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a b s t r a c t

An anatase titania particle with a honey-comb-like pore structure (200 nm-pore size) and a controllable
outer diameter (0.2–1 �m) was successfully prepared using a spray-drying method. As a precursor, an
anatase nanoparticle (5 nm) and a polystyrene particle (200 nm) were used as a titania source and a
ccepted 28 April 2009
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anoparticle

colloidal template, respectively. The outer diameter could be controlled by varying the precursor concen-
tration. The photocatalytic performance of a porous particle was faster than that of a dense particle (with
a similar outer diameter).

© 2009 Elsevier B.V. All rights reserved.
orous particle
pray drying process

. Introduction

Recently, titania has been widely studied due to its affinity for
V-light [1] and its ability to degrade organic compounds [2] and

ransfer energy (known as solar cell) [3]. For use in photocatalysis,
itania in the nano-size range works best [4]. However, several prob-
ems persist: (i) the downstream processes for reuse or removal of
he nanoparticle are typically expensive; (ii) when the nanoparticle
s disposed of directly, there are environmental problems to over-
ome [5]; (iii) the application of nanoparticles is known to have
reater adverse health effects than larger particles because of the
ossibility for them to be deposited into the alveoli [6]; and, they
lso can potentially be absorbed through the skin [7].

A material with a porous structure that is larger than nano-size
ould be the best alternative to nano-catalysts. The existence of
ores would presumably produce photocatalytic activity similar
o nanoparticles but without the high cost of maintenance asso-
iated with nanoparticles, and they can easily be re-collected or
eused after catalytic treatment [8]. Furthermore, the design of par-
icles in the submicron size reportedly makes them harmless, unlike
anoparticles [9].

The common process for developing a porous material uses a

elf-assembly template technique, which employs an organic mate-
ial as the template (either surfactant or particle) [10]. The pore
ormation reflects the template shape [11], and easy removal of the
emplate is one of the main advantages of using this process [12].

∗ Corresponding author.
E-mail address: okuyama@hiroshima-u.ac.jp (K. Okuyama).
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However, several disadvantages of the current materials remain.
When producing mesoporous materials (Dpore < 50 nm), the sur-
factant typically used as template, unfortunately, could never be
completely removed [13]. Although it could be synthesized via
a template-free process [14], but, either heat treatment or UV-
irradiation would induce the collapse of the porous structure [15].
Further, when a small pore size was used, difficulties associated
with mass transfer, diffusivity, and penetration of molecules either
into or out of the pore system became a limiting factor for several
applications [10]. These were the concerns that prevented further
application of mesoporous materials. Yamamoto and Imai [16] and
Zhang et al. [1] reported the use of an organic material to produce
an open cellular structure. However, an unordered porous struc-
ture was found. A promising method (using a polymer sphere as
the template) was reported by Tang et al. [17], however, the mate-
rial was in a film form and seemed difficult to manage, especially
given the limited resources of most waste treatment plants. Klein
et al. [18] have reported the synthesis of a titania porous particle,
which has the best prospect for industrial application. However, the
particle size is more than 10 �m with a large-size distribution and
a material performance that is yet to be explained.

As a continuation of our work fabricating porous inorganic par-
ticles with a controllable morphology (i.e. shape, porosity, pore
size, and particle size) [8,10,19–21], herein, we have introduced a
method for the preparation of porous anatase particles. The pur-

pose of this study was to demonstrate: (1) how to produce material
with a highly ordered pore structure, and (2) how to fabricate mate-
rial with catalytic performance that is better than that of the current
material. In addition, the present novel technique could be broadly
applied to the production of various types of functional inorganic

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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orous particles with the possibility for large-scale production. For
his reason, we believe this report contributes new information to
he field of chemical engineering.

. Experimental method

Submicrometer titania anatase particles with macropore
tructures were prepared using a mixture of titania anatase
anoparticles (TKS-203, Tayca Corp., Japan) and polystyrene (PSL,

SR Co. Ltd.; Dave = 200 nm) as the template in aqueous solutions.
ommercial colloidal titania nanoparticles were used in this study
o simplify the process; thus, no predispersion method was required
o disperse the titania into the aqueous solution. The mixed solution
as sprayed using an ultrasonic nebulizer (Omron Corp., NE-U12,

.7 MHz); then, it was introduced into a laminar-flow tubular fur-
ace (a ceramic tube with two heating zones; D = 13 mm; L = 1 m),
nd collected by a filter similar to a previously described method
8]. The flow of N2 gas (approximately 1 L/min), as the carrier gas,
as used to propel the aerosol. The two heating zones played a role:

i) the first zone (T = 200 ◦C) was used to evaporate the solvent in
he droplets, resulting in large particles of a composite consisting
f titania/PSL particles; (ii) the second zone (T = 500 ◦C) was used
o evaporate and release the PSL particles, which resulted in the
ormation of titania particles with a pore structure. In addition, a
apid synthesis (a residence time of less than 3 s) was obtained.
he spray-dried particles were then characterized by scanning

lectron microscopy (SEM, Hitachi S-5000, 20 kV) for size, mor-
hology, and pore structure determination; and X-ray diffraction
XRD; Rigaku Denki, RINT2000, Cu K�, 20–80◦ (2�) for crystallinity
nalysis. The photocatalytic performance of the prepared particles
as investigated by measuring the photodegradation of 1.16 g/L

