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HIGHLIGHTS

o This study emphasized on the use of kaolin as the support for the TiO, nanorods layer.

e Hydrothermal reaction times of TiO, were varied from 2 to 10 h and brought significant impacts on its properties.
e The well-dispersed of TiO, nanorods have improved the surface affinity of membrane towards water.

o Kaolin/TNR membrane with 10 h of reaction time exhibited the highest water permeation of 165 L/h.m?.bar.

e The prepared membrane showed the highest photocatalytic activity of 80.3% in the dye decolorization.

ARTICLE INFO ABSTRACT

Article history: Hydrothermal method has been proven to be an effective method to synthesise the nanostructured ti-
Received 10 April 2018 tanium dioxide (TiO) with good morphology and uniform distribution at low temperature. Despite of
Accepted 26 May 2018 employing a well-known and commonly used glass substrate as the support to hydrothermally synthesise
Available online 28 May 2018 the nanostructured TiO5, this study emphasised on the application of kaolin hollow fibre membrane as the
Handling Editor: Y. Yeomin Yoon support for the fabrication of kaolin/TiO, nanorods (TNR) membrane. By varying the hydrothermal re-

action times (2 h, 6 h, and 10 h), the different morphology, distribution, and properties of TiO, nanorods on
kaolin support were observed by field emission scanning electron microscopy (FESEM), energy-dispersive
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Hydrothermal method X-ray spectroscopy (EDX), atomic force microscope (AFM), X-ray diffraction (XRD) and Fourier transform
kaolin/TNR membrane infrared spectroscopy (FTIR). It was found that the well-dispersed of TiO, nanorods have improved the
Photocatalytic degradation surface affinity of kaolin/TNR membrane towards water, allowing kaolin/TNR membrane prepared from

10 h of hydrothermal reaction to exhibit the highest water permeation of 165 L/h.m2.bar. In addition, this
prepared membrane also showed the highest photocatalytic activity of 80.3% in the decolourisation of
reactive black 5 (RB5) under UV irradiation. On top of that, the kaolin/TNR membrane prepared from 10 h
of hydrothermal reaction also exhibited a good resistance towards photocorrosion, enabling the reuse of
this membrane for three consecutive cycles of photocatalytic degradation of RB5 without showing sig-
nificant reduction in photocatalytic efficiency towards the decolourisation of RB5.
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not something new. Although various semiconductors (as well as
their composites) have been investigated as photocatalysts for
photocatalytic degradation of aqueous pollutants, titanium dioxide
(TiO,) remains as the most widely studied and employed photo-
catalyst since it is commercially available, inexpensive, non-toxic
and chemically stable (Leong et al., 2014). The advancement in
research nowadays has made the nanostructured TiO, such as
nanorods, nanotubes, nanowires and nanoflowers as an alternative
to nanoparticles TiO,. In comparison to nanoparticles TiO,, the
nanostructured TiO, has been proven to possess outstanding
photochemical, electrical, and optical properties that resulted in
gaining significant interest for several applications including pho-
tocatalysis (Linsebigler et al., 1995), photosensors (Okuya et al.,
2004), and photovoltaics (Xiong et al., 2015).

Due to the promising potentials of nanostructured TiO, in
various applications, various methods have been attempted by re-
searchers in order to synthesise the desired nanostructured TiO,
with high surface area-to-volume ratio, including hydrothermal
method (Yuan and Su, 2004), sol-gel process (Song et al., 2005),
chemical vapour deposition (Chang et al., 2009) and template-
assisted method (Jiu et al., 2004). Among these methods, hydro-
thermal method has been selected as one of the most promising
methods that can fabricate the homogenous nanostructured TiO in
the stable temperature and pressure. Previous studies have suc-
cessfully fabricated various forms of nanostructured TiO, such as
nanorods and nanoflowers (Ahmad et al, 2016a), nanotubes
(Subramaniam et al., 2017), and nanowires (Faisal, 2015) by using
this simple, yet reliable and cost effective method. Thus, by aiming
to prepare the homogeneous thin film of nanostructured TiO, in
fast but low cost approach, hydrothermal method has been chosen
to be utilised in this study.

In the scope of immobilisation of TiO, on the substrate or sup-
port, previous researchers, who employed hydrothermal method in
their works, commonly used fluorine-doped tin oxide (FTO) coated
glass substrate in order to synthesise the desired nanostructured
TiO; on the surface of glass substrate (Tao et al., 2016; Yusoff et al.,
2016). However, this study have been attempted to use the kaolin
hollow fibre membrane as the ceramic membrane support with
hollow fibre morphology, rather than well-known FTO glass sub-
strate with flat surface. The handful cleaning step of FTO glass
substrate during the preparation of hydrothermal process can be
eliminated when kaolin hollow fibre membrane was used instead.
In addition, the kaolin hollow fibre membrane was fabricated using
Malaysian kaolin powder as its sole low cost ceramic material
(Mohtor et al., 2017), making it as an economical choice for ceramic
membrane support, which is in line with the cost effective of hy-
drothermal method.

The application of alumina as a well-known ceramic material for
the preparation of ceramic membrane may be replaced by kaolin
since the applied sintering temperature for ceramic membrane can
be decreased from 1600 °C (for alumina membrane) to 1250 °C (for
kaolin membrane) and the production cost may be reduced as the
price of kaolin is about 100 times cheaper than that of alumina
(Harabi et al., 2014). In addition, this work focused on the appli-
cation of kaolin membrane in hollow fibre configuration that pos-
sesses a high surface area-to-volume ratio in comparison to other
membrane configurations of kaolin membrane such as flat sheet
(Sarbatly, 2011) and tubular (Bouzerara et al., 2006). Thus, the
kaolin hollow fibre membrane can be considered as a suitable
candidate for TiO, support as it has good mechanical strength and
high surface area-to-volume ratio (Mohtor et al., 2017) that are
essential for ensuring the TiO, layer to be able to withstand the
pressure applied over the entire membrane and maintain the high
photocatalytic activity of TiO, through maximum illumination of
light source to the surface of TiO,.

