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Abstract

The mechanistic cause of enhanced C3H8-SCR activity of Ag/Al2O3 by H2 addition was investigated by kinetic and in situ infrared (IR) studies.
Kinetic studies found that hydrogen addition results in decreased activation energy for NO reduction (from 224 to 61 kJ mol−1), decreased reaction
orders with respect to O2 (from 1.38 to 0.01) and C3H8 (from 1.91 to 0.76), and increased order with respect to NO (from −2.53 to 0.49). The
essential role of H2 is in the reductive activation of molecular oxygen into reactive oxygen species involved in the oxidative activation of C3H8.
Addition of hydrogen can also retard nitrate poisoning by reducing nitrates and thus decreasing nitrate coverage. N2 formation via the unsteady-
state reaction of nitrates with hydrogen and NH3 formation via the NO + H2 reaction also occur, demonstrating an additional effect of hydrogen
on the promotion of NO reduction under the unsteady-state and unselective conditions.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The selective catalytic reduction of NO by hydrocarbons
(HC-SCR) in the presence of excess oxygen is a potential
method of removing NOx from lean-burn and diesel exhausts
[1–4]. It is now well established that Ag/Al2O3 is among the
most active and selective catalyst for SCR by alcohol [5] or
by higher hydrocarbons [6–9] under lean-burn exhaust condi-
tions [3]. Ag/Al2O3 has moderate tolerance to water and SO2
[5–7,10]. One drawback of Ag/Al2O3 is its significantly low
activity at low temperatures (below ca. 700 K) for SCR by
light hydrocarbons, such as C3H8, that can be the main com-
ponent of unburned hydrocarbons in lean-burn and diesel ex-
hausts. Recently, Satokawa discovered a dramatic positive ef-
fect of H2 addition on C3H8-SCR activity of Ag/Al2O3 at low
temperatures [11]. Subsequently, several research groups have
investigated the “hydrogen effect” for different catalytic sys-
tems [12–24], including SCR by higher hydrocarbons [16–18]
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or by NH3 [19] on Ag/Al2O3 and SCR by C3H8 on Ag zeolites
[20–22]. Recently, several authors have investigated mechanis-
tic causes of the hydrogen effect and have presented different
proposals. Burch posited that hydrogen destroys nitrate species
that are strongly adsorbed, thus poisoning the silver sites [4].
Brosius et al. [17] showed that hydrogen can promote the re-
moval of nitrates from Ag as well as the formation of nitrates
on the alumina support. We reported a series of spectroscopic
studies on the hydrogen effect and proposed several possible
mechanisms of the hydrogen effect on C3H8-SCR [12,13,20–
24]. First, we proposed that hydrogen acts not as a reducing
agent of NO, but rather as a promoter of the C3H8-SCR [12].
Second, we showed that hydrogen promotes the following re-
dox reactions over Ag/Al2O3 [12,13]: (1) oxidation of NO to
nitrates (adsorbed NO2 on the catalyst surface); (2) oxidation
of NO to NO2 in the gas phase; (3) partial oxidation of C3H8
to acetate; (4) oxidation of C3H8 to COx ; (5) reaction of ni-
trates with a C3H8 + O2 mixture and subsequent formation of
acetate; and (6) reaction of acetate with a NO + O2 mixture.
Similar conclusions were reported by Sazama et al. for the hy-
drogen effect in decane-SCR [18]. Thus, it can be speculated
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that H2 should play an essential role in the activation of mole-
cular oxygen, as suggested by Richter et al. [15], though there
currently is no evidence confirming that the activation of mole-
cular oxygen with hydrogen is responsible for the promotion
of the steady-state NO reduction. Third, we proposed that hy-
drogen promotes the partial reduction of isolated Ag+ cations
to Agn

