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In order to investigate the photocatalytic stability and/or life-
time of titanium oxide photocatalysts in detail, standard reference
photocatalysts (JRC-TIO-2, -3, -4, and -5), of which the surface
chemical and physical properties are well known, were studied for
the photocatalytic decompositon of NO under a large-scale flow re-
action system. In the first stage, the photocatalytic decomposition
of NO proceeded with a high efficiency and continuous production
of N, Oz, and N,O. However, the reaction efficiency gradually de-
creased and finally leveled off at constant values. These values were
found to be in the order of JRC-T10-4 > -3 > -5 > -2. Anatase TiO,,
with a large surface area and numerous OH groups, was found to
exhibit a high efficiency for the decomposition of NO in the flow
system. The optimal pretreatment and reaction conditions were ob-
served at a pretreatment temperature around 573 K under a mixture
of Oz and Ar. It was confirmed that the surface hydroxyl groups on
the photocatalysts play an important role in the decomposition of
NO under this flow system.  © 2001 Academic Press
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INTRODUCTION

Recently, environmental concerns, namely, the large-
scale emission of toxic agents into the atmosphere and wa-
ter, causing pollution and destruction on a global scale as
well as contributing to the greenhouse effect, have made
the design of new, clean, and safe chemical processes an
urgent issue. NOy is an especially harmful atmospheric pol-
lutant which causes acid rain, photochemical smog, and the
formation of peroxy acetyl nitrates (PAN). The removal of
nitrogen oxides (NOy, x= 1, 2), i.e., the direct decomposi-
tion of NOy into N, and O, has been a great challenge for
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many researchers (1-8). The rapid development of surface
science and technology has remarkably facilitated progress
in understanding the physical and chemical properties of
semiconductor materials and, especially, titanium dioxide
(TiOy). As a photocatalyst, titanium dioxide has attracted
extensive interest due to its various attractive properties
as a low-temperature, nontoxic, highly stable, low-cost, and
highly reactive catalyst for chemical waste remediation (8-
17). The basic principle of such photocatalysis involves the
migration of photogenerated electrons (e~) and holes (h™)
to the surface which serve as redox reactants, leading to
surface catalytic reactions.

As one of the most popular photoactive catalysts, TiO,
photocatalysts have long been investigated in different
forms as bulk materials, colloidal suspensions, and dis-
persed into SiO, matrices and on porous supports such as
zeolites and porous Vycor glass (2, 4, 6, 7). Although the
utilization of extremely small powdered nanosize TiO; par-
ticles has attracted a great deal of attention due to their
high photocatalytic reactivities, the actual factors control-
ling the photocatalytic activity of the catalyst are still un-
known, especially under a large-scale flow system for the
photocatalytic decomposition of NO.

Along these lines, in the present paper, we have in-
vestigated the photocatalytic decomposition of NO on
well-characterized standard reference powdered TiO;
photocatalysts under a large-scale flow reaction system.
Special attention has been focused on the effects of the
pretreatment and reaction conditions on the reaction and
conversion rates of NO. The present study demonstrates
that the photocatalytic decomposition of NO on TiO, can
be carried out under a large-scale flow system continuously
and with high efficiency. Furthermore, the pretreatment and
reaction conditions were investigated to achieve the highest
efficiency. It was also confirmed that the surface hydroxyl
groups play a significant role as active sites for the decom-
position of NO.
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EXPERIMENTAL

Photocatalytic flow reaction system. The photocatalytic
reaction carried out under a flow system is shown in Fig. 1.
The flow rates of the reactant gases (NO, He) and pre-
treatment gases (Ar, O;,) were adjusted with a mass flow
controller. An electronic furnace was used for the pre-
treatment of the catalysts under an O, and Ar flow at
suitable temperatures. During the photoreactions, to keep
the Hg lamp cool and to absorb the infrared beams emit-
ted, water was circulated in cooling pipes made of quartz
glass.

An NOx meter (New Cosmos Electric Motors, Ltd.) and
gas chromatograph were used to measure the NO and prod-
uct (N2, O, and N,O) concentrations. The reaction cell was
made of quartz (length, 190 mm; inner diameter, 10 mm).
A 150 mg portion of the TiO, photocatalyst was introduced
into the cell. To prevent any movement of the catalyst in
the cell, glass wool was placed at both the bottom and top
sides of the reaction cell. The NOy meter and gas chromato-
graph were connected to continuously measure and record
the changes in the concentrations of NO and the products
N5, O,, and N,O.

