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The oxidation of CO by 0, and N 2 0  over an oxidized 10 wt. % Cu-Cr/A1203 
catalyst ( Cu:Cr = I : ]  ) has been studied by temperature-programmed reactivity meas- 
urements (400-550 K )  over a wide range of partial reactant pressures, including 
inhibition by CO,. The CO oxidation rate is zeroth-order in oxygen and has orders 
between 0-1 in CO and N20, depending on the gas-phase composition. Mechanistic 
information from literature combined with the kinetic data resulted in the selection 
of an Eley-Rideal-type of kinetic model without a priori assumptions on rate-de- 
termining processes. The model consists of the oxidation of reduced sites by O2 
and/or N20, followed by a reaction with CO, yielding a surface intermediate that 
releases CO, in a consecutive step. CO, inhibits both by reversible adsorption on 
oxidized and reduces sites, the latter under formation of the surface reaction inter- 
mediate. Apart from the surface oxidation by 02, the reaction rates of all assumed 
elementary processes are of the same order of magnitude and, therefore, determine 
the overall rate. The surface oxidation by oxygen is about four orders of magnitude 
larger, which explains the zeroth-order in oxygen and the observation that oxygen 
first reacts with CO before N,O is able to oxidize CO. The obtained activation 
energies of the elementary processes agree with values in the literature for corre- 
sponding systems. 

Introduction 
In automotive exhaust gas purification, the monolithic three- 

way catalyst, based on Pt and Rh, has found a wide application. 
With still increasing demands, together with decreasing sulfur 
levels in gasoline fuels, base metal catalysts become attractive 
as alternative. Recently, we reported the promising three-way 
behavior of copper-based catalysts (Stegenga et al., 1991). 

The idea of using Cr-Cr as active phase is not new, the high 
activity of Cu-Cr for the CO oxidation was already reported 
in 1933 by Lory (1933). Later, Shelef et al. (1968), Dwyer 
(1972), and McCabe and Mitchell (1988) showed that the ac- 
tivity of Cu-Cr for the CO oxidation and NO reduction is 
comparable with Pt-Rh systems. 

Insight in the kinetics of the reaction steps is essential to 
predict the performance of such catalysts under realistic con- 
ditions and to optimize the design of catalytic converters. The 
best way to develop the kinetic model is achieved by using a 
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sequence of elementary processes, based on available me- 
chanistic information pertaining to the overall process. The 
fitted derived rate expression is expected to have a validity 
extending beyond the range of experimental conditions from 
which it has been selected (Carberry, 1987), especially if the 
estimated rate parameters have a physical significance (Boudart 
et al., 1967). 

The different reaction mechanisms proposed for Pt-Rh and 
base-metal catalysts do not allow us to draw parallel kinetic 
models (Schlatter et al., 1973). In a crude approach, the major 
difference is the metallic character of the Pt-Rh system in 
comparison with the oxidized state of the base-metal systems. 
Therefore, the interaction of the reacting molecules with the 
active phase will hardly be comparable. The kinetic models 
are expected to be quite different and have to be determined 
individually. For instance, the oxidation of CO over Pt is 
assumed to proceed via a reaction between adsorbed oxygen 
and an adsorbed CO species in a Langmuir Hinshelwood type 
of model (Liao et al., 1982), whereas over base-metal catalysts 
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it is still unclear whether CO reacts in a similar way in the 
adsorbed state or from the gas phase in an Eley Rideal type 
of model (Happel et al., 1977). 

In more complex reaction mixtures, like exhaust gases, ox- 
idizing agents, O,, NzO, and NO, compete to react with re- 
ducing agents, CO and hydrocarbons. The total composition 
of the reaction mixture will strongly determine the state of the 
catalyst at the surface. Especially base metals are quite sensitive 
to reducing or oxidizing conditions and may change consid- 
erably in activity (Severino and Laine, 1983; Stegenga et al., 
1991). Therefore, this competition of the reactants has to be 
taken into consideration, since the individual modeling of re- 
actions will not necessarily predict the simultaneous behavior 
properly. 

In view of the above, the steady-state kinetics of the CO 
oxidation by O2 and N,O over a Cu-Cr/Alz03 catalyst has been 
studied between 400 and 550 K by temperature-programmed 
reactivity measurements over a range of gas compositions. 
N,O, a undesired side product of the NO reduction, was used 
here to determine its influence on the exhaust gas composition 
by the reaction with CO. The selected kinetic model is discussed 
with respect to earlier studies on base-metal catalysts and the 
physical significance of the rate parameters. 

Experimental Method 
Catalyst 

The catalyst was prepared by pore volume impregnation of 
y-A1203 [Ketjen 000-1.5E (CK 300), Vp=0.5 mL/g, S,=200 
m2/g, and dp=0.15-0.25 mm] with an aqueous solution of 
copper (11) nitrate and chromium (111) nitrate. After drying for 
2 h at 393 K, the catalyst was calcined in air up to 773 K (5 K/ 
min, 2 h isothermal), resulting in a 10 wt. (70 Cu-Cr/Al,O, 
catalyst with a Cu/Cr ratio 1. 

Apparatus 
The CO oxidation experiments were performed in an ap- 

paratus consisting of a gas-mixing section, a quartz reactor, 
and a dual-column gas chromatograph to separate mixtures 
of CO, O,, N,O, N2, NO and CO,, as described in detail 
elsewhere (Stegenga, 1991). The reactor (ID = 5.0 mm) was 
surrounded by an aluminum cylinder, which contained the 
thermocouple to control the oven temperature. 

