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The present work is focused on preparation, characterization, and antibacterial activity evaluation of graphene oxide/
polyethersulfone mixed matrix filtration membranes. Graphene oxide (GO) was synthesized via improved Hummer’s
method and characterized by XRD, FTIR, and SEM. FT-IR spectra showed the presence of carboxylic acid and hydroxyl
groups on GO nanosheets. Different concentrations of the synthesized GO at 0.25, 0.5, and 1.0 wt. % were incorporated in
polyethersulfone (PES) matrix via phase inversion method to fabricate GO-PES membranes. Increasing porosity and formation
of wider, finger-like channels were observed with increased GO concentrations relative to pristine membranes as evident from
scanning electron microscopy (SEM) micrographs of the fabricated membranes. However, membranes prepared with 1wt. %
GO appear to contain aggregation and narrowing of pore morphology. GO-incorporated membranes demonstrated enhanced
flux, water-retaining capacities, and wettability as compared to pristine PES membranes. Shake flask and colony counting
methods were employed to carry out antibacterial testing of synthesized GO and fabricated GO-PES membranes against
Salmonella typhi (S. typhi)—a gram-negative bacteria present in water that is known as causative agent of typhoid. Synthesized
GO showed significant reduction up to 70.8% in S. typhi cell count. In the case of fabricated membranes, variable concentrations
of GO are observed to significantly influence the percentage viability of S. typhi, with reduction percentages observed at 41, 60,
and 69% for 0.25, 0.5, and 1.0 wt. % GO-incorporated membranes relative to 17% in the case of pristine PES membranes. The
results indicate a good potential for applying GO/PES composite membranes for water filtration application.
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1. Introduction

More than 1 billion people on earth are deprived of the basic
human need that is access to potable water [1]. As reported
by the World Health Organization (WHO), in the year
2017, around 2.5 billion people around the globe were devoid
of adequate sanitation, in addition to hundreds of millions
having no access to water at all [2]. It is important to mention
that even though two-thirds of the Earth’s surface is covered
with water, however, fresh water sources make up a mere
2.5% of the global water distribution [3]. Furthermore, our
limited water resources are being polluted with passing time
and the accumulation of waste and pollutants in water ismak-
ing water unsafe for human use [4]. In addition to depleting
fresh water sources and deteriorating water quality due to
poorwatermanagement, booming global population, increas-
ing urbanization, industrialization, and expanding economies
are further increasing the global water demand [5]. Water-
borne diseases (e.g., hepatitis (A, E), typhoid, and cholera)
are a major factor of morbidity and mortality in developing
countries, and millions of lives are lost every year due to
use of untreated water [6, 7]. For example, typhoid fever is
known as a major public health concern that is caused by a
gram-negative bacterium Salmonella enterica serotype typhi
(S. typhi). It is a leading cause of mortality and morbidity in
developing countries, especially in Asia [8]. Around 24.2
million cases of typhoid fever with around 75,000–208,000
deaths were reported during 2016 [9].

In consideration of the abovementioned reports, pres-
ently, there are extensive research efforts being undertaken
to improve healthy water supply that is free from contamina-
tion, especially free from bacteria [10–12]. In this context,
owing to their efficiency, modular design, low-energy
requirement, and environment friendly-working with mini-
mal use of chemicals, membrane technology has been dra-
matically increasing its share in the market of water
treatment technologies over the past few years [13]. Despite
having an array of advantages over other traditional water
treatment modalities and the ability to perform various func-
tions, membrane technology has its own set of drawbacks
when it comes to water treatment: fouling, decline in flux
overtime, hydrophobicity of polymers used, etc. [14]. Also,
depending on processing conditions and composition of the
solution, filtration of microscopic particles (such as bacteria
and viruses) may not be completed. Therefore, development
of high-performance membranes to overcome these setbacks
and/or improve performance is an active field of research
since the past several decades and nanotechnology is playing
a major role in it [13, 15–17]. Advances in membrane mate-
rials and modification and development of currently existing
membranes can be employed to make membranes with
enhanced efficiency and performance [18–22].

