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ABSTRACT: Nitrogenated graphene oxide-decorated copper
sulfide nanocomposites (CuxS-NrGO, where x = 1 and 2) are
designed to be incorporated in polysulfone (PSF) membranes for
effective fouling resistance of PSF membranes and their dye
removal capacity. The developed membranes possess more
hydrophilicity and an enhancement in pure water flux (PWF).
Also, the highest bovine serum albumin (BSA) rejection of 89%
was observed when compared to membranes with pristine PSF (5
L/m2 h PWF and 88% BSA rejection) and CuS-incorporated PSF
membranes (14 L/m2 h PWF and 83% BSA rejection) because of
N doping and enhanced permeability. It is also found that the
CuxS-NrGO-incorporated PSF membranes exhibited a significantly
higher fouling resistance, a larger permeate flux recovery ratio
(FRR) of nearly 82%, and a congo red dye rejection of 93%. CuxS-NrGO nanoparticles thus demonstrate the potential efficacy of
enhancing the hydrophilicity, leading to a better flux, dye removal capacity, and antifouling capacity with a very high FRR value of
82% because of a strong interaction between the N-active sites of the NrGO, CuxS, and polysulfone matrix, and negligible leaching of
nanoparticles is observed.

1. INTRODUCTION

Polymeric membranes have attracted significant attention in
ultrafiltration membrane processes due to their various
advantages such as excellent film-forming properties, strong
thermal and chemical stability, and outstanding resistance in
acidic and alkaline conditions.1 In addition, these membranes
have superior separation efficiency and easy scale-up and
maintenance. However, the hydrophobic property of these
membranes leads to severe membrane fouling causing a decline
in water flux and deterioration of membrane quality.2,3 The
demand for high energy in using these fouled membranes,
costly cleanup of fouled membranes, and repeated replacement
of membranes4,5 restrict their practical application in various
fields. Thus, the modification of these membranes is highly
recommended. Fabrication of composite or mixed matrix
membranes (MMMs) through both ex situ and in situ
incorporation of various inorganic nanoparticles2,5 has to
some extent provided relief to fouling difficulties.
On the other hand, although polysulfone is one of the most

extensively used polymeric materials to fabricate membranes
owing to its excellent environmental endurance, chemical,
thermal, and mechanical stability, and superior film-forming
properties,6 its hydrophobic nature is undesirable and leads to
quick fouling. Modification of such membranes and uplifting of
hydrophilicity of these membranes can resist fouling.

Modification techniques such as blending with hydrophilic
additives,7,2 graft polymerization,4 ultraviolet irradiation,4 and
surface modification8 have led to some enhanced improvement
in the antifouling property of membranes. However, among the
mentioned techniques, blending with hydrophilic inorganic
nanoparticles is proven to be an excellent approach in
enhancing the permeability and antifouling ability of
membranes.9

Graphene oxide (GO) synthesized from the modified
Hummers’ method is shown as a potentially better candidate
to be used as a hydrophilic additive10,11 in membranes for
better permeability,11 antifouling property,12 and antibacterial
activity5 owing to its low cost, ease of scale-up, functional
group abundance, high surface area, and easy functionalization
of the surface.11,12 Doping of heteroatoms (viz., B, N, and S) is
a potent method for modifying graphene oxide to improve the
thermal and electrical properties and to enhance the densities
of free charge carriers. Also, the doping of heteroatoms

Received: December 18, 2021
Accepted: February 23, 2022
Published: March 8, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

