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Abstract

In this study, the selective catalytic reduction (SCR) of NO2 with urea in nanocrystalline NaY zeolite was investigated with in
transmission Fourier transform infrared (FTIR) spectroscopy and solid-state nuclear magnetic resonance spectroscopy. AtT = 473 K, the
reaction rate for urea-SCR of NO2 in nanocrystalline NaY zeolite was significantly greater than that in commercial NaY zeolite with a
crystal size. In addition, a dramatic decrease in the concentration of undesirable surface species, including biuret and cyanuric
observed in nanocrystalline NaY compared with commercial NaY after urea-SCR of NO2 at T = 473 K. The increased reactivity for ure
SCR of NO2 was attributed to silanol groups and extra-framework aluminum species located on the external surface of nanocrysta
Specifically, NOx storage as nitrate and nitrite on the internal zeolite surface was coupled to reactive deNOx sites on the external surfac
Isotopic labeling combined with IR analysis suggest that N–N bond formation involved both an N-atom originating from NO2 and an N-atom
originating from urea. This is the first clear example demonstrating that the increased external surface area (up to∼40% of total surface area
of nanocrystalline zeolites can be used as a reactive surface with unique active sites for catalysis.
 2005 Elsevier Inc. All rights reserved.
Keywords: Selective catalytic reduction; NO; Y Zeolite; Urea; Isotopic labeling; Nanocrystals
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1. Introduction

Selective catalytic reduction (SCR) using ammonia or
drocarbons is a promising technology for post-combus
treatment of NOx (NO and NO2) [1]. NH3-SCR has been
developed and used worldwide for the control of NOx emis-
sions in fuel combustion from stationary sources due to
efficiency, selectivity, and economics[2]. However, NH3
is not a practical reducing agent for NOx emissions from
mobile sources, because of its toxicity and difficulties
storage, transportation, and handling[1]. Much interest has
focused on using urea as a safer source of ammonia in
tomotive applications[3–7]. Currently, a solution of 32.5%
urea in water is the preferred choice among different pre
sors for ammonia[8–11]. It is generally accepted that ure
* Corresponding authors. Fax: +1-319-335-1270.
E-mail addresses: vicki-grassian@uiowa.edu(V.H. Grassian),
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thermally decomposes in two steps (reactions(1) and(2)) to
form ammonia and carbon dioxide[12–14]:

(NH2)2CO→ NH3 + HNCO, (1)

HNCO+ H2O → NH3 + CO2. (2)

Transition metal-containing zeolites have been ex
sively studied as SCR catalysts[15–20]. Several recent stud
ies have also used alkali and/or alkaline earth-substitute
zeolites as selective oxidation catalysts[21–23]and deNOx
catalysts[24–29]. In the absence of transition metals, ze
lite Y potentially offers novel SCR pathways different fro
those in transition metal containing catalysts. As rece
discussed, nanocrystalline Y zeolites and metal oxides
particle sizes less than 100 nm may be particularly us
in environmental applications because of their small cry
sizes and large internal and external surface areas[30–33].

The influence of intracrystalline diffusion on SCR reaction
rate has been previously investigated for transition metal-
exchanged zeolites with different crystal sizes[34–38]. Most
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applicable to the current study is recent work on propyle
SCR of NO2 over nanocrystalline NaY zeolite with a cryst
size of 23 nm[32]. At T = 473 K, significantly higher NOx
conversion and higher selectivity toward N–N bond form
tion was observed in nanocrystalline NaY zeolite compa
with commercial NaY zeolite with a larger crystal size[32].
It was also observed that nanocrystalline NaY zeolite
more sensitive to the presence of adsorbed water than
mercial NaY zeolite in propylene-SCR of NO2 atT = 473 K
[32]. The silanol groups and extra-framework alumin
(EFAL) species with Bronsted acidity located on the exter
surface of nanocrystalline NaY zeolite were found to
count for the observed differences in activity (see Fig.
in Supplementary information[32]).

In the study reported here, in situ transmission FTIR sp
troscopy was used to investigate urea-SCR of NO2 over
nanocrystalline NaY zeolite at relatively low temperatu
(T = 473 K). This work is motivated by the fact that th
silanol groups and EFAL sites on the external surface
nanocrystalline NaY may be effective surface sites for
decomposition of urea to NH3 and the subsequent SCR
NO2 [2,8]. The performance of nanocrystalline NaY ze
lite in urea-SCR reactions is compared to commercial N
zeolite with a larger crystal size to explore the potential
vantages of the small crystal size of nanocrystalline N
zeolite and to determine whether the chemical and phys
properties of nanocrystalline NaY are important in facilit
ing urea-SCR reactions.

2. Experimental section

2.1. Zeolite sample preparation and materials

Nanocrystalline NaY zeolite was synthesized using c
solutions according to the general method reported
Creaser et al.[39] and further modified by Song et al.[30].
Sodium hydroxide, aluminum isopropoxide, tetramethyla
monium hydroxide (TMAOH), and distilled water we
mixed and stirred until the resulting mixture became a c
solution. Then tetraethylorthosilicate (TEOS) was adde
the clear solution. The clear solution mixture was stir
overnight to ensure complete hydrolysis of the alumin
and silicon sources. The final clear synthesis gel had the
lowing composition: 0.07 Na:2.4 TMAOH:1.0 Al:2.0 Si:13
H2O:3.0 i-PrOH:8.0 EtOH. The latter two alcohols we
formed from the hydrolysis of aluminum isopropoxide a
TEOS, respectively. To optimize the formation of small N
crystals, the sodium content was intentionally set too low
ative to the aluminum content in the synthesis gel. The c
solution was transferred into a 500-mL flask equipped w
an air-cooled condenser and was heated toT = 368 K in an
oil bath for 84 h with stirring. Nanocrystalline Y powde

were recovered from the milky, colloidal suspension of NaY
after two cycles of centrifugation, washed with deionized
water, and dried atT = 393 K in air. The nanocrystalline
sis 234 (2005) 401–413

-

NaY sample was calcined atT = 773 K under oxygen flow
for 16 h to remove organic templates.

The synthesized nanocrystalline NaY zeolite and
commercial NaY zeolite (purchased from Aldrich) we
characterized by several different techniques, includ
scanning electron microscopy (SEM), X-ray diffraction,
trogen adsorption isotherms, and solid-state nuclear m
netic resonance (NMR)[30]. The average crystal size o
nanocrystalline NaY zeolite was determined to be 23
[30]. The commercial NaY zeolite is composed of lar
intergrown NaY crystals with diameters of∼1 µm. The ex-
ternal, internal, and total surface areas of nanocrysta
NaY zeolite were determined to be 178, 406, and 584 m2/g,
respectively. The total surface area of commercial NaY z
lite was 477 m2/g, and, as discussed in previous work[30],
the external surface area of commercial NaY zeolite is e
mated from the crystal size to be∼4 m2/g. The Si/Al ratios
of nanocrystalline NaY and commercial NaY zeolite we
determined to be 1.8 and 2.0, respectively[30].

