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In the Fischer-Tropsch(FT) process,synthesisgas,a mixture of predominantlyCO
andH2, obtainedfrom eithercoal,peat,biomassor naturalgasis convertedto a mul-
ticomponentmixtureof hydrocarbons.Currently, a promisingtopic in theenergy in-
dustryis theconversionof remotenaturalgasto environmentallycleanfuels,specialty
chemicalsandwaxes.Fuelsproducedwith theFT processareof highqualitydueto a
verylow aromaticityandabsenceof sulfur. Thesefuelscanbeusedasblendingstocks
for transportationfuelsderivedfrom crudeoil. Othervaluableproductsbesidesfuels
canbetailor-madewith theFT in combinationwith upgradeprocesses:for example,
ethene,propene, -olefins,ketones,solvents,alcohols,andwaxes.

TheFT processis catalyzedby bothiron andcobaltatpressuresfrom 10to 60bar
andtemperaturesfrom 200to 300 ˚C. TheFT synthesisis a surfacepolymerization
reaction. The reactants,CO andH2, adsorbanddissociateat the surfaceof the cat-
alyst andreactto form chaininitiator (CH3), methylene(CH2) monomerandwater.
Thehydrocarbonsareformedby CH2 insertioninto metal-alkyl bondsandsubsequent
dehydrogenationor hydrogenationto an  -olefin or paraffin, respectively. Iron cata-
lysts canalsousesynthesisgaswith a H2/CO ratio below 2, becauseexcessof CO
is convertedwith waterto carbondioxideandhydrogenin thewatergasshift (WGS)
reaction.Themostimportantaspectsfor FT reactordevelopmentarethehighreaction
heatsandthelargenumberof products(gas,liquid andwaxeoushydrocarbons).The
favorite reactorsystemfor the Fischer-Tropschsynthesisof high molecularweight
productsis theslurrybubblecolumnreactor. Excellentheattransfercharacteristicsof
this reactorresultin isothermalconditions.

An optimaldesignof a commercialscalereactorrequiresdetailedinformationof
thehydrodynamics,reactionkinetics,catalyticsystemandFT chemistry. Kinetic in-
formationis crucial for reliabledesignandscaleup of commercialFischer-Tropsch
processes.The major aim of this thesisis to studythe kineticsandselectivity over
a commercialprecipitatediron catalystin laboratoryreactors.A detailedmulticom-
ponentreactionengineeringmodelfor a slurry bubblecolumnreactoron commercial
scalewith useof thesedetailedkineticmodelsis thefinal aimof this thesis.

A critical literaturereview on thekineticsandselectivity of the Fischer-Tropsch
synthesisis givenin Chapter2. Thekineticequationsfor COconsumptionto FT prod-
uctsdo not presenta uniform picture. Most studiesaim at catalystimprovementand
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viii SUMMARY

postulateempiricalpower law kinetics,bothfor thecarbonmonoxideconversionrate
andthewatergasshift reaction.Relatively few studiesaim at understandingthe re-
actionmechanisms.SomeauthorsderivedLangmuir-Hinshelwood-Hougen-Watson
(LHHW) or Eley-Ridealtypeof rateexpressionsfor thereactantconsumption.In most
casesthe ratedeterminingstepis assumedto be the formationof thebuilding block
or monomer, methylene.Simultaneousmodelingof the WGS andFT reactionson
iron catalystswith WGSactivity hashardlybeenreported.Thetotalproductyield de-
creasesexponentiallywith increasingchainlength.Moststudiesassumetheso-called
Anderson-Schulz-Flory(ASF) distribution to modeltheproductselectivity. TheASF
modeldescribestheentireproductrangeby a singleparameter,  , theprobabilityof
theadditionof a carbonintermediateto a chain. However, significantdeviationsare
reportedin literature.It is concludedthatthereinsertionor readsorptionof  -olefinsis
themostimportantsecondaryreactionandthatsecondaryhydrogenationof  -olefins
mayoccur, dependingon thecatalyticsystemandprocessconditions.Accurateprod-
uct distribution modelsmustalsoincludethechangeof thesolubility andphysisorp-
tion energy with carbonnumber. Until now, noneof the availableliteraturemodels
obtainsenoughdetailsto describethecompleteFT productspectrumasa functionof
operatingconditions.

The kineticsandselectivity of the Fischer-Tropschsynthesisover a commercial
Fe-Cu-K-SiO2 catalystwas studiedin a gas-solidspinningbasket reactorand in a
gas-slurrylaboratoryreactor. For the gas-solidsystem,a new productdistribution
modelfor linear hydrocarbons,basedon experimentsin thespinningbasket reactor,
is proposedin Chapter4 (seeFigure1). The  -Olefin ReadsorptionProductDistri-
bution Model (ORPDM)canquantitatively describethedeviationsfrom conventional
Anderson-Schulz-Florydistributions. The modelcombinesolefin readsorptionwith
chaingrowth andterminationon thesamecatalyticsite. Theolefin readsorptionrate

CO/H2

Cn-1 Cn+1Cn

(Cn) paraffins (Cn) α-olefins

kP

kt,P

k
�

R kt,O

Figure 1 Schemeof thereactionnetwork of theOlefin ReadsorptionProductDistribution
Model.
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Figure2 Productdistribution for a typicalgas-solidexperiment(A1) in thespinningbasket
reactor. Symbolsareexperimentalselectivities. Linesaremodelpredictions.

dependson the chainlengthdueto increasingphysisorptionstrengthandincreasing
solubility in FT-wax with increasingchainlength. ORPDM predictsselectivities of
linear paraffins andolefinsover a wide rangeof industrially relevant processcondi-
tions. For eachexperimentalproductdistribution threeparameterswereoptimized.
An exampleof a modeledproductdistribution is shown in Figure2. The ORPDM
parameterscouldbedescribedsuccessfullywith semi-empiricalequationscontaining
operatingvariablesonly. The novel model,ORPDM, canalsopredict the selectiv-
ity obtainedin a gas-slurryreactoraccurately(Chapter6). However, thepresenceof
the slurry liquid appearedto affect both the valuesof the modelparametersandthe
productselectivity relative to the gas-solidsystem.The slurry-phasesystemgivesa
higherolefin yield at comparablereactionconditionsdue to a decreaseof both the
readsorptionrateandtheterminationrateto olefins.

The kineticsof both the Fischer-Tropschandthe watergasshift reactionswere
modeledsimultaneouslyto experimentaldata(Chapters5 and6). It is generallyac-
ceptedthattheFT andWGSreactionproceedon differentactivesiteson precipitated
iron catalysts.A numberof Langmuir-Hinshelwood-Hougen-WatsonandEley-Rideal
type of rate equationswerederived on the basisof a detailedset of possiblereac-
tion mechanismsbasedon thecarbidemechanismfor thehydrocarbonformationand
the formatemechanismfor theWGSreaction.Simulationsusingtheoptimalkinetic
equationsderived,showedgoodagreementbothwith experimentaldataandwith some
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kineticmodelsfrom literature.Thepresenceof theslurry liquid appearedto affect the
reactionkinetics.Thereactionratesarecomparablein thegas-solidandthegas-slurry
systemsat high H2/CO ratios.However, at low H2/CO ratios,thereactionrateof the
FT reactionappearedto belowerin theslurrysystemdueto CO2 inhibition. Thewater
gasshift reactionrateis alsoslowerat thesereactionconditions.

In Chapter7,amulticomponentreactionengineeringmodelis presentedfor alarge
scaleslurry bubblecolumnreactor(SBCR)operatingin theheterogeneousor churn-
turbulent regime(seeFigure3). Literaturedataon hydrodynamicsandmasstransfer
areusedto describetheperformanceof theSBCR.ThemodelcombinestheFT reac-
tion aswell astheWGSreactionandtheindividualparaffin andolefin formationrates
(basedon original experimentalwork) with multicomponentvapor-liquid equilibria.
UndertheoperatingconditionsinvestigatedtheSBCRis mainly reactioncontrolled.
This is causedby the limited activity of iron catalystson theonehandandthe large
valueof thevolumetricmasstransfercoefficient of the largebubblesdueto frequent
bubblecoalescenceandbreakupon theotherhand.Themodelpredictsthecomposi-
tion of thegaseousandtheliquid productstreamsandtheperformanceof a largescale
SBCR.It providesall thedatafor a reliabledesignof theseFT slurry reactorsandfor
predictingtheir performanceasa functionof operatingconditions,suchasinlet gas
velocity, catalystconcentration,andfeedcomposition.

coolantH= 24 m

D= 8 m

slurry

slurry

model
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Figure3 Modelfor Fischer-Tropschslurrybubblecolumnreactorin theheterogeneousflow
regime.
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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.

Natural gas
Coal

CO+H2

Hydrocarbons

CH
*

3OH

Higher Alcohols
and oxygenates

F-T
+

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

1



2 CHAPTER 1

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



4 CHAPTER 1

Coal
8 Natural

Gas

Steam
9
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Figure1.2 OverallprocessschemeFischer-Tropsch.
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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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coolantHcoolantH
coolantH

slurryI

G

coolantH
G

GG

GG

G L

L

a.J b.
K

c.L d.
M

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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Abstract

A critical review is givenon thekineticsandselectivity of the Fischer-Tropschsyn-
thesis. The focusis on reactionmechanismsandkineticsof the watergasshift and
Fischer-Tropschreactions. New developmentsin the productselectivity as well as
the overall kineticsarereviewed. It is concludedthat the developmentof rateequa-
tions for the FTS shouldbe basedon realisticmechanisticschemes.Qualitatively,
thereis agreementthat the productdistribution is affectedby the occurrenceof sec-
ondaryreactions(hydrogenation,isomerization,reinsertion,andhydrogenolysis).At
highCOandH2O pressures,themostimportantsecondaryreactionis readsorptionof
olefinsresultingin initiation of chaingrowth processes.Secondaryhydrogenationof
olefinsmayoccurathighhydrogenpressuresandoncertaincatalyticsystems,suchas
cobalt-andruthenium-basedcatalysts.Theratesof thesecondaryreactionsincrease
exponentiallywith chainlength.Much controversyexistswhetherthesechainlength
dependenciesstemfrom differencesin physisorption,solubility or diffusivity. Prefer-
entialphysisorptionof longerhydrocarbonsandincreaseof thesolubility with chain
lengthinfluencestheproductdistributionandresultsin a decreasingolefin to paraffin
ratio with increasingchainlength.Processdevelopmentandreactordesignshouldbe
basedonreliablekineticexpressionsanddetailedselectivity models.
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2.1 Intr oduction

Literatureon the kineticsandselectivity of the Fischer-Tropschsynthesiscanbe di-
videdinto two classes.Moststudiesaimatcatalystimprovementandpostulateempir-
ical power law kineticsfor the carbonmonoxideandhydrogenconversionratesand
assumea simplepolymerizationreactionfollowing anAnderson-Schulz-Flory(ASF)
distribution for the total hydrocarbonproductyield. This distribution describesthe
entire productrangeby a single parameter, O , the probability of the addition of a
carbonintermediate(monomer)to achain.Relatively few kineticstudiesunderindus-
trial conditionsaim at understandingthereactionmechanisms.Someauthorsderived
Langmuir-Hinshelwood-Hougen-Watson(LHHW) or Eley-Ridealtypeof rateexpres-
sionsfor thereactantconsumptionandproposedquantitativeformulationsto describe
the productdistribution of linear and branchedparaffins and olefins, and alcohols.
Modelswhichcombinethepredictionof theoverallconsumptionof thereactantswith
apredictionof theproductdistributionareveryscarcein literature,despitetheirutmost
valuefor understandingandmodelingtheFT process.

Recently, interestin thedistribution of theFischer-Tropschproductsraisedfrom
improvementsof theanalysisof all isomersandproductswhich cannot bedescribed
with the classicalASF distribution. Also the mechanismof CO hydrogenationhas
remaineda subjectof immensecontroversyanduncertainty. A critical review on the
variousreactionmechanismsandon the kinetic relationsproposedis the subjectof
thischapter. Areaswhichrequirefurtherresearchwill bedefined.

2.2 Kinetic experiments

Diffusion limitation of oneof thereactantsresultsin anincompleteutilization of the
catalystparticlesandleadsto changesin reactivity andselectivity. Zimmermanand
Bukur [1] assumedfirst orderkineticswith respectto hydrogenandprovedtransport
limitationsof H2 to occuratparticlediametersgreaterthan0.2mm(T P 235 ˚C) with
a fusediron ammoniasynthesiscatalyst.Postet al. [2] alsousedfirst orderbehavior
andobserved transportlimitations of hydrogenat high temperatures(T P 220 ˚C;
dP P 0.4mm)with anumberof iron- andcobalt-basedcatalystsin afixedbedmicro-
reactor. A commonfeatureof thesestudies[1, 2] is the assumptionthat H2 is the
limiting reactantandthe overall FT reactionratesaredescribedasfirst orderin H2.
Iglesiaet al. [3] showedthatunderFT conditionsCO becomesdiffusion-limited.The
relative transportratesof H2 andCO within liquid-filled poreshasbeendescribedby
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thedimensionlessquantity � 0 [3]:

� 0 W DH2 � HH2

DCO � HCO
(2.1)

whereD andH arethediffusivity coefficientandHenrycoefficient,respectively. Un-
der typical Fischer-Tropschconditions(200 ˚C, 2.1 MPa), � 0 is about1.9 [3–5]. In-
trinsic FT kinetic measurementsshouldbeperformedwith small (dP � 0.2mm) cat-
alystparticlesin orderto eliminatediffusionlimitationsof oneof thereactants.

2.3 Adsorption

2.3.1 H2 Adsorption

Hydrogenmoleculesreacteither in molecularstateor via dissociative adsorption.
Most transitionmetalsareableto dissociatehydrogenon the catalystsurface[6, 7].
Heatsof chemisorptionof H2 onGroupVIII unsupportedmetalsincreasesin theorder:
Co,Ni, Fe. [8, 9], seeFigure2.1. Dissociativeadsorptionfollows theweakmolecular
physisorbedstateof dihydrogen:

H2 � 2s � � 2Hs (2.2)

wheres is a catalyticsite.

Most adsorptionstudiesof hydrogenarecarriedout on puremetals. However,
Fischer-Tropschcatalystsaregenerallysupportedandpromotedmetals. UnderFT
processconditionsthecatalystsconsistof mixturesof catalyticmaterials(metal,metal
oxidesandcarbides).Dry etal. [10] measuredtheheatsof adsorptionof CO,CO2 and
H2 on unpromotedandon K2O-promotedreducedmagnetite.The initial heatof ad-
sorptionof H2 (80 kJ/mol) on unpromotedreducedmagnetiteis significantly lower
thanof CO (113kJ/mol)andof H2 on a cleaniron film (about135-150kJ/mol) [8].
Promotersinfluencethebondstrengthof hydrogento metal.Addition of alkali metals
(usuallyK2O) to iron catalystspromoteselectrontransferto the iron andinhibits hy-
drogenadsorption,sinceadsorptionof hydrogeninduceselectrondonationto theiron
surface[10–13].

CurtisConnerandFalconer[14] reviewedthe influenceof spillover in heteroge-
neouscatalysis.Spillover proceedsby surfacediffusion of adsorbedspeciesfrom a
surfaceto a differentsurfacethat doesnot adsorbthe active speciesunderthe same
conditions. Spillover of hydrogenfrom an oxide or a carbonsurfaceis important
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Figure 2.1 Variation of H2 chemisorptionwith CO chemisorptionon group VIII metals
(Vannice[8]).

becausethe majority of the metalcatalystsconsistsof metalparticlessupportedon
oxidic supports.Hydrogenusuallydissociateson a metalsurfaceandthenspills over
to thesupport.In this way, thecatalystsupportcanactasa hydrogenatomreservoir
[14, 15]. Theinfluenceof spilt-overhydrogenhasneverbeenquantifiedin kineticrate
equationsof theFT synthesis,but canplayasignificantrole.

Hydrogenreactseitherin themolecularstateor adsorbeddissociatedstateduring
theFTS,dependingoncatalyst,reactionconditionsandmoreimportantco-adsorption
of otherspecies.

2.3.2 CO Adsorption

Both associative anddissociative adsorptionof CO occurs. The role of CO adsorp-
tion in FTS hasbeendiscussedfor a long time in literature. Reactionsof dissoci-
atedCO aswell asassociatedCO with hydrogenarereported.Therefore,adsorption
measurementsof CO (andH2) on supportedFT catalystsareextremelyvaluablefor
mechanisticschemes.
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Dissociative adsorptionof CO hasbeendemonstratedby X-ray photo-electron
spectroscopy (XPS) or pulsetechniquesfor Ni, Co, Ru, andFe at elevatedtemper-
atures(T P 350 K) [16]. Associatedadsorptionof CO via a carbonmetalbondis
theprecursorstateto dissociation[6, 7, 17,18]. CO maybedissociatedto a carbidic
speciesaccordingto:

CO � s � � COs (2.3)

COs � s � � Cs � Os (2.4)

At roomtemperature,CO adsorptionis dissociative for metalsmoreto theleft of the
periodicsystem(Cr, Mn, Fe),while othermetalsadsorbCOmolecularly(Co,Ni, Ru).
At high temperaturesandpressures,CO dissociateson most transitionmetals[15].
Dissociationof CO occurswithout activation ( � ECO � G � 0) on Fe(110)according
to Shustorovich [19]. However, varioustypesof CO will be presenton a catalyst
(molecular, dissociative, andassociative adsorbedCO) dependingon processcondi-
tions[15, 20].

Figure2.1 shows the generaltrendfor the heatsof adsorptionof CO andH2 on
GroupVIII unsupportedmetals.An increaseof theadsorptionstrengthof H2 corre-
spondsto a decreaseof thestrengthof CO adsorptionon thesamemetal.VanSanten
andNeurock[21] explainedtheselectivity differencesobservedondifferentmetalson
the basisof potentialenergiesof the CO dissociationandof the metal-carbonbond.
E.g. methanolformationwill easilybe performedon metalssuchasCu, which do
not dissociateCO ( � ECO � G= 163 kJ/mol [19]) andwill not form any methane.On
Ni, muchmethaneis formeddue to easydissociationof CO ( � ECO � G= 25 kJ/mol
[19]). On Co and Fe, typical excellent Fischer-Tropschcatalysts,strongermetal-
carbonbondswill leadto C2N formation.Alkali promoterson iron catalystsincrease
thed-electrondensitydistribution in iron andwill resultin anincreaseof CO adsorp-
tion [10–13,20].

Above 350 K, CO is adsorbedmorestronglythanH2 on groupVIII metals[10,
16,20,22,23]. In conclusion,in thetemperaturerangeof interestvariousstatesof CO
(molecular, dissociative,andassociativeadsorbedCO)arepresenton themetalwhich
displacehydrogenfrom thesurface.
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2.4 Fischer-TropschCatalysis

2.4.1 Catalysts

ThemostcommonFischer-TropschcatalystsaregroupVIII metals(Co,Ru,andFe).
Ironcatalystsarecommonlyused,becauseof theirlow costs(seeTable2.1)in compar-
isonto otheractive metals.Most earlyFT catalystswerepreparedwith precipitation
techniques[24]. Novel catalystpreparationmethodsaresinteringandfusing metal
oxideswith desiredpromoters.Alkali-promotediron catalystshave beenappliedin-
dustrially for theFischer-Tropschsynthesisduringmany years[25]. Thesecatalysts
have a high watergasshift activity, high selectivity to olefinsandappearto bestable
whensynthesisgaswith ahighH2/COratio is converted[26, 27].

Table2.1 Relativepricesof metals(March1989)adaptedfrom Raoetal. [25].
Metal Priceratio

Iron 1
Cobalt 230
Nickel 250
Ruthenium 31,000
Rhodium 570,000

Cobaltcatalystsgivethehighestyieldsandlongestlife-time andproducepredom-
inantly linearalkanes[28]. A precipitatedcobaltcatalyston kieselguhr(Ruhrchemie)
becamethestandardcatalystfor commercialpurposesin thesecondworld war in Ger-
many [29]. Disadvantagesarethehighcostsof cobaltandlow watergasshift activity.
Therefore,cobaltcatalystsareviablefor natural-gasbasedFischer-Tropschprocesses
for theproductionof middledistillatesandhigh-molecularweightproducts[30–32].
Cobaltcatalystsarenot inhibitedby water, resultingin a higherproductivity at a high
synthesisgasconversion[33].

Rutheniumisaveryactivebut expensivecatalystfor theFischer-Tropschsynthesis
relative to Co andFe. At relatively low pressures(P � 100bar)rutheniumproduces
muchmethanewhile at low temperaturesandhigh pressuresit is selective towards
highmolecularwaxes[13,34]. Themolecularmassof polymethylenecouldreachone
million at low temperature(100 ˚C) andhighpressure(1000-2000bar)[34]. Vannice
[35] determinedtheactivity of groupVIII metalssupportedon Al2O3 andreporteda
decreasein activity in theorderRu,Fe,Co,Rh,Pd,Pt,andIr. Theactivitiesof Cr and
Mo catalystsweremeasuredat Sasol[13], but werefound to be significantlylower
thanof iron.
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2.4.2 Catalyst Pretreatment

The catalysts,synthesizedin the form of a metaloxide, aresubjectedto an activa-
tion treatmentto becomeactive for FT synthesis.Cobalt,nickel, andrutheniumare
almostalwaysreducedin H2 at temperaturesbetween473 and723 K andremainin
the metallic stateunderprocessconditions[24]. Recently, Ernstet al. [36] reported
thebehavior of a cobaltsilica catalystbothduringreductionandfor Fischer-Tropsch
reaction. Beforereductionthe cobalt is presentasCo3O4 spinelphase.A two-step
reductionby H2 at673K of Co3O4 to CoOandto Co0 wasobserved.

Thepretreatmentfor iron is not asstraightforward. Thecommonactivationtreat-
mentsfor iron catalystsareH2 reduction,CO reductionor reductionin synthesisgas
(induction). Reductionof Fe3O4 by hydrogento thezero-valentstateis reportedby,
for example,Raoet al. [37] andBukur et al. [38]. Lox et al. [39] reportedthat H2

reductionat220 ˚C resultsin 20 % metalliciron. After pretreatmentof Fe-SiO2 with
CO or synthesisgas,the � -carbideis thedominantiron phase[37, 38, 40, 41]. Pre-
treatmentwith synthesismayalsoresultin formationof � ’-carbide[40]. Moredetails
on thecompositionandcatalyticactivity of thedifferentiron phasesis givenbelow.

Iron catalystsareoften promotedwith Cu, which increasethe rateof reduction
enablinga lower reductiontemperature[12, 13,24]. Bukur et al. [38, 42–45] studied
several reducinggases(CO, H2 andH2/CO=0.68)in a fixed bedandconcludedthat
activation in CO (at 280 ˚C and1 bar for 24 h) led to catalystswith higher initial
activity andbetterselectivity towardshigherhydrocarbonsthanH2-activatedcatalysts.
Shroff et al. [46] determinedthe effect of activationconditionson catalystbehavior.
They alsostudiedthemicro-structureof thecatalystby electronmicroscopy andother
bulk andsurfacecharacterizationtechniques.They observed that magnetitecrystals
transformto smallercarbidecrystallites. Depositionof carbonon thesecrystallites
causesfurthersegregationof theparticles.

2.4.3 Fischer-TropschActivity

Cobalt,nickel, andrutheniumremainin themetallic stateunderFT conditions[24].
Ernstet al. [36] concludedthat a completelyreducedcobaltremainsin the metallic
stateduringCO/H2 reactionby in situ EXAFS(extendedX-ray absorptionfine struc-
ture).

Thecompositionof iron-basedcatalystschangesduringFischer-Tropschsynthe-
sis.Characterizationof theseveralphaseswith in situ laserRamanspectroscopy [47],
in situmagneticmeasurements[48] or Mössbauerspectroscopy [37, 48] maygiveev-
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idenceof thereactivity of theseveralactivespecies.Severalphasesof iron areknown
in iron-basedcatalystssubjectedto FT synthesisconditions. Theseincludemetallic
iron ( O -Fe), iron oxides(hematite,O -Fe2O3; magnetiteFe3O4, andFexO), andfive
different forms of iron carbidesO-carbides(carbideswith carbonatomsin octahe-
dral interstices,� -Fe2C, � ’-Fe2� 2 C, andFexC), andTP-carbides(carbideswith carbon
atomsin trigonalprismaticinterstices,� -Fe2� 5C andFe3C) [13, 37, 39, 46, 47]. The
formationandcompositionof theseiron phasesdependson the processconditions,
catalystdeactivationandcatalystcomposition.Thecatalyticactivity of eachof these
phaseswith respectto theFischer-Tropschreactionis still controversial[13, 44,46].

Therearea numberof studieson iron catalystsconcerningtheroleof iron phases
in FTsynthesis.RauppandDelgass[49] andNiemantsverdrietetal. [50] proposedthat
iron carbideformationis neededfor a high FT activity. Basedon X-ray diffraction,
Dictor and Bell [51] concludedthat a mixture of � - and � ’-carbidesare the active
phaseon iron catalysts.Bukur et al. [44] showedwith Mössbauerspectroscopy that
theFT activity of H2-activatedcatalystscoincidedwith theconversionof metalliciron
to � ’-carbide.They concludedthattheactivephaseof CO-pretreatedcatalystwasthe� -carbide[44].

ZhangandSchrader[47] concludedthattwo active sitesoperatedsimultaneously
on thesurfaceof iron catalysts:Fe0/Fe-carbidesandFe-oxide(Fe3O4). Thecarbide
phaseis active towardsdissociationof CO andformationof hydrocarbons,while the
oxidephaseadsorbsCO associatively andproducespredominantlyoxygenatedprod-
ucts. Lox et al. [39] andShroff et al. [46] concludedthat the magnetitephasehas
negligible catalyticactivity towardsFT reactionswhereascarbideformationresulted
in ahighFT activity. Severalstudieshaveshown thatthe � ’-carbidephaseis theactive
form for CO hydrogenationon iron catalysts[49, 50, 52]. More recentstudiesshow
thatthe � -carbidecanalsobetheactivephasefor theFT synthesis[37, 44,53].

