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Cobalt chromium oxide, cobalt manganese oxide, and copper manganese oxide have been com- 
pared as catalysts for the water-gas shift reaction. Cobalt chromium oxide and cobalt manganese 
oxide catalysts can give both high activity and long lifetimes for this reaction. Cobalt chromium 
oxide catalysts display higher activity compared to the other catalyst systems and this is shown to 
be mainly due to the stable high surface areas achieved with this catalyst. Studies have shown that 
both the cobalt chromium oxide and the cobalt manganese oxide catalysts are not sensitive to the 
presence of up to 240 ppm feedstock sulphur impurities (H2S and COS) and high catalyst activity 
can be maintained either in the presence or in the absence of feedstock sulphur. The copper 
manganese oxide catalysts are demonstrated to be particularly sensitive to feedstock sulphur, being 
significantly poisoned at levels as low as 1 ppm H2S. An investigation of the mechanism of the 
water-gas shift mechanism over the three catalyst systems is also described using both kinetic and 
model reagent studies. Based on these studies, a mechanism is proposed for the cobalt- and copper- 
containing catalyst systems involving the formation of a surface formate intermediate. © 1992 
Academic Press, Inc. 

INTRODUCTION 

The chemical industry utilises consider- 
able quantities of hydrogen in the produc- 
tion of chemical products and intermedi- 
ates, e.g., ammonia synthesis from the 
reaction of nitrogen with hydrogen or meth- 
anol synthesis from carbon monoxide hy- 
drogenation. The hydrogen is primarily ob- 
tained, in most locations, by the steam 
reforming of methane or higher hydrocar- 
bons, a reaction which produces CO and H 2 
as the principal products. For most applica- 
tions the hydrogen concentration of the 
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product gases is insufficient and in this case, 
the water-gas shift reaction (CO + HzO 

H2 + CQ)  is extensively used either to 
adjust the C O / H  2 ratio for the subsequent 
synthesis of methanol or to produce hydro- 
gen for ammonia synthesis. In view of its 
industrial importance, the water-gas shift 
reaction has been the subject of numerous 
theoretical and mechanistic studies (1-4). 
At present when the production of high-pu- 
rity hydrogen is required the water-gas shift 
reaction is carried out in two distinct stages, 
using catalysts that have been specifically 
designed for each stage. The first step in- 
volves a high-temperature conversion 
(300-400°C) using an iron-chromium spinel 
catalyst (3, 5), which decreases the CO con- 
centration from an initial value of ca. 35-40 
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mol% to ca. 3 tool%. Conversion of the re- 
maining carbon monoxide is carried out 
in a lower-temperature process stage 
(200-250°C) since the equilibrium CO con- 
centration decreases with decreasing reac- 
tion temperature. The catalyst used in this 
second step is a high-activity copper-zinc 
oxide (6, 7). The formulations of both these 
catalysts have been optimised for the con- 
version of CO/H2 feedstocks, derived from 
hydrocarbon steam reforming, which are 
relatively free from sulphur impurities. The 
iron-chromium oxide catalysts were origi- 
nally formulated for use with coal-derived 
C O / H  2 and in the sulphided form this cata- 
lyst retains about half the activity of the 
nonsulphided material (8). Previous at- 
tempts to design a high-activity catalyst 
suitable for use with sulphur-containing 
feedstocks have identified that cobalt mo- 
lybdenum oxide catalysts are more active 
than the iron chromium oxide or cop- 
per-zinc oxide catalysts. However, stable 
high activity is only achieved when these 
cobalt catalysts are fully sulphided (9), 
which requires that sulphur compounds are 
continuously fed to the reactor in significant 
concentration. There is therefore a need to 
identify a catalyst that retains high activity, 
both in the presence and in the absence of 
feedstock sulphur. We have previously 
shown that cobalt in an alternative oxide 
matrix, namely cobalt manganese oxide, 
can also be more active than the present 
high-temperature iron chromium oxide cata- 
lyst in the temperature range 350-400°C 
(10-13). 

The cobalt manganese oxide catalysts 
have been found to be particularly effective 
for the conversion of high inlet carbon mon- 
oxide concentrations and, hence, may be 
more useful for the conversion of coal- 
derived C O / H  2 . In this paper we extend our 
study of cobalt-based water-gas shift cata- 
lysts and investigate cobalt chromium oxide 
catalysts which are demonstrated to be most 
active when compared with iron chromium 
oxide, cobalt manganese oxide, and copper 
manganese oxide catalysts. In addition, the 

sulphur sensitivity of these catalysts is in- 
vestigated, and we also discuss the mecha- 
nism of the water-gas shift reaction over 
cobalt and copper-based catalyst formula- 
tions using both kinetic and model reagent 
studies. 

EXPERIMENTAL 

Cobalt manganese oxide catalyst precur- 
sors were prepared by coprecipitation from 
a mixed aqueous solution of cobalt nitrate 
(0.75 mol liter- 1, Aldrich, 99%) and manga- 
nese nitrate (0.75 mol liter -1, Aldrich, 
99.99%) at 70°C and pH 8.3 -+ 0.01 using 
aqueous ammonia (30% by volume) as pre- 
cipitant. Copper manganese oxide catalyst 
precursors were similarly prepared by co- 
precipitation from a mixed aqueous solution 
of copper nitrate (0.75 tool liter- l, Aldrich, 
98%) and manganese nitrate (0.75 tool li- 
ter -1, Aldrich, 99.99%) at 25°C and pH 8.7 
_+ 0.01 using aqueous sodium carbonate (1 
tool liter 1) as precipitant. Cobalt chromium 
oxide catalyst precursors were prepared by 
coprecipitation from a mixed aqueous solu- 
tion of chromium nitrate (0.75 tool liter -~, 
Aldrich, 99%) and cobalt nitrate (0.75 tool 
liter 1, Aldrich, 99%) at 70°C and pH 9.3 -+ 
0.01 using aqueous ammonia (30% by vol- 
ume) as precipitant. The catalyst precursors 
were recovered by filtration, washed with 
deionised water, and dried in air (110°C, 5 
kPa, 16 h). Prior to use, catalyst precursors 
were pelleted and sieved (particle size 
0.5-1.2 ram), calcined (500°C, 24 h), and 
reduced in situ in the catalytic reactor with 
hydrogen and evaluated for the water-gas 
shift reaction at a pressure 0.82 atm using a 
laboratory microreactor, described pre- 
viously (10, 14, 15). Alkali-promoted cata- 
lysts were prepared by impregnation of the 
catalyst precursor following calcination 
with aqueous potassium carbonate solution 
using an incipient wetness technique. Anal- 
ysis of catalyst precursors by atomic ab- 
sorption spectroscopy did not indicate the 
presence of any significant impurities in the 
catalyst sample. 