Aluminum isopropoxide, TEOS, and sodium hydroxi
were purchased from Alfa Aesar. Commercial NaY z
lite and TMAOH solution (20 wt%) were purchased fro
Aldrich. Solid urea (>99.5%) was purchased from Acro
Organics.15N- and 13C-labeled urea were purchased fro
Cambridge Isotopes. Research-grade purity oxygen and
bon dioxide were purchased from Air Products. Anhydr
ammonia, research-grade purity nitrogen dioxide, nitric
ide, and nitrous oxide were purchased from Matheson.
gases were used without further purification.

2.2. Transmission FTIR spectroscopy

Four mg urea in aqueous solution (∼0.3 mol) and 7 mg
NaY zeolite were mixed and sonicated for 30 min at ro
temperature. The resulting hydrosol was coated onto a×
2 cm tungsten grid held in place by nickel jaws. The nic
jaws were attached to copper leads so that the sample c
be resistively heated. A thermocouple wire attached to
tungsten grid was used to measure the temperature o
sample. The tungsten grid with zeolite sample was pla
inside a stainless steel cube, which had two BaF2 windows
for FTIR measurements and was connected to a vacuum
handling system[23].

The stainless steel FTIR cell was held in place by a
ear translator inside the sample compartment of a Mat
Galaxy 6000 FTIR spectrometer equipped with a narr
band MCT detector. The linear translator allowed each
of the sample grid to be moved into the FTIR beam pa
permitting detection of gas phase and adsorbed species
olites under identical reaction conditions. Each absorba
spectrum shown was obtained by referencing 64 scan
an instrument resolution of 4 cm−1 to the appropriate back
ground of the zeolite or the blank grid, unless noted oth

wise.

The NaY zeolite sample with adsorbed urea was dried in
air and evacuated at room temperature overnight to remove
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weakly adsorbed water. Reactant gases (NO2 and O2) were
loaded into the NaY zeolite through the gas handling s
tem. Two absolute pressure transducers were used to
itor the pressure. The extinction coefficients of individu
gases were calibrated using the characteristic FTIR abs
tion band and measuring the pressure using an absolute
sure transducer. Typically, the NaY zeolite was equilibra
with gases before a spectrum was recorded. In SCR r
tions, NO2 was first introduced into the FTIR cell at roo
temperature. After 30 min to allow adsorption equilibriu
an excess amount of oxygen was added into the FTIR
Time course experiments were conducted by automatic
recording FTIR spectra of the gas phase every 1 min.

2.3. Solid-state magic-angle spinning NMR experiments

Approximately 200 mg of zeolite were impregnated w
an aqueous solution of labeled urea (13C and15N). Samples
with adsorbed urea were allowed to dry at room temp
ature and were placed into Pyrex sample tubes that w
degassed on a vacuum rack. To prepare samples conta
labeled urea and nitric oxide and oxygen, the nitric ox
and oxygen were introduced to the zeolite sample while
attached to the vacuum rack. Then the Pyrex sample
was sealed while the sample was immersed in liquid ni
gen. The sealed samples were heated for 1 h at the de
temperatures. Samples were allowed to cool to room t
perature for the NMR measurements.

Magic-angle spinning (MAS) NMR spectra were o
tained using a 7-Tesla wide bore Bruker cryomagnet
a TecMag Discovery console. The Larmour frequencies
13C and 15N were 75.470 and 30.425 MHz, respective
A Chemagnetics double-channel 7.5-mm pencil MAS pr
was used to spin rotors containing the sealed samples
spinning speed was approximately 4.0 kHz. Single-pulse
rect excitation was used for13C and15N. The π/2 pulse
width was 6.0 µs for13C; theπ/2 pulse width was 4.5 µ
for 15N. Recycle delay was 2 s, and a line broadening
50 Hz was used for both13C and15N. There were 4000 scan
for the13C NMR and 25,000 scans for the15N MAS NMR.
Solid adamantane mixed with KBr (38.5 ppm) and satura
15NH4

15NO3 solution (0 ppm for NO3−) were used as ex
ternal chemical shift standards for13C and15N, respectively.
All of the chemical shifts for13C and15N are reported rel
ative to TMS and CH3NO2, respectively. All13C and15N
spectra were obtained at room temperature.

3. Results

3.1. Adsorption of NO2 in NaY zeolite with adsorbed urea
at T = 298 K
As discussed earlier, an aqueous urea solution and the
NaY zeolite powder were mixed at room temperature. Be-
fore adsorbing NO2, the NaY zeolite sample with area was
sis 234 (2005) 401–413 403
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Fig. 1. FTIR spectrum of commercial NaY with adsorbed urea
T = 298 K. The zeolite sample with adsorbed urea was dried in air
evacuated atT = 298 K overnight. The FT-IR spectrum of a clean comm
cial NaY sample is also plotted (dotted line). The blank grid is used
reference. All spectra were recorded atT = 298 K.

dried in air and evacuated at room temperature overnig
remove weakly adsorbed water. The FTIR spectrum of c
mercial NaY zeolite with adsorbed urea is shown inFig. 1.
The FTIR spectrum of a clean commercial NaY sampl
also plotted inFig. 1(dotted line) for comparison.

Adsorbed urea in NaY zeolite can be identified by sev
absorption bands at 1456, 1584, 1610, 1650, and 1712 c−1

in the FTIR spectrum as shown inFig. 1. The absorption
band at 1456 cm−1 is assigned to the asymmetric N–C–
stretching mode of adsorbed urea[14]. The absorptions a
1584 and 1610 cm−1 are both due to the NH2 bending mode
of adsorbed urea[14]. The bands at 1650 and 1712 cm−1

(both C=O stretching mode) can be assigned to urea
sorbed at different sites or in different coordination en
ronments in NaY zeolite[14]. Some additional bands i
the spectral region of 3100–3800 cm−1 due to O–H/N–H
stretching are also seen (not shown). The general fea
of the FTIR spectrum of nanocrystalline NaY zeolite w
adsorbed urea (not shown) are similar to those of comm
cial NaY zeolite, except for increased spectral broaden
of the peaks in nanocrystalline NaY. This broadening
been previously attributed to increased site heterogeneit
nanocrystalline zeolite samples[32].

