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Abstract

The effect of oxygen concentration on the pulse and steady-state selective catalytic reduction (SCR) of NO with C3H6 over
CuO/g-Al2O3 has been studied by infrared spectroscopy (IR) coupled with mass spectroscopy studies. IR studies revealed
that the pulse SCR occurred via (i) the oxidation of Cu0/Cu+ to Cu2+ by NO and O2, (ii) the co-adsorption of NO/NO2/O2

to produce Cu2+(NO3
−)2, and (iii) the reaction of Cu2+(NO3

−)2 with C3H6 to produce N2, CO2, and H2O. Increasing the
O2/NO ratio from 25.0 to 83.4 promotes the formation of NO2 from gas phase oxidation of NO, resulting in a reactant mixture
of NO/NO2/O2. This reactant mixture allows the formation of Cu2+(NO3

−)2 and its reaction with the C3H6 to occur at a
higher rate with a higher selectivity toward N2 than the low O2/NO flow. Both the high and low O2/NO steady-state SCR
reactions follow the same pathway, proceeding via adsorbed C3H7–NO2, C3H7–ONO, CH3COO−, Cu0–CN, and Cu+–NCO
intermediates toward N2, CO2, and H2O products. High O2 concentration in the high O2/NO SCR accelerates both the
formation and destruction of adsorbates, resulting in their intensities similar to the low O2/NO SCR at 523–698 K. High O2
concentration in the reactant mixture resulted in a higher rate of destruction of the intermediates than low O2 concentration
at temperatures above 723 K. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Selective catalytic reduction (SCR) of NO with hy-
drocarbons has been a subject of extensive studies due
to its potential for the effective control of NO emission
in the oxidizing environment [1–15]. Catalyst screen-
ing studies have shown that supported Cu catalysts
exhibit the activity for the SCR, but lack the selecti-
vity for the efficient conversion of NO to N2 in a wide
temperature range [7,8,14]. A critical issue that needs
to be addressed is the control of catalyst activity and
selectivity.
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The concentration of O2 in the NO-containing
stream plays an important role in the reaction rate and
product selectivity of the SCR [15–34]. It has been
suggested that the roles of O2 in the NO SCR are:
(i) to activate NO and hydrocarbons [23]; (ii) to oxi-
dize NO to NO2 [26]; (iii) to maintain a Cu+/Cu2+
site balance [24]; and (iv) to react with carbonaceous
deposits on Cu–ZSM-5 [25–27]. A number of studies
have proposed that the NO–O2–C3H6 reaction pro-
ceeds via: (i) NO2 as an intermediate which further
reacts with hydrocarbons on Ce–ZSM-5 [26] and
Cu–ZSM-5 [27]; (ii) a partially oxidized intermediate
on H-Zeolite and Al2O3 [28] and Cu–ZSM-5 [29];
and (iii) adsorbed NOx on Al2O3 and Ag/Al2O3
[14], Ag/TiO2–ZrO2 [30], Al2O3 [31], Cu–ZSM-5
[32].
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Our recent study [34] on CuO/g-Al2O3 has shown
that the product selectivity, the catalyst surface state,
and its adsorbates are strongly influenced by the
steady-state and the pulse reaction conditions. Under
the steady-state conditions, NO/O2/C3H6 adsorbed
as C3H7–NO2, CH3COO−, Cu+–NCO, Cu0–CN,
Cu+–CO species and further reacted to produce N2,
CO2, and H2O. Under the conditions of pulsing C3H6
into the NO/O2 stream, NO/O2 adsorbed as (NO3−)2
which further reacted with the C3H6 pulse to produce
N2, N2O, CO2, and H2O. Conditions for pulsing
C3H6 into the NO/O2 stream resemble those proposed
mode of operation which involves NO/O2 adsorption
followed by the pulse hydrocarbon reduction for the
removal of NOx emission from the lean-burn and
diesel engines [33].

The development of catalysts for the effective re-
moval of NOx from various oxygen-containing NOx
streams of coal-fired plant, lean-burn, and diesel en-
gine emissions requires a fundamental understanding
of the role of oxygen in the SCR reaction. To further
elucidate the effect of O2 concentration on the reac-
tion rate and selectivity, the catalyst surface state, and
its adsorbates, we have studied the steady-state SCR
and the pulse SCR with C3H6 under a high O2/NO
flow and a low O2/NO flow. The high O2/NO flow
consisted of 0.08% NO+ 6.67% O2 + 93.25% He of
which the O2/NO ratio is in the range of the exhaust
composition of coal-fired power plant. The low O2/NO
flow consisted of 0.08% NO+ 2% O2 + 97.92% He
of which the O2/NO ratio is close to that of lean burn
engine emission.

