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In Situ FT-IR Study of Rh —Al—MCM-41 Catalyst for the Selective Catalytic Reduction of
Nitric Oxide with Propylene in the Presence of Excess Oxygen
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Rh-exchanged AtMCM-41 is studied for selective catalytic reduction (SCR) of NO hiA&in the presence

of excess oxygen. It shows a high activity in converting NO toadd NO at low temperatures. In situ
FT-IR studies indicate that RINO" species (19161898 cn?) is formed on the RRAI-MCM-41 catalyst

in flowing NO/He, NO+ O,/He and NO+ CzHg + O,/He at 106-350 °C. This species is quite active in
reacting with propylene and/or propylene adspecies (&-§sHs, polyene, etc.) at 250C in the presence/
absence of oxygen, leading to the formation of the isocyanate specieNE&d, at 2174 cm?), CO, and

CO,. Rh—NCO is also detected under reaction conditions. A possible reaction pathway for reduction of NO
by CsHg is proposed. In the SCR reaction, RRO* and propylene adspecies react to generate theN-O
species, then RANCO reacts with @ NO, and NQ to produce N, N,O, and CQ. Rh—NO" and RR-NCO
species are two main intermediates for the SCR reaction 6hARRMCM-41 catalyst.

Introduction propylene in the presence of excess oxygen. The mechanism
was studied by focusing on the surface adspecies of the catalyst
y in situ FT-IR spectroscopy under reaction conditions. MCM-

1 was chosen for this study because it has high thermal
stability, high BET surface area, and large pore volume. It has

Iready attracted considerable interests in recent years. It has
een studied as catalysts, support, and sorBénts.In our
previous study, the platinum-doped MCM-41 catalyst showed
higher specific activity than Pt/AD; for the SCR reactiofi.
The present study shows that the Rh-exchangeeMCM-41
catalyst is more active and selective fos than the Pt-doped

Removal of nitrogen oxides (NOQx = 1, 2) from exhaust
gases has been a challenging problem in recent years. Selectiv
catalytic reduction (SCR) of NQby hydrocarbons in the
presence of excess oxygen has been extensively sthglied.
Supported Pt-group metals have been reported to be active al
lower temperatures and are stable in the presence of water vapo
and sulfur dioxidé:™® Platinum, iridium, palladium, rhodium,
and ruthenium supported on A, TiO,, SIO,, ZrO,, and
ZSM-5 have been studied® More recently, MCM-41 as a
g o e SO s, o St s eyas MCVLAL catalyst. i lso shown hat td NO orginete
have channel-type pores; however, the pores are much bigge|malnly _from the reaction between RNO™ and propylene
in the MCM-41 catalysts, i.e., 0:3.6 nm in ZSM-5 vs 3-4 adspecies.
nm in MCM-41. Hence, the mass transfer resistance is consider-
ably lower in the MCM-41 catalysts. Among various noble
metals doped on ADs;, Pt was reported to be the most active Catalyst Preparation and Characterization. Al—MCM-41
and resistant to 0 and SQ@, but it produces a substantial (Si/Al = 10) was synthesized according to the procedure given
amount of NO. By comparison, Rh/AD; has the highest by Borade and Clearfielf. Fumed silica (99.8%, Aldrich),
product selectivity for M5 These different behaviors may be tetramethylammonium hydroxide pentahydrate (TMAOH, 97%,
related to the different characteristics of the two metals and thus Aldrich), 25 wt % cetyltrimethylammonium chloride (CTMACI)
two different reaction pathways in the SCR reaction. For Pt- in water (Aldrich), AI[CHsCH(CHs)O]s (97%, Aldrich), and
supported catalysts, e.g., Pt#®s and Pt/ZSM-5, the reaction = NaOH (98.1%, Fisher) were used as source materials for
mechanism has been studied by TAP (temporal analysis of preparing AHMCM-41. Solution A was prepared by dissolving
products) and FT-IR techniqué4® It has been generally 1.325 g of TMAOH in 100 mL of deionized water and then
accepted that the reaction path for reduction of nitric oxide addirg 5 g of fumed silica. Solution B was obtained by
involves a two-step process in which the NO molecules are dissolving 0.72 g of NaOH in deionized water and adding 25
decomposed to N and O atoms on the reduced platinum sitesmL of CTMACI followed by adding 2.19 mL of Al[GHsCH-
then the N atom combines another N atom or an NO molecule (CH3)O]; at room temperature. The two solutions were stirred
to produce N or N,O. The oxidized Pt sites are regenerated by for 10—15 min, then solution A was added to solution B. The
reduction with hydrocarbons (e.g.gls).81%1 However, few reaction mixture had the following chemical composition:
studies on SCR on Rh-supported catalysts have been reported
and the mechanism for NO reduction on Rh catalysts is still 1Si0,—0.05AL0,—0.23CTMACI0.11NgO—
unclears.12 , - 0.089TMAOH-125H,0

