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15 Not applicable. 

1l'.IELD OF THE INVENTION 

'nae present invention relates to a process for the preparation of hydrocarbons from synthesis 

gas, (i.e., a mixture of carbon monoxide and hydrogen), typically labeled the Fischer-Tropsch 

process. Particularly, this invention relates to the use of aluminum fluoride or tluorided alumina 

20 supported catalysts containing cobalt and rhenium and at least one other element selected ftOm 

~phosphorus, potassium, manganese and vanadium, for the Fischer-Tropsch process. 

BACKGROUND OF THE INVENTION 

Large quantities of methane, the main component of natural gas, are available in many areas 

of the world. Methane can be used as a starting material for the production of hydrocarbons. The 

25 conversion of methane to hydrocarbons is typically carried out in two steps. In 1be fir.st step methane 

is reformed with water or partially oxidized with oxygen to produce carbon monoxide and hydrogen 

{i.e., synthesis gas or syn.gas). In a second step, the syngas is converted to hJdrocarbons. 
This second step, the prcparalion of hydrocarbons :&om synthesis gas is well known in the art 

and is usually referred to as Fischer-Tmpsch synthesis, the Fischer-Tropsch process, or Fischer-

·30 TIOpSC.h reaction(s). Catalysts for use in such sYntttesis usually contain a catalytically active metal of 

Groups 8, 9, 10 (in the New notation of the periOdic table of the elements, which is followed 

11nuughout). In particular, iron, cobalt, Dickel. and ruthenium have been abundantly used as the 

.cata1yticaliy active metals. Cobalt and IUthenium have been found to be most suitable for catalyzing 

a pmcess in which synthesis gas is converted to primarily hydrocarbons having five or more carbon 
,,. 

35 atoms (i.e., where the cs+ selectivify of the catalyst is high). Additionally, the catalysts often 

contain one or more promoters and a support or carrier material. Rhenium is a widely used promoter. 
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The Fischer-Tropsch reaction involveiJ. ~~ cat.a)ytic hydrogenation of carbon monoxide to 

produce a variety of products ranging from methane t(:) higher aliphatic alcohols. The methanation 

reaction was first descnDed in the early 19~~·s, ~d ~e later work by Fischer and Tropsch dealing 

with higher hydrocarbon synthesis was desctjbed i~ the 19.20's. 

5 The Fischer-Tropsch synthesis ~ons are highly exothermic and reaction vessels must be 

designed for adequate heat exphange capacity. Because, tfie feed streams to Fischer-Tropsch reaction 
. ·. : .. , .. .. ·.· '! : 

vessels are gases while the pn;Kt~ streams ipclu4e liqµids, the reactio~ vessels must have the abil~ 

to continuously produce and remove the desired ~ge of liquid hy~bon products. The process 

has been considered for the ~nv~on of ~~acec>~~ feedstock, 1:!·8·• Coal or natural gas, to higher 

10 value liquid fuel or petrochemicals. The fit'Sl: major commercial use of the Fischer-Tropsch process 

was in Germany dming the J939's. More th.an 10,ooq BID ~ls per day) of products were 

manufactured with a cobalt based catalyst in a fixed;.bed reactor. This work has been described by 

Fischer and Pichler in Ger. Pat. No. 731,295 issued Aug. 2~ 1936. 

Motivated by production ~f high-~e gasoliJle ftom natural gas, research on the possible 
. . 

15 use of the fluidized bed for Fischer-Tropsch synthesi~ was conducted in tJie United States in the mid-
. ; ' . . :· .. 

1940s. Based on laboratory results, H~n llese~ Inc. ~cted a dense-phase fluidized 
. . . . . . . . . . . . 

bed reactor, the Hydrocol unit, at Carthage, T~, u11,ins powdered ~n as the catalyst. Due to 

disappointing levels of converSion, scale-up PfOl>l~s. an~rising n~ gas prices, operations at this 
; ·, . . . . . :· ·. 

plant were suspended in 1957. Research mis continued, however~ on 4eveloping Fischer-TropsCh . : . ' . ' .. 

20 . reactors such as slurry-bubble. columns,. as ~lo~d in u..s Patent Np. 5,348,982 issued September 

20, 1994. 

Commercial practice of the Fischer-Tropsch process has continued from 1954 to the present . .· ·' ; ·. :· . . 

day in South Africa. in the SASOL plants. These plants use jron-based catalysts, and produce 

gasoline in relatively high-temperature flui~-bed reactors and wax in relatively low-temperature 

25 fixed-bed reactors. 

Research is likewise .c=ontinuing on the ~elopment of ~ore'. efficient Fischer-Tropsch 

catalyst systems and reaction syD.ms that increase the sel!'Ctivity for high-value hydrocarbons in the 
.···· . . . . ·. 

Fischer-Tropsch product stream. In particul3r, a number of studies ~escn"be the behavior of iron, 
. . . . . . . ' . 

cobalt or ruthenium based catalysts in variou~ reactor type$, together wltf1 the development of catalyst 

30 compositions and preparations. 

There are significant differences in the· molecular weight distributions of the hydrocarbon 
:· ; . :-· . . . . . ~ . . 

products from Fischer-Tropsch. reaction sy~. Produ~ distribution .or product selectivity depends 

heavily on the type and structme of the catalysts and on the reactor type and operating conditions. 
. . . •: ' 

Accordingly, it is highly desirable to maximize the selectivity of the Fischer-Tropscb synthesis to the 

35 production of high-value liquid hydrocarbons,' such as hydrocarbons with.five or more carbon atoms 
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U.S. Pat. No. 4,6S~l>8t/issued on Apr. 21, 1987, describe'S'tti~ laser synthesis of iron based 

catalyst particles in the 1-100 micron particle size range for use in a sluny reactor for Fischer­

Tropsch synthesis. 

