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Abstract In this research, an innovative Poly (vinyl alcohol) (PVA) reverse osmosis (RO) mem-

brane with exceptional attributes was fabricated. Graphene Oxide (GO) nanosheets and Pluronic

F-127 were infused within crosslinked PVA to fabricate thin film mixed matrix membranes. The

newly synthesized membranes were evaluated in terms of several parameters like surface roughness,

hydrophilicity, salt rejection, water permeability, Chlorine tolerance and anti-biofouling property,

utilizing a dead-end RO filtration unit. Typical characterization techniques were used to assess the

characteristics of the membranes. These include SEM, AFM, contact angle measurements and

mechanical strength analysis. The conjugation of Pluronic F-127 and GO enhanced the overall per-

formance of the membranes. The modified membranes surfaces had less roughness and higher

hydrophilicity in comparison with the unmodified ones. This research showed that membranes that

contained 0.08 wt% and 0.1 wt% GO exhibited superior selectivity, mechanical strength, Chlorine

tolerance and anti-biofouling property. The truly significant outcome to evolve from this investiga-

tion is that improvements have been accomplished while PVA was used as a stand-alone RO layer

without the use of any substrate. This study showed that crosslinking of PVA and modifying it with

proper fillers overcame the common PVA downsides, primarily swelling and rupture under excep-

tionally high pressure.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

World-wide water scarcity is increasingly becoming the most
critical problem affecting people around the world. Coupling
this with the exponential growth in population and economy

yields a recipe for calamitous fresh-water dearth. Global
demand of fresh water is anticipated to jump from 4.5 trillion
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m3 to 6.9 trillion m3 by 2030 (Shannon, 2008; Misdan et al.,
2012).

Only 2.5% of earth’s surface, is fresh-water and it is not

easily accessible. The reason is the fact that most of the fresh
water is accumulated as glaciers or is very deep underground
(Shannon, 2008; Oki and Kanae, 2006; Subramani and

Jacangelo, 2015). With this substantial increase in fresh-
water demand, an effort to develop desalination technologies
is necessary.

Reverse Osmosis (RO) is the predominant technology for
desalination nowadays. It is becoming the major desalination
technology over conventional thermal technologies. Due to
desalination process developments and major cost and energy

reductions, RO processes attract interests commercially (Lee
et al., 2011; Malaeb and Ayoub, 2011; Kochkodan and
Hilal, 2015; Matin, 2011). However, membrane fouling causes

a cutback in performance of reverse osmosis (RO) membranes,
which is a major concern. Due to fouling, the membranes need
to be chemically cleaned and treated frequently. This eventu-

ally abridges the membrane’s life, which increases the cost of
the overall reverse osmosis process (Herzberg and Elimelech,
2007; Baker and Dudley, 1998). Most of the foulants, other

than bio-foulants, can be removed or their effect can be mini-
mized to some extent by pretreatment. Biofouling, on the other
hand, is different. It is defined as the formation of bacteriolog-
ical films onto membrane’s surface or inside its pores. Micro-

organisms can withstand extreme conditions like temperatures
ranging from �12 �C to 110 �C and pH ranging from 0.5 to 13.
The attached microorganisms embed, and form biofilms. This

means that the initially absorbed species are restrained and
transformed from the solution into a semi-solid form (Baker
and Dudley, 1998; Flemming, 2002; De Beer and Stoodley,

2006; Sadr Ghayeni, 1998). Biofilm formation causes several
undesirable consequences on the RO process, such as flux
decline, operating pressure increase, membrane bio-

degradation and loss of salt rejection (Ridgway, 1990). In this
study, novel stand-alone PVA mixed matrix membranes
infused with Pluronic F-127 and Graphene Oxide were fabri-
cated by dissolution casting.

