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Research Article

Investigation of Electroactive and Antibacterial
Properties of Polyethersulfone Membranes
Blended With Copper Nanoparticles

In this study, copper nanoparticles (CuNPs) were synthesized by sonochemical
reduction of copper(II) hydrazine carboxylate complex in an aqueous medium.
Asymmetric neat polyethersulfone (PES) and PES/CuNPs nanocomposite membranes
were prepared via phase inversion method by dispersing copper nanoparticles in the
PES casting solutions. X-ray diffraction and particle size distribution analyses were
applied to characterize the CuNPs. Moreover, field emission scanning electron
microscopy, atomic force microscopy (AFM), conductive atomic force microscopy
(C-AFM), contact angle goniometry, and four-point probe techniques were used to
investigate the physical andmorphological properties of the PES/CuNPs nanocomposite
membranes. Synthesized CuNPs were added into the casting solution at different
concentrations. The effect of CuNPs concentration (0, 0.25, 0.5, 1.0, 2.0%, w/w) was
tested on morphological changes and antibacterial properties of the prepared
membranes. These copper nanoparticle composite membranes hold great promise
in the engineering field for the production of sensors and self-cleaning membranes.
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1 Introduction

In recent years, nanoscale particles have been widely studied in
prevention of environmental pollution and catalytic reactions
because of their unrivaled physical, chemical, and antibacterial
properties [1]. Their high surface area to volume ratio ensures more
catalytic sites than bulk particles [2]. Due to the rapid development
of science, nanocomposite materials which include organic–
inorganic composites, nanopolymer matrix composites, and inor-
ganic–inorganic composites have an important position for the
development of new materials [3].
Nowadays, membrane processes are used intensively in order to

supply of high-quality water for domestic and industrial demands,
treatment and reuse of polluted water/wastewater, and removal of
compounds from various industrial effluents [4–7]. Polyethersul-
phone (PES) membranes are the most common ones in wastewater
treatment, due to its unique mechanical and structural durability,
and chemical resistance. Besides these favorable properties,

unfortunately PES is a hydrophobic material making its surface
prone to fouling due to adsorptive mechanisms. Up to now, many
studies have beenmade to improve the hydrophilic properties of the
PES membrane surface. Therefore, various metal nanoparticles have
been added to the polymer matrix due to reducing membrane
fouling, and increasingmembrane performance in terms of flux and
selectivity [8]. Nanoparticle additive composite membranes are
formed by the addition of inorganic oxide particles in a wide range
from micrometer to nanometer sizes to the polymeric casting
solution. Over the past few years, many types of nanoparticles such
as Ag, TiO2, Se, and Cu were used to prepare nanocomposite
membranes [9–11].
The phase inversion process is a well-known technique to prepare

asymmetric polymeric membranes [12–15]. Up to now, parameters
such as polymer concentration in casting solutions [16], types of
solvent/non-solvent pairs [17], cast film thickness [18], presence
of additives [19], coagulation bath temperature [20], addition of
nanoparticles [21], and the presence of solvents [22] have been tested
to clarify the membrane formation mechanism and membrane
morphology. For example, Maximous et al. reported polymer
concentration as the most important parameter for membrane
properties. It was found that with an increase in polymer
concentration from 10 to 18%, the deionized water permeation
decreased from 1227.4 to 866.5 L/(m2 bar) per h. This result suggests
that increased polymer concentration forms a thicker and denser
skin layer. They extended this research using zirconia (ZrO2) in order
to increase chemical stability of membranes. Therefore, membranes
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are more suitable for liquid phase applications under severe
conditions. The addition of ZrO2 nanoparticles to the polymer
casting solution improved the membrane strength, but slightly
affected the membrane thickness. Although the zirconia blended
membrane showed lower flux decline, fouling resistance (total and
cake resistance) improved when compared to the unmodified
membrane [23].
Safarpour et al. developed PES-based mixed matrix nanofiltration

