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invention relates to the use of an aluminum borate supported Fischer-Tropsch catalyst.

15 Still more particularly, the present invention relates to the use of a cobalt or a promoted
cobalt Fischer-Tropsch catalyst on an aluminum borate support.
BACKGROUND OF THE INVENTION
Large quantities of methane, the main component of natural gas, are available in
many areas of the world. However, most natural gas is situated in areas that are

20  geographically remote from population and industrial centers. The costs of

- compression, transportation, and storage make the use of this remote gas economically
unattractive. To improve the economics of natural gas use, much research has focused
on the use of methane as a starting material for the production of higher hydrocarbons
and hydrocarbon liquids.

25 As a result, various technologies for the conversion of methane to hydrocarbons
have evolved. The conversion is typically carried out in two steps. In the first step,
methane is reformed with water or partially oxidized with oxygen to produce carbon
monoxide and hydrogen (i.e., synthesis gas or syngas). In a second step, the syngas is
converted to hydrocarbons.

30 This second step, the preparation of hydrocarbons from syngas, is well known in
the art and is usually referred to as Fischer-Tropsch synthesis, the Fischer-Tropsch
process, or Fischer-Tropsch reaction(s). The Fischer-Tropsch reaction involves the

catalytic hydrogenation of carbon monoxide to produce a variety of products ranging
1
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met hane is. a desired product. Iron has the advantage of being readily
avai | abl e.  disappointing levels of conversion, scale-up problems, and rising natural gas prices, ,

operations at this plant were suspended in 1957. Research continued, however, on

20  developing Fischer-Tropsch reactors, such as slurry-bubble columns, as disclosed in

U.S Patent 5,348,982. Despite significant advances, however, certain areas of Fischer-
Tropsch technology still have room for improvement.

Catalysts for use in the Fischer-Tropsch synthesis usually contain a catalytically

active metal of Group VIII. In particular, iron, cobalt, nickel, and ruthenium have been

25 used as the catalytically active materials. Nickel is useful for a process in which

methane is a desired product. Iron has the advantage of being readily available.

Ruthenium has the advantage of high activity and thus is typically used a promoter for

another of the catalytic materials, due to the limited availability of ruthenium. Cobalt

has the advantages of being more active than iron and more available than ruthenium.

30  Further, cobalt is less selective to methane than nickel. Thus, cobalt has been

investigated as a catalyst for the production of hydrocarbons with weights

corresponding to the range of the gasoline, diesel, and higher weight fractions of crude

oil.
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containing aluminum borate. The Fischer-Tropsch synthesis process includes

contacting a feed stream comprising hydrogen and carbon monoxide with this
supported catalytic material in a reaction zone maintained at conversion—promotinf,;
20  conditions effective to produce an effluent stream including hydrocarbons.

The present catalyst preferably comprises a support including from about 20 to
about 60 wt % aluminum, from about 0.5 to about 10 wt % boron, and from about 40 to
about 70 wt % oxygen. The present catalyst preferably further contains a catalytically
active material including from about 10 to about 25 wt. % cobalt, and preferably also

25  includes a promoter in a concentration sufficient to provide a weight ratio of elemental
promoter to elemental cobalt between about 0.0001 and about 0.5. The promoter is
chosen from Groups 1-11 and 13 of the Periodic Table (New Notation). Less preferred
promoters are selected from Groups 12 and 14. The support preferably includes 2 to 5
wt % boron and the catalyst preferably includes 10 to 25 wt % cobalt.

30 In a particular aspect of the present invention, the catalyst is prepared by a

method including impregnating alumina with a boron-containing composition to form

an aluminum borate support; and impregnating the aluminum borate with a composition



about 70 wt % oxygen. The present catalyst preferably further contains a
catalytically active material including fromabout 10 to about 25 wt. %
cobalt, aw®d @roetm®rably also 25 includes a pronoter in a ceuIeawgonaiicon
sufficient to provide a weight ratio of elenental pronoter to el enental
cobalt between about 0.0001 and about 0.5. The pronoter is chosen from
Groups 1-11 aaumprgngfcobdbambeptivgpldy Thepiven (NEwnNDsupppded catilysls Thearaiing)

ronoters are C r n 4. The .support preferably

!Oncl udes 2 to° ?Slsﬁf}}sg%gb%ragrgﬁt%n%q‘g'ﬁleojg%%%%?%/ré?nIpn;&el?)él?%ibl y includes 10 to 25
w % cobalt. 30 | rMnanphet dspedtif tiasmesint Bivehtivg, feed@binuib@akisoport B @sed
catalyst is prepared by a nethod including inpregnating alumna with a
bor on- cont ai it igS&efodistenb fort Be frapdHctign Oéﬂ%bﬁilr PFGFROBS AR tAePEOGRSs dhRt: inglyges

i npr egnat kng vy A it .

PCT/ US01/ 11608%8%%?} sing co agltu%zh }?;I)(?#gﬁ%%l {/a!rr eﬁﬂéﬁ%w%@n@%talyﬂ
supported catsgbtymtin alteactienszdnt inaintaimed at yeivesyiai-proniosing dapditohst effective to
hydr ogenat e car pon nopoxi de. In ano.t.heﬁ?‘y sgéic)t of the present invention,

the al um numBHtEFéts Btr%tr_ef‘%‘c%’@ﬁsmg CE#PAyst system for the
production of hydrgeasbans -hd caalpsaFaEs R%é%éxg ih ki Bive BeCRNARESd Hiheind eed
stream i ncl udi ng hydrogen and cafbon nonhoxide wth the catal yst  systemin a
reacti on zonedaptedtaiprmetdeasupenoyeatalytonagivitypin paticdadas camsareat foee teatabyst o

pr oduce effl ue strea i si.ng hydr.qcarbons. The process .

ot alyst 10 ©ipeiigibe 3ie ERGERPRI, S andirad s marige Ore hurkeroul e « o
provi de supergypporgatal ytic activity, in particular as conpared to a
catalyst 10 having the sanme catal ytically active material conposition on a
conventional al umiIRBTASER SHESCRIBTION ¥ @REFEWE]EWQDW%E@SRED

EMBODI MENTS | yst. Support According to the present invention, effective
Fi scher-Trops@%gglg{%?%#g can be 15 supported on an al um num borate
support. "Al unm numdwerdieto e pieet MeEion, bfective fHiktae-Brepahcoarmpsd Ednobe
conprising alum num oxygen, and boron, which has been prepared such that
bor on or 18or GHPRAFIcAEOR S FEEGM: bomic mapart. THANBIRER towgems w5ed HREn is

by et ght o “LRa® Fof ety Polpfignd ABnuhy SOERCH St e TR bperl

% to about 8 p¥epared such that boron or boron oxide is bonded to alumina. The boron content of the

aluminum borate can vary over a wide range, from about 0.5 % to about 15 % by

weight of the total support. Preferred aluminum borates contain from 1 % to about 8 %

20 by weight boron, and more preferably from about 2 % to about 5 % by weight boron.

