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HIGHLIGHTS

o A hydrophilic additive, association of graphene oxide (GO) and ZnO, was prepared.

o The influence of hydrophilicity of GO-ZnO on the PVDF membrane was examined.

o The water flux of the GO-ZnO/PVDF membrane showed 48% higher than that of bare PVDF.
e The GO-ZnO membrane showed lower Rir fouling resistance of 7.21% than GO (15.09%).

o The anti-fouling properties PVDF improved by hydrophilicity of the GO-ZnO composite.
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This paper reports a novel nanocomposite additive for a polyvinylidene fluoride (PVDF) membrane with
high hydrophilicity through the association of graphene oxide (GO) and ZnO. The influence of the hy-
drophilicity of GO-ZnO on the PVDF membrane was examined on different GO-ZnO loadings. The
porosity and wettability (or hydrophilicity) of the membrane were improved significantly by blending
GO-ZnO nanocomposite. In addition, the water flux of the GO-ZnO/PVDF membrane was 48% higher than
that of bare PVDF, and the anti-fouling properties of this modified membrane were also improved. The
irreversible fouling ratio (Rir) of bovine serum albumin (BSA) was reduced substantially with increasing
the loading of GO-ZnO nanocomposite. The lowest irreversible fouling ratio (7.21%) was obtained for the
membrane containing 0.2 wt % GO-ZnO of the nanocomposite (M6). GO-ZnO modification PVDF mem-
branes were assumed to reduce the affinity between membrane and BSA foulant, which improved the
anti-fouling properties PVDF membrane. In the activated sludge flux test, the membrane containing GO-
ZnO in the polymer matrix had a higher flux than that of the bare PVDF membrane. The effluent quality
after the composite membrane (0.6 NTU) was stable, indicating that the composite membrane can be
used for practical applications Overall, the properties of the PVDF membrane were improved after
modification due to hydrogen bonding or the hydrophilicity of the GO-ZnO nanocomposite.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

maintaining a high biomass concentration in the bioreactor with
excellent effluent quality and automated operation and high effi-

In the recent decades, overpopulation has resulted in a shortage
of clean water. Therefore, many solutions, such as adsorption, ion
exchange, advanced oxidation, and membrane separation process,
was applied to overcome this problem (Warsinger et al., 2016). In
these solutions, the membrane separation process represents the
most advanced technology for water and wastewater treatment
because of its small footprint, reduced sludge production through
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ciency (Chang et al., 2002; Wang et al., 2012; Chang et al., 2014;
Zhang et al.,, 2013). Ultrafiltration (UF) has attracted increasing
attention in both water and wastewater treatment. With the
principal features of porosity, permeability, hydrophilicity, and
chemical resistance, UF allows perfect separation between water
and contaminants, such as pathogenic protozoa, and small particles
(Howe K], 2002; Chang et al., 2014; Lai et al., 2014; Ayyaru et al.,
2019).

Recently, polyvinylidene fluoride (PVDF) is a promising polymer
to fabricate membranes with high mechanical strength, excellent
thermal behavior, and high chemical resistance. Therefore, PVDF
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has been commercialized and become a popular membrane tech-
nology (Cao et al.,, 2006). On the other hand, its inherent hydro-
phobicity results in a decrease in water permeability as well as
serious fouling. Fouling reduces the longevity of a membrane and
increases the operating costs. Two key factors affect the fouling of
PVDF membranes: the hydrophobic nature of the foulant, which
allows the foulant to deposit easily on the membrane surface and
adsorb at the pore wall; and the porous structure of the membrane
(Zhao et al., 2012). Therefore, the adoption of advanced techniques
could control the hydrophilicity and improve the fouling resistance
of PVDF membranes (Qin et al., 2013; Chang et al., 2014).

Considerable efforts have been made to improve the hydro-
philicity of the polymeric membrane. The solutions reported thus
far include modifying the surface, blending the hydrophilic poly-
mers and adding nanoparticles to the casting solution (Ayyaru and
Ahn, 2018). In this regard, the appropriate addition of inorganic
nanoparticles, e.g., Al;03, TiOy, SiO,, Fe304, ZrO,, Zn0O, and LiClOy,
have attracted attention because of its extraordinary features
(Bottino et al., 2002; Yan et al., 2006; Cui et al., 2010; Wei et al.,
2011; Huang et al., 2012; Ayyaru and Ahn, 2018; Li et al., 2018).
The hybrid inorganic nanoparticles membrane showed improved
water flux, hydrophilicity, mechanical strength, rejection, and
membrane surface formation. In contrast, remarkable negative ef-
fects still exist in the hybrid membrane. Nanoparticles tend to
aggregate in the casting solution, which leads to imperfect pore
formation and a less effective increase in the positive effects of
membrane (Yang and Wang, 2006; Wu et al., 2008; J. Ma et al,,
2013; Zhang et al., 2013). Hence, the selection of a nanoparticle
should be as high as specific surface area, but the lower additive
proportion (with low density, like corban nanotube (CNT) and
graphene oxide (GO)) is important (Ayyaru and Ahn, 2017). In the
recent research, the blending of GO in the membranes resulted in
an astonishing improvement in membrane technology. By pos-
sessing abundant oxygen-containing functional groups (e.g.,
carboxyl, carbonyl, epoxy groups, and hydroxyl) and a single layer
structure, GO is an extremely high aspect ratio, low density, and
high strength material (Kim et al., 2007; Jiao et al., 2009; Wang
et al,, 2012; ]J. Zhang et al., 2013; Zhao et al, 2014). GO has a
unique graphitized planar structure and a surface that can be
functionalized easily. These characteristics play important roles in
improving the contact area with the polymer matrix.

