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a b s t r a c t

Alumina-supported silver (Ag/Al2O3) catalysts with different silver loadings were investigated for the
selective catalytic reduction of NOx by ethanol. The catalytic role of silver in the formation of enolic
species was studied by ultraviolet–visible spectroscopy, diffuse reflectance infrared Fourier transform
spectroscopy combined with mass spectrometry, density functional theory calculations, and kinetic
measurements. It was found that the enolic species originating from the partial oxidation of ethanol over
Ag/Al2O3 prefer to adsorb on or close to silver sites, in intimate contact with the active phase. This adsorp-
tion behavior of this enolic species contributes to its high activity for the formation of isocyanate species
(ANCO) and the final product N2 during the NOx reduction by ethanol over Ag/Al2O3. Surface acetate also
formed during this process, while only interacting with Al sites, resulting in a lower activity for ANCO
formation. Meanwhile, the mechanism of the NOx reduction by ethanol was discussed.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Selective catalytic reduction (SCR) of NOx in the oxygen-rich ex-
haust emission from lean burning engines remains one of the ma-
jor challenges for environmental catalysis. Since the pioneering
work of Iwamoto et al. [1] and Held et al. [2], many catalysts such
as zeolitic oxide, base oxide/metal and noble metal catalysts have
been found to be effective for the SCR of NOx by hydrocarbons
(HCASCR) in the presence of excess oxygen [3–11]. Among them,
Ag/Al2O3 is known as one of the most effective catalysts for
HCASCR [4–5,11–22]. When using oxygenated hydrocarbons as
reductants, particularly ethanol, Ag/Al2O3 shows high activity even
in the presence of SO2 and H2O [23].

To improve the overall performance of Ag/Al2O3 for NOx
reduction, much effort has been devoted to gaining insight into
the reaction mechanism. Generally, the SCR of NOx by ethanol
can be considered as follows: NO + O2 + C2H5OH ? NOx (adsorbed
nitrate in particular) + ad-CxHyOz ? RAONO + RANO2 ? ANCO +
ACN ? N2 [13,14,18–20,24–26]. Nevertheless, many questions
remain regarding the details of this multi-step process. It has been
proposed that acetate derived from the partial oxidation of ethanol
plays a crucial role in the formation of isocyanate species (ANCO),
as well as in the global NOx reduction process [4,18,20,25]. From
our previous research, large amounts of surface enolic species were
observed by in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) during both the partial oxidation of ethanol
ll rights reserved.
and reduction of NOx with ethanol over Ag/Al2O3, which was
further confirmed by density functional theory (DFT) calculations
[5,27–29]. The formation of adsorbed enolic species on the
Ag/Al2O3 surface has been proposed as following: ethanol
principally reacts with oxygen to form acetaldehyde, which is fol-
lowed by isomerization to ethenol. Additionally, an enolic anion
(CH2@CHAO�)AM+ is formed by hydrogen extraction when ethe-
nol is adsorbed on the surface of Ag/Al2O3. Meanwhile, the possible
occurrence of aldol condensation of acetaldehyde may lead to the
formation of C4 enolic species as shown in Scheme 1 [29]. The sur-
face enolic species exhibited much higher activity in reaction with
nitrate and/or NO + O2 to form ANCO species than that of acetate,
demonstrating its crucial role in the SCR of NOx by ethanol. More
recently, the enolic species was also clearly observed by Kim
et al. [30] and found to contribute to the reduction of NOx by eth-
anol over Ag/Al2O3. Previous research further identified that enolic
species also play a key role in the reduction of NOx by other alco-
hols (1-propanol, isopropyl alcohol, 1-butanol, sec-butyl alcohol,
and isobutyl alcohol) over Ag/Al2O3 [31–34], acetaldehyde over
both Ag/Al2O3 [27] and Co/Al2O3 [35], and acetylene over ZSM-5
[36]. Interestingly, substantial quantities of enols in the gas phase
have been observed by photoionization mass spectrometry during
the combustion of hydrocarbons [37]. The above results strongly
suggest that adsorbed enolic species and/or enols in the gas phase
are common intermediates involved in the partial oxidation of
hydrocarbons, oxygenated hydrocarbons, and NOx reduction.
Based on this, a new mechanism via enolic species formation fol-
lowed by transformation to ANCO species has been proposed for
the reduction of NOx by alcohols such as ethanol, which can be
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Scheme 1. The pathway for the surface enolic species formation during the partial oxidation of ethanol on Ag/Al2O3.
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simply described as: NO + O2 + C2H5OH ? NOx (nitrate in particu-
lar) + CxHyOz (enolic species in particular) ? RANO2 + RAONO ?
ANCO + ACN ? N2 [5,28,31,34,38]. This mechanism successfully
explained the higher efficiency for the SCR of NOx by ethanol if
compared with the reduction of NOx by propene or methanol over
Ag/Al2O3 [28,32]. This mechanism also explained the differing
influence of water vapor on the SCR of NOx by ethanol or by pro-
pene, which has confused us for a long time [5].

Meanwhile, many studies focused on the relationship between
the structural features of Ag/Al2O3 catalysts and their catalytic
activity for the SCR of NOx. It is widely accepted that NOx
reduction is strongly correlated to silver loading. Structural
characterization, particularly by Ultraviolet–visible spectroscopy
(UV–vis), X-ray adsorption spectroscopy (XAS), and X-ray photo-
electron spectroscopy (XPS) measurements, identified that oxi-
dized silver was predominant on Ag/Al2O3 catalysts with
moderate silver loading, whereas metallic silver clusters (Ag0

n)
became dominant on high-silver content alumina catalysts
[21,30,39–44]. Generally, oxidized silver present as isolated Ag+

cations and/or oxidized silver clusters (Agdþ
n ) on the Al2O3 surface

are responsible for the HCASCR reaction, while metallic silver clus-
ters are responsible for the direct combustion of hydrocarbons at
the expense of NOx reduction [27,40–45]. More recently, Nam
and co-workers [22,30] proposed that Ag+ and Agdþ

n are active for
the reduction of NOx by diesel fuel–ethanol mixtures and n-dode-
cane, while metallic Ag is responsible for the partial oxidation of
hydrocarbons, which promotes the initiation of the HCASCR pro-
cess in the low temperature range. This result indicates that an
optimal ionic/metallic ratio of Ag species on Al2O3 surface is prob-
ably needed, which is in agreement with the result of Pârvulescu
et al. [21].

On a detailed mechanistic level, the role of silver species in the
HCASCR of NOx over Ag/Al2O3 was mainly attributed to enhance-
ment of the partial oxidation of reductants to form active species,
promotion of the formation of key intermediates such as ANCO,
and their further reaction to produce N2 [5,23,27,46]. As described
above, the enolic species adsorbed on the Ag/Al2O3 surface plays a
crucial role in the SCR of NOx by ethanol. Furthermore, the forma-
tion of enolic species is the main reason why the activity of Ag/
Al2O3 for the reduction of NOx by propene is higher than that of
the Cu/Al2O3 [38], indicating that silver could play a key role in
the formation of enolic species. Up to now, however, there is little
information focusing on this point.

