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Abstract−−−−The effects of potassium or lanthanum additives on the catalytic properties of alumina-supported cobalt
catalysts were examined through carbon monoxide hydrogenation reaction. The catalysts were characterized by
hydrogen or carbon monoxide chemisorption, oxygen titration, and temperature-programmed desorption. The reactions
were carried out at 270oC and atmospheric pressure. When a small amount of potassium was added to alumina-sup-
ported cobalt catalysts, the amount of hydrogen adsorption decreased more significantly than that of carbon monoxide
adsorption, and the extent of reduction also decreased. With the addition of potassium, the overall carbon monoxide
conversion decreased, while the selectivity to higher hydrocarbon and olefin increased. The effect of lanthanum on
activity and selectivity in carbon monoxide hydrogenation was less significant than the effect of potassium. Tempera-
ture-programmed desorption showed that the presence of additives changed the adsorbed state of CO on cobalt.
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INTRODUCTION

Cobalt-based catalysts are widely used in CO hydrogenation, es-
pecially when high molecular weight paraffins are desired. Cobalt
catalysts are preferred for Fisher-Tropsch synthesis due to their ac-
tivity, high selectivity to long chain hydrocarbons, and low activity
for the competitive water-gas shift reaction. To increase their activ-
ity, cobalt is usually supported on a high surface area support to ob-
tain high metal dispersion. The commonly used supports include
silica, alumina, titania, zirconia and zeolites [Lee et al., 1988; Shin
et al., 1996; Choi et al., 1997; Riedel et al., 1999; Zhao et al., 2003].

The widely studied effect of potassium promotion on various cat-
alysts in the Fisher-Tropsch synthesis is generally reported as the
surface basicity effect. The addition of potassium is known to re-
sult in an increase in the selectivity of Fisher-Tropsch products, while
the activity decreases because of the electronic effect caused by the
basicity of potassium [Gonzalez and Miura, 1982; Lee and Ahn,
1990; Xu et al., 1995; Yoon and Kim, 1995; Wang et al., 2003].
Designing a catalyst that mitigates the decrease of activity and im-
proves selectivity is therefore necessary. In some studies, an ele-
ment with redox centers can reportedly mitigate the decrease of ac-
tivity and rare-earth metal oxide has a similar basicity to the ele-
ment with redox centers [Goldwasser and Hall, 1981; Barrault and
Guilleminot, 1986].

In this paper, the characteristics of cobalt containing γ-Al2O3 in
CO hydrogenation were discussed. The effect of potassium or lan-
thanum oxide on the catalytic activity and selectivity of CO hydro-

genation was investigated. The catalyst samples were chara
ized with hydrogen or carbon monoxide chemisorption, oxyg
titration, and temperature-programmed desorption.

EXPERIMENTAL

1. Catalysts
Powder of γ-Al2O3 was provided by Strem Chemicals and had

mean diameter of 74µm, a pore volume of 0.27 cm3/g, and a sur-
face area of 227 m2/g. Hydrogen and helium (Matheson, 99.999%
were further purified by using a Deoxo catalyst followed by a m
lecular sieve trap. Carbon monoxide (Takachiho, 99.95%) was pa
through the molecular sieve trap to remove the water and meta
bonyl.

Alumina-supported cobalt catalysts were prepared by the inc
ent wetness method. After the pores of the alumina were filled w
an aqueous solution of Co(NO3)2·6H2O (Aldrich, 99.9%) and KNO3
(Aldrich, 99.9%) or La(NO3)3·6H2O (Aldrich, 99.9%) to an appropri-
ate metal loading, the catalysts were dried overnight in air at 
oC. Following calcination with oxygen at 500oC for 24 h, the cat-
alysts were reduced with hydrogen by being heated to 500oC at
2oC/min and the temperature was maintained for 10 h.
2. Characterization

The extent of reduction was measured by oxygen titration at 
oC according to the method of Batholomew and Farrauto [197
where the reduced cobalt metal was assumed to react with ox
to Co3O4 [Chin and Hercules, 1982]. To calculate the extent of 
duction of 10 wt% Co/γ-Al2O3 catalyst, oxygen titration was con
ducted by varying the concentration of K or La. When only La w
loaded, consumption by oxygen was confirmed. This confirmat
was used to correct the value of the extent of reduction.