The remainder of the aluminum borate component essentially comprises aluminum and
oxygen.

In determining the amount of boron to include in the support, it may be

desirable to take into account the acidity of the resulting support. In particular, it is

25  believed to be desirable to achieve a support that is more acidic than neutral (pH = 7)

alumina and less acidic than a zeolite cracking catalyst. The acidity of supports can be

measured by any or‘le of the standard techniques, such as ammonia temperature

programmed desorption (TPD), infra-red spectroscopy of pyridine adsorption or

titration with Hammett indicators. It is believed that the acidity of the support affects

30 the activity and selectivity of the supported catalyst system. Therefore, by controlling

the proportion of boron in the support, the activity and selectivity can be at least

somewhat optimized.
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pellets, monoliths, honeycombs, packed beds, foams, and aerogels.

Catalytically active materials can be applied to the aluminum borate support of
20  the present invention by any suitable method. By way of illustration and not limitation,
such methods include impregnating the catalytically active compounds or precursors
onto the support, extruding one or more catalytically active compounds or precursors
together with support material, and/or precipitating the catalytically active compounds
or precursors onto the support. A exemplary catalyst system has a nominal composition
25  M;ALB,0,, where M is a catalytic material, where x is 1, and where s is between 0.1
and about 0.4, y is greater than 0 and up to about 1, and z is between about 1.5 and
about 3, inclusive. An alternative preferred catalyst system has the nominal
composition CogM,;AlB,O,, where M is a promoter selected from Groups 1-11 and 13
of the Periodic Table (New Notation), x is 1, t is between about 0.1 and about 0.4, u is
30  between about 0.0005 and about 0.0054, y is greater than 0 and up to about 1, and z is
between about 1 and about 4.
The most preferred method of preparation may vary, as will be recognized by
those skilled in the art, depending for example on the desired catalyst particle size.

5
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Catalyst

Catalysts that are contemplated for use in the present method include any of the |
20  Fischer-Tropsch catalysts known in the art, such as cobalt, ruthenium, cobalt/ruthenium,
cobalt/rhenium, iron, and nickel. In particular, the catalyst preferably includes cobalt.
The amount of cobalt present in the catalyst may vary widely. Typically, the catalyst
comprises cobalt in an amount totaling from about 10 to 25 % by weight (as the metal)
of the total weight of catalytic material and support, preferably from about 12 to 25 %
25 by weight, and more preferably from about 15 to about 23 % by weight.
The catalyst may also include a promoter selected from Groups 1-11 and 13 of
the Periodic Table (New Notation). Less preferred promoters are selected from Groups
12 and 14. Particularly preferred promoters include but are not limited to: nickel,
chromium, iron, molybdenum, potassium, manganese, vanadium, rhenium and
30 ruthenium. The amount of promoter is added to the cobalt catalyst in a concentration
sufficient to provide a weight ratio of elemental promoter to elemental cobalt between
about 0.0001 and about 0.5, and preferably between about 0.001 and about 0.1 (dry:

basis).
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about 12 to Z§dfégeR bndih it @ suchng nitRigen, U @feikak Y¥f hydRogcaedbihkb gises apout
23 % by weight. The catalyst may al so include a pronoter selected from

Groups 1-11 #rvkagvpin thepat, sueh a4 rarbam mosoxice wndiserbon shgxide. e Redystion evithe d
pronoters ar e . 1 | C fer.r
pronoters i n%ﬁedé§%ég&a%cp?\a&%€%®ftg? R @ﬁ(léfc’%ééghéﬂ(ﬁ %ﬁ%npifn?)g n}{hdg%re

mol ybdenum pe¢fased. urhe nangmn @f dydiogea thaymrangs drony beutd] B Otor abole 100 byl he
anount of pronpter is added to the cobalt catalyst in a concentration
sufficiedf tdfggiﬂé‘ﬁri de a weight ratio of elenental pronoter to el enental
cobalt betweqilia pi%“t 0. 0001 and about 0.5, and preferably between about
0.001 and about 0.1 (dry, basis). 6 WO 02/02229 PCT/ US01/21169 As

menti oned above, iThei fedogased thargal fonttleg eynikesisoprctdsvedrpridechyhogeny o pri or

t b dycing it in th fh t |

S ot of o, THFRRR by Sl SRSRREH POLE] BRSSRgt o b G o

tenperat ur e igBnidfon 349diRtarbsRMRbRIMe 165HhE syhiBedd BrceR0nGDe HiRthineP @k O- 5
; P

to about 24 hours at a pressure of about 1 td about 50 5 atm Pure hydrogen
may be udéd ilight halreesdhansisueh 2y methamaby masnsmfisteammiefaroing, partiahgxidaipanonnd

o 9 S Bl KRR e e, R SR MR 8RR, 7S,
with pure hygaegen atduplddfiel Pichd-Topciicstalyse Bivehydriciganwanrs gasrshign
monoxide are 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
20 than 0.5:1 (e.g., from about 0.67:1 to 2.5:1). The feed gas stream may contain hydrogen
and carbon monoxide in a molar ratio of about 2:1. The feed gas stream may also
contain carbon dioxide. The feed gas stream may contain a low concentration of
compounds or elements that have a deleterious effect on the catalyst, such as poisons.
In these cases, the feed gas may need to be pre-treated to remove the low concentrations
25  of sulfur or nitrogen compounds such as hydrogen sulfide, ammonia and carbonyl
sulfides.