Catalysts were evaluated for the reaction 
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of  predried model  reagents using an all-glass 
microreac tor  (i.d. 14 mm) and the reagents 
were  fed to this reactor  using controlled va- 
porisat ion in a nitrogen carrier  gas. All wa- 
t e r -gas  shift and model  reagent  reaction 
products  were  analysed by gas chromatog-  
raphy.  The exper imenta l  accuracy  of the se- 
lectivity and convers ion  data quoted in this 
paper  is -+0.5%. 

The effect of  sulphur-containing feed- 
stocks on catalyst  pe r formance  was evalu- 
ated by adding known quantities of  sulphur, 
as H2S, to a desulphurised CO/H2 gas mix- 
ture. The desulphurised CO/H2 gas was de- 
rived f rom a coal feeds tock  and obtained 
f rom a coal-based ammonia  synthesis plant 
operated by A E C I  Ltd (Modderfontein,  
South Africa). 

RESULTS 

Cobalt Chromium Oxide Water-Gas Shift 
Catalysts 

Cobalt  chromium oxides have been stud- 
ied previously as catalysts  for a broad range 
of reactions including ammonia  oxidation 
(16), hydrocarbon  oxidation (17-19), and 
automobile  exhaust  pollution control 
(20-22). Our interest in the use of  cobalt  
chromium oxides as catalysts for the wa- 
t e r -gas  shift react ion was prompted  by the 
recent  observat ion  that these oxides were  
active for the oxidation of carbon monoxide  
(23, 24) and the previous observat ion by 
Kadenats i  et al. (25) that at 390-400°C CO 
could be comple te ly  oxidised over  a Co 
Cr204 spinel catalyst .  In addition, cobalt  has 
been used as a p romote r  for iron chromium 
oxide wa te r -gas  shift catalysts (26). How-  
ever,  to date no definitive study of cobalt  
chromium oxides as wa te r -gas  shift cata- 
lysts has been reported.  

The results f rom the react ion of CO/H20  
in the presence  of N2 as diluent over  a range 
of  cobalt  chromium oxide catalysts  (Co : Cr 
= 1 0 : l , 3 : l , l : l , l : 1 0 )  are shown in Fig. 
1. The data presented are for the convers ion 
of CO to CO 2 , but identical trends were also 
observed  for the product ion of  H 2 f rom H20.  
It is apparent  that cobalt  chromium oxides 
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FIG. 1. Effect of temperature on CO conversion for 
cobalt chromium oxide catalysts, CO GHSV = 510 
h -I,CO:N2:H20 = 1:1:4.5;([2])Co:Cr = 1:10;(~) 
Co:Cr = I:I;(V) Co:Cr = 3:I;(A)Co:Cr = 10:1. 

can be highly effective as catalysts for the 
wa te r -gas  shift reaction,  and the ratio of  Co 
to Cr is of  crucial importance  in determining 
catalyst  activity, with the catalyst  activity 
increasing in line with increasing Co con- 
tent. At 300°C the highest activity was ob- 
tained f rom the Co : Cr = 3 : 1 catalyst .  The 
C o : C r  ratio was also found to affect the 
lifetime of the catalysts significantly and 
typical results are given in Fig. 2 for ex- 
tended reactions at 400°C. The C o : C r  = 
3 : 1 catalyst  is found to be particularly sta- 
ble and no loss in activity was observed  for 
reaction times of ca. 650 h, whereas  other  
Co : Cr catalysts demonst ra te  a s teady loss 
of  catalyst  activity with increased react ion 
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FIG. 2. Stability of cobalt chromium oxide catalysts 
at 400°C, CO GHSV = 510 h <, CO:N2:H20 = 
1:1:4.5; (X) Co:Cr = l :10 ; (+)Co:Cr  - 1:1;(*) 
Co:Cr = 3:I;(V) Co:Cr = 10:1. 
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TABLE 1 

Pseudo-First-Order Rate Constants a 
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Temperature 10 .7 kj (mol g-1 a tm-i  s-l)b 
(°c) 

C o : C r  = 3:1 C o : M n  = 3:1 C u : M n  = 1:3 F e : C r  c 

250 33 4.9 4.6 - -  
300 367 184 101 31 

a CO GHSV = 510h -I, C O : N 2 : H 2 0  = 1:1:4 .5 .  
b k i  = ( F / m P )  • ln(l/(1 - XA)), where F is the molar flow rate of carbon monoxide, 

m is the mass of catalyst, P is the pressure (1 atm = 101.325 kPa), xa is the fraction 
conversion of carbon monoxide. 

c Commercial iron chromium oxide high-temperature water-gas  shift catalyst. 

time. In a previous study (11) a steady loss 
of  catalyst activity with increased reaction 
time has also been observed for the cobalt 
catalyst under  these reaction conditions. 
The loss of  activity can be attributed to sin- 
tering of  the catalyst by the presence of high- 
temperature  steam, and surface area deter- 
minations, using the BET method,  con- 
firmed this to be the case. 

Cobalt chromium oxide catalyst demon- 
strated very little catalytic activity below 
250°C, and in general, catalytic activity in- 
creased markedly between 250 and 350°C. 
In view of  this, the cobalt chromium oxides 
are therefore classified as high-temperature 
shift catalysts. 

