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a b s t r a c t
Enhanced antifouling polyethersulfone (PES) ultrafiltration membranes were successfully modified 
by the incorporation of silver nanoparticles (AgNPs) for improved disinfection in water treatment 
applications. PES-AgNPs membranes were fabricated with AgNPs loading (0.0–2.0 wt.%) via the 
phase inversion method. The effect of AgNPs on PES physicochemical properties and membrane 
performance were investigated in terms of pure water flux, filtration of humic acid (HA) and bovine 
serum albumin (BSA), and antibacterial activity. The antifouling property of the membrane was ana-
lyzed by calculation of the fouling resistance parameters of BSA. The antibacterial activity of the 
membrane was tested using two different types of bacteria which are Bacillus subtilis (B. subtilis) and 
Escherichia coli (E. coli). Hydrophilicity/hydrophobicity evaluation of the membranes was studied by 
water contact angle measurement which was reduced from 68° for the pristine PES membrane to 58° 
for the PES-0.5AgNPs membrane. The PES-0.5AgNPs membrane displayed improved water flux by 
65.55% and both HA and BSA rejections were 90.04% and 82.41%, respectively. Although the surface 
hydrophilicity of the PES-AgNPs membrane was further decreased at higher silver loading (1.0 and 
2.0 wt.%), the mechanical properties of nanocomposite membranes were reduced and significant sil-
ver leaching was observed. A high BSA flux recovery of about 97.29% was achieved for the modified 
membrane with 2.0 wt.% AgNPs compared to 71.12% for the neat membrane. In terms of the antibac-
terial performance, PES-AgNPs membranes showed an excellent property in biofouling mitigation 
where E. coli results show more sensitivity to AgNPs than B. subtilis. Based on the findings, the PES-
AgNPs nanocomposite membrane offers a good potential membrane for filtration and disinfection.

Keywords: Polyethersulfone; Silver nanoparticles; Humic acid; Bovine serum albumin; Antibacterial; 
Water treatment
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1. Introduction

The unavailability and inaccessibility to clean water have 
become a global issue of concern as the human population 
grows and industrial and agricultural activities expand. Pure 
drinking water would be a major problem for developing 
countries in the world [1,2]. Freshwater is now extensively 
consumed around the world and people tend to reuse the 
freshwater from wastewater to protect the environment [3,4]. 
Desalination is the main technology for producing freshwa-
ter from brackish, seawater and other saline water sources. 
It depends on a pretreatment system to generate high- 
quality feed water to ensure stable and reliable operation of 
the reverse osmosis (RO) system. Pretreatment is the treat-
ment of wastewater by industrial and commercial facilities 
to remove impurities from feed water before being fed to 
another system [3]. Current pretreatment methods such as 
flocculation and adsorption are based on a combination of 
physical, chemical, and biological processes and have suc-
ceeded to some extent in treating effluents for discharge 
purposes. Indeed, those methods cannot give a guarantee in 
terms of separation efficiency and effluent quality. In addi-
tion, these methods are often costly and ineffective [4].

Membrane technology is an essential part of water treat-
ment facilities. It is a useful tool in separation, purification 
and fractionation processes emerging as a highly efficient 
technique over conventional methods [5]. This technology 
contributes up to 53% of the total world processes for the pro-
duction of clean water [6]. Microfiltration (MF), ultrafiltration 
(UF), nanofiltration (NF) and RO membranes are some of the 
membrane types used for water treatment [7,8]. Among all, 
the UF system provides a positive barrier to remove most 
of the contaminants present in water and prevent damag-
ing the RO membranes due to its unique advantages such 
as excellent separation efficiency, easy operation, low energy 
and maintenance costs, and little or no use of chemicals 
[9]. The selection of a technique for polymeric membrane 
fabrication depends on the choice of polymer and the desired 
structure of the membrane. The most commonly used tech-
niques for the preparation of polymeric membranes include 
phase inversion, interfacial polymerization, stretching, track- 
etching and electrospinning [6,7,10]. The phase inversion 
technique is one of the main techniques for the fabrication of 
asymmetric porous structural UF membranes due to its sim-
ple processing, flexible production scales and low cost [7,10]. 
It is based on the principal transformation of homogenous 
polymer solution into a solid-state membrane [10].

Typical polymers used for UF membrane applications 
include polyacrylonitrile (PAN), polyvinylidene fluoride 
(PVDF), polysulfone (PS) and polyethersulfone (PES). 
Among all, PES has attracted a lot of attention as a polymer 
membrane because of its excellent properties such as ther-
mal stability, good chemical properties, mechanical strength 
and low cost [11]. However, the hydrophobic nature of PES 
leads to membranes with high fouling propensity and con-
sequently, the application of PES membranes in water treat-
ment applications has been limited [11–13]. Chlorination 
is the most commonly used disinfection process to reduce 
biofouling. Nevertheless, it has several disadvantages, such 
as the formation of harmful disinfection by-products (DBP) 
and being ineffective to eliminate some types of microbes [2].  

Thus, there is a strong need for membrane modification 
techniques to enhance membrane properties, prevent the 
biofouling problem and elongate the membrane lifetime 
[14]. Several methods have been proposed to enhance anti-
fouling properties of PES membranes which can be classified 
into three categories including blending with other poly-
mers, surface modification and incorporation of inorganic 
nanoparticles [14].

