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DRIFTS study of a Ce-W mixed oxide catalyst for
the selective catalytic reduction of NO, with NH3

Kuo Liu, Fudong Liu,t Lijuan Xie, Wenpo Shant and Hong He*

A systematic study has been conducted on the reactivity of the selective catalytic reduction of NO, with
NHz (NH3-SCR) in a wide range of NO/NO, feed ratios (from 0:1 to 1:0) over a CeWO, catalyst prepared
by a homogeneous precipitation method. By using in situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS), the roles of NO and NO, at low temperatures during the fast SCR reaction
have been revealed. NO, adsorption results in the formation of surface nitrates, which participate in the
NHz-SCR reaction through two pathways: one path where the nitrates react with NHz to form ammonium
nitrate (NH4NOs), then NO reduces NH4NOs below its melting point to form N, (the NH4NOs path);
the other path where the surface nitrates are reduced by NO to form active nitrite species that further
react with NHz to produce N, (the nitrate path). “The NH4NOsz path” and “the nitrate path” contributed
simultaneously to the standard and the fast SCR reaction at low temperatures. Both the surface nitrates
and NO in the gas phase were suggested to be necessary for the excellent performance of the fast SCR
reaction over the CeWO, catalyst.

1. Introduction

NO,, a major source of air pollution, causes photochemical
smog and acid rain, which are detrimental to human health.
NO, mainly comes from industrial combustion of fossil fuels
and automobile exhaust gas, and NO, removal from diesel
engine exhaust remains a challenge in environmental cataly-
sis.”? The selective catalytic reduction of NO, with NH;
(NH;3-SCR) is one of the most effective technologies for NO,
removal from diesel engines.> The catalysts for NH;-SCR can
be divided into the following groups, V-based oxide catalysts,
Cu or Fe zeolite catalysts, and vanadium-free oxide catalysts.
Among these catalysts, the non-toxic vanadium-free oxide cat-
alysts, such as FeTiO,,"® WO,/Ce0,-Zr0,,” and CeO,~MnO,/TiO,,?
show good NH3;-SCR performance and H,0/SO, durability
over a wide temperature range from 200 to 500 °C. CeO,
has long been applied as a promoter and carrier for low tem-
perature NH;-SCR catalysts.” "' The use of cerium oxide as a
main catalyst for the NH,-SCR reaction was first reported
by Xu et al,'* and then many other researchers developed
Ce-based catalysts applicable for the NH;-SCR process, e.g.
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Ce0,/AL0;," Ce0,/TiO,,"*™® Ce-W-Ti mixed oxides,'”°
Ce-W mixed oxides,?** and Ce0,-Mo05/TiO,.** It should
be noted that CeTiO,,">'® CeWO,,>* and CeWTiO, (ref. 19)
could eliminate NO completely over a wide temperature
range of 250-425 °C, even under a rather high gas hourly
space velocity (GHSV) of 500000 h™. The prominent perfor-
mance under high GHSV of the Ce-based catalysts made
it worthwhile to further investigate the NH;-SCR mechanism
in detail.

The mechanism of NH;3;-SCR over different types of
catalysts has been studied by many researchers. Some
researchers reported that the NH;-SCR reaction followed the
Langmuir-Hinshelwood (L-H) mechanism at low tempera-
tures (<200 °C), whereas the Eley-Rideal (E-R) mechanism
might take place at high temperatures (>200 °C), e.g. on
FeTiO, (ref. 25) or Ce0,/Ti0,."® The reaction might also pro-
ceed through the E-R mechanism over the whole tempera-
ture range, such as on CeWTiO, catalysts.'® In other studies,
both E-R and L-H mechanisms took place over the whole
temperature range simultaneously, such as on CeWO, cata-
lysts.>' However, in these reports, the authors mainly focused
on the reaction between NO, O,, and NH;. It is widely
accepted that the oxidation of NO to NO, is an important
step in the NH;-SCR reaction. Long and Yang>® reported that
the higher activity of NO oxidation to NO, on Fe-ZSM-5 led to
improved SCR performance. Similarly, Fe-Mn/TiO, showed
higher SCR activity than Mn/TiO, due to the higher rate of
NO oxidation to NO,.>” In our previous studies, NO, produc-
tion by NO oxidation was also suggested to be responsible for
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the promoted SCR activity on CeTiO, (ref. 15) or on CeWTiO,
at temperatures below 300 °C." The formation of NO, might
facilitate the fast SCR reaction, resulting in higher SCR activ-
ity. Therefore, NO, has a great effect on the reaction between
NO, O,, and NH;. However, to the best of our knowledge, no
publications have ever reported the effect of NO/NO, feed
ratios on the NO, conversion systematically over the CeWO,
catalyst.