Furthermore, the role of polymer matrix itself is highly
significant to prepare membranes with desirable mechanical,
morphological, and surface properties. Thus, certain poly-
mers are widely employed to fabricate membranes [21]. For
example, polyethersulfone (PES) is among the commonly
used polymers for fabrication of water filtration membranes
[23] as it possesses numerous beneficial properties including

excellent mechanical properties, high-dimensional stability,
thermal stability, remarkable oxidative and hydrolytic stabil-
ity, mechanical robustness, and tolerance to solvents [24].
However, despite these remarkable characteristics, PES is
hydrophobic in nature and requires preferably containing
certain degrees of hydrophilic character to exhibit higher
flux. This can be achievable through incorporation of
functional groups and materials [23–28]. Among various
approaches, incorporation of graphene oxide (GO) appears
to be highly attractive for multiple purposes owing to
enhance surface wettability as well as antibacterial activity
[29–38]. Currently, significant research efforts are underway
to investigate the effect of GO against bacterial detection and
control contamination in water to treat it. For example, filtra-
tion membranes composed of PES and graphene oxide were
investigated for membrane bioreactors for dairy wastewater
treatment [39, 40]. In another work, graphene oxide is
modified with polyethyleneimine and then mixed with PES
casting solution to develop antibacterial activity against
E. coli [41]. In consideration of the wide range of bacterial
contamination, there is a continuous need to carry out fur-
ther research to overcome serious challenges of bacterial
water contamination. For example, to the best of our knowl-
edge, there are limited research works involving GO polymer
membrane employment to treat Salmonella typhi bacteria,
which is regarded as the leading cause of deaths in developing
countries and results in infections causing diarrhoea [42].
Most of the work is related to treatment using ciprofloxacin
and other related fluorinated 4-quinolones. These have phar-
macokinetic and microbiological characteristics as effective
agents in the treatment of typhoid fever. Against Salmonella
typhi, ciprofloxacin has found to be as effective as chloram-
phenicol or cotrimoxazole. In addition, ciprofloxacin seems
to eliminate chronic carriage of S. typhi as compared to other
antibiotics [43–47]. In other related studies, nanocomposites
of chitosan were employed as electrochemical DNA bio-
sensors to detect typhoid due to Salmonella typhi. Probe
on GO-CHI/ITO via glutaraldehyde was prepared through
covalent immobilization of S. typhi-specific 5′-amine by
labelling as single-stranded (ss) DNA. Studies indicated the
capability of the developed sensor to distinguish various
sequences. Performance was attributed to good electrochem-
ical activity of graphene oxide and good biocompatibility of
chitosan that increased DNA immobilization to facilitate the
electron transfer process between the electrode surface and
DNA [48].

In consideration of the abovementioned challenges, the
present study was aimed at fabricating novel polyethersul-
fone membranes that exhibit controllable antibacterial effect
against S. typhi due to incorporation of variable concentra-
tions of graphene oxide for water treatment applications.
To the best of our knowledge, GO polymer membranes have
not been explored in detail by incorporating variable concen-
trations of GO to cover a broad range of antibacterial activity
to overcome serious challenges associated with water con-
tamination associated with the presence of S. typhi in it.
Thorough characterization of the fabricated membranes
including water flux, water retention, surface wettability,
and percentage reduction of S. typhi colonies following
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interaction with various concentrations of GO in PES mem-
branes has been discussed to highlight the importance of the
fabricated membranes for water treatment.

2. Materials and Methods

2.1. Materials. Analytical grade chemicals were used
throughout the experimental work and used as received
unless specified. Polyethersulfone (PES) was obtained from
Ultrasone, Germany. Graphite flakes, sulfuric acid (H2SO4,
95–98%), phosphoric acid (H3PO4, ≥85%), hydrochloric acid
(HCl) (36%), potassium permanganate (KMnO4), and
N-methyl-2-pyrrolidione (NMP) were purchased from
Sigma-Aldrich, Germany. Hydrogen peroxide (H2O2, 35%)
was acquired from Merck, Germany. Nutrient agar was
acquired from Thermo Fisher Scientific. Salmonella typhi
(ATCC 6539) used for antibacterial testing was obtained from
School of Mechanical and Manufacturing Engineering
(SMME), National University of Sciences and Technology
(NUST).