Generally, metal and metal oxide nanoparticles such as 
AgNPs [15–17], ZnO [18], FeO [19] and TiO2 [20] have been 
utilized for the modification of polymeric membranes. Most 
of the work presented in the literature highlighted silver 
nanoparticles (AgNPs) as a good candidate in membrane 
fabrication due to the outstanding optical, high conduc-
tivity and antibacterial properties compared to the other 
nanoparticles [15–17]. It is agreed by many researchers that 
AgNPs are considered to be a promising antibacterial agent 
and can be applied in antimicrobial applications, water dis-
infection, pharmaceutics, composite fibers, cosmetic prod-
ucts, and electronic components [21]. Many methods exist 
to synthesize silver nanoparticles, Basri et al. [16] prepared 
an asymmetric PES membrane and studied the influence of 
additives (AgNO3 and PVP of various Mw) on the structure 
of the prepared composite membrane. The performance of 
the membranes in the filtration and antibacterial test was 
evaluated with respect to the additives. It is observed in 
the study that, the PES-Ag membrane with 2.0 wt.% of Ag 
displayed high Ag-intensity, thus resulting in high antibac-
terial activity against E. coli. It was also commonly reported 
in the literature that the impregnation of silver into the 
membrane matrix could affect its morphology as well as 
membrane performance. An ex-situ method was reported by 
Rehan et al. [15] in which synthesis of AgNPs was carried 
out using chemical reduction of silver nitrate (AgNO3) with 
fructose and using PVP as a capping agent. All membranes 
were prepared via a non-solvent induced phase separation 
(NIPS) process using PES as polymer. The amount of the 
AgNPs loading was selected from 0.0 to 0.64 wt.%. In this 
way, AgNPs were dispersed homogeneously in the poly-
mer matrix and the addition of particles tended to suppress 
the formation of macro-voids. This can be attributed to the 
increase in viscosity of the solution and subsequently the 
decrease of the solvent/non-solvent exchange. In other work, 
Sile-Yuksel et al. [22] studied the effect of AgNPs location in 
polymer types. Three different polymers (PES, PS and CA) 
were used to fabricate nanocomposite membranes at three 
AgNPs different ratios (0.03, 0.06 and 0.09 w/w). The authors 
reported that AgNPs are homogeneously located along with 
the membrane matrix both in the skin layer and sublayer, 
but they protruded from the top surfaces of membranes. 
However, the increase of the AgNPs/polymer ratio tended 
to increase the water permeability of membranes.

On the other hand, numerous studies are claiming that 
incorporating AgNPs into the membrane matrix could 
promote antibacterial properties. This is due to the inter-
action of silver with sulfur-containing groups especially 
thiol groups of bacterial DNA [6]. Silver NPs provide a toxic  
effect upon its contact with the bacteria cell membrane, for 
which silver ions bind to the sulfur group and destabilized 
the protein of bacteria cells [6,11]. The antibacterial activ-
ity assay approaches are generally divided into qualitative 
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detection (growth inhibition zone for bacteria [17]) and 
quantitative measurement (plate-counting method [23]). 
The effect of AgNO3 content on the antibacterial proper-
ties was reported by Chen et al., (2013). In that study, the 
PES membranes showed good antibacterial activity against 
E. coli after adding the AgNO3 and the antibacterial rate of 
PES/AgNO3 UF membrane with AgNO3 content of 1.0 wt.% 
could reach 99.9% after running for 48 h [23]. In short, sev-
eral positive attributes shown by AgNPs make it an excel-
lent candidate to incorporate in PES membranes for water 
treatment.

The current study aims to improve the desirable charac-
teristics for PES membranes (high water flux, solute rejec-
tion, and antifouling properties) while also improving their 
tensile strength and antibacterial properties using AgNPs 
as nano-additives. Based on a thorough survey of the liter-
ature, studies related to humic acid (HA) and bovine serum 
albumin (BSA) removal using PES ultrafiltration membrane 
impregnated with AgNPs for water treatment applications 
are rarely reported. Hence, there is the absence of under-
standing of the effect of AgNPs on PES physicochemical 
properties and membrane performance. To achieve this, PES 
membranes were prepared with and without AgNPs via a 
non-solvent induced phase separation method. Besides, 
samples were characterized using diverse analytical mea-
surements including field emission scanning electron 
microscopy (FE-SEM), energy-dispersive X-ray spectros-
copy (EDS), Fourier-transform infrared (FTIR) spectroscopy, 
X-ray diffraction (XRD), water contact angle (WCA), poros-
ity and mechanical properties measurement techniques. 
The performance of the prepared membranes was investi-
gated by pure water flux, HA and BSA rejection and foul-
ing resistance of BSA. Finally, antibacterial activities of the 
membranes were carried out against B. subtilis as the model 
Gram-positive bacteria and E. coli as the model Gram-nega-
tive bacteria.

2. Experimental methods

2.1. Materials

Polyethersulfone (PES) pellets (molecular weight of 
58,000 g mol–1 and density of 1.37 g cm–3) were purchased 
from Goodfellow Cambridge Limited (England) and used 
as a basic polymer for membrane preparation. High purity 
1-methyl-2-pyrrolidinone (NMP > 99%) was obtained from 
Fluka Analytical (Germany) and used as a solvent to dissolve 
the polymer. Inorganic hydrophilic silver nanoparticles (Ag, 
99.99%, 30–50 nm, w/~0.2 wt.% PVP coated) were supplied 
by US Research Nanomaterials, Inc. HA and BSA (fraction 
powder 96%, Mw = 66.5 kDa) were used as model foulant for 
membrane solute rejection studies and supplied by Fisher 
Scientific. Sodium hydroxide (NaOH) (Mw = 40 g mol–1, 
EMSURE, Germany) and sulfuric acid (H2SO4) (AnalaR, 
Germany) were added during HA preparation to improve 
humic acid solubility in water and to adjust the solution pH. 
B. subtilis (SQUMSF005) and E. coli (ATCC 25922) were pre-
pared to evaluate the membrane biofouling performance. 
Acetone (AC > 99.5%) and deionized water were used for 
cleaning the tools that were used in membrane fabrication. 
Also, deionized water was used as the main non- solvent 
in the coagulation bath for preparing the membranes. 

All chemicals were utilized as received without further 
purification.

2.2. Fabrication of PES-AgNPs flat sheet membranes

Four PES-AgNPs ultrafiltration membranes were fabri-
cated at a different weight percentage of AgNPs (0.0, 0.5, 1.0, 
2.0 wt.%) loading into the membranes by in situ blending 
method. The phase inversion by the immersion precipitation 
technique was selected to fabricate polymeric membranes 
[15,24]. Prior to the preparation of the casting solution, 
PES pellets (15 wt.%) were dried in an oven at 70°C over-
night to remove moisture which could influence the per-
formance of the membrane during the fabrication process. 
The membrane dope solutions were prepared through the 
following steps. First, adding a specific weight percent of 
AgNPs (30–50 nm) in the NMP solvent (82 mL) under con-
stant stirring at 600 rpm. AgNPs were dispersed in NMP sol-
vent with the assistance of sonication at 40 kHz for 45 min. 
Subsequently, dried PES pellets were added into the casting 
solution slowly under continuous stirring until the pellets 
completely dissolved to obtain homogenous solutions. The 
mixture was sonicated for another 40 min at ambient tem-
perature to remove invisible air bubbles within the polymer 
solution. Before casting the membranes, the homogenous 
solutions were left for another hour to allow any bubbles to 
escape out the solution. Finally, the prepared dope solution 
viscosity was measured by using a rotational viscometer 
(Anton Paar, Austria).

