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Theoretical and experimental study on formation and adsorption
of enolic species on Ag-Pd/Al2O3 catalyst
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Abstract

The formation and adsorption of enolic species on a palladium promoted Ag/Al2O3 catalyst (denoted Ag-Pd/Al2O3) during the selective
catalytic reduction (SCR) of NOx by C3H6 has been studied by means of DRIFTS and density functional calculations. The structure of the
enolic species adsorbed on Ag-Pd/Al2O3 catalyst has been established based on the in situ DRIFTS spectra and simulated results. The reaction
mechanism from C3H6 to enolic species on Ag-Pd/Al2O3 catalyst was proposed and the hypothesis about the Pd promotion was discussed.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Selective catalytic reduction (SCR) is an effective method
or removing NO. Since the pioneering work of Iwamoto et al.
1] and Held et al.[2] reported some success using Cu/ZSM-

catalyst for selective catalytic reduction of NOx in lean
urn conditions, several investigations have brought a lot of
romising zeolitic and nonzeolitic materials to be consid-
red for the hydrocarbons-SCR (HC-SCR). It is commonly
ccepted that alumina-supported silver (denoted Ag/Al2O3)
atalyst is a candidate for practical use, because of it is rel-
tively durable and inexpensive[3–11]. However, the NOx
onversion over Ag/Al2O3 is quite low at low tempera-
ures range of 300–400◦C, which is a major disadvantage.
g/Al2O3 catalyst by co-impregnating a small amount of Pd
as effectively enhanced for the selective reduction of NO
ith C3H6 on our earlier report[12,13]. The additive effect
f Pd on Ag/mordenite was also reported by Masuda et al.
sing (CH3)2O as a reductant[14].

In our previous report[13], we proposed a possible reac-
ion mechanism for the C3H6-SCR of NOx on Ag-Pd/Al2O3

catalyst, there is still a limited understanding on the for
tion and configuration of intermediate involved in the re
tion. The exact Pd promotion mechanism for C3H6-SCR ove
Ag-Pd/Al2O3 is also still not clear.

The aim of this work is to study the mechanism of C3H6-
SCR over Ag-Pd/Al2O3 and investigate the role of Pd in t
formation of surface intermediate structure.

2. Experimental

The Ag/Al2O3 (Ag metal loading: 5 wt.%), Ag-Pd/Al2O3
catalysts were prepared by an impregnation method desc
in our earlier paper[13]. In situ DRIFTS experiments we
performed using a NEXUS 670-FTIR fitted with a sm
collector and a MCT/A detector cooled by liquid N2. The
DRIFTS cell (Nicolet) was equipped with CaF2 and a heatin
cartridge that allowed samples to be heated up. Prior to
experiment, the catalyst was heated in the flow of 10 v
O2/N2 for 60 min at 600◦C, then cooled to desired temp
ature for 30 min, and a spectrum of the catalyst in the
∗ Corresponding author. Tel.: +86 10 62849123; fax: +86 10 62923563.
E-mail address:honghe@mail.rcees.ac.cn (H. He).

of N2 + O2 serving as the background was recorded. All gas
mixtures were fed at a flow rate of 100 ml/min, and all spectra
were taken with a resolution of 4 cm−1 and an accumulation
of 100 scans. Experimental spectra are plotted inFigs. 1 and 2.
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Fig. 1. In situ DRIFTS spectra of Ag/Al2O3 in a steady state at various temperatures in a flow of C3H6 + O2 + NO + N2. (NO/C3H6/O2/N2 =
800 ppm/1714 ppm/100,000 ppm/balance), total flow rate: 100 ml/min.

3. Theoretical

The density functional theory (DFT) calculations were
carried out using Gaussian98 program. The properties of
the calculated models (Fig. 3) were determined through the
application of density functional theory using the B3PW91
gradient corrected functional (Becke’s 3 parameter func-
tional with the non-local correlation provided by the Perdew
91 expression). The 3-21G* basis set was used for all of
the calculations. The calculated vibrational frequencies and
intensities using Gaussian98 program are analyzed by the
HyperchemTM Version 6.0 package.

