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ABSTRACT: In this work, polyvinylidene fluoride membranes were modified by introducing
nanostructure TiO2/SiO2/POM hybrid fibers in the polymeric dope, to endow them with photocatalytic
properties. For this purpose, initially, hybrid fibers were synthesized by electrospinning
and calcination technique, and then these additives were incorporated into the membrane matrix. FT-IR
and XRD analysis were used for the characterization of synthesized compounds. The FESEM
manifests that the average diameter of the hybrid composite fibers is about 500 nm, and investigated
membrane morphology. The properties of the prepared photocatalytic membrane were examined
by several investigations such as pure water flux, contact angle, salt, and heavy metal rejection.
Photocatalytic experiments confirm that membranes display a highly efficient and durable activity
for the photodegradation of Methylene Bue (MB) and Humic Acid (HA). Experiments show that
the prepared membranes have excellent stability under UV irradiation and can be used potentially
for the separation of different components from water. The measurement accuracy and repeatability
were determined by calculating the Standard Deviation and entered into Tables.

KEYWORDS: Hybrid nanostructure; Photocatalytic membrane; Polyoxometalate; Nanostructure
TiO2/SiO2/POM hybrid fibers in the polymeric dope.

INTRODUCTION

Increasing human activities in various fields, such as
agriculture, livestock, and industry, lead to the entry
of various organic and inorganic minerals into water,
resulting in accumulation of contaminants including
pigments, insecticides, antibodies, and heavy metals in the
wastewater [1, 2]. The presence of these materials will
cause severe damage to the environment and human
health. Therefore, in recent years, special attention
has been paid to eliminating these contaminants. Various
strategies have been developed for this purpose, including

physical, chemical and biological removal methods [3-6].

One of the techniques to eliminate pollution is to use
catalysts that assist the process of more facile
decomposition and removal of organic compounds, one of
these compounds is TiO2, which its photocatalytic activity
has been investigated in various studies [7]. The TiO;
is highly desirable because of its low cost, high chemical and
oxidation stability, non-toxicity and efficient performance,
while its wide bandgap and low photo-induced charge
carrier’s separation efficiency limits its application
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in practice[8]. Hence, many attempts have been made
to eliminate TiO; defects in order to increase its catalytic
efficiency [9,10]. For this purpose, generally, TiO; is used
as composite forms with metals such as Ag, Au, Pt, etc.
These conductive metals with a high ability to trap
electrons in the visible wavelength increase the
photocatalytic activity of TiO, [11-15]. However,
composites, as mentioned earlier in addition to high prices,
are unstable, in the photocatalytic process and cause
the catalyst to be inactive [16].

Recently, polyoxometalates (POM) as a class of early
transition metal-oxygen compounds have been attracted
more attention due to their individual properties and
controllable bandgap structure; therefore, these materials
were presented as an appropriate solution to solve
the above problem [17-19]. Due to the unique properties
of polyoxometalates, it can be said that the simultaneous use
of TiO2 and POM can contribute to the absorption of light,
and the photocatalytic properties of these two compounds
are even better in the presence of the together [20]. So far,
several studies about the POMSs/TiO, composites
have been reported, which have demonstrated better photocatalytic
efficiency concerning that of TiO,. However, there are
some defects in this type of composites, such as the wide
bandgaps of both POMs and TiO; [21-23]. In addition,
due to the superior features of these types of photocatalysts,
several researchers have used these smart catalysts
in their reports.

For example, the development of photocatalysts
in the membrane industry causes a boost in membrane
performance. So that membranes containing photo-active
nanoparticles can decompose the organic foulant to CO;
and HxO, and increase the efficiency of membranes
in separating these compounds [24-26].

The Preparation of materials in the fiber form increases
the surface-to-volume ratio and improves their catalytic
activity. Electrospinning is the most common method
for making nanofibers. Electrospinning has a significant
advantage that includes cost-effectiveness, ease of use,
and scalability. The repeatability, as well as the ability
to produce long-length nanofibers, is another advantage
of this method. To make inorganic nanofibers these materials
are mixed with a polymer and used in the electrospinning
process [27].