membranes by blending with partially reduced grapheneoxide
(rGO)/TiO2 nanocomposite [24]. The effect of rGO/TiO2 content on the
morphology and performance of the synthesized membranes was
investigated by scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) spectroscopy, atomic force microscopy
(AFM), and water contact angle analysis. It was reported that the
blended membranes displayed improved water permeability and
fouling resistance when compared to the neat PES. The water flux
reached a maximum value (45.0 kg/m2 h) when the content of rGO/
TiO2 was 0.15wt%, while the neat PES membrane was 23.1 kg/m2h.
Bovine serumalbumin solutionwas used to test fouling resistance of
the membranes and 0.1wt% rGO/TiO2 membrane showed the best
antifouling property. Moreover, nanofiltration performance of the
prepared membranes was tested for removal of three organic dyes
with different molecular weights and the rGO/TiO2/PES membranes
showed better dye removal performance than the neat PES
membranes [24].
Moghimifar et al. investigated antifouling properties of PES

ultrafiltration membranes, prepared using NaX zeolite and TiO2

nanoparticles as hydrophilic inorganic materials in order to
separate oil-in-water emulsions [25]. Entrapping into the PES matrix
and coating on the surface of the PES membranes using TiO2 and
zeolite nanoparticles were tested. The results showed that the
entrapping method (TiO2 and zeolite nanoparticles were blended
into the polymer matrix with solution) provided decreasing of
membrane fouling propensity. However, the ultrafiltration PES
membranes indicated good separation performance and excellent
antifouling properties by the coating technique [25].
Copper and copper alloys are the special materials which are also

registered deliberately as Environmental Protection Agency (EPA)
public health product. Moreover, copper is a cost-effective material
and it is able to kill microbes quickly as well as it reduces microbial

contamination effectively. For this reason, cheaper composite
membrane production will be possible. Additionally, due to
electroactive surface features of copper nanoparticles (CuNPs)
blended membranes could supply inhibition of biofilm formation
especially for electromembrane bioreactor applications, and in-
crease membrane flux. The objective of this study, was to synthesize
CuNPs with high specific surface area in the aqueous phase and to
prepare composite PES membranes. CuNPs were added at different
concentrations from 0.25 to 2.0% w/w to the casting solution to
prepare electroactive and antibacterial CuNPs/PES composite
membranes. The effect of CuNPs concentration on the PES
membranes was investigated by field emission scanning electron
microscopy (FE-SEM), atomic force microscopy (AFM), conductive
AFM (C-AFM), contact angle goniometry, and four-point probe
measurements.

2 Materials and methods

2.1 Synthesis of copper nanoparticles

Copper(II) chloride dihydrate (CuCl2 � 2H2O) and hydrazine hydrate
(NH2NH2 �H2O) were obtained from Merck. Metallic nanocopper
clusters were synthesized by the sonochemical reduction of
copper(II) hydrazine carboxylate Cu-(N2H3COO)2 � 2H2O complex in
aqueous medium. The method was described in sufficient detail in a
previous study [11].

2.2 Synthesis of neat PES and CuNPs/PES
blended membranes

PES (PES ultrason E6020P with MW¼ 58 000 g/mol) was gently
provided by BASF, Turkey. N-Methyl-2-pyrrolidone (NMP) was
purchased from Sigma–Aldrich. Distilled water was obtained with
the two-stage Millipore Direct-Q3UV purification system. Neat and
CuNPs/PES blended membranes were synthesized according to the
phase inversion method. Figure 1 shows the membrane formation
process. PES beads (18%, w/w) were added slowly into the NMP
solvent for neat PES membrane preparation and the solution was
stirred at 60°C for 24h to form a homogeneous solution. However,
different ratios of CuNPs (0.25, 0.5, 1.0, 2.0%, w/w) were added in

Fig. 1. Preparation of the neat and CuNPs/PES blended membranes using phase inversion method.

Water 931

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2016, 44 (8), 930–937



NMP solvent using an ultrasonication bath for 15min and PES
beads (18%, w/w) were then poured to this solution for CuNPs/PES
blended membrane preparation. The casting solutions were ultra-
sonicated for 10min to remove air bubbles. Then, the casting
solutions of neat PES and CuNPs/PES blended were spread with a
casting knife gap setting of 200mm at 100mm/s casting shear on a
glass plate. The casting films were kept 10 s for evaporation, and
then the glass plates were immediately dipped in a deionized water
bath to provide polymer precipitation. After membrane formation,
the membranes were taken from the water bath and stored in fresh
deionized water for at least 24 h to guarantee the complete phase
inversion [11].

