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Abstract—Cuprous oxide nanoparticles (Cu,0) were synthesized by electrochemical method and as an add-on to
construct polyethersulfone (PES) nanofiltration (NF) membranes. Field emission scanning electron microscopy (FESEM),
3D surface images, X-ray diffraction (XRD) analysis, and Fourier transform infrared (FTIR) spectroscopy were utilized
to indicate membranes and nanoparticles. Membranes were evaluated by tests of water content, porosity, contact angle,
salt rejection, water flux and average pore size measurements. The results show the enhancement of surface hydro-
philicity by the addition of Cu,O nanoparticles. The highest unalloyed water flux was obtained by membrane, includ-
ing 0.05wt% Cu,O nanoparticles, and the highest rejection was revealed by a membrane containing 2 wt% Cu,O
nanoparticles. The Na,SO, rejection reached 66.94%, which was significantly higher than the bare PES membrane. This
performance may be owing to increased Na,SO, adsorption sites. The heavy metals rejection of CrSO,, Pb(NO;),, and
Cu (NO,), increased 79.38%, 85.08%, and 81% for the M5 membrane, respectively, while it was 45%, 46%, and 49% for
bare membrane, respectively. Furthermore, the flux of unalloyed water increased from 9.78 L/m*-h on the pure PES
membrane to 36.78 L/m*-h on the M1 membrane. The decrease of surface roughness and also the increase of hydro-
philic groups improved the antifouling properties of the membranes.
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INTRODUCTION

The nanofiltration (NF) process has made significant progress.
Nanofiltration membranes are among the pressure-derived mem-
branes due to their advantages compared to other separation meth-
ods [1-3], such as significant diftusion flux, low energy consumption,
relatively low investment cost and unique separation capability for
ions of dissimilar capacities [4-8]. NF membranes have been used
at various stages of water and effluent treatment to remove micro-
bial, chemical contaminants, and desalination [9-11]. Also, it has
the capability for heavy metals, viruses, bacteria removal from water
and wastewater. There are valuable new methods for the prepara-
tion of the copious-performance membrane and the modification
of its properties, such as plasma treatment, adsorption, coating, sur-
face grafting, and blending with different filler additives, and hy-
drophilic polymers [12-14]. The accession of nanoparticles into the
polymer matrix results in high permeability, high selectivity, and
improved properties like physicochemical properties. Metal oxide
nanomaterials such as ZnO, CuO, Cu,0O, Fe,O;, ALO;, and TiO,
have unique chemical and physical properties due to their quan-
tum size effect and wide effective surface area [15-19]. Copper oxide
is two common forms of cuprous oxide (Cu,0) and cupric oxide
(CuO). The cupric oxide nanoparticles are semiconductor type-p
with a monoclinic matrix structure, and cuprous oxide nanoparti-
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cles are semiconductor type-p with a cubic structure and a suit-
able direct bandgap (~2 eV) [20,21]. They have been used widely
in solar cells, sensors (biosensors and gas sensors), polymer mem-
ory devices, semiconductor devices, lithium-ion batteries, and as
a photocatalyst and electrocatalyst due to their better electrical
conductivity, low growth temperature, and high catalytic activity
[22,24].

Cu,O powder was used in this study as a modifier that can be
manufactured by several methods, including thermal treatment [25],
electrochemical [26], sonochemical [27], sol-gel, colloidal synthe-
sis [28], electro-deposition [29], and thermal oxidation [30]. Kooti
et al. [31] used an economical manner to synthesize Cu,O nano-
particles by diminution of the Fehling’s solution (copper sulfate with
potassium sodium tartrate in an alkaline), using glucose as reduc-
ing agent and sodium laureth sulfate (SLES) or Triton-X 100 as sur-
factants for control precipitation Cu,O. As a result, they synthesized
Cu,O nanoparticles with diameters of about 30 nm with high purity
and almost quantitative yield in an inexpensive, effortless to con-
trol, reproducible and straightforward process. Valodkar et al. [32]
investigated the formation mechanism of cuprous oxide (Cu,O) den-
drites in an easy hydrothermal direction using starch as a stabiliz-
ing agent and as reducing at two different temperatures. As result,
spherical nanoparticles were obtained intrinsically at dendritic nano-
structures of about 50 nm size at low thesis reaction temperatures.
Khattar et al. [33] prepared Cu,O nanoparticles using an electro-
chemical cell comprising two compartments separated by a ceramic
diaphragm. They used copper sheets as anode and cathode mate-
rials. The effect of sodium dodecyl sulfate (SDS), polyvinyl alco-
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hol (PVA), glycerin, and KOH concentration on particle size and
surface roughness was investigated: that its result was decreasing the
roughness and particle size in less PVA amount. Figueroa et al. [34]
produced cuprous oxide nanoparticles by electrochemical method
with anodic disintegration of copper in an alkaline chloride sodium
solution. The goal of this study was to establish a suitable measure
for the production of industrially scale cuprous oxide nanoparticles
using an anode support system.

