
 

ISSN 0023-1584, Kinetics and Catalysis, 2008, Vol. 49, No. 6, pp. 873–885. © Pleiades Publishing, Ltd., 2008.
Original Russian Text © Z.R. Ismagilov, N.V. Shikina, S.A. Yashnik, A.N. Zagoruiko, S.R. Khairulin, M.A. Kerzhentsev, V.N. Korotkikh, V.N. Parmon, B.I. Brainin, V.M. Zakharov,
O.N. Favorskii, 2008, published in Kinetika i Kataliz, 2008, Vol. 49, No. 6, pp. 922–935.

 

873

 

The problem of the environmental effect of power
plants is gaining increasing importance. Ecological
assessment of power-producing gas turbine plants
(GTPs) must necessarily take into account the level of
atmospheric emissions, such as nitrogen oxides, carbon
monoxide, and hydrocarbons. Nitrogen oxides are the
most hazardous components of the gas turbine combus-
tion gas from the standpoint of environmental conse-
quences.

A promising approach to the problem of reducing
hazardous emissions, primarily nitrogen oxides, is cat-
alytic fuel combustion in various apparatuses, includ-
ing gas turbines [1–4]. Use of catalytic combustion in
gas turbines was suggested in the early 1970s [5, 6],
and the investigations that followed confirmed that this
is a promising way. In catalytic combustion in indus-
trial gas turbines, the 

 

NO

 

x

 

 emission level is lower than
3 ppm and the CO and hydrocarbon emission levels are
below 10 ppm [7].

The most available fuel for GTPs is natural gas,
which consists largely of methane, which is the least
readily oxidizable hydrocarbon. Therefore, it is neces-
sary to produce catalysts capable of initiating methane
oxidation at minimum possible temperatures and of

withstanding long-term exposure to temperatures
above 930

 

°

 

C.

It is well known that catalysts based on noble metals
are the most active in oxidation reactions. They can ini-
tiate combustion at low temperatures, but it is inappro-
priate to use them above 750

 

°

 

C because of the high vol-
atility of the noble metals [8]. Use of palladium as the
active component in the high-temperature oxidation of
methane is the most promising. This is because palla-
dium has a high specific activity in this reaction [9, 10]
and a relatively low volatility in comparison with the
other noble metals, as was determined by studying the
interaction of the metals with oxygen at 730–1730

 

°

 

C
[11]. It is these properties of palladium that attract
researchers’ interest to its behavior in the methane oxi-
dation reaction. It is well known that, up to 800

 

°

 

C, pal-
ladium exists as 

 

PdO

 

x

 

, which undergoes reduction to
palladium metal as the temperature is further raised.
This reaction is reversible, so a decrease in temperature
leads to the reoxidation of Pd to 

 

PdO

 

x

 

 in air. As a con-
sequence, the temperature dependence of the methane
conversion always shows a hysteresis [12]. There is still
no consensus as to what form of oxidized palladium—
bulk PdO, Pd with oxygen chemisorbed on its surface,
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Abstract

 

—Two types of granular catalysts for effective methane combustion in combustors of gas turbine
plants (GTPs) were developed: (1) catalysts based on noble metals with a low Pd content (1–2 wt %), charac-
terized by a low methane ignition temperature, and (2) catalysts based on manganese oxides and hexaalumi-
nates, which have an increased thermal stability. The methane oxidation kinetics was investigated, and combus-
tion in the catalyst chamber of the GTP was simulated. For optimizing the combustion technology, the follow-
ing two-step process using a combined catalytic package is suggested. The inlet zone of the combustor is filled
with a highly active Pd catalyst, which initiates methane oxidation and ensures that the temperature at the exit
of this zone is the initial temperature of methane combustion. This takes place in the next zone, which is filled
with an oxide catalyst tolerant to high temperatures. The pilot testing of the catalysts was carried out in a model
catalytic combustor. The results are in satisfactory agreement with calculated data. Long-term tests indicate the
high stability of the catalysts. The Pd catalyst was demonstrated to retain its high activity and to provide an igni-
tion temperature of 240

 

°

 

C. The initial activity of the hexaaluminate-based catalysts remains unchanged after
tests at 930

 

°

 

C. The use of a combined charge of the palladium (7–15%) and manganese (85–93%) catalysts in
the model GTP combustor allows a high natural gas combustion efficiency to be achieved at a low level of haz-
ardous emissions (NO

 

x

 

, 0–1 ppm; CO, 1–3 ppm; hydrocarbons, 3–10 ppm).
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or Pd particles covered by PdO [13–18]—is the most
active in combustion.

Supporting of palladium on a substrate, primarily 

 

γ

 

-

 

or 

 

α

 

-Al

 

2

 

O

 

3

 

 or 

 

Al

 

2

 

O

 

3

 

 modified with rare-earth element
oxides, raises the activity and thermal stability of the
catalyst through an increase in the degree of dispersion
of the active component and in its aggregation stability
[19–25].

Alternative catalytic systems for methane combus-
tion are catalysts based on hexaaluminates and transi-
tion metal oxides. Hexaaluminates are the class of com-
pounds with the general formula 

 

AB

 

x

 

Al

 

12 – 

 

x

 

O

 

19

 

, where
A is a rare-earth or alkaline-earth metal, such as La and
Ba, and B is a transition metal with an atomic radius
comparable to the radius of aluminum (B = Mn, Co, Fe,
Cr, Ni) [26, 27]. Hexaaluminates form from oxides at
temperatures above 1200

 

°

 

C, and this is why they are
very stable up to high temperatures. The specific sur-
face area of hexaaluminates and, accordingly, their
activity in methane oxidation depend on the synthesis
process [28]. However, irrespective of their specific
surface area, the hexaaluminates are much less active
than the palladium catalysts. In view of this, there have
been attempts to enhance the catalytic activity of
hexaaluminates by introducing Pd [29]. In our earlier
work [30], it was shown that introducing 0.5 wt % Pd
into the hexaaluminate 

 

(Mn,Mg)LaAl

 

11

 

O

 

19

 

 affords a
significant activity rise owing to the 110

 

°

 

C decrease in
the 50% methane conversion temperature (

 

T

 

50

 

). In addi-
tion, a synergistic effect in the 

 

Pd–(Mn,Mg)LaA

 

l1

 

O

 

19

 

system was detected.