The feed gas is contacted with the catalyst in a reaction zone. Mechanical
arrangements of conventional design may be employed as the reaction zone including,
for example, fixed bed, fluidized bed, slurry phase, slurry bubble column, reactive

30 distillation column, or ebulliating bed reactors, among others. The size and physical
form of the catalyst mass may vary, depending on the reactor in which it is to be used.

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

mode, the gas hourly space velocity through the reaction zone may range from about

7



preferred. The anount of hydrogen may range from about 1% to about 100% by
10 volune. Catalysis The feed gases charged to the synthesis process

conpri se Wdnaaed, or a hydrogen source, and carbon nonoxicdeysoi2{ie®
m xtures suitable as a feedstock for conversion to hydrocarbons according

to the synthesis process can be obtained from 15 |ight hydrocarbons such as
met hane by nE&fsvodimeyleanivolefrer cataigst (phr/v) & alooit d&tG00ny/hndy, andt isepreferablesses

known in the art. Prefe |y, ,the d [ rqyi ded .by free hydrogen,
al thougn sombeicsarbpui Dol aruatpet B5h Whult e Sy abis Spashli i
activity to GARVAR inSAEBaBIErdn® b Ne0en td MowSe5 o0, thefekdbhE RS reht@isch
process. It is preferred that the nolar ratio of hydrogen to carbon

nmonoxi de i n tZaee fseapdratesl ajrcenyaasion propivding @oaditionseat gempdratyres dtsouabat 890°C t o

molar rat o df SBAuCoD G it Hasbal B sl Roy il AR MR il "

di oxi de. The (68%kPL)and Sbo@AIVO0RYic(EMHRPY) AmbRVpreRAGEN fromt 8MkiP (653%kPaprynds
or elenments that have a del eterious_effect on the catal yst, such as

poi sons. | n abpe<0psiedd237 k) andcptil asoramyelprably fram gboysld0 psig41¢a$ kP8) ferpve
the | ow conc | ul fur or nitrogen conpounds such as hydrogen
sul fide, am%ﬁ?@@gg%@%aé&%%aﬁ. sulfides. The feed gas is contacted with the

catal yst in a reacTheoprodane resiitimigafinora fischar-TapgehrenitBestsf wilb hwent iraigd of
desi gn naé be enpl oyed as the_rea%éion zone including, for exanple, fixed
bed, fl uillli zapeleater weightsy Typically, the Gatbon sUBBEeraage efnfhe pradugt hydrogerbons

distillation v@iﬁ's%t P?e’ﬂ%a?a@éhh 'b{)’ritinﬂg 1l 1ihﬁf§%“o@ér§ab1@ﬂ%H%g%%&lﬁsisﬂ%%utséoze
and physi cal orm of the catalyst mass nay vary, depending on the reactor
in which it its 100 cadbonspet. moldtide. FT'he batalyrafplse prepend pesssi is pargigiledy ugefolun i n

a conti nuous de.. | hi s, node,. t as hourly space velocity thr h the
oot on S ondomasking Rulror bR IREIAE s MBS bRt e et S

vol umes/ hour /¥RIWEE] Sratedled $hack WEIAEAY, kerRer@ARRUnd bPesHA0 ritfsBt &r¥ enlflell S _
preferably between about 1000 v/ hr7v and about 10,000 v/ hr/v. The reaction

zone tenpératlimample typically in the range of from about 160C to about 325
C wmereranly. the, Leatt) in R0 SubSo IR 51 1 ONEL 3 90 aRhBAEA bifke
support containing 4.3% B was prepared and tested according to the following
procedures.
Aluminum borate preparation.

20 The preparation of borated Al,O; was achieved via the wet impregnation
technique. 10.23 g of H3BOs and 40.08 g of Al,O3 were charged into a 500 mL rotovap
flask. To this, 50.03 g of H,O was added to form a boric acid solution over the insoluble
Al,Os. This mixture was rotated at 75°C for 30 min, then the water was removed under
vacuum, while maintaining the flask at 75°C and the same rotation rate. After drying

25  the resulting support, it was placed in a tube furnace and calcined in flowing air (0.4
NLPM air) according to the following temperature ramps: ambient to 200°C at a ramp
rate of 5°C/min, dwelling at 200°C for 1 hour; 200°C to 500°C at a ramp rate of
5°C/min, dwelling at 500°C for 4 hours.

Supported catalyst preparation.

30 The preparation of the Co/Re supported catalyst was done via the "melt"
technique. 49.41 g of Co(NO;),x6H,0 and 0.7230 g of [NH4]ReO,; were melted in a
500 mL rotovap flask while rotating at 75°C. To this melted mixture, 37.26 g of the

above borated Al,O; were added. The mixture was thoroughly rotated to mix and coat
3



5 to about 260C. The reaction zone pressure is typically between about 80
psig (653 kPa) and about 1000 psig (6994 kPa), nore preferably from 80
psi g (653wicRR)02t@ about 600 psig (4237 kPa), and still myp@a/Noehkeicabl y
from about 140 psig (1066 kPa) to about 500 psig (3573 kPa). The products

resul ting frmaborgehaLOLvaRsHE CoyRY MeB ivthileichblida ke @osled gexte (nd& arpinkcul ar
wei ghts. Typically, the carbon nunber range of the product, h drocar bons

will start aPowdsrhaves lapdedcigin ¢ fihe fumachand ralriped ypdapmingorie (B Nl aw)

anal ysis, ab .6 | ys.

