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a b s t r a c t
Silver-silica (Ag-SiO2) embedded in polyethersulfone (PES) composite membranes were prepared 
by adding different ratios of Ag-SiO2 in PES and designated as PES-Ag-SiO2-01 ~ PES-Ag-SiO2-05. 
The synthesized hybrid membranes were investigated to check the influence of Ag-SiO2 on the mor-
phology, hydrophilicity, porosity, mechanical properties, water permeability, bovine serum albumin 
(BSA) separation, nitrophenol adsorption and antibacterial characteristics of the hybrid mem-
branes. The inclusion of Ag-SiO2 enhanced the porosity of PES hybrid membranes (79% ~ 84.7%) 
and as result, the hybrid membranes exhibited lower mechanical properties comparative to PES 
membranes. However, the hydrophilicity of the PES hybrid membranes was enhanced by add-
ing Ag-SiO2 nanoparticles causing a gradual decrease in contact angle (73.4° to 58.8°). The hybrid 
membranes displayed higher water permeability and nitrophenol adsorption as compared to pure 
PES and furthermore these properties were enhanced by increasing Ag-SiO2 content in the PES 
hybrid membrane. The hybrid membrane with higher contents of Ag-SiO2 showed a water flux of 
127.7 L/hm2 which is much greater than pure PES membrane (73.30 L/hm2). In addition, the PES 
hybrid membrane exhibited a strong BSA rejection and PES-Ag-SiO2-04 showed a maximum BSA 
rejection (91%). The incorporation of Ag-SiO2 nanoparticles improved the antimicrobial activity of the 
membranes which strongly depend on the contents of nanoparticles.

Keywords:  Polyethersulfone; Ag-SiO2; Hybrid membranes; Ultrafiltration; Water permeability; Bovine 
serum albumin rejection; Nitrophenol adsorption; Antibacterial properties
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1. Introduction

Several methods have been developed for water puri-
fication [1–3]. Microfiltration techniques were introduced 
by the water supply organization. These techniques are 
cost-effective and act as a substitute to program filtration 
process for the reduction of microbial load in the water 
resources and are used as a better option for reverse osmo-
sis as a pre-treatment option for demineralization [4]. The 
colloidal and microbes such as bacteria and viruses (up to 
50 nm particle size) can be removed through microfiltration. 
However, the removal efficiency of the particles such as bac-
teria, viruses, germs and colloidal are further enhanced to 
3 nm with the advent of ultrafiltration technique. The ease 
and reliability of membrane technologies are frequently 
used in water filtration systems [5]. However, membrane 
fouling is one of the key factors, which effect and deteri-
orates membrane performance [6,7]. Membrane fouling is 
defined as the accumulation or deposition of particles, col-
loids, germs, macromolecules, salts, etc. on the surface of 
the membrane or interstices inside the membrane pores or 
the wall of the pores are called membrane fouling [8]. There 
are three types of membrane fouling; bio-fouling, inorgan-
ic-fouling and organic-fouling [9], bio-fouling is the most 
important in deteriorating the membrane structure and 
performance among others [10,11]. Bio-fouling is problem-
atic to remove due to the deposition of organic constituents 
inside the pore size and re-growth of microorganisms even 
at low nutrients concentration which causes contamina-
tion of membranes and reduces membrane lifetime [10–12]. 
However, research has been continued in academics and 
industries to improve membrane anti-biofouling proper-
ties. Polyethersulfone (PES) membranes have largely been 
utilized for the removal of small particles, bacteria, viruses, 
fungi, etc. from water. PES has hydrophilic nature and thus 
wet out quickly. These quick wettability characteristics of 
PES, results in fast and efficient filtration with the incorpo-
ration of the particles [13]. Besides, PES is one of the most 
attractive polymers in terms of high mechano-chemical 
properties and thermal, stability and high tolerance towards 
oxidation [12,14,15]. Membrane anti-fouling character-
istic is enhanced by adding a biocidal material [7,16].

