
Catalytic reduction of nitrous oxide with carbon monoxide

over calcined Co–Mn–Al hydrotalcite
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Abstract

The N2O catalytic reduction by carbon monoxide over Co–Mn–Al calcined hydrotalcite was studied. The effect of oxygen and that of CO/N2O

molar ratio on the rate of N2O decomposition was examined. CO strongly enhanced N2O conversion when O2 was absent in the feed gas. In the

presence of oxygen, carbon monoxide acts as a non-selective reductant thereby inhibiting N2O destruction. Continuing excess of CO over N2O

without presence of O2 led to a very slow reduction of the catalyst, which caused noticeable N2O conversion decrease with progressing catalyst

reduction. The simultaneous reduction of N2O by CO and direct N2O decomposition took place when CO was limiting reactant (CO/N2O < 1) but

only at temperatures, at which the direct decomposition is possible without presence of reductant. Simple reduction was observed when reactants

ratio was CO/N2O � 1.
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1. Introduction

The simplest way to remove N2O emissions from chemical

industry is its decomposition to N2 and O2 (Eq. (1)). The

catalytic N2O decomposition over oxide catalysts (Fig. 1) can

be described as an adsorption followed by oxidation of active

sites (Eq. (2)) and subsequent removal of the deposited oxygen

(Eqs. (3) and (4)). It is widely accepted that desorption of

oxygen is the rate limiting step in N2O decomposition [1].

Desorption of oxygen by recombination of two surface oxygen

atoms (Eq. (3)) is negligible over some of tested catalysts and

the main route of the surface oxygen removal is described by

Eq. (4) [2]. Inhibition of reaction rate by oxygen could be

caused by dissociative (backwards reaction (3)) or molecular

adsorption of O2 (Eq. (5)). The surface oxygen could be

removed more easily in the presence of a reducing agent, e.g.

light hydrocarbons [3], NH3 [4], CO [5,6] and H2 [7].

N2O�!k1
N2 þ O2 (1)
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N2Oþ CO�!k6
N2 þ CO2 (6)

N2O reduction by CO (Eq. (6)) can be utilized for lowering

of N2O emissions especially in processes where CO is already

present in the waste gas (e.g. the oxalic acid production).

Several different mechanisms of N2O reduction with CO were

proposed (Fig. 2). The most often published mechanism is

‘‘redox’’, when surface is oxidized by N2O and consequently

reduced by CO with simultaneous formation of CO2. The

‘‘redox’’ reaction could proceed by two ways: adsorbed oxygen

can react with adsorbed CO (Eqs. (2), (7) and (8)) [8] or with

CO from gas phase according to Eley–Rideal mechanism (Eqs.

(2) and (9)) [9,10]. The redox mechanism was published over

SnO2 [8], Cu/Al2O3 [11], Pt/Al2O3 [12–14], Rh(1 1 1) [15], Rh/

Al2O3 [16] and ZnO [17]. The other mechanism is called

‘‘associative’’. The simultaneous oxidation and reduction are

considered and the reaction proceeds via species adsorbed on

the catalyst surface. Reaction can proceed between both

reactants in adsorbed form (Eqs. (7), (10) and (11)) [6] or

between adsorbed CO and N2O from the gas phase (Eqs. (7) and

(12)) [5]. The associative mechanism was described over Rh/

Al2O3 [6], Ag/Al2O3 [6] MgO [18,19], Co3O4 [5,20], NiO [21],

MnO [20], CuCo2O4 [17] and Fe2O3/SiO2 [22].
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Fig. 1. The sequence of elementary steps for catalytic decomposition of N2O, k means rate constant and K means equilibrium constant.
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In some cases both mechanisms take part in the reaction and

their contribution to the overall reaction rate depends on the

experimental conditions such as temperature [31], extent of

catalyst reduction [31] or each mechanism take place at

different active sites [5]. Combination of redox and associative

mechanisms was considered over calcined hydrotalcites [9] and

over Fe-silicalite [8]. Apart from simple reduction, the

simultaneous reduction and direct N2O decomposition can

also proceed [32].