2.2. Synthesis of Graphene Oxide (GO). Improved Hummer’s
method was used to prepare large-area graphene oxide from
graphite flakes. This method was chosen owing to its simplic-
ity and efficiency in yielding large-area graphene oxide [49].
Synthesis of graphene oxide was carried out at room temper-
ature by adding graphite flakes (2 g) to a stirring mixture of
H2SO4 :H3PO4 (240 : 60ml) in a pot, followed by the gradual
addition of KMnO4 (12 g). This dark purplish mixture of
graphite flakes and oxidizing agents was kept on continuous
stirring for 3 days, resulting in a colour change to dark
brownish. H2O2 (~12ml) was added in this brownish mix-
ture to quench the process of oxidation, changing the colour
of mixture from dark brown to mustard. The mixture, now
graphite oxide, was then washed once with 1M HCl.

Subsequently, a thick graphene oxide gel-like solution was
attained when the acid-washed pellet was centrifuged at
4000 rpm several times with distilled water until the pellet
of the solution had achieved pH6. This gel-like solution
was vacuum dried at ~50°C to obtain graphene oxide.

2.3. Fabrication of PES-GO-Incorporated Mixed Matrix
Membranes. Polymeric mixed matrix membranes were fabri-
cated with variable concentrations of graphene oxide (GO)
used as nanofiller in the PES polymer matrix and supported
on polyester sheet. Figure 1 represents the graphical abstract
of PES-GO mixed matrix membrane. Compositions of the
prepared membranes are given in Table 1. Phase inversion
based on immersion precipitation technique was used to
fabricate the membranes. Magnetic stirring was carried out
overnight at room temperature until the polymer was
completely dissolved followed by casting of the solution to
make the membranes. Pristine M1 PES membrane was pre-
pared without any incorporation of GO. For the fabrication
of graphene oxide-incorporated mixed matrix membranes,
GO was added in three different concentrations (w/w):
0.25wt. % as M2 membrane, 0.5wt. % as M3, and 1wt. %
as M4 in NMP solvent and dissolved through magnetic stir-
ring. The polyester support was wetted with solvent before
membrane casting to prevent the polymer solution to pene-
trate the support. After spreading and casting the membranes
with casting solution, the membranes were then immersed in
coagulation bath (distilled water) for 10min at room temper-
ature. In the final step, membranes were dried under ambient
conditions and were then stored for later use.

2.4. Characterization of GO and GO-PES Membranes. X-ray
diffraction STOE θ was used to investigate the crystal struc-
ture of graphene oxide. The XRD analysis was performed
for 2θ range from 5° to 55°. The XRD pattern was further

Graphene oxide (GO)
Nanosheets

Dead S. Typhi
Alive S. Typhi

Hydrophilicity

Wettability

Water flux

PES-GO
MMM

Figure 1: Graphical abstract.
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analysed and compared with the literature. Fourier transform
infrared spectroscopy was performed on in transmittance
mode on Spectrum 100 (PerkinElmer) FTIR spectrometer.
Graphene oxide dispersed and hydraulic pressed along KBr
powder in a pellet form was used to characterize the func-
tional groups of the sample. The scan of spectrum ranged
from 450 cm−1 to 4000 cm−1. The morphology of graphene
oxide was analysed using SEM Joel JSM 6490A. Graphene
oxide was sonicated in distilled water for 2-3 hours; a drop
was poured on a steel stud and the sample was analysed
following gold coating.

2.5. Water Retention Test and Permeate Flux. Water reten-
tion of the fabricated membranes was investigated by soak-
ing 0.1 g of each membrane in distilled water for 24 hours,
and wet weight was calculated. The membranes were then
oven dried for 12 hours, and dry weight was calculated. The
water retention capacity was calculated using the following
relation [50].

Water retention capacity =
wet weight − dry weight

wet weight
× 100

1

Permeation flux that is the volume of liquid water passing
through the membrane per unit area per unit time of the fab-
ricated membranes was calculated for pure water (distilled
water). The test was performed using a custom-made
vacuum filtrate assembly. Distilled water was passed through
0.025m2 of each membrane at a constant pressure of
79.99KPa, and the time taken for the water to flow through
the membranes was recorded. Permeation flux for pure water
for each membrane was calculated using the following
relation [51].

