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Abstract

The objective of this work was to study the promotional effect of Pt on Co-zeolite (viz. mordenite, ferrierite, ZSM-5 and
Y-zeolite) and Co/AdO3 on the selective catalytic reduction (SCR) of N@ith CH4 under dry and wet reaction stream.
After being reduced in KHat 350 C, the PtCo bimetallic zeolites showed higher NO todgnversion and selectivity than the
monometallic samples, as well as a combination of the latter samples such as mechanical mixtures or two-stage catalysts. After
the same pretreatment, under wet reaction stream, the bimetallic samples were also more active. Among the other catalysts
studied with 5% of water in the feed, (NO = @H 1000 ppm, @=2%), the NO conversion dropped to zero ovepgldor
at 500C and GHSV =30,0001", whereas it is 20% in B5Co, oMor. In Pt/Co/AbO; the NQ, conversion dropped below
5% with only 2% of water under the same reaction conditions. The specific activity given as molecules of NO converted
per total metal atom per second were 1%6.50~% s~ for Pty 5Cop oFer, 13x 10~*s~1 for Pty 5CopoMor, 4.33x 104s~1
for Plg5C00ZSM-5 and 0.5< 104 s~1 for Pt/Co/ALOs. The Y-zeolite-based samples were inactive in both mono and
bimetallic samples. The species initially present in the solid wetea® Cd, together with Cé" and Pt" at exchange
positions. C6 seems not to participate as an active site in the SCR gf Nlose species remained after the reaction but
some reorganization occurred. A synergetic effect among the different species that enhances both the Ne@dotid, the
activation of CH, and also the ability of the catalyst to adsorb NO, could be responsible for the high activity and selectivity
of the bimetallic zeolites. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction Recently, several active catalysts for the SCR of
NO, with CH4 have been reviewed by Armor [1], who
The use of CH as reducing agent for the selec- concluded that Co in Co-ZSM-5 and Co-Ferrierite
tive catalytic reduction of NQhas become particu- appear to be more reactive than other transition metal
larly interesting given the plentiful supply of GHn ions. However, none of these catalysts are sufficiently
the world and the fact that it is a common fuel used effective in wet atmospheres. The author estimated
in stationary engines at power plants producing,NO that Co-Ferrierite is about a factor of four too low
during the combustion process. in activity for commercial applications in stationary
engines.
Ga- and In-loaded H-ZSM-5 catalysts are also ac-
"+ Corresponding author. Tel.: +54-42-536861; ti\_/g for the gbove reaction [2] but they are also sig-
fax: +54-42-553727 nificantly poisoned by water vapor and s@nfortu-
E-mail addresspetunchi@fiqus.unl.edu.ar (J. Petunchi) nately present in the exhaust gas stream). Noble-metal
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based catalysts seem to have overcome most of these Another interesting catalytic process also based on

problems. However, some of them are little selective
in the presence of oxygen excess. In fact, Pt and Rh
exchanged in ZSM-5 [3] have a high selectivity in the
absence of oxygen but when 2% of @ added to
the feed, platinum is not selective, the NO tg tbn-
version being only 3% with 25% of 0. Under such
conditions, Rh-ZSM-5 presents 25% of NO conver-
sion with approximately 10% of N©at 450C.

PdH-ZSM-5 was first reported by Misono et al. [4]
as an active catalyst for the reduction of NO with ZH

the concept of cooperative (bifunctional) effect was
found by lwamoto et al. [14,15]. They reported that
the intermediate addition of ethane (IAR)toaNO# O
stream in a twin reactor system with Pt-ZSM-5 in the
first reactor and different monometallic ZSM-5 in the
second, increases the effectiveness of the monometal-
lic zeolites.

We also found that Pt added to C-zeolites (viz. mor-
denite, ZSM-5 and ferrierite) promoted the NO tg N
conversion with CH [16,17]. In the present work, a

Since then, Pd-based catalysts supported on variousmore detailed study of the effect of Pt on the wa-
solid acids have been employed with the same purposeter resistance of Co-zeolites is presented. The role of

[5,6]. In their study of the SCR of NOwith CH,
over palladium-exchanged mordenite, Descorme et al.
[7] interestingly found that the activity is increased
by the addition of 10% of water in the feed stream
(2000 vpm NO, 1000 vpm CH 1000vpm Q in the
GHSV =30,000 h1). They attributed such behavior to
a migration of Pd ions from hidden to accessible sites.
However, the highest NO to Nconversion of those
solids reported so far is only 25% at 480

Extensive efforts have recently been made to im-
prove both transition and noble metal catalysts includ-
ing their NO reduction activity and selectivity, and
more important still, their durability under real op-
eration conditions. One of the ideas that many re-

searchers have explored to achieve the above objective,

is to create catalysts of high activity and selectivity
by the combination of catalytic sites for NO oxidation
and NO reduction [8]. For example, interesting results
were reported by Kikuchi and co-workers [6,9,10,11],
who found that precious metals (Pt, Rh or Ir) added
to In/H-ZSM-5 improve the NO conversion in the se-
lective reduction with methane under wet conditions.
They suggested that the bifunctional catalysis of such
solids is remarkably facilitated by the co-existence
of the active sites in the pores of the zeolite, what
these authors call ‘intrapore catalysis’. Ogura et al.
[12] also found a cooperative effect of Pd and Co
on Pd/Co/H-ZSM-5 which shows high catalytic per-
formance for the removal of low NQconcentrations
even in wet atmospheres. Recently, Yan et al. [13] re-
ported a synergetic effect when Cog@lz was phys-
ically mixed with H-ZSM-5. In fact, they found that
the NO to N conversion with CH over such physi-
cal mixture was twice as high as that expected if the
components acted independently.

the Pt—Co interaction and the effect of the support on

that interaction are also investigated. An attempt is

made at elucidating the species present in the bimetal-
lic zeolites.

