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� The IrO2/Ce0.6Zr0.4O2 (PVP) catalyst
displayed excellent performance for
NH3 oxidation.

� SO2 could inhibit the NH3 removal,
but also improved the N2 selectivity
to 100%.

� The mechanism of NH3 oxidation
follows two pathways at different
temperature region.

� The internal SCR mechanism was the
dominant reaction pathway over IrO2

modified catalyst.
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The slip ammonia from selective catalytic reduction (SCR) of NOx in coal-fired flue gas can cause degen-
eration of the utilities and environmental issues like aerosol. To achieve selective catalytic oxidation
(SCO) of slip ammonia to N2, novel IrO2 modified Ce–Zr solid solution catalysts were synthesized and
tested under various conditions. It was found that IrO2/Ce0.6Zr0.4O2 (PVP) catalyst displayed outstanding
catalytic activity for slip ammonia and the removal efficiency was higher than 98%. Interestingly, the
effect of SO2 on NH3 oxidation was bifacial, which the presence of SO2 could result in slight deactivation
of catalyst but also improve the N2 selectivity of oxidized products to as high as 100% with coexistence of
SO2 and NH3. The mechanism of NH3-SCO process over IrO2/Ce0.6Zr0.4O2 (PVP) was evaluated through var-
ious techniques, and the results demonstrated that NH3 oxidation could follow both ANH mechanism
and internal SCR (iSCR) mechanism at different temperature regions. And the dominant pathway is the
iSCR mechanism, in which adsorbed ammonia is firstly activated and reacts with oxygen atoms to form
the AHNO intermediate. Then, the AHNO could be oxidized with atomic oxygen from O2 to form NO spe-
cies. Meanwhile, the formed/adsorbed NO could interact with ANH2 to N2 with N2O as by-product, and
the presence of SO2 can effectively inhibit the production of N2O and NO. Also, the mechanism of SO2

effects was also evaluated and determined reasonably.
� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Nitrogen oxides (NOx) which are mainly generated during the
combustion process of fossil fuels, are one of major air pollutants
from mobile and stationary pollution sources [1]. Selective cat-
alytic reduction (SCR) of NOx with NH3 is considered as the most
efficient and mature technology for reducing NOx emission from
coal-fired boiler flue gas. However, one drawback of this technol-
ogy is that some amount of ammonia may pass through the system
without reacted, especially for the aged catalysts, which is called
ammonia slip. Because slip ammonia can cause a dust plug in the
downstream air-preheater and even form secondary inorganic
aerosols which contribute significantly to smog and haze after it
is released into the atmosphere, it has been considered as a more
sensitive air pollutant than NOx [2]. In China, most coal-fired power
plants are pursuing the so-called ‘‘ultra-low emissions standards”,
in which the emission NOx concentration is limited to below
50 mg/m3 or even less [3]. In such cases, higher NH3/NOx for SCR
process will be employed and the slip ammonia will become a con-
siderable issue. And the allowable concentration of ammonia slip
for SCR system in coal-fired power plants has been tentatively reg-
ulated to less than 3 ppm in China [4] and suitable method must be
found to eliminate this slippage. Meanwhile, the mercury emission
from coal-fired power plants is also a worldwide concern, espe-
cially for China as the largest mercury emitting country [5]. To
achieve slip ammonia and mercury removal simultaneously, the
SCR-Plus catalyst over which the selective catalytic oxidation
(SCO) to N2 of ammonia and conversion of elemental mercury
could proceed efficiently, has been proposed for installation at
the tail-end of SCR units in our previous research [6]. In this way,
not only does this catalyst reduce or eliminate ammonia slip and
elemental mercury, but it can also lead to a better performance
of an SCR catalyst by allowing a more aggressive dosing strategy
to meet ultra-low emissions standards in China.

Many noble metals such as Au, Ru and Pt have been involved in
the studies of selective catalytic oxidation of ammonia [7]. Ir has
been employed as a catalyst for high concentration NH3 oxidation
in some previous researches [8], which indicates that IrO2 has the
potential to be the active component for SCR-Plus catalyst. How-
ever, IrO2 catalyst has rarely been involved in coal-fired flue gas,
and the effects of coal-derived flue gas which is a complex mixture
(like SO2, NOx) on the IrO2 modified catalysts have never been
studied. What’s more, the contents of Ir were very high in most
researches, which is not acceptable for industrial application,
therefore high efficient catalyst with low Ir concentration should
be developed. Recently, ceria (Ce)–zirconia (Zr) solid solutions with
cubic fluorite phases (Ce:Zr > 1:1), have served as catalyst carriers
in many studies and drawn more attention due to their outstand-
ing oxygen storage capacities and unique redox properties [9].
Moreover, Ce–Zr solid solution supported metal oxide catalysts
exhibited excellent catalytic activity and N2 selectivity for NO
reduction via NH3 [10]. Although the pathways of NH3-SCO and
NH3-SCR are not identical, Ce–Zr solid solutions could be an attrac-
tive catalyst support for NH3-SCO. In our previous research, we
have found that Ce–Zr solid solutions supported catalysts dis-
played excellent activities for mercury removal [11], therefore,
the main focus of this manuscript is the process of NH3-SCO over
IrO2 modified Ce–Zr catalyst and mechanism research, especially
the effects mechanism of SO2 and NOx as the most typical compo-
nent in coal-fired flue gas. The catalytic activity and property of
low concentration IrO2 modified Ce–Zr catalysts for ammonia oxi-
dation have never been studied and deserve to be determined.