After preparing a homogenous solution, the polymer 
solution was poured onto a glass plate that was used as a 
support for the casting film solution. The membrane cast-
ing thickness was maintained at 240 µm for all membranes 
[24]. Then, the glass plate with the thin-film of composite 
membranes was immersed immediately into a water bath 
at ambient temperature (~23°C ± 2°C) overnight. This pro-
cess promoted phase inversion between the NMP solvent 
and the deionized water and thus activated the polymer-
ization process [25]. During the process, a white membrane 
was obtained which was kept immersed in the aqueous 
bath for a day to ensure that all of the residues solvents in 
the membrane was removed. Then, the washed membranes 
were dried at ambient temperature followed by drying in the 
vacuum oven (20°C) for another day. Finally, the membrane 
was stored in the desiccator until further investigations.

2.3. Characterization of fabricated membranes

The surface morphology and cross-sectional images 
of PES and PES-AgNPs membranes were observed using 
a field-emission scanning electron microscope (FE-SEM, 
JEOL JSM-7600F, Japan) operated at a voltage of 20 kV and 
8 mA. To avoid damage to the cross-section of membranes 
microstructure, all samples were freeze-fractured in liquid 
nitrogen and coated with gold by sputtering to obtain clear 
FE-SEM images. EDS equipped with FE-SEM was used to 
analyze elemental composition and dispersion of AgNPs 
within the fabricated membranes.

The chemical structure pattern and functional groups 
of the membrane surface were detected using attenuated 
total reflectance-Fourier-transform infrared spectroscopy 
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(ATR-FTIR) (PerkinElmer, USA) in the 4,000–400 cm–1 range 
with a signal wavenumber resolution of 4 cm–1 and an 
average of 32 scans.

The presence of AgNPs within membrane matrix was 
further confirmed by an XRD measurement using MiniFlex 
600 (Rigaku, Japan) with a scanning rate of 2°/min and step 
extent of 0.01° equipped with a Cu-Ka radiation (wave-
length (λ) = 1.5406 Å) at a tube voltage of 40 kV and a cur-
rent of 15 mA.

For hydrophilicity/hydrophobicity measurements, the 
contact angle (Θc) of the water drop on the membrane sur-
face was carried out using an optical tensiometer instrument 
(Biolin Scientific, Sweden) sessile drop method. 5 µL of 
water was used as a sessile drop on a dry membrane sample 
with 2.0 cm (width) × 4.0 cm (length) dimension and con-
tact angle values were recorded within 5 s using a Hamilton 
syringe. To minimize error, the measurement was repeated 
ten times on each sample and then the average values were 
recorded.

Mechanical strength (ultimate tensile strength and strain-
at-break) of PES and PES-AgNPs membranes were evalu-
ated using a tensile testing machine (Tinius Olsen-H5KT, 
USA). Three samples of each membrane with a thickness of 
~200 µm and a dimension of 2.0 cm (width) × 4.0 cm (length) 
were tested for the tensile test with gauge length set at 
20 mm and the average values were reported.

Membrane porosity was determined according to a dry 
and wet weight method as reported in the literature [16,26]. 
The membrane pieces were immersed in water for 48 h and 
the overall porosity was estimated through the following 
Eq. (1).
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where ε is the porosity of membrane, Ww and Wd are the 
weights (g) of membranes in the wet and dry state, respec-
tively, rH2O

 is the density of pure water (1.0 g cm–3) and rPES is 
the density of the membrane in a dry state.

Also, the mean pore radius was calculated using the fil-
tration velocity method by the Guerout–Elford–Ferry equa-
tion [16].
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where rm is the mean pore radium (nm), ε is the membrane 
porosity, µ is the water viscosity (Pa·s), L is the membrane 
thickness (m), Q is the volume of permeated water per unit 
time (m3 s–1), A is the area of the membrane (m2), and ΔP 
is the operating pressure (Pa).

The stability of AgNPs within the membrane matrix was 
studied by using an immersion technique [13]. Under con-
tinuous magnetic stirring, then cutting pieces of nanocom-
posite membranes were submerged in pure water (100 mL) 
for 6 d at ambient temperature (~23°C ± 2.0°C). The possible 
AgNPs leaching from the membrane was quantified using 
inductively coupled plasma-optical emission spectroscopy 
(ICP-OES, Perkin Elmer, USA) with plasma configuration 
model optima 8000.

2.4. Membranes performance investigations

In this work, pure water flux, removal of HA and BSA, 
and fouling tests of the prepared membranes were investi-
gated using the stirred dead-end cell (01730, Amicon Model 
8200, Millipore MA, Manufacturer: MilliporeSigma™ 
Germany) with an active membrane surface area of 28.7 cm2 

and total volume capacity of 180 mL. The cell was connected 
to a nitrogen gas cylinder for controlled pressure where 
operating pressure was set at 1.0 bar. The stirrer speed was 
controlled by a magnetic bar stirrer underneath the cell 
(Fig. 1). A constant stirring speed of 500 rpm was used in 

Fig. 1. Schematic diagram of the experimental apparatus: stirred dead-end cell set up a system (Amicon Model 8200): (1) gas cylinder 
(nitrogen), (2) pressure controller, (3) pressure gauge, (4) dead-end module, (5) magnetic stirrer, (6) graduated cylinder, (7) transport 
inside a dead-end module.
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all membrane performance experiments. The neat PES and 
PES-AgNPs membranes were first compacted for 90 min at 
2.0 bar to achieve a stabilization state. The permeate was 
collected each 15 min for 90 min and the pure water flux 
was estimated using Eq. (3) [15,27].

J V
A t

�
��

 (3)

where J is the flux (L m–2 h–1), V is the volume of the collected 
permeate (L) at the period Δt (h), and A is the effective area 
of the membrane (m2).

Two models of foulant compounds (HA and BSA) were 
used in this study to evaluate the rejection performance of 
the membranes. Humic acids were chosen as the model of 
natural organic compounds (10 ppm). First, the UF experi-
ment was conducted with the HA solution (pH ≈ 8.4). The 
membrane rejection R (%) at feed conditions was then 
calculated using Eq. (4) [15,27].

