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The increased interest in heterogeneous catalytic
oxidation reactions is due to the practical use of these
processes in the industrial-scale synthesis of valuable
products and in environmental catalysis. Until the
1960s–1970s, the oxygen–catalyst bond energy, i.e.,
the redox properties of the catalyst, was considered to
be the parameter determining the catalytic activity in
these reactions. In 1968, G.I. Golodets advanced the
concept that the acid–base properties of catalysts play
an important role in catalytic activity and selectivity in
redox processes [1]. These concepts were developed
and generalized in later studies [2, 3].

In the present work, we report the results of using
these approaches in the design of catalysts and pro-
cesses for the conversion of nitrogen oxides and meth-
ane, in particular, the selective catalytic reduction of
nitrogen oxides (NO, 

 

N

 

2

 

O

 

) with 

 

ë

 

1

 

–ë

 

4

 

 hydrocarbons
(SCR with HC), the partial oxidation of 

 

ë

 

2

 

–ë

 

3

 

 hydro-
carbons with nitrogen oxides (NO, 

 

N

 

2

 

O

 

), and oxidative
methane conversion (total oxidation and carbon dioxide
reforming).

 

Reduction of nitrogen oxides (

 

NO

 

x

 

) with hydro-
carbons.

 

 It was found for the selective catalytic reduc-
tion of NO by light hydrocarbons (

 

CH

 

4

 

, C

 

3

 

H

 

6

 

, C

 

3

 

H

 

8

 

–
C

 

4

 

H

 

10

 

) in the presence of zirconium dioxide–supported
catalysts 

 

å

 

x

 

O

 

y

 

/ZrO

 

2

 

 (M = Co, Cr, and Ce) that catalytic
activity depends on the acid properties of the surface
(the strength and type of the acid sites). The results of
studying the acid properties of the catalyst surface by
temperature-programmed ammonia desorption (ammo-
nia TPD) and IR spectroscopy (pyridine adsorption
technique) showed that the most active SCR catalysts
have strong Brønsted acid sites [4, 5].

The ZrO

 

2

 

-based oxide catalysts were promoted with
minor amounts of rhodium (0.5 wt %) to improve their
catalytic properties in nitrogen monoxide conversion

[6]. The activity of the promoted catalysts was some-
what higher, but the order of the activities of the 

 

Rh–
å

 

x

 

O

 

y

 

/ZrO

 

2

 

 catalysts (M = Co, Cr, and Ce) in the SCR
of NO with a propane–butane (2 : 1) mixture remained
unchanged (Cr > Co 

 

�

 

 Ce). The results of studying the
rhodium-promoted catalysts by x-ray photoelectron
spectroscopy (XPS) showed that the 

 

Cr

 

3+

 

, Ce

 

4+

 

, and
Co

 

2+

 

 ions in the corresponding samples experience a
noticeable electron-acceptor effect of ZrO

 

2

 

 and the
valence state of rhodium is unaffected (Rh(I) with its
characteristic binding energy of 308.5 eV) [5, 7].

The acid properties of the sample surface were stud-
ied by IR spectroscopy (pyridine adsorption technique)
and ammonia TPD to understand why the activities of
the rhodium-promoted oxide catalysts (chromium–zir-
conium and cerium–zirconium) are different [8]. In the
case of 

 

Rh–Cr

 

2

 

O

 

3

 

/ZrO

 

2

 

, the absorption bands character-
istic of the pyridinium ion (1637 and 1545 cm

 

–1

 

) appear
in the IR spectrum, indicating that Brønsted acid sites
are present on the sample surface. The observed
absorption bands (1620, 1490, and 1440 cm

 

–1

 

) indicate
the formation of adsorption complexes between pyri-
dine and electron-withdrawing catalyst sites [9]. No
absorption bands are observed in this region for the 

 

Rh–
CeO

 

2

 

/ZrO

 

2

 

 sample. This possibly indicates that the
number of acidic functional groups on the surface of
this catalyst is considerably smaller. The results of
studying the acidity of the catalyst surface by IR spec-
troscopy and ammonia TPD are consistent. The more
active catalyst 

 

Rh–Cr

 

2

 

O

 

3

 

/ZrO

 

2

 

 contains strong 

 

Ç

 

-sites
[5, 8].

