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This paper presents the preparation route for new TiO, nanoparticles-polysulfone membranes: M1 (Psf
12%), M2 (Psf 12% + TiO, anatase), and M3 (Psf12% + T/O 76% anatase+ 24% rutile) that were structurally
characterized by FTIR, TG-DSC and by scanning electron m/croscopy (SEM) coupled with energy dispersive
spectroscopy (EDAX). Contact angle measurements, dead-end and cross-flow filtration experiments were
carried out to characterize the morphology and hydrodynamic performance of the prepared membranes.
Improved mechanical properties, enhanced hydrophilicity and the relative large water flux measured for
M2-M3 (721.83 L/m?-h and 305.4 L/m¥-h, respectively) in cross-flow filtration experiments, make these

membranes appropriate for ultrafiltration applications.
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The incorporation of inorganic nanoparticles into a
polymeric matrix endows the material with
multifunctional properties, hydrophilicity, mechanical
strength, high water permeability, high retention rate and
enhanced antifouling resistance. Therefore, in most
wastewater treatment processes, the nanoparticles
incorporated into membranes are inorganic oxides: MgO,
Fe,0,,ALQ,, TiO, SiO,, ZnO, Fe,0,, metals (e.g. Cu’, Ag°) or
carbon-based fnatérials (eg graphene and carbon
nanotubes) [1-13].

Among these nanoparticles, the nanometric-sized TiO,
having photocatalytic and antibacterial activity are very
effective as surface hydrophilicity modifiers, thus reducing
the membrane fouling with organic matter and augmenting
the water flux through membrane [14-23]. The
superhydrophilic surface of TiO, together with the
nanometer dimensions of the partlcles are the main
properties considered in the design of nanocomposite
membranes [24-31].

Jyothi et al. [32, 33] prepared polysulfone Psf/TiO
composite membranes and studied the rejection of
chromium oxospecies (i.e. HCrO,”and HCr,0.") by these
membranes. For a Psf membrane modified with 2% wt
TiO, nanoparticles (TiO, NPs), the rejection of Cr(VI)
reaches maximum value’at pH=2.

Yang et al. [34-36] assessed the efficiency of a TiO,/Psf
composite membrane in kerosen emulsified wastewater
treatment and they showed that embedded TiO,
nanoparticles (2% wt, 20-30 nm diameters) improved the
membrane performance in terms of hydrophilicity and
antifouling characteristics. According to these studies, the
optimum concentration of TiO, nanoparticles in blend
membrane is 2% wt; above this concentration the blending
mixture (polymer-nanoparticles) become more viscous
and TiO, nanoparticles form aggregates onto the
membrane surface. For TiO, NPs concentrations ranging
from 1% to 5% wt in blendlng mixture, the pore density
increases from 690 pores/im? (TiO, 1%) to 1130 pores/
um? (TiO, 5%) and the membrane surface porosity
increases from 60.3% (TiO, 1%) to 85.7% (TiO, 5%) [34-
36].

Another important factor in tuning the membrane
hydrodynamic performances is represented by the particle
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size of TiO, polymorphs: anatase TiO, with particle average
diameter “~ 10-20 nm are reported to have a better
antifouling effect when used as membrane inorganic
nanofiller then larger rutile TiO, nanoparticles (average
diameter ~ 30 nm) [37, 38].

Taking into consideration the results in designing
polymer/TiO, nanocomposite membranes, we prepared
TiO,/Psf membranes with anatase and rutile nanofillers
and we characterized these membranes both structurally
(FTIR, TG-DSC, SEM/EDAX), and hydrodynamically, by
contact angle measurements and water flux experiments.
The crystalline structure of TiO, was assigned either to
anatase or rutile phase by powcfer XRD analysis and the
corresponding particles diameters have been estimated
with Debye-Scherrer equation.

Experimental part
Techniques and materials

All reagents and solvents were commercially available
and used as received. Polysulfone (BASF, ULTRASON® - S-
2010, white powder, 1.24 g/cm?®, with low viscosity in
organic solvents, 50mL/g, 25°C, and an average molecular
weight of 40000 Da) has been used as polymer support.

