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ABSTRACT

Titanium dioxide nanofibers were synthesized via alkaline hydrothermal method using
TiO2 nanopowder. The hydrothermal method was optimized by studying the operating
variables to obtain nanosized TiO2 fibers. These nanofibers were used to make composite
polysulfone ultrafiltration membranes along with polyethylene glycol as pore forming
agent. The obtained samples were characterized using scanning electron microscope, X-ray
diffraction, and attenuated total reflectance infrared spectroscopy. Contact angle measure-
ments were used to estimate hydrophilicity of the membrane. Performance of the membrane
was analyzed using pure water flux studies and antifouling studies with bovine serum
albumin as the standard protein for rejection. The composite membranes exhibited better
performance in both permeability and antifouling property.
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1. Introduction

Polysulfone (PSF) has been widely used as poly-
meric material for ultrafiltration membranes owing to
its excellent chemical stability and mechanical proper-
ties [1]. The performance of a membrane generally
depends on the wettability of the filtering medium. In
water-based filtration processes, wettability depends
on the hydrophilicity of the membrane. PSF is
hydrophobic in nature and this result in poor flux and
greater vulnerability to fouling [2]. Chemical surface
treatment, blending with other polymers, and
hydrophilic additives are some of the techniques that
have been tried in the past to overcome hydrophobic-
ity [3–5]. Polyethylene glycol (PEG) has been reported

as an additive to enhance permeation by improving
the porosity of the membrane. PEG has also been
reported to improve the dispersion of other additives
[6,7]. But higher concentration of PEG results in poor
rejection and mechanical behavior [8,9]. With the dawn
of nanotechnology, nanocomposite membranes have
gained much interest. Researchers have investigated
PSF membranes incorporated with various nanoparti-
cles and obtained enhanced performance [10,11].

Titanium dioxide nanomaterials find wide applica-
tions in the fields of photo voltaic cells, photo
catalysis, plastics, paints, and pharmaceuticals. TiO2

nanoparticles are hydrophilic in nature and are being
functionalized with suitable functional group to
convert it as hydrophobic nanoparticle. Conversely,
these particles have been directly brought to use in
membrane technology to improve hydrophilicity. TiO2*Corresponding author.
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nanoparticles have been reported earlier as perfor-
mance enhancement additives in PSF membranes [12].
These nanomaterials are nontoxic and possess catalytic
activity, super-hydrophilicity, self cleaning property,
and bacterial resistance [13,14]. Titanium dioxide
nanofiber (TNF) is one among the different morpho-
logical forms of titanium dioxide nanomaterials. TNF
being in fiber form has an edge over the others due to
its higher specific surface area; which in turn results
in greater interfacial area in composites [15]. TNF can
hence serve as a better reinforcing material in compos-
ites due to greater interface interaction; lesser quantity
of additive can thus bring about better property
enhancement [16]. Based on the literature survey TNF
in PSF has not been reported yet. In this study,
titanium dioxide nanofibers were synthesized via alka-
line hydrothermal treatment method by optimizing
the various operating variables [17]. The synthesized
fibers were characterized and used as additives in PSF
casting solutions to make composite membranes with
different compositions. Membranes were characterized
using scanning electron microscope (SEM), X-ray
diffraction (XRD), and attenuated total reflectance
infrared (ATR-IR). Contact angle measurements were
made to evaluate membrane hydrophilicity. The per-
formance of these membranes was evaluated using
pure water flux (PWF) and antifouling studies using
bovine serum albumin (BSA) as a standard protein for
rejection [18,19].

2. Experimental process

2.1. Materials

PSF with molecular weight 35,000 Da, Titanium
(IV) oxide (TiO2) nanopowder (particle size 21 nm),
and Bradford reagent were purchased from Sigma–
Aldrich Co, Bangalore, India. 1-Methyl-2-pyrrolidone
(NMP), polyethylene glycol (PEG) 600, ethanol, sodium
hydroxide (NaOH), hydrochloric acid (HCl, 37%), and
ammonium hydroxide were purchased from Merck,
India Ltd. BSA was purchased from Central Drug
House (CDH), New Delhi, India. All the chemicals
were used without further purification process.

