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ABSTRACT: The influence of the silver valence state on Ag/Al,O; on the water
tolerance of H,—C;H¢—SCR of NO, was investigated. The valence state of silver
species on Ag/Al,O;, which was carefully characterized by XPS, UV—vis, and XANES
measurements, was adjusted by varying the calcination temperature from 500 to 900
°C. Oxidized silver species were predominant on Ag/Al,O; calcined at temperatures
below 600 °C (LT-catalysts), while further increasing the calcination (temperatures
above 600 °C, HT-catalysts) promoted the transformation of oxidized silver species
into metallic silver clusters. The samples with higher amounts of oxidized silver
species exhibited better water tolerance in the H,—C;H,—SCR. Activation energy
measurements confirmed that the mechanism of NO, reduction on these catalysts was
the same. In situ DRIFTS studies demonstrated that metallic silver species promoted
the formation of active enolic species and the complete oxidation of formate, thus

improving the low-temperature activity of HT-catalysts in the absence of water vapor. Water addition eliminated the formate,
releasing the active Ag" sites for enolic species formation, and thus promoted the low-temperature activity of LT-catalysts. From
a comprehensive point of view, 60% oxidized silver species on Ag/Al,O; catalysts is the optimal percentage for deNO,

performance and water tolerance.

1. INTRODUCTION

Nitrogen oxides (NO,)) emission from diesel engines is one of
the main sources of air pollution, such as acid rain,
photochemical smog and haze. For diesel engine exhaust
purification, various technologies have been developed for NO,,
removal, among which selective catalytic reduction utilizing
hydrocarbons (HC—SCR) would be an elegant alternative to
the NH;—SCR and the lean NO, trap (LNT) technologies.'
Up to now, different kinds of catalysts have been created for
HC—SCR, among which Ag/Al,O; is widely accepted as one
of the most promising catalysts.' > During the HC—SCR
process, however, Ag/Al,O; usually exhibits high efficiency for
NO,, conversion at temperatures above 400 °C, which is higher
than the typical temperatures of diesel engine exhaust, still
being inadequate for practical applicantion."

Since the pioneering work of Miyadera,” many efforts have
been made to enhance the deNO, activity of Ag/ALO; in
HC-SCR, focusing on the Ag content and state, properties of
the AL, O; support, preparation method, structure of hydro-
carbons, and the promotion effect of hydrogen.” " Over the
Ag/Al,O; catalysts, it was confirmed that the active
components of Ag mainly comprised silver cations (Ag"),
oxidized silver clusters (Agf*), and metallic silver clusters
(Ag,”)," """ among which the oxidized silver species (Ag" and
Ag,’") were active for NO, reduction.~'*~*¥ As for the Ag/
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AL O; catalysts with 2—4 wt % Ag loading, oxidized silver
species were predominant, exhibiting high activity for HC—
SCR.'™'” More recently, a relationship between NO, uptake
measured by TPD and Ag surface densitz/Ag loading was
clearly drawn by Thomas and co-workers,”® and the obtained
optimum silver surface density was related to the deNO,
performance of C;Hs—SCR. It was also reported that metallic
Ag promoted the partial oxidation of hydrocarbons (HCs),
enhancing the HC—SCR process at low temperatures, and thus
an optimal surface metallic/oxidized Ag ratio is probably
needed for best performance.”''*

Zhang et al.”® synthesized Ag/ALO,; catalysts utilizing
several precursors of Al,O and reported that the catalyst
derived from AIOOH exhibited the best C;H¢—SCR activity,
mainly due to the high density of Ag—O—Al entities. Ag/Al,O;
catalysts were synthesized by Luo et al.”' via impregnation,
coprecipitation, and single sol—gel methods, among which the
catalyst prepared by sol—gel exhibited the optimal surface area
and Ag species dispersion, and thus showed the highest deNO,,
activity. Shimizu et al. investigated the influence of reductant
structure on the deNO, activity of Ag—Al,O;, and proposed
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that the catalytic performance and water resistance were
significantly improved by the increase of the carbon number of
alkane reductant."

The discovery of the “hydrogen effect,” meaning that
hydrogen significantly promotes the low-temperature activity
of Ag/Al,O; catalysts, brings the HC—SCR closer to practical
application.””** During the past decade, many research groups
committed to comprehending the “hydrogen effect” on HC—
SCR over silver catalysts.”'***">° Though there remains some
debate on the origin of the “hydrogen effect”, it is generally
believed that H, addition promotes the partial oxidation of
hydrocarbons to produce active intermediates, thus enhancing
NO, reduction activity.”>'>***”*® In addition, in situ catalytic
reforming of diesel or its additive to produce hydrogen will be
a viable method for obtaining hydrogen.””*°

It should be highlighted that the above achievements
involving the design of silver catalysts with high efficiency for
HC—-SCR were often obtained without H,O in the feed.
Considering that H,O is inevitably present in diesel engine
exhausts, the design of catalysts with excellent water resistance
is therefore highly desired for practical application. More
recently, we found that the water tolerance of Ag/Al,O; in
H,—C;H4—SCR was governed by silver loading.31 To further
reveal intrinsic properties determining the water tolerance of
silver catalysts for HC—SCR, herein, the silver loading of 2 wt
% was employed, while the silver valence state was adjusted by
varying the calcination temperature. Based on UV—vis and
XPS measurements, a quantitative relationship between the
percentage of oxidized silver species on Ag/Al,O; and water
tolerance was revealed, providing a new insight into under-
standing the water tolerance of silver catalysts during the HC—
SCR reaction.

