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on FeZSM-5, HZSM-5 and silicalite
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Abstract

Urea is a potential reducing agent for the selective catalytic reduction (SCR) of NOx. In this study,13C and15N solid state magic angle
spinning nuclear magnetic resonance (MAS NMR) experiments were used to investigate the reactions of labeled urea (13C and15N) alone
and with nitric oxide (NO) and oxygen on FeZSM-5 (Fe/Al = 0.11), HZSM-5 and silicalite (purely siliceous form of ZSM-5) after thermal
treatments at different temperatures. The hydrolysis of labeled urea to carbon dioxide and ammonia on FeZSM-5 and HZSM-5 after thermal
treatments at elevated temperatures was observed using13C and15N MAS NMR. Reactions of NO, urea and oxygen on HZSM-5, FeZSM-5
and silicalite were also monitored with13C and15N MAS NMR. On both HZSM-5 and FeZSM-5, urea, NO and oxygen reacted to form
nitrogen, carbon dioxide and ammonia. On silicalite, urea, NO and oxygen reacted to form CO2, ammonia and a side product with an imine
functionality. No nitrogen was formed on silicalite. EPR spectroscopy was used to investigate the environment of the iron in FeZSM-5.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Zeolites are three-dimensional, crystalline, aluminosili-
cate, molecular sieves that contain pores of molecular dimen-
sions. Zeolites are used in applications, such as catalysis, ion
exchange, purification, separation, and drying. Many transi-
tion metal exchanged zeolites, such as CuZSM-5, CoZSM-5,
and FeZSM-5, have been used as catalysts for the selective
catalytic reduction (SCR) of NOx [1,2]. Iron-exchanged ze-
olites (e.g. FeZSM-5) have been shown to be very effective
catalysts for the SCR of NOx with hydrocarbons (SCR-HC)
or ammonia (SCR-NH3) as reductants[3–15]. FeZSM-5
catalysts are also very active at high temperatures even at
high levels of water vapor and SO2 compared to other tran-
sition metal exchanged zeolites[3,4,6,8–11,14]. However,
the catalytic activity of FeZSM-5 is strongly dependent on
exchange procedure (solid state, sublimation, etc.), parent
zeolite, and the pretreatment of the zeolite[16]. Catalytic
measurements and temperature programmed desorption
(TDP) have been used to obtain valuable information about
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the kinetics and type of species resulting from NOx SCR-HC
reactions on FeZSM-5 surfaces, as well as conversion of NO
to N2 [3,4,6–10,15–19]. Moreover, spectroscopic methods
such as electron paramagnetic resonance (EPR)[19–23]and
Mossbauer[24–26]have been used to study the environment
of iron cations (Fe2+/Fe3+) in the zeolite and to identify iron
oxide aggregates. Fourier transform infrared (FTIR) spec-
troscopy has been used to identify the species formed on the
FeZSM-5 surfaces during the NOx SCR-HC reaction[7].

Solid state magic angle spinning nuclear magnetic reso-
nance (MAS NMR) spectroscopy has been shown to be a
very important spectroscopic method for studying catalysts
and reactions occurring on the surfaces of catalysts[27].
Solid state NMR can provide structural and mechanistic
information, as well as identification of surface species/gas
phase species during reactions at varying temperatures
[27,28]. Previous solid state NMR experiments probing
SCR reactions on transition metal exchanged zeolites have
been reported by Larsen and coworkers[28–30].

Nitrogen oxide removal remains an intriguing problem
in environmental catalysis[31–35]. Koebel et al. proposed
that urea could be a potential reductant for the SCR of NOx

[31]. Unlike ammonia, the handling, storage, and transport
of urea are efficient and safe. In addition, urea is nontoxic
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even at high concentrations in aqueous solution. Due to these
reasons and its extensive study in NOx removal in diesel
engines, urea could possibly replace ammonia as a reductant
for SCR. Seker et al. have studied the NOx reduction by
urea over sol–gel Pt/alumina catalysts in which the NOx

conversion temperature is strongly dependent on O2 and
water when urea is present[32].

