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Abstract

The intermediates on Ag/AD; during the GHsOH-SCR of NO were studied using in situ DRIFTS, TPD, and DFT calculations. A ring
structure enolic species was found on the surface of A@Aduring the GHsOH-SCR of NO by in situ DRIFTS, and this finding was
supported by DFT calculations. The adsorbed enolic species is more prone to react wittONOn Ag/Al,O3 than acetate is, and plays
a crucial role in the formation of NCO which is a key intermediate during the SCR of NO. TPD results suggest that the enolic species is
derived from the aldol condensation reaction of a partial oxidation productt@H (such as CECHO) on the surface of Ag/ADs. The
results of DFT calculations are in good agreement with the DRIFTS spectra, and support our conjecture that the enolic species has a ring
structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In this paper, in situ DRIFTS, TPD and density functional
theory (DFT) calculations were used to study the mech-
Selective catalytic reduction of NO by »,850H anism of the GHsOH-SCR of NO over Ag/AIOs3. The
(C2HsOH-SCR of NO) on Ag/AYO3 has attracted much  most significant observation is that a ring structure enolic
attention as a new de-NQechnology for diesel and lean species, formed from oxidation and condensation reactions
burning engine exhauft—3]. Up to now, only a few studies  of CoHsOH over Ag/AbOs, has high reactivity with NO
have been devoted to an understanding of the mechanismt+ O, to form NCO and plays a predominant role in the NO
of the GH50OH-SCR of NO[2,4-6] It has been suggested reduction process.
that the mechanism was similar to that of theHg-SCR
of NO, which is approximately NO- O2 + CoH50H —
NO, (such as nitrates} C,H,0O, (such as acetate}>
R-NO; + R-ONO— -NCO + -CN + NO + O2 — Na. In
particular, nitrates and acetate could be key intermediates
in the formation of NCQ[4,6]. However, this mechanism
does not sufficiently explain the significant difference be-
tween the GHg-SCR of NO and the gHs0OH-SCR of NO
[1,2]. In our recent study7], we proposed that an enolic
species derived from the partial oxidation ofHiOH over
Ag/Al,O3 plays a crucial role in NCO formation, which
possibly explains such difference.

2. Experimental

An Ag/Al,O3 (5wt.%) catalyst was obtained by impreg-
nation ofy-Al,Oz powder (200 ri/g) with an appropriate
amount of silver nitrate aqueous solution. The sample was
dried at 393K for 3h and calcined at 873K for 3h in air.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) spectra were recorded on a Nexus 670
(Thermo Nicolet) FTIR, equipped with an in situ diffuse re-
flection chamber and a high sensitivity MCT detector. An
Ag/Al ;03 catalyst for the in situ DRIFTS studies was finely
ground and placed into a ceramic crucible in the in situ
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such as mixture of gases, pressure and sample temperature. Results and discussion

Prior to recording each DRIFTS spectrum, the Ag®dd

catalyst was heated in situ in 10% /@, flow at 873K for 3.1. The formation of enolic species

1h, then cooled to the desired temperature for taking a ref-

erence spectrum. All gas mixtures were fed at a flow rate of  Fig. 1shows the in situ DRIFTS spectra of Agi&s in a

100 ml/min. All spectra were measured with a resolution of flow of CoHsOH (1565 ppmH- O, (10%) at a temperature

4 cm1 and with an accumulation of 100 scans. range of 473—-873 K in steady states. Exposure of this cata-
Temperature-programmed desorption (TPD) was per- lyst to the fed gas resulted in the appearance of five peaks

formed in a catalytic reactor. This reactor consisted of a (1633, 1579, 1471-1464, 1416, and 1336¢jn Peaks at

