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INTRODUCTION

It is well known that the particle size of cobalt metal
in Co-supported catalysts for the Fischer–Tropsch syn-
thesis (FTS) is mainly responsible for the activity and
selectivity of the process [1, 2]. In these catalysts,
cobalt is frequently in the superparamagnetic state
because of the small particle size (of about several
nanometers). The presence of small cobalt particles
facilitates an increase in the selectivity for methane.
However, the selectivity for heavy hydrocarbons in the
FTS increases with particle size, although the overall
activity decreases in this case because of a decrease in
the specific surface area of the metal. Thus, it is likely
that there is an optimum size of Co particles in Co-sup-
ported FTS catalysts at which a reasonable selectivity
for 

 

ë

 

5+

 

 and a high activity are reached.
The particle size of supported cobalt depends on the

pore size of the support (it increases with pore diameter
[1]), as well as a number of other factors, in particular,
the presence of promoters for cobalt reduction from an
oxide [3]. Saib et al. [4] found that 20% Co/SiO

 

2

 

 with a
pore diameter of 10 nm exhibited high activity and
selectivity for hydrocarbons. Note that the pore struc-
ture of a support had also a considerable effect on FTS
selectivity [5]. Therefore, supports with identical pore
structures should be used in order to reveal the effect of
Co particle size on selectivity.

Supports with small pore diameters, such as meso-
porous silica gel or 

 

γ

 

-Al

 

2

 

O

 

3

 

, are commonly used for the
synthesis of a catalyst containing superparamagnetic
cobalt particles (for Co at 

 

T

 

 = 20

 

°

 

C, these particles are
smaller than 7–8 nm). In this case, the promotion of the
active catalyst component with noble metals (Ru or Re

[1, 6, 7]) provides an opportunity to affect the disper-
sion of cobalt.

In this work, we considered the effect of a promot-
ing additive of Ru on the particle size of Co, as well as
the effect of the average particle size of Co on the
selectivity and activity of Co/MgO/Al

 

2

 

O

 

3

 

 and
Co

 

−

 

Ru/MgO/Al

 

2

 

O

 

3

 

 catalysts in the FTS.

EXPERIMENTAL

The 0.5% MgO/Al

 

2

 

O

 

3

 

 support was prepared by the
impregnation of 

 

γ

 

-Al

 

2

 

O

 

3

 

 (A-64; 

 

S

 

sp

 

 = 220 m

 

2

 

/g; 

 

V

 

pore

 

 =
0.75 cm

 

3

 

/g) with a solution of Mg(NO

 

3

 

)

 

2

 

 · 6H

 

2

 

O fol-
lowed by drying at 

 

90°C

 

 and calcination at 

 

500°C

 

 for 6 h
in order to form the spinel structure 

 

MgAl

 

2

 

O

 

3 + 

 

x

 

, where

 

x

 

 

 

≤

 

 1

 

, in the surface layer of 

 

γ

 

-Al

 

2

 

O

 

3

 

. The catalysts
Co/0.5% MgO/Al

 

2

 

O

 

3

 

 (

 

I

 

) and Co–0.2% Ru/0.5%
MgO/Al

 

2

 

O

 

3

 

 (

 

II

 

) were prepared by successive impreg-
nation with a solution of 

 

ëo(NO

 

3

 

)

 

2

 

 

 

·

 

 6H

 

2

 

O

 

 or a mixture
of solutions of 

 

Co(NO

 

3

 

)

 

2

 

 

 

·

 

 6H

 

2

 

O

 

 and 

 

RuCl

 

3

 

 · 

 

n

 

H

 

2

 

O

 

 with
required concentrations, respectively. After each stage
of impregnation (the supporting of 10, 20, and 30 wt %
Co, respectively), the catalysts were dried and calcined
in a flow of air at 

 

450°ë

 

 for 2 h. Two series of catalysts
containing 10, 20, and 30 wt % Co were prepared in this
manner.