J =
Q

A × t
, 2

where J is the permeate flux (L·m−2·h−1), Q is the volume of
permeate/water passed through the membrane (in litres), A
is the area of the membrane (m2), and t is the time taken
for filtration (in hours). Experimental error was minimized
by taking at least five measurements for each membrane type.

2.6. Antibacterial Testing of GO and GO-PES Membranes
against Salmonella typhi. Antibacterial activity of GO was
assessed specifically against gram-negative bacterium—-
Salmonella typhi (ATCC 6539)—through shake flask and
colony counting method. S. typhi cells from a freshly pre-
pared culture were used. The bacterial cells were cultured
overnight at 37°C in nutrient broth. To test the antibacterial
activity, GO with variable concentrations at 0 g, 0.00125 g,
0.0025 g, 0.00625 g, and 0.0125 g, designated as GO1, GO2,
GO3, and GO4, respectively, was added into flasks contain-
ing 25ml of sterile 0.9% saline and sonicated for 30 minutes.
Subsequently, each flask was inoculated with 500μl of bacte-
rial suspension of S. typhi (diluted to 1–5× 107CFU/ml in
the flask). Following inoculation, the flasks were incubated
for 2 hours at 37°C on a rotary shaker for continuous gentle

stirring of the contents. 1ml was drawn from each flask at
time intervals of 0 and 2 hours and spread on nutrient
agar plates in triplicates. The plates were incubated over-
night at 37°C, following which colonies on each plate were
counted on a colony counter machine [52]. The percentage
reduction of viable S. typhi counts was calculated using the
following relation.

% reduction of S Typhi counts

=
no of colonies at T0 − no of colonies at Tt

no of colonies at T0
× 100,

3

where T0 is time at 0 hours and Tt is time at t hour. Per-
centage reduction was calculated for each plate from the
triplicates, and an average was calculated.

Antibacterial activity of the fabricated GO-PES mem-
branes was also tested against gram-negative bacterium—-
Salmonella typhi (ATCC 6539)—through shake flask and
colony counting methods. The bacterial cells were cultured
overnight at 37°C in nutrient broth and used subsequently.
All the materials used in this experiment were sterilized
before use. To test the antibacterial activity of the fabricated
membranes, each membrane type was cut in square having
an area of 2.5 cm× 2.5 cm, following which they were
immersed in flasks containing 100ml sterile 0.9% saline.
Each flask was inoculated with 500μl of bacterial suspension
of S. typhi (diluted to 1–5× 107CFU/ml in the flask). Follow-
ing inoculation, the flasks were incubated for 8 hours at 37°C
on a rotary shaker for continuous gentle stirring of the con-
tents. 1ml liquid was drawn from each flask at time intervals
of 0 and 8 hours and spread on nutrient agar plates in tripli-
cates. The plates were incubated overnight at 37°C following
which colonies on each plate were counted on a colony coun-
ter machine. The percentage reduction of viable S. typhi
counts following interactions with fabricated membranes
for 8 hours was calculated using the relation given in (3). Fol-
lowing the shake flask method, the membranes were washed
with saline and SEM was performed to visualize the bacteria
on the membrane surface. Obtained results for GO and fab-
ricated membranes were statistically analysed via unpaired
t-test (two tailed) in “GraphPad Prism” software. A P value
of ≤0.05 was considered significant.

3. Results and Discussion

3.1. Characterization of GO. The X-ray diffraction pattern is
given in Figure 2, which showed an intense peak at an angle
2θ for graphene oxide. The smaller angle suggests greater
interplanar distance among the GO sheets [53]. The peak at
around 18-19 indicates the presence of graphite oxide in
the sample.

