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Fischer–Tropsch synthesis: The formation of branched
hydrocarbons in the Fe and Co catalyzed reaction
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Abstract

It appears that differences in modeling the fraction of branched products in the early work can be traced to much different products being
formed in the low and high temperature FTS conditions. In the present study, for low-temperature FTS, it has been shown that, while the
fraction of branched products may vary with catalyst, for a given catalyst the fraction of branched products remains constant in the C7–C14

range. The fraction for C4 is very similar to the one for the C7–C14 range for the products from eight runs, five with iron catalysts and three with
cobalt catalysts. It is therefore concluded that at low-temperature FTS conditions the fraction of branched products does not vary significantly
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ith carbon number. Essentially the same fraction of branched products are obtained using the data from the analysis of the sample
fter hydrogenation so that the alkenes are converted to alkanes, and after bromination to convert the alkenes to dibromides tha

he g.c. column at much longer times than the same carbon number alkanes. Thus, it is concluded that the fraction of branching in
roducts is the same as in the alkane products.
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. Introduction

To fully understand the mechanisms for the FTS reac-
ions, it is important to understand how branched alkanes
nd alkenes are formed. If they are the products of secondary
eactions, the question to be answered is how and under what
onditions they are produced. On the other hand, if they are
he primary products of the FTS reaction, then it is necessary
or any mechanistic scheme proposed for FTS to include a
athway for the formation of branched alkenes and alkanes.

n this study, we want to define the amount of branched hy-
rocarbons being formed under different conditions and with
ifferent catalysts to understand which factor or factors play

he important roles in the formation of the branched products.
von Weber[1] appears to be the first to describe a regular

ncrease in branched isomer content of FTS products with in-
reasing carbon number and proposed the idea that this was

∗ Corresponding author. Tel.: +1 859 257 0251; fax: +1 859 257 0302.
E-mail address:davis@caer.uky.edu (B.H. Davis).

due to a definite probability of branching with each car
addition to a growing chain. Later, workers at the U.S.
reau of Mines provided a quantitative model to describe
formation of branched products from FTS[2]. Based on
mechanism of one carbon growth, they indicated that a
bon could add at the terminal or the penultimate positio
either end of the chain so long as it did not produce e
a quaternary carbon or an ethyl group. They considere
probability of adding a carbon at either position to be in
pendent of chain length and that the distribution of isom
in the final product was identical with the distribution on
catalyst surface. The authors indicated that the results a
modified if they incorporate the assertion by Anderson[3]
that carbon adds in proportion to the number (weighted
ways that addition can occur to the individual isomers[4].
The calculations in these two references were compar
products obtained from low pressure synthesis with a c
catalyst.

Bruner[5] analyzed the products from the Hydrocol P
cess (high temperature synthesis with an iron catalyst
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.02.024
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Fig. 1. Two reaction pathways for the formation of branched hydrocarbons
(redrawn from Ref.[11]).

fluidized bed reactor) and found that the methyl branching
increased with increasing carbon number. Anderson et al.[6]
followed a procedure that was similar to Weller and Friedel
but they limited growth to one end of the chain. In this simple
model, there was a 90% chance that the carbon would add
to the terminal position to produce a normal product and a
10% chance that the carbon would add to the penultimate
carbon to produce a methyl branched product and that each
chain would continue to grow. This early model was consis-
tent with data from high-temperature FTS[5,7,8]. Weitkamp
et al.[8] showed that the data from the latter three references
fit a linear line when the log (wt.% straight chain isomer) was
plotted against the carbon number (4–8 carbons). Anderson
[9] made modifications to his original approach to calculating
the fraction of branched chains and their identity to finally
include three variables but the fit to experimental data did
not improve materially from their initial model. McCandlish
[10] proposed a mechanism that involved the insertion of
CH2 surface species into the carbon–carbon double bond of
vinylidene to produce a cyclopropane intermediate (Fig. 1).
The hydrogenolysis of the ring may then lead to a normal hy-
drocarbon or to a structure with a methyl branching (Fig. 2).
Anderson[9] indicated that the McCandlish model fit the data
better than his model did.