2.2. Synthesis of TNF

In brief, 2.5 g of TiO2 nanopowder and 2-drops of
span-80 surfactant was added to 300 mL of 12 M
NaOH aqueous solution and stirred for 30 min. After
stirring, the suspension was transferred in to a Teflon-
lined stainless steel autoclave. The autoclave was kept
in a hot air oven for three days at 170˚C. The product
obtained after hydrothermal treatment was washed

thoroughly with distilled water and then with dilute
HCl (pH 2) till the pH became neutral. The nanofiber
suspension was again washed with distilled water to
remove NaCl content. Thus, obtained nanofibers were
dried in a hot air oven for 24 h at 60˚C and calcined at
500˚C for 2 h in a muffle furnace.

2.3. Preparation of TNF incorporated PSF membranes

For preparation of M-1 membrane, PSF (20 wt.%),
NMP (75 wt.%), and PEG (5 wt.%) were taken and
kept for stirring at 60˚C over a period of 4 h for
complete dissolution of PSF to obtain a homogeneous
solution. 1.0 wt.% of TNF (with respect to weight of
polymer solution) was added to the solution at the
same temperature and stirred for 30 min. The viscous
solution was cast over a glass plate using a finely
polished glass rod by maintaining a membrane thick-
ness of 0.3 mm [19,20]. The glass plate was then
immersed in distilled water (at 20˚C) for phase inver-
sion. A similar procedure was followed for the
preparation of other membranes with compositions as
shown in Table 1.

3. Characterization

3.1. ATR-IR analysis

TheATR-IR spectra of membranes were obtained
using Jasco 4,200 IR Spectrometer in the range of
4,000–650 cm−1. The spectra of TNF and composite
membranes were studied.

3.2. XRD analysis

XRD was done using Rigaku Miniflux 6000, X-ray
diffractometer equipped with monochromatized high
intensity Cu Kα radiation (λ = 1.54178 Å). The diffrac-
tograms were obtained at 0.06˚/s in the 2θ range
10˚–60˚.

3.3. SEM analysis

Jeol JSM-6380LA, SEM was used to obtain SEM
images of nanofibers and membranes. The membrane
samples were cryogenically fractured using liquid
nitrogen before taking cross-sectional images. All
samples were sputtered with gold before scanning.

3.4. Contact angle measurement

FTA-200 dynamic contact angle analyzer was used
to estimate the contact angle of membranes using sessile
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droplet method. In order to minimize experimental
error the contact angle values were obtained as an
average of three trials at different locations.

3.5. Permeation properties

Sterlitech HP4750 stirred dead end filtration cell
with an effective membrane area of 14.6 cm2 was used
to study the performance of the membranes. Mem-
branes were kept immersed in distilled water for 24 h
before carrying out flux study. The time-dependent
PWF of membrane was studied. The permeate sample
collection was started after 20 min of exposure to
0.2 MPa transmembrane pressure (TMP) at 25˚C and
continued at every 5 min interval. The PWF (Jw) was
calculated using the following equation:

Jw ¼ Q

Dt A
(1)

where Jw is expressed in L/m2 h and Q is the amount
of water collected for Δt (h) time duration using a
membrane of area A (m2).

3.6. Antifouling properties

The antifouling property of the membrane was
studied as per procedure reported in the literature [21].
In brief, initial PWF of the membrane Jw1 (L/m

2 h) was
obtained at 0.2 MPa TMP. The antifouling property of
the membrane was studied using BSA as standard pro-
tein for rejection. An aqueous solution (0.8 g/L) of BSA
was prepared and filtered through the membrane for 90
min. Later the membrane was flushed with distilled
water for 20 min and PWF Jw2 (L/m2 h) was deter-
mined once again. The membrane antifouling property
was estimated in terms of flux recovery ratio (FRR)
using the following equation:

FRR ð%Þ ¼ Jw2
Jw1

� 100 (2)

In order to determine the rejection capacity of the
membrane, feed and permeate solution samples were
collected and treated with Bradford reagent. Samples
were kept for 10 min before analyzing using UV spec-
trometer. The BSA percentage rejection of the mem-
brane was determined using the following equation:

R% ¼ 1� Cp

Cf

� �
� 100 (3)

where Cp (mg/mL) and Cf (mg/mL) are the BSA
concentrations in permeate and feed, respectively. The
concentrations were measured using UV spectropho-
tometer at a wavelength of 595 nm.

4. Results and discussion

4.1. Synthesis and characterization of TiO2 nanofibers

Optimized hydrothermal treatment yielded in
TNFs with an average diameter of around 100 nm and
length of 3–4 μm as shown in Fig. 1.