δ+ clusters, which should act as more efficient catalytic
sites than Ag+ cations [14,22–24]. There are two different opin-
ions concerning the role of Agn clusters: (1) Hydrogen reduces
Ag+ to Agn clusters, which activate oxygen, as speculated by
Richter et al. [15], and (2) Agn clusters formed during H2–HC-
SCR do not represent the unique active sites, but hydrogen itself
functions in enhancement of HC-SCR [18]. The latter opinion
was supported by the finding that CO cofeeding in HC-SCR
caused Agn cluster formation but no positive effect on de-NOx

activity [24].
Although the effect of hydrogen addition on the nature of

the surface adsorbed species has been well investigated by cat-
alytic and in situ infrared (IR) studies performed under transient
conditions and under simple model reaction conditions, such
as NO + O2 and HC + O2 reactions, the mechanistic cause of
hydrogen effect needs to be discussed, taking into account the
steady-state HC-SCR kinetics, though such an investigation has
not yet been attempted. In addition, information on the hydro-
gen effect under unsteady-state condition is also useful, because
the automotive catalyst should work even under unsteady-state
conditions such as A/F (air–fuel ratio) switching conditions. In
this paper, we report kinetic and in situ IR studies of C3H8-SCR
on Ag/Al2O3 conducted to provide experimental evidence of
the mechanistic causes of the hydrogen effect. We demonstrate
that hydrogen enhances steady-state C3H8-SCR by promoting
the activation of oxygen and by retarding nitrate poisoning. We
also investigate N2 formation via the reaction of nitrates with
H2 and NH3 formation via a NO + H2 reaction to demonstrate
the additional role of hydrogen in reduction under unsteady-
state conditions.

2. Experimental

The Ag/Al2O3 catalyst (Ag, 2 wt%; surface area, 251 m2

g−1) was prepared by impregnating γ -AlOOH with an aque-
ous solution of silver nitrate, followed by evaporation to dry-
ness at 393 K and calcination in air at 873 K for 4 h. The
catalytic test was performed in a fixed-bed flow reactor with
0.01–0.1 g of catalyst at a flow rate of 100 cm3 min−1. Typical
compositions of feed gas in the absence and the in the pres-
ence of H2 were NO/C3H8/O2/He = 0.1%/0.2%/10%/balance
and NO/C3H8/O2/H2/He = 0.1%/0.1%/10%/0.5%/balance, re-
spectively. Kinetic studies (e.g., determination of reaction order
and apparent activation energy) were made under the conditions
of NO and C3H8 conversions <30% by varying the amount of
catalyst. The effluent gas was analysed by gas chromatography
(GC) and NOx analysis (Best BCL-100uH). The reaction rates
of NO and C3H8 were calculated using the amounts of N2 and
COx (CO + CO2) determined by GC.

In situ IR spectra were recorded on a JASCO FT/IR-620
equipped with a quartz IR cell connected to a conventional flow
reaction system, as in our previous studies [7–9,12,13,25,26].
The sample was pressed into a 0.07 g of self-supporting wafer
and mounted into the quartz IR cell with CaF2 windows. Spec-
tra were measured accumulating 20–100 scans at a resolution of
2 cm−1. A reference spectrum of the catalyst wafer in He taken
at measurement temperature was subtracted from each spec-
trum. Before each experiment, the catalyst disk was heated in
10% O2/He at 773 K for 1 h, followed by cooling to the desired
temperature and purging for 30 min in He. Then a flow of var-
ious gas mixtures was fed at a rate of 100 cm3 min−1. Typical
feed gas compositions were the same as those in the reaction ex-
periments. The time-resolved change in the outlet concentration
of reactants or products was monitored by the mass quadru-
pole apparatus. To prevent changes in the operating pressure of
the IR cell, the excess flow from the cell was sent to vent. The
quantification of the product concentration was carried out by
calibrating the mass response using a calibrated mixture in He
of each component.

