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a  b  s  t  r  a  c  t

Photocatalytic  reduction  of  nitric  oxide  was  studied  on a  PtOxPdOy/TiO2-coated  monolith  photore-
actor  using  propane  as  the  reducing  agent.  The  performance  of  NO reduction  was  compared  under
three  reaction  conditions  including  NO/propane,  NO/propane/O2 and  NO/propane/H2O at  three  reac-
tion  temperatures,  25,  70 and  120 ◦C. The  NO/propane  system  showed  the  best  performance  of  near
90%  conversion  at 25 ◦C.  The  NO conversion  decreased  slightly  as  temperature  increased  in NO/propane
system,  however,  NO/propane/O2 and  NO/propane/H2O systems  showed  an opposite  trend.  Oxygen  and
water  significantly  inhibited  the  reduction  of  NO because  oxygen  competed  with  NO  as  oxidant,  and
hotoreduction
hotocatalysis
onolithic photoreactor

water  interfered  the  adsorption  of  both  NO and  propane.  TiO2 became  super-hydrophilic  under  UV-light
irradiation  thus  the  catalyst  surface  was  easily  covered  by  water  in  moisture  condition.  By increasing
the  reaction  temperature,  water  tended  to desorb  from  the  catalyst  surface  thus  released  more  active
sites for  NO  photoreduction.  An  in  situ  FTIR  was also  performed  to study  the  intermediate  species  of
the NO/propane  and NO/propane/O2 systems  under  UV-light  irradiation.  The results  indicated  that  NO
went through  both  oxidation  and reduction  with  C3H8 on PtOxPdOy/TiO2.  The  reaction  path  of  NO  might

mpe
change  with  increasing  te

. Introduction

Nowadays Earth is facing numerous environmental problems
ainly due to the massive amount of pollutants produced by indus-

rial and transportation activities. One of the air pollutants, nitrogen
xides (NOx), which emitted from stationary thermal power plants
nd internal combustion engines of transportation facilities are the
ain hazardous atmospheric pollutants responsible for the acid

ain formation, photochemical smog. Nitric oxide (NO) also plays
 role in ozone layer depletion. Research of converting NOx to
itrogen has been extensively studied for a long period of time,
nd a number of processes have already been industrialized [1,2].
or example, the selective catalytic reduction (SCR) process is a
ethod currently used in de-NOx for stationary and mobile sources.
owever, these conventional processes need to operate at high

emperatures, which result in a comparatively high cost. Therefore,
he low-temperature photocatalytic degradation of NOx becomes
n appealing alternative for energy saving purposes. Furthermore,
unlight is possible to be used for this photo-driven reaction.
Titanium dioxide (TiO2) is a common photocatalyst in numerous
esearches due to its high reactivity under light irradiation, sta-
le in storage, non toxicity, and low cost [3–5]. A great amount of
esearches were focused on the gas phase heterogeneous photo-
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© 2011 Elsevier B.V. All rights reserved.

catalytic reaction, especially for air pollution treatments. In view
of the traditional SCR, ammonia (NH3) and carbon monoxide (CO)
were used as the reductants for the reduction of NO in the photo-
SCR system [6–10]. Although NH3 and CO showed good selectivity
towards complete reduction of NO to N2 under light irradiation, the
corrosive or toxic nature makes them unfavorable for environmen-
tal applications. Other than NH3 or CO, hydrocarbons also served as
reductants in the traditional selective catalytic reduction, denoted
as HC-SCR, because hydrocarbons existed in the flue gas [1,2,11,12].
Moreover, hydrocarbons are relatively much stable and safer than
NH3 and CO. The researches of photocatalytic oxidization (PCO)
of volatile hydrocarbons, such as propane [13,14] and propylene
[15], showed that light hydrocarbons could be easily oxidized on
the TiO2 surface. Thus coupling the PCO of light-hydrocarbons with
photocatalytic reduction of NO is excellent choice. However, little
research on the photocatalytic reduction of NOx by hydrocarbons
has been reported so far.

