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The partial oxidation of propane and the mechanism of selective catalytic reduction (SCR) of NO by propane
over GaO4/Al,O3 in excess of @have been investigated using in situ Fourier transform infrared spectroscopy.

An optimized GaO4/Al O3 catalyst shows high activity and efficiency of the reducing agent propane (100%
conversion of NO at 623 K, GHSV: 10 000%. One molecule of propane converts more than 4 NO molecules

to No. The reaction starts with the partial oxidation ofHg by O, and carboxylates (acetate, formate) are
formed on the catalyst surface above 573 K. This oxidation represents the rate-determining step of the SCR
reaction. These surface carboxylates represent a dominating intermediate and (easily) react with (adsorbed)
NO forming nitrogen-containing organic species. The latter are proposed to react with NO to fofiot&

oxidation of propane was enhanced at temperatures above 773 K leading to decreased reductant efficiency.
Surface nitrite and nitrate species can also be observed, but they were found to be spectators only. This could
be concluded from the electron balance (conversion of propane relative to NO) and from the relative rates of
the single reaction steps. On the basis of these investigations and stoichiometric calculations, a conclusive
reaction mechanism is proposed.

Introduction mechanism since this information may lead us to the design of
more active catalyst systerffs.28

Depending on the catalyst, the reducing agent, and reaction
conditions, various reaction mechanisms for the SCR of NO
by hydrocarbons have been proposed in the liter&fnE:0On
the basis of the knowledge of the mechanism of decomposition
of NO over supported noble metal catalysts, a mechanism that
involves dissociation of NO to fyisjand QagsyWith subsequent
desorption of N or N>O and removal of Qqs)by the reducing
agent has been proposed by Burch e2%l Acke et al3!
"Wogerbaur et af2 and Cho et a# independently. Engler et

It is widely accepted that selective catalytic reduction (SCR)
of nitrogen oxides using hydrocarbons in an oxidizing atmo-
sphere is a promising method to remove N@m lean-burn
and diesel exhausts and could be an interesting cheape
alternative to ammonia SCR, e.g., for power statighalthough
the first catalysts reported and many studies focused on SCR
of NO by hydrocarbons are related to zeolite or metal ion
exchanged zeolite catalysts, metal oxide or supported metal
oxide catalysts are probably the best candidates for this reactio
due to their high activity and stabiliy.2* Among them, GgOy/ al 34 studied the mechanism of the SCR of NO by hydrocarbons
Al20Ozis a promising candidate for practical applications because g, alumina-supported platinum catalysts and proposed that both
of its high stability and activity even in the presence of water g and hydrocarbons are first activated byf@ming adsorbed
and SQ.20# surface species (oxygenates, nitrates). Then, these adsorbed

The most important limitation of G&3/Al,0;3 for practical species react with each other to give £, and HO. Haneda
application is that the active temperature is too high and the et al?” and Shimizu et a8 investigated the mechanism of SCR
activity—temperature relationship shows a volcano shape which of NO using GHg over GaOs/Al,0; and ALOs independently.
results in a small operation temperature rafffé.Recently, The authors suggested that NO was first oxidized to, ldad
several research groups have studied modifications of theseadsorbed as NO (NO,~, NOs~) species; subsequently, the
catalysts by changing the catalyst preparation methods, addingadsorbed N@Q species were reduced to, Ny CsHs or by
a second or third metal oxide, or mixing different catalysts oxygenates generated fromi. On the other hand, Obuchi et
physically in order to increase the activity at lower temperature al 3> proposed that carbonaceous or carbon deposits generated
and broaden the temperature rafjé® Alternatively, research-  from partial oxidation of the reducing agents play a crucial role
ers have focused on structtactivity relationships and reaction  as intermediates in the SCR reaction in their studies on the
reduction of NO using MTBE overy-alumina. The last
* To whom correspondence should be addressed. Fax49 89 289 mechanism is further supported by Shibata ¢ ahd Meunier

13183. E-mail: klaus koehler@ch.tum.de. et al®” by studies of the SCR of NO using;s and GHg over
¢gee‘;grl‘l'ssgr?aeﬂ%g'\‘l’\fe'fk'g‘é'#gf_l?fn”d Agly-Al,0s and by Radtke et al. by investigations on the SCR
§ Consortium fu Elektrochemische Industrie. of NO using ethene or propylene over GiBAI20:% To
I'Chemical Engineering School of Sichuan University. reveal the reaction mechanism of the hydrocarbon SCR reaction,
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it can be extremely important to investigate the formation and TABLE 1. Composition of Different Gas Mixtures Used in
consumption of the possible intermediates and to calculate theThis Paper

electron balance for each reaction step. However, little detailed no. gas mixture concentration
work focused on the stoichiometry of the reacFio_n. . . 1 He pure helium (99.999%)

In the present work, we report a first systematic in situ Fourier 2 O 10% Qy/He
transform infrared (FTIR) study including time-dependent 3 NO 1000 ppm NO/He
experiments on the mechanism of the selective catalytic 4 CsHs 3000 ppm GHg/He |
reduction of NO by GHg over GaOy/Al,Os. The catalyst has 5 NO+ O, 1000 ppm NO+ 10% QJHe