3. Results and discussion

3.1. Effect of hydrogen on O2 activation

Fig. 1 shows an Arrhenius plot for C3H8-SCR over Ag/
Al2O3. In the absence of H2, the rates of NO reduction to N2
and C3H8 oxidation by NOx and O2 to COx gave fairly good
straight lines (in a temperature range of 623–698 K), and the
apparent activation energies were 224 and 229 kJ mol−1, re-
spectively (Table 1). The apparent activation energies decreased
from the addition of 0.5% H2 in the reaction gas mixture; the
apparent activation energies for NO reduction and C3H8 oxi-
dation were 61 and 63 kJ mol−1, respectively (in a tempera-
ture range of 448–673 K). This indicates that the addition of
hydrogen results in decreased activation energy of the rate-
determining step or a change in the rate-determining step. The
deuterium kinetic isotope effect was examined in a temperature
range of 448–673 K (Table 1). The apparent activation energies
in the D2–C3H8-SCR reaction for NO reduction (60 kJ mol−1)

Fig. 1. Arrhenius plot for the reactions of (!, ") H2–C3H8-SCR and (P, Q)
C3H8-SCR on Ag/Al2O3: (open symbols) rates of NO reduction to N2; (closed
symbols) rates of C3H8 oxidation by NOx and O2 to COx .
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Table 1
Kinetic parameters for selective reduction of NO over Ag/Al2O3

C3H8-SCR H2–C3H8-SCR

NO C3H8 NO C3H8

Ea
a (kJ mol−1) 224 ± 5.6 229 ± 0.5 61 ± 2.5 63 ± 0.4

(60 ± 0.9)c (63 ± 0.3)c

Order in H2
b – – 0.54 ± 0.02 0.74 ± 0.02

Order in C3H8
b 1.91 ± 0.19 1.79 ± 0.32 0.76 ± 0.01 0.72 ± 0.02

Order in O2
b 1.38 ± 0.12 1.85 ± 0.17 0.01 ± 0.008 0.49 ± 0.01

Order in NOb −2.53 ± 0.1d −2.83 ± 0.02d 0.49 ± 0.01e 0.88 ± 0.02e

−0.45 ± 0.01f −0.69 ± 0.01f

a Estimated from the result in Fig. 1.
b Estimated from the result in Figs. 2, 3, and 5.
c NO (0.1%)/C3H8 (0.1%)/O2 (10%)/D2 (0.5%) reaction in a temperature

range of 448–673 K.
d NO concentration range is 200–1000 ppm.
e NO concentration range is 130–550 ppm.
f NO concentration range is 550–1000 ppm.

Fig. 2. Effect H2 concentration on the rates of (!) NO reduction to N2 and
(") C3H8 oxidation to COx for H2–C3H8-SCR over Ag/Al2O3 at 573 K.

and C3H8 oxidation (63 kJ mol−1) were close to those in the
H2–C3H8-SCR reaction, indicating that hydrogen was not in-
volved in the rate-determining step of the H2–C3H8-SCR re-
action. Fig. 2 shows the effect of H2 concentration on the NO
reduction and C3H8 oxidation rates for C3H8-SCR. The rates
increased with increasing H2 concentration. As given in Ta-
ble 1, the empirical reaction orders for the NO reduction and
C3H8 oxidation (by NOx and O2) with respect to H2 were 0.54
and 0.74, respectively.

Fig. 3 compares the effect of oxygen concentration on the
reaction rates in the absence and presence of H2. In the absence
of H2 (Fig. 3a), the rates of NO reduction and C3H8 oxidation
were very low in regions of low O2 concentration. At higher O2
concentrations, the rates increased sharply with O2 concentra-
tion. The empirical reaction orders estimated from the kinetic
studies are listed in Table 1. The reaction orders for NO re-
duction and C3H8 oxidation with respect to O2 in the range of
1.5–10% O2 were 1.38 and 1.85, respectively, suggesting that
O2 activation was involved in several important steps of the NO
reduction with C3H8. As shown in Fig. 3b, the dependence of
the reaction rates on O2 concentration in the presence of hydro-
gen differs significantly from that in the absence of hydrogen.
The rate of NO reduction increased sharply from the addition
of 1.5% O2 and remained almost unchanged with increasing
Fig. 3. Effect of O2 concentration on the rates of (!) NO reduction to N2 and
(") C3H8 oxidation to COx for (a) C3H8-SCR at 673 K and (b) H2–C3H8-SCR
at 573 K on Ag/Al2O3.