Catalysts. Five different types of ultrafine powdered
TiO; catalysts (grain size, 0.02-1 um) supplied by the Catal-
ysis Society of Japan as standard reference TiO, (JRC-TIO-
2, -3, -4, and -5) were used as the photocatalysts. Detailed
information on these catalysts is available from the Catal-
ysis Society of Japan, but is also given in Table 2.

Characterization method. The UV absorption spectra
were recorded with a Shimadzu UV-2200A spectrometer
at 295 K. The laser-induced Raman spectra were measured
with a JASCO NR-1000 Raman spectrometer equipped
with an NEC GLS-3200 gas laser.
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FIG. 1.

Flow system for the photocatalytic reaction of NOx.

Photocatalytic decomposition of NO. The photocata-
lytic reactions observed under the flow system are shown in
Fig. 1. The flow reactant gases and the pretreatment gases
were introduced from the bottom side of the catalyst lay-
ers. A 150 mg portion of the TiO, photocatalyst was loaded
in the reaction cell which was then connected to the flow
system with silicone grease. The TiO, photocatalyst was
heated in O, using an electronic furnace, and then treated
with Ar flow gas at 20 cm®/min. When the temperature of the
photocatalyst reached the appropriate temperature, O, and
Ar flow gases were introduced into the cell for 2 h at 20 cm?
min, respectively. The system was then cooled to the reac-
tion temperature (e.g., 298 K, 373 K, 473 K, 573 K, 673 K,
and 723 K), and the O, flow was discontinued, while the Ar
flow was continued for 1 h more at a flow rate of 20 cm®/
min. After these pretreatment proceduces were carried out,
the reaction cell was cooled to room temperature under an
Ar gas flow.

In the photocatalytic reaction, the concentration of the
NO reactant gas (mixture of NO and helium) was 10 ppm,
and the flow rate of the reactant gas was 100 cm®min. Af-
ter reaching a steady state, UV irradiation was started and
continued for 2 h. A Toshiba SHL-100UV high-pressure Hg
lamp was used. The distance of the lamp from the reaction
cell was 10 cm and a color filter of UV-27 (A > 270 nm)
was used. The photon density of the Hg lamp passing
through the UV-27 filter was 10,790 Ix as measured by a
digital lux meter, model LX-1332.

RESULTS AND DISCUSSION

1. Effect of Pretreatment Conditions

The relationship between the photocatalytic reactivity of
the TiO, photocatalysts and the reaction temperature for
the photocatalytic decomposition of NO was studied, and
we found the reaction efficiency to be the highest when the
photocatalytic reaction was carried out at room tempera-
ture (298 K) (18). Other effects, such as that of the pretreat-
ment temperature of the TiO; catalyst with O, and Ar on
the photocatalytic activity, were also investigated. The pre-
treatment temperature can alter the surface properties of
the catalysts, i.e., of the active sites. Figure 2 shows the re-
action time profiles of the photocatalytic decomposition of
NO at room temperature on the JRC-T10-4 photocatalyst
pretreated with a mixture of O, and Ar at 573 K, respec-
tively. In each run, the Ar pretreatment temperatures were
also changed from 295 K, 373 K, 473 K, 573 K, 673 K, to
723 K. In the photocatalytic reaction, the concentration of
NO was 10 ppm and the reactant gas flow rate was 100 cm?/
min. From Fig. 2, it can be seen that the photocatalytic
reactivity increased with an increase in the Ar pretreat-
ment temperature and the highest reactivity was found at
573 K.
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FIG. 2. Reaction time profiles of the photocatalytic decomposition

of NO at room temperature on the TiO, photocatalyst pretreated with
0, at 573 K. Pretreatment: under a flow of O, (20 cm®min) and Ar
(20 cm®¥min) at 573 K, heated in an Ar flow (20 cm*min) at 295 K (@),
373 K(M),473 K (A),and 573 K (V), respectively. Gas component: 10 ppm
NO, 100 cm®/min. Catalyst: JRC-T10-4, 150 mg.

