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Composite titanium dioxide (TiO2)-zeolite sheets were prepared using a papermaking
technique and were tested with regard to their ability to remove acetaldehyde, which is
often used as a typical volatile organic compound. It was demonstrated that the composite
TiO2-zeolite sheet could remove acetaldehyde much more effectively under UV irradiation
than a sheet of TiO2 alone. Acetaldehyde removal by a composite TiO2-zeolite sheet with a
TiO2/zeolite ratio of 1 : 4 was particularly effective under the conditions adopted in this work
although the composite sheet contained only one fifth of the amount of TiO2 in the TiO2

sheet. Additionally, the combination of TiO2 and zeolite was a useful method to solve the
disadvantage of adsorbents, which were the decrease of the performance when the
material was saturated or equilibrated with the adsorbates. Consequently, a composite
TiO2-zeolite sheet can be utilized as a high functional material to prevent environmental
pollution. C© 2002 Kluwer Academic Publishers

1. Introduction
These days, there are many kinds of environmental pol-
lution all over the world. Volatile organic compounds
(VOC), dealt with in this study, have caused various
environmental problems. It is well known that VOCs
bring about global warming and induce photochemical
smog. Also, VOCs are carcinogenic and smell bad, and
degrade a housing environment. Studies to solve these
problems have been actively undertaken [1–4].

Adsorbents have usually been applied for the removal
of environmental pollutants. Especially, zeolite, which
has a high adsorption capability, has generally been
used as a material which removes NOX , CO2, and VOC
[5–7]. Zeolite, which is a hydrated alkali-aluminum sil-
icate, has a characteristic three-dimensional structure
[8]. A number of artificial zeolites are presently com-
mercially available. They have been used in various ap-
plications such as desiccants, molecular sieves, ion ex-
changers and catalysts [9–14]. Zeolite sheets have been
prepared using a papermaking technique in our study
[15, 16], and it was reported that the adsorptivity of the
sheet was very high [15]. However, the performance of
the zeolite was virtually abolished when it was saturated
or when the adsorption equilibrium was reached. Fur-
thermore, a toxic substance adsorbed by the adsorbent
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may be desorbed again by a change in the surrounding
conditions such as temperature and humidity.

In this study, to solve these problems, composite
sheets of titanium dioxide (TiO2) and zeolite having the
characteristics of adsorptivity and light catalyst were
prepared by a papermaking technique. As the harm-
ful materials adsorbed by zeolite can be decomposed
by TiO2 photocatalysis, the zeolite will be expected
to have a durable performance. It is well known that
most organic compounds involving environmental pol-
lutants can be oxidized to CO2 by the hydroxyl rad-
icals produced on the TiO2 surfaces when TiO2 ad-
sorbs photons with greater energies than the band gap
[17, 18]. Therefore, there have been many studies on
TiO2 photocatalysis for the removal of toxic materials
from the environment. For example, the decomposition
of dioxin, trichloroethylene [19–21] and VOC [22–24]
has attracted a great deal of attention. The adsorbabil-
ity of toxic substances on TiO2 is thus an important
factor determining its decomposition ability [22, 23].
In the cases of dilute pollutants at ppm levels, it is
very difficult to decompose them completely by TiO2
photocatalysis alone. An effective way of achieving
a rapid and efficient decomposition under such dilute
conditions should be to prepare a composite sheet with
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zeolite to concentrate the toxic substances around the
TiO2.

In this report, the adsorption and photocatalytic de-
composition of acetaldehyde gas with sheets prepared
under various conditions using a papermaking tech-
nique [15] were studied. The synergistic effect of ir-
radiating the composite TiO2-zeolite sheets with UV
irradiation (λ = 365 nm) on the photocatalytic decom-
position of VOC was investigated in detail. And the po-
tential application of the composite TiO2-zeolite sheet
to VOC removal was studied.

2. Experimental section
2.1. Materials
The pulp used was a bleached hardwood kraft pulp
beaten to a Canadian Standard Freeness (CSF) of
265 ml in a Technical Association of Pulp and Pa-
per Industry (TAPPI) standard beater. Inorganic ma-
terials used were zeolite Y type and ceramic fiber, and
TiO2 kindly provided by Mitsubishi Heavy Industry
Ltd. and Ishihara Techno Co., respectively. Poly (di-
allyldimethylammonium) chloride (PDADMAC) and
anionic polyacrylamide (A-PAM) were used as reten-
tion aids. An alumina sol provided by Nissan Chemicals
Inc. was used as binder to provide sheet strength after
ignition at 700◦C [15].