In this work, we first report the activities and product
selectivities of Rh-exchanged AMCM-41 for SCR of NO by

Experimental Section

After being stirred for 15 min, the mixture was transferred into
* Corresponding author. Telephone: (734) 936-0771. Fax: (734) 763- @ 250 mL three-neck flask and was then heated at*@ér
0459. E-mail: yang@umich.edu. 48 h. After filtration, the solid was washed, dried, and calcined
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Figure 1. XRD pattern of AHMCM-41 sample.

at 560°C for 10 h in a flow of air (150 mL/min). The XRD
pattern of A-HFMCM-41 (Figure 1) was consistent with that
reported previously for the AIMCM-41 molecular sievé31?
and all XRD peaks could be indexed on a hexagonal lattice
with leO: 3.9 nm.

Rh-exchanged AtMCM-41 was prepared by using a con-
ventional ion exchange procedure. An amouhtiLa of Al—
MCM-41 sample was added to 200 mL of FOM Rh(NO3)3
solution at 70°C with constant stirring. The pH value of the
solution was adjusted to 6 with NaOH solution in order to
maximize the rhodium ion-exchange capacity. A low pH is not
favorable for ion exchange because of competition from H
and the fact that Rh exists as ®h At high pH Rh would
precipitate as Rh(OH) The exchange process was carried out
for 6 h and repeated three times. After that, the mixture was
filtered and washed five times with deionized water. The
obtained solid sample was first dried at 1ZDin air for 12 h,
then heated at 408C for 6 h in aflow of 5.34% H/N>. The
rhodium content in the RRAI—MCM-41 sample was analyzed
by neutron activation analysis and was 3.14% (i.e., 61.7% ion

exchange). The Rh dispersion was determined by CO chemi-

sorptior? and was 93%. The BET surface area, pore volume,
and average pore size of the RAI—MCM-41 sample mea-
sured by N adsorption at-196 °C with a Micromeritics ASAP
2010 micropore size analyzer were 952/gn 1.22 cni/g, and
4.5 nm, respectively.

Catalytic Performance Measurement.The SCR activity
measurement was carried out in a fixed-bed quartz reéator.
0.1 g sample, as particles of 6@00 mesh, was used in this
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TABLE 1: Catalytic Performance of Rh—Al-MCM-41
Catalyst for SCR Reactiort

NO L CsHs
conversion selectivity (%) conversion
temp €C) (%) N2 N2O (%)

200 5.6 62.5 375 2.4
250 34.0 60.3 39.7 43.1
275 68.2 69.0 31.0 100
300 44.9 66.0 34.0 100
325 33.5 65.0 35.0 100
350 23.5 67.0 33.0 100
400 15.8 78.0 22.0 100

a Reaction conditions: 0.1 g of catalyst, [N&] [CsHe] = 1000
ppm, [G)] = 2%, He= the balance, and total flow rate 250 mL/
min.

