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(57) Abstract: A method for reducing catalyst attrition losses in hydrocarbon synthesis processes conducted in high agitation reac-
tion systems; a method of producing an attrition-resistant catalyst; a catalyst produced by such method; a method of producing an
attrition-resistant catalyst support; and a catalyst support produced by such method. The inventive methods and catalysts have several
aspects. In one aspect, the catalyst preferably comprises a y-alumina support including an amount of titanium effective for increas-
ing the attrition resistance of the catalyst. In another aspect, the catalyst preferably comprises a y-alumina support which has been
treated, after calcination, with an acidic, aqueous solution. In another aspect, the catalyst preferably comprises cobalt on a y-alumina
support wherein the cobalt has been applied to the y-alumina support by totally aqueous, incipient wetness-type impregnation. In
another aspect, the catalyst preferably comprises cobalt on a y-alumina support with an amount of a lanthana promoter effective for
increasing the attrition resistance of the catalyst. In another aspect, the catalyst preferably comprises a y-alumina support produced
from boehmite having a crystallite size, in the 021 plane, in the range of from about 30 to about 55 angstroms. Use of the catalysts
in high agitation reaction systems results in reduced catalyst attrition losses.



10

15

20

25

30

WO 00/71253 ) PCT/US00/13282

REDUCING FISCHER-TROPSCH CATALYST ATTRITION
LOSSES IN HIGH AGITATION REACTION SYSTEMS

BACKGROUND OF THE INVENTION

1. Technical Field:

In one aspect, this invention relates to methods of reducing catalyst attrition losses
for hydrocarbon synthesis processes conducted in high agitation reaction systems. More
particularly, but not by way of limitation, the present invention relates to methods of
reducing catalyst attrition losses for hydrocarbon synthesis processes conducted in three-
phase reaction systems. In another aspect, this invention relates generally to attrition
resistant catalysts for conducting Fischer-Tropsch synthesis.

2. Background:

In Fischer-Tropsch processes, synthesis gases comprising carbon oxides and
hydrogen are reacted in the presence of Fischer-Tropsch catalysts to produce liquid
hydrocarbons. Fischer-Tropsch synthesis processes are most commonly conducted in
fixed bed, gas-solid or gas-entrained fluidized bed reaction systems, fixed bed reaction
systems being the most commonly used. It is recognized in the art, however, that slurry
bubble column reactor systems offer tremendous potential benefits over these commonly
used Fischer-Tropsch reaction systems. However, the commercial viability of slurry
bubble column processes has been questioned. The unique reaction conditions
experienced in slurry bubble column processes are extremely harsh. Thus, catalyst
attrition losses in slurry bubble column processes can be both very high and costly. In
fact, many of the best performing catalysts employed in other Fischer-Tropsch reaction
systems quickly break down when used in slurry bubble column systems.

Heretofore, little has been done to even evaluate or model the harsh conditions
experienced in slurry bubble column reactor processors, much less solve the attrition loss
problem. Thus, a need presently exists for a means of both (a) reducing catalyst attrition
losses and (b) increasing the viability of higher performance catalysts in slurry bubble

column processes and in other such “high agitation” reaction systems.
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SUMMARY OF THE INVENTION

The present invention satisfies the needs and resolves the problems discussed
above. The invention provides a method for reducing catalyst attrition losses in
hydrocarbon synthesis processes conducted in high agitation reaction systems,
particularly in three-phase reaction systems. As used herein and in the claims, the phrase
“high agitation reaction systems” refers to slurry bubble column reactor systems and to
other reaction systems wherein catalyst attrition losses, resulting from fragmentation,
abrasion, and other similar or related mechanisms, at least approach the attrition losses
experienced in slurry bubble column systems.

In one aspect, the inventive method comprises the step of reacting a synthesis gas
in a high agitation reaction system in the presence of a catalyst comprising a y-alumina
support, wherein the y-alumina support includes an amount of titanium or titania effective
for increasing the attrition resistance of the catalyst. The titanium or titania will
preferably be present in the y-alumina support in an amount of not less than 800 parts per
million (ppm) by weight of titanium.

In another aspect, the inventive method for reducing catalyst attrition losses in
hydrocarbon synthesis processes conducted in high agitation reaction systems comprises
the step of reacting a synthesis gas in a high agitation reaction system in the presence of
a catalyst comprising a y-alumina support which has been treated, after calcination, with
an acidic, aqueous solution. The acidic, aqueous solution will preferably have a pH of
not more than 5.

In yet another aspect, the inventive method for reducing catalyst attrition losses
in hydrocarbon synthesis processes conducted in high agitation reaction systems
comprises the step of reacting a synthesis gas in a high agitation reaction system in the
presence of a catalyst comprising cobalt on a y-alumina support wherein the cobalt is
present in an amount in the range of from about 10 parts by weight (pbw) to about 70
pbw, per 100 pbw of the y-alumina support, and the cobalt has been applied to the -
alumina support by totally aqueous impregnation using an effective aqueous solution
composition, and an effective amount of the aqueous solution, to achieve incipient

wetness of the y-alumina support with the desired amount of cobalt. The aqueous
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solution preferably has a pH of not more than about 5.

In yet another aspect, the inventive method for reducing catalyst attrition losses
in hydrocarbon synthesis processes conducted in high agitation reaction systems
comprises the step of reacting a synthesis gas in a high agitation reaction system in the
presence of a catalyst wherein the catalyst comprises cobalt on a y-alumina support and
the catalyst further comprises an amount of lanthana promoter effective for increasing the
attrition resistance of the catalyst. The amount of cobalt present in the catalyst is
preferably in the range of from about 10 pbw to about 70 pbw, per 100 pbw of the y-
alumina support. The amount of lanthana present in the catalyst is preferably in the range
of from about 0.5 to about 8 pbw, per 100 pbw of the y-alumina support.

In yet another aspect, the inventive method for reducing catalyst attrition losses
in hydrocarbon synthesis processes conducted in high agitation reaction systems
comprises the step of reacting a synthesis gas in a high agitation reaction system in the
presence of a catalyst comprising a y-alumina support, wherein said y-alumina support
is produced from boehmite having a crystallite size, in the 021 plane, in the range of from
about 30 to about 55 angstroms.

In one preferred embodiment of the inventive method, the high agitation reaction
system is a three phase (i.e., solid, liquid, and gas/vapor) reaction system. In a
particularly preferred embodiment of the inventive method, the high agitation reaction
system is a slurry bubble column reaction system.

The present invention also provides a method of producing an attrition-resistant
catalyst. The catalyst produced by the inventive method includes a calcined y-alumina
support. In one aspect, this inventive method comprises the step, after calcination of the
support but before adding catalytic materials thereto, of treating the support with an
acidic, aqueous solution having an acidity level effective for increasing the attrition
resistance of the catalyst. The present invention also provides an attrition resistant
catalyst produced by the inventive method.

The present invention further provides a method of producing an attrition-resistant
catalyst support. The inventive method for producing an attrition-resistant catalyst
support comprises the step of treating calcined y-alumina with an acidic, aqueous solution

having an acidity level effective for increasing the attrition resistance of the calcined
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alumina. The present invention also provides an attrition-resistant catalyst support
produced by the inventive method.

Further objects, features, and advantages of the present invention will be apparent
upon examining the accompanying drawings and upon reading the following detailed

description of the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 provides a graph comparing the Fischer-Tropsch synthesis performances
in fixed bed and slurry bubble column reactors of promoted cobalt catalysts supported
on alumina, silica, and titania.

Figure 2 provides a graph showing the effect of titanium concentration on the
activities of ruthenium-promoted, cobalt-on-alumina catalysts.

Figure 3 provides a schematic diagram of a Jet Cup system used for conducting
attrition resistance tests.

Figure 4 provides a schematic diagram of an ultrasonic system used for
conducting attrition resistance tests.

Figure 5 provides a graph comparing the particle size distributions of silica-

supported cobalt catalysts before and after SBCR, Jet Cup and ultrasound attrition tests.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Catalyst Compositions

The present invention provides supported cobalt catalysts which are well suited
for use in Fischer-Tropsch synthesis processes. These catalysts are particularly well
suited for use in three-phase reactor processes and other high agitation reaction systems.
Examples of general catalyst compositions provided by the present invention include: (a)
cobalt, without any promoter, preferably supported on y-alumina or doped y-alumina ;
(b) cobalt, with one or more noble metal promoters, ‘preferably supported on y- alumina
or doped y-alumina; (c) cobalt, promoted with both a noble metal promoter and one or

more selectivity promoters (preferably an alkali or rare earth oxide), preferably supported
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on y-alumina or doped y-alumina; and (d) cobalt, promoted with one or more selectivity
promoters and without a noble metal promoter, preferably supported on y-alumina or
doped y-alumina. Examples of typical promoters include, but are not limited to, noble
metals such as ruthenium, metal oxides such as oxides of zirconium, lanthana, or
potassium, and other oxides of elements from Groups IA, 1A, IVA, VA, and VIA of the
Periodic Table.

