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Abstract In this work, we studied the adsorption of butane,
toluene and nitric oxide on NaMordenite exchanged with
different amounts of silver. The reactions that occurred when
the adsorbed hydrocarbons interacted with NO and the ef-
fect of water adsorption were also addressed. Different sil-
ver species were formed after ion exchange and they were
detected by TPR analysis. Highly dispersed Ag2O particles
were reduced at temperatures lower than 300 °C whereas
Ag+ exchanged ions showed two TPR peaks, which can
be ascribed to species exchanged at different mordenite
sites. The TPD experiments after adsorption of NO at 25 °C
showed that the only desorbed species was NO2 which was
formed by the total reduction of Ag2O particles. When the
adsorbed butane was exposed to NO (1000 ppm), isocyanate
species were formed on Ag+ ionic sites as well as Ag+–
(NOx)–CO species. Toluene adsorption was stronger than
butane since adsorbed toluene molecules were held even at
400 °C. The characteristic bands of the aromatic ring C=C
bond was observed as well as that of methyl groups interact-
ing with Ag+ and Na+ ions. However, the appearance of car-
boxylic groups at temperatures above 300 °C in inert flow in-
dicated the partial oxidation of toluene due to Ag2O species
present in the samples. After contacting adsorbed toluene
with NO, different FTIR bands correspond to organic nitro-
compounds, isocyanate, cyanide and isocyanide species ad-
sorbed on Ag+ ions, were detected. The presence of water
inhibited the formation of NO2 species and the hydrocarbon
adsorption on Na+ sites but did not affect the toluene-Ag+
interaction.
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1 Introduction

Hydrocarbons (HCs) and nitric oxides (NOx) are among
the main pollutants generated in both mobile and stationary
combustion emission sources. Three-way monolithic cata-
lysts (TWC) are commonly used in automobiles because
they achieve CO and HC oxidation together with NOx re-
duction for stoichiometric air/fuel (A/F) ratios. In station-
ary power sources, the Selective Catalytic Reduction of NO
(SCR-NO) with ammonia is the most widely used com-
mercial method to eliminate nitric oxide (Parvulescu et al.
1998). However, several problems still remain unsolved
when these processes are employed. For example, TWCs
are less efficient when the engine operates under lean condi-
tions, which is the case of diesel engines. Another problem
in the exhaust stream of automobiles is constituted by hy-
drocarbon emissions occurring when the temperature of the
catalytic system is low, during the first 2 min after engine ig-
nition, and before the TWC reaches its light-off temperature
(Kanasawa 2004). In the case of stationary power sources,
since ammonia is a corrosive gas, the use of hydrocarbons
as a reducing agent could be highly desirable.

In the research literature seeking for a solution to the
above mentioned drawbacks, zeolites have been the most
widely used materials. For example, different metal-ex-
changed zeolites have been abundantly reported as promis-
ing catalysts for the SCR of NOx with hydrocarbon in the
presence of O2 excess. On the other hand, in the case of au-
tomobiles, a promising way to resolve the problem of HC
emissions during the cold-start period is the installation of
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zeolitic traps, which are able to adsorb hydrocarbons dur-
ing the cold period and release them once the light-off tem-
perature of the converter is reached (Sarshar et al. 2009;
Park et al. 2007; Wesson and Snurr 2009). Zeolites have
also been extensively studied as adsorbents and catalysts due
to their stability at high temperatures, their thermodynamic
affinity to hydrocarbons and the high activity and selectiv-
ity to N2 in the SCR of NOx (Son et al. 2000). However,
the effect of water, which is inevitably present in combus-
tion processes, represents an important drawback. Water is
strongly adsorbed on high alumina zeolites, thus impeding
the adsorption of reactive molecules in the active sites for
the catalytic reactions. Moreover, metal-zeolites employed
for the SCR of NOx are irreversibly damaged by the pres-
ence of water at high temperatures (Malka-Edery et al. 2001;
Yeon et al. 2009; Iliyasm et al. 2007).