2. Experimental

2.1. Catalyst precursor preparation and XRD
characterization

Cu(NO3)2·H2O/g-Al2O3 was prepared by impreg-
nation ofg-Al2O3 (Alfa products, SA: 100 m2/g, pore
size: 0.01-0.02mm) using Cu(NO3)2·3H2O (Strem
chemicals) solution. The Cu loading on the catalyst
is 2.7 wt.%. The resulting sample was dried overnight
in air at 298 K. One hundred milligrams of the cat-
alyst powder was pressed into three self-supporting
disks. One disk was placed in the IR beam path in the
IR cell; the other two disks were broken down into

flakes and placed in vicinity of the self-supporting
disk to increase the conversion of reactants and
to obtain a strong mass spectrometer (MS) signal
for the composition analysis of the reactor effluent
[34,35]. Prior to adsorption and reaction studies,
Cu(NO3)2·H2O/g-Al2O3 was thermally decomposed
to CuO/g-Al2O3 at 773 K in flowing He. X-ray
diffraction (XRD) study of CuO/g-Al2O3 by using
CuKa radiation did not produce any diffraction pat-
tern for CuO or CuOx , suggesting that Cu oxide is
highly dispersed ong-Al2O3. The total number of
Cu2+, Cu+, and Cu0 on the surface ofg-Al2O3 was
determined to be 25mmol/g of CuO/g-Al2O3 by pulse
CO adsorption at 298 K, assuming CO/Cusite = 1.
Prior to each experiment, the CuO/g-Al2O3 catalyst
was pretreated in He flow at 773 K for 1 h and cooled
to the desired temperature.

2.2. NO/O2 adsorption on CuO/γ -Al2O3

NO/O2 adsorption studies were carried out by flow-
ing (i) a low O2/NO ratio (0.08% NO+ 2% O2 +
97.92% He, O2/NO = 25.0) flow, and (ii) a high
O2/NO ratio (0.08% NO+ 6.67% O2 + 93.25% He,
O2/NO = 83.4) flow at a total flow rate of 75 cm3/min
over CuO/g-Al2O3 at 298, 523, 623, and 723 K. 1.01%
NO with He balance (Praxair), 99.99% O2 (Praxair),
99.999% He (Praxair), and C3H6 (LINDE Specialty
Gas) were used. These reactant feed were prepared by
mixing 1.01% NO, 99.99% O2, and 99.999% He flow.
The high O2/NO ratio promotes the reaction between
O2 and NO to produce NO2 in the high O2/NO flow
at 298 K, changing its initial composition to 0.05%
NO + 0.03% NO2 + 6.66% O2 + 93.26% He. Fig. 1
shows the IR spectra of the high and low O2/NO ratio
flow and lists the compositions of the reactant stream
at 298 K.

2.3. Pulsing C3H6 into the steady-state NO/O2 flow
over CuO/γ -Al2O3 and the steady-state SCR reaction
of NO/O2/C3H6 over CuO/γ -Al2O3

Upon both adsorbate and reactant/product concen-
trations reaching the steady-state during a constant
NO/O2 flow, selective catalytic reduction (SCR) of NO
was carried out by pulsing three consecutive 1 cm3 of
C3H6 into either high or low O2/NO flow at 0.1 MPa
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.

1 cm3 C3H6 were used in the SCR of NO to result
in an appreciable conversion of NO, as shown by de-
crease in the NO concentration profile in Figs. 4–6.
The extent of decrease in the NO profile reflects that
of NO conversion. However, NO conversion cannot be
easily estimated due to the difficulty in calibrating the
decreasing NO profile. The amount of products (N2,
N2O, and CO2) formed during C3H6 pulse was calcu-
lated using the area under each MS profiles. A good
agreement in carbon balance between C3H6 conver-
sion and CO2 formation was achieved.

Steady-state SCR reactions of the high O2/NO reac-
tant flow (0.05% NO+0.03% NO2+6.66% O2+0.2%
C3H6 +93.06% He) and the low O2/NO reactant flow
(0.08% NO+ 2% O2 + 0.2% C3H6 + 97.72% He) on
CuO/g-Al2O3 were carried out to determine the effect
of O2 concentration on SCR at 0.1 MPa, and 523, 623,
673, 698, 723, and 773 K.

