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a b s t r a c t
Supported Co3 O4 catalysts were prepared by heating of the cobalt hydroxide synthesized electrochemically on stainless steel sieves and by heating of the commercial TiO2 pellets impregnated with cobalt
nitrate solution; the catalysts were modiﬁed with potassium promoter. For comparison, the grained Kdoped Co3 O4 catalyst was prepared from the precipitated precursor. The catalysts were characterized
by AAS, XRD, N2 physisorption, TPR-H2 , STEM and SEM and tested in N2 O catalytic decomposition in
laboratory conditions. Mathematic model based on ideal plug ﬂow and laboratory kinetic data was used
to compare catalytic performance of unit bed volume of both K-Co3 O4 supported catalysts. Simulation
results showed that higher conversions in potential large scale application can be achieved over the catalyst deposited on stainless steel sieves in comparison with TiO2 pellets. K/Co3 O4 stainless steel wire mesh
catalyst combines suitable features of active cobalt species with the effective utilization of all present
active components.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Nitrous oxide (N2 O) has a high global warming potential (310
times higher than CO2 ) and contributes to the destruction of
stratospheric ozone. The largest amounts of N2 O emitted from
anthropogenic sources are connected with agricultural activity
but reduction of these emissions is very problematic. The largest
industrial sources of N2 O emissions are waste gases from nitric
acid production plants (globally 400 kt N2 O per year) [1]. The
low-temperature catalytic decomposition of N2 O (up to 450 ◦ C) to
nitrogen and oxygen offers attractive solution for decreasing N2 O
emissions in tail gas from nitric acid production plants.
Among a large number of catalysts tested for the decomposition of N2 O, cobalt spinels presented excellent catalytic activities
which makes them promising for practical application in abatement of N2 O emitted in waste gases from HNO3 production plants
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[2–4]. The most common cobalt oxide-based catalyst (Co3 O4 spinel)
is sufﬁciently stable and does not exhibit inhibition effect caused
by oxygen accumulation on its surface during reaction at lower
temperatures (300 ◦ C) [5]. Modiﬁcation of the cobalt spinels with
small amounts of alkali metals signiﬁcantly increases the activity of
the catalyst [3–7]. These promoters, especially potassium, increase
an electron density of Co2+ and make it more readily to donate
electrons to the molecule of N2 O and thus facilitate the activation
of N2 O and its scission. Moreover, potassium doping also promote
the reduction of Co3+ to Co2+ through an electron donation effect;
therefore promote the desorption of oxygen from catalysts surface,
i.e., the controlling step of N2 O decomposition is favored [5].
To the best of our knowledge, only two research groups reported
on manufacturing of shaped cobalt spinel based catalysts in pilot
plant scale conditions [6,8,9]. In both cases, the conventional
packed beds with pelletized cobalt spinel based catalysts were used
for N2 O decomposition. However, some problems can be connected
with production and application of the pelletized mixed oxides as
the pelletized catalysts generally show: (i) troubles accompanying formation of the precursors into larger pellets (5–8 mm), (ii)
relatively low mechanical strength, (iii) high pressure drop, and
(iv) low utilization of the whole pellet volume due to fact that the
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surface of holes in the sieve (m2 )
surface of sieve (m2 )
coefﬁcient C = f(Re, t/D), C ≈ 0.98 for t/D > 1.6;
Re > 4000
concentration of component A (N2 O) (mol m−3 )
initial concentration of component A (N2 O)
(mol m−3 )
coefﬁcient of resistance (–)
diameter of holes in the sieve (m)
effective diffusion coefﬁcient (m2 s−1 )
overall diffusivity (m2 s−1 )
Knudsen diffusivity (m2 s−1 )
binary diffusion coefﬁcient of molecular diffusivity
(m2 s−1 )
catalyst particle diameter (m)
activation energy (J/mol)
sphericity of catalyst particle (–)
kinetic constant, 1st order rate law (m3 s−1 kg−1 )
mass transfer coefﬁcient (m s−1 )
pre-exponential factor
catalyst weight (g)
molar weight of compound i (g mol−1 )
number of the sieves in pilot plant reactor
pressure at the reactor outlet (Pa)
atmospheric pressure (Pa)
pressure at the reactor inlet (Pa)
pressure drop (Pa)
tortuosity
universal gas constant (J mol−1 K−1 )
reaction rate per unit volume of catalyst bed
(mol m−3 s−1 )
catalyst pore radius (m)
catalyst particles radius (m)
cross section of reactor (m2 )
standard temperature (293.15 K)
thickness of sieve (m)
volume of the catalyst bed (m3 )
total volumetric ﬂow (m3 s−1 )
superﬁcial velocity (m s−1 )
diffusion volume
mass fraction of Co in the catalyst (–)
conversion of component A (N2 O)
molar fraction of N2 O entering the reactor (–)
conversion of N2 O (–)
axial coordinate (m)

