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Abstract Co/SiO2 catalysts were prepared by a stepwise

impregnation of aqueous solutions containing Co nitrate or

chelating agent, nitrilotriacetic acid (NTA) or trans-1,2-

diaminocyclohexane-N,N,N0,N0-tetraacetic acid (CyDTA),

with various concentrations of Co2+ and the chelating

agent. Fischer–Tropsch synthesis activity of Co/SiO2 cat-

alysts having Co loadings of 5–20 mass% as metallic Co

was improved by the stepwise impregnation method with

these chelating agents. The catalyst prepared with CyDTA

(Co loading = 20 mass%, Co2+/CyDTA = 4 mol mol-1)

yielded 1,500 and 815 g kg-cat-1 h-1 of C5+ and C10–20

hydrocarbons at 503 K and 1.1 MPa, respectively, which

was much greater than that with the catalyst prepared from

the aqueous solution containing both Co nitrate and NTA.

Keywords Fischer–Tropsch synthesis � Co/SiO2

catalyst � Chelating agents � Trans-1,2-diamino-

cyclohexane-N,N,N0,N0-tetraacetic acid (CyDTA)

1 Introduction

Because of increasing demands for high-quality diesel

fuels, many studies on both fundamental and technological

aspects of Co-based FTS catalysts have been made in order

to improve their activities and selectivities [1–9].

Co-based catalysts are usually prepared by the impreg-

nation of Co precursor followed by drying, calcination and

H2 reduction [2]. Co nitrate is frequently used as a Co

precursor, which is considered to decompose to Co3O4

species during the drying and/or calcination steps [8–10].

During H2 reduction, Co3O4 species is reduced to CoO and

then successively reduced to metallic Co or Co–SiO2

interaction species [11–14]. Iglesia et al. [4] have reported

that the dispersion of metallic Co species correlates well

with its FTS activity. Although it has been often reported

that the dispersion of metallic Co species (i.e. the FTS

activity) depends on the type of Co precursors, pH of the

impregnating solution, and calcination temperatures, the

detail mechanism of the dependencies is still unknown

[15–17]. For example, it has been reported that the FTS

activity of Co/SiO2 is improved when Co nitrate is

co-impregnated with Co acetate, whereas the impregnation

of Co nitrate or Co acetate alone results in lower FTS

activities [15, 16]. The catalyst prepared with both Co

nitrate and Co acetate shows CO conversion ca. 1.4 times

higher than the catalyst with Co nitrate alone (42.5 vs.

29.8%) [16]. Since Co acetate is known to form highly

dispersed Co oxide species that is hard to be reduced by H2

reduction, the higher activity induced by the co-impreg-

nation method is interesting. However, the detail

mechanism is still unclear.

