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ABSTRACT

Water vapor is typically present in diesel engine exhausts, and thus the design of catalysts with high
water-tolerance is highly desired. The addition of water vapor was shown to have quite different influ-
ences on the activity of Ag/Al,05 catalysts with different Ag loadings during the H,-assisted C3Hg-SCR of
NOx (H,-C3Hg-SCR). The 2 wt% Ag/Al, 05 catalyst showed the best activity for H,-C3Hg-SCR, with excellent
water resistance over the whole temperature range. An enhancement in NOx conversion was observed
after water vapor was introduced, particularly at low temperatures. Over this catalyst, kinetic studies
confirmed that H,O addition did not change the apparent activation energy for NOx reduction, while it
increased the reaction order of C3Hg from —0.62 to 0.73. This result indicated that the reaction pathway
for NOx reduction was hardly changed by the introduction of water vapor, while a poisoning effect related
to C3Hg oxidation was decreased. In situ DRIFTS studies and DFT calculations revealed that water vapor
significantly inhibits the formation of inert formate during the H,-C3Hg-SCR process, and thus more sites
are available for the formation of active enolic species and acetates, finally leading to increased activity

for 2 wt% Ag/Al, 03 in NOx reduction.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOy), as key precursors to pollutants, induce
the formation of acid rain, photochemical smog, and haze. Nowa-
days, diesel engine NOx after-treatment is one of the greatest
challenges in environmental protection. To this aim, different tech-
nologies have been developed, among which selective catalytic
reduction by hydrocarbons (HC-SCR) has been paid much atten-
tion in the past few decades, considering that the on-board diesel
or a fuel additive can be used as the reducing agent for NOx
removal, thus providing an opportunity for simplification of the
after-treatment system [1-4]. Previous studies have proved that
Ag/Al, 03 is one of the most promising catalysts for NOx reduction
by hydrocarbons [1-3,5-10]. At low temperatures, however, the
activity of Ag/Al,03 for HC-SCR is not sufficient for its commercial
usage in purification of diesel vehicle exhausts.
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The discovery of a promoting effect of hydrogen on the low-
temperature activity of Ag/Al,O3; catalysts by Satokawa et al.
[11,12] is undoubtedly a major breakthrough for HC-SCR. Since
then, many efforts have been devoted to understanding the “H,
effect” occurring during NOx reduction by lighter hydrocarbons
[13-17], higher hydrocarbons [18,19] and alcohols [20] over sil-
ver catalysts. At present, the origin of H, boosting behavior on the
low-temperature activity of Ag/Al,03 for NOx reduction by hydro-
carbons has not been revealed in full detail, while it is clear that
the presence of H, enhances the transformation of hydrocarbons
to partially oxidized species. These oxygenates have been proved
to be active intermediates for NOx reduction, leading to an increase
in the NOx conversion at low temperatures [15,21-23].

Water vapor is inevitably present in diesel engine exhausts and
thus the design of catalysts with high water tolerance is highly
desired. However, the influence of water vapor on HC-SCR pro-
cesses has attracted a limited number of investigations [24-26].
The water tolerance of the 2 wt% Ag/Al,03 catalyst for NOx reduc-
tion by different alkanes was studied by Shimizu et al. [24]. It was
found that the activity of Ag/Al, 03 for NOx reduction and its water
resistance were gradually increased with an increase in the carbon
number of alkanes. In the case of n-octane as a reductant, a signif-
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icant promotion effect on NOx conversion was induced by water
vapor addition, the occurrence of which possibly related to an inhi-
bition of the unselective oxidation of n-octane and a suppression
of poisoning by carboxylate and carbonate species. Over 1.2 wt%
Ag/Al, 03, a significant loss in NOx conversion induced by the pres-
ence of H,O0 was observed by Meunier et al. [25] during C3Hg-SCR.
As for C3Hg-SCR and H,-C3Hg-SCR over 5 wt% Ag/Al, 03, decreased
NOx conversion was also observed in the presence of water vapor
[27].

It is well-known that silver loading has a great influence on the
activity of Ag/Al,05 catalysts for NOx reduction by hydrocarbons
[28-30], and also for H,-assisted HC-SCR processes [31-33]. To the
best of our knowledge, however, there has been no study focusing
on the effect of silver loading on the water tolerance of Ag/Al,03
for Hy-assisted HC-SCR. Herein, it was found that silver loading
governs the water tolerance of Ag/Al, 05 for H,-C3Hg-SCR. Based on
a kinetic study and in situ DRIFTS measurements, the origin of the
water vapor effect on the pathway of H,-C3Hg-SCR was revealed.
This investigation could offer new insights into the design of silver
catalysts for HC-SCR with high water resistance.

2. Materials and methods
2.1. Catalyst preparation and characterization

A series of Ag/Al,03 catalysts with varying Ag loadings (1, 2,
4, and 6 wt%) were synthesized by an impregnation method, with
boehmite (SASOL, SB-1) and silver nitrate as the precursors. The
detailed information can be found in our previous studies [2,34].
All the samples presented here were calcined in air at 600 °C for
3 h. A pure Al,03 sample was also prepared by the same procedure,
with boehmite as the precursor.

The BET surface area measurements were carried out on a
Quantachrome Autosorb-1C instrument at —196 °C. X-ray powder
diffraction patterns were measured on a Rigaku D/max-RB X-ray
Diffractometer (Japan) with Cu Ko radiation (over the 26 range from
10° to 80°).

UV-vis spectra were collected with a UV-vis spectrophotome-
ter (Hitachi, U3100, Japan) within a range of 200-800 nm with a
resolution of 5nm, using Al,03 as reference to confirm the base-
line spectrum. XANES analyses of the Ag-K edges were performed
in transmission mode at the BL14W1 XAFS beam line at the Shang-
hai Synchrotron Radiation Facility (SSRF). The PE storage ring was
operated at 3.5 GeV with 200 mA as the average storage current.
Data were analyzed using the Athena program.