Nanomaterials have been frequently used as a biocidal 
material in the manufacturing of membranes, allowing per-
meability control and fouling resistance in various structures 
and relevant functionalities [17]. Different nanomaterials 
such TiO2, ZnO, CNT, Al2O3, etc. have been used to increase 
the hydrophilicity of the polymer membrane surface and 
have resulted in desired outputs of improved permeabil-
ity, inhibition of microbes, etc. However, silica has a special 
impact on the perfection and hydrophilicity of the polymer 
membrane surface because silica has been reported to be 
a more appropriate inorganic filler for these applications. 
Thus Ag-SiO2 NPs (nanoparticles) will greatly enhance the 
hydrophilicity, filtration characteristics, adsorption proper-
ties and antimicrobial characteristics of the membrane surface.

Silver has been used for the treatment of several dis-
eases and infections. It was reported that silver was used 
by the earliest people to improve the ecosystem [17]. Silver 
has been confirmed to be effective against severe chronic 
osteomyelitis, tract infections, and urinary, central venous 

catheter and burn infections [18]. Recently, it is documented 
that silver nanoparticles are used as antibacterial agents 
against Staphylococcus epidermidis, methicillin-resistant 
Staphylococcus epidermidis (MRSE), Escherichia coli, and meth-
icillin-resistant Staphylococcus aureus (MRSA) [19,20]. Silver 
nanoparticles are also used for the inhibition of E. coli [19]. 
For a long time, silver nanoparticles and silver ions com-
prise broad spectrum anti-bacterial characteristics, bacteri-
cidal and strong inhibitory effect as well as low toxicity to 
mammalian cells [7].

4-Nitrophenol (4-NP) is one of the most intractable sub-
stances present in industrial wastewaters, which have a 
carcinogenic character and high toxicity [21]. A lot of meth-
ods have been developed for its removal, including adsorp-
tion, microbial degradation, photo-catalytic degradation 
electrochemical treatment, catalytic reduction and so on  
[22,23].

In the present study, we synthesized PES embedded 
Ag-SiO2 nanocomposites and characterized by various spec-
troscopic techniques. Mechanical, porosity, hydrophilicity, 
water permeability, bovine serum albumin (BSA) rejec-
tion, nitrophenol adsorption and antibacterial performance 
were evaluated.

2. Experimental section

2.1. Materials

PES of Mw = 66 kDa in powder form (d = 1.37 g/cm3) was 
purchased from Sigma-Aldrich (Germany). Before use, PES 
powder was dried in a vacuum oven at 105°C. 1-Methyl-
2-pyrrolidone (NMP, 99.5%) and BSA were obtained from 
Sigma-Aldrich Co. Ultrapure water (PURELAB Elga, 
UK) was used for the preparation of the solutions and 
also for coagulation bath. BSA solution (500 mg/L, pH 
7.0) was prepared using 0.2 M phosphate buffer solution. 
Cetyltrimethylammonium bromide (CTAB), silver nitrate, 
tetraethyl orthosilicate (TEOS), ethanol and NH4OH were 
purchased from Sigma-Aldrich. Unless specified, all of the 
reagents were used as received without further purification.

2.2. Synthesis of Ag-SiO2

Ag-SiO2 was prepared by employing sol–gel method 
[23]. Firstly 0.2 g silver nitrate (AgNO3) and 0.6 g of sur-
factant CTAB were dissolved in 20 mL deionized H2O and 
then 60 mL C2H5OH was added to this mixture and kept 
on stirring by using the magnetic bar. After that added 
6 mL NH4OH. To the same solution 0.4 g TEOS was added. 
The resultant solution was heated overnight at 50°C and 
named as Ag-SiO2 solution.