The NaY sample with adsorbed urea was then expo
to 0.5 Torr pressure of NO2 at room temperature and equ
librated for 30 min. The changes in the FTIR spectra
the NaY sample upon exposure and equlibrium with N2
are clearly seen in the difference spectra shown inFig. 2.
Each difference spectrum was obtained by subtracting

spectrum of NaY zeolite before adsorbing NO2 from the
corresponding spectrum after the adsorption equilibrium. As
shown in the difference FTIR spectrum of commercial NaY
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Fig. 2. Difference FTIR spectra of nanocrystalline NaY with adsorbed
and commercial NaY zeolite with adsorbed urea following adsorptio
0.5 Torr NO2 atT = 298 K. The spectra use the corresponding NaY zeo
with adsorbed urea prior to NO2 adsorption as a background. In additio
gas-phase absorptions have been subtracted from each of the FTIR s

zeolite (Fig. 2), several absorption bands appeared at 12
1372, 1514, and 1770 cm−1. The absorption bands at 127
and 1372 cm−1 are attributed to the formation of nitrite an
nitrate on Na+ sites, respectively[24,31,32,40,41]. The ap-
pearance of two absorption peaks at 1514 cm−1 (νCN + δNH)
and 1770 cm−1 (νCO) indicate the formation of a surfac
species with a linear imido structure [e.g., –(C=O)–NH–
(C=O)–] [12]. A simultaneous loss in intensity of the ban
around 1456 and 1650 cm−1 was observed, indicating tha
adsorbed urea reacted with NO2 (or surface species gene
ated in NO2 adsorption).

The difference FTIR spectrum of nanocrystalline N
with adsorbed urea after being exposed to NO2 is shown
in Fig. 2 (bottom spectrum). Similar to the commerc
NaY zeolite, the formation of nitrite (1272 cm−1) and dis-
appearance of adsorbed urea (1456 and 1650 cm−1) were
observed for nanocrystalline NaY zeolite. However, sev
differences in the spectra of nanocrystalline NaY zeolite
commercial NaY zeolite were observed. For example,
mation of the surface species with the linear imido struc
(1514 and 1770 cm−1) occurred to a much lesser exte
in nanocrystalline NaY (Fig. 2). Furthermore, NO2 adsorp-
tion in nanocrystalline NaY zeolite resulted in the form
tion of nitrate adsorbed on external (vide infra) EFAL si
(1336 cm−1) [31,32], as well as nitrate on internal Na+
sites (1372 cm−1). Finally, the formation of isocyanic aci
(HNCO) adsorbed on EFAL sites is observed in nanoc
talline NaY zeolite, as indicated by a broad absorption b
around 2276 cm−1 [27,31,32]. In NO2 adsorption at room

temperature, the formation of surface-adsorbed isocyanic
acid is not appreciable in commercial NaY zeolite (Fig. 2).
Previous studies of pyridine adsorption coupled with IR
sis 234 (2005) 401–413

a.

Fig. 3. The FTIR spectra of the gas phase upon adsorption of NO2 in
(a) commercial NaY zeolite with adsorbed15N-urea, (b) nanocrystalline
NaY zeolite with adsorbed15N-urea, (c) commercial NaY zeolite with ad
sorbed unlabeled urea, and (d) nanocrystalline NaY zeolite with adso
unlabeled urea. All spectra were recorded atT = 298 K after adsorption
equilibrium. The NO signal at∼1875 cm−1 has been increased by a fa
tor of 5 in the spectrum labeled (c) and is representative of the NO s
intensity in all of the spectra in this figure.

analysis indicate that EFAL sites are located on the exte
surface of nanocrystalline NaY zeolite and are not prese
any great extent in the commercial NaY sample becaus
its low external surface area[30–32].

Unlabeled urea and15N-labeled urea were used in SC
reactions over both nanocrystalline NaY and commer
NaY zeolite. Compared with the FTIR spectrum of Na
zeolite with unlabeled urea, several differences were
served when15N-urea solution was mixed with the ze
lite sample. For example, the absorption band for adso
H15NCO shifted from 2276 to 2258 cm−1 when nanocrys
talline NaY with adsorbed15N-urea was exposed to NO2
at room temperature (not shown). A similar isotopic sh
was also observed for gas-phase HNCO. The FTIR spe
of the gas phase after NO2 adsorption in commercial an
nanocrystalline NaY zeolite with unlabeled urea and15N-
urea are shown inFig. 3. Gas-phase NO2 (1616 cm−1), NO
(1875 cm−1), HNCO (2268 cm−1), and CO2 (2349 cm−1)
were observed when NaY zeolite with adsorbed urea wa
posed to NO2 at room temperature[27,31,42]. For gas-phase
HNCO, an isotopic shift of 8 cm−1 was observed after sub
stituting15N for 14N [27]. The complete list of isotopic shift
for nitrogen-containing gas phase and adsorbed speci
given inTable 1and is discussed in detail later in this pap
In the spectra shown inFig. 3, the absorption band for ga
phase NO2 over nanocrystalline NaY zeolite is less inten

than that over commercial NaY, indicating that more NO2
was adsorbed/reacted with nanocrystalline NaY zeolite rela-
tive to commercial NaY. This finding is consistent with our
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Table 1
List of vibrational frequencies of nitrogen-containing gas-phase and adsorbed species which showed an isotopic shift upon substitution of15N for 14N in the
adsorbed urea ((NH2)2CO) precursor

Product Assignment ν(14N) ν(15N) �νa ν(14N)/ν(15N)

Gas phase HNCO νNCO 2268 2260 8 1.004
N2O νNN 2224 2201 23 1.010
N2O νNO 1285 1270 15 1.012
NH3 δNH3 965 960 5 1.005

Adsorbed in
nanocrystalline
NaY

HNCO νNCO 2276 2258 18 1.008
OCN− νNC 2169 2153 16 1.007
(NH2)2CO νCNH 1527 1522 5 1.003
(NH2)2CO νCNH 1271 1266 5 1.004

Adsorbed in
commercial
NaY

HNCO νNCO 2282 2250 32 1.014
OCN− νNC 2175 2159 16 1.007
(NH2CO)2NH νCO 1759 1751 8 1.005
(HNCO)3 νCO 1735 1727 8 1.005

a �ν = ν(14N) − ν(15N).
Fig. 4. FTIR spectra of the gas phase as a function of reaction time in15N-urea SCR of NO2 over nanocrystalline NaY zeolite in the presence of oxygen. The
2, 3, min,
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spectra shown were recorded atT = 473 K and att (reaction time)= 0, 1,
respectively. The blank grid is used as a reference.

previous observation that nanocrystalline NaY zeolite h
greater adsorption capacity for NO2 than commercial NaY
zeolite[30,32].

3.2. Urea-SCR of NO2 in NaY zeolite at T = 473 K: Gas
phase products

An excess amount of O2 was introduced into the FTIR
cell after the NaY zeolite sample was equilibrated with N2
for 30 min at room temperature. Urea-SCR of NO2 was then
carried out atT = 473 K. A control experiment was done b
heating the commercial NaY zeolite with adsorbed ure

T = 473 K in the presence of oxygen.