Apart from these studies, the authors recently investi-

gated the FTS activity of Co/SiO2 catalysts prepared from

an aqueous solution containing both Co nitrate and the

chelating agent or organic acid (Co2+/chelating agent or

organic acid = 1 mol mol-1, Co loading = 5 mass% as

metallic Co) having various complex formation constants

with Co2+ [18]. It was found that the use of the aqueous

solution of Co nitrate and nitrilotriacetic acid (NTA) as an

impregnating solution improves CO conversion over

Co/SiO2 catalyst by a factor of 3. The space time yield

(STY) of C10–20 hydrocarbon obtained with this catalyst

T. Mochizuki � D. Hongo � T. Satoh � N. Koizumi �
M. Yamada (&)

Department of Applied Chemistry, Graduate School of

Engineering, Tohoku University, Aoba 6-6-07, Aramaki,

Aoba-ku, Sendai 980-8579, Japan

e-mail: yamada@erec.che.tohoku.ac.jp

123

Catal Lett (2008) 121:52–57

DOI 10.1007/s10562-007-9291-6



was 110 g kg-cat-1 h-1 at 503 K and 1.1 MPa, which was

ca. 3 times greater than that with the catalyst without

chelating agents [19]. On the contrary, the use of the

aqueous solution of Co nitrate and the chelating agents

having larger complex formation constants such as ethy-

lenediamine-N,N,N0,N0-tetraacetic acid (EDTA) and/or

trans-1,2-diaminocyclohexane-N,N,N0,N0-tetraacetic acid

(CyDTA) showed relatively weaker effects. A volcano-

type dependency was found when CO conversion over

these catalysts was plotted against their logarithmic com-

plex formation constants [18]. The maximum conversion

was obtained with the catalyst prepared with the chelating

agent having an intermediate complex formation constant,

i.e. NTA. Furthermore, H2 uptakes on these catalysts cor-

relate well with their conversions. Therefore, it was

suggested that the complex formation with Co2+ (1:1

complex) having an intermediate stability in the impreg-

nating solution increases the number of surface metallic Co

sites, leading to an active Co/SiO2 catalyst [18, 19].

However, detailed mechanism of the activity improvement

by these chelating agents is still unclear yet.

In the present study, in order to investigate the role of

these chelating agents from different point of view, the

catalysts were prepared by the stepwise impregnation of

aqueous solutions containing Co nitrate or the chelating

agent (NTA or CyDTA). The concentrations of Co2+ and

the chelating agent (and thus the molar ratio of Co2+ to the

chelating agent) were varied in a wide range. Their FTS

activity and selectivity were investigated at 503 K and

1.1 MPa, and compared with those of the catalysts pre-

pared from the aqueous solution containing both Co nitrate

and the chelating agents, i.e. from the aqueous solution

containing 1:1 complex. The crystalline structure of Co

species formed on calcined catalysts was also investigated

by XRD analysis.

2 Experimental

2.1 Catalyst Preparation

All the catalysts investigated here were prepared by a

stepwise incipient wetness impregnation method with

aqueous solutions of the chelating agent and Co nitrate.

SiO2 granule (Q-15, Fuji Silisia, BET surface area = 192

m2 g-1, pore volume = 1.03 mL g-1) was sieved to yield

150–250 lm powder and calcined at 823 K before use. The

aqueous solution containing NTA (Dojindo Chemicals,

purity, purity[99%) or CyDTA (Dojindo chemicals, purity

[99%) was firstly impregnated into sieved SiO2 powder

followed by drying at 393 K and 12 h. The aqueous

Co(NO3)2�6H2O solution (Wako Pure Chemicals, purity:

[99.5%) with different Co2+ concentrations was

subsequently impregnated into dried material followed

by drying (393 K, 12 h) and calcination (723 K, 4 h).

The ratio of Co2+ to these chelating agents was varied in a

range from 1 to 32 mol mol-1. In this paper, the catalysts

thus prepared are denoted as Co(X)/L/SiO2 (L = NTA or

CyDTA, X = Co loading as metallic Co), whereas those

prepared from the aqueous solution containing both Co

nitrate and the chelating agent are denoted as L-Co(5)/

SiO2 (Co2+/NTA or CyDTA = 1 mol mol-1, Co load-

ing = 5 mass% as metallic Co) [18, 19].

In our previous studies, it was found that the FTS

activity and selectivity of the NTA-Co(5)/SiO2 and Cy-

DTA–Co(5)/SiO2 catalysts depend on various preparation

conditions such as the type of SiO2 support, pH of the

impregnating solution, calcination temperature and so on

[20, 21]. The type of SiO2 support and other preparation

conditions for Co(X)/L/SiO2 catalysts mentioned above

were chosen according to these previous studies. These

preparation conditions were effective for obtaining the

higher activity with NTA–Co(5)/SiO2 catalyst. The opti-

mization of the preparation conditions for Co(X)/L/SiO2

catalysts is now under investigations, and will be reported

in a separate paper.

2.2 FTS Reaction

FTS activities and selectivities of the reduced catalysts

were investigated using a fixed bed reactor. The reactor

consisted of a stainless steel tube with an internal diameter

of 7 mm in an electronically heated oven. Two sets of

temperature controllers and thermocouples regulated the

temperature in the catalyst bed within ±1 K. The gases, H2

(purity: [99.995%) and 33% CO/62% H2/5% Ar (purity

[99.99995%), were used without further purification. The

flow rate and the pressure of these gases were regulated

with mass flow controllers and a backpressure regulator.