Since Ir is usually considered as a noble metal and the price is
more expensive than most of the transition metals (though the
price of Ir is often about 50% that of Pt), the content of IrO2 was
set at very low level (0.2%). To maintain the catalytic performance
of the catalyst while using lower Ir concentrations and make full
use of it, sol–gel method with polyvinylpyrrolidone (PVP) was
employed to enhance the dispersion of IrO2 on catalyst surface.
In this paper, the catalytic activity for slip ammonia and effect of
representative components like SO2 in coal-fired flue gas was
tested at various conditions. N2 is the perfect product for the
NH3-SCO process and few amount of NO and NO2 is also accept-
able. However, N₂O is undesirable due to its high greenhouse gas
potential [12]. Therefore, the N2 selectivity of the SCO products
was also evaluated during the experiment. Although several stud-
ies have examined the NH3-SCO process, the mechanism of NH3

oxidation and N2 formation is not clearly understood. Three major
reaction pathways have been proposed for the SCO of NH3 to N2

over different catalysts [13,14]. However, the mechanism of NH3-
SCO over IrO2 modified Ce–Zr complex has not been studied in
detail. To rationally develop the process of NH3 oxidation to N2

over IrO2 modified catalysts for slip ammonia for coal-fired flue
gas, the effect of components in coal-fired flue gas like SO2 and
the reaction mechanism must be clarified. Temperature pro-
grammed oxidation (TPO), temperature-programmed desorption
(TPD) and in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT) were used to determine the possible reaction
mechanisms.

2. Experimental section

2.1. Materials and catalyst preparation

The IrO2 modified catalysts were synthesized according to
method from literature [15]. Polyvinylpyrrolidone (PVP,
Mw = 58,000) and quantitative Iridium acetate was dissolved in
30 ml of ethanol. The mixture was refluxed at 100 �C for 3 h to
make the Ir gel. Next, the Ir colloidal solution was added to
CexZr1�xO2 (Appendix), and the mixture was dried at 60 �C for
evaporation with electromagnetic stirring. Then, the catalysts were
calcined at 400 �C for 5 h in air with a 1 �C/min ramping rate from
room temperature and labeled as IrO2/CexZr1�xO2 (PVP). The IrO2/
CexZ1�xO2 catalyst was prepared using the normal wet impregna-
tion method. The IrO2 content of CexZr1�xO2 was set at 0.2 wt.%
for all catalysts. All chemicals used for the preparation of catalysts
were of analytical grade and were purchased from Sigma–Aldrich
Co. or Sino-pharm Chemical Reagent Co. The SO2, NH3 and NO
gases were supplied by Weichuan Gas Co.

2.2. Catalytic activity measurement

The performance of the catalysts for NH3 oxidation was tested
in a fixed-bed quartz reactor. The catalyst particles were placed
in the reactor with quartz wool under atmospheric pressure and
was heated using a vertical electrical furnace. The gases consisting
of NOx, NH3, 4% O2, SO2 (if need) in N2 were adjusted by mass flow
controllers and introduced into the reactor with a total flow rate of
500 ml/min. The concentrations of SO2, NH3, NO, NO2 and N2O
were continually monitored with FTIR Multigas analyzer (IMACC,
E-3200-C). The NH3-TPO was performed out from 50 �C to 400 �C
with a 1 �C/min ramping rate. The NH3 removal efficiency and N2

selectivity was calculated using Eqs. (1) and (2) as follow:

NH3 removal efficiency¼ NH3½ �inlet� NH3½ �outlet
NH3½ �inlet

�100% ð1Þ

N2 selectivity¼ 1� NO½ �outletþ NO2½ �outletþ2 N2O½ �outlet
NH3½ �inlet� NH3½ �outlet

� �
�100% ð2Þ
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2.3. NH3-TPD

The NH3-TPD curves were collected using chemisorption
analyzer (2920, AutoChem II, Micromeritics). Prior to the measure-
ment, the samples were first treated in a He stream at 350 �C to
remove physically adsorbed matter. NH3 adsorption was then per-
formed at 100 �C with 10% NH3 for 1 h. Next, the samples were
purged in He stream for 30 min to remove physically adsorbed
NH3, and then heated to 600 �C with temperature ramp of 10 �C/
min with a 50 sccm He flow. Desorbed NH3 was detected with a
thermal conductivity detector (TCD).
2.4. In situ DRIFT Studies

