VI1.4. FISCHER-TROPSCH SYNTHESIS: IMPACT OF POTASSIUM AND
ZIRCONIUM PROMOTERS ON THE ACTIVITY AND STRUCTURE OF AN
ULTRAFINE IRON OXIDE CATALYST (Robert J. O’Brien, Liguang Xu, Diane
R. Milburn, Yong-Xi Li, Kenneth J. Klabunde and Burtron H. Davis)

VI.4.1. ABSTRACT
Slurry phase Fischer-Tropsch synthesis was conducted with an ultrafine iron

oxide catalyst promoted with either 0.5 atomic % K or 1.0 atomic % Zr or both.

Pretreatment in CO yielded higher conversions and a more stable catalyst than

activation in hydrogen or synthesis gas. Hydrogen pretreatment of K promoted

catalysts and synthesis gas activation in general were less effective. Mdssbauer
spectroscopy and XRD showed y-Fe;C, and ¢ '-Fe,,C were formed during
pretreatment in CO and did not depend on promoters present. Catalysts pretreated
in H, were reduced to metallic Fe and Fe,O,; promotion with K and Zr decreased the
extent of reduction. Hydrogen pretreated catalysts, promoted with K, lost surface area
and carbided rapidly under synthesis conditions. Activation in synthesis gas reduced
all catalysts to Fe,0,. Subsequent synthesis did not effect the phase present for the
unpromoted and Zr promoted catalysts while those promoted with K formed yx-Fe,C,
and ¢'-Fe, ,C. Itis concluded that pretreatment type is more important to the catalyst
activity during the early period of synthesis than the impact of promotion with K and/or

Zr and that changes in the bulk composition of iron catalysts do not necessarily

correlate with changes in activity.
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VI.4.2. INTRODUCTION

Promoters have a large effect on the activity and selectivity of iron Fischer-
Tropsch (FT) catalysts (V1.4.1). Alkali promoters, and K in particular, have been well
established as a means of increasing olefin selectivity, producing high molecular
weight products and increasing the activity of iron catalysts (V1.4.2,V1.4.3). Promoters
also impact the physical properties of iron FT catalysts. Potassium has been shown
to increase the rate of iron carbide formation and carbon deposition during the FT
synthesis (V1.4.4) and it is known to decrease the surface area of iron catalysts
(V1.4.5). Nonreducible oxides of Si, Al, Ti, Mg, Zn and Th have been utilized as
structural promoters to stabilize the surface area and extend the life of FT catalysts
(VI1.4.1,V1.4.6). Structural promoters are also reported to influence the type of iron
carbide formed during the FT synthesis (V1.4.7) and have been shown to inhibit the
reduction of iron catalysts during pretreatment (V1.4.6).

Pretreatment conditions and type can also impact the activity and phase
transformations of iron catalysts (V1.4.8). Activation of Fe catalysts is more
complicated than that of Ru and Co catalysts. Standard pretreatment of Ru and Co
has involved reduction of the catalysts in H, to the zero valent state. Pretreatment in
H, has proven to be necessary to activate fused Fe,O, catalysts (VI1.4.1), whereas
activation in CO is effective for precipitated catalysts (V1.4.2,V1.4.9). Precipitated
catalysts have also been successfully activated in synthesis gas at 280°C (V1.4.10).
Regardless of the pretreatment conditions, a mixture of iron carbides and oxides form
during the FT synthesis (VI1.4.11). Iron carbides reported to form are € '-Fe, ,C, x-

FesC,, 6-Fe,C (V1.4.12) and Fe,C, (V1.4.13). Magnetite is usually formed during the
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FT synthesis particularly when activity is high and H,0O/H, and CO,/CO ratios are high
enough to oxidize the iron carbides (V1.4.14).

Ultrafine particles have been defined to have sizes less than 0.1 um in contrast
to precipitated catalysts which have agglomerate sizes greater than 1 um. Itoh et al.
have reported on various ultrafine metallic iron catalysts with particle sizes less than
0.1 um (V1.4.15,V1.4.16,V1.4.17,V1.4.18). They found that UFP catalysts have activities
much greater than precipitated catalysts and have a higher selectivity for olefins.