2.4. Infrared spectroscopy and mass spectrometer

Variation in adsorbate concentration was deter-
mined by a Nicolet 5SCX and a Nicolet 550-Magna
FTIR spectrometers (IR) at a 4-cm−1 resolution with
32 co-added scans. Variation in reactant/product con-
centration was determined by a Balzers QMG 112 and
a Prisma QMS 200 mass spectrometer (MS) (Pfeif-
fer Vacuum Technology). The mass-to-charge ratios
(m/e, i.e. amu) for MS monitoring werem/e = 4 for
He; m/e = 18 for H2O; m/e = 28 for N2 and CO;
m/e = 12 (CO fragment) for separation of CO from
m/e = 28; m/e = 30 for NO; m/e = 32 for O2;
m/e = 44 for N2O and CO2; m/e = 22 (CO2 double
ionization) for separation of CO2 from m/e = 44;
m/e = 46 for NO2; andm/e = 41 for C3H6. Contri-
bution of N2O and NO2 to m/e = 30 was determined
by comparing relative intensities of the fragment and
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parent ions of the calibrated N2O, NO, and NO2 pulse
responses; contribution of CO2 to 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].
Product selectivity and gas composition were further
determined by using a gas IR cell.

3. Results

3.1. NO/O2 adsorption on CuO/γ -Al2O3 at 523 K

Fig. 2 shows in situ IR spectra of adsorbed NOx

produced from flowing the high O2/NO flow and
low O2/NO flow over CuO/g-Al2O3 at 523 K. The
exposure of CuO/g-Al2O3 to the high O2/NO flow,
shown in Fig. 2a, resulted in the immediate formation

Fig. 2. In situ IR spectra of flowing (a) 0.05% NO+ 0.03% NO2 + 6.66% O2 + 93.26% He, and (b) 0.08% NO+ 2% O2 + 97.92% He
flow over CuO/g-Al2O3 at 523 K.

of a broad band centered at 1370 cm−1 and gaseous
NO2 at 1630 and 1594 cm−1 while exposure to the
low O2/NO flow led to the formation of chelating

nitro (Cu2+ O
O

N) at 1251 cm−1 first, then gradual

formation of a sharp band at 1380 cm−1 and chelat-

ing bidentate nitrate (Cu2+ O
O

N–O) at 1570 and

1262 cm−1 [34,36–42]. The band centered in the
1370–1380 cm–1 region which coincided with that of
Cu(NO3)2/g-Al2O3 was assigned to Cu2+(NO3

−)2
[34]. The broad band in the region of 1450–1300 cm−1

produced from the high O2/NO flow in Fig. 2a ap-
pears to have resulted from the overlap of monoden-

tate nitrate (Cu2+–O–N
O
O

), nitrito (Cu2+–O–N=O),

and Cu2+(NO3
−)2 bands. The observed sequence
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of Cu2+ O
O

N, Cu2+ O
O

N–O, and Cu2+(NO3
−)2

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

CuO+ NO ⇔ Cu2+ O
O

N (1)

Cu2+ O
O

N + 1
2O2 ⇔ Cu2+ O

O
N–O (2)

Cu2+ O
O

N–O+ NO + O2 ⇔ Cu2+(NO3
−)2 (3)

2Cu2+ O
O

N–O+ 1
2O2

⇔ Cu2+(NO3
−)2 + CuO (4)

It has been reported that NO2 in the high O2/NO
flow could also contribute to the formation of
Cu2+(NO3

−)2 through interaction of surface oxygen

Fig. 3. In situ IR spectra of (a) 0.05% NO+ 0.03% NO2 + 6.66% O2 + 93.26% He, and (b) 0.08% NO+ 2% O2 + 97.92% He flow over
CuO/g-Al2O3 at various temperatures.

[32,34]. The formation of the broad Cu2+(NO3
−)2

band in the 1280–1450 cm−1 could be attributed in
part to the reaction of adsorbed NO2 with surface
oxygen:

Cu+or Cu2+ + 2NO2 + O2 ⇔ Cu2+(NO3
−)2 (5)

CO adsorption studies prior to NO/O2 and NO2/O2
adsorption showed that CuO/g-Al2O3 contained both
Cu+ and Cu2+ sites [34]. The rapid formation of
Cu2+(NO3

−)2 did not allow elucidation of the detailed
steps involved in its formation.

