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The influence of water on alumina-supported cobalt catalysts has been studied. The deacti- 
vation of supported Co catalysts was studied in a fixed-bed reactor using synthesis gas feeds 
containing different concentrations of water vapour. Supporting model studies were carried 
out using H20/H2 feeds in conjunction with XPS and gravimetry. Rapid deactivation occurs 
on Re-promoted Co/A1203 catalysts when H2/CO/H20 feeds are used, whereas unpromoted 
Co/A1203 shows more stable activity. The results from the gravimetric studies suggest that 
only a small fraction of the bulk cobalt metal initially present reoxidizes to cobalt oxide during 
reaction. However, the XPS results indicate significant reoxidation of surface cobalt atoms or 
highly dispersed cobalt phases, which is likely to be the cause of the observed deactivation. Rhe- 
nium is shown to have a marked effect on the extent of reoxidation of alumina-supported cobalt 
catalysts. 

Keywords: Fischer-Tropsch synthesis; cobalt catalysts; deactivation; oxidation; reduction; 
promoters; rhenium 

1. Introduction 

The Fischer-Tropsch synthesis is an attractive possibility for conversion of nat- 
ural gas into high quality liquid fuels. Improved Fischer-Tropsch technology has 
been demonstrated in commercial [1] and demonstration scale [2] applications. 
Due to its low water-gas shift activity, good activity/selectivity properties and rela- 
tively low price, cobalt is the choice of catalytic metal for natural gas conversion 
via Fischer-Tropsch synthesis. 

In fixed-bed processes, relatively low conversions per pass (high recycle ratios) 
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are used to control the highly exothermic Fischer-Tropsch reaction. In contrast, 
the more favorable heat transfer properties of slurry reactors offer the possibility of 
operating at high conversions [3]. In the cobalt-catalyzed Fischer-Tropsch reac- 
tion, oxygen is mainly rejected as water, and this will generate high partial pressures 
of water at the reactor exit. As a consequence of extensive back-mixing in large 
scale slurry reactors, high water concentrations and low reactant concentrations 
will exist throughout the entire reactor. In the commercial iron-catalyzed Fischer- 
Tropsch synthesis in fixed-bed (Arge) reactors it is known that the catalyst bed 
becomes progressively deactivated towards the reactor exit as a result of oxidation 
of iron by CO2 and HaO [4]. Conversion of cobalt carbide into cobalt oxide in CO 
hydrogenation has been shown to be thermodynamically possible at low tempera- 
tures in the special case where the water-gas shift and methanation reactions are in 
equilibrium [5], while formation of cobalt oxide from metallic cobalt is not favored 
under Fischer-Tropsch reaction conditions [6]. However, supported cobalt parti- 
cles or surface layers may behave differently and it has been shown that a cobalt/ 
manganese oxide catalyst lost approximately 50% of its Fischer-Tropsch activity 
while the water-gas shift activity increased after treatment with water and synthesis 
gas [7]. 

The influence of (noble) metal promoters (Re, Pt, Ru) on the catalytic properties 
of A1203 and SiO2 supported cobalt catalysts has been documented in several cases 
[8-14]. In this paper we describe the influence of water on A1203 supported cobalt 
catalysts with emphasis on the role of metal promoters. 

2. Experimental 

2.1. CATALYST PREPARATION 

Alumina-supported cobalt catalysts with 18-30 wt% cobalt loading were 
prepared by incipient wetness impregnation with aqueous solutions of 
Co(NO3)2.6H20. Rhenium containing catalysts were prepared by coimpregnation 
of C o (NO3) 2" 6H20 and HReO4. The 7-alumina supports used were Vista-B (from 
Vista Chemicals), 5300 (from Harshaw) and Puralox (from Condea). Some cat- 
alysts also contained a small amount of a mixture of rare earth oxides (designated 
RE, supplied as nitrates under the trade name Molycorp 5247), containing (after 
calcination) approximately 66% of La203 and the remainder consisting of other 
rare earth oxides. RE containing catalysts were prepared by coimpregnation of the 
Co, Re and RE salts. The catalysts were dried in air overnight at 393 K before calci- 
nation in air at 573 K for 2 h. Further pretreatment was done in situ. 