5 U.S. Pat. No. 4,619,910 issued on Oct 28. 1986, and U.S. Pat No. 4,670,472 issued on Jun. 

2, 1987, and U.S. Pat No. 4,681,867 issued on Jul. 21, 1987, describe a series of catalysts for use in a 

sluny Fischer-Tropsch process in which synthesis gas is selectively converted to higher hydrocarbons 

of relatively narrow carbon number range. Reactions of the catalyst with air and water and 

calcination are specifically avoided in the catalyst preparation procedure. The catalysts are activated 

10 in a fixed-bed reactor by reaction with Co+ Hz prior to slurrying in the oil phase in the absence of 

air. 

Catalyst supports for catalysts used in Fischer-Tropsch synthesis of hydrocarbons have 

typically been oxides (e.g., silica, alumina, titania, zirconia or mixtures thereot such as silica­

alumina). It has been claimed that the Fischer-Tropsch synthesis reaction is only weakly dependent 

15 on the chemical identity of the metal oxide support (see E. Iglesia et al. 1993, In: "Computer-Aided 

Design of Catalysts," ed. E. R. Becker et al., p. 215, New York, Marcel Dekker, Inc.). The products 

prepared by using these catalysts usually have a very wide range of molecular weights. 

U.S. Pat. No. 4,477,595 discloses ruthenium on titania as a hydrocarbon synthesis catalyst for 

the production of Cs to C40 hydrocarbons, with a majority of paraffins in the Cs to C20 range. U.S. 

20 Pat No. 4,542,122 discloses a cobalt or cobalt-tboria on titania having a preferred ratio of rutile to 

anatase, as a hydrocarbon synthesis catalyst. U.S. Pat No. 4,088,671 discloses a cobalt-ruthenium 

catalyst where the support can be titania but preferably is alumina for economic reasons. U.S. Pat. 

No. 4,413,064 discloses an alumina supported catalyst having cobalt, ruthenium and a Group 3 or 

Group 4 metal oxide, e.g., thoria. European Patent No. 142,887 discloses a silica supported cobalt 

25 catalyst together with zirconium, titanium, ruthenium and/or chromium. 

International Publication Nos. WO 98/47618 and WO 98/47620 disclose the use of rhenium 

promoters and describe several functions served by the rhenium. 

U.S Pat. No. 5,248,701 discloses a copper promoted cobalt-manganese spinel that is said to 

be useful as a Fischer· Tropsch catalyst with selectivity for olefins and higher paraffins. 

30 Despite the vast amount of research effort in this fiel~ promoted Fischer-Tropsch catalysts 

using aluminum fluoride or fluorided alumina supports are not known in the art. There is still a great 

need to identify new catalysts for Fischer-Tropsch synthesis, particularly catalysts that provide high 

Cs+ hydrocarbon selectivities to maximize the value of the hydrocarbons produced and thus the 

process economics. 
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SUMMARY Oil' THE JNVENTION 

This· invention provi~s a process and catalyst for producingJ1ydrocarbo~ and a method for 

preparing the catalyst. The pro~s comprises contacting a feed stre8m comprising hydrogen and 

carbon monoxide with a catal)rst in a reaction zone maintained at ~nv~on-promoting conditions 

5 . effective to produce an effluent stream comprising hydrocarbons. 

Jn accordance with this invention, the catalyst used in the proCes5 comprises cobalt, rhenium, 

and at least one element selected from the group consisting of· ho~ ·phosphorus, pritassium, 

manganese, and vanadium. 

·This invention also includes a method for the preparation of a supported Fischer-Tropsch 

10 catalyst comprising supporting cobalt, rhenium, and at least one el~t selected :from the group 
. .. 

consisting of boron, phosphoru9, potassium, manganese, and vanadiUlll on a support material selected 

from the group including silica, titania, titanialalumina, zirconia, alumina, aluminum fluoride, and 

fluorided alumina. 

This invention also provides a process for producing hydrocarbons, comprising contacting a 

15 feed stream comprising hydro~en and carbon monoxide with a supported· catalyst in a reaction zone 

maintained at conversion-promoting conditions effective to produce art effiuent stream comprising 

hydrocarbons. In accordance with this invention, the catalyst used iii tho process comprises cobalt, 

rhenium, and at least one element selected from the group consisting of boron, phosphorus, 

potassium, manganese, and vanadium, and-_one or more support materials selected· from the group 

20 including silica, titania, titmnalalumina, zirconia, alumina, . alUlllinum fluoride, and ftuorided 

aluminas. 

DETAILED DESCRIPTI()NOF THE INVENTJON 

The feed gases charged to the process of the invention comprise hydrogen, or a hydrogen 

source, and carbon monoQh,. H2/CO mixtures suitable as a ··.feedstock for conversion to 

25 hydrocarbons according to the process of this invention can be obtained ftom light hydrocarbons such 

as.methane by means of steam reforming, partial oxidation, or other pocesses known in· the art. 

Preferably the hydrogen is provided by free hydrogen, although some _Fischer-Tropsch ·catalysts have 

sufficient water gas shift activity to convert some water to hydrogen for Use in the Fischer-Tropsch 

process. It is preferred that the molar ratio of hydrogen to carbon monoxide in the feed be greater 

30 than O.S:l (e.g., from about 0.67 to 2.5). Preferably. the feed gas._stream contains hydrogen and 

carbon monoxide in a molar ratio of about 2:1. The feed gas may also contain carbon dioxide. The 

feed gas stream should contain a low concentration of compounds or elements that have a deleterious 

effect on the catalySt, such as poisons. For example, the feed gas may n~ to be prertreated to 

ensure that it contains low concentrations of sulfur or nitrogen compounds such as hydrogen sulfide. 

35 ammonia and carbonyl sulfides. 
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The feed gas is contacted with the ca~yst in a reaction zone. Mechanical arrangements of 

conventional design may ~ &nptoyed as the reaction zone iiiclifdmg, for example, fixed b~ 

fluidized bed, sluny phase, slurry bubble column. reactive distillation column, or ebullating bed 

reactors, among others, may be used. Accordingly, the siz.e and physical forOm of the catalyst 

S particles may vary depending on the reactor in which they are to be used. 

