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gNaMordenite

a  b  s  t  r  a  c  t

Silver  catalysts  were  prepared  by  ion  exchange  of  NaMordenite  with  5,  10 and  15  wt%  Ag.  Various  char-
acterization  techniques  such  as  TPR,  UV–vis  and  XPS  indicated  the  presence  of  small  particles  of  highly
dispersed  Ag2O  together  with  isolated  Ag+ cations  located  in  �,  �  and  �  exchange  sites  of  NaMOR.  The
formation  of  clusters  of  cationic  silver  (Agn

m+) was  also  considered.
The  prepared  samples  were  active  in the  Selective  Catalytic  Reduction  of NOx in the  presence  of  toluene

or  butane  as reducing  agents,  excess  oxygen  and  2%  H2O.  The  solid  with  15  wt%  Ag  was  the  most  active
one  in  the  presence  of  water,  reaching  a maximum  conversion  of  NOx to  N2 of  47.5%  or  51.2%  when
butane  or  toluene  were  respectively  used.  Under  dry  conditions,  the  maximum  conversion  of  NO  had  an
optimum  between  5 and  10  wt%  Ag  for both  hydrocarbons.

The  NaMOR  support  showed  a  higher  adsorption  capacity  than  the  exchanged  samples  with  both
hydrocarbons.  For  the  silver  loaded  solids,  the toluene  adsorption  capacity  at 100 ◦C  increased  with  the
increase  of the  metal  content.  In  contrast,  the  amount  of  butane  adsorbed  was  similar  for  the  different
contents  of Ag.  Consequently,  silver  has  two opposite  effects:  one  is  the  partial  obstruction  of the  mor-
denite channels,  as  seen  by the  loss  of  crystallinity  and  the  decrease  of  surface  area  and  pore  volume;
and the  other  effect  is the  chemical  interaction  that  depends  on the  nature  of  the adsorbed  hydrocarbon.

+
The  interaction  between  toluene  and  Ag ions  is  stronger  with  the  �-electrons  of  the  aromatic  ring of
the  toluene  molecule  than  with  the �-electrons  of the linear  chain  of  butane.  For  this  reason,  toluene
is  retained  at higher  temperatures  than  butane.  In  addition,  between  300  and  500 ◦C,  the  appearance  of
signals  corresponding  to H2, CO2 and  H2O is  observed  during  the  TPD  of  toluene.  This  indicates  that  the
toluene  decomposition  occurs,  producing  coke  and  hydrogen.  Most  probably,  the  generation  of  CO2 and
H2O  is  a consequence  of the reduction  of  Ag2O  particles  with  toluene.
. Introduction

Air pollution is mainly due to the emission of nitrogen oxides
NO, NO2), carbon oxides (CO, CO2), unburnt hydrocarbons (HCs),
articulate matter (PM) and volatile organic compounds (VOCs)
rom power plants, chemical and petrochemical plants, and vehi-
les. The Selective Catalytic Reduction (SCR) using HCs as reducing
gent is one interesting way which allows NOx abatement under
xidizing conditions [1–3]. An important issue for automobile cat-
lyst manufacturers is the study of contaminant abatement under
onditions close to real behavior. In this sense, it is important to take
nto account a possible effect of the presence of other compounds
uch as H2O and unburnt hydrocarbons. In fact, during the engine
old-start, 80% of the unburned hydrocarbons are emitted to the

tmosphere through the converter without reacting. In addition,
he three-way catalysts (TWC) are weak or inactive at low temper-
tures and require temperatures above 300 ◦C to have an optimal

∗ Corresponding author. Tel.: +54 03424536861.
E-mail address: aboix@fiq.unl.edu.ar (A.V. Boix).

926-860X/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.08.033
© 2011 Elsevier B.V. All rights reserved.

performance. For these reasons, it is necessary to implement new
systems aimed at reducing these emissions [4–6].

An interesting alternative consists in the combination of the
excellent adsorption properties of zeolite materials with the high
catalytic activity of exchange cations such as Co, Fe, In, Ag and Cs,
in the Selective Catalytic Reduction of NOx using adsorbed HC as
a reducing agent [7–9]. Thus, this is a promising system able to
adsorb HCs at low temperature and to reduce NOx at the normal
operating temperature of the converter. Given this situation, it is
clear that the study of a combined adsorption of hydrocarbon with
nitrogen oxides reduction is a major issue.

In this vein, some HCs adsorption and desorption experiments
have been reported on various zeolites such as BEA [10], Ferrierite
[11] and H-ZSM5 [12]. The adsorption capacity of zeolite materials
depends on several factors, namely, the quantity, accessibility and
distribution of active sites, as well as the topology of the zeolite.
Specifically, in the Na-mordenite zeolites the substitution of a Si4+
ion by an Al3+ ion with a lower valence produces a negative charge
on the structure that is neutralized by the Na+ cation forming a con-
jugate acid–base pair. The Na+ cation acts as a Lewis acid site, while
the oxygen of the zeolite structure with partial negative charge acts

dx.doi.org/10.1016/j.apcata.2011.08.033
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:aboix@fiq.unl.edu.ar
dx.doi.org/10.1016/j.apcata.2011.08.033
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s a Lewis base. Thus, the cations in Na-mordenite are adsorption
ites for molecules with � electrons and many compounds of this
ype have been studied, particularly benzene. The two main modes
f benzene adsorption involve two interactions, one between its �
lectron cloud with the counter-ions and another between the CH
roup with framework oxygen bearing the negative charge of the
attice [13].

