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Reduction of lean NOx by ethanol over Ag/Al,O3 catalysts
in the presence of H,O and SO,
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The reduction of lean NOx using ethanol in simulated diesel engine exhaust was carried out over Ag/Al,Oj; catalysts in the pres-
ence of H,O and SO,. The Ag/Al,O5 catalysts are highly active for the reduction of lean NOx by ethanol but the reaction is accom-
panied by side reactions to form CH3;CHO, CO along with small amounts of hydrocarbons (C3Hg, C;Hs, C;H; and CHy) and
nitrogen compounds such as NH3 and N,O. The presence of H,O enhances the NOx reduction while SO, suppresses the reduction.
The presence of SO, along with H,O suppresses the formation of acetaldehyde and NHj3. By infrared spectroscopy, it was revealed
that the reactivity of NCO species formed in the course of the reaction was greatly enhanced in the presence of H,O. The NCO spe-
cies readily reacts with NO in the presence of O, and H,O at room temperature, being converted to N, and CO; (CO). Addition of
SO; suppresses the formation of NCO species and lowers the reactivity of the NCO species. However, the reduction of NOXx is still
kept at high conversion levels in the presence of H,O and SO, over the present catalysts. About 80% of NOx in the simulated diesel

engine exhaust was removed at 743 K.
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1. Introduction

Recently, great interest has been aroused from the
use of hydrocarbons for the reduction of NOx in diesel
engine exhaust and other oxygen-rich flue gases [1-8].
However, the reduction of NOx by hydrocarbons is
usually suppressed in the presence of H,O or SO, [4].
Hence, effective reduction of lean NOx has not been
developed yet.

Miyadera et al. [9,10] reported that oxygen-contain-
ing organic compounds such as ethanol, acetone and
acetaldehyde are extremely effective for the reduction of
lean NOx over Ag/Al,O3 even in the presence of H,O,
while H,O inhibits the reduction of lean NOx by pro-
pene. The reduction of NOx is accompanied by side reac-
tions to form CH3;CHO, CO along with small amounts
of hydrocarbons (C;Hg, C,H4, C;H,; and CH4) and
nitrogen compounds such as NH; and N,O. We also
studied the effect of H,O on the reduction of lean NOx
by ethanol and acetaldehyde and on the formation of by-
products over Ag/AlLOs; [11]. H,O was found to
enhance the NOx reduction by ethanol or acetaldehyde.

In recent years, the involvement of surface NCO spe-
cies as an intermediate of the NOx reduction by hydro-
carbons has been presented [12-17]. We previously
found that the surface NCO species were involved in the
reduction of NOx by ethanol on Ag/Al,O3 as an impor-
tant intermediate species [18]. The addition of O, was
found to enhance the reaction of NCO species with NO
in the absence of H,O, and N; and CO, (CO) were pro-
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duced even at room temperature. Voorhoeve et al. also
postulated that NCO species are responsible for the for-
mation of NHj3 in the reaction with H,O or H, [19].
These results suggest that the formation of NCO species
and the reactivity of NCO species towards NO are clo-
sely related to the NOx reduction and the formation of
by-products. However, no experiments have been so far
conducted for the effects of H,O and SO, on the reactiv-
ity of the NCO species in the reduction of NOx by etha-
nol to our knowledge. Since the emissions of H,O and
SO, from practical diesel engines are actually unavoid-
able, the effects of these species on the NOx reduction
should also be inspected.

Under these circumstances, the present work is aimed
to study the effect of H,O and SO, on the reduction of
NOx by ethanol and on the reactivity of NCO species
over Ag/Al,O5 catalysts. We show that the reactivity of
the NCO species for the formation of N, and CO, is
greatly enhanced in the presence of H,O, while SO, sup-
presses the formation of the NCO species and the reac-
tivity of the NCO species. This leads to the enhancement
of the NOx reduction in the presence of H,O and the
decreased reduction of NOx in the presence of SO5.

