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Abstract

In this study, the selective catalytic reduction (SCR) of N@ith urea in nanocrystalline NaY zeolite was investigated with in situ
transmission Fourier transform infrared (FTIR) spectroscopy and solid-state nuclear magnetic resonance spectrdseogy.3X, the
reaction rate for urea-SCR of NGn nanocrystalline NaY zeolite was significantly greater than that in commercial NaY zeolite with a larger
crystal size. In addition, a dramatic decrease in the concentration of undesirable surface species, including biuret and cyanuric acid, was
observed in nanocrystalline NaY compared with commercial NaY after urea-SCR pNO= 473 K. The increased reactivity for urea-
SCR of NG was attributed to silanol groups and extra-framework aluminum species located on the external surface of nanocrystalline Nay.
Specifically, NQ storage as nitrate and nitrite on the internal zeolite surface was coupled to reactive sigddpn the external surface.
Isotopic labeling combined with IR analysis suggest that N-N bond formation involved both an N-atom originating fpaandN&h N-atom
originating from urea. This is the first clear example demonstrating that the increased external surface aredqUpdbtotal surface area)
of nanocrystalline zeolites can be used as a reactive surface with unique active sites for catalysis.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction thermally decomposes in two steps (reactifi)sand(2)) to
form ammonia and carbon dioxid&2—14}

Selective f:atalytlc r_educnon (SCR) using ammonia or hy- (NH2)2CO — NH3 + HNCO, @
drocarbons is a promising technology for post-combustion
treatment of NQ (NO and NQ) [1]. NH3-SCR has been  HNCO+ H20 — NHz + CO,. )
developed and used worldwide for the control of Nénis- Transition metal-containing zeolites have been exten-
sions in fuel combustion from stationary sources due to its sjvely studied as SCR cataly§i$—20] Several recent stud-
efficiency, selectivity, and economigg]. However, N ies have also used alkali and/or alkaline earth-substituted Y

is not a practical reducing agent for N@missions from  zeglites as selective oxidation catalyf2$—23]and deNQ
mobile sources, because of its toxicity and difficulties in catalysts[24—29] In the absence of transition metals, zeo-
storage, transportation, and handlidg. Much interest has Jite Y potentially offers novel SCR pathways different from
focused on using urea as a safer source of ammonia in authose in transition metal containing catalysts. As recently
tomotive application§3—7]. Currently, a solution of 32.5%  discussed, nanocrystalline Y zeolites and metal oxides with
urea in water is the preferred choice among different precur- particle sizes less than 100 nm may be particularly useful
sors for ammonig8—11]. It is generally accepted that urea in environmental applications because of their small crystal
sizes and large internal and external surface aj&@&s33]
mpondmg authors. Fax: +1-319-335-1270. The influence of intracrystqlline _diffusion on SCR_ reaction
E-mail addresses: vicki-grassian@uiowa.ed(.H. Grassian), rate has been previously investigated for transition metal-
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applicable to the current study is recent work on propylene- NaY sample was calcined &= 773 K under oxygen flow
SCR of NG over nanocrystalline NaY zeolite with a crystal for 16 h to remove organic templates.
size of 23 nn{32]. At T = 473 K, significantly higher NQ The synthesized nanocrystalline NaY zeolite and the
conversion and higher selectivity toward N—N bond forma- commercial NaY zeolite (purchased from Aldrich) were
tion was observed in nanocrystalline NaY zeolite compared characterized by several different techniques, including
with commercial NaY zeolite with a larger crystal si82]. scanning electron microscopy (SEM), X-ray diffraction, ni-
It was also observed that nanocrystalline NaY zeolite was trogen adsorption isotherms, and solid-state nuclear mag-
more sensitive to the presence of adsorbed water than comnetic resonance (NMR[30]. The average crystal size of
mercial NaY zeolite in propylene-SCR of N@tT =473 K nanocrystalline NaY zeolite was determined to be 23 nm
[32]. The silanol groups and extra-framework aluminum [30]. The commercial NaY zeolite is composed of large
(EFAL) species with Bronsted acidity located on the external intergrown NaY crystals with diameters ofL pm. The ex-
surface of nanocrystalline NaY zeolite were found to ac- ternal, internal, and total surface areas of nanocrystalline
count for the observed differences in activity (see Fig. S1 NaY zeolite were determined to be 178, 406, and 584gn
in Supplementary informatiof32]). respectively. The total surface area of commercial NaY zeo-
In the study reported here, in situ transmission FTIR spec- lite was 477 i/g, and, as discussed in previous w§BR],
troscopy was used to investigate urea-SCR of;N®er the external surface area of commercial NaY zeolite is esti-
nanocrystalline NaY zeolite at relatively low temperature mated from the crystal size to be4 m?/g. The Sy Al ratios
(T = 473 K). This work is motivated by the fact that the of nanocrystalline NaY and commercial NaY zeolite were
silanol groups and EFAL sites on the external surface of determined to be 1.8 and 2.0, respectijég].
nanocrystalline NaY may be effective surface sites for the  Aluminum isopropoxide, TEOS, and sodium hydroxide
decomposition of urea to NfHand the subsequent SCR of were purchased from Alfa Aesar. Commercial NaY zeo-
NO; [2,8]. The performance of nanocrystalline NaY zeo- lite and TMAOH solution (20 wt%) were purchased from
lite in urea-SCR reactions is compared to commercial NaY Aldrich. Solid urea £99.5%) was purchased from Acros
zeolite with a larger crystal size to explore the potential ad- Organics.1°N- and 13C-labeled urea were purchased from
vantages of the small crystal size of nanocrystalline NaY Cambridge Isotopes. Research-grade purity oxygen and car-
zeolite and to determine whether the chemical and physicalbon dioxide were purchased from Air Products. Anhydrous
properties of nanocrystalline NaY are important in facilitat- ammonia, research-grade purity nitrogen dioxide, nitric ox-
ing urea-SCR reactions. ide, and nitrous oxide were purchased from Matheson. All
gases were used without further purification.