L . IVt ies h . . 6 CsHg + O2 3000 ppm GHg + 10% Q/He

been optimized, and its catalytic properties have been investi- 5 CHs + O, + NO 3000 ppm GHs + 10% O, +

gated extensively (conversions as function of various temper-
atures, detailed selectivity based on complete nitrogen and
carbon balance). It is this catalyst £&8/Al,03 that is particu-
larly interesting and suitable for mechanistic investigations for

1000 ppm NO/He

TABLE 2: Catalytic Performance of Al ;03 and Ga,03/Al,03
in SCR of NO by CsHg

several reasons: (i) In comparison to all other systems reported, temperature Xno®  Xcane’ NOCF
it shows the highest efficiency of the reducing agent: one __catalyst (K) (%) (%) XvoXcaws (%)
propane molecule converts (more than) 4 NO molecules Al,O; 623 10.1 1.7 5.9 59.4
exclusively to N. This makes the system clearer, and several 673 14.7 3.7 4.0 39.7
reaction mechanisms proposed in the literature can surely be 723 284 101 2.8 28.1
excluded for GgO4/Al 05 due to the overall electron balance. ;;g gg'i 32'2 i'g 18'2
(ii) 1t is generally accepted that such oxide systems neither 873 835 993 0.8 8.4
directly decompose NO nor oxidize NO to N& (i) Neither Ga04/Al,O; 573 14.2 3.1 4.6 45.8
G&0;3 nor Al,Os are known to be redox-active materials, i.e., 623 28.6 8.5 3.4 33.7
partially reduced catalyst intermediates can also be excluded. 673 465 108 4.3 43.0
On the basis of detailed in situ FTIR experiments on the ;sg 180 24.1 4.2 41.5
S . . 53 9138 1.0 104
oxidation of GHg in different gas atmospheres and on the 823 950 985 10 96
consumption of surface carboxylates and nitrates and by careful 873 921 99.2 0.9 9.3

correlation of the results with catalytic properties, a conclusive
reaction mechanism will be presented.

Experimental Section

Catalyst Preparation. The catalysts applied in this work (10
mol % GaO3/Al,03) were prepared by the impregnation
method. A certain amount of-Al,0O5 (specific surface area,
Brunauer-Emmett-Teller: 198 ni/g) support was soaked into
a solution of gallium nitrate (Merck; 99%) in a predetermined
amount of HO and was allowed to stand at room temperature
for 2 h with frequent stirring. Then the water was removed by
heating under reduced pressure. The catalyst precursor thu
obtained was dried at 393 K overnight, followed by calcinations
at 723 K in air for 4 h.

Catalytic Activity Measurements. The catalytic activity was
measured by using a fixed bed-flow reactor. The reaction
mixture consisted of 1000 ppm NO, 1000 pprHg, and 10%

O, (Helium as balance gas). The gas flow rate GHSV is 10 000

aNO conversion: ([NQ}iet — [NOJoutie)/[NO]Jiniet x 100%.° CzHg
conyersion: ([GHs]inlet — [C3Hs]outied/[C3sHgliniet X 100%.¢ NO com-
petitiveness factor: (INQL: — [NOJouted{ 10 x ([CsHglinet — [C3Hsoutie)}
x 100%3°

min) were recorded as a function of time. The composition of
different gas mixtures are listed in Table 1. The short description
in column two “gas mixture” is used in this paper.

In addition to the steady-state reaction, the time-dependent
experiments were employed to clarify the role and reactivity of
particular surface species. The catalyst was first exposed to either
CsHg + Oz or NO + Oy at 623 K for 120 min to accumulate

%he surface species. After purging in flowing He for 30 min,

the feed gas was switched to various gas mixtures, and the
changes in the intensity of IR bands were measured with time
on the stream.

Results

h~L. The analysis of feed gas and products was carried out with 1. Catalytic Performance of SCR of NO by GHg over
a mass spectrometer, a CLD N@nalyzer, a NDIR CO Al,O3 and Ga03/Al,O3. Table 2 shows the NO conversion
analyzer, and a gas micro chromatograph with a thermal for Al,O3 and GaOs/Al O3 catalysts in the SCR of NO bysfs
conductivity detector and Porapack Q and molecular sieve A as a function of temperature in a fixed bed continuous flow
as separation columns. The catalytic activity was evaluated in reactor. GgD3/Al O3 appears to be more active than®4 over
terms of NO conversion to NCzHg conversion to CQ(CO + the whole temperature range. Both catalysts show a maximum
C0Oy), and the NO competitiveness facf8rThe formation of in NO conversion (slight volcano shape), which is shifted to
N2O was found negligible in the present work. lower temperature for G&®3/Al,O3. The conversion of NO

In situ FTIR Experiments. Catalyst powder (5 mg) was decreased more quickly for ADs for temperatures higher than
pressed into self-supporting wafers with a diameter of 8 mm the optimum value. The impregnation of &8 onto ALOs;
(10 mg/cn?) and placed in a high-temperature flow cell with reduced the temperature of maximum NO conversion and

two pieces of Cafwindows. IR spectra were recorded on an
FTIR spectrometer (FTS-575C, BIO-RAD) with 16 scans at a
resolution of 2 cm™. Prior to each experiment, the catalyst wafer

broadened the temperatutactivity window for the reduction
of NO by GHs.
Particular emphasis has been placed on the careful quantitative

was first activated in situ by heating in a flow of,@total determination of all (by)products of the SCR reaction (complete
flow: 50 mL/min) at 673 K for 2 h, followed by cooling to the  carbon and nitrogen balance by a complex gas analysis system).
desired temperature and purging in He for 30 min. Then, the In contrast to NO conversion, the conversion gHgcontinu-
spectrum of clean surface was recorded which was used as theusly increases for temperatures higher than an optimum value
background of the in situ experiment. The IR spectra of surface leading to a reduction of efficiency of the reducing agent (so-
species in a flow of various gas mixtures (total flow: 50 mL/ called NO competitiveness factor, NOCR)At temperatures



15908 J. Phys. Chem. B, Vol. 109, No. 33, 2005

/i
7

Absorbance / a.u.

