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Abstract. Fouling-resistant composite ultrafiltration (UF) membranes of hydroxyl functionalized multi-walled carbon
nanotubes (MCNTs) (OH CNT)/polysulphone (PSF)/polyvinylpyrrolidone (PVP) and carboxylic acid functionalized MCNTs
(COOH CNT)/PSF/PVP in weight ratios of 0.7/86.1/13.2 and 1.3/85.5/13.2 were prepared by phase inversion process from
dimethylformamide solution. These membranes were characterized by infrared, scanning electron microscopy, atomic force
microscopy, differential scanning calorimetry and water contact angle measurements. The molecular weight cut off values of
these membranes were measured by permeating aqueous solutions of different molecular weight PEGs and dextrans. Among
the fabricated UF membranes, COOH C1.3 PS85.5 PV13.2 composite membrane showed a lower average contact angle (62◦ ). The
−2 h−1 ) than all the fabricated membranes (62–78 l m−2 h−1 )
COOH C0.7 PS86.1 PV13.2 membrane exhibited higher flux (99 l m
at 2 bar pressure. The flux recovery ratio values for bovine serum albumin feed solution were in the range of 63–72% for
COOH CNTs containing membranes and 53–64% for OH CNTs membranes, whereas PSF/PVP blend membrane exhibited
45% at 2 bar applied pressure. The membranes containing 0.7 and 1.3 wt% carboxylic acid functionalized MCNTs showed
100% oil rejection when tested with an oil–water emulsion containing 1000 ppm lube oil. Conversely, membranes containing
hydroxyl functionalized MCNTs showed relatively lower oil rejection (86–90%), whereas the PSF/PVP membrane showed
86% oil rejection.
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1. Introduction
The design and development of newer materials containing
nanoparticles for the fabrication of membranes to separate
water pollutants have gained greater importance to obtain
superior performance in modern-day membrane science and
technology. One of the discharging pollutants from industries
into water bodies is oil-in-water emulsion from petrochemical and petroleum, textile, metal industries, etc., which
has unfavourable effects on human health and the environment [1]. There are quite a few traditional processes for
oil–wastewater emulsion purification, together with conservative physical and chemical processes, which are low in
separation efficiency, higher energy requirement and toxic
input that gives subsidiary pollution [2]. A key challenge is