O2 concentration. The empirical reaction orders for NO and
C3H8 conversions with respect to O2 in the range of 1.5–10%
O2 were 0.01 and 0.49, respectively. Taking into account the
results in Fig. 1 showing that the addition of hydrogen leads to
decreased activation energy of the rate-determining step or to a
change in the rate-determining step, the results shown in Fig. 3
can be understood based on the assumptions that the conver-
sion of molecular oxygen into reactive oxygen species is the
rate determining-step in the absence of hydrogen, and that the
activation energy for this step is decreased by the addition of
hydrogen. The zero-order rate dependence on O2 concentration
(Fig. 3b) and the absence of deuterium kinetic isotope effect
(Table 1) indicate that the O2 activation by hydrogen is rela-
tively rapid and is not involved in the rate-determining step in
the H2–C3H8-SCR reaction.

Fig. 4 compares the effect of C3H8 concentration on reac-
tion rates in the absence and presence of H2. In the absence of
H2, the rates of NO reduction and C3H8 oxidation depended
strongly on C3H8 concentration (Fig. 4a), and these rates in-
creased sharply at higher concentrations. The reaction orders
for NO reduction and C3H8 oxidation with respect to C3H8 in
the range of 200–2100 ppm C3H8 were 1.91 and 1.79, respec-
tively (Table 1), suggesting that involvement of C3H8 activation
in the important step in NO reduction. The dependence of the
reaction rates on C3H8 concentration was significantly different
in the presence of hydrogen (Fig. 4b) than in the absence of hy-
drogen, and the empirical reaction orders with respect to C3H8

for the NO reduction (0.76) and C3H8 oxidation (0.72) were
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Fig. 4. Effect of C3H8 concentration on the rates of (!) NO reduction to N2 and
(") C3H8 oxidation to COx for (a) C3H8-SCR at 673 K and (b) H2–C3H8-SCR
at 573 K on Ag/Al2O3.

lower than those in the absence of hydrogen. This indicates
that the hydrogen addition promotes the C3H8-SCR reaction
through the activation of reductant, C3H8. Previously we in-
vestigated the hydrogen effect on HC-SCR over Ag/Al2O3 by
in situ IR spectroscopy and showed that the addition of H2 in-
creased the formation rate of hydrocarbon-derived oxygenate
(acetate) by a factor of 190 [13]. Summarizing the above ex-
perimental results, one of hydrogen’s most important roles in
the promotion of C3H8-SCR can be described as follows. In
the absence of hydrogen, activation of molecular oxygen on the
surface into reactive oxygen species and subsequent oxidative
C3H8 activation to surface oxygenates occur slowly, and either
of these steps can be the rate-determining step in C3H8-SCR.
The addition of hydrogen decreases the activation energy for
the reaction of molecular oxygen into reactive oxygen species
involved in the oxidative activation of C3H8.

The promotional effect of hydrogen in redox catalysis has
also been reported from studies on the partial oxidation of hy-
drocarbons, including CH4 [27–29], ethane [30], C3H6 [31],
and benzene [32]. Wang et al. [28,30] reported that the addi-
tion of hydrogen enhanced the selective oxidation of methane
or ethane by oxygen over an iron phosphate catalyst. Observ-
ing an IR band due to peroxide (O2