2.2. CATALYST CHARACTERIZATION 

Cobalt metal dispersions were estimated by temperature programmed desorp- 



D. Schanke et al. / Deactivation of  cobalt 271 

tion (TPD) of H2 adsorbed during cooling ofprereduced (623 K, 14-16 h) catalysts 
in flowing H2 from 493 K to ambient temperature. After removal of gas-phase H2 
by purging with Ar, the amount of H2 adsorbed was determined by TPD (10 K/min 
to 748 K) in Ar. 

Temperature programmed reduction (TPR) experiments were performed in a 
quartz microreactor heated by an electrical furnace. The maximum temperature 
was 1203 K, and the samples were studied at a heating rate of 10 K/min in a mixture 
consisting of 7% H2 in Ar. H2-consumption was measured by analyzing the effluent 
gas by a thermal conductivity detector. Calibration was done by reduction of 
Ag20 powder. 

2.3. KINETIC EXPERIMENTS 

The kinetic measurements were carried out in a 10 mm i.d. stainless steel fixed- 
bed reactor. 0.5-2 g of catalyst (38-75 I~m particle size) was diluted with an inert 
material (non-porous SiC) in a 1 : 5 or 2 : 5 weight ratio (depending on the catalyst 
activity) to minimize temperature gradients. The catalyst was reduced in flowing 
H2 at atmospheric pressure at the desired temperature for 16-18 h (heating rate 
from ambient temperature: 1 K/min). After reduction, the catalysts were cooled to 
453 K in flowing Ha and purged with He before increasing the pressure to the 
desired level and switching to a feed mixture containing 50 mol% synthesis gas with 
H2/CO = 2 and balance inert gas (N2 + He). The reaction temperature was then 
slowly increased to the desired initial reaction temperature (in the range 463- 
493 K). On-line GC samples were taken at regular intervals and analyzed for N2, 
CO, CO2 and CI+ hydrocarbons on a HP 5890 gas chromatograph equipped with 
thermal conductivity (TCD) and flame ionization detectors (FID). N2 (used as an 
internal standard), CO, CH4 and CO2 were analyzed on the TCD and separated by 
a Carbosieve packed column. CI+ products were separated by a 0.53 mm i.d. GS- 
Q capillary column and detected on the FID. Space velocity was varied to give 10- 
30% CO conversion. High water partial pressures were obtained by replacing He 
with an equal flow of steam, generated by adding liquid water (supplied by a Hi-Tec 
liquid flow controller) to a vaporizer kept at ca. 573 K before mixing with the syn- 
thesis gas feed immediately before the reactor inlet. 

2.4. GRAVIMETRIC EXPERIMENTS 

Reduction and reoxidation experiments were performed in a Sartorius 4436 
high pressure microbalance [15]. Ca. 0.5 g of catalyst (300-425 gm particle size) 
was placed in a stainless steel perforated basket and hung from one arm of the 
microbalance by a quartz fibre. The catalyst basket was placed inside a 21 mm i.d. 
stainless steel reactor connected to the microbalance and a gas supply system. 
Before reduction, the catalyst was dried for 24 h at a temperature 50 K higher than 
the reduction temperature to ensure minimal weight losses due to removal of water 
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from the catalyst during reduction. After cooling to ambient temperature, the cat- 
alyst was reduced in flowing H2 (1 K/min to 623 K, 16 h hold time). After reduc- 
tion, the temperature was adjusted to 523 K and a feed consisting of H2, He and 
H20 (as steam) was added to the reactor for a period of 16-17 h. After H20 treat- 
ment, the catalyst was dried again at 673 K for approximately 24 h. The total pres- 
sure and the feed composition were varied in different experiments to study the 
effect of water partial pressure and the H20/H2 ratio. 

