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Abstract

To develop a high-performance photocatalytic reactor for purification of indoor air, the photocatalytic decomposition of gaseous HCHO at a ve
low concentration is investigated both theoretically and experimentally. In this second paper, a photocatalytic reactor with a parallelra@ray of n
light sources, designed on the basis of the experimental result in the first paper, is applied to the air containing HCHO at an indoor concentra
level and the reactor performance is discussed. The experimental result indicates that this photocatalytic reactor can rapidly decompose H(
toward zero concentration. The reason for this high reactor performance is explained by a mathematical model that takes into consideratit
film-diffusional resistance in the neighborhood of the photocatalyst as follows: (1) the reaction field is irradiated with a high light intensigy beca
the distance between the light source and photocatalyst surface is only 6 mm; (2) the rate of decomposition is increased by the UV light t
permeates through a glass tube; (3) the film-diffusional resistance is remarkably reduced because of a high linear velocity {709 m min
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction working on the photocatalytic reactions also tend to neglect this
resistance. However, it should be noted that the environmental
In general, the HCHO concentration in the indoor environ-pollutants mostly exist at a concentration less than 1 pjgin®).
ment lies at a ppbv levdll]. However, little report has been Consequently, the film-diffusional resistance is so large that the
published on the photocatalytic decomposition of HCHO at suchiate of reaction is decreased remarkably.
avery low concentration level. As described in the first pgpler The experimental results in the first pap2f indicated that
the photocatalytic decomposition of HCHO is less efficient wherthe reactor configuration that can provide a reaction field with
the concentration is less than 1 ppmuv. It is therefore impossibla high light intensity and negligible film-diffusional resistance
to properly evaluate the reactor performance without performings a key point to improve the performance of the photocatalytic
the decomposition experiment based on HCHO at a ppbv leveteactor for purification of the indoor air. For example, the use
It is a common sense that in solid-catalyzed gas reactiongf a light source with higher electric power consumption does
the film-diffusional resistance around the catalyst is often neglinot necessarily promise to yield a progressive result in the pho-
gible if the reactant concentration is as high as in the industriaocatalytic decomposition of trace HCHO. In a previous paper
chemical reaction process@. For this reason, the researchers[6], moreover, we studied the photocatalytic decomposition of
HCOOH in an aqueous solution using a photocatalytic reac-
tor with a parallel array of four light sources and confirmed
— , _the usefulness of this reactor configuration. We also found a
_* Corre_spondlng author. Present ad'dres_s: Department of Bio-System Des'gﬂﬁarked enhancement in the reactor activity by increasing the
Bio-Architecture Center, Kyushu University, Hakozaki, Fukuoka 812-8582, . ) : . .
Japan. Tel.: +81 92 642 6847; fax: +81 92 642 6847. linear velocity of the reactant mixture, owing to a reduction in
E-mail address: fumishira@brs.kyushu-u.ac.jp (F. Shiraishi). the film-diffusional resistancg].
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Nomenclature V Ph(l)tocataly st
a constant in Eq(9) Film ! «
b constant in Eq(9) (_>: C
c constant in Eq.7), corresponding to intrinsic

first-order rate constant (rair m—2-cat mir1) 3
Cp reactant concentration in bulk air (mgrhair) ‘g
Cho initial reactant concentration in bulk air (mgm Glass @

air) tube =
Cs reactant concentration on catalyst surface =

(mg m3-air)
d constant in Eq(7) (m min—1)
k first-order rate constant (vair m—2-cat mirr 1)
kapp ~ apparent first-order rate constant3air m—2-

catmim?)
ke mass.-transfer coefficient Gmlr m-2-cat m”Tl) Fig. 1. Reactant concentration distribution in neighborhood of a thin film of
N diffusion flux (mg m_?"cat mir=) . titanium oxide on inside surface of a glass tube.
r rate of photocatalytic decomposition on photocat-

