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The water-gas conversion reaction (CO, i- Hz ti CO $- II,O) on alumina was studied in 
an attempt to obtain further information on the redox properties of alumina. The kinetics of 
the forward and backward reactions were investigated separat,ely over a temperature range 
between 400 and 600°C: The rate of CO3 + $3, is proportional to the square root of both 
carbon dioxide and hydrogen pressures while the rat,e of CO -I- Hz0 is of first order with 
respect to carbon monoxide but almost independent of t,he water pressure. The apparent 
activation energies obtained were 16.1 and 22.9 kcal/mole for the respective reactions. A 
possible nature of active sites is discussed. The activity of some other catalysts including a 
~ornrner(~ia~ iron oxide catalyst was also measured. The catalyst~s studied could be classified in 
terms of compensation effect into t,hree groups in the following order : catalysts with variable 
valency ; catalysts with Lewis acidity ; and catalysts with Rrenst,ed aridity with decreasing 
activity. 

INTRO1 NJCTION 

In the preceding paper of this series (I), 
the acid centers of alumina W(W studied by 
the isomerisation of butencs and the nature 
of the sites was discussed in connection with 
tJhe chemisorption of ammonia. In addition 
to the acid properties, the rcdox properties 
of alumina was rcportcd particularly from 
t,he capability of clcetron transfer (2,s). 
More rccent.ly, some oxide ions on the 
alumina surface have been found to bt: very 
reactive and exchanged readily with carbon 
dioxide (4, 5). Therefore, we st,udicd t.he 
water-gas conversion reaction on alumina 
as a typical redox reaction. The kinetics and 
mechanism of wat’er-gas reaction ha.ve been 
studied extensively but mostly on iron 
oxide catalysts (A). 

1 Contribution No. 17020 from t,he National Re- 
search Council of Canada, Ottawa, Canada. 

This paper reports the results obtained 
mainly on alumina, but the work was RX- 
tended to some other acidic catalysts and 
to an iron-based commerical catalyst, 
comparison. 

for 

Most of t,ho experiments were done in a 
closed circulation system with a y-alumina 
which was Alon alumina of Cabot Corpora- 
tion, Boston, Massachusetts. Alon powder 
was ground witch water, dried at lOO”C, and 
crushed. An amount of 1.16 g of a 9- to 
l&mesh portion was taken into the reactor, 
calcined with dry air for 2 hr at 6OO”C, and 
finally tvacuatcd for 3 hr at. the same 
temperature before use. The surface area 
was 92.5 m2/g after the above treatment, 
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but decreased by 5% during the cxperi- 
ments (90 runs). 

The activity of some other catalysts was 
compared in a flow-type reactor. They were 
y-alumina prepared from aluminum isopro- 
poxide (7), v-alumina (I), sodium carbonate- 
impregnated v-alumina (3% as h-azO), 
silica-alumina (74y0 Al,O) (7), Houdry 
M-46 silica-alumina, Davison silica- 
magnesia ( 30y0 MgO), alumina-boria (15% 
Bz03), silica (7), chromia-alumina (40% 
Cr203), and Girdler G-3 conversion catalyst 
(chromia-promoted iron oxide). All com- 
positions are in weight percentage. The 
preparation of some catalysts has been 
described in previous papers as cited above. 

All gases were taken from Matheson’s 
cylinders : research purity carbon dioxide 
(99.995%), carbon monoxide (99.99%), 
and ultrahigh purity hydrogen (99.999%). 
Before being stored in reservoirs, hydrogen 
and carbon monoxide were passed through 
a trap at’ liquid nitrogen temperature, and 
carbon dioxide was degassed at the same 
temperature. For the flow-type reactor, 
ultrahigh purity hydrogen and Coleman 

He’ s 

- 

instrument-grade carbon dioxide (99.997,) 
were used without further purificat,ion. 

Apparatus 

The closed circulation system used for 
the study is shown in Fig. 1; it was a 
greaseless apparatus constructed with 
stainless-steel bellows valves and a bellows 
pump. The reactor was made of quartz. 
The whole system except for the reactor and 
trap was in an oven thermostatted at 100°C. 
The cylinders VI and Vz were used with a 
capacitance-type pressure transducer (P2) 
to mix gases (CO2 and HZ) quantitatively, 
but only VZ was used for reaction. Also, the 
pressure during the reaction was measured 
by a bonded strain gauge (PI) which was 
not affected by water vapor. When neces- 
sary, a small amount of sample (about 1% 
of the total amount in the system) was 
taken into a gas-sampling valve (S) and 
sent to a gas chromatograph for analysis. 
The samples were taken through a three- 
way valve to the preevacuated loop of S so 
that no helium was back fed to the reaction 
system. 

