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The reactions of propane or propene with °NO in the absence or presence of oxygen on Na-, H-, and CuZSM-5 zeolites have been
investigated using 1°N solid state nuclear magnetic resonance (NMR) spectroscopy. The nitrogen-containing surface species and gas
phase products formed by these reactions under conditions of thermal equilibrium were monitored and identified by 1°N NMR. The role
of the hydrocarbon reductant, oxygen and the exchangeable cation in the selective catalytic reduction of NO by hydrocarbons (SCR-HC)

was examined in this study.
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1. Introduction

NO, (a mixture of NO and NOy) is produced by high
temperature combustion processes and contributes to the
formation of acid rain and ground level ozone. The de-
velopment of new catalysts for the abatement of NO,. has
been motivated by increasing public and government con-
cern about NO,, emissions from stationary sources, such as
power plants, and mobile sources, such as diesel and lean-
burn engines. The selective catalytic reduction of NO by
hydrocarbons (SCR-HC), such as propane and propene, in
the presence of O, has received much attention because of
the significance of this reaction for emission control appli-
cations [1-3]. It has many advantages over the traditional
SCR of NO by NH3; namely, it avoids the problems asso-
ciated with NH3 as a reductant [4].

Numerous studies have shown that CuZSM-5 zeolites
are active for SCR-HC of NO [5-9]. However, the mech-
anism for the SCR-HC reaction remains unclear. Potential
nitrogen-containing reaction intermediates have been pro-
posed for the SCR-HC process on CuZSM-5, such as an
adsorbed nitrogen oxide complex NO, (y > 2) [9-13],
isocyanates [14], nitrite and nitrate complexes [15], nitro-
or nitroso- or oximes compounds [13,16-20] and ammo-
nia [21]. Many aspects, such as the surface species or
fragments formed in the process of SCR-HC of NO, need
to be further explored.

Beutel et al. previously studied the interaction of the pro-
posed SCR-HC reaction intermediate, acetone oxime, with
15NO on CuzZSM-5 using a combination of Fourier trans-
form infrared (FTIR) and mass spectrometry [18]. Isotopic
labeling studies indicated that N-N bonds formed via the
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interaction of gaseous NO with an adsorbed oxime com-
plex [18]. In another FTIR study, Rebrov and coworkers
observed the formation of acetone oxime from propane,
NO and O, [13]. Centi and coworkers used FTIR and *3C
nuclear magnetic resonance (NMR) to study the surface
species formed during the SCR of NO with propane and
propene [22]. Using *C and '°N solid state magic an-
gle spinning (MAS) NMR, we recently studied reactions of
2-13C and N labeled acetone oxime with NO on Cu- and
HZSM-5 [23]. Severa different reaction pathways for ace-
tone oxime decomposition and reaction with NO on Cu-
and HZSM-5 were identified.

The objective of the current work was to use °N solid
state MAS NMR to detect the surface and product species
formed by reactions of propane or propene, °NO and oxy-
gen on Na-, H- and CuZSM-5 zeolites. The direct obser-
vation of a proposed intermediate, such as acetone oxime,
would provide compelling evidence for the intermediacy
of such a species in SCR-HC. In addition, the study will
provide information about the roles of exchanged metal cat-
ions, hydrocarbon reductants (propane versus propene), and
molecular oxygen in the SCR-HC process. All of the NMR
experiments were performed on sealed samples that were
heated to the specified temperature and then cooled to room
temperature for data acquisition.

2. Experimental
2.1. Synthesis and characterization of catalysts

NaZSM-5 zeolite was hydrothermally prepared by a
template-free synthesis procedure [24-26]. 3.0 g AI(OH)3

and 6.0 g NaOH were dissolved in 250 ml of deionized wa-
ter and were added slowly with stirring to 106.5 g of silica
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sol (Ludox 40%). 0.37 g of seed crystals of ZSM-5 were
then added to the above gel mixture to promote crystal-
lization. The gel was transferred to Teflon-lined Parr auto-
claves, placed in an oven and heated to 180 °C for 48 h. The
crystallized zeolites were washed with deionized water and
dried overnight at 80 °C. The crystallinity of NaZSM-5 was
verified by powder X-ray diffraction (XRD) on a Siemens
(D5000) diffractometer. The crystal morphology and size
were examined by scanning electron microscopy (SEM) on
a HITACHI S-4000 SEM. The Si/Al ratio was determined
to be 25 by inductively coupled plasma/atomic emission
spectroscopy (ICP/AES) using a Perkin—EImer Plasma 400.