Comparison of Catalyst Activity of Co/Cr, 
Co/Mn, Cu/Mn, and Fe/Cr 

In view of the high activity of Co : Cr cata- 
lysts for the water -gas  shift reactions, it is 
necessary to compare  their catalytic activity 
with that of  the commercial  iron chromium 
high-temperature water -gas  shift catalyst, 
as well as the cobalt manganese oxide 
(Co : Mn = 3 : 1) and copper  manganese ox- 
ide (Cu : Mn = 1 : 3) identified as high-activ- 
ity catalysts in our  previous studies (10, ll). 
A comparison of  catalyst activity at 250 and 
300°C in the form of pseudo-first-order rate 
constants is shown in Table 1. It can be 
concluded that the cobalt chromium oxide 
(Co : Cr = 3 : 1) gives the highest CO con- 
version for these catalysts and is consider- 

ably more active than the current  commer-  
cial iron chromium oxide high-temperature 
water-gas  shift catalyst. This difference in 
activity for Co and Fe in the same oxide 
matrix is in line with previous studies for 
these metals (27). 

Surface areas were determined for cobalt 
chromium catalysts before and after use and 
the data demonstrated that these catalysts 
increased in surface area significantly on re- 
duction and use (e.g., Co : Cr = 1 : 1, cal- 
cined 28 m 2 g- l ,  after use for 600 h 86 m 2 

g-a). The surface areas of cobalt chromium 
catalysts were markedly higher than those 
for cobalt manganese oxide or copper  man- 
ganese oxide after use (e.g., Co : Mn = 1 : 1, 
after use for 600 h, 45 m 2 g- l; Cu : Mn = I : 1 
after use for 600 h, 6 m 2 g-  1). It is therefore 
apparent that the order  of catalytic activity 
observed for these oxides is directly related 
to the magnitude of  the stable surface area 
achieved under reaction conditions. When 
catalyst activity is corrected for surface area 
the C u : M n  = 1:1,  C o : M n  = 1:1,  and 
Co : Cr = 1 : I catalysts give specific activi- 
ties of 41.6 × 10 -4, 8.68 × 10 -4, and 1.78 
× 10 -4 mol CO conver ted m 2 h -  a (temper- 
ature 350°C, CO G H S V  = 510 h -a, 
C O : N 2 : H 2 0  = 1 : 1:4.5).  On the basis of  
this specific activity comparison the manga- 
nese oxide matrix can be considered to be 
superior to the chromium oxide matrix for 
cobalt as an active metal for the water -gas  
shift reaction. However ,  it should be noted 
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TABLE 2 

Temperature Dependence of Equilibrium CO Conversion 

Temperature CO conversion (%) 
(°C) 

At equilibrium ~ Co:Cr = 3 : I b Co:Mn = 3 : 1 b 

250 99.70 33.9 - -  
300 99.45 99.0 90.0 
350 99.18 98.4 98.7 
400 98.28 - -  98.3 

a Calculated using the equilibrium constant for each temperature, CO GHSV = 510 
h - t ,CO:H20 = 1:4.5 

b 2 g catalyst. 

that  bo th  the Co  : Mn  = 3 : 1 and the Co  : Cr 
= 3 : 1 ca ta lys ts  demons t r a t e  high catalyt ic  
act ivi ty  and this act ivi ty  can  be mainta ined 
wi thout  loss for  at least 600 h. 

The  t empera tu re  dependence  o f  the equi- 
l ibrium cons tan t  for  the w a t e r - g a s  shift cat- 
alyst  has been  well s tudied (8) and the CO 
conve r s ion  that  can  be ach ieved  at equilib- 
r ium decreases  with increasing tempera-  
ture.  The  equi l ibr ium CO conve r s ion  levels 
for  the reac t ion  condi t ions  utilised in this 
s tudy  are shown  in Table  2 and are com-  
pared  with the conver s ions  ach ieved  for  the 
C o : C r = 3 : l a n d C o : M n =  3 : l c a t a l y s t s .  
I t  is appa ren t  that  the CO conve r s ion  of  the 
Co  : Cr --- 3 : 1 ca ta lys t  is ve ry  close to the 
equi l ibr ium value at 300°C and that  this is 
only ach ieved  for  the C o : M n  ca ta lys t  at 

higher  tempera tures .  Hence ,  a l though the 
ca ta lys t  formula t ions  are ye t  to be fully op- 
t imised,  it can be conc luded  that  cobal t  
ch romium oxide ca ta lys ts  are highly effec- 
tive for  the w a t e r - g a s  shift react ion.  

Formation of By-product Methane 

Previous  studies (lO, 11) have  s h o w n  that  
the commerc ia l  i ron c h r o m i u m  oxide cata-  
lyst and the coppe r  manganese  ca ta lys t  do 
not  p roduce  any by -p roduc t  me thane  via the 
hydrogena t ion  o f  CO. H o w e v e r ,  the intro- 
duct ion  o f  cobal t  as a catalyt ic  c o m p o n e n t  
causes  an increase in the p roduc t ion  o f  by-  
p roduc t  me thane  and the effect  o f  reac t ion  
t empera tu re  on me thane  p roduc t i on  for  
C o : C r  and C o : M n  cata lys ts  is shown  in 
Figs. 3 and 4, respect ively .  Me thane  is the 
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FIG. 3. Methane by-product formation over cobalt 
chromium oxide catalysts, CO GHSV = 510. h 1, 
CO:N2:H20 = 1:1:4.5; (m) Co:Cr = 1:10; (+) 
Co:Cr = l : l ; ( * )Co :Cr  = 3:l ;(½) C o : C r -  10:I. 
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FIG. 4. Methane by-product formation over cobalt 
manganese oxide catalysts, CO GHSV = 510 h -t, 
CO:N2:HzO = l : l :4 .5 ; ( l l )  C o ; ( + ) C o : M n =  3:1; 
(*)Co:Mn = l : l ; ( ~ ) C o : M n  = 1:3. 
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Fro. 5. Effect of potassium addition on rate of carbon 
monoxide conversion and methane formation for 
Co:Mn = 3 : 1 at CO GHSV = 510 h -1, CO:N2:H20 
= 1 : 1:4.5. CO conversion: ([21) 0% K +, (×) 1% K +, 
(*) 2% K+; C H  4 formation: (•) 0% K +, ([~) 1% K +, 
(~) 2% K' .  

only hydrocarbon  product  observed for 
Co : Cr or Co : Mn catalysts and its forma- 
tion is considered to be deleterious for two 
reasons.  First, the CO hydrogenat ion reac- 
tion is highly exothermic  and hence could 
cause the t empera ture  to rise significantly, 
which could result in damage to the catalyst ,  
e.g.,  loss of  surface area by sintering. Sec- 
ond, methane  format ion uses some of the 
desired hydrogen product  which gives rise 
to yield losses in an industrial process.  