2. Experimental section 2.2. Transmission FTIR spectroscopy

2.1. Zeolite sample preparation and materials Four mg urea in agueous solutior@.3 mol) and 7 mg
NaY zeolite were mixed and sonicated for 30 min at room
Nanocrystalline NaY zeolite was synthesized using clear temperature. The resulting hydrosol was coated ontoxa 3
solutions according to the general method reported by 2 cm tungsten grid held in place by nickel jaws. The nickel
Creaser et al39] and further modified by Song et §B0]. jaws were attached to copper leads so that the sample could
Sodium hydroxide, aluminum isopropoxide, tetramethylam- be resistively heated. A thermocouple wire attached to the
monium hydroxide (TMAOH), and distilled water were tungsten grid was used to measure the temperature of the
mixed and stirred until the resulting mixture became a clear sample. The tungsten grid with zeolite sample was placed
solution. Then tetraethylorthosilicate (TEOS) was added to inside a stainless steel cube, which had two Baimdows
the clear solution. The clear solution mixture was stirred for FTIR measurements and was connected to a vacuum/gas
overnight to ensure complete hydrolysis of the aluminum handling systenji23].
and silicon sources. The final clear synthesis gel had the fol-  The stainless steel FTIR cell was held in place by a lin-
lowing composition: 0.07 Na:2.4 TMAOH:1.0 Al:2.0 Si:132 ear translator inside the sample compartment of a Mattson
H>0:3.0 i-PrOH:8.0 EtOH. The latter two alcohols were Galaxy 6000 FTIR spectrometer equipped with a narrow-
formed from the hydrolysis of aluminum isopropoxide and band MCT detector. The linear translator allowed each half
TEQOS, respectively. To optimize the formation of small NaY of the sample grid to be moved into the FTIR beam path,
crystals, the sodium content was intentionally set too low rel- permitting detection of gas phase and adsorbed species in ze-
ative to the aluminum content in the synthesis gel. The clear olites under identical reaction conditions. Each absorbance
solution was transferred into a 500-mL flask equipped with spectrum shown was obtained by referencing 64 scans at
an air-cooled condenser and was heatefl to 368 K in an an instrument resolution of 4 cm to the appropriate back-
oil bath for 84 h with stirring. Nanocrystalline Y powders ground of the zeolite or the blank grid, unless noted other-
were recovered from the milky, colloidal suspension of NaY wise.
after two cycles of centrifugation, washed with deionized The NaY zeolite sample with adsorbed urea was dried in
water, and dried af’ = 393 K in air. The nanocrystalline  air and evacuated at room temperature overnight to remove
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weakly adsorbed water. Reactant gases{ld@d Q) were IO 5 1610
loaded into the NaY zeolite through the gas handling sys- ' 1650 { 1584
tem. Two absolute pressure transducers were used to mon- 1712 7\
itor the pressure. The extinction coefficients of individual
gases were calibrated using the characteristic FTIR absorp-*
tion band and measuring the pressure using an absolute pres;
sure transducer. Typically, the NaY zeolite was equilibrated
with gases before a spectrum was recorded. In SCR reac-r
tions, NG was first introduced into the FTIR cell at room b _
temperature. After 30 min to allow adsorption equilibrium, @ |Sommercial XY
an excess amount of oxygen was added into the FTIR cell. :

Time course experiments were conducted by automatically .

1456

recording FTIR spectra of the gas phase every 1 min. Commercial NaY___
EET e b G ..'~.¢"’~~~ ’
S R4
2.3. Solid-state magic-angle spinning NMR experiments RRRACLTT S
: . : 2000 1800 1600 1400 1200
Approximately 200 mg of zeolite were impregnated with Wavenumber (e 1)

an aqueous solution of labeled uré&@ and'°N). Samples
with adsorbed urea were allowed to dry at room temper- Fig. 1. FTIR spectrum of commercial NaY with adsorbed urea at

ature and were placed into Pyrex sample tubes that werel = 298 K. The zeolite sample with adsorbed urea was dried in air and
vacuated af = 298 K overnight. The FT-IR spectrum of a clean commer-

degassed on a vacuum rack. To prepare samples containin

g L . prep P - . gial NaY sample is also plotted (dotted line). The blank grid is used as a
labeled urea and nitric oxide and oxygen, the nitric oxide reference. All spectra were recordedrat 298 K.

and oxygen were introduced to the zeolite sample while still

attached to the vacuum rack. Then the Pyrex sample tube .
was sealed while the sample was immersed in liquid nitro- dried in air and evacuated at room temperature overnight to

gen. The sealed samples were heated for 1 h at the desireiemove weakly adsorbed water. The FTIR spectrum of com-

temperatures. Samples were allowed to cool to room tem-mercial NaY zeolite with adsorbed urea is showrFig. 1
The FTIR spectrum of a clean commercial NaY sample is

perature for the NMR measurements. IEC _ :
Magic-angle spinning (MAS) NMR spectra were ob- also plotted irFig. 1 (dotted line) for comparison.
Adsorbed ureain NaY zeolite can be identified by several

tained using a 7-Tesla wide bore Bruker cryomagnet and :
a TecMag Discovery console. The Larmour frequencies for absorption bands at 1456, 1584, 1610, 1650, and 1712 cm

13C and 1N were 75.470 and 30.425 MHz, respectively. in the FTIR spectrum as shown Fig. 1 The absorption

A Chemagnetics double-channel 7.5-mm pencil MAS probe band at 1456 cm' is assigned to the asymmetric N-C-N
was used to spin rotors containing the sealed samples. Thestretching mode of adsorbed urgia]. The absorptions at
spinning speed was approximately 4.0 kHz. Single-pulse di- 1584 and 1610 cmt* are both due to the Njbending mode
rect excitation was used fdPC and1°N. The = /2 pulse of adsorbed urefl4]. The bands at 1650 and 1712 th
width was 6.0 ps fot3C; the /2 pulse width was 4.5 ps  (both C=0 stretching mode) can be assigned to urea ad-
for 15N. Recycle delay was 2 s, and a line broadening of sorbed at different sites or in different coordination envi-

50 Hz was used for bothC and'®N. There were 4000 scans ronments in NaY zeolitd14]. Some additional bands in
for the 13C NMR and 25,000 scans for theN MAS NMR. the spectral region of 3100-3800 ctidue to O—-H/N-H
Solid adamantane mixed with KBr (38.5 ppm) and saturated Stretching are also seen (not shown). The general features
15NH415N O3 solution (0 ppm for N@~) were used as ex-  of the FTIR spectrum of nanocrystalline NaY zeolite with
ternal chemical shift standards f6iC and®®N, respectively. ~ adsorbed urea (not shown) are similar to those of commer-
All of the chemical shifts fot3C and®N are reported rel-  cial NaY zeolite, except for increased spectral broadening
ative to TMS and CHNO, respectively. All'3C and1°N of the peaks in nanocrystalline NaY. This broadening has
spectra were obtained at room temperature. been previously attributed to increased site heterogeneity for
nanocrystalline zeolite samplg2].
The NaY sample with adsorbed urea was then exposed
3. Results to 0.5 Torr pressure of Nfat room temperature and equi-
librated for 30 min. The changes in the FTIR spectra of
3.1. Adsorption of NO2 in NaY zeolite with adsorbed urea the NaY sample upon exposure and equlibrium witho,NO
at T =298 K are clearly seen in the difference spectra showrim 2
Each difference spectrum was obtained by subtracting the