2.2. Catalyst activity studies

The catalytic measurements were performed in a fixed-bed
reactor, by stepwise increase of the temperature and measurement
after 30 min reaction at each temperature [35,36]. The feed compo-
sition included 800 ppm NO, 1714 ppm C3Hg, 1% H (if added), 10%
0,, 10% H,0 (if added) in N5 balance at a total flow of 1000 ml/min,
corresponding to a gas hourly space velocity (GHSV) of 100,000 h~!
(ca 0.3 g catalyst). The concentrations of NO, NO,, NH3, N,0, and
C3Hg were measured by an FTIR spectrometer (Nicolet Nexus is10).
Water vapor was supplied into the gas stream with a micro-
pump and further vaporized by an electric heater. To avoid water
condensation, the gas-filled tube and the gas cell of the FTIR spec-
trophotometer were heated to 120°C. NOx conversion and C3Hg
conversion were calculated as shown in the following equations,
respectively:

[Nolin + [NOZ]in — [Nolout — [NOZ]out
[No]in + [NOZ]in

NOx conversion = x 100%(1)

[C3H6]in — [C3H6]out

C3Hg conversion =
e [CsHglin

x 100% 2)

2.3. Kinetic studies

The apparent activation energy (Ea) and reaction order for NOx
reduction were measured in the fixed-bed reactor as described
above. To eliminate both internal diffusion and external mass trans-
fer resistances, corresponding experiments were performed with
results shown in Fig. S1 and Supplementary material. Based on
these results, samples with a particle size 0of 0.45-0.9 mm were used
for kinetic measurement. The value of GHSV was varied in the range
of 100,000-3,000,000 h~! in order to keep NOx conversion below
20%. Before kinetic measurements, all samples were pretreated in
10% O, /N, at 450°C for 30 min.

In agreement with previous studies [35,37], the reaction rate of
NOx conversion (—Rynpx) can be calculated from the kinetic data as
follows:

—Rnox (mol/mz/s) = Fnox x Xnox/ (W x S) (3)

where Fyoy is the molar flow rate of NOx (mol/s), Xnox is the con-
version of NOx, W is the weight of catalyst, and S is the BET surface
area. Based on the above results, the Arrhenius plots for NOx reduc-
tion under different conditions were drawn, and then the related
activation energies were calculated from the slope of the plots.

2.4. In situ DRIFTS studies

In situ DRIFTS experiments were performed on a Nicolet Nexus
FI-IR spectrometer (Nexus 670) with 30 scans at a resolution of
4cm~!, under a total gas flow rate of 300 ml/min. Water vapor (5%)
was supplied by passing the gas flow through a water bottle, with
the gas line heated to 120°C to avoid water condensation. Before
each measurement, the Ag/Al, 03 catalysts were pretreated in 10%
0, /N5 at 350°C for 0.5 h, which was followed by cooling down to
the desired temperature to measure a background spectrum.

2.5. DFT calculations

All DFT calculations were carried out by use of the CASTEP
package from Accelrys. The Perdew-Wang (PW91) functional of
the generalized gradient approximation (GGA) was used as the
exchange-correlation function. Convergence tests were done for
all initial parameters. The interaction between valence electrons
and the ionic core was described by an ultrasoft pseudopotential.
The vacuum gap was 20A to avoid inter-slab interactions in the
periodic systems. Calculations were carried out with a plane-wave
energy cutoff of 400eV. Based on our previous reports [38,39],
the dehydrated (100) and (110) surfaces of y-Al,03 were mod-
eled using a (2 x 2) supercells and four-layer-thick slabs, AlggO12¢
with surface area of 11.17 x 16.83 A2 and Alg4Ogg With surface area
of 16.83 x 16.14 A2, respectively. For the Ag/Al,03 (100) surface
(Ag-0-Alocta entities) and Ag/Al,03 (110) surface (Ag-O-Altetra
entities), the AgO units adsorbed on the Al,03 surfaces mentioned
above were established and relaxed (Fig. S2) [38]. To investigate
the effect of H,O on the adsorption of the adsorbates, the Ag/Al,03
surfaces were hydroxylated. The 120H-Ag/Al, 03 (100) surface and
200H-Ag/Al;03 (110) surface were established according to previ-
ous calculations [40], and the coverage of hydroxyl was calculated
to be 6.4 OHnm~2 and 7.4 OHnm™2, respectively. According to
our earlier convergence test, the Monkhorst-Pack k-point sets of
(2x1x1)and (1 x 1 x 1) were used for the Al,03 (100) and Al,03
(110) surfaces, respectively [38]. The top two layers and the adsor-
bents were fully relaxed, while the bottom two layers were fixed to
mimic the bulk region. The relaxed structures of the hydroxylated
Ag/Al, 03 slabs are shown in Fig. S3.
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Table 1
Structure parameters of Ag/Al, 03 catalysts with different silver loadings.

Sample BET surface area Pore volume Pore diameter
(m?/g) (cm?[g) (nm)

v-Al, 03 271.2 0.59 10.33

1wtk Ag/Al,03 2225 0.56 10.13

2wt% Ag/Al,03  220.8 0.55 9.91

4wt% Ag/Al,03  220.6 0.51 9.33

6wt% Ag/Al,03  214.7 0.48 8.99

Fig 1. The UV-vis spectra of Ag/Al,05 catalysts with different silver loadings.

The adsorption energies of the intermediates produced by par-
tial oxidation of C3Hg (HCOO~, CH,=CHO~, and CH3COO~) on the
Ag/Al,03 surface or the hydroxylated one were calculated as fol-
lows:

Ead = Eadsorbate+surface - (Esurface + Eadsorbate)v

where E.gsorbate+surface aNd Esyrface are the total energies of the
adsorbed system and alumina slab, respectively; and E,q reflects the
stability of the adsorbates on either the Ag/Al,03 or the hydroxy-
lated Ag/Al, O3 surface. Negative E,q values mean that the adsorbed
state is energetically favorable.

