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INTRODUCTION

The objective of this contract is to develop catalysts with enhanced slurry phase
activity and higher éelectivity to fuel range products, through a better understanding
and systematic studies of the effects of pretreatment procedures, promoters and
binders (silica) on catalyst performance. The two main research tasks for this contract
are Pretreatment Effect Research and Development of Improved Iron/Silica Catalysts.

A brief description of progress in each of these areas is given below.
PRETREATMENT EFFECT RESEARCH

Prior studies in our laboratory (Bukur et al, 1987, 1988, 1989a) with a
precipitated iron caiaiyst with nominal compesition 100 Fe/3 Cu/0.2 K (in parts per
weight) have shown that pretreatment conditions {(nature of reductant, activation
temperature, duration and pressure) have significant effect on catalyst activity, stability
and selectivity during Fischer-Tropsch synthesis (FTS). During the present contract
we have completed studies with three precipitated iron catalysts with nominal
compositions 100 Fe/0.3 Cu/0.8 K, 100 Fe/5 Cu/4.2 K/25 SiO» {Ruhrchemie catalyst ),
and 100 Fe/5 Cw4.2 K/ 16 SiO2. Preliminary results from our studies with the first two
of these catalysts have been reporied at previous DOE Contractors' Meetings (Bukur

et al,, 1990¢, 1931, 1992).

Pretreatment Studies with 100 Fe/0.3 Cu/0.8 K Catalyst

Catalyst G zation Studs

The catalyst was characterized by a variety of physico-chemical methods (BET
surface area and pore size distribution, X-Ray Diffraction, Mdssbauer Effect

Spectroscopy, and Transmission Electron Microscopy) before and after different
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pretreatments, and after Fischer-Tropsch synthesis in a fixed bed reactor at 250°C,
1.48 MPa (200 psig), 2 Nl/g-cat/h, H2/CO = 0.67 for 140 - 200 h.

Resuits of BET measurements of pretreated catalyst samples are summarized in
Table 1. The BET surface area of the catalyst decreased from 190 m2/g to 130 m2/g
after calcination in air at 300°C for 5 hours, and furthar to 21-47 m2/g after
pretreatments in hydrogen, carbon monoxide or syngas. The pore volume decreased
upon pretreatments in Ha or CO, but remained unchanged after syngas pretreatment.
The pore size distribution of as-prepared and pretreated catalyst was essentially
monomodal, and shifted to larger pore diameters after Hz or CO pretreatments.
However, the syngas pretreated catalyst had a bimodal pore size distribution with )
maxima at 4 and 45 nm. Transmission electron micrographs of samples before and
after different pretreatments reveal that particles are largely spherical. An increase in
particle size was observed after Ho reductions both by TEM and XRD analysis. The
particle size increased with reduction temperature (e.g. 19 nm after H2 reduction at
220°C, and 33 nm after reduction at 280°C).

X-ray diffraction {XRD) and M6&ssbauer effect spectroscopy (MES) were used 1o
identify bulk iron phases in pretreated and used (after FT synthesis) catalyst samples.
Calcined catalyst is in the form of a-Fe203 (~ 16 nm in diameter), which is converted
to either metaliic iron {a-Fe} or a mixture of a-Fe and FegO4 (magnetite) after Hp
reductions. During FT synthesis the a-Fe is carburized 10 iron carbides (x- FesCz or e -
Fez 2C) or oxidized to magnetite. The gas environment is predominantly reducing at
the top of the reactor (since the syngas is introduced at the top}, and more oxidizing at
the bottom of the reactor due to formation of water and carbon dioxide. Thus, the
catalyst samples from the top part of the reactor contain relatively more iron carbides

or metallic iron, whereas magnetite is found preferentially in samples from the bottom

part of the reactor. Also, relative amounts of X- FesCgz carbide are greater in the top
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part of the reactor than in the bottom part, whereas the opposite trend is observed for ¢
- Fep oC carbide (Table 2).

Aiter CO or syngas pretreatments, x- FesC» carbide (Hagg carbide) is the
dominant phase. During FT synthesis this carbide is nartially or completely converted
to & - Fez »C carbide, Fe30y4, and/or FeCOj3 (siderite). Again it was found that the iron
carbides are dominant in samples from the top part of the reactor (reducing
atmosphere), whereas FeaO4 or FeCO3 are dominant iron phases in samples from the
bolttom part.

Temporal release of reduction products (water or carbon dioxide) was
monitored continuously during Ha and CO pretreatments by gas chromatography and
mass spectroscopy (Figure 1). It was found that the reduction is very rapid initially (first
5 to 10 minutes), and then continues at a much lower rate. The reduction products
were detected in the effluent gas after 8 hours of reduction at 28¢°C. This has been
interpreted as a two step reduction process. The first (fast) step is the reduction of
FepOg3to FesOy4, which is followed by reduction of FegO4 to either metallic iron (Ha
reduction)} or to an iron carbide (CO pretreatment). The second step is a slow one, and
the reduction is not complete (Hp reduction). The amount of CO» released during the
CO pretreatment was greater than the stoichiometric amount needed for complete
oxygen removal and complete carburization of iron in the catalyst. It is assumed that
this is due to formation of carbcnaceous deposits by Boudouard reaction.