4. Results and discussion

4.1. Experimental spectra

Fig. 1 showed in situ DRIFTS spectra of Ag/Al2O3
in a steady state at various temperatures in a flow of
C3H6 + O2 + NO. Many IR peaks appeared in the region be-
tween 1700 and 1300 cm−1. According to the previous lit-
erature[6,15,16], the bands at 1304, 1556, 1610 cm−1 were

attributed to bidentate nitrate, monodentate nitrate and bridge
nitrate, respectively. The peaks at 1394 and 1377 cm−1 were
attributed toδ( CH3), andδ( CH2) of the adsorbed acetate
species. The peaks at 1572 and 1460 cm−1 were assigned to
νas(COO) andνs (COO) of the adsorbed acetate[17,18]. The
peak at 1633 may be associated with the frequencies of dou-
ble bond stretching vibration, such asν(C C), ν(C O). In
general, stretching vibration frequencies of isolate CC and
C O should be higher than 1633 cm−1. An enolic species
(H2C CH O· · ·M) is a possible surface structure by par-
tial oxidation of C3H6 over Ag/Al2O3. The conjugation of
H2C CH O group may induce the vibrational mode of
C C O shifts to a frequency which is lower thanν(C C)
and higher thanν(C O) [19]. As a consequence, the peak at
1633 cm−1 in Fig. 1could be tentatively assigned to stretch-
ing vibration mode of enolic species (CCH O ) [11]. The
band at 2229 could be attributed to an isocyanate (NCO)
species, which is a key intermediate species reported by many
researchers[5,8,20]. The band at 2146 cm−1 was assigned
to a CN surface species[21]. With the increasing tempera-
ture, the peaks at 1304 and 1633 cm−1 disappeared gradually.
Meanwhile, the peak at 2229 cm−1 reached the strongest in-
tensity at 723 K. On the other hand, the bands at 1460 and
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Fig. 2. In situ DRIFTS spectra of Ag-Pd/Al2O3 in a steady state at various temperatures. Feed: the same as the experiment shown inFig. 1.

1572 cm−1 were still very strong. From these results we can
speculate that the enolic species at 1633 cm−1 is very active
to NO3

−, while the activity of acetate is relatively weak in
this reaction.

Fig. 2 showed in situ DRIFTS spectra of Ag-Pd/Al2O3
catalyst at the same conditions as the experiment shown as

F Ag-
P

Fig. 1. Based on the comparison betweenFigs. 2 and 1, the
band at 1637 cm−1 could be attributed to adsorbed enolic
species[13]. Similarly, the bands at 1585 and 1300 cm−1 in
Fig. 2could be assigned to vibration mode of adsorbed mon-
odentate nitrates and bidentate nitrates, the bands at 1572,
1460 and 1394 cm−1 in Fig. 2 could be attributed to the vi-
bration mode of adsorbed acetate. The principal difference
betweenFigs. 2 and 1is the peak intensity on Ag-Pd/Al2O3
catalyst at 1637 cm−1 which is main peak at low temperature
in Fig. 2. While, it is a shoulder peak inFig. 1. With increased
temperature, the bands of nitrate (1300 cm−1) and enolic
species (1637 cm−1) decreased promptly, while theNCO
band (2233 cm−1) progressively appeared. These results in-
dicated that the enolic surface species is very active towards
nitrate to form NCO species. As a result, Ag-Pd/Al2O3 has
a higher NCO surface concentration than Ag/Al2O3 during
the SCR of NO by C3H6. These results are in good agreement
with activity of Ag/Al2O3 and Ag-Pd/Al2O3.

On the bases of DRIFTS (Figs. 1 and 2) and TPD-MS[22],
we proposed the mechanism for the formation of absorbed
enolic species over Ag/Al2O3 or Ag-Pd/Al2O3 catalyst in
Scheme 1.

For the reaction (1) or (2), C3H6 is first catalytically oxi-
dized to CH3CHO, which then is adsorbed on Ag-Pd/Al2O3
catalyst to yield the ring structure, followed by decompose
reaction to form NCO intermediate, and a further reaction of
t N
H

ig. 3. Calculated models (a–d) for the reaction of enolic species on
d/Al2O3 catalyst.
his compound finally leads to the formation of products (2,
2O and CO2).



3120 H. Gao et al. / Spectrochimica Acta Part A 61 (2005) 3117–3123

Scheme 1. Proposed reaction mechanism for the SCR of NO by C3H6 over Ag/Al2O3 or Ag-Pd/Al2O3 catalyst.