The addition of alkali metal  compounds  
to CO hydrogenat ion catalysts is known to 
significantly affect  both the catalytic activity 
and the product  selectivity (28). The effect 
of  alkali p romot ion  in the optimal catalyst  
formulat ions (i.e., Co : Cr = 3 : 1, Co : M n  
= 3 : 1) was invest igated by the addition of 
potass ium carbonate  via impregnat ion using 
an incipient wetness  technique followed by 
the usual calcination step. The effect of  the 
alkali addition on the two catalysts was 
found to be markedly  different (Figs. 5 and 
6). For  the cobalt  manganese  oxide catalyst  
(Fig. 5) the addition of  potass ium carbonate  
significantly enhanced the catalytic activity, 
part icularly at t empera ture  <350°C, and ad- 
ditionally resulted in a marked  decrease  in 
the format ion of  by-product  methane.  In 
particular,  the Co : Mn = 3 : l formulation 
p romoted  with 1% K2CO 3 gave 98% CO con- 

version at 300 ° with 0.03% methane  selectiv- 
ity. For  the cobalt  chromium oxide catalyst  
(Fig. 6), although the addition of potass ium 
carbonate  leads to a decrease  in the forma-  
tion of by-product  methane,  it also causes  
significant deactivat ion of  the catalyst ,  par- 
ticularly at temperatures  <350°C. 

Effect of Feedstock Sulphur Impurities on 
Catalyst Activity 

The sulphur sensitivity of  the cobalt  chro- 
mium oxide (Co : Cr = 3 : 1), cobalt  manga- 
nese oxide ( C o : M n  = 3 :1) ,  and copper  
manganese  oxide (Cu : Mn = 1 : 3) was in- 
vestigated. The reactant  gas for these exper-  
iments was derived from the desulphurised 
feed gas for the wa te r -gas  shift reaction of 
a coal-derived ammonia  plant to which small 
amounts  of  H2S were added. It  is expec ted  
that some H2S subsequently reacted with 
CO present  in the reactant  gas and conse- 
quently the feed gas was analysed for total 
sulphur (COS + H2S) prior to reaction. Two 
exper iments  were conducted using different 
levels of  total sulphur. The first exper iment  
utilised a feed gas with composit ion:  CO 
56.8 mol%, CO 2 8.4 mol%, H 2 30.6 mol%, 
N 2 4.2 mol%, total S 1 ppm,  and the results 
are shown in Fig. 7. The subsequent  experi-  
ment  utilised a feed gas containing CO 57.9 
mol%, CO2 6.7 mol%, H 2 31.5 mol%, N2 3.8 
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FIG. 6. Effect of potassium addition on rate of carbon 
monoxide conversion and methane formation for 
Co:Cr = 3 : 1 at CO GHSV = 510 h -l, CO:Nz:HzO 
= 1 : 1:4.5. CO conversion: (O) 0% K +, (*) 1% K +, 
(x) 2% K; C H  4 formation: (A) 0% K, ([Z) 1% K, (O) 
2% K. 
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FIG. 7. Stability of catalysts using coal-derived feed 
gas containing 1 ppm sulphur. CO GHSV = 510 h -l. 
(~) Co:Cr = 3 : 1,350°C; (+) Co:Mn = 3 : 1,350°C; 
(*) Cu:Mn = 1:3,400°C. 

tool%, total S 240 ppm, and the results are 
shown in Fig. 8. These two levels of sulphur 
were selected to examine the effect of both 
minor contaminant  levels of S (i.e., 1 ppm), 
which are known to rapidly poison the Cu/ 
ZnO low-temperature shift catalyst, as well 
as larger levels of S (i.e., 240 ppm) that could 
be expected from incomplete removal of S 
from coal-derived synthesis gas. 

The results indicate that both the cobalt 
chromium oxide and the cobalt manganese 
oxide catalysts not only continue to demon- 
strate very high activity for the water -gas  
shift reaction, but that this high activity was 
maintained in the presence of both levels of 
sulphur for the duration of the experiment.  
It can therefore be concluded that both cata- 
lysts are insensitive to the presence of feed- 
stock S compounds.  Following reaction, the 
catalysts were cooled in dry nitrogen prior 
to analysis by X-ray diffractometry and no 
detectable differences were observed in the 
diffractograms of catalysts following reac- 
tion in the absence of sulphur. While it is 
possible that any cobalt sulphide phases 
present  could be oxidised by air prior to 
the X-ray analysis, all care was taken to 
minimise this possibility. The amount  of sul- 
phur passed through the catalyst bed in 
these experiments corresponded to ca. 14% 
of the catalyst mass. Since no bulk struc- 
tural changes were observed to occur,  it is 

considered that the Cr203 matrix contained 
sulphides only at the surface. These results 
are in contrast  to the findings for cobalt mo- 
lybdate catalysts which only function when 
fully sulphided (9). In addition, these find- 
ings demonstrate  the flexibility of the cobalt 
chromium oxide and cobalt manganese ox- 
ide catalysts towards the presence of feed- 
stock sulphur compounds,  since high activ- 
ity can be maintained either in the presence 
or in the absence of H2S and COS. 

In contrast  to the sulphur insensitivity of 
the two cobalt formulations, the copper  
manganese oxide catalyst rapidly deacti- 
vated in the presence of both 1 and 240 ppm 
total feedstock sulphur. This is in agreement  
with previous observations for the sulphur 
sensitivity of other copper  catalysts (8). 