Reaction ie |

The pretreatment conditions employed are listed in Table 3. After the
pretreatment, the catalyst was tested in a fixed bed reactor at 200 psig (1.48 MPa),
230°C, 2 (Nlig-cat/h) with syngas with Ho: CO molar ratio of 2:3. Test duration was
between 130 and 200 h. Detailed description of our experimental apsaratus, product
analysis system and cperating procedures can be found elsewhere (Bukur et al.

1989a; 1990 a, b).
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Catalyst activity and stability, at the process conditions, as a function of time-on-
stream (TOS) is shown'in Figure 2. The activity is represented by (Hz+CO) conversion
(defined as mole of syngas consumed per mole of syngas fed). The catalyst exhibited
similar activity behavior after pretreatments with carbon monoxide (280°C for 8 h) or
syngas (both Hp/CO = 0.7 at 280°C for 8 h and Hy/CO = 2.0 at 3109C for 6 h). Initial
(Ha+CO) conversion was between 85 and 93%. However, the catalyst deactivated with
ume-on-stream, following a similar time-dependent behavior in all three cases. The
(H2+CO) conversion decreased to about 55 % at 150 h on stream.

After the pretreatment with CO or syngas, the dominant phase is the Hagg
carbide. Suri‘ace areas and pore volumes of the catalyst were similar, too. During the
subsequent FT synthesis reaction, the catalyst activity, and selectivity were also
similar. This represents a strong correlation between the catalytic behavior and the
structural properties of the catalyst after the pretreatment. Decline in cataiyst activity
may be attributed to conversion of Hégg carbio'b (the most active phase) to inactive (or
less active) phases such as magnetite and/or siderite, as well as to blocking of active
sites by carbonacesus deposits and high molecular weight hydrocarbons

Catalyst activity after reduction with hydrogen was clearly dependent on the
reduction conditions emploved (temperature, duration and flowrate). After reduction at
2500C, flowrate 4000 cc/min lwhtch corresponds 1o a linear gas velocity of 150 cm/s)
for 2 h, the initial (Ho+CO}) conversmn was 77 %,; whereas after reduction at higher
temperature of 2800C, flowrate 175 cc/min (which corresponds to a gas space velocity
of 3.0 Nl/g-cat/h) for 8 h the (Ho+CO) conversion was only about 50 %. During the FT
synthesis, the (H2+CO) conversion increased steadily with time reaching 85 and 58 %,
respectively. Such time-dependent behavior is in contrast to that observed following
CO or syngas pretreatment.

After reduction at 2500C, 4000 cc/min for 2h the catalyst was completely

reduced to metallic iron and was very active in the subseguent synthesis. After
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reduction at higher temperature (280°C, 175 cc/min for 8h) the reduction was

incomplete {mostly magnetite} and the catalyst activity was much lower. Surface area

of the calcined catalyst was 130 m2/g, atter Ho reduction at 250°C and 280°C, it drops
to only 21 m2/g in both cases, which indicates that sintering of Fe2>QOg3 particles to Fe or
Fea0y4, though very severe, is similar at two temperatures. Therefore, the difference in
catalyst activity is mainly related to the initial degree of iron reduction. Completely
reduced catalyst is more active for FT synthesis. Used catalyst samples contain two
types of iron carbides (x and €'}, and superparamagnetic oxides/hydroxides (probably
magnetite, based on XRD results). The more active catalyst (M2 reduction at 250°C)
alsc has son‘we a-Fe (Table 2), whereas the less active catalyst does not contain
metallic iron.

Another explanation for the observed differences in catalyst activity has been
propoced by Sault (1991), on the basis of surface composition measurements by
Auger Electron Spectroscopy. This study was conducted at Sandia National
Laboratory using a catélyst synthesized in our Laboratory with nominail composition
100 Fe/3 Cu/0.2 K. In this study it was found that Hp reductions aie accompanied by
sulfur migration to the surface of the catalyst. The sulfur arises from bulk sulfate
impurities present in the metal nitrates used to prepare the catalyst. Sulfur coverage
increases with both activation time and temperature, due to an increase in the rate of
sulfur diffusion with temperature. Since sulfur is known to act as a poison for F7
synthesis, the catalyst reduced at higher temperature and/or longer duration is
expected 1o have lower FT activity, which is indeed observed in our studies with both
100 Fe/3 Cu/0.2 K and 100 Fe/0.3 Cw0.8 K catalysts.

Hydrocarbon product distribution and the fraction of olefins in hydracarbens for
each of the five pretreatment procedures are given in Table 3. Hydrocarbon selectivity
remained relatively stable in tests in which hydrogen reductions were employed. After

CO or syngas pretreatment, hydrocarbon selectivity usually shifted towards lower



molecular wéight hydrocarbons, especially methane, as the catalyst deactivated with
time. For example, methane selectivity gradually increased from 4.3 t0 5.0 wt %
between 70 to 150 h on stream in test FB-0352 (i.e. the increase of about 16 %). Low
methane and gaseous hydrocarbon selectivities, and high Cy2+ selectivities were
obtained when CO and/or syngas pretreatments were empleyed. CO pretreated
catalyst had the lowest methane selectivity. On the other hand, hydrogen reduced
catalyst produced more methane and cther iow molecular weight products. The
highest methane selectivity, about 8 %, was obtained following reduction with Hs at
250°C.

