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Abstract The effect of the incorporation during the interfacial polymerization
process of copper-oxide (CuO) nanoparticles in thin-film composite (TFC) reverse
osmosis (RO) membrane on their antibiofouling and desalinization performance
have been studied. Membranes were characterized by fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), atomic force microscopy (AFM), zeta potential and
contact angle measurements. Bactericidal tests were performed using Escherichia
coli and anti-adhesion properties were confirmed by fluorescence microscopy.
Membrane performance using a cross flow cell was evaluated. XRD and SEM-EDX
analyses confirmed the incorporation of these nanoparticles into the membrane.
Similar contact angle, higher surface roughness and less negatively charged surface
on modified membrane compared to that of the pristine membrane were observed.
However, an excellent anti-adhesion and bactericidal effect were observed, mainly
attributed to the copper toxicity. The desalination performance of the modified
membrane showed an important salt rejection with stable water flux. In conclusion,
the incorporation of CuO nanoparticles into TFC-RO membranes during the
interfacial polymerization process is a potential alternative method to improve the
antibiofouling capacities without impairing the performance of the membrane.
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Introduction

Membrane-based processes represent the main technology for desalination
processes, including reverses osmosis (RO), forward osmosis (FO), ultrafiltration
(UF), microfiltration (MF), nanofiltration (NF) and membrane distillation (MD)
processes [1-4].

In the case of reverse osmosis (RO), the most known polymer membranes have
been made from polymers with aromatic polyamide groups (TFC) which dominate
RO membrane field nowadays by their good capacities (water flux and solute
rejection), but they are not completely resistant to fouling [1, 2, 5].

Membrane fouling is considered an inevitable obstacle affecting seawater
desalination plants causing a decrease in membrane performance, which conse-
quently increases the operational and maintenance costs [1, 2]. It can be broadly
categorized into inorganic fouling, organic fouling and biofouling [1, 5].

Biofouling is caused by the attachment and proliferation of microorganism
communities which eventually form a biopolymer matrix, considered a biofilm, over
the membrane surface [5]. Hence, a new generation of membranes with inherent
antibiofouling capabilities needs to developed. Moreover, innovative methods to
develop them without affecting their desalination performance and other properties
are also needed.

In the search to improve the antibiofouling capabilities of these membranes, the
incorporation of inorganic particles with antimicrobial properties into membranes
has been reported [l, 6-9]. Several studies have shown that Ag and TiO,
nanoparticles show good antibiofouling properties and can be used for the
development of hybrid organic/inorganic RO membranes [1, 7-9]. In the same way,
the incorporation of copper should also be investigated, as these also show
antimicrobial properties.

The germicidal properties of copper make it suitable for incorporation into
several antibiofouling polymeric materials [10—12]. Both copper ions and nanopar-
ticles have been proposed to modify membranes in order to improve their properties
mainly the antibiofouling effect.

For example, the immobilization of Cu ions on UF and RO membrane surfaces
has shown the improvement of antibacterial properties [13—-16]. Moreover, Cu
particles have also been reported in membrane technologies as ultrafiltration and
nanofiltration membranes [17, 18].

In the case of RO membranes, different ways for modification with Cu particles
have also been reported, e.g., the modification of commercial RO membranes with
copper hydroxide (Cu(OH),) particles adsorbed [19]. Furthermore, polyamide (PA)
functionalization with Cu-nanoparticles (Cu-NPs) was used to cover a pristine TFC
membrane by dip-coating [20]. Recently, in situ surface functionalization with Cu-
NPs on the surface of TFC membrane was also developed [21]. And finally, in
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another recently proposed application, vacuum membrane distillation (MD) was
modified by incorporating CuO nanoparticles using phase inversion methods [22].

Owing to the above-mentioned facts, Cu particles and nanoparticles have been
used for modifying UF, NF and commercial RO membranes, in order to enhance
their antibiofouling properties. However, to our knowledge there are no previous
reports on the incorporation of CuO nanoparticles within polyamide layer of TFC-
RO membranes during the interfacial process polymerization.

CuO nanoparticles are a promising material in membrane applications given that
it is a highly ionic metal oxide, cheaper than Ag, can be mixed readily with
polymers and exhibits relatively stable chemical and physical properties. Addition-
ally, it shows exceptionally good antimicrobial properties against a wide variety of
bacteria, fungi and microalgae [23-26].