2. Experimental
An alumina-supported silver powder catalyst

(4.0 wt% Ag) was obtained by impregnation of v-Al,O;
powder (2-4 mm @, 197.5 m?/g: Mizusawa Chemicals
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Co. Ltd.) with an aqueous solution of silver nitrate. The
sample was dried at 393 K for 3 h and calcined at 873 K
for 3 hin air.

Ag/Al,O3 powder thus prepared was mounted on
the square-celled extruded cordierite in a honeycomb
shape (200 cells/inch?, © 20 mmx 16.7 mm). The reduc-
tion of NOx by ethanol was carried out over the Ag/
Al,Oj3 catalyst supported on cordierite honeycomb in a
fixed-bed reactor with a gas mixture containing 800 ppm
NO and 10.0 vol% O, with a balance of N, or He at a
total flow rate of 3,480 cm?®/min, in a temperature range
of 473-873 K. An ethanol/NO mass ratio at the inlet of
the reactor is always kept at 3.0. Inlet concentrations of
H,0 and SO, were maintained at 10 vol% (or 0) and 80
ppm (or 0), respectively. GHSV was estimated to be
40,000 h~!. Ethanol and H>O were separately supplied
with micropumps into the gas stream and vaporized by a
coiled heater at the inlet of the reactor. The concentra-
tion of NOx (NO + NO;) was determined by use of a
chemiluminescence based NO/NOx analyzer (Yanagi-
moto Co. Ltd).

FT-IR spectra were obtained on a Nicolet Magna
550 infrared spectrophotometer with a resolution of
2cm~!. The IR sample was prepared by pressing the Ag/
AlO3 powder into a wafer of ca. 20 mg/cm? and fixed to
the sample holder in an IR cell made of Pyrex glass as
described in previous papers [18]. Prior to the experi-
ments, the sample was heated to 573 K for 30 min fol-
lowed by brief pumping at room temperature. All IR
measurements were carried out at room temperature.

3. Results and discussion
3.1. NOxreductionin the presence of H,0 and SO,

The effect of H,O on the reduction of NOx by ethanol
was reversible in the absence of SO,. The steady state of
the reaction was readily attained upon feeding a mixture
of NO, O,, ethanol and H,O. When the mixture was
switched over to that of NO, O, and ethanol, the conver-
sion level of NOx was recovered to that in the absence of
H,0. On the other hand, the effect of SO, on the reaction
is irreversible at the initial period of the reaction. By
addition of SO,, the conversion level of NOx decreases
with the progress of the reaction. When the supply of
SO, was switched off, the activity of the catalyst was not
restored to its initial value. With the increased time, the
conversion level reaches a steady state value. After expo-
sure time over 10 h, the effect of SO, was reversible.
When the supply of SO, was switched off, the conversion
of NOx was improved although not recovered to the
initial value. Repeated on—off cycles of the SO, supply
reproduced the conversion level of NOx at 10 h in the
presence or the absence of SO;. Thus, the performance
of the catalyst was always evaluated over the catalyst
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subjected to the reaction for 10 h in the presence and the
absence of H>O or SO, in the present experiments.

Figures 1 and 2 compare the effects of H,O and SO,
on the reduction of NOx and the CO; (CO) formation.
The NO reduction and the CO, formation are greatly
enhanced by addition of 10 vol% of H,O in the inflow at
523-743 K. High conversion of NOx is attained. For
example, at 623-743 K the reduction of NOx is achieved
at conversion levels over 95% in the presence of H,O
(figure 1). Corresponding to these results, the formation
of CO; increases by the addition of H,O (figure 2). On
the other hand, SO, suppresses the NOx reduction and
the CO, formation in the 523-743 K temperature range.
The CO formation increases above 653 K by addition of
SO,. It is to be noted that the conversion levels of NOx
are still kept over 80% at 623-773 K in the presence of
H,0O and SO; over the present catalyst. At temperatures
above 773 K, the NOx reduction decreases with increas-
ing temperature. Under these conditions, the effects of
H,0 and SO, on the NOx reduction and the CO, forma-
tion are practically negligible. However, the conversion
to CO; increases steadily with the increased tempera-
ture, even at temperatures above 773 K. These results
suggest that the oxidation of ethanol by O, took place in
preference to the reactions involving NOx at higher tem-
peratures [20].

