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FISCHER-TROPSCH CATALYSTS

BACKGROUND

The Fischer-Tropsch process is a catalytic chemical reac-
tion for converting carbon monoxide and hydrogen into
hydrocarbons of various molecular weights. Depending on
the catalyst and the operating conditions, different molecular
weight hydrocarbons may be produced. The Fischer-Trop-
sch reaction is highly exothermic, and this process may
include one or more reactors, separations units, compres-
sors, heat exchangers, and recycle streams. Reactors utilized
for the Fischer-Tropsch process may include fixed bed
reactors, fluidized bed reactors, tubular fixed bed reactors,
and slurry bed reactors. Typically, the input hydrogen and
carbon monoxide must be compressed to high pressures
before entering the reactor, and the reactor typically includes
a catalyst for increasing the rate of reaction. While many
catalysts have been created for the Fischer-Tropsch reaction,
these catalysts may suffer from quick degradation, sintering,
and expensive and lengthy formulation processes. Further,
catalyst selectivity and activity control are still a major
challenge in this catalytic reaction. Accordingly, it is desir-
able to efficiently prepare a Fischer-Tropsch catalyst with
excellent activity, selectivity, and stability.

SUMMARY

According to one aspect, a Fischer-Tropsch catalyst
includes a substantially homogeneous blend of cobalt and
alumina, wherein the catalyst includes a pore volume (PV)
ranging from 0.3 cc/g to 0.5 cc/g and an average pore
diameter (PD) ranging from 18 nm to 30 nm.

According to another aspect, a method of preparing a
Fischer-Tropsch catalyst includes: (1) mixing a first precur-
sor and a second precursor sufficient to form a mixture,
wherein the first precursor includes cobalt and the second
precursor includes one or more aluminum-containing com-
pounds; (2) shaping the mixture subsequent to mixing the
first precursor and the second precursor sufficient to form a
structure; (3) drying the structure; (4) calcining the structure
sufficient to form the catalyst; and (5) optionally adding one
or more metals to the catalyst; wherein the catalyst includes
a pore volume (PV) and an average pore diameter (PD) and
the catalyst in the oxide form follows the formula: PV®°x
PD%%>2, wherein PV is measured in cc/g and PD is
measured in nm.

According to another aspect, a method of preparing a
Fischer-Tropsch catalyst includes: (1) mixing a first precur-
sor and a second precursor sufficient to form a mixture,
wherein the first precursor includes cobalt and the second
precursor includes one or more aluminum-containing com-
pounds; (2) shaping the mixture sufficient to form a struc-
ture; (3) drying the structure at a temperature between about
70° C. and about 180° C.; (4) calcining the structure at a
temperature between about 450° C. and about 750° C.
sufficient to form the catalyst; and (5) optionally adding one
or more metals to the catalyst; wherein the catalyst includes
cobalt oxide, and wherein at least 25 wt. % of the cobalt
oxide in the catalyst before reduction is provided by the first
precursor.

This summary is intended to provide an overview of
subject matter of the present disclosure. It is not intended to
provide an exclusive or exhaustive explanation of the inven-
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tion. The detailed description is included to provide further
information about the present patent application.

BRIEF DESCRIPTION OF DRAWINGS

This written disclosure describes illustrative embodi-
ments that are non-limiting and non-exhaustive. Reference
is made to illustrative embodiments that are depicted in the
figures, in which:

FIG. 1 illustrates system 100 for Fischer-Tropsch synthe-
sis, according to some embodiments.

FIG. 2 illustrates a method 200 of processing a feed stock,
according to some embodiments.

FIG. 3 illustrates a method 300 of preparing a Fischer-
Tropsch catalyst, according to some embodiments.

FIG. 4 illustrates a method 400 of preparing a Fischer-
Tropsch catalyst, according to some embodiments.

FIG. 5A illustrates the catalyst pore volume with various
cobalt weight percentages and calcination temperatures,
according to some embodiments.

FIG. 5B illustrates a parity plot for predicted vs. experi-
mental pore volume, according to some embodiments.

FIG. 6A illustrates the effect of cobalt addition prior to
shaping on the final catalyst pore volume, according to some
embodiments.

FIG. 6B illustrates the effect of cobalt addition prior to
shaping on the final catalyst pore volume, according to some
embodiments.

FIG. 7 illustrates the pore size distribution of a Fischer-
Tropsch catalyst, according to some embodiments.

FIG. 8 illustrates the pore regulating agent (PRA) effect
on pore size distribution, according to some embodiments.

FIG. 9A illustrates the modified loss on ignition (MLOI)
vs. pore volume, according to some embodiments.

FIG. 9B illustrates the pore volume vs pore diameter,
according to some embodiments.

FIG. 10 illustrates an apparatus for testing crushing
strength, according to some embodiments.

FIG. 11 illustrates the pore diameter vs. crushing strength,
according to some embodiments.

FIG. 12 illustrates temperature programmed reduction
(TPR) of various catalysts, according to some embodiments.

FIG. 13 illustrates programmed temperature reduction
(TPR) of various catalysts with different amounts of Ru,
according to some embodiments.

FIG. 14 illustrates a predictive plot including the equation
factor for activity, according to some embodiments.

DETAILED DESCRIPTION

Definitions

As used herein, the terms “catalyst”, “catalytic material”,
or the like refer to material which enables a chemical
reaction to proceed at a faster rate or under different con-
ditions (e.g., at a lower temperature) than otherwise pos-
sible. The catalysts of the present disclosure may be tuned
and designed for the Fischer-Tropsch catalytic reaction.
Further, the catalysts of the present invention may include
mixtures of two or more catalytic material(s) with other inert
materials. The catalytic materials used in the present inven-
tion may be formed into desired shapes or sizes.

DISCUSSION

The Fischer-Tropsch (FT) process utilizes a catalyst for
converting carbon monoxide and hydrogen into hydrocar-
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bons of various molecular weights. The catalyst may speed
up the chemical reaction and/or reduce the temperature
required to initiate the chemical reaction. An example equa-
tion for a reaction in the Fischer-Tropsch process is shown
below as Equation 1, where n=1 or more. A side reaction in
the Fischer-Tropsch process may be the water gas shift
reaction, shown as Equation 2.

(2n+1)Hy41 CO—C,, Hp,poy1 Hy0 o)

CO+HL,05H,+CO, )

The inlet ratio of reactants, H, and CO, may be adjusted
using a synthesis gas production process. In one example,
the Fischer-Tropsch reaction may operate at temperatures
above about 180° C. and pressures above about 20 bar.
Conventional catalysts suffer from inefficient selectivity and
activity values. Further, these conventional catalysts require
extensive formation steps. Accordingly, it is desirable to
utilize a catalyst capable of maintaining a high selectivity
while reducing undesirable reactions.

Embodiments of the present disclosure provide a novel
Fischer-Tropsch catalyst composition and methods of pre-
paring the Fischer-Tropsch catalyst. This Fischer-Tropsch
catalyst may be referred to herein as “catalyst”. Many
conventional catalysts suffer from quick degradation, sin-
tering, and expensive and lengthy formulation processes.
The catalysts of the present disclosure are efficiently formed
to tune mechanical and/or chemical properties of the catalyst
for the Fischer-Tropsch reaction. Further, the present cata-
lyst exhibits excellent activity and stability even after a long
time in a Fischer-Tropsch reactor.

The catalyst may include a blend of cobalt (such as from
Co,0,) and alumina (such as Al,O,). The catalyst may
further include iron and/or ruthenium. Further, the catalyst
may be a fully unsupported catalyst. In one example, the
catalyst includes one or more structural promoters. In
another example, the catalyst includes one or more reduction
promoters. In yet another example, the catalyst includes one
or more pore regulating agents. The pore regulating agents
may include a polymer including two or more elements of C,
H, O, and N. For example, the pore regulating agent may be
polyethylene glycol (PEG). The pore regulating agent may
change the catalyst structure, such as by increasing the pore
volume.

One or more structural promoter precursors may be added
during the catalyst formation process. The structural pro-
moter may increase the mechanical strength and crushing
strength of the catalyst. Further, the structural promoter may
improve the mechanical strength of alumina in the catalyst
and may allow for higher pore volumes and larger pore
diameters. In one example, the structural promoter precursor
includes one or more of any phase of alumina, silica, titania,
zirconia, and mixtures thereof. In another example, the
structural promoter precursor includes silicic acid. Accord-
ingly, the catalyst composition may include a structural
promoter selected from one or more of alumina, aluminum,
silica, silicon, titania, titanium, zirconia, and zirconium. The
catalyst composition may include a structural promoter
selected from one or more of alumina, silicon oxide, tita-
nium oxide, and zirconium oxide. The weight percentage of
the structural promoter in the catalyst may range from about
0.1 wt. % to about 10 wt. %. The weight percentage of the
structural promoter in the catalyst may range from about 0.2
wt. % to about 5 wt. %.

One or more reduction promoter precursors may be added
to the catalyst during the formation process. The reduction
promoter may lower the reduction temperature in the cata-
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lyst formation process. This may eliminate the need for a hot
oil system in the Fischer-Tropsch production facility. In one
example, the reduction promotor precursor includes one or
more of platinum salt, palladium salt, ruthenium salt, and
silver salt. Accordingly, the reduction promoter may include
one or more of platinum, palladium, ruthenium, and silver.
In one example, the reduction promoter includes one or
more group 8 elements and/or group 11 elements. For
example, the reduction promoter may include one or more of
iron, osmium, copper, and gold. The weight percentage of
the reduction promoter in the catalyst may range from about
0.05 wt. % to about 10 wt. %. In another example, the weight
percentage of the reduction promoter in the catalyst may
range from about 0.05 wt. % to about 5 wt. %.

The catalyst may include one or more of silica, silicon,
titania, titanium, zirconia, and zirconium. The catalyst may
include one or more of iron, platinum, palladium, ruthenium,
osmium, chromium, and silver. In one example, the catalyst
includes two or more of silica, silicon, titania, titanium,
zirconia, zirconium, iron, platinum, palladium, ruthenium,
and silver. The catalyst may include one or more of copper,
gold, magnesium, calcium, vanadium, chromium, molybde-
num, and manganese. In another example, the catalyst
includes ruthenium and silver. In yet another example, the
catalyst includes a blend of cobalt, silver, and alumina.

The weight percentage of cobalt in the catalyst may range
from about 4 wt. % to about 50 wt. %. In one example, the
weight percentage of cobalt in the catalyst ranges from about
7 wt. % to about 45 wt. %. In another example, the weight
percentage of cobalt in the catalyst ranges from about 10 wt.
% to about 40 wt. %. In yet another example, the weight
percentage of cobalt in the catalyst ranges from about 20 wt.
% to about 40 wt. %, or from about 20 wt. % to about 30 wt.
%. For example, the weight percentage of cobalt in the
catalyst may be about 20 wt. %, about 21 wt. %, about 22
wt. %, about 23 wt. %, about 24 wt. %, about 25 wt. %,
about 26 wt. %, about 27 wt. %, about 28 wt. %, about 29
wt. %, about 30 wt. %, or values therebetween.

The weight percentage of alumina in the catalyst may
range from about 50 wt. % to about 90 wt. %. In one
example, the weight percentage of alumina in the catalyst
ranges from about 60 wt. % to about 90 wt. %. In another
example, the weight percentage of alumina in the catalyst
ranges from about 60 wt. % to about 80 wt. %. In yet another
example, the weight percentage of alumina in the catalyst
ranges from about 65 wt. % to about 75 wt. %.

The addition of a silver compound with cobalt may lower
the reduction temperature in the catalyst formation process.
For example, silver nitrate may be added with cobalt nitrate
during the catalyst formation process. This may eliminate
the need for a hot oil system in the Fischer-Tropsch pro-
duction facility. Accordingly, due to this lowered reduction
temperature, the activation process may utilize steam instead
of oil. The weight percentage of silver in the catalyst may
range from about 0.01 wt. % to about 10 wt. %. In one
example, the weight percentage of silver in the catalyst
ranges from about 0.01 wt. % to about 5 wt. %. In another
example, the weight percentage of silver in the catalyst
ranges from about 0.05 wt. % to about 3 wt. %. In yet
another example, the weight percentage of silver in the
catalyst ranges from about 0.1 wt. % to about 1 wt. %.

By including ruthenium in the catalyst, the catalyst may
exhibit a high degree of reduction at a commercial plant. The
weight percentage of ruthenium in the catalyst may range
from about 0.01 wt. % to about 10 wt. %. In one example,
the weight percentage of ruthenium in the catalyst ranges
from about 0.01 wt. % to about 5 wt. %. In another example,
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the weight percentage of ruthenium in the catalyst ranges
from about 0.05 wt. % to about 3 wt. %. In yet another
example, the weight percentage of ruthenium in the catalyst
ranges from about 0.1 wt. % to about 1 wt. %. The weight
percentage of iron in the catalyst may range from about 0.01
wt. % to about 10 wt. %. In one example, the weight
percentage of iron in the catalyst ranges from about 0.01 wt.
% to about 5 wt. %. In another example, the weight
percentage of iron in the catalyst ranges from about 0.05 wt.
% to about 3 wt. %. In yet another example, the weight
percentage of iron in the catalyst ranges from about 0.1 wt.
% to about 1 wt. %.