It was demonstrated earlier that stable catalysts
based on manganese oxides can be prepared [31]. The
activity of these catalysts in hydrocarbon oxidation can
be enhanced by their calcination at 900–1100

 

°

 

C. In our
works [32, 33], it was found that Mn–Al–O catalysts
supported on 

 

γ

 

-Al

 

2

 

O

 

3

 

 containing 

 

χ

 

-Al

 

2

 

O

 

3

 

 and modified
with Mg, La, or Ce are more active and thermally more
stable (up to 1300

 

°

 

C) than the same catalysts supported

on pure 

 

γ

 

-Al

 

2

 

O

 

3

 

. We believe that the high degree of dis-
order of the 

 

χ

 

-Al

 

2

 

O

 

3

 

 structure in comparison with

 

γ

 

-Al

 

2

 

O

 

3

 

 favors deeper interaction of manganese and
modifiers with the support at the impregnation and low-
temperature calcination stages. This yields Mn–Al–O
compounds of complex composition (solid solutions
and/or hexaaluminates) at 1300

 

°

 

C, due to which the cat-
alysts are stable and highly active in methane oxidation.

Abroad, gas turbine catalysts are now produced as
foil blocks made from corrosion-resistant alloys. The
foil is coated with a porous substrate and an active com-
ponent based on platinum and/or palladium [34–36].
The disadvantage of these catalysts is their high plati-
num metal content (above 5–10 wt %) and the operat-
ing temperature range being limited to 900

 

°

 

C.
The purpose of this work was to develop granular

catalysts for methane oxidation and to optimize the
design of the low-noble-metal catalyst package for nat-
ural gas (methane) combustion in the catalyst chamber
of the gas turbine in order to minimize the 

 

NO

 

x

 

, CO,
and unburned hydrocarbon emissions. Optimal cata-
lytic systems were suggested, their physicochemical
properties and the methane oxidation kinetics on the
catalysts were studied, and methane combustion in the
catalytic combustor (CC) was simulated for different
compositions of the catalytic package and different
testing conditions. Based on the experimental data
obtained, the catalytic package design was optimized
and pilot tests on a CC model were carried out.

EXPERIMENTAL

 

Catalyst Preparation

Pd–Ce–Al

 

2

 

O

 

3

 

.

 

 In catalyst preparation, we used

 

γ

 

-alumina supports as spheres and rings. Their charac-
teristics are presented in Table 1. Spherical 

 

γ

 

-Al

 

2

 

O

 

3

 

 was
used in the experiments on catalyst composition opti-
mization. For this purpose, different Pd precursors were
tested. The ring-shaped support was used to prepare a
pilot batch of the catalyst by the optimal procedure.

The catalysts on the spherical support contained
12 wt % 

 

CeO

 

2

 

 and 1 wt % Pd. They were prepared by
the incipient-wetness impregnation of the support with
a cerium nitrate (

 

Ce(NO

 

3

 

)

 

3

 

 

 

·

 

 6H

 

2

 

O

 

) solution and then
with a Pd precursor solution. The precursors were
water       solutions of 

 

H

 

2

 

PdCl

 

4

 

, [Pd(NH

 

3

 

)

 

4

 

]Cl

 

2

 

,
[Pd(NH

 

3

 

)

 

4

 

](NO

 

3

 

)

 

2

 

,

 

 and 

 

Pd(NO

 

3

 

)

 

2

 

 and an acetone solu-
tion of 

 

Pd(Ac)

 

2

 

. Before being loaded with palladium,
the alumina support modified with cerium was calcined
at 600

 

°

 

C. After supporting of palladium, it was addi-
tionally calcined at 1000

 

°

 

C.
The catalyst on the ring-shaped support contained

12 wt % 

 

CeO

 

2

 

 and 2 wt % Pd. It was prepared in the
same way as the catalysts on the spherical support. The
Pd precursor was an aqueous 

 

Pd(NO

 

3

 

)

 

2

 

 solution. The
pilot batch of the catalyst was designated IK-12-60-2.

 

MnO

 

x

 

–Al

 

2

 

O

 

3

 

.

 

 The catalyst was prepared on the ring-
shaped support by the incipient-wetness impregnation

 

Table 1.  

 

Physicochemical properties of the spherical and
ring-shaped aluminum oxides

Property Spherical 
Al

 

2

 

O

 

3

 

Ring-shaped 
Al

 

2

 

O

 

3

 

Diameter, mm 2.2–2.5 7.5

Length, mm – 7.5

Inner diameter, mm – 2.5

Bulk density, g/cm

 

3

 

0.8 0.7

Pore volume (H

 

2

 

O), cm

 

3

 

/g 0.45 0.45

Specific surface area, m

 

2

 

/g 180 200

Crush strength under static 
conditions, kg/cm

 

2

 

270 23

Phase composition γ-Al2O3 60% γ-Al2O3

40% χ-Al2O3
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of the support with an aqueous manganese nitrate
(Mn(NO3)2 · 6H2O) solution. It contained 11 wt % man-
ganese oxides in terms of MnO2. The catalyst calcina-
tion temperature was 900°C. It was similar in composi-
tion to the commercial catalyst IKT-12-40; for this rea-
son, its pilot batch is hereafter designated IKT-12-40A.