The active catalyst components used in this invention are carried or supported on a support 

selected from the group including silica, titania, titanialalumi~ zirconia, alumina, aluminum 

fluoride, and fluorided alumina, silica, titania, and titania/alumina. Aluminum fluoride supports are 

defined as at least one aluminum fluoride (e.g., alpha-AIF3, beta-AIF3, delta-AIF3, eta-A1F3, 

10 gamma-AIF3, kappa-A1F3 and/or theta-AlF3}. · Preferred supports include alumina and aluminum 

fluoride. Preferred aluminum fluoride supports are aluminum fluorides that are primarily alpha-AIF3 

and/or beta-AIF3. 

Fluorided alumina is defmed as a composition comprising aluminum, oxygen, and fluorine. 

The fluoride content of the fluorided alumina can vary over a wide range, from about 0.001 % to 

15 about 67.8% by weight. Preferred are fluorided aluminas containing from 0.001% to about 10% by 

weight fluorine. The remainder of the fluorided alumina component will include aluminum and 

oxygen. The composition may also contain a minor amount (compared to aluminum) of silicon, 

titanium, phosphorus, zirconium and/or magnesium. 

The support material comprising fluorided aluminas and/or an aluminum fluoride may be 

20 prepared by a variety of methods. For example, U.S. Patent Nos. 4,275,046 and 4,902,838 and 

5,243,106 disclose the preparation of fluorided alumina by the reaction of alumina with a vapori7.able 

fluorine-containing fluorinating compound. Suitable fluorinating compounds include HF, CCIJF, 

CCI2F2. CHC1F2, CH3CHF2, CCl2FCCIF2 and CHF3. U.S. Patent No. 5,243,106 discloses the 

preparation of a high purify AIF3 from aluminum sec-butoxide and HF. 

25 Metals can be supported on aluminum fluoride or on tluorided alumina in a variety of ways. 

For example, U.S. Patent No. 4,766,260 discloses the preparation of metals such as cobalt on a 

fluorided alumina support using impregnation techniques to support the metal. U.S. Patent 

No. 5,559,069 discloses the preparation of a multiphase catalyst composition comprising various 

metal fluorides including cobalt fluoride homogeneously dispersed with aluminum fluoride. PCT Int. 

30 Puhl. No. 97119751 discloses the preparation of multiphase catalyst compositions comprising metallic 

ruthenium homogeneously dispersed with various metal fluorides including aluminum fluoride. 

Phases of aluminum. fluoride such as eta, beta, theta and kappa can be prepared as described 

in U.S. Patent No. 5,393,509, U.S. Patent No. 5,417,954, and U.S. Patent No. 5,460,795. 
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Aluminas that have been treated with ~uosilicic acid (iI2SiF6) such as those described in 

European Patent Application No. EP 497,436 can also be used as a su~ The disclosed support 
comprises :from about O.S to about 10 weight percent of fluorine, frqm 0.S to about S weight percent 
of siJica and :from about 85 to abo'ut 99 weight percent of alumina. 

S The catalyst contains a catalytically effective amount of cobalt ~d rhenium, The amount of 
cobalt and rhenium present in the catalyst may vary widely. Typically~ the catalyst comprises from 

abo'ut 1 to 50% by weight (as the metal) of the total supported cobal~ and rhenium per total weight of 
catalytic mdat and support. preferably from about 1 to 30% by w'rish~ and more preferably from 
about 1 to 25% by weight. Rhenium is added to the support in a conCeD.tfation sufficient to provide a 

10 weight ratio of elemental rhenium:elemental cobalt of:from about 0.~01:1toabout0.25:1, preferably 
:from about 0.001:1toabout0.05:1 (dry basis). 

We have found that higher selectiVity and productivity catalysts are produced when a 
promoter selected from the group consisting of boron, phosphoms, potassium, manganese and 

vanadium is added to the col>aJ.t-rbenium catalyst. This . is quite s~sing because boron and 
15 phosphorus are typically considered to be Fischer-Tropsch catalyst p~~· AdditionaJly, and even 

more_ surprisingly, the catalysts. of flie present invention exhibit ))otli .. improved conversion and · 
improved stability, with long lifetiJ:ne, relati.ve. to prior art Fischer-~psch catalysts. The conversion 
is particularly high in the case of the borQn and manganese. prow.*.'f . catalysts . of the present 
invention, and can equal or approach 100%. The 8111.ount of' promoter is added to.the cobalt-rhenium 

20 catalyst in a concentration sufficient to provide a weight ratio of e)ementa) promoter:elemental cobalt 
of from about 0.00005:1 to about O.S:l, pre~bly, from about 0.0005:1 t<> about 0.01:1 (dry basis).· . . - . . ~· 

The catalysts of the present invention may be prepared by any of the methods known to those . .. . : . . . .. 

skilled in the art. By way of illustration and not limitation, such m.ethOtis include impregnating the 
catalytically active compounds or precursors onto a support, extruding one or more catalytically 

25 active compounds or precursors together with support material to prepare catalyst extrudates, and/or 
precipitating the catalytically active compounds or precursors onto· a· support.. Accordingly, the 
supported catalysts of the present invention may ·be used in the form of powders, particles, pellets, 
monoliths, honeycombs, packed beds, foams, and aerogels. · 

The most preferred method of preparation may vary among those skilled in the art, depending 
30 for example on the desired catalyst partic)e size. Those skilled in the art.are able to select the most 

sui1able method for a given set of requirements. 

