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1.1 Fischer-Tropsch(FT) Process

Coal and naturalgascan be utilized as feedstockof the chemicalindustry and the
transportationfuelsmarket. Theconversionof naturalgasto hydrocarbons(Gas-To-
Liquidsroute)is currentlyoneof themostpromisingtopicsin theenergy industrydue
to economicutilizationof remotenaturalgasto environmentallycleanfuels,specialty
chemicalsandwaxes.Alternatively, coalor heavy residuescanbeusedonsiteswhere
theseareavailableat low costs.Theresourcesof coalandnaturalgasarevery large,
seeTable1.1. Coalandnaturalgascanbeconvertedinto synthesisgas,a mixtureof
predominantlyCO andH2, by eitherpartial oxidationor steamreformingprocesses.
Possiblereactionsof synthesisgasareshown in Figure1.1.
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Figure1.1 Possiblereactionsfrom synthesisgas.

Table1.1 World fossil fuel reservesandconsumption(EJ,1018J) [1].

Reserves Consumption(1991)

Coal(1991) 27, 185 69- 91
Crudeoil (1992) 6 , 054 143- 67
Naturalgas(1992) 4 , 512 79- 44
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Table1.2 Major overall reactionsin theFischer-Tropschsynthesis.

Main reactions
1. Paraffins (2n . 1)H2 + nCO / CnH2n0 2 + nH2O
2. Olefins 2nH2 + nCO / CnH2n + nH2O

3. Watergasshift reaction CO+ H2O / 1 CO2 + H2

Sidereactions
4. Alcohols 2nH2 + nCO / CnH2n0 2O + 2 n 3 14 H2O
5. Boudouardreaction 2CO / C + CO2

Catalystmodifications

6. Catalystoxidation/reduction a.MxOy + yH2
/ 1 yH2O + xM

b. MxOy + yCO / 1 yCO2 + xM

7. Bulk carbideformation yC + xM / 1 MxCy

Theconversionof thesynthesisgasto aliphatichydrocarbonsovermetalcatalysts
wasdiscoveredby FranzFischerandHansTropschat theKaiserWilhelm Institutefor
CoalResearchin Müllheim in 1923[2, 3]. They provedthatCO hydrogenationover
iron, cobaltor nickel catalystsat 180-250 ˚C andatmosphericpressureresultsin a
productmixtureof linearhydrocarbons.TheFischer-Tropschproductspectrumcon-
sistsof a complex multicomponentmixtureof linearandbranchedhydrocarbonsand
oxygenatedproducts.Main productsarelinear paraffins and  -olefins. The overall
reactionsof the Fischer-Tropschsynthesisaresummarizedin Table1.2. Thehydro-
carbonsynthesisis catalyzedby metalssuchascobalt,iron, andruthenium.Both iron
andcobaltareusedcommerciallythesedaysata temperatureof 200to 300 ˚C andat
10 to 60barpressure[4, 5].

Thereactionsof theFT synthesison iron catalystscanbesimplifiedasa combi-
nationof theFT reactionandthewatergasshift (WGS)reaction:

CO .52 1 . m6 2n4 H2 / 16 nCnHm . H2O 2 FT 4 - 7 HFT= 165kJ/mol (1.1)

CO . H2O / 1 CO2 . H2 2 WGS4 - 7 HWGS= 41.3kJ/mol (1.2)

wheren is theaveragecarbonnumberandm is theaveragenumberof hydrogenatoms
of thehydrocarbonproducts.Wateris a primaryproductof theFT reaction,andCO2

