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membrane, nano CuO/g-C3N4 (g-CN) sheets were synthesized via facile calcination route as
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one pot synthesis method. The uniformly assembled nanohybrid fillers, CuO on g-CN
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sheets were confirmed by using XRD, TEM, EDX and FTIR analysis. The non-solvent induced
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phase inversion technique was used to fabricate the nanohybrid ultrafiltration (UF)
membranes by doping different concentration (0.5–1 wt.%) of nano CuO/g-C3N4 (g-CN)
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sheets within the PPSU matrix. The results of contact angle, atomic force microscopy,

Ultrafiltration membrane

energy-dispersive X-ray spectroscopy reveal that surface structure and physico-chemical

Copper oxide

properties of nanohybrid membrane plays lead role in solute interaction and rejection

Graphitic carbon nitride

compared to bare membrane, M0. Furthermore, the interfacial affinity of membrane was

Interfacial affinity

explored in detail via surface free energy, spreading coefficient, wetting tension and

Antifouling

reversible work of adhesion analysis. Nanohybrid UF membrane, with 0.5% of the filler (M1)

Protein removal

displayed remarkable permeation flux of 202, 131 L/m2/hr for pure water and protein
solution, respectively while maintaining a high protein rejection (96%). Moreover, the
exceptional dispersion of the nanosheets in the polymer matrix enhanced FRR (79%) and
decreased the overall resistance of M1 compared to the pristine membrane (M0). Overall
results suggest that the incorporation of nano sheets is a facile modification technique
which improves the comprehensive membrane performance and holds a great potential to
be further explored for water treatment.
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Introduction
In recent decades, polymeric ultrafiltration (UF) membranebased technologies are becoming highly attractive and there
is a scope for rapid market expansion and its utilization in
many new applications in the near future (Li et al., 2016;
Sun et al., 2015). Polyphenylsulfone (PPSU)-based membranes
have been widely used in various industries for pharmaceuticals and bio-macromolecule separation applications,
because of its excellent physicochemical properties: an
amorphous high performance engineering polymer, high
chemical and mechanical resistance, glass transition temperature of 220°C is higher than that of polysulfone (190°C) and
equal to that polyether sulfone (220°C) (Lawrence et al., 2017).
However, the major thorn in the utilization of hydrophobic
polymeric membrane is the high fouling propensity arising
from it's the intrinsic hydrophobicity and that increases the
frequency of membrane cleaning, declines its filtration
performance and inevitably shorten the lifetime (Fang et al.,
2017; Zhang, 2017). Therefore, it is essential to explore the
self-cleaning membrane surfaces to mitigate the unavoidable
interaction between foultants and membrane surface. A
variety of surface modification methods – coating (Angione
et al., 2015), UV-initiated grafting (Yang et al., 2008), plasma
treatment (Pegalajar-jurado et al., 2016), electron beam
irradiation (Jahangiri et al., 2018), layer-by-layer deposition
(Wang et al., 2016), incorporation of nanoparticles (Zhu et al.,
2017) and antifouling agents (Fang et al., 2017) have been
explored to fabricate the hydrophilic membranes with selfcleaning or antifouling properties. Among them, nanocomposite technique has attracted a great deal of attention in
tuning the structure and physicochemical properties (hydrophilicity, porosity, charge density, chemical, thermal and
mechanical stability) of membranes (Yin and Deng, 2014).
Some of the recent research have explored SiO2 (Taylor et al.,
2015), Al2O3 (Chatterjee and De, 2014), ZnO (Jo et al., 2016),
ZrO2 (Thuyavan et al., 2014), TiO2 (Ng et al., 2017), CNT (Kim et
al., 2014), graphene oxide (Igbinigun et al., 2016) and polymeric
nanoparticles (NPs) (Liu et al., 2014) as a surface modifier to
overcome the fouling issues. In this context, CuO nanoparticles receive wide attention compared to other metal oxide
nanoparticles, because of its low cost, abundant availability,
extremely low toxicity, facile preparation techniques in
various shapes of nano-sized dimensions and inimitable
qualities like robustness, stability and longer lifetime (Akar
et al., 2013; Pendashteh et al., 2013; Xia et al., 2013). Tang et al.
(2006) reported the superhydrophilic nature of CuO membrane. Unfortunately, some common drawbacks of metal or
metal oxide nanoparticles as surface modifier were poor
dispersibility and entirely enfolded by polymer matrix. This
limits the improvement in membrane hydrophilicity and
resistance to membrane fouling and overall significantly
decreases the modification efficiency. To solve this issue,
use of hybrid nanomaterial as a modifying agent can be
expected to be an effective alternating way.
Hybrid carbon-based materials are receiving ever-growing
interest due to its extraordinary properties such as high
mechanical strength, thermal stability and chemical resistance especially, improves the interfacial interaction with

