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Abstract
Hydrocarbon production rates and distributions on ruthenium promoted alumina supported cobalt Fischer-Tropsch synthesis (FTS) catalyst
were studied by the concept of two superimposed Anderson-Schulz-Flory (ASF) distributions. The results indicated that the characterizing
growth probabilities α1 and α2 were strongly dependent on reaction conditions. By increasing the H2/CO partial pressure ratios and reaction
temperatures, deviation from normal ASF distribution decreases and the double-α-ASF distribution changes into a straight line. Based on
the concept of double-α-ASF distribution, a useful rate equation for the production of hydrocarbons under industrial reaction conditions is
obtained.
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1. Introduction

The Fischer-Tropsch synthesis (FTS) offers the possibil-
ity of converting a mixture of hydrogen and carbon monoxide
(synthesis gas) into clean hydrocarbons free from sulfur. Sev-
eral metals, such as nickel, cobalt, ruthenium and iron, have
shown to be active for this reaction [1−3]. However, only iron
and cobalt based catalysts appear to be economically feasible
for an industrial scale. Cobalt-catalyzed Fischer-Tropsch syn-
thesis converts natural gas to hydrocarbon liquids with high
carbon efficiency due to low water-gas shift activity of the
catalyst.

Many studies on FTS were focused on the dependence
of chain length distribution of hydrocarbons on catalyst types
and reaction conditions [4−10]. In 1946, Herington reported
that a model of stepwise addition of single-carbon units could
predict the fraction of product at each carbon number [4,5].
The same formulation was rediscovered by Anderson et al. in
1951 and named the Anderson-Schulz-Flory (ASF) distribu-
tion [1,5]. In the ASF model, the formation of hydrocarbon
chains was assumed as a stepwise polymerization procedure
and the chain growth probability was assumed to be indepen-
dent of the carbon number. However, significant deviations
from the ideal ASF distribution have been observed in many
studies [6−10].

Pichler et al. [11] for the first time reported the deviations

of experimental results from the ASF distribution. The usual
deviations of the distribution of the linear hydrocarbons are a
relatively higher selectivity to methane, a relatively lower se-
lectivity to ethane, and an increase in the chain growth prob-
ability with increasing molecular size in comparison with the
ideal ASF distribution. Heat and mass-transfer limitations and
hydrogenolytic cleavage of the 1-olefins in secondary reac-
tions, are reported in the literature as possible reasons for high
methane yields [12–14]. Low selectivity to ethane is attributed
to another secondary reaction of the olefins, namely incor-
porating into the polymer by initiating a new chain [14,15].
Several different explanations about the cause of these devi-
ations have been proposed [16−19]. Madon and Taylor [17]
interpreted that this bimodal distribution by differently struc-
tured sites caused different growth probabilities. Gaube et al.
[18,19] supposed that in the case of alkali-promoted catalysts
not all active sites are influenced by alkali. Therefore the
distribution of high growth probability was attributed to the
products formed on promoted active sites while the other part
of the products is formed on unpromoted sites with a similar
growth probability as evaluated for the product formed on un-
prompoted catalysts. However, the work of Dictor and Bell
[13] indicated that two chain growth probabilities existed on
catalysts even the catalysts were not promoted by alkalis.
Satterfield et al. [20−22] interpreted the deviations from the
standard ASF distribution by the superposition of two ASF
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distributions. They suspected the existence of two sorts of
sites for the chain growth on the catalyst surface and thus pro-
posed that each site might individually yield the ideal ASF
distribution with different chain growth probabilities. Patzlaff
et al. [23] indicated that chain length distributions of prod-
ucts obtained on cobalt catalysts are slightly modified by sec-
ondary chain growth of re-adsorbed alkenes and hydrogenol-
ysis of hydrocarbons.

In our previous works [24,25] the reaction rate and prod-
ucts distribution of iron catalyst were studied. In this research
the hydrocarbon production rates and product distributions
of ruthenium promoted alumina supported cobalt Fischer-
Tropsch synthesis catalyst were studied, using a modified
Anderson-Schulz-Flory (ASF) distribution with two chain
growth probabilities.

2. Data analysis

As discussed above, the hydrocarbon products of the
Fischer-Tropsch synthesis are generally taken to follow the
ASF distribution. For carbon number i, the mole fraction of
product xi determined by a single chain growth probability α,
is given by:

xi = (1−α)αi−1 (1)

In this work the carbon number distribution of Fischer-
Tropsch products on alumina supported cobalt catalyst was
studied by a modified Anderson-Schulz-Flory distribution
with two chain growth probabilities. This method was pro-
posed by Donnelly et al. [22] and is used to characterize
the carbon number distribution of Fischer-Tropsch synthe-
sis where independent ASF distributions with different chain
growth probabilities are superimposed.

xi = Aαi−1
1 +Bαi−1

2 (2)

Instead, we note that at the break point on ASF diagram,
the contributions of each term in Equation (2) are equal.