Wang et al. reported, improved water flux and antifouling of
PVDF ultrafiltration membrane achived with addition of hydro-
philic GO nanosheets inside (Wang et al., 2012). Zhang et al. showed
that there was an improvement in water flux and antifouling at the
PVDF-GO membrane compared to PVDF oxidized multi-walled
carbon nanotube (OMWCNT) membranes (J. Zhang et al., 2013).
On the other hand, the amphiphilic nature of GO inhibits the ability
to improve its hydrophilicity (water uptake) on nanocomposite
membranes. A hydrophobic pollutant (proteins) can be absorbed on
the GO membrane surface (Ayyaru and Dharmalingam, 2011; Feng
et al., 2013; Beydaghi et al., 2014; Feng et al., 2014). Mahlangu et al.
examined the effects of incorporating a GO-ZnO blend in poly-
ethersulfone (PES) membranes and investigated the trace organic
compound (TOrC) removal in pharmaceutical wastewater. They
reported that the GO-ZnO modification PES membranes reduce the
interaction between the membrane and trace organic pollutants as
well as the attraction between the membrane and foulant, which
improve the trace organic rejection and anti-fouling properties
(Mahlangu et al., 2017b). This was attributed to the reduced contact
angles of the membranes after blending of the hydrophilic GO-ZnO
material. However, the pure water flux was very low compared to
other microfiltration and ultrafiltration membranes (Mahlangu
et al., 2017a). Thus may be due the membrane synthesis approach
of double-casting phase inversion (DCPI) method. Moreover, the

GO-ZnO nanomaterial in PES not yet been reported in the common
method of blending of nanoparticles in polymer matrix.

Zhang et al. investigated the PVDF/GO/ZnO composite mem-
branes for photocatalytic activity of removal of organic dyes by
preparing PVDF membrane as a carrier and zinc oxide (ZnO) as
photo-catalyst and graphene (GO) as dispersant. They have
observed that, the photocatalytic degradation rate of PVDF/GO/ZnO
composite membranes for methylene blue (MB) reached 86.84%
(Zhang et al., 2019). However, the water transport phenomena like
pure water flux, pore size, porosity, antifouling, protein rejection
have not been studied. Moreover, this study was mainly focused
only photocatalystic activity of organic dye removal. They did not
study for the filtration phenomena of PVDF/GO/ZnO composite
membranes in the water filtration. (Zhang et al., 2019).

Zinc oxide (ZnO) is one of the metal oxide which has very good
physico-chemical properties with antimicrobial activity (Moezzi
et al,, 2012). It has also been used as a photocatalyst to remove
the organic pollutants in water and air (Li et al., 2012). Unques-
tionably, ZnO is best candidate to substitute TiO; in the solar cells
due to its similar energy levels and high electron mobility (Zhao
et al., 2018). Consequently, ZnO particles have been used in nano-
fluids for direct absorption solar collectors. With best optical
properties of ZnO nanoparticles, the dispersion of particles is also
vital for nanofluids applications. Of late, Bahng et al. proposed a
kind of hedgehog particles (HP, composite of polystyrene and ZnO),
which demonstrates the polar ZnO surfaces, is highly hydrophilic,
they form tremendous dispersions in water and other hydrophilic
solvents (Bahng et al., 2015).

Since, no studies have been conducted on GO-ZnO blend in
PVDF membranes for membrane filtration previous applications. In
this study, the GO surface was combined with ZnO to increase the
hydrophilicity of the PVDF membranes and the antifouling prop-
erties were also advanced. The novelty in this manuscript lies in
introducing GO-ZnO nanocomposite to PVDF in order to improve
the performance of PVDF membrane for wastewater filtration. The
surface of the nanocomposites was examined by Fourier transform
infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), X-ray powder diffraction (XRD), and scanning electron mi-
croscopy (SEM). The hybrid PVDF UF membranes were fabricated
by phase inversion, and investigated by measuring the porosity and
contact angle, and by scanning electron microscopy (SEM). The
water permeation flux, water flux recovery, and fouling resistance
are parameters that evaluate the membranes.

2. Methodology
2.1. Material

All chemicals used in the experiments were analytical grade.
Graphite powder (Kanto Chemical Co., Inc., Japan) was used as the
graphene oxide precursor. PVDF (Kynar 760), as the membrane
material, was purchased from Arkema, France. Bovine serum al-
bumin (BSA), N-methyl-2-pyrrolidone (NMP), polyvinylpyrrolidone
(PVP), and zinc chloride (ZnCl,) were obtained from KOSDAQ
Company, Korea. Zinc chloride (ZnCl,) and potassium permanga-
nate (KMnOy4) were purchased from Duksan Pure Chemicals Com-
pany, Korea.

