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The role of protons in the NO reduction by acetylene over ZSM-5
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Abstract

Intermediate species formed on ZSM-5 zeolites during the selective catalytic reduction of NO by acetylene (C2H2-SCR) were investigated by
transmittance FTIR and temperature-programmed desorption, to elucidate the different catalytic performance of the proton and sodium forms of
ZSM-5. Bidentate nitrates formed exclusively on HZSM-5 were very active toward the reductant, whereas the nitrates associated with the Na+
ions on NaZSM-5 were inert. Although the saturation adsorption amount of acetylene on NaZSM-5 was about five times higher than that on
HZSM-5 at 80 ◦C, most of the acetylene on NaZSM-5 was desorbed below 200 ◦C, whereas a considerable amount of acetylene was detected
above 250 ◦C on HZSM-5 in TPD. The strongly adsorbed species formed on acetylene adsorption was vinyl alcohol (CH2=CH–OH) bound to
the Brønsted acid sites that could be converted to acetate species at elevated temperatures on HZSM-5. Based on our results, a mechanism of the
C2H2-SCR on HZSM-5 was proposed in which the bidentate nitrates and acetate species formed exclusively on HZSM-5 react with each other,
leading to NOx elimination, which explains why the behavior of HZSM-5 is quite different from that of NaZSM-5 in the C2H2-SCR.
© 2006 Published by Elsevier Inc.
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1. Introduction

Selective catalytic reduction of NO by hydrocarbons (HC-
SCR) is believed to be the most promising way to remove nitric
oxide from the exhaust gas of diesel and lean-burn engines.
Since HC-SCR was reported in the presence of excess oxygen
over Cu-ZSM-5 [1,2], many studies were carried out in this field
both on the catalyst performance and on the reaction mecha-
nism. Hamada et al. [3] reported that catalyst acidity is one of
the important factors controlling the catalytic activity for C3H8-
SCR. Such an effect was also found in the CH4-SCR on Pd- [4]
and Ga-based [5,6] ZSM-5 catalysts. Using propene or propane
as a reducing agent, a relationship was found between the pop-
ulation of Brønsted acid sites and the selectivity to NO removal
over Pt/aluminum-silicate [7] and over the support alone [8].
A similar dependency was also found in the C3H6-SCR over
Na–H-MOR [9].

General agreement has evolved that NO oxidation to NO2 is
the initial step of the HC-SCR, and protons have been proposed
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as the catalytic sites for NO oxidation [10]. Subsequently, NO2

is converted to N2 via a series of reactions:

(i) NO2 interacts with the Brønsted acid sites to form NO+
[11] through reaction (1) [12] or interacts with hydroxyl
groups attached to extra-framework alumina species of ze-
olites to form nitrates through reaction (2) [13].

(ii) Hydrocarbon is activated at the Brønsted acid sites [11].
(iii) Nitrates react with the hydrocarbon or its derivates to form

intermediates, such as nitro-compounds [14], isocyanates
[15,16], cyanides [17,18], and amines [11].

(iv) The intermediates react with gaseous or adsorbed NOx to
form N2,

(1)NO + NO2 + 2H+ → 2NO+ + H2O,

(2)2Mn+–OH− + 3NO2 → 2Mn+–NO−
3 + H2O + NO.

In our previous study [19], we found that high NO conversion
to N2 (71.4%) was obtained over HZSM-5 in C2H2-SCR, while
no activity of NaZSM-5 was detected. In the present article, we
report a possible mechanism of C2H2-SCR over HZSM-5 based
on the role of protons in the catalytic reaction.
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2. Experimental

2.1. Catalysts

Commercial HZSM-5 and NaZSM-5 zeolites (SiO2/Al2O3
= 25), purchased from Nankai University, were used in this
study. The zeolite samples were calcined at 500 ◦C in air for 6 h
and then pelletized, crushed, and sieved to 20–40 mesh before
use.

2.2. Activity test of NO oxidation

The activity test of catalysts for NO oxidation was conducted
in a quartz reactor (4 mm i.d.) with 0.2 g of catalyst. The gas
mixture of 200 ppm NO and 10% O2 in N2 was fed to the reac-
tor at a total flow rate of 100 ml/min. The NO2 produced and
unreacted NO in the outlet of the reactor were monitored by an
electrochemical NOx analyzer (ACY301-B).

