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In situ DRIFTS study of NO reduction with CH4 over
PtCo-ferrierite catalysts
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The effect of platinum incorporated into Co-ferrierite catalyst on the selective catalytic reduction of NO,, with CH,4 was studied by
means of in situ DRIFTS technique. NO adsorption on Co- and PtCo-ferrierite catalysts gave dinitrosyl and mononitrosyl species on
Co?* ions. The adsorption of NO + O, on Co-ferrierite yielded NO, (NOS*) species and aso nitrites and nitrates. Similar species
were observed on PtCo-ferrierite, although chemisorbed NO, was much more stable since it persisted at reaction temperatures as high as
723 K. The spectra of the pre-reduced bimetallic PtCo-ferrierite catalyst exposed to the CH4 + NO + O, reaction mixture showed bands
at 2200-2100 cm~—1, which were similar to results for a Pt-free sample but slightly more intense. In addition, strong bands of nitrate,
amost unchanged with temperature, were observed. A very stable Co?t—NO, intermediate species was developed upon incorporation

of Pt into the base Co-ferrierite catalyst.
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1. Introduction

The selective catalytic reduction (SCR) of NO, by CH4
on Co-loaded zeolites offers a promising aternative to
ammonia-based technology for the removal of NO from
exhaust gases since CH, is easier to handle and may also
be present in the exhaust stream. The same applies for car
engines in which the catalyst facilitates the development of
lean-burn technology that could reduce fuel consumption
to a significant extent. It is known that the reaction rate
between NO and CH, increases strongly in the presence
of O, [1-3]. Li and Armor were the first to report the
exceptiona ability of Co-zeolites to selectively reduce NO
by CH,4 [1,2]. Since then, many works have aimed at in-
creasing the resistance of these catalysts to deactivation in
the presence of steam. Bimetallic catalysts have been pro-
posed to solve the problems caused by water vapour [4].
In this sense, Ogura and Kikuchi [5] found that the incor-
poration of noble metals (Pt, Ir, and Rh) to In/H-ZSM5 ze-
olite enhances NO conversion in SCR with CH,4 under wet
conditions. The same finding was reported by Gutierrez
et a. [6] using PtCo-mordenite catalysts. Differences in
activity have been ascribed to cation coordination and rel-
ative diffusivity in the zeolite channels, and it has been
proposed that a certain type of zeolite would be required to
position the cobalt cations providing a suitable electronic
environment to carry out the selective reduction of NO

NO, formation is thought to be a necessary step for NO
reduction and O; isrequired to develop thisNO, species ac-
tivating CH,4 [7]. Thus, NO and NO, adsorptionswith CHg,
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in the presence and absence of O,, have been analyzed in
detail by IR spectroscopy [1,7-9]. In a previous work, the
promoter effect of platinum in a bimetallic PtCo-ferrierite
catalyst during the reduction of NO with CH4 under net ox-
idant conditions was observed [10]. Accordingly, this work
was undertaken with the aim of uncovering the nature of
surface species present on the surface of both monometal-
lic Co-ferrierite and bimetallic PtCo-ferrierite catalysts. To
this end, in situ DRIFTS experiments were carried out to
identify the stationary species on the catalyst surface under
oxidant conditions (NO + O, and CH4 + NO + O,) and
to shed some light on the mechanism that results in N>
production.

2. Experimental
2.1. Catalyst preparation

Powdered K-ferrierite [(Na,K)37(AI02)37(S| 02)32,3] was
used as the zeolite support. Monometallic Co-ferrierite was
prepared by ion exchange using a dilute solution of 0.025 M
Co(NOs3),. The zeolite was suspended in the solution (zeo-
lite/solution ratio of 2 g/l) under vigorous stirring for 24 h
at room temperature, keeping pH close to 5.5 throughout
the exchange. Then, the liquid was decanted, and the solid
was washed and dried in an oven at 393 K for 12 h. The
dried sample was calcined in O, at 2 K/min up to 673 K for
2 h. Monometallic Pt-ferrierite was prepared by adding 2 g
of the zeolite to 0.3 1 of a Pt{(NH3)4(NOg3), agueous solution
of an appropriate concentration. Bimetallic PtCo catalysts
were prepared from the monometallic Pt-ferrierite by a sec-
ond exchange with a Co?t solution, following the same
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procedure described above for Co-ferrierite. The experi-
mental conditions of the exchange and drying steps were
the same as above. Mono- and bimetallic samples contain-
ing platinum were calcined in O, at arate of 0.5 K/min up
to 623 K, keeping this temperature for 2 h. Metal loading,
as determined by inductively coupled plasma spectrometry,
was 1.6% Co for Co-ferrierite, and 1.4% Co and 0.47% P,
respectively, for bimetallic PtCo-ferrierite.

