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Abstract

A synergistic effect of photocatalysis and ozonation on the decomposition of formic acid dissolving in an aqueous solution has been
studied. In the photocatalysis over a thin film of titanium oxide immobilized on the inner surface of a glass tube, a 6 W blacklight blue
fluorescent lamp (wavelength: 300–400 nm) was used as a light source. The initial decomposition rates followed a Langmuir–Hinshelwood
type and the hydrogen peroxide generated during the photocatalytic reaction played an important role in the decomposition of formic
acid. In the ozonation, a 6 W low-pressure mercury lamp (wavelength: 185 nm) was used to produce ozone by irradiation of the air with
UV. When this air was circulated in a closed system with a water-holding glass container, the ozone concentrations in the air and water
reached 0.350 g m−3 air and 0.037 g m−3 liquid, respectively, at maximum. The decomposition rate of formic acid by ozone was higher
for a lower liquid temperature and a higher pH value. For comparison, the Langmuir–Hinshelwood type was also used to analyze both
the experimental values obtained in the ozonation alone and in the combination of photocatalysis and ozonation. A relationship between
the reaction rate and reactant concentration was calculated using the kinetic parameters determined from the experimental values in each
reaction system. As a result, the decomposition rate of formic acid by the combination of photocatalysis and ozonation was found to be
31% higher at maximum than the sum of the decomposition rates when formic acid was individually decomposed by the two methods,
which indicates the presence of a synergistic effect of the photocatalysis and ozonation. This effect may be explained by the promoted
production of hydroxyl radicals by ozone over titanium oxide. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

For the treatment of wastewaters that contain trace
recalcitrant organic compounds, such as organo-halogens,
organic pesticides, surfactants, and coloring matters, water
engineers are now required to develop advanced treatment
processes. In general, a combination of several methods
gives high treatment efficiency compared with individual
treatment. For example, a certain organic compound can
hardly be degraded by ozonation or photolysis alone and
the treated wastewater may be more dangerous as a result
of ozonation [1–4], but a combination of several treatment
methods, such as O3/VUV, O3/H2O2/UV, and UV/H2O2, im-
proves the removal of pollutants from the wastewater [5–7].

On the other hand, photocatalysis has a great potential for
the removal of organic pollutants from wastewaters [8,9],
although it is not still in practical use because of its low
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oxidation rate. Therefore, a combination of photocatalyst
with the ozone that is a strong oxidizer is reasonable for
the treatment of hardly degradable organic compounds since
the organic compounds are expected to decompose more
quickly and thoroughly to the level of carbon dioxide, water,
or inorganic ions. Sanchez et al. [10] combined these two
methods for the removal of aniline from water and found
that the decomposition rate of aniline is larger than when
individually treated by these methods. Since aniline is a rel-
atively large molecular-weight compound, however, there
were many unidentified intermediates affecting the decom-
position rate. Consequently, they did not kinetically analyze
the combined effect of photocatalysis and ozonation.

In the present work, a synergistic effect of photocataly-
sis and ozonation is studied using formic acid of a simpler
structure as a reactant. A 6 W blacklight blue fluorescent
lamp (wavelength: 300–400 nm) is used to excite the pho-
tocatalyst surface, while a 6 W low-pressure mercury lamp
(wavelength: 185 nm) is used to produce ozone by irradiating
the air. Three types of operations (photocatalysis, ozonation,
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Nomenclature

C reactant concentration (g m−3)
C0 initial reactant concentration (g m−3)
k kinetic constant (g m−3 min−1)
kapp apparent kinetic constant (g m−3 min−1)
KH adsorption equilibrium constant (m3 g−1)
K

app
H apparent adsorption equilibrium constant

(m3 g−1)
r decomposition rate (g m−3 min−1)
r0 initial decomposition rate (g m−3 min−1)
t time (min)

and combination of these two methods) are investigated in a
batch-recirculation manner. For comparison, the experimen-
tal values obtained in each operation are kinetically analyzed
in terms of a Langmuir–Hinshelwood type.

