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The  activity,  selectivity  and  stability  of  Pd/H-MOR  and  Ce–Pd/H-MOR  catalysts  for  the  selective  catalytic
reduction  of  NO  with  CH4 (SCR-CH4)  were  studied  in  O2 excess  (4.1%)  in  the  absence  and  presence  of
H2O  (5%).  The  reaction  was  carried  out  in  a 300–650 ◦C temperature  range  with  a S.V.  of ∼=33,000  h−1.
The  characterization  of  fresh  and  used  catalysts  by  FTIR  spectroscopy  of  adsorbed  CO  and  NO  showed
that  the loss  of  NO  conversion  in  H2O  presence  was  due  to a decreasing  concentration  of  Pd2+ sites
eywords:
elective catalytic reduction of NO
d/H-MOR
e–Pd/H-MOR
TIR

and  to the  parallel  formation  of  PdO  particles  that  enhanced  CH4 combustion  under  dry  conditions.
This  behavior  was  modified  by  Ce  addition.  Under  wet  conditions  the  Ce–Pd/H-MOR  catalyst  was  very
active  (XNO =  76%  at 550 ◦C),  selective  (100%  of  N2) and  stable.  The  FTIR  spectrum  of  CO  adsorbed  on used
samples  demonstrated  that  Ce  inhibited  the  transformation  of active  Pd2+ into  PdO  particles.  However,
Ce presence  also  enhanced  CH4 combustion  under  wet  conditions.  At  low  temperatures  (<500 ◦C)  H2O
presence  inhibited  N2O formation  and  90%  selectivity  to N2, which  improved  with  Ce  addition,  was
obtained.
. Introduction

The selective catalytic reduction of NOx (SCR) in oxygen excess
sing hydrocarbons as reducing agents (SCR-HCs) is a technology
hat is still found in its development stage. In spite of the length
f time elapsed from the first studies, an interest is kept in the
tilization of CH4 as reducing agent in order to replace NH3.

The discovery of the SCR-HCs of NOx in oxygen excess [1]
nvolved the use of zeolites. The material studied most closely

as ZSM-5 exchanged with copper. However, Cu/ZSM-5 catalyst
s slightly active with methane. Nishizaka and Misono [2,3] and
lso Loughran and Resasco [4] demonstrated that low loadings of
d supported on zeolitic materials gives place to a very selective
atalyst for the SCR-CH4 reaction, emphasizing clearly the impor-
ance of the acidity of the support material. Therefore, supports like
-MOR and SO4–ZrO2 turn out to be appropriate to prepare Pd cat-
lysts since they stabilize Pd2+ species under reaction conditions
5,6]. Descorme et al. [7] analyzed the FTIR spectra of NO adsorbed

n a Pd (0.98%)/H-MOR catalyst calcined at 500 ◦C. Due to high Pd
oading, the catalyst contained particles of Pd and/or PdO besides
d2+ species. The study revealed the existence of different adsorp-
ion states: Pd mononitrosyl complexes at 1875 cm−1, which are

∗ Corresponding author.
E-mail address: cgigola@plapiqui.edu.ar (C.E. Gigola).

920-5861/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.cattod.2011.03.025
© 2011 Published by Elsevier B.V.

responsible for the catalytic activity, and Pd dinitrosyls located at
1908–1839 cm−1 on Pd2 +, which are inactive for SCR-CH4.

Shimizu et al. [8] studied the formation of species adsorbed
under reaction conditions for a Pd (0.7%)/H-MOR catalyst, verify-
ing the existence of NO–Pd2+ at 1860 cm−1. It was  observed that
these species react with CH4 and gives place to NH4

+ formation
on the acid sites of the zeolite support. According to the authors,
the ammonium ion would react with the NO–Pd2+ species to give
N2. This reaction mechanism attributes a secondary role to NO2,
which might also react with the ammonium ion to generate N2, and
assigns similar importance to the Pd2+species and the acid sites of
the H-MOR for SCR-CH4.

Unfortunately, the activity of metal-loaded zeolites decreases
when the feed mixture contains water, as is the case with most
combustion gases. Water induces the dealumination of the zeolites
and the formation of PdO particles that enhances CH4 combustion.