PVA has been utilized extensively in applications related to
water purification, since it possesses superb properties, such as
water-solubility, biodegradability, intrinsic hydrophilicity,

good film-forming properties, good Chlorine tolerance, excel-
lent fouling resistance and exceptional thermal, mechanical
and chemical stability (Liu, 2014, 2013; Bolto, 2009; You,

2012; Bezuidenhout, 1998; Hu, 2012; Yee, 2014). Due to its
very high hydrophilicity, swelling of PVA membranes is
expected and it leads to an open structure that is not favorable,
as the membrane loses its separation effectiveness. To solve

such a problem, crosslinking of PVA is performed to generate
a membrane that has the balance between permeability and
selectivity (Cha et al., 1993; Gebben, 1985; Macho, 1994;

Huang and Rhim, 1993; Korsmeyer and Peppas, 1981;
Giménez et al., 1996).

Poloxamers or Pluronics are triblock amphiphilic copoly-

mers comprising two polyethylene oxide blocks inclosing a
polypropylene oxide block (PEO–PPO–PEO) as a monomer.
Thus, the copolymer contains hydrophilic PEO parts and

hydrophobic PPO parts. Unlike other Poloxamers and Pluron-
ics, Pluronic F-127 (MW 12,600) has a great hydrophilic/lipo-
philic balance value of 22, and superb extractability towards
aqueous phase (Kim et al., 2006; Lv, 2007). Many researchers
reported that the inclusion of Pluronic F-127 within PVA
matrix improves the permeability and selectivity of the mem-
branes. It is also used as a pore-forming agent (Lv, 2007;

Iwasaki et al., 2003; Amanda, 2000; Ishihara et al., 1995;
Yajima, 2002).

Graphene Oxide (GO) consists of nanosheets that attracted

research interest in the area of water treatment membranes
fabrication (Huang, 2019; Hegab and Zou, 2015; Li et al.,
2016; Cohen-Tanugi and Grossman, 2015; Mahmoud, 2015).

This is mainly due to its distinct inherent properties, such as
superb surface area, good mechanical strength, abundant
hydrophilic functional groups, and its capability to mitigate
the progression of bacteria when it contacts the cells directly

(Li et al., 2016). Coating membrane surfaces with GO
improved Chlorine resistance and fouling resistance of the sur-
faces (Choi, 2013). In recent years, researchers investigated the

incorporation of GO nano-sheets into polymer matrix to form
separation membranes (Huang, 2019; Hu and Mi, 2013; Kim,
2013). Current research shows that GO inclusion enhances

mechanical strength of matrices in many applications includ-
ing bio-applications. Furthermore, It has been shown that
GO-based nanomaterials were used to improve desalination

processes due to their excellent mechanical stability ultrafast
diffusion and other superb properties (Yang, 2021; Johnson
and Hilal, 2021; Le, 2021; Presumido, 2020).

PVA has been used by many investigators as a surface mod-

ifier to improve surface hydrophilicity or as a coating on var-
ious membrane surfaces for numerous separation applications
(Kang, 2012; Rajaeian, 2015; Liu, 2015; Li, 2014, 2010; Bano,

2014; Flynn, 2013; Pourjafar et al., 2012; Barona et al., 2012;
Zhang, 2008; Shang and Peng, 2008, 2007; Guo, 2007; Anis
et al., 2014). To the best of the author’s knowledge, no inves-

tigation has been conducted on the utilization of PVA conju-
gated with Graphene Oxide as a stand-alone RO active layer
for seawater desalination without using any ceramic or poly-

meric substrates. Crosslinked PVA has been conjugated with
Graphene Oxide to mitigate common PVA limitations, mainly
swelling and rupture under high pressure.

In this investigation, a unique PVA membrane conjugated

with Graphene Oxide and Pluronic F-127 was fabricated for
utilization in reverse osmosis conditions. The newly fabricated
membranes were then characterized and analyzed using several

techniques including contact angle measurements, X-ray
diffractometry (XRD), atomic force microscopy (AFM), scan-
ning electron microscopy (SEM) and mechanical testing. A

dead-end RO permeation unit was used to assess the perfor-
mance of the membranes, comprising permeation flux testing,
selectivity and Chlorine and biofouling resistance
measurements.

