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ABSTRACT: The SO,-poisoning on a Cu-supported Ti—Zr mixed oxide catalyst (Cu/Tiy;Zry30,_5) in selective catalytic
reduction (SCR) of NO, with C;H, was investigated, and the different effects of SO, at varying reaction temperatures were
clarified by in situ Fourier transform infrared (FTIR) spectroscopy combined with density functional theory (DFT) calculations.
In situ FTIR results of the catalyst at low temperatures (150—250 °C) implied that the formation of sulfates on the surface
inhibited the activation of NO and C;Hg as well as the reactivity of nitrates and NO,. The weakened capacity of the catalyst
toward acetate formation is an important reason for the decline of catalytic activity at low temperatures. At high temperatures
(above 275 °C), the negative effect of SO, on the C;Hy activation to acetate is quite weak. More importantly, the generation of
—NCO species is enhanced significantly via the reaction —CN + SO,/SO,*~ — —NCO, which is confirmed by both in situ FTIR
experimental observations and DFT calculations. The promotion in the generation of —NCO species is the primary reason for
the elevation of SCR activity at high temperatures.

KEYWORDS: selective catalytic reduction, SO,-poisoning, —CN species, in situ Fourier transform infrared spectroscopy,
density functional theory calculations

B INTRODUCTION previous study, we described a novel Cu-supported Ti—Zr
The emissions of nitrogen oxides from stationary and mobile mixed oxide catalyst (Cu/Tig;Zro30,-5) used for C;H-SCR
fuel combustion sources have led to serious environmental reaction under lean-burn conditions, and itwachieved a
problems, and ever-increasing environmental concerns in the maximum NO conversion about 80% at 275 °C.”" Compared
last decades have spurred both academic and industrial research with the traditional Cu-based catalysts with SiO, or Al,O; as
on the selective catalytic reduction (SCR) of NO,.!™* supports, which always harvest high NO conversions above 350
The SCR reaction by hydrocarbons (HCs) has attracted a lot
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°C,"'"" the Cu/Tiy,Zry;0,_s behaved as an excellent catalyst

for low-temperature HC-SCR reaction. Due to the possible
catalyst deactivation caused by SO,, which permanently exists
in typical diesel fired exhausts,'® it is necessary to examine the
tolerance capacity of the Cu/Tiy,Zry30,_s catalyst against SO,
poisoning. Moreover, the mechanistic investigation of the SO,-
containing SCR reaction would be beneficial for the
exploitation of new catalysts with high sulfur-resistance.

Several studies have reported competitive adsorption
between SO, and NO, and the blockage of active sites as the
mainly negative effect of SO, in SCR reaction."’™'* For the
HC-SCR reaction, the presence of SO, may affect the activation
of hydrocarbons to oxygenates C,H,O, (formate, acetate,
acetone and enolic species) and the subsequent formation and
transformation of N-containing organics (R—NO, —NCO and
species) formed by the reactions between oxygenates and
nitrates and/or NO,, which act as the key factors governing the
SCR activity.>>°~>*

Some reports on Ag/y—AlLOj catalysts used in C;Hs-SCR
reaction confirmed that the presence of SO, increases the
activity and selectivity of the catalysts in the generation of
—NCO species by the Ag,SO, formation.”>** However, He et
al. investigated the SO, poisoning on C;H¢-SCR reaction over
Ag—Pd/ALOj; catalyst and suggested that both AL (SO,); and
Ag,SO, inhibit the formation of enolic, and therefore suppress
the formation of surface —NCO species.”® In the case of In/
AlLO; catalyst,” the blockage of surface oxidation sites by
AL (SO,); leads to the increase of activation energies and
therefore simplifies the pathway for N, generation via the direct
reaction between the adsorbed NO, species and the oxygenates.
Whereas in the case of SO,-free, N, was produced by the
reaction between the activated NO, species and the N-
containing organics C,H,O.N. Recently, a high SO,-resistance
of Zr—Nb solid solution catalyst in the C;H4-SCR reaction was
reported by Kantcheva et al,*® in which a little deactivation in
the flow containing a low concentration of SO, (56 ppm) was
observed with slight activity decline of 13%. They suggested the
decrease in catalytic activity to be caused by the suppression
effect of SO, on the formation of nitroacetone and resultant
hindrance on —NCO species transformation, the latter was also
reported by Hadjiivanov over a Co/ZrO, catalyst through
catalyst sulfation.>’

However, several reports showed the promotion of SCR
activity in the presence of SO,. Li et al. reported that the low-
temperature activity of C;Hg-SCR reaction (below 250 °C)
over Ag/Ti0O,—AlLOj; is enhanced by the formation of surface
adsorbed sulfates, which promotes the surface Lewis acidity and
consequently accelerates C;Hg activation.”® He* and Don-
gare®® also agreed on the enhancement of surface acidity as an
effective way to improve the SO,-resistance of catalysts. In the
study of Pt+Cu/Zr-pillared-clays catalyst, Sadykov et al*'
suggested that the surface sulfation of the catalyst could
increase the reactivity of N-containing organics by decreasing
the bonding strength and coverage; hence, producing the
positive effect on the SCR reaction. There have been some
other reports about the SO,-tolerance capacity of Cu-loaded
catalysts in the HC-SCR reactions,”>>* but the effect of SO,
on the intermediates, including their generation and trans-
formation, has not been systemically addressed.