Structural Studies 

A detailed study of the bulk structure of 
C o : C r  catalysts was carried out using X- 
ray diffractometry and the fresh uncalcined 
catalysts were found to be totally amor- 
phous. Calcination of this material at 500°C 
leads to the formation of a crystalline spinel 
Co3_xCrxO 4 in which the chromium atoms 
exclusively occupy the octahedral  sites. 
Following reduction in hydrogen at 400°C, 
the spinel phase is observed to become more 
crystalline and traces of Co metal were also 
observed.  After reaction for 600 h under  the 
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FIG. 8. Stability of catalysts using coal-derived feed 
gas containing 240 ppm sulphur. CO GHSV = 510 h -~, 
symbols as in Fig. 7. 
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standard wa te r -gas  shift reaction condi- ~r 
tions adopted in this s tudy (350°C, CO 2.~ i 
G H S V  = 510 h -1 ,  C O : N 2 : H 2 0  = ~ ' 

1 • 1 • 4.5) the catalyst  was observed  to com- 
prise only the spinel phase  and no cobalt  1.~ 

~o 
metal  was present  in used catalysts.  ~ ~ l r 

Kinetic Studies o .o  r 
A study of  the kinetics of  a reaction can o/ 

often prove  to be a useful probe  into the 20 
react ion mechanism.  Howeve r ,  it is neces- 
sary that kinetic results for this purpose  are 
obtained under  react ion conditions where 
diffusion limitations or high reactant  con- 
versions are not present .  The existence of 
diffusion limitations can be elucidated by 
considerat ion of  the apparent  activation en- 
ergy (Ea). For  tempera tures  -<'300°C, Ea for 
the C o : C r  = 3 :1 ,  C o : M n  = 1 : I ,  and 
C u : M n  = 1 : I  catalysts  was 168, 89, and 
55 kJ mol -~, respect ively.  Values of  this 
magnitude are indicative that diffusion limi- 
tations are not evident.  To confirm this a 
fur ther  series of  tests was conducted (29). 
In particular,  the rate of  product  format ion 
was linearly dependent  on the reactant  
feedrate  and a plot of  rate versus T ~/2 was 
found to be nonlinear. At tempera tures  
>300°C, Ea was found to be considerably 
lower and typically <15 kJ tool -~ and the 
rate was now proport ional  to T~/2; hence,  it 
was concluded that at tempera tures  >300°C 
diffusion limitations were  present .  Conse- 
quently,  all subsequent  kinetic and model  
reagent  studies were  carried out at tempera-  3~ 
tures -<300°C. 

The effect of  the partial pressure  of  H20 ,~ 2.s 
on the rate of  H20 convers ion  was investi- ~ 2 i 
gated for Co : Cr = 3 " 1 at 261°C, Co" Mn '~o ,.~ [ 
= 1"1 at 275°C, and C u : M n  = 1:1 at ~ 1. 
229°C, and the results are shown in Fig. 9. ,' 
These  exper iments  were  carried out with a 0.@ 
constant  partial pressure  of  CO of 28.2 kPa. 
An inert diluent was utilised to ensure that 
the total gas flow rate for all exper iments  
was held at a fixed value. The results demon-  
strate that the rate of  H20  convers ion is 
linearly dependent  on the partial pressure  of  
H20,  indicating that the react ion over  all 

30 40 50 

P / k P a  

FIG. 9. Rate of H20 conversion as a function of 

PH20 at cons tan t / ' co ;  (*) Cu : Mn = 1 : 1, 229°C; ([~) 
C o : M n  = 1: 1,275°C; ( + )  C o : C r  = 3: 1,261°C. 

three catalysts is first order  in water  concen-  
tration. 

The effect of  CO partial pressure  on the 
rate of  CO convers ion was also investigated 
using the same reaction tempera tures  and a 
fixed water  feed rate of  2.72 g H20/g  catalyst  
h. F rom the results presented in Fig. 10 it is 
apparent  that the Cu : Mn = 1 : 1 catalyst  
exhibits a significantly different relationship 
between the CO partial pressure  and the rate 
of  reaction compared  to the other catalyst  
systems.  

Reaction o f  Model  Reagents  

The mechanism of  the wa te r -gas  shift re- 
action has been well studied for a range of  

5 10 15 20 25 
P(CO)/kPa 

FIG. 10. Rate of CO conversion as a function of Pco 
at constant Pn2o; (0 )  C u : M n  = 1:1, 229°C; (n )  
C o : M n  = 1 : 1 , 2 7 5 ° C ; ( x ) C o :  Cr = 3: 1,261°C. Solid 
line, experimental data; dashed line, fit to Eq. 2 with a 
= 1.66 kPa and b = 1.82 × 103 kPa. 
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T A B L E  3 

R e a c t i o n  o f  F o r m i c  A c i d  

C a t a l y s t  T i m e  o n  l i ne  

(min )  a 

R e a c t i o n  e f f l u e n t  a n a l y s i s  (% b y  m a s s )  

H 2 C O  C O  2 C H  4 H C O O H  

C o : M n  = 1 : 1  

C o : C r  = 3 : 1  

C u : M n  = 1 : 3  

10 

54 

134 

260 

12 

32 

48 

76 

129 

60 

105 

120 

180 

220 

245 

0 .002  - -  - -  0 .057  99 .94  

0 .005 - -  - -  0 .068  99 .92  

0 .003 - -  - -  0 .043 99 .95  

0 .003 - -  - -  0 .025 99 .97  

0 .004  - -  - -  0 .10  99 .89  

0 .007  - -  - -  0 .15  9 9 . 8 4  

0 .011 - -  - -  0 .085  99 .89  

0 .005  - -  - -  0 .059  99 .94  

0 .003 - -  - -  0 .046  99 .95  

0 .20  - -  2 .0  0 .018  97 .65  

0 .97  - -  3.7 0 .010  95 .37  

2.1 - -  4 .0  0 .007  93 .86  

3 .0  - -  3 ,7  - -  93 .03  

3.7 - -  4 ,9  - -  91 .38  

2 .7  - -  3.7 0 .008  93 .56  

a C a t a l y s t  t e m p e r a t u r e  = 150°C;  - - ,  n o t  d e t e c t e d .  

catalysts (1-4) and a central intermediate in 
a number of  the mechanisms proposed is a 
surface formate species. To test this possibil- 
ity, the decomposit ion of formic acid was in- 
vestigated at temperatures  below which for- 
mic acid thermally decomposes  (i.e., 
<200°C), and the results are given in Table 3. 
Under  all conditions tested formic acid did 
not react  over  the Co : Mn = 1 : 1 or Co : Cr 
= 3 : 1 catalysts to form H 2 and CO 2 . In con- 
trast, formic acid did decompose to H 2 and 
CO 2 over  the Cu : Mn = 1 : 3 catalyst. 