The blend of cobalt and alumina (aluminum oxide) may
be formed from a pre-shaped mixture of cobalt and one or
more aluminum-containing compounds. In one example, the
aluminum-containing compound includes one or more of
alumina and boehmite (aluminum oxide hydroxide). In one
non-limiting example, boehmite is a particular phase of
alumina. The blend of cobalt and alumina in the catalyst
after calcination may be in the form of a substantially
homogenous blend, mixture, and/or aggregate. After calci-
nation, a substantially homogenous blend may feature a
substantially consistent and/or uniform distribution of cobalt
and alumina throughout the catalyst structure and/or bulk
(such as from the outer surface of the catalyst toward the
center of the catalyst particle). For example, in contrast to a
conventional catalyst where metal salt is added/impregnated
on an already shaped/rigid support to form a layered struc-
ture, the catalyst of the present disclosure may be one or
more of unlayered and unsupported. In one example, an
unsupported catalyst includes a catalyst wherein 100 wt. %
of the cobalt in the final catalyst composition was added
prior to catalyst shaping. In another example, at least a
portion of the cobalt in the catalyst may be entirely sur-
rounded by alumina. In yet another example, cobalt is in
contact with alumina in external and internal pore spaces.

In one example, cobalt in the catalyst is in contact with the
alumina. In another example, cobalt in the catalyst is further
in contact with alumina pore walls. At least 25 wt. % of the
cobalt in the catalyst may be blended with alumina. In one
example, at least 40 wt. % of the cobalt in the catalyst may
be blended with alumina. In another example, at least 60 wt.
% of the cobalt in the catalyst may be blended with alumina.
Additional cobalt may optionally be added via impregna-
tion. For example, a remainder of cobalt not blended may be
attached to the outer surface of the alumina and/or external
pores of the alumina.

The average catalyst pore volume (PV), such as after
calcination, may range from about 0.1 cc/g (cm’/g) to about
1 cc/g. In one example, the average catalyst pore volume
ranges from about 0.2 cc/g to about 0.8 cc/g. In another
example, the average catalyst pore volume ranges from
about 0.2 cc/g to about 0.6 cc/g. In yet another example, the
average catalyst pore volume ranges from about 0.3 cc/g to
about 0.5 cc/g. The average catalyst pore diameter (PD),
such as after calcination, may range from about 5 nm to
about 50 nm. In one example, the average catalyst pore
diameter ranges from about 10 nm to about 50 nm. In
another example, the average catalyst pore diameter ranges
from about 15 nm to about 40 nm. In yet another example,
the average catalyst pore diameter ranges from about 15 nm
to about 30 nm. A larger pore diameter may increase the
catalyst productivity as larger and easier to reduce crystal-
lites may be formed during the formation process. These
larger crystallites are more resistant to oxidation. Further, a
larger average pore diameter improves diffusion. In one
example, the catalyst has a surface area lower than about 120
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m?/g. Surface area of the catalyst may be calculated using:
Surface Area=4000x(PV/PD), wherein PV is measured in
cc/g and PD is measured in nm.

The catalyst exhibits excellent mechanical strength to
avoid breakage during different stages of catalyst prepara-
tion, transportation, and loading within a reactor. Further,
since the pressure drop in a reactor increases as the average
particle size decreases, it is preferable to avoid particle
breakage. The intrinsic cohesion or mechanical strength of a
particle is its resistance to crushing, or its crushing strength.
In one example, the crushing strength of the catalyst ranges
from about 0.8 kg/mm to about 10 kg/mm. In another
example, the crushing strength of the catalyst ranges from
about 1 kg/mm to about 10 kg/mm. In yet another example,
the crushing strength of the catalyst ranges from about 1.5
kg/mm to about 10 kg/mm. For example, the crushing
strength of the catalyst may be greater than 1 kg/mm, greater
than 2 kg/mm, greater than 3 kg/mm, greater than 4 kg/mm,
or values therebetween.

The catalyst may include the product of mixing a cobalt
salt with one or more aluminum-containing compounds
prior to extrusion and calcination. For example, shaping is
performed prior to any impregnation and calcination. This
may form a blend or amalgamation (such as merging into
one form). The catalyst may include the product of mixing
cobalt nitrate and silver nitrate with one or more aluminum-
containing compounds prior to extrusion and calcination. In
one example, 20 wt. % to 75 wt. %, or at least 25 wt. %, of
the cobalt in the catalyst after calcination and prior to
reduction is present from the mixing of cobalt nitrate and
silver nitrate with one or more aluminum-containing com-
pounds. In another example, 30 wt. % to 60 wt. % of the
cobalt in the catalyst after calcination and prior to reduction
is present from the mixing of cobalt nitrate and silver nitrate
with one or more aluminum-containing compounds. In yet
another example, the cobalt nitrate includes about 10 wt. %
cobalt to about 20 wt. % cobalt and the catalyst is reduced
at a temperature below 260° C.

In some embodiments, the inventive catalysts are formed
into predetermined shapes. For example, the inventive cata-
lysts can take the form of spherical particles or beads, porous
beads, pellets, tubes, Raschig rings, Super Raschig rings,
Pall rings, Bialecki rings, extrudates, lobes, saddles, and/or
other shapes.

The intrinsic activity (K,) of the catalyst is calculated
according to the Fischer-Tropsch kinetic equation shown as
Equation 3 below. In one example, the activity of the catalyst
may be greater than 0.5E13. In another example, the activity
of the catalyst may be greater than 1E13. In yet another
example, the activity of the catalyst is greater than 1.2E13.
In one example, the alpha value is at least 0.91.

K,=[e(~106:3 Kimol'T)
i1

3

PP " cota Peo)llr_co

where,

a=0.02192 X T(K)-8.865;

r_co 1s the FT reaction rate expressed as vol CO reacted/
vol cat/h;

K, is the pre-exponential factor or the catalyst intrinsic
activity;

AE is the activation energy: 106.3 kJ/mol;

R is the Universal gas constant, 8.31 J/mol/K;

T is the reaction temperature, in K;

“a” is the desorption constant; and

P, and P, are the partial pressures of hydrogen and
carbon monoxide, in atm.
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Surprisingly, for any given set of reaction conditions, the
rate of reaction is a strong function of the pore volume and
the pore diameter. Accordingly, activity (K t) may follow
Equation 4:

K, ~function (PV®xPD?%53) 4)

where PV=pore volume and PD=pore diameter. In one
example, the pore volume (PV) and pore diameter (PD) of
the catalyst follow the formula: PV®->xPD®%°>2. In another
example, the pore volume (PV) and pore diameter (PD) of
the catalyst follow the formula: PV®°xPD%%*>3. In yet
another example, the pore volume (PV) and pore diameter
(PD) of the catalyst follow the formula: PV°->xPD®%>4.

In the past, the role of the pore volume (per cc (cm 3) of
whole catalyst volume) in terms of rate of reaction has not
been understood. Since the pores are filled with wax, there
may be a mixture of hydrocarbon products and reactants
(such as CO and H,) dissolved in the wax. The greater the
pore volume, the higher the number of reactant molecules
that will be absorbed on an active place per unit time,
therefore increasing the rate of the reaction. Thus, the rate of
reaction is a function, among other parameters, of the
diffusion of products out and reactants into this internal
volume of liquid wax (larger pore diameter, faster diffusion)
and the amount of reactants dissolved in the internal wax.
Since the amount of reactants per unit of liquid wax volume
may be restricted by the solubility, a greater amount of
empty volume inside the catalyst particle may allow for a
greater amount of reactants in the catalyst particle.

Importantly, the catalyst pore volume and pore diameter
may be tuned for a high reaction rate in the Fischer-Tropsch
process. The pore volume and pore diameter may be tuned
by adding varying amounts of cobalt prior to extrusion. For
example, mixing a cobalt nitrate and silver nitrate solution
with one or more aluminum-containing compounds prior to
extrusion may provide a catalyst with a sufficient pore
volume and pore diameter for a desired reaction rate in the
Fischer-Tropsch process. Further, adding cobalt prior to
extrusion decreases the number of required impregnation
steps and increases the mechanical strength of the catalyst
particle compared to a catalyst made by impregnating cobalt
on a pre-shaped alumina support. Accordingly, this catalyst
is efficiently formed and exhibits a high activity, reaction
rate, and mechanical strength for the Fischer-Tropsch pro-
cess.

FIG. 1 illustrates a Fischer-Tropsch reaction system 100,
according to some embodiments. Reaction system 100
includes feed stream 110, total feed 115, reactor 120, initial
product stream 125, optional recycle stream 130, and final
product stream 140. Feed stream 110 may include Fischer-
Tropsch reactants, such as hydrogen and carbon monoxide.
In one example, the molar ratio of hydrogen to carbon
monoxide in feed stream 110 ranges from about 1.2:1 to
about 2.1:1. In another example, the molar ratio of hydrogen
to carbon monoxide in feed stream 110 ranges from about
1.5:1 to about 1.8:1. In yet another example, the molar ratio
of hydrogen to carbon monoxide in feed stream 110 ranges
from about 1.6:1 to about 1.7:1. Feed stream 110 may further
include one or more of methane, carbon dioxide, nitrogen,
argon, and light gaseous hydrocarbons. The gas hourly space
velocity (GHSV) is calculated using the volumetric flow rate
of the feed stream 110 divided by the volume of the catalyst.
The GHSV may range from about 1000 to about 3000. In
one example, the GHSV ranges from about 1500 to 2500.

Reactor 120 may include the catalyst of the present
disclosure. In one example, reactor 120 is selected from a
fixed bed reactor, slurry reactor, ebullient reactor, and flu-
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idized bed reactor. Reactor 120 may operate at temperatures
sufficient to perform the Fischer-Tropsch reaction. In one
example, reactor 120 is operated at a temperature between
about 150° C. and about 400° C. In another example, reactor
120 is operated at a temperature between about 170° C. and
about 250° C. In yet another example, reactor 120 is
operated at a temperature between about 170° C. and about
200° C. The activation temperature may be lower than 475°
C. Reactor 120 may operate at pressures sufficient to per-
form the Fischer-Tropsch reaction. In one example, reactor
120 is operated at a pressure between about 20 bar and 40
bar. In another example, reactor 120 is operated at a pressure
between about 25 bar and 35 bar. In yet another example,
reactor 120 is operated at a pressure between about 28 bar
and 33 bar.

Initial product stream 125 and/or final product stream 140
includes one or more hydrocarbons. Accordingly, reactor
120 is sufficient to convert synthesis gas to hydrocarbons
from processes such as the reverse water gas shift (RWGS)
reaction. The catalyst may be sufficient to convert at least
180 cc COfcc catalyst per hour. Initial product stream 125
and/or final product stream 140 may further include nitro-
gen, carbon dioxide, argon, and methane. Initial product
stream 125 and/or final product stream 140 may include, or
be used to directly produce, light olefins, gasoline, diesel, jet
fuel, paraffins, wax, lubes, drilling fluids, primary olefins,
and hydrocarbon-based chemicals.

System 100 may include optional recycle stream 130. The
recycle may be calculated based on the volume rate of total
feed 115 divided by the volume rate of feed stream 110.
Therefore, the recycle amount may range from about 0.1 to
5. In one example, the recycle amount ranges from about 1
to about 2. If optional recycle stream 130 is not utilized, the
composition and flow rate of feed stream 110 and total feed
115 are the same. In one example, the single pass conversion
of carbon monoxide in feed stream 110 is greater than 40%.
In another example, the single pass conversion of carbon
monoxide in feed stream 110 is greater than 50%. In one
example, by using optional recycle stream 130, the total
carbon monoxide conversion may be greater than 85%,
greater than 87%, or greater than 90%. The methane selec-
tivity of the catalyst may be less than 10 wt. %. In one
example, the methane selectivity of the catalyst is less than
about 5 wt. %. In one example, the activity of the catalyst
may be greater than 0.5E13. In another example, the activity
of the catalyst may be greater than 1E13. In yet another
example, the activity of the catalyst is greater than 1.2E13.