F d the
p

Pichler et al.[11] showed that the primary FTS prod-
ucts were�-olefins and alcohols, and that chain branch-
ing increased with conversion. Schulz et al.[12,13] showed
that14C-labeled propene incorporated to produce more14C-
labeled branched products than14C-labeled normal prod-
ucts and concluded that a primary pathway for the formation
of branched hydrocarbons was through the incorporation of
propene into the growing chain. Lee and Anderson[14] calcu-
lated that the FTS products (from Ref.[13]) would require at
least 50% incorporation of the total propene produced, and in
several cases more than 100% of the total propene produced,
an impossible option.

Snell [15] concluded that branched products are formed
during secondary isomerization reactions. The extent of
branching depends on the catalyst formulation: with low hy-
drogenation strength catalysts branching occurs mainly in the
lighter products but with high hydrogenation strength cata-
lysts branching occurs mainly in the heavier products. Le
Roux and Dry[16] advanced the view that the reaction took
place on a single site but that the chain could completely or
partially separate from the surface as a free radical. Isomer-
ization of the released primary free radical to a secondary one
occurs and, when the secondary radical readsorbs it can pro-
duce methyl branched hydrocarbons. The free-radical model
they developed fit the data of Bruner[5] and Weitkamp et al.
[8] very well.
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ig. 2. Pathway for the formation of a cyclopropane intermediate an
roduction of branched products (redrawn from Ref.[11]).
Schulz et al.[17–21]have recently shown that the bran
ng probability for the species that leads to C4 products is
lways low. Furthermore, the branching probability is m
igher at early time-on-stream than it is at later reaction t
nd this dependency may vary with catalyst composi
chulz et al.[21] considered two cases for chain bran

ng, rejecting the option that branching was not depen
n chain length and showed that their data was cons
ith branching depending upon carbon number. They s
product distribution with a peak at C5 for branched produc
fter which the fraction of branched products declines

ncreasing carbon number. The fraction of branched prod
xhibits an exponential decline with carbon number. T
rovide a mechanism for the formation of branched prod
ccording to:

Schulz and coworkers explain the time dependenc
ranching and its decline with carbon number as a ster

ect. As the carbon chain concentration increases with
he surface becomes covered with more chains and this p
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limitations on the ability to form the branched structure on
the surface due to a shielding effect that increases with chain
length.

In order to understand how branched alkenes and alkanes
are formed, it is necessary to quantitatively measure each
isomer of each carbon number. Since some GC peaks of
branched alkanes co-elute with branched alkene peaks, and
vice versa, it becomes necessary to use indirect means to mea-
sure the amount of each isomer. In this study, the FT products
were hydrogenated or brominated, and then an accurate mea-
surement for each branched alkanes can be made.

2. Experimental

2.1. Hydrogenation of FT products

Six grams of FTS products (oil and wax) and 0.5 g of
Pt/carbon catalyst were placed in a glass hydrogenation ves-
sel. The reaction mixture was hydrogenated under a pressure
of 0.021 MPa (30 psig) at room temperature with stirring un-
til normal alkenes were not detected in the reaction mixture.
Then the reaction mixture was filtered to remove catalyst par-
ticles prior to GC and GC/MS analysis.

2.2. Bromination of FTS products
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por phase that was continuously withdrawn from the reactor
vapor space.

CO and H2 mass flow controllers were used to provide a
simulated synthesis gas of the desired composition. After the
iron catalyst was activated, syngas was introduced at a rate
of 10 NL/h g-Fe. Reaction conditions were 270◦C, 1.3 MPa,
H2/CO = 0.7, and a stirrer speed of 750 rpm.

Daily gas, water, oil, light and heavy wax samples were
collected and analyzed. A heavy wax sample was taken from
the 200◦C hot trap connected to the filter. The vapor phase in
the region above the slurry passed continuously to the warm
(100◦C) and the cold (0◦C) traps located outside the reactor.
The light wax and water mixture was collected daily from
the warm trap and an oil plus water sample from the cold
trap. Tail gas from the cold trap was analyzed with an online
HP Quad Series Micro GC, providing molar compositions of
C1–C7 olefins and paraffins as well as for H2, CO and CO2.
Hydrogen and carbon monoxide conversions were calculated
based on the gas product GC analysis results and the gas flow
measured at the reactor outlet. Hydrogen, carbon monoxide
and syngas conversions were calculated using the following
formula (N = moles of gas):

conversion= 100%x(Nin − Nout)/Nin (1)
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Bromine (22%) in acetic acid was added to the FTS
r oil and wax, drop by drop with vigorous stirring, until t
olution had a permanent yellow to orange color.