2.2. Synthesis GO

Graphene oxide was prepared using an improved method
(Marcano et al., 2010). A solution of concentrated H,SO4/H3PO4
(360:40 ml) was prepared. Subsequently, 3 g of graphite powder
was added with vigorous stirring followed by the slow addition of
18 g potassium permanganate. The reaction was performed at 50 °C
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and stirred for 12 h. After the color of the mixture was changed
from dark purplish green to dark brown, it was then cooled with
400 ml of ice before adding 3 ml of Hy0,, resulting in a color change
to a bright yellow. Centrifugation was performed with 200 ml of
pure water, 200 ml of 30% HCI and 200 ml of ethanol to separate the
resulting graphene oxide. The process was repeated until pH 7. The
GO after washing was dried in a vacuum at 60 °C.

2.3. Synthesis of GO-ZnO nanocomposite

The GO solution was prepared by dispersing 2 g of GO into
600 ml of pure water, followed by sonication for 30 min. Subse-
quently, 100 ml of 0.04 M ZnCl; (0.544 g) was added dropwise into a
GO solution with continuous sonication for 30 min to produce a
uniform solution. A 0.0267 M solution of NaOH (300 mL, 0.32 g)
was added dropwise to the solution with a vigorous stirring to
obtain the GO-ZnO nanocomposite. The GO-ZnO composite was
obtained by centrifugation with pure water and ethanol followed
by drying (Fig. 1) (Ramadoss and Kim, 2013; Atchudan et al., 2016).

2.4. PVDF and GO-ZnO hybrid membranes fabrication

Table 1 lists the concentration of the components. A mixture of
PVP and nanoparticles was prepared using a certain quantity of
nanoparticles (GO or GO-ZnO) in NMP with ultrasonication for 3 h.
PVDF was then placed in the mixture with stirring well for 24 hat
80 °C to obtain the cast solution. After stirring, the solutions were
sealed and stored at room temperature for up to 9 h to remove the
bubbles. The solution was then cast on a glass plate using a casting
knife and immersed immediately into a water coagulating bath at
room temperature. After complete coagulation, a flat sheet mem-
brane was peeled off from the glass plate and stored in distilled
water until required.

2.5. Characterizations of nanoparticles

The chemical compositions on the GO and GO-ZnO were
determined by FTIR spectroscopy (Alpha Bruker FTIR) by recording
scan range from 400 cm to 1 to 4000 cm-1. XPS (K-Alpha, Thermo
Scientific, UK) was performed using monochromated Al Ko radia-
tion with a spot size of 400 um, and a pass energy of 30eV to
examine the functionalized group and of zinc, oxygen, and carbon
composition in the nanomaterials. The XPs spectrum was analyzed
using Thermo Scientific™ Avantage software (version 5.932). The
crystal structure of the nanocomposites was investigated by XRD,
and SEM (S-4800, Hitachi, Japan) was used to observe the

Zn0/GO
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- PVDF casting
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Fig. 1. Schematic diagram of the process for fabricating the GO-ZnO nanoparticles and
membranes.

Table 1
Compositions of the casting solution: PVDF, PVP, and GO, GO-ZnO.

Membrane code  NMP (%) PVDF (%) PVP(%) Nanocomposite
GO (%)  ZnO-GO (%)

MO 82 17 1 — —

M1 82 17 1 0.1 —

M2 82 17 1 0.125 —

M3 82 17 1 0.15 —

M4 82 17 1 - 0.1

M5 82 17 1 - 0.15

M6 82 17 1 — 0.2

M7 82 17 1 - 03

morphology of the GO and GO-ZnO nanomaterials.

2.6. Characterization of the membranes

The membrane microstructures, top surface, and cross-section
were examined by SEM (S-4800, Hitachi, Japan). All membranes
were coated with a thin platinum layer to reflect the X-ray beam in
SEM.

2.6.1. Water contact angle (CA) measurements, porosity and mean
pore size calculation, and rejection measurements

The contact angle of the droplet with the membrane surface was
determined by placing a water droplet on the membrane surface,
and measuring the angle using an Apollo 9000 Contact Angle
Analyzer. To obtain the most precise results, the angle was
measured at five different locations on the membrane and the
average results were obtained. The proportion of the volume of
pores and the total volume of the membrane is called the mem-
brane porosity, € (%). The porosity was determined by dividing the
volume of liquid contained in the membrane pores by the volume
of the membrane, as defined in the following equation (J. Zhang
et al,, 2013):

wl — w2

TA <1 ><(1W><100/0

€

where w1 denotes the wet membrane weight; w2 denotes the dry
membrane weight; A denotes the membrane effective area (m?);
dw denotes the water density (0.998 gcm™); and 1 denotes the
membrane thickness (m).

The membranes mean pore size (r,;) were determined using the
Guerout- Elford-Ferry equation:

. \/(2.9 —1.75¢) x 871Q
me exXAXP

where 1 is the deionized water viscosity (8.9 x 10-4 Pas); Q is the
permeation volume of deionized water per unit time (m>3-s~1); and
P is the operating pressure (Pa) (Ayyaru and Ahn, 2017).