To the best of our knowledge, not much work
has been reported on the incorporation of
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photocatalyst nanoparticles into the polymeric
membranes. In the current study, hybrid mineral fibers
were fabricated with TiO, and SiO, in the presence
of POM and introduced into the membrane structure
as an additive in order to create photocatalytic activity
in the membrane. Molybdatophosphoric acid (HzPM012040)
were selected as the desired POM, and a facile
electrospinning/calcination method were employed to
fabricate PMo12/TiO/SiO; hybrid nanofibers. Then, these
nanofibers were incorporated into the poly (vinylidene
fluoride) (PVDF) membrane matrix and were utilized
as Mixed Matrix Membranes (MMM). Investigations show
that these membranes have considerable photocatalytic
properties in the elimination of soluble contaminations
such as dyes and organic compounds. Besides,
the characteristic properties of the prepared membranes
have been investigated [28].

EXPERIMENTAL SECTION
Materials

Molybdatophosphoric acid (HsPMo012040), polyvinyl
alcohol (PVA), methylene blue, and methyl orange
were purchased from Merck Millipore. Poly (vinylidene
fluoride) (PVDF), 1-methyl-2-pyrrolidinone (NMP,
>99.5%), photocatalysts (TiO, <100 nm), SiO; (12 nm),
deionized water was used throughout these experiments.
Merck Millipore provided NaCl, MgSO4 ZnSQO4.7H,0,
Cd(NOs3)2.4H,0 and different PEGs.

Preparation of MoPOM-TiO: nanofiber

The aqueous solution of PVA was prepared (5%wt)
and MoPOM was added slowly into the solution and
stirred vigorously until uniform yellowish mixture was
obtained. This mixture was poured into a 10 mL syringe,
and electrospinning was performed under the electrical
potential of 15 kV. The electrode distance from
the collector plate was 25 cm and the injection rate was about
0.5 mL/h. An aluminum foil was used as a collector,
and the nanofibers collected on the foil were calcined
at 500 °C for 5 hours to remove PVA.

Preparation of hybrid nanofiber

The procedure mentioned above, the desired amount of
hybrid nanocomposite was added to the mixture before the
electrospinning process and then nanofibers were fabricated
and calcinated. (Table 1)
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Table 1: Composition of polymeric dopes used in the spinning experiments.

4 Entry PVA (g) Additives (g) Water [25] )
1 0.5 0.1POM 10
2 0.5 0.1TiO, 10
3 0.5 0.1POM + 0.1TiO, 10

\_ 4 0.5 0.1POM + 0.1TiO, + 0.1SiO; 10 )

Membrane Synthesis

Two wt.% of the additive as photocatalyst was added
to the 1-methyl-2-pyrrolidinone (NMP) and dispersed
ultrasonically for 30 minutes to obtain a perfectly uniform
mixture. PEG 600 (10 wt.%) was combined with
the mixture, and 20 wt.% of PVDF was gradually added
to the mixture and stirred in a sealed container at 40°C for
24 hours to completely dissolve the polymer. The contents
of the container were stirred ultrasonically again for
30 minutes, and a layer of a mixture with a thickness
of 200 pm was spread on the surface of the smooth, clean
glass plate, and immediately immersed in a coagulation
non-solvent bath (distilled H,0).

The films were kept inside the H,O for 24 hours
to complete the phase inversion process and the remaining
solvent eliminates from the membranes. The membranes
were removed from the H,O and dried in a vacuum
oven. The fabricated membranes were immersed
in H,O for 24 hours before use. The composition
of polymeric dopes used in the membrane preparation
is shown in Table 2.

Characterization

FT-IR spectra were acquired using a WQF-510A
spectrophotometer in the range of 500-4000 cm-1 to
analyze the functional groups. The spectra were recorded
using the KBr pellet method. Field Emission Scanning
Electron Microscope (FE-SEM) images were obtained to
study the surface structure, cross-section and morphology
of prepared nanocomposite membranes using HITACHI
S-4160, operating 30kV. All samples were fractured
in liquid nitrogen and then coated with a thin gold layer.
Spectrophotometry studies were carried out using
a UV spectrophotometer PG (China) with a 1cm quartz cell.
The concentration of metal ions in the aqueous solutions
was determined using a Shimadzu AA-670 atomic absorption
spectrophotometer with a hollow cathode lamp was used
an air—acetylene flame.
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Molecular weight cut-off

Filtration test is performed to measure the
Molecular Weight Cut Off (MWCO). For this purpose,
a mixture of PEGs with different molecular weights
ranging from 400 to 20000 g/mol with a total
concentration of 5 g/L was used as the feed solution
in the filtration cell, and the experimenting pressure
was adjusted at 7 bar. Both feed and permeate solutions
were analyzed by Gel Permeation Chromatography (GPC)
(Knauer, Clean up unit 6500). The obtained chromatograms
were integrated and set with the calibration curve
previously prepared with narrow PEGs. The MWCO
is defined as the molecular weight of PEG
with retention of 90%.