He (99.9998%) for 30 min and then cooled to desired temper-
atures, i.e., 350, 300, 250, 200, 100. At each temperature,
the background spectrum was recorded in flowing He and was
subtracted from the sample spectrum that was obtained at the
same temperature. Thus, the IR absorption features that origi-
nated from the structural vibrations of the catalyst were
eliminated from the sample spectra. Unless otherwise stated, a
standard pretreatment procedure at 35@vas performed before
gas adsorption. The procedure consisted of oxidizing the sample
in flowing O, for 10 min followed by purging with He for 15
min, then reducing the sample by, lfbr 10 min, and finally
flushing in He for 15 min. In the experiment, the IR spectra
were recorded by accumulating 100 or 8 scans at a spectral
resolution of 4 cm?. The gas mixtures (i.e., NO/He 38¢/He,

NO + 02/He, Cg,HG + Olee, NO+ C3H6 + 02/He, etc.) had

the same concentrations as that used in the activity measure-
ments, i.e., 1000 ppm of NO (when used), 1000 ppm i
(when used), 2% ©(when used), and the balance of He. The
total gas flow rate was 250 mL/min.

Results and Discussion

Catalytic Performance for SCR Reaction For pure Al
MCM-41, no NO conversion to Nor N,O was obtained at
200—-400°C under the reaction conditions (0.1 g sample, 1000
ppm of NO, 1000 ppm of €Hs, 2% O, and 250 mL/min of
total flow rate). Whereas, as shown in Table 1, /&—MCM-

41 was active for the SCR reaction. With increasing temperature,
the NO conversion increased first, passing through a maximum,
then decreased at higher temperatures. The maximum NO
conversion appeared at the temperature at whigis Conver-
sion reached 100%. At high temperatures, the decrease in NO
conversion was due to the combustion aHg by O,. Carbon

work without any pretreatment. The activity was measured after dioxide was the only product (besides water) of propylene
reaching a “steady state.” The typical reactant gas compositionoxidation. The nitrogen balance was above 95% in this work.

was as follows: 1000 ppm of NO, 1000 ppm ofHg, 2% O,

and the balance He. The total flow rate was 250 mL/min
(ambient conditions). The premixed gases (1.01% NO in He
and 1.00% GHg in He) were supplied by Matheson Company.

The NO, concentration was continuously monitored by a
chemiluminescent NO/NCanalyzer (Thermo Electro Corpora-

The product selectivity for Blwas between 60% and 78%. The
maximum NO conversion on the Rl —MCM-41 catalyst was
slightly higher than that on the PtyMCM-41 catalyst (68.2% at
275°C vs 63.6% at 250C)° under the same reaction conditions.
The former also had much higher product selectivities for N
than the latter, which is in agreement with the previous result

tion, model 10). The other effluent gases were analyzed by athat Rh-doped catalysts have highes $électivities than Pt

gas chromatograph (Shimadzu, 14A) at 50 with a 5A
molecular sieve column for HN,, and CO, and a Porapak Q
column for CQ, N,O, and GHe.

FT-IR Study. Infrared spectra were recorded on a Nicolet
Impact 400 FT-IR spectrometer with a TGS detector. Self-

catalysts Since A-HMCM-41 was inactive in the SCR reaction,
it is clear that rhodium acted as active sites for NO reduction
on the RR-Al—MCM-41 catalyst. The high activity on the
catalyst may be attributable to the high rhodium dispersion
(93%, obtained by CO chemisorption). It is known that ion

supporting wafers of 1.3 cm diameter were prepared by pressingexchange can be used to prepare highly dispersed Rh in NaY
10 mg samples and were loaded into a high-temperature IR cellzeolite!®

with BaF, windows. The wafers could be pretreated in situ in
the IR cell. The wafers were first treated at 4@in a flow of

IR Spectra of NO and NO, Adsorption on Rh—Al—MCM-
41 Catalyst The adsorption of NO and NQwas studied at
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Figure 2. IR spectra of (a) 1000 ppm of NO adsorbed on-h—
MCM-41 pretreated by @ (b) 1000 ppm of NO adsorbed on Rh
Al—MCM-41 pretreated by b (c) 1000 ppm of NGO+ 2% O; adsorbed
on Rh—Al-MCM-41 pretreated by K and (d) 1000 ppm of N®
adsorbed on RRAI-MCM-41 pretreated by KH The spectra (100
scans) were collected after the gases were passed over the sample f
10 min at 250°C.