The CO oxidation is a very exothermal reaction. To improve 
the heat transfer from the particles to the surroundings, the 
catalyst bed was diluted with S i c  (volume ratio cata- 
1yst:SiC = 1: 1.1, dp = 0.2-0.5 mm). Additionally, a heat con- 
ductive graphite paste was used to improve the thermal contact 
between the reactor and the aluminum cylinder. Even under 
the most extreme reaction conditions applied, these measures 
resulted in a maximum temperature difference between the 
catalyst bed and the cylinder of Iess than 1 K. During the 
kinetic measurements, the thermocouple in the catalyst bed 
was removed to avoid any disturbance of the flow pattern and 
to exclude any possible catalytic activity. 

Experimental conditions 
In all experiments, the total gas flow amounted to 98 

pmol/s. By using 100 mg of catalyst, the volume hourly space 

velocity was 62.000 h-'. The applied absolute pressure was 
maintained at 1.5 bar by a back-pressure controller. 

Three types of experiments have been performed: CO oxi- 
dation with 02, N,O, and a mixture of 0, and N20.  The 
inhibition by C02  was investigated by adding the reaction prod- 
uct. The gas compositions are summarized in Table 1. 

For each type of experiment, a fresh catalyst sample was 
used. Prior to the measurements with 0, as oxidizing agent 
(Table la), the catalyst was reduced and oxidized in temper- 
ature cycles up to 575 K in 1.5% CO-0.5% 0, and 1% 
CO-1% O,, respectively. Prior to the measurements with N,O 
as oxidizing agent (Table Ib), the catalyst was pretreated with 
0.31% CO and 0.33% NO up to 625 K to bring the catalyst 
in a state comparable to such as present during the kinetic NO 
reduction experiments (Stegenga, 1991). Before the combined 
reactivity measurements (Table lc), the catalyst was pretreated 
in an oxidizing environment with 1'70 CO and 0.8% 0, up to 
600 K. 

Various partial pressures of the gases were obtained by ad- 
justing the molar gas flow rates, maintaining a constant total 
flow rate. The consequence is that the space time W/F, of a 
reacting species is varied inversely proportional to its partial 
pressure. 

In the experiments, the temperature was increased linearly 
(0.5 or 1 K/min) until a conversion around 90% of the limiting 
component was attained, after which the temperature was de- 
creased by using the same temperature gradient. This procedure 
avoided exposure of the catalyst to a gas-mixture without ox- 
idizing or reducing agent and resulted in reproducible activity 
measurements. During the temperature ramp, the product 
stream was analyzed every 6 minutes. 

The CO conversion was calculated by Eq. 1, where only 
ratios of CO and CO, are used: 

This diminishes the error whenever the absolute sensitivity of 

Table 1. Composition of the Reactor Feed Mixtures 

la: Mixtures of CO. 0, and CO, 
CO(%) 

o,(%) 1 0, 5% 0, 5, 10% 0, 5% 
2 0, 2% 0, 2% 0, 2% 
3 0, 2, 5 %  0, 2, 5% 0, 2, 5 %  

lb: Mixtures of CO, N,O and C02 
CO(V0) 

0.3 0.5 1 

NZO(%) 0.1 0, 2% 0% 0, 2% 
0.3 0, 2% 0 To 0% 
0.43 0, 2, 5 %  0% 0 To 

Ic: Mixtures of CO. 0,. N,O and CO, 
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the TCD detector slightly changes during the experiment. The 
derivation of the equation is given in the Appendix A. If no 
CO, is added to the feed, the formula reduces to the more 
common equation: 

The N,O conversion was calculated by: 

Since the rate expressions do not yield the conversions in an 
explicit form, they were calculated by the integration of the 
coupled differential equations for Xc0 and zNz0, derived from 
the continuity equation (Eq. 6) of a plug flow reactor. 

The numerical integration was done by the efficient Bulirsch- 
Stoer method (Press et al., 1989). 

Results 

dzA T ( ~ A )  
d W -  F A ,  

( A  =CO, N20) 

Temperature gradients and diffusion limitations 
To obtain intrinsic reaction rate data, which can be inter- 

preted in a simple way, the following requirements have to be 
fulfilled: 

The precautions, taken to avoid a temperature rise of the 
catalyst bed, were sufficient to assure isothermal behavior. 
Hence, the less severe criteria for the absence of intraparticle 
heat-transfer limitations are automatically satisfied (Carberry, 
1987). 

By using the Wheeler-Weisz criterion (Carberry, 1987) and 
varying the particle size of the catalyst, it was confirmed that 
intraparticle diffusion limitations were absent. 

The reactor to particle diameter ratio of 20-30 was suf- 
ficient to assume a flat velocity profile across the reactor di- 
ameter (Chu and Ng, 1989). 

