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Abstract

Pulse reaction, TPO/TPD (temperature programmed oxidation/temperature programmed desorption), XPS (X-ray

photoelectron spectroscopy) and DRIFT (diffuse re¯ectance infrared transform spectroscopy) have been used to investigate

the role of oxygen on SCR (selective catalytic reduction) of NO over Cu/ZSM-5 zeolites, especially during the early stage.

Pulse reaction shows that propene is deposited on Cu ions and inhibits the adsorption of NO on them. It is necessary for

oxygen to make Cu sites clean by deep oxidation of propene. In the presence of O2, SCR at 623 K is accompanied by coke

deposition on the zeolite. This coke can be discriminated from carbonaceous species formed on Cu in the absence of O2 from

the result of TPO. XPS results implies that Cu(II)±O species play a crucial role in forming Cu(II)±NO2 species, and

subsequently are well correlated with the activity of NO SCR. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since Iwamoto [1] and Held et al. [2] reported that

the selective catalytic reduction (SCR) of NOx by

hydrocarbon over Cu/ZSM-5 proceeded even in a

large excess oxygen, many researchers in the world

have enthusiastically tried to ®nd a catalyst with better

activity. Though Cu/ZSM-5 is known to show a good

activity, it is still not high enough to ful®ll further

stringent emission standards. Therefore, the under-

standing of the reaction mechanism is essential for the

design of better catalysts.

During past several years, many mechanistic studies

on the SCR of NO on Cu/ZSM-5 have been published

[3±7]. There are very diverse observations. NO2 inter-

mediate formed by oxidation of NO was proposed

[3,4]. Yokoyama and Misono [5] suggested that NO is

oxidized to NO2 by oxygen, which is accelerated by

Ce ion in Ce/ZSM-5 catalyst. Shelef et al. [6] reported

that the activity of Cu/ZSM-5 in the reaction of NO

with O2 to form NO2 parallels the activity in SCR. On

the other hand, Iwamoto and coworkers [7] proposed

that the partial oxidation of hydrocarbon species react

®rst with NO to form an isocyanate species (±NCO),

which was suggested to be a key reaction intermediate.

In addition to the proposed mechanisms, the role of

oxygen is also still controversial. The reduction of NO

by hydrocarbon is accelerated by the presence of

oxygen. It was suggested that oxygen plays an impor-

tant role in keeping the catalyst clean, maintaining the
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catalyst in an oxidized state and forming reactive

reaction intermediates during SCR [5]. In this work,

FTIR, TPD/TPO (temperature programmed diffusion/

temperature programmed, XPS (X-ray photoelectron

spectroscopy) and micropulse reaction studies were

performed to identify the steps of reaction and the

types of reaction intermediate, especially focusing on

the role of oxygen.

2. Experimental

Na/ZSM-5 was synthesized according to the open

literature [8]. Crystallized zeolite was washed with

distilled water, dried at 393 K for 24 h and calcined at

823 K for 5 h. The crystallinity of Na/ZSM-5 was

con®rmed by X-ray diffraction. The Si/Al ratio was

calculated by the integrated intensity of 29Si NMR

peak. Cu/ZSM-5 was prepared by conventional ion

exchange method. Na/ZSM-5 was stirred for one day

in an aqueous solution of copper acetate. The degree

of Cu ion exchange was in the range between 80% and

100% which was analyzed by ICP±AES.

FTIR spectra were acquired using in situ diffuse

re¯ectance infrared transform spectroscopy (DRIFT)

cell equipped with gas ¯ow system. In DRIFT cell,

the catalyst was pretreated at 773 K in He for 2 h.

In TPD/TPO experiments, catalysts (0.02 g) were

pretreated at 773 K in He for 2 h. After stabilization

of the MS signal of ef¯uent gases at RT, the tem-

perature was increased to 1073 K at the rate of 10 K/

min and the partial pressure of evolved gas was

measured with quadrupole mass spectrometer (VG

SX300).