At present, the adsorption of gaseous contaminants is a
very important research issue in view of the application of
zeolites to solve environmental problems. Thus, the pur-
pose of this work is twofold: (i) to contribute to the un-
derstanding of the physicochemical phenomena that take
place when contaminants like nitric oxide and hydrocar-
bons are adsorbed on silver modified zeolites, and (ii) to
gain insight into the effect of the presence of water. To
this purpose, we selected toluene and butane as representa-
tives of aromatic and aliphatic hydrocarbons that are usually
present in the effluents of combustion processes. The study
of the chemical interaction arising between adsorbed hydro-
carbons with NO molecules of the gas phase are very impor-
tant for the SCR-NOx process. Besides, water was added
in the hydrocarbon stream in the experiment, because as
said above, its presence is unavoidable. We selected Ag ex-
changed in Na-Mordenite as adsorbent because it has been
reported that silver has a beneficial effect in hydrocarbon
adsorption when water is present, and is an active compo-
nent for the SCR-NOx reaction as well (Liu et al. 2001;
Oliveira et al. 2009). Experiments with different silver load-
ings were performed and FTIR spectroscopy was used as
a very powerful technique yielding important information
about the mechanism of adsorption and reactions of the con-
taminants employed. In addition, temperature-programmed
reduction (TPR) experiments were performed to assess the
redox capacity of the solids which in turn helps to identify
the different Ag species that are present.

2 Experimental

2.1 Preparation of Ag-mordenite catalysts

NaMOR with Si/Al = 6.5 was commercially obtained from
Zeolyst International and used as the parent zeolite. A con-
ventional Ag+ ion exchange of NaMOR with AgNO3 solu-
tion was carried out at room temperature (RT) in the dark

for 24 hours using 150 ml of aqueous silver (I) nitrate solu-
tion (0.04–0.10 M) to exchange 4 g zeolites each time. The
samples were filtered, washed with deionized water, dried
overnight at 120 ◦C and then calcined in O2 flow at a heat-
ing rate of 0.5 ◦C/min from RT to 500 ◦C; then, the tem-
perature was kept constant for 2 hours. Hereafter, the cata-
lyst will be designated as Ag(x)M where ‘x’ represents the
silver content (wt%). Samples with 5, 10 and 15 wt% Ag
were obtained, the exchange degree being 17.8, 35.5 and
53.1%, respectively. The silver content was determined by
Atomic Absorption Spectrometry Flame (AASF). Besides,
a mechanical mixture between Ag2O and NaMOR was pre-
pared to obtain a solid with 15 wt% Ag. This mixture was
used as the reference sample in the TPR experiments.

2.2 Temperature-programmed reduction (TPR)

TPR measurements were performed in a flow system
(Okhura TP-2002 S instrument) equipped with a TCD detec-
tor for monitoring the H2 consumption from a feed stream
containing 5% H2 in Ar. Normally, 0.1 g of fresh samples
was placed in a quartz tube of 8 mm (i.d.) and calcined in
situ with O2 from RT up to 500 ◦C with a heating rate of
0.5 ◦C/min. It was kept at 500 ◦C for 2 hours, and was then
cooled down to RT. The TPR experiments started at 30 ◦C
up to 900 ◦C with a heating rate of 10 ◦C/min.

2.3 Temperature-programmed desorption of NO
(NO-TPD)

These experiments were carried out using 100 mg of cal-
cined sample in a flow system. Prior to the NO-TPD exper-
iment, the catalyst was pretreated in inert flow at 500 ◦C for
2 hours and then cooled down to room temperature (RT).
NO chemisorption was performed by passing 1000 ppm of
NO in He at 25 ◦C for 1 hour. The TPD measurements were
carried out up to 600 ◦C with a heating rate of 5 ◦C/min in
inert flow. The concentration of NOx species was measured
by FTIR at the reactor outlet. Spectra were recorded using a
FTIR Thermo Matso Genesis II, equipped with a gas IR cell
having a 15 cm path length (47 ml volume) and CaF2 win-
dows. A total of 100 scans were collected with a nominal
resolution of 1 cm−1.

2.4 FTIR studies

Through FTIR measurements, the interactions between
hydrocarbons and Ag species were studied by means of
different adsorption-desorption experiments. FTIR spectra
were collected using a Shimadzu 8108 M spectrometer, IR
Prestige-21 model, equipped with a high sensitive DLATGS
detector. A 30 mg sample was pressed into a self-supported
disc of approximately 1 cm of diameter and placed in a



Adsorption (2012) 18:1–12 3

sample holder at the center of the cell. The quartz cell had
an inlet and outlet allowing gas flow. This was externally
heated and the temperature was measured with a thermo-
couple placed in close proximity of the catalyst sample. Ab-
sorbance spectra were collected in the single-beam mode by
recording 80 scans at a resolution of 2 cm−1.

