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Economic raw materials such as low-grade ethanol and Tetraethyl Ortosilicate (TEOS) were adopted as reactants for the
synthesis of monodisperse silica nanospheres using a Taylor VVortex flow reactor with a rotating cylinder system. Factors
affecting the mean diameter and size distribution of the silica grains were investigated by changing the rotating speed of
the inner cylinder and the composition of reactants. In the case of titania beads, grain diameter size was adjusted by
changing the amount of precursor (titanium (V) isopropoxide, TIP), hexadecylamine (HDA) or Potassium Chloride (KCI)
and reaction temperature as well as the rotation speed of the cylinder. As a demonstrative application, titania beads could
be used for the removal of organic dye as a model contaminant dissolved in an agqueous medium using a photocatalytic

decomposition system.
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1. INTRODUCTION

Synthesis of functional silica and titania grains is
attracting much attention for useful applications including
reflective pigment for display and photoelectrode material
for solar cells [1,2]. In laboratory-scale research, most
synthesis routes have been studied by using a conventional
mixing system composed of the flask and stirring paddle.
However, this system may have drawbacks, since non-
uniform mixing can be generated in certain parts of the
reactor, causing a 'dead zone' [3]. To overcome this, rotating
cylinder systems consisting of rotating inner cylinder and
stationary outer cylinder has been developed for micro-scale
mixing and facile rpm control [4, 5]. After the concept of
the Taylor Vortex was developed, rotating cylinder systems
were adopted for various engineering applications such as
slurry preparation, crystallization in the food industry, and
synthesis of functional materials such as graphene and
energy materials [6 —11].

Silica nanospheres with narrow size distribution have
been studied intensively to apply colloidal crystals with
photonic band gap properties [12]. Since artificial opals can
be used for chemical or biological sensors as well as
reflective pigments, many commercial routes are available
to purchase such grains [13—15]. Until now, monodisperse
silica nanospheres have been synthesized using high-purity
reagent-grade chemicals as silica precursor and reaction
solvent to suppress unexpected results due to impurities
[16]. However, it is advantageous to use low-grade
chemicals for grain formation with  sufficient
monodispersity in industrial applications.
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In addition to silica grains, titania beads have been
considered as promising material for photovoltaic
applications [17]. Since such grains have been synthesized
by hydrothermal reaction under harsh reaction conditions at
high temperature and pressure, it is necessary to develop
novel reaction route for the synthesis of such grains at room
temperature and ambient pressure [18].

In this study, the rotating cylinder system (Taylor
Vortex flow reactors) exhibits great advantages in
synthesizing ceramic grains and was proposed to study the
effects of operation conditions of the reactor on grain
monodispersity and morphologies. First, monodisperse
silica nanospheres were synthesized using economic raw
materials like low-grade TEOS as the starting chemical
material of silica. Since high-purity reagent-grade solvent or
precursor materials are inadequate for industrial production
of such grains, low-grade precursor is advantageous to
large-scale synthesis of silica nanospheres with narrow size
distribution. Second, titania beads were obtained from TIP
(titanium (1V) isopropoxide) as precursor by adjusting the
reaction conditions such as reaction temperature, rotation
speed, and concentration of reactants for demonstrative
application of photocatalytic decomposition of organic dye
in an aqueous medium.

2. EXPERIMENTAL

2.1. Materials and reagents

Ethanol for washing solvent (98 %) was used as a
reaction medium for silica nanospheres and purchased from
Daejung Chemicals. Ammonium hydroxide was used as a
catalyst for hydrolysis reaction and procured from Sigma-
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Aldrich. Tetraethylorthosilicate (TEOS, 99 %) was used as
a silica source and bought from Sigma-Aldrich. For the
synthesis of titania beads, titanium (V) isopropoxide (TIP,
>97.0 %) was used as a precursor and purchased from
Sigma-Aldrich. Ethanol (HPLC, 99.99%, Deajung
Chemicals), Hexadecylamine (HDA, 90%, Sigma-
Aldrich), Potassium Chloride (KCI, Kanto Chemical Co.,
Inc.) was used as reaction medium and catalyst for the
synthesis reaction.