4.2. Calculation models and optimized structure

In order to investigate the structure of ring compound
in reactions (1) and (2), we designed four calculated mod-
els. These models used in the calculation of the adsorp-
tion of enolic species on Ag-Pd/Al2O3 catalyst are shown
in Fig. 3(a)–(d). The geometries of the four calculated mod-
els were fully optimized at DFT-B3PW91/3-21G* level. The
optimized structures of the calculational models are plotted
in Fig. 4(a)–(d). The optimized bond length and bond an-
gle are marked inFig. 4. FromFig. 4, the calculated value
of the C C bond length in enolic species for the models
(a)–(d) is about 1.35–1.36̊A, which is within 1% of the ex-
perimental value of 1.34̊A. The C C bond length in enolic
species for models (d) determined from DFT calculations
is about 1.44–1.45̊A. The optimized distance between the
oxygen atom and the aluminum atom in the models (a)–(d) is
about 1.75–1.77̊A. The optimized bond length for the AgAl
bond in the models (a)–(d) is about 2.55–2.56Å. The calcu-
lated equilibrium Ag Pd bond length of the models (a)–(d) is
about 2.60–2.61̊A. Dihedral angles for four calculated mod-

els in framework ring are significantly different. In these
calculations, the dihedral angles,D(1,3,4,6),D(3,4,6,5) and
D(4,6,5,1) for the framework ring of calculated model (a)
are 53◦, 3◦, and−21◦, respectively. Other dihedral data of
the framework ring are also listed inFig. 4. These dihedral
angles show that framework ring is not planar.

4.3. Comparison of simulated and experimental spectra

Calculated vibration frequencies (in cm−1) and IR inten-
sity (in km/mol) and corresponding frequencies in the experi-
mental spectra are listed inTable 1. The optimized geometries
were taken as the basis for the calculation of IR frequen-
cies by a normal coordinate analysis. Simulation spectra of
Ag/Al2O3 and Ag-Pd/Al2O3 are presented inFig. 5. From
the analysis of animations of normal vibration modes it was
clear that many vibrations have a high degree of mixing with
other modes. Therefore, we provide in the following tenta-
tive assignments for only the intense spectral features in the
vibrational spectra of the molecule based on the literature
[23–29]and our simulated spectral analysis.

Table 1
Calculated vibration frequencies (in cm−1) and IR intensity (in km/mol) for the calculated model at B3PW91/3-21G* level, and corresponding frequencies in
the experimental gas-phase spectra

Model Frequency Intensity Experiment Vibration mode[23–29]

a

b

c
.

d
.

3144 25
1626 35
1471 17
1365 8

3140 23
1611 44
1466 16
1362 13

3135 41
1645 37
1459 21
1361 22

3136 32
1652 82
1493 18
1360 73
3107 (Fig. 1) CH2 a-str.
1633 (Fig. 1) CH2 CH O a-str.
1466 (Fig. 1) CH2 scis
1377 (Fig. 1) CH bend

3105 (Fig. 2) CH2 a-str.
1637 (Fig. 2) CH2 CH O a-str.
1475 (Fig. 2) CH2 scis.
1394 (Fig. 2) CH bend

3107 (Fig. 1) CH2 a-str.
1633 (Fig. 1) CH2 CH CH CH O a-str
1466 (Fig. 1) CH2 scis.
1377 (Fig. 1) CH bend

3105 (Fig. 2) CH2 a-str.
1637 (Fig. 2) CH2 CH CH CH O a-str
1475 (Fig. 2) CH2 scis.
1394 (Fig. 2) CH bend.



H. Gao et al. / Spectrochimica Acta Part A 61 (2005) 3117–3123 3121

Fig. 4. Optimized configuration of calculation models for enolic species adsorption on Ag-Pd/Al2O3 catalyst.

