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ABSTRACT

In this work, polysulfone (PSU) membranes were prepared with 1.0%, 3.0%, and 5.0% by weight
of titanium dioxide (TiO,). The membranes were analyzed by viscosity, X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), water
vapor permeation, contact angle (CA), flow measurements (FM), and yield. Through XRD and
FTIR, the PSU membranes and their hybrids showed peaks and bands characteristic of PSU and
TiO, structure. By SEM and viscosity, it was observed that the addition of TiO, promoted the for-
mation of agglomerates on its surface, in addition to increasing the viscosities and thickness
of these membranes. Through the CA and of water vapor permeation, it was found that the PSU
membrane had the higher angle value and the smallest vapor permeation, probably because it
presents a smooth filter skin with few pores and low interconnectivity of these with the porous
layer. The separation tests indicated a decrease in flow, due to the fouling formed on the mem-
branes surface and a significant reduction of dye in permeate, allowing the treatment of this con-
taminant. Furthermore, TiO, for being a hydrophilic material and for acting as a porogenic agent,
facilitated the passage of water, favoring the dye separation by hybrid membranes.

Keywords: Membranes; Hybrids; Phase inversion; Industrial effluent

1. Introduction water, minimizing energy expenditure, and the emission of
effluents [1].

Common treatment processes include chemical meth-
ods, centrifugation, ultracentrifugation, heat treatments,
and among others. Each of these processes has serious lim-
itations, whether, in terms of energy, thermal and mechan-
ical treatments, that is, chemical. Processes that have been
receiving increasing attention due to their energy efficiency

The implementation of cleaner technologies and research
in water treatment are the ways to minimize the impacts
caused to the environment and improvement of water
resources and, consequently, economic, and social of a region.
A worldwide trend is the development of processes that use
inputs with great efficiency, maximize the reuse of process
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are the ones that use membranes as an active principle of
their operation, this because it is a clean technology, has the
simplicity of operation, has wide applicability, in addition to
being possible to combine with other processes [2—-4].

The membrane separation processes (MSP), consist of a
clean technology, which does not require the greater tech-
nical capacity of operation, which can be combined with
several other processes, which require simple and small
equipment. They are considered efficient technologies for
the contribution of solutions to several world problems,
such as the treatment of residues from industries, sewers,
and rain networks, which are released into the environ-
ment, in the form of liquids or gases. Because of this, the
growth in research involving membrane synthesis and
studies is remarkable. Thus, the MSP is disseminated to
industrial levels, this is the result of great advances in stud-
ies on membranes, improving their performance for better
productivity, greater selectivity, and better stability [5-7].

Membranes are filter media that have pores of varying
dimensions. These pores are responsible for the properties
that make membranes useful in their various applications,
to separate particles and to fractionate molecules of dif-
ferent molar masses [8,9].

Phase inversion is the most used method for obtaining
microporous polymeric membranes, which are produced by
the precipitation of a polymeric solution spread as a thin film
or extruded as hollow fiber, and subsequent precipitation
in a non-solvent bath. The membrane is formed by desta-
bilizing the solution and precipitating the polymer. This
technique allows us a wide morphological variation from
small variations made in the parameters used during the
process of preparing the membranes [10-12].

Polysulfone (PSU) is an amorphous, hard, rigid, and
highly resistant thermoplastic polymer, being, therefore,
characterized as a high-performance polymer, whose main
chain is composed of basic repeating units containing sul-
fone, aryl, and ether groups. Although it can be found in
aliphatic or aromatic form, aromatic polysulfone, which is
characterized by the presence of di-phenyl-sulfone groups
linked in its repeating unit, has better properties for the
manufacture of membranes. This has a high glass transition
temperature, good mechanical resistance, high hardness
(which implies greater resistance to localized plastic defor-
mation), and good thermal and oxidative resistance. Given
these characteristics, PSU is being used to obtain polymeric
membranes with excellent properties [13-15].