As discussed earlier, an aqueous urea solution and thespectrum of NaY zeolite before adsorbing N®om the
NaY zeolite powder were mixed at room temperature. Be- corresponding spectrum after the adsorption equilibrium. As
fore adsorbing N@, the NaY zeolite sample with area was shown in the difference FTIR spectrum of commercial NaY
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Fig. 2. Difference FTIR spectra of nanocrystalline NaY with adsorbed urea
and commercial NaY zeolite with adsorbed urea following adsorption of
0.5 Torr NQ atT = 298 K. The spectra use the corresponding NaY zeolite
with adsorbed urea prior to NOadsorption as a background. In addition,
gas-phase absorptions have been subtracted from each of the FTIR spectr.

zeolite Fig. 2), several absorption bands appeared at 1272,
1372, 1514, and 1770 cm. The absorption bands at 1272
and 1372 cm? are attributed to the formation of nitrite and
nitrate on N& sites, respectivelj24,31,32,40,41]The ap-
pearance of two absorption peaks at 1514 &ven + SnH)
and 1770 cm? (vco) indicate the formation of a surface
species with a linear imido structure [e.g., =O)-NH-
(C=0)-][12]. A simultaneous loss in intensity of the bands
around 1456 and 1650 crh was observed, indicating that
adsorbed urea reacted with N@r surface species gener-
ated in NQ adsorption).

The difference FTIR spectrum of nanocrystalline NaY
with adsorbed urea after being exposed to,N® shown
in Fig. 2 (bottom spectrum). Similar to the commercial
NaY zeolite, the formation of nitrite (1272 cmh) and dis-
appearance of adsorbed urea (1456 and 1650'mvere
observed for nanocrystalline NaY zeolite. However, several
differences in the spectra of nanocrystalline NaY zeolite and
commercial NaY zeolite were observed. For example, for-
mation of the surface species with the linear imido structure
(1514 and 1770 cmt) occurred to a much lesser extent
in nanocrystalline NaYFKig. 2). Furthermore, N@ adsorp-
tion in nanocrystalline NaY zeolite resulted in the forma-
tion of nitrate adsorbed on external (vide infra) EFAL sites
(1336 cntl) [31,32] as well as nitrate on internal Na
sites (1372 cm?). Finally, the formation of isocyanic acid
(HNCO) adsorbed on EFAL sites is observed in nanocrys-
talline NaY zeolite, as indicated by a broad absorption band
around 2276 cm! [27,31,32] In NO, adsorption at room

a.
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Fig. 3. The FTIR spectra of the gas phase upon adsorption of KO

(a) commercial NaY zeolite with adsorbédN-urea, (b) nanocrystalline
NaY zeolite with adsorbe&N-urea, (c) commercial NaY zeolite with ad-
sorbed unlabeled urea, and (d) nanocrystalline NaY zeolite with adsorbed
unlabeled urea. All spectra were recordedl’'at 298 K after adsorption
equilibrium. The NO signal at+-1875 cmr® has been increased by a fac-
tor of 5 in the spectrum labeled (c) and is representative of the NO signal
intensity in all of the spectra in this figure.

analysis indicate that EFAL sites are located on the external
surface of nanocrystalline NaY zeolite and are not present to
any great extent in the commercial NaY sample because of
its low external surface ar¢a0—32]

Unlabeled urea antPN-labeled urea were used in SCR
reactions over both nanocrystalline NaY and commercial
NaY zeolite. Compared with the FTIR spectrum of NaY
zeolite with unlabeled urea, several differences were ob-
served when'>N-urea solution was mixed with the zeo-
lite sample. For example, the absorption band for adsorbed
HI°NCO shifted from 2276 to 2258 cmt when nanocrys-
talline NaY with adsorbed®N-urea was exposed to NO
at room temperature (not shown). A similar isotopic shift
was also observed for gas-phase HNCO. The FTIR spectra
of the gas phase after NGadsorption in commercial and
nanocrystalline NaY zeolite with unlabeled urea afN-
urea are shown iffig. 3 Gas-phase N§(1616 cntl), NO
(1875 cnmr1), HNCO (2268 cmil), and CQ (2349 cnt?l)
were observed when NaY zeolite with adsorbed urea was ex-
posed to NQ@ at room temperaturf@7,31,42] For gas-phase
HNCO, an isotopic shift of 8 cmt was observed after sub-
stituting®N for 14N [27]. The complete list of isotopic shifts
for nitrogen-containing gas phase and adsorbed species is
given inTable 1and is discussed in detail later in this paper.
In the spectra shown iRig. 3, the absorption band for gas-
phase N@ over nanocrystalline NaY zeolite is less intense

temperature, the formation of surface-adsorbed isocyanicthan that over commercial NaY, indicating that more NO

acid is not appreciable in commercial NaY zeolikgg 2).
Previous studies of pyridine adsorption coupled with IR

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 subStLibsr-4¥ in the
adsorbed urea ((N§J2CO) precursor

Product Assignment v(14N) v(15N) Av2 v(X4N) /v (15N)
Gas phase HNCO VNCO 2268 2260 8 004
NoO VNN 2224 2201 23 D10
No2O VNO 1285 1270 15 D12
NH3 SNH; 965 960 5 1005
Adsorbed in HNCO VNCO 2276 2258 18 D08
nanocrystalline OCN~™ VNC 2169 2153 16 D07
NaY (NH2)>,CO VCNH 1527 1522 5 1003
(NH2)»,CO VCNH 1271 1266 5 004
Adsorbed in HNCO VNCO 2282 2250 32 D14
commercial OCN~™ VNC 2175 2159 16 D07
NaY (NH2CO)NH vco 1759 1751 8 005
(HNCO)3 Vco 1735 1727 8 005

a Ap=vN) — v(15N).

I0.0I CO;

o038 o= 0w o>

H'NCO NO NO,

3500 3000 2500 2000'1 1500 1000
Wavenumber (cm ')

Fig. 4. FTIR spectra of the gas phase as a function of reaction tikRNirurea SCR of NG over nanocrystalline NaY zeolite in the presence of oxygen. The
spectra shown were recorded7at= 473 K and at (reaction time)=0, 1, 2, 3,4, 5,6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 23, 25, 27, 30 min,
respectively. The blank grid is used as a reference.

previous observation that nanocrystalline NaY zeolite has a nanocrystalline NaY zeolite & = 473 K. In the beginning
greater adsorption capacity for N@han commercial NaY  of the SCR reactiorr (= 0), gas-phase N§NO, H°NCO,

zeolite[30,32] CO,, and a small amount of 0 were observed in the
FTIR spectrum. At = 1 min, more BO and H°NCO ap-

3.2. Urea-SCRof NO7 in NaY zeoliteat T = 473 K: Gas peared in the gas phase, as shown by the spdeiga 4).

phase products Gas-phase FPNCO decayed quickly after = 2 min. Sev-

eral other changes in gas phase composition can be seen in

An excess amount of Hwas introduced into the FTIR  these time course experiments, including the rapid produc-
cell after the NaY zeolite sample was equilibrated withy;NO  tion of 1°NH3z (927, 960, 1623, and 3331 crf) and CQ
for 30 min at room temperature. Urea-SCR of N@as then at + = 2 min. Gas-phasé®N-urea appeared and is iden-
carried out af” = 473 K. A control experiment was done by tified by several characteristic absorptions, including three
heating the commercial NaY zeolite with adsorbed urea at broad bands between 3100 and 3520 érand several ab-
T =473 K in the presence of oxygen. sorptions between 1290 and 1720Thin the FTIR spectra

