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Objective:

The objective of this research project is to develop the technology for the .
production of physically robust iron-based Fischer-Tropsch catalysts that have suitable
activity, selectivity and stability to be used in the slurry phase synthesis reactor
development. The catalysts that are developed shall be suitable for testing in the
Advanced Fuels Development Facility at LaPorte, Texas, to produce either low- or
high-alpha product distributions. Previous work by the offeror has produced a
catalyst formulation that is 1.5 times as active as the "standard-catalyst" developed by
+ German workers for slurry phase synthesis. In parallel, work will be conducted to
design a high-alpha iron catalyst this is suitable for slurry phase synthesis. Studies
will be conducted to define the chemical phases present at various stages of the
pretreatment and synthesis stages and to define the course of these changes. The
oxidation/reduction cycles that are anticipated to occur in large, commercial reactors
will be studied at the laboratory scale. Catalyst performance will be determined for
catalysts synthesized in this program for activity, selectivity and aging characteristics.

Accomplishments & Conclusions:

Task 1.0. Development of Optimum Promoter Levels for Low- and High-Alpha
Catalysts

The goal of this task is to identify and optimize procedures for the preparation
of iron-based catalysts that combine high activity, selectivity and life with physical
robustness.

The powder sample of RJO-181 (30 wt.% Fe,0,/SiO,) was used for the
evaluation of the microhardness test for defining attrition resistance. Cold molds using
epoxy hardeners were used to prepare the specimens. After imbedding the particles
in the epoxy, they were allowed to harden. Then the epoxy molds were polished.
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Several particles were photographed in the optical microscope. Using a MICROMET-4
hardness tester, the microhardness measurements were made. The specimen was
mounted onto the hardness tester, and a load of 25 gm was used to make the
Vicker’s indentation on the particles, which are 10 to 50 microns in size. The
indentations were so large that they covered the entire particles. Hence, a load of 10
gm (the minimum load available) was used to make the indentations on several
individual particles embedded in the epoxy mold. After making the indentations the
specimen was mounted on the optical microscope and the diagonal distances of the
indentations were measured. The average value of about 50 indentations was taken
for measuring the Vicker’s hardness, which was calculated to be 40 kg/mm.

According to the ASTM standards, this number indicates that the material under
investigation is very soft. The value of 40 is not accurate, as the hard epoxy under the
particles can also take part of the load. This introduces additional uncertainty to the
calculated value. Comparison of this value to other materials indicate that the iron
oxide catalyst particles are very soft.

Task 2.0. Definition of Preferred Pretreatment for Both Low- and High-Alpha Catalysts

The goals of this task are to define the preferred treatment, to define the role of |
Cu and K during the pretreatment on activity and selectivity and to define the chemical
and physical changes which occur during the preferred pretreatment.

Activation of the 100Fe/4.4Si/0.71K catalyst with synthesis gas was
unsuccessful. Carbon monoxide conversion siowly increased to 12% and then
stabilized after 92 hr. In a previous study, this catalyst showed high activity and
productivity when pretreated with CO at 270°C, 175 psig for 24 hr: carbon monoxide
conversions were found to exceed 90% for up to 300 hr of synthesis.

It was decided to determine the affect that a CO treatment would have on the
inactive catalyst. After 92 hr of synthesis, the hydrogen flow was stopped and the
catalyst was exposed to CO at 270°C, 175 psig, 2.0 L/hr-g(Fe) for 24 tr. Following
the CO treatment, H, flow was resumed and the activity of the catalyst was found to
rapidly increase to 84% CO conversion within 26 hr. The ultimate activity of the
catalyst was similar to when it was pretreated with CO (Figure 1). The selectivity and
productivity were also similar.

Powder X-ray diffraction analysis suggests that the catalyst was reduced to
Fe,O, during activation with synthesis gas; however, only a small amount of x-FeC,
was formed. Treatment of the catalyst with CO for 24 hr increased the y-Fe,C, and
€'-Fe,,C content at the expense of the Fe,0,. During the synthesis following the CO
treatment, the peaks corresponding to ¢'-Fe, ,C increased while the y-Fe,C, seemed
to remained constant. Peaks corresponding to Fe,O, were the most intense
throughout the run. These findings are very similar to those found when the catalyst
was pretreated with CO. Based on these preliminary results, it appears that the
increase in activity when the inactive catalyst was treated with CO can be correlated
with the formation of x-Fe;C, and/or ¢'-Fe,,C.



