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Introduction

1.1 FischerTropsch(FT) Process

Coal and naturalgascan be utilized as feedstockof the chemicalindustry and the
transportatiorfuels market. The corversionof naturalgasto hydrocarbongGas-D-
Liguidsroute)is currentlyoneof the mostpromisingtopicsin theenegy industrydue
to economiautilization of remotenaturalgasto ervironmentallycleanfuels,specialty
chemicalsaandwaxes. Alternatively, coalor heavy residuexanbe usedon siteswhere
theseareavailableatlow costs. Theresource®f coalandnaturalgasarevery large,
seeTablel.1. Coalandnaturalgascanbe convertedinto synthesigyas,a mixture of
predominantlyCO andHo,, by eitherpartial oxidationor steamreformingprocesses.
Possiblereactionof synthesigjasareshavn in Figurel.1.

Natural gas
Coal CH,OH
CO+H,
LN
N
Higher Alcohols Hydrocarbons

and oxygenates

Figure1.1 Possiblaeactiondrom synthesigas.

Table 1.1 World fossil fuel resenesandconsumptior(EJ,138J) [1].
Reseres Consumptior(1991)

Coal(1991) 27,185 69.91
Crudeoil (1992) 6,054 14367
Naturalgas(1992) 4,512 79.44
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Table 1.2 Major overallreactiondn the FischerTropschsynthesis.
Main reactions

1. Parafins (2n + 1)H, + nCO — C,Hzni2 + NH0

2. Olefins 2nH, + nCO — C,H5, + nH,0

3. Watergasshift reaction CO+H,O 2 CO+H;

Sidereactions

4. Alcohols 2nH,; + nCO— C,Hon 20+ (n — 1HHO
5. Boudouardeaction 2CO— C+CO,

Catalystmodifications
6. Catalystoxidation/reduction a.M,Oy +yH, > yH>O+xM

b. MOy +yCO 22 yCO; +xM
7. Bulk carbideformation yC+xM 2 M,Cy

Thecorversionof the synthesigasto aliphatichydrocarbonsver metalcatalysts
wasdiscoveredby FranzFischerandHansTropschatthe KaiserWilhelm Institutefor
CoalResearctin Mullheimin 1923[2, 3]. They provedthat CO hydrogenatiorover
iron, cobaltor nickel catalystsat 180-250 °C and atmospherigressureesultsin a
productmixture of linearhydrocarbonsThe FischefTropschproductspectrumcon-
sistsof a complex multicomponenmixture of linearandbranchechydrocarbonsnd
oxygenatedoroducts. Main productsare linear parafins and ¢-olefins. The overall
reactionsof the FischefTropschsynthesisare summarizedn Table1.2. The hydro-
carbonsynthesiss catalyzedy metalssuchascobalt,iron, andruthenium.Bothiron
andcobaltareusedcommerciallythesedaysat atemperatur@f 200to 300 °C andat
10to 60 barpressurg4, 5].

Thereactionsof the FT synthesison iron catalystscanbe simplified asa combi-
nationof the FT reactionandthewatergasshift (WGS)reaction:

CO+ (1+m/2n)Hz — 1/nCoHm + H0 (FT) -AHgr= 165kJ/mol  (1.1)
CO+HyO (__) CO, +Hy (WGS) -AHwgs= 41.3kJ/mol (12)

