JOURNAL OF CATALYSIS 179, 179-191 (1998)
ARTICLE NO. CA982210

Promoting Effect of Pt on CoZeolites upon the SCR of NO,

Laura Gutierrez, Alicia Boix, and Juan O. Petunchi’

Instituto de Investigaciones en Catalisis y Petroquimica—INCAPE (FIQ, UNL-CONICET), Santiago del Estero 2829-3000-Santa Fe, Argentina

Received January 12, 1998; revised June 18, 1998; accepted June 18, 1998

The promoting effect of Pt incorporated to Cozeolites (viz., mor-
denite, ferrierite, ZSM-5, and Y-zeolites) on the selective catalytic
reduction (SCR) of NO, with CH4 was studied. The PtCo bimetal-
lic zeolites showed higher NO to N, conversion and selectivity than
the monometallic ones under all reaction conditions tested. The
Y-zeolite based samples which were inactive both in the mono and
bimetallic samples constituted an exception. The promoting effect
was a function of the zeolite type and, for a given zeolite, of the
pretreatment of the catalysts and Pt loading. The best results were
obtained for a 0.5% Pt loading after reduction of the samples in
H; flow for 1 h at 350°C. Under dry conditions Pty sCo; mordenite
converted 60% of NO to N, at GHSV of 100,000 h~! with a CH4/NO
ratio of 3 at 500°C and 2% oxygen in the feed stream. The specific
activities given as molecules of NO converted per total metal atoms
per second at 500°C were 16.5 10~*s~ ! for Pty sCopoFer, 1310451
for Ptg.sCo0Mor, and 4.33 10~* s™! for Ptg5Co29 ZSM-5. The in-
corporation of Pt also shows a positive effect in the stability of the
samples under wet reaction conditions. The XPS results revealed
that in the calcined samples most of the Co>* and Pt>* was located
at exchange positions. After reduction no changes in the binding
energies (B.E.) were observed in samples with low Pt loading. For
higher contents (viz., 1 to 5 wt%) the B.E. characteristics of Co° and
Pt°, as well as Co?" and Pt**, were detected. No evidence of alloy
or intermetallic compounds at the surface level was observed. The
incorporation of Pt also promoted the Co reducibility in the zeolitic
matrix. The greater reducibility and a shift of the maxima in the
temperature-programmed reduction profiles suggest a Pt-Co inter-
action inside of the zeolitic channels. The solid that the reacting
mixture initially “sees” has Co° and Pt° metallic particles highly
dispersed in the zeolitic matrix, together with Co?*. Some Pt** and
protons generated during reduction also appeared. Such species re-
mained after reaction but some reorganization occurred. In order
to get an efficient catalysts for nitric oxide abatement it is necessary
for such species to be in intimate contact. A synergetic effect among
the different sites could be responsible for the high activity of the
bimetallic zeolites.  © 1998 Academic Press
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1. INTRODUCTION

The selective catalytic reduction (SCR) of NO by hydro-
carbons in the presence of oxygen excess is of great interest
for the automotive industry, in which a suitable catalyst
facilitates the development of the lean-burn engines tech-
nology which could significantly enhance fuel economy (1),
as well as the potential use of SCR for the purification of
diesel exhaust gases. It is also of interest to other industries,
in which the use of hydrocarbons such as methane is an
attractive alternative to the currently practiced technology,
which uses ammonia as a reducing agent. Iwamoto et al.
(2) and Held et al. (3) were the first ones to report that
Cu-ZSM-5 is active for the selective lean NO, reduction
to N, by hydrocarbons. Since then, different types of cata-
lysts with various hydrocarbons have been used with the
same purpose. This has been lately reviewed by Farrauto
and co-workers (4).

Within this framework the use of CHy4 as reducing agent
has become particularly interesting, given the plentiful sup-
ply of CHy in the world and the fact that it is a common fuel
used in stationary engines at power plants which are pro-
ducing NO, during the combustion process.

Li and Armor (5-7) were the first to announce a new
catalytic technology based on Co-zeolites using methane
to selectively reduce NO. Since then, various solids have
been employed with the same purpose (8-10). They have
not yet been employed due to the deactivation that such
catalysts suffer in the presence of water and SO, (unfor-
tunately present in the exhaust gas stream), among other
causes. Noble-metal-based catalysts seem to have overcome
most of these problems. However, some of them are little
selective in the presence of oxygen excess. In fact, Pt and Rh
exchanged in ZSM-5 (11) have a high selectivity in the ab-
sence of O, but when 2.5% oxygen is added to the feed, plat-
inum is nonselective, the NO to N, conversion being only
3% with 25% of NO,. Under these conditions Rh-ZSM-5
presents 25% of NO conversion with approximately 10%
of NO; at 450°C. Behaviors of Pd-based catalysts on dif-
ferent acid supports, including H-ZSM-5 and H-CeZSM-5,
have been studied lately. Loughran and Resasco (12) and
Nishizaka and Misono (13) reported a conversion of NO,

0021-9517/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



180

to Ny of about 70% at 450°C at 1000 ppm NO, 2% O,
in dry systems with 2000 ppm CH4 at GHSV =9000 h~1.
However, Nakatsuji et al. (14) found that the presence
of SO, dramatically deteriorated the performance of
Pd/ALOs.

Extensive efforts have recently been made to improve
both transition and noble metal catalysts, including their
NO reduction activity and selectivity and more important
still, their durability under real operation conditions with
various hydrocarbons as reducing agents. Multivalent ions
were studied as cocations to stabilize Cu-zeolites (15, 16).
Similarly, bicomponent catalytic systems have been pro-
posed to solve the problems caused by water vapor (17, 18).
Other attractive catalysts are the ones reported by Kikuchi
and co-workers, who found that the addition of precious
metals (Pt, Rh or Ir) to In/H-ZSM-5 improves the NO con-
version in the selective reduction with methane under wet
conditions (19, 20). Simultaneously Gutierrez et al. (21)
found that the Pt added to CoMordenite also promoted
the same reaction under dry and wet conditions. In addi-
tion, Kikuchi reported a cooperative effect of Pd and Co on
Pd/Co/H-ZSM-5 which shows high catalytic performance
for the removal of low NO, concentrations, even in wet
atmospheres (22). Recently Iwamoto et al. (23, 24) also re-
ported the cooperation of PtZSMS5 and In, H, Zn, Ag, Ga,
Mg, Ba, and Ca exchanged in ZSMS, in the SCR of NO,
when the catalysts were used in a twin reactor system with
the intermediate addition of ethane into a NO + O, stream.
They found that such a method increases the effectiveness
of the monometallic zeolites for the said reaction.

The present work investigates in detail the effect of the
coexistence of platinum and cobalt. The role of the zeolite
structure (ZSM-5, ferrierite, Y-zeolite, and mordenite) in
the SCR of NO, with methane is also studied. An attempt
is also made to elucidate the nature of the active sites in the
bimetallic zeolites.