2. Experimental

2.1. Chemicals and materials

All chemicals (at least, of reagent grade) were purchased
from Wako Pure Chemicals (Osaka, Japan). The enzymes,
superoxide dismutase from bovine erythrocyte and catalase
from bovine liver, were also products of Wako Pure Chem-
icals. A Pyrex glass tube (28 mm inside diameter, 140 mm
long, and 2 mm thickness) was used as a support of titanium
oxide. The blacklight blue fluorescent lamp (wavelength:
300–400 nm, 6 W) was purchased from Matsushita Elec-
tronics (Tokyo, Japan) and the low-pressure mercury lamp
(wavelength: 185 nm, 6 W) from Sen Special Light Source
(Tokyo, Japan).

Fig. 1. Schematic of a reactor system for combined photocatalysis and ozonation in decomposition of formic acid.

2.2. Preparation of photocatalyst and its immobilization

Amorphous titanium oxide, prepared from titanium iso-
propoxide according to the literature [11,12], was dissolved
into an aqueous solution of hydrogen peroxide, which gave
a transparent yellow solution. The inner surface of a Pyrex
glass tube was covered with this viscous solution and the
glass tube was calcined in a muffle furnace at 400◦C for
30 min. The same procedure was repeated five times; the fifth
treatment was carried out at 500◦C for 1 h. Consequently,
a transparent thin film of titanium oxide in “anatase” form
was formed on the inner surface of the glass tube.

2.3. Batch-recirculation reactor system
and experimental procedure

The annular-flow photocatalytic reactor consisted of a 6 W
blacklight blue fluorescent lamp fixed in the center of a
circular plastic vessel, a quartz glass tube to protect the lamp
from being damaged by contacting with a liquid solution,
and a Pyrex glass tube, whose inner surface was coated with
a thin film of titanium oxide, inserted between the quartz
glass tube and plastic vessel. A liquid solution was allowed
to flow at a high speed through the annulus of 2 mm in
width between the quartz and Pyrex glass tubes. As shown
in Fig. 1, a peristaltic pump (RP-1000 type, EYELA) was
used to recirculate 3.0 × 10−4 m3 of the reactant solution
between the photocatalytic reactor and a mixed-flow glass
container at a flow rate of 6.5 × 10−4 m3 min−1.

The ozone generator consisted of a 7.5 × 10−4 m3 glass
container in which a 6 W low-pressure mercury lamp was
fixed in the center. This ozone generator was circularly con-
nected with Teflon tubing (PTFE) to the mixed-flow glass
container and an air pump (SPP-3GAS, Hiblow), as shown
in Fig. 1. The oxygen contained in the air flowing through
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the ozone generator was converted into ozone under irradi-
ation with UV light of 185 nm in wavelength. Formic acid
was decomposed when the ozone-containing air was con-
tinuously supplied to 3.0 × 10−4 m3 of an aqueous formic
acid solution in the mixed-flow container at a flow rate of
5.0 × 10−3 m3 min−1. After circulating the air containing
ozone in the reactor system for 2 min, the time course of the
formic acid concentration was measured.

Three kinds of operations were carried out in a batch-
recirculation manner; UV-irradiation with the blacklight
blue fluorescent lamp for the photocatalysis alone, with the
low-pressure mercury lamp for the ozonation alone, and
with these two lamps for the combination of ozonation and
photocatalysis. The initial formic acid concentration was
varied in a range of 4.9–107 g m−3. The whole reactor sys-
tem was placed in a chamber (TRONFLI-3011NH, EYELA,
Tokyo, Japan) whose inside temperature was kept at 20◦C.
The liquid temperature was controlled at 20± 0.5◦C and
the initial pH was set at 3.8± 0.1. Distilled water was used
to prepare the formic acid solution.

The effects of free radicals on the photocatalytic decom-
position of formic acid were investigated using two en-
zymes. The concentration of superoxide radical was reduced
by the addition of superoxide dismutase in 3.0 × 108 or
5.5×108 units m−3, where 1 unit corresponds to the amount
(mg) of the enzyme required to react with 1�mol superox-
ide radical within 1 min at 25◦C. On the other hand, hydro-
gen peroxide was decomposed by the addition of catalase in
1 × 109 units m−3, where 1 unit corresponds to the amount
(mg) of the enzyme required to react with 1�mol hydrogen
peroxide within 1 min at 25◦C.

The performance of the 6 W low-pressure mercury lamp
to produce ozone was investigated by measuring the ozone
concentration in distilled water. The effects of liquid tem-
perature and pH on the ozonation of formic acid were fur-
ther investigated. In this case, the temperature was changed
in the range of 10–50◦C and the pH in the range of 2–12.