In this paper, the catalytic role of silver in the formation and
reactivity of enolic species during the SCR of NOx by ethanol on
Ag/Al2O3 with different Ag loadings were studied by kinetic mea-
surements, in situ DRIFTS and DFT calculations. It was found that
the enolic species selectively adsorbed on or close to silver sites,
while surface acetate was prone to adsorb on Al sites, which may
account for their different activity and role in the reduction of
NOx by ethanol over Ag/Al2O3.
2. Experimental

2.1. Catalysts preparation and characterization

As described in our earlier paper [5], Ag/Al2O3 catalysts with
different loadings (2, 4, and 8 wt%) were prepared by an impregna-
tion method, immersing boehmite into an aqueous solution of sil-
ver nitrate. After impregnation, the excess water was removed in a
rotary evaporator at 333 K. And then the sample was calcined in air
at 873 K for 3 h. The treatment method for pure c-Al2O3 material
was similar to that of the Ag/Al2O3 catalysts. To remove the metal-
lic silver clusters and weakly bound silver species, the 4 wt% Ag/
Al2O3 was immersed in 10% HNO3 for 10 h, which was followed
by calcination at 723 K and 873 K for 3 h in N2 (denoted as 4wt%
Ag/Al2O3-L thereafter) [43]. The real content of Ag in the parent
and leached samples was measured by ICP analysis (Plasma Quad
3, VG Co., England).

UV–vis diffuse reflectance spectra were collected at room tem-
perature in air with BaSO4 as a reference (U-3100 UV–vis spectro-
photometer, Hitachi Co., Japan). All spectra were measured in the
range of 190–820 nm with a resolution of 2 nm. Considering that
the Al2O3 support exhibited strong absorbance below 300 nm
[44], the spectrum of bare alumina was subtracted from the spec-
tra of Ag/Al2O3 catalysts to better understand the UV–vis results
[30].
2.2. Reaction rate measurements

The kinetic measurements were carried out in a fixed-bed reac-
tor by passing a gaseous mixture of NO (800 ppm), C2H5OH
(1565 ppm), water vapor (10%), and O2 (10%) in N2 balance at a to-
tal flow rate of 1000 mL min�1 (GHSV = 300,000 h�1). An aqueous
C2H5OH solution was supplied into the gas stream with a micro-
pump and vaporized by a coiled heater at the inlet of the reactor.
The concentrations of NO and NO2 in the inlet and outlet gases
were analyzed online by an FTIR spectrometer (Nicolet Nexus
is10) equipped with a gas cell of volume 0.2 dm3. In this case,
the gas cell of the FTIR spectrophotometer and the gas line after
the reactor were heated to 120 �C to avoid water condensation.
The spectra were collected with a resolution of 0.5 cm�1 and with
an accumulation of 16 scans when the SCR process reached a stea-
dy state (after reaching the desired temperature for 60–120 min).
The tests were carried out three times for each case under the same
conditions. To realize a differential reactor assumption, the NOx
conversion was kept below 10% over the whole tested temperature
region (from 450 K to 575 K). Also, the mass transport effect was
eliminated by using samples with a particle size of 0.45–0.9 mm
under a total flow rate of 1000 mL/min, which was confirmed by
corresponding experiments (see Supplementary information and
Fig. S1). N2O, NH3, and CO, as by-products of HCASCR, were



Table 1
The real silver content, BET surface area, and H2 consumption of Ag/Al2O3 with
different silver loadings.

Sample Silver content
(wt%)a

BET surface
area (m2/g)

H2 consumption
(lmol/g)b

Al2 O3 – 292.1 –
2 wt% Ag/Al2O3 2.09 222.4 13.63
4 wt% Ag/Al2O3 3.45 239.8 42.67
8 wt% Ag/Al2O3 7.98 209.9 156.35
4 wt% Ag/Al2O3-L 0.53 236.4 1.77

a Measured by ICP method.
b Measured by H2AO2 titration.
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measured simultaneously by the FTIR spectrometer. In our case,
the concentration of N2O was negligible during the reduction of
NOx by ethanol over Ag/Al2O3, and the detected amount of NH3

was about 15 ppm. Based on this, NOx conversion to N2 was calcu-
lated using the following equation:

NOx conversion to N2 ¼
½NO�in � ½NO�out � ½NO2�out � ½NH3�out

½NO�in
� 100%:

Meanwhile, a relationship between N2 production and CO for-
mation over 4 wt% Ag/Al2O3 at 673 K was obtained (Fig. S2), which
was used to estimate the concentration of N2 during the mass mea-
surement (in Section 2.3).

In accordance with the literature [43], the rate of NOx conver-
sion to N2 (�rNOx) is determined as follows:

�rNOx ¼ FNOxXNOx=W ðmol=g=sÞ;

where W is the weight of catalysts, FNOx is the molar flow rate of
NOx (mol/s), and XNOx is the conversion of NOx to N2. Reaction
rates, normalized by the surface area, were calculated by dividing
these rates by the initial specific surface area of each sample. Appar-
ent activation energies were calculated from Arrhenius-type plots
of the reaction rate.

The corresponding turnover frequency (TOF) was calculated by
dividing the rate of NOx reduction by the amount of accessible silver
species measured by H2AO2 titration [47]. This measurement was
performed on an Automated Catalyst Characterization System
(Autochem 2920, Micromeritics, USA) equipped with a TCD detec-
tor, using 100 mg catalyst powder. Prior to the titration procedure,
the samples were pretreated at 573 K for 0.5 h in a flow of 5 vol.%
O2/He (50 mL/min) and cooled down to room temperature. The sam-
ples were then exposed to a flow of 10 vol.% H2/Ar (50 mL/min),
raised to 523 K (10 K/min), and maintained for 2 h, followed by cool-
ing down to 443 K in He flow. After this, the feeding gas was changed
sequentially to 5% O2/He (50 mL/min) for 1 h and then purged with
Ar for another 2 h. Finally, the adsorbed oxygen was titrated by
introducing pulses of hydrogen (25 ml per pulse), which was further
analyzed to determine the amount of accessible silver species (1 mol
H2 consumption indicates 2 mol accessible silver metal).

