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Kinetics and Mechanism of the CO shift on Cu/ZnO 
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The CO shift reaction over a Cu/ZnO catalyst, CO + HZ0 it CO, + HZ, has been studied to 
obtain kinetic evidence for the supposition that it proceeds via a formate-type intermediate on the 
catalyst surface. The results can be described with Langmuir-type kinetic equations and indicate 
that both the forward and reverse CO shift are characterized by a relatively stable intermediate 
formed from one molecule of each of the reactants, CO H,O and CO2 Hz, respectively. The 
decomposition of this complex is rate determining; in both cases the copper surface coverage by 
the complex is relatively high and varies little in the temperature range of commercial application of 
the shift reaction. 

NOMENCLATURE 

Symbols 

5 conversion 
W catalyst weight 

F co mole flow of CO 
x composition parameter 

Xj mole fraction of component j 
pj partial pressure in bar of component j 
p total pressure 
k rate constant 

Kj adsorption equilibrium 
component j 

INTRODUCTION 

The CO shift conversion, 

CO + Hz0 e CO, + H, 

constant for 

(AH”, = -41.1 kJ/mole), 

is among the oldest catalytic reactions ap- 
plied industrially to produce hydrogen or 
ammonia synthesis gas. Most papers on 
this reaction published to date deal with 
catalysis by oxides, particularly with iron 
oxide-based catalysts (Z). Much less infor- 

’ Present address: Shell Coal International Ltd., 
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2 To whom correspondence should be addressed. 

E activation energy 
E, apparent energy of activation 

r initial rate of reaction 
m exponent in rate equation 

Indices 

f forward 
r reverse 
o observed 
c calculated 

mation is available in the literature on the 
low-temperature Cu/ZnO shift catalyst, 
which is widely used commercially since 
about 1960. We have studied the CO shift 
over this catalyst to obtain information on 
the kinetics and mechanism. The results 
may not only be relevant for the water-gas 
shift conversion but also for methanation 
for the production of SNG, where the shift 
conversion takes place as a side reaction 
(2). Results are reported below of a kinetic 
study over Cu/ZnO catalyst of the forward 
as well as the reverse shift conversion. 
Some observations regarding the mecha- 
nism are made in a second paper (3). 
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The CO shift conversion is often looked 
upon as an oxygen transfer reaction in 
which CO is oxidized by water, the catalyst 
acting as an oxygen transfer agent. Such 
reactions can be split into two consecutive 
half-reactions in which catalyst sites, s, are 
oxidized and reduced: 

Hz0 + s e SO + H2 

and 

co + so e co, + s. 

This type of redox system is characterized 
by two features. Firstly, both reactions 
must be possible thermodynamically; al- 
though an exact calculation of equilibrium 
constants and heats of reaction is impos- 
sible because of the difference between 
surface thermodynamic properties and bulk 
properties, the order of magnitude should 
be correct when the calculations are based 
on bulk properties. Secondly, the two reac- 
tions must proceed independently to a cer- 
tain extent if a redox mechanism applies. It 
is well-established that the active form of 
the iron/chromium oxide catalyst has the 
composition of magnetite, Fe,O, (4). As- 
suming Fe304 to be the active ingredient of 
the catalyst, the CO shift reaction will 
proceed via the half-reactions: 

CO + Fe,O, e CO, + 3 “FeO” 

and 

H,O + 3 “FeO” e H, + Fe,O,. 

In these equations, “FeO” denotes some 
reduced form of iron oxide. Boreskov et al. 
(5) have shown that such half-reactions can 
indeed proceed independently at about 
equal rates, which correspond to the rate 
observed for a mixed CO and water feed. 

A similar explanation is improbable in the 
case of Cu-containing catalysts. Half-reac- 
tions can be formulated for the oxidation of 
Cu to Cu,O or CuO by water and for the 
reduction of these oxides by CO. The latter 
step is known to proceed smoothly at 200°C 

(6, 7), but neither oxide is formed from 
water and Cu up to 800°C in the absence of 
oxygen (8). Moreover, thermodynamic cal- 
culations show that formation of Cu,O from 
water and copper is very improbable, the 
free energy of reaction being about +80 
kJ/mole cuprous oxide. Of course, this 
does not entirely preclude the formation of 
a superficial oxide layer and chemisorption 
of water may still occur. 