Fig. 3a and b show in situ IR spectra of adsorbed
NOx produced from the high O2/NO and low O2/NO
flow over CuO/g-Al2O3 for 1 h at various tempera-
tures, respectively. Cu2+(NO3

−)2 at 1365 cm−1 was
observed for all of experimental conditions, except
for the high O2/NO flow at 298 K. Exposure of
CuO/g-Al2O3 to the high O2/NO flow at 298 K pro-
duced gaseous N2O4 at 1750 and 1260 cm−1 [43],
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NO2 at 1630 and 1594 cm−1, monodentate nitrate

(Cu2+–O–N
O
O

) at 1485 and 1307 cm−1 [34,36,37],

and Cu2+ O
O

N at 1260 cm−1 [34] overlapping with

gaseous N2O4. Cu2+ O
O

N–O was overlapping with

gaseous NO2 in the region of 1630–1570 cm−1. The
observation of the intense NO2 IR band indicates that
Cu catalyzed the NO2 formation for the reaction of
NO with O2 at 298 K. The absence of Cu2+(NO3

−)2
at 298 K indicates that the sequence of Eqs. (1), (2),
(3), (4) for Cu2+(NO3

−)2 formation did not occur.
The formation of Cu2+(NO3

−)2 from NO/NO2/O2
appeared to be an activated process, occurring at
temperatures above 520 K: its intensity decreased

Fig. 4. (a) MS intensity profiles, and (b) in situ IR spectra during pulsing C3H6 into the steady-state high O2/NO flow over CuO/g-Al2O3

at 623 K.

with increasing temperature. Increasing temperature
only caused a slight decrease in the IR intensity of
Cu2+(NO3

−)2 for the low O2/NO flow.

3.2. Pulsing C3H6 into the steady-state NO/O2 flow
(pulse SCR) over CuO/γ -Al2O3

Fig. 4 shows the MS profiles and in situ IR spec-
tra during pulsing three consecutive 1-cm3 C3H6
pulses into the steady-state high O2/NO flow over
CuO/g-Al2O3 at 623 K. Pulsing C3H6 decreased NO,
O2, and NO2 MS intensity (i.e. concentration) and in-
creased N2, CO2, N2O, and H2O concentration, indi-
cating occurrence of the conversion of C3H6, NO, O2,
and NO2 to N2, CO2, N2O, and NO. Fig. 4b shows
that pulsing C3H6 also decreased the IR intensities of
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Fig. 5. (a) MS intensity profiles, and (b) in situ IR spectra during pulsing C3H6 into the steady-state low O2/NO flow over CuO/g-Al2O3

at 623 K.

both adsorbed Cu2+(NO3
−)2 and gaseous NO2, indi-

cating that they are the active species responsible for
product formation. The IR spectrum at 40 s in Fig. 4b
corresponds to the concentration of reactant/product
in the MS profiles at 40 s in Fig. 4a. The close exa-
mination of the lead/lag relationships of the MS prod-
uct profiles in Fig. 4a showed that the concentration
changes in C3H6, NO2, N2O led to that of N2 and NO
which further led to that of O2, CO2, and H2O; Fig. 3b
showed that the decrease in IR intensity of NO2 led
that of Cu2+(NO3

−)2, suggesting occurrence of the
reaction sequence as shown in Fig. 11a.

Results of pulsing C3H6 into the low O2/NO flow,
shown in Fig. 5, was plotted in the same scale as
those for pulsing C3H6 into the high NO/O2 flow. The

absence of NO2 in the steady-state low O2/NO flow
eliminates the participation of NO2 in Cu2+(NO3

−)2
formation. The significant delay in NO and O2 profiles
to those of other gaseous products suggests that N2,
N2O, NO2, CO2, and H2O were produced from the
reaction of C3H6 with Cu2+(NO3

−)2 to create free
Cu0/Cu+/Cu2+ sites for NO and O2 adsorption and
reaction. Comparison of MS profiles and adsorbate
intensities in Figs. 4 and 5 shows that pulsing C3H6
into the low O2/NO flow gives lower NO conversion
as well as lower rate of product formation than pulsing
C3H6 into the high O2/NO flow.