FTIR vibrational spectra were recorded with a Bruker
Tensor 27 spectrophotometer, with the ATR sampling unit,
in the wavenumbers range of 500-4000 cm™.

The electronic (UV-Vis) spectra were recorded at the
room temperature on a Jasco V560 in the diffuse
reflectance technique.

Thermal analysis TG-DSC was carried out with a Netzsch
449C STA Jupiter. Samples were placed in open AlO,
crucible and heated with 10 degrees-min? from room
temperature to 900°C, under the flow of 20 mL-min‘ dried
air. An empty AL,O crucible was used as reference,

Powder X-ray ‘diffraction (PXRD) patterns were recorded
on a Panalytical X’PERT PRO MPD diffractometer Wlth
graphite monochromatized CuKa radiation (A=1.5418 A).
The samples were scanned in the Bragg angle, 26 range of
15-90°.

SEM images were recorded on a SEM/EDAX High
Resolution Scanning Electron Microscope, Quanta Inspect
F FEG (resolution 1.4nm) with EDAX (133 eV resolution at
MnKa) - FEI Company.
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Contact angle measurements were carried out with
Contact Angle Meter - KSV Instruments CAM 100. Each
contact angle value represents the average of a minimum
of 5 measurements.

Dead-end and cross-flow filtration experiments were
carried out to characterize the performance of the prepared
membranes. The ultrafiltration experiments were
conducted using a laboratory-scale dead-end (DE) and
cross-flow (CF) filtration system (equipped with a variable
speed driven centrifugal pump: Q=40 L/min, n=287 rpm,
and H__ =4 bar) at temperature of 25°C and pressures of
0.5, 1,"2, 2.5 and 3 bar. For each type of membrane, the
water flux was determined by measuring the coIIectlng
time for the volume of 100 mL of permeate. The
membranes diameter was 36 mm. The permeate volume
was determined on steady flow conditions. The flux (),
defined as the flow rate of water passing through the
membrane, per unit area of membrane, was calculated

using the formula: / = & [L/mh], where: Q, = filtrate

flow rate through membrane [L/h], A, = surface area of
membrane [mZ].

Preparation of TiO, NPs

TiO, NPs have been prepared as described in [39],
sllghtly modified. 5g TIOSO, were dispersed in 100 mL hot
distilled water and, while malntammg the mixture under
vigorous stirring, 25 % wt ammonia solution was added
until pH=7. The basic hydrolysis of TIOSO, lead to hydrated
titanium oxide, TiO, xH,0. After COpIOUS washing with
water, BaCl, ,_ test for éoz was performed; the white
precipitate, ffeé of sulfate i ion, was dried in oven at 60°C,
for 24 h.

The as-synthesised TiO, - as anatase polymorph was
susequently calcined at 90CPC for 3h, for obtaining the rutile
polymorph.

Preparation of membranes

Polysulfone solutions of 12% wt concentration in
dimethylformamide (DMF) were obtained in borosilicate
glass vials with polyester caps, under stirring at room
temperature for 24 h.

The blending mixture TiO, (1% wt)-polysulfone (12%)-
DMF was cast in a thin filmof 0.4 mm on a glass plate
using a film casting device. Deionized water was used as
coagulation agent (bath temperature, 25°C). Hence, the
membranes M1 = Psf 12% - reference membrane, M2 =
Psf 12% + TiO, (anatase), and M3 = Psf 12% + TiO,
(thermal treateé) were obtained.

Results and discussions
TiO, nanoparticles
FTIR spectra

To assess the formation of TiO, from TiOSO, subjected
to basic hydrolysis, FTIR spectra in the 500-4000 cm*
wavelength range were performed (fig. 1). In the FTIR
spectrum of TIOSO,xH,0, absorption peaks corresponding
to the stretching vibrafion of SO,” around 990-1200 cm'*
(990, 1065, and 1140 cm™) are present The sulfate ions,
SO 7, act as bidentate ligands toward Ti** (TiO**) ions. In
the FTIR spectra of both TiO, (as-synthesized) and TiO
(thermal treated) these peaks were no longer present and
the spectra indicate the formation of the more symmetric
crystalline compounds, with broad vibration bands in the
600-900 cm* wavelength range, which can be attributed
to the newly formed O-Ti-O-Ti bonds. The absorption peak
at 1414 cm?* can be assigned to the bending vibration
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Fig. 1. FTIR spectra of TiOSO,, TiO, anatase (as-synthesized) and
TiO, (thermal treated)
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Fig. 2. UV-Vis spectra of TiOSO,, TiO, anatase (as-synthesized) and
TiO, (thermal treated)

) from water molecules adsorbed onto the surface
Hr 5 nanopowders.