Figure 3 shows the FTIR spectra of GO. The sharp peak at
3431 cm−1 corresponds to hydroxyl (O–H) stretching vibra-
tions [54], while sharp peaks at 1622 cm−1 and 1417 cm−1can
be correlated to vibrations of skeletal aromatic rings—result
of C=C stretching of the phenol rings. The peak at around
2921 cm−1 can be attributed to sp3/sp2 stretches. Peaks of
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carbonyl (C=O) stretching vibrations of the carboxylic group
and hydroxyl (C-OH) groups can be seen at 1720 cm−1 and
around 1243 cm−1 [54], respectively. A band of peak from
around 1000 cm−1 to 1100 cm−1 can be related to the defor-
mation of C-O bonds. SEM micrographs of GO showed the
presence of exfoliated layers. These sheets of GO were trans-
parent and wrinkled as shown in Figure 4.This indicates that
GO sheets were exfoliated and single layered or multilayered
sheets of GO were present in nanoscale [55].

3.2. Characterization of GO-PES Membranes

3.2.1. Morphological Structure and Porosity. Scanning elec-
tron micrographs which are given in Figure 5 show the
change in porosity of membranes with different concentra-
tions of GO incorporation. An increase in number of pores
with the increasing GO concentration is observed. As seen
in Figure 5, agglomeration and blockage of pores can be
observed in M4 (membrane with 1wt. % GO concentration);
this can be attributed to the high concentration of GO [56].
Figure 6 also shows SEMmicrographs of the fabricated mem-
branes. Asymmetric structured membranes with a dense top
layer and macrovoids in the lower region were observed. M1
pristine PES membrane with 0% GO concentration had the
characteristic asymmetric structure. A significant variation

in layer structure was observed in membrane structure upon
increase of GO concentration. The channels and voids in the
sublayer appear to be more finger-like and lateral upon
increase in the GO concentration in membrane matrix. As
observed, with GO concentration increased in the prepared
membranes, the channels become more significant with
increase in porosity. The finger-like pores for GO-PES mem-
branes were wider as compared to pristine PES membranes.
These changes in the membrane structure can be attributed
to the hydrophilic nature of GO [57]. The addition of GO
in the solution casting mixture made it more hydrophilic,
which caused a solvent (NMP) and nonsolvent (water)
exchange during the phase inversion to yield this wider
finger-like channel effect with increased porosity and the
lateral structure formation with increasing GO concentration
in the prepared membranes [39, 58, 59].

3.3. Wettability and Water Retention Capacity. Table 1
summarizes the results of contact angle measurements and
moisture content as water retention of the fabricated mem-
branes. Both parameters provide useful information about
the hydrophilicity of that prepared membrane [60]. The con-
tact angle is found to be highest for the M1 pristine PES
membrane due to the hydrophobic nature of PES. It would
be interesting to discuss the effect of incorporation of GO
in the PES membrane to alter the hydrophilicity of the pre-
pared membrane. Contact angles of prepared membranes
are presented in Figure 7. As the GO concentration increased
in the membrane, the contact angle observed to decrease
indicates that the membrane surface became more hydro-
philic in accordance to Young and other associated models
[60]. During the solvent and nonsolvent exchange in the
phase inversion process, GO has more affinity towards the
nonsolvent (water). This is attributed to hydrophilic nature
of GO. This characteristic of GO tends it to move towards
the surface of the membrane during the nonsolvent (water)
phase and thus prefers it to be present on the surface of
the membrane [61]. The presence of GO on membrane
surface causes increased surface hydrophilicity of GO
membranes as compared to pristine PES membranes. This
explains why the contact angle of the prepared membranes
M2–M4 decreased with incorporating GO concentration.
However, as the GO incorporation is increased from
0.5wt. % to 1wt. %, the contact angle is shown to increase
slightly as compared to 0.5%.This observation of decrease
of contact angle with increase in GO concentration can be
attributed to possible agglomeration of GO due to higher
concentration [62]. This effect can lead to decrease in effective
surface which subsequently results in reduction of functional
groups on the surface tomake themembranemore hydropho-
bic as discussed elsewhere [61].

