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Ozone decomposition on the iron oxide catalyst was carried out in four types of spouted beds and the gas
conversions were compared, for the purpose of comparing the gas–solid contacting efficiency of these spouted beds.
These four types include a top-sealed spouted bed, a screen-bottomed spouted bed, and top-outlet spouted bed with or
without a draft-tube. The top-sealed spouted bed and the screen-bottomed spouted bed provided higher gas
conversion compared with the other two types of spouted beds. The gas–solid contacting efficiency of these spouted
beds was compared with that of a hypothetically isothermal fixed bed. The top-outlet spouted bed with a draft-tube
provided

poorer contacting efficiency than the other types of spouted beds.

spouted bed had no gas inlet nozzle or orifice and the gas
was fed uniformly over the cross section of the vessel. The
screen-bottomed spouted bed had a higher flow ratio of the
gas percolating through the annulus than the ordinary
spouted bed with a gas inlet nozzle or orifice.
These characteristics of the top-sealed spouted bed and
the screen-bottomed spouted bed would provide high
efficiency when these spouted beds are used as a chemical
reactor.
In this study, ozone decomposition on an iron oxide
catalyst was carried out in the above-mentioned spouted
beds, and their conversion was compared among them to
discuss the gas–solid contacting efficiency of these spouted
beds. As suggested by Mathur and Lim(1974) and by
Piccinini et al., (1979) the ozone decomposition on the iron
oxide catalyst is a simple first-order reaction, and has a
moderately fast reaction rate at room temperature.

Introduction
In a commonly used top-outlet spouted bed, a large
amount of gas passes through the spout without percolating
through the annulus. This is not desirable for the spouted
bed to be used as a gas–solid contact system, because the
gas–solid contact mainly takes place in the annulus. Mathur
and Lim (1974) predicted the chemical conversion for a
spouted bed reactor. They described that the spouted bed, in
common with a fluidized bed, is always a less efficient
system for gas conversion than a hypothetically isothermal
fixed bed.
To improve the efficiency of the spouted bed as a
gas–solid contact system, we modified the structure of the
spouted bed, and proposed this modification in the previous
paper. The upper part of the vessel was closed and the gas
flow pattern was changed in such a way that all the gas
necessarily percolates through the annulus, as shown in
Figure 1 (a) (Hattori et al., 1984). This spouted bed was
called a “top-sealed spouted bed” (Hattori et al., 2001). In
Figure 1, the gas flow pattern was illustrated by arrows.
In addition, another modified spouted bed, as shown in
Figure 1 (b), was proposed in the previous paper (Hattori
and Nagai, 1996; Hattori et al., 1998). It was called the
“screen-bottomed spouted bed”. The screen-bottomed

1. Experimental Apparatus and Procedure
Three kinds of spouted bed with a draft-tube and one
kind without a draft-tube were used, as shown in Figure 1.
These were (a) top-sealed spouted bed, (b) screen-bottomed
spouted bed, (c) top-outlet spouted bed with a draft-tube
and (d) top-outlet spouted bed without a draft-tube,
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ultra-violet spectrophotometer equipped with a flow cell.
Absorbance at 254 nm wavelength was measured to
determine ozone gas concentration. Sampling lines
consisted of glass or Teflon tubes and cocks. No reaction
occurred in the blank test using the alumina particles in
which the iron oxide catalyst was not included.
Since the catalyst activity depends on the moisture
contained in the particles, the experiments were carried out
after dry air passed through the spouted beds for several
hours. The spouted beds were operated at ambient
temperature. The temperature in the gas inlet of each
spouted bed was kept at 27℃ by controlling the ambient
temperature.
The catalyst activity was measured using a small-sized
fixed bed immersed in a thermostat at the same temperature.
A glass column of 15 mm in diameter was used for the
fixed bed. In the fixed bed, the catalyst particles were
packed as high as several times the column diameter. The
activity, the rate constant of the first order reaction based
on the volume of catalyst k, was calculated assuming that
the flow in the fixed bed was a plug flow by Eq.(1).

respectively. These were not half-sectional columns, but
cylindrical columns. The column wall was made of acrylic
resin and the draft-tube was made of thin steel plate of 0.3
mm in thickness. A 40-mesh screen was attached at the gas
inlet of each spouted bed.

(

k = v

M

) ln ⎛⎜⎝ C

in

⎞ρ
C out ⎟⎠ s

(1 )

