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Abstract

The effect of oxygen concentration on the pulse and steady-state selective catalytic reduction (SCR) of NGigvitre€
CuOH-Al,03 has been studied by infrared spectroscopy (IR) coupled with mass spectroscopy studies. IR studies revealed
that the pulse SCR occurred via (i) the oxidation oP@u+ to Ci2t by NO and Q, (ii) the co-adsorption of NO/NgO,
to produce C&"(NO3~),, and (iii) the reaction of Gl (NO3~)» with C3Hg to produce N, COs, and HO. Increasing the
02/NO ratio from 25.0 to 83.4 promotes the formation of N&dm gas phase oxidation of NO, resulting in a reactant mixture
of NO/NO,/O,. This reactant mixture allows the formation of %t@NOg*)g and its reaction with the §Hg to occur at a
higher rate with a higher selectivity toward than the low Q/NO flow. Both the high and low &NO steady-state SCR
reactions follow the same pathway, proceeding via adsorgeld-NO,, C3H;—ONO, CHCOO~, ClP—CN, and Ctr—NCO
intermediates toward N CO,, and HO products. High @ concentration in the high £INO SCR accelerates both the
formation and destruction of adsorbates, resulting in their intensities similar to the MNOCSCR at 523-698 K. High £
concentration in the reactant mixture resulted in a higher rate of destruction of the intermediates tharctwedtration
at temperatures above 723 K. © 2000 Elsevier Science B.V. All rights reserved.

Keywords:NO reduction; Q effect; Reaction mechanism; Propylene pulse; NOd@sorption; Nitrate formation; Selective catalytic
reduction; Infrared spectroscopy; Cu@Al 203

1. Introduction The concentration of @ in the NO-containing
stream plays an important role in the reaction rate and
Selective catalytic reduction (SCR) of NO with hy-  product selectivity of the SCR [15-34]. It has been
drocarbons has been a subject of extensive studies duesuggested that the roles of,(n the NO SCR are:
to its potential for the effective control of NO emission (i) to activate NO and hydrocarbons [23]; (i) to oxi-
in the oxidizing environment [1-15]. Catalyst screen- dize NO to NQ [26]; (iii) to maintain a Cd/Cu?*
ing studies have shown that supported Cu catalysts site balance [24]; and (iv) to react with carbonaceous
exhibit the activity for the SCR, but lack the selecti- deposits on Cu-ZSM-5 [25-27]. A number of studies
vity for the efficient conversion of NO to Nin a wide have proposed that the NO>GC3Hg reaction pro-
temperature range [7,8,14]. A critical issue that needs ceeds via: (i) NQ as an intermediate which further
to be addressed is the control of catalyst activity and reacts with hydrocarbons on Ce-ZSM-5 [26] and
selectivity. Cu—ZSM-5 [27]; (ii) a partially oxidized intermediate
on H-Zeolite and AJO3 [28] and Cu—-ZSM-5 [29];
e i ) and (iii) adsorbed NQ@ on Al,O3 and Ag/ALOs
e o Tel#1-330-972:6993; [14], Ag/TiO—Zr0p [30], Al»Os [31], Cu-ZSM-5
E-mail address:schuang@uakron.edu (S.S.C. Chuang). [32].
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Our recent study [34] on Cu@/Al,03 has shown flakes and placed in vicinity of the self-supporting
that the product selectivity, the catalyst surface state, disk to increase the conversion of reactants and
and its adsorbates are strongly influenced by the to obtain a strong mass spectrometer (MS) signal
steady-state and the pulse reaction conditions. Underfor the composition analysis of the reactor effluent
the steady-state conditions, NQJQsHg adsorbed [34,35]. Prior to adsorption and reaction studies,
as GH;-NO,, CHsCOO~, Cut-NCO, CU¥-CN, Cu(NQGgs)2-H20/y-Al2,03 was thermally decomposed
Cu™—CO species and further reacted to produee N to CuOK-Al;03 at 773K in flowing He. X-ray
CO,, and KBO. Under the conditions of pulsingzsBg diffraction (XRD) study of CuOy-Al,03 by using
into the NO/Q stream, NO/Q adsorbed as (N§ )2 CuKa radiation did not produce any diffraction pat-
which further reacted with the4Elg pulse to produce  tern for CuO or Cu@, suggesting that Cu oxide is
N2, N2O, CQ,, and HO. Conditions for pulsing  highly dispersed ony-Al,O3. The total number of
C3He into the NO/Q stream resemble those proposed Cuw?t, Cut, and C@ on the surface of-Al,0O3 was
mode of operation which involves NOgGdsorption determined to be 2amol/g of CuO#-Al 203 by pulse
followed by the pulse hydrocarbon reduction for the CO adsorption at 298K, assuming @Qusjie = 1.
removal of NQ emission from the lean-burn and Prior to each experiment, the Cu@Al, O3 catalyst
diesel engines [33]. was pretreated in He flow at 773K for 1 h and cooled