Referring to FIG. 2, a method of processing a feed stock
is illustrated according to some embodiments. Method 200
includes the following steps:

STEP 202, CONTACT A FEED STOCK WITH A CATA-
LYST, SUFFICIENT TO GENERATE A REACTION
PRODUCT, includes contacting a feed stock including car-
bon monoxide and hydrogen with a catalyst of the present
disclosure, sufficient to generate a reaction product. In one
example, the molar ratio of hydrogen to carbon monoxide in
the feed stock ranges from about 1.2:1 to about 2.1:1. In
another example, the molar ratio of hydrogen to carbon
monoxide in the feed stock ranges from about 1.5:1 to about
1.8:1. In yet another example, the molar ratio of hydrogen to
carbon monoxide in the feed stock ranges from about 1.6:1
to about 1.65:1. The feed stock may further include one or
more of methane, carbon dioxide, nitrogen, and argon. The
GHSV may range from about 1000 to about 4000. In one
example, the GHSV ranges from about 1500 to 2500. The
feed stock may be contacted with the catalyst in a reactor,
such as reactor 120.
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In one example, the feed stock is contacted with the
catalyst at a temperature between about 150° C. and about
250° C. In another example, the feed stock is contacted with
the catalyst at a temperature between about 170° C. and
about 250° C. In yet another example, the feed stock is
contacted with the catalyst at a temperature between about
170° C. and about 210° C. In one example, the feed stock is
contacted with the catalyst at a pressure between about 15
bar and 40 bar. In another example, the feed stock is
contacted with the catalyst at a pressure between about 25
bar and 35 bar. In yet another example, the feed stock is
contacted with the catalyst at a pressure between about 28
bar and 33 bar. The reaction product includes one or more
hydrocarbons. The reaction product stream may further
include nitrogen, carbon dioxide, argon, methane, and light
gaseous hydrocarbons. The reaction product may include, or
be used to directly produce, light olefins, gasoline, diesel, jet
fuel, paraffins, wax, lubes, drilling fluids, primary olefins,
and hydrocarbon-based chemicals.

In one example, the single pass conversion of carbon
monoxide in feed stream 110 is greater than 30%. In another
example, the single pass conversion of carbon monoxide in
feed stream 110 is greater than 40%. In yet another example,
the single pass conversion of carbon monoxide in feed
stream 110 is greater than 50%. The methane selectivity of
the catalyst may be less than 18 wt. %. In one example, the
methane selectivity of the catalyst is less than about 10 wt.
%. In yet another example, the methane selectivity of the
catalyst is less than about 8 wt. %. In one example, the
activity of the catalyst may be greater than 0.5E13. In
another example, the activity of the catalyst may be greater
than 1E13. In yet another example, the activity of the
catalyst is greater than 1.2E13.

Referring to FIG. 3, a method 300 of preparing a Fischer-
Tropsch catalyst is illustrated according to some embodi-
ments. Method 300 prepares catalysts of the present disclo-
sure and includes the following steps:

STEP 302, MIX A FIRST PRECURSOR AND A SEC-
OND PRECURSOR SUFFICIENT TO FORM A MIX-
TURE, WHEREIN THE FIRST PRECURSOR INCLUDES
COBALT AND THE SECOND PRECURSOR INCLUDES
ONE OR MORE ALUMINUM-CONTAINING COM-
POUNDS, includes mixing a first precursor and a second
precursor sufficient to form a mixture, wherein the first
precursor includes cobalt, such as a cobalt containing solu-
tion, and the second precursor includes one or more alumi-
num-containing compounds, such as in a powder form.
Powder may include microparticles (such as between 0.1 um
and 200 um). Mixing may include slowly adding one or
more components to ensure homogeneous distribution. Mix-
ing may include slowly adding one or more components to
prevent/reduce the formation of agglomerates. Mixing may
include physically contacting the first precursor and the
second precursor.

The first precursor may include a cobalt salt solution, such
as a cobalt nitrate solution. For example, the first precursor
may be formed by mixing and/or dissolving cobalt nitrate
salt in water. The first precursor may include one or more of
nano cobalt metal particles, nano ruthenium metal particles,
and nano silver metal particles. The weight percentage of
cobalt metal in the cobalt nitrate molecule may be about
20.3%. In one example, the weight percentage of cobalt
metal in the cobalt salt solution ranges from about 2 wt. %
to about 20 wt. %. In another example, the weight percent-
age of cobalt metal in the cobalt salt solution ranges from
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about 12 wt. % to about 17 wt. %. In yet another example,
the weight percentage of cobalt metal in the cobalt salt
solution is about 15 wt. %.

The first precursor may further include one or more of a
reduction promoter, metal salts, and a structural promoter
(such as one other than alumina). In one example, the one or
more metal salts are selected from an iron salt, a ruthenium
salt, a silver salt, a platinum salt, and a palladium salt. In
another example, the one or more metal salts include silver
nitrate. For example, silver nitrate may be mixed and/or
dissolved in water or directly added to the cobalt salt
solution. In one example, a silver nitrate solution with a
silver concentration ranging from about 2 wt. % to about 10
wt. % may be utilized. The first precursor may further
include one or more of silicic acid hydrate, water, and nitric
acid. In one non-limiting example, the first precursor
includes a mixture or solution of water, silver nitrate, and
cobalt nitrate. Additionally, the first precursor may include a
pore regulating agent, such as a polymer including two or
more of C, H, N, and O.

The second precursor includes one or more aluminum-
containing compounds. In one example, the aluminum-
containing compound includes one or more of boehmite and
alumina (any phase of alumina) The second precursor may
further include one or more of aluminum, silica, silicon,
titania, titanium, zirconia, and zirconium. For example, the
second precursor may include, in addition to one or more
aluminum-containing compounds, silicon metal oxide(s)
and/or zirconium metal oxide(s). These metal oxides may be
in any phase. In one example, the second precursor includes
two or more of aluminum, silica, silicon, titania, titanium,
zirconia, and zirconium. In another example, the second
precursor includes two or more distinct types of boehmites.
The second precursor may further include 20 wt. % or less
of'small crystallite size boehmite. For example, the selection
of the boehmite crystallite size has an influence on the
formation of pore diameter and pore volume after calcina-
tion. Boehmite may allow for a larger pore volume and
larger pore diameter compared to other materials. For
example, the second precursor may include two distinct
types of boehmite with differing crystallite sizes. These
distinct forms of boehmite may be mixed prior to being
combined with the first precursor. The mixture may be in the
form of a paste;

STEP 304, SHAPE THE MIXTURE SUBSEQUENT TO
MIXING THE FIRST PRECURSOR AND THE SECOND
PRECURSOR SUFFICIENT TO FORM A STRUCTURE,
includes shaping the mixture, such as into a structure,
subsequent to mixing the first precursor and the second
precursor. A rigid structure may not be flexible or substan-
tially bendable. Shaping the mixture may include extruding
the mixture. Extruding the mixture may include providing
an extruder and forcing the mixture through the extruder
sufficient to form the structure. The extruder may form a
shaped structure of a fixed cross-sectional profile. In addi-
tion, or alternatively, shaping the mixture may include spray
drying the mixture.

Many typical extrusion processes suffer from extrudabil-
ity of the paste and stickiness, among other detrimental
characteristics. For an alumina/boehmite precursor, the LOI
(loss on ignition: a relative measure of the total water
content of the paste to be extruded) is a parameter than has
a very high influence on pore diameter and pore volume. As
the LOI increases, the pore diameter and pore volume also
increase. On the other hand, and due to the pore volume
increase, as the LOI increases the crushing strength
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decreases. In addition, the extrudates may stick to one
another. Equation 5 calculates the LOI for the extrusion of
a boehmite.

H,0 in boehmite powder(g) + H,O added to powder(g) (5)

LOI = 100
x o of dry ALO;

The H,O in boehmite powder may be calculated based on
the weight loss (%) when the boehmite is calcined at high
temperatures, such as at 950° C. or higher. In one example,
the weight loss (%) ranges from about 16% to about 25%.
Since cobalt can be combined with boehmite prior to extru-
sion, and one cobalt nitrate molecule includes 6 molecules
of water, this molecular water content should be considered.
Therefore, the modified loss on ignition (MLOI) may be
calculated using Equation 6 below.

H,0 in boehmite powder(g) +
H,0 added to powder including Co(NO3), - 6H,O(g)
g of dry ALOs

MLOI =100 x

Accordingly, Equation 6 may account for water in the
cobalt nitrate solution and crystallite water in the cobalt
nitrate molecule. In one example, the MLOI value of the
mixture may range from about 20 to 80. In another example,
the MLOI value of the mixture ranges from 30 to 60. In
another example, an MLOI value between 30 and 60 pre-
vents high differential pressures during extrusion and/or
prevents or reduces the tendency of extrudates sticking to
one another. It may be desirable to prevent stickiness of
particles and/or provide an MLOI sufficient for separation
during a drying step. A lower MLOI may reduce stickiness.
Further, the amount of cobalt added to the mixture may
affect the degree of stickiness;

STEP 306, DRY THE STRUCTURE TO FORM A RIGID
STRUCTURE, includes drying the structure, such as at/to a
temperature above 50° C., to form a rigid structure. A rigid
structure may not be flexible or substantially bendable, and
a rigid structure may include a fixed cross-sectional shape.
In one example, drying the structure includes heating the
structure at/to a temperature between about 70° C. and 180°
C. In another example, drying the structure includes heating
the structure at/to a temperature between about 90° C. and
150° C. In yet another example, drying the structure includes
heating the structure at/to a temperature between about 100°
C. and 130° C,;

STEP 308, CALCINE THE STRUCTURE SUFFICIENT
TO FORM THE CATALYST, includes calcining the struc-
ture, such as at a temperature above 100° C., sufficient to
form the catalyst. In one example, calcining the structure
includes heating the structure at/to a temperature between
about 120° C. and 800° C. In another example, calcining the
structure includes heating the structure at/to a temperature
between about 120° C. and 725° C. In yet another example,
calcining the structure includes heating the structure at/to a
temperature between about 500° C. and 725° C. In one
example, calcination may remove one or more undesired
substances from the structure. In another example, calcina-
tion may convert cobalt to a cobalt oxide phase. Calcination
of the structure may be sufficient to decompose cobalt
nitrate. Calcining the structure may include heating at a
temperature below 500° C.;
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STEP 310, OPTIONALLY ADD ONE OR MORE MET-
ALS TO THE CATALYST, includes optionally adding one
or more metals (such as a reduction promoter) to the catalyst
with one or more impregnations. If more than one impreg-
nation is used, drying and calcination may be performed
after each impregnation. In one example, the one or more
metals include cobalt. The cobalt may be added using a
solution of cobalt nitrate, wherein the weight percentage of
cobalt in the cobalt nitrate solution ranges from about 10 wt.
% to about 20 wt. %. If cobalt is added via impregnation, the
calcination temperature after cobalt impregnation may range
from about 300° C. to about 400° C.

The one or more metals may include a reduction promoter
of the present disclosure. For example, the one or more
metals may include ruthenium. In one non-limiting example,
ruthenium may be added in an impregnation step without
adding other metals during this step. The weight percentage

©

of ruthenium in the catalyst may range from about 0.05 wt.
% to about 0.5 wt. %. If ruthenium is added via impregna-
tion, the calcination temperature after ruthenium impregna-
tion may range from about 250° C. to about 350° C. In one
example, ruthenium may be impregnated separately from
cobalt nitrate to avoid interactions between ruthenium and
compounds from cobalt nitrate decomposition. In another
example, optional STEP 310 is completed three or less
times. For example, STEP 310 may consist of three separate
additions of the one or more metals.

The prepared catalyst includes a pore volume (PV) and an
average pore diameter (PD) and the catalyst in the oxide
form follows the formula: PV xPD%%3>2, wherein PV is
measured in cc/g and PD is measured in nm. In another
example, the pore volume (PV) and pore diameter (PD) of
the catalyst follow the formula: PV®°xPD%%°>3. In yet
another example, the pore volume (PV) and pore diameter
(PD) of the catalyst follow the formula: PV *xPD%5 >4,
The pore volume may be increased by methods of the
present disclosure. If it is desirable to add more Fischer-
Tropsch metal (such as cobalt) to the catalyst after calcina-
tion, a higher pore volume may allow a higher amount of
Fischer-Tropsch metal to be added per impregnation step.
While a higher pore volume is beneficial from a reactivity
point of view, the catalyst crushing strength decreases when
the pore volume increases. Accordingly, an optimal com-
promise between crushing strength and pore volume is
desirable. Due to this, a calcined extrudate with a higher
mechanical strength for any given pore volume is desirable.

Accordingly, the catalyst may include the product of
mixing a cobalt salt with one or more aluminum-containing
compounds prior to extrusion and calcination. For example,
the catalyst may include the product of mixing cobalt nitrate
and silver nitrate with one or more aluminum-containing
compounds prior to extrusion and calcination. Since the first
precursor is mixed with the second precursor prior to any
shaping, 100% of the metal oxide(s) in the catalyst are
present from the first precursor. If additional Fischer-Trop-
sch metals are added after calcination, the first precursor
includes cobalt nitrate and the catalyst includes cobalt oxide,
and between 20 wt. % to 75 wt. % of the cobalt oxide in the
catalyst prior to reduction is present from the first precursor.
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In another example, the first precursor includes cobalt nitrate
and the catalyst includes cobalt oxide, and between 30 wt. %
to 70 wt. % of the cobalt oxide in the catalyst prior to
reduction is present from the first precursor. In yet another
example, the first precursor includes cobalt nitrate and the
catalyst includes cobalt oxide, and between 40 wt. % to 60
wt. % of the cobalt oxide in the catalyst prior to reduction
is present from the first precursor. Further, reduction pro-
moters such as ruthenium may be added to the catalyst
before and/or after shaping.