XPS spectra were acquired with a surface analysis

system (LHS-10, SPECS GmbH) equipped with a

multichannel detector using Mg K� radiation

(300 W). The pass energy was 100.6 eV. Samples

were treated in the high-pressure reaction cell

mounted directly to the preparation chamber. During

the X-ray exposure, the catalysts were cooled down to

100 K to avoid the reduction of Cu ions by X-ray. The

pulse reaction was performed at 623 K in a ®xed bed

reactor. Reactant was pulsed in 30 cm3/min He ¯ow to

the reactor containing 0.02 g of the catalyst. The

sample loops of 1, 2 and 5 cm3 were used in proportion

to the composition of the reactant. The products were

analyzed by GC.

3. Results

The dynamic pulse experiment was performed to

investigate the adsorption behavior of propene over

Cu/ZSM-5 at 623 K. Fig. 1 shows the variation of the

amount of propene consumption with the number of

pulses. The amount of propene consumption mono-

tonously decreased with the increase in the number of

pulse but it drastically decreased from sixth pulse and

reached nearly a constant value at about 20th pulse.

The catalyst underwent transient state before arriving

at the steady state. The chemisorption of alkenes on

copper-exchanged ZSM-5 zeolite was studied brie¯y

by Jen and Otto [9]. They indicated that the adsorption

of propene at RT was strong enough to be judged as

chemisorption and found the desorption peaks at 343

and 523 K from TPD. Because the propene chemi-

sorbed on Cu ions desorbed completely above 523 K,

the consumption of propene at 623 K must be origi-

nated from some kind of reaction and from the deposi-

tion of fragmented propene on the surface of Cu/ZSM-

5, indicated by the decrease in the amount of con-

sumption of propylene in early pulses.

To investigate the adsorption behavior of O2 and

propene on Cu/ZSM-5 during propene oxidation, the

gas mixture of propene and O2 with the stoichiometric

ratio (O2/C3H6�4.5) of reaction (1) was injected to

Cu/ZSM-5:

Fig. 1. The variation of amount of propene consumption with the

number of pulses during the pulse reaction of C3H6 over Cu/ZSM-5

at 623 K.
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C3H6 � 9
2
O2 ! 3CO2 � 3H2O (1)