2.4.4 Water GasShift Activity

Cobaltandrutheniumcatalystsarenot very active towardstheWGSreactionin con-
trast to most iron-basedFischer-Tropschcatalysts[54]. The watergasshift (WGS)
reactionis importantwhensynthesisgaswith non-stoichiometricamountsof hydro-
genis used.TheWGSreactionis anequilibriumreactionandmayreachequilibrium
at high temperatures(T P 250 ˚C) on catalystswith a high watergasshift activity
[55, 56]. Severalauthorsproposedthatmagnetite(Fe3O4) is themostactivephasefor
the WGS reaction[37, 47, 54, 57, 58] on iron catalysts.Raoet al. [37] studiedthe
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iron phaseof Fe/Cu/K/SiO2 catalystsfrom the demonstrationunit at LaPorte,Texas
(August,1992)with Mössbauerspectroscopy. The changesof the magnetitephase
correspondedto the WGS reactionactivity during time-on-stream.Lox et al. [39]
showedthatFe3O4 coexistswith variousiron carbideson thecatalystduringsynthe-
sisgasreactions.It is generallyassumedthat theWGSreactionandtheFT reaction
proceedondifferentactivesites.

2.5 Mechanism

2.5.1 Fischer-TropschSynthesis

The mechanismof the hydrocarbonand oxygenateformation in the FTS hasbeen
reviewed by several authors[13, 16, 18, 24, 59]. Recentreviews aregiven by Hin-
dermannet al. [60], Dry [61], Dry [62], andAdesina[63]. Herewe give a summary
of the mechanismsfor the formationof linearhydrocarbonswhich aresupportedby
experiments.TheFTSis a polymerizationreactionwith the following steps[63]: 1.
reactantadsorption;2. chain initiation; 3. chaingrowth; 4. chain termination;5.
productdesorption;6. readsorptionandfurtherreaction.

A varietyof surfacespecieswereproposedto describechaininitiation andchain
growth. Figure2.2, adaptedfrom Schulzet al. [64] andRofer-De Poorter[7], gives
anoverview of observedandpostulatedspeciesonthecatalystsurfaceduringFischer-
Tropschsynthesis.Reactants:1,2,3,4,5; oxygencontainingintermediates:6,7,8and
hydrocarbonintermediates:9,10,11,12. Several compoundsarepossiblemonomers
for chaingrowth.

Themostimportantgrowth mechanismfor thehydrocarbonformationon cobalt
[28], iron [51, 65], andrutheniumcatalysts[65, 66] is thesurfacecarbidemechanism
by CH2 insertion[13, 22, 67, 68]. Figure2.3 shows a schematicrepresentationof
the initiation, growth and terminationof chainsaccordingto this mechanism.The
monomerof the carbidemechanismis a methylene(CH2) species(seeFigure 2.2:
nr. 10). CO andH2 areassumedto adsorbdissociatively. Severalspecieslike CH (9),
CH2 (10) andCH3 (11) canbeformedthis way. Chaingrowth occursby insertionof
themonomerin a growing alkyl species(12). Terminationcantake placeby abstrac-
tion of hydrogento an olefin or additionof a CH3 species(11) or hydrogento form
a paraffin. Thepresenceof methylenehasbeenidentifiedwith useof isotopic-tracer
techniqueson Ru/SiO2 [69], onunsupportedCo,Ni/SiO2, andRu/Al2O3 [65, 70] and
on Fe/Al2O3 [71]. Several authorsmentioneda mechanismwhereCH2 is formed
by hydrogenassistedCO dissociation[11, 22, 72]. UndissociatedadsorbedCO re-
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Figure 2.2 ObservedandpostulatedchemisorbedspeciesduringFischer-Tropschsynthesis
(adaptedfrom Schulzetal. [64]).

actswith hydrogenbeforetheCH2 speciesis formed. After that,theenolic(HCOH)
speciesis dissociatedin wateranda methylenespecies,while chaingrowth proceeds
in asimilarway.

Thecarbidemechanismby CH2 insertionis themostplausiblemechanismfor the
hydrocarbonformationreactionson ruthenium,cobalt,andiron. It is uncertainif the
monomerformationproceedsvia hydrogenationof dissociatedor undissociatedCO.
Thesetof elementaryreactionsproposedfor the formationof linearhydrocarbonsis
givenin Table2.2[18, 22,75,76].

Secondaryreactionsoccurwhenprimary productsdesorbfrom a site and inter-
actwith anothercatalyticsitebeforeleaving the reactor. Novak et al. [77, 78] listed
possiblesecondaryreactionsof O -olefins: (i) hydrogenationto give n-paraffins, (ii)
isomerization,(iii) crackingandhydrogenolysis,(iv) insertioninto growing chains,
mostlyeffectivefor C2 H4 andC3 H6, and(v) readsorptionandinitiation of hydrocar-
bonchains.Schulzet al. [68, 74] showedapossiblereactionmechanismfor theread-
sorptionof olefinsfollowedby hydrogenationto paraffinsor isomerizationto internal
olefinsvia doublebondshift reactions(Figure2.4).Secondaryreactionscaninfluence
thetypeandmolecularweightof thehydrocarbonproductsaswill beprovedlater.
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Table2.2 Proposedmechanismof thehydrocarbonsynthesisfrom COandH2

[18, 22,75,76].
Adsorption

1 CO+ s � � COs

2 COs+ s � � Cs+ Os

3 H2 + 2s � � 2Hs

Surfacereactions
Water formation

4 Os+ Hs � HOs+ s
5 HOs+ Hs � H2O + 2s
or Os+ H2 � H2O + s
Chaininitiation

6 Cs+ Hs � � CHs+ s

7 CHs+ Hs � � CH2s+s

8 CH2s + Hs � � CH3s+ s

or COs+ H2 � � CHOHs

CHOHs+ H2 � � CH2s+ H2O

Methanation

9 CH3s + Hs � CH4 + s
Chaingrowth

10 CnH2nN 1s+ CH2s � CnN 1H2nN 3s+ s
Hydrogenationto paraffins

11 CnH2nN 1s+ Hs � CnH2nN 2 + 2s¦
-dehydrogenationto olefins

12 CnH2nN 1s � � CnH2n + Hs



L ITERATURE REVIEW 31

2.5.2 Water GasShift Reaction

Severalmechanismsfor thewatergasshift reactionareproposedin theliterature.Sin-
glestudiesof thewatergasshift reactionoversupportediron andcobaltshift catalysts
suggesttheappearanceof formatespecies[54]. A mechanismbasedonareactivefor-
mateintermediateis shown in Figure2.5[58, 75,79–82]. Theformatespeciescanbe
formedby the reactionbetweena hydroxyspeciesor waterandcarbonmonoxidein
thegasphaseor in theadsorbedstate.Thehydroxyintermediatecanbeformedby the
decompositionof water. Theformateintermediateis reducedto adsorbedor gaseous
carbondioxide. Rofer-De Poorter[7] suggestedthata mechanismwith directoxida-
tion of adsorbedor gas-phaseCOto CO2 [58, 83–87], presentedin Figure2.6,is more
plausiblein conjunctionwith the Fischer-Tropschsynthesison iron catalysts. The
oxygenintermediatecanbe formedfrom thedissociationof water. Direct oxidation
of COproceedsvia a regenerateor redoxmechanismwhereH2O oxidizesthesurface
with formationof H2, andCO subsequentlyreducesthesurfacewith theformationof
CO2 [58]. RethwischandDumesic[58] studiedthewatergasshift reactiononseveral
supportedandunsupportediron oxideandzinc oxidecatalysts.They suggestedthat
theWGSreactionoverunsupportedmagnetiteproceedsvia adirectoxidationmecha-
nism,while all supportediron catalystsoperatevia amechanismwith formatespecies
dueto limited changeof oxidationstateof theiron cations.Fromtheaboveconsidera-
tions,we concludethatthewatergasshift reactionon supportediron catalystsduring
theFTSproceedsonthemagnetitephase(seebefore)by reactionof undissociatedCO
via a formateintermediate.

2.6 Selectivity of the Fischer-TropschSynthesis

2.6.1 Intr oduction

The productsfrom the FTS on Co, Fe, and Ru show the following characteristics
[22, 32,59]:

1. The carbon-numberdistributions for hydrocarbonsgives the highestconcen-
trationfor C1 anddecreasesmonotonicallyfor highercarbonnumbers,though
aroundC3-C4 often a local maximumis observed. Examplesof thesedistri-
butions for iron [88], cobalt [89] and rutheniumcatalysts[32] are plotted in
Figure2.7.

2. Monomethyl-substitutedhydrocarbonsarepresentin moderateamountswhile
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dimethylproductsarepresentin significantlysmalleramountsthanmonomethyl.
Noneof thesebranchedproductscontainquaternarycarbonatomson Co, Fe,
andRu [59].

3. Olefinsfrom iron catalystsexceed50%of thehydrocarbonproductsat low car-
bonnumbers,andmorethan60%of theseare  -olefins.Theetheneselectivity
is low in comparisonto propene.The olefin contentdecreasesasymptotically
to zerowith increasingcarbonnumberon Co, Ru, andFecatalysts.For cobalt
catalystsboth the fraction of total olefinsand  -olefinsaresmaller, andboth
decreasewith carbonnumber(seeFigure2.8).

4. A changein chain growth parameterin the distribution is only observed for
linearparaffinsandnot for olefins(seeFigure2.9).

5. Yields of alcoholsaremaximalat C2 anddecreasewith carbonnumber. Low
yields of methanolareprobablythe resultof thermodynamiclimitations (see
Figure2.9).

2.6.2 Influenceof ProcessConditions on the Selectivity

The processconditionsaswell asthe catalystinfluencethe productselectivity. The
effect of temperature,partial pressuresof H2 andCO, time on stream,composition
andreductionof the catalystwill be discussedbriefly. Table2.3 shows the general
influenceof differentparameterson theselectivity. Theeffect of thereactortempera-
tureaswell asthehydrogento carbonmonoxideratioon thechaingrowth probability
factorwill bedescribedin moredetailin thenext chapter. Theinfluenceof thesynthe-
sisgasconversionon theproductselectivity is stronglyrelatedto theinfluenceof the
processconditions(seealsoparagraphon the influenceof spacevelocity). Donnelly
andSatterfield[90] andDictor andBell [51] reportedthatthechaingrowth factorwas
insensitiveto conversionoverawide range.

Temperature

Increaseof temperatureresultsin ashift towardsproductswith alowercarbonnumber
on iron [51, 90], ruthenium[13], andcobalt[13] catalysts.DonnellyandSatterfield
[90], Dictor andBell [51], andAnderson[24] observed an increaseof the olefin to
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Figure 2.8 Olefin to paraffin ratio on Co/TiO2 (T= 473K, H2/CO= 2.1, P= 2.0MPa, data
from Iglesiaet al. [89]), Ru/SiO2 (T= 485 K, P= 0.51MPa, H2/CO= 2, datafrom Madon
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etal. [32])
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Figure 2.9 Overall productdistribution on precipitatedFe/Cu/Kcatalyst,H2/CO= 0.7, T=
263 ˚C, P= 2.4MPa (from DonnellyandSatterfield[90]).

paraffin ratio on potassium-promotedprecipitatediron catalystswith increasingtem-
perature.However, Dictor andBell [51] reporteda decreaseof theolefin selectivity
with increasingtemperaturefor unalkalizediron oxidepowders.

Partial pressureof H2 and CO

Most studiesshow that theproductselectivity shifts to heavier productsandto more
oxygenateswith increasingtotal pressure[13]. IncreasingH2/CO ratiosin thereactor
resultin lighterhydrocarbonsandalowerolefincontent[51,90]. DonnellyandSatter-
field [90] observeda decreaseof theolefin to paraffin ratio from 6 to 1 by increasing
the H2/CO ratio from 0.3 to 4. Dry [13] proveda relationbetweenthe methanese-
lectivity andthefactorP1³ 2

H2 ´!µ PCO ¶ PCO2 · for alkaline-promotedfusediron catalysts
in a fluidizedbedreactor. This indicatesthatCO2 appearsto play an importantrole.
IncreasingCO2 pressuresresultin a decreaseof themethaneselectivity.

Spacevelocity

The influenceof the spacevelocity of the synthesisgas(residencetime) on the se-
lectivity hasbeeninvestigated [91–93]. Increaseof the olefin to paraffin ratio with
increasingspacevelocity(thusadecreaseof theconversion)wasobservedby Kuipers
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Table2.3 Selectivity controlin Fischer-Tropschsynthesisby processconditionsand
catalystmodifications(from Röper[12]).

Parameter Chain Chain Olefin Alcohol Carbon Methane
length branching select. select. deposition select.

Temperature ¸ ¹ º ¸ ¹ ¹
Pressure ¹ ¸ º ¹ º ¸
H2/CO ¸ ¹ ¸ ¸ ¸ ¹
Conversion º º ¸ ¸ ¹ ¹
Spacevelocity º º ¹ ¹ º ¸
Alkali content
iron catalyst ¹ ¸ ¹ ¹ ¹ ¸
Increasewith increasingparameter:¹
Decreasewith increasingparameter:̧
Complex relation: º

et al. [92] on a poly-crystallinecobalt foil (Goodfellow, 99.9 % purity, thickness
0.25 mm), Bukur et al. [91] on a commercial(Ruhrchemie)supportediron catalyst
(Fe/Cu/K/SiO2), andIglesiaetal. [93] onTiO2-supportedrutheniumcatalysts.Bukur
et al. [91] measuredno effect of the spacevelocity on the molecularweight of the
hydrocarbons,while Iglesiaet al. [93] observedanincreaseof theaveragemolecular
weightof theproductswith decreaseof thespacevelocity. Theselectivity to methane
andolefinsdecreaseswith a decreaseof the spacevelocity, while the selectivity to-
wardsparaffins remainsunchanged(seeFigure2.10,obtainedfrom Iglesiaet al. [3]).
Theeffectof thespacevelocityonthesecondaryreactionsof olefinswill bediscussed
moredetailedbelow.

Time on stream

Deactivationof catalystsduringtheFTSmayaffect theactivity andselectivity to hy-
drocarbonproducts.Increaseof theselectivity to oxygenatesis reportedby Donnelly
andSatterfield[90] after a periodof 1300hourstime on streamwith a precipitated
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Figure 2.10 Residencetime effect on methane,C5¿ , n-butane,and1-buteneselectivity on
Co/TiO2 (473K, 2.0MPa,H2/CO=2.1,9.5-72% COconversion[3]).

promotediron catalyst. An increaseof the methaneselectivity and low-molecular
productsis observedoniron catalysts[90, 91,94]. It is known thatselectivity changes
with timecanbecausedby theformationof carbonaceousdepositsonsiteswith potas-
siumpromoters[13]. Dry [13] showedthatthesedepositscanberemovedfromafused
iron catalystby hydrogentreatmentat temperatureshigherthan350 ˚C. Sinteringof
precipitatediron catalystsleadto reductionof the surfaceareafrom 300 m2 ´ g for a
freshcatalystto about90 m2 ´ g for a usedcatalyst[13, 39, 44]. Agglomerationof
initially smallcrystallitesis enhancedby highwaterpressures.

Reductionof the catalyst

Bukur andco-workersstudiedtheeffect of pretreatmentconditionsof promotediron
catalystson thehydrocarbonselectivity andactivity [38, 42–45]. Thehydrocarbonse-
lectivity appearedto relatestronglyon thepretreatmentprocedure.Figure2.11shows
theeffect of pretreatmenton thehydrocarbonselectivity [38]. Low methaneandC2-
C4 selectivities and high diesel fuel and wax (C12¿ ) selectivities were observed at
pretreatmentswith CO andCO/H2. Thefigurealsoshows the influenceof reduction
temperaturewith H2 pretreatment.Reductionat280 ˚C causesashift to productswith
highercarbonnumberrelative to 250 ˚C. Olefin selectivitiesarereportedto decrease
afterhydrogenreductionin comparisonto reductionwith COor synthesisgas.
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2.7 Product Selectivity Models

2.7.1 Anderson-Schulz-FloryDistrib ution

Accordingto Anderson[24] the distribution for n-paraffins canbe describedby the
Anderson-Schulz-Flory(ASF)equation:

mn Æ µ 1 Ç� ·  nÅ 1 È%É n

n
Æ µ 1 Ç� · 2  n (2.5)

wherethegrowth probabilityfactor  is independentof n andmn is themolefraction
of ahydrocarbonwith chainlengthn.  is definedby:

 Æ Rp

Rp ¶ Rt
(2.6)

where Rp and Rt are the rate of propagationand termination,respectively.  de-
terminesthe total carbonnumberdistribution of the FT products,seeFigure 2.12.
The rangeof  is dependenton the reactionconditionsandcatalysttype. Dry [95]
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Figure 2.12 Hydrocarbonselectivity asfunction of the chaingrowth probability factor Ê ,
calculatedwith eq2.5.

reportedtypical rangesof  on Ru, Co, andFe of: 0.85-0.95,0.70-0.80,and0.50-
0.70,respectively. Theeffectof thereactortemperatureis shown in Figure2.13.The
chain growth probability,  , decreaseswith an increaseof the reactortemperature
[51, 57, 90, 95, 96]. A large variationin  is observed at temperatureshigherthan
280 ˚C [57, 95, 96]. Figure2.14shows that the valuesof  dependon the H2/CO
ratio in thereactor. It mustbenotedthat reportedvaluesof  from Lox andFroment
[57] andDictor andBell [51] wereobtainedwith a constantpartial pressureof H2

anda varyingCO pressure.Thedataof Dictor andBell [51] on a Fe2O3/K catalyst
dependvery little on theH2/CO ratio in contrastto otherstudieson Fe,Fe/Cu/K,and
Rucatalysts.A decreaseof  is observedathigherH2/COratios[18, 51,57,90].

Figure 2.15ashows the growing mechanismfor a constant . The ASF equa-
tion doesnot distinguishbetweendifferentproducttypes.A semi-logarithmicplot of
themolefractionagainstcarbonnumberyieldsthewell-known Schulz-Florydiagram
(fig. 2.16a),wheretheslopeof thestraightline yieldsthechaingrowth probability  .

In practice,amulticomponentproductmixtureis formed.Mainproductsareparaf-
fins andolefins. Dependenton processconditionsand catalysts,oxygenatedprod-
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Figure2.13 Chaingrowth probabilityfactorasa functionof temperature.Ë : Fe/Cu/Kcom-
mercialRuhrchemiecatalyst,gas-slurrysystem,(H2/CO)f eed= 0.7, 2.72 MPa, 0.33 10Å 4

Nm3 kgÅ 1sÅ 1 [90]; Ì : Fe2O3 catalyst,gas-solidsystem,(H2/CO)f eed= 3, 0.8MPa [51]; Í :
Fe2O3/K catalyst,gas-solidsystem,(H2/CO)f eed= 3,0.8MPa[51]; Î : Rucatalyst,gas-solid
system,(H2/CO)f eed= 3, 0.8 MPa [95, 96]; Ï : Fe/Cu/KcommercialRuhrchemiecatalyst,
gas-solidsystem,(H2/CO)f eed= 3, 2.0MPa,[57].

Figure 2.14 Chaingrowth probabilityfactorasa functionof hydrogento carbonmonoxide
ratio. Ë : Fe/Cu/Kcatalyst,gas-slurrysystem,1.48 MPa, 260 ˚C [90]; Ì : Fe2O3 catalyst,
212 ˚C , gas-solidsystem,0.5 -1.2 MPa [51]; Í : Fe2O3/K catalyst,240 ˚C, gas-solidsys-
tem, 0.8 MPa, [51]; Î : Ru catalyst,275 ˚C, gas-solidsystem,0.8 MPa [18]; Ï : Fe/Cu/K
commercialRuhrchemiecatalyst,gas-solidsystem,250 ˚C , 1.0- 2.5MPa[57].
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ucts(for-examplealcohols,aldehydes),branchedhydrocarbons,and Û -olefinscanbe
formedaswell. Glebov andKliger [97] showed that the original Anderson-Schulz-
Flory equation(eq 2.5) can be modified for the descriptionof multicomponentFT
products.Figure2.15bshows thereactionschemefor this model,while theASF dia-
gramis presentedin Figure2.16b. Glebov andKliger [97] assumedall productsto be
formedfrom thesameintermediate.Themolefractionof a product,componenttype
(paraffins, olefins,alcohols,andso forth) i with carbonnumbern canbe calculated
from:

i

mi
n Æ µ 1 Ç� ·  nÅ 1 (2.7)

with  :

 Æ kp

kp ¶
i

ki
t

(2.8)

BecauseGlebov andKliger [97] assume to be thesamefor thedifferentprod-
uct types,a semi-logarithmicplot of themole fractionsagainstcarbonnumbershow
straightparallel lines (seeFigure2.16b). However, mostproductdistributionsshow
lineswith varyingslopes(seeFigure2.7)andmorecomprehensivemodelsareneces-
saryto describethesedeviationsfrom thesimplifiedASFdistribution.

2.7.2 Deviations fr om ASF Distrib ution

2.7.2.1 Intr oduction

Significantdeviationsfrom theAnderson-Schulz-Florydistributionarereportedin lit-
erature. The deviationsweresometimesassignedto analyticaldifficulties [98] and
non-steadystateconditionsof thereactorsystem[99]. Both effectsarestill important
potentialsourcesof artifacts,however, novel analyticaltechniquesusually rule out
theseexplanationsasthemajorsourcefor theobserveddeviations.More fundamental
explanationswill bediscussedbelow.

Relatively high yield of methane

Severalmechanismshave beenproposedto explain theexperimentallyobserved(see
Figure2.7)relatively highmethanecontents.Wojciechowski [22] andSarupandWo-
jciechowski [100] modeledthedistribution of linearandbranchedparaffins with the
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useof terminationprobabilities. This way, the excessmethaneyield wasdescribed
with a separateparameterfor the increasedterminationprobabilityof C1 precursors.
The methaneterminationprobabilityparameterappearsto bebetween5 to 20 times
largerthantheterminationprobabilityto paraffins [100].

Schulzetal. [68] assumedadifferentcatalyticsitefor themethanationreactionfor
thedescriptionof excessivemethaneformationonacobaltcatalystin aslurry reactor.
Theauthorsdid notspecifytheexactnatureof thesesites.

Heatandmasstransferlimitationsarereportedin literatureaspossiblereasonsfor
high methaneyields. Dry [95] reportedthatmasstransferlimitationswill resultin an
increaseof the thermodynamicallyfavoredproducts,that is methane.The existence
of hot spots,dueto high reactionheats,mayresultin a decreaseof thechaingrowth
parameterandahigheryield of methane[51, 95].

Secondaryhydrogenolysisby demethylationwhichmayoccuronFT catalysts[92,
101]:

CnHÜ2n¿ 1 ¶ H Ü(Ý CnÅ 1H2nÅ 1 ¶ CHÜ3 (2.9)

Kuipersetal. [92] modeledthehydrogenolysisof paraffinsonCocatalysts.However,
hydrogenolysisdecreasesstronglywith increasingCOandH2O pressures[93] andfor
reactortemperatureslower than275 ˚C.

On commonFT-catalystsit is difficult to point at oneprocessresponsiblefor the
increasedmethaneproductionunderall circumstances.Under the absenceof mass
andheattransferlimitationsandcommonH2/CO ratiosandreactortemperatures,the
increasedmethaneyield is most probablydue to increasedsurfacemobility of the
methaneprecursor[22, 100]. Furthermore,several active sitespresenton mostFT
catalystsmayresultin a sitewhich favorsmethaneformationin comparisonto chain
growth [16, 68].

Anomaliesof ethaneand ethene(Figure2.7)

In agreementwith deviationsfor methane,Wojciechowski [22] useda highersurface
mobility or reactivity of C2 precursorsto predictthe increasedproductionof ethane.
Dependenton thereactionconditions,theterminationprobabilityto ethaneis 0.5to 2
timesthevalueto paraffins [100].

Secondaryreactionsareoftenreportedasthemostpossiblereasonfor theanoma-
lies of C2 products: i) incorporationof ethenein growing chains[77, 78], ii) rapid
readsorptionof ethene[93, 101, 102]. iii) hydrogenolysisof ethene[101], and iv)
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hydrogenationof etheneto ethane[92, 102, 103]. If etheneis usedasmonomeror
building block duringtheFTS,anoscillatingproductdistribution shouldbeobserved
with maximaatevencarbonnumbers.However, suchbehavior hasnotbeenobserved
[97]. Therefore,it is not plausiblethatetheneis usedasa building block. Secondary
reactionswill bediscussedin moredetailbelow. Readsorptionof ethenewill resultin
a decreaseof the etheneyield andincreaseof ethaneandhigherhydrocarbons.Ko-
mayaandBell [101] modeledtheelementaryreactionsin FTSoveraRu/TiO2 catalyst.
Ethenecouldbehydrogenolyzedto methylandmethylene(monomer),with theread-
sorptionconstantof etheneapproximatelyfour ordersof magnitudelargerthanhigher
olefins. Iglesiaet al. [93] showedthat etheneandpropeneobtaina higherreactivity
andlargerreadsorptionconstant(factor10) thanotherolefins.Secondaryhydrogena-
tion canbeimportantoverCoandRucatalystsathighH2/COratiosin thereactorand
a low H2O pressure[102,103].

