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Abstract The reduction of NO by ethanol on palladium

catalysts supported on NaZSM-5 and HZSM-5 zeolites

was studied. Temperature programmed techniques, such as

desorption of ethanol, NO and surface reaction (TPSR)

analyses, besides NH3 (NH3–TPD), as well as, FTIR after

pyridine adsorption were used to accomplish reaction

products and surface properties. Results show that NaZ-

SM5 and HZSM5 present different amounts of Lewis and

Brönsted acid sites, which affect strongly the carbon

product distribution, but not the nitrogen selectivity. NO

reaction with ethanol in the presence of oxygen occurs only

over the metal and is independent of the acid sites.

Keywords NO reduction � ZSM5 � Palladium �
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1 Introduction

The atmospheric pollution is one of the largest problems in

the world causing damages to the environment and human

health. Automobiles contribute intensely in the atmo-

spheric pollution. Among the pollutants, compounds like

NOx (NO and NO2) deserve special attention, because it

contributes to the formation of acid rain, smog and ground

level ozone [1].

Alcohol was mixed in gasoline as fuel for automotive

vehicles and it was thought for better control of air

pollution. The addition of ethanol reduces the emission of

olefins, aromatics, complex hydrocarbons and SOx [2].

However, the use of ethanol, for instance, may increase

the direct emission of aldehydes (acetaldehyde and

formaldehyde) and also unburned alcohol to the envi-

ronment, which is a disadvantage due to the carcinogenic

effects of those products [1]. Therefore, these facts must

be taken into account when projecting and testing cata-

lytic system with the purpose of automotive pollution

control.

Metallic catalysts supported on zeolites were investi-

gated intensively for selective catalytic reduction (SCR) of

NOx with methane and among them the palladium pre-

sented excellent activity in NO reduction even in the

presence of steam [1].

Palladium catalysts are very active for NO reduction

with methane, however in the presence of oxygen the

selectivity depends on the support [3, 4]. Loughran e

Resasco [4] observed that with non acidic supports SiO2

the combustion of methane occurs preferentially, while NO

does not react. However, Pd catalysts supported on acidic

materials, such as HZSM5, H-mordenite and sulfated zir-

conia present great selectivity for NO reduction. Therefore,

the effectiveness of Pd was related to the acidity of the

support for the reaction NO–CH4 [5].

Some studies are reported in the literature for NOx

reduction with ethanol as reductant agent [6–13]. Mello

et al. [6] studied the PdO–MoO3 catalysts supported on

Al2O3 in this reaction and oxygenated compounds. This

work [6] revealed that for reduction of NO by ethanol, the

oxidation occurs, probably, on palladium sites. For the

NO + ethanol reaction a mechanism was suggested, where

adsorbed ethanol is transformed in ethoxy species, forming

then acetate species reacting with NO adsorbed species on

palladium sites.
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Salgado et al. [8] studied the NO reduction with ethanol

on palladium and molybdenum catalysts supported on

HZSM5 zeolite. After the addition of Mo on Pd/HZSM5,

an promoting effect on the catalytic ativity was achieved at

high temperatures. However, the selectivity into N2 on Pd

and Pd–Mo catalysts practically did not present significant

differences.

A multistep mechanism has been elucidated for

reduction of NOx in the presence of added ethanol over

Ag/c-Al2O3 at 320 �C [9]. Under these conditions,

ethanol principally reacts with oxygen to form acetal-

dehyde. Surface acetate ions, which are formed from

adsorbed acetaldehyde, react with NO2 to yield nitro-

methane (intermediate). In contrast, NOx reduction with

ethanol over Ag/c-Al2O3 at 200 �C is inefficient,

because surface acetate ions are much less reactive at

200 �C than at 320 �C. At 200 �C, the dominant path-

way for ethanol oxidation is reaction with NO2,

producing ethyl nitrite, which decomposes into a num-

ber of products, including N2O, which is stable under

reaction conditions.