2.3. NOx adsorption and TPD

NOx adsorption and temperature-programmed desorption
(TPD) in N2 were measured in a setup with the ACY301-B
analyzer. A sample (0.2 g) pretreated on-line at 550 ◦C in N2
was first exposed to a gas mixture of 200 ppm NO and 10% O2
in N2 at 40 ◦C with a total flow rate of 100 ml/min until satu-
rated adsorption. After N2 purge (50 ml/min for 2 h), the TPD
was carried out from 40 to 500 ◦C with a temperature ramp of
10 ◦C/min.

2.4. C2H2 adsorption and TPD

The adsorption of acetylene on the catalysts was performed
at 80 ◦C in a quartz reactor on line connected to a gas chromato-
graph. A catalyst sample (0.2 g) pretreated in N2 at 500 ◦C was
exposed to a gas mixture of 2254 ppm C2H2 in N2 at 80 ◦C with
a flow rate of 30 ml/min, during which the concentration of
acetylene in the outlet was recorded constantly until saturation
adsorption. After purging with N2 at a flow rate of 30 ml/min
for 1 h, the C2H2-TPD was recorded from 80 to 500 ◦C with a
temperature ramp of 10 ◦C/min.

2.5. Fourier transform infrared spectroscopy

The in situ FTIR studies were carried out in a quartz IR cell
equipped with CaF2 windows on a Nicolet 360 FTIR spec-
trophotometer. All of the spectra were obtained by accumu-
lating 32 scans at a resolution of 2 cm−1. The gas mixtures
involved in the experiments are given in Table 1, and the adsorp-
tion arising from the gases in the cell on the IR laser pathway
were recorded at room temperature (coded as Sg). For each
experiment, the self-supporting wafer of the zeolite was first ac-
tivated in situ at 500 ◦C in N2, and then its absorption (coded as
Sc) was measured at each desired temperature. The IR spectra
of surface species in various gas mixtures shown in the figures
were obtained by subtracting Sg and Sc from each spectrum.
Table 1
Composition of gas mixtures used in FTIR

No. Gas mixture Concentration

1 N2 Pure nitrogen (99.995%)
2 NO 1000 ppm NO/N2
3 C2H2 500 ppm C2H2/N2
4 NO + O2 1000 ppm NO + 10% O2/N2
5 C2H2 + O2 500 ppm C2H2 + 10% O2/N2
6 NO + C2H2 + O2 1000 ppm NO + 500 ppm C2H2 + 10% O2/N2

Fig. 1. Catalytic performance of the HZSM-5 (25) and NaZSM-5 (25) catalysts
for oxidation of NO with O2: HZSM-5 (") and NaZSM-5 (2) (reaction condi-
tions: 200 ppm NO, 10% O2 in N2, with a total flow rate of 100 ml/min over
0.2 g catalyst).

Desorption of nitrous species formed on the catalysts by ex-
posure to NO and O2 at 40 ◦C was also monitored by FTIR at
40–400 ◦C in N2. After NO and O2 preadsorption, the reactiv-
ity of the species toward C2H2 was measured by exposing to a
gas mixture of C2H2 and O2 in N2 at 250 ◦C.

The evolution of the carbonous species formed on the cat-
alyst by exposure to C2H2 at 80 ◦C was recorded by FTIR at
80–410 ◦C in a flow of N2. The reactivity of the carbonous
species toward NO + O2 was studied at 200 ◦C in a flow of
NO + O2/N2.

Step-response experiments were performed over catalysts at
250 ◦C in the following sequence:

1. Pulsing in 1000 ppm NO + 500 ppm C2H2 + 10% O2/N2,
followed by brief evacuation.

2. Turning off C2H2 (in a 1000 ppm NO + 10% O2/N2 flow).
3. Turning off NO and adding C2H2 (in a 500 ppm C2H2 +

10% O2/N2 flow).

