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The reaction paths of the selective catalytic reduction of NO2

by C2H4 over H–ferrierite were investigated by identifying and
measuring the reactivity of the by-products under various coex-
isting gas conditions. Nitroethylene (NE), HCN, and HNCO were
detected as nitrogen-containing by-products. It was found that
there were two reaction pathways for N2 formation: the direct
reaction between NE and NO2, and NE decomposition followed
by the formation and hydrolysis of HNCO. The latter pathway
led to the formation of NH3, which further reacted with NOx to
form N2. c© 2002 Elsevier Science (USA)
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1. INTRODUCTION

Ever since Held et al. (1) and Iwamoto et al. (2) first re-
ported the selective catalytic reduction (SCR) of NOx with
hydrocarbons under excess oxygen, this catalytic process
has been recognized as a promising method to remove the
NOx emitted from diesel and lean-burn gasoline engines.
However, this method for removing NOx is so far some-
what impractical, because the NOx conversion is low and
the active temperature range is narrow. To improve this
catalytic process, clarification of the reaction mechanism
and identification of the key factors for active catalysts are
necessary.

In their studies on the reaction mechanism, Hamada et al.
proposed that the first step of the SCR of NOx is the oxida-
tion of NO to NO2 (3). It was thought that the subsequent
reaction involved the formation and decomposition of in-
termediates containing a carbon–nitrogen bond. Yokoyama
and Misono proposed nitro compounds as intermediates,
which were supposed to be formed by the addition of NO2

to a double bond in olefins (4). Cowan et al. proposed nitro-
methane as an intermediate (5), based on the investigation
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using it as a model intermediate (6, 7). Beutel et al. argued
that an intermediate containing a carbon–nitrogen bond
is produced by the reaction between NO and hydrocarbon
without passing through NO2 (8). Obuchi et al. investigated
the reaction mechanism by using a nitrile oxide compound
(–CNO) as a possible intermediate (9). In their studies on
elementary reactions involving N2 formation as the final
step of the SCR, Ukisu et al. (10) and other groups (11, 12)
proposed a surface isocyanate as an intermediate on the
basis of DRIFT measurements. Radtke et al. detected
HCN (13) and HNCO (14) in the effluent gases by gas ana-
lysis and proposed that the hydrolysis of these compounds
results in the formation of N2 (15). However, each of
these proposals can only explain part of the whole reaction
mechanism.

It is of interest that proton-form zeolites and Al2O3,
which have very poor redox activity, also show the SCR
activity (16). The activities of this type of catalyst increase
when NO2 is used as a reactant instead of NO. Using this
characteristic, various attempts have been made to improve
the SCR performance by combining two functionally differ-
ent catalysts, an NO oxidation catalyst and an active catalyst
for the SCR of NO2 (SCR-NO2) (17, 18).

In this study, we attempted to identify the gaseous in-
termediates and thereby clarify the reaction steps involved
in a model SCR-NO2, i.e., selective reduction of NO2 with
ethylene, over a proton-form ferrierite (H–ferrierite). The
study especially focused on the elucidation of a reaction
sequence or network that connects the reactant, NO2, and
the desirable product, N2, with feasible gaseous intermedi-
ates. Product analysis was carried out for this purpose, with
special emphasis on nitrogen-containing compounds, and
their reactions under several gaseous environments simi-
lar to that of the SCR reaction. H–ferrierite was used as a
model catalyst because it has a poor activity with respect
to hydrocarbon oxidation but is an active catalyst for SCR
with olefins (19). This enables reducing the complexities in
the reaction steps arising from the various oxidation paths.
Ethylene was used as a reductant because it is structurally
0021-9517/02 $35.00
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the simplest olefin. By investigating this simplified SCR re-
action system, we attempted to clarify its nitrogen chemistry
and essential steps of the SCR-NO2.

2. EXPERIMENTAL

2.1. Catalyst Preparation

Two kinds of H–ferrierites (abbreviated H–FER-17 and
H–FER-64) and Na–ferrierite were used as catalysts. H–
FER-17 was commercially provided by M/s Tosoh, Japan
(HSZ-720HOA, SiO2/Al2O3 = 17.0, BET surface area =
302 m2/g). H–FER-64 was obtained by calcination of NH4-
form ferrierite (Tosoh, NH4–ferrierite, SiO2/Al2O3 = 64.0,
BET surface area = 356 m2/g) at 500◦C for 1 h. Na–ferrierite
was obtained by ion exchange of H–FER-17 in 0.035 mol/L
NaOH at 80◦C for 24 h. These catalysts were pelletized to
obtain particles with their size in the range of 250–600 µm.