The calcined catalyst mixed with glass beads was charged

into the reactor, and then reduced in a stream of H2 at

773 K for 6 h. After H2 reduction, the temperature was

down to room temperature in H2 stream. The feed gas

was changed into CO/H2/Ar at the pressure of 1.1 MPa

(W/F = 1.25 or 5.0 g-cat h mol-CO-1). The catalyst was

heated to 503 K for the activity evaluation.

Gaseous products were periodically sampled with

computer-controlled gas samplers and analyzed with two

on line GCs after the reaction temperature reached 503 K.

CO, CO2 and CH4 were quantified with on line GC/TCD

(Shimadzu, GC-8A) while C1–C7 hydrocarbons were

quantified with on line GC/FID (Shimadzu, GC-2014).

Ar was used as an internal standard for the quantification

with GC/TCD. Liquid products were collected with an ice

trap during on stream and analyzed with off line GC/FID
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(Agilent Technologies, Agilent 6850A) after the reaction.

The chain growth probability of liquid hydrocarbons (a)

was calculated from molar fractions of obtained C10–C20

hydrocarbon.

2.3 Characterization of the Calcined Catalysts

XRD measurements were carried out on the calcined cat-

alysts, in order to investigate the effect of modification

with the chelating agents on the crystalline structure of Co

oxide species. XRD patterns of the calcined catalysts were

measured on a MiniFlex powder X-ray diffractometer

(Rigaku). Cu Ka radiation was used as the X-ray source,

with the X-ray tube operating at 30 kV and 15 mA. Dif-

fraction intensities were recorded from 20 to 90� at the rate

of 2.00� min-1 with a sampling width of 0.02�. The

observed diffraction peaks were assigned by reference to

Joint Committee on Powder Diffraction Standards (JCPDS)

data.

3 Result and Discussion

3.1 FTS Activity

The effect of NTA on the FTS activity of the catalyst

prepared by the stepwise impregnation method was firstly

investigated, and compared with that observed for the

catalyst prepared from the aqueous solution containing

both Co nitrate and NTA. Figure 1 compares CO conver-

sions (at 20 h on stream) over Co(5)/SiO2, NTA–Co(5)/

SiO2, Co(5)/NTA/SiO2 and NTA/Co(5)/SiO2 catalysts. The

stepwise-impregnated catalysts were prepared by different

orders of the impregnating solutions. Co2+/NTA molar

ratio was unity for the catalysts prepared with NTA. FTS

reactions were carried out at 503 K and 1.1 MPa with

W/F = 5 g h mol-1. Under these reaction conditions,

Co(5)/SiO2 catalyst shows CO conversion of 20%. Both

Co(5)/NTA/SiO2 and NTA/Co(5)/SiO2 catalysts show

higher conversions as well as NTA–Co(5)/SiO2 catalyst

than the catalyst without NTA. The conversions over

Co(5)/NTA/SiO2 and NTA–Co(5)/SiO2 catalysts are com-

parable with each other (60%), while NTA/Co(5)/SiO2

catalyst shows a slightly lower conversion than these cat-

alysts. This figure clearly shows that promoting effects of

NTA are observed even though the catalysts are prepared

by the stepwise impregnation method.

As reported in our previous studies [18, 19], Co loading

of L-Co/SiO2 catalyst is limited to a maximum of 5 mass%

because it is difficult to prepare the homogeneous solutions

of Co nitrate and the chelating agent having higher Co2+

concentrations. On the contrary, Co loading of the catalysts

can be increased when the catalysts are prepared by the

stepwise impregnation method with the chelating agent.

Then, effects of NTA and CyDTA on the FTS activity of

the catalyst having higher Co loadings were further

investigated at the same reaction conditions. Co loading

was varied from 5 to 20 mass% as metallic Co, whereas the

loading of the chelating agents was kept constant. In Fig. 2,

CO conversions (at 20 h on stream) over Co(X)/SiO2 and

Co(X)/L/SiO2 (L = NTA or CyDTA) catalysts are plotted

as a function of their Co loading. This figure also includes

the conversions over NTA–Co(5)/SiO2 and CyDTA–Co(5)/

SiO2 catalysts as references [18, 19]. CO conversion over

Co(X)/SiO2 catalyst increases with increasing Co loading,

and reaches to 60% at Co loading of 20 mass% as metallic

Co. The conversion over Co(X)/NTA/SiO2 catalyst is

always higher than that over Co(X)/SiO2 catalyst, and
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Fig. 1 Promoting effects of NTA on CO conversions over Co/SiO2

catalyst prepared by the stepwise impregnation method. Reaction

conditions: 503 K, 1.1 MPa, 5 g-cat h mol-1
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Fig. 2 Effect of Co loading on CO conversions over Co(X)/SiO2 (d),