Figure 3ashows the conversion of NO at different Ar pre-
treatment temperatures (295 K, 373 K, 473 K, 573 K, and
673 K) when the O, pretreatment temperature is constant
at 673 K. In this case, at first, the photocatalytic reactivity
is enhanced with the increase in Ar pretreatment tempera-
tures from 295 K to 573 K. However, further increases up
to 673 K caused a decrease in the photocatalytic reactivity.
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FIG. 3. Effect of the pretreatment of Ar on the conversion of NO at
a reaction time of 0.5 h on the JRC-TI0O-4 catalyst. Pretreatment of the
flow mixture of O, (20 cm®/min) and Ar (20 cm®min) at (a) 673 K (O),
and (b) 723 K (A), respectively. Gas component: 10 ppm NO, 100 cm®/min.
Catalyst: JRC-T10-4, 150 mg.

Figure 3b shows the conversion of NO at different Ar
pretreatment temperatures (295 K, 373 K, 473 K, 573 K,
673 K, and 723 K) when the O, pretreatment temperature
is constant at 723 K. The results are the same as those shown
in Fig. 3a and they suggest that an Ar pretreatment temper-
ature of 573 K is the optimum for achieving the highest
photocatalytic reactivity.

Figure 2 also shows that these photocatalysts gradually
lose their photocatalytic reactivity during photoreactions
carried out on a large-scale and for a long period. After 2 h,
the conversion of NO for each photocatalyst levels off and
becomes one-fourth to one-fifth of the photocatalytic reac-
tivity observed at the beginning of the reaction. Thus, the
decline in the photocatalytic reactivity of TiO; for the de-
composition of NO in the absence of O, and/or H,O could
be confirmed. The reaction products of the decomposition
of NO under the flow system were also confirmed to be N,
O,, and N0, as for the closed reaction system.

In order to further investigate the effects of the pretreat-
ment temperature of TiO, on the photoreactivity, the Ar
pretreatment temperature was fixed at 573 K, while the
O, and Ar gas mixture pretreatment temperatures were
changed from 573 K and 673 K to 723 K. In this case, in-
creasing the pretreatment temperature was found to cause
a decline in the photocatalytic reactivity. It was found that
a pretreatment temperature of 573 K for O, and Ar is the
most suitable for achieving a high reactivity for the decom-
position of NO in the flow system.

From the above results, it was found that when the pre-
treatment temperatures are lower than 573 K, the adsorbed
water and the organic compounds are adsorbed on the sur-
face of TiO,, forming active sites for photocatalysis to take
place. On such active sites, the reactant NO molecules are
able to adsorb and act as precusors for the photocatalytic
reaction. It is well known that the local surface structure
plays a very important role in the decline of the efficiency
in heterogeneous catalysis and photocatalysis since the in-
teraction of the reactant molecules with the surface active
sites, i.e., the adsorption process, significantly influences the
reaction rate. For the photocatalytic decomposition of NO
on TiO,, the surface hydroxyl groups on the catalysts are
known to play a vital role in the reaction (19, 20). When
the pretreatment temperature is higher than 573 K, the sur-
face hydroxyl groups are eliminated from the photocata-
lyst surface as H,O. Such elimination of the surface OH
groups leads to a decline in the photocatalytic activity of
the catalyst. These observations have been supported by
our present results.

After the photocatalyst was pretreated at 723 K, the
FTIR spectra were measured. They clearly showed a sharp
peak at around 3720 cm~! which could be assigned to the
“free” —OH stretching vibration. When the TiO, photocata-
lyst was pretreated at 573 K, there were two types of
surface ~OH bands around 3660 cm™! and 3680 cm™,
besides the peak around 3720 cm~%. The bands around
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3660 cm~* and 3680 cm™~! are considered to be hydroxyl
groups which react with each other through hydrogen bond-
ing. An increase in the pretreatment temperature led to a
decrease in surface hydroxyl groups having hydrogen bonds
(18). Therefore, after pretreatment of TiO; at high temper-
atures, the hydroxyl groups on the surface acted as free OH
groups and these species become the active sites for the
decomposition of NO under the flow system.

Figure 2 also shows that the conversion rates of NO are
very high at the beginning of the reaction; however, with
prolonged reaction time, a decline in the photocatalytic re-
activity takes place. After UV irradiation for 2 h, the rate of
the conversion of NO achieved a steady state and a showed
constant rate. It can be considered that at the beginning of
the reaction, the conversion of NO involves the decompo-
sition of NO as well as the adsorption of NO on the surface
of the TiO, photocatalyst.