The reaction temperature plays an important role to photocat-
alytic reduction of NO. Zhang et al. reported a good performance
of 10 ppm NO reduction under room temperature [5].  Lim et al.
showed that the NO conversion increases with temperature in a
fluidized-bed reactor [16]. Poulston proposed that NO underwent

◦
reduction at higher temperature as 150 C while NO was oxidized at
ambient temperature in hydrocarbon environments [17]. From the
above literatures, the variation of temperature substantially influ-
ences the performance of NO reduction/oxidation but the detail
relations are still unclear.

dx.doi.org/10.1016/j.cattod.2011.01.024
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:cswu@ntu.edu.tw
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Fig. 1. The schematics o

Most of the researches focus on two sides of photocatalysis. One
s photocatalysts, and reaction engineering is the other. Literature
as shown that loading platinum (Pt) or palladium (Pd) metal on
he surface of TiO2 could improve its photocatalytic performance
18,19]. Several reactor design for photocatalysis were established
20], such as the packed bed reactor and optical fiber reactor. The

onolith is widely used in industrial process due to the advantage
f low-pressure drop and high surface-to-volume ratio, which are
ery suitable for gas-solid reaction. The use of monolith for the pho-
ocatalytic reactions has been studied by several research groups
21–25]. Although monolith has many advantages, one of the major
rawbacks is its poor performance on photocatalytic reactions due
o poor illumination of internal channels. Studies show that in side
llumination systems, a fraction of the photon flux would be blocked
utside the channels and the light intensity decays rapidly along
he monolith channel, leaving only a small portion of the mono-
ith channels being illuminated [26–29].  Ren and Valsaraj [30] and

ul’s group [24,25] had proposed a novel design inserting optical
bers into the monolith channels. By doing so, the distance of illu-
ination in the monolith channels can be effectively prolonged and

s a consequent, higher quantum efficiency for the photoreduction
f pollutants can be achieved.

In the present study, photocatalytic reduction of NO by propane
s was investigated using a photocatalyst-coated monolith pho-
oreactor. The influences of oxygen and water on NO conversion
t various reaction temperatures were studied in three reaction
onditions, NO/propane, NO/propane/O2 and NO/propane/H2O. An
n situ FTIR experiment was also performed to reveal the surface
pecies formed during the reaction at various reaction tempera-
ures, and to explore the possible reaction mechanism.

. Experimental

.1. Preparation and characterization of catalysts

The preparation of the PtOxPdOy/TiO2 thin film was  in two parts,
hich were the synthesis of TiO2 photocatalyst sol by controlled

hermal hydrolysis of tetrabutoxide titanate (TBOT) and the metal

oading process. For the synthesis of TiO2, TBOT was added by
roplets to a solution of 0.1 M nitric acid with a volume ratio of
:6 (TBOT:nitric acid). After the solution was stirred and heated to
0 ◦C, polyethylene glycol (PEG) was added with half the weight of
iO2, and the solution was maintained at this temperature, stirred
monolith photoreactor.

for 8 h to complete the hydrolysis of TBOT. The loading metal
precursors, Pd(NO3)2 and H2PtCl6, were added during the aging
process with each of the amount of 1 wt% of the TiO2. Four types
catalysts, TiO2, 1 wt% Pt/TiO2, 1 wt% Pd/TiO2, and 1 wt% Pt 1 wt%
Pd/TiO2 were synthesized.