canbeproducedby theWGSreaction.TheWGSactivity canbehighoverpotassium-
promotediron catalystsandis negligible overcobaltor rutheniumcatalysts.
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Figure1.2 shows a block diagramof theoverall Fischer-Tropschprocessconfig-
uration.Thecommercialprocessinvolvesthreemainsections,namely:synthesisgas
productionandpurification,Fischer-Tropschsynthesis,andproductgrade-up.These
subjectsaredescribedin moredetailbelow. Choi et al. [6] givesa capitalcostbreak-
down of thesethreeindividual processsectionsfor a 45,000bbl/dayFT plant. The
synthesisgaspreparation(thatis air separationplant,partialoxidation,steamreform-
ing of naturalgas,andsyngascooling)is about66 % of thetotalon-sitecapitalcosts.
TheFT synthesissectionconsistingof FT slurry reactors,CO2 removal, synthesisgas
compressionandrecycle,andrecovery of hydrogenandhydrocarbonsis 22 % of the
total costs. Finally, the upgradingandrefining sectionof hydrocarbonsis about12
%. Consequently, cost reductionof synthesisgasproductionis the mostbeneficial.
Note,however, thatatafixedproductionratetheselectivity of theFT processdirectly
affectsthesizeof thesyngasgenerationsection.A high selectivity of theFT process
to desiredproductsis of utmostimportanceto theoveralleconomics.

1.1.1 SynthesisGasProduction

Synthesisgascanbe obtainedby steamreformingor (catalytic)partial oxidationof
fossil fuels: coal,naturalgas,refineryresidues,biomassor industrialoff-gases.The
compositionof syngasfrom thevariousfeedstocksandprocessesis givenin Table1.3
[7, 8]. Synthesisgascanbeobtainedfrom reformingof naturalgaswith eithersteam
or carbondioxide,or by partialoxidation.Themostimportantreactionsare:

Steamreforming CH4 + H2O / 1 CO+ 3H2

CO2 reforming CH4 + CO2
/ 1 2CO+ 2H2

Partial oxidation CH4 + 1
2O2 / CO+ 2H2

Watergasshift reaction CO+ H2O / 1 CO2 + H2

Usually, a combinationof synthesisgasproductionprocessesis usedto obtainsyn-
thesisgaswith astoichiometricratioof hydrogenandcarbonmonoxide.

Synthesisgasproducedin moderncoal gasifiers(Shell/Koppersor Texacogasi-
fiers)andfrom heavy oil residueshasa high CO contentin comparisonto synthesis
gasfrom naturalgas.If synthesisgaswith a H2/CO ratiobelow 2 is used,thecompo-
sition is notstoichiometricfor theFischer-Tropschreactions(seeTable1.2).Thenthe
watergasshift reactionis importantto changetheH2/COratio to 2. Figure1.3shows
theapplicationrangesfor iron (high WGS-activity) andcobaltcatalysts(no WGSac-
tivity) [10]. Inexpensive iron catalystsin comparisonto cobaltcandirectly convert
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Table1.3 Synthesisgascompositions.

Feedstock Process Component(vol%)
H2 CO CO2 Other

Naturalgas,steam SR1 73.8 15.5 6 - 6 4 - 1
Naturalgas,steam,CO2 CO2 - SR2 52.3 26.1 8 - 5 13- 1
Naturalgas,O2, ATR2 60.2 30.2 7 - 5 2 - 0
steam,CO2

Coal/heavy oil, steam Gasification1 67.8 28.7 2 - 9 0 - 6
Coal,steam,oxygen Texacogasifier1 35.1 51.8 10- 6 2 - 5
Coal,steam,oxygen Shell/Koppersgasifier1 30.1 66.1 2 - 5 1 - 3
Coal,steam,oxygen Lurgi gasifier3 39.1 18.9 29- 7 12- 3
SR=steamreforming,CPO=catalyticpartialoxidation,ATR= autothermalreforming
1 Datafrom Cybulski etal. [7]
2 Datafrom BasiniandPiovesan[9]
3 Datafrom PerryandGreen[8]

low H2/COratiosynthesisgaswithoutanexternalshift reaction[11–13].
New ceramicmembranesmight becomeinterestingfor significantcostreduction

of synthesisgasproductionby 30-50% [14]. Reductionof the synthesisgascosts
could also be accomplishedby a decreaseof steam/carbonand oxygen/carbonra-
tios in the feedstock[9]. Basini andPiovesan[9] comparedeconomicalevaluations
of steam-CO2 reforming,autothermalreforming,andcombinedreformingprocesses.
They concludedthat combinedreforminghasthe lowestproductionandinvestment
costsataH2/COratioof 2.