The above results suggest that the surface hydrogen concentration is higher
after hydrogen reductions, which results in higher hydrogenation activity, production of

low molecular weight hydrocarbons and better stability with time on stream.

Pretreatment Studies with Ruhrchemie Catalyst
[ har. rizatign i ‘ _

A precipitated iron catalyst with nominal composition 100 Fe/5 Cu/4.2 K/25
Si0O2, preparec by Ruhrchemie, was characterized before and after five different
pretreatments, as well as after the Fischer-Tropsch synthesis, following these
pretreatment procedures, in a fixed bed reactor at 250°C, 1.48 MPa (200 psig), 2 Ni/g-
cat/h, Ha/CO = 0.67 for 100 - 428 hours.

The as-received catalyst had the BET surface area of 295 m2/g and the pore
volume of 0.58 cm3/g, both of which remained unchanged (within experimental errors)
after calcination in air at 300°C for 5 hours (Table 5). After different pretreatments with
Hz, CO or syngas both the BET surface area and the pore volur~a of the catalyst
decreased, while the average pore diameter increased. The surface area of the
pretreated catalysts ranged from 100 to 180 m2/g, whereas the pore volume varied

from 0.31 to 0.49 cm3/g. The decrzase in the surface area and the pore volume is
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attributed to a partial collapse of the porous iron oxide/hydroxide network, which is
stabilized by the presence of silica. In the absence of silica the surface areas of
pretreated precipitated iron catalysts are between 10 and 40 m2/g (Bukur et al., 1989b,
also see Table 1). The pore size disiribution of as-received and pretreated catalyst
was rather broad with 2 maximum at about 20 nm, which shifted slightly to higher
values after Hz or CO pretreatments. The catalyst, before and after pretreatments, also
had microperes less than 1.5 nm (the lower limit of detection) in diameter.

Transmission - electron micrographs of caicined sample and samples after
pretreatments with either Hp at 220°C or CO at 280°C reveal that paricles are small
and spherical (~ 3.5 nm). An iﬁcrease in particle size was observed after Hz reductions
by X-ray lin2 broadening method. The paricle size increased with reduction
temperature (e.g. 5 nm atfter Hz reduction at 220°C, and 10 nm after reduction at
280°C for 8 hours).

The extent of bulk iron reduction following H2 and CQO pretreatments was
studied by isothermal reduction. The isothermal reduction profiles (Figure 3) irdicate
that the reduction occurs in two steps: Facile reduction of FeoO3 to FeaOy, followed by
slow reduction of FegCy to either metallic iron {Hz reduction) or an iron carbide (CO
pretreatment). The first step is completed in about 15-30 minutes, whereas the second
step is not complete even after 8-10 hours . The amount of CO2 released during the
CO pretreatment at 280°C was greater than the stoichiometric amount needed for
complete oxygen removal and compleie carburization of iron in the catalyst. It is
assumed that this is due to formation of carbonaceous deposits by Boudouard
reaction.

X-ray diffraction (XRD) and Mossbauer effect spectroscopy (MES) were used to
identify bulk iron phases in pretreated and used (after FT synthesis) catalyst samples.
After Hz reductions the bulk iron is in the form of either Fe3O4 (magnetite) - reduction

at 220°C, or a mixture of FegO4 and a-Fe (reductions at 280°C). During FT synthesis
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the iron carbides (x- FesCo or e’ - Feo oC) are formed by carburization of a-Fe and/or
Fe3z04. The used catalysis contain iron carbides and magnetite (Table 6).

After CO or syngas pretreatments, the x- FesCg2 carbide and )
superparamagnetic oxides are the only phases present (Table 6). The latter is
probably in the form of smali magnetite particles, which needs to be confirmed by MES
measurements at low temperatures. During FT synthesis this carbide is panially )
converted to magnetite. Iron carbide content is higher in samples from the top part of
the reactor (reducing atmosphere), whereas magnetite and superparamagnetic oxides
are the dominant iron phases in samples from the bottom part (more oxidizing
atmosphere).

Reaction Studies

Six different pretreatment procedures were employed in the fixed bed reactor
(FBR) tests, and another two in a stirred tank slurry reactor (STSR) tests. Test
identifications and pretreatment conditions are listed in Table 7. After the pretreaiment,
the catalyst was tested at baseline process conditions: 2500C, 1.48 MPa (200 psig),
2.0 Nl/g-cat/h (3.8 NI/g-Féfh) with syngas Ho:CO ratio of 2:3 (0.67) in both fixed bed
and slurry phase reactors. Results from the fixed bed reactor tests only are discussed
in this paper.

