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In recent years, the inorganic nanoparticles played an important role in the membrane technology due to
their special properties, most notably being the hydrophilicity/hydrophobicity modification of the active
surface of the membrane. In this paper, the polymer used for membrane manufacturing was polysulfone
(PSf) via phase-inversion method. The composite PSf membranes were prepared by blending zinc oxide
(Zn0), titanium diioxide (TiO,) nanoparticles and ZnO/TiO, nanohybrid with three concentrations. Retention
of Congo red dye, distilled water permeability, relative flux and relative flux reduction were tested in order to
study the effects of the nanoparticles in the membrane matrix. SEM, EDX, porosity, roughness, contact
angle, tensile strength and elongation measurement were conducted in this article, also. Compared with
control PSf, ZnO/PSf and TiO,/PSf membranes, the experimental results indicated that the ZnO/TiO /PSf
nanohybrid membrane presents the best overall properties, including permeability, retention, and antifouling
ability. ZnO/TiO /PSf membrane exhibits a percentage increase in permeability of 254% and retention of

64.58 % relative to that of the control PSf membrane.
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Membrane technology have gained popularity over the
past decades due to a series of advantages that outperform
even conventional treatment units [1], such as ease in
construction and maintenance, stability in filtration and
water production, high retention of particles and
undesirable pathogens in process water as well as minimal
production of sludge [2-4]. The materials from which the
membrane matrix is made are divided into two main
categories: organic and inorganic [5].

Polymeric membranes are more advantageous
compared to inorganic membranes in terms of efficiency
in fabrication and applicability, lower costs and appropriate
robustness [6, 7]. Due to the ability of modifying the
parameters in the manufacturing of organic membranes
suitable for a specific field of application, few research
has been conducted in order to discover or create a new
type of special polymer, thus in preponderance the organic
membranes are made of the same polymers, most notably
being polyether sulfone (PES), polysulfone (PSf), poly
(vinylidene fluoride) (PVDF) and cellulose acetate (CA)
[8-10]. Polysulfone is a special polymer which is used at
industrial scale for wastewater treatments, with high
thermal, chemical and mechanical stability [11-13]. The
main drawback for the polysulfone membrane is its low
hydrophilicity which causes a stronger interaction with a
diversity of solutes that lead to fouling [14].

The main purpose in membrane research is to modify
certain parameters, with respect to budget, in order to
create the optimal membrane that comprises both
permeate flux and retention capacity at maximum level
[15, 16]. Distinct membrane modification methods have
been employed to improve the overall performance of
membranes of which the most common being blending,
grafting, chemical treatment and coating [4, 17]. Of these
methods, blending technique, primarily with hydrophilic
materials, has intrigued attention due to low synthesis
condition throughout membrane preparation [18].

According to the International Union of Pure and Applied
Chemistry, the term composite is defined as a
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multicomponent material comprising multiple, different
(non-gaseous) phase domains in which at least one type
of phase domain is a continuous phase and nano-composite
is defined as a composite in which at least one of the phase
domains has at least one dimension of the order of
nanometers [19].

Nanocomposite membranes have confirmed in many
cases that they possess the ability to improve membrane
efficiency in the fields of ultrafiltration [20-24],
microfiltration [25-27], nanofiltration [28-30], reverse
osmosis [31, 32] and forward osmosis [33-35].

Nanocomposite membranes, as its name implies,
consists in a base polymer matrix and at least one filler in
the nanometric domain, in general inorganic nanoparticles
such as silica (SiO,), carbon nanotubes (CNTs), titanium
dioxide (TiO,), aluminum oxide (ALO,), calcium carbonate
(CaCo,), silver (Ag), zinc oxide (Zné) copper oxide (CuO),
iron-based nanoparticles, graphene oxide (GO) and
nanozeolites have been used [24, 34, 36, 39-48] to increase
the membrane performance.

For example, Balta et al. (2012) reported enhancement
in terms of permeation tests, antifouling, hydrophilicity and
retention through blending ZnO nanoparticles in PES
membranes [48]. In the studies of Yang et al. (2006)
reported increase in antifouling behavior, hydrophilicity, flux
and porosity with the addition of TiO, nanoparticles in the
PSf membrane matrix [49].