wheren is theaveragecarbonnumberandm is theaveragenumberof hydrogeratoms
of thehydrocarborproducts.Wateris a primaryproductof the FT reactionandCO,
canbeproducedy theWGSreaction.TheWGSactiity canbehigh over potassium-
promotedron catalystsandis negligible over cobaltor rutheniumcatalysts.
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Figure 1.2 shaws a block diagramof the overall FischerTropschprocessonfig-
uration. Thecommercialprocessnvolvesthreemain sectionsnamely:synthesigjas
productionandpurification, FischefTropschsynthesisandproductgrade-up.These
subjectsaaredescribedn moredetailbelon. Choietal. [6] givesa capitalcostbreak-
down of thesethreeindividual processsectionsfor a 45,000bbl/dayFT plant. The
synthesigyaspreparatior(thatis air separatiomplant, partial oxidation,steanreform-
ing of naturalgas,andsyngascooling)is about66 % of thetotal on-sitecapitalcosts.
TheFT synthesisectionconsistingof FT slurry reactorsCO, removal, synthesigjas
compressiormndrecgycle, andrecovery of hydrogenandhydrocarbonss 22 % of the
total costs. Finally, the upgradingandrefining sectionof hydrocarbonsgs about12
%. Consequentlycostreductionof synthesiggasproductionis the mostbeneficial.
Note,however, thatatafixedproductionratethe selectvity of the FT processlirectly
affectsthe sizeof the syngagjeneratiorsection.A high selectvity of the FT process
to desiredproductss of utmostimportanceo the overalleconomics.

1.1.1 SynthesisGasProduction

Synthesiggascanbe obtainedby steamreformingor (catalytic) partial oxidation of

fossil fuels: coal, naturalgas,refineryresiduespiomassor industrial off-gases.The
compositiorof syngadrom thevariousfeedstock@ndprocessess givenin Tablel.3
[7, 8]. Synthesiggascanbe obtainedfrom reformingof naturalgaswith eithersteam
or carbondioxide,or by partialoxidation. The mostimportantreactionsare:

Steanreforming CH; +HO 2 CO+3H;
CO, reforming CH;+CO, 2 2CO+ 2H;
Partial oxidation CHs + 30, — CO+2H;

Water gasshiftreaction CO+H,O 2> CO,+H;

Usually a combinationof synthesiggasproductionprocessess usedto obtainsyn-
thesisgaswith a stoichiometricratio of hydrogerandcarbonmonoxide.
Synthesiggasproducedin moderncoal gasifiers(Shell/Koppersor Texacogasi-
fiers)andfrom heavy oil residueshasa high CO contentin comparisorto synthesis
gasfrom naturalgas.If synthesiggaswith a H,/CO ratio below 2 is used the compo-
sitionis not stoichiometridfor the FischefTropschreactiongseeTable1.2). Thenthe
watergasshift reactionis importantto changeheH,/COratioto 2. Figurel.3showvs
theapplicationrangedor iron (high WGS-actvity) andcobaltcatalystgno WGSac-
tivity) [10]. Inexpensve iron catalystsin comparisorto cobaltcandirectly corvert
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Synthesis Gas Production

Coal Natural
Gas
l Steam
\ 4 v * *
Steam Catalytic Steam
Gasifier | — (Catalytic) ,
2 Partial Oxidation Reforming
\ 4
Synthesis gas cooling
Purification
: l v Fischer-Tropsch synthesis
: Steam Fischer-Tropsch
: Reforming Synthesis
SteamT CH, v I——»Fuel Gas (LPG)
< " Product —— C,H, (polyethene)
ater Recovery ————— C,H, (polypropene)
Aqueous
Oxygenates L
Product Grade-up
A 4

Hydrocarbon | pentene/hexene
Upgrading:
- Hydrocracking |
- Isomerization ——— Diesel

- Cat. reforming 5 \Waxes
- Alkylation

——> Naphtha

Figure1.2 Overallprocesschemd=ischefTropsch.



INTRODUCTION 5

Table 1.3 Synthesigjascompositions.