PSU membranes have been widely used for wastewater
treatment due to their desired properties, such as stability,
high mechanical strength, and ease of modification. The
alteration of these membranes presents a great opportunity
to improve its performance in the area of wastewater treat-
ment. Up-to-date studies on nanomaterials, as well as hydro-
philic macromolecules used in modifying ultrafiltration/
microfiltration PSU membranes for application in water
treatment, have been extensively analyzed. These modi-
fied membranes exhibited a remarkable improvement with
respect to water permeability, salt rejection, and antifoul-
ing characteristics of PSU-modified membranes when com-
pared to pure PSU membranes. Based on studies carried
out, it is evident that PSU membranes modified with hydro-
philic nanomaterials and macromolecules have unique

characteristics that can contribute to the advancement of
innovative nanocomposite membranes with improved
wastewater treatment capabilities [16].

The preparation of mixed matrix membranes in which
inorganic compounds, such as aluminum oxide (ALO,),
titanium dioxide (TiO,), zirconium oxide (ZrQO,), and sil-
icon dioxide (SiO,) nanoparticles are incorporated into
the polymeric membrane structure, has recently attracted
wide attention. The purpose of adding the use of these
inorganic materials in the manufacture of polymeric mem-
branes is to decrease the scale, increase the permeability,
improve the chemical stability and reinforce the rejection of
specific chemical species [17].

The addition of organic and inorganic components to
the polysulfone membrane solution has become a widely
used technique in the preparation of membranes, and the
addition of components characterizes composite mem-
branes [18-21]. TiO, has suitable chemical resistance, easily
tunable morphology, surface properties, and catalytic func-
tionality besides the antifouling properties of TiO, nanopar-
ticles have made them applicable in membrane technology
[22]. Consequently, TiO, nanoparticles can be used for filtra-
tion purposes to increase the membrane resistance against
fouling by degrading the organic foulants which come
into contact with the nanoparticles within the membrane
matrix [23].

Polysulfone ultrafiltration membranes added with TiO,
nanoparticles and multi-walled carbon nanotube (MWCNT)
with variable rates of nanoparticles (NP) were manufac-
tured by the phase inversion method. The effects of the
proportion of TiO,/MWCNT nanoparticles were analyzed
on the size and morphology of the membrane pores, per-
meation, incrustation, and rejection of humic acid (HA).
The membranes on which the NPs were combined exhibited
an ideal balance of performance and synergism in terms of
increased flow combined with high HA rejection [24].

Krishnamoorthy and Sagadevan [25] prepared poly-
ethersulfone (PES) asymmetric membranes blended with
polyethylene glycol and iron oxide nanoparticles using the
phase inversion technique. Membranes were analyzed for
their morphology, thermal stability, and membrane char-
acterization. Morphology studies using scanning electron
microscopy (SEM) and atomic force microscopy confirmed
the increase in the number of pores, pore size in the sup-
port layer, and surface roughness in blended membranes,
ensuring the chances of enhanced flux. Surface hydro-
philicity was increased with the increase in iron oxide
concentration in composite membranes. Thermal analy-
sis studies showed the better thermal stability of blended
membranes. The pure water flux of prepared composite
membranes was improved to a maximum of four times
in comparison with pure PES membrane. Dye rejection
studies clearly showed that the blended membranes
almost had the same rejection as that of pure PES mem-
branes. Thus, the prepared PES composite UF membrane
is a promising candidate for the treatment of dye polluted
wastewater, ensuring high fluxes, and effective rejection.

The addition of TiO, to the polysulfone membranes
provides significant changes in the morphological struc-
ture with an increase in the quantity and size of the pores,
present on the upper surface of these hybrid membranes.
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In addition, it promotes an improved flow, favoring its appli-
cation in microfiltration systems for the treatment of liquid
effluents [26-30]. This work aims to develop microporous
flat membranes of polysulfone/titanium dioxide hybrid
systems through the phase inversion technique, aiming
at its application in the treatment of dye.

2. Experimental
2.1. Materials

For this research, the following materials were used: the
polymer matrix used was the polysulfone UDEL P3500 LCD
MB?7, Fig. 1la, manufactured by Solvay, with a molar mass
between 77,000 and 83,000 g mol™ and a relative density of
1.2, according to ASTM D792. O titanium dioxide (TiO,),
P-25, identified as Aeroxide® with a purity level of 99.5%
in the form of fine powder supplied by Evonik Degussa
(Brazil), which consists of 70% of the anatase phase and
30% of the rutile phase. The solvent n-methyl 2-pyrroli-
done (NMP), Fig. 1b, with 99.5% purity, from the company
Synth, was used as a solvent to dissolve the polysulfone and
its hybrids to obtain the membranes, with the molecular
structure shown in Fig. 1b. The glycerin (C,H,(OH),) used
was with a purity level of 99.5%, molar mass 92.09 g mol™,
acquired by Vetec Fine Chemicals Ltda., (Brazil).

