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a b s t r a c t

The selective catalytic reduction (SCR) of NO was investigated by in situ diffuse reflectance infrared
spectroscopy (DRIFTS) over catalysts based on iron-pillared clays (Fe-PILC) ion exchanged with copper.
It was studied the influence of either total amount of metal or copper distribution as Cu2+ and CuO on
the surface, with the aim to give a general idea of the reaction mechanism for this kind of catalysts. It
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was noted that the reaction intermediates were nitrates, nitrites, acetate, and CxHyOzN species. At low
temperatures, bands corresponding to the vibration of C C and COO− groups were observed for those
samples with CuO in their structure, confirming that its presence improves the NO yield to N2.

© 2010 Elsevier B.V. All rights reserved.
ropene
CR

. Introduction

During the last few years, several works have been focussed
n the development of the reaction mechanism for hydrocar-
ons selective catalytic reduction (HC-SCR) of NO. Some of them
laimed that the reaction mechanism depended on both the adsor-
ates reactivity and their dynamic behaviour. On the other hand,
he transition metals as well as the supports have given cause
or controversy. Thus, Cant and Liu [1] summarized four poten-
ial mechanisms identified for Cu-MFI catalysts. It was suggested
hat the initial step of the HC-SCR process was the NO dissocia-
ion, whereas the hydrocarbon would remove the adsorbed oxygen
hich inhibited NO decomposition. A second proposal was the par-

ial oxidation of hydrocarbons to produce species which achieved
O reduction. The third mechanism postulated that organonitro-
en compounds were formed. Finally, the fourth one was that NO
as first oxidized to the more effective oxidant (NO2), followed by
2 production through several degradations, starting from species
ontaining carbon, nitrogen and oxygen. Other authors also pro-
osed nitroparaffins or nitroso species as reaction intermediates
ver Cu-MFI [2,3].
Two reaction mechanisms have been proposed over Cu-ZSM-
. The first one proposed direct decomposition of NO over Cu.
he hydrocarbon would play the role of oxygen elimination [4,5].
owever, this mechanism cannot clear up neither the activity of

∗ Corresponding author. Tel.: +34 926295300; fax: +34 926295318.
E-mail address: Fernando.Dorado@uclm.es (F. Dorado).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.08.019
zeolite pattern without copper nor the influence of the hydrocar-
bon nature. The second mechanism suggested that NO would be
oxidized to NO2 or nitrates; hydrocarbon would generate inter-
mediate species acting as reducing agents towards NO. Then the
NO2 molecules or nitrates species would oxidize the hydrocarbon
to give organo-nitro compounds which reacted with NOx species
to give N2, CO2 and water [6]. Other researches revealed by in situ
FTIR spectroscopy over Cu–ZSM-5 the presence as intermediates of
nitrites, nitrates, Cu+–CO, –CN, –NCO, and –NH [7,8].

Other authors have studied the reaction mechanism of SCR of NO
over catalysts based on oxides. Shimizu et al. [9] proposed a mech-
anism over Cu–Al2O3, where acetates and nitrates were found as
reaction intermediates. Later, these intermediates reacted giving
Cu–NCO which again reacted with nitrates or NO leading to N2 and
CO2 as final products. Chi and Chuang [10] found over the same
kind of catalysts C3H7–NO2, Cu0–CN and Cu+–NCO over Cu+/Cu0.
Sirilumpen et al. [11] studied the mechanism of SCR of NO over
copper ion-exchanged aluminium pillared clays (Cu–Al-PILC). The
limiting step was thought to be the N–N coupling between surface
nitrate and gaseous nitric oxide to form nitrogen. Valverde et al.
[12] proposed a reaction mechanism of SCR of NO by propene over
Cu ion-exchanged titanium pillared clays (Cu–Ti-PILC). In situ FTIR
studies showed that reaction intermediates were mainly nitrates,
organo-nitro compounds and acetates. Cu2+-OH groups reacted

with the nitro group thus forming nitrate. The decomposition of
nitrate species generated N2 and a small amount of N2O. C3H6
adsorption on the catalyst active sites was higher and stronger than
NO adsorption and allowed the formation of hydrocarbon interme-
diates which were responsible for the NO reduction.

dx.doi.org/10.1016/j.molcata.2010.08.019
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:Fernando.Dorado@uclm.es
dx.doi.org/10.1016/j.molcata.2010.08.019
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In a previous work [13], Cu–Fe-PILC catalysts containing either
solated Cun+ ions or CuO aggregates were prepared by ion-
xchange using different pH values for the copper solution with the
im of identifying the nature and distribution of the copper species
hat were present. In this work, these catalysts have been studied
y in situ diffuse reflectance infrared spectroscopy (DRIFTS) during
he HC-SCR of NO to give a general idea about the reaction scheme

echanism.