Finally, NO reduction by oxygenated compounds was

studied over Pt/Al2O3 catalyst [13], which showed that

primary alcohols are good reducers; however, for 50%

conversion the temperature T50 �C was the less active

under all other oxygenated reducers.

The main goal of the present work is to study the NO

reduction by ethanol on Pd/NaZSM5 and Pd/ZSM5 cata-

lysts containing different types of acidic sites, Lewis and

Bronsted, respectively as main sites. The effect of oxygen

on the reduction of NO by ethanol in function of reaction

temperature was also investigated.

2 Experimental

2.1 Preparation of Catalysts

HZSM5 was obtained by ion-exchange of NaZSM5 zeolite

(SAR = 37.7) using a suspension of NaZSM5 with 25%

NH4Cl solution at 50 �C and pH 4.5, under constant stir-

ring during 30 min. Then, the mixture was filtered and

washed with 10% NH4Cl solution for three times and

washed with deionized water. The solid was dried in mufle

at 110 �C for 24 h and calcined at 550 �C during 6 h.

Pd/NaZSM5 e Pd/HZSM5 were prepared by ion-

exchange with NaZSM5 and HZSM5, respectively, using

an aqueous solution of Pd(NH3)4(NO3)2 (Aldrich) with 1%

(wt) Pd content. The ion-exchange was performed at 80 �C

during 24 h, under constant stirring. The sample was fil-

tered, washed with deionized water, dried at 110 �C for

24 h and then calcined under flowing air (300 cm3/min) at

400 �C for 2 h.

2.2 Characterization

The elemental chemical analysis was performed by X-ray

fluorescence (XRF) using a Rigaku spectrometer, RIX

3100 model apparatus.

The specific surface area was measured by N2 adsorp-

tion measurements (BET method), using a Micromeritics

ASAP 2000 apparatus. Before analysis, the samples were

degassed for 24 h at 200 �C under vacuum.

The total acidity of the zeolites and catalysts were

measured by temperature programmed desorption of NH3

(NH3–TPD). Approximately, 100 mg was pretreated under

He flow at 350 �C for 1 h, reduced with 1.7% H2/Ar flow at

500 �C and degassed with He flow. Ammonia was adsor-

bed at 150 �C and degassed with He flow to remove

weakly adsorbed molecules. Desorption was performed

varying the temperature from 150 �C to 700 �C.

Pyridine adsorption measurements were performed by

infrared spectroscopy aiming to determine the nature of

acids sites (Brönsted and Lewis). The spectra were

obtained in a Perkin–Elmer model System 2000 FTRI

apparatus. The concentrations of Brönsted and Lewis acids

sites were calculated from the intensity bands located at

1540 and 1450 cm-1, respectively, using as molar extinc-

tion coefficients (e) 0,059 cm2/lmol for Brönsted acids and

0,084 cm2/lmol for Lewis acids, applying the Lambert–

Beer equations [14–16].

Temperature programmed desorption (TPD) unit for NO

and ethanol analyses consists of a glass microreactor and

an oven with controlled temperature programmer. The gas

effluents were analyzed by a quadrupole mass spectrometer

(Balzers, PRISM). The samples were pretreated with He

flow at 400 �C for 30 min. After cooling to room temper-

ature the catalysts were reduced in H2 flow at 450 �C for

1 h, then purged with He flow for 30 min at 450 �C and

cooled to room temperature. NO was admitted to the

reactor with 1% NO/He flow. In the case of ethanol the

adsorption was performed by flowing He through a satu-

rator containing absolute ethanol maintained at room

temperature. After adsorption the samples were purged

with He, followed by desorption, rising the temperature up

to 500 �C at 10 �C/min.

Temperature programmed surface reaction (TPSR)

analyses was performed in the same unit and same proce-

dure of pre-treatment and reduction. After adsorption of

ethanol a gas mixture of 1% NO/He, was flown through the

reactor at a heating rate of 10 �C/min, from room tem-

perature up to 500 �C and products were accomplished by

mass spectrometry.

