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The rate equation plays the most funda-
mental role in the industrial application of 
gas phase catalytic processes. It gives us 
the information which is necessary for the 
design of the catalytic reactor as well as for 
the operation of the plant. For example, 
the optimum temperature distribution in a 
catalyst layer can be calculated for a given 
inlet gas composition and a given space 
velocity when the rate constants and the 
equilibrium constants of the reaction are 
known at every temperature2). Other sorts 
of useful knowledge, such as the temper-
ature distribution in an adiabatic type re-
actor 3) and in a self-heat-exchanger-type re-
actor') and the optimum space velocity which 
gives the maximum space time yield in an 
adiabatic reactors), may also be predicted 
from the rate equation. 

Water-gas shift reaction is one of the most 
important methods for producing hydrogen on 
an industrial scale. Therefore, the kinetical 
study of the water-gas shift reaction is very 
significant. 
 Padovani and Lotteri6) and also Laupichler7) 

presented the following as a rate equation :

(1)

In the process of an industrial-scale produc-
tion of hydrogen, in which a large excess of 
water vapor is added to dry gas, the change 
in concentration of water vapor can be 
neglected during the course of reaction. 
Based on this fact, Laupichler derived the 
following equation as an approximation for 
Eq. (1).

(2)

Kal'kova and Temkin,) gave a different 

equation

(3)

where β=0.45～0.55.

This equation reproduces, according to the 
authors, the results of their experiments, 
which were made at relatively short contact 
times. 

Reaction rates over a coprecipitated 
Fe2O3-Cr2O3 catalyst were followed in our 
aboratory9) at also relatively short contact 
times and expressed by an equation different 
from Eq. (3), i.e.,

(4)

All of the above mentioned studies6,7,8,9) are 

unsatisfactory for industrial purposes in 

the following points. First, in all of the ex-

periments stated above the inlet gas com-

positions were limited in very narrow ranges. 

And, in the studies of Kal'kova and Temkin`) 

and in our laboratory9), the contact times 

were far shorter than those used in industrial 

reactors. Moreover, the experimental verifica-

tions of these equations have been tried for 

only a very limited range of initial gas com-

position and space velocity. 

The kinetics of reverse shift reaction is 

also one of the most interesting problems not 

only from an academic viewpoint, but also 

because of its industrial importance. As the 

reverse shift reaction occurs during the gasi-

fication of coal in industry, kinetical studies at 

high temperatures have been made by many 

investigators. On the other hand at rela-

tively low temperatures reaction proceeds so 

slowly that very little has been known con-

cerning the rate of reaction. Recently 

Barkley, Corrigan, Wainwright and Sandslo> 

followed the reaction rate by passing 1 : 4 to 

4: 1 mixtures of CO2, and H2 at 1000•‹F over

1) Part of this paper was presented at the 7th Annual 
Meeting of the Chemical Society of Japan, April 2, 1954. 

2) S. Kodama, K, Fukui, H. Tanaka and A. Mazume,
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3) S. Kodama and K. Fukui, Chem. Eng. (Japan), 15, 
145 (1951). 
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 Chem., 45, 1644 (1953). 
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Fe203-CuO catalyst at different flow rates 

and derived the following rate equation,

(5)

But they did not make sure if this equation 

holds also in the water-gas shift reaction. 

Under the circumstances mentioned above, 

it may be significant to obtain a rate equa-

tion of water-gas shift reaction which would 

be at least both accurate and practically 

useful for designing reactors. At the same 

time, it is of interest to ascertain that the 

rate expression obtained for the water-gas 

shift reaction would also be fit for the reverse

shift reaction with the opposite sign, as it 

should be theoretically. Both the reactions 

were kinetically studied over a wide range of 

space velocity and inlet gas composition. 

Experimental 

Experiments were made by flow method at 

atmospheric pressure. Schematic flow diagrams 
of the apparatuses for the forward and the re-

verse reaction are shown in Figs. 1 and 2, re-
spectively. 

 Carbon dioxide and hydrogen were taken from 
cylinders. Carbon monoxide was generated by 
dehydration of formic acid. These gases were 

purified by the usual methods. 
 The industrial catalyst used was of the com-

position shown below :

The particle size of the catalyst was ranging in
diameter from 10 to 20 Tyler mesh. 

Flow rates of carbon monoxide and hydrogen 
were measured by a wet-type gas meter and that 
of carbon dioxide by an orifice-type flowmeter. 

For water-gas shift reaction, inlet gas composi-
tion was determined from the analysis of dry gas
and the saturation temperature with steam. For 

reverse shift reaction, inlet gas composition was 
calculated from the flow rates of carbon dioxide
and hydrogen. 