. Experimental

.1. Catalyst preparation

The starting clay was a purified-grade bentonite (Fisher Com-
any) with a particle size of <2 �m and a cation-exchange capacity
f 97 mequiv g−1 dry clay. A FeCl3·6H2O solution was added to
aOH solutions to obtain the required OH/Fe molar ratio. In order

o avoid precipitation of iron species, the pH was kept constant at
.7. The mixture was aged for 4 h under stirring at room tempera-
ure. The pillaring solution was then added dropwise to an aqueous
lay suspension. The mixture was kept under vigorous stirring for
2 h at room temperature. Finally, the solid was washed, dried, and
alcined for 2 h at 400 ◦C.

Metal was introduced by conventional ion-exchange using
00 mL of metal aqueous solution per gram of iron-pillared clay.
range of copper-exchanged Fe-PILC samples were prepared with

olutions of Cu(CH3COO)2·H2O, and the pH then adjusted by the
ddition of aqueous ammonia to give the desired final pH. All cata-
ysts were calcined for 2 h at 400 ◦C. These catalysts are referred to
s a function of the metal content and the pH of the ion-exchange
olution. For instance, Cu3.3–5.4 corresponds to a catalyst ion
xchanged with copper, leading to a loading of this metal of 3.3 wt.%
sing a solution with a pH equal to 5.4. More details about catalysts
reparation can be found elsewhere [13–15].

.2. DRIFT experiments

In situ IR spectra were collected with a Perkin-Elmer FTIR Spec-
rum GX spectrometer, by accumulating 100 scans at a resolution
f 4 cm−1. The focused wavenumber range was 4000–1000 cm−1.
he sample was placed in the middle of a high-temperature reac-
ion DRIFT chamber with KBr windows (Harrick). The temperature
as measured with a K-type thermocouple and controlled with an

utomatic temperature controller (Harrick).
Prior to each experiment, 0.05 g of catalyst was heated at a rate

f 10 ◦C/min from room temperature to 400 ◦C. After a period of
0 min at this temperature, the sample was later cooled to 200 ◦C
t 10 ◦C/min in a He flow of 60 mL min−1. After pretreatment, the
ackground spectrum of a He flow of 25 mL min−1 was collected
t 200 ◦C. Then, the flow of a gas mixture was switched to the
RIFT chamber with a GHSV of 15,000 h−1. The reaction gases for
dsorption studies were: NO/He (0.1/99.9), NO/O2/He (0.1/5/94.9),
3H6/He (0.1/99.9), C3H6/O2/He (0.1/5/94.9). For reactivity tests,
he reaction mixture was NO/O2/C3H6/He (0.1/5/0.1/94.8).

.3. Catalyst characterization

To quantify the total amount of the metals incorporated into
he catalyst, atomic absorption spectroscopy measurements were

ade, using a SPECTRAA model 220FS analyzer, with an error of
1%. The samples were previously dissolved in hydrofluoric acid

nd diluted to the interval of measurement.

Surface area and pore volumes were determined by nitrogen
dsorption at 77 K in a static volumetric apparatus (Micromeritics
SAP 2010 sorptometer). Pillared clays were outgassed prior to use
t 180 ◦C for 16 h under a vacuum of 6.6 × 10−9 bar. Specific total
lysis A: Chemical 332 (2010) 45–52

surface areas were calculated using the Brunauer–Emmett–Teller
(BET) equation, whereas specific total pore volumes were evaluated
from the nitrogen uptake at a N2 relative pressure of P/P0 = 0.99. The
t-plot method was used to determine the micropore surface area
and micropore volume.

The total acid-site density and acid-strength distribution were
measured by temperature-programmed desorption of ammonia
(TPDA), using a Micromeritics TPD/TPR 2900 analyzer with a ther-
mal conductivity detector. The following procedure was described
in detail in [13]. The average relative error in the acidity determi-
nation was <3%.