During the steady state FT synthesis, the catalyst was most active after it was
reduced according to the manufacturer's procedure, i.e. Ho at 2200C, superficial gas
velocity ot 150 cm/s (corresponding to 4,000 cc/min) for 1 h. The syngas (Ho+CQO)
conversion was about 72-73% (Figure 4). After reduction at higher temperature of
2800C for 1h, but maintaining the same Hp» flowrate, the syngas conversion was
significantly lower, 63 % . When the catalyst was reduced at 280°C using a much
lower Hp flowrate (correspondiing 10 a gas space velocity of 3.0 Nl/g-cat/h) for 8 h and
24 h, respectively, the syngas conversion decreased further. After 8 h reduction the

initial syngas conversion (1 h at the process conditions) was only 47 %; it then
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continued to increase with time, reaching 62 % at 154 h on siream. After 24 h
reduction the initial syngas conversion was somewhat higher, 54 %, and it increased
with time to stabilize at about 58 %. Thus, the steady state activities after 8 h and 24 h

Hp reductions at 2800C were similar. The corresponding values of the apparent

reaction rate constant are listed in Table 8, and they follow the same trend as syngas
conversions. All four Hp reduction procedures led to either a stable or gradually
increasing activity during the synthesis.

Activity of the catalyst reduced at 220°C was about 20% higher than that of the
catalyst reduced at 280°C for 24 hours. This is believed to be due to higher surface
area (smaller crystallite size) of the catalyst reduced at low temperature, and
differences in catalyst composition (bulk iron phases, as well as on the surface of the’
catalyst) during the FT synthesis.

After CO pretreatment (280°C, 12 h) the initial (Ho+CQ) conversion was 66 %, it
then gradually decreased with time to 55 % at 160 h on stream. Though not shown
here, the conversion was 50 % after 46C h testing. The rate of deactivation was

moderate with the conversion loss of 0.8 % per day. The activity of the syngas
pretreated catalyst (Hp:CO = 2, at 310°C, flowrate 1,200 ce/min for 6 h) was fairly

stable between 50 and 160 k on stream, and the {Ho+CO) conversion was about 62
%. The apparent reaction rate constant (220 mmol/g-Fe/h/MPa) of the syngas
pretreated catalyst was slightly greater than the corresponding rate constants of H2
reduced catalyst at 280 °C (187 - 215 mmol/g-Fe/h/MPa), but smaller than the
apparent rate constant of H2 reduced catalyst at 220°C (242 mmol/g-Fe/h/MPa).
Pretreatments with carbon monoxide and syngas result in formaticn of Hagg x -
carbide, which is very active for FT synthesis. The CO pretreated catalyst deactivated
with time on stream due to conversion of ¥ - carbide to less active iron oxide phases,
and buildup of inactive carbonaceous species which block the active sites on the

surface. Activity of the syngas pretreated catalyst was stable during 130 h of testing at



the baseline conditions. The apparent rate constant of the syngas pretreated catalyst
was about 10% less than that of the catalyst reduced with H2 at 220°C, even though its
surface area after the pretreatment was significantly smaller than that of the 12
reduced catalyst (99 vs. 179 m2/g). ’
The effect of pretreatment conditions on hydrocarbon product distributions is
Hlustrated in Table 8. The catalyst selectivity remained relatively stable between*70

and 170 h on stream. The CO activated catalyst had the iowest methane selectivity
(~5.6 %). The catalyst reduced with Hp at 2200C for 1 h also had relatively low

methane selectivity (6.2 %), and had the lowest selectivity to Co-C4 hydrocarbons
(17.4 %). These two pretreatment procedures resuited in high Cio+ selectivitigs. about
95.6% (Hp at 220°C) and 52.2 % (CO activation). Hydrocarbon selectivities were
similar following three procedures using hydrogen reduction at 280°C with different

flowrates and/or durations. In all three cases, methane selectivity was high (8.8 to 10.4

%), whereas the C12+ selectivity was low, only 32 to 36 %. The syngas pretreatment

gave an intermediate behavior: 7 % methane selectivity and 43 % C 2+ selectivity.

Pretreatment Studies with 100 Fe/5 Cu/4.2 K/ 16 SiO2 Catalyst

This catalyst is one of the silicon oxide containing catalysts prepared in our
laboratory which has shown desirable properties (activity, selectivity and stability)
during a screening test in a fixed bed reactor. Three pretreatment procedures were
used to study their effect on subsequent catalyst pedormaﬁce in a stirred tank slurry
reactor. Test designaticns and pretreatment conditions are listed in Table 9.

The synthesis gas conversions following the pretreatment are shown in Figure 5
for the three tests. Results from testing at the baseline conditions (260°C, 1.48 MPa,

1.5 Nil/g-cat’h. H2/CO= 0.67) and at nigher pressure (2.17 MPa, i.e. 300 psig) are
shown in this figure. It can be seen that after Ho reduction (SB-2832) the initial

(H2+CO)j conversion was high (84 % at 17 n on stream). The syngas conversion
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gradually decreased with time to 77 % at 263 h, for a loss in ccnversion of about
0.68% per day. During testing at 2.17 MPa and 2.2 Nl/g-cath (same absolute pressure
1o gas space velocity ratio, which results in the same contact time as at the baseline
conditions}, the syngas conversion continued {o decrease gradually with time. For
example, at 284 h and 480 h on stream, the syngas conversion was 74 and 69 %,
respectively.