polymer matrix (Hegab and Zou, 2015; Liu et al., 2015).
Safarpour et al. (2014) used reduced graphene oxide to form
a composite with TiO2 in order to prevent its aggregation in
the prepared PVDF membrane matrix. Here, the use of
graphene oxide (GO) together with TiO2 nanoparticles leads
to a better distribution of TiO2 nanoparticles and prevent their
aggregation and agglomeration in the polymer matrix. Thus,
the reduced graphene oxide rGO/TiO2 blended membranes
improved the surface hydrophilicity and best fouling resistance properties. In another research work, TiO2-HNTs/PVDF
blend membranes were prepared by phase inversion technique. The synergistic effect between TiO2 and HNTs improves the dispersion of TiO2 homogeneously in the PVDF
membrane matrix (Zeng et al., 2016b).
Graphitic carbon nitride (g-C3N4) is a promising material
and extensively studied in material applications (Ong et al.,
2015; Wang et al., 2009; Zhang et al., 2012). The tris-s-triazine
structure of g-C3N4 contains sp2 hybridized carbon and
nitrogen atoms that form the π-conjugated graphitic planes
like graphene sheet or laminar structure (Ge et al., 2011). The
g-C3N4 sheets possess lots of NH/NH2 groups in and around of
triangular nanopores due to the melamine rearrangements
reaction (Ma et al., 2016). These NH/NH2 groups and triangular
nanopores of the g-C3N4 attribute to form interfacial interaction with nanoparticles. Recently, there is a growing interest
in the use of g-C3N4 in the field of membrane technology (Cao
et al., 2015; Elyzawerni et al., 2019; Zhang, 2017).
Herein, the tris-s-triazine structure of g-C3N4 is employed as
support or carrier for superhydrophilic CuO NPs and make use
of its synergistic effect between CuO and g-C3N4 to prevent the
aggregation of CuO NPs and improves the compatibility within
the membrane matrix during membrane preparation. In the
present study, CuO/g-C3N4 sheets incorporated PPSU membranes were fabricated by using the phase inversion technique.
The influence of varying amounts of the hybrid nanomaterial
on hydrophilicity, filtration resistance and rejection properties
of membranes were evaluated by water contact angle measurements, resistance-in-series model and BSA protein filtration, respectively. Interfacial interaction between CuO/g-C3N4
sheets and PPSU membranes, i.e. leaching behavior was
analyzed by atomic absorption spectroscopy (AAS). Antifouling
properties of membranes were investigated in detail by flux
recovery ratio (FRR), reversible (Rr) and irreversible (Rir) fouling
measurements to explore the non-specific interaction between
protein molecules and nanohybrid membrane surfaces.

1. Materials and methods
All chemicals purchased were reagent grade and used without
any further purification. Commercial polyphenylsulfone
(PPSU, MW: 53,000–59,000 g/mol), Melamine and copper(II)
acetate hydrate (Cu (CO2CH3)2.H2O) were purchased from
Sigma–Aldrich, India. Poly (ethylene glycol) Mw 200 from TCI
Chemicals (India), N-Methyl-2-pyrrolidone, extra pure from
SPECTROCHEM (India), Hydrochloric acid (37%) from Merck
Specialties Pvt. Ltd., India. Sodium lauryl sulphate (pure),
(Sisco Research Pvt. Ltd., India). Ethyl alcohol (AR), 99% (V/V)
min was obtained from Hayman Specialty Products, UK. Pure
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distilled water was used in the synthesis of nanosheets,
membrane formulation and filtration process.

Table 1 – Composition of membrane casting solution.
Membrane code

PPSU

CuO-gC3N4

NMP

1.1. Synthesis of nano CuO/g-C3N4 sheets

M0
M1
M2
M3

15
15
15
15

0
0.5
0.7
1

85.0
84.5
84.3
84.0

CuO doped g-C3N4 was synthesized via calcination route in a
one-pot synthesis (Gao et al., 2015). Briefly, 0.25 g of copper(II)
acetate hydrate and 0.5 g of melamine were mixed thoroughly
by mechanical grinding. The obtained fine powder was
transferred to alumina crucible, covered partially with a lid
and heated to 550°C at heating rate 5°C/min in an air
atmosphere for 5 hr in the furnace. Post calcination, the
furnace was allowed to cool to room temperature. Finally,
nano CuO/g-C3N4 sheet was obtained having an olive green
color and designated as CuO/g-CN.

1.2. Fabrication of nanohybrid ultrafiltration (UF) membranes
Bare and hybrid ultrafiltration membranes were fabricated via
solution casting method in combination with non-solvent
induced phase inversion technique (NIPS) (Arumugham et al.,
2016). The polymer casting solution was prepared in different
composition by altering the concentration of nano CuO/g-CN
sheet (shown in Table 1). In short, nano CuO/g-CN sheet was
added into the NMP solvent and dispersed using an ultrasonic
bath for 20 min. The PPSU was then added slowly added to the
solution and stirred continuously for 18 hr at room temperature. The prepared solution was left overnight to remove the
trapped air bubbles. The degassed polymer solution was
spread over on the clean glass plate using a casting knife
and immersed into a coagulation bath (DI water) at 22°C to
initiate the phase separation process. The prepared membranes were washed in fresh distilled water to remove the
residual solvent and stored in the deionized water containing
0.1% formalin.