This is supplemented by several investigations which have stud-
ed the catalytic properties of silver catalysts for the SCR-NOx with
ifferent hydrocarbons [14,15]. Silver-alumina (Ag/Al2O3) catalysts
ave been widely explored due to their ability to reduce NOx with
Cs and H2 [16–18].  Farrauto et al. [19] found that Ag-ZSM-5 was

 good candidate of HC trapping materials under cold-start condi-
ions and other authors tested thiophene on NaY zeolite exchanged
ith Ni2+, Ag+ and Zn2+ [20]. In the same way, Kaliaguine et al.

21] reported that the Ag-ZSM-12 catalyst was a promising adsor-
ent due to its low sensitivity to H2O and CO2 which are essentially
resent in the exhaust stream of vehicles. Elangovan et al. [22] used
CM-68 and SSZ-33 exchanged with Ag+, Co2+ and Mg2+ as hydro-

arbon trap. Therefore, the presence of Ag seems to be important for
he combination of adsorption/desorption and SCR-NOx processes.

The purpose of this work was to study the behavior of Ag-
aMordenite catalysts in the Selective Catalytic Reduction of NOx

ith hydrocarbons. Basic studies were performed on the adsorp-
ive and catalytic properties of these materials. Two different HC
pecifications were considered: butane as a saturated short HC and
oluene, representative of the aromatic family.

The catalysts were prepared with different loadings of
ilver and they were thoroughly characterized by temperature-
rogrammed reduction (TPR), X-ray diffraction (XRD), UV–vis
iffusive-reflectance (UV–vis DRS) and X-ray photoelectron spec-
roscopy (XPS).

. Experimental

.1. Catalyst preparation

The ion-exchange method generally results in a strong metal-
upport interaction and a better dispersion of metal in the
eolite. Hence, this method was applied to incorporate silver into

 commercial sodium-type mordenite zeolite sample (NaMOR,
iO2/Al2O3 = 13) provided by Zeolyst International. In this proce-
ure, 4 g of the zeolite powder were added to 150 ml  of AgNO3
olution with concentrations from 0.04 to 0.10 M.  The mixture was
hen stirred at 25 ◦C for 24 h. All the above procedures were per-
ormed in the dark due to the sensitivity of silver to the light. The
uspension was then filtered and dried at 80 ◦C, followed by treat-
ent in O2 flow at 500 ◦C. The calcined samples were denoted as
g(x)M,  where ‘x’ was the percent by weight of silver. The silver

oadings were 5, 10 and 15 wt% determined by atomic absorption
pectrometry flame (AASF), which corresponded to ion-exchange
egrees of 17.8, 35.5 and 53.1%, respectively. It was  assumed that
ach monovalent Na+ ion was exchanged with one monovalent Ag+

on.
A mechanical mixture was prepared between Ag2O and NaMOR,

nown as Ag2O/M and used as reference sample in some of the
haracterization techniques (XPS, TPR and UV–vis).

.2. Catalyst characterization

.2.1. Determination of pore volume and surface area

Nitrogen adsorption–desorption isotherms were obtained at

196 ◦C on a Quantachrome Autosorb instrument. Previously,
he samples were outgassed at 300 ◦C for 6 h (10−4 Torr). The
runauer–Emmett–Teller (BET) equation was used for calculating
s A: General 407 (2011) 134– 144 135

the specific surface area of the materials from N2 adsorption
isotherms. The micropore volume was determined by applying the
t-plot method [23].

2.2.2. X-Ray diffraction
This technique was  employed for the detection of metallic Ag,

Ag2O and to determine the crystallinity of the Ag(x)M catalysts.
The X-ray diffraction measurements were taken using an XD-D1
model Shimadzu diffractometer operated with Cu K� radiation at
30 kV and 40 mA,  using a scanning rate of 1◦ min−1. The database
employed was  the one provided by the manufacturer. The crys-
tallinity was estimated from the ratio of the sum of the intensity
of the prominent peaks corresponding to planes (1 1 1), (3 3 0),
(1 5 0), (2 0 2) and (3 5 0) of Ag(x)M samples and NaMOR support.
The maximum degree of crystallinity was taken equal to 100% and
corresponded to calcined NaMOR [24].

2.2.3. Temperature-programmed reduction
The TPR experiments were performed using an Okhura TP-

2002-S instrument equipped with a TCD detector. A mixture of
30 ml  min−1 of 5% H2 in Ar was used. The heating rate was
10 ◦C min−1 up to 900 ◦C. Fresh samples were pre-treated in O2 flow
in situ, heating at 5 ◦C min−1 from room temperature up to 500 ◦C
and kept at that temperature for 2 h. The amount of Ag(x)M samples
was  0.10 g. The H2 consumption was referred to the silver content
of the prepared samples.

2.2.4. Diffusive-reflectance UV–vis experiments
UV–vis spectra were collected on a Shimadzu UV–vis–NIR model

UV-3600 spectrophotometer, with the use of a diffusive-reflectance
attachment with an integrating sphere coated with BaSO4. Diffuse
reflectance spectra (DRS) were registered for samples storage under
ambient conditions. BaSO4 was  used as a reference. The absorption
intensity was calculated from the Schuster–Kubelka–Munk equa-
tion, F(R∞) = (1 − R∞)2/2R∞, where R∞ is the reflectance.

2.2.5. X-Ray photoelectron spectroscopy
The XPS measurements were performed with the multitech-

nique system (SPECS) equipped with a dual X-ray source and a
hemispherical PHOIBOS 150 analyzer operating in the fixed ana-
lyzer transmission (FAT) mode. The spectra were obtained with
pass energy of 30 eV and Mg  K� radiation (h� = 1253.6 eV) oper-
ated at 200 W and 12 kV. The working pressure in the analyzing
chamber was less than 5.9 × 10−7 Pa. The binding energies (BE) of
core-levels Si 2p, Al 2p, Ag 3d, C 1s, O 1s, and the kinetic energy
(KE) in the region of the Ag M4VV Auger transitions were mea-
sured. The Si 2p peak at 102.4 ± 0.1 eV of binding energy (BE) was
taken as internal reference.