.3. Analysis of FTS products

The FTS oil and the samples produced by hydrog
ion and bromination were analyzed by GC and GC/MS.
ranched alkanes in each carbon number were identifie
C/MS, and quantitatively determined by GC/FID.

.4. Production of products

A 1 l continuous stirred tank reactor (CSTR) was u
n this study. A sintered metal filter was installed to al
emoval of wax samples from the catalyst slurry. The
ample was extracted through the internal filter and colle
n a hot trap held at 200◦C. A warm trap (100◦C) and cold
rap (0◦C) were used to collect light wax and the water p
il samples, respectively, by condensing them from the

able 1
he reaction conditions and the catalyst for the Fe catalyzed FT reac

un ID Bao20 Bao22

atalyst 4.6% Si, 64.6%
Fe, 2.0% Cu, 1.4%
K

4.6% Si, 64.6%
Fe, 2.0% Cu, 1.4%
K

emp. (◦C) 230 270

2:CO 0.67 0.67
HSV 10 10
rom the water layer before analysis with an Agilent 6
eries GC. The heavy wax was analyzed with an HP
eries II Plus high temperature GC while the water sam
as analyzed using an HP5790 GC.
The iron catalysts were activated with CO at atmosph

ressure. Before introducing CO, the temperature of the
lyst slurry was increased to 120◦C in an inert gas; after 2
t this temperature the inert gas was replaced with CO

emperature was ramped at 1◦C/min to 270◦C and held a
his temperature for 20 h. The temperature was then cha
o the reaction temperature, the CO flow adjusted to the
sed in the synthesis and the pressure was increased
ction temperature. After the reaction pressure was rea
ydrogen flow was started and the flow was set to give
esired total flow rate and H2/CO ratio.

The cobalt catalyst was reduced in a plug flow reacto
owing H2 (10% H2 in Ar) by ramping from room temper
ure to 350◦C at 1◦C/min and then holding at this temperat
or 8 h. The contents of the plug flow reactor were isola
rom the atmosphere by valves and transported to the C
o which it was then connected through tubing and a va

Bao26 Bao28 Bao29

4.6% Si, 64.6%
Fe, 2.0% Cu, 1.4%
K

4.6% Si, 62.2%
Fe, 2.0% Cu, 5% K

100% Fe

270 270 255
1.70 1.70 1.91
40 40 3.0
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Table 2
The reaction conditions and the catalyst in the Co catalyzed FT reactions

Run ID L366 L367 L368

Catalyst 10% Co/0.2% Ru/TiO2 15% Co/0.5% Ru/SiO2 15% Co/0.53% Pt/Al2O3

Temp. (◦C) 230 220 220
Pressure (psig) 350 300 275
H2:CO 2 2 2
GHSV 18.3 6.73 13.4

The fixed bed reactor was overpressured with an inert gas, the
valve opened, and the catalyst transferred to the CSTR, which
contained 300 g of melted Polywax 3000. The catalyst was
again reduced in flowing H2 at 280◦C for 24 h. After chang-

ing to 20◦C below the reaction temperature, the pressure
was increased to the reaction pressure using the flow of H2 to
be used during synthesis. CO flow was then started and the
temperature increased during 2 h to the reaction temperature.

F
a

ig. 3. A partial chromatogram of an oil sample from an iron catalyzed FTS re
fter bromination.
action (Run ID: Bao20). Top: FTS products; middle: after hydrogenation; bottom:
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The FTS was effected at 220◦C, 1.5 MPa, H2/CO = 2.0 and
8 NL/h/g-cat.

3. Results and discussion

Five oil samples from Fe catalyzed FTS and three oil
samples from Co catalyzed FTS were hydrogenated and
brominated. The FTS reaction conditions and the catalyst
compositions are given inTables 1 and 2.