Temperature-programmed reduction (TPR) measurements
were carried out with the same apparatus as described above
following the procedure described in [13]. TPR profiles were repro-
ducible, with standard deviations for the temperature of the peak
maxima being <1%.

2.4. Catalytic tests

Activity experiments were carried out at atmospheric pressure
in a flow-type apparatus designed for continuous operation at
atmospheric pressure. This apparatus consisted of a gas feed system
for each component, with individual control by mass flowmeters, a
fixed-bed downflow reactor, and an exit gas flowmeter. The reac-
tor, a stainless steel tube with an internal diameter of 4 mm, was
filled with the catalyst sample (0.25 g). A temperature program-
mer was used with a K-type thermocouple that was installed in
contact with the catalyst bed. The products were analyzed simul-
taneously, using a chemiluminiscence analyzer (NO–NO2–NOx ECO
PHYSICS) and a Fourier transform infrared (FTIR) analyzer (Perkin-
Elmer Spectrum GX) that was capable of measuring the following
species continuously and simultaneously: NO, NO2, N2O, CO2 and
C3H6.

The feed composition was as follow: 1000 ppm C3H6, 1000 ppm
NO, 5% O2 and the balance He. The feed gases were mixed and pre-
heated before entering the reactor. The space velocity (GHSV) was
15,000 h−1, and the flow rate was 125 mL/min. Before the reaction
was started, the catalysts were preconditioned at 400 ◦C under a
flow of helium (125 mL/min) for 60 min. Then, the temperature
was down to 200 ◦C. The reaction measurements for each tem-
perature were carried out after 2 h to ensure that the steady state
was reached. All experiments were tested for reproducibility with
analytical repeatability, with an error in NO conversion of <5%.

3. Results and discussion

3.1. Catalyst characterization and catalytic activity

Fig. 1 shows the X-ray diffraction (XRD) patterns for the parent
Fe-PILC calcined at 400 ◦C and for the original clay. The XRD pattern
for the parent clay exhibited a main peak at 2� about 9◦ which it is
commonly assigned to the basal (0 0 1) reflection (d0 0 1). Peak cor-
responding to the (0 0 1) reflection for Fe-PILC appeared at smaller
2� angles (2� ≈ 4◦). This fact clearly indicated an enlargement of
the basal spacing of the clay as a consequence of the pillaring pro-
cess. For this last sample a wider peak in the range 2� ≈ 7–8◦ was
observed, which can be attributed to two overlapped peaks: the
(0 0 2) reflection of the pillared clay and to the (0 0 1) reflection
corresponding to the intercalation of a proportion of monomeric
species of small size, similar as those reported by Valverde et al.

[16] for Ti-PILCs, thus leading to smaller openings of the clay layers
[17].

The interlayer spacing for Na-montmorillonite, originally occu-
pied by hydrated Na+ cations, was about 3.5 Å. After calcination, the
clay structure collapsed (d0 0 1 decreased to 9.7 Å) and the inter-
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ig. 1. X-ray diffraction (XRD) patterns for the parent Fe-PILC calcined at 400 ◦C and
or the original clay.

ayer region became inaccessible to the N2 molecules. Large and
ydrated Fe polyoxocations introduced into the interlayer spaces
f the clay push the sheets apart by about 15 Å (25 Å corresponding
o d0 0 1 minus 9.6 Å corresponding to the thickness of the layers).
alcination of the Fe-pillared clays led to the dehydration and dehy-
roxylation of Fe polycations and gave rise to the formation of
olymeric Fe2O3 species, which permanently link adjacent layers.

The textural characteristics of the iron-pillared clay are sum-
arized in Table 1. The surface area analysis would indicate that

he pillaring process produced a significant increase in the surface
rea, from 36 m2/g (for the original clay) to 285 m2/g (for the par-
nt Fe-PILC), due mainly to micropores formation. In this case, the
icropore area represented the major part (86%) of the total sur-

ace area. On the other hand, it can be observed that the total acidity
f the clay was enhanced approximately three times, due to the
illaring process (Table 1).