Before each experiment, catalyst samples previously cal-
cined at 500 ◦C were pretreated in situ with inert flow at
400 ◦C for 12 hours; they were then cooled down to adsorp-
tion temperature. The spectra of the clean sample surface
were collected and then the HC adsorption was carried out.
In the case of the linear HC, the adsorption was performed
with 1500 ppm of C4H10/He at RT. Instead, aromatic HC ad-
sorption studies were conducted by exposing catalyst sam-
ples to a stream of 8000 ppm of toluene at 100 ◦C. This con-
centration was obtained by flowing inert flow through two
successive saturators which contained pure toluene. In some
experiments, 0.5% of water was also introduced in the feed
stream. In all cases, after adsorption the sample was flushed
with inert flow at the adsorption temperature to remove the
physisorbed species and then, the spectra of the adsorbed
HCs were obtained.

Once the HC was adsorbed, there were two separate mea-
surements. The first one was carried out by sweeping the
HC adsorbed with inert flow for 30 minutes at different tem-
peratures to study the thermal stability of adsorbed butane
or toluene. On the other hand, the second experiment was
performed flowing 1000 ppm NO in He for 30 minutes at
different temperatures to analyze NOx–HC interactions.

3 Results

3.1 Reducibility of Ag species

The properties of the active sites are related to the differ-
ent species of Ag present in the catalysts. Temperature-
programmed reduction allows identifying these species. Ta-
ble 1 and Fig. 1 show the results obtained by TPR for
Ag(x)M catalysts and for the standard sample. The reduc-
tion profiles exhibit peaks in the three temperature regions
which can be attributed to different silver species.

The main reduction peaks close to 222 ◦C (region I) could
correspond to small highly dispersed particles which may
be associated with Ag2O species (Berndt et al. 1998). An-
other small peak present in this region suggests a differ-
ent interaction between the oxide particles with the chan-
nels of the support (Bethke and Kung 1997; Baek et al.
2004). From the XRD pattern (not shown), the average size
of Ag2O particles was estimated on the Ag2O/M reference
sample, which was approximately 38 nm. However, no Ag
species were detected in the Ag(x)M samples. The reduc-
tion at temperatures between 300 ◦C and 600 ◦C (region II)

Table 1 Reducibility of silver species in Ag(x)M samples

Catalysta H2/Ag (Tmax, ◦C)b H2/Agtotal

25–300 ◦C 300–600 ◦C >600◦C

Ag2O/M 0.50 – – 0.50

(190)

Ag(5)M 0.14 0.17 0.05 0.36

(221) (406) (780)

Ag(10)M 0.18 0.24 0.03 0.45

(222) (404) (770)

Ag(15)M 0.22 0.19 0.09 0.50

(222) (443) (757)

aThe Ag(x)M samples were calcined at 500 ◦C in O2 flow. The
Ag2O/M sample was dehydrated at 500 ◦C in N2 flow
bMaximum temperature of reduction in each region (◦C)

Fig. 1 TPR profiles (a) Ag2O/M (mechanical mixture) and calcined
samples: (b) Ag(5)M, (c) Ag(10)M and (d) Ag(15)M

is generally attributed to Ag+ ions at exchange positions.
Besides, there is a small fraction above 600 ◦C (region III)
that could be assigned to Ag+ ions located at very stable
sites with high coordination, in which the cation strongly in-
teracts with the zeolitic structure. These two peaks could be
ascribed to species exchanged at different mordenite sites,
probably in the main channels and in the side pockets, re-
spectively (Mortier 1977).

The H2 consumption/Ag molar ratio calculated for
Ag(15)M is close to 0.5 which indicates the complete re-
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Fig. 2 Temperature-Programmed Desorption (TPD) of NO adsorbed
at 25 ◦C on (�) Ag2O/M, (") Ag(5)M and (Q) Ag(15)M

duction of Ag+ species to their metallic state (Table 1)
and coincides with those obtained for the reference sam-
ple, Ag2O/M. However, in the samples with 5% and 10%
wt. of silver the H2/Ag ratio is less than 0.5.

3.2 Temperature-programmed desorption of NO
(NO–TPD)

Figure 2 displays the desorption profiles obtained after NO
adsorption at 25 ◦C on Ag(5)M and Ag(15)M and compared
with the reference sample. The y-axis refers to the concen-
tration at the reactor outlet of NO2 normalized to the Ag2O
content. The representative curve of NO-TPD has a low in-
tensity peak below 100 ◦C and another above 300 ◦C. Sam-
ples Ag(x)M show a shift of the second peak toward higher
temperatures with respect to the reference Ag2O/M, which
could be attributed to the interaction of NO with different
Ag species dispersed in the structure.

