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Abstract—The main features of the mechanism of selective reduction of nitrogen oxides by hydrocarbons
(methane, propane, and propylene) in excess oxygen catalyzed by systems containing transition metal cations
are considered. A combination of steady-state and non-steady-state kinetic studies, in situ Fourier-transform
infrared (FTIR) spectroscopy, temperature-programmed desorption, and theoretical analysis of bond strengths
and spectral datafor adsorption complexes madeit possible to determinereliably that surface nitrate complexes
are key intermediates at real temperatures of catalysis. The rate-limiting step in these reactions includes the
interaction of these complexes with hydrocarbons or their activated forms. Factors are considered that deter-
mine the structure, bond strength, and routes of nitrate complexes transformations under the action of hydro-
carbons. Mechanistic schemes are proposed for the reaction of various types of hydrocarbons in which the
determining role belongs to the formation of organic nitro compounds in arate-limiting step. Their further fast
transformation with the participation of surface acid sites resulting in the formation of ammonia, which is a
highly efficient reducing agent, though not limiting the whole process, but determines nevertheless both the
selectivity to the target product, molecular nitrogen, and the selectivity of hydrocarbon consumption for nitro-

gen oxide reduction.

INTRODUCTION

Currently, the reaction of selective catalytic reduc-
tion (SCR) of nitrogen oxides by hydrocarbons, which
was discovered independently by lwamoto et al. [1, 2]
and Held et al. [3, 4] about ten years ago, remains one
of the most intensively studied processes worldwide.
This interest is due to its potential application for the
nitrogen oxide removal from exhaust gases containing
excess oxygen (diesel engine exhaust, power plant flue
gases, etc.). Various classes of solid catalysts (smple
and mixed oxides, including transition metal oxides,
zeolites, supported platinum group metals, etc.) and
various types of hydrocarbons (alkanes and alkenes)
and their derivatives (alcohols, ethers, and others)
were tested in these processes. However, the mecha-
nism of these reactions remains debatable despite
numerous studies described in hundreds of papers and
reviews [5-11].

The main features of the SCR mechanism were pro-
posed aready in early papers. These were based on
general consideration, analogies with other types of
reactions of nitrogen oxide (both homogeneous and
heterogeneous), and qualitative IR data. Proceeding

from the type of the rate-limiting step, the mechanisms
can be divided into three groups.

1. Activated adsorbed hydrocarbons (HC*), includ-
ing radicals, coke, and oxygen-containing compounds
selectively interact with anitrogen oxide; N, is formed
via a sequence of intermediate compounds [12-19]:

HC + 0O, (or NO,) —~ HC* + CO, + H,0,
HC* + NO, —~ N, + CO, + H,0.

2. Nitric oxideisoxidized to nitrogen dioxide and/or
surface nitrite—nitrate complexes, which are selectively
reduced by hydrocarbons to molecular nitrogen,
including the possible formation of organic nitro com-
pounds [20-27]:

NO+0, —~ NO,,
NOX+ HCH N2 + COX + Hzo

3. Nitric oxide dissociates on reduced surface sites
yielding molecular nitrogen and chemisorbed oxygen,
which resultsin the surface reoxidation. A hydrocarbon
removes this oxygen and reduces the surface. The

0023-1584/03/4403-0379%$25.00 © 2003 MAIK “Nauka /Interperiodica’



380

hydrocarbon fragments (coke) chemisorbed on the sur-
face may favor nitrogen oxide dissociation [28—-31]:

2NO — N, + 20(ads),
20(ads) + HC — CO, + H,0.

The most important problem, which should be
reflected in the mechanistic scheme, isthe nature of the
selective action of catalysts in these reactions. Indeed,
when oxygen isin great (more than two orders of mag-
nitude) excess over nitrogen oxidesin the reaction mix-
ture, only the high selectivity of the catalysts makes it
possible to overcome the unfavorabl e effect of the high
rates of oxygen interaction with hydrocarbons, their
activated fragments, and derivatives. It is well known
that homogeneous gas-phase reactions in the mixtures
of oxygen, hydrocarbon, and nitrogen oxides do not
lead to noticeable conversions of nitrogen oxides to
molecular nitrogen, although this process is accompa:
nied by the formation of organic nitro compounds.
However, usually this problem is not taken into account
when constructing a hypothetical mechanism, although
thisis very important when considering schemes of an
oxidation—reduction type.

Another problem is associated with the kinetic jus-
tification of hypothetical schemes. Although in a num-
ber of cited works, some intermediates were identified
(nitrite—nitrate complexes, isocyanates, nitriles, etc.)
and corresponding absorption bands were shown to
change under the action of gas-phase components,
however, the rates of the corresponding surface reac-
tions at real temperatures of catalysis and low concen-
trations of reactants have not been measured. At the
sametime, only comparison of therates of surfacereac-
tions with the rate of the catalytic reaction measured
under steady-state or non-steady state conditions makes
it possible to decide whether the corresponding surface
compound is an intermediate, a by-product, or a spec-
tator. Because the schemes proposed were poorly justi-
fied, the viewpoint was very popular that several reac-
tion routes may occur on the same catalyst [6, 14].

This paper summarizes the main results of the stud-
ies of SCR of nitrogen oxides by light hydrocarbons
(methane, propane, and propylene) by a research team
consisting of several groups both in Russia and abroad.
Original data have been published in periodicals [32—49],
generalized intwo Cand. Sci. dissertations[50, 51], and
reported at international conferences [52-56].

Theprincipal systemsused were copper- and cobalt-
exchanged ZSM-5 zeolites with an exchange ratio
varying broadly [32-40, 47, 50]. Other systems were
catalystsbased on highly dispersed alumina[36, 42, 48,
49], zirconiain various modifications [41, 43, 51, 56],
and pillared clays (nanosized particles of zirconium
dioxide fixed between aluminosilicate layers of natural
montmorillonite clays), both clean and with active
components supported on them, such as copper and
cobalt cations, including those promoted with platinum
or silver [44, 45, 51, 55].
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Details of the sample preparation procedure, their
characterization, and steady-state and non-steady-state
kinetic experiments (including those with in situ IR
studies) werereported in [32—49]. We will present them
here only when they are needed to illustrate specific
results.

Our mainideain devel oping approachesto elucidate
the mechanism of reactions under consideration was
based on the assumption that only strongly bound sur-
face complexes containing nitrogen atoms may provide
selective conversion of nitrogen oxides to molecular
nitrogen in excess oxygen. This assumption is evident
from a simple comparison of the number of collisions
of nitrogen oxide and oxygen molecules with the sur-
face in the case of great oxygen excess (vide supru).
Another favorabl e argument isthe vol cano-shaped tem-
perature dependence of the SCR rate, which was
observed for the catalysts used in this reaction. Thisis
typical of areaction with strongly bound surface com-
pounds [57]. Indeed, these compounds should be ther-
mally activated to be reactive, and thisresultsin adras-
tic increase in the reaction rate with temperature up to
a maximum. At high temperatures (above T,,), these
compounds desorb from the catalyst surface and the
route with their participation becomes ineffective. The
nitrate-nitrite complexes can play the role of such key
complexes in reactions with the participation of nitro-
gen oxides.

Therefore, the methodology taken as a basis for the
determination of the reaction mechanism involved the
following stages:

(1) Determination of the route for the formation,
composition, bonding strength, and thermal stability of
strongly bound nitrate—nitrite complexes using such
methods as IR spectroscopy (including experiments
with isotopic substitution of oxygen and nitrogen
atoms), TPD, and the theoretical analysis of the bond-
ing strengths and vibrational characteristics of nitrate—
nitrite complexes for adsorption sites of various types.

(2) The study of the routes of the thermal decompo-
sition of the bound nitrate—nitrite complexes and their
transformations under the action of hydrocarbons using
the methods of in situ IR spectroscopy and pulse titra-
tion.

(3) Estimating the rates of separate steps and their
comparison to the rate of the catalytic reaction.

(4) Study of the reactivity and routes of transforma-
tion of possible products of the nitrite—nitrate com-
plexes reduction containing nitrogen and carbon atoms.
Nitromethane [40, 47] and acetonitrile [38] were used
as models of intermediate compounds.

RESULTS AND DISCUSSION

1. Identification and Classification
of Nitrite—Nitrate Complexes

IR spectroscopy is a direct method for identifying
surface complexes, including nitrate—nitrite species.
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Table 1. Spectral characteristics of nitrite and nitrate ionsin solutions and in the composition of surface complexes[77, 78]

Frequencies, cm™
Structure

vy Vs, V3 Va
NO; (aqueous solution) 1047.8 838.5 1372.3 7117
M-O-NO, (monodentate nitrate) 1035-970 - 1530-1480 | 1290-1250 -
M-O,NO (bidentate nitrate) 1040-1010 - 1565-1500 | 1300-1260 -
(M—0),=NO (bridging nitrate) 1030-1000 - 1650-1600 | 1225-1170 -
NO, (gas) 1355.9 756.8 1665.5 -
NO, (aqueous solution) 750 1182.2 1320 —
(M-0),=N (bridging nitrite) - - 1220-1205 -
M—-NO, (nitro compounds) 1350-1315 - 1440-1335 -
M—-O-NO (monodentate nitrite) 1065-1050 - 1470-1450 -
M—O-N(O)-M (chelating nitro complex) 1260-1180 - 1520-1390 -

Substantial experimental data have been accumulated
[58—77], which makes it possible to draw certain con-
clusions about the nature of such complexes and the
specific features of their structure depending on the
type of surface sites. The problem of interpretation is
complicated by the fact that all types of adsorption NO,
complexes (nitrites, nitrates, nitro complexes, and
adsorbed NO,) may give absorption bandsin the 1650—
1500 cm! frequencies range [77]. In many cases, for
instance, in the case of zeolites, the inherent absorption
of the sample prevents the study of the low-frequency
range of the spectrum, which makes the assignment of
IR bands difficult.