2.3. Synthesis of PES-Ag-SiO2 hybrid membranes

To prepare the PES-Ag-SiO2 hybrid membranes, dif-
ferent amount of Ag-SiO2 solution was firstly evaporated 
on a hotplate to remove water and then dissolved in NMP 
followed by sonication at 40°C until the complete disper-
sion of nanoparticles followed by the addition of PES. 
The stirring was carried out at 5.0 Hz (300 rpm) and 60°C. 
After complete dissolution, air bubbles were removed 
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from the solution by degassing and the solution. The dope 
solution was sprinkled on a glass substrate and the mem-
brane was cast with a casting knife of thickness 250 µm 
by an automatic film applicator machine from Ericsson 
GmbH with a casting speed of 30 mm/s. The membranes 
were instantly immersed in an ultrapure water coagulation 
bath at 25°C to persuade phase separation. All the residual 
solvents were leached out by putting the membranes in 
ultrapure water for 24 h and then dried at room tempera-
ture. Table 1 shows the composition of the PES-Ag-SiO2 
nanocomposite membrane prepared in the study.

2.4. Membrane characterization

Surface morphologies and cross-section of the PES-Ag-
SiO2 membranes were examined by field emission scan-
ning electron microscopy (FESEM; FEI, Quanta 450 FEG). 
Membrane samples were attached to the grid using copper 
tape and sputtered with gold by means of a sputter coater 
(Quorum Q150R ES, Quorum Technologies Ltd., Ashford, 
Kent, England). EDX study of membranes was performed by 
energy-dispersive X-ray spectroscopy (EDAX Inc., AMETEK, 
USA). The voltage was set at 20 kV for cross-section and 
surface images. The freeze-fracture technique was applied 
by immersing the membrane in liquid nitrogen so that 
cross-sectional SEM images of nanocomposite membranes 
can be obtained.

The contact angle measurements were carried out with 
ATTENSION Theta Tensiometer [25]. A sessile drop method 
was used to determine the membrane contact angle. For 
each sample, three measurements were performed in dif-
ferent places and then the average values were reported.

The mechanical properties of the nanocomposite mem-
branes were characterized using an Instron Tensile Test 
machine. All the specimens were prepared according to 
standard shape before testing. In particular specimens for 
the membrane were stretched unidirectional at a 5 mm/min 
rate [26] The Young’s modulus, the tensile strength, the 
stress and the strain (elongation) at break were calculated 
as average values. Three measurements were averaged out 
to obtain mechanical properties.

The porosity of membranes was calculated in the grav-
imetric method and can be explained as the volume of 
the pores divided by the total volume of the membrane. 
Membranes were dried for 4–5 h at 50°C and weighed with 
a precision electronic balance to estimate the porosity of the 
membrane, then infused with kerosene for about 24 h and 
weighed again after sponging away superficial kerosene 

with Whatman lint-free filter paper [27]. It is essential 
to disclose here that kerosene is used instead of water in 
measuring porosity is because of the lower surface tension 
which makes it further persistent inside the pores of the 
membrane [4]. The overall porosity εm was calculated using 
the following equation.
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where w1 is the weight of the wet membrane; w2 is the 
weight of the dry membrane; Dk is the density of kerosene oil 
(0.82 g/cm3); (Dpol) is the density of polymer: PES = 1.37 g/cm3.

The porosity of each membrane was measured three 
times and calculated on average to minimize experimental 
error.

2.5. Membrane water permeability and BSA rejection

The pure water permeability of the membranes was 
calculated using a crossflow disc holder, EPDM version 
90 mm purchased from Sterlitech, holding the effective 
membrane area of 50 cm2. Proceeding to permeability mea-
surements, the membranes were soaked in ultrapure water 
for 3 h. Membranes were initially compacted at 5 bar trans-
membrane pressure (TMP) for 1 h. Permeability measure-
ments were conducted at room temperature and at constant 
cross-flow (1 L/min) and the pressure was varied from 
1 to 5 bar. The permeation flux was defined by Eq. (2).
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where Jw is the pure water flux (L m2 h), V is the permeate 
volume (L), A is the membrane area (m2) and t the time (h). 
The rejection of proteins (R) was calculated by the follow-
ing Eq. (3).
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where Cp and Cf are the permeate concentration and the 
feed concentration, respectively. The concentrations of pro-
teins for both feed and permeate solutions were determined 
by a UV-Vis spectrophotometer (HACH, DR 5000 spec-
trophotometer) at 280 nm. It should be illustrated that the 
permeate was collected at the first 5 min for the rejection 
study. This experiment was repeated three times to take the 
average of the result.