2.5. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

XPS studies were conducted in a VG Escalab MkII instrument using a non- 
monochromatic Al Ka source (1486.6 eV). All spectra were acquired at 20 eV pass 
energy, giving an overall resolution of approximately 1 eV. Binding energies were 
referenced to the Al 2p peak at 74.5 eV. Samples were prepared as pressed powders 
placed in a 12 mm sample holder. An integrated high pressure pretreatment cell 
allowed the catalyst samples to be pretreated and subsequently moved to the anal- 
ysis chamber without exposure to air. After XPS analysis of the sample in the unre- 
duced state, the catalyst was reduced in flowing H2 at the desired temperature (in 
the range 623-823 K). After reduction of the catalyst, the cell was evacuated and 
the sample was analyzed in the reduced state. The catalyst was then moved back to 
the pretreatment cell and exposed to a feed mixture containing different amounts 
of Hz, HzO (as steam) and inert gas (Ar). Pressure and temperature were varied in 
the range 1-20 bar and 473-513 K. After treatment, the catalyst was again analyzed 
byXPS. 

3. Results  

3.1. CO HYDROGENATION EXPERIMENTS 

By addition of water (steam) to the feed in a conventional fixed-bed reactor dur- 
ing Fischer-Tropsch synthesis, high conversions can be simulated without using 
long residence times. The combination of low conversion and steam addition also 
results in a flat axial water concentration profile in the reactor, thus simulating the 
uniform bulk concentrations expected in large scale slurry reactors. The synthesis 
gas/water feeds used in this study result in reactor inlet conditions corresponding 
to between 55 and 75% conversion. The inlet partial pressure of reactants 
(H2 + CO) was kept constant during periods without water addition by the use of a 
diluent (He). 

Fig. 1 a shows that the catalyst was deactivating relatively slowly before water 
was added to the feed, but the presence of high water partial pressures caused rapid 
deactivation of the Re-promoted catalysts to less than 50% of the initial activity. 
Virtually no further deactivation was observed after the water had been removed 
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Fig. 1. Observed reaction rate relative to the initial rate for hydrocarbon formation as a function of 
time during simulated high conversion conditions. P0,H~O = partial pressure of water at reactor inlet. 
Feed composition: 50 mol% H2 + CO, Ha/CO = 2, balance N2 + He or N2 + He + H20. CO conver- 
sion before addition of water: 20-28%. (a) Catalyst: 21% Co-1% Re/T-A1203 (Puralox). T = 483 K, 

P = 13 bar. (b) Catalyst: 20% Co/T-AI203 (Vista-B). T = 493 K, P = 8 bar. 

f rom the feed. The initial increase in the reaction rate during the first 2-4  h after 
the addi t ion o f  water  (fig. 1 a) is a feature that  is often observed in these systems. 
However ,  this phenomenon and its magnitude appear  to be somewhat  inconsistent 
f rom experiment to experiment. N o  increase in the reaction rate is observed upon  
water  addi t ion for the unpromoted  Co catalyst. It can be ment ioned that  significant 
improvements  in reaction rate as a result o f  water  addit ion have been repor ted 
also for other cobal t  systems, including bulk cobal t  catalysts [16]. 

Some deact ivat ion is also observed on the unpromoted  Co/A1203 catalyst,  bu t  
this catalyst  is still considerably more  stable than its Re-promoted  analog (fig. lb).  
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The initial activity of the unpromoted catalysts is also lower compared to Re- 
promoted catalysts [8,10]. Some of the drop in the reaction rate is recovered imme- 
diately after removing water from the feed. This may be a result of a reversible inhi- 
bition effect (rather than deactivation) on the kinetics as described on iron based 
catalysts [17]. Comparing reaction rates before and after water addition should 
therefore give the most reliable estimate of the extent of deactivation. 

It is known that the nature of the support and the presence of metal promoters 
can have a significant influence on the reduction properties of supported cobalt cat- 
alysts [8-10,12-14,18]. A1203 supported cobalt catalysts are generally more diffi- 
cult to reduce than, e.g., SiO2 or TiO2 supported catalysts, due to the strong 
interaction between the A1203 support and the cobalt oxide phases. Metal promo- 
ters like Re and Pt are known to increase the reducibility of A1203 supported cat- 
alysts [8-10]. Typical examples of TPR profiles for Re-promoted and unpromoted 
Co/A1203 are shown in fig. 2, illustrating the significant shift in reduction tempera- 
tures for the high-temperature peak. As a consequence of the pronounced influence 
of noble metal promoters on the reduction behavior of Co/A1203, it was not unrea- 
sonable to expect some effect of Re also on the reverse reaction. Water-induced 
reoxidation of metallic cobalt was therefore investigated as a possible cause of the 
observed deactivation. 
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Fig. 2. TPR-profiles of 21% C0-1% Re/y-A1203 and 18% Co/y-ml203 described in table 1. (Heating 
rate: 10 K/rain.) 