2. MATERIALS AND METHODS

2.1. Catalyst Synthesis and Characterization. The 2 wt
% Ag/AlLOj; catalysts were synthesized by the impregnation
method, utilizing silver nitrate (AR) and boehmite (SASOL,
SB-1) as the precursors.”**** After impregnation, the samples
were put in a rotary evaporator to remove the surplus water.
The samples were then calcined in air at 500, 600, 700, 800,
and 900 °C for 3 h, respectively (thereafter denoted as Ag-500,
Ag-600, Ag-700, Ag-800, and Ag-900, respectively). Mean-
while, Ag-500 and Ag-600 were defined as LT-catalysts, and
Ag-800 and Ag-900 were defined as HT-catalysts. A pure
Al,O; sample was also prepared and calcined at 600 °C by the
same procedure, with boehmite as the precursor.

The BET surface area was measured utilizing a Quantach-
rome Autosorb-1C instrument at 77 K. X-ray powder
diffraction (XRD) experiments were performed on a Rigaku
D/max-RB X-ray diffractometer (Japan) utilizing Cu Ka
radiation in the 26 range from 10° to 90°.

XPS measurements were carried out on a scanning X-ray
microprobe (PHI Quantera, ULVAC-PHI, Inc.) with Al Ka
radiation at a step size of 0.1 eV, using C 1s (284.8 eV) as
reference. UV—vis measurement were performed in absorption
mode on a UV-—vis spectrophotometer (Hitachi, U3100,
Japan), using AL,O; as reference for the baseline spectrum.

XANES analyses of the Ag—K edges were carried out in
transmission mode at the BL14W1 XAFS beamline at the
Shanghai Synchrotron Radiation Facility (SSRF). The PE
storage ring operates at 3.5 GeV with an average storage
current of 200 mA. Data presented here were analyzed with the
Athena program.*
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2.2. Catalyst Activity Test. Catalytic activity tests were
performed in a fixed-bed flow quartz reactor (7 mm id.) by
stepwise increase of the temperature. The reaction mixture was
fed as follows: NO 800 ppm, C;H4 1714 ppm, H, 1%, O, 10%,
H,0 10% (if added) in N, balance at a total flow of 1000 mL/
min, which was equivalent to a gas hourly space velocity
(GHSV) of 100000 h™" (ca. 0.3 g catalyst).”** Water vapor
was precisely controlled by a micropump and vaporized prior
to introduction into the reaction system. To avoid water
condensation, both the gas line and the gas cell of the FTIR
spectrometer were heated to 120 °C. The concentrations of
NO, NO,, NH;, N,0, and C;H, were analyzed online with an
FTIR spectrometer (Nicolet Nexus is10).>*~*° Conversions of
NO, and C;Hg were calculated as follows:

NQO, ], — [NO,
[ x]m [ x]out X 100%

NO, conversion =

[Nox]in (1)
CH¢l,, — [C3H
C;Hg conversion = [C3Heln = [C5Helow X 100%
[C3Hel )

where NO, = NO + NO,.

2.3. Activation Energy Measurement. The apparent
activation energy (E,) of NO, was measured in the fixed-bed
reactor as described above. On the basis of our previous
work,*! catalysts with a particle size of 0.45—0.9 mm were used
for kinetic measurements. The weight of catalysts was adjusted
with the GHSV varying from 150 000 to 600 000 h™" in order
to keep NO, conversion below 20%. Prior to the kinetic
measurements, all catalysts were calcined in 10% O,/N, at 450
°C for 30 min.

According to previous studies, the reaction rates of NO,
conversion (—Ryp ) can be calculated from the kinetic data as

31,34

follow:

—Ryo, (mol/g/s) = Ryo X Xyno /W 3)

where Fyq_is the molar flow rate of NO, (mol/s), Xyo_is the

conversion of NO,, and W is the weight of catalyst. According
to the above results, the Arrhenius plots for NO, reduction
were drawn, and then the related activation energies were
obtained from the slope of the plots.

2.4. In Situ DRIFTS Studies. In situ DRIFTS measure-
ments were carried out on a Nexus 670 (Thermo Nicolet) FT-
IR, utilizing a MCT/A detector. Water vapor (5%) was
supplied by passing the gas flow over a water bottle, with the
gas line heated to 120 °C to prevent moisture condensation.
Before the experiment, the samples were calcined in 10% O,/
N, flow (300 mL/min) at 450 °C for 30 min, and subsequently
cooled to target temperature to obtain a spectrum for reference
(30 scans, resolution of 4 cm™'). DRIFTS spectra were
collected under a stream of reactive gas flow.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of Ag/Al,O; Catalysts. Ag/
Al O; catalysts calcined at different temperatures and pure y-
AL, O; were characterized with BET and XRD tests, with results
shown in Table 1 and Figure S1. The pure y-Al,O; had a
specific surface area of 214 m?/g and pore diameter of 10.5
nm. The LT-catalysts exhibited surface areas similar to that of
pure y-ALO;, varying from 236 to 206 m?®/g, while high
temperature calcination (up to 800 °C) resulted in a decrease
in the surface area and an increase in the average pore size.
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Table 1. Structural Parameters of Pure y-Al,O; Calcined at
600 °C and Ag/Al,O; Catalysts Calcined at Different
Temperatures