The results for the Cu catalysts characterization were discussed
n detail in a previous work [13] and they will be summarized here.
he composition and characteristics of Cu-exchanged iron-pillared
lays are given in Table 1. The copper content of the catalysts was

odified by two different ways: (a) without pH control (using an

queous Cu solution concentration of 0.1 M (sample Cu3.3–5.4)
nd (b) controlling the pH of the ion-exchange step with copper
rom 7.0 to 10.5 (samples Cu4.8–7.0, Cu6.2–9.0 and Cu6.5–10.5).

able 1
omposition and characteristics of the catalysts.

Sample Cu (wt.%) pH Cu solution (M) SBET

(m2/g)a
Sint

(m2/g)
a

Fe-PILC – – – 285 247 (86
Cu3.3–5.4 3.3 5.4 0.1 245 211 (86
Cu4.8–7.0 4.8 7.0 0.01 230 177 (77
Cu6.2–9.0 6.2 9.0 0.01 214 158 (74
Cu6.5–10.5 6.5 10.5 0.005 210 147 (70

a Total surface area obtained from the BET equation (SBET). Micropore area obtained fro
b Micropore volume obtained from the t-plot method (V�p) and total pore volume at P/
c Reaction conditions: NO = C3H6 = 1000 ppm, O2 = 5 wt.%, He = balance, catalyst = 0.25 g
Fig. 2. H2-TPR profiles for samples: (a) Cu3.7–5.6, (b) Cu4.8–7.0, (c) Cu6.2–9.0 and
(d) Cu6.5–10.5.

As observed, an increase of the Cu loading led to a decrease of the
surface area (mainly the micropore area) and the micropore vol-
ume of the catalyst. This may be consequence of a partial blocking
of the pillaring matrix by the metal species located in the interlayer
areas [13].

Fig. 2 shows the TPR profiles for the samples. First of all, it should
be noted that the aim of the TPR experiments is to analyze the
Cu species. However, the parent Fe-PILC showed a small reduc-
tion peak at 350–370 ◦C due to the Fe3+ → Fe2+ reduction process
[14]. To avoid interferences, this peak was always accounted for
without significant error by subtraction in the TPR profiles. For the
catalysts here prepared, it should be taken into account that the
copper is not only present as Cu2+ ions chemically bonded to the
pillars of the clay, but also as CuO clusters. The presence of these
oxygenated clusters can be explained considering the Cu solution
behaviour under basic pH, when it is added NH3 to the acetate
copper solution [13]. Thus, it can be observed the Cu(OH)2 precip-
itation as well as the change of the colour of solution, which turns
to the characteristic blue provided by the [Cu(NH3)4]2+ complex
(Cu(OH)2 + 4NH3 ↔ [Cu(NH3)4]2+ + 2OH−). After calcination, these

compounds form CuO and isolated Cu2+, respectively. Under these
test conditions, the sample Cu3.3–5.4 showed one reduction peak at
around 250 ◦C, assigned to the reduction of Cu2+ to Cu+. The catalyst
Cu4.8–7.0 showed two reduction peaks. The first peak, centered at

Vp

(cm3/g)b
V�p

(cm3/g)b
Total
acidity
(mmol NH3/g)

Max. NO
conversion
(%)c

Yield C3H6

to CO2 (%)

) 0.187 0.126 0.317 – –
) 0.181 0.123 0.506 36.2 (280 ◦C) 81.5
) 0.183 0.105 0.518 43.0 (260 ◦C) 81.2
) 0.177 0.100 0.495 53.9 (260 ◦C) 86.7
) 0.177 0.097 0.404 45.2 (280 ◦C) 95.6

m the t-plot method (Sint). % of the total surface area in brackets.
P0 = 0.99 (VP).
, and total flow rate = 125 mL/min.
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10 ◦C, was attributed to the overlapping of the reduction reaction
f Cu2+ to Cu+ and CuO to Cu0. The second peak, less pronounced
nd about 350 ◦C, was assigned to the reduction of Cu+ to Cu0.
ample Cu6.2–9.0 showed a broad peak at 210 ◦C, attributed to the
eduction of Cu2+ to Cu+ with a shoulder at 180 ◦C, assigned to the
eduction of CuO to Cu0. Finally, the sample Cu6.5–10.5 presented
ne peak centered at 240 ◦C, which was also attributed to the over-
apping of the reduction reactions of Cu2+ to Cu+ and CuO to Cu0.
ote that the reduction peak attributed to the reduction of both
uO and Cu2+ species was unresolved for the samples Cu4.8–7.0
nd Cu6.5–10.5 (these peaks were overlapped). However, there is a
etter resolution for the sample Cu6.2–9.0 which suggests the pres-
nce of a higher proportion of Cu2+ ions under the influence of CuO
lusters in this sample. Finally, for the sample Cu3.3–5.4 (prepared
ithout pH control), copper was mainly present as isolated Cu2+,
ot as CuO.