In test SA-3172 (syngas pretreatment) the (Ho+CO) conversion was 84 - 87 %
during the first 55 h on stream. At this time the Autoclave reactor head temperature
was decreased from 260 to 210°C in an attempt t0 contral the unusually high methane
selectivity (about 9.5 wi%). Following this the syngas conversion decreased and
stabilized at about 30 % (70 - 105 h on stream). After changing the reaction pressure
and gas space velocity to 2.17 MPa and 2.1 Nl/g-cat/h, respectively, the syngas
conversion first increased to 83 % at 115 h, then graduzlly decreased «.nd leveled to

about 79 % at 194 h. Upon retuming to the baseline conditions at 200 h on stream, the
(Hp+CO) conversion stabilized at 78 %. The latter value is comparable to those

obtained between 80 -100 h on stream. Regeneration with Ha at 2500C, 1.48 MPa,
2000 cc/min for 4 h resulted in a temporary increase of conversion followed by a
decline to 74% at 336 h on stream.

Catalyst activity immediately after CO pretreatment in test SB-3362 was low {not
shown in Figure 5) because of the loss of slurry liquid, and the reaction was
temporarily interrupted. The catalyst activity increased quickly after a sufficient amount
of liquid was added and synthesis gas flow resumed at 39 h. The (H>+CQ) conversion
was fairly stable (71 - 74 %) between 70 and 230 h on stream. During testing at 2.17
MPa and 2.2 NU/g-cat/h (the same P/SV ratio as at the baseline conditions}, the syngas
conversion was lower, about 65 - 67 %. Upon returning to the baseline conditions

(407-488 h} the (H2+CO) conversion increased to 70 %. The latter value is

comparable to those obtained between 70 and 230 h on stream. The catalyst activity
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was fairly stable during the test after tha initial upset, and the loss of conversion was
only 0.24 % per day. However, the catalyst was not proper!y activated because - the
loss of the liquid medium, and interruption of synthesis during the eariy part o1 the
testing may have had a detrimental effect on catalyst activity. )

The reactor productivity increased in all three tests during testing at higher
pressure (Table 10). An increase in reaction pressure of 46.5% (from 1.48 t072.17
MPa) accompanied by simultaneous equivalent increase in gas space velocity (from
1.510 2.2 Ni/g-cat/h) resulted in increase of the space-time-yield (STY) ranging from
32% (H2 reciced catalyst) to 47% (syngas pretreated catalyst). Obviously, these
results provide a strong incentive for carrying FT synthesis at higher reaction
pressures and gas space velocities. This, however, may result in faster catalyst
deactivation and thus shorter catalyst lifetime.

Hydrocarbor selectivities as a function of TOS for each of the pretreatment
procedures are shown in Figure 6. In these figures, cumulative values are shown fo.
lumped product distributions of selected product groups: methan.., C1-Cs, and Ci-Ci1.
Distarces between numerical values for these groups show mass percentage .f:
methane, Cy-C4 (light gases), Cs-Cq1 (gasoline) and C, 2. (diesel and wax)
hydrocarbon products. There were no significant changes in hydrocarbon product
distributions during testing at the baseline conditions in all three tests. An increase in
reaction pressure, from 1.48 10 2.17 MPa, either had no effect on hydrocarbon product
distribution (SB-2832) or resuited in slight decrease of low molecular products (Runs
SA-3172 and SB-3362) and the corresponding increase of Cyz, products. The effect
of pressure was the most pronounced in run SB-3362 (CO pretreatment), in which
methane selectivity decreased from 3.5 to 2.9 wt% whereas C4 o, increased from 59.5
to 63.7 %. In runs SB-2832 and SA-3172, the catalyst was also regenerated with Hp

during the test. In run SB-2832 hydrocarbon selectivity did not change after
regeneration with Ho at 2400C for 1 h (at €66 h on stream). However, hydrocarbon
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selectivily shifted significantly toward gaseous hydrocarbons in run SA-3172 after
regeneration with Hs at 250C for 4 h (at 223 h on stream), as shown in Figure 6b.
Regeneration conditions were more severe in the latter case, which: is probably the
reason for the abserved change in hydrocarbon selectivity.

The effect of pretreatment procedure on hydrocarbon selectivity is shown in
Table 10. in this table the average values from mass balances at the baseline
conditions (up to 240 h on stream) and at higher reaction pressure are used for
compariscn. The catalyst had low methane and high C,,, selectivity after gither CO or
Ho pretreatment. The average hydrocarbon product distribution at the baseline
conditions after CO pretreatment was: CHyq = 3.5 wt%, (Cp-C4) = 15.8 %, (C5-C11) =
21.2 % and C12; = 59.5 %, whereas after Ha reduction it was: CHg = 4.6 wt%, {Co-
Ca) = 15.5 %, {C5-C11) = 22.0 % and C12, = 57.9 %. Hydrocarbon selectivities were
similar after these two pretreatment procedures. On the other hand, in run SA-3172,
following syngas pretreatment, the catalyst produced significantly more methane .and
light gases. In this test the average hydrocarbon product distribution at the baseline
conditions was: CHy = 10.4 wt%, (C2-C4) = 18.2 %, (C5-C11) = 19.8 % and Cqs, =
51.6 %. This is completely unexpected, based on our previous studies with several
precipitated iron catalysts. The syngas pretreated catalysts normally do not produce
high yields of methane and gaseous hydrocarbons (e.g. see Bukur et al., 1989a, and
results for 100 Fe/C.3 Cw0.8 K and Ruhrchemie catalysts).