Fig. 4 shows the FTIR spectra of gas-phase speciesshown inFig. 4. Furthermore, gas-phase M@isappeared
formed during the first 30 min of°N-urea SCR over  quickly relative to NO.I°NNO (2201 and 1270 cnt) ap-
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Fig. 5. FTIR spectra of the gas phase as a function of reaction time in urea-SCR@JéOcommercial NaY zeolite in the presence of oxygen. The spectra
shown were recorded §t = 473 K and att (reaction time)=0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 120 min,
respectively. The blank grid is used as a reference.

peared in these spectra as the only isomer £ Table 1) the presence of large amounts of HNCO during the thermal
[43]. Other isomers of DO, such as RfPNO and °N,0, decomposition of urea gt = 473 K in commercial NaY ze-
have different absorption frequencies (2178/1280 tior olite (data not shown).

N1°NO and 2155/1265 crt for 1°N,0) and were not de- The time course concentrations of the gases in the IR
tected in our experimen{d3]. The formation of>NNO in cell can be determined from the integrated absorbance of the

the gas phase indicates that N-N bond formation at 473 K corresponding IR absorptions using calibrated extinction co-
involved al®N-atom originating from urea and*4N-atom efficients, as described in previous wdf,32] The time
originating from NQ and that the N-O bond in NG re- course concentrations of gas-phasesN80,, and KO in
mained intact during the formation dPNNO. There was  urea-SCR of N@are shown irFig. 6. The time course con-
no significant change in the gas phase after 30 min of SCRcentrations for the urea thermal decomposition over com-
reactions over nanocrystalline NaY zeolite. mercial NaY zeolite are also included Fig. 6. It should
Compared with the SCR reaction in nanocrystalline NaY be noted that the concentration of gas-phas® kapidly in-
zeolite, the urea-SCR of NOn commercial NaY zeolite  creased to a maximumat 2 min in urea-SCR of N@over
was much slower. The FTIR spectra of the gas phase speciesianocrystalline NaY zeolite~{g. 6c). The concentration of
present during the 2 h of urea-SCR over commercial NaY gas-phase D then decreased sharply until a minimum was
zeolite are shown iffrig. 5. In urea-SCR using commercial reached at approximatety= 15 min and started increasing
NaY catalyst, NQ disappeared quickly, but NO persisted again thereafter. Most likely, strongly adsorbed water that re-
in the gas phase during the 2 h reaction period. The con-mained in nanocrystalline NaY zeolite was released initially
centration of HNCO reached a maximumz:at 5 min, and upon heating t@" = 473 K[31], followed by the consump-
HNCO remained detectable in the IR cell for at least 60 min tion and production of KO in SCR reactionfl2].
during the SCR reaction procedsd. 5). There was an in- The time course concentrations of NO andNin the
duction period €3 min) for the production of Nkl and gas phase are shown Kig. 7. In urea-SCR of N@ over
CO, that did not appear in the gas phase with significant nanocrystalline NaY zeolite, the concentration of NO de-
concentrations untit =4 min (Fig. 5. NoO appeared as  creased monotonically and gas-phase NO disappeared com-
one of the final products in the gas-phd8&,32] A gas pletely around = 40 min ig. 7a). When commercial NaY
phase species with an absorption arou1L85 cnT! was zeolite was used as the SCR catalyst, the NO concentration
present in the FTIR spectra from= 4 to 10 min. Because initially increased until it reached a maximum level and de-
another absorption band at 1255 thwas also observed creased slowly thereafter. The time course concentration of
(not labeled), this species is assigned to formonitrile oxide N2O demonstrates thatd® was produced more quickly and
(HCNO) [42,44,45] Further supporting this assignment is in much higher concentration in nanocrystalline NaY zeolite
the fact that HCNO (2190 and 1255 cf) was produced in  than in commercial NaY zeolitd={g. 7b).
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1(a) NH3 ® Nanocrystalline Table 2
°  Commercial Rates for formation of gas-phase YHCO, and NbO and loss of gas-phase

100 * Urea Thermal NO in the first 10 min during urea-SCR of N@nd thermal decomposition
1 of urea atl’ =473 K
Catalyst Initial rate (um@(L min))
NH3 co, NO NoO
Nanocrystalline NaY 13 89 -0.4 11
Commercial NaY 24 15 -0.28 0.1
Commercial Na¥ 3.0 16 - -

& The initial rate of NO loss during the urea-SCR of NGver commer-
cial NaY zeolite was measured fram=9 to 18 min.
b Thermal decomposition of urea in the presence gf O

Table 3

Gas-phase product distribution after urea-SCR oM@d thermal reaction
of urea atl" =473 K for 2 h in 7 mg NaY zeolite. The loadings of NO
urea and @ are 70+ 5, 170+ 20, and 55@ 20 umo)L in the IR cell with
a volume of 032+ 0.01 L, respectively

Concentration (10-6 mol L-1)

Catalyst Concentration (umyl)@
] NHg co, NO N,O
[ S e S o S e S Nanocrystalline NaY 56 138 0 12
0 20 40 60 80 100 120 Commercial NaY 17 74 7 4
Reaction Time (min) Commercial Na¥ 53 69 - -
Fig. 6. Evolution of gas-phase (a) NH(b) CO, and (c) HO during 2 The concer_ltration of gas-phase Bliwas measured af’ = 473K,
urea-SCR of N@ in nanocrystalline NaY zeolite®), urea-SCR of N@ the concentrations of gas-phase £MO and NO were measured at
in commercial NaY zeolite®) and thermal decomposition of urea in com- Tb= 298 K. _ '
mercial NaY zeolite &) at 7 = 473 K in the presence of oxygen. Thermal reaction of urea in the absence ofNO
BT@No « Nanocrystalline of CO, formation. In the thermal reaction of urea over com-
20.3 o Commercial mercial NaY zeolite, the ratio of Niformation rate to CQ

formation rate is close to 2:1, which matches the fact that
1 mol of urea thermally decomposes into 2 mol of {Nahd

1 mol of CQ (reactions(1) and(2)). Furthermore, the ini-
tial rates for NH and CQ formation are much higher in
nanocrystalline NaY than in commercial Nahable 2also
includes the initial rates of YO formation and NO loss. It
can be concluded from the data listedTiable 2that urea
SCR of NG occurred more quickly in nanocrystalline NaY
than in commercial NaY zeolite.

