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a b s t r a c t

Polymer electrolyte fuel cell (PEFC) starts to be used in industries and homes in the world. Hydrogen
(H2) is normally used as the fuel to power PEFC. However, the power generation performance of PEFC is
harmed by the carbon monoxide (CO) in the H2 that is often produced from methane (CH4). Normally,
precious metal catalysts and thermal energy are used to remove CO in rich H2, which are costly. There-
fore, an alternative process, i.e. using the TiO2 photocatalyst combined with adsorbent to oxidize the
CO is studied in this paper. The purpose of this study is to understand oxidization characteristics and
experimental conditions for the alternative process, in order to improve its efficiency. The impacts of
2

EFC initial concentration ratio of O2 to CO, filling volume ratio of the TiO2 particles combined with silica to
reactor, and different preparation methods of TiO2 with adsorbent on the CO oxidization performance are
investigated. The optimum initial concentration of O2 and best filling volume ratio of the TiO2 particles
combined with silica to reactor was found to be 4 vol% and 50 vol%, respectively, under the experimen-
tal conditions. By using TiO2 particles combined with mesoporous silica, the concentration of CO in the

10 8
reactor was reduced from

. Introduction

Polymer electrolyte fuel cell (PEFC) has been developed vig-
rously in the world since it is an attractive and clean power
eneration technology. H2 is used as the fuel to power PEFC. How-
ver, there are some barriers blocking the wider application of PEFC
mong industries and homes in the world. One of the barriers is the
eduction of power generation performance when CO exists in the
2 produced from CH4, CH3OH and gasoline.

CH4 is normally the feedstock to produce H2 with Ni or Ru
atalyst at the high temperature range of 873–973 K through the
ollowing reaction:

H4 + H2O → CO + 3H2 (1)

fter this reaction, there is about 10 vol% of CO in the products.
he CO concentration can be reduced down to about 1 vol% by the
ollowing so called shift reaction:
O + H2O → CO2 + H2 (2)

fter the shift reaction, the concentration of CO needs to be further
educed down to 10 ppmV by the following selective oxidization

∗ Corresponding author. Tel.: +81 59 231 9747; fax: +81 59 231 9747.
E-mail address: nisimura@mach.mie-u.ac.jp (A. Nishimura).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.03.076
00 ppmV down to 27 ppmV after UV light illumination of 48 h.
© 2010 Elsevier B.V. All rights reserved.

reaction:

CO + (1/2)O2 → CO2 (3)

In the H2 purification processes mentioned above, precious
metal catalysts and thermal energy are used, the processes are
costly. An alternative process, i.e. using the TiO2 photocatalyst com-
bined with adsorbent to oxidize is being developed recently due to
its potential cost and energy saving.

TiO2 can oxidize CO with illuminating ultraviolet (UV) ray (avail-
able in sunlight) through the following reaction scheme [1,2]:

Photocatalytic reaction:

TiO2 + h� (< 380 nm) → h+ + e− (4)

Oxidization of CO:

CO + h+ → CO+ (5)

Reduction of O2:
O2 + e− → O2
− (6)

O2
− + h+ → 2O (7)

O + e− → O− (8)

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:nisimura@mach.mie-u.ac.jp
dx.doi.org/10.1016/j.cattod.2010.03.076


ysis Today 158 (2010) 296–304 297

T
m
e
p
t
n
i

f
w
1
a
i

w
w
c
a
o
i
a
C
o
r
o
[
t
o

a
o
s
t
w
C
o
r
o

2

2
p
p

f
o

(
c

A. Nishimura et al. / Catal

From the products of the reactions, Eqs. (5) and (8), the following
combined reaction occurs:

CO+ + O− → CO2 (9)

Therefore, the total reaction scheme can be written as following:

CO + (1/2)O2 → CO2 (10)

where h� is the energy of UV ray. h+ and e− represent the hole and
electron produced by photocatalytic reaction, respectively.

