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The surface species formed during NO oxidation in the absence/presence of SO, over Pt/TiO, catalyst
prepared by photo-deposition are investigated by in situ FTIR spectroscopy. During the adsorption of
NO-0,, predominant various nitrates are formed on the surface of TiO,. The addition of SO, to NO-0,
greatly suppresses the formation of surface nitrates and also changes the types of nitrates formed. The
decomposition of surface nitrates on Pt/TiO, is observed at elevated temperature of ca. 250°C and the
decomposition temperature is retarded to ca. 350 °C with the addition of SO, during NO-0O, adsorption.
The direct oxidation of gaseous NO to NO, is proposed as the main pathway for NO, formation and the

decomposition of surface nitrates at elevated temperatures plays a negative role on NO oxidation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOx) are major air pollutions that greatly con-
tribute to the formation of photochemical smog and acid rain.
Various techniques, e.g. selective catalytic reduction of NOx (SCR)
[1] and NOx storage-reduction (NSR) [2], have been developed for
the elimination of nitrogen oxides from anthropogenic sources. It is
generally accepted that NO, plays a key role for these techniques.
It is also known that most nitrogen oxides exist in the form of
NO (>90%). So, the oxidation of NO to NO, is regarded as a very
important reaction and eligible catalysts for NO oxidation are being
researched.

Precious metal platinum is the primary choice of active com-
ponent for NO oxidation and supported platinum catalysts are
extensively investigated. Especially, the mechanism aspect for NO
oxidation on platinum catalysts has drawn much attention. In
the early work of Xue et al. [3], the authors proposed a pro-
cess that NO first adsorbed on support, migrated to Pt sites and
then oxidized to NO,. Thus the strength of bond between Pt
and support was regarded as a key factor controlling the NO
oxidation activity on supported Pt catalysts. A different opin-
ion of Olsson et al. [4] suggested an Eley-Rideal model for NO
oxidation over Pt/Al,03 and the rate-determination step was rec-
ognized as Pt-O+NO (g) — Pt-NO,. They further improved this
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model to acombination of Eley-Rideal and Langmuir-Hinshelwood
(Pt-0 +Pt-NO — Pt +Pt-NO, ) mechanism [5]. In a recent study of
Mulla et al. [6], the Langmuir-Hinshelwood mechanism was pro-
posed for NO oxidation on Pt/Al,03 and the adsorption of O, on
Pt sites (O, + Pt — Pt-0,) was recognized as the rate-determining
step. Although much work has been focused on platinum catalysts
for NO oxidation, no general agreements are reached on the reac-
tion mechanism. Pt/Al,05 is studied as a model catalyst for NO
oxidation, while other platinum catalysts, e.g. Pt/TiO,, receive much
less attention.

The deactivation by SO, poisoning is a serious problem during
the application of platinum catalysts for NO oxidation. Accord-
ing to the literature results [3,7], the NO oxidation activity over
platinum catalysts (e.g. Pt/SiO, and Pt/Al;03) dropped dramati-
cally in the presence SO, at ppm level. The oxidation of SO, to
SO3 was reported to occur on the Pt sites of catalysts and the
accumulation of surface sulfate was proposed as the main rea-
son for SO, poisoning [3]. Apart from this, little information on
the effects of SO, on NO oxidation is available. The detailed inves-
tigation on the mechanism of SO, poisoning is thus desired not
only for the understanding of SO, poisoning during NO oxidation
but also for the future design of SO,-resistant NO oxidation cata-
lysts.

In our previous work [8], we reported that Pt/TiO, catalyst pre-
pared by photo-deposition exhibited remarkable activity for NO
oxidation even in the presence of SO,. In the present work, the
surface species formed during the NO oxidation under different
conditions (in the absence/presence of SO;) over Pt/TiO, prepared
by photo-deposition are investigated by in situ FTIR spectroscopy.
The reaction pathways for NO oxidation over Pt/TiO, will be dis-
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cussed based on the results and the effects of SO, on NO oxidation
will be proposed.

