-RXUQDO RI OHPEUDQH 6FLHQFH DQG 5HVHDUEFK

Journal of @

Membrane

Science & Research

-RXUQDO RI OHPEUDQH 6FLHQF | ==="VHD

MRXUQDO KRPHSDJH ZZZ PVUMRXUQDO FRP =

Research Paper

(VFLHQW ,PPRELMLSRG\YLR\OLGHQH AXRULGH 39') OHP
'HJUDGDWLRQ RI OHWK\OHQH %O XH

+D]OLQL "JLEGRQFKENDADYV XKLYURKEWDPWGHKD QJ

1 &§4HQWUH IRU 'LSORPD 6WXGLHV &H'6 8QLYHUVLWL 7XQ +XVVHLQ 2QQ 0DOD\VLD O0XDU -R
2 '"HSDUWPHQW RI 3K\VLFDO 6FLHQFH DQG (QJLQHHULQJ )DFXOW\| RI (QILQHHULQJ 1DJR\D ,QVYV
8555 Japan

| Article info I Graphical abstract

Received 2019-05-02
Revised 2019-08-27

Accepted 2019-09-15 508 = withom 110
> m Without Ti
Available online 2019-09-15 .
0.07 WTiO2 - 6nm

UV Irradiation

0.06 1102 - 30nm
l Keywords £ 005 | _
£
. o 0.04 -
Tape casting 2
. . _E 0.03
Spin coating »
. . . . . 0.02
Titanium dioxide nanoparticles
. . 0.01
Spinning speed
. (0] —
Photocatalytic membrane sapecaning I ——

Methylene blue (MB) degradation rate within 60 min

I nghllghts (a) . under UV irradiation

(b)
* 7KH HuHFW RI Gpaditlé) $iz@Wmmdh#lized in
membrane structure was studied
« Photocatalytic membranes were prepared via tape casti 4 -
and spin coating method
* 7KH JRRG GLVWULEXW L RMaboRaricks) LYl |
achieved via spin coating method

e« /JHVV DJJUHJDWLR Q R eMﬁl’RRjEﬂl@Mﬁ H Immobilized TiO, in membrane surface via (a) tape casting
2 d (b i ti thod
photocatalytic degradation rate R
*+ 89 SHQHWUDWLRQ XS WR —P |

shows the optimum MB degradation rate

|Abstract

,PPRELOLVHG WLWDQL®PPEBPE[IEGHH YMUXFWXUHYV KDV UHFHQWO\ EHFRPH DWWUDFWLYH 7KLV LV GXH WR V
GHJUDGDWLRQ 7KH HWALHBI@FHRD WHH HISRVHG WR 89 OLJKW DV WKH PDLQ LPSRUWDQW, isabdgditieleswithd QHH G\
SRO\YLQ\OLGHQH AXRULGH 39') PHPEUDQH VWUXFWXUH ZLWK GLUHUHQW SDUWLFOH VL]HV QP DQG QF
PHWKRGV WR VWXG\ WKHDQRBWUWLF@HRQLRIWK2 PHPEUDQH VWUXFWXUH %HVLGHV WKH HuHFWV RI WKH V
SKRWRFDWDO\WLF SHUIRUPDQFH ZHUH LQYHVWLJDWHG 7KH PRUSKRORJLFDO DQG SK\VLFDO FKDUDFWHUL"
GLVSHUVLRQ RI ; UD\ ('; VFDQQLQJ HOHFWURQ PLFURVFRS\ 6(0 DQG DWRPLF IRUFH PLFURVFRS\ $)0 D
XVLQJ PHWK\OHQH EOXH 0% DV D PRGHO SROOXWDQW Q/XGREBWXNAW ©® HAK R @ HREH WEKDMQ W K/HV UXFREXUOH. VRW QO R
7KH DJJUHJDWLRQ RI WKHSDQW IDFG! VIQAWVISUHSDUHG E\ WDSH FDVWLQJ PHWKRG VKRZV VLPLODU SHUIRUP
FRDWLQJ PHWKRG 7KH JRRG GLVWULEXWDRB®Q LIFQG XQ LHRR[KILE L \W | DVKIH K QWP F%2GHIJUDGDWLRQ UDWH 7KH W
VSLQ FRDWLQJ PHWKRG DQG 89 SHQHWUDWLRQ WRZDUGV WKH SKRWRFDWDO\WLF PHPEUDQH XS WR —P
© 2020 MPRL. All rights reserved.