2. Characterization of nanohybrid UF membranes
2.1. Morphology of membranes
To investigate the morphology of bare and nanohybrid UF
membranes, small pieces (1 × 1 cm) of the membrane were
freeze-dried with liquid nitrogen for 60–90 sec. Before analysis, the non-conducting membrane surfaces were gold
sputtered. The scanning electron microscope (SEM, Cam
Scan MV 2300) equipped with Energy dispersive X-ray
spectroscopy (EDX) was used to examine the top surface and
cross-section membrane morphology (Zhao et al., 2016).

2.2. Atomic force microscopy (AFM) analysis of membranes
The atomic force microscope images were captured from the
instrument (Nanosurf EasyScan 2 AFM, version 1.3) to
quantify the surface roughness of membranes. For this
measurement, a small piece of membranes was located on
glass holder and operated under non-contact mode to scan
5 × 5 μm of the membrane area. The results were obtained in
terms of average roughness (Sa) and root mean square of the Z
data (Sq) (Ma et al., 2017).

2.3. Contact angle analysis of membranes
A GBX instrument, Germany was used to investigate the
hydrophilic behavior of membrane surface by measuring the
water contact angle. Before measurement, membrane samples
were placed in between glass plate and dried at 70°C/12 hr to
obtain a dense top surface to avoid capillary penetration effect.
Afterward, the membrane sample was fixed on a glass slide
onto which a 2 μL of milli-Q water was dropped to form a
sessile drop. In order to obtain accurate results, the contact
angle was measured within 10 sec and five measurements
recorded for each membrane (Arumugham et al., 2018).

2.4. Surface free energy and spreading coefficient analysis of
membranes
The main surface free energy components of membrane–
liquid–air interfaces such as γlv (at the interface of the liquid
and air), γsl (at the interface of the liquid and solid) and γsv (at
the interface of the solid and air) were derived by applying the
Young's and Newmann equation (Kalaiselvi et al., 2015).
The spreading coefficient, Sc is the work done in spreading
the liquid over a unit area of the surface. Sc of membranes is
derived from the following equation:
Sc ¼ γsv −γsl þ γlv

ð1Þ

2.5. Wetting tension (Δ F)
In order to examine the wettability of a solid surface,
calculating the wetting tension is one of the important
methods and can be calculated from γlv (at the interface of
the liquid and air) and contact angle values of membranes. Δ F
of membranes is derived according to the following equation
(Fuentes et al., 2015),
ΔF ¼ γsv −γsl ¼ γlv cosθ

ð2Þ

2.6. Reversible work of adhesion (Wa)
Reversible work of adhesion (Wa) is an energy which is
released in the process of wetting (Kanagaraj et al., 2016).
Reversible work of adhesion (Wa) is calculated by using
following Young–Dupre equation (Rajesh et al., 2013):
Wa ¼ ð1 þ cosθÞγlv

ð3Þ

2.7. X-ray diffractometer (XRD)
X-ray diffraction analysis was carried out to investigate the
crystalline/amorphous nature of membranes in the 2 theta
range of 10–70° using CuKα is the energy source radiation.
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2.8. Mechanical strength of the membrane

used to calculate the mean pore diameter (rm) of membranes
(Garcia-Ivars et al., 2014),

Tensile strength measurement was performed to evaluate the
mechanical properties of membranes using a universal
mechanical testing machine (INSTRON 8801). In this method,
measurements were performed at 25°C with a draw rate at
5 mm/min for all membrane samples (50 × 15 mm). The final
results were recorded for n = 3 and then averaged to confirm
the reliability (Safarpour et al., 2015).

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2:9−1:75ϵÞ8ηhQ
rm ¼
Ɛ  A  ΔP

2.9. Pure water flux, porosity and mean pore size of membrane
The pure water flux experiment was conducted in dead-end
ultrafiltration set up with distilled water (Fig. 1). Before the
PWF experiment, the membranes were compacted at a high
pressure of 413.6 kPa for 20 min. After compaction, the pure
water flux was measured at 68.9 kPa for 3 hr for membranes
(Zeng et al., 2016a).
Jw1 ¼

Q
A  Δt

ð4Þ

The membrane porosity (%) was calculated with help of
gravimetric method which indirectly correlates the membrane porosity to the wet membrane weight. Briefly, membranes (2 × 2 cm) were immersed in distilled water for 24 hr at
20°C and wet weight of the membranes (W1) was noted. The
membranes were dried at 80°C for overnight and denoted
dried membrane weight as W2. Overall membrane porosity (%)
was calculated by the following equation (Yurekli, 2016).
ε ð%Þ ¼

W0 −W1
ρAh

ð5Þ

Where W0 is the wet weight of the membrane; W1 is the dry
weight of the membrane; ρ is the density of water (0.998 g/
cm3); A (cm2) is the effective membrane area; h (cm) is the
membrane thickness.
Guerout–Elford–Ferry equation (Eq. (6)) was used to calculate mean pore diameter (rm) using of the pure water flow
rate and porosity of membranes. The following formula was

ð6Þ

Where η (8.9 × 10−4 Pa·sec) is the water viscosity, Q (m3/S) is
the quantity of permeate of pure water flux per unit time, Δ P
(68.9 kPa) is the operating pressure, h (m) is the membrane
thickness and Ɛ is the porosity of the membranes.

