
1. Introduction

Uniformly dispersed Co_Ir_SiO2 catalysts prepared
by the alkoxide method have high and stable activity
for the Fischer-Tropsch reaction in slurry phase1).
However, the selectivity for higher hydrocarbons is not
greatly improved by changing the pore properties2).
The activity and selectivity can be adjusted by adding
metal oxide promoters (MOx; M = Zr, La, Cr, etc.) to
the Co-based catalysts commonly used in the Fischer-
Tropsch synthesis. The promotion effect of the addi-
tives may be due to the presence of partially reduced
promoter oxides which provide binding sites for the
oxygen atoms of CO, thus facilitating its dissociation3),
or the coverage of the active surface by the promoter,
leading to decreased or increased chemisorption capaci-
ty4). The present study investigated the effect of the
promoters (MOx; M = K, Cr, Al, Ce, La, and Mn) on
the Fischer-Tropsch synthesis over 20 wt%Co_0.5
wt%Ir_SiO2 catalysts prepared by the alkoxide method,
by adding the precursors of MOx at the preparation
stage of the catalysts.

2. Experimental

2. 1. Preparation of Co-SiO2 Catalysts by the
Alkoxide Method

The catalyst preparation by the alkoxide method was
described previously1). The precursors of MOx addi-
tives (KNO3, Al(NO3)3･9H2O, Cr(NO3)3･9H2O,
La(NO3)3･6H2O, Ce(NO3)4･6H2O, and Mn(NO3)2･
6H2O) were GR grade chemicals, used without further
purification. The required amounts of the metal pre-
cursor (M/Co = 0.1, atomic ratio), Co(NO3)2･6H2O,
and IrCl4･H2O were dissolved in 0.35 mol of ethylene
glycol, and mixed with 0.15 mol of tetraethyl orthosili-
cate (TEOS) to form a homogeneous solution by heat-
ing below 343 K. Distilled water diluted with ethanol
(11 cm3/11 cm3) was added to the solution at room tem-
perature with vigorous stirring, resulting in a homo-
geneous clear sol. The sol was slowly hydrolyzed to
form a glassy gel at 353 K for 40 h. The gel was dried
and calcined in an air flow at 823 K for 15 h to remove
organic compounds in the gel, and then reduced in a H2

flow at 673 K to form the MOx
_20 wt%Co_0.5

wt%Ir_SiO2 catalysts (M: additive).
2. 2. Characterization of Catalysts

X-Ray powder diffraction (XRD) analysis was per-
formed, using a diffractometer (Mac Science, MPX-18)
with Cu-Kα radiation (40 kV, 150 mA). X-Ray photo-
electron spectroscopy (XPS) measurements were con-
ducted with Shimadzu ESCA-850 with Mg-Kα radia-
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tion (8 kV, 30 mA).
2. 3. Fischer-Tropsch Reaction

After reduction, the catalyst (2 g) was suspended in
50 cm3 of hexadecane under an inert atmosphere. The
F-T reaction was carried out with the catalyst slurry in
an autoclave-type semi-batch reactor (flow type for gas
phase), with a volume of approximately 100 cm3. The
feed gas (H2 : CO : Ar = 60 : 30 : 10) was bubbled into
the slurry, and dissolution of the gas into the slurry was
promoted by a specially designed stirring rod5). The
reaction conditions were as follows: T = 503 K, P = 1
MPa, and W/F = 10 g-cat.･h/mol. The effluent gas
was periodically analyzed with a Shimadzu on-line gas
chromatograph model 14B or 17A with thermal con-
ductivity detector (TCD) and hydrogen-flame ioniza-
tion detector (FID) detectors, and inorganic gases and
C1-14 hydrocarbons were determined, using Ar in the
sample gas as the internal standard. The C10+ hydro-
carbons in the slurry were determined separately by gas
chromatography after the reaction. The procedure
was described previously in detail1).

3. Results and Discussion

Table 1 shows the effects of additives (MOx) on the
Fischer-Tropsch reaction. The additives were divided
into 4 groups, based on the activity and selectivity of
the catalysts: (a) K, which decreased the CO conver-
sion; (b) Al and Cr, which did not affect the conversion
significantly, but increased CH4 selectivity; (c) La and
Ce, which decreased C5+ selectivity; and (d) Mn, which
increased CO conversion and C5+ selectivity.

XPS measurement of the group (a) catalyst found
that K had accumulated on the surface of the catalyst,
which might block the active sites. Similar “site
blocking” was also found on K-promoted Ru/SiO2 cata-
lysts6). The effect may operate either by reducing the
availability of H2 on the surface, or an ensemble effect
due to the presence of K.