Promotion with Cu is considered to aid the reduction of iron Fischer-Tropsch
catalysts and would, based on the above, seem likely to increase the activity of the
100Fe/4.4Si/0.71K catalyst when activated in synthesis gas. The activity of the
100Fe/4.4Si/2.6Cu/0.71K catalyst following activation with synthesis gas was
determined. The activity was substantially higher due to the Cu promotion; however,
the catalyst never achieved the activity of the CO pretreated 100Fe/4.4Si/0.71K
catalyst. It is interesting that the activity increased steadily from 26% to 51% CO
conversion during the 200 hr the catalyst was run. In general CH, and C,Hs
selectivity should be low at low CO conversion; however, promotion with Cu seemed
to increase the CH, and C,H, selectivity to the same level as when the catalyst was
run at high conversion. Powder X-ray diffraction data show more intense y-Fe;C, and
¢'-Fe, ,C carbide peaks for the Cu promoted catalyst than the catalyst with no Cu.
This tends to support the finding that some iron carbide must be present for
reasonable activity to be achieved. During the run, the amount of x-Fe;C, seemed to
remain constant; however, the ¢'-Fe, ,C peaks increased. It is tempting to correlate

the increase in activity during the run with the increase in €'-Fe, ,C; however, a
previous M&ssbauer study with the CO pretreated 100Fe/4.4Si/0.71K catalyst showed
no correlation between the amount of ¢’-Fe, ,C or x-FesC, and activity.

Bukur reported high activity when synthesis gas activation (H,/CO=0.68 at *
280°C, 1 atm) was used on a precipitated iron catalyst promoted with K and Cu (1).
In addition, Soled et al. report high activity for a Cu/K promoted iron-zinc catalyst
activated in the slurry phase with a synthesis gas with H,/CO=2.0 at 270°C and 75
psig (2). Kélbel successfully activated a K/Cu promoted precipitated iron catalyst with
synthesis gas (H,/CO=0.67 to 0.77) in a slurry phase demonstration plant (3). The
catalyst was treated with the synthesis gas at a formation temperature ranging from
15°C to 30°C above the final operating temperature. The CO, production was
monitored and the activation was considered complete a few hours after the CO,
production reached its asymptotic limit. The temperature of the reactor was
decreased to the operating temperature and the synthesis was begun. Kdlbel
considered the formation temperature to be critical; if it is too high the catalyst will
deactivate due to carbonization and if it is too low the catalyst will not activate. It is
possible that the activation temperature used in the present study was too low to

completely activate the catalysts. It is also possible that the presence of silicon could
have had a detrimental affect on the activation. Bukur reports that silica inhibits the
reduction of Fe,O, to iron carbides by CO (4). A similar affect would be expected with
synthesis gas.

Activation with synthesis gas at 270°C and 175 psig (H,/CO=0.7) is ineffective
for a precipitated catalyst with molar composition of 100Fe/4.4Si/0.71K. The low
activity achieved by synthesis gas activation may be related to the lack of bulk x-Fe;C,
and/or ¢'-Fe, ,C as seen by XRD. Promotion with Cu increased the extent of
reduction of the catalyst and thereby substantially increased the activity of the catalyst
when activated in synthesis gas; however Cu promotion did not increase the activity to
the same level as when the catalyst is activated with CO. Promotion with silicon may
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inhibit the reduction of the catalyst to an active state when synthesis gas is used
during the activation procedure.

Syngas activation was carried out on catalysts with the following compositions
in atomic % relative to iron: 100Fe/3.6Si/0.71K and 100Fe/3.6Si/2.6Cu/0.71K. Catalysts
were loaded into a 1 L CSTR and mixed with a Cy, 0il to give a 10 wt % catalyst slurry.