OVEN 

VACUUM 
GAS 

FIG. 1. Schematic diagram of the apparatus: S, sampling valve of gas chromatograph; C, bellows 
circulation pump ; It, reactor; T.C., thermocouple; T, trap; PI, Pp, pressLlre transducers. 
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FIG. 2. Pressure dependence of CO2 + HP. Reactions were carried out at 400°C 
pressure (95 Tom) of hydrogen or carbon dioxide. 

at a constant 

The flow reactor used was a quartz tube 
(10 mm in diameter) which was connected 
to a gas chromatograph through a stainless- 
steel gas-sampling valve. 

Procedure 

The forward and backward rea&ions of 
CO2 + Hz @ CO + Hz0 were st,udied sep- 
arately. For the CO2 + Hz reaction, the 
mixture of the reactants was circulated 
through the reactor, the circulation pump, 
VZ, and the trap cooled by the dry icc- 
alcohol bat,h. The pump was operat,cd at, a 
high speed so that t,he reaction rate was 
not affected by the circulat8ion speed. The 
total pressure was recorded t,hrough Pr, and 
the rate of reaction was calculated from 
the pressure-time curve. In some experi- 
ments, however, t~he amount of carbon 
monoxide was also followed by the gas 

chromatograph, and the results agreed with 
the pressure change within an error of 5%. 

In the case of CO + H20, carbon mon- 
oxide was circulated through the trap in 
which triple-distilled water was kept at 
desired temperatures. The vapor pressures 
measured by the strain gauge were in good 
agreement, with the table values at t,hc trap 
temperatures, and blank tests showed that 
the water vapor saturated the gas quickly. 
The composition of the gas phase was 
analyzed by the gas chromatograph at 
proper intervals of time, and the reaction 
rat,c was obtained from the increase in 
carbon dioxide, as will be described later. 

I\‘0 side reactions were observed in both 
reactions within tht! detection limit of 
analysis. After each run, the catalyst was 
evacuated for 2 hr at 600°C. This treatment 
was adequate to obt.ain reproducible result,s. 
Indeed, the regeneration of cat,alyat with 
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dry air at 600°C after several runs did not 
change the activity. 

The amount of catalysts in the flow 
reactor was adjusted to between 0.2 and 
0.5 g to give conversions of less than 5%. 
It was therefore treated as a differential 
reactor. 

I< ESULTS 

CO; + H, 

The total pressure decreased almost 
linearly in the first 10 to 30 min depending 
on temperature. At 600°C which was the 
highest temperature used, the reaction was 
completed in 80 min with the stoichiometric 
pressure drop. Since the water formed was 
trapped during the reaction, no backward 
reaction took place, and the reaction rate 
was calculated from the initial pressure 
decrease as already described. The pressure 
dependence at 400°C is shown in Fig. 2 
where the partial pressure of COz (or Hz) 
was varied at a constant pressure (95 Torr 
= 1.266 X lo4 N m-“) of Hz (or COz). 
Both reactants have almost identical effects 

on the rate and the rate is proportional to 
the square root of each pressure as shown 
by filled points in Fig. 2. 

The Arrhenius plot of the rate between 
350 and 600°C is shown in Fig. 3, from 
which the activation energy was obtained 
as 16.1 kcal/mole (1 kcal = 4.18 kJ). From 
the above results the rate, rl, is expressed 
by the equation 

rl(molecules see-.’ cm-a) 
= 5.07 X 1013 cxp( - 16,100/RT)pd+ph*, 

(1) 

in which p,i and pi, are the pressures 
(Torr) of carbon dioxide and hydrogen, 
respectively. 

Some reactions were preceded by the 
adsorption of carbon dioxide or hydrogen 
for 1 hr at the reaction temperature and 
prcssurc, but no effect of the preadsorption 
of either reactant on the reaction rate was 
observed at 400 and 560°C. Also, the 
presence of carbon monoxide at least up 
to 20 Torr did not change the rate at both 
temperatures. The presence of water vapor? 

FIG. 3. Arrhenius plot. Rates were measured with 95 Torr of CO2 + 95 Torr of HZ (0) and 
with 100 Torr of CO + 24 Torr of Hz0 (A). 
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FIG. 4. Pressure dependence of CO + HzO. Re- 
actions were carried out at a constant pressure of 
carbon monoxide (100 Torr) or water vapor (‘24 
Torr) at 560°C. 

however, rctardcd the reaction seriously : 
At 22 Torr of water vapor, for example, the 
reaction was stopped completely at 400°C 
a,nd the rate was reduced t,o 237& at 560°C. 
As soon as t.he vapor was trapped by dry 
icr-alcohol trap, the activity of the catalyst 
was recovered to about SO% of thtk original 
activity at bot,h temperaturc:s. 