Greek symbols
˛i
stoichiometric coefﬁcient of component i (N2 O)
porosity of catalyst particle
εp
ϕ
porosity of catalyst bed (–)
˚
Thiele modul

dynamic viscosity of gas (Pa s)
internal effectiveness factor


density of gas (kg m−3 )
b
bulk density of the catalyst bed (kg m−3 )
c
bulk density of the catalyst (kg m−3 )

catalytic reaction proceeds only on the surface of pores while active
species which are not present on surface are unutilized. Moreover,
hindering effect of internal diffusion causes that the catalytic reaction can take place only in a narrow surface region of the shaped
catalysts.
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Deposition of active phase on suitable support can solve problem with formation of shaped oxide catalysts and their low
mechanical strength. Moreover, better utilization of active phase is
achieved by applying of a thin active layer deposited on the inactive
support material. The most common supports are high surface area
supports like different type of Al2 O3 , TiO2 , SiO2 etc. By optimization
of their porous structure and shapes, the hindering effect of internal diffusion can be decreased. Recently, stainless steel wire-mesh
(SSWM) supported metal oxide catalysts have been published as a
very promising structured catalytic system. Although the mesh is
almost non-porous with generally very low speciﬁc surface area,
it provides high geometric surface area for supporting the active
components and allows deposition of large amount of active components per catalysts volume. The SSWM-supported catalysts are
also sufﬁciently ﬂexible to be ﬁt into any kind of reactor, while
ensuring a low pressure drop and good heat transfer [10]. Recently,
the stainless steel wire mesh was also employed as support for
potassium-doped Co3 O4 nanowires and tested for N2 O decomposition [5]. The activity of this novel structured catalyst was compared
with reported results obtained on grains of cobalt-containing catalysts. Due to a different reactor concept and operation conditions,
the kinetic constants were used for comparison with literature data.
Based on this comparison, stainless steel wire mesh-supported
potassium-doped cobalt oxide had the highest value of kinetic constant.
However, from practical point of view, comparison of N2 O conversions obtained over the unit volume of catalyst bed rather than
comparison based on the kinetics constants or unit weight of catalysts gives better picture about efﬁciency of catalysts with different
shapes.
The subject of presented work was to compare catalytic performance of active phase (potassium-promoted Co3 O4 ) supported
on low surface area support to avoid internal diffusion limitation
effects and porous commonly used support with high surface area
which enables distribution of high amount of active species. Stainless steel wire-mesh was chosen as nonporous low surface area
support while commercial TiO2 tablets were used as porous high
surface area support. The aim was to show, how much the utilizability of the active species can be inﬂuenced by the choice of support.
The prepared catalysts were characterized by various methods and
tested for N2 O catalytic decomposition. The obtained results were
compared with the potassium-promoted Co3 O4 catalyst in the form
of grains. For comparison of catalytic performance, the N2 O conversions which could be achieved over the unit volume of catalyst
bed were calculated using simple pseudo one dimensional model
of ideal plug ﬂow reactor.