Table 3summarizes the product distribution in the gas
phase after urea-SCR of N@nd thermal reaction of urea.
The concentrations of NdHand CQ after SCR reaction are
much higher in nanocrystalline NaY zeolite than in com-
mercial NaY zeolite. In addition, urea-SCR of N@®@ver
nanocrystalline NaY zeolite resulted in 100% NQNO»
and NO) conversion and higher selectivity towargNfor-
mation relative to commercial NaY zeolite. Based on mass
Fig. 7. Evolution of gas-phase (a) NO and (lpduring urea-SCR of N® balance for nitrogen, more than 80% of M@as converted

in nanocrystalline NaY zeolite®) and in commercial NaY zeoliteX) at into N, in urea-SCR over nanocrystalline NaY zeolite at
T =473 K in the presence of oxygen. T =473 K (Table 3.

Concentration (10-6 mol L-1)

Reaction Time (min)

The initial rates for formation of gas-phase BHCOp, 3.3. Urea-SCR of NOy in NaY zeoliteat T = 473 K:
and NO and loss of gas-phase NO can be obtained by linearadsorbed products
fitting of the concentrations of individual gas-phase species
in the beginning of the reactions, as listedable 2 In urea- Besides kinetics studies, FTIR analysis of surface ad-
SCR of NQ over nanocrystalline NaY zeolite, the initial sorbed intermediates or products can improve understanding
rate of NH; formation is slightly higher than the initial rate  of the mechanism behind urea-SCR of Ni@1,32] Differ-
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groups are present mainly on the external surface of the
nanocrystalline NaY zeolitE80,32]

The difference FTIR spectrum of nanocrystalline NaY
seen after'®N-urea SCR of N@ for 30 min (Fig. 8a) is
- A similar to that seen after urea-SCR for 2 Fig. 8). The
N2 formation of adsorbed NCO (2258 cnl) and OGN~
3424 2 (2153 cnr1), as well as the loss of adsorbEiN-urea (1522
and 1266 cm?), are apparent in this spectrum. The iso-
topic shifts for these nitrogen-containing species are appar-
ent in the spectrum and are listedTiable 1 In the spectrum
shown inFig. 8a, a dotted baseline is drawn in the range
1200-1800 cmt, revealing that a small amount of nitrate re-
mained in nanocrystalline NaY zeolite after 30 min of SCR
reaction atl’ =473 K.

When commercial NaY zeolite was used as the SCR cat-
alyst, a loss of adsorbed urea was observed, as indicated by

3742

£ 3695

3514

o o5 ® om0 wn o B>

3555 |
3436

[os

00 3600 3400 2200 2000 1800 1600 100 1200 fhe negative absorption bands at 1286 dnfucy), 1651
avenumber (cm-") and 1712 cm® (both vc_o), and 3436 and 3555 cm
Fig. 8. Difference FTIR spectra of zeolite samples following’@y-urea- (both vnw) in the spectrum of commercial NaY zeolite

SCR of NG in nanocrystalline NaY for 30 min, (b) urea SCR of O  after urea-SCR reaction§ify. 8). The other CNH vibra-

in nanocrystalline NaY for 2 h, (c) urea-SCR of M@ commercial NaY tion that should fall between 1400 and 1600 _érTmay

for 2 h and (d) thermal decomposition of urea in commercial NaY for 2 h be less pronounced in the spectrum because of the for-

at T = 473 (from top to bottom) in the presence of oxygen. Thg spectra mation of two absorption bands at 1455 and 1495 tm

were recorded af = 298 K. All spectra shown use the corresponding NaY . . b

zeolite with adsorbed urea prior to NGdsorption as a background. In (Fig. 80)-. The two absorptlon bands at 1455 and 1495tm

addition, gas-phase absorptions have been subtracted from each of the FTIRAre assigned to the bending mode of adsorbed ammo-

spectra shown. nium ion and stretching mode of surface species containing
imine groups (&NH), respectively[12]. In the spectrum

) _shown inFig. &, the corrected baseline (dotted line) in
ence FTIR spectra of nanocrystalline NaY and commercial i, range 1200—1800 cth clearly demonstrates the forma-

NaY zeolite after urea-SCR of N(are shown irFig. 8 This tion of adsorbed biuret (1759 crh) [12] and cyanuric acid
figure also shows the difference FTIR spectra of nanocrys- (1735 cn) [48] in commercial NaY zeolite after SCR re-
talline NaY zeolite aftet®N-urea SCR of N@and commer-  actions. Furthermore. surface OCN2175 cnt?) [46] and
cial NaY zeolite after thermal reaction of urea. The zeolite pijtrate (1376 cml) wére observed after urea-SCR of PO
samples were cooled back to room temperature before thefor 2 1y in commercial NaY zeolite. In the OH/NH stretching
spectra were recorded. It was observed that most gas phas?egion Fig. &), the absorptions in the spectrum of com-
NH3z, H20, and urea disappeared from the gas phase aftermercial NaY zeolite indicate the formation of OH group on
the zeolites were cooled back to room temperature, becauseygt+ (3695 cnml), surface-adsorbed4® (3623 cntl), and
of adsorption in the zeolite samples. NH-containing species (3220, 3380, 3489¢M as well as

In urea-SCR of N@ over nanocrystalline NaY zeolite, the loss of adsorbed urea (3436 and 3555 ¥mThe FTIR
the formation of adsorbed HNCO and OCNan be iden-  spectrum of commercial NaY zeolite after thermal reaction
tified by the absorption bands at 2276 thf27,31,32]and  of urea is almost the same as that after urea-SCR of, NO
2169 cnt! [27,46), respectively, in the FTIR spectra shown  except that nitrate, biuret, and cyanuric acid formation is not
in Fig. 80. The loss of adsorbed urea, characterized by the gbserved in the thermal decomposition of urEiy(8d).
negative absorptions at 1271, 1527, and 1712 tfwco) The comparison between the difference FTIR spectra of
and 3424 and 3514 cm (both vnH), can also be seen in  the zeolite samples after urea-SCR of Nfor 2 h indicates
the spectra. The absorption band at 1527 tiis assigned  that greater nitrate conversion was achieved in nanocrys-
to the CNH bend-stretch mode, in which the nitrogen and talline NaY zeolite than in commercial NaY zeolite. This
hydrogen move in opposite directions relative to the carbon, finding is consistent with the fact that urea-SCR of NO
whereas the absorption band at 1271 ¢nis assigned tothe  is much slower in commercial NaY than in nanocrystalline
CNH open-stretch mode, in which N and H atoms move in NaY, as mentioned earlier (sdable 3. Furthermore, un-
the same direction relative to the carb@]. In addition, desired surface products (biuret and cyanuric acid) were ob-
the recovery of silanol groups (3742 ch) and OH groups  served in commercial NaY zeolite, but not in nanocrystalline
attached to N& (3695 cntl) are evident in the spectrum  NaY zeolite, after urea-SCR of NO
of nanocrystalline NaY zeolite shown frig. 8 [30-32] The assignments of absorption bands in FTIR spectra
This indicates that adsorption and SCR reactions occurred toshown inFig. 8 are further supported by isotopic studies
a significant extent on the external surface, because silanol(Table 1. The absorption frequencies for HNCO and OCN
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Fig. 9. 13C single pulse (a) and®N single pulse (b) MAS NMR of la-
beled urea’®C and1®N), NO and @ adsorbed in nanocrystalline NayY at
T =298, 423, 523 and 623 K (from top to bottom). Spectra were acquired

at room temperature after heating to the desired temperatures. Numbers o

scans taken fot3C and15N spectra were 20000 and 10000, respectively.
Line broadening= 50 Hz.