pr esent procgés#ts)clﬁlg ;g%(r&%ell éjwﬁg}e e o g%%lﬁlghﬁy%@gga%%b%ﬁs %gé\}?nogf five
or nore car b&?C/anmrmyelmet:jzmTyfomAie}mW h20086 e et00PE fat memampdrater eff 89(/meh, space

velocity,_te atur ssure ranges are enployed. 15 Exanple A

cat al yst %avgfﬁﬁﬁlflﬁétmggﬁ HH8-20. 9% Co/ 1. 05% Re on an al uni num bor at e
suppor t cont ai ni ngnf. SteiRedRaaBECRAE ClaAR_ hTbRthA Be@OdbNqOUONLISI Hy)
follow ng procedures. Al um num borate preparation he preparation of
bor at ed Al20%cosing tdh itteey fdlowiag tdrtmev@ﬂtrelrampegmnblemtnto I@Eﬁnatcweamli(ﬁata?vfg of

H3B03 and 40.08 g of Al1203 were charged into a 500 nl rotovap k To

this, 50.03 & Gmgwyeling A3008¢€ f%%m%s @89%%‘&5080%%@%%9%?

insoluble A s rotated at 75C for 30 mn, thenthe

wat er was reér\g% glthj' @%%%ﬁ?le“rmwm |l e maintaining the flask at 75C and the
sane rotpaloaaﬁﬂysefre@ﬁﬁgr drying 25 the resulting support, it was placed in
a tube furnace and calcined in flowwng air (0.4 NLPMair) according to the

fol | owi ng t enper allhe doliayips batchifeding preceivpCwas uged fampest g Eisghersieppsch

dwel I'i ng at X 0 t 'S g
dwel I'i ng at é%%%tf orP e % %%ﬁ&}}se g@&gpl%g}ngg (%é?d a{\]a ﬁ?@ﬁ‘%é%ger arr gﬁd\ﬁ%rﬂ}%her
preparation @foptsé‘lﬁca@l&d?@vﬂ aphealr tbadaatchtredcﬁﬁt(whﬂs C(dﬂ)mlchlthat theecataigst késided

techni que. 49.41 of C %}%ZXGHZO and 7230 of ]Red4 were nelted
in a 500 niivte éeﬁ?}nfa e&fkth | élam%eathwfg 'Igpg Tasdior heat? %nen%"h? EGRORT 3r e,

37.26 g p§ tHRed R Yl?eel?:ﬁ‘fr k&l el iz ﬁ%@%d resife IHnshHES @ RetiePRIsighl y
sy Usot

rotated to mx and coat 29 P 01/21169
The assembly was sealed, brought out of the glove box and connected to a high pressure

synthesis gas (2:1 H»:CO) line. The reactor was purged with syngas at a low rate to
flush the reactor of the resident N,. Pressure was increased inside the reactor to 400
psia with syngas. The reactor was then inserted into a 220°C sand bath to facilitate the

20  Fischer-Tropsch reaction. Pressure was followed and plotted versus time. The reactor
was removed from the sand bath after about 70 to 85 minutes and allowed to cool to
room temperature. A sample of the gases in the reactor head space was analyzed using
a gas chromatograph to obtain carbon monoxide, hydrogen, carbon dioxide, and C; to
Cyhydrocarbons. The reactor was then opened and the liquid hydrocarbon product was

25  extracted using a solvent and analyzed for Cs to Cs3 hydrocarbons using a gas
chromatograph.

The results were analyzed in two different ways. First, the CO conversion as a

function of reaction time can be estimated from the decrease in reactor pressure. As a
first approximation, the Fischer-Tropsch reaction can be written as

30 CO + 2H; — 0.1(-CH-);o + H,0. D
There is a net consumption of moles during reaction which leads to a decrease in the
reactor pressure. Assuming all the réaction products are in the vapor phase at reaction
conditions, the CO conversion (X) can be related to the reactor pressure as

9



the borated A12G3 with the Co/Re nelt while cooling. The cool ed m xture
(now a pink powder), was |oaded into a tube furnace and calcined in

fl ow ng awo d22tboNLPM air) according to the foll ow ng temearadoypeieh anps:
anbient to 200C at a ranp rate of 5C/ mn, dwelling at 200C for 1 hour;
200C to 400C at axr=ampl.oyi€P/@f),5C/ min, 5 dwelling at 400C for 4 ho@)s.
This cal cined_catal yst was reduced in f] ovx,irﬂgg hydr ogen (0.4 NLPM H2)

accor di ng t ovhere P 15 hq pyarsHEs indhgyspaenatdimedans Po asibe dntakmsesspiget Bned S5 dinp
rate of 50 i [ (O i -~ 12R0 : np
rate of 5C mﬁﬂlné1 C(gﬁ‘ﬁrﬂg“ g:%lcﬁ geg #o?usz%ﬁgbrg ;Eeﬁ.é[v(’)edcg)t %@és?%sﬁ%s% iﬁ{rleg.g‘:tﬁr e

fol | owi ng batatveisasi byng sipald eadunte duaw ths atindltant@stoctirecret 9f ter mthaepaioh
catal yst prepared in the apove mapner. In a N2-fil]ed.gl ove hox, reduced

Fi scher - élj' r ofFeeiPrc it Q!We‘{/)\/_ﬁ’é,te%d V?“B“lf%a%h%’@%ﬁ%%rlg _ 120%%11133”%‘6%
that the caf gloisls HRIRY aldhibheubRldo gonpsidlie 0. 5" diameter by 6" 1ong
reactor heate one. The reactor was 15 fitted wth a reactor head

consi sting of a bH thesedond angyss swihed; thansidalce® canversieh iand seledtively caflibe
assenbly was  seal.ed, .brought out of the. glove.box and connected to i gh
pressur e syﬂ‘%‘ﬂ@%‘ﬂd faw tt{g?%o‘ﬂ}?&%fmﬁaﬂ‘égoﬁlﬁ%ﬂ&%@%?avﬁg G et }ﬁhoqj
syngas at a {R@WeddddrSeds€s atf thelShrtt 4 dnAasi@actidh. tHRthe Thel AmieBh-ShileFIdHe was

increased inside the reactor to 400 psia with syngas. The reactor was then
i nsert edlQ nt GASF)22bdn sprogagetioh probalEliiyl | e.atcen t bee degerRinedh dronT rhydsesarbon
reaction. Pressure. was followed and plotted versus tine. The reactor was
removed fronfPMRPSEINS bath after about 70 to 85 minutes and all owed to cool