2.6. 4-Nitrophenol adsorption

100 mg of PES and hybrid membranes were checked 
against 100 mL of p-nitrophenol (PNP) stock solutions 
(0.1 mM). All the PES and hybrid membranes were individ-
ually tested against PNP solution. The adsorption capacity 
of PES and hybrid membranes was monitored by measuring 
the absorbance using a UV-Vis spectrophotometer.

Table 1
Composition of PES-Ag-SiO2 hybrid membranes

Membranes PES (wt.%) NMP (wt.%) Ag-SiO2 (wt.%)

PES 15 85 0.0
PES-Ag-SiO2-01 15 84.48 0.58
PES-Ag-SiO2-02 15 83.00 2.00
PES-Ag-SiO2-03 15 82.66 2.34
PES-Ag-SiO2-04 15 81.85 3.15
PES-Ag-SiO2-05 15 80.35 4.65
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The decrease in the initial concentration of p-nitrophe-
nols was calculated by the following linear Eq. (4).

Decrease in the initial concentration of

nitrophenolp
C
C
t� �
0

 (4)

The membrane’s adsorption performance was expressed 
by adsorption efficiency, A.E. (%), and was calculated using 
Eq. (5).
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where C0 (mg/L) is the initial concentration of NP, Ct (mg/L) 
is the NP concentration at time t (min), A0 is the UV-Vis 
absorption of the original solution and A is the UV-Vis 
absorption of the same solution at time t (min) in the above 
equation.

2.7. Antibacterial properties

Antibacterial activity of synthesized hybrid membranes 
was performed using Gram-negative bacteria Escherichia 
coli. According to JIS L 1902–2002 method [28]. In this 
method, fresh bacterial test organisms were cultured in a 
nutrient broth medium and preserved for antimicrobial 
testing. Further, 25 mL of nutrient broth was prepared in 
a separate 100 mL conical flask and autoclaved at 121°C 

with a pressure of 15 psi for 20 min. After autoclaving, 
cooled at room temperature and inoculate with 50 µL of 
the previously cultured strain of E. coli in a flask. The pre-
pared membranes with different compositions of Ag-SiO2 
were put into each flask. All flasks were incubated at 35°C 
in an incubator for 18 h. After incubation, optical density 
(OD) was measured at 600 nm wavelength by using a spec-
trophotometer [28].

In the disk diffusion method, the bacterial inoculum was 
homogenously spread by sterile cotton swab on a sterile 
Petri dish nutrient agar [12]. The pathogenic bacteria used 
in this study was Escherichia coli. Different hybrid mem-
branes (PES-Ag-SiO2-1 ~ PES-Ag-SiO2-5) were used to exam-
ine its antibacterial activity. For this purpose, three samples 
from each membrane were cut into 15 mm diameter disk 
shapes and then transfer to a Petri plate containing a bac-
terial culture. Then these plates were incubated for 24 h at 
36°C ± 1°C, under aerobic conditions. After incubation, con-
fluent bacterial growth was observed.

3. Results and discussions

3.1. Characterization of membranes

3.1.1. Morphology analysis

The cross-sectional morphology of the hybrid mem-
branes was evaluated by FESEM as shown in Fig. 1. It is 
obvious from the FESEM images that the composite mem-
branes show a similar pattern of morphology. All the 
prepared membranes exhibited characteristic asymmetric 

 
Fig. 1. Surface (left side) and cross-sectional (right side) morphology of membranes.
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porous structure of dense top layer followed by fully mac-
ro-voids formation at the bottom.