The development of catalysts for the effective re- to the desired temperature.
moval of NQ, from various oxygen-containing NO
streams of coal-fired plant, lean-burn, and diesel en- 2.2. NO/Q adsorption on CuG/-Al,O3
gine emissions requires a fundamental understanding
of the role of oxygen in the SCR reaction. To further NO/O, adsorption studies were carried out by flow-
elucidate the effect of ©concentration on the reac- ing (i) a low O/NO ratio (0.08% NO+ 2% O, +
tion rate and selectivity, the catalyst surface state, and 97.92% He, @/NO = 250) flow, and (ii) a high
its adsorbates, we have studied the steady-state SCRO2/NO ratio (0.08% NO+ 6.67% & + 93.25% He,
and the pulse SCR with 4Elg under a high @/NO 0O,/NO = 83.4) flow at a total flow rate of 75 cAmin
flow and a low Q/NO flow. The high Q/NO flow over CuO#-Al,03 at 298, 523, 623, and 723 K. 1.01%
consisted of 0.08% NG 6.67% O, + 93.25% He of NO with He balance (Praxair), 99.99% @Praxair),
which the Q/NO ratio is in the range of the exhaust 99.999% He (Praxair), andsBg (LINDE Specialty
composition of coal-fired power plant. The low/@®IO Gas) were used. These reactant feed were prepared by
flow consisted of 0.08% NQ 2% O, + 97.92% He mixing 1.01% NO, 99.99% & and 99.999% He flow.
of which the Q/NO ratio is close to that of lean burn  The high Q/NO ratio promotes the reaction between
engine emission. O and NO to produce N®in the high Q/NO flow

at 298K, changing its initial composition to 0.05%
NO + 0.03% NQ, + 6.66% O + 93.26% He. Fig. 1

2. Experimental shows the IR spectra of the high and low/RO ratio
flow and lists the compositions of the reactant stream
2.1. Catalyst precursor preparation and XRD at 298 K.

characterization
2.3. Pulsing GHg into the steady-state NOdlow

Cu(NQ3)2-H20/y-Al,03 was prepared by impreg-  over CuOf-Al>Os and the steady-state SCR reaction
nation ofy-Al,O3 (Alfa products, SA: 100 #g, pore  of NO/Qy/C3Hg over CuOf/-Al,03
size: 0.01-0.02um) using Cu(NQ@)2-3H2O (Strem
chemicals) solution. The Cu loading on the catalyst  Upon both adsorbate and reactant/product concen-
is 2.7 wt.%. The resulting sample was dried overnight trations reaching the steady-state during a constant
in air at 298 K. One hundred milligrams of the cat- NO/O; flow, selective catalytic reduction (SCR) of NO
alyst powder was pressed into three self-supporting was carried out by pulsing three consecutive £ ah
disks. One disk was placed in the IR beam path in the C3Hg into either high or low G/NO flow at 0.1 MPa
IR cell; the other two disks were broken down into and 523, 623, and 723 K. Three consecutive pulses of
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Fig. 1. IR spectra and the composition of the inlet reactant flow at 298 K.

