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Structure–activity relationship in the N2O decomposition over Ni-(Mg)-Al
and Ni-(Mg)-Mn mixed oxides prepared from hydrotalcite-like precursors
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Received 31 July 2005; received in revised form 21 December 2005; accepted 22 December 2005
Available online 7 February 2006

Abstract

The decomposition of the nitrous oxide over catalysts prepared by thermal decomposition of Ni-(Mg)-MIII (MIII = Al or Mn) hydrotalcite-like
precursors was studied. The mixed oxides obtained at 500 ◦C were characterized using various techniques—X-ray diffraction (XRD), BET surface
area measurements, temperature-programmed desorption (TPD) and temperature-programmed reduction (TPR). The N2O decomposition was
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erformed in the temperature range 300–450 ◦C, at 0.05–0.15 mol% inlet N2O concentrations; oxygen and nitrogen dioxide were added in some
uns. The Ni-Al and Mg-Mn catalysts exhibited high catalytic activity but those containing both transition metal cations (i.e. Ni and Mn) were
ess active. Their lower activity was interpreted in terms of different oxidation states of manganese and nickel in the mixed oxide systems. Up
o a certain value of oxygen pressure the presence of oxygen in the reaction mixture caused an inhibition of the reaction rate, while at higher
xygen pressures the N2O conversion remained nearly constant. The correlation between the observed oxygen inhibition and the proposed N2O
ecomposition mechanism as well as the relationship between the observed activity and the amount of reducible components determined from
PR experiments are discussed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The N2O decomposition was widely studied in the last three
ecades because this simple reaction was often chosen as a test
eaction for finding a correlation between structural and catalytic
roperties [1–9]. Recently, the interest in this reaction enhanced
ince the catalytic decomposition offers an attractive end-of-
ipe solution for the abatement of N2O in waste gases coming
rom combustion and chemical industry. The state of art in cat-
lytic decomposition of N2O is well documented in the literature
10,11].

The mechanism of N2O decomposition is of redox nature as
esults from published kinetic studies [12,13].

2O + ∗ k1−→N2 + O∗ (R1)
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O2 + 2∗ k′
2−→2O∗ (R2)

2O∗ k′
2−→O2 + 2∗ (R2′)

O∗ + N2O
k3−→N2 + O2 + ∗ (R3)

The catalysts surface can be oxidized either by a molecule
of N2O according to Eq. (R1) (prevailing at very low oxy-
gen pressure) or by an adsorption of the molecular oxy-
gen from gaseous phase according to (R2) (predominating at
higher oxygen pressure) [14]. The reduction of the catalyst sur-
face is proposed to follow the Eley–Rideal mechanism (R3)
or, alternatively, two adsorbed oxygen atoms can recombine
according to Langmuir–Hinshelwood mechanism (R2′). The
kinetic models considered by several authors are based on
Langmuir–Hinshelwood mechanism [13,15,16], assuming that
the surface concentration of the adsorbed oxygen is given by the
adsorption equilibria (R2) and (R2′). If the oxygen desorption is
the critical step of the process, the presence of labile oxygen on
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the catalyst surface is necessary to complete the catalytic cycle.
On the contrary, Riekert et al. [17] and Golodets [14] specu-
lated that the adsorption equilibrium is not reached because of a
too slow desorption of the chemisorbed oxygen (R2′) and there-
fore, this step (R2′) is of no importance for the overall reaction
rate. These authors involved an irreversible adsorption of oxygen
(R2) into the reaction scheme instead of the adsorption equilib-
rium. Uetsuka et al. [18] suggested a recombinative desorption
of the surface oxygen via a reaction-assisted desorption. Both
the chemisorption of N2O (R1) and step (R3) were supposed
to participate in the overall reaction rate and k1 ≥ k3 was con-
sidered [19]. This scenario is in accordance with the transient
kinetic experiments carried out by Miller and Grassian [20] and
Pérez-Ramı́rez et al. [21]. It is also important from the point of
view of practical use of a catalyst that there is no inhibition of
the reaction rate by oxygen present in the reaction mixture. The
oxygen inhibition occurs when the rate of oxygen removal from
the catalyst surface according to (R3) is slower than step (R1),
therefore k1 > k3. As far as both (R1) and (R3) steps proceed by
comparable rates (k1 ∼= k3), the oxygen inhibition does not occur.
Accordingly, the bond strength of the surface oxygen turns out
to be a crucial factor [10] and hence, the metal oxide catalytic
activity for the N2O decomposition was correlated with the bond
energy of the surface oxygen [14] revealing the highest activity
of the oxides with lower bond energy. Contrary to it, Vijh [22]
showed that the data of the N2O catalytic decomposition exhib-
ited a volcano-shaped dependence on the heat of formation per
oxide equivalent and this correlation were interpreted in terms
of the Sabatier–Balandin approach [23,24]. Although the corre-
lation of the catalytic activity with the adsorption heats of the
reactants has been frequently applied in catalysis, this analysis
suffers from several puzzling features [25]. From the viewpoint
of the electronic structure of the active metal ion, N2O catalytic
decomposition can be interpreted as follows [14]: in the course
of the adsorption and activation of the N2O molecule according
to (R1), the active site acts as an electron donor into the N2O anti-
bonding orbital and, consequently, the electron density around
the active site represents a decisive factor. The anion vacancies
can act as active sites for N2O chemisorption, too [7,16,26,27].
The oxygen desorption from the catalyst surface (reduction) is
connected with an electron transfer back to the active site, the
capability of the active site to accept electrons being a signifi-
cant factor for the rate of (R3) step. Thus, the adsorption of N2O
and the desorption of O2 are relatively easy in the presence of
metals having mixed valence states. Mn3+/Mn4+ and Cu2+/Cu3+