IRON/SILICA CATALYSTS
Performance of silica containing iron Fischer-Tropsch catalysts of nominal
composition 100 Fe/5 Cu/4.2 K/x SiO2 (x=0,8,24 and 100) was evaluated in cur

laboratory (Bukur et al., 1889b; 1989 c; 1990b). It was found that these catalysts are

suitabie for production of transportation fuels by minimizing methane and gasecus
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hydrocarbon selectivities. The objective of current contract is to determine optimal
concentrations of promoters (CuQ, K20) and SiO» binder to achieve the specified
catalyst performance (Table t1).

Resuits from STSR tests of some of the best sifica containing precipitated iron
catalysts synthesized in our laboratory are shown in Figures 7 and 8. Variations in
(H2+CO) conversion with TOS for three catalysts (designated A,B and C) are shown in
Figure 7. Process conditions in all tests were: 260°C,1.48 MPa,H2/C0=0.66-0.70,
whereas gas space velocity varied between 2.2 and 3.4 NVg-Fe/h . In two of the tests
(Catalysts A and C) process conditions were varied during the test, however results
from these periods are not shown. Three types of catalyst behaviour were observed in
these tests. Catalyst A had initially high conversion (~ 88%), but its activity decreased
gradually with TOS. During the test of Catalyst B, the (iH2+CO) conversion was initially
about 81% decreasing to 76% at 150 h on stream. Between 160 and 240 h the catalyst
was tested at 265°C (results not shown in Figure 7)," and it continued to deactivate.
Upon returning to the baseline conditions, the activity became stable as evidenced by
nearly constant value of (H2+CQ) conversion (66-68%) between 240 and 530 h on
stream. In the test of catzlyst C gas space velocity was decreased twice to obtain
higher conversions . At a constant gas space velocity (3.4 and 3.0 NY/g-Fe/h) the
activity increased slightly with time up to about 390 k. During the last portion of the test
(400-500 h) at gas space velocity of 2.3 Ni/g-Fe/h the catalyst exhibited some
deactivation. Deactivation rates of catalysts A,B and C were estimated to be: 1.7,1.2
and 1.1 % per day, respectively. These estimates are rather conservative, and are
based on the initial catalyst activity (Bukur et al., 1991).

Performance of all three catalysts was somewhat below specified target
values shown in Table 11. For example, the (H2+CO) conversions were between 68
ard 88% and catalyst productivities varied between 1.5 and 2.5 Nm3 (H2+CO)

converted/kg-Fe/h, whereas the corresponding target values are 88% and 2.5,
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respectively. It should be noted that these measures do not necessarily reflect the
intrinsic catalyst activity. For a given catalyst these two measures (conversion and
catalyst productivity) depend on the reactor type (e.g. fixed bed, STSR or bubble
column slurry reactor-BCSR) and process conditions employed.

Selectivities of methane and {(C1+C2) hydrocarbons obtained in tests of these
three catalysts are shown in Figure 8. In tests of Catalysts A and B selectivities of
methane and (C1+C2) hydrocarbons increased gradually with TOS, whereas in the
test cf catalyst B these two selectivities passed through a maximum at about 150 h.
Methane selectivity of all three catalysts was less than 3%,whereas (C1+C2) selectivity
was less than 7% throughout the entire test. The latter value is within the specified
target performance.

Performance of our catalyst B is compared with that of other catalysts tested in
our laboratory and elsewhere, and the relevant results are presented in Table 12. As
can be seen performance of our catalyst B was very similar to that of the best Mobil's
catalyst in the wax mode of operation (Kuo.1985). The latter catalyst was tested in a
bubble column slurry reactor {(BCSR), the behaviour of which approaches that of a
plug flow reactor. Our catalyst B was significantly more active than the Mobil's catalyst
used in run CT-256. We have chosen an apparent first order reaction rate constant
evaluated at a common temperature of 260°C, as a measure of catalyst activify. STSR
was modeled as a perfectly mixed flow reactor, whereas the rate constant from a
BCSR was estimated using a model which assumes that the gas phase is ir plug flow
and the liquid is unmixed (Bukur, 1983). The catalyst B was also more active than
Ruhrchemie, UC! and UOP (Abrevaya et al.,1991) catalysts, and it produced less
methane and gaseaus hydrocarbons than these catalysts.

In sum mary, two of iron FTS catalysts synthesized in cur laboratory (catalysts B
and C) have met specified performance targets for hydrocarbon selectivity and catalyst

stability. Syngas conversion and catalyst productivity targets have not been met by a
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small margin only. The latter targets are very difficult to achieve in a stirred tank slurry
reactor. However, simple calculations show that both catalysts would exceed these

targets in a BSCR.
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Figure 1. Isothermal reduction profiles of .00 Fe/0.3 CwD.8 K coralyst at
230°C as a functon of duration of reduction: a) CO reduction; b)

H2 reduction.