1cnm? C3Hg were used in the SCR of NO to result 2.4. Infrared spectroscopy and mass spectrometer
in an appreciable conversion of NO, as shown by de-
crease in the NO concentration profile in Figs. 4-6.  Variation in adsorbate concentration was deter-
The extent of decrease in the NO profile reflects that mined by a Nicolet 5SCX and a Nicolet 550-Magna
of NO conversion. However, NO conversion cannot be FTIR spectrometers (IR) at a 4-crhresolution with
easily estimated due to the difficulty in calibrating the 32 co-added scans. Variation in reactant/product con-
decreasing NO profile. The amount of products,(N  centration was determined by a Balzers QMG 112 and
N2O, and CQ) formed during GHg pulse was calcu-  a Prisma QMS 200 mass spectrometer (MS) (Pfeif-
lated using the area under each MS profiles. A good fer Vacuum Technology). The mass-to-charge ratios
agreement in carbon balance betweejHg conver- (m/e, i.e. amu) for MS monitoring were: /e = 4 for
sion and CQ formation was achieved. He; m/e = 18 for HhO; m/e = 28 for N, and CO;
Steady-state SCR reactions of the highiND reac- m/e = 12 (CO fragment) for separation of CO from
tant flow (0.05% NG-0.03% NO+6.66% O+0.2% mje = 28; m/e = 30 for NO; m/e = 32 for Op;
C3Hg +93.06% He) and the low &NO reactant flow m/e = 44 for NoO and CQ; m/e = 22 (CQ, double
(0.08% NO+ 2% Oy 4+ 0.2% GsHg + 97.72% He) on ionization) for separation of COfrom m/e = 44;
CuOAHA-Al 03 were carried out to determine the effect m/e = 46 for NOy; andm /e = 41 for GHg. Contri-
of Oz concentration on SCR at 0.1 MPa, and 523, 623, bution of NbO and NQ tom /e = 30 was determined
673, 698, 723, and 773 K. by comparing relative intensities of the fragment and
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parent ions of the calibratedb®, NO, and NQ pulse
responses; contribution of GQo m/e = 28 was
found to be negligible. The MS profiles of the reac-
tants and products were obtained by multiplying their
MS intensities by their calibration factors [13,35].
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of a broad band centered at 1370¢and gaseous
NO, at 1630 and 1594 cnt while exposure to the
low O2/NO flow led to the formation of chelating

nitro (CL?+<8>N) at 1251 cm? first, then gradual

Product selectivity and gas composition were further formation of a sharp band at 1380cfand chelat-

determined by using a gas IR cell.

3. Results
3.1. NO/Q adsorption on CuQ/-AloO3 at 523 K

Fig. 2 shows in situ IR spectra of adsorbed NO
produced from flowing the high £NO flow and
low O2/NO flow over CuO#-Al,0O3 at 523 K. The
exposure of CuG/-Al,0O3 to the high Q/NO flow,
shown in Fig. 2a, resulted in the immediate formation
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ing bidentate nitrate (C?d<8>N—O) at 1570 and

1262cm! [34,36-42]. The band centered in the
1370-1380 cm* region which coincided with that of
Cu(NQ3)2/y-Al,03 was assigned to CGti(NOz ™),
[34]. The broad band in the region of 1450-1300¢m
produced from the high €NO flow in Fig. 2a ap-
pears to have resulted from the overlap of monoden-

tate nitrate (CEI*—O—I\'<8), nitrito (CLPt—O-N=0),

and C#t(NOs3~), bands. The observed sequence
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Fig. 2. In situ IR spectra of flowing (a) 0.05% NO0.03% NG, + 6.66% O + 93.26% He, and (b) 0.08% N@ 2% O, + 97.92% He

flow over CuO#-Al,03 at 523 K.
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of Cu2+<8>N, Cu2+<8>N—o, and Cé&"(NO3™),

formation in Fig. 2b are consistent with that of our
previous study [34] and can be described by the fol-
lowing steps:

CuO+ NO & Cli2+< 8>N (1)

cU2+<8>N 110, & cr<O5n0 )

O

Cu2+<8>N—O+ NO+ O, & CU?(NOg™)2  (3)

2CUH< 8>N—O + 30,

& CUPH(NO3™)2 + CuO (4)

It has been reported that NGn the high Q/NO
flow could also contribute to the formation of
CU?+(NO3 ™), through interaction of surface oxygen
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Fig. 3. In situ IR spectra of (a) 0.05% N©0.03% NO; + 6.66% O + 93.26% He,

CuOH-Al,03 at various temperatures.
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[32,34]. The formation of the broad Et(NO3~)>

band in the 1280-1450cm could be attributed in
part to the reaction of adsorbed KNQvith surface
oxygen:

Cutor C¥" + 2NO, + O, & CPH(NO3 )2 (5)
CO adsorption studies prior to NOfGnd NGQ/O»
adsorption showed that CupAl,0O3 contained both
Cut and C@#t sites [34]. The rapid formation of
CU2T(NO3 ™), did not allow elucidation of the detailed
steps involved in its formation.