2.4. Analytical method

The formic acid concentration was determined by ion
chromatography (DX-100, DIONEX). The concentrations
of ozone in the air and water were determined by measur-
ing the absorbencies of the air and water at 254 and 258 nm,
respectively, with a spectrophotometer (Model 1200, Shi-
madzu, Tokyo, Japan) equipped with a cylindrical quartz
glass cell (length: 100 mm) [13]. The concentration of in-
organic carbon was determined with a TOC meter (Model
5050, Shimadzu, Tokyo, Japan).

3. Results and discussion

3.1. Photocatalytic decomposition of formic acid

Prior to the photocatalytic reaction experiment, 3.0 ×
10−4 m3 of an aqueous formic acid solution was recirculated

over 8 h in the absence of light and little change was observed
in the formic acid concentration, indicating that the adsorp-
tion of formic acid can be neglected on the wall of the reac-
tor system including the surface of titanium oxide. Also the
whole system was regarded as a perfectly mixed-flow system
since the flow rate was so high (6.5 × 10−4 m3 min−1) that
the conversion per one pass of the reaction mixture through
the reactor was very low (less than 1%), as theoretically in-
dicated elsewhere [14].

Fig. 2 shows the time courses of the formic acid concen-
tration in the photocatalytic decomposition of formic acid
at different initial concentrations (4.9–103 g m−3). In all the
cases, more than 99.5% of the formic acid was decom-
posed in a relatively short time. At a higher initial concen-
tration, the formic acid was decomposed at a higher rate.
It is well known that the photocatalytic reactions follow a
Langmuir–Hinshelwood type [15–18]

r = −dC

dt
= kKHC

1 + KHC
(1)

wherer is the reaction rate,C the reactant concentration,k
the kinetic constant, andKH the adsorption equilibrium con-
stant. When the initial decomposition rater0 is measured for
an arbitrary initial concentrationC0, Eq. (1) can be written
in a linearized form as
C0

r0
= 1

k
C0 + 1

kKH
(2)

Fig. 3 shows a plot of the initial decomposition rates deter-
mined from the experimental values in Fig. 2 against the
initial formic acid concentration. From the linear relation-
ship betweenC0/r0 andC0, it is obvious that the photocat-
alytic decomposition of formic acid certainly follows the
Langmuir–Hinshelwood type kinetics. From the intercept
and slope of the straight line, obtained by a least-square
regression, the values ofk and KH were determined to
be 0.065 g m−3 min−1 and 0.089 m3 g−1, respectively. The
solid lines in Fig. 2 show the results calculated by applying
these values to Eq. (1). The calculated results are in good
agreement with the experimental values obtained at the
initial formic acid concentrations less than 44 g m−3. When
the initial concentration is 103 g m−3, on the other hand,
the calculated line does not agree with the experiment data
except in the early stage of the reaction; it is clear that the
decomposition rate for the experiment was decelerated with
time compared with that for the calculation. This is consid-
ered due to the accumulation of bicarbonate ion(HCO3

−),
which is known to be a strong scavenger to the hydroxyl
radical [19–21]. This reaction proceeds as

HCO3
−+HO•k=1.5×107 M−1 s−1

→ CO3
•− + H2O (3)

We also carried out the photocatalytic decomposition of
formic acid at an initial concentration of 70 g m−3 to esti-
mate the bicarbonate ion concentration in the reaction mix-
ture. When the formic acid was decomposed to 35 g m−3, the
dissolved inorganic carbon concentration was 1.35 g m−3.



264 S. Wang et al. / Chemical Engineering Journal 87 (2002) 261–271

Fig. 2. Time courses of formic acid concentration in photocatalytic decomposition. The calculated line is shown by a solid line.

Fig. 3. Linearized plots for decompositions of formic acid by photocatalysis, ozonation, and combination of these two methods.
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This value corresponds to the bicarbonate ion concentration
of 6.86 g m−3. At this point, the liquid pH value was 4.4; in
a series of the photocatalytic decompositions of formic acid,
the liquid pH value changed from 3.5–3.8 to 7.0. A further
experiment was performed by adjusting the initial liquid pH
to 7.0 with sodium bicarbonate, but formic acid was little
decomposed. On the other hand, the surface of titanium ox-
ide is charged positively or negatively according to the liq-
uid pH value. The isoelectric point is present at around pH
6.3 [22]. Under an acidic condition, the surface of titanium
oxide is positively charged. When the formic acid is pho-
tocatalytically decomposed, therefore, it is considered that
HCOO− is easily adsorbed onto the photocatalytic surface
under an acidic condition, so that the decomposition rate is
increased. From these facts, we consider that a large amount
of the bicarbonate ion, produced as a result of the decom-
position of formic acid at a high concentration, strongly in-
fluences the photocatalytic decomposition of formic acid in
the following two mechanisms:

a) Since the pH value increases with the increase of bi-
carbonate ion concentration, the amount of the positive
charge on the photocatalytic surface decreases, so that the
amount of formic acid adsorbed onto the photocatalytic
surface decreases.

b) A large amount of the bicarbonate ion produced adsorbs
onto the photocatalytic surface and reacts with the hy-
droxyl radical (Eq. (3)); thereby the hydroxyl radical con-
centration is decreased.

In the photocatalytic reactions, it is well known that
various kinds of radicals are produced during the reaction
and these are essential to the decomposition of organic
compounds. At the first step, the hydroxyl and superoxide
radicals including other several radicals may be produced
on the surface of titanium oxide as follows:

TiO2 + hν → TiO2 (h+
VB + e−

CB) (4)

H2O(ads) + h+ → HO• (5)

OH−
(ads)

+ e− → HO• (6)

O2(ads) + e− → O2(ads)
•− (7)

O2(ads) + e− + H+ → HO2
• (8)

In particular, the hydroxyl radical is indispensable to the de-
composition of organic compounds. The hydroxyl radical is
also generated in the ozonation, photolysis, and other oxida-
tive treatments [17,18]. At the second step, under an acidic

Table 1
Effect of SOD on photocatalytic decomposition of formic acid at an initial formic acid concentration of 20 g m−3

Control Addition of SOD
(3 × 108 units m−3)

Addition of SOD
(5.5 × 108 units m−3)

Unconverted fraction of formic acid after 7 h (%) 44.3 46.4 45.4

condition, the superoxide radical is transformed to the hy-
drogen peroxide according to the following mechanism [19]:

O2
•− + H+ ↔ HO2

• (9)

HO2
• + HO2

• → H2O2 + O2 (10)

O2
•− + HO2

• → HO2
− + O2 (11)

HO2
− + H+ → H2O2 (12)

At the same time, the hydroxyl radical is produced from the
superoxide radical and hydrogen peroxide as follows [19]:

H2O2 + O2
•− → HO• + OH− + O2 (13)

H2O2
hν→2HO• (14)

The hydrogen peroxide adsorbed on the surface of titanium
oxide may further react with electrons and positive holes
and then produce the hydroperoxyl radical as follows:

H2O2(ads) + e− → HO2
• + OH− (15)

H2O2(ads) + h+ → HO2
• + H+ (16)

To elucidate the degree of contributions of the superoxide
and hydroxyl radicals to the decomposition of formic acid,
the use of scavengers of these radicals is reasonable. The su-
peroxide radical can be scavenged by superoxide dismutase
(SOD), which catalyzes the following reaction:

2O2
•− + 2H+superoxide dismutase→ H2O2 + O2 (17)

On the other hand, it seems difficult to find out an appro-
priate scavenger for the hydroxyl radical under an acidic
condition. Therefore, we used catalase, which catalyzes a
decomposition of hydrogen peroxide according to the fol-
lowing mechanism:

2H2O2
catalase→ 2H2O + O2 (18)

Table 1 suggests that the superoxide radical is not directly
associated with the decomposition of formic acid, because
there is little difference between the unconverted fractions of
formic acid after 7 h with and without the addition of SOD to
the solution. As seen in Fig. 4, on the other hand, the photo-
catalytic decomposition stopped for several hours and then
started again after the catalase was deactivated. From the
fact that the hydrogen peroxide produces the hydroxyl rad-
ical according to Eqs. (13) and (14), it is suggested that the
hydroxyl radical as well as the hydrogen peroxide plays an
important role in the decomposition of formic acid. In addi-
tion, the hydrogen peroxide may directly act on formic acid,
but it was unable to prove this possibility for the present.
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Fig. 4. Effect of hydrogen peroxide on photocatalytic decomposition of formic acid.