R
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C
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where CF and CP are the concentration of the feed and per-
meate solution (ppm), respectively. The experiment was 
repeated for the BSA solution (100 ppm). The concentra-
tions of samples in permeate was determined using the 
calibration curve obtained from UV-Visible spectrophotom-
eter (DR5000, Hach) measurement. This calibration curve 
was used for estimating unknown concentrations in each 
permeate during the experiment at the optical absorbance 
wavelength peak of λ254 nm for HA and λ279 nm for BSA. 
All the filtration tests were carried out three times and the 
average values were reported.

2.5. Organic antifouling properties

Cleaning is an important step in membrane processes 
since it has a substantial effect on process productivity. To 
measure the membrane pure water flux recovery (PWFR), 
the used membranes were cleaned with deionized water 
for 15 min to remove the deposited BSA molecules. PWFR 
is an index of the antifouling property of membranes and is 
used to compare the membrane water flux after cleaning (JR) 
with the original membrane water flux (J0) under the same 
operating condition by using Eq. (5) as shown below.
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J
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To study the effect of AgNPs on the membranes foul-
ing, the BSA flux was measured and recorded as Jp. The 
fouling-resistant capacity of the membrane was quantified 
using Eqs. (6)–(8) [28].
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where Rt, Ri, Rir are total fouling, reversible fouling, and irre-
versible fouling, respectively.

2.6. Antibacterial activity of membranes

The antibacterial activity of resultant PES-AgNPs nano-
composite membranes was tested using the Gram-positive 
bacterium B. subtilis (SQUMSF005) and Gram-negative 
bacterium E. coli (ATCC 25922) under dark and visible 
light environment. Prior to the test, both bacterial strains 
were cultivated for 24 h in Luria Bertani (LB) medium at 
37°C ± 1.0°C. In total three different treatments were used, 
such as LB broth without bacteria (blank control), LB broth 
with bacteria but without membrane (bacterial control), and 
LB broth with bacteria and different PES-Ag nanocompos-
ite membranes. The sections 1.0 cm × 1.0 cm were cut from 
each membrane. Each membrane was placed at the bottom 
of each well of the 12-well plate (Costar, Tewksbury, MA, 
USA). The replicates for each membrane were used. Each 
well was filled with 3.0 mL of a broth culture of the bacte-
rium. In parallel, the same type of experimental setup was 
prepared and covered with aluminum foil and then used 
as a dark condition test. Every 24 h for two consecutive 
days, 100 mL of the broth culture from each well was col-
lected and transferred into a sterile 96-well microtiter plate 
(Nunc, Denmark). The optical density (OD) absorbance 
of the collected samples in the plate was measured using 
a plate reader device (Thermo, USA) at a wavelength λ of 
620 nm (OD620). Then, the mean value and standard devia-
tion of three replicates for each membrane were calculated.

In order to estimate the number of alive bacteria, the num-
ber of colony-forming units (CFU) was calculated [Eq. (9)]. 
Briefly, in order to do this a serial dilution of an original 
sample was done. Then, 0.1 mL of the diluted sample was 
plated on a petri dish containing sterile nutrient agar (Difco, 
USA). The plates were incubated for 24 h at 37°C ± 1.0°C. 
Finally, the number of colonies was counted manually.

CFU
mL

Number of colonies dilution factor
Plate volume mL

�
�

� �  (9)

3. Results and discussion

3.1. Membranes characterization

3.1.1. Morphological studies

The FE-SEM images of prepared membranes by varying 
the AgNPs loading are shown in Fig. 2. From the top sur-
face morphology, a slight change in the surface roughness 
of membranes was observed due to the inclusion of AgNPs. 
No significant accumulation of AgNPs was witnessed 
which revealed good miscibility of AgNPs in the poly-
mer matrix, especially for lower AgNPs content (0.5 wt.%). 
Addition of 2.0 wt.% of the nanoparticle into PES showed 
the agglomeration of nanoparticles on the membrane 
surface. This can be attributed to the poor dispersion of 
higher nanoparticle addition.
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As the loading percent of AgNPs increased from 0.5% to 
2.0%, the viscosity of the polymer solution increased as well 
(Table S1 and Fig. S1). The elevation of PES-AgNPs solution 
viscosity slower the water-solvent exchange rate. The solu-
tions viscosity stayed constant with increasing applied shear 
rate which indicates all dope solutions follow Newtonian 
behavior. This might induce specific changes in membrane 

morphology which in turn would affect the porosity,  
macro-void formation, and also permeability of membranes.

In general, the cross-sectional images of membranes 
exhibit the typical asymmetric structure, consisting of a top 
dense skin layer (selective layer) near the top surfaces fol-
lowed by a thick finger-like with macrovoids (sub-layer), 
and sponge-like (bottom layer). The pristine membranes 

Fig. 2. FE-SEM images of membranes: (left) top surface, (right) cross-sectional.
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(PES-0.0AgNPs) revealed blocked pore channels with 
thin macrovoid in the center of the membrane sublayer. 
Our findings were similar to those reported by Thuyavan 
et al. [1] for the unmodified PES membranes. In contrast, 
the cross-sectional structures were partially changed when 
the AgNPs loads into the membranes. All modified mem-
branes showed quite similar morphology and the finger-like 
structures have elongated and become wider at the bottom 
as compared to the control membranes (PES-0.0AgNPs). 
This distribution of the pores and channels could provide 
better membrane performance in terms of permeability 
and probably effect on rejection tests. These differences in 
morphological characteristics between PES and PES-AgNPs 
membranes might be due to two main reasons: first, the 
exchange rate of non-solvent (water) and solvent (NMP) 
through the phase inversion process. Both thermodynamic 
phase equilibrium and kinetic aspects play a role during 
the phase inversion technique. The hydrophilic nature of the 
AgNPs in the polymeric solution can increase both the solu-
tion thermodynamic instability in the coagulation bath and 
the mass transfer rate between the NMP solvent and water. 
Consequently, the exchange rate affects change in the mem-
branes morphology and pore formation due to promoting 
a fast phase inversion [25,29]. Second, increased the casting 
solutions hydrophilicity was induced by the hydrophilic  
AgNPs [30].

Energy-dispersive X-ray spectroscopy was used to deter-
mine the percentage elemental composition of PES and 
PES-AgNPs membranes (Fig. S2). The weight percentage 
of AgNPs increased as the loading concentration of AgNPs 
increased in the casting solution. Due to the specific area 
detection of Ag element on the sample surface, there was 
some discrepancy in wt.% of Ag element. For instance, 
the initial silver composition in the mixed solution of 

PES-0.5AgNPs was found to be 0.45 wt.%, for PES-1.0AgNPs 
sample surface showed 0.80 and 1.90 wt.% for PES-
2.0AgNPs nanocomposite membranes, respectively.