The reactor was pressurized to 13 atm under a flow of syngas (H2/C0=0.7, 3.1 NL h’!
g(Fe)) and then heated to 270°C at 2°C/min. These conditions were maintained
throughout the runs. A comparison of syngas conversion for the two runs is shown in
Figure 2. The 100Fe/3.6Si/0.71K catalyst was inactive and had a total syngas
conversion of only 18% after 92 hr on stream. Promotion with Cu increased the
activity of the catalyst considerably. The syngas conversion for the
100Fe/3.6Si/2.6Cu/0.71K catalyst increased throughout the run and finally reached
50% before the reactor was shutdown due to loss of reactor solvent. X-ray diffraction
shows that the 100Fe/3.6Si/0.71K catalyst was composed of Fe;O, while the more
active 100Fe/3.6Si/2.6Cu/0.71K catalyst was composed of a mixture of Fe;O, and the
carbides: x-Fe;C, and ¢'-Fe,,C. Mdssbauer spectroscopy also shows that the
100Fe/3.6Si/0.71K catalyst was composed of only Fe;0, during the run. In general,
the Cu promoted catalyst was composed of approximately 76% Fe,0,, 4% of some
superparamagnetic component and 20% ¢'-Fe, ,C. These results are consistent with
published results that Cu facilitates the reduction of iron oxide to an active state.

The affect of temperature (270°C or 300°C), pressure (13 atm or 1 atm) and

gas composition (H,/CO=0.7, 0.1 or 0) on the activation of precipitated iron catalysts
with the compositions 100Fe/3.6Si/0.71K and 100Fe/4.4Si/1.0K was studied. In
general, it was found that activation with H,/CO=0.7 at 13 atm resulted in poorly active
catalysts (CO conversion <20%) when activated at either 270°C or 300°C. Decreasing
the H,/CO ratio to 0.1 and activating at 13 atm and 270°C resulted in an activity
intermediate between activation in pure CO or H,/CO=0.7. This suggested that when
activating iron catalysts with syngas it is desirable to have a low partial pressure of H,.
In fact, when the catalysts are activated with synthesis gas (H,/CO=0.7) at 1 atm and
270°C or 300°C conversions comparable to activation with CO are obtained. No
pressure affect was seen when the 100Fe/4.4Si/1.0K catalyst was activated with CO at
270°C and 13 atm or 1 atm. X-ray diffraction analysis of the catalysts following
activation show that catalysts with low activity (those activated with syngas at 13 atm)
are composed of only Fe;O, while those with high activity (those activated with syngas
at 1 atm or CO) are composed of a mixture of Fe,0,, x-Fe,C, and ¢'-Fe, ,C (Figure

3). These results and the results mentioned above indicate that the formation of some
iron carbide is necessary for high FTS activity. However, based on previous
Mdssbauer spectroscopy experiments, we know that the activity of iron catalysts is not
related to the amount of iron carbide present. These results indicate that a surface
carbide is the active phase.

The influence of H, partial pressure on syngas activation can be explained as

follows. Based on XRD and Mdssbauer spectroscopy results we know that CO or
syngas pretreatment of precipitated iron catalysts will rapidly reduce the catalyst to
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Fe,0,. According to the competition model proposed by Niemantsverdriet (5), surface
carbon from dissociated CO can then do three things: become a carbonaceous layer,
migrate into the bulk of the catalyst to form iron carbide or be hydrogenated to methyl
or methylene groups which participate in the FTS. When an iron catalyst is activated
with CO, the surface carbon can only become a carbonaceous layer or form a carbide
which is presumed to be necessary for high FTS activity. In the case of syngas
activation, H, is also present so hydrogenation of the surface carbon can take place.
This causes a competition between carbide formation and hydrogenation. At high H,
partial pressures the hydrogenation of the surface carbon occurs faster than carbide
formation so only relatively inactive Fe;0, is formed.

Iron catalysts that have high FTS activity contain bulk iron carbide and some
amount of excess carbon. Pretreatment of the 100Fe/3.6Si/0.71K catalyst with CO at
270°C and 13 atm for 24 hr yields a highly active catalyst and yet produces about
twice as much carbon as needed for the formation of Fe;C,. It is of interest to
determine the role of this carbon in the FTS and determine its morphology.