/1 s 1

YA
1600 1400

2400 2000

" 1 " " 1 " 1
4000 3600 1200 3200 2800
Wavenumber / cm™
Figure 1. IR spectra of adsorbed species under different gas
atmospheres over @ag/Al,O3 at 623 K after 200 min in (a) s +
0Oy, (b) GHs + NO, (c) GHs + O, + NO, and (d) NO+ O.

lower than 673 K, the NOCF is ca. 40%, while at temperatures

He et al.
TABLE 3: Wavenumber and Assignment of Main
Absorption Bands in the FTIR Spectra
wavenumber/
cm?t surface species vibration ref
3768 AFt—OH v(O—H) 28, 47
3755 »(O—H) 28, 47
3686 Ga-OH-Al v(O—H) 28, 47
3608 hydrogen-bonded v(O—H) a7
hydroxyl group
2230 out of phase (AINCO) »(N=C=0) 42,43
2180 cyanide{CN) v(C=N) 27,37,42
1716 carbonyl 44
1590 formate 1a{COO0) 27
1580 bidentate nitrate (NO) v(N=0) 27,36
1564 acetate 1a{COO0) 27
1552 unidentate nitrate v(N=0)
1456 acetate v(COO0) 27,36
1392 formate o(CH) 27,36
1376 formate v(COO0) 27,36
1306 nitrate 37
1294 unidentate nitrate vadONO) 36
1240 bidentate nitrate (NO) va{ONO) 36

in a flow of NO +0O; (Figure 1, spectrum d) has been assigned
by Chi et al*> to NO, stretching in bidendate nitrate.

In flowing C3Hg + O, + NO, four strong bands at 1580,
1552, 1294, and 1240 crhhave been observed in addition to

higher than 673 K, the NOCF decreased. This suggests thethe bands observed in flowingsBs + NO and GHg + Os.

occurrence of side reactions®t= 673 K and higher (propane

combustion). Thereby, propane is not completely oxidized, i.e.,

on the average 45% G@nd 55% CO are detected as oxidation

products. On the other hand, NO is reduced nearly completely

to Nz (only 1% N,O were detected).

2. Nature of Adsorbed Species Formed in Different Gas
Atmospheres.The IR spectra of the adsorbed species osOg/a

Couples of bands in the regions of 1650600 and 11761300
cm~1 are assigned to the split stretching vibration of nitrates
on metal oxides in the literatuf&® Thus, the bands at 1552
and 1294 cm! and 1580 and 1240 cm have been assigned
to v(N=0) andv,d ONO) of unidentate and bidentate nitrates,
respectively.

Two negative bands at 3768 and 3686 ¢érfD—H stretching
region of the spectra) are observed in flowingHg + O, and

Al,O3 in dependence on the composition of the gas atmosphereC3H8 + NO as well as GHg + O, + NO. In flowing NO +

at 623 K are shown in Figure 1. In flowingsds + O, (spectrum

a), the following bands have been observed: two strong bands

centered at 1564 and 1456 tintwo weak bands at 1392 and
1376 cntl, and a broad band at 3550 chIn the literature,
the bands in the region between 3800 and 3200 'care

0O,, these negative bands have been found to be slightly shifted
to 3755 and 3686 cm. Signals of OH groups of the oxide

surface should not be observed in the IR spectra because of
background subtraction. These OH groups are consumed by
interaction with acetate and/or nitrates or by formation of acetate

assigned to the stretching vibration of OH groups. We assign gng/or nitrates. Thus they appear as negative bands in the

the broad band at 3550 crhto bridging hydroxyl groups
perturbed by interaction with4Elg or with other organic species
generated from §Hg. The bands at 1564 and 1456 chare in

good agreement with those of acetic acid adsorbed a®%a
Al,O3 as reported by Haneda etZland by blank adsorption

spectra. The OH band around 3788760 cnt! has been
identified as being coordinated to a terminal-&)H group,
which is generally ascribed to a basic hydroxyl gré@ify.
Pushkar et a8 assigned the band between 3688 and 3680'cm
to a Ga-OH—AI bridging structure on G#3/Al O3 catalysts.

tests performed by us for all relevant species discussed hereshimizu et a° suggested that GeD—Al bonds observed for
(not shown). These two bands are assigned to vibrations|ow gallium loadings on G#D4/Al,O; catalysts exhibit high