2. EXPERIMENTAL

2.1. Catalysts Preparation

Different zeolites such as Na-mordenite [Na7(AlO;);
(Si02)41], Na-ZSM-5 [Nag(A102)9(8i02)87], Na-Y [Na56
(AlOz)Sf,(SiOQ)lg,ﬁ], and K-ferrierite [(Na, K)3_7(A102)3_7
(S8i03)3.3] were used as zeolitic supports. The prepared
catalysts are shown in Table 1.

2.1.1. Cozeolites

Monometallic cobalt zeolites were prepared by ion ex-
change using a diluted solution of Co(NOj3); 0.025 M. The
support was put in contact with the solution (with a zeolite/
solution ratio of 2g/dm?), stirred for 24 h at room tempera-
ture, keeping the pH between 5 and 6 during the exchange.
It was then filtered, washed, and dried in a stove at 120°C
for 12 h.
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TABLE 1
Prepared Solids
Metallic content %* Me/Al
Samples Si/Al Co Pt Co/Al Pt/Al

Pty sCo, oMor 5.9 2.87 0.39 0.21 0.01
Pty oCo,oMor «“ 2.63 0.73 0.19 0.02
Pt3,Co,oMor «“ 0.14 2.39 0.01 0.05
Pty sCo,oHMor «“ 1.83 0.30 0.14 0.01
Co,gMor « 291 — 0.21 —
Pty sMor «“ — 0.37 — 0.01
Pty5C0,,0ZSM-5 9.7 1.62 0.61 0.18 0.02
C0,0ZSM-5 «“ 1.81 — 0.20 —
Pty sZSM-5 «“ — 0.72 — 0.02
PtysCo0Y 2.4 5.44 0.75 0.21 0.01
PtysCo, Fer 8.8 1.80 0.56 0.19 0.02
Co,gFer “ 1.38 — 0.14 —
Pty sFer « — 0.48 — 0.02

“ Percentage of weight in metal were determined by atomic absortion
and CPS.

2.1.2. Ptzeolites

Samples with different Pt content were prepared (0.5,
1.0, 3.0 wt%); 2 g of zeolite were added to 300 ml of a
Pt(NHj3)4(NOs3), aqueous solution with the desired con-
centration. The exchange took place under the same con-
ditions as the Cozeolite.

2.1.3. PtCozeolites

Bimetallic catalysts were obtained from monometallic
Ptzeolites with a second exchange with a Co?* solution fol-
lowing the technique described for Cozeolites.

2.1.4. PtCoHMordenite

4 ¢ of NaMordenite were put in contact with 2 liters of
a NH4(NO3); 1 M solution for 24 h in reflux heating. They
were afterwards filtered, washed in water, and dried in a
stove for 10 h at 110-120°C. After NH4-Mordenite was ob-
tained, the exchange of both ions proceeded as explained
above.

2.1.5. Standard Pretreatment

Cozeolites. This stage was carried out in order to elimi-
nate the water and nitrates present in the dry sample after
the exchange. The solid was heated in O, at 2°C/min up to
400°C, keeping the temperature constant first for 1.5 h at
110 and 210°C and then for 8 h at 400°C. It was then cooled
in O; at room temperature.

Pt and PtCozeolites. Mono and bimetallic solids con-
taining Pt were calcined in O, at a slow heating rate of
0.5°C/min up to 350°C temperature which was kept for 2 h.
The samples were then cooled in O,.
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2.2. Catalytic Measurements

The reaction was carried out using flow equipment made
up of a 12-mm ID quartz tube fixed-bed reactor. The catalyst
mass was 0.5 g with a bed height of 1 cm. The typical reacting
mixture was 1000 ppm of NO, 1000 ppm of CH4, and 1-10%
0, balanced at 1 atm in He (GHSV = 6500 h~!). Water was
introduced to the reacting stream by means of a satura-
tor. Different concentrations were obtained by varying the
working temperatures of the saturator. The catalytic activ-
ity and the composition of the reacting gases were analyzed
with a Shimadzu chromatograph with two columns, one
with a SA molecular sieve and the other with chromosorb
102. The NO, conversion was obtained from N, production:
Cno =2-[N;])/[NO]°- 100, where [N;] is the N, concentra-
tion and [NO] is the NO concentration in the feed stream.
In no case was N,O detected. The methane conversion was
calculated as Ccpy = ([CCH4]O —[Ccna])/ [CCH4]0- 100, with
[CH4]°: methane initial concentration. For comparison
purposes selectivity was calculated in the same way as
was defined by Li and Armor (27); that is, « =0.5 Cno
[NO]%Ccrs[CH4]°- 100, where [NO]° and [CH,4]® are the
inlet concentrations and the value 0.5 is the stochiometric
ratio of methane to nitric oxide (2 molecules of nitric oxide
react with 1 molecule of methane).

The calcination treatment was performed in situ as de-
scribed in Section 2.1 catalyst preparation.

2.3. Microbalance Experiments

A Cahn microbalance (C-2000 Model) was used in the
flow mode. Weight changes with time in He or NO(5% )He
mixture were recordered at various temperatures.

Before adsorption, mono and bimetallic solids were cal-
cined in situ as was described before and reduced with H,
at 350°C as needed. The adsorption of the original zeolitic
supports (without exchanged cations) was also measured.
The weights recorded were in the presence of the ambient
gas atmospheres and corrected by buoyancy.

2.4. XPS Experiments

XPS data were obtained in a Shimadzu ESCA-750 spec-
trometer equipped with a Mg anode (MgK =1253.6 eV).
The signal was accumulated and processed using an
ESCAPAC 760 computer system. The curve-fitting pro-
cessing was made using Gaussian Lorentzian component
wave-forms. The (Co/Si)s atomic ratios were calculated us-
ing the area under the Co(2p) and Si(2p) peaks. The Scofield
photo-ionization cross sections, the mean free paths of the
electrons, and the instrumental function were supplied by
the ESCA manufacturer. The B.E. of Si(2p) was taken as
a reference and measured for each support. The resulting
values were 102.9 (2.5) eV for NaMordenite; 102.8 (2.4) eV
for K-Ferrierite, and 103.0 (2.2) eV for NaZSM-5.
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The calcined samples were subjected to the standard
pretreatment and dehydration in the high vacuum cham-
ber (slowly heated at 5°C/min up to 150°C and then up to
350°C) to eliminate the water from the solid. Afterwards,
the sample was measured at room temperature. It was then
reduced for 1 h with H; in the pretreatment chamber at-
tached to the analysis chamber, so that the solid was not in
contact with the atmosphere. Following the catalytic evalu-
ation, the catalysts were also analyzed after the dehydration
treatment in the analysis chamber described above.

2.5. TPR Experiments

Temperature-programmed reduction experiments were
performed in flow equipment in a TCD detector; 0.1 g of
solid was employed and 5% H,/Ar was used as the reducing
gas. The heating rate for these experiments was 10°C/min
from room temperature up to 800°C and this was kept con-
stant for 30 min. All samples were calcined according to the
standard pretreatment, prior to each experiment.

