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H I G H L I G H T S
� New flat sheet membranes possessing both organic antifouling and antibacterial properties were fabricated.
� The successive modification of PES with HPEI and nAg resulted in enhanced membrane properties.
� Most of the membranes exhibited good antibacterial activities against the bacterial strains tested.
� Membrane samples with nAg also displayed good antibacterial activities against bacteria E Coli.
� The use of cost friendly HPEI and low levels of modification, and ease of membrane fabrication was achieved.
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A B S T R A C T

This study reports a simple fabrication of polyethersulfone (PES)-based membranes, their characterisation, and
application. These membranes are modified with hyperbranched polyethyleneimine (HPEI) and -silver (nAg)-
decorated HPEI. These were then compared for filtration, organic fouling, antifouling, and antibacterial properties
against the neat PES membrane. The fabricated membranes were characterised for their chemistry using atten-
uated transmission reflectance-equipped Fourier transform infrared spectroscopy (ATR-FTIR) and x-ray photo-
electron spectroscopy (XPS). As such, the presence of HPEI interactions between the nAg and HPEI in the
membranes was confirmed. An energy-dispersive x-ray detector coupled with a scanning electron microscopy
(SEM-EDS) and atomic force microscopy (AFM) were used to study morphological, compositional, topographical,
and topological changes to the membrane due to the modifications. A thermogravimetric analyser (TGA) was also
utilised to evaluate the effect of modification on thermal stability of the resulting membranes. Optical contact
angle (OCA) interrogated the extent of membrane/water interactions which indicated enhanced hydrophilicity
due to the modification. Dead-end filtration using these membranes indicated enhanced pure water permeate
fluxes and protein rejection (bovine serum albumin, BSA). The results of the BSA rejection for the HPEI/PES
membranes were a maximum of 98% while those of the nAg@HPEI/PES ranged between 30-87%. The mem-
branes possessed high flux recoveries, indicating great potential for the membranes for antifouling applications in
water treatment. Extensive antibacterial studies were carried out on the membranes to probe bioactivity.
Enhanced activity was recorded (except for neat PES) with zone inhibitions of up to 7 mm against five bacterial
strains including E. Coli and K. Pneumoniae as found in several wastewater streams. The antibacterial properties of
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these membranes mean they can prolong membrane operational lifetime by mitigating biofilming during water
treatment.
1. Introduction

Water is a useful and valuable resource for human existence. The lack
of sufficient potable water has led to many people to depend on rivers for
drinking and other domestic use [1].With the growing or rapid indus-
trialization, significant amounts of organic and inorganic pollutants have
been deposited into water bodies and soils and this discharge resulted in
their massive pollution. consequently endangering human health [2].
More than 3.6 million people worldwide die annually owing to the
consumption of unsafe water. The lack of access to good quality water has
remained one of the most critical challenges facing mankind around the
globe. As a result, many technologies have been introduced to tackle
water issues and increase the availability of potable and non-potable
water [3, 4, 5].

Various technologies have been employed for wastewater treatment.
These include chemical precipitation, coagulation-flocculation, ion-ex-
change, adsorption, evaporation, biosorption, and membrane filtration.
There are many advantages of membrane technology over other tech-
niques and these include high separation efficiency, no phase changed
involved, eco-friendly, ease of operation, and scale up, energy saving [6].
The introduction of polymeric membrane technology has been useful in
solving problems related to wastewater treatment. The advantages of
membrane technology include cost, less chemical consumption, and
small footprints, among others. Ultrafiltration (UF) is one of the useful
membrane separation processes aptly applied in various areas such as
wastewater reuse, borehole water, and wastewater treatment [7]. As
such, several countries especially in the Middle and Far East have
adopted polymeric membranes to produce drinking water and to purify
industrial effluents [8, 9, 10].