In situ DRIFT spectra were recorded on a Fourier transform
infrared spectrometer (FTIR, Nicolet 6700) equipped with a smart
collector and an MCT detector cooled by liquid N2. The diffuse
reflectance FTIR measurements were carried out in a high-
temperature cell with ZnSe windows. Mass flow controllers and a
sample temperature controller were used to simulate the real reac-
tion conditions. Prior to each experiment, the catalyst was heated
to 400 �C in N2 with a total flow rate of 250 ml/min for 3 h. The
IR spectra were recorded by accumulating 100 scans at a resolution
of 4 cm�1.
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Fig. 2. The effect of NOx and SO2 on NH3-SCO at 350 �C over IrO2/Ce0.6Zr0.4O2 (PVP).
The space velocity (SV) was approximately 3.8 � 105 h�1. The temperature was
623 K. 30 ppm NH3, 30 ppm NO and 500 ppm SO2. The other gas compositions were
4% O2 and N2.
3. Results and discussion

3.1. Catalytic activity

NH3-TPO experiments were performed separately over three
catalysts to evaluate the NH3 oxidation activity and N2 selectivity
over Ce0.6Zr0.4O2, IrO2/Ce0.6Zr0.4O2 and IrO2/Ce0.6Zr0.4O2 (PVP) cata-
lysts and the results were shown in Fig. 1 (preliminary experi-
ments at 350 �C (Fig. A1) showed that Ce0.6Zr0.4O2 supported
catalysts displayed superior catalytic activity). The results dis-
played that NH3 could not be oxidized and no products were
formed until the temperature was above 300 �C over Ce0.6Zr0.4O2

and the oxidation efficiency of ammonia was only about 40% even
the temperature increased to 400 �C, which meant that the
Ce0.6Zr0.4O2 had poor catalytic activity for NH3-SCO reaction.
While, the initial reaction temperature decreased to approximately
160 �C when only 0.2% IrO2 adding to Ce0.6Zr0.4O2 catalyst, which
indicated that doping with IrO2 could facilitate NH3 oxidation at
lower temperature. Also, the NH3 oxidation efficiency at 400 �C
over IrO2/Ce0.6Zr0.4O2 increased to 87%. Meanwhile, the synthetic
method could also have an effect on the catalytic activity and
almost 99% NH3 were oxidized over IrO2/C0.6Z0.4O2 (PVP) when
temperature increased to 400 �C. We propose that PVP might pro-
mote IrO2 dispersion over carrier just similar in other researches
and result in superior catalytic activity [15].
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Fig. 1. The NH3-TPO profiles of Ce0.6Zr0.4O2 (a), IrO2/Ce0.6Zr0.4O2 (b) and IrO2/Ce0.6Zr0.4O2 (
rate, 500 ml/min; catalyst weight, 60 mg. The space velocity (SV) was approximately 3.8
In addition, the NH3 oxidation products over various catalysts
were also determined during the TPO experiment. The main
detectable product was NO over Ce0.6Zr0.4O2 and the N2 selectivity
was over 75%. And very little amount of N2O (lower than 1 ppm)
was also detected in oxidation products simultaneously with NO.
However, the N2 selectivity was only approximately 60% for IrO2/
Ce0.6Zr0.4O2. In addition, more NO was generated during the pro-
cess of NH3 oxidation over PVP promoted IrO2/Ce0.6Zr0.4O2 cata-
lysts, and the N2 selectivity was approximately 15% lower than
normal IrO2/Ce0.6Zr0.4O2. It seems that N2 selectivity decreased
with catalytic activity was enhanced. Also, it could be noticed that
N2O was first generated over IrO2/Ce0.6Zr0.4O2 and IrO2/Ce0.6Zr0.4O2

(PVP) catalysts at about 160 �C when the ammonia started to be
oxidized. And NO was formed until the temperature was over
200 �C, while NO and N2O were detected at same temperature over
Ce0.6Zr0.4O2 catalysts. According to some literature reports, NH3

could be oxidized at lower temperatures (around 150 �C) over
some catalysts (especially Ag-modified catalysts), and N2O was
the main product [13]. Two disparate reaction pathways, for high
and low temperatures, respectively, were proposed to explain
this situation. Similar phenomena was observed over the
IrO2/Ce0.6Zr0.4O2 catalyst, which indicated that the doping of IrO2

could make the low temperature reaction pathway feasible and
there might be two possible mechanisms for NH3-SCO in our
research for low and high temperatures.

Also, the effects of common components in coal-fired flue gas
on NH3-SCO over IrO2 modified catalysts were evaluated and the
results are shown in Fig. 2. Firstly, the gas with approximately
30 ppm NH3 was switched to the IrO2/Ce0.6Zr0.4O2 (PVP) in the
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� 105 h�1.