BET surface area pore volume average pore size
sample (m?/g) (cm®/g) (nm)
7-AL O3 214 0.561 10.5
Ag-500 236 0.527 8.92
Ag-600 206 0.536 10.4
Ag-700 208 0.551 10.8
Ag-800 18§ 0.517 13.3
Ag-900 151 0.535 14.2

As revealed by XRD patterns (Figure S1), Ag/Al,O,
calcined at temperatures below 700 °C showed phases similar
to the pure Al,O;, for which only the y-Al,O; phase (20 =
37.2° 45.8°, and 66.9°) was observed. As the calcination
temperature further increased, the 5-Al,O; phase (20 = 32.7°)
was also observed for Ag-800 and Ag-900. Such transformation
of Al,O; resulted in an obvious decrease of BET surface area,
which was also observed in previous study.'> Meanwhile, no
silver phase was detected in any of the samples, indicating that
the silver species was highly dispersed or did not form a
crystalline silver phase.'*?

The valence state of Ag supported on Al,O; was
characterized by UV—vis analysis, with results shown in Figure
1. To eliminate the interference of Al,O; absorption, the

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 1. UV-vis spectra of Ag/Al,O; calcined at different
temperatures.

spectrum of pure Al,O; has been subtracted from those of the
Ag/ALO; catalysts. Five absorption peaks were observed at
220, 260, 290, 350, and 425 nm. The peak centered at 220 nm
is generally assigned to the highly dispersed silver cations
(Ag"), and the band at 260 nm is commonly attributed to
oxidized Ag cluster (Ag,’"). Meanwhile, metallic silver species

(Ag,”) generally emerge at 290, 350, and 425 nm.”’~** On the
LT-catalysts, the band at 220 nm exhibited the highest
intensity, indicating that the highly dispersed silver cations
were predominant.”* As the catalyst calcination temperature
increased, however, the bands at 350 and 425 nm were
significantly enhanced, accompanied by a weakening of the
band at 220 nm.

For quantitative comparison of these silver species on the
series of Ag/Al,O; samples calcined at distinct temperatures,
the UV—vis spectra were further fitted and deconvoluted to the
constituent bands,** with the results shown in Figure S2 and
Table 2. On the basis of the fitting results, oxidized silver
species (Ag" and Ag,”*) accounted for 67.7% of the total silver
species on the surface of Ag-500. High temperature calcination
resulted in a decrease in the percentage of oxidized silver
species from 63.7% to 38.3% (from 600 to 900 °C). These
results confirmed that increasing calcination temperature
promoted the transformation of oxidized silver species into
metallic silver clusters.

The XPS measurement was further performed to confirm
the valence states of silver supported on the Al,O;. As shown
in Figure S3A, the Ag 3d;,, binding energy bands were located
at 367.7—368.4 eV, which was in accordance with the
literature.”***° In order to obtain more information about
the valence states, the XPS spectra were fitted and
deconvoluted to the constituent bands (Figure S3B and
Table S1).>**"** On the surface of Ag-500, 71.3% of silver was
present as oxidized silver species, consistent with the UV—vis
results. Also, the increase in calcination temperature gradually
decreased the percentage of oxidized silver species, further
confirming the critical role of calcination temperature in
determining the valence state of silver (Table 3).

To obtain a better understanding of the precise chemical
state of silver supported on the Al,O;, the Ag—K XANES of
Ag/Al,O; catalysts, Ag foil, and AgNO; were measured (Figure
S4). The first-order derivative peaks for AgNO; and Ag foil
were observed at 25518.3 and 25515.3 eV, respectively. The
corresponding peaks for the Ag/Al,O; catalysts calcined at
gradually increasing temperatures appeared at 25517.0,
25517.5, 25516.8, 25516.7, and 25515.9 eV, respectively.
Obviously, the Ag/Al,O; catalysts exhibited similar Ag—K
absorption edge energies to that of AgNO;, which was higher
than that of Ag foil. These results further demonstrated that
oxidized silver species were predominant on the LT-catalysts,
while increase of the calcination temperature promoted the
transformation of some oxidized silver to metallic silver
clusters.

3.2. Influence of Water Vapor on the deNO, Perform-
ance. The deNO, performance and water tolerance of Ag/
Al,O5 catalysts calcined at different temperatures were

Table 2. Percentage of Different Silver Species Calculated by Analysis of the Integrated Peak Area of the Deconvoluted UV—

Vis Spectra

percentage of silver species (%)

sample Ag* (220 nm)(25)“ Ag,’* (260 nm)(10)“
Ag-500 66.5 12
Ag-600 62.8 0.9
Ag-700 50.6 0.7
Ag-800 47.4 0.2
Ag-900 379 0.4

“Half peak width of deconvoluted peak.

