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Utilizing alternative feedstocks to crude oil for the production
of olefins is of eminent importance to the chemical industry.
Mixtures of carbon monoxide and hydrogen (syngas) pro-
duced from natural gas, coal, or biomass can be directly
converted into hydrocarbons by the Fischer–Tropsch syn-
thesis (FTS).[1–4] Cobalt- and iron-based catalysts are applied
commercially in FTS processes. While cobalt-based catalysts
are preferred for the production of long-chain linear alkanes
(transportation fuels),[5] iron-based catalysts are attractive for
the production of olefins.[2, 6–9]

For industrial application of iron catalysts in FTS to
produce lower olefins (hereafter designated as Fischer–
Tropsch to olefins, FTO) increasing the selectivity to lower
olefins (the C2–C4 fraction) while suppressing the selectivity
to methane remains one of the main challenges.[9] Indeed, the
hydrocarbon distribution generally follows the Anderson–
Schulz–Flory distribution, which states that at the optimal
chain growth probability factor a to obtain the highest
proportion of C2–C4 olefins (ca. 50 wt %), about 30 wt % CH4

will also be produced.[7] Generally, methane production can
be reduced through increasing a by addition of promoters,
such as alkali metals,[10] or lowering the operating temper-
ature.[7]

On the other hand, improving catalyst stability poses an
even greater challenge than optimizing selectivity. Several
deactivation mechanisms can occur, such as poisoning,
sintering, iron phase changes, and carbon deposition.[4,10–12]

In particular, at the high temperatures required for FTO,
carbon formation by the Boudouard reaction, 2 CO(g)!
C(s) + CO2(g), can be significant.[9] If these carbon species are
not removed by hydrogenation to hydrocarbons they can
block active catalytic sites and eventually cause breakup of

catalyst particles when they form carbon filaments.[10, 11, 13,14]

Data on carbon deposition rates obtained under actual FTS
conditions are relatively few and are mostly based on ex situ
analysis of catalyst samples.[10, 15] Obtaining in situ carbon
deposition rates under FTS conditions poses a great practical
challenge, as the use of a microbalance is usually restricted to
atmospheric conditions.[16]

Herein, we describe a method to assess the extent of
carbon formation for an iron-based FTO catalyst in situ in
combination with online hydrocarbon product analysis. For
a novel a-Al2O3 supported iron catalyst,[17] we have found
conditions where carbon formation was essentially undetect-
able, while methane production was kept at a low level.
Herein, we present the application of the tapered-element
oscillating microbalance (TEOM) in FTS research. Previ-
ously, the TEOM has been applied for coking studies
involving gas-phase reactants and products over heteroge-
neous catalysts, such as methanol-to-olefins, and the kinetics
of carbon nanofiber formation.[18, 19] The main advantages of
the TEOM over conventional microbalances are the wide
range of operating conditions and the plug-flow hydrody-
namics,[18] which resemble that of a conventional packed-bed
reactor often used in FTS research. This makes a comparison
with results from other studies possible and meaningful. In the
Supporting Information (section S1) a description of the
TEOM setup is given.

The 10 wt % Fe supported on a-Al2O3 (10 %Fe/a-Al2O3)
catalyst was prepared by incipient wetness impregnation with
an aqueous solution containing ammonium iron citrate as
metal precursor; sodium and sulfur were used as promoters to
enhance olefin formation and decrease selectivity to methane,
as has been explained previously in more detail.[17] Further
details on preparation and characterization are given in the
Supporting Information, S2. Prior to FTO conditions, the
catalyst was reduced using a 21 vol % H2 in Ar mixture at
350 8C at 1.7 bar (Supporting Information, S3).

In Figure 1, TEOM results, that is, the mass increase of the
catalyst bed with time, are presented for FTO carried out at
20 bar and 350 8C. Time zero indicates the start of the feed of
the synthesis gas. From calibration measurements, it is known
that from t = 0 to t = 0.2 h, the mass will change as a result of
the replacement of Ar gas by synthesis gas and build-up of
carbonaceous species in the catalyst bed. From t = 0.2 h to 2 h,
mass increase is only caused by buildup of carbonaceous
materials in the catalyst bed.At t� 2 h, the gas feed is
switched from synthesis gas to argon again, which caused an
increase in the mass as a result of the increase in mass density
of the gas flowing through the catalyst bed. There was no
significant decrease in mass from t = 2.3 to 4 h, which
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indicated that desorption of FTO products was minimal.
Thermogravimetric analysis coupled with mass spectrometry
(TGA-MS) on the spent catalyst confirmed that the TEOM
measurement was accurate and that mass increase was mainly
caused by carbon deposition (Supporting Information, S4).
Furthermore, based on engineering criteria accumulation of
liquid products in the catalyst bed was not to be expected
(Supporting Information, S5).

Evidently, at the conditions presented in Figure 1, severe
carbon deposition occurred. The spent catalyst contained
33 wt % carbonaceous material after only about 2 h of FTO.
The experiment was terminated after 2 h in order to avoid
blockage of the catalyst bed. As a result, the experiment was
limited to the initial stage of the FTO reaction. With a weight–
time–yield to hydrocarbons (WTY) of 1.1 �
10�4 molCO gcat

�1 s�1 at 2 h, productivity was high (Supporting
information, S6). As a result of the duration of this experi-
ment, no conclusions can be drawn regarding the extent of
deactivation. The product distribution could be approximated
by the ASF distribution. An a value of 0.68 was found
(Supporting information, S6).