2.6. FTIR Experiments

Spectra were obtained with an FTIR Shimadzu DR-8001
instrument, accumulating 2000 spectra with a spectral res-
olution of 4 cm™!. A cell with KBr windows was used which
allowed treatment in situ. The pellets were self-supported
(7-10 mg/cm?). The measurements were performed at room
temperature in a vacuum.

3. RESULTS

3.1. Catalytic Results

In agreement with results obtained by other authors,
CoyoMor was active for the SCR of NO, with CHy4 (5,8).
In fact, CogMor 43% of B.E.C. (base exchange capacity)
presents a maximum NO to N; conversion of 30% at 450°C,
the selectivity index at this temperature being 22.5 (Fig. 1).
When the sample was reduced at 350°C for 1 h with Hy, a
decrease of the NO conversion was observed. After treat-
ment in O; overnight at 400°C, PtMor presented only 13%
of NO conversion at 500°C with a very low selectivity, while
the reduced monometallic samples were totally inactive to
reduce NO.

The incorporation of 0.39 wt% of Pt (1.7% of B.E.C.) in-
creases the initial activity of the oxidized Co, ¢Mor, but after
various reaction cycles the NO to N, conversion stabilized
at values close to those of CoyoMor at temperatures be-
low 450°C. At higher temperatures, the NO conversion on
Pt 5Co, oMor was almost twice as high as that on Co, ¢Mor.
Selectivities were comparable (Fig. 1).

When the PtysCo,oMor was reduced in the same way
as CopgMor, the result obtained was quite different. In
effect, at temperatures lower than 450°C, the NO to N,
conversion followed the same trend as oxidized Co, ¢Mor
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FIG.1. Pretreatment effect over ion-exchanged zeolites: @, O
Pty 5CoroMor; A, A CoyoMor; V, ¥ Pty sMor. Solid symbols: reduced sam-
ples at 350°C, 1 h with H, after calcination. Open symbols: calcined sam-
ples. Reaction conditions: GHSV, 6500 h~1;NO, 1000 ppm; CHy, 1000 ppm;
03, 2% balance to one atmosphere with He.

and Pty sCo, oMor but when the temperature was increased,
the NO conversion reached 80% at 500°C and dropped to
60% at 550°C (Fig. 1).

The results obtained suggest that, after being reduced at
350°C, Pt has a promoting effect on the Co,oMor activity.
In order to determine the influence of the Pt loading on
such an effect, bimetallic samples with different platinum
charges were analyzed. The greater NO to N; conversion
was obtained for a Pt content of 0.5 wt%. When the Pt
content increased, the activity for CH4 with O, combustion
was prevalent.

The dependence of the catalytic activity on the GHSV
for the Pty sCozoMor at 500°C was studied. As the GHSV
increased from 6500 h™' to 30,000 h™!, the NO to N, con-
version underwent a decrease of about 40% but the con-
version at this higher space velocity was comparable to the
best cobalt-exchanged zeolite reported by Armor (6, 8, 10)
under similar reaction conditions. However, in this sample
the cobalt loading was higher than in the bimetallic Mor-
denite, viz. 4.6 wt% of Co, which gives a Co/Al=0.76 in the
Co-Ferrierite (8) against 2.87% of Co with Co/Al=0.21 in
the Pty sCozoMor sample.

The effect of the CH4 concentration on the SCR of NO,
on reduced bimetallic samples was studied at GHSV =
30,000 h~! over Pty sCo,oMor. For a CH4/NO ratio=3 at
91% of the NO, to N, conversion was obtained at 500°C.
Interestingly, the CH4 to CO; conversion presented a max-
imum at a CH4/NO ratio =1 and dropped to 45% for CH4/
NO=3.

Exploratory tests under more rigorous conditions on re-
duced PtysCozoMor were also performed at a CH4/NO
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ratio=3, at 500°C and GHSV =100,000 h~'. The sample
presented a 60% NO to N; conversion for 2% of O, in the
feed-stream but such conversion dropped to 20% when the
oxygen was increased to 10%.

During combustion, large amounts of water vapor are
produced; consequently, an important point is to elucidate
the effect of water vapor in the feed stream over the activity
and selectivity of the bimetallic samples for the SCR of
NO,. Li et al. (25) have reported the reversible inhibition
caused by water on the NO conversion over Cozeolites.
In order to investigate the role of Pt in the said process,
the following experiment was conducted over CooMor
and Pty5Co,oMor. A catalytic test was performed over
CoyoMor, starting with a dry mixture of 1000 ppm of NO
and CHy4 with 2% of O, at 450°C. Then, various levels of
water vapor were added to the feed stream until the NO to
N conversion dropped to zero. Under the same condition
the bimetallic sample was then tested, but at 500°C (both
temperatures correspond to the maximum NO, conver-
sions obtained for each sample). Results obtained with 2%
of water and final stage percentages are summarized in
Table 2.

Upon the addition of 2% water in the feed, the nitric ox-
ide conversion decreased 23 % over the bimetallic morden-
ite, while in CoMordenite a decrease of 40% was observed.
When the water was removed from the feed stream, activity
and selectivity were almost totally recovered in both cata-
lysts. For the water level corresponding to the final stage,
CoPtMordenite showed a 32% NO to N, conversion which
remained constant after several hours of reaction. When
the water was removed from the feed stream, activity and
selectivity were totally recovered, whereas in Co, gMor only
67% of the initial NO to N, conversion was obtained. This
suggested that some irreversible damage had occurred in
the monometallic samples. At higher GHSV the same trend

TABLE 2
Effect of Water Addition on NO and CH4 Conversion?

Cno (% C %
GHSV  Water o (%) ony (%)
Catalysts® h! % Dry Wet Dry° Dry Wet Dry*
CooMor 6500 2 30 18 28 60 24 60
10 30 0 20 70 40 50
30000 2 17 2 14 19 10 19
PtysCoroMor 6500 2 80 60 76 92 8 100

10 80 32 78 100 70 90

30000 2 46 36 46 62 45 53
10 46 10 25 62 35 50

“ Reaction conditions: NO, 1000 ppm; CHy, 1000 ppm; O, 2%. Tem-
perature 450°C and 500°C for mono- and bimetallic samples, respectively.

bMonometallic samples were calcined by standard pretreatment. Bi-
metallic solids were reduced after standard calcination.

¢ After removing water of the feed stream.
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TABLE 3

Turnover Frequencies of Pt,Co,zeolites for NO, Reduction’

TOF - 10* (s71)

350°C 500°C

Catalysts” Co/Al Co/Pt c d c d af Ref.
Pty.5Cor0Mor 0.21 243 1.91 1.94 13.0 12.6 40 This work
Co, oMor 0.21 — 0.28 — 0.69 — 225 «
Pty.sCor0HMor 0.14 20.0 0.63 0.60 14 13.34 31 «“
Pt.5C020ZSM-5 0.18 9.0 0.85 0.16 4.33 3.90 20.5 “
C020ZSM-5 0.20 — 0.51 — 2.77 — 14.5 «
Pty sCoyoFer 0.19 10.6 0.61 0.56 16.5 15.0 50 «
CoygFer 0.14 — 1.3 — 4.0 — 30 «
CoZSM5(11)-106 0.53 — — — 4.4 22 27y
CoFer(8)-74 0.37 — — — 9.5 47 (27)
CoFer(8)-40 0.20 — — — 6.0 79 (27)

“ Reaction conditions: NO, 1000 ppm; CHa4, 1000 ppm; O,, 2%; GHSV between 30,000 h~! and 100,000 h~! to keep

Cxo below 30% (42).

b Monometallic samples were calcined by standard pretreatment. Bimetallic solids were reduced after standard

calcination.