Aαi−1
1 = Bαi−1

2 i = ζ (3)

At break point, i illustrates as ζ and is necessarily not an
integral carbon number. In this model A and B are not as-
sumed to correspond directly to the fractions of products pro-
duced from α1 and α2, respectively. Instead the sum of the
mole fractions over all carbon numbers is unity:

i=1

xi =
i=1

[Aα
(i−1)
1 +Bα

(i−1)
2 ] = 1 (4)

Methane and ethane do not obey the ASF equation and af-
ter removing C1 and C2 products to fit theoretical distributions
to data leads to:

i=3
xi =

i=1
[Aα

(i−1)
1 +Bα

(i−1)
2 ]−A(1+α1)−B(1+α2) =

1−x
exp
1 −x

exp
2

(5)
Therefore, the determination of growth probabilities of

the bimodal ASF distribution is based on hydrocarbons with

carbon numbers i>2. The bimodal distribution is character-
ized by two growth probabilities (α1 and α2) and the point of
intersection ξ of both ASF distributions. The mathematical
procedure given by Donnelly et al. [22] as follows:

A = (1−x
exp
1 −x

exp
2 )

[
α21

1−α1
+

(
α1
α2

)ξ−1
·
(

α22
1−α2

)]−1
(6)

and finally at

xi

1−x
exp
1 −x

exp
2

=

[
αi−1
1 +

(
α1
α2

)ξ−1
·αi−1
2

]
·

[
α21

1−α1
+

(
α1
α2

)ξ−1
·
(

α22
1−α2

)]−1 (7)

The three parameters α1, α2 and ξ are evaluated by mini-
mizing the least squares:

=
I

i=3

(
lnx1− lnxexpl

)2
=min (8)

in which I is the upper limit of experimental data. The ad-
vantage of Donnelly method is its independence of this upper
limit I. However, the intersection point ξ is a formal parameter
without any physicochemical relevance.

3. Kinetics

The hydrocarbon production rates on FTS catalysts have
been correlated empirically by Dictor and Bell [13] as power-
law kinetics:

RCi
= kiP

a
H2P

b
CO (9)

The formation rates of hydrocarbons increased with in-
creasing the H2 partial pressure. Assuming ASF for the dis-
tribution of the small-chain hydrocarbons, the chain growth
probability appeared to increase with increasing CO pressure
and decreasing H2 pressure. The hydrocarbon production
rates could be calculated using [13,26]:

RCi
= RC1α

i−1 (10)

where, RCi
is the molar rate of hydrocarbons production with

i carbon atoms and R1 is the apparent rate of synthesis for
i = 1 but does not necessarily represent the rate of methane
formation. In this study we consider C3 production rate as R1
and α1 as α for i = 4 to 13 and C13 production rate as R1 using
the α2 for i = 14 to 32, and compared calculated hydrocarbons
production with experimental results. The dependence of RCi

on H2 and CO partial pressures can now be expressed through
R1 and α. From its definition [13,26,27], we can relate α to
the ratio of the rates of chain propagation rp and chain termi-
nation rt.

1−α

α
=

rp
rt

(11)

Based on Dictor and Bell [13] results we presume that
the right-hand side of Equation (11) will be a function of the
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partial pressures of H2 and CO and temperature. The rela-
tive value of the reaction activation energy barriers for chain
growth and termination steps in the FTS reaction, can be de-
termined using Arrhenius theory for evaluation of temperature
dependency of α based on Yang et al. method [27]:

rp = Ap exp

(−Ep
RT

)
(12)

rt = At exp

(−Et
RT

)
(13)

Ep and Et are activation energies for propagation and ter-
mination reactions, respectively. By introducing Equations
(12) and (13) into Equation (11):

1−α

α
=

At
Ap
exp

(
Ep−Et

RT

)
(14)

Equation (14) can be rewritten as:

ln
1−α

α
= ln

At
Ap

+

(
Ep−Et

RT

)
(15)

Equation (15) predicts a linear plot of ln[(1-α)/α] versus
1/T with the slope of (Ep–Et)/R and the intercept of ln At/Ap.