In the present study, we examined the SO,-poisoning on a
Cu/Tiy,Zry30,_; catalyst in the C;H¢-SCR reaction, and we
focused on the changes of reaction mechanism caused by the
presence of SO,. The formation and transformation of
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intermediates during the SCR process, including nitrates,
oxygenated hydrocarbons, —NCO and —CN species, were
systematically studied by in situ Fourier transform infrared
(FTIR) spectroscopy. Besides, the reaction pathways of the
final intermediate —NCO and —CN species in the presence of
SO, were calculated by density functional theory (DFT) due to
the close relationship between their behaviors and the catalytic
performance. By combining experimental observations and
DEFT calculations, a comprehensive mechanism for C;Hg-SCR
reaction in the presence of SO, over the Cu/Tiy;Zry50,_s
catalyst was proposed.

B EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The Cu/Tij;Zry;0,_s catalyst (Cu
loading was 5.0 wt %) was synthesized using an impregnation-urea
precipitation method, and the details have been reported in our
previous work.'® Concisely, the Tiy,Zry,0,_5 support was synthesized
using a urea precipitation method with TiOSO,-2H,0 and ZrOCI-
8H,O0 as the precursors and CO(NH,), as the precipitator. The mixed
solution was continuously stirred at 90 °C for 8 h. After filtration and
washing, the obtained precipitant was dried and then calcined at 400
°C for 4 h. The Cu/Tiy;Zry30,_5 catalyst was prepared using a wet
impregnation method with Cu(NOs;), solution. The catalyst was dried
and then calcined at 400 °C for 4 h.

2.2. Catalytic Activity Tests. The SCR activity measurement was
carried out in a fixed-bed quartz tube reactor (6 mm internal diameter)
containing 200 mg of catalyst (40—60 mesh). Prior to an experiment,
the catalyst was pretreated at 250 °C for 1 h in an Ar stream, and the
activity test was performed from 150 to 350 °C at a heating rate of 10
°C/min. The typical composition of reactant gases was as follows:
[NO] = [C3H,] = 1000 ppm, [O,] = 2.5 vol %, [SO,] = 150—600
ppm (when used), [H,0] = 10 vol % (when used), and He as the
balance. The total flow rate was 100 mL/min, which corresponded to
an hourly space velocity (GHSV) of approximately 30000 h™". The
concentrations of NO, NO,, CO and CO, in the inlet and outlet gases
were measured using a chemiluminescence gas analyzer (Testo 350).
The concentrations of N,, N,O and C;Hg were analyzed using a gas
chromatograph (Agilent 7890A), and the corresponding columns were
SA molecular sieve and Paropak Q columns with a thermal
conductivity detector (TCD) and a 6X-104D column with a flame
ionization detector (FID), respectively.

2.3. In Situ FTIR Study. The formation and transformation of
adsorbed species on the catalyst surface under different reaction
conditions were investigated by in situ FTIR spectra, using a FTIR
spectrometer Bruker Vertex 70-FTIR. Prior to each experiment, the
sample (~20 mg) was pretreated in a He stream (50 mL/min) at 250
°C for 1 h. If there is no special annotation, the in situ FTIR spectrum
for each measurement was all selected when the surface adsorbed
species achieved the steady state in 60 min and no change of the
spectra was observed. All IR spectra were recorded in accumulative 64
scans with a resolution of 4 cm™ in the range of 4000—400 cm™". The
concentrations of NO, C;Hy, SO, and O, in the gas mixture were
1000, 1000, 600 ppm and 2.5 vol % (when used), respectively, and He
as the balance. The flow rate of mixed gas was S0 mL/min.

2.4. Computational Methods. The Gaussian 09 programs were
used to perform an investigation of the potential energy surface of the
reactions. All the reactants, products, intermediates and transition
states were optimized using the hybrid density functional B3LYP
method and the 6-311 G (d, p) basis set.>® Vibrational analysis verified
the identity of each stationary point as either a minimum or transition
state. The zero-point energy (ZPE) corrections were performed at the
same level of theory. Intrinsic reaction coordinates (IRC) calculations
were used to link each transition state structure with corresponding
intermediate geometries to develop an energy profile.