The porosity of all the composite membranes was ana-
lyzed and shown in Table 3. The porosity of membranes 
was increased by adding Ag-SiO2 NPs. The increase in 
porosity might be due to enhanced hydrophilicity and 
macro-voids formation. It can be observed that these 
nanocomposite membranes possess high porosity vary-
ing from 80.12%–84.7% while the pristine membrane has 
porosity of about 79%. This increase in porosity and mac-
rovoids might reduce the resistance of the membrane and 
ultimately caused improved pure water flux and may be 
attributed to the following reasons.

Morphology of the membrane exhibits a vital role in a 
separation phenomenon, and it is typically determined by 
the coagulation bath parameters, the viscosity of the dope 
solution and non-solvent/solvent diffusion rate. Firstly, the 
thermodynamic stability was decreased by the addition 
of Ag-SiO2 NPs in dope solution and hence stimulated the 
phase separation at a low concentration of polymer, sub-
sequently the formation of more porous structure, high 
porosity and macrovoids formation [30]. Secondly, incor-
poration of Ag-SiO2 NPs delivered more nuclei droplets of 

the polymer poor phase due to the thermodynamic insta-
bility of dope solution and hence responsible for the origi-
nation of macrovoids [31]. There could be also a possibility 
for further development of nuclei together with solvent’s 
diffusional flow and as a result development of macro-
voids in PES-Ag-SiO2 nanocomposite membranes. Thirdly, 
the rapid mobility of Ag-SiO2 NPs toward the coagulation 
bath during the phase separation would decrease interfacial 
energy among water and the casting film, contributing to 
enhanced porosity and formation of macrovoids [32].

The scanning electron microscopy (SEM) cross-section 
images furthermore showed a variation in thickness of the 
top layer and this could be due to the addition of Ag-SiO2 
NPs. This might be possible due to the variable exchange 
rate between NMP and water. The surface morphology of 
hybrid membrane clearly shows Ag-SiO2 nanoparticles on 
the surface of membranes while the pure PES membrane 
shows a clear surface free from nanoparticles.

EDX analysis was carried out for elemental analysis of 
hybrid membranes. All the membranes showed carbon, 
oxygen, silica and silver in the elemental compositions as 
shown in Fig. 2. The accumulation of Ag-SiO2 is continu-
ously enhanced with the addition of Ag-SiO2 nanoparticles.

 
Fig. 2. EDX spectrum of membranes.
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3.1.2. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was carried out in order 
to study the crystallinity of pristine PES as well as Ag-SiO2 
hybrid membrane using wide angle X-ray diffraction (WAXD) 
(Fig. 3a). The XRD spectrum showed an amorphous halo 
for all the PES nanocomposite membranes in the range of 
15°~30°. The lack of a well crystalline peak and the presence 
of an amorphous halo suggest the amorphous behavior of 
PES and hybrid membranes. However, the hybrid mem-
branes with higher contents of Ag-SiO2 exhibited an addi-
tional peak at 44° which might be due to Ag nanoparticles.

3.1.3. Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FT-IR) was 
analyzed for all the hybrid membranes in order to evalu-
ate the effect of Ag-SiO2 on the chemical structure of PES 
(Fig. 3b). FT-IR spectrum of PES revealed absorption bands 
at 3,470; 2,800–2,900; 1,750; 1,380; 1,233; 1,047 and 886 cm–1 
which corresponds to O–H, C–H, C=O and C–O stretch-
ing vibration [33]. All the hybrid membranes exhibited the 
same pattern containing the peaks of PES which suggested 
that the addition of Ag-SiO2 did not affect the chemical 
structure of PES.