‘Task 4.0. Catalyst Testing

The goals of this task are to operate the eight CSTRs, measure catalyst
performance, determine the stable phases that exist during synthesis at low and high
conversions and to determine the rates of interconversion of iron oxide and carbide.

A low alpha catalyst (4.4 atomic % Si relative to Si + Fe, 0.5 wt.% K, relative to
K + Fe,0,) has been run for over 2000 hours (Figure 4) with a starting CO conversion
of approximately 90%. Over this time period, the conversion decreased by 0.76% per
week. This meets or surpasses the goal of 90% conversion and a decline in CO
conversion of 1%/week.

The previously unexplained loss and re-establishment of activity has been found
to be due to the lowering of the liquid level in the reactor. The conversion data shown
in Figure 5 clearly show the loss of activity when rewax (wax from the reactor) was
collected on a daily basis in the first 500 hours of the run. When the sampling of the
rewax was stopped the activity recovered to approximately the initial level. Repeating
this cycle produced a loss and gain of activity again. From these data, it was
suggested that removing the reactor wax lowered the liquid level by physically
removing the wax material and thus allowed more of the lighter material including the
start-up oil to be removed from the reactor. After most of the start-up oil was
removed and the reactor contained a sufficient amount of FTS wax, the reactor liquid

level became stabilized and sampling of the reactor wax could be done without
affecting the activity.

The kinetics of the Fischer-Tropsch synthesis was studied over the best low-
alpha catalyst developed so far at the CAER to provide optimum reaction conditions
for the utilization of this catalyst. Conversion data were obtained over the catalyst for
a wide range of conversion levels (15-85%). The partial pressures and reaction rates
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of the reaction components were calculated from the analysis of the reaction products.
A number of possible reaction rate expressions were tested with the experimental data
and an optimum reaction rate expression was developed for this catalyst.

Several kinetic studies have been carried out over iron-based catalysts as
evidenced in the literature (6-9). The studies have been over fused iron catalysts as
well as precipitated iron catalysts. From the nature of the reaction rate expressions
developed, it can be clearly seen that a consensus is lacking in the literature.
Especially important is the role played by water and/or carbon dioxide in the
suppression of the reaction rate at higher synthesis gas conversions.

The Fischer-Tropsch reaction was carried out in a 1-liter stirred tank slurry
reactor. The catalyst used is a precipitated iron catalyst (62 wt.% Fe) containing 4.4
atomic percent silicon and 0.5 wt.% potassium. The iron catalyst containing silicon
(5.09 g) was placed in the reactor with 290 g of C,s paraffin and 0.0159 g of
potassium was added in the form of potassium tertiary-butoxide. The reactor
pressure was built up to 175 psig under CO atmosphere and subsequently heated to
270°C at a rate of 2°C/min. Pretreatment of the catalyst was carried out at 270°C, 175
psig using CO at a flow rate of 13.345 NL/hr for 24 hours. Subsequently synthesis gas,
flow was started at a H,/CO ratio of 0.67. About two days were required before the
catalyst reached steady state as evidenced by the constant conversion of synthesis
gas. Subsequently, the space velocity of the synthesis gas was varied between 5 and
70 and conversions of CO, H,, and the formation of various products were measured
with a period of approximately 24 hours at each space velocity. The H,/CO ratio of the
feed synthesis gas was kept constant at 0.67 at all the space velocities. Periodically
during the run, the catalyst activity was measured at pre-set "standard” conditions to
check for catalyst deactivation. The conversions of CO, H, and synthesis gas are
calculated from the inlet and outlet flow rates of these components from the reactor

Since the reactor used is a continuous-flow stirred tank reactor (CSTR), the
reaction rates of disappearance of CO and H, and the rates of formation of products
are obtained directly from the observed conversions. Further the reaction rates are
uniform throughout the reactor as the partial pressures of the reactants and products
are uniform throughout the reactor.