All of the FTS products in the runs in this report contain
1-alkene, 2-alkenes, alkane and alcohols as well as branched
hydrocarbons. After hydrogenation, the alkenes were con-
verted to the corresponding alkane. Following bromination,
the alkenes were converted to the corresponding dibromides.

Fig. 3contains partial chromatograms of the sample from a
Fe catalyzed FTS reaction (Bao20). The top chromatogram in
this figure is for the FTS products; the bottom is the sample
after bromination and the middle chromatogram is for the
sample after hydrogenation.
Fig. 4. A chromatogram of the C7 fraction of Run Bao20. Top: FTS p
roducts; middle: after hydrogenation; bottom: after bromination.
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Table 3
The mol% of branched alkanes in Fe catalyzed FTS products (Run ID: Bao20)

Carbon number FTS products After hydrogenation After bromination

No. of isomers Mol% No. of isomers Mol% No. of isomers Mol%

7 – – 2 15.1 2 11.0
8 2 26.1 3 14.5 3 14.4
9 3 18.1 3 11.5 3 11.3

10 2 12.1 6 12.6 4 11.2
11 4 12.2 4 8.93 4 9.68
12 3 4.58 5 7.16
13 3 7.43 5 11.6

Table 4
The mol% of branched alkanes in Fe catalyzed FTS products (Run ID: Bao22)

Carbon number FTS products After hydrogenation After bromination

No. of isomers Mol% No. of isomers Mol% No. of isomers Mol%

7 2 8.82 2 16.1 2 5.10
8 3 17.7 3 19.7 3 15.9
9 3 16.6 5 19.0 3 15.3

10 4 12.7 5 19.1 4 17.3
11 4 11.9 5 20.0 4 17.3
12 4 18.9 5 15.5
13 5 21.7 5 20.4

Table 5
The mol% of branched alkanes in Fe catalyzed FTS products (Run ID: Bao26)

Carbon number FTS products After hydrogenation After bromination

No. of isomers Mol% No. of isomers Mol% No. of isomers Mol%

7 2 9.81 2 9.03 2 10.4
8 3 15.7 3 8.89 3 11.3
9 3 9.62 3 10.1 3 9.42

10 4 9.44 5 10.4 4 9.02
11 4 9.57 4 9.37 4 5.72
12 3 6.14 4 8.35
13 4 5.89 5 9.15

Table 6
The mol% of branched alkanes in Fe catalyzed FTS products (Run ID: Bao28)

Carbon number FTS products After hydrogenation After bromination

No. of isomers Mol% No. of isomers Mol% No. of isomers Mol%

7 – – 2 14.8 2 19.2
8 2 19.7 2 25.7 3 18.0
9 3 18.5 7 20.7 3 18.0

10 3 20.9 7 20.0 3 16.4
11 4 24.8 6 19.4 4 11.7

Table 7
The mol% of branched alkanes in Fe catalyzed FTS products (Run ID: Bao29)

Carbon number FTS products After hydrogenation After bromination

No. of isomers Mol% No. of isomers Mol% No. of isomers Mol%

7 – – 2 10.1 2 13.5
8 2 15.2 3 14.5 3 14.6
9 3 13.9 3 10.9 3 11.9

10 3 12.9 6 12.3 4 11.6
11 4 11.8 5 10.4 5 11.4
12 – – – – – –
13 – – – – – –
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Fig. 4 shows the chromatogram of carbon number 7.
Again, the top chromatogram is the FTS products; the middle,
after hydrogenation; and the bottom, after bromination. Sim-
ilar figures are obtained for the other carbon numbers and for
the four Fe catalyzed FTS samples and these are not shown.
After hydrogenation, the branched alkenes were converted
to the corresponding branched alkanes and normal alkenes
were converted to the normal alkane. The mol% of branched
alkanes for each carbon number is defined as:

% branched alkanes= branched alkanes

branched alkanes+ normal alkane

× 100 (2)

