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Tlie kinetics of the reduction of nitrogen oxide by carbon monoxide on Cuoj AI 2 0 3 catalyst 
(8·,36 mass % CuO) were determined at temperatures between 413 and 473 K. The reaction was 
found to be first order in NO and zero order in CO. The observed kinetics are consistent with 
a rate equation derived from a mechanism proposed on the basis of IR spectroscopic measure
nwnts. 

The <.:atalytic reduction of nitrogen oxide by carbon monoxide to elemental nitrogen is one of 
the methods for removing nitrogen oxides from pollution emissions. The numerous studies on 
the kinetics of the process have been reviewed by Shelef l 

,2 . The reaction was studied primarily 
on catalysts containing noble metals3

, but catalysts based on tran;ition metal oxides have also 
received attention4

-
6

. Among the most active of the latter group are copper-based catalysts s~~p
ported on various carriers. 

Rate equations describing the reaction kinetics differ considerably depending on both the type 
or'c'atalyst and the method used to determine the kinetics. These differences are also reflected in 
a va riety of mechanisms which have been proposed for the reaction. Divergent views centre 
around the mode of NO adsorption, and the formation of N20 and its role in the reduction . It is 
generally assumed that the reduction proceeds by an oxidation-reduction mechanism with respect 
to the catalyst. 

","part from kinetic measurements, other methods have been used to support the proposed reac
tion mechanisms. These include simultaneous studies of the formation and changes in the surface 
<;QI]1plexes. and the rates of the elementary reaction steps. Ayen and Peters 7 correlated kinetic 
d;it;i for the reaction on a CuOj AI 20 3 catalyst by an equation based on the Langmuir-Hinshel
wood concepts, assuming the surface reaction of NO with CO adsorbed on active centres of the 
same type to be the rate-determining step. This equation does not, however, account for the for
mation of N20 and its role in the reduction, The mechanism proposed by Rewick and Wises 
on the basis of data for the adsorption on CuO and CuOj AI 20 3 catalysts assumes dissociative 
ad sorption of NO and subsequent reaction of the fragments with gaseous NO molecule to yield N2 
or N 2 0. Echigoya and coworkers8 determined the kinetics in a closed apparatus with recircula
tion; in addition, they used oxygen titration to establish the number of reduced catalyst centres on 
which the reaction occurred . The concept underlying their kinetic equation is that the reaction 
between NO and the reduced catalyst produces a complex which reacts with NO from the gas phase 
to form N 20 which, in turn, reacts with the reduced catalyst to yield elemental nitrogen. The 
oxidized centres are reduced by carbon monoxide. 
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London and Be1l 9
.
tO ha vc dcrivcd a kinctic equation fo r the rea cti on on a CuO/ SiO l cataly~ t , 

based on kinetic mea surement s a nd IR spectroscopic ev id ence on the elementary rca ction ste ps. 
The mecha nism a ssumes that a chemiso rbed NO mo lec ule reacts wit h another ccntre to prodlll:e 
an ad sorbcd nitrogen fra gment which undergoes a reac tio n wit h NO fro m the gas phase yielding 
N10 which. in turn . rCact s with a reduced Cu centre to form elemental nitrogen. This in tricate 
reac ti on mecha nism involving nine StCpS leads to a ve ry complic;l tcd kinetic equa tion where onl y 
o ne rate constant ca n be attribu ted a physica l meanin g. 

In prev io us papers t l. t 2 thc adsorption and rea c ti on of NO with CO on CuO/ AI 2 0 J were 
sllIdied by IR spectrosco py. The result s indicate that the reac ti on mcchani~m may be rcprescillcd 
by a sequence of four elementary steps: ad so rption o f NO o n reduced ccn tre~ leads to the fo rllla tio n 
of a surface complex undergo in g subsequently a reac ti on with NO fro m the gas phase to form 
NlO which. in turn, interact s with the reduced cent res to yield elemental nitrogen. 

The aim of this work wa s to determine the kinetics of the reduction ovel a tempera

ture range 413-473 K on the sa me catalyst as used in the spectroscopic measLlre

menls, and to confront the data with kinetic consequ ences o f the mechanism pro

posed on the basis of the spec tJOscopic evidence. 