to room tenpghifabisén withSAmRif @ppbfed ¢a@fsei N the reactor head space was
anal yzed using "a gas chromat ograph to obtain carbon nonoxide, hydrogen,

carbon di oxi de, aAdcoBimersiallgpréparndotatalysdves obtrnadefiom oy makes cetabist vpdaed and

anal yzed o EsooBVeaR Ak GERt P oF RS B8 ot BhPBnEsdeor iR ¢

wer e analyzegat fesfeacebrdihg tethie barY Sestifiy bdcediird @eddabed mpies IThB résuiltfof the
function of reaction tine can be_estimated fromthe decrease in reactor
pressure. Astests of paolicatabyst iz idaseribehbeleWe Fi scher- Tropsch reaction can be

witten as 30 CO - - - )0+ T i S,
consunption of no 8%%&%%@# éé&ﬁ% oe)rslﬂu\%ﬁﬁe%h 8%3%)8%051 @%@ggé%ggréﬁﬁs Sthﬁ‘gn

as a function of reaction time for both catalysts. Figure 1 shows that the aluminum

borate supported catalyst exhibits much higher CO conversions that the alumina
20  supported catalyst at low/moderate values of the reaction time (less than 70 minutes.)
Thus, the aluminum borate supported catalyst exhibits superior activity as compared to

the alumina catalyst.
In particular, Table 1 contains the numerical values of the estimated CO
conversion at various reaction times. As shown in Table 1, the reaction time for 60 %
25  percent conversion for an aluminum borate supported catalyst is 30 minutes whereas it
is twice as long (60 minutes) for the alumina supported catalyst. Typically, a
commercial Fisher-Tropsch reactor will be a continuous flow reactor and be operated at
‘a moderate single pass CO conversion, such as 50 % to 70 % with recycle to achieve
higher conversions. Thus, based on the results given in Table 1, it is believed that the
30 size of a commercial reactor, or the catalyst amount using an aluminum borate

supported catalyst, would be about half that for an alumina supported catalyst.
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reactor pressure. Assumng all the reaction products are in the vapor phase
at reaction conditions, the CO conversion (X) can be related to the
react or pwesRuweeoas 9 WO 02/ 02229 PCT/ US01/ 21169 X = ( 3/ pc)sb1£H650) ) ,
(2) where Pis the pressure in the reactor at tinme t-and POis the initial
pressure at tine t = 0. The (Qabledn¥simatedCOlaiveaiond in this way is
believed to underestimte the actual conversiaon by a spall appount  due to
t he si mul taneqgus occurrence of_the net had#imeds’d ESBYSTSANt o a | imi téd
extent. Never t helRegstion hime pr ocadumina Supnested (o) flor ¢ diparivnyBoratet al yst s at
both | ow and hi gh dstnuies)ed CO conversions. |In the sedwpporsiaPd)si s nmet hod,
the actual COf[conversi®n and selective$y9 can be | determ ngg5from t he|known
pressure and orrposuz(pn (Tro a gas qijrlomaﬁ)gr ph) of thgsreactor gases

at the start gnd—end ﬁ reactijon—Fur f2'7%r the = = 10
(ASF) chain prepagati-gi—probabiity, T —caf—be i 3 tar bon
Con'posi ti ons. [Compari-son—wi-th'lalumna Z]_Lnnnr rted-catal \Icf A" comrercial | y

prepared cat allyst mnquhtal ned from a4§‘§1 or cat a‘LVQL ven -9 The cat al yst
i ncl uded 20 %|Co_and @ % r henilum on a9l uni na_slupport. T#-® catalysf 15
was tested acdording T the batch testbrdg procedure descr$bdd above. |The
results of the tests7bf each|catal yst70dre descrfi bed bel oW.l1Referring to
Figure 1, the estimated CO conversion (fromequation 2Z2) 1s shown as a
function of reaction tinme for both catal ysts. Figure 1 shows that the

al umi num borate Ealzipo?t@avvéaﬁhal 9@t CRINGISEAS sand, s eleetivifiie Aetexminerh ¥ 81 &As

that the alu ]Egg_%r e I f
reaction ti %I?ﬁlg %Tat fa‘%h r¥ cttor%?nke%\’y e al %lr% anﬁ/ue% %‘rﬁgﬁe rfsﬂl%g%grted
catal yst £x hb@iﬁeﬁlﬁuoﬁﬂkmmmhwbdrﬁeaﬁlpm&’a%ﬂyﬁ at thehendadlithe nan,c83%) y;st

In particular, Table ont ai ns, t he, nuneri cal val ues f the es mate
conver si on aﬁre@t&}’ﬂ}%éﬁ?é he JE‘F

Shequyarsionpidhe Mmmp%edﬁfﬁ w177 %h %ﬁq
time for i r
Chralvol by Hpuer BEGee CORKRIGH M WY dRiABAMD SBPGHE 2%?9%%@%

al um na supp@uxp‘.eﬁdr mmtvayycsthe alinping slppyrtedicatadgstn@he ASE d-valbey foll bathsatalysBact or
w Il be a continugus flow reactor, and be operated at
are similar (within experimental error) and indicate a similar selectivity to light, middle,

10  and heavy hydrocarbon distillates.

Table 2. CO conversion and selectivity from Gas Chromatograph.