The binding energy positions of Ag 3d do not identify the oxida-
tion state of the silver species, because the characteristic states of
oxidized (Ag2O) and metallic silver (Ag◦) are close together (within
0.5 eV) [25]. Thus, the modified Auger parameter (˛′) was  used to
characterize the chemical state of Ag. This parameter is the sum of
the kinetic energy of the Auger electron (AgM4VV) and the binding
energy of the core-level (Ag 3d5/2) peak. This parameter is indepen-
dent of charging, but still sensitive to chemical shifts.

The data treatment was performed with the Casa XPS pro-
gram (Casa Software Ltd., UK). The peak areas were determined

by integration employing a Shirley-type background. Peaks were
considered to be a mixture of Gaussian and Lorentzian functions
in a 70/30 ratio. For the quantification of the elements, sensitivity
factors provided by the manufacturer were employed.
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Table 1
Textural properties of NaMOR exchanged with silver.

Catalyst Ag (wt%) Na (wt%) SBET
a V�

b Crystallinityc (%)

NaMOR 0 4.1 409 0.165 100.0
Ag(5)M 5 1.2 265 0.083 77.9
Ag(10)M 10 0.5 301 0.088 58.9
Ag(15)M 15 0.3 309 0.086 36.6

a Calculated from N2 isotherms at (−196 ◦C) (m2 g−1).
b 3 −1
36 S.G. Aspromonte et al. / Applied Ca

.3. Catalytic tests

The performance of catalysts in the Selective Catalytic Reduc-
ion of NO with toluene or butane was evaluated in a continuous
ow system. The reaction mixture typically contained 1000 ppm
O, 500 ppm butane or toluene, 2% O2 and 2% H2O (balanced He)
ith a gas hourly space velocity, GHSv = 20,000 h−1. Conversion
rofiles were obtained by increasing the temperature in steps of
0 ◦C and monitoring concentrations for 60–90 min  at each tem-
erature. The concentration of gases was analyzed with a Shimadzu
C-2014 chromatograph equipped with a thermal conductivity
etector (TCD) and a Zeolite 5A molecular sieve column at 45 ◦C.

.4. Hydrocarbons adsorption and temperature-programmed
esorption experiments

Experiments were performed to determine the HCs adsorption
nd retention capacities. Toluene and butane were used as repre-
entative aromatic and linear molecules, respectively.

Adsorption and desorption experiments were carried out in a
ontinuous flow system. The stream of toluene diluted in He was
btained by passing pure He through two connected saturators that
ontained liquid C7H8 (99.9%, Sigma–Aldrich). The temperature of
aturators was kept at 0 ◦C with an ice bath which allowed obtaining
pproximately 8000 ppm of toluene. The sample (ca. 100 mg)  was
laced in a tubular quartz reactor of ca. 5 mm i.d., which was  placed

nside an electrical furnace equipped with a temperature controller.
ubsequently, the sample was dehydrated in an inert flow at 500 ◦C
or about 6 h. After cooling the solid sample to 100 ◦C, it was exposed
o C7H8/He flow during 1 h before the TPD experiments. The butane
dsorption was carried out with 10,000 ppm of butane in He flow
nd the breakthrough curves at 100 ◦C were obtained for calcined
g(x)M catalysts.

Both toluene and butane experiments were carried out in He
ow (25 ml  min−1). Before the TPD experiments, a sweep under He
ow at 100 ◦C was carried out. The temperature-programmed des-
rption was performed from 100 to 550 ◦C with a rate of 5 ◦C min−1

nd maintaining it at the final temperature for about 10 min.
he effluent gases were continuously monitored by on-line mass
pectrometry (Pfeiffer/Balzers Quadstar, QMI422, QME125). The
oluene concentration (m/e = 91) and the signal m/e  = 43 which cor-
esponds to the main partition of butane was registered through
ass spectrometry. In addition, several other signals such as 2

hydrogen), 4 (helium), 28 (nitrogen or CO), 32 (oxygen), 105 (ben-
oic acid), 44 (CO2), 77 (phenyl), 18 (water), 62 (pentene), 15
methyl group) and 16 (methane) were monitored [26].

The amount of toluene or butane adsorbed during the break-
hrough experiments (adsorption capacity) was calculated as the
ifference between the area under the curve in a blank experiment
nd the area under the breakthrough curve. We  also measured the
rea under the curve during the TPD experiments, from which we
ere able to calculate the amount of toluene or butane desorbed

etween 100 and 550 ◦C. This amount corresponds to the toluene
r butane retained in the sample after purging with He at 100 ◦C.

. Results and discussion

.1. Catalyst characterization

.1.1. Physical and chemical properties of Ag(x)M catalysts
Table 1 shows the chemical composition of NaMOR and Ag(x)M
etermined by atomic absorption spectroscopy; it also shows the
ET area and micropore volume. The surface area value of NaMOR

s in agreement with that reported by the zeolite supplier [27].
he incorporation of silver by ion-exchange into the mordenite
Micropore volume (cm g ) calculated by t-plot method.
c Crystallinity calculated using the ratio of the sum of the intensity of the five

most  intense of Ag(x)M and NaMOR.

channels decreases the surface area and pore volume compared
with the parent zeolite. In addition to the incorporation of Ag, the
ion exchange process also results in the exchange of a fraction of
Na by protons, which can be inferred from the Na concentration of
each sample, which is also shown in Table 1.