Ag,’ (290 nm)(20)“ Ag,” (350 nm)(35)“ Ag,’ (425 nm)(40)”
7.7 21.3 32
7.5 25.1 3.6
10.0 24.4 143
7.6 30.2 14.6
7.1 27.1 27.5
672 DOI: 10.1021/acs.jpcc.7b10860
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Table 3. Percentage of Oxidized Silver Species Obtained by UV—Vis and XPS Spectra

sample Ag-500 (%) Ag-600 (%)
oxidized silver species” 67.7 63.7
oxidized silver species” 71.4 619

Ag-700 (%)
513
49.6

Ag-800 (%)
476
4622

Ag-900 (%)
383
426

“Obtained by the UV—vis spectra in Table 2. “Obtained by the analysis of XPS spectra in Table SI.

examined (Figure 2). In the H,—C;H¢—SCR without water
vapor, both the active window for NO, reduction and the light-

Figure 2. NO, conversion (A) and C;H conversion (B) during H,—
C3H¢—SCR with 10% H,O (@) or without H,O (M) over Ag/Al,O;
calcined at different temperatures. Feed composition: 800 ppm of
NO, 1714 ppm of C3Hy, 1% H,, 10% H,O (when added), 10% O,, N,
balance. GHSV: 100 000 h™".

off temperature of propene conversion moved to lower
temperature as the calcination temperature raised. Over Ag-
500, 50% NO, conversion was obtained at the temperature of
301 °C (denoted as T, hereafter, Table S2). As the calcination
temperature increased, the T, for NO, conversion decreased
gradually. On the Ag-900 sample, a T, for NO, conversion
was obtained at 236 °C, which is 65 °C lower than that of Ag-
500. Meanwhile, the T, for propene conversion showed the
same trend as NO, conversion: the increase of calcination
temperature significantly lowered the light-off temperature of
propene. Notably, the Ag-900 obtained T, for propene at 253
°C, 120 °C lower than that of Ag-500. As for Ag/Al,O;, high
temperature calcination promoted the transformation of y-
AL O; to the 0-Al,O; phase, accompanied by a decrease of

surface area, which usually leads to a decrease in the deNO,
performance of HC—SCR."” In the present work, however, the
HT-catalysts exhibited a better deNO,, activity in the absence
of H,O despite the decrease in the surface area, indicating that
surface area was not the key factor in the H,—C;Hs—SCR.

In the presence of water vapor, Ag-500 exhibited T, values
for NO, and C;Hg conversions at 285 and 337 °C,
respectively, which are even lower than those in the absence
of H,O. This promotion effect at low temperatures induced by
water vapor was also observed on the Ag-600. As for the HT-
catalysts, in contrast, the addition of water vapor significantly
suppressed the NO, conversion within a wide temperature
range. Such deterioration was more pronounced for Ag-900,
showing T, values for NO, and C;H, conversions at 340 and
419 °C, respectively, which are 104 and 166 °C higher than
those without H,O in the feed.

To further confirm the distinct effects of water vapor on
NO, reduction, step-response experiments were performed at
300 °C over Ag-S00 and Ag-900 (Figure 3). For better
investigation of the water tolerance of Ag/Al,O;, the GHSV
values was varied to keep the initial NO, conversion below
90%. As for the Ag-500, the NO, conversion increased from
37% to 61% after introduction of H,O, while it dropped down
to 32% when water vapor removed (Figure 3A). During the
same process, however, the deNO, performance of Ag-900 was
significantly inhibited by H,O addition (from 92% to 36%). In
addition, the NO, conversion on the Ag-900 continuously
decreased to 60% after 3h of water removal, further confirming
the suppression of water on this catalyst. Meanwhile, the water
tolerance of Ag-600 was investigated in C;H,—SCR with 2000
ppm of H, (Figure SS). In this case, the Ag-600 still exhibited
excellent water tolerance though the deNO, activity was
slightly lower than that with 1% H,.

To reveal which intrinsic property determines the catalytic
performance of Ag/Al,O; for H,—C;H,—SCR, the T, for
NO, conversion (or C;H conversion) was further plotted
against the percentage of oxidized silver species in the
corresponding sample (Figure 4). Under water-free conditions,
clearly, both the T, values for NO, and C;H4 decreased

Figure 3. Step-response experiment over Ag-500 at a GHSV= 100,000 h™" (A) and Ag-900 at a GHSV= 200,000 h™" (B) at 300 °C in the fixed-bed
reactor. Feed composition: NO, 800 ppm; C;Hg, 1714 ppm; H,, 1%; O,, 10%; H,0, 10% (when added); N,, balance.
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Figure 4. Relations between oxidized Ag percentage and the T, for NO, and C;H during H,—C;H4—SCR in the absence of water vapor, with the
oxidized Ag percentage obtained from UV—vis (A), and from XPS results (B), and relations between oxidized Ag percentage and the T, for NO,
and C;H, during H,—C;H,—SCR in the presence of water vapor, with the oxidized Ag percentage obtained from UV—vis results (C).

linearly with the decrease of the oxidized silver percentage
(Figure 4, parts A and B). Compared with the linear fitting
result between Ty, for NO, conversion and oxidized silver
percentage, a higher slope was obtained when plotting the Ts,
for C;Hg conversion against the oxidized silver percentage,
indicating that the light-off temperature of C;Hg was more
sensitive to the silver state.

In the presence of water vapor, however, the Ty, values for
both NO, and C;Hg decreased with an increase in the
percentage of oxidized silver species to 50%, which was
followed by a plateau for higher oxidized silver percentages.
When the percentage further increased to 65%, the deNO,
performance was even enhanced by the introduction of water
vapor (Figure 4C). These results clearly suggest that an
optimal percentage of oxidized silver is required for a highly
efficient H,—C;H¢—SCR process. Considering that the same
loading of silver was employed in all of the samples, it can be
concluded that the higher the amount of oxidized silver
species, the higher the water tolerance of Ag/Al,O; for H,—
C;H4s—SCR. However, it should be noted that, a high
percentage of oxidized silver species usually resulted in a loss
of low-temperature activity in the absence of water vapor.
Taking the low-temperature activity and water tolerance into
account, 60% oxidized silver species is therefore appropriate
for H,—C;H4—SCR.