a design and fabrication of membrane with functional materials that can perform effective oil–water separation at lower
pressures, higher selectivity and easily membrane recyclable
ability [3]. However, fouling is the foremost adversely effective problem in the membrane separation processes and still
stays as the most important technical challenge in the separation for technological industries [4].
Nanoparticles and/or nanofibres in different designed structures and functionalities have been successfully employed
to fabricate high performance and cost-effective membranes
with higher permeability and fouling resistance [5–18].
Among the various nanomaterials, carbon nanotubes (CNTs)
with peripheral modification have received great interest due
to their dispersing ability in a variety of polymer matrices, for
example, polysulphone (PSF), poly(ether sulphone) (PES),
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polyvinylidenefluoride, polyacrylonitrile, polyamide, cellulose acetate, etc. They have exhibited enriched properties
and separation performance in membrane technology. Hinds
et al [19] reported aligned nanotubes into a macromolecular film to form well-organized nanoporous heterogeneous
membrane structures and their higher performances compared to the conventional membranes. However, interfacial
adhesion between the membrane matrix and nanotubes and
uniform dispersion of nanotubes is essential [20]. Modification of CNTs with the appropriate organic functional group is
the most attractive approach to improve interfacial adhesion
and dispersion in the blend polymer matrix. Moreover, the
functional groups on CNTs render the composite membrane
surface more hydrophilic and thus, improving the fouling
resistance of the membrane. PES composite membranes with
4 wt% multi-walled CNTs (MCNTs) showed higher flux compared to the neat PES membrane. PES with CNTs composite
membranes exhibited improved hydrophilicity and enhanced
water treatment performance [21–23]. PES/modified MCNTs
(0.04, 0.1 and 0.4 wt%) nanocomposites membranes were
demonstrated as anti-biofouling resistance membranes and
the membrane possessing lower weight ratio (0.04 wt%) of
MCNTs exhibited lower membrane surface roughness and
best anti-fouling properties [24]. PSF-based MCNTs composite fabrications were also used for electrolysis, gas separation
and desalination applications [25–29]. Lannoy et al [30] suggested that the carboxylated CNTs were found to migrate to
the PSF surface of the membrane during the phase inversion
process and thus improving the membrane cleaning ability.
Furthermore, MCNTs/PSF composite membranes with 5%
CNT loading were reported with the focus on MCNTs dispersion and oil rejections [31]. Recently, D-glucopyranoside
CNTs-based PSF composite membranes were reported for
oil–water separation [32]. In this research paper, we report
the effect of MCNTs having hydroxyl and carboxylic acid
functional groups on PSF/PVP ultrafiltration (UF) composite
membranes performance concerning the membrane fouling
based on flux, flux recovery ratios and rejections of bovine
serum albumin (BSA) and oil from aqueous solutions of BSA
and emulsion of oil–water feeds.
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2. Experimental
2.1 Materials
MCNTs (Reinste NanoVentures, India), PSF (Udel, P-3500),
polyester fabric (France, non-woven, nordlys TS 100), polyvinylpyrrolidone (PVP), poly(ethylene glycol) (PEG, 35
kDa) and poly(ethylene oxide)s (PEO, 100 and 200 kDa)
(Sigma, Aldrich), sulphuric acid, nitric acid (Rankem), dry
tetrahydrofuran (THF) and N ,N  -dimethylformamide (DMF)
(Spectrochem) and Castrol oil (GRXmotor) and dried albumin egg white protein (BSA, TCI) were procured and utilized
as received.
2.2 Preparations
2.2a Hydroxyl functionalization of MCNTs: Hydroxy functionalization on MCNTs was carried out by immersing 1 g of
MCNT in KOH dissolved EtOH solution and stirring for 12 h.
The hydroxyl functionalized CNTs (OH CNTs) were separated
by filtration and washed thoroughly with ethanol followed by
distilled water till the filtrate showed neutral pH [33].
2.2b Carboxylic acid functionalization of MCNTs: Carboxylic acid functionalization of MNCTs was brought by
sonicating 1 g MCNTs in 100 ml 2:3 concentrated HNO3
and H2 SO4 mixture for 1 h and then placed in an oil bath
at 90◦ C for 6 h. Then, the dispersion was diluted with
water. Afterwards, the carboxylic acid functionalized MCNTs
(COOH CNTs) were centrifuged at 8500 rpm and separated.
The COOH CNTs were washed with deionized water until the
washed water showed a pH of 7 [34]. Figure 1 shows the field
emission scanning electron microscopy (FESEM) images of
CNTs before and after modification.
2.3 Heterogeneous composite membranes fabrication
UF composite membranes were fabricated according to the
phase inversion process using DMF, solutions of PSF, PVP
and functionalized CNTs (OH CNTs or COOH CNTs) as per the

Figure 1. FESEM images of the MCNTs: (a) as purchased, (b) OH CNTs and (c) COOH CNTs.
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Used material compositions for casting membranes.

Membrane code
PS86.7 PV13.3
OH C0.7 PS86.1 PV13.2
OH C1.3 PS85.5 PV13.2
COOH C0.7 PS86.1 PV13.2
COOH C1.3 PS85.5 PV13.2

PSF (wt%)

PVP (wt%)

26
25.9
25.9
25.9
25.9

4
3.9
3.9
3.9
3.9

weight ratios as shown in table 1. First, functionalized CNTs
(OH CNTs/COOH CNTs, 0.1 g) were placed in 200 ml flask containing 37 ml DMF and sonicated (1 h) at about 95◦ C to
disperse the functionalized CNTs. To this dispersion, 13 g of
PSF granules and PVP (2 g) were added in four instalments
in a period of 1 h and continued the stirring at the same temperature for 8 h to get a homogeneous functionalized CNTs
dispersed solution. The mixture was held at room temperature (RT) for overnight to reach RT and obtain air bubbles
free mixture. Subsequently, the CNTs dispersion was used
in composite membranes fabrication on polyester fabric at
4 m min−1 casting speed using casting machine consisting of
50 l of 0.1% sodium lauryl sulphate solution of water at 25◦ C
for phase inversion process. Then, the obtained composite
membranes were placed for 1 h in suspension bath. Subsequently, the membranes were washed and stored in milli-Q
water. The membranes thickness was 135 ± 5 µm obtained
by thickness gauge along the 10 m of membrane ribbon.
2.4 Measurement of water flux
Amicon model dead-end stirred cell assembly was used to
estimate water fluxes of the fabricated composite membranes
(7.5 cm circular sheet diameter) at 1–3 bar applied air pressure
for 25 min using the following equation:
WF = PV/(MA × PCT).