EXPERIMENTAL 

Catalys t. A CuO/ AI 2 0 3 cata lyst wa s prepa red by ~aturating y·a lumina (Condea SCI with 
a C u(N0 3)2 solution. drying a t 393 K for two hours, and calcina tin g in an oxygen a tmo~phere 
at 748 K for a period of four hours. The CuO co nt ent wa s 8'36ma5s %. and the overa ll ~pcc i fic ~ ur· 

face area S = 148 m 2 g- t (BET). X·ra y diffracti on a nal ysis ~h owed that the only othe r p l~ a ".' be· 
sides y· A1 2 0 3 was CuO. 

Apparatus. The kinetics of the reaction betwccn NO and CO we rc mca ; ured in an integ ral 
continuolls plug·fl ow reactor. usin g cata l y~ t weights o f 0·5 o r 1·0 g. The partic le size ra nged 
betwee n 0'8 a nd 1·2 mill. To ensurc iso the rmal conditi ons through o ut the cataly~t bcd, the catalyst 
wa s diluted by crushed glass of the samc particle ~ i ze in a ratio o f 1 : 10. The tempera ture. mea · 
sured by a jacketed thermocoup le located a t the ccntrc of the ca talyst layer. was fo und to be CC n· 
sta nt a long the length of the layer. the maximllm deviation from an adjusted va lue bein g (} 5 K . 
Experiments with diffe rent ca ta lyst weights and small particle sizes proved that the effects of ex· 
ternal and internal diffusion were negligible. 

The reaction mixture entering the reactor consisted of 4 vol % of the reactants (NO a nd CO ). 

wi th molar ratios. 1I~0/lIg0' equal to 0'5 , 1'0, and 2'0, in argon a s carrier gas. The reaction kine'tics 
were measured ove r a space time interva l W/ F = 0·2 - 0·4 g h mol - t at temperatures within 
the range 413 - 473 K . 

The reaction mixture was analyzed a t the inlet and o utl et of the reactor by usin g a CHR OM 4 
gas chromatograph wit h double column arrangemen t (Laboratorni pi'istroje, Prague). The deter· 
mination of N 2 0 and CO wa s made using a column packed with PORAPAC Q 80/ 120 mesh 
(Carlo Erba). The 5A 80/ 100 mesh molecular sieve used for the determination of Ar, N 2 , NO a nd 
CO was first treated as described by Dietz t3 to prevent NO tai ling. Jclydrogen was uscd a s the 

ca rrier gas. 

Gases. Nitrogen oxide was evol ved by adding a NaN02 solution dropwise to a solut ion of 
H 2S04 and FeS04' Other gases were used direct from pressure cylinders. Argon wa s p~ri!1ed 
in a tower paGked with reduced BTS catalyst (Merck) to eliminate possible trac€;s of oxygen . 
Carbon monoxide was freed from carbonyls by passing through a tower heated a t 473 K. and 
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then through another tower packed with glass wool. Hydrogen for gas chromatography was 
freed from oxygen traces, which interfere with NO determination, by passing through the reduced 
BTS catalyst and a towe r packed with Pdf AI 2 0 3 , and then dried by Mg(CI04 h (Merck). 

RESULTS AND DISCUSSION 

The results of the kinetic measurements were treated in the fOIm of a dependence 
of the conversion of NO defined as 

(1) 

where x~o and XNO are the mole fractions of NO in the mixture at the reactor inlet 
and outlet, respectively, on the space time WIF at constant temperature. The obtained 
reaction isotherms y(NO) vs (WITh were approximated by the empirical function 

fey) = I - Pn(y) exp (A y), (2) 

where Pn is a second-degree polynomial. The reaction rate was calculated from the 
analytical derivative of this empirical function by substituting values of y. 