The NOx reduction was carried out in a helium flow
in place of a nitrogen flow at 623 and 723 K. From the
gaseous composition of the products, the selectivities to
N, were estimated to be 80 and 74% respectively at 623
and 723 K in the presence of H,O, while they were con-
verted to 64 and 80% at the corresponding temperatures
in the presence of both H,O and SO,.

Figure 3 plots the outlet concentrations of ethanol
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Figure 1. Effects of H,O and SO, on the reduction of lean NOx over

Ag/Al,O5 catalyst. Experimental conditions: NO = 800 ppm and

0, = 10% at C;HsOH/NO mass ratio = 3. (®) H,O = 0%, SO, =0

ppm; (O) H,O = 10%, SO, =0 ppm; (J) H,O = 10%, SO, = 30
ppm.
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Figure 2. Effects of H,O and SO, on the formation of CO and CO, over

Ag/Al,O5 catalyst. Experimental conditions: NO = 800 ppm and

0, =10% at CoHsOH/NO mass ratio =3. (O) CO (H,0 = 0%,

SO, =0 ppm); (A) CO (H,O0=10%, SO, =0 ppm); (1) CO

(H,0 = 10%, SO, = 30 ppm); (@) CO, (H,O = 0%, SO, = 0 ppm);

(A) CO; (H,O0=10%, SO, =0 ppm); (H) CO, (H,O = 10%,
SO, = 30 ppm).

and acetaldehyde against temperature in the NOx reduc-
tion. The concentration of ethanol in the effluent
decreases greatly in the presence of H,O as compared
with that in the absence of H,O, showing that the con-
version level of ethanol increases by addition of H,O.
This confirmed previous results [11]. The conversion of
ethanol increases to some extent in the presence of SO,
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Figure 3. Effects of H,O and SO, on the reduction of C;HsOH and
the formation of CH3;CHO over Ag/Al,Oj; catalyst. Experimental con-
ditions: NO =800 ppm and O, =10% at C,HsOH/NO mass
ratio = 3. (O) C;HsOH (H,0 = 0%, SO, = 0 ppm); (A) C,HsOH
(H,0 = 10%, SO, =0 ppm); ((J) C;HsOH (H,O = 10%, SO, = 30
ppm); (®) CH3;CHO (H,0 = 0%, SO, =0 ppm); (A) CH;CHO
(H,0 = 10%, SO, = 0 ppm); (H) CH3CHO (H,0 = 10%, SO, = 30
ppm).

as judged from the results in figure 3. The formation of
acetaldehyde in the presence of both H,O and SO,
always exceeds that in the presence of H,O. It was pre-
viously found that acetaldehyde produced in the NOx
reduction by ethanol, works as an effective NOx-reduc-
ing reagent over Ag/Al,O3, and H,O enhances the NOx
reduction by acetaldehyde. These results were confirmed
in the present experiments conducted over the Ag/Al,O3
catalyst supported on cordierite honeycomb. In contrast
to H,O, it was found that SO, suppressed the reduction
of NOx by acetaldehyde. Thus, the increased formation
of acetaldehyde in the presence of SO, is attributable to
the inhibiting effect of SO, on the NOx reduction by
acetaldehyde formed in the course of the reaction.

Figure 4 shows the concentration of C;Hy and CHy4
in the effluent against temperature. The formation of
C,H, increases by addition of SO, in the NOx reduction
by ethanol. The increased formation of C,Hy is probably
ascribed to the increased dehydration of ethanol in the
presence of SO,. The formation of CHy increases slightly
by addition of SO,. Very small amounts of C;Hg and
C,H, were formed in addition to C;Hy and CHy4 as
hydrocarbon species in the NOx reduction. The effect of
SO; on the formation of CHy4, C3Hg and Co;H, was prac-
tically negligible.