A flow microreactor served as the measuring cell of
a vibration magnetometer; this allowed us to perform
the in situ measurements of magnetization in the course
of the reaction. The test sample was fixed between two
porous quartz membranes. A katharometer was used as
a detector at the reactor outlet. The magnetometer was
calibrated using a sample of high-purity cobalt before
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each particular experiment. Magnetization was
assumed proportional to the weight of cobalt metal. The
heating rate was 0.5 K/s in all of the nonisothermal
experiments. The weight of a catalyst sample was con-
stant and equal to 20 mg.

Temperature-programmed reduction (TPR) was car-
ried out in a flowing mixture of 5 vol % H

 

2

 

 + Ar. Reduc-
tion was monitored as the hydrogen uptake rate and as
the variation of magnetization.

Immediately before temperature-programmed oxi-
dation, the catalyst was reduced in hydrogen at 

 

700°ë

 

to constant magnetization, which corresponded to the
degree of cobalt reduction of ~70–80%. After the
reduction, the catalysts were cooled to 

 

7°C

 

 in a flow of
high-purity argon.

Oxidation was performed under isothermal condi-
tions at 

 

7°C

 

 in a mixture of 1 vol % 

 

é

 

2

 

 + He. In this
case, an oxide film, which was stable at the specified
temperature, was formed and further oxidation was
possible only with increasing temperature.

The coercive force 

 

H

 

Ò

 

 and residual magnetization
were measured at 

 

7°C

 

. The saturation magnetization 

 

σ

 

s

 

was determined by extrapolating to infinite field in the

 

1/

 

H

 

–

 

σ

 

 coordinates.
The particle size of cobalt was estimated after

reduction in a flow of 

 

H

 

2

 

 at 

 

700°C

 

. The degree of reduc-
tion was monitored by measuring magnetization
changes. Upon reaching a constant magnetization, the
test sample was cooled to 

 

200°C

 

 and the flow of hydro-
gen was replaced with argon in order to desorb 

 

H

 

2

 

 from
the surface of cobalt. Then, the temperature was
decreased to the temperature of water in the microfur-
nace cooler (

 

7°C

 

). The field dependence of the magne-
tization of samples at room temperature was measured
on a vibration magnetometer with a maximum field of
6.3 kOe.

The catalytic tests of samples were performed in a
GTL/HP 4 catalytic setup using a mixture of CO + 

 

H

 

2

 

 +

5% N

 

2

 

 at a reactor pressure of 20 atm. The catalyst vol-
ume was 5 cm

 

3

 

. The working temperature was varied
from 170 to 

 

205°ë

 

. The space velocity of synthesis gas
was 1000 h

 

–1

 

. The reaction products were analyzed by
chromatography. The gas mixtures of CO, 

 

N

 

2

 

,

 

 and 

 

H

 

2

 

were separated on a column packed with molecular
sieves CaA; 

 

ëH

 

4

 

, ë

 

2

 

–ë

 

4

 

,

 

 and 

 

ëé

 

2

 

 were separated on a
column with a HayeSep phase, and 

 

ë

 

5+

 

 hydrocarbons
were separated on a DP-Petro 0.5 capillary column
(50 m 

 

×

 

 0.2

 

 mm).

RESULTS AND DISCUSSION

 

Temperature-Programmed Reduction

 

Figures 1 and 2 show the temperature-programmed
reduction (TPR) spectra and the temperature depen-
dence of magnetization for catalysts 

 

I

 

 and 

 

II, respec-
tively. Previously, it was found that the formation of the
spinel structure MgAl2O3 + x in the surface layer of γ-
Al2O3 prevents the oxide–oxide interaction of the active
component with the support to result in a more com-
plete reduction [8]. The reduction process is a two-step
reaction of ëÓ3é4 reduction to cobalt metal. It is well
known that two peaks in the TPR spectra correspond to
the processes [10]

ëÓ3é4 + H2  3CoO + H2é, (I)

3CoO + 3H2  3Co + 3H2é. (II)