1a{COO0) andv{COO) of acetate formed by the reaction
between GHg and Q. The frequencies of the bands at 1392
and 1376 cm! are in good agreement with those of formic acid

activity for SCR of NO by GHe. According to this, it can be
expected that the OH groups of terminal basie-®&H and of
bridged Ga-OH—AI are reactive and removed or exchanged

adsorbed on the same catalysts (not shown) and those found inypon the formation of acetate and nitrates as has been observed

previous studies with formate adsorbed on@y as reported
by Shimizu et af® and Amenomiya et & Thus, the two bands

at 1392 and 1376 cm have been assigned ig(COO) and
0(CH) of adsorbed formate. They are also observed in flowing
CsHg + NO and GHg + NO + O,. In comparison to the
CsHsg + O, flow, four additional bands have been observed for
flowing C3Hg + NO: 2230, 2180, 1716, and 1306 cinThe
bands at 2230 and 2180 ciare assigned to adsorbed
isocyanate and cyanide, respectivéiy*® The bands centered
at 1716 and 1306 cm are suggested to be due to vibrations of
adsorbed carbonyl and the asymmetric vibration of nitrate
according to recent literature by Meunier efaand Shimizu

et al** An additional band in the region of 146A360 cn1?

in this work. The main observed IR bands of the adsorbed
species on G®3/Al,03 in various gas atmospheres and their
assignments are listed in Table 3.

3. Dynamic Changes of Surface Species under Reaction
Conditions (C3Hg + NO + O,). The results of catalytic activity
measurements suggested that NO reduction,tower GaOs/
Al,O3 was effectively catalyzed at temperatures above 623 K
(Table 2). To clarify the behavior of surface species formed
during the SCR reaction, the time-dependent quantitative
changes of surface species formed in flowing NOC3Hg +
O, were measured at 623 K. As shown in Figure 2, the formation
of formate (2908, 1392, and 1378 ch), acetate (1465 cm),
and nitrite or nitrate (1580, 1552, and 1238 dnspecies is
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Figure 2. FTIR spectra of adsorbed species in flowing NOCzHs + O, on the GaO4/Al O3 catalyst surface at 623 K as a function of time: (a)
0.5, (b) 2.5, (c) 5, (d) 15, (e) 30, (f) 60, (g) 90, (h) 120, and (i) 180 min.

5 in a flow of CsHg + O,, C3Hg + NO, and GHg + NO + O,,
respectively, at 623 K. This figure illustrates that the corre-
sponding reaction rates and the concentration of adsorbed
surface acetate follows the sequence gfi&+ O, > CsHg +
4r NO > CgzHg + NO + O,. C3Hg itself can hardly be adsorbed
on the catalyst surface at 623*KPropane should be activated
by adsorbed @or adsorbed species generated from NO (e.g.,
NO,").*8 According to proposals from the literature, the decrease
in the concentration of adsorbed acetate in an orderbg G-
O; > CgHg + NO > CgHg + NO + O3 is explained by the
difference in the oxidizing potential of the oxidizing agents and
the inhibition of propane oxidation by N@:3° The difference
in reactivity of surface acetate to NO or @lso explains the
relations of the surface concentrations. The initial rate of acetate
formation in flowing GHg + NO + O is higher than in flowing
CsHg + NO (Figure 3). After 40 min, the acetate concentration
in flowing C3Hg + NO + O, becomes lower than the one in a
flow of C3Hg + NO. In a flow of GHg + NO + O,, propane
) is mainly oxidized by @, and the acetate formed is further
0 50 100 150 200 oxidized by NO (or other nitrites/nitrates generated from
Time / min NO + O,). The intensity of the IR bands characteristic of surface

Figure 3. Time dependence of integrated area of the band characteristic qce_tate increased very quickly at the beglnnlng, and an equi-
of acetate (14801420 cn?) under different gas atmospheres onGi librium between formation and consumption of surface acetate
Al,Os at 623 K: -) C3Hg + Og, (.) CsHg + NO, and @) CsHg + is achieved after ca. 80 min.
O, + NO. 4. Studies on Single Steps of the Reaction Cycle: Forma-
tion and Consumption of Surface AcetateThe IR spectra of
observed immediately after the gas mixture introduction, while adsorbed carbonaceous species oveiOgiAlOs in flowing
weak bands due to nitrogen-containing organic specieaiN CsHg + Oy at different temperatures are shown in Figure 4.
and—NCO) are only observed after an induction period of ca. There are only quantitative differences in the IR spectra of
5 min. Obviously they are formed by the reaction between adsorbed species on &&/Al>03; and ALO3 (not shown). The
adsorbed carboxylates and NO or by species generated frommain adsorbed species in flowingtds + O, over both catalysts
NO. The IR intensity of the formate bands increases at the are acetate (1558, 1468 ci) and formate (1392, 1376 cr).
beginning and became constant after ca. 5 min; however, theThe bands due to acetate and formate are observed oy®/Ga
IR intensity of acetate increases upon time on stream until 80 Al,O3 starting at 523 K. Over ADs, these bands can be
min. This could result from the differences in the reactivity observed only at 573 K and higher temperatures. Furthermore,
between acetate and formate toward the other gases RO. the rate of formation of surface acetate overnGzAl,Os3 is
Acetate is also formed in 4Elg + O, and GHg + NO as higher than the one over ADs catalysts at the same temperature
shown in Figure 1. Figure 3 includes the change in intensity of (Figure 5). These results indicate that the impregnation gbga
the IR band assigned to adsorbed acetate (34820 cnt?) onto ALOs reduces the reaction temperature and improves the