Recently we have reported results on a commercially available ultrafine Fe,O;
catalyst that has an average particle size of 30 A (V1.4.19,V1.4.20). Mdssbauer
spectroscopy showed that the catalyst activated in H, followed by synthesis converts
the catalyst to Fe,O, and a small amount of ¢ '-Fe,,C and 6-Fe,C. Pretreatment in CO
fully reduced the catalyst to y-Fe;C,; however, 72 hr of synthesis oxidized the catalyst
to 100% Fe,0,. It was of interest to learn what effect promoters have on this ultrafine
catalyst composition and activity. Previously we reported on a precipitated iron
catalyst promoted with 6 wt % ThO, (V1.4.21). Promotion with ThO, was common
with commercial cobalt catalysts and has been reported by Dry to increase the activity
of a Fe/Cu/SiO, catalyst (VI1.4.1); however, ThO, is not currently an acceptable
promoter for commercial catalysts because of environmental concerns about its
radioactivity. Promotion with ZrO, is a plausible substitute for ThO, due to their similar
activities for the iso synthesis (V1.4.22) and the dehydration of alcohols
(V1.4.23,V1.4.24). Herein is reported the M&ssbauer, XRD and BET characterization of
a 30 A iron oxide catalyst promoted with K and/or ZrO, and subjected to slurry phase

FT synthesis.
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V1.4.3. EXPERIMENTAL -

VI1.4.3.a. Catalyst Activation and Process Conditions

A process scherme similar to that reported previously (V1.4.19) was utilized in
the current study. A 10.0 g sample of ultrafine a-Fe,O; (MACH I Inc., 30 A, ~265
m?/g) and 140 g of C,, polyalphaolefins oil (Ethyl Corporation) were thoroughly mixed
in a 300 ml autoclave. Promoters were added directly to the slurry in the form of
potassium t-butoxide or zirconium n-propoxide. Four catalysts with the following
compositions, in atomic % relative to Fe, were used: 100Fe, 100Fe/0.5K, 100Fe/1.0Zr
and 100Fe/0.5K/1.0Zr. The catalyst slurry was heated to 260°C at 1.5-2.0°C/min at
100 psig while pretreatment gas (H, or CO) or synthesis gas (H,/CO=1) was
introduced into the reactor at a flow rate of 3.0 nL/hr/g-Fe. After reaching 260°C, the
flow of pretreatment gas was continued for 24 hr. Synthesis gas (H,/CO=1) was then
started at a flow rate of 3.0 nL/hr/g-Fe. Catalyst slurry samples were removed (™~ 10-
15 g containing about 0.7 g catalyst) from the reactor at various times of the
pretreatment and synthesis runs. CO and H, conversions were determined by
analyzing the exit gas stream with a Carle gas analyzer. Catalyst slurry samples were
stirred in tetrahydrofuran or cyclohexane (~250mL) at room temperature to dissolve
the reactor wax énd oil. The catalyst samples were then filtered, and dried at room
temperature under vacuum. Catalyst samples selected for analysis were Soxhlet
extracted with refluxing toluene to remove traces of wax in the catalyst pores.

V1.4.3.b. Catalyst Analysis

Mossbauer Spectroscopy. Mdssbauer spectra of the catalyst samples were

obtained from a constant acceleration spectrometer. The y-ray source consisted of
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50-100 mCi of ¥Co in a Pd matrix. Spectra were analyzed using a least-squares fitting
routine with the iron content of each phase determine from their relative peak areas.

X-ray Diffraction. Powder X-ray diffraction patterns of the catalysts were
obtained using a Philips APD X-ray diffraction spectrometer equipped with a Cu anode
and Ni filter operated at 40 Kv and 20 Ma (CuKa = 1.5418 A). Iron phases were
identified by comparing diffraction patterns of the catalyst samples with those in the
standard powder X-ray diffraction file compiled by the Joint Committee on Powder
Diffraction Standards published by the International Center for Diffraction Data.