2. Experimental
2.1. Catalysts preparation

By Pt and Co ionic exchange, catalysts were
prepared on the following zeolitic matrixes: Na-
Mordenite [N&(AlO2)7(Si0O2)a1], Na-ZSM-5 [Nay-
(A|02)g(5i02)8, K-Ferrierite [(Na,k}’7(A|02)3’7-
(Si02)32,3] and Na-Y[Nags(AlO2)s6(SiOz)136]-

Mono and bimetallic solids were obtained following
the previously described techniques [17].
The alumina-based samples were prepared by the

wet impregnation method using Pt(N}4(NO3):

for Pt/Al,03 and Co(NQ); for Co/Al,0s3. The
Pt/Co/AbO3 catalyst was prepared by successive
impregnation.

The mechanical mixture was prepared from previ-
ously calcined monometallic solids, keeping the Co/Pt
ratio equal to that of the bimetallic samples.

All zeolite-based catalysts were pretreated in O
stream prior to the catalytic evaluation and following
the steps described before [17].

The Pt and/or Co samples supported op@y were
subjected to calcination up to 400, heating them at
5°C/min and keeping this temperature for 3 h. Table 1
shows details of the preparation of the catalysts.

2.2. Catalytic activity measurement

The reaction was performed in a fixed-bed quartz
reactor, 12 mm ID. The catalyst mass was 0.500 g and
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Table 1
Composition of catalysts
Samples Si/Al Metallic content (%) Me/AIP

Co Pt Co/Al PY/AI
Pty.5Coz.0Mor 5.9 2.87 0.39 0.21 0.01
Pt;.0Coz oMor 5.9 2.63 0.73 0.19 0.02
Pty.5Coz.0HMor 5.9 1.83 0.30 0.14 0.01
CooMor 5.9 291 - 0.29 -
Pto.sMor 5.9 - 0.37 - 0.01
Pt5C020ZSM-5 9.7 1.62 0.61 0.18 0.02
Pio.sCozoFer 8.8 1.80 0.56 0.19 0.02
Pt sMor + Cop oMor (Mechanical mixture) 5.9 1.31 0.37 0.1 0.01
Pt sMor/CoyoMor (Two-stage catalyst) 5.9 1.31 0.37 0.1 0.01
Pt/Al,O3 - - 0.5 - 0.002
Co/Al,O3 — 2.0 - 0.01 —
Pt/Co/ALO3 - 1.64 0.46 0.008 0.002

aPercentages of weight in metal were determined by atomic absorption and CPS.
b Calculated per unit cell of zeolites in zeolitic catalysts and per gram of catalyst,iDzAdatalyst.

the typical reacting mixture was 1000 ppm of NO, the difference in weight after exposure to the NO/He
1000-3000 ppm of Cij 2% O, balanced at 1atm in  stream and the weight of catalyst following pretreat-
He (GHSV: 6500 and 30,000). Water was intro- ment divided by the total Co content.

duced through a saturator in which different concen-
trations were obtained by varying temperature. The
catalytic activity was evaluated with an SRI 9300 B
chromatograph with two columns: 5 A molecular sieve
and Chromosorb 102.

The NO conversion (o) was calculated by the
production of ¥, and the CH conversion (gn,) was
calculated by consumptionjg = 2[N2]/[[NO]° x 100;
CcH, = ([CHa4]° — [CH4])/[CH4]°, where [NO} and
[CH4]° are the initial concentrations of NO and ¢H
respectively.

2.4. XPS experiments

XPS data were obtained in a Shimadzu ESCA-750
spectrometer equipped with an anode for Mg K
(hv=1253.6eV) radiation. The signal was accu-
mulated and processed using an ESCAPAC 760
computer system. The curve-fitting processing was
made using Gaussian—Lorentz profiles in order to
be able to detect asymmetries or additional species.
The (Co/Si} atomic ratios were calculated using the
area under the Co(2p) and Si(2p) peaks, the Scofield
2.3. Microbalance experiments photo-ionization cross-sections, and the mean free

paths of the electrons. The instrumental function

A Cahn microbalance (C-2000 Model) was used was supplied by the ESCA manufacturer. The bind-
in the flow mode. Weight changes with time in He ing energy (BE) of Si(2p) was taken as reference,
or NO (5%). He mixture were recorded at various and measured for each support. Results values were:
temperatures. 102.9 (2.5)eV for NaMordenite; 102.8 (2.4)eV for

Before adsorption, mono and bimetallic catalysts K-Ferrierite and 103.0 (2.2) eV in Na-ZSM-5.
were calcined in situ as described before, and reduced The calcined samples were subjected to the stan-
with H> at 350C as needed. The adsorption of the dard pretreatment and dehydration in the high vacuum
original zeolites (without exchanged cations) was also chamber (slowly heated at the rate 6{C3min up to
measured. The weights recorded were in the presencel50°C and then up to 35C) to eliminate the water
of the ambient gas atmospheres and corrected by buoy-from the catalyst. Afterwards, the sample was mea-
ancy sured at room temperature. It was then reduced for 1 h

The data for NO adsorption was calculated from with Hz in the pretreatment chamber attached to the
the weight increase on NO adsorption. The values are analysis chamber, so that the solid was not in contact
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Fig. 1. Conversion rate of NO and GHlepending on the reaction temperature for PtCo-Mordenite and Co-Morddijté.],
Pio.5Coz0Mor, @, @, ® CooMor. Filled symbols: dry conditions. Empty symbols: wet conditions. Cross-empty symbols: after removal
of water from the feed stream. Reaction conditions: GHSV: 6560 NO: 1000 ppm. Cl: 1000 ppm, Q: 2%, Water: 2%, balance to

1 atm with He.

with the atmosphere. After the catalytic evaluation, the also recorded. The spectra from the adsorbed species
catalysts were also analyzed following the dehydration were obtained by subtracting the spectrum of the
treatment in the analysis chamber described above. water from the spectrum determined after adsorption.