(1)

where WF, water flux (LMH, l m−2 h−1 ); PV, volume of
permeate (l); MA, membrane area (m2 ); and PCT, permeate
collection time (h).
2.5 BSA separation UF setup
BSA separation from BSA aqueous feed was carried out using
dead-end UF setup (figure 2a). The UF setup consists of pressure pump, feed tank, pressure gauge, regulator, pipes, PVC
plates (one plate fixed at magnet and other plate as membrane
support and mesh), hollow cylindrical tube (0.5 thickness, 10
cm length and 3.55 cm inner radius, made with transparent
poly(ethylene terephthalate)), O-rings and stirrer. The circularly cut membrane was fixed at the inner base of the cell
with the help of O-rings and clamps. The BSA solution was
pumped at 2 bar operating pressure.

OH CNTs/COOH CNTs

(wt%)

DMF (wt%)

0
0.2
0.4
0.2
0.4

70
70
69.8
70
69.8

2.6 Water uptake
Freshly taken three pieces of composite membranes were
mopped up sensitively with tissue paper on both the surfaces
and determined their weight separately (wet M in g). These
membrane samples were dehydrated for 7 h at 60◦ C and determined their weight separately (dry M in g). The water uptake
(%) was calculated according to the below equation using
three average values of water uptake by each type of composite membrane.
Water uptake (%) = [(wet M −

M)/wetM] × 100.

dry

(2)

2.7 MWCO
Molecular weight cut-off (MWCO) values of the membranes
were calculated as reported earlier [35]. Three-hundred part
per million feed solutions of PEG (35 kDa) and PEO (100
and 200 kDa) in water were permeated at 2 kg cm−2 operating
pressure in 300 ml capacity Amicon dead-end type UF test cell
with 500 rpm stirring to obtain flux from the fabricated membranes. The feed and permeate solute concentrations were
calculated by SEC technique.

2.8 UF of oil–water emulsion
Emulsion of the oil and water was prepared using 0.1 wt% of
castrol oil in water by stirring mechanically at 1000 rpm for
6 h at RT. Oil–water emulsion droplet sizes were 0.4–0.7 µm
range, calculated by Malvern mastersizer-2000 particle size
analyser (dynamic light scattering). The prepared oil–water
emulsion was used as the feed-in four-cell UF setup [36] as
shown in figure 2b at 2 kg cm−2 pressure. The oil–water emulsion was pumped at the flow rate of 1 l min−1 through the UF
membrane, and retentive and permeate had been circulated
into the feed solution. A 0.5–0.8% per pass recovery had been
observed depending on the fabricated composite membrane.
Quantity in the percentage of oil in the feed and permeate was
estimated using UV–Vis spectrum by the following equation:
Oil rejection (%) = [(FA − PA)/ FA] × 100.

(3)
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Figure 2. UF setup flow diagrams of (a) BSA separation (dead-end model) and (b) oil separation
(cross-flow model).

where FA is the feed absorbance at 270 nm and PA the permeate absorbance at 270 nm in UV–Vis spectra.

2.9 FRR
At first, pure water flux (PWFInitial in l m−2 h−1 ) was estimated using UF cell and then, 50 ppm feed BSA solution
fluxes were measured at different time intervals for 7 h at
2 kg cm−2 applied pressure at 25◦ C. After the experiments,
the used membrane was washed with water and placed it in
UF cells and again measured the pure water flux (PWFEnd in
l m−2 h−1 ). Flux recovery ratio (FRR) values were obtained
using the below equation:

FRR (%) = {PWFInitial /PWFEnd } × 100.

(4)

Figure 3. ATR-FTIR spectra of PSF, PVP and composite membranes.
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Fabricated membranes physical properties and fluxes.
TGA

Membrane code
PS86.7 PV13.3
OH C0.7 PS86.1 PV13.2
OH C1.3 PS85.5 PV13.2
COOH C0.7 PS86.1 PV13.2
COOH C1.3 PS85.5 PV13.2

a (◦ C)
Td5

b (◦ C)
Td10

414
421
412
418
417

461
472
466
479
477

Tgc (◦ C)

Surface roughnessd
(nm)

Water
uptake (%)

Contact
angle (◦ )

7
81
29
62
14

38
36
36
33
34

73
73
70
73
62

172
178
167
168
175

Flux at 2 kg cm−2
(LMH)
69
78
62
99
71

a Temperature at 5% weight loss of the membrane.
b Temperature at 10% weight loss of the membrane.
c From DSC second heating.
d Obtained from AFM.