Fig. 2 shows the amount of total propene consump-

tion, CO2 production and propene consumption,

which was not used to produce CO2, calculated by

subtraction of one-third of CO2 production from total

propene consumption. The amount of propene con-

sumption monotonously decreased, while the con-

sumption of propene decreases abruptly in the

absence of O2 as shown in Fig. 1. The amount of

CO2 production was nearly constant throughout the

whole pulses. By comparing Fig. 2 with Fig. 1, the

number of moles of consumed propene (0.1 mmol),

which was calculated from CO2 production in Eq. (1),

was nearly the same as that calculated from the

difference of propene consumption between the ®rst

pulse and the 21st one in Fig. 1 (0.13 mmol). This

indicated that a part of propene, which is considered to

interact with Cu sites, is oxidized to CO2 and H2O

under O2 at 623 K. The variation of the amount of O2

consumption with the number of pulse during the

pulsing with C3H6 and O2 is shown in Fig. 3. We

calculated the amount of O2 retained on the catalyst in

addition to O2 used to produce CO2 and H2O. If the

amount of CO2 production was known, the amount of

H2O can be calculated according to Eq. (1) and then

the amount of O2 adsorbed on the catalyst can be

calculated. This amount is arising from the oxygen

which was retained on Cu/ZSM-5 during the propene

oxidation at 623 K. The sequential pulse reaction

followed. At ®rst propene was injected over Cu/

ZSM-5 at 623 K, and then the pulse of O2 was

injected, CO2 production and O2 consumption were

measured. The same procedure was repeated one more

time. The volume ratio of injected O2 and propene was

kept at the stoichiometry ratio of 4.5 according to

Eq. (1). The results are shown in Fig. 4. After the

injection of propene, it was consumed by the reaction

with Cu/ZSM-5 at a nearly constant value. After ®ve

pulses of propene, O2 was pulsed. The amount of O2

consumption and CO2 production exponentially

decreased to zero after a few pulses. When propene

was injected on this catalyst again, the same amount of

propene was consumed in comparison with the ®rst

propene pulse. After second O2 injection, the con-

sumption of O2 and production of CO2 was observed

again, however, it was slightly decreased. It is thought

that a deactivation process occurs slowly due to the

hydrocarbon fragments of C3H6 deposited on Cu ions

which was not cleaned by O2 completely. These

results suggest that Cu ions blocked by hydrocarbon

Fig. 2. Propene consumption over Cu/ZSM-5 during the pulse

reaction of C3H6 and O2 at 623 K: (~) the amount of total propene

consumption; (&) the amount of CO2 production; (*) the amount

of C3H6 consumption except for that oxidized to CO2, which is

calculated by subtraction of one-third amount of CO2 production

from total C3H6 consumption.

Fig. 3. O2 consumption over Cu/ZSM-5 during the pulse reaction

of C3H6 and O2 at 623 K: (*) the amount of total O2 consumption;

(&) the amount of CO2 production; (~) the amount of O2

consumption except for that used in the reaction of propene to CO2

and H2O, which is calculated by subtraction of CO2 production and

half of CO2 production (calculated H2O production) from total O2

consumption.
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species are converted to vacant Cu ions by the oxida-

tion of propene adsorbed on Cu ions with O2. Fig. 5

shows the results of sequential pulse reaction using the

pulse of the mixture gas of NO and propene, and O2.

This experiment was repeated two times. One was for

the detection of CO2. The other was for N2. On the

pulse of NO and propene, N2 was produced. The

consumption of propene was almost constant, while

the production of N2 decreased exponentially. In the

pulse of O2 following propene and NO pulse, CO2 was

produced, but N2 was not detected. This is in agree-

ment with in situ IR study discussed later. This

procedure was repeated one more time. The amount

of reactant consumption and the product yield was

similar to that of the reactant consumption and the

product yield in the ®rst pulse cycle.

TPD of propene followed by TPO was performed to

study the species on Cu/ZSM-5 after propene reaction

at 623 K. A signi®cant desorption of propene was not

observed, indicating that C3H6 was not chemisorbed

on Cu ions at 623 K. However, the evolution of CO2

was observed around 673 K during the TPO as shown

in Fig. 6.

TPO spectra for Cu/ZSM-5 and H-ZSM-5 after

propene reaction at 623 K are shown in Fig. 7. In

H±ZSM-5, the signi®cant evolution of CO2 was not

observed below 623 K and the small evolution of CO2

was observed above 673 K. However, CO2 production

peak appeared at 623 K for Cu/ZSM-5. These results

suggest that carbonaceous species are present on Cu

sites after propene reaction at 623 K on Cu/ZSM-5.

Fig. 8 shows TPO spectra measured by CO2 evolution

after the reaction with NO/C3H6, C3H6/O2 and NO/

C3H6/O2 at 623 K. As shown in Fig. 8(A), after reac-

tion with NO and C3H6, CO2 evolution was detected at

623 K in the same manner as in the case of reaction

with propene (Fig. 7). After propene oxidation and

SCR of NO in the presence of O2, the evolution of CO2

at 623 K disappeared and the large amount of CO2

evolution was observed between 673 and 873 K. d'Itri

Fig. 4. The propene oxidation behavior over Cu/ZSM-5 during the

sequential pulse reaction at 623 K consisted of C3H6 pulse

followed by O2 pulse: (*) C3H6, (~) O2 and (&) CO2.

Fig. 5. The NO reduction behavior over Cu/ZSM-5 during the

sequential pulse reaction at 623 K consisted of NO and C3H6 pulse

followed by O2 pulse: (&) C3H6, (*) NO, (~) O2, (!) CO2 and

(^) N2.

Fig. 6. TPD spectrum (A) and TPO spectrum (B) over Cu/ZSM-5

after treatment of propene at 623 K.
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and Sachtler [10] reported similar results after the

SCR reaction using propene as a reductant. CO2

evolution was due to the carbonaceous material depos-

ited on the catalysts. The amount of carbonaceous

deposits on the catalysts depended crucially on the

reaction temperature and the composition of the reac-

tant. During the reaction with C3H6/O2, and with NO/

C3H6/O2, new carbonaceous deposits, which are oxi-

dized above 673 K, were produced.