2.5. TPR experiments 3. Results

Temperature-programmed reduction experiments
were performed in an Okhura TP-20025 flow equip-
ment with a TCD detector. 0.1 g of solid was employed
and 5% H/Ar was used as reducing gas. The heating
rate for these experiments was°@@min from room
temperature up to 80C and this was kept constant
for 30 min. All samples were calcined according to
the standard pretreatment, prior to each experiment.

3.1. Catalytic results

In a previous study [17] we found that the incorpo-
ration of 0.5% of Pt to a 43% base exchange capacity
(BEC) Co-Mordenite promoted the SCR of N®@ith
methane after the samples had been reduced iatH
350°C for 1 h. With such platinum loading the great-
est efficiency of NO to N conversion was obtained.
2.6. FTIR experiments When the Pt content increased, the activity forCH

with O, combustion was prevalent. Consequently,

Spectra were obtained with an FTIR Shimadzu all the samples investigated in this study were pre-
DR-8001 instrument, accumulating 2000 spectra with pared with 0.5% of Pt and pretreated in Hefore
a spectral resolution of 4 cd. A cell of a small dead  the catalytic tests. The results shown in Figs. 1 and 2
volume with KBr windows was used which allowed confirm our previous findings both at GHSV =6500
treatment in situ. The pellets were self-supported and 30,000 hl. When 2% of water vapor was added
(7-10 mg/cri). Before the FTIR experiments, the to the feed stream, both the N@ N, conversion and
samples were subjected to the standard pretreatmenthe CH; to CO, conversion of bimetallic as well as
and dehydrated under vacuum overnight at °400 monometallic samples decreased (Figs. 1 and 2). Inter-
Then, 7 Torr of NO were admitted to the cell at the estingly, in CeoMor, while the NO to N conversion
desired temperature and the spectra were recorded atlropped to 2% at GHSV =30,000h and 500C,
the same temperature. Their changes with time were Py 5Co oMor showed 36% of conversion under the
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Fig. 2. Conversion rate of NO and GHepending on the reaction temperature for PtCo-Mordenite and Co-Mordilhite, Pt sCo, oMor,
@, @ CoyoMor. Filled symbols: dry conditions. Empty symbols: wet conditions. Reaction conditions: GHSV: 30;00R®: 1000 ppm.
CHg: 1000 ppm, Q: 2%, Water: 2%, balance to 1atm with He.

same reaction conditions. Besides, when the water
was removed from the feed stream, the activity and se-
lectivity were totally recovered, whereas in £dlor
only 80% of the initial NO to N conversion was ob-
tained (Fig. 2). Under comparable reaction conditions
(INO]=850ppm, [CH]=1015ppm, [Q]=2.5%,
[H20]=2%, GHSV =30,000h!, 500°C) Armor and
co-workers [18,19] reported a NO to,Nonversion
of 25, 28 and 29% over Co-Mordenite, Co-ZSM-5
and Co-Ferrierite, respectively. Despite the higher
Co/Al ratio (viz. 0.47, 0.49 and 0.39, respectively) of
such samples compared to the bimetallic mordenite
(Co/Al=0.21) their NQ to N, conversion was lower. . . ‘
However, the Co-Mordenite used in this study shows 0 2 456 8 10
a different behavior which could be due to the lower Water Content (%)
Co loading and/(.)r tq the difference in the method of Fig. 3. Conversion rate of NO depending on the water con-
sample prepqratlon_/(de supra. . tent for PpsCopoMor and CeoMor. M, [, PtsCoyoMor

To further investigate the promotion effect of Pt (cHuNO: 1), o PisCoroMor (CHa/NO: 3), ®, @ CopoMor
on the activity of Co-Mordenite under a wet reac- (CH4/NO: 1). Filled symbols: GHSV: 30,0001, empty sym-
tion stream, the role of water vapor concentration on bols: GHSV: 6500 h'. Reaction conditions: NO: 1000 ppm. GH
the SCR of NQ was studied at GHSV = 30,0001,1 1000-3000 ppm, & 2%, balance to 1atm with He, Temperature:
The results obtained at two GHNO ratios (viz. 1 and S00°C.
3) are shown in Fig. 3. The NQconversion of the  was no function of the level of CHin the feed (Fig.
bimetallic mordenite strongly decreased up to 5% of 3). Besides, the bimetallic Co-Pt-Mordenite remains
water in the feed stream but with further increases stable (NO to N about 40%) for more than 250 h un-
of the HO level, its impact on NO conversion was der reaction stream (NO =Gt 1000 ppm, 2% @,
rather mild. The effect of KO over PgsCor gMor 2% water vapor, GHSV =30,000h). This is differ-

NO Conversion (%)
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Fig. 4. Conversion rate of NO depending on the reaction temperature for various catalysts aet?upitysCopoMor, ¥, v CooMor,
@, PihsMor, @, @ PtgsMor + CopgMor (mechanical mixture)ll, (I Pty sMor/Cop oMor (two-stage catalyst). (A) Dry conditions, (B) wet

conditions. Reaction conditions as in Fig. 1.