2−) on the catalyst from
adding hydrogen to the reaction mixture, these authors pro-
posed that hydrogen, as the electron donor as well as the proton
donor, reductively activates molecular oxygen [28,30]. On the
other hand, it is well known that isolated Ag+ ions in zeo-
Fig. 5. (!, P) NO conversion to N2 and (", Q) C3H8 conversion to COx for
C3H8-SCR on Ag/Al2O3 at 573 K. NO concentration is (!, ") 200 ppm or
(P, Q) 1000 ppm.

lite are reduced by hydrogen to generate metallic or partially
reduced clusters [20–22,33–35]. We reported Ag cluster forma-
tion over Ag/Al2O3, with in situ UV-vis results demonstrating
that Ag+ ions as the main Ag species on as-calcined Ag/Al2O3
were rapidly converted in a flow of O2 (10%) + H2 (0.5%)
mixture to partially reduced Agn

δ+ clusters [14]. Spectroscopic
evidence on the interaction of hydrogen with partially reduced
Ag3

+ cluster in Ag–A zeolite have been well investigated by
Baba et al. using 1H-MAS NMR [35]. They reported that hy-
drogen dissociates over Ag3

+ sites to generate acidic proton
and Ag3–H. Based on this observation, it is reasonable to as-
sume that the addition of hydrogen results in the formation of
hydride on silver clusters, which may react with oxygen to form
a reactive oxidant, such as hydroperoxy radical (HO2), perox-
ide (O2

2−), or superoxide ions (O2
−), as speculated by Sazma

et al. [18]. The hypothetical role of hydrogen in the formation
of reactive oxygen species is currently under investigation and
will be reported in the near future.

3.2. Poisoning effect of nitrates

Fig. 5 shows the effect of NO concentration on the conver-
sion of NO and C3H8 for C3H8-SCR over Ag/Al2O3 in the ab-
sence of hydrogen. Clearly, the activity increases with decreas-
ing NO concentration; the temperature at which NO conversion
starts is about 100 K lower for 200-ppm NO than 1000-ppm
NO. Note that this feature is suitable for the practical diesel de-
NOx system, in which very small concentration of NOx must
be reduced.

The reaction rates of NO and C3H8 for C3H8-SCR over
Ag/Al2O3 at 623 K were measured as a function of NO con-
centration (Fig. 6a). As the NO concentration decreased from
1000 ppm to 200 ppm, the reaction rates of NO and C3H8 in-
creased by a factor of 101–102. Above 200 ppm NO, empirical
reaction orders for NO reduction and C3H8 oxidation with re-
spect to NO showed negative values (between −2.5 and −2.8),
suggesting that certain NOx adspecies inhibit the reduction of
NO by C3H8. Fig. 7 shows IR spectra of adsorbed species
during C3H8-SCR over Ag/Al2O3 at steady state. During the
reaction at 573 K, strong bands due to unidentate (1554 and
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Fig. 6. Effect of NO concentration on the rates of (!) NO reduction to N2 and
(") C3H8 oxidation to COx for (a) C3H8-SCR at 623 K and (b) H2–C3H8-
SCR at 573 K on Ag/Al2O3.

Fig. 7. IR spectra of adsorbed species during C3H8-SCR on Ag/Al2O3 in the
steady states.

1292 cm−1) and bidentate (1580 and 1246 cm−1) nitrates [13,
25,26,36–38] were observed. The nitrate coverage depended
strongly on the NO concentration in the gas phase; as the NO
concentration decreased from 1000 to 200 ppm, the intensity of
the bands due to nitrates (especially the bidentate nitrate) de-
creased. Taking into account the result that the reaction rates
for NO reduction and C3H8 oxidation increased with decreas-
ing NO concentration, it is evident that the nitrates adsorbed
on the reaction site inhibited the adsorption and subsequent ac-
Fig. 8. IR spectra of adsorbed species during C3H8-SCR on Ag/Al2O3 in
steady states at 573 K.