9674
https://doi.org/10.1021/acsomega.1c07140

ACS Omega 2022, 7, 9674−9683

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lavanya+Chandra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kusuma+Jagadish"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinothkumar+Karthikeyarajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+Jalalah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mabkhoot+Alsaiari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mabkhoot+Alsaiari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farid+A.+Harraz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R+Geetha+Balakrishna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c07140&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07140?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07140?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07140?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07140?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07140?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c07140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


changes the elemental composition of GO, which in turn
changes the intrinsic properties of GO.13 Among several
dopants mentioned above, nitrogen’s ionic radius is almost
comparable to that of carbon, which makes nitrogen an ideal
and promising candidate to be doped into GO, and few other
applications of N-doped GO can be found.14−16 A strong
interaction between the π electrons of GO and the lone-pair
electrons of nitrogen dominantly overcomes the agglomeration
leading to better dispersion in suitable organic solvents.
Doping of GO with nitrogen helps in increasing the interlayer
spacing between GO sheets, which in turn increases the surface
area, reduces agglomeration, and enhances the conjugated
structure; rGO sheets otherwise tend to agglomerate (when
there is no heteroatom doping) because of their strong π−π

interactions, which in turn reduces the specific surface area.
Additionally, N-doped GO contributes to more hydrophilicity
because of a higher number of N-active sites.17 Thus, N-doped
rGO has attracted much emphasis during recent years because
of its importance in various applications such as catalysis,16

water purification,14 sensors,18 and energy storage and
conversion.14,16,18,19

N-doped GO supported on metal nanoparticles presents
outstanding stability, catalytic activity, and electronic proper-
ties because the N doping of GO provides strong interaction
with the metal nanoparticles, which helps in generating more
active sites and electrical conductivity.20 The N-active sites
increase the affinity toward water molecules, which makes the
N-doped GO-supported metal nanoparticles more hydro-

Figure 1. XRD patterns of (a) CuS and (b) CuxS-NrGO nanoparticles.

Figure 2. (a,b) FESEM images of CuxS-NrGO nanoparticles and (c) adsorption/desorption isotherms of CuxS-NrGO nanoparticles.
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philic.21 Recently, copper sulfide nanoparticles decorated on
functionalized GO nanosheets displayed exceptional better-
ment in their hydrophilicity, permeability, surface charge, and
antifouling ability.22 Due to their cost-effectiveness, they have
been widely used in various industries. They are also used in
the degradation of various organic pollutants and in water
purification.23 An attempt to nitrogenate GO (to increase the
hydrophilicity and reduce agglomeration) and form CuxS-
NrGO via in situ synthesis (to create more active sites and to
reduce agglomeration) was carried out for the first time, and it
was used as a hydrophilic additive to blend with PSF. The
synthesized particles and their interaction with membranes
were evaluated for structural confirmation, morphology, and
hydrophilicity. The performance of the membranes was
studied in terms of the pure water flux (PWF), dye removal
capacity, and antifouling property. The obtained results are
compared with those of PSF membranes incorporated with
CuS and CuS-rGO (no nitrogenation) nanoparticles. The
positive effect of nitrogenation in such application (done for
the first time) is discussed. Strong coordination between these
hydrophilic particles (as shown in Figure 7) with membranes
not only avoids leaching of these particles but renders a
remarkable antifouling property with retention of the rejection
ability and enhancement of the PWF.

2. RESULTS AND DISCUSSION

2.1. Material Characterization. Nitrogenated rGO−CuxS
nanohybrid formation and phases were confirmed using p-
XRD as shown in Figure 1. The XRD pattern of CuS
nanoparticles is shown in Figure 1a depicting 2θ values of 28.7,
29.3, 31.8, 32.9, 48.0, 52.7, and 59.3° corresponding to the
planes (101), (102), (103), (006), (110), (108), and (116),
respectively, of covellite, which matches well with the reference
pattern (JCPDS no. 06-0464). Figure 1b presents the XRD
pattern of synthesized CuxS-NrGO nanoparticles (copper
exists in both +1 and +2 oxidation states as confirmed from
XPS analysis). The XRD diffraction peaks of CuxS-NrGO