ent from the behavior of Co-ZSM-5 reported by Li
et al. [18,25]. Besides, while this catalyst presented a
NO conversion of about 15% at 500 with 7.3% of
water in the feed stream at GHSV of 7500thand a
CH4/NO ratio of 4 [20], the bimetallic mordenite con-
verted 32% of NO with Ci/NO =1 and a comparable
GHSV (Fig. 3). In the same vein, Ogura et al. [12], in
their study of the effect of the coexistence of Pd and
Co on H-ZSM-5, reported a NO toJ\tonversion of
12% at 400C with CHs/NO =2, 10% Q, and 10%
H»0 in the feed stream at GHSV = 11,400%over the
bimetallic samples. On the contrary, Co-HZSM-5 was
not active under these reaction conditions. The posi-
tive role of Pt on the water resistance of Co-Mordenite
appeared again when the bimetallic sample was com-
pared with the monometallic one. In fact, for the latter
the NO conversion dropped to zero when less than 5%
of water was added to the feed stream.

In order to determine whether the promotion effect
of Pt on Co-Mordenite activity needs the intimate con-
tact of cations, or if it is only a consequence of the
presence of platinum, the following two sets of exper-
iments were conducted:

(i) Amechanical mixture of both calcined monometal-
lic solids was prepared so as to obtain a sample
with comparable Co/Pt ratio as the bimetallic

ones. The mixture was reduced at 360for 1 h

in Hz flow and then it was catalytically evalu-
ated under the same conditions as the bimetallic
sample;

(i) A two-stage catalyst was prepared. It consisted
of PfysMor (upstream) and GgMor (down-
stream) in two layers separated by a layer of
quartz wool with an overall Co/Pt ratio similar to
the bimetallic sample. In this case, the catalyst
was also reduced as before and then catalytically
tested. In Fig. 4A, the NO to Nconversion of
the above combination (mechanical mixture and
two-stage catalyst) is compared with the reduced
monometallic (CgoMor, Pt sMor) and bimetal-
lic (Pto5CopoMor) samples. Up to 50@, the
N> yield of both the mechanical mixture and the
two-stage catalysts were comparable. The overall
N> yield of both catalytic systems was higher
than the sum of the individual yields of ggMor
and PgsMor, but such yield was lower than in
the bimetallic catalysts. When 2% of water was
added to the feed stream, an increase in the dif-
ference with the bimetallic catalyst was observed
(Fig. 4B). This suggests that an intimate con-
tact of the active sites in the zeolite channel was
necessary to improve the promotion effect of Pt.
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by standard pretreatment. Bimetallic samples were reduced after standard calcination.

To further investigate this effect, bimetallic samples viously reported by Armor [20] but they proved less
were prepared on different zeolites (viz. ZSM-5, fer- active when the Co loading was taken into account
rierite and Y-zeolite) and on AD3 support, and cat-  (Fig. 6). However, the bimetallic samples presented a
alytically evaluated after reduction at 3%Dfor 1 h better activity for the SCR of NO (Fig. 6) [19]. An
in H> flow. The incorporation of Pt increased the NO interesting behavior was observed on Y-zeolites and
to N2 conversion (Fig. 5A) and the intrinsic activity ~Al>,03. Whereas the former proved inactive for both
of cobalt exchanged in the different zeolite structures mono and bimetallic solids, Co/AD3 and Pt/AbO3
(Fig. 6). The Co-zeolites showed the same trend pre- were almost inactive in the latter within the tempera-
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ture range under study, but Pt/Co@s reached 30%
NO to N, conversion at 50CC.

Fig. 5B shows the results obtained when 2% water
was added to the feed-stream. The overallylield
was lower in all the catalysts but while in the bimetal-
lic ferrierite, mordenite and ZSM-5, NO toJdtonver-
sions of 70, 60 and 20%, respectively, were reached at Co Mor Cc
500°C, in Pt/Co/AbO3 that conversion was less than 20
5%.

In search for a better understanding of the Pt pro-
motion effect and in an attempt to elucidate the nature
of the active sites, gravimetric and FTIR studies of NO
adsorption were performed and the solids were also
studied by TPR techniques and XPS. In this paper,
those studies were focused on the mono and bimetal-
lic mordenite samples.

Pt Co_ Mor b
0.5 2.0

Absorbance A.U.

Pt Co_ Mor a
0.5~ 2.0

3.2. NO adsorption results

With the purpose of studying the effect of Pt on the —_t— 1l

. . 2400 2200 2000 1800 1600 1400 1200
capability of the catalyst to adsorb NO, the adsorption
of such species was measured on mono and bimetallic
mordenites using a microbalance for quantitative re- Fig. 8. FTIR spectra obtained from NO adsorption on
sults and FTIR techniques to characterize the speciesPisCozoMor after () 1 min contact time, (b) 10 min contact time
formed. The studies were conducted at different tem- and CeoMor after: (c) 1 and 10 min contact time. See Section 2.
peratures. Some of the preliminary data obtained at
300°C are shown in Figs. 7 and 8.

Wavenumber cm-1

The results obtained on ggMor are in gen-
o4 eral agreement with our previous findings [17] and

NO moles/g*105

those of Zhang et al. [21]. In fact, they reported a
NO/Co ratio of 0.25 molecules N@Co?™ at 250C
20 % on Co-Mordenite (Si/Al=5.25, 65% BEC) against
i 0.19 molecules/Cd™ at 300C (Si/Al=5.9, 43%
161 % BEC) in this work (Fig. 7). Calcined and reduced
: PtysCooMor adsorbed the same amount of NO
12 - 7 5 (viz. NO/C&*t =0.42), which was higher than in the
B e monometallic samples. Interestingly, after 1h under
8 B flowing He at 300C, the NO adsorbed on both the
5 mono and calcined bimetallic mordenites was totally
4+ removed, whereas in the reduced $& o, gMor, 0.12
NO/CA* remained adsorbed. No reoxidation by
0 = wree NO of the reduced sample was observed under such

Co, (\Mor Pt, Mor  Pt, Co, ,Mor conditions.