Ohtsuka and Tabata [9] found that Pd/H-MOR is more resistant
to water than Pd/H-ZSM-5. Characterization of new and used cata-
lysts by Raman spectroscopy demonstrated that H2O facilitates the
agglomeration of Pd forming PdO crystals, which favor the com-
bustion of CH4.
Different promoters have been used in order to improve the
activity, selectivity and hydro-thermal stability of H-MOR sup-
ported Pd catalysts. In a relevant study [10] it was demonstrated
that Ce incorporation to Pd-loaded H-MOR facilitates NOx reduc-
tion with dodecane in the presence of H2O and SO2. It has also been

dx.doi.org/10.1016/j.cattod.2011.03.025
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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eported by Pieterse et al. [11] that Ce incorporation to Pd/H-MOR
atalysts increases the reduction of NOx with CH4 under wet  con-
itions. Apparently the promoter contributes to the stabilization
f the active Pd species in the presence of H2O because it lim-
ts the dealumination of the support material and/or Pd sintering.
n a subsequent paper Pieterse et al. [12] demonstrated that the
hermal stability of Pd/H-MOR catalysts for SCR-CH4 is enhanced
y the addition of rare earth oxides (undisclosed) up to 400 ◦C In
his case, the feed mixture consisted of simulated and bona fide
xhaust gases from a gas engine for the catalytic tests. However,
he problem of dealumination and sintering was  found to be sig-
ificant above 450 ◦C. More recently the beneficial effect of Ce on
he activity, selectivity and stability of Pd/H-MOR catalysts for SCR
as demonstrated again using gas mixtures containing H2 and CO

13]. Regarding the role of Ce, it was showed by TPR experiments
hat oxidized Pd species become more difficult to reduce.

Based on the previous studies, we have investigated the Ce effect
n the activity and selectivity of a Pd/H-MOR catalyst of low metal
ontent for the SCR-CH4 reaction. The characterization of the prepa-
ations has been carried out by FTIR spectroscopy of adsorbed CO
nd NO on fresh and used samples, the attention being focused on
he Pd phase. The activity and selectivity for SCR-CH4 have been
valuated using an oxidizing mixture in the presence and absence
f water.

. Experimental

.1. Catalyst preparation

The catalysts were prepared by using NH4-MOR of Zeolyst
SiO2/Al2O3:10, 500 m2/g). Palladium was incorporated into
he support by ion exchange with a solution (150 cm3) of
d(NH3)4(NO3)2 at pH = 8. The incorporation of 3 g of NH4-MOR to
he solution decreased the pH to 6, but it was adjusted at 11 by the
ddition of a few drops of NH3 solution. The palladium solution was
repared with a concentration that was adequate to obtain a cata-

yst with a metal content close to 0.2%. The mixture was stirred for
 h at room temperature to make the ion exchange possible. Next,
he excess solution was removed and the solid was filtered, washed
ith deionized water and dried at 120 ◦C for 4 h. Then, the prepa-

ation was calcined at 400 ◦C under an air flow for 1.5 h in order to
emove NH4

+ ions and to obtain the zeolite’s protonic form.
A Ce–Pd/H-MOR catalyst that contained 2.0% Ce, was pre-

ared by using an aqueous solution of ammonium cerium nitrate
Ce(NO3)6(NH4)2, from Fluka), which was contacted with the Pd/H-

OR  catalyst for 24 h. Afterwards, the solid was filtered and
alcined in air at 500 ◦C for 2 h.

.2. Catalyst characterization

Metal weight loadings were determined by atomic absorption
pectroscopy (AA) and by inductive couple plasma analysis (ICP).

The fresh and used samples of catalysts were also characterized
y FTIR spectroscopy of adsorbed species. Infrared spectra were
ecorded using a NICOLET 20 DXB instrument at 4 cm−1 resolu-
ion. Catalyst samples of approximately 30–40 mg  were pressed to
orm transparent disks of 13 mm  in diameter that were mounted
n a metal holder. The holder was placed in the beam path of a

tainless-steel cell, sealed with CaF2 windows, and coupled to a vac-
um system for evacuation to 10−6 Torr. It was possible to perform
eat treatments up to 300 ◦C in air or H2 and to dose small amounts
f CO and NO. CO and NO adsorption spectra were obtained at room
emperature under a gas phase pressure of 5 Torr.
Wavenumbers (cm-1)

Fig. 1. FTIR spectra of reduced Pd/H-MOR (A) and Ce–Pd/H-MOR (B) catalysts at
room temperature after CO exposure to 5 Torr. Samples reduced in situ to 300 ◦C.