Armstrong and Hilditch (9), who were 
the first to postulate the redox mechanism 
for iron oxide catalysts, come to the same 
conclusion. These authors suppose that on 
Cu/ZnO catalysts formic acid is the inter- 
mediate, arguing that the CO shift over 
copper sets in at about the same tempera- 
ture as the decomposition of HCOOH. On 
oxide catalysts formate ions have been de- 
tected by infrared spectroscopy during the 
forward as well as the reverse shift reac- 
tions (10). A study of formic acid decompo- 
sition on copper showed high coverages 
with surface formate, acid decomposition 
of which is rate determining (II). If the 
formic acid intermediate hypothesis applies 
to the CO shift over Cu catalysts, one 
would expect a rather stable intermediate 
formed from 1 mole of CO and 1 mole of 
water. 

The aim of the study reported here was to 
find kinetic evidence for such a formate 
mechanism of the CO shift. Therefore, the 
forward and reverse shift reactions were 
studied as well as the decomposition of 
formic acid, using a commercial Cu/ZnO 
catalyst. 

Data published in the literature do not 
provide the information required to identify 
the rate-determining step of the CO shift 
over Cu/ZnO. Kinetic models proposed for 
this reaction are shown in Table 1. Camp- 
bell (12, 13) published a kinetic model 
which “was derived after careful consider- 
ation of plant data and semi-technical 
results,” but the data on which the dimen- 
sionless rate equation is based are not re- 
ported. The author concludes that with his 
catalyst the CO shift is strongly pore diffu- 
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TABLE 1 

Published Kinetic Models for the Water-Gas Reaction on LTS Catalysts 

Campbell (13) 

Moe (14) 

Shchibrya (IS) 

Kul’kova-Temkin (17) 

Goodridge-Quazi (18) 

k.pco.p,o 
r = (1 + K,Pco + &P&O + &Pm + GPH*Y(’ - p) 

r= k~pco~pH,o(l - P) 

r= k.pHZ,,. PC0 

A. PH~O + pcoz 
.(l - PI 

r= k.p,,. 

r = k. pcoa . PH20b. PCQC . Plbd 

PCOZ’PHZ 1 p=-.- 
PCO PM Km, 

sion limited above 200°C. The chief value of 
Campbell’s rate equation clearly lies in its 
suitability for reactor design purposes. A 
similar conclusion is valid for the equation 
published by Moe (14). 

Shchibrya et al. (15) apply their kinetic 
equation for the iron oxide/chromium 
oxide-catalyzed shift reaction to mea- 
surements on Cu/ZnO/Cr,O,. This 
equation was derived assuming an 
oxidation/reduction mechanism in which 
the reduction of the catalyst surface by CO 
is rate determining. However, if a redox 
mechanism applies to Cu/ZnO, oxidation 
of the catalyst by water is most likely the 
rate-determining step. Similar objections 
apply to the rate equations found by Uchida 
et al. (16), who use the Kul’kova-Temkin 
relation (17) which is based on the same 
assumptions as Shchibrya’s equation. 

Finally, a power rate equation was pub- 
lished by Goodrich and Quazi (18) for a 
Cu/ZnO/Cr,03 catalyst; the authors ob- 
served a very low apparent energy of acti- 
vation, suggestive of diffusional limitations. 

The two published studies on the reverse 
shift reaction (19, 20), 

CO, + H, *CO + H20, 

do not provide a sufficient basis in the 
context of the present work. Rates of for- 
mic acid decomposition are not reported for 
any of the catalysts mentioned in the litera- 
ture. 