2. Surface Properties of the TiO, Photocatalysts

The UV-vis absorption spectra of five different types of
powdered standard reference TiO; catalysts are shown in
Fig. 4. The bandgap energies of these catalysts differ with
their crystalline structures; i.e., rutile is located at 410 nm
and anatase at 390 nm. Figure 4 shows that the UV absorp-
tion bandgap positions of JRC-TI10-3 and -5, which have
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FIG. 4. UV-vis diffuse reflectance absorption spectra of the standard
TiO, reference photocatalysts.
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FIG.5. Raman spectra of the standard TiO, reference photocata-

lysts: (a) JRC-T10-1, (b) JRC-TI10-2, (c) JRC-TI0O-3, (d) JRC-T10-4, and
(e) JRC-TIO-5. Al spectra were obtained in ambient air.

rutile structures, can be found around 410 nm, while the UV
absorption bandgap position of JRC-TIO-1 and -2, which
are anatase, can be found around 390 nm. From Fig. 4, it
can be seen that the JRC-T10-4 catalyst is mainly anatase
with small amounts of rutile.

The results of the laser Raman spectraare shown in Fig. 5.
According to reports by Damen and Gilson (21, 22), the
peaks around 144 cm~(byg), 488 cm~* (gg), 611 cm™ (ayy),
and 828 cm ™! (by,) are assigned to the rutile structures while
the peaks around 144 cm™ (gg), 197 cm™ (gg), 400 cm~*
(b1g), 515 cm™ (byg), 519 cm™ (ayg), and 640 cm™ (eg) can
be assigned to anatase. In Fig. 5, peaks around 448 cm~! and
616 cm~* which are assigned to rutile can be observed with
JRC-TIO-3and -5, while peaks around 400 cm™1, 524 cm™1,
and 644 cm~1, which are assigned to anatase, can be ob-
served with JRC-TIO-1, -2 and -4. However, the peak
around 445 cm~?, having a rutile structure, can also be ob-
served with JRC-TIO-4. It can be deduced from these re-
sults that the JRC-T10-4 catalyst contains both anatase and
rutile, and these laser Raman spectra results are in good
agreement with the UV absorption spectra.

3. Photocatalytic Decomposition of NO in the Flow System

UV irradiation of the reference standard TiO, catalysts
in the presence of NO led to the decomposition of NO
into Ny, Oy, and N,O under a flow system. Figure 6 shows
the conversion of NO on these different types of catalysts
under UV irradiation with the irradiation time. The pre-
treatments of the catalysts were all carried out at 573 K.
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FIG. 6. Reaction time profiles of the photocatalytic decomposition of

NO on the standard TiO, reference photocatalyst at room temperature.
Pretreatment: under a flow of O, (20 cm®min) and Ar (20 cm®min) at
573 K, heated in an Ar flow (20 cm®min) at 573 K. Gas component: 10 ppm
NO, 100 cm®/min. Catalyst: 150 mg.

Figure 7 shows the conversion of the photocatalytic decom-
position of NO at room temperature. JRC-T10-4 shows the
highest photocatalytic activity of all the reference catalysts.
However, apart from JRC-T10-4, the photocatalytic activ-
ity of the other catalysts scarcely differed, as can also be
seen in Fig. 7. The photoactivities measured by the conver-
sion of NO were in the following order: JRC-T1O-4 > -3 >
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FIG. 7. Conversion of the photocatalytic decomposition of NO on the

standard reference TiO, photocatalysts at room temperature.