2.2. DRIFT spectroscopy

Diffuse-reflectance infrared spectra were collected on a
Nicolet-510 FTIR spectrophotometer working at a resolu-
tion of 4 cm~* using aHarrick HV C-DRP environmentally-
controlled cell. About 30 mg of the powdered sample was
packed in a sample holder and pretreated in situ in the
DRIFTS cell under a flow of He. Temperature was in-
creased at a rate of 10 K/min up to 723 K and then main-
tained for 1 h. The sample was subsequently cooled to
room temperature prior to exposure to the reactant mixture.
The IR single-beam background spectrum of the pretreated
ferrierite was recorded at a given temperature, and then
subtracted from the single-beam spectrum of the sample
in order to obtain the net IR spectrum. IR spectra were
collected at each temperature by increasing the cell tem-
perature and holding it at the desired temperature while
collecting 256 scans.

3. Results and discussion

3.1. DRIFT spectroscopy (NO adsor ption)

Figure 1 shows the IR spectra of NO adsorption on
calcined (A) and Hj-reduced (B) Co-ferrierite at 673 K,
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exposed to a flow of 900 ppm NO/Ar in the 298-723 K
temperature range. All the spectra were collected at the
corresponding temperatures when constant peak intensity
had been reached. Additionally, NO adsorbed on the K-
ferrierite support was recorded as a reference. Three ab-
sorption bands were observed upon NO adsorption at room
temperature: 1898 and 1813 cm—1, which can be assigned
to the symmetric and asymmetric stretching modes of a
dinitrosyl adsorbed on Co?* [7,11-13], and at 1940 cm~1,
which can be attributed to the stretching of a mononitro-
syl, also adsorbed on Co?t zeolites [7,11,12]. These two
species were rather stable since no changes in peak in-
tensities were observed upon purging the sample in a He
flow for 1 h. Further insight into the thermal stability of
nitrosyl species was obtained upon heating the sample un-
der aNO/Ar flow. A dlight shift of the bands toward lower
wavenumbers, suggesting a weakening of the bond, was ob-
served upon increasing temperature. In general, band inten-
sities decrease with increasing temperature but this decrease
depends on the nature of surface species. Thus, while the
band of mononitrosyl species almost disappeared at 573 K,
the most intense band of the dinitrosyl species was only
removed upon heating at temperatures above 723 K.

The IR spectra of NO adsorbed on bimetallic calcined
(A) and Hy-reduced (B) (623 K) PtCo-ferrierite catalysts
in the temperature range from 298 to 723 K are shown
in figure 2. The bimetallic catalyst exhibited the same
three bands (1940, 1898, and 1813 cm—1) responsible for
the same species as for the Co-ferrierite sample. How-
ever, dight differencesin stability were observed after plat-
inum incorporation on the base Co-ferrierite catalyst. The
mononitrosyl species were weaker, and even more so in the
H,-reduced samples (figure 2(B)). In contrast, the dinitro-
syl species appeared to be more stable in the calcined than
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Figure 1. DRIFT spectra of Co-ferrierite calcined (A) and reduced (B) at 673 K in a flow of H,. Both samples were pretreated in He at 723 K for 1 h
and then exposed to a flow of NO/Ar mixture in the 298-723 K temperature range.
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in the reduced bimetallic catalyst, alhtough they became
weaker upon reduction in hydrogen. From these results it
can be inferred that a certain interaction between both met-
as (Co and Pt) occurs in both the calcined and reduced
state of the catalyst.