4. Experimental

4.1. Catalyst preparation

Ruthenium promoted (Ru/Co = 0.010 by weight) cobalt
catalysts were preparedwith 30 wt% cobalt on γ-alumina sup-
port as described previously [28]. The support was first cal-
cined at 500 ◦C for 10 h. The catalyst was prepared by se-
quential aqueous impregnation of the support with the appro-
priate solution of the cobalt nitrate (Co(NO3)2·6H2O, 99.0%,
Merck) and ruthenium (III) nitrosylnitrate (Ru(NO)(NO3)3).
After each step, the catalyst sample was dried at 120 ◦C and
calcined at 450 ◦C for 3.5 h.

4.2. Catalytic performance

Catalysts were tested using a fixed-bed micro-reactor. A
detailed description of the experimental setup and procedures
has been provided in our previous work [28]. Typically, 1.5 g
of the catalyst was charged into a “1/4” stainless steel tubular
reactor. The reactor was placed in a molten salt bath with a
stirrer to ensure a uniform temperature along the catalyst bed.
The temperature of the bath was controlled via a PID tempera-
ture controller. Separate mass flow controllers (Brooks 5850)
were used to add H2 and CO at the desired rate to a mixing
vessel that was preceded by a lead oxide-alumina containing
vessel to remove carbonyls before entering the reactor. Prior
to the activity tests, the temperature was raised to 400 ◦C with
a heating rate of 1 ◦C/min and the catalysts was reduced in a
flow of H2 for 12 h.

For kinetic studies, a stabilization period of more than
100 h was used to ensure that the stable catalytic reactions
were established (results not shown here). The experimental
conditions were varied as follows: temperatures from 210 ◦C

to 240 ◦C, PH2 /PCO feed ratio from 0.5 to 2.0, pressure 25 bar
and space velocity 1120 h−1. At regular intervals, the stan-
dard experiment was repeated to determine possible deactiva-
tion effects of the catalysts. Kinetic samples were cumula-
tively collected during a typical period of 10 –16 h. For each
operation condition, it took at least 10 h to ensure the steady
state behavior of the catalyst after a change of the reaction
conditions.

The productswere analyzed by three gas chromatographs.
A Shimadzu 4C gas chromatograph equipped with two se-
quentially connected packed columns: Porapak Q and Molec-
ular Sieve 5A, and a thermal conductivity detector (TCD) with
argon which was used as a carrier gas for hydrogen analysis.
A Varian CP 3800 with a chromosorb column and a thermal
conductivity detector (TCD) were used for CO, CO2, CH4,
and other non-condensable gases. A Varian CP 3800 with a
PetrocolTm DH100 fused silica capillary column and a flame
ionization detector (FID) were used for organic liquid prod-
ucts so that a complete product distribution could be provided.

5. Results

5.1. Product distribution studies

The chain length distribution of Fischer-Tropsch prod-
ucts formed on the cobalt catalysts can be well character-
ized by a double-ASF-distribution. Our results focus on the
effect of process variables on carbon number distribution.
In all cases, a double-α-ASF distribution was required to fit
the data. Chain length distributions were calculated using a
method described by Donnelly et al. [22] as described in pre-
vious section. Typically we used the entire range from C3
to C32 to calculate α1 and α2. The chain length distributions
and growth probabilitiesα1 and α2 depend mainly on reaction
conditions of the FT synthesis.

The effects of H2/CO partial pressure ratios on chain
length distribution of catalyst at 220 ◦C, 25 bars, and space
velocity 1120 h−1 are given in Figure 1. This Figure shows
that the average carbon number of products is decreased with

Figure 1. The effects of H2/CO partial pressure ratios in feed on chain length
product distribution of Ru-Co/alumina catalyst. Reaction conditions: 220 ◦C,
total pressure 25 bar, space velocity 1120 h−1
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increasing the partial pressure of H2. As shown in Figure 1,
with increasing the H2/CO partial pressure ratios, deviation
from normal ASF distribution decreases and a double-α-ASF
distribution changes into a straight line.

Chain length product distributions at different reaction
temperatures are given in Figure 2. This Figure shows that
with increasing the reaction temperature, average carbon num-
ber of products decreases and breakdown in ASF distribution
shifts to low carbon numbers.