For the most strongly bound surface complexes of
nitrogen oxides (nitrates), the classification of IR bands
is based on the scheme proposed in the classical paper
by Pozdnyakov and Filimonov [78], which proceeds
from the analysis of spectra of nitrate salts and com-
plexes containing these anions. For the free nitrate ion
with D5, symmetry, there are four vibrational modes
(Table 1). One of them, v,, is symmetric and is only
observed in Raman spectra. The vibration v, for the
surface complexes splits into two components due to
symmetry breaking, and the positions of these compo-
nents depend on the structure of a complex (Table 1).
The value of splitting increases when one switches
from monodentate to bidentate and bridging com-
plexes. It is assumed that, for the surface nitrate com-
plexes, vibration v, also becomesvisiblein IR spectra,
and its position is believed to depend only slightly on
the nature of the complex and adsorption sites. It isalso
assumed that the positions of low-frequency modes v,
and v, for the surface complex remains constant (below
1000 cm™) and they are superposed/superimposed on
the oxide lattice modes and become nonobservable.
This scheme makesit possible to identify various types
of nitrate complexes for systems that are transparent in
the range down to 1000 cmr!. As an example, Fig. 1
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shows sampl e diffuse-refl ectance spectra of adsorbed com-
plexes of nitrogen oxides on dispersed tetragonal zirconia
[51, 56]. Vibrations in the region 1500-1600 cnr! are
assigned to the high-frequency component v, for nitrate
complexes of three types (Table 2), whereas wide
absorption near 1200 cm! is assigned to the low-fre-
guency component of this vibration.

However, the range 1500-1600 cm™! may also con-
tain vibrations corresponding to the nitrite ions and
adsorbed nitrogen dioxide (Table 1), which complicates
absorption band assignment.

Hadjiivanov [58] proposed the use of high-fre-
guency combination modes and overtones as additional
criteria for the assignment of absorption bands in the
range 1500-1600 cm! to nitrate complexes of various
types. Using these criteria, it was possible to show that
absorption bands at 1600 cm! for the FeZSM-5 system
[58] and at 1624 cm! for the CuZSM-5 system [76]
indeed correspond to nitrate rather than nitrite com-
plexes. For zirconia, the composite vibration at
2614 cm! [58] was assigned to bridging nitrates.
Absorption in the region of 1300 cnr!, whose intensity
decreases when oxygen is added [51], corresponds to
nitrite complexes.

Kantcheva and Ciftlikli [66] proposed a somewhat
different scheme for interpreting low-intensity high-
frequency absorption bands observed upon nitrogen
oxide adsorption on zirconia(see aso Fig. 1). Thus, the
absorption band at ~2240 cm! was assigned to the
composite vibration v,(NO,) + v(NO,) for bridging
nitrates. Absorption bands at 1980 and 19001905 cn!,
which are stable upon evacuation at room temperature
and under the action of oxygen, were assigned to the
same complexes. They correspond to the composite
vibration v,(NO,) + &(ONO). For bidentate nitrate
complexes, the absorption band in the region of 2580—
2600 cm™' corresponds to the composite vibration
V(N=0) + V(NO,), the band at 24302470 cnr' corre-
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Fig. 1. Diffuse-reflectance | R spectrain the process of interaction of NO from the flow of 0.46% NO/N, with ZrO, at 20°C for (1) 5,
(2) 7, (3) 14, (4) 17, and (5) 24 min [51]. The temperature of ZrO, calculation in air is 500°C with preliminary treatment in N, at
500°C for 20 min. The base line is the spectrum of the sample before NO adsorption.

spondsto the overtone 2v,(NO,), the bands at 2295 and
2250 cm! correspond to the composite vibration
V,((NO,) + v(NO,), and the band at 1755 (1780) cm!
corresponds to the composite vibration v(NO,) +
0(OHO). Asfallows from Fig. 1a, in our experiments,
we aso observed these low-intensity bands, which

pointsto the formation of bidentate and bridging nitrate
complexes on the surface of dispersed zirconia.

A nonsymbate change in the intensity of the compo-
nents of the spectra in the course of adsorption, evacu-
ation, and oxygen addition usually serves as an addi-
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Table 2. Assignment of IR bands in the region of absorption of nitrite—nitrate complexes[35, 51]
System Position of the absorption band, cm™ |Isotopic shift*, cm™ Assignment
CuzZsM-5 1630 80 Bridging or bidentate nitrate
Si/Al = 25, 2.8% Cu [39] 1570 70 The same
1510 60 Nitrite
1244, 1279 (weak) - Nitrite and/or nitrate
CoZSM-5 1610 60 Nitrite
Si/Al =12, 2.3% Co [39] 1600 50 Nitrite
1575, 1450 70 Bridging or bidentate nitrate
1353, 1265 (weak) - Nitrite and/or nitrate
Dispersed ZrO, 1600-1612 - Bridging nitrate
(calcined at 500°C, _ ; ;
tetragonal modification) [51] 1590-1584 Bidentate nltram.e
1562-1556 - Monodentate nitrate
12901244 - Nitrate complexes
1300-1360 - Nitrite complexes
1190 - Nitrite complexes

* Corresponds to complete substitution of 1°N and 180 for all nitrogen and oxygen atoms.

tiona criterion for the assignment of bandsin the range
1500-1600 cm to the nitrate complexes of various
types [58—77]. On this basis, the conclusion is drawn
that all superimposed components of the complex band
in thisrange of frequencies correspond to different spe-
cies, and this agrees with the traditional assignment
(Table 1). However, it was shown for CuZSM-5 [76] that
the intensities of components at 1624 and 1562 cm!
change in paralel. Therefore, these bands belong to a
nitrate complex of the same type. This prejudices the
assumption that only high-frequency component of the
mode v, can be observed in the range 1500-1600 cm!.

This fact requires theoretical analysis of vibrational
spectra of adsorption complexes as a condition of their
assignment. Feasibility of such an analysis has been
already demonstrated by Dement’ ev and Gribov [79]
using agorithms based upon purely kinematic
approach. We carried out cal cul ations using those algo-
rithms adapted to modern computers for nitrite and
nitrate complexes of various types stabilized on small
clusters of copper and cobalt cations in zeolite ZSM-5
channels. According to EXAFS data [35] for the sys-
tems with a high exchange degree, the coordination of
copper was assumed to be square-planar and the coor-
dination of cobalt was assumed to be tetrahedral. Cat-
ions in such clusters are believed to be coordinated by
the extralattice oxygen atoms. Terminal forms of oxy-
gen are located at the boundary cations of the cluster,
whereas the bridging forms of oxygen bind cations in
the cluster. As aresult of such a difference in the oxy-
gen atoms involved in a cluster, there may be various
structures of bidentate and bridging nitrate—nitrite com-
plexes. Thus, for the clusters involving two cations of
the transition metal, a nitrogen atom from the N=0O
fragment of the nitrate complex can bind to two termi-
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nal oxygen atoms (typeA), one bridging and one termi-
nal atom (type B), and two bridging oxygen atoms
(type C).

Asfollowsfrom theresults of calculations (Table 3),
upon the formation of a bond with the surface, at least
one of thelow-frequency vibrational modes shiftsto the
range above 1000 cm!. The results of calculations
gualitatively agree with the traditional scheme of mode
v, splitting for various types of nitrate complexes and
with the typical positions of absorption bands for the
nitrate complexes. In the general case, the absorption
near 1200 cm! mostly corresponds to nitrate com-
plexes. This agrees well with the conclusions drawn in
[77, 78]. The appearance of bridging oxygen atoms in
the composition of nitrate complexes leads to an
increasein the frequency of the N=0 vibration up to the
values corresponding to nitrosyl complexes. A physical
reason for such a phenomenon may be the formation of
relatively weak bonds between nitrogen atoms and
bridging oxygen atoms, which resultsin a dlight distur-
bance of the N=0 vibration.