250°C on both oxidized and reduced RAI—MCM-41 by FT-

IR spectroscopy. The oxidized Rl —MCM-41 was obtained
by calcining the sample at 35 in a flow of O, for 10 min
followed by purging with He for 15 min. After the sample was
exposed to a flowing NO/He for 10 min at 25C, three IR
bands were observed at 1900, 1634, and 1534!d(fRigure
2a). The band at around 1900 chwas always observed on
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Figure 3. IR spectra (100 scans) of R\l —MCM-41 in a flow of
1000 ppm of NO+ 2% Oy/He at (a) 100, (b) 200, (c) 250, (d) 300,
and (e) 35C°C.
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reduced catalyst. In addition, two weak bands were seen at 1776
#nd 1644 cm!. The 1776 cm? band can be assigned to Rh
NO~.20-23The NO™ species with a weakened+D bond would

be easier to dissociate. It is known that NO molecules could be
decomposed to N and O atoms on reduced Rh sites and thus
oxidize the Rh sited! While the assignment of the band at 1644
cm1is complicated, Xin et al° and Tanaka et &P assigned

the band around 1657 crhon Pt catalyst ta/(ONO), but the
wavenumbers of nitrito complexes generally fall in the range
1485-1400 and 11161050 cnt?, as shown by Nakamofs.
Therefore, this band could also be due to-RHO™ at different

NO-adsorbed Rh catalysts. It is attributable to NO adsorbed onsites on the Rh catalyst, as suggested by Srinivas 2tTale

the partially oxidized Rh sites, i.e., RINO™,71921 which is

IR spectrum of NO+ O,/He adsorbed on RhAI-MCM-41

generated by the donation of the unpaired electron from the 2pwas similar to that of NO adsorbed on the oxidized sample;

ar* antibonding orbital of the NO molecule to the 4d orbital of
rhodium. This results in an increase in the strength efON
bond, and hence, the NO molecule associated with $ties is
more difficult to decompose to N and O atoms than the free
NO molecule. The band at 1534 cinis due to they(N=0)
vibration of the bidentate nitrato speci¥s:

/AN

N/
[¢]

Rh NO

i.e., R-NO™ (1904 cntl), Rh—NO; (1634 cn1l), and a
bidentate nitrato species (1541 thwere observed (Figure
2c). When RR-AI—MCM-41 was treated in a flow of N&
He, Rh-NO™ (1910 cnt?), Rh—NO; (1627 and 1602 cmi),
and a bidentate nitrato species (1554 énwere formed, with
Rh—NO, as the dominant species (Figure 2d). The formation
of Rh—NO™ indicates that N@molecules were partly decom-
posed to NO molecules on Rh sites.

IR Spectra of Adsorbed NO + O, at Different Temper-
atures. Figure 3 shows a series of spectra of-Rkl —MCM-
41 in flowing NO+ Oy/He at different temperatures. After the

This species was also observed on the NO adsorbed Rh/SiO sample was treated by N® O,/He at 100°C for 10 min, Rk~

catalyst by Srinivas et 8. The weaker band at 1634 cimay
be assigned to Nadsorbed on Rh sitédg? NO was also
adsorbed on a reduced sample f4—MCM-41 was reduced
by H, at 350°C for 10 min followed by purging with He for
15 min. NO was then adsorbed at 28D for 10 min. The Rk

NO™ (1910 cnt?), Rh—NO, (1634 cntl), and bidentate nitrato
species (1543 cri) were formed (Figure 3a). In addition, a
small peak was observed at 1315 émThis peak was also
seen on the N@adsorbed RRAI—MCM-41 but not observed
on the NO-adsorbed sample that was pretreated byTHis

NO* band was stronger and appeared at a lower wavenumbermeak was most likely due to adsorbed NGspecies? This

