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2+ The adsorption of NO at room temperature on a H-ZSM-5 catalyst exchanged with Pd(NH3)4 complex and activated in oxygen 
at 773 K has been examined by FFIR spectroscopy. After the oxidizing treatment, the Pd tetrammine complex decomposed into 
Pd(II) ions and/or Pd(II) hydroxyl complexes dispersed in the zeolite channels. The subsequent adsorption of NO at room tempera- 
ture led to the reduction of Pd(II) to Pd(1) entities, resulting in the formation and adsorption of NO2 on H-ZSM-5. The Pd(I) entities 
were shown to adsorb NO and form mononitrosyl complexes dispersed in the zeolite porosity and characterized by a single infrared 
absorption band at 1881 cm -1 . The Pd(I) monoultrosyl complex was shown to reversibly coordinate water and NOE molecules. The 
resulting ultrosyl complex was characterized by a single NO vibration band at 1836 cm-l. 
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1. Introduct ion  

The catalytic reduction of  nitrogen oxides with C2 
and higher hydrocarbons  in the presence of  excess oxy- 
gen has been the subject of  growing interest in the past  
few years because of  the need for NOx removal  f rom 
automobile  exhaust  gases. In the mean time, only very 
few studies were concerned with the use of  methane as a 
reductant  for NOx emissions in spite of  the economic 
impact  of  methane widely used as a fuel for electrical 
facilities and s ta t ionary combust ion engines [1-10]. 
Methane can also represent an alternative fuel for auto- 
mot ive  vehicles. This points out the need for developing 
catalytic D e N O x  processes involving methane as reduc- 
ing agent. Pal ladium ion-exchanged zeolites, especially 
pal ladium ion-exchanged ZSM-5, have been reported 
recently to be active and selective in the catalytic reduc- 
tion of  N O  by methane  in the presence of large concen- 
trat ions of  oxygen [11,12]. Much effort  is still necessary 
to clarify the state of  adsorbed NO,  the interaction of 
N O  with pal ladium ions, the reaction mechanism for 
N O  activation at the active centre and subsequent for- 
mat ion  of  ni trogen molecules. In this paper  we report  an 
infrared study of  the adsorpt ion of N O  and NO2 on the 
activated pal ladium-exchanged ZSM-5 catalyst. 

2. E x p e r i m e n t a l  

The Pd exchanged ZSM-5 catalyst  was prepared by 

1 To whom correspondence should be addressed. 

conventional ion-exchange of the starting ammo n iu m 
exchanged ZSM-5 sample (CBV 5020, Si/A1 ratio of  25, 
f rom PQ Zeolites BV) in an aqueous solution of  te t ram- 
mine Pd(II)  nitrate at 353 K for 24 h under modera te  
stirring. The amount  of  salt was calculated so as to intro- 
duce 0.5 wt% Pd into the final material .  After  exchange, 
the preparat ion was thoroughly washed with deionized 
water, filtered and dried at 393 K overnight. The Pd cat- 
alyst was finally activated in flowing oxygen f rom room 
temperature  up to 773 K at a linear r amp of  temperature  
(low rate) and subsequently purged at 773 K for 1 h 
under flowing helium before being cooled down to room 
temperature.  The resulting material  was referred to as 
Pd-H-ZSM-5 and its chemical composi t ion determined 
by atomic absorpt ion spectroscopy corresponded to the 
following formula: Na0.09H3.31Pd0.27A13.93Si92.070192. 
The starting ammonium exchanged ZSM-5 mater ial  was 
also activated in oxygen according to the same proce- 
dure as the Pd-H-ZSM-5 catalyst  so as to obtain the H-  
ZSM-5 catalyst. 