alyst surface (mg mP-catmirr ) Since the HCHO concentration in the indoor air is usually less
S total catalytic surface (Facat) than 300 ppbv, the reaction is assumed to follow first-order kinet-
! time (min) _ _ ics, as given in Eqg(1); this assumption will be experimentally
Uz linear fluid velocity (m mir™) verified. Solving Eq(1) with respect taC, and substituting the
4 volume of a closed room (f resulting expression into E(L) gives
Greek letters r = kappCh, 2
o ratio of a catalyst surface area and a volume pf . ] )

indoor air €8/V) (m2-cat nm3-air) wherekappis the apparent first-order rate constant given by
0 temperature°C) k @)

app= ——.
Pk

When treating the air with a volume &fusing a photocatalytic

The final goal of the present work is to develop a high-reactor, on the other hand, the mass-balance equation is given
performance photocatalytic reactor that is capable of rapidlyy
decomposing trace HCHO in a large amount of air to a con-
centration below the WHO guideline (80 ppk4]. A series of —V@ = Sr = SkappCh, (4)
experimental results are described in two papers. In this second  df
paper, we discuss the performance of the photocatalytic reactgvith the initial condition:
with a parallel array of nine light sources, designed on the basis
of the fundamental experiment in the first paf&r Cb = Cpo, atr=0. ()
~ Inthe following, the HCHO concentration will be expressed e photocatalytic treatment of environmental pollutants is
in unit of mg nT3; the factors of the conversion from ppbv to mostly carried out in a batch-recirculation mof:7,9-11]
mg m~® and from mg m® to ppbv at 25C are 0.00123and 814, However, it should be noted here that when the reactor volume
respectively. is much smaller than the volume of the air to be treated and the
conversion of HCHO per one pass of the air through the photo-
catalytic reactor is very small, the batch-recirculation mode can
be approximated by a batch mofel]. Then, solution of Eq.
(4) gives

2. Theory

Let us consider an annular-flow photocatalytic reactor,
wherein the air containing HCHO is flowing at a constant veloc-c, = ¢y exp(—akapy). (6)
ity, as shown irFig. 1 There exits a diffusion film in the neigh-
borhood of the photocatalyst uniformly coated on the insides, Experimental
wall surface of the reactor. The HCHO molecules in the bulk
air diffuse to the photocatalyst surface through the film and arg ;. aparerials
decomposed by the photocatalyst. In a steady state, mass balance
for HCHO yields[7,8] Titanium tetraisopropoxide (TIP) was purchased from
Katayama Chemicals Co., Japan. An aqueous solution of
N =k (Ch—Cs) =kCs=r. (1)  formaldehyde (37%) used as a reactant was purchased from
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Wako Pure Chemical Industries Ltd., Japan. A thin film of tita-3.3. Analytical procedure

nium oxide was irradiated with 6-W blacklight fluorescent lamps

with wavelengths of 300—400 nm (FL6BL; Matsushita Electric At time intervals, HCHO in the air was collected in water by
Co. Ltd., Japan). The analytical reagent used for the AHMT (4-absorption and its concentration was measured by the AHMT
amino-3-hydrazino-5-mercapto-1,2,4-triazole) method was a kilmethod. The procedure of the analytical method is described in
(Formaldehyde-Test Wako) purchased from Wako Pure Chendetail in the first papef2].

ical Industries Ltd.

3.4. Measurement of the permeability of UV light through
3.2. Photocatalytic reactor and experimental procedure the wall of a glass tube