(1895 cnT!) compared to that on the oxidized sample (Figure
2b), indicating that more Rh sites were produced on the

species disappeared at 200 (Figure 3b). With an increase
in temperature, the RANO™ band (1910 cm?) grew to a
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— TABLE 2: Assignments of IR Bands for the Reaction GHsg
| + O, on Rh—AlI—MCM-41
I A=0.1 band (cnm?) assignment ref
3084 ‘Vag(=CH2), C3HG 24, 25
2984 v(=CH,), CsHe 24,25
ﬂ,\’i’ . 2956 Va{_CHg), C3He 24, 25
2924 v{(—CHjg), CsHs 24,25
2363,2335 CQ 20
2103, 2046 v(CO), CO adsorbed on different Rh sites 20, 21
1675 vad C=0), acrolein 2426
4 AN 1594 polyene species 21
- 1490-1510 s-allyl complex ¢z-CsHs) 21
1430 surface carboxylate species 21
/\ 1372 allylic species 26
s\ P
M\mj MW l 598
A=0.05
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Figure 4. IR spectra (100 scans) of RIAI—MCM-41 in a flow of )
1000 ppm of GHs + 2% O,/He at (a) 100, (b) 200, (c) 250, (d) 300, 335
and (e) 35C°C.

maximum intensity at 250C and then declined at higher
temperatures. RANO™ was the dominant species at tempera- L~

tures below 300C. By comparison, increasing the temperature

from 100 to 350°C resulted in an increase in the bidentate 2004

nitrato species (1543 cm) but a decrease in the RINO, 1830

species (1634 cm) (Figure 3). The bidentate nitrato species

became the dominant adspecies at 360wing to oxidation L~ 4

of rhodium. Because NO molecules are easily decomposed t0 v -ri-pr o | oo omprrrr s
N and O atoms, thus oxidizing the prereduced Rh sites to form 320 2800 2400 2000 1600

Wavenumbers (cm'™)

[Rh(O,)~], other NO molecules can adsorb on the oxidized Rh
sites [Rh(Q)~] to form RhQNO, i.e., bidentate nitrato species. Figure 5. IR spectra (eight scans) taken at Z&Dupon passing 1000
At high temperatures, most of the Rh surface was covered byPoprn(]a())foQE?)G)/ Tg o(\é?rsgleaklc?z—d)oéoprsesorbed on RRAI-MCM-41
oxygen atoms, and many Rh sites were oxidized to [RN(O ' ' ’ ’
sites, so bidentate nitrato became the dominant species. new bands at 2363, 2335, 2103, and 2046 tmppeared at

IR Spectra of Rh—AI—MCM-41 in a Flow of C3Hg + O,/ 200°C (Figure 4b). The bands at 2363 and 2335 &wwan be
He. When RR-Al-MCM-41 was exposed to flowing 4Els + assigned to gaseous or weakly adsorbed §ji@cies, while the
O,/He at 100°C, a series of IR bands were observed (Figure other two bands are attributed to carbon monoxide adsorbed

4a). The weak peaks between 3084 and 2927t ¢asulted from linearly on two different rhodium site®:21 Increasing temper-
asymmetric or symmetric €H stretching vibrations o=CH, ature resulted in an increase of gBands but a decrease of
and —CHjz groups of gaseous or weakly adsorbegHg?425 CO adspecies bands. The oxidation reaction of propylene has

They disappeared after the sample was purged by He for 15been intensively studied on various catalysts, and the mechanism
min. The stronger bands at 1675 and 1430 toan be assigned is understood! The above results suggest that the reaction route
to acrolein and carboxylate adspecies, respectiiel§y26 The between GHg and Q on the RR-Al—MCM-41 catalyst is in
appearance of the band at 1594 énndicates the formation =~ agreement with the previous mechanism; i.e., propylene mol-
of polyene specie®. The shoulders at 1490 and 1372 ¢nare ecules are first adsorbed on the active sites (Rh sites) to produce
due to thewm-allyl complex (-CsHs) and allylic species, allylic and 7-C3Hs species, which can further dehydrogenate
respectivel\?-26The assignments of these bands are summarizedto form a polyene species or react with oxygen species to
in Table 2. These results indicate that oxidation gHgtook produce acrolein and carboxylate species. They are finally
place on the RRAI—MCM-41 catalyst at 100C. With an oxidized to CO and C®by oxygen.