However, polymers widely used in the preparation of polymeric
membranes such as polyvinylidene difluoride (PVDF) and PES possess
notably hydrophobic properties. This limits their application in water
treatment as hydrophobic interactions with natural or biological organic
matter (NOM and BOM) in water are promoted. The upshot is then a
process called fouling where a build-up of these unwanted materials
occurs on the membrane surface and pores, restricting water transport,
which and increases operational pressure requirements, and shortens
membrane lifespan [11, 12]. Both increased operational pressure and
frequent membrane cleaning drive up operational costs, and hence
membranes need to be modified to improve hydrophilicity. Hydrophilic
membranes achieve excellent use in water treatment application by
mitigating the loss of water, lowering input energy, and driving down
operational and maintenance costs [13, 14, 15]. Several methods have
been proposed for membrane modification. These include surface
(chemical) grafting of various hydrophilic/amphiphilic monomer-
s/polymers or biomolecule through a redox reaction, irradiation, and/or
blending. Most of these methods demonstrate that modified membranes
show improved water permeability and reduced fouling by proteins
owing to the enhanced hydrophilicity. It is also important to modify
membrane with a self-antibacterial property to inhibit bacteria growth
and development of biofilm (biofouling). As previously mentioned, these
can also be achieved by using surface modification blending methods. It
is to be noted that blending has the advantage of easy precipitation
through phase inversion [16, 17]. However, long term leaching of strictly
hydrophilic modifiers may occur. As such, blended hydrophilic ligands
can also be crosslinked to mitigate leaching as carried out by Chen et al
(2018). The authors herein, incorporated an amphiphilic polymer (pol-
yethyleneimine) which was subsequently crosslinked with tannic acid
(TA) [18]. The benefit of the said approach is that the cross-
linking/quartenisation greatly minimizes the leaching of the PEI. The
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only drawback is the previously reported pore blockage and film for-
mation to the existing membrane during crosslinking, and thus reduced
permeation. This is all due to the problems caused by post-modification
of membranes by polymers [6]. However, when high molecular weight
amphiphilic polymers such as HPEI are only physically blended into the
polymer casting solution, the coagulation process controls pore forma-
tion. This is because such polymers possess both hydrophobic and hy-
drophilic tail ends) [19]. Furthermore, nanoparticles such as Ag or its
oxides can be added to improve water interactions, biogenicity, permeate
fluxes, and antifouling.

In the literature, silver nanoparticles (nAg) have been widely used as
effective antibacterial agent owing to its excellent antibacterial prop-
erty. Zodrow and co-workers (2009) prepared nAg-incorporated into
polysulfone ultrafiltration membranes (nAg PSF) via wet phase inver-
sion. Their findings showed that membrane formed exhibited antibac-
terial properties towards different bacteria [20]. Silver ions can be
reduced into silver nanoparticles by polyvinylpyrollidone (PVP) and can
also enhance distribution of silver nanoparticles in the polymer matrix
[19, 21].One must be mindful, however, of metal leaching which can
introduce secondary pollution when the nanoparticles are not strongly
(mostly chemically) bound to the membrane matrix. As such, Prince
et al., (2014) synthesized self-cleaning metal organic framework
(MOF)-based ultrafiltration membrane which displayed enhanced anti-
fouling and bacterial inhibition properties [22]. Multifunctional mac-
romolecules and dendritic polymers such as hyperbranched
polyethyleneimine (HPEI) have be exploited to anchor nanoparticles
onto and within the membrane matrix. The anchoring of nanoparticles
to the membrane matrix is not the only advantage that HPEI offers.
HPEI, just like nAg possesses antibacterial properties where its hydro-
phobic side can penetrate and break microbial cell walls, promoting
cytotoxity. Additionally, it can mitigate the formation of biofilms thus
imparting antifouling properties [23].

Based on the above, it can be seen how the synergistic properties of
nAg and HPEI are interrogated in a PES nanocomposite membrane. The
effect of amphiphilic HPEI on the filtration and antibacterial/antifouling
performance of formed membranes was investigated. This is because of
the scarce literature for the exploitation of the antibacterial and anti-
biofouling properties of HPEI. The said properties as imparted by HPEI
are to be compared against those of nAg as anchored onto HPEI in the PES
membrane matrix. Pure water flux, BSA rejection, irreversible flux re-
covery and contact angle were also studied. The antibacterial properties
of HPEI and nAg in the membranes will be compared using five bacterial
strains as commonly found in South African wastewaters.