In the Ag(x)M samples only the diffraction peaks belonging to
the NaMOR structure were detected by XRD measurements. Since
the diffraction lines of Ag2O (2�  = 32.6◦, 37.8◦, 54.7◦ and 65.3◦) are
clearly seen on the Ag2O/M reference sample [28], in the exchanged
sample the Ag2O particles should be highly dispersed in the mor-
denite structure.

The crystallinity of the Ag(x)M samples decreased with the
increase of the silver ion-exchanged degree (Table 1). The X-ray
diffraction patterns (not shown) of Ag(x)M presented some changes
in the relative intensities, probably due to the incorporation of sil-
ver in the structure by the ion-exchange procedure. Kukulska-Zaja
and Datka [29] reported that the location of silver in the oxygen
ring results in ring deformation which increases with the number
of cations incorporated in the cavities. Thus, the increased number
of Ag+ ions in the zeolitic cavities would cause some distortions
in the pore and intracrystalline voids due to interaction with the
lattice oxygen.

3.1.2. Reducibility of Ag species
The properties of the active sites are related to the different

species of Ag present in the catalysts. Temperature-programmed
reduction helps in differentiating these species. Fig. 1 shows the
results obtained by TPR for Ag(x)M catalysts and for the standard
sample. The reduction profiles exhibit peaks in three tempera-
ture regions which can be attributed to different silver species
formed during the pretreatment step. One hypothesis is to con-
sider that these peaks correspond to the reduction of isolated silver
ions multi-coordinated with structure oxygens. It is known that
the occupation of different sites in mordenite by metallic cations
depends on several factors. Whichterlová and co-workers [30,31]
identified three cationic sites in Co-exchanged mordenite. They
found that when the cobalt loading is low, the ions occupy the
� cationic sites, which are located in the twisted eight-membered
rings of the mordenite cavity. By increasing the Co/Al ratio, the ions
occupy the �-type sites, which are located in the main channel,
coordinated with framework oxygens of the six-membered rings.
Finally, at high cobalt loadings, the ions occupy the �-sites, which
are located in the “boat-shaped” site of mordenite. Divalent metal
ions in these sites are coordinated to six framework oxygens at
approximately octahedral coordination. This represents the most
highly coordinated site.

In this work, all Ag(x)M samples have a reduction peak close to
222 ◦C with a shoulder at a lower temperature which could corre-
spond to nanoparticles of highly dispersed Ag2O, in agreement with
the Ag2O/M sample prepared by mechanical mixture (Fig. 1, profile

a). Isolated Ag+ ions sitting in � cationic site could also be reduced
in this region, while the reduction at temperatures between 300 ◦C
and 600 ◦C would correspond to Ag+ ions exchanged at more sta-
ble � cationic sites. In addition, the small reduction peak above
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ig. 1. TPR profiles for (a) Ag2O/M and calcined (b) Ag(5)M, (c) Ag(10)M and (d)
g(15)M catalysts.

00 ◦C could be assigned to Ag+ ions located at very stable sites with
igh coordination, like �-sites, in which the cation strongly inter-
cts with the zeolitic structure. Another hypothesis is to consider
hat Ag cations (belonging to silver oxides or to isolated exchanged
ons) would be readily reduced to Ag cationic clusters (Agn

m+) at the
rst peak, and that cationic clusters would further reduce to metal
articles at the second and third peaks, as suggested by Shibata
t al. [32] who studied the Ag cluster formed in H zeolites during
2 reduction.

In addition, the population of �-sites increases with the Ag/Al
atio, while it is maximum in Ag(10)M for � cationic sites. For the
g(5)M and Ag(10)M catalysts, the total H2/Ag ratio is slightly less

han 0.50, probably because when the concentration of silver is low,
 fraction of Ag+ ions occupy the � cationic sites which are more
ifficult to reduce. Nevertheless, the complete reduction of all the
ilver ions at lower temperatures was observed for the sample with
5 wt% Ag. This is probably due to the fact that a higher concentra-
ion of metallic silver in this sample can be reduced at temperatures
ower that 600 ◦C during TPR experiment, which would effectively
atalyze the H2 dissociation, thus favoring the reduction of the
ilver ions located at � sites.

.1.3. UV–vis DRS
The electronic spectra of silver in solutions, inert gas, solid

atrices and zeolites show that Ag+ ions and small Ag clusters
xhibit characteristic absorption bands in the UV–vis region.

Fig. 2 shows the UV–vis spectra in 220–700 nm region for the
g(x)M catalysts (spectra (c)–(e)), Ag2O/M prepared by mechani-
al mixture (spectrum (b)), and NaMOR (spectrum (a)). The Ag(x)M
amples exhibit an intense UV absorption band at around 220 nm

the peak position of the band may  exist in the wavelength region
horter than 200 nm)  which is attributed to the [Kr] 4d10–[Kr]
d95s1 electronic transition on the isolated Ag+ ions exchanged into
aMOR. Shi et al. [16] reported that three overlapped bands below
Fig. 2. UV–vis DRS spectra of (a) NaMOR, (b) Ag2O/M, (c) Ag(5)M, (d) Ag(10)M and
(e) Ag(15)M samples.

230 nm (196, 212 and 224 nm)  correspond to the absorption of iso-
lated silver ions exchanged into H-ZSM-5. Also, Shibata et al. [33]
reported bands at 210 and 235 nm assignable to Ag+ ions in Ag-MFI
pretreated in a flow of 10% O2 at 500 ◦C.

The assignment of individual absorption bands to different sil-
ver species in zeolites have been widely discussed in the literature
[16,33–35].  The existence of cationic clusters (Agn

m+), metallic clus-
ters (Agn

0) with n ≤ 8 and isolated Ag+ ions was proposed, which
can absorb energy in the UV–vis region.