3. Results
3.1. Structural properties of Ag/Al,03 catalysts

As shown in Table 1, the Al,03 exhibited a BET surface area of
271.2m?/g. Compared with the pure Al,03, the Ag/Al, O3 catalysts
showed a decrease in surface area, particularly the catalysts with
high silver loading [34,35,41]. XRD patterns showed that only the
v-Al;03 phase was detected in all Ag/Al,05 catalysts, indicating
that Ag was dispersed well on the Al,03 (Fig. S4).

To investigate the state of silver supported on Al,03, UV-vis
analysis was performed, with results shown in Fig. 1. According to
the literature [4,18,42], the band located at 230 nm is attributed
to silver cations (Ag*) with high dispersion. The appearance of the
peak at 260 nm indicates that oxidized silver clusters (Ag,®*) are
present on the surface of Ag/Al,0s. In addition, peaks appearing at
290 and 350 nm can be assigned to metallic silver clusters (Agn°).
On the 1wt% and 2 wt% Ag/Al,03, notably, the band at 230 nm
exhibited the highest intensity, indicating that highly dispersed
silver ions were predominant. As for the samples with 4 wt% and
6 wt¥% silver loadings, however, the intensity of the band at 260 nm
was the highest, suggesting that the silver species were mainly

present as oxidized silver clusters. For these two samples, mean-
while, strong peaks at 350 nm were clearly observed, indicating the
existence of numerous metallic silver clusters [2,34,35].

To better understand the precise chemical state of supported
silver, the Ag-K XANES spectra of samples with different silver
loadings, Ag foil, and AgNO3 were investigated (Fig. S5). As shown
in Fig. S5A, the Ag/Al,03 catalysts showed Ag-K adsorption edge
energies similar to that of AgNOs3, while being higher than that
of Ag foil. The first-order derivative peak for 2 wt%, 4 wt%, 6 wt%
Ag/Al, 05 catalysts and AgNO3 appeared at 25517.5eV, 25516.4 eV,
25516.7 eV, and 25518.6 eV, respectively. In contrast, the corre-
sponding absorption edge energy for the Ag-K edge in Ag foil was
25514.4eV (Fig. S5B). These findings further confirm that silver
species were mainly present as oxidized silver on 2 wt% Ag/Al, 03,
while the silver species exhibited a partially metallic state on 4 wt%
and 6 wt% Ag/Al,05 [34].

3.2. Effect of H,0 on the deNOx activity of Ag/Al,03

Fig. 2 shows that the low-temperature activity of Ag/Al,03
for C3Hg-SCR can be promoted greatly by H, introduction. In the
absence of water vapor, it should be noted that the higher the sil-
ver loading, the better the low-temperature activity of Ag/Al,03
for Hy-assisted C3Hg-SCR (denoted as H,-C3Hg-SCR) is. During this
H,-C3Hg-SCR process, however, water vapor exhibits quite a dif-
ferent influence on NOx conversion, which is also closely related
to the silver loading. Over 1wt% Ag/Al,03, water vapor had lit-
tle influence on H-C3Hg-SCR at temperatures below 420 °C, while
further increasing the reaction temperature (>420 °C) significantly
lowered the NOx conversion. In the presence of Hs, the catalyst
with 2 wt¥% silver loading exhibited excellent activity for NOx con-
version, achieving 100% NOx conversion over a wide temperature
range of 295-530°C. What is more, this catalyst exhibited high
water resistance, particularly at low temperatures. Over this sam-
ple, indeed, one can easily find an enhancement of NOx conversion
at temperatures below 300°C. Compared with 2wt% Ag/Al,03,
the samples with silver loadings of 4 wt% and 6 wt% showed bet-
ter low-temperature activity for NOx reduction in the presence of
H,. However, their activity was severely suppressed by the intro-
duction of water vapor over the whole temperature range. In the
presence of water vapor, the 2 wt% Ag/Al,03 clearly exhibited the
highest activity for H,-C3Hg-SCR, indicating excellent water resis-
tance.

During the H;-C3Hg-SCR process, C3Hg conversion was also
measured, with results shown in Fig. 3. At temperatures below
400°C, the activity of 1wt% Ag/Al,03 for C3Hg conversion was
hardly changed by water introduction, while at high temperatures,
C3Hg conversion obviously decreased with the addition of water
vapor. Over the 2 wt% Ag/Al,03, the C3Hg conversion at low tem-
peratures was enhanced by the introduction of H,O. As for the 4 wt%
and 6 wt% Ag/Al, 03 samples, the presence of water vapor severely
suppressed C3Hg conversion in the whole temperature range.

Combining the results of Figs. 2 and 3, one can easily find that
over a given sample, the changes in NOx and C3Hg conversion
exhibit the same trend when water vapor is introduced, indicating
that C3Hg oxidation plays a crucial role in the reduction of NOx. To
further confirm such influence of water vapor on H,-assisted C3Hg-
SCR, a series of step-response experiments were carried out over
Ag/Al,;03, at the temperatures of 265°C and 400 °C, respectively
(Figs. 4 and S6). In these cases, the weight of sample employed
was varied in the range of 0.1-0.4 g in order to keep NOx conver-
sion below 90%. Over the sample with 2 wt¥% silver loading, the NOx
conversion at 265 °C was increased from 22% to 38% by the intro-
duction of water vapor, while it returned to 20% after the removal
of water vapor (Fig. 4A). During this process, meanwhile, the C3Hg
conversion showed the same trend as the NOx conversion, further
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Fig. 2. NOx conversions over (A) 1 wt% Ag/Al,0s, (B) 2 wt% Ag/Al,0s3, (C) 4 wt% Ag/Al,03, and (D) 6 wt% Ag/Al, 03 under different conditions: H,-C3Hg-SCR (M), H,-C3Hg-SCR
with H,0 (0), and C3Hg-SCR (@). Feed composition: 800 ppm NO, 1714 ppm C3Hg, 1% H, (when added), 10% H,0 (when added), 10% O3, N, balance. GHSV: 100,000 h-1.