Hence, this study presents an alternative method for enhancing the antibiofouling
properties of TFC membranes through the incorporation of CuO nanoparticles into
the polyamide layer of this membrane during the interfacial polymerization process.
Modified membrane was characterized to confirm the incorporation of nanoparticles
into the membrane and evaluate the changes in the surface properties. Moreover,
antibiofouling effect was analyzed through bactericidal and anti-adhesion tests.
Finally, desalination performance (flux and salt rejection) were evaluated in order to
confirm that the incorporation of CuO nanoparticles into membranes improves the
antibiofouling capacities without impairing the performance of the membrane.

Materials and experimental methods
Materials

The polysulfone Udel P-3500 MB7 (in pellet form; Solvay Advanced Polymers,
molecular weight 83,000 g/mol, 1-methyl-2-pyrrolidinone (NMP, >99.5%, Sigma
Aldrich) and N,N-dimethylformamide (DMF, >99%, Sigma Aldrich) were used to
fabricate the PSL sample used as the support. Commercial CuO nanoparticles
(< 50 nm) were obtained from Sigma Aldrich. m-Phenylenediamine (MPD) and
trimesoyl chloride (TMC), which were used as the monomers for polyamide (PA),
were obtained from Sigma Aldrich. Finally, NaOH (>97%) and n-hexane (>95%)
were obtained from Sigma Aldrich.

Preparation of PSf supports

The PSf support was fabricated using the phase-inversion method [17, 27]. A
casting PSf solution in a DMF/NMP mixture (4:1) was kept agitated for 2 h at
50 °C, to allow for complete dissolution. The composition of the PS{/(DMF/NMP)
solution was 15/85 (wt %).

The PSf support was prepared by casting the polymer solutions uniformly on
glass plate using a casting knife with a knife gap set at 200 pm. Next, the support
was recovered from the coagulation bath for 1 min and washed thoroughly with
distilled water to remove any residual solvent. The entire casting set up was kept in
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an air-conditioned room with the temperature being controlled at 25 °C and the
relative humidity at 20% during the entire PSf casting process.

Preparation of unmodified and modified membranes

The TFC-RO membrane was synthesized by an interfacial polymerization reaction
of the aqueous phase of MPD and the organic phase of TMC on the porous PSf
substrate. The PSf support was placed for 2 min in a 2 wt% aqueous MPD solution
containing 0.05 wt% sodium hydroxide (NaOH). The excess MPD solution
remaining on its surface was removed with Kimwipes wipers. Next, the membrane
was immersed in a 0.2 wt% TMC solution in hexane for 1 min to allow interfacial
polymerization. This resulted in the formation of a thin film of PA on the surface of
the PSf support. The resulting membrane was subsequently cured in an air-
circulation oven at 75 °C for 8 min. Finally, the membrane was washed with
distilled water and dried at room temperature for 24 h [27].

The modified membrane was prepared as follows: CuO nanoparticles (1.0 wt%)
were homogeneously dispersed in an MPD solution using ultrasonic vibration to
prepare nanoparticle-entrapping PA layers on the porous PSf supports, referred to as
(PA-CuO)/PSf.

Characterization of membranes

The presence of CuO in the membranes was confirmed using X-ray diffraction
(XRD) analyses (Bruker, D8 Advance, CuK,;, 40 kV/30 mA); the patterns were
measured for 20 values of 0°-90°. Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) (Model iS10, Nicolet) was used to identify the
functional groups in the dense PA layers of the membranes. The morphologies of
the membranes (cross-sectional and surface) were studied using scanning electron
microscopy (SEM) (INSPECT F-50, FEI Co.). The membranes were then sputter-
coated with a thin film of carbon to make them conductive. The membranes were
snapped under liquid nitrogen to give a generally consistent and clean cut.
Subsequently, membranes were investigated using atomic force microscopy (AFM)
in an AFM/STM Omicron Nanotechnology model SPM1 in contact mode with a tip
of silicon. The dimension of the cantilever was 450 pum long and 50 pm wide. The
microscopies were taken in three different zones for each sample and three
measurements in each zone were realized. Surface roughness (RMS) of samples was
calculated using WSXM software over 2500 x 2500 nm” images. Elemental
analyses were performed using energy-dispersive X-ray spectroscopy (EDS)
(Model APOLLO-X, EDAX, software Genesis V6.33), in order to further confirm
the presence of the CuO nanoparticles within the membranes. The changes in
hydrophilicity of membranes were studied by contact angle measurements. Contact
angles were measured by placing a sessile drop using 5 pL of ultra-pure water on
the membrane and performing drop-shape analysis. Contact angle images were
captured using a Digi-Microscope camera, a zoom lens of 500X and a resolution of
11 pm/pixel. Captured images were analyzed with the imaging processing software
Imagel. Three images were recorded per drop on a membrane and averaged. The
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determination of the zeta potential ({-potential) of the membranes was performed
with a SurPASS electrokinetic analyzer from Anton Paar (Graz, Austria) as a
function of pH in an adjustable gap cell (gap width 100 pm). The electrolyte
solution (1 mM KCI) was pumped through the cell while steadily increasing the
pressure to 300 mbar. The pH was controlled by titrating 0.05 mol L™' KOH and
0.05 mol L™' HCI into the electrolyte solution. For each sample type one
measurement with two specimens sized 10 x 20 mm was performed. For the
calculation of the (-potential the measured streaming current was used.

