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Abstract

The effect of Pd-modification of Cu ion-exchanged H-MFI (Pd/Cu/H-MFI) on its performance for NO removal was
studied. The stability of the catalysts subjected to hydrothermal treatment with a He stream containing 10% steam at 800◦C
was investigated. The Cu/H-MFI catalyst markedly lost its activity for NO conversion after the hydrothermal pretreatment.
The Pd-modification of the Cu/H-MFI resulted in improved stability against the hydrothermal treatment when loading Pd
approximately 0.2–0.3 wt.%. The dealumination of tetrahedral Al in MFI framework was completely prevented when loading
Pd from 0.3 wt.% or higher. Further loading of Pd higher than 0.3% caused the larger crystallite size upon pretreatment as
seen from the scanning electron micrographs (SEM). It has been suggested that there may be some changes in Pd and Cu on
H-MFI, such as alloying and/or palladium oxides formation, leading to some loss of Cu2+ active species for NO removal.
This results in the limitation of NO conversion improvement for the pretreated Pd/Cu/H-MFI with the loading amount of Pd
higher than approximately 0.3%. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The environmental problems caused by emissions
from stationary sources and transportation vehicles are
still rising despite of the recent advances in catalytic
technologies based on NH3-reduction and the use of
three-way catalysts. NO emitted from combustion fa-
cilities and diesel engines causes acid rain and pho-
tochemical smog [1]. A number of studies concern-
ing various types of catalyst for NO removal have
been investigated. Cu ion-exchanged MFI type zeolite
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(Cu/MFI) proposed by Iwamoto et al. is effective for
NO removal under the excess oxygen condition [2,3].
Other kinds of metal ion-exchanged MFI such as gal-
lium [4,5], iron [6,7], cobalt [8–10], cerium [11,12],
platinum [13], palladium [14] were also studied for
the reaction. In addition, other groups of active cata-
lysts such as transition metal and/or metal oxide (Cu,
Co, Mn, Fe, Cr, V, Ag) were also concerned [15–19].
Nevertheless, those types of catalyst referred above
suffer from the deactivation under the condition of
high temperature and the presence of steam possibly
occurred in practical use [20–22]. On the other hand,
platinum group metal catalysts have also been studied
for NO conversion [23,24], and it is known that plat-
inum group metal catalysts are highly resistant to the
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presence of steam [25]. Based on these reasons, there-
fore, this work aims to investigate the influence of se-
vere conditions on the activity of Cu ion-exchanged
MFI. The effect of Pd on the stability improvement of
the catalyst for NO removal under such severe condi-
tions was also studied.

2. Experimental

2.1. Catalyst preparation

MFI zeolite with Si/Al ratio of 50 in Na form
supplied by ALSI-PENTA ZEOLITE SM-55 was
used. The catalyst in NH4 form was made by ion
exchange with ammonium nitrate solution to obtain
NH4-MFI. It was then washed, dried and calcined
at 540◦C for 3.5 h in air to convert into the proto-
nated form (H-MFI). Cu ion-exchanged H-MFI and
Pd ion-exchanged H-MFI, designated as Cu/H-MFI
and Pd/H-MFI were prepared using an ion-exchange
procedure at 80 and 90◦C, respectively. They were
washed, dried and calcined at 540◦C for 3.5 h in
air. For Pd/Cu/H-MFI, successive ion-exchange of
H-MFI with palladium and then copper was carried
out using the method described above. The amount
of palladium was varied in the range of 0.1–1 wt.%
Pd. In order to investigate the stability of the catalyst
under severe conditions, the catalysts were heated in a
He stream and the temperature was raised from room
temperature to 600◦C and 600 to 800◦C with constant
heating rates of 10 and 1.67◦C/min, respectively. The
catalyst samples were then kept at 800◦C for 12 h un-
der He atmosphere to which 10 mol% of water vapor
were added. The catalysts were then cooled down to
room temperature in the He stream. The catalysts,
thus, obtained in powder form were tableted, crushed
and sieved to 12–22 mesh for the reaction test.