D. Schanke et al. / Deactivation o f  cobalt 275 

3.2. MODEL STUDIES 

A series of model experiments under non-reacting conditions with various 
H20/H2 feeds was carried out. The validity of this approach for simulating 
Fischer-Tropsch deactivation conditions was confirmed by the low initial activity 
of reduced CoRe/A1203 treated with a H20/H2 mixture before Fischer-Tropsch 
synthesis (fig. 3). Furthermore, this catalyst showed only slight deactivation when 
water was added to the feed during Fischer-Tropsch synthesis, and the final activ- 
ity level at "dry" conditions (after shutting off the water feed) was approximately 
equal to the catalyst which had been reduced and deactivated by addition of water. 
(The horizontal (time) axis in fig. 3 has been slightly modified to allow plotting 
the data from the two experiments in the same figure. Both catalysts had been oper- 
ated at 463 and 473 K for 60-70 h with stable activity before the time periods shown 
in fig. 3.) 

The gravimetric studies indicated distinct differences between the behavior of 
unpromoted and Re-promoted Co/A1203 catalysts, although these studies are 
somewhat disturbed by the simultaneous rapid adsorption of water on the porous 
support during treatment with H20/H2 (fig. 4a). Blank experiments with H20/He 
treatment of calcined (unreduced) catalysts and the support only, showed that the 
initial, rapid weight increase is caused by physical adsorption of water on the cat- 
alyst (fig. 4b). The higher surface area and pore volume of the support compared to 
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Fig. 3. Comparison of freshly reduced catalyst and catalyst treated with H20/H2 after reduction. 
Relative reaction rate defined as the observed rate for hydrocarbon formation relative to the initial 
reaction rate for the freshly reduced catalyst. Catalyst: 20% Co-1% Re/y-AI203 (Puralox). 
T = 483K, P = 13bar. Feed composition: 50 mol% Ha + CO (H2/CO = 2), balance N2 + He or 
Na + He + H20. CO conversion before addition of water: 20-22%. Solid symbols: catalyst reduced at 
723 K. Open symbols: catalyst reduced at 723 K and subsequently treated with a 3 : 2 : 1  

H 2 0 / H a / H e  mixture at 483 K at 13 bar total pressure for ca. 24 h before CO hydrogenation. 
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Fig. 4. Weight changes recorded by the microbalance during exposure of y-A1203 (Puralox) supported 
catalysts to H20/H2 or H20/He at 523 K. Catalyst composition: 21% Co-1% Re (designated Co-  
Re) and 18% Co (designated Co). (a) Reduced Co and Co-Re ( P =  lObar, H20/H2 = 10, 
PH20 = 5.5 bar, balance He). Dotted line: unreduced Co-Re in H20/He (P = 10 bar, Prho = 5.5 bar, 
balance He). (b) y-A1203 and unreduced Co-Re in H20/He (P = lObar, PH20 = 5.5bar, balance 
He). (c) Reduced Co and Co-Re in H20/He (conditions as in (b)). (d) Exposure of reduced Co-Re/  

A1203 to various H20/H2 mixtures. 

the calcined cobalt catalyst (table 1) explain the difference in the weight curves for 
these two materials. However, the physical adsorption equilibrium is quickly estab- 
lished, and we propose that the subsequent, slower weight increase observed on 
CoRe/A1203 is caused by reoxidation of metallic cobalt. Drying of the water-treat- 
ed catalyst to constant weight at 673 K showed that the weight difference between 
the reduced catalyst and the H20-treated and dried catalyst (denoted A W2) was in 
good agreement with the weight increase corrected for water adsorption on the 
unreduced catalyst (AW0 (fig. 5 and table 2). Thus, it was established that the 
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Table 1 
Characterization of?-A1203 (Puralox) supported cobalt catalysts 

277 

Catalyst BET area a Pore volume a Haas : Co b 
(m2/g) (cra3/g) 

18% Co/'t-A1203 138 0.48 0.038 
21% Co-1% Re/y-Al203 138 0.45 0.066 
T-A1203 174 0.90 - 

a From Nz adsorption at 77 K. 
b From TPD of H2 adsorbed between 493 and 298 K after reduction at 623 K, assuming adsorption 

only on Co atoms. 

weight increase observed on reduced cobalt catalysts was not caused by reversible 
water adsorption on the metal. 