Preferred catalyst compositions comprise (per 100 parts by weight of support):
from about 10 to about 70 pbw cobalt; from about 0.1 to about 8 pbw ruthenium (when
present); from about 0.1 to about 8 pbw potassium (when present); and from about 0.5
to about 8 pbw lanthana (when present). The catalyst can also include other promoter
materials. We have discovered that, to obtain a particularly desirable combination of
attrition resistance, selectivity, and activity, particularly in high agitation reaction systems
such as slurry bubble column reactors, the catalysts will most preferably comprise (per
100 parts by weight of support): from about 15 to about 55 pbw (more preferably from
about 20 to about 45 pbw) cobalt; from about 0.2 to about 1.5 pbw ruthenium (when
present); from about 0.2 to about 1.0 pbw potassium (when present); and from about 0.5
to about 5.0 pbw (most preferably from about 0.9 to about 2.5 pbw) lanthana (when
present).

The Catalvst Support

Figure 1 shows that, for cobalt catalysts used in both fixed bed and a slurry bubble
column reactor systems, the particular support employed plays a major role in influencing
the overall hydrocarbon production rate (i.e., catalyst activity) with little or no effect on
product selectivity. For the supports tested, catalyst activities ranked in the following
order: A1,0; > SO, >> TiO,. With respect to alumina supports, comparisons with
literature data and additional tests revealed that the source of the alumina and the
pretreatment procedures used also play major roles in determining the performance of the
resulting, cobalt-based, Fischer-Tropsch catalysts.

All titania-supported cobalt catalysts tested, with or without promoters, were
found to have poor Fischer-Tropsch synthesis properties in both fixed bed and SBCR
systems. Compared to y-alumina and silica, titania supports have much lower surface

areas and pore volumes. Thus, they do not readily retain high cobalt loadings.
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Although having relatively high surface areas, silica-supported cobalt catalysts
showed low Fischer-Tropsch synthesis performance. Silica-supported cobalt catalysts
are unstable in reaction conditions, such as those usually encountered in Fischer-Tropsch
reaction systems, where a significant amount of water is present. The formation of
cobalt-silica compounds under these conditions is believed to cause this lower
performance. To prevent or at least slow down silicate formation, the silica surface must
typically be coated with oxide promoters, such as ZrQO,, prior to cobalt impregnation.

Characteristics and Preparation of Preferred Alumina Supports

The catalyst support employed in the present invention is preferably a y-alumina
support having: a low level of impurities, especially sulfur (preferably less than 100 ppm
sulfur); a spheroidal shape; an average particle size in the range of from about 10 to about
150 pm (most preferably from about 20 to about 80 microns); a BET surface area, after
calcination, in the range of from about 200 to about 260 m?%g; and a porosity in the range
of from about 0.4 to about 1.0 cm’/g.

The alumina support is preferably produced from relatively high purity, synthetic
boehmite. As discussed hereinbelow, the boehmite can be formed from aluminum
alkoxide of the type obtained in the manufacture of synthetic fatty alcohols.
Alternatively, suitable, high purity boehmite materials can be formed from aluminum
alkoxide produced by alcohol/aluminum metal reaction processes.

The aluminum alkoxide is preferably hydrolyzed to produce high purity,
synthetic, monohydrate alumina. Next, this material is preferably spray-dried to yield
highly porous, spherical boehmite particles of relatively high surface area. The
particulate boehmite material is preferably then sieved to remove fines and large particles
so that a desired particle size range is obtained (most preferably from about 20 to about
80 microns). The sieved material is calcined to convert the boehmite particles to a y-
alumina support material having the desired surface area and porosity. The boehmite
material will preferably be calcined at a temperature of at least 350°C (more preferably
from about 400°C to about 700°C and most preferably about 500°C) for a period of from
about 3 to about 24 hours (more preferably from about 5 to about 16 hours and most
preferably about 10 hours). The desired calcination temperature is preferably reached by

slowly heating the system at a rate of about 0.5-2.0°C/minute.
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As shown in the examples presented hereinbelow, we have discovered that the
attrition resistances of the supported catalyst are unexpectedly improved when the
alumina support is formed from a synthetic boehmite having a crystallite size (in the 021
plane) in the range of from about 30 to about 55 angstroms, preferably in the range of
from about 40 to about 50 angstroms. As will be understood by these skilled in the art,
the boehmite production process can be readily controlled to obtain desired crystallite
sizes within these ranges.

For a given set of calcining conditions, the crystallite size of the boehmite
material determines the average pore size, the pore size distribution, and the surface area
of the calcined y-alumina material obtained. As the boehmite crystallite size increases,
the surface area of the calcined alumina product decreases and the average pore radius
of the calcined alumina product increases. We have discovered that, generally,
decreasing the average pore radius of the calcined alumina material increases its attrition
resistance.

Examples of commercially-supplied boehmite materials suitable for forming the
preferred y-alumina supports employed in the present invention include the CATAPAL
and PURAL aluminas supplied by Condea/Vista. As discussed below, commercial
materials of this type are particularly effective when intentionally produced to have
certain targeted titanium “impurity” levels. Product quality reports for the CATAPAL
aluminas indicate that these products, as presently produced and sold, can have titania
impurity levels varying all the way up to 3000 ppm of elemental titanium by weight. The
PURAL products, on the other hand, typically have varying titanium impurity levels of
up to about 600 ppm.

Titanium Doping of y-Alumina Supports

As shown hereinbelow, we have discovered that the presence of titanium in the
y-alumina support material unexpectedly and surprisingly improves significantly the
attrition resistance of y-alumina-supported Fischer-Tropsch catalysts used in high
agitation reaction systems. The titanium dopant will preferably be present in the y-
alumina support in an amount of at least 800 ppm of titanium by weight. The dopant will
more preferably be present in the support in an amount in the range of from about 800

ppm to about 2000 ppm of titanium and will most preferably be present in an amount in
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the range of from about 1000 to about 2000 ppm. The titanium dopant can be added at
substantially any time but will most preferably be added prior to crystallization of the
boehmite.

As is well known to those skilled in the art, one method of producing synthetic
boehmite materials utilizes aluminum alkoxides recovered as byproducts of certain
processes (€.g., the Ziegler Process) employed for manufacturing synthetic fatty alcohols.
The Ziegler Process typically comprises the steps of: (1) reacting high purity alumina
powder with ethylene and hydrogen to produce aluminum triethyl; (2) polymerizing
ethylene by contacting it with the aluminum triethyl, thus resulting in the formation of
aluminum alkyls; (3) oxidizing the aluminum alkyls with air to produce aluminum
alkoxides; and (4) hydrolizing the aluminum alkoxides to produce alcohols and an
alumina byproduct. The oxidation step of the Ziegler process is typically catalyzed by
an organic titanium compound which is itself converted to titanium alkoxide. The
titanium alkoxide remains with and is co-hydrolized with the aluminum alkoxide, thus
resulting in an alumina byproduct which is “doped” with a small amount of titania.

Another process for forming synthetic boehmite utilizes aluminum alkoxide
produced by reacting an alcohol with a highly pure aluminum powder. The aluminum
alkoxide is hydrolyzed to produce an alcohol, which is recycled for use in the alkoxide
formation step, and alumina. Because this process does not involve an oxidation step,
the alumina product typically does not contain titanium. However, for purposes of the
present invention, any desired amount of titanium dopant can be included in the alumina
product by, for example, adding a titanium alkoxide to, and co-hydrolyzing the titanium
alkoxide with, the aluminum alkoxide. If desired, the same process can be used to add
other dopants such as, for example, silica, lanthanum, or barium.

Heretofore, support manufacturers and catalyst users have simply considered
titania, if present in the alumina support, to be a harmless impurity. Of the commercial
synthetic boehmite products presently available in the market, some are produced by the
Ziegler process, others are produced by the above-described aluminum alkoxide
hydrolysis process, and still others are produced by a combination of these processes
wherein the resulting products or product precursors are blended together. Such products

are sold and used interchangeably, without regard to the small amount, if any, of the
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titania present.

Thus, the amount of titanium present in commercial y-alumina supports can vary
from 0 ppm to as high as 3000 ppm titanium by weight or more. Titanium concentrations
can also vary significantly between different batches of the same commercial product.

As mentioned above, because the fixed bed and other reaction systems now
commonly used are much less severe, the art has focused primarily on improving the
activity and/or selectivity of Fischer-Tropsch catalysts. Figure 2 illustrates the
detrimental effect of titania on the activities of ruthenium promoted, cobalt-on-alumina
catalysts. Figure 2 shows the activities (g-HC/kg-cat/hr) of three catalysts (catalysts 20,
23, and 24) which were produced and tested as described hereinbelow in Example 7.
Catalysts 20, 23, and 24 were identical in all respects except that catalyst 24 was formed
ona y-alumina support found to have a titania concentration, expressed as titanium, of
about 7 ppm by weight, catalyst 23 was formed on a y-alumina support found to have a
titanjum concentration of about 500 ppm, and catalyst 20 was formed on a y-alumina
support found to have a titanium concentration of about 1000 ppm. Figure 2 shows that,
as the amount of titania in the support increased, the activity of the catalyst declined from
about 1340 for catalyst 24, to about 1322 for catalyst 23, and to about 1112 for catalyst
20. Thus, any preference in the art as to the presence of titanium would heretofore have
been that no titania dopant be included in the y-alumina support.

We have discovered, however, that the intentional inclusion of controlled amounts
of titanium in y-alumina supports unexpectedly and surprisingly reduces catalyst attrition
losses in high agitation reaction systems to such a degree as to greatly outweigh any
incidental reduction in catalyst activity. The improvement provided by our discovery is
particularly effective for addressing the uniquely harsh conditions experienced in slurry
bubble column and other three-phase reaction systems. In fact, this discovery could be
said to actually increase the catalyst activities obtainable in high agitation reaction
systems by now allowing certain “higher performance” catalysts to be used in these
systems.