CuZSM-5 catalyst was prepared by a conventional ion
exchange method [26]. A 200 ml aqueous solution of
0.01 M Cu(NOg), was added to 2 g of NaZSM-5 and the
mixture was stirred for 24 h at room temperature. The
product was filtered, washed with 1 | deionized water, and
finally dried in the air. The content of Cu in the CuZSM-5
sample was 2.4 wt% (corresponding to 120% exchanged
((2x Cu)/Al x 100%)) by ICP/AES. The XRD pattern, Si/Al
ratio, and ?’Al, 2°Si NMR of the CuZSM-5 were identical
to those of the parent NaZSM-5. The CuZSM-5 was de-
gassed (1 x 102 Torr, 1 Torr = 133.3 Pa) prior to being
used in the adsorption and reaction.

HZSM-5 catalyst was prepared by exchanging the Na*
in NaZSM-5 with NH; which subsequently decomposed
to produce NH; and the Brensted acid site. The exchange
was achieved by soaking 10 g of NaZSM-5 in 500 ml of
0.1 M NH4NO3 for 24 h, drying the product at 80°C for
2 h. The fina step was to heat the product under vacuum
(105 Torr) to 400°C over 6 h, and then maintaining this
temperature for 18 h. The HZSM-5 was characterized using
the procedure described above for CuZSM-5.

2.2. Reagents and materials

Nitric-1>N oxide (98+% °N) was obtained from Cam-
bridge Isotopes. Nitric oxide (C.P, 99% min.) and
propylene (Polymer Grade) were obtained from Matheson.
Propane (Instrument Grade) was purchased from Air Prod-
ucts. The O, was obtained from Air Products. Sodium hy-
droxide (GR) was obtained from EM Science. Aluminum
hydroxide hydrate (Al(OH)3-2zH,0) and Ludox (40%) were
obtained from Aldrich.

2.3. Preparation of samples

NaZSM-5, CuZSM-5 or HZSM-5, typically 0.3 g, were
used in the sample preparation. Prior to the adsorption,
the catalysts were first loaded into glass ampoules for pre-
treatment at 500 °C for NaZSM-5 and CuZSM-5-A, 400°C
for HZSM-5, and room temperature for CuZSM-5-B, all
under vacuum (1 x 103 Torr) for 3 h. Pretreatment at
500°C under vacuum will be referred to as the standard
thermal pretreatment. Throughout this paper, CuZSM-5-A
will refer to CuZSM-5 that has undergone standard ther-
mal pretreatment at 500°C and CuZSM-5-B will refer to

CuZSM-5 that has not had any thermal pretreatment. The
glass ampoule was a modified version of a design used by
Haw and coworkers [27] and has been described in de-
tail elsewhere [23]. The gaseous reactants, in the sequence
of propane or propene, *>NO and O, and in the ratio of
1:1:1.5, wereintroduced into the ampoules on the vacuum
rack by immersing the sample in liquid nitrogen. A torch
was used to seal the sample. The sealed ampoules were
then placed in Chemagnetics 7.5 mm (0.d.) pencil rotors
for MAS NMR measurements. Incremental off-line hesat-
ing of the samples was used and the reaction temperature
was controlled by an Omega (CN-76000) programmable
temperature controller. All NMR spectra were acquired at
room temperature.

Various samples, with the following different combina-
tions of gaseous reactants on NaZSM-5, CuZSM-5 and
HZSM-5, were prepared: °NO aone, propane + °NO,
propane+°NO+O,, propene+°NO, propene+°NO+O,.
All samples were studied under conditions of thermal equi-
librium.