The partial pressures of the various components in the reactor are calculated
from their mole fractions in the reactor outlet stream. Here the condensed product
liquid in the condensers must be taken into account. Hence-the composition of the
product liquids is measured and averaged over the total mass balance period to
obtain the moles per hour of the liquid products so as to compare the results with the
composition of the uncondensed gas from the on-line gas chromatographs and thus
obtain the mole fractions of each product and unconverted reactant in the vapor
phase in the reactor.

The reaction run lasted for approximately 12 days. The catalyst activity at pre-
set standard conditions during this run remained practically constant during the



course of the reaction run. The experimental error in the measurement of percentage
conversion is about 2%.

Figure 6 shows the conversions of CO, H, and total conversion of CO and H,
with space time in the reactor. The change in the percent conversion is much faster at
low space times than it is at higher space times. Further at low space times the
conversion of H, is greater than the conversion of CO while at higher space times the
situation is reversed. The total CO and H, conversion at which the conversions of both
CO and H, become equal is about 67%.

As expected, the partial pressures of CO and H, decrease with space time
while the partial pressures of CO, and hydrocarbons increase with space time. The
partial pressure of water initially increases with space time and then decreases
indicating that it is an intermediate. This is also as expected since the water gas shift
reaction consumes water formed from the Fischer-Tropsch synthesis.

The rate of disappearance of H, decreases with space time as does the rate of
formation of water. The rate of disappearance of synthesis gas is approximately
constant at small space times and then decreases monotonically with increasing
space time. Both the rate of disappearance of CO and the rate of formation of CO,
pass through a maximum with increasing space time.

It is of interest to note the relative conversions of CO and H, as the space time
in the reactor is increased. The conversion of H, is greater than the conversion of CO
at low space times while the reverse is true at higher space times. At a total synthesis
gas conversion of between 65-70%, the H,/CO ratio of the product gas is equal to the

H,/CO ratio of the incoming synthesis gas. This implies that at higher conversions, H,

is being formed faster by the water gas shift reaction than it is being depleted by the
formation of hydrocarbons.

The partial pressure of water over this catalyst is approximately constant over
the entire range of synthesis gas conversions studied. Further, its partial pressure is
smaller than the partial pressures of the other reaction components especially at high
conversion levels. This implies that the catalyst used is a good water gas shift catalyst
and converts the greater amounts of water formed by the Fisher-Tropsch reaction at
high synthesis gas conversions. .

The reaction rates of formation of products and disappearance of reactants are

used to calculate the rate of the Fischer-Tropsch reaction and the rate of the water
gas shift reaction from:



~rer = (~Ieo) = Feo, (2)

These rates are plotted as a function of total synthesis gas conversion in Figure
7. As shown in this figure, the rate of the Fischer-Tropsch reaction is always greater
than the rate of the water gas shift reaction. However, at high conversions of synthesis
gas (above 55%) the rate of the water gas shift reaction closely approaches the rate
of the Fischer-Tropsch reaction. Up to about 55% conversion the rate of the Fischer-
Tropsch reaction is approximately constant after which it monotonically decreases. In
contrast, the rate of the water gas shift reaction passes through a maximum with
increasing synthesis gas conversion.

Carbon monoxide can get converted to either hydrocarbons (Fischer-Tropsch)
or carbon dioxide (water gas shift). Since hydrocarbons are the more desirable
products, it is of interest to see how the fraction of CO converted to hydrocarbons
varies with the total synthesis gas conversion. This is plotted in Figure 8 and shows
that the fraction of CO converted producing hydrocarbons decreases as the total
synthesis gas conversion increases. This implies that at higher synthesis gas
conversions a larger amount of CO is being converted to the undesirable product CO,,
and not to hydrocarbons.

An important conclusion to be drawn from this is that it would be more
desirable to carry out the Fischer-Tropsch synthesis at intermediate conversions and
have either two reactors in series or operate a single reactor with recycle. At
intermediate conversions the fraction of CO being converted to the undesirable
product CO, is lower. Further, the exit gas from the reactor has about the same
H,/CO ratio as that of the inlet gas to the reactor so that the second reactor or the
recycle stream would have the same H,/CO ratio as the first reactor.