Feedstock Process Componen{vol%)
H, CO CO, Other

Naturalgas,steam SR 738 155 66 41
Naturalgas,steamCQ, CO,- SR 52.3 26.1 85 131
Naturalgas,O,, ATR? 60.2 302 75 20
steamCGO,

Coal/heay oil, steam  Gasification 67.8 28.7 29 0.6
Coal,steampoxygen Texacogasifiet 35.1 51.8 10.6 25
Coal,steampxygen Shell/Koppersgasifiet 30.1 66.1 25 13
Coal,steampoxygen Lurgi gasifie? 39.1 189 297 123

SR=steanreforming,CPO=catalyticpartialoxidation, ATR=autothermateforming
! Datafrom Cyhulski etal. [7]

2 Datafrom BasiniandPiovesan9]

8 Datafrom PerryandGreen[8]

low H,/CO ratio synthesigaswithout anexternalshift reaction11-13].

New ceramicmembranesnight becomeinterestingfor significantcostreduction
of synthesisgasproductionby 30-50% [14]. Reductionof the synthesiggascosts
could also be accomplishedhy a decreasef steam/carbormnd oxygen/carborra-
tios in the feedstocK9]. BasiniandPiovesan[9] comparedeconomicalkevaluations
of steam-CQ reforming,autothermateforming,andcombinedreformingprocesses.
They concludedthat combinedreforminghasthe lowestproductionand investment
costsataH,/COratio of 2.

Although the capital costspredominatethe cost price of naturalgasis alsoan
importantfactorin the overall processeconomicof GTL (Gas-Db-Liquids) Fischer
Tropschplants.Remotegasfields or naturalgasassociatedvith crudeoil production
hasa low costor a negative value asan undesiredby-product. Reductionof flaring
of associatedhaturalgasandthe unfavorableeconomicsf gasreinjectionmalke the
FischerTropschprocesseconomicallyiable. FT derivedfuelsareeasilytransported
in standardresselor pipelinesrelative to naturalgasandLNG.

1.1.2 FischerTropschSynthesis

The FischerTropschsynthesissectionconsistof: FT reactorsrecycle andcompres-
sionof uncorvertedsynthesigjas removal of hydrogerandcarbondioxide,reforming
of methaneproducedandseparatiorof the FT products. The mostimportantaspects
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Figure 1.3 Feedstockandcatalystq10].

for developmentof commercialFischerTropschreactorsarethe high reactionheats
andthe large numberof productswith varyingvaporpressureggas,liquid, andsolid
hydrocarbons)Themainreactortypeswhich have beenproposednddevelopedafter
1950are[5, 15, 16]:

1. Three-phasduidized (ekulliating) bedreactorsor slurry bubble columnreac-
tors with internal cooling tubes(SSPD:Sasol; GasCat:Enegy International,
AGC-21:Exxon,seeFigurel.4a)

2. Multitubularfixedbedreactomwith internalcooling(Arge: Sasol;SMDS: Shell,
seeFigurel.4b)

3. Circulatingfluidizedbedreactomwith circulatingsolids,gasrecycle andcooling
in thegas/solidecirculationloop (Synthol: Sasol)(Figurel1.4c)

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

Sie[5] comparedheadvantagesinddisadwantage®f thetwo mostfavoritereactor
systemsfor the FischerTropschsynthesisof high molecularweight products: that
is the multitubular trickle bedreactorandthe slurry bubble columnreactor Major
drawbacksof the bubblecolumnarerequirement$or continuousseparatiorbetween
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Figure 1.4 Possibleaeactordor FischerTropschsynthesig5, 16]. a. Slurry bubblecolumn
reactor;b. Multitubular trickle bedreactor;c. Circulatingfluidized bedreactor;d. Fluidized
bedreactor

catalystandliquid products,a smallerscaling-upfactor (500) in comparisorto the
multitubular reactor(max. 10,000) andpossibleattrition of thecatalystparticles.The
advantagesire[17]: 1) Low pressuraropoverthereactor 2) Excellentheattransfer
characteristicsesultingin stablereactortemperatures.3) No diffusion limitations.
4) Possibility of continuousrefreshmenof catalystparticles. Disadwvantagesf the
multitubular reactorarethelarger catalystparticles the requiredequaldistribution of

gasandliquid stream®verall tubes andthelargereactomweightdueto alargenumber
of tubesfor effective heattransferarea.However, the mostimportantdisadwantageof

the multitubular reactorprobablyis in the high costsof 10 to 100,000tubes,typical

for commerciakcale.