Fig. 3. DRIFT of IrO2/Ce0.6Zr0.4O2 (PVP) treated with NH3 at 50 �C and successive
purging with N2 at various temperature.
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reaction tube after the NH3 concentration was stable. Because of
the adsorption over the catalyst, no ammonia was detected in
the exhaust at the initial stage. However, some amount of NO,
NO2 and N2O could be detected very soon after the NH3 was intro-
duced to the reaction tube, which meant that the ammonia could
be oxidized as soon as contacting the catalyst. After the adsorption
equilibration was reached, about 0.7 ppm NH3 could be detected in
the exhaust, corresponding to 98% oxidation efficiency. While, the
N2 selectivity of the oxidation products was only about 40% since
about 14 ppm NOwas formed. Fortunately, the generated N2O con-
centration was only 0.5 ppm which was acceptable level. Since the
catalysts are proposed to be installed at the tail of SCR unit, NOx

would exist in flue gas during operation. Therefore, the NH3 oxida-
tion efficiency in the presence of NOx over catalyst was also evalu-
ated. After about 30 ppm NOx was added into the gas, the
concentration of NH3 decreased to 0.38 ppm, which indicated that
NOx could promote NH3 removal. It might be explained as NH3

being oxidized through the SCR pathway in the presence of NOx

(Reactions (1) and (2)), which indicates that the catalysts also have
the potential for De-NOx.

4NH3 þ 6NO ! 5N2 þ 6H2O ð1Þ
8NH3 þ 6NO2 ! 7N2 þ 12H2O ð2Þ

Usually, SO2 in coal-fired flue gas would have deactivation on
catalysts. However, the effect of SO2 on NH3 oxidation is very dif-
ferent in this study. With the presence of NOx, SO2 could slightly
promote the NH3 removal efficiency to 100% at the initial stage
and then the removal efficiency of NH3 gradually decreased to
about 85% until equilibrium. Meanwhile, the adding of 500 ppm
SO2 could also decrease the concentration of NO, NO2 and N2O
and the NO2 could not even be detected, which meant that SO2

could benefit N2 selectivity to 100% and it was perfect result for
NH3 oxidation. While similar effect occurred when only NH3 and
SO2 existed in the gas. After the NOx was suspended, the NH3 oxi-
dation efficiency dropped significantly to only 35%. What’s more,
no NOx was detected in the exhaust, which meant the N2 selectivity
increased to 100% by the SO2. Therefore, the effect of SO2 on NH3

oxidation was bifacial, which had rarely been reported in other
researches. SO2 could facilitate the NH3-SCO at first initial stage
with the coexistence of NOx, and inhibit NH3 removal afterward.
And SO2 could also improve the N2 selectivity of NH3 oxidation
products to 100%.
3.2. DRIFT of NH3 adsorption

To determine the mechanism of SO2 effects on NH3-SCO, the
reaction pathway of NH3 oxidation over the catalyst should be clar-
ified in first place. Therefore, the in-situ DRIFT was employed to
evaluate the possible mechanism of NH3 oxidation. Firstly, DRIFT
spectra of NH3 adsorption over IrO2/Ce0.6Zr0.4O2 (PVP) catalyst at
different temperatures are showed in Fig. 3. As shown in figure,
several bands at 1105, 1151, 1299, 1415, 1589 cm�1 were observed
after the catalyst sample was pre-treated under 500 ppm NH3 at
50 �C. The bands centered at 1589 and 1105 cm�1 could be
assigned to asymmetric and symmetric deformation of coordi-
nated ammonia on Lewis sites, respectively [16,17]. The bands at
1299 and 1151 cm�1 can also be assigned to the symmetric defor-
mation of ammonia coordinately bonded to one type of Lewis acid
sites [18]. The weak band at 1415 cm�1 was ascribed to the asym-
metric bending vibrations of ammonium ions chemisorbed of
adsorbed on Brønsted sites [18,19]. The negative band at
1630 cm�1 was ascribed to OAH stretching vibration modes due
to the interaction of surface hydroxyls with NH3 [20]. In the NH
stretching region, bands were found at 3159, and 3373 cm�1,
together with negative bands at 3689 and 3658 cm�1 due to the
hydroxyl consumption through interaction with NH3 to form NH4

+

[13]. While, the band at 3257 was assigned to the coordinated
NH3 [21]. The intensity of the 1415 cm�1 band assigned to
Brønsted acid sites decreased noticeably with the increasing tem-
perature, and vanished at 200 �C. Also, the band at 1105 cm�1 dis-
appeared when the temperature increased to 100 �C. In addition,
the intensity of the band at 1589 cm�1 also weakened as the tem-
perature increased and disappeared at 200 �C. And the bands at
1299 cm�1 shifted to 1270 cm�1 as the temperature increased
and vanished at 250 �C. What’s more, the peak at 1151 cm�1, due
to Lewis acid sites, weakened and shifted to 1170 cm�1 as the tem-
perature increased and the peak could be detected until 350 �C. As
shown in results, the intensity of the bands ascribed to coordi-
nately bonded ammonia to Lewis acid sites were much stronger
than that on Brønsted sites, which meant the adsorbed ammonia
mainly existed in form of coordinately bonded ammonia rather
than NH4

+. What’s more, the bands due to Lewis acid sites still
remained at 300 �C, which indicated that ammonia bonded to
Lewis acid sites were more stable.