Figs. 6 and 7 compare the effect of temperature
on the MS and IR intensity profiles during puls-
ing three consecutive 1-cm3 C3H6 pulses into the
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Fig. 6. Reactant MS intensity profiles during pulsing C3H6 into the steady-state (a) high O2/NO flow, and (b) low O2/NO flow over
CuO/g-Al2O3 at various temperatures.

steady-state high O2/NO flow and low O2/NO flow
over CuO/g-Al2O3. Reactant profiles are presented
in Fig. 6 and product profiles are shown in Fig. 7.
Increasing temperature, in general, increased the rate
of reactant conversion and product formation as ev-
idenced by the increase in the slope of reactant and
product MS profiles. The extent of decrease in the
IR intensity profiles of adsorbed Cu2+(NO3

−)2 ver-
sus time corresponded approximately to the amount
of increase in the MS intensity profiles of N2, N2O,
CO2, and H2O formation in Figs. 6 and 7, further
confirming the involvement of Cu2+(NO3

−)2 in prod-
uct formation. Adsorbed Cu2+(NO3

−)2 reacted with
C3H6 in the presence, and absence, of NO/O2/NO2.

Table 1 summarizes the conversion of C3H6 and
the amount of N2, N2O, and CO2 produced during
pulsing three consecutive 1 cm3 of C3H6 into the
steady-state high O2/NO flow and low O2/NO flow.

The high O2/NO flow gave a higher C3H6 conversion,
produced a higher ratio of N2/CO2, and resulted in
a higher product formation rate than the low O2/NO
flow.

3.3. Steady-state SCR reaction of NO/O2/C3H6 on
CuO/γ -Al2O3

Fig. 8 shows the conversion and N2 selectivity as
a function of temperature during flowing the high
O2/NO reactant stream and the low O2/NO reactant
stream over CuO/g-Al2O3. Increasing temperature in-
creased C3H6, NO, NO2, and O2 conversion, and N2
selectivity in the range of 523–773 K. Further increas-
ing temperatures above 773 K could decrease NO con-
version and N2 selectivity due to the dominance of
C3H6 oxidation at high temperatures [14,44]. Increas-
ing O2 concentration caused the NO and C3H6 con-
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Fig. 7. Product MS intensity profiles and integrated absorbance intensity of Cu2+(NO3
−)2 during pulsing C3H6 into the steady-state (a)

high O2/NO flow, and (b) low O2/NO flow over CuO/g-Al2O3 at various temperatures.

Table 1
C3H6 conversion and product amount during the pulse SCR over CuO/Al2O3 at various temperatures

Stream Temperature (K) C3H6 conversion (%) Product amount (mmol)a

N2 N2O CO2

High O2/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

a Total amount during pulsing three consecutive 1 cm3 C3H6.
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Fig. 8. (a) conversion vs. temperature, and (b) N2 selectivity (2× mol N2 outlet × 100/{2 × mol (N2 + N2O)outlet + mol NO2 outlet}) and
NO/NO2 conversion to N2 vs. temperature during the steady-state SCR reaction of NO/O2/C3H6 over CuO/g-Al2O3.

version to increase. NO/NO2 conversion in Fig. 8b is
the sum of the individual NO and NO2 conversions.

Fig. 9 shows in situ IR spectra during the
steady-state SCR reaction on CuO/g-Al2O3 in the
523–773 K range. The IR spectra of the low O2/NO
steady-state SCR reaction at 523 and 723 K have
been reported elsewhere [34] and were included in
Fig. 9 for comparison. Low O2/NO steady-state SCR
at 523 K produced distinct infrared bands for organic
nitro-compound (C3H7–NO2) at 1593 and 1340 cm−1,
an organic nitrito-compound (C3H7–ONO) at
1662 cm−1, an acetic ion (CH3COO−) at 1593
and 1460 cm−1 [27,34,45–50], and Cu+–NCO at
2237 cm−1 [12,51,52]. The band at 1593 cm−1 was
attributed to the overlap of adsorbed C3H7–NO2
with CH3COO−. Assignment of C3H7–NO2 and
CH3COO− bands is verified by adsorption stud-
ies of 15N18O/14N16O/C3H6, which will be further
discussed in Fig. 10. The IR bands at 1662 and
1460 cm−1 are in the range of those for bicarbonate

and carbonate as demonstrated by CO2 adsorption at
523 K. Since these carbonates are not thermally stable
at temperature above 550 K, their contribution to the
IR spectra in the 1400–1700 cm−1 region is expected
to significantly decrease as temperature increased. In-
creasing temperature to 673 K caused an increase in
the intensities of CO2 at 2358 and 2309 cm−1 and OH
band at 3735 cm−1, a decrease in the intensities of the
=C–H and –C–H stretching bands, and a shifted band
from 1593 to 1560 cm−1. The contour of the bands in
the 1400–1650 cm−1 for both low and high O2/NO
SCR were very similar at temperatures above 723 K. A
further increase in temperature caused CO2 intensity
to continue increasing, but led the IR bands at 1560
and 1460 cm−1 to decrease. The lack of Cu+–CO
and Cu0–CN in the high O2/NO reactant flow can be
attributed to their oxidation to CO2 and reduction to
N2 in the presence of high O2 concentration (6.66%).