couples were reported as active sites for the N2O decomposition
[7].

The possible application of mixed oxide based catalysts
prepared by thermal treatment of hydrotalcite-like compounds
(HTL) has been investigated recently [16,26,28–46] and these
catalysts were reported as very active in N2O decomposi-
tion. Hydrotalcite-like compounds, a class of layered dou-
ble hydroxides, consist of positively charged metal hydrox-
ide layers separated by anions and water molecules. Their
chemical composition can be represented by the general for-
mula [MII

1−xMIII
x (OH)2]

x+
[An−

x/n · yH2O]
x−

, where MII and MIII

are divalent and trivalent metal cations, An− is an n-valent

anion, and x assumes usual values between 0.25 and 0.33
[47].

Although a great number of studies related to N2O catalytic
decomposition over calcined hydrotalcites has been published as
yet, most of them deal with the catalytic performance of catalysts
prepared from hydrotalcite precursors containing only single
transition metal in the structure. In this study, not only the cat-
alysts prepared by thermal treatment of hydrotalcite precursors
with one transition metal, but also the synergic effect of two
transition metals on the catalytic activity in N2O decomposi-
tion will be studied. Nickel and manganese were selected as the
transition metals, since the calcined Ni-Al hydrotalcite is known
as an active catalyst for N2O decomposition [31]. Manganese
can exist in multiple oxidation states and the catalytic activ-
ity for N2O decomposition over manganese oxides and some
Mn containing mixed oxides was reported earlier [9,48]. The
catalytic decomposition of N2O over calcined hydrotalcite-like
compounds containing manganese has been reported only in our
recent work [49], where Co- and Mn-containing mixed oxides
were examined.

We set out the following aims of the present paper: (i) prepa-
ration and characterization of two catalytic systems (calcined
Ni-(Mg)-Al and Ni-(Mg)-Mn hydrotalcite-like compounds), (ii)
their screening for the N2O decomposition and the discussion
of a mutual synergic effect of two transition metals (Ni and
Mn) present in the catalysts on their activity in N O decompo-
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ition and (iii) finding a correlation among some characteristics
f the prepared catalysts and their catalytic activity for the N2O
ecomposition. The effect of oxygen and NO2 inhibition is also
tudied.

. Experimental methods

.1. Preparation and characterization of the catalysts

The Ni-Mg-Al hydrotalcite-like precursors with Ni:Mg:Al
olar ratios of 4:0:2, 3:1:2, 2:2:2 and 0:4:2 (assigned as
i4Al2-HT, Ni3MgAl2-HT, Ni2Mg2Al2-HT and Mg4Al2-HT,

espectively) and Ni-Mg-Mn hydrotalcite-like precursors with
i:Mg:Mn molar ratio of 4:0:2, 2:2:2 and 0:4:2 (assigned

s Ni4Mn2-HT, Ni2Mg2Mn2-HT and Mg4Mn2-HT, respec-
ively) were prepared by coprecipitation. An aqueous solution
450 ml) containing appropriate amounts of Ni(NO3)2·6H2O,

g(NO3)2·6H2O and Al(NO3)3·9H2O or Mn(NO3)2·4H2O
ith total metal ion concentration of 1.0 mol l−1 was added
ropwise with vigorous stirring into 200 ml of 0.5 M Na2CO3
olution. The mixing took about 1 h. During synthesis, the
emperature was maintained at 25 ◦C and pH adjusted at

10 by a simultaneous addition of the 3 M NaOH solu-
ion. The resulting suspension was stirred at 25 ◦C for addi-
ional 18 h. The product was filtered off, washed several times
ith distilled water and dried overnight at 60 ◦C in air. The
ried precursors were formed into pellets of 3 mm in diam-
ter, dried at 130 ◦C for 4 h and then calcined for 4 h at
00 ◦C in air. The calcined samples were crushed and the
raction of particle size 0.160–0.315 mm was used for cat-
lytic measurements. The catalysts were signed as Ni4Al2,
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Ni3MgAl2, Ni2Mg2Al2, Mg4Al2, Ni4Mn2, Ni2Mg2Mn2 and
Mg4Mn2.

The thermal analysis was carried out using Netzsch STA 409
instrument. The heating rate of 10 ◦C min−1 in air with flow rate
of 75 ml min−1 and 50 mg sample were used.