TiO; has three well-known crystalline phases, which are anatase
phase (tetragonal), rutile phase (tetragonal), and brookite phase
(orthorhombic). Among these, rutile is high temperature stable
phase, while anatase and brookite are metastable phase, which can
be transformed into rutile phase when treated at high temperature
(Ahmad et al., 2016b). Rutile-phased TiO, nanorods and nano-
flowers, which hydrothermally grew on FTO-coated glass substrate
were successfully suited for sensor devices application (Cao et al.,
2011) and dye-sensitized solar cell application (Zhang et al.,
2010). Although there was only a few works on rutile-phased
TiO, nanorods or nanoflowers for photocatalytic degradation of
pollutants (Tao et al., 2016; Mohamed et al., 2016), rutile-phased
TiO, has also been proven to be suited for photocatalytic applica-
tion. So, this study was conducted to determine the photocatalytic
efficiency of kaolin/TNR membrane in colour degradation of dye
under UV irradiation.

Various types of dye have been successfully degraded using TiO,
under ultraviolet (UV) exposure. In this study, Reactive Black 5
(RB5) was chosen as a model compound of azo (R-N=N-R’) dye to
be degraded under UV irradiation. Since RB5 is a diazo dye, it has
two azo double bonds (R-N=N-R’) with four aromatic systems,
which makes this type of dye recalcitrant in the environment as
breakdown of diazo bonds is more difficult from its counterpart of
mono-azo type. Damodar et al. (2009) and Lin et al. (2012) reported
that RB5 have been successfully to be degraded with 100% of colour
removal efficiency only under UVC illumination using immobilised
TiO,. Due to the harmful UVC light exposure towards the envi-
ronment and public health, this study has selected UVA lamp as the
source of UV light for the photocatalytic degradation of RB5 using
kaolin/TNR hollow fibre membrane.

2. Experimental
2.1. Materials

Kaolin powder with an average particle size of 2—4 pm (KM55,
Kaolin (Malaysia) Sdn. Bhd.), polyethersulfone (PES) (Veradel® A-
301, Solvay Advanced Polymers), polyethylene glycol 30-
dipolyhydroxystrearate (Arlacel P135, Unigema), and N-methyl-2-
pyrrolidone (NMP) (AR grade, Merck) were used as the ceramic
particle, polymer binder, dispersant, and solvent, respectively, for
the preparation of ceramic suspension. In addition, tap water was
used as the internal and external coagulants during the extrusion
process of ceramic suspension. On the other hand, concentrated
hydrochloric acid (36.5—38.0% HCl) (AR grade, ]. T. Baker), deion-
ized (DI) water, and titanium tetrabutoxide (TBOT) (AR grade,
Sigma-Aldrich) were consumed in the hydrothermal reaction. For
the photocatalytic degradation of dye, RB5 (dye content >50%,
Sigma-Aldrich) was selected as the diazo dye that needed to be
degraded under UV irradiation.

2.2. Fabrication of kaolin hollow fibre membrane

For the preparation of kaolin hollow fibre membrane, there
were basically two main steps involved which were extrusion and
sintering processes. Prior to the extrusion process, the ceramic
suspension consisted of kaolin powder (40 wt%), PES (5 wt%), NMP
(54 wt%) and Arlacel P135 (1 wt%) should be prepared first and the
preparation steps were explained elsewhere (Mohtor et al., 2017).
The extrusion process was carried out by applying the dry/wet
phase inversion technique, in which the degassed ceramic sus-
pension (flow rate of 9 mL/min) was extruded simultaneously with
the internal coagulant (flow rate of 10 mL/min) through tube-in-
orifice spinneret (ID 1.2 m, OD 2.8 mm), directly into the external
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coagulant bath with the air gap of 5cm. The formed kaolin pre-
cursor was then dried at room temperature after completing the
phase inversion process by immersion in the external coagulation
bath for about 24 h. Finally, in order to obtain the final kaolin hol-
low fibre membrane, the dried kaolin precursor was sintered at
target temperature of 1350°C in tubular furnace (Brand: Magna
value, Model: XL-1700) using the same sintering profile from our
previous work (Mohtor et al., 2017). The obtained kaolin hollow
fibre membrane was finally used as the kaolin support for the
deposition of TiO, nanorods on the outer membrane surface for the
preparation of kaolin/TNR membrane.

2.3. Preparation of kaolin/TNR membrane

With the aim to prepare kaolin/TNR membrane, the hydro-
thermal method was utilised by firstly preparing a chemical solu-
tion, which consisted of 120 mL of concentrated HCI that was added
into 120 mL of DI water, followed by vigorous stirring using mag-
netic stirrer (Brand: Thermo Scientific) for about 10 min. Then, 6 mL
of TBOT was added dropwise into the solution, followed by another
10 min of stirring in order to obtain the final transparent solution.
Prior to the hydrothermal process, 10 hollow fibres of kaolin sup-
port with both sealed ends were placed inside the steel-made
autoclave with Teflon-made liner before adding the resultant so-
lution. As illustrated in Fig. 1, the hydrothermal process was carried
out at 150°C in an oven (Brand: Memmert) for different reaction
times (2h, 6h, and 10h). By using the advantage of ceramic
membrane in the application that required the high temperature
and pressure conditions, the kaolin support that was sintered at
1350 °C with mechanical strength of 52 MPa was suitable to be
submerged in the reaction solution inside the autoclave without
being dissolved or broken apart throughout the hydrothermal
process. Upon the completion of hydrothermal process, the auto-
clave was taken out from the oven and cooled down to ambient
temperature. Lastly, the prepared kaolin/TNR membranes were
taken out from the autoclave and rinsed thoroughly with DI water
several times before letting them to completely dry at ambient
temperature.

2.4. Characterisations

The morphology and distribution of TiO, nanorods on the outer
membrane surface of kaolin support were observed by field emis-
sion scanning electron microscope (FESEM) (Brand: Hitachi, Model:
SU8020) and their elemental distribution was analysed by energy

! hollow fibre
| membrane

Teflon-lined autoclave

Fig. 1. Schematic diagram of hydrothermal process setup.

dispersive X-ray (EDX) spectrometer (Brand: Oxford Instruments,
Model: X-Max) using mapping that were drawn across the sample
surface. From FESEM image of the surface of membrane, the length
and diameter of TiO, nanorods were measured in which the
average length and diameter of TiO, nanorods were calculated
based on ten measurements taken for each membrane sample. For
sample preparation, the membrane was fractured to obtain the
neat cut of its cross-section and placed on metal holder before
being sputter-coated with gold under vacuum for 3 min. Mean-
while, the surface roughness of membrane was analysed by atomic
force microscope (AFM) (Brand: Park System, Model: XE-100). For
sample preparation, the membrane was cut into small pieces and
attached to the sample holder. AFM micrographs were obtained by
scanning on the membrane surface with the area of 10 um x 10 pm
using the sharp tip at the end of cantilever.