It is well accepted that the oxidized silver species (Ag" and
Ag,%*) are active in HC—SCR occurring on Ag/Al,O,
catalysts.'~>'7'® Recently, Nam et al.'® systematically
investigated NO,, reduction by a simulated diesel fuel-ethanol
mixture over Ag/Al,O; with silver loading of 1.0—6.2%. It was
proposed that oxidized silver species were the active sites to
reduce NO, to N,, while metallic silver species contributed to
the partial oxidation of hydrocarbons. Hence, the presence of
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metallic silver species promoted the low-temperature activity
for HC—SCR. As a result, an optimum oxidized/metallic ratio
of silver was highly desirable for achieving high HC—SCR
performance at low temperatures. Using UV—vis and XPS
analysis, it was further confirmed that the optimum oxidized/
metallic ratio appeared to be in the range of 1.4—1.7, which
depended on the reaction temperature region. In our case, an
optimal oxidized silver percentage of 60% is required for
achieving high H,—C;H¢—SCR performance in the presence of
water vapor, corresponding to an oxidized/metallic ratio of 1.5,
which is in good agreement with the findings of Nam and co-
workers.

Utilizing n-alkanes with different carbon numbers, Shimizu
et al.”® investigated the water tolerance of Ag/Al,O; for NO,
reduction. When using n-octane as a reductant, notably, the
presence of water vapor significantly enhanced NO, conversion
within the low temperature region. For the alkanes with carbon
numbers less than 6 (i.e., n-C;Hg and n-C,H,,), however, the
deNO, activity of Ag/Al,O; was suppressed by water vapor. As
a result, it was proposed that the structure of reductant has a
significant effect on the deNO, performance and water
resistance of Ag/AlL,O;. Using C;H as a reductant, herein,
we found that the silver valence state also determined the water
tolerance of Ag/Al,O; for HC—SCR.

3.3. Activation Energy for NO, Reduction. Activation
energy measurements, as a powerful method to understand the
mechanism of H,—C;Hs—SCR,*'**"3*%* yrere performed
over Ag/Al,Oj; calcined at different temperatures. On the basis
of the Arrhenius plots (Figure S), the apparent activation
energies (E,) for NO, conversion in H,—C;Hs—SCR were
calculated, with the results showed in Table 4. Over all
samples, the Ea values for NO, conversion varied from 71.5 to
81.3 kJ/mol, which was in accordance with the literature.>"*
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Figure S. Arrhenius plots for the rate of NO, conversion over Ag/
Al O; catalysts during H,—C;Hg—SCR. Feed composition: 800 ppm
of NO, 1714 ppm of C;H,, 10% O,, 1% H,, and N, balance. GHSV:
varying in the range of 150 000—600 000 h™" in order to obtain NO,
conversion below 20%.

Table 4. Apparent Activation Energy (E,) for NO,
Conversion over Ag/Al,O;

NO, conversion
Activation energy

sample (kJ/mol) reductant ref

2% Ag/AlLO; (600) 62.3 H, + C;Hy 31

2% Ag/ALO, (600) 61 + 2.5 H, + CGH, 43

Ag-500 71.5 H, + C3H¢ this work
Ag-600 75.3 H, + C;Hg  this work
Ag-700 78.3 H, + C;Hy  this work
Ag-800 75.5 H, + C3H¢ this work
Ag-900 81.3 H, + C;Hy  this work

The similar Ea values for NO, conversion indicate the same
mechanism for NO, reduction on all Ag/Al,O; catalysts
calcined at different temperatures. As the LT-catalysts (Ag-500
and Ag-600) and HT-catalysts (Ag-800 and Ag-900) showed
distinct deNO,, performance, in situ DRIFTS experiments were
performed to investigate these samples.

3.4. In Situ DRIFTS Studies for NO, Reduction by
C;Hg. 3.4.1. Effect of Water Vapor on the Partial Oxidation
of C3Hg. It is generally recognized that the partial oxidation of
HC:s to yield reactive intermediates is an initial process during
HC-SCR over silver catalysts.l"%’27 Hence, in situ DRIFTS
studies were carried out to investigate the partial oxidation of
C3H, at different temperatures (Figure 6 and Figure S6).
Figure 6 shows the dynamic change of adsorbed species on Ag-
500 and Ag-900 during partial oxidation of C3H, at 200 °C. In
this process, characteristic peaks due to the intermediates of
C;Hg partial oxidation were observed. The peaks appearing at
1577 and 1460 cm™ are attributed to acetates.”***® The
appearance of bands at 1591, 1394, and 1372 cm™'
demonstrates the formation of adsorbed formate.”**" Accord-
ing to previous studies," "' >** the peaks located at 1633, 1408,
and 1335 cm™! are attributed to enolic species. During HC—
SCR, carbonates possibly produced and adsorbed on catalyst
surface, exhibiting feature FTIR peaks within the range of
1700—1300 cm™". Considering that the chemisorption of CO,
on ALO; surface would generate carbonates,”” the adsorption
of CO, on Ag/AL,O; had been performed in our previous
study.*” It should be noted that, the intensity of carbonates was
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Figure 6. Dynamic change of in situ DRIFTS spectra of adsorbed
species on Ag-S00 (A) and Ag-900 (B) during the oxidation of C3H,
in the presence of H, at 200 °C. (C) is the integrated area ratio of
enolic species (1633 cm™") to formate (1591 cm™) over LT-catalysts
and HT-catalysts after exposed to H, + C;H4 + O, for 60 min at 200
and 250 °C (Figure S6). Feed composition: C3H, 1714 ppm; H,, 1%;
0,, 10%; N,, balance.

