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ABSTRACT: The chromium (Cr) impurity in flue gas often leads to
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the undesirable byproduct of the greenhouse gas N,O in the NH;— Cr/VWTi As—Cr/VWTI
SCR reaction. Herein, an interesting phenomenon is first reported.
Arsenic (As), as another impurity, markedly suppresses N,O ‘@ \‘&? & \
generation over the Cr-poisoned V,0,—WO,;/TiO, (Cr/VWTi) :
catalyst, especially reducing by nearly 10 times at 300 °C in NH;— Mo Vo NH(ad) VOLNOH ..
SCR. Characterizations show that the introduction of As induces the [Feased decreased DI IRl s
oxygen vacancies oxygen vacancies Brpnsted acid.

interaction between Cr and As, which inhibits the Cr incorporation casy hard  NO@),
into the TiO, lattice and promotes the transformation of monomeric RO ichsdrogonsion oo

. . 2
VO, species from VO (Cr/VWIl? to VO, and VOH (As—Cr/ nino 00 Q)
VWTi). In situ DRIFTS and calculations demonstrate that due to the N,
structural changes in Cr/VWTi, As—Cr/VWTi exhibits reduced QT @V eo . H

oxygen vacancies as well as increased VO, species and Brensted acid
sites, which makes the dehydrogenation of the NH,NO* intermediate more difficult, resulting in lower N,O formation during the
NH;—SCR reaction. This work provides new insights into N,O suppression from flue gas impurities.

KEYWORDS: NH;—SCR, N,O suppression, Cr & As, VWTi catalyst

1. INTRODUCTION

The selective catalytic reduction of NO, with NH; (NH;—
SCR) technology is the most widely used technology for the
abatement of NO, from stationary sources.' > VWT] catalysts
have been accepted as commercial NH;—SCR catalysts for
several decades.” During the NH;—SCR process, N,O, as the
third most important long-lived greenhouse gas, could
inevitably be generated on V-based catalysts.”* The previous
study has demonstrated that when the temperature is lower
than 300 °C, N, O is mainly formed from the decomposition of
NH,NO;, while at higher temperatures, NH; is oxidized to
form NH by the V active site and then reacts with NO to

Generally, SCR catalysts are used in a complex flue gas
environment under operating conditions. Xing et al. has found
that the chromium (Cr) deposition on V,05/TiO, remarkably
promotes N,O formation without changing NO, conversion,
which is resulted from an increase in the V°* content of the
catalyst.” However, multiple flue gas impurities in actual
working environments usually coexist and interact with each
other on the catalyst, leading to the unpredictable N,O
formation performance.”” In general, the incorporation of
acidic species, particularly Bronsted acids, into the catalyst can
reduce the redox capability of the catalyst, thereby effectively
decreasing the N,O byproducts."'*™*° Previous studies have
elucidated that H,O and SO, suppress N,O formation through

produce N,0." Moreover, two N atoms of N,O separately
come from NH; and NO, while the sources of the O atom in
N,O are NO, O,, and catalyst oxygen (~50, ~30, and ~20%,
respectively).”"” Zhu et al. suggested that surface VO, sites of
the VWTI catalyst are active for N,O formation, and the rate-
determining step is related to the NH bond breaking of NHj,
which is consistent with the DFT calculation.”'® The bond
breaking of NHj directly depends on the oxidation ability of
the catalyst; the stronger the oxidation ability of the catalyst,
the easier it is for NH; to deeply dehydrogenate to generate
Nzo.ll,lz
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the enhanced Brensted acidity and reduced redox proper-
ties.'”*" As another main impurity, arsenic (As) is also a severe
poison to commercial VWTIi catalysts, typically present as
As,0; in flue gas with concentrations ranging from 1 ug/m? to
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Figure 1. (a) N,O formation of Cr/VWTi and As—Cr/VWTi in the NH;—SCR reaction. (b) N,O formation over Cr/VWTi and As—Cr/VWTi,
with SO, (denoted as “SO,”), H,O (denoted as “H,0”), and SO, and H,O (denoted as “SO, and H,0”) at 350 °C. Reaction conditions: 300 ppm
of NH;, 300 ppm of NO, 4 vol % O,, 100 ppm of SO, (when used), S vol % H,0O (when used), flow rate = 100 mL-min~", WHSV = 60,000 mL-

g ""h7!, and Ar as the balance.