After studying and researching to produce cuprous oxide nano-
particles with an optimum method, we finally concluded that the
electrochemical method, due to the short production stages, easier
operation, higher scale production, higher quality; cost-effectiveness,
and easier operating conditions control, is more suitable for mass
production among other methods [35-38].

In this research, the cuprous oxide (Cu,0O) nanoparticles were syn-
thesized by electrochemical procedure using anodic disbandment
of copper in an alkaline solution of sodium chloride and applied
to fabricate NF membranes. Since, the hydrophilic properties and
fouling resistance are the most significant achievements in NF mem-
brane preparation. The composition system of nanoparticles and
membrane provides a synergistic effect in water and wastewater
treatment.

In Garcia et al. [39], during the surface polymerization process,
the composition of CuO nanoparticles in reverse osmosis compos-
ite membranes with a thin-walled was studied, which is a possible
alternative to upgrade the bio-deposition capacity without disturb-
ing membrane function. According to the literature, comparing the
modified membrane with the pristine membrane, a higher rough-
ness of the surface, similar contact angle and lower negative charge
surface, and significant salt rejection were observed with stable water
flux. Also, a fine anti-adhesion and antibacterial result were observed
due to copper toxicity. In Zareei et al. [40], melange matrix prepared
PES-based NF membranes via composite CoFe,0,/CuO nanopar-
ticles, which by chemical precipitation method were synthesized.
The flux recovery ratio, and pure water flux were measured. PES/
CoFe,0,/CuO membrane at 0.5wt% of nanoparticles demon-
strated the increment of salts rejection of Na,SO, and NaCl, and
metal ions rejection of Pb**, Ni**, and Cu’* for the compounded
membrane compared with the bare PES membrane. The mean sur-
face roughness and water contact angle decreased. The surface hy-
drophilicity increased and the surface became smoother. The reus-
ability survey for the transcendent mixed membrane appeared a
scarce reduction in the median yield of less than 4.9%. From Singh
et al. [41], polysulfone matrix ultrafiltration membranes were fab-
ricated by introducing Cu,O photocatalyst nanoparticles. The anti-
fouling nature was investigated by permeating BSA aqueous solu-
tions, and hydrophilic qualities of modified membranes were stud-
ied through a comparison of the static water contact angle (SWCA).
Drug elimination studies were performed using ibuprofen (IBP).
Introducing Cu,O photocatalyst nanoparticles improves the mem-
brane features, such as porosity, pore size distribution, and flux.
These membranes revealed the decrease of SWCA, and the increase
in the hydrophilicity of the membranes. Furthermore, BSA adsorp-
tion decreased and prosperous removal of IBP was accomplished
at 86% under the evident light situation with a rate eradication of
32.63%107° min~'. Xu et al. [42] fabricated the blend membranes

from polysulfone (PSf) and Ag-Cu,O nanowires (NWs) with out-
standing antimicrobial performance through the phase inversion
process, successfully. According to this research, the mixed mem-
branes held a considerable antibacterial span with seldom liberating
Ag'. According to their results, compared to unalloyed PSf mem-
brane, mixed membranes showed higher permeability, mainly when
the Ag-Cu,O content of NWs was 0.5 wt%. Nasrollahi et al. [43]
studied the impress of amine performance of ZnO and CuO nano-
particles as an additive on the permeation and the morphology
qualities of PES nanocomposite ultrafiltration membranes. The incre-
ment of hydrophilicity and porosity of new membranes led to sig-
nificant improvement of pure water flux and had a significant po-
sitive effect on permeability. Moreover, the obtained results revealed
a good flux recovery ratio and antifouling properties.