2. Experimental
2.1. Preparation of Pt/TiO, catalyst

The detailed preparation process of Pt/TiO, by photo-deposition
can be found in our previous work [8]. Briefly, 2 mM H,PtClg solu-
tion containing ca. 0.01 g Pt, 500 mg of TiO, and 8 mL of ethanol
were added into a round-bottom quartz flask under stirring to form
slurry. The slurry was adjusted to pH 10.54 0.5 and irradiated by
a high-pressure mercury light for 6 h. Finally, the particles were
filtered, washed, and dried at ambient conditions.

2.2. Catalytic oxidation of nitric oxide

The catalytic oxidation of NO was performed in a fixed-bed
flow microreactor at atmospheric pressure. Typically, 0.15g sam-
ple (sieve fraction of 0.16-0.25 mm) was placed in a quartz reactor
(4mm i.d.) and pretreated in 5%0,/He at 450 °C for 1 h. After cool-
ing to 150°C in He, the reactant gas mixture (400 ppm NO, 0 ppm
or 320 ppm SO,, 10% O,, He balance) was fed to the reactor. The
total flow rate of the gas mixture was kept at 450 mLmin~!, cor-
responding to a GHSV of 180,000 h~1. The inlet and outlet gases
were monitored on-line using a gas chromatograph (HP 6820 series,
for N, and N, O analysis) and a chemiluminescence NOx analyzer
(Ecotech EC 9841, for NO and NO, analysis).

2.3. In situ FTIR study on NO oxidation

In situ FTIR studies were performed on the spectrometer (Bruker
Tensor 27) by using a diffuse reflectance attachment (HARRICK)
equipped with a reaction chamber. 128 single beam spectra had
been co-added at a resolution of 4cm~! and the spectra were
presented as Kubelka-Munk function referred to adequate back-
ground spectra. The samples were used as self-supporting wafers
(ca. 20mg) and pretreated in 5%0,/He at 450°C for 1h prior to
adsorption experiments. After cooling to desired temperature in
flowing He, the samples were exposed to certain reactant gas mix-
ture at a constant temperature and time-resolved FTIR spectra were
recorded. To obtain the temperature-resolved FTIR spectra, the
sample in flowing gas stream was adjusted to a desired temperature
and spectra were recorded after 20 min steady-state reaction at this
temperature.

2.4. Thermal decomposition of surface nitrates

The thermal decomposition of surface nitrates on Pt/TiO, cata-
lyst was performed on a fixed-bed flow reactor with a quartz tube.
Pt/TiO, sample of 0.5 g (sieve fraction of 0.16-0.25 mm) was fixed in
the tube and pretreated with flowing 5%0,/He at 450 °C for 1 h and
then cooled down to 150 °Cin flowing He. A mixture of 400 ppm NO,
0ppm or 320 ppm SO, 10% O, and the balance He was introduced
to the sample at the constant temperature of 150 °C for 30 min. After
NO-0, steady-state adsorption, the sample was purged with He at
150°C for 30 min to remove the physisorbed NO or NO,. Finally, the
temperature-programmed decomposition of surface nitrates was
conducted from 150°C to 550 °C (no decomposition product can be
found at above 550 °C) with a heating-rate of 5°Cmin~! in He flow
of 100 mLmin~!. The outlet NO and NO, were monitored on-line
with a chemiluminescence NOx analyzer (Ecotech EC 9841).
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Fig. 1. NO oxidation on TiO, and Pt/TiO,. Reaction conditions: 0.15g catalyst,
400 ppm NO, 0 ppm (empty symbol) or 320 ppm (filled symbol) SO,, 10% O,, He
balance, GHSV =180,000h~".