increase in temperature, the intensity of the carboxylate species IR Spectra of Reaction Between @Hg and NOy Adspecies
(1430 cn1?) grew to a maximum at 258C and then declined, = Rh—Al—-MCM-41 was first treated with NG O,/He followed

and it disappeared completely at 380. The other adspecies, by He purge at 250C. GHg/He was then introduced, and the
i.e., allylic, 7-CsHs, polyene, and acrolein, decreased with an IR spectra were recorded as a function of time (Figure 5). As
increase in temperature and vanished at @Moreover, four noted above, RANO™ (1898 cntl), Rh—NO, (1629 cnT1l),
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Figure 6. IR spectra (eight scans) taken at Z&Dupon passing 1000
ppm of GHes + 2% O,/He over the NO+ O, presorbed on RRAI—
MCM-41 for (a) O, (b) 15, (c) 30, (d) 60, and (e) 300 s.

and bidentate nitrato species (1536 &nwere formed after
Rh—AlI—MCM-41 was treated with NG~ O,/He (Figure 5a),
and their IR bands did not decrease in flowing He for 5 min.
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Figure 7. IR spectra (100 scans) of RiAlI—MCM-41 in a flow of
1000 ppm of NO+ 1000 ppm of GHs + 2% O,/He at (a) 100, (b)
200, (c) 250, (d) 300, and (e) 35C.
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Rh—Al—MCM-41, there was a gradual decrease in the-Rh
NO™ band (1898 cm?) and the bidentate nitrato band (1536
cm 1) and simultaneous formation of GQ2363 and 2335

After C3Hg/He was passed over the sample for 15 s, the bandscm™1). Meanwhile, RR-NCO (2174 cm') and Rh-CO (2103

due to RR-NO™ (1898 cn1?) and bidentate nitrato species (1536
cm™1) declined rapidly, while C®(2363 and 2335 cni) and
Rh—CO (2025 cm1)20-21 species were formed (Figure 5b). In
addition, a new weak band at 2174 thwas also observed,
suggesting the formation of an isocyanate complex—<{Rh
NCOQ) /20212729 The Rh-NCO species was detected by many

and 2047 cml) were progressively formed. On the other hand,
some features that were assigned to acrolein (1670%m
polyene (1594 cmt), 7-CsHs (1492 cnt?l), and carboxylate
species (1427 cni)?1.24-26 glso appeared. After 5 min, only a
trace of RR-NO* and Rh-NCO were detected, and the other
IR features were similar to that of the fresh-RAl—MCM-41

researchers when investigating the interaction of NO and CO catalyst exposed in flowing4Els + Ox/He at 250°C (as shown
on supported rhodium catalysts. For example, Hecker andin Figure 4c). These results indicate thaHgcould also reduce

Bell?"28 studied the formation of-NCO by in situ IR
spectroscopy on Rh/SjOThey assigned the band at 2300¢m
to Si—NCO and that at 21962170 cnt! to Rh—NCO on the

the nitrogen oxides adspecies in the presence of excess oxygen,
but the disappearance of nitrogen oxides adspecies required a
longer time &5 min vs 1 min) compared with that in the

basis of a comparison with the spectra of isocyanate complexabsence of oxygen (compare Figures 5 and 6). This is attribut-

over transition metals. The RINCO species at 2172 crhwas
also identified by an isotope exchange experini@nthe
decrease of the IR bands due to-RWO™" and bidentate nitrato
species as well as the formation of E®Rh—CO, and Rk
NCO species clearly indicated thagHs reacted with these
nitrogen oxides adspecies. Decrease of the 1629 band was

able to the competitive consumption ofHs by O,. Besides,

CO;,, not CO, was the main product of propylene oxidation in

the reaction betweenzH8gs + O, and nitrogen oxides adspecies.
IR Spectra of Rh—Al—MCM-41 in a Flow of NO + C3Hsg

+ O/He. To identify the species present on the catalyst under

reaction conditions, IR spectra were recorded in a flow of NO

not apparent. This is probably due to the fact that the product + CsHg + O./He when RR-Al—MCM-41 was heated from 100
H.0O, resulting from oxidation of propylene, also has an IR band to 350°C. As shown in Figure 7a, a series of IR bands were

near 1629 cm!. The bands at 1629 and 1536 chvanished

observed at 30842924, 1899, 1730, 1675, 1635, 1600, 1507,

in 30 s (Figure 5c). After the sample was treated in a flow of 1428, and 1373 cnt at 100°C. These bands were also detected