2.10 Characterization
The OH and COOH functionalized and as purchased MCNTs
were studied using the KBr sampling method with Fourier
transform infrared (FTIR) spectrometer (Thermo Nicolet
Nexus 670). ATR-FTIR spectra of the membranes were
recorded on a Perkin Elmer FTIR instrument, PerkinElmer,
Spectrum GX, USA.
Shimadzu spectrophotometer (UV-2700 UV–Vis) was utilized to calculate the percentage of solutes/oil in permeates
and feeds. Cross-sectional morphologies of the membranes
were photographed after spitting gold vapour by SEM,
Oxford Instrument, UK (EVO 18 special edition EDs). Membranes top surface photographs were obtained by atomic
force microscopy (AFM) with semi-contact mode (‘Nova’
software for image) using Ntegra Aura, Nt-Mdt, Moscow
instrument. Water droplets contact angles on dried membranes were studied by DSA-100 instrument (Krüss, Hamburg, Germany) with an average of 10 different positions
values.
The OH and COOH functionalized MCNTs and fabricated membranes thermal stabilities and thermal transitions
were measured by thermogravimetric analysis (TGA) Q-500
and differential scanning calorimetry (DSC) Q100 thermal
analyzer at a 10◦ C min−1 rate of heating under N2 blanket,
respectively. For thermal transitions, the fabricated membrane portion was first equilibrated to –40◦ C and then, heated
to 230◦ C at 10◦ C min−1 heating rate. Then, the sample
temperature was lowered to –40◦ C with a similar heating rate
with the help of TA, refrigerated cooling system 90. Again,
the maximum and minimum temperatures cycles were performed. In this paper, the 2nd heating and cooling cycles data
have been reported.

Figure 4. DSC thermograms (2nd cycle) of neat PSF, PSF/PVP
blends and PSF/PVP/functionalized MCNTs composite membranes
of (a) heating and (b) cooling cycles.

125

Page 6 of 12

Bull. Mater. Sci.

(2020) 43:125

Figure 5. AFM images of membrane top surfaces of (a) PS86.7 PV13.3 , (b) OH C0.7 PS86.1 PV13.2 ,
(c) OH C1.3 PS85.5 PV13.2 , (d) COOH C0.7 PS86.1 PV13.2 and (e) COOH C1.3 PS85.5 PV13.2 .

3. Results and discussion
3.1 Functionalized CNTs and fabricated composite UF
membranes characterization
FTIR spectra of the functionalized MCNTs (supplementary
information) showed hydroxyl stretching of OH CNT at 3435
cm−1 [37]. The COOH CNT exhibited stretchings at 3427 and
1732 cm−1 , respectively, due to O–H and C=O groups of
carboxylic acid moiety [38] (supplementary figure S1). TGA
curves (supplementary figure S2) showed about 4 and 24
wt% weight loss for hydroxyl and carboxylic acid functionalized MCNTs [39], respectively, when compared with the neat
CNTs.
Composite UF membranes of OH CNT–PSF–PVP and
COOH CNT–PSF–PVP were fabricated under different conditions as depicted in table 1. ATR-FTIR spectra (figure 3) of

the composite membranes showed stretchings at 1149 and
1294 and 1322 cm−1 corresponding to the S=O and C–
SO2 –C groups, respectively. On the other hand, neat PSF
showed S=O and C–SO2 –C stretching vibrations at 1144
and 1294 and 1319 cm−1 , respectively [40]. The C–O asymmetric stretchings were observed at 1240 and 1105 cm−1 ,
and the C=O stretching peaks were noticed at about 1662–
1664 cm−1 for composite/blend constituents of PVP and
COOH CNT, whereas neat PVP showed C=O stretchings at
1662 cm−1 [41]. The stretching vibrations of the neat blend
components functional moieties were slightly differed when
compared to the composite membranes. This could be due to
hydrogen bonding formation among PSF, PVP and OH CNT
or COOH CNT in composite membranes.
The composite and blend membranes displayed three
steps of thermal degradation, whereas the neat OH CNT and
COOH CNT showed two-stage degradations (supplementary
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Figure 6. SEM images of membrane cross-sections of (a) PS86.7 PV13.3 , (b)
OH C1.3 PS85.5 PV13.2 , (d) COOH C0.7 PS86.1 PV13.2 and (e) COOH C1.3 PS85.5 PV13.2 .