MnOx–La2O3–Al2O3. This catalyst was prepared on
the ring-shaped support by successive incipient-wet-
ness impregnation of alumina with lanthanum and man-
ganese nitrate solutions using the procedure described
in [30]. It contained 8–11 wt % manganese in terms of
MnO2 and 10–12 wt % lanthanum in terms of La2O3.
These concentrations of manganese and lanthanum are
sufficient to ensure a high catalytic activity and stability
of the catalyst [30]. The calcination temperature was
1000°C, lower than was used in our previous study [30]
and was equal to the onset temperature of hexaalumi-
nate phase formation. This allowed us to increase the
specific surface area of the sample. The pilot catalyst
batch was designated IK-12-61.

Pd–MnOx–La2O3–Al2O3. This catalyst was prepared
on the ring-shaped support by successive incipient-wet-
ness impregnation with lanthanum and manganese
nitrate solutions. Next, the samples were dried and cal-
cined at 400°C. Thereafter, the samples were loaded
with a palladium nitrate solution by capillary impregna-
tion. Final calcination was carried out at 1000°C. The
resulting catalyst contained 8–11 wt % Mn in terms of
MnO2, 10–12 wt % La in terms of La2O3, and was
0.65 wt % Pd. The pilot batch of the catalyst was desig-
nated IK-12-62-2.

Testing of the Catalysts

The catalysts were tested using a laboratory setup
for methane oxidation, a pilot plant for natural gas com-
bustion (Boreskov Institute of Catalysis, Siberian
Branch, Russian Academy of Sciences), and a gas tur-
bine model combustor (Central Institute of Aviation
Motors).

The laboratory tests were carried out in a flow quartz
reactor using a catalyst size fraction of 0.5–1.0 mm at a
GHSV (V0) of 1000 to 48000 h–1. The gas mixture con-
tained 1 vol % ëç4 in air. The stoichiometric excess of
O2 was calculated as

where  is the volumetric concentration of methane
in the reaction mixture, 0.21 is the O2 volume fraction
in air, and 2 is the stoichiometric coefficient of O2 in the
chemical equation

CH4 + 2O2 = CO2 + 2H2O.

For the above composition of the reaction mixture,
α = 10.4.

α
100 CCH4

–( ) 0.21×
2

-----------------------------------------------,=

CCH4

The reaction products were analyzed by gas chro-
matography. From the reactant and product concentra-
tions, the CH4 conversion (in percent) was calculated as

where  and  are the methane concentrations
(vol %) in the initial reaction mixture and in the reac-
tion products, respectively. Based on experimental
data, we plotted the temperature dependence of the
methane conversion.

The pilot plant tests were carried out in a tubular
flow reactor, into which 100 cm3 of a catalyst was
charged. The bed height was 40 mm. The methane con-
centration of the inlet was 5.2–7.0 vol %, and the
GHSV was V0 = 4300 h–1. The catalytic activity was
estimated as the “ignition” temperature (Tign) and as the
completeness of natural gas combustion with air. For
this purpose, the products were analyzed using an
EKOM gas analyzer. The determination accuracy was
1 ppm for both carbon monoxide and NOx.

In the model CC, the inlet temperature was 570°C
(840 K), the gas velocity before the catalytic package
(midlength flow velocity in the chamber) was ~2 m/s,
and the air excess α factor was 6.6 to 10.0.

The oxidation products were analyzed at the outlet
of the CC with a gas analyzer complex (Beckman,
United States) by measuring the volume concentrations
of CO (IR absorption), hydrocarbons (flame ionization
detector), and NOx (chemiluminescence technique).

Characterization of the Catalysts

The distribution of Pd in the catalyst grain cross sec-
tion was studied by X-ray microanalysis using an
MAR-3 instrument. The catalyst grain was secured in
epoxy resin and was ground to half-height. Graphite
was sprayed onto the specimen surface for charge
removal. The specimen was moved with a velocity of
10–40 µm/min.

The textural characteristics of the catalysts (specific
surface area, Ssp, m2/g; pore volume, Vpore, cm3/g) were
determined by adsorption techniques using an ASAP-
2400 device.

The phase composition of the catalyst was studied
by X-ray diffraction using an HZG–4 diffractometer
(monochromated CoKα radiation). For phase identifica-
tion the X-ray database of ICPDS was used.

The mechanical strength of the catalysts (P, kg/cm2)
was measured using an MP–9S instrument, which is
intended for measuring the strength of porous bodies
under static conditions.

xCH4

CCH4

0 CCH4
–

CCH4

0
---------------------------- 100,×=

CCH4

0 CCH4
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Reaction Kinetics

We assumed that, in excess oxygen, only total meth-
ane oxidation to CO2 and H2O takes place. The overall
reaction rate was described by the equation

(1)

where k0 is a preexponential factor of the rate constant
(s–1), E is the activation energy (J/mol), R is the univer-
sal gas constant (J mol–1 K–1), T is the reaction temper-
ature (K), ε is the void fraction of the catalyst bed, 
is the methane concentration (in mole fractions), P is
the current working pressure (atm), and P0 is the initial
pressure (in this case, 1 atm).

Mathematical Modeling

The catalyst bed was modeled using the steady-state
model of the adiabatic plug-flow reactor in terms of
heat and mass:

(2)

(3)

(4)

where u is the linear velocity of the gas in the reactor
(m/s) reduced to the normal conditions and to the total
cross-sectional area of the reactor; l is the coordinate
along the bed height (m); x is the methane conversion;

 and  are the methane concentrations on the
catalyst grain surface and in the gas flow, respectively;
β is the mass transfer coefficient for methane (s–1); Tg
and Tcat are the gas and catalyst temperatures, respec-
tively (K); ∆Tad is the adiabatic heating (K); α is the
heat transfer coefficient (W m–3 K–1); cp is the heat
capacity of the gas (J m–3 K–1); and the subscript or
superscript in stands for the reactor inlet.