B RESULTS AND DISCUSSION

3.1. Effects of SO, on Catalytic Activity and Stability.
The effects of SO, on NO conversion and N, yield over Cu/

dx.doi.org/10.1021/cs5005739 | ACS Catal. 2014, 4, 2426—2436
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Figure 1. C;H4—SCR performance of Cu/Tiy,Zr,;0,_5 catalyst at various temperatures under different reaction conditions, including the standard,
the SO,-containing, and the SO, and H,O-containing C;H-SCR reactions. (a) NO conversion, (b) N, yield, (c) N,O and NO, yield, (d) C;H;
conversion and (e) CO, and CO vyield. Conditions: [NO] = [C3H¢] = 1000 ppm, [O,] = 2.5 vol %, [SO,] = 150 ppm (when used), [H,0] = 10 vol

% (when used), and He as the balance.

Tip7Zry30,_s catalyst are presented in Figure 1a,b, respectively.
Compared with the standard SCR reaction, SO, introduction
inhibited the low-temperature activity (150—250 °C) of the
catalyst to some extent and caused a slight decrease of the
maximum NO conversion obtained at 275 °C, from 80.4% to
74.8%. The suppression of N, formation by SO, within the
same temperature range was not as evident as that of NO
conversion, though the maximum N, yield also declined from
70.8% to 60.0%. At the higher temperatures, the presence of
SO, increased the NO conversion by approximatly 11% at 300
and 325 °C, and the N, yield obtained at 325 °C was also
enhanced slightly. Figure 1c compares the N,O yield over the
Cu/Tiy,Zry30,_s catalyst in the absence and the presence of
SO,. In the SO,-free flow, there was a significant N,O yield in
the temperature range of 150—250 °C, which was enhanced
quickly by raising the temperature and achieved the maximum
of 36.4% at 250 °C. With further increasing the temperature,
the generation of N,O was weakened significantly and almost
no N,O was produced at 350 °C. For the SO,-containing case,
the temperature for N,O generation was elevated evidently,
which resulted in the negligible N,O yield in the temperature
range of 150—250 °C. The maximum N,O yield of 17.8% was
obtained at 300 °C, and it was much lower than that of 36.4%
in the SO,-free case. The formation of N,O was not detected
when the reaction temperature was raised up to 350 °C. Figure
1c also implied that the NO, production was quite low both in
the absence and the presence of SO,.
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For the C-containing species, the SO, introduction caused a
slight decrease of C;Hg conversion, as described in Figure 1d.
The negative effect of SO, on C;Hy activation may result in the
decline of SCR activity at low temperatures, whereas it may
promote the deNO, efficiency at high temperatures due to the
less consumption of C;Hg via complete oxidation, which was
the main side reaction of SCR at high temperatures. From
Figure le, it was suggested that CO, was the main C-containing
product, and the presence of SO, led to the generation of some
CO. From the production profiles, it was indicated that the
presence of SO, mainly affected the generation of N,O as well
as the conversion of C;H and the improvement of reaction
activity was mainly caused by the enhancement of N,O yield. In
previous reports,’®*’ the condition for a catalyst with better
combustion activity benefits the N,O production. Herein, it
could be the restraint of C;Hg combustion by SO,, which
caused the elevation of temperature for N,O generation and the
consequent higher N,O yield was obtained only above 275 °C.
On the other hand, the suppression of N,O formation caused
by SO, introduction was the primary reason for the decline of
NO conversion in the temperature range of 150—-250 °C,
whereas the negative effect of SO, on N, and NO, yields was
quite weak.

Due to the definite presence of certain amounts of H,O in
the actual exhaust, the activity of the Cu/Tiy,Zry;0,_; catalyst
in the coexistence of SO, and H,O has also been tested, and
the results are displayed in Figure 1. The SO, and H,O-
containing atmosphere led to a further decrease of the low-

dx.doi.org/10.1021/cs5005739 | ACS Catal. 2014, 4, 2426—2436
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temperature activity of the catalyst. Whereas, similar to the
SO,-containing condition, when the temperature was raised
above 275 °C, the NO conversion and N, yield were both
enhanced, which were even a little higher than those obtained
in the SO,-containing SCR reaction. The introduction of H,0O
inhibited the formation of N,O slightly, leading to the lower
N,O yields compared with those in the SO,-containing
reaction, but did not affect the NO, yields, which were also
pretty low at various temperatures. Meanwhile, the presence of
SO, and H,O further suppressed the complete oxidation of
C;Hy, leading to the lowest C3Hg conversion and CO, yield, as
well as the highest CO yield, among the three reaction
conditions. From Figure 1, it was indicated that the coexistence
of SO, and H,O aggravated the catalyst deactivation in the
temperature range of 150—250 °C slightly, but the catalytic
performance at high temperatures was quite similar to that in
the SO,-containing reaction. Herein, we considered the
presence of SO, as the most important factor for the
deactivation of the catalyst, and we mainly discussed the effect
of SO, on the C;H-SCR reaction over the Cu/Ti,Zry;0,_s
catalyst in the present study.

Moreover, we have compared the X-ray diffraction (XRD)
patterns of the fresh catalyst and the used catalysts after the
SO,-containing and SO, and H,O-containing reactions, and the
results are presented in Figure S1 in the Supporting
Information. By comparison, there was no new characteristic
peak corresponding to any sulfate species or aggregate actives
species over the used catalysts. The highly similar XRD patterns
of the three samples suggested the weak sulfation of catalyst as
well as the high structure stability of catalyst.