2.10. BSA filtration and resistance-in-series model of
membranes
In order to investigate the fouling resistance properties of
pure and nanohybrid UF membranes, 1 g/L of Bovine serum
albumin (BSA) protein solution was prepared in the phosphate buffer saline (PBS) at pH = 7 and allowed to permeate
through the membranes for 2 hr at an operating pressure of
68.9 kPa. Membranes were then cleaned rinsing with deionized water for 15 min. After the cleaning process, pure water
flux experiment (JW2) was performed once again for 3 hr to
probe the fouling resistance of membranes. The protein
permeate flux (JWp) was measured and the concentration of
protein in the permeate was measured by using UVSpectrophotometer (Bio-chrome) at 280 nm and rejection in
percentage were calculated as follows (Sianipar et al., 2016),


Cp
 100%
BSA protein rejection; R ¼ 1−
Cf

ð7Þ

During BSA filtration, protein molecules get adsorbed on
the surface and within pores of the membrane that subsequently leads to a flux decline in UF process. To quantify the
resistances, resistance-in-series model, which consists of
various fouling resistances such as total resistance (Rt),
intrinsic membrane resistance (Rm), irreversible resistance
(Rir) and reversible resistance (Rr) was formulated based on
Darcy's Law equation and expresses as follows (Orooji et al.,
2017),

Fig. 1 – Ultrafiltration membrane set up.
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Total resistance (Rt) = Rm + Rr + Rir
TMP
R¼
μ J

ð8Þ

Where, J (m3/m2/hr), TMP (Pa), μ (Pa·sec) and R (m−1) represent
permeation flux, trans-membrane pressure, the viscosity of
permeate and permeation resistance, respectively.
Each resistance against flow can be calculated using the
following equations,
Intrinsic membrane resistance (Rm),
TMP
Rm ¼
μ  Jw1

ð9Þ

Where TMP (68.9 kPa) and μ are the trans membrane pressure
and permeate viscosity, respectively.
Pore plugging resistance (Rp)
Rp ¼

TMP
−Rm
μ  Jw2

ð10Þ

TMP
−Rm−Rp
μ  Jwp

JW1 − JWp
 100%
JW1

ð14Þ

where Jw2 is pure water flux after the hydraulic cleaning
process, Jwp is protein flux and Jw1 is pure water flux of
membrane before fouling.
Flux recovery ratio (FRR) mainly indicates the reusability
and cleaning efficiency of membranes. The following equation is used to describe FRR of membranes (Zhan et al., 2015),
FRR ¼

JW2
 100%
JW1

ð15Þ

Here, Jw2 is pure water flux after the hydraulic cleaning
process, and Jw1 is pure water flux of before membrane fouling.

3. Results and discussion
3.1. Characterization of nano CuO/g-CN sheets

Cake layer resistance (Rc)
Rc ¼

Rt ¼
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ð11Þ

2.11. Anti-fouling efficacy of the membranes
Reversible fouling (Rr) and irreversible fouling (Rir) are main
fouling process, which takes place during filtration. Rr
happens due to weak attachment or accumulation of proteins
on membrane pores and this can be easily removed by
hydraulic cleaning. In the case of irreversible fouling, protein
molecules strongly adhere within membrane pores and
surfaces, which cannot be removed by washing. The reversible fouling (Rr) and irreversible fouling (Rir) of the membrane
was calculated by following equation (Hotan et al., 2017),
Rr ¼

JW2 −JWp
 100%
JW1

ð12Þ

Rir ¼

JW2 − JW1
 100%
JW1

ð13Þ

XRD is an effective technique to confirm the formation of the
graphitic carbon nitride (g-C3N4) structure. The XRD spectra
recorded before and after doping of CuO in g-CN are displayed
in Fig. 2a. The XRD pattern has two major peaks at 27.1° and
13.6° which confirm the formation of g-C3N4 phase which
corresponds to the (100) and (002) planes, respectively (Lan et
al., 2016). The CuO doping in g-CN exhibits a series of
additional peaks located at 13.1°, 14.1°, 22.1°, 25.6°, 27.6°,
35.8° and 39.1° due to uncondensed primary amine groups.
The major peaks located at 35.8° and 39.1° are assigned to
(002) and (200) plane orientation of crystalline CuO obtained
by indexing with the JCPDS 80-1268 (Yang et al., 2018).
Fig. 2b shows the FT-IR images of pure g-CN and CuO/g-CN
sheet. The characteristic FT-IR peaks of pure g-CN at 3400–
3300 cm-1 (N-H (as)), 3164 (N–H(s)), 1605 cm-1 (deformation band
of N–H), 1558 cm-1 (quadrant stretching of the 1, 3, 5 triazine
ring, C–N), 1400 cm-1 (Semicircle stretching of 1,3,5 triazine
ring, C–N), 1069 cm-1 (C–N(s) of primary amine) and 809 cm-1
(bending mode of sextant 1,3,5 triazine, C–N) (Zou et al., 2015)
was recorded. In the CuO/g-CN sheet, additional peaks at 620,