Co(X)/NTA/SiO2 (u) and Co(X)/CyDTA/SiO2 (j) catalysts. The

conversions over NTA–Co(5)/SiO2 (e) and CyDTA–Co(5)/SiO2 (h)

catalysts are also plotted in this figure. NTA and CyDTA loadings

were fixed at 16 and 31 mass%, respectively, for the catalysts

prepared by the stepwise impregnation method. Reaction conditions:

503 K, 1.1 MPa, 5.0 g-cat h mol-1
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eventually reaches to ca. 80%. On the contrary, the con-

version is quite low over Co(5)/CyDTA/SiO2 catalyst. This

catalyst shows the lower conversion than CyDTA–Co(5)/

SiO2 catalyst. An abrupt increase in the conversion is

observed over Co(X)/CyDTA/SiO2 catalyst when Co

loading increases from 5 to 10 mass%. The conversion

further increases with Co loading, and reaches a similar

level to Co(20)/NTA/SiO2 catalyst. Both NTA and CyDTA

show the promoting effects on the FTS activity of Co/SiO2

catalyst having higher Co loadings (10–20 mass%). The

stepwise impregnation method has important advantages

that Co loading of the catalysts with NTA and/or CyDTA

can be increased at least up to 20 mass%, and the pro-

moting effects of these chelating agents are clearly

observed for the catalyst having higher Co loadings.

3.2 FTS Selectivity and Productivity of Hydrocarbons

Table 1 summarizes FTS selectivities and hydrocarbon

productivities over Co(20)/NTA/SiO2 and Co(20)/CyDTA/

SiO2 catalysts (Co2+/NTA or CyDTA = 4 mol mol-1) in

comparison with those over Co(20)/SiO2 catalyst. FTS

reactions were carried out at W/F = 1.25 g h mol-1

because the conversions over Co(20)/NTA/SiO2 and

Co(20)/CyDTA/SiO2 catalysts reach to 80% at W/F = 5

g h mol-1 (Fig. 2). The selectivities and productivities

over Co(5)/SiO2 and NTA–Co(5)/SiO2 catalysts are also

included in this figure as references (W/F = 5 g h mol-1)

[18, 19]. The C5+ selectivity over Co(20)/SiO2 catalyst is

80.2 �C-mol%. The chain growth probability of C10–20

hydrocarbon (a) over this catalyst is 0.85. Both the C5+

selectivity and a value over Co(20)/SiO2 catalyst are

identical to those over Co(5)/SiO2 catalyst. Co(20)/SiO2

catalyst yields 360 g kg-cat-1 h-1 of C5+ hydrocarbons,

which is ca. 2.5 times greater than that obtained with

Co(5)/SiO2 catalyst.

Concerning effects of the chelating agents, the C5+

selectivities over Co(20)/NTA/SiO2 and Co(20)/CyDTA/

SiO2 catalysts are comparable with that over Co(20)/SiO2

catalyst, whereas the a values over Co(20)/NTA/SiO2 and

Co(20)/CyDTA/SiO2 catalysts are slightly lower. Besides,

the use of these chelating agents greatly improves the STY

of hydrocarbons. 608 and 1,500 g kg-cat-1 h-1 of C5+

hydrocarbon are obtained with Co(20)/NTA/SiO2 and

Co(20)/CyDTA/SiO2 catalysts, respectively, whereas the

STY of C5+ hydrocarbon over Co(20)/SiO2 catalyst is no

more than 360 g kg-cat-1 h-1. Furthermore, the STY of

C10–20 hydrocarbon (equivalent to the diesel fraction)

reaches 815 g kg-cat-1 h-1 over Co(20)/CyDTA/SiO2

catalyst. The STY of C5+ and C10–20 hydrocarbons obtained

with this catalyst is ca. 4.3 and 7.4 times greater than those

obtained with NTA–Co(5)/SiO2 catalyst. These differences

in the STY of hydrocarbons (Co(20)/CyDTA/SiO2 vs.