The alternative process with TiO2 has the following merits. (1)
here is a lot of TiO2 reserve in the earth compared with precious
etal catalyst. The amount of Ti is the ninth largest among the

lements consisting the earth crust [3]. (2) Cost is lower than using
recious metal catalyst. (3) Energy consumption is less and the con-
rol of the reaction process is easier since high thermal energy is
ot necessary. (4) Solar energy can be used for the reaction. (5) TiO2

s stable in both acid and alkali environment.
However, from the calculations by the authors, the mass trans-

er time of the gases crossing the TiO2 particles is about 105–10−1 s
hich is slower than that of the photo reaction which is about

0−9–10−15 s. Therefore, to improve the mass transfer rate, the
dsorbent which is able to promote the photocatalytic reaction is
ntroduced in our study.

Literatures survey shows that TiO2 photocatalyst combined
ith adsorbent such as activated carbon, zeolite and silica (SiO2)
ere mainly used for the development of environmental purifi-

ation technology such as NOx removal [4–6], decomposition of
cetaldehyde [7], dimethylsulfide [8], 2-propanol [9], degradation
f organophosphate and phosphonoglycine [10], and CO2 reform-
ng into fuel like CH4 and CH3OH [11,12]. Some previous studies
lso reported the oxidization of CO in H2 using photocatalyst. The
O oxidization characteristics of photocatalyst combined with FeOx

r Al2O3 or CeOx and precious metal catalyst like Pt or Au were
eported [13–15]. In addition, the CO oxidization characteristics
f Pt loaded on zeolite without photocatalyst were also reported
16,17]. Although there are reports on the CO oxidization charac-
eristics of Mo/SiO2 or Cr/SiO2 [18,19], there is no report on the CO
xidization characteristics of TiO2 combined with adsorbent.

The purpose of this study is to understand the oxidization char-
cteristics and experimental conditions in order to improve the CO
xidization performance of TiO2 combined with adsorbent. In this
tudy, a silica is selected as adsorbent because UV ray can pene-
rate through silica, resulting that the particles of TiO2 combined
ith silica can be used in a bed type reactor. The comparison of
O oxidization performance under various conditions was carried
ut in terms of residual ratio of CO, utilization ratio of O2, selection
atio of CO oxidization, and amount of oxidized CO per unit mass
f TiO2 combined with silica.

. Experiment

.1. Characteristics of the TiO2 combined with silica and
reparation method of the mesoporous silica loaded with TiO2
articles

Two types of TiO2 particle combined with silica were prepared
or CO oxidization in this study. Table 1 lists the physical properties
f TiO2 particle combined with silica used in this study.

The first type is the silica gel particles coated with TiO2 film

PSB-01, Photocatalyst Laboratory Corp.) which has the following
haracteristics:

(i) TiO2 film is coated on the surface of silica gel particle. There-
fore, the amount of TiO2 is large and adsorption performance
Fig. 1. XRD pattern of TiO2 film coated on silica gel particle.

is low due to the blockage of the pores of silica gel by the TiO2
film coated. The crystallization of TiO2 coated on the particles
is in anatase form, which is proved by the XRD (X-ray diffrac-
tion, MiniFlex II, Rigaku Corp.) pattern as shown in Fig. 1. From
this figure, the peak of 2� = 25◦ which means the crystallization
of anatase form of TiO2 can be seen clearly.

(ii) The photocatalytic reaction is expected to occur on the surface
only.

(iii) Average pore size is much larger than the molecular diame-
ter of CO and O2 which is 0.38 nm and 0.35 nm, respectively.
Therefore, the adsorption performance is expected low.

The other type is the mesoporous silica particles loaded with
TiO2, which have the following characteristics:

(i) The ratio of loaded TiO2 can be controlled from the viewpoint
of qualitative evaluation.

(ii) Average pore diameter is in nano-scale. Since the molecular
diameter of CO and O2 is relatively closed to the average pore
diameter, the high adsorption performance is expected.