Fig. 1. SEM images of a titania dense particle (a) and a porous particle (b–d). The effect o
ering Journal 152 (2009) 293–296

of rhodamine-B (RhB, Wako Pure Chemicals, Japan) and 6.67 g/L
of photocatalyst (titania) under UV illumination (Toshiba, 352 nm,
each 20 W). As a comparison, the titania nanoparticles and titania
dense particles (spray-dried titania nanoparticles with no addition
of PSL) were also used as photocatalysts. The photodegradation was
performed in the photoreactor system, which was similar to our
previous work [8]. The suspension was left in the dark for 30 min to
ensure the establishment of equilibrium (adsorption/de-sorption)
between RhB/titania before beginning the photodegradation reac-
tion. The first sample after dark conditioning was counted as the
initial concentration (Co; t = 0). For measuring the degradation of
the RhB in the solution, samples were taken from the reactor,
counted as actual concentration at sampling time (C), and analyzed
using a spectrophotometer (Shimadzu UV–vis-Spectrophotometer,
UV-3150).

3. Results and discussion

In our previous work, a highly porous arrangement could be
obtained when the optimal conditions were selected, which was
dominantly affected by the mass ratio of the precursor to the
templating agent [8]. In this study, after analyzing many different
experimental conditions, it was determined that the mass ratio of
titania nanoparticle/PSL was 1/2, which resulted in the best value
for the obtainment of a good pore arrangement.

Fig. 1 shows SEM images of the particles prepared using the

spray-drying method. When the PSL template was not added to
the initial precursor, a dense particle was obtained (Fig. 1a). But,
when the PSL was added, a porous particle was obtained (Fig. 1b).
From analysis of the SEM image, we know that the pore diameter
corresponded to the original size of the PSL, which suggests further

f the precursor concentration (2.50% (b), 1.10% (c), and 0.22% (d)) on particle size.
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nvestigation into the control of pore size by simply adjusting the
SL size [8]. Therefore, we concluded that the PSL particles were
rranged inside the particle, and then were removed completely,
eaving holes in the particles. The phenomenon of pore arrange-

ent can be explained by considering three contacting PSL particles
lling a space for a titania nanoparticle that develops a hexagonal
tructure [8]. The size of the titania nanoparticle (d) and diameter of
he PSL sphere (D) are considered and denoted as d = (2/3

√
3 − 1)D.

ith this equation, for 5 nm titania particles, the PSL spheres must
e at least 32 nm to create a good titania/PSL arrangement in the
article. Therefore, a PSL of about 200 nm resulted in a good pore
tructure.

Consistent with our previous study, the outer diameter was
efined by the precursor concentration [21]. Then, using an identi-
al mass ratio for titania/PSL, we produced porous particles using
ifferent precursor concentrations (0.22–2.5 wt.%). Spherical par-
icles with pore structures were obtained in all cases; the only
ifferences appeared to be the outer diameters, which was a func-
ion of the initial concentration. In Fig. 1(c and d), when the initial
oncentration was decreased, smaller particles were produced. A
roken particle is also represented in Fig. 1c to show that the pores
xisted both on the particle surface and inside the particles. After
he Ferret diameter was measured, particles with mean diameters
anging from 342 to 1077 nm could be produced from a primary
olution of 0.22–2.5 wt.%. These results suggest that changing the
nitial suspension easily controls the size of generated porous par-
icles; but the pore structure was not good when the particles were
oo small (Fig. 1d). This is because when lower concentrations were
sed, only a small number of PSL particles could be carried within
he droplet. Thus, after the PSL was removed, some particles were
eft with only one or two holes.

For an effective process, both the morphology and the crystallite
hase of titania must remain unchanged both before and after spray
rying. Hence, the effect of temperature on the titania crystallinity
as also characterized by XRD analysis (Fig. 2). This is because

he high temperatures and long heating times of the process could
ead to the conversion of the anatase pattern. The analysis results
onfirmed that the phase and pattern of the nanoparticle and the
pray-dried particle were the same. The Scherer’s crystallinity sizes
f the nanoparticle and the spray-dried porous particle were 4.9 and
.8 nm, respectively, which were measured at the maximum peak
f 25.1◦. A small change in the crystalline size was observed due to a

mall amount of sintering, but there was no phase transformation.

ith these results, it can be stated with a degree of certainty that
his preparation method is effective for the obtainment of a quality
orous particle.

ig. 2. XRD pattern of an anatase titania porous particle and a nanoparticle, along
ith the anatase reference (JSPDS No. 211272).
Fig. 3. Photocatalytic performance of different types of photocatalysts.