2.3. In situ DRIFTS experiments

In situ DRIFTS spectra were recorded on a Nexus 670 (Thermo
Nicolet) FT-IR, equipped with an in situ diffuse reflection chamber
and a high sensitivity MCT/A detector. Ag/Al2O3 catalyst and pure
c-Al2O3 material (ca 20 mg) for the in situ DRIFTS studies were fi-
nely ground and placed in ceramic crucibles in the in situ chamber.
Mass flow controllers and a sample temperature controller were
used to simulate the real reaction conditions, such as mixture of
gases, pressure, and sample temperature. Prior to recording each
DRIFTS spectrum, the sample was heated in situ in 10% O2/N2 (or
Ar balance) flow at 873 K for 1 h and then cooled to the desired
temperature to measure a reference spectrum. All gas mixtures
were fed at a flow rate of 300 ml/min. All spectra were measured
with a resolution of 4 cm�1 and with an accumulation of 100 scans.

The composition of the outlet gas from the in situ IR chamber
was also continuously monitored using a quadrupole mass spec-
trometer (HPR20, Hiden Analytical Ltd.). Typically, the following
mass-to-charge (m/e) ratios were recorded as a function of time
on stream: NO (m/e = 30), CO2/N2O (m/e = 44), N2/CO (m/e = 28)
and N14 (m/e = 14). Quantification was carried out with reference
to the NO signal. Our FTIR measurement with the gas cell con-
firmed that N2O (m/e = 44) formation was negligible during the
reduction of NOx by ethanol over Ag/Al2O3. Thus, the mass signal
at m/e = 44 was used as an indicator of CO2. The formation of N2
originating from surface reaction was calculated based on the sig-
nal at m/e = 28 after deducting the contribution of CO to m/e = 28,
with the assumption that the concentration of CO is 2.6 times the
production of N2 (Fig. S2).

2.4. DFT calculations

DFT calculations were used to confirm the structure of adsorbed
enolic species on pure Al2O3 using the GAUSSIAN 09 suite of pro-
grams. The LANL2DZ basis set was employed to carry out the
DFT-B3P86 (Becke’s 3-parameter function with a non-local correla-
tion provided by the Perdew 86 expression) calculations [28].

3. Results

3.1. Catalyst characterization

In our previous study [5], Ag/Al2O3 catalysts with different Ag
loadings were characterized by BET and XRD measurements. Pure
Al2O3 exhibited a BET surface area of 292.1 m2/g (Table 1). An
increased silver loading from 2 wt% to 8 wt% results in a gradual
decrease in the surface area, giving values within the range of
239.8–209.9 m2/g. The BET surface area for 4 wt% Ag/Al2O3-L is
236.4 m2/g, which is similar to that of the parent samples of
4 wt% Ag/Al2O3. XRD patterns of Ag/Al2O3 catalysts showed that
only the c-Al2O3 phase was detected as the silver loading increased
from 2 to 4 wt%, but the metallic Ag and Ag2O phases were
observed on 8 wt% Ag/Al2O3. ICP analysis (Table 1) showed that
the real contents of Ag in the parent samples were close to the
nominal values. On the leached sample of 4 wt% Ag/Al2O3, the Ag
content was 0.53%, confirming that large amounts of Ag species
were effectively removed by HNO3 leaching.

UV–vis analysis was further used to identify the state of silver
supported on Al2O3 in this study, with the results shown in
Fig. 1. Peaks appearing at 230 and 260 nm can be assigned to
highly dispersed silver ions (Ag+) and oxidized silver clusters
(Agdþ

n ), respectively, while bands located at 290 and 350 nm are
due to metallic silver clusters (Ag0

n) [30,44,48]. To compare the
quantity of these silver species on Ag/Al2O3 with different silver
loadings, the UV–vis spectra were further deconvoluted into
Gaussian subbands on the basis of our assignment, and then the
percentage of different silver species was calculated by analysis
of the integrated peak area. The results listed in Table 2 show that
Ag species are mainly present in the oxidized state, particularly as
highly dispersed Ag+ ions on all Ag/Al2O3 samples, even with Ag
loading up to 8 wt%. A similar result was also observed on fresh
10 wt% Ag/Al2O3 [49], where the ratio of Ag+ ions was 71.5%.

It has been reported that UV–vis spectra cannot provide a quan-
titative picture of the state of Ag on Al2O3 for the following rea-
sons: (1) strong absorbance of the Al2O3 support below 300 nm;
(2) extremely high extinction coefficients for Agdþ

n and Ag0
n clusters

compared with that of Ag+ ions; (3) the ‘‘invisibility’’ of UV–vis
spectroscopy for some types of Ag+ ions reflected in the region
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below 200 nm [44]. To avoid the problem caused by the strong
absorbance of Al2O3, in our case, the spectrum of bare alumina
was subtracted from those of Ag/Al2O3. By using such subtractive
UV–vis spectra, the high extinction coefficients for Agdþ

n and Ag0
n

clusters and the ‘‘invisibility’’ of some Ag+ ions only result in an
underestimate of the quantity of highly dispersed Ag+ ions. In other
words, it is really the case that isolated Ag+ ions are predominant
over Ag/Al2O3 regardless of the silver loadings. Meanwhile, keeping
the extremely high UV–vis extinction coefficients for Agdþ
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Fig. 1. UV–vis spectra of Ag/Al2O3 with different loadings (A), and deconvoluted spectra
(E).
clusters in mind, it is reasonable that the two kinds of Ag clusters
are ‘‘visible’’ in UV–vis analysis for the catalysts with 2–4 wt% Ag
loadings, while they are ‘‘invisible’’ in XRD measurement on the
same samples.

To identify the role of silver species on Ag/Al2O3 for the reduc-
tion of NOx by methane, dilute nitric acid leaching was employed
by She and Flytzani- Stephanopoulos to remove the silver particles
and all weakly bound forms of silver [43]. Inspired by this, 4 wt%
Ag/Al2O3 was leached with 10% HNO3 and then calcined at the
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Table 2
The percentage of different silver species calculated by analysis of the integrated peak area of the deconvoluted UV/vis spectra.

Sample Percentage of Ag species (%)

Ag+ (230 nm) Agdþ
n (260 nm) Ag0

n (290 nm) a Ag0
n (350 nm) b

2 wt% Ag/Al2O3 64.65 (22.6) d 4.51 (10.4) 17.57 (20.8) 13.27 (30.9)
4 wt% Ag/Al2O3 60.17 (22.9) 6.61 (10.6) 14.74 (20.4) 18.48 (30.4)
8 wt% Ag/Al2O3 61.27 (22.8) 2.58 (10.5) 17.83 (20.6) 18.32 (30.8)
4 wt% Ag/Al2O3-Lc 72.20 (22.4) 5.38 (10.0) 12.97 (20.0) 9.45 (30.2)

a Ag0
n , metallic silver cluster at 290 nm.

b Ag0
n, metallic silver cluster at 350 nm.