(iii) TiO2 particle is located inside of pores of the mesoporous sil-
ica. Light can pass through mesoporous silica and gases can
also get into the pores of mesoporous silica through the dif-
fusion, therefore, good photocatalytic reaction as well as good
adsorption performance can be expected.

Fig. 2 shows the preparation method of mesoporous silica par-
ticles loaded with TiO2 in our laboratory, which is developed by
referring the literature [20–22]. P25 (Degussa, P25, Japan Aerosil
Corp., Ltd.) powder was selected as TiO2 source to load, P25 that
has high reactivity, consists of anatase and rutile crystallization
form of TiO2. Because of the primary particle size of P25 which is
ranged between 20 nm and 30 nm, P25 is suitable for being inserted
into the mesoporous silica whose size is ranged between 30 nm
and 100 nm generally. P25 plays the role of the core for forming
mesoporous silica. The pores of mesoporous silica are formed to or
around the particles of P25. The ratio of loaded TiO2 to mesoporous
silica was controlled by the amount of P25 added to the mixture
solution of ion-exchange water, CH3(CH2)15N(CH3)3Br (purity of
99 wt%, Nacalai Tesque Corp.), (C2H5O)4Si (purity of 95 wt%, Nacalai
Tesque Corp.) and NH3 (purity of 28 wt%, Nacalai Tesque Corp.).

The amount of P25 particle added to the mixture solution was
0.54 g, 0.86 g, 2.10 g, 7.30 g and 19.5 g for the ratio of 10 wt%, 15 wt%,
30 wt%, 60 wt% and 80 wt%, respectively. Here, the ratio of loaded
TiO2 is named after preparation condition since it is very difficult
to measure the weight of TiO2 in mesoporous silica directly after
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Table 1
Physical properties of TiO2 particle combined with silica used in this study.

Silica gel particle coated with TiO2 film Mesoporous silica loaded with TiO2 particles

Particle size (mm) 1.7–4.0 0.03–0.25 (primary particle)
2.0–5.6 (agglomerated particle)

Specific surface area (m2/g) 200 219–1038
Average pore diameter (nm) 15 2.7–3.1
Pore volume (mL/g) 0.8 0.63–0.94
Ratio of loaded TiO2 (wt%) 10–11 0–80
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In the experiment, O2 (purity of 99.9999 vol%) and the premixed
gas of H2 and CO (H2: 99 vol%, CO: 1 vol%) were mixed in the gas
mixing chamber before supplied to the reactor. By adjusting the
flow rate and the pressure of the gas, the initial concentration ratio
Fig. 2. Preparation method of meso

reparation process. Particle size of agglomerated mesoporous sil-
ca particles loaded with TiO2 was sieved into the range between
.0 mm and 5.6 mm after burning.

The sample of mesoporous silica particles loaded with TiO2
repared was analyzed by XRD (X-ray diffraction, Ultima IV,
igaku Corp.), TEM (transmission electron microscope, H-800,
itachi Corp.) and N2 adsorption isotherms measurement sys-

em (Autosorb-1-MP, Sysmex Corp.) to determine its chemical and
hysical properties including crystallization characteristics of sil-

ca and TiO2, primary particle size, shape of mesoporous silica, the
mount of TiO2 particle in the mesoporous silica, pore diameter
istribution, pore volume and specific surface area.