1. Introduction

1RZDGD\V V\QWKHWLF G\HV DUH ZLGHO\ XVHXGDIOQ WAK 1% W H W MDKH L QW VWU L I8 R PMRRW U HD W
WKH FKHPLFDOV IRXQG LQ VIQWKHWLF G\HV DRD$HSVROEKXIR UQD MKULIHW HY J HFHW UR @FH Q WDRD B |
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these methods, advanced oxidation processes (AOPs) are considered efficient
methods. This is due to the generation of highly active hydroxyl radicals,
which can oxidise a considerable variety of organic contaminants [3].

Among the AOP methods, heterogeneous photocatalysis has been
developed successfully using TiO,. The method, which commonly utilises a
photocatalyst, is non-toxic in nature, low cost and environmentally friendly
[4]. Most researchers have modified the photocatalyst to get a smaller band
gap that can be activated under visible light by integration with various
potential materials such as graphene oxide, ferric oxide and zinc oxide [5, 6].
Besides, ZnO-SnO, nanocomposites also show the highest efficiency in MB
photocatalytic degradation compared to pure ZnO [7]. However, in order to
separate the catalyst from the treated water after the degradation is required as
the additional step.

Therefore, the primary aim of immobilising TiO, onto/within solid
supports such as polymeric membrane is to avoid the post-separation
challenges associated with the powdered TiO, catalyst. The most recognised
method for the fabrication of a flat sheet membrane is via the casting method.
This approach uses a knife-like tool to control the thickness of the nascent
membrane and disperse the polymer solution [8, 9]. In contrast, the spin
coating method is more efficient at applying thin and uniform films by
depositing a viscous fluid on a horizontal rotating disc [10]. In this work, an
attempt has been made to prepare immobilised TiO, on PVDF membrane
through the spin coating method and the tape casting as a comparative
method. Furthermore, the effects of spinning speed on the mass transfer
kinetics of the spin coating method along with the membrane structure and
photocatalytic performance, were also investigated. The different particle
sizes of TiO, nanoparticles were used to investigate the distribution
within/outside the membrane surface using both methods.

2. Experimental
2.1. Materials

In this study, polyvinylidene fluoride (PVDF 18734, powder,
Polysciences Inc.) and N-N, dimethylacetamide (DMAc, FUJIFILM Wako
Pure Chemical Industries Ltd.) were used as the polymer base and solvent,
respectively without purification. The TiO, nanoparticles with 6 nm and 30
nm particle sizes and specific surface area 280 m?/g and 52 m?/g, respectively
were supplied by Tayca Corporation, Japan. The TiO, nanoparticles were
used as the photocatalyst in the photocatalytic degradation of methylene blue
(CI-52015, Nacalai tesque) experiments. Ethanol (99.5%, FUJIFILM Wako
Pure Chemical Industries, Ltd) was used for the post-treatment process.

2.2. Preparation of casting solution

The 3 wt.% TiO, nanoparticles and 82 wt.% DMAc were mixed and
stirred inside a Scott bottle at 400 rpm for 24 hours. 15 wt.% of PVDF
powder was gradually added after the TiO, mixture was adequately dispersed
in the solution. This casting solution was prepared for both the 6 nm and 30
nm TiO, particles. Similarly, a separate casting solution was prepared without
TiO, nanoparticles as a control sample. This was a mixture of 18 wt.% and 82
wt.% of PVDF and DMAc, respectively.

2.3. Fabrication of photocatalytic membrane
2.3.1. Traditional tape casting method

The prepared casting solution was poured onto a clean and smooth glass
plate of 20 cm x 20 cm at room temperature using a casting knife. The
thickness of the photocatalytic membranes was controlled using an adhesive
tape that was stuck on the glass plate. In order to remove any residual solvent,
the cast film was then immediately immersed into a water bath for 1 day.
Prior to air drying, 50:50 wt.% of ethanol:water were used for post-treated of
the photocatalytic membranes in 1 hour and followed by 100% ethanol in 1
hour for the wettability and pore collapse improvement. Lastly, the
photocatalytic membranes were dried for 1 day at room temperature. The
photocatalytic membranes prepared via tape casting were labelled; M1, M2
and M3 for PVDF, PVDF/TiO, 6 nm and PVDF/TiO, 30 nm of TiO,
nanoparticles, respectively.