Choudhury et al. [44] fabricated an innovative clay-alumina
ceramic compound membrane inclusive of CuO nanoparticles and
cellulose hydroxyethyl to separate Cr(VI) and Pb(II) from bedrag-
gled water. In combination with biopolymer, addition of CuO
nanoparticles causes an improvement of the heavy metal rejection
rate. Moreover, the pore construction of macroporous ceramic lamella
was upgraded from 0.5 to 1.5 pm to 3 nm.

Little attention has been paid to the use and modification of
cuprous oxide nanoparticles (Cu,O) in the preparation of mem-
branes for water treatment. The present work investigates for the
first time the use of cuprous oxide nanoparticles synthesized by
electrochemical method for wastewater treatment. PES/Cu,O NF
membranes were concocted per the phase inversion procedure. The
PES in the groundwork of laboratory NF membranes is a hydro-
phobic polymer with good thermal durability and superior mechani-
cal power [45]. The combined method, due to its inexpensiveness
and its simpleness, is used in this perusal for the modification of
PES membranes by introducing synthesized Cu,0O nanoparticles
as an additive. In this perusal, the infiltration of the Cu,O nano-
particles presence into the PES as a membrane matrix was studied
on the separation performance and their physicochemical quali-
ties. The ability of Na,SO,, Cu(NO;),, CrSO, and Pb(NO;), removal
from water solutions by membranes, antifouling property, its per-
meability, and separation performance were studied. The particle
size and morphology of the synthesized nanoparticles were ana-
lyzed by analysis FTIR, XRD, and FESEM. Physicochemical quali-
ties from concocted membranes were characterized by FESEM,
FTIR, 3D surface images, and the measurements of porosity, con-
tact angle, and water content.

EXPERIMENTAL

1. Materials

Polyethersulfone (PES, M,,=58,000 g/mol) was provided by BASE
Germany, and polyvinylpyrrolidone (PVP, M,,=25,000 g/mol) as
pore creating agent was provided by Merck, Germany. N, N-di-
methylacetamide (DMAc (99.7%), M,,=87.12 g/mol) as solvent was
prepared from Daejung, Korea. Sodium chloride, sodium hydrox-
ide were provided from Dr. Mojallali Industrial Chemical Complex
Company, Iran. In addition, the aqueous CrSO,, Na,SO,, Cu(NO;),,
and Pb(NO;), solutions were provided from Merck, Germany, for
membrane separation performance analysis.
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2. Synthesis and Specifications of Cu,O Nanoparticles

The Cu,0 nanoparticles were produced via electrochemical pro-
cedure with anodic disbandment of copper in an alkaline solution
containing 250 g/l NaCl, 1 g/l NaOH and a polypropylene diaphragm
to prevent moving OH jons to the cathode. Also, the stainless steel
sheet as cathode and copper electrode (99.9% Cu) as anode with
dimensions (50 mmx56 mm) was applied. Electrolysis process done
at operating conditions: temperature 81 °C, PH=10.1, C.d=2,000
A/, for 30 minutes. Then deionized water was used for wash-
ing powders.

X-Ray diffraction analysis (XRD) was used to study the crystal-
line structure and size of Cu,O nanoparticles. The average size of
cuprous oxide crystals (D) was evaluated using the Debye Scher-
rer equation in Eq. (1):

kA

”Eﬁcosé’ m

where S is the entire breadth at half maximum intensity of climax
corresponding to 26 and K as a dimensionless value is equivalent
to 0.9, and A is the X-ray wavelength.

Finally, Fourier transform infrared spectroscopy (FTIR), field
emission scanning electron microscopy (FESEM), and mid a spec-
trometer Bruker (Tensor 27) were applied for verification of cuprous
oxide nanoparticles formation.

3. Manufacturing of NF Membranes

Membranes were concocted through a phase inversion by sub-
merging into a deionized water bath. The polymeric solutions from
PVP (1 wt%) and PES (18%) in DMAC as a solvent with different
amounts of Cu,O nanoparticles were prepared. Then casting solu-
tions were stirred for 5h at room temperature. Polymeric solutions
were placed for 40 min in the ultrasonic bath for better dispersion
of nanoparticles in the solution. The homogeneous solutions were
conserved for 12 h without stirring at the same temperature due to
detaching air bubbles. The polymer solutions were coated into a
clean glass using a suitable applicator per a fixed thickness of 300
pm and then immediately doused in a deionized water bath. The
prepared porous membranes were in deionized water for 24 h to
remove water-soluble substances. They were placed between two
paper filters to dry at room temperature. Table 1 shows the com-
positions of the casting solution.