.2. Experimental apparatus and procedure

Fig. 3 illustrates the experimental apparatus which consists of
reactor, a gas mixing chamber, a mass flow controller (MODEL

660, KOFLOC), a regulator and a gas cylinder. The reactor, which is
batch type, consists of stainless steel pipe (450 mm (L) × 60.5 mm

OD) × 2.5 mm (t)), gas supply and exhaust pipe, valves, gas sam-
ling tap and UV lamp (FL15BLB, Toshiba Co., 436 mm (L) × 25.5 mm
D)) located at the center of stainless steel pipe. The space for

harging gas and filling TiO2 particles is 6.35 ×105 mm3. The cen-
ral wavelength and mean light intensity of UV light is 352 nm and
.34 mW/cm2, respectively. This light intensity is almost the same
s the UV intensity in solar radiation at daytime in the summer of
apan.
s silica loaded with TiO2 particles.
Fig. 3. Experimental apparatus.
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Fig. 4. Change of concentration of CO with UV light illumination time for different
initial concentrations of O2.
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Fig. 6. Change of residual ratio of CO with UV light illumination time for different
initial concentrations of O2.
ig. 5. Change of concentration of CO2 with UV light illumination time for different
nitial concentrations of O2.

f O2 to CO could be controlled. This remixed gas was charged into
he reactor, and the concentration and pressure of gases were con-
rmed before starting the experiment. The ratios of gasses were
harged as follows:

O : O2 = 1 : 0.5, 1 : 1, 1 : 2, 1 : 4, 1 : 8, and 1 : 10 (balanced by H

lthough 1 mol CO reacts with 0.5 mol O2 theoretically as shown
n the reaction of Eq. (10), it is necessary to confirm the practical
ptimum initial concentration ratio of O2 to CO in rich H2 environ-
ent.
The total pressure in the reactor was set at 0.1 MPa. The gas

emperature in the reactor was kept at about 300 K during the
xperiment. Particles of TiO2 combined with silica were filled into
he rector before gas was supplied. The particles of TiO2 combined
ith silica were filled into the reactor from 10 vol% to 50 vol% of full

eactor volume size.
The experiment was started when illumination of UV light

as applied. The gas in reactor was sampled hourly during the
xperiment. The gas samples were analyzed by TCD gas chromato-
raph (VARIAN micro-GC CP-4900, GL Science Corp.) equipped with
ouble columns of Molsieve 5A and PoraPLOT Q. The minimum
esolution of this gas chromatograph is 1 ppmV.

. Results and discussion

.1. Effect of initial ratio of O2 to CO on CO oxidization
erformance with silica gel coated with TiO2 film
Figs. 4 and 5 show the concentration change of CO and CO2 with
V light illumination time for the different initial concentrations of
2. Silica gel particles coated with TiO2 film was used in the experi-
ent. The filling volume ratio of the particles of TiO2 combined with

ilica to the reactor was set at 50 vol%. From these figures, it can be
Fig. 7. Comparison of utilization ratio of O2 among different initial concentrations
of O2.

seen that the concentration of CO has been oxidized in all cases.
To compare the oxidization rate of CO, Fig. 6 shows the change of
residual ratio of CO with UV light illumination time for different
initial concentrations of O2. The residual ratio of CO is defined as:

Rres-CO = [CO]
[CO]0

× 100 (11)

where Rres-CO stands for the residual ratio of CO (%), [CO] is the
concentration of CO at each time (ppmV), [CO]0 is the initial concen-
tration of CO at the beginning of the experiment (ppmV). Regression
line is derived according to the tendency of data plot:

Rres-CO = 100e−˛t (12)

where ˛ is the coefficient of CO removal (1/h) and t is the time for
UV light illumination (h).

Fig. 6 shows the rate of the CO residual ratio change becomes
more rapidly with the increase of initial concentration of O2 up to
4 vol%. Therefore, it is confirmed that the initial concentration of O2
larger than the stoichiometric ratio (that is 0.5 vol%) is necessary.
However, the rate increase becomes flat beyond 4 vol%. The ˛ value,
i.e. Eq. (12), which indicates the oxidization rate of CO is 0.017,
0.087, 0.317, 0.416, 0.326, 0.400 and 0.445 for initial concentration
of O2 of 0.5 vol%, 1 vol%, 2 vol%, 4 vol%, 6 vol%, 8 vol% and 10 vol%,
respectively. From these results, the initial concentration of O2 at
about 4 vol% is thought to be optimum under the study conditions.
Fig. 7 shows the comparison of utilization ratio of O2 with dif-
ferent initial concentrations of O2. In Fig. 7, the data on initial
concentration of O2 of 0.5 vol% and 1 vol% are omitted since the
performance of CO oxidization is very poor as shown in Fig. 6. The
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Fig. 9. Change of residual ratio of CO with UV light illumination time for different
filling volume ratios of the particles of silica gel coated with TiO2 film to reactor.