Fine particles of titanium oxide were prepared according to A 6-W blacklight fluorescent lamp was inserted into the
the procedure described elsewhidr2 13]and then dissolved in  Pyrex glass tube and mounted in its center. The optical sen-
an aqueous solution of hydrogen peroxide to coat the inside susor connected with the UV spectrometer (Model MCPD-2000;
face of nine Pyrex glass tubes (28 mmininside diameter, 210 mm@tsuka Electronics Co. Ltd., Japan) was fixed to the outer sur-
long, and 1.5 mm in wall thickness). The total photocatalyst surface of the glass tube and the distribution of the light intensity
face area for these glass tubes is 0.166M6-W blacklight  per unit surface area was measured over a wavelength range of
fluorescent lamp (15 mm in diameter) was inserted and mounte20D0—-600 nm.
in the center of each glass tube. These were arranged in parallel
in a plastic transparent box (215 mm in length and width andy, Results and discussion
295 mm in height) as shown iRig. 2 The air was sucked up
through the annulus of each glass tube from the bottom of the ;- Eftect of initial HCHO concentration
box by rotation of an electric fan (13 W in electric power con-
sumption), fixed at the upper part of the box, and then discharged Fig. 3 represents the time courses of the unconverted frac-
from the top. This reactor system was set up in a closed roomion of HCHO in the decomposition of HCHO at an initial
with an inlet volume of 1.0/ The fan was switched on and concentration of 1.11 mg# using the photocatalytic reactor
the air in the closed room was circulated through the reactor &t g circulation flow rate of 2.8 &min—1 (a linear velocity of
a constant flow rate from 0.303 to 2.8 min~" (a liner veloc- 709 mminrt). When the air is circulated without UV-irradiation,
ity from 76.7 to 709 mmint). The circulation flow rates below the HCHO concentration does not change remarkably over a
2.8 P min~* were set up by reducing the voltage from 100V.ong period of time. A similar tendency is seen under UV-
The air was well mixed with two electric fans placed at differentirragdiation of the air passing through the photocatalytic reactor
positions in the room. A small amount of the HCHO solution haying the glass tubes that is uncoated with the photocatalyst. On
was instantaneously evaporated by dropping it on a heated plaige other hand, the same operation using the glass tubes coated
After several minutes, the lamps were turned on to start the phggith the photocatalyst causes a rapid decomposition of HCHO.
tocatalytiC reaction. The initial concentrations of HCHO WereThese results C|ear|y show that (1) a Change in the HCHO con-

set up at concentrations below 1 ppmv (1.23 mgn centration by the leakage of HCHO from the closed room or
by the adsorption of HCHO on the wall of the room is negli-
-, i o gible compared to that by the photocatalytic decomposition of
Elecmcfan\ . . .
) /] HCHO, (2) HCHO is hardly decomposed by irradiation of UV
[ light in the absence of photocatalyst, and (3) HCHO is rapidly
Beaekol =
] 1 - A _ —_
\ T | n N\ ©° 0w T = %
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Fig. 2. A schematic structure of photocatalytic reactor with a parallel array ofFig. 3. Photocatalytic decomposition of HCHO at an initial concentration of
nine light sources. 1.11mgn3,
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WHO guideline Fig. 6. Arrangement of nine glass tubes in a photocatalytic reactor for inves-
__________ tigation of an effect of UV-light permeation on decomposition of HCH®) (
- The glass tube is sealed and the UV light is either turned on or©ff. The
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Fig. 4. Photocatalytic decompositions of HCHO at different initial concentra-

tions. To elucidate the effect of UV-light permeation on the decom-

position of HCHO, four glass tubes on the corners in the reactor

decomposed in the presence of the photocatalyst excited withiere sealed as shown Kig. 6 and HCHO was decomposed
UV light. under the condition where the air was allowed to flow through