Among the numerous promoters of the Fischer-

Tropsch synthesis catalysts, Al is the most frequently
investigated as a textural promoter. As shown in
Table 1, the Co0 crystallite size decreased form 11.1
nm for Co_Ir_SiO2 catalyst to 9.7 nm and 4.7 nm for
Al_ or Cr_Co_Ir_SiO2 catalysts, respectively, suggest-
ing that the Al and Cr in the catalysts prevented the
growth of the Co0 particles. C5+ selectivity increases
with the dispersion of Co7), but we did not observe any
significant improvement in the selectivity for group (b)
catalysts, because of the small dispersion range.
Investigation of Cr promoted Co/MnO catalysts found
obvious changes in hydrocarbon selectivity with an
increase in chain growth probability (α )8). However,
we did not observe any remarkable effect on the cata-
lysts prepared by the alkoxide method, though CH4

selectivity increased slightly.
Adequate conversion was obtained over the group

(c) catalysts, as shown in Table 1. However, the
selectivity for heavy hydrocarbons clearly decreased,
whereas CH4 selectivity slightly increased. Rare earth
oxides are generally used as promoters9),10). La and Ce
promoters improved the activity and the selectivity for
olefins and higher hydrocarbons over carbon-supported
Co catalysts11). The effect was explained as new
active sites formed by the migration of patches of par-
tially reduced rare earth oxides to the Co surface during
activation. However, the opposite effect was also
reported12). The reduction of Ce might lead to the
active surface being covered with the promoter, result-
ing in decreased chemisorption capacity to “the detri-
ment of the C22+ fraction.” Our results were close to
the latter finding, with no positive effect was observed
on C5+ selectivity over the La- or Ce-promoted catalysts
prepared by the alkoxide method.

Compared with the Co_Ir_SiO2 catalyst (without
MOx promoter), the group (d) catalyst showed higher
selectivity for C5+ hydrocarbons. The addition of light
transition metal oxides, LTMO (Mn13), V14), Mo15)), has
been extensively explored and reviewed16). These
compounds facilitate CO dissociation at the sites of the
metal-promoter interface, and lower the surface H/C
ratio, due to electronic interaction with the metal sur-
face.

Figure 1 shows the good correlation between the
selectivity for CH4 and the standard enthalpy of forma-
tion of the promoter, −∆Hf0 17). The selectivity for
CH4 increased with −∆Hf0. A similar result was also
observed over catalysts supported on mesoporous me-
tallo-silicates18).

Mn2+ can be easily oxidized to Mn3+, Mn4+, Mn6+,
and even Mn7+, because MnO has low −∆Hf0. As
mentioned above, the role of LTMO is to facilitate CO
dissociation at the interface sites of the Co metal and
MOx, due to electronic interaction. Thus, the charge
of the electrostatic filed caused by the variation of the
electrovalence of MnOx might promote the back-dona-
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Table 1 Effect of Promoters on Catalytic Propertiesa) and
Crystallite Size of Co

M CO conv. Selectivity [C-%] Lb)

[%] CH4 CO2 C2-4 C5+ [nm]

— 48.9 11.5 2.5 23.5 62.5 11.1
K 36.0 13.5 3.6 14.7 68.2 6.6
Al 53.6 13.3 1.5 19.9 65.4 9.7
Cr 52.7 13.8 3.0 20.7 62.4 4.7
La 49.2 13.9 3.6 27.1 55.5 8.1
Ce 56.6 12.9 3.9 24.9 58.3 9.6
Mn 55.3 11.4 2.1 19.5 67.0 9.1

a) Catalyst: MOx
_20 wt%Co_0.5 wt%Ir_SiO2 (M: additive, M/

Co = 0.1).
b) Crystallite size of Co determined by XRD line broadening.



tion of electrons from the Co metal orbital to the 2π
orbital of CO, resulting in an increase in the concentra-
tion of CHx precursors and the rate of F-T product for-
mation, as well as the chain growth probability of CHx

(α ), while suppressing the formation of CH4.
In contrast, the high −∆Hf0 value of Al2O3 indicates

invariable valence of Al. As suggested above, the
main role of Al2O3 is to prevent the growth of Co parti-
cle size. Thus, Al2O3 cannot be described as an elec-
tronic effect promoter, but as a textual promoter allow-
ing the ensemble effect. CO conversion was too low
with the K-promoted catalyst to compare with the cata-
lysts containing the other promoters, and the result was
excluded from Fig. 1.

Since the Mn-promoted catalyst showed the highest
selectivity for C5+ hydrocarbons among the catalysts
listed in Table 1, the effect of Mn content on the cata-
lytic properties was investigated, as shown in Fig. 2.
CO conversion increased to 57% with Mn content up to
10 wt%, and then decreased significantly with further
increases in Mn content. Possibly the active sites
were covered with the excessive MnO, or the texture of
the catalyst precursor became unstable due to the
excessive additive in the alkoxide method. The cata-
lyst with 10 wt%-Mn also showed the highest α-value,
too. Further addition of Mn resulted in deactivation of
the catalyst during the F-T reaction, because the uni-
form structure of the catalyst was not achieved with
higher content of Mn.