The IR  studies of  N O  or NO2 adsorpt ion on the H-  
ZSM-5 support  and on the Pd-H-ZSM-5 catalyst  were 
performed using self-supported samples wafers (18 m m  
diameter, weight of  20-30 mg ) introduced into a home 
made IR-cell allowing in situ studies at varying tempera-  
tures under controlled a tmosphere  [13]. The Pd-H- 
ZSM-5 sample was heated in situ in flowing oxygen f rom 
ambient  temperature  up to 773 K at a linear r amp rate of  
10 K min -1 and purged in a helium flow at 773 K for 1 h 
before being cooled down to room temperature.  The cell 
was subsequently connected to a U H V  system allowing a 
base pressure as low as 10 -8 Torr  (1 Tor r  = (101 325/ 
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760) Pa) in order to be evacuated at 293 K before the 
introduction of NO or NO2. The same experimental acti- 
vation procedure was used for the IR studies of the sup- 
port. The IR spectra were recorded at a resolution of 
4 cm-1 on a FT-IR spectrometer Nicolet Magna 550. All 
the reported spectra have been obtained after subtract- 
ing the spectrum of the in situ activated sample in order 
to highlight the spectral changes resulting from the NOx 
adsorption. 

The quantitative measurement of NO adsorption on 
the Pd-H-ZSM-5 catalyst and the subsequent thermo- 
programmed desorption (TPD) were performed by using 
a Balzers QMA 125 quadrupole mass spectrometer. 
These experiments were carried out in a U-shaped quartz 
reactor loaded with 0.12 g Pd catalyst bed. The Pd-H- 
ZSM-5 sample was pretreated in situ in flowing oxygen 
at 773 K with a linear ramp of temperature (low rate) 
and purged in He flow for I h before cooling to 298 K. 
The NO adsorption was achieved at 298 K by flowing 
the sample with helium and injecting in the flow five suc- 
cessive pulses of pure NO (each pulse corresponded to a 
gas volume of 0.255 cm 3 STP). After the last pulse of 
NO, the sample was further purged for 5 rain in He flow 
at 298 K before subsequent heating up to 973 K at a lin- 
ear ramp rate of 20 K min -1. The desorbed species were 
continuously monitored as a function of time/tempera- 
ture. The mass spectrometer was calibrated for NO, 
NO2, N20, N2 and 02 gases. The amount of NO irrever- 
sibly adsorbed at 298 K was deduced from the NO pulses 
adsorption experiment and from the TPD profiles (by 
integrating the profiles of the N-containing gases). 

3. Results and discussion 

3.1. Adsorption of NO and N 02 on H-ZSM-5 

Fig. la shows the IR spectrum, in the NO region, of 
the adsorption of 0.93 Torr NO at room temperature 
onto the starting H-ZSM-5 material after standard acti- 
vation at 773 K. A very weakly intense doublet is 
observed at 1892 and 1881 cm -1 ascribed to NO interact- 
ing with acidic hydroxyls of the zeolite through hydro- 
gen bonding and forming NO + species. This 
interpretation agrees with the displacement of the two 
bands toward higher frequencies relatively to NO gas 
phase (1876 cm-]). Indeed, it is well known that NO + is 
produced by partial removal of the electron density from 
the antibonding orbital of NO, therefore inducing an 
increase of the NO bond strength and consequently an 
increase of u NO wavenurnber. The small intensity of the 
NO bands is quite consistent with the very small amount 
of NO adsorbed on the zeolite at room temperature. 

Fig. lb shows the IR spectrum of the activated H- 
ZSM-5 sample contacted with NO2 (1.5 x 10 -4 mole per 
gram of catalyst). Two sharp features were observed at 
2136 and 1643 cm -1. Although not shown, the band at 
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Fig. 1. IR spectra of NO (a) and ]~O 2 (b) adsorption onto H-ZSM-5 
sample at room temperature. The spectra of the H-ZSM-5 sample 
under vacuum after activation and the gas phase have been subtracted. 
(a) PNo = 0.93 Torr; (b) the amount of NO2 introduced into the cell 
(1.5 • 10 -4 mole per gram of zeolite) was totally adsorbed onto the 

sample. 

3610 cm -1 characteristic of the acidic hydroxyls of the 
zeolite was partially depleted and a weakly intense and 
broad band around 3320 cm -] was formed. These obser- 
vations strongly suggest the formation of NO + species 
resulting from the hydrogen bonding between NO2 and 
acidic hydroxyls of the zeolite. The interaction of NO2 
with acidic ZSM-5 hydroxyls is weak, as demonstrated 
by the total disappearance of the 2136 cm -1 band after 
mild heating under vacuum (323 K). On the contrary, 
the 1643 cm -1 band was almost not affected upon eva- 
cuation. This band could be tentatively ascribed to 
nitrate species resulting from the reaction of NO2 with 
the zeolite framework. 