The IR spectrum obtained from geMor and
Fig. 7. Microbalance data for the NO adsorptié Reversible Pto.5CozoMor in the presence of 7 Torr of NO at
adsorption,N irreversible adsorption (after 1h flowing He at 300°C at various time intervals is shown in Fig. 8.
300°C). Temperature: 30C, adssorption time: 60 min. The cat- in. band 1878. 1900 d 1934dm
alysts were pretreated in flowing,Qvernight, purged with dry After 1 mlltl, ands at ! an .
He for 1h, cooled in He flow before contacting with a stream of appeared in the monometallic samples and remained
5% of NO in He. constant with time. In agreement with Ailer et al.
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Table 2

XPS data of PtCo-Mordenites

Catalyst Treatment Co(3p) Binding energy (e\) (ColSi)°

Co'2 cd Pt-2 PP

ColSiQ Calcined 400C 781.5 - - - 0.22
Reduced 350C - 778.2 - - 0.08

Cop oMor Calcined 400C 783.1 — - - 0.09
Reduced 350C 783.4 - - - 0.05

Pty.5sCaop oMor Calcined 400C 783.1 — - - 0.08
Reduced 350C 783.3 - - - 0.05
After reaction (dryj 783.2 - - - 0.14
After reaction (wet) 783.3 - - - 0.12

Pt; oCop oMor Calcined 400C 783.1 — 73.1 71.9 0.08
Reduced 350C 783.3 778.3 73.1 71.9 0.08

Pt/Co/ALO3 Calcined 400C 782.5 - - - 0.08
Reduced 350C 782.0 - - - 0.1%

aThe binding energy values are referred to Si(2p): 102.9 (2.5) eV for NaMordenite and 103.8 eV for SiO

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

¢ Reaction conditions: GHSV: 6500h, NO: 1000 ppm, Cl: 1000 ppm, @: 2%, H,O: 2% balanced to 1atm with He.
d Co/Al ratio.

[22], those bands could be assigned to dinitrosyl and lic samples with 0.5 wt.%. When samples with higher
mononitrosyl species, respectively. In the bimetallic platinum loading were studied, the binding energies
sample, only a band centered at 1934¢ntan be of Pt and Pt were detected in both calcined and
observed after 1 min of contact with NO. As the con- reduced samples (Table 2).

tact time increased, such a band decreased and new In the bimetallic solids subjected to the different
bands appeared at 1312 and 1510 ¢mwhich were treatments mentioned before, the Al(2p) BE was mod-
assigned to adsorbed NGspecies. This suggested ified only at+0.2eV. In the sample with 0.5wt.%
that disproportion of NO (BN®@> N2O + NO,) takes of platinum, the only signal observed was the one at
place in bimetallic samples, as suggested by Lunsford 783.2+ 0.1 eV, which can be assigned to the ion of

et al. [23] for other zeolites. Cc?t located at exchange position, in agreement with
what was reported by several authors [24,25]. This is
3.3. XPS results also confirmed if we compare the Cog2p) BE of the

cobalt on mordenite with that one supported on SiO

Bimetallic PtCo-Mordenite, monometallic Co- (Table 2). Only in the sample with higher Pt loading
Mordenite and also Co/SiOand Pt/Co/A}O3 were (viz. Pt oCop oMor) after reduction with H at 350C
analyzed by XPS. The measurements were performeddid the C&* (783.3eV) and Co (778.3eV) signals
in the BEs region corresponding to Si(2p), Al(2p), coexist. The BE metallic cobalt was comparable to
Pt(4f), Co(2p) and C(15). Al(2p) was also measured the solids used after reaction. The Co/Si surface ratio
in the NaMordenite obtaining a BE value of 74.5eVv Was higher than the bulk one (compare Tables 1 and
with a full width at half maximum =2. The samples 2). Such surface ratio increased in the solid after be-
were analyzed after various treatments: (a) Calcina- iNg under a reaction stream. Interestingly, it was not
tion, (b) in situ reduction at 35€, (c) after reaction  affected by the presence of up to 10% of water in the
under dry stream for several hours, (d) after reaction feed stream (Table 2).
with 10% of vapor water added to the feed stream
for several hours. Some of the results obtained are 3.4. TPR results
summarized in Table 2.

The Pt(4f) signal partially overlapped that of Al(2p). With the aim of obtaining additional information
Consequently, it was not possible to accurately deter- about the Pt—Co interaction, TPR experiments were
mine the signal corresponding to Pt in the bimetal- performed on monometallic Co and PtMordenites
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Table 3
Reducibility of Co and PtMordenite
Catalyst wmoles of metd wmoles of HP Ho/(Co+Ptfd
Co Pt 20/400C 400/800C 20/800C

CopoMor 20.2 - - 8.90 0.44
Pty.sMor - 1.90 1.34 0.57 1.00
Pt sMor + Cop gMor (mechanical mixture) 27.6 1.90 3.35 9.90 0.42
Pt sMor/CoyoMor (two-stage catalyst) 27.6 1.90 2.40 9.10 0.39
Pty.5Coz.0Mor 24.0 1.65 4.70 20.95 1.00
Pt 5CopoMor (after reaction dry conditions) 24.0 1.65 - 21.60 0.84
Pt 5Coz0Mor (after reaction wet conditions) 24.0 1.65 2.40 21.0 0.91

amoles of metal used in TPR experiment.