2. Experimental
2.1. Preparation of catalysts
2.1.1. Potassium-promoted Co3 O4 deposited on stainless steel
sieves
The K-modiﬁed Co3 O4 was prepared by thermal decomposition
of cobalt hydroxide precursor obtained by electrochemical synthesis on the stainless steel; the stainless steel sieve (71% Fe, 16% Cr,
11% Ni, 2% Mo) with a mesh size of 40 m was used as a support. The
electrochemical deposition of precursor was performed in aqueous
solution of cobalt nitrate in the presence of KNO3 as supporting electrolyte. The potentiostatic mode in a single compartment,
three-electrode cell was applied; the stainless steel sieve was used
as the working electrode, the Pt foil was used as counter electrode and the potential was measured with respect to an aqueous
saturated calomel electrode (SCE). Based on former experiments
carried out under various conditions, the following parameters
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were chosen: Co(NO3 )2 concentration 0.10 mol l−1 , KNO3 concentration 0.25 mol l−1 , potential −1.15 V vs. SCE, temperature 30 ◦ C,
and deposition time 1200 s. The washed sample was dried at 60 ◦ C
and calcined at 500 ◦ C for 4 h in air to obtain the supported oxide
catalyst. Before the catalytic measurements, the calcined sample
was cut into pieces of about 4 mm × 4 mm. The catalyst was labeled
as K/Co3 O4 /SSWM.
2.1.2. Potassium-promoted Co3 O4 deposited on TiO2 pellets
The K-modiﬁed Co3 O4 supported on TiO2 was prepared by
incipient wetness impregnation of the commercial TiO2 pellets
(Eurosupport, Czech Republic, anatase, surface area 200 m2 g−1 )
with an aqueous solution of mixed salts Co(NO3 )2 and K2 CO3
heated to 60 ◦ C. Impregnation was followed by drying at 105 ◦ C for
3 h and calcined at 500 ◦ C for 4 h in air. The catalyst was labeled as
K/Co3 O4 /TiO2 pellets.
2.1.3. Potassium-promoted Co3 O4 in the form of grains
The Co3 O4 was prepared by calcination of cobalt hydroxide
precursor obtained by precipitation of cobalt nitrate. An aqueous solution (140 ml) of Co(NO3 )2 (2.0 mol l−1 ) was quickly added
to 700 ml of NaOH aqueous solution (0.80 mol l−1 ). The resulting
suspension was vigorously stirred and bubbled with air at room
temperature for 5 min. Then the product was ﬁltered off, thoroughly washed with distilled water, dried at 30 ◦ C, and calcined
at 500 ◦ C for 4 h in air. The calcined sample was crushed and sieved
to obtain a fraction with particle size of 0.160–0.315 mm. Prepared oxide was mixed with solution of KNO3 , dried at 105 ◦ C;
and calcined at 500 ◦ C for 4 h in air. The calcined sample was
crushed and sieved again to obtain a fraction with particle size of
0.160–0.315 mm. The catalyst was labeled as K/Co3 O4 grains.
2.2. Characterization of the samples
The chemical composition of the prepared catalysts was determined by atomic absorption spectroscopy (AAS) method using a
Spectr AA880 instrument (Varian) after dissolving the samples in
hydrochloric acid.
The powder X-ray diffraction (XRD) patterns were recorded
with CoK␣ irradiation ( = 1.789 Å) using the Bruker D8 Advance
diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1. Measurements were carried out in the
reﬂection mode, powdered samples were pressed in a rotational
holder and goniometer with the Bragg-Brentano geometry in 2
range from 15◦ to 80◦ with step size 0.02◦ was used. The samples deposited on stainless steel sieves were measured as prepared.
Phase composition was evaluated using database PDF 2 Release
2004 (International Centre for Diffraction Data). The crystallite size
was calculated according to the (3 1 1) Co3 O4 spinel diffraction peak
using the Scherrer formula; lanthanum hexaboride (LaB6 ) was used
as a standard.
Surface areas of the catalysts in the form of pellets and grains
were determined by N2 adsorption/desorption at −196 ◦ C using
ASAP 2010 instrument (Micromeritics, USA) and evaluated by BET
method. Surface area of the catalyst in the form of sieve was determined by krypton adsorption/desorption at −197.5 ◦ C. Prior to the
measurements, the samples were dried at 120 ◦ C for at least 12 h.
In addition, mercury porosimetry (Autopore 9600, Micromeritics,
USA) was used for determination of catalyst pellets total pore volume and pore diameter.
Temperature programmed reduction (TPR-H2 ) measurements
of the calcined samples were performed using a system described
in details in [11], with a H2 /N2 mixture (10 mol% H2 ), ﬂow rate
50 ml/min and the linear temperature increase of 20 ◦ C/min up to
1000 ◦ C. Change in H2 concentration was detected with a mass
spectrometer Omnistar 300 (Pfeiffer Vacuum).

The electron microscope Titan G2 60–300 kV FEI Company,
equipped with: ﬁeld emission gun (FEG), monochromator, three
condenser lenses system, the objective lens system, image correction (Cs-corrector), HAADF detector and EDS spectrometer (Energy
Dispersive X-Ray Spectroscopy) EDAX Company with detector
Si(Li) was used to display the prepared catalysts. Microscopic studies of the catalysts were carried out at an accelerating voltage of the
electron beam equal to 300 kV. The mapping was carried out in the
STEM mode by collecting point by point EDS spectrum of each of
the corresponding pixels in the map. Quantitative and qualitative
distribution of individual elements in the catalyst was examined
on the basis of three selected areas. In each of the areas two spectra
were obtained. The ﬁrst spectrum coming from the support fragment and the second spectrum coming from Co3 O4 active phase
fragment were obtained in order to determine the potassium content in each phase.
2.3. Catalytic measurements
N2 O catalytic decomposition was performed in integral ﬁxed
bed stainless steel reactors of 5.5 mm or 50 mm internal diameter
in the temperature range from 300 to 450 ◦ C and at atmospheric
pressure. The feed introduced to the reactor contained 0.1 mol%
N2 O in N2 , the ﬂow rate varied from 100 to 500 ml/min. The catalyst bed of powdered sample contained 0.3 g of the sample with
particle size 0.160–0.315 mm and inert glass beads of the same fraction; the total ﬂow rate was 300 ml/min and measurements were
performed in reactor with diameter of 5.5 mm. The bed with tablets
contained 10 ml (8.2 g) of the sample with particle size of 5 mm and
inert Rashing rings of the same size, ﬂow rate was 500 ml/min and
reactor with 50 mm diameter was used. The bed of sieves contained
0.1 g of sample in the form of squares 4 mm × 4 mm and quartz
wool; ﬂow rate was 100 ml/min and reactor with 5.5 mm diameter
was used. All tested catalysts were activated at 450 ◦ C in the ﬂow
of N2 for 1 h. For N2 O analysis IR analyzer (Sick) was used.
In both used reactors, the inﬂuence of external diffusion and
axial dispersion on the N2 O conversion was studied previously
[12]. The catalytic tests were done at the ﬂow rates, where these
two effects can be neglected, thus experimental data can be transferred from one reactor to another. A care was also taken to fulﬁll
the sufﬁcient total bed high (catalyst + inert) to obtain plug ﬂow as
described above.
3. Results and discussion
3.1. Characterization of the catalysts
Chemical composition, results of TPR-H2 measurements, surface
areas and the pore radius of the prepared catalyst are summarized in Table 1. It is obvious that samples differ signiﬁcantly
in the amount of active cobalt species. The highest cobalt content was found in the grained catalyst while the lowest in the
K/Co3 O4 supported on sieves. Apart from active species, the samples also contained different amounts of potassium promoter (from
0.02 to 1.2 wt.%) leading to molar ratio of K/Co from 0.01 to 0.05.
K/Co3 O4 /TiO2 in pellet form and K/Co3 O4 in grain form can also
contain sodium residuals from preparation which could affect the
activity of cobalt-spinel catalysts. Results showed that amount of
Na in K/Co3 O4 /TiO2 pellets and in K/Co3 O4 grains was very low
compared to amount of potassium in these samples (Na 0.05 wt.%
in K/Co3 O4 grains and Na 0.18 wt.% in K/Co3 O4 /TiO2 pellets). Also
number of sodium atoms per nm2 (0.6 at/nm2 max) was eight times
less than values applied for doping by alkali metals (approximately
2 at/nm2 ) [6,13]. Hence, inﬂuence of sodium presence on reaction
rate can be considered as negligible.
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Table 1
Characterization results of prepared catalysts.
Sample