3. Results and discussion
3.1. Catalytic activity for NO oxidation on Pt/TiO5

The catalytic activity for NO oxidation on TiO, and Pt/TiO, is
shown in Fig. 1. TiO, support exhibits quite low activity (<20%) for
NO oxidation both in the presence of SO, and in the absence of
SO,, suggesting that the high NO oxidation activity of Pt/TiO, is
originated from Pt.

In the absence of SO, a 50% NO conversion to NO> is achieved
at ca. 210°C on Pt/TiO, and a maximal NO conversion of ca. 94%
is achieved at 250°C. Above 250°C, the NO conversion decreases
along the thermodynamic equilibrium of NO-NO, (the dash line in
the figure). While in the presence of SO, a maximal NO conversion
of ca. 75% is achieved at 350°C on Pt/TiO, and NO conversion then
decreases along the thermodynamic equilibrium at above 350°C.
It is seen that SO, shows obvious negative effect on NO oxidation.
Nevertheless, considerable NO oxidation activity is achieved on
Pt/TiO, with SO, in the stream and to our knowledge, Pt/TiO is
the most active catalyst for NO oxidation in the presence of high
concentration SO,.

3.2. NO adsorption and NO-0, co-adsorption at room
temperature

Introduction of 400 ppm NO to Pt/TiO, at room temperature
results in the appearance of several IR bands corresponding to
different surface species, as displayed in Fig. 2A. After 3 min of
adsorption, bands at 1600cm~1,1585cm~1,1480cm~?, 1300 cm™!
and 1260cm™!, together with a band at 1785cm™! are observed.
The bands at 1300cm~! and 1585cm™! are assigned to chelat-
ing bidentate nitrates on TiO,, while the bands at 1600cm~! and
1260cm! are assigned to bridging bidentate nitrates on TiO,
[9,10]. The band at 1480 cm~! is assigned to monodentate nitrates
on TiO, surface [11] and the band at 1785cm™! is assigned to lin-
ear NO species on Pt particles [12,13]. With increasing adsorption
time, the intensities of IR bands corresponding to nitrates on TiO,
increase, while the intensity of IR band corresponding to linear NO
species on Pt remains almost unchanged. During the NO adsorp-
tion process at room temperature, predominant nitrates are formed
on TiO, support. In our opinion, NO initially adsorbs on Pt sites as
linear NO species, which are further oxidized and migrate to TiO,
support to form various surface nitrates. For reference, the spectra
of NO adsorption on TiO, support (Degussa P25) at room tempera-



L. Li et al. / Catalysis Today 158 (2010) 361-369 363

(A) (B) .
PUTIO, TiO,
0.15 NO adsorption 0.06 NO adsorption
o @
27 3 s
- 8 2
Xx x b
= =
= =]
S g r
= o x
@ w0 @
o «©Q
S = s
b h <
= ]
I'a Ia
1800 1600 1400 1200 1800 1600 1400 1200
Wavenumber / cm™ Wavenumber / cm™!
C » D "
© PUTIO, ©® TiO,
0.15 NO°-02 co-adsortion 0.05 NO-O, co-adsortion
w @ 3
- 2
®
- -
: :
= = g
© © -
E: = 28 g
2 2 g $= 8
El S - =]
< <
]
1 ]
\ o] 1
1785 1765 3 P Ta
1800 1600 1400 1200 1800 1600 1400 1200

Wavenumber / cm!

Wavenumber / cn

Fig. 2. Insitu FTIR spectra of surface species on Pt/TiO, and TiO, during NO adsorption (400 ppm NO, He balance) and NO-0; co-adsorption (400 ppm NO-10% O, He balance)
at room temperature for 1 min (a), 3 min (b), 5min (c¢), 7 min (d), 9min (e), 11 min (f), 13 min (g) and 15 min (h).

ture are shown in Fig. 2B and various nitrates (bands at 1600 cm™!,
1580cm1, 1470cm~1, 1300cm~! and 1260 cm~1), together with
adsorbed N,O3 [14] (tentative assignment, bands at 1660cm™1),
are observed on the surface of TiO,. The nitrates species are directly
formed on the surface of TiO, and the intensities of IR bands asso-
ciated with nitrates species are much lower compared to those on
Pt/TiO, (note the different y axis scales).