2.2. Preparation of polymeric and hybrid membranes

Initially, the polysulfone, containing TiO, (1%, 3%, and
5% by weight), were dissolved in the NMP solvent and the
solution was stirred for 24 h. Then, the prepared solution
was placed on a glass plate, and spread with a glass stick
under the plate. The plate was immediately immersed in
a bath containing non-solvent, in this case, distilled water.
The membranes remained in the bath until their precipi-
tation was completed. Soon after, they were removed
from the plates, washed with distilled water, and later,
they were dipped in a mixture of 20% w/w glycerin. The
membranes were stored in a solution with glycerine to
prevent pore collapse, and before being subjected to the
permeability test, they were washed with distilled water
to eliminate the glycerine. The membranes used to per-
form the flow measurement test remain submerged in this
mixture until the test is performed. The compositions of
the systems are shown in Table 1.

2.3. Characterizations of polymeric and hybrid membranes

The viscosities of polymeric and hybrid solutions were
analyzed at room temperature, at a speed of 20 rpm, in
the microprocessed rotary viscosimeter, manufactured by

Quimis Scientific Apparatus Ltda., (Brazil). The polymeric
and hybrid membranes were characterized by X-ray diffrac-
tion (XRD), using a Shimadzu XRD 6000 equipment (Tokyo,
Japan), with A = 1.541 A, operating at 40 kV and 30 mA and
scanning angle from 1.5° to 30°. The analysis of Fourier
transform infrared spectroscopy (FTIR) was performed on
a Perkin-Elmer Spectrum 400 spectrometer (Massachusetts,
United States) with a scan from 4,000 to 650 cm™. The images
from SEM were obtained in SSX 550 Superscan — Shimadzu
equipmen (Tokyo, Japan) t. For analysis of the cross-section,
the samples were fractured in liquid nitrogen to prevent
plastic deformation. The membranes were coated with gold.
The contact angle analysis was performed using the ses-
sile drop method, using a portable contact angle, Phoenix-i
model from Surface Electro Optics — SEO. The drop was
formed manually by means of a micrometric doser, the
image of the drop was captured by the camera embedded in
the equipment, where it was later analyzed in the software.
All membranes were characterized in the form of thin films.

2.4. Water vapor permeation

This test was carried out according to ASTM E96 [31],
using the gravimetric method. The permeability of the films
was calculated according to Eq. (1). Where P is the permea-
bility of the films in Barrer, G is the mass that passes through
the film per unit area and time that was determined by cal-
culating the slope of the straight line of mass loss of the pots
per unit area as a function of time,  is the film thickness, V
is 22.414 cm® mol™ which is the normal molar volume under
standard conditions of temperature and pressure (0°C, 1 atm)
of the water vapor, M is 18.011 g mol™ which is the molar mass
of the water, P is the vapor pressure of the water at the tem-
perature of the experiment and Au is the relative humidity dif-
ference between the interior of the container and the outside.

G-h-V,

P=——"0
M-P,-Au @)

2.5. Water permeability and dye retention

For the flux test measurements with water and water/
dye, a perpendicular filtration cell with an effective area
of approximately 13.0 cm? was used, as shown in Fig. 2,
coupled to a filtration system, which was used to measure
the permeate.

The membranes were subjected to pressure perme-
ability tests of 1.0 bar and a temperature of 25°C. At least
three measurements, for each pressure, were taken to
obtain the mean values of the water permeate flux. The
permeate samples were collected over a period of 60 min

0
@] CHs
% O 0 ~N
OO+
(a) " (b)

Fig. 1. Molecular structure: (a) polysulfone and (b) n-methyl 2-pyrrolidone.
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Table 1
Composition of membranes used in this study
Membranes NMP (%) Polysulfone (%) TiO, (%)
Pure PSU 90 10.0 -
PSU/1% w/w TiO, 90 9.9 0.1
PSU/3% w/w TiO, 90 9.7 0.3
PSU/5% w/w TiO, 90 9.5 0.5
5 Pressure
" gauge
b7 Membrane
- %‘" ‘

T\ @
/ “ Permeate

Fig. 2. Filtration system used to estimate the permeate flow with
water or water/dye.

for each membrane. The operation was performed at room
temperature. The membrane performance was evaluated
by permeate flow and selectivity with the indigo blue dye
present in the feed solution at a concentration of 200 mg L.