BET Surface Area Determination. Nitrogen adsorption measurements were
made with a Quantachrome Autosorb 6 instrument. Samples were outgassed at 80°C
and less than 50 mtorr for a minimum of 12 hr prior to analysis. BET surface areas
and pore size distributions were calculated from the adsorption and desorption data,
respectively.

V1.4.4. RESULTS

V1.4.4.a. Catalyst Activity

Unpromoted catalyst, 100Fe. In our initial FT study with this catalyst, it was
reported that CO pretreatment leads to a catalyst activity three times that of hydrogen
pretreated or synthesis gas activated catalysts (V1.4.19). Tetralin was used as the
start-up solvent in that study and a reflux condenser was needed to prevent
evaporation of the tetralin. It was found that the condenser enabled water to
accumulate in the reactor which caused the metallic iron formed by H, pretreatment to
sinter. In a subsequent study, a Dean-Stark condenser was used to eliminate water

from the reactor and it was found that CO and H, pretreatments led to similar FT
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activity (V1.4.20). A less volatile start-up solvent was used in the present study which
eliminated the need for a reflux condenser. Pretreatment of the unsupported catalyst
in CO (Figure VI1.4.1) led to an initial activity slightly higher than.that of the H,
pretreated catalyst; however, after 72 hr of synthesis, the total synthesis gas
conversions were about the same. These results reproduce those of our second
study (VI1.4.20). As was reported earlier, activation in synthesis gas proved to be
ineffective for this catalyst.

Potassium promoted catalyst, 100Fe/0.5K. CO pretreatment of this catalyst gave
the best-activity and stability (Figure V1.4.1). Synthesis gas activation led initially to a
much higher conversion of about 68%; however, within 24 hr, the activity had dropped
to below 30% conversion. The conversion for the catalyst pretreated in CO was very
stable at approximately 32% throughout the run. The catalyst pretreated in H, was
much less active; its initial conversion of 20% dropped to below 5% after 24 hr of
synthesis.

Zirconium promoted catalyst, 100Fe/1.0Zr. CO pretreatment of the zirconium
promoted catalyst resulted in the most active and stable catalyst of the ones used in
this study (Figure V1.4.1). The initial conversion exceeded 50%; however, an induction
period was evident as the conversion rose to above 60% after 24 hr of synthesis. The
conversion eventually decreased to 42% after 48 hr where it remained until the end of
the run. Hydrogen pretreatment of this catalyst resulted in a conversion between 25%
and 30% throughout the 72 hr run. Synthesis gas activation gave a catalyst with very
low stability; initially the conversion was greater than 25%; however, it dropped to ‘

below 5% after 24 hr of synthesis.
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Doubly promoted catalyst, 100Fe/0.5K/1.0Zr. As was the case for the other three
series, CO pretreatment was superior for the doubly promoted catalyst; the
conversion rose from 30% to 43% after 48 hr of synthesis (Figure V1.4.1). Hydrogen
pretreatment was ineffective since conversions for this run began at 10% and then
dropped to 5%. The synthesis gas activation gave a catalyst with a very low initial
conversion; however, after 48 hr on stream the conversion rose to 25% before
decreasing to 20% after 72 hr of synthesis.

In general, the pretreatment gas seems to have more of an effect on the
conversion than the promoters. The zirconium promoted catalyst was much more
active than the potassium promoted catalyst in the hydrogen pretreated series. The
zirconium promoted catalyst had an initial conversion higher than the other catalysts in
the CO pretreated series; nevertheless, after 48 hr the conversions for all of these
catalysts were approximately the same. The conversions for all of the catalysts
activated in synthesis gas were initially low; only the doubly promoted catalyst
activated to any degree in this series.

VI1.4.4.b. BET Surface Area and Porosity

The surface area of the unpromoted catalyst as received from the vendor is
approximately 265 m?/g. However, the surface area that is measured strongly
depends upon the dehydration procedure, and may vary widely from this value. In
every catalyst series of this study, the surface area rapidly declined during the
activation period. By the end of all of the activation periods, the surface area of the

activated material was never higher than 75 m%/g.