2. Materials and methods

2.1. Materials

Polyethersulfone (PES) 3100P (powder, Mw. 30–55 kDa) (Solvay,
Belgium). N-methyl-2-pyrolidone anhydrous (NMP, 99.8%), poly-
vinlpyrolidone (PVP, Mw. 40 KDa) and hyperbranched polyethylenimine
(HPEI) (Mw. ~25 kDa, silver nitrate (solid, AgNO3, 99%), ethanol
(99.5%), acetone (99.5%), and bovine serum albumin (BSA) were all
purchased from Sigma Aldrich, South Africa. All these reagents were used
without further purification. A 3520 Baker film applicator casting knife
(Elcometer, Germany) was purchased from Bengatouch, South Africa.
The five strains of bacteria used were namely E. coli, K. pneumoniae,
S. aureus, P. aeruginosa, and E. faecalis were obtained from the American
Type Culture Collection (ATCC, USA). The water used for all experiments
was obtained from the Millipore (Japan) RO system.
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2.2. Method

2.2.1. Preparation of the casting solutions
The PES powder was dried at 110 �C for 12 h before use The PES and

HPEI/PES casting solutions were prepared as follows: 3.6 g PES was
completely dissolved in NMP (16.5 g) at 60 �C and then 0.05 g PVP
powders and the HPEI amounts varied from 0% to 3%. The solutions
were then rested for up to 24 h to degas before casting and subsequent
phase inversion.

2.2.2. Membrane fabrication
The degassed casting solution was spread on a clean glass plate with a

casting knife with a gap set at 250 μm. The casted liquid film was
evaporated in air for 20 s and then immersed in a water coagulation bath
for 24 h.

2.2.3. Modification of the membranes with nAg
To embed the nAg, a 1 m/m% solution of AgNO3 was prepared in a

mixture of 90:10 v/v% ethanol/water. The 5.02 cm diameter membranes
were subsequently immersed into the solutions for 10 minutes. The latter
were then abundantly washed in an ethanol/water mixture and then
dried at room temperature for characterisation.

2.3. Characterisation

To embed the nAg, a 1 m/m% solution of AgNO3 was prepared in a
mixture of 90:10 v/v% ethanol/water.The 5.02 cm diameter membranes
were subsequently immersed into the solutions for 10 min. The latter
were then abundantly washed in an ethanol/water mixture and then
dried at room temperature for characterisation.

2.3.1. Scanning electron microscopy (SEM)
For surface analysis, the dried membranes were cut into 1 cm � 1 cm

square pieces. The membrane samples designated for cross-sectional
analysis were prepared byimmersing and fracturing them in liquid ni-
trogen to reveal the internal-structure. The samples were then coated
using the Q150TE (Quorum, U.K.) carbon coater before the samples were
observed by SEM (TESCAN, Czech Republic) at an accelerating voltage of
10 kV controlled by the Vega 3Xmn software. The elemental composition
of the membranes was obtained using an energy dispersive detector
(EDS) controlled by the INCA software (Oxford Instruments, U.K).

2.3.2. Atomic force microscopy (AFM)
The membrane surfaces were characterized for surface roughness,

topology, and topography using the Nanoscope IV controller (AFM,
Veeco, USA) non-contact mode. The membranes were cut into 1 cm � 1
cm square pieces and placed onto carbon tape covered nickel sample
holders and subsequently introduced to sample stage in the path of a
silicon cantilever. The values of roughness were recorded over different
areas of each membrane sample using non-contact mode to scan the
membrane surfaces. Topographic images were taken at 5 μm resolution
and used to calculate surface roughness (Ra), Ra and RMs Rq) are defined
as roughness and dimension, respectively. Similar approaches have been
previously reported [15].

2.3.3. Attenuated total reflectance-Fourier Transform infra-red (ATR-FTIR)
Prior to the spectra measurements, membranes were dried in a

desiccator at room temperature. This was followed by recording their
attenuated total reflectance-Fourier Transform infra-red (ATR-FTIR)
spectra using the Spectrum 100 spectrometer (PerkinElmer, USA). The
scanning range utilized was 650–4000cm�1 averaging 64 scans at a
resolution of 4cm�1.

2.3.4. X-ray photoelectron spectroscopy (XPS)
The XPS, Omicron Nanotechnology, Germany) was used to confirm

the ATR-FTIR data of the dried membrane samples. The binding energies
3

(B.E) were calibrated to 284.6 eV (C 1s peak) and the analyses carried out
at 1.8 � 10�8 Torr at an emission current of 15 mA. During the analysis,
the sample substrates were flooded with electrons using the instrument's
built-in neutralizer because of their electrically insulating nature.