The adsorption isotherms were measured at 25oC in a conven-
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tional Pyrex glass volumetric adsorption apparatus. The gas uptakes
were obtained by extrapolating the straight portion of the isotherms
to zero pressure, and the irreversible uptakes were determined by
the difference between the total uptakes and the reversible uptakes.
The amount of adsorbed hydrogen and CO showed a straight line
over 150 torr. The line was back extrapolated to zero pressure. The
adsorption amount over the support or K or La was too small to
consider.

Reuel and Bartholomew [1984] reported that hydrogen adsorp-
tion is part of the activation process over the supported Co cata-
lysts and that the dispersion, which is determined by using the max-
imum amount of adsorbed hydrogen, agrees well with the dispersion
measured by TEM. In addition, the ratio of the maximum amount
of adsorbed to the amount of adsorption at normal temperature has
been defined as an adsorption activation factor, and the adsorption
activation factor of 10 wt% Co/γ-Al2O3 was calculated as 1.2. This
factor was consequently used in this experiment. The following equa-
tion suggested by Reuel and Bartholomew [1984] was used to cal-
culate the dispersion of Co particles:

D (%)= 1.2×X/(Wf),

where X is the total amount of adsorbed hydrogen at 398 K under
the assumption that hydrogen adsorption is part of activation pro-
cess and that adsorption amount increases with temperature; W is
the weight percentage of cobalt; and f is the fraction of the reduced
cobalt metal determined through the oxygen titration experiment.
The particle size (d) was calculated by subsequent formula [Reuel
and Bartholomew, 1984]:

d=6.59×s/%D,

where s is the surface site density calculated by the weight average
of the face (100), (110), and (111) of the fcc cobalt with respect to
the supported cobalt crystal. Its value was 14.6 atomic number/nm2.

For the temperature-programmed desorption (TPD) of carbon
monoxide, 0.5 g catalyst was reduced with hydrogen at 500oC for
30 min under a helium stream. After cobalt metal was saturated with
CO, TPD curves were obtained by flowing helium at 60 cc/min as
the temperature was linearly increased at 5oC/min. The stream con-
taining CO was analyzed by a TCD (Hewlett-Packard 5710A) located
immediately downstream from the catalyst.

CO hydrogenation reaction was performed in a differential re
tor operating at atmospheric pressure, 250oC, and a H2/CO ratio of
3. Products were passed through a heated transfer line to a gas
matograph (Hewlett-Packard 5890 II) with a TCD and an FID co
nected in series. Products were separated in a 6 ft×1/8 in. col
packed with a Porapak Q (TCD) and in a 50m×0.2mm cross-lin
methylsilicone-fused silica capillary column (FID). The column tem
perature was held for 2 min at 50oC and then heated to 150oC at
16oC/min. The rate of CO hydrogenation reached a steady s
1 h after the introduction of the reactant gases into the reactor,
the reaction rates of all catalysts were measured after 2 h.

RESULTS AND DISCUSSION

1. Characterization of Catalysts
Table 1 shows the extent of reduction, the dispersion, the p

cle size and the adsorption amount with additives. As the con
tration of potassium increases, the dispersion decreases and th
ticle size increases. This sequence coincides with several repo
the literature that potassium promotes sintering. The extent o
duction decreases with the addition of potassium. This result is
ferred from the decrease of dispersion. It has been suggested
potassium might decrease the amount of surface cobalt. Fur
more, the amount of adsorbed hydrogen and carbon monoxide
creases with the addition of potassium. This phenomenon oc
because the addition of potassium might decrease the numb
active sites on the surface cobalt. In addition, this trend is simila
the decrease of dispersion.