Desorbed species were analyzed at the exit of the reactor
and the only signal detected at 1628 cm−1, belongs to NO2

species. This suggests that adsorbed NO is oxidized in the
presence of Ag2O oxides.

It was possible to calculate the NO2/Ag2O molar ratio
(Table 2) taking into account both the area under the TPD
curve which is related to the μmoles of NO2 desorbed and
the reduction peaks below 300 ◦C that correspond to Ag2O
particles. The values close to 1 suggest the complete oxida-
tion of NO molecules adsorbed on Ag2O.

Table 2 NO-TPD and TPR results

Catalyst μmol NO2
a μmol Ag2Ob NO2/Ag2O

Ag2O/M 78 70 1.11

Ag(5)M 6.3 6.5 0.97

Ag(15)M 31 30.6 1.01

aμmoles calculated by NO-TPD
bμmoles calculated by TPR

3.3 FTIR characterization of hydrocarbons adsorbed on
Ag-exchanged mordenite

3.3.1 Butane adsorption followed by inert sweep

Figure 3 displays spectra obtained after butane adsorption at
100 ◦C on NaMOR and Ag-exchanged samples followed by
inert sweep at 100 ◦C. The IR band observed at 2934 cm−1

is assigned to the asymmetric C–H stretching of the –CH2

group in the butane molecule [νa (CH2)], while the bands
at 2960 and 2868 cm−1 correspond to the asymmetric and
symmetric –C–H stretching of the methyl group [νa (CH3)

and νs (CH3)], respectively. On the other hand, the bands at
1466 and 1381 cm−1 are assigned to the deformation of the
C–H bonding of the CHx group (δ CH2/CH3) (Müslehid-
dinoglu and Vannice 2004).

Moreover, by increasing the silver content the more in-
tense absorption bands in the IR spectra can be observed
(3000–2750 cm−1 region), which indicates the preferential
interaction between hydrocarbon and silver ions.

In the low wavenumber region (1550–1300 cm−1), the
Ag(5)M sample (Fig. 3, spectrum b) shows a main peak at
1466 cm−1 that corresponds to the butane interaction with
Na+ sites (remaining in the Ag(5)M) and an additional band
at 1460 cm−1 due to the interaction with Ag+ ions present in
the samples, which increases its intensity with the Ag load-
ing.

After flowing He at 150 ◦C, no FTIR bands of adsorbed
butane could be observed, which suggests a weak butane ad-
sorption on the Ag(x)M samples.

3.3.2 Toluene adsorption followed by inert sweep

Figure 4 shows the FTIR spectra of toluene adsorbed at
100 ◦C and desorbed in inert flow at 200, 300 and 400 ◦C
for the NaMOR support.

In the high wavenumber region (Fig. 4A), weak bands are
observed above 3000 cm−1 (3033 and 3073 cm−1) which
correspond to the C–H stretching of the toluene aromatic
ring. Below 3000 cm−1, the signals at 2924 and 2877 cm−1

can be assigned to the –C–H stretching of the methyl group.
In the low wavenumber region (Fig. 4B), there is a signal
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Fig. 3 FTIR of butane adsorbed
and purged with inert flow at
100 ◦C on (a) NaMOR,
(b) Ag(5)M, (c) Ag(10)M and
(d) Ag(15)M

Fig. 4 FTIR of toluene
adsorbed on NaMOR;
(a) support pre-treated in inert
flow at 400 ◦C, (b) toluene
adsorption and purge with inert
flow at 100 ◦C, toluene
desorption in inert flow at
(c) 200 ◦C, (d) 300 ◦C and
(e) 400 ◦C

at 1495 cm−1 attributed to the vibrational modes of the aro-

matic ring C=C stretching interacting with Na+ ions of the

NaMOR support. A shift of 10 cm−1 to low wavenumbers

in comparison with gas phase toluene (1506 cm−1) can be

observed. There is also a broad band centered at 1467 cm−1

with a signal at 1386 cm−1 which corresponds to the asym-
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Fig. 5 FTIR of toluene
adsorbed on NaMOR
(spectrum a) and Ag(15)M
(spectra b–d), purge with inert
flow at 100 ◦C (a, b), 200 ◦C (c),
300 ◦C (d) and 400 ◦C (e)

metric deformation of the C–H bonding of the methyl group
in the toluene molecule (Poucher 1981), and a shoulder at
1448 cm−1 assigned to the stretching of the aromatic ring.
Figure 5 shows the FTIR spectra of toluene adsorbed at
100 ◦C and desorbed in inert flow at 200, 300 and 400 ◦C
for the Ag(15)M catalyst. Toluene adsorbed on Ag(15)M
(Fig. 5—spectrum b) exhibits a shoulder at 1485 cm−1

which can be attributed to toluene interacting with Ag+ ions
that shift at lower wavenumbers compared to the band ob-
served in NaMOR at 1495 cm−1 (spectrum a). The pres-
ence of this latter band, even though the temperature rises
to 400 ◦C, indicates a strong interaction between Ag+ ions
and the toluene molecule. Besides, the signals centered at
1460 and 1397 cm−1 assigned to the deformation of the C–H
bonding of the –CH3 group shift towards lower wavenum-
bers with the increase of temperature (spectra c–e).