2.2. Synthesis of monodisperse silica nanospheres
by Taylor Vortex reactor

For the synthesis of silica nanospheres, 20 mL ethanol
was poured into the reactor, followed by the addition of
ammonium hydroxide, while the inner cylinder rotated from
90 to 900 rpm. Then, 0.1 mL TEOS dissolved in 4 mL
ethanol was added to the reactor to produce seed grains.
After 1.5 hours, 1.6 mL TEOS dissolved in 6.4 mL ethanol
was added to the reactor for 1%t growth step in typical
experiments. If necessary, an additional amount of TEOS
was added to the reactor after 2 hours of reaction for the
additional growth step. The final grains were washed in
fresh ethanol by repeated centrifugation and redispersion by
sonication.

The Taylor Vortex flow reactor consisted of an outer
cylinder (30 mm diameter, 130 mm length) and a stainless-
steel inner cylinder (24 mm diameter, 130 mm length) with
a common axis shown in Fig.1la was adopted for
laboratory-scale experiments by using 33 mL actual
volume.

2.3. Synthesis of titania beads by Taylor Vortex
reactor and round bottom flask

TiO, beads were prepared via a sol-gel process in the
presence of HDA as a structure-directing agent [19]. For the
synthesis of titania beads, ethanol (25 mL) was mixed with
HDA (0.042 g) and then poured into the reactor, followed
by the addition of 0.01 mL KCI (0.033 M) and 0.01 mL TIP.
The inner cylinder was rotated at adequate rpm (300 to
600 rpm). After 18 hours, the obtained products were
centrifuged, rinsed with fresh ethanol three times, and dried
for SEM observation. Calcination was performed using a
box furnace at 450 °C for 5 hours to observe the size change
of titania beads.

For comparison, TiO> beads were fabricated by round
bottom flask (100 mL) under the same conditions.

2.4. Photocatalytic removal of methylene blue

For the photocatalytic decomposition of methylene
blue, the aqueous suspension of titania beads (25 mL) was
prepared at a concentration of 0.0002 g/mL after mild
sonication. Separately, 25 mL of the aqueous solution of
methylene blue (Daejung Chemicals & Metals Co., LTD)
was arranged with 0.00002 g/mL as an initial dose, followed
by mixing the suspension of titania beads. The resulting
mixture was agitated under UV illumination (Blacklight
blue, Sankyo Denki, 352 nm, 10 W, 8 UV lamps). The
aqueous solution of methylene blue was stirred at 300 rpm
with the aqueous suspension of titania beads and then put in
a dark room for 30 min for equilibration between methylene
blue and titania beads before the photocatalytic degradation.
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The first sample was obtained (Co; t = 0) after 30 minutes in
the dark. The concentration change of methylene blue was
monitored at regular time intervals using UV-vis
spectrophotometer. Concentrations of methylene blue were
determined from the absorbance at 664 nm [20, 21]
wavelength, and photocatalysis was performed for
240 minutes.

2.5. Characterizations

The morphologies of monodisperse silica nanospheres
grains were observed using a field emission scanning
electron microscope (FE-SEM, Hitachi-S4700). The
morphologies of titania beads were characterized by field
emission scanning electron microscopy (CX_200 Plus,
COXEM). FT-IR spectra of the grains were measured using
an FT-IR spectrometer (Nicolet iS5, Thermo Fisher
Scientific Co. Ltd). The concentration of methylene blue in
an aqueous solution was measured using a UV-visible
spectrometer (OPTIZEN POP, Mecasys Co., Ltd). Powder
X-ray diffraction of titania beads was measured using an
XRD machine (D2 Phaser, Bruker).

3. RESULTS AND DISCUSSION

In this study, ceramic grains such as monodisperse
silica nanospheres or titania beads were synthesized using a
rotating cylinder system (Taylor Vortex flow reactor,
Laminar). To investigate the effect of mixing speed, the
reactor was designed to control the rotation rate of an inner
cylinder at various rpms. To control the size of silica
nanospheres, the seeded growth scheme was applied by
successive growth of the grains by subsequent addition of
reactants after the formation of seed grains, as displayed
schematically in Fig. 1 b. Furthermore, titania beads were
prepared via a sol-gel process in the presence of HDA as a
structure-directing agent as shown in Fig. 1 ¢ [22]. Fig. 1 ¢
shows a schematic diagram of a possible mechanism for the
beads' growth process. Titania beads are formed through a
cooperative assembly process involving long-c hain
alkylamine and Ti(OCH(CHzs)2)sx(OH)x species. The
resultant Ti(OCH(CHs)2)4-x(OH)x species on hydrolysis of
Titanium (1V) isopropoxide (TIP) participate in hydrogen-
bonding interactions with amino groups of the
Hexadecylamine (HDA) [22].

