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Abstract

The fluidized bed of ultrafine particle of photocatalyst is applied to treat nitrogen oxides) (Nphotocatalytic oxidation. Three

different TiO, particles with primary particle diameters of 7, 20 and 200 nm are used as the bed material. The removausing@
two-dimensional fluidized bed of ultrafine Ti@articles is investigated. The fluidized bed of 7 nm F&Xhibits high removal efficiency
of NO, because of its large specific surface area. It is found that the amount,oféMval is proportional to the specific surface area.
The fluidization of three kinds of photocatalysts shows the following characteristics. Agglomerates of 7 and 20 nm particles appear to b
so hard that they are not destroyed during fluidization because of large adhesion forces of particles. In the case of 7 and 20 nm partic
systems, the bed height is found to increase progressively with the increase in gas velocity, while the bed expansion is observed to le
off for 200 nm particle system. The entrainment rate of 7 and 20 nm particle systems is found to be smaller than that of 200 nm particl
system. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction to the necessity of large space with illuminated surface.
Moreover, the nitric acid formed on the surface of catalyst
In spite of the stringent emission control regulations must be taken off to maintain the photocatalytic activity.
and the massive installation of emission reduction systems, Authors [7,8] proposed the photocatalytic N@moval
the air pollution of nitrogen oxides (NQ becomes a se-  system using fluidization technology to treat large amount
rious problem in Japan [2]. The increase in the number of polluted gas. The photocatalyst particles in the fluidized
of automobiles and limited traffic capacity deteriorate the bed reactor are easily charged and discharged, resulting in
pollution of NO, especially in the urban area. Ibusuki and the construction of continuous NQreatment system with
Takeuchi [3,4,13] have reported that some semiconductoradditional regeneration process of photocatalyst. The re-
metal oxides can adsorb and transform photochemically generation of photocatalyst can be achieved by heating to
NO, into nitric acid. Titanium dioxide, in particular, is take off the nitric acid. In the photocatalytic oxidation of
suitable for photocatalyst of NOtreatment because of its NO,, the reaction rate is influenced by the gas—solid con-
high efficiency, chemical stability, harmlessness and cheap-tacting and the irradiation efficiency of ultraviolet (UV)
ness. They proposed the sheet-like photocatalyst mixedlight. The motions of photocatalyst particles in the fluidized
with an adsorbent which is setup on the sidewall of the bed induce large mass transfer rate in the whole bed and
road [10,14,15]. This is a passive method to reduce the effective renewal of illuminated surface of photocatalyst.
NO, level in the atmosphere without external operation, Therefore, the efficient removal of NCfrom the exhaust
which has been already adopted as practical K€atment ~ can be expected in the photocatalytic N@eatment using
in several large cities in Japan. It is difficult, however, for the fluidized bed of photocatalyst particles. In the previ-
sheet-like photocatalyst to treat large amount of gas suchous work [8], photocatalyst with primary particle diameter
as tunnel exhaust continuously. The photocatalytic reactionof 20nm was achieved to be fluidized and remove,NO
occurs only on the surface of photocatalyst particle, leading It was found that operating conditions such as light inten-
sity, gas velocity and bed height have positive influences on
* Corresponding author. Tek:81-298-61-8226; fax+81-298-61-8209.  the NQ, treatment process. Especially, the sufficient irra-
E-mail addressmatsuda@nire.go.jp (S. Matsuda). diation of UV light was found to be attained to penetrate
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Nomenclature L 9 — 19
Cno, concentration of nitrogen oxides T T\ = e
(NO and NQ) (ppm) ]
dp particle diameter (m) -
H dense bed height (m)
Hc settled bed height (m) —-
Hinit  settled bed height at initial setup (m)
I normalized lightness of digitized image ] =
at local point (<) ~ e
Lg distance from distributor (m) & ﬂ
M cumulative removed NQ(mol/g) 3 4 X
Sw specific surface area @ty) v
t time (s)
Uo superficial gas velocity (m/s) XL_ /
pb  bulk density (g/rd) § 55
whole of the fluidized bed reactor even if the large size of
bed. =
The amount of NQ removal is thought to be dependent U\ 6
on the specific surface area of photocatalyst. Thus, ultrafine >
particle is preferable in the photocatalytic N@eatment. < 12
The fluidized bed of ultrafine particles is recently receiving
much attention with the increasing potential of wide appli-
cation. Chaouki et al. [1] found that the CuO#@l; aero- /
gels are smoothly fluidized if the gas velocity is increased 51 E
far above the minimum fluidization velocity of primary par-
ticles. Morooka et al. [9] investigated the fluidization of sub- 1 Air compressor 2. tghtspurce
micron particles such as Ni, $i4, SiC, ALOz and TiQ £./NQ standard gascylinder B bk cumlech
and observed that various submicron particles are smoothly> Mass flow controler B Detmioagsr
. . . 4. Mass flow controler 10. Computer
fluidized with forming agglomerates. They found that the ; ~.¢ piender i1, Thermoceuple

