figure 4).

Adding the nanoparticles up to 0.1wt%, led to an
increase in PWF (M2). Also, with increasing
concentration of the nanoparticles to more than
0.1wt.%, the reduction in PWF was observed (M3 and
M4). That was due to the accumulation of nanoparticles
and clogging the pores in the structure of the membrane.
It should be noted that the rejection obtained for the
milk powder solution is more than 98%, showing un-
correlation between increase in flux and defects or
cracks in the membrane due to poor bond between the
Ag/GO and PES [5].

3. 3. Morphology Analysis The digital images of
membrane surface are shown in Figure 5. As seen in
Figure 6, with increasing concentration of Ag/GO
nanosheets, the membranes color becomes darker than
unfilled membrane. This changes in color intensity can
be attributed to migration of the NPs to membrane
surface during phase inversion methods in coagulation
bath.

54.06

4152
40

2469

20 1819
m I
M1 3 ma

M2 M
Membrane type

Figure 4. Pure water flux of the Ag/GO blended PES
membranes

Pure water flux (kg/m2h)

M1 M2 M3 M4
Figure 5. The apparent of difference membranes in the effect
of adding Ag/GO

M M
Figure 6. Crossfsection SEM images of the mer?wbrane in tow
magnification with different mix compositions (M;) Unfilled
PES, (M,) 0.1% Ag/GO-PES, (M3) 0.5% Ag/GO-PES and
(My) 1% Ag/GO-PES

To evaluate the effect of nanoparticles concentration
on the structure and morphology of the membrane, SEM
images are presented in Figure 6.

As shown in the picture, asymmetric structure with
uniform dispersion of nanoparticles is visible and finger
like pores with thin top layer and thick bottom layer can
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be easily recognized. The identical building of the
membranes, implies that the impact of nanoparticles on
morphology was low.

So, this result shows there was not an important
influence on the formation of mold membrane. Small
differences in the structure of membranes at low
concentrations was observed that described the increase
in porosity and consequently increase the radius.

3. 4. Fouling Behavior of the Prepared Members
Figure 7 depicts the antifouling performance of
prepared membrane. Figure 7 shows the effect of
different concentrations of Ag/GO nanosheets on the
membrane permeability during filtration. The results of
0.1 wt.% of Ag/GO were demonstrated the highest
permeability compared to the other concentrations.

Flux recovery ratio (FRR) is one of the important
parameters for antifouling assessment. The FRR
diagram is displayed in Figure 8. The greatest FRR for
membrane was achieved for membrane embedded with
0.1 wt.% of Ag/GO. Antifouling performance of Ag/GO
mixed membrane could be related to hydrophilicity.
Water contact angle declined due to remaining
functional groups of Ag/GO on the membrane surface
(Figure 3). Also, membrane fouling was considerably
reduced as a result of the increase in hydrophilicity.
Creating a layer of water molecules on the membrane
surface due to the presence hydrophilic nanosheets, can
inhibit the hydrophobic deposition attaching to the
membrane surface. The results demonstrated that the
addition of the Ag/GO nanosheets in the PES membrane
was useful to improve the permeability [44].

According to the deposition phenomenon, resistance
parameters such as reversible fouling resistance (Rr)
and irreversible fouling resistance (Rir) were obtained
as shown in Figure 9. Irreversible fouling resistance
with 0.1wt.% nanoparticles has reached lowest value,
but Rir has also increased with increasing concentration.

—&—Unfilled PES
60 ——Ag/G00. 1wt %

._—’_H‘k\’ Ag/GODSWt%

50 \ Ag/GO 1 wt.% |

40 \ |

30 \

Flux (kg/m2h)

| \
20 ‘\! f
\“_'-\L—‘\'—‘\H_‘_\j f\""—O—o—-

100 150 200
Time (min)

Figure 7. Flux against time of the membranes with different
concentrations of Ag/GO nanosheets. The filtration process
includes three phases: water flux, milk powder filtration and
second water flux after washing fouled membranes

100 95.45

20
63.83
e 60 %8
3
40
20
0

M1 M2 M3 M4

FRR

Membrane type
Figure 8. Flux recovery ratio (FRR) of the prepared
nanocomposite membranes in filtration of milk powder
solution

90 ERr ®Rir

70
60
40
30
20
10
0
M1 M2 M3 M4
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(%)

Fouling resistance
o
&

Figure 9. Fouling resistance ratio of Ag/GO-PES
ultrafiltration membranes

The trapped residual foulants into the membrane pores
and valley surface are responsible for irreversible
aggregation, which noticeably can be removed by
washing process. The M2 membrane (embedded with
0.1 wt.% Ag/GO) indicated the highest FRR.