2.4. Thermogravimetric analysis (TGA) thermal analysis

The TGA gave useful information about the weight change of the
membrane samples as a function of temperature or time during heating.
The HPEI/PES and nAg@HPEI/PES nanocomposite membrane was
analysed using a differential scanning colorimetry-coupled thermogra-
vimetric analyser (DSC-TGA, TA Instruments, USA) The samples were
equilibrated at 25 �C–1000 �C, ramped at 10 �Cmin�1 purged in nitrogen
environment N2 flow rate at 100 ml/min, average sample mass used was
5–10 mg.

2.5. Contact angle measurements (OCA)

The contact angle of membranes was measured on a goniometer
(OCA20, Data physics, Germany). A water droplet (5 μL) was lowered
onto the membrane surface from a needle tip on dispensing syringe. A
magnified image of the droplet was recorded by a digital camera as per
other works [24, 25]. Static contact angles were determined from these
images with automated software after every 30 s. The contact angles
measurement was taken the mean value of 5 different points on each
membrane.

2.6. Water flux, protein (BSA) rejection and flux analysis

The flat sheet membranes were conditioned at 200 kPa and then
reduced to 100 kPa for flux measurement using a Sterlitech (USA)
HP7450 stirred dead-end cell. The volume was recorded over 1-min
periods thrice and the obtained value was computed as Jw (pure water
flux) according to Eq. (1) [26, 27]:

Jw ¼ Q
AΔt

(1)

where Q is the permeate volume, A the membrane effective area, and Δt
is the permeate volume collection time.

The membranes were also evaluated for the rejection of BSA as model
foulant by dead-end cell filtration. To carry out these experiments, a 1000
ppm (200 mL) BSA solution was prepared and subsequently added to the
cell, similarly to other works in the literature [28]. The membrane was
exposed to the BSA solution for 10 min followed by periodical sampling
over an hour for the determination of BSA rejection according to Eq. (2):

R% ¼
�
1� Cp

Cb

�
� 100 (2)

where Cp and Cb are the respective concentrations of the permeate and
retentate solutions. All experiments were conducted in triplicate to
minimise associated errors.

2.7. Fouling studies

Fouling studies were also conducted to investigate the fouling pro-
pensity of the fabricated membranes. To determine this parameter, the
membrane was exposed to the BSA solution in a dead-end cell over a
period of an hour over 10 fouling cycles. The membrane was backwashed
twice with deionised water. The membrane was then returned to the cell,
passing deionised water again to measure the permeate and record fluxes
as Jw1 (similarly to Equation 1). All experiments were conducted in
triplicate to minimise associated errors. The fluxes obtained from these
experiments allowed for the computation of reversible flux ratios (FRR%)
as per Eq. (3):
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FRRð%Þ¼ Jwp
Jw

� 100 (3)
2.8. Antibacterial activity of the membranes

2.8.1. Bacterial strains, Mueller Hinton broth, bacteriological agar, agar
plates and agarose gel preparation

The five bacterial strains were diluted in saline to a 0.5 McFarland
concentration using test tubes. A Mueller Hinton broth was weighed and
dissolved in 200 mL water and autoclaved at 121 �C and 15 psi for 1 h.
Bacteriological agar was prepared by weighing 0.21 g of 14 g/L and
dissolved in 15 mL water and boiled and placed in a water bath at 50 �C.
Mueller Hinton agar was prepared by weighing 7.6g of 18 g/L in 200 ml
of water and boiled then autoclaved at 121 �C and 15 psi for 1 h and
poured into petri dishes. The 1% agarose gel was prepared using 1g/
100mL dissolved in Tris-acetate-EDTA (TAE) buffer and boiled. A mini-
mum of three essays were carried out for each analysis under this
subsection.