Another weak band at 1059 cm�1 could be observed during
heating under N2, and the band might be caused by ammonia
hydrogen bonding to the surface oxygen atoms of cerium oxide
accordingly [22]. Three new weak bands at 1365, 1437,
1560 cm�1 could be detected over the catalyst when the tempera-
ture increased to 100 �C, which belonged to neither Lewis nor
Brønsted acid sites. According to some literatures, the bands at
1365 and 1560 cm�1 were assigned amide (ANH2) wagging and
scissoring, respectively [13,17]. While, the band at 1437 cm�1

might be ascribed toANH deformation models, another intermedi-
ate of the ammonia oxidation [13,23,24]. Two new bands at 1837
and 1630 cm�1 appeared as the temperature increased to 200
and 250 �C, respectively. The band at 1832 cm�1 was assigned to
nitrosyl (AHNO) formed over the catalyst [25] and the band cen-
tered at 1630 cm�1 was due to nitrate species [26]. These results
indicated that, upon heating the adsorbed NH3 would be activated
to form ANH2 and ANH intermediates through the abstraction of
hydrogen. While, the intensity of bands ascribed to ANH2 (1365
and 1560 cm�1) and ANH (1437 cm�1) were very weak, perhaps
because the intermediates reacted quickly with oxygen atoms from
the Ce–Zr solid solution, which has an outstanding oxygen storage
capacity. This could also explain that bands due to nitrosyl and
adsorbed nitrate species showed up at as temperature increased.
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NH3 ! NH2 þH ð3Þ
NH2 ! NHþH ð4Þ
NHþ O ! HNO ð5Þ

3.3. The interaction of NH3 with O2

The behavior of adsorbed NH3 species interacting with O2 in gas
over IrO2/Ce0.6Zr0.4O2 (PVP) catalyst was evaluated through in situ
DRIFT spectra (Fig. 4(a)) and the spectra of 150–200 �C was also
given in Appendix to provide more details (Fig. A2). The bands of
NH3 assigned to Brønsted acid sites (1413 cm�1) and Lewis acid
sites (1108, 1153, 1298 and 1590 cm�1) decreased gradually and
disappeared at temperatures above 200 �C. When the intensity
of these bands decreased, a weak new band at 1438 cm�1, assigned
to ANH, appeared at 100 �C, which agrees with the results in
Fig. 3. A new peak at 1626 cm�1 appeared at 170 �C, which was
attributed to bridging nitrate (nitrate species) [21], and the band
of ANH at 1438 cm�1 and ANH2 at 1365 decreased as the temper-
ature increased to 200 �C. Another band at 1700 cm�1 also
appeared over the catalyst when the temperature increased to
190 �C and it indicated the oxidation of ammonia into acylamide
species with the presence of O2, which acylamide structure had
been proposed to be intermediates of the SCR [21]. As the temper-
ature increased to 190 �C, four new peaks at 1524, 1221 and 1031,
1013 cm�1 showed up, and they were assigned to adsorbed nitrate
species (1524 for monodentate nitrate, 1221 for bridging nitrate,
1031 for bidentate nitrate and 1013 for cis-N2O2

2�) [17,26,27]. All
these results indicated that the adsorbed ammonia started to be
oxidized to N2 and NO with O2 at temperature of approximately
190 �C over the IrO2/Ce0.6Zr0.4O2 (PVP) catalyst, which was in
agreement with the temperature in TPO result that NO was
detected at about 190 �C. In our previous research, the intensity
of all the bands over catalysts decreased noticeably upon heating
to 350 �C, due to the desorption of the produced/adsorbed NO spe-
cies at higher temperatures [11]. However, in this research, the
intensity of all of the bands attributed to nitrate species remained
unchanged, which indicated the bonding between nitrate species
and the IrO2 modified catalyst was much stronger.

A new weak band at 2218 cm�1 was observed and enhanced
from 190 �C to 300 �C, which weakened as at temperature above
300 �C. Similar bands at 2222 and 2200 cm�1 upon NH3 oxidation
on carbon [28] and ZnO [13] catalysts had been ascribed to NAN
stretching modes of adsorbed N2O. Accordingly, the appearance
of more than one form of adsorbed N2O is often explained by the
(a)

Fig. 4. (a) DRIFT of IrO2/Ce0.6Zr0.4O2 (PVP) treated with NH3 at 50 �C and successive purg
IrO2/Ce0.6Zr0.4O2 (PVP) catalyst at 350 �C.
simultaneous presence of NA and OA bonded molecules. When
the NAO modes of adsorbed N2O were detected, they were regis-
tered in the region of 1262–1220 cm�1 [29]. Interestingly, a weak
band at 1252 cm�1 was detected indeed, and it appeared at
170 �C and decreased at temperature above 300 �C, just like the
band at 2218 cm�1. So it could be concluded that the bands at
1252 cm�1 and 2218 cm�1 were assigned to adsorbed N2O from
the oxidation of ammonia, which was consistent with TPO results.