The Corning monolith is composed by cordierite
(2Al2O3·5SiO2·2MgO, 30% porosity) which has 54 circular channels
per square inch of its cross section. The dimension of the monolith
is 4.2 cm in diameter and 6.0 cm in length. The monolith is relatively
porous thus needs pretreatments to reduce its micropores in order
to coat a thin film of catalyst on the internal channels. To achieve
this target, dip-coating method was applied to form a pre-coated
SiO2 layer with a uniform mixture of SiO2 precursor and PEG on
the channel walls [31], which could fill in most micropores such
that a smooth upper layer could be obtained for a uniform light
irradiation. The silica sol was  prepared by the catalyzed hydrolysis
of tetraethyl orthosilicate (TEOS). After calcination at 500 ◦C, the
SiO2 layer was  formed. The TiO2 sol was  dip-coated on top of SiO2
sublayer then dried 3 h in air at 150 ◦C following by calcination
at 500 ◦C for 5 h. A TiO2 thin film with the amount of 0.41 g was
obtained on the monolith.

The crystalline phases of TiO2, PdOy/TiO2, PtOx/TiO2, and
PtOxPdOy/TiO2 were determined by X-ray diffraction (Rigaku-
Ultima IV MAC  Science) and the light absorption of photocatalysts
was characterized by ultraviolet–visible light (UV–vis) spec-
troscopy (Varian, Cary 100).

2.2. Photoreaction system

Fig. 1 shows a schematic of the monolith photoreactor. The
catalyst-coated monolith was inserted by side-glowed optical fiber
in each channel and placed inside a circular quartz vessel. The
PMMA  side-glowed optical fiber with 0.5 mm diameter was man-
ufactured by Hong Yi optical fibers company, Taiwan. Two PTFE
cover-rings sealed both ends of the monolith so that the reactants
only flowed through the channels from one end to the other. The
reactor was irradiated from one side of quartz window so that the
side-glowed optical fibers can illuminate the catalyst on the inter-

nal surface of the monolith channel during the reaction. The light
source was provided by the Exfo S1500 (USA) equipped with a high-
pressure Hg lamp and a guiding optical fiber with filter to emit UV-A
light (320–500 nm)  at the intensity of 46.9 mW/cm2. The reaction
temperature was  maintained by a heating tape wrapped around
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Fig. 2. UV–vis spectra of fresh catalysts.

and nitrate, which occupied the catalyst surface leaving less sites
for adsorption and eventually the catalyst would be saturated. Con-
sequently, no more NO can be removed by TiO2. On the other
hand, when PtOxPdOy/TiO2 was  applied, a steady-state concentra-
tion of NO near 120 ppmv was reached after turning on UV light and

Table 1
Performance on photocatalytic NO reduction on various catalysts under UV light
irradiation.
Y.-H. Yu et al. / Catalysi

he quartz vessel and controlled by a thermal couple inserted in
he central monolith channel. Another powder-form reactor was
onstructed with the same configuration as the monolith photore-
ctor except no monolith inside for comparison. A quartz plate,
.5 cm × 10.5 cm,  was placed inside the reactor and inclined an
ngle of 5–10 ◦ facing the irradiating UV light from the quartz win-
ow. The powder catalyst with the same composition and weight

n the monolith was evenly spread on the quartz plate.
The composition of the feed was mixed two streams of NO

400 ppmv in N2) and propane (C3H8 5000 ppmv in N2) with the NO
o propane ratio of 1:24. The total flow rate was kept at 7 ml/min
quivalent to VHSV near 19 min  by mixing additional pure N2
tream. The reaction was carried out under UV irradiation for 4 h
fter steady-state flow was reached. The concentrations of NO and
O2 were simultaneously measured by a chemiluminescenece NOx

nalyzer (Teledyne Instruments, M200E). Additional oxygen was
ntroduced with a third stream of 5% O2 in helium and water
apor was attained by passing the propane stream through a water
aturator at room temperature. The total flow rate was  still main-
ained at 7 ml/min by adjusting additional pure N2 stream. N2O,
hich is one of the by-products, was measured every hour by a
C (Young Lin Instrument, Acme6100, Korea) equipped with TCD
sing Porapak Q column. The amount of N2O was  found negligible.
ydrocarbon intermediates in the gas phase were detected by the

ame GC in another channel equipped with FID using Porapak N
olumn. When the reaction was over, the monolith was  soaked in
ater to dissolve the nitrite and nitrate formed on the catalyst dur-

ng the photoreaction. An ion chromatograph (EDIONEX, 2000i/SP)
as used to measure the amount of nitrite and nitrate in aqueous

olution. Nitrite and nitrate would not desorb to gas stream once
hey formed on the surface (see Section 3 and Fig. 12). We  found
ess than 1% of nitrite and nitrate was formed from the NO photore-
ction. Thus the N2 selectivity was very closed the total amount of
O consumed, which was near 99%.