Aluminum
Borated

Supported
Property Alumina Supported Catalyst Catalyst
CO conversion 76.9 % 853 %
Percentage of moles of CO 23.9% 51.1%

converted to methane
Percentage of moles of CO 4.6 % 13.6 %
converted to CO,
Percentage of moles of CO 71.5% 353%
converted to Cy+ Hydrocarbons
o 0.865 0.834

It will be understood that in the claims that follow, references to a “similar
15  catalyst system,” are intended to refer to catalyst systems in which the catalytic materials

that are applied to the support have the same nominal chemical composition.
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a noderate single pass CO conversion, such as 50 %to 70 %wth recycle to
achi eve higher conversions. Thus, based on the results given in Table 1,
it is belwevedipat the 30 size of a comercial reactor, gictitsiBaical yst
anount using an alum num borate supported catal yst, woul d be about half

that for an al um Waikypeirt®embatimkbis bf tlOnVetdad/Have BEnRESWHIAd dest1ib,
Table 1. Estimated CO Conversions Estimted CO Conversion Reaction Tine

Al uni na SuppBlodidigations thereef Gan e Berdsthy on@rﬁcﬂlgd@g}hegabwgh@gdiep%mg §9n76ﬂ19 50 5
20 17.1 56.5 4.
66,4 69. 3 7 PioogadifPaliicivefion, Hhobmipufcinsaliifd i e oibfaptry [

det erm ned bynlg grisarechstolimitiongr aMung mahml md)inddtf&aﬁmcbbnhecwstmtand
before and after reactlog) The CO..5 onversgé n.of the Iun‘a'hlgéim'gorate
suppor t ec® cafBRAASS e PeHPl B¢ Wit wopgs/a% Siiavegligh Af V1 'He SeB°
conversi on OBf;%]ﬂaf‘ec%rP{E'r{b%hﬁH@@% RebnRRbRho! desdif&l hERSS Buf a;f fimitb& bl her

support the co usion that the al um num borate supported catal yst shows
superi or act theidaims ovhidtefolibwiribeacepeppfortticstuditinglyds all dvavakais of thalsuygectf or
both catalysts are sinilar (within experinental error) and indicate a
simlar sel eBPHEAESHMSght | niddle, 10 and heavy hydrocar bon
distillates. Table 2. CO conversion and selectivity from Gas Chronmat ogr aph.
Al umi num Borated Supported Property Al um na Supported Catal yst Catal yst
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CO conversion 76.9 % 85.3 % Percentage of noles of CO 23.9 %51.1 %
converted to nethane Percentage of noles of CO4.6 %13.6 % converted to
CO2 Per cewiga@@2od noles of CO 71.5 % 35.3 % converted to pcdtuddydi@sar bons
a 0.865 0.834 It will be understood that in the clains that follow,
references to a "simlar 15 catalyst gyamngs) " are intended to refer to
catal yst systens in which the catalytic nmaterials that are applied to the
support haveWigkissla@ediii nal cheni cal conposition. 11 WD 02/ 02229

PCT/ USO01/ 21169 igh: J . this invention have been
shown and degbrigggﬁgﬁgé?%ﬁ%gf%%ﬁgygﬂggég%ﬁ?g%n%é made by one skilled in
the art without depart asgpporiaoniphieing shimindmdrorérg anth bxggenf artdhi s i nventi on.
The enbodj nents described herein are exenplary. only and are not |linting.
Vany var Bt one and. mod A CERLTGRIE Gyt Bir B ebRh A eds supotd
possi bl e and are bl Byfdag. scope of the invention. Accordingly, the scope
of protection is not limted to the enbodi nents described herein, but is
only imted by the clains which follow, the scope of which shall include
all equivalepts of, the sybject matter qf. the.clains, .12. W) 02/02229

pCT Uso1) 51189 o e tausien sodinfin it [ §rerii AERm B SRR Ry ot
system CconPhmshilBetviech ABRAND 50 ARGt FOREL Blof Mo BuPporb @hidboréi e peskaten anand 5
a material catalytically active for Fischer-Tropsch synthesis supported on
sai d supPbr t amount pravesnrbhouidS andabent Hewbyaiiibe suppert ghdrsad wipgam if Prse

al um num i s g{a‘gasa%’i‘o%niﬂet%@en%ﬁ{%ﬁ&b‘éﬁ%@?%&ﬁ%@s@&ﬂ?bo”t 60 wt % of the

support, sai oron 1S present in an

3. The catalyst system according to claim 1 wherein said aluminum is present in an
amount between about 20 and about 60 wt % of the support, and said boron is present in
15 an amount sufficient to cause the support to be more acidic than a neutral (pH = 7)

alumina but less acidic than a zeolite cracking catalyst.

4, The catalyst system according to claim 1 wherein said support is selected from
the group consisting of aluminum borate, a physical mixture of alumina and borate, and

20  askeleton of alumina having a surface layer of aluminum borate.

5. The catalyst system according to claim 1 wherein said material comprises
cobalt.
25 6. The catalyst system according to claim 5 wherein said cobalt is present in an

amount between 10 and 25 wt % of the catalyst system. '

7. The catalyst system according to claim 1, further comprising a promoter
selected from Groups 1-11 and 13 of the Periodic Table (New Notation).

30
8. The catalyst system according to claim 1, further comprising a promoter
selected from Groups 1-11 and 13 of the Periodic Table (New Notation) wherein the

promoter is present in a concentration sufficient to provide a weight ratio of elemental
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10 anount between about 0.5 and about 10 wt % of the support and said
oxygen is present in an anount between about 40 and about 70 wt. % of the
support. wWoobwer@at al yst system according to claim1l wherqigr/gaidi@bun num
is present in an anount between about 20 and about 60 wt % of the support,
and sai d borgamioter 6 €igfBhtal doball betedaown0.090f indatent 050 cause t he support
to be nore acidic than a neutral (pH =7) alumna but less acidic than a
zeolite cracking catalyst. 4. The catal yst systemaccording to claiml
wherein sai dgsuppgr g 9&1]@4 GP consi sting of alum num
borate, a phy5| ca %@?ﬂ?@g%% ?P;Hand rat®, and 20 a skel eton of

al um na having a surfaaeuﬂa;aytacomﬁnmhgjaiunmmumonah@am«ﬁmt‘ﬂeewzeataﬂoysrzoszmdtem

according to cl ai aid materi al, ri ses. cob

catal yst %ystem a‘?&'ﬁgg % g the ghpRost ofnichRbPen 4 ub?ﬁé@&@b?ﬂ an
amount between 101@9«@'%51‘&4“?1% faH&oﬁ &'M%haﬁib%h@ﬁétw@enlﬁlﬁlt%faﬁhﬁﬁ&ut
system according to claim1 rising a pronoter selected from
G oups 1-11 and 120wt %bﬁtliésnppmii andl'abl e (New Not ati on) 30 8. The catal yst
system according to claim1, .furfher. co i er .selected from
Foups 115 ana 13 of & haestalienahCA Rt MoBertl BAh vaiRs S
promoter is presegy sdids ANGeMnhREHLIO sﬁig%ﬁﬂtuiﬁlﬁﬁ&mt@@h@eﬁ\@bcﬁﬂtloratl 0
of elemental 13 WO 02/ 02229 PCT/ US01/ 21169 pronoter to el emental cobalt
bet ween Hbout 0. O@BhabentawbUtofthacatayst systim.cher - Tr opsch cat al yst system
conprising: a support conprising alum numin an anount between about 20 and