When the temperature rises to 300 ◦C (Fig. 5, spectra d
and e), a shoulder at 1473 cm−1 appears, which can be
assigned to the vibrations of the symmetric C=O stretch-
ing of carboxylate groups. However, this signal is not ob-
served in the NaMOR sample (Fig. 4). In the samples with
lower silver loading, Ag(5)M and Ag(10)M, the spectra
of toluene adsorbed at different temperatures show similar
bands. Figure 6 summarizes the spectra of adsorbed toluene
at 400 ◦C in inert flow on Ag(x)M samples and compares
them with that in NaMOR. In the silver exchanged morden-
ite, there appear the characteristic bands at 1485, 1448 and
1386 cm−1 associated with the interaction between toluene

Fig. 6 FTIR of toluene adsorbed at 100 ◦C and desorbed at 400 ◦C in
inert flow on (a) NaMOR, (b) Ag(5)M, (c) Ag(10)M and (d) Ag(15)M
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molecules with Ag+ ions. The appearance of a stronger band
at 1473 cm−1 suggests the partial oxidation of toluene at
400 ◦C in the presence of silver species, like Ag2O sites
(Wichterlová et al. 2005; Hadjiivanov 2000).

3.3.3 Butane adsorption followed by sweep with 1000 ppm
NO/He flow

Figure 7 shows the spectra of adsorbed butane on Ag(x)M
samples and NaMOR treated at 100 ◦C in butane/He flow,
followed by a sweep with 1000 ppm of NO/He and then
in inert flow. In all the Ag(x)M samples, the bands cor-
responding to adsorbed butane (2700–3000 cm−1 region)
with a broad signal between 2250 and 2100 cm−1 are ob-
served. The shoulder at 2240 cm−1 could be attributed to
isocyanate (–NCO) species adsorbed on ionic sites Ag+,
whereas the band at 2181 cm−1 suggests the presence of ad-
sorbed Ag+(NOx)–CO species (Hadjiivanov 1998), which
proves the reaction at low temperature between adsorbed bu-
tane, the oxygen of Ag2O species and NO molecules of the
gas phase. There were no characteristic bands of NOx, NO2,
NO−

3 and NO−
2 adsorbed species, which normally appeared

in the 2000–1300 cm−1 region.

3.4 Toluene adsorption followed by sweep with 1000 ppm
NO/He flow

Figure 8 shows the signals obtained for the Ag(5)M and
Ag(15)M samples at 400 ◦C in inert flow and the spectra

Fig. 7 FTIR measured after butane adsorption followed by NO/He
flow at 100 ◦C on (a) NaMOR, (b) Ag(5)M, (c) Ag(10)M and
(d) Ag(15)M

Fig. 8 FTIR of toluene
adsorbed on (A) Ag(5)M and
(B) Ag(15)M; (a) purge in inert
flow at 400 ◦C; desorption of
toluene in NO/He flow at
250 ◦C (b) and 400 ◦C (c)
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Fig. 9 FTIR of toluene adsorbed at 100 ◦C and desorbed at 400 ◦C in
NO/He flow (1000 ppm) on (a) NaMOR, (b) Ag(5)M, (c) Ag(10)M
and (d) Ag(15)M

of adsorbed toluene and swept at 250 ◦C (spectrum b) and
400 ◦C (spectrum c) in NO/He flow. A peak at 1485 cm−1,
corresponding to the aromatic ring C=C stretching interact-
ing with Ag+ ions, is present at 250 ◦C in both samples.

In the Ag(5)M catalyst (Fig. 8A), there appear two sig-
nals at 1460 and 1430 cm−1 which are assigned to surface
NO−

2 species (nitro, nitrite or nitro-nitrite form). In addi-
tion, at 400 ◦C there appears a band at 1687 cm−1 associ-
ated with NO2 species (Fig. 8A, spectrum c). The vibration
of the C=O asymmetric stretching of the carboxylate group
(1473 cm−1) is observed above 250 ◦C (Hadjiivanov 1998;
Yeom et al. 2007).