2.2. Preparation of the composite
sheets [16]

Pulp slurry was mixed with PDADMAC, followed by
the addition of inorganic suspensions containing zeo-
lite, ceramic fiber and TiO2, and A-PAM in that order.
The levels of addition of PDADMAC and A-PAM were
0.1% and 1.0% on solids, respectively. Handsheets with
a grammage of 250 g/m2 were prepared according to
TAPPI method-205. The wet sheets were pressed un-
der 350 kPa for 5 minutes and dried in a convection
oven at 105◦C for 30 minutes. The composition of the
sheet-making stock was pulp 10%, ceramic fiber 24.5%,
zeolite 65.5-0% and TiO2 0-65.5%.

After being soaked in the alumina sol, the composite
sheets were pressed under 350 kPa for 5 minutes and
were kept in an air-conditioned chamber (20◦C, 65%
RH) for 24 hours. The sheets were then ignited in an
electric furnace at 700◦C for 20 minutes to remove the
wood pulps used in preparation of the sheets and to
give strength to the inorganic sheets by calcination of
the binder.

Table I gives the data for the sheet samples used in
the experiments. The table shows the proportions of
zeolite and TiO2 in the inorganic material in the sheet,
excluding the ceramic fiber.

2.3. Retention of inorganic materials
The retention of inorganic materials including zeolite,
ceramic fiber and TiO2 was estimated from the ash
residues of sheets ignited in an electric furnace at 700◦C
for 20 minutes. These values were corrected for the
weight losses of the inorganic materials themselves de-
termined by heating them at 700◦C.

TABLE I Retention of inorganic materials and proportion of TiO2

and zeolite in the sheets

Composition of sheets (%)

Sheet Retention (%) TiO2 Zeolite

Zeolite sheet 95.0 0 100
TiO2 sheet 90.1 100 0
Composite 95.0 67 33

sheet/Ti : ZE = 2 : 1
Composite 87.2 50 50

sheet/Ti : ZE = 1 : 1
Composite 90.8 33 67

sheet/Ti : ZE = 1 : 2
Composite 91.6 20 80

sheet/Ti : ZE = 1 : 4
Composite 86.4 11.1 88.9

sheet/Ti : ZE = 1 : 8
Composite 90.8 7.7 92.3

sheet/Ti : ZE = 1 : 12

(Ti : TiO2, ZE : Zeolite).

2.4. Adsorption and photocatalytic
decomposition of acetaldehyde

The adsorption and photocatalytic decomposition of
gaseous acetaldehyde were studied at room tempera-
ture. Sheets 25 mm × 25 mm in size were placed in a
200 ml reaction vessel equipped with a quartz cover
and different amounts of acetaldehyde (5 vol% in He)
were injected into the vessel using a microsyringe. The
sheet was irradiated through the quartz window with a
UV lamp (Ultra Violet Products, Inc., UVGL-25; 4W,
365 nm,) from a distance of 10 cm for a fixed time.
After irradiation, gas samples were withdrawn from a
sampling port on the side of the vessel and injected
into the gas chromatograph (GC) using a microsyringe.
The acetaldehyde concentration was determined using
GC (Shimadzu model GC-17A Ver. 3) equipped with a
30 m × 0.53 mm Supel-Q PLOT column (SUPELCO)
and a thermal conductivity detector, using He as the
carrier gas.

3. Results and discussion
3.1. Adsorption of acetaldehyde

onto zeolite sheet
Fig. 1 shows the adsorption of the acetaldehyde on a
zeolite sheet, powdered zeolite, spherical zeolite and
paper.

Clearly the adsorption of acetaldehyde was more ex-
tensive and took place much more rapidly onto the zeo-
lite sheet and powdered zeolite than onto paper. The ini-
tial rate of adsorption on the zeolite sheet was superior
to that on the commercial spherical zeolite (Wako Pure
Chemical Industries, Ltd.). This result implied that the
entrances to pores in the spherical zeolite were partly
choked with binder and that the specific surface area
was much smaller than that of the zeolite sheet. The
adsorptivity of the zeolite sheet was similar to that of
powdered zeolite, which indicates that the function of
the zeolite is substantially maintained when it is made
into sheets by a papermaking technique.

However, the adsorption equilibrium of acetaldehyde
on zeolite sheets was readily reached about 25 ppm and
the adsorptivity of the zeolite sheet then decreased. The
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Figure 1 The adsorption of acetaldehyde onto various samples: (�), pa-
per; (•), spherical zeolite; (�), powdered zeolite; (�), zeolite sheet.