3. Results and discussion

3.1. NO oxidation

The activity of the HZSM-5 and NaZSM-5 catalysts in the
NO oxidation to NO2 as a function of temperature shows that
HZSM-5 exhibited a high activity in the whole temperature
range, whereas almost no conversion of NO was observed over
NaZSM-5 (Fig. 1). This indicates that protons are indispens-
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Fig. 2. Adsorption profiles of NO (A) and NO2 (B) in the co-adsorption of NO
with O2 on HZSM-5 (!) and NaZSM-5 (1) at 40 ◦C.

able for NO oxidation, as was also found in the CH4-SCR over
Ga- and In-ZSM-5 [6]. This finding, along with the results of
the C2H2-SCR [19], demonstrates that NO oxidation to NO2 is
an important step of the reaction and that protons in the catalyst
are crucial for the C2H2-SCR.

3.2. NO and O2 co-adsorption and TPD

The co-adsorption of NO and O2 over HZSM-5 and NaZSM-
5 (Fig. 2) showed that NaZSM-5 had a higher adsorption capac-
ity for NOx than HZSM-5. This indicates that Na+ ions in the
zeolite are favorable for the NOx storage under the experimen-
tal conditions, in line with the results obtained on mordenite
zeolite by Satsuma et al. [20]. The promotional effect of Na+
on NOx storage was also observed in the subsequent TPD of
NO and NO2 (Fig. 3). In addition, it is obvious that different
nitrous species were formed on HZSM-5 and NaZSM-5, corre-
sponding to the NO2 desorption peaks at ca. 340 ◦C (peak A)
and ca. 410 ◦C (peak B), respectively. It seems that protons
in HZSM-5 are associated with peak A, whereas Na+ in the
NaZSM-5 results in peak B, which is discussed further in Sec-
tion 3.4.1.
Fig. 3. TPD profiles of NO (A) and NO2 (B) in N2 flow after co-adsorption of
NO with O2 on HZSM-5 (a) and NaZSM-5 (b).

Fig. 4. Time dependence of acetylene concentration upon exposing the
HZSM-5 (") and NaZSM-5 (2) catalysts to 2254 ppm C2H2 at 80 ◦C.

3.3. C2H2 adsorption and TPD

The adsorption profiles of acetylene over NaZSM-5 and
HZSM-5 at 80 ◦C show that much more acetylene was adsorbed
on NaZSM-5 (0.37 mmol/g) than on HZSM-5 (0.08 mmol/g)
in saturation under 2254 ppm C2H2 in N2 (Fig. 4). However,
most of it was lost during the subsequent flushing or desorbed
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Fig. 5. Temperature-programmed desorption profiles of acetylene from
HZSM-5 (") and NaZSM-5 (2) in a carried gas of N2 with a flow rate of
30 ml/min.

Fig. 6. FTIR spectra of adsorbed species in 1000 ppm NO and 10% O2 in N2 at
40 ◦C on HZSM-5 (A) and NaZSM-5 (B): (a) 1 min, (b) in saturated adsorption,
(c) after a brief evacuation.

below 200 ◦C (Fig. 5), indicating that there is only weak in-
teraction between the acetylene and NaZSM-5. In contrast, al-
though less acetylene was adsorbed on HZSM-5 in saturation,
most of it was desorbed above 200 ◦C (Fig. 5), implying that
protons were involved in the strong adsorption of acetylene on
the ZSM-5 zeolite.

3.4. In situ FTIR studies

3.4.1. Characteristic of nitrous species formed on the zeolites
The formation of nitrous species and their variation with

temperature, as well as their reactivity toward reduction by
acetylene, were investigated by FTIR. The spectra obtained on
exposure of activated HZSM-5 and NaZSM-5 to NO and O2 at
40 ◦C are depicted in Fig. 6. For HZSM-5 (Fig. 6A), the band at
1622 cm−1 due to weakly adsorbed NO2 [21,22] or bridging ni-
trates [23–27] and that at 1311 cm−1 due to unidentate nitrates
[21,28,29] were observed after the zeolite was exposed to NO
and O2 for 1 min accompanied with three negative bands. The
band at 3700 cm−1 was due to the asymmetric stretching vibra-
tion of molecular adsorbed water [30,31], and the bands at 2884
Fig. 7. The variation of nitrous species with temperature on HZSM-5: (a) 150,
(b) 250, (c) 350, and (d) 400 ◦C.

and 2477 cm−1 were due to the well-known A–B–C structure
produced by hydrogen-bonded hydroxyls [29,31]. The results
indicate that the formation of nitrates occurred at the expense
of molecular adsorbed water through reaction [24,25,32]:

(3)2NO2 + H2O → HNO3 + HONO.

