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Abstract

Ag/Al2O3 is an active catalyst for selective catalytic reduction (SCR) of NOx using long paraffins as reducing agents. In view of
important role of surface nitrates in this catalytic chemistry, their formation on the Ag/Al2O3 catalyst, i.e. on the alumina support and
the silver species, was quantified in this study under typical reaction conditions of 500–1000 ppm NOx , 6% O2 and 12% H2O. The NOx

adsorption capacity and the stoichiometry of nitrate formation and elimination reactions were determined as function of the tempe
the composition of the NOx using volumetric determinations in a flow system. The silver chemistry was investigated using in situ DR U
spectroscopy. In the presence of water, nitrate formation out of NO2 proceeds according to two different mechanisms depending on the
of silver as Ag(0) or Ag(I) on the catalyst. Minute concentrations of hydrogen (3500 ppm) are responsible for Ag(I) reduction. Th
reveals the origin of the promotion of the low temperature SCR-NOx activity of Ag/Al2O3 by hydrogen. Hydroxylation–dehydroxylatio
of the alumina surface of Ag/Al2O3 catalyst was found to be an oscillating reaction, whereas the alumina support itself did not disp
phenomenon.
 2005 Elsevier Inc. All rights reserved.
Keywords: Ag/Al O ; Hydrogen effect; Surface nitrates; Oscillating reaction; Silver clusters
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1. Introduction

Alumina supported silver (Ag/Al2O3) exhibits high cat-
alytic activity in selective catalytic reduction of NOx with
hydrocarbons in oxygen containing gas mixtures (HC-SCR
of NOx). HC-SCR of NOx with Ag/Al2O3 catalyst has bee
demonstrated using propene[1–4], long paraffins[5–7] and
alcohols[6,8–11]as reducing agents. The light-off tempe
ature of the Ag/Al2O3 catalyst is strongly dependent on t
nature of the reducing agent[12]. The highest catalytic activ
ities were reached when using long-chain paraffins typica
diesel fuel as reductants, which makes Ag/Al2O3 a candidate
for application in purification of heavy-duty diesel engi
exhaust[12]. The nature of the active silver species, the
* Corresponding author.
E-mail address: johan.martens@agr.kuleuven.ac.be(J.A. Martens).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.034
action mechanism and the origin of promotion by hydrog
of HC-SCR of NOx at low temperatures are subjects of
ongoing discussion in literature[5,6,8,11–18].

The speciation of silver in Ag/Al2O3 catalysts has bee
thoroughly investigated using a variety of techniques incl
ing H2-TPR, X-ray absorption spectroscopies, XRD, UV–
spectroscopy and TEM. On calcined Ag/Al2O3 catalyst with
Ag content optimized with respect to activity inHC-SCR
of NOx , silver is predominantly in the Ag(I) state[5,12,
13,15,19–21]. The optimum Ag content is typically aroun
2 wt% depending on alumina type and specific surface a
The chemical environment of Ag(I) has been interpre
as an oxide phase[19,21] or as a silver aluminate phas
[14,15]. Iglesias-Juez et al. observed that active Ag/Al2O3
catalysts contain small silver aluminate particles with te

hedral symmetry like inβ-AgAlO2 phases[14]. Satsuma
et al. applied in situ UV–vis DRS to investigate the dis-
persion of silver in oxidizing and reducing atmospheres on

http://www.elsevier.com/locate/jcat
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Ag/Al2O3 at 250◦C [22]. In inert gas spiked with 5000 ppm
H2 and 10% O2, Ag(I) ions were reduced and aggregat
into silver clusters, which could be re-oxidized and disper
in the presence of NO and O2. The relative reaction rate o
reduction as compared to oxidation increased with incr
ing silver content. Even trace amounts of reducing ag
such as 500 ppm propene in the presence of 2.5% O2 caused
reduction of part of the silver[15]. Above the optimum sil-
ver content of Ag/Al2O3, large metallic silver particles ar
formed [5,15,22]. Besides crystalline silver phases, lar
clusters of amorphous or poorly crystallized silver pha
have been detected after exposure of the catalyst to a
mixture for performingHC-SCR of NOx by means of TEM
[1,15,19]. At Ag contents of 5 wt% and higher, large silv
metal particles form irreversibly upon reduction of the c
alyst. These large silver particles are less active inHC-SCR
of NOx [22].

Bogdanchikova et al. revealed that oxidation of N
with O2 into NO2 is catalyzed by crystalline metallic si
ver, whereasHC-SCR of NOx is promoted by Ag(I)[15].
Ag/Al2O3 effective forHC-SCR of NOx is inactive in NO
to NO2 oxidation with O2 [15] suggesting that on Ag/Al2O3
the oxidation of NO into NO2 is not a crucial reaction ste
in HC-SCR of NOx as it is on other catalysts[23]. Several
authors adhere to a reaction mechanism in which hydro
bon reducing agent is activated through partial oxidat
This activated hydrocarbon is proposed to react with nitr
on the catalyst surface into reaction intermediates tha
nally lead to nitrogen and carbon oxides[5,14,24–27]. Some
reaction steps of theHC-SCR of NOx reaction occur in
homogeneous gas phase[6]. Oxygenated hydrocarbons a
sorbed on the catalyst surface were observed using in
FTIR spectroscopy, viz. acetate inHC-SCR of NOx using
propene[13,16,28], hexane[5], octane[6,17] and decane
on Ag/Rh/Al2O3 [26]; an enolic species in the presence
propene, ethanol and acetaldehyde on Ag/Pd/Al2O3 [25,26];
formate in the presence of octane[17] as well as carbonate
in many instances. Reaction between oxygenated hy
carbon and NOx leads to formation of isocyanate (–NCO
species observed with in situ DRIFT spectroscopy and
sumed to be key reaction intermediates[8]. In that study
acetate species accumulated on the catalyst during rea
and were not considered to be reaction intermediates[8]. Yu
et al. confirmed that enolic species are more reactive tow
NOx than acetate species[11]. The absence of appreciab
activity of Ag/Al2O3 at temperatures below 250◦C was as-
cribed to inhibition of active sites by adsorbed nitrates[5,13,
24,29].