2. Experimental setup

2.1. Materials and reagents

Analytical grade Poly (vinyl alcohol) (Mw = 89000), Pluronic

F-127 (average molecular weight: 12.6 kDa), bisphenol A
diglycidyl ether (DGEBA) (crosslinker), sodium hypochlorite
(NaClO) and dimethyl sulphoxide (DMSO) were attained

from Sigma Aldrich (USA). Graphene Oxide (GO) sheets were
obtained from Graphene Supermarket (Calverton, NY, USA),
with flakes ranging in size from 0.3 to 0.7 mm and a ratio of
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carbon to oxygen of 4:1. All chemicals were utilized as
received.

2.2. Membrane fabrication

2.2.1. PVA crosslinking and infusion of Pluronic F-127

DGEBA (crosslinker) was incorporated into PVA solutions
following the procedure detailed in a previous research con-
ducted by the author and his collaborators (Falath et al.,

2016, 2017). It has been shown that the optimum weight per-
centage of the crosslinker is 0.16 wt%. The optimization was
performed to investigate the weight percent that yields best

combination between permeability and selectivity. Pluronic
F-127 was incorporated into the solution in a similar way
and it was found that the optimal weight percentage was
Fig. 1 Schematic diagram of PVA crosslinking and the i

Table 1 Graphene Oxide wt% in PVA solution and labeling.

Weight percentages (wt%)

Graphene Oxide* 0.02 0.04

Labels PVA-G1 PVA-G2

*with 6 wt% Pluronic F-127 and 0.16 wt% DGEBA.
6 wt% (Falath et al., 2016, 2017). Fig. 1 is a schematic diagram
that shows the chemical reaction.

2.2.2. Graphene oxide conjugation with crosslinked PVA
membrane

Table 1 shows various weight percentages of Graphene Oxide
that were infused to the previously prepared solution that con-

tains crosslinked PVA and Pluronic F-127 (6 wt%) to fabricate
the mixed matrix membranes. Graphene Oxide was infused
into the solution at 60 �C with continuous stirring for 5 h until

it was dissolved completely and a homogeneous solution was
formed. The membrane casting followed the dissolution cast-
ing methodology the author and his collaborators used in their

previous work (Falath et al., 2016, 2017).
ntermolecular hydrogen bonding with Pluronic F-127.

0.06 0.08 0.10

PVA-G3 PVA-G4 PVA-G5
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2.3. Membranes characterization

2.3.1. Contact angle measurements

To test the hydrophilicity of membrane surfaces, A Goniome-

ter (Digidrop, KSV Instruments) that calculates sessile drop
contact angles of the membrane surfaces has been utilized.
To calculate the contact angle, the average of right and left
angles of the drop were taken into consideration for the fitting

done by the software. Three readings for each sample were
rounded to report contact angle in degrees. All readings were
taken immediately after the droplet contacts the surface of

the membrane to ensure accuracy.

2.3.2. X-ray diffraction measurements

The synthesized mixed matrix membranes structure was char-

acterized using X’pert PRO Diffractometer (PANalytical). A
monochromatized CuK a1 radiation was utilized with
1.540 Å wavelength. The voltage and current were 40 kV

and 40 mA, respectively. The range of scanning was from 4�
to 80�.

2.3.3. Scanning electron microscope (SEM)

SEM images of the membranes were attained utilizing (S-
3400N Hitachi, USA) SEM. The SEM functions under low
vacuum mode to characterize the samples. Before placing the

samples inside the SEM, gold sputtering was done for 120 s
to be sure that no surface charging takes place.

2.3.4. Atomic force microscopy (AFM)

AFM analysis was conducted using (Digital Instruments, US)
AFM with standard tapping mode to characterize the rough-
ness of the surfaces. At each down stroke of each sinusoidal

cycle at 350 kHz resonant frequency, a cantilever momentarily
touches the surface. The resolution of the scanned images was
512 � 512 pixel. Root-mean-square surface roughness (Rq) is

obtained by the following equation (Fang and Chang, 2003):

RqorRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

zi2

s

Here zi is the extent of the ith lowest or greatest deviation,
while n denotes the discrete variations number.