The TPD spectra of NO adsorbed on Cu/ZSM-5

after various reactions are shown in Fig. 9. Cu/ZSM-5

was pretreated in He ¯ow at 773 K for 1 h. NO(5%)/

He was adsorbed for 20 min at RT. NO desorption

peaks appeared between 363 and 473 K. Several

researchers [11±14] reported that these peaks were

due to desorption of NO on Cu (�1). After the reaction

with propene on Cu/ZSM-5, NO was adsorbed at RT.

During the TPD of this sample, the only small peak

appeared at 373 K. It is suggested that the sites on

which NO can be adsorbed are covered with the

carbonaceous species. After reaction with C3H6 and

O2 at 623 K, the catalyst was cooled down to RT in He

and then NO was adsorbed. The desorption of NO was

detected between 363 and 473 K and O2 desorption

peak appeared with NO desorption peak at 643 K.

Armor and Li [11] reported that NO and O2 peak at

high temperature is due to the decomposition of NO2

on the Cu ions and these desorption peaks are found to

be due to the adsorption of NO on the oxidized Cu

ions. It was indicated that after the reaction with C3H6

and O2, Cu ions were cleaned and oxidized by O2.

The intermediates formed during the SCR of NO by

propene over Cu±ZSM-5 were identi®ed and their

reactivities were measured using FTIR. As shown

in Fig. 10, the band at 1624 cmÿ1 assigned to NO2

species adsorbed on Cu(II) was observed after expos-

ing Cu/ZSM-5 to NO or NO/O2 at 623 K. Also, the

band at 2250 cmÿ1 assigned to ±NCO species was

Fig. 7. TPO spectrum of: (A) Cu/ZSM-5 and (B) H±ZSM-5 after

reaction with propene at 623 K.

Fig. 8. TPO spectrum of Cu/ZSM-5 after reaction of: (A) NO/

C3H6, (B) C3H6/O2 and (C) NO/C3H6/O2.

Fig. 9. TPD spectrum of NO following the adsorption of NO on

Cu/ZSM-5 at RT: (A) after evacuation of fresh catalyst at 773 K,

(B) after reaction with propene at 623 K and (C) after reaction with

C3H6 and O2 at 623 K. (ÐÐÐ) NO and (- - -) O2.
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observed during the SCR at 623 K. The NO2 species

adsorbed on Cu ions was reduced to produce N2 by

propene without the formation of ±NCO.

After Cu/ZSM-5 was treated in NO/C3H6/O2

(3300 ppm/3300 ppm/7%) at 623 K, the catalyst

was exposed to either 20% O2 or NO/O2

(5000 ppm/10%) at various temperatures. The IR band

of the ±NCO species did not decrease after exposure to

O2 at 3508C for 53 min (Fig. 11(A)). This band was

signi®cantly weakened as the O2 exposure tempera-

ture increased above 723 K (Fig. 11(B)). However,

when exposed to NO/O2 at 623 K, the intensity of the

band of the ±NCO species decreased markedly as

shown in Fig. 12.

Fig. 13 shows Cu 2p3/2 XPS spectra of Cu/ZSM-5

as a function of temperature in the SCR reaction. SCR

reaction condition is in the strongly oxidizing condi-

tion (NO/C3H6/O2�3300 ppm/3300 ppm/7%). The

oxidation of Cu(I) to Cu(II) was achieved at 623 K

in the SCR reaction. However, the peak at 937 eV

signi®cantly decreased in the SCR reaction at 773 K as

shown Fig. 13(C). This indicates that the Cu(II)±O

species decomposed at high temperature even in

oxidizing conditions.