Changein chain growth parameter  n (Figure 2.7 and 2.9) and exponentialde-
creaseof the olefin to paraffin ratio (Figure2.8)

At a carbonnumberof about10, theslopeof thesemi-logarithmicmole fractionsof
hydrocarbonsagainstcarbonnumberincreases.This phenomenonhasbeenobserved
on iron [32, 51, 72, 104, 105], cobalt [22, 32, 100, 106], and rutheniumcatalysts
[32, 107,108]. Suggestionsfor theincreasedchaingrowth parameteror two probabil-
itiesof chaingrowth aretheoccurrenceof differentcatalyticsites[51,109,110]or the
existenceof differentchainterminationreactions[22, 100]. Severalattemptsto model
thehydrocarbondistributionwith two differentvaluesof  havebeenreported.How-
ever, analysisof detailedproductdistributionsshows thatthedistribution of paraffins
arecurvedinsteadof thelineardistributionof olefins,[90, 91,106]. Furthermore,the
assumptionof multiplecatalyticsitescannotexplainthedecreaseof theO/Pratiowith
increasingchainlength,decreasingspacevelocityandincreasingH2/CO ratiosin the
reactor.

An exampleof thevariationof thechaingrowth probability,  n, with chainlength
is given in Figure2.17 for several catalysts[32, 88, 93]. Exceptfor carbonnumber
two, thechaingrowth probabilityincreasesto a maximumvalue.Theinitial valueof is low for iron catalysts.Theasymptoticalvalueof  is between0.85and0.92in
Figure2.17.

It is widely consideredthat the occurrenceof secondaryreactions(hydrogena-
tion, reinsertion,hydrogenolysis,isomerization)givesthe mostreasonableexplana-
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Figure 2.17 Chaingrowth probability factor( Ê n) asfunctionof chainlengthn, datafrom
Madonet al. [32] (Ru/SiO2, andCo/TiO2) andDonnellyet al. [88] (fusedandprecipitated
Fe/Cu/K).

tion for thesedeviationsof theASF distribution [78, 89, 92, 103,111]. If a product
is terminatedby a reactionon an FT growth site to a paraffin or olefin it is calleda
primary product. Readsorptionof olefinson growth sitesmay also leadto primary
productswhereasadsorptionon othersiteswill producesecondaryproductsdue to
hydrogenationor isomerizationreactions.Secondaryreactionsaswell asreadsorption
aredirectly influencedby spacevelocity. It is generallyacceptedthat secondaryre-
actionsof olefinsdependon the chainlength,resultingin a decreaseof the (On/Pn)
ratio (seeFigure2.8)andincreaseof thegrowth probability  n with chainlength(see
Figure2.17). Threedifferentproposalsfor chainlengthdependentprocessesin the
FTSweregivenby Kuipersetal. [103]:

1. n-dependentdiffusionlimitations[89, 93,112,113]

2. n-dependentsolubility in theFT-wax [64, 92,103,114,115]

3. n-dependentphysisorption[64, 92,101,103]

Therefore,theinterfacialeffectsof reactiveolefinsnearthegas-waxandwax-catalyst
surfacesare important. Figure 2.18 (obtainedfrom Kuipers et al. [103]) gives a
schematicrepresentationof the olefin concentrationprofile on a catalystwith a wax
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layer. The concentrationof the olefinsdissolved in the wax phase(x Æ d) canbe
relatedto thevapor-phaseconcentration.Steadystateproductionof olefinsresultsin
a concentrationgradientover thewax film, which dependson theproductionrateof
olefins,film thickness(d) andthediffusivity of productwith chainlengthn (Dn). At
thewax-catalystinterface(x Æ Ç Þ ) n-dependentphysisorptionwill take place. The
chain lengthdependenciesof physisorption,solubility, anddiffusivities will be dis-
cussedbelow. First,we will considerpossiblesecondaryreactionsthatcantake place
onFT catalysts.
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Figure 2.18 Schematicolefin concentrationprofile on a wax-coatedcatalyst(from Kuipers
etal. [103]).

2.7.2.2 SecondaryReactions

In general,the extentof secondaryreactionsincreasesin the order: Fe,Ru, Co [93,
116,117]. Becauseof therelatively low tendency of Fefor secondaryreactions,high
olefin yieldscanbe obtainedwith alkali promotediron catalysts.Theextentof sec-
ondaryreactionscanalsobe observed from the dependency of the (On ´ Pn) ratio or
olefincontentonchainlength,seeFigure2.8.OnFe-,Ru-,andCo-basedcatalystsan
exponentialdecreasewith chainlengthis observed[103]:

mOn

mPn à eÅ Cn (2.10)
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Table2.4 Carbonnumberdependenciesonolefin to paraffin ratio (n á 3) accordingto
mOn â mPn ã eÅ Cn.

Catalyst C T (K) P (MPa) H2 ´ CO Conversion Ref.

Uncoatedcobaltfoil 0.59 493 0.10 2 [103]
Wax-coatedcobaltfoil 0.24 493 0.10 2 [103]
Co/TiO2 0.49 473 2.0 2.1 XCO 9.5% [3]
Co/TiO2 0.25 473 2.0 2.1 XCO 72 % [3]
Ru/TiO2 0.38 476 0.56 2.1 XCO 5 % [3]
Co/TiO2 0.19 476 0.56 2.1 XCO 60 % [3]
Fe/Cu/K 0.15 489 1.62 2 [32]

wheremOn andmPn aretheproductionratesor molefractionsof olefinsandparaffins
with carbonnumbern andC is aconstant.SeeTable2.4for severalliteraturevaluesof
C. Theratioof olefinsto paraffinsdependsoncatalysttypeandstructure,andreaction
conditions.Iglesiaetal. [3] observedatwo-fold decreaseof theexponentialfactor, C,
for cobaltandrutheniumcatalysts,whenthe residencetime in a packed bedreactor
decreasedfrom 12 to 2 secondscorrespondingto 9.5 % and72 % CO conversion,
respectively (seeTable2.4).

A direct indication of secondaryreactionscan be obtainedfrom co-feedingof
olefins(seeTable2.5 for a summaryof references).In studieswith carbon-labeled
olefins,low concentrationscanbeused.Non-labeledco-fedolefinsmusthave higher
concentrations(5-10 mol %) to observe significanteffectsof possiblesecondaryre-
actions. Different from co-fedolefins,an olefin producedon a growth site obtains
physisorbedinteractionswith thecatalystsurface,at leastfor sometime. Therefore,
reactivity of co-fedolefinsmaydiffer from theadsorbedolefin intermediateproducts.
Thismakesinterpretationof suchexperimentscomplicatedandtricky.

In Table2.5, theselectivity of secondaryreactions:i) hydrogenation,ii) isomer-
ization,iii) reinsertion,andiv) crackingor hydrogenolysisis calculatedasthefraction
of theco-fedolefin convertedby a specificreactionrelative to thetotal conversionof
thatolefinadded.

Most olefin co-feedingstudieswereperformedat atmosphericpressure.Under
real FTS reactionconditions(high CO andH2O pressures),secondaryreactionscan
be inhibited. Almost all resultsof co-feedingof olefinsshow a significantamount
of secondaryhydrogenation[89, 102,114,116,118–121]. Addedolefinsarehydro-
genatedto thecorrespondingparaffin.
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Table2.5 Summaryof co-feedingstudiesolefins.
Selectivity of co-fedolefins(%)

Reference Component Hydr. Reins. Isom. Cracking
Schulzetal. [116] ethene 67 29 - 4

propene 51 31 - 12
1-hexadecene 79 6 - 14

Schulzetal. [116] ethene 88 12 - ä 1
propene 96 3 - ä 1

Schulzetal. [118] 1-octene 15 33 52 -
20 30 50 -
10 35 55 -
5 35 60 -

HanlonandSatterfield[119] ethene 92 8 - -
94 6 - -

1-butene 31 67 2 -
Tauetal. [114] ethene3 64-73 18 (C5¿ ) - -

1-pentene - - - -
1-decene 43 - 57 -

JordanandBell [102]2 ethene 95 4.2 - -
58 42 - -
50 50 - -
51 49 - -
38 62 - -

JordanandBell [120]2 propene 98 2.1 - -
92 8.1 - -
89 11 - -
90 10 - -
92 8.1 - -

JordanandBell [121]2 1-butene 62 4.2 34 -
48 4.8 52 -
38 5.2 57 -
20 6.6 74 -
21 6.6 72 -

Iglesiaetal. [89] ethene 50.5 49.5 - -
11.5 88.5 - -

Iglesiaetal. [89] ethene 70.5 29.5 - -
22.0 78.0 - -

Notation:Hydr.= Hydrogenation,Reins.=Reinsertion,Isom.=Isomerization
1 First line givesgeneraloperatingconditions.Following linesdenotestheparameterschanged
2 Selectivity of reinsertionandhydrogenolysisareaddedin columnReins.Theinfluenceof
COpressureis presentedonly.
3 Selectivity of co-fedetheneto 1-propanolis about9-18%.
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Table2.5 Continuedfrom previouspage;operatingconditionsandcatalystapplied.

Reference Catalyst,Reactor Operatingconditions1

[116] Co/ThO2/K, fixedbed T= 185-190˚C, H2/CO=2,P= 0.1MPa

[116] Iron, fixedbed T= 220 ˚C, H2/CO=2,P= 2.0MPa

[118] Cobalt,slurry T= 180 ˚C, PH2=0.5MPa, PCO=0.5MPa
PCO=1.0MPa
PCO=1.5MPa
PCO=2.0MPa

[119] Fe/K,slurry T= 248 ˚C, PCO=0.08MPa, PH2=0.23MPa
PCO=0.34MPa, PH2= 0.33MPa
PCO=0.071MPa, PH2= 0.27MPa

[114] Iron, slurry T=260 ˚C, P=0.70MPa,H2/CO=1.2

[102]2 Ruthenium, T=493K, PH2=0.04MPa, PCO= 0.00MPa
micro reactor PCO= 0.02MPa

PCO= 0.05MPa
PCO= 0.10MPa
PCO= 0.20MPa

[120]2 Ruthenium, T=493K, PH2= 0.03MPa, PCO=0.00MPa
micro reactor PCO= 0.01MPa

PCO= 0.05MPa
PCO= 0.10MPa
PCO= 0.20MPa

[121]2 Ruthenium, T=493K, PH2= 0.04MPa, PCO=0.00MPa
micro reactor PCO= 0.02MPa

PCO= 0.05MPa
PCO= 0.12MPa
PCO= 0.20MPa

[89] Ruthenium,fixedbed T= 465K, P= 2.07MPa,H2/CO=2
15mol%H2O

[89] Cobalt,fixedbed T=465K, P=2.07MPa,H2/CO=2
15mol%H2O
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Secondaryhydrogenationis inhibitedby CO[89, 102,118–121]suggestingcom-
petitive adsorptionof olefinsandCO for thesamecatalyticsites.For example,Han-
lon andSatterfield[119] observeda decreaseof theaddedetheneconversionfrom 59
% to 9.2% when the CO pressurewas increasedfrom 0.08 MPa to 0.34 MPa on a
potassium-promotedfusedmagnetitecatalyst.

SchulzandGökcebay[117] mentionedsecondaryhydrogenationasthemostim-
portantprocessfor theselectivity of theFT productson iron catalystspromotedwith
oneof thetransitionmetalsMn, Ti, Cr, Zr, or V. They concludedthatsecondaryhydro-
genationincreaseswith carbonnumberdueto increasedadsorptionstrength.Ethene
appearedvery reactive for hydrogenationrelative to propeneandbutene.Mechanistic
conclusionsfrom their resultsarethatFT catalystsitesproducepreferablyolefinsand
to asmallerextentparaffinsandthatolefinscanbeadsorbedandhydrogenatedonhy-
drogenationsiteswhichareof anothertypethantheFischer-Tropschgrowth sites.The
authorsstatedthatthesehydrogenationsitescanbeinactivatedin matrixcatalysts,but
nodirectevidenceon thenatureof thesesiteswasgiven.

No crackingor hydrogenolysisreactionsof co-fedolefins(ethene,1-butene,1-
hexene,1-decene)wasobserved by HanlonandSatterfield[119]. Also Dwyer and
Somorjai[122] did not observeany crackingproductsfrom addedetheneor propene.
Schulzet al. [116] reportedlessthan 1% crackingof addedetheneor propeneon
an iron catalyst. However, crackingof addedolefins was observed by Jordanand
Bell [102, 120,121] on a rutheniumcatalystat low total pressure.Crackingis pro-
motedby highhydrogenpressuresandhightemperatures(T å 300 ˚C) andis strongly
inhibitedby COpressure[13, 123] andH2O pressures[113]. Therefore,weconclude
thatcrackingis unimportantundernormalFT synthesisconditionson Co andFecat-
alysts[116,124]. Undercertainconditions,for example,high temperatures(hotspot)
or ahighdegreeof COconversion(largecatalystpelletsor low H2/COratio),cracking
of hydrocarbonsmayoccur[89].

Insertionor readsorptionof co-fed olefins was observed by many authors[89,
102, 114, 116, 118–121]. Insertionof olefinsreversesthe chainterminationstepto
olefinsandcausesanincreaseof thechaingrowthprobabilityanddecreaseof theolefin
contentof theproducts.HanlonandSatterfield[119] observedanincreasedselectivity
of C3¿ hydrocarbonswith additionof etheneon anFe/K catalyst.Likewise,addition
of 1-buteneor 1-hexeneresultedin a minor increaseof the yield of high-molecular
products,suggestingolefinsto actaschaininitiators. Addition of etheneandethanol
alsoresultedin a lower methaneselectivity andincreasedolefin to paraffin ratio for
C3 andC4 accordingto HanlonandSatterfield[119]. Ethanolandethenereducedthe
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hydrogenationof olefinsonthecatalyst.Addition of olefinsandethanoldid not result
in achangeof thechaingrowth factor,  .

Iglesiaet al. [89] showedthedifferencebetweenco-fedetheneandin situ formed
etheneon Ru andCo catalysts.Studiesof thevariationof bedresidencetime showed
that95%of the in situ formedetheneis consumedaschaininitiator, while lessthan
5% appearsashydrogenatedproduct. Co-feedingof etheneresultedin muchhigher
selectivities towardsethane(æ 50%). They also found that the reactivity of added -olefinsin chaininitiation reactionson Rucatalystsdecreasedin theorder[93]:

etheneç propeneè 1-buteneæ C5¿  -olefinsé (2.11)

Iglesiaet al. [3] showedanincreaseof theolefin selectivity with increasingflow rate
on a Co/TiO2 catalyst,dueto secondaryreactions.Theparaffin selectivity remained
independentof thebedresidencetime for smallparaffins,suggestingthathydrogena-
tion is not themostimportantsecondaryreaction.Theselectivity to highermolecular
weightparaffinsdecreasedwith increasingflow ratedueto accumulationandhighsur-
faceconcentrationof smalleralkyl chains.Theselectivity to methaneincreases,while
the selectivity to C5¿ productsdecreaseswith increasingspacevelocity (decreasing
residencetime) (seeFigure2.10). Therefore,they suggestedthatolefinsarenot con-
sumedin secondarycrackingor hydrogenationreactions.Thesameobservationswere
reportedby KomayaandBell [101] for C2 andC4 productson a Ru/TiO2 catalystat
523K. Iglesiaet al. [3, 89], Madonetal. [32], andKomayaandBell [101] concluded
thatreadsorptionof  -olefinsandchaininitiation is themostimportantsecondaryre-
actionfor Ru,Co,andFeresultingin deviationsfrom theASF distribution insteadof
hydrogenationor hydrogenolysisreactions.

Secondaryhydrogenationis strongly inhibited by CO. Table2.5 shows that the
ratesof isomerizationandreinsertionarelessinhibitedbyCO[89,102,113,119,120].
At high CO pressures,reinsertionof olefins becomesmore important. Somedata
on the influenceof H2O on secondaryreactionswasreportedby Iglesiaet al. [89].
Addition of 15mol%H2O to synthesisgas(T= 465K, H2/CO=2,P= 2.07MPa)ona
rutheniumandcobaltcatalystresultedin reinsertionof etheneto bethemostimportant
secondaryreaction(seeTable2.5). Also, Hall et al. [125] observeda strongdecrease
of secondaryhydrogenationof addedethene,with additionof 1.6% watervaporon a
Zr/Fe/Al2O3 catalyst.

Co-fed  -olefinscanalsoisomerizeto internalolefins(cis- andtrans-Û -olefins).
Isomerizationof 1-octeneon a cobaltcatalystis favoredby high CO pressure,while
secondaryolefinhydrogenationis inhibited[118].
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From this discussion,we concludethat secondaryreactionsof olefins on iron,
cobalt, and rutheniumcatalystsare responsiblefor the observed selectivities. The
mostimportantsecondaryreactionis readsorptionof olefinsresultingin initiation of
chaingrowth processes.Secondaryhydrogenationof olefins is observed for added
olefinsbut seemsto be a minor reactionfor in situ formedolefins. Moreover, high
CO andH2O pressuresinhibit hydrogenationandcrackingreactionsin comparison
to olefin readsorption.Secondaryhydrogenationmayoccurundercertainconditions,
dependingon thecatalyticsystemandtheprocessconditions(highH2 pressures).

2.7.2.3 Chain Length Dependencyof the SecondaryReactions

Secondaryreactionsof olefinsdependon thechainlength,resultingin a decreaseof
the (On/Pn) ratio and increaseof the growth probability  n with chain length. The
influenceof threepossiblechainlengthdependentprocessesarediscussedbelow.

Diffusivity
Both diffusion limitation of reactantsto the catalyticsites,andof productsfrom the
sitesmayoccur. Slow removal of reactive products(for example, -olefins)dueto a
decreaseof diffusioncoefficientswith increasingchainlengthcaninfluencetheFTS
reactionrateandselectivity. Measurementsof thesecoefficientsat FT operatingcon-
ditions arescarce.Erkey et al. [126] measuredthe moleculardiffusion coefficients
of threeparaffins (n-octane,n-dodecaneandn-hexadecane)in FT-wax with an aver-
agechainlengthof C28 (seeFigure2.19). Using thecorrelationproposedby Wilke-
Chang[127] to predictthemoleculardiffusivity of hydrocarbonsin aheavy paraffinic
Fischer-Tropschproduct(viscositywax with M= 300g/mol, at T= 504K: ê = 0.6 x
10Å 3 N s mÅ 2) we founda chainlengthdependency of Dn à nÅ 0ë 5. Thecalculated
valuesfor thediffusivitiesof C1 to C17 arealsoplottedin Figure2.19.

Iglesiaandco-workersstudiedthe influenceof chainlengthdependentdiffusion
coefficients on secondaryreactions[3, 32, 89, 93, 112, 113, 128]. They reported
anempiricalequationdescribinga stronginfluenceof chainlengthon diffusivity for
olefinsandparaffins Dn à eÅ 0ë 3n, which wasnot verifiedby experimentaldata.This
carbonnumberdependency is a factorof threehigherthandeterminedby Erkey et al.
[126] andapparentlyis wrong(seeFigure2.19).

Iglesiaet al. [89] modeleddiffusion-limitedremoval of olefinsanddiffusionlim-
itation of CO on a cobaltandrutheniumcatalystin a packedbedreactor. No reactant
depletionwasobserved at particlediameterssmallerthan0.2 mm. However, selec-
tivity changesdueto productlimitationsarestill present.They concludedthatolefin
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Figure 2.19 Diffusivities of n-paraffins in FT-wax; ñ experimentaldataat T= 504K from
Erkey et al. [126], — Wilke-Changcorrelationat T= 540 K, - - - correlationIglesiaet al.
[89].

readsorptionandchaininitiation is themostimportantsecondaryreaction.Theirtrans-
portmodelincludestherateof diffusion-enhancedolefinreadsorptionandits effecton
detailedproductdistributions. However, Iglesiaet al. [89] werenot ableto explain
thestrongexponentialdecreaseof the(On/Pn) ratioon theircatalyst(C= 0.19-0.49in
eq2.10)with diffusioneffectsonly. Especially, whenthemorerealisticlower depen-
dency of thediffusioncoefficientswith chainlength,asobservedby Erkey etal. [126]
(seeFigure2.19),is usedtheirmodelunderestimatestheolefin to paraffin ratio.

Furthermore,Kuiperset al. [103] measuredthe (On/Pn) ratio for the FTS on a
polycrystallinecobalt-foil (without diffusion limitations) andstill obtainedan expo-
nentialdecreaseof this ratio with chain length. So, we canconcludethat the chain
lengthdependency of theolefin to paraffin ratio canhardlybedueto diffusioneffects
only, but thatpreferentialphysisorptionandincreaseof thesolubilitywith chainlength
influencestheselectivity aswell.

Solubility
Valuesof thevapor–liquid equilibria(VLE) of reactantsandproductsin high-boiling
solventsarenecessaryfor anoptimaldesignof gas-slurryprocessesandkinetic mod-
eling. Experimentaldataof solubilitiesat high pressuresarescarcein openliterature.
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Solubilitiesareoftenexpressedin termsof Henry’sconstantsof asolutein asolvent:

H1ò 2 ó lim
x1 ô 0

f1
x1

(2.12)

where f1 is thefugacityof thesoluteandx1 is its molefractionin theliquid phase.
Bremanet al. [129] studied1533 VLE for 60 binary systemsof the reactants:

carbonmonoxide,hydrogenand products: water, carbondioxide, C1-C6 alcohols
andC2-C6 paraffins in the solventstetraethyleneglycol, hexadecane,octacosane,1-
hexadecanol,andphenantrene.Experimentalconditionswerevariedfrom 293to 553
K andfrom 0.06to 5.5MPa. Measurementsof theVLE of reactantsandproductsin
octacosanecloselyresembleFTSoperatingconditions.

Chappelow andPrausnitz[130] measuredthesolubilitiesof n-paraffinic gasesC1-
C4 in high-boiling hydrocarbonsolventsat low-pressuresin an equilibrium cell. A
gas-chromatographictechniquewasusedby Donohueet al. [131] to measurethesol-
ubilities of n-paraffins (C5-C9) in solvents. Figure2.20 shows the logarithmof the
Henry’s constantasa functionof the carbonnumberof thesolutein eicosane(C20).
Henry’s coefficientsobtainedfrom Donohueet al. [131] areinterpolatedto T= 325
K. At this temperature,theHenry’scoefficientsappearto decreaseexponentiallywith
carbonnumber, indicatingan increaseof the solubility with carbonnumber. VLE
measuredby Bremanet al. [129] containdatafor ethane,propane,pentane,andhex-
anein octacosane(C28). Henry’sconstantsweredeterminedbetweenT= 423- 518K.
Figure2.20alsoshows theseconstantsasa functionof carbonnumberat threetem-
peratures.As aspected,the solubility decreaseswith increasein temperaturefor all
components.TheavailableVLE datashow thatcarbonnumberdependency decreases
with increasingtemperature(Figure2.20).

A roughestimateof theidealsolubility canbefoundusingRaoult’s law [127] and
vaporpressuredataof hydrocarbons.CaldwellandvanVuuren[132] foundthat the
vaporpressuresof n-paraffins C9 to C29 (T= 452-553K) canbe describedwith the
following equation:

Pn ó P0õ n (2.13)

wherePn is thevaporpressureof aparaffin with achainlengthn andP0= 17.8382MPa
andõ ó exp[ ö 427÷ 218ø 1ù T ö 1 ÷ 029807x10ú 3û ]. Thevaporpressure(andsolubility),
calculatedwith eq2.13,asfunctionof temperatureis alsoplottedin Figure2.20.It can
beseenthat theexponentialchainlengthdependency of thevaporpressure(expõ ) is
in goodagreementwith theexperimentalVLE data[129] althoughtheseexperimental
valueswereobtainedwith short-chainhydrocarbons(n ü 6).
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Figure2.20 Henry’sconstantsof n-paraffinsin eicosaneatT= 323K(Chappelow andPraus-
nitz [130] andDonohueet al. [131]) andin octacosaneat T= 424,474,and513K (Breman
etal. [129]), dottedlinesarecalculatedwith thevaporpressurecorrelationfor C9-C29 (Cald-
well andvanVuuren[132]).

Much controversyexistson theeffect of thesolubility on thereactionrateof sec-
ondaryreactions. Schulzet al. [74], Tau et al. [114], Zimmermanet al. [115] and
Kuiperset al. [103] statedthat a greatersolubility of larger hydrocarbonsresultsin
an increaseof the residencetime andhigherreadsorptionrates. MadonandIglesia
[112] andmorerecentlyIglesia[133] rejectedtheargumentsof solubility statingthat
thepresenceof a liquid doesnot influencechemicalpotentials.They concludedthat
thepresenceof a liquid phasein absenceof transportlimitations,cannotincreasethe
rateof secondaryreactions.They accountedthedeviationsfrom theASF distribution
completelyto diffusion-enhancedreadsorptionof þ -olefins.However, asseenabove,
this is notconvincing.

Accordingto ouropinion,indeedan”ideal” liquid doesnot influencethereaction
rate. Here,”ideal” meansan inert, non-adsorbing,non-polarliquid with all activity
coefficientsequalto unity whilst no masstransferaffectsareapparent.This follows
from transition-statetheory, wherethechemicalpotential(fugacityat standardstate)
of any componentis thesamein thegaseous,liquid, andadsorbedstate.

However, in real casesthe liquid mayaffect the reactionrate. Eckert [134] con-
sidereda bimolecularreactionbetweentwo gaseson a solid catalystin presenceof a
liquid-phase.A reaction,A ÿ B � product,in a systemwith thermodynamicnon-
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idealities,canbedescribedwith theBrønsted-Bjerrumequation:

k ó k0
�

A
�

B�
I

(2.14)

wherek0 is the rate constantin an ideal referencestate. The presenceof a liquid
mayaltertheactivity coefficientsof thereactantson thesurface,� A or � B, andof the
activatedcomplex � I . To evaluatethe effect of a liquid, Eckert [134] usedregular
solutionstheoryfor dilute,non-polarsolutions

RT ln � A ó V2 ø�� A ö�� 1 û 2 (2.15)

HeresubscriptsA and1 refer to thesoluteA andsolvent,respectively. � is thesolu-
bility parameter. Substitutioninto eq2.14gives

ln k ó ln k0 ÿ VA

RT
ø�� 1 ö�� A

û 2 ÿ VB

RT
ø�� 1 ö�� B

û 2 ö VI

RT
ø�� 1 ö�� I

û 2 (2.16)

Therearetwo possibleassumptionsto evaluatethenon-idealityof thesystem.Thefirst
assumptionis thatall surfacespeciesarein equilibriumwith theactivities in thebulk,
which is given in the foregoing equation. The otherpossibility is that the reactants
on the surfaceare in equilibrium with the bulk, while the activatedcomplex is not.
Thenthe activity of the complex might be independentof the liquid andits activity
coefficientsareconstant.If so,wehave [134]:

ln k ó ln
k0�

I
ÿ VA

RT
ø�� 1 ö�� A

û 2 ÿ VB

RT
ø�� 1 ö�� B

û 2 (2.17)

Eckert [134] evaluatedhydrogenationexperimentsandconcludedthat thesecondas-
sumptionis valid for heterogeneousreactions.If so,therateof reactionis proportional
to the concentrationof the activatedcomplex insteadof its thermodynamicactivity.
eq 2.17 shows that the reactionrate is enhanced,comparedto the rate in the ideal
liquid or gasphase,if thesolventis similar to thereactants(high solubility) andvice
versa.