Catalytic reaction of NO with ethanol was studied in a

differential flow reactor, using 0.3% NO with 0.2% ethanol

balanced with He and total flow rate of 250 cm3/min at

320 �C for 50 min before each analysis [6–8]. With oxygen
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the feed composition was 0.6% NO, 0.4% ethanol, 1.2% O2

and total flow rate of 250 cm3/min. On this condition the

catalyst performances were evaluated at each temperature

(255, 300 and 320 �C) after stabilization for 50 min. The

reaction was performed in a glass microreactor at atmo-

spheric pressure. Reaction products were analysed by gas

chromatography (Varian 3900) equipped with a thermal

conductivity detector and cryogenic system. NO and NO2

were measured in a TESTO 350 XL equipped with a

electrochemical cell.

3 Results

Textural analysis and compositions are shown in Table 1.

The BET area and micropore volumes of HZSM5 and

Pd/HZSM5 are larger than of NaZSM5 and Pd/NaZSM5

samples. The incorporation of metal on the zeolites did not

change the structure.

3.1 Acidity—NH3 and Pyridine

The total acidity was measured and Fig. 1 shows the

desorption profile of NH3 on NaZSM5 zeolite exhibiting

two peaks at 350 and 477 �C. The HZSM5 zeolite

displayed two peaks of desorption with maximum

temperatures at 294 and 450 �C. The acidity was calculated

at different intervals of temperature, accounting the NH3

desorbed. Table 2 presents the total acidity and acid

strength of the samples. The amount of NH3 desorbed on

the HZSM5 zeolite is larger than on NaZSM5 (Table 2).

According to Li et al. [17] the desorption around 307 �C

would be assigned to weak acid sites, due to Lewis sites,

while that located around 357–407 �C and 467–507 �C are

assigned to medium and strong sites, respectively, which

are attributed to the adsorption on Brönsted acids sites.

Pyridine infrared spectra are shown in Fig. 2 and pre-

sented in Table 3 confirm the nature and the amounts of

acids sites.

The results of NH3 desorption (Table 2) indicate a great

concentration of acid sites (97.2%) on HZSM5 mainly

located rat high temperatures (450 �C), in agreement with

the pyridine IR results, presenting 11.1 lmol/mg of pyri-

dine desorbed from the Brönsted acids sites. The weak acid

sites of HZSM5 account 2.8% (Table 2) and are located at

294 �C, desorbing 1.4 lmol/mg of pyridine, which is

attributed to Lewis acids sites, in accordance with Li et al.

[13]. Requejo et al. [18] studied the acidic properties of

zeolites with different Si/Al ratios, using TPD of NH3 and

IR of pyridine. They observed two desorption peaks on the

HZSM5 zeolite at 200 �C and 500 �C. Results showed

prevailing desortpion at higher temperatures on all sam-

ples, which was attributed to the interaction of NH3 with

strong Brönsted acid sites, in accordance with our results

on HZSM5.

Table 1 Results of loading metallic and textural characterization

Samples Loading metallic

theoretical (wt.%)

Loading metallic

real (wt.%)

BET area

(m2/g)

Microporous

area (m2/g)

Microporous

volume (cm3/g)

NaZSM5 – – 328 325 0.15

HZSM5 – – 379 378 0.18

Pd/NaZSM5 1 1.1 333 326 0.15

Pd/HZSM5 1 0.9 367 382 0.18
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Fig. 1 NH3–TPD profile

Table 2 NH3–TPD results

Samples Consumption

(lmol NH3/gcat.)