Although the capital costspredominate,the costprice of naturalgasis alsoan
importantfactorin theoverall processeconomicsof GTL (Gas-To-Liquids)Fischer-
Tropschplants.Remotegasfieldsor naturalgasassociatedwith crudeoil production
hasa low costor a negative valueasan undesiredby-product. Reductionof flaring
of associatednaturalgasandtheunfavorableeconomicsof gasreinjectionmake the
Fischer-Tropschprocesseconomicallyviable. FT derivedfuelsareeasilytransported
in standardvesselsor pipelinesrelative to naturalgasandLNG.

1.1.2 Fischer-TropschSynthesis

TheFischer-Tropschsynthesissectionconsistsof: FT reactors,recycle andcompres-
sionof unconvertedsynthesisgas,removalof hydrogenandcarbondioxide,reforming
of methaneproducedandseparationof theFT products.Themostimportantaspects
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Figure1.3 Feedstocksandcatalysts[10].

for developmentof commercialFischer-Tropschreactorsarethe high reactionheats
andthelargenumberof productswith varyingvaporpressures(gas,liquid, andsolid
hydrocarbons).Themainreactortypeswhichhavebeenproposedanddevelopedafter
1950are[5, 15,16]:

1. Three-phasefluidized (ebulliating) bedreactorsor slurry bubblecolumnreac-
tors with internalcooling tubes(SSPD:Sasol;GasCat:Energy International,
AGC-21:Exxon,seeFigure1.4a)

2. Multitubularfixedbedreactorwith internalcooling(Arge:Sasol;SMDS:Shell,
seeFigure1.4b)

3. Circulatingfluidizedbedreactorwith circulatingsolids,gasrecycleandcooling
in thegas/solidrecirculationloop (Synthol:Sasol)(Figure1.4c)

4. Fluidizedbedreactorswith internalcooling(SAS:Sasol)(Figure1.4d)

Sie[5] comparedtheadvantagesanddisadvantagesof thetwomostfavoritereactor
systemsfor the Fischer-Tropschsynthesisof high molecularweight products: that
is the multitubular trickle bedreactorandthe slurry bubblecolumnreactor. Major
drawbacksof thebubblecolumnarerequirementsfor continuousseparationbetween
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Figure1.4 Possiblereactorsfor Fischer-Tropschsynthesis[5, 16]. a. Slurrybubblecolumn
reactor;b. Multitubular trickle bedreactor;c. Circulatingfluidizedbedreactor;d. Fluidized
bedreactor.

catalystand liquid products,a smallerscaling-upfactor (500) in comparisonto the
multitubular reactor(max.10,000),andpossibleattritionof thecatalystparticles.The
advantagesare[17]: 1) Low pressuredropover thereactor. 2) Excellentheattransfer
characteristicsresultingin stablereactortemperatures.3) No diffusion limitations.
4) Possibilityof continuousrefreshmentof catalystparticles. Disadvantagesof the
multitubular reactorarethelargercatalystparticles,therequiredequaldistribution of
gasandliquid streamsoverall tubes,andthelargereactorweightdueto alargenumber
of tubesfor effectiveheattransferarea.However, themostimportantdisadvantageof
the multitubular reactorprobablyis in the high costsof 10 to 100,000tubes,typical
for commercialscale.