2.3.2. Spin coating method

The membranes were prepared through the spin coating method by
coagulating them into the non-solvent bath. Next, 2 mL of homogeneous
casting solution with 6 nm TiO, particle size was dropped on a Petri dish with
a spin coater (Aiden) at different spinning speeds; 500, 700, 900, 1100 and

1300 rpm with a 30-second duration for samples M4, M5, M6, M7 and M8,
respectively. After coating, the nascent membranes were immediately
immersed into a water bath, and the post-treatment was similar to the tape
casting method. The membranes were subsequently cut into 5 cm diameter
before subjecting to photocatalytic experiment. The photocatalytic
membranes were prepared via the spin coating method at 700 rpm spinning
speed (optimised conditions) for duration of 30 seconds to create M9 and
M10 for PVDF and PVDF/TiO, 30 nm of TiO, nanoparticles, respectively.

2.4. Characterisation methods

The dry samples were immersed into liquid nitrogen and carefully
fractured to give a clean break in order to observe the cross-sectional
structures of the membranes. Then, all the specimens were fixed on metal
support and sputtered a layer of palladium-platinum under vacuum for 2
minutes. After that, scanning electron microscope (SEM, Model: JEOL JSM-
5600) was used to examine the membrane structures. The distribution of the
TiO, nanoparticles in photocatalytic membranes was determined by energy
dispersive x-ray (EDX, Model S250, EDAX) analysis. The EDX line scan
was randomly drawn across the sample surfaces to profile the distribution of
TiO, nanoparticles. Consequently, the sizes of the TiO, nanoparticles
distributed on the photocatalytic membrane surfaces were measured from the
field emission scanning electron microscope (FESEM, Model: Jeol JSM-
7800F) images at 30.00 kx magnification. Lastly, the surface roughness was
measured using atomic force microscopy (AFM, Model: JOEL, JSPM-5200
Scanning Probe Microscope).

2.5. Photocatalytic performance

In order to evaluate the methylene blue (MB) degradation efficiency of
the membranes, the photocatalytic degradation tests were conducted. The
prepared membrane (diameter: 5 cm; membrane area: 78.54 cm?) was then
placed in the batch photoreactor system using a high-pressure mercury lamp
as a light source. The feed solution was 300 mL of 10 ppm MB solution. The
equilibrium was reached before the photocatalytic degradation process by
stirring mixture at 298 K in the dark conditions. In order to prevent MB
deposition at the bottom of the reactor, the reaction solution was moderately
stirred using the magnetic stirrer. The distance of UV light sources and the
membrane was fixed at 10cm. The activation of immobilised TiO- in the flat
sheet membrane was started by turning on a high pressure mercury lamp.
Next, aluminium foils was used to cover the glass container in order to
prevent the escape of harmful UV light. It should be noted that the
membranes were not subjected to filtration during the photocatalytic reaction.

2.6. Analytical determinations and kinetics measurement

In every 10 minutes, 5 mL of aliquots were taken from the photocatalytic
reactor within the hour. The decreasing of MB concentration was measured in
order to evaluate the kinetic reaction. Consequently, the MB concentration
was monitored using the UV-Vis Spectrophotometer (Model: Shimadzu UV
Mini 1240) at a wavelength of 664 nm. The concentration of MB in the feed
solution during the photocatalysis process was calculated based on the
calibration curve obtained from the absorbance value of the MB solution
where the linear correlation is y = 0.8308x. By obtaining the concentration of
MB, percentage of MB degradation was calculated and the photocatalytic
degradation kinetics of MB solution was described using the pseudo-first-
order kinetics model [11].

3. Results and discussion
3.1. MB Photocatalytic Degradation Performance
3.1.1. Effect of TiO, nanoparticle sizes

Surface area is a significant property of a photocatalyst. Therefore, the
reduction in nanoparticle size increases not only the surface area but also the
photocatalytic activity. This statement is typically associated with
photocatalysts working in suspension experiments. This is because the
photocatalyst is directly exposed to UV irradiation and the contact surface of
photocatalyst with a polluted solution. However, once the photocatalyst is
embedded within the membrane, it shows different results due to the
dispersion of photocatalyst at the membrane surface.