As an additional probe of the reaction 
mechanism of the water -gas  shift reaction 
with these catalysts, methanol and ethanol 
were individually reacted with CO under a 
range of experimental  conditions and the 
results for methanol are given in Table 4. 
E thano l -CO mixtures were not particularly 
reactive and the only products  observed un- 
der all conditions tested for the C o : C r ,  
Co : Mn, and Cu : Mn catalysts were ethene 
and ethanal. However ,  for CH3OH-CO 
mixtures methyl formate was observed as a 
significant product  for all three catalysts, 
although only at low conversions.  The pro- 

duction of methyl formate was not particu- 
larly long lived for the cobalt-containing cat- 
alyst, but at reaction times of ca. 1.5 h the 
Cu : Mn = 1 : 3 catalyst still gave significant 
amounts of this product.  

In addition to methyl formate significant 
levels of H2 and CO2 were observed during 
the reaction of CH3OH-CO over  the 
Cu : Mn = 1 : 3 catalyst. The possibility of 
the water-gas  shift reaction occurring dur- 
ing the reaction is discounted, since the 
methanol was dried prior to reaction. In 
view of this, it is considered that methanol  
decomposit ion to form CO and H2 could 
be a probable source of H2 as product.  In 
addition, direct decomposit ion of methanol 
to H2, CO2, and C may also be possible. 
Subsequent catalyst analysis confirmed that 
significant carbiding of the Cu : Mn = 1 : 3 
catalyst occurred during the CH3OH-CO 
cofeeding experiment.  

D I S C U S S I O N  

Comparison of Catalyst Performance 
The results of  this study indicate that 

cobalt chromium oxide and cobalt manga- 
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TABLE 4 

Reaction of CH3OH-CO 

417 

C a t a l y s t  T i m e  o n  l ine  

(min)  

S e l e c t i v i t y  o f  g a s e o u s  o r g a n i c  

p h a s e  (% b y  m a s s )  a 

C H 4  C H 3 O C H 3  C H 3 O H  H C O 2 C H  3 

Co 

Co 

Cu 

M n  = 1 : 1 ° 9 2 .68 1.53 81.8  14.0 

24 0.63 4 .17  67.7  27.5  

41 0.31 2 .22  81.8  15.6 

59 0 .67  3 .72 95 .6  - -  

90 0 .14  0.61 99 .2  - -  

C r  = 3 : 1  b 30 2.11 - -  97.1 0 ,82  

40 1.56 - -  97 .4  1,08 

50 0 .60  - -  98.1 1,27 

60 0.61 - -  97 .4  1,97 

70 0 .39  - -  98 .4  1.18 

80 0 .47 - -  97 .9  1,60 

M n  = 1 : 3 c 20 0 .02 - -  99 .0  0 ,95 

30 0.31 - -  85.7 10.3 

40 0 .68 - -  84.5 14.9 

50 0 .35 - -  86.9  12.7 

70 0 .40  - -  86.8  12.8 

90 0.23 - -  92.3 7 .5  

a A f t e r  9 9 %  o f  m e t h a n o l  in r e a c t o r  g a s e o u s  e f f luen t  c o l l e c t e d  in t r a p  a t  0°C.  

b R e a c t i o n  t e m p e r a t u r e  150°C. 

c R e a c t i o n  t e m p e r a t u r e  200°C.  

nese oxide catalysts can give high-activity, 
long-lived catalysts for the high-tempera- 
ture water-gas shift condition. Both these 
catalysts demonstrated significantly higher 
activity than the commercial iron chromium 
oxide catalyst under comparable reaction 
conditions at 250-300°C. For the cobalt 
chromium oxide catalyst (Co : Cr = 3 : 1) 
CO conversions approaching equilibrium 
values were observed at 300°C, whereas for 
the cobalt manganese oxide (Co:Mn = 
3: I) this was observed at 350°C, and this 
difference in activity can be mainly ascribed 
to surface area differences. Of particular im- 
portance is the observation that both these 
cobalt catalyst systems are not sensitive to 
the presence of up to 240 ppm feedstock 
sulphur impurities (H2S and COS), and high 
catalyst activity was maintained in the pres- 
ence or absence of feedstock sulphur. It is 
known that the commercial iron chromium 

oxide catalyst does exhibit some sulphur 
sensitivity, losing ca. 50% of its activity on 
total sulphiding (8). By comparison, the cop- 
per manganese oxide catalysts demonstrate 
lower activity than the cobalt-containing 
catalysts and also demonstrate significant 
sensitivity to the presence of feedstock sul- 
phur compounds. Unfortunately, the high- 
activity cobalt chromium oxide catalysts 
demonstrate significant CO conversions to 
methane and further work is required to 
overcome this disadvantage. However, po- 
tassium carbonate-promoted cobalt manga- 
nese catalysts exhibit high sustained wa- 
ter-gas shift activity, together with 
negligible methane formation. It is therefore 
considered that these high-activity, sulphur- 
tolerant water-gas shift catalysts could be 
of value in processing CO-H20 reactant 
mixtures derived from the gasification of 
coal. 
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Catalyst Structure and Role o f  K ~- 
Promoter 