In general, CO pretreatment resulted in a higher surface area than hydrogen
pretreatment or synthesis gas activation for each promoter series (Figure V1.4.2). For
the CO pretreated series, the catalysts promoted with zirconium had the highest
surface areas; both catalysts containing Zr had surface areas which were
approximately 70 m?/g throughout their respective runs. The unpromoted and K
promoted catalysts had nearly identical surface areas which were above 60 m?/g after
pretreatment and they slowly decreased to about 30 m?/g after 240 hr of synthesis.
Hydrogen pretreatment of the unpromoted and zirconium promoted catalysts resuited
in surface areas of 30 m?/g. Subsequent synthesis did not lower the surface areas for
72 hr of synthesis. Hydrogen pretreatment of the potassium promoted catalyst and
the doubly promoted catalyst gave essentially the same surface area of about 30
m2/g; however, the addition of synthesis gas caused the surface areas of these
catalysts to decrease to below 10 m?/g. Exposure of the iron oxide directly to
synthesis gas céused the surface area of the unpromoted catalyst to drop to 62 m3/g
after only 3 hr; the surface area then slowly declined to 45 m?/g after 24 hr and then
to 32 m?/g after 96 hr of exposure. The zirconium promoted catalyst behaved
similarly. The potassium promoted catalyst lost surface area more quickly when
activated in synthesis gas. After 27.5 hr of exposure, the surface area was 28 m?/g
where it remained until the end of the run at 72 hr. The doubly promoted catalyst
behaved like the unpromoted and zirconium promoted catalysts for the first 24 hr of
exposure to synthesis gas; however, its surface area quickly decreased towards the

end of the run to about 8 m?/g.
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V1.4.4.c. X-ray Diffraction

CO Pretreatment. The phase composition obtained from the x-ray diffraction
patterns of all catalysts series pretreated with CO were very similar. All catalysts were
rapidly converted to Fe,O, during the heat up period of the activation; however, the
conversion to carbide proceeded much slower. After 3-4 hr of the CO pretreatment
the 400 line of Fe;O, became broad and grew in intensity. This is attributed to the
formation of various iron carbides. After 24 hr of pretreating at process conditions,
peaks attributable to Fe,0, were greatly diminished. The carbides y-Fe;C, and € -
Fe, ,C were definitely present and several lines which can be assigned to 6-Fe,C were
also present. The absence of the 113 and 122 lines of 6-Fe;C may indicate that the
pseudo 6-Fe,C phase described in other works (V1.4.1) was present. Exposure to
synthesis gas caused the carbides to be converted to Fe,0, (Figure V1.4.3). Within
72 hr of synthesis, XRD showed all of the catalysts had been converted to Fe;O,,
except for the K+Zr promoted catalyst which showed some x-Fe;C, and ¢ '-Fe, ,C.
The unpromoted and K promoted catalysts did recarbide to a small extent after 240 hr
of synthesis.

Hydrogen Pretreatment. Hydrogen pretreatment gave nearly identical results for
all four catalyst series studied. Exposure to H, during the heat up period produced a
large amount of Fe,O,; however, a very small amount of a-Fe,0, was also present.
After 24 hr at pretreatment conditions, Fe,O, and a-Fe were the only phases present.
Exposure to synthesis gas converted all of the a-Fe to x-Fe;C, and ¢ '-Fe, ,C for each
catalyst. The'catalysts without K showed mostly Fe,O, through out the 72 hr of

synthesis; however, the unpromoted catalyst began to carbide by the end of the run.
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The two catalysts containing K showed the formation of large amounts of ¢ '-Fe, ,C
and y-Fe;C, within 3.5 hr of synthesis; after 24 hr of synthesis, both had been
completely carbided.

Synthesis gas Activation. All catalysts were rapidly converted to Fe;O, during the
heat-up to 260°C under synthesis gas. Additional exposure to synthesis gas did not
change the composition of the unpromoted and zirconium promoted catalysts. The
doubly promoted catalyst showed only Fe,O, during the first 48 hr of synthesis gas
exposure; however, it rapidly carbided over the next 48 hr to y-Fe;C, and ¢ -Fe,,C
leaving only a small amount of Fe,0,. The K promoted catalyst began to form y-
Fe,C, and € '-Fe, ,C within the first 24 hr of synthesis gas exposure and within 96 hr
had been completely carbided.