Antibiofouling tests
Bactericidal test

The bactericidal properties of the unmodified and modified membranes were
evaluated by colony-forming unit method using Escherichia coli (E. coli) as model
gram-negative bacteria. Bacteria were first cultured in tryptone soya broth (TSB)
solution (30 g/L) and incubated in a shaking incubator in 200 rpm at 30 °C
overnight. Then the bacteria solution was centrifuged at 3000 rpm for 10 min to
remove the nutrients and washed in phosphate-buffered saline (PBS). This
procedure was repeated three times to ensure all nutrients were removed. The
prepared bacteria were diluted 100 times in PBS to obtain a bacterial concentration
about 1 x 107 cell/mL. The membrane samples which were cut into the squares of
2 x 2 cm? and sterilized by ultraviolet radiation for 30 min, immersed separately
into the 10 mL prepared bacteria solution. Bacteria suspensions with membranes
were incubated in the shaking incubator at 30 °C for 4 h. At the same time, 10 mL
bacteria solution without membrane incubated as a control. After that, the treated
solutions were serially diluted with PBS. From the highest dilution, 50 pL of the
solution was pipetted into LB agar plates and then spread over the entire surface.
The agar plates were incubated at 35 °C overnight and were observed for colonies
developed to estimate the number of viable E. coli remained in the suspensions.

Anti-adhesion test

The degrees of attachment of bacteria to the membrane surfaces were assessed with
E. coli as well. The bacteria were prepared in the same manner as the bactericidal
tests. Three pieces of each type of membrane (unmodified and modified membrane)
with an area of 2 cm? were incubated in the bacterial suspension at 30°C while
being shaken at 200 RPM. After being incubated for 4 h, the membranes were
removed from the suspension and gently rinsed with a 0.85 wt% NaCl solution in
water. Two types of staining cell on the membranes were performed. First, for
staining total cells on the membranes, they were stained with 1 pg/mL 4,6-
diamidina-2-phenylidole. On the other hand, for staining live and dead cells on the
surface of membranes, they were rinsed with LIVE/DEAD BacLightTM Bacterial
Viability Kit. Equal amounts (1.5 pL/mL) of SYTO 9 and SYTO PI (propidium
iodide) dyes were diluted in 1 mL of a 0.85 wt% NaCl solution. Dyes were added to
the top surface of the membrane and incubated for 15 min in the dark. After
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incubation, the stained cells were observed under the epifluorescence microscope
(Zeiss, AxioLab Al, Germany) with a 100x objective. The total and live/dead cell
counts were determined and used to calculate the cell densities.

Desalination performance test

Membranes’ performance was evaluated in terms of the permeate flux and salt
rejection by using a cross flow test cell with an effective area of 33 cm” and a feed
solution of 1000 mg/L NaCl at 300 psi, following previous report [28].

The permeate flux test of membranes during 60 min was calculated by Eq. (1)
[29]:

J=V/AxAt, (1)

where J (L m~ 2 h™") is the membrane flux, V (L) is the volume of permeated water,
A (m?) is the membrane area and Az (h) is the permeation time. The experiments
were carried out at a temperature of 25 + 1 °C.

Additionally, solute rejection was measured from the feed and permeate solution
concentrations by Eq. (2) [30]:

Rejection (% ) = (Ct—C,/Cy) x 100, (2)

where Cy and C, are the concentrations of the feed solution and permeate solution,
respectively. The conductivity of these two solutions was measured to obtain their
respective concentration values.