Integrated area / a. u.
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Figure 4. IR spectra of adsorbed species onG#Al0s in flowing Figure 6. IR spectra of adsorbed species on,G#Al,O; at 623 K

CsHg + O at (a) 523 K, (b) 573 K, (c) 623 K, and (d) 648 K for  taken (a) after soaking into a flow of8g + O, for 120 min, followed

120 min.
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by He purge for 30 min and then changing the gas to (b) He for
80 min, (c) Q for 90 min, (d) NO for 90 min, and (e) N@ O, for
90 min, respectively.

observed in flowing gHg + O, (spectrum a). After purging in
flowing He for (80 min, spectrum b) and then in @r 90 min
(spectrum c), no significant changes have been observed in the
IR spectra. However, the intensity of the IR bands characteristic
of adsorbed acetate and formate decreased significantly when
the feed gas was switched to NO or NOO, during 90 min.
Between 2000 and 1000 crh the bands due to acetate (1564,
1458 cm?) disappeared completely, and bands at 1552, 1294
cm~1and 1580, 1240 cni assigned ta(N=0) andv,s(ONO)

of unidentate and bidentate nitrates, respectively, have been
observed. In the OH vibration region, negative bands were
shifted from 3768 and 3686 crhto 3755 and 3686 crt. The
surface acetate was consumed by NO or N@;.

The time dependence of the intensity of the acetate band
(1480-1420 cnT; normalized by initial intensity) in the various
gas flows at different temperatures is shown in Figure 7. In a
flow of He as well as @ a small decrease in the intensity of
the acetate band has been observed. This small decrease can be
interpreted by desorption of the adsorbed species (in both gases)

Figure 5. Time dependence of the integrated area of the band due to @nd by slow oxidation of the adsorbed species by oxygen (in

acetate (14801420 cn1?) in flowing CsHg + O, on GaOy/Al,03
(solid) and ALOs (blank) at different temperatures® () 523 K,

(@, 0) 573 K, (a, A) 623 K, and ¥, V) 648 K;

activity for the partial oxidation of propane. This correlates well
with the increased catalytic activity in SCR of the Gg/Al ;03

system at lower temperatures (Table 2).

0,). However, the intensity of IR bands due to acetate
significantly decreased when the feed gas was switched to NO
or NO + O,. This can be due to (i) the reaction of acetate with
NO and NO/Q or (ii) site competition with other species (e.g.,
NOy ). All experimental observations of this paper and results
from the literature (e.g., of Shimizu et %44 support that the
chemical reaction of surface oxygenates with NO (point i) is
the reason for this decrease. The temperatures at which the

The reactivity of adsorbed acetate over,G#Al O3 toward
different oxidizing agents was evaluated by time-dependent reaction (acetate consumption) takes place correlates exactly
changes of the IR spectra at different temperatures. In thesewith the catalysis results and the formation of Nhe reaction
experiments, the catalyst was first exposed to a flow of rates as a function of temperature reflect the expectations for
CsHg + O, for 120 min (Figure 6, spectrum a), followed by the reaction and not for adsorptiodesorption equilibria. The
purging in flowing He for 30 min. Then the gas flow was small differences in the reaction rate of acetate consumption in
switched to He, @ NO, and NO+ O, respectively. Figure 6 NO and NO+ O,, respectively, suggest that,@oes not
also shows the IR spectra recorded at 623 K for 90 min after significantly promote the reaction between adsorbed acetate and
change of the gas composition. Adsorbed acetate (1564, 1456NO. The consumption of the surface oxygenatesdm@reased
cm1) and formate (1392, 1376 ci#) are the dominating species  significantly with increasing temperature. At lower temperatures,
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(®) O, (a) NO, and ) NO + O,. Before the measurements, the catalyst was pretreategHp € O,/He for 120 min and purged by He at
623 K for 30 min: (A) 573 K; (B) 623 K; (C) 648 K.
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Figure 8. IR spectra of adsorbed species on,G#Al,O; at T = relative intensities of nitrate bands in the region 133080 cnr!
573 K taken (a) after soaking into a flow of N®O; for 120 min normalized by the intensity of 150 min in different gas flowsa),(
followed by He purge for 30 min and then change the gas to (b) He NO + O, in helium; @) He; (a) C:Hg/He; @) CiHg + OJHe.
for 80 min, (c) GHg for 90 min, and (d) GHs + O, for 90 min, Temperature= 573 K.
respectively.

NO is the predominant reaction partner of surface acetate (evento CHg and GHs + O, respectively, for 90 min. Figure 8 also
in extreme excess of oxygen). For higher temperatures, theshows the IR spectra recorded at 573 K after changing the feed
reaction with oxygen is enhanced. This leads to a decrease ingas for 90 min. Four bands centered on 1578 and 1240 cm
efficiency of the reducing agent propane (competitiveness factor) as well as 1554 and 1294 crassigned to surface bidentate
and is reflected by a (slight) volcano shape (shown in Table 2). and monodentate nitrate species were observed in flowing
It should be mentioned that the temperatures consciously choseNO + O.. After purging in flowing He for 80 min (spectrum
for the IR experiments correspond well to the temperatures b) and/or in flowing GHg for 90 min, only small quantitative
where GaO3/Al,03 is active and shows measurable high NO changes of the IR bands are observed. That means adsorbed
conversions to B They are below the optimum temperature hitrates do not react with £l over GaOgy/Al03 at 573 K.
with highest activity (total conversiof, = 723 K). However, after purging in flowing He and then in flowing