correspond to both hexagonal CuS (ICDD no. 06-0464) and
cubic Cu2S (ICDD no. 053-522). The peaks corresponding to
the (220) plane are due to cubic Cu2S, whereas reflections
corresponding to the (102), (103), (006), (108), and (116)
planes are due to hexagonal CuS.24 There is no diffraction peak
corresponding to GO, which could be due to its low diffraction
intensity. In order to understand it better, the XRD spectrum
of CuS-rGO (50:50) is also given in the Supporting
Information (Figure S1).
Figure 2a,b shows the surface properties of CuxS-NrGO

hybrid powder analyzed by FESEM. Surface images suggest
highly porous nanostructures (surface area of ∼41 m2 g−1) of
CuxS distributed over graphene oxide sheets. Doping of N
heteroatoms has caused the CuxS to be highly mesoporous
(pore diameter of 8.13 nm). BET adsorption/desorption
isotherms in Figure 2c suggest a type IV reversible isotherm
and mesoporosity with a surface area of 41.89 m2 g−1; however,
the observed surface area of CuS-rGO was found to be lower
(∼17.55 m2 g−1) (Figure S2c) with a pore diameter of 10.22
nm. The lower surface area in the case of CuS-rGO is because
of its agglomeration tendency due to strong π−π interaction.
FESEM images of CuS-rGO nanoparticles are given in the SI
(Figure S2) where the CuS nanoflowers are scattered on rGO
sheets suggesting the roughly uniform distribution of CuS-rGO
nanoparticles.
Figure 3a,b shows the transmission electron microscopic

images of the CuxS-NrGO nanohybrid at different magnifica-
tions. The average particle size of CuxS nanoparticles is around
12−15 nm, which are well wrapped in graphene oxide sheets
(Figure 3a) with clear lattice fringes for GO sheets and CuxS
nanoparticles (Figure 3c), which confirms the strong
interaction between the GO sheets and CuxS nanoparticles
as shown in Figure 1, and CuxS cannot be found outside the
GO sheets. Also, no agglomeration was observed in CuxS-
NGO because of N doping and rich active sites when
compared to CuS-rGO nanoparticles. The elemental analysis
as shown in the EDX spectrum of Figure 3d confirms the

Figure 3. (a,b) TEM images of CuxS-NrGO at different magnifications, (c) HRTEM image, and (d) EDX spectrum of CuxS-NrGO nanoparticles.
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presence of N, Cu, S, C, and O, which affirms the successful
formation of CuxS-NrGO. TEM images and the EDX spectrum

of CuS-rGO nanoparticles are given in the SI (Figures S3 and
S4) where the flower-like CuS samples are wrapped in rGO

Figure 4. XPS spectra of CuxS-NrGO nanoparticles.

Figure 5. XRD patterns of (a) PSF-CuS membranes and (b) PSF-CuxS-NrGO membranes.
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sheets and the clear lattice fringes for graphene oxide sheets are
seen.
Elemental analysis of the nanohybrid is shown in Figure 4.

The high-resolution spectrum of Cu 2p in Figure 4 is
deconvoluted into five individual peaks. The peaks at binding
energy values of 931.72 and 951.47 eV correspond to the 2p3/2
and 2p1/2 split orbitals of the Cu

2+ ion, and those at 934.19 and
953.94 eV correspond to 2p3/2 and 2p1/2 split orbitals of the
Cu+ ion. The peak at 943.44 eV is the satellite peak of Cu 2p3/2
photoelectrons. Further, the S 2p spectrum is deconvoluted
into four peaks at 160.41 and 161.66 eV and 163.18 and
164.02 eV for metal sulfide bonds and metal disulfide bonds,
respectively. The C 1s spectrum is deconvoluted into three
peaks at 284.03, 285.17, and 288.21 eV corresponding to C
C, C−C, and C−O, respectively. The N 1s high-resolution
XPS spectrum in Figure 4 shows two peaks at 399.2 and
402.75 eV corresponding to N−C and N−CO bonding,
respectively.18 The high-resolution XPS spectrum of O 1s is
deconvoluted into three individual peaks with binding energy
values of 529.47, 531.28, and 532.60 eV corresponding to O−
Cu bonding (might be from the CuO layer formed on the
material surface), O−H/OC, and O−C bonds present in
the graphene oxide species, respectively.
2.2. Membrane Characterization. 2.2.1. XRD Patterns