Catalyst Preparation
The catalytic components of the preferred catalysts are preferably added to the

support by totally aqueous impregnation using appropriate aqueous solution compositions
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and volumes to achieve incipient wetness of the support material with the desired metal
loading(s). Promoted catalysts are most preferably prepared by totally aqueous co-
impregnation. Examples of typical promoters include, but are not limited to: noble
metals; metal oxides such as oxides of Zr, La, K; and other oxides of elements from
Groups IA, ITA,IVA, VA, and VIA.

In accordance with the present invention, the totally aqueous impregnation of
cobalt onto the support, with or without one or more desired promoters, is preferably
accomplished by the steps of: (a) calcining the alumina support in the manner described
above; (b) impregnating the support with an aqueous solution of cobalt nitrate, or of
cobalt nitrate and one or more promoter compounds (preferably one or more promoter-
nitrates [e.g., ruthenium (III) nitrosyl nitrate] and/or promoter-chlorides [e.g., ruthenium
III chloride], most preferably promoter- nitrates) using a sufficient quantity of the
solution to achieve incipient wetness with a desired loading of cobalt and of any desired
promoter(s); (c) drying the resulting catalyst precursor for about 5-24 hours at
approximately 80-130°C, with moderate mixing, to remove solvent water and obtain a
dried catalyst; and (d) calcining the dried catalyst in air or nitrogen by slowly raising the
temperature of the system at a rate of about 0.5-2.0°C per minute to approximately 250-
400°C and then holding for at least 2 hours to obtain the oxide form of the catalyst.
Multiple impregnation/coimpregnation steps (b) can be used when higher cobalt loadings
are desired.

The preferred cobalt nitrate concentrations employed for aqueous impregnation
and aqueous co-impregnation typically provide pH values in the 1-3 range . As shown
hereinbelow, pH values within this range unexpectedly and surprisingly provide a
significant improvement in attrition resistance.

As one example, a particularly preferred ruthenium-promoted cobalt catalyst is
prepared according to the following procedure. First, the support, preferably y-alumina,
is calcined at from about 400°C to about 700°C, preferably about 500°C, for about 10
hours. The calcined support is then impregnated with an aqueous solution containing
both cobalt nitrate [Co(NO;), - 6H,0] and ruthenium (III) nitrosyl nitrate [Ru(NO)(NO,),
- xH,0] using an appropriate quantity to achieve incipient wetness with the desired

loadings of cobalt and ruthenium. The resulting catalyst precursor is then dried for 5

10



10

15

20

25

30

WO 00/71253 PCT/US00/13282

hours at 115°C with moderate stirring in order to remove the solvent water. The dried
catalyst is then calcined in air by raising its temperature at a rate of 1°C/min to 300°C and
holding for at least 2 hours.

In another example, a doubly promoted cobalt catalyst can be prepared in a
similar fashion using a second promoter nitrate (e.g., potassium nitrate [KNO,] or
lanthanum nitrate [La(NO5),'H, O}) dissolved in the same solution which contains the
cobalt and ruthenium compounds.

Acceptable ruthenium salts, such as those used in the present invention, have very
limited aqueous solubilities. These salts are only moderately soluble in cold water and,
when heated in an effort to increase solubility, tend to decompose and precipitate.
However, by using the aqueous co-impregnation method of the present invention,
superior ruthenium-promoted catalysts having the desired concentration ranges cited
above can be produced without difficulty.

Until recently, ruthenium-promoted cobalt catalysts were typically prepared by
coprecipitation of the metal components onto the support material. Such methods
typically do not yield well dispersed systems, and therefore result in an inefficient use of
the active metals. Coprecipitation methods generally also involve the use of two
solutions, the first containing the support material and the dissolved promoter salt(s) and
the second containing a precipitating agent (e.g., potassium carbonate). The solutions
must be employed in relatively large quantities, typically several orders of magnitude
larger than used in incipient wetness impregnation.

Due to the shortcomings of coprecipitation processes, impregnation techniques
have become the preferred means of putting cobalt and its promoters onto porous
supports. However, whenever ruthenium has been used as a promoter, the impregnation
methods have employed an organic ruthenium precursor dissolved in an organic solvent.
This use of organic solvents as the impregnating media for ruthenium promoters has, of
course, resulted from the poor aqueous solubility characteristics of the practical
ruthenium salts. Incipient wetness impregnation utilizes a relatively minute amount of
impregnation solution. The amount of solution employed is typically only an amount
sufficient to fill the pores of the support material. However, the promoter salt(s) must be

completely dissolved in this small amount of solution.
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When an organic impregnation method is used, the drying step involves the
evaporation of the organic solvent, which requires some environmentally acceptable way
of disposing of the solvent vapor. In addition, special explosion proof equipment for
catalyst drying and calcining is required. The need for such equipment and procedures
adds greatly to the cost of the catalyst.

In contrast, the preferred method employed in the present invention for producing
ruthenium-promoted and other promoted cobalt catalysts utilizes a totally aqueous co-
impregnation technique, followed by drying and calcination of the resulting catalyst
precursor. For noble metals, the promoter-metal is preferably either a promoter-nitrate,
(e.g., ruthenium (III) nitrosyl nitrate) or a promoter-chloride (e.g., ruthenium (III)
chloride).

We have discovered that, when aqueous co-impregnation solutions are used
comprising the amounts of cobalt nitrate and ruthenium nitrate (or chloride) desired for
the present invention, the ruthenium salt(s) will, unexpectedly, dissolve in the small
amount of solution employed. Moreover, the ruthenium salts dissolve without the
addition of acids or other agents and without heating. Although the reason for this result
is unknown, it is believed that the acidity imparted to the solution by the cobalt nitrate
may be at least partially responsible.

Acidic Aqueous Impregnation and/or Pretreatment of Support

As shown hereinbelow, the attrition resistances of y-alumina supports and of the
catalysts produced therefrom are also unexpectedly improved by (a) utilizing an acidic
aqueous impregnation solution and/or (b) pretreating the catalyst support (preferably after
calcination and before addition of the catalytic components) with an acidic aqueous
solution. In each case, the aqueous solution must have an acidity level effective for
increasing attrition resistance. The aqueous cobalt impregnation and coimpregnation
solutions employed in the present invention typically have pH values within this range.
However, nitric acid can be used, for example, to adjust the pH of the impregnation
solution, if necessary, or to form an appropriate pretreatment solution.

Catalyst Activation
To provide optimum performance, it is presently preferred that the catalyst be

activated/reduced in a hydrogen-containing gas by slowly increasing the temperature of
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the catalyst, preferably at a rate of about 0.5-2.0°C/minute, to approximately 250-400°C
(preferably about 350°C) and holding at the desired temperature for at least 2 hours.
After reduction, the catalyst is preferably cooled in flowing nitrogen.

The reducing gas preferably comprises from about 1% to 100% by volume
hydrogen, with the remainder (if any) being an inert gas, typically nitrogen. The reducing
gas is preferably delivered at a rate of about 2-4 (preferably about 3) liters per hour per
gram of catalyst. The reduction procedure is preferably conducted in a fluidized bed
reactor. The reduction procedure is most preferably conducted at conditions (i.e.,
temperature, flow rate, hydrogen concentration, etc.) effective to ensure that a very low
water vapor partial pressure is maintained during the procedure.

The Fischer-Tropsch Reaction Process

The catalysts prepared and activated in accordance with the present invention can
be employed in generally any Fischer-Tropsch synthesis process. For slurry bubble
column and other three-phase reaction systems, the catalyst will preferably be slurried in
a Fischer-Tropsch wax or in a synthetic fluid (e.g., a C;, to Cs, range isoparaffin
polyalphaolefin such as that available from Chevron under the name SYNFLUID) having
properties similar to those of Fischer-Tropsch wax. The catalyst slurry will preferably
have a catalyst concentration in the range of from about 5% to about 40% by weight
based on the total weight of the slurry.

The synthesis gas feed used in the reaction process will preferably have a CO:H,
volume ratio of from about 0.5 to about 3.0 and will preferably have an inert gas (i.e.,
nitrogen, argon, or other inert gas) concentration in the range of from 0 to about 60% by
volume based on the total volume of the feed. The inert gas is preferably nitrogen.

Prior to initiating the reaction process, the activated catalyst will most preferably
be maintained in an inert atmosphere. Before adding the catalyst thereto, the slurry fluid
will preferably be purged with nitrogen or other inert gas to remove any dissolved
oxygen. The slurry composition will also preferably be transferred to the reaction system
under an inert atmosphere.

A particularly preferred SBCR reaction procedure comprises the steps of: (a)
filling the SBCR, under an inert atmosphere, with the activated catalyst slurry; (b)

heating and pressurizing the SBCR, under an inert atmosphere, to the desired
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pretreatment conditions (preferably a temperature in the range of from about 220°C to
about 250°C and a pressure in the range of from about 50 to about 500 psig) ; (c)
replacing the inert gas with hydrogen and holding the system at these conditions for from
about 2 to about 20 hours; (d) purging the system with inert gas and lowering the reaction
system temperature, if necessary, to a point at least about 10°C below the desired reaction
temperature; (e) carefully replacing the inert gas with the desired synthesis gas; and (f)
heating and pressurizing the reaction system, as necessary, to a desired operating
temperature, preferably in the range of from about 190°C to about 300°C, and a desired
operating pressure, preferably in the range of from about 50 to about 900 psig.
EXAMPLES

In the following Examples, actual laboratory SBCR runs and two other
independent testing techniques, the Jet Cup test and the ultrasonic test, were used, as
indicated, to determine and characterize the attrition resistance properties of various
catalysts. The Jet Cup and ultrasonic techniques were found to simulate the attrition
mechanisms which occur in slurry bubble column reactors (i.e., fragmentation, abrasion,
etc.).