PH, consumption from TPR profile.

¢H, consumption per (Co+Pt) moles.

dH, consumption per Co moles (the one corresponding to Pt was subtracted from the tamhddimption).
on the two combinations described before (viz. me- PtO.SMor(x4)

N —

PtMor+CoMor
(Mech. Mix.)
PtMor/CoMor
(Two-stage cat.)

Pt, sCo, yMor

chanical mixture and two-stage catalyst), and on the
bimetallic PtCo-Mordenite. The results obtained are
shown in Fig. 9 and Table 3.

In agreement with our previous findings [17] the H
consumption in RtsMor indicated that one molecule
of Ha is consumed per platinum (Table 3). This would
indicate that the average oxidation state of platinum
remains divalent after calcination at 380 The TPR
profile of CaoMor presented a broad peak with a
maximum at 550C. The H consumption per Co mol
indicates that an overall reduction of 44% was reached
under the TPR experimental conditions.

The TPR profile of the mechanical mixture and the
two-stage catalyst appear to be qualitatively very sim-
ilar and equal to the sum of the individual TPR pro-
files of the monometallic mordenite (Fig. 9). However,
from a quantitative point of view some difference be-
came visible in the lower temperature zone. In fact, the
H> consumption in this zone indicated that in the me-
chanical mixture 5% of cobalt was reduced, whereas
in the two-stage catalyst the degree of reduction of the
Co was 2%. In the mechanical mixture some interac-
tion of Pt and Co could be expected which could af-
fect the reducibility of the cobalt in the zeolitic matrix. tive monometallic samples (Fig. 9). In the below
Such interaction could also be due to the mobility of 400°C temperature zone, the,Honsumption indi-
Co-Mordenite during the &treatment at 40CC (vide cated that 13% of the cobalt was reduced, whereas
suprg. This effect was less probable in the two-stage at higher temperatures the remaining 87% was re-
catalyst. The greater than expected increase in the H duced. Noticeably, in this higher temperature region,
consumption observed in such samples cannot be ex-two well-defined peaks were observed, while in the

0 200 400 600 800
Temperature (°C)

Fig. 9. Reducibility of various catalysts.

plained with the data obtained so far.
The reduction profile of the bimetallic f3Co, oMor
catalyst did not correspond to the sum of its respec-

Caop oMor there was only one broad peak which started
at approximately 420C and finished at about 750.
The increase in the reducibility of Co (Table 3) and
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the cobalt was segregated as a consequence of the wet
reaction stream and would form supported cobalt ox-
ides. If this was the case, thesldonsumption per Co
molecule indicated that 10% of the total cobalt was
segregated (Table 3).

Used with water

4. Discussion

Used without water In agreement with what ever has been reported else-

where [17] the addition of 0.5% Pt to Co-exchanged
zeolites promoted the NO todtonversion when Cil
was used as a reducing agent increasing the intrin-
sic activity of Co in the zeolite matrix (Figs. 1, 2,
5 and 6). The addition of up to 10% water to the
feed stream did not seem to totally affect the conver-
sion values. These, however, dropped to zero in the
CopoMor when 5% of water was added to the feed
stream (1000 ppm NO, 1000 ppm @GH2% ) at
500°C and a GHSV =30,0001. The Pg5Co, gMor
showed 20% of NQconversion. This Myield, though
not very high, appeared promising when compared
with the ones repeated over different monometallic as
well as bimetallic Co-zeolites [12,20yifle supra.

The promotion effect became evident when the

Calcined

0 200 400 600 800
Temperature (°C)

Fig. 10. Influence of water on the reducibility ofgBCoz oMor.

the different shapes of TPR profiles (Fig. 10) strongly
suggest a promotion effect of Pt on the reducibility of
Co exchanged in mordenite when both coexist in the

solids were reduced inHlow for 1 h at 350C. After
such pretreatment, XPS only detected®Cdocated
at exchange position. No significant changes in the

same zeolite structure. Compare §€o oMor TPR
profile with that of the PtMordenite/Co-Mordenite

BE of Co(23/2) were detected after the catalysts had
been under reaction for several hours either with or
mechanical mixture (Fig. 9). without water in the feed-stream. Despite the fact
The reducibility of the bimetallic mordenite after that TPR results revealed that 13% of Co (0.4% of
being under reaction stream with and without water in the total Co loading) was reduced after treatment in
the feed was also studied by temperature-programmedH, at 350C (Fig. 9, Table 3), the signal correspond-
reduction. In Fig. 10, the TPR profiles of both ing to the BE of supported Cavas detected neither
used catalysts are compared with the fresh calcinedin reduced samples (fresh catalyst) nor in samples
Pt5Co oMor. Both used samples under dry and wet placed under a dry or wet reaction stream. This could
reaction stream (10% of water in the feed-stream) be due to the low amount of such species. In fact,
present comparable TPR profiles and they are differ- when samples with 1% of Pt were analyzed after
ent from that of the calcined samples. reduction, the Co signal was detected in the XPS
The used samples did not present the expected TPRspectra. The BE of Coin Pty 5Cop oMor is compara-
peak with a maximum at temperatures lower than ble to that of Cé/celite (Table 2), suggesting that no
250°C. The catalyst that was not exposed to a wet formation of Pt—Co bimetallic particles takes place
stream started to reduce at 4@producing a peak [24].
with a maximum approximately at 700. The sample From the TPR experiments it can be inferred that
that had been several hours (more than 100) in feed Pt particles were formed after the reduction treatment
reaction stream with 10% of water vapor presented a (Fig. 9, Table 3). This species seemed to be stable
small peak in the lower temperature zone with a max- after the catalyst had been under dry as well as wet
imum about 300C. This could suggest that part of reaction streams (Fig. 10, Table 3). However, XPS
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did not detect Ptsignals in samples with 0.5wt.%

L. Gutierrez et al./Catalysis Today 54 (1999) 451-464

NO, with CH4 was much lower than that of the pal-

loading. This species became visible in samples with ladium directly supported on H-ZSM-5. By contrast,

1wt.% Pt loading. Ptand P#t were present in all the
samples studied (viz. calcined and reduced).