confirming a crucial role of C3Hg partial oxidation in the reduction
of NOx. At the same reaction temperature, however, the activity of
4wt% Ag/Al,03 was suppressed severely by water vapor addition
(from 74% to 27%), accompanied by a significant loss in C3Hg con-
version (Fig. 4B). After the removal of water vapor, again, both the
NOx and C3Hg conversion was restored to the original levels. Even
at the temperature of 400 °C, the activity of 2 wt% Ag/Al, 03 for NOx
and C3Hg conversion was hardly affected by the addition of water
vapor (Fig. 4C), further confirming its excellent water tolerance. As
shown in Fig. S6, the performance of 1 wt% Ag/Al,03 for NOx and
C3Hg conversion was slightly enhanced by the addition of water
vapor, while the low-temperature activity of 6 wt% Ag/Al,03 was
severely suppressed (NOx conversion decreased from 55% to 15%).

3.3. Kinetic studies of Ag/Al;03 for H,-C3Hg-SCR

3.3.1. Apparent activation energy

Kinetics has been shown to be extremely valuable in providing
unique information on the understanding of catalytic reactions at a
molecularlevel [43], and much attention has been paid to the kinet-
ics of HC-SCR processes [13,24,27,29,31,35,37,41,44-55]. With this
in mind, we also carried out kinetic experiments to gain further
insights into the influence of water vapor in Hy-C3Hg-SCR over
Ag/Al, 05 catalysts.

Fig. 5 presents Arrhenius plots of the reaction rate for NOx con-
version over Ag/Al,03 samples with varying silver loadings. Based
on these results, the apparent activation energies (Ea) for NOx
conversion under the employed experimental conditions were cal-
culated, withresults listed in Table 2. Over all the Ag/Al, 03 samples,
the Ea values for the H,-C3Hg-SCR varied from 49.9 to 66.1 kJ/mol
(Fig. 5A and Table 2), consistent with the literature [13,31]. For a
given sample, introduction of water vapor induced a slight decrease
in the value of Ea (Fig. 5B and Table 2). The Ea for NOx reduc-
tion in the absence of H, was also measured over 2 wt% and 4 wt%
Ag/Al,05 (Fig. 5C). In this case, the presence of water vapor resulted
in an increase of ca. 40kJ/mol in the Ea value for NOx reduction.
Therefore, it can be speculated that water vapor did not change the
pathway of the H;-assisted C3Hg-SCR over Ag/Al,05 catalysts. To
further reveal the role of water vapor in H,-C3Hg-SCR, the following
studies focused on the 2 wt% and 4 wt% Ag/Al,03 catalysts.

3.3.2. Reaction order for NOx reduction

Fig. 6 and Table 3 show the dependence of the NOx conversion
rate on the concentrations of NO and C3Hg over Ag/Al,03 at 280°C.
Over 2 wt% Ag/Al,03, the empirical reaction order of NO for NOx
reduction in the presence of H, was 0.56. This result indicates a
possibility that the reaction rate is substantially controlled by the
surface reaction [1-3,5]. Over this catalyst, introduction of water
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Fig. 3. C3Hg conversions over (A) 1 wt% Ag/Al,0s, (B) 2 wt% Ag/Al, 05, (C) 4 wt% Ag/Al, 03, and (D) 6 wt% Ag/Al, 05 under different conditions: H,-C3Hg-SCR (M), H,-C3Hg-SCR
with water (O), and C3Hg-SCR (®). The feed composition was the same as Fig. 2.

Table 2
Apparent activation energy (Ea) for NOx conversion over Ag/Al,0s.
Sample Activation energy (kJ/mol) Reductant Ref.
0% H,0 10% H,0
1wt% Ag/Al, 03 499 46.1 H,+C3Hg This work
2 wt% Ag/Al,03 62.3 60.2 H,+C3Hg This work
741 115.4 C3Hg This work
4wt% Ag/Al, 03 66.1 61.6 H,+C3Hg This work
80.3 122.8 C3Hg This work
6 wt% Ag/Al, 03 60.4 55.6 H,+C3Hg This work
2wt% Ag/Al,03 61 H,+C3Hs [13]
224 C3Hg [13]
2.2 wt% Ag/Al, 03 26 H,+C3Hg [31]
105 CsHs [31]

Table 3

Reaction orders for NOx conversion over Ag/Al,0s3.

H,-C3Hg-SCR H,0-H,-C3Hg-SCR

2 wt% Ag/Al, 03 4wt% Ag/Al,03 2 wt% Ag/Al, 05 4wt% Ag/Al,03
Order in NO? 0.56 0.72 0.40 0.65
Order in C3Hg" —0.62 0.56 0.73 0.73

2 NO concentration range is 200 ppm to 1000 ppm.
b C3Hg concentration range is 800 ppm to 2000 ppm.

vapor slightly decreased the reaction order of NO to 0.40. As for the
4 wt% Ag/Al, 03, the effect of water vapor on the NO reaction order
was marginal, giving the value of 0.72 under water-free conditions

and 0.65 in the presence of moisture. As shown in Fig. 6B, surpris-
ingly, the addition of water vapor increased the C3Hg reaction order
from a negative value (—0.62) to a positive value (0.73) over 2 wt%
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Fig. 4. Step-response experiment over (A) 2 wt% Ag/Al,03 at a GHSV = 100,000 (weight of catalyst=0.3 g), (B) 4 wt% Ag/Al,03 at a GHSV =300,000 (weight of catalyst=0.1g)
at 265°C, and (C) 2 wt% Ag/Al,03 at a GHSV =300,000 (weight of catalyst=0.1g) at 400 °C in the fixed-bed reactor. Feed composition: NO 800 ppm, C3Hg 1714 ppm, H; 1%,

0, 10%, H,0 10% (when added), N, balance.