The reaction order with respect to CO (m) corresponding to

rate law r ¼ k pm
CO pl

N2O varied from negative (Rh [15], Rh/

Al2O3 [16,23,24], Pt–Rh/Al2O3 [25], Pt/Al2O3 [14], Pd/oxid

[26]) over zero (MoO3/SiO2 [27], NiO [21], Co3O4 [20]) to

positive (MgO [18], Sc2O3 [18], ZnO [17], V2O5 [28], Fe zeolit

[29], Au/TiO2 [30]). The reaction order with respect to CO was

temperature dependent—it changed from negative to positive

with increasing temperature over Cu/Al2O3 [11], and changed

from zero to positive over MnO [20].

Mixed oxides prepared by calcination of hydrotalcite-like

precursors have been shown as active catalysts for direct N2O

decomposition [33]. The most active catalyst among all mixed

oxides tested by our group was the Co–Mn–Al one [34]. In the

present work, the effect of CO, O2 and CO + O2 mixture on

the activity of this catalyst in N2O decomposition is studied.

The concentrations of CO and O2 were chosen with respect to

the real concentrations in waste gas from the oxalic acid

production (0.1 mol% N2O, 20 mol% O2, 0.15 mol% CO).

2. Experimental

The Co–Mn–Al hydrotalcite-like precursor with Co:Mn:Al

molar ratio of 4:1:1 was prepared by coprecipitation of nitrate

solutions. The catalyst was obtained by precursor calcination at

500 8C. The details of catalyst preparation and characterization

are described elsewhere [34].
Fig. 2. Elementary steps for catalytic reduction of N2O by CO published in the

literature.
The N2O catalytic reaction was performed in a fixed-bed

reactor in the temperature range 300–450 8C with the total flow

rate 330 ml min�1 NTP (273 K, 101.325 Pa), 0.33 g of sample

with particle size 0.160–0.315 mm and inlet concentration

0.1 mol% N2O in the presence of CO (0.05–0.3 mol%)

balanced by helium. The influence of oxygen (20 mol%) in

the reaction mixture was also tested. The catalyst was activated

in He for 1 h at overall flow rate of 50 ml/min and temperature

450 8C before first experimental run.

A gas chromatograph Agilent Technologies 6890N with

TCD detector was used to analyze N2O, CO, CO2, O2 and N2.

The valve system for switching the columns PORAPLOT Q

30 m � 0.53 mm � 40 mm for separating N2O and CO2 and

MOLSIEVE 5A 30 m � 0.53 mm � 25 mm for separating CO,

N2 and O2 was used. The analysis proceeded at 40 8C, the

detector temperature was 200 8C, overall flow was kept at

3.5 ml/min and He was used as a carrier gas. The analysis lasted

7.5 min.

The calculated conversions in measurements, in which

excess of CO without presence of oxygen was used, were

calculated after first stabilizing of concentrations at the reactor

outlet, minimally 1 h after change of conditions, but usually

after much longer period. It was observed that first stabilizing of

concentrations needs longer time with decreasing temperature.

Moreover, in a view of long duration of the experiment (more

than 10 h), subsequent slow decrease in N2O conversion was

observed. The subsequent slow decrease of conversion was

attributed to the slow reduction of the catalyst; therefore

defining the steady state conversion was almost impossible.

3. Results and discussion

Co–Mn–Al spinel was detected in the powder XRD pattern

of the calcined sample. Surface area of catalyst determined by

BET method was 92.7 m2 g�1, main part of the surface was

ascribed to mesopores (92 m2 g�1). The details of catalyst

characterization are described in [34].

Catalytic reduction of N2O with CO in an inert gas and in the

presence of O2 is compared with direct N2O decomposition in

inert gas and in the presence of oxygen in Fig. 3. The direct N2O

decomposition is slightly inhibited by oxygen. CO strongly

enhanced the N2O conversion when O2 was absent in the feed

gas; 100% N2O conversion was achieved already at 350 8C.

However, in the presence of O2, CO acted as a non-selective

reductant in the catalytic reduction of N2O and inhibited N2O

destruction. N2O conversion is lower not only in comparison

with N2O reduction by CO but also even compared to direct

decomposition in the presence of oxygen. Decrease in N2O

conversion in the presence of O2 and CO was also reported by



Fig. 3. Temperature dependence of N2O conversion. Conditions: 0.1 mol%

N2O balanced by He, 330 ml/min, 0.33 g.
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Chang et al. [9] over mixed oxide catalyst derived from

hydrotalcite-like precursors and by Kapteijn et al. [35] over Cu/

Cr oxide catalysts. Authors attributed the decrease in N2O

conversion to the dominant adsorption of oxygen, which

inhibits the adsorption of N2O and CO and the sequential

reactions. However, the N2O and CO conversions were not

affected by the presence of O2 on the Fe-ZSM-5, which

confirms the selectivity of the reducing agent for N2O [36].