The durability of Cu/Tiy;Zry30,_s and the SO,-ponsioning
on this catalyst have been tested and the results are presented
in Figure 2. As presented in Figure 2a, the catalyst exhibited
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Figure 2. (a) Stability of Cu/Tiy,Zry;0,_; catalyst and the effect of
SO, addition on SCR performance at 275 °C; (b) effect of SO,
concentration on SCR performance over Cu/Tiy,Zr;3;0, s catalyst.
Conditions: [NO] = [C3H,] = 1000 ppm; [O,] = 2.5 vol %; [SO,] =
150—600 ppm (when used); He as the balance.
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high stability in the initial reaction gases without SO, at 275 °C
for 8 h. After the introduction of SO, at 150 ppm, NO
conversion declined gradually from 76.8% to 70.0% after 12 h,
and the corresponding C;Hy conversion declined gradually
from 100% to 90.3%. Because no NO and C;Hg conversions
were restored after SO, removal, the SO, poisoning on the
catalyst could be irreversible. However, the C;H4 conversion on
the same catalyst could be recovered to 100% by increasing the
reaction temperature to 300 °C, and the corresponding NO
conversion almost achieved the previous level obtained in the
SO,-free stream (~77%). The deactivation of the Cu/
Tiy,Zry30,_s catalyst caused by SO, with different concen-
trations was also tested, and the results are presented in Figure
2b. The performance of the catalyst in the SCR reaction
containing 300 ppm of SO, was similar to that containing 150
ppm of SO, (Figure 2a). Both of the NO and C;H, conversions
declined after a reaction time of 12 h, and the SO,-poisoning
on the catalyst was irreversible, though the catalytic activity
could be recovered by increasing the reaction temperature. By a
comparison, the high concentration SO, (600 ppm) resulted in
a more obvious deactivation of the catalyst, and only partial
activity could be recovered by raising the temperature to 300
°C.

3.2. Effect of SO, on Reactants Adsorption and
Oxidation. 3.2.1. Effect of SO, on NO Adsorption and
Oxidation. In the SCR process, the adsorbed nitrates and NO,
deriving from NO oxidation are widely believed to be the
precursors for the generation of —NCO and —CN species, and
they are also thought to participate in the reaction of N,
formation.***° Herein, the effect of SO, on NO adsorption
and oxidation over the Cu/Tij;Zry;0, s catalyst has been
studied by in situ FTIR. Figure 3 presents the changes of IR
spectra caused by the switch of reaction gas between NO + O,
and SO, + O, over the Cu/Tiy;Zry;0,_; catalyst at 275 °C.
For a fresh sample (Figure 3a), the catalyst surface was mainly
covered by various nitrates during the NO + O, coadsorption,
including bridging nitrates (1605—1615 cm™'), bidentate
nitrates (1230—1245 and 1575—1585 cm™) and monodentate
nitrates (1280—1295 and 1558 cm™).*'™* The bands around
1283 and 1445 cm™' were assigned to the nitrites, which
provided evidence for the stabilization of NO, on the catalyst
surface.”**®* Moreover, the band around 1349 cm™' was
assigned to the NO, stretch of a distorted (NO;7) on the
other hand, this band could also be the characteristic band of
sulfates in the presence of SO,.>" These nitrates and nitrites
were considered to be bound to the catalyst surface strongly as
the subsequent He purging resulted in only a slight decrease in
the intensity of the related absorption bands. When the reaction
gas was switched to SO, + O,, the sulfates deriving from SO,
oxidation were deposited on the catalyst surface, leading to the
appearance of the characteristic band of v/,(S=0) at 1276 cm™"
and the intensity enhancement of the band of 1,(S=O0) at
1349 cm™!, which was overlapped with that of distorted
(NO;7),.°"** During the SO, + O, purging, the intensity of
some characteristic bands related to nitrates (1235 and 1609
cm™") was decreased distinctly, while the other bands centered
at 1445, 1558, and 1580 cm™' still maintained the high
intensity. The changes of IR spectra implied the partial
occupation of adsorption sites by sulfates.

The competitive adsorption between NO and SO, was more
remarkable on a SO,-aged sample, as revealed in Figure 3b. The
characteristic response of the nitrates on the SO,-aged catalyst
(curve III in Figure 3b) was much weaker than that on a fresh

dx.doi.org/10.1021/cs5005739 | ACS Catal. 2014, 4, 2426—2436
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Figure 3. (a) IR spectra of the sulfates formed on the NO + O,
pretreated Cu/Tiy,Zry30,_s catalyst at 275 °C; (b) IR spectra of the
species deriving from NO + O, coadsorption on the SO,-aged Cu/
Tiy;Zry30,_s catalyst at 275 °C. Conditions: [NO] = 1000 ppm
(when used); [0,] = 2.5 vol %; [SO,] = 600 ppm (when used); He as
the balance.

one (curve I in Figure 3a). Herein, it was suggested that the
S0O,-aging made the sulfates be adsorbed on the catalyst surface
and occupy the adsorption sites toward nitrates preferentially.
As no distinct elimination of sulfates was caused by He purging,
it was implied that the sulfates were bound to the catalyst
surface strongly, probably leading to an irreversible blockage of
active sites, which was consistent with the analysis in Figure 2.
These deductions about the negative effect of SO, on NO
oxidation and activation were in also agreement with previous
reports.”™>> In addition, this inhibition effect existed in the
whole temperature range (150—350 °C), which is supported by
the results presented in Figure S2 (Supporting Information).