4. Conclusions

The effects of additives on the catalytic properties
were investigated. The selectivity of products was
obviously influenced by the intrinsic properties of the

promoter oxides. Increasing standard enthalpy of for-
mation of promoter oxides, −∆Hf0, was linearly corre-
lated with increased selectivity for CH4. The promot-
ers were divided into 4 groups: (a) K decreasing CO
conversion; (b) Al and Cr increasing CH4 selectivity;
(c) La and Ce decreasing C5+ selectivity; and (d) Mn
increasing CO conversion and C5+ selectivity.

Acknowledgment
This investigation was financially supported by JSPS

(Contract No. RFTF-98P01001).

References

1) Okabe, K., Li, X., Matsuzaki, T., Toba, M., Arakawa, H.,
Fujimoto, K., Sekiyu Gakkaishi (J. Jpn. Petrol. Inst.), 42, (6),
377 (1999).

2) Okabe, K., Li, X., Matsuzaki, T., Arakawa, H., Fujimoto, K.,
Sekiyu Gakkaishi (J. Jpn. Petrol. Inst.), 44, (2), 135 (2001).

3) Fleish, T. H., Hicks, R. F., Bell, A. T., J. Catal., 87, (2), 398
(1984).

4) Mori, T., Miyamoto, A., Takahashi, N., Fukagaya, M., Hattori
T., Murakami, Y., J. Phys. Chem., 90, (21), 5197 (1986).

5) Fan, L., Han, Y. Z., Yokota, K., Fujimoto, K., Sekiyu Gakkaishi
(J. Jpn. Petrol. Inst.), 39, (2), 111 (1996).

6) McClory, M. M., Gonzalez, R. D., J. Catal., 89, (2), 392 (1984).
7) Igresia, E., Reyes, S. C., Madon, R. J., Soled, S. L., Adv. Catal.,

39, 221 (1993).
8) Colley, S. E., Copperthwaite, R. G., Hutchings, G. J., Foulds, G.

A., Coville, N. J., Appl. Catal. A: General, 84, (1), 1 (1992).
9) Rieck, J. S., Bell, A. T., J. Catal., 96, (1), 88 (1985).

10) Barrault, J., Probst, S., Alouche, A., Percheron-Guegan, A.,
Paul-Boncour, V., Primet, M., Stud. Surf. Sci. Catal., 61, 357
(1991).

11) Barrault, J., Guilleminot, A., Achard, J. C., Paul-Boncour, V.,
Percheron-Guegan, A., Appl. Catal., 21, (2), 307 (1986).

12) Ernst, B., Hilaire, L., Kiennemann, A., Catal. Taday, 50, (2),
413 (1999).

13) Fiato, R. A., Soled, S. L., U.S. Pat. 4621102 (1986).
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Fig. 1 Relationship between Standard Enthalpy of Formation
(−∆Hf0) of Promoter Oxide (MOx) and Selectivity for
CH4 over MOx

_20 wt%Co_0.5 wt%Ir_SiO2 Catalysts
Prepared by the Alkoxide Method (M/Co = 0.1)

Fig. 2 Effect of Mn Content on Catalytic Properties



17) “CRC Handbook of Chemistry and Physics,” 75th ed., ed. by
Lide, D. R., CRC Press, Boca Raton, FL (1994).

18) Wei, M., Okabe, K., Arakawa, H., Teraoka, Y., New J. Chem.,
27, (6), 928 (2003).

342

J. Jpn. Petrol. Inst., Vol. 46, No. 5, 2003

……………………………………………………………………

要　　　旨

アルコキシド法で調製した金属酸化物添加 Co-Ir-SiO2触媒上での Fischer-Tropsch合成

魏　　明灯，岡部　清美，荒川　裕則
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種々の金属（M; M = K，Al，Cr，La，Ce，およびMn）酸化

物を含む MOx
_20 wt％ Co_0.5 wt％ Ir_SiO2触媒をアルコキシド

法で調製し，これを用いてスラリー相での Fischer-Tropsch合

成を試み，金属酸化物添加が CO転化率や生成物への選択率に

及ぼす影響について検討した。Kを添加した触媒では活性が低

下した。Alまたは Crを添加した触媒では，CO転化率は未添

加触媒とほとんど変わらなかったが，CH4選択率がやや増加し

た。Laまたは Ceを添加した触媒では，C5+炭化水素選択率が

低下した。これに対し，Mnを添加した触媒では，CO転化率

や C5+炭化水素選択率が増加することが認められた。10 wt％

Mnを含む触媒では 57％ の転化率と高い α値（反応中間体

CHxの連鎖成長確率）が得られたが，それ以上添加した触媒で

は，活性劣化が著しかった。選択率と添加物特性との関係を調

べたところ，選択率と添加した金属酸化物（MOx）の標準生成

熱（−∆Hf0）との間には直線関係が見い出された。すなわち，

標準生成熱の増大とともに CH4への選択率が単調に増加した。


