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Titanium dioxide/adsorbent hybrid photocatalysts for photodestruction
of organic substances of dilute concentrations
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Abstract

Utilities of hybrid photocatalyst consisting of TiO2 and an adsorbent such as activated carbon in photoinduced mineralization
of organic substances of very dilute present concentrations are demonstrated for the photodecomposition of propionaldehyde
in air atmosphere, and propyzamide and bromoform dissolved in water. The substrates of target were adsorbed on the adsorbent
support, and then a high concentration environments of the substrate was formed around the loaded TiO2, resulting in an
increase in the photodestruction rate. Evidences for the diffusion of propionaldeyde adsorbed on the mordenite support to the
loaded TiO2 are presented. Merits of the use of the adsorbents as the support for TiO2 loading is discussed. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

TiO2 has a high oxidizing power that is capable of
oxidizing almost all organic substances finally to CO2
in the presence of water and oxygen which serves as
an acceptor for photogenerated electrons. Using this
ability, research works on the abatements of harm-
ful organic substances dissolved in water and of bad
smell organic vapor are currently going on in many
laboratories [1–37]. The allowance limit of these sub-
stances is very low such as less than 0.1 mg dm−3 for
substances dissolved in water and such as less than
0.1 ppm for vapor of bad smell substances, though the
absolute values of the allowance limit are different de-
pending on the kind of the substances. Therefore, the
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photodegradation of these harmful and/or bad smell
substances should be achieved to a level far below the
allowance limit.

However, there is one serious problem to achieve
this. According to chemical reaction kinetics, the
rate of chemical reactions is determined by the con-
centration of substances of target. The lower the
concentration, therefore, the lower the chemical re-
action rate. This means that it will take a very long
time for organic substances of target to be photode-
structed to desired low levels. We attempted to solve
this serious problem by making composites of TiO2
with adsorbents. Referring to the present technology,
activated carbon is widely used to remove organic
substances of dilute concentration from water and
air atmosphere. If TiO2 is loaded on adsorbents such
as activated carbon, therefore, the adsorbent makes
a high concentration environment of substances of
target around the loaded TiO2 by its adsorption, and
then the rate of photodestruction will be enhanced,
as compared to the rate obtained at unloaded TiO2.
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With such idea, we have been investigating the ef-
fect of adsorbents on the enhancement of the rate of
photodestruction of organic substances in very dilute
concentrations [38–45]. In this paper, the utilities of
TiO2-loaded adsorbent photocatalysts for purification
of water and air atmosphere are described.

2. Effect of the amount of adsorption on the rate
of photodegradation [40]

Quantitative discussion was made on photodegra-
dation of gaseous propionaldehyde over TiO2-loaded
mordenite of various amounts. Experiments were
carried out in a closed cell of 15 cm3 capacity into
which 1.22×10−6 mol of gaseous propionaldehyde
and 4.6 ppm water vapor were introduced. The pho-
todecomposition of propionaldehyde gave CO2 as a
final oxidation product.

CH3CH2CHO+ 4O2 → 3CO2+3H2O (1)

It was found that water vapor was needed to induce
photodecomposition of organic substances [39]. The
time course of CO2 evolution is shown in Fig. 1 for
three different loadings of TiO2 on a mordenite sup-
port. The rate constant of photodestruction was evalu-
ated by applying the time course of CO2 evolution to
the pseudo first-order rate equation and was plotted as
a function of the TiO2 content. The results are shown
in Fig. 2a. Figure 2b shows the amount of adsorption
of propionaldehyde (Sads) as a function of the TiO2
content. By comparing these two figures, it is noticed
that the highest decomposition rate was achieved at
50 wt.% TiO2 loading beyond which the amount of ad-
sorbed propionaldehyde decreased. It is obvious that
a decrease of the amount of adsorbed substrate caused
a decrease in the decomposition rate.

3. Effects of adsorption strength of adsorbent
supports on the rate of photodegradation rate [40]

If similar experiments were carried out using vari-
ous kinds of adsorbent supports at a fixed amount of
TiO2 loading of 53 wt.%, results as shown in Fig. 3
were obtained, where the amount of adsorption and
the decomposition rate are plotted as a function of

Fig. 1. Time course of the amount of CO2 produced by pho-
todecomposition of propionaldehyde over TiO2-loaded mordenite.
1.22×10−6 mol of propionaldehyde and 4.6 torr water vapor were
contained in a cell of 15 cm3 capacity. The amount of catalyst
film prepared on a glass plate (1.0 cm width and 4.0 cm length)
was 1.0 mg cm−2 including the support. The TiO2 content in the
catalyst was 5 (j), 11 (m), and 53 (d) wt.%. Illumination was
carried out using a 10 W fluorescent black lamp. The hybrid pho-
tocatalyst film was prepared by coating the glass plate with TiO2

colloid containing suspended mordenite. The TiO2 colloid was
prepared by hydrolysis of titanium tetraisopropoxide.

adsorption constant (Kad) which was obtained
by applying adsorption isotherms obtained at the
TiO2-loaded adsorbent photocatalysts to the Langmuir
adsorption equation given by the following equation.

