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Abstract

Co-H-MFI and Co-H-FER were studied as catalysts for NO reduction with methane, under diluted conditions. Catalyst bulk an
structure was characterised by chemical analysis, XRD, TG-DTA, SEM micrographs, IR studies, UV–vis spectroscopy, ammo
and TPR. Only the features due to zeolitic frameworks were observed. The UV–vis spectra showed that, after outgassing, Co ions
present as Co2+. FT-IR detected residual bridging hydroxyl and silanol groups in spite of the apparent over-exchange, deduced
chemical analysis. Co ions gave rise to Lewis acid sites of medium strength, evidenced through in situ analysis of the adsorption
probe molecule. NH3-TPD measurements fully confirmed these results. TPR measurements detected easily reducible and oxid
species, possibly related to nanosized Co oxide phases, together with hardly reducible Co2+ ions. Catalytic tests highlighted the Co-H-FE
and Co-H-MFI activity, both in NO-selective catalytic reduction by methane and in NO oxidation to NO2, the latter being the predomina
reaction at low temperatures. Some mechanistic features of the CH4-SCR reaction are discussed.
 2003 Elsevier Science (USA). All rights reserved.

Keywords: CH4-SCR; NOx reduction; Co-exchanged zeolites; Co-H-FER; Co-H-MFI; Co-H-ZSM5; Acidity characterisation; IR spectroscopy; Nitrile
adsorption; UV–vis spectroscopy
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1. Introduction

The removal of nitrogen oxides from flue gases of ther
power plants is currently carried out with the so-called NH3-
SCR technology, i.e., the selective catalytic reduction
NO by ammonia [1,2] over V2O5–WO3/TiO2 or V2O5–
MoO3/TiO2 catalysts through the overall reaction

(1)4NH3 + 4NO+ O2 → 4N2 + 6H2O.

The need to store ammonia is one of the main drawba
of this technology when applied to power plants. Additio
ally, the possible formation of ammonium sulphates du
reaction of SO2, oxygen, water, and ammonia and the d
ger of ammonia leakage may also limit the conditions
application of such process.

* Corresponding author.
E-mail address: Guido.Busca@unige.it (G. Busca).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00153-7
A valid alternative process for denitrification of exhau
gases from power plants (as NO decomposition is not
applicable) implies the use of methane as the reducing a

The likely overall reaction for the CH4-SCR technique
is [3]

(2)CH4 + 2NO+ O2 → N2 + CO2 + 2H2O.

The possibility of reducing NO with hydrocarbons su
as olefins and higher alkanes was first proposed in 199
Held et al. [4] and by Iwamoto et al. [5] and Cu-MFI ca
alysts were found to be particularly active. However, th
catalysts are poorly effective with methane as reduct
Methane as a reductant is, however, the preferred choic
NOx removal from flue gases because it is already prese
methane-fueled power plants. Co-containing zeolites, s
as Co-MFI and Co-FER, were found by Armor [6] to
particularly active in CH4-SCR in the presence of oxyge
These catalysts work in the temperature range from
eserved.

http://www.elsevier.com/locate/jcat
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to 773 K and at space velocities that allow application
high-dust configurations.

Co2+ ions exchanged in a zeolitic matrix are conside
to be the active sites [7,8]. The reaction mechanism for th
catalysts was also investigated [9–11]. The activity of
catalysts is significantly inhibited by steam [12] but t
effect can be limited, for instance, by mixing the zeo
catalysts with metal oxides such as manganese oxide [1

The main drawback of these catalysts is their hydrot
mal instability due to dealumination and loss of the ac
phase [14]. It has been reported that deactivation by deal
nation is slower for small than for large crystal size Co-M
samples [15]. Moreover, these catalysts are SOx sensitive,
although that effect also can be limited by modifying the
olite composition [16].

To improve such catalysts’ stability, addition of oth
components to Co-zeolites has been attempted [17,18
spite of many efforts, the durability problems of transitio
metal-containing zeolites have not yet been resolved. On
other hand, several more questions have been opened
these catalysts. The reason these materials are more
than mixed oxides containing the same metal oxides is
yet fully understood.

Recently, it has been proposed that cooperation betw
transition metal cations and Brønsted acid sites can o
upon CH4-SCR. According to Yan et al. [19], Co cations a
in the oxidation of NO to NO2 while Brønsted acid sites a
in the true reduction step by methane. In contrast, Kau
et al. [8] suggest that Brønsted sites enhance the activi
oxidising NO to NO2.

In the present work Co-exchanged MFI and ferrie
(FER) zeolites obtained from NH4+-zeolites were studie
for CH4-SCR. The study was aimed to obtain informat
on the nature of active sites and to investigate the rol
protonic sites. To gain this purpose several characteris
techniques were employed that can give complemen
results, such as FT-IR, UV–vis diffuse reflectance, NH3-TPD
and TPR.

2. Experiments and methods

2.1. Catalyst preparation

NH4-MFI (SiO2/Al2O3 = 50, S = 425 m2 g−1) and
NH4-FER (SiO2/Al2O3 = 55, S = 480 m2 g−1) supplied
by Zeolyst were used as starting materials. NH4-zeolite
powders were contacted with a 0.02 M (CH3COO)2Co ·
4H2O aqueous solution (10 g powder for 1 L solution) un
stirring at a constant temperature of 353 K for 24 h. T
resulting mixture was filtered and washed three times w
double-distilled water. After centrifugation, powders we
dried at 353 K for 10 h and calcined at 823 K for 4 h.
ut
e

r

2.2. Catalyst characterisation

Chemical analysis of the catalysts was performed
atomic absorption spectroscopy.