The potential of urea to be used as a reductant with
FeZSM-5 (and HZSM-5) for the SCR of NOx has not been
previously investigated. In this study, the reactions of urea
with NO will be probed using solid state NMR spectroscopy.
FeZSM-5 was prepared using the sublimation method[11]
and was characterized by X-ray diffraction (XRD), in-
ductively coupled plasma atomic emission spectroscopy
(ICP-AES), and EPR spectroscopy. Solid state MAS NMR
spectroscopy was used to investigate reactions of labeled
urea (13C and15N) and labeled urea/NO/O2 on FeZSM-5,
HZSM-5 and silicalite (purely siliceous form of ZSM-5).
13C NMR and 15N MAS NMR were used to determine
the carbon and nitrogen based reactants and products, re-
spectively. With the application of both13C and15N NMR,
adsorbed species and/or gas species can be identified as
well as reaction pathways occurring on the zeolite surfaces
at different temperatures.

2. Experimental

2.1. Synthesis and characterization of FeZSM-5
and HZSM-5

HZSM-5 was prepared by adding 10 g of NaZSM-5
(Zeolyst, Si/Al = 20) to 500 ml of 0.1 M NH4NO3. The
resulting solution was stirred for 24 h at room temperature.
This process allowed the Na+ ions in NaZSM-5 to ex-
change with the ammonium ions (NH4

+). After stirring for
24 h, the solution was filtered and then placed in an oven
at 80◦C for 2 h. The final step was to calcine the sample
at 400◦C for 24 h under compressed air flow to decom-
pose the NH4 into NH3 and a Bronsted acid site. FeZSM-5
(Fe/Al = 0.11) was prepared via the sublimation method
according to Lobree et al.[11]. This was done by grinding
0.4 g of FeCl3·6H2O and 5.0 g of the HZSM-5 in a mortar
and pestle in a glove bag under nitrogen at room tempera-
ture. The resulting yellow mixture was then placed into a
quartz calcination tube that was placed in a furnace and was
heated for 4 h under argon flow to 310◦C, the sublimation
temperature of FeCl3·6H2O. The orange–red sample was
filtered, washed with deionized water, and dried overnight
at 80◦C in an oven. Silicalite was synthesized in-house
from a clear gel solution with the following composi-
tion: 3TPAOH:0.16NaOH:25Si:2000H2O:100EtOH, where
TPAOH is tetrapropylammonium hydroxide following a
modified literature procedure[36]. Tetraethylorthosilicate
(TEOS) was the silicon source. The clear gel was heated
in a teflon-lined autoclave at 165◦C for 72 h. The silicalite

was then washed with deionized water, dried in air and
calcined to remove the template.

The XRD pattern for FeZSM-5 matched that of a ZSM-5
standard XRD pattern and did not show the presence of any
iron oxides. The Fe/Al exchange value was determined by
inductively coupled plasma atomic emission spectroscopy to
be 0.11. The EPR spectrum was obtained at 120 K using the
Bruker EMX61 spectrometer (X-band) with a microwave
frequency of 9.44 GHz.

2.2. Preparation of samples for NMR

Approximately 0.2 g of zeolite (FeZSM-5, HZSM-5 and
silicalite) was impregnated ex situ with an aqueous solution
of labeled urea (13C, 99% and15N, 98%, Cambridge Iso-
topes). FeZSM-5 samples were prepared with urea/Fe ratios
of 4:1 while HZSM-5 samples were prepared with a urea/H+
ratio of 1:1 (the loadings for the two samples relative to
aluminum content were urea/Al = 1 and 0.44 for H and
FeZSM-5, respectively). Samples with adsorbed urea were
allowed to dry at room temperature and were placed into
pyrex sample tubes that were degassed on a vacuum rack.
To prepare samples containing labeled urea and nitric oxide
(NO) (Matheson Gas Products), the nitric oxide was intro-
duced to the zeolite samples with adsorbed urea by immers-
ing the sample tubes in liquid nitrogen after degassing. Then,
samples were taken off the vacuum rack and sealed using a
torch while the sample was immersed in liquid nitrogen. The
sealed samples were then heated for 1 h at the desired tem-
peratures. An Omega (CN-76000) programmable tempera-
ture controller controlled the reaction temperatures. Sam-
ples were allowed to cool to room temperature and placed
in Chemagnetics 7.5 mm (o.d.) pencil rotors for magic angle
spinning NMR measurements.