NH3 Desorption

(8C)

Acid force (%)

Peak 1 Peak 2

NaZSM5 640.6 350 and 477 43.6 56.4

HZSM5 728.7 294 and 450 2.8 97.2

Pd/NaZSM5 745.1 – – –

Pd/HZSM5 854.6 333 and [500 4.2 95.8
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Different results were observed on NaZSM5, as shown

in Table 2 and Fig. 2, displaying two peaks at 350 and

477 �C, but equivalent concentration of weak and strong

acid forces, respectively, 43.6% and 56.4%. On the con-

trary, the IR results of pyridine presented greater amount of

Lewis acids sites (12.5 lmol/mg) than Brönsted sites

(0.2 lmol/mg), in contradiction with the TPD of ammonia

results and Li’s observation [17]. This contradiction is

probably due to different techniques, because ammonia is a

strong basic molecule and easily adsorbed on acids sites,

while pyridine is a weak basic molecule and adsorbed

specifically on acids sites. Indeed, the HZSM-5 zeolite is

more acidic than the NaZSM5 (728.7 and 640.6 lmol NH3/

gcat., respectively), exhibiting more strong Brönsted acids

sites, and on the contrary the NaZSM5 presents more

Lewis acid sites.

TPD of NH3 profiles and the IR spectra of pyridine

on Pd/HZSM5 and Pd/NaZSM5 presented also large

amounts of ammonia desorption (854.6 lmol NH3/gcat. and

745.1 lmol NH3/gcat., respectively). The addition of Pd

into HZSM5 and NaZSM5 modify total acidity and the

concentration of Bronsted and Lewis acid sites of the

supports, mainly of the NaZSM5. Noteworthy is that

the Pd/NaZSM5 catalyst presented a larger amount of

Lewis acids sites, and a larger amount total acid sites

(19.1 lmol/mg) (Table 2).

3.2 Thermodesorption of NO–TPD

The profiles of temperature programmed desorption after

adsorption of NO on NaZSM5 and HZSM5 zeolites are

shown in Figs. 3 and 4, respectively. Desorption peaks of

m/e = 30, 28 and 44 were observed on NaZSM5 around

117 �C and at 500 �C, corresponding to NO desorption, N2

and N2O formation, respectively, while on HZSM5 only
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Fig. 2 IR spectra of pyridine adsorbed

Table 3 Pyridine-FTIR results

Samples Lewis acids sites

(lmol/mg)

Brönsted acids

sites (lmol/mg)

Totality of acids

sites (lmol/mg)

NaZSM5 12.5 0.2 12.7

HZSM5 1.4 11.1 12.5

Pd/NaZSM5 15.5 3.6 19.1

Pd/HZSM5 3.2 9.8 13.0
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Fig. 3 TPD profile of NO adsorbed on NaZSM5 zeolite
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Fig. 4 TPD profile of NO adsorbed on HZSM5 zeolite
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desorption of NO, suggesting that NO was not decom-

posed. Figures 5 and 6 show the TPD profiles on

Pd/NaZSM5 and Pd/HZSM5 catalyst, respectively. NO

decomposes at low temperature, since the mass m/e = 30

is not a fragment of m/e = 44, as observed on NaZSM5

(Fig. 3). The desorption peak at 279 �C (m/e = 30) is

attributed to NO adsorption on Pd species. Figure 6 shows

that NO desorption on Pd/HZSM5 at low temperature is

similar to HZSM5 (Fig. 4). At higher temperature, above

400 �C, a second NO desorption peak was observed, which

can be associated to NO adsorbed on palladium.

3.3 Thermodesorption of Ethanol

Temperature programmed desorption profiles of ethanol

on Pd/HZSM5 and HZSM5 are shown in Figs. 7 and 8,

respectively. These profiles show ethylene formation on

HZSM5 (m/e = 27), which are attributed to the dehydra-

tion of ethanol (Eq. 1); dehydrogenation of ethanol

(m/e = 31) in acetaldehyde (m/e = 29) at 250 �C (Eq. 2).