Fig. 10. Comparison of utilization ratio of O2 among different filling volume ratios
of the particles of silica gel coated with TiO2 film to reactor.
ig. 8. Comparison of selection ratio of CO oxidization among different initial con-
entrations of O2.

tilization ratio of O2 is defined as:

uti-O2
= [O2]0 − [O2]

[O2]0
× 100 (13)

here Ruti-O2
stands for the utilization ratio of O2 (%), [O2]0 is

he initial concentration of CO at the beginning of the experiment
ppmV), [O2] is the concentration of O2 at each time (ppmV). In
ig. 7, [O2] after UV light illumination of 6 h is used for calculating
uti-O2

.
It can be seen that the utilization ratio of O2 is decreased with

he increase in initial concentration of O2. Although the utilization
atio of O2 of 100% is ideal from the viewpoint of effective utilization
f O2, the optimum initial concentration of O2 should be decided
y also considering the other evaluation factors.

Fig. 8 shows the comparison of selection ratio of CO oxidization
mong different initial concentrations of O2. The selection ratio of
O oxidization is:

sel-CO = [CO2] − [CO2]0

2([O2]0 − [O2])
× 100 (14)

here Rsel-CO stands for the selection ratio of CO oxidization (%),
CO2] is the concentration of CO2 at each time (ppmV), [CO2]0 is
he initial concentration of CO2 at the beginning of the experi-

ent (ppmV). In other words, the selection ratio of CO oxidization
eans the ratio of amount of O2 used for CO oxidization to total

mount of reduced O2. As shown in Eq. (10), 1 mol CO reacts with
.5 mol O2 to produce 1 mol CO2. To adjust the volume of reactant
nd product with consideration of difference in mol numbers, mul-
iplication factor 2 is introduced to the amount of consumed O2
hich is [O2]0–[O2] in Eq. (14). In Fig. 8, [CO] and [O2] after UV

ight illumination of 6 h are used for calculating Rsel-CO.
Fig. 8 shows the selection ratio of CO oxidization is not sensi-

ive to the initial concentrations of O2 and is at about 15% for all
onditions.

Based on results shown in Figs. 6–8, the optimum initial con-
entration of O2 is decided to be at 4 vol% in this study for the best
eaction rate and utilization ratio of O2.

.2. Effect of filling volume ratio on CO oxidization performance

Fig. 9 shows curves of the oxidization rates of CO versus the
ifferent filling volume ratios of the silica gel coated with TiO2 film
o reactor. In this experiment, the initial concentration of O2 was
et at 4 vol%. According to Fig. 9, the slope of regression line for

he change of residual ratio of CO with UV light illumination time
ecomes more rapidly with the increase in filling volume ratio. This
esult indicates that the filling volume ratio of 50% may be the best
ne for quick CO oxidization. However, the optimum filling volume
atio will be decided after the evaluation of other factors.
Fig. 11. Comparison of amount of oxidized CO per unit mass of silica gel particles
coated with TiO2 film among different filling volume ratios of the particles of silica
gel coated with TiO2 film to reactor.

Fig. 10 shows the utilization ratio of O2 in comparison with dif-
ferent filling volume ratios. In Fig. 10, [O2] value used for calculating
Ruti-O2

is the one at UV light illumination of 6 h. The results show
that the utilization ratio of O2 increases with the increase of filling
volume ratio.
Fig. 11 shows the relationship between the amount of oxidized
CO per unit mass of silica gel particles coated with TiO2 film and
the filling volume ratio. In Fig. 11, [CO] after UV light illumination
of 6 h is used for calculating the amount of oxidized CO. It can be
seen that the amount of oxidized CO per unit mass decreases with
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Fig. 13. Relationship between the ratio of loaded TiO2 and the value of highest peak
for each XRD pattern.