The experiment was done at different nanoparticle sizes of TiO,, where
the 3 wt.% loadings were embedded within the photocatalytic membrane via
the tape casting method. Figure 1(a) shows the particle size effects of the TiO,
nanoparticles on photocatalytic degradation of MB under UV irradiation for
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60 min. The addition of TiO, nanoparticles to membrane structure (M2 and
M3) could enhance the MB photocatalytic degradation compared to the neat
membrane (M1) as shown in Figure 1(a). The immobilisation of the different
TiO, particle sizes, 6 nm and 30 nm in flat sheet membrane, shows 95% MB
degradation at 0.0507 and 0.0497 min™ of MB degradation rate, respectively.
It is due to the occurrence of the aggregation phenomena during the
fabrication of the flat sheet membrane. As mentioned in section 2.1, the
specific surface area of the 6 nm TiO, nanopatrticles is 5 times higher than the
30 nm particle size. The small particle size of TiO, leads to an increase in the
surface area, which can be translated as an increase in the available surface-
active sites. However, in this study, the different surface areas of immobilised
TiO; nanoparticles in membrane structure via the tape casting method did not
show any significant effect on the MB photocatalytic degradation. It is
interesting to note that the fabrication method of the membrane also
influenced the photocatalytic activity. This statement is further discussed in
section 3.1.3, where the comparative method for photocatalytic membrane
preparation towards the MB degradation rate is explained.

Generally, the active site and photoabsorption of the catalyst were
influenced the degradation rate of the pollutant. Therefore, the distribution of

immobilised TiO, nanoparticles at the outer surface is the most critical
surface under consideration. From the FESEM images shown in Figures 2
(al) and (bl), the existence of TiO, nanoparticles at the outer membrane
surfaces is evident. The distribution of the elements (Figures 2 (a2) and (b2))
on the membrane surfaces was determined using the elemental mapping was
performed by SEM-EDX analysis. For close observation of the images using
FESEM, the 10k zoom in magnification was applied to measure the particle
size of the immobilised TiO, at the outer membrane surfaces (Figures 2 (a3)
and (b3)). It proved that the aggregation particle sizes of 6 nm and 30 nm
occurred during membrane preparation via the tape casting method and the
estimated sizes became 385 nm and 568 nm, respectively. Normally, the
major factors that influence the photocatalytic degradation performance is
aggregation. This is due to the increase in the TiO, particle size and reduction
of surface area, which consequently affects the photocatalytic activity. The
aggregation is formed by the high surface tension between the solvent and
TiO, nanoparticles during dope solution preparation [12]. However, based on
the observation during the photocatalytic experiment, the visible colour of the
MB solution changed from dark blue to colourless, which proves MB
photocatalytic degradation, as shown in Figure 1(b).
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Fig. 1. (a) Effect of different TiO2 particle sizes immobilised in the membrane structure of the MB photodegradation with UV
irradiation, (b) Visible colour change of MB within 60 min of UV irradiation.

(al)

(b1)

Fig. 2. FESEM images of (a) M2 and (b) M3 outer membrane surface at (1) 1k and (2) EDX images of element distribution at 1k

magnification and (3) 10k of magnification.
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3.1.2. Effect of different spinning speed on the spin coating method

Cross-sectional structures and the outer surface of the photocatalytic
membranes prepared via the spin coating method at different spinning speeds
are shown in Figure 3. As observed in Figure 3, the change in spinning speeds
influenced the thickness of the photocatalytic membrane, which is due to the
spinning effect of the process and solvent evaporation. The solvent was
evaporated from the deposited layer due to the increase in spinning speed.
Typically, the more the solvent evaporated, the higher the viscosity of the
layer, which slows down the rate of subsequent solvent evaporation. As a
result, the thickness of the remaining liquid film decreases. In summary, it can
be surmised that the film thickness is quantitatively correlated with the

Cross section

L TA8KY - X155@0- 10Mm . - 1912 SEL.

10kV X1,508 180um

18kV X1,500 18Mm 19 12 SEI

18kU X1,508  18mm 19 12 SE1

relative rate of solvent evaporation.