A rejection test was performed with a BSA solution (0.5 g/l in a
phosphate buffer solution (PBS) at pH 7.0). The pure water was
altered to a BSA solution. The concentration of BSA in the feed and
permeation  solution was determined using a UV-
spectrophotometer. The rejection was defined using the following
equation:

R:(l —cp/cf) x 100%

where C, and Cr denote the protein concentration in the permeate
and feed solutions, respectively.
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2.6.2. Water flux and anti-fouling test

The water flux was examined by cross-flow filtration system
through the membrane (a 6 cm inner diameter and a 28.26 cm?
effective area) at 25 °C. The cross-flow filtration was connected to a
feed tank with a pump as described in previous studies (Ayyaru and
Ahn, 2017; Ayyaru et al., 2018). Inlet and outlet valves were used to
control the feed pressure. The filtrate was launched at 0.2 Mpa
during 30 min for pre-compaction of the membranes and the
operating pressure was restored at 0.1 MPa. To minimize the
investigation error, four samples of each type of membrane were
investigated, and the average was calculated. The following equa-
tion was used to calculate the water flux, Jwi (L m~'h~!) (Zhao
et al., 2012):

for
W1~ A4t

where V (L) denotes the permeated water volume; A (m?) denotes
the membrane area, and At (h) denotes the permeation time. In
order to conform the membrane stability of the prepared mem-
branes the flux test was performed using deionized water for 10
days after reaching the stable flux.

Three phases occur during the anti-fouling experiments. The
first phase was pure water filtration, which was run for 60 min. The
next phase was also run for 1 h, but pure water was altered using a
0.5 g/l BSA solution. The last one is membrane cleaning in a cross-
flow manner with pure water (30 min) and the pure water flux is
measured again for another 60 min. These steps are repeated in a
cyclic manner for four times, the fourth cycle result was taken for
comparison the antifouling properties of the membrane. The flux
recovery ratio (FRR), total fouling ratio (Rt), reversible fouling ratio
(Rr), and irreversible fouling ratio (Rir) is representative of the anti-
fouling effects of the membrane, and these values were calculated
using the following equations:

FRR _Jw2 x 100%
w1

Re= (1 —Jp/le) x 100%
where Rt is the total flux loss caused by total fouling.

_Uw2 —Jp) 9
Re === x 100%

(Jwl — Jw2)

Rir ="

x 100%

where J,,1 denotes the water flux (Lm~" h™1); J,,» denotes the water
flux of the cleaned membrane (L m~' h~!) and J, denotes the pro-
tein solution flux (L m~'h~1).

2.7. Membrane fouling resistance flux test using activated sludge

The membrane fouling resistance and flux test were performed
with real activated sludge in the best composite membranes and
bare PVDF membrane. The activated sludge was collected from a
municipal wastewater treatment plant (gyeongsan city, South Ko-
rea), which has 2500 mg mixed liquor suspended solids (MLSS).
The fouling resistances were studied to estimate the effectiveness
of the GO-ZnO in membrane using activated sludge as a foulant. The
total resistance of the membrane (R;) can be derived from the sum
of several resistances given by Darcy’s equation as follows:

TMP
Rt:Rm+Rc+Rp:T (1)

The fouling individual resistances were calculated, as described
elsewhere (Meng et al., 2006). (1) Ry, membranes hydraulic
resistance, were calculated by measuring the flux of pure water
through a clean membrane. (2) R was calculated using the
permeate flux of the activated sludge fouled membrane. (3) The
membrane was then flushed with pure water and cleaned by
removing the gel layer. Subsequently, the DI water flux was
measured again to determine the resistance of the pore blocking
resistance (Rp) by Rp - R, and cake resistance (R.) can be calculated
asRc = Rt — (Rm + Rp). The flux was measured for up to 400 min.
Every 60 min, the membrane was cleaned (back wash) for 10 min.
The effluent quality was measured by turbidity units (NTU) and
MLSS.

3. Results and discussion
3.1. GO-ZnO nanocomposite characterization

3.1.1. XRD

Fig. 2 shows the XRD pattern of GO, ZnO, and GO-ZnO nano-
composite. The XRD pattern of GO revealed three strong peaks: two
peaks at 42.57° and 11.99° 26 corresponding to (100) and (001)
planes, respectively, for GO. In addition, a strong peak at 25.54°,
corresponding to the (002) plane, was formed by a redundant part
of graphite after fabrication. The wurtzite hexagonal structure of a
ZnO crystal was observed in the XRD pattern with a (101) preferred
orientation. The peaks at 31.3°, 34.1°, 35.8°, 47.2°, 56.2°, 62.5°, and
67.6° 20 were assigned to the (100), (002), (101), (102), (110), (103),
and (112) planes for ZnO, respectively. These peaks also appeared at
the XRD pattern of GO-ZnO and a weak peak at 11.99° 20 was also
noted. This confirms that the GO-ZnO nanocomposite had been
synthesized successfully.