De Swart [18] modeleda cobalt-based=T processboth in trickle bed reactors
andin slurry bubblecolumnreactors.The major conclusiorwasthat 10 multitubular
trickle bedreactorg6 m diametey 20 m height)or 4 slurry reactorg7.5 m diametey
30 m height) can produce5000 tonnesof middle distillates(Cs,) per day Mainly
dueto the high heattransferratesoccurringin the slurry system the capitalcostsof
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 atubular fixed bedreactor Althoughthesecapitalcostfigures
look impressve, it is emphasizedgainthatthe Cs, selectvity is crucialto overall
economics.In otherwords,if a cheapereactordeliversalower Cs, selectvity, the
largersyngassectionneededmay off-settheinitial advantages.
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1.1.3 Product Upgrading and Separation

Corventionalrefineryprocessesanbe usedfor upgradingof FischefTropschliquid

andwax products.A numberof possibleprocessefor FT productsare: wax hydro-
cracking distillatehydrotreatingcatalyticreforming,naphtehydrotreatingalkylation
andisomerizatior[6, 20]. Fuelsproducedwith the FT synthesisareof a high quality
dueto averylow aromaticityandzerosulfur content.The productstreamconsistsof

variousfueltypes:LPG,gasolinedieselfuel, jetfuel. Thedefinitionsandcorventions
for the compositionandnamesof the differentfuel typesareobtainedfrom crudeoil

refineryprocesseandaregivenin Tablel.4.

Table 1.4 Corventionsof fuel namesandcomposition1].

Name Synoryms Components
Fuelgas C:-GC
LPG Cs-C4
Gasoline Cs-Coo
Naphtha Cs-Ci2
Kerosene Jetfuel C11-C13
Diesel Fueloil C13-Cq7
Middle distillates Light gasoil Cy¢-Cyo
Softwax Ci9-Cy3
Mediumwax Cos-Css
Hardwax Cast

The dieselfraction hasa high cetanenumberresultingin superiorcomhustion
propertiesand reducedemissions(see Table 1.5). New and stringentregulations
may promotereplacemenor blendingof corventionalfuels by sulfur andaromatic
free FT products[21, 22]. Also, otherproductsbesidesuels canbe manugctured
with FischerTropschin combinationwith upgradingprocessedpr example,ethene,
propenex-olefins,alcohols ketones solvents,specialtywaxes,andso forth. These
valuableby-productsof the FT processave higheraddedvalues resultingin aneco-
nomically more attractive processconomy The value of FischefTropschproducts
usedasblendingstocksfor transportatiorfuels (keroseneand diesel)is higherthan
crudeoil derivedfuelsdueto their excellentpropertie{seeTablel.5). Choietal. [6]
assumedheFT gasolineandFT dieselto be 10.07$/bbl (0.24%/gallon)and7.19%/bbl
(0.17%/gallon)moreexpensve thantransportatioriuels derivedfrom crudeoil.



INTRODUCTION 9

Table 1.5 Productquality, adaptedrom Sie[5] andGregor [22].

Product  Property SMDS Hydrocracled Specification
products ArgeFT-wax
Diesel Cetanenumber 70 > 74 min. 40
Cloudpoint, °C -10 -7 -20to +20
Kerosene Smole point,mm > 100 > 50 min. 19-25
Freezingpoint, °C -47 -43 max.-47to -40

1.2 Industrial FischerTropschProcesses

Below, the majorindustrialFischefTropschprocessearediscussedbriefly. Theem-
phasidss on processedevelopedafter 1980. Table 1.6 givesanovervien of the major
companiesandtheir patentsdividedin the following sections:1. FT catalystdevel-
opment;2. processdesignanddevelopment;3. upgradingof specificFT products.
A comparisorof the severalindustrialFischefTropschcompaniess presentedn Ta-
blel1.7.