2.3. Solid state MAS NMR procedures

MAS NMR spectra were obtained using a 7 T wide
bore Bruker cryomagnet equipped with a TecMag Discov-
ery console which corresponds to a Larmour frequency of
75.470 and 30.425 MHz for13C and15N, respectively. A
Chemagnetics double-channel 7.5 mm pencil MAS probe
was used to spin rotors for all sealed samples. The spin-
ning speed was approximately 4.0 kHz single pulse di-
rect excitation was used for13C and15N. The π/2 pulse
width was 6.0�s for 13C; theπ/2 pulse width was 4.5�s
for 15N. Recycle delay was 2 s and a line broadening
of 50 Hz was used for both13C and15N. The number of
scans for13C and15N MAS NMR was 4000 and 25,000
scans, respectively. Solid adamantine mixed with KBr
(38.5 ppm) and saturated15NH4

15NO3 solution (0 ppm for
NO3

−) were used as external chemical shift standards for
13C and15N, respectively. All of the chemical shifts for
13C and15N are reported relative to TMS and CH3NO2,
respectively. All13C and15N spectra were obtained at room
temperature.
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Fig. 1. EPR spectrum of untreated FeZSM-5 (Fe/Al = 0.11) taken at
120 K.

3. Results and discussion

3.1. EPR study of FeZSM-5

The EPR spectrum of hydrated FeZSM-5 (Fe/Al = 0.11)
obtained at 120 K is shown inFig. 1. EPR signals with
g-values of 4.3, 5.6, and 6.3 were observed in the spectrum.
Similar EPR signals have been observed for iron-exchanged
zeolite samples prepared by other groups[16,20,22]. Based
on the results reported in the literature, theg = 4.3 signal
is attributed to Fe3+ in tetrahedral coordination; the peaks
at 5.6 and 6.4 are be assigned to Fe3+ cations in distorted
tetrahedral coordinations[16,20,22]. Based on a compari-
son of the catalytic activity of samples prepared by various
exchange methods, Long and Yang concluded that the Fe3+
in tetrahedral coordination (g = 4.3 signal) is responsible
for the catalytic activity of FeZSM-5 for the SCR of NOx

with NH3 [16]. This is the dominant signal for the FeZSM-5
sample used in this study as shown by the EPR spectrum
in Fig. 1.

3.2. Adsorbed urea on FeZSM-5 and HZSM-5

An aqueous solution of labeled urea was prepared and
placed in the NMR probe to determine the13C and15N
chemical shifts of urea in solution. The13C chemical shift for
the urea in solution was observed at 164 ppm, correspond-
ing to the13C=O bond, while the15N chemical shift was
observed at−300 ppm, corresponding to an amine group
(–R 15NH2). Table 1gives relevant chemical shifts for the
species observed in these experiments.

Fig. 2 shows the13C MAS NMR spectra of labeled urea
adsorbed on FeZSM-5 after pretreatment at 25, 150 and
250◦C in a sealed sample tube followed by cooling to room
temperature for spectra acquisition andFig. 3shows the cor-
responding15N MAS NMR spectra. At room temperature,

Table 1
13C and15N MAS NMR chemical shifts

Species 13C (ppm) 15N (ppm) Reference

Urea (aq. solution) 164 −300 This work
Urea adsorbed on FeZSM-5 162 −298 This work
Urea adsorbed on HZSM-5 160 −300 This work
CO2 123 – [37]
NH3, NH4

+ – −350 to−380 [38,39]
N2 – −72 [28–30,45]

peaks are observed at 162 and−298 ppm in the13C and15N
MAS NMR spectra, respectively, and are assigned to the
carbonyl carbon and the amine nitrogens of adsorbed urea,
respectively, through a comparison with the NMR chemi-
cal shift values listed inTable 1. In the 15N MAS NMR
spectrum, there is also a small peak present at−360 ppm,
indicating the presence of ammonia or ammonium ion. Af-
ter heating to 150◦C (and subsequently 250◦C) and cooling
back to room temperature for spectral acquisition, a peak is
present at 125 ppm in the13C MAS NMR spectrum and is
assigned to13CO2 [37]. Similarly in Fig. 3, only one peak at
−360 ppm is observed in the15N NMR spectrum. This peak
is assigned to NH4+ based on a comparison with the NH4