A honeycomb catalyst loaded with ca. 50 mg of the wash-
coated H–FER-17 layer was prepared for the mechanistic
study on this catalyst. H–FER-17, silica binder (Catalysis
& Chemicals IND. Co., Cataloid S-20L, containing 20 wt%
SiO2), and water were mixed in a ball mill at a weight ratio
of 1 : 2 : 3 and made into slurry. A cylindrical piece of hon-
eycomb (8-mm φ × 9-mm L) was cut out from a cordierite
honeycomb (NGK Insulator, Honeyceram, 400 cells/in.2),
wash-coated with the above slurry, dried at 110◦C for 30
min, and calcined at 500◦C for 1 h.

2.2. Characterization

X-ray diffraction analysis (Rigaku, RINT2000) was used
for confirming that the Na–ferrierite maintained the fer-
rierite structure after ion exchange.

Temperature-programmed desorption of NH3 (NH3-
TPD) was carried out on a TPD apparatus (Bel Japan Inc.,
TPD-1-AT), which is equipped with a mass spectrometer
for the detection of desorbed NH3. About 50 mg of sample
was pretreated in 50 ml/min of He flow at 500◦C for 1 h. It
was then cooled and exposed to NH3 at 100◦C for 1 h under
an equilibrium pressure of 20 Torr. After evacuation at the
same temperature for 1 h, the TPD measurement was taken
from 100 to 600◦C in the 50 ml/min He flow with a heating
rate of 10◦C/min.

2.3. Catalytic Activity Test

2.3.1. Selective catalytic reduction of NO2 by C2H4

(C2H4-SCR-NO2). Pelletized catalysts (50 mg) and the
honeycomb catalyst were installed in a quartz tube (8-mm
internal diameter) and were pretreated in a 5% O2/He flow
at 500◦C for 1 h. The effect of reaction temperature on the
catalytic reaction was measured in a 160 ml/min flow of feed
gas (1000 ppm NO2, 1050 ppm C2H4, and 5% O2 in He) at

◦ ◦
temperatures from 500 to 200 C in steps of 25 C. Under
these conditions, the space velocity specific to the apparent
ET AL.

TABLE 1

Accuracy of Product Analysis

Integrated peak range Range Error
Compound Method in IR analysis (cm−1) (ppm) (ppm)

NO IR 1911.4–1913.4 0–1100 ±10
NO2 IR 1643.2–1644.4 0–1100 ±20
N2 GC — 0–200 ±3
N2O GC — 0–200 ±3
NH3 IR 1121.5–1122.6 0–300 ±5
CO GC — 0–600 ±3
CO2 GC — 0–3000 ±3
C2H4 IR 948.2–950.5 0–1000 ±20
HCHO IR 2813.2–2815.6 0–250 ±10
HCN IR 711.5–715.8 0–300 ±6
HNCO IR 2257.5–2258.6 0–150 ±6
NE IR 1545.9–1547.2 0–300 ±4

volume of the honeycomb catalyst was 21,000 h–1. Analysis
of the effluent gas was carried out by gas chromatography
and FT-IR spectrometry. The gas chromatograph (Agilent,
MicroGC) was equipped with an MS-5A PROT column
(for N2 and CO analysis) and a PolaPROT Q column (for
CO2 and N2O analysis). An FT-IR spectrometer (Nicolet,
Magna 560), which was equipped with a multireflection gas
cell (Gemini Specialty Optics, Mercury Series, optical path
length = 2 m) and a MCT detector, was used for the analy-
sis of gaseous NO, NO2, C2H4, and other by-products (18).
The FT-IR measurements were performed at a resolution
of 0.5 cm−1 and a spectrum was obtained by integrating
50 scans, which took ca. 80 s. The concentrations of each
component were estimated from the intensity of the IR ab-
sorption peak specific to each component. The integrated
peak range in the FT-IR gas analysis and the accuracy of
both the GC and the FT-IR analyses are listed in Table 1.

The dependence of by-product formation on contact time
for C2H4-SCR-NO2 was investigated at 250, 350, and 450◦C
under the same gas composition as was used for the temper-
ature dependency measurement. The gas flow rate was var-
ied from 60 to 300 ml/min, which corresponds to 0.09–0.45 s
of contact time, or a space velocity of 8,000–40,000 h−1.