¢ TOF: Number of NO molecules converted per Co per second.

4 TOF: Number of NO molecules converted per (Co + Pt) per second.

¢ Selectivity index: calculated at 500°C (see Experimental)

fReaction conditions: GHSV, 30,000 h~!; NO, 1610 ppm; CHy, 1015 ppm; and O, 2.5%.

was observed, but with a more severe decrease of No con-
version on monometallic samples (Table 2).

The results obtained with the reduced PtysCo,oMor
under different reaction conditions show that such bime-
tallic solids are very promising catalysts for the SCR of
NO, with methane. Thus, a deeper study of some aspects
of those solids was carried out. During the H; reduction
of PtypsCo,oMor, some Bronsted acid sites (26) may be
formed; for that reason the effect of acid sties on the
bimetallic solid was explored. A sample was prepared from
the ammonia form of the mordenite. In this case the solid
had a high concentration of Brgnsted acid sites. The specific
activity of cobalt, however, was not affected (Table 3).

In order to determine whether the promoting effect of
Pt on the Co,oMor activity needs the intimate contact of
cations, or if it is only a consequence of the presence of the
metallic Pt, the following experiment was conducted: a me-
chanical mixture of both calcined monometallic solids was
prepared so as to obtain a sample with the same loading as
the bimetallic ones. The mixture was reduced at 350°C for
1 h in H; flow and then catalytically evaluated under the
same conditions of the Pty sCo,oMor. The results obtained
are shown in Fig. 2. Note that the maximum NO conver-
sion is lower than 20%, while a 100% CHj4 conversion was
obtained at 500°C. This suggested that an intimate contact
of the active sites in the mordenite channel is necessary to
obtain the desired effect.

To further investigate this effect, bimetallic samples were
prepared on different zeolites, viz. ZSM-5, ferrierite and

Y-zeolite, and catalytically evaluated after reduction at
350°C for 1 h in H, flow. Figure 3a shows the NO to N,
conversion for the different bimetallic zeolites structure.
In Fig. 3b the monometallic ones were included for com-
parison purposes. The NO to N, conversion of Cozeolites
showed the same trend previously reported by Armor (10).

100 oo
80
~~
R 60
=
]
—
2 40t
=
o
O
201
- ‘ . . .
350 400 450 500 550

Temperature (°C)

FIG. 2. Selective reduction of NO with CHy4 on reduced CoMor and
PtMor mechanical mixture M, [J and Pty 5Co,oMor @, O. Open symbols:
CH4 to CO; conversion. Solid symbols: NO to N, conversion. Reaction
conditions as in Fig. 1.
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FIG. 3. Supporteffect on NO to N, conversion of mono and bimetallic
samples: (a) reduced Pty sCo,oFer ¥; Pt sCo,oMor B; Pty 5C0,0ZSM-5 @;
Ptp5Co20Y A. (b) Calcined Co,gFer ¥; Co,oMor B; Co, ¢ZSM-5 @; Cos Y
A. Reaction conditions as in Fig. 1.

However, when the Co loading was taken into account, they
proved to be less active (Table 3). The incorporation of Pt
increased the activity on the cobalt exchanged in the differ-
ent zeolite structures, except for the Y-zeolite, which proved
inactive for both mono and bimetallic solids. The promot-
ing effect became evident when the solids were reduced in
H; flow for 1 h at 350°C (Fig. 3a and Table 3).

In the search of a better understanding of the Pt promot-
ing effect and in an attempt to elucidate the nature of the
active sites, NO adsorption studies were performed and
the different solids were also studied by TPR techniques
and XPS. FTIR was also used to characterize the Brgnsted
acid sites.
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3.2. NO Adsorption Results

With the purpose of studying the effect of Pt on the ca-
pability of the catalyst to adsorb NO, adsorption of such a
reaction at different temperatures was measured on mono
and bimetallic samples. Some of the preliminary data are
shown in Table 4. The results obtained on CoMordenite and
CoFerrerite are, in general, in agreement with the ones re-
ported by Zhang et al. (28). In fact they reported a NO/Co
ratio of 0.25 molecules NO,/Co** at 250°C on CoMordenite
(Si/Al=5.25, 65% of B.E.C.) against 0.10 molecules /Co**
at 300°C (Si/Al1=5.9, 43%) in this work (Table 4). Inter-
estingly, the NO adsorbed in the reduced bimetallic sam-
ples was higher than in the monometallic ones, viz. 0.53 vs
0.17 molecules NO/Co*? on ferrierites and 0.27 vs 0.10
on mordenite, respectively (Table 4). In the same vein
Ogura and Kikuchi (20) found that the addition of precious
metals—particularly Ir—to InZSMS5 enhanced the abilities
of the catalyst to adsorb NO and to increase the amount of
NO, adsorbed on In sites.

3.3. XPS Results

Bimetallic solids PtysCo,oMordenite, Pt; ¢Co,oMorde-
nite, Ptys5C0,0ZSM5, and Ptys5Co,oFerrierite and mono-
metallic CoyoMordenite were analyzed by XPS. The mea-
surements were performed in the binding energies region
corresponding to Si(2p), Al(2p), Pt(4f), Co(2p), and C(1s).

Al(2p) was also measured in the supports, obtaining the
following B.E.s: 74.5 (2.0) eV in Na-Mordenite, 74.6 (2.6) eV

TABLE 4
Microbalance Data for NO Adsorption at 300°C on Pt Co Zeolites”

Samples Pretreatment NO cm?. g™ NO/Co
CoyoFer Calcined® 0.89 0.170
Pty5Co,oFer Calcined® 0.041 0.006
PtysCoyFer Reduced® 3.62 0.530
CoyoMor Calcined® 1.11 0.10
Pty5Co, oMor Calcined? 0 0
PtysCoz9oMor Reduced® 1.43 0.27
CoMor? Calcined® 26.9 1.67(25°C)!

6.5 0.33(200°C)"
5.0 0.25(250°C)"

“ Calculated from the weight increase on NO adsorption. The values
are the difference in weight after exposure to the NO/He stream and the
weight of catalyst following pretreatment divided by the total Co content.
The adsorption time was 60 min. The zeolites were pretreated in flowing
O, overnight, purged with dry He for 1 h, cooled to 300°C in He flow
before contacting with a stream of 5% NO in He.

b See experimental.

¢ Reduced in pure H; for 1 h.