The weight percentage of cobalt in the prepared catalyst
may range from about 4 wt. % to about 50 wt. %. In one
example, the weight percentage of cobalt in the catalyst
ranges from about 7 wt. % to about 45 wt. %. In another
example, the weight percentage of cobalt in the catalyst
ranges from about 10 wt. % to about 40 wt. %. In yet another
example, the weight percentage of cobalt in the catalyst
ranges from about 20 wt. % to about 30 wt. %. For example,
the weight percentage of cobalt in the catalyst may be about
20 wt. %, about 21 wt. %, about 22 wt. %, about 23 wt. %,
about 24 wt. %, about 25 wt. %, about 26 wt. %, about 27
wt. %, about 28 wt. %, about 29 wt. %, about 30 wt. %, or
values therebetween.

The weight percentage of alumina in the prepared catalyst
may range from about 50 wt. % to about 90 wt. %. In one
example, the weight percentage of alumina in the catalyst
ranges from about 60 wt. % to about 90 wt. %. In another
example, the weight percentage of alumina in the catalyst
ranges from about 60 wt. % to about 80 wt. %. In yet another
example, the weight percentage of alumina in the catalyst
ranges from about 65 wt. % to about 75 wt. %. In one
example, the crushing strength of the prepared catalyst
ranges from about 0.8 kg/mm to about 10 kg/mm. In another
example, the crushing strength of the catalyst ranges from
about 1 kg/mm to about 10 kg/mm. In yet another example,
the crushing strength of the catalyst ranges from about 1.5
kg/mm to about 10 kg/mm. The crushing strength of the
catalyst may be greater than 1 kg/mm, greater than 2 kg/mm,
greater than 3 kg/mm, greater than 4 kg/mm, or values
therebetween.

The prepared catalyst from method 300 may include a
blend of cobalt and alumina, wherein the catalyst includes a
pore volume (PV) ranging from 0.3 cc/g to 0.5 cc/g and an
average pore diameter (PD) ranging from 18 nm to 30 nm.
Method 300 may further include a hydrogen treatment of the
formed catalyst. In one example, hydrogen treatment may
reduce the cobalt oxide to cobalt metal. In another example,
the catalyst is reduced at a temperature of 260° C. or less.
The catalyst may be used in a fixed bed, slurry, ebullient bed,
or fluidized bed Fischer-Tropsch reactor. Additionally, the
catalyst may be used to produce directly or from further
treatment of the Fischer-Tropsch primary products, light
olefins, gasoline, diesel, paraffins, jet fuel, wax, lubes,
drilling fluids, primary olefins and hydrocarbon based
chemicals.

Referring to FIG. 4, a method 400 of preparing a Fischer-
Tropsch catalyst is illustrated according to some embodi-
ments. Method 400 includes the following steps:

STEP 402, MIX A FIRST PRECURSOR AND A SEC-
OND PRECURSOR SUFFICIENT TO FORM A MIX-
TURE, WHEREIN THE FIRST PRECURSOR INCLUDES
COBALT AND THE SECOND PRECURSOR INCLUDES
ONE OR MORE ALUMINUM-CONTAINING COM-
POUNDS, includes mixing a first precursor and a second
precursor sufficient to form a mixture, wherein the first
precursor includes cobalt, such cobalt containing solution,
and the second precursor includes one or more aluminum-
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containing compounds, such as in the form of powder and/or
microparticles. Mixing may include slowly adding one or
more components to ensure homogeneous distribution. Mix-
ing may include slowly adding one or more components to
prevent/reduce the formation of agglomerates. Mixing may
include physically contacting the first precursor and the
second precursor.

The first precursor may include a cobalt salt solution, such
as a cobalt nitrate solution. For example, the first precursor
may be formed by mixing and/or dissolving cobalt nitrate
salt in water. The first precursor may include one or more of
nano cobalt metal particles, nano ruthenium metal particles,
and nano silver metal particles. The weight percentage of
cobalt metal in the cobalt nitrate molecule may be about
20.3%. In one example, the weight percentage of cobalt
metal in the cobalt salt solution ranges from about 2 wt. %
to about 20 wt. %. In another example, the weight percent-
age of cobalt metal in the cobalt salt solution ranges from
about 12 wt. % to about 17 wt. %. In yet another example,
the weight percentage of cobalt metal in the cobalt salt
solution is about 15 wt. %.

The first precursor may further include one or more of a
reduction promoter, metal salts, and a structural promoter
(such as a structural promoter other than alumina). In one
example, the one or more metal salts are selected from an
iron salt, a ruthenium salt, a silver salt, a platinum salt, and
a palladium salt. In another example, the one or more metal
salts include silver nitrate. For example, silver nitrate may
be mixed and/or dissolved in water or directly added to the
cobalt salt solution. In one example, a silver nitrate solution
with a silver concentration ranging from about 2 wt. % to
about 10 wt. % may be utilized. The first precursor may
further include one or more of silicic acid hydrate, water, and
nitric acid. In one non-limiting example, the first precursor
includes a mixture or solution of water, silver nitrate, and
cobalt nitrate. Additionally, the first precursor may include a
pore regulating agent, such as a polymer including two or
more of C, H, N, and O.

The second precursor includes one or more aluminum-
containing compounds. In one example, the aluminum-
containing compound includes one or more of boehmite and
alumina. In another example, the aluminum-containing
compound includes boehmite. In yet another example, the
aluminum-containing compound includes alumina. The sec-
ond precursor may further include one or more of aluminum,
silica, silicon, titania, titanium, zirconia, and zirconium. For
example, the second precursor may include, in addition to
the one or more aluminum-containing compounds, silicon
metal oxide(s) and/or zirconium metal oxide(s). In one
example, the second precursor includes two or more of
aluminum, silica, silicon, titania, titanium, zirconia, and
zirconium. In another example, the second precursor
includes two or more distinct types of boehmite powders.
The second precursor may further include 20 wt. % or less
of'small crystallite size boehmite. For example, the selection
of the boehmite crystallite size will have an influence on the
formation of pore diameter and pore volume after calcina-
tion. For example, the second precursor may include two
distinct types of boehmite with differing crystallite sizes.
These distinct forms of boehmite may be mixed prior to
being combined with the first precursor. The mixture may be
in the form of a paste;

STEP 404, SHAPE THE MIXTURE SUFFICIENT TO
FORM A STRUCTURE includes shaping the mixture, such
as from a paste, subsequent to mixing the first precursor and
the second precursor. Shaping the mixture may include
extruding the mixture. Extruding the mixture may include
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providing an extruder and forcing the mixture through the
extruder sufficient to form a structure. The extruder may
form a shaped structure of a fixed cross-sectional profile. In
addition, or alternatively, shaping the mixture may include
spray drying the mixture.

In one example, the MLOI value of the mixture may range
from about 20 to 80. In another example, the MLLOI value of
the mixture ranges from 30 to 60. In another example, a
MLOI value between 30 and 60 prevents and/or reduces
extrudates from sticking to one another. It may be desirable
to prevent stickiness of particles and/or provide an MLOI
sufficient for separation during a drying step. Further, the
amount of cobalt added to the mixture may affect the degree
of stickiness;

STEP 406, DRY THE STRUCTURE AT A TEMPERA-
TURE BETWEEN ABOUT 70° C. AND ABOUT 180° C.,
includes drying the structure sufficient to form a rigid
structure. In one example, drying the structure includes
heating the structure at/to a temperature between about 90°
C. and 150° C. In another example, drying the structure
includes heating the structure at/to a temperature between
about 100° C. and 130° C.

STEP 408, CALCINE THE STRUCTURE AT A TEM-
PERATURE BETWEEN ABOUT 450° C. AND ABOUT
725° C. SUFFICIENT TO FORM THE CATALYST may
include calcining the structure includes heating the structure
at/to a temperature between about 500° C. and 725° C.
Calcination of the structure may be sufficient to decompose
cobalt nitrate. Calcining the structure may include heating at
a temperature below 500° C.

STEP 410, OPTIONALLY ADD ONE OR MORE MET-
ALS TO THE CATALYST, includes optionally adding one
or more metals (such as a reduction promoter) to the catalyst
with one or more impregnations. If more than one impreg-
nation is used, drying and calcination may be performed
after each impregnation. STEP 410 may include three or
fewer impregnations. In one example, the one or more
metals include cobalt. The cobalt may be added using a
solution of cobalt nitrate and/or acetate, wherein the weight
percentage of cobalt in the cobalt nitrate solution ranges
from about 2 wt. % to about 20 wt. %. If cobalt is added via
impregnation, the calcination temperature after cobalt
impregnation may range from about 300° C. to about 400°
C. The one or more metals may include a reduction promoter
of the present disclosure. For example, the one or more
metals includes ruthenium. The weight percentage of ruthe-
nium in the catalyst may range from about 0.05 wt. % to
about 0.5 wt. %. If ruthenium is added via impregnation, the
calcination temperature after ruthenium impregnation may
range from about 250° C. to about 350° C. In one example,
ruthenium may be impregnated separately from cobalt
nitrate to avoid interactions between ruthenium and com-
pounds from cobalt nitrate decomposition.

The prepared catalyst includes a pore volume (PV) and an
average pore diameter (PD) and the catalyst in the oxide
form follows the formula: PV®-3xPD%%>2, wherein PV is
measured in cc/g and PD is measured in nm. In another
example, the pore volume (PV) and pore diameter (PD) of
the catalyst follow the formula: PV°>xPD°%*>3. In yet
another example, the pore volume (PV) and pore diameter
(PD) of the catalyst follow the formula: PV°->xPD?%%>4,

Accordingly, the catalyst may include the product of
mixing a cobalt salt with one or more aluminum-containing
compounds prior to extrusion and calcination. For example,
the catalyst may include the product of mixing cobalt nitrate
and silver nitrate with boehmite prior to extrusion and
calcination. In one non-limiting example, boehmite present
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prior to extrusion is converted to alumina during and/or after
calcination. Since the first precursor is mixed with the
second precursor prior to any shaping, 100% of the metal
oxide(s) in the catalyst are present from the first precursor.
If additional Fischer-Tropsch metals are added after calci-
nation, the first precursor includes cobalt nitrate and the
catalyst includes cobalt oxide, and between 20 wt. % to 75
wt. % of the cobalt oxide in the catalyst prior to reduction
is present from the first precursor. The catalyst may include
cobalt oxide and at least 25 wt. % of the cobalt oxide in the
catalyst (such as prior to reduction) may be provided by the
first precursor. In another example, the first precursor
includes cobalt nitrate and the catalyst includes cobalt oxide,
and between 30 wt. % to 70 wt. % of the cobalt oxide in the
catalyst prior to reduction is present from the first precursor.
In yet another example, the first precursor includes cobalt
nitrate and the catalyst includes cobalt oxide, and between
40 wt. % to 60 wt. % of the cobalt oxide in the catalyst prior
to reduction is present from the first precursor. Further,
reduction promoters such as ruthenium may be added to the
catalyst before and/or after shaping.

The weight percentage of cobalt in the prepared catalyst
may range from about 4 wt. % to about 50 wt. %. In one
example, the weight percentage of cobalt in the catalyst
ranges from about 7 wt. % to about 45 wt. %. In another
example, the weight percentage of cobalt in the catalyst
ranges from about 10 wt. % to about 40 wt. %. In yet another
example, the weight percentage of cobalt in the catalyst
ranges from about 20 wt. % to about 30 wt. %. For example,
the weight percentage of cobalt in the catalyst may be about
20 wt. %, about 21 wt. %, about 22 wt. %, about 23 wt. %,
about 24 wt. %, about 25 wt. %, about 26 wt. %, about 27
wt. %, about 28 wt. %, about 29 wt. %, about 30 wt. %, or
values therebetween.

The weight percentage of alumina in the prepared catalyst
may range from about 50 wt. % to about 90 wt. %. In one
example, the weight percentage of alumina in the catalyst
ranges from about 60 wt. % to about 90 wt. %. In another
example, the weight percentage of alumina in the catalyst
ranges from about 60 wt. % to about 80 wt. %. In yet another
example, the weight percentage of alumina in the catalyst
ranges from about 65 wt. % to about 75 wt. %. In one
example, the crushing strength of the prepared catalyst
ranges from about 0.8 kg/mm to about 10 kg/mm. In another
example, the crushing strength of the catalyst ranges from
about 1 kg/mm to about 10 kg/mm. In yet another example,
the crushing strength of the catalyst ranges from about 1.5
kg/mm to about 10 kg/mm. The crushing strength of the
catalyst may be greater than 1 kg/mm, greater than 2 kg/mm,
greater than 3 kg/mm, greater than 4 kg/mm, or values
therebetween.

The prepared catalyst from method 400 may include a
blend of cobalt and alumina, wherein the catalyst includes a
pore volume (PV) ranging from 0.3 cc/g to 0.5 cc/g and an
average pore diameter (PD) ranging from 18 nm to 30 nm.
Method 400 may further include a hydrogen treatment of the
formed catalyst. The catalyst may be used in a fixed bed,
slurry, ebullient bed, or fluidized bed Fischer-Tropsch reac-
tor. Additionally, the catalyst may be used to produce
directly or from further treatment of the Fischer-Tropsch
primary products, light olefins, gasoline, diesel, paraffins, jet
fuel, wax, lubes, drilling fluids, primary olefins and hydro-
carbon based chemicals.