In this study, the reaction temperature of the rotating
cylinder system was adjusted from room temperature to
60 °C for control of the size of monodisperse silica
nanospheres. As shown in the SEM images in Fig. 2a-c
silica nanospheres with narrow size distribution could be
synthesized by 1%t growth of the seed grains, while the inner
cylinder rotated at 900 rpm. The mean diameter could be
controlled from about 200 to 600 nm, and the size reduction
was observed with increasing temperature. Because the
reaction rate increases with increasing temperature, the
number of seed grains increases as temperature increases,
causing the increase of grain number density and reduction
of the size of the grown grains under the same reactant
concentrations. Thus, the overall trend of decrease in grain
size with increasing temperature was observed as displayed
in the graph of Fig. 2d. Since the standard deviation of
silica nanospheres is another important factor for the
estimation of grain monodispersity, the size distribution of



each sample was obtained by measuring the diameters of
100 grains from sn electron microscope image, and the
standard deviation was measured. With increasing reaction
temperature, the diameter of silica nanospheres decreased,
and the standard deviation of grains increased, as shown in
the inset graph of Fig. 2 d.

_»
; 15t 2nd . 3rd .
o . " Growth ® Growth Growth
g ‘.' .. ® .. . .
Seed . . . ‘
Particle .
. D, (24)
D, (30)
a b
Sol-Gel ada
T .
188 o k{(‘:m synthesis :,Qg,i?éﬁ -
W ;’,f}\ﬁ? Self- ::,? .;‘-'\.:
Ti 4 assembly & {{‘k‘“
precursor HDA Titania beads
C

Fig. 1. a—schematic figure of rotating cylinder system; reaction
during mixing by rotation of the inner cylinder can be
carried out inside the annulus region of the concentric
system; b-synthesis process of monodisperse silica
nanospheres by seeded growth method; c—the synthesis
process of titania beads using a rotating cylinder system
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Fig. 2. SEM image of silica nanospheres synthesized from rotating
cylinder system at: a—-20°C; b-35°C; c-60°C;
d—change of mean diameter and standard deviation of the
silica nanospheres as a function of reaction temperature.
The grains were synthesized from the seed grains, followed
by the 1%t growth. The rotation speed of the inner cylinder
was maintained at 900 rpm

In addition to reaction temperature, the effect of catalyst
concentration on grain size of silica nanospheres was
investigated by changing the amount of ammonium
hydroxide, while reaction temperature and rotation speed
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were maintained at 35 °C and 900 rpm, respectively until
the 1% growth of the grains. When theamount of ammonia
was too small, bimodal size distribution was obtained, as
shown in the SEM image of Fig. 3 a, and size distribution in
a graph of Fig. 3 b. Because the amount of catalyst for
hydrolysis and condensation of raw material, TEOS,
became insufficient at low ammonia concentration, further
growth of some seed grains became difficult, causing
bimodal distribution of silica nanospheres. However,
monodisperse silica nanospheres with 637.7 nm in diameter
could be synthesized, when the amount of ammonia
increased to 4 mL, implying that the optimum amount of the
catalyst can be confirmed from the grains morphologies
shown in the SEM image in Fig. 2 b. Although the further
increase of ammonia (5 mL) also resulted in the synthesis of
monomodal silica nanospheres with similar grain diameter,
575.7 nm shown in the SEM image of Fig. 3 c, the standard
deviation of the grains increased, causing slightly broader
size distribution of the grains. Because concentrated
ammonia solution may increase the reaction rate of
hydrolysis and condensation of TEOS, a faster mixing rate
may be necessary to obtain monomodal grains with a more
uniform size distribution.
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Fig. 3.