3.2.2. Effect of SO, on C;Hs; Adsorption and Oxidation.
Figure 4 presents the IR spectral changes caused by the switch
of reaction gas between C;Hg + O, and SO, + O, over the Cu/
Tiy,Zry30,_s catalyst at 275 °C. As shown in Figure 4a,
coadsorption of C;Hg + O, on the fresh catalyst resulted in the
generation of oxygenated hydrocarbons, including acetate
(v,(COO™) around 1441 cm™ and v, (COO™) around 1566
cm™') and formate (¢,(COO™) around 1350 cm™!, §(CH)
around 1378 cm™' and v, (COO™) around 1566 cm™!),
whereas the band at 1636 cm™ was assigned to 6(OH) of
H,0.%*7%¢ The following successive purging of He and SO, +
O, gas decreased the concentrations of formate and acetate
weakly, implying the strong interaction between these oxygen-
ates and the catalyst surface as well as the weak competitive
adsorption between C3Hg and SO,.

The suppression of C;Hy activation caused by surface
adsorbed sulfates can be observed on the SO,-aged Sample, as
presented in Figure 4b. Comparing curve III in Figure 4b and
curve I in Figure 4a, the band attributed to formate around
1380 cm ™" almost vanished on the SO,-aged sample, and the
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Figure 4. (a) IR spectra of the sulfates formed on the C;Hg + O,
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species deriving from C;H4 activation on a SO,-aged Cu/
Tiy,Zry30,_s catalyst at 275 °C. Conditions: [C;Hs] = 1000 ppm
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the balance.

intensity of the band centered at 1441 cm™" assigned to acetate
was also weakened slightly in the meantime. This inhibition
effect can be seen more clearly from the spectra in the range of
3000—2800 cm ™!, where the bands centered at 2881 and 2953
cm™! were attributed to v,(CH) and v, (COO) + 6(CH) of
formate, and the bands around 2933 and 2972 cm™ were
assigned to 1,(COO™) and v,(CH) of acetate, respectively.“’s‘s

By investigating the effect of reaction temperature on SO,
poisoning for C;Hg activation (Figure S3 in the Supporting
Information), it was implied that the inhibition effect of SO,
was alleviated by raising the temperature. Especially, when the
reaction temperate was above 275 °C, the formation of acetate
was promoted significantly. Considering the high activity of
acetate in the reaction with nitrates,*®” it was indicated that
the activity decline in the temperature range of 150—250 °C
could be attributed to the weakened capacity of catalyst in the
activation of C;Hg to acetate. Whereas with the abating
negative effect of SO, on the acetate generation by raising the
temperature, the SCR activity of the catalyst was recovered, and
even enhanced.

3.3. Effect of SO, on SCR Process. The effect of SO, on
the surface adsorbed species during the SCR process has been
studied in detail by in situ FTIR and the results are presented in
Figure S. In the SO,-free SCR reaction (Figure Sa), the partially
oxidized hydrocarbons were generated on the catalyst surface
from 150 °C, including formate (1349, 1386 and 1544 cm™"),
acetate (1441 and 1544 cm™) and acetone (v (C=0) around
1667 cm™),* and their concentrations were enhanced by
increasing reaction temperature. Meanwhile, the intensity of the
characteristic bands assigned to various nitrates (1244, 1283,
1418, 1581 and 1610 cm™), NO, (1283 cm™) and adsorbed
mononitrosyl (1845 and 1905 cm™")** was decreased gradually,

dx.doi.org/10.1021/cs5005739 | ACS Catal. 2014, 4, 2426—2436
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which was caused by the enhancement of their reaction with
oxygenates as well as the thermal decomposition. Then the
reaction between oxygenates and nitrates and/or NO, induced
the generation of —NCO (2205 and 2240 cm™') and —CN
species (2157 ecm™"),*"***" and the band around 2157 cm™

2431

only appeared at high temperatures (above 250 °C). Moreover,
as C3H4 may be oxidized to CO during the SCR reaction, the
possibility of CO adsorption on the catalyst surface could not
be excluded totally, which may result in the IR response at
around 2150 cm™.
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[C;H,] = 1000 ppm; [O,] =

To account for the band centered at 2157 cm™!, we have
measured the IR changes of this band under O,-rich condition
(2.5 vol % O,) at 275 °C, and the results are presented in
Figure S4 (Supporting Information). In the previous
reports,"*~®® Cu-containing catalysts usually exhibited high
activity in the CO oxidation reaction, which could obtain a CO
conversion of 70% or higher around 275 °C. However, as
described in Figure S4 (Supporting Information), the decline
rate of the band intensity of 2157 cm™ was quite slow even at
the high temperature of 275 °C, implying the poor reactivity of
these species with O,. Herein, the band centered at 2157 cm™
could not be only due to the adsorption of CO, and we
assigned this band to the overlapped band of CO and —CN
species, in particular, the —CN species were considered as the
main adsorption species.