As was found by IR spectroscopy, the adsorption
and coadsorption of the reactants (NO, 

 

C

 

3

 

H

 

6

 

) differ
substantially, depending on the nature of the surface of
the rhodium-doped 

 

å

 

x

 

O

 

y

 

/ZrO

 

2

 

 oxide system. The
absence of acidic functional groups on the 

 

Rh–
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CeO

 

2

 

/ZrO

 

2

 

 surface [10] considerably decreases the
activity of this catalyst in the selective reduction of NO
with propene.

The rhodium-promoted cobalt–zirconium catalyst
shows a lower SCR activity in methane reduction than
the unpromoted sample (Table 1) [7]. For the SCR of
NO with methane on the cobalt-containing catalyst, the
active sites are protons of the support and Co

 

2+

 

 ions, on
which the following steps of the process occur [11]:

 

on ëÓ

 

2+

 

: NO + O

 

2

 

 

 

⇒

 

 NO

 

2

 

,

on H

 

+

 

: 2NO

 

2

 

 + CH

 

4

 

 

 

⇒

 

 CO

 

2

 

 + 2H

 

2

 

O + N

 

2

 

.

 

Several possible routes for nitrogen formation on the
protonated sites of the support have been discussed in
the literature. According to some views, adsorbed 

 

NO

 

2

 

reacts with a hydrocarbon molecule to form a nitroal-
kane, which then yields molecular nitrogen. The impor-
tance of nitromethane and nitrosoalkane as intermedi-
ates formed in the reaction of hydrocarbon with
adsorbed 

 

NO

 

2

 

 was assumed by several researchers (see
[11]). Another possibility is the protonation of 

 

CH

 

4

 

 by
a Brønsted acid site resulting in the intermediate car-
bocation , which is then attacked by 

 

NO

 

2

 

 from the
gas phase. Thus, the oxidation of NO to 

 

NO

 

2

 

 and the
reduction of 

 

NO

 

2

 

 to 

 

N

 

2

 

 occur on a combination of acid
(

 

ç

 

+

 

) and cationic sites. The necessity of dual sites com-
bining different functions reflects the nature of the SCR
process [7, 12].

Other ways of activating the reactants (NO and CH

 

4

 

)
appear when rhodium is introduced into the 

 

ëÓé/ZrO

 

2

 

catalyst. Nitrogen oxide can interact with Rh via the
following scheme [13]:

CH5
+

Rh0–N + Rh0–O

Rh0

NO + Rh0 ⇔ Rh+NO– 

(Rh+)2O2– + Rh0–N.

2Rh0

 

Adsorbed oxygen decreases the free catalyst surface
area accessible to 

 

NO

 

x

 

, decreasing the efficiency of the
conversion of the nitrogen oxides. The retardation of
the reaction in excess oxygen can be caused by the
competitive adsorption of NO and 

 

O

 

2

 

 on the same rhod-
ium active sites and by the competition between the
oxidants (NO and 

 

O

 

2

 

) for the hydrocarbon as the reduc-
ing agent. The role of the reducing agent (methane) is
to remove adsorbed oxygen and to reduce the catalyst
(rhodium active site).

The cleavage of the C–H bond in the methane mol-
ecule is the rate-determining step of NO reduction by
methane on 

 

Rh/Al

 

2

 

O

 

3

 

 [14]:

 

ëç

 

4

 

 

 

⇒

 

 ëç

 

3,ads

 

 + ç

 

ads

 

.

Thus, the decreased nitrogen monoxide conversion in
selective reduction by methane on Rh–CoO/ZrO2 as
compared to the unpromoted CoO/ZrO2 sample can be
explained by the activation of the reactants (NO and
CH4) via other routes, which are energetically and
kinetically less favorable than the steps of NO and CH4
conversion on cobalt oxide and on the proton site of the
support (Ç-site of ZrO2 modified by transition metal
oxides).

The results obtained show that the enhancement of
the redox properties of the MxOy/ZrO2 catalysts due to
the introduction of rhodium did not change their
bifunctional nature and confirmed the importance of
catalyst bifunctionality (the presence of redox sites and
strong Brønsted acid sites) for the manifestation of the
SCR activity [12].