AFM technique was used for measuring the surface
roughness of membranes. It is believed that lower
roughness and surface energy replies on stronger
antifouling property. In addition, foulants may be
absorbed in the valleys of membrane with unusual
surfaces resulting in clogging of the valleys. The AFM
images and its associated results are presented in Figure
10 and Table 2. The average roughness (Sa) of the
unmodified PES membrane mitigated from 47.118 to
1.454 nm for the Ag/GO 0.1 wt.% embedded
membranes, and then increased to 7.958 nm for the
Ag/GO 1 wt.%. In low concentration of Ag/GO, due to
little electrostatic interactions between the Ag/GO, they
are symmetrically arranged in membrane, resulting in a
smooth membrane surface.



1431 F. Gholami et al. / IJE TRANSACTIONS A: Basics Vol. 30, No. 10, (October 2017) 1425-1433

Topography - Scan forward Topography - Scan forward

Line fit 289nm

Line ft 9.54nm

Ml MZ

Topography - Scan forward Topography - Scan forward

Line fit 50 6nm
Line fit 59.7nm

M3 l M4
Figure 10. Surface AFM images of the Ag/GO mixed matrix
PES membranes with different concentrations. (M;) Unfilled
PES, (M) 0.1 %, (M3) 0.5 % and (My) 1 %

TABLE 2. Surface roughness parameters of Ag/GO
embedded PES membranes resulted from analyzing three
randomly chosen AFM images

Membrane Sa (nm) Sq (Nnm) S, (nm)
M, 47.118 59.601 304.46
M, 1.454 1.858 14.613
Ms 6.780 8.899 87.139
M, 7.958 10.138 90.956

But, because of increment in pore size and
agglomeration of AgQ/GO, roughness of membrane
surface was increased at high concentration of Ag/GO

[9].

3. 5. Dye removal Efficiency The results of dye
rejection are shown in Figure 11. This figure describes
the capability of the prepared membranes for Direct Red
16 removal from synthetic feed (50 mg/L) after 60 min
filtration as a function of the Ag/GO percentage in the
casting solution. The dye removal efficiency for the
modified membrane was above 98%. This is due to the
presence of nanoparticles in the membrane structures
[19].

3. 6. Anti-biofouling Behavior In order to specify
the reproducibility of the membrane performance and
anti-biofouling property, five cycles of activated sludge
(100 ppm) fouling experiments were performed with the
0.1 wt.% Ag/GO membrane. Figure 12 describes that
the flux for the 0.1 wt.% Ag/GO-PES membrane during
five cycles examined showed rising trend.

100
98.38

o 97.71
9%

94

92 o

90

88

E3

M1 M2 M3

Membrane type

Figure 11. Dye rejection performance of the prepared Ag/GO-
PES nanofiltration membranes
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Dye rejection (
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Flux (kg/m2h)

PPN I P00 0 4000004004

0 100 200 300 400 500 600
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Figure 12. Flux versus time for the membranes at 4 bar during
five steps: water flux (30 min), activated sludge solution (100
ppm), flux (90 min), and water flux (30 min) after 15 min
washing with distilled water

It was because of the anti-biofouling properties resulted
from the presence of Ag nanoparticles on the membrane
surface. The antibiofouling property is induced by the
Ag/GO nanocompound on membrane surface, which
alleviate fouling during filtration.

4. CONCLUSION

In this work, a hydrophilic nanofiller (Ag/GO
nanocomposite) was successfully used and blended in to
the PES membrane during the phase inversion to
reclaim membrane flux, antifouling, antibiofouling and
dye removal performance. The effect of Ag/GO in the
casting solution were investigated and optimized in the
0.1 wt% of Ag/GO. The fabricated Ag/GO-PES
membranes exhibited better flux and dye rejection of
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98.38% compared to the unmodified membranes. By

embedding the

Ag/GO, hydrophilicity of the

membranes was remarkably improved. Antifouling
experiments showed that addition of the Ag/GO in the
casting solution led to an increase in flux recovery and a
decrease in irreversible fouling to 4.55 %. Anti-
biofouling property of the modified membrane was
approved using activated sludge filtration.
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