10 mg/m>** It has been confirmed that As can form As—OH
as new Bronsted acid sites for As-poisoned VWTi catalysts.”>*
Moreover, V°* in As-poisoned V,05(-M0O,)/TiO, oxidizes
As* to As®,”* while Cr®" in Cr-poisoned V,05/TiO,
oxidizes V*" to V°*.> Hence, when As and Cr codeposit on
the VWTi catalyst surface, Cr"* may be reduced to Cr** by
oxidizing As®** to As®*, weakening the redox property of the
Cr/VWTi catalyst and reducing N,O formation. In addition,
Cr and As usually coexist in the following industrial flue gases,
such as coal- or biomass-fired boilers utilizing Cr/As-laden
fuels, municipal solid waste incinerators, nonferrous metal
smelting furnaces, and cement kilns, where high-temperature
processes volatilize these heavy metals into the gas phase.”*™>"
Therefore, the influence mechanism of the heavy metal As on
the Cr/VWTi catalyst for the N,O byproduct in the NH;—
SCR reaction deserves further investigation.

In this study, As—Cr-coloaded VWTi catalysts were
synthesized using the actual concentrations of As and Cr
from operational catalysts in order to investigate the effect of
the As impurity on N,O formation in Cr-poisoned VWTi
catalysts during the NH;—SCR reaction. The characterizations
and DFT calculations revealed that the incorporation of the As
impurity diminished oxygen vacancies, changed the mono-
meric VO, configuration, and increased Brensted acids in Cr-
poisoned VWTi catalysts, which inhibited the deep dehydro-
genation of absorbed NHj, thus reducing the N,O byproduct.
This research provides novel insights into the suppression of
N,O by the effect of multiimpurities present in flue gas.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The fresh VWTIi catalyst was
prepared via impregnation, and the content of V,05 and WO,
was 1 and 3 wt %, respectively. First, 25.7 mg of NH,VO5;, 63.8
mg of (NH,);0H,W;,0,,-4H,0, and 55.4 mg of H,C,0,-H,0
were dissolved in 100 mL of deionized water. Then, 1.92 g of
anatase TiO, was added and stirred at room temperature for 4
h. Next, H,O was removed from the suspension using an oil
bath at 100 °C. Finally, the residue was dried at 100 °C for 12
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h and then calcined in a muffle furnace at 500 °C for 4 h to
obtain the VWT] catalyst.

All catalysts loaded with Cr and As were prepared by the wet
impregnation method. The loading amounts of Cr and As were
according to the actual industry content in the NH;—SCR
catalyst.”****** The fresh VWTi catalyst powder was added to
the solutions of Cr(NO,);, an As standard solution, and a
mixture of both Cr(NO;); and the As standard solution,
respectively. Then, the suspension was stirred at room
temperature for 2 h. The subsequent preparation process was
exactly the same as VWTi. The obtained samples were marked
as Cr/VWTi, xAs/VWTi, and Cr-xAs/VWTIi, where x means
the molar ratio of As to V (when the molar ratio of As to V was
2, the samples were also marked as As/VWTi and As—Cr/
VWTi). According to the reported spent catalysts,” the molar
ratio of Cr to V was set to 0.1 for all samples.