A considerably high barrier in research for improving
membrane performance is to increase all membrane
properties such as retention, membrane flux and fouling
decrease [50, 51], although frequently these procedures
that enhance permeation performance will diminish the
retention efficiency and vice-versa [52], thus it would be
an encouraging circumstance to create a membrane that
would increase membrane flux, retention and minimizing
fouling simultaneously [53].

Inrecent years, incorporating two types of nanoparticles
in the membrane matrix gained great interest in membrane
fabrication. For example, Li et al. (2015) reported Ag/TiO,
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composite membrane with enhanced hydrophilicity, flux
and activity in the presence of visible light [54]. Esfahani et
al. (2015) reported a decrease in contact angle and high
recovery ratio when added TiO,-MWCNT in PSf membrane
[55]. Kumar et al. (2016) produced a PSf-GO-TiO,
membrane system with improved antifouling propertres
higher hydrophilicity and good retention efficiency [56].

The presence of two nanoparticle types in the
membrane matrix will lead to a new material that extends
the special properties from both fillers. However,
insufficient work has been done on the preparation of PSf
membrane with ZnO/TiO, nanohybrid blend.

Yar et al. (2017) prepared electrospun polyacrylonitrile
(PAN) nanofibrous membranes decorated with TiO,/ZnO
and observed higher photocatalytic activity in the
degradation of malachite green dye when compared with
bare PAN, PAN-TIO, and PAN-ZnO nanofibers [57]. Bai et
al. (2015) synthesized a novel UF mesoporous membrane
consisting of multi-functional CNT/ZnO/TiO, nano-
composite on a CA substrate with enhanced mechanical
strength, high photo-degradation capacity, high permeate
flux and low fouling, also [58]. Li et al. (2017) modified
PVDF membrane using atomic layer deposition thought
coating TiO,/ZnO on the surface and section of membranes
and the results showed that the membrane with TiO ,/Zn0
ratio of 1.3 displayed high photocatalytic actrvrty of
methylene blue degradation, low fouling, high hydrophilicity
and excellent permeability compared with the control
membrane [59].

In other areas of research, blending the mixed metal
oxides, ZnO and TiO,, in the desired material showed
superior properties. Agrawal et al. (2009) demonstrated
that the hybrid metal oxides (ZnO-TiO,) is a facile approach
for the fabrication of nanostructured fiollow spheres used
in wide range of potential applications including controlled
release of the encapsulated agents, protection of the light
sensitive components, artificial cells, fillers, pigments and
coatings [60]. Benton et al. (2016) immaobilized ZnO on
the surface of TiO, in the preparation of a TiO,-ZnO catalyst
nanohybrid on an activated carbon supportzfor treatment
of molasses wastewater and observed the highest
photocatalytic activity, enhanced adsorption capacity as
compared with the mere materials [61].

The aim of this work is to study the reliability of the
option to synthesize ZnO and TiO, nanoparticles blended
membranes within the same ponmer matrix towards
improving the overall properties of membranes. The PSf
membrane was fabricated with ZnO/TiO, nanoparticles
by blending method. EDX was used to Investigate the
membrane surface composition. SEM was used to study
the influence of nanoparticles over the formation behavior
of membrane pores. The surface membrane hydrophilicity
was characterized by contact angle measurements. Pure
water flux, permeability, relative flux, retention of Congo
Red dye and porosity measurements were also conducted
in this article.

Experimental part
Materials and methods

Polysulfone (PSf, average Mw ~ 35000), 1-methyl-2-
pyrrolidone (NMP, C.H NO, 99%), zinc oxide nanoparticles
(ZnO NPs, <50 nm), *titanium dioxide nanoparticles (TiO,,
<100nm) were supplied from Sigma-Aldrich and used
without further modifications. The non-woven polyester
support layer (Novatexx 2471) was kindly supplied from
Freudenberg (Winheim, Germany).
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Membrane fabrication

Both control PSf membrane and nanocomposite
membranes were obtained through phase inversion. ZnO,
TiO, nanoparticles and ZnO/TiO, nanohybrid (weight ratio
of 1 1) were added in NMP solvent with different weight
percentages (0.1, 0.5 and 1 wt.%) under continuous stirring
for 1 h, then PSf with 25 wt.% was dissolved in the dope
solution and stirred for 24 h for a homogeneous solution.
The dope solution was afterwards casted on a non-woven
support layer using 250 pm thickness casting knife and a
film applicator (PA-2101, BYC-Gardner GmbH) with a
constant casting speed. The resulted thin films were then
immersed in a non-solvent bath (distilled water) [62, 63].
The formed membranes (table 1) were washed and stored
in distilled water, until they were used as samples for
characterization.