De Swart [18] modeleda cobalt-basedFT processboth in trickle bed reactors
andin slurry bubblecolumnreactors.Themajorconclusionwasthat10 multitubular
trickle bedreactors(6 m diameter, 20 m height)or 4 slurry reactors(7.5m diameter,
30 m height)canproduce5000 tonnesof middle distillates(C5N ) per day. Mainly
dueto thehigh heattransferratesoccurringin theslurry system,thecapitalcostsof
this systemreportedlycanbe 60 % lower thanthat of the multitubular system[18].
Jager[19] statedthat the costsof a single 10,000bbl/day slurry reactorsystemis
about25 % of thatof a tubular fixedbedreactor. Althoughthesecapitalcostfigures
look impressive, it is emphasizedagainthat the C5N selectivity is crucial to overall
economics.In otherwords,if a cheaperreactordeliversa lower C5N selectivity, the
largersyngassectionneededmayoff-settheinitial advantages.
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1.1.3 Product Upgrading and Separation

Conventionalrefineryprocessescanbeusedfor upgradingof Fischer-Tropschliquid
andwax products.A numberof possibleprocessesfor FT productsare: wax hydro-
cracking,distillatehydrotreating,catalyticreforming,naphtahydrotreating,alkylation
andisomerization[6, 20]. Fuelsproducedwith theFT synthesisareof a high quality
dueto a very low aromaticityandzerosulfur content.Theproductstreamconsistsof
variousfuel types:LPG,gasoline,dieselfuel, jet fuel. Thedefinitionsandconventions
for thecompositionandnamesof thedifferentfuel typesareobtainedfrom crudeoil
refineryprocessesandaregivenin Table1.4.

Table1.4 Conventionsof fuel namesandcomposition[1].

Name Synonyms Components

Fuelgas C1 - C2

LPG C3 - C4

Gasoline C5 - C12

Naphtha C8-C12

Kerosene Jetfuel C11-C13

Diesel Fueloil C13-C17

Middle distillates Light gasoil C10-C20

Softwax C19 - C23

Mediumwax C24 - C35

Hardwax C35N
The diesel fraction hasa high cetanenumberresultingin superiorcombustion

propertiesand reducedemissions(seeTable 1.5). New and stringentregulations
may promotereplacementor blendingof conventionalfuels by sulfur andaromatic
free FT products[21, 22]. Also, otherproductsbesidesfuels canbe manufactured
with Fischer-Tropschin combinationwith upgradingprocesses,for example,ethene,
propene,O -olefins,alcohols,ketones,solvents,specialtywaxes,andso forth. These
valuableby-productsof theFT processhavehigheraddedvalues,resultingin aneco-
nomically moreattractive processeconomy. The valueof Fischer-Tropschproducts
usedasblendingstocksfor transportationfuels (keroseneanddiesel)is higherthan
crudeoil derivedfuelsdueto their excellentproperties(seeTable1.5). Choi et al. [6]
assumedtheFT gasolineandFT dieselto be10.07$/bbl(0.24$/gallon)and7.19$/bbl
(0.17$/gallon)moreexpensivethantransportationfuelsderivedfrom crudeoil.
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Table1.5 Productquality, adaptedfrom Sie[5] andGregor [22].

Product Property SMDS Hydrocracked Specification
products ArgeFT-wax

Diesel Cetanenumber 70 P 74 min. 40
Cloudpoint, ˚C -10 -7 -20 to +20

Kerosene Smokepoint,mm P 100 P 50 min. 19-25
Freezingpoint, ˚C -47 -43 max.-47 to -40

1.2 Industrial Fischer-TropschProcesses

Below, themajor industrialFischer-Tropschprocessesarediscussedbriefly. Theem-
phasisis onprocessesdevelopedafter1980.Table1.6givesanoverview of themajor
companiesandtheir patentsdivided in the following sections:1. FT catalystdevel-
opment;2. processdesignanddevelopment;3. upgradingof specificFT products.
A comparisonof theseveralindustrialFischer-Tropschcompaniesis presentedin Ta-
ble1.7.

Table1.6 Estimateof patentsof themajorcompaniesactive in Fischer-Tropsch(April
1998).