The promotional role of NO, in the SCR reaction over
V,05-WO;/TiO, and zeolite-based catalysts has been inten-
sively investigated in the last decade. Koebel et al*®
suggested that NO, accelerated the SCR reaction over V,0s-
WO,/TiO, by reoxidizing the V sites. Yeom et al.>® suggested
that N,0O; formed by equimolar NO/NO, reacted with water
and NH; to produce ammonium nitrite over the BaNa-Y cata-
lyst, which is an unstable species above 100 °C. Others
suggested that the fast SCR reaction at low temperatures
involved the reduction of nitric acid, surface nitrates and/or
ammonium nitrate (NH,NOz;) by NO.**° At present, it is
still a controversial issue how the presence of NO, in the
feed mixture promotes NO, elimination. By comparing the
mechanisms of standard SCR and fast SCR in the meantime,
one can gain a clear view of the NH;-SCR mechanism, which
is helpful to guide the practical application of the studied
catalysts. So far, unfortunately, a detailed study of the mecha-
nism of the fast SCR reaction over Ce-based catalysts is still
lacking.

In the present study, the SCR reaction has been studied
over a wide range of NO/NO, feed ratios from 0:1 to 1:0.
The mechanism of the fast SCR reaction over CeWO, in the
low temperature range was investigated by in situ DRIFTS.
The roles of NO and NO, in the SCR reaction have been
revealed comprehensively, and for the first time, the reac-
tions between NO and NH,NO; or the surface nitrates have
been studied systematically on the CeWO, catalyst at low
temperatures.

2. Experiments
2.1 Catalyst synthesis and activity test

The Ce-W mixed oxide catalyst, with a Ce/W molar ratio of
1:1, was prepared by a homogeneous precipitation method,
as described in the previous report.>’ Briefly, cerium nitrate
(Ce(NO3);3-6H,0) was first added into a mixed solution
containing ammonium tungstate ((NH,4);0W1204;) and an
equal weight of oxalic acid (H,C,0,-2H,0), and then an aque-
ous urea solution was added into the mixture, with a urea/
(Ce + W) molar ratio of 10:1. The mixed solution was then
heated at 90 °C for 12 h under vigorous stirring. After filtra-
tion and washing, the sample was dried at 100 °C overnight
and successively calcined at 500 °C for 5 h. The obtained cat-
alyst was denoted as CeWO,. The powder CeWO, catalyst was
pressed and crushed to 40-60 mesh before the activity tests.
The SCR activity tests were performed in a fixed-bed
quartz flow reactor at atmospheric pressure using 100 mg of
catalyst. The reaction conditions were as follows: 500 ppm
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NO, 500 ppm NHj3;, 5 vol.% O,, and balance N, for the stan-
dard SCR reaction with a NO/NO, ratio of 1:0, and 500 ppm
NO, with NO/NO, ratios y (y = 4:1, 3:2, 1:1, 2:3, 1:4),
500 ppm NH3, 5 vol.% O,, and balance N, for the fast SCR
reaction with different NO/NO, ratios. The NO,-SCR reaction
was tested in 500 ppm NO,, 500 ppm NH;, 5 vol.% O,, and
balance N,. The total flow rate was 500 ml min*, and the
effluent gas, including NO, NH;, NO,, and N,0, was quantita-
tively detected by an online NEXUS 670-FTIR spectrometer.
The spectra were collected at the steady state, and the NO,
conversion and N, selectivity were calculated according to the
equations:

. [NO] , +[NO,]
NO, conversion =|1—=>—=t =it 1x]100% (1)
[NOJ, +[NO, ]

in

NO|[ +|NH,| —|NO,[ -2|N,O
stelectivity:[ J, +[NH,], -[NO,],, ~2[N0]

ot »100%
[NOJ, +[NH,], o

(2)

2.2 Characterization

The in situ DRIFTS experiments were conducted using an
FTIR spectrometer (Nicolet Nexus 670) with an MCT/A detec-
tor cooled with liquid nitrogen and a smart collector. The
experimental temperature was precisely controlled by an
Omega programmable temperature controller. Before each
adsorption experiment, the catalyst was first pretreated at
400 °C for 0.5 h in a flow of 20 vol.% O,/N, and then cooled
down to comparatively low temperature (150 °C). The DRIFTS
experiments of the fast SCR and standard SCR reactions were
performed at 150 °C. The background spectrum was collected
in flowing N, and was subtracted from the sample spectrum
automatically. Both the adsorption and the reaction experi-
ments were tested with a total flow rate of 300 ml min~". The
adsorption conditions were controlled as follows: 500 ppm
NH; or 500 ppm NO or 500 ppm NO,, and N, balance for
adsorption experiments. The reaction conditions were: 500 ppm
NO, 500 ppm NHj3;, 5 vol.% O,, and balance N, for the stan-
dard SCR reaction, and 500 ppm NO, with a NO/NO, ratio of
1:1, 500 ppm NHj3, 5 vol.% O,, and balance N, for the fast
SCR reaction. All DRIFTS spectra were recorded by accumu-
lating 100 scans with a resolution of 4 cm™.

