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Abstract

The Fischer-Tropsch synthesis (FTS) reaction mechanism has been studied by establishing a steady-state operation using a syngas
comprised of H, and CO and then switching to a syngas feed comprised of D, and carbon monoxide. The products made during the 24-h
period following switching from a hydrogen-containing syngas to a deuterium-containing one are analyzed for deuterium content. The
paraffin/olefin (P/O) ratio of the highly deuterated products represent primary FTS products. The data show that the P/O ratio increases much
more slowly with carbon number than the O/P ratio of the total products exiting the reactor. The data show that diffusion limitations for the
olefin products and their subsequent re-incorporation as chain initiators does not make a major impact on the product distribution.
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1. Introduction

Mechanism studies of the Fischer—-Tropsch synthesis
(FTS) present a demanding task. First, the products cover an
extremely wide range, including alkanes, alkenes and
oxygenates ranging from C; to greater than C;qg. Secondly,
except for the fluid bed operation, three phases are present:
gas, liquid and solid catalyst. Mechanisms are nearly always
based upon the products collected after exiting the reactor.
However, as the results of this study show, the products
collected may not be representative of those formed during
the sampling period and this may significantly impact the
mechanism that is proposed.

One area of uncertainty is the impact of diffusion and/or
solubility (vapor-liquid equilibrium) upon secondary reac-
tions that alter the initial product distribution. This issue has
been summarized as follows by Van der Laan and
Beenackers [1], and they emphasize solubility over diffusion
as the main contributor: Iglesia and co-workers [1-8] studied
the influence of chain length dependent diffusion coeffi-
cients on secondary reactions. They reported an empirical
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equation describing a strong influence of chain length on
diffusivity for olefins and paraffins,
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which was not verified by experimental data. This carbon
number dependency is a factor of three higher than deter-
mined by Erkey et al. [9] and apparently is wrong (see
Fig. 1). Iglesia et al. [4] modelled diffusion-limited removal
of olefins and diffusion limitation of CO on a cobalt and
ruthenium catalyst in a packed bed reactor. No reactant
depletion was observed at particle diameters smaller than
0.2 mm. However, selectivity changes due to product lim-
itations are still present. They concluded that olefin re-
adsorption and chain initiation is the most important sec-
ondary reaction. Their transport model includes the rate of
diffusion-enhanced olefin re-adsorption and its effect on
detailed product distributions. However, Iglesia et al. [4]
were not able to explain the strong exponential decrease of
the olefin/paraffin (O,/P,) ratio on their catalyst (¢ = 0.19-
0.49) in the following equation:
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Fig. 1. Diffusivities of n-paraffins in FT-wax: (@) experimental data at
T =504 K from ref. [9], (—) Wilke—Chang correlation at 7= 540 K, (- - -)
correlation from ref. [4] {from ref. [1]}.

with diffusion effects only. Especially, when the more
realistic lower dependency of the diffusion coefficients with
chain length, as observed by Erkey et al. [9] (Fig. 1), is used
their model underestimates the olefin to paraffin ratio.

Furthermore, Kuipers et al. [10] measured the (O,/P,)
ratio for the FTS on a polycrystalline cobalt-foil (without
diffusion limitations) and still obtained an exponential
decrease of this ratio with chain length. So, we can conclude
that the chain length dependency of the olefin to paraffin
ratio can hardly be due to diffusion effects only, but the
preferential physi-sorption and increase of the solubility
with chain length influences the selectivity as well.

In this report, we use the products formed when one
switches from a syngas composed of H,/CO to D,/CO to
provide a measure of the primary products of the synthesis.

2. Experimental

The general apparatus and procedure for the FTS
synthesis have been provided in earlier publications (e.g.,
[11]). The cobalt-alumina catalyst was first reduced ex situ
in a plug flow reactor at 350 °C and atmospheric pressure in
a flow of hydrogen for 14 h and again after transferring to the
continuously stirred autoclave reactor (CSTR) under an inert
gas blanket at 280 °C for 24 h. The general procedure we
follow to determine the initial paraffin and olefin products
from using the deuterium tracer in the FTS is as follows: (1)
the FTS was started in a I L CSTR using H,/CO as the
synthesis gas; (2) after a few days of operation during which
the FTS approaches and attains a steady-state operation the
sample collection vessels are emptied and the feed switched
from H,/CO to D,/CO; (3) a sample is collected about 24 h
after switching to the D,/CO feed.