Satokawa et al. discovered that the low temperature a
ity of Ag/Al 2O3 in HC-SCR of NOx was boosted by additio
of minute quantities of hydrogen gas[13,20]. In HC-SCR
of NOx using octane at 250◦C, hydrogen was found to pro
mote formation and accumulation of organic cyanide spe

that easily reduce NOx . Hydrogen prevented accumulation
of AgCN species that act as a poison[17]. Furthermore, in
the presence of hydrogen the accumulation of acetate on the
alysis 231 (2005) 344–353 345
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n

catalyst was much less pronounced[17]. On the other hand
in studies onHC-SCR of NOx using propane, Shibata et a
and Satokawa et al. observed the opposite effect, viz.
markable increase of adsorbed acetate formation at 30◦C
in the presence of hydrogen[13,16]. The presence of hydro
gen in the reaction feed resulted in an increased forma
rate of nitrates on the catalyst surface[16,21]. A compari-
son of the formation and consumption rates of acetates
nitrates led to the conclusion that the promotion effec
hydrogen inSCR of NOx using propane was due to the pr
motion of partial oxidation of propane into acetate[16].

This literature overview reveals that many authors e
phasize the role of adsorbed nitrates on Ag/Al2O3 and re-
lated catalysts[5,11,14,16,18,21,24,28]. In view of their pre-
sumed important role, in this work we investigated in de
the surface nitrate formation on Ag/Al2O3 catalyst in the
presence and absence of hydrogen. Most of the Ag/Al2O3
catalyst characterization work reported in literature w
done using dry gases, whereasHC-SCR of NOx is practiced
in the presence of water. The NOx adsorption chemistry o
Ag/Al2O3 catalyst can be expected to be dependent on
presence of water. In this work we investigated the ads
tion chemistry of NO and NO2 on Ag/Al2O3 catalyst in the
presence of water vapor. Because of the presence of wa
the gas streams, the experimental approaches had to b
ited to volumetric methods and in situ UV–vis spectrosco
The weight of pretreated catalyst was monitored under o
gen and water containing helium stream in an ultra-preci
magnetic suspension balance (Rubotherm).

2. Experimental

Ag/Al2O3 with 2 wt% Ag loading was prepared
Åbo Akademi University by impregnation of a commerc
Al2O3 support (LaRoche Industries Inc.). The support m
terial was ground to a particle size of< 250 µm and mixed
with a 0.022 M AgNO3 solution followed by drying and
calcination at 550◦C for 3 h [6]. In the SCR of NOx ex-
periment, the catalyst bed volume was 0.6 ml (400 m
Catalyst pellets of 0.25–0.5 mm were loaded in a qu
tube with inner diameter of 9 mm and held in position b
tween two quartz wool plugs. In the volumetric adsorpt
experiments typically 1.5 ml (1000 mg) of catalyst pell
were used. The reactor tube was mounted in a vertical t
lar furnace and connected to a flow system. Helium
used as inert gas in all gas mixtures used for catalyst
treatment and adsorption studies. The total gas flow
was 300 ml per minute. The B.E.T. specific surface are
the original alumina and of Ag/Al2O3 catalyst, measured b
means of nitrogen adsorption following evacuation at 400◦C
overnight, was 358 and 187 m2 g−1, respectively. Reduce
Ag/Al2O3 catalyst was obtained by reduction at 300◦C in

hydrogen gas containing 12% H2O. In the NOx adsorption
and desorption experiments, the catalyst heating rate was
10◦C min−1. Catalyst cooling was passive so that the tem-
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perature decrease was ca.−5 ◦C min−1 gradually slowing to
lower rates when approaching the lowest investigated t
perature, viz. 150◦C. NO and NO2 concentrations in the ga
stream were measured with an internally heated chem
minescence detector (Ecophysics 700 EL ht). The forma
and decomposition of nitrates was monitored by optical fi
in situ UV–vis spectroscopy in the diffuse reflectance (D
mode. The spectroscopic setup consisted of a quartz re
tube holding catalyst inside a tubular furnace, a UV–vis li
source (Top Sensor Systems DH-2000 deuterium-halo
light source) and a photodiode array detector (Ocean O
SD 2000) connected to the catalyst via optical fibers.
optical fiber probe was mounted outside the reactor t
and pointed at the middle of the catalyst bed. Before e
new experiment, the UV–vis spectrum of a reactor cont
ing alumina pellets – the white reference – was recorded
subsequently subtracted of all measured Ag/Al2O3 spectra.
The UV–vis spectra were recorded through the quartz rea
wall [30]. Typically, one spectrum in the 250–500 nm reg
is the result of the superposition of 1000 scans, each ta
53 ms. The total gas flow rate was 50 ml min−1 and the cat-
alyst volume 0.375 ml (250 mg). Gravimetric experime
were conducted in an ultra-precision magnetic suspen
balance (Rubotherm).

3. Results and discussion

3.1. HC-SCR of NOx experiment

The investigated Ag/Al2O3 sample is an activeHC-SCR
of NOx catalyst[6]. The performance inHC-SCR of NOx us-
ing decane is illustrated inFig. 1. NOx conversion into N2
in a gas mixture made up of helium with 1000 ppm N
600 ppm C10H22, 6% O2, 350 ppm CO, 10% CO2 and 12%
H2O was determined in the temperature range 150–55◦C
at 50◦C intervals. Below 200◦C, little NOx conversion oc-
curred. NOx conversion close to 100% was reached betw
300 and 400◦C. The NOx conversion decreased again abo
400◦C and reached ca. 60% at 550◦C. At these high temper
Fig. 1. NOx conversion into N2 on Ag/Al2O3 catalyst at 50◦C intervals in
SCR of NOx . Gas composition: 1000 ppm NO, 600 ppm C10H22, 6% O2,
12% H2O, 10% CO2 and 350 ppm CO at GHSV: 30,000 h−1.
lysis 231 (2005) 344–353

r

atures, the hydrocarbon is partially lost in catalytic comb
tion reactions competing withHC-SCR of NOx .

3.2. Volumetric NOx adsorption experiments in absence of
hydrogen

The adsorption of NOx was studied in the reactor un
using gas mixtures without reducing agent. Ag/Al2O3 pre-
treated at 400◦C in oxidizing gas comprising 6% O2 and
12% H2O was cooled to 150◦C in a flow of the same gas
The gas composition was subsequently altered to 1000
NO, 6% O2 and 12% H2O and the NOx adsorption moni-
tored. The NOx concentration in the reactor outlet dropp
very briefly below the inlet value of 1000 ppm. The qua
tity of retained NOx corresponded to the filling of the emp
volume of the reactor. It was concluded that at 150◦C
Ag/Al2O3 did not adsorb any NO in the presence of 12
water in the gas mixture. There was no transformation
NO into NO2. Similar experiments performed at temp
atures up to 400◦C confirmed the inertness of Ag/Al2O3
against NO in the presence of 12% water. Notice that in s
ilar experiments monitored by IR spectroscopy in abse
of water reported in literature[5,16], NO and O2 did react
with the Ag/Al2O3 surface and gave rise to nitrate form
tion.