By increasing the silver content to 15 wt% (Fig. 8B), it
is possible to see the adsorbed NO2 species at 250 ◦C (spec-
trum b). A broad signal appears in the 1550–1500 cm−1 re-
gion, accompanied by another band at 1344 cm−1. These
signals are more intense at 400 ◦C (spectrum c) and cor-
respond to the vibrations of organic nitro-compounds (R–
NO2) (Yeom et al. 2007). Besides, a widening of the band
in the 1750–1530 cm−1 region is observed. It might be an
overlap between the signals at 1642 cm−1 of adsorbed water
and the signal at 1626 cm−1 which belongs to the NaMOR
structure.

In addition, Fig. 9 shows new bands in the 2300–
2050 cm−1 region, which correspond to intermediate species
produced by the reaction between the adsorbed toluene and

NO at 400 ◦C. The band at 2266 cm−1 is usually assigned
to the stretching vibration of isocyanate groups (N=C=O)
on Ag+ ions while the signals at 2130 and 2100 cm−1

are assigned to cyanide (Ag–CN) and isocyanide (Ag–NC)
species adsorbed on the catalyst surface, respectively (Do-
rado et al. 2005; Yeom et al. 2007; Shimizu et al. 2001;
Tamm et al. 2008; Thibault-Starzyk et al. 2009).

The bands shown in the 2200–2150 cm−1 region be-
long to the vibration modes of monocarbonyl –(CO) and
–(CO)2 species formed on highly coordinated unsatured
Ag+ ions or small Ag◦ particles (Zhanpeisov et al. 2003;
Hadjiivanov and Vayssilov 2002). The appearance of wa-
ter as reaction product between hydrocarbons and NO
molecules decreases the intensity of bands and shifts them
to shorter wavenumbers promoting the formation of Ag+–
(H2O)–(CO) or of Ag+–(NOx )–(CO) species (Hadjiivanov
and Vayssilov 2002).

3.4.1 Effect of water on adsorption properties

The effect of the presence of water on the adsorbed species
on Ag(x)M catalysts is of great importance for environmen-
tal applications. This is because water is present in signifi-
cant amounts in a typical exhaust emission from combustion
process and the competitive adsorption with hydrocarbons
may block the active sites of the catalysts. Thus, a gas mix-
ture of 8000 ppm of toluene with 0.5% of H2O was intro-
duced into the cell.

Figure 10 shows the FTIR spectra of toluene and water
co-adsorbed at 100 ◦C on Ag(15)M and desorbed in inert
flow at 200, 300 and 400 ◦C. An increase in the width of
the band located between 1700 and 1550 cm−1 is observed
when the water is added in the reactant stream. This broad-
ening is the overlap of three bands, one at 1642 cm−1 of wa-
ter bending vibration, another at 1626 cm−1 due to the zeo-
lite structure, and a third one at 1595 cm−1 which belongs to
the aromatic ring C=C stretching interacting with Ag+ ions.
In addition, bands at 1465 and 1388 cm−1 can be observed,
which correspond to the interaction of the methyl group with
cations Na+ and Ag+. Figure 10, spectrum b, shows signals
at 1595 and 1488 cm−1 due only to the toluene adsorption
on Ag+ ions. Therefore, it can be inferred that the pres-
ence of H2O inhibits the interaction between the aromatic
ring with Na+ sites, but does not affect this interaction with
Ag+ ions. The broad band around 1642 cm−1 decreases
when the temperature increases from 200 ◦C (spectrum c)
to 400 ◦C (spectrum e) and only the signal at 1626 cm−1

remains, corresponding to the structure of NaMOR. In ad-
dition, the peaks assigned to the C=O group as a result of
toluene oxidation on Ag sites (1575 and 1473 cm−1) are ob-
served above 300 ◦C.