Table 1
MEMBRANE COMPOSITION BY CONCENTRATIONS AND TYPE OF
NANOPARTICLES
Membrane Nanoparticle Nanupamele
Name** type, size concentration
- [wt.24a]
Contrel PSf - -
Ti_ 0.1 01
Ti_0.5 TiO2, <100 am | 035
Ti 1l 1
Zn 0.1 Zn0, <50 am 01
In 0.5 035
Zn 1 1
InTi 0.1* Zn0, <30 nm 0.1
InTi 0.5% Ti0z <100 am | 0.3
InTi 1% | 1

“The weight ratio of ZnO/TiO, nanoparticles blend is 1:1 for all
concentrations; “The polysulfone concentration is 25 wt.% for all
studied membranes.

Membrane characterization

For a better understanding of the effects of ZnO, TiO,
and also ZnO/TiO, nanoparticles on the membrané
performance, the membranes were characterized in terms
of surface and cross-sectional structure and elemental
composition, porosity, water affinity (contact angle) and
roughness.

Morphology

The morphology of the samples, top surface and cross-
section, was investigated using FEI Quanta 200 Scanning
Electron Microscope, equipped with EDX elemental
composition analyzer at an accelerator voltage of 15 kV
and 25 kV. To observe the cross-section, the membrane
was fractured after immersion in liquid nitrogen to obtain
a clean cut cross-section. All samples were coated with
gold by sputtering before observation.

Porosity
Porosity was measure through gravimetric method using
equation 1.

e (%) = w“,

where W and W, are the masses of membrane samples,
in wetted' and dry state (g); V is the membrane volume
(cm?), and p is the density of water (g/cm?). The
membranes were immersed in water for 24 h prior to the
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measurement of water saturation state. To minimize the
error, the average value of 3 separate measurements is
reported as the membrane porosity.

Contact angle

The surface hydrophilicity of the prepared PSf
nanocomposite samples was evaluated by measuring the
contact angle between the polymer surface and water
droplet using a contact angle goniometer (OCA 15EC,
DataPhysics). The dropping was repeated several times
and the mean value was reported for the contact angle of
each sample.

Roughness

Roughness analysis was determined with ImageJ
software [64] using SEM images of membrane surfaces,
specifically with the plugin of this software, SurfCharJ. The
method in determining roughness values is through
detecting the gray levels given by SEM images, after the
images were converted to 32bit, darker gray depicting
valleys and pores, respectively, and the brighter levels of
gray representing peaks of the membrane surface. The
values were listed in table 3, all the values are expressed in
pixel. This method was tested successfully by other
researchers [45, 65-67]. For the visual membrane surface
roughness, a 5um x5 um area was chosen from each top-
view SEM image and converted from two-dimensional (2D)
to three-dimensional (3D) images using the ImageJ plugin
entitled /nteractive 3D Surface Plot. Same parameters were
used for all samples.

Also, a portable surface roughness 2D tester Surftest SJ-
210 (Mitutoyo, Japan) was used to study the membrane
surface roughness for a higher scale. The analyzing length
was 4 mm and 5 measurements were made for each
membrane, following afterwards to average the remaining
values.

Membrane permeation performance

Membrane performance is reported in terms of
mechanical stability, pure water flux, permeability,
retention, relative flux and relative flux reduction.

Pure water flux and permeability

Pure water flux and pure water permeability were carried
out with a dead-end stirred cell (Sterlitech HP4750) with a
total volume of 300 mL and an active membrane surface
area of 14.6 cm?2. The pressure source of the cell was with
nitrogen gas pressurized tube.