Figure 2 The effect of UV-irradiation on acetaldehyde removal by com-
posite TiO2-zeolite sheets: (�), UV lamp off; (�), UV lamp on.

sheet made of zeolite alone could not therefore remove
acetaldehyde completely.

3.2. Adsorption and decomposition
of acetaldehyde by a composite
TiO2-zeolite sheet

The synergistic effect of the adsorption and photocat-
alytic decomposition by the composite TiO2-zeolite
sheet was expected to provide a solution to the above
problem. Fig. 2 shows the removal of gaseous acetalde-
hyde by the composite TiO2-zeolite sheet/Ti : ZE =
1 : 1 (Table I) both on its own and when irradiated with
a UV lamp (UV intensity; 0.3 mW/cm2). When the
UV lamp was turned off, the concentration of acetalde-
hyde was decreased by the adsorption of zeolite mainly
in the TiO2-zeolite composite sheet, but the composite
TiO2-zeolite sheet could not remove the acetaldehyde
completely. This result was similar to those shown in
Fig. 1.

In the case of the composite sheet irradiated with
a UV lamp, however, the acetaldehyde concentration
in the reaction vessel continued to decrease further, in
contrast to the situation without irradiation. These re-
sults suggested that the photocatalytic decomposition
by TiO2 was progressing through a process of continu-
ously repeated adsorption and migration of acetalde-
hyde in the composite sheets. It is thought that the
combination of zeolite and TiO2 is a useful way of
promoting the efficiency of the adsorbent.

3.3. Permanency of TiO2-zolite
composite sheet

In order to assess whether the composite sheet could
repeatedly remove the environmental pollutants, a test
was carried out in which 50 ppm of acetaldehyde was
injected every 60 minutes. The results are shown in
Fig. 3.

In the case of TiO2 sheet alone, the acetaldehyde con-
centration in the reaction vessel increased as a result of
the sequential addition, the main reason being that TiO2
could not photocatalytically decompose acetaldehyde
if it was not in contact with the TiO2 surface. In other
words, it takes a very long time for a sheet consisting
only of TiO2 to remove acetaldehyde because of the
limited adsorption of this pollutant on the TiO2 sur-
face. The behavior of a composite sheet without UV
irradiation was similar, because the adsorption attains
equilibrium as in shown Fig. 1.

In the case of the composite sheet irradiated with
an UV lamp, however, the acetaldehyde decomposed
completely after about 40 minutes. Acetaldehyde could
be effectively removed by the combined effect of ze-
olite adsorptivity and TiO2 photocatalysis. These re-
sults indicate that the composite sheet can continuously
remove environmental pollutants and can be utilized
semi-permanently.

Figure 3 Successive acetaldehyde removal by sheets under various con-
ditions: (�), TiO2 sheet; (�), composite sheet not irradiated with UV; (�),
composite sheet irradiated with UV.
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Figure 4 Concentration changes of gaseous acetaldehyde in contrast
with composite TiO2-zeolite sheets irradiated with UV: (�), TiO2 sheet;
(�), composite sheet/Ti : ZE = 2 : 1; (�), composite sheet/Ti : ZE =
1 : 1; (×), composite sheet/Ti : ZE = 1 : 2; (©), composite sheet/
Ti : ZE = 1 : 4; (•), composite sheet/Ti : ZE = 1 : 8; (�), composite
sheet/Ti : ZE = 1 : 12.

3.4. Effect of TiO2/zeolite ratio
on the degradation of acetaldehyde

Fig. 4 indicates the effect of the TiO2/zeolite ratio in the
composite sheets on the decrease in acetaldehyde con-
centration under UV irradiation in order to research the
optimum ratios of TiO2/zeolite in the composite sheets
with the high function for effective removal of acetalde-
hyde. The initial rate (−dc/dt , where c is the concen-
tration of acetaldehyde and t is the reaction time) of
gaseous acetaldehyde decomposition by the compos-
ite TiO2-zeolite sheet showed a tendency to increase
with decreasing TiO2/zeolite ratio in the sheet. In other
words, the decomposition of acetaldehyde occurred
more effectively on the sheets with larger amounts of
zeolite. This is demonstrated by the value of −dc/dt
when t was 5 minutes (see Table II). The removal ef-
ficiency after 25 minutes of a TiO2-zeolite composite
sheet with a Ti/ZE ratio of 1 : 8 or 1 : 12 was not, how-
ever, greater than that of the composite sheet with a
ratio of 1 : 4. Fig. 5 shows the acetaldehyde removal
behavior of the composite sheets with the Ti/ZE ratio
of 1 : 4 and 1 : 12 alone and irradiated with UV. The
acetaldehyde adsorption by the 1 : 12 composite sheet
was greater than that of the 1 : 4 composite sheet in the