In a subsequent experiment, catalyst was pretreate
400◦C in oxidizing gas (6% O2 and 12% H2O), cooled to
150◦C and exposed to a gas stream containing 500
NO2, 500 ppm NO, 6% O2 and 12% H2O. The evolution of
the NO, NO2 and NOx concentration in the gas stream at t
reactor outlet after the switching of the gas composition fr
pretreatment to NOx containing gas is shown inFig. 2. First,
there was for a short time strong NOx uptake revealed by th
outlet NOx concentration starting at the zero level. NO2 re-
mained absent in the adsorber outlet for some 40 min w
the NO outlet concentration leveled around 669± 7 ppm,
i.e. significantly above the inlet value of 500 ppm. Satu
tion of the Ag/Al2O3 sample with NOx detected by the outle
NO and NO2 concentrations regaining the inlet values w
reached after ca. 90 min.
Fig. 2. Time course of the NO, NO2 and NOx concentrations at outlet of
bed of Ag/Al2O3 catalyst contacted at 150◦C with a gas mixture composed
of 500 ppm NO2, 500 ppm NO, 6% O2 and 12% H2O in helium.
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Table 1
Volumetric determination of NOx adsorption and desorption on Ag/Al2O3 catalyst and Al2O3 support

NOx in
gas mixturea

Catalyst

Ag/Al2O3 Ag/Al2O3 Al2O3 Ag/Al2O3
500 ppm NO2
(A)

500 ppm NO2,
500 ppm NO (B)

500 ppm
NO2 (A)

500 ppm NO2,
3500 ppm H2 (C)

Temperature (◦C) 100 150 200 250 300 350 400 100 150 150 100 150

1 NOx ads
b (µmol g−1) 549 383 265 170 111 56 39 446 305 614 202 211 5

2 NO2 react/NOrelease
c 3.0 3.0 3.1 3.0 3.1 NDd ND 3.2 3.1 3.0 ND ND ND

3 NOx des
b (Step 1) (µmol g−1) 205 187 170 ND ND ND ND 172 194 383 148 94 20

4 NO2 release/NOreact
c 2.4 2.4 2.5 ND ND ND ND 2.2 2.6 3.1 ND ND ND

5 NOx des
b (Step 2) (µmol g−1) 339 194 94 ND ND ND ND 274 171 233 59 126 31

6 NO2 release/NOreact
c 3.0 2.9 2.7e ND ND ND ND 2.8 2.7 3.0 ND ND ND

7 NOx des
b (total) (µmol g−1) 544 381 264 170 109 63 32 446 311 616 207 220 5

a Composed of 6% O2 and 12% H2O in helium.
b Error on values estimated at 2%.

c Error on values estimated at 4%.

t

e
O
ra-
by
of

ted
in

io

e
e

try

ules

-
l
cid

for-
ms,

at-
ic
ould
em-
sat-
g

e
ppm
-
n
m,
after

d

d ND: not determined.
e Influenced by oxidation of NO into NO2.

The NOx adsorption (NOx ads) capacity in the experimen
of Fig. 2 was ca. 305 µmolg−1. From the NO2 and NO of
the feed, it is the NO2 that is selectively adsorbed. In th
period from 2 to 90 min, there was transformation of N2
into NO. In the period of constant NO outlet concent
tion from 2 to 40 min, the NO concentration was raised
169± 7 ppm. Considering that in this period the 500 ppm
NO2 in the feed reacted entirely, the molar ratio of reac
NO2 to NO formation was ca. 3.0. Over the entire 90 m
period in which NOx adsorption occurred, the molar rat
of reacted NO2 over desorbed NO (NO2 react/NOrelease) was
also around 3.0.

NOx adsorption capacities and NO2 react/NOreleasevalues
in gas streams containing 500 ppm NO2, 6% O2 and 12%
H2O were determined at 50◦C intervals in the temperatur
range 100–400◦C (Table 1, column 2, rows 1 and 2). Th
NOx adsorption capacity was ca. 549 µmolg−1 at 100◦C,
decreasing to ca. 39 µmolg−1 at 400◦C. In the temperature
range 100–300◦C, the molar ratio of NO2 react/NOreleasewas
close to the integer value of 3. At 350 and 400◦C, the oc-
currence of some catalytic decomposition of NO2 into NO
and O2 impeded correct determination of the stoichiome
of NO2 adsorption and NO release.

The release of one molecule of NO per three molec
of reacted NO2 reflects the reaction stoichiometry of NO2

disproportionation into nitric acid and NO:

3NO2 + H2O � 2HNO3 + NO. (1)

Note that in the absence of water, the NO2 adsorption chem
istry on Ag/Al2O3 is entirely different. Surface hydroxy
groups (HO-surf) were proposed to be involved in nitric a
formation according to[14]:
NO2 + HO-surf� HNO3-surf. (2)
On dehydroxylated alumina surfaces, nitrate and nitrite
mation was proposed to involve framework oxygen ato
O2−, according to[31]:

3NO2 + O2− � 2(NO3
−) + NO, (3)

(4)2NO2 + O2− � NO3
− + NO2

−.

Nitric acid formed on the hydrated surface of the c
alyst according to Eq.(1) is expected to react with bas
sites into surface nitrates. The nature of the nitrates c
be determined and their concentration quantified using t
perature programmed experiments as follows. Catalyst
urated with nitrate at 150◦C in a gas stream containin
500 ppm NO2, 6% O2 and 12% H2O was flushed at th
same temperature with a gas stream comprising 1000
NO, 6% O2 and 12% H2O (Fig. 3). Immediate consump
tion of NO and release of NO2 ensued. The concentratio
of desorbing NO2 first reached a peak value of 1800 pp
decreased subsequently with time and was terminated