Fig. 2 – (a) XRD of g-C3N4 and nano CuO/g-C3N4 sheets (b) FT-IR spectra of g-C3N4 and nano CuO/g-C3N4 sheets.
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600, 526 and 436 cm-1 confirm the presence of copper oxide on
the g-CN (Ghotbi and Rahmati, 2015). The peaks at 3425–3312,
1616 and 1001/cm-1 all prove a greater number of –NH2 groups
which binds with CuO (Liu et al., 2016).
The UV–Visible spectra of pure g-CN and CuO/g-CN sheet
are exhibited in Appendix A Fig. S1. The pure g-CN has an
absorption spectrum in the range of 200 to 600 nm. After
incorporating the CuO, it shows a broader absorption spectrum beyond 600 nm and extends to whole visible region (Gao
et al., 2015). These results confirm the formation of CuO/g-CN.
It was observed that the CuO is likely to have chemically
bonded with g-CN, and not just a physical mixture.
The CuO /g-CN sheets (Fig. 3a) revealed a stiff wrinkle free.
sheet-like appearance with a size of 100 nm It was observed
that the incorporated CuO (black color) was inhomogenously
dispersed over on the thin g-CN sheet (gray in color). The
energy dispersive X-ray (EDX) spectra illustrated the atomic
composition of CuO/g-CN sheets (Fig. 3b) – 51.76% carbon (C),
14.01% nitrogen (N), 31.86% copper (Cu) and 2.37% oxygen (O).
The formation of CuO/g-CN sheets was confirmed successfully through the XRD, FTIR, UV, TEM and EDX analysis.

3.2. Characterization of nanohybrid UF membranes
3.2.1. Membrane morphological analysis
Fig. 4a and b displays the cross-section and surface morphology of the bare and nanohybrid membranes prepared using a
uniform shear-rate. All the membranes comprise of an
asymmetric cross-sectional structure with a top skin layer
and porous substructure. The SEM image of bare PPSU
membrane (M0) consists of finger-like macropores in membrane sublayer and a thin top layer. In the case of nanohybrid
membranes, the incorporation of nano CuO/g-CN sheets
significantly influences the membrane morphology. The
0.5 wt.% of CuO/g-CN sheets showed an increase in the

number of pores on the top layer as well as in the sublayer.
This could be explained as follows: during the phase inversion
process, the hydrophilic CuO/g-CN sheets migrate towards
the interface of polymer and water. The presence of hydrophilic CuO/g-CN sheets at the interface enhances the rate of
solvent/non-solvent exchange process which results in increased porosity as in the case of membrane M1. It was
observed that the further increase in the concentration of
nano CuO/g-CN sheets (0.7 and 1 wt.%) leads to the formation
of a dense skin layer with a spongy sublayer. This could be
due to the fact that increasing the loading concentration of
CuO/g-CN sheets in the casting solution, can lead to increase
in the viscosity of the casting solution which results in
delayed phase inversion kinetics.
Fig. 5 shows the topographic images of all the membrane
surfaces with surface roughness parameters values, i.e.,
average surface roughness (Ra) and root mean square of
surface roughness (Rq). The observed trend indicates that
nanohybrid membrane possesses smooth surfaces compared
to the bare membrane. The bare membrane (M0) shows high
RMS value of 36 nm which decreased significantly decreased
to 12.3 nm with the addition of 1 wt.% of CuO/g-CN into the
PPSU membrane matrix. The highest surface roughness of M0
could due to the creation of nodular structures on the surface
layer due to the aggregation of the polymer chain. In the case
of nanohybrid membranes, the aromatic pyrazine moieties of
g-CN forms H-bonds and electrostatic interaction with PPSU
that suppress the nodular formation and results in smoother
surfaces. The CuO/g-CN sheets are homogeneously dispersed
within the membrane matrix and no agglomeration was
observed. The surface chemical characterization using EDX
analysis identified the presence of CuO/g-CN sheets on the
membrane surface (Appendix A Fig. S2). The EDX of the
membrane (M1) shows the presence of elements carbon,
oxygen, sulfur, nitrogen and copper. In addition, the physical

Fig. 3 – (a) TEM image of nano CuO/g-C3N4 sheets (b) EDX spectra of nano CuO/g-C3N4 sheets.
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Fig. 4 – SEM (a) cross-section (b) top view of bare and nano hybrid membranes.

appearance of bare and nanohybrid membranes have shown
in Appendix A Fig. S3. The nanohybrid membrane has a gray
color due to the incorporation of CuO/g-CN sheets. These
results confirm the presence of dispersed CuO/g-CN sheets on
the membrane surface.