Since the synthesis technique described in this paper is effec-
tive and can be broadly applied in the production of particles with
porous structures, the possible range of practical applications for
such material becomes important. The photo-oxidation process was
investigated via the degradation of an organic compound after the
addition of a prepared particle under UV illumination [22].

When the concentration of oxygen is enough for the above reac-
tion, observation could be focused on the concentration of the
organic compound (e.g. RhB) during UV illumination catalyzed by
titania. Thus, the simple absorption spectra could be measured and
normalized using Beer’s law, which is equal to the normalized con-
centration of the solution.

The Langmuir–Hinshelwood kinetics equation was typically
used as a qualitative model to describe solid–liquid photochemi-
cal reactions [23], which can be written as −dC/dt = kt·Kc·C/1 + Kc·C,
where C is the concentration of the chemical, kt is the apparent
reaction rate constant, and KC is the apparent equilibrium constant
for adsorption of the chemical on the catalyst surface. The use of a
very low concentration of RhB is the best choice for a reaction rate
calculation because the equation can be reduced to become a first-
order reaction. When C � 1, we can approximate 1 + Kc·C ≈ 1. Using
kt·Kc = k, the equation can be re-written as −dC/dt = k·C. Thus, the
degradation kinetics rate among titania (nanoparticle, porous, and
dense particle) can be compared easily by calculating the kinet-
ics constant of each component using the simplified function of
k = −ln(C/Co)/t.

Fig. 3 shows the photocatalytic performance rate using different
photocatalysts. The reaction was performed in 100 min, which is
an ample time for comparing different catalytic rates. The removed
RhB measured 45, 80, and 96%, which corresponded to dense par-
ticles, porous particles, and nanoparticles, respectively. The rate of
photocatalysis for a porous particle (mean size of 1077 nm), shown
by the k value in Fig. 3, was faster than for the dense particle (with
the same outer diameter) and approached the rate of photocatalysis
for nanoparticles. The difference in reaction rates could have been
caused by the dissimilar effective surface area on the catalyst. An
increase in surface area increases the possibility of RhB molecule
to be contacted a surface-active catalyst and degraded into smaller
molecules. Because of this possibility, the mechanism of the cat-
alytic process and the kinetic rate were increased. This explanation
is similar to theories explained elsewhere [24].

Based on a similar geometrical model described in our previ-
ous work [8], the rate ratio of porous/dense particles (in a similar
diameter) was 2.71. Using this model approximation, the theoret-

ical k model was 0.032 min−1, which approached to nanoparticle
performance. A considerable deterrence of the k-value (Table 1), as
compared with the theoretical results, was caused by difficulties
with the penetration of UV-light into the pores. Thus, only several
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Table 1
The theoretical effective surface area with its ratio of photocatalytic reaction rates
(calculated and experimented value).

Type of titania particle [Amax/Adense
max ]theoretical [k/kdense]experimental

N
2
D

p
B
d
R
p

t
p
m
a
p
r
t
d
s
r
t
a

4

r
n
(
l
o
p
t
m
t
b
t

A

e

R

[

[

[

[

[

anoparticle – 3.58
00 nm pores 2.71 2.25
ense particle 1.00 1.00

arts of the catalyst surface could be activated to degrade RhB.
esides, the release of an absorbed RhB molecule, with no degra-
ation, into the porous catalyst was possibly due to the size of the
hB molecules, which were very small compared with the size of
ores [10].

The preparation of a porous structure particle is the main focus of
his work. The photodegradation analysis was only used to compare
orous, non-porous, and nanoparticle photoactivity (using similar
aterial). Thus, it is reasonable to say that if Degussa P25 is used

s the titania source [25], the photodegradation ability of a macro-
orous particle should increase. Macroporous particles, however,
etain their structure in the liquid phase, and, unlike nanoparticles,
hey can be easily collected and reused [8]. For this reason, further
etailed characterization of the prepared particle performance (i.e.
urface area, porous volume), the reaction kinetics (i.e. the effect of
atio titania/RhB and concentration of RhB), and the application of
his method using other material (e.g., Degussa P25) is necessary
nd will be provided in our future work.

. Conclusions

In summary, we developed an efficient method for the prepa-
ation of a macroporous anatase particle, as an alternative to
anoparticles, from an anatase nanoparticle and an organic particle
as a template). The spray-drying method with a vertical tubu-
ar furnace (two-fixed temperature zones) was used as a model
f template-derived self-assembly process. Using present method,
article outer diameter could be achieved easily by only adjusting
he concentration of initial precursor. The photocatalytic perfor-

ance of prepared porous particles was found to be superior to
hat of dense particles and approaching that of nanoparticles. We
elieve these results are due to the relationship between the effec-
ive surface area of the catalyst and its catalytic properties.
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