apparent minimum fluidization velocity and the size of ag- g
glomerates are dependent on types of particles and fluidiz-
ing gas. As for adhesion force of fine particle, Smolders and Fig. 1. Experimental apparatus.

Baeyens [12] and Santana et al. [11] reported that the entrain-

ment rate is reduced by interparticle adhesion forces. Several

models of fine particle fluidization have been proposed to _ )

elucidate the agglomeration of fine particles [1,5,9,16,17]. &Ctor with 2mmx 70mm cross-section. The glass beads
However, few studies have so far been made at the fluidiza-°f 1 MM are used as the distributor. The wall is made of
tion of nanoparticles. pyrex-glass (2mm in thickness). The expanding section

In the present paper, the photocatalytic oxidation of,NO (230mm in height, S0mm« 70mm cross-section at the
is discussed in the fluidized bed system. The fluidization top) is installed on the reactor to decrease the amount of

of three kinds of photocatalystsi 7, 20 and 200 nm) is carryover particles. The reactor is illuminated with UV
investigated for NQ treatment. ’ light sources (FL15BL, 2x 15W, TOSHIBA) in a dark

box. The intensity of UV light is measured by digital ra-
diometer (DRC-100, DIX-365 sensor, SPECTROLINE).

Photocatalytic reactor (Fluidized bed) 12. Dark box

2. Experimental The UV light intensit'y at 'the surface 'of light sources
is 1.94mWi/cri. The intensities of UV light transmitted
2.1. Experimental apparatus through the bed vary from 0.40 to 0.90 mW/imccording

to the bed density. The concentration of N@no, ) is con-

Fig. 1 shows the experimental apparatus. The flow rate tinuously measured by a chemiluminescence-type analyzer
of air from a compressor and NO standard gas is controlled (NOA-7000, SHIMAZU). The signals from the analyzer
by mass flow controllers to adjust the N@evel. Both of are transferred to a computer after A/D converted by a data
gases are mixed in a gas blender (GB-4C, KOFLOC). The logger (Thermodac-E, ETODENKI) and are recorded as
gas is introduced into a two-dimensional fluidized bed re- time series data.
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Table 1

Specification of particles

Particle Component dy (NM) Sy (M2/g) b (kg/m?)
1 TiO; (anatase) 7 334.0 300

2 TiO, (anatase) 20 63.8 460

3 TiO; (anatase) 200 9.2 340

2.2. Visual observation

A CCD video camera is used for flow visualization. The

shutter speed of camera is 0.1 ms. The images are recorded

on 8 mm videotapes and are converted to digitized images
of 640 x 480 pixels through the video-capturing device of
the PC.

2.3. Density distribution of agglomerates

The local lightness of digitized images is measured for
estimation of the density distribution of agglomerates. The
lightness of particulate phase and background without flu-
idization are assumed as 1 and 0.