Surface area and pore size distribution measurem
were performed by N2 adsorption at 77 K using the Dubinin
Radushkevich method for the calculation of the surface
and the Horvath method for the pore size distribution.

XRD analysis was performed with a Philips PW171/
1729 diffractometer (Cu-Kα radiation). The cell paramete
were calculated using the ASPO program. The crystal
was calculated using the Sherrer formula and considerin
most intense XRD peaks. TG-DTA analyses were effe
with a Setaram T92 analyser.

Scanning electron microscope (SEM) observations w
made using a model Cambridge Leo microscope equip
with a model Link Isis microanalysis system of the disp
sion energy type. All images were obtained with second
electrons.

Diffuse reflectance spectra (DR-UV–vis–NIR) of pu
self-supported sample powder disks were recorded b
Jasco V-570 apparatus in the range 50,000–4000 c−1

at room temperature (rt) in air, and after dehydration
773 K for 5 h by outgassing through a conventional
manipulation/outgassing ramp connected to a quartz ce

The IR spectra were recorded on a Nicolet Protégé
Fourier transform instrument. The surface characterisa
was performed using pressed disks of pure NH4-zeolite and
Co-H-zeolite powders (15 mg, 2 cm diameter), activated
outgassing at 773 K in the IR cell. A conventional man
ulation/outgassing ramp connected to the IR cell was u
Spectra were collected after the activation procedure an
ter adsorption of acetonitrile (AN), supplied by Aldrich a
distilled under vacuum prior to use. The adsorption p
cedure involves contact of the activated sample disk w
vapours at rt and at a pressure of 15 Torr, and outgas
in steps from rt to higher temperatures.

Temperature programmed desorption of ammonia (N3-
TPD) was performed in a flow laboratory plant equipp
with a thermal conductivity detector (TCD). The samp
treated in He flow at 773 K, was saturated with a
NH3/He mixture at rt and purged with He at rt; th
NH3-TPD was effected by heating in He flow at a rate
10 K min−1. A KOH trap was placed between the sam
and the TCD in order to avoid interference by H2O.

Temperature programmed reduction (TPR) tests w
performed by a Micromeritics TPD/TPR 2900 instrument
The sample was heated at a rate of 10 K min−1 up to 1073 K
under a gas flow (22 mL min−1) of 2% H2 in Ar. In such
a way the catalyst samples were reduced and the am
of consumed H2 was measured by a TCD detector. T
H2O produced in the reduction was removed by a cold
(melting isopropanol) placed before the TCD.
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2.3. Catalytic activity measurements

Catalytic tests were performed in a flow laborato
plant equipped with a fixed bed reactor operating at
mospheric pressure. The operation conditions were: rea
mixture composition, NO= 1500 ppm, CH4 = 1500 ppm,
O2 = 25,000 ppm, He balance;T = 523–773 K; GHSV=
30,000–60,000 h−1. Grain dimensions of the catalysts we
150–212 µm. The analyses of NO, NO2, and N2O was per-
formed by an ABB URAS 14 continuous spectrophotome
analyser equipped with a NO2 converter. CH4, N2, CO,
and CO2 concentrations were measured by an HP 5890
chromatograph with a TCD detector and a 5A-Porapa
double-packed molecular sieve column.

3. Results

3.1. Structural and morphological catalyst
characterisation

The SEM micrographs of the exchanged samples
reported in Fig. 1. The crystal shape is the same as
the original ammonium zeolites, showing that for the M
sample the particles are nearly spherical with an appa
diameter of 100–250 nm. For FER the particles are cle
sheet-like, nearly 50 nm thick. The XRD patterns of b
unexchanged and exchanged samples correspond to th
the related pure zeolite, without any other detectable ph
The crystal sizes, calculated by the Sherrer method on
most intense peaks, are nearly 50 nm for FER and 25
for MFI.

FT-IR skeletal spectra do not provide any evidence
a significant perturbation of the zeolite framework spec
due to the ion-exchange process. On the other hand,
Co-zeolites show, in the far-IR region, an additional we
band at 250 cm−1 which could be assigned to the in-cav
cobalt–oxygen stretching, as previously reported for o
metal-exchanged zeolites [20].

The TG-DTA analyses of the parent ammonium zeol
and of Co-exchanged samples agree with those expecte
these samples, as regards water release and ammoniu
composition. In all cases, water and ammonia desorptio
complete around 773 K. For Co-MFI a further small weig
loss, possibly associated with decomposition of Co ox
species, occurs around 973 K. Above that temperature
weight losses are observed for all the samples, possibly
to dehydration of structural OHs, with corresponding
olitic structures decomposition.

The results of chemical analysis and textural charac
isation of the catalysts are reported in Table 1. It can
observed that the Si/Al ratios experimentally evaluated a
very close to the theoretical ones. The cobalt content of b
samples is higher than that corresponding to complete
exchange capacity evaluated from the Si/Al ratio. Moreover
t

of
.

r
e-

Fig. 1. SEM micrographs of Co-exchanged zeolites.

it can be observed that the Co-exchange procedure and
lowing calcination at 823 K do not modify the surface are
of the parent zeolites.