in nanocrystalline NaY zeolite are different from those in
commercial NaY zeolite. In nanocrystalline NaY, HNCO
(2276 cnt!) and OCN" (2169 cnl) are most likely ad-
sorbed on EFAL sitef31,32] In commercial NaY zeolite,
OCN-™ is characterized by the relatively intense absorption
band at 2175 cmt in the FTIR spectrum shown ifig. &
and is most likely attached to Nasites[27]. In nanocrys-
talline NaY zeolite, the isotopic shift for the CNH vibration
mode of adsorbed urea (5 cf) is exactly the same as that
for the NH; deformation mode of gas-phase BlH his sug-
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(13C- and'®N-labeled), NO, and ©in nanocrystalline Nay.
Before heating, thé°N peak at—301 ppm is present and is
assigned to the adsorbed urea. After heating@ te 423 K,
ammoniais produced, as indicated by the peak3&6 ppm.
After heating toT = 523 K, a peak at-74 ppm is present
and is assigned to N After heating toT = 623 K, a sub-
stantial increase in the\peak and loss of intensity for the
ammonia peak are seen.

The solid-state NMR spectra were acquired under condi-
tions of thermal equilibrium because of the long time periods
needed for signal averaging. In the presence of oxygen, the
adsorption of NO in zeolite Y occurs in a similar manner as
the adsorption of N@[24], because of the oxidation of NO
into NO, [40]. Thus these NMR results can be readily com-
pared with the FTIR data in this study. The NMR results are
also consistent with the FTIR results, in that urea thermally
decomposes to form Ngand CQ at elevated temperatures
in the presence of NO and,OThe most important aspect of
fthe NMR results is the observation of Nbrmation, which
cannot be observed directly by FTIR spectroscopy.

4, Discussion

4.1. Reactions between gas-phase NO, and adsorbed urea
in NaY zeoliteat 7 =298 K

The adsorption of N@in zeolite Y has been described
in detall in the literaturd24,27,31,32,40,41]in this study,
NO, reacted with adsorbed water by reacti@) or (4) in
NaY zeolite, because a considerable amount of water re-
mained in the zeolite after the zeolite samples were evac-

gests that urea was adsorbed in nanocrystalline NaY zeoliteuated at room temperatuf@2,41}

in such a way that at least one Nigroup remained almost
unperturbed14]. In commercial NaY zeolite, the isotopic
shift for the C=0 stretching mode of adsorbed biuret and
cyanuric acid (8 cm?) is the same as that for the NCO
stretching mode of gas-phase HNCO. This may be due to
the configuration exchange

~(C=0)-NH-<> —~C(OH)=N—

in adsorbed biuret and cyanuric acid in commercial NaY ze-
olite.

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

The 13C MAS NMR spectra for urealC- and 1°N-
labeled), NO, and @ in nanocrystalline NaY, shown in
Fig. 9a, has &3C peak at 165 ppm before heating. This peak
is assigned to the carbonyl group of adsorbed {t6h Af-
ter heating tol' = 423 K, a narrow intense peak is present
at 125 ppm that can be assigned to L@fter heating to

2NOo 4 H20O — HNO3 + HONO,
3NO, 4+ HoO — 2HNGO3 + NO.

3
(4)

The nitric acid and nitrous acid further deprotonate and ad-
sorb on surface cationic sites to form surface nitrate and
nitrite. This explains the formation of surface nitrate, ni-
trite (Fig. 2), and gas-phase NO after N@dsorption in
NaY zeolite Fig. 3). Nitrate formation on EFAL sites in
nanocrystalline NaY zeolite was also observed)( 2). In
nanocrystalline NaY zeolite, NOadsorption occurs in part
on cationic sites of EFAL species (M-0~), according to
reaction(b) [24,31,32]

M™ -0~ + NO, — M™—NO;5™. (5)

The formation of NO, HNCO, and a small amount of £0
and HO was observed when NQvas adsorbed in NaY ze-
olite with adsorbed urea at room temperaturggg. 3-5.
Isotopic labeling shows that the N-atom in HNCO originates
from urea Fig. 4). The loss of adsorbed urea was observed

T = 623 K, there is a substantial increase in peak intensity as well upon the adsorption of N@Fig. 3). Because the de-
for COp at 125 ppm, whereas the peak at 165 ppm is nho composition of urea into HNCO and NHs not significant
longer presentFig. % shows the'>N MAS NMR of urea at room temperaturgl2], HNCO most likely formed in the
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Scheme 1. Thermal decomposition of urea on silanol (SiOH) and EFAL,(Ad@es in nanocrystalline NaY zeolite.

reactions between adsorbed urea and HNK®@action(6))

[14]. The reaction between the adsorbed urea and HONO
can lead to the formation of GGand HO at room tempera-
ture:

(NH2)2CO + HNO3 — HNCO + NH4NOs3, (6)
(NH2)2CO + 2HONO — 2Nz + CO, + 3H20. @)

NH4NO3 can thermally decompose intp® + 2H,0, pro-
viding a minor route for N-N bond formation in urea SCR
of NOz in NaY zeolite[26,49] Reaction(7) is used in de-
stroying excess nitrous acid in diazotizati®0].

When commercial NaY zeolite was exposed to N@
room temperature, surface species with a linear imido struc-

t = 2 min (Figs. 6a and 6p The initial formation rates of
gas-phase Nkland CQ shown inTable 2correlate well
with the stoichiometry shown by reactid®), in which 1
mol of HNCO hydrolyzes to form 1 mol of Nfland 1 mol
of COy. Most likely, NH; formed in hydrolysis of HNCO in
the zeolite enters the gas phase immediatelfy at473 K.
Moreover, both the loss of adsorbed urea and regeneration
of surface silanol groups were observed in nanocrystalline
NaY zeolite after urea-SCR of N(Fig. 8). The absorption
frequencies for the urea adsorbed in nanocrystalline NaY
are different from those in commercial NaY, which con-
tains few silanol groupst@ble J [30,32] We can conclude
that the adsorption and thermal decomposition of urea in
nanocrystalline NaY zeolite involved the silanol groups on

ture, such as biuret, appeared. This surface species is MOsfg external surface. Finally, HNCO produced in thermal de-

likely generated in the reactions between HNCO and ad-
sorbed ureaKig. 2). Amide carbonyls of biuret and tri-
uret have characteristic absorption bands50-1770 cm?!