Pure water permeability tests

For the measurement of water flow, samples of
the membrane were cut in the form of a circle with a surface
area of 7.065 cm? and loaded in a home-made
nanofiltration cell. The deionized water is poured behind
the membrane and the nitrogen gas stream with a pressure
of 7 Bar was used to provide the driving force. In order to
obtain water permeability, the following equation was used:

J=QI/tA

In this equation, J is the permeability of water
in L/m2.h, Q is the volume of water passed through
the membrane in L, A is the active membrane surface
in m? and t is the time of passage in hours. Rejection
percentage of salt, heavy metal or dye was calculated
using the following equation:

([ C,
R% =|1-—|x100
L Cr)

Where C, and Crare the concentrations (salt, heavy
metal or dye) in permeate and the feed, respectively.
The concentration of salt in feed and permeate
was evaluated by the conductometer. Three salts, including
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Table 2: Composition of polymeric dopes used in the membranes.

/ Entry PVDF (wt.%) NMP(wt.%) PEG 600 (wt.%) Hybrid Nanofiber (2 wt.%) \
M, 20 70 10 -
M, 20 70 10 POM
M3 20 70 10 TiO,
M, 20 70 10 POMITiO,
\ Ms 20 70 10 POM/TIO,/SiO, j

NaCl and MgSO. was evaluated (salt concentration
in the feed was 0.01 molar, and the applying pressure
was 4 bar) the heavy metal rejection was determined
using an aqueous solution of ZnSO,4 (1000 ppm) and
Cd (NOs3)2.4H,0 (2500 ppm). The concentration of
ions in permeate was determined by the
conductometer.

In the fouling test, an aqueous solution containing
10 mg/L of Humic Acid (HA) at a pH of 7 was prepared
and used as the feed solution in the separation test.
The UV-Vis-spectrophotometer measured the HA
concentration in the feed, and permeate solution.
The rejection was determined according to the above
equation. Fouling properties of the prepared membranes
have been investigated in our future research work, the
initial results show that due to the increased hydrophobic
nature of membranes, their fouling resistance
has significantly improved.

Stability tests of membranes under UV irradiation

The stability of membranes exposed to the
ultraviolet radiation was investigated. Each membrane
was cut into several pieces with desired sizes, half
of the samples were kept in the dark and the other half
was exposed to radiation. The required light source
included PHILIPS TL-D 18W BLB ISL with a Amax
at 365 nm. The pure water flux was measured
for samples with, and without UV irradiation.

Photocatalytic degradation of Methylene Blue (MB) test

In order to investigate the photocatalytic
degradation of MB in the presence of membranes, the
aqueous solution of this dye was prepared at
a concentration of 10 mg/ L and stored in a dark vessel
for 10 hours. The fabricated membranes were cut
with the same size and immersed in the suitable volume
of the aforementioned solution in the separated
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beakers. The containers were then irradiated with
a UV source with two different exposure times (5 and
10 hours). MB degradation was studied by measuring
its concentration by UV-Vis spectrophotometer
analyses at a wavelength of 664 nm. To survey
the effect of light irradiation in the photocatalytic degradation
process, sample 5 was stored in MB solution in darkness
and after 5 and 10 hours, MB concentration was measured.
By comparison with other papers, it was found that the MB
degradation rate is comparable to similar work [29-30].

Photocatalytic test for Humic Acid (HA) degradation
Similar to the previous test, a solution of HA
was prepared at a concentration of 5 mg/L, and the membrane
sample with a surface area of 7.06 cm? was placed inside
the solution. The degradation of HA in the presence
of a UV lamp was studied at intervals of 30 minutes. A UV-Vis
spectrophotometry method was applied to determine
the HA concentration, and this test was repeated for
the membrane with a different composition. As a control
sample, membrane 5 was used in the absence of UV light.