+
chemical shift in solution (−360 ppm) and with the results
of other15N NMR studies of NH3 adsorbed on zeolites with
Bronsted acid sites[38–40]. In previous15N NMR studies of
NH3 adsorbed on zeolites, several different NH3 and NH4

+
species were identified based on the extent of hydrogen
bonding and the ammonia concentration[38,39]. The 15N

Fig. 2. 13C single pulse MAS NMR of labeled urea (13C and15N) ad-
sorbed on FeZSM-5 (Fe/Al = 0.11) before and after heating to indicated
temperatures. Asterisks denote spinning sidebands. Spectra were acquired
at room temperature after the sealed sample was heated to: (a) 25◦C; (b)
150◦C; and (c) 250◦C. Number of scans acquired (NS) was 4000. Line
broadening= 50 Hz.
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Fig. 3. 15N single pulse MAS NMR of labeled urea (13C and15N) ad-
sorbed on FeZSM-5 (Fe/Al = 0.11) before and after heating to indicated
temperatures. Spectra were acquired at room temperature after the sealed
sample was heated to: (a) 25◦C; (b) 150◦C; and (c) 250◦C. Number of
scans acquired (NS) was 25,000. Line broadening= 50 Hz.

NMR chemical shift for NH4+ coordinated to the zeolite,
HY, was observed to range from−353 to−357 ppm, which
is strongly shifted to lower fields relative to gas phase NH3
(−400 ppm). Pfeifer and coworkers[39] state that the15N
NMR peak due to ammonia adsorbed on Lewis acid sites will
be shifted further downfield relative to the NH4

+ peak (ap-
proximately−360 ppm) and since no peaks were observed
in the15N NMR spectrum inFig. 3downfield of the NH4+,
it was concluded that none of the signals were due to ammo-
nia adsorbed on Lewis acid sites. After heating to 150◦C,
the peaks at 162 ppm and−298 ppm for13C and15N have
disappeared suggesting that the urea is totally decomposed.

Upon closer inspection of the15N NMR spectra inFig. 3,
it is apparent that the intensity of the ammonia peak de-
creases as the pretreatment temperature increases from 150
to 250◦C. The full width half maximum (FWHM) of the
ammonia peak increases from∼300, 600, 900 Hz as the
pretreatment temperature was varied from 25, 150, 250◦C,
respectively. In previous FTIR studies by Long and Yang,
the data suggested that two ammonia species were formed
on FeZSM-5, physisorbed NH3 and NH4

+ chemisorbed on
Bronsted acid sites[41]. The peak observed at−360 ppm
in Fig. 3 is assigned to adsorbed NH4

+. The change in the
spectral line broadening as a function of pretreatment tem-
perature is attributed to a change in hydrogen bonding of the
adsorbed NH4+ species with other NH3 groups as reported
by Lunsford and coworkers[38]. The overall integrated area
of the spectra shown inFig. 3a–care the same which is con-
sistent with the fact that the samples were prepared in sealed
pyrex tubes.

As shown inFigs. 4 and 5, similar results were obtained
for samples of labeled urea adsorbed on HZSM-5 after ther-
mal pretreatments at the same temperatures. The13C NMR

Fig. 4.13C single pulse MAS NMR of labeled urea (13C and15N) adsorbed
on HZSM-5 before and after heating to indicated temperatures. Asterisks
denote spinning sidebands. Spectra were acquired at room temperature
after the sealed sample was heated to: (a) 25◦C; (b) 150◦C; and (c) 250◦C.
Number of scans acquired (NS) was 4000. Line broadening= 50 Hz.

spectra shown inFig. 4have peaks due to urea (162 ppm) and
CO2 (125 ppm) as discussed above. Some urea remains even
after heating to 250◦C. The15N NMR spectra inFig. 5 are
slightly different than the15NMR spectra shown inFig. 3.
Peaks at−300, −367 and−360 ppm are observed in the
spectra shown inFig. 5 after pretreatment at 25, 150 and
250◦C, respectively. The peaks at−300 and−360 ppm are
assigned to adsorbed urea and adsorbed NH4