much lower than those of acetate and enolic species, even
when a high concentration (8 vol %) of CO, was employed. It
indicates that, in our DRIFTS measurement for HC—SCR, the
formation of carbonates is negligible, also being in agreement
with the previous studies.'”"> Meanwhile, two peaks at 1720
and 1669 cm™" are attributed to the acetone.”*”"*’

Previous results revealed that the enolic species showed high
activity in the reduction of NO, during HC—SCR on Ag/
ALO,,""** while formate was inactive for H,—C,;Hs—SCR."’
At low temperatures, as these two species exhibited distinct
intensities on the Ag/Al,O; catalysts calcined at different
temperature, it could be speculated that the formation of these
two species significantly affected the light-off performance of
Ag/Al,O; for NO, reduction. To this aim, the dynamic
behaviors of the two species were further analyzed as discussed
in the following section.

As shown in Figure 6, the peak (1591 cm™) due to formate
appeared first during the partial oxidation of C;Hg over these
samples, indicating that formate is preferentially formed or
stable on the surface of Ag/Al,O; catalysts.”’ As time went on,
the formate on the Ag-500 (Figure 6A) increased continuously
and exhibited strong intensity after reaction for 60 min. On
this sample, as the adsorbed formate increased rapidly and
continuously, the generation of enolic species was very slow,
and thus exhibited a low intensity even after 60 min. On the
Ag-900 (Figure 6B), however, the enolic species exhibited
much higher formation rate compared to the formate.

In the same feed conditions, in situ DRIFTS measurement
was further performed over LT-catalysts and HT-catalysts at
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Figure 7. Dynamic changes of integrated area of the peaks due to enolic species (1633 cm™") (A) and formate (1591 cm™) (B) in the DRIFTS
spectra as a function of time in a flow of H,O + H, + C;H + O, at 265 °C. Before measurement, the catalyst was pre-exposed to a flow of H, +
C;H¢ + O, for 30 min at 265 °C. Feed composition: C;Hy, 1714 ppm; H,, 1%; O,, 10%; H,0, 5% (when added); N,, balance.

different temperatures (Figure S6). To clarify the difference of
surface intermediates over these samples, the spectra (Figure
S6) were fitted and deconvoluted into their constituent peaks
(with typical results presented in Figure S7). The integrated
areas of peaks at 1633 cm™" for enolic species and 1591 cm™
for formate were obtained. At a given reaction temperature, the
integrated area ratio of enolic species to formate (denoted as
Aenolic species/ Aformate thereafter) were calculated. As shown in
Figure 6C, it should be noted that, the HT-catalysts always
exhibit a higher A.qic species/Aformate Tatio at the reaction
temperatures of 200 and 250 °C. This result suggests that
the calcination of the samples at high temperature promotes
the generation of enolic species while reducing the
concentration of formate at low temperatures during above
reaction.

The effect of water vapor on the partial oxidation of C;Hy
was further investigated at 265 °C (Figure S8). As described
above (Figure S7), the spectra (Figure S8) were fitted and
deconvoluted into their constituent peaks. The corresponding
integrated areas for enolic species (Figure 7A) and formate
(Figure 7B) were plotted as a function of time-on-stream. On
the LT-catalysts, the intensity of enolic species increased
dramatically during the initial 60 s of water addition, followed
by a gradual decrease in the next 30 min. On the HT-catalysts,
however, the enolic species were gradually reduced during the
addition of water vapor. Over all catalysts (Figure 7B), it
should be highlighted that the formate was significantly
inhibited by water addition, which was consistent with our
previous study.’’ DFT calculation predicted that the
adsorption energies of formate and enolic species on the
surface of hydroxylated Ag/Al,O; were less negative than those
on the dehydrated surface, indicating the weaker adsorption for
these species with H,O in the feed.”’ On the LT-catalysts, as
large amount of formate was eliminated by water addition,
more active sites were available for the generation of enolic
species, which led to a dramatic increase of enolic species in
the initial 1 min. In the final stage of this experiment, however,
the intensity for enolic species was lower than that without
H,O0 in the feed, which was due to the weaker adsorption of
enolic species on the hydroxylated Ag/Al,O; surface.