RESULTS AND DISCUSSION

Mixed matrix membranes were prepared by
incorporation of TiO, SiOz, and MoPOM particles
into the PVDF matrix. The photocatalytic activity
of these particles has been investigated separately
by various researchers [27-32]. However, in the current
study, TiO,, SiO, and POM particles were blended by
the electrospinning method in a polyvinyl alcohol
matrix, and then by removing the polymeric matrix,
mineral fibers composed of these particles were
fabricated. Thus, photoactivity of the membrane
containing the above-mentioned fibers as the additive
was surveyed by several tests. Our research group
has already proved the suitable performance of the fibers
as a catalyst. Characteristics of the applied particle
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Fig. 1: FESEM images of A: POM, B: TiOz and C: SiOz .

were examined by some analysis like FESEM, XRD,
and the FT-IR. The FESEM images of particles
are shown in Fig. 1. As shown in Fig. 1, the POM particles
have a nearly cubic shape with dimensions of about
5 pum. In contrast, the TiO, and SiO particles are
smaller than POM and have dimensions of about 80 to
120 nm and 10 to 20 nm, respectively.

The chemical structure and functional groups of
particles, hybrid mineral fibers, pure and mixed matrix
membranes are investigated by the FT-IR technique and
the related spectra are presented in Fig. 2. In the FT-IR
spectra of POM, the characteristic peaks appear at 1618,
1065, 966, 870 cm™* which were attributed to P-O, Mo-O,
Mo-O-Mo bonds. Meanwhile, the presence of peaks at
3500 and 1650 cm™ is related to the hydroxyl group and
adsorbed water [21, 33]. The characteristic peaks of TiO;
are usually seen in the range of 400 to 900 cm-1 as a broad
peak [34]. A similar interpretation of the spectrum of SiO;
can also be expressed [35]. The characteristic peaks of
mineral hybrid fibers are almost the same as those found
in the POM spectrum and this may indicate the absence
of chemical interactions between the components. Moreover,
the FT-IR spectra of PVDF membrane, and its composites
with mineral fibers were brought in Fig. 2. It is clear that
the PVDF spectrum has not changed much in the presence
of the additive, and only two weak peaks at 300 and 1620 cm-
! appear which can confirm the presence of hybrid
fibers.

The X-ray diffractograms of TiO, SiO,, POM and
hybrid fiber were represented in Fig. 3. As shown, the
characteristic peaks of TiO,, SiO; in the related XRD
pattern appear at 20 = 26 and 23°, respectively [21, 36].
However, the spectrums of POM, and hybrid fibers
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are more complicated, although the similarity of these
two spectra reveals the entrance of the POM in the structure
of hybrid fiber as the main component.

The fibers were prepared by mixing additives and PVA
using an electrospinning method. For this purpose,
an electric field of 15 kV was used and the distance between
the nozzle and collector plate was adjusted to 15 cm and
then the composite fibers were calcinated at 500 °C.
The FESEM images of the obtained fibers before and after
the calcination process is presented in Fig. 4. As it is visibly
seen, the diameter of the fiber is quite uniform, and has
a maximum of 1 um and after the destruction of the polymer
matrix during the calcination process, mineral fibers were
obtained that seemed porous, and could provide a good bed
for catalytic activity. Moreover, the fibers containing TiO-
particles lost their fiber shape after calcifying and
were transformed to spindle shape particles in lengths of less
than 5 um. It may be due to phase transformations of TiO;
particles at high temperatures.

Investigation of surface and  cross-sectional
morphology of the prepared membranes was carried out
using the FESEM method and the results are provided
in Fig. 5. The left images that show the surface of
the membranes indicate a smooth and constant surface
in the PVDF neat membrane (A), while the incorporation
of additives into the membrane matrix, increased roughness,
and tiny observed nodes was seen probably due to
the existence of the hybrid fiber that remained at the surface.