2.3.2. Reaction of by-products. The effect of coexisting
gas on the reaction of the by-products found in C2H4-SCR-
NO2 and NH3, one of their derivatives, was investigated
using the honeycomb catalyst. All tests were performed in
the same tubular flow reactor as was used for the C2H4-
SCR-NO2 and the flow rates were set at 160 ml/min.

Nitroethylene (C2H3NO2; NE) was synthesized accord-
ing to the literature (20). Reactant gases containing ca.
200 ppm NE were obtained by passing a predetermined
flow rate of He through NE liquid maintained at 0◦C. Iso-
cyanic acid (HNCO) was generated by controlled thermal

decomposition of cyanuric acid (Wako Pure Chemicals).
Reactant gases containing 30–110 ppm HNCO and 500 ppm
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H2O were obtained by passing a metered flow of He car-
rier through the HNCO generator and liquid H2O at 0◦C.
Hydrogen cyanide (HCN) was produced continuously by
introducing a metered flow of a 0.1 M NaOH (Wako Pure
Chemicals) solution containing 1.4% KCN (Wako Pure
Chemicals) into 1 M H2SO4 (Wako Pure Chemicals) at
0◦C. Reactant gases containing 220–300 ppm HCN and
ca. 2000 ppm H2O were obtained by passing a metered flow
of He carrier through the above H2SO4 solution. The re-
actions of these nitrogen-containing compounds were per-
formed under four different gas conditions: in inert gas
(He), in 5% O2, in 5% O2 + 1000 ppm NO, and in 5%
O2 + 1000 ppm NO2, at temperatures ranging from 500 to
150◦C in steps of 50◦C.

Selective catalytic reductions of NO and NO2 with
NH3 (NH3-SCR) were performed by using reactant gases
containing 360 ppm NH3 + 1000 ppm NO + 5% O2 and
400 ppm NH3 + 1000 ppm NO2 + 5% O2. Measurements
were carried out at temperatures ranging from 500 to 150◦C
in steps of 50◦C.

Because of the uncontrollable drift in the inlet concen-
tration of the nitrogen-containing compounds, the results
of their reactions were expressed in most cases in terms of
the specific consumption (SC) and specific production (SP),
which were defined as follows:

SC (%) = Object inlet conc. − Object outlet conc. (ppm)
Inlet conc. of reactant of interest (ppm)

× 100;

SP (%) = Product conc. (ppm)
Inlet conc. of reactant of interest (ppm)

× 100.

The specific consumption of the reactant of interest is equiv-
alent to its conversion as used conventionally.

3. RESULTS

3.1. Overall C2H4-SCR-NO2 and Its By-products

Figure 1 shows the C2H4-SCR-NO2 activity for the three
kinds of pelletized ferrierite catalysts. NOx conversion over
H–FER-17 reached a level of 50–60% above 225◦C, while
that over H–FER-64 was substantially lower, increasing
with temperature but reaching only to ca. 40%, even at
the highest temperature investigated. Furthermore, Na–
ferrierite showed a maximum NOx conversion of only 18%
at 250◦C.

The amount of desorbed NH3 for the above three cata-
lysts in the TPD measurement, which corresponds to the
number of acid sites, is listed in Table 2. H–FER-17 showed
the highest total amount of desorbed NH3, and the amount
decreased with an increase in the SiO2/Al2O3 ratio and with
ion exchange of proton with Na. Na–ferrierite had no peak

at higher temperatures. Although the total amount of des-
orbed NH3 over Na–ferrierite was higher than that over
OF C2H4-SCR-NO2 55
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FIG. 1. Catalytic activity for C2H4-SCR-NO2 over H–FER-17 (�),
H–FER-64 (�), and Na–ferrierite (�). Feed gas was composed of
1000 ppm NO2, 1050 ppm C2H4, and 5% O2.

H–FER-64, the C2H4-SCR-NO2 activity of Na–ferrierite
was lower than that of H–FER-64, especially above 250◦C.
These results suggest that the activity correlates with the
number of acid sites and particularly that of strong acid sites,
most probably proton sites, corresponding to the higher
temperature peak of NH3 desorption.

Since H–FER-17 showed the highest activity, we focused
on the elucidation of reaction pathways over this type of
catalyst in a honeycomb form.