5 about 60 wt % of the support; boron in an anount between about 0.5 and

about 10 w10 ofTh&%amy@p@yétemaMoﬁm@w dleimap, &ehent coagiriven aapotiote#0 and
about 70 wt. % of the support; and a materi al cat al tically active for

Fi scher - Tr opsigstesyfiem &&oups I hend dd of dhe Basieria Fabls eWsIﬁPtéU‘Piﬁt whergin the
f
Che’ cat al ot oot f ol TR RbuREEE PR o] Brovkdy £ APRI EudthenlaDl

conpri siThy appnwoieteelemental cobalt between about 0.0001 and about 0.5.

D

11.  The catalyst system according to claim 9 wherein said aluminum is present in an
amount between about 20 and about 60 wt % of the support, and said boron is present in
an amount sufficient to cause the support to be more acidic than neutral (pH = 7)

20  alumina but less acidic than a zeolite cracking catalyst.

12. A Fischer-Tropsch catalyst system having the nominal composition
CoM,AlLB,O,, where M is a promoter selected from Groups 1-11 and 13 of the
Periodic Table (New Notation), x is 1, t is between about 0.1 and about 0.4, u is

25  between about 0.0005 and about 0.0054, y is greater than 0 and up to about 1, and z is
between about 1 and about 4.

13. A method for preparing a Fischer-Tropsch catalyst system, comprising:
providing an aluminum borate support; and
30 applying a Fischer-Tropsch catalytically active material to the aluminum

borate to form a supported catalyst system.

14.  The method according to claim 13, further including calcining the support

14



selected from G oups 1-11 and 13 of the Periodic Table (New Notation),
wherein the pronoter is present in a concentration sufficient to provide a
wei ght ratign2@b2wl enmental 15 pronoter to el enental cobal tpdagtsveemeabout
0.000 1 and about 0.5. 11. The catal yst systemaccording to claim9 wherein

sai d al um nupkfbfe ppBERIthe Fivckdr-Trapeel bitalytitBentiedouterid) and about 60 wt %
of the support, and said boron is present in an anount sufficient to cause

t he support to be nore acidic than neutral (pH = 7) 20 alum na but |ess

aci di ¢ than Zeoky Walo'r : Fi.sGher =T h t
syst em havi ngs't helr}rll%?n?e?\%q%%dgrgrpog toﬁ%)pré\ﬁﬁ &83‘3 w&%&&%&/ﬁre?@ |%€R§£’€érao§mt er
sel ect ed fr osostive onppsrial edrhpraged cddltof the Periodic Table (New Notation), X

is 1, t is between about 0.1 and about 0.4, u is 25 between about 0.0005
and about® 0. 0054, y is greater than O and up to about 1, and z is between

about 1 and ghout 14, ni'cﬁqodfbagea{iﬂlgﬁco g%erS? Hef! &cﬁldﬁl%s&iﬁfﬁhytﬁ’é) oft 3l gl yst

system conprising: providing m nim borate support; ~and appl yi ng
a Fi scher - Tr ppyetatwatbdwet dboat 350°G befoveappijtieg thalFiscbert Tropsdhunatatydieallpastivee t o

f ted catal yst. . 14, Th th di ng to.claim.ai3,
Fur her | ol TG GHR CTTGH . We SHPYorE & opgseass 05925 Boiri st Poted
bef ore appl yidagpetdifie oF SSHARTaNEF SPBfRs SR IFHCHEL Tbdch cafalyticElly Bt ndlterial 5. The

met hod according to claim 13 wherein the Fischer-Tropsch catalytically
active nHlerial conprises cobalt. 5 16. The method according to claim 15,

further incluyding.calcini t he suppqr. t I r v 350C
bef ore appl y?ﬂg trl’q © ﬁp‘%’@%ﬂ%&lcﬂr %lt.:{ﬁ @%‘%%ﬁ)g/t meﬁ}ﬂ ggﬁﬁgeﬁpﬁﬁ%% @{381?}165
cal ci ni ng t hgs]sdiP Bloin @rodpst eNMesat UB eoft that Pérfodie Taklet (¢evs i Mdtatidn)do the
tenperature of cobalt after applying the Fischer-Tropsch catalytjically

active mat er pupportad catplystrsnshpiipinig niemeierinpresdt dpad penesniration: fEhcisHPudi ng
| yi : - Peri.ontiop7 Tabl
applyl ng a pﬁé&@ﬁg%{\ﬁeelﬁﬁé b 89@%@%@%&@@& %1#111:@@ dobaft betviten RB&L @1 Tab! e

(New Notatio suppor t the pronoter is present
in a content mat abont 84f ficient to

18.  The method according to claim 13 wherein said aluminum is present in an
amount between about 20 and about 60 wt % of the support, and said boron is present in
an amount sufficient to cause the support to be more acidic than neutral (pH = 7)

20  alumina but less acidic than a zeolite cracking catalyst.

19.  The method according to claim 13, further comprising:
calcining the supported catalyst system; and
reducing the supported catalyst system.
25
20.  The method according to claim 13 wherein the support comprises between

about 0.5 and about 15 wt % boron.

21.  The method according to claim 13 wherein the support comprises between

30 about 2 and about 5 wt % boron.

22.  The method according to claim 13 wherein the support consists essentially of

aluminum, boron, and oxygen.