The pure water flux (L/m? h) was measured the
following equation:

er =T )]

Axt

where V is the volume of permeate water (L), A is the
effective membrane area (m?) and t is the permeation
time (h).

Permeability (L/m? h bar) was calculated as a linear
progression of the pure water flux and pressure ratio with
the following equation:

pwp =1v ®)
ap

where Ap is the operating pressure (bar).

Water permeability experiments were carried out with
pure water at an operating pressure ranging between 10
and 16 bar at room temperature (approx. 25 °C).

Retention of Congo red dye
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The dye of choice is Congo red with a molecular mass
of 696.665 g/mole, insoluble in water. The dye
concentration is determined spectroscopically using a UV-
Vis Spectrophotometer HACH DR 5000 (Hach Lange
GmbH, Germany).

The retention ratio was calculated by the following
equation:

Retention (%) = (1 - —) X 100 @

where C, represents dye concentrations in feed solution
(100 ppm) and C, is the permeate concentration.

Relative flux and relative flux reduction

The fouling resistance of the control and modified
membranes are characterized by relative flux, RF, and is
calculated as follows:

Ir

Tw

where J.is the retention flux of Congo red dye.
Relative flux reduction, RFR, is calculated as follows:

RF = ©)

RFR = (1 — ) x 100 ©)

Tensile strength and elongation

Mechanical strength of polysulfone and mixed-matrix
membranes was measured by testing the tensile-strength
and elongation-at-break of a membrane specimen (2 cm
x 13 cm) with a mechanical testing instrument (Instron
8850, Norwood, Massachusetts, USA). All the tensile tests
were carried out at a constant tensile speed of 5 mm/min
until breakage at room temperature.

Results and discussions
Morphology analysis of membranes

The role of nanoparticles in the process of forming
polymeric membranes is that of pore formation both at
the surface of the membranes and in structure, also [68].

The SEM top-view images in figure 1 show that the ZnO-
blended membranes have a more uniform distribution of
pores. ZnO-blended membranes show a nanoparticle
agglomeration on the surface and beneath the surface
layer, whereas the TiO, -blended membrane does not have
this particularity. An explanatlon could be that the decrease
in nanoparticle size (in our case: ZnO NPs, 50 nm) will
lead to increase in agglomeration [68].

Figure 2 shows the SEM top-view images of the control
membrane and the nanohybrid membrane types. The ZnO/
TiO, membranes have a tendency of nanoparticle
agglomeratlon on the surface but also beneath the surface,
similar to the ZnO-blended membranes, but not so
prominent, meaning that the Zn/Ti-type membranes share
both properties of the nanoparticles in the matrix.

Comparing the control membrane with the composite
membranes, especially ZnO/TiO, -type membranes, a
decrease in pore size and also an increase in pore den5|ty
is observed. A decrease in pore size leads to higher
retention and an increase in pore number produce a higher
permeability [55]. The results of this study confirm this
theory with the SEM images (figs. 1 and 2) and the
permeability and retention chart (fig. 9).

Figure 3 exhibit the membrane morphology in cross-
section and it is observed that the nanocomposite
membranes have a thinner skin layer compared with the
control membrane. The addition of nanoparticles generates
an increase in porosity and size of macrovoids, also.
According to Rahimpour et al. (2008) the composite
membranes comprise in larger macrovoids due to the
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Fig. 1. SEM top-view
images of
membranes blended
with ZnO and TiO,,
0.1 wt.%, 0.5 wt.%
and 1 wt.%.

s i = Magnification 10000x

Fig. 2. SEM images of
control and blended
membranes with
ZnO/TiO, 1:1 ratio,
0.1 wt.%, 0.5 wt.%
and 1 wt.%.
Magnification 10000x

Contral_PSI

tEncE_0.S

solvent-nonsolvent exchange in the phase inversion
process, which is less active in the presence of
nanoparticles [69]. When compared with the neat
membrane, the composite membranes show thicker skin
layer and the macrovoid space is increasing with
nanoparticle increment, allowing water to pass through
the membrane more rapidly.