The spin coating method allows TiO, nanoparticles to be evenly
dispersed in the membrane structure through the centrifugal force produced
by the spinning effect. Besides spreading TiO, uniformly, the centrifugal
force disperses the excess casting solution during spinning. In this study, the
spinning speeds above 1300 rpm enhanced more significant loss of the casting
solution volume. As shown in Figure 3 (a2 - e2), by increasing the spinning
speed, the uniform distribution of TiO, nanoparticles at the outer surface
membrane was improved. It can be surmised that the membrane thickness and
TiO, nanoparticles uniformity depends on the spin speed. 30 um of flat sheet
membrane thickness was successfully prepared using a spin coating method,
as observed in Figure 3 (el).

Outer surface

28kVU X1,588  10Mm

(€2)

17 12 SE1

Figure 3: SEM images of the cross-section and membrane outer surface of the photocatalytic membrane prepared via the spin coating method at different spinning speeds (a)

500, (b) 700, (c) 900, (d) 1100 and (e) 1300 rpm.
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Figure 4 shows the effect of membrane thickness on the MB
photocatalytic degradation rate. As observed, the thickness of the
photocatalytic membrane affects the MB degradation rate due to the
distribution of TiO, nanoparticles inside the membrane. The penetration of
UV irradiation towards the thickness of the photocatalytic membrane is only
dominant when the spinning speed is below 1300 rpm until 700 rpm, where
the MB degradation rate decreased at the spinning speed of 500 rpm. Hence,
it can be assumed that the membrane thickness exceeded its critical level
(threshold) when the spinning speed reached 500 rpm, and as a result, the MB
degradation rate decreased. As illustrated in Figure 5, the UV penetrated the
photocatalytic membrane up to a thickness of 55.64 um (700 rpm), which can
activate the TiO, nanoparticles and OH radical formed on the photocatalyst to
increase the MB photocatalytic degradation rate.

3.1.3 Comparison of photocatalytic membrane preparation methods

The morphological structures of the photocatalytic membrane, which
consists of finger-like and sponge-like structures, prepared via the spin
coating method, are similar to the tape casting method. However, the
thickness of the membranes prepared via the spin coating method was thinner
than the tape casting method, as shown in Figure 6. This is due to the shear
force applied during the spin coating and the fast solvent evaporation. Thus,
the membrane’s cross sections were more compacted compared to the
membranes prepared from tape casting.

Figure 7 shows the MB degradation rate of the membrane prepared using
tape casting and spin coating. The membrane prepared via the spin coating
method exhibited the highest MB degradation rate compared to tape casting
method of 6 nm TiO, particle size. This observation is due to the good
distribution and low aggregation of 6 nm TiO, nanoparticles at the membrane

UV irradiation

surface. As illustrated in the UV-Vis absorption spectrum in Figure 8, the MB
degradation achieved during the photocatalytic reaction under UV light
irradiation was 100% during the 60 min process.

) mMB
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Fig. 4. MB photocatalytic degradation rate and different thickness of
membrane formed during the spin coating method at different spinning
speeds.
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Fig. 5. lllustration of UV penetration towards the photocatalytic membrane with different thickness (Backscattered FESEM images of M5 membrane).
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Figure 6: SEM images of the cross sections of M2 and M5 photocatalytic membrane prepared via (a) tape casting and (b) spin coating method.



H. Dzinun et al. / Journal of Membrane Science and Research 6 (2020) 188-195 193

Surprisingly, the MB degradation rate of the 30 nm TiO, particle size
shows a similar value for the membrane prepared via both methods. These
results are due to the aggregation factor of TiO, nanoparticles, which create a
larger particle with the lower surface area for photocatalytic degradation to
occur. As shown by the enlarged FESEM images of the outer surface
membrane, the aggregation particle size of 30 nm TiO, nanoparticles is 564
nm using spin coating method, which is similar in size to tape casting method
(Figure 9d). It is interesting to note that the aggregation factor during
membrane preparation method affects the MB photocatalytic degradation of
the 30nm TiO, particle size. Contrary to the 6 nm TiO, particle size, the
spherical shape of TiO, nanoparticles was formed using a spin coating
method. This resulted in good dispersion without interfacial gaps between the
TiO, nanoparticles and the polymer, as shown in Figure 9(c). Even though
aggregation also occurred via this method, the particle size formed was

smaller than the tape casting method. Hence, this characterisation provides
better insights into the MB photocatalytic performance and thus showed the
highest MB degradation rate.