+, respectively,

Fig. 5.13N single pulse MAS NMR of labeled urea (13C and15N) adsorbed
on HZSM-5 before and after heating to indicated temperatures. Asterisks
denotes spinning sidebands Spectra were acquired at room temperature
after the sealed sample was heated to: (a) 25◦C; (b) 150◦C; and (c)
250◦C. Number of scans acquired (NS) was 25,000. Line broadening
= 50 Hz.
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as discussed above. The peak at−367 ppm is assigned to
a mobile form of NH3 according to Pfeifer and cowork-
ers [39]. The interpretation is that the urea reacts to form
a mobile form of ammonia (−367 ppm) which after further
heat treatment reacts at Bronsted acid sites to form adsorbed
NH4

+ (−360 ppm). The urea does not completely hydrolyze
on HZSM-5 but it is unclear whether this is due to different
surface coverages or to the presence of iron sites in FeZSM-5
that facilitate decomposition of the urea.

The following overall reaction has been previously pro-
posed for the hydrolysis of urea[31,32].

(NH2)2CO(s) + H2O(g) → 2NH3(g) + CO2(g) (1)

Since the zeolite samples used in our experiments were not
dehydrated prior to the adsorption of urea, some water is
present in the samples to hydrolyze the urea as shown in
the reaction above. This reaction is believed to proceed ac-
cording to a stepwise reaction of urea to form isocyanic acid
and ammonia and then the reaction of isocyanic acid and
water to form ammonia and CO2. However, isocyanic acid
(137 ppm for13C and−357 ppm for15N) [37] was not ob-
served by NMR in the experiments reported here, presum-
ably because the reaction proceeded rapidly to ammonia and
CO2. The presence of13C and15N MAS NMR signals con-
firms the hydrolysis of urea to form ammonia and carbon
dioxide according to (1). The fact that urea readily decom-
poses to form ammonia is a positive indication that these
zeolites will be active for the SCR of NOx with NH3.

3.3. Reaction of urea, NO and O2 on FeZSM-5, HZSM-5
and silicalite

The 13C and15N MAS NMR spectra of a sealed sam-
ple of labeled urea (13C and15N), NO and O2 adsorbed
on FeZSM-5 after thermal pretreatments at different tem-
peratures and subsequent cooling to room temperature for
spectral acquisition are shown inFigs. 6 and 7. The NMR
spectra are similar to those observed for reactions of urea
alone on FeZSM-5, except that in the presence of NO and
O2, N2 is formed after pretreatments at 150, 250 and 350◦C.
Initially peaks due to adsorbed urea (162,−300 ppm for
13C and15N, respectively) were observed. The urea then
reacts to form ammonia, and carbon dioxide after thermal
treatment at 150◦C. Further reaction of the ammonia to
nitrogen was observed in the15N NMR spectrum as illus-
trated by the appearance of a peak at−68 ppm in the NMR
spectra acquired after pretreatments at 150, 250 and 350◦C.
A decrease in the intensity of the ammonia peak was also
observed indicating that the ammonia was reacting with NO
to form N2. Similar spectra (data not shown) were obtained
for samples of labeled urea and NO on FeZSM-5 except
that only a small amount of nitrogen was formed relative
to the reaction in the presence of oxygen.

The NMR results can be explained by the following re-
actions in which urea hydrolyzes to form ammonia and car-

Fig. 6. 13C single pulse MAS NMR of labeled urea (13C and15N), NO
and O2 adsorbed on FeZSM-5 (Fe/Al = 0.11) before and after heating
to indicated temperatures. Asterisks denote spinning sidebands. Spectra
were acquired at room temperature after the sealed sample was heated
to: (a) 25◦C; (b) 150◦C; and (c) 250◦C. Number of scans acquired (NS)
was 4000. Line broadening= 50 Hz.

bon dioxide and then the ammonia reacts with NO to form
nitrogen and water[31].