EXPERIMENTAL 

Equipment. The continuous flow equip- 
ment of Fig. 1 was used in the kinetic study 
of the reaction of CO with water. The 
system allows addition of the reaction prod- 
ucts, COz and Hz, to examine their effects 
on the rate. The feed gases were fed from 
bottles, dried over molecular sieves (3A), 
and metered with precision flow controllers 
(1). The flow rates were obtained from the 
pressure drop across stainless steel capil- 
laries immersed in a thermostatic bath. 
After mixing the combined feed gases were 
freed of oxygen in reactor (2) filled with 
Cu/SiO,, BASF R3-11. Distilled and de- 
gassed water was fed by pump (3), the flow 
rate being calculated from readings of a 
microburette obtained after closing the 
valve between the pump and the water 
storage vessel. The water was evaporated 
in evaporator (4) and mixed with the other 
gases. Condensation was avoided by heat- 
ing the stainless steel lines leading to the 
reactor section. The 2-ml stainless steel 
reactor was immersed in a fluidized bed 
thermostat (5) containing glass beads with 
an average diameter of 0.1 mm. The tem- 
perature could be controlled to within 1°C. 
The temperature in the reactor was mea- 
sured with a Chromel-Alumel thermocou- 
ple placed in the center of the reactor, its 
emf being determined with a compensator. 
After completion of the measurements, 
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FIG. 1. Flow apparatus employed for experiments on the forward CO conversion. 

thermocouple plus compensator were cali- 
brated against a precision resistance ther- 
mometer. The reactor was charged with 
0.5 to 2.0-g crushed catalyst, particle size 
0.35-0.42 mm. This size is sufficiently small 
to ensure a good approach to plug flow. 

Analysis. In most kinetic experiments 
gas/solid chromatography was used to ana- 
lyze the product gases after removal of the 
water. A molecular sieve (5A) column was 
employed, with He or H2 as the carrier gas. 
The feed contained CO as well as N, in an 
accurately known ratio; the CO conversion 
could be calculated from the ratios of the 
peak areas of nitrogen and carbon monox- 
ide before and after the reaction. In a few 
experiments, mostly when working at pres- 
sures above 1 bar, the composition of the 
product gas was monitored by continuously 
recording the difference in heat conductiv- 
ity between a reference gas and the product 
gas from which water and carbon dioxide 
had been removed completely. 

The gas chromatographic method (gc) is 
somewhat more reliable than the conduc- 
tivity analysis. Firstly, gc allows the use of 
N2 as an internal standard and, secondly, 
extreme drying and CO, removal are not 
necessary. Moreover, the determination of 
the heat conductivity difference with ther- 
mistors is sensitive toward disturbances 

like a baseline shift and small temperature 
variations of the diffusion katharometer 
used. However, if used with care, the heat 
conductivity method is more accurate at 
low conversions, i.e., from 1 to 5%, since 
even small conversions result in a sharp 
increase in conductivity because of the 
hydrogen produced. 

The equipment in which the reverse shift 
reaction was studied was similar, except for 
the simpler feed system: water dosage is 
not required here. Analyses were invari- 
ably made by gas/solid chromatography. 

Materials. The gases were the purest 
grades available; moisture and oxygen were 
removed as indicated before. Distilled and 
degassed water was used. The catalyst was 
Girdler/Sudchemie G 66B. Its main compo- 
nents (unreduced) were CuO (32.2 wt%), 
ZnO (61.8 wt%), and Fe,O,, (1.6 wt%), and 
the BET surface area before reduction 
amounted to 22.3 m2/g (N, adsorption). 
Assuming cylindrical pores, the average 
pore diameter was about 12.5 nm. Pores 
smaller than 5 nm were not found. 

Procedure. The catalyst was activated by 
heating to 200°C in a nitrogen flow at a rate 
of 80”C/h. Reduction was accomplished in 
4-10 h using an activation gas consisting of 
l-5% H, in nitrogen. Such careful activa- 
tion is necessary: if, for instance, high 
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partial pressures of H, or high temperatures 
are applied the catalyst may show an activ- 
ity below the optimum because some small 
amount of ZnO may be reduced along with 
the CuO, giving rise to the formation of (Y- 
brass. Further information on this subject is 
given in a previous paper (21). 