The catalyst bed length to particle diameter ratio of 50- 
80 allows us to neglect the axial dispersion in the catalyst bed. 
The latter two conditions imply that the reactor system can be 
considered as an ideal plug flow reactor (Gierman, 1988). 

co+o, 
In Figure lA, the CO conversion at 1% 0, is given as a 

function of the temperature for three different CO concen- 
trations. Apparently, the CO conversion decreases with in- 
creasing concentration. Because the flow of CO was increased 
to achieve proportionally higher concentrations, the overall 

1 .o 

X C O  

0.5 

0.0 

Data processing 
After the calculation of the CO and N 2 0  conversions in the 

experiments, these data sets were fitted on the rate equations 
by nonlinear regression. The objective function that was min- 
imized was the sum of squares of the residual CO and N,O 
conversion, that is, the difference between the observed and 
calculated value: 

This minimization was achieved by optimizing the rate param- 
eters, expressed in an Arrhenius-type temperature dependency, 
according to the Simplex and Levenberg-Marquardt methods. 
To improve the convergence of the minimization routines, a 
reparametrization of the rate constants was applied according 
to Eq. 5 (Froment and Hosten, 1981): 

k,K=exp A - B  [ (; 6.31 
where 
fork: A = In (k$J,)-E,,/(R.T,,,) 

for K: A = In K,-Aff/(R.T,,,) 

The values of the In(kJV,), E,, In(K,) and A H  of the ele- 
mentary processes were calculated from the estimated param- 
eters A and B. 

B = E,/R 

B = AH/R 

1 .o 

x c o  

0.5 

0.0 
1 .o 

x c o  

0.5 

0.0 
400 450 500 550 

T/K 
Figure 1. CO conversion as a function of the tempera- 

ture. 
A. As a function of the CO concentration (I % 0, ). 
B. As a function of the 0, concentration (3% CO). 
C. As a function of the C 0 2  concentration (2% CO 

and I %  02). 

AIChE Journal March 1992 Vol. 38, No. 3 387 



1 .o co 

x c o  

0.5 

0.0 

I 0 0.3% I 

X C O  

0.5 

0.0 

1 .o 

x c o  

0.5 

0.0 

. 0 0.1% 

0 0.3% 
A 0.43% 

400 450 5 0 0  550 

T/K 
Figure 2. CO conversion as a function of the tempera- 

ture. 
A. As a function of the CO concentration (0.43% 

B. As a function of the N,O concentration (0.3% 

C. As a function of the CO, concentration (0.3% 

NzO). 

CO). 

CO, 0.43% N20). 

amount of CO converted in these experiments does increase 
with the CO partial pressure, but not linearly. Other oxygen 
pressures gave similar results. 

Figure 1B contains results of the effect of the oxygen pressure 
on the CO conversion at constant CO pressure as a function 
of the temperature. The reaction rate is independent of the 
oxygen pressure over the whole range of conditions studied, 
even at high oxygen conversion levels. 

The addition of CO, clearly inhibits the reaction rate at all 
experimental conditions (Figure 1C). 

1 .o 

0 0.3% 
0 0.5% 

400 450 5 0 0  5 5 0  
Figure 3. N,O conversion as a function of the temper- 

ature and CO concentration (0.1 Yo N20). 

conversion is nearly independent of the CO concentration. On 
the other hand, at high N20 concentrations, the CO conversion 
becomes more or less independent of the N20 concentration 
(Figure 2B). These figures show that the orders in CO and N20 
depend on the CO/N20 ratio: at high CO/N,O ratios the N20 
reaction rate is independent of the CO concentration, while at 
low CO/N20 ratios the CO reaction rate becomes almost in- 
dependent of the N 2 0  concentration. At intermediate CO/N20 
ratios, the reaction rate of CO and N20 increase with N,O and 
CO partial pressures, respectively. 

In these experiments, inhibition by C 0 2  was found (Figure 
2C). Compared to the CO oxidation by O,, the inhibition is 
stronger and exhibits another temperature dependency. 

CO + 02 + N20 
Several CO oxidation experiments have been performed in 

the presence of a mixture of O2 and N20. In Figure 4A, the 
0, and N20 conversion are given for a reaction mixture of 
0.35% 0, and 0.4% N,O at 1% CO as a function of the 
temperature. It is clear that the N20 reduction increases con- 
siderably around 90% O2 conversion levels. Apparently, CO 
reacts preferably with O,, after which the remaining CO reacts 
with N20.  

The individual oxidation rates of N,O and 0, were deter- 
mined by performing experiments with comparable CO + 0, 
and CO + N,O mixtures (Figure 4B). From the comparison 
with Figure 4A, it is clear that the CO oxidation by 0, is not 
influenced by the presence of N,O, while the N20 reduction 
is strongly inhibited by 0,. 

The product inhibition was quantified by adding 5010 CO, 
to the feed (Figure 4A). The reduction of both 0, and N,O 
were inhibited, as expected from the experiments with the 
binary CO + 0, and CO + N20 mixtures. In this case too, the 
N20 reduction starts appreciably around 90% 0, conversion 
levels. 

CO + N20 Kinetic Model 

In Figure 2A, the CO conversion at constant N,O is plotted 
for various CO concentrations. It is clearly seen that the de- 
crease in CO conversion at increasing CO concentrations is 
larger than the CO oxidation by O2 (Figure IA). 

Figure 3 shows that at low N20 concentration, the N,O 

Apparent reaction Order 

Different kinetic results have been reported in the literature 
for the CO oxidation with 0, over copper-based catalysts. In 
agreement with the results of this study, in general a zeroth 
reaction order in oxygen and a positive order, less than one, 
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Figure 4. O2 and N20 conversion as a function of the 

temperature. 
A .  1% CO, 0.35% O,, 0.4% N,O, closed symbols 

B. u : 0, conversion in 1% C0-0.35% O,, A: 
with 5% CO,. 

N,O conversion in 0.3% CO-0.4% N20. 

in CO was found. The apparent activation energies range from 
50-126 kJ/mol (see Table 2). Only Cu-zeolites showed de- 
viating results: the reaction rates over these catalysts were first- 
order in oxygen and zeroth-order in CO (Miro et al., 1987). 
After treatment under extreme conditions (see footnote, Table 
2), these catalysts exhibited the more commonly found reaction 
orders. The effect of C 0 2  on the kinetics has hardly or not 
been studied. Some investigations reported no effect, others a 
slight inhibition by CO,. 