V1.4.4.d. Mossbauer Spectroscopy

CO Pretreatment. The Mbssbauer spectroscopy results closely parallel the XRD
results. All four catalyst series appeared to form small particle Fe,0, during the heat-
up period and the first 3 hr of pretreatment at process conditions. This was evident
by very broad spectra which were probably the result of a wide range of particle sizes.
Pretreatment for 24 hr converted between 80 and 93 % of the Fe;0, into magnetically
split x-Fe;C, and some superparamagnetic component (spm) (Figure V1.4.4). The
spm component appeared as a doublet with 6 = 0.45 mm/s and c=1.0 mm/s. These
parameters closely match those reported for spm ¢ '-Fe, ,C (VI.4;.7). The XRD results
indicate that €'-Fe, ,C was present for these catalysts so the spm component will be

assigned as small particle ¢ '-Fe,,C.
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In general, the catalysts containing zirconium carbided to a slightly greater
extent than the unpromoted and potassium promoted catalysts. The start of
synthesis gas caused the y-Fe;C, and the spm component to oxidize to Fe;O, (Table
VI1.4.1 -and Figure V1.4.5A) for all of the catalysts studied; however, the catalysts
containing zirconium seemed to oxidize more slowly than the two that did not contain
it.

H, Pretreatment. All of the catalyst series produced Fe;O, during the first 6.5 hr
of exposure to H, gas. The hyperfine fields were consistent with Fe;O,; however, the
A and B site ratios deviated substantially from reported values (V1.4.25). Magnetite is
an inverse spinel and has a B/A ratio of 2. The A site has a hyperfine field of 491 kG
and the B site has a hyperfine field of 461 kG. The catalyst samples taken after 6.5 hr
of pretreatment have B/A ratios ranging from 0.4 to 1.4. The low value suggests that
a structure intermediate between Fe,O, and y-Fe,O, may exist (V1.4.20). However,

- the hyperfine fields are consistent with Fe;O,, as is the XRD data, so this will be
assigned as Fe,0,. Pretreatment for 24 hr produced between 17% and 28% a-Fe with
the remainder being Fe;O,. The unpromoted catalyst reduced to the largest extent
while the remaining catalysts reduced to the same level. The exposure to synthesis
gas quickly converted all of the a-Fe to a mixture of e "-Fe, ,C and what appeared to
be 6-Fe,C (Table V1.4.2). The K promoted catalysts were completely carbided after
24 hr of synthesis (Figure V1.4.5B). By the end of the runs, approximately 80% of the
Fe was present as ¢ '-Fe, ,C with the remainder a mixture of spm ¢ '-Fe, ,C and 6-
Fe,C (Figure V1.4.6). The unpromoted catalyst formed carbides much more slowly;

after 72 hr of synthesis, 40% of the Fe was present as Fe;O,. The Zr promoted
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catalyst had a constant amount of Fe;O, throughout its run of -about 80% of the Fe
(Figure V1.4.5C).

Synthesis Gas Activation. MOssbauer spectroscopy showed all of the catalysts
were Fe,0, after 3.5 hr of exposure to synthesis gas. The unpromoted and Zr
promoted catalysts did not change throughout their runs (Table V1.4.3). The K
promoted catalysts gradually carbided and by 72 hr of synthesis was 100% x-FesC,
and e'-Fe, ,C (Figure V1.4.5D). The doubly promoted catalyst carbided much more
slowly; nevertheless, it was 85% carbide by the end of the run.