K/Co3 O4 /SSWM

K/Co3 O4 /TiO2 pellets

K/Co3 O4 grains

Co (wt.%)
K (wt.%)
Na (wt.%)
K/Co molar ratio
TPR 25–500 ◦ C (mmol g−1 )
TPR 25–500 ◦ C (mol H2 molCo −1 )
TPR-H2 Tmax (◦ C)
SBET (m2 g−1 )
Pore volume (cm3 g−1 )
Pore radius ro (nm)
Crystallite size (nm)

4.8
0.02
n.d.
0.01
1.3
1.59
362
0.99
n.d.
n.d.
45

19.2
0.57
0.18
0.05
3.9
1.19
422
75.3a
0.23a ; 0.48b
5.1a ; 41.2b
49

73.4
1.20
0.05
0.03
17.6
1.41
312; 416
12.4a
0.09a
18.0a
44

a
b

From BET method ro = 2 V/Aads (V = mesopore volume, Aads = surface area determined from adsorption branch of N2 sorption).
From mercury porosimetry measurement, n.d. – not determined.

Powder XRD patterns of prepared catalysts are depicted in Fig. 1.
The precipitation of cobalt nitrate with sodium hydroxide in aqueous solution resulted in formation of highly crystalline ␤-Co(OH)2
(PDF #30-0443) – not shown. No other crystalline phases were
found in the precipitated sample. During calcination at 500 ◦ C in
air the ␤-Co(OH)2 was transformed into Co3 O4 oxide (PDF #801545); all diffraction lines found in the powder XRD pattern of
the K/Co3 O4 grains sample were coincident with this oxide (Fig. 1,
pattern (a)). The Co3 O4 oxide was identiﬁed also in the powder XRD pattern of the catalysts deposited on TiO2 pellets, which
were impregnated with cobalt nitrate solution and then calcined at
500 ◦ C in air (K/Co3 O4 /TiO2 pellets). Anatase from the support was
also found in this sample, together with the Co3 O4 oxide (Fig. 1,
pattern (b)).

Product with different phase composition was obtained by electrochemical synthesis of precursor on the stainless steel sieve.
Cathodic reduction of nitrates in aqueous solutions results in
generation of OH− anions and increasing pH at the working electrode, followed by precipitation of Co cations. The sample after
electrochemical deposition showed broad diffraction peaks of relatively low intensity at about 14◦ , 39◦ , and 70◦ 2 , which can be
ascribed to a hydrotalcite-like phase (not shown). Partial oxidation
of Co2+ cations to Co3+ and formation of Co(II)-Co(III) layered double hydroxide could be expected. Results reported by Xu and Zeng
[14] indicated important role of OH/Co molar ratio during synthesis of cobalt hydroxides: High initial OH/Co molar ratio facilitates
formation of ␤-Co(OH)2 whereas application of low initial OH/Co
molar ratios resulted in formation of Co(II)-Co(III) hydrotalcite-like