The performance of the membranes can be assessed
through the permeate flow and the selectivity of a partic-
ular solute present in the feed solution. The volumetric
flow (J) of the membranes determined by Eq. (2) [32]:

Permeate volume (L)

@)

- Membrane area (mz) x Time (h)

From the obtained results, it was possible to draw real
profiles of flow measurements, testing the efficiency of
these membranes in dye separation. The selectivity of mem-
branes was estimated by rejection coefficient (R%), calcu-
lated based on the ratio of concentrations of dye in permeate
(C,) and the feed solution (C) expressed by Eq. (3) [32]:

R(%):{(C”C_OCP)}mo ®)

The analysis of indigo blue concentrations present in
permeate samples was measured using the Bel Photonics

spectrophotometer of ultraviolet-visible (UV-vis), model
UV-M51, with the concentration of 500 mg L. The sam-
ple containing indigo blue was transferred to the spec-
trophotometer cell for reading between 400 and 1,000 nm
and the concentration of indigo blue present in the sam-
ple was calculated, taking as a basis, the absorbance value
measured in equipment. The analysis was performed at
the Environmental Science Research Laboratory of the
Department of Sanitary and Environmental Engineering of
Paraiba State University.

3. Results and discussion
3.1. Viscosity

Fig. 3 illustrates the viscosities of solutions used in the
preparation of pure PSU membrane and their hybrids
with 1, 3, 5% w/w of TiO,.

The addition of inorganic components to polymeric
membrane solution has become a widely used technique in
the preparation of membranes, and the addition of compo-
nents characterizes composite membranes. The viscosity of
suspensions is determined by static viscosity measurement
as a function of shear rate. The solutions used to obtain the
membranes containing 1%, 3%, and 5% by weight of TiO,
showed viscosities of about 2,230; 2,790; and 3,070 mPa s,
respectively, these results were higher when compared to
the pure PSU membrane with the viscosity of 2,174 mPa s,
and this increase was directly proportional to the increase
in the percentage of inorganic nanoparticles. In addi-
tion, in particular, the viscosity increases significantly, to
3 and 5% w/w of TiO, content, this fact can be explained
due the high specific surface area of TiO, results in a high
surface available for the adsorption of the polysulfone
chains. This adsorption of polysulfone in the hydroxyl
groups present in the TiO, spheres causes the forma-
tion of a suspension with a mechanically stable structure
resulting in a very high viscosity with a low shear rate of
20 rpm. Similar results were obtained by researchers who
studied the increase in the percentage of TiO, nanoparti-
cles in PSU membranes, noting that there were changes
in their rheological properties, increasing the solution
viscosity [20,21,27-30,33].

3.2. X-ray diffraction

Fig. 4 illustrates the results from XRD of pure PSU
membrane and their hybrids with 1, 3, 5% w/w of TiO,.

Polysulfone is an amorphous polymer and in glassy
state, it is widely used as a barrier material in separation
membranes. According to the diffractogram illustrated
in Fig. 4, it was possible to observe a characteristic peak
between 15° and 20°, around 17° related to its structure [34].
In general, the hybrid membranes showed the same behav-
ior with a characteristic peak of polysulfone structure and
practically the absence of characteristic bands of TiO,, due
to an efficient mixture of TiO, with the polymeric matrix.
Furthermore, in hybrid membranes two very discrete peaks
of diffraction were visualized at 25.4° and 27.5°, due to the
crystalline phase of TiO,, in this case, anatase and rutile,
respectively [35].
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Fig. 3. Viscosities of solutions used in the preparation of pure
PSU membrane and hybrids with 1, 3, and 5% w/w TiO,.
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Fig. 4. X-ray diffractograms of pure PSU membrane and hybrids
with 1, 3, and 5% w/w TiO,.