4 Ref. (28). CoMordenite, Si/Al=5.2,65% B. E. C.

¢ Dried in air at 110°C and heated in He at 500°C for 5 h.

/In brackets, NO adsorption temperature.
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TABLE 5
XPS Data of Pt and Co Zeolites

Co2p3p; binding
energy (eV)*
Catalysts Treatment Co** Co° Co/Si)P
Co,oMor Calc. 400°C 783.1 — 0.09
Red. 350°C 783.4 — 0.05
Co/SiO, Calc. 400°C 781.5 — 0.22
Red. 350°C — 778.2 0.08
Pty oCosrgMor Calc. 400°C 783.1 — 0.08
Red. 350°C 783.3 778.3 0.08
Pty 5CoroMor Calc. 400°C 783.1 — 0.08
Red. 350°C 783.3 — 0.05
Reoxid. 550°C¢ 783.8 — 0.08
After reaction? 783.2 — 0.14
Pt(5C07,0ZSM5 Red. 350°C 783.4 — 0.06
After reaction 783.2 — 0.11
PtysCo,Fer Red. 350°C 783.7 — 0.07
After reaction 783.4 — 0.12

“ The binding energy values are referred to Si(2p): 102.9 (2.5) eV for
Na-Mor; 102.8 (2.4) eV for K-Fer; 103.0 (2.2) eV for Na-ZSM-5; and
103.8 eV for SiO,.

b Surface Co/Si ratio calculated from XPS experimental data.

¢ The reduced sample was reoxidized with pure O,.

4 Reaction condition: GHSV, 6500 h~!, NO, 1000 ppm; CHy, 1000 ppm,
O3, 2% balanced to one atmosphere with He.

in K-Ferrierite, and 74.4 (1.9) eV in Na-ZSM-5, where the
medium height width is indicated between brackets. The
samples were analyzed after different treatments: (a) calci-
nation, (b) in situ reduction, (c) after reduction at 350°C, re-
oxidation at 550°C (ex situ) under pure oxygen, and (d) un-
der reaction stream for several hours (Table 5).

The Pt(4f) signal partially overlaps with that of Al(2p);
consequently, it was not possible to accurately determine
the signal corresponding to Pt in the bimetallic samples with
0.5 wt%. When samples with a higher content (1 wt%) were
studied, binding energies of Pt** (73.1eV) and Pt’ (71.9eV)
were observed on both calcined and reduced solids.

In the bimetallic solids subjected to the different treat-
ments mentioned above, the Al(2p) B.E. was modified only
at +0.2 eV. The Co(2ps;) B.E. is shown in Table 5, to-
gether with the Co/Si surface ratios. In all the bimetallic
solids with 0.5 wt% of platinum, the only signal observed
(approximately 783.2 eV) was the one assigned by several
authors (29, 30) to the ions of Co*? located at exchange
positions within the zeolitic structure. This signal was not
modified either after reduction at 350°C or after reoxi-
dation at 550°C under pure oxygen. Only in the reduced
Pt; ¢CosoMor did the Co**(783.3 eV) and Co%(778.3 eV)
signals coexist. The B.E. metallic cobalt was comparable to
that of Co/SiO,. The Co/Si surface ratio increased in the
solids used after reaction, thus indicating a surface enrich-
ment of the cobalt.
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3.4. TPR Results

Figures 4, 5, and 6 show the temperature-programmed
reduction results for mono- and bimetallic PtCozeolites.
The H, consumption per mol of Co and/or Pt is expressed in
Table 6. The H; consumption indicated that approximately
one molecule of H; is consumed per platinum ion (Table 6).
This would indicate that the average oxidation state of plat-
inum remains divalent after calcination at 350°C.

Co,oMor presents two well-defined maxima at 425 and
750°C, respectively (Fig. 4). For temperatures lower than
600°C, the H;, consumption per Co mol indicates that only
8% of the total cobalt is reduced in this area, while at higher
temperatures, the degree of reduction reaches 35%. The
425°C peak could be assigned to a fraction of the cobalt
supported as oxide on the external surface of the morden-
ite while the maximum at 750°C may be due to the Co**
reduction at exchange position.

PtosMor presents two reduction maxima at 290 and
625°C. The H; consumption per platinum mol was 0.51 and
0.38, respectively, for each peak (Fig. 4 and Table 6). This
type of TPR profile could be attributed to the Pt exchanged
at different sites in the mordenite structure.

The reduction profile of the bimetallic Pty 5CosoMorde-
nite catalysts does not correspond to the sum of its re-
spective monometallic Co,¢Mor and Pty sMor (Fig. 4), with
maxima at 277, 456, 619, and 775°C.

In the zone of temperatures lower than 400°C, the H,
consumption indicates that 21% of the cobalt is reduced,
whereas at higher temperatures, 81 % is reduced. It should
be remarked that in this higher temperature region, two
well-defined peaks are observed, while in Co, oM there is
only one peak which started at approximately 600°C and
finished at about 800°C. The increase in the reducibility of

Pt Mor
0.5

o~ AN

200 400 600 800
Temperature (°C)

FIG.4. TPR profile of Co and Pt mono and bimetallic mordenite
samples.
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TABLE 6

Co and Pt Zeolites Reducibility from TPR Data

w moles Hy? H,/(Co + Pt)® H,/Co*
Catalysts 20/400°C 400/800°C 20/800°C 20/400°C 400/800°C

Co, oMor — 21 0.43 — 043
PtysMor 0.96 0.73 0.89 — —
Pty 5CozoMor 11.2 40.3 1.02 0.21 0.81
Pty5Co,9Mor used — 35.35 0.7 — 0.73
Co0,,0ZSM5 0.61 21.49 0.72 0.02 0.70
PtysZSM5 1.72 2.35 1.10 —

Pty5C0,20ZSM5 8.5 229 1.03 0.24 0.75
CoyoFer 2.3 11.74 0.6 0.10 0.50
PtosFer 0.5 1.26 0.8 —

PtysCosoFer 18 15 1.0 0.57 0.45

“ H, consumption per 0.1 g of sample.
b H, consumption in TPR per (Co + Pt) moles.

¢ H, consumption per Co moles (The corresponding to Pt reduction was substracted from the total H,

consumption).

Co and the different shapes of the TPR profile (Fig. 4 and
Table 6) strongly suggest a promoting effect of Pt on the
reducibility of Co exchanged in mordenite.

The thermograms in Fig. 5 present the reduction peaks of
Pt, Co, and PtCo exchanged in Na-ZSM-5. The Pty sZSM-5
monometallic sample has a broad reduction peak between
100 and 400°C with a maximum ca 200°C. The main peak
appears well defined at 700°C and the reduction is com-
pleted at 800°C, reaching the signal of the base line. As in
the case of Pto sMor the H, consumption suggested that the
average oxidation state is Pt>T.

The Coyp5ZSM-5 reduction (Fig. 5) presents a very small
signal at around 300°C while the main peak occurs at 700°C.