Ag/Al,03. This result indicates that under water-free conditions,
the reaction rate for NOx conversion decreased with increasing
C3Hg concentration, while this apparent poisoning effect was over-
come by the introduction of water vapor, further confirming the
enhancement effect of water vapor on NOx conversion (Fig. 2B)
and C3Hg conversion (Fig. 3B). Over 4 wt% Ag/Al,03, however, the
reaction order of C3Hg was slightly increased by the addition of
water vapor (from 0.56 to 0.73), indicating that the surface reaction
involved in C3Hg oxidation was retarded by water vapor, which was
also in agreement with the results of activity testing (Fig. 3C).

The results of kinetic studies show that the introduction of
water vapor does not change the apparent activation energy of
NOx reductionin Hy-assisted C3Hg-SCR, indicating that the reaction
pathway for NOx reduction remains the same over 2 wt% and 4 wt%
Ag/Al,03.0ver the two catalysts, however, the effect of water vapor
on the C3Hg reaction order was distinctly different. This result pos-
sibly suggests that the adsorption and activation of C3Hg are closely
related to water vapor. To highlight this issue, further in situ DRIFTS
measurements were performed, as presented in the next section.

3.4. In situ DRIFTS studies for NOx reduction by C3Hg

3.4.1. Influence of H,0 on the partial oxidation of C3Hg
Generally, the process of HC-SCR over Ag/Al,03 begins with
the partial oxidation of hydrocarbons to produce reactive species

[1,15,21,56]. Therefore, the in situ DRIFTS of 2 wt% Ag/Al,03 dur-
ing exposure to Hy+C3Hg+0, was measured first, with the results
shown in Fig. 7. In this case, characteristic peaks due to sur-
face species originating from the partial oxidation of C3Hg were
observed at the temperature of 150°C (Fig. 7A). The peaks at
1591, 1394, and 1375 cm~! are assigned to adsorbed formate [20].
The appearance of peaks at 1576 and 1458 cm~! indicates the
formation of adsorbed acetates [18,22,29,57]. According to previ-
ous research works [35,41,58,59], the shoulder peak appearing at
1633 cm! can be attributed to adsorbed enolic species. Keeping
the structural features of surface enolates (C=C—0~) in mind, there
should be two other characteristic vibration frequencies, located
at around 1416 and 1336 cm~!. However, the low concentration
of enolic species derived from the partial oxidation of C3Hg might
explain the absence of the two peaks. In addition, a shoulder peak
at 1669 cm~! assignable to adsorbed acetone was observed over
Ag/Al;,05 [20,60].

If the reaction time is taken into account, one can easily find that
formate was preferentially formed or was stable on the surface of
catalysts: 1) it appeared first in the initial stage of partial oxidation
of C3Hg; and 2) the high-frequency peak (1591 cm~1) assignable
to formate species always exhibited the strongest intensity. It was
only after 50 min of exposure to H,+C3Hg+0, that the character-
istic peak (1633 cm~') of enolic species appeared, indicative of its
instability.



66 G. Xu et al. / Applied Catalysis B: Environmental 207 (2017) 60-71

Fig. 5. Arrhenius plots for the rate of NOx conversion over Ag/Al,03 catalysts in different conditions (A) H,-C3Hg-SCR without water vapor, (B) H,-C3Hg-SCR with water
vapor, and (C) C3Hg-SCR with or without water vapor. Feed composition: 800 ppm NO, 1714 ppm C3Hg, 10% O3, 1% H, (when added), 10% H,O (when added), and N, balance.
GHSV: varying in the range of 100,000-3,000,000 h-' in order to obtain NOx conversion below 20%.

Fig. 6. Reaction rates of NOx conversion as a function of (A) NO and (B) C3He concentration over Ag/Al,03 at 280°C.
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Under the same gas feed conditions, the in situ DRIFTS spectra
of 2 wt% Ag/Al, 03 was further measured at elevated temperatures
(Fig. 7B). As temperature increased, the intensities of peaks due
to formate significantly decreased, and disappeared at tempera-

1900 1800 1700 1600 1500 1400 1300
-1
Wavenumbers (cm )

during the oxidation of C3Hg in the presence of H, at 150 °C (A). In situ DRIFTS spectra
flow of C3Hg +H, + O, at different temperatures. Feed composition: C3Hg 1714 ppm,

tures above 250 °C. In contrast, the intensity of peaks due to acetate
species distinctly increased, becoming predominant at tempera-
tures above 250 °C. The peak at 1633 cm~! increased in intensity as
temperature increased from 150 °Cto 250 °C, indicating an increase
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Fig. 8. Dynamic changes of in situ DRIFTS spectra of adsorbed species over 2 wt% Ag/Al,03 as a function of time in a flow of H,O+H; + C3Hg + 0, at 265°C (A), and (B) the
integrated areas of the peaks due to formate (1591 cm~'), acetate (1458 cm~'), and enolic species (1633 cm~") in the case of (A). Before measurement, the catalyst was
pre-exposed to a flow of H, + C3Hg + O3 for 30 min at 265 °C. Feed composition: C3Hg 1714 ppm, H, 1%, O, 10%, H,0 5% (when added), N, balance.

in the concentration of surface enolic species. This increase was
accompanied by the appearance of low-frequency bands at 1412
and 1336 cm~! due to the enolic species. Raising the reaction tem-
perature further lowered the concentration of enolic species over
2wtk Ag/A1203

The same set of DRIFTS measurements was also carried out over
4 wt% Ag/Al, 03, with the results shown in Fig. 7C. Notably, the char-
acteristic peaks assignable to formate were hardly observed, while
those of acetate (1576 and 1458cm~!) were predominant over
the whole temperature range. Characteristic frequencies of eno-
lic species were clearly observed at 1633, 1412, and 1336cm™! at
temperatures between 150 °C and 200 °C. Within this temperature
range, meanwhile, the highest-frequency peak of the enolic species
exhibited much stronger intensity compared with the results pre-
sented in Fig. 7B.