3.1.2. XRD analysis

The crystallinity of the resultant nanocomposite 
membranes was also confirmed by XRD and the results 
are shown in Fig. 3. Silver peaks were found to be more 
noticeable in the samples with increasing nanoparticle 
content. At 2θ = 18.1°, a broad peak appears in the case of 
PES-0.0AgNPs indicating the amorphous structure of PES 
polymer found from the aromatic benzene ring (C6H6) and 
the flexible ether bond (R-O-R′) structure. The main diffrac-
tion due to AgNPs crystals occurs at 27.184°, 31.84°, 37.68°, 
44.016°, 46.016°, 64.176° and 77.008° which are indexed to 
(210), (122), (111), (200), (231), (220) and (311) planes of pure 
silver based on the face-centered cubic structure (JCPDS 
No. 04-0783 “Joint Committee on Powder Diffraction 
Standards”) [13].

3.1.3. ATR-FTIR analysis

The ATR-FTIR spectra of the PES and PES-AgNPs mem-
branes were carried out to identify the functional groups 
present on the membrane surfaces. Fig. 4 displays the main 
functional groups exhibited by membranes which are C=C, 
C−C, S=O and C−O−C/C−O. All FTIR spectra for Ag incor-
porated membranes are similar to PES-0.0AgNPs mem-
brane patterns and no additional peaks were detected upon 
the addition of AgNPs due to the same chemical compo-
sition content in the prepared dope solutions. The PES 
structure corresponding peaks appear at the wavenumber 
of 1,579.4 cm−1 obtained from the C=C stretching vibration 

Fig. 3. XRD spectra of PES and PES-AgNPs nanocomposite membranes.
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of benzene rings. The peak presence in the range of 1,490; 
1,104.8; 1,243.4 cm−1 indicates the presence of the C−C band 
of the aromatic ring, aromatic ether C−O−C/C−O band and 
sulfone group (S=O), respectively. Thus, it can be reasonably 
concluded that the inclusion of AgNPs does not affect the 
molecular integrity of the PES membranes.

3.1.4. Surface wettability

Contact angle measurements were evaluated to deter-
mine the changes in PES membrane’s surface hydrophilic-
ity upon inclusion of AgNPs (Fig. 5). The highest WCA 
was observed for pure PES (PES-0.0AgNPs) with a WCA 
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Fig. 5. Water contact angle values of the PES and PES-AgNPs nanocomposite membranes were measured at ambient temperature.

Fig. 4. ATR-FTIR spectra of PES and PES-AgNPs nanocomposite membranes.
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value of 68 ± 1.0°. The PES polymer has low hydrophilicity 
due to the intrinsic nature of the hydrocarbon compound. 
Compared to the pristine PES membrane, the addition of 
AgNPs improved the membrane hydrophilicity in which 
the contact angle of the nanocomposite membrane dropped 
gradually from 68 ± 1.0° (pure PES) to 58 ± 1.0°, 52 ± 1.0° 
and 45 ± 1.0° with increasing content of AgNPs from 0.5, 
1.0, to 2.0 wt.%, respectively. The highest loading of AgNPs 
(2.0 wt.%), has resulted in an improvement in the fabri-
cated membrane surface (better hydrophilicity). Our find-
ings are similar to those reported in the literature, who 
used synthetic AgNPs in the range of 0.32–2.0 wt.% and 
reported enhanced fouling resistance and water flux of 
polymeric membranes [15,16]. The presence of the AgNPs 
within the membrane structure can lead to the increment 
of interface surface energy and lower the surface tension 
of PES membranes. Consequently, the adhesive forces that 
exist between the water molecules and membrane surface 
will be higher than cohesive forces that exist between the 
water molecules. As a result, a reduction in the contact 
angle was due to form strong water molecules bonding to 
the membranes surface rather than attraction to each other 
which improves the membrane water flux (Section 3.2.1 – 
Measurement of water flux, HA and BSA rejection).

3.1.5. Membrane porosity

The most important characteristics of semiperme-
able membranes are total porosity and pore radius, which 
determines their productivity and selectivity as shown in 
Table 1 the porosity and pore radius of the pristine PES and 
PES-AgNPs modified membrane. The addition of AgNPs 
increased the membrane porosity from 63% for pure PES 
to 86% for PES-2.0AgNPs membrane. Regarding the mem-
brane pore size, it is observed that the pore size of the PES-
0.0AgNPs membrane is slightly increased from 19.03 to 
21.41 nm upon loading with 0.5 wt.% of AgNPs. Generally, 
the pore formation of membranes can be linked to pore for-
mation during the polymeric membrane fabrication pro-
cess. Adding AgNPs into dope solution can weaken the 
interaction forces that exist between NMP solvent and the 
polymer (reduces the thermodynamic stability of the dope 
solution). This result may be a fast exchange rate between 
NMP solvent molecules and water molecules during the 
phase inversion process due to the hydrophilic property of 
AgNPs [16]. As a result, the formation of larger pore size 
and porosity structure of the polymeric membrane due to 
leaching of agglomerated nanoparticles during fabrication 
process especially at higher AgNPs loading (Section 3.1.7 –  

Silver release) [25,26]. This clarified the main reason that 
the PES-2.0AgNPs membrane exhibited the highest bulk 
porosity and pore size with the maximum water flux among 
others membranes.

3.1.6. Mechanical strength

The mechanical properties of the fabricated mem-
branes were evaluated with respect to true stress-true 
strain curve as shown in Fig. S3. The mechanical strength 
improved up to 55% of 0.5 wt.% AgNPs loading when 
compared to pristine PES. However, a further increase of 
the AgNPs loading up to 2.0 wt.%, dropped the tensile 
strength by 43.87%.

The brittleness of the pristine membrane and PES-
AgNPs modified membranes were studied also in terms of 
tensile strength and elongation at break as shown in Fig. 6. 
Elongation at the breaking point increased from 4.1% for 
pristine PES (PES-0.0AgNPs) to 8.5% for the PES-0.5AgNPs 
membrane. When AgNPs loading was increased, the % 
reduction in elongation was observed. A similar observa-
tion was observed where the young’s modulus increased 
from 120 MPa for pristine PES to 266.67 MPa for the PES-
0.5AgNPs. When AgNPs were incorporated into the PES 
membrane, the interaction between AgNPs and polymer 
matrix increased and consequently, improved the interfacial 
viscoelastic deformation in PES-AgNPs composite mem-
brane. Besides, both yield strength and ultimate strength 
increased from 4.4 MPa (pristine PES) to 5.5 MPs and from 
1.7 (pristine PES) to 2.7 MPa when incorporating 0.5 wt.% 
AgNPs to PES (Fig. 6b). Then both parameters decreased 
gradually with increasing content of silver nanoparticles in 
PES membranes.