Fig. 3a and b show in situ IR spectra of adsorbed
NO, produced from the high £NO and low GQ/NO
flow over CuO#-Al,O3 for 1h at various tempera-
tures, respectively. Gtr(NO3 ™), at 1365cn! was
observed for all of experimental conditions, except
for the high Q/NO flow at 298 K. Exposure of
CuOH-Al 03 to the high Q/NO flow at 298K pro-
duced gaseous 4D; at 1750 and 1260 cnt [43],
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and (b) 0.08% N& 2% O, + 97.92% He flow over
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NO, at 1630 and 1594 cmt, monodentate nitrate  with increasing temperature. Increasing temperature

_0 only caused a slight decrease in the IR intensity of
CU*r—O-N< 7)) at 1485 and 1307 crt [34,36,37], y 9
( o) [ ] CU?H(NO3 ™), for the low G/NO flow.

.0 1 . .
and C¢ \O/N at 1260 cm™ [34] overlapping with 3.2. Pulsing GHg into the steady-state NO#low
gaseous BOs. Cu2+<8>N—O was overlapping with (pulse SCR) over Cu@#Al20s
gaseous N@in the region of 1630-1570cm. The Fig. 4 shows the MS profiles and in situ IR spec-
observation of the intense NOR band indicates that  tra during pulsing three consecutive 1tnGzHe
Cu catalyzed the N©formation for the reaction of  pulses into the steady-state high/RO flow over
NO with O, at 298 K. The absence of E(NO3~)» CuOAH-Al,03 at 623 K. Pulsing gHg decreased NO,
at 298K indicates that the sequence of Egs. (1), (2), Oz, and NG MS intensity (i.e. concentration) and in-
(3), (4) for CEt(NO3~), formation did not occur.  creased N, CO,, NoO, and HO concentration, indi-
The formation of Cﬁ+(NOg‘)2 from NO/NG,/Oz cating occurrence of the conversion aftig, NO, Oy,
appeared to be an activated process, occurring atand NGQ to Nz, COp, N2O, and NO. Fig. 4b shows
temperatures above 520K: its intensity decreased that pulsing GHg also decreased the IR intensities of

S
Z
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Fig. 4. (a) MS intensity profiles, and (b) in situ IR spectra during pulsigbigdnto the steady-state higho@NO flow over CuO#-Al,03
at 623 K.
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Fig. 5. (a) MS intensity profiles, and (b) in situ IR spectra during pulsigglgCinto the steady-state low ANO flow over CuO#-Al,03
at 623 K.

both adsorbed C?d(NOg—)g and gaseous Nf)indi- absence of N@in the steady-state low £ZINO flow
cating that they are the active species responsible for eliminates the participation of NOn Cu?t(NO3™)>
product formation. The IR spectrum at 40s in Fig. 4b formation. The significant delay in NO and @rofiles
corresponds to the concentration of reactant/product to those of other gaseous products suggests that N
in the MS profiles at 40s in Fig. 4a. The close exa- N2O, NO,, COp, and HO were produced from the
mination of the lead/lag relationships of the MS prod- reaction of GHg with Cu?*(NO3z ™), to create free
uct profiles in Fig. 4a showed that the concentration CuW’/Cut/Cl?* sites for NO and @ adsorption and
changes in gHg, NO2, N2O led to that of N and NO reaction. Comparison of MS profiles and adsorbate
which further led to that of @ CO;, and HO; Fig. 3b intensities in Figs. 4 and 5 shows that pulsingHg

showed that the decrease in IR intensity of Niéd into the low Q/NO flow gives lower NO conversion
that of Cif*(NO3z~),, suggesting occurrence of the as well as lower rate of product formation than pulsing
reaction sequence as shown in Fig. 11a. CsHg into the high G/NO flow.