Analysis of EDX

Table 2 and 3presents the EDX weight percentage values
for elements which are very accurate with the real
concentrations used for membrane fabrication. Moreover,
for the nanohybrid-blended membrane we see that the
concentration of ZnO nanoparticles is approximately 2
times higher than TiO, nanoparticles.

j-;i\i’?

Loy 0.5

Fig. 3. Cross section SEM images for control and composite
membranes. Magnification 2000x

Relating to their sizes, ZnO nanoparticles being 2 times
smaller than TiO, nanopartlcles the distribution of ZnO
NPs in the cross-Section and top-view of the membranes
is higher than the TiO, NPs, confirmed by figure 4.

The most |mportant phenomenon we notice regarding
the nanohybrid ZnO/TiO, distribution in the membrane
matrix (fig. 5), is that thefe is no presence of ZnO NPs in
the areas of TiO, NPs agglomeration, probably because
the interactions between nanoparticles, with respect to
Van der Waals forces, is weak.

These distinctive types of nanoparticles were in repulsive
state during the membrane formation process. In the case
of singular-nanoparticle membrane (fig. 4, (B) and (C)),
areas of the polymer with absence in nanoparticles remain
because of their agglomerating property (fig. 6 (A) and
(B)), leading to weaker performance. The weak attraction
forces between the two types of nanoparticles in the same
membrane matrix will cause one of the nanoparticle types
to occupy that crude polymer space (fig. 6 (C)), resulting
in a much higher homogeneity of the nanoparticles in the
studied polymer. Essentially, this could be an explanation
of the very high performance of the ZnO-TiO, membrane
type, which will be discussed later in this stué

Table 2
TOP-VIEW EDX ELEMENTAL ANALYSIS OF NEAT AND COMPOSITE MEMBRANES, EXPRESSED IN wt.%.

Element | Control P5f | Zn 0.1 | Zn 0.5 ) Fn 1l | Ti 01 | Ti05 ! Til | ZnTi 01 ZnTi 0.5 | Zn'Ti 1
C 8423 B401 B5.11 33.66 445 B191 33.66 B4.15 8405 g1.88
(8] 10598 1147 10.67 1101 1081 1110 1088 1048 10.8a 116l
5 481 489 151 405 485 475 47 506 481 460
n - 023 [ ) 178 - - - 021 037 129
Ti - - - - 0.04 024 .68 011 012 0351

Table 3
CROSS-SECTION EDX ELEMENTAL ANALYSIS OF NEAT AND COMPOSITE MEMBRANES, EXPRESSED IN wt.%

Element | Control P5f | Zn 0.1 | Zn 0.5 Zn 1l | Ti 0l : Ti05 ! Til | ZnTi 01 | ZnTi 0.5 ZnTi 1
C 8469 E1.79 B1.17 8033 84 84 Eila 33.60 8274 8273 2111
(4] g8l 1062 111z i1 1032 1047 ood Eda 1213 013
g 650 77 871 581 174 538 606 32 458 700
In - 053 1.00 185 - - - 031 042 182
Ti - - - - 0.10 04g 1350 0.1%8 014 (N
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Fig. 4. EDX spectra and mapping for
. B (A) control PSf and composite

membranes with (B) 1wt.% ZnO,

Vil (C) 1 wt.% TiO, and (D) 1 wt.% ZnO/
I r“-- o 1 o

Tobex wmascs

SE1 S5um ZnL 5um TiK | 5um

2000x  kv:10.0 2000x  kv:10.0 2000x%

In order for the membranes to be considered thoroughly
nanocomposites, the distance between the nanoparticles
must not exceed a definite diameter of influence that gives
the final material the desired properties. Larger distances
between the fillers lead to the occurrence of defective areas
of the composite material. Also, these defective areas, in
lack of nanoparticle presence, are more prawn to fouling.
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100 nm embedded nanopariicles

Fig. 6. Schematic diagram regarding the

Fig. 5. ZnO/TiO, nanoparticles distribution in the
polysulfone membrane (mapping collected from 1
wt.% ZnO/TiO, nanohybrid membrane)

kv:10.0

Roughness analysis

Table 3 shows the surface roughness of the fabricated
membranes. Generally, lower surface roughnesses indicate
superior antifouling property [70].