Moreover, comparisonof theincreaseof thetransportratesof olefinswith varying
carbonnumberin analogywith eq2.1[3] shows:

�
n ó DOn ù HOn

DOn� 1 ù HOn� 1

� HOn� 1

HOn

(2.18)

sincesolubility effectsoverruletheweakchain-lengthdependency of thediffusivity.
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This discussionhasa greatimpacton the rateof readsorptionof olefinsduring
the FTS.The solubility increasesexponentiallywith carbonnumber. Consequently,
the rateof readsorptionof long-chainolefins is enhancedin comparisonto smaller
olefins(accordingto eq2.17),becauseactualconcentrationsarenecessaryinsteadof
activities. Kuiperset al. [103] also statedthat the olefin concentrationat the cata-
lyst interfacehasto be taken into accountfor the readsorptionrate,which is not in
equilibriumwith thechemisorbedphaseat thecatalystsurface.

Physisorption
Physisorptionof hydrocarbonsmay changethe extent of secondaryreactions. The
physisorbedstateisatransitionstatebetweenthechemisorbedandthevaporphaseand
isgovernedbyVanderWaalsattractionandrepulsionforces[15]. Theseforcesdepend
on thestructureof theadsorbatesandtheadsorbents.Here,we focuson theinfluence
of carbonnumberontheadsorptionof hydrocarbonsonadsorbents.Measurementsof
gas-solidadsorptionof hydrocarbonson severaladsorbentsarereportedin literature
[135–137]. The logarithmof the adsorptionequilibrium constantincreaseslinearly
with carbonnumber. KomayaandBell [101] useda chain-lengthdependentHenry
constantat 523 K for the readsorptionof olefinson a rutheniumcatalystunderFT
conditions:Hn � e1	 2n.

Keldsenet al. [138] measuredtheenthalpiesof adsorptionof linearparaffinswith
differentchainlengthonaclay. Theenthalpy of adsorptionandthestrengthof theph-
ysisorbedbondappearedto increasewith carbonnumber. Weuseda linearregression
of theirexperimentalenthalpiesof adsorptionasa functionof carbonnumber, n:

ö�
 Had ó 12÷ 6 ÿ 8 ÷ 7n (kJ/mol) (2.19)

This relation suggestsa simple group-additive quantity for linear paraffins, as also
mentionedby Ruthven[139] (originally from Kiselev andShcherbakova [140]) for a
homologousseriesof paraffinson silica:

ö�
 Had ó 12÷ 5 ÿ 4 ÷ 0n (kJ/mol) (2.20)

Ruthven [139] alsorevieweda groupcontribution methodfor estimatingthe heatof
adsorptionon 5 Å zeolites. The presenceof doublebondsappearsto give rise to a
higherdipolemomentfor theadsorbedspeciesresultingin a higherincrementof the
heatof adsorption.

Xia andLandman[141] reportedthe resultsof moleculardynamiccalculations
of the preferentialadsorptionof n-hexadecaneandn-hexaneon a Au(001) surface.
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Startingwith an equimolarmixture of the componentsresultedin a layer at the in-
terfacewith high concentrationof long-chainmoleculesdueto a betterpackingand
intermolecularorderingatsteadystate.

Rofer-De Poorter[7] schematicallydescribedthe FT catalystsurfaceas a very
active layer at the metalsurfacecontainingC,O, H atoms,adsorbedCO andgrow-
ing alkyl chains;furtheraway from thesurfacearephysisorbedCO, H2, anddesorb-
ing products.Reactionintermediatesarealsopresentin the surfacelayer. Fromthe
above, we concludethat the adsorptionequilibriumconstantsincreaseexponentially
with chain lengthresultingin an increaseof the contacttime andan enrichmentof
long-chainhydrocarbonsat thecatalystsurface.

KomayaandBell [101]andPichlerandSchulz[124] reportedtheeffectof stronger
physisorptionfor largerolefinsto predictthe increaseof thechaingrowth probabili-
tieswith chainlength.KomayaandBell [101] developedamodelwheredesorptionof
chemisorbedproductsproceedsthroughaphysisorbedlayer. Transientkineticexperi-
mentswith labeledcarbonwereperformedin apackedbedreactorat523K. Equations
for labeledcarbonin themonomerpool, thepool of alkyl chains,andthepool of ph-
ysisorbedhydrocarbonswereoptimizedto experimentaldata.Thefractionalcoverage
of productsin thephysisorbedlayer, � n, wascalculatedwith thechainlengthdepen-
dent Henry constant. The authorsstatedthat for olefins with n  8, readsorption
becomesmoreimportantthanremoval of physisorbedhydrocarbonsfrom thereactor.

We concludefrom this discussionthatthesolubility andphysisorptionarecrucial
for thereactionratesin theFTS.Secondaryreactionsof olefinscanbeinfluencedby
thechainlengthdependentsolubility in a liquid andby preferentialphysisorption.

2.7.3 ComprehensiveProduct Distrib ution Models

Thedistribution of paraffins wasfirstly describedby Herrington[142]. His approach
usedindividualchainterminationprobabilitiesfor eachchainsize,õ n,

õ n ó Rt ò n
Rpò n ó mn ù

�
i � n� 1

mi (2.21)

Thechaingrowth probability, þ n caneasilybecalculatedfrom eq2.21:

þ n ó 1ù!ø 1 ÿ õ n
û ó

�
i � n� 1

mi ù
�

i � n

mi (2.22)
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Iglesiaet al. [93] usedthesameapproachandexpressedthe total terminationproba-
bility ( õ t ò n) asacombinationof individual terminations:

õ t ò n ó õ t ò O ÿ õ t ò P ö õ Rò n (2.23)

where õ t ò O and õ t ò P is the terminationprobability to olefins and paraffins, respec-
tively. WeshowedabovethatIglesiaetal. [93] statedincorrectlythatthereadsorption
of olefins( õ Rò n) is chainlengthdependentdueto diffusioneffectsalone. The chain
terminationprobability in eq2.23andtheO/Pratio decreasewith increasingcarbon
numberuntil all olefinsareconsumed.The asymptoticalvalueof õ t ò n or þ n corre-
spondsto propagationand terminationto paraffins alone. However, the increased
readsorptionrateis not completelydueto diffusion effects, increasedsolubility and
physisorptionwith increasingcarbonnumbershouldbetakeninto account.

Kuiperset al. [103] modeledthe experimentaldataof the olefin to paraffin ratio
synthesizedon wax-coatedanduncoatedcobaltfoils at atmosphericpressuresanda
temperatureof 493K. Massbalancesover thefilm layerweregivento obtainthecon-
centrationof olefinsin thephysisorbedlayer, wax phaseandvaporphase.According
to theauthors,theconcentrationof theolefinsdissolvedin thewax phase(x ó d, see
Figure2.18)canbe relatedto the vapor-phaseconcentrationby Raoult’s law andis
proportionalto ø Cs

n � apVm
n � ax

û ú 1, whereCs
n � ap is the saturatedvaporphaseconcen-

trationandVm
n � ax is themolarvolumeof hydrocarbonswith carbonnumbern. They

usedthe following exponentialincreasefor thesolubility, 1ù Cs
n � ap � e� 0	 55� 0	 10� n at

493 K and a linear increaseof Vm
n � ax with n. Above, we describedexperimental

andcalculateddataon the solubility of hydrocarbons.At a temperatureof 493 K,
thecorrelationof CaldwellandvanVuuren[132] shows that thesolubility is propor-
tional to e0	 43n. Kuiperset al. [103] describedthe increaseof physisorptionstrength
of hydrocarbonsat thecatalystinterfacewith increasingchainlengthby en� G1phys � RT .
On uncoatedfoils without transportlimitations (diffusion), their modelpredictsthat
mOn ù mPn � n exp[ ö ø�
 G1phys ù RT ÿ 0 ÷ 55û n]. Kuipersetal. [103] measuredacarbon
numberdependency of C ó 0 ÷ 55 accordingto eq2.10on anuncoatedcobaltfoil. It
caneasilybeseenthattheauthorsstatedincorrectlythatthepreferentialphysisorption
is � e0	 2n, becausein that casethe exponentin eq 2.10 would be C ó 0 ÷ 75. This
dependency is not thesameastheirexperimentaldeterminedvalueof C ó 0 ÷ 55.

For small olefinsanda wax-layeron the cobaltfoil a muchweaker chainlength
dependency wasobservedby Kuipersetal. [103] (seeTable2.4).Theirmodelpredicts
thefollowing chainlengthdependency on the On ù Pn ratio whendiffusionlimitations
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(Dn � nú 0	 6) aredominant:

On ù Pn � eú n� G1 phys � RT Dn � e� ú 0	 2� 0	 1� nnú 0	 6 (2.24)

In amorerecentarticle,Kuipersetal. [92] concludedthatthemainsecondaryreaction
on thesamecobaltfoil is secondaryhydrogenationof primary þ -olefins.With 50 nm
Co particleson a SiO2 wafer, Kuiperset al. [92] reportedreinsertionof þ -olefinsas
themostimportantsecondaryreaction.

Wecanconcludethatany comprehensiveproductdistributionmodelfor theselec-
tivity to olefinsandparaffinsshouldincorporatereadsorptionof olefinsandtheeffect
of physisorptionandsolubility on the actualolefin concentrationat the catalystsur-
face. Thesemodelshave to predicttheselectivity to olefinsandparaffins on porous
FT catalystsat industrialconditions.

2.8 Kinetics

2.8.1 Intr oduction

Themajorproblemin describingtheFT reactionkineticsis thecomplexity of its re-
action mechanismand the large numberof speciesinvolved. As discussedabove,
themechanisticproposalsfor theFTSuseda varietyof surfacespeciesanddifferent
elementaryreactionsteps,resultingin empirical power law expressionsfor the ki-
netics[8, 143]. However, alsoLangmuir-Hinshelwood-Hougen-Watson(LHHW) and
Eley-Ridealtypeof rateequationshave beenapplied,basedon a reactionmechanism
for thehydrocarbonforming reactions[22, 75,144]. In mostcasestheratedetermin-
ing stepwasassumedto bethe formationof themonomer[22, 73, 145,146]. These
rateexpressionsfor theconsumptionof synthesisgasmainlydiffer in thenatureof the
monomerandof theadsorptionof CO,H2 andproducts(H2O andCO2) onthecatalyst
surface.

KellnerandBell [147] andTakoudis[148] modeledtheproductionratesof hydro-
carbonswithout assumptionson a ratedeterminingstep. However, several assump-
tions wereintroducedto solve the resultingsetof equations.Lox andFroment[75]
andHovi etal. [76] examinedwhethertheincorporationof themonomeror thetermi-
nationreactionto hydrocarbonsareratelimiting. Ideally, thedevelopmentof kinetic
rateexpressionsshouldbebasedon eachpossibleratedeterminingprocessin a well-
definedmechanisticschemein thehydrocarbon-formingreactions.

Kinetic studiesof the consumptionof synthesisgason iron andcobaltcatalysts
will bediscussedin moredetail,aswell askinetic studiesof theWGSon iron cata-
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lysts. Finally, kinetic modelswhich describetherateof formationof productswill be
reviewed.

2.8.2 Overall Conversionof SynthesisGas

Kinetic equationscanbebasedon theoverall synthesisgasconsumption(-RH2 � CO=ö RCO ö RH2), which is independentof the WGS equilibrium,or basedon CO con-
sumptionto hydrocarbonproductsø RFT ó ö RCO ö RWGS

û . The rateof synthesis
gasconsumptiononly differs from the FT reactionrate by reactionstoichiometry,ö RH2 � CO ó ø 2 ÿ mù 2nû RFT . Reactionrate equationsuseto be expressedin ei-
ther liquid phaseconcentrationsor, preferably, in gasphasepartial pressures.Since
Henry’s constantsare temperaturedependent,activation energieswill alsobe influ-
encedby theuseof eitherliquid or gasconcentrationterms[56, 145].

The kinetic rateequationspresentedfor the synthesisgasconsumption[24, 56,
72,149]donotpresentauniformpicture.Table2.7givesanoverview. A few, mainly
older, kineticstudiesareperformedin fixed-bedreactorsathighsynthesisgasconver-
sions. Integral kinetic studiesof the FTS in plug flow reactors(PFR)arenot easily
interpretedbecausethe partial pressureof CO andH2 aswell asthe compositionof
thecatalystvary alongtheaxisof thereactor[22]. Extracomplicationsoccurdueto
possibleheatandmasstransfereffects,secondaryreactions,andproductinhibition. In
general,catalystcompositionaswell asreactionconditionsdeterminethenumerical
valuesof theintrinsic rateparameters.Moreover, therateequationsarenot identical,
thusk canbecomposedof differentcombinationsof kineticandadsorptionconstants.
Thereis experimentalevidencethat the Fischer-Tropschactivity of Fe and Co de-
pendson the preparationmethod,metalloadingof the catalyst,andcatalystsupport
[103,150–154].

2.8.2.1 Ir on BasedCatalysts

Reviews of kinetic equationsfor iron catalystsaregivenby Huff andSatterfield[72]
and Zimmermanand Bukur [56]. Kinetic studiesof the FTS on iron catalystsare
tabulatedin Table2.7.

In generalfor iron catalysts,the FT reactionrateincreaseswith H2 partial pres-
sureanddecreaseswith partial pressureof water. Satterfieldet al. [164] observeda
reversibledecreaseof the catalystactivity by additionof 12 and27 mol% water to
thefeedgas.However, afteradditionof 42 mol% waterthecatalystdid not regainits
initial activity.
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Table2.6 Reactionrateequationsoverallsynthesisgasconsumptionrate,proposedin the
studiesmentionedin Table2.7.

Kinetic expression References

(a) kPH2 [24, 56,155]

(b) kPa
H2

Pb
CO [143]

(c)
kPH2 PCO

PCO ÿ aPH2O
[24, 56,156–158]

(d)
kP2

H2
PCO

PCO PH2 ÿ aPH2O
[72, 158–160]

(e)
kP2

H2
PCO

1 ÿ aPCO P2
H2

[24]

(f)
kPH2 PCO

PCO ÿ aPCO2

[56, 145,159,161]

(g)
kPH2 PCO

PCO ÿ aPH2O ÿ bPCO2

[56, 145,161]

(h)
kP1� 2

CO P1� 2
H2

1 ÿ aP1� 2
CO ÿ bP1� 2

H2

2 [73]

(i)
kPCO P1� 2

H2

1 ÿ aPCO ÿ bP1� 2
H2

2 [22]

(j)
kPCO PH2ø 1 ÿ bPCO

û 2 [144,162,163]
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The mechanistickinetic rate expressionsfor iron catalystsare all basedon the
formationof themonomerspeciesastheratedeterminingstepin theconsumptionof
synthesisgas.Severaltheoriesfor theformationof themonomerspeciesarepostulated
in literature:i) Carbide mechanism: hereCO dissociateson thesurfaceandthead-
sorbedcarbonhydrogenatesto a methylenespecies[18]. ii) Combined enol/carbide
mechanism: herea methylenespeciesis formedby hydrogenationof the hydroxy-
latedenolicCO-H2 complex [11]. Bothmechanismswerediscussedabove(seeChap-
ter 2.5). Huff andSatterfield[72] derived andreviewed kinetic equations2.25 and
2.29basedontheformationof themonomer, methylene.Theassumptionsfor therate
equationswere:1) Theratedeterminingstepis thereactionof dihydrogenanda car-
bonintermediate.2) Carbonmonoxideandwaterarestronglyadsorbedonthecatalyst
surface.3) Hydrogenis assumedto reactmolecularlyvia thegaseousphaseor via the
associatedadsorbedstate[18, 155].

Anderson[24] proposeda rateequationwhich includedwaterinhibition:

RFT ó kPCO PH2

PCO ÿ aPH2O
(2.25)

Dry [156] andHuff andSatterfield[72] derivedthesameequationfrom thecombined
enol/carbidemechanism,assumingstrongadsorptionof CO andwaterrelative to H2

andCO2. AtwoodandBennett[157] usedeq2.25to describethekineticson a fused
nitridediron catalyst.Theactivationenergy wasdeterminedasEA= 85kJ/molfor the
kineticconstantk andanadsorptionenthalpy of - 
 Had= 8.8kJ/molfor theadsorption
parametera:

k ó k� exp ø^ö EA ù RT û (2.26)

a ó a� exp øuö�
 Had ù RT û (2.27)

Shenet al. [158] modeledtheir datawith the samerateexpressionandreportedan
activationenergy of 56kJ/molfor k andanadsorptionenthalpy of - 
 Had= - 60kJ/mol
for a on a precipitatedcommercialFe/Cu/Kcatalyst.Theobservedactivationenergy
for thekinetic constantis low in comparisonto mostactivationenergiesfor Fischer-
Tropschreactionrateswhich arebetween70 and105kJ/mol[56, 72]. Boudart[165]
givesa list of the physicalmeaningof the most commonrate parameters.For the
adsorptionenthalpy: - 
 Had  0. The adsorptionconstantis a combinationof the
adsorptionconstantof carbonmonoxideand for water. Consequently, the heatof
adsorptionfor wateris 60kJ/mollargerthanfor carbonmonoxideadsorption.
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At conversionsof H2 + CO conversionlower than60%andin thecaseof a high
shift activity of thecatalyst,eq2.25canbe simplified to a first orderdependency in
H2, dueto low partialpressuresof water[24, 156]:

RFT ó kPH2 (2.28)

Dry etal. [155] measuredFT kineticsona fused,promotediron catalystin adifferen-
tial fixedbedreactor, andfoundthebehavior describedby eq2.28with anactivation
energy of 71kJ/mol.

Huff andSatterfield[72] observeda linear decreasein the adsorptionparameter
a in eq2.25with hydrogenpressureon a fusediron catalystandincorporatedthis by
modifyingeq2.25to:

RFT ó kPCO P2
H2

PCO PH2 ÿ a� PH2O
(2.29)

notethata� in eq2.29equalsaù PH2 in eq2.25. Equation2.29canbeobtainedfrom
thecarbidetheoryaswell asfrom theenol/carbidetheorywhich have identicalmath-
ematicaldescriptions(seeHuff and Satterfield[72] for the derivation of theserate
equations).Deckweretal. [159] usedeq2.29to describethekineticresultsfor H2/CO
feedratiosbetween0.8-2.0onapotassium-promotediron catalystin theslurryphase.
However, at low H2 to COfeedratiosthisequationwasnotableto describetheresults
dueto high watergasshift activity. Shenet al. [158] usedeq2.29to modeltheir data
andreportedan activation energy of 56 kJ/mol for k andan adsorptionenthalpy of
- 
 Had=-62kJ/molfor a on a precipitatedcommercialFe/Cu/Kcatalyst.Theauthors
did notdiscriminatebetweenthemodelsin eq2.25and 2.29on thebasisof goodness
of fit.

The watergasshift canincreaseor decreasethe Fischer-Tropschsynthesisreac-
tion rateby alteringtheconcentrationsof thereactantsandproducts.Generally, CO2

inhibition is not asstrongaswaterinhibition dueto thelargedifferencein adsorption
coefficients[10, 56]. However, iron catalystswith ahighactivity of thewatergasshift
reactionconvertasignificantamountof waterinto CO2. Ledakowicz etal. [161], Net-
telhoff etal. [145] andDeckweretal. [159] reportedthefollowing equationincluding
CO2 inhibition:

RFT ó kPCO PH2

PCO ÿ aPCO2

(2.30)

Ledakowicz et al. [161] useda precipitatediron catalyst(100 Fe/1.3K) with high
WGSactivity andNettelhoff et al. [145] a commercialfusediron ammoniasynthesis
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catalyst(BASFS6-10).Ledakowiczetal. [161]proposedageneralizedrateexpression
for iron catalystswith highandlow WGSactivity:

RFT ó kPCO PH2

PCO ÿ aPH2O ÿ bPCO2

(2.31)

However, co-feedingof CO2 to thefeedgasshowedthattheCO2 additiondoesnot
alterthereactionrateof thesynthesisgasconsumptionsignificantly[166,167]. Yates
andSatterfield[167] suggestedthattheinhibition attributedto CO2 [145,159,161]on
catalystswith ahighshift activity is causedby H2O, sincethereactionis ator closeto
equilibriumon thesecatalysts:

PCO2 ó K P
PCO PH2O

PH2

(2.32)

whereK P is theequilibriumconstantfor thewatergasshift reaction.
Figure2.21showstheresponseof thereportedrateequationsto achangein partial

pressureof H2, CO, H2O, andCO2, respectively. All equationsobserve an increase
with partial pressureof H2 andCO, while the othercomponentsinhibit the reaction
rate. The large variation in the predictionsis dueto different inhibition effectsand
functionalformsof therateequations.Thewatergasshift activity of iron catalystsis
of greatimportancefor the inhibiting effectsof waterandpossiblyCO2. Therefore,
kineticexpressionscanonly becomparedaccuratelyif theoptimalkineticexpression
for theWGSis included.Only aCSTRmodelfor thereactantsaswell astheproducts
CO2 andH2O is adequateto comparedifferentexpressions.Kinetic expressionsand
massbalanceshave to besolvedsimultaneously. Figure2.22comparestheresultsof
FT andWGS kinetic expressionsof threestudieswith iron catalysts[56, 158]. The
overall conversionof synthesisgasis calculatedasa functionof thespacevelocity at
1.5 MPa, 523 K, H2/CO feedratio=1 in a CSTR.The kinetic equationsappliedare
alsoshown in Figure2.22. The kinetic studyof Shenet al. [158] wasperformedin
a gas-solidBerty reactorin contrastto thestudywith a slurry reactorusedby Bukur
etal. [91].

All proposedrateexpressionsweredevelopedwith the assumptionthat the rate
determiningstepis thereactionof undissociatedhydrogenwith acarbonintermediate.
Therateequationsarevalid only for thespecificcatalystswith WGSactivity andfor
theprocessconditionsusedto developtheexpressions.Therefore,we concludethat
the developmentof FT kinetic equationsstill requiresadditionalresearch.Detailed
LHHW rateexpressionstestedbothin gas-slurryandgas-solidreactorsareneededfor
an accuratedescriptionof theconsumptionratesof the reactantsduring theFischer-
Tropschsynthesison iron catalysts.
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Figure2.21 Relative reactionratesof synthesisgasconsumptionon iron catalysts.Kinetics
expressionsreferto Table2.6. a) Influenceof PH2: PCO= 0.5MPa, PCO2= 0.5MPa, PH2O=
0.1MPa. b) Influenceof PCO: PH2= 0.5MPa, PCO2= 0.5MPa, PH2O= 0.1MPa. c) Influence
of PH2O: PH2= 0.5 MPa, PCO=0.5MPa, PCO2= 0.5 MPa. d) Influenceof PCO2: PH2= 0.5
MPa, PCO=0.5MPa, PH2O= 0.1MPa. 1) AtwoodandBennett[157], 250 ˚C, a= 0.028,eqc
2) Nettelhoff et al. [145], 270 ˚C, a= 4.51,eqc (prec.Fe)3) Nettelhoff et al. [145], 240 ˚C,
b= 0.19,eq f (fusedFe)4) ZimmermanandBukur [56], 250 ˚C, a= 4.5,eqc (commercial
Fe) 5) ZimmermanandBukur [56], 250 ˚C, a= 4.8, b=0.33eq g (prec. Fe) 6) Huff and
Satterfield[72], 248 ˚C, a= 1.15MPa, eqd (prec. Fe)7) Ledakowicz et al. [161], 250 ˚C,
b= 0.229,eqf (prec.Fe).
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Figure 2.22 Activity comparisonat differentspacevelocitieson iron catalystsat 1.5 MPa,
523K, H2/COfeedratio=1. 1) 100Fe/0.3Cu/0.2K catalyst;RFT eqg (Table2.6)k=0.0222
mol kgú 1

cat sú 1 MPaú 1, a= 4.8, b=0.33; RWGS eq 2.37 k� = 0.0133mol kgú 1
cat sú 1 MPaú 1

(Zimmermanand Bukur [56]) 2) Fe/Cu/Kcommercialcatalyst; RFT eq c (Table2.6) k=
0.00753mol kgú 1

cat sú 1 MPaú 1 a= 0.472; RWGS eq 2.39: k� = 0.0987mol kgú 1
cat sú 1, a=

0.692MPa (Shenet al. [158]) 3) Fe/Cu/Kcommercialcatalyst; RFT eq c (Table2.6) k=
0.0106mol kgú 1

cat sú 1 MPaú 1 a= 4.5; RWGS eq2.39k� = 0.0122mol kgú 1
cat sú 1, a= 0 MPa

(ZimmermanandBukur [56]).

2.8.2.2 Cobalt BasedCatalysts

Only a few kinetic studieson cobaltbasedcatalystsareavailable,seeTable2.7. Re-
markably, nearlyall kinetic expressionsdevelopedfor cobaltbasedcatalystshave a
different form than for iron basedcatalysts. Generally, thesekinetic equationsare
basedon a ratedeterminingstepwhich involvesa dual-sitesurfacereaction,result-
ing in a quadraticdenominatorin the rateexpression.Furthermore,inhibition terms
of H2O on cobaltcatalystsarenot reportedin literature. BecausetheWGSreaction
hardlyplaysa roleoncobalt,noCO2 is formed.