Fig. 3. Time course of the catalyst temperature and of the NO, NO2, and
NOx concentrations in outlet of Ag/Al2O3 catalyst bed previously saturate

with nitrates at 150◦C in a gas stream of 500 ppm NO2, 6% O2 and 12%
H2O and contacted with a gas mixture composed of 1000 ppm NO, 6% O2
and 12% H2O in helium.
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some 180 min. The amount of NOx that desorbed corre
sponded to ca. 187 µmolg−1 (Table 1, line 3). This value
matches within experimental error with the Ag content
185 µmolg−1. From this correspondence, it is concluded t
upon exposure of oxidized catalyst to NO2, oxygen and wa-
ter, all Ag(I) is converted into nitrate that can be elimina
by exposing the catalyst to a wet gas stream with NO. F
ther evidence for silver nitrate formation was obtained fr
in situ DRS UV–vis experiments and will be presented la
The formation of silver nitrate according to the followin
two reactions can explain the net release of one mol of Nx

per mol of AgNO3 reacted:

2AgNO3 + NO � 3NO2 + Ag2O, (5)

AgNO3 + NO � 2NO2 + Ag(0). (6)

The molar ratio of NO2 release/NOreactaccording to Eqs.(5)
and (6)is 3 and 2, respectively. Thus the NO2 release/NOreact
ratio can be used to probe the formation of Ag(I), rep
sented as Ag2O in Eq.(5), versus Ag(0). The experiment
ratio of NO2 release/NOreact was 2.4 (Table 1, line 4), which
is intermediate between 2 and 3, revealing that the AgN3
decomposition through reaction with NO gave rise to a m
ture of Ag(I) and Ag(0).

In the experiment ofFig. 3 after elimination of silver
nitrate at 150◦C, the temperature was raised to 400◦C un-
der gas stream of 1000 ppm NO, 6% O2 and 12% water
Additional NO2 desorption and concomitant NO consum
tion occurred upon heating, suggesting decomposition
additional nitrates. Given that all silver nitrate had alrea
been eliminated, these nitrates decomposing at tempera
above 150◦C must be located on the alumina support. T
reaction of aluminum nitrate with NO corresponds to:

2Al(NO3)3 + 3NO� 9NO2 + Al2O3. (7)

In the presence of water, the Al2O3 surface obtained afte
elimination of the nitrates will react with water and w
be hydroxylated. The experimental NO2 release/NOreact ratio
was 2.9 (Table 1, line 6), and close to the theoretical ra
of 3 according to Eq.(7).

The experiment ofFig. 3 corroborates the existence
two kinds of adsorbed nitrate, viz. silver nitrate and a
minum nitrate. Discrimination between both types is po
ble based on the decomposition temperature upon expo
to NO gas being 150◦C for silver nitrate and above 200◦C
for aluminum nitrate. Silver and aluminum nitrate form
tion in gas streams containing 500 ppm NO2, 6% O2 and
12% H2O at 100 and 200◦C was quantified through rea
tion with NO (Table 1, rows 3–6). At 100 and 200◦C in gas
streams containing 500 ppm NO2, 6% O2 and 12% H2O, the
NOx desorption in Step 1 was ca. 205 and 170 µmolg−1,
respectively. These quantities are close to the silver con
of the catalyst (185 µmolg−1) suggesting that this NOx de-
sorption essentially stems from silver nitrate. The molar r

of NO2 release/NOreact was 2.4–2.5, suggesting reaction of
silver nitrate into Ag(0) and Ag(I) species according to a
combination of Eqs.(5) and (6). The formation of aluminum
lysis 231 (2005) 344–353

s

e

t

nitrate, derived from Step 2 NOx desorption, decreased wi
temperature from 339 µmolg−1 at 100◦C to 94 µmolg−1 at
200◦C (Table 1, line 5). Step 2 NOx desorption starting a
100◦C involved reaction of 1 mol of NO per 3 mol of NO2
released (Table 1, line 6). The stoichiometry of NO reactio
to NO2 desorption could not be determined accurately in
experiment at 200◦C, because of the presence of cataly
activity converting some NO into NO2 at the high tempera
ture part of the NOx desorption peak. The total NOx release
in Step 1 (owing to elimination of silver nitrate) togeth
with Step 2 (owing to aluminum nitrate) (Table 1, line 7)
was in good agreement with the adsorbed amount (Table 1,
line 1), showing that all nitrates were quantitatively elim
nated through reaction with NO.

Subsequently, nitrate formation was investigated in
presence of a mixture of NO2 and NO in the gas phase lik
in the experiment ofFig. 2. The catalyst surface was react
with a gas mixture containing 500 ppm NO2 and 500 ppm
NO next to 6% O2 and 12% H2O (Table 1, column 3, line 1).
In the presence of 500 ppm NO next to 500 ppm NO2, the
nitrate capacity of Ag/Al2O3 was lower than in the pres
ence of 500 ppm NO2 only, viz. 305 µmolg−1 compared
to 383 µmolg−1 at 150◦C and 446 µmolg−1 compared to
549 µmolg−1 at 100◦C. With NO present next to NO2, the
formation of nitric acid and nitrates according to Eq.(1) is
thermodynamically less favorable. This treatment lead
quantitative transformation of all silver into silver nitrat
and to formation of ca. 171 and 274 µmolg−1 aluminum ni-
trate, respectively (Table 1, column 3, lines 3 and 5).

The elimination of nitrates from Ag/Al2O3 samples pro-
vided with nitrates at 150◦C using a gas stream of 6% O2
and 12% H2O together with NOx fed either as 500 ppm NO2
(A) or 500 ppm NO and 500 ppm NO2 (B) was compared in
Figs. 4a and 4b. Fig. 4 shows the evolution of NO, NO2,
and NOx concentrations in the reactor outlet during nitr
elimination through reaction with a gas stream compris
1000 ppm NO, 6% O2 and 12% H2O at 150◦C. The sam-
ple on which the nitrates were formed out of 500 ppm N2

Fig. 4. Time course of the NO, NO2, and NOx concentrations in outle
of nitrate saturated Ag/Al2O3 catalyst bed contacted at 150◦C with a gas
stream made up of helium with 1000 ppm NO, 6% O2 and 12% H2O. Ni-

trate formation conditions: (a) helium containing 500 ppm NO2, 6% O2 and
12% H2O; (b) 500 ppm NO2 + 500 ppm NO, 6% O2 and 12% H2O and
(c) 500 ppm NO2 + 3500 ppm H2, 6% O2 and 12% H2O.
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Fig. 5. In situ DR UV–vis difference spectra of Ag/Al2O3 catalyst at 150◦C upon nitrate formation in presence of 500 ppm NO2, 6% O2 and 3% H2O (a) and
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during subsequent elimination of the nitrates in a gas stream of 1000
3 (45 min), 4 (135 min), 5 (145 min), and 6 (255 min); in (b): 1 (10 min)

(Fig. 4a) displayed a burst of NOx followed by tailing NOx

release. The sample saturated with nitrates in the presen
500 ppm NO and 500 ppm NO2 showed a much more grad
ual NOx release (Fig. 4b). The experiment demonstrates th
the kinetics of the reaction of silver nitrate with NO is d
pendent on the conditions under which the silver nitrate
formed.