a—SEM image of silica nanospheres synthesized from a
rotating cylinder system using 3mL of ammonium
hydroxide solution at 35 °C; b—size distribution of silica
nanospheres synthesized using various amount of
ammonium  hydroxide; c¢—SEM image of silica
nanospheres synthesized from a rotating cylinder system
using 5 mL of ammonium hydroxide solution at 35 °C;
d—change of mean diameter and standard deviation of the
silica nanospheres as a function of the amount of
ammonium hydroxide solution. The grains were
synthesized from the seed grains, followed by the 1%
growth. The rotation speed of the inner cylinder was
maintained at 900 rpm

In this study, the effect of precursor concentration on
grain monodispersity was also studied by changing the
amount of TEOS. While reaction temperature and mixing
speed were maintained at 35 °C and 900 rpm, respectively
until 1%t growth, the amount of ammonia was fixed at 5 mL
Although the resulting grain morphologies were spherical as



shown in SEM images of Fig. 4 a—b, the variation of the
grain size as a function of the amount of TEOS was
relatively small, as displayed in the graph of Fig. 4 c.
However, anexcess amount of TEOS resulted in the
formation of silica nanospheres with broad size distribution
and larger value of standard deviation, as shown in the inset
graph of Fig. 4 c. Since an excess amount of precursor
causes the formation of small new grains during the 1%
growth step of the seed grains, the resulting silica
nanospheres can be polydisperse, as shown in the SEM
image of Fig. 4 b.
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Fig. 4. SEM image of silica nanospheres synthesized from a
rotating cylinder system using: a—1.2mL; b—2 mL of
TEOS at 35 °C; c—change of mean diameter and standard
deviation of the silica nanospheres as a function of the
amount of TEOS. The grains were synthesized from the
seed grains, followed by the 1t growth. The amount of
ammonia was fixed as 5 mL. The rotation speed of the
inner cylinder was maintained at 900 rpm

The advantage of a rotating cylinder system as a
chemical reactor is that facile control of the mixing rate is
possible by adjusting the rotation speed of the inner
cylinder. In this study, the effect of mixing rate on the grain
monodispersity of silica nanospheres was studied by
changing the mixing rate from 90 to 900 rpm, while the
amount of ammonia and reaction temperature were
maintained at 4 mL and 35 °C. When the rotation speed was
too slow, bimodal grains were obtained as shown in the
SEM images of Fig. 5 a, b. Since it is difficult to expect the
complete mixing of reactants and seed grains at low mixing
speed, further growth of some seed grains cannot be
guaranteed, causing small seed and bigger grown grains.
However, 505 rpm was fast enough to form monodisperse
silica nanospheres with 675.7 nm as the average diameter
and 43.5 nm as the standard deviation, as displayed in the
SEM image of Fig.5c. When mixing rate increased to
900 rpm, similar monodispersity could be obtained, as
shown in the inset graph of Fig. 5d. In addition to the
standard deviation of the grains, the average diameter was
also affected by the rotating speed of the inner cylinder, as

shown in the graph of Fig.5d. When the mixing rate
became faster, the average size of silica nanospheres
increased, and grain size was rarely affected by the further
increase in mixing rate. This can be interpreted by shear-
induced flocculation, causing the formation of larger grains
during the synthesis of slurries or suspensions [23, 24].
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Fig. 5. SEM image of silica nanospheres synthesized from rotating
cylinder system at: a—90 rpm; b—300 rpm; c—505 rpm;
d—change of mean diameter and standard deviation of the
silica nanospheres as a function of the rotating speed of the
inner cylinder. The grains were synthesized from the seed
grains, followed by the 1t growth. The amount of ammonia
and reaction temperature were maintained at 4 mL and
35°C

Because it is difficult to synthesize large grains by the
1t growth, additional growth steps were also tried to prepare
uniform silica nanospheres with increased diameter. As
shown in the SEM image of Fig. 6 a, the average diameter
of the silica nanospheres increased to about 670 nm from

616 nm after the 2" growth step at 35 °C and 900 rpm.