Figure 2a shows the temperature dependence of C2H4-
SCR-NO2. The NOx was partly consumed and N2 was
formed, even at temperatures as low as 200◦C. The con-
sumption of NOx increased with increasing temperature
up to 250◦C and then reached an almost constant level of
ca. 450 ppm. The N2 concentration increased up to 375◦C
and then attained an almost constant level of ca. 160 ppm.
The consumption of C2H4 was nearly constant at 270 ppm
between 225 and 375◦C but increased above 375◦C. The
CO2 and CO concentrations were close to each other below
300◦C, but above 300◦C the CO2 concentration decreased
with increasing temperature, while the CO concentration

TABLE 2

Amount of NH3 Desorption by TPD

Desorbed amount (mmol/g)

Sample Low peak (◦C a) High peak (◦C a) Total

H–FER-17 0.31 (174) 0.56 (427) 0.87
H–FER-64 0.06 (167) 0.18 (372) 0.24
Na–ferrierite 0.60 (220) — 0.60
a The temperature of NH3 desorption peak.
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FIG. 2. Catalytic activity for C2H4-SCR-NO2 over a honeycomb-type
catalyst. Feed gas was composed of 1000 ppm NO2, 1050 ppm C2H4, and
5% O2. (a) Symbols indicate consumption of NOx (�) and C2H4 (�)
and production of N2 (�), N2O (�), CO (�), and CO2 (�). (b) Symbols
indicate production of HCN (�), HNCO (�), and NE (�).

increased with increasing temperature. N2O was formed
below 400◦C.

NE, HNCO, and HCN were detected as nitrogen-
containing by-products in this reaction (Fig. 2b). NE was
only detected below 275◦C. HNCO was observed above
350◦C, and its concentration increased with increasing
temperature. HCN was found over the whole tempera-
ture range investigated, and the maximum production of
116 ppm was obtained at 325◦C.

To check whether the observed by-products are inactive
species that do not undergo further conversion or are ac-
tive intermediates toward N2 formation, the dependence
of the by-product concentration on contact time was inves-
tigated at 250, 350, and 450◦C (Fig. 3). NE appeared only

◦
at shorter contact times at 250 C. The ratio of N2 to NE
significantly decreased with decreasing contact time and
ET AL.

was extrapolated to zero at zero contact time. HNCO pro-
duction was very low for all the contact times investigated.
At 250◦C, the HCN concentration increased with increas-
ing contact time and reached a constant level at 0.15 s, but
at 350 and 450◦C it decreased constantly with increasing
contact time. Also, at 250◦C, the ratio of N2 to HCN only
decreased slightly with decreasing contact time and was not
extrapolated to zero at zero contact time. At 350 and 450◦C,
on the other hand, the ratio was extrapolated to almost zero
at zero contact time. These results show that NE is clearly
an intermediate and HCN above 350◦C is likely to be an
intermediate of C2H4-SCR-NO2. The possibility of HNCO
being an intermediate was not determined from this experi-
ment and this was therefore investigated by the following
reactivity measurements.

3.2. Reactions of By-products

3.2.1. Nitroethylene. Figure 4 shows the results of the
NE reaction under various coexisting gas conditions.

0

20

40

60

80

0

5

10

15

20

0

20

40

60

80

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5
Contact time (sec)

0

20

40

60

80

0

1

2

3

4

5

C
on

ce
n

tr
at

io
n

 (
p

p
m

)

R
at

io
 o

f 
N

2 
to

 b
y-

p
ro

d
u

ct
s

(a) 250ºC

(b) 350ºC

(c) 450ºC

FIG. 3. Dependence of by-product concentration on contact time for
C2H4-SCR-NO2. Feed gas was composed of 1050 ppm NO2, 1040 ppm
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(�), and NE (�) and the ratio of N2 to HCN (�) and NE (�).



PRODUCT ANALYSIS OF C2H4-SCR-NO2 57

0

20

40

60

80

100

150 200 250 300 350 400

°C

450 500

S
p

ec
if

ic
 c

on
su

m
p

ti
o

n
 a

n
d

 p
ro

d
u

ct
io

n
 (

%
)

Tem perature ( )

0

20

40

60

80

100

150 200 250 300 350 400 450 500

S
p

ec
if

ic
 c

on
su

m
p

ti
o

n
 a

n
d

 p
ro

d
u

ct
io

n
 (

%
)

Tem perature ( )

0

20

40

60

80

100

120

140

150 200 250 300 350 400 450 500

S
p

ec
if

ic
 c

on
su

m
p

ti
o

n
 a

n
d

 p
ro

d
u

ct
io

n
 (

%
)

Tem perature ( )

(a) NE decomposition in He (b) NE + O2

(c) NE + NO + O2 (d) NE + NO2 + O2

0

20

40

60

80

100

150 200 250 300 350 400 450 500

S
p

ec
if

ic
 c

on
su

m
p

ti
o

n
 a

n
d

 p
ro

d
u

ct
io

n
 (

%
)