The calculation aso showed for the bridging and
bidentate nitrate complexes that, when all oxygen and
nitrogen atoms are substituted by heavier isotopes, the
shift of the highest frequency mode corresponding
mostly to the N=0 stretching isabout 70 cm~!, whichis
close to the isotopic shift for nitrosyl complexes
(80 cm!) [35]. At the same time, for nitrite complexes,
the isotopic shift for the highest-frequency band is usu-
aly smaller than 60 cm!. Thisresult was used in iden-
tifying the nature of nitrite—nitrate complexes on cat-
ion-exchanged zeolites [34, 35] (Table 2). Judging by
from the value of the isotopic shift for a copper-
exchanged zeolite, the band at 1630 cm! was assigned
to bidentate or bridging nitrates. For cobalt-exchanged
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Table 3. Spectral characteristics of nitrite and nitrate surface complexes calculated in the framework of kinematic approxi-
mation for the Cu,Og and Co,0; clusters in zeolite ZSM-5 channel s*

Frequencies, cm™
Structure
2 Vs Vg Vg
Cu—O-NO, (monodentate nitrate) 1096 1325 1392 1429
(1036) (1255) (1332) (1357)
Co—O-NO, (monodentate nitrate) 1096 1280 1392 1429
(1035) (1212) (1330) (1356)
Cu—O,NO (bidentate nitrate A) 1050 1248 1410 1472
(997) (1186) (1341) (1357)
Cu—O,NO (bridging nitrate B) 1229 1427 1483 1583
(1165) (1354) (1411) (1507)
Cu—O,NO (bridging nitrate C) 1202 1238 1625 1785
Co—O,NO (bidentate nitrate A) 1148 1370 1448 1458
(1089) (1292) (1386) (1389)
Co—O,NO (bridging nitrate B) 1240 1361 1454 1896
(1173) (1294) (1380) (1813)
(Cu—0O),=N (bridging nitrite) 1152 1549 1763 -
(1087) (1486) (1687) -
Cu—O-NO (monodentate nitrite, (1180°) 1079 1591 1717 -
(1032) (1520) (1645) -
Co-O-NO (monodentate nitrite, (1180°) 1054 1606 1727 -
(1001) (1535) (1655) -
(Cu—0O),=N (bridging nitrite) 1005 1463 1556 -
(959) (1402) (1490) -
Cu—O-NO (monodentate nitrite, (1180°) 978 1513 1530 -
Cu—O-NO (monodentate nitrite, [1134°30") 995 1435 1557 -
Cu—O-NO (monodentate nitrite, (1109°) 1026 1367 1559 -
(990) (1306) (1492) -
Co—-O-NO (monodentate nitrite, [1109°) 1008 1343 1536 -
(962) (1282) (1470) -

* The values of frequencies are arranged in increasing order. The valuesin parentheses correspond to the compl exes with the compl ete sub-

stitution of 1°N and 180 for all nitrogen and oxygen atoms.

zeolite, this assignment was done for the band at
1575 cm .

2. Thermal Sability and Routes of the Nitrite-Nitrate
Complexes Decomposition

A combination of the temperature-programmed des-
orption and in situ IR spectroscopy made it possible to
show reliably that the thermal stability of nitrite com-
plexes is lower than that of nitrate complexes [35, 50,
51]. Figure 2 shows an exampleillustrating that, for the
dispersed tetragonal zirconia, the TPD peak for NO, in
the range 200-300°C correlates with a decrease in the
intensity of the absorption band at ~1200 cm™! corre-
sponding to nitrite complexes, which alows an
unequivocal assignment of the indicated maximum. It

is noticeable that nitrites decompose yielding mostly
NO in this case. The decomposition of nitrites is
accompanied by an increase in the intensity of two
bands at 1545 and 1240 cm!, which correspond to
monodentate nitrates. Therefore, some nitrite com-
plexestransform into nitrate complexesin the course of
thermal activation probably via the disproportionation
reaction. The peak of NO evolution at ~500°C most
likely correspondsto the decomposition of nitrate com-
plexes, whose absorption band intensities decreasein a
given temperature interval. As shown by mass spec-
trometry [80], in the course of nitrate complex decom-
position, the oxygen peak is observed together with the
peak of NO and has the same temperature of the maxi-
mum. Note that the positions of NO, TPD peaks for
highly dispersed ZrO, sample considered here (mostly

KINETICS AND CATALYSIS Vol. 44 No.3 2003



THE REACTION MECHANISM OF SELECTIVE CATALYTIC REDUCTION

Amount of NO,, ppm

7001 (a)
600 NO,
500t

400
300
200
100

| | | | |
100 200 300 500 600

400

(b)
0.35 1200 cm-!

1240 cm™
1300 cm™!
1545 cm™

e e
B Lo
=
T
> o O X

e @
— b
wn O
T T
o
o

o O

0.051 ©

|
600
T, °C

| | | |
100 200 300 400 500

Fig. 2. (a) Thermal desorption spectraof nitrogen oxideson
ZrO, after NO adsorption at 20°C from a flow of 0.20%
NO/N,. The heating rate was 5 K/min. (b) Changes in the
absorption band intensities of the corresponding nitrite—
nitrate complexes. Calcination and treatment conditions are
indicated in the caption to Fig. 1.

consisting of the tetragona phase with the monoclinic
phase admixed [51]) and the predominant evolution of
NO generally correspond to TPD data for dispersed
samples of tetragonal ZrO, partidly stabilized by cal-
cium, strontium, or barium cations [32]. At the same
time, for the monoclinic ZrO, sample where bridging
nitrate complexes dominate, a somewhat different pat-
tern was observed: both nitrite and nitrate complexes
decomposed with the formation of mostly NO,, and the
maximum was shifted to the region of lower (by 50 K)
temperatures [51]. Moreover, for monoclinic ZrO,,
nitrosyl complexes were also observed (the band at
2020 cmr'), which were absent from the sample with a
tetragona structure. This specific feature probably
reflects the effect of the atomic structure of the surface
(the coordinative unsaturation of zirconium cations and
oxygen anions), which isdifferent for the ZrO, samples
with different phase compositions [81]. The weaker
bond of bridging nitrate complexes (the lower desorp-
tion temperature) compared to monodentate complexes
detected in [51] is also worth mentioning. Thisfact and
analogous observations for the lanthanum oxide-alu-
mina system [65] led us to conclude that bridging
nitrate complexes are not always the most stable. The
maximal thermal stability should probably be expected
in the case of bridging nitrate complexes only if the
characteristics (the coordinative unsaturation) of oxy-
gen atoms of the surface with which a nitrogen atom of
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Fig. 3. Therma desorption spectra of nitrogen oxides on
2.6% CuzZSM-5. The heating rate is 15 K/min, NO adsorp-
tionisfrom aflow of 1% NO/He at room temperature. Pre-
liminary treatment was carried out at 400°C in aflow of O,
[35].

the nitrate complex is bound by one (monodentate com-
plex) or two (bridging or bidentate complex) bonds are
identical. As shown in [32], the bonding strength of
nitrate complexes (the temperature of the desorption
maximum) changes over wide limits depending on the
nature of the adsorbent (an oxide or a cation-exchanged
zeolite) and on finer parameters: the characteristics of
defect (real) structures of the surface, which in turn
depends on the modifying additive (e.g., the nature of
the stabilizing alkaline-earth cation (Ca, Sr, or Ba)
introduced into ZrO,).

For cation-exchanged zeolites, the exchange level,
which determines the degree of cation clustering,
affects the bonding strength of nitrite-nitrate com-
plexes and the form of their adsorption. In the general
case, nitrate complexes decompose on copper- and
cobalt-exchanged zeolites at higher temperatures than
on ZrO,, which correlates with alower effective charge
of cations[32, 46, 50, 51]. Figure 3 showstypical TPD
spectra of nitrogen oxides for CuZSM-5 with a high
copper loading (2.6 wt %) [35]. The low-temperature
peak of NO in this case corresponds to the decomposi-
tion of nitrosyl complexes and the high-temperature
peak corresponds to the decomposition of nitrate com-
plexes. The low-temperature part of the NO peak at
420°C is superimposed on the peak of nitrogen dioxide
(~380°C), which isaso observed for cobalt-exchanged
zeolites [35, 50]. The fraction of the latter increases
with a decrease in the exchange ratio and with a
decrease in the degree of copper and cobalt ion cluster-
ing [35, 46, 51] and, therefore, with a decrease in the
fraction of bridging extra-framework forms of oxygen
in the composition of oxide clusters (vide supru). This
allows usto assign the evolution of nitrogen dioxide in
the high-temperature peak to the decomposition of
monodentate nitrate complexes stabilized mostly on
isolated transition metal cations. The evolution of NO
in the high-temperature peak should be assigned to the
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Table4. Thermal stabilities and the heats of desorption of
nitrite—nitrate complexes [32, 35, 46, 50, 51]

ysem, [Temperaureot| "G | S

complex maximum. °C of desorption, | sorption*,
' kJ/mol kJ/mol

CuzsM-5

Nitrate 400 0] 110

Nitrite 220 - 80

CozZSM-5

Nitrate 430 110 150

Nitrite 200 - 60-120

CuO/Al,04

Nitrate 480 110 -

Nitrite 220 51 -

ZrO,

Nitrate 480-590 120-190 -

Nitrite 180-350 40-80 -

Al,O5

Nitrate 500 120 -

Nitrite 220 50 -

* Calculation using the semiempirical interacting bonds method.

decomposition of bidentate and bridging nitrate com-
plexes, which have bridging extra-framework oxygen
atoms of the oxide cluster in their composition. The
lower bond strength (thermal stability) of monodentate
nitrates in this case clearly correlates with the lower
bonding strength (desorption heat) of terminal oxygen
(20 kcal/mol for Cu-O and 53 kca/mol for Co-O)
compared to bridging oxygen (53 and 143 kcal/mol for
Cu,0 and Co,0, respectively) [35].