For the photocatalytic decomposition of formic acid, it is
thus possible to consider the following reaction mechanisms
[23]:

HO• + HCOOH→ HOOC• + H2O2 (19)

HO• + HCOO− → CO2
•− + H2O (20)

H2O2 + CO2
•− → HO• + OH− + CO2 (21)

In this case, the hydrogen peroxide produces the hydroxyl
radical and plays an indirect role to decompose formic
acid.

3.2. Ozonic decomposition of formic acid

Fig. 5 shows the time courses of the ozone concentra-
tion in the air and water when the air being circulated
in the closed reactor system was irradiated by UV from
the low-pressure mercury lamp. The ozone concentration
in the air almost linearly increased just after the lamp was
turned on, rapidly reducing its production rate and reaching
162 ppmv (0.350 g m−3) after 10 min. The ozone concentra-
tion in the water increased in a similar manner, although
its final concentration was 0.037 g m−3 liquid after 30 min
because of its low solubility in water. The maximum pro-
duction rate of ozone in this system was estimated to be
0.960 mg min−1.

Fig. 6 shows the effect of liquid temperature on the initial
decomposition rate of formic acid and the ozone concen-
tration in the water. The ozone concentration in the water
decreased drastically from 0.085 to 0.002 g m−3 liquid with
an increase of the liquid temperature from 10 to 50◦C. This
can be explained by a decrease of the solubility of ozone

in water and an increase of the auto-decomposition rate of
ozone with an increasing liquid temperature. Similarly, the
initial decomposition rate decreased markedly from 0.082 to
0.030 g m−3 min−1 for such a temperature change. It is clear
that this marked decrease in the initial decomposition rate
was caused by a drastic change in the ozone concentration
in the water.

The concentration of hydroxyl radical produced during
ozonation is affected by the liquid pH [24]. As was indicated
above, moreover, the hydroxyl radical is closely associated
with the decomposition of organic compounds. Therefore,
the effect of initial liquid pH on the initial decomposition rate

Fig. 5. Time courses of ozone concentration in air and water in an
ozonation reactor.
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Fig. 6. Effect of temperature on initial decomposition rate of formic acid and ozone concentration in water.

of formic acid was investigated. The result is shown in Fig. 7.
The larger the pH value, the higher the initial decomposition
rate of formic acid. The optimal value of pH exists in the
neighborhood of pH 10. This is considered due to the fact
that the hydroxyl radical concentration is maintained at a
high level under a high pH condition.

The mechanism of the ozonation changes according to
the magnitude of the pH value [20,24]. For example, under
a strongly acidic condition (pH 2), an ozone molecule di-
rectly acts on an organic compound to decompose. Under a

Fig. 7. Effects of pH on initial decomposition rate of formic acid and dissolved ozone concentration.

strongly alkaline condition (pH 12), on the other hand, the
ozone molecule reacts with OH− was

O3 + OH− → HO2
• + O2

•− (22)

to produce intermediate radicals and finally the hydroxyl
radical, which is responsible for the decomposition of or-
ganic compound.

Fig. 7 also includes the experimental data of the dissolved
ozone concentration varying with pH. Under the condition
of pH 10, the dissolved ozone concentration is almost zero.
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Fig. 8. Time courses of formic acid concentration in ozonic decomposition. The calculated line is shown by a solid line.

This result also indicates that under the condition of pH 10,
the reactions given by Eqs. (9)–(13) and (22) are greatly re-
sponsible for the decomposition. In the ozonation under the
intermediate pH condition(2 < pH < 12), it is considered
that both the ozone molecule and hydroxyl radical are re-
sponsible for the decomposition of formic acid. That is,
in the ozonation, the contribution of these chemicals to
the decomposition of formic acid changes according to the
magnitude of pH.

Moreover, it is reported that the kinetic constants (k ∼
109 M−1 s−1) for the reactions of hydroxyl radical with or-
ganic compounds of low-molecular-weight are significantly
greater than the kinetic constants (k = 101–4 M−1 s−1) for
the reactions of ozone with such organic compounds [4],
suggesting that the ozonation proceeds more rapidly under
the alkaline condition where a large amount of hydroxyl
radical is produced according to Eqs. (9)–(13) and (22). Ac-
tually, our experimental result reflects this suggestion.