Wojciechowski [22] andSarupandWojciechowski [73] developedsix different
rateequationsfor the formationof the monomer(CH2), basedon both the carbide
mechanismandthe enol/carbidemechanism.The reactionratesweremeasuredin a
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Berty internallyrecycledreactorat190 ˚C for PH2 rangingfrom 0.07to 0.68MPaand
PCO between0.003and0.93MPa. All six rateexpressionscanbegeneralizedas:

ö RCO ó kPa
CO Pb

H2

1 ÿ i K i Pci
CO Pdi

H2

2 (2.33)

wherek is akineticrateconstant,a andb arethereactionordersof theratedetermining
step,K i is theadsorptionconstantfor thei th adsorptionterm,andci anddi represent
thedependency of surfacecoverageonthereactantpressureof thei th adsorptionterm.
All six differentmodelsinvolve a bimolecularratedeterminingsurfacereactionstep
betweena dissociatedhydrogenspeciesand a carbonintermediate. Testingof the
kineticmodelson theirexperimentaldatareducedthesix to two equations:

ö RCO ó kP1� 2
CO P1� 2

H2

1 ÿ K1P1� 2
CO ÿ K2P1� 2

H2

2 (2.34)

ö RCO ó kPCO P1� 2
H2

1 ÿ K1PCO ÿ K2P1� 2
H2

2
(2.35)

In eq2.34,thefirst hydrogenationof anadsorbedcarbonatomandthefirst hydrogena-
tion of anadsorbedoxygenatomareslowerthantheotherreactionsteps.Theassumed
ratedeterminingstepof eq2.35is thehydrogenationof adsorbedCOto form adsorbed
formyl. However, afteroptimizationof theparametersof eqs2.34and2.35,therela-
tive varianceof experimentalandcalculatedreactionrateswasover 40 %, indicating
a largelackof fit.

YatesandSatterfield[163] measuredthe kineticsof a cobaltcatalystin a slurry
reactor. A Langmuir-Hinshelwoodequationwhichalsoinvolvesabimolecularsurface
reaction,canaccuratelydescribetheir results:

ö RCO ó kPCO PH2ø 1 ÿ K1PCO
û 2 (2.36)

This equationwas previously derived by Sarupand Wojciechowski [73] assuming
hydrogenationof adsorbedformyl to form carbonandwaterto be ratedetermining.
However, the numberof inhibition termswas larger. Eq 2.36 fitted their dataalso
best,but wasrejectedbecauseoneof theadsorptionconstantswasnegative.Yatesand
Satterfield[163] wereableto fit thedataof SarupandWojciechowski [73] well with
thelinearizedform of thekineticexpressionin eq2.36.
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The FT kineticson a cobaltcarbonyl catalystin slurry-phasewasmeasuredby
Whiterset al. [160]. They correlatedthe rateof CO andH2 consumptionto several
kineticequationsusedfor thekineticsoniron catalysts(eqs2.25and2.29).Thebestfit
wasobtainedfor eq2.29with anactivationenergy of 97kJ/molfor therateconstant.

Recently, Ribeiro et al. [150] reviewed kinetic studiesover cobalt FT catalysts
in orderto explain the differencesin turnover rates.The availablekinetic datawere
correctedto 473 K. Furthermore,the effectsof partial pressurewerecorrectedto a
total pressureof 10 atmandH2/CO= 2 with theuseof a simplepower law equation:ö RCO ó kP0	 7

H2
P ú 0	 2

CO which provided the bestfit. Thecorrectedturnover ratesvary
by a factorof 20, accordingto the authorsdueto the effect of a wide rangeof CO
conversionandwaterconcentration.

In comparisonto iron catalystis thekineticresearchoncobaltcatalystsmorecom-
prehensive. In the first placeis the situationon cobalt catalystseasierdue to the
absenceof the water gasshift reactionand lessdifferentcatalyticsites. Secondly,
Wojciechowski andco-workers[22, 73, 100, 168] describeddetailedLHHW equa-
tionsbasedon a reliablemechanisticschemefor theCO consumptionon cobaltcata-
lysts.Thisapproachis agoodexampleof modelingcomplex reactionsystemslikethe
Fischer-Tropschsynthesis.

2.8.3 Water GasShift Kinetics

Cobalt catalystsare not active towardsthe WGS reactionin contrastto iron-based
Fischer-Tropschcatalysts[54]. Thewatergasshift canincreaseordecreasetheFischer-
Tropschsynthesisrate. Sincethesereactionssharethesamecomponents,adsorption
anddesorptionreactionsaswell asdissociationof H2, H2O, andCO2 andreactionsof
formatespeciesmustbeshared[169]. TheindividualWGSkineticsis studiedexten-
sively [54, 58,81, 86], sometimesin combinationwith themethanationreaction[85]
or methanolsynthesis[82, 87]. Only a few studiesreportedtheWGSkineticsof iron
catalystsunderFTSconditions.Table2.8givesanoverview.

Basedon unpublishedresults,Dry [156] reportedthefirst (empirical)kinetic ex-
pressionfor theWGSreactionunderFTSconditionswhichis independentof thewater
concentration:

RWGS ó k� PCO (2.37)

Thesameequationwasusedby Feimeretal. [170] onaprecipitatedFe/Cu/Kcatalyst,
with anactivationenergy of 124kJ/mol.
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Table2.8 Summaryof kineticstudiesof theWGSreaction(seealsoTable2.7).

Kinetic expression EA (k � ) Reference
(kJmolú 1)

RWGS ó k� PH2O PCO ö PCO2 PH2 ù K P [56]
RWGS ó k� PCO 1241 [56, 156,170]

RWGS ó k� PH2O PCO ö PCO2 P1� 2
H2
ù K P

1 ÿ aPH2O ù P1� 2
H2

2 27.7 [75]

RWGS ó k� PH2O PCO ö PCO2 PH2 ù K P

PCO PH2 ÿ aPH2O
882 [56, 158]

RWGS ó k� PH2O PCO ö PCO2 PH2 ù K P

PCO ÿ aPH2O ÿ bPCO2

1252 [56, 158]

1Activationenergy Feimeretal. [170]
2Activationenergy Shenetal. [158]

SincetheWGSreactionis anequilibriumreactionator closeto equilibriumunder
Fischer-Tropschreactionconditionsthereversereactionhasto betakeninto account.
For thetemperaturedependency of theequilibriumconstantof theWGSreaction,K P,
thefollowing relationcanbeused[171]:

log K P ó log
PCO2 PH2

PH2O PCO eq
ó 2073

T
ö 2 ÷ 029 (2.38)

ZimmermanandBukur [56] measuredthe kineticsof the WGS reactionat 250
˚C bothon a home-madeiron catalyst(100Fe/0.3Cu/0.2K) anda commercialpre-
cipitatediron catalyst(RuhrchemieLP 33/81).Theexperimentalconditionsaremen-
tionedin Table2.7.The100Fe/0.3Cu/0.2K catalystobtaineda higherWGSactivity
in comparisonto thecommercialcatalyst,resultingin a higherextentof equilibrium
andhigherrateconstants.The authorstestedseveral kinetic modelsto their experi-
mentalWGSrates.Someof their kinetic equationscontainthesamefunctionalform
of thedenominatorasusedin their kineticequationsof theFTS:

RWGS ó k� PH2O PCO ö PCO2 PH2 ù K P

PCO PH2 ÿ aPH2O
(2.39)

They alsoderiveda kinetic expressionwith thedenominatorfrom theFT rateexpres-
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sionof Huff andSatterfield[72]:

RWGS ó k� PH2O PCO ö PCO2 PH2 ù K P

PCO ÿ aPH2O ÿ bPCO2

(2.40)

This impliesthatthereactiontakesplaceonthesamecatalyticsitesastheFT. No tem-
peraturedependency is given. Theestimatesof theadsorptionconstantsweresignifi-
cantlydifferentin comparisonto theconstantsfor theFT synthesis.If thesereactions
takeplaceonthesamecatalyticsites,theadsorptionconstantmaynotdiffer. However,
the authorsstatedthat they werenot ableto derive reliablekinetic equationsfor the
WGS kineticsunderFT conditionsandtheir resultsare largely empirical. For both
catalystsapplied,the adsorptionconstantb for CO2 in eq 2.40wasnot significantly
differentfrom zero. Themodelingof theWGSkineticsfor the100Fe/0.3Cu/0.2K
catalystwasequallygoodwith eq 2.39and2.40andslightly betterwith the simple
expressionof eq2.37. Thereactionrateof theWGSfor thecommercialcatalystwas
bestdescribedwith eq2.39with theadsorptioncoefficienta of H2O equalto zero.

Shenetal. [158] measuredtheWGSkineticsonthesamecommercialcatalystin a
gas-solidBertyreactor. SeeTable2.7for theexperimentalconditions.They fitted their
datawith thesameequationsandfoundactivationenergiesfor k� in eq2.39and2.40
of 88 kJ/moland125kJ/mol,respectively. Theadsorptionconstantsappearingin the
denominatorwerechosenequallyto thosein theFT kinetic equations,indicatingthat
theauthorsalsoassumedthatthetwo reactionsproceedon thesamecatalyticsites.

Lox andFroment[75] alsostudiedthe FTS andWGS kineticson the commer-
cial precipitatediron catalyst(RuhrchemieLP33/81). Discriminationbetweenrival
LHHW kineticmodelsresultedin thefollowing optimalequation:

RWGS ó k� PH2O PCO ö PCO2 P1� 2
H2
ù K P

1 ÿ aPH2O ù P1� 2
H2

2 (2.41)

In agreementwith thestatementof RethwischandDumesic[58], thesloweststepis
thereactionbetweenadsorbedCO andadsorbedhydroxyl species,resultingfrom the
dissociationof water. They assumedtheWGSreactionto proceedon a differentcat-
alytic site thanthe FTS. As discussedabove, it is generallyassumedfor supported
iron catalyststhat magnetiteis the mostactive phasefor the WGS while the FT re-
actionsproceedon iron carbides. The reportedactivation energy of 27.7 kJ/mol is
relatively low in comparisonto otherkinetic studies,but consistsof thecontribution
of adsorptionenthalpiesof reactantsandproductsanda real activationenergy. The
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adsorptionenthalpy of a wasnot significantlydifferentfrom zero. It shouldbenoted
thattheseresultswereobtainedin apackedbedreactorathighconversions,relatively
high temperaturesof 523-623K, andhighH2/COfeedratiosbetween3.0-6.0.

We concludethat theWGSkineticsunderFT conditionsstill requiresadditional
research.Lox andFroment[75] deriveddetailedLHHW rateexpressionswhichshould
betestedon otherstudieswith iron catalystsat commonFT conditionsbothin slurry
andgas-solidrecycle reactors.Furthermore,knowledgeaboutthe active sitesof the
FTSandtheWGSshouldprovide moreinformationfor thekinetic modelingof this
reactionnetwork.

2.8.4 Hydr ocarbonProduction Rate

Thehydrocarbonproductionratesonapotassium-promotedFe2O3 catalysthavebeen
correlatedempiricallyby Dictor andBell [51] aspower law kinetics:

RCn ó kn Pa
H2

Pb
CO (2.42)

The rateof formationof the hydrocarbonsappearedto increasewith PH2. The ob-
servedH2 dependency of methaneproductionwas1.01anddecreasedwith increasing
carbonnumberto 0.84for C7 hydrocarbon.TheobservedCO dependency was-0.4
for methaneandincreasedslightly with increasingcarbonnumber. AssumingASF
of the distribution of the small-chainhydrocarbons,the chaingrowth probability þ
appearedto increasewith increasingCO pressureanddecreasingH2 pressure.The
reactionratesfor n= 2-7couldbecalculatedwith:

RCn ó RCH4 þ nú 1 (2.43)

The dependenceof the chain growth probability factor þ on CO and H2 pressures
hasbeencorrelatedempirically [51, 143, 147, 172]. þ increaseswith CO pressure,
whereasanincreasein H2 pressureresultsin aminoror slightdecreaseof þ . Empirical
power law kineticsfor paraffinsaswell asolefinshave beenproposedby Kellnerand
Bell [147], BubandBaerns[143], andAnikeev etal. [172].

Severalattemptsto modeltheseproductionratesmorefundamentallyhave been
reported[22,73,75,101,115,118,147,148,173]. Non-steadystatekineticsobtained
fromstep-concentrationtransientsof (isotopic)feedcomponentswereusedtomeasure
absolutevaluesof surfaceintermediatesandintrinsic rateparameters[101,173,174].
Also steadystatekineticratescanbeusedto measurekineticrateconstants[18,22,75,
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147]. Both approachesrequirea well-definedmechanisticschemefor theelementary
reactionsin theFischer-Tropschsynthesis.

Bell [18] andKellnerandBell [147] proposeda mechanismshown in Table2.2.
Thekineticswerestudiedover analumina-supportedRu catalyst.They assumedthat
CO is first adsorbedmolecularlyandsubsequentlygetsdissociated.TheRu catalyst
surfaceis assumedto besaturatedwith CO. It wasassumedthat the rateof methane
formation is controlledby the hydrogenationof methyl, whereaschaingrowth and
terminationto higher paraffins and olefins are irreversible,and independentof the
carbonnumber. Theotherreactionstepsareat equilibrium. Theprobabilityof chain
growth wasgivenas

þ ó kp � CH2

kp � CH2 ÿ kt ò O � � ÿ kt ò P � H
(2.44)

Severalsimplifying assumptionswereproposedin orderto solvethekineticequations
andsurfacefractionof oxygen( � O) analytically. Theolefin to paraffin ratio equaled
O ù P � P ú 0	 5

H2
. Theauthorsobservedadependenceof theO/Pratiowith carbonnum-

berwhich they couldnot describewith their model. Accordingto our opinion these
discrepanciesaredueto readsorptionor secondaryreactionswhichwerenottakeninto
account.However, their kinetic expressionfor methaneformationwasapproximately
equalto theempiricaldependency: RCH4 � P3� 2

H2
P ú 1

CO.

By assumingpolymerizationkinetics,SarupandWojciechowski [73] wereableto
derive kinetic rateexpressionsfor themethanationanda mechanisticformulationfor
theparaffin formationbasedon theoptimizedmodelfor therateof CO consumption
[168]. They madeuseof thepolymerizationkineticswheretherateof initiation must
beequalto therateof terminationat steadystate.Therateof initiation wasequalto
thehydrogenationof methyleneto chaininitiator methyl:

Ri ó ki � H � CH2 (2.45)

andtherateof terminationin theirmodelwasequalto theterminationto paraffinsdue
to hydrogenation(k3) andreactionwith amethylspecies(k4):

Rt ó k3 � H

�
1

� i ÿ k4� CH3

�
1

� i (2.46)

Surfacecoveragesof dissociatedhydrogen(� H ), methyl(� CH3), alkyl chains(� i ), and
methylene(� CH2) specieswereobtainedusingthe assumptionthat the rateconstant
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for propagationaswell as the rateconstantfor terminationto paraffins is indepen-
dentof chain length. Several otherassumptionswere introducedin order to derive
dependenciesof ratiosof specificrateson PH2 and PCO. Theapproachof Sarupand
Wojciechowski [73] is a goodexamplehow to combinetheoverall consumptionrate
of CO anda productdistribution model. However, they usethe conceptof growth
”locations” which is a numberof sitesin closeproximity. E.g. formationof paraf-
fins proceedson threesites,the first site containsthe growing alkyl chains,another
themonomeranda final sitecontainsa hydrogenatomthatwill resultin termination
anddesorptionof a paraffin. Theselocationsareinvariantwith time andonly small
speciescan migratetowardsthe specificsites. Their approachinvolves a situation
wherea site canonly containonetype of intermediate.In general,competitive ad-
sorptionof componentson sitesandsurfacediffusion of intermediatesto siteswill
resultin indistinguishablesites,withoutpreferencefor certaintypesof intermediates.
They alsoassumedtwo terminationpossibilitiesfor paraffinsto predictthe”break” in
the ASF distribution of paraffins. Rice andWojciechowski [175] rejectedthe possi-
bility of readsorptionof olefins. However, severalauthorsprovedthatolefinsshow a
high tendency for secondaryreactionsandreadsorption(seeChapter2.7.2.2).

Zimmermanet al. [115] andZimmerman[176] proposeda kineticmodelfor both
the formation of linear olefins and paraffins and the water gasshift reaction. The
modelaccountsfor secondaryreadsorptionof olefinson FT sitesandthepossibility
of secondaryhydrogenationof olefinson separatehydrogenationsites. The model
wastestedfor a singleexperimentobtainedwith a commercialiron-basedcatalystin
a laboratoryslurry reactorbut showedsignificantdeviationsbetweenmodelandex-
periments,speciallyfor themethaneandethenecontent[115]. Theirmodelpredictsa
decreaseof theolefin to paraffin ratio andanincreaseof thechaingrowth factorwith
increasingchainlength. Thedecreaseis causedby thehigherolefin concentrationin
theliquid. Zimmermanetal. [115] reportedthefollowing kineticequations:

Initiation: Ri ó kp � CO � 2
H (2.47)

Propagation:Rpò i ó kp � i � CO � H ø i ó 1 � N û (2.48)

Termination:

methaneRt ò Pò 1 ó ø kt ò P � H ÿ kt ò O û � 1 (2.49)

paraffins Rt ò P ò i ó kt ò P � i � H ø i ó 2 � N û (2.50)

olefinsRt ò O ò i ó kt ò O ø�� i ö PCi H2i � H ù Ke
û ø i ó 2 � N û (2.51)
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Watergasshift: RWGS ó k� ø PCO PH2O ö PCO2 PH2 ù K p
û (2.52)

Olefinhydrogenation:Rsò i ó ksPH2 PCi H2i

1 ÿ KH2 PH2

1� 2 1 ÿ N

i � 1

KePCi H2i

2 (2.53)
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Figure2.23 Chaingrowth modelonCocatalyst(adaptedfrom KomayaandBell [101]).

KomayaandBell [101]andKrishnaandBell [173]determinedthepseudoreaction
rateconstantsof theelementaryFTSreactionsover Ru/TiO2 (T= 523K) usingboth
steady-stateandtransient-responsekinetic experiments.Their pseudorateconstants
containsurfaceconcentrationsof surfacespeciesandrealkineticrateconstants.These
pseudokineticrateconstantswill notonly dependontemperaturebut alsoonpressure
and composition. The chain growth model in Figure 2.23 was usedas a basisfor
their kinetic models. In contrastto KrishnaandBell [173], KomayaandBell [101]
accountedfor theeffectof chainlengthdependentreadsorptionof olefins(kR), aswell
asdepolymerizationof adsorbedethylene(kdp) anddehydrogenationof methylto form
a methylenemonomerspecies(ki r ). Their explanationfor increasingreadsorption
rateswith carbonnumberis anincreaseof thephysisorptionstrengthwith increasing
carbonnumber. The observed ratecoefficient of readsorptionof ethene(k2

R) is four
ordersof magnitudelargerthanfor higherolefins.Theauthorsdid notspecifyseparate
terminationreactionsfor the formationof paraffins andolefinsfrom adsorbedalkyl
species,but lumpedthe terminationreactionsin a single terminationrate constant.
Therefore,no influenceof thepartialpressuresof CO andH2 on theolefin to paraffin
ratiowaspredicted.
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Lox andFroment[75] developeda reactionnetwork for the formationof linear
hydrocarbonson a commercialprecipitatediron catalyst.For eachreactionpathone
or moreelementaryreactionstepswereassumedto beslower thantheothersteps.On
basisof thecarbidemechanismthey developedseveralkinetic models.Their exper-
imentalproductdistributionsobtainedat T= 523-623K andH2/CO= 3-6 in a fixed
bedreactorat a high level of conversionfitted well with the Anderson-Schulz-Flory
distribution. Their modelpredictsthedesorptionof productsandadsorptionof CO to
beratedetermining.Therateof formationfor theparaffins is givenby:

RCn H2nB 2 C
k5PH2

k1PCO

k1PCO D k5PH2

E nF 1

1 D 1

1 G E
kHC1PCO

k1PCO D kHC5PH2

(2.54)

andfor olefins:

RCn H2n C
k6

k1PCO

k1PCO D k5PH2

E nF 1

1 D 1

1 G E
kHC1PCO

k1PCO D k5PH2

(2.55)

with E givenby:

E C k1PCO

k1PCO D k5PH2 D k6
(2.56)

The growth probability factor E and the formationratesof the productsdependon
thepartialpressureof CO andH2 but areindependentof thecarbonnumbern. Their
kinetic modelpredictsa constantratio of the productionrateof olefins to paraffins
independentof thecarbonnumberequalto:

RCn H2n

RCn H2nB 2
C mOn

mPn
C k6

k5PH2

(2.57)

Unfortunately, their experimentswereperformedin anintegral packedbedreactorat
high synthesisgasconversions,which is unsuitablefor fundamentalkinetic studies.
Their productformationratesandmodelsdo not predict the well-known deviations
observedin thenearlyall FT productdistributions.

Neitherof theabove-mentionedoverallmodelsis ableto describeadetailedprod-
uctdistributionasa functionof reactantpressuresandoperatingconditions.
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2.9 Conclusions

Fromtheaboveweconcludethatfurtherresearchshouldconcentrateondevelopment
of mechanisticrateexpressionsbasedon reliablemechanisticproposals.Couplingof
theCOconsumptionandproductdistributionis animportantfeatureof thisnew devel-
opment.Until now, noneof theavailableliteraturemodelsobtainsenoughdetailsto
describethecompleteproductdistribution of theFischer-Tropschsynthesisat indus-
trial conditions(high temperatureandpressure)asa functionof overall consumption
of synthesisgascomponentsandoperatingconditions. Either the productdistribu-
tion model is oversimplified(Anderson-Schulz-Florybehavior), or the mechanistic
proposalsfor theelementaryreactionsareunrealistic.

Rateequationsfor CO consumptionto FT productsshow a greatvariety of in-
hibitor termsandarebasedondifferentmechanisticproposals.Also, many rateequa-
tions wereproposedwhich arestronglyinfluencedby the catalysttype andreaction
conditions. The proposedFT kinetic equationson iron catalystsshow inhibiting ef-
fectsof CO2 andH2O,dependentontheWGSactivity. However, closeto equilibrium,
a strongcorrelationbetweentheinhibiting termsof CO2 andH2O occur. Rateequa-
tionsbasedon a single-siteratedeterminingreactionstepbetweenundissociatedhy-
drogenandacarbonintermediatearepresentedfor iron catalysts.Oncobaltcatalysts,
dual-siteelementaryreactionsbetweendissociatedhydrogenanda carbonintermedi-
ateareconsideredto be the ratedeterminingstep. The majority of the kinetic rates
underindustrialconditionsarereportedpermassunit of catalyst.However, thepre-
ferredwayto presentratedatais in theform of specificactivity, suchasturnoverrates
(TOR) or frequencies(TOF). This way, differentcatalystscanbe comparedappro-
priately. Therefore,preparationandcharacterizationproceduresandcalculationsof
surfaceareaandmetaldispersionshouldbereportedin detail.

TheWGSreactionis importantfor potassium-promotediron catalystsat low H2/
COratios.Onlyafew authorsreportedontheWGSkineticsoniron catalystsunderFT
conditions.Therefore,developmentof WGSkineticexpressionsfrom intrinsickinetic
experimentsrequiresadditionalresearch.

Theproductdistribution of theFTSshows significantdeviationsfrom theAnder-
son-Schulz-Florydistributiononiron, cobalt,andrutheniumcatalysts.TheASFprod-
uct distribution is changedby theoccurrenceof secondaryreactions(hydrogenation,
isomerization,reinsertion,andhydrogenolysis).Due to high CO andH2O pressures
presentatFTSconditions,reinsertionof olefinsappearsto bethemostimportantsec-
ondaryreaction. The ratesof thesesecondaryreactionsincreaseexponentiallywith
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chain length. Thereis controversyin the literatureaboutthe fundamentalsof these
chain lengthdependency. Several possibilitiesfor a chain lengthdependentcontact
time arephysisorption,solubility anddiffusivity. Thechainlengthdependency of the
olefin to paraffin ratio can hardly be due to diffusion effectsonly. Changesin the
solubility andphysisorptionstrengthmustbeincludedin a propermodeldescription.
Reliableandindependentmeasurementsof thesequantitiesonFT catalystsareneces-
saryfor thedevelopmentof moreaccurateproductdistributionmodels.

Measuredkinetic ratesshouldnot be influencedby deactivation of the catalyst.
Experimentsshouldbe carriedout in continuousperfectlymixed reactors(slurry or
gas-solid)or differentialfixedbedreactorsovera wide rangeof independentlyvaried
experimentalconditions. Kinetic experimentsshouldpreferablybe accompaniedby
characterizationmeasurementsof the catalyst(for exampledifferentphasesandtex-
ture). Processoptimizationandimprovementof the FTS shouldresult from kinetic
equationsfor all productsandreactantsbasedon realisticmechanisticschemes.The
developmentof new catalystswith highstability, activity andselectivity to thedesired
productsis important. A model for a commercialreactor, which combinesreliable
kinetic expressionswith hydrodynamicsandmasstransferin a slurry bubblecolumn
shouldleadto improvedscaleupanddevelopmentfor industrialprocesses.
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[49] Raupp,G.B.;Delgass,W.N.,Mössbauerinvestigationof supportedFecatalysts.

III In situkineticsandspectroscopy duringFischer-Tropschsynthesis,J. Catal.