Importantly, cobalt is mixed with the second precursor
prior to shaping and calcination. Compared to conventional
catalysts that add 100% of catalytically active materials
through impregnation, the catalysts prepared with methods
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300 and 400 are prepared with fewer impregnation steps.
That is, the catalyst of the present disclosure may be formed
from impregnating a reduction promoter after the first cal-
cination and prior to reduction, and optionally adding more
Fischer-Tropsch metal precursor to a calcined catalyst that
already includes cobalt.

Additionally, catalysts of the present disclosure may
exhibit a lowered reduction temperature compared to con-
ventional catalysts due to the manner in which the reduction

18

temperature program used is shown in Table 3 below. During
the calcination step, the bochmite was converted to gamma
alumina.

TABLE 2

Extrudate composition (wt. %.)

10 Extrudate
promoters are added to the catalyst. These catalysts of the iy
. . .. Composition Wt. %
present disclosure include an optimized pore volume and
pore diameter for excellent activity in the Fischer-Tropsch i basi
reaction. Further, this blend of cobalt and alumina exhibits (dry basis)
a high crushing strength compared to conventional catalysts . ALOs 84.47
formed by typical impregnation techniques. This higher 810, 3.09
crushing strength makes less fines in loading a reactor, Co304 12.18
therefore reducing pressure drop in a reactor, such as a fixed Ag,0 0.26
bed Fischer-Tropsch reactor.
20
EXAMPLE 1—DE-54 Catalyst Preparation
TABLE 3
The mgredlents for one example of a prepared catalyst Caleination of dried extrudate.
(DE-54) include cobalt nitrate salt, alumina P-100, alumina Calcination of dried extrudate
TH-200, silver nitrate, silicic acid hydrate, nitric acid, and 25 .
water. Both P-100 and TH-200 alumina powders were Temp, © C Ho(liht;)me
thoroughly mixed before any liquid addition to ensure —
homogeneous mixing. The alumina in both the P-100 and 58 }8
the TH-200 was in the boehmite phase. The cobalt solution 220 20
was prepared by adding water to the cobalt nitrate salt to 3¢ 250 20
obtain a Co weight percentage of 15 wt. % in the cobalt 275 20
nitrate solution. The density of the solution was about 1.51 222 gg
g/cc. Similarly, the silver solution was prepared by adding
water to silver nitrate to obtain a concentration of 5 wt. % 3
of Ag in the silver nitrate solution. The silver solution, silicic Additional cobalt was added by means of two impregna-
acid hydrate, nitric acid and additional water were added to tions. Both impregnations were completed dropwise using a
the cobalt solution and stirred. The liquid was then slowly 3 ml pipet in a 1000 ml beaker during a period of about 30
added to the alumina under continuous mixing to ensure minutes using a 15 wt. % Co solution prepared from the
homogeneous distribution as well as to minimize formation ,, cobalt nitrate salt. The beakers with the catalyst and with the
of agglomerates. At the lab scale, the process took about 30 cobalt nitrate solution were on a heating plate at a tempera-
minutes for a batch between 100 g to 150 g of combined ture of about 65° C. (range used was 65 to 75° C.). After
alumina powders. The ingredients and the weight of each about %4 of the total solution (equal to about 63% of the
ingredient are provided in Table 1 below. water pickup pore volume) was impregnated, the time in
45 between the addition of drops was increased to allow for the
TABLE 1 catalyst to fully absorb the liquid. During the whole process
E.5% Inerediont the beaker was frequently, slowly rotated and agitated with
o REIECIENS. a circular motion so that the extruded particles rub each
Ingredients other gently. After impregnation is completed the material
50 should look dry, in which case it can be placed in the furnace
TH-200 (g) 60.00 . .. .
P-100 (g) 40.00 for drying and calcining. The weight percentages of the
Co Nitrate Sol (g) 62.95 composition after the first impregnation and after the second
5 wt. % Ag Sol (g) 4.63 impregnation are shown in Tables 4 and 5 below, respec-
HNO3 (g) 0.50 ivel
Silicic Acid 4380 55 Hvely.
Hydrate (g)
Water (g) 16.25 TABLE 4
. Composition after 1 impregnation
The extruder used was a Bonnot extruder, operating
between 6 to 8 RPM. The extrudate composition (dry basis) ¢q Composition
is shown in Table 2 below. The initial drying temperature after st
. Y impregnation Wt. %
was 100° C. for about 20 minutes and then increased to 130°
C. with a 90 minute holding time. The calcination took place ALO; 72.31
in two stages, the first to decompose the cobalt nitrate and (S:I(?i) 2421.22
the second at a higher temperature. During the decomposi- 65 AgZO4 0.22

tion of the cobalt nitrate a small air flow was introduced to
the furnace to avoid high concentrations of NOx’s. The
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TABLE 5

20
TABLE 6-continued

Composition after 2 impregnation.

Composition

after 2nd

impregnation Wt.%
AlLO; 63.58
Si0, 2.33
Co30, 33.90
Ag,0 0.19

Ruthenium was added during a third impregnation step.
The impregnation was similar to the cobalt nitrate impreg-
nations although the total amount of liquid used was 105%
of the pore volume. The weight percentage of ruthenium in
the catalyst after the third impregnation was 0.2 wt. %. After
each impregnation described, the material was placed in
ceramic dishes and gently redistributed to minimize the
thickness of the catalyst layer. The initial furnace tempera-
ture was 90° C. for about 15 minutes, and the temperature
was increased to 120° C. for 30 minutes and then to 130° C.
for 45 minutes. The final calcination temperatures were 350°
C. after cobalt impregnation and 300° C. after the Ru
impregnation. Same as for the calcination of the extrudate,
during the decomposition of the cobalt nitrate a small air
flow was introduced to the furnace to avoid high concen-
trations of NOx’s. The temperature program used is shown
in the table 6 below.

TABLE 6

Calcination temperature program.
Calcination after impregnations

10

15

20

25

30

Calcination temperature program.
Calcination after impregnations

Temp, ° C. Hold. time, min
300 30 (%)
350 20 (**)

(*) Final temperature for the Ru impregnation. Remove material from furnace.
(**) Only for first and second Co impregnations.

EXAMPLE 2—Catalyst Comparison

Table 7 shows various catalysts and the corresponding
ingredients used to form the catalysts. As shown, prepared
catalysts may include various ingredients, weight percent-
ages, reduction promoters, structural promoters, pore regu-
lating agents, pore diameters, pore volumes, and MLOI.
Table 7 displays catalysts DE-1 through DE-57. DE-15
included the addition of small particles of cobalt oxide in the
pre-shaped mixture. The average size of the small particles
was about 50 microns. In one example, small micron par-
ticles may suffer from extrusion problems. DE-46 was
prepared using cobalt metal nanoparticles. The equivalent of
25.2 Co wt. % was added before extrusion, along with 100%
Pural 100 and structural promoters and Ag nitrate (Ru may
also be added before extrusion). The water pore volume was
about 0.37 cc/g for both 480 and 680° C. calcinations. BET
(Brunauer-Emmett-Teller) shows 0.39 cc/g at 480° C. and
0.31 cc/g at 680° C. In one example, DE-46 does not need
to be calcined at temperatures above 500° C. Further, the
extrusion was fast, the extruder head cold, and there were no
signs of stickiness. The crushing strength at the low and high
calcination temperatures was very similar at 2.4 kg/mm and
2.49 kg/mm, respectively. Comparison catalysts may be
referred to herein as “CC”, such as CC-1, CC-2, and CC-3.

35
Temp, ° C. Hold. time. min For example, CC-1, CC-2, and CC-3 comparison catalysts
are conventional cobalt catalysts supported on alumina.
130 10 These CC catalysts do not have cobalt added to the com-
gg 58 position prior to shaping like the catalysts of the present
250 20 40 disclosure. MLOI-1 is calculated according to Equation 6,
275 20 and MLOI-2 is calculated in the same manner with the
weight of crystallite water excluded.
TABLE 7
Catalysts Prepared.
Ingredients and results 1 2 3 4 5 6
Pural 100, g
Pural 100, g
TH-100, g 250 250 150 150
TH-200, g
Other material-description Catapal Catapal
Other Calc. Cat. material, g 250 250
Co nitrate solution 15 wt % Co, g 122.8 163.13 122.8 122.8 110 130
Ag nitrate solution 5 wt % Ag, g
Water, g 16 17 16 16 15 15
Nitric acid, g 1 1 1 1 1 0.95
Wax, g
Silicic acid, g
Al nitrate, g 20.66 28.83 20.66 20.66
MLOI-1 39.9 46.9 39.9 39.9 44 44.9
MLOI-2 30.7 37 30.7 30.7 34 33.1
Co metal wt %, Calcined (Calc.) 8.1 10.48 8.2 8.2 11.78 13.63
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. 23.1
Calc. Cat. H20 PV-Cale. 450-480 C., 0.367 0.425
ce/g
Calc. Cat. H20 PV-Cale. 670-680 C., 0.416 0.41 0.46 0.522 0.395 0.432
ce/g
H20 PV Pre-reduction Cat., cc/g 0.25
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TABLE 7-continued

Catalysts Prepared.

Crushing Strength Calc. Cat.-lb/mm 3.84 3.63 3.46
Crushing Strength Pre-reduction 7.5

Cat.-lb/mm

Stickiness low low low low

Extruder head hot hot hot hot warm/hot warm/hot

BET Area Calc. Cat., m2/g

BET Area Pre-reduction Cat., m2/g
BET PV Calc. Cat., cc/g

BET PV Pre-reduction Cat., cc/g
BET Pore Diameter Cale. Cat., nm
BET Pore Diameter Pre-reduction
Cat., nm

Ingredients and results 7 8 9 11 12

Pural 100, g

Pural 100, g 150 150
TH-100, g 150 250 250

TH-200, g

Other material-description

Other Calc. Cat. material, g

Co nitrate solution 15 wt % Co, g 81.4 192 192.00 44.00 62
Ag nitrate solution 5 wt % Ag, g

Water, g 22.5 0 0 50 28.6
Nitric acid, g 0.6 0.6 0.6 0 0.7
Wax, g

Silicic acid, g

Al nitrate, g

MLOI-1 44.7 44.2 44.2 45.6 43.2
MLOI-2 36.1 30.9 30.9 414 36.5
Co metal wt %, Calcined (Calc.) 8.9 12.27 12.27 5.07 7
Catalyst (Cat.)

Co metal wt %, Pre-reduction Cat. 26.78

Calc. Cat. H20 PV-Calc. 450-480 C., 0.412 0.466

ce/g

Calc. Cat. H20 PV-Calc. 670-680 C., 0.439 0.43 0.43 0.502 0.468
ce/g

H20 PV Pre-reduction Cat., cc/g 0.3

Crushing Strength Calc. Cat.-lb/mm 3.47 3.58 (helicoidal

Crushing Strength Pre-reduction 4.53 <1 dye)

Cat.-1b/mm

Stickiness no no

Extruder head warm/hot hot hot

BET Area Calc. Cat., m2/g

BET Area Pre-reduction Cat., m2/g
BET PV Calc. Cat., cc/g

BET PV Pre-reduction Cat., cc/g
BET Pore Diameter Cale. Cat., nm
BET Pore Diameter Pre-reduction

Cat., nm
Ingredients and results 13 14 15 16 17 20
Pural 100, g
Pural 100, g 150 250 75 222.3 160 192.4
TH-100, g
TH-200, g
Other material-description Titania Titania
Other Calc. Cat. material, g 13.73 17.8
Co nitrate solution 15 wt % Co, g 81.5 192.00 112.7 250.2 215
(solid)

Ag nitrate solution 5 wt % Ag, g (of Co oxide)
Water, g 154 0 51 39.12 24.65 0
Nitric acid, g 0.65 0.6 0.4 0.5 0.5 1
Wax, g 5.21
Silicic acid, g
Al nitrate, g (MLOI does

not apply)
MLOI-1 42.9 44.2 27.1 48.13 50.1 48.8
MLOI-2 33.7 30.8 27.1 38.34 26.8 33.34
Co metal wt %, Calcined (Calc.) 9 12.27 30 11 25.87 15.46
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. 24.84 (plus Co for 25.14 (one step (reverse

Co cat prep) mixing)
aluminates)

Cale. Cat. H20 PV-Calc. 450-480 C.,
ce/g
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TABLE 7-continued

Catalysts Prepared.