As described above, the photocatalytic decomposition of
formic acid proceed faster under a stronger acidic condition,
whereas little decomposition takes place under neutral and
alkaline conditions. When the photocatalytic decomposition
of formic acid is carried out together with the ozonation
that was found to have the maximum decomposition rate at
pH 10, therefore, it is easy to suppose that there may be
an optimum pH. As shown in Fig. 7, however, there is no
remarkable difference in the decomposition rates between
pH 3.8 and 10. In addition, the objective of the present
work was to elucidate the presence of a synergistic effect of

photocatalytic reaction and ozonation on the decomposition
of the formic acid that was solely dissolved in water (pH 3.8).
In the present work, therefore, we did not further investigate
the optimum pH.

Fig. 8 shows the time courses of the formic acid con-
centration in the ozonic decomposition of formic acid at
different initial concentrations (5.6–102 g m−3). A compar-
ison of this experimental result with that in Fig. 2 indicates
that the ozonic decomposition rate of formic acid is about
two times higher than the photocatalytic decomposition rate.
Like in the photocatalytic reaction, the ozonic reaction data
is now kinetically analyzed. For comparison, it is conve-
nient to introduce the same functional relationship as the
Langmuir–Hinshelwood type, described as

r = −dC

dt
= kappK

app
H C

1 + K
app
H C

(23)

wherekapp is the apparent kinetic constant andK
app
H the ap-

parent adsorption equilibrium constant. If the initial decom-
position rater0 is obtained for an arbitrary initial concen-
trationC0, then Eq. (23) is written in a linearized form as

C0

r0
= 1

kappC0 + 1

kappK
app
H

(24)

The initial decomposition rates of formic acid were calcu-
lated from the experimental values in Fig. 8 for the corre-
sponding initial formic acid concentrations and these values
were plotted in the functional relationship of Eq. (24).
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Fig. 9. Time courses of formic acid concentration in combined photocatalysis and ozonation. The calculated result is shown by a solid line.

The result is shown in Fig. 3. It is clear that there is a
linear relationship betweenC0/r0 and C0. From the slope
and intercept of the straight line that was obtained by a
least-square regression, the values ofkapp and K

app
H were

determined to be 0.094 g m−3 min−1 and 0.154 m3 g−1,
respectively. These kinetic parameters were applied to
Eq. (23) and the time courses of the formic acid concentra-
tion were calculated. The results are shown by solid lines
in Fig. 8. The calculated lines are in good agreement with
the experimental values for all the runs.

3.3. Decomposition of formic acid by combination
of photocatalysis and ozonation

Fig. 9 shows the time courses of the formic acid concen-
tration in the simultaneous photocatalytic and ozonic de-
compositions of formic acid at different initial concentra-
tions (5.0–107 g m−3). It is clear that the formic acid was
rapidly decomposed by the combination of these two meth-
ods compared to the decomposition by the photocatalysis or
ozonation alone. The initial decomposition rates were cal-
culated from the experimental values in Fig. 9 and these
values were plotted in a linearized form given by Eq. (24).
The result is shown in Fig. 3. From the slope and intercept
of the straight line that was obtained by a least-square re-
gression, the values ofkapp and K

app
H were determined to

be 0.209 g m−3 min−1 and 0.088 m3 g−1, respectively. The
solid lines in Fig. 9 show calculated lines by integration of

Eq. (23). The calculated results are in good agreement with
the experimental values for the initial formic acid concen-
trations less than 47.1 g m−3. At the initial concentration of
107 g m−3, on the other hand, the calculated line does not
agree with the experiment data except in the early stage of
the reaction. Like the case of the photocatalysis alone, this
is considered due to the accumulation of bicarbonate that
acted as a scavenger for the hydroxyl radical [19,20].

3.4. Comparisons of the decompositions of formic
acid by three methods

Table 2 summarizes the kinetic parameters determined in
the decompositions of formic acid by the three methods, i.e.,
photocatalysis, ozonation, and combination of these meth-
ods. A comparison indicates that the kinetic constant for the
combination of photocatalysis and ozonation is 31% larger
than the sum of those for the photocatalysis and ozonation;
in other words, the decomposition rate for the combination
of photocatalysis and ozonation is 31% higher at maximum
than the sum of those for the photocatalysis and ozonation.
The kinetic parameters for the three methods were used to
calculate the relationship betweenr and C using Eq. (1)
or (23). The results are shown in Fig. 10. It is clear that
over the entire range of formic acid concentration, the de-
composition rate of formic acid by the combination of pho-
tocatalysis and ozonation is larger than the sum of those
by each of the two methods. These results clearly indicate
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Table 2
Comparison of kinetic parameters determined in decompositions of formic acid by different methods