V1.4.5. DISCUSSION

The present study supports the conclusions of several others concerning the
phase transformations of iron catalysts during the FT-synthesis. It was found that all
four of the catalysts series that were studied rapidly converted to Fe;O, during the first
3 hr of CO pretreatment. Further exposure to CO gas brought about the formation of
various carbide phases. XRD data indicate the formation of y-Fe,C,, ¢ "-Fe,,C and
possibly 6-Fe,C. On the other hand, magnetically ordered x-Fe;C, and a substantial
amount of a superparamagnetic phase, which is assigned as small particle ¢ '-Fe, ,C,
were identified from M&ssbauer spectroscopy data. A similar discrepancy between
XRD data and Mssbauer results has been reported where XRD identified 6-Fe,C but
Mdssbauer saw only x-Fe;C, and ¢ '-Fe, ,C (V1.4.26). |t is surprising that promotion
with 0.5 atomic% K had little effect on the degree of carbide formation during the CO
pretreatment. Previously it has been reported that K accelerates the conversion of

Fe,0, to x-Fe;C,; however, it has no effect on the reduction of a-Fe,0, to Fe;0,
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(V1.4.4). For the ultrafine catalyst of this study, there was only a small difference in the
content of carbides formed during the CO pretreatment.

When operating at conversions in excess of 20%, enough water vapor and CO,
can be generated to bring about the oxidation of iron carbides to Fe,0,. This was
seen for all of the catalysts pretreated with CO. It appears that the unpromoted and K
promoted catalysts oxidized more quickly than the catalysts containing Zr. After 72 hr
of synthesis all of the catalysts except the doubly promoted catalyst had greater than
90% of the iron present as Fe,O,; the doubly promoted catalyst had only 60% of its
iron as Fe;0,. -

Pretreatment for 24 hours in H, gas only partially reduced the Fe,O, catalyst to
metallic a-Fe. M&ssbauer and XRD data confirm that the Fe,O; is rapidly converted to
Fe,0, during the heat-up period of the pretreatment; however, further reduction of the
iron to the zero valence state was much slower. The unpromoted catalyst reduced to
the greatest extent with 28% of the iron present as a-Fe and the remainder as Fe;0,.
The other three catalysts reduced to a lesser extent; 17-20% of the iron was present
as a-Fe. Potassium has been reported to retard the adsorption of hydrogen on iron
catalysts which would presumably inhibit iron reduction (V1.4.27). It is also possible
that a layer of ZrO, covered some of the iron oxide surface of the Zr promoted
catalysts, thereby slowing the interaction of H, with the catalyst particles.

Md&ssbauer spectroscopy and XRD data both show that the iron phase of the
H, pretreated catalysts is converted to iron carbides during the first 3 hr of synthesis.
XRD data indicate that the carbides that are formed are ¢ -Fe, ,C and x-Fe;C,.

Mbssbauer data clearly show that most of the carbide is € -Fe, ,C; however, a smaller
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component, which accounts for no more than 13% :of the total Fe in any of the catalyst
series, was also present. The hyperfine field for this carbide ranged from 205 to 216
kG. The literature value of the hyperfine field for 6-Fe,C is 2082 kG (VI1.4.28) which
makes cementite a good candidate for this phase. lt'is also possible, since only a
small amount was present and the resolution of the spectra was not ideal, that this
hyperfine field is the result of an averaging of the 183 kG and 219 kG sites of y-Fe,C,.
Potassium promotion had its greatest impact on the H, pretreated catalysts. The
unpromoted and Zr promoted catalysts had reasonable and stable conversion
(~30%); however, the K promoted catalysts deactivated very rapidly. Corresponding
to this rapid deactivation was a formation of Fe carbides and a drop in surface area.
Within 24 hr at synthesis conditions the doubly promoted catalyst, which showed
essentially no activity, had been completely converted to Fe carbides and had a
surface area of 5 m%/g. The K promoted catalyst suffered a similar fate within 72 hr of
synthesis. The catalysts that did not contain K had stable surface areas (30 m?/g) that
were only about one half that of the CO pretreated catalysts; nevertheless, their
activities were about the same (30% conversion vs. ~ 40%) as the CO pretreated
samples. This suggests that the stabilization of a high surface area is not in itself a
guarantee of high conversion.

