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Executive Summary

Use of a slurry-type reactor with an iron catalyst for
Fischer-Tropsch synthesis from low Hy/CO syngas offers the
potential advantages of excellent temperature control,
flexibility -in catalyst addition and removal and internal water
gas shift. The most important likely process variations were
studied here to determine how they affect product selectivity. A
C-73 reduced fused magnetite was used as a base-line catalyst
since it is mechanically rugged and resistant to process upsets,
but several precipitated iron catalysts were alsc studied and the
performances of the various catalysts are compared. The
precipitated catalysts are more active on a weight basis, but
they may break up more readily and may be more readily
deactivated by process upsets. If heavy wax is to be
hydrocracked in a subsegquent brocessing step, as presently
visualized, it will be necessary to reduce catalyst fines to an
extremely low level to avoid plugging in 2 downstream
hydrocracker. Carbon number distribution is directed more to
heavy products by increased potassium content, as has been
previously established, but is also affected by the way in which
potassium is chemically combined.

We find no evidence that l-olefins are incorporated into
growing chains to any significant extent under representative
process conditions. Instead they are isomerized to form the 2-
olefins or are hydrogenated to a paraffin. The C-number product
distribution on all ironlcatélysts studied presents a double-uo

on a Schulz~Flory plot, breaking at about Cjp. The chain growth
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probability is greater at Cjgo+ than at Cjyp-. Contrary to
previous reports a single a distribution is not found in the
absence of potassium. ‘

We have also developed an improved method of analyzing
product distribution data. For Cjgo- products, there is no
significant effect of H,/CO ratio on a, over a very wide range.
With proper analysis we show good agreement between our results
and those of other investigators.

The increase in average carbon number with increased
potassium content seems to be related to an increase in the
fraction of total product formed by the mechanism leading to aj.

a5 decreases significantly with increased temperature. At
temperatures above about 300°C a variety of new products appear,
probably formed by secondary alkylation reactions.

Information is provided on éhanges in product distribution
during start-up, effect of water content, and correlations of
these with composition of the iron catalyst as determined by
Mossbauer spectroscopy. COs in the system is an inert gas as
such but can cause reaction inhibition through formation of HpO
by the reverse water-gas shift, More details are provided in a
series of pgblished papers. Appendix A lists these together with
an abstract of each.

Reliable performance testing in a slurry reactor requires
meticulous attention to operating procedures and methods of
product trapping and analysis. Uéeful methods based on our many

years of experience are discussed in detail in Appendix B.
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Introduction:

The only currently operafing commercial Fischer-Tropsch
plants in the world are at SASOL in South Afriéa. They utilize
an iron catalyst in either fixed bed or entrained bed reéctors,
feeding synthesis gas derived from coal. Considerable recycling
is involved to suitably adjust feed gas composition. 1In contrast
a slurry-type reactor offers the coperating advantage§ of
excellent temperature control and flexibility in catalyst
addition and removal. An iron catalyst is cheap and in many
formulations is activelfor the water-gas-shift,  Thus syngas of
low H3/CO ratio as can be produced by modern coal gasification
piants can be fed directly to the s;urry reactor and internal
water gas.shift makes an external shift reactor unnecessary.

Present D.0.E. focus of attention is to develop a process
that will maximize production of diesel and jet fuel (Ci1p-Cyq) by
optimization of the Fischer-Tropscb synthesis combined with
secondary hydrocracking of Cpot+ wax products.' The objective of
this work was to study several process variations that need to be
understood to put a commercial plant into operaticon. We
pioneered the use of a laboratory-scale mechanically stirred
autoclave system for Fischer-Tropsch studies over 10 years ago
and have published extensively on our results. A particular
advantage of this system in contrast to, e.g., bubble column
reactors, is that the contents are uniform, thus allowing kinetic
and product information to be obtained unambiguously without the

intrusions of hydrodynamic effects.
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The results are organized as follows:

(1A) effect of potassium;
(1B) comparison of the performance of several iron catalysts
of industrial interest;
(iC) possible incorporation of clefins into growing chains;
(1D) effect of synthesis gas composition;
(1E) poisoning effects.
To interpret these results four additional topics were
studied:
(2A) wax analyses:
(2B) theoretical studies of methods of analyzing data for
prediction of préduct distributions;
(2C) observed product distribution during start-up;
{2D} effect of water on products.
In addition, we have prepared two supplemental studies:
(3A) a critical analysis of performance testing in a slurry
reactor; and
(3B) the effect of CO; on the kinetics of Fischer-Tropsch
synthesis.
These topics are summarized in the following:

la., ‘Effect of Potassium

The carbon number distribution from alkalized iron catalysts
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has been found to follow a modified Schulz-Flory distribution
with two chain growth probabilities. Such a distribution is
sometimes referred to as a "double-o," and suggests that two
independent chain growth mechanisms cont;ibute to the overall
distribution. Schliebs and Gaube (1985) have hypothesized that
these stem from patassium-promoted and potassium-free sites, and
they present some data in support of their position. Our data,
in contrast; indicate that a dduble-a distribution is clearly
observed even on an unalkalized iron catalyst, as will be shown.