3. Results
3.1 NH;3-SCR activity

To gain a deep insight into the effect of the NO/NO, ratio on
the NH3-SCR activity, a systematic study was conducted by
varying the NO/NO, ratio over a range spanning from 1:0 to
0:1 in the feed gas. Fig. 1 illustrates the NO conversion
and N, selectivity as a function of reaction temperature under
different gas compositions with NO/NO,, ratios of 1:0, 4:1,
3:2, 1:1, 2:3, 1:4, and 0:1 over CeWO,. As shown in
Fig. 1(a) and (b), the CeWO, catalyst showed more than
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Fig. 1 NO, conversion and N, selectivity over CeWO,.

90% NO, conversion from 250 to 450 °C under a GHSV of
~600000 h™* in the absence of NO,, and the NO, conversion
was less than 60% below 250 °C. It should be noted that the
NO, conversion increased significantly with increasing NO,
content until the NO/NO, ratio was 1:1 at low temperatures
(<200 °C), as shown in Fig. 1(a). Both the highest low tem-
perature NO, conversion and the widest operation tempera-
ture window were obtained when the NO/NO, ratio was 1:1.
As seen in Fig. 1(b), further increase of the NO, concentra-
tion to an NO/NO, ratio of 1:4 decreased the NO, conversion
dramatically below 200 °C. However, in comparison with
standard SCR, the NO, conversion was higher at low tempera-
tures (<200 °C) as long as both NO, and NO were present in
the feed. The activity results on the CeWO, catalyst clearly
showed that the presence of NO, indeed promoted greatly
the low temperature NO, elimination, and this promotional
effect was closely related to the NO, concentration in the feed
gas. Similar conclusions have also been drawn for zeolite
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and V-based oxides.>*® However, when the NO/NO, ratio
was 0:1 (NO,-SCR), the NO, conversion was below 60% over
the whole temperature range, indicating that both NO and
NO, in the feed were necessary for obtaining high NO,
conversion.

As seen in Fig. 1(c), N, selectivity was higher than 98%
when the NO/NO, ratio was higher than 1/1, and the increase
in NO, concentration decreased the N, selectivity slightly to
92%, due to the facilitation of N,O formation by the reaction
between NO, and NH,.*® It has to be pointed out that the
NO/NO, ratio had a negligible effect on N, selectivity below
200 °C, therefore, the present study focused on the effect of
NO/NO, ratio on NO, conversion instead of N, selectivity.

3.2 In situ DRIFTS studies

3.2.1 NO adsorption on pre-adsorbed NO,. In order to
confirm whether NO could interact with the adsorbed NO,
species, an in situ DRIFTS study was performed on the NO,-
pretreated CeWO, catalyst at 150 °C. The catalyst was first
purged with NO, until saturation, followed by N, purging
to remove the physisorbed NO, molecules. Then NO/N, was
introduced, and the spectra were recorded as a function of
time. The resulting spectra are shown in Fig. 2(a), and the
simultaneous detection results of the effluent gases by an
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Fig. 2 In situ DRIFTS results of CeWO, treated in flowing 500 ppm

NO; in N, until saturation and then purged with 500 ppm NO in N, at
150 °C (a), and the results of detecting the effluent gases (b).
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online NEXUS 670-FTIR spectrometer are shown in Fig. 2(b).
After NO, adsorption, bands at 1019, 1233, 1527, 1581, and
1604 cm™' were observed. The bands at 1019 and 1581 cm™
could be ascribed to bidentate nitrate,"® whereas the bands
at 1233 and 1604 cm ™" could be ascribed to bridging nitrate,
and 1527 cm™" was assigned to monodentate nitrate.® After
NO was introduced into the cell, the wavenumbers of the
nitrate species did not change, while all peak intensities of
nitrate species decreased. As seen in Fig. 2(b), NO, produced
by the reaction between NO and the surface oxygen atoms or
the reaction between NO and the surface nitrates, evolved
simultaneously. The decrease in the peak intensities within
10 min was insignificant, which could be ascribed to the
effect of the surface nitrates formed by NO adsorption. These
results indicated that NO could react with the surface nitrate
species to form NO,. Similar results have been obtained for
Fe-ZSM-5 during fast SCR.*’