The reaction rate in the kinetically controlled region
was determined using Eq. (1) and the above kinetic
parameters. In the calculation of the apparent reaction
rate, we took into account the internal and external dif-
fusion limitations. In view of the presence of excess
oxygen, we took into account only the limitations for
methane diffusion.

The internal diffusion limitation was estimated by
the Thiele method. For a first-order reaction, the degree
of use of the internal surface of the catalyst grain (η) is
given by the following equation [37]:

(5)

w k0 1 ε–( ) E
RT
-------–⎝ ⎠

⎛ ⎞ CCH4

P
P0
-----⎝ ⎠

⎛ ⎞ ,exp=

CCH4

u
∂CCH4

∂l
-------------- w– β CCH4

* CCH4
–( ),= =

u
∂Tg

∂l
--------- xCCH4

in ∆Tad
α
c
---- Tcat Tg–( ),= =

Ci Ci
in, T T in,= =

CCH4
* CCH4

η 3
ϕ
--- cothϕ 1

ϕ
---–⎝ ⎠

⎛ ⎞ .=

Here, the Thiele modulus is

(6)

where r is the equivalent radius of the catalyst grain
(m), k is the reaction rate constant in the kinetically
controlled region (s–1), and Deff is the effective diffusion
coefficient of methane in the catalyst pores (m2/s).

The effective diffusion coefficient was calculated by
the formula [37]

(7)

where Π is the permeability coefficient (taken to be 0.2
[37]) and D and DKn are the molecular and Knudsen dif-
fusion coefficients of methane (m2/s). D and DKn were
determined using the following equations [37, 38]:

(8)

(9)

where  and  are the specific molar volumes of
methane and of the dominant gas in the mixture, specif-
ically, nitrogen (cm3/atom);  and  are the
methane and nitrogen molecular weights; and rp is the
mean pore radius in the catalyst (m). For this catalyst,
the mean pore radius was taken to be 170 Å based on
porosimetry data.

The apparent reaction rate taking into account the
external diffusion limitations was described in terms of
the constant k'. For the pseudo-first-order reaction with
respect to methane, this constant was calculated as

(10)

where β is the mass transfer coefficient for methane
(s−1), which can be determined using the following
familiar equations [39]:

(11)

(12)

(13)

(14)

where Sh, Re, and Sc are the dimensionless Sherwood,
Reynolds, and Schmidt numbers, respectively; D is the
molecular-diffusion coefficient of methane in air

ϕ r
3
--- k

Deff
--------,=

Deff Π 1
1/D 1/DKn+
------------------------------⎝ ⎠

⎛ ⎞ ,=

D
4.3 10 7– Tcat

3/2×

P νCH4

1/3 νN2

1/3+( )2
----------------------------------- 1

MCH4

------------ 1
MN2

---------+ ,=

DKn 97r
Tcat

MCH4

------------,=

νCH4
νN2

MCH4
MN2

k '
1

1/ηk 1/β+
---------------------------,=

β
ShDSspP

dequiv
----------------------,=

Sh AReBSc0.33,=

Re
urdequivρ

µ
--------------------,=

Sc
µρ
D
-------,=
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(m2/s); Ssp is the specific surface area of the catalyst
grains per unit volume of the bed (m–1); dequiv is the
equivalent (hydraulic) diameter of the path in the bed
(m); A and B are empirical parameters; ur is the real lin-
ear velocity of the gas in the bed (m/s); ρ is the gas den-
sity (kg/m3); and µ is the gas viscosity (N s m–2).

The real velocity of the gas, ur, was calculated taking
into account temperature, pressure, and free bed cross
section corrections:

(15)

In a similar way, we determined the heat transfer
coefficient:

(16)

(17)

where Nu and Pr are the Nusselt and Prandtl numbers,
respectively, and λ is the thermal conductivity of the
reacting gas. The empirical parameters A and B in
Eqs. (12) and (17) were assigned particular numerical
values depending on the type of hydrodynamic regime
according to recommendations given in [39].

The gas flow resistance of the catalyst bed was cal-
culated by the formula [40]

(18)

ur u
Tg

273
---------1

ε
--- 1

P
---.=

α
NuλSsp

dequiv
-----------------,=

Nu AReBPr0.33,=

∆P ξ L
dequiv
-----------

ρur
2

2
--------,=

where L is the total bed height (m). The resistance coef-
ficient ξ was calculated using the general formula

(19)

where the parameters F and p were assigned particular
values depending on the Reynolds number according to
recommendations given in [40].

The gas velocity in the reactor (u) was determined
from the bed geometry and GHSV, applying correc-
tions for the real temperature and pressure. In the esti-
mation of the gas viscosity µ and thermal conductivity
λ as a function of temperature, we used reference data
[38, 40]. The gas density ρ was calculated using the
ideal-gas equation of state applied to air.

The adiabatic heating for methane oxidation was
determined by thermodynamic calculations.