For the oxidation of CO by N,O over oxidized Cu catalysts, 
no comparable publication was found. Over Cr,O,, the re- 
action rate of N 2 0  was zeroth-order in CO, 0.8 in N20, and 
-0.2 in C02  at 545 K (Krupay and Ross, 1978), which is in 

the same order of magnitude as found in this investigation at 
high CO/N20 ratios. 

Reaction mechanism and active phase 
The CO oxidation over copper-based catalysts is considered 

to proceed according to an oxidation-reduction mechanism of 
the active phase (Shelef et al., 1968; Hertl and Farrauto, 1973; 
Miro et al., 1984, 1987; Halasz et al., 1990). 

The activity of the Cu-Cr/A120, catalyst for the CO oxi- 
dation by 0, is attributed to Cu, the activity of Cr is much 
lower (Yu Yao, 1975; Severino and Laine, 1983; Laine et al., 
1990), as confirmed by measurements at our laboratory (Ste- 
genga et al., 1991; Stegenga, 1991). Chromium is thought to 
stabilize the Cu phase against sintering (Yu Yao, 1975; Laine 
et al., 1990; Madhusadhan and Shankar, 1988) and to limit 
the extent of reduction by formation of a CuCr20, phase (Ton- 
ner et al., 1984; Severino et al., 1986). 

Possible redox couples under working conditions are 
Cu' - Cu2+, Cuo - Cu2+, and Cuo - Cu+ . After oxidation by 
0, copper is mainly present as Cu2+ (Yu Yao, 1975, Severino 
et al., 1986; Miro, 1987; Laine and Severino, 1990). The ox- 
idation state under working conditions is only slightly lowered, 
which makes the redox couple Cu' - Cuz+ for the CO oxi- 
dation by O2 the most probable (Deen et al., 1976; Laine and 
Severino, 1990; Bijsterbosch et al., 1991). 

N 2 0  is often used for the determination of Cuo surface areas. 
At temperatures between 290 and 370 K Cuo at the surface is 
oxidized to CU+,  while at higher temperatures bulk oxidation 
occurs and Cuz+ is formed (Evans et al., 1983; Luys et al., 
1989). 

The CO oxidation by N20 of our catalyst was strongly ac- 
tivated by a reduction with an excess CO at 470 K (0.3% CO 
and 0.1 Vo N20, 100% N20  conversion). After this reduction, 
40% NzO conversion was reached at 330 K, while during the 
kinetic measurements the temperature had to be raised up to 
485 K to reach this level. This high activity sustained during 
heating and cooling under these reducing conditions can be 
ascribed to the Cuo - Cu+ redox couple. Because during our 
kinetic experiments, excessive reduction was avoided, the ca- 
talyst was kept in an oxidized state, and the existence of Cuo 
in a redox couple can be excluded. Therefore, it is assumed 
that also in the case of N 2 0  as an oxidizing agent, the redox 
couple Cu+ - Cu2+ is operative. 

The oxidation by O2 probably occurs via dissociative ad- 

Table 2. Overview of Kinetic Investigations, rco = k [CO]" [OJb [CO,]' 

Catalyst T(K) U b C Eu(kJ/mol) Reference 
CUO 
CUO 
CuCr204 
BaCuO? 
Cu-Cr/Al,O, 
CuO.CuCr,O, 
Cu-Y Zeolite 
CU-Y Zeolite' 
Cu-Mordenite 
Cu-Mordenite 
Cu-Mordenite' 
Cu/AI,O, 

345-410 
425-475 
425-475 
425-445 
475-675 

420 
625-725 
425-625 
475-525 
525-595 
475-595 

423 

0.3-0.8 
0.7 
0.7 
1.2 
0.7 

1 
0 
1 
0 
1 
1 

0.5 

0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 

0.2 

73-106 
92 
97 
63 

84 
63 
56 
92 
126 
50 
70 

- 

Thomas et al. (1969) 
Yu Yao (1975) 
Yu Yao (1975) 
Halasz et al. (1990) 
Schlatter et al. (1973) 
Hertl and Farrauto (1973) 
Pentunchi and Hall (1983) 
Miro et al. (1984) 
Miro et al. (1987) 
Miro et al. (1987) 
Miro et al. (1987) 
Choi and Vannice 

'Zeolite after reduction by CO (1,025 K) and oxidation by O2 (775 K). 
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Table 3. Elementary Processes Considered 

K6 
K, 

I Oxidation of the Catalyst 

CO, + t co,-m 
co2 + 0-¤ + co3-m 

+ 2 m  - 20-¤ 
k2 NzO + - 0-¤ + N, 
k' ! O2 Reduction of the Catalvst by CO from Gas Phase 

+ 0-¤ - co2-m 
k3 I Reversible co CO Adsorption on Reduced Sites 

co-m 
Reversible CO, Adsomtion 

sorption (Gruzalski et al., 1983; Hupkens et al., 1986; Ha- 
braken et al., 1980). Isotopic experiments showed that the rate 
of exchange of Cul60 at 625 K by I8O2 under the formation 
of '601s0 and I6O2 is low (Duprez et al., 1990) and can be 
neglected compared to the reduction rate by CO. Therefore, 
the oxidation of the catalyst is represented as an irreversible 
process, which also holds for the oxidation by N20 (Spitzer 
and Luth, 1984; Habraken et al., 1980). Both O2 and N 2 0  are 
believed to oxidize the same sites (Habraken and Bootsma, 
1979; Spitzer and Luth, 1984). In this article, the oxidized form 
of the site is represented by 0-¤ and the reduced form by W . 