Photocatalysis Ozonation Combination of photocatalysis
and ozonation

k or kapp (g m−3 min−1) 0.0648 0.0944 0.209
KH or K

app
H (m3 g−1) 0.089 0.154 0.088

that a synergistic effect appears when the photocatalytic and
ozonic treatments are performed simultaneously. This effect
may be based on the increase in the concentrations of re-
active intermediates, such as hydrogen peroxide, hydroxyl
radical, and so on, produced by the ozone dissolving in an
aqueous formic acid solution flowing through the photocat-
alytic reactor. The following two reasons are considered for
the facilitated production of the intermediate radicals.

Firstly, it is considered that in the photocatalytic reactor,
the dissolved ozone was easy to get electrons produced on
the surface of titanium dioxide according to the mechanism

O3(ads) + e− → O3(ads)
− (25)

so that recombination of the positive holes with the electrons
was interfered. Consequently, a larger number of radicals
were produced, thereby accelerating the photocatalytic reac-
tion. There are other examples in which the photocatalytic
decompositions of organic compounds were accelerated by
the addition of oxidizers. Pelizzetti et al. [25] have found
that the photocatalytic decompositions of 2-chlorophenol,
2,7-dichlorodibenzodioxin, and atrazine can be improved by
the addition of K2S2O8 and KIO4.

Secondly, it is considered that a larger number of hydro-
gen peroxide and hydroxyl radicals were produced from the
dissolved ozone as a result of UV-irradiation or getting elec-

Fig. 10. Comparisons among calculated results for a relationship between decomposition rate and formic acid concentration in photocatalysis, ozonation,
and combination of these two methods.

trons on the photocatalyst surface [26]. For example, when
the dissolved ozone is irradiated by UV light (<310 nm) in
an ozonic oxidation process, a contribution of the radical
reactions to the ozonation is increased, which makes it pos-
sible, in turn, to treat organic compounds that are impossi-
ble to degrade by ozone alone [2,25,26]. Under an acidic
condition, moreover, it has been reported that in the ozona-
tion under UV-irradiation, the hydroxyl radical is produced
according to the following mechanism [27–29]:

O3 + H2O
hν→H2O2 + O2 (26)

H2O2
hν→2HO• (27)

H2O2 ↔ HO2
− + H+ (28)

O3 + HO2
− → O3

•− + HO2
• (29)

HO2
• → O2

•− + H+ (30)

O3 + O2
•− → O3

•− + O2 (31)

O3
•− + H+ ↔ HO3

• (32)

In conclusion, it is considered that the decomposition of
formic acid was facilitated by a synergistic effect of photo-
catalysis and ozonation.
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4. Conclusions

The decompositions of formic acid at the initial con-
centrations of 4.9–107 g m−3 by three different methods
(photocatalysis with a 6 W blacklight blue fluorescent lamp,
ozonation with a 6 W low-pressure mercury lamp, and com-
bination of these methods) were studied. As a result, the
following conclusions were withdrawn:

1) The photocatalytic decomposition of formic acid follows
Langmuir–Hinshelwood type kinetics.

2) The hydroxyl radical and hydrogen peroxide produced
as a result of the photocatalytic reaction have a great
effect on the decomposition of formic acid, whereas the
superoxide radical has little effect.

3) In the reactor system investigated here, the ozone con-
centrations in the air and water reached 0.350 g m−3

air and 0.037 g m−3 liquid, respectively, and the formic
acid was rapidly decomposed. This time-transient
behavior is conveniently expressed in the form of
Langmuir–Hinshelwood type.

4) The decomposition rate of formic acid becomes faster
under the conditions of a lower liquid temperature and
higher pH. The optimal pH value exists in the neighbor-
hood of pH 10.

5) The decomposition rate of formic acid is increased by
31% at maximum as a result of the combination of pho-
tocatalysis and ozonation, compared with treatments by
their respective methods. This increase is considered due
to the synergistic effect of photocatalysis and ozonation.

6) Two possible mechanisms are considered for the syner-
gistic effect; a recombination of electrons and positive
holes interfered by the reaction between ozone and elec-
trons on the surface of titanium oxide and a production of
hydrogen peroxide increased by UV-irradiation of ozone.
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