NTA–Co(5)/SiO2) are evidently greater than those

observed for the catalyst without chelating agents (Co(20)/

SiO2 vs. Co(5)/SiO2).

In open literatures, the champion data for the STY of

C5+ and C10–20 hydrocarbons has been reported to be 710

and 350 g kg-cat-1 h-1, respectively, over SBA-15 sup-

ported Co catalyst (Co loading: 20 mass% as metallic Co)

at 503 K and 2.0 MPa with W/F of 2.4 g h mol-1 [22].

Co(20)/CyDTA/SiO2 catalyst yields C5+ and C10–20

hydrocarbons more than 2 times greater than Co/SBA-15

catalyst even under lower reaction pressure.

3.3 Crystalline Structure of Co Oxide Species

on the Calcined Catalysts

XRD measurement was then carried out on the calcined

catalysts, in order to investigate the effect of the chelating

agents on the crystalline structure of Co oxide species.

Figure 3 shows XRD patterns of Co(20)/NTA/SiO2 and

Table 1 Effects of modification with the chelating agents on the FTS selectivity and hydrocarbon productivity over the reduced Co catalystsa

W/F

(g-cat h mol-CO-1)

CO conversion (%) Product selectivity (C-mol%) ac STY of C5+

(g kg-cat-1 h-1)

STY of C10–C20

(g kg-cat-1 h-1)
CO2 CH4 C5+

Co(5)/SiO2 5 19 0.7 8.4 79.2 0.86 145 46

Co(20)/SiO2 1.25 19 –d 9.8 80.2 0.85 360 209

NTA–Co(5)/SiO2 5 53 0.7 12.7 74.2 0.82 348 110

Co(20)/NTA/SiO2
b 1.25 30 –d 10.5 78.8 0.83 608 270

Co(20)/CyDTA/SiO2
b 1.25 60 0.5 14.1 76.7 0.81 1,500 815

a Reaction conditions: 503 K, 1.1 MPa
b Co2+/NTA or CyDTA = 4 mol mol-1

c Chain growth probability of liquid hydrocarbons
d Not detected
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Co(20)/CyDTA/SiO2 catalysts (Co2+/NTA or CyDTA =

4 mol mol-1) in comparison with Co(20)/SiO2 catalyst.

XRD pattern of Co(20)/SiO2 catalyst shows sharp peaks

originated from the crystalline Co3O4 species. The crystal-

line size of this specie was estimated to be 25 nm by the

Scherrer equation. In the patterns of the calcined catalysts

with the chelating agents, several peaks are observed as well

at identical positions to those observed in the pattern of

Co(20)/SiO2 catalyst. However, these peaks are evidently

broader and weaker compared with Co(20)/SiO2 catalyst.

The crystalline size of the Co3O4 species over Co(20)/NTA/

SiO2 and Co(20)/CyDTA/SiO2 catalysts was estimated to be

17 nm and less than 5 nm, respectively, clearly showing that

the use of these chelating agents decreases the (average)

crystalline size of the Co3O4 species formed after the

calcination.

3.4 Role of the Chelating Agents

Our previous study showed that the FTS activity

(CO conversion) of NTA–Co(5)/SiO2 catalyst changes

depending on the Co2+/NTA molar ratio of the impreg-

nating solution (0–2 mol mol-1) [23]. The maximum

conversion was obtained at the Co2+/NTA molar ratio of

unity, suggesting that the formation of 1:1 complex in the

impregnating solution is responsible for the higher FTS

activity of this catalyst. In the present study, it was found

that the promoting effects of NTA and CyDTA are

observed even though the catalysts were prepared by the

stepwise impregnation method as mentioned above.