This phenomenon occurs because when more AgNPs 
were added to the PES, Ag nanoparticles seemed to 
agglomerate and lower the nanoparticle’s dispersion within 
the polymer matrix. In addition, under testing conditions, 
large macro-voids were filled with air and reduced the 
compactness (longer finger structure). Thus, the membrane 
tensile strength may decrease due to the present of pores 
[26]. Mostly, longer elongation and higher tensile strength 
are associated with the tight interior structure and dense 
skin of the membranes. The membrane is more ductile 
and does not easily damage despite being given a heavier 
workload. The results indicate that the reduction in the ten-
sile strength leads to an increase in the water content and 
porosity of the membranes as evidenced by the membrane 
porosity in (Section 3.1.5 – Membrane porosity) and water 
flux results.

3.1.7. Silver release

Detection for silver leaching was carried out to inves-
tigate the strength attachment of AgNPs within the 
membrane matrix. From Table 2, the PES-0.5AgNPs 
nano composite membranes only suffered from minimal 
AgNPs leaching in comparison to the other two membranes 
as expected since both PES-1.0AgNPs and PES-2.0AgNPs 
were loaded with more AgNPs and most of the nanoparti-
cles were agglomerated on the membranes surface without 
integrating with membranes matrix (poor adhesion to the 

Table 1
Pore structure parameters of PES and PES-AgNPs modified 
membranes

Membranes code Bulk porosity (%) Pore radius (nm)

PES-0.0AgNPs 63.35 ± 0.35 19.03 ± 0.21
PES-0.5AgNPs 71.21 ± 0.59 21.41 ± 0.52
PES-1.0AgNPs 78.14 ± 1.07 26.11 ± 0.10
PES-2.0AgNPs 86.02 ± 0.09 29.40 ± 0.31
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PES matrix). Usually, a high release of silver from the com-
posite membrane is good for antimicrobial activity and 
antigrowth of bacteria (Section 3.3.2 – Biofouling prop-
erties) as reported by others [23,31]. On the other hand, 
the rapid depletion of silver in the membrane reduces the 
strength and membrane’s lifetime [13]. According to the 
world health organization (WHO), the secondary max-
imum contaminant level of silver ions in drinking water 
is 100 ppb or 0.1 ppm [13,32]. All leaching studies per-
formed with high AgNPs loading (PES-1.0AgNPs and 

Fig. 6. (a) Tensile strength and elongation-at-break of PES and PES-AgNPs membranes and (b) ultimate strength and yield strength 
of PES and PES-AgNPs membranes.

Table 2
Detection of AgNPs element by ICP-OES for different PES-Ag-
NPs nanocomposite membranes during 6 d

Membranes code Ag element detected (mg g–1 of membranes)

PES-0.5AgNPs 0.0136 ± 0.0018
PES-1.0AgNPs 1.4540 ± 0.0483
PES-2.0AgNPs 4.6357 ± 0.0188
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PES-2.0AgNPs) would have been unsuccessful to con-
form to drinking water regulations in comparison to the 
PES-0.5AgNPs membrane was not in the hazardous level. 
Control release of AgNPs can be improved either by incor-
poration of a capping agent [16] or functionalized the 
polymer [13]. These are the most common strategies that 
could improve particles dispersibility, prevent agglom-
eration of AgNPs and stabilize AgNPs in the polymeric 
membrane matrix with better membranes performance.

3.2. Membranes performance

3.2.1. Measurement of water flux, HA and BSA rejection

The fabricated membranes were evaluated for their 
performance in terms of pure water flux, HA and BSA 

rejection. It was observed that the pure water flux initially 
increased with further increments of AgNPs in the casting 
solution (Fig. 7a). PES-2.0AgNPs show the highest flux of 
14.19 ± 0.12 L m–2 h–1 while pristine PES membrane had 
the lowest flux of 1.76 ± 0.05 L m–2 h–1 indicating a 12.43% 
improvement in the permeability of the membrane. This 
enhancement in water flux of the modified PES membranes 
can be explained as follows: First, membrane’s hydrophilic-
ity property was improved after adding nanoparticles due 
to silver hydrophilic nature which could attract water mol-
ecules inside the membrane matrix and promote them to 
pass through the membrane (Fig. 5). Second, agglomera-
tion of silver NPs tended to enlarge the membrane pores 
(especially at higher NPs loading) while leaching of these 
agglomerated AgNPs during phase inversion would 
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leave the membrane with higher porosity and pore size 
(Table 1). This explained why membrane with 2.0 wt.% 
AgNPs loading displayed the largest membrane porosity 
with the highest PWF among other membranes. Third, 
the reason might be also related to different membrane 
cross-section structures (Fig. 2). Specifically, AgNPs per-
formed as pore formers on the membranes to build more 
various small water channels in the membranes cross- 
sections [33]. Thus, the water flux of membranes increased 
with the addition of AgNPs. Similar findings were reported 
by Dong et al. During the filtration study, the average flux 
values of pure cellulose acetate membranes were deter-
mined to be 11 L m–2 h–1, while membranes embedded 
with AgNPs showed significant increases in flux to 18 and 
25 L m–2 h–1, with increasing amounts of AgNPs from 1.0 
to 2.0 wt.%, respectively. This is likely due to the AgNPs 
acting as pore formers [33].