Sulfated zirconia (as a solid superacid) attracts
researchers’ attention due to its low sensitivity to water
vapor and sulfur dioxide and the high regenerating abil-
ity of the catalysts after SO2 removal from the reaction
mixture, which is particularly important for gas purifica-
tion catalysts. Under the conditions of NO SCR with
methane, cobalt-containing catalysts based on sulfated
zirconia manifest a lower activity than the nonsulfated
samples, which are characterized, according to IR spec-
troscopic data, by a higher concentration of surface
Ç-sites. The introduction of iron and manganese
improves the catalytic properties of the sulfated system
by increasing the concentration of active sites (the total
concentration of acid and redox sites) (Table 1) [15, 16].

Conversion of nitrous oxide N2O. The special
attention given to N2O conversion in the 21st century is
due to the fact that, in the last decade, N2O emissions
into the atmosphere have increased 3–4 times more
than methane emissions [17, 18]. An analysis of the
molecular structure of N2O (according to the proposed
basicity scale, the proton affinity of nitrous oxide
(576 kJ/mol) is comparable with those of methane
(544 kJ/mol) and CO (593 kJ/mol)) suggests that N2O is
a Brønsted base [19]. In this connection, the character of
N2O activation can depend on the acid properties of the
catalyst surface. The B-sites of zeolites are capable of
protonating the N2O molecule: N2O + ç+ = +N=N–OH.

Table 1.  SCR activity of the cobalt-containing (10 wt %

CoO) catalysts supported on Zr

Catalyst
NO conversion, %/T, °C**

(C3H8–C4H10) +
NO + O2

CH4 + NO + O2

Rh–CoO/ZrO2 51/300 41/300
CoO/ZrO2 40/300 72/300

CoO/S /ZrO2
– 26/360

CoO(Mn, Fe)/S /ZrO2
– 62/350

  * The mixture contains 0.05% NO, 0.09% CnHm, 5% O2, and the
rest is Ar; V = 6000 h–1.
** The temperature at which the indicated conversion was achieved.

O2
*

O4
2–

O4
2–
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For this reason, catalysts with an acidic surface,
namely, Fe-containing H-forms of zeolites of various
structural types (faujasite (Y), mordenite (Mor), and
pentasil (ZSM-5)) and ZrO2 were studied in nitrous
oxide conversion. In the direct decomposition of N2O
on the most active zeolite-based catalysts, which are
characterized by the presence of strong acid sites on the
surface (according to ammonia TPD data), 86–96%
N2O conversion is achieved at 500–550°ë and gas flow
rates of (6–12) × 103 h–1 [20].

The data characterizing the reduction of N2O by a pro-
pane–butane mixture and CO are presented in Table 2 and
in Fig. 1. It can be seen that reduction by CO on the
iron-containing catalysts occurs at temperatures close
to the propane–butane reduction temperature; however,
the temperature at which high N2O conversions

(92−96%) are achieved is 30–50 K higher than the tem-
perature of reduction by ë3–ë4 hydrocarbons. In the
presence of oxygen, N2O is reduced by carbon monox-
ide at temperatures almost 100 K higher than in the
absence of é2 and 50–150 K higher than the tempera-
ture of SCR by ë3–ë4 hydrocarbons [21, 22].

The different catalytic activities of iron-containing
zeolites of different structural types in N2O reduction
can be due to different conditions of reactant activation.
As was mentioned above, N2O can be activated on the
Ç-sites of zeolites. The activity of the Fe-containing
pentasils in N2O conversion is also attributed to the
presence of a-sites. Surface oxygen atoms and the
acid–base sites of the catalyst are considered to partic-
ipate in alkane activation [24]. The temperature of N2O
conversion upon the addition of a reducing agent

 
Table 2.  Activity of the iron-containing catalysts in the decomposition and reduction of N2O with a propane–butane mixture
and carbon monoxide*