Tem perature ( )°C

°C °C

FIG. 4. Decomposition activity of NE under various coexisting gas conditions. Results are expressed in SC and SP (%). The reactant of interest
was NE. Concentrations of reactants were 170–230 ppm NE, 5% O2, 1000 ppm NO, and 1070 ppm NO2. Symbols indicate SC of NE (—�—) and NOx
(—�—) and SP of N2 (—�—), N2O (—�—), CO2 (—�—), CO (—�—), NH3 (- - -�- - -), HCN (- - -�- - -), HNCO (- - -�- - -), HCHO (- - -	- - -), C2H4
- - - - - - - - -+- - -
( � ), and NOx ( � ).

NE decomposed above 250◦C in He (Fig. 4a). The main
products were CO2, NH3, HCN, and CO. Other minor
products were NO, NO2, HNCO, HCHO, and C2H4. The
results in the presence of O2 (Fig. 4b) were almost the
same as those in He. These results indicate that the self-
decomposition of NE proceeds more easily than its reaction
with O2. It is noted that under these gaseous conditions,
CO2 production was roughly equal to NE consumption.

In the presence of NO + O2, NE consumption at low tem-
peratures increased remarkably compared with that in the
absence of NO (Fig. 4c). The ratios of NOx consumption
and the production of N2, CO2, and CO to NE consump-

◦
tion were roughly unity below 350 C. In other words, one N2

molecule, one CO2 molecule, and one CO molecule were
apparently produced from one NE molecule and one NO
molecule. N2O, HCHO, HCN, and a trace of HNCO were
observed as minor products, but no NH3 was detected.

The reaction of NE in the presence of NO2 + O2 was sig-
nificantly different from that under the other three sets of
conditions (Fig. 4d). NE was completely converted above
225◦C, a large amount of N2O was formed below 300◦C,
and N2 was the dominant product above 300◦C. It is obvi-
ous from this result that NE was able to produce N2 or N2O
quite effectively even at temperatures as low as 150◦C in
the presence of NO2. The ratios of the N2 + N2O produc-
tion and NOx consumption to the NE consumption were

roughly unity. Also, CO production and CO2 production
were almost equal to the NE consumption below 200◦C but
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FIG. 5. Decomposition activity of HNCO under various coexisting gas conditions. The reactant of interest was HNCO. Concentrations of reactants

were 30–110 ppm HNCO, 500 ppm H2O, 5% O2, 1000 ppm NO, and 1000 ppm NO2. Symbols indicate SC of HNCO (—�—) and NOx (—�—) and
SP of N2 (—�—), N2O (—�—), CO2 (—�—), and NH3 (- - -�- - -).
varied in opposite directions above 200◦C. Only traces of
HCN and HNCO were detected. The promotion of NE con-
sumption in the presence of NO or NO2 and the quantita-
tive relationship between NE consumption and the product
concentrations strongly suggest that NE is an intermediate
for N2 and N2O formation in C2H4-SCR-NO2, and reacts
with NO or NO2 in a ratio of 1 : 1.

3.2.2. HNCO. Figure 5 shows the results of the HNCO
reaction in the presence 500 ppm H2O and other coexisting
gases.

Above 200◦C, HNCO was completely converted into

equal amounts of CO2 and NH3 in the presence of only
H2O vapor (Fig. 5a). It is evident that the following hydrol-
ysis occurred preferentially:

HNCO + H2O → NH3 + CO2.

The same reaction occurred in the presence of O2 (Fig. 5b).
In the presence of NO + O2, the reactivity of HNCO be-
came higher still, with complete conversion being achieved
even below 200◦C (Fig. 5c). Since the amount of CO2 pro-
duced was nearly equal to the amount of HNCO consumed,
hydrolysis was also suggested to predominate under these
conditions. In addition, because the HNCO and NOx con-
sumptions were almost equal to each other and because an
amount of N2 equivalent to these values was formed with-

out forming NH3, this indicates that the NH3 formed by
HNCO hydrolysis reacted with NO to form N2, according
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FIG. 6. Decomposition activity of HCN under various coexisting gas conditions. The reactant of interest was HCN. Concentrations of reactants

were 220–300 ppm HCN, 2000 ppm H2O, 5% O2, 1000 ppm NO, and 1000 ppm NO . Symbols indicate SC of HCN (—�—) and NO (—�—) and SP

of N2 (—�—), N2O (—�—), CO2 (—�—), CO (—�—), NH3 (- - -�- - -), HN

to the conventional NH3-SCR:

NH3 + NO + 1
4

O2 → N2 + H2O.