Company Catalyst Process Separationand
development development productgrade-up

BP 13 4 0
Exxon 71 15 5
Rentech 1 8 0
Sasol 2 3 3
Shell 45 27 13
Statoil 5 3 1
Syntroleum 0 1 0

Energy Inter national

Energy International(Pittsburgh) is ownedby Williams InternationalCorp. (formerly
ownedby Gulf Oil Corp.) which is promotingslurry bubblecolumnreactorsfor the
FT process.They claim themajoradvantageof their processto be low capitalcosts
in comparisonto otherprocesses.Highly active cobaltcatalyston aluminacarriers
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Table1.7 Comparisonof themajorcompaniesactive in Fischer-Tropsch(October1998).

Company Synthesisgaspreparation1 FT reactor Capacity Catalyst
(bbl/day)

Energy Int. POwith O2 slurry - Co
Exxon CPO(O2) slurry 200 Co
Rentech POwith O2, SR,ATR slurry 235 Fe
Sasol POwith O2, SR, slurry 2,500 Fe,Co

coalgasification fluidized 110,000
Shell2 POwith O2 fixed 12,500 Co
Syntroleum ATR with air fixed 2 Co
1 (C)PO=(Catalytic)PartialOxidation,SR=SteamReforming,ATR= AutothermalReforming
2 Capacityuntil December1997

(GasCatcatalyst)producea high liquid fuel yield relative to other cobalt catalysts
[23]. Energy Internationalperformsa US Departmentof Energy fundedstudyfor the
conceptof a 25,000bbl/dayfloatingFischer-Tropschplantfor thedeepwatersof the
Gulf of Mexico (RemoteGasStrategies,October1997).

Exxon

TheExxon’s processis known asAGC 21 (AdvancedGasConversion21stCentury)
[24]. The processconsistsof the following steps: 1. Fluidized bed synthesisgas
production;2. Slurry phaseFT reactor;3. Hydro-isomerizationprocess.Exxonhas
a 200 bbl/dayGTL pilot plant in Baton-Rouge,USA, that hasbeenoperatinguntil
1996. The AGC-processcanbe scaledup to commercialplantsproducing50,000-
100,00bbl/dayat a location in Qatar[25]. A significantnumberof patents(about
70) between1980-1993of Exxondealwith thedevelopmentof new formulationsof
catalysts.Main emphasisis on cobaltandruthenium-basedcatalysts.Recentlicenses
(after1993)arealsodealingwith slurry-phaseprocesses[26, 27].

RentechInc.

Rentechlicensesan iron basedcatalyst[28] anda slurry phaseprocess[29–31] for
theproductionof high quality FT diesel.Rentechbuilt 0.038m and0.15m diameter
slurry reactorson laboratoryscale.A 1.8 m diameterand16.7m high slurry reactor
producing235bbl/daywasbuilt in Pueblo,Colorado,U.Sin 1992.Recently, thisplant
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wasdismantledand transportedto Arunachal,India were it is expectedto produce
350 bbl/dayof waxes in 1999 in cooperationwith the Indian company Donyi Polo
PetrochemicalsLtd.

Sasol

SasolhasoperatedcommercialFischer-Tropschplantssince1955.A detailedreview
of Sasol’s commercialplantsfrom 1950to 1979is givenby Dry [32]. A commercial
plant in Sasolburg (SouthAfrica) (Sasol1) usemultitubular (2050tubes,50 mm ID)
fixed bedandentrainedbedKellogg reactors. Synthesisgasis predominantlypro-
ducedwith Lurgi coalgasifiers.Sasol2 andSasol3 plantsin Secundawentonstream
in the beginning of the eighties. Theseplantsusecirculatingfluidized bedreactors
(Synthol,Figure1.4c) for the productionof fuels andlow molecularweightolefins.
Currently, Sasolhastwo new processesfor theFischer-Tropschsynthesis.A process
at high temperatures(HTFT: 330-350 ˚C) for the productionof gasolineand light
olefinsanda processfor wax productionat lower temperatures(LTFT: 220-250˚C).
TheHTFTisperformedin Syntholcirculatingfluidizedbed(CFB)reactors,but amore
efficientSasolAdvancedSynthol(SAS)reactorwith gas-solidfluidizationwasdevel-
opedrecently[16]. The Syntholreactorswill be replacedby the new SAS reactors.
Conventionally, ARGE tubular fixed bed reactorswereusedfor the LTFT process.
In 1990,a slurry bubblecolumnreactor(SasolSlurry PhaseDistillate; SSPD)with
a diameterof 1 m wascommissioned[15]. A commercial-scaleslurry reactoris in
operationsince1993andhasadiameterof 5 m andaheightof 22m with acapacityof
about2,500bbl/day. Table1.8showsanoverview of differentSasolreactors[15, 19].
Furtherscaleupof theSSPDreactoris plannedto 20,000bbl/dayperreactor.