As shown in Figures 9(c) and (d), the outer membrane surface prepared
via spin casting is smoother than the tape casting method. As mentioned by
Burmann et al. (2014), the interplay of the centrifugal driving force and the
viscous resisting force of the fluid affected spreading, membrane formation,
and the final membrane properties [13]. The AFM images proved that the
smoother membrane surface was created via spin coating rather than tape
casting, as shown in Figure 10. The spreading of the membrane precursor on
the dish and the evaporation of the solvent is directly influenced by the
velocity of the rotating Petri dish. In general, the TiO, nanoparticles were well
distributed and homogeneously axial in the PVDF membrane.
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Fig. 7. Comparison of the MB degradation rate by embedded 6 nm and 30 nm of TiO2

nanoparticles in photocatalytic membranes prepared by different methods.

6nm

Tape casting method

Spin coating method

Fig. 8. UV-Vis absorption spectra of the MB solution during the decomposition
reaction under UV irradiation by using M5 membrane.

30nm

Fig. 9. FESEM images with a 30k magnification for (a) M2, (b) M3, (c) M5 and (d) M10.



194 H. Dzinun et al. / Journal of Membrane Science and Research 6 (2020) 188-195

3.2. Comparison result with similar studies

Table 1 shows some of the earlier works reported on the MB degradation
by immobilised photocatalysts with various techniques, as comparison with
present work. As observed, the degradation results that were presented in this
work are comparable to other works carried out on the immobilised support
and using TiO; as a photocatalyst [14, 15]. The small difference in the data
between these studies may be due to the types of the light source and initial
concentration of MB solution. From Table 1, it shows that most of the
previous studies on MB photocatalytic degradation mainly focused on the
type of photocatalyst such as zinc oxide (ZnO) [16], enhancement of MB
degradation by adding argentum nanoparticles [14] and graphene (GO) as
dispersant [17]. Therefore, to the best of our knowledge, the present work
could be considered as the first report based on comparison of immobilised
TiO, nanoparticles in membrane structure via the tape casting and spin
coating methods for MB degradation. Furthermore, this research is significant
because the distribution of TiO, nanoparticles is the most important parameter
for determination of photocatalytic degradation efficiency.

4. Conclusions

The photocatalytic performance of MB degradation was extensively
studied by immobilised TiO, nanoparticles on the membrane surface with

different particle sizes and fabricated via the tape casting and spin coating
methods. The different particle sizes of TiO, nanoparticles via the tape casting
method did not show any significant effect on the MB photocatalytic
degradation. The aggregation of TiO, nanoparticles was observed on the
membrane structure, and thus influenced the MB degradation rate. Compared
to the spin coating method, the immobilised TiO, nanoparticle in the
membrane surface was uniformly distributed and experienced less
aggregation compared to tape casting method. The evident performance of
MB photocatalytic degradation was observed via the spin coating method for
the different particle sizes of the TiO, nanoparticles. In conclusion, the effects
of spinning speed on membrane thickness were investigated and shown to
have a significant effect on the MB photocatalytic degradation.
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Fig. 10. AFM images of surface roughness measurement for (a) M2 and (b) M5 of outer surface membrane.

Table 1

Comparison of different methods of immobilised photocatalysts on the membrane structure for MB degradation with literature.

Photocatalyst Initial Light source Immobilised method Time Degradation (%) Ref.
membrane concentration (min)
TiO2-ENR-PVC 20 mg/L Fluorescent lamp Dip coating 480 93 [15]
(45W)
CAB-ZnO 0.01 mM Tungsten lamp (100W) Electrospinning and 1200 95 [16]
nanocomposites chemical deposition
PVDF/Ag/TiO2 10 mg/L Fluorescent lamp Blending/photoreduction 100 51 [14]
(20wW) combined method
P(VDF- 17.6 uM UV A lamp (8W) Solvent casting 300 85 [18]
TrFE)/ZnO
PVDF/GO/ZnO 10 mg/L Xenon lamp (300W) Immersion-precipitation 100 86.84 [17]
phase transformation
. Tape casting 95
PVDF/ High pressure mercury .
TiO2 0.67uM lamp Spin coating 60 100 LTSS
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