S
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Fig. 1. Powder XRD patterns of the catalysts (grained or deposited on supports). Identiﬁed phases: A – TiO2 anatase, C – Co3 O4 oxide, S – stainless steel support, (a) –
K/Co3 O4 grains, (b) – K/Co3 O4 /TiO2 pellets, (c) – K/Co3 O4 /SSWM.
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Fig. 2. Micrographs (SEM) of a stainless steel mesh used as a carrier for the electrochemical deposition (left), the sieve with the coated Co3 O4 (middle) and the detailed image
of surface of the oxide layer (right).

phases. Three distinct diffraction lines found between 50◦ and 60◦
2 belong to stainless steel support; these lines are characteristic for
the Fe-Cr-Ni alloys (PDF #33-0397 and 35-1375). Electrochemical
synthesis of precursor on the stainless steel sieve led to formation of product layer with thickness of about 7–11 m; this layer
consisted of thin platelet crystals preserved after calcination at
500 ◦ C (Fig. 2). We observed similar morphology in SEM images
of Co–Mn–Al mixed oxides obtained from LDH precursors crystallized under hydrothermal conditions on anodized aluminum foils
[15]. Such morphology of Co3 O4 oxide layer in the K/Co3 O4 /SSWM
sample enabled easy interaction between the oxide and reducing
gas. The K/Co3 O4 grains sample consisted of grains with particle
size of 160–315 m. Relatively big aggregates of small crystals are
characteristic for the precipitated products and, moreover, such
aggregates are connected during drying the ﬁltration cake to form
a rather compact material, which was subsequently calcined and
crushed. Then, a different microstructure affecting reducibility of
the K/Co3 O4 grains sample in comparison with the K/Co3 O4 /SSWM
one can be expected. Nearly the same crystallite sizes of Co3 O4
active phase (approximately 45 nm) was determined from the powder XRD patterns of both Co3 O4 oxide deposited on the supports
and the Co3 O4 prepared in the form of grains Electron microscopy
was used to study a contact between Co3 O4 spinel, K promoter and
TiO2 and SSWM supports.
STEM images show that in the case of TiO2 support, the active
Co3 O4 phase is distributed on a support in the clusters form
(Fig. 3) EDS analysis was performed on 3 different areas of catalysts samples. Results showed that analysis for all studied areas are
identical, thus only chemical analysis of fragments 1 and 2 (Table 2)
for the areas corresponding to Fig. 3 is presented. EDS maps of
K/Co3 O4 /TiO2 catalyst (Fig. 4) show very good dispersion of potassium on the Co3 O4 active phase and also on TiO2 support. EDS maps
from K/Co3 O4 /SSWM (Fig. 5) show very good homogenization and
dispersion of all elements in the catalyst.
Speciﬁc surface area SBET of the catalysts varied within the limits of 1– 75 m2 g−1 . The highest surface area was determined for
the K/Co3 O4 impregnated on TiO2 pellets, while the lowest for
K/Co3 O4 /SSWM, caused very likely by higher speciﬁc density of
the sieves and very thin layer of active phase covering the support. Mesopore volume of the pellets and grains was not high, 0.23
and 0.09 cm3 g−1 , respectively, corresponding to average radius
of pores 5.1 and 18 nm, respectively. Internal diffusion in larger
pores proceeds more easily and therefore, large pores are important in diffusion of reactants into the pellets interior. For that
reason, mercury porosimetry of the Co impregnated TiO2 pellets
was also performed. The obtained data showed pore volume about
0.48 cm3 g−1 and average pore radius of 41 nm. Total pore volumes
and pore radii of the other two samples were not examined by mercury porosimetry, but it is very likely that pore volume of the layer
of the K/Co3 O4 /SSWM sample, with respect to its small surface area,
is very low.

Fig. 3. STEM image of K/Co3 O4 /TiO2 pellets.

TPR-H2 results show signiﬁcant differences in the H2 consumption corresponding to the presence of different amounts of
reducible species connected with different amounts of cobalt in
each sample. Therefore, the obtained amounts of species reducible
in the temperature range where N2 O catalytic decomposition proceeds, were recalculated in accordance with the amount of cobalt
in each sample (see Table 1). Such H2 consumptions are closer to
each other; the K/Co3 O4 /SSWM catalyst contained slightly higher
amount of reducible species per mol of cobalt. From TPR proﬁles
(Fig. 6) we can see that reduction of K/Co3 O4 deposited on sieves
proceeds in one-step with Tmax around 360 ◦ C while two peaks are
clearly visible in TPR proﬁles of K/Co3 O4 grains (312 and 416 ◦ C).
The sample K/Co3 O4 deposited on TiO2 tablets showed temperature maximum at 422 ◦ C. Inﬂuence of addition of potassium in the
TPR graphs manifests itself as a second maximum (K/Co3 O4 grains)
or shoulder (K/Co3 O4 /TiO2 pellets and K/Co3 O4 /SSWM) at lower
temperatures. According to reported data, the reduction of Co3+
to Co2+ proceeds in the lower temperature region and reduction
of Co2+ to Co0 at temperatures higher than 400 ◦ C [16,17]. Relative portions of both reduction processes depend on dispersion of
respective active phases. Inﬂuence of stronger interaction between
Co3 O4 spinel phase and TiO2 (CoTiO3 ) [18] is manifested in the form
of the second shoulder at 473 ◦ C. Sample of K/Co3 O4 /SSWM before
TPR analysis was cut on the small piece about 1 mm, samples of
K/Co3 O4 grains and K/Co3 O4 /TiO2 pellets were measured in grains
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Table 2
Quantitative EDS analysis of K/Co3 O4 /TiO2 pellets.
Co