The presence of crystalline phase of TiO, on the outer surface of
prepared membrane was detected by X-ray diffractometer (XRD)
(Brand: Bruker D8 Advance, Model: D8-02/01—378) with CuKa
radiation for obtaining the XRD patterns in the range of 10 < 20
(°)< 70at 1° scan rate. On the other hand, the determination of
changes in functional groups of both kaolin support and kaolin/TNR
membrane was analysed by attenuated total reflection (ATR) mode
using Fourier transform infrared (FTIR) spectrometer (Brand:
Thermo Nicolet Corporation, Model: Nicolet 5700) in order to re-
cord the FTIR spectra in the region of 4000—600 cm ™! at ambient
temperature. Meanwhile, the hydrophilicity of membrane was
characterised by contact angle measurement that was measured
using contact angle goniometer (Brand: Dataphysics, Model: OCA
15 EC). By using sessile drop method and DI water as its contact
droplet, the constant dosing volume of 0.5 UL of droplet was slowly
placed on the dried membrane surface and its contact angle was
measured. The average contact angle was calculated based on ten
measurements that was obtained from different spots on the
membrane surface for each membrane sample. In the measure-
ment of water contact angle, the solid surface was considered as
hydrophilic when the contact angle <90°, while >90° indicated the
solid surface as hydrophobic (Dzinun et al., 2015).

For water permeation test, the ultrafiltration system in the
cross-flow filtration mode was used in order to conduct the filtra-
tion at pressure of 1bar and temperature of 25°C by using the
membrane with approximately 2 cm of length. Prior to any mea-
surement, the steady state flux needs to be obtained first by com-
pacting the membrane with water as the feed at pressure of 1.5 bar
for about 30 min. The water permeation of membrane was calcu-
lated by using:

AV

Lp = Am At AP

(1)

where Ly is the water permeation (L/m?.h.bar), AV is the volume of
water permeated through membrane (L), Ay is the effective
membrane area (m?), At is the permeation time (h) and AP is the
transmembrane pressure (bar). The average water permeation was
measured from three measurements taken for each membrane
sample.

2.5. Photocatalytic degradation of RB5

The photocatalytic performance of kaolin/TNR membrane was
studied by using RB5 as a surrogate indicator for evaluating the
photocatalytic efficiency of kaolin/TNR membrane in decolourisa-
tion of dye under UV irradiation. As illustrated in Fig. 2, the pho-
tocatalytic degradation of RB5 was performed in the batch
membrane photoreactor using a membrane module that fitted with
10 hollow fibres of kaolin/TNR membrane with sealed both ends
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Fig. 2. Schematic diagram of photocatalytic test setup.

(exposed membrane length: 8 cm; total effective membrane area:
40 cm?) that submerged in magnetic stirred 500 mL of 10 ppm RB5
solution as the feed solution. Prior to the photocatalytic process, the
feed solution was stirred for 100 min in the dark at 25 °C in order to
ensure that the photocatalytic reaction was conducted after
achieving the adsorption-desorption equilibrium. By fixing the
distance between membrane and UV light source at 5cm, 36 W
UVA lamp (Brand: Philips, Japan) was used to irradiate the immo-
bilised TiO, on kaolin support by emitting radiation at 365 nm of
wavelength when it was turned on. In order to prevent the escape
of harmful UV light, the glass container was fully covered with
aluminium foils.

Throughout the photocatalytic process, 1.5 mL of feed solution
was collected at specific time intervals of 1 h, where the absorbance
value of the sample solution was measured by using UV—Visible
spectrophotometer (Brand: Hach Company, Model: DR5000) at an
absorbance wavelength of 597 nm. The concentration of RB5 in the
feed solution during the photocatalytic process was calculated
based on the calibration curve obtained from the absorbance value
of RB5 solution at 597 nm of wavelength. By obtaining the con-
centration of RB5, RB5 degradation, 1 (%) was calculated as follows:

G- G

n==2—x 100 (2)

where Cy is the initial concentration of dye solution, while C; is the
concentration of dye solution after photocatalytic degradation at
specific time interval.

3. Results and discussion
3.1. Morphological properties of membrane

The effect of different hydrothermal reaction times on the dis-
tribution and morphology of TiO; on kaolin support were examined
by FESEM. Their FESEM images of the cross-sectional and outer
membrane surface at different magnifications were presented in
Figs. 3 and 4, respectively. As revealed by the FESEM image of the
cross-sectional of kaolin support in Fig. 3 (a), the membrane
structure comprised of sponge-like structure near the outer
membrane surface, which functioned as the separation layer for

Fig. 3. FESEM images of the cross-sectional of (a) kaolin support and kaolin/TNR
membrane that prepared at (b) 2 h, (c) 6 h, and (d) 10 h of reaction time.

A T}
ey

Fig. 4. FESEM images of the outer membrane surface at different magnifications of (a)
2k x and (b) 5k x of (1) kaolin support and kaolin/TNR membrane that prepared at (2)
2h, (3) 6h, and (4) 10h of reaction time.

kaolin support. The formation of TiO, layer on the kaolin support
basically did not impose any changes on the overall cross-sectional
structure of kaolin support, indicating that the deposition of TiO,
only took place on the outer membrane surface of kaolin support,
as observed in Fig. 3 (b), (c), and (d). From Fig. 3 (b), there was no
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continuous formation of TiO, layer found on the outer membrane
surface when the hydrothermal reaction conducted for 2 h. This
observation was predicted due to the fact that the shortest duration
of hydrothermal reaction was only able to produce a small amount
of TiO, on the outer membrane surface, resulting in the absence of
TiO; layer with measurable thickness. However, by increasing the
period of time used for hydrothermal process into 6 h and 10 h, the
incline in the amount of synthesised TiO, on the outer membrane
surface was perceived. As a result, the uniform TiO, layer was
successfully formed and seen on the outer membrane surface with
different thickness of 2.9 um in Figs. 3 (c) and 5.9 pm in Fig. 3 (d),
when 6 h and 10 h of reaction times were utilised for hydrothermal
process, respectively.