The active phase or active site of the iron based FT catalysts has been debated
for years. Fischer and Tropsch initially proposed that iron carbides (V1.4.29) are the
active phases while others have proposed that iron oxides such as Fe;O, are active
(V1.4.30). The current results of this study seem to imply that the bulk phases of the

iron catalysts do not participate directly in the Fischer-Tropsch synthesis. No
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apparent correlation can be made between the activity and the catalyst composition
for the catalyst series activated with synthesis gas. In general, all of the catalysts of
this series showed very poor activity. For the unpromoted and Zr promoted catalysts,
carbide formation was not detected by either XRD or M&ssbauer spectroscopy. The
only bulk phase present throughout either of these runs was Fe;O,. The K promoted
catalyst showed a high CO conversion after 24 hr of synthesis gas exposure;
however, it deactivated over 72 hr to a conversion below 5%. During this time the
catalyst steadily formed x-Fe,C, and ¢ -Fe,,C much as this catalyst did when
pretreated with H,. Contrary to this, the doubly promoted catalyst gradually activated
(maximum conversion of 27%) over the course of the run as carbide formation
proceeded. This gradual activation occurred despite the decrease of surface area
from 69 to 11 m?/g. This discrepancy of surface area and activity is further
exemplified by the unpromoted catalyst. This catalyst had the lowest activity of the
synthesis gas activated series; nevertheless, it had the second highest surface area.
The lack of a correlation between bulk composition and activity is further
supported by comparing the phase compoasition and activity of the K promoted
catalyst that was pretreated with CO. At the start of the synthesis, the CO conversion
was 32% and the iron composition was 85% yx-Fe;C, and superparamagnetic carbide
phase. After 72 hr of synthesis the CO conversion was essentially the same; however,
the iron composition changed to 90% Fe,O, and 10% superparamagnetic carbide. If
bulk carbide was the active phase it would be expected that the conversion would
drop and likewise if Fe,O, was the active phase then the conversion should have
increased. Several research groups have reported evidence of a surface carbidic
species being responsible for FT activity (V1.4.31,V1.4.32). It is possible that the bulk
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phases act as supports for active surface species and may play an indirect role in the
activity of iron based catalysts.

To summarize, four major conclusions can be made about the ultrafine Fe,0,4
catalyst. Pretreatment in CO is superior to H, or synthesis gas in terms of overall
synthesis gas conversion and stability. The pretreatment type seems to have a larger
impact on the catalyst performance than the presence of K and/or Zr promoters. High
surface area does not necessarily correlate with high activity, but may be more closely
related to the concentration of surface active sites. The activity of iron based catalysts
is not dependent on the bulk phases..
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Table VI1.4.1

Mé&ssbauer Spectral Composition of CO Pretreated Catalysts
at Various Times of the Fischer-Tropsch Synthesis

Time of Synthesis, CO + H, Conversion, Fe Composition,
Catalyst hr % %

100 Fe 0 M(20), x(47), S(33)
3 39 M(37), x(36), S(28)

72 30 M(91), S(9)
100 Fe/0.5 K 0 M(11), x(45), S(43)
3 32 M(36), x(32), S(32)
24 23 M(64), x(20), S(16)

72 28 M(88), S(12)
100 Fe/1.0 Zr 0 M(7), x(54), S(39)
35 52 M(12), x(52), S(35)
24 64 M(33), x(41), S(26)

72 44 M(91), S(9)
100 Fe/0.5 K/1.0 Zr 0 M(14), x(52), S(34)
35 29 M(16), x(51), S(33)
24 42 M(35), x(42), S(24)
72 37 M(60), x(21), S(19)

M = Fe,0O,, x = x-FesC,, S = superparamagnetic carbide
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Table V1.4.3

Mossbauer Spectral Composition of CO+H, Activated Catalysts at
Various Times of the Fischer-Tropsch Synthesis