3.1.4. Contact angle

The contact angle of the Ag-SiO2 nanocomposite mem-
branes was measured and compared with the pure PES 
membrane. Pristine PES membrane showed the high-
est value of contact angle of about 73.4°. The addition of 
Ag-SiO2 caused a decrease in contact angle and the results 
are summarized in Table 2. The decrease in contact angle 
ultimately increases porosity as well as pure water permea-
bility of the hybrid membranes. The decreasing trend along 
with the increase in porosity could be observed clearly in 
Fig. 4a. A similar trend of contact angle was also found in 
the literature [34]. It is a well-known phenomenon that 

hydrophilicity is promising for improved pure water flux as 
well as better antifouling ability [35].

3.1.5. Mechanical properties

Nanocomposite membranes offer a remarkable pros-
pect for improving the mechanical properties of polymers 
which recognize polymers in utilizing commercial applica-
tions [37–41] Addition of nanofillers has played important 
role in improving the mechanical properties of the polymer 
[43,44]. On the other hand, porosity also plays an important 
role in defining the mechanical properties, the higher the 
porosity value lower the mechanical properties. The poros-
ity of the Ag-SiO2 nanocomposite membranes increased 
with the addition of NPs as shown in Table 3 and thus 
decreasing the tensile properties.

The effect of Ag-SiO2 on the mechanical properties of 
Ag-SiO2-PES hybrid membranes has been evaluated which 
is shown in Fig. 4b. The mechanical property of hybrid 
membranes increased with the increase in polymer con-
centration [45]. Pure PES showed a young modulus of 
138.57 N/mm2. However, the young modulus was gradually 
decreased by the addition of Ag-SiO2 due to the imperfect 
structure caused by the non-uniform dispersion of Ag-SiO2 
nanoparticles in comparison with pure PES. The thickness, 

 
Fig. 3. XRD (a) and FT-IR spectrum (b) of membranes.

Table 2
Contact angle of PES-Ag-SiO2 hybrid membranes

Membrane CA (°)

PES 73.40 ± 0.19
PES-Ag-SiO2-01 72.67 ± 0.81
PES-Ag-SiO2-02 71.2 ± 0.91
PES-Ag-SiO2-03 69.56 ± 0.57
PES-Ag-SiO2-04 64.88 ± 0.68
PES-Ag-SiO2-05 58.82 ± 0.72
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tensile stress and young modulus of the PES and hybrid 
membranes are presented in Table 4.

3.1.6. Water permeability

Pure water permeability and filtration are important 
parameters that should be higher for any promising mem-
brane. The increase in the steady-state flux behavior of the 
nanocomposite membranes with the addition of Ag-SiO2 
can be interpreted in many ways. First of all, the increase 
in hydrophilicity could increase the affinity of water mol-
ecules inside the polymer matrix of the membranes, then 
ultimately improved the water permeability. Secondly, 
interfacial cavities between the PES polymer matrix and 
Ag-SiO2 nanoparticles find an additional water passage to 
enhance water permeability under transmembrane pressure. 
In addition, by incorporation of Ag-SiO2 nanoparticle pro-
vide additional polymer free volume and hence increased 
the pure water flux. The same behavior was found by the 

(a) (b)

(c) (d)

Fig. 4. Contact angle and porosity of membranes (a), tensile strength, modulus and thickness of membranes (b), water flux of hybrid 
membranes (c), and bovine serum albumin protein (BSA) rejection of membranes (d).

Table 3
Porosity of PES-Ag-SiO2 hybrid membranes

Membrane Porosity (%)

PES 79.00 ± 0.12
PES-Ag-SiO2-01 80.12 ± 0.40
PES-Ag-SiO2-02 81.63 ± 1.4
PES-Ag-SiO2-03 82.97 ± 1.97
PES-Ag-SiO2-04 83.29 ± 0.95
PES-Ag-SiO2-05 84.76 ± 1.73

Table 4
Mechanical properties of PES-Ag-SiO2 hybrid membranes

PES membrane Film thickness (µm) Tensile stress at maximum load (N/mm2) Modulus Emod [(N/mm2)]