On the other hand, acidity of ion-exchanged pillared clays
Table 1) depended on both the ion-exchanged transition metal (Cu
n this study) and the metal loading. It can be observed that the total
cidity decreased when the Cu content was increased in samples
repared with pH control. As mentioned above, this fact is in con-
ordance with the TPR profiles, showing higher acidity values those
amples which have in their structure more Cu2+ ions. Moreover,
aken into consideration that CuO clusters have a low participation
n the total acidity (they adsorb NH3 very weakly [13]), the acid-
ty of sample Cu3.3–5.4, quite similar to that of sample Cu4.8–7.0
espite its lower metal content, seems logical.
In brief, the sample prepared without pH control (Cu3.3–5.4)
howed in its structure only isolated Cu2+ ions, while samples pre-
ared under alkali conditions showed in their structure copper both
s Cu2+ and CuO clusters, increasing the proportion CuO/Cu2+ with
he pH value. Note that the sample Cu6.5–10.5 shows the high-
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est decrease of the surface area and pore volume (Table 1), which
may be due to the higher proportion of copper species as CuO
located at the outer surface of the catalyst. These clusters would
be blocking the pores, explaining the textural characteristics of this
sample.

The characterization results would be consistent with the
catalytic activity tests (Table 1). Thus, sample Cu6.2–9.0 gave the
best activity for C3H6 combustion to CO2 at temperatures below
260 ◦C which was related to the presence of Cu2+ active sites
under the influence of CuO clusters. This easier C3H6 oxidation
favoured the NOx reduction at low temperature. On the contrary,
the sample Cu6.5–10.5, with similar Cu loading, showed a poorer
activity at higher temperature, suggesting again that there was in
its structure less catalytic copper specie (Cu2+) under the influence
of CuO clusters.

3.2. NO adsorption over Cu–Fe-PILC catalysts

Fig. 3(A) shows the IR spectra after NO adsorption at room tem-
perature over the four catalysts studied. According to Hadjiivanov
et al. [18], the most important bands found in Fig. 3(A) can be
assigned to several vibration modes of nitro, nitrites and nitrates
species. Thus, band at 1626 cm−1 can be attributed to bridging
bidentate nitrates on Cu2+ ions [8,10,11,15]. Band at 1550 cm−1 was
assigned to chelating bidentate nitrates anchored on Cu2+ species
[8,10,15]. The assignment of bands at 1497, 1449, and 1417 cm−1

has not been well defined but it could be possible to assign them

to the �3 vibration mode of monodentate nitrates [13]. Band at
1368 cm−1 was attributed to �(N O) vibration mode of bridging
monodentate nitrites [15] or organic nitro compounds [13], while
band at 1319 cm−1 was assigned to �s(NO2) vibration mode of nitro
species [11,15].
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IR spectrum of catalyst Cu3.3–5.4 shows wide and undefined
ands which could be likely ascribed to the adsorption of bridg-

ng bidentate nitrates anchored on Cu2+ species. For the sample
u4.8–7.0, bands attributed to both kinds of bidentate nitrates
nd also those of monodentate nitrates were sharper. Catalyst

u6.2–9.0 spectrum showed very sharp and well defined bands
ttributed principally to monodentate nitrates but also intense
ands corresponding to nitro and monodentate nitrite species. Note
hat bands attributed to bridging bidentate nitrates were no present
t all. Finally, Cu6.5–10.5 spectrum showed not very well defined
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bands in the entire spectrum of the vibration modes of nitro, nitrites
and monodentate nitrates species (1600–1300 cm−1) due to that,
as it has already been commented, there was less amount of Cu2+

species influenced by CuO clusters. Nevertheless, note that band
corresponding to bridging bidentate nitrate was more pronounced

(similar to catalyst Cu4.8–7.0).