.3. In situ FTIR spectroscopy

The photocatalytic reduction of NO was studied by in situ dif-
use reflectance infrared Fourier transform spectroscopy (DRIFTS)
n Nexus 470 IR spectrometer (Thermo Nicolet) equipped with a
iquid N2 cooled MCT  detector. The photocatalyst, ∼150 mg,  was
laced in a HVC dome reactor (HVC; Harrick HVC-DRP-1) with three
indows, including two KBr windows and a quartz window [32].

he molar ratio of the gas mixture was the same as that for the
eaction system. Photoreaction was performed in a closed reac-
ion under UV irradiation through the quartz window for 19 min.
he reaction temperature was controlled by a built-in heating tape.
ll spectra were measured with a resolution of 4 cm−1 and accu-
ulating 64 scans. The spectrum was obtained by subtracting the

ackground of fresh photocatalyst under Helium environment.

. Results and discussion

Fig. 2 is the UV–vis spectra of the various powder-form cata-
yst. The spectrum of pure TiO2 shows no absorbance in the visible
ight region. The PtOx/TiO2 has wide absorbance at the visible light
egion. The PdOy/TiO2 has an absorbance band around 400–500 nm.
he PtOxPdOy/TiO2 shows both characteristics of the shoulder at
00–500 nm and the strong absorbance at visible light region. From

he XRD pattern in Fig. 3, all catalysts showed identical patterns of
iO2 anatase phase. There were no related peaks shown the exis-
ence of PtOx or PdOy indicating that PtOx or PdOy clusters were
niformly dispersed on the catalyst surface. Based to the results of
V–vis and XRD, the PtOxPdOy/TiO2 was successfully synthesized.
Fig. 3. XRD patterns of fresh catalysts.

Table 1 is the summary of the performance of NO conversion on
four catalysts. The pure TiO2 gave 60% conversion of NO. The con-
versions of PtOx/TiO2 and PdOy/TiO2 increased slightly while the
conversion of PtOxPdOy/TiO2 increased to 69.5%. Fig. 4 shows the
instantaneous concentration of NO and the formation of NO2 vs.
reaction time. On pure TiO2, the NO concentration dropped rapidly
at the beginning after turning on UV light, but NO increased shortly
after a period of the reaction. The NO concentration monotonically
increased even after 700 min  of reaction. This phenomenon indi-
cated NO was  mainly undergoing oxidation on TiO2 [33,34]. Even
with propane available, NO was  continuously oxidized to nitrite
Catalyst TiO2 PdOy/TiO2 PtOx/TiO2 PtOxPdOy/TiO2

Conversion (%) 60.3 63.3 62.5 69.5

Reaction condition: NO/C3H8 = 1/12, retention time = 19 min, UV-A light inten-
sity = 46.9 mW/cm2, reaction time = 4 h.
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ig. 4. NO concentrations vs. time on TiO2 and PtOxPdOy/TiO2 and the NO2 forma-
ion vs. time on PtOxPdOy/TiO2 in NO/C3H8 system. The NO concentration was back
alculated to the corresponding concentration of the feed NO stream (i.e. 400 ppm
n  N2) by the flow ratio of NO-feed-flow/total-flow rates.