1979, 58, 361–369.
[50] Niemantsverdriet,J.W.; VanderKraan,A.M.; VanDijk, W.L.; VanderBaan,

H.S.,Behavior of metalliciron catalystsduringFischer-Tropschsynthesisstud-
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3.1 Experimental Setup

Continuouslaboratoryreactorsareusedto measurereactionkineticsandproductdis-
tributionsof the Fischer-Tropschsynthesis.Most studieswereperformedin atmo-
sphericgas-solidpackedbedreactors.Packedbedsat higherpressureswereapplied
by, for example,Lox et al. [1], Bub and Baerns[2], and Bukur et al. [3]. Woj-
ciechowski [4] showed that integral reactorsareunsuitablefor fundamentalstudies
of theFTS.Continuousrecycle reactorsareto bepreferredfor gas-solidkinetic mea-
surements:for example,the Berty reactor[5, 6] or the spinningbasket reactor[7].
SlurryphaseFischer-Tropschexperimentsareperformedin slurry reactorswith either
a continuousgas-phaseanda liquid batchof FT-waxor a high-boilingsolvent.These
reactorsystemscommonlyareperfectlymixedrecyclereactorswith turbineimpellers
[8] or gas-inducingstirrers.

Measurementsusedfor the developmentof kinetic expressionsand selectivity
modelswerecarriedout in severalexperimentalsetups.Theequipmentfor theexperi-
mentsof thegas-solidandgas-slurryFischer-Tropschsynthesisaswell astheproduct
analysisandtheexperimentalproceduresaredescribedbelow. Fischer-Tropschexper-
imentswerecarriedout in agas-continuousSpinningBasketReactor(SBR)[9] andin
aslurry reactor(SR),bothin asetupshown in Figure3.1.H2 (1) andCO(2) (purities
of 99.999% and99.8%, respectively) werefed with separatemassflow controllers
(5,6) (range: 0-4.2 10F 3 Nm3 sF 1). Two purificationcolumns(7) wereusedto re-
movepossiblecatalystpoisonslike iron carbonyl, sulfides,andoxygen.Thecolumns
werepacked with BASF R3-11andBASF R5-10catalystsat 473 K and323 K, re-
spectively. Synthesisgaswaspreheatedat 523K (12). To preventproductcondensa-
tion, theproducttubesfrom thereactordown to thehigh-pressuregas-liquidseparator
andcondenser(19) (P=PR, T= 423K) wereheatedat 473K. Condensedwax prod-
uctswereremovedperiodically(20). Thereactorpressurewasmeasured(13) (range:
0.1-10.0MPa; accuracy 0.01MPa) andkeptconstantvia a PID-controlledpneumatic
needlevalve (22). The remaininggaseousstreamwasreducedto atmosphericpres-
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Figure3.1 Experimentalset-up.
1, 2: gascylindersCO andH2, respectively; 3, 4: pressurereducers;5, 6: massflow con-
trollers;7: purificationcolumns;8, 11,20,21,24,33: valves;9, 10,27,28,30,31: magnetic
valves;12: pre-heater;13: pressuretransmitter;14: magneticstirrer;15: temperaturetrans-
mitter;16: reactor;17: reactortemperaturecontrol;18: slurryor spinningbasket reactor;19:
high-pressurecondenser;22: pressurereducer;23: three-way valve; 25, 32: low-pressure
condensers;26: on-lineGCanalysis;29: flow meter;34: personalcomputer;35: baffles.

sure.A smallsampleflow wassplit from themainflow andled to a heatedinjection
valve of anon-linegaschromatograph(26). Thevolumetricflow rateof thegaseous
streamwasdeterminedwith a thermostatedflow meter(29) (373 K). The flow was
measuredvia thedisplacementof amercury-sealedpistonin a glasstube.Finally, the
productstreamwastransportedto a low-pressurecondenserat 273 K (25, 32). The
condensedproductsfrom thiscondenserwereseparatedmanuallyinto anaqueousand
anoil phase(24,33).

3.1.1 Spinning Basket Reactor

The spinningbasket reactorshown in Figure3.2 is a stainlesssteelreactor(V= 285
cm3, H= 8.6 cm, D= 6.5 cm) with the catalystparticlesplacedin four baskets (3)
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Figure3.2 Spinningbasket reactor.
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Figure3.3 Slurry reactor.
1: baffles;2: temperaturemeasurement;3:
liquid drain;4: turbineimpellergasphase;
5: self-inducingstirrer;6: coolingcoil; 7:
continuousfiltering unit; 8: distancering.

mountedon the stirrer shaft(2). A stirrer speedof 33 sF 1 ensuredcompletemixing
of the gasphase,andresultedin high massandheattransferrates. Preliminaryex-
perimentsshowedthattheconversionof synthesisgasandthehydrocarbonselectivity
did not changeby varyingthestirrerspeedbetween20 and33 sF 1. Vortex formation
waspreventedby four verticalbaffles(1) with awidth of 8 mmeach.Thereactorwas
electricallyheated(4), and the temperaturewasmeasuredwith a PT-100 resistance
thermometer(TT) (range:373-773K; accuracy: 0.2K).

3.1.2 Slurry Reactor

Theslurry reactoris a 1.8 dm3 autoclave (H= 18.2cm, D= 12.0cm) madeby Med-
imex (Figure3.3).Theautoclavewasconnectedto amagneticstirrer(5). Theshaftof
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theimpellerwashollow with smallholesin thestirrerbladesandsleevesin thetopof
theshaft.Thisenabledthevaporin thereactorto berecycledthroughtheliquid by the
suctioncreatedby the impeller. Above 15 sF 1 strongcirculationof thegasphasein
theautoclavewasobserved.Theimpellerwasalwaysdrivenat25 sF 1 to ensurecom-
pletemixing of the liquid phase,uniform distribution of the catalyst,andhigh mass
andheattransferrates[10]. A turbineimpeller (4) mountedon the top of the shaft
wasappliedto obtaina homogeneousgasphase.Four verticalbaffles (1) (width 10
mm) wereusedto preventtheformationof vortices.A distancering of 3 mm (8) was
appliedto preventundesiredcatalystaccumulationbetweenthe reactorwall andthe
baffles.Thetemperatureof thereactorwascontrolledby thecombinationof a3000W
electricheatingmantlewith air coolingandacoolingcoil (air) in theslurryphase(6).
Thetemperaturewasmeasuredwith aPT-100resistancethermometer(range273-773
K; accuracy: 0.2K) insertedin theliquid phase(2).

During theFischer-Tropschreaction,liquid productscanbeformed.Thelevel of
the slurry wasmaintainedconstantusinga home-madefiltering unit (7). The liquid
productswereremovedvia afilter (sinteredmetal5 s m),whereasthecatalystparticles
remainedinsidethereactor. Theliquid andgasphasevolumesappliedwere730and
985cm3, respectively.

Initially, thereactorwasfilled with FT wax (Sasol-Schumanntype4110)mainly
consistingof paraffinswith carbonnumberbetween21 and36. Theproductdistribu-
tion of the wax wasbell-shapedwith a maximumat carbonnumber28. The liquid
densityof theappliedwaxwasdeterminedvolumetricallyas:

t
L C 820u 0 G 0 u 569H T G 273u 15v [kg mF 3] (3.1)

3.2 Catalyst

Thecatalystappliedwasacommercialprecipitatediron catalyst(typeLP 33/81)syn-
thesizedby RuhrchemieAG (Oberhausen,Germany). The synthesisprocedurewas
describedby Frohningetal. [11]. TheFe,Cu,andK contentwasmeasuredby atomic
absorptionspectroscopy andtheSiO2 gravimetrically. Theelementalcompositionwas
foundto be74.3% Fe,3.7% Cu,3.1% K, and18.6% SiO2. Thecompositionof this
catalystwasalsodeterminedby Bukur et al. [12], Lox et al. [1], andby Donnelly
andSatterfield[13]. Their resultsarein reasonableagreementwith ours.Thecatalyst
pelletswerecalcinedin air at 573K for 5 h andcrushedandsievedto theappropriate
particlediameterrange.
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3.2.1 BET Measurements

Thespecificsurfaceareasandthetextureof thecatalystsweredeterminedby nitrogen
physisorptionaccordingto the Braun-Emmett-Teller (BET) method. The measure-
mentswereperformedwith aMicromeriticsASAP2400.Sievefractionsbetween140
and150 s m wereout-gassedat525K for 2 hoursbeforetheactualmeasurements.

Table3.1 Textureof thecatalyst(BET).
Surfacearea Porevolume Averagemesopore
(m2/g) (cm3/g) diameter(nm)

As received 323 0 u 64 8 u 0
Calcined 309 0 u 61 7 u 9
After FT reaction1 88 0 u 31 13u 9
1 After SBRexperiments(1800hrstime-on-stream)

3.2.2 ScanningElectron Micr oscopy(SEM)

SEM studiesof both the freshcatalystandthecatalystsubjectedto FT synthesisfor
1800hourson streamareshown in Figure3.4aandFigure3.4b, respectively. The
catalystparticlesarecomposedof agglomeratedcrystals.We observeda substantial
increaseof crystalsizeafter1800hrsof duty, relative to virgin catalyst(Figure3.4b).
TheSEMmicrographin Figure3.4bshowsadifferent(moresmooth)surfacestructure
with white-colorededgeson the crystalsin comparisonto the freshcatalystsample
(Figure3.4a).

Figure 3.4 SEM micrographsof theRuhrchemiecatalystsamples.a. As-receivedcatalyst;
b. Catalystafter1800FT synthesis.
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3.3 Product Analysis

Kinetic researchof theFTSrequiresanaccurateproductanalysis.Theanalyticalsec-
tion hasto measurethe completeproductdistribution of at leastC1F 30 paraffins and
olefinsaswell asthe reactants(CO andH2) andCO2 andH2O. Analysisof isomers
(branchedproducts)andoxygenatesis necessaryif theconcentrationof thesecompo-
nentsis significant.Most gaschromatographicsystemshave a complex arrangement
of multiplecolumnsanddetectors[14–16].However, on-linesinglecolumngaschro-
matographicanalysisarereportedaswell [17, 18]. In moststudiesthereactantsand
non-condensableproducts(CO2 andC1F 5 hydrocarbons)areanalyzedon-line,while
the condensedproducts(C6w hydrocarbons,andH2O) arecollected,weighed,sepa-
ratedin two phasesandanalyzedoff-line, seefor example[3, 4, 13]. Somedisadvan-
tagesof thisapproachare[14, 19,20]: 1) Difficult quantification;componentsappear
in morephasesandsamples.2) Reactorsmustrunathighconversionsor highcatalyst
loadin orderto accumulatecondensates.3) Long analysistimes. In contrast,on-line
analysisof all productsis rapidandaccurate,sothis is thepreferredmethod.

Theanalysissystemusedin thisstudyis illustratedin Figure3.5.Thetotalproduct
streamwassplit in threeflows: on-linegaseous,oil phase(low-pressurecondenser),
andwaxphase(high-pressurecondenser).

Reactor GC: Poraplot Q
C1-10, CO, CO2, H2, H2O

GC: HP-SIL-5CB
Oil phase: C6-20

GC: SimDist
C12-30

High press.
condenser
T= 150 °C

Low press.
condenser
T= 0 °C

VF

zx i yy i

xz i

V

L

L

L Aqueous phase
{

Figure3.5 Schemeof theliquid andgaseousstreamsin thecondensersandanalysissystem.

Thegaseousphasewasanalyzedwith a Hewlett-Packard5980AGasChromato-
graph(GC).ThegaseouscomponentswerelinearparaffinsC1-C10,

E -olefinsC2-C10,
1-alcoholsC1-C4, CO2, H2O, CO,andH2. Thegaschromatographwasequippedwith
a heated(473 K) 10-portgasinjection valve, with a sampleloop anda loop for the
DeferredStandard(DS), methane.The DS methodfor on-line gaschromatographic
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Figure 3.6 Typical on-linegaschromatogramsfor anSBR experiment(523K, 1.50MPa,
(H2/CO)f eed=2, �]��� 0/W= 1.5110F 3 Nm3 kgF 1

cat sF 1). a. TCD signal;b. FID signal.

analysiswasreportedby Marsmanetal. [21]. TherelativeDStechniqueimprovesthe
reliability of theanalysisandreducesthecalibrationefforts. Sampleinjectionon the
columnwasperformedaftertheinjectionof theDS.TheDS andsampleweresubse-
quentlyinjectedat aninitial temperatureof theGC of 303K. Theinitial temperature
wasmaintainedfor 8 min, afterwhich theoventemperaturewasincreasedto 393K
at the rateof 20 K/min. After 5 min at 393 K the temperaturewas increasedwith
10 K/min to 453K. After another5 min the temperaturewasincreasedat therateof
10 K/min to the final temperatureof 523 K. This temperaturewasmaintaineduntil
all thecomponentsof interesthadeluted.Thecompleteon-lineanalysistime was60
min. The componentswereseparatedon a capillary column(25 m x 0.53 mm i.d.
coatedwith 0.020mmPoraplotQ, carrierflow, 0.017ml sF 1). H2, CO,CO2, andH2O
weredetectedwith a ThermalConductivity Detector(TCD, seeFigure3.6a)(548K)
andthehydrocarbonproductswith aFlameIonizationDetector(FID, seeFigure3.6a)
(548K; hydrogenflow, 0.53ml sF 1; air flow, 7.5 ml sF 1) placedin series.Both de-
tectorswereconnectedto an integratoranda personalcomputerfor peakintegration
anddatastorage.Sincethe thermalconductivity of hydrogenalmostequalsthat of
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helium,detectionis verydifficult dueto negativepeaks,non-linearity, andpoorsensi-
tivity. Therefore,themolefractionof hydrogenwasdeterminedin a separateanalysis
with nitrogenasa carriergas.Peakswereidentifiedusinga gaschromatograph-mass
spectrometer(GC-MS)Hewlett Packard5890Acombinationandtaking into account
thelogical sequenceof retentiontimesof homologousseriesof hydrocarbons.

The mole fractionsof all detectedcomponentsi werecalculatedfrom the inte-
gratedpeakareas(Ai ), accordingto:

yi C Ci
Ai

ADS
(3.2)

whereCi is the calibrationfactor for componenti and ADS is the integratedarea
of the deferredstandard.Calibrationof H2, CO, CO2, paraffins C1-C5, olefinsC2-
C4, andCH3OH wasperformedwith calibrationmixturessuppliedby ScottSpecialty
Gases(Breda,TheNetherlands).For theremaininghydrocarboncomponentsC5w , a
correlationfor thecalibrationfactorsproposedby Dierickx et al. [22] wasused.It is
basedon thestandardGibbsenergy change(- � G0

ox v at 298K for completeoxidation
to CO2 andH2O. Thecalibrationconstantswerecalculatedrelative to pentaneusing
relativemolarresponsefactorsRM R H i v :

Ci C Cpentane
RM R H pentanev

RM R H i v (3.3)

Thethermalconductivity detectorwascalibratedfor waterby injectionof a gasflow
with a known concentrationof water. The concentrationof water in the carriergas
nitrogenwas adjustedwith two massflow controllersand a continuousevaporator
mixer from Bronkhorst(Ruurlo,TheNetherlands).

Thehydrocarbonsin theoil phaseof the low-pressurecondenser(C10-C20) were
separatedon an HP-SIL 5-CB capillary columnwith a Hewlett Packard5890A gas
chromatograph(seeFigure3.7a).For thesecomponentsthemassresponsefactorsof
theflameionizationdetectorweretakenasconstant.

Thewax samplesof thehigh-pressurecondensercontainC15w hydrocarbonsand
were analyzedwith a 10 m HT-SimDist column on a Hewlett Packard5890A gas
chromatograph.The wax samplesweredissolved in CS2 (0.5-1 mass%)and were
injectedon-columnto thecapillarycolumnto preventsplitterdiscrimination[4] at an
initial temperatureof 313K. Thetemperaturewasraisedwith anoptimizedprogram
to 673 K to eluatecomponentsuntil C40 seeFigure3.7b). Peakidentificationwas
performedusinginjectionof purecomponents.
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1-hexanol.b. Wax analysisof high-pressurecondenser, 1: 1-dodecene,2: dodecane.
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3.3.1 FlashCalculations

The productcompositionof the reactoroutlet flow (F ) at reactorpressureandtem-
peraturewasobtainedby combiningthe analysisof several samples,seeFigure3.5.
The compositionandflow rate(L) of the liquid phase(xi ) weredeterminedby GC
analysisof thewaxsamplesandgravimetrically, respectively. Thecompositionof the
gasphasefrom thehigh-pressurecondenserwasdeterminedby combiningtheon-line
analysis(C1F 10) andthe oil phaseof the low-pressurecondenser(C10F 20). Theflow
rate(V) wascalculatedusingathermostatedvolumetricflow meter, whereastheliquid
flow rate(L) wascalculatedfrom theweighedmassandtheanalyzedcompositionof
thehigh-pressurecondensate.Theliquid phasewasassumedto obey Raoult’s law and
the gasphasethe ideal gaslaw. Furthermore,it wasassumedthat the hydrocarbon
productsbehave like paraffins. The vaporpressuresof the pureparaffins at a given
temperaturewerecalculatedusingthemethodof CaldwellandvanVuuren[23]:

Pn C P0� n (3.4)

where

� C exp H�G 427u 218H 1� T G 1 u 02980710F 3 v�v (3.5)

TheequilibriumconstantwascalculatedusingRaoult’s law:

K i � yi � xi C Pi � P (3.6)

A molarbalancefor componenti gives:

Fzi C Lxi D Vyi (3.7)

andthetotalmolarbalance:

F C L D V (3.8)

Solving eqs3.4-3.8givesthe molar compositionof the outlet streamof the reactor
(F � zi ). Figure3.8showsanexampleof theGCanalysisfrom theon-lineandoff-line
(waxandfuel) samplesresultingin acompleteproductdistributionusingvapor-liquid
equilibriaandflashcalculations.
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3.4 Experimental Procedure

Blankexperimentsshowedthatthepackedpurificationcolumnsandthereactor, with-
out catalyst,causedno significantconversionof the synthesisgas. Thecatalystwas
pretreatedwith hydrogenataflow rateof 0.8310¢ 3 Nm3 kg¢ 1

cat s¢ 1 accordingto Bukur
etal. [24] in all experiments.Thegasspacevelocitywasbasedonthetotalmassof the
unreducedcatalyst.Thereactortemperature,T , wasincreasedlinearly from 293K to
553K by 0.017K s¢ 1. T remainedat553K for 24hoursatatmosphericpressure.The
reactorpressurein theslurry reactorwasmaintainedat 1.0 MPa to preventexcessive
solventevaporation.After reduction,synthesisgaswasfed to thereactorat reference
conditions.For thekineticexperimentsin thespinningbasketreactortheseconditions
were:523K, 1.50MPa, (H2/CO)f eed=2 anda spacevelocityof 1.5110¢ 3 Nm3 kg¢ 1

cat

s¢ 1. For theslurryreactorthey were:523K, 1.50MPa,(H2/CO)f eed=0.67andaspace
velocityof 0.5010¢ 3 Nm3 kg¢ 1

cat s¢ 1.
The experimentalconditionsfor the experimentsin both the spinningbasket re-

actor and the slurry reactorare summarizedin Table 3.2. A summaryof relevant
experimentaldatais givenin AppendixesA andB.

Table3.2 Experimentalconditions.

Series A B C

Reactor SBR SR SR
T ( ˚C) 225-275 250 250
P (MPa) 0.8-4.0 1.2-4.0 1.2-4.0£ i n¤¦¥ W (10¢ 3 Nm3 kg¢ 1

cats¢ 1) 0.5-2.0 0.25-0.50 0.17-0.77
F (-) 0.25-4.0 0.25-4.0 0.5-4.0
W (10¢ 3 kg) 2.34 7.32 7.26
dp ( § m) 125-160 40-50 40-50

Liquid productswereaccumulatedin highandlow-pressurecondensersfor a typ-
ical periodof 6-8 hoursduringsteadystateof thereactorsystem.Theproductswere
collectedandweighedbeforeanalysis.Severalon-lineGC analysiswereperformed
duringthis period. After changingtheprocessconditionsthereactoroperatedundis-
turbedbeforea new massbalanceperiodwasstarted.The stabilizationtime for the
SBRbetweentwo subsequentexperimentswastakenas4 gasresidencetimes:

tsteadÿ 4
1 © 013105PV

RT
£ ¤�ª 0CGª 0 (3.9)
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where
£ ¤�ª 0 andCGª 0 aretheflow rateandgasconcentrationatnormalconditions(T0=

273 K, P0= 0.1013MPa). The maximumtime for achieving steadystatewas 7.9
hours.Therefore,minimal12h waiting timebetweentwo experimentswasappliedin
thespinningbasket reactorexperiments.

The stabilizationtime of componenti leaving the reactorin the gasphaseafter
changingthereactorconditionstakesinto accountthegas-liquidsolubility of products
in theslurry liquid:

t
steady
i ¨ 4

1 © 013105 ± PVG ² mGL
i PVL ³

RT
£ ¤�ª 0CG ª 0 (3.10)

whereVG andVL arethegasandliquid volume,respectively andmGL
i is thesolubility

(CL ¥ CG) of componenti . Thestabilizationtime is a functionof carbonnumberand
increasesrapidly with chainlengthdueto increasingsolubility. Figure3.9shows the
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requiredstabilizationtime for severalexperimentalconditionsasa functionof carbon
number, ascalculatedwith eq 3.10. The relevant gas-liquidsolubilitiesof paraffins
andolefinswereobtainedfrom MaranoandHolder [25]. A minimum stabilization
time of 48 hourswasappliedin the slurry reactorexperiments.Several on-line GC
analysiswereperformedto ensuresteadystatein thegasflow from thereactor.

The consistency and accuracy of both the analysisand the reactorsystemwas
checkedregularlyusingatomicbalancesfor thecomponentsH, C,andO.Forexample,
thecarbonbalancegives:

´
C ¨

± yCO ³ i n
yCO ² yCO2 ² nµ 1 nyCnH2n¶ 2 ² nµ 2 nyCnH2n out

£ i n¤�ª 0£ ¤�ª 0 (3.11)

Massandatomicbalancesweretypically within 80-100%.

Internaldiffusion is insignificantfor dp · 0.16mm [26, 27]. Calculationof the
criteriaof WeiszandPrater[28] for thereactantsCOandH2 alsoprovedthatno intra-
particlediffusionlimitationsoccurredat thehighestratesobservedin boththeslurry
andthespinningbasketreactor, assumingthecatalystporestobefilled with long-chain
(C28) hydrocarbonwaxes.

3.5 ReactionRatesand Selectivities

Theformationrateof a product,Ri , follows from a materialbalanceover thereactor,
assumingidealgasbehavior:

Ri ¨ yi

£ ¤�ª 0
W

P0

RT0
(3.12)

whereyi is themolefractionof componenti in thereactoreffluent, P0 andT0 corre-
spondto normalconditionsat0.1013MPaand273K, W is theweightof thecatalyst,
and

£ ¤�ª 0 is thereactoroutletflow atnormalconditions.Reactionratesof thereactants
H2 andCOfollow from:

¸ Ri ¨ yi n
i
£ i n¤�ª 0 ¸ yi

£ ¤�ª 0 P0

RT0W
(3.13)

Thecorrespondingconversionsof H2 andCOare:

Xi ¨ 1 ¸ yi
£ ¤�ª 0

yi n
i
£ i n¤�ª 0 (3.14)
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andthetotal synthesisgasconversion:

XCO ¹ H2 ¨ 1 ¸
± yH2 ² yCO ³ £ ¤�ª 0± yi n

H2 ² yi n
CO ³ £ i n¤�ª 0

(3.15)

Thesynthesisreactionscanbeconsideredasacombinationof theFischer-Tropsch
(FT) andthe watergasshift (WGS) reactions(seeeqs.1.1-1.2). Wateris a primary
productof theFT reaction,andCO2 canbeproducedby thewatergasshift reaction
(RWGS= RCO2). Thereactionschemeneglectsformationof oxygenatedproducts.The
selectivity to alcoholswaslower than5 wt% for the on-line productsin our experi-
ments.No alcoholsweredetectedin thewaxeousfractions,leadingto a muchlower
selectivity in the total productyield. The CO consumptionto hydrocarbonsfollows
from:

RFT ¨ ¸ RCO
¸ RWGS [mol kgcat ¢ 1 s¢ 1] (3.16)

Themolarselectivity to producti wascalculatedfrom theexperimentalmolefrac-
tionsrelative to all products(n) considered:

mi ¨ yi
n

j µ 1

y j

(3.17)

Themassselectivity of asingleproductor of aproductrangewascalculatedfrom
thecorrespondingselectivity or molefractionyi andmolarmassMi :

º
i ¨ yi Mi

n

j µ 1

y j M j

(3.18)

º
2¢ 4 ¨

4

i µ 2

º
i

n

i µ 1

º
i

(3.19)

3.5.1 Model Parameters

The adjustablemodel parametersfor the several kinetic and selectivity modelsin
Chapters4-6 were calculatedby minimizing the » 2 function with the Levenberg-
Marquardtmethod[29]:

» 2 ¨
i

xexp
i
¸ xmod

i
2

¼ 2
(3.20)
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wherexexp
i andxmod

i arethe experimentalandmodelvalueof the selectivity or the
reactionrate,respectively, ¼ 2 is the relative varianceof the experimentaldatapoint.
TheLevenberg-Marquardtmethodmakesuseof a combinationbetweenthesteepest
descentandtheinversehessianmethod.