The oxidized catalyst can be reduced by CO either from the 
gas phase [Eley Rideal model (Happel et al., 1977)] or by 
adsorbed CO[Langmuir Hinshelwood model (Habraken et al., 
1980)] under the formation of C02- W . 

The CO oxidation over Pt/A1203 catalysts proceeds by a 
Langmuir Hinshelwood model (Liao et al., 1982). Typically, 
at low CO concentrations the reaction rate increases with the 
CO concentration, while at high concentrations it passes 
through a maximum due to the strong CO adsorption at the 
Pt surface. For a Cu/A1203 catalyst at equal conditions, the 
reaction rate still increases even up to 5% co (Liao et al., 
1982), indicating a weak adsorption of CO (Balkenende, 1990) 
or reaction of CO from the gas phase. By in-situ FTIR, CO 
adsorption has been observed on Cu' sites under reducing 
conditions. In the presence of 02, this CO adsorption was 
absent although CO reacted to C02. This strongly suggests 
that CO does not have to adsorb before reacting (Bijsterbosch 
et al., 1991). The Eley Rideal model has been proposed for 
various base-metal catalysts like CuMn oxide (Happel et al., 
1977), NiO (Conner and Bennett, 1976), MgO (Kobayashi et 
al., 1987), ZnO (Kobayashi et al., 1988), Cr203 (Shelef et al., 
1968), and Cu/A1203 (Eckert et al., 1973), and was chosen as 
the basis for our model. 

C02  can adsorb in several manners at different sites at base- 
metal oxides under formation of carbonates and mono- and 
bidenates (Hertl and Farrauto, 1973; Busca, 1987; Davydov, 
1990), retarding the CO oxidation by blocking active sites. 
Similar structures were found as the reaction product of the 
CO oxidation (Busca, 1987; Bijsterbosch et al., 1991). Ex- 
posure of the catalyst to C 0 2  yields a labile-adsorbed C 0 2  
species, which desorbs under evacuation at 300 K (Busca, 1987), 
and a more strongly held C 0 2  (Jackson, 1989). Isotopic ex- 
change experiments (Jackson, 1989) indicated that the ad- 

sorption of C 0 2  on 0 - W  yields the labile species, indicated 
here as C03-W. The reactions of CO with 0- W or C02  with 

yield the same surface species, denoted as C02-W (Busca, 
1987; Bijsterbosch et al., 1991). C02  is not able to oxidize Cu' 
(Miro et al., 1987; Tonner et al., 1984; Kinnaird et al., 1988), 
which means that the reduction of the catalyst by CO must be 
an irreversible process (Hertl and Farrauto, 1973; Happel et 
al., 1977). 

Based on the experimental evidence presented in the liter- 
ature, the possible elementary processes that should be con- 
sidered in kinetic modeling are summarized in Table 3. Steps 
1 and 2 represent the irreversible oxidation of the reduced sites 
by O2 and N20. Step 3 is the reaction of CO from the gas 
phase with an oxidized site, whereas via steps 4 and 5 CO has 
to adsorb first before reacting with oxygen on an adjacent site. 
Steps 6 and 7 account for the reversible adsorption of C 0 2  on 
reduced and oxidized sites, respectively. With these elementary 
processes, various kinetic models can be proposed and rate 
expressions be derived (Froment and Bischoff, 1990). In view 
of our FTIR results (Bijsterbosch et al., 1991), we selected a 
model without steps 4 and 5 .  In Appendix B, the derivation 
of the reaction rate equations of this model is given. 

Parameter Estimation 
co+o, 

The CO oxidation is zeroth-order in 02, even at very low 
O2 concentrations (Figure lB),  which indicates that the oxi- 
dation process is a very fast reaction. The rate-determining 
process will be the reaction between CO and 0 - W  , followed 
by the decomposition of C02- W . The decomposition of C02- 
W must influence the overall rate; otherwise, a reaction order 

Table 4. Parameter Values Determined for the Elementary 
Processes 

I I Data of Table la 
Number of data points: 276 
Mean SSR: 2.3e-4 
Standard deviation conversion: 1 Se-2 

10.0 86 4.2e-6 
12.6 91 1.5e-5** 

- 14.4 -49 

Data of Table lb f N , *  0.30) and Ic I 
Number of data points: 746 
Mean SSR: 1.3e-4 
Standard deviation conversion: 1.le-2 

I In (KO) AH In (kJV,) E, Value' 
kJ/mol kJ/mol mol/kPa,s .g 

4.84 30t 
8.84 82 
6.21 72 
12.7' 95* 
11.9 90 

0.74 5 
- 14.4 -49 

4.6e-2 
3.7e-6 
3.7e-6 
5.6e-6' 
9.7e-6' ' 

I 
tFixed value, see text. 
$Calculated from k., and K6. in mol/s.g. 
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Figure 5. Residual (observed-calculated) conversion as a function of the temperature and conversion. 