If reduced CoRe/A1203 or Co/A1203 catalysts are exposed to a H20/He mix- 
ture (without H2), both catalysts show large weight increases, corresponding to sig- 
nificant reoxidation of cobalt (fig. 4c and table 2). The presence of H2 in the feed, 
even in small amounts (H20/H2 --- 10), decreases the rate and the extent of weight 
increase for both catalysts. On the unpromoted C0/A1203 catalyst, a H20/H2 ratio 
of 10 resulted in an essentially flat weight curve after equilibration with water, 
whereas a continuing weight increase was observed on CoRe/A1203 (fig. 4a). This 
indicates that the tendency for reoxidation is different for these two catalysts. 

Using the same H20 partial pressure (5.5 bar) but a lower H20/H2 ratio (1.5) 
resulted in a smaller weight increase, only marginally higher than the baseline curve 
(unreduced CoRe/A1203 in H20/He) (fig. 4d). The extent of reoxidation evidently 
depends on the composition and the pressure of the feed gas, and increases with 
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10/1 HzO/Hz. Dashed curve: unreduced CoRe in H20/He.  
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Table 2 
Results from gravimetric study of H20 treatment ofA1203 (Puralox) supported cobalt catalysts after 
reduction at 623 K. Catalyst composition: 21% Co-1% Re (designated Co-Re) and 18~ Co (desig- 
nated Co). Conditions: T = 523 K, P = lObar 

Catalyst Prho Pn2 AM a A W2 b O : Co c 
(bar) (bar) (mg/g) (mg/g) 

Co 5.5 0 a 37.4 34.1 0.77 
Co-Re 5.5 0 a 49.8 45.4 0.87 
Co 5.5 0.55 -2.7 -0.7 < 0 
Co-Re 5.5 0.55 8.1 10.4 0.14 
Co-Re 5.5 3.67 2.6 7.3 0.5 

a Weight increase after ca. 17 h of H20 treatment, corrected for physical adsorption of water on the 
catalyst by use of unreduced CoRe/A1203 in H20/He as a baseline (see fig. 5 for further illustra- 
tion). 

b Weight difference between reduced catalyst and H20-treated catalyst dried in flowing He for ca. 
24 h (see fig. 5 for further illustration). 

c mol O/mol Cotot based on A W1. 
a H20/He mixture. 

increasing H20 partial pressure and H20/H2 ratio. The weight curve obtained at 
1 bar cannot  be compared directly with the curves at 10 bar total pressure, since the 
amount  of  physically adsorbed water will be different. However, the absence of  a 
significant weight increase after equilibration with water indicates a very limited 
extent ofreoxidation.  

XPS was used for studying the possible oxidation of  surface cobalt atoms, in 
order to assess the impact ofreoxidation on catalytic activity. XPS spectra of  A1203 
supported cobalt catalysts are shown in figs. 6-9. In the series of  XPS experiments 
shown here, catalysts containing 1 wt% RE (rare earth oxide mixture) have been 
used. Al though this precludes direct comparison of  results f rom the various studies, 
we have generally experienced that this low level of  RE loading does not  influence 
the deactivation behavior significantly. Re in the catalyst samples could not  be 
detected by the XPS. 