Fig. 4represents the time courses of the HCHO concentratiothe other five glass tubes. Two cases were investigated: (1) all
in the decompositions of HCHO at various initial concentrationghe nine lamps were turned on and (2) the five lamps except the
using the photocatalytic reactor. The circulation flow rate wagour lamps on the corners were turned on. As showfi@ 7,
setat 2.8 Amin—1. Itis clear that the decomposition of HCHO there is a distinct difference between the time courses of the
certainly proceeds toward zero concentration despite their inFHICHO concentration for these two cases. It is clear that in the
tial concentration at a ppbv concentration level. For examplephotocatalytic reactor with a parallel array of light sources, the
when the initial concentration is 0.369 mg/the HCHO con- UV light which permeates through the wall of a glass tube con-
centration drops below the WHO guideline (0.0984mgin tributes to the decomposition of HCHO on the inside surface of
after 20 min and becomes almost zero after 50 min. This resuthe neighboring glass tube.
indicates that the photocatalytic reactor with a parallel array
of light sources has high performance to certainly decomposg 3. Effect of linear velocity
HCHO at an actual indoor concentration level toward zero

concentration. Fig. 8 represents the time courses of the HCHO concentra-
tion in the decompositions of HCHO at an initial concentration

4.2. Effect of UV-light permeation through the wall of a of 0.947 mg n2 at different linear velocities of the ai;. The

glass tube larger the linear velocity, the more rapidly the HCHO concen-

tration is decreased. The initial rate of decomposition of HCHO
Fig. 5compares the permeabilities of UV light through the was calculated from the experimental data of each run and these
walls of glass tubes coated and uncoated with a thin film of/alues are plotted against the linear velocitfig. 9. The initial
photocatalyst. Obviously, the permeation of the UV lightis inter-rate of decomposition increases remarkably with the increase in
fered, to some extent, with the thin film of titanium oxide. u, and then approaches its maximum value. This increase is due
to a decrease in the film-diffusional resistance existing in the

ﬂ: 10 L Glass tube L5
= |
3 r Glass tube coated s \
% L with titanium oxide %ﬁ l
= [ =}
g s ‘% Four lamps on the corner were turned off.
7] =]
g 5
gy 5]
) 5 a5 L
= g 0:
a & |
r T L All lamps were
8}
0 =n T F turned on.
250 300 350 400 450 — — WHO guideline — — — — — $=——— o — — —
1 y
Wavelength [nm] 0
0 50 100 150
Fig. 5. Light intensity distributions after permeation of UV light emitted from Time [min]

a 6-W blacklight fluorescent lamp through walls of glass tubes coated and

uncoated with a thin film of titanium oxide. Fig. 7. Effect of UV-light permeation on decomposition of HCHO.



F. Shiraishi et al. / Chemical Engineering Journal 114 (2005) 145-151 149

1 0.6
Key Linear velocity
7'5 08 O 77 m min”! =
- S -1
,va \0 O 138mmmI = 04 L
‘: 06 - o, & 214 m min” NS
g \ v 380 mmin”’ 'g e}
= 0 A 709 m min™ = O 0 0 O
g . s o o
3 04 . =
) = 02
g =
a 5
o 02
5 L
= ]
. P N
0 50 100 0 0.5 1
Time [min] Initial concentration of HCHO [mg m™]

Fig. 8. Effect of linear velocity on photocatalytic decomposition of HCHO at Fig. 10. Relationship between apparentfirst-order rate constant determined from
an initial concentration of 0.947 mgTA. experimental data iffig. 8and initial HCHO concentration.

As a result of least-square fitting, the parameter valuesd

d, were determined to be 0.0604+airm—2-catmirm! and
59.0 m mir L, respectively. It should be noted that the parameter,
¢, is equal to the intrinsic first-order rate constantyhich does
4.4. Theoretical analysis by a mathematical model not include any effect of film-diffusional resistance. Solving Eq.
(3) with respect ta_ gives

neighborhood of the thin film of the photocatalyst, as theoreti
cally elucidated in the following.