A and B. CO oxidation by 0, (Table la). 
C and D. CO oxidation by 0, and/or N,O (Tables lb-lc). 
A and C. Residuals as a function of the temperature. 
B and D. Residuals as a function of the conversion. 

closer to one in CO is expected. Due to the very fast oxidation 
by 02, the number of reduced sites will be very low. Therefore, 
the adsorption of C02  from the gas phase in the presence of 
O2 will occur mainly on oxidized sites under formation of C03- 
M. The number of oxidized sites hardly depends on the O2 
concentration, which explains that the C 0 2  inhibition appeared 
to be independent of the O2 concentration. 

From this set of experimental data, only the parameter values 
of k,, k-6  and K ,  could be determined. Since the reaction was 
zeroth-order in 02, the rate constant k ,  of the oxidation by 0, 
could not be estimated by these experiments. In Table 4, the 
calculated values of the reaction rate constants of the elemen- 
tary processes are given. The drawn curves in the Figures 1A- 
1C are based on these values. For a better impression how well 
the model fits, plots of the residual CO conversion as a function 
of the temperature and of the CO conversion are given in 
Figures 5A and 5B. The mean SSR value indicates an average 
standard deviation of 0.015 between the calculated and the 
observed CO conversion. 

CO + N20 
The reaction rate of CO with N20 is lower than that with 

O2 (Figure 4B). This must be attributed to the lower rate of 
oxidation of Cu by NzO compared to 0, (Giamello et al., 
1984). From the observed reaction orders in CO and N20, it 
is clear that both the oxidation and reduction of the catalyst 
determine the rate of the overall process. If the CO/N20 ratio 
is varied from low to high, the rate-determining process changes 
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from the reduction to the oxidation process of the catalyst, 
respectively. Compared to the CO oxidation by 02, the COz 
inhibition of the CO oxidation by N20  is stronger and exhibits 
a different temperature dependency. This means that, besides 
adsorption on 0-M, C02  must adsorb also on a reduced site, 
M. 

The parameter values of k,, k3, k-6  and K6 were determined 
by the data of these experiments. 

CO + 0 2  + NZO 
For the determination of the relative reaction rate constants 

for the oxidation of the catalyst by O2 compared to N20, a 
mixture of these gases was used for the oxidation of CO (Table 
lc, Figure 4A). Compared to the experiments with only one 
oxidizing agent under similar conditions, it appears that the 
oxidation of O2 is hardly influenced by the presence of N 2 0 ,  
while the N20 reduction is strongly inhibited by O2 (compare 
Figure 4A with 4B). Apparently, O2 and N20 competitively 
oxidize the same type of site, while the rate constant for the 
oxidation by 0 2 ( k , )  is much higher than for N 2 0  ( k 2 ) .  Only 
above 90% O2 conversion levels, the concentration of O2 be- 
comes sufficiently low at the end of the catalyst bed for N20 
to compete in the oxidation of reduced sites. At higher tem- 
peratures this bed section rapidly increases, which is indicated 
by the steep increase in the N20  conversion (Figure 4A). Due 
to this region of competition between the oxidizing agents, an 
estimation of the parameter value k ,  could be obtained. 

For the parameter estimation, the data of Tables lb  and lc  
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were combined. Due to the different pretreatment procedures, 
the activity of the series l b  amounted to about 30% of that 
of the series lc. Therefore, the relative catalyst activity between 
the series l b  and lc was allowed to vary in the minimization. 
Since the CO, inhibition by adsorption on oxidized sites was 
determined by the CO + O2 experiments, the parameters of K7 
were fixed at these values. The estimated parameter values of 
k,, k2, k,, k - 6  and K6 are given in Table 4. The SSR value was 
not affected strongly by varying E,, between 25-55 kJ/mol 
and was fixed at 30 kJ/mol (Habraken et al., 1980; Balkenende, 
1 990). 

The average standard deviation between the observed and 
calculated conversion levels amounts to 0.01 1. The residual 
plots of the conversion as a function of temperature and con- 
version level are given in Figures 5C-D. The drawn curves in 
the Figures 2-4 indicate the good correspondence between the 
model and the experimental data. 

Discussion 
The proposed model describes the activity of the catalyst 

very well as a function of the temperature and the CO, 02, 
N 2 0  and C02 partial pressures. This is confirmed by the ran- 
dom distribution of the residuals around zero as a function of 
the temperature and conversion (Figure 5 ) ;  this is also the case 
as a function of the partial pressures (not shown). 

To verify whether CO adsorption on reduced sites plays a 
kinetically significant role, step 4 was added to the selected 
kinetic model. After regression, the value of K4 turned out to 
be negligible within the experimental error. Besides, the SSR 
had not decreased by incorporation of this additional process, 
which indicates that the adsorption of CO must be very small. 
This can directly be seen from Figure 3, since even at low N,O 
concentrations (the highest number of reduced sites), no de- 
crease in the N 2 0  reaction rate was found at increasing CO 
concentration. So, the adsorption of CO does not affect the 
reaction rate significantly and was excluded as a relevant el- 
ementary process. 

In Table 4 the estimated values for the parameters of the 
elementary processes are given. At first, the parameters were 
estimated by fitting the data of Tables la-c separately. From 
the comparison of these three parameter sets, it followed that 
most parameters for equal elementary processes were in the 
same range of magnitude, except for two parameters. 

The value of En, for the CO oxidation by 0, of Table l a  
was higher compared with the other En3 values. This was at- 
tributed to the reduction-oxidation pretreatment, which acti- 
vated the catalyst. Both the values of the ln(k,,N,) and EO3 
increased by this treatment. Because of the correlation between 
these two parameters, the values of k3N, at 460 K were fairly 
similar (Table 4). 