[12]. Biuret can be produced via reacti(®) [50],

NH;—CO-NH, + HNCO — NH2—CO-NH-CO-NH. (8)

composition of urea adsorbed and most likely hydrolyzed on
EFAL sites in nanocrystalline NaY zeolite. This finding is
supported by the fact that HNCO adsorbed on EFAL sites
was observed beford-ig. 2) and after urea-SCR of NO
(Fig. 8 in nanocrystalline NaY zeolite.

Scheme Idescribes the adsorption and thermal decom-

The above analysis suggests that EFAL species in nano-position of urea on the external surface of nanocrystalline

crystalline NaY zeolite provide additional surface sites for
NO, adsorption and its further reactions at room tempera-

ture. Previous studies have shown that EFAL sites on the ex-

ternal surface of nanocrystalline NaY zeolite are important
for the formation of reactive nitrate and for the subsequent
SCR reaction$32]. In this study, EFAL sites in nanocrys-
talline NaY zeolite also provide important reactive surface
sites for HNCO and inhibit the formation of undesired prod-
ucts, such as biuret or triuret.

4.2. Insightsinto urea-SCR of NO3 in hanocrystalline NaY
zeoliteat T = 473K

The FTIR spectra of the gas phase shownFig. 4

NaY zeolite before N-N bond formation. Initially, urea ad-
sorbed in nanocrystalline NaY zeolite by hydrogen bonding
to silanol groups on the external surface through one N atom,
leaving the other NhHlalmost unperturbefl4]. This is con-
sistent with the isotopic studies showing that the isotopic
shift for the CNH vibration mode is the same as the iso-
topic shift for the NH deformation mode of gas-phase AH
(Table 1. At elevated temperaturel' (= 473 K), urea de-
composed into HNCO and N While NH3 remained on
the silanol groups of nanocrystalline NaY zeolite via hydro-
gen bonding, HNCO adsorbed on EFAL sites and continued
to hydrolyze and produce Gnd additional NH. The loss

of silanol groups was observed when NMas adsorbed

in clean nanocrystalline NaY at room temperature and at

demonstrate that thermal decomposition of urea occurred7 =473 K.

at T = 473 K in nanocrystalline NaY zeolite. As described
previously, gas-phase HNCO was produced initially and de-
cayed rapidly after = 2 min (Fig. 4). The initial change in
H>O concentrationKig. 6c) was similar to that of HNCO.

At t = 2 min, the concentration of NdHn gas phase began
to increase sharply{g. 6a). According to reactiofil), the
first step in thermal decomposition of urea produced equal
amounts of HNCO and N This suggests that most NH
produced in thermal decomposition of urea remained in the
nanocrystalline NaY zeolite. In addition, the concentrations
of NH3 and CQ in the gas phase increased sharply after

In urea-SCR of N@ over nanocrystalline NaY zeolite,
isotopic studies indicate that the N—N bond formation in-
volved both an N atom originating from the adsorbed urea
and an N atom originating from gas-phase N@ig. 4).

NH3 produced in thermal decomposition of urea is the actual
reducing reagent in NOreduction[2,12—14] It has been
suggested that OH groups and surface acid sites on the cat-
alyst surface can coordinate with and further activatesNH
[2,8].

Although the concentration of gas-phase NO decreased
monotonically in urea-SCR of NOover nanocrystalline
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NaY zeolite Fig. 7a), further analysis indicates that both
the formation and consumption of NO occurred. NO is the
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talline NaY zeolite than in commercial NaY zeolite, because
of the differences in external surface afg8@,32] (The ex-

major gas-phase product in thermal reactions of nitrate andternal surface areas of nanocrystalline NaY and commer-

nitrite in nanocrystalline NaY zeolite at 473 [81,32] In
the present work, the initial rate of® formation is much
greater than the initial rate of NO loss in urea-SCR of:2NO
over nanocrystalline NaY zeolitd4ble 9. The actual initial

cial NaY zeolite are 178 and4 m?/g, respectivel\j30].)
Silanol groups and EFAL species on the external surface are
responsible for the improved performance of nanocrystalline
NaY zeolite in propylene-SCR of N(J32]. In the present

rate for N—N bond formation should be even greater, becausestudy, urea-SCR of N@using nanocrystalline NaY zeolite

>80% of the NG was converted to pin urea-SCR of NQ
over nanocrystalline NaY zeolite. In urea-SCR of Naver
commercial NaY zeolite, the concentration of NO initially
increased, then decreased after 9 nkig( 7a). A similar
time course concentration of NO was found in propylene-
SCR of NG in nanocrystalline NaY31].

It has been proposed that in N¥$CR reactions using
transition metal zeolite catalysts, NHdsorbed on surface
acid sites reacts directly with gas-phase NO to form N
and HO [2,20]. Recent studies by Yeom et §5,26]have

as the catalyst led to a significantly greater SCR reaction rate
and less formation of undesired products than seen in urea-
SCR in commercial NaY.

The SCR reactions in nanocrystalline NaY zeolite oc-
curred more quickly than in commercial NaY zeolifea{
ble 2. Consequently, higher NOconversion {able 3 and
NO,~ conversion Fig. 8a) was achieved in hanocrystalline
NaY than in commercial NaY zeolite after urea-SCR for 2 h.
The better SCR reaction rate in urea-SCR over nanocrys-
talline NaY zeolite can be explained by the greater concen-

demonstrated that NO participates in a number of reactionstrations of both silanol groups and EFAL sites than exist in

in the NQ, reduction network over BaNaY zeolite. Am-

commercial NaY. First, the silanol groups and EFAL species

monium nitrate is an SCR intermediate that can thermally have diffusional advantages, because they both are located

decompose to form O or can react with NO to produce
ammonium nitritg25]. In micrometer-sized BaNaY, thermal
decomposition of ammonium nitrate yielded®l at 585 K
[26]. A significant amount of MO was produced in urea-
SCR of NG over nanocrystalline NaY at 473 Kidble 3

on the external surface of the nanocrystalline NaY zeolite.
Furthermore, they are considered chemically distinct surface
sites. A major conclusion of this study and previous studies
is that nitrate adsorbed on EFAL sites on the external surface
of nanocrystalline NaY zeolite is more reactive than nitrate

Fig. 7), suggesting that ammonium nitrate decomposition in the internal pores adsorbed to N§32]. The activation
may occur at a lower temperature on nanocrystalline NaY. of NH3 by silanol groups is also important for N-N bond
But ammonium nitrate absorption around 3270, 1460, and formation[2].