2.8.1.1. Media preparation and antibacterial tests. The five bacterial
strains namely were diluted in a saline solution to a (0.5 McFarland
turbidity standard) concentration using test tubes. Mueller Hinton broth
was dissolved in 200 ml distilled water and autoclaved for 1 h. Bacteri-
ological agar was prepared by weighing 0.21 g of 14 g/l and dissolved in
15 mL water and boiled and placed in a water bath at 50 �C. Mueller
Hinton agar was prepared by weighing 7.6 g of 18 g/L in 200 ml of water
and thus boiled then autoclaved at 121 �C and 15 psi for 1 h and poured
into petri dishes. The 1% agarose gel was prepared using 10 g/L dissolved
in tris acetate EDTA(TAE) buffer and boiled. Table 1 shows the infor-
mation of all the bacterial strains used in this work.

2.8.1.2. Bacterial lawn and overlay. A 100 μL of each bacterial strain
dilution previously prepared were pipetted and evenly spread onto five
Mueller Hinton agar plates to form a bacterial lawn, a triplicate plate of
six were made for each strain then allowed to dry. Only one plate of each
strain was used and impregnated with blank and positive control anti-
biotic discs saturated in neomycin as well as four different membranes.
The plates were then incubated at 37 �C for 24 h. A layer of 4 mL
bacteriological agar was mixed with 1mL for each of the bacterial strains;
a layer for each bacterium was spread over the antibiotic disks for all the
controls and onto the plates consisting of the membranes sprayed with
silver nitrate and a control blank without any antibiotic. The plates were
then allowed to set and incubated at 37 �C for 24 h.

2.8.1.3. Indicator of bacterial growth. To indicate bacterial growth,
Kirby-Bauer tests aka zone of inhibition tests were carried out on the
membrane samples using the said bacterial strains. A set of falcon tubes
were placed into a test tube rack and into each tube, 0.5 mL of iodoni-
trotetrazolium chloride (INT) dye and 1.5 mL of double concentrated sim
plate media was added. In a separate tube, 2 ml agarose was added and
mixed with the INT mixture and pipetted onto the agar overlay plates
that grew from the previous day by creating a thin layer over it, as not to
disturb the bacteria. The plates were set and observed for any change in
color, all plates were then incubated at 37 �C and checked at every 15
min intervals for color change and fluorescence and later at every 30 min
Table 1. Detailed information about the five strains of bacteria used.

Organism Abbreviation ATCC # Gram Motile

Escherichia coli E. coli 25922 Negative Yes

Pseudomonas aeruginosa P. aeruginosa 27853 Negative Yes

Klebsiella pneumoniae K. pneumoniae 13882 Negative No

Staphylococcus aureus S. aureus 1026 Positive No

Enterococcus faecalis E. faecalis 7080 Positive Yes
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interval. Active bacterial cells reduce the INT to purple colour indicating
bacterial survival and thus no inhibition.

2.8.1.4. Statistical analysis of data. The results obtained from this
research were subjected to various statistical analyses using statistical
package for social scientists (SPSS) software (version 23.0) and Microsoft
ware Excel 2007 were also used for data analysis.

3. Results and discussion

3.1. Membrane characterization

3.1.1. Surface chemistry
The FTIR of the HPEI/PES and Ag@HPEI/PES was investigated. The

neat PES membranes presented intrinsic PES bands at 1300–1320, and
1487 and 1578 cm�1 (Figure 1) corresponding to vibrations and stretches
of the aromatic chains, respectively. Upon the addition of HPEI, the two
latter bands formerly discussed could still be seen, but with greater in-
tensity. This confirmed the weak interactions that occur between HPEI
and PES. The same bands shift significantly to higher wave numbers upon
the introduction of nAg owing to the steric effects of the heavy Ag atoms
in the molecular structure of the HPEI/PES membrane matrix. Chemical
interactions were then confirmed by the appearance of new and strong
bands between 1680- 2200 cm�1.