Water retention shows the maximum moisture content
that can be absorbed by a membrane. The results show that
the pristine M1 PES membrane had the least water retention
capacity that can be attributed to the hydrophobic character
of the PES membrane. Membranes with GO concentrations
for M2–M4, showed high water retention capacities owing
to the hydrophilic nature of GO, to make the membranes rel-
atively more hydrophilic. The hydrophilic GO incorporated
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Figure 3: FTIR spectra of the prepared graphene oxide (GO).
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in the membranes causes the retention of water in the mem-
branes [63]. In the case of the M3 membrane with 0.5wt. %
GO, highest water retention was observed. However, there
was no significant difference between the water retention
capabilities of M3 and M4 membranes. The water retention
capacity is observed to decrease as the GO concentration is
increased from 0.5wt. % for the M3 membrane to 1wt. %
for the M4 membrane. A possible explanation for this

observation can be again the agglomeration of GO due to
higher incorporation. The agglomeration causes decrease in
the effective hydrophilicity of the GO as discussed earlier.

3.4. Water Flux. Table 1 shows the flux values calculated for
the fabricated membranes at 79.99KPa. It was observed that
in general, increasing the amount of GO in the membrane
increased the flux of the prepared membrane. For pristine

20 kV ×6,000 2 𝜇m 2016 SEI NUST

(a)

20 kV ×2,500 10 𝜇m 2016 SEI NUST

(b)

20 kV ×5,000 5 𝜇m 2016 SEI NUST

(c)

20 kV ×5,500 2 𝜇m 2016 SEI NUST

(d)

Figure 4: SEM micrographs of the prepared graphene oxide (GO).
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20 kV ×2,200 10 𝜇m 2016 SEI NUST

(c)

20 kV ×3,000 5 𝜇m 2016 SEI NUST

(d)

Figure 5: SEMmicrographs of fabricated GO-PES membranes showing significant porosity with increasing GO concentration incorporation
in the PES matrix membranes: (a) M1 (pristine PES), (b) M2 with 0.25% GO, (c) M3 with 0.5% GO, and (d) M4 with 1.0% GO.
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PES membrane M1, the lowest flux value of 28 l/m2·h was
observed, while M3 had the highest flux rate of 142 l/m2·h.
The low flux rate of pristine PES membrane M1 is attributed
to the hydrophobic nature of PES as well as the morpholog-
ical structure of pristine PES membranes with small pores
and low pore density as well as intricate finger-like morpho-
logical underlying channels.

With the addition of GO as nanofiller in the prepared
membranes, however, the flux of the membranes increases
significantly as shown in Figure 8. This is explained as a
hydrophilic character of GO that makes these membranes

relatively more hydrophilic as compared to PES. The obser-
vation of higher flux for GO-incorporated membranes can
also be explained in relation to their morphological structure
and porosity. The formation of relatively wider finger-like
channels in GO-incorporated membranes as in the case of
M2, M3, and M4 causes increased flux as compared to that
of the pristine M1 membrane. The trend observed in flux
values is consistent with the contact angles measured for
the prepared membranes. A significantly higher flux value
(l/m2·h) was observed for M3 (0.5wt. % GO) as compared
to other GO-incorporated membranes. This can be attrib-
uted to the significant lateral orientation of finger-like chan-
nels in this membrane [64]. As the GO concentration
increases from 0.5% for M3 to 1% for M4, the flux rate
decreases. The agglomeration of GO due to its higher incor-
poration is causing the narrowing of pores to explain the
decline in flux rate for this type of membrane. The flux values
obtained for the pristine and GO-PES membranes clearly
indicated the significance of variable GO concentration
incorporated to control as well as optimize the important
parameter of water flux.

3.5. Antibacterial Activity of Graphene Oxide and GO-PES
Membranes. Graphene oxide showed significant antibacterial
activity as illustrated by the results as shown in Figure 9.
The antibacterial activity of GO increased with increasing
concentration. A P value of <0.0001 was obtained for all
the samples containing GO as compared to control. High-
est percentage reduction was observed with 500μg/ml GO
(P value< 0.0001). Increase in antibacterial effect with
increasing GO concentration was consistent with previous
findings [42]. A significant increase in antibacterial activity

20 kV ×5,000 5 𝜇m 2016 SEI NUST

(a)

20 kV ×2,000 10 𝜇m 2016 SEI NUST
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Figure 6: SEM micrographs of the prepared GO-PES membranes: (a) pristine PES membranes, (b) 0.25wt. % (M1), (c) 0.5 wt. % (M2), and
(d) 1.0 wt. % (M4).
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Figure 7: Contact angle values of the prepared membranes. Three
measurements for each membrane were taken, and error bar
represents standard deviation.
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or percentage reduction was obtained with increase in GO
for each sample as evident from Table 1.