3.1.2. FTIR

FTIR spectroscopy (Fig. 3) of these nanocomposite was per-
formed to reveal the functional groups of the synthesized ZnO, GO,
and GO- ZnO nanocomposite. The FTIR spectrum of ZnO revealed

(002) -~(101) GO-ZnO
GO (100)
110) (103
(102) ¢ N . (. )(112)
] A
(o) JCPDS.NO: 89-1397
= 002)
s (100) (110) (103)
> 102) ", L (112)
£ . 4
= z
s nO
=
(002)
(100)
GO
T T T b T T L T T T
10 20 30 40 50 60 70 80

20 (degree)

Fig. 2. XRD pattern of GO-ZnO, ZnO and GO.
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Fig. 3. FTIR spectrum of GO-ZnO, ZnO and GO.

stretching vibrations at below 500 cm™'. This suggests that the
synthesized ZnO nanoparticles were pure. The FTIR spectrum of the
GO powder revealed absorption bands at 1730 cm~! and 1386 cm™!
were assigned to the stretching vibrations of C=0 and C—O,
respectively (Gondal et al, 2009). The absorption band at
1623 cm~! was assigned to the C=C stretching vibration (sp2-
hybridized carbon atoms) (Gondal et al., 2009). The symmetric
stretching, asymmetric stretching and deformation vibrations at
1386, 1030, and 540cm~! indicated the appearance of epoxy
groups. The broad absorption band at 3100—3400 cm ™! confirmed
the presence of the O—H stretching vibration of the absorbed water
molecules over the synthesized materials. The FTIR spectrum of the
GO- ZnO nanocomposite showed the similarity of many absorption
bands to the GO spectrum. On the other hand, the intensity of these
band on the FTIR spectrum of GO-ZnO powder was lower than that
on the GO powder. This might be explained by the cover of ZnO
nanoparticles on the graphene oxide layers. In addition, bonds
formed between the functional groups and ZnO in the synthesis
process. A weak absorption band observed below 470 cm~! on the
FTIR spectrum confirmed the existence of Zn—O stretching vibra-
tions (Gondal et al., 2009). The weak intensity of this absorption
band might be due to graphene layers constructed finely over the
ZnO nanoparticles.

3.1.3. XPS

XPS is an important tool for examining the chemical state,
functionality and composition of a surface. Fig. 4(a) shows the XPS
survey result of synthesized GO-ZnO nanoparticles. The spectrum
revealed four binding energy peaks at 286.5, 532.6, 1025.3, and
1045.7 eV, which correspond to carbon (C 1 s), oxygen (O 1 s), zinc
(Zn 2p3)2), and zinc (Zn 2pq)2), respectively. In addition, the spec-
trum revealed three minor binding energy peaks assigned to Zn 3d,
Zn 3p, and Zn 3s. Fig. 4 (b) shows the high resolution XPS spectrum
of the Cls level at 284.5 eV, which correspond to C—C and C=C
functional groups.

The XPS spectrum of the O1s level in Fig. 4c revealed a peak at
532.36, indicating the appearance of C—OH and Zn—OH functional
groups on the surface of the graphene oxide layers (Kumar et al.,
2013; Edison et al., 2016). Fig. 4d (Zn2p) revealed two major
peaks at 1022.4 and 1045.6 eV, which were assigned to Zn2ps; and
Zn2py; levels, respectively. This shows that ZnO is present on the
graphene oxide structure (Pawar and Lee, 2014). XPS also revealed
26.4% carbon, 50.3, oxygen, and 23.3% zinc in the synthesized GO-

ZnO nanocomposite, respectively. Therefore, the synthesized
nanocomposite was highly pure under the preparation conditions.

3.14. SEM

Fig. 5 presents SEM images of GO (a,c) and GO-ZnO (b,d)
nanocomposites with different magnifications. The SEM image of
the GO nanocomposite revealed a single layer structure or 2D
structure, which is a feature of GO (Marcano et al., 2010). These
layers were individual and had different orientations. This
confirmed that the synthesis of GO had been successful. The 2D
structure of GO resulted in extremely high physical and chemical
activities that are expected to improve the characteristics of the
PVDF membrane. On the other hand, ZnO would make the GO more
hydrophilic. In contrast, GO also had a reversible impact on ZnO,
which can help ZnO exist as discrete particles. SEM images of GO-
ZnO revealed ZnO crystals with a rice-like nanostructure scat-
tered on the GO layer (Kim et al., 2017). In addition, the figure also
showed that the separated ZnO crystals were bound firmly to the
surface of GO layers. This is evidence of the success of the synthesis
of the GO-ZnO nanocomposite.