First, the rate data were fitted to the power law rate expression 

-2'0 

FIG. 1 

Plot of log r NO rs XNO. xgo/x~o = 2·0. 
1473 K, 2453 K. 3433 K, 4413 K 

(3) 

-- 25 

-30 

FIG. 2 

Plot of log rNo vs xNO' xgo/x~o = \·0. 
1 473 K, 2453 K, 3 433 K, 4413 K 
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A linear regression analysis of the whole set of data for various compositions resulted 
in the values a = 0.9737 and f3 = - 0·0253. I t is seen that the value of a is close to I, 

and the value of fJ to zero. Thus, Eq. (3) can be simplified to the form 

( 4) 

indicating that the reduction of NO is fint order in NO and zero order in CO. The 
same dependence is shown by plots of log r NO against log XNO in Figs 1 to 3, which 
give straight lines of slope J. The values of the rate constants of Eqs (3) and (4) for 
the individual experimental temperatures are li sted in Table I. 

Next , the experimental kinetic data were fitted to a rate equation following from 
the mechanism derived from] R spectroscopic measurements. As indicated by these 
measurements, the first step is the adsorption of NO on reduced Cu active cenlres. 
The adsorbed NO then reacts with a gas-phase NO molecule to form N 20 , leaving 
an oxidized centre. A small fraction of NzO molecules, depending on the temperature, 
are released to the gas phase, while the major portion react with the reduced centres 
to produce nitrogen gas. The oxidized centres are reduced by carbon monoxide. 

These results are consistent with the following reaction scheme: 

NO(g) + RC 

NO(ads) + NO(g) 

N 20(s) + RC 

OC + CO (g) -+ 

FIG. 3 

Pi ol of log rNO vs X"O. xgol.\~o = 0·5. 
1473 K , 2453 K, 3433 K , 4413 K 

NO(ads) 

NzO(s) + OC 

N 2 (g) + OC 

RC + CO 2(g) 

-1 5r---r-----,------,~ 
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where RC represen ts the Cli + cation of the partia lly reduced CLIO surface, OC denotes 
the oxidized CuO surface, N 20(s) is the weakly and non-specifically bound form of 
N 20 , and * denotes the centre of N 20 adsorption. 

The rates of the elemen tary reac tion steps may be expressed by the following rela
tions: 

TABLE I 

Ra\e constants o f Eqs (3) and (4) 

Temperature 
K 

Eq. (3) 
ex = 0'9737 
P = 0·025 

Eq. (4) 

ex = 1·0 
p= o 

(fO) 

(II) 

(! 2) 

( 13) 

( 14) 

- _._---- --- - -------_ •. _----

TABLE II 

Constants of Eq. (1 6) 

413 
433 
453 
473 

Temperature 
K 

413 

433 
453 
473 

O'OCO 
0·826 
1·167 
1·711 

0'623 
0·846 
1· 183 
1·773 

Consta nts 

0 '605 
0·790 
\·188 
1·704 

0 '003 
-0,006 
- 0,019 

0·097 
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where the bracket s designate the surface cor.centrations o f the srecies. On the a ~ 

s umptions that N 20 is non-specifically bound , the reactio n yielding gaseous N 20 is 

negligible, and none of the reactions is rate-determining, the overall r a te of NO rc

duction may be expressed a s 

(/5) 

where Ldenotes the total number of ac tive centres , 

L = [RC] + [OC] + [NO] (ads) . 

(16) 

The va lu es of the COI: stant s (/ and b fe r the individual temprratures and composition s, 

obtained by linear r egression analysis, are summarized in Table II. 

The values of the con stant b are very ~ mall , and the product (bxNo) is neg ligible 

compared with xco. Hence, Eq. (16) niay be reduced to 

(17) 

Thus , the rate equation derived from I R spectroscopic measuren~ents gives an ade

quate description of the reaction kinetics even a t elevated tfrr.pratures. Eq. (l5) is 

identical with the relation derived by Echigoya and coworkers 8 from measurements 

of the reaction rates and the determination of the number of surface centres. 

The apparent activation energy evaluated from the temperature dependence of the 

rate constant is equal to 28·8 ± 2 kJ mol - t. Thi s r e lative ly low value compares with 

values fou nd by other authors ; Gasan-Zade I 4
, for example, found E = 25·\ kJ 

0101 - I. In line with these results is al so the lowest E value fOllJ1d by Alkhazov and 

coworkers 1 5 for CuO as one of a series of ox ide catalysts. 
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