UV-Vis spectra

TiO, NPs were extensively studied for their
photocatalytlc and antibacterial properties and it is a known
fact that the energy gap is larger for TiO, nanoparticles of
smaller dimensions.

The UV-Vis spectra (fig. 2) showed absorption maxima
at 335 nm for TiOSO,, 331 nm for TiO, anatase (as-
synthesized), and 353 nm for TiO (thermal treated). For
these values, the energy gap (E = ﬁc/)\ h=16.6310*Js,c
= 3:10° m/s, 1eV = 1.6:10% J) is 3.75 eV for TiO, anatase
(as- synthesrzed) and 3.52 eV for TiO, (thermal treated)
indicating that TiO, (thermal treated) nanopartlcles have,
as expected, Iarger diameters.

PXRD

For TiO, (as-synthesized), the XRD pattern (fig. 3)
corresponés to the anatase polymorph of TiO,, as pure
phase, according to the crystallographic reference 04-002-
8296.

By using the Debye-Scherrer equation [40], the average
diameter of the nanoparticles can be estimated:

0.94

D =———\ = the wavelength of the CuK radiation =
B cos8 a

1.5418A or 0.15418 nm); B = FWHM (full width at half
maximum); 8 = diffraction angle; D = particle diameter.
Particle size calculation for TiO, anatase (as-

synthesized): hkl = 101 - 26 = 25.337 (1 = 100%); B =
(25.544-25.1618) -E—o 0067 rad:
0.9-0.1541

=——— =21 nm
0.0067cos 12668
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The TiO, powder obtained after the thermal treatment
(900°C, 3h) has a XRD pattern in which diffraction peaks
for both polymorphs: anatase (76%) and rutile (24%) are
present (fig. 3).

Phase composition of the sample was calculated by
using the equation [39]:

Rutile phase (%) = 100/[1+0.8(1,/1.)], where |, and |_
are the 100% intensities of the anatase (hkl =101 — 26 =
25.38707°) and rutile (hkl =110 - 26=27.5382°) diffraction
peaks, respectively.

Particle size calculation for TiO, anatase (76%)/TiO,
(24%):

TiO, anatase hkl = 101 - 26 = 25.38707 (I = 100%);

B = (25.5158-25.2748) - ———= 0.0042 rad

0.9-0.1541
D=——=34nm
0.0042-cos 12,6935

TiO, rutile hkl = 110 - 26 = 27.5382 (I = 100%);
B = (27.5938-27.4332) - = 0.0028 rad

0.9-0.1541
D= D=

=———— =51 nm
0.0042-cos 12.6935

~ | [—TiO, anatase =
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Fig. 3. XRD pattern of TiO, anatase (as-synthesized) and TiO,
anatase + rutile (thermal treated)

As seen from figure 3, broad diffraction peaks are
observed for TiO, anatase indicating the formation of small
nanoparticles, while for TiO, mixed phase (76% anatase,
24% rutile) the diffraction peazks are sharper, better defined,
as a result of the increase of crystallinity and crystal size
upon the thermal treatment. The temperature (900°C) has
asignificant effect on the crystallite size TiO, anatase, the
particle size increase from ~21 nm to ~34 nm.

TiO. /Psf membranes

e M1 (Psf 12%), M2 (Psf 12% + TiO, anatase), and
M3 (Psf 12% + TiO, 76% anatase+ 24% rutife) membranes
were prepared by phase-inversion method [40-47].

The nanoparticles (1% wt either TiO, anatase or TiO,
76% anatase+ 24% rutile) were blended with polysulfone
solution (12%wt ) in DMF and then cast onto a glass plate.
The nanocomposite membranes were formed by dipping
this glass plate in deionized water, the non-solvent for the
polysulfone polymer.