2.4. Photocatalyst

Table 1 shows the specification of photocatalyst used in
this work (ST-series, Ishihara Techno Corp.). The amount
of photocatalyst put on the reactor is 0.5 g for all cases. The
mechanism of N@ oxidation by photocatalyst (Ti§) is as
follows [3,6]. TiO, generates the positive holes*(hand
photoelectrons (€) on the surface under illumination of UV
light (300—-400 nm). The hydrogen ions{iHand hydroxide
ions (OH") are dissociated from #O.

H0 — H 4+ OH™ (1)
The active oxygen species are produced on the Sidface.
e +0;— 02 2)
h* + OH™ — OH* (3)
Ht + 0~ — HO,* (4)

The nitric oxides (NQ) are oxidized to nitric acid (HNg)
by active oxygen species.

NO + HO} — NO; + OH* (5)
(6)

Finally, the nitric acid forms on catalyst. The activity of
photocatalyst loses with accumulation of H)O

NO; + OH* — HNO3

2.5. Experimental procedure

At the beginning of gas injection, channeling and/or par-
tial fluidization often take place. By tapping with hands, gas
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Fig. 2. NO: conversion profiles in ultrafine particle fluidized beah:(
23.4cmls).

jet is developed in the region of no fluidization and fine
particles agglomerate, leading to smooth fluidization of the
whole bed. When once agglomerates of ultrafine particles
formed, normal fluidization is achieved without the addition
of external energy.

3. Results and discussion

Fig. 2 shows NQ conversion profiles in the fluidized
bed. Introducing NQ gas of 100 ppm with air balance into
the fluidized bed reactor of ultrafine photocatalyst, the,NO
concentration in the outlet decrease initially with time and
level off because of NQ adsorption on the photocatalyst
(point a). When the bed is irradiated with UV light, the pho-
tocatalytic NQ oxidation take place to produce nitric acid,
leading to a rapid reduction of NOconcentration in the
outlet (point b). Subsequently, the N@oncentration in the
outlet returns rapidly with time for 20 and 200 nm patrticle
systems. In the case of 7 nm particle, the N&ncentra-
tion in the outlet increase gradually after the photocatalyst
exhibited steady reacting for 1000s. The decrease in pho-
tocatalytic activity of the catalysts is due to the coverage of
the catalyst surface by HNOformed [10,15]. Finally, the
photocatalytic reaction is terminated by turning off the UV
light sources (point c), and then the N©oncentration re-
turn to the inlet concentration.

Fig. 3 shows the relationship between specific surface area
and the total amount of NOremoved per unit weight of
catalyst in the bed. The amount of N@eatment is found
to be almost proportional to the specific surface area. This
result indicates that the photocatalytic oxidation of N@n
the surface of particles is the rate-determining step in the
NO, treatment using the ultrafine particle fluidized bed.

In fluidization, agglomerates are formed and may affect
the NO, removal. Fig. 4 shows the snapshots of agglomer-
ates near the distributor. The majority of 7 and 20 nm par-
ticles are found to form agglomerates with smooth surface
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Fig. 3. Relationship between specific surface area and total amount of
NO, removed per unit weight of catalyst in bed. !

(Fig. 4a and b). Agglomerates of 7 and 20 nm particles ap-
pear to be so hard that they are not destroyed during fluidiza-
tion. On the other hand, in the case of 200 nm particle (Fig.
4c) the agglomerates are observed to have rough surface and _
break down into small fragments, forming a defluidization
region. These results are attributable to the difference in the
strength of the adhesion force of particles. The 200 nm par-
ticles are considered to agglomerate into a comparatively
weakly linked cluster because of weak interparticle forces.
Thus, if the agglomerate of 200 nm particles is sheared in
the fluidization, the destruction of agglomerates takes place,
resulting in a partial fluidization.

Fig. 5 shows representative snapshots of fluidization of ul-
trafine particles. In any cases, the formation of dense phase
bed is observed with uneven bed surface. As the gas veloc-
ity increase, the upper bed surface exhibits more vigorous
motion and become obscure. While the bubbles in a con-
ventional fluidized bed of large particles have spherical cap
shape, the shape of bubble is observed to be indistinct in the
ultrafine particle fluidized bed.

