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H-mordenites are active for the SCR reaction but they suffer irreversible partial deactivation after being on stream for one hour
at 650�C. The reaction orders and activation energies are not significantly affected by deactivation. This indicates that deactivation
originates in a decrease in the number of active sites due to dealumination and possible pore blockage. The NO disappearance rate
correlates with TPD NH3 between 300 and 700�C; FTIR confirms these results. 129Xe NMR of adsorbed xenon shows that pore
blockage occurs and is due to the presence of aluminum species in the main zeolite channels. The overall deactivation process and
the role of acid sites is discussed in terms of the current literature.
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1. Introduction

The use of CH4 as a substitute for NH3 in the removal
of nitrogen oxides from oxygen-rich streams has become
of particular interest. Since Li and Armor [1] reported
that Co-ZSM5 is an effective catalyst for this reaction, a
great variety of materials have been studied [2^4] with
the same purpose.

Ga,H-ZSM5 [5] and Pd,H-ZSM5 [6,7] have been
reported as effective catalysts, the former being more
reactive and selective than Co-ZSM5 [2] under a dry
atmosphere over 500�C. Unfortunately, the gallium
loaded zeolites are much more sensitive to water. For
both catalysts, Ga,H- and Pd,H-ZSM5, the authors
claimed that acid sites play a central role in the reduction
ofNO. In the same vein,Yogo et al. [8] found thatH-zeo-
lites were active and selective for the NO reduction with
CH4 in an oxygen-rich atmosphere. They investigated
H-ZSM5, H-ferrierite andH-mordenite and pointed out
that the amount of acid sites is the essential factor for the
reaction.

Loughram and Resasco [7], in their studies of the
SCR of NOx by methane over palladium on several
acidic and non-acidic supports, found that the H-ZSM5
support was not unique in promoting the activity of pal-
ladiumbut that other acidic supports such as sulfated zir-
conia also exhibited promoting effects. Kintaichi et al.
[9], Hamada et al. [10] and Satsuma et al. [11], using dif-
ferent hydrocarbons as NOx reducing agents in excess
oxygen over several catalysts, also claimed a dependence

of the catalytic behavior on the acidic properties of the
solids.

Hall and co-workers [12,13] also found that H-
ZSM5 is an effective catalyst for the NOx reduction with
CH4. However, they claimed that it is unnecessary to
assume that acid catalysis plays a role in the selective cat-
alytic reduction ofNOx [12]. On the other hand, the pres-
ence of protons in zeolites makes them more susceptible
to on-stream dealumination, as has been well documen-
ted by several authors [14^16].

The present work is aimed at better defining both the
deactivation phenomena occurring on H-mordenite as
reported elsewhere [17] during the SCR of NOx with
CH4, and the role, if any, of the acid properties of the
solids in the reaction as well as how they relate to deacti-
vation. To attain this goal, we performed FTIR and
NH3 TPD studies on a series of H-mordenites with var-
ious Si/Al ratios before and after the SCR of NOx with
CH4 at high temperature. With the same purpose, we
compared the kinetic behavior of the fresh samples with
the one obtained with deactivated samples and per-
formed additional studies on the 129Xe NMR of physi-
sorbed xenon.

2. Experimental

2.1.Catalysts preparation and characterization

A commercial H-mordenite (Norton Zeolon 900 H)
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with a (Si/Al)Ch ratio of 5.9 (MH5.9), determined by
chemical analysis, was the starting material. The dealu-
mination was performed with HNO3 at 90�C under the
following conditions: 2, 7 and 24 h with HNO3 concen-
tration of 4 and 14N, respectively.

The samples obtained are named: MH7.3, MH11.0,
and MH16.9 with unit cell compositions:
H5:8[(AlO2)5:8(SiO2)42:2], H4:0[(AlO2)4:0(SiO2)44] and
H2:7[(AlO2)2:7(SiO2)45:3], respectively, from chemical
analysis.

Before the kinetic experiments, the solids were pre-
treated as follows: 1.5 h at 110�C, 2 h at 210�C and 8 h at
400�C (heating rate: 2�C/min in all cases). The pretreat-
ment was carried out under vacuum for gas adsorption
and infrared experiments, in flowing dry He for ammo-
nia TPD and in flowing dry oxygen for catalytic tests.
This procedure is called herein ``standard pretreat-
ment''.