Figure 11 presents the spectra obtained after coadsorbing
toluene and water in the Ag(15)M sample, which was later
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Fig. 10 FTIR of toluene and H2O co-adsorbed on Ag(15)M; (a) sup-
port pre-treated in inert flow at 400 ◦C, (b) adsorption of toluene and
H2O at 100 ◦C and purge with inert flow at 100 ◦C, (c) desorption in
inert flow at 200 ◦C, (d) 300 ◦C and (e) 400 ◦C

swept in NO flow at different temperatures. The spectral re-
gion between 1750 and 1300 cm−1 (Fig. 11A) shows the
characteristic bands of toluene (1485, 1448 and 1386 cm−1)

and water bending vibration at 1642 cm−1. Bands at 1575
and 1472 cm−1, corresponding to the partial oxidation of
toluene on Ag sites are also observed. However, the pres-
ence of water inhibits the formation of NO2 species. At the
same time, Fig. 11B shows the 2400–2000 cm−1 region for
isocyanate (2266 cm−1) and cyanide (2130 cm−1) groups
adsorbed on Ag+ ions, which denote intermediate com-
pounds of the NO selective reduction. Figure 11B shows the
peak at 2191 cm−1 which can be assigned to the vibration
modes of monocarbonyl –(CO) and –(CO)2 species formed
on highly coordinated unsatured Ag+ ions or small Ag◦ par-
ticles (Zhanpeisov et al. 2003; Hadjiivanov and Vayssilov
2002).

4 Discussion

Ag(x)M samples prepared by ion exchange have different
Ag species. Through TPR, Ag2O particles highly dispersed
in the zeolite structure and Ag+ ions at exchange sites can be
found. When the silver content increases, the reducibility of
the Ag2O species does not change since the maximum tem-
perature is always 222 ◦C. However, the formation of silver
oxide is favored by a higher concentration of ions in solu-
tion during the ion exchange, because the proportion of this

Fig. 11 FTIR of toluene and
H2O co-adsorbed on Ag(15)M;
(a) support pre-treated in inert at
400 ◦C, (b) adsorption of
toluene and H2O and purge with
inert at 100 ◦C, (c) desorption in
NO flow (1000 ppm) at 250 ◦C
and (d) 400 ◦C
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oxide increases from 0.14 to 0.22 for 5 to 15 wt% Ag, re-
spectively (Table 1).

Probably, the Ag2O species are formed from the thermal
decomposition of Ag(OH) species during the calcination
process, according to the following reactions (Schoonheydt
et al. 1976):

Ag+ + OH− → Ag(OH) (in aqueous solution) (1)

2Ag(OH) → Ag2O + H2O

(in the pores during calcination) (2)

This pathway produces very small particles of silver oxide
which are highly dispersed inside zeolite channels and are
not detected by XRD.

On the other hand, Ag+ ions are preferentially exchanged
in the main channel of the Na-mordenite structure, which is
reduced at moderate temperatures. A smaller fraction is at
more stable sites (side-pocket) where Ag+ ions strongly in-
teract with the atoms of the structure. So, in the Ag(15)M
sample almost half the silver species are part of the Ag2O
particles and the rest are at the exchange site. When the ex-
change level is lower, the proportion of Ag+ ions reduced in
the 300–600 ◦C range hardly changes, the amount of silver
oxide decreases, and some silver ions remain unreduced at
900 ◦C.

Ag2O completely oxidizes NO to NO2 using a redox
process which was tested by adsorption of NO and TPD.
The NO2 species formed are more strongly adsorbed on
small Ag◦ particles dispersed inside the zeolite framework,
since the maximum desorption temperature is higher than
the sample prepared by mechanical mixing.

The oxidation of NO adsorbed on Ag2O could be carried
out according to the following reactions:

NO(g) → NO(ads) (3)

NO(ads) + Ag2O(s) → NO2(ads) + 2Ag◦(s) (4)

NO2(ads) → NO2(g) (5)

The value close to 1 proves the proposed stoichiometry (Re-
action (4)).

Henriques et al. (2001) reported that the NO+ ions are
generated from NO + O2 co-adsorbed on Na-Mordenite by
the replacement of Na+ ions in cationic positions in the main
channels, together with the formation of sodium nitrate. But
Na+ ions in the side pockets were not affected, and no for-
mation of nitrate ions was observed in them. They reported
as well the formation of NO2 by the reaction of NO with O2

in the gas phase.
In our study, the presence of NO2 in the gas phase is only

related to the reaction between the NO added in the input
flow and the oxygen from Ag2O species. In Ag exchanged
mordenite samples, there is a small fraction of Na+ ions re-
maining, probably located in the side-pockets. These sites

are less active than those located in the main channel. More-
over, the formation of sodium nitrate reported by Henriques
et al. (2001) is not observed in our case.

The FTIR study shows that the strength of the interaction
between the adsorbed hydrocarbon in the Ag(x)M samples
depends on the HC nature (linear or aromatic) as well as on
the Ag loading present in the solids.