To corroborate the ATR-FTIR results, XPS analysis was also carried
out for the membranes before and after modification. Figure 2 depicts the
species present in the membrane due to this modification, comparing the
spectra against the neat PES membranes. Figure 2a shows the C1s core
level as could be deconvoluted to two components, the C–C/C–H and the
C–O species which are typical of PES [15]. Upon the modification with
HPEI and Ag NPs, the peak areas of the former respective peaks were
enhanced. This can be attributed to the compositional contribution by
carbon from HPEI which also introduces amine species. However, this
C–NH2 overlaps with the C–O at 285.7 eV, with another substituted
amine appearing at 287.6 eV [29]. The O peak on Figure 2c indicated the
typical large presence of ether groups belonging to PES (O–C- at 528.9
eV). The peak area of this O–C species was drastically reduced by the
modification, also resulting in the new O–Ag peak showing at 528.7 eV as
deconvoluted. This peak indicates the existence of molecular Ag due to
oxidation. Entirely new N species from HPEI were also observed due to
the modification and these assist in anchoring the Ag NPs. As such, the
NH–Ag component at 398.4 eV was observed, indicating successful
anchoring of the nAg onto the membranematrix. Furthermore, two peaks
belonging to nAg were detected on the membrane at binding energies of
Figure 1. ATR-FTIR spectra of the PES (red), 3% HPEI/PES (black), and
nAg@HPEI/PES (blue).



Figure 2. XPS spectra for the neat and modified PES membranes.
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367.4 eV and 373.3 eV, respectively assigned to the metallic and mo-
lecular Ag (Figure 2) [30].

Thermogravimetric analysis was also carried out for the membranes,
and the TGA curves depicted in Figure 3. As can be observed on the
thermogram in Figure 3a), neat PES presents its typical thermal stability
Figure 3. Neat PES, HPEI/PES, and Ag@HPEI/PES: (a) t
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where it only starts degrading at 489 �C. This is the point at which the
oxygen-bonded functional groups of PES are lost. However, the intro-
duction of HPEI does not improve thermal stability as the composite
degrades at a lesser temperature as can also be observed for the
nAg@HPEI/PES nanocomposite (491 and 401 �C respectively). The
hermograms, and (b) first differential thermograms.



Figure 4. SEM cross-sectional membrane micrographs of neat PES (a), nAg@1% HPEI/PES, and nAg@3%HPEI/PES, and the EDS spectrum of nAg@3%HPEI/PES.

H.K. Okoro et al. Heliyon 7 (2021) e07961
decrease in thermal stability can be attributed to amorphous nature of
HPEI and the lack of chemical bonding between it and PES. Nonetheless,
the expected membrane operational conditions will not be this harsh. As
Figure 5. AFM 3D micrographs for the fabricate

6

such, the decrease in thermal stability should not raise great concern. The
first differential thermograms in Figure 3b) further describe the thermal
behaviour of the membranes. It can be observed that the major chemical
d membranes with increasing modification.



Figure 6. Optical contact angle measurements for the prepared membranes.
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changes occur at the temperatures of 526, 551, and 478 �C for the
respective membranes. These thermochemical changes are indicative of
the chemical modification as observed on the ATR-FTIR and XPS spectra.

The surface morphology and the cross-section of the membranes were
investigated using SEM as depicted on Figure 4. The synthesised mem-
branes show different internal structure depending on their composition.
The SEM images for neat membrane show fingerlike structure while that
of HPEI/PES possessed clear macrovoids in its internal structure
depending on their HPEI contents (shown herein is the nAg@1% HPEI/
PES membrane. HPEI greatly contributed to the changes in the
morphology of the membranes i.e. the structure changes from finger-like
to macrovoids. This observation can be explained by the rapid liquid-
liquid demixing of HPEI/PES in water owing to the compatibility of
HPEI with water [31]). HPEI/PESs. The nAg@HPEI/PES membrane still
possessed macrovoids mainly because the changes made to the HPEI/PES
membrane was the chelation of the nAg. The surface of the membrane
can also be seen possessing particulate material which was confirmed to
be nAg by SEM-EDS (Figure 4d).
Figure 7. Pure water permeate fluxes for the prepared membranes.
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Morphological studies were also carried out using AFM to study to-
pology and surface roughness as presented on Figure 5. It was observed
that increasing the HPEI concentration resulted in greater surface
roughness. The surface roughness observed for neat membrane was
10.874 nm with increasing modification, the values were recorded to be
14.494 nm, 62.594 nm and 19.128 nm respectively. The decreasing
values in surface roughness similarly to the current work have been re-
ported to enhance hydrophilicity and reduce foulant molecule-
membrane interactions [32].