A Jet Cup system 2 is illustrated in Figure 3. The system comprises: a sample
cup 4; an air inlet tube 6, connected to the bottom of the sample cup; a settling chamber
8; and a fines collection assembly 10 including a collection thimble 12. Before each test,
the fines collection assembly was weighed and its mass recorded. Five grams of sample
were placed in the sample cup and the sample cup was then attached to the settling
chamber. After all joints were sealed, humidified air (relative humidity of 60+ 5%) was
passed at a controlled flow rate through the system for one hour.

The humidified air was introduced tangentially into the sample cup at the bottom
of the assembly and flowed out of the system through the thimble. The thimble was a
cellulose filter which operated to retain fines carried out of the settling chamber by the
air stream. In order not to interrupt the air flow during the test, two collection thimbles
were alternately used, with one thimble being quickly replaced by the other and weighed
at 5 minutes, 15 minutes, and then 30 minutes into the test. At the end of one hour, the
air flow was stopped and the fines in the thimbles, and also the coarse particles collected

in the Jet Cup, were recovered and analyzed.
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An ultrasonic test system 20 is illustrated in Figure 4. The system comprises: a
container 22; a 20 kHz Tekmar TM501 Sonic Disrupter 24 equipped with a CV26 horn
26 and a 0.5 inch tip 28; and a horn support frame 30. In each test, a pre-weighed sample
was dispersed in 400 ml of distilled water by stirring. Each suspension had a solids
concentration of about 2.5 vol%. The suspensions were treated for 15 minutes at a Sonic
Disrupter setting of 350 watts. Because temperature is reported to be a factor affecting
ultrasonic energy output, a water bath was used to keep the suspension temperatures
relatively constant. At the end of each run, the slurry was transferred and sampled and
then characterized using a particle size analyzer. The remainder of the slurry was filtered
and then dried in an oven at 110°C for sieving or for particle size analysis.

The system used for characterizing the particulate samples generated in the
SBCR, Jet Cup, and ultrasonic tests, as well as the starting materials used, was a Leeds
& Northrup Microtrac laser particle size analyzer model 7990-11. Each SBCR and Jet
Cup test sample was prepared for analysis by pre-mixing the sample, placing the pre-
mixed sample in 50 ml of deionized water, and then dispersing the particulate sample
material using an ultrasonic bath. Each of the resulting sample suspensions had a
particulate concentration of approximately 2.5 vol%.

After each ultrasonic test, the test suspension was stirred and portions were drawn
from the top, center and bottom of the suspension. These individual portions were then
analyzed in the particle size analyzer and the portion results were averaged.

Example 1

Attrition resistance is defined in this Example as the percent reduction in particle
size based on mean volumetric diameter, as measured using a Microtrac particle size
analyzer, after an approximately 240 hour run in a slurry bubble column reactor (SBCR).
The attrition resistances of a number of catalysts were compared. A series of 7 catalysts,
varying significantly with respect to the supports, preparation methods, and additives

used, were selected for this purpose. The catalyst formulations tested were as follows:

CATALYST 1: (Non-promoted, y-alumina-supported catalyst with 13 wt% Cobalt.)

Preparation Procedure:
CATAPAL B alumina from Condea/Vista in the boehmite form was calcined at
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500°C for 10 hours to convert it to y-alumina. It was then presieved to 400-0 mesh (i.e.,
a particle size of greater than 38 microns). The y-alumina was then impregnated with an
aqueous solution of Co nitrate [Co(NO5), 6H,0], using an appropriate quantity to achieve
incipient wetness (ca. 1.2 ml/g) with the desired loading of Co. The resulting catalyst
precursor was then dried in air at 115°C for 12 hours and calcined in air at 300°C for 2
hours (with a heating rate of ca. 1°C/min to 300°C).

Reduction Procedure before Reaction:

The catalyst was reduced in 3000 cc/g/hr of pure hydrogen flow by heating at
1°C/min to 350°C and holding for 10 hours.

CATALYST 2: (y-alumina-supported cobalt catalyst with 20 wt% cobalt, 0.43 wt%

ruthenium and 1 wt% lanthana.)

Preparation Procedure:

CATAPAL B alumina in the boehmite form was calcined at 600°C for 10 hours
to convert it to y-alumina. It was then presieved to 400-0 mesh and impregnated in two
steps. In the first step, the y-alumina was impregnated with an aqueous solution of cobalt
nitrate [Co(NO,),6H, 0], using an appropriate quantity to achieve incipient wetness (ca.
1.2 ml/g) with the desired loading of cobalt. The resulting catalyst precursor was dried
in air at 120°C for 16 hours and calcined in air at 300°C for 2 hours (with a heating rate
of ca. 1°C/min to 300°C). In the second step, the catalyst precursor was impregnated with
an aqueous solution of lanthanum nitrate hexahydrate and ruthenium nitrosyl nitrate
using an appropriate quantity to achieve incipient wetness with the desired loading of Ru
and La,0,. The resulting catalyst precursor was dried in air at 120°C for 12 hours and
then prereduced in pure hydrogen at a flow rate of 720 cc/g/hr by the sequential steps of
(a) heating the impregnated catalyst to 100°C at a rate of 1°C/min and then maintaining
the catalyst at 100°C for 1 hr, (b) heating the catalyst to 200°C at a rate of 1°C/min and
holding at 200°C for 2 hours, and then (c) heating at a rate of 10°C/min to 360°C and
holding for 16 hours. Finally, the catalyst was cooled below 200°C, purged with
nitrogen, and cooled further. Air was bled into the nitrogen stream for 16 hours at a rate
of ca. 1 cc air per 50 cc nitrogen per minute per 5 g of catalyst.

Reduction Procedure before Reaction: Same as Catalyst 1.
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CATALYST 3: (y-alumina-supported cobalt catalyst with 20 wt% cobalt, 0.5 wt%

ruthenium and 0.3 wt% potassium.)
Preparation Procedure:

Same as Catalyst 1 with the addition of ruthenium nitrosyl nitrate and potassium
nitrate in the cobalt nitrate solution used for impregnation.

Reduction Procedure before Reaction: Same as Catalyst 1.

CATALYST 4: (y-alumina-supported cobalt catalyst with 20 wt% cobalt, 5 wt% copper,

and 4 wt% chromium.)

Preparation Procedure

CATAPAL B alumina in the boehmite form was calcined at 500°C for 10 hours
to convert it to y-alumina. It was then presieved to 400-0 mesh and impregnated with an
aqueous solution of copper nitrate [Cu(NO,),.xH @], and chromium nitrate
[Cr(NO;);.9H,0], using an appropriate quantity to achieve incipient wetness (ca. 1.2
ml/g) with the desired loading of Cu and Cr. The resulting precursor was then dried in
air at 110°C for 16 hours and calcined in air at 750°C for 24 hours (with a heating rate of
ca. 1°C/min to 750°C). Next, the calcined precursor was impregnated with an aqueous
solution of cobalt nitrate [Co(NO,),6H,0] using an appropriate quantity to achieve
incipient wetness with the desired loading of Co. The precursor was then dried in air at
115°C for 12 hours and calcined in air at 300°C for 2 hours (with a heating rate of ca.
1°C/min to 300°C).

Reduction Procedure before Reaction: Same as Catalyst 1.

CATALYST 5: (Non-promoted, silica-supported catalyst with 20 wt% cobalt.)
Preparation Procedure:

The silica support (DAVISON Grade 952) was calcined at 500°C for 10 hours.
It was then presieved to 400-250 mesh (i.e., a particle size of 38-63 microns). A mixture
comprised of the support and an aqueous solution of cobalt nitrate [Co(NO,), 6H,0] was
kneaded for 3.5 hours. The amount of the aqueous solution used was 110% of the pore

volume of the silica support. The resulting catalyst precursor was next dried in air for 5
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hours at 115°C with moderate stirring and then calcined in air at 300°C for 2 hours (with
a heating rate of ca. 1°C/min to 300°C).
Reduction Procedure before Reaction:

The catalyst was reduced in 3000 cc/g/hr of pure hydrogen flow by heating at
1°C/min to 250°C and holding for 10 hours.

CATALYST 6: (Zirconium-promoted, silica-supported catalyst with 20 wt% cobalt and
8.5 wt% zirconium.)
Preparation Procedure:

The silica support (DAVISON Grade 952) was calcined at 500°C for 10 hours.
It was then presieved to 400-0 mesh and impregnated with an aqueous solution of
zirconium oxonitrate [ZrO(NOs),] using an appropriate quantity to achieve incipient
wetness with the desired loading of Zr. The Zr-loaded SiO, was then dried in an oven for
5 hours at 115°C with moderate stirring and calcined in air at 300°C for 2 hours (with a
heating rate of ca. 1°C/min to 300°C). The calcined, Zr-loaded silica was next
impregnated with an aqueous solution of cobalt nitrate [Co(NO,),6H,0] using an
appropriate quantity to achieve incipient wetness with the desired loading of Co. The
drying and calcination processes were then repeated.