In situ DRIFT spectra of O2 passing over an NH3-pretreated cata-
lyst at 350 �Cwere also recorded and are shown in Fig. 4(b). After the
catalyst was treated with 500 ppmNH3 and purgedwith N2, though
some adsorbed ammonia species desorbed under N2 purging, bands
ascribed to ammonia species linked to Brønsted sites (1414 cm�1)
and Lewis sites (1060, 1147) andwere observed. And also the bands
due to the amide (ANH2) at 1312 cm�1, which is intermediate of the
reaction. As shown in Fig. 4(b), the bands attributable to the pro-
duced nitrate species (1524, 1221, 1031 cm�1) were observed after
4% O2 was introduced for 3 min and the bands for adsorbed ammo-
nia all disappeared in 5 min, which meant that the adsorbed NH3

species could be oxidized quickly by O2.

3.4. The interaction of NH3 with formed nitrate species

The interaction of gaseous NH3 with in situ formed nitrate spe-
cies over the catalyst was also investigated to evaluate the reaction
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ing with 4% O2 at various temperature and (b) interaction of O2 with formed NH3 on
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mechanism. Firstly, the catalyst was exposed to gas with 500 ppm
NOx and 4% O2 at 350 �C until the saturated adsorption of
NOx. Then, the sample was purged with N2 for 30 min to remove
physically adsorbed NOx. After that, 200 ppm NH3 with N2 carrier
was introduced and in-situ DRIFT spectra were recorded. The
results are shown in Fig. 5. Several bands ascribed to adsorbed
nitrate species at 1524, 1221, 1031 and 1014 cm�1 were observed
after the NO and O2 passed over the catalysts for a brief time.
Following NH3 inflow for 3 min, the bands due to nitrate species
began to decrease, which indicated gaseous NH3 could be adsorbed
to the surface first and then reacted with nitrate species species
quickly. The bands assignable to adsorbed NH3 species (1414,
1147 and 1060 cm�1) appeared on the catalyst following the NH3

flow in 10 min, and the intensity increased with the exposure time.
And we could notice that the intensity of the bands to nitrate spe-
cies were much stronger than that of adsorbed ammonia, which
meant NOx were much more easily be adsorbed to the surface of
the IrO2 modified catalysts than NH3.

The shifting of band at 1895 cm�1 could be observed during the
experiment. The band at 1895 cm�1 shifted to 1881 cm�1 following
the NH3 inflow in 10 min, and eventually be detected at
1833 cm�1. Accordingly, some studies proposed that the bands
around at region of 1890–1830 cm�1 may relate to the produced/
adsorbed NO [30,31]. However, this is not applicable for all situa-
tions in our research, since similar band during NH3 adsorption
(Fig. A3) when no NOx existed. A similar shifting of the band was
also observed in our previous research and the bands at adjacent
region were identified to different species [11]. According to some
literature reports, the band at 1834 cm�1 is in the typical range of
symmetric stretching vibration of dinitrosyl (nitrosyl in double)
[32]. To identify the band, firstly, the spectrum of NH3 and NO
adsorption over Ce0.6Zr0.4O2 were recorded, and no identical peak
appeared on the surface of Ce0.6Zr0.4O2 in both NH3 and NO DRIFT
adsorption spectra (Fig. A4). Clearly, it can be concluded that the
bands in the range of 1900–1800 cm�1 are related to the Ir species
in the catalyst. When the NH3 passed over the NO pretreated cat-
alyst, the band gradually shifted from 1895 cm�1 to 1834 cm�1.
And the band at 1834 cm�1 could be detected when the catalyst
was exposed under NH3 (Fig. A3). Therefore, it is reasonable to
assign the band at 1834 cm�1 to nitrosyl formed from via the dehy-
drogenation of NH3 adsorbed to IrO2, which was so weak on the
catalyst that to be detected after N2 purging. And 1895 cm�1 is
assigned to adsorbed NO species linked to IrO2.

Synthesizes the results of TPO and DRIFT spectra above, the oxi-
dation of NH3 over the IrO2/Ce0.6Zr0.4O2 (PVP) catalyst follows two
different pathways simultaneously. At relatively low temperature
region (160–300 �C, in the region N2O was formed at 160 �C and
began to decrease at 300 �C as shown in TPO results), the oxidation
of ammonia could take place through the ANH mechanism. The
intermediate of ANH was firstly oxidized to HNO by the oxygen
atom from the dissociation of O2. Then the HNO could react itself
to form N2O Reaction ((6)).