The accuracy of the fitted model relative to the experimentaldatawasobtained
from the M ARR (MeanAbsoluteRelativeResidual)function

M ARR ¨
n

i

xexp
i
¸ xmod

i

xexp
i

1

n ½ 100 (3.21)

wheren is the total numberof optimizeddatapoints,xexp
i is theexperimentalselec-

tivity or reactionrateof the i th datapoint, andmmod
i is the modelpredictionof the

selectivity or reactionrate.
The relative variance(sr el) was usedto compareseveral modelswith different

numbersof modelparameters:

sr el ¨
n

i

xexp
i
¸ xmod

i

xexp
i

2
1

n ¸ m

1
2

½ 100 (3.22)

with n, thenumberof datapointsincludedandm, thenumberof optimizedparameters.
Therelative residual(RR) betweenexperimentalandpredicteddatawill beused

to show thedeviationsbetweenmodelandexperiment:

RR ¨ xexp
i
¸ xmod

i

xexp
i ½ 100 (3.23)

Bartlett’s testwasusedto investigatewhetherthe differencesin accuracy of the
variouskineticmodelswerestatisticallysignificant[30]. For anumberof H competi-
tivemodels,theBartlett’s testcalculatesa critical » 2

c value:

» 2
c ¨

ln S2
a ¤

H

hµ 1

dfh ¸
H

hµ 1

dfhS2
h

1 ² 1

3 ± H ¸ 1³
H

hµ 1

df ¢ 1
h
¸ H

hµ 1

dfh
¢ 1

(3.24)

whereS2
h is the total variancebetweenthe experimentsandmodelh and S2

a¤ is the
averagetotal varianceof H models:

S2
h ¨ df ¢ 1

h

n

i µ 1

Rexp
i
¸ Rmod

i
2

(3.25)
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S2
a ¤ ¨

H

hµ 1

dfhS2
h

H

hµ 1

dfh

(3.26)

dfh is the degreesof freedomfor the hth modelpredictionsand is equalto dfh ¨
n ¸ mh, n is thenumberof datapointsandmh is thenumberof optimizedparameters
of thehth model.Bartlett’s testcompares» 2

c with a tabulated» 2
t
± H ¸ 1³ value[31].

Modelsweresubsequentlyrejected,until » 2
c wasbelow thetabulatedvalue.

3.6 Catalyst Activity and Selectivity

A detaileddescriptionof the activity andselectivity of the commercialRuhrchemie
iron catalystis givenin Chapters4-6. A brief comparisonbetweenour catalysttests
andavailableliteraturedatawith thesamecatalystis presentedhere.

In Table3.3 the catalystactivity andselectivity is comparedto that reportedby
Bukur et al. [3] in a fixedbedreactorandof DonnellyandSatterfield[13] in a slurry
reactoratapproximatelysimilarconditionsandthesamecommercialRuhrchemiecat-
alyst.Sincetheresultsof Bukuretal. [3] wereobtainedin anintegralfixedbedreactor,
reactionratesandconversionsvarywith positionandcannotbecompareddirectly. The
selectivity to gaseoushydrocarbonproductsis similar. Theolefincontentin ourexper-
imentsis slightly lower thanin their study. Theobserveddifferencescanprobablybe
attributedto thedifferencesin activationprocedures,differentcatalystagingpatterns
andto thedifferentreactortypesapplied.Thedataof DonnellyandSatterfield[13] are
obtainedatahigherreactortemperatureandin aslurryreactor. Thereactortypeinflu-
encestheactivity aswell astheselectivity of theprocess.Both theconversionandthe
reactionrateof synthesisgasarehigherin our experiments,whereasthehydrocarbon
selectivity is higherto low-molecularhydrocarbons.

3.7 Catalyst Deactivation

Dry [32] mentionedfour factorsresponsiblefor FT catalystaging: (1) conversionof
active phase,(2) sintering,(3) depositionof carbonaceousmaterial,and(4) chemical
poisoningby, for example,sulfur. The BET surfaceareasof the catalystbeforeand
afterFT reactionin anSBRtestweredeterminedby N2-physisorption(seeTable3.1).
TheBET areaof thefreshandcalcinedcatalystwas323and309m2 g¢ 1, respectively.
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Table3.3 Ruhrchemiecatalystcomparison:activity andselectivity.

Experiment A3 A16 C3 C15 [3] [13]

Time-on-stream(h) 290 985 443 1550 528 -
T (K) 523 523 523 523 523 538
F 1 0.5 1 0.5 1 0.70-0.78
P (MPa) 1.6 2.4 1.5 2.4 1.5 2.4£ i n¤�ª 0¥ W (10¢ 3 Nm3 kg¢ 1

cat s¢ 1) 1.0 0.5 0.5 0.5 0.56 0.56
H2 + COconversion(%) 47.5 55.5 53.7 53.5 56.0 33.6
Reactionmedium Gas Gas Slurry Slurry Gas Slurry

Hydrocarbonselectivities1 (wt%)º
1 14.4 10.3 14.8 8.5 13.4 7.8º
2¢ 4 39.5 40.6 37.4 40.7 46.7 37.1º
5¢ 10 46.1 49.0 47.7 50.8 39.9 55.0

Olefinselectivity (wt%)º
O ª 2¢ 4 66.1 75.3 55.9 79.1 75.0 -º
O ª 5¢ 10 60.7 72.9 45.4 76.8 70.0 -

1 Selectivities basedoncarbonnumbern ¾ 10

After FT reactionfor morethan1800hourstheBET surfaceareadecreasedto 88 m2

g¢ 1. Previousstudieswith thesamecatalystshowedsimilar results[1, 12,33]. Prior
to N2-physisorption,the spentcatalystsamplewasheatedwith hexaneunderreflux
conditionsanddegassedto remove waxeousdepositsfrom thepores.Gaschromato-
graphicanalysisof theextractedhydrocarbonsrevealedthat themixtureconsistedof
linear paraffins with a carbonnumberin the rangeof 20 to 60. The decreasein the
BET surfacearearesultsfrom sintering[1], formationof carbonaceousdepositsre-
sultingin blockingof pores[12] or increaseof theskeletaldensityof thecatalyst[1].
In agreementwith previousliteraturestudies,theaverageporediameterasdetermined
by BET, increasedfrom 8 to 14nm(seeTable3.1)andtheporesizedistributionshifted
to largersizedpores.

3.7.1 Gas-solidExperiments

For accuratekinetic measurements,the catalystactivity hasto be stable. Periodi-
cally standardexperimentsarenecessaryto checkfor possibledeactivationeffectson
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activity andselectivity of the catalyst[3, 13]. During the catalysttestsin the SBR
(AppendixA), 6 referenceexperimentswereperformed(seeTable3.4). After anini-
tial periodof 100h (4 days)steadystatewasachieved. Thecatalystactivity, reaction
rateto hydrocarbonproducts(RFT ) andof thewatergasshift (RWGS), changedslowly
over1200h time-on-stream(seeFigure3.10a).Theselectivity of theRuhrchemiecat-
alyst is plottedin Figure3.10b. Theselectivity to lighter productsincreasesslightly
with time-on-stream,whereastheolefincontentdecreases.

Table3.4 Effectof time-on-streamon thecatalystactivity andselectivity in thespinning
basket reactor(AppendixA).

Run1 A1 A5 A11 A12 A17 A20

Time-on-stream(h) 240 388 699 862 1011 1224
H2 + COconversion(%) 35.9 31.7 30.7 26.7 33.7 35.8
RFT (10¢ 3 mol kg¢ 1

cat s¢ 1) 7.5 8.0 7.9 7.1 8.5 8.7
RWGS (10¢ 3 mol kg¢ 1

cat s¢ 1) 2.9 2.7 2.6 2.0 3.4 3.6
STY (10¢ 3 mol kg¢ 1

cat s¢ 1) 21.1 21.3 20.6 17.9 22.6 24.0

Hydrocarbonselectivities (wt%)º
1 17.5 18.2 20.2 20.5 21.5 21.2º
2¢ 4 35.3 39.8 46.8 43.3 42.9 41.5º
5¢ 10 47.2 42.0 33.1 36.2 35.6 37.2

Olefinselectivity (wt%)º
O ª 2¢ 4 65.9 66.2 62.2 66.8 61.2 61.7º
O ª 5¢ 10 63.8 63.5 58.7 62.9 58.1 58.8

1 P= 1.50MPa,T= 523K, F= 2,
° i n¤�ª 0¿ W= 1.510¢ 3 Nm3 kg¢ 1

cat s¢ 1

3.7.2 Slurry Experiments

The possibleeffectsof catalystagingon activity andselectivity wasdeterminedin
both slurry reactorruns (Appendix B). At regular time intervals, referenceexperi-
mentswererepeated.Themajorresultsof thereferenceexperimentsin bothrunsare
given in Table3.5. Remarkably, the reactionrateof CO to hydrocarbonsis higher
in Run C resultingin highersynthesisgasconversionsandspacetime yields. The
selectivities of the hydrocarbongroupsin referenceexperimentC4 aredifferentdue
to analysisproblemswith the C10 hydrocarbons,which could not be determinedac-
curately. A sharpdecreaseof the C5¢ 10 selectivity wasobserved in Run C between
referenceexperimentC10andC13.
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Figure 3.10 Effect of time-on-stream(TOS)on catalystactivity (a) andselectivity (b). Ex-
perimentalconditions:T= 523K, F=2, P= 1.50MPa,

° i n¤�ª 0¿ W=1.5110¢ 3 Nm3 kg¢ 1
cat s¢ 1

Run:A1, A5, A11, A12, A17, A20.

Table3.5 Effectof time-on-streamon thecatalystactivity andselectivity in slurry reactor
runs(AppendixB).

Run1 B1 B4 B8 C1 C42 C6 C10 C13

Time-on-stream(h) 156 577 643 345 552 802 1056 1395
H2 + COconversion(%) 32.0 32.8 40.1 46.8 53.2 50.8 49.1 41.9
RFT (10¢ 3 mol kg¢ 1

cat s¢ 1) 2.1 2.3 2.9 4.0 4.3 4.1 3.4 3.2
RWGS (10¢ 3 mol kg¢ 1

cat s¢ 1) 1.9 1.8 1.8 2.3 1.9 2.2 2.4 1.6
STY (10¢ 3 mol kg¢ 1

cat s¢ 1) 7.3 7.5 9.1 10.7 12.2 11.6 11.3 9.6

Hydrocarbonselectivities (wt%)º
1 9.5 9.6 9.7 16.0 12.1 10.0 9.4 10.9º
2¢ 4 38.3 36.0 39.7 38.0 38.8 35.9 36.1 48.0º
5¢ 10 52.2 54.5 50.6 46.0 49.1 54.2 54.5 41.1

Olefinselectivity (wt%)º
O ª 2¢ 4 78.8 77.2 79.5 69.0 65.7 77.7 79.5 79.2º
O ª 5¢ 10 79.2 74.9 78.2 63.1 62.9 75.0 78.0 71.6

1 P= 1.50MPa,T= 523K, F= 0.67, Ã inÄÆÅ 0 Ç W= 0.510È 3 Nm3 kgÈ 1
cat sÈ 1

2 On-lineanalysisn ¾ 9
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Abstract

Thekineticsof thegas-solidFischer-Tropschsynthesisover a commercialFe-Cu-K-
SiO2 catalystwasstudiedin a continuousspinningbasket reactor. Experimentalcon-
ditionswerevariedasfollows: reactorpressureof 0.8-4.0MPa, H2/CO feedratio of
0.25-4.0,andspacevelocity of 0.5-2.010¢ 3 Nm3 kg¢ 1

cat s¢ 1 at a constanttemperature
of 523K. A new productdistribution modelfor linearhydrocarbonsis proposed.De-
viationsfrom conventionalAnderson-Schulz-Florydistribution canbequantitatively
describedwith an � -OlefinReadsorptionProductDistributionModel. Theexperimen-
tally observedrelatively highyield of methane,relatively low yield of etheneandboth
the exponentialdecreaseof the olefin to paraffin ratio and the changeof the chain
growth parameterwith chainlengthcanall bepredictedfrom thisnew model.It com-
binesa mechanisticmodelof olefin readsorptionwith kineticsof chaingrowth and
terminationon the samecatalyticsites. The hydrocarbonformationis basedon the
surfacecarbidemechanismby CH2 insertion. The olefin readsorptionratedepends
on chainlengthdueto increasingphysisorptionstrengthon the catalystsurfaceand
increasingsolubility in FT-wax insidethecatalystporeswith increasingchainlength.
Interfacialconcentrationsof reactiveolefinsnearthegas-waxandwax-catalystsurface
areusedin thekineticmodel.By optimizingthreeparametersperexperimentalprod-
uct distribution, the olefin readsorptionproductdistribution modelproved to predict
productselectivities accuratelyover theentirerangeof experimentalconditions.The
relativedeviationsare10.1% and9.1% for theselectivity to paraffinsandolefinswith
carbonnumbersmallerthan11,respectively.
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4.1 Intr oduction

TheFT synthesishasbeenrecognizedasapolymerizationreaction[1]. Thereactants,
COandH2, adsorbanddissociateat thesurfaceof thecatalystandreactto form chain
initiator (CH3), andmethylenemonomer(CH2) andH2O. Themostimportantgrowth
mechanismfor thehydrocarbonformationis thesurfacecarbidemechanismby CH2

insertioninto adsorbedalkyl chains.Terminationcantake placeby dehydrogenation
to an � -olefinor hydrogenationto form aparaffin [2–4].

Theproductyield decreasesexponentiallywith increasingchainlength. Theso-
calledAnderson-Schulz-Flory(ASF) distribution describesthe entireproductrange
by a singleparameter, � , theprobabilityof theadditionof a carbonintermediateto a
chain[2, 5]. However, significantdeviationsfrom the ASF distribution arereported
in literature. Theusualdeviationsof the distribution of � -olefinsandparaffins area
relatively high yield of methane[6–9] anda relatively low yield of ethene[6, 7, 10]
in comparisonto theASFdistribution. Highersurfacemobility or reactivity of C1 and
C2 precursorsandrapid readsorptionof ethenegive themostreasonableexplanation
for thedeviationsof theshort-chainhydrocarbonsfrom theASFdistribution(Chapter
2). Furthermore,anexponentialdecreaseof the � -olefinto paraffin ratioandchangein
chaingrowthparameter, � n, with increasingchainlengthisobserved.Thesedeviations
arecausedby secondaryreactions,readsorptionandhydrogenation,of � -olefins[7,
11–13]. However, secondaryhydrogenationis stronglyinhibitedby CO andH2O in
comparisonto readsorption[12]. Readsorptionof � -olefinsleadsto chaininitiation
andwill result in a decreaseof the olefin to paraffin ratio andincreaseof the chain
growth parameterwith chain length. The olefin readsorptionratedependson chain
lengthdueto increasingphysisorptiononthecatalystsurfaceandincreasingsolubility
in FT-waxwith chainlength[7, 13].

Modelsfor thehydrocarbonselectivity of productsobtainedon iron catalystsare
usuallybasedon theASF distribution; the total hydrocarbonyield is calculatedwith
a singlechaingrowth factor, � [2, 14]. The ”break” or increaseof thechaingrowth
factorin theASFdistributionof thetotalhydrocarbonyield wasobservedon iron cat-
alysts[15–20].Someauthorsdescribedthetotalhydrocarbonyield with two different
catalyticsiteswith differentchaingrowth probabilities,sincethe total hydrocarbon
distribution could be fitted by additionof two individual ASF distributions[19, 20].
However, suchdouble-� modelscannotexplain thedecreaseof theolefin to paraffin
ratio.

Morecomprehensivemodelstakinginto accountthereadsorptionof olefinsduring
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theFT synthesishavebeenpublished,mostlyfor non-ironcatalystsonly. Zimmerman
et al. [21] proposeda kineticmodelfor boththeformationof linearolefinsandparaf-
fins andfor the watergasshift reactionover iron catalysts.Their model takes into
accountolefin readsorptionon FT sitesand secondaryhydrogenationof olefins on
separatehydrogenationsites.Their modelpredictsa decreaseof theolefin to paraffin
ratio andan increaseof thechaingrowth factorwith increasingcarbonnumber. The
decreaseof the olefin contentis ascribedto high olefin concentrationsin the liquid
phase.However, themodelwastestedfor oneexperimentonly andshowedsignificant
deviationsbetweenmodelpredictionandexperimentalmole fractions,speciallyfor
methaneandethene.Themajordifferencesbetweenthenew modelproposedhereand
the modelof Zimmermanet al. [21] will be discussedbelow. The modelof Iglesia
andco-workers,seefor exampleIglesiaet al. [12], is basedon diffusion-enhanced
olefin readsorptiondueto a decreaseof diffusioncoefficientswith increasingcarbon
number. As discussedbelow, it is morelikely thatpreferentialphysisorptionandin-
creaseof the solubility with increasingchainlengthresultin a high surfaceconcen-
trationof adsorbedolefins. KomayaandBell [7] measuredthedynamicandsteady-
stateFischer-TropschsynthesisoverRu/TiO2 anddeterminedthepseudoreactionrate
constantsof the chaingrowth, termination,andreadsorptionof olefins. The authors
accountedfor the effect of chainlengthdependentreadsorptionof olefinsdueto in-
creasingphysisorptionwith increasingcarbonnumber, aswell asdepolymerizationof
etheneanddehydrogenationof methyl.However, they did not specifyseparatetermi-
nationreactionsfor theformationof paraffinsandolefinsfrom adsorbedalkyl species,
but lumpedtheseterminationreactionsin a singleterminationrateconstant.There-
fore,nocompletedescriptionof theproductdistributioncouldbeobtainedusingtheir
model. Kuiperset al. [13] modeledexperimentaldataof the olefin to paraffin ratio
synthesizedon wax-coatedanduncoatedcobaltfoils at low CO conversionsat atmo-
sphericpressuresanda temperatureof 493 K. Their modelpredictsan exponential
decreaseof theolefinto paraffin ratiowith carbonnumberdueto increasedphysisorp-
tion andsolubility with increasingchainlength.Thismodelwasextendedby Kuipers
et al. [9] in orderto incorporatehydrogenationandcrackingon Co/SiO2 wafersand
Co foils. In contrastto Kuiperset al. [13], they concludedthat the deviationsfrom
the ASF distribution on Co foils were completelydue to hydrogenationinsteadof
readsorptionof olefins.

The aim of this chapteris to developandtesta new productdistribution model,
called � -Olefin ReadsorptionProductDistribution Model (ORPDM)basedon there-
sultsof kineticexperimentsat industriallyrelevantconditionsovera precipitatediron
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catalystto explain the deviationsfrom the ASF distribution. The new modelcom-
binesa mechanisticmodelof olefin readsorptionwith kineticsof chaingrowth and
terminationon thesamecatalyticsites.In this chapter, theemphasisis placedon the
selectivity to linearolefinsandparaffins.

4.2 � -Olefin Readsorption Product Distrib ution Model
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Figure4.1 Reactionnetwork � -OlefinReadsorptionProductDistributionModel.Themodel
reducesto ASFmodelwhenk2

R, andkR � 0.

The � -Olefin ReadsorptionProductDistribution Model (ORPDM) accountsfor
secondaryreadsorptionof � -olefinsonFT growthsitesontheprecipitatedironcatalyst
(seeFigure4.1). Here,COG andCOS denotethe gasphaseand the adsorbedCO,
respectively. CM ª S refersto adsorbedmonomericbuilding units (CH2ª s), andCnª S is
anadsorbedalkyl specieswith carbonnumbern. Conversionof CO to CM ª S follows
a sequenceof elementaryreactionsteps,but is shown as a single step. Table 4.1
showsthereactionsfor thechaingrowthandterminationof alkyl chains.Chaingrowth
initiatesby hydrogenationof CM ª S to CH3ª S, while chainpropagationproceedsvia
insertionof CM ª S into adsorbedalkyl chains.Chainterminationby dehydrogenation
of adsorbedalkyl chainsgivesolefins,whereasparaffinsareformedby hydrogenation
of alkyl species[7, 22]. Basedon thereactionnetwork shown in Figure4.1, � -olefins
mayreadsorbongrowth sitesandcontinueto grow via propagationwith monomersor
terminateashydrocarbonproduct[7, 11].

Steadystatemassbalancesfor C2 andalkyl specieswith carbonnumber, n, canbe
derivedto accountfor readsorption:

kp � M � 1 ¨ ± k2
t ª O � ¤ ² k2

t ª P � H ² kp � M ³ � 2
¸ k2�

R CC2H4 (4.1)

kp � M � n¢ 1 ¨ ± kt ª O � ¤ ² kt ª P � H ² kp � M ³ � n ¸ k �RCCn H2n (4.2)
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Table4.1 Proposedmechanismof thechaingrowth andterminationreactions[3, 11].

Elementaryreactions Reactionrates

1 H2 +2s � � 2Hs

21 CO+ 2H2 + s � CH2s + H2O
3 CH2s + Hs � CH3s+ s
4 CH3s + Hs � CH4 + 2s k1

t ª P � 1 � H

5 CH3s + CH2s � C2H5s+ s kp � 1 � M

6 C2H5s+ s � � C2H4 + Hs+ s k2
t � O � 2 ����� k2

RCC2H4 � H ���
7 C2H5s+ Hs � C2H6 + 2s k2

t � P � H � 2
8 C2H5s+ CH2s � C3H7s + s kp � 2 � M

9 CnH2n� 1s+ s � � CnH2n + Hs+ s kt � O � n ����� kRCCn H2n � H ���
10 CnH2n� 1s+ Hs � CnH2n� 2 + 2s kt � P � n � H

11 CnH2n� 1s+ CH2s � Cn� 1H2n� 3 + s kp � n � M

etc.
1 Overall reactionfor methyleneformation.

where� H is thesurfacecoverageof adsorbedhydrogenand� � is thefractionof vacant
catalyticsites,andk �R � kR � � � H is apseudokineticconstantfor thereadsorptionpath.
Sincethe readsorptionreactionpath of olefins is built up from several consecutive
elementarysurfacereactionsit is simplifiedasa singlekinetic reactionrateconstant
(k �R). The actualconcentrationof the olefin on the catalystsurface,CCn H2n , canbe
relatedto thereactionrate:

RCn H2n � kt � O � � � n � k �RCCn H2n (4.3)

It is assumedthattheolefinsleave thereactorin thegasphase.Thesameassumption
wasmadeby Iglesiaet al. [11] andKuiperset al. [13]. Liquid productsarepredomi-
nantlyparaffins,which areunreactive underFischer-Tropschconditions.Thesteady-
statemassbalancefor  -olefinsin anideallymixedcontinuousreactoris

RCn H2n �
! �"� RPCn H2n

WRT
(4.4)

wherePCnH2n # RT is thegasphaseconcentrationof olefinsin thereactorwith carbon
numbern,

! �$� R is thevolumetricflow rateof thegasphaseat reactorconditions,and
W is theweightof theunreducedsupportedcatalyst.



122 CHAPTER 4

ol
ef

in
 c

on
ce

nt
ra

tio
n

x

physisorption

solubility

va
po

r

w
ax

ca
ta

ly
st

0
%

d
&

S/L
'

L/G

Figure4.2 Olefinconcentrationprofileneara Fischer-Tropschcatalyst.

The interfacialeffectsof reactive olefinsat thegas-wax andwax-catalystsurface
shouldbetakeninto account.Figure4.2givesaschematicrepresentationof theolefin
concentrationprofile in awax-filledcatalystpore.Theconcentrationin thewaxphase
(at0 ( x ( d) canberelatedto thevapor-phaseconcentrationby Henry’s law. Several
authorsstatedthata greatersolubility of largerhydrocarbonsresultsin anincreaseof
readsorptionratesfor largerolefins[13, 23,24]. Vapor-liquid equilibria[25–28] show
thatthesolubility of hydrocarbonsincreasesexponentiallywith thechainlength.

Dataontheadsorptionof hydrocarbonsonsolidsshow thattheenthalpy of adsorp-
tion increaseslinearly with carbonnumber[29–31]. Adsorptionequilibriaconstants
increaseexponentiallywith chain length[7, 30, 32, 33]. This increaseresultsfrom
an increaseof the contactareabetweenhydrocarbonsand catalytic surface,which
enhanceVanderWaalsattractionforcesresponsiblefor physisorptioneffects. Since
physisorptionis theprecursorstepto chemisorption,this increaseis essentialfor read-
sorptionof olefins.In multi-componentmixtures(Fischer-Tropschproductspectrum)
theseeffectsresultin aphysisorbedlayerwith mainly long-chainhydrocarbons,while
shorterchainsarefurtheraway from thesurface.

Iglesiaandco-workersstudiedthe influenceof chain-lengthdependentdiffusion
coefficientsonsecondaryreactions[11, 12,34–37]. They reportedanempiricalequa-
tiondescribingastronginfluenceof chainlengthondiffusivity for olefinsandparaffins
Dn ) e* 0+ 3n, which wasnot verifiedby experimentaldata. This carbonnumberde-
pendency is a factorof threehigherthanexperimentallydeterminedby Erkey et al.
[38]. Furthermore,the Wilke-Changcorrelation[39] predictsa chainlengthdepen-
denceproportionalto n* 0+ 5. Therefore,increaseof readsorptionratesof olefinswith
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chain length can hardly be due to diffusion effects only. More likely, preferential
physisorptionandincreaseof thesolubility with chainlengthresultin a high surface
concentrationof adsorbedolefins.Thereforewe assumetheolefin gasphasepressure
to relateto theconcentrationat thecatalystsurfaceas:

CCnH2n

PCn H2n # RT
) ec n (4.5)

wherec is a constantdependingon theexponentialincreaseof thephysisorptionand
solubility with chainlength.

Rearrangingandsolvingeqs4.1- 4.5yields:

� 2� 1 �
kp � M

k2
t � O � � # 1 - k2

R - k2
t � P � H - kp � M

� p

t2
O # 1 - k2

R - t2
P - p �  2 (4.6)

andfor n . 2:

� n� n* 1
� kp � M

kt � O � � #0/ 1 - kRec n 1 - kt � P � H - kp � M
� p

tO #0/ 1 - kRec n 1 - 1 - p �  n

(4.7)

wherekR � k �RWP # / ! �$� 0P0
1 (P= reactorpressureand

! �$� 0= flow rateatnormalcon-
ditions), p � kp � M # kt � P � H , t2

P � k2
t � P # kt � P, andt2

O � t2
PtO, andtO � kt � O � � # kt � P � H .