The experimental data obtained in this study also allow us to test the various
reaction rate expressions proposed in the literature for Fischer-Tropsch synthesis over
iron-based catalysts. For the purpose of testing these rate expressions against the
experimental data they are rearranged so as to obtain a linear relationship. The
experimental data are then plotted according to this linear relationship to determine if
a straight line gives a good fit to the data obtained. None of the proposed rate
expressions in the literature are able to give a good fit to the data obtained in this
study. However, a reaction rate expression which represents the experimental data
well is given below: -

Rearranging this expression, we get:



Peo Pul ~Tco.n, = (1K) + (Kool K Peo (4)

Figure 9 shows the fit of the experimental data to the rearranged rate
expression. A reasonably good fit is obtained. This rate expression differs from the
proposed rate expressions in the literature in that there is no inhibition of the rate by
the reaction products (water and/or CO,) and no competition between the adsorption
of CO and the reaction products (water and/or CO,). A possible reason for this
difference in the case of one of the reaction products, water, is the low and almost
constant partial pressures of water obtained over this catalyst at all the space
velocities studied. Hence any effect of water on the reaction rate would appear to be
low since its partial pressure does not vary much. However, this explanation does not
hold for the other reaction product, namely carbon dioxide. In this case, the partial
pressure of CO, varies considerably with space velocity. Hence it can be concluded
that CO, does not influence the reaction rate over the catalyst used in this study.

The Fischer-Tropsch synthesis has been studied over the best low-alpha
catalyst developed at the CAER. A wide range of synthesis gas conversions were
obtained by varying the space velocity. The experimental results show that: (i) the rate
of the water gas shift reaction is lower than the rate of the Fischer-Tropsch reaction at”
low conversions (< 60%) whereas it closely approaches the rate of the Fischer-
Tropsch synthesis at high conversions, (ii) the fraction of CO converted to
hydrocarbons is higher at low and intermediate conversions whereas it is smaller at
high conversions, (iii) the H,/CO ratio of the product gas is equal to the H,/CO ratio of
the inlet synthesis gas at an intermediate conversion level of 67%. These findings
suggest that it would be beneficial to carry out the reaction at intermediate
conversions. This would result in an optimum use of CO to produce hydrocarbons
rather than CO,. High overall conversions can be obtained by either using a second
reactor or recychng the product gas using a single reactor. If the intermediate
conversion in a single pass is maintained at 67% there would be no need to adjust the

H,/CO ratio of the recycle stream or the feed to the second reactor as the product
gas from a single pass would have the same H,/CO ratio as the feed synthesis gas.

The optimum reaction rate expression for synthesis gas conversion has been
developed for this catalyst:

~reo.n, = K Poo Pl + KeoPed (5)

The rate expression shows that CO is strongly adsorbed on the catalyst and that the
reaction products such as water and CO, do not inhibit the reaction rate.
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Plans:

Future work with Cu promotion will be focused on its affect on the kinetics of
the Fischer-Tropsch Synthesis and on the activity of catalysts operating in a high
alpha mode. Previous work has shown that promotion with Cu has little affect on the
activity or selectivity of the 100Fe/3.6Si/0.71K catalyst when pretreated with CO at 13
atm and 270°C followed by FTS conducted at 13 atm, 270°C with H,/CO=0.7 (3.1 NL
h™' g'(Fe)). However, under these conditions the CO conversion is very high (>90%)
and the true promotional benefits of Cu might not be evident. Decreasing the CO

conversion of the catalyst by operating at higher space velocities might give a better
indication of the affect Cu has on the activity of iron FTS catalysts. In addition, the
affect of Cu on H, activation needs to be explored. Additional work will focus on
obtaining Mdssbauer data for the catalysts activated with syngas at 1 atm to see if the
catalyst compositions are similar to those obtained for CO activation. In addition,
characterization of the 100Fe/4.4Si/1.0K catalyst activated with H, will be done.

In addition, future catalyst studies will emphasize the study of high-alpha
catalysts and the preparation of catalysts with various hardness values. Work will
continue on defining attrition for FT catalysts.
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Figure 4. Long term activity test which shows a decline in conversion of 0.76 %/week.
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