Catalyst
N2O conversion, (T, °C)**

N2O + 1/2é2
N2O + (ë3ç8 + 

ë4ç10)
N2O + (ë3ç8 + 

ë4ç10) + é2
N2O + ëé N2O + ëé + é2

FeZSM-5*** 95/550 93/400 93/450 92/450 83/560
Fe2O3/çZSM-5**** 96/550 93/400 92/400 96/455 91/550 
Fe2é3/HM 94/550 94/450 94/500 96/470 80/550 
Fe2O3/[(ZrO)2+–çZSM-5] 90/550 93/410 90/450 95/460 91/550 
Fe2O3/[(ZrO)2+–çåor] 86/550 91/450 91/500 94/460 91/550 
Fe2O3/[(ZrO)2+–çY] 15/550 91/490 57/550 94/525 24/550
Fe2O3/(35% ZrO2 + 65% çZSM-5) 94/582 93/420 90/505 95/450 89/550 
      * The mixture contains 0.5% N2O, 0.2% (C3ç8 + ë4ç10) (2 : 1), 0.5% CO, 5% O2, and He; V = 6000 h–1.
    ** The temperature at which the indicated conversion is achieved.
  *** The degree of ion exchange is 93%.
**** The supported catalysts contain 10 wt % Fe2O3.
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Fig. 1. Temperature dependence of the rate of N2O conversion into nitrogen on the catalysts (a) FeZSM-5 and (b) Fe2O3/[(ZrO)2+-
çZSM-5] in the reaction mixtures (1) 0.5% N2O–0.2% (ë3ç8 + ë4ç10) (2 : 1), (2) 0.5% N2O–0.2% (ë3ç8 + ë4ç10) (2 : 1)–5%

é2, (3) 0.5% N2O–0.5% CO, and (4) 0.5% N2O–5% é2; V = 6000 h–1.
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(a light alkane or CO) is 100–150 K lower than the tem-
perature of the direct decomposition of nitrous oxide
(Table 2). This can be due to the removal of oxygen
formed by the associative adsorption of nitrous oxide
on the catalyst [25].

The high (90–94%) N2O conversions achieved at
lower temperatures (400–450°ë) under the conditions
of SCR by hydrocarbons can be explained using mech-
anistic data on N2O decomposition. This process has
been the subject of a series of publications, most of
which deal with N2O decomposition on FeZSM-5 [25].
In the general case, the reaction 2N2O  2N2 + O2

(∆  = –163 kJ/mol) can be presented as the oxida-
tion of the active sites (N2O + Z  N2 + ZO) followed
by surface oxygen removal directly by the N2O mole-
cule itself (N2O + ZO  N2 + O2 + Z), via the recom-
bination of oxygen atoms (2ZO  O2 + 2Z), or
through the action of a reducing agent (R + ZO 
Z + RO).

The process in an excess of the oxidant (under the
SCR conditions) can be represented by the following
simplified two-path mechanism:

Hr298
0

(1) N2O + Z  N2 + ZO,

(2) N2O + ZO  N2 + O2 + Z,

(3) O2 + 2Z  2ZO,

(4) R + Z  ZR,

N2O + R = N2 + RO,

2R + O2 = 2RO, 

where Z is the active site and R is the reducing agent
(ë3ç8 + ë4ç10 or CO).

A more detailed scheme of the mechanism can
include the impact interaction between the reducing
agent and the oxidized site (CO + ZO = CO2 + Z) and
the activation of the hydrocarbon reductant on the acid
sites of the zeolite catalyst, for example, through the
formation of weak hydrogen bonds with the Ç-acid
sites (Si(OH)Al groups). In this case, the bond strength
of adsorbed alkanes depends on the hydrocarbon chain
length [26].

To elucidate the nature of the acid sites, particular
catalyst samples were studied by IR spectroscopy using
pyridine as the probe molecule. The IR spectra of pyri-
dine sorbed on dehydrated samples are shown in Fig. 2.
It is seen that the spectra contain absorption bands of the
pyridinium ion (1550, 1620, 1630, and 1640 cm–1), indi-
cating that the Brønsted proton acid sites are present on
the surface. Thus, the most active catalyst of the SCR of
N2O has strong Ç-acid sites (a less active HY-based
sample has weak L- and B-sites) [27]. The positive
effect of the acidity of Pd–HZSM-5 on the reduction
rate of NO + N2O by propene was observed [28].