For the reactions in the mixture of NO, O, and etha-
nolin the presence of H;O, NH3 and N,O were produced
as nitrogen-containing products in addition to N;. By
addition of SO, to the mixture of NO, O,, ethanol and
H,O, the formation of N,O increased slightly while no
NH; was produced.
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Figure 4. Effects of H,O and SO, on the formation of CH4 and C,Hy

over Ag/Al,Oj; catalyst. Experimental conditions: NO = 800 ppm and

0, = 10% at C;HsOH/NO mass ratio =3. (O) CHy (H,O = 0%,

SO, =0 ppm); (A) CHs (H,O =10%, SO> =0 ppm); (J) CHy

(H,0 = 10%, SO, = 30 ppm); (®) C,H4 (H,0 = 0%, SO, = 0 ppm);

(A) C,Hy (H2O0 =10%, SO, =0 ppm); (M) C;Hs (H,O = 10%,
SO, = 30 ppm).
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3.2. Effectsof H,O and SO, on the formation and the
reactivity of NCO species

We previously found that the surface NCO species
were involved in the reduction of lean NOx by ethanol as
an important intermediate species on Ag/Al,O5 [18].
The NCO species were closely correlated with the pro-
gress of the NOx reduction and the formation of by-
products. Thus, the formation and the reactivity of sur-
face NCO species were examined in the present experi-
ments in the presence of H,O and SO,.

Two intense bands appear at 2260 and 2230 cm™!,
attributable to adsorbed Ag-NCO and AI-NCO respec-
tively [18,21] on heating Ag/Al,O3 above 573 K in
vacuum after exposing the IR sample to a mixture of NO
(14 Torr), C,HsOH (11 Torr) and O, (15 Torr) at room
temperature. The peak intensities for these NCO species
further increased on heating at 673 K (figure 5a). The
formation of NCO species was not suppressed in the
presence of water vapor as reported in a previous paper
[18]. Figure 5c shows the IR spectrum of the catalyst
exposed to H,O in the presence of Ag-NCO and Al-
NCO species. The band at 1640 cm ™! can be ascribed to
adsorbed H,O [22]. It is seen that the IR bands for NCO
species shift to lower wave numbers on addition of H,O
at room temperature. Figures 5d and Se illustrate how
the shifted NCO bands vary on evacuation of H,O at
333 K. It shows that the bands are completely recovered
on removing H,O. This indicates that the shifts of the
bands are caused by the strong interaction between
NCO species and adsorbed H,O.
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Figure 5. FT-IR spectra of Ag/Al,Os3: effect of H,O on NCO species.
(a) Background spectrum. (b) The catalyst was heated to 673 K for 15
min in vacuum after exposing to a mixture of NO (14 Torr), C;HsOH
(11 Torr) and O (15 Torr) for 15 min at room temperature. (c) The cat-
alyst was then exposed to 10 Torr of H,O for 15 min at room tempera-
ture subsequently after spectrum (b) was obtained. (d) The catalyst was
degassed for 15 min at room temperature subsequently after spectrum
(c) was obtained. (e¢) The catalyst was degassed for 15 min at 333 K sub-
sequently after spectrum (d) was obtained.
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Figure 6. FT-IR spectra of Ag/Al,Os: effect of a mixture of NO,

C,H5sOH and O, on NCO species. (a) The catalyst was heated to 673 K

for 15 min in vacuum after exposing to a mixture of NO (14 Torr),

C,HsOH (11 Torr) and O (15 Torr) for 15 min at room temperature.

The catalyst was then exposed to a mixture of NO (14 Torr) and O, (15

Torr) at room temperature for (b) 2 min, (c¢) 5 min, (d) 15 min, (e) 30
min after spectrum (a) was obtained.