In the case of water-gas shift reaction dry gas 
was saturated with steam in a two-stage packed 
column kept at constant temperature. In order 

to prevent unsaturation, flow rates of dry gas 
were carefully kept at constant. The compie-

1. CYLINDER HYDROGEN 
2. PURIFICATION TRAIN 
3. WET-TYPE GAS METER 
4. WATER SATURATOR (TWO-

  STAGE PACKED COLUMN) 
5. SELF-HEAT-EXCHANGER-

  TYPE PYREX REACTOR 
6. ELECTRIC FURNACE

7. THERMOCOUPLE WELL 

8. CATALYST PACKED LAYER 
9. GAS BURETTE 

10. CYLINDER CARBON DIOXIDE 

11. ORIFICE-TYPE FLOWMETER 
12. CARBON MONOXIDE GENE-

RATING APPARATUS

Fig. 1. Schematic flow diagram of the apparatus used for forward Reaction.

1. CYLINDER HYDROGEN 
2. PURIFICATION TRAIN 
3. DEHYDRATING TOWER 

4. ORIFICE-TYPE FLOWMETER 
5. SELF-HEAT-EXCHANGER-TYPE 

PYREX REACTOR

6. ELECTRIC FURNACE 
7. THERMOCOUPLE WELL 
8. CATALYST PACKED LAYER 

9. GAS BURETTE 
10. CYLINDER CARBON DIOXIDE

Fig. 2. Schematic flow diagram of the apparatus used for the reverse reaction.
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teness of saturation was confirmed by preliminary 

experiments at each temperature. 

In order to avoid the non-uniformity in the 

temperature distribution of the catalyst layer, a 

two-path-counter-current-type pyrex reactor11) was 

used. Several reactors of different diameters 

were used for the experiments of different catalyst 

volumes, so that the packed length did not exceed 

25 mm. and practically uniform temperature dis-

tribution was secured. The temperature of the 

catalyst layer was measured with a calibrated 

chromel-alumel thermocouple which was inserted 

in the bed. 

Samples of both inlet and exit gas were analyzed

with an Orsat-type gas analyzer. Most of the 

samples were analyzed for carbon dioxide, carbon

monoxide and hydrogen.

Experimental Results 

In Figs. 3, 4, 5, 6, 7, and 8 are shown the 
results for the water-gas shift reaction, plot-
ted as the fractional conversions of carbon 
monoxide (Z) against contact times (t) for 
each investigated temperature and inlet gas 
composition. Fig. 9 shows the results of the 
reverse shift reaction by the plot of the

Fig. 3. Fractional conversion of carbon 
 monoxide (Z) vs. contact time (t).

Fig. 4. Fractional conversion of carbon 

 monoxide (Z) vs. contact time (t).

11) A. F. Farkas and H. W. Melville, " Experimental 
methods in gas reactions," Mac Millan and Co . Ltd., 
London, (1939) p. 305.

Fig. 5. Fractional conversion of carbon 
monoxide (Z) vs. contact time (t).
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Fig. 6. Fractional conversion of carbon 
monoxide (Z) vs. contact time (t).

Fig. 7. Fractional conversion of carbon 
monoxide (Z) vs. contact time (t).

Fig. 8. Fractional conversion of carbon 
monoxide (Z) vs. contact time (t).

fractional conversions of carbon dioxide (Z') 
vs. contact times (t). The values of Z and 
Z' were calculated from the carbon dioxide 
content in the exit gas and the inlet gas 
composition, neglecting the side reaction, and, 
t was calculated by the follwing equation.

 a) Water-Gas Shift Reaction.-In order 
to find the rate equation for the water-gas 
shift reaction which can reproduce the present 
results, many equations were put to the test, 
among which the following was proved to be 
most satisfactory.

(6)
The partial pressure of the component i, 

PL can be written in terms of fractional 

conversion and inlet gas composition, as

where

(7)
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Fig. 9. Fractional conversion of carbon dioxide (Z') vs. contact time (t).

and va represents the stoichiometric ratio of 

the component i in the forward reaction8), 

i.e.,

Using Eq. (7) the rate expression is repre-
sented as a function of Z and t. On inte-
grating Eq. (6), the relation of Z and t is 
derived as follows :

(8)

where β and γ are the positive and negative

Toots of the following equation, respectively.