Nitrate formation was investigated on the alumina s
port. The NOx adsorption capacity of the alumina, pretrea
at 400◦C in a gas stream with 6% oxygen and 12% w
ter when contacted with 500 ppm NO2 was 614 µmolg−1

at 150◦C (Table 1, column 4). This value is higher tha
on the Ag/Al2O3 catalyst (383 µmolg−1) but can be ex-
plained by the significant difference in specific surface a
viz. 358 m2 g−1 for the alumina compared to 187 m2 g−1

for Ag/Al2O3. This NOx adsorption experiment caused a
duction of the B.E.T. specific surface area to 289 m2 g−1 for
Al2O3 and 111 m2 g−1 Ag/Al2O3. The nitrates were elim
inated in the presence of 1000 ppm NO, 6% O2 and 12%
H2O. NOx desorption occurred in two steps, similar to t
Ag/Al2O3 catalyst (Table 1). The present results sugge
that the addition of silver to the alumina support alters
surface chemistry so that aluminum nitrates that react
NO at low temperatures are no longer present. A quan
of ca. 383 µmolg−1 of nitrate was decomposed at 150◦C
(Step 1) and 233 µmolg−1 upon heating to 400◦C. The
NO2 release/NOreactratio was ca. 3.0 reflecting the stoichiom
etry of the reaction of nitrate with NO into NO2.

3.3. Spectroscopic investigations

The formation of nitrates on Ag/Al2O3 was monitored by
means of in situ DR UV–vis spectroscopy at 150◦C. Pre-
treated catalyst was contacted with a gas stream of 500

NO2 (Fig. 5a) next to 6% O2 and 3% H2O. The spectrum of
pretreated catalyst was subtracted from all spectra in order
to obtain difference spectra. First, a relatively broad band
NO, 6% O2 and 3% H2O (b). Timing of spectra in (a): 1 (5 min), 2 (25 min
0 min), 3 (50 min), 4 (90 min), 5 (150 min), and 6 (230 min).

f
centered around 360 nm grew in the first 45 min (sp
tra 1–3). Subsequently, this band eroded while a new b
around 310 nm appeared (spectra 4–6). The spectra
played an isosbestic point around 340 nm, meaning tha
species responsible for the band around 360 nm is conv
into the species that absorbs around 310 nm. From the
umetric experiments already discussed, it was derived
under these conditions all silver of the catalyst is finally c
verted into silver nitrate. Therefore, the band at 310 nm in
spectrum of nitrated catalyst is ascribed to silver nitrate.
assignment of the band at 360 nm is less evident. It is s
ulated that it is linked with coordination of Ag(I) with NO2
preceding the formation of nitrate, which would explain
transient appearance.

The nitrates generated in the experiment ofFig. 5a were
eliminated in a gas stream of 1000 ppm NO, 6% O2 and
3% H2O in helium. The DR UV–vis spectrum of the nitra
saturated sample was subtracted from the sequentially t
spectra 1–6 (Fig. 5b). A broad absorbance in the waveleng
region 270–500 nm increased gradually upon desorp
In the early spectra 2–4, absorbance was gained with
mainly around 310 and 355 nm, while the absorbance be
270 nm decreased. After 90 min (spectrum 4) the absorb
around 310 nm decreased again. Finally in spectrum 6
absorption around 355 nm remained. UV absorption be
270 nm is attributed to Ag(I) cations[32]. Absorption in
a broad UV spectral range encompassing maxima aro
305 and 370 nm was previously observed on Ag/Al2O3 cat-
alyst treated in the presence of oxygen and hydrogen
ascribed to silver clusters[22], the wavelength of absorptio
increasing with increasing cluster size[32]. The volumet-
ric experiments and the NO2 release/NOreact ratios (Table 1)
revealed that elimination of nitrates through reaction w

NO leads to a combination of Ag(0) and Ag(I). In view of
this conclusion and spectroscopic literature data[5,15,22,
32], the absorbances around 310 and 355 nm (Fig. 5b) are
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Fig. 6. In situ DR UV–vis difference spectra of Ag/Al2O3 catalyst at 150C
3% H2O (a) and during subsequent elimination of the nitrates in a gas
2 (13 min), 3 (30 min), 4 (48 min), 5 (109 min), 6 (195 min), 7 (205 min

assigned to partially charged and metallic Ag clusters,
spectively.

Following these assignments of the UV absorptions, b
silver nitrate and partially charged silver clusters absorb
light around 310 nm. It explains the evolution of the spec
in Fig. 5b, whereby the 310 nm absorbance first grows
to formation of charged silver clusters and decreases
on upon further elimination of the silver nitrate and partia
charged clusters.

A similar in situ DR UV–vis study was performed du
ing nitrate formation in the presence of a gas mixture
which NOx was present as a mixture of 500 ppm N2
and 1000 ppm NO (Fig. 6a). An intense absorption aroun
345 nm grew quickly after contacting pretreated cata
with the NOx containing gas (spectrum 1). Note the d
ference with the experiment ofFig. 5a in absence of NO
where the temporary UV absorption was at 360 nm.
ter 13 minutes (spectrum 2) the absorbance at 345 nm
already decreased. After 48 min it completely disappea
(spectrum 4). Absorption around 360 nm appeared at in
mediate times (spectrum 5 and 6). In the final spectra 7 a
the absorbance peaked around 310 nm. This sequence
sorptions at 360 and 310 nm was similar to the experim
in absence of NO (Fig. 5a).

The origin of the band at 345 nm inFig. 6a is unknown.
Given its quick formation, it should be linked with a pr
mary product from chemisorption of NO2 together with
NO. A speculative interpretation is that Ag(I) coordinat
to N2O3 molecule formed out of NO and NO2 could be re-
sponsible for this UV absorption.