figure S3). The composite membrane of OH C0.7 PS86.1 PV13.2
exhibited about 3–9◦ C higher thermal stability than all the
fabricated membranes at 5% weight loss of membrane decomposition as shown in table 2. In addition to that glass transition
temperature (Tg ) value of OH C0.7 PS86.1 PV13.2 membrane was
178◦ C, which was higher than all the fabricated membranes
(figure 4). Neat PSF had Tg at 192◦ C, which specifies that the
addition of PVP to PSF decreases the amorphous nature of the
PSF and further addition of OH CNT at 0.7 wt%, the Tg value
increased about 5◦ C. When the weight ratio of OH CNT (1.3
wt%) is doubled in PSF–PVP, the Tg value was decreased by
about 6◦ C. In the case of COOH CNTs composite membranes,
it was quite different. The amount of higher weight ratio of

125

OH C0.7 PS86.1 PV13.2 ,

(c)

COOH CNTs (1.3 wt%) in PSF–PVP, the
◦

Tg value of composite
membrane (175 C) was higher compared to the lower weight
ratio of COOH CNTs in the PSF–PVP. The functional groups of
hydroxyl and carboxylic acid moieties on CNTs played a role
in tuning about 6◦ C Tg values of the membranes compared to
the neat blend membrane.
3.2 Composite membranes physical characterization
Fabricated membranes top surface AFM images are presented
in figure 5. The composite membranes top surfaces morphologies showed different characteristics than the PSF–PVP blend
membrane. Composite membranes exhibited comparatively
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greater roughness (14–81 nm) with dense top surfaces than
PSF–PVP blend (7 nm) membrane, as revealed in table 2.
The composite membrane with 0.7 wt% of OH CNT in PSF–
PVP showed about 81 nm surface roughness, which was
somewhat higher than the other three composite membranes.
The roughness was decreased with increasing OH CNT and
COOH CNT content in PSF–PVP blend membranes. These outcomes indicate that the presence of a little amount of oxidized
functionalized CNTs in dope solution changes the thermodynamics of the casting solution, which thus, affects the
microstructure formation of the composite membrane during
the phase inversion process.
Figure 6 shows the SEM cross-sectional images of the
produced membranes. The fabricated membranes showed a
large number of wider pear profile voids of different sizes
below the active layer of the membranes. Analogously, the
composite membrane with 0.7 wt% CNTs showed a nonsymmetric cross-sectional structure, which indicates that the
liquid–liquid demixing governs the solidification process.
Hence, it is clear that the macro-void layer was extended by
the addition of functionalized CNTs, which confirmed the
pore enlargement during the preparation of membrane. When
the CNTs weight ratio was 1.3 in PSF–PVP, the pores were
blinded in both macro-voids and sponge-like layers. However, the interconnectivity of the pores had been low, because
of the low tendency of solid–liquid demixing. It indicates
that lower permeability could be anticipated on account of

(2020) 43:125

restricted mass transfer. There were no segregations of CNTs
even in a higher CNTs weight ratio in composite membranes.
The interactions of the oxidized MCNTs, which possessed
hydrophilic carboxylic acid or hydroxyl groups and relatively hydrophobic carbon nanotubes, between the relatively
hydrophobic PSF macromolecular chains and hydrophilic
PVP in solution, generate the morphology of the PSF composite membrane with an irregular macro-voids structure.
The cross-section of the membranes indicates that the morphology depends on the MCNTs functionality and wt% of
incorporation.
The fabricated membranes water uptake was calculated
using equation (1) and the data are presented in table 2. The
composite membranes water uptake was in 33–36% range,
whereas PSF–PVP membranes exhibited around 38% water
uptake. The membranes which possess carboxylic acid moieties on CNTs showed about 2% lower water uptake than those
having hydroxyl-functionalized CNTs. Generally, the water
uptake of the membranes depends on the hydrophilic functionality as well as the extent of macro-voids in the sub-layer
structure. The observed results indicate that the functional
OH and COOH groups on CNTs do not have significant
effect on the water uptake property of the membrane. Further, the results also suggest that the extent of macro-void
structures in the membranes was not significantly different.
Membranes surface wettabilities were studied by water contact angle (θ ) measurements. The fabricated membranes θ
values are presented in table 2. Among all the fabricated membranes, COOH C1.3 PS85.5 PV13.2 composite membrane showed
lower average contact angle of about 62◦ . As wt% of oxidized CNTs increases, the contact angle values (table 2) are
decreased. This indicates that the presence of OH and COOH
functional groups on the CNTs makes membrane top surface more polar. This might be due to the migration of the
hydrophilic groups to the membrane surface during the phase
inversion process. These assumptions imply that the membrane top surface contact angle value is not dependant on
wettability (total water uptake of membrane) of the membrane.