4. Discussion

It has been known that oxygen plays a very impor-

tant role in SCR reaction over Cu/ZSM-5 because the

SCR activity is drastically enhanced when oxygen is

added to NO and hydrocarbon [15]. One of the roles of

oxygen is the removal of carbonaceous species depos-

ited on Cu ions as shown in the pulse experiment. At

623 K, propene was continued to make a carbon-

aceous deposit on the Cu site (Fig. 1). Since these

species were maintained on Cu ions without desorp-

tion, Cu ions were occupied with these species after

reaction with a small amount of propene. In the pulse

reaction of C3H6 and NO, the exponential decrease in

N2 production indicates that when Cu sites are covered

by carbonaceous species, the reaction does not pro-

ceed. Hence, NO should be adsorbed on Cu ions

before propene is adsorbed on Cu ions to form a

catalytic cycle. In the presence of oxygen, the carbon-

aceous species on Cu sites is oxidized. In the TPO

spectrum the carbonaceous species on the Cu ions

were found to be completely removed at about 623 K.

Hence, NO can be reduced continuously by propene as

shown in the sequential pulse reaction. Cho [16]

reported that the maximum conversion of NO is

closely related to the complete conversion of hydro-

carbon reductants. It can be explained by the fact that

at the temperature of complete conversion of hydro-

carbon, all of the copper ions will be free of carbon-

aceous species which can inhibit the adsorption of NO.

These results also indicate that the activation of NO on

Cu ions is the ®rst step for SCR.

Another role of oxygen is the oxidation of Cu ions.

TPD results show that Cu/ZSM-5 contains oxygen

Fig. 10. In situ DRIFT spectra during the reaction with (a) NO/O2, (b) NO, (c) NO/C3H6, (d) C3H6/O2 and (e) NO/C3H6/O2.
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species on the surface after reaction with C3H6/O2 at

623 K. In pulse reaction of C3H6/O2, part of the

oxygen was adsorbed on the catalysts. Moreover,

XPS spectra after reaction at various temperatures

con®rm that Cu±oxygen species are formed and cor-

related with the catalytic activity of the SCR reaction.

Fig. 11. (A) IR spectra of Cu/ZSM-5 as a function of time after O2 is introduced at 623 K. (B) IR spectra of Cu/ZSM-5 for 40 min after O2

(20%) is introduced at various temperatures to Cu/ZSM-5 pretreated with NO/C3H6/O2 (3300 ppm/3300 ppm/7%) at 623 K. (All spectra were

acquired by the subtraction of the background spectrum of Cu/ZSM-5 from the original spectrum.)

Fig. 12. IR spectra of Cu/ZSM-5 as a function of time after NO/O2

(5000 ppm/10%) is introduced at 623 K to Cu/ZSM-5 pretreated

with NO/C3H6/O2 (3300 ppm/3300 ppm/7%) at 623 K. (All spectra

were acquired by the subtraction of the background spectrum of

Cu/ZSM-5 from the original spectrum.)

Fig. 13. Cu 2p3/2 core level spectra after the SCR reaction at: (A)

523, (B) 623 and (C) 773 K on Cu/ZSM-5, which was pretreated by

the heating in He at 773 K.
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Jacobs and Beyer [17] reported that in Cu±Y zeolite,

oxygen is adsorbed in a nondissociated form below

523 K, but at 523 K reoxidation occurs on Cu(I) ions

that are able to dissociate oxygen. Valyon and Hall

[18] supposed that Cu(II)±O±Cu(II) species are

formed by extra lattice oxygen (ELO) carried into

the catalysts during the preparation, and ELO is

desorbed as O2 at 623 K. Shpiro et al. [19±21] sug-

gested the structure of Cu±oxygen species by XPS,

ESR and X-ray absorption. Cu ions on ZSM-5 zeolite

consists of both the isolated atom and a small aggre-

gate containing ELO. ELO on Cu ion formed during

the propene oxidation in excess oxygen can produce

NO2 with NO gas easily. It is considered that strong

NO2 peak at 1627 and 1507 cmÿ1 is due to the facile

NO2 formation by oxygen on Cu ion. Valyon and Hall

[22] also found the NO2 species stabilized on Cu/

ZSM-5. They explained that high activity of Cu/ZSM-

5 for NO decomposition can be due to these species.