5. Studies on Single Steps of the Reaction Cycle: Reactiv- CsHs + O, for 90 min, a new band characteristic of acetate
ity of Surface Nitrates. The reactivity of adsorbed NOspecies (1458 cnm?) is observed. Simultaneously, the intensity of the
toward propane was evaluated by transient response of the IRIR bands characteristic of surface nitrates decreased.
spectra at 573 K. First, the catalyst was exposed to a flow of Figure 9 shows the changes in the integrated intensity of the
NO + O, for 120 min (Figure 8, spectrum a) and then purged nitrite/nitrate bands in the range of 1330180 cnt?! (normal-
in flowing He for 30 min. Finally, the gas flow was switched ized by initial intensity) as a function of time after the feed gas
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was switched from NO+ O, to He, GHg, or GHg + O, at C;Hg + XNO + (10 — x)/20, — 3CO, + x/2N, + 4H,0

573 K. The intensity of the IR bands characteristic of sur- (1)
face nitrates decreased only slightly in flowing HeHg, or

CsHg + O,. This indicates that nitrates are stable isHg and C;Hg + 10NO— 5N, + 3CQ, + 4H,0 )
CsHg + O,. In flowing He, the small decrease in the concentra- C,Hg + 50, — 3CQ, + 4H,0 (3)

tion of nitrates can be interpreted by desorption of adsorbed

species. In flowing €Hs, there is no significant difference in For the reduction of one molecule of NO, two electrons must

the consumption rate of surface nitrate compared to flowing pe delivered by propane (formal reduction fron2 for N in
He. This illustrates that the adsorbed NGspecies are not NO to 0 in Ny). On the other hand, one moleculgHG provides
reactive to GHg at 573 K. Interestingly, an increase of the 20 electrons when it is oxidized to G@nd HO. One molecule
intensity of the IR bands due to nitrates (133080 cn) at of propane can thus formally reduce 10 NO molecules 30 N
the beginning is observed when the feed gas was switched to(eq 2).

CsHg + O.. This might be due to the formation of acetate species  As experimentally observed (Table 2), one molecule of
by CsHg—O- reaction, because weak IR bands due to acetate propane converts four NO exclusively tg,N.e., the overall
species appear in the regions of 12a235 cnT! and 1296~ reaction at temperatures ©f< 673 K can be formally described
1340 cnr1.27.28 After 10 min, the intensity of the IR bands due by eq 4

to adsorbed N¢F species (13361180 cntl) decreased with

time. Although the consumption rate of surface nitrates is also CsHg +4NO + 30, — 3CQ, + 2N, + 4H,0 (4)
slow, it is faster than in flowing He and in flowingsH8s. This

indicates that the surface acetate formed under these conditions 1hat means 12 electrons must be accepted bgrd that Q

(CsHs + O,) acts as the active intermediate in the consumption 1as been involved in the hydrocarbon SCR reaction. (More
of adsorbed NQ™ species. exactly, the incomplete conversion 0§k to carbon dioxide

must be taken into account: 45% ¢,G5% CO. In concern of

the carbon balance, approximately 50% of the carbon com-
pounds are not completely oxidized, i.e., in fact only 11 electrons
are accepted by oxygen, or 4 NO molecules are reduced by
even less than 1 4Elg.)

This is still in agreement with reaction mechanisms proposed
in the literature for different catalyst/reducing agent systems,
according to which (i) NO initially activated (oxidized) by,O
reacts with the hydrocarbd?28 (ii) the hydrocarbon is first

Discussion

1. Particular Catalytic Properties of the Optimized System
Gay03/Al,03. The optimized catalyst G@4/Al O3 investigated
in the present work shows high activity and selectivity tp N
for the selective catalytic reduction of nitric oxide by propane.
It converts NO completely at temperatures of 723K and above

= 1 1 I 0,
(GHSV = 10000 I, Table 2) selectively to nitrogen (99% partially oxidized and then reacted with N&.38 or (iii) both

Nz, 1% NZQ)' ) ) NO and hydrocarbon are preoxidized by, @nd then the

The particular performance of this catalyst is, however, the generated species react to each offdfrwe assume however
high and reproducible efficiency of the reducing agent (propane), that propane is preoxidized to surface acetate (what is generally
which is in general not regarded and achieved for other oxidic accepted by the majority of literature repdft$® and also
catalyst systems before. Yan et*&ldescribed this efficiency  demonstrated in this work) then the reaction partner cannot be
by a so-called “NO competitiveness factor” (Table 2, superscript an adsorbed nitrate ¢NOs™). This reaction path (a variation
¢), which is near 40% (43.0% for 673 K and 41.5% for 723 K) of iii) can be excluded by the electron balance considerations
in the present work. for Gay03/Al,0s. In this case, only two NO molcules could be