Reduction Procedure before Reaction: Same as Catalyst 5.

CATALYST 7: (Zirconium-promoted, silica-supported catalyst with 20 wt% cobalt, 8.5

wt% zirconium, 0.5 wt% Ru and 0.3 wt% K.)
Preparation Procedure:

Same as Catalyst 6 with the addition of ruthenium nitrosyl nitrate and potassium
nitrate to the cobalt nitrate solution used in the second impregnation step.

Reduction Procedure before Reaction: Same as Catalyst 5.

The catalytic properties for Fischer-Tropsch synthesis in a slurry bubble column
reactor, as well as the attrition properties, of catalysts 1-7 are shown in Table 1. These
examples indicate that attrition resistance can vary significantly based upon the particular

supports, preparation methods, and additives used. Based on 64 SBCR runs with a wide
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variety of cobalt catalysts, including the above-described catalysts 1-7, having differing

formulations and using either spherical alumina or spherical silica supports, the average

particle size reductions for each category of support were as follows:

All AL,O,-supported Co catalysts

All SiO,-supported Co catalysts

TABLE 1
SBCR Reaction and Attrition Results For Catalysts 1-7

8.4%
13.7%

Catalyst - Activity | Selectivity Average |Particle Size
No Support [Additives | (g-HC/g- Particle Size,| Reduction
) cat./h) |%CH,| a (um) (%)
Catalyst 1{ AlLO, - 1.07 10.9 | 0.85 85.6 8.4
Catalyst 2| ALO, | La,Ru 1.31 - 0.81 67.7 43
Catalyst 3| AlO, Ru, K 1.22 73 1 0.86 72.8 1.6
Catalyst 4| Al,O, Cu,Cr 0.23 109 | 0.78 79.5 43
Catalyst 5| SiO, - 0.67 7.6 | 0.83 107.1 12.2
Catalyst 6] SiO, Zr 1.24 10.7 | 0.82 87.2 10.2
Catalyst 7 SiO, |Ru,Zr,K 0.90 9.9 0.88 82.4 142

The particle size is reported as the mean volume diameter as measured by a

Microtrac particle size analyzer. The particle size reduction was estimated from Microtrac

measurements carried out before and after reaction (ca. 220-250 hours-on-stream).

Reaction Conditions: Catalyst weight: ca. 15g, screened thru 150x400 mesh, calcined and
reduced externally, T = 240°C, P = 450 psi, H,/CO ratio = 2, Total flow rate: ca. 15
L/min, Diluent: N,: ca.60%.

Ultrasound and SBCR Tests

Example 2
Comparison of Attrition Results Obtained From Jet Cup,
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A silica supported catalyst (Catalyst 5 in Example 1) which had shown relatively
low attrition resistance based upon the percent reduction in mean diameter after an
approximately 240 hour SBCR run was used to gauge the effectiveness and accuracy of
the Jet Cup and ultrasonic testing techniques. The Jet Cup and ultrasonic tests were
conducted in the manner described above. Figure 5 provides a comparison of the particle
size distributions of the silica supported cobalt catalyst before and after (a) a SBCR run,
(b) a Jet Cup test, and (c) an ultrasound attrition test. As indicated in Fig. 5, the
distributions obtained after the 20 minute ultrasound test and the one hour Jet Cup test
compared remarkably well with the particle size distribution obtained after a 240 hour

SBCR run.

Example 3

Comparison of Alumina, Silica, and Titania Supports
Various supports, with and without cobalt loading, were tested using the above-
described ultrasound and Jet Cup procedures. Prior to testing, the bare supports were
calcined and presieved to 400-0 mesh in accordance with substantially the same
procedures used in preparing the corresponding cobalt catalysts. The catalysts used for

these tests were as follows:

CATALYST 8:(y-alumina-supported cobalt catalyst with 20 wt% cobalt, 0.43 wt%

ruthenium, and 1 wt% lanthana.)

Preparation Procedure:

Same as Catalyst 2 except that the second impregnation step was carried out with
an acetone/ethanol (2:1) solution of lanthanum nitrate hexahydrate and ruthenium
acetylacetonate. The amount of solution used was ca. 2 ml/g. The solvent was removed
at 0.01 atm and 25-30°C in a rotary evaporator and the catalyst precursor was dried at
90°C with moderate stirring. The precursor was then prereduced and passivated in
accordance with the same procedures employed for Catalyst 2.

Reduction Procedure before Reaction: Same as Catalyst 2

CATALYST 9: (Zirconium-promoted, y-alumina-supported catalyst with 20 wt% cobalt
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and 8.5 wt% zirconium.)
Preparation Procedure:

Same as Catalyst 1 with the addition of zirconium oxonitrate in the cobalt nitrate
solution used for impregnation.

Reduction Procedure before Reaction: Same as Catalyst 1.

CATALYST 10: (Non-promoted, silica supported catalyst with 20 wt% cobalt.)

Preparation Procedure:

Same as Catalyst 5 except for the use of incipient wetness impregnation rather
than kneading with an excess volume of solution.

Reduction Procedure before Reaction: Same as Catalyst 5.

CATALYST 11: (Zirconium-promoted, silica supported catalyst with 20 wt% cobalt and

8.5 wt% zirconium.)
Preparation Procedure:
Same as Catalyst 5 with the addition of zirconium oxonitrate in the cobalt nitrate

solution used for impregnation.

Reduction Procedure before Reaction: Same as Catalyst 5.

CATALYST 12: (Zirconium-promoted, silica-supported catalyst with 20 wt% cobalt and

8.5 wt% zirconium.)
Preparation Procedure:

Same as Catalyst 11 with the addition of zirconium oxonitrate in a separate
incipient wetness impregnation step after cobalt impregnation by the kneading method.
The catalyst precursor was dried and calcined after the zirconium impregnation step by
the same procedures as used after the cobalt impregnation step.

Reduction Procedure before Reaction: Same as Catalyst 5.

CATALYST 13: (Non-promoted, titania-supported cobalt catalyst with 20 wt% cobalt.)

Preparation Procedure:
Anatase titania (DEGUSSA P25) was wetted to incipient wetness with distilled
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water and then dried in an oven at 60°C with moderate stirring. It was next calcined at
650°C for 16 hours resulting in a ca. 97% rutile support. The calcined titania was
presieved to 400-0 mesh and then impregnated with an acetone solution of cobalt nitrate
[Co(NO,),6H,0] using an appropriate quantity of solution to obtain a slurry with the
desired loading of cobalt. Next, the resulting catalyst precursor was dried in a rotor
evaporator at 25°C and dried under a vacuum at 140°C for 16 hours. The precursor was
then further calcined in air at 250°C for 3 hours. Finally, the dried catalyst was
rescreened to remove fines.

Reduction Procedure before Reaction:

The catalyst was reduced in 1000 cc/g/hr of pure hydrogen by heating to 350°C
and holding for 16 hours.

CATALYST 14: (Non-promoted, titania-supported cobalt catalyst with 20 wt% cobalt.)

Preparation Procedure

Anatase titania was wetted to incipient wetness with distilled water and then dried
in an oven at 60°C with moderate stirring. It was next calcined at 350°C for 16 hours to
produce a support having primarily an anatase structure. Next, the calcined titania was
presteved to 400-0 mesh and then impregnated in 2 steps. In the first step, the sﬁpport
was impregnated with an aqueous solution of cobalt nitrate [Co(NO;),6H,0] using an
appropriate quantity to achieve incipient wetness with 60% of the desired final loading
of cobalt. This catalyst precursor was dried in an oven for 5 hours at 115°C with moderate
stirring. The dried precursor was then calcined in air by raising its temperature at a
heating rate of ca. 1°C/min to 250°C and holding for 3 hours. In the second impregnation
step, the remaining 40% of the cobalt was applied in the same manner. The same drying
and calcination procedures used in step one were then repeated and the catalyst was
rescreened to remove fines.

Reduction Procedure before Reaction: Same as Catalyst 13

CATALYST 15: (Non-promoted, titania-supported cobalt catalyst with 12 wt% cobalt.)

Preparation Procedure:
Same as Catalyst 13, except that a cobalt loading of 12 wt % was formed rather
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than 20 wt %.

Reduction Procedure before Reaction: Same as Catalyst 13.