Further exposure led to an increase in intensity only at 1311
cm−1, which can be explained by reaction (4) being operative
on cation defect sites such as extra-framework alumina, similar
to the reaction pathway suggested by Larsen et al. [24],

(4)Mn+–O2− + 2NO2 → Mn+–NO−
3 + NO−

2 .

Part of the nitrous species (adsorbed NO2 and some unidentate
nitrates) corresponding to the bands at 1622 and 1311 cm−1

were so weakly adsorbed on the zeolite that they disappeared in
the subsequent brief evacuation. At the same time, two bands
at 1663 and 1389 cm−1 were observed, which were assigned to
the nitrites and/or nitrates associated with a very low concen-
tration of Na+ ions in HZSM-5 [20,24,25,33].

Identical to HZSM-5, the band at 1622 cm−1 appeared
rapidly with NO and O2 co-adsorption on NaZSM-5 (Fig. 6B).
However, different from HZSM-5, further exposure of NaZSM-
5 to NO and O2 primarily resulted in bands at 1407 and
1389 cm−1 due to nitrates associated with Na+ [20,24,25,33].
Fig. 6 clearly shows that more nitrous species were formed on
NaZSM-5 than on HZSM-5, which could be well explained by
reaction (3), because the NaZSM-5 can hold more molecular
water [34]. These results are qualitatively and quantitatively in
good agreement with the ones obtained in Section 3.2.

The thermal stability of the nitrous species thus formed on
the zeolites was investigated by elevating the temperature in
N2 flow. On HZSM-5, the band at 1311 cm−1 correspond-
ing to the unidentate nitrates disappeared at 150 ◦C (Fig. 7),
and a band appeared at 1585 cm−1 due to bidentate nitrates
[21,26–28,35]. This indicates that the bidentate nitrates were
formed from unidentate nitrates at the elevated temperature.
Compared with the bridging nitrates (1622 cm−1), the bidentate
nitrates (1585 cm−1) were more thermally stable; the intensity
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Fig. 8. The variation of nitrous species with temperature on NaZSM-5: (a) 150,
(b) 250, (c) 350, and (d) 400 ◦C.

at 1585 cm−1 decreased only slightly with increasing tempera-
ture.

Similar to HZSM-5, the unidentate nitrates (1311 cm−1)
formed on NaZSM-5 disappeared at 150 ◦C (Fig. 8), indicat-
ing that the unidentate nitrate species is less thermally stable
than other kinds of nitrates, irrespective of the adsorbent. This
implies that the unidentate nitrates are not involved in the C2H2-
SCR (conducted above 250 ◦C). Quite different from the find-
ings of HZSM-5 (Fig. 7), although the bridging nitrates on
NaZSM-5 corresponding to the band at 1622 cm−1 changed
little below 150 ◦C, most of them desorbed when the temper-
ature increased to 250 ◦C (Fig. 8b), corresponding to the large
release of NOx shown in Fig. 3. The band at 1715 cm−1, ob-
served exclusively on NaZSM-5, could be assigned to nitrates
associated with Na+ ions, because it appeared concomitantly
with the band at 1407 cm−1 during the co-adsorption of NO and
O2 (Fig. 6B) and disappeared at 350 ◦C together with the same
band (Fig. 8c). On NaZSM-5, the most stable nitrous species
are the nitrates associated with Na+ (1389 cm−1), which re-
mained on the zeolite at 400 ◦C (Fig. 8d), corresponding to the
desorption peak above 400 ◦C (Fig. 3).

The FTIR results, coupled with those reported in Section 3.2,
reveal that the adsorption of NOx on ZSM-5 was strongly af-
fected by the cations in the zeolite, and that protons were es-
sential for the formation of bidentate nitrates.