15



provide a weight ratio of elenental pronoter to el enental cobalt between
about 0.0001 15 and about 0.5. 18. The nethod according to claim 13
wher ei n sqigh2abatdi nuM i s present in an anount between abgtr/dddiande about
60 wt % of the support, and said boron is present in an anount sufficient
to cause the support to be nore acidic than neutral (pH = 7) 20 alum na
but less acidic than a zeolite cracking catalyst. 19. The nethod according

to claim 13, 23.urt hBe cotaby i SYPisE aceosdling nfon glaith e 13 uphaeine the satalysls 6Y§at em
and reducing e%H&%Eﬁ%u??ﬁ %&’éo%u?i’%&f%‘co%glt.zo- The met hod according to
t es be

cl ai m 13 wherel e support conpris ween about 0.5 and about 15 wt %
boron. 21. The nmethod according to claim 13 wherein the support conprises
between 30 gbout 2 and about 5 wt. % horon. 22. The method according to
claim 13 i/ne%‘gi n ﬁﬁoﬁﬁbgﬁmeRfB%t@?QP%%‘iﬁb%ﬁl%?HH’F“SH‘& um num boron, and

oxygen. 15 VD 02/ 02229, BETdHSOH h24 1%am 2BmpHRfeCRIGbIER ark 84850 AfckBKALNT t O

claim 13 wherein the catal yst system conprises between about 12 and about
25 Wt % cobal t. 5wl a Aopalbceainingr catdlpst pyysido in on resttivry dooe andiniaimed at

i si ng: tacting.a feed.st y . S]. hyd d b
monoxi de wi th a CODAMIOCRITRRHRE (GTOLPEY yieeiy arnproftes Bfgt Foran

mai ntai ned at  CopyRpHiRN hpdresRboRY s£@ tetalyst Bystéth f@fdpkivRgt L FRERGUIGEpRA
effluent stream conprising hydrocarbons, said catal yst system conprising a
Fi scher-1G opsch c@alyteadlyyciiceamnptgrizloniasgpprit eamprisingranglemmyey horgenpri si ng
an alum num borate. 25. The process according to claim24 wherein the
support conprises between about 0.5 and about 12.5 wt % boron. 15 26. The

process accopsli ngTh® pedcRbsTacdrdhe i@iclhimad 4l wlettin HheTsiPoat €orfstiEps bs®&en

al umi numin an anount between aobout 20 and about 60 wt % of the support,
and boron i #bohOampdabow L) ¥ ehorane cause the support to be more acidic
than neutral (pH = 7)

15 26.  The process according to claim 24 wherein said aluminum borate comprises
aluminum in an amount between about 20 and about 60 wt % of the support, and boron
in an amount sufficient to cause the support to be more acidic than neutral (pH = 7)

alumina but less acidic than a zeolite cracking catalyst.

20 27. The process according to claim 24 wherein the support comprises between

about 2 and about 5 wt % boron.

28.  The process according to claim 24 wherein the catalyst system comprises at
least about 10 wt % cobalt.

25
29.  The process according to claim 24 wherein the catalyst system comprises

between about 12 and about 25 wt % cobalt.

30.  The process according to claim 24, further comprising a promoter selected from
30 Groups 1-11 and 13 of the Periodic Table (New Notation) wherein the promoter is
present in a concentration sufficient to provide a weight ratio of elemental promoter to

elemental cobalt between about 0.0001 and about 0.5.

16



alum na but less acidic than a zeolite cracking catalyst. 20 27. The
process according to claim24 wherein the support conprises between about
2 and abowvo 0502229 % boron. 28. The process according to claCTURd/mer ei n t he
catal yst system corrprises at least about 10 wt % cobalt. 25 29. The
process accongl g Al foedsaktPidordfielieh Bf hitos et Gmiilsem conpri ses

bet ween about 12 and about 25 wt 9% coba he process according to
claim 24, further corrplcomaw@gaa [ﬁeednmeem mm@hydrogﬁn 830 Garbopgndnokideand

13 of the Periodic %1 éﬁl&l}lte tation),.wherei itﬁ?e Hzﬁrmter .S dare%sent in
a concentration sif S(¥St8]fno i YE u%f“‘?j’ﬁtm? IS COPEHRRT RN 8ot er
to elenental cobghhditilsWrRRHEAHrRue9ad ENEbreREHim bompribBig W deRafbaR9
PCT/ US01/ 21169 31. A process for the production of h_ydrocar bons,

conprisi ng: cont aétifl rytadyst spsemt eamprisiinpriatilysy cepFisigEncabali i gt gppount
monoxi de | wi th a galalystoR¥5LEMbM 35 3L L RaARRAIRL DIALAGHRL sypport

conver si on- pronot i ng trons ect | O pr ream

conpri si ng hydr ocashphsing blusidingn befatd pteparsd fb@na HretmREdrtofprising doddnyintan
conprising cobalt in an anount between about 10 and about 25 wt % said

catal yst being suppopRidwtvusenabewigobh % and ghPHSYiNG- al umi num borate prepar ed
froma precursor conprising boron in an anount between about 2 w % and
about 5w % 10 32. The process according to claim 31, wherein the

cat al yst 16 ur 8her dhmm&esa@orcbng)limbhrmsaa eﬂte&ﬂnftheanatﬂystumsthér ddmpmx&slas of

t he Periodic Table tation esent _in ti fficient to
provi de a vvePEPr‘i‘?Ot?raéq lestesk framg 811 L]r B%tlér‘)ft@‘ Clgq %? B‘g O%E?‘ﬁe
about 0.0001 &t%ﬁ’g%%n&nﬁatm}ﬁsﬁﬁmeﬁmg Ipﬁﬁztlé’é ¥ Fhighy ?Jtl%fo%fe?ﬁHnﬂdl Bebrh&eClodi M

31 wherein sg alum num borate conprises alumnumin an anobunt between
about 20 andekbweotal &halkibedtoh abdet 0D0ppand agbousBd. boron in an anount
sufficient to cause the support to be nore acidic than a neutral (pH = 7)
alum na but less acidic than a zeolite cracking catal yst. 17

15 33. The catalyst system according to claim 31 wherein said aluminum borate
comprises aluminum in an amount between about 20 and about 60 wt % of the support,
and boron in an amount sufficient to cause the support to be more acidic than a neutral

(pH = 7) alumina but less acidic than a zeolite cracking catalyst.
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