3.2. UV–vis spectroscopic characterisation

The DR-UV–vis spectra of both ammonium and C
zeolites, recorded under ambient conditions, are repo
in Fig. 2. The UV–vis spectrum of the most stable cob
oxide, Co3O4 (supplied by Carlo Erba,S = 15 m2 g−1), is
reported too. Absorptions due to Con+ can be clearly see
in the spectra of cobalt-containing zeolites as a very str
broad band centred near 26,000 cm−1 and a shoulder nea
19,000 cm−1. In the case of Co-containing MFI significa

Table 1
Textural properties and analytical data of Co-zeolites

Si/Al Si/Al Co wt% Co/Al S VMP DP
exp. theor. exp. exp. m2 g−1 cm3 g−1 Å

Co-H-FER 28.51 27.5 2.21 0.73 451 0.160 5
Co-H-MFI 28.31 25.0 1.71 0.55 466 0.159 5

S = specific surface area;VMP = micropore volume;DP = average pore
diameter.
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Fig. 2. UV–vis spectra of H-zeolites (· · ·) and Co-exchanged zeolites (—
at rt in air: (a) MFI, (b) FER. The spectrum of Co3O4 is reported too.

absorption is also evident in the region between 20,000
10,000 cm−1 with a further maximum near 14,000 cm−1.
The spectrum of Co-H-FER does not give any evide
for the presence of massive Co3O4. On the contrary, the
spectrum of Co-H-MFI in these conditions is similar to th
of Co3O4. In Fig. 3 the spectra of cobalt-exchanged F
and MFI recorded after evacuation at 773 K for 5 h
reported. The very strong and broad absorption observ
the ambient conditions spectra does not appear any lo
showing that activation under vacuum causes a change i
oxidation and/or coordination state of Con+ ions. The very
high-energy region (above 40,000 cm−1) is unavailable in
the spectrum because our vacuum cell causes strong
there. Weak absorptions are found which can be interpr
as a triplet near 19,000 cm−1, near 17,000 cm−1 and near
15,000 cm−1. No other absorption occurs in the ran
40,000–22,000 cm−1. The spectrum we observe is close
those reported and deeply discussed by Kauchy et al
Co-FER [21] and by Dedechek et al. for Co-MFI [22]. The
authors assigned the spectra to Co2+ in exchanged position
in the zeolite cavities. Three families of Co2+ ions in the
zeolite cavities would exist, according to these authors
one of the sites Co2+ is coordinated to four oxygen atom
arranged in a rectangle which is situated in the wall of
straight channel of MFI and in that of the main chan
,
e

e

Fig. 3. UV–vis spectra of Co-MFI (a) and Co-FER (b) after outgass
at 773 K for 5 h.

of FER. Co2+ in this site is responsible for a single ba
at 14,800–15,000 cm−1. A second family of absorptio
components is related to Co2+ sitting in a deformed six
ring made of six framework oxygen atoms allocated at
intersection of the straight and the sinusoidal channel
MFI and in the eight-ring channel of FER. This species
considered to be responsible for four absorption compon
in the range 15,900–21,000 cm−1 with the main maximum
near 17,000 cm−1. According to these authors, this kin
of site is that predominately occupied at all Co loadin
The last site type is a boat-shaped site that can be fo
in the wall of the sinusoidal channel of MFI and in t
eight-ring channel of FER. The exact geometry and
number of coordinated oxygen atoms are still unknown
the investigated materials; it is occupied only at high
loadings and gives rise to two absorption components in
range 20,000–22,000 cm−1.

To check the picture given by Kauchky et al. [21] and
Dedechek et al. [22], we further investigated, under the s
conditions, the UV spectroscopy of other Co-contain
samples, such as Co–silica–aluminas. We find on these
ples spectra quite similar to those on Co-MFI and Co-F
with absorption again in the region 22,000–14,000 cm−1. So
we can suppose that Co species located at the external z
surface (which likely exist, as deduced from IR spectra,
below, and are likely similar to those of Co–silica–alumi
cannot be distinguished from the internal Co species.
presence of these species has not been considered in
vious studies [21,22]. In agreement with Dedechek e
absorption bands characteristic neither of hydrated C2+
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Fig. 4. FT-IR spectra in OHs stretching region of H-zeolites (· · ·) and
Co-exchanged zeolites (—) after outgassing at 773 K for 1 h: (a) M
(b) FER.

nor of [Co2+(OH)−]+ species have been detected after o
gassing.

3.3. IR studies

The IR spectra of the OH stretching bands of hydro
groups of activated Co-zeolites are compared to th
of the corresponding H-zeolites in Fig. 4. As discus
elsewhere [23] the spectrum of H-FER shows a very sh
band at 3747 cm−1 which is due to the terminal silano
groups located on the external surface and weakly ac
a broader band at 3600 cm−1 is due to the bridging
Si–OH–Al groups that are exclusively on the inner surf
and possess a strong Brønsted acidity. The Co-FER sa
shows the same bands but with a loss of intensity.
absolute intensity of the band of the external silanol gro
is near 70% for Co-H-FER with respect to the H-FER ba
whereas the band of the internal bridging OHs is still 8
with respect to that of the unexchanged zeolite.