Cs

Sad
= Cs

Sad
max+

1

KadSad
max (2)

whereCs is the concentration of propionaldehyde in
the gas phase,Sad the amount of adsorbed propionalde-
hyde,Sad

max the maximum amount of adsorption. It
is recognized from the results shown in Fig. 3 that the
highest decomposition rate was obtained with the use
of mordenite as a support for TiO2. Mordenite gives a
high amount of adsorption, yet the adsorption strength
is moderate enough to allow diffusion of adsorbed pro-
pionaldehyde to the loaded TiO2. Adsorbents having
a too high adsorption constant such as activated car-
bon gave a lowered decomposition rate presumably
due to retardation of easy diffusion of the adsorbed
propionaldehyde.
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Fig. 2. Rate constant of CO2 evolution in the photodecomposition
of propionaldehyde (a) and the amount of adsorbed propionalde-
hyde on the photocatalyst films (b) as a function of TiO2-loadings
on mordenite. The amount of photocatalyst film was 1.0 mg cm−2

including the mordenite support.

4. Diffusion of adsorbed propionaldehyde to the
loaded TiO222 [41]

TiO2-loaded adsorbent films which was consisted
of 0.5 mg cm−2 TiO2 and 0.5 mg cm−2 adsorbent was
prepared on a glass plate of 1.0 cm width and 4.0 cm
length, and exposed to the humid propionaldehyde to
attain the adsorption equilibrium. Then irradiation of
the photocatalyst film was performed from the back
side through the glass plate whose surface was cov-
ered with a Teflon tape of its 1.0 cm width and 3.6 cm
length. Since the Teflon tape did not allow the light
penetration, photodecomposition of propionaldehyde
took place on one tenth of the photocatalyst film. Fig. 4
shows the time course of CO2 evolution. The rate of
CO2 evolution was much lower in that case than the
total area irradiation, but the amount of evolved CO2
increased with time till a constant amount of CO2

was obtained which was equal to that expected from
the amount of adsorption in the whole body of the
hybrid photocatalyst films. Also shown in this figure
are simulation curves of CO2 evolution obtained by
one-dimensional diffusion equation with several dif-
ferent diffusion constants (Dapp). In the case of using
mordenite as the support,Dapp=2.5×10−4 cm2 s−1

was found to fit in the experimentally obtained curves.
These results suggest strongly that adsorbed propi-
onaldehyde in the dark part of the photocatalyst films
were involved in the photodecomposition by being
supplied to the TiO2 particles in the irradiated area
by the diffusion. The values of the diffusion con-
stant obtained are 3–4 orders of magnitude smaller
than the diffusion coefficients reported for gaseous

Fig. 3. Amount of adsorbed propionaldehyde (Sads) on the photo-
catalyst films containing 47 wt.% adsorbent support (a) under the
condition of photodecomposition experiments and the rate con-
stant of CO2 evolution (b) as a function of the adsorption con-
stant (Kad). The photocatalyst film contained 0.5 mg cm−2 TiO2.
a: Naked TiO2, and the adsorbents used were: b: zeolum A-5, c:
zeolum A-3, d: zeolum F-9, e: zeolum A-4, f: alumina, g: silica,
h: mordenite, i: ferrierite, and j: activated carbon.
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Fig. 4. Time course of CO2 evolution obtained by irradiation
of 1 cm width and 0.4 cm length of a photocatalyst film of
1.0 cm width and 4.0 cm length which consisted of 50 wt.% TiO2

and 50 wt.% mordenite. The amount of propionaldehyde was
1.22mmol in a cell of 15 cm3. (d): Experimentally obtained
values, and curves were theoretically predicted time courses ob-
tained by simulations with use ofDapp values of 1.0×10−3 (a),
2.5×10−4 (b), 1.0×10−4 (c), 5.0×10−5 (d), and 1.0×10−5 cm2 s−1

(e). kapp=1.5×10−3 s−1, which was obtained by irradiation of the
whole surface, was used.