The apparent first-order rate constakigp, were determined
by applying the mathematical model described above to the, — kappk ) (8)
experimental data ifig. 8 Fig. 10represents the relationship k — kapp

be'tween thekapp value and the; initial HCHO concentrgtiqn. This expression was used to calculate the valugs bfy inser-
It is clear that the apparent first-order rate constant is indeggn of the values okappin Fig. 9. Fig. 12represents a plot of

pendent of the initial HCHO concentration, meaning that thepege calculated values againstin general, the mass-transfer
decomposition of HCHO proceeds according to the first-ordegefficient kL, is expressed as a functionmofas[14]

kinetics in the range of HCHO concentration below 1 ppmv

(1.23mgn73). ki = au?. ©)
The apparent first-order rate constants were also calculat

from the experimental data for each rurfig. 9and are plotted

againsty, in Fig. 11 The following expression was applied to

the plotted data:

e‘ng. (9) was applied to the experimental dataFig. 12, so that
the parametersg, andb, were determined by least-square fitting
to be 0.00103 and 1.0, respectively.
All the parameter values determined from the experimental
cu, data were applied to E¢4) and the time courses of the HCHO
kapp = d+u, @ concentration were calculated. As comparedFigs. 4 and 38
the calculated lines are in fairly good agreements with the
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Fig. 9. Aplot of rate of photocatalytic decomposition of HCHO calculated from Fig. 11. A plot of apparent first-order rate constants calculated from experimen-
experimental data ifig. 8against linear velocity. tal data inFig. 9and linear velocity.
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decomposes HCHO under an optimal operating condition where
= the film-diffusional resistance is negligible.

4.5. Strategies for enhancement of reactor performance
0.5 -

The results obtained in the present work suggest that in the
o & =0.00103 4™ photocatalytic treatment of environmental pollutants, one should
B b ’ not simply follow the common sense that has been accumu-
lated inthe conventional studies on solid-catalyzed gas reactions,
since the photocatalytic reaction usually takes place in the pres-
ence of large film-diffusional resistance.

To solve this problem, the fluid containing reactant molecules
should be allowed to flow at a higher linear velocity in the range
of allowable energy consumption. Moreover, the photocatalyst
surface should beirradiated with UV light of a possibly high light
intensity per unit surface area to increase the surface density of
hydroxyl radicals.

k [m min'l]

0 500

u [m min'l]
z

Fig. 12. A plot of mass-transfer coefficient against linear velocity.

experimental data, indicating the validity of the mathematical .
model used in the present work. S. Conclusions

As the linear velocity is increased, the thickness of the dif-

L ' e . In the present work, we investigated the photocatalytic
fusion film is decreased, so that the film-diffusional resistance " . .

. - . . decompositions of HCHO at very low concentrations using a

becomes negligible at a sufficiently large linear velocity; the rate

of decomposition of HCHO takes a maximum value under thisphotocatglytic reactor With a parallgl arr.ay of nine light sources
condition. Itis therefore possible to know a limitation of the per- and obtained the following conclusions:

formance of the photocatalytic reactor by settingt infinity

in Eq. (7). Under such a limiting condition, the apparent first-
order rate constant becomes equal to the intrinsic one. When the
reaction starts afy,g, the HCHO concentration at a given time @
is simply described as

(1) This photocatalytic reactor certainly decomposes HCHO at
an environmental concentration level (<300 ppbv) toward
zero concentration.

The mathematical model that takes into consideration a
film-diffusional resistance in the neighborhood of the pho-
tocatalyst surface can successfully explain the characteristic

(10)
of the photocatalytic decomposition of HCHO at such a very

Cp = Cpoexp(—akr).

Fig. 13represents the time courses of the HCHO concentration
in the decomposition of HCHO at an initial concentration of (3)
0.947 mgm? at a linear velocity of 709 m mirt. The exper-
imental data are almost identical to the calculated line for an
infinite linear velocity, indicating that the photocatalytic reactor

Calculated at an infinite flow rate

low concentration.

The photocatalytic reactor with a parallel array of nine light
sources has a high performance because it has a large reac-
tion field excited by irradiation with the UV light of a high
lightintensity, the rate of photocatalytic reactionisincreased
by the UV light that permeates through the wall of a glass
tube, and the system is free from the film-diffusional resis-
tance since the reactant fluid is allowed to pass through the
reactor at a very high linear velocity.
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