2.3.5. Mechanical testing

Mechanical stability was characterized using a Tensile testing
equipment (Instron 5567) that was equipped with a load cell

that has a capacity of 10 kN. The stiffness of the membranes
denoted by the Young’s modulus was calculated by the soft-
ware. ASTM D-638 standard was utilized in tensile testing.

The gauge length of the sample was 50 mm while the width
was 10 mm. Three samples were cut from each fabricated
membrane. The crosshead speed was 10 mm/min. Membrane’s

thickness was kept at 0.1 mm for all samples. Tensile testing
was performed at ambient temperature. Stiffness was calcu-
lated in triplicates from tensile curves.

2.3.6. Permeability and selectivity testing

To assess the RO performance of the newly fabricated mem-
branes, a dead-end RO filtration (HP4750, Sterlitech, WA,

US), as shown in Fig. 2, was utilized to assess the permeability
and selectivity of the newly fabricated membranes. The filtra-
tion unit is made from stainless steel 316. Membrane’s active
surface area was 14.6 cm2. Commercially available natural

sea salt (3.28 wt%) was utilized to simulate seawater and the
pressure was kept at 800 psi. The salinity of the feed solution
and the applied pressure were chosen to imitate the average

seawater salinity and the typical applied pressure at RO plants,
respectively. Permeate flux of the membrane was calculated by
the subsequent relation:

F
L

m2h

� �
¼ V Lð Þ

A m2ð Þxt hð Þ
where F is the permeate flux across the membrane per unit area
(A) per unit time (t). Commonly, the abbreviation (LMH) is

used to represent the unit of water flux. Selectivity was assessed
by gauging permeate’s salinity and comparing it to the salinity
of the feed. Salinity testing was conducted by a salinity meter.

Each reported result was the average from at least three sam-
ples after 8 h of operation to make sure steady state is
achieved.

2.3.7. Biofouling resistance testing

Biofouling resistance activity was assessed by measuring opti-
cal density (OD) by a spectrophotometer, while using Escher-

ichia coli (E. coli) as a model bacterium. Testing procedure
followed JIS L 1902:2002 methodology and is detailed else-
where (Falath et al., 2016, 2017).

2.3.8. Chlorine resistance test

The exposure to high concentrations of Chlorine for a short
duration is equivalent to the exposure to low concentrations

of Chlorine for a longer duration, as has been reported by
many researchers (Petersen, 1993; Liu, 2011). Therefore, for
lab testing purposes, it is more convenient to test membranes

at high concentrations of Chlorine for a short time to assess
Chlorine tolerance of membrane surfaces. To prepare the
Chlorinated solution, commercial NaClO solution was diluted
by mixing with distilled water. HCl (0.1 M) was used to adjust

the pH of the prepared hypochlorite solution to become 4.0 to
assure more harsh environment (Augustine, 2012). To assess
Chlorine resistance, the selectivity of the membranes was

assessed before and after Chlorination. If the selectivity per-
centage is almost maintained after Chlorination, it indicates
that the surface of the membrane was not negatively affected

by the exposure to Chlorine. Before Chlorine Exposure, mem-
branes selectivity was assessed using 2000 mg/L NaCl solution.
After rinsing the membranes, Chlorination takes place at

2000 mg/L hypochlorite solution for 2 h while keeping the
pH at 4.0 at ambient temperature. Afterwards, the selectivity
was assessed once more with 2000 mg/L NaCl solution.

3. Results and discussion

3.1. Contact angle analysis

Contact angle determination is a tool that is used to compute
and assess the wettability and the hydrophilicity/hydrophobic-

ity of a solid surface (Kwok and Neumann, 1999). Commer-
cially available RO membranes are mostly hydrophobic
which makes them susceptible to adsorption by biofoulants.