3.3 Composite membranes performance
Figure 7. Water flux at different operating pressures for fabricated
UF membranes.

Table 3.

The fabricated membranes showed gradually increased pure
water flux with increasing operating pressure as shown

UF membrane performance characteristics at 2 bar applied pressure.

Membrane code
PS86.7 PV13.3
OH C0.7 PS86.1 PV13.2
OH C1.3 PS85.5 PV13.2
COOH C0.7 PS86.1 PV13.2
COOH C1.3 PS85.5 PV13.2

Ph (l m−2 h−1 bar−1 )

MWCO (kDa)

BSA rejection (%)

Oil rejection (%)

35
39
31
50
36

140
142
140
127
122

93
89
74
89
96

86
86
90
100
100
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100

OHC1.3PS85.5PV13.2

60

OHC0.7PS86.1PV13.2

40
PS86.7PV13.3

20

COOHC0.7PS86.1PV13.2

0

50

100

150

COOHC0.7PS86.1PV13.2

75

COOHC1.3 PS85.5PV13.2
OHC1.3 PS85.5PV13.2

50

COOHC1.3PS85.5PV13.2

0

25

200

PS86.7PV13.3

0

125

200

300

400

(b)

PS86.7PV13.3

100

Flux (LMH)

in figure 7. The COOH C0.7 PS86.1 PV13.2 membrane demonstrated higher flux (99 LMH) as compared to the other
fabricated membranes (62–78 LMH) at 2 bar pressure. The
composite membrane consisting of 0.7% oxidized CNTs
exhibited higher water flux as compared to the membrane with
1.3 wt% of oxidized CNTs (table 2). These results were
matching with membranes cross-sectional SEM images,
i.e. when the oxidized CNTs weight ratio was at 1.3
in PSF–PVP, the interconnectivity of pores macro-voids
and the sponge-like layer was lower, which provide lower
water flux. As given in table 3, hydraulic permeability
(Ph ) [42] of the membranes was in the range of 31–
50 l m−2 h−1 bar−1 . The COOH C0.7 PS86.1 PV13.2 membrane
exhibited the highest Ph of about 50 l m−2 h−1 bar−1 ,
whereas the OH C1.3 PS85.5 PV13.2 membrane showed the minimum Ph of about 31 l m−2 h−1 bar−1 . The PS86.7 PV13.3
blend membrane’s Ph value was about 35 l m−2 h−1 bar−1 .
Moreover, with the increase in weight percentage of oxidized CNTs in PSF–PVP, the Ph values were decreased. The
COOH C1.3 PS85.5 PV13.2 membrane showed peculiar behaviour
when compared with the wettability results and at the same
time, these values could be supported by membrane morphology. It indicates that the carboxylic acid group on CNTs
played a greater role in reducing the contact angle values and
tune the morphology of the membrane by hydrogen bonding
interactions. Another important observation is that the flux
was decreased with the increase in the molecular weight of
PEG and PEO in feed solutions. However, membranes having COOH CNTs have shown constant flux for all the solutes
(figure 8). In addition to that, improved fluxes were observed
for hydroxy functionalized CNT composite membranes than
the PSF–PVP blend membrane. Membranes with COOH CNT
exhibited somewhat lower MWCO values (122–127 kDa)
when compared with the other composite membranes (140–
142 kDa, table 3).
Figure 9a shows the fouling tendencies of the fabricated
membranes as measured in terms of permeate volume against
flux for 50 ppm aqueous BSA feed solution. All the membranes showed a continuous decrease in fluxes up to 200 l m−2

100

Permeate volume ( L.m-2)

Solute mol. wt (kDa)
Figure 8. Difference in permeate flux with various solute molecular weight solutions (300 ppm) at 2 bar pressure.