of Modified PSF Nanocomposite Membranes. Figure 5
displays the XRD patterns of PSF-CuS membranes and PSF-
CuxS-NrGO membranes. The successful incorporation of CuS
(Figure 5a) and CuxS-NrGO (Figure 5b) nanoparticles was
confirmed by the presence of intense peaks between 25 and
55° as marked, among which the 1.5 wt % PSF-CuS and 1.5 wt
% CuxS-NrGO membranes showed more intense peaks
because of the presence of larger amounts of nanoparticles in
the PSF nanocomposite membranes. The XRD spectrum of
the CuS-rGO-incorporated PSF membrane is given in the SI
(Figure S5). Peaks appear to be broadened and less intense in
CuxS-NrGO membranes due to the incorporation of wider
spaced NrGO films along with CuS. These results are similar
to earlier reports observed by Boytsov et al.25 and AlShammari
et al.26

2.2.2. FESEM Images of PSF Nanocomposite Membranes.
Figure 6 depicts the cross-sectional FESEM images of prepared
composite membranes. Finger-like projections with a denser
top layer and macrovoids at the bottom were observed in all
the membranes due to the asymmetric nature of membranes.
The CuxS-NrGO (M1CN−M3CN) composite membranes
show wider and elongated finger-like structures with
undisturbed channels as compared to the pristine PSF (M0)
membrane, PSF-CuS (M1−M3), and PSF-CuS-rGO (M1Cr−
M3Cr) membranes. The higher hydrophilic nature of the
CuxS-NrGO nanohybrids controls the exchange of the solvent
and the nonsolvent during the phase inversion process, thus
leading to a higher porosity and more elongated pores with
undisturbed channels in the membranes. In the case of PSF-
CuS-rGO membranes, a thicker skin layer with disturbed
channels was observed. However, when the concentration of
the nanoparticle loading was increased from 0.5 to 1.5 wt %
(with a 0.5 wt % increment each time), the thickness of the
skin layer increased due to high viscosity of the casting solution
with slightly spongy walls observed at the bottom. The
optimum concentration in the case of PSF-CuS and CuS-rGO
membranes was found to be 1 wt % nanoparticle loading,
whereas it was found to be 1.5 wt % in the case of CuxS-NrGO
membranes.

2.2.3. Contact Angle Values of PSF Nanocomposite
Membranes. Table 1 demonstrates the contact angle values
of the pristine PSF membrane and its corresponding composite
membranes. The results show that the inclusion of nano-
particles into the composite membranes reduces the water
contact angle, and the tendency of water molecules to wet the
surface of the PSF membranes increases. A lower contact angle
is observed for membranes with CuxS-NrGO nanohybrids
because of the highly hydrophilic nature of CuxS-NrGO
(obtained due to nitrogen doping) with the lowest being
59.45° for the 1.5 wt % CuxS-NrGO membrane. In addition,
CuS-rGO membranes can be considered more hydrophobic
than CuxS-NrGO membranes because of the rGO sheets,
which tend to agglomerate (when there is no heteroatom
doping) due to their strong π−π interactions, and this also

Figure 6. Cross-sectional FESEM images of the pristine PSF membrane and its composites with CuS, CuxS-NrGO, and CuS-rGO nanoparticles.
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reduces the specific surface area (17 m2 g−1). The wettability of
the membrane surface increases with an increase in CuxS-
NrGO nanohybrid incorporation, and the contact angle
reduces from 79 to 59°. N doping plays a substantial role in
enhancing the hydrophilicity of CuxS-NrGO membranes, thus
increasing the membrane’s affinity to water molecules.
As shown in Figure 7, chemical interactions such as H-