Compared with the SO,-free case (Figure Sa), the intensity
of the bands assigned to nitrates and oxygenates was decreased
in the SO,-containing atmosphere, as presented in Figure Sb,
suggesting the weaker capacity of the catalyst toward NO and
C;Hg activation. Moreover, the reactivity of nitrates was
lowered. As described in Figure Sb, the features of nitrates
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(1418, 1583 and 1610 cm™") still existed on the catalyst surface
even at a reaction temperature up to 350 °C, while these
nitrates were almost exhausted on the SO,-free condition at the
same temperature. For the N-containing organic intermediates,
it was interesting that the characteristic band of —CN species
vanished in the SO,-containing atmosphere, while the
generation of —NCO species was promoted in the meantime.
We suggest two possible reasons for this phenomenon: (i) the
presence of SO, restrained the formation of —CN species,
leading to more oxygenates and nitrates and/or NO, to react
with each other and promote the generation of =NCO species;
(ii) the —CN species acting as a precursor reacting with SO,
and/or sulfates to generate —NCO species. The formation and
transformation of —CN species in the SO,-containing
atmosphere are clarified below.

3.4. Effect of SO, on the Formation and Trans-
formation of Intermediates. The changes of intermediates
caused by SO, introduction have been studied by in situ FTIR
and the results are presented in Figure 6. In the SO,-free
reaction gas (curve A), the formate, acetate, acetone, —NCO
and —CN species were generated, while the features of nitrates

dx.doi.org/10.1021/cs5005739 | ACS Catal. 2014, 4, 2426—2436
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were absent on the catalyst surface due to their high reactivity
at 275 °C. After the SO, introduction, sulfates were formed and
accumulated with the reaction time, enhancing the intensity of
the band around 1350 cm™ (curves B—E). The band at 1567
cm™" was split into two bands, the band assigned to v,,(COO™)
of formate and acetate (1545 cm™') and the shoulder band
attributed to bidentate nitrates (1591 cm™). The regeneration
of water-solved nitrates (1316 and 1418 cm™)* suggested the
weakened reactivity of nitrates. Meanwhile, the concentrations
of formate (1383 and 2883 cm™) and —CN species (2156
cm™") were decreased gradually and finally vanished after 180
min (curve E), while the generation of —NCO species (2203
and 2237 cm™") was promoted significantly. Figure 6b more
clearly describes the red shift of the band at 1567 cm™" and the
concentration changes of the nitrates, formate, —NCO and
—CN species. In our previous study,64 ,sthe —CN species was
stable in the C;Hy + O, flow, while the hydrolysis of -NCO
species forming NH; was observed in the meantime, which
indicated that the hydrolysis of —CN species hardly occurred
over the Cu/Tiy;Zry30, s catalyst. Herein, it was suggested
that the observed consumption of —CN species was caused by
its reaction with some species, but not the hydrolysis reaction.
The suppression on the reactivity of nitrates and the generation
of formate and —CN species by SO, was irreversible, because
the SO, removal caused little changes in the intensity of the
corresponding characteristic bands. In contrast, the negative
effect of SO, on the formation of acetate and acetone was quite
weak. As presented in Figure 6, the intensities of acetate and
acetone (1442 and 1664 cm™') were rising with the reaction
time, even in the presence of SO,, and the subsequent removal
of SO, resulted in more significant enhancement of the IR
response. After the temperature increased to 300 °C (curves
G—H), the intensity of the bands assigned to acetate, acetone
and —NCO species was further strengthened. Herein, the
recovery of SCR activity at 300 °C presented in Figure 2 could
be attributed to the enhancement of C3H activation and the
acceleration of the —NCO species generation.