Fig. 6 shows the relationship between bed expansion and
superficial gas velocitylg. The bed expansion is observed
to take place when the gas velocities exceed about 3, 5 anq:ig. 4. Local images of fluidization of ultrafine particles near distributor
5cm/s for 7, 20 and 200 nm particle systems, respectively. wo: 23.4cm/s; (a) 7nm; (b) 20 nm; (c) 200 nm).

In the case of 7 and 20 nm particle systems, the bed height

is found to increase progressively with the increase in gas

velocity. For 7 nm particle system the bed height is observed become significant and the hold-up of agglomerates in the
to reach a maximum at 18 cm/s and subsequently drop, lead<freeboard region increase with increasing gas velocity. On
ing to the extensive elutriation. As can be seen in Fig. 5¢, a the other hand, in the case of 20 and 200 nm particle sys-
considerable amount of agglomerates is observed to be distems, the hold-up of agglomerates in the freeboard region is
tributed homogeneously in the entire freeboard at 23.4 cm/s.relative small at the same superficial gas velocity.

On the other hand, for 200 nm particle system the bed ex- Fig. 8 shows the typical time courses of the ratio of the

pansion is observed to level off above 21 cm/s. settled bed height to the initial settled bed height at the

Fig. 7 shows the local lightness in the freeboard and the gas velocity of 23.4 cm/s. It represents the amount of re-
dense bed regions. This is closely related to the density dis-mained particles in bed. The gas leaving carries some parti-
tribution of agglomerates. It is found that agglomerates ho- cles out of the bed. The entrainment rate of 200 nm particle
mogeneously distribute along the freeboard region. In the system is found to be larger than that of 7 and 20 nm patrticle
case of 7 nm particle system, the elutriation of agglomerate systems. For 200 nm particle, a considerable amounts of
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Fig. 5. Representative snapshots of fluidization of ultrafine particles.
Weight of particles introduced is 0.5g for all cases. Superficial gas
velocitiesup are 2.6, 13.0 and 23.4cm/s from left to right, respectively
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Fig. 7. Local lightness of digitized images. Bars in figure represent
maximum and minimum values ((a) 7 nm; (b) 20 nm; (c) 200 nm).

It can be concluded that in the case of 200 nm particle sys-
tem very fine particles and/or agglomerates are generated by
the breakdown of agglomerates during fluidization because
of their weaker interparticle forces. On the other hand, the
adhesion forces of 7 and 20 nm particles are so strong that
most agglomerates are not destroyed, resulting in smaller
amount of carryover particles. Similar phenomena were re-
ported in the previous works given by Smolders and Baeyens
[12] and Santana et al. [11]. Both of them concluded that the
entrainment rate is strongly reduced by interparticle adhe-
sion forces. The conceptual model of ultrafine particle flu-
idization is summarized in Fig. 9. The specific surface area
of each particle is dominant for the amount of N®eat-
ment as can be seen in Fig. 3. The fluidization of agglomer-
ates, however, is different each other. These results indicate

particles carry out of the bed in the initial stage of fluidiza- that the photocatalytic reaction takes place on the surface of
tion. These results indicate that the bed of 200 nm particle primary particle independent of agglomerates structure of
contains a larger amount of fine particles whose terminal each particle in this fluidized bed system. The gas stream

velocities are much lower than the superficial gas velocity.
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Fig. 8. Typical time courses of amount of remained patrticles in logd (

Fig. 6. Relationship between bed expansion and superficial gas velocity. 23.4 cm/s).
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Fig. 9. Conceptual model of ultrafine particle fluidization.

and light irradiation penetrate into agglomerates, resulting in Acknowledgments

the effective utilization of primary particle as photocatalyst.
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of agglomerates. Future investigation will be conducted to
improve the efficiency of particle utilization.
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