As the concentration of lanthanum increases, the amount of
drogen chemisorption remains almost constant (Table 1). The am
of carbon monoxide chemisorption over lanthanum-added cata
is smaller than that over the catalyst without lanthanum. Consequ
ly, the CO/H ratio over lanthanum-added catalysts is smaller t
that over the catalyst without lanthanum. Underwood and Bell [19
reported that lanthanum exists in La2O3 and in its partially reduced
state LaOx over the Rh/SiO2 catalyst. They suggested that LaO
controlled the adsorption of carbon monoxide and hardly affec
the adsorption of hydrogen. This phenomenon occurs becaus
chemisorbed hydrogen over the active site of rhodium spills o
LaOx’s surface. Because the amount of adsorbed carbon mo

Table 1. Chemisorption data of 10 wt% Co/γγγγ-Al 2O3 catalysts

Promoter/Co (wt%) Extent of reduction (%)a irr.H×103 (H/Co) irr.CO×103 (CO/Co) [CO/H]irr
b Dispersion (%)c d (nm)d

- 83 6.1 11.8 1.9 5.3 18.0
K(1) 82 5.6 11.6 2.1 4.9 19.6
K(5) 80 2.7 08.6 3.2 3.1 35.6
K(10) 59 0.9 08.7 9.7 3.2 30.1
La(1) 81 4.6 03.5 0.8 6.7 14.5
La(5) 76 4.6 03.5 0.8 7.1 13.6
La(10) 68 5.9 06.0 1.0 5.0 19.3

aCalculated from O2 titration at 400oC, assuming the formation of Co3O4 [Chin and Hercules, 1982].
bRatio of irreversible uptakes at room temperature.
cDispersion determined from H2 uptake at room temperature multiplied with adsorption activation factor [Reuel and Bartholomew, 19
dCobalt particle size obtained from the relation (d=6.59×s/%D, s=14.6 atoms/nm2) [Reuel and Bartholomew, 1984].
March, 2004

3. Reaction ide decreases with the addition of lanthanum in the Rh/SiO2 cata-



7

s in
hem-
ount
ddi-
ar-

 have
on-
ases

car-
axi-
s to
xide
ount
ses
ced
ro-
 co-

the
. 3).
lyst
/F
car-
he

e-
.

 the
 de-
aused

istri-
Catalytic Properties of Potassium- or Lanthanum-Promoted Co/γ-Al2O3 Catalysts in Carbon Monoxide Hydrogenation 36

lyst, Underwood and Bell [1988] also suggested that part of the ad-
ditive exists on the surface of the rhodium particle. In this study,
the extent of reduction decreases with the addition of lanthanum
because part of the lanthanum that exists in the oxide state covers
the cobalt metal. This phenomenon disturbs the reduction of cobalt
and the chemisorption of carbon monoxide.

Fig. 1 shows TPD curves of Co/γ-Al2O3 catalysts with the added
potassium. The desorption peaks of the carbon monoxide were ob-
served in two temperature ranges: from 50oC to 200oC and from
300oC to 400oC. Lee et al. [1985] suggested that the peak in the
low-temperature range of about 200oC is caused by desorption of
CO molecules adsorbed on a nickel surface over a supported nickel
catalyst, and that the high-temperature peak of about 400oC is pro-
duced from the recombination of oxygen from the support and the
carbon.

In the results of this experiment, high-temperature peaks seem
to be due to the carbon monoxide produced by the recombination

of oxygen and the carbon offered in support. Of the two peak
the low-temperature range, one can be considered as weakly c
isorbed CO and the other as strongly chemisorbed CO. The am
of weakly chemisorbed carbon monoxide decreases with the a
tion of potassium, while the amount of strongly chemisorbed c
bon monoxide increases. The desorption peak also seems to
moved to a high temperature with the addition of potassium. C
sequently, the adsorption strength of carbon monoxide incre
with the addition of potassium.