Fragment 1
Fragment 2

Ti

K

O

wt.%

Uncert.%

wt.%

Uncert.%

wt.%

Uncert.%

wt.%

Uncert.%

52
1.4

0.23
0.08

17
54

0.12
0.38

0.4
0.5

0.02
0.04

30.6
44.1

0.23
0.52

Fig. 4. EDS maps of of K/Co3 O4 /TiO2 pellets.

Fig. 5. EDS maps of of K/Co3 O4 /SSWM.

form with particle size 0.316–0.165 mm. It was found out that the
deposition of K/Co3 O4 active layer on TiO2 support led to the formation of clusters of Co3 O4 crystallites compared to wire mesh
support where homogeneous distribution of Co3 O4 crystallites was
observed, which could also contribute to the worse reducibility of
K/Co3 O4 deposited on TiO2 compared to wire mesh catalyst. Layer
of active phase deposited on the sieve is almost 25 times smaller
than size of grains and lack of internal diffusion during TPR measurement in thin catalyst layer on the sieve can explain that main
maximum is shifted to lower temperature (360 ◦ C).
3.2. N2 O catalytic decomposition
Three kinds of the prepared K/Co3 O4 -based catalysts were
tested in laboratory reactors under deﬁned conditions (Fig. 7). However, the temperature dependences of N2 O conversions depicted
in Fig. 7 cannot be directly compared because of different mean
residence time caused by differences in catalysts size and possibilities of our experimental set-up. Therefore, the obtained catalytic
data were used for evaluation of speciﬁc activity expressed as
quasi-turnover frequency (QTOF), which can tell us, how many
moles of N2 O decompose on the same amount of cobalt used for

catalyst preparation. This is important in order to specify utilization of amount of cobalt consumed at catalyst preparation, which is
closely connected with catalyst price. Mathematical model of catalytic reactor is used to enable determination of N2 O conversion at
same mean residence time expressed per the unit volume of catalyst bed, which means comparison on the basis of volume of the
catalyst that can be ﬁlled in the same volume of the deN2 O catalytic
reactor. The QTOF was calculated according to Eq. (1):
QTOF =

patm xN2 O XN2 O VM
mwCo RT

)
(molN2 O s−1 g−1
Co

(1)

Temperature dependence of QTOF is shown in Fig. 8a. Except
different amounts of active Co species in the prepared catalysts,
tested samples contained also slightly different amounts of potassium promoter. It was found out previously that catalytic activity
for N2 O decomposition in inert gas is dependent on the K/Co molar
ratio reaching maximum at value of K/Co from 0.04 to 0.06 [19]
which is little higher than K/Co ratio determined in catalysts prepared in presented work. Then an increase in N2 O conversion is
possible by potassium content increase to optimal level. According
to the K/Co ratios in our samples (see Table 1), one can suppose that
K/Co3 O4 grains and K/Co3 O4 pellets should possess higher speciﬁc
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Fig. 7. Temperature dependence of N2 O conversions over K/Co3 O4 catalysts in
laboratory reactor, points – experimental data, lines – model. Conditions: inlet
concentration of N2 O 0.1 mol% in N2.

Fig. 6. TPR-H2 proﬁles of prepared catalysts: (a) K/Co3 O4 /SSWM, (b) K/Co3 O4 grains,
(c) K/Co3 O4 /TiO2 pellets.

where Thiele module ˚ is deﬁned as [20]:



˚ = rp
activity than that obtained over the K/Co3 O4 deposited on SSWM.
However, calculated QTOF values did not follow this trend. The
highest speciﬁc activity was obtained over K/Co3 O4 deposited on
the sieve at high reaction temperatures, while at lower temperatures; the QTOF values were comparable with grained K/Co3 O4 . In
this case the QTOF value gives us information about the utilizability of the cobalt used for catalyst preparation – sample with higher
QTOF could contain less cobalt in order to reach the same N2 O conversion, and is thus less expensive. Much lower value of QTOF calculated for K/Co3 O4 /TiO2 pellets can be explained by the inﬂuence of
internal diffusion on the rate of N2 O decomposition. To conﬁrm this
assertion, a resistance to internal diffusion (1/ŋ, where ŋ is internal effectiveness factor) in these catalysts was calculated according
to Eqs. (2)–(7) [20–22], using the kinetic constant (k = k0 e−EA /RT ,
k0 = 127.7 × 104 m3 g−1 s−1 , EA = 132 893 J mol−1 ) evaluated from
kinetic data on the K/Co3 O4 grains. Internal effectiveness factor
was calculated according to relation valid for ﬁrst-order reaction
in a spherical catalyst pellet [20]:
=