Experimental [32] and theoretical estimates [35]
(Table 4) showed that the heats of adsorption of
nitrates and nitrites are in the intervals 90-160 and
60-80 kJmol, respectively. Thus, on the one hand,
nitrite and nitrate complexes are rather firmly bound to
stay at the catalyst surface at real temperatures of SCR
(300-600°C). On the other hand, they can be thermally
activated in this temperature range, which makes them
rather reactive.

From the standpoint of real conditions of catalysis,
when reaction mixtures contain high concentrations of
water vapor and the temperatures of the efficient cata-
lyst operation at high loads are usually higher than
300°C, nitrate complexes are the most probable inter-
mediate compounds. Therefore, the reactivity of the sur-
face nitrate species was the focus of our studies [33-37,
39, 50, 51, 53, 54, 56]. The adequacy of such an
approach was confirmed for various catalytic systemsin
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Table5. Comparison of the rates of formation of molecular
nitrogen in the steady-state process of nitrogen oxide reduc-
tion by propane or methane in excess oxygen, transformation
of surface nitrate complexes, and nitrogen formation in pulse
titration by the mixtures CsHg + O, and CH, + O,

Rate x10713, Activationenergy,
molecule m? s kJmol
c c
S S
B = 8
£ £
Sample 5 % - 5
53 | § D
® = By &
$6 | s8 | E3 |26 | @
TIEAESE TR
0.1% NO + 0.1% C3Hg + 1% O, in HelD
CuZSM-5 0.5 0.5 1.8 80 70
CoZSM-5 0.3 1.0 0.8@ 80 60
0.1% NO + 0.1% CH, + 1% O, in He®
CuzZSM-5 0.8 0.4 2.04 - 80
(410°C)
CoZSM-5 2.0 14 1.34 70 80

(D) Experimental temperature 210°C.
) C3H8 + 02 pU'Se'S

(3 Experimental temperature 280°C.
@) CH, + 0,.

several studies by other authors, which were carried out
simultaneoudy with ours [25, 26] and later [82-86].

3. Reactivity of Surface Nitrate Complexes

3.1. In situ IR spectroscopy. The methodology of
these studiesincluded the usual stages necessary for the
study of reactivity of surface complexes[87]:

(1) Catayst treatment with amixture of NO + O, at
a temperature corresponding to the lower limit of the
operating range of this system with subsequent removal
of weak forms (nitrosyls and nitrites) by evacuating the
gas phase (in a static cell) or purging by aflow of inert
gas (flow cell), which provided maximal surface cover-
age with nitrate complexes.

(2) Admission of a hydrocarbon (switching to the
flow of a mixture containing a hydrocarbon) or its mix-
ture with oxygen and analysis of changes in the inten-
sities of absorption bands of nitrate complexes.

(3) Estimating the rate constants of the surface reac-
tion and its temperature dependence (the activation
energy).

(4) Calculation of the rate of surface reaction (at a
steady-state coverage when possible) and comparison
with the steady-state rates of the catalytic reaction.

The scope and limitations of the above approach
were considered in a review paper by Matyshak and
Krylov [87].
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Fig. 4. Typical time dependences of (a) absorbance and (b)
integral intensity of absorption bands of surface nitrate
complexes stabilized on (a) CuZSM-5 or (b) CoZSm-5 in
the course of their interaction with a mixture of (a) C3Hg +
O, or (b) CH, + O, at different temperatures in a static IR
cell [35, 50] in the coordinates of the first-order equation.

In amost al the experiments on the titration of sur-
face nitrates by propane [33, 35, 36, 46, 50], methane
[35, 50], or propylene [51, 56], dynamics of the nitrates
band intensity variation is well described by the first-
order rate equation, which agreeswell with more recent
studies of other researchers[82, 83]. Figure 4 shows an
example of the typical linearization of time depen-
dences of optical density of nitrate band for copper- and
cobalt-exchanged zeolites in the coordinates of the
first-order equation. The estimates of the reaction rates
and the activation energies of the corresponding surface
reactions are listed in Table 5. In contrast to data
reported in [25], in our experiments with CuZSM-5, we
observed a high rate of the reaction between bridging
nitrates and methane or its mixture with oxygen
(Fig. 5). Our datawere |ater confirmed for nitrate com-
plexeswith similar spectral characteristics stabilized on
copper-exchanged zeolite CuZRHMS [64]. To al
appearances, in the case of copper-exchanged zeolites,
the specific features of oxide clusters determining the
bonding strength of nitrate complexes, their reactivity,
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Fig. 5. Changes in the spectra of the sample CuZSM-5 in
the process of interaction of preliminarily formed surface
nitrate complexes with the reaction mixture containing pure
methane at 210°C in astatic IR cell [50].

and the specific features of methane molecule activa-
tion play asubstantial rolein the interaction of methane
with nitrate complexes.

By now, the high reactivity of nitrate complexes
towards hydrocarbons, including reactions in the pres-
ence of oxygen, has been confirmed in a number of
papers[25, 26, 82—-86] and can be considered areliably
established fact. However, most papers reported only
qualitative studies without estimates of the rates of sur-
face reactions. Exceptions are the papers [82, 83],
where the reduction of nitrate complexes by hexane
over the Ag/Al,0; system was considered.

To provereliably that the surface nitrate species are
trueintermediatesin the NO, HC SCR, it isinsufficient
to demonstrate their rapid disappearance under HC
action. It is also necessary to show that the target prod-
uct (molecular nitrogen) is formed in these reactions,
because the reduction of nitrate complexes may be
equally effective in NO formation, which was deter-
mined in [25, 26, 35]. In our experiments, we used a
pulse microcatal ytic method for this purpose [35, 50].

3.2. Titration of adsorbed complexes of nitrogen
oxides by the pulses of mixtures containing a hydro-
carbon. Figures 6 and 7 show typical dependences of
the rate of molecular nitrogen formation on the number
of pulses containing a hydrocarbon in helium supplied
fed to the catalyst. As can be seen from these data, the
surface reaction of reductive transformation of nitrate
complexes under the action of hydrocarbons does effi-
ciently generate molecular nitrogen even in the absence
of NOinapulseof theinitial mixture. Thisallowsusto
assume that, in the cases under consideration, the for-
mation of molecular nitrogen (nitrogen atoms pairing)
does not require the presence of NO molecules in the
gas phase. This conclusion conflicts with the conclu-
siondrawnin[88] that one nitrogen atom in the N, mol-
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Fig. 6. Dependence of the rate of molecular nitrogen forma-
tion in the titration of surface nitrate complexes stabilized
on cation-exchanged zeolites (1, 2) CuZSM-5 and (3)
CoZSM-5 by pulses of (2) C3Hg and (1, 2) C3Hg + O, in
helium at 210°C on the pulse number [35, 50].

ecule comes from the surface intermediates (acetone
oxime for the reaction of SCR of nitrogen oxides by
propane) and the other comes from the gas-phase NO
molecule. The difference in the conclusions drawn by
different authorsisdueto the considerable differencein
the states of the catalyst surface with preadsorbed ace-
tone oxime [88] from the stationary one, for which the
concentration of such intermediatesisnegligibly small.

Usualy, the rate of molecular nitrogen formation
versus the pulse number passes through a maximum
(Figs. 6, 7) pointing to the accumulation of intermedi-
ates containing nitrogen, carbon, and oxygen atoms in
the course of titration [35, 71].

For copper-containing systems, the rate of nitrogen
formation is usualy independent of the presence of
oxygen in the mixture with propane (Fig. 6). This fact
implies that oxygen does not participate in the steps
where intermediate species are converted. Since the
rate of propane conversion weakly depends on the pres-
ence of oxygen in the gas phase [35, 50], we can
assume that the specifics of the copper-containing sys-
tem are determined by the low bonding strength (high
reactivity) of the oxygen in oxide—copper clusters (vide
supru).

For a cobat-containing system, the evolution of
molecular nitrogen is substantially retarded if oxygenis
absent in the pulse of propane in helium [35, 50]. This
fact suggests that molecular oxygenisdirectly involved
in the transformations of intermediate species in this
system. From the standpoint of the surface chemistry of
the given system, this specific feature is due to the
higher bonding strength and the low reactivity of oxy-
gen in cobalt oxide clusters.