The ATR-IR spectrum of TNF is shown in Fig. 2(a).
The peak at 894.8 cm−1 corresponds to the longitudinal

Table 1
Blending compositions of membranes

Membranes PSf (wt.%) PEG (wt.%) TNF (wt.%) NMP (wt.%) Viscosity (mPaS)

M-0 20 5 0 75 786
M-1 20 5 1 75 813
M-3 20 5 3 75 865
M-5 20 5 5 75 901
M-10 20 5 10 75 1,342

Fig. 1. SEM image of TNFs.
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optical mode of anatase phase of TiO2. The presence
of polymeric Ti–O chains in the nanofibers can be
identified by lowering of transmittance beyond
650 cm−1. The broad peak around 3,375 cm−1 corre-
sponds to O–H vibrations of Ti–OH groups due to
physisorbed water content [22]. The XRD pattern
of the TNF is shown in Fig. 3. The characteristic
peaks at 25.4˚, 38.5˚, 48˚, and 53.8˚ in the powder
diffraction pattern indicates majority of anatase phase
content [23].

4.2. Membrane characterization

4.2.1. ATR-IR analysis

ATR-IR spectra of M-0, M-10, and TNF are com-
pared in Fig. 2. The characteristic peaks of PSF at
1,297.86 cm−1 (S=O asymmetric stretch), 1,240 cm−1

(C–O–C stretch), and 1,152.26 cm−1 (S=O symmetric
stretch) can also be seen in the composite membrane
[24]. Apart from the PSF peaks, a notable peak that
appears in M-0 is the broad peak around 3,400 cm−1

Fig. 2. ATR-IR spectra, (a) TNF; (b) M-0; (c) M-10.
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which is due to the incorporation of PEG [19]. The
peaks in the TNF spectrum at 3,375 and 650 cm−1

have got merged with the corresponding M-0 peeks
in the region to give lower peeks at 3,299 and
690 cm−1 in the M-10 spectrum. The merger of peaks
implies good interaction between TNF and PSF. The
broad –OH peak around 3,300–3,400 cm−1 is of great
importance as it gives an idea of interactions
with in the composite and also about the dispersion
of the additive. The significant diminution in
–OH peak of M-10 when compared to pure TNF
indicates towards the lowered polarizability of
hydroxyl group within the polymer. When filler is
polar and the polymer is non-polar then the
filler–filler interaction is much stronger than
polymer–filler interaction. Higher concentrations of
filler thus result in agglomeration and non-uniform
dispersion [25]. In the present work the inclusion of
hydrophilic PEG with hydroxyl groups greatly
helps in better dispersion even at higher concentra-
tions of TNF.

4.2.2. XRD analysis

The XRD pattern of TNF, M-0, and M-10 are
compared in Fig. 3. XRD of M-0 shows no peaks indi-
cating absence of any crystalline phase, affirmative in
case of an amorphous polymer. Anatase characteristic
peaks around 25.4˚, 38.5˚, 48˚, and 53.8˚ in the powder
diffraction pattern can be seen in the M-10 membrane
at a lower intensity, the small shift in peaks indicates
effective incorporation and good interaction between
filler and matrix [12].

4.2.3. Morphology of the membrane

SEM analysis of the cross section of membranes
with different concentrations of TNF is shown in
Fig. 4. The membranes depict asymmetric structure,
typically the dense top layer, porous sub layer, and
fully developed macro pores layer. It is apparent from
SEM cross-sectional images that the raise in concentra-
tion of TNF resulted in a decrease in finger-like
projection with reduced length [26]. The formation of
porous structure in the sub-layer was favored with
higher additive content. Viscosity of cast solution
increases with rising additive content. This increased
viscosity affects the kinetics of phase inversion as it
retards the diffusion of solvent and non-solvent. The
higher the solution viscosity, solvent’s outdiffusion
from the cast solution is favored over non-solvent’s
indiffusion into the solution resulting in the formation
of membranes with smaller pores [27]. In case of TiO2

nanoparticles there are reports of increased rheological
hindrance beyond the rheological percolation thresh-
old with increasing concentration of additive [12]. The
increased hydrophilicity due to the hydrophilic addi-
tive favors indiffusion of water, and thus plays an
important role in overcoming the increase in rheologi-
cal hindrance. There are also reports where addition
of TiO2 nanoparticles even at higher concentrations
did not result in lower pore size or reduced flux
[28,29]. In this context the addition of PEG would play
a significant role apart from being a hydrophilic pore
former, it also improves the dispersion and interaction
between the polar TNF and non-polar PSF during
membrane formation as understood from ATR-IR
spectra [25]. With increasing concentration, nano-
additive can get trapped in the pores and block them.
But when small concentration of PEG is added
the additives get dispersed mainly in the polymer
matrix [7].