However, in the cross-section of the membranes visible
on the right images, the asymmetric structure of
the membranes is distinguishable in the form of a top thin
dense layer and a lower porous section. It is clear that
the thickness of the thin film is higher in the neat PVDF
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Fig. 2: FT-IR spectra of particles, hybrid fibers, and prepared mixed matrix membrane.
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Fig. 3: XRD patterns of particles and hybrid fibers.

membrane and decreases in the composite membranes.
Conversely, the observed general trend is the
transformation of the sponge-like structure in the pure
membrane into the porous finger-like structure
in the composite membranes. Meanwhile, the size and number
of macro cavities have increased in membranes containing
the hybrid fibers and these additives and with a closer look,
these particles can be detected in the cross-sections
of the membranes.

Molecular weight cut-off

The MWCO is an important parameter which
is measured for the membranes and determines
the membrane type in terms of its separation capability
in the separation of soluble particles, and also is a measure
of the pore size of the membrane. The MWCO is calculated
by plotting the rejections for each of PEG in the feed solution
against related molecular weight and consequently,
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the rejection above 90 % is recorded as the MWCO [37].
The results for the fabricated membranes are shown in Fig. 6.
As can be seen, Membranes containing mineral fibers have
a greater MWCO compared with the neat membrane.
Among the composite membranes, the membrane Mo,
which contains POM particles, has the largest size and
membranes M3, M4 and Ms are in the next ranks. However,
the obtained MWCO for all membranes is within the range
of ultrafiltration. The accuracy and repeatability
of the measurements were determined by calculating
the Standard Deviation and entered into Fig. 6 and Table 3.

Hydrophilic/hydrophobic nature of the membranes
The surface hydrophilicity of the prepared membranes
was evaluated by measuring the contact angle of the water.
As shown in Fig. 7, the neat membrane (M1) has a 72°
water contact angle and in other membranes containing
the POM particle, the contact angle is significantly reduced,
while the membrane Ms, with TiO; duck shape structures,
possesses a lower hydrophilicity than membrane M; and
this can be due to the hydrophobic nature of TiO, particles
that enter the structure of the membrane. The lowest
contact angle belongs to membrane M, and M4 and Ms
membranes exhibit almost similar contact angles.

Pure water flux analysis

To investigate the effect of pressure on the
permeability of H,O from membranes, the Pure Water
Flux (PWF) test was performed at three pressures of 5, 7
and 9 bar on the membrane M5 Fig. 8 (A). The results
show that by increasing the pressure from 5 to 7 bar,
a remarkable increment occurs in the water flux of
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Fig. 4: Prepared fibers before (left) and after (right) calcination, A: POM, B: TiO2, C: POM/TiO2, D: POM/TiO2/SiO2 .
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Fig. 5: FESEM images of surface (left) and cross-section (right) of the membranes. A: neat membrane (M1),
B: Mz, C:M3s, D:Ma, E:Ms.
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Fig. 8: A) PWF for M5 at different pressures, B) PWFs of the prepared membranes.

the membrane. However, the PWF increase at 9 bar is far
lower, probably due to the compressing of membrane
pores at high pressures. Therefore, the PWF test for
the remaining membranes was carried at five times and
is shown in Fig. 8 (B). Clearly, according to the results
of previous tests (FESEM and contact angle), composite
membranes exhibit a higher PWF, which can be related
to the hydrophilic nature of the membranes and, or
the increase in the pore size of the membrane due to
the addition of mineral fibers.

Stability of the membranes under the irradiation condition

The membranes were exposed to UV irradiation within
48 hours and at 6-hour intervals, the permeability of
the membranes was analyzed. As depicted in Fig. 9,
for membranes exposed to UV light, permeability has slightly
increased over time. It may be due to minor membrane
degradation. It was observed that the most significant
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increase in permeability was related to the TiO2-containing
membranes (Ms, M4, and Ms), and in the other membranes,
it was almost negligible. On the other hand, the tests
performed on samples not exposed to irradiation, showed
no increase in permeability.