our study was made with a PETC catalyst without potassium,
the same catalyst with 1% K addition (at M.I.T.) and the
Ruhrchemie catalyst, which contains K. Compositions are given in
Table 1.

Reactor temperature was varied between 230 and 265°C.
pressures were varied from 0.77 to 2.98 MPa and Ho/CO feed ratios
from 0.5 to 2.0. Conversions were varied from 10 to 65% by
changing space velocity between 0.010 and 0.040 Nl/min/gcat. The
experiments with the Ruhrchemie catalyst were performed at Hy/CO
feed ratios near 0.7, with temperature, pressure, and space
velocity varied to study their effects.. The PETC catalyst was
studied under a range of Hp/CO ratios as well. Some of the
conditions were chosen to allow comparison with data reported in
the literature for other iron catalysts.

Representative results for the unalkalized catalyst are
shown on Figures 1 and 2. For the conditions studied, oy is

0.64 and a5 is 0.88. Fig. 2 is a Schulz-Flory diagram of a wax
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sample taken after the first 170 hours-on-stream with the reactor
held at the same conditions. The value of 03 calculated by the
non-linear regression of the volatile sample agrees with that
calculated by linear regression of the wax sample (Cy5-C3js
range), and is egual to 0.88.

Schliebs and Gaube (1985) and Konig and Gaube (1983) have
reported that, in the absence of alkali promoters, the
hydrocarboh products of the Fischer-Tropsch synthesis on
precipitated iron catalysts can be described by a single-o, We
do not find this to be the case. Atomic absorption spectroscopy
by Galbraith Laboratories on two samples of the PETC catalyst
detected no potassium or sodium at the measurable limits of 9 and
12 ppm. Dictor and Bell (1986b) and Itoh et al. (1988) have also
reported that products from unalkalized Fep0g5 powders could not
be described well by a single-0. Re-analysis of data from
Schlieb's thesis (1983) by Donnelly et al. (1988) shows that the
data reported by Schliebs and Gaube (1985) are not representative
of typical experiments, In fact, all of the data collected by
Schliebs on potassium-promoted and potassium-free precipitated
iron require two values of o to be fit properly.

The carbon number distributions from the Ruhrchemie catalyst
are described by two chain growth probabilitiés, with a;
increasing from 0.66 at 260°C to 0.76 at 232°C. > is nearly
constant at 0;90. We found relatively little variation of ©] in
this temperature range for the C-73 fused magnetite catalyst.

ao remained constant in this range, but decreased from 0.90 to
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0.79 if the temperature was further increased to 310°C. (See
2.3.)
Addition of K to the PETC catalyst increased the average
'molecular weight of products, as would be expected (Table 2).

Secondary Reactions:

The extent to which observed products represent the primary
synthesis versus secondary reactions depends on several
variables. The consensus from many investigators is that, under
the usual conditions of synthesis, the primary hydrocarbon
products from iron catalysts are mostly. 1-alkenes and some n-
alkanes. For at least some iron-based catalysts, including an
iron/manganese oxide catalyst, fused magnetite and a precipitated
iron catalyst containing potassium but no Cu or SiOj, the
hydrocarbon formed by chain growth was predominantly the
l-alkene,

The l-alkene may subsequently be hydrogenated to a n-alkane
or isomerized to the 2-alkene, For a range of conditions, it
‘appears that alkanes are produced predominantly by secondary
hydrogenation of l-alkenes. Increasing potassium content reduces
the activity for the secondary reactions, especially
"isomerization, as does increased temperature. Fig. 3 shows a set
of our results under conditions when secondary reaction was
relatively minor.

In one of our studies with fused magnetite catalyst (0.31
Wt.=% potassium and 64 wt.-% iron), unbranched l-~butene, 1l-

hexene, and l-decene were added to the reactor during Fischer-
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Tropsch synthesis (248°C and 0.78 to 1.48 MPa). The degree of
alkene reaction increased markedly at high syntheéis gas
.conversions, attributed to a decrease in competitive adsorption
with carbon monoxide. At synthesis gas conversions (CO+Hp) on
the order of 70 to BO%, 40 to 80% of the added l-alkene reacted,
forming the corresponding n~alkane or 2-alkene. There was little
if any incorporation into chains. (Sect. 1C.)