Table 3  Pretreatment Conditions and Test Designations
' Catalyst: 100 Fe/0.3 CuO.8 K

Test Temp. Reductarnt  Duration  Pressure Flowrate

(c) {°C) (h) (MPa) {em3anin)
FB-0403 250 Ha 2 0.1 4,000
FB-3221 280 Hz 8 0.1 175
FB-0352 280 Ha/CC=0.7 8 0.1 150
FB-0942 310 Ha/CO=2.0 6 0.1 1,200
FB-0021 280 coO 8 Q.3 175
SA-0791 250 Ho 2 0.8 7.500
SB-2262° 280 HaCO=0.7 12 08 343

FB = Fixed bed reaclor test; SA, SB = Siurry phase reactor test;

* Ditferent catalyst batch used n this test
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Figure 2. Eftect of pretreatment conditions on conversion and catalyst siabudiny

Table ¢ Summary of Results for Pretreatment Effect Study with 100 Fe/0.3 Cu/0 8 K Catalyst

Test gesynalon FB-0403 FB-3221 FB.0252 | FBL0%42 FB-0D21
Tene-on-sweam b - &7 116 Y2 149 T2 144 &2 134 &3 a2 .
CO converswon, % 864 895 S60 610 768 597 728 5T 730 701

{H~C0) conversion_ % 814 Ba3l 541 S92 T 557 N7 566 T00 676

STY. mmoyg<ath 0N 43 a2 & w0 &) 50 £ 60

k. mmolg-FehmPa? 2138 29 134 147 17713 190 142 180 171

{420} usage ratg 481 D6l 060 660 0S9 059 064 Q64 061 08I

{HPCOH exg 3w 130 154 074 o0bBO 118 086 G789 074 0Bz o8

Kp = PCOPR/PCoPHL0 e s 461 480 | 200 178 | 560 410 180 150

mmoi CHyg-Fem Y44 24a 123 135 111100 121 100 100 OBS

HYQroCaron sekectavlty (wi%)

che ' 31 B4 6& 64 FEREEY) 44 4B 1 37

Cate 265 244 ) ZI0 224 | w6 206 | 188 195 | 1@y g2

Caoy sty arv7 78 ag2 231 2s0 246 240 235 22%
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Figure 3. Isothermal reduction profile of Ruhrchemie catalyst at 280°C as a
tunction of duration of reduction: a) H2 reduction: b} CO reduction.

Table 7 Pretreatmeant Conditions and Test Designations
Authrchemie Catatyst.

TEST TEMP. REDUCTANT DURATION PRESSURE FLOWRATE

an) ©°C) M) (MPa)y {cm/min)
FA-Q113 220 Ho . 1 o1 4,000
FB-0181  «80 Hp 1 0.1 4.000
FB-1583 280 H2 B o1 178
FB-1733 280 Hz 24 0.1 175
FB-2290 310 Ha/CO=2.0 6 01 1.200
FB-1588  23C co 12 o1 170
SA-0888 280 cQ 16 o8 1.730
$8.1370 220 Hz 1 0.8 7.500

FA, FB = Fixed bed reacior test.  SA. SB = Slurry phase reactor 1est
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Time on Stream.(h)
Figure 4, Effect of pretreatment conditions on conversion and catalyst stabilty
Tabie 8 Summary of Results for Pretreatment Effec Study with Ruhrchemie Catalyst
Test gesignation FA-0113 FB-0183 FB-1593 FB-1733 FB-2290 FB-1588
Tne-onrstream, h -1:] 117 71 72 144 71 116 73 157 71 167
CO comversion, % 749 738 66.4 612 649 {587 607 61.1 576 ] 654 51.6
(H2+C0) conversion. % 719 718 64.7 592 625|573 587 | 63.3 609| 586 54.4
STY, mmolig-cavi 64.0 641 58.2 53.0 559|510 52t 568 S50 520 491
k, ramolig-Fe/MMPad. 241 243 215 192 205 187 190 225 216 | 201 187
{Hx/CO) usage ralo 0.61 0.61 0.67 064 063|066 064 | 075 078] ¢c75 0.78
(Ho/CO) exit ratio 0.95 0.82 0.79 078 081|075 078 | 060 057 06l 0.60
Kp‘PCOQPHz,PCOPHzO 12.7 99 12.5 130 160 | 111 110 [ 228 17| 220 2.0
mmo!l CHy/g-Feh 1.9 2.01 2.98 243 269 ) 233 2361 204 194 141 133
Hydrocarbon seleclivity, wit
CH4 6.1 6.4 10.4 g4 10,0 8.0 86 7.0 62 56 56
C2-C4 168 15.0 24.2 225 232 | 253 230 ) 227 233 227 :z28
Ccs-c1 19.6 217 328 29.6 317 | 329 316 (224 a1.7) 186 202
Ci12s §7.3 53.9 32.6 385 351 | 328 368 | 479 381 | 531 514
Chain growh parameter, a;_;q? 0.59 0.61 0.68 068 070 | 069 069 | 065 064 | 065 067
Olefin corternt, wret
Cc2-C4 64.3  66.1 64.7 63.8 633 | 656 655 759 768 | 776 808
€5-C11 66.7 €8.6 68.1 686 687 1694 695 | 804 €20 772 77

Process conaitions: 2509C, 1.48 MPa (200 psig). 2.0 Nig-cavh, H2/CO=0.67

a: Apparent reachion rate constant for a first order reaction in hydrogen. based on measured usage ratio.