molecules. The same techniques were applied to the
photoevolution of CO2 at hybrid photocatalyst films
of a variety of adsorbents. TheDapp values obtained
ranged between 2.4×10−4 and 2.5×10−5 cm2 s−1. If
it is assumed that the loaded TiO2 particles were em-
bedded in adsorbent supports and that the adsorbed
propionaldehyde diffused to the loaded TiO2 particles
in a homogeneous medium of the adsorbent support,
then the following equation seems to be valid:

fads

kobs
= 1

kmax
+ Vfilm

4πRND
(3)

where kmax is the maximum apparent rate constant
obtained when all of substrates are adsorbed on the
adsorbent (fads=1), Vfilm the volume of the photocat-
alyst film, N the number of TiO2 particles in the pho-
tocatalyst film, andR is the radius of the loaded TiO2
particles. Plots on the left-hand side of Eq. (3) as a
function of 1/Dapp gave a straight line, as shown in
Fig. 5, evidencing that the higher the diffusion con-
stant the greater the decomposition rate. Experimen-
tally fads values were not greatly different among the
kind of adsorbent used and ranged between 0.98 and
0.65.

Fig. 5. Plots offads/kobs vs 1/Dapp for a variety of TiO2-loaded
adsorbent photocatalyst films. The symbols are the same as those
given in Fig. 3.

5. Photodestruction of propyzamide dissolved in
aqueous solution [38,42]

Hybrid photocatalyst films consisting of TiO2 and
activated carbon was found to enhance the rate of pho-
todestruction of propyzamide (3,5-dichloro-N-(1,1-
dimethyl-2-propynyl)benzamide) dissolved in water.
Propyzamide is a herbicide widely used in golf links.
Preliminary experiments showed that the destruction
rate was enhanced with increasing the amount of
loaded TiO2 up to 80 wt.%. Fig. 6 shows the time
course of the concentration decrease of propyza-
mide and that of CO2 evolution obtained for 70 wt.%
TiO2-loaded adsorbents of three kinds (mordenite,
silica, alumina) and the naked TiO2. CO2 was ob-
tained as one of the final destruction products of
propyzamide.

C12H11ONC12+15O2 → 12CO2+4H2O + 2HCl

+HNO3 (4)

The amount of propyzamide given in the figure
was the sum of that collected both from the solution
phase and from the photocatalysts. As clearly shown
in this figure, the rate of decrease of propyzamide
was the highest at the naked TiO2, suggesting that the
use of adsorbent supports retarded the apparent rate
of photodecomposition of propyzamide. However, the
CO2 evolution did not appreciably occur at the naked
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Fig. 6. Time course of changes in the concentration of propyzamide
dissolved in water (a) and of changes in the amount of CO2

evolution (b), caused by irradiation with a 400 W xenon lamp
of air-sarated 10 cm3 suspension containing 30.5mmol dm−3 of
propyzamide and 1.0 g dm−3 of TiO2 of hybrid photocatalysts.
Adsorbent support: (d) none, (r) 30 wt.% activated carbon, (j)
30 wt.% silica, and (m) 30 wt.% mordenite.

TiO2 even when propyzamide mostly disappeared. In
contrast, CO2 evolution commenced to occur from the
beginning of irradiation if the adsorbents were used
as the support. Furthermore, the photodecomposition
of propyzamide completed at earlier irradiation time
at the TiO2-loaded adsorbents, as recognized from
the appearance of saturation in the amount of evolved
CO2 for irradiation for longer than 200 min. The
time course of the CO2 evolution accorded qualita-
tively with the amount of adsorption of propyzamide
obtained in the beginning of the photodestruction ex-
periments; naked TiO2 adsorbed 1.4%, TiO2-loaded
mordenite 14.5%, TiO2-loaded silica 24.7%, and
TiO2-loaded activated carbon 91.5% of the total
amount used in the photodestruction experiments. It
is then concluded that even in the photodestruction

of organic substances dissolved in solution, the hy-
brid photocatalysts having the greater adsorbability
for the substrate show the higher activities for its
photodestruction.

When naked TiO2 was used, the decrease in the
concentration of propyzamide occurred without evolv-
ing CO2. The concentration decrease in that time
period was brought about by the formation of vari-
ous kinds of intermediates. If the intermediates were
collected at the irradiation time of 15 min, substances
having the molecular weight as given in Fig. 7 were
obtained. This figure shows how much the intermedi-
ates were collected from the solution phase and how
much from the photocatalyst. It was suggested from
the time course taken for those intermediates (not
shown) that the intermediates were easily oxidized to
another intermediates. By repeating such oxidation
reactions, the substrate was finally oxidized to CO2.