The spectra of Co-H-MFI and H-MFI samples sho
similar bands at 3747 and 3615 cm−1, but with an additiona
weak band at 3660–3670 cm−1 that can be assigned to th
OHs of extraframework species. Besides, H-MFI sam
presents a component in the region 3730 cm−1 that is
actually unusually strong [24–26]. We can calculate t
57% of the band due to terminal silanols and 50% of the b
due to bridging OHs are still residual in the MFI exchang
sample.
e

We can note that, for bulk absorptions such as the ske
vibrations in the region 1200–400 cm−1 and the overtone
in the region 2200–1500 cm−1, band intensities are just th
same for Co-H-FER and H-FER and for Co-H-MFI a
H-MFI. Thus, the intensity decrease of the OH bands
reasonably due to the disappearance of such bands d
the exchange of the protons for Co ions. Although a cer
error (but probably small) can occur in this evaluation,
can conclude that for both Co-H-MFI and Co-H-FER, t
exchange of protons is evidently only very partial, althou
more pronounced for MFI than for FER.

These data indicate that, in spite of the signific
amount of cobalt loaded onto the zeolites and the abs
of detectable Co-containing species other than those
exchanged for the protons, actually only a relatively sm
part of the bridging OHs underwent cation exchange
particular, the large decrease of the band of the term
silanols indicates that a significant part of cobalt io
actually exchanged for the OHs located at the exte
zeolite structure and are consequently thought to rem
outside the channels.

To test whether the partial exchange with cobalt modi
the acidity of the residual OHs and if the same Co s
are actually accessible, we investigated the adsorptio
acetonitrile (AN) onto the catalyst surface (Figs. 5–7).

As previously reported [27], the adsorption of AN o
H-FER and H-MFI surfaces perturbs the OH groups. T

Fig. 5. FT-IR subtraction spectra (ABC pattern) of H-zeolites (—) and
Co-exchanged zeolites (—) after AN adsorption and evacuation at rt
spectra of activated samples have been subtracted. (a) FER, (b) MFI.
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Fig. 6. FT-IR subtraction spectra of MFI samples (OH stretching reg
left) after AN adsorption and evacuation, and of AN (–CN stretching reg
right) adsorbed on catalyst surfaces. The spectra of the activated sa
have been subtracted. (a) H-MFI, (b) Co-H-MFI; from the top: liquid A
(— —), evacuation at rt (· · ·), at 373 K (—), and at 473 K (—), for 10 min.

perturbation of the bridging hydroxyl groups, in particul
gives rise to the so called ABC pattern (Fig. 5): two inte
and broad bands at around 2800 and 2400 cm−1, a less
intense one at around 1600 cm−1, and a window with a
minimum at around 2600 cm−1, corresponding to∼2 δOH.
This so-called ABC pattern has been assigned to very st
quasi-symmetrical hydrogen bonding, where the proto
partially but not completely transferred to the base. It ar
from the Fermi resonances betweenνOH and the overtone
of δOH and γ OH when the hydroxyl groups strong
interact with bases, as discussed elsewhere [28]. In F
the results of subtraction of the spectra of activated zeo
from those obtained after adsorption of AN and evacuatio
rt for 10 min, in order to eliminate the excess vapour ph
are shown. The ABC profiles of the Co–H-zeolites can
compared to those of H-zeolites. The addition of Co se
to determine a small (5–10 cm−1) but significant shift down
of the overall ABC spectrum. This should correspond to
increased average acidity of the residual hydroxyl gro
due either to a direct effect of Co2+ species on the acidity o
the residual OHs or to an easier exchange of the most we
acidic OHs. In any cases, the patterns of the exchan
samples are much less intense as a result of the p
disappearance of the bridging hydroxyl groups.

In Figs. 6 and 7, the spectra of adsorbed species ar
from AN adsorption onto the catalysts are shown in the
s

l

Fig. 7. FT-IR subtraction spectra of FER samples (OH stretching reg
left) after AN adsorption and evacuation, and of AN (–CN stretching reg
right) adsorbed on catalyst surfaces. The spectra of the activated sa
have been subtracted. (a) H-FER, (b) Co-H-FER; from the top: liquid
(— —), evacuation at rt (· · ·), at 373 K (—), and at 473 K (—), for 10 min.

gion 2600–2000 cm−1 (right side): the spectra of activate
materials have been subtracted. Correspondingly, the
traction spectra in the OH stretching region are shown (ra
4000–3300 cm−1, left side). For each zeolite the spectra c
lected after the evacuation steps at rt, 373 K, and 473 K
compared for exchanged and not-exchanged samples. L
acetonitrile shows a strong doublet at 2294 and 2254 cm−1,
the latter band being definitely stronger than the form
They are due to Fermi resonance between the –CN stretc
and aδCH3+νC–C combination. This characteristic patte
changes when the –CN group adsorbs onto an acidic sur
the bigger the electron-withdrawal effect of either Brøns
or Lewis sites with which the N lone pair interacts the lar
the shift upwards of the components and the inversio
their relative intensity, as previously reported [29].

In the case of AN adsorbed onto H-FER, a quite comp
group of bands can be seen (Fig. 6a). For H-FER the dou
at 2307 and 2270 cm−1 is due to AN interacting with
the bridging OHs and responsible for the ABC patte
The further doublet at 2334 and 2307 cm−1 has been
assigned to the AN interacting with extraframework
external Al Lewis sites, which are very strong acids.
H-MFI (Fig. 7a), the spectrum is more complex: here
interactions with Lewis sites are evidenced by a dou
at 2337 and 2299 cm−1 and, again, the main doublet is d
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to H-bonded species (2309 and 2270 cm−1). Actually, an
additional component is observed at 2286 cm−1.