There have been various attempts in the literature to
ascribe one or more valués of ¢h to each class of product, but
this can be of fundamental significance only if secondary
reactions can be shown to be unimportant under the conditions
chosen.

On the unalkalized catalyst the only oxygenate observed was
methanol. In contrast, oxygenatés up te Cg to C; were observed
on catalysts with potassium. 2~Alkenes are obéerved in the
absence of potassium, but are not significant in the presence of
potassium. The isomerization of l-alkene to 2-alkene suggests
the existence of some acidic functionality on the unalkalized
catalyst, which is eliminated by the addition of potassium.
2-Alkenes, once formed, are less readily hydrogenated than the
l-alkene.

Further details are given in papers by Hanlon and
Satterfield (1988), Matsumoto and Satterfield (1989), and
Donnelly and Satterfield (1989).

l1B. Comparison ¢f Performance of Selected Iron Catalysts.

A substantial amount of data have been presented in the
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literature, but little effort has been made to compare detailed
selectivity and activity information. In most previous work,
catalysts have not been studied long enough to ensure that
‘steady-state pehavior was attained. We focused our comparisons
on catalysts tested for long times-on-stream.

Table 3 shows a detailed comparison of product cuts from
several iron catalysts. Prior to potassium additiocn, products
collected over the unalkalized PETC catalyst followed a
distribution similar to those obtained using the C-73 fused iron
catalyst (Huff, 1982). After potassium addition, the products
from the PETC catalyst followed a distribution similar to
products from the alkalized PETC catalyst used by Zarochak et al.
{1985}, a Mobil low-wax catalyst discussed by Kuo (1983,1985),
and the Ruhrchemie catalyst studied in this laboratory.

mhe alkalized PETC catalyst tested by Zarochak was prepared
by the same technigue as the unalkalized catalyst we tested,
except that 0.3 wt-% potassium was added by an incipient wetness
technigue.

The Mobil low-wax catalyst is an iron/copper/potassium
catalyst with no alumina or silica, but further details have not
been reported. TThe Mobil'high-wax catalyst has the samé nominal
composition as the low-wax catalyst, but 40% less surface area.
The Mobil low-wax déta quoted here were taken from run CT-256-2,
while the high-wax results were drawn from CT-256-13. The
activities we report ﬁor the Mobil catalysts represent our

assumption that space velocity was reported on a basis of grams
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of iron, rather than grams of unreduced catalyst.

Some information on the performance of the fixed bed
catalyst used by SASOL has been published by Caldwell (1980). He
reports hydrocarbon selectivites normalized to exclude
oxygenates. We cannot determine the activity of the SASOL
catalyst from published data.

‘The United Catalysts C-73 is a reduced fused magnetite
catalyst, which we have studied extensively in this laboratory.
The C-73 catalyst is so0ld for use in ammonia synthesis and
contains 64.4 wt.~% Fe, 0.76 wt.-% Al, and 0.31 wt.-% K
(Galbraith). There is also a small amount of silica present,
which may convert much ofthe potassium to an inactive form during
fﬁsion.

The Mobil catalysts anq the SASOL fixed bed catalyst show
the highest selectivities to heavy products (Cjg+). The
selectivity of the Ruhrchemie catalyst studied here is comparable
to that of the precipitated alkalized catalyst tested by Zarochak
et al. (1985)., The C-73 catalyst shows the greatest selectivity
to light products, which may reflect a very low effective
potassium content, but since the precursor is fused magnetite it
offers the advantage of high mechanical strength and high
density, both of which would be important for a commercial slurry
reactor.

Activity for Synthesis

The activities of catalysts are compared on the basis of

mmol (CO+H>) convertea/min/gcat, with grams of catalyst on an
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unreduced basis. This alleviates the difficulties associated
with determining the active stable phase of the catalyst under
reaction conditions. We have picked sets of experimental
conditions as similar as possible, for which conversions and
other relevant data have been reported.

The comparison in Table 3 indicates that the
iron/copper/potassium Mobil catalysts and the alkalized
pfecipitated irom cafalyst tested by PETC have the highest
activities. The C-73 catalyst studied by us and by Bukur and
Brown {(1987) shows a somewhat lower rate of conversion than the
Ruhrchemie catalyst; however, if the rate is assumed to have a
first-order dependence on hydrogen pressure, the activities of
the two catalysts (mmol CO+Hp converted/min/gcat/MPaHy} are
comparable. ' The unalkalized PETC catalyst we tested deactivated
continuously, and so was excluded from the comparison.

| The relatively high potassium loading of the Runrchemie
catalyst may decrease its activity, as suggested by Dry (1981)
based on data from SASOL precipitated iron catalysts. Dry shows
that silica supported Fe;03 promoted by K0 decreases in activity
above some critical loading of potassium, but simultanecusly
increases its selectivity to heavy products. We speculate that
the SASOL fixed bed reactors are operated with high-potassium
catalysts to maximize wax selectivity and that high pressures are

used to compensate for the activity loss incurred by the high

alkali loading.