Fig. 14. TEM images of mesoporous silica loaded with TiO2 particles for the ratio of
loaded TiO2 of 0 wt%.
ig. 12. XRD patterns of mesoporous silica loaded with TiO2 particles for the ratio
f loaded TiO2 of 0 wt%, 15 wt%, 30 wt%, 60 wt% and 80 wt%.

he increase of filling volume ratio, which reaches the lowest value
hen the filling volume ratio is at about 40 vol%. The reason of

his is thought to be that the gas diffusion rate through the bed of
articles of TiO2 combined with silica is slow and the most of the
ases in the reactor might not get chances to even in contact with
he particles.

According to the results shown in Figs. 9–11, the filling volume
atio of 50 vol% is selected for further experiment in this study, as
compromise between oxidization rate of CO and utilization ratio
f O2.

.3. Effect of the loading method on CO oxidization performance

To confirm the existence of TiO2 in mesoporous silica and its
rystallization characteristics, XRD analysis was performed first.
ig. 12 shows XRD patterns for the ratio of loaded TiO2 of 0 wt%,
5 wt%, 30 wt%, 60 wt% and 80 wt%. It can be seen that there is the
ifference in peak distribution between 0 wt% and the other wt%. If
he peaks of 2� = 25◦, 38◦, 54◦, 63◦, 70◦, 75◦ were found, they mean
hat there are both anatase form and rutile form crystallization of
iO2 in the samples [5,9,23]. These peaks are not found in the pure
ilica, i.e. with loaded TiO2 of 0 wt%, as expected. In addition, the
eight of the highest peak on TiO2 in XRD pattern becomes higher
ith the increase of the ratio of loaded TiO2. Fig. 13 shows the cor-

elation between the ratio of loaded TiO2 and the value of highest
eak on TiO2 in each XRD pattern. The height of the highest peak in
RD patterns increases proportionally with the increase in the ratio
f loaded TiO2. Therefore, the ratio of loaded TiO2 can be controlled
y this preparation method from the viewpoint of qualitative eval-
ation. In this figure, the broad peak around 2� = 25◦ indicates the
morphous form of mesoporous silica.
To check the size and physical structure of the mesoporous
ilica loaded with TiO2 particles, TEM analysis was performed.
igs. 14–18 show the TEM images for the ratios of loaded TiO2 of
wt%, 15 wt%, 30 wt%, 60 wt% and 80 wt%. According to these fig-
res, the black small spheres are observed in mesoporous silica
Fig. 15. TEM images of mesoporous silica loaded with TiO2 particles for the ratio of
loaded TiO2 of 15 wt%.

except for the ratio of loaded TiO2 of 0 wt%. The diameters of these
black small spheres are about 20–30 nm which is equal to the pri-
mary diameter of P25 particles. According to [22], the black small
spheres in mesoporous silica gel in the TEM images are TiO2 par-

ticles. Some particles over 20–30 nm are observed in Figs. 15–18
which indicate the agglomeration of TiO2 particles in the mixture
solution during preparation process might occur. The agglomera-
tion of TiO2 particles makes the quantitative control of the ratio



302 A. Nishimura et al. / Catalysis Today 158 (2010) 296–304

Fig. 16. TEM images of mesoporous silica loaded with TiO2 particles for the ratio of
loaded TiO2 of 30 wt%.

Fig. 17. TEM images of mesoporous silica loaded with TiO2 particles for the ratio of
loaded TiO2 of 60 wt%.
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Fig. 19. Schematic drawing of mesoporous silica loaded with TiO2 particles.