1350 cnt! was not evident in the FTIR spectra presented
in this study[51]. Although this finding suggests that no

As shown inScheme 1EFAL species on nanocrystalline
NaY zeolite also provide important sites for the adsorption

ammonium nitrate is present, another possibility is that the and fast hydrolysis of HNCO, which is essential for avoid-
ammonium bands were obscured in the FTIR spectrum be-ing isocyanic acid emissidi 5] and inhibiting the formation
cause of spectral congestion in these regions due to broadf undesired products, including biuret and cyanuric acid.

absorption bands from other adsorbed species.
Ammonium nitrite is an important SCR intermediate that

decomposes efficiently near 373 K tg Mnd HO on Y

zeolites[25-27] The formation of N and loss of NO ob-

The kinetic data listed iffable 2indicate that the hydrolysis

of HNCO occurred at much more rapidly in nanocrystalline
NaY zeolite than in commercial NaY zeolite. This finding is
consistent with the observation that gas-phase HNCO per-

served in the present study are consistent with the formationsists for a much longer period>~60 min; Fig. 5) in the
of ammonium nitrite and its subsequent decomposition to presence of commercial NaY zeolite than in the presence
N2. However, ammonium nitrite bands are not apparent in of nanocrystalline NaY zeolite{20 min; Fig. 4). The time
the FTIR spectra presented in this study. Therefore, becauseourse measurements fop@® also indicate that hydrolysis
ammonium nitrate and ammonium nitrite were not directly occurs much faster in nanocrystalline NaY zeolite than in
observed in our experiments, a definite mechanistic path-commercial NaY zeoliteKig. 6c).
way cannot be elucidated at this time. Further studies are In conclusion, silanol groups and EFAL species are phys-
needed to investigate ammonium nitrate (nitrite) reactivity ically and chemically distinct surface sites present on the
on nanocrystalline Nay. external surface of nanocrystalline NaY zeolite. These sites
are responsible for the improved performance of nanocrys-
talline NaY relative to commercial NaY, because most urea-
SCR reactions occur on the external surface. The role of the
internal surface is to store NObefore SCR reactions on
Reducing the zeolite crystal size can increase the externalthe external surface. A pictorial representation of this multi-
surface area and dramatically alter the diffusional properties functional capability of the nanocrystalline zeolite catalyst is
of the zeolite materialf35—37] Spectroscopic studies have given in Scheme 2Thus nanocrystalline alkali zeolites can
revealed that silanol groups and EFAL species on the exter-be classified as hew materials for SCR catalysts with poten-
nal surface are present in greater concentration in nanocrys4ially significantly better performance.

4.3. Origin of size effect in urea-SCR of NO, over NaY
zeolite
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NO, N,N,0

(b) (c)

Scheme 2. (a) SEM image of nanocrystalline NaY zeolite (scale-H#Y0 nm), (b) a nanocrystalline zeolite particle with a crystal size of 23 nm, and (c) zeolite
Y supercage. The internal surface of nanocrystalline zeolite provides sites fostd@ge (as nitarte and nitrite) and the minority of the SCR reactions, the
external surface provides sites for additional N€orage and the majority of the SCR reactions.

4.4. Urea-SCR versus propylene-SCR of NO> in tive to ~20% selectivity to N formation in propylene-SCR
nanocrystalline NaY zeolite of NO, over nanocrystalline NaY zeolif82]. As mentioned
earlier, NQ emissions emerge at high velocity under typi-
An earlier study evaluated nanocrystalline NaY zeolite cal lean burn conditioni2]. At low temperature, urea-SCR
in deNO, reactions atl’ = 473 K using propylene as the over nanocrystalline NaY zeolite appears to be an even more
reducing agent and found that nanocrystalline NaY zeolite promising deNQ technology than propylene SCR.
was very sensitive to preadsorbed water in propylene-SCR
of NO3 [32]. Compared with urea-SCR, propylene-SCR ap-
pears to be a less realistic deN@&chnology under typical 5. Conclusions
conditions of humid, oxygen-rich exhaust stred852].
Although we did not study the effect of adsorbed wa- Nanocrystalline NaY zeolite exhibits enhanced dgN®dD
ter on urea-SCR in the present work, water should not be low temperature T = 473 K) compared with commercial
detrimental to deNQ with urea over nanocrystalline NaY  NaY zeolite, as demonstrated by the present study on the se-
zeolite. Water is necessary for the hydrolysis of HNCO in lective catalytic reduction of N@with urea. Silanol groups
urea-SCR reactions (reacti¢B)); moreover, as the above and EFAL species on the external surface of nanocrystalline
discussion suggests, at elevated temperatures water does ndtaY were found to be responsible for the higher SCR re-
inhibit the adsorption of Nklin nanocrystalline NaY zeolite.  action rate and decreased formation of undesired products,
In urea-SCR of N@ over nanocrystalline NaY zeolite, the including biuret and cyanuric acid, relative to commercial
concentration of HO in the gas phase kept increasing after NaY zeolite. Isotopic labeling coupled with FTIR analysis
the urea-SCR reactions were completed araust0 min indicated that N-N bond formation involves both an N atom
(Fig. €c). Fig. 6a indicates that the Nffconcentration inthe  originating from NG and an N atom originating from urea.
gas phase further decreased after 40 min. Because the In nanocrystalline NaY zeolite, kinetic studies suggests that
oxidation of NH; by O was not significant under the exper- NH3 formed in thermal decomposition of urea was activated
imental conditions described in this wofk7], NHz most for SCR reactions by hydrogen bonding with silanol groups.
likely adsorbed on available silanol groups and/or EFAL Nanocrystalline alkali zeolites can be considered as new
sites in nanocrystalline NaY zeolite in the presence of wa- catalytic materials that have NGstorage capacity in the
ter[30,32] internal pores and high reactivity on the external surface.
Compared with urea-SCR, a significant amount of nitrate These features provide multifunctional capabilities beyond
and carbonaceous deposit remained in nanocrystalline NaYthose found for zeolites with larger crystal size and smaller
zeolite after propylene-SCR of NCat ' = 473 K for 6 h external surface area. Although for shape selective catalysis,
[32]. The carbonaceous deposit in nanocrystalline NaY ze- the reactivity of the external surface may be undesirable, in
olite was found to hinder the adsorption of propylene and reactions such as deN@r hydrocarbon cracking, nanocrys-
NO, and to further SCR reactions. In urea-SCR of NO talline zeolite catalysts may have greatly enhanced reactivity
over nanocrystalline NaY zeolite, surface nitrate was not because of reactions on the external surface. This is the first
observed after 2 h of SCR reactions. Surface HNCO and example in the literature demonstrating that the increased
OCN~ were the only undesired products formed in urea- external surface area (up t@40% of the total surface area)
SCR over nanocrystalline Na¥ig. 8). Furthermore, more  of nanocrystalline zeolites can be used as a reactive surface
than 80% of NQ was converted into Nin urea-SCR rela- with unigue active sites for catalysis.
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