Results and discussion
Analysis of surfaces and morphologies of membranes

XRD patterns of various membranes are shown in Fig. 1, along with that of the CuO
nanoparticles. XRD pattern for CuO nanoparticles exhibits two main peaks, at 35.5°
and 38.7°, which correspond to the reflections from the (—1 1 1) and (2 0 0) planes.
These matched well with the monoclinic phase of CuO [31], as well as with those
reported for CuO in the literature. Further, after the CuO nanoparticles had been
incorporated into the PA layer to form modified membranes (PA-CuO)/PSf), there
were no changes in their XRD pattern. This indicated that no crystal-phase
transitions occurred during the incorporation of the CuO nanoparticles in the
membranes.

Infrared (IR) spectroscopy was performed to study the characteristic functional
groups present in the various membranes. Figure 2 shows the IR spectra of the
unmodified membrane (PA/PSf) and the modified membrane ((PA-CuO)/PSf). The
IR spectra of the unmodified and modified membranes exhibited weak peaks at
approximately 1610 and 1680 cm™'; these were assignable to amide bands [32, 33].
The band at ~ 1610 cm™ " is characteristic of the PA aromatic ring while the band at
~1680 cm™" corresponded to the C=O stretching vibration of PA. In addition,
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Fig. 2 ATR-FTIR spectra of the membranes

peaks were observed at 1406 and 1339 cm™'; these corresponded to the stretching
vibrations of the -(C-N)- and —(C-O)- bonds in the polymer chain, respectively
[34]. One peak observed at 2959 cm™' could be assigned to aliphatic CH stretching
[33].

Thus, it was confirmed that PA layers were formed successfully on the PSf
support, via interfacial polymerization. These results verified that the incorporation
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of the CuO nanoparticles did not affect the formation of PA layers on the PSf
support, a structure that is characteristic of TFC membranes.

Figure 3 shows a FE-SEM image of the surface of the (PA-CuO)/PSf membrane.
It can be noted that the morphology of the membrane surfaces corresponded to so-
called ridge-and-valley structure [35]. Moreover, the membrane surface reveals a
tightly packed globular structure and protuberances. The development of these
protuberances is so prominent as to produce the strands of polymer, which in turn
form the ridges and valleys. Similar results have been reported for polyamide
membranes synthesized with MPD/TMC [36].

Moreover, EDX analyses of the surfaces of (PA-CuQO)/PSf membrane is shown in
Fig. 4. The table (inset) presents the results of quantitative analyses, indicating that
C, N, O and Cu were the main elements on the membrane surfaces. These results
confirmed the presence of CuO nanoparticles in the PA layers of membranes.

Figure 5a, b shows SEM image of the cross-section of unmodified and modified
membranes, respectively. The formation of an ultrathin layer of PA over the PSf
support can be seen clearly in both cases. CuO nanoparticles (bright spots) can be
lightly seen on the top of the modified membrane in comparison with unmodified
membrane, indicating their incorporation into the dense PA layer. On the other
hand, it can be seen that the PSL support of (PA-CuO)/PSf contained long, finger-
like voids that extended from the top to the bottom of the substrate cross-section
which is characteristic of polysulfone membrane synthesized by the phase-inversion
method.

AFM (Fig. 6) were obtained in order to compare the surface morphologies of the
modified membrane ((PA-CuO)/PSf) with respect to the pristine membrane (PA/
PSf). The images show that the top surfaces of the membranes exhibit character-
istics consistent with those of interfacially polymerized PA membranes, which
consist of ridge-and-valley layer [36]. The 2D image of modified membrane
(Fig. 6¢) shows similar surface features compared to the respective SEM-FE image.
This fact allowed to confirm the tightly packed globular structure underneath the

Fig. 3 Field emission
microscope image (FE-SEM) of
the membrane surface
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Fig. 4 EDX analysis of the (PA-CuO)/PSf membrane

ridge-and-valley layer. Furthermore, remarkable changes in the surface roughness
of the membranes are clearly observed in the modified membrane (Fig. 6b) in
comparison with unmodified membrane (Fig. 6a).