2.4. NMR spectroscopy

The ?Al, #Si, and >N MAS NMR spectra were ob-
tained using awide bore Bruker MSL-300 MHz NMR spec-
trometer housed in the NMR facility at the University of
lowa, operating at 78.205, 59.621, and 30.425 MHz for
27TAl, 281, and °N, respectively. A Chemagnetics double-
channel 7.5 mm pencil MAS probe was used to spin ro-
tors loaded with the sealed samples at 4.5-5.0 kHz at the
magic angle. Single pulse direct excitation was used for
27Al, 2°Si, and °N, with the 7 /2 pulse width 3.5, 6.0, and
7.0 us, respectively. Recycle delay was 1 s for /Al, 10 s
for 2Si, and 1 s for °N. A line broadening of 50 Hz was
used for 1°N spectra, and of 10 Hz for 2’Al and °Si. Tetra-
methylsilane (TMS) and 1 M Al(NO3)3 solution were used
as chemical shift referencesfor 2°Si and 2’Al NMR spectra,
respectively. Saturated NH4°NO3 (—4 ppm) was used as
an external chemical shift standard for N and the chemi-
cal shift for 1°N is reported relative to neat CH3sNO,. Typ-
ically 20000 scans were averaged for *°N NMR spectra in
the experiments. All of the NMR spectra were acquired at
25°C.

3. Results

3.1. Reactions of propane and °NO on Na-, H-, and
CuzZSM-5

The N MAS NMR spectra of *>NO and propane ad-
sorbed on Cu-, H-, and NaZSM-5 at room temperature are
shown in figure 1 (a)—(d). No peaks were observed in the
BN NMR spectrum (see figure 1(a)) of >NO and propane
adsorbed on CuZSM-5-A. The absence of any >N NMR
signal suggests that nitrogen-containing products are either
not present in the sample or are broadened due to paramag-
netic interactions with Cu?t. ®>NO would not be observed
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Figure 1. 15N MAS NMR spectra of propane-+°NO at room temperature

on (a) CuZSM-5-A, (b) CuZSM-5-B, (c) HZSM-5, and (d) NaZSM-5.

15N MAS NMR spectra of propane + 1°NO after heating to 150°C

and cooling to room temperature for data acquisition: (€) CuZSM-5-A,

(f) CuzSM-5-B, (g) HZSM-5, and (h) NaZSM-5. NS (number of scans

acquired) was: (a) 20000, (b) 40000, (c) 28000, (d) 38000, (e) 15000,
(f) 20000, (g) 15000, and (h) 33500.

in the NMR spectrum becauseit is paramagnetic. >N NMR
peaks were observed at —71, —148, and —230 ppm in fig-
ure 1 (b)<d). Thesingle peak at —71 ppmisassigned to N,
and the two peaks at —147 ppm (central N) and —230 ppm
(termina N) are assigned to N,O [23,28]. The NMR spec-
tra in figure 1 (b)—(d) indicate that a mixture of N, and
N>O was formed on HZSM-5, CuZSM-5-B, and NaZSM-5
after adsorption of propane and *°NO.

The >N NMR spectra of ®>NO and propane adsorbed
on Na-, H-, and CuZSM-5 at room temperature, followed
by heating to 150°C and then cooling back to room tem-
perature for data acquisition, are shown in figure 1 (€)—(h).
After heating the sample containing °NO and propane to
150°C, more N, and N,O were formed on CuZSM-5-B,

HZSM-5, and NaZSM-5 compared to the room temper-
ature adsorption. Approximately equal amounts of N,
(=71 ppm) and N,O (—147 and —230 ppm) were formed
on CuZSM-5-B, H-, and NaZSM-5, as shown infigure 1 (f),
(9) and (h).

A peak at —94 ppm was observed in the >N NMR spec-
trum of the CuZSM-5-A sample after heating to 150°C
and then cooling for data acquisition (figure 1(e)). The
sample was further heated to 350°C and no changes in
the spectrum were observed. There are severa possibili-
ties for the assignment of this peak. The —94 ppm peak is
most likely due to an adsorbed species since the linewidth
of the NMR pesk is broader than the linewidth of the
NMR peaks of the gas phase N, and N,O species ob-
served in the other spectra. In a previous FTIR study,
asignal assigned to N directly coordinated to copper(l) to
form the complex, [Cu(l)-N,] ™ was observed [29,30]. EPR
and XANES studies have shown that in a hydrated sample
of CuzZSM-5 the copper is al present as Cu?*, but after
the standard thermal pretreatment, Cu®* is autoreduced to
Cu™ [26,31]. However, in a separate experiment in which
15N, was adsorbed on CuzZSM-5-A, asingle >N NMR sig-
nal was observed at —71 ppm which can be assigned to gas
phase Na.