FTIR spectra during exposure of Pt/TiO, to NO-O, at room tem-
perature are shown in Fig. 2C. FTIR bands at 1785 cm~1,1765cm™!,
1660 cm~! and 1465 cm~! are observed on sample upon NO-0, co-
adsorption. The bands at 1785cm~! and 1765 cm~! are assigned
to linear NO species on different Pt sites [13,15]. It is seen that
NO mainly adsorbs as linear NO on Pt sites at the beginning of
adsorption. With increasing adsorption time, the linear NO species
are gradually oxidized to monodentate nitrites, as illustrated by
the band at 1465cm~! [16]. The adsorbed N,03 species may be
the intermediates of this process. The monodentate nitrites can
transform to nitro compound (band at 1425cm~! [17]) or fur-
ther oxidized to various nitrates (bands at 1600cm~1, 1585cm™1,
1480cm~1,1300cm~! and 1260 cm~1). During the adsorption pro-
cess, the linear NO species on Pt gradually transform to NO dimers
on P, as illustrated by the band at 1810cm~! [17]. Generally, NO
dimers are not stable species on Pt sites. While in this work, the

NO dimers are stabilized on Pt site by w-back donation, originated
from the interaction between Pt and O. On the whole, NO initially
adsorbs Pt sites as linear NO species in excess oxygen and the linear
NO species are finally oxidized to surface nitrates on TiO, through
certain intermediates at room temperature. In the spectra of NO-0,
co-adsorption on TiO, (Fig. 2D), various surface nitrates (bands
at 1660cm~1, 1600cm~1, 1580cm™1, 1470cm~1, 1300cm~! and
1260 cm~1)are observed and their intensities develop with increas-
ing adsorption time.

Based on the spectra of NO and NO-0O, adsorption on TiO,
and Pt/TiO,, we observe that the introduction of Pt to TiO, by
photo-deposition changes the formation of surface species during
adsorption process at room temperature. It is also proposed that
the addition of Pt greatly improves the oxidation activity of TiO,
which promotes the formation surface nitrates.

3.3. NO-0,, S0,-0, and NO-S0,-0, co-adsorption at different
temperatures

In situ FTIR spectra obtained under steady-state reaction condi-
tions over Pt/TiO, at different temperatures are shown in Fig. 3A.
In flowing NO-0, at 175°C, IR bands at 1810cm~!, 1650cm™1,
1610cm~1, 1585cm~1, 1515cm~!, 1350cm~!, 1290cm~! and
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Fig. 3. In situ FTIR spectra of surface species on Pt/TiO, and TiO, during NO-0, co-adsorption (400 ppm NO-10% O, He balance), SO,-0; co-adsorption (320 ppm SO,-10%
0,, He balance) and NO-SO,-0, co-adsorption (400 ppm NO-320 ppm SO,-10% O, He balance) at different temperatures.

1250cm! are observed. The bands at 1610cm~! and 1250 cm™!
are assigned to bridging bidentate nitrates, while the bands at
1585cm~! and 1290cm~! are assigned to chelating bidentate
nitrates. These bands shift to higher or lower frequencies compared
to those formed at room temperature (ref. Fig. 2C). The strong broad

band at 1515cm™! is assigned to monodentate nitrates and the
weak band at 1350cm~! is assigned to free nitrates [16]. The band
at 1810cm~! corresponding to adsorbed NO dimers on Pt is very
weak and is hardly to distinguish. Under steady-state NO-O, reac-
tion at 175 °C, the main surface species formed on Pt/TiO, catalyst
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Fig. 4. In situ FTIR spectra of surface species on Pt/TiO, during NO-O, co-adsorption (400 ppm NO-10% O,, He balance), subsequent He purge and SO,-0, co-adsorption
(320 ppm SO,-10% 02, He balance) at 250 °C for 1 min (a), 3 min (b), 5min (c), 7 min (d), 9min (e), 11 min (f), 13 min (g) and 15 min (h).

