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Cobalt catalysts in selective catalytic reduction of NO by methane
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Impregnated cobalt-containing catalysts are studied in the selective catalytic reduction of NO by methane. The active component of
all the impregnated cobalt-containing catalysts is Coz3O4. The role of O, seems to maintain the surface stoichiometry of Co3O4. The
main reason of decrease of catalytic activity of samples based on MgO, SiO,, Al,O3 in sdlective catalytic reduction of NO is due to
oxide-oxide interaction promoted by water. Catalysts based on montmorillonite (HMM) are stable in the presence of water. All the
carriers can be placed by the capability for oxide-oxide interaction in the following order: SiO, > MgO > Al,03 > HMM.
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1. Introduction

Increasing concerns about the air quality and our envi-
ronment have led to tougher regulations, adopted by many
countries of the world, to control exhaust emission of mo-
bile and stationary sources of emission. For the past few
years, there has been a growing interest in the use of
light hydrocarbons, in place of ammonia, to selectively re-
duce NO,, in oxidising environment. Methane seems to be
the most appropriate reducing agent for NO,. because it is
available, cheap, ecologically safe and it iswidely used asa
fuel for many electrical utilities and stationary combustion
engines.

Recently, for the first time, Li and Armor [1,2] reported
a family of metal-exchanged zeolites catalysts, which can
effectively reduce NO,, with CH, in the presence of excess
of O,. At the same time there is little information about
the impregnated catalysts in the selective catalytic reduction
(SCR) of NO, by methane. Recently, it has been reported
that a number of Co- and Fe-containing impregnated cat-
alysts are rather active in the de-NO, process [3]. The
activity of Fe-containing catalysts depends on the carrier,
iron concentration and phase content. This paper focuses
on the influence of reaction, preparing and activating con-
ditions on the content and properties of cobalt phase.

2. Experimental

All the samples were prepared by the incipient wetness
technique using a cobalt nitrate solution as follows. the
sample was wetted by the solution containing the cal cul ated
amount of Co(NO3),. Then it was dried over the hot water
bath under constant mixing. The preparation was dried
at 388 K for 3 h and calcined in air at 823 K for 5 h. The
carriers were montmorillonite (HMM) (340 m?/g), MgO
(90 m?/g), Al,O3 (150 m?/g), SiO, (190 m?/g).
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The catalytic activities were measured by using a steady-
state installation at normal pressure. To reduce pressure
drop, the catalyst was pelletised, crushed and then sieved
to 0.25-0.1 mm before use. The usual temperature range
was 573-973 K, the flow-rate of the feed was 1000 cm3/min
(GHSV = 40,000 h—1). The reaction mixture typically
consisted of 300 ppm NO, 400 ppm CHy4, 16% O, (bal-
ance in nitrogen). Gas anayser GIAM-15M was used to
measure NO concentration.

The sampl es surface area was measured by using a stan-
dard BET method. Magnetic investigations were carried
out at a magnetometer described in [4].

Temperature-programmed reduction (TPR) was per-
formed at a modified installation KL-1 at a temperature
ramp rate 0.2 K/s. Gas mixture contained 10% of H; in
nitrogen. The amount of sample was calculated from con-
ditions described in [5]. Usualy it was 4045 mg. The
level of reduction was calculated by the following way:

8 =24« 100%,

Z/H2
where u,9,2 is the theoretical amount of hydrogen consumed
(mmol), calculated by using metal concentration and vy, is
the amount of hydrogen consumed (mmaol).

NO adsorption was investigated by IR technique by
using “SPECORD M80". Electron spectra of diffuse re-
flectance (ESDR) were taken by using “SPECORD M42".
For spectroscopic studies, all the samples were diluted
by MgO (1: 10).