In carrying out deuterium tracer studies in FTS, the
following requirements must be kept in mind: (1) there must

be no H/D exchange in the paraffin and (2) the hydrogen (or
deuterium) exchange in the olefin is limited (the 1-3
positions of an olefin). The Co catalyst (19% Co) used in this
study is qualified to conduct H,/D, switching experiments
since measurable exchange in the alkanes is not obtained
[11]. Hence, the isotopes in paraffin left in the reactor will
remain the same after switching to D,/CO, and the olefins
left in the reactor will undergo H/D exchange and generate
D, to D5 isotopomers of an olefin. The total amount of olefin
left in the reactor is equal to Z?:o C,H;D,,,_;. Due to
hydrogenation of the olefin, the total amount of paraffin left
in the reactor equals to 21‘7:0 C,H;Dy,,1>—;. The quantitative
analysis of the isotopomers of products by GC/MS method
has been described previously [11].

3. Results

The deuterium-containing compounds in the first sample
collected after switching from H,/CO to D,/CO will be the
“true products” of FTS reactions. For the higher carbon
number hydrocarbons, the vapor pressure of the same carbon
number alkenes and alkane do not vary appreciably so that
the alkene/alkane ratio obtained from the deuterium analysis
of the products exiting the reactor in the vapor phase will be
representative of the primary products of the FTS.

The paraffin to olefin ratios (P/O) of hydrocarbons from
Cg to Cy¢ for a Co-catalyzed FTS reaction determined by the
conventional method show that the ratio increases with
increasing molecular weight by a rate of e”>" (see Fig. 2);
this is the value for the constant ¢ in Eq. (1) that was
discussed in the introduction and that was reported in
ref. [4].

Similar results for the constant, based on analysis of
products exiting the reactor, were reported by other groups
but these values are not representative of the true ratios of the
reaction due to the presence of the accumulated products
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Fig. 2. The paraffin to olefin ratio of products of a Co-catalyzed FT
reaction.
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[12]. By using the H,/D, switching method, more reliable
values are obtained, as displayed in Fig. 2. The ratios
obtained by the conventional method are much larger than
the true paraffin to olefin ratios of the reaction. For instance,
the paraffin to olefin ratio of hydrocarbon C,¢ measured by
the conventional method is 10 times higher than the value
obtained by considering only the deuterium-containing
compounds. Although the true paraffin to olefin ratio of the
hydrocarbons from Cg to C;¢ increases with increasing
molecular size, the rate of the increase (60'15”) is much
smaller than most of the rates reported in the literature. The
true value of the paraffin to olefin ratio will be even smaller
than shown in Fig. 2 because accumulation of deuterated
products during the 24-h period may impact the distribution
shown in Fig. 2. A comparison of the curves in Figs. 1 and 2
show that the ¢ value obtained from the deuterium/hydrogen
switch agrees more closely with the data generated by Erkey
et al. [9] than reported by Iglesia et al [4].

Many studies have been made where isotopically
labelled compounds have been added to the feed to the
FTS reactor [13]. However, any diffusion effects that impact
the primary FTS products as they exit the pore structure of
the catalyst particle will operate for added tracer compound
as it diffuses into the pore structure. In the present case,
deuterium and carbon monoxide diffuse into the pore in a
manner that is, or is nearly, identical to that of hydrogen and
carbon monoxide. Since the deuterated products are formed
in the catalyst pores, they must diffuse out of the catalyst
pore structure just as the normal hydrogen products do.
Thus, for FTS mechanism studies, the switch from
hydrogen to deuterium-containing syngas is preferred to
that of adding a labelled compound such as an alkene or an
alcohol.

The smaller value for the impact of diffusion of heavier
alkenes means that the earlier models utilizing diffusion
limitations as a means to account for the two-alpha
distribution through re-adsorption and chain initiation will
grossly over-estimate the impact of alkene re-incorporation
when the catalyst is operated under the conditions used in
this study. However, there are many factors that may impact

the product selectivity and much additional work is needed
before a generalization to the wider range of conditions and
catalysts can be made.
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