The dynamic IR spectra obtained in the stream of NO +
C;Hg + O, over the fresh and SO,-aged Cu/Tiy;Zry30, 5
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catalysts at 275 °C are represented in Figure 7a,b, respectively.
The oxygenated hydrocarbons (formate, acetate and acetone),
—NCO and —CN species were generated on both samples in
the flow of NO + CjHg + O,. The SO,-aging led to the
appearance of sulfates features around 1266 and 1346 cm™, as
described in Figure 7b. Due to the SO,-poisoning for C;Hy
activation, the intensity of characteristic bands of oxygenates
was weaker on the SO,-aged catalyst compared with that on the
fresh one. It was worth noting that, the feature of —CN species
similarly appeared on both the fresh sample and SO,-aged
catalyst, though it was not observed in the SO,-containing SCR
reaction (Figure Sb), which suggested that the SO,-aging did
not cut off the generation of —CN species. However, the SO,-
aging made the —CN species exhibit a much different behavior
from that on the fresh catalyst. The —CN species on the SO,-
aged sample was consumed much rapidly after 20 min when the
quantity of —CN species achieved the maximum. Moreover,
there was a distinct red shift on the sulfates feature, from 1346
cm™' to a lower wavenumber 1332 cm™', suggesting the
probable consumption of sulfates.

In order to clarify the effect of sulfates on the transformation
of =NCO and —CN species, we have integrated the peak areas
assigned to —NCO, —CN and sulfates on the two samples
representing the quantity of these species, and the results are
presented in Figure 7c. For both of the two samples, the
amount of —CN species increased with the reaction time until
achieving a maximum at 20 min and then the amount
decreased. By comparison, the consumption of —CN species
on the SO,-aged catalyst was much faster than that on the fresh
sample, and the —CN species almost vanished after 60 min.
Meanwhile, the generation of —NCO species on the SO,-aged
catalyst was accelerated remarkably, accompanied by the
gradual consumption of surface adsorbed sulfates. On the
basis of the results presented in Figure 7, it was inferred that the
adsorbed sulfates did not prevent the generation of —CN
species but changed its reaction path. The sulfates could react
with —CN species and therefore promoted the formation of
—NCO species. Moreover, the consumption of sulfates might
release some adsorption sites for gas-phase NO, and the
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consequent enhancement in the formation of nitrates may also
benefit the production of —NCO species.

3.5. DFT Studies on the Reaction Routes of —CN
Species. Due to the in situ FTIR observations, the
enhancement of the generation of —NCO species at the SO,-
containing atmosphere was always accompanied by the
disappearance or consumption of —CN species. Herein, —CN
+ 80, - —NCO + SO and —CN + SO,*~ — —NCO + SO;>~
were considered as the most possible reaction routes of —CN
species. The energy profiles of the two reactions have been
calculated by DFT, and the results are presented in Figure 8a,b.
The energy diagram depicting the reaction —CN + NO, — N,
+ CO, is presented in Figure 8c for comparison, which has
been demonstrated as the most feasible reaction channel of
—CN species over the Cu/Tiy;Zry;0,_s catalyst in the SO,-
free SCR reaction in our previous study.** The optimized
geometries of the reactants, products, intermediates and
transition states in the reactions of CN + SO, CN + SO~
and CN + NO, are presented in Figure SS (Supporting
Information). As the —CN species were confirmed to be inert
in the atmosphere of O, or NO alone by IR spectra in the
above-mentioned study,®* the possibility that —CN species
reacted with O, or NO to form —NCO species was excluded.
As displayed by Figure S6 in the Supporting Information, the
XRD pattern of the Cu/Tiy,Zry;0,_5 catalyst was much
different from those of the Cu/TiO, and Cu/ZrO, catalysts,
which exhibited only a broad diffraction peak with quite weak
intensity. This phenomenon was caused by the partial
substitution of Ti atoms by Zr atoms in the Cu/
Tig7Zry30,_s catalyst, which significantly inhibited the
individual crystal nucleus growing of TiO, and ZrO,,
consequently leading to the highly amorphous and poorly
crystalline states of the catalyst. Similar viewpoints have also
been reported by other studies concerning the Ti-based mixed
oxide materials.***® Due to the complex and disordered
structure of Cu/Tiy,Zry50,_s5 it was difficult to establish
accurate models of the catalyst with surface adsorbed species.
Alternatively, only the gas phase reactions were simulated in the
present study.

Figure 8a presents the energy profile of the —CN + SO,
reaction, in which the C atom of the —CN species attacks the O
atom of SO, (Path 1). The combination of —CN radicals and
SO, proceeds with an energy barrier of 3.0 kcal/mol and
produces an intermediate IM-1 as the initially formed and
energized adduct. Then the IM-1 directly dissociates into NCO
+ SO products (P1) by simply breaking the O—S bond without
a barrier, which possesses the energy of —48.8 kcal/mol relative
to the reactants. Due to the low activation energy of 3.0 kcal/
mol, this reaction could take place easily, even in a low
temperature region, which well explains the absence of —CN
species and the enhancement of the —NCO species generation
in the whole temperature range of 150—350 °C, as presented in
Figure Sb. The calculation results about the reaction of —CN +
SO, - —NCO + SO was similar to that reported by
Hershberger et al.%’

Figure 8b describes the energy profile of the reaction
between —CN and SO, species, in which the C atom of —CN
species attacks the O atom of SO,>~ (Path 2). The reaction
between —CN and SO,*” results in the generation of NCO +
SO4*~ products (P2) by overcoming the energy barrier of 20.0
kcal/mol from R2 to TS-2 and the consequent dissociation of
intermediate IM-2. The energy of NCO + SO;*™ is —117.2
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kcal/mol relative to the reactants —CN + SO,*”, and the
dissociation of IM-2 needs no excess energy.