With respect to separation performance, the rejec-
tion efficiency of a membrane depends strongly on the 
membrane structure, molecular volume, and the physi-
cochemical characteristics of the feed solution properties. 
Individually UF test was performed with the HA and BSA 
solution and the results are shown in Fig. 7b. The rejection 
of the pristine PES-0.0AgNPs membrane was 94.72% and 
86.72%, for the HA and BSA solution, respectively. As the 
AgNPs content increase in the PES solution, the percentage 
rejection decreased to 70.99% for HA and 62.30% for BSA at 
2.0 wt.% of AgNPs concentration. The decrease in rejection 
with increasing AgNPs concentration can be explained as 
increased porosity of the membranes during the fabrication 
process as explained previously (Section 3.1.5 – Membrane 
porosity), which increases its capability towards low rejec-
tion and low obstacle membrane structure as clear from 
FE-SEM images (Fig. 2). Among all, membranes loading 
with fewer AgNPs concentrations (0.5 wt.%) is preferable 
to achieve high rejection efficiency with low pure water 
flux compared to high AgNPs loading (1.0 and 2.0 wt.%). 
Where the porosity of PES-0.0AgNPs membrane was 
approximately 26% smaller than PES-2.0AgNPs mem-
branes. Consequently, the rejection of organics by the 
pristine membrane was better than membranes at higher 
AgNPs loading. Results showed that the fabricated PES 
membranes rejected the organic matter effectively based 
on size exclusion mechanism. These results are in agree-
ment with other findings that have been reported in the 
literature, who fabricated PES membranes incorporated 
with AgNO3 (0.5 and 2.0 wt.%). The authors reported the 
membrane porosity increased with a higher Ag loading 
in the membrane. The presence of Ag had increased the 
membranes pore size average from 0.047 µm for pristine 
PES membranes to 0.213 µm for PES-Ag2.0 [16]. In con-
trary, some researchers reported that higher Ag content 
lead to reduced membrane pore size, resulting in a lower 
permeability but better solute rejection [29]. Overall, rejec-
tion of HA and BSA molecules would be increased with a 
decrease in membrane bulk porosity and pore size as one 
of the most significant parameter effect on membrane per-
formance and enhance organic matter removal as reported 
in literature [14,16,29]. Compared to HA rejection, BSA 
rejection was less as the AgNPs loading increases due to its 
lower protein molecular weight (less BSA macromolecules) 

resulting in lower rejection by the size exclusion effect of 
the membrane.

3.3. Membrane fouling

3.3.1. Anti-organic fouling performance

In this work, BSA was selected as the fouling substance 
to evaluate the antifouling performance of the membrane. 
After cleaning the membranes with deionized water, the 
membranes flux recoveries were measured, and the results 
are presented in Fig. 8a. It is observed that flux recoveries 
improved from 71.12% for PES-0.0AgNPs membrane to 
97.29% for modified PES-2.0AgNPs membrane. The main 
reason for improvement of flux recoveries resulted from the 
enhanced membranes surface hydrophilicity after loading 
the AgNPs which assist the formation of a hydrated layer 
of hydrogen bonding with water molecules that prevent 
firm adhesion of the foulants on the membrane surfaces. 
This means in the case of the modified membrane, fou-
lants were adsorbed only at the membrane surface that can 
be easily removed by simple washing [1].

The BSA antifouling parameters (Rt, Rr and Rir) were 
predicted from the initial water flux, the BSA flux and 
the recovery flux. The calculated fouling probabilities are 
presented in Fig. 8b. The total fouling of unmodified PES 
membrane was found to be higher than modified mem-
branes. The results revealed that the irreversible resistance 
of the PES membrane was the main part of the total foul-
ing. The irreversible fouling is due to adsorption of BSA 
molecules on the surface or entrapment of BSA molecules 
in pores while reversible fouling arises from reversible pro-
tein adsorption which can be removed by simple washing. 
For nanocomposite membranes, the irreversible fouling 
was sharply reduced with the minimum value of 3.7% for 
PES-2.0AgNPs. The improved antifouling performance of 
the nanocomposite membranes was attributed to a combi-
nation of factors such as hydrophilic nature of membranes 
surface and the lower roughness of the membrane surface. 
Increasing AgNPs composite increased hydrophilicity of 
the surface as observed from WCA results (Fig. 4). This 
increased hydrophilicity is led to reducing the interaction of 
BSA with the membrane surface.

3.3.2. Biofouling properties

AgNPs is a well-known as an anti-bacterial agent against 
a wide range of microorganisms [11,16,17]. In this work, 
both Gram-positive (B. subtilis) and Gram-negative (E. coli) 
bacteria were used to investigate the antimicrobial property 
of the PES-AgNPs nanocomposite membranes. The bacte-
rial growth of B. subtilis under the light and dark conditions 
is shown in Figs. S4 and S5, correspondingly. Similarly, the 
bacterial growth of E. coli under the light and dark condi-
tions is shown in Figs. S6 and S7, respectively.

For B. subtilis, there was a significant reduction in bac-
terial abundance compared to the control (PES-0.0AgNPs) 
under the light condition. In both bacteria, maximum reduc-
tion in absorbance was observed for PES membranes modi-
fied with 1.0 and 2.0 wt.% AgNPs after 48 h. The reduction 
of bacterial growth was found for all PES-AgNPs samples, 
while incubation time is increased. However, for the control 
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sample (PES-0.0AgNPs) after 48 h, the bacterial re-growth 
was significant (Fig. S4a). Under the dark condition, bacte-
rial re-growth was very similar for the control sample (PES-
0.0AgNPs). In general, the bacterial growth was lower for 
PES-AgNPs nanocomposite membranes which indicate 
that most of the bacteria killed with the modified mem-
branes due to antibacterial activity of AgNPs. Among PES-
AgNPs nanocomposite membranes, a low concentration 
of AgNPs sample (PES-0.5AgNPs) was experienced slight 
re-growth of bacteria. PES-1.0AgNPs and PES-2.0AgNPs 
samples showed constant bacterial growth through-
out 48 h (see the black arrow for the reference in Fig. S5).  

The highest antibacterial activity of 50% was achieved 
with the PES-2.0AgNPs membrane within 48 h.

Under the light condition, the control sample showed 
re-growth of E. coli bacteria for 48 h (Fig. S6). But for PES-
AgNPs nanocomposite membranes, slight decrement of 
E. coli bacteria at the first 5 h of incubation time followed  
by substantial decrease in optical density of bacteria was 
observed over 48 h. For PES-2.0AgNPs samples, 99.1% of the 
bacteria were inactivated within 48 h (shown with a red arrow 
in Fig. S6a). Interestingly, bacterial re-growth was observed 
for the control and PES-AgNPs nanocomposite membranes 
under the dark condition within 48 h of incubation time 
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(Fig. S7a). As expected, the control sample has the highest 
bacterial growth compare with nanocomposite membranes. 
Among PES-AgNPs nanocomposite membranes, low con-
centration of AgNPs membrane (PES-0.5AgNPs) showed 
the highest bacterial growth and the lowest growth was 
witnessed for PES-2.0AgNPs membrane. Thus, it can be 
concluded that visible light activation of pure PES and PES-
AgNPs nanocomposite membranes was played an import-
ant role in antibacterial activity. Additionally, release of Ag+ 
ions from the membrane under the light conditions could 
be higher compare to the dark, which could contribute to 
the higher antibacterial activity. For the light activation 
process, PES-2.0AgNPs membrane inactivated 50% of the 
Gram-positive B. subtilis but 99.1% was achieved for Gram-
negative E. coli. Thus, fabricated PES-AgNPs nanocomposite 
membranes were highly selective for Gram-negative bac-
teria. This could be explained by the difference in cell wall 
between Gram-positive and Gram-negative bacteria [34].