2.3 Microbial experimentation and antibacterial
activity

Endo-agar used in preparing plates for antibacterial membrane test
was purchased from Merck. All chemicals were used as received
without further purification. Antibacterial efficacies of the CuNPs/
PES membranes were examined with the Gram-negative Escherichia
coli ATCC25922 bacteria culture. The pure bacteria culture was
inoculated in a 500mL flask with 100mL of 0.9 g/L K2HPO4, 0.5 g/L
KH2PO4, 0.5 g/L NH4Cl, 0.1 g/L CaCl2 � 2 H2O, 0.2 g/L MgCl2 � 6 H2O,
0.1 g/L FeCl2 � 4 H2O [26], 0.5mg/L glucose, and 50mg/L yeast. Bacteria
were grown aerobically on minimal medium at 37°C overnight. The
amount of E. coli bacteria wasmeasured via standard plate count [27].
Endo-agar plates, which will not permit to grow bacteria species
other than coliforms [28], were used to determine whether viable
E. coli was on the CuNPs/PES blended membranes. Endo-agar plates
were prepared according to Merck Microbiology Manual, 12th
Edition. E. coli culture (100mL) was filtered through CuNPs blended
PES (0.25, 0.5, 1.0, 2.0%, w/w) and neat membranes. Circle pieces of
neat and CuNPs blended PES membranes were gently placed over
solidified agar Petri plates.

2.4 Characterization methods

Powder X-ray diffraction (XRD) measurements for CuNPs characteri-
zation were performed on a SmartLab Multipurpose Diffractometer
with Cu Ka radiation (l¼ 1.5418 Å). The samples were prepared by
packing 5mg of solid in a 10mm length limited slit. Particle size
distributions were obtained using a Malvern Zetasizer Nano ZS
instrument.
FE-SEM images were recorded using a Zeiss/Supra 55 FE-SEM, and

the samples were coated with platinum before the measurements.
AFM and C-AFM studies were carried out in non-contact mode

using Park System XE-100 SPM, and topographic images were
analyzed using Park Systems XEI software. An electrical conductive
tip (Cr-Au) was used over the specified surface of the membrane in
current detection AFM mode. In C-AFM mode, silver contact was
used to pass current through the sample surface, a flowing current
can be analyzed by an external electronic device. A conductive
cantilever is brought in contact with themembrane surface.When it
is attached to the silver layer upon application of a voltage between
tip and sample; a flowing current can be analyzed by an external
electronic device.
The contact angle is the angle, conventionally measured through

the liquid, where a liquid/vapor interface meets a solid surface. KSV
CAM 200 goniometer (KSV Instruments) was used for contact angle
measurements of the neat and CuNPs/PES blended membranes. All

contact angle measurements were made using 1mL of deionized
water. The analyses were performed at three different locations on
the membrane surfaces.
The electric conductivity of the copper blended membranes was

measured by Entek Four Point Prob device. The membrane was cut
into 1 cm� 2 cm strips and all conductivity measurements were
taken at room temperature (25� 1°C).

3 Results and discussion

The main objectives of this study were to investigate electroactive
and antibacterial properties of PES membranes containing CuNPs.
This study was performed systematically as follows:
(1) Synthesis and characterization of CuNPs,
(2) Preparation and characterization of neat and CuNPs/PES

blended membranes,
(3) Antibacterial performance evaluation of the electroactive

membranes using E. coli as a model Gram-negative bacterium.

Fig. 2. XRD pattern of CuNPs.

Fig. 3. Particle size distributions of CuNPs against time.
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3.1 Characterization of copper nanoparticles

3.1.1 XRD

CuNPs were characterized using XRD. Figure 2 shows the XRD
pattern of the nanopowder obtained after 180min. The XRD

pattern clearly shows the mixture formation of cuprous oxide
(Cu2O) and metallic copper (Cu) phases. The formation of
zerovalent CuNPs can be explained by the chemical reduction of
CuCl2� 2 H2O in the solution of hydrazine hydrate (NH2NH2 �
H2O) [29]. It has been reported that in this reaction initially
Cu2þ ions were reduced to Cuþ ions which precipitated as

Fig. 4. (a–e) SEM images of the top layer surfaces,
(f) EDX analysis of neat, and (g–j) CuNPs/PES
blended membranes.

Water 933

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2016, 44 (8), 930–937



Fig. 5. AFM analysis of (A) neat membrane; (B–E)
CuNPs blended membrane (0.25, 0.5, 1.0, 2.0% w/w);
(F–J) corresponding current image measured by C-AFM.
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Cu2O particles, afterwards the reduction of cuprous oxide to
copper metal powder occurred [30].