After catalyst reduction was complete, a 
gas mixture consisting of CO, water, and 
nitrogen was fed to the reactor. Initially, 
the catalyst activity declines but the deacti- 
vation slows down to an acceptable rate 
after a few days of continuous operation. In 
determining the kinetics, the temperatures 
were varied in a random manner, and a 
check on catalyst activity was carried out 
after each series at a given temperature. It 
was not necessary to correct for loss of 
catalyst activity. 

The rate of reaction was calculated from 

t r = (W/F,,)’ 
This rate is equal to the initial rate as long 
as the conversion is kept low since initially 
a linear relation exists between conversion, 
5, and reciprocal space velocity, W/F,,. 
The experiments were designed to give 
conversions below 12% of equilibrium so 
that for the reactions examined here the 
error caused by the assumption of linearity, 
i.e., the difference between calculated rate 
and true rate, is generally less than 5% 
relative (22). 

RESULTS 

Forward shiff reaction. Initial rates of the 
forward CO shift reaction measured be- 
tween 172 and 228°C and at atmospheric 
pressure are shown in Fig. 2 as a function of 
X, the mole fraction of water in the feed. 
Nitrogen was added in a fixed molar ratio of 
1.13 moles N,/mole CO as an inert internal 
standard. The feed gas composition can be 
described with one single parameter, X: 

XHzO = PHzO = x, 

xc0 = pco = 0.47 (1 - X), 

XNe = PNz = 0.53 (1 - X). 

d 172 “C o 216°C 
. 184 ‘C . 228'C 
x 197 'C 1 

20 c 

0.4 0.6 0.8 1.0 

- xH20 

FIG. 2. Initial rate of reaction of the forward CO 
conversion. Feed molar ratio CO/N, = 0.89. 

The indicated temperatures are the aver- 
ages for each series; individual tempera- 
tures have been used in correlating the 
data. 

Qualitatively, the following conclusions 
can be drawn from Fig. 2: 

(i) at the lower temperatures, the ob- 
served rate depends weakly on feed compo- 
sition; 

(ii) at higher temperatures, the maximum 
shifts somewhat to the left and becomes 
more pronounced. 
These conclusions point to a substantial 
surface coverage at low temperatures. 
Moreover, the behavior at higher tempera- 
tures, where surface coverage decreases, 
suggests a description by a parabolic rate 
equation containing a term 

r = kx( 1 - x) = kxHzOxCO. (2) 

As a next step, the observed data were 
converted into a rate equation assuming 
Langmuir adsorption. Although the under- 
lying assumptions have frequently been 
criticized as being oversimplifications, they 
often lead to useful kinetic models describ- 
ing the kinetics within experimental accu- 
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FIG. 3. Plot of (DENOMINATOR)“versusx for the 
forward shift reaction. 

racy. Moreover, Langmuir-type rate equa- 
tions are often qualitatively consistent with 
other independent observations and may 
allow physical interpretation. Depending 
on the rate-determining step, different rate 
equations can be formulated of the general 
form 

k( GRADIENT) 
’ = (DENOMINATOR)” 

k *x(1 - x) 
= (DENOMINATOR)“’ (3) 

An equilibrium term need not be added 
because reaction products CO, and H2 are 
absent. 

The form of (DENOMINATOR)“, a 
function of composition and temperature, 
was established from plots of x(1 - X)/T 
againstx. These plots (Fig. 3) show maxima 
close to 0.5, which implies that DENOMI- 
NATOR is quadratic in itself, containing a 
term like x( 1 - x) s xH2,, . xco, and that m is 
equal to 1. However, DENOMINATOR 
must be more complex because the plots of 
rate against composition (Fig. 2) are asym- 
metric, showing maxima close to 0.3. This 
can be accounted for by adding another 
term proportional to pco. Thus we have: 

DENOMINATOR 
= 1 + k&l - x) + k,(l - x). 