4. Characterization of Membranes

FTIR analysis was applied to characterize Cu,O nanoparticles

and prepared membranes. The spectra were recorded in a range of

Table 1. The compilation of casting solution used to prepare the

membrane
Membrane Cu,O PVP PES DMAc
(wt%) (Wt%) (wt%) (wt%)

MO 0 1 18 81
M1 0.05 1 18 80.95
M2 0.1 1 18 80.9
M3 0.5 1 18 80.5
M4 1 1 18 80
M5 2 1 18 79
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wavelengths from 500 to 4,000 cm™" with a perspicuity of 1 cm™ for
each spectrum. The membrane surface morphology was analyzed
with field emission scanning electron microscopy (FESEM, SU3500,
USA). Before taking FESEM images, the prepared membranes were
broken in liquid nitrogen and then smeared with gold to gain con-
ductivity. Moreover, 3D surface images with a scanning area of 6 umx
6 um were exploited to specify the surface roughness of membranes
by SPM software (version 6.4, Femtoscan).

The water contact angles (6) were assessed to survey the hydro-
philicity of the surface membrane by using a contact angle measur-
ing appliance. The probe liquid was deionized water. For decreasing
experimental slips, the contact angle was assessed in three altered
localities and their mean was related.

Water content was assessed by the diversity betwixt the with-
ered and sodden weight of membranes. To measure the weight of
wet membranes, the arranged membranes were in distilled water
for 24 h then weighed. Wet membranes were dehumidified in an
oven to achieve an immovable weight. The following equation was
used to compute the water content:

Ww_wd

Water content (%)= x 100 2

w

Moreover, the totality porosity (&) of membranes was calculated by
Eq. 3):

l)/)_va_vvd
&(%)= o

x 100 3
where W, W,, V,,, and g are the dry, wet membranes weight (g),
membrane volume (cm’), and water density (g/cm’), respectively.

For calculation, mean pore size of membranes (r,,), the equa-
tion of Guerout-Elford-Ferry was used:

P = (2.9-1.758)87LQ @
eAAp

where L is the membrane thickness (m), A is the membrane filtra-
tion locality (m®), and &is the membrane porosity. 73 AP, and Q are
the water viscosity (8.9x10* Pa-s), operating pressure (0.45 MPa)
and the volume of the permeated unalloyed water flux (m’/s), respec-
tively.
5. Membrane Filtration Proficiency Analysis

The prepared membrane proficiency was determined by a fil-
tration system (set up a stalemate cell per an impressive membrane
locality of 11.94 cm’) in pressure of 4.5 bar, as shown in Fig, 1. Aque-
ous solutions of Na,SO, with concentration (1,000 g/L), CrSO,,
Pb(NO3),, and Cu(NO3), with the concentration of 500 g/L were
used as feed solutions. The following equations were utilized for the
computation of the rejection (R) permeation flux (J,,,) and per-
meation flux (J,,,,):

VvV
]W,l:AXt (5)
R(%)EE%CEX 100 ©)
1

where At, C,, C; A and V are sampling time (h), ion concentration
in permeate and feed, membrane area (m®), volume of permeated
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Fig. 1. Schematic diagram of used filtration system.

flux (L), respectively.

The fouled membranes kept in water for 1 h. The flux of unal-
loyed water (J,,, (L/m’h)) was measured afresh at 0.45 MPa for
1 h for determining the amount of flux recovery ratio (FRR%). The
FRR% was determined for the antifouling capability of membranes
as follows:

FRR(%)= % %100 7)

w, 2

RESULTS AND DISCUSSION

1. Characterizations of Nanoparticles

Fig. 2(a) shows FTIR analysis of synthetic Cu,0 nanoparticles
at around 500-4,000 cm™". The climaxes in the ambit of 3,444.15
illustrate O-H stretching fluctuations and the bending mode, respec-
tively. Furthermore, bands in the range of 828.07 and 621.35cm™
represent the O-Cu-O and Cu-O, Cu-O-Cu stretching fluctua-
tions [41,42].