The spectra of the Co-exchanged samples appear s
icantly different from those of the H-precursors and sim
to each other (Figs. 6b and 7b). Both of them show a
gle doublet exactly at the same wavenumbers, 2319
2290 cm−1, very strong in both cases, that resists outgas
at 473 K, characterised by a comparable intensity of the
components. This doublet is certainly due to AN interact
with the Co sites typical of the Co-exchanged zeolites
principle, we cannot distinguish whether this cobalt actu
is exchanging for the bridging OHs in the inner surface
the cavities or the external silanols. On the other hand b
are likely similar, because on both the internal surface
the external one Co ions are nearly naked, oxide anions
ing substantially absent. The shape of these spectra s
to point out that Co species behave as medium-strong L
acidic sites.

To have even more information, we also investiga
the adsorption of 2,2-dimethylpropionitrile (pivalonitrile)
a basic probe. In the case of Co-containing samples we fo
an adsorbed species characterized by a CN stretching
shifted to very high frequencies, up to above 2300 cm−1,
which is not found on protonic zeolites. Taking into acco
that this molecule does not enter the cavities of MFI a
FER zeolites [29] it is evident that new Lewis sites, i.
Co cations, are also located at the external surface
Co-containing zeolites, in agreement with the data aris
from the OH stretching bands.

3.4. NH3-TPD measurements

The surface acidity properties of the samples have
been investigated by the NH3-TPD technique. The results o
TPD measurements are reported in Figs. 8 and 9 and in
ble 2. Only total amounts of desorbed NH3 are calculated
and reported in Table 2 because in many cases the
lapping of the peaks in TPD spectra makes their resolu
arbitrary. In Fig. 8 the NH3-TPD spectrum of Co-H-MFI is
reported together with those of the parent H-MFI (NH4-MFI
activated at 823 K) and the reference Co3O4 oxide (sup-

Fig. 8. NH3-TPD curves of (a) Co3O4, (b) H-MFI activated at 773 K,
(c) Co-H-MFI.
-

-
s

d

-

-

Fig. 9. NH3-TPD curves of (a) Co3O4, (b) H-FER activated at 773 K
(c) Co-H-FER.

plied by Carlo Erba, 15 m2 g−1). The spectrum of H-MFI
shows two partially overlapping peaks at low temperat
(379, 416 K) and a well-resolved peak at higher tempera
(632 K). Similar TPD curves were reported for the H-M
sample with comparable Si/Al ratio [30–33]. The low-
temperature signals are supposed to be due to NH3 hydrogen
bonded to weak acid sites, probably silanol groups.
high-temperature signal is due to decomposition of NH4

+
ions formed by interaction of NH3 with zeolitic H+ sites,
as it is the only peak observed during deammoniation
NH4

+–MFI. The Co-H-MFI sample also shows two TP
peaks at low-temperature followed by a high-tempera
signal, similar to the parent H-MFI. However, the ov
all intensity is greatly increased (see also Table 2), an
broad unresolved additional component, likely centere
about 573 K, absent in the spectrum of the parent ma
als, appears. This shows the presence of Co species a
as medium-strong Lewis acid sites, in agreement with
studies. It can be noted that the high-temperature signal,
resentative of protonated ammonia, is also present; by ta
into account that this peak appears on the tail of a large
nal, we can say that it is of lower intensity in comparis
with the spectrum of the parent H-MFI. Therefore, we c
deduce that a significant amount of H+ sites are still presen
in the Co-zeolite. This agrees with the uncompleted Co
change, evaluated by FT-IR measurements, notwithstan
that the Co amount is close to the theoretical exchange
pacity. The peak due to NH4+ decomposition, in the case o
Co-H-MFI, is shifted a little bit upwards, in agreement w
a slightly increased acidity of the residual acid sites, as
duced from IR spectra, too.

Table 2
NH3 TPD results

Total desorbed NH3 Peak temperature
(mmol g−1) (K)

H-MFI 0.28 379, 416, 632
Co-H-MFI 1.00 406, 445, 654
H-FER 0.59 467, 674
Co-H-FER 0.72 467, 713
Co3O4 0.09 497
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The NH3-TPD spectrum of Co-H-FER is reported
Fig. 9, together with the spectra of the parent H-FER an
the reference Co3O4. Similarly to H-MFI and in agreemen
with literature data [34], the spectrum of H-FER show
low-temperature signal due to hydrogen-bridge-bondedN3
and a high-temperature signal due to protonated NH3. The
spectrum of Co-exchanged zeolite shows a signal at 46
with a shoulder at about 383 K, and a well-resolved p
at 713 K. The high-temperature signal appears less b
and more regular and shifted to higher temperature
comparison to H-FER. The amount of ammonia adsor
onto Co-H-FER is higher than that onto H-FER, sugges
the formation of new NH3 adsorbing sites due to Co ion
The high-temperature peak is indicative, as observed
Co-H-MFI, of the presence of a large amount of residual H+,
suggesting that only a partial Co exchange took place.
shift of the maximum to higher temperature suggests
increase of the strength of protonic acid sites, as alre
observed in FT-IR spectra.

The amount of adsorbed ammonia in Co-H-zeol
(Table 2) indicates that two ammonia molecules can ad
at each Co ion, and this amount adds to ammonia adso
on residual protons.