3.1.2 Particle size distribution

The size and uniformity of the nanoparticles were investigated by
dynamic light scattering (DLS) technique using Malvern Zetasizer
Nano ZS. For these measurements, the samples were diluted to
25mg/mL CuNPs in distilled water and sonicated for 20min prior to
DLS analysis. Size distribution was obtained from the average of at
least five runs. Figure 3 shows particle sizes of synthesized CuNPs
samples against time. It was observed that the nanoparticle size
decreased from 886� 7.7 to 120� 10.8 nm after 180min. Agglomer-
ation of nanoparticles during the reaction commonly occurring
depends on surface charge and type of the nanoparticles. In this
study, smaller particle sizes were obtained after 3 h ultrasonic
irradiation.

3.2 Characterization of neat PES and CuNPs/PES
blended membranes

The synthesized neat and CuNPs/PES blended membranes were
characterized by using different techniques such as FE-SEM, AFM,
C-AFM, contact angle goniometry, and four-point probe technique.

3.2.1 SEM Measurements

The surface morphologies of neat PES and CuNPs/PES blended
membranes were investigated by FE-SEM in high vacuummode after
coating with platinum. FE-SEM images were taken to determine the
effect of the CuNPs concentration on the membrane morphology.
Figure 4a–e shows the FE-SEM images of the top layer surfaces of neat
and CuNPs/PES blended membranes. Membrane pores can be
observed as cracks for all membranes. SEM images of CuNPs
blended membranes revealed the formation of round shape copper
grown on the surface of these membranes. Each round shape
nanoparticle has almost the same size in the range of 100nm
(approximately 65–115nm). The membrane surface shown in
Fig. 4b–e indicated that the nanoparticles were distributed on the
membrane surface; however, some particles formed aggregates
which increased when the nanoparticle concentration increased
from 0.25 to 2.0%. Due to an intense concentration, nanoparticles
aggregated during the phase inversion reaction and were deposited
to the membrane surface. EDX spectra show high copper intensity,
indicating that CuNPs entered into the membrane structure
(Fig. 4g–j).

3.2.2 AFM and C-AFM Measurements

Surface morphology of CuNPs/PES blended membranes was also
investigated by AFM. AFM analysis of neat and CuNPs blended PES
membranes are shown in Fig. 5. These measurements clearly reveal
that the formation of the membranes has a porous structure.
However, it can be also seen that the 2% CuNPs blendedmembrane’s
surface has different pore shapes at different sizes. C-AFM studies
were used for the investigation of electrical conductance ability of
copper blended membranes [31–33]. C-AFM images display surface
conductivity of copper blended membranes. As can be seen in Fig. 5,

Fig. 6. The roughness graphs of neat and CuNPs/PES blended
membranes.

Fig. 7. The contact angle values of neat and CuNPs/PES blended
membranes.

Fig. 8. The conductivity of the membranes containing different CuNPs
concentrations.
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membrane topography and its conductivity vary depending on the
amount of CuNPs. Figure 5a–e shows AFM analysis of CuNPs (0, 0.25,
0.5, 1.0, 2.0%) blended membranes. The color scheme in Fig. 5f–j
shifting from blue to red represents the conductivity order of the
membrane surface. All blended membranes showed conductivity at
nA level in nanoscale. Scanning on microscale regions with high
current for determining the blended membranes can be differenti-
ated frommajority domains with lower current and non-conductive
areas (Fig. 5f–j) [34]. Copper blended membranes showed different
conductivities due to different amounts of CuNPs. As can be seen in
Fig. 5f, the neat membrane did not show any conductivity.
Figure 6 shows the surface roughness graphs of CuNPs blended

membranes obtained by AFM (scanned area: 10mm� 10mm). The
roughness values of neat, 0.25% CuNPs/PES and 0.50% CuNPs/PES
blended membranes were same, but 1.0% CuNPs/PES and 2.0%
CuNPs/PES nanocomposite membranes had highest roughness
values (Fig. 6). The roughness value of the neat, 0.25, and 0.50%
CuNPs/PES blended membranes were 2.95, 3.88, 4.93 nm, respec-
tively. However, 1.0 and 2.0% CuNPs/PES blended membranes were
8.49 and 37.48 nm, respectively. The addition of CuNPs increased the
roughness value when compared with neat PES membrane. The
reason of this can be explained by increased CuNPs aggregation onto
PES blended membrane surface with increasing CuNPs ratio, and
therefore, causing rougher surface.