The root mean square roughness parameter has been increased for modified
membrane with respect to unmodified membrane (Table 1). The incorporation of
CuO nanoparticles (~50 nm) into the membrane during the interfacial polymer-
ization process significantly affected the surface roughness. This effect can be
attributed to the agglomeration of nanoparticles in the surface during the
polymerization process, which could change the height between ridges and valleys
of the polyamide layer increasing its surface roughness. In contrast, Ben-Sasson
et al. modified RO membranes with Cu-Nps (~34 nm) by dipping as method of
modification. They showed a slight increase (~ 10 nm) in the root mean square
roughness of the modified membranes and considered that this functionalization did
not affect significantly the surface roughness [20]. It indicated that the size of CuO
nanoparticles and the type of modification of the polyamide layer by incorporating
these nanoparticles during interfacial polymerization process are detrimental to
roughness parameters. Biofoulants are more likely to be entrapped in membranes
with rougher topologies [1]; therefore, this fact could influence in the antibiofouling
effect.

On the order hand, the hydrophilicity of the membranes was evaluated by contact
angle measurement (Table 1). Contac angles are measured by drop shape analysis of
sessile drops placed over the membrane. A slight increase in contact angle is
observed for the modified membrane with values of (84 & 2)° with respect to
unmodified membranes (79 % 1)°. Thus, no significant change in the hydrophilicity
of the membranes was observed with this modification. Similar results have also
been reported in previous work [20].

The zeta-potential of the membranes was analyzed in order to estimate the
surface charge of the membranes. At high pH, the zeta-potential was negative with a
plateau around 55 mV caused by the deprotonation of functional groups on the
surface of the membranes (Fig. 7). The iep, where { = 0, was reached at a pH of
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Fig. 5 Cross-section SEM of
the membranes. a PA/PSf and
b (PA-CuO)/PSf
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2.74 for pristine membranes (PA/PSf). Below this pH value, a positive {-potential
was found, referring to the protonation of amine functional groups. TFC-membranes
have a polyamide (PA) active layer composed by functional groups: carboxylic
(-COOH), amino (-NH,) and amide groups [37]. In an aqueous medium (slightly
acidic/alkaline) the carboxyl groups (<COOH) dissociate and become negatively
charged (COO™) producing a negative zeta-potential on surfaces [38, 39].
Introduction of nanoparticles was proven by the variation of the {-potential. At
high pH, the lower the (negative) zeta-potential since fewer functional groups at the
surface of the membrane could be deprotonated. This behavior was also observed to
TFC membranes modified with alkoxysilanes [39]. Furthermore, the iep was
increased from 2.74 for (PA/PSf) to 3.42 for (PA-CuO)/PSf. It has been reported
that increasing the number of amino groups on the surface results in shifting the iep
towards higher pH [39].
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Table 1 Surface properties of the membranes

Membrane Root Mean Square roughness (RMS) (nm) Contact angle (°)
PA/PSf 18+ 4 79° £ 1
(PA-CuO)/PSf 103 £9 84° £ 2

These results suggest that at high pH the incorporation of CuO nanoparticles into
polyamide layer during the interfacial polymerization process maintains an active
polymeric layer with negative surface charge but with fewer deprotonated groups
available on membrane surface in comparison with pristine membrane.

In previous work related to RO membranes modified with Cu-Nps using dipping
process, the membrane surface charge became positive after functionalization
attributed to the coverage of the membrane surface by positively charged Cu-NPs
[20].

Thus, despite our modified membrane has an absolute value of zeta-potential
lower than that of the pristine membrane, it remains a negative surface charge at the
active polymeric layer.
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Fig. 7 Zeta potential on membranes surface

Negative surface charge favor the anti-adhesion property of the membranes as
E. coli carry a negative cell surface charge for favoring the electrostatic repulsion
between membrane and the bacteria [40].

Antibiofouling effect

The number of E. coli colonies formed in the medium (CFU) in presence of
modified membrane ((PA-CuO)/PSf) decreased in comparison with pristine
membrane (Fig. 8), demonstrating an important bactericidal effect by the
modification.

Moreover, the numbers of bacteria adhering to the modified membrane (cells per
mm?®) were significantly lower with respect to unmodified membrane (Fig. 9)
demonstrating an excellent anti-adhesion capacity of the modified membrane.

Fig. 8 Bactericidal e.ffect of the 140000
membranes on E. coli
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Fig. 10 Images of distribution of E. coli (live and dead) on the membranes by epifluorescence
microscopy

Moreover, it can be noted that the little amount of bacteria adhered on the
modified membrane were observed predominantly as dead bacterial (red spots) on
the surface (Fig. 10).