Fig. 10 shows in situ IR spectra of C3H6 adsorp-
tion followed by either NO or15N18O addition on
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Fig. 9. In situ IR spectra during the steady-state high O2/NO and low O2/NO SCR reactant flow over CuO/g-Al2O3 at various temperatures.

CuO/g-Al2O3 at 523 K. To avoid the oxidation of ad-
sorbed intermediates produced from14N16O/15N18O
and C3H6, O2 was not included in the adsorption
study. Exposure of CuO/g-Al2O3 to C3H6 produced
adsorbed CH3COO− at 1592 and 1460 cm−1 and
HCOO− at 1392 cm−1 [27,34,45–50,53]. The bands
at 1592 and 1460 cm−1 were assigned to asym-

metric and symmetric stretching mode of C
O−
O

in adsorbed CH3COO−, respectively. Adsorption
of NO on CuO/g-Al2O3 covered with preadsorbed
C3H6 produced the prominent IR bands at 2236
and 1592 cm−1. These bands shifted to 2223 and
1582 cm−1, respectively, for15N18O adsorption on
CuO/g-Al2O3 with preadsorbed C3H6, 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−1 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 cm−1is due to C3H7–NO2; the band at
2236 cm−1 is due to Cu+–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% C3H6 adsorption for 20 min, followed by addition of (b) NO, and (c)15N18O for 1 min on
CuO/g-Al2O3 at 523 K.

steady-state SCR in Fig. 9 clearly demonstrates that
the pulse SCR and the steady-state SCR follow differ-
ent reaction pathways. Fig. 11a shows the proposed
reaction pathway for the pulse SCR on CuO/g-Al2O3
according to the observed sequence of adsorbate and
product formation. The proposed pathway includes:
(i) the oxidation of Cu0/Cu+ to Cu2+ by NO and
O2; (ii) the co-adsorption of NO/NO2/O2 to produce
Cu2+(NO3

−)2; and (iii) the reaction of Cu2+(NO3
−)2

with C3H6 to produce N2, CO2, and H2O. Steps (i)
and (ii), the abbreviated versions of Eqs. (1), (2), (3)
and (4), were first established by our earlier studies
[34] and supported by the formation of Cu2+(NO3

−)2
as shown in Fig. 2. The similarity in the contour of
the infrared bands (shown in Fig. 2) produced from
both high and low O2/NO flow at temperatures above

623 K suggests the presence of rapid equilibrium
among NO, NO2, and O2, allowing the formation of
very similar Cu2+(NO3

−)2 infrared bands. At 723 K,
Cu2+(NO3

−)2 produced from the high O2/NO flow
in Fig. 3a and the low O2/NO flow in Fig. 3b gave
the similar Gaussian shape of bands, suggesting that
the identical Cu2+(NO3

−)2 was produced. The pres-
ence of this intense IR band at 723 K suggests that
its formation rate from steps (1)−(5) is higher than
the rate of its destruction (i.e. the reverse step) and
further revealed that CuO/g-Al2O3 catalyst can serve
as an effective adsorbent for NO/O2 at 723 K.

The involvement of Cu2+(NO3
−)2 in the reac-

tion with C3H6 is evidenced by the consumption of
Cu2+(NO3

−)2 and the formation of N2 and CO as
shown in Figs. 4 and 5. However, no information
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Fig. 11. Proposed pathway for (a) the reaction between adsorbed (NO3
−)2 and C3H6 pulse, and (b) the steady-state NO SCR with C3H6

in the presence of O2 over CuO/g-Al2O3.

on the involvement of adsorbed C3H6 can be ob-
tained from our infrared studies due to the absence of
IR-observable adsorbed hydrocarbon species, result-
ing from the rapid reaction between adsorbed C3H6
and Cu2+(NO3

−)2. Furthermore, C3H6 is a limiting
reactant under conditions of pulsing C3H6 into the
NO/O2 flow, leading to a rapid depletion of adsorbed
C3H6.