c Leached by dilute nitric acid.
d Half peak width of the deconvoluted peak.
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desired temperature. In good agreement with the results mentioned
above [43], the silver nanoparticles were effectively removed by this
pre-treatment, which was confirmed by TEM characterization
(Fig. S3) and ICP measurement (Table 1). As suggested by UV–vis
measurement (Fig. 1 and Table 2), meanwhile, weakly bound Ag+

ions on 4 wt% Ag/Al2O3 were also removed by this process, leaving
strongly bound Ag+ ions on the surface of Al2O3.
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Fig. 2. (A) Reaction rates of NOx conversion to N2 by ethanol over pure Al2O3 (j)
and Ag/Al2O3 with Ag loading of 2 wt% (d), 4 wt% (N), 8 wt% (.), and 4 wt% Ag/
Al2O3-L (D); (B) TOF of NOx conversion to N2 over Ag/Al2O3 with Ag loading of
2 wt% (d), 4 wt% (N), 8 wt% (.), and 4 wt% Ag/Al2O3-L (D). Conditions: NO 800 ppm,
C2H5OH 1565 ppm, O2 10%, H2O 10%, N2 balance, GHSV: 300,000 h�1.
3.2. Kinetic results of NOx reduction by ethanol on Ag/Al2O3 with
different Ag loadings

Fig. 2A shows the Arrhenius-type plot for the reaction rate of
the reduction of NOx by ethanol over Ag/Al2O3 with different Ag
loadings. Pure alumina exhibits the lowest NOx conversion rate
while silver doping greatly enhances the reaction rates. Noticeably,
the leached sample of Ag/Al2O3-L exhibited the same NOx conver-
sion rate as its parent sample of 4 wt% Ag/Al2O3, indicating that
oxidized silver species, particularly strongly bound Ag+ ions, are
the active sites responsible for the reduction of NOx by ethanol.

H2AO2 titration was used to evaluate the amount of accessible
silver species on Ag/Al2O3 with different Ag loadings. As shown
in Table 1, the H2 consumption for 2 wt%, 4 wt%, 8 wt%, and
4 wt% Ag/Al2O3-L samples was 13.63, 42.67, 156.35, and 1.77 lmol
H2/g, respectively. These results were further used to determine
the turnover frequency for NOx reduction, with results shown in
Fig. 2B. 2 wt% Ag/Al2O3 exhibits a much higher TOF value if com-
pared to that of 4 wt% and 8 wt% Ag/Al2O3, while the latter two
give similar TOF values, in accordance with the ratio of oxidized sil-
ver species to metallic silver species (Table 2). This result demon-
strates the superior activity of oxidized silver species for NOx
reduction. Interestingly, the leached sample of 4 wt% Ag/Al2O3

exhibits the highest TOF value, further confirming that highly dis-
persed Ag+ ions are responsible for the reduction of NOx by
ethanol.

The apparent activation energy is given in Table 3, obtained
from Fig. 2A. Over pure Al2O3, the activation energy for the reduc-
tion of NOx by ethanol was up to 47.0 kJ/mol, while introduction of
Ag obviously decreases the Ea values. After Ag loading, it should be
noted that similar activation energies were observed in the range
of 36.8–39.1 kJ/mol. This result strongly suggests that highly dis-
persed Ag+ ions play a crucial role in the reduction of NOx by eth-
anol, which is in good agreement with the results of She and
Flytzani-Stephanopoulos [43]. Table 3 also lists the apparent acti-
vation energy for the reduction of NOx by different reductants over
Ag/Al2O3. Obviously, the employed reductants greatly change the
Ea values for NOx reduction over Ag/Al2O3. As for reduction of
NOx by ethanol over 2 wt% Ag/Al2O3 calcined at 973 K for 15 h,
an Ea value of 57 kJ/mol was reported by Johnson et al. [50], which
is higher than that of our experimental results presented here. This
difference possibly originates from differences in the catalyst prep-
aration manner and calcination process.
3.3. Steady state in situ DRIFTS study of the partial oxidation of ethanol
on Ag/Al2O3 with different Ag loadings

Considering that the HCASCR of NOx starts with the partial oxi-
dation of the reductant, the in situ DRIFTS spectra observed during
partial oxidation of ethanol over Ag/Al2O3 with different silver
loadings were investigated first. Fig. 3A shows the in situ DRIFTS
spectra of pure Al2O3 in a flow of C2H5OH (1565 ppm) + O2 (10%)
in the temperature range 473–873 K at steady state. Exposure of
this sample to the feed gas resulted in the appearance of six peaks
(1655, 1591, 1570, 1466, 1392, and 1335 cm�1) within the wave



Table 3
Apparent activation energies of NOx reduction by different reductants over Ag/Al2O3.

Sample Activation energy (kJ/mol) Reductant Refs.

Al2O3
a 47.0 C2H5OH This work

2 wt% Ag/Al2O3
a 38.5 C2H5OH This work

4 wt% Ag/Al2O3
a 37.0 C2H5OH This work

8 wt% Ag/Al2O3
a 39.1 C2H5OH This work

4 wt% Ag/Al2O3-Lb 36.8 C2H5OH This work
2 wt% Ag/Al2O3

c 57 C2H5OH [50]
4 wt% Ag/Al2O3-L 94.7 CH4 [43]
2 wt% Ag/Al2O3 61 C3H8 + H2 [41]
2 wt% Ag/Al2O3 67 C6H14 [51]

a Calcined at 873 K for 3 h.
b Leached by dilute nitric acid and then calcined at 723 K and 873 K for 3 h.
c Calcined at 973 K for 15 h.
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number range 2300–1200 cm�1. Peaks at 1570 and 1466 cm�1

were assigned to mas(OCO) and ms(OCO) of acetate, respectively
[45,51,52]. It should be noted that the other peaks located at
1655, 1591, 1392, and 1335 cm�1 decreased simultaneously and
gradually in their intensity with rising temperature and disap-
peared at the same temperature of 773 K. This result indicates that
the four peaks may be due to the same species derived from the
partial oxidation of ethanol on Al2O3, and their assignments will
be discussed below.

The same experiments were performed on Ag/Al2O3 with differ-
ent Ag loadings. The DRIFTS spectra of adsorbed species on 2 wt%
Ag/Al2O3 in flowing C2H5OH + O2 at different temperatures are
shown in Fig. 3B. Similar to the spectra of pure Al2O3 (Fig. 3A),
peaks at 1578 and 1464 cm�1 were also assigned to acetate, while
new peaks at 1633 and 1416 cm�1 were observed over the whole
temperature range. According to our earlier studies [5,27–
29,32,34,53], the two peaks at 1633 and 1416 cm�1 together with
the peak at 1336 cm�1 were assigned to the asymmetric stretching
vibration, symmetric stretching vibration, and CAH deformation
vibration modes of an adsorbed enolic species, respectively. Mean-
while, the peaks at 1591 and 1392 cm�1 were also detected,
whereas the peak at 1655 cm�1 was not observed, possibly masked
by the strong peak at 1633 cm�1.