The contact angle measurements for all membranes were taken
(Figure 6). The neat PES membrane presented a high contact angle owing
to the relatively hydrophobic nature of PES. The 1% HPEI/PES mem-
brane demonstrated light increase in the contact angle as compared to
the pristine. However, lower contact angles were observed as the values
decrease from the former 82–64� from 1 – 3%HPEI loading. For instance,
on Figure 6, the OCA for neat PES is 73�. The error would then be þ - 5�

based on the error bars. The contact angle increased from 73þ-5 degrees
of the neat PES to 81þ-3� for 1%HPEI/PES. However, with increasing
modification, a decreasing trend was observed between 2%HPEI/PES
until nAg@3%HPEI/PES from 68þ-3� to 40 þ-2�. The effects of HPEI on
the contact angle of sulfone membranes has also been investigated by
Vlotman et al (2018) where the structure of this molecule enhances water
interactions through the hydrophilic terminal amine moieties [33].
Furthermore, the inclusion of nAg with the loading increments of HPEI
resulted in decreasing contact angles to an ultimate of 38�. These ob-
servations indicate that the incremental modification with HPEI and nAg
was successful. As such, the membranes have great potential of appli-
cation in water treatment where antifouling properties are required. The
topological and surface roughness trend observed for these membranes
are in line with other works in literature [13].

3.2. Filtration experiments

3.2.1. Pure water permeation fluxes
The dead-end cell filtration was carried out on the membranes as

demonstrated in Figure 7. The neat PES membranes indicated low fluxes.
Upon the addition and increasing HPEI loading, a drastic flux improve-
ment could be observed. This could be attributed to the hydrophilic
segments of HPEI which enhance membrane-water interactions. The
direct consequence of this was the improved solute transport which
increased water permeate fluxes for the HPEI/PES membranes [34]. For
the nAg@HPEI/PES nanocomposites, it can be observed that these
Figure 8. Protein rejection by the prepared membranes.



Figure 9. RFR measurements for the prepared membranes.
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membranes possess the highest water flux values. This is also because of
the further hydrophilicity improvement as imparted by the argentization
of the HPEI/PES surface, agreeing with the work by Prince et al., (2014).
However, to obtain the highest fluxes, it is observable that the 2%
HPEI/PES membrane resulted in the most optimum Ag chelation and
thus the deposition of nAg on the membrane surface. Further than that,
the observable fluxes decreased as there could have be an excess of nAg
in the membrane matrix that impeded the water transport. These ob-
servations are similar in trend to Chen et al., (2012) [13].
Figure 10. Representation of the zone of inhibition tests for the membranes again
containing the 3% permutations of modification.
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3.2.2. BSA (protein) rejection

Protein rejection studies were also carried out to investigate the ul-
trafiltration properties of the newly fabricated membranes. The results
can be observed on Figure 8 where low rejections by the neat PES
membrane were recorded. The introduction of HPEI resulted in the
highest rejections over the other membranes prepared, at 98%. This
observation pointed at a trade-off between achieving protein rejection
and PWP, of which the former was high, and the latter low. However, the
nAg@1%HPEI/PES nanocomposite presented lowest protein rejections
in all membranes prepared. When compared to others, the nAg@2%
HPEI/PES membrane seemed to strike the greatest balance between
protein rejection and PWP at 90.7% and 931 Lm�2.h�1, respectively. The
importance of achieving a balance between these two parameters has
been previously highlighted by other authors [35].

3.2.3. Antifouling behaviour
Reversible flux ratios (RFR) were calculated for all the interrogated

membrane samples as a measure of flux recovery and antifouling
behaviour. As illustrated in Figure 9, the neat PES membrane indicated
low RFR values. This can be attributed to the relative hydrophobic nature
of PES and the recorded low PWP as previously discussed in Section
3.2.2. For the HPEI/PES membranes, the RFR values were recorded to be
higher than those observed for neat PES. The reason for this was the
inclusion of hydrophilic groups as found in the molecular structure of
HPEI which increase water interactions and solute transport. This in turn
reduces protein adherence onto the membranes and thus mitigates flux
loss. The inclusion of nAg also resulted in enhanced antifouling proper-
ties with increasing HPEI loading as compared to samples with lower
HPEI content. The increasing HPEI content also allows for improved nAg
hosting capacities, resulting in the enhanced surface hydrophilicity and
reduced protein adhesions between BSA and the nAg@HPEI-containing
membranes [22].
st different strains of bacteria (with INT dye). On this figure are the 3rd plates



Table 2. The average diameter of inhibition (in mm) for the membrane samples
and the controls negative (blank) and positive (neomycin) against five bacterial
strains.