In situ DR UV–vis spectra were recorded during eli
ination of the nitrates from the catalyst ofFig. 6a under
a gas stream of 1000 ppm NO (Fig. 6b), oxygen and wa
ter adopting the same procedure as inFig. 5b. Besides an

intensity decrease around 270 nm, assigned to a diminish-
ing of Ag(I) cations, the spectrum surprisingly changed very
little during the nitrate elimination reaction. From the vol-
nitrate formation in presence of 500 ppm NO2, 1000 ppm NO, 6% O2 and
m of 1000 ppm NO, 6% O2 and 3% H2O (b). Timing of spectra in (a): 1 (5 min)
8 (365 min); in (b) 1 (15 min), 2 (55 min), and 3 (140 min).

-

umetric experiments (Table 1, column 3, Step 1) and th
NO2 release/NOreactvalue of 2.6 it is known that silver nitrat
formed on Ag/Al2O3 catalyst in the presence of a mixture
NO2 and NO reacts with NO into Ag(0) and Ag(I) specie
The absence of significant absorbance in the difference s
tra of Fig. 6b is interpreted as a formation of very sm
metallic silver particles, absorbing in the spectral range
silver nitrate and charged silver clusters, i.e. around 310
so that the decreasing UV absorption owing to silver
trate is compensated by increasing absorption of charged
metallic Ag clusters. The decreased aggregation of Ag(0
this regenerated sample must originate from a particul
high dispersion of silver nitrate on the catalyst when form
in the presence of a mixture of NO2 and NO. This interpre
tation is supported by the observation that the eliminatio
nitrates from catalyst nitrated in the presence of 500 ppm
and 500 ppm NO2 (Fig. 4b) was much slower than from ca
alyst nitrated in the presence of 500 ppm NO2 only (Fig. 4a).
It is to be expected that during nitrate formation out of N2
the presence of 500 ppm NO suppresses the developme
larger silver nitrate particles given the dynamics of form
tion (Eq. (1)) and disproportionation (Eqs.(5) and (6)) of
the silver nitrate.

3.4. Volumetric NOx adsorption experiments in the
presence of hydrogen

Pretreated Ag/Al2O3 catalyst was contacted at 150◦C
with a gas mixture comprising 1000 ppm NO, 3500 p
H2, 6% O2 and 12% H2O. The evolution of NOx concen-
tration in the reactor outlet was registered (Fig. 7). In this
experiment in the presence of hydrogen, Ag/Al2O3 did ad-
sorb NO. The NOx adsorption capacity was estimated
ca. 181 µmolg−1. Formation of NO2 was detected showin
that the catalyst displayed NO into NO2 oxidation activ-

ity. Thus, whereas in the absence of hydrogen, Ag/Al2O3
catalyst is inert to NO (cf. Section3.2), in the presence of
3500 ppm hydrogen it displays reactive adsorption.
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Fig. 7. Evolution of NO, NO2, and NOx concentration in outlet of Ag
Al2O3 catalyst bed contacted at 150◦C with a gas mixture composed o
1000 ppm NO, 3500 ppm H2, 6% O2 and 12% H2O in helium.

Fig. 8. Evolution of NO, NO2, and NOx concentration in outlet of Ag
Al2O3 catalyst bed contacted at 150◦C with a gas mixture composed o
500 ppm NO2, 3500 ppm H2, 6% O2 and 12% H2O in helium.

In a further experiment, the usual gas mixture spiked w
500 ppm NO2 and 3500 ppm hydrogen was passed over
reactor loaded with oxidized Ag/Al2O3 catalyst at 150◦C
and the outlet NOx concentration monitored (Fig. 8). Dur-
ing the first 15 min the NOx fed to the reactor was entire
adsorbed. After 10 min, NO release set in. Saturation
reached after ca. 120 min. There was substantial cata
reduction of NO2 into NO by reaction with hydrogen de
tected after saturation of the catalyst with NOx . The NOx

adsorption capacity was ca. 211 µmolg−1. This is less than
the NOx adsorption capacity under the same condition
the absence of hydrogen, viz. 383 µmolg−1 (Table 1). In the
presence of hydrogen, adsorption of NO2 does not instanta
neously give rise to NO evolvement (Fig. 8) as was observe
in the absence of hydrogen (Fig. 2), indicating that the NOx
adsorption chemistry is different. The presence of silver
trate was probed by reacting saturated catalyst with NO
mixture at 150◦C. Upon contacting the catalyst with N
holding gas, the outlet NOx concentration rose only slightl
above the inlet value (Fig. 4c). The silver nitrate conten
estimated from the NOx evolving from the catalyst was est
mated at ca. 94 µmolg−1, corresponding to about half of th

−1
silver content (185 µmolg ). It is concluded that a substan-
tial fraction of the silver is not converted into nitrate when
contacting the catalyst with gas mixture of NO2 and hydro-
alysis 231 (2005) 344–353 351

gen. The slow reaction of silver nitrate with NO (Fig. 4c)
suggests that the silver nitrate is very well dispersed. The
signment of NOx release to silver nitrate in this experime
must be made, however, with caution because silver ni
could be formed out of Ag(0) and aluminum nitrate duri
the NO reaction itself. Metallic silver clusters are known
oxidize readily upon exposure to a stream with oxygen
NO [22].

Ag/Al2O3 catalyst was contacted at 150◦C with a gas
stream comprising 500 ppm NO2, 3500 ppm H2, 6% O2 and
12% H2O. When saturation noticed by outlet NOx concen-
tration regaining the inlet value was reached, the hydro
supply was closed and the NOx adsorption continued. Th
NOx capacity increased from ca. 211 to 383 µmolg−1 by re-
moving hydrogen from the gas stream. This final capacit
ca. 383 µmolg−1 is very similar to the capacity in absen
of hydrogen (Table 1). The gain in NOx adsorption capacity
by ca. 172 µmolg−1 corresponds within experimental err
to the silver content of the catalyst. This experiment revea
that in the presence of hydrogen, aluminum nitrate is se
tively formed while silver is mostly in reduced state. T
reactivity of reduced silver toward NO2 was verified in an
experiment in which catalyst sample was first reduced in
drogen and then contacted with a gas mixture of 500 p
NO2, 6% O2, and 12% H2O at 200◦C. The NOx adsorption
capacity was ca. 262 µmolg−1, similar to the 265 µmolg−1

determined on oxidized catalyst (Table 1), confirming the
formation of silver nitrate next to aluminum nitrate.

The following experimental observation further subst
tiates the instability of silver nitrate of Ag/Al2O3 cata-
lyst in the presence of minute concentrations of hydrog
Ag/Al2O3 catalyst was saturated with nitrates at 200◦C in
the presence of 500 ppm NO2, 6% O2 and 12% H2O. Flush-
ing with a gas stream of 3500 ppm H2 and 12% H2O imme-
diately gave rise to NO2 evolvement the quantity of whic
matching with the silver nitrate content.