RESULTS AND DISCUSSION

Physicochemical Properties of Catalysts
and Optimization of Catalyst Compositions

Table 2 lists data characterizing the physicochemi-
cal properties of Pd–Ce–Al2O3 catalysts 1–5, which dif-
fer in the chemical nature of the Pd precursor. The cat-
alysts have similar specific surface areas and pore vol-
umes. The chemical nature of the precursor influences
the Pd distribution in the cross section of the catalyst
grain, which, in turn, has an effect on the Pd particle
size. Figure 1 shows the Pd distribution profile in the
grains of catalysts 1–5 on the spherical support as deter-
mined by the X-ray microprobe method. The signal
intensity increases in particular areas as the microprobe
moves across the grain, indicating the concentration of
Pd there. In catalyst 1, prepared using H2PdCl4, the

ξ F

Rep
---------,=

Table 2.  Physicochemical properties of Pd–Ce–Al2O3 catalysts obtained using various palladium precursors

Catalyst no. Precursor Ssp, m2/g Vpor (H2O), cm3/g Strength, kg/cm2 Phase composition

1 H2PdCl4 80 0.35 275 δ-Al2O3,
PdO (D ≈ 400 Å),
CeO2 (D ≈ 210 Å)

2 Pd(NH3)4Cl2 76 0.35 268 δ-Al2O3,
PdO (D ≈ 200 Å),
CeO2 (D ≈ 220 Å)

3 Pd(NH3)4(NO3)2 83 0.35 280 δ-Al2O3,
PdO (D ≈ 200 Å),
CeO2 (D ≈ 210 Å)

4 Pd(Ac)2 75 0.35 283 δ-Al2O3,
PdO (D ≈ 150 Å),
CeO2 (D ≈ 210 Å)

5 Pd(NO3)2 76 0.35 270 δ-Al2O3,
PdO (D ≈ 250 Å),
CeO2 (D ≈ 210 Å)

Note: The Pd content of the catalysts is 1 wt %, the CeO2 content is 12 wt %, and the calcination temperature is 1000°C. The particle size
D was derived from the coherent-scattering domain size.
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active component is mainly concentrated in the grain
center (“egg-yolk” distribution), and this why this cata-
lyst is prone to aggregation and has a low degree of dis-
persion. Catalysts 2 and 3, prepared from palladium
ammine complexes, are characterized by a uniform Pd
distribution over the grain and have a higher degree of
dispersion (D = 200 Å) than catalyst 1. The use of
Pd(NO3)2 and Pd(Ac)2 solutions as precursors leads to
Pd concentrating on the grain surface, that is, to the so-
called “egg-shell” distribution (samples 4 and 5). This
distribution of the active component is the most prefer-
able for catalysts used in the gas turbines and work at
high gas temperatures and linear velocities.

As is demonstrated in Fig. 2, the catalysts with a
egg-shell Pd distribution (samples 4 and 5) are the most
active in methane oxidation (1 vol % CH4 + air, V0 =
24000 h–1). The catalysts with a uniform Pd distribution
are less active (samples 2 and 3), and the catalyst with
a egg-yolk Pd distribution shows the lowest activity
(sample 1).

Based on the data characterizing the degree of dis-
persion of Pd and the activity of various samples pre-

pared using the optimal palladium precursor
(Pd(NO3)2), we produced a pilot batch of the Pd–Ce–
Al2O3 catalyst (IK-12-60-2) on the ring-shaped sup-
port. Its physicochemical properties are listed in
Table 3. Figure 3 shows the distribution of elements in
the cross section of the ring wall as determined by the
X-ray microprobe method. Aluminum and cerium are
seen to be uniformly distributed over the cross section
of the ring wall. The Al and Ce distribution profiles are
identical, so partial interaction between aluminum and
cerium oxides cannot be ruled out. Palladium concen-
trates closer to the ring wall surface, much as in the case
of the spherical grains.

The catalyst IK-12-60-2 shows high activity in
methane oxidation at various GHSV values (1000,
24000, and 48000 h–1), as is demonstrated in Fig. 4.

When developing and optimizing the catalysts
based on manganese oxides, including those addition-
ally containing lanthanum and palladium, we investi-
gated how their physicochemical and catalytic proper-
ties depend on their chemical composition, the active
component and modifier (manganese, lanthanum, pal-
ladium, and hexaaluminate phase) contents, the chemi-
cal nature of Mn and Pd precursors, the calcination
temperature, and the component introduction method
[30, 32, 33]. Measuring the catalytic activity of catalyst
samples in methane oxidation allowed us to find the
optimal catalytic systems, whose properties are listed in
Table 3.

The catalysts on the ring-shaped alumina support
(IK-12-60-2, IKT-12-40A, IK-12-61, IK-12-62-2) were
tested in natural gas combustion at 930°C in the pilot
plant at the Boreskov Institute of Catalysis. The results
of these tests are presented in Table 4. The catalyst IK-
12-60-2 retained its high activity over 100 h: the igni-

0 1.00.5 1.5 2.0 2.5
Grain cross section, mm

5

4

3

2

1

Intensity

Fig. 1. Palladium distribution profiles for the Pd–Ce–Al2O3
catalyst grains prepared using different precursors (X-ray
microprobe analysis data): (1) H2PdCl4, (2) [Pd(NH3)4]Cl2,
(3) [Pd(NH3)4](NO3)2, (4) Pd(Ac)2, and (5) Pd(NO3)2.
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tion temperature was Tign = 240°C, and the reaction
products were almost free of CO and NOx. The manga-
nese-containing catalysts were less active: with these
catalysts, Tign and the residual CO and NOx contents
were higher than with IK-12-60-2. However, the initial
activity of the catalyst IK-12-61 did not decrease, but
even gradually increased during testing: in 200 h, Tign
falls from 365 to 350°C, the NOx concentration in the
reaction products remained at the 0–1 ppm level, and
the CO concentration decreased from 55 to 34 ppm.
The catalyst IK-12-61 modified with 0.65 wt % palla-
dium (IK-12-62-2) allowed us to reduce the ignition
temperature of the methane–air mixture almost by
100°C and the CO concentration in the reaction prod-
ucts by more than one order of magnitude. Durability
tests suggested that all catalysts are tolerant to high
temperatures (up to 930°C) and to the action of the
reaction medium. The ignition temperature and the
methane–air combustion efficiency remained
unchanged at least over 100 h of testing.