CsHe/He for 60 s, the RRNO' and RR-NCO bands also

on the sample in flowing NO/He, N&O,/He, and GHg +O,/

disappeared and the CO adspecies became dominant on théle (Figures 2-4). As indicated above, the weak bands between

surface, with a linear CO band at 2004 ¢hand a bridged CO
band at 1830 cmt.2°
IR Spectra of Reaction Between GHg + O, and Adsorbed

3084 and 2924 cri are due to the €H stretching vibration
of CsHe; the bands at 1899 and 1730 chare attributable to
Rh—NO* and RR-NO~ species, respectively. The shoulders

NO,. Figure 6 shows the IR spectra observed during the reactionat 1675 and 1600 cnt and the weak bands at 1507, 1428, and
between GHg + O,/He and nitrogen oxides adspecies at 250 1373 cnt! can be assigned to acrolein, polyeneCszHs,

°C. As GHg + O,/He was passed over the NOO, adsorbed

carboxylate, and allylic species, respectivéy?® The band at
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1635 cnt?, assigned to RANO, species above, was probably
also due to HO here because oxidation oglds took place at
100 °C. When the temperature was raised to 2Q0) the IR
bands attributed to RANO™ (1899 cn1?), 7-C3Hs (1507 cnt?),
and carboxylate (1428 cm) increased (Figure 7b). Moreover,
two new peaks at 2174 and 1777 chappeared, which can be
assigned to RRANCO and RR-NO~ species, respec-
tively.20-2227-29 The formation of RA-NCO indicates that the
reaction between NO ands8s occurred at 200C. At 250°C,
the IR bands due to Cat 2363 and 2335 cnt were detected.
In addition, a very small peak at 2241 chwas also observed,
suggesting the formation of gaseousON° The IR bands of

these adspecies were changed with an increase in temperature.

Rh—NCO and carboxylate species grew to a maximum at 250
°C and then decreased at higher temperatures. The maximu
of Rh—NO™ species appeared at 30Q. At 350 °C, besides
CO;, Rh—NOT, and RR-NO,, a new band at 1541 crhwas
detected, which is attributable to the bidentate nitrato spétfés.

It is noted that propylene was consumed by oxygen and nitric

oxide at this temperature. No adsorbed or gaseous CO species

was observed during the reaction at 3350 °C.

Reaction Mechanism of NO Reduction by GHg in the
Presence of Q. As indicated above, when NO was introduced
to the oxidized RrrAl—MCM-41 or NO+ O, was passed over
the reduced sample at 25, Rh—NO™, bidentate nitrato
species, and a small amount of RNO, were observed. Rh
NO* was the dominant species on the surface. It was also
observed on RRAI—MCM-41 in the presence of N@ CzHg
+ Oy/He at 106-350 °C (Figure 7). The nitrogen oxides
adspecies were quite reactive towargHg at 250°C in the

J. Phys. Chem. B, Vol. 103, No. 12, 1992237

with propylene took place at above 200, as identified by the
formation of RAi-NCO, N;O, and CQ species. Since the
propylene adspecies (polyeneCsHs, allylic species, etc.) are
strong reductants, they can also reduce the nitrogen oxides
adspecies at high temperatures. On the basis of the above results,
a possible mechanism for the reduction of NO yHgin the
presence of excess,@n the RR-Al-MCM-41 catalyst is
present as follows:

Rh* + NO < Rh—NO* 1)

CaHe(g) — CaHe(a) (H[O]) — —C5Hs, 7-C5Hs, pOlyene,(-é-)
Rh=NO" + CHg (o, —C3Hs, 7-C5Hs, polyene, ..—

..—Rh—=NCO (3)

Rh—NCO + /,0, —~ Rh+ Y/,N, + CO, (4)

Rh—NCO+ NO— Rh+ N, + CO, (5)

NO + /,0, —~ NO, (6)

Rh—NCO + NO, — Rh+ N,O + CO, @)

Rh+ ,0,— Rh" + 1,0 (8)