Though the results are not reproduced here, average size of

seed grains before the 1 growth was measured as 140 nm

with 23.5nm as standard deviation. After 3@ growth,
average grain size increased to 770 nm, as shown in SEM
image of Fig.6b. Because secondary nuclei can be
produced during each growth step, the size distribution of
silica nanospheres became more broader as the growth step
increased, as displayed in the graph of Fig.6c. The
chemical characteristic of the silica grains was confirmed
from FT-IR spectrum in Fig. 6 d, indicating that amorphous
silica could be obtained after the reaction, since
characteristic peaks were observed from 1057, 952 and

795 cm™. The two vibrations in the range 1057 and

952 cm* are assignable to Si-O-Si and Si-O vibration modes

of isolated Si-OH groups, respectively [25—27]. The peak

at 795 cm is assignable to the O-Si-O vibration mode of

SiO; [25]. The IR spectrum of SiO, thus demonstrates the

presence of all the vibrational bands of Si-OH, O-Si-O and

Si-0-Si typical of amorphous SiO,.

After the synthesis of silica nanospheres using a rotating
cylinder system, the synthesis of titania beads was studied
from the Taylor vortex reactor.
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Fig. 6. SEM image of silica nanospheres synthesized by seeded
growth method after: a—2"; b—39 growth from rotating
cylinder system at 900 rpm; c-—size distribution of
monodisperse silica nanospheres after the 1%, 2", and 3"
growth. Reaction temperature was maintained at 35 °C;
d—FT-IR spectra of silica grains synthesized using a
rotating cylinder system

In this study, the effect of mixing rate was investigated
by changing the rotation speed from 200 to 600 rpm, while
the reaction performed at room temperature, the amount of
KCI (0.033 M), TIP, and HDA were maintained as 0.1 mL,
0.1 mL, and 0.042 g, respectively, and results shown as
SEM images in Fig. 7 a—e. When rotation speed became
faster from 300 to 375 rpm, the mean diameter of titania
beads increased. From 450 to 600 rpm, the mean diameter
of titania beads does not change much, as displayed in the
graph of Fig. 7 f, and the standard deviation of grains was
also analyzed, as shown in the inset graph of Fig. 7 f. That
was similar to the above synthesis of silica monodisperse
nanograins, which, due to shear-induced flocculation, form
larger grains during synthesis.

In this study, the reaction temperature of the rotating
cylinder system was adjusted from 25 to 55 °C for control
of the size of titania beads.
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Fig. 7. SEM image of titania beads before calcination synthesized
using 0.042 g HDA, 0.1 mL TIP, 0.1 mL KCI (0.033 M) at:
a—300rpm; b-375rpm; c-450rpm; d-500 rpm;
e—600 rpm; f—change of mean diameter and standard
deviation of the titania beads as a function of the rotating
speed of the inner cylinder. The temperature of the rotating
cylinder system was maintained at room temperature

As shown in the SEM images in Fig. 8 a—d, titania
beads with narrow size distribution could be synthesized,
while the inner cylinder rotated at 300 rpm. Before
calcination for 450 °C in 5 hours, the mean diameter could
be controlled from about 600.88 to 515.47 nm, after
calcination mean diameter could be controlled from 468.51
to 378.88 nm, and the size reduction was observed with
increasing temperature was observed as displayed in the
graph of Fig. 8 e. Similar to the fabrication principle of the
above silica grain, when temperature increased, the reaction
rate increased, causing the increase of grain number density
and reducing the size of the titania beads under the same
reactant concentrations. And size distribution of each
sample was obtained by measuring the diameter of a few
titania beads, and the standard deviation was measured.
With increasing reaction temperature, the diameter of titania
beads decreased, and the standard deviation of grains
increased, as shown in the inset graph of Fig. 8 e.

In addition to reaction temperature and rotation speed,
the effect of catalyst concentration on the grain size of
titania beads was investigated by changing the amount of
TIP, HDA, and KCI, while reacting at room temperature and
300 rpm of rotation speed. First, the effect of precursor
concentration was studied by changing TIP and HDA by the
same amount. For example, if the amount of TIP is reduced
by 2 times, the amount of HDA is also reduced by 2 times,
while reaction temperature and mixing speed were
maintained at room temperature and 300 rpm, respectively,



the amount of potassium chloride (0.033 M) was fixed as
0.1 mL.