The simultaneous formation of CO (m/e = 28), CH4

(m/e = 15) and H2 (m/e = 2), are assigned to the decom-

position of ethanol (Eq. 3). Figure 9 displays the desorption
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Fig. 5 TPD profile of NO adsorbed on Pd/NaZSM5 catalyst
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Fig. 6 TPD profile of NO adsorbed on Pd/HZSM5 catalyst
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Fig. 8 TPD profile of ethanol adsorbed on HZSM5 zeolite
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Fig. 7 TPD profile of ethanol adsorbed on Pd/HZSM5 catalyst for:

m/e = 44 (carbon dioxide), m/e = 31 (ethanol), m/e = 29 (acetal-

dehyde), m/e = 27 (ethylene), m/e = 18 (water), m/e = 15

(methane), m/e = 28 (carbon monoxide) and m/e = 2 (hydrogen)
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profiles of ethanol on NaZSM5, as well as ethylene

desorption, but much less than on HZSM5, which, as

expected, is attributed to the stronger acids sites on HZSM5.

Figure 10 presents the TPD profiles on Pd/NaZSM5,

showing desorption of ethanol between 96 and 304 �C,

with simultaneous formation of ethylene (m/e = 27),

acetaldehyde (m/e = 29), CO (m/e = 28), CH4 (m/e = 15)

and H2 (m/e = 2), and a maximum peak at 267 �C.

Hydrogen was also observed but only above 300 �C.

Dehydration: C2H5OH! C2H4 þ H2O ð1Þ
Dehydrogenation: C2H5OH! C2H4O þ H2 ð2Þ
Decomposition: C2H5OH ! CH4 þ CO þ H2 ð3Þ

Cordi and Falconer [19] observed during ethanol

desorption on Pd/alumina more hydrogen than acetalde-

hyde and claim that acetaldehyde remains adsorbed at the

surface and decomposes producing carbon species. Above

530 �C, small amounts of CO2 desorb, due to the decom-

position of acetaldehyde [19]. Results show that up to

500 �C only H2 desorbs.

The amount of ethylene on HZSM5 is larger than on

NaZSM5. With the incorporation of palladium into

HZSM5 the acidity decreased and consequently reduces

ethylene formation. In contrast, the Pd/NaZSM5 is more

acidic than NaZSM5 and forms higher amount of ethylene

that NaZSM5.

3.4 Temperature Programmed Surface Reaction

of Ethanol with NO–TPSR

TPSR results show that NO-ethanol profiles on HZSM5

and NaZSM5 are very similar to the TPD profiles of

ethanol and suggest that the reaction of NO with ethanol

do not occurs.

Results of Ethanol + NO on the Pd/HZSM5 catalyst are

displayed in Fig. 11, and show that they are also similar to

the TPD profiles of ethanol (Fig. 7). Consumption of NO

(m/e = 30) begins around 400 �C, with simultaneous for-

mation of products masses m/e = 44, 28 and 12. Mass

m/e = 15 is probably attributed to methane or CH3 frag-

ment, due to the reaction of NO in the gas phase with

intermediate adsorbed carbon species at the surface, such

as acetate species [7], producing CO (m/e = 28 and 12)

and/or CO2 (m/e = 44, 28 and 12), besides N2O (m/e = 44

and 30) and/or N2 (m/e = 28). It seems that ethanol and

NO compete for the same sites during the adsorption but
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Fig. 9 TPD profile of ethanol adsorbed on NaZSM5 zeolite
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Fig. 10 TPD profile of ethanol adsorbed on Pd/NaZSM5 catalyst
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Fig. 11 NO—ethanol TPSR profile on Pd/HZSM5 catalyst
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once ethanol is adsorbed at room temperature it is neces-

sary to desorb and/or dissociate ethanol to permit

adsorption and dissociation of NO. The consumption of

CH4 (m/e = 15) starts at 300 �C, indicating reaction of NO

with methane, with the formation of products masses

m/e = 44, 28 and 12 (Fig. 12).

Figure 13 shows the results for Pd/NaZSM-5, indicating

dehydrogenation and decomposition reactions of ethanol.