Results of pulsing gHg into the low G/NO flow, Figs. 6 and 7 compare the effect of temperature

shown in Fig. 5, was plotted in the same scale as on the MS and IR intensity profiles during puls-
those for pulsing gHg into the high NO/Q flow. The ing three consecutive 1-émC3Hg pulses into the
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Fig. 6. Reactant MS intensity profiles during pulsingHg into the steady-state (a) highoMO flow, and (b) low Q/NO flow over
CuOHA-Al,03 at various temperatures.

steady-state high £INO flow and low G/NO flow The high GQ/NO flow gave a higher gHg conversion,
over CuO#-Al,03. Reactant profiles are presented produced a higher ratio of MCO,, and resulted in
in Fig. 6 and product profiles are shown in Fig. 7. a higher product formation rate than the low/RO
Increasing temperature, in general, increased the rateflow.

of reactant conversion and product formation as ev-

idenced by the increase in the slope of reactant and 3.3. Steady-state SCR reaction of N@IC3He on
product MS profiles. The extent of decrease in the CuO#/-Al,O3

IR intensity profiles of adsorbed Et(NO3 ™), ver-

sus time corresponded approximately to the amount Fig. 8 shows the conversion and Nelectivity as

of increase in the MS intensity profiles 0 NN2O, a function of temperature during flowing the high
COp, and HO formation in Figs. 6 and 7, further O,/NO reactant stream and the lowo,/DO reactant
confirming the involvement of Ctr(NO3™)2 in prod- stream over Cu@tAI,Os. Increasing temperature in-
uct formation. Adsorbed Ctr(NO3~), reacted with creased gHg, NO, NOy, and Q conversion, and N
C3Hg in the presence, and absence, of NGKID,. selectivity in the range of 523-773 K. Further increas-
Table 1 summarizes the conversion ofHg and ing temperatures above 773 K could decrease NO con-

the amount of N, N2O, and CQ produced during  version and N selectivity due to the dominance of
pulsing three consecutive 1énof C3Hg into the C3Hg oxidation at high temperatures [14,44]. Increas-
steady-state high £INO flow and low Q/NO flow. ing O, concentration caused the NO angHg con-
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Fig. 7. Product MS intensity profiles and integrated absorbance intensity 6f(lQs~)> during pulsing GHs into the steady-state (a)
high G/NO flow, and (b) low Q/NO flow over CuO#-Al,O3 at various temperatures.

Table 1

CsHg conversion and product amount during the pulse SCR over CyO#Aat various temperatures

Stream Temperature (K) 4l conversion (%) Product amountifiol)?

N> N2O CQo;

High G,/NO flow 523 2.1 0.6 0.4 7.2
623 2.9 3.2 1.0 11.2
723 5.8 1.9 1.2 24.3

Low O2/NO flow 523 0.2 0.2 <0.1 1.0
623 1.1 0.5 0.4 4.6
723 3.0 0.7 0.5 12.1

aTotal amount during pulsing three consecutive £ dfiaHs.
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NO/NO, conversion to M vs. temperature during the steady-state

version to increase. NO/NQconversion in Fig. 8b is
the sum of the individual NO and NQconversions.
Fig. 9 shows in situ IR spectra during the
steady-state SCR reaction on Cy&¥l,0s in the
523-773K range. The IR spectra of the low/RO

SCR reaction of NO#Bls over CuO#-Al20s.

and carbonate as demonstrated by,@@sorption at
523 K. Since these carbonates are not thermally stable
at temperature above 550K, their contribution to the
IR spectra in the 1400-1700 cthregion is expected

to significantly decrease as temperature increased. In-

steady-state SCR reaction at 523 and 723K have creasing temperature to 673K caused an increase in
been reported elsewhere [34] and were included in the intensities of C@at 2358 and 2309 cnt and OH

Fig. 9 for comparison. Low &NO steady-state SCR
at 523 K produced distinct infrared bands for organic
nitro-compound (gH7—-NO,) at 1593 and 1340 cr,

an organic nitrito-compound @E1;—ONO) at
1662cnt!, an acetic ion (CHCOO™) at 1593
and 1460cm?! [27,34,45-50], and Cu-NCO at
2237 cmr! [12,51,52]. The band at 1593 crh was
attributed to the overlap of adsorbedsH;—NO,
with CH3COO~. Assignment of @H;—NO, and
CH3COO™ bands is verified by adsorption stud-
ies of 1°N180/14N160/C3Hg, which will be further
discussed in Fig. 10. The IR bands at 1662 and
1460cm! are in the range of those for bicarbonate