This complex system yields very active and selec-

tive catalysts for the SCR of NO with GHbut in or-

if SOﬁ‘ /2ZrO> was mechanically mixed with Pd/SO
the resulting activity showed about the same conver-
sion level as observed when Pd is directly supported
on SOﬁ‘/ZrOz. They concluded that both palladium

der to elucidate such behavior, some queries need toand acid sites are necessary to achieve high catalytic

be answered.

activity and that the two catalytic functions do not

e Is a close interaction among the different species need to be in intimate contact to generate an effective

necessary to obtain the desired effect?

SCR catalyst. However, the authors assumed that the

o Do all the species present play a role in the enhance- different behavior observed with H-ZSM-5 was due to

ment of the activity of such catalysts?

o Which are the factors responsible for the promotion
effect of Pt on Co-zeolites?

The NO to N conversion of the mechanical mixture

the limitation transfer of reaction intermediates from
palladium to the acid sites or vice versa through zeo-
lite cages. This conclusion appears to be in disagree-
ment with the one reached by Yan et al. [18]de

of CopoMor and PgsMor and the two-stage catalysts  suprg. The results obtained with the Pt/Co/zeolite sys-
at temperatures higher than 480(Fig. 4) would indi- tem suggest that up to a certain extent there is some
cate that the catalytic behavior of such samples under cooperation between species, even when they may not
dry reaction conditions is not a consequence of the sum be in intimate contact. A close interaction among them
of the individual effects. Some promotion effect of Pt enhances such cooperation effect and consequently
appears to have occurred, but it was almost canceledyields a better catalyst for the SCR of N®@ith CHj.
when water was added to the feed stream (Figs. 1A, The presence of water vapor seems to interfere with

4A and 4B). In the bimetallic systems such promotion
effect of platinum was most evident and it remained
even with high levels of water in the feed stream (Figs.
1A, 2A and 3). This shows that in order to obtain a

the transportation of reaction intermediates from one
site to the other, both in the mechanical mixture and in
the two-stage catalyst. This interference is not so pro-
nounced when the active sites are located in the same

more efficient catalyst of the SCR of N@vith CHg, zeolite structure (viz. PtCo-Mordenite) (Fig. 4). The
Pt and Co need to be in intimate contact inside the different behavior of the bimetallic samples could also
channel or on the surface of the mordenite. The above be due to the fact that such solids are uniform cata-
behavior exhibits similarities and discrepancies with lysts containing two or more catalytic species whose
comparable catalytic systems which present the coop-role is sometimes difficult to determine [8].

erative effect between active species. In fact, Yan et At this point, the role of the support has to be em-
al. [13] reported a synergetic effect in lean N@duc- phasized. It affects both the intrinsic activity of the ac-
tion by CH, over physical mixtures of Co/ADs; and tive species and their performance under wet reaction
H-zeolite at temperatures above S30Q0(CH4/NO =3, stream (Figs. 5 and 6). The difference in activity and
O, =2%, GHSV =14,000h!) but they did not find selectivity between Co exchanged on various zeolite
such effect when H-ZSM-5 (upstream) and Co/8¢ structures has been reported by Liand Armor [19]. The
(downstream) were used as two layers separated by aauthors found the following order in activity and se-
layer of quartz wool. The authors did not report cat- lectivity: Co-Ferrierite >Co-ZSM-5 > Co-Mordenite.
alytic tests with water in the feed stream. They con- They explained those results by assuming that
cluded that the synergetic effect could be explained the different location and coordination of €o

by the participation of Co ions and protons. NO is ox- in the zeolite channels would affect their activity
idized to NQ over the Co ions and N£is reduced and selectivity. The restriction of the diffusion of
by CH, to N2 over the proton sites. Loughran and Re- methane molecules by small channels may con-
sasco [5] also reported a bifunctional catalyst when trol the selectivity to methane. The monometallic
they studied the combination of Pd and H-ZSM-5. Co-zeolites in this study kept the same order (Fig.
They found that if H-ZSM-5 was mechanically mixed 6), whereas in the bimetallic samples the order was:
with Pd/SiQ, the resulting activity for the SCR of  PtCo-Ferrierite > PtCo-Mordenite PtCo-ZSM-5>
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Pt/Co/AbO3. This suggests that when Pt is incor- occur when the catalytic test was performed without
porated to Co-zeolites, some changes in the naturewater in the feed stream. Consequently, it seems that
and/or accessibility of the active sites seem to occur those species did not participate as active sites in the
(vide infra). reaction scheme.