Fig. 3 shows FESEM representations of synthesized nanoparti-

D2 = 20.75 nry_
D3 =12.19'nm 5

D4 = 28.06 nm D1 = 24.86 nm

SEM MAG: 200 kx Det: InBeam
WD: 4.99 mm BI: 7.00
View field: 1.04 ym  Date(m/dly): 09/17/19

MIRA3 TESCAN

1
200 nm

Fig. 3. FESEM images of Cu,O nanoparticles.
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Fig. 2. FTIR spectrum of (a) Cu,O nanopartides; (b) PES/Cu,0 mem-

brane.

cles. The FESEM micrographs determined nanoparticle size. The
results confirmed the high quality of nanoparticles without any type
of impurity. The XRD schema of the synthesized powder samples
is shown in Fig. 4. Morphology and the quantity of crystals were
characterized by XRD analysis. Also, the crystallite size of prepared
Cu,O nanoparticles was obtained at 21.46 nm using Debye Scher-
rer equation (Eq. (1)). The configuration of nanoparticles plays a
pivotal role in determining their quality. Many nanostructures come
in the form of cubes, polygons, octagons, spheres, and so on. As the
shred size decreases, the surface-to-volume ratio enlarges and the
shape can affect the surface structure [46].

MIRA3 TESCAN

SEM MAG: 5.00 kx Det: InBeam
WD: 4.99 mm BI: 7.00 10 pm
View fleld: 41.5 ym  Date(m/dly): 09/17/19
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Fig. 4. X-ray diffraction (XRD) arrangement of Cu,O nanoparticles.

2. Characterizations of Membrane
2-1. FTIR Analyses

FTIR analysis of PES blend membranes is shown in Fig. 2(b).
Peaks at 1,229.75 and 1,166.67 cm™" indicate the asymmetric and
symmetric stretching fluctuation of S=O bonds, respectively [47].
The climaxes in the range of 1,487.15-1,579.68 cm " were noticed for
benzene ring stretching [48]. The synthesized nanoparticles and
membrane exhibited a broad absorption peak around 3,068.77,
3,096.35cm™ regarding extension of hydroxyl functional groups
(-O-H) that was obtained via the addition of Cu,O [49].

2-2. Membrane Morphology

The images of FESEM in Fig. 5 show cross-sectional vignettes
of gathered NF membranes with distinct values of the Cu,O nano-
particles. Images show asymmetric and porous structures for all
membranes containing a dense thin selective layer and a spongy
bulky sub-layer as support with finger-like structure including micro-
voids. Macro-voids form by increasing nanoparticle values in the
membrane in the outcome of the phase inversion process and faster
mass exchange among water (non-solvent) and DMAC (solvent).
Thus, more significant voids and channels are produced in the
spongy-like structure [5]. But in high values of nanoparticles, the
micro-voids and channels size decrease due to aggregation of nano-
particles and increased solution viscosity [5,13,50].

With the attendance of these nanoparticles in the membrane
constitution during the membrane fabrication process, the rate of
infiltration of the non-solvent current in the polymer film and sol-
vent outflow increases, thus increasing the rate of phase separation.
As a result, the solvent is removed more rapidly from the polymer
film; the upper active layer of the membrane is rapidly formed,
resulting in additional durability to mass transfer, thereby increment-
ing the exchange time between the non-solvent and the solvent in
the substrate. For this reason, the cavities in the substrate become
spongy to finger-like. This creates cavities in the membrane struc-

March, 2023

Table 2. Median pore size and porosity of the fabricated membranes

Membrane Mean pore size (m) Porosity (%)
MO 3.938E-09 60.96
M1 8.372E-09 54.0709
M2 6.0276E-09 70.98
M3 4.454E-09 67.85
M4 8.993E-10 78.079
M5 9.2784E-10 72.44

ture and increases porosity. According to Fig. 5, the membrane with-
out the nanoparticles is spongier than other membranes and passes
less water flux. By adding 0.05 wt% nanoparticles, the membrane
structure is close to the finger state and larger cavities are created
in the membrane structure. The porosity of the substrate increased
slightly compared with the genuine membrane (see Table 2), which
may be owing to the low amount of nanoparticles that did not affect
the phase separation process and the rate of solvent exit from the
polymer film. Increasing the active layer thickness and porosity in
the substrate is clear in 0.1 wt% nanoparticles in the polymer solu-
tion. With adding nanoparticles, larger and longer cavities have
emerged in the membrane structure. The cavity size was increased
by adding nanoparticles concentration at 0.5 wt% (see Table 2). By
increasing concentrations of nanoparticles in the M4 and M5 mem-
branes, the size of the cavities decreased, which could be due to
the aggregation and accumulation of nanoparticles on the surface
of the membrane and the non-uniform dispersal of the nanoparti-
cles in the polymer solution. These phenomena can occur in the
ultrasonic bath and/or the nanoparticle movement toward the sur-
face of the membrane amid the phase change procedure. Thus,
numerous amounts of nanoparticles lead to a decrease in the trans-
port pathways and filling of the cavities, which have negatively affected
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Fig. 5. Images FESEM from fabricated membranes.