In order to investigate the role of these chelating agents in

view of the complex formation, the FTS activities of

Co(20)/NTA/SiO2 and Co(20)/CyDTA/SiO2 catalysts

having various Co2+/L (L = NTA or CyDTA) molar ratios

were further investigated. In these experiments, the load-

ings of NTA and CyDTA were varied, while Co loading

was kept constant (20 mass% as metallic Co). It should be

noted that the catalysts having the Co2+/L molar ratio

below 2 mol mol-1 could not be prepared because of dif-

ficulties in the preparation of homogenous solutions

containing these chelating agents at higher concentrations.

Their FTS activities were evaluated at W/F = 1.25 g h

mol-1. Obtained results are summarized in Fig. 4. Over

Co(20)/NTA/SiO2 catalyst, CO conversion gradually

increases with increasing NTA loading (Co2+/NTA molar

ratio from 15 to 2 mol mol-1). On the contrary, CO con-

version over Co(20)/CyDTA/SiO2 catalyst steeply

increases at CyDTA loading of 8 mass% (Co2+/Cy-

DTA = 15 mol mol-1). The conversion over this catalyst

shows a broad maximum in a wide range of CyDTA

loading (Co2+/CyDTA molar ratio from 8 to 2 mol mol-1).

These two catalysts show different dependencies upon the

Co2+/L molar ratio, and Co(20)/CyDTA/SiO2 catalyst

always shows higher conversions irrespective of this ratio.

It is noted that this result is in contrast with our previous

results, where the higher conversion was obtained by the

catalyst with NTA rather than CyDTA when the catalyst is

prepared from the aqueous solution containing Co nitrate

and these chelating agents [18, 19].

The increasing conversion over Co(20)/NTA/SiO2 cat-

alyst with decreasing the Co2+/NTA molar ratio is

consistent with the dependency observed for NTA–Co(5)/

SiO2 catalyst upon the Co2+/NTA molar ratio. On the

contrary, the conversion over Co(20)/CyDTA/SiO2 catalyst

shows a broad maximum in the wide range of the Co2+/

CyDTA molar ratio (8 to 2 mol mol-1). Much smaller
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Fig. 3 XRD patterns of the calcined Co(20)/SiO2 (a), Co(20)/NTA/

SiO2 (b) and Co(20)/CyDTA/SiO2 (c) catalysts (Co2+/NTA or

CyDTA = 4 mol mol-1)
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conversions over Co(20)/NTA/SiO2 (u) and Co(20)/CyDTA/SiO2

(j) catalysts. Reaction conditions: 503 K, 1.1 MPa, 1.25 g-cat h
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CyDTA is enough for obtaining a higher activity over this

catalyst compared with NTA–Co(5)/SiO2 catalyst. Such

the dependency upon the Co2+/CyDTA molar ratio cannot

be explained simply in terms of the stoichiometric complex

formation during the preparation step in the catalyst pores.

It is suggested that the interaction between not only Cy-

DTA and Co2+, but also CyDTA and SiO2 surface is

indispensable during the preparation steps for obtaining

higher activities of this catalyst. Because the number of

surface sites on SiO2 surface that can be interacted with

CyDTA will be definite, the interaction between CyDTA

and SiO2 surface will be saturated by the addition of certain

amount of CyDTA. Such the interaction may result in the

formation of dispersed Co3O4 species after the calcinations

as shown in Fig. 3, leading to the higher activity.

4 Conclusion

In order to make clear the role of the chelating agents

found in our previous studies from different point of view,

the catalysts were prepared by the stepwise impregnation

of the aqueous solutions containing Co nitrate or the che-

lating agent (NTA or CyDTA). The loadings of Co and the

chelating agents were varied in wide ranges, and their FTS

activity and selectivity were investigated at 503 K and

1.1 MPa.

It was found that the chelating agent-modified catalysts

having higher Co loadings (at least up to 20 mass%) can be

prepared by the stepwise impregnation method, and the

promoting effects of NTA and CyDTA are clearly observed

for these catalysts. Co(20)/CyDTA/SiO2 catalyst (Co2+/

CyDTA = 4 mol mol-1) yielded 1,500 and 815 g kg-cat-

1 h-1 of C5+ and C10–20 hydrocarbons at 503 K and

1.1 MPa, respectively, which were much greater than those

with the previously reported NTA–Co(5)/SiO2 catalyst.