Fig. 4 shows the FTIR spectra of gas-phase species
formed during the first 30 min of15N-urea SCR over
4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 23, 25, 27, 30

nanocrystalline NaY zeolite atT = 473 K. In the beginning
of the SCR reaction (t = 0), gas-phase NO2, NO, H15NCO,
CO2, and a small amount of H2O were observed in th
FTIR spectrum. Att = 1 min, more H2O and H15NCO ap-
peared in the gas phase, as shown by the spectra (Fig. 4).
Gas-phase H15NCO decayed quickly aftert = 2 min. Sev-
eral other changes in gas phase composition can be se
these time course experiments, including the rapid prod
tion of 15NH3 (927, 960, 1623, and 3331 cm−1) and CO2

at t = 2 min. Gas-phase15N-urea appeared and is ide
tified by several characteristic absorptions, including th
broad bands between 3100 and 3520 cm−1 and several ab

−1
sorptions between 1290 and 1720 cmin the FTIR spectra
shown inFig. 4. Furthermore, gas-phase NO2 disappeared
quickly relative to NO.15NNO (2201 and 1270 cm−1) ap-
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Fig. 5. FTIR spectra of the gas phase as a function of reaction time in urea-SCR of NO2 over commercial NaY zeolite in the presence of oxygen. The spectra
4, 5, min,
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shown were recorded atT = 473 K and att (reaction time)= 0, 1, 2, 3,
respectively. The blank grid is used as a reference.

peared in these spectra as the only isomer of N2O (Table 1)
[43]. Other isomers of N2O, such as N15NO and 15N2O,
have different absorption frequencies (2178/1280 cm−1 for
N15NO and 2155/1265 cm−1 for 15N2O) and were not de
tected in our experiments[43]. The formation of15NNO in
the gas phase indicates that N–N bond formation at 47
involved a15N-atom originating from urea and a14N-atom
originating from NO2 and that the N=O bond in NO2 re-
mained intact during the formation of15NNO. There was
no significant change in the gas phase after 30 min of S
reactions over nanocrystalline NaY zeolite.

Compared with the SCR reaction in nanocrystalline N
zeolite, the urea-SCR of NO2 in commercial NaY zeolite
was much slower. The FTIR spectra of the gas phase sp
present during the 2 h of urea-SCR over commercial N
zeolite are shown inFig. 5. In urea-SCR using commerci
NaY catalyst, NO2 disappeared quickly, but NO persist
in the gas phase during the 2 h reaction period. The
centration of HNCO reached a maximum att = 5 min, and
HNCO remained detectable in the IR cell for at least 60 m
during the SCR reaction process (Fig. 5). There was an in
duction period (∼3 min) for the production of NH3 and
CO2 that did not appear in the gas phase with signific
concentrations untilt = 4 min (Fig. 5). N2O appeared a
one of the final products in the gas-phase[31,32]. A gas
phase species with an absorption around∼2185 cm−1 was
present in the FTIR spectra fromt = 4 to 10 min. Because
another absorption band at 1255 cm−1 was also observe

(not labeled), this species is assigned to formonitrile oxide
(HCNO) [42,44,45]. Further supporting this assignment is
the fact that HCNO (2190 and 1255 cm−1) was produced in
6, 7, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 120

s

the presence of large amounts of HNCO during the ther
decomposition of urea atT = 473 K in commercial NaY ze
olite (data not shown).

The time course concentrations of the gases in the
cell can be determined from the integrated absorbance o
corresponding IR absorptions using calibrated extinction
efficients, as described in previous work[31,32]. The time
course concentrations of gas-phase NH3, CO2, and H2O in
urea-SCR of NO2 are shown inFig. 6. The time course con
centrations for the urea thermal decomposition over c
mercial NaY zeolite are also included inFig. 6. It should
be noted that the concentration of gas-phase H2O rapidly in-
creased to a maximum att = 2 min in urea-SCR of NO2 over
nanocrystalline NaY zeolite (Fig. 6c). The concentration o
gas-phase H2O then decreased sharply until a minimum w
reached at approximatelyt = 15 min and started increasin
again thereafter. Most likely, strongly adsorbed water tha
mained in nanocrystalline NaY zeolite was released initi
upon heating toT = 473 K [31], followed by the consump
tion and production of H2O in SCR reactions[12].

The time course concentrations of NO and N2O in the
gas phase are shown inFig. 7. In urea-SCR of NO2 over
nanocrystalline NaY zeolite, the concentration of NO
creased monotonically and gas-phase NO disappeared
pletely aroundt = 40 min (Fig. 7a). When commercial NaY
zeolite was used as the SCR catalyst, the NO concentr
initially increased until it reached a maximum level and
creased slowly thereafter. The time course concentratio

N2O demonstrates that N2O was produced more quickly and
in much higher concentration in nanocrystalline NaY zeolite
than in commercial NaY zeolite (Fig. 7b).
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Fig. 6. Evolution of gas-phase (a) NH3, (b) CO2 and (c) H2O during
urea-SCR of NO2 in nanocrystalline NaY zeolite ("), urea-SCR of NO2
in commercial NaY zeolite (!) and thermal decomposition of urea in com
mercial NaY zeolite (×) atT = 473 K in the presence of oxygen.

Fig. 7. Evolution of gas-phase (a) NO and (b) N2O during urea-SCR of NO2
in nanocrystalline NaY zeolite (") and in commercial NaY zeolite (!) at
T = 473 K in the presence of oxygen.

The initial rates for formation of gas-phase NH3, CO2,
and N2O and loss of gas-phase NO can be obtained by lin
fitting of the concentrations of individual gas-phase spe

in the beginning of the reactions, as listed inTable 2. In urea-
SCR of NO2 over nanocrystalline NaY zeolite, the initial
rate of NH3 formation is slightly higher than the initial rate
sis 234 (2005) 401–413 407

Table 2
Rates for formation of gas-phase NH3, CO2 and N2O and loss of gas-phas
NO in the first 10 min during urea-SCR of NO2 and thermal decompositio
of urea atT = 473 K

Catalyst Initial rate (µmol/(L min))

NH3 CO2 NO N2O

Nanocrystalline NaY 10.3 8.9 −0.4 1.1
Commercial NaY 2.4 1.5 −0.2a 0.1
Commercial NaYb 3.0 1.6 – –

a The initial rate of NO loss during the urea-SCR of NO2 over commer-
cial NaY zeolite was measured fromt = 9 to 18 min.

b Thermal decomposition of urea in the presence of O2.

Table 3
Gas-phase product distribution after urea-SCR of NO2 and thermal reaction
of urea atT = 473 K for 2 h in 7 mg NaY zeolite. The loadings of NO2,
urea and O2 are 70± 5, 170± 20, and 550± 20 µmol/L in the IR cell with
a volume of 0.32± 0.01 L, respectively

Catalyst Concentration (µmol/L)a

NH3 CO2 NO N2O

Nanocrystalline NaY 56 138 0 12
Commercial NaY 17 74 7 4
Commercial NaYb 53 69 – –

a The concentration of gas-phase NH3 was measured atT = 473 K,
the concentrations of gas-phase CO2, NO and N2O were measured a
T = 298 K.

b Thermal reaction of urea in the absence of NO2.

of CO2 formation. In the thermal reaction of urea over co
mercial NaY zeolite, the ratio of NH3 formation rate to CO2
formation rate is close to 2:1, which matches the fact
1 mol of urea thermally decomposes into 2 mol of NH3 and
1 mol of CO2 (reactions(1) and(2)). Furthermore, the ini
tial rates for NH3 and CO2 formation are much higher i
nanocrystalline NaY than in commercial NaY.Table 2also
includes the initial rates of N2O formation and NO loss. I
can be concluded from the data listed inTable 2that urea
SCR of NO2 occurred more quickly in nanocrystalline Na
than in commercial NaY zeolite.