the membrane flux. Moreover, the reduction in porosity in M3 and
M5 membranes could be due to the accumulation of nanoparti-
cles and their low dispersion at high concentrations.

Also, 3D surface images by SPM software (version 6.4, Femtos-
can) were used for the investigation of surface morphology and mea-
suring membrane roughness. Three-dimensional surface images
are indicated in Fig. 6 for the membranes with a scanning area of

BI: 10.00 10 pm
View field: 41.5 ym | Date(m/dly): 02/12/20

D3 =27.86 um

SEM MAG: 5.00 kx Det: SE

WD: 9.19 mm BI: 10.00 10 pm
41.5pm  Date(m/dly): 09112119

D2.=856 um /7
D2sse

P

S

D3 = 28.59 ym

MIRA3 TESCAN|

a8
SEM MAG: 5.00 kx Det: SE 1

WD: 9.23 mm BI: 10.00 10 ym
View field: 41.5 ym | Date(m/dly): 09/12/19

6 umx6 pm. The roughness of membranes is explained in terms
of the median root square of the height data (R;) and the median
roughness (R,), maximum roughness (R,,,.). Computed roughness
parameters of the arranged membranes are in Table 3. According
to Table 3, via increment of the value of nanoparticles in the mem-
brane matrix, the surface roughness of the membrane decreased
from 4.628 nm for the bare PES membrane to 3.023 nm for the

Korean J. Chem. Eng.(Vol. 40, No. 3)
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Fig. 5. Continued.

mixture membrane at 2 wt% of nanoparticles [51,52]. This can be
owing to the stuffing of pores and valleys with nanoparticles on
the surface of the membrane and then the reduction of pore sizes
[53,54]. In M2 and MS5, the average roughness increased to 4.489
and 3.023 nm, again due to the aggregation of nanoparticles on
the membrane surface by unsuitable dispersion [49,55-57]. In M4

March, 2023

SEM MAG: 5.00 kx Det: SE | | MIRA3 TESCAN|
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the high porosity and uniform repartition of nanoparticles on the
surface is such that the nanoparticles fill the surface cavities and
make the surface smoother.
3. Filtration Performance
3-1. Contact Angle and Water Content

Fig. 7(a) shows the contact angle for the mixture and bare mem-
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Fig. 6. Surface AFM representations of the bare and blended membranes.

Table 3. The surface roughness parameters of the arranged mem-

branes
Membrane R, (nm) R, (nm) R, .. (nm)

MO 4.628 5.594 23.8
Ml 4.261 5.076 16.9
M2 4.489 5.773 27.16
M3 3.782 4.545 18.46
M4 2.352 3.021 13.61
M5 3.023 4.047 20.71

branes. Membrane hydrophilicity is indicated via measurement of
the water contact angle. The contact angle is among smooth straight
surface and water glob. The membrane with an inferior contact

nm

M1

angle is more hydrophilic. From Fig. 7, it is clear that incorporat-
ing Cu,0 nanoparticles into the membrane matrix enhances mem-
brane hydrophilicity. Because adding Cu,O nanoparticles increases
OH functional groups, which increases membrane hydrophilicity.
With increasing nanoparticle concentration, the water contact angle
decreased from 62° for the bare membrane to 30° for the mixture
membrane. Improving hydrophilicity can be a result of hydroxyl
functional groups in nanoparticles, which leads to easy transport
of water molecules by hydrogen bonding among hydroxyl groups
and water molecules [5,49,58,59].