On the other hand, the FESEM images of the outer membrane
surface of neat membrane and its coated counterparts were pre-
sented in Fig. 4. As shown in Fig. 4 (al) and (b1), the outer mem-
brane surface of kaolin support was consisted of microporous
structure with interconnected, plate-like grains and irregular pores.
By carrying out the hydrothermal reaction for 2h, the outer
membrane surface was randomly deposited with TiO, in nanorod
form as depicted in Fig. 4 (a2) and thus, the prepared membrane
could be denoted as kaolin/TiO; nanorods (TNR) membrane. The
random deposition of TiO, nanorods on some parts of the outer
membrane surface was due to the insufficient time for the outer
membrane surface to be uniformly distributed with TiO; nanorods.
Meanwhile, the FESEM image of the outer membrane surface at
higher magnification in Fig. 4 (b2) revealed that the TiO, nanorods
were in slanting position with an average diameter of 0.34 um and
an average length of 2.26 um. The observation was in contrast to the
work conducted by Tao et al. (2016) as their TiO, nanorods were
hydrothermally formed in perpendicular to the fluorine-doped tin
oxide (FTO)-coated glass substrate, owing to the presence of flat
surface of glass substrate that easily promoted the formation of
vertically-aligned TiO; nanorods with uniform distribution. Thus,
the formation of slanted TiO, nanorods with random distribution
on the outer membrane surface obtained in this study might be
influenced by the hollow fibre configuration with the microporous
surface structure of kaolin support that was utilised as the support
for photocatalyst TiO,.

When a longer duration of hydrothermal reaction was applied,
the deposition of TiO, nanorods on the outer membrane surface of
kaolin support was expected to exhibit the increment in TiO,
loading and the change in morphology of TiO, nanorods. By
increasing the reaction time into 6h and 10 h, the incremental
loading of TiO, nanorods on the outer membrane surface was
observed, resulting in the proper distribution of TiO, nanorods
throughout the outer membrane surface as revealed in Fig. 4 (a3)
and the immense deposition of TiO, nanorods on the outer mem-
brane surface as seen in Fig. 4 (a4). Meanwhile, the higher
magnification of FESEM images in Fig. 4 (b3) and (b4) exposed that
the hydrothermally synthesised TiO, nanorods were increased in
size as a longer hydrothermal reaction time was used. By carrying
out the hydrothermal reaction for 6 h and 10h, the increase in
average diameter of 0.69 um and 0.74 um and the decrease in
average length of 3.97 pm and 3.04 pm were observed, respectively.
The obtained results were in agreement with the study done by Liu
and Aydil (2009), as they stated that the growth time was one of the
factors that controlled both diameter and length of the hydro-
thermally grown TiO; nanorods. In addition, it was interesting to
note that the hydrothermal reaction of 10 h could induce the for-
mation of TiO, nanoflowers, in which TiO; nanorods were formed
in flower-like arrangement on the outer membrane surface. This
finding was in good agreement with the work conducted by Ahmad
et al.(2016a) as they managed to obtain TiO, nanoflowers that grew
on the top of TiO, nanorods array with thicker in size when a longer

reaction time was used. So, the obtained result on the increase in
average diameter, but the decrease in average length of TiO;
nanorods might be attributed to the flower-like arrangement of
TiO, nanorods.

Further examination on the effects of varying reaction times on
the distribution of elements on the outer membrane surface were
performed by EDX using the elemental mapping as shown in Fig. 5.
The EDX analysis also provided a semi-quantitative chemical
composition of kaolin/TNR membrane that prepared at different
hydrothermal reaction times, as presented in Table 1. The existing
elements found on the outer membrane surface of kaolin/TNR
membrane that was prepared at 2 h and 6 h of hydrothermal re-
action were Al and Si elements which represent the kaolin support,
while O and Ti elements denoted the TiO, nanorods. By conducting
the hydrothermal reaction for 2h, only small amount of TiO;
nanorods was formed on the outer membrane surface as proved by
the low weight percentage of elements for TiO, nanorods shown in
Table 1. Further observation on EDX mapping presented in Fig. 5
(a2) revealed that the outer surface of kaolin/TNR membrane was
not uniformly distributed with TiO; nanorods, in which Ti and O
elements were spotted at some parts of the outer membrane sur-
face, resulting in the absence of TiO, layer with measurable thick-
ness on the outer membrane surface observed in Fig. 3 (b).
However, by increasing the reaction duration into 6 h, the incline in
weight percentage of elements for TiO, nanorods with the decline
in weight percentage of elements for kaolin support were obtained,
indicating the increase in loading of TiO2 nanorods which resulted
in the proper distribution of TiO, nanorods on the outer surface of
kaolin/TNR membrane, as demonstrated by EDX mapping in Fig. 5
(b2) where more Ti and O elements were thoroughly scattered on
the outer membrane surface.

When the hydrothermal reaction was performed in 10 h of re-
action duration, the existing elements found on the outer surface of
kaolin/TNR membrane were only Ti and O elements, as Al and Si

Fig. 5. (1) FESEM images and (2) EDX images of the outer surface of kaolin/TNR
membrane that prepared at (a) 2 h, (b) 6 h, and (c) 10 h of reaction time.
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Table 1
EDX chemical composition analysis for the outer surface of kaolin/TNR membrane.

Membrane sample Element composition (wt%)

Al Si (0] Ti
Kaolin/TNR membrane 2 h 183 17.2 35.7 274
Kaolin/TNR membrane 6 h 4.5 6.1 37.2 51.5
Kaolin/TNR membrane 10 h — - 47.0 52.8

elements were not detected by EDX analysis in Table 1, referring to
Ti and O elements as the dominating elements found on the outer
membrane surface with the further increment in their weight
percentages. The obtained results indicated a further increase in
loading of TiO, nanorods that resulted in the immense distribution
of TiO; nanorods on the outer surface of kaolin/TNR membrane. The
observation on EDX mapping in Fig. 5 (c¢2) emphasized that the
outer surface of kaolin/TNR membrane were thoroughly covered
with TiO, nanorods as no Al and Si elements were observed on the
outer membrane surface, resulting in the formation of uniform TiO,
layer with appropriate thickness on the outer membrane surface
observed in Fig. 3 (d). According to Nor et al. (2016), one of the
crucial factors that ensured the excellent performance of photo-
catalytic membrane was the uniform distribution of TiO, photo-
catalysts on the top layer of membrane as they could be
consistently exposed to the UV light during the photocatalytic
degradation of target pollutants. So, based on the obtained results,
the kaolin/TNR membrane that was prepared at 10h of hydro-
thermal reaction was predicted to exhibit good photocatalytic
performance due to high TiO; nanorods loading with the uniform
distribution on the outer surface of kaolin/TNR membrane.