2.2, NH;-SCR Performance Test. The NH,—SCR
performance was evaluated in a fixed-bed quartz flow reactor
with 0.1 g of the sample. The reaction gas contained 300 ppm
of NH; (when used), 300 ppm of NO (when used), 4 vol %
O, (when used), 100—200 ppm of SO, (when used), 5—10 vol
% H,0O (when used), and Ar as the balanced gas (flow rate =
100 mL-min~!, WHSV = 60,000 mL-g~"+h™"). After stabiliza-
tion for 30 min at each temperature, the exhaust gas
concentration was collected. The gas concentrations were
monitored by an online ThermoFisher IS10 FTIR spectrom-
eter. The data were collected when the SCR reaction was in a
steady state at every temperature. The conversion was
calculated using the following equation (NO, includes NO
and NO,)

. [Nox]m - [Nox]out
NO, conversion (%) = X 100%
[Nox]in
NH,]. — [NH
NHj conversion (%) = [NHyli — INFlow X 100%
[NH3]in
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Figure 2. (a) XRD patterns. (b) EPR spectra. (c) XPS spectra of O 1s. (d) O,-TPD (O (<400 °C): surface-adsorbed oxygen; Oy (400—700 °C):
near-surface lattice oxygen; and Oy (>700 °C): bulk lattice oxygen). (e) XPS spectra of V 2p. (f) Relative content of monomeric vanadyl species
by 'V MAS NMR spectroscopy (VO,(H) represents the total content of VO, and VO,H).
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2.3. Catalyst Characterization and Calculations. The
detailed descriptions of the characterization methods and
computational details are provided in the Supporting
Information (SI).

3. RESULTS AND DISCUSSION

3.1. N,O Formation in NH;—SCR. Given the operating
window of VWT], the NH;—SCR performance was evaluated
in the temperature range from 300 to 450 °C. The NO,
conversion, N, selectivity, and N,O concentration of VWT],
Cr/VWTi, xAs-Cr/VWTi, and 2As/VWTi (As/VWTi) are
shown in Figure Sla—c. It was suggested that there was no
significant change in the NO, abatement performance of As/
VWTi, 2As—Cr/VWTi (As—Cr/VWTi), Cr/VWTi, and VWTi
catalysts. However, As—Cr/VWTi showed an obvious
improvement in N, selectivity compared to Cr/VWTi
Specifically, within the temperature range of 300—400 °C,
the N, selectivity of As—Cr/VWT!i increased over 12%, and its
N, selectivity equaled that of fresh VWTi at 300—350 °C.
Moreover, the concentrations of the N,O byproduct on Cr/
VWTi and As—Cr/VWTi are depicted in Figure 1a. It could be
found that at 300 °C, the N,O yield on Cr/VWTi (40 ppm)
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was ten times that of As—Cr/VWTi catalysts (4 ppm). With
the increased reaction temperature, more and more N,O was
produced on all catalysts, but the N,O concentration was
always in the order of Cr/VWTi > As—Cr/VWT], suggesting
that the introduction of the As impurity into the flue gas
significantly suppressed the N,O byproduct on Cr-poisoned
VWTi in NH;—SCR. In addition, as shown in Figure Sld—e,
the As—Cr/VWTIi catalyst exhibited excellent thermal stability.

In order to explore the origin of the N,O byproduct, the
possible N,O formation pathways in the SI were investigated
on Cr/VWTi and As—Cr/VWTi catalysts. Under the different
reaction conditions (Figure S2), the results showed that
negligible amounts of N,O were produced under the
conditions involving NH;, NO + O,, or NO, which suggested
that the primary sources of N,O formation in the NH;—SCR
reaction were the nonselective catalytic reduction (NSCR, eqs
S1—S4) and NHj; oxidation (eq SS) reactions on the Cr/
VWTi and As—Cr/VWTi catalysts.” Then, the NO, and NH,
conversions under NH;—SCR conditions on Cr/VWTi and
As—Cr/VWTi were compared (Figure S3). It showed that
from 300 to 400 °C, the NH; conversion remained at
approximately 100%, whereas the NO, conversion decreased
by 10%. This indicated that as the temperatures were
increased, more adsorbed NH; underwent oxidation rather
than reacting with NO. Therefore, the NH; oxidation
performance of Cr/VWTi and As—Cr/VWTi was evaluated
at temperatures ranging from 300 to 400 °C (Figure S4). The
N,O concentrations of Cr/VWTi and As—Cr/VWTi gradually
increased from near 0 to 40 and 19 ppm, respectively, with
almost no other NO, formation. On the basis of the above
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results, it was concluded that on both Cr/VWTi and As—Cr/
VWTi, N,O was predominantly generated from the NSCR
reaction at 300 °C, while above 300 °C, the contribution of
NH; oxidation to N,O formation became increasingly
significant, and the NH; oxidation process was more obvious
on Cr/VWTi than on As—Cr/VWTi.