In the course of nitrate titration with the pulses of
pure methane or its mixture with oxygen, the formation
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Fig. 7. Dependence of the rates of (1, 3) molecular nitrogen
formation and (2, 4) methane conversion in the titration of
surface nitrate complexes stabilized on cation-exchanged
zeolites (a) CoZSM-5 and (b) CuZSM-5 by the pulses of the
mixture (1, 2) CH, and (3, 4) CH, + O, in helium at 210°C
on the pulse number.

of nitrogen is observed at comparable rates in the sys-
tems containing either copper or cobalt cations (Fig. 7).
This result is unexpected from the standpoint of the
steady-state catalytic properties of these systems in
SCR of nitrogen oxides by methane. Indeed, CoZSM-5
is an active and selective catalyst in this reaction,
whereas only deep oxidation of methaneis observed on
CuZSM-5 and the selectivity to molecular nitrogen is
low [35, 88]. However, IR spectroscopic data on the
rate of interaction of surface nitrate complexes with
methane (vide supru) also point to the fact that, under
non-steady-state conditions, the behavior of two sys-
temsisindeed similar. The differencein the behavior of
the systems under steady-state conditions is primarily
due to the different reactivities of intermediates con-
taining nitrogen, carbon, and oxygen atoms (vide infra)
rather than to the low reactivity of nitrate complexeson
CuZSM-5 towards methane, as was suggested in [88].
Indeed, for both systems, the rates of methane con-
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sumption are rather close when the pulses of the CH, +
0O, mixture are supplied onto the preadsorbed nitrate
complexes (Fig. 7), whereas the rates of nitrogen for-
mation are higher for the copper-containing system.

In addition to molecular nitrogen in the process of
pulse titration of surface nitrate complexes, NO forma-
tion was noticed (Fig. 8). The amount of NO formed
was much higher in the case of the cobalt-containing
system. This means that a part of nitrate complexesis
unselectively reduced by hydrocarbons to form NO.
The presence of oxygen in the gas phase containing
methane substantially reduces the formation of NO,
probably due to its reoxidation by oxygen back to the
nitrate complexes. The elevated rate of nitrogen forma-
tion in thefirst pulses of methane onto the surface with
preadsorbed nitrate complexes (Fig. 7a) clearly corre-
lates with the intensive evolution of NO into the gas
phase (Fig. 8). Some portion of molecular nitrogen can
probably be generated by a reaction between C,N-con-
taining intermediates with NO molecules from the gas
phase or nitrosyl complexes.

For platinum-containing catalysts (PtZrPILC and
(Pt+Cu)/ZrPILC), the titration of strongly bound nitro-
gen oxides by propylene or its mixture with oxygen
also resulted in the formation of molecular nitrogen
[55, 89]. Nitrous oxide was al so observed, but the selec-
tivity was low (several percent).

Studies by other researchers carried out at the same
time asours or later also demonstrated the formation of
molecular nitrogen in the reaction of hydrocarbons
with surface nitrate complexesfor anumber of very dif-
ferent systems [25, 86], although the rates of the reac-
tion have not been estimated in almost all cases.

3.3. The nature of the rate-determining step and
key intermediates. Comparison of the rates of target
product formation (molecular nitrogen in the pulse
titration of surface nitrate complexes), therate of nitrate
complex transformation under about the same condi-
tions according to in situ IR data, and the steady-state
rate of the NO, HC SCR shows that, when propane is
used as areducing agent, al thethree rates are close for
both copper- and cobalt-exchanged zeolitesif oxygenis
present in the reaction mixture (Table5). The activation
energies of separate steps and the overall catalytic reac-
tion are also close. These results provide direct evi-
dence for the participation of strongly bound nitrate
complexes as key intermediatesin the rate-limiting step
of SCR of nitrogen oxides by propane. Drastic retarda-
tion of molecular nitrogen evolution for cobalt-contain-
ing systems in the absence of oxygen in the gas phase
assumes that, in this case, the step of C,N-containing
intermediates becomes the rate-limiting step [35].

Recent data for the Ag/Al,O; system [82, 83] dem-
onstrating that the rate of SCR of nitrogen oxides by
hexane in the excess of oxygen and the rate of nitrate
complex transformation under the action of hexane
measured independently are close make it possible to
assume that nitrate complexes are key intermediates
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Fig. 8. The concentration of NO in helium at the outlet of
the reactor in the process of nitrate complex titration on
CozZSM-5 by the pulses of (1) CH,4 or (2) CH4 + O, in
helium at 280°C.

when the reducing agents are C,—C, paraffinsregardless
of the type of active components—Co, Cu, Ag, or other
cations.

For SCR of NO by methane, the same conclusion
about the nature of the rate-limiting step and key inter-
mediates is undoubtedly applicable to the CoZSM-5
system (Table 5). It agrees well with the conclusion
drawn by Cowan et al. about the nature of the rate-lim-
iting step of this reaction, which is associated with the
cleavage of the C—H bond in the methane molecule with
the participation of nitrite—nitrate complexes[90, 91].

For the CuZSM-5 system, the stationary rate of SCR
of NO by methane is much lower than the rates of sep-
arate steps (Table 5). This allows us to conclude that,
under non-steady-state conditions with high concentra-
tions of intermediate complexes on the surface of the
given system, the route of selective reduction of nitro-
gen oxidesisrather efficient (videinfra). Under steady-
state conditions, the rate of formation of intermediates
responsible for this route is most likely lower than the
rate of their oxidation by oxygen with the predominant
formation of NO molecules.

In our papers, for SCR of nitrogen oxide by propy-
lene over zirconium dioxide at 300-450°C, we aso
showed that the rates of the steady-state catalytic reac-
tion and the step of conversion of surface nitrate com-
plexes under the action of propylene are close [51, 56].
For the Cu/Al,0; system, the high reactivity of nitrate
complexes toward propylene or its activated, partially
oxidized forms (probably, acetates) in asimilar temper-
ature range was demonstrated in [92].

For platinum-containing systems (platinum sup-
ported on clays pillared with zirconium dioxide, includ-
ing systems modified by copper cations) in the low-
temperature range (150-250°C), pulse titration aso
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Table 6. Effect of NO addition to the mixtures with oxygen
on the kinetic parameters of hydrocarbon oxidation

Activation| Hydrocarbon
Catalyst | Reaction mixture| energy, | oxidation rate*,
k¥mol |moleculem?s™
CoZSM-5|NO +CH, + 0O, 113 1.1 x 10*
CH,+ O, 80 4.2 x 103
NO + C3Hg + O, 100 6.0 x 101!
CsHg+ O, 100 2.0x 101"
CuzZSM-5|NO + CH, + O, 134 2.6 x 104
CH,+ 0O, 80 1.5x 10
NO + C;Hg + O, 100 9.0 x 10%°
CsHg+ O, 100 1.6 x 1012

* Reaction temperature: 210°C for C3Hg and 400°C for CHy.

showed that the rates of nitrogen formation are closein
the case of C;H, + NO + O, pulse supply on aclean oxi-
dized surface and in the case of mixtures without NO
on the surface with preadsorbed nitrogen oxides. At the
same time, the rates of molecular nitrogen formation
under pulses of NO on areduced surface of these plati-
num-containing systems with preadsorbed propylene
were much lower than the rate of catalysis[55]. We do
not exclude that, in the latter case, the reaction route of
SCR includes the interactions of both nitrite and nitrate
surface complexes with hydrocarbons due to low oper-
ating temperatures, at which the surface coverage by
nitrite complexesisrather high. Thelow rates of molec-
ular nitrogen formation under of NO pulses on a
reduced surface of platinum-containing catalysts with
preadsorbed propylene suggest that, in contrast to the
scheme proposed in [29-31], at least in these systems,
SCR of nitrogen oxides by olefins does not include the
step of NO decomposition on a reduced platinum sur-
face covered by coke.

4. Routes of Hydrocarbon Activation
in SCR of Nitrogen Oxides

Although the above results showed that, for a num-
ber of catalytic systems and reducing agents, the step of
nitrate complex reduction with hydrocarbons is rate-
limiting in the SCR process, it is obvious that this step
isnot elementary. This primarily concerns the routes of
activation of hydrocarbons, which can be activated with
the direct participation of nitrite—nitrate complexes[25,
26, 90, 91] or independently of them with the participa-
tion of various surface sites: Bransted acid sites [19,
93], reactive oxygen [94], and coordinatively unsatur-
ated cations [51, 95, 96]. Comparison of the rates of
hydrocarbon oxidation in the mixtures with oxygen
with and without nitrogen oxide addition allowsto clar-
ify these problems.

Typica results of such experiments are shown in
Table 6 for cation-exchanged zeolites. These data show
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that an increase in the rate of propane oxidation on
CoZSM-5 is observed if NO is added to the mixture.
Therefore, for zeolites containing cobalt cations, the
activation of propane occurs with the direct participa
tion of ad-NO, species. This is explained by the high
degree of coordinative unsaturation of cobalt cations
shielded by nitro groups (according to EXAFS data
[35], the coordination number Co-O practically does
not change upon the adsorption of nitrogen oxides) and
by the higher strength of oxygen bonding in oxidic
cobalt clusters and, therefore, by the relatively low
reactivity (vide supru).