(a)

OHC0.7PS86.1PV13.2

Flux (LMH)

Flux (LMH)

80

125

OHC0.7PS86.1PV13.2
OHC1.3 PS85.5PV13.2

75

COOHC1.3 PS85.5PV13.2

50

COOHC0.7PS86.1PV13.2

25
0

0

100

200

Permeate volume ( L.m-2)
Figure 9. Variation of flux of the fabricated membranes as a function of permeated volume for the UF of (a) BSA solution (50 ppm)
and (b) oil–water emulsion (1 g oil in 1 l of water; average droplet
size: 0.44 µm) at 2 bar pressure.

permeate volume at about 300 min, and then reaches almost
constant flux (supplementary figure S4). Membranes containing OH CNT showed somewhat higher flux (78–94 LMH) than
the COOH CNT composite membranes (68–73 LMH). The neat
PSF–PVP membrane showed about 58 LMH flux. The FRR
values for the permeation of BSA solution were in the range
of 63–72% for COOH CNTs containing composite members,
53–64% for OH CNTs composite membranes and about 45%
for PSF–PVP blend membrane at 2 bar applied pressure. The
COOH C1.3 PS85.5 PV13.2 composite membrane exhibited about
96% BSA rejection, whereas the other composite membranes
exhibited 74–89% BSA rejection at 2 bar pressure. The PSF–
PVP blend membrane showed about 93% BSA rejection with
lower FRR values than all the composite membranes. These
findings indicate that the hydrophilic nature of the carboxylic
acid functional groups of CNTs played a vital function to filter
the BSA protein with higher FRR values by surface secondary
interactions.
Permeate volume vs. fluxes for the UF of oil–water
emulsion feed were examined by employing fabricated membranes and the data are presented in figure 9b. The flux
was constant after collecting 150 l of permeate at about
250 min (supplementary figure S5). The blend membrane
showed higher flux (126 LMH) than composite membranes
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Results compared with reported PSF composite membranes.

Membrane type
PSF/CNTs nanocomposite

PSF/MCNTs mixed matrix hollow fibre membranes
PSF/MCNTs membranes

Super-hydrophilic PSF/inorganic hydrous aluminium
oxide (HAO) nanocomposite UF membrane
PVDF/PFSA/O-MCNTs
PSF/functionalized CNTs composite membranes
PSF/pebax/F-MCNT nanocomposite membrane
CNT/PSF/PVP membrane
PSF/CNT composite membranes

PSF/COOH MCNT composite

Research highlights
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Effect of nanotubes surface modification on morphology,
water permeability, thermal analysis, alternating
current impedance analysis and dielectric properties
Enhanced water treatment
Desalination and reviews cover characterization of
membrane, mechanical properties and solute/oil
separations
Efficient separation of oil/water emulsion and improved
anti-fouling ability of 2 wt% of HAO
Hollow fibre UF membranes
Controlled porosity and enhanced electrical conductivity
Separation of oil/water employed pressure range of
10–20 bar
>95% oil separation from oil–water mixture
Membrane treated at 160◦ C, oil–water mixture
separation on the effect of CNT dispersion method
achieved 99.88% of oil separation using 6.9 bar
pressure
COOH MCNT wt%: 0.7–1.3; 100% oil separation at 2 bar
pressure

[43–45]

[27]
[29,46–48]

[49]
[50]
[51]
[52]
[53]
[54]

Present study

Table 5. The coefficient of correlation (R 2 ) values of the blend and composite membranes for BSA solution feed for various fouling
models (intercept values in supplementary table S1).
R 2 values of the membrane

Membrane code
PS86.7 PV13.3
OH C0.7 PS86.1 PV13.2
OH C1.3 PS85.5 PV13.2
COOH C0.7 PS86.1 PV13.2
COOH C1.3 PS85.5 PV13.2

ln(J ) vs. t (complete pore
blocking)

(1/J 1/2 ) vs. t (standard
pore blocking)