The investigation of the physicochemical properties
of the initial samples (Table 3) showed that, in IK-12-
60-2, the active component PdO is finely dispersed and
this allows one to initiate combustion of the methane–
air mixture at low temperatures. The initial catalysts
based on Mn and La oxides (IK-12-61 and IK-12-62-2)
contain the hexaaluminate phase, which is known to be
resistant to high temperatures. The durability tests
altered the structural and textural characteristics of the
catalysts (Table 5). Over the first 50 h of testing, the
specific surface area and pore volume of the IK-12-60-
2 catalyst decreased because of the coarsening of alu-
mina particles and the onset of α-Al2O3 formation via
the δ-Al2O3–α-Al2O3 phase transition under prolonged
heating. The active component PdO underwent partial
decomposition to Pd0. In the next 50 h, the textural
parameters stabilized and the degree of dispersion of

the remaining PdO phase increased. The degree of dis-
persion of metallic Pd0 decreased with testing time. The
manganese catalysts are more tolerant to high tempera-
tures and are less prone to aggregation than the Pd–Ce
catalyst. Some changes in the phase composition of the
catalysts occur because of the formation of high-tem-
perature phases, namely, α-Al2O3 and a (Mn, Al)Al2O4
solid solution in IKT-12-40A and manganese hexaalu-
minate in IK-12-61 and IK-12-62-2.

The catalytic activity of the hexaaluminate-based
samples in the methane oxidation model reaction after
100-h-long testing was similar to the activity of the
fresh catalysts: T50 is 470–480°C for the catalyst IK-12-
61 and 363–380°C for IK-12-62-2 at V0 = 1000 h–1

(Fig. 5). The activity of the catalysts Pd–Ce–Al2O3 and
MnOx–Al2O3 decreased slightly, and T50 increased
by 50°C.

Mathematical Modeling

In order to calculate the efficiency of various cata-
lyst package arrangements and optimize the amounts of
the catalysts, we investigated the kinetics of methane

 
Table 3.  Physicochemical properties of the initial catalysts on spherical and ring-shaped supports

Catalyst Calcination
temperature, °C

Chemical com-
position, wt % Phase composition* Ssp, m2/g VΣ (Nads), 

cm3/g
Strength, 
kg/cm2

IK-12-60-2 1000 Pd, 2.1
Ce, 10.1

δ-Al2O3,
CeO2 (~200 Å, S33 = 1100),
PdO (~180 and 250 Å, S39 = 480)

74 0.26 24

IKT-12-40A 900 Mn, 6.9 Mixture of (δ + γ)-Al2O3,
α-Al2O3, Mn2O3

80 0.23 23

IK-12-61 1000 Mn, 6.9
La, 10.1

MnLaAl11O19 (S37 = 60),

LaAlO3, γ-Al2

43 0.18 34

IK-12-62-2 1000 Pd, 0.65
Mn, 7.1
La, 9.4

MnLaAl11O19 (S37-traces),

γ-Al2  (a = 7.937 Å),
PdO (~400 Å, S39 = 70)

48 – 25

* The particle size was derived from the coherent-scattering domain size. Relative phase contents were estimated from peak areas (Si, arb.

units) in diffraction patterns. γ-Al2  is a solid solution based on γ-Al2O3.

O3
#

O3
#

O3
#

Table 4.  Results of catalyst durability tests using the natural
gas combustion pilot plant at the Boreskov Institute of Catal-
ysis

Catalyst Test
duration, h Tign, °C

Residual content, 
ppm

CO NOx

IK-12-60-2 100 240 0–1 0–1

IKT-12-40A 100 350 84–55 0–1

IK-12-61 200 365–350 55–34 0–1

IK-12-62-2 200 290 2–3 0–1
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oxidation on IK-12-60-2, IKT-12-40A, IK-12-61, and
IK-12-62-2 and simulated natural gas combustion in
the CC.

In kinetic calculations, we used activity data for the
0.5–1.0 mm size fractions of the catalysts in methane
oxidation at V0 = 1000, 24000, and 48000 h–1. The
results obtained by data processing in the plug flow
approximation are presented in Table 6.

Initially, we calculated the operating parameters of
the reactor charged with one of the most effective Pd-
containing catalysts—IK-12-60-2 or IK-12-62-2. In
these calculations, we took into account the effects of
internal and external diffusion for a reactor with a
diameter of 80 mm and a catalyst bed height of 200 to
400 mm. We considered the methane concentration
range of 1.5–5.0 vol %, the V0 range of 9000–40000 h–1,
and inlet temperature range of 450–500°C.

With the catalyst IK-12-60-2 alone, complete meth-
ane conversion is achieved throughout the above
parameter ranges. For the catalyst IK-12-62-2 alone,

100% methane conversion throughout the V0 range is
observed at an initial methane concentration of
1.5 vol % and an inlet temperature of 500°C (Fig. 6). At
higher methane concentrations, complete methane con-
version is achieved at inlet temperatures of 450 and
475°C (not presented in the Figure).

The simulation of combustion on a combined cata-
lytic package was carried out for the IK-12-60-2/IK-12-
61 combinations with bed height ratios of 20/180,
30/170, and 40/160 mm. It was supposed that the tem-
perature at the inlet was 450°C and that the initial mix-
ture contained 1.5 vol % methane. For the 20/180 mm
combination, we additionally carried out calculations
for the mixture containing 3.6 vol % methane. The cal-
culated data are shown in Fig. 7. For the initial methane
concentration of 1.5 vol %, complete methane conver-
sion is attained at V0 < 12000 h–1. For higher V0, for
ensuring complete combustion, it is necessary to
increase the bed height of the more active Pd–Ce cata-
lyst IK-12-60-2. For the initial methane concentration
of 3.6 vol %, greater adiabatic heating takes place in the
first bed and, due to this, complete methane conversion
in the 20/180 mm combined bed is observed at V0 =
5000–35000 h–1.