Furthermore, the promoting effect of CyDTA was observed

in the wide range of the Co2+/CyDTA molar ratio

(8–2 mol mol-1). Although it was suggested in our previ-

ous studies that the formation of 1:1 complex is responsible

for the higher activity of NTA–Co(5)/SiO2 catalyst, the

promoting effect of CyDTA observed for Co(20)/CyDTA/

SiO2 catalyst cannot be explained simply in terms of the

stoichiometric complex formation during the preparation

steps in the catalyst pores. It is suggested that the inter-

action between not only CyDTA and Co2+, but also

CyDTA and SiO2 surface during the preparation steps is

responsible for obtaining higher activities of this catalyst.

Acknowledgments This work was partly supported by the Ministry

of Education, Culture, Sports, Science and Technology, a Grant-

in-Aid for the 21st Century COE project, Giant Molecules and

Complex Systems. This research was also supported by the Japan

Society for the Promotion of Science (JSPS), Grant-in-Aid for

Scientific Research (S), 17106011, 2005.

References

1. Dry E (1981) In: Anderson JR, Boudart M (eds) Catalysis science

and technology, vol 1. Springer, Berlin, pp 195

2. Reuel RC, Bartholomew CH (1984) J Catal 85:78

3. Dry ME (1996) Appl Catal A: Gen 138:319

4. Iglesia E (1997) Appl Catal 161:59

5. Davis BH (2001) Fuel Process Technol 71:71

6. Dry ME (2002) Catal Today 71:227

7. Ming J, Koizumi N, Ozaki T, Yamada M (2001) Appl Catal A:

Gen 209:59

8. Bian G, Fujishita N, Mochizuki T, Ning W, Yamada M (2003)

Appl Catal A: Gen 252:251

9. Bian G, Mochizuki T, Fujishita N, Nomoto H, Yamada M (2003)

Energy Fuels 17:799

10. Ernst B, Bensaddik A, Hilaire L, Chaumette P, Kiennemann A

(1998) Catal Today 39:329

11. Ming H, Baker BG (1995) Appl Catal A: Gen 123:23

12. van Steen E, Sewell GS, Makhothe RA, Micklethwaite C,

Manstein H, de Lange M, O’Connor CT (1996) J Catal 162:220

13. Coulter KE, Sault AG (1992) J Catal 154:56

14. Khodakov AY, Lynch J, Bazin D, Rebours B, Zanier N, Moisson

B, Chaumette P (1997) J Catal 168:16

15. Matsuzaki T, Takeuchi K, Hanaoka T, Arakawa H, Sugi Y (1993)

Appl Catal A: Gen 105:159

16. Sun S, Tsubaki N, Fujimoto K (2000) Appl Catal A: Gen 202:121

17. van de Loosderecht J, van der Haar M, van der Kraan AM, van

Dillen AJ, Geus JW (1997) Appl Catal A: Gen 150:365

18. Mochizuki T, Hara T, Koizumi N, Yamada M (2007) Catal Lett

113:165

19. Mochizuki T, Hara T, Koizumi N, Yamada M (2007) Appl Catal

A: Gen 317:97

20. Mochizuki T, Koizumi N, Hamabe Y, Hara T, Takizawa H,

Yamada M (2007) J Jpn Petro Inst 50(5):262

21. Mochizuki T, Osanai H, Satoh T, Koizumi N, Yamada M, J Jpn

Inst Energy, submitted

22. Ohtsuka Y, Arai T, Takasaki S, Tsubouchi N (2003) Energy Fuels

17:804

23. Mochizuki T (2006) Doctor thesis of Tohoku University

Improvement of the Fischer–Tropsch Synthesis Activity of Co/SiO2Catalyst 57

123


	Improvement of the Fischer-Tropsch Synthesis Activity �of Co/SiO2 Catalyst by the Stepwise Impregnation Method �with Chelating Agents
	Abstract
	Introduction
	Experimental
	Catalyst Preparation
	FTS Reaction
	Characterization of the Calcined Catalysts

	Result and Discussion
	FTS Activity
	FTS Selectivity and Productivity of Hydrocarbons
	Crystalline Structure of Co Oxide Species �on the Calcined Catalysts
	Role of the Chelating Agents

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