Table1.8 SasolFischer-Tropschcommercialreactors(bbl/day),adaptedfrom Jager[19].

CFB SAS ARGE SSPD

Total installedcapacity 110Q 000 11Q 000 3 Q 200 2 Q 500
Capacityperreactor 6 Q 500 11Q 000 500-700 2 Q 500
Potentialperreactor 7 Q 500 20Q 000 3 Q 000 20Q 000

Phillips Petroleum,Sasol,andQatarGeneralPetroleumCorp. signeda memo-
randumof understandingto build a 20,000bbl/dayGTL plant at RasLaffan,Qatar.
Thenew complex will useSasol’sSlurryPhaseDistillateProcess.Start-upis planned
for 2002(RemoteGasStrategies,August1998).SasolandChevronannouncedplans
(May 1998)to build a20,000bbl/dayGTL (Gas-To-Liquids)plantbasedontheSSPD
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technologyin Nigeria. Theestimatedcostpriceof this complex is $ 500-600million
(RemoteGasStrategies,May 1998).Mostpatentsof Sasol(seeTable1.6)concernthe
developmentof a slurry reactorwith continuousin-situ wax-solidseparation[33] and
grade-upof olefinsby hydroformulation[34].

Shell

In 1993,Shellstartedupa$ 850million FT synthesisplantin Bintulu, Malaysia.The
ShellMiddle DistillateSynthesis(SMDS)process[5, 35] producesheavy paraffinson
acobaltcatalystin multitubular trickle bedreactors.Partof theseproductsaresoldas
wax specialties;anotherpart is hydro-crackedover a noblemetalcatalystinto clean
transportationfuels(seeTable1.5). Theplantconverts100million cubic feet/dayof
naturalgasfrom off-shorefieldsby non-catalyticpartialoxidationinto 12,500bbl/day
hydrocarbons.The air separationplant of the SMDS plant in Bintulu explodedin
December1997. Shell Oil wantsto reopenthe SMDS plant in 1999(RemoteGas
Strategies,April 1998).MostShellpatentsfocusoneithercatalystdevelopmentor on
thewaytheSMDSprocessis preferablycarriedout,for example,seepatents[36, 37].
Somepatentsfor improving aslurryprocesshavebeenfiled aswell [38–40].

Statoil

Patentsof Statoilinvolveslurryreactordesignandcontinuouscatalyst-waxseparations
with theuseof filtration [41]. Recentpatentswith respectto Fischer-Tropschcatalysis
concernthedevelopmentof cobaltcatalystspromotedwith Rh,Pt,Ir, orReonalumina
(for example,[42]). Statoil formed an alliancewith Sasolfor the developmentof
floatingFischer-Tropschplantsonshipsor floatingproductionsystems.Thesefloating
off-shoreplantscanbeusedto utilize naturalgasassociatedwith oil production[43].