are various nitrates associated with TiO,. With increasing reac-
tion temperature from 175 °C to 350°C, the intensities of IR bands
corresponding to chelating bidentate nitrates gradually decrease,
while the intensities of IR bands corresponding to free nitrates
increase. As for IR bands corresponding to bridging bidentate
nitrates, the intensities first increase to the maximum (at ca. 250°C)
and then begin to decrease. Besides, the monodentate nitrates
at 1515cm~! sharply decrease with increasing temperature and
shift to higher frequencies (at 1540 cm~! at 350°C). Based on the
changes of IR bands corresponding to various nitrates at differ-
ent temperatures, the stability of surface nitrates are distinguished
as monodentate nitrates < chelating bidentate nitrates <bridging
bidentate nitrates < free nitrates, basically in consistent with the
literature results [18]. In the spectra of NO-O, adsorption on TiO,
at different temperatures (Fig. 3B), the transformation of different
surface nitrates are also observed and the corresponding stability
of surface nitrates are distinguished as the same order.

In flowing SO,-0, at 175°C, IR bands at 1360 cm~"!, 1345cm ™1,
1270cm~! and 1185cm~! are observed on Pt/TiO,, as shown in
Fig. 3C. The bands at 1360cm~! and 1185 cm~! are assigned to gas-
phase or so-called physisorbed (non-chemisorbed) SO, [19], while
the band at 1345cm~! and 1270 cm~! are assigned to chemisorbed
SO, [20,21]. Besides, no IR bands corresponding to sulfate species,

e.g. bands at 1125cm~! and 1160 cm~! [22], can be observed. It is
seen that SO, is not oxidized on Pt/TiO, at 175°C. With increas-
ing reaction temperature from 175°C to 275 °C, the intensities of
IR bands corresponding to physisorbed SO, and chemisorbed SO,
increase. Meanwhile, the IR bands corresponding to physisorbed
SO, shift a little to higher frequencies. At ca. 300°C, new IR bands
at 1390cm~! and 1225cm~! appear. The band at 1225cm™! is
assigned to adsorbed SO3~ species [23] and the band at 1390 is
assigned to physisorbed SO3 [19]. It is thus deduced that SO, is oxi-
dized to SO3 at above 300°C on Pt/TiO, catalyst via adsorbed SO3~
as possible intermediate.

The surface species formed on TiO, during SO,-0, adsorption
differ greatly from those on Pt/TiO,, as displayed in Fig. 3D. At below
250°C, no obvious surface species are formed on the surface of TiO5.
At above 250°C, weak IR bands at 1335cm~! and 1035cm~! cor-
responding to v(S=0) and v(S-0) of surface sulfates [24], together
with very weak IR band at 1400 cm~! corresponding to S,072~ or
SOs like species [25], are observed, indicating the oxidation of SO5.
From these results, it is seen that TiO, support employed in this
study is relatively SO,-resistant and surface sulfates are not eas-
ily formed, in great contrast to other oxides, e.g. CeO, and Al;0s.
From the spectra of SO,-0, adsorption on Pt/TiO, and TiO- (Fig. 3C
and D), we can conclude that the addition of Pt to TiO, significantly
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and 15 min (h).

promotes the adsorption (both physisorption and chemisorption)
of 502.