Figure 2. Effects of reaction temperatures on Ru-Co/Alumina catalyst chain
length product distributions. Reaction conditions: PH2 /PCO = 2, pressure
25 bar, space velocity 1120 h−1

The characterizing growth probabilities α1 and α2 are
listed in Table 1. Both probabilities depend on reaction con-
ditions. Table 1 illustrates that the value of α1 slightly in-
creased while the growth probability α2 slightly decreased as
the H2/CO partial pressures ratio increased. Also the values
of α1 and α2 slightly decreased as the FT reaction tempera-
ture increased. A similar result is obtained by Donnelly [29]
and Dictor [13]. These results indicated that by increasing
the reaction temperature, values of α1 and α2 approach to
each other and deviation from ASF distribution decreases so a
double-α-ASF distribution changes into a straight line at high
temperatures.

Table 1. Chain growth probabilities and kinetics parameters
of Ru-Co/Alumina catalyst in FTS reactions

α1 α2
T (◦C) 210 0.62 0.93

220 0.59 0.91
230 0.57 0.87
240 0.53 0.82

PH2 /PCO 0.5 0.57 0.95
1.0 0.59 0.91
1.5 0.60 0.89
2.0 0.63 0.87

At/Ap 22 3.9×103
Ep–Et (kJ/mol) −16.2 −49.2

5.2. Kinetics studies

Figure 3 shows that the experimentally observed values of
chain growth probabilities α1 and α2 produce a straight line
when (1–α)/α is plotted versus PH2 /PCO. The equations of the

chain growth probabilities α1 and α2 as function of PH2 /PCO
are derived from straight line parameters as:

(1−α1)

α1
= 0.81−0.11PH2

PCO
(16)

(1−α2)

α2
= 0.03+0.06

PH2
PCO

(17)

These equations show that in contrast to the α2, α1 is
strongly dependent on the H2 and CO partial pressures. The
molar rates of production for C3 and C14 hydrocarbons as a
function of PH2 and PCO in the form of power-law rate expres-
sions, by fitting the experimentally results were obtained as:

RC3 = 0.03P 0.09H2 P−1CO (18)

RC14 = 2×10−6P 2H2P−1CO (19)

Figure 3. Empirical correlation between growth probabilities α1 and α2 and
reactant partial pressures for Ru-Co/alumina catalyst. Reaction conditions:
220 ◦C, total pressure 25 bar, and space velocity 1120 h−1

Based on Dictor and Bell methods for hydrocarbons pro-
duction rates (Equation 10) [13], by introducing Eqations (20)
and (21) into equations with chain growth probabilitiesα1 and
α2 as function of PH2 /PCO (Equations 16 and 17), the hydro-
carbon production rates of i = 4 to 13 and i = 15 to 32, for
Ru-Co/Alumina catalyst were obtained as:

RCi
=

0.03P 0.09H2
P−1CO(

1.81−0.11PH2
PCO

)i−1 For i = 4 to 13
(20)

RCi
=

2×10−6P 2H2P
−1
CO(

1.03−0.06PH2
PCO

)i−1 For i = 15 to 32
(21)

The observed H2 dependency of light hydrocarbon (i = 4
to 13) production was 0.09 and increased with increasing car-
bon number to 2 for heavy hydrocarbon (i = 15 to 32). The ob-
served CO dependency was −1 for light hydrocarbons (i = 4
to 13) and does not changed with carbon number.

The representation of the data in this fashion and the com-
parison of the results with experimental data are shown in
Figures 4 and 5 . These Figures show that the experimental
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Figure 4. Comparison between experimental and calculated results by considering chain length probability α1 for i = 4 to 13 carbon product formation rates.
Reaction conditions: 220 ◦C, pressure 25 bar, space velocity 1120 h−1

Figure 5. Comparison between experimental and calculated results by considering chain length probability α2 for i = 15 to 32 carbon product formation rates.
Reaction conditions: 220 ◦C, pressure 25 bar, space velocity 1120 h−1
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data are almost confirmed by the calculated results. The cur-
vature seen in the lines is a direct result of the dependence
of α on the reactant partial pressures and the dependence of
RCi on αi−1. Since the dependence of α on H2 and CO par-
tial pressures for α2 is much weaker than α1, the kinetics for
C15–C32 hydrocarbon synthesis is dominated by the power-
law dependence of RC14 . This explains why the small change
occurs in slope with the increase of carbon number for high
hydrocarbons.

The plots of ln ((1–α)/α) versus 1/T for evaluating tem-
perature dependency of chain growth probabilities α1 and α2,
are shown in Figure 6. This figure shows that by increas-
ing the reaction temperature, the chain growth probabilities
α1 and α2 are decreased. From the slopes and the intercepts
of the straight lines in Figure 6, the difference between ac-
tivation energies for propagation and termination reactions
(Ep–Et) and the ratio At/Ap are obtained (listed in Table 1).
As shown in Table 1, the reaction activation barrier for chain
growth is lower than that for chain termination for both α1 and
α2 growth probabilities and Ep–Et difference for α1 is lower
than that for α2. This may be due to the fact that the mech-
anisms of growth probabilities for α1 and α2 are different at
chain growth step and termination step.