The maximum consumption of NO (m/e = 30) and CH4

(m/e = 15) was observed at 356 �C with simultaneous

formation of masses m/e = 44, 28 and 12). These results

are similar for Pd/HZSM5, producing CO (m/e = 28 and

12) and/or CO2 (m/e = 44, 28 and 12), besides N2O

(m/e = 44 and 30) and/or N2 (m/e = 28).

3.5 Catalytic Tests of NO Reduction with Ethanol

Table 4 presents the results of reduction of NO by ethanol

on Pd/NaZSM5 and Pd/HZSM5. Pure zeolites NaZSM5

and HZSM5 are inactive, as shown in Table 4, in accor-

dance with TPSR results. The conversion of ethanol is

100% on HZSM5 zeolite, transforming ethanol into

ethylene on acids sites and a small fraction of ethanol in

CO2. However, NaZSM5 converted only 62% of ethanol

to ethylene, CO2 and acetaldehyde.

The conversion of ethanol is greater as expected,

because of its reaction with NO, in accordance with Eq. 4

(Table 4). This is attributed to the parallel reactions of

ethanol with the support occuring simultaneous with the

dehydration of ethanol.

6NO þ C2H5OH! 3N2 þ 2CO2 þ 3H2O ð4Þ

The Pd/NaZSM5 catalyst exhibited greater conversion

of NO than Pd/HZSM5, respectively, 52% and 35%,. The

selectivity to nitrogen products was similar, but the

selectivity to carbon species forming acetaldehyde was

greater on Pd/NaZSM5.

Table 5 presents the results of NO reduction in the

presence of oxygen for different temperatures. Both

samples present high conversions of ethanol but similar

conversions of NOx (NO + NO2) and similar selectivity

to N2 for different temperatures. The carbon distribution

products changed with the temperature. Low temperature

favored the formation of ethylene, while high temperature

the formation of CO2. Noteworthy is the comparison of

both catalysts at 320 �C with and without oxygen. In the

absence of oxygen the selectivity of N2 and N2O are

equivalent, while, with oxygen the selectivity was prefer-

entially toward N2 on both catalysts. On the other hand,

without oxygen the carbon products favored preferentially

the formation of ethylene, but less acetaldehyde and CO2,

while oxygen converted all to CO2, independent of the

zeolite. It also disfavored the NOx conversion, prevailing

the N2 production.
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Fig. 12 NO—CH4 TPSR profile on Pd/HZSM5 catalyst
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Fig. 13 NO—ethanol TPSR profile on Pd/NaZSM5 catalyst

Table 4 Catalytic tests results of the reduction of NO by ethanol, at

320 �C in reducing conditions

Samples Conversion (%) Selectivity (%)

N species C species

NO Ethanol N2 N2O CO CO2 Acet. Ethyl.

NaZSM5 0 62 0 0 0 20 33 47

HZSM5 0 100 0 0 0 17 0 83

Pd/NaZSM5 52 100 49 51 0 3 13 84

Pd/HZSM5 35 100 49 51 0 29 0 71

Acet. = acetaldehyde and Ethyl. = ethylene
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4 Discussion

It seems that the acidity may affect the NO reduction with

ethanol. The Pd/HZSM5 indicate dehydration while the

Pd/NaZSM5 dehydration and dehydrogenation. Palladium

on zeolites has been reported by Nishizaka and Misono

showing high catalytic activity for CH4 SCR [20]. They

claim that NO2 reacts on Pd/zeolite catalyst much faster

than NO. Therefore NO reduction proceeds via the for-

mation of NO2 and that zeolitic acid sites are needed to

oxidize NO into NO2 and activate CH4 by a synergic

effect with the palladium sites on zeolite. Moreover,

from the viewpoint of the state of palladium on

Pd/HZSM5 compared with Pd/NaZSM5, the acidity is

needed to keep the palladium sites dispersed and active

for the reaction [21].