3
(˚coth ˚ − 1)
˚2

(2)

k · c
Deff

(3)

For estimation of effective diffusion coefﬁcient Deff , value of ratio
εp /q = 1 was used [21]:
Deff =

εp
D̄
q

(4)

p ˛i xj + ˛j xi
n x
˛
1
i
+ ˛i
= i +
D
Dki
Dij
j=1
j=q Dij


Dk = 97 · r0 ·

Dij =

T
MN2 O

(6)

10−4 T 7/4 (Mj−1 + Mi−1 )


(

1/3

v)i



+(

(5)

1/2

1/3

/p

2

(7)

v)j

Temperature dependence of the resistance to internal diffusion
in the prepared catalysts is plotted in Fig. 8b). For pelettized catalyst, the internal diffusion resistance was calculated for limiting
situations, it means if there are present mesopores with radius of
pores only 5 nm or only with 41 nm (see Table 1). The real value

Fig. 8. Temperature dependence of QTOF (a) and internal diffusion resistance 1/ŋ (b) of K/Co3 O4 in powder form, K/Co3 O4 deposited on stainless steel sieves and K/Co3 O4
deposited on TiO2 pellets.
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Table 3
Input parameters for the model of reactor for the N2 O catalytic decomposition over K/Co3 O4 supported on TiO2 tablets and SSWM.
K/Co3 O4 /SSWM

K/Co3 O4 /TiO2 tablets

The total area of sieves per 1 m3 of catalyst bed (m2 )

88

Equivalent diameter of the catalyst tablets 5 mm × 5 mm (m)

0.00527

Gap between sieves (mm)
Amount of Co per 1 m3 of catalyst bed (kg)
Activation energy (J/mol)
Pre-exponential factor k0 (m3 m−2 s−1 )
Pressure at the reactor inlet (Pa)
Temperature (◦ C)
−1
GHSVa (m3gas h m3bed )
Superﬁcial gas velocity (m s−1 )

0.5
0.0591
153 000
4.2 × 108
600 000
330–450
10 909
1.9

Porosity of the catalyst bed (–)
Amount of Co per 1 m3 of catalyst bed (kg)
Activation energy (J/mol)
Pre-exponential factor k0 (m3 m−3 s−1 )
Pressure at the reactor inlet (Pa)
Temperature (◦ C)
−1
GHSVa (m3gas h m3bed )
Superﬁcial gas velocity (m s−1 )

0.529
6.31
96 000
4.6
60 000
330–450
10 909
1.9

a

Reactor was modeled with internal diameter 30 cm and length of the catalyst bed 63 cm, total gas ﬂow 600 kg/min was used.

of internal diffusion resistance will be of course somewhere in the
mentioned region. Increasing value of the resistance to internal diffusion, 1/ŋ, means increasing limitation of reaction rate by internal
mass transfer; value of one represents no internal diffusion limitation. It is seen that there was a high effect of internal diffusion
inside the tablets and only small contribution of the internal diffusion effects in the K/Co3 O4 grains at higher temperatures. Catalyst
layer on the sieve is so thin (7–11 m) that we can neglect the
inﬂuence of the internal diffusion on the reaction rate (1/ŋ = 1).
On the basis of internal diffusion limitations, the K/Co3 O4 stainless steel wire mesh catalyst combines suitable features of active
cobalt species with the effective utilization of all active components
disposed in the catalyst. To conﬁrm the promising characteristics
of the K/Co3 O4 supported on the SSWM, the mathematical model
of catalytic reactor based on laboratory data was used for calculations of N2 O conversions per unit volume of catalyst bed composed
from K/Co3 O4 /SSWM or K/Co3 O4 /TiO2 pellets and a comparison on
the basis of volume of the catalyst that can be ﬁlled in the known
volume of the deN2 O catalytic reactor is performed.
3.3. Mathematical model of the catalytic reactor for N2 O
decomposition
A pseudo-homogeneous one-dimensional model of an ideal
plug ﬂow reactor in an isothermal regime was used for the reactor
simulation (Eqs. (8)–(16)). The inﬂuence of internal and external
heat transfer on the reaction rate was neglected as well as effect
of external mass transfer. The veriﬁcation of the model based on
laboratory experiments was done previously [22]; comparison of
the measured and calculated data in laboratory reactor is shown in
Fig. 7. The mathematical model consists of the following equations:
Mass balance of N2 O in dV [22]:
˛A · r ·

dV
V̇

= dCA

(8)

The kinetic equation assuming the 1st order reaction rate:
r = k · CA

(9)