Commonly, H,0O and SO, are present in flue gas, and then
N,O formations under the conditions of 100—200 ppm of SO,
and 5—10 vol % H,O were determined on Cr/VWTI. It is seen
in Figure SS that the N,O concentration exhibited a gradual
decline with increasing SO, and H,O concentrations.
Subsequently, N,O concentrations were measured for both
Cr/VWTi and As—Cr/VWTi under mixed conditions of 100
ppm of SO, and § vol % H,O. As shown in Figure 1b, at 350
°C, the combined presence of SO, and H,O induced a
significantly greater reduction in the N,O concentration
compared to either SO, or H,O alone. Moreover, N,O
formation over the As—Cr/VWTi catalyst was found to be
comparable to that over Cr/VWTi in the presence of S vol %
H,O. This suggested that the As impurity predominantly
suppressed N,O formation under actual operating conditions.
Previous studies had shown that SO, or H,O suppressed N,O
formation due to the introduction of Bronsted acid sites,"”*'
but the mechanism by which the As impurity inhibited N,O
formation over the Cr/VWTi catalyst remained unclear and
required further detailed characterizations.

3.2. Oxygen Vacancies and VO, Structures. The crystal
phases and pore structures of the catalysts were analyzed by
XRD and BET, respectively. As shown in Figure 2a, all samples
exclusively exhibited diffraction peaks corresponding to
anatase-phase TiO, (PDF#21—1272), indicating that the
deposition of Cr and As did not affect the crystal phases of
the VWTI catalyst. Notably, there was a peak shift within the
24—27° range, which, for Cr/VWT], shifted distinctly toward
lower angles compared to pristine VWTIi, suggesting the lattice
expansion induced by Cr incorporation, whereas the peak of
As—Cr/VWTi shifted toward higher angles, close to unloaded
VWT], indicating that As had inhibited the incorporation of Cr
into the support lattice. According to the larger ionic radius of
Cr** (0.615 A) compared to Ti** (0.605 A), the lattice
expansion might be attributed to the substitution of Ti*" by
Cr** in Cr/VWTi. From the BET results (Table S1), there was
no obvious change in the specific surface areas of As—Cr/
VWTi, Cr/VWTi, and VWTi. Therefore, based on the XRD
results, it was shown that Cr incorporates into the lattice of
TiO,, which was prevented in the As—Cr/VWT] catalyst.

In addition, EPR and XPS spectra were used to confirm the
phenomenon. As shown in Figure 2b, besides the Ti** (g =
1.976) signal,32 a new signal of g = 2.652 attributed to Cr’** was
observed in the Cr/VWTi sample.”> However, only the Ti**
signal was present in As—Cr/VWT], clearly demonstrating that
As inhibited the incorporation of Cr’* into the TiO, lattice.