4.2.4. Hydrophilicity of membranes

Hydrophilicity of the membranes active surface is
the key factor in determining the flux and antifouling
properties of the membrane. Contact angle measure-
ment is a viable tool to study surface hydrophilicity of
the membrane [30]. As hydrophilicity of membrane
increases, the surface wettability of the membrane will
increase, which will result in decrease in the contact
angle. From the analysis (Fig. 5), it was observed that
the contact angle of TNF blend PSF membranes gradu-
ally reduced from 73.88˚ for 0 wt.% TNF content to
48.88˚ for the 10 wt.% TNF content. The significant
drop-off in contact angle with increasing concentration
of TNF is an obvious sign of improving hydrophilicity

Fig. 3. XRD patterns of TNF, PSF, and M-10.
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Fig. 4. Cross-sectional SEM images of membranes, (a) M-0; (b) M-1; (c) M-3; (d) M-5; (e) M-10.
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of the membranes [31]. It can be concluded that the
increase in the hydrophilicity could be due to the
hydrophilicity of TNF additive.

4.2.5. Membrane permeability and antifouling
properties

Membrane performance was evaluated in terms of
time dependent PWF, BSA rejection, and flux recovery
after BSA rejection. Initially, all membranes showed
flux decline during PWF due to mechanical com-
paction [32]. Flux study i.e. PWF, flux during BSA
rejection and the recovered flux were carried out at
0.2 Mpa TMP and 25˚C for 90 min till the flux reached
nearly steady state condition. The PWF flux of differ-
ent membranes is compared in Fig. 6(a). The study
showed an increasing trend in PWF with increasing
TNF concentration.

The ever-increasing trend in flux is an indication
of better dispersion of TNF in the membrane, and it is
also an indication of minimal trapping of TNFs in the
pores [7]. The enhanced hydrophilicity of membranes
due to addition of TNF is the key reason for the
enhancement of permeability.

Fouling is a major drawback in PSF membranes
due to the hydrophobic interaction between the mem-
brane surface and the foulant [19]. Fouling leads to
flux reduction and reduces membrane lifetime. It was
observed that although all membranes showed similar
trends of flux reduction during BSA rejection, lesser
flux reduction was observed with increasing TNF
concentration in the membrane (Fig. 6(b)). The BSA
rejection values of M-0, M-1, M-3, M-5, and M-10
membranes were 94, 92, 90, 89, and 86%, respectively.
All TNF incorporated membranes showed higher FRR
values than PSF membrane. The maximum FRR of
76% was observed in M-10 membrane with 10% of
TNF nanoparticles. The hydrophilic TNF on the
membrane surface improved the interaction with
aqueous medium thus weakening interactions between
membrane surface and protein molecules. This enables
easy cleansing of foulant from the membrane surface,
greatly enhancing the recyclability of the membranes.

5. Conclusions

Titanium oxide nanofibers were successfully syn-
thesized within the range of 90–100 nm diameters.
PSF/TNF composite membranes were successfully
synthesized and characterized using SEM, XRD, ATR-
IR, and contact angle measurements. The performance
of membrane was analyzed using PWF, FRR, and
percentage rejection. The membranes were found to

Fig. 5. Contact angle measurements of the membranes.

Fig. 6. Permeation and antifouling studies of the mem-
branes, (a) The PWF; (b) flux during BSA rejection; (c) flux
recovery.
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possess an asymmetric structure as observed from
cross-sectional SEM images. Contact angle measure-
ments indicated a clear increase in membrane
hydrophilicity with increasing concentration of TNF
content. The PSF/TNF composite membranes showed
better permeability than nascent PSF membrane. The
membrane with 10 wt.% addition of TNF showed the
highest value for PWF. Lower flux declination was
observed for the composite membranes during BSA
rejection. The antifouling study showed improved
results with greater concentration of TNF. 10 wt.%
TNF addition recorded a maximum FRR of 76%.
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