The powder X-ray diffraction (XRD) patterns were recorded
using XRD powder diffractometer INEL CPS 120 equipped
with a curved position-sensitive detector CPS120 (120◦ 2θ),
reflection mode with a germanium monochromator (to produce
Cu K�1 radiation). Silicon powder was used as standard ref-
erence material for calibration of CPS detector. Samples were
pressed into the flat rotation holder and examined under the same
experimental conditions during 2000 s. The applied voltage and
current were 25 kV and 15 mA, respectively.

The surface area of the catalysts was measured by nitrogen
adsorption at 77 K and evaluated by one point BET method.
Prior to each measurement, the samples of prepared catalysts
were heated 0.5 h at 350 ◦C.

The temperature-programmed reduction (TPR) measure-
ments were carried out in an apparatus where a hydrogen–
nitrogen mixture (10 mol% H2) was used to reduce the sample
(50 mg) at a flow rate of 40 ml min−1. The temperature was lin-
early raised at a rate of 20 ◦C min−1 up to 850 ◦C. After freezing
out the arising water at −76 ◦C, the gas mixture was analyzed
by a thermal conductivity detector.

Temperature-programmed desorption (TPD) of CO was car-
r
g
l
o
d
t
S
p

2

i
(
s
g
b
c
i

Oxygen (0.5–5 mol%) and nitrogen dioxide (0.04–0.15 mol%)
were added in some runs to evaluate the performance under
these conditions. A temperature-controlled furnace was used
for the reactor heating. Prior to each run, the catalysts were
heated by the rate 10 ◦C min−1 up to 450 ◦C in a helium flow
of 50 cm3 min−1 and the temperature was maintained for 1 h.
After the pre-treatment, the feed mixture was passed over the
catalyst and the reaction processed overnight. Then the conver-
sion at 450 ◦C was measured and the temperature was decreased
to the desired level. Generally, 1 h after a change of conditions,
the nitrous oxide conversion level was constant and considered
to attain a steady state. At least three analyses were averaged to
get a single data point.

The gas chromatograph Hewlett Packard (model 5890,
series II GC) equipped with the electron capture detector
was used to analyze the nitrous oxide content in the gas.
The data were acquired with HP Chemstation. The PoraPlot
Q (30 m × 0.53 mm × 40 �m) column and an electron capture
detector operating in overheating mode (330 ◦C) were used in the
chromatographic analysis. The two-points calibration with cali-
bration gases (0.007 and 0.1 mol% N2O) was performed before
and after each experimental run.

The application of the experimental tests and the criteria to
check the presence of mass and heat transport limitations in the
reactor revealed that these restraints were absent [50].
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ied out on a catalyst sample of 0.05 g under helium as carrier
as (flow rate 15 cm3 h−1). Prior to CO2 adsorption, all cata-
ysts were heated up to 450 ◦C. Then, 10 doses (840 �l each)
f CO2 were injected into the helium stream at 30 ◦C and the
esorption of CO2 was invoked by heating (20 ◦C min−1) up to
he final temperature of 450 ◦C. The Origin program (Microcal
oftware, Inc., MA, USA) was applied to analyze all desorption
eaks.

.2. Catalytic testing for nitrous oxide decomposition

The nitrous oxide decomposition reaction was performed
n fixed-bed stainless steel reactor of 5 mm internal diameter
i.d.) in the temperature range 300–450 ◦C. It was verified that
tainless steel did not contribute to the catalyst performance at
iven reaction conditions. The total flow rate was maintained
etween 30 and 160 cm3 min−1 NTP (273 K, 101,325 Pa). The
atalyst bed contained 0.1 or 0.2 g sample of the catalyst. The
nlet content of N2O was 0.05–0.15 mol% balanced by helium.

able 1
he chemical composition of the hydrotalcite-like precursors dried at 60 ◦C

recursor Ni (wt.%) Mn (wt.%) Mg (w

i4Al2-HT 35.9 0 0
i3MgAl2-HT 27.0 0 3.86
i2Mg2Al2-HT 19.2 0 8.44
g4Al2-HT 0 0 15.90
i4Mn2-HT 33.0 16.11 0
i2Mg2Mn2-HT 19.5 16.58 7.12
g4Mn2-HT 0 22.00 19.42
. Results and discussion

.1. Characterization of catalysts

The results of the elemental chemical analysis of the dried
ydrotalcite-like precursors are presented in Table 1. The con-
ent of the metal cations in the dried products correspond roughly
o the respective molar ratios in the nitrate solutions used in
oprecipitation. The precursors contained a small amount of
a cations. Higher amounts of Na+ in the Ni2Mg2Mn2 and
g4Mn2 precursors were probably caused by insufficient wash-

ng.
The DTA curves of the prepared precursors showed two

ndothermic effects characteristic for the hydrotalcite-like com-
ounds. The first endothermic effect was ascribed to the release
f interlayer water (dehydration) while the second one to the
ample decomposition including dehydroxylation of the hydrox-
de layers and the decomposition of interlayer carbonate. The
ehydration and decomposition temperatures of the prepared