Another possibility is that the signal is due to an ad-
sorbed nitrogen species, such as acetone oxime adsorbed on
CuZSM-5-A. In our previous paper, acetone oxime-°N on
CuZSM-5-A produced an >N NMR peak at —99 ppm [23].
However, in our previous study acetone oxime was com-
pletely decomposed at 250°C. This is in contrast to the
present study in which the peak at —94 ppm is stable to
350°C. In addition, a peak at ~ — 90 ppm was observed
when only >NO was adsorbed on CuZSM-5-A. For these
reasons, the assignment of the peak at —94 ppm to acetone
oxime can be ruled out.

The best assignment for the peak at —94 ppm is to the
diamagnetic species, CutNO™. NO™ has an ®N NMR
chemical shift of ~1 to —28 ppm depending on the sol-
vent [32,33]. An increase in chemical shielding due to
an interaction with copper would be expected. Increasesin
shielding for the >N NMR signal have been observed when
NO; (nitrite) species are complexed to metal ions [32].
Adelman and coworkers have proposed that NO adsorbs on
Cu?* and a charge transfer from NO to Cu produces a dia-
magnetic CutNO* species[19]. CutNO™ (or Cu’*NO*+,
in the case of incomplete charge transfer) has also been ob-
served in several FTIR studies [34-36]. According to the
mechanism proposed by Adelman and coworkers, the first
step of SCR of NO with propane involves the reaction of
NO and O, to form NO, and a surface species identified as
NO, which then reacts with propane to form nitrosopropane
and eventualy acetone oxime [37]. The NO™ molecule
formed from the charge transfer then reacts with acetone
oxime to form N,O.

A smal peak at —375 ppm is observed in figure 1(h)
and is assigned to NH; [23,38,39]. The chemica shifts
for NHz and NH;, are —399.9 and —359.9 ppm, re-
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spectively, relative to liquid CH3NO, [39]. Therefore, the
species observed in NaZSM-5 is most likely closer to NH;
probably due to an interaction with a structural hydroxyl
group [39].

3.2. Reactions of propane + ®NO + O, on Na-, H-, and
CuzZsM-5

When 1°NO, propane and O, reacted on Na-, H-, and
CuzZSM-5, the results were quite different than in the ab-
sence of O,. The >N NMR spectra are shown in fig-
ure 2. Initialy, no >N NMR signals were observed on
CuZSM-5-A and -B, as shown in figure 2 (a) and (b). N2
(=74 ppm) and NH; (—380 ppm) peaks were observed
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Figure 2. 1°N MAS NMR spectra of propane + ®°NO + O, at room

temperature on (8) CuzZSM-5-A, (b) CuzSM-5-B, (c) HZSM-5, and

(d) NaZSM-5. 15N MAS NMR spectra of propane + °NO + O, af-

ter heating to 150 °C and cooling to room temperature for data acquisi-

tion: (e) CuZSM-5-A, (f) CuzSM-5-B, (g) HZSM-5, and (h) NaZSM-5.

NS (number of scans acquired) was: (&) 20000, (b) 20000, (c) 14500,
(d) 20000, (€) 20000, (f) 20000, (g) 40000 and (h) 35000.

on HZSM-5. Two new peaks at 36 and —2 ppm were
observed on NaZSM-5. These peaks can be assigned to
a surface-bound nitrogen species. The N NMR chem-
ical shift for solid Na'®NOs is —3 ppm [32,40]. There-
fore, the peak at —2 ppm is assigned to an adsorbed
NOj3 (nitrate) on NaZSM-5. Previoudy, similar peaks have
been observed on zeolites and have been assigned to ad-
sorbed nitrate species [41]. The peak at 36 ppm is due
to an adsorbed nitrogen complex, but the exact identity is
not clear since many nitrogen-containing compounds have
chemical shifts in this region [32]. This species is as-
signed to methylnitrate (CH3ONO;) which has a chemi-
cal shift ranging from 37—42 ppm depending on the sol-
vent [32].

After heating the samples to 150°C and cooling to
room temperature for data acquisition, the >N NMR spec-
tra changed as shown in figure 2 (e)<(h). The N
NMR spectrum of the CuZSM-5-A sample showed one
peak at —78 ppm and it is assigned to N,. The spec-
trum for CuZSM-5-B showed three peaks in the °N
NMR spectrum assigned to N, (=71 ppm) and N,O
(—148 and —230 ppm), respectively. The *N NMR
spectrum of propane + ®NO + O, on HZSM-5 (fig-
ure 2(g)) showed two peaks at —75 and —379 ppm that
can be attributed to N, and NH;. The spectrum in fig-
ure 2(h) showed peaks assigned to N, (—77 ppm), N2O
(—153 and —232 ppm) and a nitrate (NO3) (—2 ppm)
species. The species at 36 ppm in figure 2(d) was not
present after heating the sample to 150°C, but the peaks
due to N, and N,O increased in intensity. This sug-
gests that the species at 36 ppm was converted into N,
and/or N,O. After further heating to 250°C and then
cooling for data acquisition, the loss of the peak at
—2 ppm and the growth of the N, peak a —77 ppm
was observed suggesting that the nitrate species reacted to
form No.