Fig. 2 Dead-end filtration system for RO membranes (Falath et al., 2016).
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It has been reported that hydrophilic surfaces are less prone to
biofouling (Fane and Fell, 1987; Hilal, 2005). Consequently,

the synthesis of membranes with hydrophilic surfaces is favor-
able for fabricating biofouling resistant membranes. A thin
layer of water is formed on top of hydrophilic surfaces. The
significance of this layer is that it averts or reduces the absorp-

tion of foulants and it improves the permeability of the mem-
brane (Kochkodan, 2012).
Fig. 3 Effect of infusing GO on th
Fig. 3 demonstrates the effect of incorporating GO into the
membrane matrix on hydrophilicity. The curve shows reduc-

tion in the water contact angle, which indicates that the conju-
gation of GO made the surface more hydrophilic. GO is
hydrophilic in nature and contains carboxyl and hydroxyl
groups amply on its basal planes and edges (Lee, 2013). There-

fore, the presence of GO in membrane materials would induce
hydrophilicity. Thus, the mixing of GO with the highly hydro-
e hydrophilicity of the surfaces.



Fig. 4 XRD patterns of pure PVA and GO modified membranes.
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philic PVA was expected to improve the overall hydrophilicity
of the membrane surface (Li, 2019; Zhang, 2019).

3.2. X-Ray Diffraction.

X-ray diffraction characterizes the microstructure of the syn-

thesized membranes. Diffraction peaks of the pure PVA and
modified PVA membranes with 0.02 wt% GO are shown in
Fig. 4. Peaks at 11.4�, 20.02�, 23.23�, and 40.89� are clearly vis-
ible for Pure PVA membrane. The strongest and the sharpest
peak is at 20.02�. Those peaks are distinctive of Pure PVA
and they clearly show the mostly crystalline behavior
(Zhang, 2008). The modification of the membrane included

additions of Pluronic F-127, GO and DGEBA. The strong
peak at 20.02� became a little wider, which is due to crosslink-
ing effect (Zhang, 2008). GO has a sharp peak at 10.88�, which
corresponds to the (001) reflection. The absence of this peak in
the XRD pattern indicates that there is good miscibility
between GO and PVA (Stobinski, 2014; Sun, 2020).
Fig. 5 Effect of GO loadings on surf
3.3. Atomic force microscopy (AFM).

Surface roughness has a strong effect on biofouling inhibition
(Elimelech, 1997). If the membrane surface becomes increas-

ingly rougher, the surface area where microorganisms can
adhere to will increase. Furthermore, the ridge-valley configu-
ration, which is a trait of rough surfaces, enhances the buildup
of foulants on the surface (Vrijenhoek et al., 2001). Fig. 5

shows the effect of GO inclusion on the surface roughness,
measured by AFM. The figure shows that the surface rough-
ness has declined considerably after modification with GO.

That excellent effect on surface roughness is explained by the
fact that conjugating GO with PVA causes an increase in cast-
ing solution’s viscosity. This increase in viscosity impedes

exchange rate of solvent/solute diffusion while dissolution
casting process takes place, which leads to the formation of
smooth membrane surfaces (Hegab and Zou, 2015; Khalid,
2015). The small increase in surface roughness with the inclu-

sion of larger amounts of GO could be due to the fact that
ace roughness of PVA membranes.
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excess amount of GO will adhere to the surface and form the
unwanted ridge-valley structure that increase the surface
roughness. That effect could be seen from surface morphology

images taken by SEM, which will be discussed in the following
section. Nevertheless, even with the abovementioned effect, the
surface roughness has improved overall with the conjugation

of GO. This result is excellent because, as mentioned earlier,
reducing the surface roughness of the membrane leads to
improved biofouling resistance and permeability.