T ABL E I I Apparent velocity of decomposition of acetaldehyde by
the sheets with different Ti/ZE ratio

−dc/dt

Sheet After 5 minutes After 25 minutes

TiO2 sheet 0.87 0.28
Composite sheet/Ti : ZE = 2 : 1 5.13 1.26
Composite sheet/Ti : ZE = 1 : 1 6.39 1.65
Composite sheet/Ti : ZE = 1 : 2 6.60 1.83
Composite sheet/Ti : ZE = 1 : 4 7.54 2.00
Composite sheet/Ti : ZE = 1 : 8 7.76 1.82
Composite sheet/Ti : ZE = 1 : 12 7.92 1.81

(c: Concentration of acetaldehyde, t : reaction time).

Figure 5 Removal of acetaldehyde by composite sheets: (©), composite
sheet/Ti : ZE = 1 : 4; (�), composite sheet/Ti : ZE = 1 : 12; (broken line),
UV lamp off; (thick line), UV lamp on.

absence of UV irradiation. When the composite sheets
were irradiated with UV, on the contrary, the removal
efficiency of the 1 : 4 composite sheet was progressively
greater than that of the 1 : 12 composite sheet. However,
the optimum composition of TiO2/zeolite may depend
upon the experimental conditions such as the pollutant
concentration and light intensity.

TiO2 and zeolite in the composite sheet were uni-
formly distributed in the composite sheet and TiO2 was
located in the vicinity of the zeolite. This result con-
firmed by the mapping procedure of elements (Ti, Si
and Al) on the sheet using energy dispersive X-ray spec-
troscopy (data not shown). Accordingly, it was thought
that acetaldehyde adsorbed by zeolite was supplied to
TiO2 photocatalyst by surface diffusion [25, 26]. As a
result, the gaseous acetaldehyde adsorbed by the ze-
olite was continuously decomposed by the coexisted
TiO2 photocatalysts. The TiO2 photocatalytic decom-
position was promoted by the higher concentration of
acetaldehyde captured in the zeolite. Thus, a composite
TiO2-zeolite sheet was very effective for the photocat-
alytic decomposition of acetaldehyde.

It is also suggested that the removal of environmental
pollutants by the composite sheet could be effectively
achieved when the amount of TiO2 in the composite
sheet was so sufficient to ensure that acetaldehyde ad-
sorbed by the zeolite could easily be decomposed by
the TiO2 photocatalysis.

It was noteworthy that the value of −dc/dt for the
composite TiO2-zeolite sheet with a Ti/ZE ratio of 1 : 4
was over seven times that of the sheet with only TiO2,
as shown in Table II when t was 25 minutes. These
results indicate that the photocatalytic decomposition
with TiO2 was greatly promoted by the high adsorptive
capability of zeolite, and it is clear that the TiO2-zeolite
composite could effectively decompose and completely
remove acetaldehyde even under the lower concentra-
tion level.

A composite TiO2-zeolite sheet is believed to be ap-
plicable to the removal of various indoor pollutants if
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the walls and ceilings of houses are covered with the
sheet.

4. Conclusions
A composite TiO2-zeolite sheet was very effective for
the photocatalytic decomposition of acetaldehyde. The
gaseous acetaldehyde adsorbed by the zeolite was con-
tinuously decomposed by the coexisting TiO2 photo-
catalysts. The higher the proportion of zeolite in the
composite sheet, the greater was the removal efficiency
in the initial stage. However, if the amounts of TiO2 in
the composite sheet were too small, the decomposition
of environmental pollutants was retarded. The compos-
ite sheet with a Ti/ZE ratio of 1 : 4 was the most effec-
tive for the continuous decomposition of acetaldehyde
with UV light irradiation under the reaction condition
adopted in this work. These results lead to the conclu-
sion that the composite TiO2-zeolite sheet is potentially
applicable as a high functional and new material, which
can completely remove toxic substances from the en-
vironment and has the characteristics of being easy to
handle and flexible in processing. Further details on the
application for composite TiO2-zeolite will be reported
in the following articles.
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