2.2. 129XeNMRof physisorbed xenon

After the standard pretreatment, xenon was adsorbed
at 20�C in a conventional BET system which allowed the
measurement of the amount of physisorbed Xe at differ-
ent equilibrium pressures.

Spectra were taken at a frequency of 82.91 mHz using
a MSL 300 Bruker Spectrometer. Between 1000 and
5000 scans were performed in order to obtain a good sig-
nal/noise ratio. The chemical shift was measured
between 10 and 600 mbar of Xe pressure and referred to
the NMR signal of Xe in the gas phase extrapolated at
zero pressure.

2.3.AmmoniaTPD

NH3 was adsorbed at 100�C till the saturation of the
sample was achieved. It was kept at 100�C for 4 h in He
stream. The TPD was conducted with a heating rate of
10�C/min between 100 and 700�C. The solid was main-
tained at 700�Cuntil recovering the base line.

2.4. Infrared spectra

Infrared spectra were recorded using an FTIR
Shimadzu DR-8001 instrument collecting 2000 spectra
with spectral resolution of 4 cmÿ1. Self-supporting
wafers of the samples (7^10mg/cm2) were mounted on a
transportable infrared cell fitted with KBr optical win-
dows. The measurements were made under vacuum at
room temperature after the standard pretreatment.

2.5.Cataytic experiments

Steady-state kinetic experiments were performed
using a single-pass flow reactor made of fused silica with
an inside diameter of 5 mm and 300 mm long, operating
at atmospheric pressure. The reacting mixture was

obtained by mixing four gas lines independently con-
trolled with mass flow controllers. The details of this
apparatus are given elsewhere [17].

For the kinetic measurements, temperature ranged
between 450 and 550�C, CH4 and NO concentrations
were varied from 400 to 2000 ppm, and oxygen from 0 to
10%. GHSV varied between 6,000 and 60,000 hÿ1. In the
experiments performed with H2O vapor, the He flow
passed through a water saturator so as to obtain a 2%
concentration in H2O. The gas blends were analyzed
before and after reaction using a Varian 3700 G.C.
instrument. Zeolite 5Awas used to separate N2, O2, NO,
CO and CH4 and Chromosorb 102 to analyze CO2,
C2H4 andN2O.

The conversions for the selective reduction were cal-
culated in terms of N2 production as CNO � 2[N2]/
[NO], and for CH4 as CCH4 � [COx]/[CH4], where [N2],
[COx] are gas phase concentrations after reaction and
[NO], [CH4] are feed concentrations. The carbon bal-
ance was always better than 95% and the conversions
reported were determined after the steady state was
reached (usually after 1 h on stream).

The rates of NO reduction and total methane oxida-
tion were determined under differential conditions (con-
versions lower than 10%) using the expression:

RG�mol=�h g�� � FG � CG=W � 100 ; �1�
where FG is the gasmolar flow of G (mol/h),CG the con-
version ofG, andW the catalyst weight (g). To check the
validity of the parameters obtained under differential
conditions, the operation of the integral reactor was
simulated. For this purpose the equations given below
were integrated using numerical methods:

d�NO�=dt � ÿk1�NO�a�CH4�b�O2�c ; �2�

d�CH4�=dt � ÿk2�NO�d �CH4�e�O2�f ; �3�

where the concentrations of the reactants in mol/cm3

are between brackets, t is the residence time in the reac-
tor (t �W=F ), and k1, k2, a, b, c, d, e, f , are the empirical
kinetic parameters calculated from data obtained under
differential conditions.

3. Results and discussion

3.1.Catalytic behavior

The catalytic results shown in figure 1 and table 1 for
mordenites with different Si/Al ratios confirm what was
previously reported [17], i.e., that the NO to N2 conver-
sion is a function of the framework Si/Al ratio in proto-
nic mordenites and that these materials are irreversibly
deactivated after being on stream at 650�C. In order to
analyze the effect of the reaction time on deactivation,
long-term experiments at constant temperature were
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performed. It was observed that up to 550�C the samples
were stable for at least 27 h on stream. Figure 2 shows
the behavior observed for the case of the fresh MH5.9
catalyst.