tivation of the reactants, resulting in decreased activity of the
Ag/Al2O3 catalyst for C3H8-SCR. The IR results in Fig. 7 show
that decreasing NO concentration leads to increasing intensity
of the bands due to acetate (1460 cm−1) [13,25,26]. This in-
dicates that the nitrates inhibit the activation of hydrocarbon
molecule. Nitrate coverage also strongly depends on tempera-
ture. Increasing reaction temperature lead to decreased intensity
of the bands due to nitrates and increased intensity of the bands
due to acetate (1460 cm−1). As shown in Fig. 5, NO conver-
sions increased sharply above 673 K under the condition of
1000 ppm NO. This can be understood, taking into account
the result in Fig. 7, as follows. As the nitrate coverage de-
creases with temperature, the number of surface sites available
for C3H8 activation increases, and thus SCR activity increases.
From these results, it can be concluded that the nitrates, espe-
cially the bidentate nitrate, deactivate the Ag/Al2O3 catalyst for
C3H8-SCR by strongly adsorbing on the reaction site and con-
sequently inhibiting the adsorption and subsequent activation of
C3H8.

3.3. Effect of hydrogen on nitrates removal

Fig. 6b plots the reaction rates for C3H8-SCR in the pres-
ence of hydrogen as a function of NO concentration. The NO
reduction and C3H8 oxidation rates increased with increasing
NO concentration up to 550 ppm, then decreased at higher NO
concentrations. Below 550 ppm NO, empirical reaction orders
for NO reduction and C3H8 oxidation with respect to NO were
0.49 and 0.88, respectively, whereas those at higher NO con-
centration (>550 ppm) exhibited negative values (−0.45 and
−0.69). These results suggest that certain NOx species were
involved in the SCR reaction and that they inhibited the reac-
tion at high NO concentration. The reaction orders with respect
to NO were increased by the addition of hydrogen (Table 1),
indicating that hydrogen retarded the poisoning effect of NOx

adspecies. As shown in Fig. 8, in situ IR results indicate that the
addition of hydrogen to the C3H8-SCR reaction caused a signif-
icant decrease in the band intensity of bidentate nitrate (1580,
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Fig. 9. Changes in the surface concentration of nitrates estimated using the
integrated areas of IR band in a range 1190–1338 cm−1 as a function of time
of exposure of Ag/Al2O3 to (!) H2 (0.5%)/He, (") H2 (0.5%)/O2 (10%)/He
or (P) He at 523 K. Before the measurement, the catalyst was pre-exposed to
NO (0.1%)/O2 (10%)/H2 (0.5%)/He for 0.5 h, followed by purging with He for
0.5 h.

1246 cm−1), a relatively small decrease in the band intensity
of unidentate nitrate (1554, 1292 cm−1), and an increase in the
band intensity of acetate. The coverage of nitrates during the
H2–C3H8-SCR reaction depended on the NO concentration in
the gas phase. As the NO concentration decreased from 1000 to
200 ppm, the band intensity of nitrates, especially the bidentate
nitrate, decreased. From these results, it can be concluded that
the addition of hydrogen is effective in decreasing nitrate cov-
erage on the surface and thus retarding the poisoning effect by
nitrates, and that the bidentate nitrate is mainly responsible for
the poisoning effect.

The dynamics of nitrate removal by hydrogen were evalu-
ated based on the transient response of the IR spectra at 523 K
(Fig. 9). The concentration of nitrates was estimated from the
intensity of the bands in a range of 1180–1335 cm−1 due
to nitrates (including unidentate and bidentate nitrates) and the
extinction coefficient of nitrates (1.3 × 10−17 cm−1 cm2 mole-
cule−1) [25]. The catalyst was first exposed to a flow of NO +
O2 + H2 for 0.5 h to produce nitrates on the catalyst surface,
followed by purging with He for 0.5 h to remove NOx , O2,
and H2 in gas-phase and weakly adsorbed species. The ad-
sorbed nitrates were stable in a flow of He. At this time, the
nitrate concentration was about 0.21 mmol g−1, close to the Ag
content of the sample (Ag = 0.185 mmol g−1), suggesting that
nitrate is adsorbed mainly on Ag+ sites. The same conclusion
was recently reached by Brosius et al. [17] for nitrate adsorp-
tion on an Ag/Al2O3 catalyst. The catalyst was exposed to a
flow of H2 + O2 or H2 while IR spectra were recorded as a
function of time. The bands due to nitrates (in a range 1190–
1338 cm−1) decreased rapidly on exposure to H2. The rate of
nitrate consumption, d[NO3