Al (wt.%) Na (wt.%) Molar ratio Ni:Mg:MIII

8.39 0.007 1:0:0.508
8.43 0.002 1:0.346:0.678
9.07 0.002 1:1.061:1.030
9.10 0.027 0:1:0.526
0 0.007 1:0:0.522
0 0.140 1:0.882:0.909
0 0.378 0:1:0.501
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Table 2
The dehydration and decomposition temperatures of the prepared hydrotalcite-
like precursors (the temperatures of the first and second endothermic minima
observed in DTA curves)

Precursor Dehydration
temperature (◦C)

Decomposition
temperature (◦C)

Ni4Al2-HT 120 360
Ni3MgAl2-HT 130 390
Ni2Mg2Al2-HT 140 390
Mg4Al2-HT 215 400
Ni4Mn2-HT 160 245
Ni2Mg2Mn2-HT 165 270
Mg4Mn2-HT 160 295

Fig. 1. X-ray powder diffraction patterns of the prepared hydrotalcite-like com-
pounds.

precursors corresponding to the endothermic minima on mea-
sured DTA curves are presented in Table 2. A higher content
of the transition metals (Ni and Mn) caused a decrease of the
thermal stability of the prepared precursors.

Only a well-crystalline hydrotalcite-like phase was found in
the powder XRD patterns of the dried precursors (Fig. 1) except
for Ni4Mn2 and Mg4Mn2 samples, where trace amounts of
MnCO3 (rhodochrosite) were detected. The powder XRD pat-
terns of the prepared catalysts are presented in Fig. 2. The broad
diffraction lines corresponding to MgO (periclase) and NiO
(bunsenite) were detected in the calcined Mg4Al2 and Ni4Al2
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Table 3
The average valence of Mn in the mixed oxides prepared by calcination of Mn-
containing hydrotalcite-like precursors at 500 ◦C

Calcination temperature (◦C) Mn valence

Ni4Mn2 Ni2Mg2Mn2 Mg4Mn2

300 4.00 3.93 3.72
400 4.00 4.00 3.78
500 4.00 4.00 3.75
600 3.85 3.94 3.70

samples, respectively. The mixed oxide Ni6MnO8 with murdo-
chite structure was found in the calcined Ni4Mn2 sample. This
oxide is formed at about 300 ◦C and it was detected in calcined
products obtained at temperatures up to ca. 800 ◦C. The other
oxide containing also the tetravalent manganese, NiMnO3 with
ilmenite structure, was found when the Ni4Mn2 hydrotalcite was
heated at 500–700 ◦C [51]. During the heating of Ni2Mg2Mn2
precursor, the NixMgyMnzO4 spinel and cubic (Ni,Mg,MnIV)O
oxide were detected in the powder XRD pattern of the sam-
ples calcined at 400–600 ◦C. The latter oxide was assigned to a
disordered murdochite, MD, taking into account its too low lat-
tice parameter, resembling rather a/2 of Mg-doped murdochite
(Ni,Mg)6MnO8 than a of Mg-doped bunsenite (Ni,Mg)O (the
term ‘disordered’ refers to a disordered cation position in the
parent bunsenite structure) [50]. The mixed oxide with murdo-
chite structure, Mg6MnO8, was detected also in the powder XRD
pattern of the Mg4Mn2 catalyst prepared at 500 ◦C. The pres-
ence of MnIV-containing oxides in the products obtained during
heating of Ni-Mg-Mn and Ni-Mn samples was confirmed also
by the elemental and redox analysis (iodometry) of the calcined
samples (Table 3). By contrast, the presence of Mn in lower oxi-
dation states could be expected on the basis of the average value
of Mn valence in the Mg4Mn2 sample.

The surface area of the prepared catalysts increases from
70 m2 g−1 for Ni4Mn2 to 298 m2 g−1 for Mg4Al2 (Table 4).
In principle, the Ni-(Mg)-Al catalytic system shows a higher
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ig. 2. X-ray powder diffraction patterns of the hydrotalcite-like compounds cal-
ined at 500 ◦C. P-MgO (periclase), B-NiO (bunsenite), M-Mg6MnO8 (murdo-
hite), MD-(Ni,Mg)6MnO8 (disordered murdochite), S-NixMgyMnzO4 spinel,

*-Ni6MnO8 (murdochite).
urface area than the Ni-(Mg)-Mn system. The results proved
ncreasing values of surface area with decreasing amount of
ickel, especially in Ni-(Mg)-Al systems. Also Pérez-Ramı́rez
t al. [39] published a decrease of the surface area with the
ecreasing Co content in the Co-Mg-Al calcined hydrotalcite.