In the case of the hydrogenated sample, the percent branched
alkanes represent the total branched hydrocarbons (branched
alkenes plus branched alkanes). Since it is difficult to quanti-
tatively measure the amount of branched alkanes in the origi-
nal FTS oil due to the peak overlap, bromination of the FTS oil
was also carried out. The bromination of FTS oil enables us to
quantitatively measure the percent branched alkanes from C7
to C11. Adding two bromines to the C7–C11 alkenes causes
these bromated products to elute at times that are longer than
for C11 alkanes. In this case, the percent branched alkanes
represents the total branched alkanes in that reaction sample.
The results are given inTables 3–7for the Fe catalyzed FTS
r spec-
t ot
t nt in
s

Fig. 5 is a partial chromatogram of a sample from the
Co catalyzed FTS (L366), and the chromatogram for carbon
number 6 is shown inFig. 6. The chromatograms of the other
two Co catalyzed FTS runs (L367 and L368) are similar to
Figs. 5 and 6and are not shown. The upper curve is for the FTS
products; the middle, after hydrogenation; and the bottom,
after bromination. The mol% of branched alkanes for the
cobalt catalysts are compiled inTable 8.

The data inTables 3 and 4are for runs (Runs Bao20
and Bao22) that were conducted using the same iron catalyst
and the same reaction conditions except temperature (Bao20,
230◦C, Bao22, 270◦C). For the higher reaction temperature,
the amounts of the branched alkanes in most of the carbon
number products are higher by 5% or more.

Runs Bao22 and Bao26 (data inTables 4 and 5) were
conducted using the same catalyst and temperature but at
different H2:CO ratio and WHSV. Increasing the H2/CO ratio
from 0.67 to 1.70 and WHSV from 10 to 40 caused the amount
of branched alkanes to decrease by 5–10% for each carbon
number with few exceptions.

For the five Fe catalyzed FTS runs, it appears that the
catalyst composition has a greater impact on the formation
of branched hydrocarbons than the reaction conditions such
as temperature, flow rate and H2/CO ratio. The only differ-
ence between runs Bao26 (Table 5) and Bao28 (Table 6) is
the catalyst used (for Bao26 the catalyst has Fe:K = 100:1.14
a ched
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eactions (Bao20, Bao22, Bao26, Bao28 and Bao29, re
ively). In Tables 3 through 8, the number of isomers are n
he total number of possible but only the number prese
ufficient quantities to be measured accurately by g.c.

able 8
he mol% of branched alkanes in Co catalyzed FTS products

arbon no. Run no. FT products

No. of isomers Mol%

L366 2 1.85
L367 2 7.52
L368 2 2.28
L366 2 2.33
L367 3 4.69
L368 3 2.26
L366 3 2.81
L367 3 4.80
L368 3 1.53

0 L366 3 2.19
L367 4 4.34
L368 3 1.51

1 L366 4 2.62
L367 4 4.47
L368 4 1.69

2 L366 4 1.87
L367 5 4.31
L368 4 1.60

3 L366 5 3.10
L367 5 4.70
L368 5 1.84

4 L366 5 3.45
L367 5 4.88
L368 – –
nd Bao28 has Fe:K = 100:5.0); the amount of the bran
lkanes increased by more than 10% for most carbon
ers as the K content increased from 1.14 to 5.0 at
atio.

After hydrogenation After bromination

No. of isomers Mol% No. of isomers Mo

2 1.99 2 1.40
2 6.00 2 3.71
2 1.55 2 1.18
2 2.45 3 1.67
3 4.15 3 4.05
3 1.57 3 1.35
3 2.17 3 2.06
3 3.78 3 4.10
3 1.62 3 1.34
3 2.39 3 2.08
4 4.05 4 4.29
3 1.61 3 1.37
4 2.79 4 2.00
4 4.26 4 4.35
4 1.84 4 1.84
5 3.02
5 4.26
4 1.73
5 3.34
5 4.59
5 1.96
5 3.72
5 4.86
– –



92 B. Shi et al. / Journal of Molecular Catalysis A: Chemical 234 (2005) 85–97

Fig. 5. A partial chromatogram of the oil sample from a Co catalyzed FTS reaction (Run ID: L366). Top: FTS products; middle: after hydrogenation; bottom:
after bromination.

Run Bao29 was conducted using an unpromoted Fe cata-
lyst (100% Fe). The amount of branched alkanes (Table 7) is
lower than for runs Bao22 and Bao28. Since this run was also
conducted at a higher H2/CO ratio, intermediate temperature
and low GHSV, it is difficult to tell which factor played the
major role.