3.3. Fourier transform infrared spectroscopy

Fig. 5 shows FTIR analyzes of pure PSU membrane
and their hybrids with 1, 3, 5% w/w TiO,. According to the
spectra shown in Fig. 5, it was possible to visualize that
the characteristic bands of the polymer are: in 1,153 cm™,

" 1338 1153
PSU/5% wiw TIO2 1483 = | |~ 838
T ¥ 6o
- 1324 l 1016‘ W
SRk

™ S ——

2970 2876 1680: n i \.JJ'}.\"EI‘L\ faf
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Fig. 5. FTIR spectra of pure PSU membrane and hybrids
with 1, 3, and 5% w/w TiO,.

referring to the symmetrical stretching of sulfone; in
1,338 cm™, of aromatic ether; in 1,324 cm™, the asymmetric
stretching of sulfone; in 2,970 cm™, of the aromatic stretch
of CH,; in 2,876 cm™, referring the CH, aliphatic stretch, in
1,483 and 1,588 cm™, referring to C—C stretch of aromatics;
in 1,016 cm™, referring the asymmetric C-O stretch and in
692 cm™ and, in 838 cm™, referring the rocking molecular
vibration of C-H bond [36—44].

It is also possible to verify in Fig. 5, that the same bands
refer to the pure polysulfone membrane and appear in
membranes of their hybrids. However, these bands below
1,000 cm™ are not only related to polysulfone but are also
inherent the typical characteristic bands of titanium diox-
ide, related to the vibration of Ti—-O and Ti—-O-O bonds of
TiO, anatase phase octahedrons that share faces of the TiO,
structural network [45]. They remained superimposed in
the polysulfone bands because they had the same wave-
number ranges.

3.4. Scanning electron microscopy

The SEM photomicrographs of the top surface and the
cross-section of pure PSU membrane and their hybrids
with 1, 3, and 5% w/w TiO, are shown in Fig. 6. The images
were obtained with a fixed increase in the surface of the top
of 10,000 times, while in cross-section there were increase
variations between 1,400 and 3,000 times.

From Fig. 6, it was possible to observe that the mem-
branes presented an integral anisotropic morphology that
can be attributed to the preparation method by phase
inversion and by the action of TiO, (in the case of hybrid
membranes). In this method, there is a diffusive mass flow,
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Fig. 6. Photomicrographs obtained by SEM of pure PSU membrane and hybrids with 1, 3, and 5% w/w TiO,: (a) top surface

and (b) cross-section.

due to the difference in chemical potential between the
solvent (NMP) and the non-solvent (water). It begins in
the region of the top surface of the membrane, the oppo-
site region to that in contact with the glass substrate, and
maintained throughout the section, however, with dif-
ferent intensities. In the photomicrographs obtained by
SEM, asymmetric microporous membranes were observed
with a selective layer (filtering skin) on top and a layer
on the bottom with a variation in size and shape of pores
along with its thickness [46]. It is from this difference in
morphology in cross-section that arises the membrane’s
selectivity [47].

The pure PSU membrane (Fig. 6) presented a mor-
phological structure with a regular slick layer and a small
number of pores on its surface, for the studied increase. In
addition, it is possible to observe a thinner cross-section
(32.8 um) followed by a fingers-shaped structure, macro-
voids, microvoids, and the presence of agglomerates along
its cross-section [48-51]. The addition of 1%, 3%, and 5% by
weight of TiO, to the PSU membrane promoted the forma-
tion of a rough dense structure with the presence of agglom-
erates along with its surface layer [52-54]. In addition, the
addition of TiO, nanoparticles promoted an increase in
clusters size and in thickness of these hybrid membranes,
with 1% (55.69 um), 3% (65.01 um), and 5% (74.88 um) of
TiO, when compared with the pure PSU membrane, which
can be seen by its cross-sections, and this increase was
directly proportional to the increase in the percentage of
additive [24,27,29].

The addition of nanoparticles in polymeric membranes
provides an increase in the number of pores on the top sur-
face while the cross-section has become more crystalline

and denser, being able to form rough aggregation on the
top surface, due to the availability of electron pairs isolated
from hydrogen atoms of polymer chain that can attract
the inorganic charge. The increase in the concentration of
nanoparticles for 5% w/w TiO, makes their distribution
more uniform throughout their surface, also increasing
the pore size due to rapid solidification of the membrane
in the gelation bath. Furthermore, the support layer, which
regulates the flow, became empty with the addition of load.
This may be due to the demixing of polymer solution result-
ing from the nucleation and growth of the polymer-rich
phase. This, in turn, regulated the rates of diffusion of
coagulant and solvent through the skin layer, which led to
the formation of macrovoids [25].