As the sufficiently large surface area is important for the
eterogeneous catalysis, an effort was exerted to find a rea-
on for the specific surface differences in the respective cata-
yst series, Ni-(Mg)-Al and Ni-(Mg)-Mn. The relation between
he temperatures of thermal decomposition (T ◦C) and the
urface areas of the prepared catalysts calcined at 500 ◦C
SBET,500 ◦C) can be described by an exponential regression
quation: SBET = 6.27 e0.0093T with the correlation coefficient
2 = 0.92 (Fig. 3). The obtained correlation can be explained as

n terms of an enhanced release of water and CO2 from the crys-
al structure with increasing temperature causing an increase of
he surface area of the calcined powders. The maximum value of
he surface area can be achieved in the vicinity of decomposition
emperature. A progressive increase in the calcination tempera-
ure leads to a consecutive crystallization of the arising oxidic
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Table 4
The specific surface area of the prepared catalysts, H2 consumption, the amount of desorbed CO2 in the temperature range 350–450 ◦C and N2O decomposition rate
constants k (at 400 ◦C) determined from the experiments in inert gas using the first order kinetic law

Catalyst SBET
a (m2 g−1) mmol CO2 g−1

(350–450 ◦C)
mmol H2 g−1

(350–450 ◦C)
k (400 ◦C)b/10−12

(mol m−2 s−1 Pa−1)
k (400 ◦C)b/10−9

(mol g−1 s−1 Pa−1)

Ni4Al2 190 0.051 1.190 16.5 3.135
Ni3MgAl2 209 0.074 0.375 7.8 1.640
Ni2Mg2Al2 245 0.076 0.400 1.8 0.441
Mg4Al2 298 0.107 0.100 0.4 0.119
Ni4Mn2 70 0.042 8.190 2.8 0.196
Ni2Mg2Mn2 86 0.046 1.600 1.7 0.146
Mg4Mn2 70 0.047 3.880 14.2 1.562

a Specific surface area of extrudates calcined at 500 ◦C.
b Rate constants of N2O decomposition determined using first order kinetic law, inlet: 0.1 mol% N2O in He.

phases and to a decrease of the surface area. As all our catalysts
were calcined at the same calcination temperature (500 ◦C), the
highest surface areas were reached with the compounds exhibit-
ing decomposition temperatures near 500 ◦C. On the other hand,
the compounds decomposing at much lower temperatures than
the catalyst calcination temperature showed substantially lower
surface areas.

The temperature-programmed reduction patterns (Fig. 4)
showed different reduction behavior for the catalyst series con-
taining Al and Mn. In the case of Ni4Al2 catalyst, the TPR
pattern shows a broad peak with a maximum around 530 ◦C,
which is attributed to the reduction of Ni2+ → Ni0. This temper-
ature is significantly higher than that of the bulk NiO (330 ◦C)
[52], but it is known that NiO obtained by calcinations of Ni-Al
hydrotalcite precursors is more difficult to reduce than the bulk
NiO [53]. According to the literature data [54–57], the oxidic
forms with a spinel-type local order are responsible for hin-
dering the reduction of NiO in the calcined Ni-Al hydrotalcite.
Compared to Ni4Al2 catalyst, the TPR profiles of the Ni-Mg-Al
catalysts show that the presence of Mg caused a broadening of
the reduction peaks and a shift of the reduction temperatures of

F
h
p

Ni2+ species towards higher values, which is well documented in
the literature [58,59]. This shift is associated with the formation
of a NiO–MgO solid solution in which Ni2+ ions are stabilized by
the MgO-type matrix against reduction and sintering. The first
low temperature maximum at Ni3MgAl and Ni2Mg2Al2 sam-
ples could correspond to the reduction of a physically adsorbed
Ni-oxide–hydroxide phase [60]. The TPR of Mg4Mn2 is similar
to the reduction of MnOx mentioned in the literature [61–63] and
corresponds to the reduction process Mn4+ → Mn3+,4+ → Mn2+.
The specific surface area and the crystallinity of the sample con-
trol the temperatures of the individual reduction steps [64].

The TPR profiles of our catalysts obtained within the temper-
ature range 20–800 ◦C were analyzed and the amount of oxides
reducible in the temperature region covering the N2O decom-
position reaction (350–450 ◦C) was evaluated (Table 4). In the
Ni-(Mg)-Al system, this amount of reducible species decreased
with decreasing amount of Ni in the catalysts. A different depen-
dence was found for the amount of reducible components in Ni-
(Mg)-Mn system: the amount of reducible components increases

F
p

ig. 3. Relation between thermal decomposition temperatures of the
ydrotalcite-like compounds determined from DTA (an extreme in the second
eak) and SBET area measured after their calcination at 500 ◦C.
ig. 4. TPR curves of the Ni-(Mg)-Al and Ni-(Mg)-Mn catalytic systems pre-
ared by calcination (500 ◦C) of corresponding hydrotalcite-like compounds.
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Fig. 5. TPD CO2 curves of the Ni-(Mg)-Al and Ni-(Mg)-Mn catalytic systems
prepared by calcination (500 ◦C) of corresponding hydrotalcite-like compounds.

in the order Ni2Mg2Mn2 < Mg4Mn2 < Ni4Mn2. The Ni4Mn2
catalyst exhibited the highest amount of reducible compounds
of all catalysts.