Syntroleum

Syntroleumis a small researchfirm in Tulsa,Oklahoma,USA, which hassignedli-
censingagreementswith Texaco,ARCO,Kerr-McGee,andEnron.A laboratorypilot
plant (2 bbl/day)is usedto demonstratetheir FT process.They claim that their pro-
cesseliminatesa costlyair separationunit, sincetheir AutothermalReformer(ATR)
producesnitrogen-dilutedsynthesisgasfrom naturalgas[44]. Nitrogencanbeusedto
removesomeof thegeneratedheatduringtheFT reaction.TheSyntroleumprocessis
thebasisof anagreementbetweenTexaco,Brown & RootandSyntroleumto develop
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a 2,500bbl/dayGTL plant,startingend1999(RemoteGasStrategies,January1998).
Recently, SyntroleumandEnronannouncedfinal agreementto build a 8,000bbl/day
GTL plantin Wyoming,USA. Theplantis expectedto operatein 2001[45].

1.3 Research on the Fischer-TropschSynthesis

An optimaldesignwith respectto productyield andselectivity of a largescalereactor
requiresa deepunderstandingof hydrodynamics,reactionkinetics,catalyticsystem
andFT chemistry(seeFigure1.5). Researchon thevariousaspectsof theFT process
will bediscussedbriefly. A detailedreview on kineticsandselectivity of theFischer-
Tropschprocessis givenin Chapter2.

Kinetics, selectivity
Deactivation
Catalyst development
R

Hydrodynamics, mixing,
mass transferS , heat transfer,
solids, bubble size,T design,

U
vapor-liquid equilibria

Mathematical Model

Commercial Reactor
R synthesis gas

slurry

coolant

Pilot plant for verification
and scale upV

Figure1.5 Modelingof a largescaleFischer-Tropschreactor.

ReactionKinetics

The complexity of the FT reactionmechanismandthe large numberof speciesin-
volved is the major problemfor developmentof reliablekinetic expressions.Most
catalyststudiesaimat catalystimprovementandpostulateempiricalpower law kinet-
ics for both thecarbonmonoxideconversionsandthecarbondioxide formationrate
[46, 47]. Langmuir-Hinshelwood-Hougen-Watson(LHHW) type of rate equations
have beenappliedin literature(seeChapter2.8). The watergasshift reactioncan
play a dominantrole on iron catalysts.Only a few studiesreporton WGSkineticson
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iron catalystsunderFT conditions.A thoroughcomparisonof theavailableliterature
modelsis presentedin Chapter2.

Product Selectivity

The productsfrom the Fischer-Tropschsynthesisform a complex multicomponent
mixturewith substantialvariationin carbonnumberandproducttype. Main products
arelinearparaffins and O -olefins. Accordingto Anderson[48], theproductdistribu-
tion of hydrocarbonscanbedescribedby theAnderson-Schulz-Flory(ASF)equation:
mn WYX 1 Z[O]\^O n_ 1 with mn themole fractionof a hydrocarbonwith chainlengthn

andthe growth probability factor O independentof n. O determinesthe total carbon
numberdistribution of the FT products.The rangeof O dependson reactioncondi-
tionsandcatalysttype. Dry [49] reportedtypical rangesof O on Ru, Co, andFeof:
0.85-0.95,0.70-0.80,and0.50-0.70,respectively. More recentreferencesreportCo
catalystswith chaingrowth factorsbetween0.85-0.95[5]. Significantdeviationsfrom
theASF distributionarereportedin literature:i) Relatively high yield of methane.ii)
Relatively low yield of ethene. iii) Changein chaingrowth parameterO andexpo-
nentialdecreaseof theolefin to paraffin ratio with increasingcarbonnumber. These
deviationsarepredominantlycausedby secondaryreactionsof O -olefins,which may
readsorbon growth sitesof thecatalystsurfaceandcontinueto grow via propagation
with monomeror terminateashydrocarbonproduct.Detailson thecharacteristicsof
theproductselectivity andonmodelingof theselectivity arediscussedin Chapter2.