Moreover, the XPS spectra of Cr 2p and As 3d were
analyzed. As shown in Figure S6a, the Cr 2p spectra displayed
that two characteristic peaks at 578.6—579.8 and 575.9-577.1
eV were assigned to Cr®* and Cr*, respectively.” It was found
that the Cr** proportion in As—Cr/VWTi significantly
decreased to 11.2 from 61.4% (Cr/VWTi). The pronounced
decrease in the Cr’* content of As—Cr/VWTi further
suggested that As species prevented Cr into the TiO, lattice
because the incorporation into TiO, usually led to the valence
state similar to Ti**/*" to maintain charge balance. In addition,
as shown in Figure S6b, the As 3d peaks at 44.8—45.1 and

43.8—44.1 eV, attributed to As>* and As*, respectively,”’
showed that there was an increase in the As®* content in As—
Cr/VWTi (86%) compared with As/VWTi (82.7%), which
resulted from the oxidation of As** by Cr®, suggesting the
interaction between Cr and As. As shown in Figure S7, the
XPS spectrum of Ti 2p revealed that Cr/VWTIi possessed the
highest Ti** content, resulting from Cr-doping-induced lattice
distortion in the TiO, lattice. However, upon As introduction,
the Ti** content markedly declined, implying Cr segregation to
the surface. Therefore, based on the XPS spectra of Cr 2p, As
3d, and Ti 2p, it was suggested that the introduction of As
promoted the interaction between Cr and As, which prevented
the incorporation of Cr into the TiO, lattice.

Generally, the incorporation into the lattice would result in
lattice distortion, accompanied by the generation of oxygen
vacancies, and thus the XPS spectra of O 1s and the O,-TPD
profile were used to detect the oxygen vacancies. As shown in
Figure 2d, the XPS spectra of O 1s peaks at 529.4—529.7,
530.5—531.2, and 531.5—532.4 eV (marked as O}, O,, and O;)
could be assigned to lattice oxygen, oxygen chemisorbed on
oxygen defects, and surface-adsorbed oxygen species, respec-
tively.”> Cr/VWTi displayed the highest content of the oxygen
vacancy (31.6%), suggesting that Cr’* occupied the original
Ti*" sites in the Cr/VWTi catalyst. In contrast, the
incorporation of As remarkedly inhibited the formation of
oxygen vacancies, resulting in its reduction of 18.3% compared
to Cr/VWTI. In addition, the O,-TPD profile is displayed in
Figure 2d, and the O, desorption signals were assigned to
surface-adsorbed oxygen (<400 °C, O;), near-surface lattice
oxygen (400—700 °C, Oy), and bulk lattice oxygen (>700 °C,
O, respectively.” It could be observed that Cr deposition on
the VWTI catalyst resulted in the peaks of near-surface lattice
oxygen and bulk lattice oxygen shifting to lower temperatures,
as well as the increased desorption peak areas. In contrast, the
phenomenon of low-temperature shifts was not observed in the
codeposition of As and Cr on the VWTi catalyst. This
indicated that the oxygen mobility in Cr/VWTi was enhanced,
compared with that in As—Cr/VWTi, which was attributed to
oxygen vacancies caused by the lattice distortion.

Vanadium oxide, as the active component in VWTIi catalysts,
usually had an important influence on the N,O byproduct
from the NH; dehydrogenation in the NH;—SCR reac-
tion.”**"” According to the reported findings,” the N,O
formation capability was directly related to the V°* content in
the V,04/TiO, catalyst. Thus, we determined the XPS spectra
of V 2p. As depicted in Figure 2e, the peaks at 516.4—516.8
and 515.4—515.7 eV were assigned to V°* and V*,
respectively.” The relative content of V** species was calculated
from the fitted peak areas of V°* and V*. It could be found
that there was no obvious difference of the V°* contents in
VWTi and Cr/VWTi catalysts, which suggested that more
N,O formation on Cr/VWTi did not result from the valence
states of VO, species. Generally, the structure of VO, species
would significantly affect the activity and selectivity of NH;—
SCR.**7* We speculated that the differences in N,O
formation among the catalysts might come from changes in
the VO, structure.