Generally, acidic Bronsted or Lewis oxides are suitable
carriers for the development of HC—SCR catalysts, contribu-
ting to the dispersion and stabilization of active sites.”” As a
result, the acid—base property is a fundamental aspect of the
activity of Ag/AL,O;.>" Previous experimental and theoretical
results revealed that both the Lewis acid sites (unsaturated
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alumina surface atoms such as Aly, and Aly sites) and the
Bronsted acid sites coexist on the surfaces of pure y-Al,O; and
Ag/}/—A1203.34’52’53 As revealed by Digne et al,>”> the
Bronsted acid sites on y-Al,O; were derived from the
dissociative adsorption of water, leading to the formation of
surface hydroxyl groups while decreasing the Lewis acidity.
Previous studies mentioned above also showed that the y-
AL, O; was mainly enclosed by (110) and (100) planes, given
the percentages of 70% and 20%, respectively. With this in
mind, the adsorption energies for the formate, acetate, and
enolic species were calculated on the Ag/Al,05(110) and Ag/
AL,0;(100).”" On the dehydrated Ag/Al,05(110) surface, the
DFT-calculated adsorption energies of these three species were
more negative than the corresponding ones on the dehydrated
Ag/AL,0,5(100) surface. Considering that the Al,05(110)
surface exhibit stronger Lewis acidity than Al,05(100)
plane,> it is possible that the Lewis acidity plays a key role
in determining the adsorption of these species. However, the
relationship between Breonsted acidity and the adsorption
behavior of these species is hardly drawn. Taking the acetate as
an example, its adsorption was weakened on the hydroxylated
Ag/AL,0;(110) surface, while enhanced on hydroxylated Ag/
AL,0;(100) one.”'

3.4.2. Influence of H,0 on H,—C;Hs—SCR over Ag/Al0O;.
In situ DRIFTS experiments of the influence of H,O on H,—
C;H¢—SCR over Ag/Al,O; were further performed at 265 °C,
with results shown in Figure 8. In this case, nitrates (1530 and
1300 cm™),*"** enolic species (1633 cm™), acetates (1577
and 1460 cm™'), formate (1591, 1394, and 1372 cm™'),
acetone (1720 and 1669 cm™'), and —NCO species (2230
cm™") were clearly observed. Among these species, the —NCO
species is generally accepted as a key intermediate in HC—
e

In the absence of H,O, the peak at 1591 cm™ exhibited the
highest intensity on the LT-catalysts (Ag-SO0 and Ag-600),
indicative of a strong accumulation of formate. Such
accumulation of formate was more serious than that in the
partial oxidation of C;H, (Figure S6), confirming the formate
is inactive for NO, reduction.’’ After the introduction of water
vapor into H,+NO+C;H¢+O,, the peaks due to formate
(1591, 1394, and 1372 cm™") on the LT-catalysts were greatly
reduced, especially the peaks at 1394 and 1372 cm™ totally
disappeared. This result further confirmed the scavenging
effect of water vapor on the formate over Ag/AL,O; in H,—
C;H¢—SCR.*" Over the HT-catalysts, however, the formate
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Figure 8. In situ DRIFTS spectra of adsorbed species over Ag/Al,O;
in a flow of H,O + H, + NO + C;Hg + O, for 30 min (dotted line) at
265 °C. Before measurement, the catalysts were pre-exposure to H, +
NO + CjHg + O, for 30 min (solid line) at 265 °C. Feed
composition: NO, 800 ppm, C;H,, 1714 ppm; H,, 1%; O,, 10%;
H,0, 5% (when added); N,, balance.

exhibited low intensity during H,—C;H¢—SCR with or without
water vapor, consistent with the results shown in Figure S8.
Figure 8 also showed that water addition decreased the
intensity of peak due to enolic species (1633 cm™),
particularly over the LT-catalysts. During the H,—C;H¢—
SCR process, there are two possibilities contributing to the
decrease of enolic species induced by water vapor: suppressing
its formation and promoting its consumption by reaction with
NO + O, and/or surface nitrates to form the final product of
N,. As shown in Figures 2 and 3, water vapor enhanced the
low-temperature activity of LT-catalysts for NO, reduction,
while reducing the catalytic performance of HT-catalysts. This
result strongly suggests that water addition enhances the
consumption of enolic species in the former case. On the
surface of LT-catalysts, therefore, it is reasonable that the
decrease of enolic species induced by water vapor was more
pronounced than that on the HT-catalysts. In this process, the
reaction between acetate and NO+O, (and/or nitrates) may
also contribute to NO, reduction. Over all samples presented
in Figure 8, however, the presence of water vapor hardly
changes the intensity of feature peak due to acetate (1460
cm™). This result in turn, indicates that it is enolic species,
rather than acetate governs the NO, reduction at low
temperatures, consistent with previous investigations.24’27’3’l
As shown in Scheme 1, the main pathway for NO, reduction
at low temperatures can be considered as follows: NO + C;Hg
+ H, + O, = ad-NO, + enolic species - R—ONO + R-NO,

Scheme 1. Proposed Mechanism of H,—C;H;—SCR over
Ag/AlLO;
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— —NCO + —CN — N,.'”* Meanwhile, formate was also
generated on the Ag/Al,O; samples with lower silver loading,
while this species showed much lower activity in the reduction
of NO,, thus accumulating on the surface and resulting in a
poisoning effect.”’ The Ag/Al,O5 catalysts calcined at different
temperatures showed quite different low-temperature activity
for H,—C;H,—SCR, while giving similar Ea values for NO,
conversion. This result indicated that the same reaction
pathway occurred at low temperatures over all samples, during
which the enolic species played a key role in NO, reduction.