3.2.2 NO, adsorption on pre-adsorbed NO. The DRIFTS
results of NO, adsorption on pre-adsorbed NO were also
obtained so as to make a comparison with the results of NO
adsorption on pre-adsorbed NO,. As shown in Fig. 3(a), after
NO adsorption, bands at 1019, 1230, 1527, 1581, and 1604 cm™
were observed, and the wavenumbers of the bands were
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Fig. 3 (a) In situ DRIFTS results of CeWO, treated in flowing 500 ppm
NO in N, until saturation, and then purged with 500 ppm NO, in N,
successively at 150 °C. (b) In situ DRIFTS results of CeWO, treated
in flowing 500 ppm NO in N, until saturation, and then purged with
500 ppm NO + 5% O, and 500 ppm NO, in N, successively at 150 °C.
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almost identical to those after NO, adsorption, suggesting
that NO could react with surface oxygen to form surface
nitrates. On the other hand, the peaks of the nitrate species
increased dramatically after the successive adsorption of
NO,, indicating that more nitrate species formed on the
CeWO, surface. However, the successive treatment of NO and
O, after NO adsorption did not increase the amount of sur-
face nitrates, as shown in Fig. 3(b), indicating that no oxygen
vacancies were present on the surface after the pretreatment
of CeWO, by O, at 400 °C. These results also showed that the
oxidation of NO by O, at 150 °C could not produce enough
NO, to adsorb the surface nitrates on the surface of CewoO,,
indicating that the NO, formation by NO oxidation was slow
over the CeWO, catalyst. Therefore, the amount of surface
nitrate species formed by NO, was much greater than that by
NO alone or the mixture of NO and O,.

3.2.3 NO, adsorption on pre-adsorbed NH;. To confirm if
the adsorbed NH; could react with NO,, the catalyst was first
treated with NH; until saturation and purged with N,. NO,
was then introduced into the cell for 30 min, and the spectra
recorded at different time intervals are shown in Fig. 4.
After NH; adsorption, bands at 1181, 1256, 1423, 1590, 1671,
and 3000-3400 cm ' were observed. The bands at 1671
and 1423 cm™ could be ascribed to the Bronsted ammonia
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Fig. 4 In situ DRIFTS results of NHz-presorbed CeWO, treated by
flowing 500 ppm NO, in N, at 150 °C (a), and by flowing 100, 250,
and 500 ppm NO, at room temperature (b).
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species (NH,"-B),>® whereas the bands at 1590, 1256,
and 1181 cm™* could be ascribed to Lewis ammonia species
(NHj-L).*>'®18:20 After NO, was introduced into the cell, the
band of NH;-L species at 1181 cm™" disappeared completely
within 3 min, and the peaks of NH,'-B species decreased
gradually with time on stream. The bands of the nitrate spe-
cies at 1604, 1578, and 1230 cm ' increased, indicating that
NO, reacted with both the surface NH;-L and NH,'-B species.
These results were consistent with what was reported in the
literature®® by Chen et al. that both the Lewis and the
Brensted ammonia species on the Ce-W catalyst could partic-
ipate in the NH;-SCR reaction. It has to be noted that new
bands at 1337 and ~3218 cm™* were formed after NO, was
introduced. Nova et al®' found that the DRIFTS result of
pure NH,NO; presented bands at 1380 and 3150 cm ™ *,which
was quite similar to our results. In addition, Liu et al>°
conducted a Fourier transform infrared spectroscopy study
on NH,NO; and found a peak at 1338 cm ! that was ascribed
to NO;, and this wavenumber was the same as that reported
in the present study. Therefore, the band at 1337 cm™ could
be ascribed to NH,NO;.

In order to investigate the correlation between the NO,
concentration and the NH,NO; formation, different amounts
of NO, were introduced onto the surface of the NH;-
preadsorbed CeWO, catalyst. The experiment was performed
at room temperature since the peak of NH,NO; was weak
which would easily be interfered by the other peaks (see
Fig. 4(a)). As seen in Fig. 4(b), introducing 100 ppm NO, pro-
duced a new band at 1320 cm ', whereas increasing the NO,
concentration to 250 ppm or more produced a band at
1305 cm™'. The formation of these new bands was accompa-
nied by the slight consumption of the adsorbed NH;. There-
fore, the bands at 1320 and 1305 cm™ were also proposed to
be NH,NO;.

To confirm the conclusions above, an in situ DRIFTS study
of the CeWO, catalyst pre-impregnated by NH,NO; (57 umol ge ')
or pretreated by NO, and NH; at room temperature was
conducted. As shown in Fig. 5(a), the bands at 1030, 1305,

L
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Fig. 5 In situ DRIFTS results of CeWO, pre-impregnated with NH;NO-
at room temperature (a) and at 150 °C (c), and CeWO, treated with