A water adsorption term may still be 
present; thus, the most general rate equa- 
tion becomes: 

kxnzoxco kxfl - x) 
r = 1 + &mz0XCOXnzO + &oxco + &J20-%20 = 1 + K&l - x) + Kz( 1 - x) + &x’ (4) 

This rate equation was fitted to the mea- 
sured data, each of the adsorption con- 
stants being allowed to be zero (Z), finite 
but independent of the temperature (C), or 
dependent on T via an Arrhenius-type func- 
tion (T). The latter was also assumed for 
the rate constant, k. A nonlinear regression 
routine was applied to the resulting 27 rate 
equations, the objective being to minimize 
the sum of squares of the relative devia- 
tions between observed rate, roSi, and the 
corresponding calculated rates, r,-,i: 

minimize: Q = 2 ( r”*i r,i “*3 ‘. (5) 

The variances about regression computed is absent do not represent the data as well 

from Qmin were subjected to the F test to 
assess the significance of the differences 
between the variances of the models. Al- 
though the F test strictly applies to linear 
models only, it can be used as an approxi- 
mation for discrimination between nonlin- 
ear models. Figure 4 shows the variances in 
what may be called a “model space.” The 
variances in the shaded areas are not 
significantly different at the 95% probability 
level from the lowest variance value, 
0.0178. It follows that models in which the 
term 
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2 C T  

FIG. 4. Variance about regression for the different models in “model space.” ZJ is the number of 
degrees of freedom of the variance. 

as do the other models. Models in which K2 15.4 and 16.4 for model 6 and from 15.5 to 
and K, are present as constants give mathe- 16.5 for model 8. 
matically dependent models. Thus, models The above observations show that it is 
5, 11, and 14 and models 6, 12, and 15 are sufficient to include temperature-indepen- 
groups of mathematically identical models dent adsorption terms for CO . I-I,0 as well 
and discrimination within these groups on as CO in the final model while observing, 
the basis of the data presented here is not however, that this is a mathematical rather 
possible. The number of model equations is than a physical representation of the mea- 
further reduced by considering that addi- sured reaction rates. As the kinetics will be 
tion of an adsorption term for water results discussed below in terms of reaction rates 
at most in a slight but statistically 
insignificant decrease of the variance. 
Thus, six models of the first square in Fig. 4 
are left. 

Apparent activation energies and surface 
coverages were calculated for four of the 
six remaining models using 

Kj Pj 
‘j = DENOMINATOR (6) 

- ‘Hz0 

and 

a lnr 
Ea = d l/RT’ (7) 

The results indicate: 
-high coverages by the mixed complex 

and CO, both of which vary relatively little 
with the temperature over the range exam- 
ined (Fig. 5); 

0 05 10 

- ‘HpO 

10 model 9 

lo6 06 04 02 

co H*O 

/ 0 

: R- \ CO d-y 

0 05 10 

- ‘HpO 

-little variation of the apparent activa- 
tion energy, which is constant at 16.0 

FIG. 5. Surface composition as calculated from 
models 5, 6, 8, and 9 for the forward reaction. A = 

kcal/mole for model 5 and varies between 175~ o = ZOOT, x = 225-z. 
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rather than model parameter values, this the data on the initial rate of the forward 
approach serves the present purpose. shift reaction: 

Thus, model 5 was selected to represent 

Yf = 25.8 x lo3 ew(- 1fWWW * pco~H20 moles,(g . s) 
1 + 127~,,~,,, + 2Wco 

(8) 

Reverse shift reaction. The measure- regard to the corresponding data for the 
ments and the kinetic modeling on the forward shift reaction apply. The selected 
reverse shift reaction rate equation has the following form: 

CO2 + H,*CO + H,O 

proceeded along the same lines as those of 
the forward CO shift. There were, how- 
ever, some differences: 

(i) Nitrogen was not added to the reactor 
feed; conversions have been calculated 
from the product (CO) concentration in the 
reactor effluent. 