For CuZSM-5, the addition of NO to the mixture
leads to a decrease in the rate of propane transforma-
tion. This means that some of the sitesfor propane acti-
vation are blocked due to the formation of nitrate com-
plexes. Because the formation of nitrate complexes
impliestheinclusion of oxygen atoms from oxide clus-
ters in their composition, we may conclude that pro-
pane activation occurs most readily in the case of direct
participation of such oxygen, most likely with the for-
mation of such intermediate compounds as carboxy-
lates [87]. A rdatively low bonding strength (vide
supru) and, therefore, a relatively high reactivity of
both terminal and bridging oxygens of copper oxidic
clusters favors this route. According to IR spectro-
scopic data of adsorbed CO [35], nitrogen oxide
adsorption with the formation of nitrite-nitrate com-
plexes leads to an increase in the concentrations of
coordinatively unsaturated Cu* sites. In agreement with
these conclusions, EXAFS data for copper-exchanged
zeolite point to a noticeable decrease in the coordina-
tion number Cu-O and an increase in the coordination
number Cu—Cu in NO adsorption [35]. The Cu* sites
are well known for their ability to activate the C—H
bond in hydrocarbons in their selective oxidation. We
do not exclude that propane activation with the partici-
pation of such Lewis sites leads to the formation of
alkyl radicals and/or propylene. This conclusion about
the routes of propane activation in the presence of nitro-
gen oxides on CuZSM-5 agrees well with results
obtained in [93]. Our data do not confirm the hypothesis
that propane is directly activated on adsorbed NO, [23]
or nitrate groups stabilized on copper cations [25, 26].

The activation of a stronger C-H bond in methane
should clearly be less efficient on such coordinatively
unsaturated copper oxidic clusters. This probably
explains why the formation of surface nitrates, which
are highly reactive in the reaction with methane (vide
supru), also leads to an increase in the steady-state rate
of methane conversion in the copper-containing sys-
tem, almost exclusively viathe route of deep oxidation.

Using similar criteria, it was shown that propylene
activation on the surface sites of zirconiain SCR occurs
without the participation of nitrite-nitrate complexes,
which retard the oxidation of propylene due to the
blocking of coordinatively unsaturated sites on the sur-
face [51, 56].
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5. Routes of Nitrate-Nitrite Complex
Conversion to Molecular Nitrogen

Although for most systems and for most reactions of
SCR by hydrocarbons studied by us, the steps of con-
version of products of interaction of nitrite—nitrate
complexes and hydrocarbons are not rate limiting, it is
these steps that determine the routes of nitrogen atom
coupling leading to the formation of molecular nitro-
gen, which is the target product. Moreover, they are
important for an understanding of the routesfor the for-
mation of nitrous oxide, which is an undesirable prod-
uct, as well as a number of other by-products, such as
HCN, aldehydes, amines, and others. The selectivity of
reducing agent (hydrocarbon) consumption in the tar-
get route also depends on these steps.

Currently, the hypothesis that strongly bound inter-
mediates contai ning nitrogen, oxygen, and carbons par-
ticipate in these steps has been further corroborated
[49, 70, 71, 82-84, 9294, 96-107]. Some researchers
[97, 104] prefer to refer to such intermediates using the
rather broad term condensation products containing
carbon and nitrogen. Nevertheless, a more detailed
description of these intermediates was given in other
papers [68, 70, 71, 82-86, 92, 99, 101, 102, 106] based
on IR spectroscopic studies coupled with non-steady-
state kinetic experiments. The identification of surface
compounds using their absorption bands is more reli-
able when one uses isotopically substituted NO mole-
cules with labels on nitrogen and oxygen [35, 62, 92,

96, 108]. Of course, some of the observed surface com-
pounds may be dead ends in the routes or by-products.
The criterion used to judge that the speciesis an inter-
mediate isthe required stability, reactivity, and selectiv-
ity of their conversion into the target products.

Asfollows from datain Table 7, in our experiments
with propane and propylene as reducing agents, we
observed the formation of such compounds as nitropro-
pane, nitrile, isocyanate, and organic carbonyl-contain-
ing compounds (ketene, acrolein). Nitropropane is the
most important intermediate among these compounds.
It is observed under both steady-state and non-steady-
state conditions. Nitropropane is not necessarily the
primary product of propane or propylene interaction
with nitro groups. Thus, for SCR of NO by propylene
on platinum-containing pillared clays under contact
with the reaction mixture at a moderate temperature
(150°C) [51], acrolein, which is the product of propy-
lene oxidative conversion, is first formed (absorption
bands at 1675 and 1638 cn!) followed by a subsequent
of the intensities of bands at 1575 and 1385 cm! corre-
sponding to organic nitro compounds (Fig. 9). We do
not exclude that an organic nitro compound may be
formed due to the interaction with nitrite-nitrate com-
plexes of alyl complexes, which are concurrently oxi-
dized to acrolein, and due to the interaction of acrolein
with NO,, as proposed in [86].

Currently, the formation of nitropropanein SCR by
propane or propylene can be considered a reliably

Table 7. Maintypesof C,N,O-containing intermediate species in the reaction of SCR of nitrogen oxide by propane and pro-

pylene found using IR spectroscopy

Absorption band*, cm Compound Type of vibration Catalyst Redrlg'e?g%gemt'
2155 (2155, 2107) K etene C=C=0 v(C=0) CuZSM-5 Propane [35, 50]
1575 (1550) Nitropropane V(NOy), Cu, CoZSM-5 Propane [35, 50]
1380 (1361) V{(NO,) (Pt + Cu)/ZrPILC Propylene [51]
ZrO, Propylene [51]
1565 (1530) Nitropropane V(NO,), Pt/SiO, Propylene [96]
1380 V¢(NOy)
1593 Nitropropane V(NO,), CuO/Al,04 Propylene [92]
1328 V¢(NO,)
2180 (2140) Nitrile Vv(CN) CoZSM-5 Propane [35, 50]
2260 (2240) Isocyanate Vv(NCO) CoZSM-5 Propane [35, 50]
1655 (1615) Nitritopropane - P/SIO, Propylene [96]
1662 Nitritopropane - CuO/Al,04 Propylene [92]
2237 Cu*™-NCO Vv(NCO) CuO/Al,04 Propylene [92]
2156 Cu>-CN v(CN) CuO/Al,04 Propylene [92]
1675, 1638 Acrolein v(C=0), (Pt + Cuy/zrPILC Propylene [51]
v(C=C)

* Positions of absorption bands for intermediate compounds observed when isotope-substituted 1°N'80 molecules (in parentheses) are

used
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Fig. 9. IR transmittance spectra obtained in the process of interaction of (Pt + Cu)ZrPILC with amixture of 0.2% NO + 0.2% C;Hg +
2.5% O,/N, at 150°C. Spectrawere recorded after 1, 2, 3,5, 7, 10, 14, and 20 min, respectively.

established fact, which was reproduced independently
for various systems in a number of studies[35, 49, 51,
82, 83, 92, 96]. A pioneering work by Tanaka and co-
workers [96] demonstrated the formation of nitropro-
pane in SCR by propylene for the Pt/SiO, system using
in situ IR spectroscopy combined with isotopic substi-
tution of nitrogen atoms. In thiswork, asin [92] for the
CuO/AlL,O; system, the formation of organic nitrites
R-O-NO (the band a 1660 cm') was observed
together with organic nitrates (bands at 1565-1593 cnr!
and 1330-1380 cm).

Direct evidence for the formation of various C,N,O-
containing compounds in SCR by propylene was
obtained recently using GC-MS technique for the
Ga,05/A1,0;, In,05/A1,0, [84, 86], and Pt/ALO, sys-
tems[100]. In addition to nitro compounds and nitriles,
including acrylonitrile, the formation of ketones, acids
and even benzene is also observed. This points to the
deep fragmentation of propylene molecules, including
the formation of highly reactive species, that are capa-
ble of undergoing oligomerization.

To determine whether the surface species observed
are intermediates, spectators, or by-products, we stud-
ied the dynamics of their accumulation and consump-
tion using in situ IR spectroscopy [34-38, 50].

For CuZSM-5 and CoZSM-5, the transformation of
bridging nitrates (1630 and 1505 cm!, respectively) in
the process of their titration by a mixture of propane
and oxygen is accompanied by the accumulation of
nitropropane (1575 and 1550 cm!, respectively) at a
comparable rate and with the first order with respect to

the concentration of nitrates (Fig. 10). Nitropropane
possesses the necessary thermal stability (up to 250—
300°C) in a vacuum. Moreover, it adsorbs on tetrahe-
drally coordinated cobalt cations more strongly than on
copper cations in the square planar coordination [35].
The interaction of nitropropane with oxygen and NO in
the working range of SCR temperatures leadsto itsfast
removal (Fig. 10). Therefore, nitropropane meetsall the
criteria, alowing one to classify it as the intermediate
product in the reduction of nitrate complexes.

The routes for nitromethane conversion can be
determined from the analysis of dynamics of transfor-
mation of other surface compounds, which are also
observed in the process of titration. Thus, for
CuZSM-5, we observe the accumulation of such an
intermediate as ketene (2156 cm™!) (Fig. 10, Table 7),
which is described well by the second-order equation
with respect to the concentration of nitrate complexes
[35]. Thisalows usto assume that, for this system, rel-
atively mobile nitropropane is capable of interacting
with surface nitrate groups to form nitrogen and the
product of selective oxidation of the hydrocarbon part,
ketene [35]. Ketene is rapidly removed by oxygen at
these temperatures.