Summarizing, NO adsorption studies led to the following con-
siderations: the adsorption of bridging bidentate nitrates species
could be attributed to the presence in the catalyst structure of iso-
lated Cu2+ ions (without or poor influence of CuO clusters), whereas
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ig. 6. In situ DRIFTS spectra of C3H6–SCR of NO over (A) Cu3.3–5.4, (B) Cu4.8–7.0
nd (e) 400 ◦C. Reaction conditions: NO = C3H6 = 1000 ppm, O2 = 5 wt.%, He = balance

he adsorption of nitro groups, monodentate nitrites and monoden-
ate nitrates could be assigned to the presence in the catalyst of Cu2+

ons under the influence of neighbour CuO clusters.In the study
f NO adsorption under the presence of oxygen (Fig. 3(B)), sim-
lar bands as in absence of oxygen were observed. However, the
ntensity of the bands was higher indicating that the adsorption
f nitrates, nitrites and nitro group were highly favoured in the
resence of oxygen [9].

.3. C3H6 adsorption over Cu–Fe-PILC catalysts

Fig. 4(A) shows the IR spectra after propene adsorption at room
emperature. Bands in the 1650–1300 cm−1 region, correspond-
ng to vibration of hydrocarbon species can be observed. Band
t 1634 cm−1 was assigned to stretching vibration mode �(C C)
6,10,19,20]. Band at 1566 cm−1 can be attributed to bending of

–H bond [19,21]. Bands at 1367 and 1321 cm−1 were assigned to
ifferent vibration modes of CH3 [20–22].

In the presence of oxygen (Fig. 4(B)), additional new bands were
bserved. These bands can be due to the adsorption of oxidized
ydrocarbon which could be formed after reaction between oxy-
Wavenumber (cm-1)

u6.2–9.0 and (D) Cu6.5–10.5 catalysts at (a) 30 ◦C, (b) 100 ◦C, (c) 200 ◦C, (d) 300 ◦C
yst = 0.05 g, and GHSV of 15,000 h−1.

gen and propene. Bands at 1443 cm−1 were attributed to (COO−)
stretching vibrations of the adsorbed acetate [9,10,12,23]. Band at
1367 cm−1 was assigned to the CH3 deformation vibrations [22,24]
and also it could be assigned to CHO deformation vibration of a for-
mate group [20]. Finally, band at 1298 cm−1 was attributed to C–C
stretching vibration [24].

In general, the intensity of the bands corresponding to adsorp-
tion of hydrocarbon species (oxidized or not) was higher for those
samples where the active sites (Cu2+) were significantly influenced
by neighbour CuO clusters (Cu4.8–7.0 and Cu6.2–9.0).

3.4. Temperature-programmed surface reaction (TPRS) studies

TPRS runs with the sample Cu4.8–7.0 were carried out with the
aim of identifying reaction intermediates and studying the evolu-
tion of the adsorption bands associated to the active sites of the

catalyst. For the chosen sample, copper species were both as iso-
lated Cu2+ ions and CuO clusters. Before the first TPRS experiment,
the sample was exposed to a C3H6/He (0.1/99.9) stream for 1 h at
room temperature, followed by He purge at room temperature for
30 min. After that, the sample was put in contact with a mixture of
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O/O2/He (0.1/5/94.9) and the TPRS run started. Spectra recorded
n the TPRS experiment from 30 to 400 ◦C are shown in Fig. 5(A). The
econd TPRS run was carried out after the exposure to the sample to
NO/He (0.1/99.9) flow for 1 h at room temperature, and further He
urge. IR spectra recorded under flow of C3H6/O2/He (0.1/5/94.9)
uring the TPRS experiment from 30 to 400 ◦C with a heating rate
f 10 ◦C/min are represented in Fig. 5(B).

In Fig. 5(A), for the spectrum (a) at room temperature, differ-
nt bands attributed to anchored hydrocarbons were predominant
band at 1634 cm−1 assigned to stretching vibration mode �(C C)
6,10,19,20]; bands at 1487 and 1566 cm−1 corresponding to bend-
ng of C–H bond [19,21] and band at 1367 cm−1 assigned to
he CH3 deformation vibrations [22,24]). Nevertheless, when the
emperature increased, these bands start to vanish and others cor-
esponding to bridging bidentate nitrates vibration (1608 cm−1),
helating bidentate nitrates (1577 cm−1) and monodentate nitrates
ibration (around 1417 cm−1) became predominant. Moreover,
he intensity of these bands increased with the temperature up
o 300 ◦C, temperature at which begun to decrease, disappearing
lmost completely at 400 ◦C.