The results of reactions with dcutcrium 
and carbon dioxide showed no isotope effect 
of hydrogen wit’hin the experimental error. 

The reaction was too slow to follow at 
400°C. Therefore, most experiments were 
carried out betwrcn ,500 and 600°C at a 
constant vapor prrssurc of water. The total 
pressure decreased slightly for about a 
minute due to the adsorption of water, but 
it) increased monot,onously after that and 
finally reached a plakau. For example, Lhc 
pressure in a rta&on (101 Torr of CO + 33 
Torr of N&I) at, 600°C dropped by 4.5 Torr 
in the first, 45 WC, t,hcn increased until it; 
becnmc constant at 170 Torr at 1.50 min. 
The final analysis by the gas chromatograph 
gave [CO~][Hz]/[CO][HJI] =2.52 which 
was close to the 2.69 calculated as the 
equilibrium constant, from a thcrmo- 
chemical table (8). 

Since the pressure was disturbed by the 
water adsorption, the tot,al pressure was 
not. ust%d for m~~asuring the rate. Instead, 
t,hc parGal prrssurc of carbon dioxide 
formed was plotted against time, and t,hc 
initial rate was calculated from the slope 
of the curve. These initial rates wcrr plot#trd 
in Fig. 4 with the pressures of carbon 
monoxide and water. The rract,ion is of first 
ordrr with rrspect to carbon monoxide, but 

TABLE 1 

Comparison of Catalysts* 

Catalyst Symbol Surface area Act.ivation energy r~ at 500°C 
(in Fig. 5) W/g) (k~al/moie) (molecules en+ see-l) 

-- 

r-Alumina (Alon) A 93 19 3.2 x 10” 
r-Alumina (from Al-isopropoxide) B 91 1s 2.2 x 10’” 
V-Alumina C 151 26 7.1 x 10” 
NazOT-alumina (3’:: ) 
Silica-alumina (74yGy 

1) 270 28 4.6 X 10’” 
E 263 36 1.4 x 10”’ 

Silica-alumina (Houdry M-46) F 240 24 4.5 x 10s 
Silica-magnesia (Davison) t; 426 2.5 5.3 x 109 
Alumina-boria (15?&) H 228 34 8.9 x 10s 
Silica I 630 28 2.x x 108 
Iron oxide-chromia (Girdler G-3) .J 56 33 6.7 x IO’“& 
Chromia (40~~)-alumina (oxidized) K 176 31 3.1 x IO’“” 
~hromia (40~~)-alumina (reduced) L 176 24 9.6 x 10’2C 

-- 
tz All reactions were carried out under atmospheric pressure with about 6596 of CO%. 
h Pate calculated from the reaction at 316°C. 
r Rate caluelated from the reaction at 346Yl. 
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t,he reaction order in water is much less 
than unity. Apparently water is chcmi- 
sorbed strongly and almost saturates the 
active sit,es under small pressures. The best 
fit for a simple Langmuir formula was 
obtained by the equation, 

r2 (molecules see-’ cm-*) 

= 1.01 x 109Kwpwpml(l + Kwp,), (2) 

where p, and p, are, respectively, t,he 
partial pressures (Torr) of carbon mon- 
oxide and water, and K, is the equilibrium 
constant of adsorption of water (K, 
= 0.109 Torr’ at 56O’C). The Arrhenius 
plot for this reaction is included in Fig. 3 
from which the activation energy was 
obtained as 22.9 k&/mole. The preadsorp- 
tion of eit.her reactant did not change the 
initial rate. 

As already described, the activity of some 
other catalysts was compared in the flow- 
type reactor. Only the forward reaction, 
CO2 + Hz, was examined. All catalysts 
except ehromia-alumina and iron oxide 
catalysts were t.reated in the air flow for 
2 hr at 6OO”C, and the reaction rate was 
measured at 500°C. The chromia-alumina 
was treated at 600°C with air (oxidized) or 
hydrogen (reduced) and the reaction was 
carried out at 346°C. The iron oxide 
(Girdler G-3) was first treated with air at 
increasing temperature (2’C/min) up to 
200°C where the air was switched to helium 
and the heating was continued to 390°C. 
The helium was then replaced gradually 
by the mixture of the reactants while the 
temperature was decreased to the reaction 
temperature (316°C). 

The results are listed in Table 1. Although 
the rate of Alon alumina measured in the 
flow-type reactor was in the same order of 
magnitude as that obtained in the circula- 
tion system, the activation energy was 
somewhat larger. It should be pointed out, 
however, that the measurement of activa- 
tion energy in the flow-type reactor was 

FIG. 5. Compensation effect. Symbols in the 
figure appear in Table 1. 

not as accurate as in the circulation system. 
Q-Alumina was two to three times more 
active than y-aluminas. This was confirmed 
also in the circulation system. 