In this work, bands at 286, 320 and 400 nm are observed for the
Ag(5)M sample. The bands at 286 and 320 nm correspond to small
silver cationic clusters (Agn

ı+, 2 ≤ n ≤ 4) [33,36].
The weak band around 370–480 nm could be due to Ag2O

nanoparticles, which display capability of light absorption in both
UV and visible range of 200–650 nm [37]. A similar band was
observed in the UV–vis spectra of Ag-H-ZSM-5 after pretreatment
in O2/He gas stream [16].

Samples with 10 and 15 wt%  Ag exchanged in mordenite, spectra
(d) and (e), respectively, have a broad signal at 250 nm and a weak
one around 330 nm corresponding to Agn

ı+ clusters. The absorption
signal of silver oxides can also be observed. In (d) and (e) spectra, it is
possible that the presence of a greater amount of water molecules
coordinated with Ag+ ions decreases the intensity of the spectra
[38].

3.1.4. XPS surface characterization
In order to investigate the chemical state of Ag+ exchanged

species and supported nanoparticles (Ag◦ and Ag2O), the Ag 3d
photoelectron spectra of Ag(x)M as well as those of the Ag2O/M
samples were obtained (Fig. 3A). The Ag 3d spectra of silver

exchanged in mordenite show peaks around 368.3 eV and 374.3 eV
(FWHM ∼ 2.1), which are readily assigned to core-level Ag 3d5/2
and Ag 3d3/2 photoemissions, respectively. Besides, the bind-
ing energy values shift to 367.8 eV and 373.8 eV for the Ag2O/M
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Fig. 3. XPS spectra obtained for calcined (a) Ag(5)M, (b) Ag(10)M

ample. Taking into account the XPS results of the standard sam-
les previously reported [39], it is highly difficult to discriminate
he peak position of Ag 3d5/2 for Ag2O (368.4 eV), AgO (368.0 eV)
nd metallic Ag (368.2 eV); thus, it is uncertain to identify the chem-
cal state of silver sitting in the mordenite structure only from
he analysis of Ag 3d electronic level. An additional measure was
erformed on the Ag M4VV Auger transition region (Fig. 3B) and
he modified Auger parameter (˛′) was calculated (Table 2). The
uger transition spectra of Ag(x)M samples have a peak with kinetic
nergy of 354.0–354.5 eV, while for Ag2O/M it is 357.7 eV; there-
ore the Auger parameter (˛′) value results around 722.3 eV for
ilver-exchanged in mordenite and 724.6 eV for Ag2O supported,
n agreement with Bera et al. [40] who reported values of 726.3 eV
nd 724.5 eV for Ag◦ and Ag2O, respectively. The lower ˛′ values
bserved for Ag(x)M samples suggest that the silver species are
ostly Ag+ ions at exchange positions. The FWHM values of silver

d5/2 peaks for Ag(x)M samples are slightly broader than Ag2O/M,
hich indicates the presence of small particles of Ag2O dispersed
n the mordenite structure according to the TPR results. In addition,
he BE measured to Al 2p and O 1s core-level were ca. 74.0 eV and
31.7 ± 0.1 eV, respectively for Ag(x)M samples.

able 2
PS analysis and modified Auger parameters.

Catalyst BE KE ˛′c Atomic ratiod

Ag 3d5/2
a Ag M4VVb Si/Al)S Ag/Al)S Ag/Al)B

Ag(5)M 368.4 354.0 722.3 6.1 0.67 0.18
Ag(10)M 368.3 354.5 722.8 6.1 0.95 0.36
Ag(15)M 368.2 354.0 722.2 6.2 0.91 0.53
Ag2O/M 367.8 357.1 724.9 6.0 0.30 –

a Binding energy (eV).
b Kinetic energy (eV).
c Modified Auger parameter: ˛′ (eV) = KE (AgM4VV) − KE (Ag3d5/2) + 1253.6 eV.
d ‘S’ represents the atomic surface ratio and ‘B’ indicates the atomic ratio in the

ulk.
(15)M and (d) Ag2O/M; (A) Ag 3d and (B) Ag M4VV Auger region.

The atomic surface ratios Ag/Al)S and Si/Al)S calculated from
XPS data are presented in Table 2. The high values Ag/Al)S sug-
gest a surface enrichment with silver in Ag-exchanged mordenite.
The Si/Al ratio remains constant around 6.2 close to the bulk value
(Si/Al = 6.5).

3.2. Hydrocarbon adsorption and retention capacity

3.2.1. Breakthrough curves
The measure of the breakthrough curves is a direct method to

determine the HC adsorption capacity from an adsorbent material.
Fig. 4 compares the breakthrough curves for toluene and butane
adsorption at 100 ◦C on NaMOR and samples exchanged with 5, 10
and 15 wt%  Ag. When toluene was  adsorbed (Fig. 4A), the NaMOR
sample showed the greatest adsorption capacity, since the time
required to reach saturation was  the highest. The incorporation of
5 wt% Ag, results in a notable decrease in the amount of toluene
adsorbed, probably due to the decrease in pore volume (see Table 1).
Another reason for this decrease could be the exchange of pro-
tons during the ionic exchange with silver nitrate solution (pH
5) because it has been reported that Na-mordenite adsorbs more
toluene than H-Mordenite [41]. The increase in Ag loading (sam-
ples with 10 and 15 wt%) results in an increase in the adsorption
capacity, because the Ag interaction with toluene is stronger than
with H sites. As a matter of fact, for the Ag(15)M sample the amount
of toluene adsorbed is only slightly lower than that for NaMOR.