Detailed structural studies for the cobalt 
manganese oxide and copper manganese ox- 
ides have been reported by us previously 
(10). For these catalysts spinel phases were 
also observed to be the major catalyst com- 
ponent following calcination and prior to re- 
duction. For the copper manganese oxide 
spinel phase, the copper was observed to 
occupy the tetrahedral sites exclusively, 
whereas for the cobalt manganese spinel the 
cobalt and manganese ions did not occupy 
either the tetrahedral or the octahedral sites 
exclusively. However, the major difference 
for these two catalyst systems was observed 
following reduction in hydrogen and reac- 
tion under water-gas shift conditions. Both 
the cobalt manganese oxide and the copper 
manganese oxide catalysts were found to 
comprise either cobalt or copper metal sup- 
ported on MnO. This is a direct contrast to 
the cobalt chromium oxide catalyst when no 
cobalt metal is observed following reaction. 
This observation can be used to explain the 
different effects observed for the addition of 
K2CO3 to cobalt chromium oxide and cobalt 
manganese oxide catalyst. For cobalt man- 
ganese oxide catalysts addition of 1% 
K2CO3 increases the catalytic activity and 
decreases the rate of by-product methane 
formation (Fig. 5). K + increases the rates of 
both the water-gas shift reaction and the 
methane-forming reactions; however, at 
higher temperatures the water-gas shift re- 
action becomes dominant. This implies that 
potassium ions selectively poison the meth- 
anation active sites due to the greater steric 
requirement. This is supported by the mea- 
sured surface areas of the used catalysts: 
0%K+,64.0m2g ~; l%K+,62.7m2g-l ;2% 
K +, 52.5 m 2 g-1. For the cobalt chromium 
oxide, addition of I% K2CO3 leads to a de- 
crease in catalytic activity, as well as meth- 
ane formation (Fig. 6). Cobalt supported on 
chromia is almost certainly composed of iso- 
lated cobalt ions under water-gas shift reac- 
tion conditions. (Indeed, extremely high 

temperatures and severe reducing condi- 
tions are required to produce metallic cobalt 
(30)). The steric blocking effect of potassium 
is therefore much greater on such a catalyst 
with highly dispersed active centres, 
whereas islands of metallic cobalt in cobalt 
manganese oxide will be much less affected. 

Kinetic Studies 

The kinetic data presented in this paper 
indicate that the rate of H20 conversion is 
linearly dependent on Pu20 for all three cata- 
lysts. This indicates that the reaction is first 
order in water concentration for these cata- 
lysts. The rate of CO conversion, rco, was 
found to be linearly dependent on the CO 
partial pressure for the Cu : Mn = 1 : 1 cata- 
lyst. Hence, the overall rate of reaction over 
the copper manganese catalyst is given by 
the expression 

rco = k Pco" PH20. (1) 

However, for the Co :Cr  = 3:1 and 
Co:Mn = 1:1 catalysts, the rate of CO 
conversion initially increases with increas- 
ing CO partial pressure, but then declines 
to a steady value. The observation of a 
maximum rate with increasing CO partial 
pressure is possibly indicative of a Lang- 
muir-Hinshelwood reaction mechanism for 
which the rate-determining step involves 
the reaction between two surface-adsorbed 
intermediates derived from gas phase CO 
and H20. At constant H20 partial pressure, 
the variation of reaction rate rco with Pco 
for such a mechanism is given by the 
expression 

rco = a Pco/(1 + bPco) 2. (2) 

Although such an expression predicts that 
a maximum for rco should be observed, it 
does not fit the observed rate data particu- 
larly well (Fig. 10). The observed variation 
in rco with Pco is therefore not wholly con- 
sistent with a simple Langmuir-Hinshel- 
wood biomolecular reaction mechanism oc- 
curring with the Co : Cr = 3 : 1 and Co : Mn 
= 1 : 1 catalysts. It is possible that a number 
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of reaction pathways are feasible, the domi- 
nance of one particular mechanism being 
dependent on Pco. For example, the Lang- 
muir-Hinshelwood bimolecular reaction 
mechanism could occur at low to medium 
Pco and an alternative mechanism could oc- 
cur at high Pco. 

Initial inspection of these rate data would 
lead to the conclusion that the different be- 
haviour of rco with Pco for the copper and 
cobalt catalysts could imply that different 
mechanisms were occurring for these cata- 
lysts. However, ifb < 1, i.e., CO adsorption 
is weak, Eq. (2) reduces to a first-order rate 
expression, 

rco = a Pco- 

This is the rate equation observed for cop- 
per manganese catalysts at constant PH2o, 
and hence the differences in kinetic behav- 
iour observed for the copper and cobalt cat- 
alysts could be explained in terms of differ- 
ences in CO chemisorption. 

Reaction of Model Reagents 

The reaction of formic acid over the 
three catalyst systems showed that the 
copper manganese oxide catalyst demon- 
strates significantly different behaviour 
compared to the other two systems. The 
decomposition of formic acid on the 
Cu :M n  = 1:3 catalyst is in agreement 
with previous studies (31, 32) for the com- 
mercial Cu/ZnO commercial low-tempera- 
ture shift catalyst. This is consistent with 
the structural studies of the copper manga- 
nese oxide catalyst which have shown that 
the catalyst comprises copper metal sup- 
ported on MnO, since copper metal is also 
known to be a component of the reduced 
copper zinc oxide catalyst (6). It is possible 
that the difference in the behaviour of the 
cobalt and copper-containing catalysts may 
be due to differences in the structure of 
the surface formate on adsorption of formic 
acid. However, it is also feasible that a 
similar species is formed on all three metal 
catalysts, but that only on the copper sur- 
face does decomposition of the surface 

~ H3 

0 

CHaOH 

¢,q % 
M M C ~-"~.0 

I H I 

0 ' ~ - ~  CH 3 j M  "M 

C=O H 
I } M M 

Fro. 11. Mechan i sm of  formation of methyl  formate.  

formate occur to produce C O  2 and H 2. 
Hence the differences observed can be 
attributed to differences in the reactivity 
of the surface formate intermediates. 

The reaction of CH3OH-CO mixtures re- 
suited in the formation of methyl formate for 
all three catalysts. The formation of methyl 
formate from the reaction of CH3OH-CO 
is well known for other catalyst systems, 
particularly at higher reaction pressures (33, 
34). The product is considered to be formed 
via an oxidative addition mechanism ac- 
cording to Fig. 11. In this mechanism metha- 
nol dissociatively adsorbs at the surface to 
give a methoxy group. A similar pathway 
could be available for ethanol adsorption, as 
shown in Fig. 12, but now B-elimination to 
yield ethene and oxidation to ethanal are the 
more facile reaction pathways compared to 
a subsequent CO insertion, hence account- 
ing for the absence of ethyl formate as a 
reaction product. 