2(NH2)2CO(s) + 2H2O(g) → 4NH3(g) + 2CO2(g) (2)

4NH3(g) + 6NO(g) → 5N2(g) + 6H2O(g) (3)

4NH3(g) + 4NO(g) + O2(g) → 4N2(g) + 6H2O(g) (4)

Fig. 7. 15N single pulse MAS NMR of labeled urea (13C and15N), NO
and O2 adsorbed on FeZSM-5 (Fe/Al = 0.11) before and after heating to
indicated temperatures. Spectra were acquired at room temperature after
the sealed sample was heated to: (a) 25◦C; (b) 150◦C; (c) 250◦C; and
(d) 350◦C. Number of scans acquired (NS) was 25,000. Line broadening
= 50 Hz.
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Fig. 8. 13C single pulse MAS NMR of labeled urea (13C and15N), NO,
and O2 adsorbed on HZSM-5 before and after heating to indicated tem-
peratures. Asterisks denote spinning sidebands. Spectra were acquired at
room temperature after the sealed sample was heated to: (a) 25◦C; (b)
150◦C; and (c) 250◦C. Number of scans acquired (NS) was 4000. Line
broadening= 50 Hz.

The reaction of ammonia with nitric oxide in the presence
of oxygen (reaction (4)) is faster than the reaction in the
absence of O2 (reaction 3)[31].

The13C and15N MAS NMR spectra of urea, NO and oxy-
gen on HZSM-5 are shown inFigs. 8 and 9, respectively. The
formation of CO2 (125 ppm) and adsorbed NH4

+ (−362,

Fig. 9. 15N single pulse MAS NMR of labeled urea (13C and15N), NO,
and O2 adsorbed on HZSM-5 before and after heating to indicated tem-
peratures. Asterisks denote spinning sidebands. Spectra were acquired at
room temperature after the sealed sample was heated to: (a) 25◦C; (b)
150◦C; and (c) 250◦C. Number of scans acquired (NS) was 25,000. Line
broadening= 50 Hz.

Fig. 10. 13C single pulse MAS NMR of labeled urea (13C and15N),
NO, and O2 adsorbed on silicalite before and after heating to indicated
temperatures. Asterisks denote spinning sidebands. Spectra were acquired
at room temperature after the sealed sample was heated to: (a) 25◦C; (b)
150◦C; and (c) 250◦C. Number of scans acquired (NS) was 4000. Line
broadening= 50 Hz.

−353 ppm) were observed. Just as for FeZSM-5 samples
with urea, NO and O2, the formation of N2 was also ob-
served in the15N NMR spectrum at−68 ppm indicating that
these materials can be used for SCR-NH3 with urea.

The13C and15N MAS NMR spectra of urea, NO and oxy-
gen on silicalite are shown inFigs. 10 and 11, respectively.
The reason for using silicalite, the purely siliceous form of
ZSM-5, in this study, was two-fold: (1) to show that SCR
of NO with urea to form nitrogen formation only occurs on
ZSM-5 zeolites with metal or Bronsted acid sites and (2) to
probe the adsorption of ammonia on a zeolite surface that

Fig. 11. 15N single pulse MAS NMR of labeled urea (13C and15N),
NO, and O2 adsorbed on silicalite before and after heating to indicated
temperatures. Spectra were acquired at room temperature after the sealed
sample was heated to: (a) 25◦C; (b) 150◦C; and (c) 250◦C. Number of
scans acquired (NS) was 25,000. Line broadening= 50 Hz.
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does not contain Lewis or Bronsted acid sites. The decom-
position of urea to CO2 (125 ppm) is observed in the13C
NMR spectrum after heat treatment at 150◦C. The amount
of CO2 formed relative to the amount of urea is much less
than urea decomposition on HZSM-5 and FeZSM-5. New
species are observed in the13C NMR spectrum at 182 and
169 ppm after heat treatment to 250◦C. In the analogous15N
NMR spectra, urea decomposition to ammonia (−369 ppm)
is observed after heat treatment at 150◦C. The ammonia
peak is much narrower than the comparable peak on H and
FeZSM-5 indicating that a mobile NH3 species is the pri-
mary species formed on silicalite. Since silicalite does not
contain Bronsted acid sites, the NH3 cannot form NH4+.
After pretreatment at 250◦C, a new peak at−197 ppm is
observed in the15N NMR spectrum (Fig. 11c).