When Pt/TiO, is exposed to the stream containing both NO
and SO, (NO-SO,-0,/He), IR bands corresponding to surface
nitrate species and chemisorbed SO, can be observed, as shown
in Fig. 3E. At 175°C, chemisorbed SO, (bands at 1345cm~! and
1270 cm™1), bridging bidentate nitrates (band at 1620cm~1) and
chelating bidentate nitrates (band at 1300cm~!) are observed.
The intensities of IR bands corresponding to nitrate species in
flowing NO-SO,-0,/He are much lower than those in NO-O,/He,
indicating that the addition of SO, greatly suppress the forma-
tion of nitrates species on catalyst. The monodentate nitrates (IR
band at 1515cm~') formed in flowing NO-O,/He are no longer
observed in flowing NO-SO,-0,/He. The free nitrates with IR band
at 1350cm™!, even if exist, cannot be distinguished due to over-
lapping by the strong IR band at 1345 cm~!. All these changes in
surface nitrates, both in intensities and types, are ascribed to the
occupation of adsorption sites of Pt/TiO, by SO,. The intensities of
IR bands corresponding to chemisorbed SO, increase with increas-
ing reaction temperatures, while the intensities of surface nitrates
do not show obvious changes. The oxidation of SO, to SO3 is proved
by the appearance of IRbands at 1225 cm~! and 1390 cm~! atabove
300°C.

In flowing NO-SO,-0,/He, the surface species formed on TiO,
are shown in Fig. 3F. It is seen that surface nitrates (bands at

1600cm~! and 1580cm™!) are predominant species at lower tem-
peratures, while they are gradually replaced by physisorbed SO,
(bandsat 1370 cm~! and 1185 cm~1) with increasing temperatures.
The transformation of surface nitrates, from chelating nitrates
(1580cm™1) to bridging nitrates (1600cm~1), is also observed.
Based on the surface species formed on TiO, during SO,-0,
(Fig. 3D) and NO-SO,-0, adsorption (Fig. 3F), we clearly observe
that the existence of NO in the stream greatly promotes the
physisorption of SO, on TiO5.

Based on the results in Fig. 3, we conclude that the addition of Pt
greatly changes the properties of TiO, and thus changes the surface
species formed during adsorption. As for Pt/TiOs, itis found that the
existence of NO does not influence the adsorption of SO,, while the
existence of SO, greatly suppresses the formation of nitrates. The
occupation of active sites by SO, adsorption without the formation
of surface sulfates should be the key reason for Pt/TiO, deactivation
by SO, at relative low temperatures.

3.4. Stability of surface nitrate species on Pt/TiO, at 250°C

Time-resolved FTIR spectra of NO-O, co-adsorption on Pt/TiO,
at 250°C are shown in Fig. 4. The adsorbed species are attributed
to various surface nitrates: bridging bidentate nitrates (IR bands at
1610cm~! and 1250 cm1), chelating bidentate nitrates (IR bands
at 1585cm~! and 1290cm~!), monodentate nitrates (IR bands
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at 1520cm~! and 1495 cm~! [17]) and free nitrates (IR bands at
1350cm1). After 15 min, the adsorption reach to saturation and
the intensities of IR bands corresponding to various nitrates do not
change any more.

After exposed in NO-0,/He for 15 min, the Pt/TiO, sample, with
various nitrates on the surface, is purged in pure He at 250°C
for a period of time. It is easily seen that all IR bands remains
unchanged during He purge, indicating that all nitrates species are
stable at 250°C in He. After He purge, the sample is then exposed
to SO,-0,/He for a period of time. The introduction of SO,-0,
results in the appearance of IR bands corresponding to chemisorbed
SO, (band at 1345cm~1) and the band intensities increase with
time. With the adsorption of SO,, the intensities of IR bands corre-
sponding to unstable monodentate nitrates (bands at 1520 cm™!
and 1495cm~!) decrease and the band completely disappears
after 5min. It is also observed that bridging bidentate nitrates
on TiO; (bands at 1610cm~! and 1270 cm~!) gradually transform
to chelating bidentate nitrates on TiO, (bands at 1585cm~! and
1300cm~1) accompanied by the adsorption of SO,. Generally, the
bridging nitrates are more stable species than chelating nitrates
and the transformation from bridging nitrates to chelating nitrates
is not preferred. In this work, because SO, occupies the adsorp-
tion sites on TiO, during adsorption process, the bridging nitrates
(one nitrate on two adsorption sites) are thus forced to transform
to chelating nitrates (one nitrate on one adsorption site).