One method of preparing a supported metal catalyst (e.g., a supported cobalt, cobalt/rhenium, 
or cobalt/rhenium/promoter catalyst) is by incipient Wetness imprepation of the support with an 
aqueous solution of a soluble metal salt such as nitrate, acetate, acetylacetonate or the like. Another 

35 method of preparing a supported metal catalyst is by a melt impregnation tecbniqu~ which involves 

6 
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preparing the supported metal catalyst ftom • molten metal salt. One preferred method is to 

impregnate the support wifb·i·~molten metal nitrate (e.g., c<>Qlf6)~·6H20). Alternatively, the 

support can be impregnated with a solution of zero valent metal precursor. One preferred method is 

to impregnate the support with a solution <>f 7.el'O valent cobalt such as Co.2(CO)g, Co4(C0)12 or the 

5 like in a suitable organic solvent (e.g., toluene). Suitable rhenium compounds are the common water 

soluble ones, e.g., rhenium heptoxide (Re:z01) and ammonium perrhenate (NH4Re04). 

The impregnated support is dried and reduced with hydrogen or a hydrogen containing gas. 

The hydrogen reduction step may not be nccessuy if the catalyst is prepared with zero valent cobalt. 

Jn another preferred method, the impregnated support is dried, oxidia:d with air or oxygen and 

10 reduced in the presence of hydrogen. 

Typically, at least a portion of the metal(s) of the catalytic metal oomponent (a) of the 

catalysts of the present invention is present in a reduced state (i.e., in the metallic state). Therefore, it 

is nonnally advantageous to activate the catalyst prior to use by a reduction treatment, in the presence 

of hydrogen at an elevated temperature. Typically, the catalyst is treated with hydrogen at a 

15 tem]ierature in the range of from about 75°C to about 500°C, for about O.S to about 24 hours at a 

pressure of about 1 to about 75 atrn. Pure hydrogen may be used in the reduction treatrnen4 as may a 

mixture of hydrogen and an inert gas .such as nitrogen, or a mixture of hydrogen and other gases as 

are known in the art, such as carbon monoxide and carbon dioxide. Reduction with pure hydrogen 

and reduction with a mixture of hydrogen and carbon monoxide are preferred. The amoWlt of 

20 hydrogen may range from about 1% to about 100% by volume. 

The Fischer-Tropsch process is typically run in a continuous mode. In this mode, the gas 

hourly space velocity through the reaction zone typically may range from about 

I 00 volumes/hour/volume catalyst (v/hr/v) to about 10,000 v/hr/v, preferably from about 300 v/hr/v 

to about ~OOOv/brfv. The reaction mne temperature is typically in the range from about 160°C to 

25 about 300°C. Preferably, the reaction zone is operated at conversion promoting conditions at 

temperatures from about 190°C to about 260°C. The reaction zone pressure is typically in the range 

of about 80 psig (6S3 kPa) to about 1000 psig (6994 kPa), preferably, ftom 80 psig (653 kPa) to about 

600 psig (4237 kPa), and still more preferably, from about 140 psig (1066 kPa) to about 400 psig 

(2858 kPa). 

30 The products resulting from the process will have a great range of molecular weights. 

Typically, the carbon number range of the product hydrocarbons will start at methane and continue to 

the limits observable by modern analysis, about 50 to I 00 carbons per molecule. The process is 

particularly useful for making hydrocarbons having five or more carbon atoms especially when the 

above-referenced prefened space velocity, temperature and pressure ranges are employed. 

7 



---"'··-·-.. --~--···--···-,. .. ~ .. -.,..-.•.• = .... ~ .• ~----------------------------------

W099/61144 PCT/US99/11233 

The wide range of hydrocarbons·prQduced in the reaction zone·wiH typically affoid liquid 

phase products at the reaction zone ~g conditions. TherefQJ"e. the effluent stream of the 

reaction zone will often be a mix~ phase stream inclucliQg liquid ~d vapor phase products. The 

effiuent stream of the reaction ~n~ may be "ooled to efTuct: the co~lrtion of additional amounts 

5 of hydrocarbons and passed into a vapor-liquid separatiQll zone sep~ing the liquid and vapor phase 

products. The vapor phase lllllferial may be passed into a second ~ge: of cooling for recovery of 
' ' . ~ 

additional hydrocarbons. The liqpid phase material from the initi~ vapor-liquid separation zone 

together·with any liquid from a subsequent ~~on Zone may be f~ into a ftactionation column . . . . • ·. ..-. 

Typically, a stripping column '.is employed fust to rem()ve ·light hycb'ocm,bons ·such as propane and 

10 butane.. The remaining hydrocarbons may be ·passed into a fracti~on column where they are 

separated by boiling point range into products such as naphtha, kerosene and fuel oils. Hydrocarbons 
. . . . . . . :: ~ 

recovered from the reaction zone and having a boiling point above that of the desired products may 
. . . . . . . . '• . 

be .. passed into conventional processing ~uipment such as a hydroc~ing zone in order to reduce. 
. . . . ·"! : ' 

their molecular ~t. The gas ·phase recoyerecl from the · ~ *°ne effluent stream after 

15 .hydrocarbon recovery may be partially recycled if it contains a suff'1eient quantity of hydrogen and/or 

carbon monoxide. 

Without further elaboration, it is believed that one skilled in the art can, using the deScription 

herein, utili7.e the present invention . to its f\lllest . extent. .·. The foll~wi~g embodiments are to be 

construed as illustrative, and .not. as constl'~ing the scope of the ·present invention in any way 

20 whatsoever. 

EXAMPLES 

·~neral P~ure For Batch Tests 

Each of the catalyst SIUDPl~s was treateci with ~ydrogen prior ,to use in the Fischer-Tropsch 

reaction. .. The catalyst sample.wa5.placed in a small quartz crucible in a chamber and purged with 

25 SOO seem (8.3 x 10-6 m3/s) nitrogen at roolD temperature for lS minutes. The sample was then 

heated under 100 seem (1.7 x to-6 m3/s) hydrogen .-t 1°C/minute to l~0°Cand held at 100°C for one 

hour. The catalysts were then heated at 1°C/minute to 400°c and held at 400°C for four hours under 

100 seem (1.7 x 10-6 m3/s) hydrogen. The samples were cooled ·in hydrogen and purged with 

nitrogen before use. 