The reaction begins with the adsorption of NO molecules on
the partially oxidized Rh sites to form RR-NO™ (reaction 1)
and the adsorption of 48l on the catalyst to form propylene

absence or presence of excess oxygen, leading to the formatioradspecies, such as allylic species;sHs, polyene, etc. (reaction

of Rh—NCO, CO, and CQ(Figures 5 and 6). However, under

2). The RR-NO™ and the adjacent propylene adspecies form

reaction conditions, the bidentate nitrato species was not detectedhe Rh—-NCO species (reaction 3). The RNCO then reacts

until CsHe was totally consumed at 35C (Figure 7). It cannot

with O,, NO, and NQ to produce N, N;O, and CQ (reactions

be a reaction intermediate in the SCR reaction. Itis also unclear4—7). At the same time, Rh is oxidized back to Rions

if Rh—NO; species existed on the catalyst under reaction
conditions because of its overlap with theGHband. Consider-
ing that the concentration of RINO, was always much lower
than that of Re-NO™ on the NO-adsorbed RMAI-MCM-41
catalyst (Figures 2 and 3), its contribution to the production of
N2 and NO would be small compared with that by RNO*,
even if it is formed under reaction conditions. ThereforeRh
NO'™ may be the main primary intermediate species for the
reduction of NO by GHs.

When GHgs and GHg + O, reacted with the nitrogen oxides
adspecies on the RIAl—MCM-41 catalyst, R-NCO was

produced (Figures 5 and 6). This species was also observed on

the catalyst under reaction conditions (Figure 7). In the study
of the NO + CO reaction, R&eNCO was detected on the
rhodium-doped catalysts and attracted considerable int€rest.
It was considered to be formed from the reaction between CO
and Rh-N resulting from the dissociation of NO on the reduced
Rh sites. However, in the SCR reaction, we did not detect any
gaseous or adsorbed CO species or-Rh-MCM-41 (Figure
7). Hence, the RRNCO species was most probably formed
from reduction of Re-NO™ by C3He. The Rh-NCO species
was reported to be active in reacting with &d NO to form
N, and NO on the Rh/AJOj3 catalyst3® Rh—NCO may also be
another intermediate during the SCR reaction.

As NO + C3Hg +0O,/He was passed over RIAI—MCM-41
at 100°C, besides ReRNO™ and Rk-NO™, acrolein, polyene,
m-C3Hs, carboxylate, and allylic species were formed (Figure
7). This suggests that partial oxidization ofHg took place at

(reaction 8), and thus, a catalytic cycle for the SCR reaction is
accomplished. Besides the major reaction path, somand
N2O may also come from NO dissociation because a small
amount of RR-NO™~ species was also observed under reaction
conditions (Figure 7). It is known that reduced Rh metal is active
for the decomposition of NO moleculésThe above reaction
mechanism on the RPA|—MCM-41 catalyst is different from
that on Pt-doped cataly§t®11as well as Ca-ZSM-5 Co—
ZSM-5231 and Mn-ZSM-5 catalyst$?

In addition to the SCR reaction, the propylene adspecies can
also be oxidized by oxygen. The reaction path is as follows:

—C;Hg, 7-C;Hg (+[O]) — acrolein (-[O]) —
carboxylate 4-[0O]) — CO, (9)
—C;H;, m-C5H (+[O]) — polyene ¢-[0]) — CO, (10)

The oxidation reaction competes with the SCR reaction for the
consumption of propylene.

Conclusions

Rh—AlI-MCM-41 was active for the reduction of NO by
CsHg in the presence of excess oxygen. The-RIO™ species
was observed by in situ FT-IR spectroscopy on the catalyst in
flowing NO/He, NO+ OJ/He, and NO+ C3Hg + O /He. It
could react with propylene and/or propylene adspecies (e.g.,
7-CgHs, polyene, etc.) at 25€C in the presence or absence of
oxygen. During the SCR reaction, an isocyanate species (Rh

100 °C. The reactions between the nitrogen oxides adspeciesNCO) was also detected. A main reaction path for the reduction
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of NO by GHg was proposed. In this path, RINO™ and
propylene adspecies first form a RNCO species, then the
Rh—NCO species reacts withONO, and NQ to produce N,
N->O, and CQ.
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