3. Reaults and discussion

Thetypical curves of NO conversion versus temperature
over cobalt-containing catalysts are presented in figure 1
and in table 1. The activity of all the impregnated systems
depends on carrier nature and cobalt concentration. There
is maximum of NO conversion a 5-10% of Co concen-
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tration. Further increase of Co loading till 30% does not
enhance the activity of the impregnated catalysts. From
table 1 one can see that activity depends on cobalt concen-
tration immonotonously. Li and Armor [1,2] have shown
that the growth of the number of isolated Co?t ions in-
creases catalytic activity proportionally. Considering well
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Figure 1. Activity of cobalt-containing catalysts based on different carri-
ers. GHSV = 40,000 h—1.

Table 1
Cobalt concentration influence on the activity of cobalt-
containing catalysts based on montmorillonite (HMM).

Catalysts NO conversion (%)
573 K 673 K 773 K
1% Co-HMM 0 0 0
2% Co-HMM 0 15 5
5% Co-HMM 15 50 20
10% Co-HMM 15 45 25
20% Co-HMM 25 45 20
30% Co-HMM 30 45 20
4% Co-HZSM-5 15 40 20
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pronounced cation-exchanged properties of montmorillonite
we could expect that cobalt is present in such samples both
as phase (Coz0;) and asisolated ions (Co?t). So, for better
understanding of the active component nature, all the sam-
ples were studied by the ESDR technique. Electron spectra
of 1% Co-HMM contains only one very broad band of Co%j
ions at 13,300 cm~—* (figure 2). The intensity of this band
increases when cobalt amount raises up to 2%. Also, a new
broad band at 22,200 cm~? attributed to Co' ions [6,7]
was determined. All these bands must belong to the phase
Co030,4. The bands of Co?rd+ ions lay at the same frequencies
with the bands of montmorillonite, so they cannot be iden-
tified. The changes observed in the ESDR spectra are in
good agreement with magnetic data. All the samples con-
taining over 2% of cobalt on reducing with H, at 673 K
were ferromagnetic. The sample 1% Co-HMM was not
ferromagnetic on reducing and it was completely inactive
(table 1). The growth of cobalt concentration from 2 up
to 30% increases the intensity of the bands at 22,200 and
13,300 cm~1, and the intensity of background as the phase
Co304 is not stoichiometric.

The ESDR spectra of the samples based on MgO
and Al,O; consist of the Coa! ions bands at 13,600,
23,100 cm~* and Cof' ions bands at 35,000 cm~*. All
these bands were assigned by [6,7] to the bulk-phase
C0304. The presence of the same bands in all the spectra
shows that cobalt is present on the surface as Co304. The
phases CoAl,0, and CoMgO, were not detected. So, all
the prepared catalysts contain bulk CozO4 on the surface.

To study the influence of phase content on the cat-
alytic properties all the catalysts were reduced by methane
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Figure 2. ESDR spectra of cobalt-containing catalysts based on montmorillonite (HMM).
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Table 2
Water influence on the level of reduction of cobalt-containing catalysts.

Carrier Reduction level? (%)

Initial 0% H,0 2% H,0 Activated®
SO, 100 16 15 -
Al,03 100 90 30 -
MgO 100 60 30 -
Montmorillonite 100 100 90 100

@Reduction level was calculated considering that cobalt is present only on
Co304.

b Reduction level was calculated considering that cobalt is present only on
CoO.

a 803 K for 1 h. Such an activation increases NO con-
version over aimost al the catalysts except 5% Co-MgO
(table 2). But such systems are not stable in the SCR and
their activity quickly falls. The changes of NO conversion
over 10% Co-HMM dafter the activation are illustrated in
figure 3(a). The TPR measurements detected the changes
in phase content in points 14 (figure 3(b), curves 1-4).
The initial samples contain the only phase Co3z04. The ac-
tivation by methane leads to complete reduction of Coz04
to CoO. This was proved by calculations of H, consump-
tion (table 2) and magnetic measurements. The samples
reduced by methane were not ferromagnetic at all, i.e., re-
duction of CoO to Co did not occur.