The effect of moisture content on the partial oxidation of C3Hg
over 2 wt% Ag/Al,03 was further studied by in situ DRIFTS at 265 °C
(Fig. 8A). In order to clarify the dynamic change of surface inter-
mediates induced by the introduction of water vapor, the spectra
(Fig. 8A) in the range of 1200-1800cm~! were then fitted and
deconvoluted to the constituent peaks (with typical results pre-
sented in Fig. S7). The integrated areas of peaks at 1591 cm™!
(for formate), 1458 cm~! (for acetate), and 1633 cm~! (for eno-
lic species) are plotted as a function of time-on-stream (Fig. 8B).
As can be seen from Fig. 8A, after exposure of 2wt% Ag/Al,03
to a gas mixture of Hy + C3Hg + 0, for 30 min, strong peaks due
to formate (1591 cm~!) and acetate (1458 and 1576cm~!) were
observed, along with the generation of enolic species (1633 cm~1).
The addition of water vapor significantly decreased the intensity of
the peaks due to formate in the first 2 min, followed by more grad-
ual decrease (Fig. 8B). As the concentration of formate decreased,
the intensity of enolic species was slightly increased in the initial
1 min of water introduction, and then decreased slowly. During the
entire process of water addition, meanwhile, a monotonic increase
in the intensity of acetate was observed over 2 wt% Ag/Al,0s.

3.4.2. Influence of H;0 on H,-C3Hg-SCR over Ag/Al;03

Over the 2 wt% Ag/Al, 03, the kinetic study (Fig. 6 and Table 3)
showed that the reaction order of C3Hg for Hp-C3Hg-SCR was
—0.62, indicating that certain products derived from C3Hg par-
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Fig. 9. DRIFTS spectra of adsorbed species during H,-C3Hg-SCR with varying CsHg
concentration over 2 wt% Ag/Al,05 at steady state at 265 °C. Feed composition: NO
800 ppm, C3Hg from 429 to 1714 ppm, H, 1%, O, 10%, H,0 5% (when added), N,
balance.

tial oxidation inhibited the reduction of NOx. To highlight this
issue, an in situ DRIFTS experiment was carried out under Hs-
C3Hg-SCR conditions while increasing the concentration of C3Hg
from 429 ppm to 1714 ppm (Fig. 9). As the C3Hg concentration
increased, notably, the intensities of the peaks due to formate
(1591, 1392, and 1375 cm™1!) distinctly increased, indicating that
the formate coverage strongly depended on the C3Hg concentra-
tion. During this process, increased intensities of peaks assignable
to acetate (1458 cm~') and enolic species (1633 cm~!) were also
observed, while their intensities, particularly for the acetate, were
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much lower than that of formate. Also, —NCO (2233 cm~'), mon-
odentate nitrate (1560-1543 cm~!), and isolated bidentate nitrate
(1300cm~1) were observed [2,15,61]. It has been widely accepted
that the —NCO species, derived from the reaction between adsorbed
nitrates and oxygenated HC species (including enolic species and
acetate), is a key intermediate in the HC-SCR of NOx over Ag/Al,03
[1,2,62]. The —NCO species shows high reactivity toward NO+0O,
to produce N, the appearance of which thus indicates that the
global NOx reduction process has occurred. An increased intensity
of —NCO species was observed after water vapor was introduced
into the gas mixture, indicative of the enhancement for NOx reduc-
tion, which was in agreement with the activity result (Fig. 4).

Over Ag/Al,0s3, our previous study [20] showed that C3Hg was
more efficient for NOx reduction than CH4. Formate, as the main
product of partial oxidation of CHy4, exhibited low reactivity toward
NO + 05 to produce —NCO, finally leading to a low deNOx activity
for CH4 over Ag/Al,03.The acetate and enolic species exhibit higher
activity, thus playing an important role in C3Hg-SCR and H,-C3Hg-
SCR, respectively [20]. With this in mind, it is clear that formate
acts as a spectator in Hy-C3Hg-SCR, accumulating severely on the
reaction sites of 2 wt% Ag/Al,03 and inhibiting the adsorption and
subsequent activation of other reactants, thus contributing to a neg-
ative reaction order of C3Hg for NOx reduction. Addition of water
vapor significantly decreased the formate coverage on the surface
of the silver catalyst, giving more sites available for other active
intermediates, and thus increased SCR activity. Similarly, a nega-
tive reaction order of NO (—2.53) for C3Hg-SCR was observed by
Shimizu et al. [13], the occurrence of which was induced by nitrate
coverage on the surface of Ag/Al, O3. Further research indicated that
addition of hydrogen was effective in decreasing nitrate coverage,
leading to a positive value of NO reaction order (0.49).

AsshowninFig. 8A, formate, acetate and enolic species adsorbed
on the surface of 2 wt% Ag/Al,03 were produced by the partial oxi-
dation of C3Hg. The produced enolic species and acetate exhibit
high activity towards NO+0O,, leaving the inert formate on the sur-
face of the silver catalyst. As a result, formate was predominant
during the H,-C3Hg-SCR process (Fig. 9). Introduction of water
vapor into H, + C3Hg + O, enhanced the generation of enolic species
and acetate (Fig. 8A and B). The enolic species was clearly observed
during H,-C3Hg-SCR over 2 wt% Ag/Al, 03, while the acetate exhib-
ited a low concentration (Fig. 9). Introduction of water vapor into
the gas feed of H,-C3Hg-SCR significantly decreased the intensity of
enolic species, whereas it hardly changed the surface concentration
of acetate. During the H,-C3Hg-SCR over 2 wt% Ag/Al,03, activ-
ity measurement showed that water vapor introduction promoted
NOx and C3Hg conversion (Fig. 4A). As a result, it can be con-
cluded that the decrease of enolic species concentration induced
by the introduction of water vapor into the Hy-C3Hg-SCR system
was derived from accelerated consumption of enolic species. This
result, in turn, suggests that the pathway involving the generation
of enolic species and its further transformation plays a crucial role
in the H,-C3Hg-SCR process over 2 wt% Ag/Al,0s3, particularly at
low temperatures.