3.2. Surface structure and roughness of membrane

The effects of different hydrothermal reaction times on the
membrane surface structure and roughness of kaolin/TNR mem-
brane were examined by FESEM and AFM. As indicated by FESEM
image in Fig. 6 (al), the membrane surface structure of kaolin
support consisted of interconnected, plate-like grains and irregular
pores that resulted from the grain growth mechanism of kaolin
particles during the sintering process. In accordance with our
previous work on kaolin hollow fibre membrane (Mohtor et al.,
2017), the microporous structure for the outer membrane surface
of kaolin support could be represented by high peaks (seen as
bright regions) and deep depressions (seen as dark regions) that
indicated the nodule-like aggregates and pores, respectively, as
depicted by AFM image in Fig. 6 (a2). By hydrothermally producing
TiO, nanorods on the outer membrane surface in 2 h of reaction
duration, the random deposition of TiO, nanorods on some parts of
membrane surface was revealed by FESEM image in Fig. 6 (b1),
while the simultaneous incline in bright regions and decline in dark
regions were observed in Fig. 6 (b2) that presented AFM image of
the outer surface of kaolin/TNR membrane. These findings could be
explained by the non-uniform distribution of TiO, nanorods on the
microporous surface of kaolin support due to the shortest duration
of hydrothermal reaction applied, resulting in the blockage of some
pores with TiO, nanorods. Consequently, the surface structure of
kaolin/TNR membrane became smoother with the mean surface
roughness of 0.145 um in comparison to the rougher surface of
kaolin support with the mean surface roughness of 0.329 um. The
obtained results were in good agreement with the work done by
Dzinun et al. (2015), as they highlighted that TiO,/PVDF dual layer
hollow fibre membrane possessed an outer surface that was
smoother than its neat counterpart.

As the applied reaction time increased to 6 h and 10 h, the outer

Fig. 6. (1) FESEM images and (2) AFM images of the outer surface of (a) kaolin support
and kaolin/TNR membrane that prepared at (b) 2 h, (c) 6h, and (d) 10 h of reaction
time.

membrane surface of prepared membrane was thoroughly covered
with the well deposition of TiO, nanorods, owing to the increase in
TiO, loading along with the increase in length and diameter of TiO,
nanorods as seen in Fig. 6 (c1) and along with the flower-like
arrangement of TiO; nanorods as observed in Fig. 6 (d1). The ob-
tained results in FESEM images of the outer membrane surface of
kaolin/TNR membrane that was prepared at 6h and 10 h of hy-
drothermal reaction were in line with their AFM images, as
demonstrated in Fig. 6 (¢2) and (d2), in which the intense formation
in nodule-like aggregates of bright regions was observed due to the
increase in formation of TiO, nanorods on the outer membrane
surface as the longer reaction time was used. As a result, the in-
crease in the mean surface roughness of kaolin/TNR membrane
from 0.176 um to 0.516 pm was obtained, along with the significant
increment in the difference between high peak and low valley from
1.507 um to 3.158 um as presented in Table 2, which indicated that
the rougher outer surface of kaolin/TNR membrane was observed
due to the longer duration applied for the hydrothermal reaction.
The similar trends in the incline of both mean surface roughness
and the difference between high peak and low valley were also
observed by Subramaniam et al. (2017), owing to the coarser sur-
face of titanate nanotubes (TNT)/PVDF nanocomposite membrane
with the higher TNT loading. Another similar result was also ob-
tained by Mohamed et al. (2016) in their work on the preparation of
regenerated cellulose (RC)/TiO2 nanocomposite membrane with
different TiO, loadings, as they indicated that the incline of TiO,
nanorods resulted in the rougher surface of prepared membrane
with the higher value in mean surface roughness.

3.3. Crystalline phases of membrane

The presence of crystalline phase of TiO, in prepared membrane
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Table 2
Results of AFM analysis on the surface roughness parameters.

Membrane sample Mean surface roughness, R, (1m)

Root mean square roughness, Rq (um)

Difference between high peak and low valley, R, (um)

Kaolin support 0.329 0.410
Kaolin/TNR membrane 2 h 0.145 0.185
Kaolin/TNR membrane 6 h 0.176 0.228
Kaolin/TNR membrane 10 h 0.516 0.614

2.105
1.367
1.507
3.158

was detected by XRD and XRD patterns of kaolin support and
kaolin/TNR membrane that was prepared at different reaction
times for hydrothermal process were demonstrated in Fig. 7. As
observed in Fig. 7, all XRD patterns of kaolin/TNR membrane that
was prepared at 2 h, 6 h, and 10 h of reaction times matched with
XRD pattern of kaolin support with diffraction peaks detected at
20 =16°, 26°, 31°, 33°, 35°, 39°, 41°, 43°, 57°, 61° and 64°, which
indicated mullite (Zhang et al., 2014) as the dominant crystalline
phase presented in kaolin support due to the mullitisation of
kaolinite that occurred at high sintering temperature of 1350 °C.
These peaks for mullite were still detected in all XRD patterns of
kaolin/TNR membrane due to the fact that the formation of TiO,
layer on the outer membrane surface did not alter the crystalline
structure of mullite in kaolin/TNR membrane. However, the in-
tensities of these peaks decreased as the longer hydrothermal re-
action time was used, owing to the higher loading of TiO, nanorods
that was successfully deposited on the outer surface of kaolin/TNR
membrane. As shown in Fig. 7 (b), XRD pattern of kaolin/TNR
membrane that was prepared at 2 h of hydrothermal reaction has
an additional peak at 26 =54° which corresponded to the [211]
plane of rutile phase of TiO,, indicating the limited formation of
TiO, nanorods on the outer membrane surface in the shortest
duration of hydrothermal process. This finding was in good
agreement with the study conducted by Yusoff et al. (2016) in
which the similar peak at 20 = 54° that represented the [211] plane
of tetragonal rutile structure of TiO, nanorods was also obtained by
using the growth time of 2 h.