All these experiments corroborate the existence of Ag
on the Ag/Al2O3 catalyst in the presence of NOx and hydro-
gen. The catalytic role of reduced silver in aluminum nitr
formation out of NO2 in the presence of hydrogen can
explained as follows:

Ag2O + H2 � 2Ag(0)+ H2O, (8)

Ag(0) + NO2 � Ag(NO2), (9)

Ag(NO2) + NO2 � Ag(NO3) + NO. (10)

Given that there is a period of total NO2 adsorption without
release of NO (Fig. 8), it is suggested that disproportionatio
of silver nitrite into silver nitrate is a slow step. Silver nitra
can be reduced by hydrogen:

Ag(NO3) + H2 � Ag(0) + NO2 + H2O (11)

and

6Ag(NO3) + Al2O3 � 3Ag2O + 2Al(NO3)3. (12)
In the presence of hydrogen, Ag(0) impedes the nitric acid
formation (Eq.(1)) by trapping the NO2 and formation of
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Fig. 9. Weight variation of Ag/Al2O3 sample (210 mg) exposed to heliu
containing 5% H2O and 1% O2 at 100◦C.

silver nitrite. After saturation of the support with nitra
(Eq. (12)), silver is involved in a redox cycle constituted
Eqs.(9), (10), and (11)the net result of which is given b
Eq.(13).

NO2 + H2 � NO + H2O. (13)

At 100◦C, hydrogen has hardly an influence on nitrate f
mation capacity (Table 1, column 2, compared to column 5
At 100◦C, the Ag/Al2O3 surface is covered by many laye
of physisorbed water molecules, which drastically limit t
adsorption of hydrogen. Nitrate formation proceeds thro
nitric acid formation (Eq.(1)).

Pretreated Ag/Al2O3 catalyst was mounted in an ult
high precision magnetic suspension balance and conta
at 100◦C with a gas stream of helium with 5% H2O and
1% O2. The catalyst weight was not stable and oscillated
tween two levels (Fig. 9) representing a weight differenc
of ca. 3 wt%. At 200◦C, the weight oscillation was smalle
Alumina support did not reveal this phenomenon. The
ver concentration of the catalyst is too small to explain th
weight changes. Hydroxylation and dehydroxylation of
alumina catalyzed by silver is the most obvious explanat
The behavior shows that the Ag/Al2O3 surface is very reac
tive and that silver influences the whole surface. The tran
of nitrate from silver to the alumina support in the prese
of hydrogen (Eq.(12)) fits into this picture.

3.5. Impact of hydrogen on catalytic behavior in SCR of
NOx

In automotive applications of Ag/Al2O3 catalyst, temper
ature varies significantly. The impact of temperature chan
was evaluated in NOx chemisorption experiments in th
presence and absence of hydrogen. After pretreatme
Ag/Al2O3 at 400◦C in oxidizing atmosphere, the cataly
was exposed to a gas feed consisting of 200 ppm N2,
800 ppm NO, 6% O2 and 12% H2O (Fig. 10). Temperature
steps from 150 to 400◦C and back to 150◦C were ap-

plied and the outlet NO, NO2, and NOx concentrations
recorded. At the start of the experiment the catalyst is satu-
rated with nitrates detected by adsorption of NO2 and release
lysis 231 (2005) 344–353

d

f

Fig. 10. Monitoring of NO, NO2, and NOx concentration in outlet of Ag
Al2O3 catalyst bed subjected to (a) stepped temperature profile and
tacted with a gas mixture composed of 200 ppm NO2, 800 ppm NO 6% O2
and 12% H2O. In part (b) starting at the arrow 3500 ppm H2 was added to
the gas stream.

of NO. When the temperature is increased, NO2 evolves
from the catalyst by elimination of nitrates through re
tion with NO. When the catalyst temperature is decrea
again, nitrates are formed by adsorption of NO2 and release
of NO. On the temperature plateaus, NO2 and NO levels
regain the inlet values showing that there is little NO o
dation activity owing to the lack of Ag(0). The molar rat
of NO2 react/NOreleaseand of NO2 release/NOreact were close
to 3. After the catalyst regained 150◦C, hydrogen was adde
to the gas feed. There was immediately a release of s
NO and catalytic reduction of NO2 with hydrogen into NO
revealing the formation of some Ag(0). In each tempera
step, there is release of NOx as NO2. In the presence of hy
drogen the NO consumption, detected as negative pea
the NO concentration trace, is smaller than in the absenc
it, probably because of reductions of NO2 into NO during the
NO2 release peaks. On the temperature plateaus in the
ence of hydrogen, the catalyst oxidizes NO into NO2 over
Ag(0).

In literature, the poor catalytic activity of Ag/Al2O3 at
temperatures below 250◦C was ascribed to inhibition of ac
tive sites by adsorbed nitrates[5,13,24,29]. In the presen
work the quantitative transformation of all silver into silv
nitrate under such conditions is demonstrated (Table 1). The
promotion of theSCR of NOx activity of Ag/Al2O3 by H2
can be explained by formation of Ag(0) even in the pr
ence of 6% oxygen and 500 ppm NO2 and 12% H2O. This
Ag(0) can be responsible for the activation of the hydroc
bons through partial oxidation, proposed to be an esse
reaction step inHC-SCR of NOx .

4. Conclusions

In the absence of reducing agent, a significant nit

formation on Ag/Al2O3 catalyst. The nitrate formation pro-
ceeds through the nitric acid formation reaction out of NO2
and water as revealed by the formation of 1 NO molecule per
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three NO2 molecules reacted with the catalyst. The form
tion of silver and aluminum nitrates can be quantified ba
on their reactivity toward NO at 150 and above 200◦C, re-
spectively. In NO2 containing gas streams, at temperatu
below 200◦C all silver is transformed into silver nitrate. Th
observation supports the suggestion in literature that the
temperature poisoning of theSCR of NOx activity is due to
nitrate formation on silver. Silver nitrate of the catalyst rea
with NO according to two different reaction pathways lea
ing to a combination of Ag(I) and Ag(0) species. Aluminu
nitrate formation on the support decreases with increa
temperature.