1.2cm o.d. quartz tube with a 0.5mm o.d. thermocouple 1579 and 1471-1464 cmh were assigned to,dOCO) and

placed in the center of a bed of 40-80 mesh catalyst par-vs(OCO) of acetate, respective]§—11]. According to our

ticles (0.5g). The thermocouple measured the temperatureearlier study[7], peaks at 1633, 1416, and 1336 chwere

and provided feedback to the temperature programmer,assigned to an adsorbed enolic species. Apparently, the eno-

which regulated heating of the electric furnace. An Aglient lic species is predominant during the oxidation gHsOH

guadrupole mass spectrometer (5973N) detected producton the Ag/AbO3 surface within a low temperature range

immediately downstream of the reactor as they were des-of 473—673 K. At a high temperature range of 773-873K,

orbed from the catalyst, and a computer allowed multiple however, the surface acetate species becomes dominant.

signals and the thermocouple output to be recorded simulta- TPD spectra of Ag/AlOs following exposure to gHsOH

neously. After being exposed teBs0H (1565 ppmH- Oz + O2/N2 at 473 K for 60 min are shown iRig. 2 Mass sig-

(10%)/He for 60 min at 473K, the catalyst was cooled to nals at 26, 27, 28, 31, 39, 41, 45, 46, 55, 56, 69 and 70

room temperature under an He flow (30 ml/min), followed AMU were monitored during TPD to watch for gas-phase

by heating of the sample to 1023K at a rate of 60 K/min. products from the enolic species, which is predominant on

Then the desorbed products and temperatures were simulthe Ag/Al,Os surface. The observed gas-phase products in

taneously recorded. Fig. 2awere GHsOH (31, 45, 46 AMU), CO (28 AMU),
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Fig. 1. The in situ DRIFTS spectra of adsorbed species in steady states onp®@g/fifll a flow of 1565 ppm @HsOH + 10% /Ny at (a) 473K, (b)
523K, (c) 573K, (d) 673K, (e) 773K, and (f) 873 K.
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35000 decomposition and/or oxidation of oxygen-containing hy-
drocarbons (€H,0;) [12,13] As shown inFig. 2l peaks
corresponding to §Hg (41 and 39 AMU), GH40 (56, 55,
27, 26 AMU) and GHgO (70, 69, 41, 39 AMU) were also
observed at the same temperature, which could be related
to the decomposition of the surface enolic species. This re-
sult indicates that a condensation reaction would occur syn-
chronously during the partial oxidation of,B50H over
Ag/Al 03, which leads to chain growth of desorption prod-
ucts. The condensation reactions of aldehydes, as well as of
ketones, are widely used in organic synthesis and are com-
monly catalyzed by zeolites, 403, and TiG [14-16] The
TPD results shown ifrig. 2are in good agreement with our
DRIFTS results, namely the enolic species is predominant
on the surface of Ag/AlOs.

On the basis of our previous wofK] and the results of
@ Temperature (K) DRIFTS and TPD studies, a surface reaction mechanism

was proposed for the formation of enolic species as shown
25000 in Scheme 1
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20000, 3.2. Density functional theory calculations

Density functional theory (DFT) calculations were used
to confirm the structure of adsorbed enolic species on
Ag/Al,O3 using the GAUSSIAN 98 suite of programs.
The LANL2DZ basis set was employed to carry out the
DFT-B3P86 (Becke's three-parameter function with a
non-local correlation provided by the Perdew 86 expres-
sion) calculations. The calculated vibration frequencies and
infrared intensity of the vibrational normal modes were
picked up by the Hyperchel¥ Version 6.0 package.

The molecular structure and the optimized geometries of
400 500 600 700 800 900 1000 the calculational model for the absorbed enolic species on
Ag/Al,03 are shown inFig. 3a and bThe optimized dis-
tance between the oxygen atom in S €H-CH-CHO™
52?652- Tn':'éspgﬂri ‘ifoc";‘/di;;aeedf;p‘;gﬁnoztﬁﬁgél'(af;el;gxc%onsd‘:{;;g and the aluminum atom in the Ag-Al cluster was 1.77 A,
(0} . : . P .
He fIcE)v‘\)/ (30 mSI/min) with heating to 973K at a rate of 60 K/min after while the optimized bond length for the Ag-Al bond in the
cooling to room temperature in a He flow. Ag-Al cluster was 2.66 A.
As shown inFig. 4, the calculated FTIR spectrum is
of reasonable similarity to the corresponding experimental
and CQ (44 AMU). A very weak GHsOH peak and strong ~ one (sedrig. 1). The asymmetric stretching vibration mode
peaks due to CO and GGndicate the occurrence of partial  of the enolic species was calculated at 1654 &mvith
oxidation of GHsOH, for under this reaction system, itis a relatively high infrared intensity of 61 kJ/mol, which is
widely accepted that the two products are derived from the 21 cnt ! higher than the experimental harmonic frequency