Water-Gas Shift Activity

Table 3 also compares wéter-gas shift activity of four
catalysts by using reaction quotients:
RQ = [CO2][H2]/[C0O] [H,0] (1)
The reaction quotient for water~gas shift on the Ruhrchemie
catalyst is very low relative to that of other catalysts. The
alkalized precipitated iron PETC catalyst and the Mobil low- and
high-wax catalysts have relatively high reaction quotients.
Continuous deactivation of the unalkalized PETC catalyst prevents
its inclusion in this comparison.

at temperatures of interest in the Fischer-Tropsch
synthesis, equilibrium is largely to CO; and ﬁz, SO a more
intuitively obvious measure of the relative activity of these
catalysts is given by the extent of reaction as représented by:
XwGs = Pcoy/{Pco, *+ PH,0) (2)
For the Ruhrchemie catalyst, the extent of the water-gas shift
reaction as defined by eq. (2) is about 35% at 263°C, as compared
to about 90% for the C-73 catalyst.

Further details are presented by Donnelly and Satterfield
{1989).

1C. Possible Incorporation of Olefins into Growing Chains.

As noted above, it'is now well documented that the
hydrocarbon products from a variety of iron catalysts generally
exhibit two chain growth probabilities, the dominaﬁing
probability in the Flory-Schulz distriﬁution beiﬁg_significantly

greater for the products above about Cj;g than for those of lower
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carbon numbers. It has been suggested that the effect may be
caused by secondary incorporation of olefins into growing chains.
Such incorporation is hypothesized to be greater for higher
molecular weight olefins because of their reduced volatility and
longer reactor residence time. The fact that the change in the
dominating distribution occurs at about Cio lends some
plausibility to the suggestion. We will show however that we
could not adduce any substantial evidence for this hypothesis.
(We diéd find, however, that at an unusually high teméefature,
310°C, a high molecular weight méterial appeared that was not
observed at lower temperatures. It may-have been formed by
secondary alkylation reactions. GSee Section 2A.)

As a test, ethanol; ethylene, l-butene, l-hexene, l-decene,
or l-eicosene (CsoH4p) was added to the synthesis gas feedstream
or directly to the reac;or under representative Fischer-Tropsch
synthesis conditions. In the primary synthesis ethanol is the
dominant alcohol, and Cp, species appear to be unusually reactive.
Studies with other olefins were made to see if significant
differences might be encountered along the homologous series.
Comparison of additive conversions at high and low syngas
conversions showed that major competitive adsorption effects
between CO and olefins occurred.

Runs were with the C=73 catalyst at 248°C, with pressures of
0.78-1.5 MPa, high and low CO conversions, and high and low
concentrations of the_additive in the feed. CO conversion was

varied by changing the flow rate of synthesis gas to the reactor.
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Representative resuylts are shown in Fig. 4 {ethanol
addition), Fig. 5 (ethylene addition), Fig. 6 (l-butene
addition), and Fig. 7 (l-decene addition). 1In all cases chain
incorporation was insignificant. 1Instead, the principal
reéctions of the added l-olefin were hydrogenation to the
corresponding paraffin and isomerization to the corresponding 2;
olefin. The reactivity of the additive was markedly enhanced at
high CO conversions {low CO partial pressure) attributed to a
decrease in competitive adsorption by CO.

By extension from this and other studies in our
laboratories, we conclude that the reaction network in the
Fischer~Tropsch synthesis may be markedly affected by-the extent
of CO conversion, especially at very high degrees of conversion.
This variable has received little attention in the past, probably
because it is difficult to isolate its effect by studies in a
plug-flow (fixed-bed) reactor. A continuous-flow stirred tank
reactor (CSTR), as used here, is particularly well suited to
study effects of this sort.

High Conversion Region

The high conversion region was studied further under
conditions simulating nearly complete consumption of CO
(Matsumoto and Satterfield, 1989}). Representative results are
shown in Fig., 8, for CO concentrations of 2% or less than those
in Figures 4 through 7. This is a Flory plot of carbon number
product distribution, for four runs at approximately the same

carbon monoxide partial pressure without and with added ethylene,