In a similar way, we carried out the modeling of a
combined bed consisting of the IK-12-60-2 and IK-12-
62-2 catalysts, varying the height ratio of the constitu-
ent beds at a constant total height of 200 mm. The cal-
culation of the gas and catalyst temperature and meth-
ane conversion profiles along the catalyst bed height at
V0 = 10000 h–1 demonstrated that, under these condi-
tions, methane is almost completely converted in the
upstream bed of the IK-12-60-2 catalyst and the gas
temperature is linearly related with the methane con-
version. The catalyst temperature far exceeds the gas
temperature in the zone of high methane conversion
rates, and the catalyst temperature maximum occurs in
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Fig. 3. (1) Pd, (2) Ce, and (3) Al distribution profiles for the
catalyst IK-12-60-2 determined by the X-ray microprobe
method (the zero point in the x axis is the axis of the ring-
shaped grain).
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the upstream bed. Downstream along the bed height, as
the reaction rate and heat evolution decrease, the differ-
ence between the gas and catalyst temperatures dimin-
ishes and almost vanishes at the bed outlet.

The calculation of the methane conversion profile at
V0 = 10000–60000 h–1 and different IK-12-60-2 cata-
lyst bed heights (20 and 40 mm) showed that, with an
increase in the volume of this most active catalyst, the
methane conversion increases (Fig. 8). Formal interpre-
tation of the simulation results might lead to the infer-
ence that the bed consisting of the IK-12-60-2 catalyst
alone is preferable. However, from the practical stand-
point, the combined bed is more advantageous: it
allows one to reduce the total palladium content of the
catalytic package and, at the same time, to extend its
durability by using the thermally more stable catalyst

IK-12-62-2 in the high-temperature zone. From these
considerations, the optimum package design includes an
upstream IK-12-60-2 bed with a height of 20–40 mm.

The simulation of combustion on catalyst grains
with various shapes and sizes (spheres, cylinders, rings

 
Table 5.  Physicochemical properties of the catalysts after durability tests in natural gas combustion

Catalyst Test
duration, h

Chemical com-
position, wt % Phase composition* Ssp, m2/g

VΣ (Nads),
cm3/g

Strength,
kg/cm2

IK-12-60-2 50 Pd, 2.1
Ce, 10.1

δ-Al2O3, α-Al2O3 (traces),
CeO2 (~200 Å, S33 = 1100),
PdO (~300 Å, S39 = 180),
Pd° (~300 Å, S47 = 120)

42 0.18 21

100 Pd, 2.0
Ce, 10.4

δ-Al2O3, α-Al2O3 (traces),
CeO2 (~200 Å, S33 = 1100),
PdO (~160 Å, S39 = 180),
Pd° (~500 Å, S47 = 80)

38 0.17 19

IKT-12-40A 100 Mn, 6.9 α-Al2O3, γ-Al2O3-based solid solution 
(Mn,Al)Al2O4 (a = 8.151 Å)

66 0.22 19

IK-12-61 30 Mn, 6.7
La, 10.3

MnLaAl11O19 (S37 = 240),
LaAlO3, α-Al2O3

41 0.18 30

50 ″ MnLaAl11O19 (S37 = 250),
LaAlO3, α-Al2O3

33 0.15 28

100 ″ MnLaAl11O19 (S37 = 240),
LaAlO3, α-Al2O3

31 0.13 28

IK-12-62-2 50 Pd, 0.62
Mn, 7.2
La, 9.2

MnLaAl11O19 (S37 = 230),

γ-Al2  (a = 7.937 Å),
Pd° (S41 = 90),
PdO (400 Å, S39 = 160)

31 – 29

100 ″ MnLaAl11O19 (S37 = 230),

γ-Al2  (a = 7.937 Å),

Pd0 (>400 Å, S47 = 40),
PdO (>400 Å, S39 = 160)

30 – 32

200 ″ MnLaAl11O19 (S37 = 340),

γ-Al2  (a = 7.937 Å),
α-Al2O3 (S29 = 30),
PdO (>400 Å, S39 = 180),
Pd° (>400 Å, S47 = 40)

30 – 35

* The particle size was derived from the coherent-scattering domain size. Relative phase contents were estimated from peak areas (Si , arb.

units) in diffraction patterns. γ-Al2  is a solid solution based on γ-Al2O3.

O3
#

O3
#

O3
#

O3
#

Table 6.  Kinetic parameters of the total methane oxidation
reaction

Catalyst k0, s–1 E, kJ/mol

IK-12-60-2 4.36 × 107 81.4

IKT-12-40A 1.09 × 105 71.2

IK-12-61 1.09 × 105 71.2

IK-12-62-2 3.29 × 105 63.8



882

KINETICS AND CATALYSIS      Vol. 49      No. 6      2008

ISMAGILOV et al.

with different wall thicknesses) demonstrated that the
spherical and cylindrical grains are inappropriate
because they produce high pressure losses. The optimal
grain shape is a ring. Rings with an outer diameter of
7 mm, a length of 7 mm, a hole diameter of 3 mm
(7 × 7 × 3 mm), and a wall thickness of 2 mm are the
most efficient. A further decrease in the catalyst wall
thickness has ambiguous consequences: on the one
hand, this reduces the internal-diffusion limitations and
the flow resistance of the bed; on the other hand, the
weight of the catalyst in the bed decreases, eventually
diminishing the methane conversion. Furthermore, a
decrease in the wall thickness reduces the mechanical
strength of the catalyst grains.

Thus, the mathematical calculations demonstrated
that the maximum completeness of fuel combustion in
the CC is achieved by using the catalyst package IK-12-

60-2/IK-12-62-2 (IK-12-61, IKT-12-40A) with the cat-
alysts shaped as rings with dimensions of 7 × 7 × 3 mm
and the bed height ratio 20–40/180–160 mm. The pro-
cess should be carried out at a methane concentration of
1.5 vol % in air and an inlet gas temperature of 450–
550°C.