Furthermore, the VO, structure was explored by Raman and
solid-state *'V MAS NMR spectroscopies in order to explain
the differences in N,O formation on VWTi, Cr/VWT], and
As—Cr/VWTi. As shown in Figure S8, all catalysts exhibited
the Raman characteristic bands for monomeric VO, (1024,
1027 cm™") and tungstanyl W=0 (1010 cm™").*>*""* It was
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dimer.

noted that compared to VWTi, the monomeric VO,
characteristic band of Cr/VWTi underwent a red shift, while
the introduction of As led to a blue shift compared to Cr/
VWTi, which might be reported to the oxygen vacancies.”” To
obtain further insights into the vanadium species, we
conducted *'V. MAS NMR analysis of the catalysts. As
shown in Figure S9, compared to VWTi and Cr/VWT], the
peak (—442 ppm) of As—Cr/VWTi became more obvious,
while the peak at —782 ppm nearly disappeared. This
suggested that the As—Cr/VWTi sample contained more
hydroxyl groups.’®*"** In order to clarify the VO,
configuration, based on the literature,>>>%*~*° the 'V MAS
NMR spectra were fitted as shown in Figure S10, and the
relative contents of the obtained VO, species are summarized
in Table S2. There were monomeric (VO,(H), VO,(H),
VO;y), oligomerized, and bulk VO, in VWTi, Cr/VWT], and
As—Cr/VWTi, where the abundance of monomeric VO,
species showed distinct structures and relative contents. As
shown in Figure 2f, there were mainly VO,(H) species in the
VWTi catalyst; once the Cr deposition on the VWTi catalyst
occurred, more than half of VO,(H) species were transferred
into VOy species. Moreover, the introduction of As on the Cr/
VWTi catalyst caused over half of VOg to be converted into
VO, and VOH species. The relative proportions of different
monomeric VO, species showed that only VO,(H) species
were present in VWTi, and Cr/VWTi exhibited the highest
VOj species, while due to the interaction between As and Cr in
As—Cr/VWTi, the VOsH and VO,(H) species were formed
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instead. In addition, it was observed that the content of
oligomerized VO, species in Cr/VWTi was 5.7% higher than
that in As—Cr/VWTi.

On the basis of the above results of X-ray diffraction (XRD),
electron paramagnetic resonance (EPR), X-ray photoelectron
spectroscopy (XPS), O,-TPD, Raman, and NMR character-
izations, it could be inferred that the interaction of As—Cr
prevented the incorporation of Cr® into the Cr/VWTI lattice,
resulting in less oxygen vacancies and the changed VO, species,
which affected the NH;—SCR performance.

3.3. NH; Adsorption and Dehydrogenation Analysis.
In the NH;—SCR reaction, the catalyst’s ability to absorb and
activate NH; had influence on the N,O formation.'""?
Therefore, we conducted NH;-TPD and NH; + O,-TPD
experiments on Cr/VWTi and As—Cr/VWTi to elucidate NH,
adsorption. Figure 3a shows three deconvoluted NH;-TPD
peaks at ~120, 180, and 310 °C, assigned to physisorbed NHj,
Bronsted acid-bound NHj;, and Lewis acid-bound NH;,
respectively.”>° It was seen from Table S3 that there are
more Breonsted acid sites in As—Cr/VWTi and a higher
content of Lewis acid sites in Cr/VWT], consistent with the
51y MAS NMR results. In addition, it was found that the Cr/
VWTi or As—Cr/VWTi catalysts exhibited nearly similar NH;
signals during the NH;-TPD and NH; + O,-TPD processes,
which seemed to indicate that NH; was more adsorbed than
O, on the two catalysts. Generally, the oxygen vacancy could
adsorb O,, and Cr/VWTIi exhibited a higher oxygen vacancy
content, but the profiles of NH;-TPD and NH; + O,-TPD of
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Cr/VWTi were similar, which indicated that the oxygen
vacancy acted as the adsorption site of NH;.