bonding and van der Waals are possible between the functional

groups of nitrogenated GO and polysulfone membranes
making them more compatible with each other. N doping of
GO also provides strong interaction with the CuS nano-
particles along with polysulfone, which helps in generating
more active sites in the membrane, which in turn enhances the
hydrophilicity. Also, the strong interaction between the π
electrons of GO and the lone-pair electrons of nitrogen
dominantly overcomes the agglomeration leading to better
dispersion.
Zeta potential analysis has been performed to determine the

surface charge of the prepared membranes. As shown in Table
2, all the prepared PSF membranes are negatively charged;
nevertheless, the negative charge increases for PSF-CuxS-

NrGO membranes with an increase in the loading of CuxS-
NrGO nanoparticles (0.5−1.5 wt %) into membranes from
−19.23 to −46.65 mV. The increase in negative charge
distribution on the membrane surface is because of the
presence of a higher number of N-active sites, which induces a
more negative charge on the PSF membranes. However, the
zeta potential values of PSF-CuS and PSF-CuS-rGO
membranes are lower than those of PSF-CuxS-NrGO
membranes. Hence, it can be concluded that the N doping
to GO-supported metal nanoparticles helps in drastically
improving the surface charge, reducing agglomeration, which
can either enhance or repel the feed or the foulant to a very
large extent. A higher zeta potential refers to higher stability
and less agglomeration, which is observed in the present case
and is in good agreement with the literature.27

Table 3 shows the porosity and mean pore size values of the
PSF membrane and its composites. As shown, the porosity and

mean pore size of CuxS-NrGO membranes are greater than
those of pristine PSF and PSF-CuS membranes. The porosity
increased from 20.8 to 26.18% and the mean pore size
increased from 2.16 to 2.65 nm upon incorporation of CuxS-
NrGO nanoparticles and increased further with an increase in
the loading concentration. This increase is due to the presence
of metal nanoparticle-supported nitrogenated GO in the
membrane matrix, which facilitates the easy formation of the
water layer on the membrane surface because of its stronger
affinity toward water molecules, which in turn enhances the
porosity and mean pore size of the membranes.

2.3. Permeation Study. Figure 8 shows the PWF of
prepared membranes. The PWF of all the composite
membranes increased when compared to the pristine PSF
membrane. The results show that the PWF of CuxS-NrGO-

Table 1. Contact Angle Values of the Prepared Pristine and
Composite Membranesa

membranes contact angle (°)

M0 79.65
contact angle (°)

membranes PSF-CuS PSF-CuxS-NrGO PSF-CuS-rGO

0.5 wt % NP + PSF 76.85 65.36 73.76
1 wt % NP + PSF 74.32 62.17 70.11
1.5 wt % NP + PSF 71.90 59.45 68.53

aNP: nanoparticles.

Figure 7. Possible chemical interaction between the synthesized
nanohybrids and the polysulfone polymer.

Table 2. Zeta Potential Values of the Prepared Composite
Membranes

zeta potential (mV) at pH = 7

PSF-CuS PSF-CuxS-NrGO PSF-CuS-rGO

−19.23 (M0)
−22.15 (M1) −37.39 (M1CN) −28.35 (M1Cr)
−25.91 (M2) −45.90 (M2CN) −32.75 (M2Cr)
−26.99 (M3) −46.65 (M3CN) −37.87 (M3Cr)

Table 3. Porosities and Mean Pore Sizes of the Prepared
Pristine and Composite Membranes

membranes porosity (%) mean pore size (nm)

M0 20.8 ± 2.1 2.16 ± 1.6
M1 23.6 ± 1.9 2.25 ± 1.8
M2 26.98 ± 2.5 2.76 ± 0.4
M3 18.4 ± 2.6 1.96 ± 0.9
M1CN 26.43 ± 1.8 2.65 ± 0.9
M2CN 29.18 ± 2.2 3.01 ± 1.2
M3CN 36.85 ± 3.2 3.03 ± 0.6