Pt Co_ ZSM-5
057720

200 400 600 800

Temperature (°C)

FIG.5. TPR profile of Co and Pt mono and bimetallic ZSMS samples.

Approximately, 70% of the cobalt ions are reduced in this
region.

In the Pty5C0,0ZSM-5 bimetallic solid three reduction
maxima are observed at 325, 570, and 700°C, respectively.
The H; consumption per mole of (Co + Pt) is close to 1,
which would indicate the complete reduction of both ions
(considering as +2 the average oxidation state).

By analyzing the H; consumed at temperatures lower
than 400°C, it could be established that 25% of the total
cobalt of the solid is reduced, which means a noticeable in-
crease of the cation reducibility in this region if compared
to Co2,0ZSM-5, in which only 2% of the reduced cobalt is
observed. However, the average reduced cobalt at temper-
atures higher than 500°C (73%) is similar to that observed
for the monometallic sample, but in the bimetallic sample
the maxima were well defined and the peaks shifted to-
wards lower temperatures than in the monometallic one
(Fig. 5 and Table 6).

Figure 6 shows the reduction profiles for Pt, Co, and
PtCo exchanged in K-Ferrierite. In Co,Fer, similarly to
the other supports, two peaks are observed at 475 and
705°C, respectively. At low temperatures only 10% is re-
duced while at higher values, reduction reaches 50%. In
PtosFer there appears a small signal at 190°C and, after-
wards, a very broad peak from 300°C with a maximum at
490°C and another one close to 600°C. Throughout this
temperature range the ratio of consumed H; per Pt was 0.8.
The reducibility at temperatures lower than 400°C was 10%
while at higher temperatures, it reached 68%. At low tem-
peratures, the bimetallic solid Pty 5Co, gFerrierite presents
two reduction peaks at 235 and 330°C, respectively, differ-
ing from the other bimetallic samples, Pty sCo, ¢Mordenite
and Pty 5C0,,0ZSMS5, which show a single signal in this re-
gion. In this zone, 57% of the cobalt present is reduced,
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Pt _Fer
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FIG.6. TPR profile of Co and Pt mono and bimetallic Ferrierite
samples.

thus increasing the reducibility due to the presence of plat-
inum. At higher temperatures (from 400 to 700°C) a very
broad signal is observed, as well as a small peak with
a maximum at 690°C. H,/Co was 0.45, the same as the
monometallic samples. The H, consumption per mol of Co
plus platinum is close to the unit, which would indicate that
in the whole range both ions, Pt and Co, are completely
reduced.

The reducibility of the sample used in the reaction was
also studied by temperature-programmed reduction. In
Fig. 7, the TPR profiles of the fresh and used Pty sCo, oMor-
denite samples are compared. Both profiles are different.

200 400 600 800
Temperature (°C)

FIG.7. TPR profile of PtysCosoMor: (A) reduced fresh and (B) after
50 h under reaction at 500°C. Reaction conditions as in Fig. 1.
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The used sample did not present reducibility at low temper-
atures and started to reduce from 400°C, producing a peak
with a maximum approximately at 700°C. The H, consump-
tion measured by moles of (Co + Pt) was 0.7 (Table 6).

3.5. FTIR Results

As pointed out before, the reduction of the samples
may produce some Brgnsted acid sites. In order to clar-
ify this hypothesis, a series of experiments were carried
out employing FTTR. In Fig. 8A, the region of the acidic
OH (3600 cm™") of calcined monometallic (8 h in O, flow
at 400°C) mordenites is compared to that of the bimetal-
lic ones. The sample prepared over NHsMordenite is also
included.

It can be observed that all solids present a band at
3600 cm ™! with a better definition in the case of Pty5Cos
Mordenite (Fig. 8A.a). The presence of adsorbed H,O
(band at 1630 cm™!) is observed in all the samples, probably
due to the fact that the O, stream used during calcination
may contain water vapor.

When the samples reduced in H; stream at 350°C for
1 h are compared, an increase of the signals corresponding
to the acidic OH is observed (Figs. 8A and B). However,
the signal corresponding to the bimetallic samples is less
defined, probably due to the fact that the water which re-
mains absorbed in the sample after being evacuated for 1 h
is higher than in monometallic samples (greater extension
of the reduction in the bimetallic samples compared with
the monometallic) (Figs. 8A.a and 8B.a).

In the case of the Pt sCo; ¢HMor, the band at 3600 cm™!
of the calcined and reduced samples were comparable; this
probably is due to the smaller contribution of the Brgnsted
sites generated by reduction, compared with the acid sites
already in existence of H-Mordenite (Figs. 8A.b and B.b).

4. DISCUSSION

The results appearing in Figs. 3a and b and Table 3
clearly show the promoting effect of the Pt incorporated to
Cozeolites on the SCR of NO, with CH4. This promoting
effect is a function of the zeolite type and, for a given ze-
olite, of the pretreatment of the catalysts and Pt loading
(Fig. 1). The reduction with H; at 350°C of bimetallic mor-
denite (Co/Al=0.21) yielded a solid which converts 91%
of NO to N, at GHSV of 30,000 h~! and 60% at 100,000 h~!
with a CH4/NO ratio of 3 at 500°C and 2% of oxygen on
the feed stream. PtCoFerrierite (Co/Al=0.19) gave 50%
of NO conversion at GHSV = 30,000 h~! at 500°C but with
NO/CH4 =1 and 2% O,. On the other hand, the catalysts
remained stable for along while (over 100 h) under reaction
conditions at the above temperature.

At this point, a comparison of the bimetallic zeolites
against the most active Co monometallic zeolites could
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FIG. 8. Effect of cation exchange on OH development on (A) calcined samples, (B) reduced samples: (a) PtysCooMor; (b) PtysCo,oHMor;

(c) PtosMor; (d) CozoMor.

be relevant. Li and Armor (8, 27) reported a variety of
cobalt zeolites that were evaluated for the above reaction
at GHSV =30,000 h~!, for a CHy#/NO ratio of 0.63 and
2.5% of O,. They found that the NO to N; conversion over
CoFerrierite increases with the level of Co?" at lower
cobalt loadings (viz. Co/Al=0.2-0.37) but remains essen-
tially constant at higher loadings (viz. Co/Al = 0.37-0.50)
while the TOF increases with the cobalt loading at low lev-
els of Co’*, but it decreases at higher levels. On CoZSM-5
the activity also depends on the cobalt level in zeolites. The
TOF on these samples was constant at Co/Al < 0.33 but was
much lower on over-exchanged CoZSM-5.