(ii) Large product samples had to be 
taken because the equilibrium conversion 
in the temperature range examined, 195- 
225°C is approximately 3%. With the avail- 
able equipment, conversions of about 
0.05% could be measured with the required 
accuracy. 

(iii) Catalyst activity decline was ob- 
served (Fig. 6); the activities were normal- 
ized to the activity level at 700 h. This 
reduces observed differences in the rates of 
reaction measured at different catalyst life 
(Fig. 7) to an acceptable degree. 

The initial rate data obtained are shown 
in Fig. 8 in the form of a plot of the rate 
against the mole fraction of CO2 in the feed. 
The same observations as those made with 

0.006 
t 

k~hh~(l - ~C&) 
1 + K.Xc&l - XC&) + B*xc& * (9) 

The term B. xc& is positive if it originates 
from CO, adsorption and negative in the 
case of hydrogen adsorption because it 
should then read: B’(1 - xc&). Upon differ- 

. . enttation of r to xcoz and considering that 
the maximum rate occurs at xc& > 0.5, one 
finds that B is a negative constant, which 
means that the added term in the denomina- 
tor represents adsorption of hydrogen. This 
does not imply that CO, is not adsorbed, but 
merely that the coverage by H2 is larger 
than that by CO,. It was preferred to incor- 
porate only K . xHz in the denominator be- 
cause otherwise the number of parameters 
increases without due compensation in the 
form of a smaller variance. 

Following the procedure outlined earlier, 
the variances for models of the general 
form 

k * pcoz PHI 

rr = 1 + Kc~~.H~Pc~~PH~ + &z . PHI 
(10) 

were computed. The results (Fig. 9) indi- 

FIG. 6. Conversion at reference condition as a function of time. xco, = 0.5, x, = 0.5, T = 240°C. 
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FIG. 7. Correction for catalyst deactivation. (A) Uncorrected, (B) corrected. 

cate that both adsorption constants must be the average being 25.0 kcal/mole. Calcula- 
nonzero. The parameters of the models in tions in which the exponent in the denomi- 
the preferred area of the model plane were nator, m, was allowed to vary did not give a 
used to calculate E,, C&, and &.02.Hz for significantly improved fit and the calculated 
variable ranges explored in the experiments values of m were close to unity. On the 
(see Fig. 10). High coverages by the com- basis of the above, the initial rate model 6 
plex CO2 . H2 are found. The apparent acti- was selected to represent the experimental 
vation energy for the four models, 5, 6, 8, data: 
and 9, are all between 23 and 29 kcal/mole, 

4.29 x lo5 exp( - 23,50O/RT) . pco2 . pH2 
” = 1 + 4Op,,p,, + 3.66 x 10Pfi exp(13, 100/RT)pH, 

moles/(g s). (11) 

DISCUSSION 

The presence of an intermediate surface 
complex, CO. HzO, is revealed beyond 
doubt by the results of the kinetic study on 

cl 195 ‘C 0 235 *C 

A 214 ‘C 0 246°C 

n 226T 

- xc02 

FIG. 8. Rate of the reverse CO shift reaction. 

the shift reaction. The coverage by this 
complex is rather high, viz., about 75%. 
The rate equation for the forward shift can 
either be regarded as describing a reaction 
between adsorbed CO and water vapor, 

0 0117 0 0050 0 0041 

T  Y  = 66 v=65 v=64 

#7 #6 #9 

I" 0 0115 0 0060 0 0044 

$C v i 67 v=66 v =65 

Y  #4 #5 #6 

f 0 1175 01039 0 1029 

z v =66 v = 67 " =66 

# 1 #2 #3 

2 c T  

- KH 2 

FIG. 9. Variances for the reaction rate models for 
the reverse shift reaction. Z = Zero, C = constant, 
T = temperature dependent. 
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or as referring to the decomposition of an 
adsorbed complex, CO . HzO, 

k 
r f = - * eCO.&O. 