3.3. Reactions of propene + *°>NO on Na-, H-, and
CuzZsv-5

The reaction of propene and **NO on Cu-, H-, and
NaZSM-5 was monitored by N NMR as shown in fig-
ure 3. After room temperature reaction, N, (—72 ppm)
and trace amounts of N,O (—148 and —232 ppm) were de-
tected on CuZSM-5-B, HZSM-5 and NaZSM-5. No prod-
ucts were detected by °N NMR on CuZSM-5-A. After
heating the samplesto 150 °C and cooling to room tempera-
turefor dataacquisition, apeak at —89 ppm (see figure 3(€))
was observed on CuZSM-5-A. This peak is similar to the
peak in figure 1(d) and has several possible assignments
as discussed in an earlier section. Four peaks were ob-
served in the N NMR spectrum of propene and *NO
on CuZSM-5-B at —72, —148, —232, and —364 ppm (see
figure 3(f)). Analogous to the previous assignments, these
peaks are assigned to N, N,O, and NH;, respectively. Af-
ter further heating of the sample to 250°C, only one peak
due to N, is observed at —71 ppm. A mixture of N, and
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Figure 3. 1SN MAS NMR spectra of propene+°NO at room temperature

on (a) CuzZSM-5-A, (b) CuZSM-5-B, (c) HZSM-5, and (d) NaZSM-5.

15N MAS NMR spectra of propene + 1°NO after heating to 150°C

and cooling to room temperature for data acquisition: (€) CuZSM-5-A,

(f) CuzSM-5-B, (g) HZSM-5, and (h) NaZSM-5. NS (number of scans

acquired) was: (a) 20000, (b) 40000, (c) 20000, (d) 20000, (e) 20000,
(f) 20000, (g) 20000, and (h) 20000.

N>O was observed on HZSM-5 (figure 3(g)) and only Ny
was formed on NaZSM-5 (figure 3(h)).

3.4. Reactions of propene+ **NO + O, on Na-, H-, and
CuzZsM-5

The N NMR spectra of propene, *®NO and O, on
Cu-, H-, and NaZSM-5 are shown in figure 4. No N
NMR peaks were observed up to 100°C for CuZSM-5-A.
Pesks assigned to N,O were observed in the N NMR
spectrum of CuZSM-5-B. >N NMR peaks assigned to N>
(=72 ppm), N2O (—146 and —232 ppm) were observed in
the spectra of HZSM-5 and NaZSM-5 after room temper-
ature adsorption of propene, >NO and O,. For NaZSM-5,
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Figure 4. 1N MAS NMR spectra of propene + °NO + O, at room

temperature on (@) CuzZSM-5-A, (b) CuzZSM-5-B, (c) HZSM-5, and

(d) NaZSM-5. 15N MAS NMR spectra of propene + 1°NO + O, after

heating to 150°C and cooling to room temperature for data acquisition

on: (€) CuZSM-5-A, (f) CuZSM-5-B, (g) HZSM-5, and (h) NaZSM-5.

NS (number of scans acquired) was: (a) 38862, (b) 40000, (c) 20000,
(d) 20000, (€) 20000, (f) 20000, (g) 20000, and (h) 30000.

an additional peak in the NMR spectrum was observed at
10 ppm and this is assigned to a surface nitrate species,
as discussed earlier in this paper. The >N NMR spectrum
of propene, *®NO, and O, on CuZSM-5-A after heating to
150°C and cooling to room temperature for data acquisition
has one peak at —72 ppm assigned to N, (see figure 4(g)).
The analogous ®N NMR spectrum of CuZSM-5-B has
four peaks assigned to N, (—72 ppm), N»O (—146 and
—232 ppm) and NH; (—362 ppm) as can be seen in fig-
ure 4(f). The >N NMR spectra of HZSM-5 and NaZSM-5
have peaks attributed to N, and N,O; the >N NMR spec-
trum of NaZSM-5 has an additional peak at 3 ppm that
can be attributed to an adsorbed nitrate species (vide in-
fra).
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4. Discussion