30 A 2 mL pressure vessel was heated at either 200°C or 22S°C under 1000 psig (6994 kPa) of 

H2:CO (2:1) and maintained at that temperature and pressure for l hour. In a typical run, roughly 

so mg of the reduced catalyst and 1 mL of n-octane was added to the vessel. After one hOur, the 

reactor vessel was cooled in ice, vented, and an internal standard of di-n-butylether was added. The 

reaction product was analyzed on an HP6890 gas chromatograph. Hydrocarbons in the range of 

8 
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Ct 1-C40 were analp.ed relative to the internal standard. The lower hydrocarbons were not analyz.ed 

since they are masked by ttti·i~ and are also vented as the pretJ.n@is reduc~. 
A cu+ Productivity (g cu+fbour/kg catalyst) was calculated based on the integrated 

production of the C11-C40 hydrocarbons per kg of catalyst per hour. The logarithm of the weight 

5 ftaction for each carbon number ln(W8/n) was plotted as the ordinate vs. number of carbon atoms in 

(Wr/n) as the abscissa. From the slope, a value of alpha was obtained. Some runs displayed a 

double alpha as shown in the tables. The results of runs over a variety of catalysts at 200°C are 

shown in Table 1. 

10 

Catalyst Prenaration 

EXAMPLE I 

R.eiO., (0.0650 g) and Bi~ (0.0016 g) were dissolved in a small amount of water, added to 

molten Co(N03)2•6H20 (4.9384 g) and mmd well. Engelhard fluorided alumina (4352 - 3.95 g) was 

slurried into this solution. The sluny was dried at BOOC. The solids were removed :from the oven and 

exposed to air to absorb moisture. The solids were then dried again at 80°C followed by heating the 

IS solids at 0.5°C per minute to 3500C and maimaining the solids at this temperature.for 18 minutes. 

The so1ids were then reduced in hydrogen tlow at 4S0°C for 6 hours. The material was cooled and 

flushed with nitrogen overnight and then sealed for transport into an inert atmosphere glove box. 

The recovered catalyst was bottled and sealed for storage inside the glove box until Fischer-Tropsch 

testing could be completed. The catalyst had a nominal composition of 

20 20%Co/1.00A.Re/O.Ol %Bl Al203(F). This catalyst was also used in Example 17. 

25 

BXAMPLE2 

The same procedure and materials as used in example 1 were used, except that 0.0080 g of 

B203 was used. The catalyst had a nominal composition of 20%Co/1.0%Re/0.05%B/Al203(F). This 

catalyst was also used in Example 18. 

BXAMPLEJ 

The same procedure and materials as used in example 1 were used, except that 0.0161 g of 

~o, was used. The catalyst had a nominal composition of 20%Co/l.0%Re/O.lo/DB/Alz03(F). This 

catalyst was also used in Example 19. 

EXAMPLE4 

30 The same procedure and materials as used in example 1 were used, except that Ah~ 

(Chimet, 3.9500 g) and P20s (0.0011 g) was used. The catalyst had a nominal composition of 

20%Co/l.Oo/oR.e/0.01%P/Ah~. This catalyst was also used in Example 20. 

9 
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EXAMPLES 

The same procedure and ~s as used in m.onple 4 ~ used, except that O.OOSS g of 

P20 5 was used. The catalyst bad. a nominal composition of 20o/~o/l.()O/oRe/0.05o/.oP/Ah~. This 
. ·r 

catalyst was also used in BxamJ)le 21. 

EXAMPLE6 
. . -

The same procedure and materials as used in example 4 were uS,ed, except that 0;0110 g of 

P20 5 was used. The catalyst had a nomi1U1l composition of 20%Co/LO%Re/0.1%P/A1203. This 

catalyst wa5 also used in Example 22. 

EXAMPLE7 

10 The same procedure and Jlllterials as used in example 4 were used, except that 3.9250 g of 

. . Ali03 and 0.0550 g of P20s were used. · The oata1yst had a nominal composition of 

20%Co/1.00/oRe/O.So/oP/AJ;PJ. This catalyst was also used in Example 23. 

EXAMrLBB 
.. · : . .. . . 

The same procedure and materials as used in example 7 were used, except that 3.9000 g of 

15 Al20 3 and 0.1100 g of P20s: were used. The catalyst had a. nominal composition of 

20%Co/l.0%Re/1.0o/oP/AlA~' This catalyst was also used in Example 24. 

EXAMPLE9 

The same procedure and materials· as· used· iD example 1 . were used, except that·. Ali~ 

(Chimet, 3.9500 g} and BA.(0.0161 g) were used. The catalyst~ a nominal composition of 

20 20%Co/1.00/oRe/0.1 %B/AJ~3. This catalyst was also used in Example 25. 
· .. · .. ·· .· 

EXAMPLElO 
. -

· The same procedure and materials as med in example 1 were used, except that Ah03 

(Chimet, 3.9250 g) and~~ (0;0805 g) were used. The catalyst~~ a nominal composition of 

200/oCo/1.0o/oRe/0.5o/oB/Ah~-· Th_is catalyst "7as aliro. used in Example ~6. 

25 EXAMPLE 11 

The same procedure. and materials as ~ i~ example 1 were us~ except that Ah<h 

(Chimet, 3.925 g) NH.Re04 (0.1Q80 g) and KN(h (O.OQ65 g) were usv.d· The catalyst had a nominal 

composition of 20o/oCo/1.S%Re/0.05%K/AlA. 

EXAMPLE12 

30 The same procedure and ·materials ~ used in example 1 ~ used, except that Al203 

(Chimet, 3.8975 g), NH.tReO" (0.1440 g) ~d Mn(N03)2 (0.0160 g) were used. The catalyst had a 
. . ... · . . .. 

nominal composition of20%CoJ2.0%Re/0.1 o/oMntAl20J. This catalyst~ also used in Example 27. 