3.2. PVDF and GO-ZnO PVDF membranes characterization

32.1. SEM

SEM is an important technique for observing the morphology
and structure of a membrane. Fig. 6 shows a cross-section of the
various composite membranes and PVDF membrane. All mem-
branes observed a typical asymmetric structure with a clear skin
layer and porous sub-layer in the cross-section morphology of
membranes. The porous sub-layer accountable for providing me-
chanical strength and the skin layer is comparatively thin and
compact which can make high hydraulic resistance and low flux
(Ayyaru and Ahn, 2017). The strong changes observed in thin-layer
and sub-layer between the porous structures of the pure
PVDFmembrane and modified membrane. Particularly, the 0.2 wt%
GO-ZnO/PVDF membrane (M6) membrane of sub-layers were
wider and longer that those of the others. This confirmed that the
0.2 GO-ZnO/PVDF membrane has the highest porosity. Thus, due to
the fast exchange of solvent and non-solvent in the phase inversion
process due to the hydrophilic nanocomposite (Zhang et al., 2013).

Fig. 7. Shows the plan-surface morphology of pure PVDF mem-
brane and modified membranes. The pore structure has been
influenced by the incorporation of GO and GO-ZnO nanomaterials
to the polymer matrix. When comparing to PVDF the modified
membranes showed high pore density and pore size attribute to
fast demixing of solvent from polymer solution by nanoparticles
during phase inversion (Ji et al.,, 2011). Fascinatingly, the 0.2 wt%
GO-ZnO/PVDF membrane (Fig. 7 M6) exhibits denser pores and
large pore size than 0.125 wt% GO/PVDF membrane. This may be
due to the better hydrophilicity of GO-ZnO can make the good
solvent diffusion from the polymer matrix to non solvent (water),
which may facilitate the formation of a larger pore density.

The three-dimensional surface AFM images and mean surface
roughness of the membranes showed in Fig. 8. The mean roughness
of the PVDF, PVDF-GO (M2), and PVDF-GO/ZnO (M6) membranes
were 26.8, 32.9 and 73.5 nm, respectively. The composite mem-
branes showed high surface roughness than that of the PVDF
membrane. In particular, the addition of the GO/ZnO showed
tremendous improvement in mean roughness than other mem-
branes which may be due the high hydrophilic of GO/ZnO mem-
brane (see contact angle of M6 in Fig. 9). The increased
hydrophilicity increases the membrane surface unevenness sig-
nifies enlargement of the effective membrane surface area. This can
be explained that GO-ZnO nanoparticles completely mixing in dope
solution and makes faster coagulation during the phase inversion
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Fig. 4. XPS spectrum of GO-ZnO nanoparticle.

Fig. 5. SEM images of GO and GO-ZnO.

process (Ayyaru and Ahn, 2017), which in turn increased membrane
surface area and longer finger-like pores (Fig. 8 M6). The mem-
branes with GO-ZnO are expected to have improved fluxes
compared to PVDF membranes and GO membrane (Mahlangu et al.,
2017b).

3.2.2. Water contact angle (CA), porosity, pore size, and rejection
measurements

The contact angle is one of the important methods for charac-
terizing the hydrophilicity of the membrane surface. The contact
angle results revealed differences between the PVDF membrane
and modified PVDF membranes, as shown in Fig. 9a. The PVDF
membrane had the highest contact angle highlighting its hydro-
phobic nature (Ayyaru and Ahn, 2017). The blend with hydrophilic
GO-ZnO membranes, upon increasing the concentration the con-
tact angles of the membranes have been decreased. Thus

confirming the findings of other studies (Wu et al., 2014; Mahlangu
et al., 2017b). This would explains the high pure water permeability
of the membranes with GO-ZnO which also increased with GO-ZnO
concentration as observed by other research (Ayyaru and Ahn,
2017; Mahlangu et al., 2017a). The lowest contact angle belongs
to 0.2 GO-ZnO/PVDF (M6) membrane (49.8°), whereas the 0.125
GO/PVDF membrane (M2) gained only 52.36°. This confirmed the
more positive effect of GO-ZnO compared to GO on the PVDF
membrane toward the hydrophilic improvement (Yang et al., 2017).
On the other hand, some influencing (agglomeration of nano-
particles in polymer matrix) factors might cause a decrease in the
effects of GO-ZnO at a high content in the PVDF membrane matrix.

The diagram (Fig. 9a) showed the effects of the different addi-
tives on the porosity of PVDF membranes. The porosity range of the
different membranes ranged from 51.28% to 66.07%; 51.28% belongs
to the bare PVDF membrane. This suggests that the hydrophilic
additives in the polymer matrix can be the cause of the rapid ex-
change of solvent and non-solvent in the phase inversion process.
As a result, the porosity of these membranes was enhanced. The
improvement impacted directly on the roughness and water flux of
the membranes. On the other hand, some problems, such as the
agglomeration of nanoparticles in the polymer solution when a
large number of additives is supplemented on the solution, might
thicken the sub-layer of 0.3 wt% GO-ZnO/PVDF membrane (Fig. 6
M7) (Yang et al., 2017). This also occurred on the 0.15wt% GO/
PVDF (M3) membrane. This may be due to the large increased in the
viscosity of the casting solution and the agglomeration of nano-
particles with the dispersion of excess.