In the presence of NO2 + O2 (Fig. 5d), HNCO was also com-
pletely converted below 200◦C and amounts of N2 + N2O
and CO2 equivalent to the amount of HNCO consumed
were formed. Again, the amount of CO2 formation is almost
equal to the HNCO consumption, the absence of NH3 sug-
gests that the HNCO was predominantly hydrolyzed into
CO2 and NH3, and NH3 reacted further with NO2 to form
N2 and partly N2O in this case.

3.2.3. HCN. Figure 6 shows the results of the HCN re-

action in the presence of 2000 ppm H2O and other coexist-
ing gases.
2 x

CO (- - -�- - -), and NOx (- - -�+- - -).

With only H2O vapor, the HCN reaction proceeded
above 200◦C. Almost equivalent quantities of CO and NH3

were produced with respect to observed HCN consump-
tion at all temperatures. This suggests that the following
hydrolysis reaction occurred exclusively:

HCN + H2O → NH3 + CO.

In the presence of O2, hydrolysis seemed to still be the dom-
inant reaction below 400◦C, producing amounts of NH3

and CO almost equivalent to that of HCN consumption
(Fig. 6b). NO and CO2 were observed above 400◦C. In the
presence of NO + O2, HCN consumption increased com-
pared to that in the absence of NO at all temperatures

(Fig. 6c). NOx consumption was almost equal to HCN con-
sumption, simultaneously producing equivalent amounts
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FIG. 7. Conventional NH3-SCR activity. (a, b) Results for the NH3 +
NO + O2 and NH3 + NO2 + O2 reactions, respectively. The reactant of
interest was NH3. Feed gas was composed of 360–400 ppm NH3, 1000 ppm
NO or NO2, and 5% O2. Symbols indicate SC of NH3 (�) and NOx (�)
and SP of N2 (�) and N2O (�).

of N2 and CO. This suggests that in this case HCN was
also dominantly decomposed by hydrolysis. The absence
of NH3, except for a trace at 500◦C, suggests that conven-
tional NH3-SCR proceeded after the HCN hydrolysis in
a way similar to the HNCO reaction. In the presence of
NO2 + O2, the reaction profiles were similar to those in the
presence of NO + O2 (Fig. 6d), suggesting that the HCN
hydrolysis followed by the NH3 + NO2 reaction proceeded.

A small amount of HNCO was formed. HONO was de-
tected but not quantified in the FT-IR gas analysis.
ET AL.

3.2.4. Selective reduction of NOx by NH3. Although
no NH3 was detected during the C2H4-SCR-NO2, it was
formed by the decomposition of NE, HCN, and HNCO,
and there were strong suggestions that it reacted with NOx .
Accordingly, the NH3-SCR was investigated over the same
catalyst, as shown in Fig. 7. In the case of NH3-SCR with
NO, the NH3 and NOx consumption had a maximum at
350◦C (Fig. 7a). N2 was the dominant product, and a small
amount of N2O was formed at high temperatures. In NH3-
SCR with NO2, the NH3 was completely converted at all
of the temperatures investigated (Fig. 7b). N2 was the ma-
jor product, but an appreciable quantity of N2O was also
formed, with a maximum at ca. 250◦C. Nitrogen-material
balance was not obtained at 150–200◦C, which indicates that
certain nitrogen-containing compounds with low volatility
and which are undetectable by FT-IR gas analysis, such as
HNO3 and NH4NO3, were produced at this temperature.

4. DISCUSSION

4.1. Nitroethylene as a Direct Precursor of N2 and N2O

NE is a gaseous nitro compound, which we have found
as a by-product for the first time in the SCR of NOx with
hydrocarbons (21). On the basis of the results obtained in
this study, the role of NE in the reaction pathways of C2H4-
SCR-NO2 is discussed below.

The results shown in Fig. 3 suggest that NE was an inter-
mediate of the SCR reaction at 250◦C. Furthermore, it is
obvious from Fig. 4d that the NE + NO2 + O2 system pro-
duces N2 and N2O very rapidly. The high reactivity of NE
with NO2 above 150◦C and the complete conversion of NE
above 250◦C are in agreement with the results of the C2H4-
SCR-NO2, in which remarkable amounts of N2 and N2O
are formed around 200◦C and the NE observed at lower
temperatures is missing above 275◦C (Fig. 2). These results
strongly suggest that a direct reaction between NE and NO2

takes place in the C2H4-SCR-NO2. However, we could not
further confirm this most promising pathway experimen-
tally, since there were no outstanding by-products in the
NE + NO2 + O2 reaction, and no literature was found con-
cerning theoretical calculations on the reaction of NE with
NO2.