In general, an excellent anti-adhesion capacity and significant bactericidal effect
were observed in the presence of the modified membrane. This beneficial influence
can be attributed to the effects generated by incorporation of CuO nanoparticles.

Bactericidal and anti-adhesion effects can be mainly attributed to the copper
toxicity due to the possible release of Cu™? ions from the surface of the modified
membranes, given CuQ is a highly ionic nanoparticle metal oxide [12, 17], releasing
ion biocide into the boundary layer above the membrane to form an inhibition zone
[5, 20, 41]. The Cu™? ions released from the nanoparticles have a toxic effect on
bacteria in the medium, because the ions trigger the production of reactive oxygen
species, which damage the DNA of the bacteria killing them [42].

The reduction of number of colonies forming units (CFU) in the aqueous medium
in this inhibition zone decreases the number of bacteria that could potentially attach
to the membrane surface [19]. Moreover, the little amount of bacteria adhered can
be susceptible to the killing by the toxic copper release into boundary layer above
the membrane.
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Finally, despite no favorable changes on the surface physicochemical properties
of modified membranes with respect to unmodified membrane were observed
(similar contact angle, higher surface roughness and less negatively charged
surface), it could be noted that the modification maintains the negative surface
charge of the membranes just as for the pristine membrane. This fact underlines the
anti-adhesion effect of these membranes considering that material surface
negatively charged can reduce the possibility of bacterial adhesion and delay the
formation of a biofilm attributed to electrostatic repulsion [43].

Desalination performance

The desalination performance of modified membranes was quantified by a salt
rejection of about 97% with stable water flux during 60 min and a recovery of 50%.

The flux permeate of modified membrane increases in comparison with pristine
membrane (Table 2). These results demonstrate that improvement in the water flux
with the incorporation of CuO nanoparticles is reached and it can be attributed to the
hydrophilicity of these nanoparticles. A similar effect was observed in vacuum
membrane distillation (MD) modified with CuO nanoparticles, which showed that
these hydrophilic nanoparticles have a great potential to improve the performance of
these membranes in terms of water flux [22].

(PA-CuO)/PSf membrane showed ~2 times higher flux with respect to
unmodified membrane and similar salt rejection percentage was observed. Water
molecules appear to flow preferentially through the hydrophilic nanoparticle, while
solute rejection remains comparable to unmodified membrane. This behavior has
also been observed by modified membranes by incorporating hydrophilic nanopar-
ticles [44-46].

Conclusions

The modification of TFC-RO membrane by incorporating CuO nanoparticles in the
PA layer during the interfacial polymerization process ((PA-CuO)/PSf) resulted in a
potential alternative method to produce membranes with antibiofouling properties.

Significant bactericidal and excellent anti-adhesion capacities were reached. This
was mainly attributed to the copper toxicity. Possible release of Cu™? ions from the
surface of the modified membranes into a boundary layer above the membrane
forms an inhibition zone which decreases the number of bacteria that could

Table 2 Permeate flux and rejection of salts percentage of the membranes

Membrane Flux permeate (L m~> h™' bar™") Rejection of salts percentage (%)
PA/PSf 1.21 £ 0.13 96.9 £ 0.2
(PA-CuO)/PSf 2.18 £ 0.64 974 +£ 0.7
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potentially attach to the membrane surface. Moreover, the little amount of bacteria
adhered can be susceptible to the killing by the toxic copper release into boundary
layer above the membrane.

Unfavorable changes on the surface physicochemical properties of modified
membrane were observed (similar contact angle, higher surface roughness and less
negatively charged surface)’, however, modified membrane remained the negative
surface charge of these type of membranes which underline the anti-adhesion effect
by electrostatic repulsion.

The desalination performance of modified membranes was good with a salt rejection
of about 97% with a stable maximum water flux about 2.18 L m 2 h™" bar™' and a
recovery of 50%.

Thus, the incorporation CuO nanoparticles into TFC-RO membranes improved
the antibiofouling capacities without impairing the desalination performance of the
membrane. However, despite these significant findings new research challenges are
needed in further study. For example, these capacities can be evaluated using gram-
positive bacteria. In addition, the formation of biofouling in situ during long times
of operation can be analyzed in order to evaluate the lifetime of the membrane with
maintaining the anti-biofouling property.
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