Analyzing table 4 it is observed that the addition of
nanoparticles in the membrane matrix lead to surface
roughness decrease. The lowest surface roughness is at
0.5 wt.% ZnO nanoparticles blended membrane. Further
addition of nanopatrticles leads to roughness increase due
to nanoparticles agglomeration tendency, phenomenon
approved by other authors, also [71,72].

Even on a larger scale of the rugosimeter’s action, the
same roughness tendency is observed in table 5. Adding
nanoparticles above the 0.5 wt.% threshold the roughness
increases.

In figure 7 it can be seen, from the 3D graphs, that 0.5
wt.% ZnO membrane has obviously the lowest peak value
and the distance between the peak and bottom is smaller
than other samples.

dispersability of _the PSf-ZnO (A), PSE-TiO, (B) and Rq: root mean Ra: Rv- lowest Ep:
PSt-ZnQITiO, (C) membrane systems Membrane square arithmetical vallev highest

deviation mean deviation . peak

Control 15 233 18.8 -70.3 76.3

In 0.1 213 17.4 -54.1 805

Ti 0.1 19.8 15.5 -114.4 319

Table 4 In/Ti 0.1 16.3 12.6 941 492

PIXEL) Ti_0.5 18.4 14.4 -96.1 76.0

InTi 0.5 19.8 13.4 -100.3 749

In 1 17.5 13.0 -5E0 8335

Ti 1l 16.8 13.1 942 68.1

InTi 1 20.1 15.6 -106.6 62.4
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Table 5
SURFACE ROUGHNESS ANALYSIS OF THE MEMBRANES OBTAINED
WITH THE MITUTOYO ROUGHNESS TESTER

Membrane Ra [pm] Eq [pm] | Rz [pm]
Control 25 0334 0.520 5.660
Zn 0.1 0.296 0392 4238
Ti 0.1 0287 0.393 4253
ZnTi 0.1 0273 0371 4090
Zn 0.5 0241 0343 3.720
Ti_0.5 0.264 0418 4013
ZnTi 0.5 0.247 0482 3.840
Zn 1 0312 0428 3047
Ti 1l 0.300 0.440 3640
TiZn_1 0343 0.500 4860

Also, the surface of the 0.5 wt.% ZnO membrane is more
even and smooth than other samples as well. Thus, it could
be concluded that the membrane casted by using the
polymer solution blended with 0.5 wt.% ZnO nanoparticles
have the smoothest surface. Adding 1 wt.% nanoparticles
in membrane matrix causes an increase in roughness due
to nanoparticle agglomeration. The ZnO-blended
membranes exhibit higher roughness than TiO,-blended

membranes. This method of 3D membrane surface
simulation using ImageJ and top-view SEM images was
also studied elsewhere [73].

Contact angle and porosity analysis of membranes

Figure 8 indicates that the contact angle, which is a
good criterion for evaluation of membrane hydrophilicity,
decreases with increment of nanoparticle concentration.
This is due to higher affinity of nanoparticles to water [25,
26, 48, 49].

As presented in figure 8, it was found that the contact
angle of the PSf membranes decreased significantly with
the increasing nanoparticle concentration up to 0.5 wt.%,
then increased with further increasing in nanoparticle
concentration.

As reported by Baghbanzadeh et al. (2015), which
interpreted the roughness data (in this study, table 3)
together with contact angle data, hydrophilicity is more
dependent on roughness and not by membrane surface
chemistry [65] meaning that roughness is directly
proportional with contact angle. In the present study,
roughness is starting to increase after 0.5 wt.% nanoparticle
addition in the same manner with contact angle, in approval
with the above stated. Similar results were observed at
different concentrations of nanoparticle by other authors,
also [26, 74].

— Control_PSf

s 5 8 8 85 EE § #

Fig. 7. Three dimension graphs of
the intensities of pixels in a color
scale for the control and
nanocomposite membranes
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Fig. 8. Contact angle and porosity for control
and composite membranes
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Fig. 9. Pure water permeability and retention of Congo Red for
control and blended membranes. Error bars were calculated based
on 3 independent replicate tests

Correlating the porosity with the cross sectional SEM
images we conclude that nanoparticle addition will lead
to porosity increase.