−]/dt , during the transient reaction
of nitrates with hydrogen was determined by numerically dif-
ferentiating the data in Fig. 9 and are plotted in Fig. 10. Mass
spectroscopy directly connected to the in situ IR flow cell was
used to provide information on the gas-phase products in the
reaction of adsorbed nitrates with hydrogen. Fig. 10 includes
the time dependence of mass intensities of gaseous products.
Exposing the pretreated catalyst to H2 produced NO and N2.
Fig. 10. Changes in (!) the rate of nitrates consumption and mass intensities for
(—) NO, (–·–) N2, (· · · · ·) H2O and (- - -) H2 as a function of time of exposure
of Ag/Al2O3 to H2 (0.5%)/He at 523 K. Before the measurement, the catalyst
was pre-exposed to NO (0.1%)/O2 (10%)/H2 (0.5%)/He for 0.5 h, followed by
purging with He for 0.5 h.

A similar experiment using a NOx analyzer for the quantifica-
tion of released NOx produced a NO desorption curve similar
to that determined by mass spectroscopy shown in Fig. 10 (not
shown). Note that N2O (m/e = 44) formation was negligible
and that no NO2 (m/e = 46) formation was confirmed by mass
spectroscopy or NOx analysis. These results indicate that the ni-
trates adsorbed on the catalyst surface were reduced to mostly
NO and N2 through the reaction with H2 as a reductant. The
amounts of NO and N2 estimated from the peak area in Fig. 10
were 0.13 and 0.056 mmol g−1, respectively. The amount of ni-
trates consumed for 1000 s (0.20 mmol g−1) was fairly close to
that of the product, NO + 2N2 (0.24 mmol g−1). These results
quantitatively confirm that most of the nitrates on the surface
of Ag/Al2O3 were reduced by H2 to NO and N2. As Burch
assumed, nitrite might be produced on the surface by the re-
duction of nitrates. However, no band assignable to adsorbed
NO species, nitro or nitrite, was observed during this transient
reaction (results not shown). We speculate that such NO ad-
species may be formed but quickly desorb as NO or react with
hydrogen.

3.4. NH3 formation by NO + H2 reaction

Fig. 11 shows IR spectra of adsorbed species during the
NO + H2 reaction over Ag/Al2O3. During the reaction at 373–
673 K, bands at around 2900 and 3100 cm−1, assignable to
NH stretching vibration of adsorbed NH3 (NH4

+ or coordi-
nated NH3) [39,40], were observed, with the highest inten-
sity at 473 K. In the NH deformation vibration region, bands
assignable to NH4

+ (1400, 1465, and 1690 cm−1) [39,40] and
those assignable to coordinated NH3 (1215–1292, 1620 cm−1)
[39,40] were observed. As shown in Fig. 11 (spectra g and h),
these bands were also observed when Ag/Al2O3 was exposed
to a flow of NH3 (0.1%)/He, confirming the foregoing band
assignments. Bentrup et al. recently reported IR spectrum of
adsorbed species on Ag/Al2O3 in a flow of NO2 + H2 at 573 K.
The spectrum exhibited bands at 1396, 1463, and 1689 cm−1,
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Fig. 11. IR spectra of adsorbed species in flowing (a) NO (0.4%) at 673 K, in flowing NO (0.4%)/H2 (2%) at (b) 773 K, (c) 673 K, (d) 573 K, (e) 473 K, (f) 373 K
and in flowing NH3 (0.1%) at (g) 773 K and (h) 473 K on Ag/Al2O3 after flowing each gas mixture for 0.5 h.
which these authors assigned to nitro species, monodentate ni-
tro, and adsorbed NO2, respectively. Although the position of
these bands are close to those of the NH4