The desorption of CO2 from the calcined hydrotalcite-like
compounds in the temperature range 20–450 ◦C can be seen in
Fig. 5. The amounts of CO2 (Table 4) desorbing in the reac-
tion temperature range (350–450 ◦C) were calculated from the
TPD curves. The relation of both, the amount of hydrogen con-
sumed and the amount of CO2 evaluated for the temperature
region 350–450 ◦C can be seen in Fig. 6. An exponential decay
of the amount of CO2 (corresponding to strong basic sites) with
the increasing catalyst reducibility was observed in this set of
catalysts.
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Fig. 7. Conversions of N2O as a function of temperature. (�) Ni4Al2, (�)
Mg4Mn2, (©) Ni3MgAl2, (+) Ni2Mg2Al2, (�) Ni4Mn2, (�) Ni2Mg2Mn2
and (�) Mg4Al2. Conditions: 0.1 g sample, 100 cm3 min−1 and 0.1 mol% N2O.

3.2. Catalytic activity in N2O decomposition

The nitrous oxide conversion as a function of reaction tem-
perature is given in Fig. 7. In the temperature range stud-
ied, the Mg4Al2 system was completely inactive as it has
been previously documented [29]. The substitution of Mg2+

for Ni2+ resulted in an increased catalytic activity in the
order: Mg4Al2 < Ni2Mg2Al2 < Ni3MgAl2 < Ni4Al2. The high-
est nitrous oxide conversion, 79%, was reached over the Ni4Al2
catalyst. The substitution of Al3+ for Mn3+ in Mg4Al2 catalyst
(Mg4Mn2 catalyst) caused also an increase in catalytic activ-
ity (39% N2O conversion), but the substitution Mg2+ for Ni2+

mentioned before (Ni4Al2 catalyst) resulted in much higher
increase in catalyst activity. The substitution of both, Mg and Al
in Mg4Al2 sample, by transition metals Ni and Mn, respectively
(Ni2Mg2Mn2 and Ni4Mn2), resulted, compared to Ni4Al2, in
a sharp decrease in catalytic activity, both catalysts were thus
found to be relatively inactive.

The detailed kinetic analysis with the most active catalyst
Ni4Al2 revealed that the kinetic data are well described (Fig. 8)
by first order rate law −(dpN2O/dt) = k · pN2O corresponding to
no oxygen inhibition, similar to what Kannan [31] and Chang et
al. [65] have found. The kinetic parameters Ea = 112 kJ mol−1

and ln k0 = 14.5 were evaluated by the method of initial reaction
rates.

The manganese-containing catalysts Ni-(Mg)-Mn exhibited
t
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ig. 6. Correlation of the catalyst reducibility (the amount of hydrogen con-
umed in the temperature range 350–450 ◦C) and the catalyst basicity (the
mount of CO2 desorbed between 350 and 450 ◦C), correlation equation
= 0.07882 exp(−x/0.4084) + 0.04491, R2 = 0.99.
hree to four times lower specific surface areas than the Ni-
Mg)-Al catalysts. To find out whether the lower surface area of
i-(Mg)-Mn catalysts (connected with generally lower thermal

tability of their hydrotalcite-like precursors as determined from
TA) is the only reason for the low catalytic activity, the reaction

ate constants k (mol g−1 s−1 Pa−1) were evaluated according to
he first order rate law for all catalysts and related to a unit sur-
ace area (Table 4). The activity of the catalysts expressed as
kinetic constant k (mol m−2 s−1 Pa−1) decreases in the order:
i4Al2 > Mg4Mn2 > Ni3MgAl2 > Ni4Mn2 ≥ Ni2Mg2Al2 ≥
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Fig. 8. Comparison of experimental N2O conversion (XN2O) obtained in
oxygen-free helium as feed gas and that one determined according to first order
kinetic law (X∗

N2O). Conditions: 360–400 ◦C, 0.05–0.15 mol% N2O and Ni4Al2
catalyst.

Ni2Mg2Mn2 ≥ Mg4Al2. Evidently, a combination of Ni and Mn
in the hydrotalcite based catalysts, compared to the catalysts con-
taining only one of these metals (Ni4Al2 or Mg4Mn2), caused a
decrease in catalytic activity for N2O decomposition, although
the order of activities (mol m−2 s−1 Pa−1) slightly changed (k
for Ni4Al2 is closer to Mg4Mn2).