XRD is an important technique to probe the effect of CuO/
g-CN sheets on the membrane crystallinity. Appendix A Fig.
S4 shows the XRD patterns of the bare and nanohybrid
membranes. All the membrane presented peaks at 17.8°,
29.5° and 41.6°. However, no distinct peak was observed for g-

Fig. 5 – AFM images of bare and nano hybrid membranes.
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Table 2 – Water content, pore size,
mechanical strength of membranes.
Membrane

M0
M1
M2
M3

Porosity
(%)
41.7
70.7
63.5
60.6

(± 0.7)
(± 0.6)
(± 0.6)
(± 0.5)

porosity

and

Mean
pore
size (nm)

Tensile
strength
(MPa)

BSA
rejection
(%)

33
35
31
26

3.9
4.6
4.7
5.0

96
96
96
97

(±0.5)
(±0.3)
(±0.2)
(±0.1)

(± 0.1)
(± 0.1)
(± 0.1)
(± 0.2)

(±0.3)
(±0.5)
(±0.4)
(±0.1)

loading of CuO/g-CN sheets, PPSU polymeric chains
makes strong non-specific interaction with g-CN (aromatic
pyrazine moieties). Thus, it creates favorable effect on
mechanical properties of membranes by reinforcing the
polymeric chains. These results were in concordance with
the SEM and XRD results which help to explain the mechanical properties of membranes with respect to amount of CuO/
g-CN sheets.

3.2.2. Porosity and mean pore size of membranes
CN and CuO due to the broad amorphous peak of PPSU which
was in much greater concentration. However, the intensity of
the peak at 2ɵ = 17.8° showed significant changes in peak
intensity which may be due to the arrangement of polymeric
chains. The membrane (M1) had a lower intensity peak than
bare membrane (M0), except M2 and M3. It could be
hypothesized that the dispersed CuO/g-CN sheets act as
physical cross-linker among the polymeric chains due to the
interaction between the pyrazine ring of CuO/g-CN sheets and
the aromatic core of PPSU. As a result, higher loading of CuO/
g-CN sheets improves the crystalline properties of membranes and confirms the good compatibility of CuO/g-CN
sheets and the PPSU matrix.
Tensile strength (MPa) of bare and nanohybrid membranes
are given in the Table 2. The tensile strength of bare
membrane was 3.9 ± 0.1 MPa which improved to 4.6 ± 0.1,
4.7 ± 0.1 and 5.0 ± 0.2 MPa by the addition of the 0.5, 0.7 and
1 wt.% of CuO/g-CN sheets, respectively. Owing to higher

The porosity values of the bare and nanohybrid membrane
are shown in Table 2. The nanohybrid membranes indicated
porosity in the range of 70.7 %± 0.6% for 0.5 wt.% of CuO/g-CN
sheets, while the bare membrane was 41.7% ± 0.7%. However,
further addition of CuO/g-CN sheets showed a declining trend
in porosity. This because of fact that higher content of CuO/gCN sheets reduces the number of pore nuclei due to the
increasing viscosity of the casting solution. However, in the
case of M1, CuO/g-CN sheets act as a hydrophilic modifier as
well as a pore-forming agent which is in agreement with the
SEM images.
As seen from Table 2 there were no obvious changes in the
mean pore size observed when CuO/g-CN sheets were
incorporated. The bare membrane (M0) had mean pore size
of 33 ± 0.5 nm and it improved to 35 ± 0.3 nm by adding
0.5 wt.% of CuO/g-CN sheets. However, the subsequent
addition of CuO/g-CN (0.7 and 1 wt.%) drastically reduced the
pore sizes. The 0.5 wt.% loading of CuO/g-CN was found to be
the optimum concentration to promote the porosity and tune
the pore size of the membranes.

3.2.3. Hydrophilicity and surface free energy of membranes

Fig. 6 – Contact angle images of bare and nano hybrid
membranes.

Fig. 6 illustrates the the decline in water contact angle values
from M0 to M3. In general, a lower contact angle value
represents the hydrophilic properties of the membrane
surface. The contact angle values are 72 ± 0.5°, 53 ± 0.8°,
51 ± 0.3° and 48 ± 0.8° for membranes M0, M1, M2 and M3,
respectively. The drastic decline in the contact angle was
observed for M1, after which only a small change was
observed. This decline in CA is mainly because of the
existence of hydrophilic CuO/g-CN sheets on the membrane
surfaces.
To understand the membrane interfacial affinity properties, surface free energy (γSV), interfacial free energy (γSl),
wetting tension (Δ F), work of adhesion (Wa) and spreading
coefficients (SC) were calculated from contact angle value and
shown in Table 3. The surface free energy (γSV) and wetting
tension (Δ F) values increased, whereas interfacial free energy
(γSl) values decreased from 13.8 ± 0.3 to 2.4 ± 0.2 mJ/m2 on
addition of the hydrophilic nanomaterials (0%–1%). These