band at 3735 cmt, a decrease in the intensities of the
=C-H and —C-H stretching bands, and a shifted band
from 1593 to 1560 cm’. The contour of the bands in
the 1400-1650 cmt for both low and high @NO
SCR were very similar at temperatures above 723 K. A
further increase in temperature caused,G@ensity
to continue increasing, but led the IR bands at 1560
and 1460cm! to decrease. The lack of CuCO
and CH—CN in the high Q/NO reactant flow can be
attributed to their oxidation to Cfand reduction to
N2 in the presence of high £concentration (6.66%).
Fig. 10 shows in situ IR spectra ofsBg adsorp-
tion followed by either NO or'>N80 addition on
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Fig. 9. In situ IR spectra during the steady-state higN® and low Q/NO SCR reactant flow over Cug@/Al,O3 at various temperatures.

CuOA-Al,03 at 523 K. To avoid the oxidation of ad-
sorbed intermediates produced fréfiN160/15N180
and GHg, O2 was not included in the adsorption
study. Exposure of Cu@#Al,O3 to C3Hg produced
adsorbed CHCOO™ at 1592 and 1460cnt and
HCOO™ at 1392 cm? [27,34,45-50,53]. The bands
at 1592 and 1460cm were assigned to asym-

metric and symmetric stretching mode OK%

in adsorbed CHCOO™, respectively. Adsorption
of NO on CuO#-Al,O3 covered with preadsorbed
CsHg produced the prominent IR bands at 2236
and 1592cm!. These bands shifted to 2223 and
1582cn1?, respectively, forl>N180 adsorption on
CuOAHA-Al 03 with preadsorbed §Hg, indicating that

these bands are resulted from these species contain-
ing N and/or NO. Thus, the band which shifted from
1592 to 1582 cm! is not due to formate species. This
observation combined with the band assignment from
literature [12,51,52] allowed us to conclude that the
band at 1592 cmtis due to GH7;—NOy; the band at
2236c¢ntt is due to CT—NCO.

4. Discussion
4.1. Reaction mechanism of NO SCR

The significant difference in the type of adsorbates
observed for the pulse SCR in Figs. 4 and 5 and the
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Fig. 10. In situ IR spectra of (a) 0.2%3Hs adsorption for 20 min, followed by addition of (b) NO, and N0 for 1 min on
CuOH-Al,03 at 523 K.

steady-state SCR in Fig. 9 clearly demonstrates that 623 K suggests the presence of rapid equilibrium
the pulse SCR and the steady-state SCR follow differ- among NO, N@, and Q, allowing the formation of
ent reaction pathways. Fig. 11a shows the proposedvery similar C#*(NOs ™), infrared bands. At 723K,
reaction pathway for the pulse SCR on Cy&,03 CU2T(NO3™), produced from the high £NO flow
according to the observed sequence of adsorbate andn Fig. 3a and the low @NO flow in Fig. 3b gave
product formation. The proposed pathway includes: the similar Gaussian shape of bands, suggesting that
(i) the oxidation of CQ/Cut to Ci#t by NO and  the identical Cé&t(NO3~), was produced. The pres-
Og; (ii) the co-adsorption of NO/N@O, to produce ence of this intense IR band at 723K suggests that
CU2T(NOs™),; and (iii) the reaction of C#If (NO3 ™), its formation rate from steps (%)5) is higher than
with C3Hg to produce N, CO,, and HO. Steps (i) the rate of its destruction (i.e. the reverse step) and
and (ii), the abbreviated versions of Egs. (1), (2), (3) further revealed that Cug/Al,O3 catalyst can serve
and (4), were first established by our earlier studies as an effective adsorbent for NG/@t 723 K.

[34] and supported by the formation of EYNO3 ™), The involvement of C&H(NOs~), in the reac-

as shown in Fig. 2. The similarity in the contour of tion with C3Hg is evidenced by the consumption of
the infrared bands (shown in Fig. 2) produced from Cu?*(NOs~), and the formation of M and CO as
both high and low @/NO flow at temperatures above shown in Figs. 4 and 5. However, no information
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(a) Pulse C;Hj into steady-state NO/NO,/O, ﬂmﬂ
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Cu%Cu* . > Cu*0 - » Cu*(NOy),
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C3H6