2.3. Activity, selectivity and stability of the catalysts

The SCR-CH4 reaction was carried out in a quartz flow reactor
connected to a gas chromatograph, using a NO/CH4/O2/He gas mix-
ture containing 1010 ppm (±1%) of NO, 3300 ppm (±1%) of CH4 and
4.1% of O2 in a He balance. This composition was  obtained by adjust-
ing the mass flow rate of NO(3000 ppm)/He, CH4(4900 ppm)/He
and pure O2 streams. The catalysts were studied under dry and
wet  conditions (5% H2O).

The reactor effluent was analyzed by on-line gas chromatogra-
phy using a TCD detector and two Porapak Q columns. One column
was  held at −11 ◦C to separate N2, O2, NO and CH4, while the other
one, which operated at 80 ◦C, was  used to identify CH4, N2O and
CO2. The quantification of the reaction products was performed
from the calculated areas of the chromatographic peaks, corrected
with experimental response factors. NO conversion was  calculated
from the area of the N2 and N2O peaks because NO was partially
converted into NO2 due to the high oxygen content in the feed
mixture. The selectivity to N2 was  calculated as S N2 (%) = (ppm
de N2)/(ppm de N2 + ppm N2O) × 100.

Experiments were carried out at a temperature ranging from
300 ◦C to 650 ◦C, using a catalyst mass of 200 mg and a flow rate of
220 cm3/min. (bulk density = 0.5 g/cm3; S.V. ∼=33,000 h−1). Charges
of catalyst in oxidized form were activated in a mixture flow at
300 ◦C until constant values of conversion were obtained. Next, the
temperature was increased in steps of 50 ◦C, up to 650 ◦C. Runs
were repeated to confirm the results. Water was introduced using a
syringe pump. The catalytic activity of each sample was  first deter-
mined under dry conditions, then in the presence of water, and
finally the run was repeated in the absence of water.

3. Results and discussion

Fig. 1 depicts the infrared spectra of CO adsorption at room tem-
perature on Pd/H-MOR and Ce–Pd/H-MOR reduced in situ at 300 ◦C.
The monometallic catalyst (Fig. 1(A)) presents a band due to CO
adsorbed on Pd2+ at 2158 cm−1, overlapping others that extend to
frequencies below 2100 cm−1 attributed to the existence of Pdx+

and Pdo. The oxidizing pretreatment at 400 ◦C during the prepara-
tion step generates PdO particles that partly react with protons of

the zeolite to form Pd2 + species by means of the mechanism known
as oxidative redispersion [14]. It is important to realize that the
concentration of Pd2+ ions depends on oxidation temperature. At a
low oxidation temperature, ≤300 ◦C, the main product is PdO. By
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it decreased markedly in the whole temperature range. However,
after reverting to the dry condition, the activity for CH4 combustion
was  higher than the initial value, thus suggesting a modification of
the catalyst surface. This behavior accords with an increase in the
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ig. 2. FTIR spectra of reduced Pd/H-MOR (A) and Ce–Pd/H-MOR (B) catalysts at
oom temperature after NO exposure to 5 Torr. Samples reduced in situ to 300 ◦C.

ncreasing the oxidation temperature Pd2+ ions are produced. These
ifferent oxidation products can be identified by TPR experiments.
eifsnyder et al. [15] observed a single hydrogen consumption peak
t 100 ◦C on a Pd(0.5%)/H-MOR sample calcined at 350 ◦C that was
ttributed to the reduction of Pd2+ to Pdo. On the other hand, Home-
er and Sachtler [14] demonstrated that the reduction profile of a
% Pd/NaY sample calcined at 773 K, exhibited a consumption peak
round 473 K. A H2 consumption peak around 273 K on the sample
alcined at ≤300 ◦C was indicative of PdO presence. Pieterse and
ooneveld [13] lately performed a TPR study on a Pd(0.35%)/H-
OR  catalyst calcined at 500 ◦C and found Pd reduction peaks in