Tests in the Model Catalytic Combustor

Pilot batches of the catalysts were tested using an
experimental setup including a model CC at the Central
Institute of Aviation Motors (Fig. 9). The main design
parameters of the CC are described elsewhere [41].

We have already discussed the testing data for
homogeneous packages of different catalysts, including
IK-12-60-2, IKT-12-40A, and IK-12-61 [41], and have
demonstrated that, with these catalysts, the NOx con-
centration in the combustion products does not exceed
1 ppm. The regulatory CO and hydrocarbon levels in
the waste gas of the GTPs used in the decentralized
power supply are on the order of 10 ppm. With individ-
ual catalysts, this value is achievable only in a rather
narrow range of combustion parameters.

For improvement of natural gas combustion in the
gas turbine combustor, it was suggested to use two-
stage combustion in combined catalyst beds (catalytic
packages). A highly active catalyst containing noble
metals is placed in the reactor inlet (ignition) zone. It
initiates natural gas oxidation and ensures an exit tem-
perature appropriate for the onset of combustion in the
next zone. This second zone is filled with an oxide cat-
alyst tolerant to high temperatures.

The use of the combined catalytic package consist-
ing of 15% IK-12-60-2 and 85% IKT-12-40A (on the
bed height basis) allowed us to sharply raise the process
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Fig. 5. Temperature dependences of methane conversion
(1 vol % CH4 + air, V0 = 1000 h–1) on the catalysts IK-12-
61 (black points) and IK-12-62-2 (light points): (1) fresh
sample and (2–4) the same sample tested for (2) 30, (3) 50,
and (4) 100 h.

85

10000

100

20000

95

90

80
30000 40000

V0, h–1

x, % 3

2

1

Fig. 6. Methane conversion (1.5 vol %) on the catalyst IK-
12-62-2 versus GHSV at inlet temperatures of (1) 450,
(2) 475, and (3) 500°C.

40

10000

100

20000

80

60

0
30000 40000

V0, h–1

x, %

20

12

3

4

Fig. 7. Methane conversion on the combined catalyst bed
IKT-12-60-2/IK-12-61 versus GHSV at an inlet tempera-
ture of 450°C and initial methane concentrations of (1–3)
1.5 and (4) 3.6 vol %. The bed height ratio, mm: (1) 40/160,
(2) 30/170, (3) 20/180, and (4) 20/180.



KINETICS AND CATALYSIS      Vol. 49      No. 6      2008

DEVELOPMENT AND TESTING OF GRANULAR CATALYSTS FOR COMBUSTORS 883

efficiency in a wide range of chamber operation
regimes under given environmental constraints.

An analysis of the first results of combined catalytic
package testing in the CC showed that, in some
regimes, the Pd catalyst IK-12-60-2 is overheated
above 827°C, which can cause the loss of its activity.
For this reason, the IK-12-60-2 bed was reduced from
45 to 20 mm and an inert material bed was placed
between the two catalysts to screen radiation heat trans-
fer between the catalyst beds. The final catalytic pack-
age includes an IK-12-60-2 bed 20 mm in height, an
inert bed 20 mm in height, and an IKT-12-40A bed
260 mm in height. At an inlet temperature of 567°C and
various methane concentrations, even at the smallest O2
excess factor of α = 6.7, the highest temperature in the
IKT-12-60-2 bed does not exceed 727°C (Fig. 10).

With this design of the catalytic package, the com-
pleteness of fuel combustion in a wide range of meth-
ane–air mixture compositions (α = 6.7–10.0) compares
well with the world level (Fig. 11).

With the reactor charged with the IK-12-62-2 cata-
lyst alone (0.5 wt % Pd), the hydrocarbons, CO, and
NOx emissions are approximately the same as with the
combined catalytic package; however, the combined
package is preferable because its total Pd content
(0.13 wt %) is significantly lower.

Thus, for increasing the fuel combustion efficiency
in the CC of the GTP, it is appropriate to use two types
of granular catalysts:

(1) The highly active Pd-based catalyst 2% Pd–12%
CeO2–Al2O3, which provides a low ignition tempera-
ture (240°C). Its high activity is due to the high degree
of dispersion of palladium oxide (D < 250 Å). The egg-
shell Pd distribution over the grain cross section is
achieved by using Pd(NO3)2 as the precursor of the
active component.
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Fig. 8. Methane conversion profiles along the catalyst bed
height for IKT-12-60-2/IKT-12-62-2 bed height ratios of (a)
20/180 and (b) 40/160 mm V0 = (1) 10000, (2) 40000, and

(3) 60000 h–1. The catalyst grains are rings with dimensions
of 7 × 7 × 3 mm, the inlet temperature is 447°C, the initial
methane concentration is 1.5 vol %, and pressure is 1 atm.
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(2) Thermally stable catalysts based on manganese
oxides and hexaaluminates. Their thermal stability is
due to the presence of high-temperature phases result-
ing from the interaction between the active component
and the support, as well as solid solutions or manganese
hexaaluminate.

The kinetics of methane oxidation on the catalysts
was studied, and combustion in the CC was simulated
for various catalytic packages and methane combustion
conditions. The CC design was optimized based on
these calculations. The calculated data are in satisfac-
tory qualitative agreement with the CC testing data.

In the combined catalytic package developed, the
highly active Pd catalyst initiates fuel–air mixture igni-
tion. It is placed in the inlet zone of the catalytic pack-
age and occupies 7–15% of the total height of the pack-
age. The main part of the catalytic package is occupied
by an alumina–manganese catalyst. Tests in the optimal
CC operating regimes have demonstrated that the pro-
cess is environmentally quite appropriate: the NOx con-
centration in the combustion products is 0–1 ppm, the
carbon monoxide concentration is 2–3 ppm, and the
unburned hydrocarbon concentration is 3–10 ppm.
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