3.2. Adsorption of NO on Pd-H-ZSM-5 

Pd zeolite systems are known for their unusual prop- 
erty of stabilizing palladium in various oxidation states 
depending on the activation treatment and the zeolite 
structure [14-16]. Thus, when starting with a Y zeolite 
exchanged with the palladium(II) tetrammine complex, 
it is possible to obtain Pd 3+, Pd 2+ and Pd + after an oxi- 
dizing treatment followed by evacuation in vacuo at 
773 K. It must be pointed out that most of the palladium 
present in the Y zeolite (about 99%) retain the same oxi- 
dation state as the starting complex, i.e. 2+ [17]. After 
activating the fresh Pd exchanged H-ZSM-5 sample in 
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flowing oxygen at 773 K followed by evacuation under 
vacuum at 773 K, the IR spectrum reveals the disappear- 
ance of the weakly intense band at 1315 cm-I character- 
istic ofNH3 ligands. This indicates the decomposition of 
the starting Pd(II) tetrammine complex with removal of 
NH3 from the coordination sphere of Pd(II) ions. The 
Pd-H-ZSM-5 sample turns then to the beige pink colour 
observed for PdY systems and characteristic of the pres- 
ence of palladium mostly in the 2+ oxidation state. Note 
that the absence of any ESR signal is also consistent with 
the presence of palladium in the 2-t- oxidation state 
which is diamagnetic with a d 8 configuration. These 
results together with the absence of detectable PdO par- 
ticles (by XRD and transmission electron microscopy) 
suggest that the original Pd(II) complex has simply 
decomposed into Pd(II) entities upon activation treat- 
ment. It is not clear if Pd(II) ions are isolated ions 
anchored to oxygen anions of the zeolite structure in 
crystallographic positions of the framework or form 
Pd(II) hydroxyl complexes. The latter hypothesis is pre- 
ferred because, if present, water molecules are expected 
to be ionized by the strong electric field of the Pd cations 
and, owing to the very low Pd loading, only traces of 
water are necessary for the total formation of Pd(II) 
hydroxyl complexes. We propose therefore to denomi- 
nate the decomposed Pd complex as Pd(II)(OH)x moi- 
eties, x being equal to 1 or 2. 

Upon contacting the activated Pd-H-ZSM-5 sample 
with 0.12 Torr NO at 300 K, the IR spectrum is domi- 
nated by the appearance of three peaks at 2136, 1881 and 
1840 cm -I (fig. 2a), while the 3610 cm -1 band character- 
istic of the acidic hydroxyls of the zeolite structure is par- 
tially consumed. Clearly, the formation of the 2136 cm-1 
band can be unambiguously ascribed to NO2 interacting 
with acidic hydroxyls of the zeolite. The strong u NO 
band at 1881 cm -I as well as the shoulder at 1840 cm -1 
are ascribed to NO adsorbed on Pd ions, because being 
absent when contacting the support with NO. Treatment 
under vacuum at 300 K does not affect the intensities of 
the three bands at 2136, 1881 and 1840 cm -1 (fig. 2b). 
The 2136 cm -1 band is totally removed upon evacuation 
at 323 K, confirming the presence of NO2 weakly bound 
to the zeolite surface, in addition the intensity of the 
1881 cm -I band slightly decreases. The striking feature 
is that upon contacting the resulting sample with NO 
again, almost no formation of NO2 could be detected 
while the intensity of the 1881 cm -1 band was restored. 
These results indicated that adsorbed NO2 did not result 
from NOa present as impurities in the NO feed or 
obtained by reaction of NO with traces of oxygen but 
from a surface reaction between the activated Pd-H- 
ZSM-5 sample and nitrogen monoxide. A further confir- 
mation of the surface reaction between Pd ions and NO 
was obtained by contacting the activated Pd sample with 
NO at low temperature. The sample was cooled to 223 K 
under vacuum before admitting 0.1 Torr NO. The 
1881 cm-I band partially formed and as the temperature 
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Fig. 2. IR spectral changes of the activated Pd-H-ZSM-5 sample upon 
contacting with 0.12 Torr NO at 300 K (a) and after subsequent 

vacuum treatment at 300 K for 10 rain (b). 