Taking into account the results discussed before, a com-
parison with samples with similar Co/Al ratios seems ap-
propriate. The said authors reported that CoFerrierite with
Co/Al1=0.37 gives 47% of NO to N, conversion at 500°C
(TOF=9.5x10"* s~!, Table 3) and a selectivity index
a =47 (27). The same ferrierite but with Co/Al =0.20 gives
only 17% of NO to N, conversion (TOF=6x 10~* s~}
Table 3) and a selectivity index o« =79, while CoZSM-5
with Co/Al = 0.53 gives 28% of NO to N; conversion at the
same temperature (33% of conversion at 450°C) and a se-
lectivity index « =22 (TOF =4.4 x 10~*, Table 3). Armor

(8) reported that CoMordenite Co/Al=0.4 gives 24% of
conversion at 500°C. Comparable results were reported by
Witzel et al. (31) and Lukyanov et al. (32) under somewhat
different reaction conditions. The former reported that at
GHSV =9000 h~!, CHYNO =4 and 10% of O, that both
CoFerrierite (Co/Al=0.39) and CoZSM-5 (Co/Al =0.49)
give 100% of NO to N; conversion at 500°C with a se-
lectivity index of 1. The latter reported that at GHSV =
45,000 h~! CHy/NO =1.33 CoZSM-5 (Co/Al =0.49) gives
40% of NO conversion at 500°C with a selectivity index
a=33.

Results obtained with the monometallic zeolites in this
work are in a similar vein with the ones discussed before
(Fig. 3b) but the bimetallic solids present a better activity
for the SCR of NO with comparable selectivity (Table 3).

Let us now focus our attention on the behavior of Pt
monometallic zeolites. Results obtained with reduced sam-
ples were in agreement with those previously reported by
Burch and Scire (11) and Li and Armor (7), who found that
Pt-exchanged ZSM-5 was completely unselective towards
the nitric oxide reaction with methane in the presence of
oxygen. In contrast, in the absence of oxygen PtZSM-5
converts 93% of NO to N, at 450°C (11). With other
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hydrocarbons like ethane, propene, and propane, PtZSM-5,
as well as platinum, on other supports (calcined or reduced
catalysts) have been reported to be active in the SCR of
NO, at lower temperatures (33-36).

The results discussed before on monometallic Co and Pt
zeolites suggest that the catalytic behavior observed in the
bimetallic samples is not a consequence of the sum of the
individual effects of either cation. Besides, the lower con-
version of NO to N, over the mechanical mixture of both
monometallic solids, compared with the bimetallic samples
(Fig. 3), indicates that the cooperative effect of platinum
over Co-exchanged zeolite structures is different from the
one reported by Inaba et al. (35), in the case of Pt and
alumina for the SCR of NO, with propane. In fact, those
authors found that the activity of the mixture of Pt/SiO; and
Al,O3 (when the grain size of the mixture was 80-100 mesh)
was similar to that of Pt/Al,Os. They attributed such coop-
erative effect to the spillover or gas-phase transfer of some
reaction intermediates from platinum to alumina or vice
versa.

Several systems which present the cooperative effect by
combination by two different catalysts mixed together me-
chanically or physically have been reviewed by Hamada
(37). One of these systems which could be somehow re-
lated to the bimetallic CoPtzeolites is the combination of
Pd and H-ZSM-5, studied by Loughran and Resasco (12).
They found that when H-ZSM5 was mechanically mixed
with Pd/SiO,, the resulting activity for the SCR of NO, with
CHy4 was much lower than that of the palladium directly
supported on H-ZSM-5. By contrast, when SO%’/ZrOz was
used in the mechanical mix with Pd/SiO,, the resulting ac-
tivity exhibited about the same conversion level as that ob-
served on the Pd directly supported on SO3~/ZnO; cata-
lysts. These authors assumed that such different behavior
was due to the limitation of transfer of reaction intermedi-
ates from palladium to the acid sites or vice versa through
zeolite cages. In the bimetallic CoPtzeolites, it would seem
that for the cooperative effect to occur, both cations need
to be in intimate contact inside the channel or on the sur-
face of the mordenite. This could be due either to an effect
similar to the one described above (12) or to the fact that
such solids are uniform catalysts containing two or more
catalytic species, where their role is sometimes difficult to
differentiate (Hamada classification (37)). A case in point
is the Pd/Co/H-ZSMS5 system reported by Ogura et al. (22).
The possible formation of alloy or intermetallic compounds
between Pt and Co cannot be ruled out.

Results derived from the XPS and TPR studies of the
mono and bimetallic samples may shed light on the hy-
potheses discussed before. XPS only detected Co** located
at exchange position in solids that were calcined, reduced,
reoxidized, or on reaction stream at 550°C for long periods
(Table 5). Nosignificant changes in the BE of Co(2p32) were
detected, comparing the three zeolites studied, viz. morden-
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ite, ZSM-5, and ferrierite. The signal corresponding to the
binding energy of supported cobalt oxide (B.E. 781.5 eV)
was detected neither in calcined samples (O; treatment at
450°C) nor in reoxidized ones (O, treatment at 550°C after
reduction at 350°C), probably due to the low amount of such
species. In fact, the TPR results (Table 6) show that only a
0.6% of Co was reduced at temperatures lower than 400°C
in PtCoMordenite (vide infra). Consecuently the possibility
of Co30y4 particles formation cannot enterely be ruled out.
No Co’signal was detected after reduction at 350°C in sam-
ples with low Pt loading, but when samples with 1% of Pt
were analyzed after reduction, the Co® signal was detected
in the XPS spectra. The B.E. of Co° in PtCoMor is compa-
rable to that of Co°/celite. This somehow differs from the
results reported by Zsoldos et al. (38) who, in their studies
of Pt(70)Co(2.0)YZeolites, found a shift of approximately
0.7 eV in the Co’* B.E. between the mono and bimetal-
lic samples. They attributed this effect to the CoPt interac-
tion and to the subsequent formation of bimetallic particles.
A similar positive B.E. shift for Co(2p32) was observed in
CoPt; intermetallic (39). In the PtCozeolites used in this
study, this possibility cannot be totally ruled out due to the
low content of surface Pt of the samples (surface Co/Pt > 20
and bulk Co/Pt =5 to 24). Further evidence of such hypoth-
esis could be found in the results reported by Boix et al. (40)
who, by DRX, detected CoPt; particles on PtCoMordenite
only for bulk Co/Pt ratios lower than 0.5.

The promoting effect of Pt on the Co reducibility was con-
firmed through TPR studies. Despite the different zeolitic
structures, from the thermograms in Figs. 4, 5, and 6 and
Table 6, it is clear that the behavior of the bimetallic sam-
ples does not correspond to the sum of each monometal-
lic one. The Hy/Co ratio in the low temperature range
notably increases if compared with Pt and Co zeolite
(Table 6). Besides, in the TPR profile two sharp max-
ima appear, at 600 and 650°C in the Ptp5Co,oMor and
Pty 5C0,0ZSM-5, respectively (Figs. 4 and 5). The above
behavior could be explained in terms of the mechanism of
the platinum-promoting effect suggested by Lu et al. (41)
on CoPtYzeolite. In that mechanism, topographically lo-
cated cobalt ions can be reduced by the hydrogen atoms
generated by the platinum which has been reduced at the
commencement of the reduction. Cobalt could also be re-
duced in PtCo,Oy oxides. Both effects seem possible in
PtCoMordenite and PtCoZSM-5. In fact, the increase in
the reducibility of cobalt at low temperatures could be at-
tributed to the formation of such types of oxides located
inside of channels or in the outer surface of the zeolites,
whereas the reduction at high temperatures would corre-
spond to the catalytic action of platinum upon the nearby
Co”* cations (Figs. 4 and 5). PtCoFerrierite showed the
same trend but now it seems likely that the catalytic ac-
tion of Pt’ in the reducibility of Co?" at high temperatures
is less evident (Fig. 6 and Table 6 ). A more detailed study,
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however, is necessary before a stronger assumption is put
forward.