Table 3summarizes the product distribution in the g
phase after urea-SCR of NO2 and thermal reaction of urea
The concentrations of NH3 and CO2 after SCR reaction ar
much higher in nanocrystalline NaY zeolite than in co
mercial NaY zeolite. In addition, urea-SCR of NO2 over
nanocrystalline NaY zeolite resulted in 100% NOx (NO2
and NO) conversion and higher selectivity toward N2O for-
mation relative to commercial NaY zeolite. Based on m
balance for nitrogen, more than 80% of NO2 was converted
into N2 in urea-SCR over nanocrystalline NaY zeolite
T = 473 K (Table 3).

3.3. Urea-SCR of NO2 in NaY zeolite at T = 473 K:
adsorbed products
Besides kinetics studies, FTIR analysis of surface ad-
sorbed intermediates or products can improve understanding
of the mechanism behind urea-SCR of NO2 [31,32]. Differ-
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Fig. 8. Difference FTIR spectra of zeolite samples following (a)15N-urea-
SCR of NO2 in nanocrystalline NaY for 30 min, (b) urea SCR of NO2
in nanocrystalline NaY for 2 h, (c) urea-SCR of NO2 in commercial NaY
for 2 h and (d) thermal decomposition of urea in commercial NaY for
at T = 473 (from top to bottom) in the presence of oxygen. The spe
were recorded atT = 298 K. All spectra shown use the corresponding N
zeolite with adsorbed urea prior to NO2 adsorption as a background.
addition, gas-phase absorptions have been subtracted from each of the
spectra shown.

ence FTIR spectra of nanocrystalline NaY and commer
NaY zeolite after urea-SCR of NO2 are shown inFig. 8. This
figure also shows the difference FTIR spectra of nanoc
talline NaY zeolite after15N-urea SCR of NO2 and commer-
cial NaY zeolite after thermal reaction of urea. The zeo
samples were cooled back to room temperature before
spectra were recorded. It was observed that most gas p
NH3, H2O, and urea disappeared from the gas phase
the zeolites were cooled back to room temperature, bec
of adsorption in the zeolite samples.

In urea-SCR of NO2 over nanocrystalline NaY zeolite
the formation of adsorbed HNCO and OCN− can be iden-
tified by the absorption bands at 2276 cm−1 [27,31,32]and
2169 cm−1 [27,46], respectively, in the FTIR spectra show
in Fig. 8b. The loss of adsorbed urea, characterized by
negative absorptions at 1271, 1527, and 1712 cm−1 (νCO)
and 3424 and 3514 cm−1 (both νNH), can also be seen i
the spectra. The absorption band at 1527 cm−1 is assigned
to the CNH bend-stretch mode, in which the nitrogen
hydrogen move in opposite directions relative to the carb
whereas the absorption band at 1271 cm−1 is assigned to the
CNH open-stretch mode, in which N and H atoms move
the same direction relative to the carbon[47]. In addition,
the recovery of silanol groups (3742 cm−1) and OH groups
attached to Na+ (3695 cm−1) are evident in the spectrum

of nanocrystalline NaY zeolite shown inFig. 8b [30–32].
This indicates that adsorption and SCR reactions occurred to
a significant extent on the external surface, because silano
sis 234 (2005) 401–413

e

e

groups are present mainly on the external surface of
nanocrystalline NaY zeolite[30,32].

The difference FTIR spectrum of nanocrystalline N
seen after15N-urea SCR of NO2 for 30 min (Fig. 8a) is
similar to that seen after urea-SCR for 2 h (Fig. 8b). The
formation of adsorbed H15NCO (2258 cm−1) and OC15N−
(2153 cm−1), as well as the loss of adsorbed15N-urea (1522
and 1266 cm−1), are apparent in this spectrum. The is
topic shifts for these nitrogen-containing species are ap
ent in the spectrum and are listed inTable 1. In the spectrum
shown inFig. 8a, a dotted baseline is drawn in the ran
1200–1800 cm−1, revealing that a small amount of nitrate r
mained in nanocrystalline NaY zeolite after 30 min of SC
reaction atT = 473 K.

When commercial NaY zeolite was used as the SCR
alyst, a loss of adsorbed urea was observed, as indicate
the negative absorption bands at 1286 cm−1 (νCNH), 1651
and 1712 cm−1 (both νC=O), and 3436 and 3555 cm−1

(both νNH) in the spectrum of commercial NaY zeoli
after urea-SCR reactions (Fig. 8c). The other CNH vibra-
tion that should fall between 1400 and 1600 cm−1 may
be less pronounced in the spectrum, because of the
mation of two absorption bands at 1455 and 1495 cm−1

(Fig. 8c). The two absorption bands at 1455 and 1495 cm−1

are assigned to the bending mode of adsorbed am
nium ion and stretching mode of surface species contai
imine groups (C=NH), respectively[12]. In the spectrum
shown in Fig. 8c, the corrected baseline (dotted line)
the range 1200–1800 cm−1 clearly demonstrates the form
tion of adsorbed biuret (1759 cm−1) [12] and cyanuric acid
(1735 cm−1) [48] in commercial NaY zeolite after SCR re
actions. Furthermore, surface OCN− (2175 cm−1) [46] and
nitrate (1376 cm−1) were observed after urea-SCR of NO2
for 2 h in commercial NaY zeolite. In the OH/NH stretchi
region (Fig. 8c), the absorptions in the spectrum of co
mercial NaY zeolite indicate the formation of OH group
Na+ (3695 cm−1), surface-adsorbed H2O (3623 cm−1), and
NH-containing species (3220, 3380, 3489 cm−1), as well as
the loss of adsorbed urea (3436 and 3555 cm−1). The FTIR
spectrum of commercial NaY zeolite after thermal react
of urea is almost the same as that after urea-SCR of N2,
except that nitrate, biuret, and cyanuric acid formation is
observed in the thermal decomposition of urea (Fig. 8d).