Arrhenius equation:
k = k0 e−EA /RT

(10)

The concentration of N2 O expressed in terms of conversion XA ,
assuming that the change of the total volumetric ﬂow rate due to
N2 O decomposition is negligible:
CA = (CA0 − XA · CA0 ) ·

p
p0

(11)

Pressure drop in gas ﬂow through the catalyst bed in the form
of tablets:
2 · v2 · CD · 
dp
=−
dp
dz

(12)

 150 · (1 − ϕ)

CD =

1−ϕ
·
ϕ3

Re =

ϕ · gc · dp · V̇
S·

Re



+ 1.75

(13)

(14)

Pressure drop in the reactor with a catalyst deposited on the
sieve [23]:
p = p0 −
p=

p·n

(15)

m2 · 1 − (Af /Ap )
C 2 · A2f

·2·

2

(16)

where Ap is surface of one sieve (Ap = 0.07065 m2 ), Af is surface of
holes in one sieve (Af = 0.0127 m2 ).
It was supposed that whole reactor is ﬁlled with the chosen
catalyst which means that different weight of catalyst and also
different weight of cobalt could be placed inside the reactor. The
parameter which was set as a constant for both simulations was
the volume of the reactor. For the catalyst deposited on a sieve,
the reactor was modeled as a reactor with a catalyst in the form
of sieves, which are stacked one on the other with gap of 0.5 mm
between them. For modeling of reactor with catalyst in the form
of tablets, the model of ﬁxed bed reactor was used. Input parameters of the model for the N2 O catalytic decomposition reactor are
shown in Table 3, the GHSV, temperature and pressure corresponding to the conditions in HNO3 commercial production units were
used.
Calculated N2 O conversions and pressure drop for both type of
supported catalysts are depicted in Fig. 9. Obtained values of N2 O
conversion look very promising, since signiﬁcantly higher conversions were achieved over K/Co3 O4 deposited on the SSWM than
over tablets in spite of the fact that the total amount of cobalt per
unit volume of bed was 100 times lower than in the case of the
tablets. It is known that structured catalysts on the base of monolith and sieves generally guarantee lower pressure drop than ﬁxed
bed of pellets and good heat transfer through the reactor. In our
model reactor, the structured ﬁxed bed of wire mesh has larger
pressure drop than classical ﬁxed bed of the pellets, but this difference is too small to affect the calculated N2 O conversion and has to
be a subject of further optimization. The thickness of the wall of a
wire mesh and diameter of the hole must be chosen according to
process condition since the diameter of hole determines the pressure drop. In this work, the stainless steel sieves with a mesh size of
40 m were studied, which are suitable for laboratory tests. Other
parameter which can also be optimized is gas velocity, and can be
decreased by increasing the reactor diameter.
Deposition of the active phase on high surface support can generally increase interface between gas and solid surface, however
our calculation showed that in present case this effect is considerably masked by the internal diffusion limitations occurring in the
pores of tablets. Advantages of promoters, doping and other effects
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Fig. 9. Comparison of the calculated temperature dependences of N2 O conversion and pressure drop (kPa) over K/Co3 O4 supported on TiO2 pellets and SSWM at
GHSV = 10 909 m3 h−1 mbed −3 .

evident in laboratory conditions lose their signiﬁcance if the internal diffusion limitations are not absent. Stainless steel wire mesh
represents support which can overcome this limitation and we conﬁrmed that deposition of the K/Co3 O4 active phase on the SSWM
instead of porous TiO2 tablets bring a huge saving of amount of
cobalt deposited on the catalyst.
4. Conclusions
K/Co3 O4 supported on two different supports – stainless steel
wire mesh and TiO2 tablets were prepared to compare advantage
and disadvantage of porous and non-porous supports. Prepared
catalysts were characterized and tested for N2 O catalytic decomposition. For comparison, K/Co3 O4 grains were used.
Despite of more than seventy times higher surface area, ﬁve
times higher content of active cobalt spinel phase and almost optimal content of K promoter in the K/Co3 O4 supported on TiO2 ,
higher N2 O conversion per unit of catalyst bed was calculated
(using simple mathematic model of catalytic plug ﬂow reactor) for
K/Co3 O4 supported on stainless steel wire mesh. The reason is that
all above mentioned advantages of K/Co3 O4 supported on porous
TiO2 were covered by hindering effect of internal diffusion in TiO2
pores which caused decrease of overall reaction rate of N2 O decomposition. Higher N2 O conversion reached on the same volume of
catalyst bed showed that stainless steel sieves have high potential
for practical application. They provide appropriate conditions for
obtaining active catalysts, in which the negative effects of internal
diffusion are minimized and the active components are effectively
utilized.
Acknowledgements
This work was supported by the Czech Science Foundation
(project 14-13750S), by Ministry of Education, Youth and Sports
of the Czech Republic in National Feasibility Program I (project
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