decreased new bands ascribed to NO physisorbed on the 
support are observed. The subsequent progressive warm 
up of the sample to ambient temperature under NO 
atmosphere led to the complete formation of the 
1881 cm -1 band. It is concluded that the reaction of NO 
with the pretreated Pd-H-ZSM-5 sample is an activated 
process. The formation of NOe would therefore imply 
the partial reduction of Pd(II) ions to Pd(I) or Pd(0) enti- 
ties. The existence of one single absorption band at 
1881 cm-1 is ascribed to the formation of a mononitrosyl 
palladium complex, the origin of the shoulder at ca. 
1840 cm -1 will be discussed later. The shift of the u NO 
band with respect to gaseous NO (1876 cm -a) will 
depend on two factors, (i) the electron donation from 
non-bonding NO orbitals to empty d-orbitals of Pd ions, 
(ii) the back donation from the Pd d-orbitals to the anti- 
bonding orbitals of NO. Therefore the position of the u 
NO band is sensitive to the oxidation state of palladium: 
NO adsorbed onto metallic palladium gives rise to two 
main u NO bands at 1740 and 1660 cm -1 [18] because of 
the strong donating effect of metal atoms in the particles, 
whereas NO adsorption onto Pd 2+ ions leads to u (NO) 
bands at 1865 and 1745 cm -1 [14]. As a consequence, the 
band at 1881 cm -1 must be attributed to NO adsorbed 
onto palladium species in an oxidized state, probably 
Pd(I) species because of the concomitant formation of 
NO2. Based upon purely spectroscopic arguments, it is 
suggested that the reaction of NO with activated Pd-H- 
ZSM-5 catalyst leads to the reduction of Pd(II) to Pd(I) 
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ions and subsequent coordination of NO to Pd(I) entities 
to form mononitrosyl Pd(I) complexes. 

In order to establish the stoichiometry of the reaction 
of NO with the exchanged palladium ions, the NO 
adsorption was measured quantitatively by flowing the 
sample with helium and injecting successive pulses of 
known volume of pure NO. NO is no longer adsorbed 
onto the Pd-containing sample after adsorption of 
1.03 cm 3 STP of nitric monoxide. Such a volume corre- 
sponds to an irreversible adsorption of NO at 298 K. A 
ratio of 1.5 NO molecule per introduced Pd ion can be 
deduced from this experiment. 

Then a TPD experiment was carried out in flowing 
helium by raising linearly the temperature from ambient 
temperature up to 923 K with a ramp of 20 K min -1. The 
TPD profiles ofdesorbed N20, NO2 and NO are shown 
in fig. 3. At low temperature (below 600 K), a large 
amount of NO2 is desorbed with a maximum desorption 
rate at ca. 485 K. In the same time smaller amounts of 
NO were also identified in the thermodesorbed products 
whereas traces of N20 were also detected. At higher tem- 
perature only NO is detected as desorbed molecule. 
From a quantitative point of view, the amounts of de- 
sorbed NO2, NO and 1'420 per palladium ion are found 
to be equal to 0.58, 0.82 and 0.06 respectively leading to 
an atomic nitrogen to palladium ratio of 1.52. Such a 
value is in good agreement with the NO/Pd  ratio (1.50) 
deduced from the NO adsorption experiment. 

From spectroscopic and quantitative measurements 
of the NO adsorption on activated Pd-H-ZSM-5, several 
successive reactions can be postulated to explain the 
reduction of Pd(II) into Pd(I) and coordination of NO 
by Pd(I) entities to form Pd(I) mononitrosyl complexes 
dispersed in the zeolitic channels of the ZSM-5 
structure. 