The bands at 1626 and 1585 cm−1 that appeared during co-
adsorption of NO and O2 disappeared within 1 min on exposure
of HZSM-5 to C2H2 and O2 at 250 ◦C (Fig. 9A). Concomi-
tantly, the bands at 1693 cm−1 due to carbonyl-containing com-
pound [ν(C=O)] and at 1605 cm−1 due to the C=O vibration of
carboxylic groups [24] appeared. This indicates that the bridg-
ing and bidentate nitrates were very active toward the reductant.
No significant change in the spectra was observed when the
sample was exposed C2H2 and O2 at 250 ◦C (Fig. 9B), implying
that the nitrates associated with Na+ on NaZSM-5 were inert to
the reductant.

The quite different nitrous species formed on HZSM-5 and
on NaZSM-5 as well as their various reactivities toward the re-
ductant, could explain the distinct catalytic performance of the
two catalysts in C2H2-SCR. Accordingly, it is rational to draw
the conclusion that protons are responsible for the formation of
active nitrate intermediates in the C2H2-SCR; that is, protons
are essential for NO reduction by acetylene.

3.4.2. Characteristic of carbonous species formed on the
zeolites

The evolution of carbonous species and their reactivity to-
ward NOx were investigated by FTIR. The IR spectra of car-
bonous species obtained after saturated adsorption of acetylene
on the HZSM-5 and NaZSM-5 at 80 ◦C are depicted in Fig. 10.
The adsorption of acetylene on HZSM-5 resulted in the appear-
ance of positive bands at 1673 and 1628 cm−1 and negative
bands at 3700, 2884, and 2477 cm−1 (Fig. 10c). As discussed in
Section 3.4.1, the three negative bands arose from the consump-
tion of adsorbed water on the Brønsted acid site. No negative
band at 3610 cm−1, corresponding to the consumption of acidic
Fig. 9. FTIR spectra on HZSM-5 (A) and NaZSM-5 (B) at 250 ◦C: (a) brief evacuation after saturation adsorption of NO and O2, and subsequently exposing to
C2H2 + O2: (b) 1, (c) 2, (d) 4, (e) 6, (f) 8, and (g) 10 min.
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Fig. 10. FTIR spectra of carbonous species formed on the zeolite (a) NaZSM-5,
(c) HZSM-5 by saturation adsorption of C2H2 at 80 ◦C in 500 ppm C2H2/N2,
and subsequent evacuation at 80 ◦C: (b) NaZSM-5, (d) HZSM-5.

Scheme 1. The C2H2 adsorption model on the HZSM-5 and NaZSM-5.

zeolite Al(OH)Si hydroxyls [35,36], was observed on acetylene
adsorption. From an energy standpoint, acetylene would adsorb
on the free Brønsted acid sites, which were detected on the
self-supporting wafer before acetylene adsorption, rather than
adsorb on the ones taken up by water. Therefore, we propose
that acetylene reacted with the adsorbed water on the Brønsted
acid site, but did not simply take up the Brønsted acid site by
breaking the well-known A–B–C structure.

Based on the result of the reaction of acetylene with wa-
ter adsorbed on the Brønsted acid sites, we propose that vinyl
alcohol (CH2=CH–OH) was formed on HZSM-5. Vinyl alco-
hol can adsorb on the ZSM-5 zeolites in two ways (Scheme 1),
through strong binding to the Brønsted acid sites with a hy-
drogen bond corresponding to the band at 1673 cm−1 and by
binding to the cations (e.g., H+ and Na+) in zeolite channels
through weak static attraction, corresponding to the band at
1628 cm−1. For vinyl alcohol, the electron-withdrawing action
of the –OH group results in a blue shift of ν(C=C) with respect
to the general C=C double band. The blue shift of ν(C=C) is
further aggravated by the hydrogen bond of the –OH group with
the Brønsted acid sites (model I). In model II, formation of a π -
complex decreases the electron density in the highest occupied
molecular orbital, leading to a red shift of ν(C=C) in vinyl al-
cohol.
Fig. 11. The spectra of carbonous species on HZSM-5 at the various temper-
atures: (a) evacuation at 80 ◦C after saturation adsorption; (b) 150, (c) 178,
(d) 200, (e) 300, (f) 360, and (g) 410 ◦C.