The addition of hydrophilic additives increases the vis-
cosity of the polymeric solution. At low concentrations of
additives, the hydrophilic effect of additives is dominant,
which causes the formation of a nullified support layer
similar to a more regular finger. However, in the high con-
centration of additives, the molten dope was less stable
due to high viscosity. This dominant viscous effect delayed
the rate of polymer demixing during membrane for-
mation, resulting in a more spongy support layer [55].

TiO, has a specific surface area of 39.14 m? g7, an
average particle diameter of 59.6 nm, a pores volume of
0.034 cm® g7, and an average pores diameter of 2.26 nm
[56]. All these characteristics of inorganic material result
in small nanometric particles with a porous structure that
works favoring hydrophilicity, and the increase the perme-
ate flow of hybrid membranes. The analysis of the struc-
ture of a membrane through the cross-section is as crucial
as the top surface, considering that it is responsible for the
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productivity of the membrane. Thus, it is essential that the
membrane has good permeability and minimum resistance
to the permeate flow at adequate pressures so that it can
perform well.

3.5. Water vapor permeation

Fig. 7 illustrates the values obtained for the water vapor
permeation of pure PSU membrane and hybrids with
1, 3, 5% w/w TiO,.

In Fig. 7, pure PSU membrane presented the lower
value of water vapor permeation (0.16 x 10~ g Pa™ s m™),
probably by obtaining a morphological structure contain-
ing superficial pores of smaller dimensions, presenting
a smooth filter skin with few pores and low intercon-
nectivity of these with the porous layer, as previously
observed by SEM. The addition of TiO, to the PSU mem-
brane promoted the formation of a rough dense structure
with the presence of agglomerates along with its surface
layer, and in addition, in general, it increased the fingers
shaped structure, macrovoids, microvoids along its cross-
section, increasing gradually the water vapor permeability
for the membranes with 1% (0.18 x 107 g Pa™ s m™), 3%
(0.21 x 10? g Pa! s7 m™), and 5% (0.23 x 10° g Pa! s' m™)
of TiO, additive when compared with the pure PSU mem-
brane, and also as a result of the increase in the size and
quantity of inorganic charge present on their top surfaces
as observed previously by SEM images. In general, the
introduction of hydrophilic inorganic fillers in the poly-
meric solution to obtain hybrid membranes results in an
increase in water vapor permeation when compared with
polymeric membranes without additives [57,58].

3.6. Contact angle

The interaction between the liquid and the solid makes
the contact angle the most used method to measure the
surface tension of solids. All membranes were evaluated
with a drop of distilled water. The results obtained for the
contact angles can be seen in Figs. 8 and 9.

1
o
N
[$,]

1

o

N

o
!

0,15 1
0,10 1

0,05

Water Vapor Permeation (10'gg.Pa\'1 shm )

o
o
o

1 1 1 T
Pure PSU  PSU/1% wiw TiO, PSU/3% wiw TiO, PSU/5% wiw TiO,

Fig. 7. Water vapor permeation of pure PSU membrane and
hybrids with 1, 3, an 5% w/w TiO,.

Analyzing Figs. 8 and 9, it appears that all membranes
had a hydrophilic surface, considering that all angles are
in range: 0° < 6 < 90°. It was observed that pure PSU mem-
brane showed had bigger contact angle, probably due to
the existing porosity low in its surface layer, with a value of
71.88° initial time 10 s test, following certain stability over
time, obtaining a value of 67.21° absorbing a small amount of
water up to 300 s, in addition, this membrane had a smooth
surface compared to other hybrid membranes [59].

The addition of TiO, provided lower contact angles
compared to the pure PSU membrane, provided due to the
formation of a morphological structure with a rough surface
and the presence of agglomerates, in initial time 10 s test,
with 1% (67.38°), 3% (63.64°), and 5% (60.79°) absorbing a
small amount of water up to 300 s, with values of 65.39°,
60.80°, and 55.36°, respectively, result similar to what hap-
pened for the pure PSU membrane, as shown in Fig. 9.
Furthermore, the bigger contact angles were obtained for
the PSU membrane with 5% w/w TiO,, due to the greater
number of agglomerates present on the surface of this mem-
brane [17,60]. The TiO, nanoparticles acted as porogenic
agents and due to their hydrophilic character favored the
absorption of water by the hybrid membranes. Furthermore,
this increase in absorption was directly proportional to
an increase in the percentage of TiO, resulting in lower
values of contact angles.