10 
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EXAMPLB13 
·~ . 

The same procedu@;.Qf.td materials as used in example J .*-re used, except 1hat Al20J - . 
(Chimet, 3.8925 g), NHJle()4 {0.1440 g) and Mn(N01h {0.0480 g) were used. The catalyst had a 
nominaJ composition of 20%Co/2.0%Rel0.3YoMn/AlA. This catalyst was also used in Example 28. 

5 EXAMJ>LB14 

The same procedure and materials as used in example I were ~ except that Alz03 
(Chimet, 3.8750 g), NH.Re04 (0.1440 g) and Mn(N0.1h (0.1610 g) were used. The catalyst had a 
nominal coxiiposition of20%Co/2.0%Rell.0%Mn/Al20 3• This catalyst was also used in Example 29. 

EXAMPLElS 

10 The same procedure and materials as. used in example J were used, except that AhOs 

15 

(Chimet, 3.975 g). R"20, (0.0650 g) and~ V03 (0.0287 g) were used. The catalyst had a nominal 
composition of20%Co/1.00/0Re/0.2So/OV/A120J. 

EXAMJ>LB16 

The same procedure and materials as used in example 1 were used, except that AlA 
(Chimet, 3.925 g), Re20, (0.06SO g) and~ VOJ (0.0574 g) were used. The catalyst had a nominal 
composition of20%Co/1.0%Re/0.5%V/Al20J. 

TABLE I 
Ex.No. Catalyst Cu+ Productivity Alpha 

1 20%Co/l .OOARe/O.Ol%B/Ai203(F) 753 0.89 

2 20%Co/1.0o/oRe/O.OS%B/Al203(F) 747 0.88 

3 20%Co/l .0%Rel0.1 %B/Al203(F) 714 0.88 

4 200/0Co/1.00/aRe/0.01%P/~03 866 0.9 

s 20%Co/l.0%Re/0.05%P/Al20J 716 0.87 

6 20%Co/1.0%Re/0.1 %P/Al203 779 0.89 

7 20%Co/l .0%Rel0.5%P/A120J 716 0.9 

8 20%Co/1.0%Re/1%PIA120J 676 0.89 

9 20%Co/1.0%Re/0.1 %B/Al20J 819 0.89 

10 20%Co/1.0%Re/0.So/oB/Ali03 951 0.89 

11 20o/'oCo/l .Oo/oRe/O.OSo/oK/Al20J 741 0.89 

12 20%Co/2.0o/aRe/0.1 %MnlAJi03 832 0.89 

13 20%Co/2.0%Re/0.3%MnlA1203 tooo· 0.9 

14 20%Co/2.0%Re/1 %Mn/Al203 920 0.89 

11 
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EL No. 

15 

16 

Catalyst -

208A.Co/l.O%Re/0.2So/oV/A~20J 

20%Coll.0%Re/O.S%V/Al20J 

General Pnpcedare For Contippoas T• 

963 

923 

PCT/US99/11233 

Alpha 

0.88 

0.9 

The catalyst testing unit was composed of a syngas feed system, -~tubular reactor, which had 

a set of wax and cold traps, back pressure regulators, and three gas cbromatograpbs (one on-line and 

S tWo off-line). 

The carbon monoxide was pwified bef~re being fed to the reactor over a 22% lead oxide on 

alumina catalyst placed in a trap to remove any iron carbonyls present The individual gases or 

mixtures of the gases were mixed in a 300 mL vessel filled with -glass beads before entering the 

slipply manifold feeding the reactor. 

10 -- The reactor was made of 3/8 in. (0.9S cm) OD. by 1/4 in. (0.63 cin) I.D. stainless steel 

tubing. The Jength of the reactor tubing Was 14 in. (3S.6 cm). The actual length of the catalyst bed 

was 10 in. (2S.4 cm) with 2 in. (S.1 cm) of 25/30 mesh (0.7110.59 mm) glass beads and glass wool at 

the inlet and outlet of the reactor. -

The wax and cold traps were made of 75 mL pressure cylinders. The wax traps were set at 

15 140°C while the cold traps were set at O°C. The reactor bad two wax traps in parallel followed by 

two cold traps in parallel. At any given time products ftom the reactor flowed through one wax and 

one cold trap in series. Following a material balance period, the hot and cold traps used were 

switched to the other set in parallel, if needed. The wax traps collected a heavy hydroCarbon product 

distnDution (usually b~ ~ and above) while the cold traps collected -a lighter hydrocarbon 

20 prodUct distribution (usually between C3 and C20). Water, a major product of the Fischer-Tropsch 

process was collected in both the traps. 

General AnaMieal Proceclm 

The uncondensed gaseous products from the reactors were analyzed using a common on-line 
' . 

HP Refinery Gas Analyzer. The Refinery Gas Analyzer was equipped with two thermal conductivity 

25 detectors and measured the concentrations of CO, H2o N2, CQi, c14, C2 to Cs 

alkenes/alkanes/isomers and water in the uncondensed reactor products. The products from each of 

the hot and cold traps were separated into an aqueous and an organic phase. The organic phase from 

the hot trap was usually solid at room temperature. A portion of this solid product was dissolved in 

carbon disulfide before analysis. The organic phase from the cold trap was usually liquid at room 

30 temperatme and was analyr.ed as obtained. The aqueous phase ftom the two traps was combined and 

analymd for alcohols and other oxygenates. Two off-line gas chromatographs equipped with flame 

12 



T77 . .$J4{. ~#- ·r: .. ··~ .. ·. ?i;;;=u 
. . - • :4 ... . p;i 

W099161144 PCTIUSff/11233 

ionization detectors were used for the analysis of the organic and aqueous phases collected from the 

wax and cold traps. Ai~ 'i> /.n~i\, 

Catalyst Testing Prncedgre 

Catalyst (3 g) to be tested was miXed with 4 grams of 25/30 mesh (0.71/0.59 mm) and 

5 4 grams of 2 mm glass beads. The 14 in. (35.6 cm) tubular reactor was farst loaded with 25/30 mesh 

(0.71/0.S9mm) glass beads so as to occupy 2 in. (S.1 cm) length of the reactor. The catalyst/glass 

bead mixture was then loaded and occupied 10 in. (25.4 cm) of the reactor length. The remaining 

2 in. (5.1 cm) of reactor length was once again filled with 25130 mesh (0.7110.59 mm) glass beads. 