Fig. 20. Comparison of N2 adsorption and desorption isotherms among the ratio of
loaded TiO2 of 0 wt%, 15 wt%, 30 wt%, 60 wt% and 80 wt%.
ig. 18. TEM images of mesoporous silica loaded with TiO2 particles for the ratio of
oaded TiO2 of 80 wt%.
f loaded TiO2 difficult. The figures also show the number of TiO2
articles in TEM images increases with the increase of the loading
atio of TiO2. Therefore, it proves that mesoporous silica has been
uccessfully loaded with TiO2 particles through this preparation
pproach. It can also be seen that the primary diameter of meso-
Fig. 21. Pore diameter distribution of mesoporous silica for the ratio of loaded TiO2

of 0 wt%, 15 wt%, 30 wt%, 60 wt% and 80 wt%.

porous silica decreases gradually with the increase of the loading
ratio of TiO2. When the number of TiO2 particles loaded in meso-
porous silica increases, the honeycomb shape of mesoporous silica
which is illustrated in Fig. 19 [22] weakens and breaks due to excess
occupation of TiO2 particles.

Fig. 20 shows the N2 adsorption and desorption isotherms of the
silica for the various ratios of loaded TiO2. It is confirmed that the
adsorption hysteresis is quite small and the obtained N2 adsorp-
tion and desorption isotherms are unique to mesoporous silica.
In addition, it reveals that the amount of adsorption is decreased
with the increase of loading ratio. The specific surface areas are
1038 m2/g, 847 m2/g, 797 m2/g, 453 m2/g and 219 m2/g for the ratio

of loaded TiO2 of 0 wt%, 15 wt%, 30 wt%, 60 wt% and 80 wt%, respec-
tively. Fig. 21 shows the pore diameter distribution of mesoporous
silica for the various loading ratios. It can be seen that the pore
diameter becomes larger with the increase of the loading ratio. The
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Table 2
Comparison of CO oxidization performance of mesoporous silica loaded with TiO2 particles among different ratios of loaded TiO2.

Ratio of loaded TiO2 (wt%)

0 10 15 30 60 80

Concentration of CO at experiment start (ppmV) 11 317 13 220 9257 10 545 9040 10 994
Concentration of CO after UV light illumination of 6 h (ppmV) 11 289 9811 8571 7182 7234 9132
Residual ratio of CO 99.9 74.2 92.6 68.1 80.0 83.1
Utilization ratio of O2 – 15.7 45.6 16.5 16.8 6.30
Selection ratio of CO oxidization – 52.0 32.5 40.4 18.6 48.8

Table 3
Comparison of CO oxidization performance between mesoporous silica loaded with TiO2 particles and silica gel particle coated with TiO2

film.

Type of TiO2 combined with silica Mesoporous silica loaded
with TiO2 particles

Silica gel particle coated
with TiO2 film

Concentration of CO at experiment
start (ppmV)

13 220 9384

Concentration of CO after UV light
illumination of 6 h (ppmV)

9811 825

Residual ratio of CO 74.2 8.79
.7 57.5
.0 14.8

rticles is 10 wt%.
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Utilization ratio of O2 15
Selection ratio of CO oxidization 52

The ratio of loaded TiO2 for mesoporous silica loaded with TiO2 pa

eason may be that pore diameter expands by increased number
f TiO2 particles loaded into the mesoporous silica. Considering
hese results, it can be concluded that the adsorption performance
f mesoporous silica loaded with TiO2 particles is dropped with
he increase in ratio of loaded TiO2 due to the weakening of the
oneycomb shape of mesoporous silica by increased loaded TiO2.