There is a correlation between acidity and NO reduc-

tion. Table 4 presents the results of NO reduction with

ethanol for pure NaZSM5 and HZSM5 and with the

corresponding Pd catalysts. Notice that the supports are

inactive for NO reduction with ethanol, but very active

for ethanol decomposition, converting 62% and 100% of

ethanol on NaZSM5 and HZSM5, respectively, under

similar conditions. However, the product distribution is

different on both cases. On NaZSM5 the concentrations

are: ethylene (47%), CO2 (20%) and C2H4O (33%), while

on HZSM5 ethylene was 83% and, CO2 17%. TPD of

ethanol indicate CH4, water and small amounts of CO.

This suggests shift (Eq. 5) and reforming of methane

reactions (Eq. 6) on NaZSM5 and in parallel decompo-

sition of CO into CO2 (Eq. 7), according following

reactions:

CO þ H2O ! CO2 þ H2 ð5Þ

CH4 þ H2O! CO þ 3H2 ð6Þ

2CO ! C þ CO2 ð7Þ

On the other hand, HZSM5 produced CO2 and ethylene,

represented by reactions (1), (5) and (7).

Although both non-palladium samples have almost the

same total acidity, as shown from pyridine-FTIR results

(Table 3), the Lewis and Brönsted acid sites are quite

different. In NaZSM5 there are a big amount of Lewis

sites, while in HZSM5 there are a big amount of Bronsted

acid sites. The Bronsted acidic sites favor the dehydration

of ethanol forming ethylene and in the contrast the Lewis

acidic sites on NaZSM5 favor the decomposition of ethanol

and CH4, also observed by TPD of ethanol, following

reactions (5) and (6) favoring shift and the reforming of

methane. HZSM5 favors also the Bourdouart reaction (7)

with the formation of CO2, evidencing the abscense of CO

which is transformed into CO2, as shown in Table 4.

Noteworthy is the dehydrogenation reaction occurring

on the NaZSM5, usually attributed to the presence of a

metal. It suggests that the Lewis acid sites, absent on the

HZSM5 sample, are active for the dehydrogenation reac-

tion in the NaZSM5.

The effect of the metal (Pd) of both samples on the

reduction of NOx by ethanol shows that only the metal

activates NO, converting (Table 4) to N2 and N2O. This

may be attributed to the decomposition of NO, as evidenced

by TPD of NO. Indeed, the following reactions may occur:

NOg ! NOads ð8Þ

NOads: ! Nads: þ Oads: ð9Þ
Oads: þ Oads: ! O2 ð10Þ
2Nads: ! N2 ð11Þ
NOads: þ Nads: ! N2O ð12Þ

We observe that the total acidity of both catalysts are

similar, however, after reduction the total acidity of the Pd/

NaZSM5 catalyst increased from 12.7 lmol/mg to

19.1 lmol/mg, in accordance with Loughran and Resasco

Table 5 O2 influence in the reduction of NO by ethanol

Samples T (8C) Conversion (%) Selectivity (%)

N species C species

NOx Ethanol N2 N2O CO CO2 Acet. Ethyl. CH4

Pd/NaZSM5 250 5 96 94 6 12 15 15 44 14

300 26 100 80 20 0 94.7 0 0.4 4.9

320 30 100 76 24 0 99.3 0 0.7 0

Pd/HZSM5 250 0.2 100 98 2 0 0 6 94 0

300 25 100 74 26 0 94.5 1.2 4.3 0

320 27 100 78 22 0 95 0 5 0

Acet. = acetaldehyde and Ethyl. = ethylene
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[22], indicating that during the reduction protons are

introduced on NaZSM5. Indeed, the Bronsted acid sites

increased 18-fold with the addition of Palladium, while the

Lewis acid sites not significantly, confirming the intro-

duction of protons in the NaZSM5 zeolite. The Bronsted

and Lewis acid sites on HZSM5 and Pd/HZSM5 did not

change too much. However, the product distribution of Pd/

NaZSM5 and Pd/HZSM5 changed markedly, as observed

from the results presented in Table 4, where CO2 decreased

abruptly 10-fold and acetaldehyde 3 times on Pd/NaZSM5,

compared to NaZSM5, while ethylene increased at twice.