500 ppm NO; in N, until saturation, and with 500 ppm NHz in N,
successively for 30 min at room temperature (b).
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and 1765 cm ! could be ascribed to the nitrates in NH,NO;,
whereas the bands at 1440, 2810, 3022, and 3200 cm™* could
be assigned to the NH," species in NH,NO;.*° Conse-
quently, the bands at 1305 and 3200 cm™ could be assigned
to NH,NO; on the surface. Additionally, the subsequent
adsorption of NH; on the NO,-presorbed CeWO, catalyst at
room temperature was also investigated in the present
study, as shown in Fig. 5(b). Besides the adsorbed NH,'-B
and NH;-L, bands at 1323 and ~3200 cm ™' were also
observed, indicating that NH,NO; could be formed on
CeWO, by the reaction between ammonia and surface
nitrates. It has to be pointed out that a shift in the NH,NO;
band was observed from 1337 (Fig. 4(a)) to 1320/1323
(Fig. 4(b) and 5(b)) and 1305 cm™ (Fig. 4(b) and 5(a)),
which might be due to the differences in coverage or differ-
ent phases*® of NH,NO; caused by the different formation
procedures. Therefore, it was reasonable to suggest that the
bands at 1337, 1320, 1305, and ~3218 cm ' in Fig. 4 were
representatives of the NH,NO; intermediate on the surface
of the CeWO, catalyst. The results in Fig. 4 and 5 indicate
that the surface ammonia species might react with NO, gas
according to the following equation:

2NH; + 2NO, «— NH,NO; + N, + H,0 3)
This reaction has been reported by Grossale et al.*'*** to
take place below 250 °C on Fe/zeolite catalysts. It has been
reported that reaction (3) was a result of the combination of
the following steps:*!

2NO, + H,0 — HNO, + HONO (4)
NH; + HONO — [NH,NO,] — N, + 2H,0 (5)
NH3 + HNO3 g NH4N03 (6)

These reactions might also take place in the reaction
between NO, and NH; on CeWO,.

As seen in Fig. 4(b), NH,NO; was produced within 3 min
when the NO, concentration was 500 ppm, whereas decreas-
ing the concentration of NO, to 250 ppm led to the formation
of NH,NO; after 3 min. It has to be noted that no peak of
NH,4NO; could be observed within 10 min when the NO, con-
centration was further decreased to 100 ppm, indicating that
the lower NO, concentration resulted in the smaller amount
of NH,NOj; within the same time period.

3.2.4 The decomposition of NH,NO; at 150 °C. To study
the stability of NH,NO; at low temperature, an in situ DRIFTS
study was also conducted over the NH,NO;-impregnated
CeWO, catalyst at 150 °C. As shown in Fig. 5c, the band at
1271 em™ could be assigned to the contribution of both
NH;-L (at 1256 cm ") and NH,NO; (at 1305 cm™), and the
new bands at 1513 and 1673 cm ' at 150 °C could be
ascribed to the surface monodentate nitrate and NH,™-B,
indicating that the adsorbed ammonia and nitrates appeared
simultaneously on the surface of the NH,NO;-impregnated

This journal is © The Royal Society of Chemistry 2015
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catalyst at 150 °C. In addition to the changes above, the
simultaneous slight decrease in the band at 3200 cm™ dem-
onstrated that NH,NO; decomposed to surface nitrates and
ammonia following the equation:

NH4N03 — NH3 + HN03

This is the reverse reaction of reaction (6). It is widely
accepted that NH,NO; is solid below 170 °C and could
decompose to NH; and HNO; in the melt above 170 °C.*
However, Koebel et al** found that ammonium nitrate
deposited on a monolith catalyst at 150 °C decomposed to
NH; and HNO; soon after the temperature started to rise,
due to the presence of H,O in the feed. Similarly, Madany
and Burnet** pointed out in their paper that the presence of
H,O could promote the reverse reaction of eqn (6). Although
the NH,NO;-impregnated CeWO,. catalyst had been dried in
air overnight and purged with N, for 1 h at room temperature
before collecting the spectra, adsorbed H,O might still have
remained on the surface of the catalyst. Therefore, it is possi-
ble that a small part of NH,NO; decomposed to NH; and
HNO; at 150 °C in the present study.

In order to make clear whether the surface NH,NO; partic-
ipates in the NH;-SCR reaction, in situ DRIFTS studies were
conducted on the decomposition of NH,NO; both in N, and
in NO/N,. The peaks of NH,NO; had no obvious change with
the time on stream in N,, as shown in Fig. 6(a), indicating
that the decomposition of NH,NO; in N, is a slow process at
150 °C. Nevertheless, the treatment of the NH,NO;-impreg-
nated CeWO, catalyst in NO/N, resulted in a dramatic reduc-
tion of the peaks of NH,NO; at 1271, 1426, 2810, 3020, 3180,
and 3250 cm™' within 30 min, as shown in Fig. 6(b). The
reduction of the band at 1271 em™ to the bands of 1305 and
1256 cm™ proved that the peak at 1271 cm™ was indeed the
contribution of both NH,NO; and NH;-L. Compared with
Fig. 6(a), the consumption of NH,NO; was much faster in
NO/N, than in N,, indicating that NO in the gas phase could
react with NH,NO;. To investigate the products of the
NH,NO; reduction by NO, the effluent gases were simulta-
neously analyzed by an online NEXUS 670-FTIR spectrometer.
NO, was evolved accompanied by the reduction of NH,NO;
by NO, as shown in Fig. 6(c). The facilitation of NH,NO;
decomposition by NO was suggested to proceed according to
the following equation over many catalysts, e.g., V,0s-WO;/TiO,
(ref. 31) and Fe/ZSM-5.""