Table 2 lists the concentrations of CO after UV light illumination
f 6 h, for various loading ratios of TiO2. The 10 wt% ratio was pre-
ared for comparison with the result of silica gel particle coated
ith TiO2 film. In this experiment, the initial concentration of O2

nd filling volume ratio were set at 4 vol% and 50 vol%, respec-
ively. Although the mesoporous silica loaded with 0 wt%, i.e. nil
iO2 particles did not perform CO oxidization as expected, the data
f concentration of CO and residual ratio of CO are still listed in
his table for reference. The table shows that CO oxidization perfor-

ance of mesoporous silica loaded with TiO2 particles is generally
ot good regardless of the ratio of loaded TiO2. Among the differ-
nt loading ratios, 30 wt%, 15 wt% and 10 wt% gives the relatively
est residual ratio of CO, utilization ratio of O2 and selection ratio
f CO oxidization, respectively. Therefore, it is clear that the opti-
um ratio of loaded TiO2 is in the medium ratio range. The reason

s thought to be that the photocatalytic reaction performance is
romoted with the increase in loading ratio due to increase in the
umber of TiO2 particles, while, according to TEM analysis and N2
dsorption isotherms, the adsorption performance is dropped with
he increase in loading ratio of TiO2. Consequently, the medium
oading ratio of TiO2 is thought to be the optimum condition.

Table 3 shows the comparison of the CO oxidization perfor-
ance, after UV light illumination of 6 h, between mesoporous

ilica loaded with TiO2 particles and silica gel particles coated with
iO2 film. In this table, the data is for the mesoporous silica loaded
ith TiO2 particles of 10 wt% (to match for the ratio of coated TiO2
lm), initial concentration of O2 of 4 vol% and filling volume ratio of
0 vol%. The CO oxidization performance of silica gel particle coated
ith TiO2 film is generally better than that of mesoporous silica

oaded with TiO2 particles in all aspects except for selection ratio
f CO oxidization. This may be caused by that TiO2 is better posi-

ioned on the surface through coating than loading. The amounts
f oxidized CO per unit mass of TiO2 after UV light illumination of
h, for silica loaded with TiO2 particles and coated with TiO2 film
re 672 mm3/g and 133 mm3/g, respectively. In other words, load-
ng is the more effective way to make use of TiO2 for this purpose.
Fig. 22. Change of each gas concentration with UV light illumination time in the
long time experiment for mesoporous silica loaded 15 wt% with TiO2 particles.

Fig. 22 shows that CO concentration with loaded TiO2 of 15 wt%
was decreased down to 27 ppmV after UV light illumination of
48 h, and further down to 24 ppmV after UV light illumination of
72 h. Although taking liger time, the level of oxidized CO finally
reached is comparable to the other CO oxidization processes. Con-
sequently, this proposed technology of TiO2 combined with silica
is a promising alternative CO oxidization process.

However, the above results also reveal that the new prepara-
tion method to combine TiO2 with silica may be needed in order to
promote the CO oxidization performance. For example, finer TiO2
particles or fine metal can be loaded at the spots on the surface
of mesoporous silica. Finer TiO2 particles and fine metal loaded
on the surface of mesoporous silica support the reaction due to
the increase in amount of TiO2 and prevention of recombination of
hole and electron [24–29] without disturbing gas adsorption. The
improvement of CO oxidization performance then can be expected.

4. Conclusions

Based on the above experimental results and discussion, the
following conclusions can be drawn.
Under the experimental conditions:

(I) The optimum initial concentration of O2 is 4 vol% from the
viewpoint of best matching of reaction rate and utilization
ratio of O2.
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(II) The best filling volume ratio of the particles of silica gel coated
with TiO2 film to reactor is 50 vol% from the viewpoint of best
matching of oxidization rate of CO, utilization ratio of O2 and
amount of oxidized CO per unit mass of silica gel particles
coated with TiO2 film.

(III) For the mesoporous silica loaded with TiO2 particles, the
photocatalytic reaction performance is promoted with the
increase of amount of the loaded TiO2. However, the adsorp-
tion ability decreases with the increase of loaded TiO2.

IV) The concentration of CO was reduced from 10 800 ppmV down
to 27 ppmV after UV light illumination of 48 h, which is the
level comparable with other CO removal methods.
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