The new peaks in the13C and15N NMR spectra after
reaction at 250◦C suggest the formation of an imine group
moiety. In previous work, the chemical shifts for imine
compounds adsorbed on HZSM-5 ranged from 189 to
197 ppm for the13C peak and−190 to−191 ppm for the
15N imine peak[28,42,43]. Fang and coworkers recently
investigated reactions of urea on catalysts using IR and Ra-
man spectroscopy and reported the formation of ammelides
from the reaction of a C=O bond with ammonia to form
C=NH imine groups[44]. Ammelide is from a group of
polymeric melamines. Melamine has the chemical formula
(HNC=NH)3 and the13C NMR chemical shift of melamine
is 167 ppm. This is very close to the chemical shift of the
dominant peak in the13C NMR spectrum inFig. 10csug-
gesting that melamine or closely related compound is being
formed. The peak at 182 ppm in the13C NMR spectrum is
most likely due to another closely related imine compound.
The peak at−197 ppm in the15N is in the range expected for
an imine nitrogen based on previously observed imine com-
plexes in zeolites[28,42]. Therefore, this peak is assigned
to the imine nitrogen of melamine or a closely related com-
plex. The formation of melamine and related compounds
has been linked to deactivation in urea SCR reactions[44].
No nitrogen formation is observed on the silicalite sample.

3.4. Implications for the SCR of NOx with urea

The experimental results reported here indicate that urea
decomposes thermally on HZSM-5 and FeZSM-5 to form
ammonia (ammonium ion) and CO2 after pretreatments at
150 and 250◦C. The decomposition of urea is complete after
thermal treatments at 250◦C. The decomposition of urea to
form ammonia is a promising indication that HZSM-5 and
FeZSM-5 will be active catalysts for the SCR of NO with
urea.

Yang and coworkers have recently shown that FeZSM-5
is active for the SCR of NOx with ammonia[12,13,16,41].
Therefore, the next step in the studies reported here was to
examine the reaction of urea, NO and oxygen on HZSM-5
and FeZSM-5 to try to observe the formation of N2, the
desired SCR product. The solid state NMR results indicate

that nitrogen is formed after thermal treatments starting at
∼150◦C consistent with the SCR of NO by urea. An analo-
gous experiment on silicalite did not show the formation of
nitrogen, but rather showed the formation of melamine and
related compounds which are believed to deactivate SCR
catalysts.

The observed reactivities of the HZSM-5 and FeZSM-5
samples used in this study were very similar. Silicalite was
not as active as HZSM-5 or FeZSM-5 for urea decomposi-
tion and did not show the formation of nitrogen from urea,
NO and O2. Therefore, based on the results reported here,
while it is difficult to differentiate between the activity of
H- versus FeZSM-5, it is clear that silicalite is not active
for the SCR of NOx with urea. The similarity of HZSM-5
and Fe-ZSM-5 reactivity could be due to the fact that the
FeZSM-5 sample used in these studies has a relatively low
iron loading (Fe/Al = 0.11) with the other charge compen-
sating sites being Bronsted sites, which are the exclusive
charge-compensating sites present in HZSM-5. Future stud-
ies of higher iron loadings could address this issue.

4. Conclusions

The reactions of adsorbed urea and NO on FeZSM-5 and
HZSM-5 were investigated using13C and15N solid state
NMR. The carbon and nitrogen-containing products formed
after thermal pretreatments at different temperatures on
FeZSM-5 and HZSM-5 were identified. Urea hydrolyzed
to form CO2 and ammonia on HZSM-5 and FeZSM-5. The
disappearance of urea and the formation of CO2 and NH3
were monitored by13C and15N MAS NMR. The ammo-
nia signal in the15N NMR spectra for both HZSM-5 and
FeZSM-5 was attributed to the formation of an ammonium
(NH4

+) species adsorbed on Bronsted acid sites. Reaction
of urea, NO and O2 on HZSM-5 and FeZSM-5 resulted in
the formation of CO2, NH3 (NH4

+), and N2. No nitrogen
was formed on silicalite after reaction of urea, NO and O2.
These results suggest that FeZSM-5 (and HZSM-5) may be
useful as catalysts for the SCR of NOx with urea.
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