NH4N03 + NO — NZ + N02 + 2H20 (7)

3.2.5 Co-adsorption of NO, and NO on pre-adsorbed NH;.
In order to study the effect of NO on the reaction between
the adsorbed NH; and NO, gas, the following experiment was
conducted. Similar to the experimental procedure for the
study of NO, adsorption on pre-adsorbed NHj;, the catalyst
was first treated with NH; until saturation and then purged
with N,. Afterwards, the mixture of NO, and NO was intro-
duced for 30 min. The spectra are shown in Fig. 7. After the
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Fig. 6 In situ DRIFTS results of NH;NOz-impregnated CeWO, treated
in N, (a) at 150 °C and by flowing 500 ppm NO in N, (b) at 150 °C. (c)
The concentration of NO and NO; in the effluent gases during the
experiment (b) analyzed by an online NEXUS 670-FTIR spectrometer.

mixture of NO, and NO was introduced into the cell, all the
adsorbed ammonia species decreased quickly with time on
stream, and disappeared completely after 2 min, leaving
only the bands of nitrate species at 1604, 1581, 1230, and
1020 cm™" in the spectra. Compared with Fig. 4(a), it can be
observed that the mixture of NO, and NO reacted faster with
the surface NH; and NH," species than NO, alone. These
results were consistent with the activity result that fast SCR
in the presence of NO, showed better performance than NO,-
SCR (NO/NO, = 0:1). Additionally, no bands at 1337 and
~3218 cm™" were observed in the presence of NO, indicating
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Fig. 7 In situ DRIFTS results of NHsz-presorbed CeWO, treated by
flowing 250 ppm NO; + 250 ppm NO in N at 150 °C.

that the presence of NO might accelerate the decomposition
of NH,NO; species, although it was not easy for the NH,NO;
intermediate on the surface of the catalyst to decompose to
NH; and HNO; below 170 °C.** Another reasonable explana-
tion for the absence of NH,NO; was that the reduction of the
surface nitrates by NO is faster than the formation of
NH,NOs;.
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Fig. 8 In situ DRIFTS results of CeWO, after the standard SCR
reaction (a) and the fast SCR reaction (b) at 150 °C. The NO/NO; ratio
was 1:1 for the fast SCR reaction.
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3.2.6 Fast SCR and standard SCR. To identify the species
present on CeWO, catalysts during fast SCR and standard
SCR, an in situ DRIFTS study was conducted at 150 °C. As
seen in Fig. 8, bridging nitrate (the band at 1604 cm™) was
formed after the introduction of the reactant gas for 1 min,
and then the bridging nitrate peak decreased with time on
stream after 5 min accompanied by the increase in the
adsorbed NH; species, indicating that the surface nitrates
formed by NO or NO, could participate in the NH;-SCR reac-
tion.?° Under steady state conditions, NH;-L and NH,*-B were
present on the surface of the CeWO, catalyst during both
standard and fast SCR. It should be noted that no NH,NO;
was observed during either standard or fast SCR, indicating
that either NH,NO; decomposed rapidly, or was not formed
from the beginning due to the faster reaction between NO
and the surface nitrates. However, the results in the present
study show that if reaction (7) took place, the reaction
between NO and NH,NO; during standard SCR and fast SCR
was extremely fast.

4. Discussion
4.1 Formation of surface nitrates and nitrite

Based on previous reports, CeO, was suggested to be the
main active site for the NH;-SCR reaction.’>**>! It can be
suggested that NO activation on the CeWO, catalyst follows
the equations:*

NO + [Ce*"]-O — [Ce*"]-ONO(nitrite) (8)
2[Ce*']-0 + NO — [2Ce*']=0,NO (bridging nitrate)  (9)
0-[Ce*"]-0 + NO — [Ce*']=0,NO (bidentate nitrate) (10)

and the adsorption of NO, on the catalyst follows the
equation:

[Ce*]-0 + NO, — [Ce**]-ONO,(monodentate nitrate) (11)

It is clear that NO, can be adsorbed on one [Ce*']-O site
to form one monodentate nitrate ([Ce*"]-ONO,), whereas the
adsorption of NO needs two [Ce**]-O sites to produce one
bidentate nitrate ([Ce*']=0,NO) or one bridging nitrate
([2Ce*"=0,NO). In addition, the presence of NO could
reduce the amount of surface nitrates, as shown in Fig. 2.
Since no surface nitrite species ([Ce*"]-ONO) was observed in
the present study, it can be concluded that the surface nitrite
species was extremely active and was desorbed too fast to be
detected by DRIFTS. Therefore, NO gas reacted with the sur-
face nitrates to form NO, gas according to the equations:*'