The attrition test results for catalysts 8-15 are shown in Table 2. The results are
presented in terms of the percentage of fines (particles less than 16 microns) as measured
by Microtrac analysis. The attrition resistance results show that, prior to cobalt
impregnation, titania was the most attrition resistant support material, followed by
alumina and with silica trailing far behind. In contrast, however, a comparison of the
results obtained for the cobalt catalysts produced using these same supports shows that

the y-alumina-supported catalysts surprisingly had the highest attrition resistances.
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Attrition Resistances of Alumina, Silica, and Titania Supports With and Without

Cobalt Loading (Ultrasound and Jet Cup Results)

Fines (<16 pm)
Catalyst (Support/ (%)
Additives) Before Attrition After After Jet
Test Ultrasound Cup
CATAPAL B Alumina 0.9 7.0 10.8
Catalyst 8
(Al,0,/Co,La, Ru) 0.7 36 L9
Catalyst 9
(ALO,/Co.Zr) 0.8 6.1 59
DAVISON Silica 952 Grade 4.7 24.8 29.2
Catalyst 10
(Si0,/Co) 0 8.1 18.6
Catalyst 11
(Si0,/Co,Zr) 0 33 8.6
Catalyst 12
(Si0,/Co,Z1) 0 8.5 156
Titania
DEGUSSA P25 0 12 24
Catalyst 13
(Ti0,/Co) 0.9 11.4 13.8
Catalyst 14
. . 4,
(TiO,- Anatase/Co) 08 543 34.6
Catalyst 15 (TiO,- Rutile/Co) 41 10.8 19.6
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Example 4

Effect of Preparation Method on the Attrition Resistance of Cobalt Catalysts
Having y-Alumina Supports
The effects of various preparation methods, especially organic and aqueous
methods of impregnation, on attrition resistance were determined using a series of SBCR
runs. Each run lasted about 240 hours. The same alumina support, CATAPAL B
manufactured by Condea/Vista, was used for all the catalysts. The catalysts also
contained identical amounts of ruthenium and lanthana. The formulations of those

catalysts tested but not already described were as follows:

CATALYST 16: (y-alumina-supported, cobalt catalyst with 20 wt% cobalt, 0.5 wt%

ruthenium, and 1 wt% lanthana.)

Preparation Procedure:

CATAPAL B alumina in the boehmite form was calcined at 750°C for 16 hours
to convert it to y-alumina. It was then presieved to 400-0 mesh and impregnated in three
steps (40%, 30%, and 30%), each step utilizing an acetone solution of cobalt nitrate
[Co(NO,),6H,0], ruthenium acetylacetonate, and lanthanum nitrate [La(NO,), H,0] in
an appropriate quantity to achieve incipient wetness (ca. 1 ml/g) with the desired loadings
of cobalt, ruthenium, and lanthanum. Following each step, the catalyst precursor was
dried in a rotor evaporator at 40°C for at least 30 minutes and calcined in air at 300°C for
2 hours. The impregnated catalyst was then prereduced in 720 cc/g/hr of pure
hydrogen. The catalyst was first heated to 100°C at the rate of 1°C/min and held for 1
hour. Next, the catalyst was heated to 200°C at a rate of 1°C/min and held for 2 hours.
The catalyst was then heated at 10°C/min to a temperature of 360°C and held for 16
hours. Finally, the catalyst was cooled to below 200°C, purged with nitrogen, and cooled
further. Air was added to the nitrogen stream for 16 hours at ca. 1 cc air per 50 cc
nitrogen per minute per 5 g of catalyst.

Reduction Procedure before Reaction: Same as Catalyst 8.

CATALYST 17:(y-alumina-supported cobalt catalyst with 20 wt% cobalt, 0.43 wt%
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ruthenium, and 1 wt% lanthana.)
Preparation Procedure: Same as Catalyst 8.

Reduction Procedure before Reaction: Same as Catalyst 8.

CATALYST 18:(y-alumina-supported cobalt catalyst with 20 wt% cobalt, 0.43 wt%
ruthenium, and 1 wt% lanthana.)

Preparation Procedure:

Same as Catalyst 8, but using entirely aqueous impregnation.

Reduction Procedure before Reaction: Same as Catalyst 8.

CATALYST 19:(y-alumina-supported cobalt catalyst with 20 wt% cobalt, 0.43 wt%

ruthenium, and 1 wt% lanthana.)

Preparation Procedure:

CATAPAL B alumina in the boehmite form was calcined at 750°C for 16 hours
to convert it to y-alumina. It was then presieved to 400-0 mesh and impregnated with an
aqueous solution of cobalt nitrate [Co(NO,), . 6H,0] and ruthenium (III) nitrosyl nitrate
[Ru(NO)(NO,), - xH,0] and lanthanum nitrate [La (NO;);H,0] using an appropriate
quantity to achieve incipient wetness (ca. 1 ml/g) with the desired loadings of cobalt,
ruthenium and lanthanum. The catalyst precursor was then dried in air at 120°C for 12
hours.

Pre-reduction Procedure:

The catalyst was then prereduced in 720 cc/g/hr of pure hydrogen. The catalyst
was first heated to 100°C at a rate of 1°C/min and held for 2 hours. The catalyst was
then heated at 10°C/min to a temperature of 360°C and held for 16 hours. Finally, the
catalyst was cooled to below 200°C, purged with nitrogen, and cooled further. Air was
added to the nitrogen stream at ca. 1 cc air per 50 cc nitrogen per minute per 5g of
catalyst for 16 hours.

Reduction Procedure before Reaction: Same as Catalyst 2.

The reaction and attrition results obtained with these catalysts and with catalysts

2 and 8 are presented in Table 3. The catalysts listed in Table 3 had identical or
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substantially identical compositions, but were prepared by different methods. Table 3

shows that the catalysts prepared by totally aqueous impregnation unexpectedly and

surprisingly had higher attrition resistances than did the cobalt catalysts prepared by other

methods.
TABLE 3
Effect of Aqueous vs. Non-Aqueous Preparation Methods on
Co/Al O, Attrition Resistance
Activity |  Selectivity Average Par:tlcle
Catalyst " . . Size
Support | Additives |(g-HC/g- Particle Size, .
No. Reduction
cat./h) | %CH, a (um) o
(%)
8* AlLLO; | La Ru 1.42 12.5 0.80 73.6 8.1
8* AlL,O; | La,Ru - - - 73.6 10.0
8* AlLO; | La,Ru 1.32 22.9 0.77 73.6 33
16* AlL,O; | La,Ru 1.53 16.7 0.88 76.8 5.5
17* AlLO; | La,Ru 1.64 15.3 0.79 70.1 14.4
17* AlL,O; | La,Ru 1.80 15.2 0.89 81.4 10.4
18# AlL,O;, | La,Ru 1.37 12.7 0.80 75.6 1.3
2# AlL,O; | La,Ru - - - 64.6 0.3
2# AlLO; | La,Ru 1.31 8.3 0.81 67.7 4.3
19# ALO, | La Ru 1.32 11.2 0.80 73.1 4.4

*Catalysts preparation utilizing at least one organic impregnation step .

#Catalysts preparation utilizing totally aqueous impregnation.

The particle size is reported as the mean volume diameter as measured by a

Microtrac particle size analyzer.

The particle size reduction was estimated from Microtrac measurements carried

out before and after reaction (c.a. 220-250 hours-on-stream).

Reaction Conditions: Catalyst weight: ca. 15g, screened thru 150x400 mesh,
calcined and reduced externally, T = 240°C, P = 450 psi, H,/CO ratio = 2, Total flow
rate: ca. 15 L/min, Diluent: N,: ca.60%
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Example 5

Effect of Lanthana Promotion on the Attrition Resistance of Cobalt Catalysts

We have also discovered that the attrition resistances of the cobalt catalysts are
unexpectedly and surprisingly enhanced by the addition of a lanthana (La,05) pfomoter.
The improved attrition resistance provided by the addition of La,Oj is not detrimental to
Fischer-Tropsch activity, or to Fischer-Tropsch selectivity. Preferred lanthana
concentration ranges are provided hereinabove.

The following attrition resistance results were obtained from 47 slurry bubble
column reactor runs using a wide variety of cobalt-on-alumina catalysts, including the
above-described alumina-supported catalysts described in examples 1-4, having differing
formulations. The results are expressed as the percent reduction in particle size of the
catalysts based on the difference in mean volumetric diameters of the catalysts as
measured, using a Microtrac particle size analyzer, both before reaction in a slurry bubble
column reactor and then after runs of approximately 250 hours. The average particle size
reductions for catalysts with and without lanthana were as follows:

Attrition Resistance
(Ave. Particle Size Reduction)

All AL, O,-supported Co catalysts 6.6%
with La,0O,
All Al,O,-supported Co catalysts 5.2%

with La,0, prepared using an
aqueous impregnation method

All Al,O,-supported Co catalysts 9.2%
without La,0O,
Example 6

Effect of Solution pH on the Attrition Resistance of Alumina Supports
In this example, CATAPAL B alumina samples calcined at 500°C were treated
with aqueous solutions having pH values ranging from 1.0 to 12.5. Acidic solutions were
prepared using nitric acid in distilled water. Basic solutions were prepared using

ammonium hydroxide in distilled water. After being subjected to incipient wetness
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treatment with an acidic, neutral, or basic solution for 10 hours, each sample was dried
overnight at 120°C and calcined again at 350°C for two hours to remove nitrate or
ammonium ions. The treated samples were then resieved to ensure that the particle size
distribution of each sample was from 45 to 90 microns. The resulting aluminas were
subjected to Jet Cup testing to determine their attrition resistances. The results of the
tests, as measured by Microtrac analysis, are presented in Table 5. The results
surprisingly revealed that the most attrition resistant y-aluminas were those treated with
the low pH solutions, particularly those solutions having pH values of 5 or less
(preferably 3 or less and most preferably from about 3 to about 1). As already mentioned,

the preferred cobalt nitrate concentrations employed for aqueous impregnation and

aqueous co-impregnation typically provide particularly desirable pHvalues in the 1-3

range.
TABLE 4
Effect of pH on the Attrition Resistance of y-Alumina (Jet Cup Results)
Mean Volume o . _— 0/ Timach
Diameter* 50% Passing Size %o Fines” (<11 pm)
Solutio As % As % After
Decrease Decrease As
npH | Prepared Prepare Jet Cup
Value (um) after Jet d (um) after Jet | Prepared Test
Cup Test Cup Test
1.0 71.9 273 69.5 25.3 0 4.5
3.0 72.7 29.4 70.3 26.7 0 6.6
5.0 73.5 31.7 71.1 27.7 0 6.7
7.0 72.8 32.8 70.3 29.9 0 8.1
10.0 71.0 35.6 68.5 31.8 0 10.5
12.5 72.5 35.3 69.8 31.5 0 10.1
Note: *Error=+0.8; #==+0.3
Example 7