The comparison between the difference FTIR spectr
the zeolite samples after urea-SCR of NO2 for 2 h indicates
that greater nitrate conversion was achieved in nanoc
talline NaY zeolite than in commercial NaY zeolite. Th
finding is consistent with the fact that urea-SCR of N2
is much slower in commercial NaY than in nanocrystall
NaY, as mentioned earlier (seeTable 2). Furthermore, un
desired surface products (biuret and cyanuric acid) were
served in commercial NaY zeolite, but not in nanocrystal
NaY zeolite, after urea-SCR of NO2.
l

The assignments of absorption bands in FTIR spectra
shown inFig. 8 are further supported by isotopic studies
(Table 1). The absorption frequencies for HNCO and OCN−
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Fig. 9. 13C single pulse (a) and15N single pulse (b) MAS NMR of la-
beled urea (13C and15N), NO and O2 adsorbed in nanocrystalline NaY
T = 298, 423, 523 and 623 K (from top to bottom). Spectra were acqu
at room temperature after heating to the desired temperatures. Numb
scans taken for13C and15N spectra were 20000 and 10000, respectiv
Line broadening= 50 Hz.

in nanocrystalline NaY zeolite are different from those
commercial NaY zeolite. In nanocrystalline NaY, HNC
(2276 cm−1) and OCN− (2169 cm−1) are most likely ad-
sorbed on EFAL sites[31,32]. In commercial NaY zeolite
OCN− is characterized by the relatively intense absorp
band at 2175 cm−1 in the FTIR spectrum shown inFig. 8c
and is most likely attached to Na+ sites[27]. In nanocrys-
talline NaY zeolite, the isotopic shift for the CNH vibratio
mode of adsorbed urea (5 cm−1) is exactly the same as th
for the NH3 deformation mode of gas-phase NH3. This sug-
gests that urea was adsorbed in nanocrystalline NaY ze
in such a way that at least one NH2 group remained almos
unperturbed[14]. In commercial NaY zeolite, the isotop
shift for the C=O stretching mode of adsorbed biuret a
cyanuric acid (8 cm−1) is the same as that for the NC
stretching mode of gas-phase HNCO. This may be du
the configuration exchange

–(C=O)–NH–↔ –C(OH)=N–

in adsorbed biuret and cyanuric acid in commercial NaY
olite.

3.4. Complementary solid-state NMR (13C and 15N)
spectra of labeled urea, NO, and O2 in nanocrystalline NaY

The 13C MAS NMR spectra for urea (13C- and 15N-
labeled), NO, and O2 in nanocrystalline NaY, shown i
Fig. 9a, has a13C peak at 165 ppm before heating. This pe
is assigned to the carbonyl group of adsorbed urea[16]. Af-
ter heating toT = 423 K, a narrow intense peak is prese
at 125 ppm that can be assigned to CO2. After heating to

T = 623 K, there is a substantial increase in peak intensity
for CO2 at 125 ppm, whereas the peak at 165 ppm is no
longer present.Fig. 9b shows the15N MAS NMR of urea
sis 234 (2005) 401–413 409

f

(13C- and15N-labeled), NO, and O2 in nanocrystalline NaY
Before heating, the15N peak at−301 ppm is present and
assigned to the adsorbed urea. After heating toT = 423 K,
ammonia is produced, as indicated by the peak at−356 ppm.
After heating toT = 523 K, a peak at−74 ppm is presen
and is assigned to N2. After heating toT = 623 K, a sub-
stantial increase in the N2 peak and loss of intensity for th
ammonia peak are seen.

The solid-state NMR spectra were acquired under co
tions of thermal equilibrium because of the long time peri
needed for signal averaging. In the presence of oxygen
adsorption of NO in zeolite Y occurs in a similar manner
the adsorption of NO2 [24], because of the oxidation of NO
into NO2 [40]. Thus these NMR results can be readily co
pared with the FTIR data in this study. The NMR results
also consistent with the FTIR results, in that urea therm
decomposes to form NH3 and CO2 at elevated temperature
in the presence of NO and O2. The most important aspect o
the NMR results is the observation of N2 formation, which
cannot be observed directly by FTIR spectroscopy.

4. Discussion

4.1. Reactions between gas-phase NO2 and adsorbed urea
in NaY zeolite at T = 298 K

The adsorption of NO2 in zeolite Y has been describe
in detail in the literature[24,27,31,32,40,41]. In this study,
NO2 reacted with adsorbed water by reaction(3) or (4) in
NaY zeolite, because a considerable amount of wate
mained in the zeolite after the zeolite samples were e
uated at room temperature[32,41]:

2NO2 + H2O → HNO3 + HONO, (3)

3NO2 + H2O → 2HNO3 + NO. (4)

The nitric acid and nitrous acid further deprotonate and
sorb on surface cationic sites to form surface nitrate
nitrite. This explains the formation of surface nitrate,
trite (Fig. 2), and gas-phase NO after NO2 adsorption in
NaY zeolite (Fig. 3). Nitrate formation on EFAL sites in
nanocrystalline NaY zeolite was also observed (Fig. 2). In
nanocrystalline NaY zeolite, NO2 adsorption occurs in pa
on cationic sites of EFAL species (Mn+–O−), according to
reaction(5) [24,31,32]:

Mn+–O− + NO2 → Mn+–NO3
−. (5)

The formation of NO, HNCO, and a small amount of C2
and H2O was observed when NO2 was adsorbed in NaY ze
olite with adsorbed urea at room temperature (Figs. 3–5).
Isotopic labeling shows that the N-atom in HNCO origina
from urea (Fig. 4). The loss of adsorbed urea was obser

as well upon the adsorption of NO2 (Fig. 3). Because the de-
composition of urea into HNCO and NH3 is not significant
at room temperature[12], HNCO most likely formed in the
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Scheme 1. Thermal decomposition of urea on silan

reactions between adsorbed urea and HNO3 (reaction(6))
[14]. The reaction between the adsorbed urea and HO
can lead to the formation of CO2 and H2O at room tempera
ture:

(NH2)2CO+ HNO3 → HNCO+ NH4NO3, (6)

(NH2)2CO+ 2HONO→ 2N2 + CO2 + 3H2O. (7)

NH4NO3 can thermally decompose into N2O + 2H2O, pro-
viding a minor route for N–N bond formation in urea SC
of NO2 in NaY zeolite[26,49]. Reaction(7) is used in de-
stroying excess nitrous acid in diazotization[50].

When commercial NaY zeolite was exposed to NO2 at
room temperature, surface species with a linear imido st
ture, such as biuret, appeared. This surface species is
likely generated in the reactions between HNCO and
sorbed urea (Fig. 2). Amide carbonyls of biuret and tri
uret have characteristic absorption bands∼1750–1770 cm−1

[12]. Biuret can be produced via reaction(8) [50],

NH2–CO–NH2 + HNCO→ NH2–CO–NH–CO–NH2. (8)

The above analysis suggests that EFAL species in n
crystalline NaY zeolite provide additional surface sites
NO2 adsorption and its further reactions at room tempe
ture. Previous studies have shown that EFAL sites on the
ternal surface of nanocrystalline NaY zeolite are import
for the formation of reactive nitrate and for the subsequ
SCR reactions[32]. In this study, EFAL sites in nanocrys
talline NaY zeolite also provide important reactive surfa
sites for HNCO and inhibit the formation of undesired pro
ucts, such as biuret or triuret.