[Ce*"]-ONO,(monodentate nitrate) +
NO — [Ce**]-ONO + NO, (12)

[2Ce*"=0,NO (bridging nitrate) +
NO «— [Ce"]-ONO + NO, + [Ce*']-O0 (13)
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[Ce*']=0,NO (bidentate nitrate) +
NO — [Ce*']-ONO + NO, (14)

[Ce*"]-ONO — [Ce**]-O0 + NO, (15)

The mutual transformation between the monodentate,
bridging and bidentate nitrate follows the equations:***°

2Ce*"]=0NO,(bridging nitrate) —
ging
[Ce**]-ONO,(monodentate nitrate) + [Ce**]-O0  (16)

[Ce*"]=0,NO (bidentate nitrate) —
[Ce*']-ONO,(monodentate nitrate) (17)

These transformations made it possible for the mono-
dentate, bridging and bidentate nitrate species to all be pres-
ent on the surface of the CeWO, catalyst after the adsorption
of NO or NO.,.

After the surface was saturated with the nitrates originat-
ing from NO adsorption, NO, could still be adsorbed on the
surface according to the equation:*'

[Ce*']-O + 2NO, — [Ce*']-ONO,(monodentate nitrate) + NO
(18)

This equation is a combination of the reverse reaction of
eqn (12) and (15). The presence of NO, could reoxidize the
low valence Ce species,*® and the saturated adsorption of NO
cannot inhibit the adsorption of NO,.

4.2 Mechanism of SCR reactions

Many researchers reported that NH,NO; is reducible by NO
above its melting point of 170 °C,***” and in the melt,
NH,NO; can decompose to NH; and HNO;. NO could reduce
HNO; to HNO, at a comparatively lower temperature, i.e. at
50 °C.*' However, it is obvious that NO was able to reduce
NH,NO; significantly at 150 °C in the present study, and this
reaction rate was faster than that of NH,;NO; decomposition
to NH; and HNO; in N,, as shown in Fig. 6. Therefore, it
could be suggested that NO gas reduced NH,NO; directly
according to eqn (7), rather than reacting with the nitrates
formed by the decomposition of NH,NO;. It is widely
accepted that the formation of NH,NO; blocks the active site
of the NH;-SCR reaction,”*®** and eqn (7) has been
suggested to be crucial in the NH;-SCR reaction by many
researchers, since it consumes NH,NO; on the surface of the
catalysts.*>**° Koebel et al.*® suggested that eqn (7) was
more important at lower temperature, and this reaction
governed the whole NO, conversion at 140 °C over the
V,05-WO;/TiO, catalyst. Wang et al.>® observed the presence
of NH,NO; during the fast SCR reaction instead of the stan-
dard SCR reaction over the Cu-SAPO-34 catalyst, and
suggested that the reaction between NO and NH,NO; was
important for fast SCR. Iwasaki and Shinjoh®" reported that
eqn (7) was the rate-limiting step for the fast SCR reaction
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over the Fe-ZSM-5 catalyst. A similar conclusion has been
drawn by Grossale et al.*’ In the present study, no NH,NO;
was present on the surface of the CeWO, catalyst under stan-
dard and fast SCR reaction conditions at 150 °C, as seen in
Fig. 8, indicating that if reaction (7) occurred, it must be very
fast. This might be the reason why CeWO, performed excel-
lently during both standard and fast SCR.

Nevertheless, NO could still react with the surface nitrate
species according to eqn (12)-(14). In this case, NH,NO;
could not be formed due to the faster reaction between the
surface nitrates and NO. As shown by eqn (12)-(14), NO could
react with the surface nitrates to produce NO, gas and nitrite
intermediates. These nitrites, which might be too active to be
observed during DRIFT studies, will either desorb from the
surface of the catalyst to produce NO, gas, or react with the
adsorbed ammonia to form N, in the SCR reaction. The
importance of eqn (12)-(14) in the NH;-SCR reaction has
been reported by many groups. Nova et al.** found that NO
could react with nitric acid at 200 °C on the commercial
V,05-WO;/TiO, catalyst, forming NO, and nitrous acid
(HONO), and the fast SCR reaction is limited by this reaction
at low temperatures. Additionally, Ruggeri et al.*® suggested
that the reduction of nitrates/nitric acid by NO was a crucial
step in the fast SCR reaction over Fe/ZSM-5 based on the
results of a DRIFTS study. Grossale et al.>* proposed that the
surface nitrates were the key intermediates for oxidizing NO
during fast SCR, which could be reduced by ammonia during
the NO,-SCR reaction over Cu- or Fe- zeolites. The present
results are consistent with those reported in the literature for
V-based oxides and zeolite catalysts. Therefore, it could be
proposed that eqn (12)-(14) are important, and both the
surface nitrate and NO in the gas phase are necessary for the
formation of active nitrites.