For CoZSM-5, the accumulation of nitriles and iso-
cyanates is observed along with nitropropane
(Table 7).These complexes are thermally stable up to
400°C, but they rapidly interact with oxygen and NO at
250-350°C [35]. These data assume that nitropropane
further transforms into nitriles and/or isocyanates on
CoZSM-5. This conclusion agrees with more recent
results [84, 86], showing that, in SCR of nitrogen
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oxides by propylene over the Ga,05/Al,0, system,
nitriles and isocyanates are only observed under condi-
tions of a non-steady-state process of titration of
nitrite—nitrate complexes by propylene at 350°C. The
concentration of such complexes passes through a maxi-
mum in the course of titration as expected for an interme-
diate species. These complexes are formed by the thermal
transformation of organic nitrates and are rapidly con-
sumed by hydrolysisyielding ammonia [84, 86].

The situation with intermediates in SCR of NO by
methane is more complex; they cannot be detected
under steady-state conditions. Aylor et al. [109, 110]
proposed a scheme for this reaction, which involvesthe
activation of methane by nitrite—nitrate complexes with
intermediate formation of nitriles, whose interaction
with gas-phase NO (NO,) intherate-limiting step of the
reaction produces molecular nitrogen. Although these
researchers estimated using in situ IR spectroscopy the
turnover frequencies for the rate-limiting steps, which
are rather close (within an order of magnitude) to the
turnover frequency of the catalytic reaction, it should
be noted that the authors managed to create high sur-
face coverages by nitriles only in the absence of O, in
the reaction mixture at high temperatures and reactant
concentrations. We do not exclude that under these con-
ditions the state of the surface active sites also changed
(inany case, their reduction is very probable), and this
makes dubious any comparison of the rates of separate
stages with the steady-state rate of catalysis occurring
on the oxidized surface.

To determine the routes of transformations of possi-
bleintermediatesin this reaction, reactions of specially
synthesized compounds (organic nitro compounds,
hydrocyanic acid, etc.) [103-107, 111] over different
types of catalysts used to be studied. We carried out an
IR spectroscopic study of nitromethane [40, 47] and
acetonitrile [38] transformation on cation-exchanged
zeolites, as well as nitromethane and tertiary butyl
nitrite on alumina-containing systems [49].

A typical changein the intensities of various bands
in the process of nitromethane adsorption on CuZSM-5
isshown in Fig. 11. Even in the course of adsorption at
280°C, nitromethane (the absorption band at 1580 cn)
rapidly transforms into isocyanates (2205 cm™ for
Cu™-NCO; 2276 cm! for Cu**-NCO) and into such
polymerization products as melamine (CN(NH,)s,
1665 cm!) and cyanuric acid, acyclic trimer of isocya-
nic acid (1720 cm'). The same picture is observed for
the CoZSM-5 system with the only exception that the
absorption band corresponding to nitrosyls Co** isalso
observed (1801 cm) [47]. In the general case, the
results obtained agree with schemes proposed in [103—
107], where very fast steps of nitromethane transforma-
tion are described by the following equations:

CH3N02 I C02 + NH3,
CH3N02 —_— HNCO + Hzo;
3HNCO + 3NH3 - C3N6H6 + 3H20.
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Fig. 10. Time changes of the intensities of the absorption
bands (cm™!) corresponding to the surface nitrate com-
plexes and the products of their interaction with a mixture
of propane + oxygen at 210°C on (a) CuZSM-5 and (b)
CoZSM-5: (1) 1575, (2) 1630, (3) 2156, (4) 1505, (5) 1550,
and (6) 2240. The arrow pointsto the moment of evacuation
and further admission of (a) O, and (b) NO. The nitrate
complexes were formed using NO of (&) the natural compo-
sition and (b) °N%0.

For cation-exchanged zeolites in dry reaction mix-
tures of nitromethane with oxygen, theinitial activity in
the reaction of nitromethane decomposition at 285°C is
high for both copper- and cobalt-exchanged zeolites
[90, 91, 98, 103-106]. However, although in the case of
CuZSM-5 the main product is molecular nitrogen and
the other products are traces of ammonia, hydrogen
cyanide, and isocyanic acid, the main product isammo-
niain the case of CoZSM-5. Thus, for the copper-con-
taining system, the rate of intermediate product trans-
formation is substantially higher than for the cobalt-
based system, and this agrees with our data for pulse
titration (vide supru). For the systems of both types at a
relatively low temperature, the activity rapidly
decreases with time, and this is associated with the
accumulation of condensation products, cyanuric acid
and melamine, which block zeolite pores. In the pres-
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Fig. 11. Change of the spectrum in the course of
nitromethane adsorption on CuZSM-5 at 280°C after (1) O,
(2) 120, and (3) 360 s and after (4) further evacuation at the
same temperature.

ence of oxygen at high temperatures (400°C), rapid oxi-
dation of condensation products provides stable activ-
ity. The addition of water to the mixture suppresses
deactivation by accelerating hydrolysis reactions. For
pure alumina and alumina with a small amount of sup-
ported silver or cobalt, deactivation was not observed
even at low temperatures (150-200°C), and ammonia
wasthe main reaction product. In this case, IR spectros-
copy did not detect the formation of the condensation
products observed in zeolite systems. In addition to the
absorption bands assigned to isocyanates and adsorbed
ammonia, bands assigned to such products of
nitromethane transformation as formhydroxamic acid
CHO-N(H)OH and carbamic acid NH,COOH were
observed [49]. Hydrolysis of these compounds on acid
surface sites generates ammonia, which is an efficient
reducing agent for surface nitrite—nitrate complexes
and NO, molecules in the gas phase.

Unlike organic nitrates, organic nitrites are predom-
inantly converted by oxygen into nitrogen dioxide and
the products of complete oxidation of their organic part
[49]. This result explains the overequilibrium concen-
tration of NO, in the products, which was noted for a
number of catalysts based on oxide systems [48, 49].

SADYKOV et al.

Hence, the selectivity of SCR islargely determined by
the differencein the structure of similar C,N,O-contain-
ing intermediate species.

In addition to the specific features of structures, the
coordinative unsaturation of surface sites plays an
important role. Thus, acetonitrile is not transformed in
the course of adsorption on CuZSM-5 followed by de-
sorption, which can be explained by weak binding in
the axia position of copper cationsin the square planar
coordination [38].

For CoZSM-5, in the course of sample evacuation
after acetonitrile adsorption, the bands at 1660, 1580,
and 1460 cm! are observed, whose intensity increases
with an increase in the temperature of evacuation. The
positions of absorption bands allow one to assign them
to the vibrations of the surface compounds CH;—CO-
NH, (acetamide) formed by the addition of a water
molecule to acetonitrile [38]. Thus, the stronger bind-
ing of acetonitrile in the coordination sphere of cobalt
cations leads to its hydrolysis.

Anaysis of published data shows that currently
most researchers agree on the relatively high reactivity
of organic nitro compounds. They rapidly transform
into molecular nitrogen under the action of oxygen due
to intermediate formation of ammonia, which is a
highly efficient reducing agent. This was first demon-
strated in 1994 [96] for the reduction of nitrogen oxides
by propylene on Pt/SiO,. It was shown that the rate of
molecular nitrogen formation from organic nitrates
under the action of O, was comparable with the rates of
its formation under the action of NO,. Therefore, in
contrast to schemes proposed in [25, 26], nitrogen atom
coupling is rather efficient in the absence of NO, in the
gas phase. At the same time, the formation of nitrous
oxide occurs with a much higher selectivity under the
action of nitrogen dioxide [96]. We do not exclude that,
the routes of nitrous oxide formation may include the
interaction of organic nitro and nitrite compounds with
molecular NO or NO,.

As we showed in [40], even polymerized products
of nitromethane conversion, such as melamine, readily
transform into isocyanates and then to molecular nitro-
gen under the action of oxygen. Figure 12 shows
changes in the corresponding absorption bands for cat-
ion-exchanged zeolites. For the copper-containing sys-
tem, a high rate of isocyanate and melamine transfor-
mation was achieved even at 280°C, whereas for
CoZSM-5 these intermediates practically did not react
with oxygen at this temperature. At the same time, an
increasein the temperature to 350°C providesthe same
rate of transformation of these intermediates for the
cobalt-containing system aswell. These results point to
the high reactivity of intermediate compounds, which
are bound to copper cations less strongly than to cobalt
cations (vide supru). Comparison of the rate constants
of intermediate transformations with the rate constants
of transformation of surface nitrate complexes [40, 50]
showed that isocyanates and even the products of their
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trimerization can be intermediates in SCR of nitrogen
oxides by methane.

Pulsetitration of nitromethane transformation prod-
ucts by oxygen and NO over the CuZSM-5 system con-
firmed that molecular nitrogen is formed under the
action of both reactants [40, 50]. Therefore, paralel
routes of nitrogen atom coupling are possible and have
comparabl e efficiencies. Because the rates of molecular
nitrogen formation were much higher than the rate of
the steady-state catal ytic reaction over both copper- and
cobalt-containing systems, we concluded that these
steps cannot be rate limiting. This finding agrees well
with the conclusion drawn in [90, 91] on the cleavage
of the C-H bond in the methane molecule as a rate-
determining step in this process.