TABLE 1

Photocatalytic Reactivities of the Standard Reference TiO;
Photocatalysts for Different Types of Reactions

Reduction Hydrogenation Isomerization
Catalyst of CO, of methyl acetylene of cis-2-butene
(JRC-TIO-) (umol/h-g) (umol/h-g) (umol/h-g)
2 (anatase) 0.03 0.20 2.5
3 (rutile) 0.02 0.12 1.0
4 (anatase) 0.17 8.33 9.4
5 (rutile) 0.04 0.45 3.8

-5 > -2. These results are slightly different from those of
the reactions investigated for the hydrogenolysis of methyl
acetylene with H,0O, the isomerization of 2-butene, the re-
duction of CO, with H,0O, and ethylene oxidation with O,
in the presence of H,O (19, 20). The photocatalytic activi-
ties of the standard reference TiO, photocatalysts in these
reactions are shown in Table 1. The difference in reac-
tion systems (i.e., a flow system or a hermetic system) may
have caused the variances in the order of their photoac-
tivities. In this case, the photocatalytic reactivity was deter-
mined by the conversion of NO; however, in the other cases
(Table 1), it was determined by the yields of the photo-
formed products.

The typical chemical/physical properties of these stan-
dard reference TiO, catalysts are shown in Table 2. The
relative surface —OH concentration was calculated from
the intensities of the IR peak assigned to the surface OH
group on TiO,. The concentration of the surface acidic sites
was calculated from the peak intensities of the observed
temperature-programmed desorption (TPD) patterns of
the preadsorbed NH3; on TiO,. From Fig. 7 and Table 2,
it can be seen that the anatase TiO, catalysts with large
surface areas, large bandgaps, and numerous surface -OH
groups exhibit highly efficient photocatalytic reactivity for
the decomposition of NO, indicating that these are the main
conditions prerequisite to achieve high photocatalytic re-
activity. The increased bandgap is accompanied by a shift
in the conduction band edge to higher negative energies,
moving the reductive potential to more negative values and

TABLE 2

Physicochemical Properties of the Standard Reference
TiO, Photocatalysts

Catalysts Surface Acid concn Relative Band gap
(JRC-TIO-)  area (m?/g) (umol/g) —OH concn (eV)
2 (anatase) 16 6 1 3.47
3 (rutile) 51 22 1.6 3.32
4 (anatase) 49 5 3.0 3.50
5 (rutile) 3 7 31 3.09
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thus enhancing the photocatalytic reactivity. It is also sug-
gested that the surface —OH groups and/or the physisorbed
H,O play a significant role in the photocatalytic reactions
through the facile formation of reactive OH radicals (18).

The intensity of the incident light is also a very important
factor in determining the rate of the photocatalytic decom-
position reaction of NO. In order to investigate the effects
of the incident light intensity on the rate of the photocata-
lytic reaction, the photocatalytic efficiency was monitored
by changing the relative intensity of the incident light from
250 Ix to 16,750 Ix by using ND filters, as shown in Fig. 8.
According to the UV-vis absorption measurements, the in-
tensity of the light passing through a UV-35 filter alone was
100% (16,750 Ix) while their relative light passing intensi-
ties were 70% (11,860 Ix), 47% (8070 Ix), 10% (2050 Ix),
5% (1150 Ix), 2% (410 Ix), and 1% (250 Ix) when the UV-
35 filter was used with ND1, ND2, ND3, ND4, ND5, and
NDG6, respectively.

Figure 9 shows the effect of the intensity of the incident
light on the rate of the photocatalyic decomposition of NO.
As can be seen in Fig. 9, the rate decreases with a decrease
in the intensity of the incident UV light. Moreover, it can
be seen that the reaction efficiency is high at the begin-
ning of the reaction, and then gradually decreases with the
reaction time. Such phenomena are the same as those men-

tioned above. In the inset within Fig. 9, we can see that
when the intensities of the incident UV light are higher
than half of the total intensity, the photocatalytic reaction
rates for the decomposition of NO scarcely change. Thus,
the photocatalytic reaction rate does not display a linear re-
lationship with the intensity of the incident UV light when
its intensity is in relatively strong regions. That is, in the case
of such stronger incident beams, the quantum efficiency of
the photocatalytic reaction becomes higher when the inten-
sity of the incident beams becomes weaker.