The SCR reaction might proceed according to the follow-
ing equations at low temperatures (<200 °C):

1. The formation of surface nitrites from NO or NO,
adsorption:

NO + [Ce"*]-0 — [Ce*"]-ONO (8)
NO, + [Ce*']-O0 — [Ce*"]-ONO (15)

2. The formation of surface nitrates from NO or NO,
adsorption:

2[Ce*"]-0 + NO — [2Ce*"]ONO, (9)
0-[Ce*"]-0 + NO — [Ce*"]=0,NO (10)
[Ce*]-0 + NO, — [Ce*]-ONO, (11)

3. Reactions between NO and surface nitrates:
[Ce*"]-ONO, + NO — [Ce*"]-ONO + NO, (12)

[2Ce*]=0,NO + NO — [Ce"*]-ONO + NO, + [Ce*']-O0 (13)
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[Ce*']=0,NO + NO — [Ce*"]-ONO + NO, (14)

4. Reactions between surface nitrites and adsorbed
ammonia:

[Ce*']-ONO + NH;3-L — [Ce*']-OH + NH,NO —
N, + H,O0 + [Ce*"]-OH (19)

[Ce*]-ONO + NH,"-B — [Ce**]-O0 + NH,NO, —
N, + 2H,0 + [Ce*']-O (20)

5. Reaction between surface NH,NO; and NO gas:
NH,NO; + NO — N, + NO, + 2H,0 7)

For standard SCR, the surface nitrates originated mainly
from direct NO adsorption on the surface, or from the
adsorption of NO, produced by NO oxidation. Therefore, the
amount of NO, produced during NO oxidation over CeWO,
was determined. As seen in Fig. 9, the amount of NO, pro-
duced below 200 °C was less than 10 ppm, indicating that
the reaction of NO oxidation to NO, was slow, which was
consistent with the results shown in Fig. 3(b). Therefore, the
surface nitrates mainly came from the adsorption of NO on
the surface of the catalyst according to eqn (9) and (10). Since
NO, adsorption led to the formation of more surface nitrates
than NO adsorption, as seen in Fig. 3, NO tended to play the
role of reducing NH,NO; or nitrates. Consequently, it could
be suggested that there was a close correlation between NO,
conversion and the amount of surface nitrates. The surface
nitrates, mainly originating from NO,, were essential inter-
mediates for forming NH,NO; or surface nitrites. The NO,
conversion depended on the concentration of NO, in the
reactant gas,*®*” as shown in Fig. 1. For NO,-SCR, the con-
centration of surface nitrates and NH,NO; must be the
highest (see Fig. 4(b)). However, the lack of NO resulted in
the accumulation of NH,NO;, which would block the surface
active sites for activating NH; or NO,,**"° resulting in the
lowest NO, conversion. Both NO and NO, were necessary for
higher NO, conversion, which confirmed that there was an
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Fig. 9 NO, production during NO oxidation over CeWO,. Reaction
conditions: 500 ppm NO, 5 vol.% O,, and N, balance.
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optimized NO/NO, ratio of 1/1 for the SCR reaction when the
overall amount of NO, was fixed.

5. Conclusions

The NO conversion on CeWO, catalysts followed the order of
fast SCR > standard SCR > NO,-SCR at low temperatures
(<200 °C). An optimal NO/NO, feed ratio was suggested for
the SCR reaction, and the best deNO, efficiency was achieved
at a NO/NO, feed ratio of 1:1. The DRIFTS study showed that
the adsorption of NO or NO, resulted in the formation of the
same surface nitrates, whereas NO, adsorption led to much
more surface nitrates than NO adsorption. NO, is responsible
for the formation of surface nitrates, which may further react
with adsorbed NH; to form NH,NO;. NO participates in the
reaction by following two pathways: one is to reduce NH,NO;
to form N, directly; the other is to reduce the surface nitrates
to active nitrite species, which will react with the adsorbed
NH; species to produce N,. Both Lewis and Brgnsted ammo-
nia species on the CeWO, catalyst could participate in the
fast SCR reaction. NH,NO; was also observed during the reac-
tion between NO, and NHj;, and it was suggested that NO
could reduce NH,NO; directly below its melting point.

In comparison with standard SCR, more surface nitrates
were formed during the fast SCR reaction, leading to a higher
NO, conversion. For NO,-SCR, although the amount of sur-
face nitrates was higher, the lack of NO gas resulted in the
blockage of the active sites by NH,NO; on CeWO,, and conse-
quently, a lower NO, conversion. The reactions between NO
and NH,NO; or surface nitrates at low temperatures were
important for the NH;3-SCR reaction. Therefore, both NO in
the gas phase and surface nitrates were important for the
NH;-SCR reaction.
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