As shown in Table 2, one molecule of propane converts rather reduced by one molecule of propane in contrast to the
exactly four NO molecules exclusively to,ifeed gas composi-  experimental finding of NO:gHg conversion= 4:1.
tion: NO:GHg = 1000:1000 ppm). The same relation and Even the preoxidation of NO to Nbecomes less probable
selectivity are observed for lower temperatures and lower due to the following calculations: By assumption that propane
conversionsT = 573, 623, and 673 K), i.e., at the temperatures, IS oxidized first to surface acetate, the following reaction fits
at which the in situ IR studies were performed (Table 2). This the mechanism best
relation is clearly more efficient than for most other SCR w N
catalysts reportedyin the literature like silv@lumina or cobalt * —CH;COOH" + 4NO— 2N, + 2C0, + 2H,0 (5)
alumina system&L39 It is this that makes the catalyst g/
Al,O3 particularly interesting for mechanistic investigations also
because of several additional reasons: (i) several reaction
mechanisms proposed in the literature can be surely excluded
for GaO3/Al,03 due to the overall electron balance (see below);
(i) it is generally assumed that such oxide systems neither
directly decompose NO nor oxidize NO to & (i) further- give any information on the detailed reaction mechanism as,
more, neither G#D3 nor Al,Os are known to be redox active e.g., the role of nitrogen containing organic species or possible
materials, i.e., partially redut_:ed catalyst intermediates can alsoy o decomposition, it allows valuable conclusions to exclude
be excluded. In the following, the electron balance of the gome reaction pathways (the pathway iii where both reactants
reaction system will be regarded in detail. are first oxidized) for the G&@3/Al,05 system.

2. Electron Balance and Stoichiometric Calculations for 3. Formation and Consumption of Surface SpeciesAd-
Possible Reaction PathwaysThere are two oxidizing agents  sorbed nitrates, oxygenates (partially oxidized hydrocarbons,
(NO and Q) and one reducing agent {8s) in the SCR feed mainly acetate and formate), and nitrogen-containing organic
(reaction eq 1), and two main competing reactions (eqs 2 andspecies { CN and—NCO) have been observed on the surface
3) must be taken into account for the overall SCR proékss. of GaOs/Al,O3 exposed to SCR atmosphere at reaction tem-

This equation reflects the highest possible efficiency for NO
conversion by surface acetate and fits very well the proposed
reaction mechanism presented below for the,@8Al,O3
system, i.e., NO oxidation is neither expected on@#AI,03

or on ALO3 nor it is in agreement with the electron balance
and reaction mechanism. Although these considerations do not
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peratures (Figures 1 and 2). The same surface species have alSBCHEME 1: Proposed Reaction Pathways of NO
been reported by Sibata et3lduring SCR of NO by propane  Reduction by Propane over GaOs/Al,0z

over Ag/Al,Oz catalysts and by Haneda et?alduring SCR of 0,

NO by propene over G&3/Al,0s. In the present work, the 0, co; +H,0
formation and consumption of these adsorbed species gbsGa S Carbonaceous .3 oN
Al,0; in different gas atmospheres were investigated in order CHe—= ggg%’HOH ————> \co

to elucidate their role in the SCR reaction. As shown in Figures o2 \ /7 NO
1 and 3, hydrocarbon-derived surface oxygenates (acetate, NO,NOy N2, N,O NO 5
formate) can be formed in flowing48ls + O,, CsHg + NO, as

well as GHg + O; + NO at 623 K. The concentration of Nz + COz + H,0
adsorbed surface acetate decreases in the orgiéy -€ O, > 2 Pathways 1 and 4 are the main reaction pathways.

CsHg + NO > C3Hg + NO + Og, suggesting that only £but

not NO is a useful oxidizing agent for the partial oxidation of ~can react with hydrocarbon derivates (acetate, formate) generated
propane over G®3/Al,0s. The partial oxidation of propane is ~ from CsHg + O only. However, according to the discussion
even inhibited by NO. These results are in good logical above the surface nitrite/nitrate species cannot be involved in
agreement with De Soete et“dlby studies on combustion of  the intrinsic SCR mechanism and we attribute them to spectators
coal char in gas atmospheres with and/or without NO and with for the catalytic system under study. As discussed above, the
Chambers et af2 who reported that the introduction of NO  formation of surface nitrites/nitrates cannot be the rate-determin-
into a flow of GHg + O, caused an inhibition of propane ing step of the SCR reaction over &a/Al,Os. Even more,
oxidation over Pt/Si@ catalysts. This is explained by NO  the role of oxidized NQ surface species in the reaction
formation and decomposition cycles on the catalyst surface. Mechanism is called into question at all by experimental results

In flowing CsHs + O, the formation of surface acetate starts and_electron balqn_ce consid_eration_s presented in this work.
from 523 K and its concentration increases with increasing  Nitrogen-containing organic species¢N and—NCO) are
temperature until 673 K (Figure 3). The impregnation ofGa  Only detected in a flow of €4 + NO + O, after an induction
onto ALOs leads to an enhancement of the partial oxidation of Period of about 5 min (Figure 2). Probably they are formed by
propane. Explanations are given by Haneda &t atcording the reaction between adsorbed carboxylates and NO or NO

to their catalysis testing and catalyst characterization results. [tderived species only.