Figure 6. Empirical correlation between growth probabilities α1 and α2 and
reciprocal reaction temperatures for Ru-Co/alumina catalyst. Reaction con-
ditions: PH2 /PCO = 2, pressure 25 bar, space velocity 1120 h

−1

6. Discussion

The hydrocarbon production rates and carbon number
distribution of ruthenium promoted cobalt/alumina catalysts
in Fischer-Tropsch syntheses were studied. The concept
of Anderson-Schulz-Flory (ASF) distribution with two chain
growth probabilities was used to evaluate experimental data.
This method proposed by Donnelly et al. [22] was used
to characterize the carbon number distribution of Fischer-
Tropsch synthesis where independent ASF distributions with
different chain growth probabilities are superimposed. The
carbon number distribution of the products formed on cobalt
catalysts can be represented by two ASF distributions with

a slope change on C14 hydrocarbon as shown in Figures 1
and 2. The origin of the break is not established clearly. König
[18] and Satterfield [16] proposed that the two branches ob-
served with potassium promoted catalysts are resulted from
the synthesis performing over two groups of active sites with
different promotion level. This interpretation may not be the
only one since Huff [6] have shown that some unpromoted
catalysts can also produce ASF plots, which consist of two
branches. Dictor et al. [13] suggested that deviations from
uniform ASF distributions might result from the chemistry of
the Fischer-Tropsch synthesis. The most accepted mechanism
is CH2 insertion, which leads to conclude the carbide theory
of Fischer-Tropsch [29]. In this mechanism, chain termination
occurs mainly with elimination of β-hydrogen and desorption
of 1-alkenes as primary products. In the following reactions,
readsorbed 1-alkenes are hydrogenated to form intermediates
for surface intermediate chain growth with C1 surface species.
These C1 species having various hydrogenation degrees are
the CO, HCO, HCOH, CH and CH2.

Patzlaff et al. [23] suggested that the degree of hydro-
genation of monomers for the products described with α1 is
higher than those with α2. Therefore, CH2 is assumed as C1
intermediate and attributed to the distribution of growth prob-
ability α1. Obviously, hydrocarbon chain growth probability
α2 are built up due to monomers except CH2 species with low
degree of hydrogenation. Higher hydrogen concentration on
catalyst surface enhanced the concentration of monomerswith
higher degree of hydrogenation and increased the α1 chain
growth probability. The products with high carbon number
and related chain growth probability (α2) are decreased by
increasing the H2 partial pressures. Figure 1 shows that by
increasing the H2/CO ratio, the average carbon number of the
products, decreased. Table 1 shows the growth probabilities
α1 and α2 of these distributions. As shown in this Table, α1
is increased, while growth probability α2 is decreased by in-
creasing the H2/CO partial pressure ratio. Although at high
hydrogen partial pressures, α1 and α2 are close together and
the point of breakdown on the ASF distribution shifts to low
molecular weight hydrocarbons.

Table 1 and Figure 2 exhibited that by increasing the FTS
reaction temperatures, carbon number of the products and val-
ues of α1 and α2 are slightly decreased. This fact may be re-
lated to high mobility of hydrocarbon chains on the surface
of catalysts at the high temperature. The vibrations of those
growing long chains on catalyst surface are increased by rais-
ing the reaction temperature, and cause the desorption to be-
come quick. As a result, average carbon number and both
chain growth probabilities α1 and α2 decrease.

As shown in Table 1, the reaction activation barrier of the
chain growth is lower than the chain termination for both α1
and α2 chain growth probabilities and Ep–Et difference for α1
is lower than α2 chain growth probability. This may be due
to the fact that the mechanisms of chain growth probabilities
α1 and α2 are conflicting with the barriers of the chain growth
and termination.
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7. Conclusions

Chain length distributions of Fischer-Tropsch products
on ruthenium-promoted cobalt/alumina catalyst were studied
by the concept of two superimposed Anderson-Schulz-Flory
(ASF) distributions. These results indicated that with increas-
ing the H2/CO partial pressure ratios and reaction tempera-
tures, deviation from normal ASF distribution decreases and a
double-α-ASF distribution changes into a straight line. Also
with introduction of a double-α-ASF distribution, a useful
power-law hydrocarbon production rate equation can be ob-
tained.
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