Effect of Different Aluminas on the Catalytic Properties
and Attrition Resistances of Cobalt-based, Fischer Tropsch Catalysts
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The effect on attrition resistance and catalytic properties of the type of alumina
used was examined using a series of catalysts which, except for the particular alumina
supports employed, had the same formulations. Each of the alumina supports was
manufactured by Condea/Vista. In each case, the alumina was calcined at 500°C for 10
hours. All catalysts were prepared by incipient wetness impregnation and contained 20

wt% cobalt and 0.5 wt% ruthenium. The catalysts were prepared as follows:

CATALYST 20: ( Ru-promoted, cobalt catalyst on CATAPAL B alumina with 20 wt%
cobalt and 0.5 wt% ruthenium.)
Preparation Procedure:

CATAPAL B alumina in the boehmite form was calcined at 500°C for 10 hours
to convert it to y-alumina. It was then presieved to 400-170 mesh (i.e., a particle size of
greater than 38 microns and lower than 88 microns)and impregnated with an aqueous
solution of cobalt nitrate [Co(NO;),6H,0] and ruthenium (III) nitrosyl nitrate
[Ru(NO)(NO,), xH,0] using an appropriate quantity to achieve incipient wetness (ca.
1.2 ml/g) with the desired loading of Co and Ru. The catalyst precursor was then dried
in air at 115°C for 5 hours and calcined in air at 300°C for 2 hours (with a heating rate
of ca. 1°C/min to 300°C).

Reduction Procedure before Reaction:

The catalyst was reduced in 3000 cc/g/hr of pure hydrogen by heating at 1°C/min

to 350°C and holding for 10 hours.

Each of the following catalysts 21-23 was prepared in the same manner as catalyst

20. The specific supports employed in catalysts 21-23 were as follows:

CATALYST 21: CATAPAL A support supplied by Condea/Vista and produced in
substantially the same manner as CATAPAL B.
CATALYST 22: CATAPAL D support supplied by Condea/Vista and produced in
substantially the same manner as CATAPAL B.
CATALYST 23: PURAL SB support supplied by Condea/Vista. The PURAL SB was
produced by Condea/Vista in the same manner as CATAPAL B, but at a different plant.
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The particular CATAPAL A, B, and D support materials employed in catalysts
20-22 were each determined to contain an amount of titania “impurity” of about 1000
ppm by weight (expressed as ppm by weight of titanium) which was incidentally added,
as part of the Ziegler Process, prior to the crystallization of the boehmite. In contrast,
the particular PURAL SB support material employed in catalyst 23 had been formed by
a blending process and was found to contain only about 500 ppm of titania. All of the
supports employed in catalyst 20-23 were spherical, y-alumina supports.

The CATAPAL A, CATAPAL B, and CATAPAL D materials were boehmites
having slightly different crystallite sizes. The crystallite sizes for these materials

expressed in angstroms as determined by X-ray diffraction analysis, were as follows:

CATAPAL A B D
020 plane 26 30 47
021 plane 41 43 72

The crystallite sizes of the CATAPAL A and the CATAPAL B were relatively close.
Thus, one would expect their physical properties to be similar. Moreover, the crystallite

characteristics of the PURAL SB support were substantially identical to those of the
CATAPAL B.

CATALYST 24: (Ru-promoted, cobalt catalyst on y-alumina with 20 wt% cobalt and

0.5 wt% ruthenium): The support, PURAL SB1, was supplied by Condea/Vista and was
identical to PURAL SB except that the PURAL SB1 support was not doped with

titanium.

Preparation and Reduction Procedures: Same as catalyst 20.

The particular y-alumina support, PURAL SB1, employed in catalyst 24 was
specially produced for us by Condea/Vista. The PURAL SB1 was identical to PURAL
SB except that special efforts were made to prevent the addition of titanium. An
elemental analysis showed that the PURAL SB1 support contained only 7 ppm of
titanium.

Catalysts 20-24 were tested in a slurry bubble column reactor. Table SA shows
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the average activity and selectivity exhibited by each catalyst over its first 24 hours of
use. The same reaction conditions were used in all of the SBCR runs (i.e., 230°C, 450

psig, and 900 Vhr of syngas and nitrogen with nitrogen comprising ca. 60% of the total

feed gas).
TABLE 5A
Activity and Selectivity of Co/Al,O,: Effect of Different Aluminas
CATALYST | CATALYST | ) cony. | ACTIVITY | SELECTIVITIES
(Alumina WEIGHT (%) " | (g/kg-cat/hr) 1Y)
Support) ® ’ CH, Cst
Catalyst 20
CATAPAL B) 15.3 21.8 1112.2 8.2 82.2
Catalyst 21
(CATAPAL 27.4 44.6 12579 104 79.0
A)
Catalyst 22
(CATAPAL 27.5 44.2 1261.9 10.9 79.0
D)
Catalyst 23
(PURAL SB) 21.5 36.3 1322.4 8.5 81.9
Catalyst 24
(PURAL SB1) 15.1 27.1 1340.0 8.4 80.5

The attrition resistances of the bare alumina supports used in catalysts 20-24, prior
to cobalt impregnation, were examined using the ultrasound and the Jet Cup tests. The
results obtained, as determined by Microtrac analysis, are shown in Tables 5B and 5C.

Overall, the test results indicate that, although all of the supports were y-aluminas, the
alumina supports having the higher titanium loadings exhibited noticeably better attrition
resistance. A comparison of the results obtained for the CATAPAL A, B, and D supports
further shows that improved attrition resistance is obtained through the use of boehmites
having crystallite characteristics closer to those of the CATAPAL A and CATAPAL B

materials.
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TABLE 5B
Attrition Resistances of Different y-Aluminas
(Results Before and After Ultrasound Attrition Test)
Fines (<11 pm)
Alumina (%)
Before After
CATAPAL A 0.3 0.5
CATAPAL B 0.0 4.3
CATAPAL D 0.4 7.8
PURAL SB 32 9.8
TABLE 5C
Attrition Resistances of Different Aluminas
(Results Before and After Jet Cup Attrition Test)
Fines (<11 pm)
Alumina (“o)
Before After
CATAPAL B 0 7.1
CATAPAL A 0 7.6
CATAPALD 0.4 7.7
PURAL SB 2.8 17.6
PURAL SB1 0 10.3
*Error =+ 0.3

The attrition resistances of promoted cobalt catalysts 20-24 are shown in Tables

5D (ultrasonic results) and 5E (Jet Cup results). These tests reveal that, for all the

aluminas used, the impregnation of cobalt significantly improved the attrition results

obtained. Further, the catalysts supported on the aluminas having higher titanium

loadings had superior attrition resistance.
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TABLE 5D

Effect of Different Aluminas on the Attrition Resistance
of Cobalt Catalysts (Results Before and After Ultrasound Test)

Fines
Catalyst (<1(1, pm)
(Alumina Support) (%)
Before After
Catalyst 20 0 1.0
(CATAPAL B) ’
Catalyst 21
(CATAPAL A) 0.3 0.8
Catalyst 22 15 18
(CATAPAL D)
Catalyst 23
(PURAL SB) 2.2 4.8

TABLE SE

Effect of Different Aluminas on the Attrition Resistance
of Cobalt Catalysts (Results Before and After Jet Cup Test)

Fines
Catalyst (<11 pm)
(Alumina Support) (%)
Before After
Catalyst 20
(CATAPAL B) 0 0.7
Catalyst 21 0 1.0
(CATAPAL A) '
Catalyst 22
(CATAPAL D) 0 2.9
Catalyst 23
. 10.5
(PURAL SB) 04
Catalyst 24
5.2
(PURAL SB1) 0
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These tests unexpectedly demonstrate that the presence of titanium in y-alumina
supports, particularly in an amount of more than 800 ppm by weight, or from about 800
ppm to about 2000 ppm, more preferably at least about 1000 ppm and most preferably
from about 1000 ppm to about 2000 ppm, significantly improves the attrition resistance
of the cobalt catalysts produced therefrom. Except for differences in titanium content,
the CATAPAL B and PURAL supports employed in this Example were all produced in
the same manner. Additionally, the CATAPAL and PURAL supports were produced by
the same manufacturer and were calcined in the same manner. Moreover, the ruthenium-
promoted cobalt catalysts formed therefrom were identically produced, calcined, and
reduced.

Example 8
Effect of Cobalt Loading on Catalyst Attrition Resistance

Since it was found that cobalt impregnation of y-alumina significantly improves
attrition resistance, the effect of cobalt loading was investigated. A CATAPAL B
alumina support which was determined to have a titanium loading of about 1000 ppm,
and which was found to have relatively high attrition resistance, especially when
impregnated with cobalt, was selected for all the catalysts used in this example. Four
different cobalt loadings were tested. The specific formulations of these catalysts were

as follows:

CATALYST 25: ( Ru-promoted, cobalt catalyst on CATAPAL B alumina with 15 wt%
cobalt and 0.4 wt% ruthenium.)