Time of Synthesis, | CO + H, Conversion, Fe Composition,
Catalyst hr % %
100 Fe 3.5 4 M(100)
24 6 M(100)
48 7 M(100)
72 6 M(100)
100 Fe/0.5 K : 0 . M(70), €'(19), x(12)
24 26 : M(14), €(31), x(54)
72 4 ¢ '(42), x(53), S(5)
100 Fe/1.0 Zr 0 M(100)
‘ 4 24 <3 M(100)
. 48 <3 M(100)
: 72 <3 M(100)
100 Fe/0.5 K/1.0 Zr 0 M(100)
24 7 M(96), €'(2), x(2)
48 10 M(64), ¢ '(15), x(16), S(5)
72 18 M(17), €'(34), x(43), S(6)

M = Fe 0, x = x-Fe;C,, ¢’ = ¢'-Fe,,C, S = superparamagnetic carbide
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Table V14.2

Mdssbauer Spectral Composition of H, Pretreated Catalysts "at
Various Times of the Fischer-Tropsch Synthesis

Time of Synthesis, | CO + H, Conversion, Fe Composition,
Catalyst hr % %
100 Fe 0 M(72), Fe(28)
35 34 M(75), c*(10), 6(6), S(9)
24 26 M(79), ¢ *(11), 6(6), S(5)
71 39 M(47), ¢'(28), 6(14), S(11)
100 Fe/0.5 K 0 M(83), Fe(17)
3.5 18 M(41), ¢ (43), 6(10), S(2)
24 4 ¢ '(79), 6(9), S(12)
100 Fe/1.0 Zr 0 M(83), Fe(17)
35 27 M(93), € (4), 6(1), S(2)
24 22 M(82), ¢ '(15), 6(2), S(1)
71 25 M(79), €'(10), 6(1), S(10)
100 Fe/0.5 K/1.0 Zr 0 M(80), Fe(20)
3.5 10 M(60), ¢ *(32), 6(2), S(5)
24 3 ¢ '(88), 6(4), S(8)
72 6 ¢ (79) 6(8), S(13)

M = Fe,0,, €' = ¢'-Fe,,C, 6 = 6-Fe,C, S = superparamagnetic carbide
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Figure VI.4.1. Synthesis gas conversion for (a) catalysts pretreated with CO, (b) pretreated
with H,, and (c) activated with synthesis gas, H,/CO=1.0. O - 100Fe, [] -
100Fe/0.5K, & - 100Fe/1.0Zr, @ - 100Fe/0.5K/1.0Zr.
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Figure VI.4.2. Change in surface area of 100Fe/0.5K catalyst during synthesis. O -
pretreated with CO, [] - pretreated with H, and > - activated with synthesis
gas, H,/CO=1.
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Figure V1.4.3. X-ray diffraction patterns of 100Fe/0.5K/1.0Zr catalyst following (a) 3 hr and
(b) 24 hr of CO pretreatment and (c) 24 hr and (d) 72 hr of FT synthesis at
260°C, 8 atm, H,/CO = 1.0, 3.0 nL/hr/g(Fe). (1)- Fe;0,, (2)- x-FesC,, (3)-€'-
Fe,,C.
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Figure V1.4.4. M®&ssbauer spectra of 100Fe/1 .OZr catalyst following (2) 24 hr of CO
pretreatment and following (b) 3 hr, (c) 24 hr, and (d) 72 hr of FT synthesis

at 260°C, 8 atm, H,/CO = 1.0, 3.0 nlL/hr/g(Fe).
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Figure VI.4.5. Compositional changes of (a) 100Fe/1.0Zr catalyst pretreated with CO, (b)
100Fe/0.5K/1.0Zr catalyst pretreated with H,, (c) 100Fe/1.0Zr catalyst
pretreated with H, and (d) 100Fe/0.5K/1.0Zr catalyst activated in synthesis
gas, H,/CO = 1.0. O - Fe,0,, & - x-FesC,, [1- €'-Fe,,C, A -6-Fe,C, ¢ -
spm carbide, @ - Fe.

T et
Figure VI.4.6. M®&ssbauer spectra of 100Fe/0.5K/1.0Zr catalyst following () 3 hr and (b) 24
hr of H, pretreatment and following (c) 3 hr, (d) 24 hr and (e) 72 hour of FT

synthesis at 260°C, 8 atm, H,/CO = 1.0, 3.0 nL/hr/g(Fe).
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