Both ends of the reactor were plugged with gliss wool 

10 Catalyst activation was subsequently carried out using the following procedure. The reactor 

was heated to 120°C under nitrogen flow (100 cc/min and 40 psig (377 kPa)) at a rate of 1.S°C/min. 

The reactor was maintained at 120°C under these eon.ditions for two hours for drying of the catalyst. 

At the end of the drying period, the flow was switched :from nitrogen to hydrogen. The reactor was 

heated under hydrogen flow (100 cc/min and 40 psig (377 kPa)) at a rate of 1.4°C/min. to 350°C. 

15 The reactor was maintained at 3SO°C under these conditions for sixteen hours for catalyst reduction. 

At the end of the reduction period, the flow was switched back to nitrogen and the reactor cooled to 

reaction temperature (usually 220°C). 

The reactor was pressurized to the desired reaction pressure and cooled to the desired 

reaction temperature. Syngas, with a 2: 1 H2/CO ratio was then fed to the reactor when reaction 

20 conditions were reached. 

The first material balance period started at about four hours after the start of the reaction. A 

material balance period lasted for between 16 to 24 hours. During the material balance period, data 

was collected for feed syngas and exit uncondensed gas flow rates and compositions. weights and 

compositions of aqueous and organic phases collected in the wax and cold traps, and reaction 

25 conditions such as temperature and presswe. The infonnation collected was then analyzed to get a 

total as well as individual carbon, hydrogen and oxygen material balances. From this information, 

CO Conversion(%). Selectivity/Alpha plot for all (Ct to C40) of the hydrocarbon products, C5+ 

Productivity (glhrlkg cat), weight percent C84 in hydrocarbon products(%) and other desired reactor 

outputs were calculated. 

30 The results obtained ftom the continuous-flow Fischer-Tropsch catalyst testing unit is shown 

in Tables 2 and 3. 

Table 2 lists the catalyst composition, CO Conversion (Olo). Alpha value ftom the Anderson­

Shultz-Flmy plot of the hydrocarbon product distnl>ution, Cs+ Productivity (g Cs+lhour/kgcatalyst) 

and weight percent methane in the total hydrocarbon product (%). 

13 
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The temperature was 2200C, the ~ was between 340 psig (2445 kPa) to 362 

(2597 kPa) and the space ~elocity was 2 NI.Jhour/g. cat. for all the ~les in Table 2. 

TABLE2 

:ham.pie % % 

No. Catalyst Coav. alpha cs+ C1 

17 20%Coll.Oo/oRe/0.01 %B/Al203(F) 86 o;as 224 17.2 
.. 

11 200/0Co/l .Oo/oRe/O.OSo/oB/ A1203(F) 65 0.88 158 18 

19 20%Co/l.Oo/oRe/0.1o/oB/Al203(F) 92 0.88 289 8.4 

20 20%Co/1.0o/oRe/0.01%P/Al2Q3 95 0.88 276 14.l 

21 20o/oCo/l.Oo/oRe/O.OS%P/AlzO) 93 0.9 261 13.9 

. 22 20%Co/l.Oo/0Re/0.1%P/Al20) 87 0.9 . 276 11.0 

23 20o/oCo/1.0o/oRe/O.So/oP/Al203 83 . 0.9 170 18 
.. 

24 20%Co/1~0%Re/1 %P/AJ203 93 0.91 291 10.6 

25 20%Co/l.Oo/oRe/0.1 %B/Al203 90 0.9 269 10.2 

26 20%Co/l .Oo/eR.e/0.5%BIAl20] 99 0.9 281 13.6 

27 20%Co/l.0%Re/0.1%Mn/A120) 97 p.9 263 9~6 

28 20%Co/2.00/0Re/0.3%Mn/Al203 92 0.91 365 10.9 

29 20o/oCo/2.0o/oRe/l %Mn/Al203 100 0.9 272 16.6 

5 Table 3 lists the catalyst Com.Position, CO Conversion (%); Alpha value from the Anderson-

Shultz-Flmy plot of the hydrocarbon pioduct distribution, Cs+ Produetivity (g C5+1hour/kgcatalyst) 
.. 

and weight percent methane in .the total hydrocarbon product (%) for examples illustrating the 

extended lifetimes of the catalysts of the present invention. Example 30 is a comparative example 

showing results for a supported cobalt/rhenium catalyst without the promoters of the present 

10 · invention. 

Examples 31-34 show the Superior results obtained using the catalysts of the present 

invention after approximately 160 hours of continuous operation. The temperature was 220°C, the 

pressure was between 340 psig (2445 kPa) to 362 (2597 kPa) and the space velocity was 

2 NUhour/g. cat. for all the examples in Table 3, i.e., the same conditions as for examples 17-29, 

15 except for the length of operation. 

14 
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TABLE3 

Exam.pie 
. ~· 

% % I;~: ::· .. 

No. Catalyat Conv. alpha cs+ Ct 

30 20%Co/l o/oR.e/Al2~ 77 0.88 217 12 

31 20%Co/1 %Re/O.S%B/Al20J 98 0.91 277 13 

32 20%Co/1 %Re/0.1%B/At203 87 0.90 'l67 11 

33 20%1Co/2%Re/O.l%Mn/Al203 97 0.90 263 10 

34 20%Co/1%R.e/1%Mn/Al20J 100 0.91 272 16 

While a preferred embodiment of the present invention has been shown and described, it will 

be understood that variations can be made to the preferred embodiment without departing from the 

5 scope of, ana which are equivalent to, the present invention. For example, the structure and 

composition of the catalyst can be modified and the process steps can be varied. 