Calc. Cat. H20 PV-Calc. 670-680 C., 0.45 0.19 0.44 0.344
ce/g
H20 PV Pre-reduction Cat., cc/g (extrud calc 0.3 0.436
4.8 at 1050 oC)
Crushing Strength Calc. Cat.-lb/mm 39
Crushing Strength Pre-reduction 497 5.23 1.2
Cat.-1b/mm
Stickiness no no watery separated sticky separated
Extruder head hot hot cold warm cold warm
BET Area Calc. Cat., m2/g
BET Area Pre-reduction Cat., m2/g 97 68.7
BET PV Calc. Cat., cc/g
BET PV Pre-reduction Cat., cc/g 0.29 0.31
BET Pore Diameter Cale. Cat., nm
BET Pore Diameter Pre-reduction 13 17.7
Cat., nm
Ingredients and results 21 22 23 24 25 26
Pural 100, g
Pural 100, g 145.5 100
TH-100, g
TH-200, g 100 100 3.6 100
Other material-description Titania Co Acetate DE24
paste
Other Calc. Cat. material, g 13.34 128.9 74.5 74.9
Co nitrate solution 15 wt % Co, g 156.3 117.65 100.3
Ag nitrate solution 5 wt % Ag, g
Water, g 0 0 0 0 0 21.3
Nitric acid, g 1 0.5 0.75 1 0 1
Wax, g 3
Silicic acid, g
Al nitrate, g
MLOI-1 48.1 40.2 43.66 50.2 48.5 51.4
MLOI-2 32.92 18.01 28.77 31.54 34.63 41.8
Co metal wt %, Calcined (Calc.) 15 27 17.64 15.44 13.82 12
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. (hybrid (difficult
mixing) drying)
Calc. Cat. H20 PV-Calc. 450-480 C.,
ce/g
Calc. Cat. H20 PV-Calc. 670-680 C., 0.289 (Fluffy 0.513 0.51 0.473 0.485
ce/g material)
H20 PV Pre-reduction Cat., cc/g
Crushing Strength Calc. Cat.-lb/mm 3.83 33 32 2.37 245
Crushing Strength Pre-reduction
Cat.-1b/mm
Stickiness yes yes yes yes
Extruder head cold cold cold cold
extrudates extrudates extrudates extrudates
BET Area Calc. Cat., m2/g separated separated separated separated
BET Area Pre-reduction Cat., m2/g
BET PV Calc. Cat., cc/g
BET PV Pre-reduction Cat., cc/g
BET Pore Diameter Cale. Cat., nm
BET Pore Diameter Pre-reduction
Cat., nm
Ingredients and results 27 28 29 31 32 33
Pural 100, g
Pural 100, g
TH-100, g
TH-200, g 100 100 100 100 100 100
Other material-description
Other Calc. Cat. material, g solid
CoN
Co nitrate solution 15 wt % Co, g 74.9 61 61 67.8 54.1 72.7
Ag nitrate solution 5 wt % Ag, g
Water, g 0 28.5 10 0 10
Nitric acid, g 1 1.35 1 0.2 0.2
Wax, g
Silicic acid, g 6 6 6 6
Al nitrate, g
MLOI-1 44.36 51.08 44.88 42.32 42.92 43.45
MLOI-2 314 43.44 35 29.92 33.66 35.42
Co metal wt %, Calcined (Calc.) 12 10 10 11 9 15.23

Catalyst (Cat.)
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TABLE 7-continued
Catalysts Prepared.
Co metal wt %, Pre-reduction Cat. 255
Cale. Cat. H20 PV-Calc. 450-480 C., 0.447 0.575 0.367
ce/g
Cale. Cat. H20 PV-Calc. 670-680 C., 0.624 0.512 0.434 0.508
ce/g
H20 PV Pre-reduction Cat., cc/g 0.328
Crushing Strength Cale. Cat.-lb/mm 3.08 2.45 & 3.27 3.63 S480 =4.25  S680 =4.88
Crushing Strength Pre-reduction S680 => 4.5 5.15
Cat.-1b/mm
Stickiness low low no low low sticky
Extruder head warm cold warm warm warm hot
stop
extr.
BET Area Calc. Cat., m2/g S450 = 113 S670 = 84 87
BET Area Pre-reduction Cat., m2/g S670 = 83 60
BET PV Cale. Cat., co/g S450 = 0.60 S670 = 0.51 0.539
BET PV Pre-reduction Cat., cc/g S670 = 0.624 0.354
BET Pore Diameter Cale. Cat., nm S450 = 24.8 S670 = 23 23
BET Pore Diameter Pre-reduction S670 = 28.6 23.1
Cat., nm
Ingredients and results 35 36 37 38 39 40
Pural 100, g 23.7
Pural 100, g
TH-100, g V250
TH-200, g 67.5 100 73.2 39.02
Other material-description V-250 V-250 TiO2 V-250 V-250 V-250
Other Calc. Cat. material, g 100 100 75 10.81 20 17.27
Co nitrate solution 15 wt % Co, g 88.3 88.30 59.41 61.5 53.67
Ag nitrate solution 5 wt % Ag, g
Water, g 36.13 40 42.5 18 233
Nitric acid, g 0.2 0.2 0.2 0.2 0.2
Wax, g
Silicic acid, g
Al nitrate, g
MLOI-1 60.73 61.51 66.28 46.52 49.52 51.1
MLOI-2 52.6 53.73 58.36 38.47 40.47 42.45
Co metal wt %, Calcined (Calc.) 15 15 19.06 9 10.86 11.05
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. 30.68
Cale. Cat. H20 PV-Calc. 450-480 C., 0.452 0.457 0.452 0.457 0.53 0.545
ce/g
Cale. Cat. H20 PV-Calc. 670-680 C., 0.463 0.507 0.463
ce/g
H20 PV Pre-reduction Cat., cc/g 0.335
Crushing Strength Calc. Cat.-lb/mm S480 =12.4 >10 >10 5.08 5.18 4.51
Crushing Strength Pre-reduction S680 =17 >10 >10
Cat.-1b/mm
Stickiness no no no no low wet/low st
Extruder head warm lukewarm lukewarm warm cold cold
BET Area Calc. Cat., m2/g Calc 680 C. 128 135 143
BET Area Pre-reduction Cat., m2/g 133 119
BET PV Cale. Cat., co/g 0.47 0.535 0.527
BET PV Pre-reduction Cat., cc/g 0.354 0.289
BET Pore Diameter Cale. Cat., nm 154 15.5 14.5
BET Pore Diameter Pre-reduction Cat., 8.9 8.2
nm
Ingredients and results 41 42 43 44 45 46
Pural 100, g
Pural 100, g 85.4 48.8 100 50 100.5
TH-100, g hybrid mix
TH-200, g 18.1 48.8 50 48.2
Other material-description V250 p100-
1075° C.
Other Calc. Cat. material, g 20 40 nano Co
Co nitrate solution 15 wt % Co, g 824 59.26 73.33 74.3 59.3 37.7
Ag nitrate solution 5 wt % Ag, g 4.27 3.68 4.6 4.27 4.4
Water, g 23 15.23 13.43 18 20 57
Nitric acid, g 0.2 0.2 0.37 0.4 0.2 2.4
Wax, g acA + nitric
Ac
Silicic acid, g 6 6 4.8 6
Al nitrate, g 12.36
MLOI-1 45.13 47.87 49.29 49.3 57.07 49.34
MLOI-2 34.07 39.18 42 41.78 51.33 49.34
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TABLE 7-continued
Catalysts Prepared.
Co metal wt %, Calcined (Calc.) 11 11.08 11.06 11.89 10 30
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. 27.33
cale 600° C.
Calc. Cat. H20 PV-Calc. 450-480 C., 0.431 0.434 0.506 0.368
ce/g
Calc. Cat. H20 PV-Calc. 670-680 C., 0.459 0.48 0.417 0.456 0.37
ce/g
H20 PV Pre-reduction Cat., cc/g 0.321
Crushing Strength Calc. Cat.-lb/mm 10.34 5480 = 5.88 S680 = 4.39 <1.5 480 C. =5.33
Crushing Strength Pre-reduction S680 = 4.71 5.75 5.94 680 C. = 5.53
Cat.-1b/mm
Stickiness low no no low wet/low low
Extruder head cold warm lukewarm cold cold cold
BET Area Calc. Cat., m2/g 146 S680 = 80 91.6 85 66.7 480 C. =99
BET Area Pre-reduction Cat., m2/g 63 680 C.=178
BET PV Calc. Cat., cc/g 0.464 S680 = 0.509 0.471 0.535 0.556 480 C. = 0.388
BET PV Pre-reduction Cat., cc/g 0.352 680 C. = 0.305
BET Pore Diameter Cale. Cat., nm 12.1 S680 = 23 18 23 30.5 480 C. = 16.7
BET Pore Diameter Pre-reduction 23.3 680 C. = 19.2
Cat., nm
Ingredients and results 47 48 49 50 51 52
Pural 100, g
Pural 100, g 48.8 100
TH-100, g
TH-200, g 48.2 48.8 75 100 100
Other material-description PEG TH200- TH200- TH200- TH200-
950 C. 950 C. 700 C. 750 C.
Other Calc. Cat. material, g 5 50 40 61.5 20
Co nitrate solution 15 wt % Co, g 59.3 92.96 66 81.1 67.3 61
Ag nitrate solution 5 wt % Ag, g 4.27 5.75 4.27 6.55 544 4.37
Water, g 20 2.6 7.71 3.4 14.6 14.6
Nitric acid, g 0.2 0.5 0.6 1 0.75 0.5
Wax, g 5
Silicic acid, g
Al nitrate, g did not 18.8 15.6 15.68
extruded
MLOI-1 47.87 40.63 41.35 35.6 44.15 47.9
MLOI-2 39.18 28.72 32.5 27.04 35.31 39.1
Co metal wt %, Calcined (Calc.) 10 10.2 11 9 9 10
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat.
Calc. Cat. H20 PV-Calc. 450-480 C., 0.48 0.36
ce/g
Calc. Cat. H20 PV-Calc. 670-680 C., 0.39 0.418 0.437 0.52
ce/g
H20 PV Pre-reduction Cat., cc/g
Crushing Strength Calc. Cat.-lb/mm S480 = 4.32 S680 = 4.92 5.52 4.94 32
Crushing Strength Pre-reduction
Cat.-1b/mm
Stickiness low low sticky sticky low wet/low
Extruder head lukewarm warm cold very lukewarm cold
warm

BET Area Calc. Cat., m2/g S480 = 123 S480 = 123 63.1 79.5 74
BET Area Pre-reduction Cat., m2/g S680 = 88 S680 = 88
BET PV Calc. Cat., cc/g S480 = 0.522 S480 = 0.522 0.515 0.49 0.573
BET PV Pre-reduction Cat., cc/g S680 = 0.539 S680 = 0.539
BET Pore Diameter Cale. Cat., nm S480 = 18.7 S480 = 18.7 29.3 21.2 273
BET Pore Diameter Pre-reduction S680 = 22.8 S680 = 22.8
Cat., nm
Ingredients and results 53 54 54-2-A 54-2-B 54-2-C
Pural 100, g 40 40 60 2 Impreg. 3 impreg.
Pural 100, g Used 54- Used 54-

2-A 2-A
TH-100, g extrudate extrudate
TH-200, g 60 60 90 But Ag But Ag
Other material-description also also

added added
Other Calc. Cat. material, g on 2nd Co on 2nd

and

Co nitrate solution 15 wt % Co, g 61 61 91.5 impreg. 3rd Co
Ag nitrate solution 5 wt % Ag, g 4.37 4.37 7.2 tot Ag = 0.5 impreg.
Water, g 14.6 14.6 21.54 instead of tot Ag = 0.5
Nitric acid, g 0.5 0.5 0.8 0.2 wt % instead of
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TABLE 7-continued
Catalysts Prepared.