N, (g N0, CO, ), and H,0 (iif)
[ (b) Steady-state NO SCR reaction | CO,, H,0

NO/NO,/O, C,H, 02/' NONO,/O,/C;H, ~ Ni, CO, H,0
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NO/NO,/0, €0, H,0 Cu"NCO  NONO,/CO

Fig. 11. Proposed pathway for (a) the reaction between adsorbeg-(Bl@nd GHe pulse, and (b) the steady-state NO SCR wifHg
in the presence of Pover CuO#-Al0s.

on the involvement of adsorbedsBs can be ob- C3Hg + O2 over AlbO3, under NO+ O flow is in
tained from our infrared studies due to the absence of the same order of magnitude as that of NO SCR,
IR-observable adsorbed hydrocarbon species, result-further supporting the role of GJC€OO™ in the SCR
ing from the rapid reaction between adsorbesHg [14]. The question of whether these observed species
and C#t(NOs™),. Furthermore, €Hg is a limiting adsorbed on AlO3; or CuOA-Al,Os3 is yet to be
reactant under conditions of pulsingids into the answered. Due to the lack of techniques to observe
NO/O, flow, leading to a rapid depletion of adsorbed the intermediates between reactants/products and the
CsHe. IR-observable species, the steps proposed for the
Fig. 11b illustrates the proposed reaction pathway conversion of reactants toz87—NO,, C3H7—ONO,
for the steady-state NO SCR on Cu@Al,03. The CH3COO~, and Cd—NCO as well as that of these
steady-state SCR reaction may proceed via a num- species to products remain highly speculative.
ber of infrared-observable intermediates: adsorbed The difference in reaction pathway for the pulse
C3H7—-NOy, C3H7;—-ONO, CHCOO-, and Cu-— SCR and steady-state SCR is evidenced by not only
NCO (shown in Fig. 9). Our previous studies [34] the different types of adsorbates, but also the distinc-
showed that these species responded rapidly to thetion in Cu surface states. CO adsorption studies [34]
change in concentration of reactants, exhibiting the show that the pulse SCR resulted in mainly?€wn
typical transient nature of reaction intermediates. It has the CuO#-Al O3 surface while the steady-state SCR
been recently reported that the rate of disappearanceled to more Cti than C#+ sites. Although the con-
for CH3COO™, generated from the stream of N centration of GHg is significantly less than that of O
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the continuous presence oglds in the steady-state
SCR reactant flow allowed to keep a significant frac-

tion of Cu in the Cu state, minimizing the concen-
tration of NQ, species on the surface.

4.2. Role of @in NO SCR

Increasing @ concentration in both pulse and

Y. Chi, S.S.C. Chuang/ Catalysis Today 62 (2000) 303-318

not determine the kinetics and rate law of Nforma-
tion. Formation of NQ from pulsing GHg into the
low O2/NO flow at 523, 623, and 723 K may proceed
via the following steps:

CHs—CH=CH, "?CH3CH,COO
CH3CH,00+ NO — CH3CH,CO -+ NO,

The increase in N® formation with temperature

steady-state SCR caused the conversions of NO andduring pulsing GHg into the low Q/NO flow ob-

CsHe to increase. The possible roles of oxygen in-
clude activation of gGHg [23,54], oxidation of NO to
NO, [26], maintenance of the GUCU?* site balance
[24], conversion of carbonaceous and alkyl interme-
diates to CQ and N [30-32]. Since the adsorbed

served in Fig. 6b can be explained by increase in the
rate of the above steps with temperature. Variation of
CsHg concentration during the 4Elg pulse may limit
the complete oxidation of §Hg, allowing its partially
oxidized intermediates to react with NO. No experi-

oxygen on the catalyst surface cannot be observed bymental evidence is available for determining whether
infrared spectroscopy, its role in the reaction has to be this reaction took place in either the homogeneous gas

elucidated from its interaction with NO angBg and

the resulting intermediates and products, which can

be observed by IR and MS. Increasing oxygen con-
centration led to an immediate formation of N@nd
CUT(NOs™), during NO/G coadsorption (shown
in Fig. 1) and increase in NO/NAIC3Hg conversion

phase or the heterogeneous catalyst surface.