Table 1.6 Estimateof patentsof themajorcompaniesactivein FischerTropsch(April
1998).

Compary Catalyst Process Separatiorand
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

Enegy InternationalPittskurgh) is ownedby Williams InternationalCorp. (formerly
ownedby Gulf Oil Corp.) whichis promotingslurry bubble columnreactorsfor the
FT process.They claim the major advantageof their procesgo below capitalcosts
in comparisorto otherprocessesHighly active cobaltcatalyston aluminacarriers
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Table 1.7 Comparisorof themajorcompaniesctivein FischefTropsch(October1998).

Compary Synthesigjaspreparatioh FTreactor Capacity Catalyst
(bbl/day)
EnegyInt. POwith O, slurry - Co
Exxon CPO(0Oy) slurry 200 Co
Rentech POwith Oy, SR,ATR slurry 235 Fe
Sasol POwith Oy, SR, slurry 2,500 Fe,Co
coalgasification fluidized 110,000
Shelf POwith O, fixed 12,500 Co
Syntroleum ATR with air fixed 2 Co

1 (C)PO=(Catalytic)Partial Oxidation,SR=SteamReforming ATR= AutothermalReforming
2 Capacityuntil Decembe 997

(GasCatcatalyst)producea high liquid fuel yield relative to other cobalt catalysts
[23]. Enegy Internationaperformsa US Departmenbf Enegy fundedstudyfor the
concepf a 25,000bbl/dayfloating FischefTropschplantfor the deepwatersof the
Gulf of Mexico (RemoteGasStratgies,Octoberl997).

Exxon

The Exxon’s procesds known asAGC 21 (AdvancedGasCornversion21stCentury)
[24]. The processconsistsof the following steps: 1. Fluidized bed synthesisgas
production;2. Slurry phaseFT reactor;3. Hydro-isomerizatiorprocess.Exxonhas
a 200 bbl/day GTL pilot plantin Baton-RougelUSA, that hasbeenoperatinguntil
1996. The AGC-processanbe scaledup to commercialplantsproducing50,000-
100,00bbl/day at a locationin Qatar[25]. A significantnumberof patents(about
70) betweenl980-19930f Exxondealwith the developmentof new formulationsof
catalysts.Main emphasiss on cobaltandruthenium-basedatalysts Recenticenses
(after1993)arealsodealingwith slurry-phaserocessef6, 27].

Rentechinc.

Rentechlicensesan iron basedcatalyst[28] anda slurry phaseprocesg29-31] for

the productionof high quality FT diesel.Rentechbuilt 0.038m and0.15m diameter
slurry reactorson laboratoryscale. A 1.8 m diameterand16.7 m high slurry reactor
producing235bbl/daywasbuilt in PuebloColoradoU.Sin 1992.Recentlythisplant
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was dismantledand transportedo Arunachal,India wereit is expectedto produce
350 bbl/day of waxesin 1999in cooperatiorwith the Indian compaty Donyi Polo
Petrochemicalktd.