It should be noted that Boix et al. (40) found that the
bimetallic species resulting from the reduction of PtCo,O,
were segregated after reoxidation at 500°C. They explained
such behavior, assuming that after reduction of the PtCo,O,
clusters of highly dispersed Pt° and Co° were obtained.

Despite the oxygen excess, the Co° and Pt° formed during
reduction remained under reaction conditions (Fig. 7 and
Table 6). However, as suggested by the Co surface enrich-
ment (Table 5) and the change of the TPR profile (compare
Figs. 4 and 7) in used samples, some reorganization of the
species may have occurred under reaction.

This complex system yields very active and selective cata-
lysts for the SCR of NO, with methane. Several concur-
ring causes could be responsible for such effect. NO, has
been proposed by various authors as an important interme-
diate in the reaction scheme (8, 10, 32, 42, 43). Bifunctional
mechanisms have been formulated for Ga/H-ZSMS5 and In/
H-ZSMS5 by Kikuchi and Yogo (44), where the authors sug-
gested that the NO + 1/20, — NO, reaction occurred on
the zeolitic acid sites. If at this point a comparison is made
with PtCo zeolites it seems likely that the acid sites gener-
ated during reduction do not play a central role. In fact, the
TOF of PtCoMordenite and PtCoHMordenite were com-
parable (Table 3), despite the bigger amount of Bronsted
sites in the latter (Fig. 8).

A similar bifunctional mechanism was proposed by
Nishizaka and Misono (13) for the Pd/H-ZSM-5 and Pd/
Ce-ZSM-5. They also confirmed that NO oxidation is the
first important step for the Ce-ZSM-5 catalyzed the SCR of
NO with propene (45). Besides, they found that a mechan-
ical mixture of such material with NO oxidation catalysts
like Mn;0O3 or CeO; gives a solid with higher NO reduction
activity than the Ce-ZSM-5 in the lower temperature re-
gion (46). The same results were reported by Iwamoto et al.
(13, 24) for PtZSMS5, combined with different metal ZSMS5
zeolites through the IAR (intermediate addition of reduc-
tant) approach. This could also be a suitable explanation
for the promoting effect of platinum in PtCozeolites due to
the high activity of Pt for NO oxidation, as was proposed by
Kikuchi et al. for SCR of NO, with CH4 under wet condi-
tions over PtIn/H-ZSMS5. However, such a promoting effect
in the bimetallic samples was more evident at high reaction
temperatures, viz. higher than 450°C (Fig. 3) (47). Conse-
quently, Pt may play another role besides the one discussed
above. This additional role could be to enhance the ability
of the catalyst to adsorb NO as suggested by the results
obtained in the NO adsorption on the reduced bimetallic
samples (Table 4). This also could increase the amount of
NO, adsorbed on Co?* sites as was found by Ogura et al.
(20) when precious metals were loaded to In/H-ZSM-5.

Contrary to this, a synergetic effect can occur among
the different sites in intimate contact in an adequate ze-
olite structure. In this scheme Pt may help toward activat-
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ing CH4,—which takes place at temperatures higher than
400°C (11)—to react then with the NO, adsorbed on Co**
(48) and form CH3 radicals (36, 49). The protonic acid sites
may also favor the NO, formation. As the Pt loading in-
creases, a larger fraction of platinum may reside outside
the zeolite channel and the oxidation of CH4 with oxygen
prevails. This CHy activation is consistent with the kinetic
isotope studies of Cowan et al. (50) that prove that the
cleavage of the C-H bond is the rate-determining step in
the SCR of NO. The Pt loading increase is also in agree-
ment with results reported by Loghran and Resasco (12)
for PA/HZSM-5 catalyst. Ogura et al. (20) for a different
catalyst, viz. PA/Co/HZSM-5, also explained the promoting
effect of Pd in such solids, assuming that highly dispersed
Pd*? catalyzed the reaction between NO, and CHy, while
Co*? would act as the NO oxidation catalyst. Research in
progress may help to elucidate whether any of the previous
proposals, so far speculative, are feasible.

Finally it is necessary to single out for comment one of the
points mentioned in the Introduction regarding the stability
of the catalysts under wet conditions. The results obtained
on PtCoMordenite (Table 2) show a positive effect of Pt on
the water resistance of Cozeolite. However, the results ob-
tained on CoMor appear to be somewhat different from the
ones reported by Li et al. (25) for comparable catalysts. A
deeper study of the water and SO, effect is necessary to ar-
rive at final conclusions on the stability of the PtCozeolites
under real reaction conditions.

5. CONCLUSIONS

—Pt promotes the NO to N, conversion on SCR with CHy
over Cozeolites. The catalysts obtained proved to be stable
under dry and wet conditions in the temperature ranges
studied. (Fig. 3, Tables 2 and 3).

—The above promoting effect was a function of the zeo-
lite type, of the pretreatment of the catalyst, and of the plat-
inum loading. Treatment of the solids in H, flow at 350°C
for 1 h with about 0.5 wt% platinum yielded a catalyst which
gives 60% of NO conversion at 100,000 h~! at 500°C with
an CH4/NO ratio of 3 and 2% O,.

—The intrinsic activity of Pt promoting catalysts de-
pends on the zeolite matrix. The order of activity expre-
ssed as turnover frequency (Table 3) was: PtysCo,oFer >
Pty5CoyoMor > Pty 5C0,0ZSM-5.

—XPS, TPR, and FTIR results show that Co?*, Pt>*, and
probably some PtCo,O, oxides were present in the calcined
samples. After reduction in H; at 350°C, in addition to the
cations in the exchange position, Co°, Pt°, and some acid
sites were developed. Such species remain under reaction
conditions but some reorganization would occur (Figs. 4
and 7 and Tables 5-6).

—In order to obtain a suitable catalyst for the SCR of
NO,, the active species must be present in intimate con-
tact. The zeolite matrix also plays an important role, viz.
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the CoYzeolite was inactive for the said reaction and it
remained so after the platinum was incorporated (Figs. 2,
3a and b).

—The highest activity and selectivity of the PtCozeolite
could be explained as a synergetic effect (cooperative ef-
fect) of the above species inside the zeolite channels, which
enhances the ability of the catalysts to adsorb NO (Table 4).

—The results obtained with the highest levels of water
in the feed stream suggest that Pt has positive effect on the
water resistance of the Cozeolites. However, more studies
on such a system are necessary to conclude that they are
suitable catalysts under real reaction conditions. Results
obtained so far are very promising.
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