Table 3 – Surface free energy and spreading coefficient values of membranes.
Membrane
M0
M1
M2
M3

Surface free energy,
γSV (mJ/m2)
36.2(± 0.5)
49.5(± 0.6)
50.6(± 0.4)
52.9(± 0.7)

Interfacial free energy,
γSl (mJ/m2)
13.8(± 0.3)
10.9(± 0.4)
5.1(± 0.1)
2.4 (±0.2)

Work of adhesion,
Wa (mJ/m2)
95.2(± 0.8)
116.6(± 1.0)
118.2(± 0.5)
121.5(± 0.9)

Spreading coefficients,
SC (mJ/m2)
−50.3(±0.8)
−34.2(±1.0)
−27.3(±0.5)
−22.3(±0.2)

Wetting
tension (Δ F)
22.4(± 0.8)
38.5(± 1.0)
45.4(± 0.5)
50.5(± 0.2)

J O U RN A L OF E N V I RO N ME N TA L SC IE N CE S 8 2 (2 0 1 9) 5 7–6 9

results clearly indicated that migration of CuO/g-CN sheets to
the membrane surfaces assist to promote the more hydrophilic active sites (Cu–O), which could form hydrated pore
structure via hydrogen bonding with interfacial water
molecules.
Work of adhesion is the energy which needs to separate
the two phases (membrane and water). The hydrophilic
nanohybrid membranes (M1–M3) displayed a greater adhesion of the water droplet, compared to the bare membrane
(M0). The bare membrane (M0) had a spreading coefficient
value of −50.3 ± 0.8 mJ/m2 and this value is significantly
increased to − 22.3 ± 0.2 mJ/m2 after modification which
indicates a greater tendency for water to spread over the
membrane surface. Thus, nanohybrid PPSU membrane with
good interfacial affinity can be obtained through CuO/g-CN
sheets addition.
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electrons supplied by the nitrogen atom of g-C3N4; which can
control the undesirable leaching of CuO (Mukherjee and Ren,
2010).
The bare membrane (M0) showed severe flux decline
during protein solution filtration (Fig. 7) The hydrophobic
surface properties of the membrane easily allow the protein
molecules to adhere to its surface via strong hydrophobic
interaction. In nanohybrid membranes, M1 showed highest
protein solution flux due to the optimum concentration of
nano CuO/g-CN sheets (0.5 wt.%). The hydrophilic CuO/g-CN
sheets uniformly cover the lateral membrane surface which
decreases the extent of hydrophobic interactions between the
protein molecule and the membrane surface. All the membranes had a considerably high protein rejection around 96%
(Table 3). These results suggest that 0.5% of CuO/g-CN sheets
is the optimum concentration to produce more effective
ultrafiltration membranes.

3.2.4. Pure water flux and BSA filtration performance of
membrane

3.2.5. Resistance-in-series (RIS) model for membranes

After performing water and BSA solution filtration experiments, the results are exhibited as an integrated flux profile
(Fig. 7). In the PWF (Jw1) experiment, the bare membrane (M0)
showed the lowest flux compared to nanohybrid membranes
due to the hydrophobic nature of the membrane surface.
Among the nanohybrid membrane, M1 showed the highest
water flux, while M2, M3 showed a decline in water flux and
this could be due to the fact that beyond an optimum
concentration of CuO/g-CN sheets, (i.e., more than 0.5%,) the
membrane porosity reduces, thickness marginally increases
and a dense structure of the membranes is formed diminishes
the water permeation rate. In addition to the PWF test, atomic
absorption spectroscopy (AAS), VARIAN SPECTRAA240 was
used to analyze the leaching of the nanomaterials out of the
prepared membranes. The collected permeate was measured
and the loss of the nanomaterials was below the detection
limit. This further confirms the possibility of the existence of a
coordinate covalent bond between Cu2+ and the nonbonding

Fig. 8 shows the various resistances to the flow when the
prepared membranes are employed. The structure and
surface properties of the membranes are closely related to
the resistance to the filtration. When membrane acts as a
porous barrier, the following parameters are essential to
determine the performances of membrane: intrinsic or
hydraulic membrane resistance (Rm), pore plugging resistance
(Rp), cake layer formation resistance (Rc) and total resistance
(Rt). The incorporation of 0.5 wt.% of CuO/g-CN sheets
significantly decreases the total membrane resistance as
determined by the filtration experiments.and the further
increase in the concentration of the CuO/g-CN sheets
increases the Rt marginally. This is due to that the dense
hydrophilic membrane structure decreases the Rp value and
increases the Rc due to the smaller pore size. Moreover, the
hydrophobic M0 increases the Rp due to instant foulants
attachments within the membrane pores and consequently
increases the Rc due to the accumulation of strongly adhered

Fig. 7 – Integrated flux profile of bare and nano hybrid
membranes.