HNOþHNO ! N2OþH2O ð6Þ
Since the concentration of produced N2O was very low, this

mechanism should not be the main pathway of ammonia oxida-
tion, especially at temperature above 300 �C. While, at temperature
above 190 �C which the generated NO was first detected in
exhaust, the oxidation of ammonia follows an internal SCR (iSCR)
mechanism. It began with dehydrogenation and oxidation of NH3

into NO species Reactions ((3–5), (7 and 8)), followed by formed/
adsorbed NO species interacting with amide and being reduced
to N2 with N2O as by-product Reactions ((9)–(11)). The formed
ANH2 or ANH and NO species are the intermediates in this reac-
tion pathway. The overall reaction for SCO-NH3 is Reaction (12).
O2 ! 2O ð7Þ
HNOþ O ! NOþ OH ð8Þ
NH2 þ NO ! N2 þH2O ð9Þ
NHþ NO ! N2OþH ð10Þ
Hþ OH ! H2O ð11Þ
4NH3 þ 3O2 ! 2N2 þ 6H2O ð12Þ
3.5. DRIFT of SO2 adsorption

Since the effect of SO2 on NH3 removal over the catalysts was
bifacial as shown in Fig. 2, the mechanism of the SO2 effect was
also investigated through DRIFT spectra. The in-situ DRIFT
spectrum of 500 ppm SO2 + O2 interacting with IrO2/Ce0.6O0.4O2

(PVP) catalyst at 350 �C was recorded and shown in Fig. A5. After
exposing to SO2 + O2 for 60 min, several bands at 1630, 1378,
1161, 1060 and 993 cm�1 were observed on the catalyst. The bands
at 1060 and 997 cm�1 were assignable to the stretching motion of
adsorbed ‘‘inorganic” sulfate on the surface, which were the triply
degenerate asymmetric stretching m3 band of the bidentate sulfate
complex and nondegenerate symmetric stretching m1 band,
respectively [33]. The band at 1378 cm�1 was attributed to the
asymmetric vibration modes of O@S@O (mas S@O), which was a
typical ‘‘organic” sulfate species with covalent S@O double bonds
[34]. Additionally, the strongest band at 1161 cm�1 was attributed
to abundant sulfate species [35]. The negative peak at 3656 cm�1

was attributed to the interaction of SO2 with surface hydroxyl
groups, which might induce change in the OH stretching vibration
resulting from the formation of hydrogen-bonded sulfite species
[36]. It is also could be inferred that surface-bonded water was
formed since the band assigned to dHOH of H2O at 1631 cm�1 and
a broadband in the region of 3500–3100 cm�1 in the spectra
simultaneously appeared over the spectra [35].

3.6. Adsorption of NH3 and NO on sulfated catalyst

As we know, adsorption of reactants on the catalyst surface was
very crucial to the catalytic reaction, to determine the effect mech-
anism of SO2 on ammonia oxidation, the effects of SO2 on adsorp-
tion for NH3 and NO were tested firstly. The profiles of the
NH3-TPD analysis of catalysts are given in Appendix (Fig. A6).
One major desorption peak was observed with the Ce0.6Zr0.4O2

catalyst at 200 �C, which might be attributed to ammonia weakly
adsorbed on acid sites including Lewis and Brønsted acids. After
doping with IrO2, the main peak at 200 �C was much weaker,
and a board shoulder starting at 250 �C was observed over
IrO2/Ce0.6Zr0.4O2, which indicated that the adsorption ability for
NH3 of catalyst was weakened by doping of IrO2. Although less
NH3 was adsorbed to IrO2/Ce0.6Zr0.4O2 catalyst, it displayed a supe-
rior NH3 oxidation efficiency due to the excellent catalytic activity
of IrO2. The profile of the sulfated catalyst was much different. The
board shoulder started at 150 �C and increased gradually alone
with temperature rising. Another desorption peak could be
detected at about 450 �C. Less NH3 desorbed from the sulfated cat-
alyst at lower temperatures (<300 �C) than that of higher temper-
atures, which meant sulfation by SO2 could strengthen the bonding
between NH3 and the catalysts and enhance the NH3 adsorption at
higher temperatures. What’s more, the DRIFT spectra of ammonia
adsorption on fresh and sulfated catalysts were also given
(Fig. A7). As shown in results, the intensity of the bands due to
adsorbed ammonia species on the fresh catalyst was much weaker
than that on sulfated catalyst at 350 �C, which also indicated that
SO2 could improve the adsorption of ammonia on the catalyst.
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Fig. 6. (a) Interaction of O2 with formed NH3 and (b) interaction of NH3 with formed NO species on sulfated IrO2/Ce0.6Zr0.4O2 (PVP) catalyst at 350 �C.

Fig. 7. The mechanism of NH3-SCO over IrO2/Ce0.6Zr0.4O2 (PVP) catalyst.
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Additionally, the DRIFT spectra of NO adsorption on fresh and
sulfated catalysts were also recorded at 350 �C (Fig. A8). Unlike
NH3 adsorption, the intensity of bands assigned to nitrate species
on fresh catalyst was very strong and the max absorbancy was
about 0.25. While, the bands ascribed to nitrate species on SO2

pretreated catalyst were much lower and the max absorbancy
was only about 0.018. Therefore, it could be concluded that SO2

could slightly enhance the adsorption of ammonia, but could also
inhibit the NO adsorption over the catalyst significantly.
3.7. DRIFT spectra of reaction on sulfated catalysts