Sasol

SasolhasoperateccommercialFischefTropschplantssince1955. A detailedreview
of Sasols commercialplantsfrom 1950to 1979is givenby Dry [32]. A commercial
plantin Sasollirg (SouthAfrica) (Sasoll) usemultitubular (2050tubes,50 mm ID)
fixed bed and entrainedbed Kellogg reactors. Synthesisgasis predominantlypro-
ducedwith Lurgi coalgasifiers.Sasol2 andSasol3 plantsin Secundaventon stream
in the beginning of the eighties. Theseplantsusecirculating fluidized bedreactors
(Synthol,Figure 1.4c) for the productionof fuels andlow molecularweight olefins.
Currently Sasolhastwo new processefor the FischefTropschsynthesis A process
at high temperature$HTFT: 330-350 °C) for the productionof gasolineand light
olefinsanda procesgor wax productionat lower temperaturegL TFT: 220-250°C).
TheHTFT is performedn Syntholcirculatingfluidizedbed(CFB) reactorsbutamore
efficient SasolAdvancedSynthol(SAS)reactorwith gas-solidfluidizationwasdevel-
opedrecently[16]. The Syntholreactorswill be replacedby the new SASreactors.
Corventionally ARGE tubular fixed bed reactorswere usedfor the LTFT process.
In 1990, a slurry bubble columnreactor(SasolSlurry PhaseDistillate; SSPD)with
a diameterof 1 m wascommissioned15]. A commercial-scalslurry reactoris in
operatiorsincel993andhasa diameteiof 5 m anda heightof 22 m with a capacityof
about2,500bbl/day Tablel.8 shavs anoverview of differentSasolreactord15, 19].
Furtherscaleup of the SSPDreactoris plannedo 20,000bbl/dayperreactor

Table 1.8 SasolFischerTropschcommerciareactorgbbl/day),adaptedrom Jagef19].

CFB SAS ARGE SSPD
Totalinstalledcapacity 110000 11,000 3,200 2,500
Capacityperreactor 6,500 11,000 500-700 2,500
Potentialperreactor 7,500 20,000 3,000 20,000

Phillips Petroleum,Sasol,and QatarGeneralPetroleumCorp. signeda memo-
randumof understandingo build a 20,000bbl/day GTL plantat RasLaffan, Qatar
Thenewv complex will useSasols Slurry PhaseDistillate ProcessStart-upis planned
for 2002(RemoteGasStratgjies,August1998). Sasoland Chesron announcegblans
(May 1998)to build a20,000bbl/dayGTL (Gas-D-Liquids)plantbasecbntheSSPD
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technologyin Nigeria. The estimatedtostprice of this comple is $ 500-600million
(RemoteGasStratgjies,May 1998).Most patentof SasolseeTablel.6)concerrthe
developmenbf aslurry reactorwith continuousn-situ wax-solidseparatiof33] and
grade-upof olefinsby hydroformulatior{34].

Shell

In 1993,Shellstartedup a$ 850million FT synthesigplantin Bintulu, Malaysia.The
ShellMiddle Distillate Synthesi{SMDS)proces$5, 35] produceseary parafinson
acobaltcatalystin multitubular trickle bedreactors Part of theseproductsaresoldas
wax specialtiesanothermartis hydro-cracled over a noble metal catalystinto clean
transportatiorfuels (seeTable 1.5). The plantcorverts 100 million cubicfeet/dayof

naturalgasfrom off-shorefieldsby non-catalytigpartialoxidationinto 12,500bbl/day
hydrocarbons.The air separatiorplant of the SMDS plant in Bintulu explodedin

Decemberl997. Shell Oil wantsto reopenthe SMDS plantin 1999 (RemoteGas
Stratgies,April 1998).Most Shellpatentdocuson eithercatalystdevelopmenbr on
thewaythe SMDSprocesss preferablycarriedout, for example seepatent436, 37].

Somepatentgor improving a slurry processhave beenfiled aswell [38-40].

Statoil

Patentof Statoilinvolve slurryreactordesigrandcontinuousatalyst-vaxseparations
with theuseof filtration [41]. Recenpatentwith respecto FischerTropschcatalysis
concerrthedevelopmenbf cobaltcatalystgpromotedwith Rh, Pt, Ir, or Reonalumina
(for example,[42]). Statoil formed an alliancewith Sasolfor the developmentof
floatingFischerTropschplantsonshipsor floatingproductiornsystemsThesdloating
off-shoreplantscanbe usedto utilize naturalgasassociateavith oil production[43].