The major difference between the Fe and Co catalyzed
FTS is that the Fe catalysts produce larger amounts of
branched hydrocarbons than Co does. As shown by the data
in Tables 3–8, Fe catalyzed FTS reactions produced, after hy-
drogenation, 10–25% of branched hydrocarbon, whereas the

Co catalyzed FTS reactions produced only 1–4% of branched
hydrocarbons (Table 8).

The conditions for the three Co catalyzed FTS reactions
are slightly different (Table 2) and the catalysts differ, pri-
marily with the support. The highest percentage of branched
hydrocarbons (about 4%) among these three runs with cobalt
catalysts is probably due to the low WHSV, and the higher
steady-state conversion produces higher iso/normal ratios.

The mol% of branched alkanes after hydrogenation is the
percentage of total branched hydrocarbons (branched alkenes
and branched alkanes) in the total hydrocarbon fraction.
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Fig. 6. A chromatogram of the C8 fraction of Run Bao20. Top: FTS products; middle: after hydrogenation; bottom: after bromination.

Designate PB as branched alkanes; OB, branched alkenes;
Pn, normal alkane; On, normal alkenes and, after hydrogena-
tion, we have:

mol%(branched alkanes after hydrogenation)

= PB + OB

PB + OB + Pn + On
× 100 (3)

The mol% of branched alkanes after the FTS reaction can be
represented by the mol% of branched alkanes after bromina-

tion as shown in Eq.(4):

mol.%(branched alkanes after bromination)

= PB

PB + Pn
× 100 (4)

If On/Pn = OB/PB, it can be proven that

mol.%(branched alkanes after [H])

= mol%(branched alkanes after [Br]) (5)
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Fig. 7. The mol% of branched alkanes in the Fe catalyzed FTS products
(Run ID: Bao26).

however, if On/Pn < OB/PB, then

mol%(branched alkanes after [H])

> mol%(branched alkanes after [Br]) (6)

and if On/Pn > OB/PB, then

mol%(branched alkanes after [H])

< mol%(branched alkanes after [Br]) (7)

For the Fe catalyzed FTS reactions, the mole percents of
branched alkanes after hydrogenation in all five runs are ei-
ther higher than or essentially the same as after bromination
(representative data inFig. 7). This indicates that the ratio
of On/Pn is only slightly less than, or close to, the ratio of
OB/PB. These results suggest that during the process of the
formation of these FTS products, the rate of hydrogenation
of n-alkenes is close to or only slightly larger than that of
branched alkenes. Similar results were obtained for Co cat-
alyzed FT reactions (representative data inFig. 8).

The relative ratio ofn-alkenes/n-alkane (On/Pn) can be
measured accurately based on the GC. However, because of
the GC peak overlap, it is very difficult to measure accurately
the ratio of branched alkenes/branched alkanes (OB/PB). The
ratio of OB/PB can be calculated based on the mol% of the
branched alkanes (after hydrogenation and after bromination)
a

(

T
T ID: Bao

C d alkan
es

1
1

Fig. 8. The mol% of branched alkanes in the Co catalyzed FTS products
(Run ID: L367).

whereα is the mol% of branched alkanes after hydrogenation,
and

PB/(PB + Pn) = β (9)

whereβ is the mol% of branched alkanes after bromination.
The ratio ofn-alkenes/n-alkane is represented in Eq.(10):

On/Pn = γ (10)

Solving Eqs.(8)–(10), we have

OB/PB = α(1 − β)(1 + γ) − β(1 − α)

β(1 − α)
(11)

Based on Eq.(11), the ratio of OB/PB can be calculated.
Also based on Eq.(11), it can be proven that ifα =β,
then OB/PB = On/Pn =γ; if α >β, then OB/PB > On/Pn; if
α =β, then OB/PB < On/Pn. Representative results are given
in Table 9for the Fe catalyzed FTS reactions and inTable 10
for the Co catalyzed FTS reactions.