FTIR spectra

In the FTIR spectra of M1-M3 membranes (fig. 4), only
the absorption maxima attributed to the structure of
polysulfone: 1104 cm™* (C-0), 1149 cm™* (R(SO,)-R), 1239
cm? (C-0), 1488 cm?* (C=C aromatic), 2921 cm™* (CH
alifatic), 2965 cm? (CH aromatic) and 3367 cm?® (OH),
respectively, have been observed. The vibration bands of
Ti-O bond appear in the 600-900 cm* range and they are
probably obscured by the peaks of polysulfone.
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Fig. 4. FTIR spectra of the M1-M3 membranes

- Thermal analysis (TG-DSC)

The thermal analysis curves (TG-DSC) for M1-M3
membranes are depicted in figure 5 (a) and (b).

The total experimental mass loss is 91.02% wt for M1,
88.84% wit for M2 and 93.06% wt for M3, respectively.

The DSC curves are very similar in shape for all three
membranes, and they present:

- two moderate exothermic effects, 420°C < T < 540°C,
attributed to the beginning of the decomposition process
of polysulfone polymer,

- one strong exothermic effect centered at 607°C for M1
(Psf 12%), at 616°C for M2 (Psf 12% + TiO, anatase), and
at 627°C for M3 (Psf 12% + TiO, 76% anatase+ 24% rutile),
respectively. This effect is assigned to the combustion of
polysulfone backbone.

For M1-M3 membranes, the decomposition
temperature (T,) and the glass transition temperature (T,
have been determined. The literature data showed that fg
and T, for Psf membranes are 189°C and 471.95°C [35],
and we found for M1 (Psf 12%) T, =189.3°C and T, =
484.1°C, values that are very close to those reported.

Generally, these temperatures are higher when inorganic
nanoparticles are incorporated into material. Yang et al.
[35] reported that for a TiO, content of 3% wt, T of a
polysulfone membrane increased with 40.6°C (’from
471.95°C/Psf to 512.55°C/Psf+Ti0,) and T increased with
10.2°C (from 189°C/Psf to 19 .2°C/P§f+TiOZ). They
attributed this behavior to the intermolecular interactions
between TiO, NPs and polymeric chains that lead to an
enhanced rigidity of polymeric film and, hence, to enhanced
thermal stability of nanocomposite membrane.

M2 (Psf 12% + TiO, anatase) has T,=195.2°C andT,=
497.1°C, both values slightly higher (with 5.9°C for T_and
13°C for T ) than the values determined for M1 (Psf ng%)
used as reference.

In the case of M3 (Psf 12% + TiO, 76% anatase+ 24%
rutile), the T = 182.3°C and T, = 468.3°C values, lower
than both M1 and M3 values, are, probably, the
consequence of incorporating larger particles (34 nm/
anatase and 51 nm/rutile as estimated by PXRD) in blending
mixture and thus inducing the macropores formation in
the membrane.

Scanning electron microscopy SEM/EDAX

To obtain insights into membranes morphologies [49-
51], cross-section structures of M1-M3 were visualized by
SEM (figs. 6 and 7 (a)). Cross-section images of the
membranes showed very similar morphologies, but for M2
(Psf 12% + TiO, anatase) and M3 (Psf 12% + TiO, 76%
anatase+ 24% rutile) the asymmetry of the membranes
was apparent, as a result of the addition of TiO, NPs to the
membranes. For M3, the blending of larger Ti(S2 NPs with
polysulfone in the casting suspension caused the formation
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Fig. 5. TG curves (a) and DSC curves (b) for membranes M1-M3

of a thicker skin layer with more TiO, NPs concentrated in
top layer of the membrane as compared to M2.