2.2. Catalyst characterization

The bulk composition and BET surface area of
the samples were measured by inductively coupled
plasma analysis (ICP JOBIN YVON model JY 2000
S) and surface area analyzer (ASAP 2000, Micromer-
ities) using liquid nitrogen as a probe molecule,
respectively. The crystallinity of MFI was estimated
by using a SIEMENS D 5000 diffractometer with

Cu Ka radiation. Quantitative analysis of tetrahedral
alumina in zeolites was conducted by Al magnetic an-
gle spinning nuclear magnetic resonance (27Al MAS
NMR). The 27Al MAS NMR spectra were obtained
using a BRUKER DPX-300 spectroscopy operating at
78.2 MHz. The morphology of the catalysts was ob-
served using a scanning electron microscope (JEOL,
JSM-35). For ESR measurement, to determine the
state of Cu2+ in the catalysts, the sample pretrement
was made by calcining an exact weight of catalyst at
500◦C for 2 h to remove adsorbed species.

2.3. Reaction method and analysis

The catalytic reaction test was performed using a
tubular flow reactor at atmospheric pressure. A 0.25 g
portion of the catalyst was packed into a quartz tube
reactor of 6 mm i.d. It was heated from the ambient
temperature to 600◦C in a He flow at a constant heat-
ing rate of 10◦C/min, and maintained at that temper-
ature for 30 min. A feed gas composed of 1000 ppm
NO, 1000 ppmn-C8H18, 2 mol% O2, and 10 mol%
H2O balanced with He was then introduced into the
reactor with a GHSV of 30,000 h−1. Every 30 min,
after the catalytic activity was at steady state, the ef-
fluent gas composition was analyzed using gas chro-
matographs (SHIMADZU GC-8ATP with MS-5A
column and SHIMADZU GC-8AIT with porapak Q
column) equipped with integrators. The reactor tem-
perature was then cooled down from 600 to 200◦C
with a constant cooling rate of 10◦C/min. After every
50◦C drop in temperature effluent gas was analyzed
using the same method. The catalytic activities of
NO reduction andn-octane combustion were inves-
tigated as the amount of nitrogen and carbon oxides
(COX = CO+ CO2) produced, respectively.

3. Results and discussion

3.1. Changes in physical properties upon
pretreatment

Table 1 shows the physical properties of the cat-
alysts before and after pretreatment. Crystallinity, as
determined by XRD profiles, was calculated using the
intensity of diffraction line at 23.5◦ 2θ , which was
compared with that of H-MFI as a reference. As shown
in Table 1, H-MFI and Cu/H-MFI considerably lost
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Table 1
Data for bulk composition, BET surface area and crystallinity of catalysts

Catalyst BET surface area (m2/g catalyst) Me/Al atomic ratio Crystallinitya (%)

Fresh Pretreated Cu/Al Pd/Al Fresh Pretreated

Fresh Pretreated Fresh Pretreated

H-ZSM-5 350 295 – – – – 100 48
Cu/HZSM-5 326 286 0.911 0.913 – – 100 85
0.1% Pd/Cu/HZSM-5 310 275 0.890 0.892 0.012 0.012 99 87
0.2% Pd/Cu/HZSM-5 310 289 0.901 0.892 0.023 0.022 99 97
0.3% Pd/Cu/HZSM-5 302 290 0.865 0.863 0.035 0.034 99 98
0.4% Pd/Cu/HZSM-5 300 289 0.864 0.860 0.042 0.048 98 98
0.6% Pd/Cu/HZSM-5 298 280 0.849 0.850 0.072 0.074 97 98
0.8% Pd/Cu/HZSM-5 298 288 0.827 0.824 0.088 0.089 97 97
1.0% Pd/Cu/HZSM-5 298 286 0.821 0.821 0.112 0.11 98 97

a Intensity are reference to diffraction line at 23.5◦ 2θ .