Under the conditions of the N2O SCR HC, high
nitrous oxide conversions of 90–94% are achieved at
temperatures 50–150 K lower due to the activation of
the reducing hydrocarbon on the strong Ç-sites, partic-
ularly the proton (ç+) sites of the zeolites and zirco-
nium dioxide modified by transition metal oxides, fol-
lowed by the interaction between the activated hydro-
carbon and adsorbed atomic oxygen formed from N2é
or é2:

ënH2n + 2  (ënH2n + 3)+ + Oads ⇒ COx + ç2é.

Thus, the SCR activity of the oxide catalysts based
on ZrO2 and zeolites in NO and N2O reduction depends
on both the chemical nature and the strength of the
redox and acid sites [29].

Partial oxidation of C3–C4 alkanes. The relation-
ship between the acid properties of the surface and the
catalytic activity in the selective oxidation of alkanes
was found earlier [30, 31] and is observed for the partial
oxidation of propane by nitrogen oxides (NO, N2O) on
catalysts of various types. For the partial oxidation of
ë3–ë4 by nitrogen oxides (NO, N2O) on zirconium
dioxide modified by various heteropoly acids (HPAs),
the catalytic activity depends on the amount of intro-
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 IR spectra of the samples after pyridine adsorption:
(
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, and (
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)
the background spectrum of the catalyst before pyridine
adsorption.
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duced P–Mo HPA and the reaction selectivity with
respect to the partial oxidation products changes in par-
allel with the concentration of weak acid sites [32].

In the partial oxidation of propane with 
 

N
 

2

 
O

 
 into

oxygen-containing compounds in the presence of the
mesoporous material (Fe, Al)–MCM-41, the maximum
yield of the major product (isopropanol) is one order of
magnitude higher than the yields of the other oxygen-
containing products. An analysis of XRD, IR, XPS, and
NMR data for (Fe, Al)–MCM-41 makes it possible to
attribute the high isopropanol yield to the activation of
propane on the acid sites and to the activation of 

 

N

 

2

 

O

 

on the redox iron sites, due to which nitrous oxide acts
as a mild oxidant to form isopropanol. Thus, a certain
combination of the structural characteristics and acid
and redox properties of the (Fe, Al)–MCM-41 surface
provides catalytic activity in partial propane oxidation
involving nitrogen(I) and nitrogen(II) oxides [33].

 

Selective oxidation of ethylene.

 

 The promoting
effect of alkali metal admixtures on the target product
yield was revealed in ethylene epoxidation by nitrous
oxide on structured Ag-containing catalysts. The intro-
duction of Cs, K, and Na microadmixtures raises the
ethylene oxide yield by a factor of 1.5–2 due to the
increase in selectivity with a decrease in the reaction
onset temperature by 80–100 K [34]. The optimum
alkali metal content (0.1–0.8 wt %) decreases in the
order Na > K > Cs, which is antibatic to the correspond-
ing order of atomic radii (Table 3). The key factor in
achieving a promoting effect is the following sequence
of introduction of the components: (1) M = Cs, K, Na;
(2) Ag. For the opposite order, the deactivation of the
catalyst is observed, which is evidently due to the
blocking of the epoxidation active sites by the alkaline
additives. Alkali metals substitute for, and thus reduce
the concentration of, support protons [35], favoring
subsequent ethylene oxide conversion to deep oxida-
tion products. This conversion likely proceeds via
isomerization into acetaldehyde on the acid sites.

 

Deep methane oxidation.

 

 A relation between the
acid properties of the surface and catalytic activity is
also observed in deep methane oxidation on nanodis-
perse complex oxide catalysts supported on porous

 

Al2O3 and ZrO2: the stronger the acid sites (according
to ammonia TPD data), the lower the reaction onset
temperature [36].

For supported nickel ferrites, the concentration of
acid sites on Al2O3 is higher than that on the sample
based on modified ZrO2. The more active catalyst
NiFe2O4/(ZrO2–Y2é3) has stronger acid sites
(  = 300°C) than NiFe2O4/Al2O3

(  = 160°C). This is significant for the deep
oxidation of hydrocarbons.