Test compound E. coli P. aeruginosa K. pneumoniae S. aureus E. faecalis

1%HPEI/PES 4 5 ~ 5 5

1%HPEI/PES 7 5 4 5 5

nAg@1%HPEI/
PES

5 5 3 5 5

2%HPEI/PES 4 ~ ~ 5 5

2%HPEI/PES 4 4 ~ ~ 6

Ag@2%HPEI/PES 4 5 3 ~ 5

3%HPEI/PES 5 5 5 ~ 5

3%HPEI/PES 6 4 ~ ~ 6

nAg@3%HPEI/
PES

5 5 ~ 6 6

Blank ~ ~ ~ ~ ~

Neomycin 24 24 25 21 23

~: no activity was recorded.
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3.3. Antibacterial interrogation: zone inhibition tests

According to the results shown in Figure 10, as directly read from
the plate, the blank (labelled 5) without antibiotic shows no inhibition
zone on the surface and around it. In fact, the blanks were completely
covered by the test microorganisms. On the contrary, the control
(labelled 4) which was layered with antibiotic (neomycin) shows sig-
nificant inhibition zone on the surface and around it. This is to confirm
that the experiment is working. Interestingly, the test compounds
showed no microbial growths on the surface, even though no pro-
nounced inhibition zones were observed around most of the tested
membranes samples. What this observation indicates is that the mem-
brane surfaces do, in fact, possess antimicrobial activity. This can, in
turn, translate to the decreased susceptibility to membrane surface
biofilming and biofouling. The zone of inhibition was measured as
shown in Table 2. All the test compounds exhibited activity against
E. coli. with inhibition zones around 4–7 mm. Interestingly, the 1%
HPEI/PES showed quantifiable zone of inhibition against all the five
bacterial strains tested. The antibacterial properties of HPEI is very
limited in literature, and its mechanism of action is believed to be
through the depolarization of the cytoplasmic membrane [23]. Gener-
ally, the 2%HPEI/PES membrane samples exhibited the zones of inhi-
bition against the bacterial strains tested. The nAg@HPEI/PES
membranes also indicated antibacterial activity against the samples
tested. The nAg@1%HPEI/PES membrane samples achieved the highest
activity against E. coli with an inhibition zone of 7 mm. This occurs
when bacteria contacts membrane substrate, and the nAg penetrates the
cell membrane, rupturing the negatively charged plasma wall, and this
results in cytotoxicity. This means that it can kill bacteria and mitigate
the formation of biofilms and disrupt existing ones. However, with
increasing loadings of HPEI, the zone of inhibition was largely observed
to decrease throughout the various bacterial lawns. It is noteworthy that
all the nAg@HPEI/PES membrane samples showed better activity
against all the five bacterial strains (Figure 8). The membranes were
also observed to not discriminate between the gram negative and pos-
itive bacteria. This further lends credibility to the antibacterial effi-
ciency against pathogens possessing single and double wall
peptidoglycans. This can be attributed to the antibacterial property of
nAg in the nanocomposite membrane samples, agreeing with literature
[13, 21, 22].

4. Conclusion

New flat sheet membranes possessing both organic antifouling and
antibacterial properties were fabricated. The successive modification of
9

PES with HPEI and nAg resulted in enhanced membrane properties in
terms of contact angle, pure water fluxes, BSA rejection, and enhanced
reversible flux recovery ratio. Additionally, most of the membranes
exhibited good antibacterial activities against the bacterial strains tested.
Membrane samples with nAg also displayed good antibacterial activities
against bacteria E Coli. The antibacterial properties indicated by the
membranes show great promise in enhancing bacterial resistance, bio-
film prevention, and thus antifouling which can lengthen operational
lifetime. Worth highlighting, furthermore, is the use of cost friendly HPEI
and low levels of modification, and ease of membrane fabrication as
reported in this work. The former becomes critical for upscaling to lower
production costs. As such, these kinds of membranes could possibly be
applied in sustainable wastewater reuse and other water treatment
applications.
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