4.2. Insights into urea-SCR of NO2 in nanocrystalline NaY
zeolite at T = 473 K

The FTIR spectra of the gas phase shown inFig. 4
demonstrate that thermal decomposition of urea occu
at T = 473 K in nanocrystalline NaY zeolite. As describ
previously, gas-phase HNCO was produced initially and
cayed rapidly aftert = 2 min (Fig. 4). The initial change in
H2O concentration (Fig. 6c) was similar to that of HNCO
At t = 2 min, the concentration of NH3 in gas phase bega
to increase sharply (Fig. 6a). According to reaction(1), the
first step in thermal decomposition of urea produced eq
amounts of HNCO and NH3. This suggests that most NH3

produced in thermal decomposition of urea remained in the
nanocrystalline NaY zeolite. In addition, the concentrations
of NH3 and CO2 in the gas phase increased sharply after
OH) and EFAL (AlOx ) sites in nanocrystalline NaY zeolite.

t

-

t = 2 min (Figs. 6a and 6b). The initial formation rates o
gas-phase NH3 and CO2 shown inTable 2correlate well
with the stoichiometry shown by reaction(2), in which 1
mol of HNCO hydrolyzes to form 1 mol of NH3 and 1 mol
of CO2. Most likely, NH3 formed in hydrolysis of HNCO in
the zeolite enters the gas phase immediately atT = 473 K.

Moreover, both the loss of adsorbed urea and regener
of surface silanol groups were observed in nanocrysta
NaY zeolite after urea-SCR of NO2 (Fig. 8). The absorption
frequencies for the urea adsorbed in nanocrystalline N
are different from those in commercial NaY, which co
tains few silanol groups (Table 1) [30,32]. We can conclude
that the adsorption and thermal decomposition of ure
nanocrystalline NaY zeolite involved the silanol groups
the external surface. Finally, HNCO produced in thermal
composition of urea adsorbed and most likely hydrolyzed
EFAL sites in nanocrystalline NaY zeolite. This finding
supported by the fact that HNCO adsorbed on EFAL s
was observed before (Fig. 2) and after urea-SCR of NO2
(Fig. 8) in nanocrystalline NaY zeolite.

Scheme 1describes the adsorption and thermal deco
position of urea on the external surface of nanocrystal
NaY zeolite before N–N bond formation. Initially, urea a
sorbed in nanocrystalline NaY zeolite by hydrogen bond
to silanol groups on the external surface through one N a
leaving the other NH2 almost unperturbed[14]. This is con-
sistent with the isotopic studies showing that the isoto
shift for the CNH vibration mode is the same as the i
topic shift for the NH3 deformation mode of gas-phase NH3
(Table 1). At elevated temperature (T = 473 K), urea de-
composed into HNCO and NH3. While NH3 remained on
the silanol groups of nanocrystalline NaY zeolite via hyd
gen bonding, HNCO adsorbed on EFAL sites and contin
to hydrolyze and produce CO2 and additional NH3. The loss
of silanol groups was observed when NH3 was adsorbed
in clean nanocrystalline NaY at room temperature an
T = 473 K.

In urea-SCR of NO2 over nanocrystalline NaY zeolite
isotopic studies indicate that the N–N bond formation
volved both an N atom originating from the adsorbed u
and an N atom originating from gas-phase NO2 (Fig. 4).
NH3 produced in thermal decomposition of urea is the ac
reducing reagent in NOx reduction[2,12–14]. It has been
suggested that OH groups and surface acid sites on the
alyst surface can coordinate with and further activate N3

[2,8].

Although the concentration of gas-phase NO decreased
monotonically in urea-SCR of NO2 over nanocrystalline



ataly

th
the
and

O

use

lly

ne-

g
e
N

ions
-

ally
e
al

-

tion
aY.
and
ted
o
the
be-
road

at

tion
to

t in
ause
tly
ath-
are

vity

rna
rties

se

er-

are
lline
t
e
rate
rea-

oc-

e
h.
rys-
en-
t in
ies
ated

lite.
face
ies

face
ate

d

e
ion
id-

cid.
s
ine
is
per-

nce

s
in

ys-
the
ites
rys-
ea-
f the
n
lti-
t is
G. Li et al. / Journal of C

NaY zeolite (Fig. 7a), further analysis indicates that bo
the formation and consumption of NO occurred. NO is
major gas-phase product in thermal reactions of nitrate
nitrite in nanocrystalline NaY zeolite at 473 K[31,32]. In
the present work, the initial rate of N2O formation is much
greater than the initial rate of NO loss in urea-SCR of N2
over nanocrystalline NaY zeolite (Table 2). The actual initial
rate for N–N bond formation should be even greater, beca
>80% of the NO2 was converted to N2 in urea-SCR of NO2
over nanocrystalline NaY zeolite. In urea-SCR of NO2 over
commercial NaY zeolite, the concentration of NO initia
increased, then decreased after 9 min (Fig. 7a). A similar
time course concentration of NO was found in propyle
SCR of NO2 in nanocrystalline NaY[31].

It has been proposed that in NH3-SCR reactions usin
transition metal zeolite catalysts, NH3 adsorbed on surfac
acid sites reacts directly with gas-phase NO to form2
and H2O [2,20]. Recent studies by Yeom et al.[25,26]have
demonstrated that NO participates in a number of react
in the NOx reduction network over BaNaY zeolite. Am
monium nitrate is an SCR intermediate that can therm
decompose to form N2O or can react with NO to produc
ammonium nitrite[25]. In micrometer-sized BaNaY, therm
decomposition of ammonium nitrate yielded N2O at 585 K
[26]. A significant amount of N2O was produced in urea
SCR of NO2 over nanocrystalline NaY at 473 K (Table 3;
Fig. 7b), suggesting that ammonium nitrate decomposi
may occur at a lower temperature on nanocrystalline N
But ammonium nitrate absorption around 3270, 1460,
1350 cm−1 was not evident in the FTIR spectra presen
in this study[51]. Although this finding suggests that n
ammonium nitrate is present, another possibility is that
ammonium bands were obscured in the FTIR spectrum
cause of spectral congestion in these regions due to b
absorption bands from other adsorbed species.

Ammonium nitrite is an important SCR intermediate th
decomposes efficiently near 373 K to N2 and H2O on Y
zeolites[25–27]. The formation of N2 and loss of NO ob-
served in the present study are consistent with the forma
of ammonium nitrite and its subsequent decomposition
N2. However, ammonium nitrite bands are not apparen
the FTIR spectra presented in this study. Therefore, bec
ammonium nitrate and ammonium nitrite were not direc
observed in our experiments, a definite mechanistic p
way cannot be elucidated at this time. Further studies
needed to investigate ammonium nitrate (nitrite) reacti
on nanocrystalline NaY.

4.3. Origin of size effect in urea-SCR of NO2 over NaY
zeolite

Reducing the zeolite crystal size can increase the exte
surface area and dramatically alter the diffusional prope

of the zeolite materials[35–37]. Spectroscopic studies have
revealed that silanol groups and EFAL species on the exter-
nal surface are present in greater concentration in nanocrys
sis 234 (2005) 401–413 411

l

talline NaY zeolite than in commercial NaY zeolite, becau
of the differences in external surface area[30,32]. (The ex-
ternal surface areas of nanocrystalline NaY and comm
cial NaY zeolite are 178 and∼4 m2/g, respectively[30].)
Silanol groups and EFAL species on the external surface
responsible for the improved performance of nanocrysta
NaY zeolite in propylene-SCR of NO2 [32]. In the presen
study, urea-SCR of NO2 using nanocrystalline NaY zeolit
as the catalyst led to a significantly greater SCR reaction
and less formation of undesired products than seen in u
SCR in commercial NaY.