3.4. Scanning electron microscope (SEM)

Reverse osmosis membranes are predominantly looked at as

dense membranes since the pore size is ranging from 1 to
10 Å, which is basically the size of a free volume rather than
a pore (Matin, 2011; Wijmans and Baker, 1995). Many
researchers reported that Pluronic F-127 is a surfactant that

helps in pore-forming (Loh, 2011; Susanto and Ulbricht,
2009). SEM images of Pure PVA and crosslinked PVA modi-
Fig. 6 SEM images of (a) pure PVA membrane, (b) PVA with Pluro

(g) PVA-G5.
fied with Pluronic F-127 are shown in Fig. 6, (a) and (b),
respectively. As anticipated, the incorporation of Pluronic F-
127 resulted in relatively large pores that are clearly visible

under SEM, ranging in size from 1 to 10 mm.
Fig. 6, (c-g), shows the SEM images of the membranes

modified with GO. It is clear from the images that as the

amount of GO increases, porosity and pore sizes decrease.
Furthermore, excess amounts of GO are visible for the maxi-
mum loading of GO. An explanation to this behavior is that

excess GO sheets inhabit the pores that have been formed by
the incorporation of Pluronic F-127. When those pores are
packed, excess amounts of GO will agglomerate and adhere
to the membrane surface (Sun, 2020).

3.5. Mechanical properties

Graphene Oxide exhibits excellent mechanical properties (stiff-

ness up to 40 GPa while remaining highly flexible and ductile).
This is ascribed to the abundant hydrogen-bonding interac-
nic F-127 (c) PVA-G1, (d) PVA-G2, (e) PVA-G3, (f) PVA-G4 and



Fig. 7 Effect of GO inclusion on Young’s modulus.
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tions between neighboring sheets in the GO structure (Suk,
2010; Compton, 2012). Therefore, it is expected that the inclu-
sion of GO within the matrix of crosslinked PVA will effec-

tively enhance the overall mechanical stability of the
membrane film.

Fig. 7 shows Young’s modulus values for the newly synthe-

sized membranes. The stiffness of the membranes, represented
by Young’s modulus, has improved significantly with the con-
jugation of GO. For PVA-G4, the stiffness of the membrane

improved by more than 100%. The conjugation of GO into
the PVA matrix acts like a physical crosslinking agent that
forms denser network structure. That dense structure hinders
internal structural relative movements during the tensile exper-

iment, which enhances the stiffness of the membrane
(Compton, 2012). These outcomes demonstrated the mechan-
Fig. 8 Effect of GO wt% o
ical stability of the fabricated modified membranes. During
practical conditions with extremely high reverse osmosis pres-
sure of 800 Psi, the membranes functioned properly and with-

stood that high pressure without the need of a support or a
substrate. Being able to utilize the membrane as is, without a
substrate, negates the effect of internal concentration polariza-

tion which usually causes unnecessary increase in the applied
pressure.

3.6. Effect of GO conjugation on separation effectiveness

Fig. 8 shows permeability and selectivity results, represented
by permeate flux and salt rejection, for the membranes modi-

fied by GO. The permeability has increased considerably with
the inclusion of GO. The maximum flux for PVA-G5 (92
n flux and salt rejection.
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LMH) is almost double the flux of commercially available RO
membranes, which is an excellent achievement (Van Wagner,
2009). The obvious rationale is based on the enhancement of

hydrophilicity. It has been reported by many researchers that
improving the hydrophilicity of the surface generally enhances
the water flux through the membrane (Fane and Fell, 1987;

Hilal, 2005).
The figure also shows the effect of inclusion of GO on selec-

tivity. It is very evident that conjugating slight amounts of GO

into the polymer matrix improved the salt rejection immensely.
Selectivity improved from around 70% to around 98% for
PVA-G4 and PVA-G5. The inclusion of GO into PVA mem-
branes resulted in a semi-network structure that obstructed

the stream of salt molecules (Mahmoud, 2015). It is notewor-
thy that the enhancement occurred in both permeability and
selectivity. The usual trend is that it is a compromise between

the two properties. The unique characteristics of GO, mainly
its high hydrophilicity and its physical crosslinking ability,
made it possible to gain both at the same time.
Fig. 9 Relative amounts of bacterial cells adhering onto

membrane surfaces.