In Fig. 5(B), it can be observed that, at room temperature (for
hich hydrocarbon combustion is not favoured), bands attributed

o bridging and chelating bidentate nitrates vibration (1628 and
565 cm−1), vibration of nitro groups of the organo-nitro com-
ounds (R–NO2) (can be attributed also to band at 1565 cm−1)
10,12,20,25], and �(N O) vibration mode of monodentate nitrites
11,15] (1442 and 1362 cm−1) were observed. However, at higher
emperatures (100 ◦C) the propene combustion started to be
avoured and the exposure to C3H6/O2/He could lead to some sig-
ificant changes in the assignment of the bands. Thus, it could be
ppreciated an intensity increase of the bands related to the pres-
nce of oxidized hydrocarbons in the temperature range between
00 and 300 ◦C (band at 1442 cm−1 assigned to the vibration of
he COO− group, band at 1565 cm−1 attributed in this case, to
he C–C stretching vibration [24] and band at 1369 cm−1 corre-
ponding to the deformation vibrations of the group �(CH3) [22]).
hese results were in agreement with the copper species dis-
ribution found for the sample Cu4.8–7.0, where both isolated
u2+ ions and CuO clusters were present, providing the later a
romoting effect for the propene oxidation at low temperature
13].

.5. DRIFT experiments at steady state conditions

Fig. 6 shows the adsorbed species over Cu–Fe-PILC catalysts
nder the exposure to the reaction mixtures as a function of the
emperature. All samples presented common bands, which had
reviously observed in adsorption and TPRS experiments, but some
f them could have different relative intensities [26].

According to the assignment of the bands in the recorded spectra
t steady state conditions, the reaction intermediates found were,
ainly, nitrates and organo-nitro and organo-nitrito compounds

t low temperatures (30 ◦C), and oxidized hydrocarbons (mainly
cetate) at higher temperatures.

Thus, the most important bands at low temperature were:
ands at 1628 cm−1 corresponding to bridging bidentate nitrates,
ands at 1565 cm−1 corresponding to the vibration of nitro groups
f the possible organo-nitro compounds (R–NO2) formed after
nteraction between the hydrocarbon and the mixture NO/O2
ver the catalyst surface [10,12,20,25], bands at 1450 cm−1 cor-
esponding to monodentate nitrates and bands at 1369 cm−1
orresponding to monodentate nitrites [15]. On the other hand,
t higher temperatures, the most important bands were: band at
498 cm−1 corresponding to bending of C–H bond [19,21] and band
t 1442 cm−1 corresponding to CH3–COO− compound (this com-
ound could be also appear at 1550 cm−1) [9,10,12,23].
Fig. 7. DRIFTS spectra in the isocyanate region under reaction conditions at
300 ◦C over (a) Cu3.3–5.4, (b) Cu4.8–7.0, (c) Cu6.2–9.0 and (d) Cu6.5–10.5.
NO = C3H6 = 1000 ppm, O2 = 5 wt.%, He = balance, catalyst = 0.05 g, and GHSV of
15,000 h−1.

On the other hand, several authors have postulated, for the same
reaction over other kind of catalysts, the presence of isocyanates as
a possible reaction intermediate. Thus, over CuO/Al2O3, Chi and
Chuang [10] found a band at 2237 cm−1 attributed to Cu+–NCO.
Shimizu et al. [9] found bands at 2236 and 2198 cm−1 assigned to
Al–NCO and Cu–NCO, respectively, where Al–NCO species could
be a relatively inert spectator on the surface, whereas Cu–NCO
species were postulated as real reaction intermediates. Reaction
intermediates suggested for the C3H6–SCR over Cu–ZSM-5 [7] are
R–NOx and –CN, which is transformed to –NCO. Further trans-
formation of –NCO would occur by its hydrolysis into –NH and
NH3. Then, ammonia molecules would react with NO to lead to N2.
Moreover, other authors have suggested –NCO as reaction interme-
diate of the SCR–NO by hydrocarbons over other catalysts modified
with several transition metals. Thus, bands at 2194 and 2227 cm−1