Further increasing the Ag loading to 4 wt% (Fig. 3C), stronger
peaks at 1633 and 1416 cm�1 were observed compared with those
of 2 wt% Ag/Al2O3 (Fig. 3B). Actually, within the wide temperature
region 473–723 K, the intensity of the peak at 1633 cm�1 was the
highest in Fig. 3C. This result strongly suggests that large amounts
of enolic species were formed during the partial oxidation of etha-
nol on 4 wt% Ag/Al2O3. The acetate peaks at 1570 and 1470–
1466 cm�1 were also observed; however, their intensity was much
lower than that of enolic species within the temperature range of
473–723 K. In addition, a shoulder at 1392 cm�1 was observed at
473 K, and its intensity gradually decreased with rising
temperature.

When the Ag loading increased to 8 wt% (Fig. 3D), the enolic
species peak at 1637 cm�1 was still the strongest within the tem-
perature range 473–673 K. The acetate peaks were observed at
1574 and 1460 cm�1 over the whole temperature region and be-
came dominant at 723 K, at which point the enolic species peaks
were hardly observed. As for 4 wt% Ag/Al2O3 at the same tempera-
ture of 723 K (Fig. 3C), however, the enolic species peaks were
much stronger than those of acetate. These results indicated that
at high temperatures, the increase of Ag loading from 4 wt% to
8 wt% was favorable for acetate formation at the expense of the
enolic species formation during the partial oxidation of ethanol.

The same experiments were also carried out on the leached
sample of 4 wt% Ag/Al2O3-L, with the result shown in Fig. 3E. The
appearance of peaks at 1633, 1412, and 1336 cm�1 suggests the
formation of enolic species. Compared with the parent sample of
4 wt% Ag/Al2O3 (Fig. 3C), the intensity of enolic species peaks de-
creased obviously, while the acetate peaks (1575 and 1466 cm�1)
became dominant over the whole temperature region.

As described above, a new species was formed during the par-
tial oxidation of ethanol over pure Al2O3. Thus, DFT calculations
were carried out to investigate the structure of this species ad-
sorbed on the pure Al2O3 surface. Different models were designed
for simulation of its structure and FTIR spectrum, which involved
the length of carbon chain, the structure of the catalyst, and the
interaction of the adsorbed species with the catalyst surface. We
found that the peaks at 1655, 1591, 1392, and 1335 cm�1 can be
assigned to an enolic species (CH2@CHACH@CHAOAAl6O5(OH)8),
which only interacts with Al sites (thereafter denoted as
RCH@CHAOAAl), as shown in the insert of Fig. 4. Apparently, the
calculated FTIR spectrum (Fig. 4) is of reasonable similarity to the
corresponding experimental one (Fig. 3A). The asymmetric stretch-
ing vibration mode of the enolic species, mainly involved in the
stretching vibration of the C@CAC@CAO structure, was calculated
at 1634 cm�1, which is 21 cm�1 lower than the experimental har-
monic frequency (1655 cm�1). Compared to the experimental va-
lue, the calculated symmetric stretching vibrational mode of this
species agreed within less than 6 cm�1 (1591 cm�1 against
1597 cm�1), and this case mainly concerns the stretching vibration
of the C@CAC@C chain while the vibration of the CAO bond has
hardly any contribution. The calculated CAH deformation vibration
modes (1406 and 1324 cm�1) were also close to the experimental
results (1392 and 1335 cm�1). Obviously, there is excellent agree-
ment between the calculated vibration spectrum and the experi-
mental one, supporting our assignment of surface enolic species
adsorbed only on Al sites (RCH@CHAOAAl).

Furthermore, a similar feature was observed when exposing
Al2O3 to 2,3-dihydrofuran (C4H6O), which contains a ring
CACAC@CAO structure. As shown in Fig. 5, the peaks at 1660,
1605, 1392, and 1315 cm�1 are due to this structure adsorbed on
the Al2O3 surface. This result further confirms our assignments
concerning the surface enolic species adsorbed on Al sites. In addi-
tion, the peaks at 1574 and 1458 cm�1 appearing in Fig. 5 were
attributed to surface acetate, indicating a transformation of the
enolic species adsorbed on Al2O3.

In our earlier study [28,53], the characteristic frequencies of
enolic species adsorbed on the Ag/Al2O3 surface (1633, 1416, and
1336 cm�1) were identified by DFT calculations (Fig. 6). DFT calcu-
lations also showed that this enolic species would be present in the
form of CH2@CHAOAAg (thereafter denoted as RCH@CHAOAAg)
and/or CH2@CHACH@CHAOAAlAAg (thereafter denoted as
RCH@CHAOAAlAAg). In both models, silver participated in the for-
mation of adsorbed enolic species, indicating that the enolic spe-
cies over Ag/Al2O3 surface are prone to adsorb on or close to Ag
sites, which exhibits an intimate contact with the active phase.

3.4. Dynamic study of the formation of ANCO on Ag/Al2O3 with
different Ag loadings

It has been widely accepted that ANCO species is a vital inter-
mediate for the SCR of NOx by ethanol and other hydrocarbons;
thus, much attention has focused on its formation and reactivity
[13,46,54–61]. With this in mind, the relationship between ANCO
formation and the consumption of enolic species and acetate was
investigated on pure Al2O3 and Ag/Al2O3. The reactivity of enolic
species and acetate, formed during the C2H5OH + O2 reaction on
pure Al2O3 at 673 K, toward NO + O2 was evaluated by the tran-
sient response of the DRIFTS method (Fig. 7A). After the catalyst
was exposed to C2H5OH + O2 for 60 min, strong peaks (1655,
1591, 1392, and 1335 cm�1) due to enolic species interaction with
Al sites were observed, along with the formation of acetate (1570
and 1466 cm�1). Switching the feed gas to NO + O2 resulted in
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the appearance of peaks at 2253 and 2233 cm�1. Many studies
have been devoted to the assignment of these two peaks, which
have been attributable to ANCO bound on octahedrally coordi-
nated Al3+ ions (AlVIANCO) and on tetrahedrally coordinated Al3+

sites (AlIVANCO), respectively [56–60]. In order to clearly observe
the quantitative changes in the surface species mentioned above,
the spectra in the range of 1200–2300 cm�1 were converted into
Kubelka–Munk function [62] and fitted on the basis of the decon-
voluted curves (see Supplementary information and Fig. S4). After
Kubelka–Munk conversion, the integrated areas of peaks at 1655,
1466, 2233, and 2253 cm�1 in Fig. 7A are displayed as a function
of time on stream as shown in Fig. 7B. Switching the feed gas to
NO + O2 resulted in a significant decrease in the intensity of peaks
due to enolic species, while the decrease in the intensity of acetate
peaks is much slower than that of enolic species on the same time
scale. Meanwhile, this decrease was accompanied by the appear-
ance of the peaks due to ANCO, whose intensity increased with
time on stream, reaching a maximum at 5 min and then decreasing
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gradually. These results confirm that the enolic species bound on
Al sites is more active toward NO + O2 to form ANCO than is ace-
tate at this temperature. In addition, the appearance of peaks at
1302 and 1583 cm�1 indicates the formation of surface nitrate spe-
cies [14,15,28]. The same set of experiments was also performed
on pure Al2O3 at 863 K, at which point the NOx conversion reached
a maximum (result not shown here). In this case, only acetate was
observed after exposure to C2H5OH + O2. Switching the feed gas to
NO + O2 resulted in a quick decrease in the intensity of acetate
peaks, which was accompanied by the formation of AlANCO.