Butane is weakly adsorbed at 100 ◦C in the Ag(x)M sam-
ples because the typical vibrations of C–H bonds disappear
at 150 ◦C in inert flow. However, it could be observed that
the higher the silver loadings in the samples, the higher the
band intensity of adsorbed butane (Fig. 3). However, the
interaction strength between methyl group and structure is
weak.

On the other hand, the adsorbed toluene shows the char-
acteristic vibrations of the C–H bonds of the methyl group
and the C=C double bond of the aromatic ring. Toluene
has a stronger interaction with the Na+ and Ag+ ions com-
pared with butane. The most intense band is associated with
the C=C stretching of the aromatic ring; it is centered at
1495 cm−1 (in NaMOR) and shifts to 1485 cm−1 when in-
creasing the silver loading (Figs. 4 and 5). Toluene remains
adsorbed up to 400 ◦C. Besides, as from 300 ◦C there ap-
pears a new band associated with the C=O bonds which
correspond to carboxylic groups (1473 cm−1), generated by
hydrocarbon oxidation on Ag2O species (Fig. 6).

At low temperature, the adsorbed toluene on Ag(x)M
shows the interaction between the methyl group with Ag+
sites (1397 cm−1) and as the temperature increases, the in-
teraction with Na+ ions (1386 cm−1) prevails. However, the
band assigned to the interaction between the C=C bond and
the Ag+ ions predominates at high temperatures compared
to the corresponding interaction with Na+ sites (Fig. 5). This
is possibly due to the fact that the Ag+ ions ([Kr] 4d105s0)

are able to activate the adsorbed toluene containing π elec-
trons through the donation of d electrons to π∗ antibond-
ing orbitals of the toluene molecule (Kulkulska-Zajac and
Datka 2008; Lucolano et al. 2008). In the same vein, the
toluene molecules that interact more weakly with Na+ ions
are capable of being oxidized on Ag2O forming carboxylic
species (Fig. 6). Based on the results obtained, the reaction
scheme presented in Fig. 12 might be suggested. When ad-
sorbed hydrocarbons are swept with a NO/He mixture, inter-
mediate species of the SCR of NOx are observed. With bu-
tane, the signals detected correspond to adsorbed isocyanate
and Ag+(NOx)–CO. On the other hand, when the hydrocar-
bon is more reactive such as toluene, the signals detected
correspond to organic nitro-compounds, cyanides and iso-
cyanides adsorbed on Ag+ ions.

However, by sweeping with NO/He after adsorbing
toluene or butane, no nitrate species are formed because
the Ag+ and Na+ sites are occupied with HC at the time
of sweeping with NO/He.
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Fig. 12 Scheme of possible
reactions

On the other hand, the formation of water over 250 ◦C is
due to the interaction between toluene and NO according to
the following reaction:

C7H8 + 18NO → 7CO2 + 4H2O + 9N2 (6)

It is clear that the aggregate of H2O has no effect on
toluene–Ag+ interactions. On the contrary, hydration affects
Na+ sites because the band at 1495 cm−1 disappears after
adsorbing toluene and water at 100 ◦C. Hydration weakens
the interaction between Na+ and toluene (Fig. 10). Although
toluene is co-adsorbed with water, it is able to react with NO
molecules of the gas phase above 300 ◦C.

5 Conclusions

Different silver species are present in Ag exchanged NaMor-
denite samples. TPR results revealed that highly dispersed
Ag2O particles and Ag+ ions located inside the structure
channels are present in the catalysts. Ag2O species can be
easily reduced by adsorbed NO, as shown in the TPD exper-
iments after adsorption of NO at room temperature.

FTIR measurements during butane adsorption show
weak interactions of the hydrocarbon with silver and sodium
species, and they disappear after helium sweep at 150 ◦C.
However, when NO/He is fed, low-temperature reactions
yield the formation of (–NCO) and Ag+–(NOx)–CO species.

Toluene interactions with Ag(x)M catalysts are stronger,
showing the presence of the characteristic bands of aromatic
ring and methyl groups interacting with Ag+ and Na+ ions.
Adsorbed toluene molecules are held even at 400 ◦C. Be-
sides, the appearance of carboxylic groups at temperatures
higher than 300 ◦C indicates the toluene partial oxidation,
probably on Ag2O sites.

Adsorbed toluene reacts with the NO gas phase, forming
organic nitrocompunds (R–NO2), isocyanate, cyanide and
isocyanide species adsorbed on Ag, that could be intermedi-
ates during the NOx-SCR reaction.

The presence of water inhibits the formation of NO2

species and the hydrocarbon adsorption on Na+ sites, but
does not affect the toluene–Ag+ interaction.
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