It, is of interest that all catalysts studied 
here with the exception of silica are classi- 
fied in terms of the compensation effect into 
three groups as shown in Fig. 5. The most 
active group is the redox catalysts with 
variable valeney (iron oxide and chromia), 
the second group is afuminas characterized 
by Lewis acidity, and the least active group 
is catalysts with Br$nsted acidity (9). The 
above characterization of catalysts is rather 
conventional, since some Br@nsted acid 
centers are recently reported on alumina 
(10, 11)) and silica-alumina possesses Lewis 
acidity to some extent as well as Br@nsted 
centers. Moreover, no definite correlation 
has yet been found between the acidity and 
the water-gas reaction. Nevertheless, 
aluminas are much more active t,han other 
acidic catalysts and one of the silica- 
aluminas (70’11, alumina, E in Fig. 5) which 
was characterize between a pure alumina 
and the most active silica-alumina for 
olefin reactions (7) lies also between the 
lower two lines in Fig. 5. 

DISCUSSION 

The rate equations obtained in the 
preceding sections are valid over a wide 
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FIG. 6. Effect of the evacllation temperature of catalyst on the activity. Rates were measured 
at 400°C for COn + H? and at 500°C for CO + HZO. 

range of reaction conditions employed in The apparent activation energy of rl 
the present study. However, the reaction obtained from Fig. 3 could include the heat 
mechanism cannot be deduced directly of adsorption of the reactants to some 
from these equations, Eq. (1) in part’icular. extent depending on the true form of the 
Indeed, the pressure dcpcndcnce of ~1 could rate equation. In any case the activation 
also be approximated by the first order cncrgy of the rate-dctcrmining step would 
Langmuir equation, K,! (1 + K,), for both br higher than observed. On the other hand, 
carbon dioxide and hydrogen. When the the participation of t,hc adsorpt)ion heat of 
strength of adsorption is moderate, the wat’cr in r2 would bc much less since the 
order of the Langmuir equation falls be- adsorption of water is near saturation. 
twcen 0 and 1 and may be cxprcsscd as When tho rate r2 is treat’cd approximately 
rl cc (p)“. Also, Eq. (1) was obtained by as t’he zeroth order in the water pressure, 
neglecting the effect of water vapor. r1 and it is expressed as 
r2 calculat’cd from Eqs. (1) and (2) at an 
equilibrium composition arc different : rl r2 (molcculcs see--’ cmP2) 
is much larger than r2. As already pointed = 7.51 x 10’4cxp( -22,90O/RT)p,. (3) 
out, however, thn presence of water vapor 
rcduccs rl greatly while r2 varies little wit,h The nakc of active sites for this redox 
the vapor pressure. Therefore, the actual reaction is not clear yet. All curves in 
rate of the COa + HZ reaction at equi- Figs. 2 and 4 increase monotonously with 
librium would be much smaller than calcu- the pressures without showing a maximum. 
latrd from Eq. (1) and equalized with ~2. It’ probably indicates that the sites are not 
Alt,hough the rates in Fig. 2 were measured shared by the reactants. Although the 
by circulating the gas at high speed to avoid study of this reaction by infrared spcc- 
the diffusion control and removing the troscopy is still under way, formate ion was 
water continuously by the trap, it is possible dctcct’ed during the reaction in either 
that water exists on the catalyst at a direction (12). The formate ions would 
concentration established by the balance probably be held on aluminum ions exposed 
between the rates of formation and on the surface. At the same time, t)hc 
drsorption. act,ivity of the catalyst, for the COa + HZ 
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reaction showed a maximum against the 
temperature of evacuation of catalyst as 
shown in Fig. 6. It is, therefore, likely that 
the a&ive sites are dual sites, for example, 
aluminum ions associated with either oxide 
ions or hydroxyl groups. As already pointed 
out, very reactive oxide ions have been 
found on alumina recently and the density 
of these oxide ions decreases in parallel 
with hydroxyl groups when alumina is 
evacuated at increasing temperatures (6, 
13). The act,ivity of the CO + Hz0 reaction 
in Fig. 6 did not vary with the evacuation 
temperature because the presence of water 
vapor reconditioned the surface. 

It has been reported that carbon dioxide 
catalyzes the exchange reaction between 
deuterium gas and t,he hydroxyl groups of 
zeolites (14). We also observed that the 
exchange on alumina. was promoted by a 
small amount of carbon dioxide. This 
promotion by carbon dioxide would result 
from water formed by the water-gas 
conversion between deuterium and carbon 
dioxide. 

The compensation effect observed in 
Fig. 5 could be due to a parallel increase in 
both act,ivation entropy and enthalpy 
although a definite explanation is impossible 
at this stage. In any case, however, the 
three different lines seem to suggest differ- 
ent mechanisms. 
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