4. Effects of the Addition of O, on the Conversion of NO

(1) Effect of the flow rate of O,. In order to investigate
the effects of the flow rates of O, on the photocatalytic de-
composition of NO, they were varied from 5 cm*/min and
10 cm®/min to 20 cm®/min with a constant 10 ppm NO mix-
ture gas flow rate at 100 cm®/min, as shown in Fig. 10. As
can be seen in Fig. 10, at an O, flow rate of 20 cm®min, NO
and O, were mixed in the system and then came in contact
with the TiO, photocatalyst in the reaction cell. NO was
completely removed from the system within 10 min even
without UV irradiation due to the adsorption of NO on
the photocatalyst and the oxidation of NO with O, into
NO,. Thus, in the presence of O,, NO molecules can be
easily removed by adsorption and oxidation, but not by a
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FIG. 9. Effectoftheintensity of the incidentlight onthe conversion of
NO in the photocatalytic decomposition of NO on the TiO, photocatalyst.
Relative intensity of the incident light: 1% (M), 2% (O), 5% (A), 20%
V), 47% (), 70% (OJ), 100% (@). Pretreatment: under a flow of O,
(20 cm®min) and Ar (20 cm®/min) at 573 K, heated in an Ar flow (20 cm®/
min) at 573 K. Gas component: 10 ppm NO, 100 cm®min. Catalyst: JRC-
TI10-4, 150 mg. Inset: Effect of the relative intensity of the incident light
on the conversion of NO in the photocatalytic decomposition of NO.
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decomposition reaction. The efficiency of such an elimina-
tion of NO under dark conditions increased with an increase
in the pressure of O in the system.

(2) Effect of the Mixture of NO and O, Gases on the
Photocatalytic Decomposition of NO. There are three dif-
ferent methods for introducing NO and O, gas into the flow
reaction system, as follows:

(@) NO gas flow, 30 min — NO/O;, mixture gas flow,
1 h — irradiation

(b) O, flow, 30 min — NO/O, mixture gas flow,
1 h — irradiation

() NO and O, mixture gas flow, 1.5 h — irradiation

Before UV light irradiation, the NO and O, reactant
gases come in contact with TiO; for 1.5 h in each intro-
duction process, as shown in Fig. 11. Introduction process
(a) reveals the highest conversion of NO as compared with
other methods. It is known that the adsorbability of O, on
TiOz is much stronger than that of NO molecules due to its
high electron affinity and/or lower electron negativity. If O,
is introduced into the system, it is easily adsorbed on the
surface of TiO,, and then works to inhibit the adsorption
of the NO molecules. In methods (b) and (c), therefore,
most of the active sites on the TiO; catalysts are occupied
by O, molecules, resulting in the lower conversion rate of
NO molecules than with method (a).

NO Conversion / %

120 180

Time / min

FIG. 10. Reaction time profiles of the photocatalytic decomposition
of NO in the presence of O; on the TiO, photocatalyst at room tem-
perature. O, flow rate: (l) 5 cm®/min, (@) 10 cm®min, (A) 20 cm¥min.
Pretreatment: under a flow of O, (20 cm®min) and Ar (20 cm%min)
at 573 K, heated in an Ar flow (20 cm®/min) at 573 K. Gas component:
10 ppm NO, 100 cm®min. Catalyst: JRC-T10-4, 150 mg.
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FIG. 11. Reaction time profiles of the photocatalytic decomposition

of NO in the presence of O, on the TiO, photocatalyst at room tempera-
ture. Pretreatment: under a flow of O, (20 cm®min) and Ar (20 cm®/min)
at 573 K, heated in an Ar flow (20 cm®min) at 573 K. Gas component:
10 ppm NO, 100 cm®min. Catalyst: JRC-T10-4, 150 mg.

CONCLUSIONS

The present study demonstrates that the photocatalytic
decomposition of NO on TiO; can be carried out under a
large-scale flow system for a continuous operation with a
high efficiency. The pretreatment and reaction conditions
were investigated to achieve the highest efficiency possible.
The results showed that pretreatment of the catalyst with
a mixture of O, and Ar gas at 573 K presents the most
optimal conditions for the decomposition of NO under this
flow reaction system. Moreover, it was confirmed that the
surface hydroxyl groups play a significant role as active sites
for the decomposition of NO. The crystalline structures of
the standard reference TiO, photocatalysts used were well
characterized by means of UV absorption and laser Raman
spectrameasurements. It was found that the conversion rate
of the photocatalytic decomposition of NO did not exhibit
a linear relationship with the intensity of the incident UV
light when the intensity of the incident light was relatively
strong. As a result, the quantum efficiency of the photocata-
lytic reaction was higher with lower intensities of incident
light, and lower with higher intensities of incident UV light.
The efficiency of the conversion of NO increased with an
increase in the O, flow rate.
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