Only the reduction process CoO  Co is accom-
panied by an increase in magnetization to a constant
value that corresponds to the degree of reduction. This
value was ~80% for our catalysts. In this case, the com-
pletion of reduction can also be judged from an insig-
nificant decrease in magnetization at the end of the pro-
cess because of the temperature dependence of magne-
tization.
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Fig. 1. (1–3) TPR spectra and (1'–3') the temperature depen-
dence of magnetization for the Co/0.5% MgO/Al2O3 cata-
lyst with Co content of (1) 10, (2) 20, or (3) 30 wt %; (4')
changes in the magnetization of a sample with 30% Co in
the course of TPR in an atmosphere of pure H2.
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Fig. 2. (1–3) TPR spectra and (1'–3') the temperature depen-
dence of magnetization for the Co–0.2% Ru/0.5%
MgO/Al2O3 catalyst with Co content of (1) 10, (2) 20, or (3)
30 wt %.
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In Figs. 1 and 2, it can be seen that the temperature
of the appearance of cobalt metal in the presence of the
ruthenium promoter increased from 330 to 360°ë with
increasing cobalt concentration. In the absence of
ruthenium, this temperature was almost independent of
the cobalt concentration and equal to ~340°C. Never-
theless, note that the rate of reduction of catalyst I was
higher than that of catalyst II. However, as judged from
the final magnetization, the degrees of reduction were
equal in both of the catalysts. As can be seen in Fig. 1,
the degree of reduction of 30% Co/0.5% MgO/Al2O3
was much higher if the catalyst was reduced in an atmo-
sphere of pure hydrogen. It is likely that, in this case,
the expected promoting effect of ruthenium, which is
related to the spillover of hydrogen on the support sur-
face or a ëÓéx phase, is weakened by the fact that
ruthenium particles are arranged in the narrow pores of
the support and the spillover of hydrogen is suppressed
[11].

Dependence of Magnetization on Magnetic Field 
Intensity and Cobalt Particle Size

The particle size of cobalt was estimated from the
dependence of magnetization on magnetic field inten-
sity for catalysts I and II at room temperature by mea-
suring coercive force (HÒ) before and after the partial
oxidation of cobalt nanoparticles.

Figure 3 shows the dependence of magnetization on
magnetic field intensity for the 30% Co/0.5%
MgO/Al2O3 catalyst. The occurrence of a hysteresis in
the curve suggests that nonsuperparamagnetic cobalt
particles were present in the system. The 10% Co and
30% Co/0.5% MgO/Al2O3 catalysts also exhibited a
hysteresis.

To answer the question of which particular type of
particles was predominant in the test systems, we used
the following methodology: It is well known [12] that
the dependence of the coercive force on the particle size
of a ferromagnetic has the shape of a curve with a max-
imum. For cobalt, a maximum of HÒ corresponds to a
size of ~20 nm (single-domain particles) [13]. A dra-
matic decrease in HÒ was observed as the particle size
decreased from 20 nm. In the transition to a superpara-
magnetic state, HÒ became zero. For particles whose
size was greater than ~20 nm (multidomain particles),
HÒ also decreased but to a limit that corresponded to
bulk metal. On the other hand, a decrease in the size of
a particle metal core because of oxide film formation
was observed in low-temperature oxidation (Tox <
330°C). In accordance with the above, the oxidation of
cobalt particles results in coercive force changes
towards increasing HÒ in the case that the system con-
tains particles of size greater than ~20 nm or towards
decreasing HÒ if the system consists of particles smaller
than ~20 nm. If the system does not contain multido-
main particles, that is, d < 20 nm, the following equa-
tion can be used to analyze the particle-size distribution
[14]:

(1)

where γ is the fraction of superparamagnetic particles,
σr is the residual magnetization, and σs is the saturation
magnetization.