0.843
0.9286
0.8398
0.9123
0.8113

0.8692
0.9423
0.8828
0.9414
0.8245

(60–118 LMH) for oil–water emulsion feed at 2 bar applied
pressure. Between the hydroxyl- and carboxylic acidfunctionalized CNTs composite membranes, the former
membranes displayed higher flux (118–110 LMH) than the
latter membranes (60–68 LMH) for emulsion feed. Carboxylic acid functionalized CNTs composite membranes
exhibited 100% oil rejection, whereas the other membranes
showed the oil rejection in the range of 86–90% (table 3).
The present study membrane fabrication and oil rejection
results have been compared with literature reports and the
information is summarized in table 4. Regardless of the
difference in the membrane fabrication processes and operating conditions utilized in the previous studies, the PSF
membrane fabrication in this study was with less filler
quantity, i.e. 0.7 wt% of COOH MCNTs in the membrane, Moreover, 2 bar operating pressure was enough to achieve ∼100%

(1/J ) vs. t (intermediate
pore blocking)
0.8929
0.9532
0.9189
0.9634
0.8555

(1/J 2 ) vs. t (cake
filtration)
0.931
0.9664
0.9679
0.9862
0.9048

oil rejection from oil–water emulsion. The present study
membranes results are comparable with literature reports
other than having the advantage of cost-effective processing
conditions when compared to the membranes reported in the
literature.
Generally, membrane filtration engages four different pore
blockings, such as standard, complete and intermediate pore
blocking and blocking due to cake creation on top of the
membrane [44]. UF mechanism of the composite and blend
membranes for aqueous BSA and oil–water emulsion feeds
at 2 bar pressure were estimated by calculating the coefficient of correlations (R 2 ). For aqueous BSA feed, the R 2
values (table 5) were in the range of 0.84–0.93 for blend
membranes and 0.81–0.98 for composite membranes. These
values suggest highly cake forming filtration blocking for
blend membranes whereas, cake filtration and intermediate
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Table 6. The coefficient of correlation (R 2 ) values of the blend and composite membranes for various fouling models for oil–water
emulsion feed (intercept values in supplementary table S2).
R 2 values of the membrane

Membrane code
PS86.7 PV13.3
OH C0.7 PS86.1 PV13.2
OH C1.3 PS85.5 PV13.2
COOH C0.7 PS86.1 PV13.2
COOH C1.3 PS85.5 PV13.2

ln(J ) vs. t (complete
pore blocking)
0.8694
0.8817
0.8369
0.8433
0.9686

(1/J 1/2 ) vs. t (standard
pore blocking)

(1/J ) vs. t (intermediate pore blocking)

0.9229
0.9439
0.9191
0.9175
0.9282

0.9581
9766
0.9697
0.9442
0.9574

pore-blocking mechanism for other composite membranes.
For oil–water emulsion experimentations, R 2 values (table 6)
were in the range of 0.86–0.97 for the PSF–PVP membrane
and 0.83–0.98 for CNTs containing membranes. The results
suggest that for oil–water emulsion filtration, the mechanism
of fouling is very complicated involving all the four different
types of a pore-blocking phenomenon at different stages of
filtration.

4. Conclusions
Composite UF membranes were successfully prepared according to the phase inversion process using different amounts of
PSF (86.1 and 85.5 wt%), PVP (13.2 wt%) and hydroxy/
carboxylic acid containing MCNTs (0.7 and 1.3 wt%) in
DMF. AFM studies revealed that the surface roughness was
decreased with increasing content of OH CNT/COOH CNT in
PSF/PVP blend composite membranes. Among the fabricated UF membranes, the COOH C1.3 PS85.5 PV13.2 composite
membrane showed a lower average contact angle, 62◦ . The
lower contact angle of the composite membranes might be
due to the formation of the rather more hydrophilic top
surface with a concomitant decrease in the surface roughness of the membrane. Molecular weight cut-off values
were moderately lower for COOH CNT composite membranes
(122–127 kDa) as compared to the OH CNT composite membranes (140–142 kDa). This may be attributed to a small
difference in the surface pore size of both the types of
membranes. For the permeation of BSA solution, the composite membranes containing COOH CNTs exhibited rather
better fouling resistance (FRR = 63–72%) when compared
to the OH CNTs containing membranes (FRR = 53–64%)
and PSF/PVP blend membrane (FRR = 45%). Oil rejections were found to be 100% for the membranes with
COOH CNTs and in the range of 86–90% for the other membranes. These results were in good agreement with the data
observed for surface roughness and water contact angle measurements. Oxidized functionalization of CNTs plays a vital
role in tuning the UF membrane performances for different
applications.

(1/J 2 ) vs. t (cake
filtration)
0.9793
0.9749
0.9862
0.9107
0.9597
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