+ bands (1400, 1465,
1690 cm−1) observed on Ag/Al2O3 during the NO + H2 re-
action (spectra d and e) or in flowing NH3 (spectrum g), their
assignments are different from ours. If these bands were as-
signed to nitro or NO2 species, then the bands should not shift
even in a flow of NO + D2. But no bands were observed in
the NH deformation vibration region (1200–1700 cm−1) dur-
ing the NO (0.4%) + D2 (2%) reaction over Ag/Al2O3 at 473
and 773 K, demonstrating the low energy shift of all bands (re-
sult not shown). These results indicate that bands in the NH
deformation vibration region (1200–1700 cm−1) observed dur-
ing NO + H2 reaction (spectra b–g) are not assigned to nitro
or NO2 species. Above 473 K, the band intensity for NH4

+
decreased and that for coordinated NH3 increased with temper-
ature.

Fig. 12 shows the time course of the integrated intensity
of the bands due to NH4

+ and coordinated NH3 during the
NO+H2 reaction at 473 K. Formation of gas-phase NH3 during
the above reaction was also observed with mass spectroscopy
(Fig. 12). When the flowing gas was switched to He, the band
intensity for NH4

+ and the mass intensity of gas-phase NH3

decreased, whereas the band intensity for coordinated NH3 in-
creased. These results confirm NH3 formation via the NO + H2

reaction on Ag/Al2O3. It is established that adsorbed NH3 such
as NH4

+ can react with NO2 to produce N2 [40]. Therefore,
Fig. 12. Changes in the band intensities due to (!) NH4
+ (in a range 1426–

1520 cm−1), (P) coordinated NH3 (in a range 1190–1338 cm−1) and (") the
mass intensity of outlet NH3 as a function of time of exposure of Ag/Al2O3 to
the NO (0.4%)/H2 (2%) mixture at 473 K.

N2 formation by the surface reaction of nitrates with H2 can
be explained as follows: Adsorbed NH3 (NH4

+ or coordinated
NH3) are produced by NO + H2 reaction on Ag/Al2O3 and the
NH3 species react with nitrate (adsorbed NO2) to produce N2.
Although this mechanism could not be an important NO reduc-
tion pathway in the steady-state HC-SCR system, it may be the
main pathway under oxygen-poor conditions, such as low A/F
condition in the practical automotive system.
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4. Conclusion

The mechanistic cause of the hydrogen promotion effect on
the activity of Ag/Al2O3 for C3H8-SCR was evaluated based on
kinetic and in situ IR studies. Our findings can be summarized
as follows. In the absence of hydrogen, the activation of mole-
cular oxygen into reactive oxygen species and subsequent ox-
idative C3H8 activation to surface oxygenates occur slowly, and
either of these steps can be the rate-determining step of C3H8-
SCR. In the H2–C3H8-SCR reaction, hydrogen is responsible
for the reductive activation of molecular oxygen into reactive
oxygen species involved in the oxidative activation of C3H8. In
the absence of hydrogen, nitrates show a significant poisoning
effect on C3H8-SCR. Hydrogen retards nitrate poisoning by re-
ducing nitrates and thereby decreasing nitrate coverage. In the
absence of gas-phase oxygen, N2 is produced via the reaction of
nitrates with hydrogen, probably through the formation of NH3
on the surface by the NO + H2 reaction. This may be an addi-
tional effect of hydrogen, which enhances NO reduction under
unsteady-state (low A/F) condition. It is well known that the
HC-SCR reaction mechanism depends strongly on the reaction
condition. Consequently, we believe that the proposed role of
hydrogen could explain the hydrogen promotion effect in cer-
tain reaction conditions.
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