Under real reaction conditions, the catalysts are
exposed to an atmosphere with water vapor generated
during combustion. Consequently, it is important to
know the effect ofH2Oadded in the feed stream.Figure 3
shows the results obtained in the presence of addedH2O.
Note that an important drop in the NOx and CH4 con-

versions occurred. When water is eliminated from the
feed, the activity is rapidly recovered.

3.2.NH3 TPDandFTIR characterization

In order to attain a better understanding of the deacti-
vation phenomena and, consequently, of the characteris-
tics of the active sites for the reaction under study, NH3
TPD and FTIR experiments were carried out to investi-
gate the acidic properties of the solids employed and
how they could be affected by the reaction conditions.
Figures 4A and 4B show the NH3 desorption thermo-
grams of the fresh and used samples. The traces obtained
are in agreement with those reported by other authors
for H-mordenites [18]. The peaks at low temperature are
due to physisorbed or weakly chemisorbed NH3 and,
hence, they do not represent acid sites (compare with the
Na-mordenite sample). The temperature maxima in the
550^600�C range are practically independent from the
Si/Al ratio; this would indicate a similar acid strength
distribution for all the samples. Nevertheless, due to the
width of these peaks no clear discrimination of any pos-
sible difference can be obtained.

For quantitative purposes, the amount of desorbed
NH3 at temperatures higher than 300�C may be calcu-
lated using different procedures. In a previous paper
[19] we calculated the concentration of strong acid sites
from the amount of NH3 desorbed between 300 and
700�C. On the other hand, Meyers et al. [18] found that
there is a tail of the low temperature peak and used this
``tail'' as the ``baseline'' for the high temperature de-
sorption. We have now adopted this procedure and
found that the calculated amount of NH3 more closely
conforms to the expected NH3/AlIV � 1 ratio in the
fresh samples (table 1 and figure 5). The NH3 TPD pro-
files of the used samples (figure 4B) show an important
effect of the reaction conditions (results obtained after

Figure 1. Effect of high reaction temperature on selectivity of MH5.9.
(0) Fresh sample. (/) After 1 h on stream at 650�C (used sample).
Reaction conditions: GHSV: 6500 hÿ1, temperature range: 300^650�C,

NO: 1000 ppm,CH4: 1000 ppm,O2: 10%.

Table 1
Effect of framework onNH3 temperature-programmed desorption

Catalyst AlIV a (g)
�1021

Altot b (g)
�1021

Tmax
c (�C) NH32P d (g)

�1021
NH3T e (g)
�1021

CNO
f

(%)
CCH4

g

(%)
1st peak 2nd peak

MHF5.9 0.55 1.42 176 520 0.64 1.1 41.8 70
MHU5.9 0.39 1.42 200 n/d 0.19 1.1 31.4 50
MHF7.3 0.49 1.19 176 520 0.40 0.97 26.3 65
MHU7.3 0.31 1.19 176 440 0.11 0.97 18 65
MHF11.0 0.31 0.83 176 520 0.38 0.86 24.3 50
MHU11.0 0.20 0.83 176 415 0.09 0.72 14 40
MHF16.9 0.23 0.57 176 568 0.34 0.61 15 30
MHU16.9 0.18 0.57 176 n/d 0.10 0.53 4.9 25

a FrameworkAl, obtained bymeasuring only the intensity of the 54 ppm signal corresponding toAlIV referred toValfor CP 500 (see ref. [17]).
b Al content from chemical analysis.
c Temperature at peakminima (estimated) n/d not-defined.
d Molecules ofNH3 desorbed at temperatures higher than 300�C.
e Total NH3 molecules desorbed.
f Maximum conversion ofNO toN2 (500^550�C temperature range).
g Maximum conversion of CH4 atmaximumCNO (500^550�C temperature range).
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Figure 2. H-mordenite stability at 550�C for MH5.9. (/) NO to N2

conversion and (0) CH4 to CO2 conversion. Reaction conditions:
GHSV: 6500 hÿ1, T : 550�C, NO: 1000 ppm, CH4: 1000 ppm, O2: 10%,

the balance to one atmosphere withHe.

Figure 3. Effect of the water addition (3%) on the: (-) NOx to N2 con-
version and (0) CH4 to COx conversion. Reaction conditions see

figure 2.