The upper limit of the size of superparamagnetic
particles at room temperature can be estimated using
the equation

(2)

where K is the anisotropy constant of fcc Co, which is
equal to 5 × 106 erg/cm3 [15], and V is the particle vol-
ume. The greatest diameter of superparamagnetic parti-
cles that satisfies Eq. (2) at T = 7°C (the measurement
temperature) is ~7.6 nm.

Table 1 summarizes characteristics of catalysts I
and II. It can be seen that an increase in HÒ in the partial
oxidation of catalyst I at all Co concentrations suggests
the presence of multidomain cobalt particles in this cat-
alyst. As for catalyst II, the value of HÒ passed through
a maximum as the concentration of cobalt was
increased. In this case, an insignificant increase in HÒ
was observed in the partial oxidation of a catalyst with
10% Co, as compared with that of the reduced sample,
whereas HÒ decreased in the samples with 20 and 30%
Co. Thus, catalysts II with Co concentrations of 20 and
30 wt % did not contain multidomain particles; conse-
quently, the particle size of cobalt in these catalysts was
smaller than 20 nm. For these catalysts, Eq. (1) can be
used in order to evaluate the fraction of particles of
sizes from 20 to 7.6 nm and particles smaller than
7.6 nm, that is, superparamagnetic cobalt particles. The
corresponding data are given in Table 1.

We calculated that, in catalyst II with a cobalt con-
tent of 30%, the fraction of particles of size from 7.6 to
20 nm was 46% and the fraction of superparamagnetic
particles was 54%. This is consistent with conclusions
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Fig. 3. Dependence of magnetization on magnetic field
intensity (H) for the 30 wt % Co/0.5% MgO/Al2O3 catalyst.
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drawn based on the oxidation of these catalysts. The
corresponding values for catalysts after the first and
second impregnations (Co concentrations of 10 and
20%, respectively) were 61 and 50%, respectively. As
noted above, catalyst I contained multidomain Co par-
ticles (greater than 20 nm); in this case, it is incorrect to
judge the particle-size distribution from magnetic mea-
surements.

In this context, the positions of peaks in the TPR
spectra of catalysts I and II became understandable.
Indeed, in the case of a catalyst containing 30 wt % Co,
the maximum temperatures of the first and second
peaks of catalyst II were higher than those of catalyst I.
This was due to the presence of superparamagnetic Co
particles because the reducibility decreases with
decreasing particle size [16]. It is well known that the

Table 1.  Properties of Co/0.5% MgO/Al2O3 (I) and Co–0.02% Ru/0.5% MgO/Al2O3 (II) catalysts

Cobalt
content, %

Hc, Oe TPR data Amount of Co particles, %

after TPR after TPO TCo formation, 
°C

Tpeak I ,
°C

Tpeak II,
°C

7.6 nm < d < 20 nm
(nonsuperparamag-

netic)

d ≤ 7.6 nm
(superparamag-

netic)

Catalyst I
10 363 390 340 300 350–480 – –

20 453 525 340 300 240–500 – –

30 476 – 340 310 480 – –

Catalyst II
10 286 320 310 280 420 – –

20 430 400 340 300 350–490 50 50

30 295 176 360 330 490 46 54

Table 2.  Catalytic tests of samples I and II

t,
 h

T,
°C

XCO, 
%

Yield, g/m3

,

 %

,

%

A × 106,
mol CO

(g Co)–1 s–1

Composition
of liquid

hydrocarbons, %

Composition
of paraffins, %

α n-/iso, 
%/%

CH4 C2–C4 C5+ CO2 ΣHC
ol

ef
in

s

n-
pa

ra
ff

in
s

is
op

ar
af

fi
ns

C
5–

C
10

C
11

–C
18

C
19

30% Co–Ru/0.5% MgO/Al2O3 (II)