—a— Before calcination
«+0++ After calcination

By,

&

Standard Deviation

14
12
10

©
S
=3

8

Mean Diameter
g

of Titania Beads, nm

Diameter, %

6
4
2
0

a
=)
S

20 25 30 35 40 45 50 55 60

(2}
T
®
[
1]
=
c
]
=
=7
s
R

eactlon Temperature °c
2

o

55

[
S

30 35 40 45 50 60

Reaction Temperature,’C

e

Fig. 8. SEM image of titania beads before calcination synthesized
using 0.042 g HDA, 0.1 mL TIP, 0.1 mL KCI (0.033M) at:
a-25°C; b-35°C; c—45°C; d-55°C; e—change of
mean diameter and standard deviation of titania beads
before and after calcination as a function of reaction
temperature. The rotation speed of the inner cylinder was
maintained at 300 rpm

The resulting grain morphologies were spherical as
shown in SEM images of Fig. 9 a-c. The amount of TIP
increased; the mean diameter of titania beads also increased
as displayed in the graph of Fig. 9 d. Because the amount of
HDA was not completely reacted, it caused the formation of
titania beads with a wide size distribution and a larger
standard deviation value. However, after calcination, the
excess amount of HDA was removed, so the standard
deviation value was smaller as shown in the inner graph of
Fig. 9d.

Secondly, the effect of KCI was investigated by
changing the amount of its, while reaction temperature and
rotation speed were maintained at room temperature and
300 rpm, the amount of TIP and HDA was fixed as 0.1 mL
and 0.042 g, respectively. When the amount of KCI was
increased, the diameter of titania beads was reduced, as
shown in the SEM image of Fig.10a-c, the size
distribution in the graph of Fig. 10d, and the standard
deviation value was smaller as shown in the inner graph of
Fig. 10 d. KCI was present as an agent used to control the
monodispersity of the precursor beads by adjusting the ionic
strength of the solution [22]. When the amount of KCI was

increased, the monodispersity of the precursor beads was
increased, causing the increase of grain number density, and
so reducing the size of the titania beads under the same
reactant concentrations.
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Fig. 9. SEM image of titania beads before calcination synthesized
using 0.1 mL KCI (0.033 M): a—0.084 g HDA, 0.2 mL
TIP; b-0.042g HDA, 0.1mL TIP; c-0.021g HDA,
0.05 mL TIP; d—change of mean diameter and standard
deviation of titania beads before and after calcination as a
function of the amount of TIP and HDA at room
temperature. The rotating speed of the inner cylinder
system was maintained at 300 rpm

FT-IR spectroscopy is a valuable tool for understanding
the role of HDA in the formation of titania beads before
calcination shown in Fig. 11 a. The first strong difference
starting from wavenumbers is the strong reduction of some
peaks around 2919, 2850, 1467, 1057 cm™. FT-IR spectrum
shows at 2919 cm? asymmetrical stretching, and at
2850 cm™ symmetrical stretching of C-H, [28, 29]. The
peak at 1467 cm corresponds to N-H scissoring [27]. The
peak at 1057 cm corresponds to C-N stretching. Finally,
the sharp peak at 723 cm™ appears, belonging to C-H;
rocking along the carbon chain. In conclusion, the FTIR
spectroscopy measurements clearly show the disappearance
of HDA in the titania bead after calcination.

X-ray diffraction (XRD) analysis was used to determine
the crystal structure of the titania beads and the results are
presented in Fig. 11 b. XRD patterns of titania beads before
and after calcination at 500 °C for 5 hours were measured in
the range of 20 from 10 to 80°. Titania beads before
calcination the diffraction peaks do not appear clearly, and
the peaks of titania beads after calcination indicated a mixed
phase of anatase and rutile TiO,. Titania beads were
obtained after calcination consisted of primary anatase and
small rutile phases corresponding to 25.38° and 27.40° of
XRD peaks, respectively [30]. The characteristic peaks at
25.38, 38.10, 48.15, and 54.02° could be assigned as (101),
(0.04), (200), and (105) reflection planes of anatase TiO;
[31]. Though non-crystalline grains were observed after
synthesis in a rotating cylinder system, anatase and rutile
titania could be produced after calcination, implying that
heat treatment caused the transformation from amorphous to
crystalline titania grains.
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Fig. 10. SEM image of titania beads before calcination synthesized
using 0.1 mL TIP, 0.042g HDA: a-0.05mL KClI;
b-0.1mL KCI; ¢c-0.15mL KCI; d-0.2mL KCI;
e—change of mean diameter and standard deviation of
titania beads before and after calcination as a function of
the amount of KCI at room temperature. The rotating
speed of the inner cylinder system was maintained at
300 rpm