Figure 4. TPD of NH3. Heating rate 10�C minÿ1. Final temperature: 700�C, kept constant till the end of desorption. (A) Fresh samples. (B)
After 1 h on stream at 650�C.
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1 h on stream at 650�C) on the acidic properties of the
samples studied. The maxima corresponding to the
strong acid sites are less defined and shifted to lower
temperatures while the amount of desorbed NH3 is
lower than that in the fresh samples (table 1, figure 5).
This would suggest either a redistribution of the acid
sites or a blocking of the zeolite pores by amorphous
aluminium which could restrict the accessibility of acid
sites to NH3 molecules.

Additional information on Br�nsted sites was
obtained by analyzing the fresh and used samples
through FTIR in the 3600 to 3800 cmÿ1 region. The
results obtained are shown in figures 6A and 6B. The
solid with a lesser degree of dealumination, freshMH5.9
(figure 6A), presents three well-defined bands which in
decreasing intensity order are the following: 3608, 3657
and 3732 cmÿ1. The band at 3600 cmÿ1 is associated with
the vibrations of the OH groups linked to the Br�nsted
sites (Si^OH^Al), while the signal at 3657 cmÿ1 is
assigned to the OH linked to the extra-lattice Al and the
band at 3732 cmÿ1 is related with the Si^OH groups
appearing as a consequence of dealumination, which are
associated with the defects in structure or with amor-
phous silica [20^22].

As the dealumination by acid treatment progresses
and the Si/Al ratio increases, it can be observed that the
intensity of the band at 3608 cmÿ1 decreases. The intensi-
ties of the bands at 3657 and 3732 cmÿ1 become impor-
tant in the samples with less Al content in the lattice,
particularly the silanol group band.

The spectra obtained with the used samples

(figure 6B) are in general comparable to those of the
fresh samples but with less defined signals. This type of
broadening was also observed by Ha et al. [23] in their
studies on the effect of thermal treatments with different
degrees of humidity on the dealumination of H-morde-
nites.

3.3. 129XeNMRof physisorbed xenon

The extra-lattice aluminum species which appear as a
consequence of the dealumination suffered by the solid
under reaction conditions (table 1) could be located
either in the main channel or obstructing the access to
the side-pockets and, consequently, they could impair
the free diffusion of the NH3 molecules to the acid sites.
In an attempt to throw light on such process, 129Xe
NMR experiments were performed on fresh and used
samples. The spectra of physisorbed xenon for the
MH5.9 fresh and used samples are shown in figure 7 for
a pressure of approximately 200 mbar and 20�C. The
spectrum corresponding to the Na-mordenite sample is
also shown as a reference. The MH5.9 shows a single
peak due to the well-known coalescence effect, indicat-
ing the xenon free exchange between the main channels
and the side-pockets. However, after the catalysts have
been on stream for 1 h at 650�C, the peak corresponding
to the side-pockets starts appearing again, even though
smaller if compared to the Na-mordenite. These results
suggest that the non-frameworkAl species formed under
reaction conditions at high temperatures, viz. 650�C,
may obstruct the access to the mordenite side-pockets as

Figure 5. Correlation between concentration of AlIV determined by
27Al MAS NMR and strong acid sites (NH3 TPD from table 1 second
peak). (0) Fresh samples. (/) Used samples. The diagonal corre-

sponds toNH32P/AlIV � 1.
Figure 6. Effect of increasing dealumination upon the hydroxyl band

intensities ofH-mordenites. (A) Fresh samples. (B)Used samples.

A.Ribotta et al. / SCRofNOwithCH4 81



Na does. Comparable results were obtained with sam-
ples with different Si/Al ratios.

When the chemical shift (ppm) of the main peak is
plotted against the amount of adsorbed xenon (figure 8),
it also suggests the presence of extra framework Al spe-
cies in the main channels of the mordenite structure [24].
Compare fresh and used MH5.9 with the Na-mordenite
reference sample.