3.7. Water and water/dye flux

The tests of measures of mass flow (J) of water were car-
ried out at a pressure of 1.0 bar and temperature of 25°C.
Fig. 10 show the flow measurement curves made with
water for all membranes of pure PSU and their hybrids with
1, 3, and 5% w/w of TiO,.

Hydraulic permeability is associated with the intrin-
sic characteristic of the membranes, due to the technique
used in their preparation (phase inversion). In processes
that use the pressure gradient as a driving force, the per-
meate flow is directly proportional to the pressure gradient
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Fig. 8. Water contact angle of pure PSU membrane and hybrids
with 1, 3, and 5% w/w TiO,.
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Fig. 9. Contact angles measurements of pure PSU membrane and hybrids with 1, 3, and 5% w/w TiO,, at a time of (a) t =10 s,

(b) t=100s, (c) t=200s, and (d) t =300 s.

itself, which is 1.0 bar. In these processes, the greatest con-
tribution is related to the convective portion, representing
the amount of solute that crosses the membrane (per unit
area and time) due to the flow of the solvent itself, which
is water.

From Fig. 10, it was initially possible to verify that the
hybrid membranes with 1, 3, and 5% w/w of TiO, illustrated
greater permeate flows for the water test, obtaining values
of 2,163; 2,305; and 2,376 Lh™' m™, respectively, compared to
the pure PSU that obtained an initial flow of 1,581 L h™' m~?,
since the TiO, nanoparticles contributed to the formation
of fingers, to having good interconnectivity with internal
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Fig. 10. Water flow curves for pure PSU membrane and its
hybrids with 1, 3, and 5% w/w of TiO,, at a pressure of 1.0 bar
and temperature of 25°C.

pores present in cross-section, besides having a hydrophilic
character [27,55,61-65].

Polysulfone membranes contain a sulfone group (O=5=0O)
in the main chain which is a polar group and provides
hydrophilicity to the membrane, can be increased due to
modification with the organic solvent (NMP) and the inor-
ganic charge (TiO,), mainly by the introduction of polar
or charged functional groups. Furthermore, it was pos-
sible to notice that the flow measurements impregnated
with water for all membranes decreased initially as men-
tioned previously and, shortly afterward, about 30 min
later, there was some stability, possibly due to mechanical
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Fig. 11. Water/dye flow curves for pure PSU membrane and its
hybrids with 1, 3, and 5% w/w of TiO,, at pressures of 1.0 bar and
temperature of 25°C.
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compaction promoted by the applied pressure or possible
swelling of the membranes [66-69]. This is because the
polymer is hydrophilic and it was also verified in the con-
tact angle that, over time, the membrane absorbs water and
reduces the angle, also decreasing the flow obtained. Fig. 11
shows the flow curves made with water/dye for all mem-
branes of pure PSU and their hybrids with 1, 3, and 5% w/w
of TiO,.

From Fig. 11, it was initially possible to verify that
the hybrid membranes with 1, 3, and 5% w/w of TiO,
illustrated greater permeate flows for the water/dye test,
obtaining values of 800; 870; and 1,035 L h™ m™, respec-
tively, compared to the pure PSU that obtained an initial
flow of 677 L h™ m?, due to TiO, nanoparticles have a
hydrophilic character facilitating the formation of fin-
gers present in cross-section, as seen previously for the
water permeate flow. One of the possible reasons for the
declination of flow is increased dye concentration. As
the membrane process proceeds, the concentration of
dye tends to be greater than the feed concentration,
which causes a layer of gel that causes the waterproofing
and blocking of pores on the surface of membranes.

3.8. Spectrophotometry of ultraviolet-visible

Spectrophotometry of UV-vis is used for testing light
absorption and light intensity on the properties of indigo
blue dye what is a group of carbonyl compounds, one of
the oldest dyes known in terms of natural dyes. In Fig. 12,
we can observe the UV-vis spectroscopy of dye at a con-
centration of 500 mg L. The visible light absorption area
for indigo dye is at a wavelength of 600900 nm (Fig. 12),
with band maximum absorbance occurring at a wave-
length of 720 nm, which is a characteristic value of indigo
blue dye [70].