3.5. TPR analysis

The reducibility of Co sites in Co-exchanged zeoli
has been studied by H2-TPR. These measurements ha
been carried out on samples pretreated at 773 K e
in air or in He flow. TPR measurements have also b
performed on the parent zeolites and on the refere
Co3O4, for comparison. The TPR profiles are compa
in Figs. 10A–C, the amounts of consumed H2, obtained
from integration of TPR signals, are reported in Table
As expected, the original zeolites give no reduction sign
As shown in Fig. 10A, Co3O4 gives two TPR peaks at 59
and 714 K. The hydrogen consumption correspondin
the two reduction peaks (Table 3) is very close to
expected values for the two-step reduction: Co3+ → Co2+
and Co2+ → Co0. The spectrum of Co-H-MFI pretreated
air (Fig. 10B) shows three peaks at 559, 723, and 102
For the sample pretreated in He we can notice that the
peak disappears while the second decreases in intensit
d

d

Fig. 10. H2-TPR curves of (A) Co3O4 pretreated in air, (B) Co-H-MFI, an
(C), Co-H-FER. (a) pretreatment in air, (b) pretreatment in He.

a peak at 820 K is evidenced. In contrast, the most inte
peak at 1023 K is not influenced by the atmosphere
thermal treatment. This last signal cannot be attribute
Co oxide, since it is completely reduced at about 773
(Fig. 10A). As suggested by Wang et al. [35], this sig
can be attributed to Co2+ exchanging protons, which shou
be more resistant to reduction, because it is stabilise
the negatively charged zeolite framework. The intensity
the TPR peaks appearing at lower temperatures is affe
by the treatment atmosphere (i.e., helium or air). T
suggests that they are representative of reduction of c
oxide species that can easily change the oxidation s
The correspondence of the temperatures of such pea
those of reduction of the Co3O4 phase seems to confir
this hypothesis. We can suppose that small amount
easily reducible cobalt oxide phase, perhaps in nanos
particles, escaping the above characterisation techn
(FT-IR, UV–vis, XRD), have formed. An additional sign
.0

2

Table 3
TPR results: peak temperatures, consumed H2 amounts, and molar ratios H2/Co

Peak 1 Peak 2 Peak 3 Total

Catalyst T (K) nH2
c H2/Co T (K) nH2

c H2/Co T (K) nH2
c H2/Co nH2

c H2/Co

Co-H-MFIa 559 0.03 0.10 723 0.05 0.17 1023 0.23 0.80 0.31 1
Co-H-MFIb – – – 728 0.05 0.17 1032 0.20 0.69 0.25 0.8
Co-H-FERa 594 0.06 0.15 – – – 1014 0.30 0.80 0.36 0.9
Co-H-FERb 612 0.04 0.10 – – – 1017 0.32 0.85 0.36 0.9
Co3O4

a 596 4 0.32 714 12.5 1.00 – – – 16.5 1.3

a Pretreated in air.
b Pretreated in He.
c Consumed hydrogen, mmol g−1.



C. Resini et al. / Journal of Catalysis 214 (2003) 179–190 187

K).
for

the
be

t are

of
m a

ate.
ges
ted

ged
o a

the
d
hin

te
K
and

ible
cted
ture
ant
o

nce
FI
s t

son
3–
ized
le.
or
of

in

as
t no

-

ole
NO
Se-
ed

om-
nt
st,
hus
-
tly
es

cur-
inly
cur-

ane
um
da-
re
ture
rsion
ER
m-
than
ws
.

sti-
lites
ut

ainly
-
s
ere

hat
the
ion,
K.

13,

to
ity

ac-
ing

e re-
to
is observed at somewhat lower temperature (503–563
Similar behaviour was reported by Jong and Chen [36]
Co-MFI prepared by impregnation. Taking into account
results obtained by Wang et al. [35], this signal can
attributed to the presence of polynuclear Co oxo-ions tha
reduced to Co0 nanoclusters by H2. Such multinuclear ions
can play an important role in adsorption and activation
NOx species [35]. However, the same result can arise fro
fraction of exchanged Co ions oxidized to the trivalent st

The amount of consumed hydrogen per cobalt ion ran
from 0.8 to 1 (Table 3), thus being lower than the expec
one for reduction of total cobalt, which includes exchan
Co2+ and cobalt oxide species. This could be due t
defective estimate of the high-temperature peak, since
reduction of exchanged Co2+ occurs at a slow rate an
probably is not complete under isothermal conditions wit
the time of the tests.

The H2-TPR profiles of Co-H-FER (Fig. 10C) are qui
similar to those of Co-H-MFI. They show peaks at 594
that can be attributed to easily reducible cobalt species,
the predominant one at 1014 K due to hardly reduc
species. The intensity of low-temperature peaks is affe
by the pretreatment atmosphere, while the high-tempera
one is insensitive to pretreatment conditions. The domin
peak can be attributed again to reduction of exchanged C2+
ions. The signals at 594 K is likely related to the prese
of polynuclear Co oxo-ions, as observed for the Co-H-M
sample. The somewhat higher peak temperature seem
indicate a lower reducibility of these species in compari
with Co-H-MFI. Moreover the signal in the range 67
723 K is very weak, suggesting the absence of a nanos
Co oxide phase, if any, different from the Co-H-MFI samp
The value of total H2 consumption is lower than expected f
reduction of all Co, probably due to very slow reduction
exchanged Co2+.

3.6. Catalytic activity tests

The results of catalytic activity tests are reported
Figs. 11–14. In all tests the main products were CO2, NO2,
and N2 with trace amounts of CO. In no conditions w
N2O detected. In preliminary tests it was ascertained tha
homogeneous NO oxidation to NO2 occurred.