Preparation Procedure:

Same as Catalyst 20, but with only 15 wt% cobalt and 0.4 wt% ruthenium.

CATALYST 26: ( Ru-promoted, cobalt catalyst on CATAPAL B alumina with 30 wt%
cobalt and 0.8 wt% ruthenium.)

Preparation Procedure:
Same as Catalyst 20, but with 30 wt% cobalt and 0.8 wt% ruthenium. The

impregnation was accomplished in two steps using first a solution containing 60% and

then a second solution containing the remaining 40% of the required metal precursors.
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The second step was carried out after drying and calcining the partially loaded catalyst

precursor. The drying and calcining steps were then repeated after the second

impregnation.

5 CATALYST 27: ( Ru-promoted, cobalt catalyst on CATAPAL B alumina with 40 wt%
cobalt and 1.0 wt% ruthenium.)

Preparation Procedure:

Same as Catalyst 26, but with 40 wt% cobalt and 1.0 wt% ruthenium and using
three impregnation steps. The three impregnation steps applied 40%, 30%, and then 30%

10 of the metal precursors. Each step was followed by drying and calcining.

The attrition resistances of these catalysts, and of Catalyst 20, are compared in
Table 6. Table 6 also shows the activities of these catalysts as measured in a slurry

bubble column reactor at 230°C and 450 psig. These results indicate that attrition

15 resistance and activity increased with increasing cobalt loadings up to 30 wt%.
TABLE 6
Effect of Cobalt Loading on Attrition Resistance
(Jet Cup Test)
Attrition Resistance
Cobalt Loading Activity (g-
Catalyst (Wt%) HC/g-cat/hr) | % Fines (<11 pm)
After Jet Cup
Catalyst 25 15 1.157 2.7
Catalyst 20 20 1.240 0.8
Catalyst 26 30 1.666 0.3
Catalyst 27 40 1.505 0.4
*  x ok k%
10 Thus, the present invention is well adapted to carry out the objects and attain the

ends and advantages mentioned above, as well as those inherent therein. While the
invention has been described with a certain degree of particularity, it is manifest that

many changes may be made without departing from the spirit and scope of this
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disclosure. It is understood that the invention is not limited to the embodiments set forth

herein for purposes of exemplification.
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WHAT IS CLAIMED IS:

1. A method for reducing catalyst attrition losses in hydrocarbon synthesis processes
conducted in high agitation reaction systems, said method comprising the step of reacting
a synthesis gas in a high agitation reaction system in the presence of a catalyst comprising
a y-alumina support, wherein said y-alumina support includes an amount of titanium
effective for increasing the attrition resistance of said catalyst in said high agitation
reaction system.

2. The method of claim 1 wherein said titanium is present in said y-alumina support
in an amount of at least 800 parts per million by weight.

3. The method of claim 1 wherein said titanium is present in said y-alumina support
in an amount of at least 1000 ppm by weight.

4. The method of claim 1 wherein said titanium is present in said y-alumina support
in an amount in the range of from about 1000 to about 2000 parts per million by weight.
5. The method of claim 1 wherein said y-alumina support has been produced from
spray-dried, synthetic boehmite.

6. The method of claim 1 wherein said titanium is added to said y-alumina support
prior to the crystallization of said synthetic boehmite.

7. The method of claim 1 wherein said y-alumina support has been treated, after

calcination, with an acidic aqueous solution.

8. The method of claim 8 wherein said acidic aqueous solution has a pH of not more
than 3.
9. The method of claim 1 wherein said catalyst comprises cobalt supported on said

y-alumina support in a selected amount in the range of from about 10 to about 70 parts

by weight (pbw) per 100 pbw of said y-alumina support.

10. The method of claim 9 wherein said catalyst is promoted with a selected amount
of ruthenium.
11. The method of claim 10 wherein said ruthenium is present in an amount in the

range of from about 0.2 pbw to about 1.5 pbw per 100 pbw of said y-alumina support.
12. The method of claim 10 wherein said cobalt and said ruthenium have been applied
to said y-alumina support by totally aqueous coimpregnation using an effective

composition, and an effective amount, of an aqueous solution to achieve incipient
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wetness of said y-alumina support with said selected amounts of said cobalt and said

ruthenium.

13. The method of claim 12 wherein said aqueous solution has a pH of not more than
5.

14.  The method of claim 1 wherein said high agitation reaction system is a three-

phase reaction system.

15. The method of claim 1 wherein said high agitation reaction system is a slurry
bubble column reactor system.

16. A method for reducing catalyst attrition losses in hydrocarbon synthesis processes
conducted in high agitation reaction systems, said method comprising the step of reacting
a synthesis gas in a high agitation reaction system in the presence of a catalyst comprising

a y-alumina support which has been treated, after calcination, with an acidic aqueous

solution.

17. The method of claim 16 wherein said aqueous solution has a pH of not more than
5.

18. The method of claim 16 wherein said aqueous solution has a pH in the range of

from about 3 to about 1.

19. A method for reducing catalyst attrition losses in hydrocarbon synthesis processes
conducted in high agitation reaction systems, said method comprising the step of reacting
a synthesis gas in a high agitation reaction system in the presence of a catalyst comprising
cobalt on a y-alumina support, said cobalt being present on said support in an amount in
the range of from about 10 pbw to about 70 pbw per 100 pbw of said y-alumina support
and said cobalt having been applied to said y-alumina support by totally aqueous
impregnation using an effective composition, and an effective amount, of an aqueous
solution to achieve incipient wetness of said y-alumina support with said amount of said
cobalt, said aqueous solution having a pH of not more than about 5.

20. The method of claim 19 wherein said aqueous solution has a pH in the range of
from about 3 to about 1.

21. The method of claim 19 wherein said selected amount of said cobalt is in the

range of from about 15 pbw to about 55 pbw per 100 pbw of said y-alumina support.
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22, The method of claim 19 wherein said selected amount of said cobalt is in the
range of from about 20 pbw to about 45 pbw per 100 pbw of said y-alumina support.
23. The method of claims 19 wherein said catalyst is promoted with a selected
amount of ruthenium.
24.  The method of claim 23 wherein said cobalt and said ruthenium have been applied
to said y-alumina support by totally aqueous coimpregnation using said aqueous solution
and wherein said aqueous solution has a composition and is used in an amount effective
to achieve incipient wetness of said y-alumina support with said amount of said cobalt
and said selected amount of said ruthenium.
25. The method of claim 19 wherein said high agitation reaction system is a three-
phase reaction system.
26. The method of claim 19 wherein said high agitation reaction system is a slurry
bubble column reactor system.
27. A method for reducing catalyst attrition losses in hydrocarbon synthesis processes
conducted in slurry bubble column reactors, said method comprising the step of reacting
a synthesis gas in a slurry bubble column reactor in the presence of a catalyst comprising
cobalt, on a y-alumina support, and an amount of a lanthana promoter effective for
increasing the attrition resistance of said catalyst in said slurry bubble column reactor.
28. The method of claim 27 wherein:

said cobalt is present in an amount in the range of from about 15 pbw to about 55

pbw per 100 pbw of said y-alumina support and
said lanthana is present in an amount in the range of from about 0.5 to about 5.0
pbw per 100 pbw of said y-alumina support.

29. The method of claim 28 wherein said lanthana is present in an amount in the
range of from about 0.9 pbw to about 2.5 pbw per 100 pbw of said y-alumina support.
30. A method of producing an attrition resistant catalyst having a calcined y-alumina
support, said method comprising the step, after calcination of but before adding catalytic
material to said support, of treating said support with an acidic aqueous solution having
an acidity level effective for increasing the attrition resistance of said catalyst.
31. The method of claim 30 wherein said acidic aqueous solution comprises water

and nitric acid.
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32. The method of claim 30 wherein said acidic aqueous solution has a pH of not
more than 5.
33.  The method of claim 30 wherein said acidic aqueous solution has a pH in the

range of from about 3 to about 1.

34. A catalyst having improved attrition resistance, said catalyst comprising a
calcined y-alumina support and said catalyst having been produced by a method
comprising the step, after calcination of but before adding catalytic materials to said
support, of treating said support with an acidic aqueous solution having an acidity level
effective for increasing the attrition resistance of said catalyst.

35.  The catalyst of claim 34 wherein said acidic aqueous solution comprises water
and nitric acid.

36.  The catalyst of claim 34 wherein said acidic aqueous solution has a pH of not
more than 5.

37.  The catalyst of claim 34 wherein said acidic aqueous solution has a pH in the
range of from about 3 to about 1.

38. A method of reducing catalyst attrition losses in hydrocarbon synthesis processes
conducted in high agitation reaction systems, said method comprising the step of reacting
a synthesis gas in a high agitation reaction system in the presence of a catalyst comprising
a y-alumina support, wherein said y-alumina support is produced from boehmite having
a crystallite size, in the 021 plane, in the range of from about 30 to about 55 angstroms.
39. The method of claim 38 wherein said crystallite size, in the 021 plane, is in the
range of from about 40 to about 50 angstroms.

40. The method of claim 38 wherein said y-alumina support includes an amount of

titanium of at least 800 ppm by weight.
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