3.5. Stability of surface nitrate species on Pt/TiO, at 350°C

The FTIR spectra during exposure of Pt/TiO, to NO-O,/He at
350°C are shown in Fig. 5. Bridging bidentate nitrates (IR bands
at 1610cm~! and 1240cm™1), chelating bidentate nitrates (IR
bandsat 1585 cm~!), monodentate nitrates (IRbandsat 1540 cm—1)
and free nitrates (IR bands at 1350cm™!) are observed during
NO-0, co-adsorption. After exposure to NO-O, for 15 min (reach
to adsorption saturation), the Pt/TiO, sample is purged in He at
350°C. The intensities of IR bands corresponding bridging nitrates,
chelating nitrates and monodentate nitrates decrease drastically
and these bands completely disappear after He purge for 5min.
Meanwhile, the IR band corresponding to free nitrates remains
nearly unchanged. It is thus concluded that free nitrates are sta-
ble at 350°C, while other types of nitrates are not stable and they
will decompose at 350 °C. The decomposition of nitrates on catalyst
may progress in the following two pathways [26]:

4NO3;~ — 4NO,(g) + 05(g) + 20%~
4NO3~ — 4NO(g) + 30,(g) + 20%-
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nitrates on Pt/TiO, after NO-O, co-adsorption at 150°C.

After He purge, the sample is again exposed to NO-O,/He at
350°C. It is seen that the former disappeared nitrates (bridging
nitrates, chelating nitrate and monodentate nitrates) recover with
the re-adsorption of NO-0,. Moreover, the intensity of IR band cor-
responding to free nitrates after re-adsorption of NO-O, becomes
much higher than that after initial NO-0O, adsorption (indicated as
ref. in Fig. 5).

After the re-adsorption of NO-0O,, the Pt/TiO, sample is finally
exposed to SO,-0,/He. With the introduction of SO,-0,, the
IR bands corresponding to physisorbed SO, at 1370cm~! and
chemisorbed SO, at 1350cm~! appear. Meanwhile, the bridging
bidentate nitrates (IR bands at 1610cm~') gradually transform
to chelating bidentate nitrates (IR bands at 1785cm~! and
1300cm™1), similar to that happens at 250°C. Any changes on
IR band at 1350cm~! corresponding to free nitrates are hardly
observed due to the overlap of strong bands at 1345cm~! corre-
sponding to chemisorbed SO,.

3.6. Temperature-programmed decomposition of surface nitrates

The temperature-programmed decomposition profiles of sur-
face nitrates on Pt/TiO, after NO-O, adsorption are presented in
Fig. 6. It is seen that the surface nitrates begin to decompose at
ca. 250°C when SO, is absent during adsorption, indicating the
chemisorbed nitrates are stable up to 250°C. It is also seen that
the main products from nitrates decomposition is NO and only a
very small quantity of NO, is detected at the beginning of nitrates
decomposition. When SO, is present during adsorption, the decom-
position temperature of surface nitrates is put off to ca. 350°C. The
improved stability of surface nitrate is ascribed to the effects of
SO, on nitrates formation. As discussed in Section 3.3, the SO, in
reaction stream may suppress the formation of surface nitrates,
especially the most unstable monodentate nitrates. As a result,
the decomposition of nitrates is retarded to higher temperatures.
Moreover, the amount of NO detected in the decomposition prod-
ucts is much less than that without SO, during NO-0, adsorption.

3.7. NO oxidation pathways on Pt/TiO,

The NO oxidation pathways on Pt/TiO, are proposed based on
the results obtained, as illustrated in Fig. 7. In the first step, oxygen
adsorbs on the surface of Pt, followed by the disassociation to O
[27]:

Pt + Oy(g) — Pt-0, (R1)
Pt-0, 4+ Pt — 2Pt-0 (R2)
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Fig. 7. Proposed NO oxidation pathways on Pt/TiO, catalysts.