Energy dispersive X-ray spectroscopy, used in
conjunction with SEM, confirmed that the TiO, NPs were
incorporated into the Psf casting suspension as indicated
by the spectral lines of Ti (from TiO,) at 4.51 keV and 4.94

L2-]

Fig. 6. SEM micrograph

of transversal section

through M1 (Psf 12%)
membrane

keV for M2 (Psf 12% + TiO
4.50 keV and 4.97 keV for M3 (Psf 12% + TiO, 76%
anatase+ 24% rutile) (fig. 7, M3 (b)).

anatase) (fig. 7, M2 (b)) and at

Contact angle measurements

Contact angle measurements confirmed that the
polysulfone modified with TiO, NPs has an improved
hydrophilicity. The contact angle (degrees) of the reference
membrane M1 (Psf 12%) was determined as 83.4+1.6
and, when TiO, NPs have been added to the blending
mixture, the contact angle decreased to 66.09+5.2 for M2
(Psf 12% + TiO, anatase) and to 65.420.3 for M3 (Psf 12%
+ TiO, 76% anatase+ 24% rutile).

M3 (Psf 12% + TiO, 76% anatase+ 24% rutile) showed
to be the most hydrop7h|I|c membrane as compared to M1
(Psf 12%) and M2 (Psf 12% + TiO, anatase) membranes,
and this fact can be assigned to the largest concentration
in hydrophilic TiO, NPs on the M3 membrane surface as
revealed by SEM i |mages

Dead-end and cross-flow experiments

The influence of TiO, NPs addition into composite
membranes upon pure “water permeability has been
evaluated in ultrafiltration (UF) experiments: dead-end
(DE) and cross-flow (CF) filtration modes.
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Fig. 7. SEM micrographs (a) and EDAX patterns (b) of M2 (Psf 12% + TiO, anatase) and M3 (Psf 12% + TiO, 76% anatase+
24% rutile) membranes
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As shown in Table 1 and figure 8, water permeability
measurements showed a decrease of the pure water flux
through M2 (Psf 12% + TiO, anatase) and M3 (Psf 12% +
TiO, 76% anatase+ 24% rutilze) membranes in comparison
with M1 (Psf 12%) membrane, used as reference.

Even though the hydrophilicities of M2 (Psf 12% + TiO
anatase) and M3 (Psf 12% + TiO, 76% anatase+ 24%
rutile) membranes are higher than that of M1 (Psf 12%),
the water flux significantly decreases as a consequence
of the nanoparticle skin barrier of the M2-M3 asymmetric
membranes.

However, some important aspects can be pointed out:

- Compared to the M1 membrane which have a greater
flux in dead-end filtration mode, reaching the highest value
for 2 bar and then decreasing as the pressure increases,
the M2-M3 membranes have optimal performances at high
filtration pressures, 3 bar for both dead-end and cross-flow
mode.

- Improved mechanical properties and the relative large
water flux measured for M2-M3 in cross-flow filtration
experiments, make these membranes appropriate for
ultrafiltration processes.

- At the same time, the improved hydrophilicities of the
M2-M3 membranes are effective for enhancing the fouling
resistance and the membranes useful life.

Conclusions

In this work, TiO, NPs-Psf composite membranes: M1
(Psf 12%), M2 (Psf 1o + TiO, anatase), M3 (Psf 12% +
TiO, 76% anatase+ 24% rutlle) have been prepared by
phase inversion method. FTIR and UV-Vis spectra and
PXRD analysis confirmed the synthesis of TiO, NPs and
their estimated diameters were ~21 nm for anatase and
~34 nm/~51 nm for mixed phase 76% anatase/24% rutile.
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The morphologies and properties of the composite
membranes have been significantly affected

by adding TiO, NPs of different sizes to the polymer
casting suspensmn The hydrophilicity and mechanical and
thermal stability are enhanced by incorporating the TiO,
NPs in membranes. Contact angle measurements
confirmed that when the polysulfone was modified with
TiO, NPs, the hydrophilicity of the membranes increased
in the order : 83.4° for M1 (Psf 12%) < 66.09° for M2 (Psf
12% + TiO, anatase) < 65.4° for M3 (Psf 12% + TiO, 76%
anatase+ 24% rutile).

Water permeability experiments (dead-end and cross-
flow filtration) showed that the TiO, NPs-Psf membranes:
M2 (Psf 12% + TiO, anatase), M3 (Psf 12% + TiO, 76%
anatase+ 24% rutile) are suitable for use in ultrafiltration
process, the water flux values are 721.83 L/m?h for M2
and 305.4 L/m%h for M3 in cross-flow filtration experiments
at pressure of 3 bar.
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