Figures 6 and 7 respectively display how the NCO
species change by addition of a mixture of NO and O, in
the absence and the presence of H,O at room tempera-
ture. When the NCO species are exposed to the mixture
of NO and O in the absence of H,O, the NCO species
disappear gradually in about 60 min as shown in figure 6.
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Figure 7. FT-IR spectra of Ag/Al,Os: effect of previous exposure of
H,O on the reaction of NCO species with a mixture of NO and O;. (a)
The catalyst was heated to 673 K for 15 min in vacuum after exposing
to a mixture of NO (14 Torr), C;HsOH (11 Torr) and O, (16 Torr) for
15 min at room temperature. (b) The catalyst was then exposed to 10
Torr of H,O for 15 min at room temperature subsequently after spec-
trum (a) was obtained. (c) The catalyst was exposed to a mixture of NO
(14 Torr) and O; (15 Torr) for 5 min at room temperature subsequently
after spectrum (b) was obtained.
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N, and CO, (CO) were produced. In contrast to this,
when the NCO species were exposed to H,O (10 Torr)
and then to a mixture of NO (14 Torr) and O, (15 Torr),
the NCO species vanish immediately as evidenced from
figure 7, to form N, and CO; (CO). These findings sug-
gest that the strong interaction between the NCO species
and adsorbed H,O caused to increase the reactivity of
the NCO species towards a mixture of NO and O, on
Ag/Al,O3. Hence, it is highly probable that the
increased selectivity to N; observed in the reduction of
lean NOx in the presence of H,O 1is ascribed to the
increased reactivity of the NCO species towards
NO + O;inthe presence of H,O.

On the other hand, two weak bands for adsorbed
Ag-NCO and AI-NCO began to form above 623 K in a
mixture of NO (14 Torr), C;HsOH (11 Torr), O, (15
Torr) and SO, (10 Torr). In comparison with the results
in the absence of SO, the formation of NCO species
from the mixture of NO, O, and ethanol was strongly
suppressed in the presence of SO;. No reactions between
NCO species and NO occurred either in the presence or
the absence of O, at room temperature.

A new band appeared at ~1360 cm~! above 373 K
on Ag/Al,O3 by addition of SO; to a mixture of NO, O,
and ethanol, being ascribed to sulfate species on Al,O;
surface [23,24]. These findings suggest that the forma-
tion and the reactivity of surface NCO is strongly sup-
pressed by sulfate species on the Ag/Al,O3; surface.
Through TPD experiments [25] we previously found that
sulfate species were formed on Ag and on Al,O; surface
on Ag/Al,Os. The sulfate species on the Ag surface
began to decompose to SO, around 500 K while those on
the Al O3 surface were decomposed to SO, around 1000
K. Hence, under the present experimental conditions,
sulfate species formed on Ag are reversibly held on the
surface. These species most probably suppress the for-
mation and the reactivity of NCO species in the reduc-
tion of NOx. It leads to lowering of the NOx reduction
and the formation of NH3. However, since these sulfate
species are reversibly held on the surface, the reduction
of NOx is still maintained at high conversion levels even
in the presence of SO, over the present catalysts.

On the other hand, sulfate species formed on Al,O;
are irreversibly held on the surface in the course of the
NOx reduction in the presence of SO,, and catalyze the
dehydration of ethanol. This leads to the increase in the
formation of C,Hy4 in the presence of SO, in the NOx
reduction by ethanol.

4. Summary

It was shown that the presence of H,O enhances the
lean NOx reduction by C;HsOH. Higher NOx reduction

is ascribed to the higher reactivity of the surface inter-
mediate, NCO species, towards NO + O,. The presence
of SO, suppresses the reduction of NOx by C,HsOH and
the formation of NHj at lower temperature. The lower-
ing of the NOx reduction in the presence of SO, is
ascribed to the inhibiting effect of sulfate species formed
on Ag on the formation and the reactivity of NCO spe-
cies. However, as the temperature increased, the inhibit-
ing effect of SO, on the NOx reduction was diminished.
About 80% of NOx in simulated diesel engine exhaust
was removed by ethanol at 743-773 K in the presence of
Hzo and SOz.
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