The SCR reactions in nanocrystalline NaY zeolite
curred more quickly than in commercial NaY zeolite (Ta-
ble 2). Consequently, higher NOx conversion (Table 3) and
NOx

− conversion (Fig. 8a) was achieved in nanocrystallin
NaY than in commercial NaY zeolite after urea-SCR for 2
The better SCR reaction rate in urea-SCR over nanoc
talline NaY zeolite can be explained by the greater conc
trations of both silanol groups and EFAL sites than exis
commercial NaY. First, the silanol groups and EFAL spec
have diffusional advantages, because they both are loc
on the external surface of the nanocrystalline NaY zeo
Furthermore, they are considered chemically distinct sur
sites. A major conclusion of this study and previous stud
is that nitrate adsorbed on EFAL sites on the external sur
of nanocrystalline NaY zeolite is more reactive than nitr
in the internal pores adsorbed to Na+ [32]. The activation
of NH3 by silanol groups is also important for N–N bon
formation[2].

As shown inScheme 1, EFAL species on nanocrystallin
NaY zeolite also provide important sites for the adsorpt
and fast hydrolysis of HNCO, which is essential for avo
ing isocyanic acid emission[15] and inhibiting the formation
of undesired products, including biuret and cyanuric a
The kinetic data listed inTable 2indicate that the hydrolysi
of HNCO occurred at much more rapidly in nanocrystall
NaY zeolite than in commercial NaY zeolite. This finding
consistent with the observation that gas-phase HNCO
sists for a much longer period (>60 min; Fig. 5) in the
presence of commercial NaY zeolite than in the prese
of nanocrystalline NaY zeolite (<20 min;Fig. 4). The time
course measurements for H2O also indicate that hydrolysi
occurs much faster in nanocrystalline NaY zeolite than
commercial NaY zeolite (Fig. 6c).

In conclusion, silanol groups and EFAL species are ph
ically and chemically distinct surface sites present on
external surface of nanocrystalline NaY zeolite. These s
are responsible for the improved performance of nanoc
talline NaY relative to commercial NaY, because most ur
SCR reactions occur on the external surface. The role o
internal surface is to store NOx before SCR reactions o
the external surface. A pictorial representation of this mu
functional capability of the nanocrystalline zeolite catalys
-

given inScheme 2. Thus nanocrystalline alkali zeolites can
be classified as new materials for SCR catalysts with poten-
tially significantly better performance.
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Scheme 2. (a) SEM image of nanocrystalline NaY zeolite (scale bar= 100 nm), (b) a nanocrystalline zeolite particle with a crystal size of 23 nm, and (c) zeolite
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Y supercage. The internal surface of nanocrystalline zeolite provides
external surface provides sites for additional NOx storage and the majority

4.4. Urea-SCR versus propylene-SCR of NO2 in
nanocrystalline NaY zeolite

An earlier study evaluated nanocrystalline NaY zeo
in deNOx reactions atT = 473 K using propylene as th
reducing agent and found that nanocrystalline NaY zeo
was very sensitive to preadsorbed water in propylene-S
of NO2 [32]. Compared with urea-SCR, propylene-SCR
pears to be a less realistic deNOx technology under typica
conditions of humid, oxygen-rich exhaust streams[8,52].

Although we did not study the effect of adsorbed w
ter on urea-SCR in the present work, water should no
detrimental to deNOx with urea over nanocrystalline Na
zeolite. Water is necessary for the hydrolysis of HNCO
urea-SCR reactions (reaction(2)); moreover, as the abov
discussion suggests, at elevated temperatures water do
inhibit the adsorption of NH3 in nanocrystalline NaY zeolite
In urea-SCR of NO2 over nanocrystalline NaY zeolite, th
concentration of H2O in the gas phase kept increasing af
the urea-SCR reactions were completed aroundt = 40 min
(Fig. 6c). Fig. 6a indicates that the NH3 concentration in the
gas phase further decreased aftert = 40 min. Because th
oxidation of NH3 by O2 was not significant under the expe
imental conditions described in this work[17], NH3 most
likely adsorbed on available silanol groups and/or EF
sites in nanocrystalline NaY zeolite in the presence of
ter [30,32].

Compared with urea-SCR, a significant amount of nitr
and carbonaceous deposit remained in nanocrystalline
zeolite after propylene-SCR of NO2 at T = 473 K for 6 h
[32]. The carbonaceous deposit in nanocrystalline NaY
olite was found to hinder the adsorption of propylene a
NO2 and to further SCR reactions. In urea-SCR of N2
over nanocrystalline NaY zeolite, surface nitrate was
observed after 2 h of SCR reactions. Surface HNCO

−
OCN were the only undesired products formed in urea-
SCR over nanocrystalline NaY (Fig. 8). Furthermore, more
than 80% of NO2 was converted into N2 in urea-SCR rela-
for NOx storage (as nitarte and nitrite) and the minority of the SCR reactions
e SCR reactions.

ot

tive to ∼20% selectivity to N2 formation in propylene-SCR
of NO2 over nanocrystalline NaY zeolite[32]. As mentioned
earlier, NOx emissions emerge at high velocity under ty
cal lean burn conditions[52]. At low temperature, urea-SC
over nanocrystalline NaY zeolite appears to be an even m
promising deNOx technology than propylene SCR.

5. Conclusions

Nanocrystalline NaY zeolite exhibits enhanced deNOx at
low temperature (T = 473 K) compared with commercia
NaY zeolite, as demonstrated by the present study on th
lective catalytic reduction of NO2 with urea. Silanol groups
and EFAL species on the external surface of nanocrysta
NaY were found to be responsible for the higher SCR
action rate and decreased formation of undesired prod
including biuret and cyanuric acid, relative to commerc
NaY zeolite. Isotopic labeling coupled with FTIR analy
indicated that N–N bond formation involves both an N at
originating from NO2 and an N atom originating from ure
In nanocrystalline NaY zeolite, kinetic studies suggests
NH3 formed in thermal decomposition of urea was activa
for SCR reactions by hydrogen bonding with silanol grou

Nanocrystalline alkali zeolites can be considered as
catalytic materials that have NOx storage capacity in th
internal pores and high reactivity on the external surfa
These features provide multifunctional capabilities bey
those found for zeolites with larger crystal size and sma
external surface area. Although for shape selective catal
the reactivity of the external surface may be undesirable
reactions such as deNOx or hydrocarbon cracking, nanocry
talline zeolite catalysts may have greatly enhanced react
because of reactions on the external surface. This is the
example in the literature demonstrating that the increa

external surface area (up to∼40% of the total surface area)
of nanocrystalline zeolites can be used as a reactive surface
with unique active sites for catalysis.
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