The influence of CO/N2O molar ratio in the reaction mixture

on the N2O conversion is demonstrated in Fig. 4. The N2O

conversion increased with increasing CO/N2O molar ratio in

the feed gas, reaching the maximum at stoichiometric

consumption of CO (Eq. (6)). Subsequent course of N2O

conversion with increasing CO/N2O molar ratio is temperature
Fig. 4. Dependence of N2O conversion on the CO/N2O molar ratio. Conditions:

0.1 mol% N2O + CO balanced by He, 330 ml/min, 0.33 g.
dependent. At higher temperatures (360–450 8C), constant

100% conversion of N2O was achieved, at lower temperatures

(300–330 8C), N2O conversion was also constant, but lower

than 100% and decreased with decreasing temperature. The rate

of N2O decomposition usually decreased with increasing

amount of CO in the feed gas over catalysts based on Rh, Pt and

Pd [26]. An inhibition of the N2O decomposition by CO was

explained by the strong adsorption of CO on the precious

metals, which results in a considerable occupation of the

available surface sites and suppression of N2O adsorption and

decomposition. Kapteijn et al. [37] described the different

effect of CO amount on N2O conversion over zeolites. While

the N2O conversion over Fe-ZSM-5 increased with increasing

amount of CO at the reactor inlet, the N2O conversion over Co-

ZSM-5 increased only up to CO/N2O molar ratio of 0.5, when

the constant N2O conversion was achieved. The enhancement

by CO over Cu-ZSM-5 passed through a maximum as a

function of CO pressure due to the strong adsorption at the

reduced sites.

Apart from N2 and CO2, O2 was also found in the reaction

products in our measurements at temperatures 360–450 8C
when N2O was in the excess. The simultaneous reduction

(Eq. (6)) and direct decomposition (Eq. (1)) took place when

CO was limiting reactant (CO/N2O < 1), but only at

temperatures, at which the direct decomposition is possible

without presence of reductant. Simple reduction was observed

when reactants were dosed in the stoichiometric ratio or when

the reductant was present in the excess (CO/N2O � 1). No

direct decomposition (Eq. (1)), occurring simultaneously with

the interaction of CO with N2O (Eq. (6)) during admission of

stoichiometric pulses of N2O and CO, was observed also over

Co3O4 [5]. Over Fe-ZSM-5 the product distribution clearly

showed the 1:1 stoichiometry for the reduction of N2O and CO

(Eq. (6)) at 673 K in the whole range of inlet molar ratio CO/

N2O from 0 to 2. However, some oxygen was still observed over

Cu-ZSM-5 at low CO concentrations (CO/N2O < 1); both

reactions (Eqs. (1) and (6)) occurred simultaneously [37].

The temperature dependence of N2O conversion for

different CO/N2O inlet molar ratios is shown in Fig. 5. The

highest enhancement of N2O conversion was achieved at low

temperatures when CO was the limiting reactant (CO/

N2O � 1). The N2O conversion profiles shifted gradually with

increasing temperature to that of direct N2O decomposition

(CO/N2O = 0). The same tendency of N2O conversion profiles

was observed over Fe-ZSM-5 [32]. The 100% CO conversion

was always achieved when the CO was limiting reactant and

simultaneous direct decomposition (O2 was detected at the

reactor outlet) and reduction of N2O proceeded (360–450 8C)

(not shown). Therefore it is supposed that the reduction is faster

than the direct decomposition (r6 > r1). The reaction of N2O

and CO (Eq. (6)) presumably takes place at the beginning of the

catalyst bed, contacting first with the gas mixture, while direct

N2O decomposition with subsequent O2 production occurs after

CO is consumed [32].