Fig. 9b shows that all BSA rejection of the membranes ranged
from 86% to 93%. This expressed the high BSA removal capacity of
all membranes. The addition of GO-ZnO improved BSA rejection
and rejection increased with increasing GO-ZnO concentration.
This can also be attributed to improvement in repulsive non-
electrostatic interactions between the membranes and foulant
(Ayyaru and Ahn, 2017; Mahlangu et al., 2017a). BSA has a negative
charge at neutral pH therefore, it is highly possible to repulse the
negative charge membrane (GO-ZnO) towards the negative charge



S. Ayyaru et al. /| Chemosphere 241 (2020) 125068 7

Fig. 7. Plan view SEM images of all types of membranes.

Fig. 8. AFM images and roughness of PVDF (M0), PVDF-GO (M3), PVDF-GO/ZnO (M6)
membranes.

foulant (Ayyaru and Ahn, 2017). With BSA molecular weight cut-off
(MWCO) of 66 000 Da, the membranes belong to the ultrafiltration
range. Fig. 9b shows the pore sizes of all membranes. It was
observed, that when increasing the concentration of nanoparticles
the pore sizes were increased (excluding M3 and M7). At 0.2 wt %
GO-ZnO (M6), the mean pore size reached 43 nm, which was 22.8%
higher than that of the bare PVDF membrane (MO). The porosity
data also showed a similar trend with pore sizes of membranes. The

pore sizes of membranes further confirmed that all membranes
belong the ultrafiltration range. The high pore size membrane (M6)
exhibited high rejection which might be due to their great hydro-
philicity or low contact angle. In contrast, the low pore size PVDF
membrane showed less rejection, which can be attributed to the
hydrophobic nature of the PVDF membrane.

3.2.3. Water flux and anti-fouling performance

Permeability is one of the most important characteristics to
assess the quality of a membrane and can be evaluated by the water
flux and anti-fouling properties. The water flux of a membrane can
be affected by the appropriate additives used in membrane pro-
duction. Fig. 10a compares the water flux of different additives in
the PVDF membrane structure. The M6 membrane (0.2 wt % of GO-
ZnO) contributed to the highest water flux (170.731/m%h) than
PVDF-GO M3 and PVDF membrane. The association of ZnO and GO
with the PVDF membrane not only increases the permeability of
the PVDF membrane, but also improves the hydrophilicity of GO,
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which is an amphiphilic material. The ZnO crystals on the GO
strengthen the hydrogen-bonding (due to the hydroxyl group of
Zn—OH) with water, thus make dense water layer, which allows
water to pass easily through the membranes (Ayyaru and Ahn,
2017). In addition, the larger pore size of the GO-ZnO/PVDF mem-
branes provides water more opportunities to permeate through the
membrane pores. Fig. 10c shows long duration flux with deionized
water for PVDF MO0), PVDF-GO M3, PVDF-GO/ZnO (M6). All the
membrane exhibited stable flux for a long time (224 h) (only 5% flux
decline), which indicates that the prepared membranes had a good
mechanical strength. Moreover, the longtime flux result of com-
posite membranes conforms that stability of GO and GO-ZnO in
PVDF membrane without leaching.

The antifouling properties can be evaluated using the calculated
flux recovery ratio (FRR), total fouling ratio (R¢), reversible fouling
ratio (R;), and irreversible fouling ratio (R;;). These values indicate
the existence of anti-fouling behaviors on the membrane during
filtration. Fig. 10b shows that the pure PVDF membrane and 0.15
GO/PVDF membrane (M3) have the lowest results compared to the
others, which suggests that the natural hydrophobicity of PVDF
attracted more hydrophobic foulant in the BSA solution. On the
other hand, 0.15 GO/PVDF showed a strong decrease in anti-fouling
properties because of the agglomeration of nanoparticles. On the
other hand, the membrane modified by GO gained positive
improvement at a content of 0.125wt % in the PVDF membrane,
with a FRR, R;, R; and R;; of 84.9%, 86.67%, 71.58%, and 15.09%



Table 2

Fouling resistances activated sludge for PVDF, PVDF-GO (M3) and PVDF-GO-ZnO

(M6) membranes.
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Membrane resistance PVDF Nanocomposite membrane
8 ~—1

(x10°m™5) membrane  LunE GO PVDF-GO-znO
(M3) (M6)

Rm 31.2 25.6 21.2

Rp 21.7 6.4 1

Rc 36.3 31.6 29.6

R¢ 89.2 63.6 51.8

respectively. In addition, significant improvement was observed in
the anti-fouling parameters of the PVDF membranes modified with
GO-ZnO. These results indicate that the PVDF membrane with
0.2 wt % of GO-ZnO enhanced the anti-fouling ability of the mem-
brane compared to the other GO/PVDF and bare PVDF membranes.
The supplement of GO-ZnO in the polymer structure is believed to
build a thicker water hydrogen layer, preventing foulants binding to
membrane surface and pores. The PVDF membrane containing
0.2 wt % of GO-ZnO gave the highest FRR (92.79%) and highest R;
(83.21%) and lowest R;; (only 7.21%)