For the reaction (1), the CCH O− stretching frequency
of model (a) (Fig. 4) was calculated at 1626 cm−1 with
35 km/mol intensity, which is similar to the experimental
value 1633 cm−1 (Fig. 1). The calculated CCH O− stretch-
ing frequency of model (b) (Fig. 5) at 1611 cm−1 with
44 km/mol intensity is 26 cm−1 lower than the experimen-
tal value (1637 cm−1) (Fig. 1). The calculated CCH O−
stretching intensity of model (a) (35 km/mol) is weaker than
the one of model (b) (44 km/mol), which is in agreement with
the experiment (Figs. 1 and 2). The calculated CH2 scissor
mode of model (a) for the structure on Ag/Al2O3 catalyst
at 1471 cm−1 with 17 km/mol intensity (Fig. 5) is close to
the experimental value of 1466 cm−1 (Fig. 1). The calcu-
lated CH2 scissor mode of model (b) for the structure on Ag-

Pd/Al2O3 catalyst at 1466 cm−1 with 16 km/mol intensity
is 9 cm−1 lower than the experimental value of 1475 cm−1

(Fig. 1). The CH bending vibration of model (a) was calcu-
lated at 1365 cm−1 with 8 km/mol intensity in the simulated
spectrum of the structure (Fig. 5). This mode was observed at
1377 cm−1 in the infrared spectrum of the gas of the molecule
(Fig. 1). The calculated CH bending vibration of model (b)
(Fig. 5) at 1362 cm−1 with 13 km/mol intensity is 32 cm−1

lower than the experimental value of 1394 cm−1 with the
weak intensity (Fig. 1).

For the reaction (2), the calculated frequency band at
1645 cm−1 of model (c) assigned to the CH2 CH O stretch-
ing vibration mode (Fig. 5) is in agreement with the
experimental value of 1633 cm−1 for the enolic species
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Fig. 5. Calculated vibrational IR spectra for the models (a–d) at DFT-B3PW91/3-21G* level.

adsorbed on the Ag/Al2O3 catalyst (Fig. 1). The calculated
CH2 CH O stretching frequency of model (d) (Fig. 5) at
1652 cm−1 with 82 km/mol intensity is 15 cm−1 higher than
the experimental value of 1637 cm−1 (Fig. 2). The calcu-
lated CH2 CH CH CH O stretching intensity of model (c)
(37 km/mol) is weaker than the one of model (d) (82 km/mol),
which is in agreement with the experiment (Figs. 1 and 2). The
calculated CH2 scissor mode of model (c) for the structure
on Ag/Al2O3 catalyst at 1459 cm−1 with 21 km/mol inten-
sity (Fig. 5) is close to the experimental value of 1466 cm−1

(Fig. 1). The calculated CH2 scissor mode of model (d) for
the structure on Ag-Pd/Al2O3 catalyst at 1493 cm−1 with
18 km/mol intensity is 18 cm−1 higher than the experimen-
tal value (1475 cm−1) (Fig. 1). The CH bending vibration of
model (c) was calculated at 1361 cm−1 with 22 km/mol inten-
sity in the simulated spectrum of the structure (Fig. 5). This
mode was observed at 1377 cm−1 in the infrared spectrum of
the molecule (Fig. 1). The calculated CH bending vibration
of model (d) at 1360 cm−1 with 73 km/mol intensity (Fig. 5)
is 34 cm−1 lower than the experimental value of 1394 cm−1

(Fig. 1).
The most important additive effect of Pd on Ag/Al2O3

was that the calculated intensity of the CH2 CH O and

CH2 CH CH CH O stretching vibrations mode increase,
which is in agreement with the experiment. The calculations
show clearly that the calculated IR spectrum for model (a)
and (b) are closer to the corresponding experimental spec-
trum than model (c) and (d), respectively.

5. Conclusion

We have investigated the additive effect of co-
impregnating a small amount of Pd in Ag/Al2O3 catalyst by
means of DRIFTS and density functional calculations. The
calculated IR spectra are in good agreement with experimen-
tal ones. The calculated results show clearly that simulated
spectra with density functional theory quantum mechanical
method can be considered as the advantageous auxiliary tool
for analyzing the mechanism of the enolic species adsorp-
tion on Ag/Al2O3 or Ag-Pd/Al2O3 catalyst. Therefore, we
conclude that the calculated models (a) and (b) are the rea-
sonable models for investigating the reaction mechanism of
the enolic species adsorption on Ag/Al2O3 or Ag-Pd/Al2O3
cluster. Reaction (1) is the most possible way for the enolic
species adsorption on these catalysts.
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