By carrying out the hydrothermal reaction at 6 h, XRD pattern of
kaolin/TNR membrane has three peaks at 20 =36°, 41°, and 54°
that represented the [101], [111], and [211] planes of rutile phase of
TiO, (PDF No. 00-021-1276) as depicted in Fig. 7 (c). The presence of
these peaks could be attributed by the formation of TiO, nanorods
on the outer membrane surface with the increase in their length
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Fig. 7. XRD patterns of (a) kaolin support and kaolin/TNR membrane that was pre-
pared at (b) 2 h, (c) 6h, and (d) 10 h of reaction time.

and diameter as the hydrothermal process was conducted at 6 h.
The obtained result was in line with the observation on FESEM
images of the outer surface of kaolin/TNR membrane in Fig. 4 (a3)
and (b3). On the other hand, as shown in Figure Fig. 7 (d), there was
an additional peak at 26 =27° for XRD pattern of kaolin/TNR
membrane that prepared at 10h of reaction time, which corre-
sponded the [110] plane of rutile phase of TiO,. This peak indicated
the formation of other nanostructure on the membrane surface,
which was TiO; nanoflower that previously observed from FESEM
images of the outer surface of kaolin/TNR membrane in Fig. 4 (a4)
and (b4). However, the obtained result in this study contradicted
with the work carried out by Ahmad et al. (2016a) as they managed
to observe the peak at 20 = 27° that corresponded to the [110] plane
only by using 6 h of reaction time. Due to the fact that the nucle-
ation process of TiO, nanoflowers only began by depositing on the
tip of TiO, nanorods, the stable growth of TiO, nanoflowers was
depended on the structure arrangement of TiO, nanorods. As a
result, they easily obtained TiO, nanoflowers that grew on the glass
substrate using the shorter reaction time since their work focused
on the one-dimensional growth of TiO; nanorod array structure.

3.4. Functional groups of membrane

The presence of functional groups in kaolin/TNR membrane that
resulted from varying the hydrothermal reaction duration was
analysed by FTIR. From all FTIR spectra presented in Fig. 8, there
was no significant difference observed in the absorption bands
among them as all of them exhibited similar absorption bands at
1200-1000 cm ™! region that corresponded to the Si-O vibration of
the amorphous silica (Ilic et al.,, 2010) and the bands at 850-
650 cm~! region that was attributed to the Al-O vibration of the
mullite (Zhang et al.,, 2014). However, the obtained FTIR results
would provide a complementary evidence in proving the presence
of TiO, layer on the outer surface of kaolin/TNR membrane as
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Fig. 8. FTIR spectra of (a) kaolin support and kaolin/TNR membrane that prepared at
(b) 2h, (c) 6h, and (d) 10 h of reaction time.
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observed in the previous FESEM and EDX images. As indicated by
FTIR spectra in Fig. 8 (b), (c), and (d), there were weak, yet
noticeable broad bands observed at 3700-3500 cm ™! region and at
around 1650 cm~! that was assigned to the O-H stretching and
bending vibrations of absorbed water (Mamulova Kutlakova et al.,
2011) on the outer surface of kaolin/TNR membrane. The in-
tensities of these bands improved along with the increase in hy-
drothermal reaction time used, owing to the higher loading of TiO;
nanorods that was distributed on the outer surface of kaolin/TNR
membrane and thus, the more hydrogen bonds were formed be-
tween the absorbed water and TiO; nanorods on the outer mem-
brane surface.

In this study, the formation of TiO; layer on the outer membrane
surface was conducted by using the hydrothermal method that
involved the chemical reactions as proposed by Cozzoli et al.
(2003), in which TiO, nanorods were produced on the outer
membrane surface of kaolin support through the chemical re-
actions that included both hydrolysis and condensation reactions,
as illustrated in Fig. 9. During the hydrothermal process, the hy-
drolysis reaction firstly took place in which the four carbon atoms
were eliminated from TBOT as the titanium precursor, in order to
produce the titanium hydroxyl and the side-product of butanol. The
formed titanium hydroxyl was consumed later in the condensation
reaction in which TiO, was produced on the outer membrane
surface when water was removed as the side-product. The pro-
duced TiO; in nanorod form was firmly adhered on the outer sur-
face of kaolin/TNR membrane via the formation of Si-O-Ti chemical
bonds, as there was a new band detected at 930 cm™! in Fig. 8 that
corresponded to Si-O-Ti bonding (Wang et al., 2011). The presence
of these bonds should be preferable in ensuring the stable attach-
ment of TiO; layer on the outer surface of kaolin/TNR membrane,
particularly for its utilisation in the application of photocatalysis.
Based on the FTIR spectra in Fig. 8, the band at 930 cm™! became
significantly apparent as the hydrothermal reaction time increased,
indicating that the higher loading of TiO, nanorods would form
additional hydrogen bonds with the absorbed water on the outer
surface of kaolin/TNR membrane and thus, resulting in the
improvement of surface affinity of kaolin/TNR towards water that
should be highly beneficial for its usage in the water treatment
applications.

3.5. Contact angle and water permeation of membrane

As one of the factors that influenced the water permeability of
membrane, the surface hydrophilicity of membrane was analysed
by using the contact angle measurement in order to investigate the
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Fig. 10. Contact angle and water permeation of kaolin support and kaolin/TNR
membrane that prepared at different reaction times.

effect of different hydrothermal reaction times on the hydrophi-
licity of membrane. From the obtained results on the contact angle
that was depicted in Fig. 10, there was an incremental trend in the
contact angle of membrane with an increment in the hydrothermal
reaction time, indicating that the membrane surface became less
hydrophilic as the longer reaction time was used. A similar finding
was also demonstrated by Cao et al. (2006) in their work on the
rutile TiO/PVDF membrane that exhibited the higher value in
contact angle of 84° in comparison to the contact angle of 78°
obtained by the PVDF membrane. Although TiO,/PVDF membrane
became more hydrophobic based on the obtained results on the
contact angle measurement, they revealed that the rutile TiO,/
PVDF membrane had a higher water flux than its neat counterpart.
So, from the obtained results on the contact angle of membrane, it
could be stipulated that the hydrophilicity of membrane that was
indicated by its contact angle was not the predominant factor that
influenced the water permeability of membrane since according to
Tan et al. (2017), the other contributing factors such as the liquid
surface tension, the membrane surface charge, and the membrane
surface roughness could also impose the change in membrane
hydrophilicity. As a result, the increase in measured contact angle
of kaolin/TNR membrane that was obtained in this work might be
massively influenced by the incline in mean surface roughness of
kaolin/TNR membrane when the longer reaction time was utilised,
as revealed by the AFM images in Fig. 6.