The apparent reaction rate constant was 20 m3 gas/(m3 cat・s).
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A flow sheet of the experimental setup is shown in
Figure 2. Dry air at room temperature and of a constant
dew point of -40℃ was mixed with a stream of ozone gas
generated from pure oxygen using an ultra-violet ozone
generator. The ozone concentration in the gas after mixing
was about 2−10×10−2 mol/m3.
Iron oxide catalyst was made as follows: Spherical
porous particles of activated alumina were outgassed in a
vacuum desiccator and were immersed in an aqueous
solution of iron(Ⅲ) nitrate. The wet particles were dried at
room temperature for a few days and heated first in an
electric oven at 100℃ and then in an air-fluidized bed set
in a electric furnace at 450℃ for about 2h each. The
average diameter of the catalyst particles was 1.8 mm and
particle density was 1.02×103 kg/m3.
Gas samples were collected at the bed inlet and at the
bed outlet. For the spouted beds excluding the top-sealed
spouted bed, the outlet gas was sampled at a position
sufficiently above the bed surface (340 mm above the bed
surface), so that the gases from the spout and from the
annulus were well mixed. For the top-sealed spouted bed,
the gas was also sampled from the sealed top space as well
as from the gas outlet. The gas samples were led to an
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When a first-order reaction is carried out in a flow
reactor, the gas conversion depends on the product of the
reaction rate constant and the gas–solid contact time within
the reactor, as suggested in our previous paper (Takeda and
Hattori, 1976). There exist moderate reaction rate and
moderate gas–solid contact time that provide the difference
in gas conversion to the reactor of different gas–solid
contacting efficiency. In the present study, the catalyst
activity and the sizes of the spouted beds were chosen in
such a way that the difference in gas conversion appeared
clearly among the various types of the spouted beds.
2. Results and Discussion
Figure 3 shows the gas conversion for the four types of
spouted beds. The abscissa shows the volumetric gas flow
rate and the ordinate the gas conversion. Both the
top-sealed spouted bed and the screen-bottomed spouted
bed provided higher gas conversion than the top-outlet
spouted beds with and without a draft-tube.
The gas conversion can easily be compared if these
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whether the spouted bed provides gas conversion close to
that of the fixed bed or not. In the cases of the
screen-bottomed spouted bed and the top-outlet spouted
bed with a draft-tube, the gas conversion of the
corresponding fixed bed was shown by the same solid line,
because both spouted beds have the same amount of solid
catalyst. In Figure 3, both the top-sealed spouted bed and
the screen-bottomed spouted bed provided gas conversion
close to that of the corresponding fixed bed. The top-outlet
spouted bed without a draft-tube showed poor gas
conversion in Figure 3. However, the corresponding fixed
bed also showed poor gas conversion because of the
smaller catalyst holdup and higher operating gas flow rate.
While in the case of the top-outlet spouted bed with a
draft-tube, the gas conversion was significantly lower
compared with the corresponding fixed bed.
For the top-sealed spouted bed, the conversion was
also measured for the gas that had reached upper space
above the top of the draft-tube, in addition to the overall
gas conversion. These were shown in Figure 4. It was
found that the conversion of the gas at the space was as
poor as about 0.3, although the overall gas conversion was
as high as about 0.8. Advantageous characteristics of the
top-sealed spouted bed were made clear from these results.
In the top-sealed spouted bed, the gas that has passed
through the draft-tube then changes direction and travels
downward again through the annular solid bed before it
reaches the gas outlet. The poor conversion of the gas in the
top space is improved while the gas again passes through
the annulus.
To compare the gas–solid contacting efficiency of
each type of spouted bed, the relation between -ln(1-X) and
kM/(ρsv) was plotted in Figure 5, after Kunii and
Levenspiel (1991). In Figure 5, the relation for a fixed bed
is shown in a straight line with slope equal to 1. Excluding
the top-outlet spouted bed with a draft-tube, the relations
for three other spouted beds were roughly approximated by

spouted beds have the same amount of catalyst particles
and are operated at the same gas flow rate. In this study, the
amounts of solid catalyst or holdup of the catalyst particles
were maintained at about the same level of 120 g, as shown
in Figure 3, excluding the top-outlet spouted bed without a
1
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draft-tube. In the case of the top-outlet spouted bed without
a draft-tube, the holdup of the catalyst particles was 88 g.
More particles could not be spouted in this type of spouted
bed because the bed height exceeded the maximum
spoutable height.
The four spouted beds were operated at different gas
flow rates. So, the gas conversions were also calculated for
the fixed beds operated at the same gas flow rate and have
the same catalyst holdup as each of the spouted beds. The
calculated conversions were illustrated by solid lines in
Figure 3. By comparing the gas conversion of each spouted
bed with that of the corresponding fixed bed, it can be seen
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a straight line with a slope of 0.51, as shown in Figure 5.
Also as seen from the Figure, these three spouted beds
provide nearly the same gas–solid contacting efficiency.
However, for the top-outlet spouted bed without a
draft-tube, it is difficult to achieve high gas conversion
when the reaction rate is low. In this spouted bed, the
amount of solid particles in the vessel is restricted because
of the maximum spoutable bed height, which is inherent to
this type of spouted bed. In addition, the gas flow rate must
increase to maintain stable spouting, otherwise the annular
solid bed collapses. On the other hand, the top-sealed
spouted bed and the screen-bottomed spouted bed can be
operated at lower gas flow rates, because the draft-tube
prevents the annular solid bed from collapsing. These
spouted beds are useful to achieve high gas conversion
when the reaction rate is low.
In the case of the top-outlet spouted bed with a
draft-tube, the relation between -ln(1-X) and kM/(ρsv)
deviated far from that for the fixed bed, as shown in Figure
5. This type of spouted bed provides poor gas–solid
contacting efficiency, because the draft-tube prevents the
gas from flowing out of the spout to the annulus, and then a
large amount of gas passes only through the spout without
percolating through the annulus.
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