Path 3 describes the reaction of —CN + NO, in which the N
atom of species attacks the N atom of NO,. The reactants —CN
and NO, can evolve into N, + CO, products (P3) via a series
of steps as —CN + NO, (R3) — IM1-3 - TS12-3 - IM2-3 —
TS23-3 — IM3-3 - TS34-3 — IM4-3 - TS4-3 —» N, + CO,
(P3). The rate-determining step in this cycle appears to be the
transfer of the first intermediate IM1-3 to the first transition
state TS12-3, surmounting an energy barrier of 36.2 kcal/mol.
From the energy profiles of the three reactions, we see that
Paths 1 and 2 are more kinetically feasible than Path 3 due to
less reaction steps and lower overall barrier from the reactants
(R1 and R2) to the final dissociation products (P1 and P2).
However, as SO and SO;*” are unstable and readily to be
reoxidized to sulfates under the rich-O, condition, the features
of SO and SO;>~ were absent in the IR spectra. Though only
the gas phase reactions are calculated in the present study, it
could provide theoretical supports for the deduction that the
presence of SO, and sulfates results in the change of the
reactions of —CN species to accelerate the production of
—NCO species during the SCR reaction. Moreover, it should
be noted that the DFT calculations were carried out based on
the in situ FTIR observations over the Cu/Tiy,Zr;50,_s
catalyst, thus the proposed mechanism on the reactions of
—CN species in the SO,-containing SCR reaction is not
universal.

3.6. Reaction Mechanism. On the basis of the results of in
situ FTIR and DFT calculations, a modified reaction
mechanism of C;Hg-SCR over the Cu/Tiy;Zr;0,_s catalyst
in the presence of SO, is proposed in Scheme 1. Similar to the

Scheme 1. Proposed C;H4-SCR Reaction Mechanism over
the Cu/Tiy,Zry;0,_s catalyst in the Presence of SO,
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SO,-free SCR process reported previously,** NO and C,H are
oxidized first under an O,-rich condition forming NO, and/or
nitrates and oxygenated hydrocarbons (formate, acetate and
acetone), and C;Hg activation is enhanced by NO, and/or
nitrates. The presence of SO, leads to the deposition of sulfates
on the catalyst surface, and the catalyst sulfation results in the
weakened adsorption capacity of the catalyst toward nitrates
and/or NO,. Meanwhile, the C;H, activation is also inhibited
to some extent and the reduced generation of acetate is
considered as one of the important reasons for the activity
decline in the temperature range of 150—250 °C due to the
high activity of acetate in the reaction with NO, and nitrates.
When the reaction temperature is up to 275 °C, the negative
effect of SO, on the formation of acetate is quite weak, and the
consequent enhancement of the generation of N-containing
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organic species promotes the SCR activity. In the SO,-
containing SCR reaction, there is a new pathway for the
generation of —NCO species, i.e., the rapid reaction between
the —CN species and SO, and/or sulfates, which increases the
quantity of surface adsorbed —NCO species significantly and
therefore promotes the SCR activity. Meanwhile, due to the
more feasible reaction —CN + SO,/SO,*~ — —NCO from the
dynamic viewpoint, the reaction between —CN and nitrates
and/or NO, to form N, is prevented and then the —NCO
species become the sole final intermediate to generate N, over
the Cu/Tiy,Zry3;0,_ 5 catalyst in the SO,-containing SCR
reaction.

B CONCLUSIONS

In this work, the effects of SO, on a Cu-supported Ti—Zr
mixed oxide catalyst (Cu/Tiy,Zry;0,_s) in C;Hg-SCR reaction
have been elucidated. It is concluded that the activity of SCR
reaction in the presence of SO, depends on the reaction
temperature. The catalytic activity declines in the temperature
range of 150—250 °C, while the NO conversion increases
slightly at high temperature (above 275 °C).

During the SO,-containing SCR reaction, the competitive
adsorption between SO, and NO suppressed the adsorption
and activation of NO on the catalyst surface, and the
subsequent generation of NO, and nitrates. Meanwhile, the
generation of acetate at low temperature (150—250 °C) was
also inhibited by SO, significantly, and the subsequent less
generation of —NCO and —CN species was an important
reason for the decline of SCR activity. For the high temperature
range, the reasons for the activity promotion were as follows:
(i) the suppression of acetate formation by SO, is quite weak
when the reaction temperature was above 275 °C, which
benefitted the generation of N-containing organic species; (ii)
the rapid reaction between —CN species and SO, and/or
sulfates accelerates the generation of —NCO species signifi-
cantly. The introduction of SO, prevented the reaction between
—CN and NO, and/or nitrates, due to the much higher
dynamical feasibility of the reaction —CN + SO,/SO,*” —
—-NCO.
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