(9)

Table I shows the values of ki calculated

TABLE I 
VALUES FOR k1 (atm.-1 hr.-1 Unit)

(1)θ=350,K=0.3(atm.-1), K'=1.5(atm.-1),

K"=4(atm。-1), K'"=20(atm.-1)
(II) θ=400, K==0.1 (atm,-1), K'=0.5(atm.-1),

K"=2(atm.-1), K'"=10(atm.-1)
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by Eq. (8). The numerical values of K„ used 
were taken from Lewis and Randall's work12) 
and K, K', K", and K"' were chosen so that 
the value of kt becomes most satisfactorily 
constant at a given temperature.
Experiments were also made at 450℃ for

a wide range of inlet gas composition and 
contact time. But in this case Eq. (6) failed 
to reproduce the experimental results. 

b) Reverse Shift Reaction.-If Eq. (6) re-
produces the results of the water-gas shift 
reaction, the reaction rate of the reverse 
shift reaction must be given as:

(10)

As in the case of the forward reaction, 
also, the relation of Z' and t is derived for 
the reverse shift reaction from Eq. (10), as

(11)

where δ represents the mole ratio of hydro-

gen to carbon dioxide at inlet, and β'and

γ'are the positive and negative roots of the

following equation, respectively.

(12)

Calculated values of kz for all the experi-
mental conditions are tabulated in Table II. 
The values of K, K', K", K"' and K„ used 
for computing are the same as those used 
in the calculation for k1.

TABLE II 

VALUES FOR k2 (in atm.-1 hr.-1 Unit)

(I)θ=350,K=0.3(atm.-1), K'=1.5(atm.-1)

K"=4(atm.-1)K'"=20(atm-1)

(II)θ=400, K=0.1(atm.-1), K'=0.5(atm.-t),

K"=2(atm。-1), K'"=10(atm.-1)

Discussion 

As seen from Tables I and II, the con-
stancy of k, and k2 is fairly good, which 
reveals the fact that the rate equations (6) 
as well as (10) are sufficiently accurate at 
least for the practical purpose. 

Namely, the values of k, given in Table I 
are sufficiently constant over the contact
time range O.1-0.8×10-3 hr。 and various inlet

gas compositions at 350℃. At 400℃, kl varies

somewhat with P•‹co. This change in k1 

may reasonably be attributed to the occur-

rence of the catalytic decomposition of car-

bon monoxide. However, at relatively small

12) G. N. Lewis, and M. Randall, "Thermodynamics
and free energy of chemical substances," Mc Graw Hill 
Book Co., New York, (1923) p. 574.
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P°co,as in the case of industrial reactors,

the dependence of k, upon P°co is negligibly

small, so that Eq.(6)may be useful for the

reactor design. 
Eqs. (1), (2), and (4) may be derived through 

some simplifications from Eq. (6), but Kal-
kova and Temkin's equation may not. Eq. 
(6) is similar to that of Horiuchi13), derived 
theoretically. 

Within the range of experimental error, 
no systematic deviation of the rate constants 
k_2 can be found from Table II. As is seen 
from these data, it is evident that Eq. (10) 
reproduces the rate data well.
Equilibrium constants Kp at 350℃ and

400℃ are calculated from k1 and k2. These

values of Kp are shown in Table III together

TABLE III 

VALUES FOR K„

θ(℃) Ky

350 0.041 Neumann and K8hler14) 
0.0471 Lewis and Randall12) 
0.0474 Kodama, Mazume, Fukuba and 

Fukui 
400 0.0734 Engelsa) 

0.080 Neumann and Kohler14) 
0.0824 Lewis and Randall12) 
0.0796 Kodama, Mazume, Fukuba and 

Fukui 
a) Engels, Dissertation, (1911) Kirlsuhe 

(Cited in Reference 14).

with those previously presented. The values

of k, at 400℃ used in calculating K,, are the

average of k1's obtained at relatively small

P。co. The present values of K, are in good

agreement with previous publications, espe-

cially with values obtained by the direct

method W . Eq. (6) may suggest something to 
us concerning the reaction mechanism, but 
no direct evidence for it has been given. It 
may rather be stressed that Eq. (6) serves as 
an empirical equation which is useful for 
industrial purposes.

Conclusion 

The conclusion is as follows : 

A rate equation for the water-gas shift 

reaction as well as for the reverse shift reac-

tion which can reproduce the experimental

results at 350℃ and 400℃ for various inlet gas

compositions and contact times is obtained. 

The equation seems to be sufficiently 

accurate at least for industrial purposes. 
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ki, k2, K, K', K", K'"=constants in the rate equation,. 
which are function of temperature only. 

Kp=equilibrium constant of the water-gas reaction.

P=partial pressure of component i, atmospheres.
P-total pressure atmospheres. 
t=contact time measured at reaction temperature

hours. 
Z=fractional conversion of carbon monoxide for the 

forward reaction. 
Z'-fractional conversion of carbon dioxide for the 

reverse reaction. 

at=mole ratio of component i to carbon monoxide in 
feed of the forward reaction (a2=1).
δ=mole ratio of hydrogen to carbon dioxide in feed of

the reverse reaction.

θ=temperature, °C.

Subscripts 1, 2, 3 and 4 designate hydrogen, carbon 

monoxide, water and carbon dioxide, respectively. 

Superscript m designates equilibrium conditions.

Superscript O designates inlet conditions.