attributed to isocyanates adsorbed on Ni were found in the study
of Ni/NaMOR [20]. When Pd–Al2O3 was used as catalyst, bands
at 2253 and 2232 cm−1 assigned to Al–NCO were also detected
[27]. On Co–ZSM-5, a band at 2160 cm−1 was attributed to iso-
cyanate [28], while NCO bands over Ni/AgMOR and Co/AgMOR
appeared at 2166 cm−1 [29]. The spectrum in the appropriate range
(2000–2300 cm−1) was collected over the four Cu–Fe-PILC catalysts
studied at steady state conditions (Fig. 7), in order to confirm the
presence or absence of isocyanates species. Thus, bands at 2160 and
2187 cm−1 were assigned to isocyanate adsorbed over both isolated
Cu2+ and Cu2+ ions under the influence of neighbour CuO clusters.
Bands in the region between 3300 and 3100 cm−1, related to the
presence of ammonia, were not detected (not shown). It may be
due to the fast hydrolysis of NCO species to ammonia under reaction
conditions, since water is available as reaction product. Then, this
step cannot be excluded from the reaction mechanism of C3H6–SCR
over Cu–Fe-PILC.

Regarding the results obtained from DRIFTS experiments, it

could be possible to postulate a schematic reaction mechanism
for the SCR of NO over the four Cu–Fe-PILC catalysts studied, as
all samples showed similar adsorption bands. However, depend-
ing on the Cu species present and their distribution, different steps
would be favoured. Thus, in samples where isolated Cu2+ ions are
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ig. 8. Possible reaction mechanism scheme for the C3H6–SCR of NO over Cu–Fe-
ILC catalysts.

omogeneously dispersed, it would be mainly favoured the for-
ation and adsorption of bidentate nitrates. Catalysts with Cu2+

nd CuO aggregates in accessible positions would promote the
ydrocarbon oxidation at low temperature, leading to the forma-
ion of CxHyOzN compounds, as well as the monodentate nitrates
nd nitrites and nitro groups adsorption. The possible reaction
echanism scheme is represented in Fig. 8. The first step of this
echanism would be the NO oxidation to NO2 species or nitrates
ith higher oxidation strength. Nitrates species could be anchored

s monodentate or bidentate depending on the position of the metal
ites, since the Cu2+ ions can be isolated or near to CuO clusters. The
ydrocarbon adsorption would be considered as the second step.
3H6 adsorption is higher on samples with Cu2+ and CuO aggre-
ates. Moreover, CuO promotes the hydrocarbon oxidation giving
xHyOz species as reaction intermediates. The next step would be
he oxidation of CxHyOz species by the nitro groups and nitrates
eading to acetates or CxHyOzN compounds (R–NO2). These last
ompounds would yield N2, CO2 and H2O, likely via isocyanate,
hose fast hydrolysis would give the final products. Copper oxides
lay an important role in this mechanism since the catalytic activ-

ty, at low temperature, was improved by their presence and
ccessibility.

. Conclusions

Taking into account the results discussed above the following
onclusions can be drawn:

NO adsorption spectra presented bands attributed to nitrites,
nitrates and nitro group. The intensity of those bands was
higher when oxygen was present. Bidentate nitrates species were
adsorbed on isolated Cu2+, whereas nitro groups, monodentate
nitrites and monodentate nitrates were adsorbed on Cu2+ ions in

positions near to CuO clusters.
After the exposure of the samples to propene flow, in the absence
or in the presence of oxygen, bands assigned to oxidized hydro-
carbons appeared. The intensity of these bands was higher in
samples with CuO clusters in their structure.

[
[
[

[

lysis A: Chemical 332 (2010) 45–52

• A general reaction mechanism scheme for the C3H6–SCR over
Cu–Fe-PILC was postulated. The first step was the NO oxidation to
NO2 or nitrates. The second step was the propene adsorption on
active sites. Later, the propene oxidation, which was promoted by
CuO aggregates, gave CxHyOz. Then, these oxidized hydrocarbons
reacted with the nitro species and nitrates leading to acetates
or CxHyOzN compounds. Finally, the transformation of the later
yielded N2, CO2 and H2O as final products.
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