Fig. 11b illustrates the proposed reaction pathway
for the steady-state NO SCR on CuO/g-Al2O3. The
steady-state SCR reaction may proceed via a num-
ber of infrared-observable intermediates: adsorbed
C3H7–NO2, C3H7–ONO, CH3COO−, and Cu+–
NCO (shown in Fig. 9). Our previous studies [34]
showed that these species responded rapidly to the
change in concentration of reactants, exhibiting the
typical transient nature of reaction intermediates. It has
been recently reported that the rate of disappearance
for CH3COO−, generated from the stream of NO+

C3H6 + O2 over Al2O3, under NO+ O2 flow is in
the same order of magnitude as that of NO SCR,
further supporting the role of CH3COO− in the SCR
[14]. The question of whether these observed species
adsorbed on Al2O3 or CuO/g-Al2O3 is yet to be
answered. Due to the lack of techniques to observe
the intermediates between reactants/products and the
IR-observable species, the steps proposed for the
conversion of reactants to C3H7–NO2, C3H7–ONO,
CH3COO−, and Cu+–NCO as well as that of these
species to products remain highly speculative.

The difference in reaction pathway for the pulse
SCR and steady-state SCR is evidenced by not only
the different types of adsorbates, but also the distinc-
tion in Cu surface states. CO adsorption studies [34]
show that the pulse SCR resulted in mainly Cu2+ on
the CuO/g-Al2O3 surface while the steady-state SCR
led to more Cu+ than Cu2+ sites. Although the con-
centration of C3H6 is significantly less than that of O2,
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the continuous presence of C3H6 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 NOx species on the surface.

4.2. Role of O2 in NO SCR

Increasing O2 concentration in both pulse and
steady-state SCR caused the conversions of NO and
C3H6 to increase. The possible roles of oxygen in-
clude activation of C3H6 [23,54], oxidation of NO to
NO2 [26], maintenance of the Cu+/Cu2+ site balance
[24], conversion of carbonaceous and alkyl interme-
diates to CO2 and N2 [30–32]. Since the adsorbed
oxygen on the catalyst surface cannot be observed by
infrared spectroscopy, its role in the reaction has to be
elucidated from its interaction with NO and C3H6 and
the resulting intermediates and products, which can
be observed by IR and MS. Increasing oxygen con-
centration led to an immediate formation of NO2 and
Cu2+(NO3

−)2 during NO/O2 coadsorption (shown
in Fig. 1) and increase in NO/NO2/C3H6 conversion
during the pulse SCR. These results revealed that dur-
ing pulse SCR, high oxygen concentration accelerates
the formation of NO2 and Cu2+(NO3

−)2, enhancing
the rate of NO2/Cu2+(NO3

−)2 reaction with C3H6.
Since NO2 is more reactive toward C3H6 than NO
[7,19,54], an increase in conversion of NO to NO2
could also facilitate the conversion of NO to N2.

The formation of NO2 from oxidation of NO with
O2 is a thermodynamically favorable process at 303 K.
Increasing temperature decreases the equilibrium yield
of NO2. There are a number of pathways for NO2
formation from NO/O2: (a) gas phase oxidation of
NO [55]; (b) catalytic oxidation of NO; and (c) the
reaction between NO/O2/C3H6. 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 high O2/NO (the ra-
tio of O2/NO = 83.4) flow at 298 K. The NO in the
high O2/NO flow was further oxidized to NO2 over
CuO/g-Al2O3 at 298 K (shown in Fig. 2a). Both gas
phase and catalytic oxidation of NO did not occur in
the low O2/NO (the ratio of O2/NO = 25.0) flow. We
have further found that allowing the low O2/NO ratio
gas to mix for >2 min also resulted in the formation of
appreciable amount of NO2 at 298 K; however, we did

not determine the kinetics and rate law of NO2 forma-
tion. Formation of NO2 from pulsing C3H6 into the
low O2/NO flow at 523, 623, and 723 K may proceed
via the following steps:

CH3–CH=CH2
+O2→ CH3CH2COO

CH3CH2OO+ NO → CH3CH2CO+ NO2

The increase in NO2 formation with temperature
during pulsing C3H6 into the low O2/NO flow ob-
served in Fig. 6b can be explained by increase in the
rate of the above steps with temperature. Variation of
C3H6 concentration during the C3H6 pulse may limit
the complete oxidation of C3H6, allowing its partially
oxidized intermediates to react with NO. No experi-
mental evidence is available for determining whether
this reaction took place in either the homogeneous gas
phase or the heterogeneous catalyst surface.