Figure 8. PWF of the pristine PSF membrane and its composites.
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incorporated PSF composite membranes was higher than those
of CuS-incorporated PSF membranes and CuS-rGO mem-
branes (Table S2) because of the increased hydrophilicity,
porosity, and mean pore size of the membranes. CuxS-NrGO
particles also tend to reduce nanoparticle agglomeration in
membranes giving an enhanced pore structure and organized
channels for better water diffusion, and this can be well
observed in FESEM images. The maximum PWF is observed
for the membrane with a 1.5 wt % CuxS-NrGO concentration.
The hydrophilic nature of CuxS-NrGO nanohybrids increases
the significant interaction of the membrane with water
molecules leading to a higher PWF, and as expected, a higher
hydrophilicity and porosity provide better water permeability.
The permeability value increases from 14 to 27.43 LMH upon
an increase in the loading of CuxS-NrGO nanohybrids into the
membrane matrix. However, in the case of PSF-CuS
membranes, the membrane with 1.5 wt % CuS particles
showed a lower flux due to severe agglomeration. The
permeability value of PSF-CuS-rGO nanocomposite mem-
branes is given in Table S2 (SI) and is found to be lower than
that of CuxS-NrGO membranes. In conclusion, CuxS-NrGO
membranes show almost 30 times better permeation than CuS
and CuS-rGO membranes for the highest-concentration
nanoparticle-loaded membranes.
2.4. Antifouling Performance of Membranes. Pristine

PSF, 1 wt % PSF-CuS, 1.5 wt % CuxS-NrGO, and 1.5 wt %
CuS-rGO membranes have been chosen for the antifouling
study. Figure 9a shows the flux of pure water and BSA solution
of the pristine PSF membrane and its composites. The flux of
BSA solution for all the membranes was quite lower than the

PWF of the same membranes due to pore blockage and cake
formation by BSA molecules on the surface of membranes.
However, the PWF in the case of the 1.5 wt % CuxS-NrGO
membrane was restored to a large extent after physical cleaning
when compared to pristine PSF and 1 wt % PSF-CuS
membranes. The higher PWF restoration rate is due to
increased hydrophilicity, which in turn reduces the fouling
tendency.
The antifouling performance of the prepared membranes

was demonstrated by determining the FRR using BSA protein
as a foulant. Figure 9b shows the BSA rejection and the FRR of
composite membranes. The 1.5 wt % CuxS-NrGO membrane
showed a better FRR of nearly 82% as compared to the 1.5 wt
% PSF-CuS-rGO, 1 wt % PSF-CuS, and pristine PSF
membranes, which showed only 72, 41, and 33%, respectively.
The antifouling study of 1.5 wt % PSF-CuS-rGO membranes is
shown in the Supporting Information (Figure S6). The
excellent antifouling property of the 1.5 wt % CuxS-NrGO
membrane is because of the presence of hydrophilic CuxS-
NrGO particles. The formation of an aqueous layer on the
surface of the membrane due to increased hydrophilicity repels
the adsorption of foulants on the membrane surface. This
active layer thus acts as a barrier in controlling the fouling.
Along with that, the higher negative zeta potential values
prevent the foulant adsorption on the membrane surface (since
BSA is also negatively charged), thus eventually increasing the
antifouling property of the membranes. Also, no leaching of
nanoparticles was observed up to 15 days (determined using
AAS).

Figure 9. (a) Pure water flux and permeate flux during BSA filtration and (b) percentage of the FRR and BSA rejection of M0, M2, and M3CN
membranes.

Figure 10. (a) Permeate flux during CR removal and (b) CR rejection % for M0, M2, and M3CN membranes.
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2.5. Congo Red Dye Removal Studies. Congo red (CR)
dye removal studies have been performed with a 50 ppm
concentration for the selected optimum pristine PSF (M0), 1
wt % PSF-CuS (M2), and 1.5 wt % CuxS-NrGO (M3CN)
membranes. From Figure 10, it is clear that the permeate flux
(Figure 10a) and congo red dye removal (Figure 10b) are
higher for the M3CN membrane than for M0 and M2. The
higher permeate flux of 26 L/m2 h is because of better
porosity, and ∼93% rejection of congo red is because of the
electrostatic repulsion between the negatively charged dye and
the CuxS-NrGO membrane as per zeta potential measurements
(Table 2).