K CO~nzO 

The large coverage found for a complex 
CO * H,O makes the second explanation 
more likely. A further possibility to dis- 
criminate between the two rate-determining 
steps is to carry out experiments at varying 
pressures. If reaction between adsorbed 
CO and water vapor is rate determining, 
an increase of the pressure should give 
higher rates. When, on the other hand, a 
surface reaction is controlling, a varying 
dependence should be expected. At low 
pressures, where surface coverage is small, 
the rate should go up linearly with the 
pressure, or almost so; at high coverages, 
the rate should be nearly independent of the 
system pressure. 

Experiments up to 6 bar clearly showed 
that the initial rate of the forward shift does 
not depend on the pressure (Fig. 11). This 
points to high surface coverage and rate 
control by decomposition of the intermedi- 
ate complex, CO. HzO, or by desorption 

al 

4 
0 O-5 10 

- xco:! - xco* 

aY 

1-o 
model 9 

0.6 

- xc02 - xc02 

FIG. 10. Surface composition as calculated from 
models 5, 6, 8, and 9 for the reverse reaction. A = 
2OO=‘C, X = 23O”C, 0 = 260°C. 

x 

1 1 
a 2 atm 

J 0- 3 atm 

’ Ol!lll_l_l_l 
- WlFco .103 g.s/mol CO 

FIG. 11. Conversion at 230°C at varying space 
velocity and pressure. Feed composition: xc0 = 0.21, 
xyP = 0.21, .&o = 0.58. 

rates. Full data on experiments at higher 
pressure are reported elsewhere (22).3 For 
the reverse reaction, it can be concluded 
similarly that the decomposition of the 
complex COZ. H, is rate determining. It 
should be noted that the coverages of the 
surfaces are modeled “implicitly”: differ- 
ent model equations made to fit one set of 
initial rate data show very consistent 
results for surface coverages and apparent 
energy of activation, as calculated from Eq. 
(6) and (7), respectivley. This result is ob- 
tained regardless of the quite different 
model parameter values, which for some 
models indeed are physically unrealistic. 
For our present purpose it is, for example, 
immaterial whether a temperature-depen- 
dent or -independent adsorption constant is 
used in the equation for the rate of the 
forward shift reaction. Since in both cases 
it is concluded that the decomposition of 
the intermediate complex determines the 
rate, values found for rate constants and 
corresponding surface coverages depend 
rather weakly on the rate equation selected. 
Returning to the original objective of the 
present work viz., to establish whether the 
CO shift proceeds via a similar surface 
intermediate as the decomposition of for- 

3 The results obtained at higher pressures are also 
discussed in our second paper on the CO shift (3). 
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a CT A. S., Kinet. Catal. USSR 11, 1230 (1970). 

The rate equations indicate that at 220°C 6. Garner, W. E., Gray, T. J., and Stone, F. S., 

the reverse shift reaction is about 40 times 
Proc. Roy. Sot. Ser. A 197, 294 (1949). 

7. Mars. P.. Z. Phvs. Chem. Frankfurt am Main 22, 
slower than the forward shift. Since in both 309 (1959). - 
cases the rate of complex formation is 8. Domance, L., Bull. Sot. Chim. R. 5, 12, 111 

higher than the rate of its decomposition, it (1945). 

follows that the rate of step d is 40 times 
9. Armstrong, E. F., and Hilditch, T. P., Proc. Roy. 

that of SleP a. If  intermediate (I%&%) is the 
Sot. Ser. A 97, 265 (1920). 

10. Scholten, J. J. F., Mars, P., Menon, P. G., and 
same as the intermediate occurring in the 
decomposition of formic acid, i.e., a for- 
mate, one should find high selectivities to- 
ward CO, and H, in this decomposition. 
This point will be taken up in the subse- 
quent paper. 

The occurrence of a mixed adsorption 
term in rate Eqs. (6) and (11) has not been 
recognized before and the rate models pro- 
posed here differ significantly from previ- 
ously published equations. Only the appar- 
ent energy of activation calculated from the 
data of Cherednik et al. (23) for the Shchi- 
brya equation (15) is in agreement with our 
observations. 
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