hroughout the whole reaction period. The NO2 formation through-
ut the reaction was negligible. This clearly indicated that NO can
e photocatalytically reduced to nitrogen on the PtOxPdOy/TiO2 by
ropane, not only NO oxidation as in TiO2. So all following experi-
ents were carried out on PtOxPdOy/TiO2.
Fig. 5 shows the performance comparison of monolith and

owder-form photo reactors. The NO conversion in the monolith
hoto reactor was 15–20% higher than the simple plat-type reac-
or. The monolith photo reactor has a much larger contact area for
eterogeneous catalysis and should show a significant increase in
he NO conversion. However, due to the reactor design, UV light is
uided only via the optical fibers. With the same UV light source,
he light intensity per catalyst area of the monolith photo reac-
or actually was much less than that of the powder-form reactor.
herefore, the performance of the monolith photo reactor is, in fact,
uch better than the powder-form reactor.
Fig. 6 shows the NO conversion of the NO/propane system
t three reaction temperatures. Reaction temperature was  con-
rolled at 25 ◦C, 70 ◦C, and 120 ◦C. The NO conversion was almost
dentical at 25 ◦C and 70 ◦C of about 90%. But at 70 ◦C, the rate
ncreased so that the steady-state conversion reached 90% faster
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ig. 5. Performance comparison of NO conversions in monolith and powder-
orm photoreactors with 0.5 g PtOxPdOy/TiO2 in NO/C3H8 system under UV
rradiation (molar ratio of NO:propane = 1:2500, retention time = 19 min, UV inten-
ity = 46.9 mW/cm2).
Fig. 6. NO conversion of NO/propane system using PtOxPdOy/TiO2 as catalyst under
UV  irradiation at three reaction temperatures (molar ratio of NO:propane = 1:24,
retention time = 19 min).

than that of 25 ◦C. A slight decrease of NO conversion to 73.1%
was observed when temperature increased to 120 ◦C. Several phe-
nomena of increasing reaction temperature of photocatalysis were
reported in literatures [5,13,16,35–37].  In photocatalytic oxidation
(PCO) processes, the reaction rate is usually temperature indepen-
dent. The effect of reaction temperature mainly correlates to the
adsorption–desorption process. When the reaction temperature
increases, the adsorption ability of gaseous species on the cata-
lyst surface will decrease and so does the conversion. However,
in PCO processes, stable intermediates will form on the catalyst
surface, increasing reaction temperature may  promote desorption
of stable intermediates attached on the catalyst surface, releasing
the intermediate-occupied sites, therefore increasing the conver-
sion. The decrease in NO conversion is the result of higher kinetic
energy of gaseous molecules and lower adsorption density of reac-
tants on the catalyst surface at higher temperature, as previously
mentioned. In summary, raising the reaction temperature from 25
to 70 ◦C would slightly decrease the steady conversion but increase
the rate. When the reaction temperature is further raised to 120 ◦C,
the decrease in adsorption ability becomes dominant resulting in a
lower conversion.

In the O2 introduced system, the ratio of NO, C3H8, and O2 are
1:24:120. Compare with the NO/propane system, the NO conver-
sion decreased to 40.6% at room temperature as shown in Fig. 7.
The decrease in NO conversion at 25 ◦C is due to the competi-
tion between NO and O2 for photo generated electrons. The initial
NO conversion at 70 ◦C is near 55.6% but the final steady-state
conversion is very close to 25 ◦C. Unlike the NO/propane system,
NO conversion reached 67.1% as temperature increased to 120 ◦C.
Although not shown, NO2 formation was  negligible at 25 ◦C and
120 ◦C, but was observable near 20 ppm in the early stage of the
reaction at 70 ◦C. At 70 ◦C, the steady-state conversion was  very
close to 25 ◦C as in the NO/propane system. The additional conver-
sion was attributed to a fraction of NO that was oxidized to NO2.
Although PtOxPdOy/TiO2 tends to reduce NO on the surface, large
amount of adsorbed oxygen presented and the higher reaction rate
at 70 ◦C would cause a fraction of NO to be oxidized, forming NO2
at early stages of the reaction. As the reaction proceeded, NO con-
version gradually returned to the steady state and the formation of
NO2 also decreased. When temperature increased to 120 ◦C, the NO
conversion increased significantly while NO2 formation decreased.