The most active Co–Zr catalysts, in which the total
concentration of acid sites is low, have stronger acid
sites. As a consequence, the onset temperature of deep
methane oxidation on CoxOy/(ZrO2–çZSM-5) is lower

Tmax dec.NH3

Tmax dec.NH3

than that on CoxOy/ZrO2 (in both samples, ZrO2 was
prepared by sol–gel processing).

Among the supported oxide composites MxOy/ZrO2
and MxOy/Al2O3, where M is Mn, Co, and Cr,
Mnxéy/ZrO2 exhibits the highest activity in deep meth-
ane oxidation (the temperature of 50% ëç4 conversion
is T50 = 363°ë). Hydrogen TPR and IR spectroscopic
data indicate that the manganese–zirconium oxide
composite is a bifunctional catalyst containing a greater
amount of reactive oxygen, which activates the C–H
bond more effectively than the Al2O3-based catalyst
(Fig. 3). The activity of the supported manganese cata-
lysts is determined by the support nature, the extent of
dispersion of the manganese oxides, and the redox and
acid properties. The most active low-temperature cata-
lyst is characterized by an optimum combination of the
size, redox, and acid characteristics [37]. Thus, the
presence of strong acid sites on the catalyst surface is a
factor ensuring the lower onset temperature of deep
methane oxidation. The efficiency of the catalysts is
determined by the strength of the oxygen–catalyst bond
and by the acid properties of their surface. This is in
good agreement with the modern mechanistic concepts
of the deep oxidation of alkanes, including methane, on
oxide catalysts.

Methane reforming with carbon dioxide
(MRCD). The processes of oxidative methane reform-
ing into synthesis gas are among the most important
methods of the industrial-scale production of hydrogen
and CO. Supported nickel catalysts are most active in
the carbon dioxide reforming of methane, although
they have a substantial drawback: they lose activity
because of coking. The mechanism of the MRCD pro-

 
Table 3.  Influence of the alkaline additives in the silver
honeycomb catalysts on ethylene epoxidation with nitrous
oxide

Catalyst
(Ag, M2O)/cordierite 

(M = Cs, K, Na)

Conversion 
of C2H4,
%/T, °C

C2H4O

yield, % selectivity, 
%

20% Ag 72/425 14 19

18% Ag, 0.5% Na 84/420 31 37

19% Ag, 0.8% Na 75/445 26 34

19% Ag, 1.5% Na 63/470 10 16

21% Ag, 0.1% K 85/410 30 35

18% Ag, 0.3% K 93/400 30 32

23% Ag, 0.7% K 79/415 28 36

19% Ag, 0.1% Cs 90/420 23 26

16% Ag, 0.3% Cs 73/415 20 27

Note: Composition of the mixture: 2% C2H4 + 60% N2O; V =
90 cm3 min–1 (g Cat)–1.
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cess includes carbon formation as an intermediate step
[38]:

CH4 + Z  [CHx]–Z + (4 – x)Hads  ZC + 2H2.

The activity of Ni-containing structured catalysts in
the MRCD reaction depends on the conditions of active

           

phase synthesis on the support surface. The catalytic
activity is enhanced when the active phase (NiO) and
the structure-forming component (

 

Al

 

2

 

O

 

3

 

) are simulta-
neously supported on cordierite, which is due to the for-
mation of structures of the nickel aluminate type at the
heat treatment stage. These structures decompose dur-
ing reduction into finely dispersed metallic nickel stabi-
lized in the oxide–aluminum matrix.

The developed catalysts are not less active than the
GIAP 3-6N commercial granulated catalyst, and their
productivity far exceeds (by a factor of 

 

≥

 

2.5

 

) the pro-
ductivity of the latter owing to the higher accessibility
of their catalytically active surface (Table 4).

The operating stability of the Ni-containing cata-
lysts in MRCD can be enhanced by controlling the
acid–base properties of their surface, particularly by the
introduction of alkali metal oxides [39]. In this case, the
basic oxide can substantially decrease the 

 

ëç

 

4

 

 conver-
sion by suppressing the activated adsorption of meth-
ane and by stimulating the adsorption of the oxidant
(

 

ëé

 

2

 

), which can react with the surface carbon of the
catalyst via the reverse Boudoir reaction

 

ë + ëé

 

2

 

 = 2ëé. 