Antibacterial activity of GO was tested against P. syringae
andX. campestris that showed a decrease in survival rate of the
bacterial cells with increase in GO concentration [33]. In
present work, GO shows significant antibacterial activity
against S. typhi and the antibacterial activity is found to be
highly concentration dependent. GO-incorporated PES
membranes showed significant antibacterial activity as evi-
dent from the results given in Table 1. The antibacterial
activity of GO-PES membranes increased with increasing
GO concentration in the prepared membrane. Highest
percentage reduction was observed with the M4 mem-
brane that was found to be 69.4% as shown in Figure 10.

The functional moieties present on GO and the
hydrophilicity of GO cause oxidative stress and radical
production-induced cell lysis and death of the bacterial
cells [34]. The GO present on the surface of the membranes
causes bacterial cell death and loss of cell viability [34]. The
antibacterial activity of GO can be explained by the fact that
the sharp edges of GO penetrate the cell membrane of the
bacteria. Additionally, GO also has an oxidative nature which
is responsible for bacterial cell membrane disruption. The
GO nanosheets cut through the cell membrane and start to
extract the phospholipids. As the concentration of GO is
increased, consequently, more nanosheets are available to
cut and extract phospholipids leading to an increment in
the death of bacterial cells [65].

Percentage reduction of S. typhi cells by the pristine PES
M1 membrane is also observed. This can be explained by
entrapment of bacterial cells in membrane pores of the pure
PES membrane. GO-incorporated membranes, however,
show significantly higher percentage reduction in S. typhi
cells, with a pattern of high percentage reduction with
increasing GO concentration.

Representation of scanning electron microscopy (SEM)
images of the prepared M3 membrane is shown in
Figure 11, following shake flask method and washing with
saline. The presence of live and dead S. typhi bacteria on
the membrane surface is evident. Intact live bacterial cells
(indicated by green arrow signs) can be seen; the glow at
the edges of the bacteria is showing that the bacterial mem-
brane is still intact. Dead bacteria (indicated by red arrow
signs) can also be seen, with ruptured membranes. Similar
observations have been reported previously [29–31, 66].

4. Conclusions

Graphene oxide-PES mixed matrix membranes with variable
concentration of GO were prepared for specific antimicrobial
activity against Salmonella typhi present in water. It was
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Figure 8: Pure water flux calculated for the fabricated membranes.
Error bars represent standard deviation, and three measurements
were taken for water flux.
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Figure 9: Antibacterial activity of various graphene oxide (GO)
concentrations against S. typhi.
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Figure 10: Antibacterial activity of various fabricated membranes
against S. typhi.
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observed that variable GO concentrations have notable
differences in their properties and performance. As GO con-
centration in the PES membrane increases up to 0.5wt. %,
water retention, wettability, flux, and antibacterial activity
were observed to be enhanced. However, further increase in
GO concentration incorporation is observed to produce its
agglomeration to cause relatively lower water retention, flux,
and wettability. Membrane characterization and testing indi-
cated that as compared to the pristine PES membrane, the
incorporation of increasing concentration of GO had a
significant effect on membrane morphology, wettability,
water retaining capacity, and flux. GO-PES membranes
with a GO concentration of 0.5% membrane produced sig-
nificant and optimized results for water retention, pure
water flux, and antibacterial activity against typhoid-
causing bacterium—S. typhi—and can be used in water
treatment applications. Thus, keeping the controllable
and optimal concentration of GO up to 0.5wt. %, synergistic
effect of GO with other antibacterial fillers can also be inves-
tigated. Moreover, a broad spectrum of bacterial species/
strains can also be studied using membranes with variable
concentrations of GO in the membrane matrix.
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