In addition, the in situ DRIFTS spectra of NH; adsorption
were taken in the temperature range of 100—400 °C to detect
the NH; adsorption sites on the catalysts. As depicted in
Figure 3b,c, the characteristic NH; adsorption vibrations
observed at ca. 1215 cm™' (NH;r;) and ca. 1601 cm™
(NH;y) were assigned to coordinated NH; bonded to the
Ti site of V—O—Ti and the terminal V=0 site, respec-
tively.”**® The absorption bands at 1437 and 1668 cm™
corresponded to NH,* associated with Bronsted acid sites.”
The negative absorption band observed at 1363 cm™ was
derived from NH; adsorption on sulfate species.”® The peaks
at ca. 1310 and 1541 cm™ were attributed to NH, and NH;*
species, which were dehydrogenation products of coordinated
NH; and NH,, respectively.””>*>*” The peak at 1338 cm™*
was ascribed to NH, resulting from the further dehydrogen-
ation of NH,.”*” It was found that the NH,; 1; signals were
significantly higher than those of NH,y, indicating that the Ti
sites next to the oxygen vacancies on the catalysts served as the
main Lewis acid sites. Below 350 °C, the intensities of NH; r
and NH," signals were comparable on Cr/VWTi, whereas
NH," significantly exceeded NH;1; on As—Cr/VWTi,
suggesting a higher Brensted acid content in As—Cr/VWTij,
consistent with the results of *'V MAS NMR and NH,-TPD.
Moreover, with the increased temperatures, the NH signal on
Cr/VWTi became more pronounced, which on As—Cr/VWTi
remained negligible, indicating that As—Cr/VWTi had a
poorer capacity for NH; dehydrogenation than Cr/VWTi.
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Furthermore, the NH; + O,-TPSR experiments confirmed
this phenomenon. As shown in Figure 3d, it was observed that
in the reaction temperatures of 220—400 °C, As—Cr/VWTi
showed less reduced NH; desorption and N,O formation, as
well as a higher temperature of N,O formation compared to
Cr/VWTi, indicating its weaker NH; adsorption and
dehydrogenation ability. According to the report, oxygen
vacancies could promote the adsorption and dehydrogenation
of NH,.*** Therefore, combining the results of NH;-TPD,
NH; + O,-TPD, in situ DRIFTS of NH; adsorption, and NH;
+ O,-TPSR analyses, it could be concluded that less Lewis acid
sites of Ti-oxygen vacancies in As—Cr/VWTIi significantly
reduced NH; adsorption and dehydrogenation abilities, in
comparison with Cr/VWTIL

For the V,0,/TiO, catalyst, the dehydrogenation of
NH,NO to NHNO was the rate-limiting step in N,O
formation during NH;—SCR.”'" The results of Raman and
solid-state *'V MAS NMR spectroscopies indicated that the
introduction of As induced changes of the monomeric VO,
species in Cr/VWTi. To investigate the impact of different
VO, species on N,O formation, we calculated the dehydrogen-
ation energy barriers of NH,NO* to NHNO* intermediates
on VO,/TiO,, VO,H/TiO,, VO,/TiO,, VO;H/TiO,, and the
dimer (Table S4). As shown in Table SS, the adsorption
energies of NH,NO* on the five configurations followed the
order of VO,/TiO, < VO,H/TiO, < dimer < VO/TiO, <
VO H/TiO,, indicating that the absorption of NH,NO* on
VO,/TiO, species was the most stable. Moreover, the
dehydrogenation process of NH,NO* over VO,/TiO,,
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VO,H/TiO,, VO,/TiO,, VOH/TiO,, and the dimer is
illustrated in Figure 3e. The NH,NO* intermediate adsorbed
at the Ti site, and then *H transferred to the oxygen of VO,.*
The energy changes during the dehydrogenation process are
displayed in Figure 3f, and the dehydrogenation energy barriers
of NH,NO* — NHNO* + H* on VO,/TiO,, VO,H/TiO,,
VO;/TiO,, VOsH/TiO,, and the dimer were in the following
order: VO4/TiO, < VOH/TiO, < VO,/TiO, < dimer <
VO,H/TiO,, suggesting that the dehydrogenation process of
the NH,NO¥* intermediate on VO¢/TiO, species in Cr/VWTi
was the easiest, leading to the highest N,O generation.