The silver nitrate formation can be monitored with in s
DR UV–vis spectroscopy. UV absorption around 310 nm
ascribed to silver nitrate. Reaction of nitrated catalyst w
NO leads to formation of partially charged and metallic
ver clusters absorbing around 310 and 355 nm, respecti
In situ DR UV–vis spectroscopy and nitrate elimination
netics reveal that the dispersion of silver nitrate formed u
reaction with NO2 is higher in the presence of NO than in
absence.

In the presence of hydrogen, nitrate formation proce
according to a mechanism in which silver nitrite form
upon reaction of NO2 with Ag(0) is oxidized by NO2. Ni-
trates are transferred from silver to the support. Ag(0
regenerated by reduction of silver nitrate with hydrogen
the absence of hydrogen, below 200◦C all silver is presen
as silver nitrate. In the presence of minute concentration
hydrogen such as 3500 ppm H2 next to 6% O2, a significant
fraction of the silver is reduced to the metallic state. It
plains the boosting of catalytic activity ofSCR of NOx by
hydrogen at low temperatures.

Acknowledgments

This work was sponsored by the European Union thro
the Growth project Ammonore. J.A.M. and M.H.G. a
knowledge the Flemish Government for supporting a C
certed Research Action (GOA) on the understanding of
tive sites in catalysis. M.H.G. thanks the F.W.O. Vlaande
for a postdoctoral fellowship.

References

[1] A. Martínez-Arias, M. Fernández-García, A. Iglesias-Juez, J.A.
derson, J.C. Conesa, J. Soria, Appl. Catal. B 28 (2000) 29.
alysis 231 (2005) 344–353 353

.

[2] H.W. Jen, Catal. Today 42 (1998) 37.
[3] K.A. Bethke, H.H. Kung, J. Catal. 93 (1997) 172.
[4] F.C. Meunier, J.P. Breen, V. Zuzaniuk, M. Olsson, J.R.H. Ross, J.

tal. 187 (1999) 493.
[5] K. Shimizu, J. Shibata, H. Yoshida, A. Satsuma, T. Hattori, Appl. C

tal. B 30 (2001) 151.
[6] K. Eränen, L.-E. Lindfors, A. Niemi, P. Elfving, L. Cider, SAE pap

2000-01-2813, 2000.
[7] K. Shimizu, A. Satsuma, T. Hattori, Appl. Catal. B 25 (200

239.
[8] N. Bion, J. Saussey, M. Haneda, M. Daturi, J. Catal. 217 (2003) 4
[9] T. Miyadera, Appl. Catal. B 2 (1993) 199.

[10] K. Masuda, K. Tsujimura, K. Shinado, T. Kato, Appl. Catal. B
(1996) 33.

[11] Y. Yu, H. He, Q. Feng, H. Gao, X. Yang, Appl. Catal. B 49 (200
159.

[12] L.-E. Lindfors, K. Eränen, F. Klingstedt, D.Yu. Murzin, Top. Catal.
(2004) 185.

[13] S. Satokawa, J. Shibata, K. Shimizu, A. Satsuma, T. Hattori, A
Catal. B 42 (2003) 179.

[14] A. Iglesias-Juez, A.B. Hungría, A. Martínez-Arias, A. Fuerte, M. F
nández-García, J.A. Anderson, J.C. Conesa, J. Soria, J. Cata
(2003) 310.

[15] N. Bogdanchikova, F.C. Meunier, M. Avalos-Borja, J.P. Bre
A. Pestryakov, Appl. Catal. B 36 (2002) 287.

[16] J. Shibata, K. Shimizu, S. Satokawa, A. Satsuma, T. Hattori, P
Chem. Chem. Phys. 5 (2003) 2154.

[17] R. Burch, J.P. Breen, C.J. Hill, B. Krutzsch, B. Konrad, E. Jobs
L. Cider, K. Eränen, F. Klingstedt, L.-E. Lindfors, Top. Catal.
(2004) 19.

[18] R. Burch, J.P. Breen, F.C. Meunier, Appl. Catal. B 39 (2002) 283.
[19] T. Furusawa, K. Seshan, J.A. Lercher, L. Lefferts, K. Aika, Appl. C

tal. B 37 (2002) 205.
[20] S. Satokawa, Chem. Lett. (2000) 294.
[21] M. Richter, U. Bentrup, R. Eckelt, M. Schneider, M.-M. Po

R. Fricke, Appl. Catal. B 51 (2004) 261.
[22] A. Satsuma, J. Shibata, A. Wada, Y. Shinozaki, T. Hattori, Stud. S

Sci. Catal. 145 (2003) 235.
[23] R. Brosius, J.A. Martens, Top. Catal. 28 (2004) 119.
[24] T. Furusawa, L. Lefferts, K. Seshan, K. Aika, Appl. Catal. B 42 (20

25.
[25] H. He, J. Wang, Q. Feng, Y. Yu, K. Yoshida, Appl. Catal. B 46 (200

365.
[26] Y. Yu, H. He, Q. Feng, J. Phys. Chem. B 107 (2003) 13090.
[27] K. Sato, T. Yoshinari, Y. Kintaichi, M. Haneda, H. Hamada, Ap

Catal. B 44 (2003) 67.
[28] K. Shimizu, J. Shibata, A. Satsuma, T. Hattori, Phys. Chem. Ch

Phys. 3 (2001) 880.
[29] F.C. Meunier, J.P. Breen, V. Zuzaniuk, M. Olsson, J.R.H. Ro

J. Catal. 187 (1999) 493.
[30] M.H. Groothaert, K. Lievens, H. Leeman, B.M. Weckhuysen, R

Schoonheydt, J. Catal. 220 (2003) 500.
[31] C. Pazé, G. Gubitosa, S. Orso Giacone, G. Spoto, F.X. Llabr

Xamena, A. Zecchina, Top. Catal. 30 (2004) 169.
[32] N.E. Bogdanchikova, M.N. Dulin, A.V. Toktarev, G.B. Shevnin

V.N. Kolomiichuk, V.I. Zaikovskii, V.P. Petranovskii, Stud. Surf. Sc
Catal. 84 (1994) 1067.


	Adsorption chemistry of NOx on Ag/Al2O3 catalyst  for selective catalytic reduction of NOx using hydrocarbons
	Introduction
	Experimental
	Results and discussion
	HC-SCR of NOx experiment
	Volumetric NOx adsorption experiments in absence of hydrogen
	Spectroscopic investigations
	Volumetric NOx adsorption experiments in the presence of hydrogen
	Impact of hydrogen on catalytic behavior in SCR of NOx

	Conclusions
	Acknowledgments
	References