3.5. DFT calculations

Kinetic studies and in situ DRIFTS measurements confirmed that
water vapor significantly changed the behaviors of surface formate,
acetate, and enolic species, thus contributing to the activity of 2 wt%
Ag/Al, 03 for H,-C3Hg-SCR. To highlight this issue, the adsorption
of these species on a Ag/Al, 03 slab and hydroxylated Ag/Al,05 slab
was calculated. Over this catalyst, UV-vis spectra clearly showed
that the silver cations were predominant. According to our previous
NMR and DFT calculations, silver ions over 2 wt% Ag/Al, 03 might be
bound on tetra- and octa-coordinate Al sites, forming Ag-O-Alocta

(on Ag/Al;03 (100) surface) and Ag—O-Alerra (on Ag/Al;,03 (110)
surface) entities. As a result, periodic models of Ag/Al,03 catalysts
and their hydroxylated counterparts containing these two struc-
tural features were established (Fig. S2). Over Ag/Al,0s, in situ
DRIFTS and the corresponding calculation results confirmed that
the enolic species was preferentially linked with Ag sites, while the
acetate tended to adsorb on Al sites [35]. Over pure Al, 03, the par-
tial oxidation of C3Hg in the presence of H, was also measured by
insitu DRIFTS, with the results shown in Fig. S8. In this case, it should
be noted that the formate exhibits the same characteristic fre-
quencies peaks as those on Ag/Al, 03, strongly suggesting that the
formate is preferentially linked with Al sites. Keeping such intrinsic
properties in mind, periodic models for the adsorbed enolic species,
acetate, and formate on the Ag/Al, 03 surface were established and
the relaxed structures are shown in Figs. S9-S11, respectively.

The DFT-calculated adsorption energies are summarized in
Table 4. All of the adsorption energies had negative values, which
indicates that the surface has a strong affinity for the formate,
acetate, and enolic species. For the dehydrated Ag/Al,03 surface,
the adsorption energies of formate, acetate, and enolic species on
the Ag/Al;03 (110) surface are more negative than on the Ag/Al,;03
(100) surface, which indicates that these species are preferentially
adsorbed on the (110) surface. Previous theoretical calculations
and experimental results showed that the (110) surface predomi-
nates on y-Al, 03, with about 70% of the total area, followed by the
(100) surface (~20%) [63,64]. The adsorption energies of formate
(—2.84eV)and acetate (—3.09 eV) were significantly more negative
than that of the enolic species (—1.99 eV), meaning that formate
and acetate are more easily formed on the (110) surface, which is
consistent with the results of DRIFTS.

On the hydroxylated Ag/Al,O3 (110) surface, the values of
adsorption energies for all of the three species became less negative
compared to those on the dehydrated Ag/Al,03 surface, meaning
the adsorption of these species will be weakened. Such weaken-
ing was consistent with a final decreased intensity of IR adsorption
bands assignable to the formate and enolic species derived from
water vapor addition (Fig. 8). For the acetate species adsorbed on
the hydroxylated Ag/Al,03 (110) surface, the 55% weakening of
the adsorption energy seems contradictory with the increase of
the integrated areas of the IR peak induced by water introduction.
On the Ag/Al,03 (100) surface, however, the presence of hydroxyl
groups leads to an obvious strengthening (42%) of the adsorp-
tion energy of acetate. These results suggest that the adsorption
of acetate on the (100) surface is much more favorable than that on
the (110) surface in the presence of hydroxyl groups. As a result,
it is reasonable that the amount of acetate was increased in the
presence of moisture. As can be seen from Table 4, also, the adsorp-
tion energy for formate on the (100) surface is more negative in the
presence of hydroxyl, whereas the adsorption of formate (—3.70 eV)
is still weaker than that of acetate (—3.84 eV). This means that the
adsorption of formate is more difficult on the (100) surface con-
sidering its competitive adsorption with acetate for the same Al
sites.

During the partial oxidation of C3Hg over 2 wt% Ag/Al, 05 (Fig. 8),
it should be noted that an increased intensity of enolic species
was clearly observed in the initial stage of water introduction,
followed by a slow decrease. After 5min of water addition, the
concentration of enolic species was lower than that under water-
free condition. Such dynamic behavior of enolic species triggered
by water vapor addition can be explained as follows. As shown
in Fig. S8 and S10, although the enolic species and formate were
adsorbed on different sites (the enolic species was bound on Ag
sites while the formate adsorbed on Al sites), a high concentration
of formate would result in a strong steric effect on the adsorption
of enolic species. This steric effect would occur during the partial
oxidation of C3Hg without water vapor. Introduction of water vapor
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Table 4
DFT-calculated adsorption energies.

Model adsorption energy (eV)

HCOO~ CH,=CHO~ CH5C00~
Ag/Al;,05(110) -2.84 -1.99 -3.09
200H-Ag/Al;05(110) —1.62 (—43%) —1.40 (-30%) —1.39 (-55%)
Ag/Al,05(100) -2.78 -1.95 -2.71
120H-Ag/Al,05(100) —3.70 (33%) —1.86 (—4%) —3.84 (42%)

The number in brackets is the change percentage.