The water permeation test was performed in order to investi-
gate the the effects of varying hydrothermal reaction times on the
performance of kaolin/TNR membrane and the result was pre-
sented in Fig. 10. According to the experimental results obtained,
when the duration for hydrothermal process increased, the water
permeation of prepared membrane was also enhanced accordingly,
113 +24L/hm?bar <120+3.2L/h.m%bar <133+ 3.1 L/h.m%bar
<165 + 2.0 L/h.m?bar. The increasing trend in the water perme-
ation of the prepared membrane could be explained by the
increasing loading of TiO, nanorods on the outer membrane surface
as the longer reaction time was used for the hydrothermal process,
resulting in the increment in the presence of hydroxyl functional
groups on the outer surface of kaolin/TNR membrane that would
easily promote the absorption of water molecules on the outer
membrane surface. The improvement in the surface affinity of
kaolin/TNR membrane towards water has enabled the high ab-
sorption of water molecules to permeate across the membrane,
leading to the increment in water permeability of kaolin/TNR
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membrane. In addition, the enhancement in water permeability of
membrane was also contributed by the increase in surface rough-
ness of membrane (Tan et al., 2017; Lai et al., 2016). From the ob-
tained AFM images in Fig. 6, a rougher surface of kaolin/TNR
membrane was observed as the longer reaction time was used,
indicating the increase in effective surface area for water molecules
to permeate through the membrane and thus, resulting in the
improvement in water permeability of kaolin/TNR membrane.

3.6. Photocatalytic decolourisation of RB5

In order to examine the capability of membrane towards the
adsorption of RB5, the adsorption of RB5 was performed on all
prepared membranes in the dark condition for 180 min and the
obtained results were depicted in Fig. 11. After 180 min of RB5
adsorption in the dark, the highest RB5 adsorption of 5.1% was
attained by kaolin/TNR membrane was prepared at 10 h of hydro-
thermal reaction, followed by the adsorption values of 2.0% that
were exhibited by kaolin/TNR membrane prepared at 6 h of hy-
drothermal reaction. The lowest RB5 adsorption was obtained by
kaolin/TNR membrane prepared at 2 h of hydrothermal reaction
and kaolin support with the same adsorption value of 0.8%. The
differences in RB5 adsorption value obtained in this study might be
explained by the differences in the effective surface area possessed
by all prepared membrane. The highest RB5 adsorption that was
attained by kaolin/TNR membrane prepared at 10 h of hydrother-
mal reaction was due to the formation of thickest TiO; layer on the
outer membrane surface, owing to the highest TiO, loading with
the excellent effective surface area on the outer membrane surface,
which offered the high availability of active sites for the adsorption
of RB5 molecules. This finding was in good agreement with the
work done by Tahiri Alaoui et al. (2009) as they highlighted that the
increase in active sites provided for the adsorption and degradation
of pollution was highly dependent on the increment in photo-
catalyst loading.

Based on the RB5 adsorption in Fig. 11, it could be observed that
all of the prepared membranes have achieved the steady state of
RB5 adsorption in the dark within 100 min. The steady state of RB5
adsorption was said to be reached when no more RB5 molecules
that being adsorbed or desorbed on the surface of photocatalyst
and thus, the adsorption-desorption equilibrium was said to be
achieved. Thus, the pre-equilibrium duration in the dark was
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Fig. 11. RB5 adsorption of prepared membranes in dark conditions.

determined at 100 min in order to ensure that the adsorption-
desorption equilibrium occurred first before initiating the photo-
catalytic decolourisation of RB5 under UV irradiation. According to
Nor et al. (2016), the good capability of membrane towards the
adsorption of the pollutant's molecules would induce the prom-
ising result on the photocatalytic performance of membrane. Thus,
among all the prepared kaolin/TNR membranes, the photocatalytic
performance of kaolin/TNR membrane prepared at 10 h of hydro-
thermal reaction was predicted to exhibit good result in the
decolourisation of RB5.

The photocatalytic efficiency of membrane was investigated by
performing the photocatalytic decolourisation of RB5 under UV
irradiation for 540 min and the obtained results were presented in
Fig. 12. As revealed in Fig. 12 (b), there was no appreciable decol-
ourisation of RB5 exhibited by both direct photolysis and neat
kaolin support since less than 1% RB5 decolourisation was achieved
by them under UV exposure for 540 min. The obtained results
might be explained by the stability of RB5 molecule due to its
complex molecular structure with the presence of two azo N=N
bonds, making the degradation of RB5 molecule was difficult to
occur in the presence of UV light alone and in the absence of
photocatalyst. Therefore, the direct photolysis of RB5 and the
decolourisation of RB5 without the presence of photocatalyst could
be considered as negligible in this work. The obtained results in this
study were in line with the study done by You et al. (2012) as they
observed the negligible degradation of RB5 by using the direct
photolysis and the extremely low colour disappearance of RB5 by
the neat PVDF membrane under the UV exposure for 120 min.