3.2. DRIFT spectroscopy in the NO + O, reaction mixture
(NO oxidation)

Calcined (A) and H,-reduced (B) Co-ferrierite samples
were exposed to a flow of 900 ppm NO/Ar and 2% O,
and the spectra were then recorded at each temperature
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upon 15 min on-stream stabilization. The spectra of sam-
ples exposed to the NO + O, mixture are shown in fig-
ure 3. A strong band at 2180 cm~ can be observed, which
splitsinto several overlapping bands (2270, 2199, 2170, and
2140 cm~?) at increasing reaction temperatures. The same
bands as those observed with NO aone were visible in the
region from 2000 to 1700 cm~?, athough the dinitrosyl
species became more vulnerable to oxygen than mononi-
trosyl species. The intensity of these bands decreased with
increasing temperature, whereas the band at 1544 cm—!
followed the opposite trend. A negative band centred at
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Figure 2. DRIFT spectra of PtCo-ferrierite calcined (A) and reduced (B) at 623 K in a flow of H,, followed by purging in He a 723 K for 1 h, and
then exposure to a NO/Ar mixture in the 298-723 K temperature range.
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Figure 3. DRIFT spectra of Co-ferrierite calcined (A) and reduced (B) a 673 K in Hy, pretreated in He at 723 K for 1 h, followed by exposure to a
flow of NO/Ar and 2% O, mixture in the 298-723 K temperature range.
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Figure 4. DRIFT spectra of PtCo-ferrierite calcined (A) and reduced (B) at 623 K in a flow of H, followed by purging in He at 723 K for 1 h and
then exposure to a flow of NO/Ar and 2% O, mixture in the 298-723 K temperature range.

1690 cm~* was also observed, suggesting a change of the
zeolite substrate during the NO + O, interaction. No dif-
ferences were observed after reduction treatment (see fig-
ure 3(B)).

The intensity of the broad band at 2180 cm~?! remained
essentially unchanged up to 473 K, after which it decreased
at higher temperatures. At 573 K, this broad band split
into two components at ca. 2170 and 2140 cm~! and a
small shoulder at ca. 2199 cm~2. At higher temperatures,
only the band at 2170 and a shoulder at 2199 cm~! were
observed. A band ca. 2270 cm~*! was also detected. The
band at 2140 cm™, and the shoulder at 2199 cm~!, were
quite similar to those recorded on HZSM-5 and CuHZSM-5
upon adsorption of NO, or NO adsorption followed by O,
admission [14] or on CoZSM-5 [7], HZSM-5, NaZSM-5
[15-17], Fe-ZSM-5 [18] and H-mordenite [19]. Since the
appearance of this band correlated with a decrease in the
intensity of the acidic hydroxyls (3620 cm™1), the band at
2140 and the shoulder at 2199 cm~* should be assigned to
NO®+ or NO5T. The band at 2170 cm~1, which is stable
at temperatures as high as 723 K, could originate from the
bonding of NO, formed at room temperaturein the presence
of O, with Co?* ions, as reported in literature [7,15].

When the reaction temperature was increased up to
573 K, the band of mononitrosyl species [Co?t(NO)] was
very weak, the band of dinitrosyl species [Co?t(NO),] dis-
appeared, and a band at 1544 cm~1, very likely arising
from nitrates [14,15,18], was developed. The high stability
of this new band was quite apparent and it persisted up
to 723 K. Further support for the influence of co-adsorbed
species on the extent and stability of NO (or NO,) species
was gained by performing sequential adsorption experi-
ments. By feeding NO first and then adding O,, or by

feeding NO first and then switching to O,, similar bands as
those described above were generated. However, by flow-
ing O first and then adding NO, NO did not chemisorb
and no NO, was detected. These results alow us to con-
clude that on Co?* ions O, adsorption is stronger than NO
adsorption.

It is known [20] that Pt-exchanged ZSM-5 is very active
for NO conversion, athough it is also completely unselec-
tive to N, using methane as a reducing agent in the pres-
ence of oxygen, yielding NO, as a major reaction product.

The spectra of the bimetalic PtCo-ferrierite sample
calcined and reduced when exposed to NO + O, mix-
ture are shown in figure 4 (A) and (B), respectively. At
room temperature, the bands of mononitrosyl and dinitrosyl
species are clearly observed together with the band around
2180 cm~1. At 473 K, this band splitsinto two small bands
at 2140 and 2170 cm~1, and intensity increases with tem-
perature. At 673 K, a new band at 2199 cm~?, together
with a weak one at 2270 cm~! were observed. Compar-
ison of the spectra shown in figures 3(A) and 4(A) re-
veals that NO, (and NOS*) species are much more stable
in bimetallic PtCo-ferrierite than in its Pt-free counterpart.
Substantial differences are observed in the NO, bands in
the reduced PtCo-ferrierite. The bands at 2199, 2180 and
a shoulder can be discerned and intensities do not change
to a great extent with the reaction temperature. It may be
inferred that the presence of Pt develops Co?* locations
in which NO, is strongly adsorbed. Furthermore, the dini-
trosyl species is absent at 473 K whereas the mononitro-
syl still persists. In this case, the region corresponding to
the nitrite and nitrate region (16001300 cm~1) was not
recorded owing to the strong noise superimposed in the
spectra
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Figure 5. DRIFT spectra of Co-ferrierite reduced at 623 K in aflow of H,
followed by purging in He at 723 K for 1 h and then exposure to a flow
of NO/CH,4/O;, reactant mixture in the 573-723 K temperature range.