Wax, g 3 (as all 0.2 wt %

other
Silicic acid, g 4.8 4.8 7.2 cats with (as all other
Al nitrate, g Ag) cats with

No Ru Ag)
MLOI-1 47.9 47.9 47.44 No 3rd No Ru
MLOI-2 39.1 39.1 38.62 impreg.
Co metal wt %, Calcined (Calc.) 10 10 10 10 10
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. 254 26.3 25.71 31.1
Cale. Cat. H20 PV-Calc. 450-480 C.,
ce/g
Cale. Cat. H20 PV-Calc. 670-680 C., 0.490 0.487 0.488
ce/g
H20 PV Pre-reduction Cat., cc/g 0.337 0.340
Crushing Strength Calc. Cat.-lb/mm 4.24 4
Crushing Strength Pre-reduction 5.54
Cat.-1b/mm
Stickiness no no no
Extruder head lukewarm lukewarm lukewarm
BET Area Calc. Cat., m2/g 83.9 85.2 84.2
BET Area Pre-reduction Cat., m2/g 63.3 67 60
BET PV Cale. Cat., co/g 0.521 0.51 0.51
BET PV Pre-reduction Cat., cc/g 0.344 0.358 0.302
BET Pore Diameter Cale. Cat., nm 23.1 22.1 21.8
BET Pore Diameter Pre-reduction 21.4 21.5 204
Cat., nm
Ingredients and results 55-C 56-A 57
Pural 100, g (MLOI of 60
Pural 100, g 55A & 55B (“A” dye)
TH-100, g too low)
TH-200, g 90
Other material-description PB-01 Al

Oxide = 90

Other Calc. Cat. material, g 100 PB-1 =135
Co nitrate solution 15 wt % Co, g 61 91.5 67
Ag nitrate solution 5 wt % Ag, g 4.37 7.24
Water, g equiv 24.3 243 95
Nitric acid, g 0.5 0.85 4
Wax, g (2 Ac + 2 Citr)
Silicic acid, g 4.8 7.2 5
Al nitrate, g
MLOI-1 55.7 48.52
MLOI-2 48.7 40
Co metal wt %, Calcined (Calc.) 10.6 10
Catalyst (Cat.)
Co metal wt %, Pre-reduction Cat. 28.2
Cale. Cat. H20 PV-Calc. 450-480 C.,
ce/g
Cale. Cat. H20 PV-Calc. 670-680 C., 0.500
ce/g
H20 PV Pre-reduction Cat., cc/g 0.341
Crushing Strength Calc. Cat.-lb/mm 6.79
Crushing Strength Pre-reduction 8.04
Cat.-1b/mm
Stickiness no
Extruder head lukewarm
BET Area Calc. Cat., m2/g 170
BET Area Pre-reduction Cat., m2/g 65
BET PV Calc. Cat., cc/g 0.494
BET PV Pre-reduction Cat., cc/g 0.341
BET Pore Diameter Cale. Cat., nm
BET Pore Diameter Pre-reduction 9 20.4

Cat., nm

60 volume also increases. The MLOI’s for the data shown in
FIG. 5 varied between 41.1 to 43. An empirical predictive
equation was developed for the data above, which applies

FIG. 5A illustrates the catalyst pore volume with various for extrl.ldgtes containing 100% Pural 100 boehm.ite and a
cobalt weight percentages, according to some embodiments. MLOI similar to the range used for these preparations. The

FIG. 5A illustrates the changes in pore volume based on the 65 empirical equation used for the prediction of the PV was:
calcination temperature (at 450° C., 550° C., and 670° C.). PV=0.638 X Co wt %{0009% X 70349 yhere T=temperature

Generally, as the calcination temperature increases, the pore (K). A parity plot for the predicted and experimental PV is

EXAMPLE 3—Pore Volume, Pore Diameter, and
MLOI



US 12,042,785 Bl

31
shown in FIG. 5B. The fitting confirms the shape of the
equation. This equation as well as FIG. 5A show that the Co
wt. % in the extrudate has a negative exponential effect on
PV while the temperature has a negative effect. FIG. 5A
shows that the wt. % of Co has a higher affect than the
practical range of calcination temperature of the extrudate.

In one example, the calcination temperature of the extru-
date at the lower end is limited by the lower practical
temperature of between about 450 to 500° C. This tempera-
ture covers the onset of the formation of the gamma alumina.
This alumina phase is preferred over the unstable boehmite
phase for the Fischer-Tropsch application. In another
example, the calcination temperature of the extrudate at the
upper end is limited by the practical upper end of the
calcination of between 665 to 725° C. The reason for this
upper end is the formation of cobalt aluminates at higher
temperatures. The aluminates begin reduction at tempera-
tures higher than about 650° C. Therefore, at all calcination
temperatures higher than the upper limit, the cobalt in the
extrudate is lost for catalytic purposes.

FIG. 6A illustrates the effect of cobalt addition prior to
shaping on the final catalyst pore volume, according to some
embodiments. The physical properties of 5 wt. % cobalt
metal (dry basis) (about 25% of the final catalyst cobalt
loading) prior to shaping are illustrated in FIG. 6A. FIG. 6B
illustrates the effect of cobalt addition prior to shaping on the
final catalyst pore volume, according to some embodiments.
The physical properties of 12 wt. % cobalt metal (dry basis)
(about 60% of the final catalyst cobalt loading) prior to
shaping are illustrated in FIG. 6B. Both preparations were
suitable for extrusion at the commercial scale (such as
suitable paste properties, extrudates degree of stickiness,
extrudates separation after drying/calcining, and extruder
temperature). In one example, below about 5 wt. % cobalt
metal (dry basis) prior to shaping, the preparation cost of the
catalyst would increase due to the increase in preparation
and impregnation steps. In some cases, a lower catalyst
activity is preferred (such as for the top of the reactor or to
optimize a multi-reactor stages plant), in which case less
than 5 wt. % cobalt metal (dry basis) prior to shaping may
be acceptable.

In one example, FIG. 6B illustrates that the final catalyst
may include up to about 75 wt. % to 85 wt. % cobalt from
the pre-shaped cobalt addition. In other embodiments, the
final catalyst may include 100 wt. % cobalt from the
pre-shaped cobalt addition. Here, by choosing the highest
calcination temperature before the formation of cobalt alu-
minates, will make it possible to reach almost 35% of Co
metal in the final catalyst. In one example, adding above 75
wt. % to 85 wt. % cobalt from the pre-shaped cobalt addition
in the final catalyst may result in stickiness of the extrudates.

FIG. 7 illustrates the pore size distribution of a Fischer-
Tropsch catalyst, according to some embodiments. As
shown in FIG. 7, the pore diameter of the DE-54 catalyst
may range from about 5 nm to about 50 nm. In one example,
the average pore diameter ranges from about 10 nm to about
40 nm. In another example, the average pore diameter
ranges from about 15 nm to about 30 nm.

FIG. 8 illustrates the pore regulating agent (PRA) effect
on pore size distribution, according to some embodiments.
Catalyst DE-47 is similar to DE-42, except for using poly-
ethylene glycol (PEG) as a pore regulating agent (PRA). The
PEG grade used is a low molecular weight (MW=3000). In
some cases, higher molecular weight PEG may be utilized.
PEG is a polymer that is very soluble in water at room
temperature. The PRA effect on pore size distribution is
shown for DE-42 and DE-47 at two different calcination
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temperatures (480° C. and 680° C.). By comparing the pore
size distribution of materials calcined at the same tempera-
ture, it is clear that the PRA has an effect on the catalyst
structure. BET data in Table 7 shows an increase for the PV,
although there is also an increase on the surface area, and
therefore the average pore diameter may remain unchanged.

FIG. 9A illustrates the modified loss on ignition (MLOI)
vs. pore volume, according to some embodiments. FIG. 9A
shows the correlations between the pore volume and the
MLOI (DE-28, DE-29, DE-31, and DE-32) for a set of
recipes with the same alumina (TH-200) and similar Co wt.
% (9 to 11 wt. %) and calcination temperature (680° C.).
FIG. 9B illustrates the pore volume vs pore diameter,
according to some embodiments. This, along with FIG. 9A,
illustrates that there is a linear relationship between MLOI
and pore diameter. Accordingly, as the MLOI increases, the
pore diameter also increases.

EXAMPLE 4—Crushing Strength

FIG. 10 illustrates an apparatus for testing crushing
strength, according to some embodiments. An easier and
more accurate test to measure the intrinsic cohesion or
mechanical strength of a particle is its resistance to crushing
or crushing strength. The pressure drop in the reactor
increases as the average particle size gets smaller. Therefore,
it is preferable that the catalyst particles have a high
mechanical strength to avoid breakage during the different
stages of the catalyst preparation, transport, and loading in
reactor. The measurement of the bulk mechanical strength of
particles is difficult if the test measures the breakage into
smaller sizes. This is because of the inverse relationship
between breakage and particle size. Accordingly, a tech-
nique was developed to test the crushing strength.

Water is gradually added by the stabilizers end of a
stainless steel container until the catalyst particle breaks.
Some rules of the test are as follows: (1) preferred size is
between 1.3 to 1.8 mm. In practice, the typical range may be
from 1 to 2.5 mm. This range is to minimize the curvature
of'the particle. (2) If there is a “click” sound at the beginning
of the test the test is discarded. The sound means that the
particle broke in two pieces due to its curvature. (3) If there
is a fine separating fast from the particle (usually is visible
and separate at high linear velocity) at the beginning of the
test, the test is discarded. This means that the tri-lobed
particle was in a non-stable position with respect to the ruler.
(4) It is preferable to select particles that do not need further
breaking. If a relatively large amount of particles higher than
2.2 mm are present, select some of the larger particles and
break to desired size. While the stainless steel vessel could
have any practical diameter, the same vessel diameter must
be used for all tests to standardize the technique.

FIG. 11 illustrates the pore diameter vs. crushing strength,
according to some embodiments. As expected, the crushing
strength (CS) decreases with the average pore diameter. The
data shows the unpromoted crushing strength and the Al or
Si promoted crushing strength. It is clear that in order to
obtain a good crushing strength (i.e. higher than 5 kg/cm)
and while still having a PD equal to or larger than 20 nm, it
may be necessary to use an additional structural promoter
such as Si or Al. Table 7 also shows that preparations
reached that objective. DE-44 has a CS of 5.94 and DE-54
(60% TH-200 instead of 50% for DE-44) has a CS of 5.54.
Further, since the crushing strength is negatively affected by
the pore volume or pore diameter, it follows that the MLOI
should not be too high to cause the catalyst particle to be



US 12,042,785 Bl

33

weaker than a predetermined CS value, such as about 1.5
kg/mm, such as about 1.8 kg/mm, or such than 2.0 kg/mm

EXAMPLE 5—Reducibility

FIG. 12 illustrates temperature programmed reduction
(TPR) of various catalysts, according to some embodiments.
According to FIG. 12, although the first reduction phase
transition for DE-46 takes place at a higher temperature, the
more important second phase transition (CoO to Co),
although it begins at a temperature similar to DE-44, it is
completed much sooner. This faster rate of reduction is an
indication of no small Co crystallites or a much lower
fraction of them as compared to conventional/comparison
catalysts.

FIG. 13 illustrates the TPR of various catalysts, according
to some embodiments. FIG. 13 shows the TPR’s of 2 more
catalysts: DE-32 and DE-44. The first one, DE-32, has been
prepared with the cobalt nitrate mixed with the alumina
powder before extrusion, and calcined at 680° C. after
extrusion, a following additional Co impregnation and 0.2
wt. % Ru added in an impregnation by itself. The DE-44
catalyst was prepared in a similar manner to DE-32, but, in
addition, 0.2 wt. % of Ag was added together with the cobalt
nitrate to the alumina powder before extrusion. FIG. 13
shows catalysts prepared with 0.2 wt. % of Ru have a better
reducibility than those prepared with 0.1 wt. % Ru in the
catalyst. Also, by adding Ag before the extrusion or shaping
step the reducibility is further improved. FIG. 13 further
shows that the reducibility of DE-32 and DE-44 is equal or
better than that of the CC catalysts, in particular the second
Co transformation phase or CoO to Co.

In FIG. 13, there seems to be full reduction of the cobalt
oxide. This means that there were no cobalt aluminates
formed during the calcination of the extrudate. This dem-
onstrates that 680° C. is a safe temperature for the calcina-
tion of the extrudate. One difference between DE-32/44 and
the CC catalysts may be the onset of the second reduction
peak. For DE-32 and DE-44, the signal for the first peak
does not reach zero before the second peak begins, as is the
case for CC. Accordingly, the catalysts of the present dis-
closure are prepared without any negative effects on reduc-
ibility.

Further, the onset of the first peak is now equal to or even
lower than that for CC and DE-32. It is clear that the signal
for the first reduction peak does not reach zero before the
second and more important reduction peak begins. The fact
that the beginning of the second Co phase transformation
begins sooner than that for the CC’s shows the target
temperature of 246° C. (as shown in FIG. 13 by the dotted
red line) occurs at a height of about 15% of the maximum
height (for the TPR equipment specific operating conditions
used). It is then possible to reduce the catalyst at a tempera-
ture reachable using boiling water to heat the reactor tubes
during the reduction step instead of using a more expensive
hot oil system, without detriment to catalytic performance.

EXAMPLE 6—Catalyst Performance

The catalyst activity was measured using Equation 3. This
equation was developed based on kinetic data from a fixed
bed demonstration reactor with nine 20' by 0.875" ID reactor
tubes. This equation was used to analyze data from a fixed
bed reactor run that lasted 100 days. The alpha value is
sensitive to the operating conditions of the reactor. It also
tends to show an increase with time until it reaches its
maximum value between 2 to 4 weeks into the run, depend-
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ing upon the reactor used and the operating conditions. In
order to have an unbiased comparison, the alpha values from
the different catalysts were compared with the predicted
alpha values as a function of the operating conditions and
time on line. The data used for the development of the
equation was obtained from a fixed bed demonstration
reactor running with a CC catalyst. This equation predicts an
alpha factor and then uses it to convert it to the alpha value,
according to the Equations 7 and 8:

O eray=0.0005 (S4000RDp, 03 p 049 p 018
(14P £ 0p)0012 102

M
@=0.000016 Oy, +0.8714 (8)
where R=universal gas constant, T=temperature (K),
P=partial pressure, and t=time in hours.

Table 8 lists the pore volume, pore diameter, and experi-
mental activity of various catalysts tested in laboratory
micro reactors. As shown, the pore volume and the pore
diameter have a direct affect on the activity of the catalyst.

TABLE 8

Catalyst pore volume, pore diameter, and activity.