This implies more NO was reduced and less was oxidized. This dif-
ferent trend of the temperature effects with respect to the simple
NO/C3H8 system is due to the competition between O2 and NO
to capture the photo-generated electrons on the catalyst surface.
Since NO is a polarized molecule and O2 is not, the partially neg-
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Table 2
Propane conversion of NO/propane/O2 system.

Reaction temperature (◦C) NO/propane/O2 (%)

25 40.0
70 27.3

120 10.0
ig. 7. NO conversion of NO/propane/O2 system using PtOxPdOy/TiO2 as cat-
lyst under UV irradiation at three reaction temperatures (molar ratio of
O:propane:O2 = 1:24:120, retention time = 19 min).

tive O atom on NO has a stronger affinity to the Ti4+ site, where
he photo-generated electrons migrate to [38]. When temperature
ncreases to 120 ◦C, both adsorbed NO and O2 decreases. However,

ith much stronger adsorption ability, the fraction of NO adsorbed
n the catalyst surface is higher resulting in a higher conversion
ear 73% as in the NO/C3H8 system.

Fig. 8 shows the NO conversions of the water vapor intro-
uced system at three temperatures, respectively. The molar ratio
etween NO, propane, and water vapor is 1:24:41. The NO conver-
ion significantly increased when temperature increased to 120 ◦C.
he amount of water vapor added, compare with oxygen in the
revious system is about 3:1. However, the NO conversions of the
wo systems were somewhat comparable. This indicates that water
ad a significant influence on adsorption rather than reaction. It is
ell known that TiO2 becomes super hydrophilic under UV irra-
iation, since our system operates at relatively high humidity, a
onsiderable amount of water molecules would adsorb strongly on

he catalyst surface at 25 ◦C. When the temperature increases to
20 ◦C, large amount of water molecules would desorb, releasing
he active sites from the catalyst surface. However, the adsorption
bility of propane and NO do not change as much as water in this
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ig. 8. NO conversion of NO/propane/H2O system using PtOxPdOy/TiO2 as cat-
lyst under UV irradiation at three reaction temperatures (molar ratio of
O:propane:H2O = 1:24:41, retention time = 19 min).
Fig. 9. In situ FTIR spectra of (a) TiO2, (b) PtOxPdOy/TiO2 under UV irradiation for
NO/propane system (molar ratio of NO:propane = 1:24, reaction time = 19 min).

temperature range, resulting in the increase in the ratio of adsorbed
NO and propane, thus increasing the NO conversion at elevated
temperature.

A large number of hydrocarbon intermediates, such as acetone
or formic acid, may  be formed on the TiO2 surface and occupy
the sites. These intermediates may  desorb by increasing tempera-
ture to 120 ◦C thus more vacant sites are available for the reaction.
However, propane conversion decreased as temperature increased
shown in Table 2. This indicates that increasing reaction temper-
ature to 120 ◦C would decrease the adsorption of propane rather
than enhance the desorption of intermediates. It should also be
noted that from the GC analysis, only trace amount of acetone,
acetaldehyde, or other hydrocarbon products were detected in the
gas phase. This indicates hydrocarbon intermediates formed on the
catalyst surface may  not desorb. Further evidence is provided in the

FTIR results.

Fig. 9 is the in situ FTIR spectra of the NO/propane reaction with
TiO2 and PtOxPdOy/TiO2 as the photocatalysts. The wavenumbers
related to each species are tabulated in Table 3. The FTIR spectra
after 19 min  of illumination were chosen to mimic  the retention

Table 3
Assigned peak in NO/C3H8 and NO/C3H8/O2 systems on PtOxPdOy/TiO2 catalyst.