3.2.4. Fouling resistance analysis and flux test performance using
activated sludge

Fouling of membrane in membrane bioreactor (MBR) can be
categorized by an outer cake layer on the membrane surface and an

inner gel layer in the membrane. Cake layer from MLSS, that con-
tributes to reversible fouling resistance R, can be removed by a
strong shear force or backwashing. The inner gel layer formed by
strongly attached soluble microbialpolymer (SMP) or EPS clogs
pores and blocks and contributes to the irreversible fouling resis-
tance (Rp) that can only be removed by chemical cleaning (Zhao
et al,, 2014). Table 2 shows the resistance of composite mem-
branes (M3, M6) and PVDF membrane (MO). The results reflect that
the nanoparticles impact the surface resistance of R, and R¢. The
cake layer observed was dominant in the total resistance of all
membranes (57.1, 49.6 and 40.6% for PVDF-GO-ZnO, PVDF-GO and
PVDF respectively), which due the deposition of activated sludge on
the membranes (MLSS). Membrane resistance of (Ry,) of PVDF-GO-
ZnO and PVDF-GO composite membranes exhibited low than the
PVDF membrane, suggest that blending of nanoparticles can
improve the PVDF hydrophilicity (Zhao et al., 2014). The R, of the
membranes caused by pore clogging and irreversible fouling,
although R, contributed less to the total resistance (R¢), it can be
caused significant decline of permeation flux with long time and
reduce the lifetime of membranes (Maximous et al.,, 2009). The R,
of PVDF-GO/ZnO composite membrane showed very low compare
to both membranes (1/6 and 1/22 for PVDF-GO and PVDF mem-
brane, respectively), indicates that the introduction of GO-ZnO
improved the surface characteristics of PVDF membrane when
compared to addition of GO, which suggest that GO-ZnO has more
hydrophilic nature than GO. Which in turn increases the antifouling
properties of GO-ZnO composite membrane attributable to the
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Fig. 11. Flux test using activated sludge.

Table 3

Comparative performance of the hybrid nanocomposite membranes of other studies.
Type Water flux (Lm~2h™1) Content of additives (%) Rejection (%) References
PSf-GO 240 - 96 Wu et al. (2014)
PSf-GO/SiO, 380 0.3 97 Wau et al. (2014)
PVDF-GO 81.95 (+1.20) 0.05 96.5+2.1 Safarpour et al. (2015)
PVDF-GO/TiO 221 0.05 99 Safarpour et al. (2015)
PES-GO-ZnO 7.8+0.8 0.05 90 (Atrazine) Mahlangu et al. (2017b)
PES-GO 26+0.1 0.0125 53 (Atrazine) Mahlangu et al. (2017b)
PVDF-GO 120 0.125 91 This work
PVDF-GO/ZnO 170.73 0.2 92 This work
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reduction in hydrophobic interaction between the hydrophilic
membrane (PVDF-GO/ZnO) and foulants (Maximous et al., 2009)
(see Table 3).

Fig. 11 shows the results of the flux test using activated sludge.
The activated sludge flux test was performed with the best hybrid
membrane 0.2 wt % GO-ZnO/PVDF (M6) and bare PVDF membrane.
A decreasing trend in both membranes was observed over time, but
the membrane containing GO-ZnO in the polymer matrix had a
higher flux and its decreasing trend was lower than that of the bare
PVDF membrane. This confirmed the performance of adding GO-
ZnO to the PVDF membrane structure. The MLSS concentrations
in the effluent were almost zero (data not shown) and the turbidity
of the effluent in the nanocomposite membrane was 0.6 NTU
during the test. In addition, the effluent quality after the composite
membrane was stable, indicating that the composite membrane
can be used for practical applications.

Table 3 lists the highest water flux and rejection of all the
nanocomposite membranes in comparison with the GO membrane
(Wu et al,, 2014; Safarpour et al,, 2015; Mahlangu et al., 2017b).
Similarly, the present study also revealed the same. This confirmed
that the association of GO and metal oxides improved the water
flux and anti-fouling ability of the membranes. Mahlangu et al.,
examine the PES membranes modified with GO-ZnO for trace
organic compounds (TOrCs) of wastewater (Mahlangu et al.,
2017b). The result of water flux of membrane was very low when
compared to those reported in the literature for microfiltration and
ultrafiltration membranes. This may be due the membrane syn-
thesis approach of double-casting phase inversion (DCPI) method.

4. Conclusion

For the membrane, the improvement of permeability, high hy-
drophilicity and enhanced antifouling performance are the positive
effects of blending additives into the membrane structure matrix.
The association between ZnO and GO in this study was harnessed to
produce a new additive for the PVDF membrane. The GO-ZnO/PVDF
membrane was fabricated using the phase inversion process. The
characteristics of the membranes were analyzed by SEM, porosity
measurements, hydrophilicity analysis, and filtration experiments.
The CA of the PVDF membrane was improved significantly when
blended with 0.2 wt% of GO-ZnO (49.8°). The porosity of this
membrane was 66.07%. The antifouling properties of this mem-
brane were 92.79% (FRR), 83.21% (R;), and 7.21% (R;;). These pa-
rameters showed the positive effects of additives on the PVDF
membrane. In addition, high flux was observed in the GO-ZnO/
PVDF membrane using activated sludge and excellent effluent
quality was also maintained. These effects were explained by the
higher hydrophilicity due to the association of ZnO and GO in the
PVDF structure matrix.
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