However, when butane was adsorbed at 100 ◦C (Fig. 4B), the
adsorbed amount decreased for Ag(x)M catalysts compared to the
NaMOR support but the breakthrough curves were similar for
the exchanged catalysts with different Ag loading. Hence, Table 3
presents the results obtained from the studies of toluene or butane

adsorption and desorption in Ag-mordenite catalysts. It presents
the micromoles of toluene and butane adsorbed at 100 ◦C (QADS),
calculated from breakthrough curves. It can be observed that the
NaMOR support and the Ag(x)M samples adsorbed more toluene
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ig. 4. Breakthrough curves of (A) toluene or (B) butane adsorption at 100 ◦C on (a) 

0  cm3 min−1 of toluene (8000 ppm) or butane (10,000 ppm) in He.

han butane. The amount of butane was almost similar for the dif-
erent silver loaded mordenites.

In order to understand these results, it should be taken into
ccount that the substitution of a Si4+ ion by an Al3+ ion with a
ower valence into the Na-mordenite zeolites, produces a negative
harge on the structure that is neutralized by the Na+ cation form-
ng a conjugate acid–base pair. The Na+ cation acts as a Lewis acid
ite, while the oxygen of the zeolite structure with partial negative
harge acts as a Lewis base [42,43].

The Ag+ ions present in the prepared samples represent active
ites for the adsorption of toluene and butane. However, the
resence of different concentrations of silver and the adsorption
apacity observed reveals two opposite effects of silver. On the one
and, silver species produce the blocking of the NaMOR channels
ue to the incorporation of a compensation cation with greater

onic radius; 0.95 Å for Na+ and 1.26 Å for Ag+. This effect is directly
inked to the loss of crystallinity and textural properties of the sup-
orted zeolite (Table 1). On the other hand, a second effect is the
trong interaction between silver and the adsorbed hydrocarbon;
s a matter of fact, the strength of the interaction strongly depends
n the hydrocarbon nature.

In the case of toluene, the experimental results show two sit-
ations. First, the adsorption capacity decreases significantly with

he addition of 5 wt% Ag compared to that of the NaMOR support.
n the latter case, the obstruction effect of silver prevails. How-
ver, when adding higher metal content, the adsorption capacity

able 3
dsorption, desorption and retention capacity of toluene or butane.

Sample %Ag Toluene 

QADS
a QDES

b

NaMOR 0 0.93 0.38 

Ag(5)M 5 0.61 0.17 

Ag(10)M 10 0.73 0.35 

Ag(15)M 15 0.86 0.21 

Ag(15)M red. 300 ◦C 15 0.84 0.16 

a Toluene or butane amount adsorbed at 100 ◦C (�mol  mg−1).
b Toluene or butane amount desorbed above 100 ◦C (�mol  mg−1).
c Toluene or butane retention capacity above 100 ◦C;  ̊ = (QDES/QADS) × 100%.
R, (b) Ag(5)M, (c) Ag(10)M and (d) Ag(15)M catalysts. Conditions: 0.10 g of sample,

increases due to the prevailing effect of the interaction between
Ag+ ions and toluene compared to the obstruction effect.

In the case of butane, it can be noticed that the addition of 5 wt%
Ag produces a decrease in the amount of butane adsorbed com-
pared with that of the NaMOR support. In this latter case, the effect
of obstruction is predominant, as observed with toluene. How-
ever, when adding higher contents of silver, the amount of butane
decreases slightly, indicating that there is no strong interaction
between the linear hydrocarbon and Ag+ ions.

In this sense, it appears that the adsorption capacity is strongly
influenced by the interaction between the Ag+ cation with the �
electron cloud of the aromatic ring of toluene. Therefore, the inter-
action of the CH groups with the linear chain of butane or of the
toluene methyl group is weak.

The morphology of the mordenite channels should also influ-
ence the adsorption properties of the samples. The structure
has 12-membered ring main channels of 6.7 Å × 7 Å, secondary
channels with 8 members of 2.9 Å × 5.7 Å and side pockets of
3.4 Å × 4.8 Å. Thus, considering that the kinetic diameter of the
toluene molecule is 5.8 Å, the Ag+ ions located in the main channels
(alpha sites) would be the most accessible ones to the adsorp-
tion of toluene, while those located in the secondary channel (beta
sites) would show steric hindrance. Ions located in the side-pockets

(gamma  sites) would not be accessible to the molecule of toluene.
The quantitative analysis of TPR results can help to gain insight
about this effect. It can be observed that beta sites (reduction peak

Butane

˚c QADS
a QDES

b ˚c

40.9 0.534 0.113 21.2
27.9 0.279 0.066 23.7
47.9 0.276 0.130 47.1
24.4 0.235 0.070 29.8
19.1 ND ND ND
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Fig. 5. Profiles of temperature-programmed desorption (TPD) of adsorbed toluene
(—)  or butane (- - -) on (a) NaMOR, (b) Ag(5)M, (c) Ag(10)M and Ag(15)M catalysts
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etween 300 and 600 ◦C) represent 30–40% of Ag+ ions present in
he samples. On the other hand, the reduction of Ag+ ions located
n alpha sites (T < 300 ◦C) is overlapped with the reduction of Ag2O
articles, so it is difficult to quantify the amount of exchanged
g+ cations located on this site. Nevertheless, it can be observed

hat the peak reduction occurring at less than 300 ◦C has a shoul-
er between 180 and 190 ◦C that can be assigned to silver oxide
pecies. This shoulder increases with the increasing Ag+ concen-
ration, indicating that the Ag2O amount increases with increasing
g content.