The interaction of NH3 and NOx on sulfated catalysts was also
tested through DRIFT to determine the effect mechanism effects.
Firstly, sulfated IrO2/Ce0.6Zr0.4O2 (PVP) catalyst was pretreated
with NH3 and N2 purging, and then 4% O2 was introduced to pass
over the catalyst. After the adsorption of NH3 on the sulfated cata-
lyst at 350 �C, bands at 1171, 1437 and 1629 cm�1 were observed
on the surface of the catalyst (Fig. 6(a)). After the O2 passed
through the sulfated IrO2/Ce0.6Zr0.4O2 (PVP) catalyst, the intensity
of the bands assigned to adsorbed NH3 species decreased very
slowly. After interaction with 4% O2 for 60 min, no obvious bands
assigned to nitrate species were observed over the catalysts. There-
fore, it is rational to conclude that the oxidation of ANH2 to NO
species (Reaction (8)) was severely inhibited after the sulfation of
IrO2/Ce0.6Zr0.4O2 (PVP) catalyst.

The interaction of NH3 with formed/adsorbed NO was also per-
formed over sulfated catalyst and the DRIFT spectra are shown in
Fig. 6(b). As mentioned above, the adsorption of NO was seriously
suppressed by SO2, so only very weak band at 1400 cm�1 was
detected on the catalyst surface. After interacting with NH3 for
5 min, the band ascribed to NO species vanished and new bands
at 1127, 1307, 1437 and 1630 cm�1, which were assigned to
adsorbed NH3 species, were detected on the spectra. This result
meant that adsorbed/formed NO could still react with NH3 on
the sulfated catalyst through Reactions (9) and (10).
3.8. The mechanism of SO2 effect

It has been proposed in the previous section that the selective
catalytic oxidation of NH3 over IrO2 modified Ce0.6Zr0.4O2 catalyst
mainly followed the iSCR mechanism (Fig. 7). When SO2 was pre-
sent, gaseous ammonia was more easily adsorbed to the surface
of catalyst due to the increase of the acid sites from sulfation,
which explain the results in Fig. 2 that the removal efficiency of
NH3 increased at the initial stage of adding SO2 into the gas. Then,
more ANH2 would be generated on the surface of the catalyst as
the concentration of adsorbed NH3 increased. As mentioned above,
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the oxidation process of ANH2 to NO species was seriously inhib-
ited on the sulfated catalysts. What’s more, the adsorption of NO
species from gaseous phase on the catalyst was also suppressed
by the presence of SO2. In this way, the concentration of NO species
on the surface, which was important intermediate of the reaction,
decreased significantly even though with the existence of NO
because both of the two sources of NO species were restrained
by the presence of SO2. Even though Reactions (9) and (10) could
still proceed over sulfated catalyst, the consumption rate of
ANH2 on the catalyst through Reactions (9) and (10) was restricted
because less NO species was formed (neither generated from oxi-
dation of ANH2 nor adsorbed from gaseous phase). Therefore, once
the saturation of the NH3 adsorption caused by the sulfation was
reached, the NH3 removal efficiency started to reduce just like
the result in Fig. 2.

The situation would be similar in the absence of NO. The results
of in situ DRIFT (Fig. 6) demonstrated that Reaction (8) was
severely inhibited over the sulfated catalyst. Therefore, the NH3

oxidation efficiencies over sulfated catalysts were lower than those
over fresh catalysts in the absence of NOx because there are fewer
intermediates: NO was formed. Meantime, the concentration of
ANH2 on the catalyst increased as stated above. Therefore, the con-
sumption of generated NO over the sulfated catalyst will be much
quicker than over a fresh catalyst, since more ANH2 was generated
through adsorption and Reactions (9) and (10) could still proceed
over the sulfated catalyst. Because less NO was generated and con-
sumed completely (through Reactions (9) and (10)) at once, none
of formed NO could be released into the gaseous phase, which
explained the result that no NOx was detected and the N2 selectiv-
ity was as high as 100% with only NH3 and SO2.
4. Conclusion

In conclusion, the PVP promoted 0.2% IrO2-modified Ce0.6Zr0.4O2

catalyst displayed excellent catalytic performance for the selective
catalytic oxidation of slip ammonia with various conditions. SO2

can enhance the removal of slip ammonia at initial stage and inhi-
bit the NH3-SCO subsequently, but also significantly improved the
N2 selectivity to 100%. The pathway of slip ammonia oxidation over
the IrO2/Ce0.6Zr0.4O2 catalyst could follow two different mecha-
nisms. At lower temperature, ammonia oxidation could marginally
react through ANH mechanism, in which the formed HNO reacts
with itself to N2O as by product. The dominant mechanism of
ammonia oxidation over IrO2/Ce0.6Zr0.4O2 follows iSCR mechanism.
Adsorbed ammonia is first activated and dehydrogenates with oxy-
gen atoms to form HNO intermediate. Then, the HNOmainly reacts
with atomic oxygen from O2 to form adsorbed NO species. Finally,
formed/adsorbed NO interacts with ANH2 to N2 with N2O as a by-
product. The presence of SO2 could inhibit the process of the oxida-
tion from formed HNO to NO species, but has negligible effect on
interaction of formed/adsorbed NO with ANH2 intermediate.
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