In the unreduced state, a peak at 781 eV is assigned to various cobalt oxides, 
and is accompanied by a shake-up satellite at 786 eV representing Co 2+. After 
reduction in H2, the XPS peak representing cobalt metal is observed at 778 eV, but  
the oxide peak at 781 eV is still clearly visible in all of the spectra shown in figs. 6-  
9. The Co o/Co 2+/3+ intensity ratio increases with increasing reduction temperature 
and increasing cobalt loading. In general, the extent of  reduction measured by 
XPS (given as the intensity ratio Co~ 2+/3+ + COO)) is significantly lower than 
estimated by bulk methods.  In addition, the influence of  Re on the reducibility, 
which is well documented by TPR and other bulk methods (fig. 3 and refs. [8,10]), is 
not  easily observed in the XPS spectra (fig. 9). These effects are most  likely caused 
by multiple cobalt oxide phases with widely different dispersion, ranging from large 
CO304 crystallites to an atomically dispersed surface cobalt aluminate phase. The 
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latter phase is unreducible at the temperatures used in this study but will dominate 
the XPS spectrum in reduced A1203 supported catalysts due to the high dispersion. 
These conclusions are in agreement with previous work which has shown that the 
extent of cobalt reduction can be corrected for particle size effects in Co/A1203 cat- 
alysts by use of the Kerkhof-Moulijn model [19] for predicting XPS-intensities at 
monolayer coverage [20]. 

After reduction and treatment with various H20-containing mixtures, the Re- 
promoted Co/A1203 catalysts showed clear signs of reoxidation of cobalt metal to 
Co 2+ or Co 3+ (figs. 6-8). As shown in figs. 6-8, the extent of reoxidation depends 
on the partial pressure of water and the composition of the feed mixture. Without 
any H2 in the feed, a virtually complete reoxidation of the surface occurs after a 
short time of exposure, even at atmospheric pressure and low water partial pressure 
(,-~ 20mbar) (fig. 6). The growth of the satellite XPS peak at 786eV indicates 
some formation of Co 2+. As shown in fig. 6, the catalyst was readily rereduced in 
H2 after this treatment. Using the same water partial pressure in H2 resulted in only 
slight indications of reoxidation, as shown by the small decrease in the 
Co ~ 2+/3+ intensity ratio. Increasing the water content of the pretreatment feed 
to 10 and 50 vol% at atmospheric pressure increased the tendency for reoxidation 
(fig. 7). At high pressure conditions (20 bar) and H20/H2 = 0.33, reoxidation 
occurs to an even higher extent (fig. 8). The initial Co~ 2+/3+ intensity ratios 
(after reduction) are different in figs. 6-8 due to different reduction temperatures. 
Estimating the extent of reoxidation by XPS is not straightforward, due to difficult 
deconvolution of the XPS peaks. It was also found that the Co~ and 
Co~ ~ + Co 2+/3+) intensity ratios as indicators for reoxidation resulted in dif- 
ferent estimates of surface reoxidation (table 3). 

In a similar way as shown by the kinetic and gravimetric experiments, the 
tendency for reoxidation shown by XPS is strongly influenced by Re. In the case of 
the catalyst without Re, the XPS spectrum is hardly influenced by the H20/H2- 
treatment (when compared to the reduced catalyst), whereas a significant reduction 
in the cobalt metal peak intensity occurs in the catalyst containing Re (fig. 9). 

Table 3 
XPS intensity ratios from H20 treatment of 30% Co-1.5% Re-l% RE/y-A1203 (5300) 

Conditions /(Co O/A1) /(Co o / (Co O + Co 2+/3+) ) Extent of 
(%) reoxidation a 

(%) 

reduced (623 K, 17h) 0.32 32.6 
1 : 3 H20/H2 

(20 bar, 513 K, 16 h) 0.17 26.2 47 (20) 

a Defined as [I(Co~ - I(Co~176 where the subscript "ox" refers to values 
measured after H20/H2 treatment. The corresponding value for Co~ ~ + Co 2+/3+) is given in 
parentheses. 
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4. Discussion 

The similarity between the observed deactivation behavior and the results of 
the model studies (XPS, gravimetry) suggests that reoxidation of cobalt metal to 
cobalt oxide plays an important role in the deactivation of Re-promoted, A1203 
supported cobalt catalysts. In particular, the consistent difference in the behavior 
of unpromoted and Re-promoted Co/A1203 catalysts in all the studies supports 
this conclusion. The difference in the reoxidation/deactivation trends for unpro- 
moted and Re-promoted Co/A1203 catalysts may be interpreted in terms of the 
influence of rhenium on the distribution of metallic and oxidic phases. Rhenium 
increases the reducibility of Co/A1203 (fig. 2) and the apparent dispersion 
(Haas : Co) increases significantly from 0.038 to 0.066 (table 1). However, previous 
X-ray diffraction results for Co/A1203 and CoRe/AI203 catalysts have shown 
insignificant differences in Co304 particle size on calcined (unreduced) catalysts 
(typically 15-20 nm [9,10]). 