PES 126 ± 1 3.51 138.57
PES-Ag-SiO2-01 123 ± 2 3.48 132.54
PES-Ag-SiO2-02 125 ± 2 3.04 116.32
PES-Ag-SiO2-03 130 ± 3 2.96 109.14
PES-Ag-SiO2-04 128 ± 4 2.87 107.14
PES-Ag-SiO2-05 140 ± 3 2.64 90.69
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addition of ZnO nanoparticles in a recent study by Li et 
al. [46]. The water flux and filtration behavior of pure PES 
and prepared hybrid membranes (PES-Ag-SiO2-1 ~ PES-Ag-
SiO2-5) are depicted in Fig. 4c. Here it clearly shows that 
water flux increased with different amount of NPs in the 
polymer matrix [47]. Assuming that the pure PES membrane 
and PES-Ag-SiO2 membranes have similar surface pore 
sizes, the increase in water flux may be due to the addition 
of the Ag-SiO2. PES-Ag-SiO2-5 has higher Ag-SiO2 contents 
and thus had higher water flux as compared to other hybrid 
membranes. The results of improved pure water flux could 
also be related to the morphology of the nanocomposite 
membranes. The formation of macrovoids resulted in an 
increase in water permeability as confirmed by the SEM 
images in the previous section and Fig. 1. The results of 
water permeability are summarized in Table 5.

3.1.7. BSA rejection

The performance of the ultrafiltration nanocomposite 
membranes was performed using bovine serum albumin 
(BSA) as model foulant. Fig. 4d shows that the incorpora-
tion of the Ag-SiO2 NPs improved the membrane surface 
hydrophilicity and decreased BSA adsorption. It can be 
observed that modified membranes adsorb less protein 
with Ag-SiO2-4 showing the least BSA adsorption and have 
the maximum rejection of 91.3%. The. The decrease in BSA 
rejection was mainly attributed to the increasing pore size 

and the higher porosity (PES-Ag-SiO2-05). This could also 
be explained that the addition of a different amount of NPs 
might modify the properties of the membrane surface. The 
other reason for the decrease in BSA rejection could also 
be due to the aggregation of Ag-SiO2 in our case for mem-
brane 5 and this could also be confirmed with the SEM 
images. One of the main factors influencing the increasing 
the protein fouling is the hydrophobic–hydrophobic inter-
action among membrane surface and the protein molecules. 
Therefore the phenomenon of hydrophobic interaction can 
be reduced by modification of the membrane, to make mem-
brane surface hydrophilic, either by the incorporation of 
nanomaterials or by the addition of some other hydrophilic 
additives. Once the surface became hydrophilic, there is less 
chance of protein molecules to adsorb on the surface of the 
membrane and as a result, improved protein fouling resis-
tance [48,49]. Wang and Tang [50] described the mechanism 
of BSA fouling and they established that protein fouling is 
generally dependent on the properties of the membranes. 
They revealed that smooth, hydrophilic and negatively 
charged membranes exhibited low flux drop at the early 
fouling stage. Subsequently, the properties of the mem-
branes, particularly hydrophobic/hydrophilic characteris-
tics could perform a significant role in the protein fouling 
mechanism. The BSA rejection results are shown in Fig. 4d.

3.1.8. Adsorption of p-nitrophenol

Removal of Organic pollutant is extremely import-
ant from the effluents because of their toxic, carcinogenic 
and mutagenic nature [24, 29, 36, 42]. PES hybrid mem-
branes were examined for p-nitrophenol adsorption. 
The adsorption properties of all hybrid membranes were 
also compared with pure PES polymer for p-nitrophe-
nol adsorption as shown in Fig. 5. 100 mg of each hybrid 
membrane and pure PES were used for the adsorption 
of 100 mL of p-nitrophenol solution. The result indicates 
that PES-Ag-SiO2-5 showed good adsorption performance 
for the p-nitrophenol analyte. The concentration of the  
p-nitrophenol was gradually decreased in effluent with time 
as shown in Fig. 5a. PES-Ag-SiO2-5 showed a good adsorption 
performance which almost adsorbed 26.8 of p-nitrophenol  

 
Fig. 5. Linear plot based on Ct/C0 (a), and % adsorption of p-nitrophenol by PES and its hybrid membranes (b).