The amorphous extra-lattice Al species that already
exist in the acid-treated H-mordenite may be located in
the main channels as suggested by the 129Xe NMR data
(figures 7 and 8) but they cause a minor blocking of the
side-pockets (figure 7). In the used samples, such species
and the ones formed during reaction would migrate as a
consequence of the reaction atmosphere obstructing the
access to the side-pockets as revealed by the 129Xe NMR
spectra (figure 7). Further results shown in figure 8 are
indicative of a large amount of non-structural Al inside
the channels if the used samples are compared to the
fresh ones. These results suggest that pore blocking is the
main cause for the apparent change in the distribution of
the acid strength observed in the used H-mordenites
(figure 4B). This coincides with one of the explanations
given byMiller et al. [24] to account for the changes they
observed in their TPD profiles after thermal treatment
at 750�C for 8 h.

3.4.Kinetic parameters

To obtain the kinetic parameters the flow reactor was
operated under differential conditions. Both fresh and
deactivated catalysts were used in these studies. The
rates of reaction were obtained in a temperature range of
450 to 550�C and at space velocities (GHSV) of 6,500 to
60,000 hÿ1. It was verified that both the NO and CH4
conversions showed a linear dependency with the inverse
of the space velocity. In all cases, the conversion was lim-
ited to below 10%.

Alternatively working with constant methane, NO
and oxygen concentrations, the reaction orders at 450,
500, 525 and 550�C were obtained from logarithmic
plots; they are shown in table 2. The orders with respect
to oxygen were near zero in all cases. Figure 9 shows the
Arrhenius plot for the rates of methane combustion and
NO conversion to N2. Note that the activation energies
for both reactions are almost the same. Moreover fresh
and used catalysts also yield the same value.

In recent publications, Li and Armor [25], Cowan et
al. [26], and Lukyanov et al. [13] performed kinetic stud-
ies for the SCR of NOx with CH4 on Co-ferrierite (the
first authors) andCo-ZSM5 (the other ones). The kinetic
orders reported in the three studies are practically coinci-
dent, varying with the reaction temperature. As far as we
know, no reaction orders for H-zeolites have been
reported in the literature. The reaction orders for H-
mordenite (table 2) are higher than those reported for
Co-zeolites. This difference is more pronounced in the
case of NO and may be a result of the nature of the
exchanged cations.

Figure 7. 129XeNMRof physisorbed xenon (at 20�C) on fresh and used
MH5.9 as comparedwithNa-mordenite.

Figure 8. 129Xe chemical shift at different concentrations of adsorbed
xenon on: (0) MH5.9 fresh catalyst, (/) MH5.9 used catalyst, (.)

Na-mordenite.
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Our activation energies are practically coincident
with those reported by Lukyanov et al. [13] forH-ZSM5.
Unfortunately, these authors did not report kinetic
orders for this catalyst. In their work, they verified that
the kinetic parameters obtained under differential condi-
tions were also valid in the integral regime. In the present
work, we performed a similar test, numerically integrat-
ing the kinetic expressions (see experimental section).
Figure 10 shows an excellent agreement between the
experimental values obtained at different space veloci-
ties and the concentration values calculated with the
kinetic parameters obtained under differential condi-
tions at 550�C.

In the kinetic data here reported, the difference
observed in the orders with respect to NO stands out.
The orders are higher in the H-mordenite than in Co-

zeolites [13,25,26]. This may be explained by the
observed differences in the adsorbed species seen using
FTIR on Co- and H-mordenites. Imoberdorf et al. [27]
found that the former shows larger amounts of adsorbed
NO and lower temperatures for NO2 formation than H-
mordenites.

An interesting aspect of the present work is that the
activation energies obtained with fresh and used (par-
tially deactivated) catalysts are coincident. It is then con-
cluded that the lower activity observed in the catalysts
subjected to reaction temperatures higher than 650�C is
fundamentally due to a decrease in the pre-exponential
factor. This is consistent with a decrease concentration
of active sites in the used samples or pore blockage due
to dealumination.

3.5.Catalytic acitivity and acid sites

In an attempt to correlate the activity of H-mordenite
for the SCR of NOx with CH4 with their acid properties,
the rate of NO disappearance over the different solids
studied was plotted against the number of NH3 mole-

Table 2
Empirical reaction orders

Temperature
(�C)

Reaction orders a

a b c d e f

fresh catalyst
450 0.43 0.65 0.03 0.85 0.26 0.04
500 0.68 0.97 0.02 0.97 0.43 0.04
525 0.60 0.91 0.01 1.16 0.51 0.08
550 0.66 0.87 0.01 1.40 0.47 0.02

used catalyst
0.71 0.47 0.02 1.37 0.25 0.02

a a, b, c, d, e and f are the empirical reaction orders of the following
kinetic equations: d�NO�=dt � ÿk1�NO�a�CH4�b�O2�c; d�CH4�=dt
� ÿk2�NO�d �CH4�e�O2�f .