Fig. 10 Effect of GO wt% on the Ch
3.7. Effect of GO conjugation on biofouling resistance

The antibacterial property of the membrane was analyzed uti-
lizing JIS L 1902–2002 methodology while using Escherichia
coli (E. coli) as model bacteria. It was observed that conical

flasks with unmodified membranes looked contaminated,
which indicates the bacterial growth, whereas the other flasks
with GO modification displayed almost a clear solution.
Fig. 9 shows the optical densities (OD) of the membranes.

The high OD of the pristine membranes indicates the induction
of E. coli on the membrane surfaces. Contrariwise, OD of the
GO modified membranes indicated that there was an insignif-

icant bacterial growth. Therefore, this test clearly showed the
effect of GO inclusion on anti-bacterial property of the mem-
brane. The reduction of the optical density was around 130%,

which is a vast improvement of the antibacterial property that
leads to biofouling resistance eventually. The enhancement of
the antimicrobial activity of the membrane is due to the

improved hydrophilicity of the membranes as has been shown
earlier. Due to hydrophobic-hydrophobic interactions, bacte-
ria, which are mostly hydrophobic, tend to adhere to
hydrophobic surfaces. Furthermore, as the surface roughness

reduces, bacteria find it more difficult to attach to the surface
(Padil, 2015). Besides, some researchers proved that GO defec-
tive edges provide active sites to produce reactive oxygen spe-

cies that cause residual stresses. Theses stresses can cause
damage to bacterial cells (Li, 2019).

3.8. Effect of GO inclusion on Membrane’s chlorine resistance

Fig. 10 shows selectivity of the membranes before and after
Chlorination. It is clear that the unmodified membrane has
low Chlorine tolerance as the selectivity dramatically declined

from 69% to 41%, a 40% decrease in salt rejection percentage.
Conversely, once GO was conjugated, the decline in salt rejec-
tion became negligible, which implies that the conjugation with

GO made the membrane chemically stable and more tolerable
to harsh environments.

Commercially available RO membranes fabricated using

Polyamide (PA) are known to be severely susceptible to Chlo-
lorine tolerance of the membrane.



Fig. 11 Target plot for overall performance comparison between pristine PVA and modified membranes.
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rine attack even if lower concentrations of Chlorine are used

compared to the concentrations used in this research. As an
example, SW30HR, Dow FilmTec, a commercially available
RO membrane, showed almost 25% reduction in selectivity
in less Chlorine concentrations (Knoell, 2006; Park, 2008).

The membranes fabricated in this study possess superior Chlo-
rine resistance compared to commercially available mem-
branes. This outcome is essential as it reduces the need for

de-Chlorination pretreatment which is used often commer-
cially to protect the membrane’s surface (Zhang, 2014).

Fig. 11 shows a target plot where membranes with various

concentrations of GO are ranked according to their perfor-
mance excellence. Inner loops represent poor performance
while outer loops represent flawlessness. It is clearly shown
that the conjugation of GO had a tremendous positive

enhancement of overall performance compared to pristine
PVA membrane. Membranes PVA-G4 and PVA-G5 provided
optimal overall properties.

4. Conclusion

The present study was designed to determine the effect of con-

jugating GO nanosheets with crosslinked PVA membranes on
the efficiency of the RO membranes. The novelty of this
research is that the membranes are utilized as stand-alone

without any substrate. As mentioned earlier, achieving
improved results without a substrate is an excellent outcome
of this research. The results of this investigation and previous

investigations of the author and his collaborators showed that
the fabricated PVA RO membranes overcame common issues
with PVA like swelling effect and membrane rupture under
high pressure. This was achieved by crosslinking and proper

selection of modifiers.
Conjugating crosslinked PVA with GO improved the per-

formance of the membranes in general. That includes enhance-
ment of hydrophilicity, reduction of surface roughness and

improvement in selectivity, biofouling resistance and mechan-
ical and chemical stability. This study paves the way for the
utilization of PVA as an active layer in RO plants. Further
study is needed to test the membranes in crossflow setup which

better mimics the commercial RO setup.
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