3.9. Dye retention

Fig. 13 shows the before and after treatment of water/
dye effluents for the pure PSU membrane and its hybrids
with 1, 3, and 5% w/w of TiO,.

In Fig. 13, it is possible to observe the effluent before
the treatment with the blue color and after separation by
the membranes, the permeate was practically free of dye,
showing the power of the membranes to remove and elim-
inate organic dye from solutions. Table 2 shows the indigo
blue dye concentration in permeate (C,), in feed (C), the
rejection coefficient for the pure PSU membrane, and its
hybrids with 1, 3, and 5% w/w of TiO,.

b)

The membranes tested in process of separating the
indigo blue dye in water at a concentration of 500 mg L™
(Table 2), achieved a significant reduction of dye in the
permeate with rejection above 96%, and the highest rejec-
tion coefficient value was obtained for the hybrid mem-
brane with 5% TiO,, presenting 100% efficiency in colored
contaminant separating. This high rejection may have con-
tributed to the formation of a dye film with a concentration
polarization close to the surface of these membranes, leading
to fouling with blocked pores and hindering the passage of
indigo blue dye [71,72]. Furthermore, these high rejections
were due to the effects of combining size-exclusion along
with electrostatic repulsion, which plays a critical role in
dye separation for the membranes [73].

In general, dyes may form dimers in water, where
trimers, tetramers, and other aggregates may form due
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0,16 4

0,15 -

Absorbance (a.u.)

0,14

0,13

0,12

x T T T T
400 500 600 700 800 900 100¢
Wave-length (nm)

Fig. 12. Molecular absorption spectrum of indigo blue dye.

Table 2

Indigo blue dye concentration in feed suspension (C), in per-
meate (C,), and the rejection coefficient for the membranes at a
pressure of 1.0 bar using textile effluent

Membranes C,(mgL") C,(mgL™) Rejection (%)
Pure PSU 500 19.2 96.2

PSU/1% w/w TiO, 500 12.6 97.5

PSU/3% w/w TiO, 500 6.7 98.7

PSU/5% w/w TiO, 500 - 100.0

Fig. 13. Photos of before and after treatment of water/dye effluents by the membranes: (a) pure PSU, (b) 1% w/w, (c) 3 % w/w,

and (d) 5% w/w of TiO,.
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to the agglomeration of dye dimers in a gradual manner,
that association is caused by the amphiphilic nature of dye
solutes and can be influenced by both structure and the
different physical and chemical effects of dye [74]. The con-
centration polarization is inherent in any process of selective
transport and establishes quickly on tangential type flows,
contributing to the formation of a polarizing layer that
provides additional resistance to mass transfer of solvent
by the membrane, leading to a decrease in permeate flow
and consequently increase in efficiency of dye separation.

4. Conclusions

Polysulfone flat membranes and hybrid with 1, 3, and
5% w/w titanium dioxide were successfully prepared.
The introduction of TiO, to the polymeric solution was
necessary to improve the hydrophilicity properties of
polysulfone, also promoting rheological in solutions and
morphological changes in obtained hybrid membranes.
The pure PSU membrane showed less water vapor per-
meation of 0.16 x 10 g Pa” s m™ for having a hydro-
phobic character compared to membranes containing the
inorganic component. The hybrid membranes showed
contact angles less than 67.38° when compared to pure
PSU membrane, due to the TiO, nanoparticles be hydro-
philic and having acted as a porogenic agent. Excellent
permeate flows were obtained in the tests carried out for
water flux and effluent treatment at the pressure of 1.0 bar
and temperature of 25°C, due to the existence of greater
interconnectivity of the filtering skin with the porous
layer and for the presence of the fingers existing along its
cross-sections. The pollutant was treated by membranes
through the size exclusion mechanism, separating, and
retaining the dye molecules. Therefore, the water-dye sep-
aration tests of these membranes at a feed concentration
of 500 mg L' with visible light absorption area for indigo
dye with band maximum occurring in 720 nm, indicated
a yield between 96% and 100%, presenting a great poten-
tial in microfiltration processes for textiles industry dyes
separation.
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