Fig. 8 – Filtration resistance measurement of bare and nano
hybrid membranes.
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Fig. 9 – Antifouling analysis (FRR, Rir and Rr) of bare and nano
hybrid membranes.

proteins on the membrane surface. The nanohybrid membranes showed lower Rp as compared to the pristine M0. This
can be explained by previous results of SEM, XRD and
porosity, pore size. Finally, the M1 was identified as having
the lowest resistance to membrane filtration due to its porous
hydrophilic interface and amorphous matrix.

3.2.6. Antifouling performance of the membrane
During the membrane operation, the rejected proteins can
easily be adsorbed on the membrane surface pores causing
fouling that deteriorates the permeability and selectivity of
the membrane. Based on the non-specific attachment of
proteins on membrane surfaces, fouling can be investigated
in detail through reversible (Rr), irreversible fouling (Rir) and
flux recovery ratio (FRR). Fig. 9 shows antifouling parameters
(FRR, Rir and Rr) of bare and nanohybrid membranes. As it can

be seen from Fig. 9, both parameters (Rr and Rir) decreased
with the addition of CuO/g-CN sheets and reaches to a
minimum value when the CuO/g-CN sheets were 0.5 wt.%.
Rir value is considerably decreased to 17.3% from 46.2% when
adding 1 wt.% of CuO/g-CN. But, in the case of Rr, initially, it
decreased to 16.8% from 29.1% with the addition of 0.5 wt.% of
CuO/g-CN and consequently increased slightly to 20.2% and
28.1% for 0.7 and 1 wt.% of CuO/g-CN, respectively. The
possible reasons for slight increases in Rr can be due to the
combined effect of low porosity and smaller mean pore size of
hydrophilic membranes.
Flux recovery ratio (FRR) plays an important role in
determining the reusability of the membrane. From the Fig.
9, the bare membrane (M0) exhibited the low FRR value of
53.7% due to rapid and irreversible adsorption of protein
during the filtration process. The FRR value was increased
significantly to 79%, 81% and 82% with the addition of 0.5, 0.7
and 1 wt.% of CuO/g-CN sheets. These results suggest that M1
is the best antifouling membranes which are good agreement
with the FRR, Rir and Rr results. The reason for antifouling
properties of nanohybrid membranes can be due to the
combined effect of surface roughness and hydrophilicity
(Fig. 10). The hydrophilic smooth membranes (M1–M3) decreases the active site for deposition and aggregation of
protein molecules and holds the strong hydration layer
around the membrane surface pores. Besides, basic nature of
metal oxide, CuO contributes negatively charge to the
membrane surfaces, which generates the non-specific or
electrostatic repulsive forces with bovine serum albumin
(BSA; 67 kg/mol, pI = 5). Finally, the efficacy of M1 was
compared with other recent research works and tabulated
Table 4. As seen, the hydrophilicity and reusability of M1
were significantly greater and other properties of M1
like permeability and rejection performance were comparable
(Nasrollahi et al., 2018a, 2018b; Nasrollahi et al., 2017; Teli et
al., 2013; Teli et al., 2012; Wu et al., 2014).

BSA
BSA filtration

water
PPSU

CuO/g-C3N4

Fig. 10 – Schematic illustration of the antifouling mechanism of the nano hybrid membranes.
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Table 4 – Comparative filtration performance of nano hybrid UF membranes.
Membrane
PES/CuO
PSF/ZnO-NH2
PES/CuO-ZnO
PSF/PANI/TiO2
PSF/PANI-PMA
PSF/GO-SiO2
PPSU/CuO-gC3N4

Pure water flux
(L/m2/hr)

Rejection
of BSA (%)

Contact
angle (°)

FRR (%)

870
748
679
300
185
370
202

97
98
99
96
99
98
96

64
70.2
65
73
47
64
53

64.2
61.2
50.1
68.9
77
72
79

4. Conclusion
Herein, we report a novel nano CuO/g-CN sheets was successfully obtained by a facile calcination technique as one pot
synthesis route and employed as surface modifying fillers or
agent in modification of PPSU membrane. The main conclusions are given below:The optimum concentration of 0.5 wt.% of
nano CuO/g-CN sheets improves the pore size, porosity and
amorphous nature of the membrane M1. The membrane
roughness decreases with increase in the concentration of the
nanosheets. As revealed by results of contact angle, porosity,
pure water and protein filtration experiment, nanohybrid
membrane (M1) showed best overall properties including
antifouling and filtration resistance properties compared to
the bare membrane, while maintaining high BSA protein
rejection (96%) with remarkable long-term efficiency. Also
obtained results concluded that the g-CN platform of nano
CuO/g-CN sheets serves as a strong binding site to hydrophilic
CuO to arrest the quick release of CuO from membrane surfaces.
Overall, this work confirms that nano CuO/g-CN sheets as a
hydrophilic surface modifying agent have the capacity to limit
the membrane fouling and develop advanced nanohybrid
membrane filters for water purification systems.
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