4.2. Nitroethylene as a Precursor of HNCO and HCN

In contrast to the reaction in the presence of NO2, the re-
action of NE in He and in the presence of O2 and NO + O2

resulted in the formation of common minor products, such
as HNCO, HCN, and HCHO (Figs. 4a–4c). Furthermore,
CO2 was formed at a concentration almost equivalent to
that of NE consumption in these cases. Thus, it is speculated
that NE decomposes in a similar manner under these con-

ditions. The production of the above minor products by the
thermal decomposition of NE was theoretically predicted
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SCHEME 1. Thermal decomposition of NE.

by Shamov and Khrapkovskii (22), as shown in Scheme 1:
NE decomposes through a four-membered-ring compound
(4H -oxazete N -oxide) into HNCO + HCHO (Reaction 1)
or HCN + HCOOH (Reaction 2). Taking into account our
supplementary experimental results on the decomposition
of HCHO and HCOOH over H–ferrierite, out of these
four possible products of NE decomposition, only HNCO
can produce CO2 through its hydrolysis in the absence of
NO2. Therefore, the observation of a rate of CO2 forma-
tion almost equivalent to NE consumption suggested to us
that the decomposition of NE in the form of Reaction 1 is
likely to be the main route followed under these reaction
conditions.

Although HCN was confirmed as being formed from NE,
the HCN concentrations in the C2H4-SCR-NO2 (Fig. 2)
were much higher than those expected by this pathway. For
example, at 350◦C, the specific production of HCN in the
NE reaction was estimated from Figs. 4a–4c to be at most
5%, which would necessitate formation of 2140 ppm NE for
the 107 ppm HCN actually observed in the C2H4-SCR-NO2

at this temperature. This result clearly demonstrates that
there are other reaction pathways for producing HCN, but
we have no experimental results to identify these pathways
as yet. One possible pathway is the formation and decom-
position of nitrosoethylene, which is predicted to decom-
pose into HCN and HCHO through a four-membered-ring
structure, similar to NE decomposition (23).

4.3. HNCO and HCN as a Precursor of NH3

The hydrolysis of HNCO to NH3 and CO2 proceeded
very easily over the whole temperature range investigated
for the C2H4-SCR-NO2, independent of the coexisting
gases (Fig. 5). HNCO is known to hydrolyze rapidly on an
Al2O3 catalyst even at room temperature (24). This high
reactivity for hydrolysis suggests that HNCO is an interme-
diate of this SCR pathway. The extremely low HNCO con-
centrations in C2H4-SCR-NO2 (Fig. 2) regardless of contact
time (Fig. 3) and in the NE reactions (Fig. 4) are attributable
to its high reactivity.

The results of dependence on contact time (Fig. 3) sug-
gested that HCN was also an intermediate for N2 forma-
tion above 350◦C. The formation of HCN as a by-product
and its role as a possible intermediate to the formation of
N2 over Al2O3 (13) and Cu/Al2O3 (15) in SCR has also

been reported. Figure 6 indicates that the HCN conversion
was enhanced by the presence of NOx . This enhancement
S OF C2H4-SCR-NO2 61

is attributed to the elimination of adsorbed NH3 on the
proton sites of the H–ferrierite, which are most probably
the active sites for hydrolysis, by the reaction with NOx .
There have been several studies concerning the obstruc-
tion of catalytic reactions by NH3 adsorbed on acid sites
(25–27).

In the presence of NO2, the HCN seemed to be oxidized
to HNCO, probably due to the strong oxidation ability of
NO2 (Fig. 6d). Taking the high reactivity of HNCO for
hydrolysis into account, part of the HCN is supposed to be
converted to NH3 through its oxidation to HNCO under
this gaseous condition.

4.4. N2 and N2O Formation through NH3

NH3, which was formed by HNCO and HCN hydrolysis,
reacted with NO2 very rapidly and also reacted with NO at
an appreciable rate at around 350◦C to form N2 and N2O in
the presence of O2 over H–ferrierite (Fig. 7). Appreciable
quantities of N2O were formed when NO2 was present in
the reactant (Figs. 5–7). This is in agreement with our pre-
vious result, which showed that the NO2/NOx ratio affects
the selectivity to N2 and N2O in NH3-SCR on the same
catalyst (28). Possible pathways for N2 and N2O formation
from NH3 are as follows (29–32):

NO2 + NO + H2O → 2HONO,

2NO2 + H2O → HONO + HNO3,

NH3 + HONO → NH4NO2 → N2 + H2O,

NH3 + HNO3 → NH4NO3 → N2O + H2O.