The mol% of branched alkanes in Fe catalyzed FTS prod-
ucts (Fig. 9) varies from run to run. However, within a run,
the different carbon number products have about the same
mol% of branched alkanes. This is also true for Co catalyzed
FTS reactions (Fig. 10). The major difference between Fe and
Co catalyzed FTS reaction in terms of the mol% of branched
alkanes is that Co catalyzed FTS reaction only produce 1–4%
o reac-
t r) of
b

nd the ratio of On/Pn.
Let

PB + OB)/(PB + OB + Pn + On) = α (8)

able 9
he relative ratio of the products in Fe catalyzed FTS reactions (Run

arbon number Branched ydrocarbons/total
hydrocarbons

Branche
alkanes

7 0.16 0.051
8 0.20 0.16
9 0.19 0.15
0 0.19 0.17
1 0.20 0.17
22)

es/total n-Alkenes/n-alkane Branched
alkenes/branched alkan

2.33 1.86
2.00 1.96
1.64 1.61
1.48 1.47
1.27 1.25

f branched alkanes, whereas the Fe catalyzed FTS
ions can produce as high as 20% (and probably highe
ranched alkanes.
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Table 10
The relative ratio of the products in Co catalyzed FTS reactions (Run ID: L367)

Carbon number Branched ydrocarbons/total
hydrocarbons

Branched alkanes/total
alkanes

n-Alkenes/n-alkane Branched
alkenes/branched alkanes

7 0.060 0.037 0.37 0.20
8 0.042 0.041 0.30 0.29
9 0.038 0.041 0.24 0.27

10 0.041 0.043 0.20 0.22
11 0.043 0.044 0.16 0.17

Fig. 9. The mol% of branched alkanes in the Fe catalyzed FTS products
(after bromination).

One of the problems in making one model fit all of the
branching data is that reaction temperature plays a significant
role in defining the extent of methyl branching (Fig. 11). The
high temperature data are from the circulating bed fluid cat-
alytic reactor operated at 320◦C at Sasol (curve 4, data from
Ref. [22]) and from pilot plants used for the Hydrocol plant
operated in the 320–350◦C range (curve 3, data from Refs.
[5] and[8]). The two curves for high temperature operations
clearly show that methyl branching increases with increasing
carbon number and data of this type were used for several
of the earliest models. Curve 2 data are from our laboratory
and are for a low alpha iron catalyst (1.4K:100Fe) operated

F ducts
(

Fig. 11. Representation of the percentage of branched alkanes vs. carbon
number for: 1, low-temperature cobalt catalyst; 2, low-temperature low-
� iron catalyst; 3, high-temperature pilot plants to support the Hydrocol
Process; 4, Sasol commercial high-temperature circulating fluid bed with
iron catalyst. See text for more details.

at 270◦C. Curve 1 uses data for a cobalt-thoria-Kieselguhr
catalyst operated at 190◦C and atmospheric pressure at the
University of Karlsruhe[22].

For the iron catalysts used in the present study, the de-
grees of branching for the C7–C14 carbon numbers obtained
from the samples as collected, hydrogenated and brominated
are similar. This indicates that the degree of branching of the
alkenes and the alkanes in the products are essentially the
same. A similar conclusion can be reached for the samples
obtained from cobalt supported on titania, silica and alumina
catalysts. As shown by the data inTable 11, the degrees of
branching for the C4-product are very similar to those ob-
tained for the C7–C14 carbon number fraction for both the
iron and cobalt catalysts.

For the 1.44K atomic ratio catalyst, increasing the tem-
perature for the slurry phase reaction causes only a slight
change in the branching. The surface coverage is expected to
be lower at the higher temperature so that, if low coverage fa-
vors the formation of moreiso-alkanes, the change obtained
in this study is opposite to that based on the prediction of Ref.
ig. 10. The mol% of branched alkanes in the Co catalyzed FTS pro
after bromination).
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Table 11
Percentage of branching in the C4 and C7–C14 fraction

Catalyst C4 iso/normal (%) C7–C14 iso/normal (%)