In order to understand the mechanism of N2O + CO reaction

over Co–Mn–Al mixed oxide catalyst, an interaction of CO

with the catalyst and O2 (without N2O) was also tested. While



Fig. 5. Temperature dependence of N2O conversion. Conditions: 0.1 mol%

N2O + CO balanced by He, 330 ml/min, 0.33 g, numbers in the legend mean

CO/N2O molar ratios in the feed gas.
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the majority of CO reduced catalyst surface generating CO2, a

part of CO was accumulated on the catalyst surface, when only

CO and He were present in the feed gas. When excess of O2 was

added to the CO inlet, CO reacts very easily with oxygen and

100% conversion of CO was reached in the examined

temperature range of 300–450 8C. The homogenous reaction

of CO + O2 was found out to be negligible at given conditions.

The detailed study of interaction of CO with the catalyst will be

presented in the next paper [38].

The mechanism of N2O + CO reaction can be described by

Eqs. (2), (9), (7), (12), (4), (8) and (13) in Fig. 6. The rate of

surface oxygen scavenging by N2O (Eq. (4)) is slower than by

CO (Eq. (9)) because no oxygen was observed at the outlet

when N2O was limiting reactant or N2O and CO was dosed

stoichiometrically. In this case, the main route for surface

oxygen decrement is expressed by reaction (9) which can

proceed in two steps (7) and (8) [6,9]. Both of reactions (4) and

(9) can contribute to the oxygen consumption when N2O is in

the excess. The reaction (12) can contribute to the overall

process only if the adsorption of CO (Eq. (7)) occurs at given

conditions. When N2O is limiting reactant, reaction (13) also

takes place—continuing excess of CO over N2O led to a very

slow reduction of the catalyst. Overall consumption of N2O is
Fig. 6. Proposed sequence of elementary steps for catalytic reduction of N2O by

CO.
given by reactions (2), (12) and (4). Contributions of individual

reactions to the overall rate of N2O destruction depend on the

used experimental conditions.

The addition of oxygen to the N2O + CO mixture caused a

decrease in N2O conversion (Fig. 3). Similarly as mentioned

above, reactions (2) (4) and (12) are considered as routes of

N2O consumption. We suppose that in the presence of high

amount of oxygen, the catalyst surface is primarily covered by

adsorbed oxygen and/or CO. Catalytic reaction between CO

and oxygen resulting in CO2 formation is much faster than the

rates of reactions (12) and (4), as was proposed in the literature

[14,16] and also confirmed by our experiments. Thus, decrease

of N2O consumption rate in the presence of CO and O2 could be

caused by lowering of amount of surface reactive species (O*

and CO*) and active sites (*) necessary for reactions (12), (4)

and (2) by reactions (3), (7) and (9).

Apart from reactions given above, an accumulation of CO on

the catalyst during reaction also took place as it was confirmed by

analysis of fresh and used catalyst. The IR spectra showed a clear

evidence of increased amount of carbonate species, probably in

monodentate coordination. The increase in carbon content was

also confirmed by analysis of total carbon however, the role of

carbonate species in proposed mechanisms is still unclear.

It is obvious that N2O + CO reaction over mixed metal oxide

catalyst is very complex and exact elucidation of reaction

mechanism is very difficult. More insights into this mechanism

could be acquired by experiments with isotopically labeled

molecules, in situ FTIR measurements or providing transient

pulse experiments.

4. Conclusions

CO strongly enhanced N2O conversion when O2 was absent

in the feed gas—100% N2O conversion was achieved at 350 8C.

In the presence of oxygen, carbon monoxide acts as a non-

selective reductant in the catalytic reduction of N2O over

studied catalyst thereby inhibiting N2O destruction. Continuing

excess of CO over N2O led to a very slow reduction of the

catalyst, which caused noticeable N2O conversion decrease

with progressing catalyst reduction. If the time delay is long

enough, the destruction of the catalyst structure can occur.

From the practical point of view such a situation cannot occur

because outgases usually contain excess of oxygen. On the

other hand, the presence of oxygen causes a decrease in catalyst

activity for N2O abatement in comparison with reduction

of N2O with CO without O2 and also with direct N2O

decomposition. In spite of the negative effect of O2 in the

presence of CO, the Co–Mn–Al mixed oxide catalyst prepared

by calcination of hydrotalcite-like precursor represents the

active catalyst suitable for application in N2O abatement,

however further tests in the presence of other typical effluents

such as H2O or NOx are necessary.
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