3.2.3 Contact angle measurements

The contact angle values of neat and CuNPs/PES blendedmembranes
at different concentrations (0.25, 0.5, 1.0, 2.0%, w/w) are given in
Fig. 7. The contact angle of neat PES membrane decreased with the
addition of CuNPs from 66.7� 2.3 to 53.1� 2.1°. It was found that
the contact angle of all CuNPs blended membranes ensured
hydrophilicity when compared to the neat PES membranes. The
hydrophilicity of the CuNPs blended membrane may increase with
increasing membrane porosity, which caused the migration of
CuNPs to the membrane surface during the phase inversion process.

3.2.4 Conductivity measurements

Conductivity of the copper blended membranes was measured by
using a four-point probe technique. To determine conductivity of
copper blended membranes and optimize the doping process,
monitoring of membrane conductivity exposure to CuNPs was
performed. Membrane conductivity results are shown in Fig. 8. The
conductivity of the membranes measured at room temperature

changed in the range from 3 to 7mS/cm. The conductivity increased
with the increasing amount of copper ratio in the membrane up to
the maximum value of 6.3mS/cm.

3.3 Antibacterial study of neat and CuNPs/PES
blended membranes with E. coli

Each antibacterial experiment was conducted in duplicate. The
results showed that no bacteria were detected at the collected
effluent from membrane filtrates, while the bacterial load of the
influent was about 1.2� 106 colony forming units (CFU)/mL.
Observed bacterial growth on neat membranes, placed on endo-
agar plates, growth was numerous (Fig. 9a). A notable decline in the
number of bacteria was observed at 0.25 and 0.50% w/w CuNPs/PES
blended membrane plates (Fig. 9b). On the contrary, the number of
bacteria was almost zero on CuNPs/PES blendedmembranes with 1.0
and 2.0% w/w CuNPs (Fig. 9c). Inactivation of bacteria by CuNPs/PES
blended membranes may involve killing or inactivating the bacteria
by CuNPs. Even 0.25% CuNPs blended PES membranes have enough
effect to reduce the number of bacteria. Antibacterial activity of
CuNPs/PES blended membranes increased when CuNPs concentra-
tion increased from 0.25 to 2.0%. Excess copper can cause a decline in
the membrane integrity of E. coli. Grass et al. reported that bacteria,
yeasts, and viruses are rapidly killed onmetallic copper surfaces. The
E. coli cell membrane tears off due to CuNPs situated on the
membrane surface as well as other stress phenomena, leading to loss
of cell membrane potential, and cytoplasmic content [35]. Therefore,
it is concluded that CuNPs/PES blended membranes effectively
inhibit bacteria growth.
The study performed by Wilks et al. showed that oxidative stress

was an important factor that influenced bacterial cell survival on
metallic copper [36]. Constitution of reactive oxygen species
contributing to contact killing is mediated by redox cycling
between the different copper species such as Cu(0), Cu(I), and
Cu(II) [35–37].

4 Concluding remarks

In this study, neat PES and CuNPs/PES blended membranes were
prepared, and tested at antibacterial performance. The XRD pattern
clearly showed the a mixture of cuprous oxide (Cu2O) and metallic
copper (Cu) phases are formed with this method. Moreover, the
particle size of synthesized CuNPs samples was approximately
120� 10.8 nm. C-AFM images displayed surface conductivity of

Fig. 9. Study of E. coli activity of (a) neat membrane, (b) 0.25% CuNPs blended membrane, (c) 1.0% CuNPs blended membrane.
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copper blended membranes and all blended membranes showed
conductivity at nA level. The conductivities of the CuNPs blended
membranes were measured in the range from 3 to 7mS/cm. At the
bacterial analysis, the growth of bacterial colonies decreased with
increasing CuNPs ratio and CuNPs/PES blended membranes
effectively inhibited bacterial growth. Additionally, we are currently
working on electro membrane bioreactor systems to decrease
biofilm formation and to increase membrane flux by CuNPs blended
membranes.

The authors have declared no conflict of interest.
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