Fig. 12 presents the photocatalytic degradation results
of methylene blue using a slurry-type batch photocatalytic
reactor containing titania beads under UV-light irradiation.
In Fig. 12 a, the kinetics of the decomposition reaction is
illustrated by plotting C/Co versus degradation time.
Accordingly, the results of the plots show that the
photodegradation process takes place gradually over the
irradiation time. For comparison, three samples of titania
beads were carried out to perform photocatalysts. The
results showed that titania beads were possible to use for the
removal of the organic dye, the degradation rate of titania
beads fabricated by the Taylor Vortex reactor was faster
than titania beads produced by a round bottom flask, and the
removal efficiency was about 63 % for 240 min UV
Irradiation. The removal efficiency of titania beads
fabricated by a round bottom flask was about 32 %. From
here, it shows the rotating cylinder system's ability to
synthesize titania beads with a good photocatalytic effect.
The removal efficiency of titania beads produced by a round
bottom flask when not heat-treated was only about 4.5 %,
implying that high-temperature calcination might cause
phase transformation of the titania beads, resulting in
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enhancement of active radical generation from the titania
surface for photoreaction in the photocatalytic reactor.
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Fig. 11. a—FT-IR spectra of titania beads synthesized using a

rotating cylinder system before and after calcination;
b —powder XRD results of titania beads synthesized using
a round bottom flask before and after calcination

From the semi-log plot of Fig. 12 b, the rate constant of
the decomposition reaction could be estimated assuming
first-order kinetics of transient concentration, C(t) = Coe™.
The linear form of the first-order kinetic model can be stated
by the following equation:

-In(C/Co) =kt, 1)

where k denotes the rate constant of the degradation reaction
(min); Co and C are the initial concentration of methylene
blue and the concentration of methylene blue (g/mL) at time
t, respectively. From Fig. 12 b, the rate constant (k values)
using titania beads fabricated by round bottom flask before
calcination, titania beads fabricated by round bottom flask
after calcination, and titania beads fabricated by Taylor
Vortex after calcination could be estimated as 0.000173,
0.001475, and 0.004114 min, respectively, by linear
regression. After calcination, the photocatalytic ability of
titania beads (flask) after calcination is better than titania
beads (flask) before calcination, which shows the effect of
heat treatment on titania beads. Furthermore, the
degradation rate of titania beads synthesized from the
Taylor Vortex reactor was faster than that of titania beads
synthesized from the round bottom flask. From this, it can
be concluded that Taylor Vortex's shaft rotation mechanism
can produce titania beads with smaller sizes and better
dispersibility.
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Fig. 12. a—change of methylene blue concentration (C/Co) as a
function of UV irradiation time by photocatalytic
degradation using titania beads fabricated by round
bottom flask and Taylor vortex reactor; b —rate constant
of photocatalytic decomposition reaction estimated from
data of methylene blue concentration as a function of UV
irradiation time using titania beads fabricated by round

bottom flask and Taylor Vortex reactor

4. CONCLUSIONS

Silica nanospheres with narrow size distribution were
synthesized by rotating cylinder system using low-grade
reaction medium and silica precursor. The reaction
temperature and rotating speed of the inner cylinder were
adjusted for control the mean diameter of grains and size
distribution. Reactant compaositions such as concentration of
precursor and ammonia catalyst were also changed to
control the grain size. By successive addition of precursor
during reaction, the grain diameter could be adjusted from
about 616 to 770 nm. In addition to silica nanospheres,
titania beads were also synthesized from the rotating
cylinder system. The size distribution of the titania beads
was controlled by adjusting reaction temperature, rotation
speed and the amount of KCI or titania precursor, TIP.
Titania beads were fabricated by a Taylor Vortex reactor,
which could better remove the organic dye in an aqueous
medium using a photocatalytic decomposition system than
titania beads were fabricated by a round bottom flask. These
could provide useful information about the photolysis of
organic dyes for water purification, recycling technology,
and other fields.
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