Membrane permeation tests
Distilled water permeability and retention of Congo Red

Results from the distilled water permeability
experiments are displayed in figure 9. The nanoparticles
used in this study regardless of concentration or type, had
a positive influence on the membranes as compared to
the control membrane. Membrane retention increases with
the addition of nanoparticles.

Analyzing the permeability chart (fig. 9) and SEM top-
view images (fig. 1 and fig. 2) we can observe that the
control membrane pores are larger, in theory would mean
a higher flux, but the flux chart shows the opposite. An
explanation would be that the finger-like pores inside the
membrane are thin and are prawn to block or narrow these
pores with the applying of 10 bar pressure, resulting in its
very low flux. Aligning the above mentioned with the low
porosity (fig. 8) of the control membrane, it can be said
that the explanation is viable.

Even at very low concentrations of nanoparticles it is
observed that permeability and retention increases
considerably if compared with the control membrane.
However, blending ZnO/TiO, with 0.1 wt.% in the PSf
membrane improve permeablllty by 121.43 % and retention
by 44.9 % over the control membrane, higher than the
singular-blended membranes.

In the case of singular-blend membranes, adding
nanoparticles to the casting solution up to 0.5 wt.%, the
permeability increases, due to enhanced hydrophilicity and
porosity, also. Flux elevation is also a result of great
distribution of nanoparticles in the casting solution leading
to increased hydrophilicity. Permeability decrease after
threshold limit (0.5 wt.%,) is due to aggregation of
nanoparticles in pores and viscosity increment of casting
solution resulting in delay in the phase inversion process
[75].

With addition of 1 wt.% ZnO and TiO,, a decrease in
permeability occurs, down to 39.4 L/m? h bar and 37.9 L/
m? h bar, respectively. Similar observations inorganic or
organic additive concentration effects on membrane
performance have been previously reported [66, 75-77].

In the case of Zn/Ti nanohybrid membrane, further
addition of 1wt% ZnO/TiO, nanoparticle mixture produces
a linear increase in permeablllty, possibly due to higher
dispersion of nanoparticles that was explained earlier.
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Fig.10. Relative flux for control and composite membranes

Relative flux

Relative flux is an important instrument of
characterizing the antifouling ability of membranes.

Because of increased hydrophilicity and also low
roughness of membranes with nanoparticle addition, the
adsorptive interaction between the pollutants and the
membrane surface can be mitigated. The highest relative
flux was achieved by Zn/Ti_0.5 nanohybrid membrane.

Comparing the nanohybrid ZnO/TiO, membranes with
the single nanoparticle blended memibranes, it can be
noticed that these have the highest relative fluxes, with
respect to nanoparticle concentration. For example, even
atthe lowest concentration of nanoparticles, the ZnO/TiQ,
type membranes show an increase in relative flux from
below 0.4 for Zn_0.1 membranes up to approximately 0.6
in the case of Zn/Ti_0.1 membranes. As stated above, the
weak attraction forces between the two types of
nanoparticles lead to a more active surface of the
membrane, offering the nanohybrid membrane a
satisfactory antifouling tendency.

Relative flux reduction

Figure 11 shows the relative flux reduction of the
membranes. Relative flux reduction is an important
membrane investigation tool for finding the membrane
with the lowest value that depicts high antifouling ability.

As expected, the control PSf membrane has the highest
fouling with 83 %, while the Zn/Ti type membranes show a
relative flux reduction of 45, 25 and 34 % for Zn/Ti_0.1, Zn/
Ti_0.5, and Zn/Ti_1 respectively.

The slightly increase in RFR is strongly correlated with
the contact angle and roughness tests, being directly
proportional with the last mentioned. Similar results were
obtained by other authors, also [71, 78].

|
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Fig. 11. Fouling resistance for control and composite membranes

Tensile strength and elongation at break
The testing results of mechanical stability including

tensile stress and break elongation are listed in Ttble 6.
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The tensile stress and break elongation of control PSf
membrane is 27.6 MPa and 48.9 %. The mechanical
stability enhances with the increase of the filler
concentration, especially, at 0.1wt.% and 0.5 wt.%
nanoparticles, tensile stress reach a peak value of 30.7
MPa following a decline with the further increase of
nanoparticle concentration.