3. CONCLUSIONS

CuxS-NrGO nanoparticles were successfully designed and used
for the modification of PSF nanocomposite membranes to
improve their antifouling properties. Water contact angle
measurements confirm the enhancement in hydrophilicity of
these modified membranes after incorporation of CuxS-NrGO
nanohybrids, thus leading to an improved water permeation
flux. An increase in the amount of incorporated CuxS-NrGO
proportionately enhances the PWF evidencing its nanoparticles
in enhancing the PWF. The increase in hydrophilicity and
permeability is because of N doping to GO; the N doping
helps in increasing the number of N-active sites, which
eventually increases the tendency to attract water molecules.
Also, the antifouling property of the CuxS-NrGO-incorporated
PSF membranes enhanced with a flux recovery ratio of ∼80%
when compared to bare PSF and PSF-CuS membranes, which
showed only 30 and 42% FRR, respectively. A high congo red
rejection of ∼93% was also observed for the PSF-CuxS-NrGO
membrane. Thus, the CuxS-NrGO nanohybrids are consid-
erably effective in ameliorating the antifouling property and
dye removal capacity of membranes. In situ synthesis helps in
increasing the surface area and reduces agglomeration. Doping
of GO with nitrogen helps in increasing the interlayer spacing
between GO sheets, which in turn increases the surface area,
reduces agglomeration, and enhances the conjugated structure.
This study hence offers the concept of doping N into rGO to
enhance the properties of membranes to almost double their
performance in terms of antifouling, rejection, and PWF rates.

4. EXPERIMENTAL SECTION

4.1. Materials. Copper(III) nitrate trihydrate, carbon
disulfide, potassium hydroxide, hexadecylamine, N-methyl-2-
pyrrolidone (NMP), methanol, triethanolamine, potassium
permanganate, sodium nitrate, sulfuric acid, and hydrochloric
acid were purchased from Merck; polysulfone (P 3500) was
from Udel. Bovine serum albumin (BSA) and congo red were
from SD Fine Chem Ltd. All other chemicals used were of
reagent grade.
4.2. In Situ Synthesis of CuS-NrGO Nanoparticles.

Graphene oxide was prepared by the modified Hummers’
method.28 The detailed procedure is given in Supporting
Information, Section S1.1 (SI). The synthesis of CuxS-NrGO
(50/50) was performed as reported in the literature.18,29

Initially, 0.74 g of aqueous copper nitrate, 0.40 g of potassium
hydroxide, 1.4 g of hexadecylamine, and 2 mL of carbon
disulfide were placed in 20 mL of methanol solution and
stirred for 2 h. To the above solution, 0.5 g of GO was added
under stirring for 45 min. This solution was heated to 200 °C
for 12 h, and then, the obtained compound was washed with

water and ethanol several times to remove traces of impurities
left. Finally, the CuS-NrGO nanohybrids were dried in a
vacuum oven at 60 °C for 24 h. The procedure for the
synthesis of CuS-rGO nanoparticles is given in Section S1.2
(SI).