Therefore, there was a decrease in the N,O byproduct on
As—Cr/VWT], compared to Cr/VWT], because of the reduced
Lewis acid sites of Ti-oxygen vacancies for NH; adsorption and
dehydrogenation, as well as the transformation of the VO
configuration (Cr/VWTi) to VO, and VOH (As—Cr/VWTi),
making the dehydrogenation of the NH,NO* intermediate
more difficult.

3.4. Reaction Mechanism of N,0 Formation. To
further explore the N,O formation mechanism on Cr/VWTi
and As—Cr/VWT], the transient reaction experiments were
performed at 300 °C. As shown in Figure 4a,4c, under the
conditions of NHj; preadsorption and the subsequent
introduction of NO/O,, the N,O yield on Cr/VWTi was 2.2
times higher than that on As—Cr/VWTIi. In contrast, under the
reaction condition of NHj injection into NO, preadsorption
(Figure 4b,d), there is no N,O formation on both the catalysts.
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Therefore, the generation of N,O over both Cr/VWTi and
As—Cr/VWTi followed the E-R pathway.

The reactive intermediate species usually could describe the
mechanism of N,O formation. Based on the E-R pathway, in
situ DRIFTS spectra of NO + O, over NH;-pretreated Cr/
VWTi and As—Cr/VWTi catalysts were recorded at 300 °C.
As depicted in Figure 5a,b, the NH species vanished in 3 min
after the injection of NO and O,, and the new bands assigned
to NO;~ (ca. 1367 cm™) and absorbed NO, (1616 cm ™)
appeared,” indicating the formation of N,O from the NH and
NO reaction on Cr/VWTi and As—Cr/VWTi.'’ The in situ
DRIFTS of NH; adsorption demonstrated that the generation
of NH over As—Cr/VWTi compared with Cr/VWTi was
suppressed. Therefore, the lower N,O formation over As—Cr/
VWTi compared to Cr/VWTi could be attributed to its lower
NH generation. Moreover, it could be observed that at 300 °C,
As—Cr/VWTi exhibited a significant NH," signal and reacted
with the introduced NO and O,, whereas Cr/VWTi did not
display an NH," signal. As reported, the NH," adsorbed on
Bronsted acid sites generated N,O via the further decom-
position of ammonium nitrate, formed by its combination with
NO;™."**" However, as illustrated in Figure 4d, when NH,
passed over As—Cr/VWTi preadsorbed with NO,, no N,O
was produced, suggesting that NH," adsorbed on As—Cr/
VWTi only yielded N,. Therefore, the introduction of the As
impurity into Cr/VWTi increased the content of Brensted
acids for NH," to N, formation and reduced the Lewis acid
sites of oxygen vacancies and VO; species to make the
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intermediate dehydrogenation difficult, leading to a decrease in
N,O generation in the NH;—SCR reaction (Figure Sc).

3.5. Environmental Implications. N, O, as the third most
important long-lived greenhouse gas, was found to generate a
significant amount on the Cr-poisoned VWTi catalyst under
practical NH;—SCR working conditions. Herein, we proposed
that the typical As impurity can significantly inhibit N,O
formation over the Cr/VWTIi catalyst. The introduction of the
As impurity effectively inhibited the incorporation of Cr into
the TiO, lattice, reduced the formation of oxygen vacancies,
facilitated the transformation of monomeric VO, species (from
VO; to VO, and VOsH), and increased the Bronsted acids.
Consequently, the NH; adsorption and excessive activation on
the As—Cr/VWTi catalyst were weakened, inhibiting N,O
generation in the NH;—SCR reaction. This work provides new
insights into N,O emission suppression via flue gas impurities.
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