The reactivity of the partial oxidation products of ethanol on
4 wt% Ag/Al2O3 has been evaluated in essentially the same manner
as above (Fig. 7C and D). After exposure to C2H5OH + O2 at 673 K
for 60 min, the enolic species bound on or close to Ag sites exhib-
ited strong peaks at 1635, 1419, and 1338 cm�1, while the charac-
teristic vibration modes of the enolic species adsorbed on Al sites
were hardly observed. Strong peaks assignable to acetate were ob-
served at 1578 and 1464 cm�1. After switching the feed gas to
NO + O2, the peaks due to enolic species intimately linked to Ag
sites decreased quickly, whereas the concentration of surface ace-
tate only decreased slightly on the same time scale. Simulta-
neously, purging with NO + O2 results in the formation of ANCO
at 1 min, reaching a maximum at 3 min, and then decreasing
gradually.

Simultaneously, the composition of the outlet gas from the
in situ IR chamber was continuously monitored with a mass spec-
trometer, with the results shown in Fig. 7E and Fig. S5A. The final
product of N2 originating from the reaction between surface enolic
species and NO + O2 was calculated based on the signals of N2

(m/e = 28) after clarifying the contribution of CO to m/e = 28. The
N2 signal in the mass spectra clearly shows that the yield of N2

reaches its peak at essentially the same time of 3 min. Meanwhile,
the mass signal of CO2 also exhibits similar behavior with time on
stream. The total amounts of N2 and CO2 production for 25 min
were estimated by integrating the areas peaks corresponding to
these two products as shown in Fig. 7E, giving the values of 204.5
and 600.6 lmol/g-cat, respectively. The amounts of CO2 and CO
were further used to estimate the surface enolic species participat-
ing in the reaction. With the structural features of surface enolic
species (CH2@CHAOAAg and CH2@CHACH@CHAOAAlAAg) in
mind, its consumption was estimated to 283.1–566.2 lmol/g-cat,
which is fairly close to that of the final product of N2, 204.5 lmol/
g-cat. These results quantitatively confirm that the enolic species
in intimate contact with the active phase plays a crucial role in
the reduction of NOx by ethanol. Over this catalyst, meanwhile,
H2AO2 titration showed that the accessible amount of silver sites
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was 85.34 lmol/g-cat, which is lower than that of surface enolic
species. This result indicates that not only the Ag sites, but also Al
sites closely linked to Ag participate in the formation of surface eno-
lic species, further confirming our assignment for this species.

The in situ DRIFTS combined with MS analysis was further per-
formed on the leached sample of 4 wt% Ag/Al2O3-L. Similar to its
parent sample, a sharp decrease in the intensity of peaks due to
the enolic species bound on or closed to Ag sites was also observed
after switching the feed gas to NO + O2, while the concentration of
acetate only decreased slightly (Fig. 7F and G). Meanwhile, the con-
sumption of enolic species results in the formation of ANCO at
1 min, exhibiting the maximum at 4 min, and then decreasing grad-
ually. Based on the MS result (Fig. S5B and Fig. 7H), the consump-
tion of enolic species over the leached sample was estimated to
65.4–130.8 lmol/g-cat, as many as 23% of the value over the parent
sample. As shown in Table 1, the Ag content on the former (0.53%)
was about 15% of the latter’s (3.45%), which is fairly close to the ra-
tio of enolic species participating in the reaction over the two sam-
ples, confirming a relationship between the amount of enolic
species and the number of Ag sites. MS analysis also showed that
the produced N2 was 45.8 lmol/g-cat over the leached sample,
which is very close to the consumption of enolic species.

The enolic species intimately linked to Ag sites has higher reac-
tivity with NO + O2 than does acetate; thus, it plays a crucial role in
the formation of ANCO and its further reaction to produce N2, and is
responsible for the reduction of NOx by ethanol over Ag/Al2O3. By
comparison with Fig. 7B, it can be easily seen that the enolic species
intimately linked to Ag sites is more active than that adsorbed on Al
sites, because the former exhibits a sharper decrease in its peak
intensity than that of the latter when it reacts with NO + O2. In addi-
tion, the appearance of peaks at 1257 and 1296 cm�1 indicates the
formation of surface nitrate species [14,15,28].

Under the same conditions as those of previous experiment, we
also analyzed the reactivity of enolic species and acetate when NO
was introduced on 4 wt% Ag/Al2O3. The observation (Fig. S6)
showed that a gradual consumption of the enolic species inti-
mately linked with Ag sites resulted in the formation of ANCO,
reaching the maximum at around 35 min, and then remaining con-
stant with time. However, the consumption of enolic species and
the formation of ANCO were much slower than those in the pres-
ence of O2 (Fig. 7C and D). The above results indicate that O2 plays a
crucial role in the acceleration of the reaction between enolic spe-
cies and NO to form ANCO. These results also indicate that the
ANCO exhibits low reactivity toward NO in the absence of O2,
which is in agreement with the observation of Bion et al.[56].

3.5. Steady state in situ DRIFTS study of the SCR of NOx by ethanol on
Ag/Al2O3 with different Ag loadings

Fig. 8A shows the DRIFTS spectra of pure Al2O3 during the
NO + C2H5OH + O2 reaction at various temperatures (473–823 K)
at steady state. Surface species, such as enolic species interacting
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with Al sites (1655, 1591, 1392 and 1335 cm�1), acetate (1570 and
1466 cm�1), and bidentate nitrate (1583 and 1302 cm�1), were ob-
served. The AlANCO peak located at 2253 cm�1 was detected in the
temperature range of 623–873 K. However, it should be noted that
its intensity was very low though large amounts of nitrate, enolic
species, and acetate co-existed on the surface of Al2O3.

The same set experiments was performed on Ag/Al2O3 with dif-
ferent Ag loadings. Fig. 8B shows the DRIFTS spectra of adsorbed
species during the NO + C2H5OH + O2 reaction over 2 wt% Ag/
Al2O3 within the temperature range of 473–873 K at steady state.
Enolic species in intimate contact with Ag sites (1633, 1416, and
1336 cm�1), acetate (1576 and 1466 cm�1), and bidentate nitrate
(1587 and 1304 cm�1) were clearly observed, while the enolic spe-
cies adsorbed on Al sites exhibited a very weak peak at 1392 cm�1.
A weak peak at 2125 cm�1 due to ACN was observed at tempera-
tures above 623 K, giving an increased intensity with rising tem-
perature [4]. It should be noted that a strong peak attributable to
ANCO (2231 cm�1) was detected within the temperature region
623–873 K, which was accompanied by a shoulder at 2253 cm�1,
especially at low temperatures.