Also, the activity of the catalyst at 0.3% CO and 0.4% N,O 
was lowered by the pretreatment with CO-NO. This was at- 
tributed to a decrease in the number of active sites. By com- 
bining the data of the experiments of Tables l b  and lc  as one 
data set, it was determined that the number of active sites 
decreased to 3oVo. This parameter set describes the CO oxi- 
dation by O2 of Table lc  also very well, which confirms that 
the differences in E,, and In (k,,N,) must indeed be attributed 
to the reduction-oxidation pretreatment. 

The rate constant values at 460 K in Table 4 are all of the 
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normalized length of bed 
Figure 6. Calculated O2 and N20 conversions as a func- 

tion of the normalized bed length at three tem- 
peratures (1 O/O CO, 0.35% 02, and 0.4% N20). 

same order of magnitude, except for k ,  which is four orders 
of magnitude larger. This explains the zeroth-order dependency 
in oxygen and the influence of both the CO and N 2 0  partial 
pressure on the reaction rate. From these values it is also evident 
that the elementary processes 2, 3 and - 6  together will de- 
termine the overall rate. So, it is not possible to assume a single 
rate-determining process in this reaction. 

The estimated activation energies for the oxidation steps are 
in agreement with other studies. The activation energy of the 
oxidation by 0, ( E , ] )  was determined to be in the range of 
25-55 kJ/mol, which is in the same range of magnitude as 
found on single crystal Cu surfaces at temperatures above 470 
K, where a considerable oxidation had taken place (Habraken 
et al., 1980; Balkenende, 1990). The activation energy for the 
oxidation of a reduced site by N,O (E,,, 82 kJ/mol) is close 
to the values determined over copper oxide surfaces by Dell 
et al. (84 kJ/mol, 1953), Winter (100 kJ/mol, 1970), and Schia- 
vello et al. (96 kJ/mol, 1974). 

The product inhibition had to be ascribed to adsorption of 
C02 on two different type of sites. The AH7 for the exothermal 
adsorption of CO, on oxidized sites was estimated to be - 49 
kJ/mol, which is in agreement with the low stability of the 
formed C03-D (Busca, 1987; Jackson, 1989). Because In (Ko7) 
equals As*;'/R, the standard entropy change for the CO, ad- 
sorption on oxidized sites can be calculated. For this purpose, 
KO7 must be expressed in atm-I, since the thermodynamic ref- 
erence state is 1 atm. The value of As;= - 82 J/mol.K agrees 
well with the rule and guideline for an adsorption process, 
given by Boudart et al. (1967), indicating the adequacy of the 
kinetic modeling: 

Rule: 0 < - A S <  S'(CO2) 
Guideline: 41.8< -ASI;<51.1- 1 . 4 ( m )  

The estimated value of  AH6 was around zero, so this process 
cannot be considered as an adsorption process. Moreover, the 
high activation energy Eo6 of 95 kJ/mol is highly unusual for 
an adsorption process. Therefore, the formation of C0,- 
must be considered as a reaction of CO, with a reduced site. 
The for the decomposition of the C02-H complex was 
determined to be about 90 kJ/mol for both the CO oxidation 
by 0, as well as N20,  supporting the proposed model. 
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length at three temperatures (1 O/O CO, 0.35% 
02, and 0.4% N20). 
A. 490 K; B: 500 K; G. 510 K. 

Using the parameter values of Table 4, the conversion levels 
along the catalyst bed (Figure 6) and the axial distribution of 
surface species (Figure 7) were calculated. This was done for 
the experiment with both O2 and N20 as oxidizing agents as 
a function of the normalized catalyst bed length at three tem- 
peratures around the start of the N,O reduction. These figures 
give a clear picture of the state of the catalyst during the 
measurements. 

At 490 K 100% O2 conversion is reached near the end of 
the catalyst bed, whereas the N20 conversion only slowly in- 
creases along the catalyst bed (Figure 6). At higher tempera- 
tures the 100% O2 conversion is reached much earlier in the 
catalyst bed, after which a fast increase of the N 2 0  conversion 
is calculated. 

In Figure 7 the surface occupations are given of B, 0- , 
C02-B and C03-B. It is clearly seen that at 490 K Oo-. 
remains rather constant up to almost complete O2 conversion 
levels and 0. stays very low. At higher temperatures Oo.. 
decreases sharply to a lower constant level, whereby 0. in- 
creases. In this part of the catalyst bed the 8./8,_. is deter- 
mined by the CO/N20 ratio. Increasing the temperature leads 
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to a further shift of this front to the beginning of the catalyst 
bed, by which the section where the N20 reduction takes place, 
increases. 

Since the C02  concentration is rather low, the Oco,.D does 
not exceed 5%. The occupation by BC02-D, formed as reaction 
product of CO with 0 - W  and C 0 2  with B, is much higher. 
Below 100% O2 conversion the contribution by the reaction 
of C02  with reduced sites is very low and C02-¤ is formed 
mainly as the reaction product of the CO oxidation. Near 
complete O2 conversion 0. strongly increases, which results in 
an increase in 0c02.m due to the reaction of COz with reduced 
sites (Figures 7B-7C). 