4.1. Effect of the hydrocarbon reductant (propane or
propene) on the SCR-HC of NO

The differences in reactivity with propane vs. propene
as a reductant for SCR-HC of NO in the absence of O,
can be evaluated by comparing figures 1 and 3. The
15N NMR spectra for analogous samples (i.e., propene or
propane, under the same reaction conditions) were similar
for CuZSM-5-A and HZSM-5. Interestingly, peaks were
observed at —94 ppm (propane) and —89 ppm (propene)
on CuZSM-5-A, which may be attributed to an adsorbed
nitrogen species, such as Cu™NO™. Thispeak was only ob-
served in the absence of oxygen and was stable to 350 °C.
The stahility of this species is presumably because acetone
oxime and other oxygen-containing intermediates cannot
form in the absence of oxygen and are therefore not avail-
able to react with the Cu™NO™ species.

Notable differences in the NMR spectra are observed
with propane vs. propene as the reductant for the
CuZSM-5-B and NaZSM-5 samples, as can be seen in fig-
ures 1(f), 3(f), 1(h) and 3(h). With propene as the re-
ductant, N2, N,O, and NH; were observed &fter heating
CuzZSM-5-B to 150 °C while only N, and N,O were formed
with propane as the reductant. When the CuZSM-5-B sam-
ple was heated to higher temperature, the NH;™ peak dis-
appeared and the N, and N,O peaks increased in intensity.
The other difference was observed for the NaZSM-5 sam-
ple. With propane as the reductant, N, and N,O were both
formed on NaZSM-5 while with propene as the reductant,
only N2 was formed.

In summary, after reaction with ®°NO and a reduc-
tant, the product distributions of N, and N,O formed on
CuZSM-5-A and on HZSM-5 were independent of the iden-
tity of the reductant (propane or propene). In contrast,
propene and °NO reacted on CuZSM-5-B to form NHj,
which was not formed at all with propane as the reductant.
On NazZSM-5, NO and propene reacted to produce N»
while *®>NO and propane reacted to form both N, and N,O.

In the presence of O,, CuZSM-5-A is still unaffected
by the identity of the hydrocarbon reductant (figures 2(€)
and 4(e)). It should be noted that with >NO, O,, and
either propane or propene, N, was observed after heating
CuZSM-5-A to 150°C and the >N NMR peak occurred
close to the gas phase value of —72 ppm. Apparently, in the
absence of oxygen, the Cu™NO* complex observed at —94
to —89 ppm did not react to form N, or N,O. NaZSM-5
also reacted similarly with either propane or propene as the
reductant in the presence of O,.

For CuZSM-5-B, N, and N,O were formed with 1°NO,
Oy, and either propane or propene as the reductant, but
NH; was also formed in the presence of propene. This
probably has more to do with the reductant, propene, than
with the presence of oxygen since NH; was also observed
for propene and *NO on CuZSM-5-B in the absence of O,
after heating to 150°C. For HZSM-5, only N, and NH;

were formed with °NO, O,, and propane as the reductant,
while N, and N,O were formed with 1°NO, O,, and propene
as the reductant.

The catalytic activity for SCR-HC with propane or
propene as the reductant on CuZSM-5 is very high [22,42].
Gaudin and coworkers used transient techniques and con-
cluded that with propene as the reductant, cracking reac-
tions and adsorption of carbonaceous species occurred at
lower temperatures than with propane [42]. The increased
reactivity of propene compared to propane is not surpris-
ing, since for example, the oligomerization of propene
on Bransted acid sites in zeolites is a well-known reac-
tion. They concluded that a nitrogen-containing surface
species was formed between carbon and NO with propane
or propene as the reductant. Centi and coworkers also in-
vestigated the differences between propene and propane as
the reductant for SCR-HC reactions using steady-state and
transient catalytic tests and FTIR and *3C NMR [22]. Sev-
eral differences between the mechanism for SCR-HC on
propene vs. propane were listed: (1) the method of hydro-
carbon activation, (2) the types of nitrogen oxide species
involved in the formation of the nitro—organic intermedi-
ate, and (3) the number of carbon atoms in the interme-
diates due to the presence of competitive oligomerization
reactions with propene as the reductant [22].