ReactorEngineeringModel

Mathematicalmodelingof FT slurry bubblecolumnswasreviewedby Saxenaet al.
[17] andmorerecentlyby Saxena[50]. He showed that noneof the availablemod-
els is accurateenoughfor a reliablereactordesign.Thebottleneckappearsto bethe
lack of reliablekinetic equationsfor all productsandreactantsbasedon realisticre-
actionmechanisms.Until now, noneof theavailableliteraturemodelsobtainenough
detailsto describethecompleteproductdistribution of theFischer-Tropschsynthesis
at industrialconditions(high temperatureandpressure)asa functionof overall con-
sumptionof synthesisgascomponentsandoperatingconditions. Either the product
distribution model (ASF behavior) or the kinetic scheme(no WGS andratesequa-
tionswith first orderin hydrogen)is oversimplified,or thehydrodynamicsituationis
unrealisticunderindustrial(churn-turbulentor heterogeneousflow regime)operating
conditions.Thefeaturesof themodelsavailablewill becomparedin Chapter7.
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1.4 Aims and Outline of this Thesis

The problemto be dealtwith in this thesisis the lack of accuratemodelsfor prod-
uct distributionsandreactionkinetics,necessaryfor reliabledesignandscaleup of
industrialFischer-Tropschprocesses.

Therefore,themajoraimof this thesisis thedevelopmentof aproductdistribution
modelanda kinetic modelboth in gas-slurryaswell asin gas-solidreactorsover a
commercialprecipitatediron catalystbasedon own experimentalwork. Theproduct
distribution modelshouldbeableto explain thedeviationsfrom theASF distribution
observedexperimentally. It shouldincludeamechanisticmodelof olefinreadsorption
andkineticsof chaingrowth and terminationon the samecatalyticsites. Accurate
intrinsic rateexpressionsfor theCO conversionto Fischer-Tropschproductsandfor
the watergasshift (WGS) reactionover a precipitatediron catalyston the basisof
reliablemechanismsareanotheraim. A detailedmulticomponentmathematicalmodel
for a largescaleslurry bubblecolumnreactorwith useof our detailedmodelsis the
final aimof this thesis.

Chapter2 presentsa literaturereview onthekineticsandselectivity of theFischer-
Tropschsynthesis.Thefocusis on thereactionmechanismsandkineticmodelsof the
watergasshift andFischer-Tropschreactions.Literatureproductselectivity models
arereviewedaswell. Heretheareaswhich requirefurtherresearchwill bedefined.

Chapter3 describesthe experimentalsetupof the kinetic experimentsboth in a
gas-solidandgas-slurrylaboratorykinetic reactorandthecatalystapplied.Theana-
lytical sectionandtheexperimentalproceduresaredescribedaswell.

The developmentof a new O -Olefin ReadsorptionProductDistribution Model
(ORPDM) basedon own experimentsfor the gas-solidFT synthesis,over a precip-
itatediron catalystis presentedin Chapter4. Theeffectof variationof processcondi-
tionson theselectivity is describedaswell.

Chapter5 presentsthekineticexperimentsandkineticmodelingof theCOhydro-
genationandthewatergasshift reactionof gas-solidFischer-Tropschsynthesisover
theprecipitatediron catalyst.

The influenceof the slurry liquid on the productselectivity andthe reactionki-
netics is presentedin Chapter6. The productselectivity model developedfor the
gas-solidsystemwill be appliedfor the descriptionof the productselectivity at in-
dustriallyrelevantconditionsover a precipitatediron catalystsuspendedin theslurry
phase.Furthermore,Chapter6 describeskinetic modelingof thegas-slurryFischer-
Tropschsynthesisbasedonamethodologyderivedin Chapter5.
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The modelsobtainedin Chapters4-6 and literaturedataon hydrodynamicsand
masstransferin theheterogeneousflow regimeareincorporatedin a multicomponent
reactionengineeringmodel for a large scaleFischer-Tropschslurry bubblecolumn
reactorin Chapter7. The main novel aspectof this modelis that, for the first time,
multicomponentvapor-liquid equilibriawith detailedkinetic expressionsfor all reac-
tantsandproducts(basedon original experimentalwork) arecombinedto predictthe
compositionsof thegaseousandliquid streamsandtheperformanceof aslurrybubble
columnreactor.
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