Fig. 12. The spectra of carbonous species on NaZSM-5 at the various tempera-
tures: (a) 150, (b) 178, (c) 200, (d) 300, (e) 360, and (f) 410 ◦C.

However, only the weakly adsorbed surface species, corre-
sponding to the band at 1621 cm−1, were formed during acety-
lene adsorption over NaZSM-5 (Fig. 10). The results reported
in Section 3.3 indicate that most of the acetylene was adsorbed
on the NaZSM-5 with weak interaction. Similar to the case of
HZSM-5, the adsorption of acetylene on NaZSM-5 also oc-
curred at the expense of adsorbed water, corresponding to the
negative bands at 3683, 3582, and 1635 cm−1 [37,38].

Evolution of the carbonous species on HZSM-5 and Na-
ZSM-5 with temperature is shown in Figs. 11 and 12, respec-
tively. It is obvious that the intensity of the bands at 3659 cm−1

due to ν(–OH) of alcohol hydroxyl groups increased with a
temperature increase from 80 to 150 ◦C. At the same time, the
bands at 2884 and 2477 cm−1 due to the A–B–C structure, and
the band at 1352 cm−1 due to δ(OH) of the H-bonded zeolite
hydroxyls were recovered on the HZSM-5 (Fig. 11), accom-
panied by the appearance of the negative band at 3610 cm−1.
With further temperature increase, the bands relating to the
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Scheme 2. The evolution of carbonous species on HZSM-5.

Scheme 3. The decomposition of carbonous species formed on NaZSM-5.

adsorbed water on the Brønsted acid sites increased in inten-
sity. This indicates that water was formed and adsorbed on the
Brønsted acid sites at elevated temperatures. Above 300 ◦C, the
strong band centered at 1628 cm−1 disappeared, which corre-
lates well with the end of desorption peak (around 215 ◦C) of
acetylene in C2H2-TPD (Fig. 5). As a result, a new band at
1646 cm−1 was clearly observed. Based on these results, we
propose Scheme 2 for the evolution of carbonous species with
temperature on HZSM-5.

The vinyl alcohol adsorbed on the Brønsted acid sites in
the both models I and II was converted to a carbenium ion
(HO–HC+–CH3), which gave bands at 3659 and 1352 cm−1

due to the OH stretching vibration and the CH3 deformation
vibration, respectively. The carbenium ion decomposed to wa-
ter and another carbonium ion (CH2=HC+) that gave the band
at 1646 cm−1. The formed water adsorbed on the Brønsted
acid sites led to a recovery of intensity and an increase of
the bands at 2884 and 2477 cm−1, as well as the negative
band at 3610 cm−1. In addition, some of the carbenium ion
(HO–HC+–CH3) was oxidized by oxygen (ca. 5000 ppm) in
the pure N2 (99.995%) to acetate species, giving the bands at
1585 and 1479 cm−1 due to the νas(COO) and νs(COO) of ac-
etate species [21,26,28,38].

For NaZSM-5 (Fig. 12), a temperature increase from 80 to
200 ◦C resulted in recovery of the band at 1635 cm−1 as well
as a shift of the band (from 1623 to 1628 cm−1). Scheme 3
explains that acetylene was released by the decomposition of
vinyl alcohol, leaving water on the cation sites in zeolite, lead-
ing to the disappearance of the negative band. Thus the band
of vinyl alcohol on sodium ions kept its apparent intensity
while it shifted back to its maximum absorption at 1628 cm−1.
Above 300 ◦C, almost no surface species were detected on Na-
ZSM-5, which is in line with the results obtained in C2H2-TPD
(Fig. 5).