Photocatalytic degradation of MB and HA

In Fig. 10, observations of photocatalytic degradation
of MB in a solution containing a piece of the membrane
is reported. As it is known, solutions that are in contact
with the membrane even before being exposed to UV
irradiation, show a drop in the MB concentration due to
the adsorption of MB on the membrane [38]. The decreased
concentration is less in the neat PVDF membrane, and the
rest of the membranes is approximately constant.
A decreasing trend can be seen in the MB concentration
with increasing irradiation time in solutions containing
membranes Mz, Ma, and Ms. The photocatalytic
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Fig. 9: Stability of membranes under the UV irradiation in term
of PWF changes.

degradation of MB in the presence of membranes can be
a logical reason for this observation. However,
the degradation in the membranes containing POM, and TiO>
is much more than the membranes containing each of these
particles and the highest rate of degradation is shown
in membrane M5 and proves the effect of additives
in the photocatalytic degeneration process. Despite the lack
of an acceptable justification, this effect was also seen
in the study of the photocatalytic activity of mineral hybrid
fibers. It should be noted that the membrane M5 in the
absence of UV light did not show any photocatalytic
activity [39, 40].

For further investigation of the efficiency of
the prepared membranes, the photocatalytic elimination of HA
was studied. The results are tabulated in Table 3. In this
test, it is also observed that in the absence of UV
irradiation, membranes only cause a slight decrease
in the concentration of HA, which is related to the absorption
of this material on the membrane. Meanwhile, the most
considerable photocatalytic removal rate is seen in the Ms
membrane, and the other composite membranes exhibit
much better performance than the neat PVDF membrane.
On the other hand, removal of HA is carried out using
membranes by a rejection test set-up and, as shown
in Table 3, membranes containing hybrid fibers show
a higher removal efficiency despite increasing the PWF.
In comparison to the other reported papers, it was found
that the reported MB degradation rate is comparable to them.
However, the reported results for HA were related to
the third hour of analysis and seemed to have an acceptable
performance. Furthermore, these membranes have
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Fig. 10: Photodegradation of MB under the irradiation in the
presence of the membranes.

the potential to be used in photocatalytic degradation tests
during feed passing through the membrane [41, 44].

Rejection of salts and heavy metals

In order to study the performance of membranes made
for the removal of salts, and heavy metals, several salts and
heavy metals were utilized in the rejection test and
the results are presented in Table 3. It was observed that
composite membranes, despite having larger pores,
indicate significantly improved performance in the
separation of these materials, and therefore can be used
potentially for desalination of water or sewage treatment.

The molecular weight of HA is about 227 g/mol which
is smaller than MWCO of most membranes. Moreover,
low HA rejection may be due to its molecular penetration
through the membrane. It should be noted that
the membrane test method is a dead-end system, and
if the circular system is used, the efficiency would be much
higher. On the other hand, for HA, the reported results
were related to the third hour of analysis.

CONCLUSIONS

PVDF mixed matrix membranes were fabricated
by incorporation of TiO, / SiO, / POM hybrid fibers into
the polymeric dope solution to give them photocatalytic
activity. Initially, hybrid fibers were synthesized
by electrospinning and calcination techniques and then these
additives were entered into the membrane matrix.
The FESEM reveals that the average diameter of the hybrid
composite fibers is about 500 nm. Furthermore, membrane
morphology was examined by FESEM. The properties
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Table 3: HA, salts and heavy metal rejection efficiency by different membranes.

/Membranes HA degradation using membrane (%) Rejection of HA (%) Salt rejection (%) Heavy metal removal (%) )
MgSO,: 34.24+1.2 Zn?*:3040.8
M; 10405 2513
NaCl: 25.6+0.9 Cd% 29+1.3
MgSO,: 58+1.1 Zn*:49.241.6
M, 3040.8 32421
NaCl: 47+0.8 Cd?": 46.8+1.3
MgSO,: 39.2+1.3 Zn?*: 4540.9
Ms 46.21+0.6 45+1.9
NaCl: 37.5+0.7 Cd*:42.9+14
MgSO,: 42.6+1.5 Zn?*: 47.3+1.1
M, 79.3+0.7 49425
NaCl: 40.1+0.9 Cd?": 44.840.8
MgSO,: 62+1.2 Zn?*:51+1.3
Ms 89.84+0.6 51411
NaCl: 51+1.4 Cd?: 48+15
\- - - J

of the prepared photocatalytic membrane were examined
by several investigates such as pure water flux, contact
angle, salt, and heavy metal rejection. Photocatalytic
experiments confirm that membranes exhibit highly
efficient and as expected, the membranes containing
hybrid fibers showed the best performance. M5 membrane,
which contained POM/TiO2/SiO, hybrid fibers, had
the best performance in photocatalytic activity.
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