3

Figure 9. Arrhenius plots for the rates of NO conversion to N2 (rNO)
and CH4 combustion (rCH4 ). Solid symbols: fresh catalyst. Open sym-

bols: used catalyst.

Figure 10. Comparison of experimental (points) and simulated (curves)
outlet reactor concentrations during the SCR reaction over MH5.9 at
550�C. The solid lines were obtained by numerical integration of

eqs. (2) and (3). (A) Fresh samples. (B)Used samples.
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cules desorbed at high temperature (figure 11). The lin-
ear correlation obtained with the fresh samples would
suggest that the activity for NO to N2 conversion
depends on the strong acid site concentration onH-mor-
denites. In our study [17] of the role of the different alu-
minum species on the SCR of NO with methane on H-
mordenite, we concluded that the active site for such
reaction was related to framework AlIV. Murakami and
coworkers [11] in their studies of the SCR of NO with
C3H6 over various H-form and ion exchanged zeolites,
including H-mordenites with different Si/Al ratios,
reported that the activity ofNO reduction increased pro-
portionally to the acid site concentration. However, they
found that H-mordenite was the exception to this behav-
ior. Murakami and coworkers argue that such discre-
pancy could be attributed to the carbonaceous materials
that were formed under their reaction conditions.

Both straight lines, obtained with fresh and used sam-
ples, are parallel with the latter shifted to lower amounts
of desorbed NH3 molecules (figure 11). This would first
confirm that in used samples some of the strong acid sites
might not be accessible to the NH3 molecule, due to the

blocking of the pores (vide supra). However, such sites
may act as active sites for the reaction as was previously
reported [17].

The results shown in figure 12, where selectivity is
plotted against NH3 desorbed at high temperature, sug-
gest that acid sites play no important role in those steps
defining N2 selectivity in the SCR of NOx. These results
are consistent with the hypothesis of the common inter-
mediate in the oxidation of CH4 with NOx or oxygen as
proposed by several authors [13,26].

4. Conclusions

Our results show that:
(i) The rate of NO disappearance correlates with the

concentration of strong acid sites in H-mordenites
(figure 11).

(ii) These acid sites are not amajor factor in determin-
ing the selectivity (NO conversion/CH4 conversion) of
the reduction ofNOxwithCH4 (figure 12).

Figure 11. Effect of acid sites concentration (NH3 TPD from table 1
second peak) upon NO dissappearance rate. (A) Fresh samples. (B)
Used samples. Reaction conditions: GHSV: 6500 hÿ1, temperature:
525�C, NO: 1000 ppm, CH4: 1000 ppm, O2: 10%, the balance to one

atmosphere withHe.

Figure 12. The selectivity is not affected by acid sites concentration.
Selectivity is defined as NO conversion/CO conversion. Reaction con-

ditions given in figure 11.
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(iii) H-mordenites after being on stream for 1 h at
650�C suffer a dealumination process and consequently
a decrease of the strong acid sites concentration, that
produces a decrease of the activity of the solids (table 1).

(iv) Comparable reaction orders and the same activa-
tion energies for fresh and deactivated H-mordenites are
consistent with the view that the deactivation process is
originated in a decrease in the number of active sites but
not in a change in nature.

(v) The similar activation energies obtained for the
NO reduction in N2 and CH4 oxidation in COx would
agree with the concept proposed by Hall and coworkers
that these two reactions are coupled and have the same
rate-limiting step [13].

(vi) 129Xe NMR confirms that both pre-existing
extra-lattice aluminum and those produced on stream
migrate at T > 650�C in the reacting environment.
These aluminum-containing moieties partially obstruct
the Xe free exchange between the main channels and the
side pockets (figures 7 and 8).

(vii) The NH3 TPDmight be unable to count the total
acid sites in the deactivated H-mordenite that could act
as active site on the SCR of NOx with CH4 due to pore-
blockage (figures 4B, 7 and 8).
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