(a) 

CH2=CH2 
CHz--CH z 
/,25" v., 

I II 
M M M M 

(b) 

CH3CHO 
ACH--CH3 

© ,XH - H 
aM M ' 

FIG. 12. Mechan i sm of e thanol  convers ion.  
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Reaction Mechanism 

A number of previous studies have con- 
sidered the mechanism of the water-gas 
shift reaction for the current commercial 
iron chromium oxide catalyst (35-37) and 
the copper-zinc oxide/alumina catalyst (38) 
and over bulk oxides (39). In general there 
are two mechanisms that have been pro- 
posed, namely, a dissociative mechanism 
proceeding via a lattice or adsorbed oxygen 
intermediate and associative mechanism 
which involves an adsorbed formate inter- 
mediate. The key difference in these two 
mechanistic proposals involves the pathway 
by which water adsorbs onto the surface. In 
the dissociative mechanism water dissoci- 
ates to form a surface-adsorbed oxygen spe- 
cies which subsequently reacts with CO to 
form CO2. 

H20(g) + * = H 2 + O(a) (3) 

CO(g) + O(a) = C O 2 ,  (4) 

where * is a vacant surface site. Reaction 
(3) may occur via a hydroxyl intermediate. 
For the associative mechanism, adsorbed 
CO reacts with a surface hydroxyl species 
to form an adsorbed formate intermediate 
which subsequently decomposes to CO2 and 
H 2. It is considered that the experimental 
data for the kinetic studies and the use of 
model reagents can be instructive in eluci- 
dating which of these mechanisms occurs 
with the three catalysts investigated. In par- 
ticular, the data concerning the reaction of 
model reagents are considered to be highly 
significant with respect to the mechanism of 
the water-gas shift reaction over the cata- 
lyst systems investigated. For methanol and 
ethanol, these reagents of the form ROH can 
be considered as models for water (HOH) in 
which an alkyl group replaces hydrogen. 
For all three catalyst systems with methanol 
as reagent a major product observed was 
that from the oxidative addition of a surface 
methoxy intermediate to a surface CO. For 
ethanol, elimination of ethene which can be 
considered to be due mainly to B-elimination 
from a surface ethoxy group was observed. 

OH 

HzO(g)~ M HXIM ~.O(g} 

M ' M C~ H2(g)~ C "~',~0 H 

H // 
M M 

FIG. 13. Proposed mechanism for the water-gas shift 
reaction for cobalt manganese oxide, cobalt chromium 
oxide, and copper manganese oxide catalysts. 

By analogy with these model studies water 
would then be expected to be dissociatively 
adsorbed to give surface OH and H interme- 
diates. By further analogy with the observed 
reaction of CH3OH-CO , adsorbed CO 
could react with the surface OH, leading to 
the formation of a surface formate. Hence, 
on this basis an associative mechanism can 
be considered feasible for all three catalysts. 
Further experimental evidence concerning 
the role of formate intermediates comes 
from the reaction of formic acid over the 
three catalyst systems. For the copper man- 
ganese oxide catalyst, formic acid was 
found to decompose to CO 2 and H 2, 
whereas in the temperature range investi- 
gated, formic acid did not decompose over 
the cobalt-containing catalysts. As dis- 
cussed previously, formic acid can be ex- 
pected to adsorb on all three catalysts and 
these results indicate that the intermediate 
formed is much less stable in the copper 
catalyst than on the cobalt catalyst systems. 
Such an observation is in line with the 
known low-temperature shift behaviour of 
copper catalysts (6-8). 

On the basis of these model studies, we 
propose a reaction mechanism for the wa- 
ter-gas shift reaction for the cobalt and cop- 
per catalysts investigated, which is shown 
in Fig. 13. It is proposed that water dissocia- 
tively adsorbs onto a surface site with subse- 
quent adsorption of CO onto an adjacent 
site, followed by oxidative addition of the 
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surface bonded OH to CO. The reaction of 
CH3OH-CO to form methyl formate is con- 
sidered to be evidence in support of this 
proposed step. Subsequent reaction could 
occur via/~-elimination of the surface for- 
mate intermediate to give gas phase CO 2 and 
surface hydride. Combination of the surface 
hydride would then lead to the formation 
of hydrogen. The decomposition of such a 
metallocarboxylic acid to yield CO2 is well 
supported in the reaction of numerous or- 
ganometallic compounds (40--42) following 
its initial demonstration for IrC12(CO2H) 
(CO)(PMe2Ph)2 (43). For the cobalt manga- 
nese oxide and the cobalt chromium oxide 
the kinetic data support this reaction mecha- 
nism, since this is consistent with a bimolec- 
ular reaction between adsorbed CO and 
surface OH. It can be expected that the de- 
composition of the surface formate interme- 
diate could be the rate-determining step by 
analogy with the model experiments con- 
cerning formic acid decomposition. 

The observation for the cobalt-containing 
catalysts that rco becomes constant at high 
Pco when Pn2o is held constant could be due 
to CO successfully competing with H20 for 
adsorption sites, such that the concentration 
of surface hydroxy groups, a key intermedi- 
ate, becomes limited. Alternatively, as dis- 
cussed previously, a different mechanism 
could occur at high Pco, and it is possible 
that under these conditions a dissociative 
mechanism could occur in which the reac- 
tion occurs via Eqs. (3) and (4). The reaction 
rate for such a mechanism would depend on 
the competition between the H20 and the 
CO at the catalytic surface sites. At high 
Pco, such a mechanism would lead to a con- 
stant value for rco. It is therefore possible 
that for the two cobalt catalysts at low Pco 
the proposed surface formate mechanistic 
pathway is dominant, but at high Pco the 
dissociative pathway may also operate com- 
petitively, or indeed, become dominant. 

The differences observed between the re- 
action over the copper and cobalt-contain- 
ing catalysts may be indicative that different 
reaction mechanisms occur for these cata- 

lysts. However, it could also be due to a 
different reaction step being rate control- 
ling. For the copper catalysts, the experi- 
ments with formic acid indicate that decom- 
position of a surface formate may be more 
facile than for a cobalt catalyst. In addition, 
the heat of adsorption of CO on Co and Cu 
are very different (44), and for the copper 
catalyst the adsorption of CO may be the 
rate-determining step. In this case the pro- 
posed mechanism would also be consistent 
with the observed kinetic data for the copper 
manganese oxide, since it has previously 
been discussed that the differences ob- 
served in the kinetic data can be accounted 
for in terms of differences in CO chemi- 
sorption. 
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