is this partial oxidation of propane to acetate (formate) that 4. Reaction Mechanism of SCR of NO by @Hg over
represents the rate-determining step of the SCR reaction. Theré52203/Al;03. As discussed above and illustrated in Scheme 1,
is a perfect correlation between this partial oxidation reaction the GHs—SCR of NO over GgDy/Al O3 starts with the partial

and the activity of the G®y/Al,O; catalyst in the SCR reaction. ~ oxidation of GHg by O; to surface carboxylates such as acetate
The formation of surface nitrite/nitrate species cannot be the @nd formate (step 1). This represents the rate-determining step
rate-determining step, because the rate of nitrite/nitrate formation©f the whole reaction cycle. The surface oxygenates (mainly
and its surface concentration decreases with increasing temperacetate, formate) are highly reactive to (adsorbed) NO (or NO-
ature, whereas the NO conversion increases with increasingderived species) forming nitrogen-containing organic surface

temperature when the reaction temperature is lower thanSPecies (isocyanides, cyanides, step 4). The coupling of nitrogen
723 K. atoms to form M most probably occurs via the comproportion-

ation reaction between NO (gas or adsorbed) and reduced

NO + O; are also reflected by the time dependence of the 122070 THRE TG SPEREE B TCL DG R TS
intensity of acetate IR bands in corresponding atmospheres. As y9 9 y

shown in Figures 6 and 7, surface acetate species are stable ié{:‘:c?iilﬁcg'fvgr’nQ;gtﬁ?g\/:rzzlcmécoT;F;Ztr']t::\;enf;:(:;i?rggois :n d
flowing O, but reactive in flowing NO or NO+ O,. The P P ’ ’

presence of NO (and/or N-derived species) decreases the surfackete of formation and consumption of all relevant surface species

acetate concentration. The small differences in the rate of ob_ls_ﬁrved bybllR SPZCttr.OSCOfpy' by NO idized
consumption of surface acetate in flowing NO and NGO, N € possi ? ox; auon ohprlopan?h y th or !‘\I@X' |tz_e "
(Figure 7) indicate that £does not enhance the reaction between Ox species, step 2) is much slower than the main reaction (step

acetate and NO. This is an additional indication that the 1 in Scheme 1; Figure 3). Nitrite and/or nitrate species, which
participation of nitrite/nitrate species in the SCR reaction &€ observed on the @&/AlO; surface, are found to be

mechanism over G&4Al,O; can be neglected. The rate of spectators only. Their participation in the main reaction cycle

acetate consumption depends on the reaction temperature. Th&steps 1, 4, and 5) can be exc!uded from c0(13|derat|ons of the
increase in reaction rate with temperature and the alosoluteelectron balance and the reaction rates. At higher temperatures

temperature values correlate very well with the catalytic results _surface carboxylates can b_e OX'dlzed t(_)tall_y by oxygen (step 3
NO ion. Table 2 in Scheme 1; Figure 7). This side reaction is the reason for the
( conversion, Table 2). ; . )

o . . . . decrease of the NO competiveness factor in the reaction at
Surface nitrite and/or nitrate species are observed in flowing temperatures above 773 K and probably for the clearly less

NO, NO+ O, as well as NOF Oz + CgHg (Figures 2and 8). - officient NO reduction over other HESCR catalysts such as
The intensity of the IR bands due to surface nitrites/nitrates Ag/AI,05 and Co/AbOs in comparison to GaDy/Al ;05,1139
decreases only slightly in flowing He andskg at 573 K.

Haneda et ai” and Shimizu et a® suggested for e that
this alkene can be oxidized by,@s well as surface nitrates.
CsHs, however, does not react with surface nitrates opdiga The formation and consumption of surface species and the
Al,03 as found in this study (as shown in Figure 8). This can role of the adsorbed oxygenates and nitrates during SCR of NO
be explained by the difference in the reactivity ofHg and by propane on G&®3/Al,O3 were investigated by in situ IR
CsHe. The decrease of intensity of nitrite/nitrate bands in flowing spectroscopy. The reaction starts with the formation of surface
CsHg + O, is faster than in flowing €Hg suggesting that nitrates  carboxylates (acetate, formate) by the reaction gfi{Ct O..

Differences in reactivity of surface acetate with, ®lO, or

Conclusions
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Carboxylates become the predominant surface species in the (19) Bennici, S.; Gervasini, A.; Ravasio, N.; Zaccheria) FPhys. Chem.
steady state and act as an important intermediate during the NOP 2003 107, 5168.

. . R L (20) Shimizu, K.; Satsuma, A.; Hattori, Rppl. Catal., B1998 16,
reduction. This propane oxidation is the rate-determining step 319

of the whole SCR reaction. The surface carboxylates react easily (21) Haneda, M.; Kintaichi, Y.; Hamada, Appl. Catal., B2001, 31,

with (adsorbed) NO. Nitrogen-containing organic species are 251

believed to be intermediates in the final formation of Nhe

stoichiometry of the SCR reaction, in particular the comparison
of NO and hydrocarbon conversion, allow interesting conclu-
sions concerning the reaction mechanism. Surface nitrites/

(22) Haneda, M.; Kintaichi, Y.; Shimada, H.; HamadaJHCatal.200Q
192 137.

(23) Haneda, M.; Kintaichi, Y.; Hamada, HCatal. Today1998 54,
391.

(24) Haneda, M.; Kintaichi, Y.; Hamada, Appl. Catal., B1999 20,

nitrates are found to be only spectators in the system under study ~(25) chen, L.; Horiuchi, T.; Mori, TReact. Kinet. Catal. Let200Q

(propane, G#D3/Al20s).
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