Peak (cm−1) Species Reference

1258 Bidentate nitrate [46]
1303 Monodentate nitrate [46]
1358 Formate [47–49]
1380 Formate [48,49]
1442 Acetate [50,51]
1560 Formate [49]
1582 Monodentate nitrate [46]
1605 Bidentate nitrate [46]
1690 Acetone [14,47,52,53]
1716 Acetaldehyde [53–55]
2235 N2O [45]
2341–2365 CO2 [56]
2873 Formate [47,53,56,57]
2952 Formate [47,49,57]
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ime of the monolith reactor. Two spectra were identical above
200 cm−1 so the absorption bands are shown only in the range
rom 1000 cm−1 to 2200 cm−1. From Fig. 9, the surface species on
iO2 were mainly products of NO oxidation. The peaks at 1303
nd 1582 cm−1 correspond to monodentate nitrate and the peaks
t 1258 and 1605 cm−1 refer to bidentate nitrate. On the other
and, the surface species on PtOxPdOy/TiO2 are mainly products of
3H8 oxidation such as formate (1358, 1380, 1560 cm−1), acetate
1442 cm−1), acetone (1690 cm−1), and acetaldehyde (1716 cm−1).

hen applying PtOxPdOy/TiO2, the peaks of nitrate (1258, 1303,
605 cm−1), which are strong on pure TiO2, become shoulders or
ven diminish on the spectra. This clearly indicates that NO would
end to be reduced on the PtOxPdOy/TiO2 catalyst surface. It is also
onsistent with the result as shown in Fig. 4.

Figs. 10 and 11 are the FTIR spectra of the NO/propane and

O/propane/O2 systems at three reaction temperatures, respec-

ively. From Fig. 10,  various hydrocarbon species where identified
uch as formate (1358, 1380, 1560, 2873, 2952 cm−1), acetate
1442 cm−1), acetone (1690 cm−1), acetaldehyde (1716 cm−1), and

ig. 11. In situ FTIR spectra of PtOxPdOy/TiO2 under UV irradiation for
O/propane/O2 systems at three reaction temperatures. (a) 25 ◦C, (b) 70 ◦C, (c) 120 ◦C

molar ratio of NO:propane:O2 = 1:24:120, reaction time = 19 min).
y 174 (2011) 141– 147

the double signals between 2341 and 2365 cm−1 are related to
the weak adsorption of carbon dioxide. Acetone, acetaldehyde,
acetate and formate are the common products or intermediates
in the propane or other hydrocarbon photocatalytic oxidation with
molecular oxygen [39–42].  In this study, NO is the only oxidizing
agent for propane oxidation on the catalyst surface. As a conse-
quence, we expect NO to play the same role as O2 in the oxidation
path of C3H8. This indicates the oxidation of propane with NO is a
step-by-step process and the ultimate product is CO2. The signals
at 1303 and 1582 cm−1 correspond to monodentate nitrate and the
signals at 1258 and 1605 cm−1 refer to bidentate nitrate groups,
which were inevitably formed. Nitrate and nitrite species are
common products for the photocatalytic oxidation of NO [43,44].
Therefore, NO undergoes both oxidation and reduction with C3H8
presented.

While the temperature increases to 70 or 120 ◦C, almost all peaks
in the spectra show identical position but different intensities. At
70 ◦C, the adsorbed amount of NO and propane were similar to
25 ◦C. However, due to a higher reaction rate, more nitrate and
nitrite were formed at 70 ◦C. The higher reaction rate also caused
adsorbed propane to oxidize further into formate or acetate. Once
the temperature further increased to 120 ◦C, the peaks at 1605
and 1582 assigned as nitrate and nitrite are almost invisible. These
peaks could be overlapped by the nearby hydrocarbon peaks and
indicate less nitrate and nitrite formed on the surface. Another tiny
but notable peak is observed around 2235 cm−1 in Fig. 10,  which
is assigned as N2O in the literature [45]. Generally, N2O could be
the product or intermediate in the SCR process indicating another
reduction path of NO. These phenomena could be contributed from
the selectiveness of NO reaction path change with temperature.