 

Therefore, the enhancement of the operating stability of
the nickel–aluminum catalysts of the MRCD process
can be attributed to the retardation of coke formation.
The activity of the catalysts can be decreased by the for-
mation of thermodynamically stable inactive alkali
metal aluminates (Fig. 4a).

The study of the catalysts by hydrogen TPR showed
that the reduction rate of 

 

NiO–Al

 

2

 

O

 

3

 

 binary systems,
including the systems modified by additives of alkali
metal oxides, changes in parallel with their activity in
MRCD (Fig. 4b). An ammonia TPD study of the acid
properties of the nickel catalysts showed that the modifi-
cation by alkali metal or alkaline-earth metal oxides
decreases the general acidity of the catalyst surface; i.e.,
an antibatic relationship is observed between the general
acidity of the catalysts and the operating stability during
the MRCD process. Thus, the enhancement of the stabil-
ity of nickel-containing catalyst operation is due to a
decrease in the general acidity of the surface [40].
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Fig. 3.

 

 (a) TPR curves and (b) IR spectra after pyridine
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Table 4.  

 

Activity and productivity of the nickel-containing catalysts in the carbon dioxide conversion of methane*

Catalyst

 

T

 

80

 

, 

 

°

 

C**
Productivity 

 

× 

 

10

 

6

 

, 

mol s

 

–1

 

 (g Cat)

 

–1

 

mol s

 

–1

 

 (g NiO)

 

–1

 

GIAP-18, 

 

d

 

 = 1–2 mm 485 12.96 1.62
8.2% NiO/1.2% Al

 

2

 

O

 

3

 

/cordierite 487 38.3 4.8
3.8% NiO/11.2% Al

 

2

 

O

 

3

 

/cordierite 492 30.0 7.8
1% NiO/0.2% Al

 

2

 

O

 

3

 

/cordierite 533 27.6 27.6
GIAP-18, 

 

d

 

 = 15 

 

×

 

 15 mm – 0.144 0.23

 

  * Mixture composition, vol %: CH

 

4

 

, 5.5; CO

 

2

 

, 7.0; He, the rest; the flow rate of the reaction mixture was 6000 h

 

–1

 

 for the block catalysts
and 3000 h

 

–1

 

 for the GIAP-18 samples.
** 80% CH

 

4

 

 conversion temperature.
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The results reported here are the development of the
concept of the combined effect of the redox and acid–
base properties of the catalyst in the redox processes.
When selecting catalysts for these processes, it is nec-

essary to consider the energy of the oxygen–catalyst
bond and the acid–base properties of the surface. The
bifunctional catalysts exhibit the highest activity and
selectivity in nitrogen oxide (NO, 

 

N

 

2

 

O

 

) conversion.
Due to the favorable combination of the redox and acid
properties of their surface, the 

 

(Rh)–å

 

x

 

O

 

y

 

/ZrO

 

2

 

 (M =
Co, Cr, Ce) and Fe/H-zeolite (mordenite, faujasite, pen-
tasil) catalysts exhibit high activity both in the selective
reduction of nitrogen oxides into nitrogen and in the
partial oxidation of light alkanes into oxygen-contain-
ing products. The modification of the surface of the sil-
ver catalysts supported on the honeycomb matrices of
synthetic cordierite by alkali metals (Ag/(Cs, K,
Na)/cordierite), i.e., the control of the acid–base prop-
erties of the surface, results in a promoting effect on the
epoxidation of ethylene by nitrogen(I) oxide due to the
increase in the selectivity of target product formation
by 1.5–2 times. Methane activation during its deep oxi-
dation at relatively low temperatures (

 

280–350°ë

 

) is
related to the presence of the reactive oxygen and
strong acid sites on the surface of the complex oxide
catalysts, in particular, the cobalt–zirconium and man-
ganese–zirconium catalysts. The operating stability of
the structured nickel catalysts in the carbon dioxide
conversion of methane (

 

NiO–Al

 

2

 

O

 

3

 

–(Li, Na, K)

 

/cordi-
erite) can be enhanced by controlling the acid–base
properties of their surface.
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