In Figure 2 a, comparison is made between TEM images
of the fresh calcined catalyst (a,b) and the spent catalyst (c,d)
from the experiment presented in Figure 1. Carbon filaments
have formed in large amounts, which explains the relatively
fast increase in mass presented in Figure 1.[19] The detachment
of a large proportion of the iron particles from the support
material as observed here is characteristic of filament
formation as well.[13, 20] From a comparison of the particle
size distributions, it can be concluded that limited sintering
has occurred. On the whole, the deposition of carbonaceous
materials had a significant effect on catalyst morphology. The
extent of carbon formation observed here has to be sup-
pressed to make industrial application of this particular
catalyst viable.[10, 12]

Despite the extent of carbon formation, a high light-olefin
selectivity was obtained with this catalyst (see below). There-
fore, we explored the influence of process conditions on the
carbon deposition rate, in particular by varying the H2 and CO
partial pressures in the gas feed. Initially, we varied H2 partial
pressure at a fixed CO pressure and vice versa. Both lowering
the CO pressure from 10 to 2 bar (at pH2

= 10 bar) as well as
increasing the H2 pressure form 2.5 to 12.5 bar (at pCO =

2.5 bar) decreased the rate of carbon deposition. Alterna-
tively, we varied the H2/CO ratio at total pressures of 2, 10,
and 20 bar. Surprisingly, only at a total pressure of 20 bar did
we find that at a H2/CO ratio higher than 4:1, carbon
deposition was negligible, as the mass was constant with time
within the detection limits of the apparatus. This is illustrated
by Figure 3, where the carbon deposition rates and the
accompanying WTY, methane selectivities, and C2–C4 olefin
selectivities as a function of H2 and CO partial pressure in the
gas feed are presented. Comparative data from a conventional
fixed-bed plug-flow reactor experiments at standard and high
space velocity conditions confirmed the relevance of the
TEOM results (Supporting Information, S7). A detailed
representation of the catalytic data from two particular
experiments, one with negligible carbon deposition and one
with significant carbon deposition, is also provided (Support-
ing Information, S8).

Clearly, when opting for a H2/CO ratio of 1:1, increasing
the total pressure resulted in a considerable increase in
carbon deposition rate and WTY in combination with
a decrease in selectivity for methane and lower olefins
(Figure 3). This was in contrast to the case of a H2/CO of 5:1,
where the carbon deposition rate decreased to an undetect-
able rate when increasing the pressure from about 2 to 20 bar.
Moreover, the methane selectivity did not increase substan-
tially with total pressure and remained at a level of 16 wt % at
20 bar. The lower olefin selectivity remained at a high level as
well. The highest selectivity for lower olefins was found to be
at a low pressure of 2 bar (Figure 3d). However, in that case,
the carbon deposition rates were similar to WTY, which was
highly undesirable. When increasing the pressure to 20 bar,
WTY increased by two orders of magnitude, while carbon

Figure 1. TEOM results showing the mass increase as a function of
time on 10 %Fe/a-Al2O3. Conditions: 20 bar, H2/CO= 1:1, 350 8C, gas
hourly space velocity (GHSV)= 84000 h�1. Mass at t =0 h represents
the calibrated mass change as a result of replacement of Ar by H2/CO.

Figure 2. Transmission electron microscopy images and particle size
distributions of a), b) fresh and c),d) spent 10%Fe/a-Al2O3. The a-
Al2O3 particles were 200–500 nm in size while the iron particles had
average diameter of about 17 nm. The dashed circle in (c) shows
a domain with iron particles entangled in carbon filaments, and the
arrow indicates an a-Al2O3 particle.
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deposition rates remained of the same order of magnitude.
Therefore, for this catalyst formulation, FTO is preferably
operated at pressures higher than 10 bar to reach optimal
conversions of CO into hydrocarbons.

Most data in Figure 3 were measured at a gas hourly space
velocity (GHSV) above 80000 h�1. These high GHSVs
represented more severe conditions for the catalyst than
would practically be applied on a commercial scale. Changes
in GHSV in the range of 30 000 to 300 000 h�1 influenced the
carbon deposition rate but not to the extent that the overall
trends as given in Figure 3 became significantly different.

Assuming that carbon filament formation is the main
mechanism of carbon deposition, several thermodynamic and
kinetic factors will play a role.[20, 21] Different partial pressures
of CO and H2 will affect the proportions and nature of the
iron carbide phases present, which in turn could affect carbon
filament growth. Furthermore, nucleation of carbon forma-
tion will be affected by Fe particle size, reaction conditions,
and the presence of promoters and support.[13] We speculate
that at a low total pressure (1–2 bar), even at high H2/CO
ratios, the hydrogen coverage of the iron carbide nano-
particles will be too low to restrict carbon deposition. Only an
elevated total pressure (20 bar) in combination with a high
H2/CO ratio will the hydrogen coverage become high enough
to minimize carbon formation. Further study is needed to
elucidate the role of catalyst morphology and reaction
conditions.

In summary, the first application of the TEOM in FTS
research has been demonstrated. The TEOM can be applied
to obtain in situ information on carbon deposition occurring
during high-temperature FTS processes in combination with
on-line product analysis. As such the TEOM will be
particularly relevant for the development of new iron-based
catalysts for the production of chemicals from syngas as an
alternative for steam cracking. As a result of this systematic
TEOM study, process conditions have been determined
where this novel a-Al2O3-supported iron catalyst can be
applied with a high selectivity to lower olefins, low methane
selectivity, and a negligible carbon deposition rate.
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