The NO and CH4 conversions for Co-H-MFI and Co-H
FER are reported in Fig. 11 together with selectivity to N2.
Co-H-MFI appears more active than Co-H-FER in the wh
temperature range. Both catalysts show a maximum in
conversion, shifted to higher temperature for Co-H-FER.
lectivities to N2 are increasing with temperature and exce
50% only at high temperatures. This is due to the pred
inant formation of NO2 at low temperature in agreeme
with previous data for Co-MFI catalysts [8,11]. By contra
CH4 conversion is always increasing with temperature, t
leading to a varying CH4/NO reaction ratio: at tempera
tures lower than the maximum, this is close to or sligh
higher than 1:2, while at higher temperatures it reach
o

Fig. 11. NO and CH4 conversion and selectivity to N2 on Co-H-MFI and
Co-H-FER. GHSV= 60,000 h−1.

greatly exceeding values. This clearly suggests the oc
rence of a side reaction also at high temperature, ma
methane combustion, as previously reported [6]. The oc
rence of side reactions consuming CH4 hardly explains the
presence of maximum of NO conversion because meth
is never limiting even at high temperature. The maxim
in NO conversion is related to the occurrence of NO oxi
tion to NO2, which predominantly occurs at low temperatu
but approaches equilibrium conversion at high tempera
(see below), and gives rise to a decrease of NO conve
with temperature due to thermodynamics. For Co-H-F
the maximum of NO conversion is shifted to higher te
perature probably because this catalyst is less active
Co-H-MFI also in NO oxidation catalysis, and thus sho
the increase of NO conversion to NO2 at higher temperature

The catalytic behaviour of H-zeolites was also inve
gated. It can be observed that the not-exchanged zeo
show low activity, with maxima of NO conversion of abo
10% at 650–700 K (GHSV= 60,000 h−1) and decreasing
values at higher temperatures. The samples are active m
for NO oxidation to NO2, which is practically the only reac
tion product atT > 650 K, and to a negligible extent toward
NO reduction, in agreement with results reported elsewh
[33,37]. Similar behaviour was observed for H-FER.

The influence of GHSV on the most active catalyst, t
is Co-H-MFI was investigated (Fig. 12). As expected,
increase of GHSV leads to a decrease of NO convers
which reaches a maximum value of about 35% at 673
However, NO was converted mainly to NO2, which was
the main product at low temperature. As shown in Fig.
with increasing temperature, conversion to NO2 decreases
while conversion to N2 increases and overcomes that
NO2 at 773 K. These data clearly indicate a high activ
of Co-H-MFI towards NO oxidation at low temperature.

In order to obtain more information about the catalyst
tivity towards this reaction, tests were carried out feed
NO and O2 in the same concentrations as during CH4-SCR
tests, but in the absence of methane. The results ar
ported in Fig. 14, which also reports NO conversion
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Fig. 12. NO conversion and selectivity to N2 on Co-H-MFI at differ-
ent GHSV.

NO2 in equilibrium conditions. It can be observed th
Co-H-MFI shows significant activity and that conversion
NO2 reaches equilibrium values starting from 650 K.
T � 650 K conversion to NO2 is practically the same a
that observed in CH4-SCR tests, while it is higher at high
temperatures. This suggests that under CH4-SCR conditions
NO2 formation (prevailing at low temperature) can comp
with the main reaction, giving rise to N2; NO reduction by
methane occurs only at higher temperatures where oxid
to NO2 is thermodynamically limited. Similar results we
reported by Cant and Liu for Co-MFI [11].

4. Discussion

The picture concerning the reaction mechanism u
CH4-SCR is quite complex, and different authors came o
to partial agreement. In particular, taking into account
papers published by Armor and co-workers [6,12], C
and Liu [11], Kauchy et al. [8], Wang et al. [38], an
Ivanova et al. [39], the following points about the react
mechanism appear largely shared:

1. NO in the presence of O2 is oxidized to an adsorbe
NOy species (y = 2, 3) and can also give rise t
gaseous NO2.

2. Methane is activated by adsorbed NOy speciesvia
abstraction of a hydrogen atom.

Fig. 13. Conversion of NO and conversion to N2 and NO2 on Co-H-MFI.
Fig. 14. NO oxidation to NO2 on Co-H-MFI. GHSV= 30,000 h−1.

3. A reactive intermediate containing C, H, N, and
(nitromethane- or nitrosomethane-like) is formed fr
the methyl group and an adsorbed NOy species; this
intermediate reacts with gaseous NO or NO2, leading
to the formation of the N2 molecule.

4. Methane activation is the rate-determining step.

Otherwise, several different details are proposed by
different authors. In particular, disagreement can be fo
concerning the role of NO2 either as a gaseous intermedi
or only in the adsorbed state.

Different points of view are also reported in recent lite
ture on the nature of active sites. Kauchy et al. [8] repo
that exchanged Co sites (characterised as Co2+ [21]) exhibit
activity in CH4-SCR while protons or oxide-like Co speci
contribute to CH4-SCR by enhancement of the oxidation
NO to NO2. Wang et al. [38] point to the redox properties
catalysts and suppose that the activity of Co-MFI catal
is due to the redox couple Co2+/Co0. Zerovalent Co specie
can be formed by reduction of Co polynuclear oxo-cati
that appear easily reducible. According to Yan et al. [19]
cations act in the oxidation of NO to NO2 while Brønsted
acid sites act in the true reduction step by methane.

Our own experimental data show that under CH4-SCR
conditions the following overall reactions can actually
cur:

(2)CH4 + 2NO+ O2 → N2 + CO2 + 2H2O,

(3)NO+ 1
2O2 = NO2,

(4)CH4 + 2O2 → CO2 + 2H2O.