4.5. Total Reaction Pathways of C2H4-SCR-NO2

Based on the above discussion for the reaction of each
nitrogen-containing compound, the reaction network of
C2H4-SCR-NO2 was estimated, as shown schematically in
Fig. 8. The reaction sequence starts with the addition of
NO2 molecules to C2H4, which leads to NE formation. In
the presence of excess NO2, the NE reacts directly with
NO2 to form N2 and N2O. Under NO2-deficient conditions,
the NE mainly decomposes into HNCO, which is easily fur-
ther hydrolyzed into NH3 and CO2. HCN may be partly
produced by the decomposition of NE, but it is produced
mostly through other unidentified pathways. HCN is a rel-
atively stable by-product at low temperature, but it is also
supposed to be involved as an intermediate at high temper-
ature, since it is hydrolyzed into NH3 and CO or converted
to the more reactive HNCO in the presence of NO2. Finally,
the NH3 formed from HNCO and HCN reacts with NO2

and NO to form N2 and N2O.
The overall C2H4-SCR-NO2 is a redox reaction between

C2H4 and NO2, but it should be noted that the valence of the
N atoms in the above reaction network does not monoton-

ically approach the neutral state (in N2) from the reactant
NO2. The N atom in NE, which is in an oxidative state, is
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FIG. 8. Speculated mechanism for selective catalytic reduction of
NOx by C2H4 over H–ferrierite.

temporarily changed to an excessively reduced state if the
NE is decomposed into HNCO and then is converted to
NH3. N2 is formed from these species by the combination
with oxidative NO2 and NO. We think that a step in which
a nitro compound is formed, or, in other words, a step in
which a C–N bond is formed, is essential in these SCR pro-
cesses, because after the establishment of this bond, the N
atom involved seems to be readily converted to excessively
reduced states and then to N2.

In this study we have focused our attention on under-
standing the nitrogen chemistry of a model SCR reaction
and the elucidation of promising pathways connecting the
reactants to the products through gaseous intermediates.
It is difficult to clearly distinguish an intermediate from
an inactive by-product. However, we suppose that if a by-
product has a reactivity comparable to the rate of the main
reaction and is converted to the same products under sim-
ilar conditions, it is regarded as an intermediate. The key
intermediates may also be in the adsorbed phase. To elu-
cidate the integrated mechanism, it would be necessary to
further identify the adsorbed intermediates and to clarify
their relationship with gaseous species. Some of the charac-
teristics of the catalyst, e.g., strength and density of the acid

sites, may bear a relationship with the rate of each elemen-
tary reaction step. However, this clarification is beyond the
ET AL.

scope of the present study. Further work adopting in situ
studies will throw more light on this aspect.

5. CONCLUSIONS

The reaction paths for the selective reduction of NO2 with
C2H4 (C2H4-SCR-NO2) over H–ferrierite were studied by
investigating the formation and reaction of the by-products.
The results are summarized as follows:

1. Nitroethylene (NE), HNCO, and HCN were detected
as nitrogen-containing by-products in C2H4-SCR-NO2.

2. NE was converted to HNCO, HCN, NH3, HCHO, CO,
and CO2 in the absence of NOx . In the presence of NO2,
the NE may directly react with NO2 to form N2 and N2O.

3. HNCO had a high reactivity for hydrolysis and is
completely decomposed into NH3 and CO2 above 200◦C.
HNCO hydrolysis followed by the reaction of NH3 with
NOx to form N2 is a very feasible pathway.

4. HCN was mostly hydrolyzed to NH3 and CO at high
temperatures and partly oxidized to HNCO in the pres-
ence of NO2. The main pathway for HCN formation in the
SCR is still unknown, since the HCN concentrations were
much higher than the value predicted by the decomposition
of NE.

5. N2 and N2O were formed by the reactions of NH3 with
NO, and NH3 with NO2, the latter reaction being much
faster.

6. A reaction network was proposed for C2H4-SCR-NO2,
in which NO2 is converted to N2 and N2O, through the
formation of NE followed by its reaction with NO2 or its
decomposition into mainly HNCO, subsequent hydrolysis
to NH3, and finally its reaction with NOx .
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