’—) CH,=CH-O-M
oxidation aldol condensation isomerization
<>

C,HsOH ————>» CH;CHO —————— > CH3;CH=CHCHO

150004
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Scheme 1. The formation of an adsorbed enolic species on AQ4AI
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Fig. 3. The molecular structure and the optimized geometries of the calculational model for the absorbed enolic species©p. Ag/Al

(1633cntl). Compared to the experimental value, the
calculated symmetric stretching vibrational mode of this
species varied within less than 15th(1416 cnr against
1431cntl). The calculated C-H deformation vibration
mode (1345 cm?!) was 9 cn?® higher than the experimen-
tal one (1336 cml). Through the analysis of the vibration

mode and the vibration frequency, we concluded that there
is excellent agreement between the calculational vibration

Ag/Al,O3, and its high productivity would result in high
efficiency of NQ. reduction by GHsOH or hydrocarbons
[5,18-20] Since the enolic species plays an important role
in NCO formation, this species must also be another crucial
intermediate in the gHsOH-SCR of NO. The reaction of
the enolic species with N@ O is proposed as

R-CH-CH-O-M+ NO 4+ O - M-NCO+ CO; + H20

spectrum and the experimental one. Actually, 32 models Recently, it was proposed that strongly adsorbed acetate was
of adsorbed species were calculated, however, only enolicy key intermediate in the formation of NO@,6,21} How-

species’ DFT calculations are in good agreement with the eyer, Fig. 5 shows that a drastic decrease of acetate (peak

experimental value.

3.3. The reactivity of enolic species

The reactivity of the enolic species toward N O,

was evaluated by the in situ DRIFTS method. As shown in

Fig. 5, after Ag/ALO3 was exposed to £HsOH + O2/N>

for 60 min (curve a), very strong peaks due to the absorbed

enolic species (1633, 1416, and 1336dn and acetate
peaks (1579 and 1464 crh) were observed. Switching the
fed gas to NGO+ O resulted in a sharp decrease in the inten-

sity of enolic species peaks accompanied by a correspondin

increase in the intensity of a new NCO peak at 2229tm
[2,3,17] indicating that the enolic species is important to
the formation of NCO. It was widely accepted that the NCO
species could be a crucial intermediate in the SCR-N¢&r
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Fig. 5. The dynamic changes of in situ DRIFTS spectra on AgDAlas
a function of time in a flow of NO+ O, at 673 K. Before measurement,
the catalyst was pre-exposed to a flow of 1565 pppH{DH + 10%

Fig. 4. The calculational FTIR spectrum of the absorbed enolic species O,/N, for 60 min at 673K (a), in a flow of 800 ppm NG 10% /N>

on Ag/Al;Os.

(b) 1 min, (c) 5min, (d) 20 min, and (e) 30 min.
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1612 face species. These results strongly suggest that the enolic
1560 130 species and nitrates are key intermediates in the formation
1336 of NCO during the GHs0OH-SCR of NO over Ag/AJOs.

1633 1416 | 1250

4. Conclusions

=1

In conclusion, a novel surface enolic species has been
f found on an Ag/A$O3 surface during the §Hs0OH-SCR of

NO. The enolic species, with a stable ring structure, is de-
M rived from the partial oxidation and aldol condensation reac-
tions of GHs0H (CH3CHO). It has a higher reactivity with
NO + O than acetate does and plays a crucial role in NCO
formation, which can clearly explain the high efficiency of
C,Hs0H for the SCR of NO over Ag/AlOs.
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Fig. 6. The in situ DRIFTS spectra of adsorbed species in steady states
over Ag/ALOs in a flow of 800 ppm NO+ 1565 ppm GHsO0OH + 10% References
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