.2.2. Temperature-programmed desorption of C7H8 or C4H10
Fig. 5 shows the desorption profiles of toluene or butane

hemisorbed on NaMOR and samples exchanged with 5, 10 and
5 wt% of silver. When toluene was adsorbed at 100 ◦C, the NaMOR
upport (profile a) presented two characteristic zones, one at low
emperature, between 170 and 300 ◦C, and another one between
00 and 500 ◦C. The region at lower temperature could be associ-
ted with weakly adsorbed toluene. In contrast, the HC released at
igh temperatures could be linked with toluene that interacts more
trongly with Na+ sites. In contrast, when butane was  adsorbed
n NaMOR, the profile had only one peak at temperatures below
00 ◦C.

In silver-containing samples, the toluene adsorbed at 100 ◦C
as retained up to temperatures close to 300 ◦C, while the max-

mum temperature of butane desorption was always below 200 ◦C.
his could be due to the fact that Ag+ ions ([Kr] 4d105 s0) are able
o activate the adsorbed toluene containing � electrons through
he donation of d electrons to �* antibonding orbitals of toluene

olecule [29]. Therefore, the interaction between Ag+ ions is
tronger with the �-electrons of the aromatic ring of the toluene
olecule than the �-electrons of the linear chain of butane.
Comparing the amount of toluene or butane retained in the
g(x)M samples (Fig. 5, Table 3) with the amount retained in the
aMOR support, the addition of silver results in an optimal value of

he  ̊ ratio (QADS/QDES) for the catalyst with 10 wt%  Ag. As a matter
f fact, it can be seen that the sample with 15 wt% of Ag desorbs a

550525500475450425400

(d)

(c)

(b)

In
te

ns
ity

 (a
.u

.)

Temperature (°C)

m/e=2
    H2

(a)

40

Fig. 6. H2 and CO2 profiles obtained during the toluene desorption temperature pr
after adsorption at 100 ◦C with 8000 ppm of C7H8/He or 10,000 ppm of C4H10/He
and desorption in He flow with a heating rate 10 ◦C min−1.

lower amount of toluene than that with 10 wt%. The former sample
has a higher content of Ag O, which could explain this behavior. Sil-
2
ver oxide does not adsorb toluene, and it could partially block alpha
sites located in the main channels, thus decreasing the strength of
the interactions with toluene.
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It was also noticed that the Ag(x)M samples did not exhibit
he second peak of toluene desorption between 300 and 500 ◦C.
n this region, the appearance of signals corresponding to H2,
O2 and H2O was observed during the temperature-programmed
esorption of toluene but were not detected with butane. Fig. 6
hows the desorption profiles of hydrogen and CO2 obtained for
he NaMOR support (profile a) and exchanged samples with 5, 10
nd 15 wt% Ag (profiles b–d).

When the temperature was 500 ◦C, the highest of the peaks
orresponding to hydrogen and water could be observed. These
ompounds are observed only in the samples exchanged with sil-
er and there are no other decomposition products. In this vein,
önkkönen et al. [44] reported the aromatic hydrocarbon decom-
osition reactions on Rh, Ni, Pt or Pd supported on ZrO2. In addition,
ing et al. [45] studied the methane activation over Ag-exchanged
SM5 zeolites for H2 formation.

Therefore, toluene probably interacts strongly with Ag+ ions and
s retained by them up to 350 ◦C and a higher temperature, the

oluene decomposition mainly occurs producing coke and hydro-
en, by means of the following reaction [46]:

7H8 → 7C (s) + 4H2 (g) (I)
 (�, �) 15 wt% Ag. Reaction conditions: GHSV = 20,000 h−1, 1000 ppm NO, 2% O2,
version; (C and D) C4H10 conversion as a function of temperature.

The generation of carbon dioxide is linked to the oxidation reaction
of toluene. Table 3 also shows the toluene adsorption and desorp-
tion values obtained on Ag(15)M reduced in H2 flow at heating rate
of 5 ◦C min−1 from room temperature to 300 ◦C and then, swept
with an inert flow to the adsorption temperature. The amount of
hydrocarbon adsorbed before and after reducing the Ag2O species is
the same. However, the amount of toluene retained is minor in com-
parison to the calcined Ag(15)M. The retention capacity decreased
about 22% for the reduced sample. Therefore, it follows that Ag2O
species are probably not specifically involved in the process of
toluene adsorption but are important to improve the retention abil-
ity. The strong interaction between toluene and the Ag2O sites very
likely promotes the partial oxidation of toluene at high tempera-
tures (≈500 ◦C), by means of the following reaction:

C7H8 + 18Ag2O → 7CO2 + 4H2O + 36Ag◦ (II)

3.3. Catalytic tests
Figs. 7 and 8 show the conversion of NOx to N2 and the
hydrocarbon conversions for the SCR in the presence of oxygen
excess. The catalytic performance was analyzed in the absence and



142 S.G. Aspromonte et al. / Applied Catalysis A: General 407 (2011) 134– 144

(B)

0

10

20

30

40

50

N
O

x 
to

 N
2 c

on
ve

rs
io

n 
(%

)

(A)

600550500450400350

0

10

20

30

40

50

60

70

80

90

100

To
lu

en
e 

co
nv

er
si

on
 (%

)

Temperature (°C)

(C)

600550500450400350

Temperature (°C)

(D)

F g and
5 2 conv

p
N
5

l
c
e
h
b
d
i
t
b

c
a

a

ig. 8. The SCR of NOx using Ag(x)M samples: (�, ©)  5 wt% Ag; (�, �)  10 wt% A
00  ppm C7H8. Filled symbols: 0% H2O, Empty symbols: 2% H2O. (A and B) NOx to N

resence of 2% H2O. All the catalysts gave volcano-type curves for
O conversion, the peak temperature varying between 500 and
25 ◦C according to the catalysts and hydrocarbons used.