These simulations, based on the selected model, give a nice 
insight into the state of the catalyst under the conditions of 
combined reactions. By consumption of limiting reactants the 
surface coverage changes considerably over the length of the 
bed under isothermal conditions. It should be kept in mind 
that the calculated values of the rate constants apply to an 
oxidized catalyst system since special care was taken to avoid 
excessive reduction. This was successful in view of the con- 
sistent set of parameters that was obtained. Reduced Cu-Cr 
catalysts are more active and probably exhibit other kinetic 
behavior (Pentunchi and Hall, 1983), but former experiments 
showed that the activity of such reduced catalysts slowly re- 
turned to the level of an oxidized sample. Therefore, the kinetic 
behavior of the oxidized system was chosen as the subject of 
this study. 

Conclusions 
The results presented show the applicability of kinetic mod- 

eling based on elementary processes, selected on the basis of 
mechanistic studies, pertaining to the overall process of the 
CO oxidation by O2 and N20 over an oxidized Cu-Cr/A1203 
catalyst. This model predicts excellently the steady-state be- 
havior of the catalyst over a wide range of operating conditions. 
By the temperature-programmed reactivity approach (up and 
down), the reproducibility of the rate vs. temperature is au- 
tomatically checked and hysteresis phenomena could be ex- 
cluded. The large variation in temperature precluded the a 
priori assumption of a single rate-determining process and 
permitted us to change the rate-determining process. The latter 
clearly occurs in mixtures with CO, 02, and N20 as a function 
of the temperature and even as a function of the catalyst bed 
length. The temperature dependency of the estimated rate pa- 
rameters (activation energies) corresponds well with values re- 
ported in the literature, supporting the selected model. In this 
model, reduced sites are oxidized by O2 or, at a lower rate, 
N20. These oxidized sites react with gas-phase CO, under the 
formation of a surface species that decomposes into C 0 2  and 
a reduced site. The inhibition by C 0 2  occurs by reversible 
adsorption on oxidized sites or by reaction with reduced sites. 
It is felt that this model is applicable to other copper-oxide- 
based catalysts, provided that special care is taken to maintain 
the system in an oxidized state. In a subsequent article it will 
be shown that the model forms a good basis to describe the 
reduction of NO by CO. 
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[A1 = 
dp = 
E .  = 

= 
AH; = 
k, = 
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K .  = 
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O.F. = 
r, = 
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so = 

Tavg = 

vp = 

X A  = 
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w =  
?A = 

Notation 
partial pressure of A ,  kPa 
particle diameter, mm 
activation energy of process i, kJ .mol-’ 
molar flow rate of A in feed, mol-’ 
enthalpy change over process i, kJ.mo1-l 
rate constant of process i ,  kPa-’.s-‘ 
preexponential factor of rate constant k,, kPa- I .s- I 

equilibrium constant of process i ,  kPa-’ 
preexponential factor of K,, kPa- I 
total active site density, mol/g 
objective function for minimization 
reaction rate of process i, mo1.g-l-s-l 
gas constant (8.314 J/mol.K), J.mo1-l.K-l 
number of neighbors of an active site 
surface area of catalyst, m2/g 
temperature, K 
average temperature (460 K) over experimental conditions, 
K 
volume hourly space velocity, h-’ 
pore volume of catalyst, mL/g 
catalyst weight, g 
observed conversion of A 
calculated conversion of A 

Greek letter 
Oa = fractional surface coverage by A 

Subscripts 
A = component name 

i = process number 
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Appendix A: Eq. 1 Derived from the Calculation 
of CO Conversion 

In  this derivation a = C 0 2  i,/COi, and b = C02  ouI/COou,. The 
C-mass balance over the catalyst bed is given by: 

co, + co* in = CO,,( 1 + a )  = coo,, 

In combination with CO0,,=COi, (1 -Xco), Eq. A2 is ob- 
tained. 

Division of Eq. A2 by Coin and substitution of a and b results 
in Eq. 1. 

Appendix B: Rate Equations Derived for the Ox- 
idation of CO by O2 and N20 

In the Appendix, the derivation of the rate equations of rco 

and rNlo of the selected model is given. This model consists of 
the following elementary processes: 

Based on the assumption of a homogeneous surface, the 
rate of processes 1, 2, 3 and 6 equations can be expressed by 
Eqs. BI-B4. 

The quasi-steady-state assumption for the surface inter- 
mediates doi/& = 0 gives Eqs. B5-B7: 

The total sum of these fractions must be 1 (Eq. B8): 

After substitution of Eqs. B5-B7 in Eq. B8 Eq. B9 is obtained: 

where 

+ 1 + K&O2 (B11) 

By using the positive root of Eq. B9 0. can be calculated, after 
which 80-a can be calculated by Eq. B5. The reaction rate of 
CO and N20 is determined by Eqs. B13 and B14, respectively. 

The derivation for the rate equations of rco and rNP for the 
CO oxidation by 0, or N,O solely is identical under the omis- 
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sion of N 2 0  or 02, respectively. Under the assumption that 
the reoxidation of the catalyst by O2 is much faster than the 
reduction by CO (zeroth-order in 02, 8. negligible compared 

The reaction rate equation of N20 for the CO oxidation by 
solely N20 is given by: 

to &,), the rate equation reduces to: k2N, "201 
rNzO( + CO) = 

1 + &[C02] + ___ k2"201 (1 +A [CO] +K7[C02] 
k3[Col k-6 

(B 15) (B 16) 
k3NSCOI 

TC0(+O1) = & 

1 +? [CO] +K,[C02] 
k-6  Manuscript received July 2, 1991, and revision received Dec. 19, 1991. 
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