The reactivity of the carbonous species on HZSM-5 toward
NOx was studied at 200 ◦C in NO/N2 and NO + O2/N2, re-
spectively. Acetate species (1585, 1479 cm−1) were detected
at steady state on the HZSM-5 in NO/N2 and N2 (Fig. 13A),
indicating that the acetate species could exist in NO/N2. This
means that the acetate species did not react with NO at 200 ◦C.
However, in NO + O2/N2, no acetate species could be detected;
instead, a new band at 2131 cm−1 appeared. This band could
be assigned to ν(C≡N) of cyanide [21,39] produced through
the reaction of acetate species with NOx . It means that the ac-
etate species formed through the oxidation of the carbenium ion
(HO–HC+–CH3) on HZSM-5 are active toward nitrous species
arising from the co-adsorption of NO and O2, and thus it is one
of the important intermediates in the C2H2-SCR.

In contrast to the situation for HZSM-5, although vinyl al-
cohol (1628 cm−1) was formed on NaZSM-5 (Fig. 13B), no
change in the band was observed at 200 ◦C in NO/N2 and in
NO + O2/N2, indicating that the vinyl alcohol connected to the
cation sites of NaZSM-5 was rather inert under the reaction
conditions.
Fig. 13. FTIR spectra of surface species on HZSM-5 (A) and NaZSM-5 (B) at 200 ◦C taken in (a) N2, (b) NO, (c) NO + O2. Before the measurements, the catalysts
were pretreated in C2H2/N2 at 80 ◦C.
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Fig. 14. FTIR spectra on HZSM-5 (A) and NaZSM-5 (B) at 250 ◦C: (a) evacuation after exposing to NO, C2H2 and O2, followed by (b) exposing to NO and O2,
then by (c) exposing to C2H2 and O2.

Scheme 4. The reaction pathway of C2H2-SCR on HZSM-5.
3.4.3. Reaction between nitrous species and carbonous
species over the zeolites

The FTIR spectrum of surface species on HZSM-5 (Fig. 14
A) was first recorded after a brief evacuation when the C2H2-
SCR reaction reached steady state (sequence 1: 1000 ppm NO+
500 ppm C2H2 + 10% O2/N2). As shown in the spectrum a,
bands at 1693 and 1605 cm−1, due to carbonyl-containing com-
pound [ν(C=O)] and the carboxylic groups [ν(C=O)] [24],
respectively, were observed. When acetylene was turned off
(sequence 2: 1000 ppm NO + 10% O2 in N2), the two bands
disappeared, accompanied by the appearance of bands at 1626
(bridging nitrates) and 1585 cm−1 (bidentate nitrates). When
NO was turned off and C2H2 was added (sequence 3: 500 ppm
C2H2 +10% O2 in N2), the nitrates and the cyanide species van-
ished with the reappearance of carbonyl species. The finding
that the carbonyl species remained in sequence 1 and disap-
peared in sequence 2, coupled with the appearance of nitrates
only when acetylene was turned off, indicate that the reaction of
nitrates with acetylene to form the carbonyl species was a rapid
step and that the further reaction of the carbonyl species with
nitrates was slower. Similarly, the cyanide species (2131 cm−1)
could be observed only when acetylene was cut off, implying
that the species reacting with acetylene and/or with its derivates
is fast. The reaction mechanism is summarized in Scheme 4.

No significant change in the spectra of surface species was
observed on NaZSM-5 during the three sequences at 250 ◦C
(Fig. 14B). This indicates that the nitrates formed on the
NaZSM-5 were inert toward the reductant in gas phase, because
acetylene cannot adsorb on the zeolite at the temperature, as
discussed in Section 3.3.

4. Conclusion

Based on our findings, the following conclusions can be
drawn:

1. Protons in ZSM-5 zeolites are essential for catalyzing the
NO oxidation with O2 to NO2, which is the initial step in
the SCR of NO by acetylene.

2. Bidentate nitrate species and acetate species, formed ex-
clusively on HZSM-5, are very active toward each other,
whereas the nitrates associated with Na+ are inert on
NaZSM-5. This is why the proton form of ZSM-5 is quite
different from the sodium form in the activity for the C2H2-
SCR.

3. Finally, the function of proton in HZSM-5 can be consid-
ered as the sites of (i) catalyzing NO oxidation to NO2, (ii)
adsorbing NOx to form active nitrates, and (iii) activating
acetylene to form active acetate species for the C2H2-SCR
of NO.
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