Scheme 1. Proposed interpretation of water influence on the H, assisted C3Hg-SCR over Ag/Al,0s.

significantly decreased the concentration of formate over Ag/Al, O3,
reducing the steric effect and enabling more silver sites to be avail-
able for enolic species. As a result, an increased intensity of enolic
species appeared in the initial stage of water introduction. On the
other hand, water vapor addition induced hydroxylation of the
Ag/Al, 05 surface, the occurrence of which decreases the adsorption
energy of enolic species. Thus, it is reasonable that the concen-
tration of surface enolic species in the final stage of water vapor
addition was lower than that under water-free conditions.

4. Discussion

Over the 4 wt% Ag/Al, 05 catalyst, DRIFTS and GC-MS measure-
ments revealed that the enolic species produced by the partial
oxidation of C3Hg in the presence of Hy showed high activity for
reaction with NO+0, to form N5, which can be considered to occur
as follows: C3Hg +Hy +NO + 0, — ad-NOx + enolic species (acetate
also formed)— R—ONO+R—NO, ——NCO+—CN—N, [15,20].
During this process, acetate was also produced, which exhibited a
lower activity than enolic species; thus the pathway involving the
generation of enolic species and their further reaction governs the
H,-C3Hg-SCR process, particularly in the low temperature region.
Over 2 wt% Ag/Al; 03, the kinetic studies presented here show that
the apparent activation energy for NOx reduction was almost the
same as that obtained with 4 wt% Ag/Al, O3, indicative of a similar
pathway of NOx reduction (Scheme 1). Over 2wt% Ag/Al,03,
formate also formed during the partial oxidation of C3Hg, while
this species exhibited low activity toward NO+0O,. During H,-C3Hg-
SCR, the produced enolic species and acetate were consumed by
reaction with NO+0O, (and/or surface nitrates), while the formate
tended to accumulate seriously, thus exhibiting a poisoning effect
on the reduction of NOx over 2 wt% Ag/Al,0s3. The introduction of
water vapor into the H,-C3Hg-SCR system decreased the formate
coverage, leaving more sites for the generation of active species
(including enolic species and acetates) and also for their further
reaction. As a result, the NOx reduction was promoted by water
vapor addition over 2 wt% Ag/Al,03, which was confirmed by the
kinetic studies and in situ DRIFTS measurements.

UV-vis analysis revealed that silver cations (Ag*), oxidized silver
clusters (Agn®*), and metallic silver clusters (Ag,?) were present

on the surface of Ag/Al,05. As for the process of HC-SCR taking
place over Ag/Al,0s, the oxidized silver species (Ag" and Ag,®*)
contributed to partial oxidation of the reductant, thus serving as
the active sites for NOx reduction. The metallic silver entities were
often present on Ag/Al,03 with high silver content, promoting the
complete oxidation of reductant to produce CO, [1,2,33,37]. As for
2wt% Ag/Al,03, oxidized silver species were predominant while
the metallic entities exhibited a low proportion, thus the transfor-
mation of formate to CO, was difficult at low temperatures during
the H,-C3Hg-SCR. An increase in metallic silver clusters was clearly
observed over 4 wt% Ag/Al,0Os3. This means that the 4 wt% Ag/Al,03
had stronger oxidizing ability than the catalyst with 2 wt% Ag load-
ing, accelerating the decomposition of formate so that this inert
species was hardly observed over the whole temperature region in
the process of NOx reduction.

Water adsorption is inevitable on oxide surfaces, serving as a
promoter/reactant or as an inhibitor in a given reaction taking place
over oxide surfaces. Just by tuning the loading of silver, interest-
ingly, quite opposite effects of water vapor were clearly observed
over Ag/Al, 03 catalysts for Hy-C3Hg-SCR. As for the water-gas shift
reaction, molecular water would react with the key intermediate of
surface formate to produce CO;, and H; [65], which is quite different
from our result. The theoretical calculation presented here shows
that the presence of water can weaken the interactions between
the Ag/Al,03 surface and the spectator species formate, thus more
surface sites become available for the formation of active interme-
diates such as acetate.

Over Ag/Al,05 catalysts, it has been suggested that the addi-
tion of H, enhanced activation of O, to active oxygen species (e.g.
0,~ and OOH species), and then benefited the partial oxidation of
hydrocarbons and NOx reduction [21,66]. In our case, it is possible
that the active oxygen species mentioned above would be produced
during the H,-C3Hg-SCR. On an oxide surface such as the Al; 03 sur-
face, meanwhile, dissociative adsorption of H,O molecules often
occurs, providing an efficient pathway for the regeneration of active
oxygen species [40]. With this in mind, the presence of water vapor
also gives the possibility for the promotion of the H,-C3Hg-SCR
process, by regeneration of active oxygen species produced by O,
activation.
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5. Conclusion

Oxidized silver species contributed to the partial oxidation of
C3Hg, also serving as the active sites for Hy-assisted C3Hg-SCR over
Ag/Al, 03, while metallic silver clusters exhibited strong oxidiz-
ing properties and thus promoted the complete oxidation of the
reductant to produce CO,. Over 2wt% Ag/Al,03, oxidized silver
species were predominant, with a small fraction of metallic silver.
As aresult, the 2 wt% Ag/Al,03 was highly active for H,-C3Hg-SCR,
whereas it was inactive for the low-temperature transformation of
inert formate to CO; in the absence of water vapor. In this case, a
serious accumulation of formate thus induced a poisoning effect for
NOx conversion over 2 wt% Ag/Al,03, the occurrence of which was
confirmed by in situ DRIFTS and kinetic studies. In situ DRIFTS and
DFT calculation studies further revealed that the water molecule
may serve as a scavenger of inert formate; its addition therefore sig-
nificantly decreased the formate coverage, giving more surface sites
available for the generation of active enolic species and acetates,
finally leading to an increase in the low-temperature activity of
2 wt% Ag/Al,03 for H,-C3Hg-SCR.
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