The characteristic peaks of ANCO located around 2230 and
2250–2260 cm�1 have been commonly observed on Ag/Al2O3 dur-
ing HCASCR, while the assignments of their coordination sites are
still controversial. Bion et al. [56,57] and Thibault-Starzyk et al.
[58] observed the characteristic frequencies of ANCO on Ag/Al2O3

located at 2255–2265 and 2228–2240 cm�1, which were assigned
to ANCO species coordinated with octahedral Al3+ ions (AlVIANCO)
and tetrahedral Al3+ sites (AlIVANCO), respectively. During the
reduction of NOx by ethanol and propene on Ag/Al2O3, the two
peaks at 2258–2262 and 2230–2235 cm�1 were detected by Ukisu
et al. [63], Kameoka et al. [14,55], and Sumiya et al. [13,64]. The
high-frequency peak was assigned to AlANCO, while the low-
frequency one was attributed to adsorption on Ag sites (AgANCO).
To identify the adsorption sites of ANCO on the Ag/Al2O3 surface,
DFT calculations have been performed by Gao and He [61]. The
AlANCO group exhibits a calculated vibrational frequency at
2267 cm�1, which is an excellent agreement with the experimental
value (around 2260 cm�1). The calculated mode of (OH)2AlAOA
AgANCO shows the asymmetric stretching frequency of ANCO at
2215 cm�1, also close to the corresponding experimental one
(around 2230 cm�1), indicating that the low-frequency peak may
contribute to the ANCO species adsorbed on or close to Ag sites.
By using an elegant short time on stream in situ spectroscopic
transient isotope experimental technique, more recently, Chansai
et al. [46,65] proposed that there may be two types of ANCO spe-
cies during the reduction of NOx by hydrocarbons over Ag/Al2O3.
One is a slowly reacting spectator ANCO species, probably ad-
sorbed on the oxide support of Al2O3, while another is related to
reactive ANCO, possibly on or close to the active silver phase. With
this in mind, herein, the peak at around 2230 cm�1 appearing in
Fig. 8B is tentatively assigned to the ANCO bound on and/or close
to Ag sites (hereafter noted as AgANCO), while the peak at around
2250 cm�1 is speculatively attributed to ANCO species bound to Al
(hereafter noted as AlANCO).

During the reduction of NOx by ethanol on 4 wt% Ag/Al2O3

(Fig. 8C), bidentate nitrate (1583 and 1302 cm�1), bridging nitrate
(1612 cm�1), acetate (1572, 1466 cm�1), and ACN (2125 cm�1)
were observed [8,14,15]. It is worthwhile to note that the peak at
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1633 cm�1 assignable to the enolic species intimately linked with
Ag sites is the strongest within the low temperature range of
473–673 K, which is similar to that of the partial oxidation of eth-
anol on the same catalyst (Fig. 3C). In comparison with Fig. 8B, the
intensity of AgANCO peak at (2229 cm�1) is much higher, while
the shoulder due to AlANCO (2253 cm�1) is lower. These results
clearly show that an increase in Ag loading enhances the formation
of the enolic species bound on and/or close to Ag sites, and its
further transformation to the key intermediate of AgANCO, finally
accounting for the key role of Ag in NOx reduction. We also mea-
sured the in situ DRIFTS spectra of 8 wt% Ag/Al2O3 during the
reduction of NOx by ethanol (Fig. 8D), which shows much more
strongly the enolic species and ANCO both intimately linked with
silver sites at temperatures below 573 K, indicating a higher NOx
conversion rate if compared with the results for 4 wt% Ag/Al2O3.
Within the temperature range 573–873 K, meanwhile, the appear-
ance of a much stronger AgANCO peak at 2229 cm�1 along with a
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much lower AlANCO characteristic vibration confirms the crucial
role of Ag in the formation of this species.

The same set of experiment was also performed on the leached
sample of 4 wt% Ag/Al2O3 (Fig. 8E). The appearance of peaks at
1633, 1412, and 1336 cm�1 indicates the formation of enolic spe-
cies intimately linked to Ag sites. However, the enolic species
peaks exhibit much lower intensity if compared with those on
the parent sample (Fig. 8C), deriving from the lower Ag content
in the leached sample. ANCO species, as another intermediate
linked to Ag sites, also shows a decreased intensity. Meanwhile,
the peaks due to acetate and nitrates were observed while their
intensity has no big difference if compared with Fig. 8C.

3.6. Influence of water vapor and CO2 on the SCR of NOx by ethanol on
Ag/Al2O3

Water vapor and CO2 are commonly presented in diesel engine
exhaust, and the presence of which has a great influence on the
reaction pathway of the HCASCR [4,23,56]. In our previous work
[5], in situ DRIFTS results showed that the presence of water vapor
promoted the formation of enolic species intimately linked to Ag
sites, while suppressed the formation of acetate species. These
opposite effects of water vapor on the two species may drive from
their different behaviors in the adsorbed sites, identification of
which may provide important implications for understanding
water vapor effect on the HCASCR. In this study, meanwhile,
in situ DRIFTS method was further used to study the impact of
the co-existence of water vapor and CO2 on the partial oxidation
of ethanol and on the NOx reduction on 4 wt% Ag/Al2O3 (see Sup-
plementary information and Fig. S7). Compared with Figs. 3C and
7C, it was found that the presence of both hardly changed the for-
mation and reactivity of enolic species bound on or close to silver
sites, indicating its key role under practical conditions.

3.7. Influence of Ag loading on the acid–base property of Al2O3

Considering that the acid–base property is a fundamental as-
pect of the activity of alumina-supported catalysts, NH3 adsorption
was performed on pure Al2O3 and 4 wt% Ag/Al2O3, respectively
[66,67]. These results (see Supplementary information, Figs. S8
and S9) indicate that the loading of Ag on Al2O3 increases the Lewis
acidity while decreases the Brønsted acidity. These changes may
Fig. 9. Schematic models of enolic specie
modify the behavior of adsorbed species such as enolic species,
acetate, and ANCO species, and thus changing the reaction path-
way of HCASCR and the activity of employed catalysts. A clear pic-
ture of the relationship between the acid–base properties of our
catalysts and their activity can be expected in the near future.
4. Discussion