During the partial oxidation of C;Hy, acetone, enolic species,
acetate, and formate were produced over Ag/Al,O; (Figures 6
and S6). The intensity of peaks due to acetone was not strong,
while its formation was clearly detected by GC-MS during the
same catalytic reaction.”* Combined with our previous
studies,””**>> the oxidation of C;H4 over Ag/ALO; can be
regarded as follows:

CH, + O, > CH,COCH, @)
CH,COCH; + O, - CH,=CH - OH + HCOOH
(%)
CH, = CH-OH — CH,=CH-0O (adsorbed on Ag*
sites) + H* (6)
HCOOH — HCOO™ (adsorbed on A" sites) + H*
(7)
CH,=CH-O + O,
— CH,COO™ (adsorbed on AT’* sites) (8)
HCOO™ + 0, — H,0 + CO, )

. . 9,13,18,31,34,36,56
Over the Ag/AlLO;, previous studies™'*” >® have

revealed that the silver cations (Ag") strongly bound to the Al
sites (Ag—O—Al moieties) are the active sites for HC—SCR.
The surface enolic species (CH,=CH—O") with negative
charge, which prefers to be adsorbed on these silver cations
sites, exhibited higher activity to react with nitrates and/or
NO, to produce N, compared to acetate and formate
preferentially bound to Al sites.”"** Considering the results
presented in Figure 4A and 4B, one question may arise: why
do the Ty, values for NO, and C;H4 conversions decrease
linearly with an increase of metallic silver species over Ag/
ALO3?

Theoretical calculations also showed that the Mulliken
charge of Ag,’* was lower than that of Ag®, the value of which
decreased with an increase of the number of Ag (n).*® This
result in turn indicates that the negative enolic species prefers
to bind with Ag" sites rather than the Ag,’*, due to a stronger
electrostatic attraction in the former case. As shown in eq 6,
the generation of enolic species (CH,=CH—O") can be
regarded as a process of losing a proton (H") from ethenol
(CH,=CH—OH). This process allows us to predict that the
presence of neighboring electron-donating moieties would
promote the formation of negative enolic species. Compared
with Ag®, the metallic silver clusters (Ag,”) have a higher
electron density, exhibiting a higher electron donating ability.
The transfer of electron from the Ag,’ to ethenol therefore
promotes the formation of enolic species. Thus, the HT-
catalysts exhibited a higher ability to form enolic species at low
temperatures than the LT-catalysts, due to the higher
percentage of metallic silver clusters (Figure 6 and S6). As
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the reaction between enolic species and N-containing species is
the primary pathway for NO, reduction at low temperatures,
the HT-catalysts showed a higher low-temperature activity for
H,—C;H—SCR without H,O in the feed compared to the LT-
catalysts (Figure 2). As indicated by eqs 4 - 7, the surface
formate was derived from the dissociation and partial oxidation
of acetone. Over the HT-catalysts, a higher amount of metallic
silver species is beneficial for the complete oxidation of surface
formate species eq 9.

Theoretical calculations and experimental measurements
have shown that the (110) surface contributes ca. 70% of the
total surface area of y-Al,O;°° On this surface, DET
calculations predicted that hydroxylation decreases the
adhesion energy of the metallic clusters (Pt and Pd), resulting
in positive charging of the clusters.”” In our case, hydroxylation
of the support would occur on Ag/ALO; in the presence of
water vapor. Such change may also positively charge the
metallic silver clusters, reducing their electron-donating ability.
For this reason, it could be speculated that the presence of
H,O inhibits the promotion effect of metallic silver clusters on
the generation of enolic species, therefore significantly
decreasing the deNO, performance of HT-catalysts. In the
near future, DFT calculations involving the effect of metallic
silver clusters on the generation of enolic species will be
performed.

As for the LT-catalysts, the Ag" cations were predominant;
therefore, the promotion effect of metallic silver clusters on the
generation of enolic species was not pronounced compared to
the HT-catalysts, while a large amount of formate was
accumulated. As shown in eqs 4—7, both of these species
were derived from the dissociation and partial oxidation of
acetone. In this case, the accumulation of formate therefore
suppressed the occurrence of the series of reactions mentioned
above. In other words, the formation of enolic species was
suppressed by the accumulation of formate during the H,—
C;H¢—SCR, even though these two species were adsorbed on
different sites of Ag/Al,O;. Meanwhile, a high concentration of
formate would result in a strong steric effect on the generation
and adsorption of enolic species. Water addition eliminated the
formate, releasing the adsorption sites of Ag* for further
reactions, eventually improving the low-temperature activity of
LT-catalysts for NO, reduction.

4. CONCLUSIONS

The valence state of silver species on Ag/Al,O; played an
important role in the deNO, performance and water tolerance
of H,—C;H¢—SCR. High temperature calcination of Ag/Al,O;
promoted the transformation of oxidized silver species into
metallic silver species. Oxidized silver species, particularly Ag®,
contributed to the partial oxidation of C;Hg to form active
enolic species, serving as the active sites for the adsorption of
enolic species and the reduction of NO,. The metallic silver
species promoted the generation of enolic species and the
complete oxidation of formate in low temperature region, thus
enhancing low-temperature activity of Ag/Al,O; in the absence
of water vapor. As the formate was eliminated by water
addition, the deNO, performance of LT-catalysts was
significantly enhanced with water in the feed. The higher the
percentage of oxidized silver species, the higher the water
tolerance in NO, reduction is, indicating that the amount of
oxidized silver species (overwhelmingly present as Ag")
determines the water tolerance of Ag/Al,O; for NO,
reduction. In summary, 60% oxidized silver species on Ag/
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Al Oj; catalysts is the optimal percentage for deNO, perform-
ance and water tolerance in the H,—C;Hs—SCR.
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