The downfall behavior of the 1 wt.% nanoparticle or
nanohybrid increment is explained by the nanoparticle
aggregation that could generate disorderly dispersions in
the polymeric matrix, accordingly leading to weakening
the mechanical stability of membranes. Yang et al. (2007)
made similar observations for PSf/TiO, blend UF
membranes [79].

MECHANICAL STABILITY FOI;Rrag(I)eN'?ROL AND NANOCOMPOSITE
MEMBRANES
Tensile strength® | Elongation at break®

[MPa] [%6]
Contrel 25 275 459
Zn 0.1 297 492
Ti 0.1 298 51.6
ZnTi 0.1 30.0 48.5
Zn_ 0.5 295 485
Ti 0.5 29.0 394
ZnfTi 0.5 307 384
Zn_1 289 406
Ti 1 279 40.3
Zn/Ti 1 287 40.0

* Ultimate tensile strength of nonwoven fabric = 24.2 MPa and
elongation at break = 50.4 %

The Zn/Ti_0.5 membrane show the highest tensile
strength (30.7 MPa) and the lowest elongation at break
(38.4 %), meaning that this dosage causes the membrane
to enter amore plastic deformation domain, while the other
membranes tend towards elastic structure. According to
Li et al. (2009), this reason of mechanical differences at
higher nanoparticle concentration (in this study, 0.5 wt.%)
is due to the possibility of creating a stronger interaction
through crosslinking between nanoparticles and polymer
chain, strengthening these chains resulting in a higher
energy requirement in order to rip the bond between
polymer and nanoparticles [30].

From the above results, the membrane mechanical
property changes are mainly due to structure change arising
from the modification of nanoparticles dosage or type of
nanoparticles. In order to obtain membranes with better
mechanical properties, the dosage and type of
nanoparticles should be taken in consideration.

The results of the ZnO/TiO, nanohybrid membranes are
considerably higher compared to control and singular
blended membranes, with promising overall
performances. Goh et al. (2015) acknowledged harmoni-
ously that incorporating nanometric particles into the
polymer will initiate new polymer/nanomaterial interfacial
areas due to their quantum dimensions with a highly active
surface that reshapes the fundamental properties of
nanocomposites [68]. The addition of two types of
nanoparticles into the polymeric matrix leads to the
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creation of a nanocomposite with stronger polymer chains
bound by nanomaterials.

Conclusions

The hybrid membranes exhibit superior hydrophilicity,
higher permeability and excellent retention in contrast with
the control PSf membrane. Mixing ZnO and TiO
nanoparticles with 1 wt.% and 1:1 weight ratio in 25 wt.%
PSf membrane appears as the most promising range in
order to improve the membrane properties. In terms of
morphology, the surface of the ZnO/TiO, type membranes
shows smaller pores with better distribution even at very
low concentrations of nanoparticles. The nanoparticle
blended membranes can drop the contact angle
significantly from 76p (control PSf membrane) to about
50p (Zn_0.5 membrane). Further increase in nanoparticle
concentration does not change considerably the contact
angle. The lowest surface roughness is at 0.5 wt.% ZnO
nanoparticles blended membrane followed by the ZnO/
TiO, type membranes. The highest retention is obtained
with the 1 wt.% ZnO/TiO, membrane with a value of 79 %,
while the control membrane shows a retention of only 48
%. In terms of relative flux, all three concentrations of ZnO/
TiO, blended membranes exhibits higher antifouling
propertles compared to singular-blended membranes,
especially 0.5wt.% and 1 wt.% nanoparticle concentrations.
Same tendency was reported in the relative flux reduction
tests. The 0.5 wt.% ZnO/TiO, membrane shows the highest
mechanical stability. Due to Weak van der Waals attractions
between ZnO and TiO, nanoparticles, dispersion was more
effective compareé with the mere ZnO and TiO,
membranes, meaning that there is no need for a dlspersmg
agentinthe membrane manufacturing industry, leading to
a higher cost-efficient product. The repulsive interactions
between the two types of nanoparticles lead to better
nanoparticle distribution in the membrane matrix, creating
a new category and clearly improved nanohybrid
membranes.
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