he 300–450 ◦C temperature range. After Ce addition the Pd reduc-
ion peak was observed at a higher temperature. On our samples
he reduction to 300 ◦C prior to CO adsorption gives place to the
ormation of a small fraction of metallic Pd characterized by a CO
dsorption band at ∼=2100 cm−1, but most of the metal remains in
n oxidized state (Pd2+, Pd+). The peaks of minor intensity in the
000–1800 cm−1 frequency range correspond to multiple coordi-
ated CO adsorption on metallic Pd. This broad band is partially
esolved in one peak at 1973 cm−1 and another one at 1913 cm−1

ttributed to CO adsorbed on the Pd(1 0 0) and Pd(1 1 1) surface
lanes, respectively.

Similar bands are observed on the reduced Ce–Pd/H-MOR sam-
le (Fig. 1(B)), although the intensity of the peak due to CO adsorbed
n Pd2+ was attenuated, while the peak intensity due to CO on
do increased. Bearing in mind that the sample was  calcined at
00 ◦C after Ce incorporation it is impossible to determine whether
he changes are due to this pretreatment or to a Ce effect on Pd
eduction.

Fig. 2 shows the infrared spectra of NO adsorption at room tem-
erature on reduced samples of Pd/H-MOR (A) and Ce–Pd/H-MOR
B). The broad band at 2231 cm−1 corresponds to NO2 adsorp-
ion and was identified by Descorme et al. [7].  The band located
t 1897 cm−1 corresponds to NO adsorption on the mordenite. In
ccordance with other studies, the band at 1876 cm−1 is assigned
o NO adsorption on Pd2+ [7,8].

Fig. 2(B) also shows a broad, but less intense band with a max-
mum at 1811 cm−1. This one might correspond to NO adsorption
n Pdx+ species. Due to NO adsorption on Pdo, a small band at
740 cm−1 was expected. However, this band may  be overlapped

y the one located at 1693 cm−1, which was not identified. On
e–Pd/H-MOR the spectrum shows a similar band due to NO on
he support and NO adsorbed on Pd2+ at ∼=1892 cm−1. A new band
ppears at 1764 cm−1 reflecting a higher concentration of Pdo
Wavenumbers (cm-1)

Fig. 3. FTIR spectra of oxidized Pd/H-MOR (A) and Ce–Pd/H-MOR (B) catalysts at
room temperature after NO exposure to 5 Torr. Samples oxidized in situ to 300 ◦C.

sites, as observed on the CO adsorption spectrum after Ce addi-
tion.

The catalysts were also characterized by NO adsorption after a
treatment in air at 300 ◦C, a condition that resembles the surface
state prior to reaction. The Pd/H-MOR spectrum in Fig. 3(A) exhibits
a main band at 1875 cm−1 due to NO on Pd2+ and another one at
1841 cm−1 that Descorme et al. [7] assigned to dinitrosyl species
(Pd(NO)2). On Ce–Pd/H-MOR this band was  not observed clearly.

The NO conversion as a function of temperature for the Pd/H-
MOR  catalyst is shown in Fig. 4 under different reaction conditions.
A maximum conversion of 90% was obtained at 600 ◦C in the
absence of water. This behavior was clearly altered in the presence
of water; the conversion increased continuously, but the highest
value was ∼=60% at 650 ◦C. When water was  removed from the feed
mixture, the initial activity (dry condition on fresh sample) was
not recovered, but 60% conversion was  obtained at 550–600 ◦C. The
effect of water on CH4 conversion was  similar, as shown in Fig. 5:
250 300 350 400 450 500 55 0 600 650 700

Temperature (°C)

Fig. 4. NO conversion vs. temperature on Pd/H-MOR. (�)  Dry feed; (�) wet feed;
(�) dry feed on sample exposed to water.