Fig. 2 shows TPD curves over lanthanum-added Co/γ-Al2O3 cat-
alysts. While the amount of desorption for weakly chemisorbed 
bon monoxide decreases with the addition of lanthanum, the m
mum desorption peak of chemisorbed carbon monoxide move
a high temperature. The adsorption strength of carbon mono
increases with the addition of lanthanum. Furthermore, the am
of carbon dioxide produced during carbon monoxide TPD increa
with the addition of lanthanum. As carbon dioxide can be produ
by the dissociation of carbon monoxide, lanthanum reportedly p
motes the dissociation of carbon monoxide. This phenomenon
incides with the tendency of the lanthanum-added Pd/SiO2 catalyst
reported by Rieck et al. [1986].
2. Activity and Selectivity

To elucidate the effect of diffusion on catalytic performance, 
conversions were obtained by changing the space velocity (Fig
Because the relationship of the conversion versus W/F (W: cata
mass; F: reactant velocity of flow) clearly displays a linearity to W
of 0.3, the hydrogenation reactions of carbon monoxide were 
ried out within this range to exclude the effect of diffusion in t
catalyst bed.

As shown in Table 2, the activity in carbon monoxide hydrog
nation over Co/γ-Al2O3 decreases with the addition of potassium
The decrease in activity seems to be attributed to covering of
active site of cobalt by potassium. This result is confirmed by a
crease in the extent of reduction and a decrease of dispersion c
by the addition of potassium.

Table 3 shows the effects of potassium addition on product d

Fig. 1. TPD of CO over K-added 10 wt% Co/γγγγ-Al 2O3 catalysts.

Fig. 2. TPD of CO over La-added 10 wt% Co/γγγγ-Al O  catalysts.

Fig. 3. Absence of external mass transfer resistance for 10 wt%
Co/γγγγ-Al2O3 (W: catalyst weight, F: reactant flow rate, A:
experimental region).
Korean J. Chem. Eng.(Vol. 21, No. 2)
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bution. The addition of potassium causes an increase in the olefin
yield of a C2-C3 product and in the higher hydrocarbon yield; how-

Flory plots for the molecular weight distribution of the produc
hydrocarbon. The chain propagation probability (α) calculated from
the plots increased from 0.364 for the Co/γ-Al2O3 catalyst without
potassium to 0.676 for the catalyst with potassium at a K/Co’s r
of 10 wt%. This result seems to be due to the increase of resid
time for the carbonaceous species on the catalyst surface.

The electron density over cobalt surface increases with the a
tion of potassium. This increase possibly occurs because potas
donates some electrons to the cobalt surface. Accordingly, the 
between cobalt and carbon monoxide is reinforced. This resu
attributed to the backdonation of cobalt’s d electron orbitals toπ*
antibonding orbital of CO. Consequently, carbon monoxide is ch
isorbed more strongly on a cobalt surface. This explanation is c
firmed by the chemisorption results in which the ratio of chem
sorbed CO/H increases with the addition of potassium. It is a
confirmed by the TPD results in which the bond strength of the 
on the catalyst increases with the addition of potassium. Stren
ening the bond between the metal and the adsorbed molecula
by adding potassium coincides with the results on a Ni/SiO2 cata-
lyst reported by Praliaud et al. [1986].

The addition of lanthanum has a similar effect to the addition
potassium on catalytic performance, though its effect is less no
able than that of potassium. As shown in Table 2, the conver
of carbon monoxide and turn-over-frequency (TOF) remain alm
constant with the addition of lanthanum to 5 wt% La/Co, where
they decrease significantly with the addition of 10 wt% La/Co. 
shown in Table 3, the product distribution does not change sig
cantly with the addition of lanthanum to 5 wt% La/Co, though t
selectivity toward higher hydrocarbons and the selectivity towa
olefins in C2-C3 products increase significantly with the addition o
10 wt% La/Co. Fig. 5 shows Schulz-Flory plots for the molecu
weight distribution of the produced hydrocarbon. The chain pro
gation probability (α) calculated from the plots increases from 0.3
for the Co/γ-Al2O3 catalyst without lanthanum to 0.558 for the ca
alyst with lanthanum at the La/Co ratio of 10 wt%, though the 
crease of α is less pronounced than that of potassium.