With the assumption of the presence of one hydroxyl 
group in the coordination sphere of Pd 2+ ions, the 
adsorption-reaction of NO onto the Pd-H-ZSM-5 zeo- 
lite could be represented as follows: 

2Pd(II)(OH)(Oz) + NO --* 2Pd(I)Oz + NO2 + H20 

2Pd(I) (Oz) + 2NO -~ 2Pd(I)(NO)(Oz) 

with Oz = [A1-O-Si]-. 

3.3. Adsorption of  other molecules onto the Pd-NO 
complex 

3.3.1. Water adsorption 
Fig. 4 shows the IR spectra resulting from the addi- 

tion of increasing amounts of water vapour to the 
Pd(I)(NO) complex supported on H-ZSM-5 zeolite. 
After contacting the Pd-H-ZSM-5 sample with a 
0.07 Torr NO pressure (fig. 4a), the IR spectrum is char- 
acterized by two peaks at 2136 and 1881 cm-] previously 
attributed to NO2 adsorbed on acidic hydroxyl groups 
and Pd(I)(NO) complexes respectively. The 1836 cm -1 
band evidenced in fig. 2 is very small, appearing only as a 
shoulder. As a small amount of water (2.5 • 10 -4 mole 
per gram of hydrated catalyst, i.e. about 1/5 of the 
amount adsorbed at saturation) was added to the 
Pd(I)(NO) complex, the sample being still in contact 
with 0.03 Torr NO, we can observe the development of 
broad and intense bands in the u OH region accompa- 
nied by the strong decrease of the 3610 cm -1 band. This 
result is characteristic of water molecules interacting 
with acidic hydroxyls of the H-ZSM-5 support. In addi- 
tion, the intensity of the band at 2136 cm -1 has 
decreased, indicating a partial removal of NO2 from 
acidic hydroxyls due to the competitive adsorption with 
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Fig. 3. Profiles of temperature programmed desorption of NO over Pd-H-ZSM-5 in flowing helium. 



C. Descorme et al. / N O  adsorption on Pd-H-ZSM-5  catalysts 137 

0.8 
-1 

1881 cm 

0.6 

r-- 

0.4 
0 

,< 

0.2 

/ l  1836cm-1 

O ~  f 

2200 2000 1800 1600 1400 
Wavenumber (em -~ ) 

Fig. 4. IR spectral changes of  the activated Pd-H-ZSM-5 sample upon 
addition at 298 K of  NO and NO : H20  mixtures: (a) after activation 
and subsequent introduction of  0.07 Torr NO, (b) after addition of  
water vapour (2.5 • 10 -4 mole per gram of  catalyst); 
PNo = 0.035 Torr, (c) in the presence of  a mixture of 0.15 Torr NO and 
0.3 Torr water vapour, (d) after treatment under vacuum at 298 K for 

10min. 

water molecules. The shoulder at 1836 c m  -1 has devel- 
oped into a band distinct f rom the 1881 cm-1 band whose 
intensity has increased too. Further  addition of  water so 
that a N O / H 2 0  = 1 : 2 mixture (0.45 Torr  pressure) is 
admitted onto the Pd-H-ZSM-5 sample at room tem- 
perature leads to the strong increase of  the 1836 cm -I 
band intensity at the expense of  the 1881 cm -1 one 
(fig. 4c). Evacuation of  the sample under vacuum at 
room temperature regenerates the 1881 cm -1 band 
intensity while the 1836 cm - l  band goes down (fig. 4d). 
These results suggest that the band at 1836 c m  -1 is due to 
a similar mononitrosyl  complex where at least one lattice 
oxide ion acting as a ligand has been replaced by a water 
molecule. Similar effects have been observed on mono- 
valent dicarbonyl complexes of  rhodium encaged in Y 
zeolite cavities [19]. Depending on the hydration degree 
of  the zeolite, different carbonyl complexes were identi- 
fied and associated with distinct IR bands. Pd(I) mono- 
nitrosyl complexes supported on H-ZSM-5 might be 
considered as Lewis acid sites, therefore being able to 
coordinate a water molecule in addition to lattice oxide 
ions. This is thought  to induce an increase in the electron 
backdonat ion f rom the Pd d-orbitals to the antibonding 
orbitals of  coordinated NO, thus resulting in a decrease 

of  the u NO vibration toward lower frequencies com- 
pared to the Pd(I) mononitrosyl.  