It was apparent that the enolic species adsorbed on Al sites
(RCH@CHAOAAl) was formed during the partial oxidation on pure
Al2O3, which was accompanied by the formation of acetate. During
the partial oxidation of ethanol over 2 wt% Ag/Al2O3, the enolic
species bound on or close to silver sites, present as
RCH@CHAOAAg and RCH@CHAOAAlAAg, was clearly observed.
Further increase of the Ag loading to 4 wt% increases the intensity
of such enolic species, while the enolic species bound on Al sites
are hardly observed. Considering that the molar ratio of Al/Ag on
4 wt% Ag/Al2O3 was as much as 60, this result strongly suggests
that the addition of Ag significantly enhances the formation of
the enolic species, which is preferably adsorbed on or close to sil-
ver sites, exhibiting an intimate contact with the active phase.
When the Ag loading increased to 8 wt%, such enolic species inti-
mately linked to the active phase was still dominant in the temper-
ature range 473–673 K. On all Ag/Al2O3 samples, UV–vis analysis
(Fig. 1 and Table 2) shows that that Ag species are mainly present
in the oxidized state (Ag+ and Agdþ

n ) [40–45]. Our kinetic measure-
ments confirm that such silver species, particularly strongly bound
Ag+ ions, are the active sites responsible for the reduction of NOx
by ethanol. Thus, we propose that the enolic species on Ag/Al2O3

surface possibly adsorb on or close to isolated Ag+ ions and/or
Agdþ

n clusters, as shown in Fig. 9. This enolic species was clearly ob-
served on the leached sample, in which Ag+ ions were predomi-
nant, supporting our assumption. This assignment was also
confirmed by the higher amount of surface enolic species than
the amount of accessible silver sites on 4 wt% Ag/Al2O3.

During the partial oxidation of ethanol on all samples, mean-
while, the peaks due to surface acetate were clearly observed, with
the same characteristic vibrational frequencies (1570–1578, 1460–
1468 cm�1) regardless of silver loadings. The same situation also
occurred for the SCR of NOx by ethanol (Fig. 8). These results indi-
cate that the acetate species formed during the partial oxidation of
s and ANCO formation on Ag/Al2O3.
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ethanol may mainly adsorb on Al sites instead of Ag sites. The
adsorption characteristics of acetate on the surface of Ag/Al2O3 cat-
alyst have been investigated by DFT calculations and DRIFTS [68].
The calculated vibrational spectrum of acetate adsorbed on Al sites,
present as CH3COOAAl2O(OH)2, is in good agreement with the
experimental one, while there is a large error between the calcu-
lated and experimental vibrational modes of the acetate species
bound on silver sites, further confirming that acetate species over
Ag/Al2O3 are prone to interact with Al sites, as shown in Fig. 9.

Such different features in the adsorption sites for the enolic and
acetate species on Ag/Al2O3 may contribute to their different reac-
tivity toward NO + O2 (and/or NO), and their role in the formation
of ANCO during the reduction of NOx by ethanol. Specifically, the
surface enolic species adsorbed on or close to Ag sites possesses
much higher activity in reaction with NO + O2 and/or NO to form
AgANCO species than enolic species and acetate bound on Al sites.
A combined mass measurement further shows that the consump-
tion of enolic species is fairly close to the formation of the final
product N2 over both 4 wt% Ag/Al2O3 and the leached sample.
These results demonstrate the crucial role of enolic species inti-
mately linked with Ag sites in the SCR of NOx by ethanol.

In organic synthesis, enols, and/or enolate anions were common
intermediates in nitrosation reaction between aldehydes/ketones
and the substrates containing NO group such as HONO, NO+,
NO�, neutral NO, C(NO2)4, and ½FeðCNÞ5NO��2 to form the initial
product of nitroso and nitro compounds [69–71]. This mechanism
permitted us to hypothesize that similar reactions would occur
during exposure of enolic species to NO on Ag/Al2O3, resulting in
the formation of organo–nitroso compound. Transformation of this
organo-NOx compound to its enol tautomer, ACH@N(OH), with
subsequent dehydration to ACN and transformation to ANCO,
has been proposed as a possible route for ANCO formation
[45,56,72]. The presence of O2 promoted the reaction of enolic spe-
cies toward NO, possibly resulting in the formation of organo–nitro
intermediate. These compounds were also relevant to produce
ANCO via enol and ACNO formation [45,56,72].

Based on the above results, a simplified schematic model for the
ANCO formation during the reduction of NOx by ethanol over Ag/
Al2O3 is shown in Fig. 9. In a typical reaction process, partial oxida-
tion of ethanol results in the formation of enolic species adsorbed
on Al and Ag sites, as well as the formation of acetate on Al sites.
The enolic species intimately linked with Ag sites (RCH@CHAOAAg
and RCH@CHAOAAlAAg), possessing high activity, further reacts
with NO + O2 (and/or NO), to form AgANCO. The enolic species ad-
sorbed on Al sites (RCH@CHAOAAl, not shown in Fig. 9) and ace-
tate bound on Al sites are less active when compared with the
enolic species intimately linked with Ag sites and thus play a minor
role in ANCO formation (Fig. 9). With an increase in the concentra-
tion of AgANCO, this species can transfer to Al sites, and as a result,
the characteristic frequency of AlANCO can be observed.
5. Conclusions

Ag species mainly present in the oxidized state, particularly in
highly dispersed Ag+ ions on Ag/Al2O3, are active sites responsible
for the reduction of NOx by ethanol. Two kinds of surface enolic spe-
cies, bound on or close to Ag (RCH@CHAOAAg, RCH@CHAOA
AlAAg) and adsorbed only on Al sites (RCH@CHAOAAl), were
identified by in situ DRIFTS and DFT calculations during the SCR of
NOx by ethanol over Ag/Al2O3 and Al2O3, respectively. The enolic
species was preferably bound on or close to Ag sites, exhibiting an
intimate contact with the active phase, which strongly suggests that
highly dispersed Ag+ ions and oxidized silver clusters (Agdþ

n ) play a
crucial role in surface enolic species formation during the reduction
of NOx by ethanol over Ag/Al2O3. The enolic species intimately
linked with Ag sites exhibits higher activity for reaction with
NO + O2 and/or NO to form ANCO species than that of the enolic spe-
cies adsorbed on Al sites. During this reaction, furthermore, the con-
sumption of enolic species intimately linked with Ag sites is fairly
close to the formation of the final product N2, quantitatively con-
firming its crucial role in the reduction of NOx by ethanol over Ag/
Al2O3. Surface acetate also formed during the partial oxidation of
ethanol over Ag/Al2O3, while being prone to interaction with Al
sites. This adsorption behavior of acetate may be responsible for
its lower activity to produce ANCO when compared with the enolic
species intimately linked with Ag sites. Thus, the major pathway for
the reduction of NOx by ethanol over Ag/Al2O3 involved the forma-
tion of enolic species bound on or close to Ag sites, which was fol-
lowed by its transformation to ANCO (also intimately linked with
the active phase); subsequently, ANCO reacted with NO + O2 and/
or nitrates to yield N2.
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