Water content is indicative of hydrophilicity rate and membrane
swelling. Fig. 7(b) shows the measured water content of the arranged
membranes. The results show that the modified membranes per
Cu,O nanoparticles have higher water content than pure PES mem-
brane. The hydrophilicity of copper oxide (I) nanoparticles, which

Korean J. Chem. Eng.(Vol. 40, No. 3)
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Fig. 7. (a) Contact angle and (b) water content of arranged membranes at different concentrations of nanoparticles.

causes hydrogen bonding between the nanoparticles and water, as
well as the increase in pores size and the substrate porosity can be
the reasons for the increase in membrane hydrophilicity. As the
membrane absorbs water, it swells and the pore size of the mem-
brane increases [52,60,61]. The amount of stored water content in
the M2 and M5 membranes decreased, possibly due to the filling
and blockage of transverse channels with a high volume of nano-
particles in the cavities and the formation of smaller cavities [56,
57,65,66].
3-2. Pure Water Flux

Fig. 8 represents the pure water (PWF) of the fabricated mem-
branes. The highest PWF (36.78 L/m’h) was observed for M1. From
the comparison between the bare and blended PES membranes, it
is clear that the median pore size of membrane increased with in-
creasing nanoparticles and led to a sharply increase in PWF [5,62-
64]. A bigger average membrane pore size was obtained owing to
the adsorption of water molecules into the membrane structure by
hydrophilic functional groups (-OH) in nanoparticles and increased
free volume pending the phase inversion process [65-67]. Nonethe-
less, the porosity of membranes increased by increasing nanoparti-
cle concentration, but decreasing PWF is attributed to decreasing
mean pore size in a high concentration of hydrophilicity Cu,O nano-
particles into blended membrane matrix and pore blockage. Also,
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- 11.75

9.77
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Fig. 8. The pure water flux (PWF) of the fabricated membranes.
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interconnects channel formation (as shown in FESEM images) in
the structure can reduce PWF [60,68-70]. The connection and di-
mensions of pores and their shape affect ionic or molecular trans-
fer behavior. In general, regular and connected 3D pores are pre-
ferred for applications. Because, closed cavities have no role in ad-
sorption and diffusion, in structure can reduce PWE The nano-
particle agglomeration in a great concentration of nanoparticles and
the decline of mean pore size reduces the efficient sites of nano-
particles [71-73].

3-3. Salt Rejection

The flux and salt rejection are the most essential features in de-
termining membrane performance. From salt solutions Na,SO,,
Pb(NO;),, CrSO,, and Cu(NOs), were used to investigate the sep-
aration efficiency of the arranged membranes. Data of salt water
flux and rejection are provided in Fig. 9(a), (b), (c), and (d).

The results show the highest rejection of Na,SO,, CrSO,, Pb(NO:),,
Cu(NO;), salt solutions for the mixture membrane containing
2wt% of Cu,O, which were 66.94%, 79.38%, 85.08%, and 81%
respectively, whereas they measured 45.87%, 45%, 46% and 49%
for the bare membrane. According to Fig. 9(a), the Na,SO, rejec-
tion was reduced primarily from 45.87% in MO to 45% in M1
owing to increased average pore size and porosity that led to the
crossing of salt ions. When the membrane absorbs water and swells,
the size of the pores increases due to the capillary suction of the
liquid and solution; this occurrence causes a weak rejection of small
salts and salts [60]. But high concentrations of Cu,0O nanoparti-
cles increased Na,SO, rejection, which can be caused by a sharply
decreasing mean pore size. Also, another main reason is the effect
of Donnan exclusion on salt ion rejection. Thus, hydroxyl groups
with negative charges in membrane structure repulse negative ions
(SO;") of salt molecules that enhance by the increase of nanoparti-
cle ratios.

The adsorption of Cr*" molecule by negative nanoparticles in
the hydrophilic surface of the blended membranes is a significant
factor for CrSO, rejection. The Cr** rejection boosted from 45% for
the bare membrane to 79.38% for M5. CrSO, rejection decreased
from 78.48% for M1 to 77.34% for M4 due to porosity increase of
blended membranes (see Fig. 9(b)). Also, other reasons are finger-
like structure, the constitution of continuous channels, and more
holes in the membrane matrix. The reduction in selective layer thick-



Cuprous oxide (Cu,0) nanoparticles in nanofiltration membrane 639

(a) ORejection(%) @Flux(L/m2.h)

8
8

3547
70 50 6316 66941 35
g% 0 5
Ssof s |s 25 %
2 on 3
= 15.5 - d
.“._', 30 13.3 15 g
Z N>

=7 20 {828 10
10 S5
0 =+ 0
MO M1 M2 M3 M4 MS
Membrane No.
(©) OFlux(L/m2h) @Rejection(%)
105 1 4522 r S0
o~ 90 82.34 $1.18 85,08
3 )
< 75 A =
5" =
= L 30
- 60 <l
b4 % 2
‘: 5 ]
I~ 45 F 202
=
30 1.0 1162
r 10
15 A
0 -0

MO M1 M2 M3 M4 M5
Membrane No.