The amount of O2 was  120 times higher than that of NO, and O2
served as the main oxidizing agent causing an increase in oxidation
products such as nitrate, nitrite, and hydrocarbon intermediates.
The magnitude of signals for nitrate, nitrite, and hydrocarbon inter-
mediates in Fig. 11 were much higher than in Fig. 10.  With an
abundant source of oxygen, most propane was further oxidized to
formate or acetate. As temperature rose from 25 ◦C to 120 ◦C, the
signals referring to oxidation products decreased rapidly as shown
in Fig. 11.  This suggests that the adsorption of oxygen is relatively
sensitive to temperature variations. As temperature rises, less O2
are adsorbed and less nitrate, nitrite, and hydrocarbon intermedi-
ates are formed. However, the NO conversion still increased from
near 40% to around 70% as temperature increased from 25 to 120 ◦C
as shown in Fig. 7.

Fig. 12 is the FTIR spectra of the NO/propane/O2 system at 120 ◦C
after UV light was turned off. After the reaction was terminated,
helium was purged continuously in order to remove the reacting
species in the gas phase. Under this situation, the desorption of
surface species should be enhanced due to the concentration gra-
dient over the catalyst surface and gas phase at high temperature.
However, the shape and magnitude of FTIR signals was  almost iden-
tical from 5 to 20 min. This revealed that the surface species were
intact, and raising reaction temperature to 120 ◦C was insufficient
to overcome the binding of the chemisorbed intermediate species,
whether there were nitrite/nitrate or hydrocarbon intermediates
formed on the catalyst surface. As consistent with the GC  analysis
in the experiment, no desorption of hydrocarbon intermediates or
nitrite/nitrate would occur from the catalyst surface under 120 ◦C.
Thus the total amount of nitrite and nitrate can be estimated by
dissolving in water after reaction using the ion chromatograph.

The potential products of NO photoreaction include N2, N2O,
NO−, NO2, and NO3

−. Based to the observed facts, we can conclude

that (1) NO conversion increased while nitrate formation decreased
with increasing reaction temperatures, and (2) nitrite and nitrate
would not desorb under 120 ◦C and no NO2 was observed. Although
large amount of O2 increased the driving force of NO oxidation, NO
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ig. 12. In situ FTIR spectra of PtOxPdOy/TiO2 for NO/propane/O2 system after the
hotoreaction was  over under UV off, helium purging conditions at 120 ◦C.

till had a high selectivity towards N2 due to its stronger adsorption
bility than O2 at higher temperatures. In other words, the system
s approximating the NO/propane system as temperature increases.

. Conclusion

The PtOxPdOy/TiO2 catalyst showed a very good performance of
O photoreduction while pure TiO2 only gave NO oxidation using
ropane as a reducing agent. The photocatalytic reduction of NO
chieved nearly 90% NO conversion on PtOxPdOy/TiO2 at 25 ◦C. Rais-
ng reaction temperature to 70 ◦C decreased the conversion slightly
ut accelerated the speed to reach steady-state NO conversion.
he conversion decreased to 73.1% as the reaction temperature
ncreased to 120 ◦C due to the poor NO and propane adsorption. For
he NO photoreaction with oxygen, oxygen competed with NO for
hoto-generated electrons leading to a low NO conversion at 25 ◦C.
he NO conversion increased while the amount of surface formed
itrate decreased with temperature indicated that a high selectivity
f NO converted towards N2 at higher temperatures. Water vapor
layed a significant role not in reaction but rather in adsorption.
hen temperature rose to 120 ◦C, the adsorbed water on the TiO2

urface desorbed considerably and a significant increase in NO con-
ersion was observed. The oxidation products of NO and propane
ormed on the catalyst surface were observed by in situ FTIR spec-
roscopy. The results of FTIR revealed that temperature variations

ight affect on reaction paths.
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