DRIFT spectra illustrate the reactivities of ±NCO

with O2 and NO/O2 at 673 K, respectively. The

decrease of IR bands of ±NCO was observed only

in the reaction with NO/O2. This indicates that ±NCO

cannot react with O2 but with NO/O2 at 673 K. From

these results it is thought that the SCR of NO can

proceed via the reaction of surface nitro species with

propene without the formation of ±NCO, and after ±

NCO is produced on Cu/ZSM-5, it also can react with

NO/O2 to produce N2 at 673 K. Hence, the dual site

mechanism is proposed based on intermediates such

as ±NCO and ±NO2 in DRIFT spectra.

Pulse reaction shows that NO can be reduced by

propene even without oxygen at the beginning of the

reaction. NO is adsorbed on Cu ions containing oxy-

gen which was formed through NO decomposition.

Cu(II)±NO2 species remained. This was evidenced by

IR spectrum obtained during the reaction of NO on

Cu/ZSM-5 as shown in Fig. 10. These NO2 species are

reacted with propene to produce N2.

Li et al. [23] have proposed that adsorbed NO2 is

involved in the rate determining step and crucial in

activating CH4. Cowan et al. [24] observed that a ®rst-

order isotope effect in the rate of SCR over Co/ZSM-5

and H/ZSM-5 when CD4 was substituted for CH4,

indicating that breaking a C±H bond is a rate limiting

step in the formation of N2. They suggested that CH4

was activated by adsorbed NO2 and the formed methyl

species reacted further with NO2 to produce N2 and

CO2 over Co/ZSM-5. Lukyanov et al. [25] also sug-

gested that NO2 appears to be involved in initiating

radical formation and intermediates are formed on the

catalyst surface which can couple with NO or NO2 to

form the N±N bond. These results show that SCR

reaction proceeds through the activation of hydro-

carbon by NO2.

The remaining problem is how NO2 reacts with

hydrocarbon to be reduced to N2. Yokoyama and

Misono [5] suggested the organic nitro-compounds

like R±NO2 and/or R±ONO as the possible intermedi-

ates during the SCR over Ce/ZSM-5. They observed

that the IR bands assignable to organic nitro- and

nitrite-compounds were developed on the surfaces of

Ce/ZSM-5, SiO2 and Pt±SiO2 upon the exposure to a

NO2/C3H6/O2 between RT and 473 K. These species

can be a possible intermediate for the formation of

N±N bond. Several FTIR studies have shown that

HCN or ±NCO are formed during the reaction

between propene and NO over Cu/ZSM-5. The low

reactivity of these species with NO and O2 is in

contrast with rapid reaction between NO2 and propene

[26]. Our result in TPO study showed that the carbo-

naceous compounds are formed during the reaction of

propene over Cu/ZSM-5. It was shown in the pulse

reaction between NO and propene that NO was con-

stantly consumed even when CO2 was not produced.

This consumption of NO is considered to be due to the

coupling of NO with the carbonaceous radicals.

Kucherov et al. [27] showed that the presence of

NO in the gas strongly inhibits the narrow ESR line

associated with the carbonaceous deposits at 773 K.

They explained that this could be due to the coupling

of unpaired electron in the NO with the carbonaceous

radicals. These results indicate that the compounds

with carbon±nitrogen bonds can be present on the

catalysts during the reaction between propene and NO

over Cu/ZSM-5. However, this species is different

from the intermediate formed by the reaction between

propene and Cu±NO2.

5. Conclusions

The role of oxygen during SCR reaction of NO can

be summarized as follows:

1. Above 623 K propene is oxidized by O2 and

carbonaceous species are removed from Cu ions.
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2. Cu ions are oxidized to Cu(II) adsorbed by oxygen,

which enhances the formation of Cu(II)±NO2

species.

3. The considerable reactivity of ±NCO species with

NO and O2 is lower than that of NO2 with propene.

4. Oxygen can partially oxidize the hydrocarbon spe-

cies adsorbed on Cu.

5. Cu(II)±O species characterized by XPS are well

correlated with the activity of NO SCR.
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