their crystallinity after pretreatment due to the struc-
tural collapse. Such tendency of loss in crystallinity
and BET surface area was reduced with the presence
of Pd, and no significant loss of crystallinity was ob-
served on Pd/Cu/H-MFI catalysts with the amount of
Pd up to 0.2 wt.% or more. This suggests the stabi-
lization effect of Pd on MFI framework structure. It
should be noted that though some loss of structure oc-
curred after pretreatment, especially for the catalysts
without Pd, the content of Cu or Pd loaded was not
significantly changed by the pretreatment as seen from
the ICP data. This indicated that there was no sig-
nificant loss of metal species such as evaporation of
metal due to the hydrothermal treatment. The result
of 27Al MAS NMR of the catalysts before and after
pretreatment is shown in Fig. 1. The fresh catalysts
exhibited only one sharp signal at ca. 50 ppm, which
is assigned to the tetrahedral aluminum in the zeo-
lite lattice [26–28]. Hydrothermal treatment of H-MFI,
Cu/H-MFI and 0.1% Pd/Cu/H-MFI at 800◦C caused
the appearance of a new27Al MAS NMR signal at
0 ppm assigned to extra-framework Al atoms in octa-
hedral co-ordination [26–28]. This is consistent with
the previous report of loss in activity and stability
after steam pretreatment due to framework dealumi-
nation of the zeolite [27]. However, only one signal
of 27Al MAS NMR at around 50 ppm was observed
on Pd/Cu/H-MFI with 0.3 wt.% Pd loading or higher
even after pretreatment and no peak relating to octa-
hedral aluminum was noticed. This suggests that the

presence of a certain amount of Pd, approximately
0.3 wt.% loading as observed here, could stabilize the
MFI framework structure by preventing the occurrence
of dealumination.

Figs. 2–5 show the ESR spectra of Cu/H-MFI
and 0.3% Pd/Cu/H-MFI. The spectra of both fresh
catalysts were similar in shape which indicated the
presence of two Cu2+ species located in two different
co-ordinations (i.e. a square pyramidal environment
with g‖ = 2.31–2.33,A‖ = 149 G (CuA) and a square
planar one withg‖ = 2.27–2.29,A‖ ∼ 157 G (CuB),
as is typically found in the literature [29–32]. Shelef
[33] proposed that Cu2+ in a square planar configura-
tion is very active for NO removal. Since the features
of the Cu2+ species were the same for fresh Cu/H-MFI
and fresh 0.3% Pd/Cu/H-MFI, it can be suggested
that Pd does not change the configuration of Cu. In
addition, the 0.3% Pd/Cu/H-MFI after pretreatment
exhibited the same ESR features as the fresh one. Nev-
ertheless, the ESR spectra of pretreated Cu/H-MFI and
0.1% Pd/Cu/H-MFI were different from those of the
fresh one. Not only had the intensity of the ESR spec-
tra reduced but the shape of signal also changed in case
of the pretreated Cu/H-MFI and 0.1% Pd/Cu/H-MFI.
This means that the amount of Cu2+ species in both
the square pyramidal and square planar co-ordination
was diminished due to pretreatment. Additionally, a
new spectrum withg‖ = 2.30, A‖ = 160 G (CuC)
appeared indicating a change in the co-ordination of
Cu2+, although, part of the two Cu2+ species observed
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Fig. 1. 27Al MAS-NMR spectra of (a) fresh and (b) pretreated catalysts.
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Fig. 6. Scanning electron micrographs of catalysts: (a) fresh and (b) pretreated catalysts.
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Fig. 7. Scanning electron micrographs of catalysts: (a) fresh and (b) pretreated catalysts.
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Fig. 8. The effect of hydrothermal-treatment on the activity of NO conversion of Cu/H-MFI, Pd/Cu/H-MFI: (close symbol) fresh catalysts;
(open symbol) pretreated catalysts.
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Fig. 9. The effect of hydrothermal-treatment on the activity ofn-octane conversion of Cu/H-MFI, Pd/Cu/H-MFI: (close symbol) fresh
catalysts; (open symbol) pretreated catalysts.
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Fig. 10. Maximum NO conversion of catalysts.

in the fresh samples still remain. This new signal may
be attributed to the migration of Cu ions to the loca-
tions near five-membered oxygen rings as suggested
by Iwamoto et al. [34]. On the other hand, the pre-
treated catalysts with 0.8–1.0 wt.% Pd loading did not
show any change of co-ordinated Cu2+ species, how-
ever, some decrease of the intensity of ESR spectra has
been observed. This means that the amounts of two
Cu2+ species in both square pyramidal and square pla-
nar co-ordination are diminished due to some changes
in Pd and Cu on H-MFI such as alloying and/or oxides
formation.