Fig. 7. Distribution of the intermediates obtained after irradiation
for 15 min for the use of naked TiO2 (a) and 70 wt.% TiO2-loaded
activated carbon (b). The open and filled parts represent the fraction
of the intermediates dissolved in solution and adsorbed on the
photocatalyst, respectively.
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As shown in Fig. 7, if the naked TiO2 was used as the
photocatalyst, most of intermediates were collected
from the solution phase, while most of them from the
photocatalyst when TiO2-loaded activated carbon was
used as the photocatalyst. The finding has an impor-
tant significance in the use of the hybrid photocatalyst
for the pollution abatements, because even if some of
the intermediates were more toxic than the original
substrate, such intermediates are also taken up by
the adsorbent support of the hybrid photocatalyst and
then further oxidized.

The above-mentioned results were obtained in the
experiments in which photocatalysts were suspended
in aqueous solution and the suspension was stirred
magnetically. In a practical field, photocatalysts in a
form of films may be more suited. Attempts were then
made to prepare TiO2 and carbon black hybrid photo-

Fig. 8. The rate constant of CO2 evolution from 10 cm3 solution of
15mmol dm−3 propyzamide (a) and the percentage of the amount
of adsorbed propyzamide on the TiO2-loaded carbon black film
(1.3 cm width and 3.8 cm length) at the beginning of irradiation (b)
as a function of the TiO2 content in the film. The amount of TiO2
was 0.73 mg cm2. Light source used was a 500 W xenon lamp.

catalyst films by spraying a mixed suspension of TiO2
and carbon black on a glass plate heated on a hot plate
[44]. If the decomposition rate of propyzamide was
determined as a function of the content of TiO2 in the
hybrid photocatalyst films, the results as shown in Fig.
8a were obtained. Fig. 8b gives the amount of adsorp-
tion of propyzamide as a function of the TiO2 content.
It is noticed that Fig. 8a and b have the same feature
as Fig. 2a and b obtained for photodecomposition of
propionaldehyde in the gas phase. Therefore the same
discussion as that given for Fig. 2a and b are valid for
the photodecomposition of propyzamide at the hybrid
photocatalyst films in solution.

6. Photodecomposition of bromoform on
TiO222-loaded carbon black films in aqueous
solution [45]

Hybrid photocatalyst films consisting of TiO2 and
adsorbent supports were prepared using the same
technique as mentioned above. Photodecomposition
of bromoform yielded Br−

CHBr3+1
2O2+H2O → CO2+3HBr (5)

Fig. 9 shows the rate of photoproduction of Br−
(kBr−) and the amount of adsorbed bromoform as a

Fig. 9. The rate constant of Br− production (4) and the amount
of adsorbed bromoform (d) on the naked TiO2 (a), and 80 wt.%
TiO2-loaded carbon black (b), -mordenite (c), -silica (d), and
-alumina (e). The photocatalyst films contained 0.73 mg cm−2

TiO2 on 10.4 cm2 glass plate. The solution used was 1000 cm3 of
0.80mmol dm−3 bromoform.
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function of adsorption constant (Kad). It is recognized
that the rate constant became great with increasing the
adsorption constant, indicating that a high condensa-
tion of bromoform near TiO2 particles enhanced its
photodecomposition, as already observed for photode-
composition of propionaldehyde in the gas phase and
of propyzamide in the solution phase.

7. Conclusion

Our works described in this paper show that the use
of adsorbents as a support for TiO2 is effective in get-
ting high decomposition rates of organic substances
both in air atmosphere and in water phase. The merit
of the use of the adsorbent supports are summarized as
follows: (1) the adsorbent supports make a high con-
centration environment of organic substances of tar-
get around the loaded TiO2 by adsorption, and then
the rate of photooxidation is enhanced; (2) the organic
substances are oxidized on the photocatalyst surfaces
with adsorbed states, and resulting intermediates are
also adsorbed and then further oxidized. Toxic inter-
mediates, if formed, are not released in the air atmo-
sphere and/or in solution phase, and thereby prevent-
ing secondary pollution by the intermediates if any; (3)
since the adsorbed substances in the adsorbent support
are oxidized finally to give CO2, the high adsorbability
of the hybrid photocatalyst for the organic substances
is maintained with the use for a long time.

The most important thing in the preparation of hy-
brid photocatalysts is to select the most suitable ad-
sorbent for TiO2-loading. The adsorbents should have
high adsorbabilities for the substances of target but the
diffusion of adsorbed substrates should not be seri-
ously hindered. Activated carbon is widely used as the
most efficient adsorbent, but its use as the adsorbent
support for TiO2 does not always give the photocat-
alyst of the highest activity. It would be true that the
kind of adsorbent which gives the highest activity are
different depending on the kind of organic substances
of target.
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