At low temperatures reaction (3) is the main one o
Co-H-zeolites. At high temperatures, when NO oxidation
is thermodynamically limited, reactions (2) and (4) beco
the prevailing ones. This suggests that NO2 could not be
a necessary intermediate in the CH4-SCR reaction startin
from NO; otherwise, its formation should be inhibited
have a good catalyst. The data we present here sugges
the mechanism is rake-type and that an intermediatey
(like that previously observed, e.g., by Ivanova et al. [
for Co-zeolites, identified as a nitrate species) is lik
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formed from NO and oxygen and can desorb as N2
(at low temperature when NO2 is a stable compound) o
as NO or react with methane, giving rise finally to N2.
This agrees, among other things, with the effect of sp
velocities towards selectivity to nitrogen upon CH4-SCR
(Fig. 12) and with the effect of methane on NO oxidati
(Fig. 14). Interestingly, Co-H-FER, which is less active
converting NO to NO2 at low temperature than Co-H-MF
gives, however, higher selectivities to N2.

Exchanged Co cations are certainly active in all th
reactions (2)–(4). They have been characterized to b
the bivalent state in vacuum by UV–vis spectroscopy
agreement with previous data [21], and this also agrees
their evident medium-strong Lewis acidity, found here b
by IR of adsorbed acetonitrile and by TPD of adsorb
ammonia. TPR data obtained in the present work s
that Co2+ ions exchanged in MFI and FER zeolites a
reduced by hydrogen at about 1000 K; thus it is unlikely t
such species can be reduced under the reaction condi
On the other hand, far more easily reducible species
detected from TPR low-temperature signals. These spe
appear to be also easily oxidizable, since the TPR signal
clearly influenced by the atmosphere of thermal treatm
This suggests that a fraction of Co2+ ions, either those
exchanging protons or a fraction which are clustered
nanosized oxide particles, are oxidized to Co3+ when treated
in air at 773 K: the subsequent reduction of Co3+ to Co2+ in
TPR measurement contributes to the low-temperature pe
Thus, our data suggest that a Co2+/Co3+ redox couple can
be active for CH4-SCR as well as for NO oxidation to NO2.
This couple is likely active also for methane and other alk
oxidation, as discussed previously for catalytic combus
over cobalt oxides [40,41].

Protonic zeolites are weakly active in NO oxidation
NO2 and, even much less, for CH4-SCR. On the other hand
the very acidic OHs of zeolites are well known to be act
in adsorbing and perturbing hydrocarbon molecules [
and nitrogen oxides as well, and can also act as met
combustion catalysts [43]. In particular, it is evident th
hydrocarbons whose size allows penetration into the cav
tend to concentrate there, as reported elsewhere [42].
data indicate that the average Brønsted acidity of the res
bridging OHs is even a little increased with respect
nonexchanged protonic zeolites. It seems quite reason
that the ability of these sites to adsorb both reactants
favor in more than one way the CH4-SCR reaction. So th
reported cooperating effect of Co and proton sites can be
to the enhanced rate of formation of the NOy intermediate
or to the enhanced rate of reaction of this intermediate w
methane, whose concentration in the cavities is enha
due to its interaction with the protons. In our opinion, t
explains the cooperating effect of protons better than t
weak activity in NO oxidation, although both things c
occur to some extent.

Moreover, it must be considered that the sites, co
cations and protons, present on the external surfac
.

.

r
l

zeolites could play a nonnegligible role in catalysis. Su
a contribution, generally disregarded in the literature, is n
under investigation.

5. Conclusions

Partially exchanged Co-H-FER and Co-H-MFI have be
prepared and their properties characterised using diffe
physicochemical techniques. Their catalytic activity towa
CH4-SCR and NO oxidation was studied under dilu
conditions.

The main conclusions of this study can be summarize
follows:

– Partial Co exchange occurs with strong acid sites
the inner zeolitic cavities and also with weak silan
acidic groups on the external crystals surface; Co i
at the external zeolite surface are detected by IR,
could have a role in catalysis and in the spectrosco
behaviour in the UV–vis region.

– Both Co-H-FER and Co-H-MFI retain large amounts
residual protonic sites whose acid strength seems t
a little increased by the Co exchange; residual sila
groups are also found at the external zeolite surface

– Cobalt ions act as medium-strength Lewis acid si
TPR measurements give evidence that exchanged C2+
ions are hardly reducible. However, a fraction of
oxide species (either exchanged cations or polynuc
oxo-species) are easily reducible and oxidizable.

– Co-H-FER and Co-H-MFI zeolites are active both
NO selective catalytic reduction by methane and in
NO oxidation to NO2. H-zeolites are weakly active
mainly for NO oxidation.

– NO oxidation to NO2 competes with and prevails ov
CH4-SCR when it is thermodynamically favoured, in t
sense that NO2 is formed instead of N2. CH4-SCR is
predominant when NO oxidation to NO2 is no more a
favoured reaction.

– It is proposed that NO reduction occurs via a red
mechanism involving essentially a Co2+/Co3+ redox
couple and an NOy adsorbed intermediate (possibly
nitrate species). This species can either give rise
NO2 gas or react with methane.

– According to previous studies, it is proposed that p
tonic sites cooperate in CH4-SCR mainly by adsorbing
either NO (so favouring the formation of the interm
diate) or methane (so favouring its reaction with
intermediate) or both.
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