Gaseous NO can react with surface oxygen to form gaseous NO;:
Pt-0 + NO(g) — Pt + NOy(g) (R3)

Gaseous NO can also react with surface oxygen to form nitrates,
which then migrate to adsorption sites of TiO, support, similar to
a NO storage process [28]:

3Pt-0 + 2NO(g) + 0%~ — 3Pt + 2NO3~ (R4)

At relative high temperatures, the formed nitrates may decom-
pose to produce gaseous NO or NO5:

4NO;~ — 4NOy(g) + 0,(g) + 20% (R5)
4NO3~ — 4NO(g) + 30,(g) + 202~ (R6)

From the FTIR spectra of NO-0O, co-adsorption in Fig. 2, it is seen
that NO can be oxidized by surface oxygen to form surface nitrates
even at room temperature (R4). From the catalytic results, gaseous
product NO, cannot be detected until 150°C, suggesting that the
direct oxidation of gaseous NO to NO, (R3) does not take place at
below 150°C. The surface nitrates species are stable up to 250°C
and the decomposition of surface nitrates does not take place at
below 250°C. So, the reactions under our experimental conditions
at below 150°C are (R1), (R2) and (R4) In the temperature range of
150-250°C, NO, is detected in the product due to the direct oxida-
tion of gaseous NO (R3) and the decomposition of surface nitrates
still does not take place. So, the reactions at 150-250°Care (R1-R4).
It should be noted that reaction (R4) will be suspended once the
adsorption of nitrates reaches to saturation at below 250°C. At
above 250°C, on one side, surface nitrates decompose to NO (a
very small proportion to NO,) and on the other side gaseous NO
is oxidized to gaseous NO, or adsorbed nitrates. So, the reactions
at above 250°C include (R1-R6). Based on the thermodynamic bal-
ance between NO and NO,, the NO conversion to NO, gradually
drops along the thermodynamic equilibrium.

As discussed above, the direct oxidation of gaseous NO is the
only pathway for NO, formation on Pt/TiO; catalysts at 150-250°C
and it is still the main pathway for NO, formation at above 250 °C. It
can also be concluded that gaseous NO prefers to react with surface
oxygen to form nitrates (R4) rather than to form gaseous NO, (R3)
considering the different temperatures required for the two reac-
tions. When SO, is added into the reaction stream, the formation of
surface nitrates is greatly suppressed and thus the direct oxidation
of gaseous NO may be accelerated. However, SO, may also block
most available Pt sites and as an integrated result, the existence of
SO, in reaction stream shows negative effect on NO oxidation to
some extent.

4. Conclusion

The main surface species formed during the exposure of Pt/TiO,
to NO-0, at different temperatures are various types of nitrates.
Exposure of catalyst to SO,-0, results in the formation of adsorbed
SO, on surface and the oxidation of SO, to SO3 is observed only
at above 300°C. When Pt/TiO, is exposed to a gas mixture con-
taining NO-SO,-0,, both surface nitrates and adsorbed SO, are
observed. The existence of NO does not influence the adsorption
and oxidation of SO,, while the existence of SO, greatly suppresses
the formation of surface nitrates and changes the types of nitrates
formed as well.

The thermal decomposition of surface nitrates on Pt/TiO, occurs
at elevated temperature and the main decomposition product is
NO. The existence of SO, during NO-O, adsorption retards the
decomposition of nitrates because SO, prohibits the formation of
unstable surface nitrates.

The direct oxidation of gaseous NO is the only pathway for NO,
formation on Pt/TiO, catalyst at temperatures below the decom-
position of surface nitrates and it is still the main pathway for
NO, formation at temperatures above the decomposition of surface
nitrates. The decomposition of surface nitrates plays an obvious
negative role for NO oxidation because the main decomposition
product is NO instead of NO,.
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