3.3.2. Nitrogen dioxide adsorption 
The adsorption of N O 2  o n  the Pd(I)(NO) complex 

formed in the H-ZSM-5 matrix has been also examined. 
The Pd(I)(NO) complex supported on H-ZSM-5 was 
obtained as previously described by reacting 0.12 Torr  
NO at 298 K with activated H-ZSM-5. The IR spectrum 
obtained after subsequent evacuation at 323 K for 
20 min is shown in fig. 5a. The further introduction of  
NO2 (equilibrium pressure = 10 - 2  Torr)  at 298 K is 
accompanied by the appearance of  the 2136 cm -~ band 
characteristic of  NO2 interacting with acidic hydroxyls 
of  the H-ZSM-5 structure (fig. 5b). Simultaneously, the 
band at 1880 cm -1 decreases and the band at 1836 c m  -1 

forms together with a strong band at 1643 c m  -1 .  Upon 
evacuation at 323 K (fig. 5c), the 2136 cm -1 band is 
totally depleted, indicating the total removal of  weakly 
adsorbed NO2. In the mean time, the 1836 cm -1 band is 
also removed, suggesting that its formation is related to 
the adsorption of  NO2 on the Pd nitrosyl complex, occu- 
pying a vacant coordination site of  the Pd ion, in the 
same way as water molecules do. As upon water adsorp- 
tion, the formation of the 1836 cm-1 band can be attribu- 
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Fig. 5. IR spectral changes of  Pd nitrosyl complexes formed on H- 
ZSM-5 upon NO2 adsorption: (a) after reacting the activated Pd-H- 
ZSM-5 sample with NO at 298 K (P~o = 0.12 Torr) and subsequent 
evacuation at 323 K for 20 min, (b) then, after contact  of  
1.0 • 10 -2 Torr NO2 at 290 K, (c) and subsequent treatment in vacuo at 

323 K for 30 min. 
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ted to the coord ina t ion  o f  the NO2 molecule to a vacant  
site o f  the P d - N O  complex.  The  shift o f  the v N O  band  
f rom 1881 to  1836 cm-1 mus t  be due to an increase in the 
backdona t i on  in the zr* N O  orbitals  because o f  adsorp-  
t ion o f  an electron d o n o r  molecule  in the coord ina t ion  
sphere o f  pa l lad ium ions. 

4. Concluding remarks 

Adsorp t ion  o f  N O  at  r o o m  tempera ture  on to  Pd(I I )  
ions exchanged  into H - Z S M - 5  zeolite leads to the reduc- 
t ion o f  Pd ions f r o m  the 2 +  to the 1 + oxidat ion state. In  
the mean  t ime N O  is oxidized into NO2 which is weakly 
bonded  to acidic hydroxy l  groups  and more  f irmly 
adsorbed  on to  o ther  sites o f  the zeolitic matrix.  A subse- 
quent  adsorp t ion  o f  N O  leads to  the fo rma t ion  o f m o n o -  
ni trosyl  pa l lad ium complex  detected by  a v N O  band  at 
1881 cm -1. 

Quant i ta t ive  mass  spec t romet ry  measurements  o f  
N O  adsorp t ion  conf i rm the fo rma t ion  of  Pd(I)  species 
since the consumed  N O  molecu le s /Pd  ions rat io is close 
to 1.5. A similar N / P d  rat io value is also observed dur ing 
desorpt ion  experiments  which also evidence the presence 
o f  NO2 in the desorbed  products .  

The P d ( I ) - N O  complex  encaged in the zeolitic matr ix  
is able to  coord ina te  other  molecules like H 2 0  and NO2. 
The addi t ion  o f  water  and  ni t rogen dioxide is evidenced 
by the fo rma t ion  o f  a new v N O  b a n d  at ca. 1836 cm -1 
which develops at  the expense o f  the 18 81 cm-1 one. 
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