b Parameter estmatec from procucts with carbon number in the range G 10
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Table 9 Pretreatment Conditions and Test Designaticns

Catalyst: 100 Fe/5 Cu/d4.2 K/16 SiOp

Test Temp. Reductant Duration  FPressure Flowrate
(D) (°C) (h) (MPa) (cm3/min)
5B8-2832 240 Hs 2 0.8 7,500
SA-3172 280 Ho/CO=0.7 5.5 0.8 280
_ SB-3362 280 CO 8 0.8 750
SA, SB = Slurry phase reactor test;
100 ¥ T T T 1 T ¥ T L] T T T T T 1 T T T T T T T T T )| T T T T
i SB-2832 (Hz, 240°C)
| B SA-3172 (H./C0=0.7, 280°C)
§ 90 z -
D . & 4 5B-3362 (CO, 280°C)
o -@ '
S % =
n sol o t 4
g - e
> C &
c g &ﬁ @-
8 a ad ﬂ-@@%éa ©c®Le
i N 24 LI X
8 70 A'k A vas NN A 7]
a y Y
O A by
+ t‘f‘ at
N A
oy
et 60 -
| Catalyst: 100 Fe/5 Cu/4.2 K/16 SiOz
so L L ; " } i A L 1 | n 1 ) L ! 1 f L i 1 A i i " 4 . i L f
0 100 200 300 400 300 600
Time on Stream (h)
Figure 5. Effect of pretreatment conditions on conversion and catalyst stability ’
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Figure 6. Eect of mme-on-siream on hydrocarbon protud distnbyton
(FT symihesis condinons: T=260"C, (H2/CO}=0.67; cpen symbots: Pul 48
MPa SVa1.S Nig-cath; solid Symbols: PaZ. 17 MPa. SVe22 Nig-caih),

Table 10 Summary of Results tor Pretreatmernt Etect Study with 100 Fars Cu/a.2 K16 Si02 Catalyst

Test designation 58-2632 SA.2172 58-3362
Temperature, *C 260 260 260 260 260 260
Pressure, MPa 1,48 217 1.48 217 1.48 2.17
SV, NVg-cam 1.50 220 1.44 210 1.50 220
Time-on-straam_ h 41.210 J308-500 49-95 150-180 95-200 240-400
CO comersion, 83-88 71-78 8i-89 80-81 76-78 687-70
(Hz+ L0 conv _ % 78.-81 69-75 B80-8B6 78-80 375 6668
STY. mmolg-cavh 53-54 67-73 50-55 73 50 66
k. mmoVg-cah 260-277 214-254 326-372 342 246 221
{H2/C0} usage ravo | 0.58-0.59 058062 [ 065-062 063064 | 058060 063
Hydrocarban
selecinddy, wi%
CHy 46 45 104 108 35 29
C2Cs 155 16.7 18.2 182 15.8 14.4
CsC1y RO 2a.4 1 198 15.0 22 18.0
Ciz. 579 4.4 516 56.0 59.5 63.7
Oielin conlant, wre
Co-Ca EB T2 54 B0 745 785
v Cs-Ciy 73 73 78 80 B0 8o 3

HyCO=0.67 for &l =iz
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Table 11 Catalyst Target Perlormance

ACTIVITY

(Ho+CO} conversion, %

CQ conversion, %
Nm3(H5+CO) reacted/(g-Fe-h)
STY (kg Cq*/m3 reactor/day)

HYDROCARBON SELECTIVITY
(g HC/NAT3(Ho+CO) reacted)

{9 Cy*MNm3(Ho+CO) reacted)
PROCESS CONDITIONS

{Hx/CO) feed ratio = 0.6-1.0

Space velocity = 2-4 (Nm3/kg-Fe-h)

90
26

2178
2166
6.78.0

Pressure (bar) = 1-20
Temperature {°C) = 230-300

DEACTIVATION RATE: < 1% per day during 30 days of testing.

Tabie 12 Comparison of Catalyst Performance in Slurry Reactors

' ID TAMU  Ruhrchemic ucl UOP  Mobil's Run**
Canlys B SA-0858 SA-339] (1991 CT-256-13
Process Conditions:
Temp. (°C) 260 250 265 265 257
Pressure (MPa) 1.48 148 2.10 2.10 1.48
SV (NV/p-Fe) 2234 38 24 24 23
Feed (HyOO) 0.66-0.69 0.67 0.7 07 0.73
TOS (h) 40-520 0-343 22730 15370 475
H2+C0) Coav. 7484 4043 T3-80 62 82
sage Ratio 056062 074084 0.58-062 0.57 059
Const at 260°C (rel) 100 79 40 33 49-70
MHydrocarbon Selectivities (wt-%):
CHy 3.0 47 44 27
C2-Cs 105 206 16.5 1.1
Cs-C11 16.0 23.2 23.6 18.1
Ci+ 705 515 55.5 68.1
C1+C2 6.1 108 92 5.6
Hydrocarbon Selectivitics (mol-%):
CHa 27 39 45
C1+C2 5.8 87 58"
*CH4+C3Hg only
¢=*Shary Bubble Colummn Reactor Test
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