Fig. 9. Flux and rejection of different salt solution: (a) Na,SO,, (b) CrSO,,

ness (see Fig. 5) led to reduced membrane resistance against ion
transport.

Fig. 9(c) and Fig. 9(d) characterize the rejection of Pb(NO;),
and Cu(NO;), solutions. The most important factor in increasing
rejection is the adsorption mechanism induced by saturation of
membrane adsorption sites by adsorbed Pb** and Cu** metal ions
on the membrane surface, and its consequences are in the rejec-
tion of these ions. The rejection of copper increased from 49% in
the bare PES to 81% in M5 and leads rejection increased from
46% in MO to 85.08% in M5 due to increment of adsorption sites
by adsorption behavior of nanoparticles and electrostatic exclu-
sion of NOj ions by formed negative charges by hydroxyl groups.
The decreasing rejection of heavy metal ions in M1 can be owing
to great PWF and crossing of metal ions by water molecules. The
hydrated radius for Cu*" ions is higher than Pb** and has better
repulsion of NOj ions in comparison with Pb**. The slight reduc-
tion in onerous metal ion rejection for membranes of M2 to M4
can be due to enhancing porosity of membrane and aggregation
of nanoparticles in great concentration that decreases the effica-
cious surface of nanoparticles concomitant with the accessible ad-
sorption sites. Finally, it increased in M5 due to tighter pores in
the membranes.

The high porosity of the M3 and M4 membranes is a reason
for the slight decrease in metal ion rejection. The increase in the
flux of the M4 membrane is also a result of this change in its struc-
ture. The M5 membrane had the highest rejection of heavy metal
solutions, which could be due to the decrease in the size of the pores
and their closing by metal ions and the increased thickness of the

(b) ORejection(%) @Flux(L/m2.h)
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separator layer.
4. Antifouling Properties of the Membranes

Flux recovery ratio (FRR%) of the fabricated membranes is shown
in Fig. 10. FRR% determines the membrane recycling potential after
salt fouling. The membrane fouling can reduce the lifetime, per-
meation flux and selectivity, which are considered as an import-
ant problem. The M1 membrane due to its larger cavities and M4
due to its high porosity in its structure exhibited better antifouling
properties than other membranes. The lowest flux recovery value
is related to M5, which has the lowest cavity size and surface rough-
ness than other membranes, which could be owing to the collec-
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Fig. 10. Flux recovery ratio (FRR%) of the fabricated membranes.
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tion of high concentrations of nanoparticles on the surface and inside
the membrane. The decrease in FRR% for membranes may be due
to the agglomeration of nanoparticles, which diminishes the effi-
cacious surface of nanoparticles also can be the consequence of
reduced selective layer thickness and interconnect channels into
membrane construction. It means that the salt ions were ensnared
into the channels and could not pull out of channels because of
the confrontation with closed directions. Higher FRR% value shows
an excelling antifouling manner for the membrane MI.

CONCLUSION

Cuprous oxide nanoparticles (Cu,O) were synthesized by elec-
trochemical methods. Then the various concentrations of synthe-
sized nanoparticles were used to fabricate PES NF membranes by
the phase inversion procedure. Synthesized nanoparticles and mem-
branes were characterized by FTIR, FESEM, XRD analyses and
3D surface images. The presence of Cu,O nanoparticles caused a
momentous enlargement in the flux of unalloyed water due to the
attendance of hydrophilic groups and an enlargement in the median
pore size and porosity of membranes. Modified membranes showed
smoother surface than the pure PES membranes. The Na,SO,,
CrSO,, Cu(NO;), and Pb(NO;), rejection reached 66.94%, 79.38%,
81% and 85.08% for M5 membrane, which was considerably higher
than the bare PES membrane. Moreover, the antifouling proper-
ties of the membranes were enhanced by decreasing surface rough-
ness and increasing hydrophilic groups.
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