Figure 13 showsthe generalized scheme of the reac-
tion mechanism of SCR of nitrogen oxides by alkanes
for copper- and cobalt-exchanged zeolites. The key
intermediates are shown in this scheme by Roman
numerals. The key step that limitsthe processisthefor-
mation of organic nitro compound I.

Because the catalytic chemistry of nitro derivatives
of methane and propane differ substantialy, it is rea-
sonable to comment on the proposed mechanism sepa-
rately for these two reducing agents.

The routes of 2-nitropropane transformations differ
depending on the type of transition metal cation, which
we explained by the specificity of the sguare-planar
coordination of copper cations. As a conseguence,
weakly bound nitropropane molecules easily migrate
through zeolite channels and may react with either
Brensted acid sites of the surface to undergo hydrolysis
reactions or with nitrite-nitrate (NO/NO,) complexes
to be oxidized with the formation of molecular nitro-
gen. For the copper-containing system, these steps are
complex and fast, because in our non-steady-state
experiments we and other researchers [9, 93] failed to
detect any intermediates like oxime. The study of ace-
tonitrile transformation over this system [38] made it
possible to exclude the participation of this intermedi-
ate from the route of possible nitropropane transforma-
tions. It isalso clear that, for the copper-containing sys-
tem, the interaction of nitropropane transformation
products with nitrite-nitrate complexes is more effi-
cient and does not require the presence of oxygen or
nitrogen oxide in the gas phase.

According to [97], two routes of nitropropane trans-
formation are possible on CuZSM-5: (1) via tautomer-
ization of 2-nitropropane to the acynitro form
(CH;),C=N(O)(OH), whose hydrolysis|eadsto thefor-
mation of a carbonyl compound like (CH;),C=0I)
and NH,OH. The latter can readily react with nitrite—
nitrate complexes to form molecular nitrogen and
water; (2) nitropropane may transform into nitrosopro-
pane via the reoxidation of reduced surface sites.
Nitrosopropane may readily isomerize into oxime
(CH;),C=N-OH. The simplest route of oxime transfor-
mation involves either hydrolysis (which is clearly cat-
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Fig. 12. Time changes of the spectrum of nitromethane
adsorbed on CuZSM-5 under the action of oxygen (280°C);
(a) time change of the intensities of absorption bands 1665

and 2205 cm™.

alyzed by acid sites) with the formation of acetone and
hydroxylamine (the latter readily interacts with nitrite—
nitrate complexesto form molecular nitrogen) or Beck-
mann rearrangement into  N-methyl-acetamide,
CH;C(O)-N(H)-CH;, which readily hydrolyzes to
methylamine and acetic acid. Amine readily interacts
with nitrite—nitrate complexes to form molecular nitro-
gen viaa diazo compound.

These routes are very plausible from the standpoint
of our findings, because the formation of carbonyl com-
pounds IT was observed in the process of interaction of
nitrite—nitrate complexes with propane (vide supru).

For the CoZSM-5 system, the route with the forma-
tion of nitriles and isocyanates (II1) playsthe important
role. The acid hydrolysis of these compounds leads to
the formation of the corresponding amines (IV) and
ammonia, which is an efficient reducing agent. When
propane is used as a reducing agent, the formation of
molecular nitrogen is drastically retarded in the
absence of gas-phase oxygen, which we explained by
the need to oxidize thelong hydrocarbon “tail” with the
formation of the water molecule required for hydroly-
sis. An alternative explanation was given in [97], where
it was noted that acetonitrile may be formed viathe oxi-
dative fragmentation of oxime (CH;),C=N-OH + 1/20, =
CH;CN + CH,0 + H,0. We do not exclude that oxygen
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Fig. 13. Mechanistic scheme of the selective reduction of nitrogen oxides by alkanes[35, 50].

also favors the transformation of nitriles into isocyan-
ates, which are readily hydrolyzed to form ammonia.

When considering the mechanism of SCR of nitro-
gen oxides by methane on CoZSM-5, itisinteresting to
compare with the scheme of catalytic transformation of
nitromethane proposed on the basis of the study of
nitromethane decomposition in the presence of oxygen
[98, 103-107]:

(1) CH;NO, < CH,=N(O)OH (isomerization into
acynitro species),

(2) CH,=N(O)OH —~ CHO-N(H)OH (formation
of formhydroxamic acid),

(3) CHO-N(H)OH —> HNCO + H,0,

(4) HNCO + H,0 —» NH; + CO,,

(5) 2NH; + 2NO (+ 1/20,) — 2N, + 3H,0,

(6) CHO-N(H)OH + H,0

—» HCOOH + NH,OH (—»N,),

(7) NH, + HCOOH NH,CHO s HCN.

(=H20)

Comparison of this scheme with our data on the
mechanism of nitromethane transformation shows that
they agree in the main details of hydrolysis leading to
the formation of intermediates, which contain nitrogen
in reduced forms (formamide V in our case, ammonia
and hydroxylamine in the scheme of Cowan et al.). As
shown above, in our experiments on the decomposition
of nitromethane, we also observed the formation of iso-
cyanates, and the estimates of their reactivities shows
that they can be intermediatesin the routes of reductive
transformation of nitromethane. Our scheme also takes
into account the unselective transformation of

nitromethane leading to the formation of the products
of complete oxidation and NO.

The most important difference of our scheme from
the scheme of Cowan [98, 103-107] isthat we consider
the formation of nitrile complexesIII asadirect conse-
guence of the reductive transformation of nitromethane
under the action of the hydrocarbon (or, more likely,
radicals formed by hydrocarbon activation). The fast
formation of nitrile complexes in the process of titra-
tion of nitritenitrate complexes by propane on
CoZSM-5 observed in our experiments [35] supports
this conclusion. At the same time, the mechanistic
scheme of Cowan et al. considers the formation of
nitrile complexes as a conseguence of formamide dehy-
dration. This difference may be associated with differ-
ent experimental conditions, specifically, with the
absence of methyl radicals in the process of
nitromethane decomposition studied by Cowan et al.
Indeed, in our experiments on the decomposition of
nitromethane, we also observed the formation of
nitriles.

The scheme proposed in [109, 110] should aso be
commented on. In this scheme, the main route of
molecular nitrogen formation involves direct interac-
tion of nitrile and NO. As noted in [107], the dominat-
ing role of thisrouteisonly possiblein arather unreal-
istic case of absolutely dry reaction mixtures, where
hydrolysis of the CN group does not occur.

Thus, the mechanistic schemes proposed by us for
SCR of nitrogen oxides by akanes agree well with the
known regularities of chemical transformations of nitro
compounds, which are the main intermediates in SCR
of nitrogen oxides by hydrocarbons in excess oxygen.
At the same time, they supplement the known schemes

KINETICS AND CATALYSIS Vol. 44 No.3 2003



THE REACTION MECHANISM OF SELECTIVE CATALYTIC REDUCTION

397

nitrate
NO + 0, ==NO,—~ (NO3)
CH2=CH—CH3
nitrate
(NOy) CH=CH=CHy 5 organic nitro compounds I
o, (CH,)CH,NO,
leo
oxime
(not found)
organic nitriles (CH5)CO2>CO, + H,0
11| CH;CN, CH,=CH-CN or ) !
isocyanates (-NCO) CH;CHO
iHZO "4NO, or NO3
’ Y
IV —-NH, (amines), —(NH3) NG oo N, + CO, + H,O

CH,COOH

VI

Fig. 14. Mechanistic scheme of the selective reduction of nitrogen oxides by propylene [51, 84].

and provide abetter understanding of the mechanism of
the reactions under study.

For SCR of nitrogen oxides by propylene, we
obtained data that agree well with schemes proposed in
[84, 86, 92] (Fig. 14). The key step is the formation of
organic nitro compounds (most likely, 2-nitropropane).
They transform into nitriles and/or isocyanatesIII viaa
route that probably involves the formation of oxime.
Hydrolysis of nitriles and isocyanates produces amines1V,
which generate ammonia (VI) in further hydrolysis.
Thelatter isahighly efficient reducing agent. Theinter-
action of ammonia with gas-phase nitrogen oxides or
surface nitrate groups gives the target product, molecu-
lar nitrogen.

CONCLUSIONS

Our studies suggest that, for the reactions of selec-
tive catalytic reduction of nitrogen oxides by hydrocar-
bons in excess oxygen catalyzed by oxide systems,
including those promoted by platinum, the key interme-
diates are surface nitrate complexes. The rate-limiting
step in the reaction is the interaction with hydrocarbons
or their activated fragments with the formation of nitro
derivatives. Although further steps of therma decom-
position, acid hydrolysis, and oxidation of C,N,O-con-
taining intermediates are fast, they critically depend on
the chemical nature of a catalyst, which determines
both the reaction route and the selectivities to by-prod-
ucts. The thermal stability of nitrate complexes, their
high reactivity toward hydrocarbons, and the rich
chemistry of organic nitro compounds, which provides
the formation of ammonia under reaction conditions,
make it possible to realize the process of selective cat-

KINETICS AND CATALYSIS Vol. 44 No.3 2003

alytic reduction of nitrogen oxides by hydrocarbonsin
excess oxygen.
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