Table 2. Turnover frequency for CO disappearance over 10 wt%
Co/γγγγ-Al2O3 catalysts

Promoter/
Co (wt%)

Conversion
(%)

RCO×106 at 270oC
(mol/gcat.sec)

NCO×103 at 270oC
(sec−1)

- 6.1 4.2 46.1
K(1) 5.0 3.4 34.1
K(5) 4.0 2.8 52.4
K(10) 2.0 1.4 20.9
La(1) 6.2 4.2 37.4
La(5) 6.0 4.1 34.0
La(10) 1.6 1.4 12.9

Reaction conditions: 270oC, 1 atm, H2/CO=2, W/F=0.23 gcat.sec/
cc.

Table 3. Effects of promoters on product distribution over 10 wt%
Co/γγγγ-Al2O3 catalysts

Promoter/
Co (wt%)

Conv.
(%)

Product distribution
(wt%)

Olefin
selectivity (wt%)

C1 C2-C4 C5-C10 C11+

C2
= C3

=

C2
=
+C2 C3

=+C3

- 6.1 61.0 29.6 09.4 0.0 18.2 75.8
K(1) 5.0 60.5 29.9 09.6 0.0 26.4 81.2
K(5) 4.0 44.5 34.5 20.1 0.8 54.8 96.3
K(10) 2.0 32.6 30.5 32.2 4.7 96.5 95.0
La(1) 6.2 58.9 32.0 09.3 0.0 23.9 72.8
La(5) 6.0 57.8 30.9 11.4 0.0 22.9 81.2
La(10) 1.6 39.9 37.8 21.7 0.5 83.5 94.0

Reaction conditions: 270oC, 1 atm, H2/CO=2, W/F=0.23 gcat.sec/
cc.

Fig. 4. Anderson-Schulz-Flory plots for the products over K-added
10 wt% Co/γγγγ-Al2O3 (270oC, 1 atm, H2/CO=2, W/F=0.23
gcat.sec/cc).

Fig. 5. Anderson-Schulz-Flory plots for the products over La-add-
ed 10 wt% Co/γγγγ-Al2O3 (270oC, 1 atm, H2/CO=2, W/F=0.23
March, 2004

ever it causes methane production to decrease. Fig. 4 shows Schulz- gcat.sec/cc).



9

iza-

ar-

ac-

ion

cle
na-

ro-

-
 Sil-

sch
,” 

 

. W.,
is-

ata-
e-

ht
st,”
454

ia

ro-

alyst
on-
Catalytic Properties of Potassium- or Lanthanum-Promoted Co/γ-Al2O3 Catalysts in Carbon Monoxide Hydrogenation 36

On the other hand, the effect of varying the carbon monoxide
conversion on product selectivity has been tested. Fig. 6 shows the
product distribution in carbon monoxide hydrogenation with a chang-
ing space velocity over a 10 wt% Co/γ-Al2O3 catalyst. The product
distribution remains almost constant with the decrease of the con-
version from 6.2% to 2.8%. The effect of conversion on selectivity
is therefore excluded. Consequently, the addition of potassium or
lanthanum modifies the surface of catalysts, and increases the pro-
duction of higher hydrocarbons and olefins.

CONCLUSION

By adding a small amount of potassium to an alumina-supported
cobalt catalyst, H2 adsorption decreases more significantly than car-
bon monoxide adsorption. The extent of reduction also decreases.
With the addition of potassium, the overall carbon monoxide con-
version decreases, while the selectivity to higher hydrocarbon and
olefin increases. The effect of lanthanum on activity and selectivity
in carbon monoxide hydrogenation is less significant than the effect
of potassium. The TPD shows that the presence of additives changes
the adsorbed state of carbon monoxide on cobalt.
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