The water resistance of the PtCo-zeolites appears A similar bifunctional mechanism in the SCR of
to be independent of the zeolite channels topology NO with CH; under dry and wet reaction stream was
but strongly dependent on the support structure (viz. suggested by Kikuchi and co-workers [9-11,30] over
zeolite against AlO3) (Fig. 5). This could be related In/H-ZSM-5 zeolite promoted with additives such as
to the relative accessibility of the active site to water Pt, Rh, In, Pd, Fe, Ce, etc. In these catalysts the oxida-

molecules.

tion of NO to NGO, takes place on the additive metal,

As discussed before, the species that the reactionwhereas the reduction of NCby CHs occurs on In

stream ‘could see’ are: RtCo, PE+, Co?t (Table 3,
Figs. 9 and 10) and, eventually, some Bronsted acid
sites formed during the Hreduction of the samples

sites. The authors also suggested that the role of the
precious metal not only enhances the catalytic activ-
ity for NO oxidation but also increases the amount

[16,26]. In order to understand the role of such species of chemisorbed N@species on In® sites [29]. This

and how they contribute to enhance the activity of
the bimetallic samples, several well-documented facts
about the SCR of NO should be introduced.

NO, has been proposed by various authors as
an important intermediate in the reaction scheme
[20,27,28]. The bifunctional mechanism has been for-
mulated by a combination of acidity and metal species
like Ga/H-ZSM-5 and In/H-ZSM-5 [29]. In this case,
the authors suggested that the NO + (12Y@NO;
reaction occurred in the zeolitic acid sites. In this
study, we found that the TOF of PtCo-Mordenite (the
H™ in this sample came only from4+eduction) and
PtCoHMordenite were comparable (Fig. 6) despite
the bigger amounts of Bronsted sites in the latter. This
suggests that the Hgenerated during reduction does
not play an important role.

The reduced Co/AlO3 where cobalt has been re-
duced 100% to Cowas almost inactive for the SCR
of NO,. Yan et al. [13] also reported a very low activ-
ity of calcined Co/AbO3 (viz. less than 10% of NO
to N2 conversion at 500C) [CH4/NO =3, G =2%,
GHSV = 14,000 h1). Hence, neither Conor C&* or
C0,03 contributed to the enhancement of bimetallic
solids activity. Further evidence could be derived from

the analysis of the TPR results of the catalyst used un-

der wet reaction stream (Fig. 10) and the catalytic be-
havior when water was removed from the feed stream
(Figs. 1 and 2). In fact, when water was removed from
the feed stream, both the activity and selectivity of
PtCo-Mordenite were totally recovered. On the con-
trary, the TPR profile shows that part of the cobalt

could also be a suitable explanation for the promotion
effect of platinum on Co-zeolites. In the mechanical
mixture and in the two-stage catalysts, the high ac-
tivity of Pt for NO oxidation [14,15] would play the
central role in the enhancement of the activity of such
catalytic system [31]. In the bimetallic PtCo-zeolites,
Pt may play another role besides the one discussed
above. This additional role could be to enhance the
ability of the catalyst to adsorb N@s suggested by
the results obtained in the NO adsorption on the re-
duced samples (Fig. 7). This could also increase the
amount of NQ adsorbed on Cd located at exchange
sites (Fig. 8). A synergetic effect can also occur among
the different sites (viz. Pt P+, C?t, HT) in inti-
mate contact in an adequate zeolite structure. In this
scheme Pt" in zeolite sites may help activate Gltb
react with the N@ adsorbed on Cg [32] and form
CHgs radicals [33,34]. The protonic acid sites may also
favor the NG formation. In the same vein, Loughran
and Resasco [5] for the SCR of N@ith CH,4 over
Pd/H-ZSM-5 and Ogura et al.[12] for the said reac-
tion on PdCo-Mordenite, suggested thatPednd acid
sites and highly dispersed Pdand C3* species, re-
spectively, were necessary to yield a suitable catalyst
for the SCR of NQ@, probably due to a synergetic ef-
fect among such species.

5. Conclusions

e A promotion effect was observed for the NO
reduction to N by CHs; when Pt and Co ex-

which was reduced at low temperature segregated and changed in zeolites were combined. Such ef-

then formed supported cobalt oxides. This did not

fect was a function of the degree of interac-
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tion of the active species (Figs. 1, 2 and 4A).
Pty.5Cop oMor > PtMordenite + Co-Mordenite (me-
chanical mixtureX PtMordenite/Co-Mordenite
(two-stage catalyst) > GgMor. PfsMor was in-
active under the reaction conditions used.

e Pt strongly enhanced the water resistance of Co-
zeolites when both cations were located in the same

structure. This effect was not present in either the
mechanical mixture or in the two-stage catalysts
(Figs. 1, 2 and 4B). The zeolite structure also played
a central role in such effect. Pt/Co/&); was al-
most inactive under wet reaction stream (Fig. 5).

e The intrinsic activity of Pt promoting catalysts
depends on the support and the zeolite matrix.
The order of activity (under wet reaction stream)
expressed as turnover frequency (Fig. 6) was
Pty sCop oFerr> Pp sCop gMor = Ply 5Cap gHMor >
Pty.5C0.0ZSM-5 > Py sMor /CoxgoMor (mechani-
cal mixture)>> Pt/CoALOs.

e XPS and TPR results show that the species the reac-

tant sees are PtPET, Co*t, Co® and some H gen-

erated during reduction [17]. Such species remain

under dry and wet reaction conditions but some re-

organization occurs (Tables 2 and 3, Figs. 9 and 10).
The catalysts obtained proved to be stable under dry
and wet conditions in the temperature range studied.

e The highest activity and selectivity of the PtCo-

zeolite could be explained as a synergetic effect (co-

operative effect) of the active species 9(Rind
exchanged Bt, Co*™ and H") which increased
the activity for the NO to M reaction and the ac-
tivation of CH;. It also enhances the ability of the
catalyst to adsorb NO (Figs. 1, 2, 6, 7 and 8).

e The results obtained with the bimetallic PtCo-zeolites

as multifunctional catalysts are very promising.

However, more studies on such systems are nec-
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