The role of GHg as a limiting reactant under the
conditions of the pulse SCR allowed €YNO3z "), to
dominate the catalyst surface. In contrast, steady-state
SCR conditions allowed £Hg to keep a signifi-
cant fraction of Cu in the Cu state and allowed

during the pulse SCR. These results revealed that dur-C3H7—NO,, C3H7—ONO and CHCOO™ to domi-
ing pulse SCR, high oxygen concentration accelerates nate the catalyst surface. Fig. 9 shows that increas-

the formation of NQ and C#*+(NO3z™~),, enhancing
the rate of NQ/CU?t(NOs™), reaction with GHe.
Since NQ is more reactive toward §Hg than NO
[7,19,54], an increase in conversion of NO to NO
could also facilitate the conversion of NO te N

The formation of NQ from oxidation of NO with
O is a thermodynamically favorable process at 303 K.

ing oxygen concentration broadened the bands for
C3H7—NO,, C3H7—ONO, and CHCOO  and de-
creased significantly their intensities at temperature
above 723 K. The latter confirmed the role of oxygen
in conversion of carbonaceous and intermediates to
CO, and Nb. The similarity in the contour of the
infrared bands in the 1200-1800 cfregion (shown

Increasing temperature decreases the equilibriumyieldin Fig. 9) produced from both high and low.MO

of NOy. There are a number of pathways for NO
formation from NO/Q: (a) gas phase oxidation of
NO [55]; (b) catalytic oxidation of NO; and (c) the
reaction between NOKIC3Hg. Each of these types
of reactions occurred to a significant extent at spe-
cific conditions. Gas phase oxidation took place with
a NO conversion of 37.5% in the highp@IO (the ra-
tio of O2/NO = 83.4) flow at 298 K. The NO in the
high G,/NO flow was further oxidized to N®over
CuOAN-Al,03 at 298K (shown in Fig. 2a). Both gas
phase and catalytic oxidation of NO did not occur in
the low Q/NO (the ratio of @/NO = 25.0) flow. We
have further found that allowing the low>NO ratio
gas to mix for >2 min also resulted in the formation of
appreciable amount of NCat 298 K; however, we did

steady-state SCR flow at temperatures above 673K
suggests the presence of rapid equilibrium among
NO, NO,, and @ and their reaction with adsorbed
C3Hg species, allowing the formation ofs87;—NOy,
C3H7;—ONO, and CHCOO™. However, the specific
reaction pathway between NO/N@, and GHg
cannot be simply elucidated from our infrared studies.
In general, the presence ob@ NO and NQ flow
increased the rate of conversion oftG [14]. Increas-
ing temperature from 523 to 723K increases the con-
version of GHg and the formation of CQ N»O, and
N2. The exception observed foroNormation from
623 to 723 K at the high &NO flow during the pulse
SCR in Table 1 is due to the dominance of oxidation
of C3Hg over reduction of NO by gHg.
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Previous studies have found that the presence of and CHCOO™ intermediates, resulting in their inten-
O2 in NO/NO; flow enhanced the rate of the for- sities similar to the low @NO steady-state SCR at
mation of C#+t(NOs™),, Cu nitrate, on Cu—ZSM-5 523, 623, 673, and 698 K. High,Gconcentration in
[29] and CuO#%-Al,03 [34]. The absence of such a the reactant mixture resulted in a higher the rate of
nitrate species in the steady-state SCR suggests thatlestruction of the intermediates than low Encen-
the nitrate may be rapidly depleted by the reaction tration at temperature above 723 K.
with C3Hg to produce GH7—NO,, C3H7—ONO, and
CH3COO™ (Step (ii) in Fig. 11b). Thus, we suggest
that increasing @ concentration in the steady-state Acknowledgements
SCR may accelerate the rates of botgHZ-NOy,

C3H7—ONO, and CHCOO~ formation and their Although the research described in this article has
disappearance, increasing NQ/OzHg conversion, been funded wholly by the United States Environ-
but maintaining nearly constant intensities for these mental Protection Agency under assistant agreement
adsorbed species in the 523-698 K range (shown in R823529-01-0 to the University of Akron, it has not
Fig. 9). The rate of disappearance for these speciesbeen subject to the Agency’s peer and administra-
through oxidation began dominating at temperatures tive review and, therefore, may not necessary reflect
above 723K where a substantial decrease in their IR the views of the Agency, and no official endorsement
intensities with temperature were observed for the should be inferred.

high O,/NO SCR.
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