It is well known that cobalt supported on A1203 consists of multiple oxide phases 
of different dispersion and reducibility. In temperature programmed reduction 
studies the large Co304 particles are readily reduced at temperatures close to the 
reduction temperature of bulk Co304 (550-650K), whereas spinel COA1204 
formed by solid state reactions between cobalt and the support during calcination 
require reduction temperatures as high as 1200 K. CoAlzO4 can therefore be con- 
sidered as virtually unreducible at practical reduction temperatures. Additional 
cobalt oxide phases, assigned to highly dispersed, amorphous overlayers of Co 2+ 
and Co 3+, are reduced in the 700-1000 K range on unpromoted Co/A1203 catalysts 
[8,9,20-24]. The small peak at 512-514 K in fig. 2 is caused by reductive decomposi- 
tion of residual nitrate on the catalyst [8]. At the reduction temperature used in 
the deactivation studies (623 K), the overlayer phases are not completely reduced 
to the metal in unpromoted Co/A1203 catalysts. In CoRe/A1203 the reduction tem- 
perature of these phases are shifted to lower temperatures by more than 100 K 
(fig. 2) and are more completely reduced after prolonged reduction at 623 K. The 
increase in Hads : Co as a result of Re-promotion shown in table 1 is therefore to 
some extent a result of the reduction of additional cobalt oxide and the observed 
value is the average of a relatively poorly dispersed Co304 phase and the more 
highly dispersed cobalt oxide overlayers. 

Thermodynamic calculations show that bulk cobalt metal will not reoxidize in 
H/O/H2 mixtures [6]. However, at high dispersions it is likely that the interaction 
between support and metal/metal oxides will lead to deviations from bulk behav- 
ior. It is likely that the observed deactivation and reoxidation trends for Re-con- 
taining catalysts are associated with the instability of the highly dispersed metallic 
cobalt phases formed by Re-assisted reduction of cobalt oxide overlayers. In addi- 
tion, a direct influence of Re on reoxidation cannot be excluded if Re promotes 
reoxidation of metallic cobalt in a similar way as shown for the reduction of cobalt 
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oxide. Discrimination between these two possible explanations is not possible 
from the present results. 

The difference in the results obtained from bulk and surface sensitive techniques 
is emphasized. The gravimetric studies indicated a relatively small extent of bulk 
reoxidation of CoRe/A1203 at H20/H2 = 10, and an even more modest effect at 
H20/H2 = 1.5 (table 2). The latter conditions are probably more representative of 
the conditions used in the fixed-bed deactivation studies. In contrast, the XPS stud- 
ies indicated significant reoxidation at H20/H2 = 0.33 (table 3). Due to differences 
in pressures, H20/H2 ratios, catalyst composition and the properties of the A1203 
supports, the results from the model studies reported here are not directly compar- 
able. In spite of this, the available data from kinetic studies and model studies sug- 
gests that surface oxidation or oxidation of highly dispersed phases occurs in 
H20/H2 or H20/H2 / CO mixtures, leading to deactivation of the catalysts. 

5. Conclusions 

Co/A1203 catalysts have been shown to deactivate in H20/H2/CO feeds, with 
Re-promoted catalysts showing the highest rate of deactivation. Model studies, 
using gravimetry and XPS, show that reoxidation of cobalt can occur in H20- 
containing mixtures. The extent of reoxidation depends on the partial pressure of 
water and the H20/H2 ratio. Comparison of results from surface and bulk tech- 
niques suggests that surface oxidation or oxidation of highly dispersed cobalt 
phases are responsible for the observed deactivation. 
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