3.3. DRIFT spectroscopy in the reaction mixture
CH4 + NO + O, (NO, reduction)

Figure 5 shows the DRIFTS spectra under the reaction
mixture (CH4+NO+0,) at temperaturesfrom 573 to 723 K
over the prereduced Co-ferrierite sample. Upon reduction
at 623 K, bands at 2270(w), 2199(w), 2172(w), 2140(w),
1870(w), 1630(s), and 1544(s) cm~! are observed. The
broad bands at 1544 and 1630 cm~?, which shift to higher
wavenumbers and increase in intensity upon increasing re-
action temperature, can be assigned to nitrite and nitrate
species bonded with Co?* (Co?t-NOy), in agreement with
Aylor et a. [7]. The weak band at 1870 cm~*, which
shiftsto 1845 cm~? and increasesin intensity above 623 K,
could be assigned to N,O3; species [7]. The weak and
broad band at ca 2170 cm~*, which displays shoulders
at lower (2140 cm~1) and higher (2199 cm—1) wavenum-
bers, isin keeping with with other literature reports for iso-
cyanate [7,8,21,22] or even cyanide [12] species. Although
such an assignment cannot be ruled out, the close similarity
between the spectrain figures 3 and 5 indicates that similar
NO, species are present both under oxidant (NO+ O,) and
under the reaction conditions (CH4 + NO + O5).

The DRIFTS spectra of surface species on pre-reduced
bimetallic PtCo-ferrierite are shown in figure 6. In the
2200-2100 cm~* interval these spectra are similar to that of
the Pt-free sample, although dightly more intense. The as-
sociation of these bands is similar to Co-ferrierite catalysts
(see figure 5). In addition, nitrate bands at 1544(m) cm—*
and a new band around 1380(vs) cm~?, aimost unchanged
with temperature, are also observed. This latter band has
been previously observed by Sun et a. [13], who associ-
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Figure 6. DRIFT spectra of PtCo-ferrierite reduced at 623 K in a flow of
H, followed by purging in He at 723 K for 1 h and then exposure to a
flow of NO/CH,4/O, reactant mixture in the 573-723 K temperature range.

ated it with some NO, intermediate structures developed in
the presence of reactants resulting from the interaction with
Co?* cations bonded to the zeolite framework oxygen. The
lower frequency of NO, intermediates is an indication of
the strong interaction between Co?* cations and the NO»
species on PtCo-ferrierite. NO, species in the adsorbed
state react with CH,4 — presumably in the gas phase — lead-
ing to some kind of intermediate [NOCH,], which has a
very short lifetime and decomposes very rapidly into the
N2 and CO, products, the rate-determining step being the
formation of NO,, which is the only species detected by
DRIFTS in NO + O, or NO + CH4 + O5 reactions:

NO + CH,4 + Oz(g) — NOz(NOng)(s) + CH4(g) —
[NOCH, ] — Nz(g) + COzg)

Nitrates are also detected at high temperatures. They are
readily formed on calcined catalysts and monometallic Co-
ferrierites. Thus, platinum incorporation into the base Co-
ferrierite and pre-reduction of the catalyst inhibit the for-
mation of nitrate structures, which in turn promote the
formation of NO, intermediate species, which are respon-
sible for the better performance in this reaction.

4, Conclusion

Co”* ions in Co-ferrierite appear to be located in
two different positions; namely, isolated ions stabilized
in the cavities of the zeolite, and another less-dispersed
phase, probably as CoO/Co,03. With gaseous NO, iso-
lated Co?* sites form dinitrosyl species (bands at 1898 and
1813 cm~1), whereas clustered Co?* ions adsorb NO as
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mononitrosyl species (band at 1940 cm—1). In the bimetal-
lic PtCo system, the incorporation of platinum leads to an
increase in the proportion of isolated Co?* ions, which in
turn chemisorb NO strongly. In the presence of oxygen, NO
is oxidized into NO,, which then interacts on the surface of
the catalyst. NO, chemisorption is stronger on the reduced
surface than on the oxidized catalyst. The incorporation of
Pt into the base Co-ferrierite and H,-reduction enhance NO,
coverage, which is clearly visible in the temperature region
in which the CH4 4+ NO + O; reaction occurs. NO, species
are also accompanied by nitrite and nitrate structures, as re-
vealed by the appearance of bands in the 1700-1300 cm~*
region. A very stable Co’t—NO, intermediate species is
promoted by Pt in PtCo-ferrierite.
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