PV PD PV O3 X Experimental

Catalyst ce/g nm PD 063 Kt/1E14
cc-2 0.30 26.0 455 115
ce-1 0.269 25.8 429 1.2
DE-13 0.29 13.0 2.85 0.75
DE-16 0.31 17.7 3.60 1
DE-32 0.354 23.1 4.58 1.25
DE-44 0.352 23.3 4.59 1.24

After an optimization for the interaction between the PV
and the PD, it was found that the catalyst activity has a very

good correlation with: K, ~function (PV°°xPD%%). FIG. 14
illustrates a predictive plot including the equation factor for
activity, according to some embodiments. The experimental
activity correlates with the PV and PD according to the
equation: K=2.692 X 10'* X PV°® X PD®% where PV is
expressed in cc/g and PD in nm. In one example, a K, of
1.2E13 means that: PV°-* X PD®%°=4.2, Table 9 displays the
experimental vs. predicted K, values for various catalysts.

TABLE 9

Experimental vs. predicted Kt.

Experimental Predicted
Catalyst Kt/1E14 Kt/1E14
CC-2 1.15 1.23
CC-1 1.2 1.15
DE-13 0.75 0.77
DE-16 1 0.97
DE-32 1.25 1.23
DE-44 1.24 1.24

The Fischer-Tropsch reaction is characterized for produc-
ing a small amount of very large HC molecules. With time,
these large molecules may accumulate and block the pores.
The presence of this mechanism is a function of not only the
rate of reaction and the alpha value, but also of the pore
diameter distribution. The higher observed FT rate is related
to the average pore diameter or even with the presence or
ratio of macro/meso pores. The pore diameter not only has
an influence on the diffusion but also on the cobalt crystallite
size distribution, which follows the pore size distribution.
The present correlation, however, also shows the importance
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of the pore volume. An explanation may be that a higher
pore volume—for any specific set of conditions-has a larger
amount of CO and H2 dissolved in the liquid wax inside the
catalyst particle. This, combined with a better diffusion due
to a larger pore, results in a higher Fischer-Tropsch rate of
production. The results obtained justify this approach of
developing catalysts with a PD and PV as large as possible,
within the limitations of available raw materials (alumina,
its combinations or other metal oxides) and the negative
effect on the mechanical strength. These results also justify
the use of MLOI’s as high as the mechanical strength and
onset of sticky extrudate allows as well as additional struc-
tural promoters.

Discussion of Possible Embodiments

According to one aspect, a method of preparing a Fischer-
Tropsch catalyst includes mixing a first precursor and a
second precursor sufficient to form a mixture, wherein the
first precursor includes cobalt and the second precursor
includes one or more aluminum-containing compounds;
shaping the mixture subsequent to mixing the first precursor
and the second precursor sufficient to form a structure;
drying the structure; calcining the structure sufficient to form
the catalyst; and optionally adding one or more metals to the
catalyst, wherein the catalyst includes a pore volume (PV)
and an average pore diameter (PD) and the catalyst in the
oxide form follows the formula: PV°-*xPD%%*>2, wherein
PV is measured in cc/g and PD is measured in nm.

The method of the preceding paragraph can optionally
include, additionally and/or alternatively any one or more of
the following features, configurations and/or additional
components.

Drying the structure may include heating at a temperature
between 70° C. and 180° C.

Calcining the structure may include heating at a tempera-
ture below 500° C.

Calcining the structure may include heating at a tempera-
ture between 500° C. and 725° C.

The mixture may include a modified loss on ignition
(MLOI) value between 30 and 60.

The first precursor may further include metal salt and
wherein the catalyst includes metal oxide(s) and between 25
wt. % to 75 wt. % of the metal oxide(s) in the catalyst before
reduction is present from the first precursor.

The metal salt may include one or more of iron and
ruthenium.

The ruthenium may be added by an impregnation step
without other metals.

The first precursor may include cobalt nitrate and wherein
the catalyst includes cobalt oxide and between 25 wt. % to
75 wt. % of the cobalt oxide in the catalyst before reduction
is present from the first precursor.

The first precursor may include cobalt nitrate and silver
nitrate.

The aluminum-containing compound may include one or
more of boehmite and alumina.

The second precursor may further include one or more of
aluminum, silica, silicon, titania, titanium, zirconia, and
Zirconium.

The method may further include adding ruthenium sub-
sequent to shaping the mixture.

The crushing strength (CS) of the catalyst may be greater
than or equal to 1.8 kg/mm.

The one or more metals may be selected from cobalt,
ruthenium, and iron.

The catalyst may include a blend of cobalt and alumina,
wherein the catalyst includes a pore volume (PV) ranging
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from 0.3 cc/g to 0.5 cc/g and an average pore diameter (PD)
ranging from 18 nm to 30 nm.

The catalyst may be unsupported.

The catalyst may be used in a fixed bed, slurry, ebullient
bed, or fluidized bed Fischer-Tropsch reactor, and wherein
the catalyst is used to produce directly or from further
treatment of the Fischer-Tropsch primary products, light
olefins, gasoline, diesel, paraffins, jet fuel, wax, lubes,
drilling fluids, primary olefins and hydrocarbon based
chemicals.

According to another aspect, a Fischer-Tropsch catalyst
includes a substantially homogeneous blend of cobalt and
alumina, wherein the catalyst includes a pore volume (PV)
ranging from 0.3 cc/g to 0.5 cc/g and an average pore
diameter (PD) ranging from 18 nm to 30 nm.

The catalyst of the preceding paragraph can optionally
include, additionally and/or alternatively any one or more of
the following features, configurations and/or additional
components.

The pore volume and the average pore diameter may
follow the formula: PV°>xPD%%%>2 wherein PV is mea-
sured in cc/g and PD is measured in nm.

The weight percentage of cobalt in the catalyst may range
from about 20 wt. % to about 40 wt. %.

The catalyst may be unsupported.

The catalyst may further include cobalt in contact with
pore walls of the alumina.

The catalyst may further include one or more of silica,
silicon, titania, titanium, zirconia, and zirconium.

The catalyst may further include one or more of platinum,
palladium, ruthenium, and silver.

The catalyst may include the product of mixing cobalt
nitrate and silver nitrate with alumina prior to extrusion and
calcination.

25 wt. % to 75 wt. % of the cobalt in the catalyst after
calcination and prior to reduction may be present from the
mixing of cobalt nitrate and silver nitrate with alumina.

The cobalt nitrate solution may include about 10 wt. %
cobalt to about 20 wt. % cobalt and the catalyst is reduced
at a temperature below 500° C.

The catalyst may be reduced at a temperature of 260° C.
or less.

According to another aspect, a method of preparing a
Fischer-Tropsch catalyst includes mixing a first precursor
and a second precursor sufficient to form a mixture, wherein
the first precursor includes cobalt and the second precursor
includes one or more aluminum-containing compounds;
shaping the mixture sufficient to form a structure; drying the
structure at a temperature between about 70° C. and about
180° C.; calcining the structure at a temperature between
about 450° C. and about 750° C. sufficient to form the
catalyst; and optionally adding one or more metals to the
catalyst, wherein the catalyst includes cobalt oxide, and
wherein at least 25 wt. % of the cobalt oxide in the catalyst
before reduction is provided by the first precursor.

The method of the preceding paragraph can optionally
include, additionally and/or alternatively any one or more of
the following features, configurations and/or additional
components.

The catalyst may include a pore volume (PV) and an
average pore diameter (PD) following the formula: PV®°x
PD%%>2, wherein PV is measured in cc/g and PD is
measured in nm.

The first precursor may further include a reduction pro-
motor selected from one or more of platinum, palladium,
ruthenium, and silver.
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The first precursor may further include one or more of
nano cobalt metal particles, nano ruthenium metal particles,
and nano silver metal particles.

The reduction promotor may be added to the mixture
before shaping the mixture.

The aluminum-containing compound may include one or
more of boehmite and alumina.

The second precursor may further include one or more of
aluminum, silica, silicon, titania, titanium, zirconia, and
Zirconium.

The mixture may include a modified loss on ignition
(MLOI) value between 30 and 60.

Shaping the mixture may include extruding the mixture.

Shaping the mixture may include spray drying the mix-
ture.

The method may further include the addition of a pore
regulating agent, wherein the pore regulating agent includes
a polymer including two or more of elements C, H, O, and
N.

The method may further include adding a reduction
promoter subsequent to shaping the mixture, wherein the
reduction promotor includes one or more of ruthenium and
iron.

The cobalt in the first precursor may be in the form of a
cobalt nitrate solution, and wherein the cobalt nitrate solu-
tion has a cobalt concentration between 10 wt. % to 20 wt.
%.

The one or more metals may be selected from cobalt,
ruthenium, and iron.

The method may further include adding cobalt nitrate
and/or acetate subsequent to shaping the mixture.

The catalyst may include a blend of cobalt and alumina,
wherein the catalyst includes a pore volume (PV) ranging
from 0.3 cc/g to 0.5 cc/g and an average pore diameter (PD)
ranging from 18 nm to 30 nm.

Between 25 wt. % to 75 wt. % of the cobalt oxide in the
catalyst before reduction may be present from the first
precursor.

100% of the cobalt oxide in the catalyst before reduction
may be present from the first precursor.

The method may further include hydrogen treatment of
the catalyst sufficient to reduce the cobalt oxide.

While the disclosure has been described with reference to
an exemplary embodiment(s), it will be understood by those
skilled in the art that various changes may be made, and
equivalents may be substituted for elements thereof without
departing from the scope of the embodiment(s). In addition,
many modifications may be made to adapt a particular
situation or material to the teachings of the embodiment(s)
without departing from the essential scope thereof. There-
fore, it is intended that the disclosure is not limited to the
disclosed embodiment(s), but that the disclosure will include
all embodiments falling within the scope of the appended
claims. Various examples have been described. These and
other examples are within the scope of the following claims.

What is claimed is:
1. A method of preparing a Fischer-Tropsch catalyst, the
method comprising:

mixing a first precursor and a second precursor sufficient
to form a mixture, wherein the first precursor includes
a cobalt-containing liquid and the second precursor
includes one or more aluminum-containing com-
pounds;

shaping the mixture subsequent to mixing the first pre-
cursor and the second precursor sufficient to form a
structure;
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drying the structure;

calcining the structure sufficient to form a catalyst;

optionally adding one or more metals to the catalyst by

impregnation, wherein the one or more metals include
cobalt; and
optionally reducing the catalyst,
wherein the catalyst includes a pore volume (PV) and an
average pore diameter (PD) and the catalyst in the
oxide form follows the formula: PV9>xPD%%>2,
wherein PV is measured in cc/g and PD is measured in
nm.
2. The method of claim 1, wherein drying the structure
includes heating at a temperature between 70° C. and 180°
C., and wherein calcining the structure includes heating at a
temperature between 450° C. and 750° C.
3. The method of claim 1, wherein the mixture is a paste
having a modified loss on ignition (MLOI) value between 30
and 60.
4. The method of claim 1, wherein the first precursor
includes cobalt nitrate and wherein the catalyst includes
cobalt oxide and between 25 wt. % to 75 wt. % of the cobalt
oxide in the catalyst before reduction is present from the first
precursor.
5. The method of claim 1, wherein the aluminum-con-
taining compound includes of boehmite.
6. The method of claim 1, wherein the crushing strength
(CS) of the catalyst is greater than or equal to 1.8 kg/mm.
7. The method of claim 1, wherein shaping the mixture
includes extruding the mixture, and wherein the one or more
metals are selected from ruthenium and iron.
8. A method of preparing a Fischer-Tropsch catalyst, the
method comprising:
mixing a first precursor and a second precursor sufficient
to form a mixture, wherein the first precursor includes
a cobalt-containing liquid and the second precursor
includes one or more aluminum-containing com-
pounds;
shaping the mixture sufficient to form a structure;
drying the structure at a temperature between about 70° C.
and about 180° C.;

calcining the structure at a temperature between about
450° C. and about 750° C. sufficient to form a catalyst;
and

optionally adding one or more metals to the catalyst by

impregnation, wherein the one or more metals include
cobalt; and

reducing the catalyst,

wherein the catalyst includes cobalt oxide, and wherein at

least 25 wt. % of the cobalt oxide in the catalyst before
reduction is provided by the first precursor, wherein the
catalyst includes a pore volume (PV) and an average
pore diameter (PD) following the formula: PV°°x
PD?%>2, wherein PV is measured in cc/g and PD is
measured in nm.

9. The method of claim 8, wherein the aluminum-con-
taining compound includes one or more of boehmite and
alumina.

10. The method of claim 8, wherein the first precursor
further includes a reduction promotor selected from one or
more of platinum, palladium, ruthenium, and silver, and
wherein the second precursor further includes one or more
of aluminum, silica, silicon, titania, titanium, zirconia, and
zZirconium.

11. The method of claim 8 further including the addition
of a pore regulating agent, wherein the pore regulating agent
includes a polymer including two or more of elements C, H,
O, and N.
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12. The method of claim 8, wherein the one or more
metals are selected from ruthenium and iron.
13. The method of claim 8, wherein the catalyst includes
a blend of cobalt and alumina, wherein the catalyst includes
a pore volume (PV) ranging from 0.3 cc/gto 0.5 cc/gand an 5
average pore diameter (PD) ranging from 18 nm to 30 nm.
14. The method of claim 8, wherein between 25 wt. % to
75 wt. % of the cobalt oxide in the catalyst before reduction
is present from the first precursor.
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