Syntroleum

Syntroleumis a smallresearcHirm in Tulsa, Oklahoma,USA, which hassignedli-
censingagreementwith Texaco,ARCO, Ker-McGee,andEnron. A laboratorypilot
plant (2 bbl/day)is usedto demonstratéheir FT process.They claim thattheir pro-
cesseliminatesa costly air separatiorunit, sincetheir AutothermalReformer(ATR)
producesiitrogen-dilutedsynthesigasfrom naturalgas[44]. Nitrogencanbeusedto
remove someof thegeneratedheatduringthe FT reaction.The Syntroleunprocesss
thebasisof anagreemenbetweenTexaco,Brown & RootandSyntroleunto develop
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a2,500bbl/dayGTL plant,startingend1999(RemoteGasStratgies,Januaryl998).
Recently SyntroleumandEnronannouncedinal agreemento build a 8,000bbl/day
GTL plantin Wyoming,USA. Theplantis expectedo operaten 2001[45].

1.3 Reseach onthe FischerTropschSynthesis

An optimaldesignwith respecto productyield andselectvity of alargescalereactor
requiresa deepunderstandingf hydrodynamicsreactionkinetics, catalytic system
andFT chemistry(seeFigurel.5). Researclonthevariousaspectof the FT process
will bediscussedbriefly. A detailedreview on kineticsandselectvity of the Fischer
Tropschprocesss givenin Chapter2.

Kinetics, selectivity
Deactivation
Catalyst development

Hydrodynamics, mixing,
mass transfer, heat transfer,
solids, bubble size, design,
vapor-liquid equilibria

Mathematical Model

T synthesis gas

Commercial Reactor

Pilot plant for verification
and scale up

Figurel.5 Modelingof alargescaleFischefTropschreactor

ReactionKinetics

The complity of the FT reactionmechanismandthe large numberof speciesin-
volved is the major problemfor developmentof reliable kinetic expressions.Most
catalyststudiesaim at catalysimprovementandpostulateempiricalpower law kinet-
ics for both the carbonmonoxideconversionsandthe carbondioxide formationrate
[46, 47]. LangmuirHinshelvood-Hougen-Vatson(LHHW) type of rate equations
have beenappliedin literature (seeChapter2.8). The water gasshift reactioncan
play adominantrole oniron catalysts Only afew studiesreporton WGSkineticson
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iron catalystaunderFT conditions.A thoroughcomparisorof the availableliterature
modelsis presentedh Chapter2.

Product Selectvity

The productsfrom the FischerTropschsynthesisform a complex multicomponent
mixture with substantialariationin carbonnumberandproducttype. Main products
arelinear parafins and«-olefins. Accordingto Anderson[48], the productdistribu-
tion of hydrocarbonsanbedescribedy the Anderson-Schulz-FlorgASF) equation:
mn = (1 — )" with m, the mole fraction of a hydrocarborwith chainlengthn
andthe growth probability factore independenbf n. « determineghetotal carbon
numberdistribution of the FT products. The rangeof « depend®n reactioncondi-
tions andcatalysttype. Dry [49] reportedtypical rangesof « on Ru, Co, andFe of:
0.85-0.95,0.70-0.80,and 0.50-0.70,respectiely. More recentreferenceseportCo
catalystswith chaingrowth factorsbetweer0.85-0.995]. Significantdeviationsfrom
the ASF distribution arereportedn literature:i) Relatively highyield of methaneii)
Relatively low yield of ethene.iii) Changein chaingrownth parameterr and expo-
nentialdecreas®f the olefin to parafin ratio with increasingcarbonnumber These
deviationsare predominantlycausedy secondaryeactionsof a-olefins,which may
readsorlon growth sitesof the catalystsurfaceandcontinueto grow via propagation
with monomeror terminateashydrocarborproduct. Detailson the characteristicof
the productselectvity andon modelingof the selectvity arediscussedn Chapter2.