The complete disclosures of all patents, patent documents, and publications cited herein are 

incorporated by reference in their ent~. U.S. Patent Application Ser. No. entitled 

Fiscber-Tropsch Processes and Catalysts U~ng Fluorided Supports, filed May 19, 1999, and U.S. 

10 Patent Application Ser. No. entitled Fischer-Tropsch Processes and Catalysts Using 

Fluorided Alumina Supports filed May 19, 1999, are incorporated by reference in their entirety. 

The foregoing detailed description and examples have been given for clarity of understanding 

only. No unnecessary limitations are to be understood therefrom. The invention is not limited to the 

exact details shown and descn'bed, for variations obvious to one skilled in the art will be included 

15 within the invention by the claims. 

This Sheet Has Been Replaced 

llllllWI 
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1. A process for producing· hydrocarbons, comprising ~. a feed stream comprising 

hydrogen and carbon monoxide With·a catalyst in a reaction mne m~tained at conversion-promoting 

5 conditions effective to produce an eftluent s1ream comprising hydrocarhqns; said catalyst comprising 
. . . ~ 

cobalt, rhenium, and a promoter comprising at least one element sel~ from the group consistiog of 

boron, phosphorus, potassium, manganese, and vanadium. 

2. The process of Claim 1 wherein the catalyst further comprises· a support selected from the 

group consisting of alumina, aluminum fluoride, and fluorided alUllliml. · 

10 3. 

4. 

The process of Claim 1 wherein the catalyst is prepared from a zero Valent metal precursor. 

The process of Claim 1 wherein the catalyst is prepared froin a molten metal salt. 

S. The process of Claim 1 wherein the support is a fluorided oxide j>repared by treating an oxide 

with tluosilicic acid; 

6. The process of Claim l wherein the support is a tluorided alumina prepared by treating 

15 alumina with a vaporizable fluorine-containing compound. 

7. The process of Claim 2 wh"1'Cin the promoter comprises at least one element selected from 

the group consisting of boron and manganese. 

· 8. The process of claim 7-wherein the promoter comprises boro~ •. 

9. The process of clahn 8 wherein the promoter comprises manganese. 

20 10. The process of claim 8 wherem the support comprises alunmi.. · 

11. The process of claim 8 wherein the support comprises a fluorided alumina. 

12. The process of claim 8 wherein the.support comprises aluminum fluoride. 

13. The process of claim 9 wherein the support comprises alumina. 

14. The process of claim 9 wherein the support comprises a fluorided alumina. 

25 15. The process of claim 9 wherein the support comprises alumintun. ~uoride. 

16. A Fischer-Tropsch catalyst comprising cobalt, rhenium, and. a promoter comprising at least 

one element selected from the group consisting of boron, phosphorus, potassium, manganese, and 

vanadium. 

17. The catalyst of claim 16 further comprising a support material selected from the group 

30 consisting of silica, ti~ titanialalumina, zirconia, alumina, aluminum fluoride, and tluorided 

aluminas. 

18. The catalyst of claim 16 wherein the promoter is selected from the group consisting of boron 

and manganese. 

19. The catalyst of claim 16 further comprising a support material selected from the group 

35 consisting of alumina, aluminum fluoride, and fluorided aluminas. 

16 
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20. 'The catalyst of claim 18 further comprising a support material selected from the group 

consisting of alumina, alumiiiiitlf'.Buoride, and fluorided aluminas. . :: : 
~: 

21. The catalyst of claim 20 wherein the support material is alumina. 

22. The catalyst of claim 21 wherein the weight ratio of elemental promot.er to elemental cobalt 

5 is ftom about 0.00005 to 1 to about 0.5 to I on a dry basis. 

23. The catalyst of claim 22 wherein the weight ratio of elemental promoter to elemental cobalt 

is from about 0.0005 to 1toabout0.01 to 1 on a dry basis. 

24. A method of pieparing a Fischer-Tropsch catalyst comprising dissolving a rhenium 

compound and a promot.er containing compound, adding a cobalt compound, slurrying a support 

10 material into the mixture, and dtying the mixture. 

25. The method of claim 24 wherein the support material is at least one material selected :from 

the group consisting of silica, 1itania, titania/alumina, zirconia, alumina, aluminum fluoride, and 

fluorided aluminas. 

26. The method of claim 25 wherein the support material is at least one material selected :from 

15 the group consisting of alumina, aluminum fluoride, and fluorided aluminas. 

27. The method of claim 26 wherein the promoter is selected from the group consisting of boron, 

phosphorus, potassium, manganese, and vanadium. 

28. The method of claim 27 :further comprising reducing the dried mixture. 

29. The method of claim 27 further comprising reducing the dried mixture in the presence of a 

20 hydrogen containing gas. 

30. The method of claim 29 wherein the support material is alumina. 

31. The method of claim 29 wherein the support material is a fluorided alumina. 

32. The method of claim 29 wherein the support material is aluminum fluoride. 

33. 

25 34. 

35. 

36. 

The method of claim 30 wherein the promoter is boron or manganese. 

The method of claim l 1 wherein the promoter is boron or manganese. 

The method of claim 32 wherein the promot.er is boron or manganese. 

The method of claim 33 further comprising heating the dried solids. 

37. The method of claim 36 wherein the weight ratio of elemental promoter to elemental cobalt is 

ii'om about 0.00005 to 1 to about 0.5 to l on a dry basis. 

30 3S. The method of claim 37 wherein the weight ratio of elemental promoter to elemental cobalt is 

ftomabout0.0005to I toabout0.01to1 onadrybasis. 

39. The method of claim 38 wherein the cobalt is added as a molten cobalt compound. 

40. The method of claim 35 wherein the support material is tluorlded using a hydrofluorocarbon. 
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