4.3. Materials Characterization. The morphology of
CuxS-NrGO nanohybrids was characterized by a field-emission
scanning electron microscope supplied by JEOL (JSM 7100F)
by spreading the particles on carbon tape with a gold coating of
20 nm. Transmission electron microscopy (TEM) studies were
carried out using a TALOS F200S G2 with a 200 kV
accelerating voltage by dispersing the nanoparticles in ethanol,
and then, the dilute solution was drop cast on a Cu grid. EDX
analysis was performed to analyze the dispersion of CuxS
nanoparticles on NrGO sheets. Elemental analysis was
performed using an X-ray photoelectron spectrometer (XPS)
equipped with Al Kα (1486.6 eV) as the X-ray source and a
pass energy of 50 eV. The crystal structure was analyzed by
powder XRD using Cu Kβ radiation (Rigaku (Japan)) at a scan
rate of 3° min−1 operated at 40 kV from 5 to 80°. The average
crystallite size (D) was estimated using the Scherrer equation
(eq 1) as mentioned below:2

D
0.9
cos

λ
β θ

=
(1)

where λ is the X-ray wavelength and β is the full width at half-
maximum of the intensity peak at the corresponding Bragg’s
diffraction angle (θ).

4.4. Preparation of CuxS-NrGO Nanohybrid-Incorpo-
rated Polysulfone MMMs. The nanohybrid-incorporated
polysulfone mixed matrix membranes were prepared by a
diffusion-induced phase separation (DIPS) method as reported
in the literature.30 Initially, the calculated amounts of CuxS-
NrGO nanohybrids (as shown in Table 4) were dispersed in

NMP solution using an ultrasonicator for 2 h; then, suitable
amounts of PSF were added with continuous stirring at 45 °C.
The stirring was continued until a homogeneous solution was
obtained. The obtained casting solution was kept aside for a
few minutes to remove air bubbles. It was then cast on a clean
glass plate using a casting knife and immersed in a coagulation
bath containing distilled water wherein the phase inversion
took place. After 24 h, the membrane was peeled off from the
glass plate and washed thoroughly with distilled water to
remove traces of the solvent left. The washed membranes were
then stored in distilled water until further use. The same
procedure was followed for the fabrication of membranes with

Table 4. Compositions of PSF Membranes with Different
Concentrations of CuS and CuxS-NrGO Nanohybridsa

composition (wt %)

membrane PSF CuS CuxS-NrGO NMP

M0 17 0 0 83
M1 16.5 0.5 0 83
M2 16 1.0 0 83
M3 15.5 1.5 0 83
M1CN 16.5 0 0.5 83
M2CN 16 0 1.0 83
M3CN 15.5 0 1.5 83

aNote: More agglomeration was observed when the concentration
was beyond 1.5 wt % CuS-NrGO. Hence, the studies were restricted
to 1.5 wt % CuS-NrGO.
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CuS and CuS-rGO nanoparticles. Compositions of CuS-rGO-
incorporated PSF membranes are given in the SI (Table S1).
4.5. Membrane Characterization. XRD patterns were

obtained for prepared MMMs using a powder X-ray
diffractometer (Rigaku, Japan) equipped with a nickel-filtered
Cu Kβ radiation source. EDX elemental mapping was also
done to confirm the successful embedment of nanohybrids
into MMMs. The cross-sectional images of the modified PSF
membranes were captured using a JSM 7100F JEOL FESEM
with an accelerating voltage of 5 kV. To quantify the
hydrophilicity of the prepared PSF-based membranes,
measurements of the static contact angle based on the sessile
drop method were carried out using a contact angle meter
(KYOWA, Japan). To determine the surface charge of the
membranes, zeta potential analysis was carried out.31 A
detailed explanation is given in the Supporting Information
(Sections S2.1−S2.3).
4.6. Membrane Performance. The pure water flux of the

prepared membranes was measured using a self-constructed
dead-end filtration unit.32 Performance evaluation of nano-
hybrid-functionalized PSF MMMs was done via antifouling
studies and dye removal capacity. BSA was used as a foulant to
study the rejection capacity of prepared membranes.7

Antifouling properties of the prepared membranes were
determined using a dead-end filtration unit, and BSA of 200
mgL−1 concentration was used as a foulant.7,33 Congo red with
a 50 ppm concentration was chosen to study the dye removal
capacity of the membranes. The detailed procedure of all the
performance studies is given in the Supporting Information
(Sections S3.1−S3.4).
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