According to Fig. 12 (b), all of the prepared kaolin/TNR mem-
branes were able to exhibit RB5 colour disappearance steadily as a
function of the UV irradiation time due to the presence of UV/TiO;
system in the heterogeneous photocatalysis of RB5. However, the
kaolin/TNR membrane that was prepared at 2 h of hydrothermal
reaction could hardly photodegrade RB5 molecule due to the
lowest TiO; loading on the outer membrane surface, resulting in a
negligible RB5 decolourisation of 1.7%. In contrast, the highest RB5
decolourisation of 80.3% was demonstrated by kaolin/TNR
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Fig. 12. (a) Visible colour change of RB5 by of kaolin/TNR membrane that prepared at
10h of hydrothermal reaction, (b) Photocatalytic performance of kaolin/TNR mem-
branes under UV irradiation.
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membrane that was prepared at 10 h of hydrothermal reaction,
followed by 29.4% RB5 decolourisation that was attained by kaolin/
TNR membrane prepared by conducting hydrothermal reactions for
6 h. The obtained results could be explained by the highest loading
of TiO, nanorods on the outer surface of kaolin/TNR membrane that
was prepared at 10h of hydrothermal reaction, allowing more
effective surface area of TiO, to be easily accessible for the ab-
sorption of photon in order to induce the photocatalyst activation.
As aresult, the reactive hydroxyl radicals were generated under UV
irradiation that was responsible for the degradation of most of RB5
molecules presented in the feed solution, resulting in the highest
RB5 decolourisation that was achieved by kaolin/TNR membrane
prepared at 10 h of hydrothermal reaction.

The photocatalytic degradation of RB5 in UV/TiO, system usu-
ally involved the oxidation on both of azo N=N bonds by hydroxyl
radicals, resulting in the decolourisation and mineralisation of RB5.
However, the focus in this work was only on the decolourisation of
RB5 since the complete mineralisation of RB5 has been detailed
elsewhere (Zhou et al., 2016). In order to further confirm the RB5
decolourisation by kaolin/TNR membrane, the observation on
visible colour changes of RB5 in the feed solution was performed.
As revealed by the colour changes of RB5 that was exhibited by the
collected feed samples at specific time interval in Fig. 12 (a), the
kaolin/TNR membrane prepared from 10 h of hydrothermal reac-
tion has successfully reduced the colour intensity of RB5 from the
dark navy blue to the light pink after 540 min of UV exposure,
which corresponded to the achievement of 80.3% RB5 decolour-
isation. The reduction in colour intensity of RB5 observed in this
work could be attributed to the cleavage of bonds for the colour
giver group of chromophore in RB5 molecule, resulting in the
decolourisation of RB5 (Zhou et al., 2016; Nasuha et al., 2016).

The photocatalytic performance of kaolin/TNR membrane pre-
pared by the hydrothermal reaction for 10 h was compared with
previous works on the dye degradation using TiO, under various
controlled parameters. As shown in Table 3, the obtained result on
RB5 degradation from this study was comparable to other studies
that focused on the application of immobilised TiO, on support in
the photocatalytic reactor system. Although the suspended TiO,
generally possessed a higher photocatalytic activity in the dye
degradation, it commonly faced recovery problems from the
treated solution after UV irradiation. In contrast, the recovery of
suspended TiO, from the treated solution was much easier,
favouring the reusability of suspended TiO, in the subsequent cy-
cles of photocatalytic reaction.

The reusability of fabricated kaolin/TNR membrane was also
evaluated by recycling the membrane over three consecutive cycles
in the photocatalytic decolourisation of RB5. In this reusability
experiment, the kaolin/TNR membrane prepared by the hydro-
thermal reaction for 10 h was selected since it displayed the highest
photocatalytic activity in RB5 decolorization. At the end of each
cycle, the membrane was washed several times with distilled water
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Fig. 13. Regeneration efficiency of kaolin/TNR membrane prepared at 10 h of hydro-
thermal reaction for three consecutive cycles.

and dried at 60 °C. As shown in Fig. 13, the kaolin/TNR membrane
demonstrated negligible reduction in photocatalytic decolourisa-
tion of RB5 after repeated usage after three consecutive regenera-
tion cycles, indicating that it was fairly stable and did not undergo
significant photocorrosion during the photocatalytic decolorization
of RB5 under UV irradiation. The similar finding were also attained
by previous work on the immobilised TiO, by Tao et al. (2016) for
the four consecutive cycles of photocatalytic degradation of methyl
orange (MO). The excellent stability of kaolin/TNR membrane could
enable it to be reused for several cycles of photocatalytic reactions
without reducing the photocatalytic efficiency of kaolin/TNR
membrane, thus making it to be a cost-effective choice of photo-
catalytic ceramic membrane for the degradation of pollutants un-
der UV exposure.

4. Conclusion

The kaolin support has been successfully deposited with TiO,
layer on the outer membrane surface for the preparation of kaolin/
TNR membrane by using hydrothermal method. By varying the
hydrothermal reaction times, the increasing duration for hydro-
thermal reaction could impose the incremental TiO; loading with
the uniform distribution on the outer membrane surface, resulting
in the formation of thicker TiO, layer and rougher outer surface of
kaolin/TNR membrane. From the obtained characterisation results,
it was found that the highest TiO, loading with the excellent
effective surface area on the outer membrane surface had resulted
in the highest water permeation of 165L/h.m?bar that was

Table 3
Comparison of dye degradation with previous studies.
Dye Photocatalyst Initial concentration Light source Time Degradation (%) Reference
Methyl orange Immobilised TiO, (TNRs) 15 ppm High pressure mercury lamp (36 W) 100 82 (Tao et al., 2016)
min
RB5 Suspended TiO, 250 ppm Low pressure UV lamp (75 W) 240 100 (Tang and Chen, 2004)
(P25) min
RB5 Suspended 10 ppm UV lamp 150 97 (Chong et al., 2015)
TiO, min
(NPs)
RB5 Immobilised TiO, 40 ppm UV lamp (15W) 120 42 (You et al., 2012)
(NPs) min
RB5 Immobilised 10 ppm UVA lamp (36 W) 360 52 Present work
TiO (TNRs) min
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exhibited by kaolin/TNR membrane prepared from 10 h of hydro-
thermal reaction. As a result, among all kaolin/TNR membranes that
was prepared by using hydrothermal method, the highest RB5
decolourisation of 80.3% was also obtained by the kaolin/TNR
membrane prepared at hydrothermal reaction of 10h. As a
conclusion, the reaction time of 10 h has been selected as the most
suitable duration for hydrothermal reaction in order to prepare
kaolin/TNR membrane with uniform distribution of TiO, layer on
the outer membrane surface that improved the membrane per-
formance in both water treatment application and photocatalytic
reaction.
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