After activation the maximum activity was registered.
After 2 h of the SCR Coz0, appeared. It is very im-
portant as despite different amount of CoO in samples 3
and 4 (figure 3(b)), their activity is almost equal. This
fact points out that the surfaces of the CoO particles are
oxidised very quickly. In 10 min of oxidation of activated
catalyst at 673 K in the air, the mono- and di-nitrosyl bands
of NO adsorbed on CoO disappear. Only the bands assigned
to NO, species are observed in IR spectra. Afterwards, the
oxidation of bulk CoO takes place. That iswhy the activi-
ties of samples 3 and 4 do not differ greatly.

When NO is reduced, water vapour is always present as
a product. H,O can hydrate the isolated ions; it can adsorb
on the active sites of catalystsinstead of NO [8]. Besides, it
greatly increases oxide—oxideinteraction (OOI) between the
carrier and the active component [9]. We have discovered
that the activity of impregnated catalysts based on MgO,
Al;03, SO, irreversibly fals in the presence of 2% of
water vapour (figure 4) accompanied by the decrease of
the degree of catalysts reduction (table 2). Water promotes
the formation of spinels in the samples based on Al,Og,
solid solutions in the MgO-containing systems and cobalt
silicates in the SiO,-containing systems. X-ray analysis
proved the formation of these phases.

Contrary to the other supports, the montmorillonite was
the only where the OOl was insignificant in the presence
of water. The activity of the catalysts based on montmo-
rillonite dightly falls down after introduction of 2% wa
ter vapour in the gas flow and remains constant for at
least 14 h (figure 3). The influence of water vapour on
the samples based on montmorillonite appeared to be re-
versible. Such behaviour of montmorillonite is explained
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Figure 3. Catalytic activity a 673 K (&), and TPR curves (b) of the
catalyst 10% Co-HMM. In points 14 (a), the reactor was flushed by
nitrogen, cooled till room temperature: 1, initial; 2, activated; 3, after the
catalytic test (0% water, 2 h); 4, after the catalytic test (2% water, 14 h).

80 o 10%Co-HMM

) m 10%Co-MgO
¥4 d 4 10%Co-Si02
5 ) + 10%Co-A203
é 40
S
S 20

0 } + + t +
0 20 40 60 80 100 120

t, min,

Figure 4. Influence of water vapour (2%) on the NO conversion at 673 K.

in the way that some tetrahedral positions on SO, struc-
ture are occupied by Mg?*+ and AI*t ions as in [10] it is
shown that the OOI greatly decreases when K+ or Mg?*
are presented in the tetrahedral positions. So, al the car-
riers can be placed by the capability for the OOQI in the
following order: SIO; > MgO > Al,O3 > HMM. The
activity decrease of catalysts based on MgO, SiO,, Al,O3
in the SCR of NO is due to the OOI. The catalysts based
on montmorillonite are stable in the presence of water.
The data obtained allows us to point out some specific
feature of the SCR over impregnated catalysts. The princi-
pal difference of these catalysts versus ion-exchanged ze-
olites is in the different active components. In [11], the
activity if ion-exchanged zeolites was shown to depend on
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Figure 5. Role of O, in the SCR over 10% Co-HMM at 673 K.

isolated Co?* ion concentration. The activity of impreg-
nated catalysts can be attributed to the presence of bulk
phase Co30;.

The distinctive feature of CozO4-supported samples in
comparison with widely investigating Co-HZSM-5 type
SCR catalysts lies in the fact that, despite great difference
in the amount of active sites in the ion-exchanged zeo-
lites (Co?*) and Cos04-supported catalysts, their observed
activity is comparable (table 1). We suppose that the bulk
phase Cosz0, is more active than the isolated Co?* ions[12]
because of the participation of lattice oxygen of CozOy4 in
the oxidation of NO and the formation of nitrite—nitrate
complexes [13]. These complexes react with methane pro-
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ducing CO,, H,O and N,. After their desorption, oxygen
vacancies remain on the surface of Co304. Oxygen com-
ing from gas phase regenerates the surface stoichiometry.
Without oxygen, the SCR of NO is not observed (figure 5)
either over initial or activated catalysts. Methane combus-
tion was detected only at the temperature over 773 K. When
the temperature is lower than 773 K, no methane combus-
tion was observed over al the catalysts.
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