I.O. Costilla et al. / Catalysis Today 172 (2011) 84– 89 87

250 300 350 400 450 500 55 0 600 650 700
0

20

40

60

80

100

C
H

4 
 c

on
ve

rs
io

n 
(%

) 

F
(

f
a
I
a
b
d
c
m

s
R
a
C

c
(
i
a
v
5

F
e
3

250 300 350 400 450 500 550 600 650 700
0

20

40

60

80

100

N
O

 c
on

ve
rs

io
n 

(%
) 

is clear that Ce addition has a beneficial effect on the activity an also
on the stability of the Pd/H-MOR catalyst for SCR-CH . According
Temperature (°C)

ig. 5. CH4 conversion vs. temperature on Pd/H-MOR. (�) Dry feed; (�) wet feed;
�)  dry feed on sample exposed to water.

raction of Pd present in an oxidized form (PdO). The FTIR spectra of
dsorbed CO on the fresh and used samples are compared in Fig. 6.
t is observed that the band due to CO on Pd2+ at 2158 cm−1 was
ttenuated, while the band due to CO adsorbed on the linear and
ridge form on Pdo became more intense on the used sample. The
ecrease in the concentration of Pd2+ species explained the lower
onversion of NO, while the presence of a larger amount of Pd in
etallic form justifies the increased conversion of CH4.
These results are in accordance with those reported by Oht-

uka and Tabata [9] mentioned in the Introduction section. By using
aman spectroscopy they demonstrated that H2O facilitates the Pd
gglomeration that leads to the formation of PdO crystals that favor
H4 combustion.

When the Ce–Pd/H-MOR catalyst was tested under dry and wet
onditions, important differences in the activity were observed
Fig. 7). For NO reduction the activity was higher than Pd/H-MOR’s

n the investigated temperature range. It reached a value of 90%
t 500–550 ◦C, that is at a lower temperature. In addition, NO con-
ersion was less affected by water presence: it decreased to 75% at
50 ◦C. Upon returning to dry conditions, the initial activity of the
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ig. 6. FTIR spectra of reduced Pd/H-MOR catalysts at room temperature after CO
xposure to 5 Torr. (A) Fresh sample, (B) used sample. Samples reduced in situ to
00 ◦C.
Temperature (°C)

Fig. 7. NO conversion vs. temperature on Ce–Pd/H-MOR catalyst. (�) Dry feed; (�)
wet  feed; (�) dry feed on sample exposed to water.

Ce-modified catalyst was partially recovered, thus indicating that
some alteration of the catalyst surface had occurred. The Ce effect
on CH4 conversion is shown in Fig. 8. Under dry and wet  condi-
tions the activity is higher than Pd/H-MOR’s (see Figs. 5 and 8). In
water presence the activity decreases, mainly in the low tempera-
ture range. Upon reverting to dry conditions, the initial activity is
partially recovered, a behavior that is quite different from the one
observed on Pd/H-MOR.

In order to observe the alterations produced on the catalyst sur-
face during the conversion vs. temperature runs, the FTIR spectrum
of adsorbed CO on a used sample was  compared with one of a fresh
sample. The results are shown in Fig. 9. In this case the spectra
are quite similar; the band due to CO adsorbed on Pd2+ species
decreased slightly and those corresponding to CO on metallic Pd
exhibited small changes at 2100 and 1920 cm−1. Consequently, it
4
to the FTIR results, Ce stabilizes the active Pd species (Pd2+). If the
promoter is located in exchange positions as Ce3+, it may  inhibit
the dealumination process in water presence, enhancing the ther-
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Fig. 8. CH4 conversion vs. temperature on Ce–Pd/H-MOR catalyst. (�) Dry feed; (�)
wet  feed; (�) dry feed on sample exposed to water.
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ig. 9. FTIR spectra of reduced Ce–Pd/H-MOR at room temperature after CO expo-
ure  to 5 Torr. (A) Fresh sample, (B) used sample. Samples reduced in situ to 300 ◦C.

al  stability of the zeolite and preventing PdO formation. However,
he presence of small CeO2 particles cannot be discarded taking
nto account the method used for Ce addition. According to our
esults, Ce enhances CH4 combustion and this behavior suggests
he presence of cerium oxide, probably in the outer surface of the
eolite. We  have verified that the BET surface area and the pore
ize distribution of Pd/H-MOR were not modified by the addition
f cerium. It was reported [16] that Ce3+ does not promote CH4
ombustion. Taking into account that the presence of Ce also mod-
fies the reducibility of Pd [13], we cannot discard an influence of
e on the redox reaction. In addition, water adsorption on cerium
xide may  reduce its effect on the catalytic reaction. It has also been
eported [13] that Ce catalyzes the oxidation of NO to NO2, which
n turn may  increase the activity for NOx reduction.