In order to confirm that bacteria were inactivated by the 
membranes, the number of CFU was counted under the light 

and dark conditions (Fig. 9). The CFU results were in a good 
agreement with the previously reported OD measurement 
results. Under the light condition, PES-AgNPs nanocompos-
ite membranes reduced CFU drastically but re-growth trend 
was observed under the dark conditions for both B. subtilis 
and E. coli bacteria within 48 h. In contrast, B. subtilis CFU 
count showed 100% inactivation, while OD measurements 
were two folds higher. The difference between OD and CFU 
results could be explained by the interference of the dead 
bacteria during OD measurement. Experiments with the 
Gram-negative E. coli showed 83% reduction of CFU.

Overall, our experiment demonstrates the following: 
pure PES membrane did not inhibit growth of both bacte-
ria under the light and dark conditions. Addition of silver 
into the membrane increased antibacterial activity. The 
strongest highest antibacterial activity was observed for 
the PES-2.0AgNPs membrane that contained the high-
est tested concentration of silver. Similarly, it was reported 
that increase in the amount of AgNPs in membrane would 
increase membrane antimicrobial activity [31,35]. Under the 

 

 

Fig. 9. Effect of PES-AgNPs membranes in the light (30–35 W m−2) and dark (0 W m−2) conditions on colony-forming units (viable cells) 
for bacteria of three replicates.
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light condition most of bacteria were killed suggesting that 
light increased the leaching of silver from the membrane 
thus increasing the antibacterial effect.

4. Conclusions

In the current study, PES membranes blended with sil-
ver nanoparticles were fabricated via phase inversion by 
the immersion precipitation technique based on different 
AgNPs loadings. As silver loading increased, the PES-
AgNPs membrane’s pore size and porosity increased. This 
resulted in higher PWF and lower HA and BSA rejection. On 
top of that, the antibacterial performance of the PES-AgNPs 
membrane was enhanced significantly at higher silver load-
ing (2.0 wt.%) especially under light conditions, while the 
unmodified PES membranes did not exhibit any antibacte-
rial property. The water contact angle results showed that 
hydrophilicity of the PES membrane increased along with 
silver loading, which was deemed to be advantageous in 
preventing the membrane from organic fouling. In brief, 
the incorporation of AgNPs in PES membranes justified 
the potential in treating wastewater owing to its enhanced 
membrane surface hydrophilicity, permeability, antifouling 
ability, and antibacterial property. PES-2.0AgNPs membrane 
showed the optimum flux and antibacterial performance 
among other membrane samples despite a slight reduction in 
HA and BSA rejection which was acceptable.
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Supplementary information

S1. Viscosity measurements

Table S1
Viscosity and conductivity of PES and PES-AgNPs solutions

Membrane code R2 Viscosity (cP) Conductivity (µS cm–1)

PES-0.0AgNPs 0.9999 270.75 1.5313 ± 0.0015
PES-0.5AgNPs 0.9998 283.22 3.2867 ± 0.0058
PES-1.0AgNPs 0.9998 319.55 4.3267 ± 0.0115
PES-2.0AgNPs 0.9998 349.08 5.3100 ± 0.0173
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Fig. S1. Shear stress behavior with a shear rate of PES and PES-AgNPs solutions.
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S2. Energy-dispersive X-ray spectroscopy

Energy (keV) 

In
te

n
si

ty
 (
cp

s/
eV

) 

(a) Element Wt.%

Carbon (C) 67.7 

Oxygen (O) 18.7 

Sulfur (S) 13.6 

 

Energy (keV) 

In
te

n
si

ty
 (
cp

s/
eV

) (b) Element Wt.% 

Carbon (C)  66.6 

Oxygen (O) 12.8 

Sulfur (S) 18.5 

Silver (Ag) 0.45 

Energy (keV) 

In
te

n
si

ty
(c

p
s/

eV
) Element Wt.% 

Carbon (C)  63.9 

Oxygen (O) 13.2 

Sulfur (S) 18.0 

Silver (Ag) 0.80 

Energy (keV) 

In
te

n
si

ty
 (
cp

s/
eV

) 

Element Wt.% 

Carbon (C)  62.9 

Oxygen (O) 15.1 

Sulfur (S) 14.5 

Silver (Ag) 1.90 

(c) 

(d) 

Fig. S2. Energy-dispersive X-ray spectroscopy of (a) PES-0.0AgNPs, (b) PES-0.5AgNPs, (c) PES-1.0AgNPs and (d) PES-2.0AgNPs 
membranes.
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S3. True stress-true strain curve
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Fig. S3. True stress-true strain curve of PES casting membranes with and without AgNPs modification.

Fig. S4. (a) Effect of AgNPs embedded in PES membrane in different concentration in light condition (30–35 W m−2) on Bacillus subtilis 
bacterium after two inhibition days and (b) effect of AgNPs concentration on antibacterial properties of PES-AgNPs nanocomposite 
membranes over 48 h of testing time.

S4. Biofouling properties
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Fig. S5. (a) Effect of AgNPs embedded in PES membrane in different concentrations in dark condition (0 W m−2) on Bacillus subtilis 
bacterium after two inhibition days and (b) effect of AgNPs concentration on antibacterial properties of PES-AgNPs nanocomposite 
membranes over 48 h of testing time.

Fig. S6. (a) Effect of AgNPs embedded in PES membrane in different concentrations in light condition (30–35 W m−2) on Escherichia coli 
bacterium after two inhibition days and (b) effect of AgNPs concentration on antibacterial properties of PES-AgNPs nanocomposite 
membranes over 48 h of testing time.
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Fig. S7. (a) Effect of AgNPs embedded in PES membrane in different concentrations in dark condition (0 W m−2) on Escherichia coli 
bacterium after two inhibition days and (b) effect of AgNPs concentration on antibacterial properties of PES-AgNPs nanocomposite 
membranes over 48 h of testing time.
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