Table 5
Pure water permeability of PES-Ag-SiO2 hybrid membranes

Membrane Water permeability

Lp (L/h/m2 bar) R2

PES-virgin 73.30 0.99
PES-Ag-SiO2-1 88.05 0.98
PES-Ag-SiO2-02 96.55 0.98
PES-Ag-SiO2-03 109.8 0.98
PES-Ag-SiO2-04 121.8 0.98
PES-Ag-SiO2-05 127.7 0.99
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within 3 h. However, after 5.3 h the adsorption capacity 
was increased to 40.0%. Similarly, after 24 h the adsorption 
capacity was further enhanced to 56.8% for PES-Ag-SiO2-5. 
It means that the nanocomposite PES-Ag-SiO2-5 removed 
56.8% of highly toxic organic p-nitrophenol pollutants from 
wastewater. The percent removal of p-nitrophenol is shown 
in Fig. 5b. After 24 h the highest percent adsorption for p-ni-
trophenol was shown by PES-Ag-SiO2-5.

3.2. Antibacterial activity

The zone inhibition method indicates the bacterial 
growth retardation or inhibition due to the diffusion of 
materials and metal ions into the growing medium on an 
agar plate. Fig. 6a indicates the control membrane without 
any nanomaterial involvement in the fabrication of mem-
brane showed here without any significant zone of inhibi-
tion. While membrane fabrication with nanomaterials up 
to 5% zone of inhibition of bacterial growth was increasing 
significantly. In our study, a 15 mm zone of inhibition size 
was observed of 1 cm diameter of the composite membrane 

which is clearly shown in Fig. 6. In previous studies, com-
posite membrane antimicrobial activity was reported on 
solid nutrient agar medium. Further, increasing the concen-
tration of nanomaterials in the nanocomposite membrane, 
proportionally increase the growth retardation and decease 
the optical density. Composite membrane with 6% silver 
nanomaterial, when incubated with E. coli culture and P. 
peli culture then turbidity decrease up to 77.78% and 76.30% 
in liquid medium. Sherman et al. [30] have been observed 
improved anti-biofouling and antibacterial membrane prop-
erty when its fabrication modified by amendment of Ag-SiO2. 
Similarly, in other reports, Zhang et al. [51] amended 
biogenic silver nanoparticles in polyethersulfone mem-
brane preparation and further studied anti-biofouling and 
anti-biofilm formation properties of these nanocomposite  
membranes.

4. Conclusion

In conclusion, this study proved the feasibility of pro-
ducing PES-Ag-SiO2 hybrid membranes with a finger-like 

 
Fig. 6. Anti-bacterial activity of membranes.
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structure and porous sublayer. The addition of Ag-SiO2 
caused an increase in hydrophilicity by decreasing the con-
tact angle. The hybrid membranes showed lower mechanical 
properties because of porosity produced in the membranes 
by the addition of Ag-SiO2. Additionally, the addition of 
Ag-SiO2 also affected the water permeability of the PES mem-
brane. Hybrid membranes showed higher water flux as com-
pared to the pristine PES membrane. The hybrid membranes 
exhibited an improved BSA rejection, nitrophenol adsorp-
tion and antibacterial properties as compared to the pristine 
PES membrane. The SiO2 impregnated membranes could be 
suitable for pretreatment as ultrafiltration. All the fabricated 
nanocomposite membranes exhibit excellent antibacterial 
activity, showing that Ag-SiO2 nanoparticle embedded PES 
membranes could be effective anti-biofouling membranes.
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