The scanning electron micrographs (SEM) of the
catalysts before and after hydrothermal treatment
are shown in Figs. 6 and 7. Cu/H-MFI showed an
obvious agglomeration after pretreatment. As for
Pd/Cu/H-MFI with 0.3–0.6 wt.% Pd loading, such
agglomeration seems to be prevented considerably.
However, the larger crystallite size was clearly ob-
served on the samples with 0.8 and 1.0 wt.% Pd load-
ing. This suggests that there should be some change
in the Pd and Cu on the H-MFI, such as alloying, due
to the hydrothermal treatment provided that the Pd
loading is higher than a certain level. It is interesting
to note that an optimum amount of Pd is necessary to
stabilize the crystal morphology of Cu/H-MFI sub-
jected to hydrothermal treatment at the temperature
as high as 800◦C.

3.2. Catalytic performance

NO conversion reactions were carried out on the cat-
alysts both with and without pretreatment. The effect
of reaction temperatures on NO conversion to N2 for
Cu/H-MFI and Pd/Cu/H-MFI with different amount
of Pd is shown in Fig. 8. The conversion ofn-octane
to carbon oxides (CO and CO2) is also demonstrated.
It has been found that the conversion of NO markedly
decreased at any reaction temperatures after hy-
drothermal treatment. However, the margin difference
in catalyst activity before and after pretreatment was
alleviated with the presence of a certain amount of Pd
(ca. 0.2–0.3 wt.% loading). When the amount of Pd
was raised higher than 0.3 wt.%, such beneficial effect
on the stabilization of Cu/H-MFI was surprisingly lost.
As for the conversion ofn-octane to carbon oxides
shown in Fig. 9, Cu/H-MFI also exhibited a substantial
decrease inn-octane conversion upon pretreatment.
The presence of Pd improved then-octane conversion
of the pretreated catalysts similar to NO conversion.
Nevertheless, while the improvement of NO conver-
sion for the pretreated catalysts was limited with the
presence of a certain amount of Pd, then-octane con-
version was almost continuously improved with the
increasing amount of Pd. Pd/Cu/H-MFI catalysts with
0.8 and 1.0 wt.% Pd loading, in particular, exerted
more or less conversion ofn-octane at the reaction
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temperatures higher than 400◦C after hydrothermal
treatment. This indicates thatn-octane would not be
effective for use in NO conversion on Pd/Cu/H-MFI
with high Pd loading. Therefore, this should be one
of the reasons for the limitation of NO conversion
improvement on Pd/Cu/H-MFI after hydrothermal
treatment by an optimum amount of Pd. In addition,
the possibility of any changes in Pd and Cu on H-MFI
such as alloying and/or the formation of palladium ox-
ides in case of high Pd loading should not be ruled out.

4. Conclusions

The MFI framework stability of Cu/H-MFI was
maintained after pretreatment at 800◦C in a He stream
with 10 mol% H2O by the presence of Pd. The dea-
lumination of tetrahedral Al in MFI framework was
completely prevented when the amount of Pd loading
was 0.3 wt.% or higher. The stabilization effects of
Pd are due to the prevention of dealumination and the
ability to maintain the active Cu2+ species. The pres-
ence of an optimum amount of Pd in Pd/Cu/H-MFI,
approximately 0.2–0.3 wt.% loading, improved the
catalysts stability for NO removal under hydrothermal
treatment conditions as concluded in Fig. 10. Further
loading of Pd higher than 0.3 wt.% may cause some
changes in Pd and Cu on H-MFI, such as alloying
and/or palladium oxides formation, leading to some
loss of Cu2+ active species for NO removal. This
results in the limitation of NO conversion improve-
ment for the pretreated Pd/Cu/H-MFI with Pd loading
higher than approximately 0.3 wt.%.
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