7 170 1.3 0.5 0.5 1.6 0.4 2.6 60.1 17.5 0.26 – – – – – – – –

14 180 3.9 1.6 2.0 4.3 0.6 7.9 55.0 18.2 0.80 – – – – – – – –

21 190 16.8 4.8 5.5 24.2 1.2 34.5 71.2 12.2 3.44 – – – – – – – –

28 200 49.7 10.3 7.3 83.4 3.1 101.0 83.0 9.0 9.86 10.5 73.2 16.3 47.2 49.1 3.8 0.81 4.5

30% Co/0.5% MgO/Al2O3 (I)

7 170 1.6 0.1 0 3.1 0.2 3.2 94 4.0 0.21 – – – – – – – –

14 180 3.4 0.4 0.8 5.7 0.4 6.9 83 4.5 0.45 – – – – – – – –

21 190 3.8 1.0 1.0 5.8 0.6 7.8 74 11.7 0.51 – – – – – – – –

28 200 7.9 2.4 2.0 12.0 1.0 14.4 73 13.0 1.02 – – – – – – – –

35 210 17.0 5.1 2.0 26.5 1.0 33.6 76 12.7 2.22 1.4 89.6 9.0 28.5 58.9 12.6 0.93 10.0

42 215 28.8 7.9 6.2 45.5 2.4 59.6 77.0 11.6 3.78 2.2 89.9 7.8 17.9 67.6 14.5 0.92 11.5

49 220 42.6 19.7 3.6 65.3 4.9 88.6 74.7 19.7 5.64 – – – – – – – –

56 225 51.2 37.9 10.5 58.1 11.9 106.5 55.3 31.6 6.73 1.2 89.1 9.6 40.3 48.7 11.0 0.84 9.3

63 230 65.3 51.9 15.7 65.1 27.0 132.7 48.6 33.9 8.64 – – – – – – – –

Notes: Reduction conditions: H2; 400°C; 4 h; 1000 h–1. FTS conditions: CO + H2 + 5% N2; P = 20 atm.
Notation: X is conversion; S is selectivity; A is activity; ΣHC is the total yield of hydrocarbons; α is the Schulz–Flory coefficient.

SC5+
SCH4
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equilibrium temperature of reduction to metal increases
with decreasing metal oxide particle size [16]. For cat-
alyst I, the peak maximum temperatures remained
almost unchanged from impregnation to impregnation
because the particle size of cobalt did not decrease.

Catalytic Tests

Table 2 summarizes the results of the catalytic tests
of catalysts I and II. It can be seen that a CO conversion
of almost 50% and 9 and 83% selectivity for ëH4 and
ë5+, respectively, were reached on catalyst II even after
28-h operation at 200°C. At the same time, on catalyst
I under the specified conditions, the conversion of CO
was 7.9% and the selectivity for methane and ë5+ was
13 and 73%, respectively. The further operation of this
catalyst (225°ë; 56 h) resulted in an increase in conver-
sion to 51.2% and in selectivity for methane to 32% and
in a decrease in selectivity for ë5+ hydrocarbons. The
yield of olefins was insignificant (1.2%), whereas it was
higher by an order of magnitude on a catalyst with
ruthenium at a shorter operation time (28 h). As for the
Schulz–Flory coefficient (α), it is as high as 0.93 for
catalyst I because of the considerably higher concentra-
tion of ë11–ë19 paraffins in the products. Thus, the pres-
ence of ruthenium resulted in a noticeable change in the
composition of synthetic products. In our opinion, the
reason for this change in the composition is a decrease
in the average particle size of Co particles upon the
reduction of the catalyst in the presence of Ru.

Evidently, the much higher conversion of CO on
catalyst II was due to the fact that the specific surface
area of cobalt metal was higher than that in catalyst I
because the average particle size of cobalt in catalyst II
was smaller at the same degree of reduction and con-
centration of cobalt.

Thus, the presence of superparamagnetic and sin-
gle-domain cobalt particles in Co-supported catalysts
resulted in an increase in selectivity for ë5+ hydrocar-
bons and in low selectivity for methane, whereas these
characteristics were much lower in a catalyst that con-
sisted of larger (more than 20 nm) cobalt particles.
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