According to the previous discussion, several explanations could
e offered about the beneficial role of Ce on Pd/H-MOR catalysts for
he SCR-CH4 reaction. As mentioned by the reviewers, a better char-
cterization of the CeOx phase is necessary in order to determine
he main role of cerium.

We have also investigated the effect of water and Ce on reaction
electivity focusing the attention mainly on the formation of N2 and
2O. As shown in Fig. 10,  a significant N2O amount is formed in

he 300–400 ◦C, mainly under dry conditions. N2O is nearly absent
bove 450 ◦C. Under dry condition, Ce addition increases N2 selec-
ivity from less than 20% to >60% at 300 ◦C. There is a remarkable
ffect of water on N2 selectivity, which is higher than 90% for
d/H-MOR and Ce–Pd/H-MOR for a wet feed. When water was
liminated, the catalysts exhibited a decrease in selectivity, but this
ffect was less pronounced for Ce–Pd/H-MOR.

Experiments were also performed at constant temperature
550 ◦C) in the presence of water in order to test the stability of the
atalysts at a high conversion level. On Pd/H-MOR the conversion
ecreased from 61 to 57% in 3 h. On the other hand, Ce–Pd/H-MOR
ctivity was constant with 70% conversion after 3 h. We  recognize
he need to perform longer runs for a more conclusive demonstra-
ion of the beneficial effect of Ce on the SCR-CH4 reaction under
et conditions.

The preceding results demonstrate that Ce promotes the activ-
ty, the selectivity and the stability of Pd supported on mordenite
or NO elimination with CH4 in the presence of oxygen and water, in

greement with Pieterse et al.’s previous study [11]. However, our
ctivity results cannot be compared due to differences in catalystı̌s
nd reaction conditions. In the mentioned study the Pd content
nd the CH4/NO ratio were higher, 0.4% and 5 respectively, and the
Fig. 10. Selectivity to N2 as a function of temperature on Pd/H-MOR and Ce–Pd/H-
MOR  catalysts. (�) Dry feed; (�) wet feed; (�) dry feed after exposure to water.

space velocity was lower (S.V. = 17,000 h−1). By using similar water,
oxygen and Ce concentrations, they obtained an NO conversion of
60% at 375 ◦C, while the CH4 conversion was much lower (20%).
Under these conditions practically no deactivation was  observed
after a test run of 100 h.

It is appropriate to compare our results with Bustamante et al.’s
[17], who studied the SCR-CH4 reaction on a Pd(0.15%)/Co(4.8%)H-
MOR  catalyst. By using a similar NO and CH4 concentration, but a
higher content of oxygen (6%) and water (8%) in the feed mixture,
they obtained conversions of 90% and 60% at 550 ◦C, respectively.
These results are in agreement with those presented here. However,
Pieterse et al. [11,18] demonstrated that the deactivation behavior
of the Co promoted catalyst is similar to Pd/H-MOR’s. This disad-
vantage may  perhaps be overcome by Ce addition.

4. Conclusions

The FTIR characterization of a Pd/H-MOR catalyst confirms the
presence of Pd2+ species, which are responsible for the high cat-
alytic activity for the selective reduction of NO with CH4 in oxygen
presence. Under dry conditions NO conversion was 90% at 600 ◦C.
The presence of water has a negative effect on NO and CH4 con-
version. The concentration of active Pd2+ species decreases and
Pd particles that favor CH4 combustion under dry conditions are
formed. This change in surface structure cannot be reversed if
water is removed from the feed. Ce addition to Pd/H-MOR cata-
lyst improves the activity for NO conversion and the selectivity to
N2. In the presence of water, NO conversion was 76% with 100%
selectivity to N2 at 550 ◦C. The presence of Ce also enhanced CH4

combustion under wet conditions. The FTIR spectrum of adsorbed
CO has shown that Ce inhibits the transformation of active Pd2+

species into PdO under reaction conditions.
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