Under dry reaction conditions with butane (Fig. 7A), the cata-
ysts with 5 and 10 wt% of Ag showed similar activity, the maximum
onversion being at 525 ◦C are 30.3 and 32.4%, respectively. How-
ver, in Ag(15)M the NO reduction activity was lower. When the
ydrocarbon used was toluene (Fig. 8A), Ag(10)M was  also the
est catalyst, reaching 38.2% at 500 ◦C. The activity enhancement
isplayed using toluene could be due to the higher C/N ratio,

.e. C/N = 3.5 versus C/N = 2 (butane). It is also possible that the
oluene aromatic ring was more reactive than the aliphatic chain of
utane.

Therefore, in agreement with other authors [47], the maximum

onversion to N2 shows that there is an optimal value between 5
nd 10 wt% of Ag under dry conditions.

On the other hand, the effect on the NO reduction activity of
dding 2% H2O was positive. The maximum conversion of NOx
 (�, �) 15 wt% Ag. Reaction conditions: GHSV = 20,000 h−1, 1000 ppm NO, 2% O2,
ersion; (C and D) C4H10 conversion as a function of temperature.

increased from 20% (in dry condition) to 47.5% at 500 ◦C using
butane on Ag(15)M (Fig. 7B). Also, with toluene the NO conversions
were greater than those under dry conditions. The highest NO con-
version was 51.2% and it was  observed at 500 ◦C over the Ag(15)M
catalysts (Fig. 8B). The butane conversions (presented in Fig. 7C and
D) were similar for all catalysts and the hydrocarbon total conver-
sion was  raised close to 525 ◦C when the nitrogen conversion was
maximum. In the case where toluene was used, the Ag(10)M cat-
alyst showed a toluene conversion lower than the other catalysts
at temperatures <450 ◦C in dry conditions. However in the pres-
ence of water, the toluene conversion was  the lowest in the whole
temperature range (Fig. 8C and D).

In a previous work [48], we  studied the effect of water on the NOx

SCR reaction. In agreement with other authors, we concluded that

water can participate in different ways: (i) reversibly inhibiting the
catalytic reaction, because it adsorbs at the active sites preventing
the NOx adsorption, (ii) water promotes the steam reforming of
hydrocarbons and/or (iii) it helps to maintain the surface clean from



S.G. Aspromonte et al. / Applied Catalysi

1614121086420
0

10

20

30

40

50

60
M

ax
im

um
 N

O
x 

to
 N

2 c
on

ve
rs

io
n 

(%
)

wt% Ag

F
5
1

c
C

t
H
o
H
b
b
4
t
[

i
t
H
t
f

n
r
c

4

b
2
h
f
m
d

[
[

[

[
[
[

[
[

[
[
[

[

[

[

ig. 9. Influence of Ag loading in the maximun NO to N2 conversion with HCs: (�, �)
00 ppm butane; (�, �)  500 ppm toluene. Reaction conditions: GHSV = 20,000 h−1,
000 ppm NO, 2% O2. Filled symbols: 0% H2O; empty symbols: 2% H2O.

arbon deposits. In that work, we demonstrated that in the case of
o exchanged catalysts the latter option is the most important one.

Fig. 9 shows the influence of metal loading on the conversion
o N2 with butane or toluene in the presence or absence of 2%
2O. Under dry conditions, the conversion of NO to N2 has an
ptimum value between 5 and 10 wt% Ag for both hydrocarbons.
owever, a different behavior was observed with 2% H2O. Possi-
ly, the steam reforming of hydrocarbon could occur, because it
ecame thermodynamically favorable at temperatures higher than
00 ◦C. The carbon deposition could take place simultaneously due
o decomposition of hydrocarbon and/or by CO disproportionation
49].

Our SCR results on Ag exchanged samples showed that the activ-
ty was higher in the presence of water, and we can conclude that
he beneficial effect of water is probably due to the production of
2 from steam reforming, which in turn could improve NOx reduc-

ion, and because water contributes to maintain the surface clean
rom carbon deposits.

However, due to the complexity of the reaction system, a high
umber of parallel and consecutive reactions can take place under
eaction conditions, which prevents the steam reforming of hydro-
arbon from being independently measured.

. Conclusions

Catalysts based on Ag-Mordenite are able to adsorb toluene or
utane at low temperature and to retain them up to temperatures of
50 and 180 ◦C, respectively. During the TPD experiments, besides

ydrocarbon desorption, other interesting features are observed

or toluene that are not seen in the case of butane. Since toluene
olecules are retained at higher temperature, a fraction of them are

ecomposed to give hydrogen, carbon, carbon dioxide and water,

[

[
[
[
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through complex reactions that probably involve the hydrocarbon
decomposition and Ag+ reduction with toluene and/or hydrogen
molecules.

Even though at high temperatures, the studied catalysts have a
good NOx reduction activity with toluene and butane in the pres-
ence of water, with a maximum conversion to N2 of 51.2 and 47.5%,
respectively, at 525 ◦C in both cases.

In the active catalysts, small highly dispersed Ag2O particles are
present in coexistence with isolated Ag+ ions and/or small clusters
of Ag+ cations located at the mordenite exchange sites.

Regarding toluene adsorption, the presence of silver has two
opposite effects: the chemical interaction with the hydrocarbon
molecules and a partial obstruction of the mordenite channels.
The interaction between Ag+ at exchange positions with toluene
is stronger than with butane due to the presence of � electrons in
the aromatic ring. As a result of this strong interaction, toluene is
retained at high temperatures and decomposes generating prod-
ucts such as coke and hydrogen. Besides, part of the retained
toluene reacts with silver oxide species to produce water and CO2.
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