The role of C3H6 as a limiting reactant under the
conditions of the pulse SCR allowed Cu2+(NO3

−)2 to
dominate the catalyst surface. In contrast, steady-state
SCR conditions allowed C3H6 to keep a signifi-
cant fraction of Cu in the Cu+ state and allowed
C3H7–NO2, C3H7–ONO and CH3COO− to domi-
nate the catalyst surface. Fig. 9 shows that increas-
ing oxygen concentration broadened the bands for
C3H7–NO2, C3H7–ONO, and CH3COO− 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
CO2 and N2. The similarity in the contour of the
infrared bands in the 1200–1800 cm−1 region (shown
in Fig. 9) produced from both high and low O2/NO
steady-state SCR flow at temperatures above 673 K
suggests the presence of rapid equilibrium among
NO, NO2, and O2 and their reaction with adsorbed
C3H6 species, allowing the formation of C3H7–NO2,
C3H7–ONO, and CH3COO−. However, the specific
reaction pathway between NO/NO2/O2 and C3H6
cannot be simply elucidated from our infrared studies.

In general, the presence of O2 in NO and NO2 flow
increased the rate of conversion of C3H6 [14]. Increas-
ing temperature from 523 to 723 K increases the con-
version of C3H6 and the formation of CO2, N2O, and
N2. The exception observed for N2 formation from
623 to 723 K at the high O2/NO flow during the pulse
SCR in Table 1 is due to the dominance of oxidation
of C3H6 over reduction of NO by C3H6.
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Previous studies have found that the presence of
O2 in NO/NO2 flow enhanced the rate of the for-
mation of Cu2+(NO3

−)2, Cu nitrate, on Cu–ZSM-5
[29] and CuO/g-Al2O3 [34]. The absence of such a
nitrate species in the steady-state SCR suggests that
the nitrate may be rapidly depleted by the reaction
with C3H6 to produce C3H7–NO2, C3H7–ONO, and
CH3COO− (Step (ii) in Fig. 11b). Thus, we suggest
that increasing O2 concentration in the steady-state
SCR may accelerate the rates of both C3H7–NO2,
C3H7–ONO, and CH3COO− formation and their
disappearance, increasing NO/O2/C3H6 conversion,
but maintaining nearly constant intensities for these
adsorbed species in the 523–698 K range (shown in
Fig. 9). The rate of disappearance for these species
through oxidation began dominating at temperatures
above 723 K where a substantial decrease in their IR
intensities with temperature were observed for the
high O2/NO SCR.

5. Conclusions

Infrared spectroscopy coupled with mass spec-
troscopic studies of the pulse and steady-state SCR
provides insight into the reaction pathway, the role of
oxygen, and its concentration effect on the reaction.
The pulse SCR proceeds via: (i) the oxidation of
Cu0/Cu+ to Cu2+ by NO and O2; (ii) the co-adsorption
of NO/NO2/O2 to produce Cu2+(NO3

−)2; and (iii)
the reaction of Cu2+(NO3

−)2 with C3H6 to produce
N2, CO2, and H2O. Increasing the O2/NO ratio from
25.0 to 83.4 promotes the formation of NO2 from
gas phase oxidation of NO, resulting in a reactant
mixture of NO/NO2/O2. This reactant mixture allows
the formation of Cu2+(NO3

−)2 and its reaction with
the C3H6 to occur at a higher rate with a higher se-
lectivity toward N2 than the low O2/NO flow. Thus,
the kinetics of NO2 formation form NO/O2 plays a
significant role in the pulse SCR. The accurate mea-
surement of NO/NO2/O2 concentration in the reactant
flow is essential for the pulse SCR study.

The role of NO2 is less significant in the steady-state
SCR than the pulse SCR. The presence of NO2 in the
NO/O2/C3H6 stream did not alter the steady-state SCR
reaction pathway. High O2 concentration in the high
O2/NO steady-state SCR accelerates both formation
and destruction of adsorbed C3H7–NO2, C3H7–ONO,

and CH3COO− intermediates, resulting in their inten-
sities similar to the low O2/NO steady-state SCR at
523, 623, 673, and 698 K. High O2 concentration in
the reactant mixture resulted in a higher the rate of
destruction of the intermediates than low O2 concen-
tration at temperature above 723 K.
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