The selected active catalysts were also tested in the presence
of oxygen and nitrogen dioxide in the inlet reaction mixture. The
experiments with a reaction mixture gradually enriched by oxy-
gen showed that the N2O conversion decreased only to a certain
oxygen concentration level (approximately 3 mol% O2); while at
higher oxygen concentrations the reaction rate became indepen-
dent of the oxygen concentration (Fig. 9). A similar influence
of oxygen on the N2O decomposition rate was observed over
platinum [17] and some zeolite catalysts [66]. This experimental
observation can be accounted for by a slow-down of the reaction
step (R1) due to an oxygen adsorption on the active sites of the
catalytic surface, which demands free active sites, whereas (R3)
step does not. When the surface is totally covered by the adsorbed
oxygen, the N2O decomposition proceeds according to Eq. (R3)
only and the rate of the process is independent of the additional
increase of the oxygen concentration. The kinetic experiments

Fig. 9. Conversion of N2O as a function of oxygen concentration. (�)
Ni3MgAl2, (�) Ni4Al2, (�) Mg4Mn2 and (�) Ni2Mg2Al2. Conditions:
450 ◦C, 0.2 g sample, 50 cm3 min−1 and 0.1 mol% N2O.

performed at higher oxygen concentrations (when the reaction
rate is independent of oxygen concentration) showed that data
are again well correlated by the first order rate law as was also
proposed by Golodets [14] and Chang et al. [65]. The addition
of NO2 to the reaction mixture caused a further decrease in N2O
conversion, probably resulting from a competitive adsorption of
NO2 on the active sites. The N2O conversions measured in the
presence of both O2 and NO2 and rate constants k* evaluated
according to the first order kinetic equation (for compositions of
initial reaction mixtures: 0.1 mol% N2O and 5 mol% O2 in He)
are summarized in Table 5.

4. Discussion

It follows from the results mentioned above that the catalytic
activity of the calcined Ni-(Mg)-Al hydrotalcite-like compounds
in N2O decomposition expressed as both conversion and k
(mol m−2 s−1 Pa−1) decreases with the increasing amount of Mg
in the catalysts, while the activity of the calcined Ni-(Mg)-Mn
hydrotalcite-like compound shows, by contrast, no such trend.
This finding can be linked to a number of active sites capable to
take part in the oxidation–reduction processes, detectable as the
amounts of reducible components (mmol H2 g−1) determined in
the temperature range 350–450 ◦C, i.e. in the range in which the
catalytic reaction takes place. With the increasing amount of Mg
i

Table 5
N2O conversions and kinetic constants k* for N2O decomposition at 0.1 mol% N2O

C

N
N
N
M

50 ◦C
atalyst N2O conversion (%)

i4Al2 99a (94b, 57c)
i3MgAl2 97a (85b, 26c)
i2Mg2Al2 49a (34b, 8c)
g4Mn2 53a (36b, 10c)

a Test conditions: 0.1 mol% N2O in He, m = 0.2 g, flow rate 100 cm3 min−1, 4
b With 5 mol% O2.
c With 5 mol% O2 and 0.02 mol% NO2.
n the Ni-(Mg)-Al system the number of reducible compounds

and 5 mol% O2 determined using first order kinetic

k* (400 ◦C)/10−10

(mol g−1 s−1 Pa−1)
k* (400 ◦C)/10−12

(mol m−2 s−1 Pa−1)

23.7 12.6
14.4 6.9
3.9 1.6
6.2 8.9

.
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Fig. 10. Correlation of the rate constants k (determined by first order kinetic
from experiments in He) and the amount of oxides reducible in the temperature
region covering reaction temperature 350–450 ◦C.

strongly decreases, but a different dependence was found for the
number of reducible components in Ni-(Mg)-Mn system: nei-
ther increasing nor decreasing tendency in reducibility with the
amount of Mg in the catalysts was found, however, the number
of reducible components increases with the amount of Ni in the
order Ni2Mg2Mn2 < Mg4Mn2 < Ni4Mn2 (Fig. 6).

The observed different dependencies of activity in both sys-
tems on the amounts of the reducible compounds are in relation
to a hypothetical mechanism of N2O decomposition, in which an
electron transfer from an active site and a splitting of N O bond
is the primary step and the adsorbed oxygen remains on the cat-
alyst surface. The adsorbed oxygen is then desorbed in the next
step, and the electron is transferred back to the active site. This
step, desorption of oxygen, is concluded to be the most difficult
step of the reaction over many catalysts [14,20,21,66,67].

Our results obtained over the calcined Mg4Al2 catalyst show
that activity of the catalyst is negligible when the catalyst reduc-
tion does not occur in the reaction temperature range. Similarly, a
very low N2O conversion in the temperature range 350–450 ◦C
was observed over the calcined Mg-Cr hydrotalcite-like com-
pound [33] and a negligible amount of reducible components
in this temperature range was observed by Rives et al. [68]. We
can state that the first assumption for obtaining an active N2O
decomposition catalyst is the presence of components reducible
in the reaction temperature range. In the series of the Ni-(Mg)-Al
catalysts, the catalytic activity increases with increasing amount
o
t
s
p
t
i
i
i

system the Mg4Mn2 catalyst is the most active and it corre-
sponds to an optimal amount of the reducible components) then
the ability of the catalysts to catalyze the N2O decomposition
decreases (Fig. 10). This could be due to an inappropriate geo-
metric arrangement of the active sites on the catalyst surface or
a too strong oxygen bond to the surface and consequently a slow
O2 desorption.