1.44K:100Fe 230◦C, H2/CO = 0.67 11 12
1.44K:100Fe 270◦C, H2/CO = 0.67 10 17
1.44K:100Fe 270◦C, H2/CO = 1.7 10 9.0
5.0K:100Fe 270◦C, H2/CO = 1.7 15 18
0.0K:100Fe 270◦C, H2/CO = 1.7 15 13
10% Co–0.2% Ru–TiO2 1.0–2.0 2.0
15% Co–0.5% Ru–SiO2 2.0 4.0
15% Co–0.53% Pt–Al2O3 1.0 1.5

[17]. Based on the higher carbon number fraction, it appears
that increasing the H2/CO ratio from 0.67 to 1.7 caused a
decrease in the extent of branching. Increasing the K load-
ing from 1.44 atomic ratio to 5.0 caused an increase in the
extent of branching and our data indicate that the amount of
oxygenates produced also increased[23]. The unpromoted
iron catalyst appears to produce a branched fraction that is as
large as the lower-level K-promoted iron catalyst. All cobalt
catalysts produce about one-tenth as much of the branched
product as the iron catalyst, as has been observed by several
earlier investigators.

The fraction identified as branched products in the FTS
sample is essentially the same as the ones obtained after hy-
drogenation or bromination of the sample. Likewise, the frac-
tion of branched C4 paraffins is essentially the same as the
fraction for the C4 alkenes – this is the case for both iron and
cobalt catalysts. At least two pathways could lead to this find-
ing. In one instance, a common reaction intermediate could
terminate by the addition of a hydrogen or methyl group and
the fraction leading to the normal or branched product would
not depend upon carbon number. In the other instance, the
branched and normal products could be formed by different
pathways and the contribution of these pathways does not
depend on carbon number.

The cobalt catalysts produce low levels of both oxygenates
and branched products whereas the iron catalysts produce
m prod-
u s and
b of K-
p uc-
t to do
t is to
o o ab-
s ntly
r in
t ided
b that
t ugh
t

d hy-
d that
i and
n ntly
n te

chains at a lower rate than the normal alcohols. It has also
been shown that for ethanol the oxygenate does not termi-
nate chain growth[26], an argument against the addition of
an anion to an alkene as described above. Thus, if chain ini-
tiation by oxygenates is the source of the branched products,
the branching should be at the end of the molecule repre-
senting chain initiation and not at the end with the olefinic
double bond. While there is potential to do isotopic tracer
studies to learn if this is the case, the experimental work will
be demanding.

4. Summary

The iso/normal alkane and alkene ratios have been found
to be the same in the C7–C14 range. The olefins were con-
verted to the alkane by hydrogenation and the iso/normal ratio
of the resulting alkanes were the same as was determined for
the total sample containing both alkenes and alkanes. When
the olefins were converted to the dibromides, compounds
which eluate at a higher retention time in g.c. and do not in-
terfere with the C7–C14 alkane analysis, the iso/normal ratio
was the same as for the total sample. Samples produced dur-
ing synthesis with five iron and three cobalt catalysts showed
that the iso/normal ratio was carbon number independent
in the C7–C14 carbon number range. The iso/normal frac-
t iron
c asing
p of the
i ction
i io of
t
p e for
p

A

ber
D cky.

R

uch larger amounts of both oxygenates and branched
cts. Furthermore, for the iron catalysts, both oxygenate
ranched products increase with increasing amounts
romoter in the catalyst. It is tempting to relate the prod

ion of the oxygenate to the branched products. One way
his is through an aldol condensation type reaction. For th
ccur, the added alkali would have to be basic enough t
tract a proton to produce an anion that would be sufficie
eactive to add to the�-olefin. There are similar reactions
he literature but the formation of the anion is usually a
y a very electron withdrawing group and it is not certain

he carboxyl group would be electron withdrawing eno
o enable the formation of the anion.

Another approach for oxygenates to lead to branche
rocarbons is through chain initiation. It has been shown

so-alcohols lead to predominantly branched products
ormal alcohols initiate chains that produce predomina
ormal products[24,25]. However, the iso-alcohols initia
ion increased with increasing potassium content for the
atalyst. Since the oxygenates also increase with incre
otassium content, it was speculated that at least some

so-products may result from an aldol condensation rea
nvolving the oxygenate compounds. The iso/normal rat
he C4 products are essentially the same as for the C7–C14
roducts, indicating that the iso/normal ratio is the sam
roducts up to C14.
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