Reactor Engineering Model

Mathematicalmodelingof FT slurry bubble columnswasreviewed by Saxenaet al.
[17] andmorerecentlyby Savena[50]. He shaved that noneof the available mod-
elsis accurateenoughfor a reliablereactordesign. The bottleneckappeargo bethe
lack of reliablekinetic equationdor all productsandreactantdasedon realisticre-
actionmechanismsUntil now, noneof the availableliteraturemodelsobtainenough
detailsto describehe completeproductdistribution of the FischefTropschsynthesis
at industrialconditions(high temperatureandpressurepsa function of overall con-
sumptionof synthesiggascomponentsand operatingconditions. Either the product
distribution model (ASF behaior) or the kinetic scheme(no WGS and ratesequa-
tionswith first orderin hydrogen)s oversimplified,or the hydrodynamicsituationis
unrealisticunderindustrial (churn-turlulentor heterogeneoufow regime) operating
conditions.Thefeaturesof the modelsavailablewill becomparedn Chapter?7.
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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 distributions and reactionkinetics, necessaryor reliable designand scaleup of
industrialFischefTropschprocesses.

Thereforethemajoraim of thisthesisis thedevelopmenbf a productdistribution
modelanda kinetic modelbothin gas-slurryaswell asin gas-solidreactorsover a
commercialprecipitatedron catalystbasedon own experimentalWork. The product
distribution modelshouldbe ableto explain the deviationsfrom the ASF distribution
obseredexperimentally It shouldincludea mechanistianodelof olefinreadsorption
and kinetics of chaingrowth and terminationon the samecatalytic sites. Accurate
intrinsic rateexpressiongor the CO corversionto FischerTropschproductsandfor
the water gasshift (WGS) reactionover a precipitatediron catalyston the basisof
reliablemechanismareanothemim. A detailedmulticomponentnathematicainodel
for alarge scaleslurry bubble columnreactorwith useof our detailedmodelsis the
final aim of thisthesis.

Chapter2 presentaliteraturereview onthekineticsandselectvity of theFischer
TropschsynthesisThefocusis onthereactionmechanismandkinetic modelsof the
water gasshift and FischefTropschreactions. Literatureproductselectvity models
arereviewedaswell. Heretheareaswvhich requirefurtherresearchwill bedefined.

Chapter3 describeghe experimentalsetupof the kinetic experimentshothin a
gas-solidandgas-slurrylaboratorykinetic reactorandthe catalystapplied. The ana-
Iytical sectionandthe experimentaproceduresredescribedaswell.

The developmentof a new «-Olefin ReadsorptiorProductDistribution Model
(ORPDM) basedon own experimentsfor the gas-solidFT synthesispver a precip-
itatediron catalystis presentedn Chapterd. Theeffectof variationof procescondi-
tionsontheselectvity is describedaswell.

Chapter5 presentshekinetic experimentsandkinetic modelingof the CO hydro-
genationandthe watergasshift reactionof gas-solidFischefTropschsynthesisover
the precipitatedron catalyst.

The influenceof the slurry liquid on the productselectvity andthe reactionki-
neticsis presentedn Chapter6. The productselectvity model developedfor the
gas-solidsystemwill be appliedfor the descriptionof the productselectvity at in-
dustrially relevantconditionsover a precipitatedron catalystsuspendeth the slurry
phase.FurthermoreChapter6 describekinetic modelingof the gas-slurryFischer
Tropschsynthesidasedn a methodologyderivedin Chapterb.
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The modelsobtainedin Chapters4-6 and literaturedataon hydrodynamicsand
masstransferin the heterogeneouow regimeareincorporatedn a multicomponent
reactionengineeringmodelfor a large scaleFischefTropschslurry bubble column
reactorin Chapter7. The mainnovel aspectof this modelis that, for the first time,
multicomponentapokliquid equilibriawith detailedkinetic expressiongor all reac-
tantsandproducts(basedon original experimentalwork) arecombinedo predictthe
composition®f thegaseouandliquid streamsndthe performancef aslurry bubble
columnreactor
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