Although a correlation between the catalysts reducibility and
the catalysts basicity was found (Fig. 6), no direct connection
of the amount of strong basic sites and the catalytic activity was
observed. It is thus considered that the catalyst basicity is prob-
ably not a key parameter for the catalytic activity. Alini et al.
[33] came to similar results in the study of calcined Rh-Mg-Al
hydrotalcite-like compounds and their effect on the N2O decom-
position. They observed that the changes in the Mg/Al ratio (i.e.
basicity of the oxide matrix) did not cause any significant differ-
ences in the activity of the calcined hydrotalcite-based catalysts
in the case when the amount of rhodium was the same. On the
contrary, Tabata et al. [27] reported the catalytic activity of the
murdochite type catalysts (Mg6−xLix)MnO8 during the decom-
position of N2O being increased with the increasing amount
of Li (Li increases the number of oxygen vacancies acting as
active sites). A better catalytic performance in the presence of a
residual Na remaining as trace amounts after washing step was
already published. A small but critical amount of activator metal
is supposed to promote the decomposition of N O. The optimum
c
o
(
a
d
s

d
w
m
o
g
o
i
i
h
b
d
w
p
e
w
s
t
f
s
s
t
t
a
r

f reducible components, i.e. with increasing amount of Ni in
he catalyst (Fig. 10). Similar results were observed for various
olid solutions containing different transition metal ions dis-
ersed in an inert matrix. As the metal concentration is increased,
he electron transfer within the bulk and the surface becomes
ncreasingly efficient and hence, the adsorption process (R1)
s facilitated [32]. When the amount of reducible components
s higher than an optimum value (in case of the Ni-(Mg)-Mn
2
ontent of Na (∼1 wt.%) was published [37]. The highest amount
f sodium in our catalysts was found in the Mg4Mn2 sample
Table 1). Sodium in this catalyst can contribute to the high cat-
lytic activity and to the high basicity as well (the amount of CO2
esorbed from this catalyst in the range 350–450 ◦C related to
urface area is the highest).

The amount of reducible components in the catalysts is evi-
ently related to the oxidation state of the transition metal. It
as found earlier that the transition metal oxidation state deter-
ines the electron donation properties and the activity in nitrous

xide decomposition [10]. It has been argued that from four man-
anese oxides, MnO, Mn3O4, Mn2O3 and MnO2, the Mn2O3
xide is the phase associated with the highest catalytic activ-
ty [48]. The studies of N2O decomposition over Mn3+/Mn4+

ons in very diluted ion concentrations dispersed in MgO matrix
ave revealed [2] that Mn3+ ions are more active than Mn4+ ions
ecause the oxygen is held less strongly on the former ones. The
4 configuration of Mn3+ is known to provoke a formation of two
eaker bonds to the ligands in octahedrally coordinated com-
lexes. Though the situation on the surface will differ from that
ncountered for a free coordination complex and the d4 complex
ill therefore loose its optimum symmetry, these two bonds will

till be weaker than those in the plane. It may be recalled that
he d4 configuration, together with d9 configuration, shows a
avorable contribution for a dissociation mechanism from the
tandpoint of the Crystal field stabilization energy [69]. It was
upposed [70] that Mn3+ and Mn4+ cations in lanthanum stron-
ium manganite do not act as individual active ions (the reason is
heir high concentration). They are likely a part of large clusters
cting as electron donors or electron acceptors. The Mn3+/Mn4+

edox couple (in the 1:1 ratio) possesses a capacity to facilitate
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easy change transfers, and thus exhibits the maximum catalytic
activity.

These findings correspond well with our experimental results:
from all Mn containing catalysts only the Mg4Mn2 system
showed a high activity for N2O decomposition caused by the
presence of manganese in lower oxidation state than Mn4+

as suggested by iodometry redox analysis (see Table 3). The
Mn3+/Mn4+ redox couple possibly acts as an active site in this
catalyst. On the contrary, Ni2Mg2Mn2 and Ni4Mn2 catalysts
contained almost all manganese in the Mn4+ oxidation state as
was determined from redox analysis and therefore their activity
for N2O decomposition was lower.

It remains to discuss why nickel in Ni-(Mg)-Mn catalysts
does not act as an active site, whereas in the Ni-(Mg)-Al cata-
lysts does. Cimino et al. [71] found that Ni3+ ions are less active
in decomposition of N2O than Ni2+ cations. The reason for such
a behavior is a stronger bonding of oxygen in the surface Ni3+–O
than Ni2+–O complexes, which brings along a slower desorption
of the adsorbed oxygen. For that reason, the oxidation state of
nickel in both types of catalysts was compared. A careful inves-
tigation of the XPS spectra of the calcined Ni-Al hydrotalcite
and the NiO and NiAl2O4 reference compounds was reported
previously [72] revealing an oxidation state Ni2+ on the Ni4Al2
surface indicated by characteristic satellite lines in the spec-
trum. By contrast, in the Ni2Mg2Mn2 catalyst (exhibiting low
catalytic activity), Ni3+ oxidation state of nickel was found as
p
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