It suggests that NO and ethanol are competing for the

metallic Pd and Lewis acid sites simultaneously. Thus,

since the NO decomposition on the Pd sites releases O2

(Eq.10) and because ethanol adsorbs on both sites the

partial oxidation of ethanol is favored occurring the

following reactions.

6NO þ C2H5OH! 3N2 þ 2CO2 þ 3H2O ð13Þ
C2H5OHþ 3O2 ! 2CO2 þ 3H2O ð14Þ

Also acetaldehyde was observed at lower temperature

on Pd/HZSM5 and Pd/NaZSM5, which according to Yeom

et al. [23] indicate that NO2 is an intermediate molecule for

the reaction with ethanol, occurring the following reduction

reactions:

2NO2 þ C2H5OH! C2H5ONO þ HNO3 ð15Þ
C2H5ONO! C2H5O þ NO ð16Þ

Remarkable is the effect of oxygen on the reduction of

NO by ethanol at 320 �C. The conversion of NOx

decreases, forming preferentially N2. The conversion of

ethanol is 100% favoring in all cases CO2, and no other

carbon compounds. Therefore, it depends only of the PdO

sites and not on the Lewis and Bronsted sites of the

HZSM5 and NaZSM5, which are insensitive for this

reaction in the presence of oxygen. The results suggest that

in the presence of oxygen and ethanol the following

reaction may occur:

2NO þ C2H5OHþ 2O2 ! N2 þ 2CO2 þ 3H2O

ð17Þ
C2H5OHþ 3O2 ! 2CO2 þ 3H2O ð18Þ

5 Conclusions

The results of this study show that in NaZSM5 there are

mainly Lewis acidic sites, in contrast in HZSM5 support

mainly Bronsted acidic sites. After introduction of

palladium ions in HZSM5 and NaZSM5 and their further

reduction with H2, the number of Bronsted acidic sites

decrease slightly for HZSM5 and increase strongly

(18 times) for NaZSM5. It is shown that NO react with

ethanol only in the presence of metal and this reaction is

not depended on the presence of acidic sites. The presence

of oxygen in the reaction mixture favors the SCR of NO by

ethanol with higher selectivity into N2.

Acknowledgments To CAPES for the scholarship (K.T.C.R.).

References

1. Traa Y, Burger B, Weitkamp J (1999) Micropor Mesopor Mater

3:30

2. Moreira JR, Goldemberg J (1999) Energy Policy 27:229

3. Misono M, Hirao Y, Yokoyama C (1997) Catal Today 38:157

4. Loughran CJ, Resasco DE (1995) Appl Catal B 7:113

5. Li N, Wang A, Li L, Wang X, Ren L, Zhang T (2004) Appl Catal

B 50:1

6. Mello LF, Baldanza MAS, Vannice A, Noronha FB, Schmal M

(2000) J Catal 192:64

7. Mello LF, Noronha FB, Schmal M (2003) J Catal 220:358

8. Salgado ALSM, Passos FB, Schmal M (2003) Catal Today 85:23

9. Yeom YH, Li M, Sachtler WMH, Weitz E (2006) J Catal 238:100

10. Hamada H, Kintaichi Y, Sasaki M, Ito T (1991) Appl Catal

70:L15

11. Li Y, Slager TL, Armor JN (1994) J Catal 150:388

12. Cant NW, Liu IOY (2000) Catal Today 63:133

13. Joubert E, Courtois X, Marecot P, Duprez D (2006) Appl Catal B:

103

14. Jehng JM, Turek AM, Wachs IE (1992) Appl Catal A 83:179

15. Delannay F (1984) Marcel Dekker, Inc., New York and Basel

16. Hair LM (1967) Marcel Dekker, Inc., New York

17. Li D, Nishijima A, Morris DE (1999) J Catal 182:339

18. Requejo FG, Ramallo-López JM, Lede EJ, Miró EE, Pierella LB,
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