In the present study, the most notable difference ob-
served with different reductants was the formation of NH;
on CuZSM-5-B with propene as the reductant. NH; was
not observed on CuZSM-5-B with propane as the reductant.
The NH; that was formed then reacted further after heating
to 250°C to form N,. This is consistent with the mecha-
nism proposed by Centi and coworkers in which ammonia
reacts with NO to form N, and H2O. The formation of am-
moniais predicted to occur with both propane and propene
as reductants, however, the rate of formation of ammonia
depends on the rate of its formation as well as the rate of
a competive reaction [22]. Another point is that the nitrate
surface species that are formed on NaZSM-5 are different
with propane vs. propene as reductant. This may indicate
that the nitrate species being formed are different and may
contain different numbers of carbon atoms in accord with
the prediction that propene will oligomerize on NaZSM-5.
The most striking similarity observed in the *>N NMR spec-
tra of propane and propene, and °NO on CuZSM-5-A was
the peak at —94 (—89 ppm) that was observed. This peak
is attributed to Cu*NO™ [18,19].

4.2. Effect of oxygen on the SCR-HC of NO

The main difference observed by >N NMR when oxy-
gen was added to the system containing propane (or
propene) and °NO on NaZSM-5 was the formation of a
nitrate species. A strong peak at —2 ppm was observed
on NaZSM-5 with propane, ®NO and O,. This pesk was
attributed to a surface-bound nitrate complex that was fur-
ther converted into N, as the sample was heated to 250 °C.
A similar species with a chemical shift of 10 ppm was ob-
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served on NaZSM-5 after reaction of propene, °NO and
O,. Nitrate surface species were not observed by >N NMR
of propane (or propene) and >NO on H- or CuZSM-5. It
is possible that the nitrate species were formed on H- and
CuzZSM-5 but that they more readily reacted to form N, and
N>O than on NaZSM-5. The stability of the nitrate species
on NaZzSM-5 could explain the low activity of NaZSM-5
for the SCR-HC of NO reaction.

4.3. Effect of exchangeable cation on the SCR-HC of NO

In this study, the most notable cation-dependent ef-
fects were (1) the formation of nitrate surface species
on NaZSM-5, as discussed above, (2) the formation of a
surface species tentatively assigned to acetone oxime or a
related compound on CuZSM-5-A, and (3) the formation
of NH; on CuZSM-B. The formation of acetone oxime
and adsorbed ammonium ion are consistent with the results
of previous studies in the literature and support previously
proposed mechanisms for SCR-HC on CuZSM-5 [18,19].

4.4. Implications of this work for the SCR-HC of NO,,

The goa of the present work was to use >N NMR
to identify surface species formed on Cu-, H-, and Na
ZSM-5 that could be important intermediates in the SCR-
HC of NO,. Reactant molecules were adsorbed on the
zeolites, the samples were heated to various temperatures,
and then the samples were examined using >N NMR spec-
troscopy. The NMR spectrawere obtained under conditions
of thermal equilibrium and at temperatures well below the
catalytically relevant temperatures of ~400°C. In general,
for the samples examined in this study, heating to higher
(more catalytically relevant) temperatures did not produce
any changes in the observed >N NMR features. The ex-
ceptions were the samples in which nitrate species or NH;
were formed. Further heating of these samples caused the
conversion of the nitrate or NHI speciesinto N, or N,O as
aready discussed in this paper. Therefore, while the NMR
results presented in this paper do not prove or disprove a
mechanism for SCR-HC of NO, valuable evidence support-
ing the presence of particular surface species is obtained.

13C NMR spectra were not obtained for these samples
because of the signal to noise considerations when using
unlabeled material. In preliminary 3C NMR experiments
under conditions similar to those used in this study, the only
carbon species, other than the reductant, that was observed
was COs.

5. Conclusions

5N MAS NMR was used to study the reactions of
propane or propene with ®>NO and O, on Na-, H-, and
CuZSM-5. Gas-phase product species, N, and N,O, were
detected and surface-bound nitrogen-containing species
were identified, such as NH;, various nitrate species and

Cu™NO™. The adsorbed nitrate species were only observed
on NaZSM-5 after treatment with propane (propene), °NO
and O, and it was completely convertedinto N at ~250°C.
The effects of the hydrocarbon reductant, the presence of
molecular oxygen and the exchangeable cation were dis-
cussed.
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