Thesemodelparametersarepseudokinetic rateconstants,incorporatingtruekinetic
rateconstants,surfaceconcentrationsandprocessconditions.Thesurfacefractionsof
alkyl chainswith carbonnumbern canbedeterminedby successivecalculationof the
chaingrowth parameterwith increasingcarbonnumber:

� n� 1
� n

i 2 2

 i �  2  3 34343  n (4.8)

Theformationrateof paraffinswith n . 2 (seeTable4.1) is equalto:

RCn H2n5 2 � kt � P � H � n (4.9)

Normalizing eq 4.9 with respectto the terminationto paraffins and substitutionof
eq4.8yields:

mCn H2n5 2 � � 1 n

i 2 2

 i (4.10)
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Similarly, solvingeqs4.3 and4.4 givesthefollowing reactionratesandmolarselec-
tivities for olefins:

RCn H2n � kt � O � � � n
1 - kRec n

(4.11)

mCn H2n � tO

1 - kRec n
� 1 n

i 2 2

 i (4.12)

Theselectivity to producti is calculatedfrom theexperimentalmolefractionsrelative
to all products(n) considered:

mi � yi
n

j 2 1

y j

(4.13)

Themolarselectivitiesof theC1 andC2 productsarecalculateddifferently:

mCH4 � t1
P � 1 (4.14)

mC2H6 � t2
P � 2 � t2

P  2 � 1 (4.15)

mC2H4 � t2
O

1 - k2
R

� 2 (4.16)

with t1
P � k1

t � P # kt � P. Theoptimizationconstraintfor theselectivities is:

n

i

mi � 1 (4.17)

This modelreducesto the ASF distribution modelwhenolefinscannot adsorb,
i.e. kR � 0. Therefore,eqs4.7- 4.12canalsobeusedfor theASF distribution with
substitutionof kR � 0.

� n� n* 1
� kp � M

kt � O � � - kt � P � H - kp � M
� p

tO - 1 - p �  (4.18)

Theproductselectivitiesareequalto:

mCn H2n � tO
p

p - 1 - tO

n* 1 � tO  n* 1 (4.19)
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andfor paraffins:

mCn H2n5 2 � p

p - 1 - tO

n* 1 �  n* 1 (4.20)

It caneasilybeseenfrom eq4.19and4.20thatthepredictedolefin to paraffin ratio is
equalto tO andindependentof chainlength.

The  -olefin readsorptionproductdistribution model(ORPDM)accountsfor the
chain-lengthdependentreadsorptionof olefins on FT sites. The readsorptionstep
dependson carbonnumber, resultingin a net decreaseof the terminationto olefins. n increaseswith increasingchainlengthuntil no olefinsareformed.At high carbon
numbers,the chaingrowth parameter,  n, approachesa maximumconstantvalueof 76 � p# / 1 - p1 (seeeq4.7).Theincreasedreadsorptionof long-chainolefinsresults
in adecreasingolefin/paraffin ratiowith chainlength.

4.3 Experimental

Fischer-Tropschexperimentswerecarriedoutwith a gas-continuousSpinningBasket
Reactor(SBR).Detailsaboutthe experimentalset-up,the catalyst,andthe analysis
sectionsaredescribedin Chapter3. Thecatalystappliedwasa commercialprecipi-
tatediron catalyst(typeLP 33/81)synthesizedby RuhrchemieAG. Thebasketswere
loadedwith 2.34g of unreducedcatalystparticleswith 0.125 ( dP ( 0.160mm. The
catalystwaspretreatedwith hydrogenwith a flow rateof 0.83 10* 3 Nm3 kg* 1

cat s* 1

accordingto Bukur et al. [40]. Thegasspacevelocity wasbasedon thetotal massof
theunreducedcatalyst.Thereactortemperature,T , wasincreasedlinearly from 293
K to 553K by 0.017K s* 1. T remainedat 553K for 24 hoursat atmosphericpres-
sure. After reduction,synthesisgaswasfed to the reactorat referenceconditionsof
523K, 1.50MPa, F= 2 andaspacevelocityof 1.5110* 3 Nm3 kg* 1

cat s* 1. Long-chain
productshavefilled thecatalystporeswith a liquid phaseduringtheinitial stageof the
FT experiments.

Liquid productswereaccumulatedin both high-pressureand low-pressurecon-
densersfor a typicalperiodof 6-8hoursduringsteadystateof thereactorsystem.The
productswerecollectedandweighedbeforeanalysis. Several on-line GC analyses
wereperformedduringthis period.After changingtheprocessconditionsthereactor
operatedabout24 hoursundisturbedbeforea new massbalanceperiodwasstarted.
Deviationsof themassandelementbalancesremainedbelow 5 %.

Reportedly, internaldiffusionis insignificantfor dP 8 0.16mm [41, 42]. Check-
ing thecriteriaof WeiszandPrater[43] for thereactantsCOandH2 confirmedthatno
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intra-particlediffusionlimitationscouldhave occurredat eventhehighestconversion
ratesobserved,andundertheconservativeassumptionthatthecatalystporesarefilled
with long-chain(C28) hydrocarbonwaxes.

Theexperimentalconditionswerevariedasfollows: P= 0.8 - 4.0 MPa, F= 0.25
- 4.0, and

! i n�$� 0# W= 0.5 - 2.0 10* 3 Nm3 kg* 1
cat s* 1 at a constanttemperatureof 523

K. Thestandarddeviationof theexperimentalselectivitieswasdeterminedfor various
productsby repeatingtheanalysisof theexperimentalmolefractions:

9 2 �
i
/ mi � m1 2 # / n � 11 8 4 10* 4m (4.21)

Thereferenceexperimentwasrepeated6 timesto determinepossibledeactivationef-
fectsontheactivity andselectivity of thecatalyst.A summaryof relevantexperimental
datais givenin AppendixA.

4.4 Resultsand Discussion

24 kinetic experimentswerecarriedout in theSBRwith theRuhrchemieprecipitated
iron catalystat523K (seeAppendixA). Fourexperimentswereexcludedfor product
distribution modelingdueto analyticalproblemsof theon-lineanalysisof hydrocar-
bons. Mono-methylparaffins and : -olefins were below the detectionlimit in this
rangeandwerenot takeninto account.Potassiumpromotersin iron catalystssuppress
isomerizationreactionsof  -olefins[20].

Figure4.3showsvarioustypicaldistributionsof thehydrocarbonproducts.Gener-
ally, weobservedadecreaseof the  -olefin/paraffin ratiowith increasingcarbonnum-
ber anda curved line for the distribution of paraffins aloneandparaffins andolefins
combined.

4.4.1 ReactantCompositionEffects

Figure 4.4a shows the effect of the (H2/CO) ratio at the reactoroutlet on the hy-
drocarbonselectivity. The productdistribution of the on-line analysisis lumpedin
threegroupsof hydrocarbons:methane( ; 1), C2-C4 ( ; 2* 4) (light gases),andC5-C10

( ; 5* 10) (gasoline)andexpressedin masspercentagesof theon-lineanalyzedhydro-
carbons.In an ideally mixedreactor, thecompositionat thereactoroutletequalsthe
reactorcomposition.Thefeedratiodiffersfrom theexit ratio,dueto thestoichiometry
of theFT reactionsandthewatergasshift reaction[14, 44]. Theproductdistribution
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Figure4.3 Productdistribution for variousexperimentsof AppendixA
Experimentalconditions:
a. Low H2/COfeedratio, P= 1.2MPa, F= 0.5, < i n="> 0? W= 1.010* 3 Nm3 kg* 1 s* 1 (RunA2).

b. High H2/COfeedratio, P= 3.2MPa, F= 1, < i n=$> 0? W= 1.010* 3 Nm3 kg* 1 s* 1 (RunA8 ).

c. Low spacevelocity, P= 2.4MPa, F= 2, < i n=$> 0? W= 0.510* 3 Nm3 kg* 1 s* 1 (RunA10 ).

d: High spacevelocity, P= 2.4MPa, F= 2, < i n=$> 0? W= 2.010* 3 Nm3 kg* 1 s* 1 (RunA11 ).
LinesaremodelORPDMpredictions.Symbolsareexperimentalselectivities.
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shifts to lower molecularweightproductswith anincreaseof theH2/CO ratio. Don-
nelly andSatterfield[20] andBukur et al. [45] have reportedthesameeffect for the
samecommercialprecipitatediron catalyst.

Figure4.4bshows that in agreementwith DonnellyandSatterfield[20] theolefin
contentfor the light gasesdecreasessharplyfrom 85 to 45 wt% asthe H2/CO exit
ratio increasesfrom 0.5 to 4.5. Low hydrogenconcentrationsin the feedandin the
reactorresultin low hydrogensurfaceconcentrationsandterminationto olefinsinstead
of saturatedparaffins. The pressuresof both synthesisgascomponentswerevaried
independentlybetween0.1and1.3MPa. Themeasuredratio of themolefractionsof
olefinto paraffin (O/P)asfunctionof carbonnumberfor severalH2/COratiosis shown
in Figure4.5. TheO/Pratio shows a minimumat carbonnumber2, a maximumfor
the propeneto propaneratio anddecreasesexponentially. Figure4.5 shows that the
ratio of 1-buteneto butanedecreasedfrom about5 to 1 with increasingH2/CO ratios
from 0.5 to 4.5. Similar resultswerereportedby Donnelly andSatterfield[20] and
Bukuretal. [45].

4.4.2 SpaceVelocity Effects

The effect of spacevelocity on the O/P ratio is plottedin Figure4.6. The O/P ratio
increaseswith increasedspacevelocity at a H2/CO feedratio of 2. The sametrend
was observed by Dictor and Bell [17] on Fe2O3 powders,Bukur et al. [45] on the
commercialRuhrchemiecatalyst,andKuipersetal. [13] onuncoatedandwax-coated
Co foils. DonnellyandSatterfield[20] foundno dependenceof thespacevelocityon
the 1-buteneto butaneratio in their experiments. Iglesiaandco-workersmeasured
the effect of spacevelocity on the selectivity to olefinsandparaffins extensively on
Ru-catalysts[36] andCo-catalysts[11]. They observed theolefin selectivities to in-
creasewith increasingspacevelocity, whereasselectivity to paraffins remainedcon-
stantfor C2 to C4 anddecreasedfor larger paraffins. Figure4.7 shows the effect of
spacevelocityon theselectivitiesof C1, C2, andC4 products.Themethaneselectivity
decreaseswith increasingspacevelocity. In agreementwith the studieson Co- and
Ru- catalysts,olefin selectivities increasewith increasingspacevelocity, while paraf-
fin selectivities decrease.Theetheneselectivity increasessharperthantheselectivity
to ethanedecreases.Selectivities of C4 productsshow similar behavior. Thus, the
decreasingparaffin selectivity cannotresultfrom secondaryhydrogenationof olefins
alone.Thehydrocarbonfractionof C20@ consistsmerelyof paraffins,thereforeparaf-
fins are formed in primary chain terminationreactions. The observed selectivities
resultfrom olefinreadsorption,causingadecreaseof theO/Pratioandincreaseof the
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Figure4.4 Effectof H2/COexit ratio(E) onhydrocarbonselectivity (a)andolefinselectivity
(b) (T=523K). Experimentaldata,seeAppendixA.

n

2
I

4
J

6 8
K

10

mO
L /m
M

P

0

2

4
J
6

8
K

10

E= 0.49
E= 1.45
E= 4.48

Figure 4.5 Effect of thereactorH2/CO ratio on molarolefin/paraffin ratio asa functionof
carbonnumber. Lines aremodelpredictionswith modelORPDM (T=523, < i n=$> 0? W= 1.0

10* 3 Nm3 kg* 1 s* 1, Run:A2, A3, A4).



130 CHAPTER 4

chaingrowth probability[11,13,36]. Theincreasingparaffin selectivity with decreas-
ing spacevelocity resultsfrom an increasedsurfaceconcentrationof (smaller)alkyl
chainsdueto readsorptionof olefins.

4.4.3 Product Distrib ution Models

Both the Anderson-Schulz-Flory(ASF) model as well as the Olefin Readsorption
ProductDistribution Model (ORPDM)weretestedto our experimentsat 523K. The
modelparameterswereoptimizedfor eachexperimentwith theLevenberg-Marquardt
method[46].

The ASF model was optimized with two model parameters(p and tO, see
eqs4.18 - 4.20),within eachexperiment. The numberof parametersin modelOR-
PDM wasequalto 7: p N tO N kR N c N t1

P N t2
P, andk2

R (seeeqs4.7-4.16). Simultaneous
optimizationof theseparameterswithin eachexperimentshowed four parametersto
beindependentof theexperimentalconditions.Theaveragevaluesof theseparameters
areshown in Table4.2.Thevalueof theexponentialcoefficientc of 0.29corresponds
to thevalueof 0.30reportedby Iglesiaet al. [34] for thedependenceof diffusionco-
efficientsandthe exponentialdecreaseof the molar O/P ratio with 0 O 55n at 493 K
[13].

Introductionof thesemeanmodelparametersat523K for boththeincreasedread-
sorptionof ethenerelative to otherolefinsandfor theterminationto C1 andC2 prod-
uctsandtheexponentialincreaseof the readsorptionratereducesthe numberof pa-
rametersto be optimizedfrom 7 to 3 within eachexperiment. At high readsorption
rates,for example,low spacevelocity, (kRec n P 1) tO becomesstronglycorrelatedto
kR andcannotbedeterminedseparately(seeeq4.12):

tO # / 1 - kRec n 1 (4.22)

In experimentswith stronglycorrelatedparameters(tO andkR) the ratio of tO # kR is

Table4.2 Optimizedmodelparametersfor ORPDM
at523K thatareindependentof < =$> 0, P, H2/COratio.

modelparameter value

t1
P 6.62 Q 1.92

t2
P 1.59 Q 0.29

k2
R (12.58Q 3.55)kRe2 c

c 0.29 Q 0.07
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Figure4.6 Spacevelocityeffectsonmolarolefin/paraffin ratioasafunctionof carbonnum-
ber. Linesaremodelpredictionswith modelORPDM(T= 523K, F= 2, P= 2.4MPa,Run:
A10, A4, A12, A11).

Figure 4.7 Spacevelocity effectson C1, C2, andC4 selectivity. Experimentalconditions,
seeFigure4.6.
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Table4.3 OptimizedmodelparametersORPDM.

Run p tO kR n sr el

A1 11O 64 6 O 28 0 O 364 19 9 O 5
A2 21O 40 9 O 11 0 O 156 19 11O 4
A3 12O 55 9 O 46 0 O 632 19 6 O 4
A4 6 O 97 6 O 471 R 18 18O 6
A6 9 O 27 7 O 87 0 O 500 19 9 O 4
A8 13O 13 7 O 94 0 O 457 19 10O 5
A9 20O 24 7 O 33 0 O 123 15 7 O 5
A10 6 O 69 4 O 221 R 20 10O 8
A11 9 O 42 7 O 73 0 O 600 18 10O 3
A12 6 O 73 6 O 91 0 O 701 19 14O 1
A13 7 O 09 8 O 20 0 O 470 19 16O 8
A14 8 O 41 5 O 74 0 O 252 20 10O 7
A15 6 O 01 6 O 531 R 19 10O 1
A16 10O 19 13O 99 0 O 572 18 13O 7
A17 21O 23 7 O 69 0 O 107 19 10O 2
A18 19O 46 5 O 50 0 O 076 19 14O 2
A19 7 O 18 9 O 18 0 O 779 20 7 O 1
A21 5 O 00 6 O 87 1 O 253 19 11O 1
A23 12O 92 6 O 85 0 O 245 15 7 O 5
A24 8 O 29 5 O 68 0 O 397 17 9 O 1
1 tO S kR

modeled. The optimizedmodelparametervaluesfor eachexperimentaregiven in
Table4.3.

Table4.4showstheaccuraciesof theoptimizedmodelsexpressedwith therelative
standarddeviation sr el andthe M ARR functionfor theparaffins andolefins,respec-
tively, bothfor thecompletesetof experimentalvaluesat 523K. Thetotal numberof
selectivitiesn aswell asthetotalnumberof optimizedparametersm arealsoincluded
in this table.

TheASFmodelobserveslargedeviationsbetweenmodelandexperiment.Theac-
curacy of theASF-modelis improved,if hydrocarbonswith n= 1-2areexcludedfrom
thatmodel.Figure4.8ashows a typical productdistribution for theon-linehydrocar-
bonproductswith thepredictedmodelvalueswith modelASF. Therelative residuals
of the modelappearto be a strongfunction of the carbonnumberandproducttype
(seeFigure4.9a). The meanvaluesof the relative residuals(RR) asa function of
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Figure 4.8 Productdistribution asa functionof carbonnumber(RunA19: T= 523K, P=
1.50MPa, F= 2, < i n=$> 0? W= 1.5010* 3 Nm3 kg* 1 s* 1). Linesaremodelpredictions.Sym-
bols areexperimentalselectivities. a) Model ASF; b) Model ORPDM (p=7.18, tO=9.18,
kR=0.779).
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Table4.4 Accuraciesof theProductDistributionModels.
Model M ARR % sr el % n m

paraffins olefins

ASF 49O 9 42O 5 70.1 370 40
ORPDM 10O 1 9 O 1 13.3 370 57
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Figure 4.9 Relative residualsversusexperimentalselectivities. ( [ : paraffins, \ : methane,]
: olefins,̂ : ethene)a)ModelASF. b) ModelORPDM.
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Figure4.10 Meanrelativeresidualsversuscarbonnumber. a)ModelASF;b) Model
ORPDM.

carbonnumberareplottedin Figure4.10a.TheASF modelappearsto give a strong
deviation for the selectivity to methaneandethene.Furthermore,a significanttrend
in themeandeviationsof paraffins asfunctionof carbonnumberwasobserved(Fig-
ure 4.10a). Also, the curved paraffin distribution cannotbe describedwith the ASF
model.

The Olefin ReadsorptionProduct Distribution Model, ORPDM, describesn-
dependentreadsorptionof olefins,resultingin a curved distribution of paraffins and
a decreasingO/P ratio with carbonnumber. Examplesof productdistributionswith
thepredictedmodelvaluesfrom modelORPDMareshown in Figure4.3a-dand4.8b.
The modeledproductdistribution shows a good predictionof the experimentalse-
lectivities. The deviationsfor C1 andC2 products,aswell asthe increasingparaffin



136 CHAPTER 4

n

0
b

5
c

10 15 20
d

mi (-)

0.0001
b

0.001
b

0.01
b

0.1
b

1

Paraffins
Olefins
e

Figure4.11 Productdistribution. Symbolsareexperimentalselectivitiesof on-lineandoff-
line products.Linesaremodelpredictionsof modelORPDM(RunA1: T= 523K, P= 1.50
MPa, F= 2, < i n=$> 0? W= 1.5010* 3 Nm3 kg* 1 s* 1).

contentof theproductsaredescribedaccurately. ThepredictedO/Pratiosfor several
experimentsareplottedin Figure4.5and4.6. TheO/Pratio follows theexperimental
valuesaccurately, with theexceptionof n= 3. ThemodelunderestimatestheO/Pratio
slightly at thiscarbonnumber.

Figure4.9bshows that therelative residualsbetweenmodelORPDMandexper-
imentarealmostalwayswithin 25 %, while themeanRR shows no significanttrend
with carbonnumber(seeFigure4.10b).Theobserveddeviationsfrom theASFmodel
are accuratelydescribedby our model, resultingin a lower relative variance(sr el=
13.3%) relative to theASF model(sr el= 70.1%) . Theaccuracy of thenew modelis
demonstratedin Figure4.11.Here,thehydrocarbondistributionobtainedfrom taking
boththeon-lineandoff-line productsinto account,is comparedwith modelORPDM.
This figure shows that the optimal valuesof the modelparametersarenot affected
whentakingtheoff-line productcompositioninto account.

Themodelparametersof modelORPDMarepseudokinetic rateconstants,incor-
poratingtruekinetic rateconstants,surfaceconcentrationsof intermediates,hydrogen
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Table4.5 Effectof processvariablesonmodelparameters.

Parameter Power law

kR 3 O 3210* 4
P1+ 4

H2
P * 0+ 49

CO! =$> 0# W

tO 6 O 1686P * 0+ 5
H2

p 13O 8P * 0+ 47
H2

P0+ 43
CO

Pressuresin MPa, fhgji 0 S W in Nm3 kgk 1 sk 1

andvacantsites.Therefore,themodelparametersvarywith theadjustedprocessvari-
ables,PCO, PH2, andspacevelocity. The effect of processvariableson the model
parametersis shown in Table4.5. Themodelparameters,p andkR werefitted to the
experimentalconditionswith appropriateempiricalequations. If it is assumedthat
thehydrogenadsorptionis dissociative[3]:

H2 - 2s l m 2Hs / KH2
1 (4.23)

therelativeolefin terminationprobability, tO, canbeexpressedas:

tO � kt > O � =
kt > P � H

� kt > O
kt > PK 0+ 5

H2
P0+ 5

H2

) P * 0+ 5
H2

(4.24)

Theratio of theterminationratesto olefinsandparaffins (tO) decreaseswith increas-
ing H2 pressure,whereastheratio of thechaingrowth rateto theparaffin termination
rate (p) increaseswith CO pressureanddecreaseswith H2 pressure.Theseobser-
vationscorrespondwith the experimentalresultsdiscussedabove. The readsorption
parameter, kR, increaseswith increasingH2 pressureanddecreaseswith increasing
CO pressureandspacevelocity. CO inhibits readsorptionrates,while a high H2/CO
ratio is favorablefor readsorptionof olefins.Theaccuracy of theequationspresented
in Table4.5is illustratedin Figure4.12.

Figure 4.13 shows the effect of carbonnumberon the chain growth parameter
(  n) calculatedwith eq 4.6 and4.7 accordingto modelORPDMwith theoptimized
parametersfrom the experimentsin Figure4.5. The chaingrowth parameter,  n, is
high at n � 2 dueto rapid readsorptionof ethene(k2

R) andincreasedterminationto
C2 products(t2

P), minimal for C3 and increasesto the asymptoticalvalueof  6 �
p# / 1 - p1 . Someauthorsstatedthatthis behavior resultsfrom two differentcatalytic
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Figure4.12 Parity graphof experimental(Table4.3)andmodeledparameters(Table4.5)of
modelORPDM.

siteswith differentchaingrowth probabilities,sincethetotalhydrocarbondistribution
couldbefitted by additionof two individual ASF distributions[16, 18,19]. However
sucha double- modelcannotexplain the following experimentalresultsobserved
bothby usandby, for example,DonnellyandSatterfield[20]: 1) Decreaseof theO/P
ratio with increasingcarbonnumber. 2) Decreaseof the O/P ratio with decreasing
spacevelocity. 3) Decreaseof theO/Pratioandmeancarbonnumberwith increasing
H2/COratios.

Comparisonbetweenthemodelproposedby Zimmermanet al. [21] andORPDM
shows thefollowing majordifferences:1) Themodelof Zimmermanet al. [21] does
notaccountfor theincreaseof thephysisorptionstrengthwith carbonnumber. Several
studiesshowedthatevenin gas-solidreactors,withoutsolubility effects,strongchain
lengthdependenciesoccur[7, 13]; 2) Thestrongdeviationsof C1 andC2 productsrel-
ativeto theotherhydrocarbonsaredescribedaccuratelywith ourmodelin comparison
to themodelof Zimmermanet al. [21]; 3) Our modeldescribesthecompleteproduct
distribution accuratelywithout the assumptionof secondaryhydrogenationon sepa-
ratehydrogenationsites;4) ORPDM is testedfor a large numberof experimentsat
industriallyrelevantprocessconditions,whereasthemodelof Zimmermanet al. [21]
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Figure4.13 Chaingrowth parameterasfunctionof carbonnumber. Linesaremodelpredic-
tionsof modelORPDMfor experimentsmentionedin Figure4.5.
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Figure4.14 Selectivity for Fe-Cu-K(T= 489K, P= 1.62MPa,H2/CO=2),datafrom Madon
et al. [35]. Lines aremodelpredictionsof modelORPDM (p o 9 p 15q tO o 4 p 12q kR o
0 p 66q c o 0 p 19q t1
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P o 1 p 31q k2
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hasbeentestedfor oneexperimentonly.

To checkmodelORPDMfurther, we appliedit to interpretselectivity datagiven
by Madon et al. [35] for a Fe-Cu-K precipitatedcatalystin a fixed bed plug flow
reactor. Theselectivity datafor paraffins andolefinswith theoptimizedvalueswith
modelORPDMaregivenin Figure4.14. Our readsorptionmodelprovesto describe
theobservedproductdistributionaccurately. Theoptimalexponentialfactor, c, of the
readsorptionterm in eq 4.7 on Fe of 0.19 at T= 489 K is lower thanthe optimized
factorin thecurrentstudy(c= 0.29at T= 523K). Theasymptoticalvalueof  on Fe
appearsto be  76 = 0.901.

ORPDM accountsfor secondaryreadsorptionof  -olefinson iron catalysts. In
contrastto iron, cobaltcatalystscaneasilyhydrogenateolefinsin asecondaryreaction
[9, 13]. In general,theextentof secondaryreactionsincreasesin theorder:Fe,Ru,Co
[35, 36]. Becauseof the relatively low tendency of Fe to catalyzesecondaryhydro-
genation,high olefin yieldscanbeobtainedwith alkali promotediron catalysts.The
presentmodelis applicablefor catalystswith nocatalyticactivity for secondaryhydro-
genation.However, themodelcaneasilybeextendedto reactionnetworks including
secondaryhydrogenation.

4.5 Conclusions

A new productdistribution model,which accountsfor n-dependentolefin readsorp-
tion, provesto be ableto describeaccuratelythe deviationsin the observedproduct
distributions,obtainedon a precipitatediron catalystsin a gas-solidspinningbasket
reactor, in both olefinsandparaffins from ASF distributions: i.e., a relatively high
yield of methane,a relatively low yield of etheneandanexponentialdecreaseof the
olefin to paraffin ratioandchangeof thechaingrowth parameterwith chainlength.

For eachexperimentalproductdistribution threeparameters(p, tO, andkR) were
optimizedcontainingkinetic parametersandsurfaceconcentrationsof intermediates
andvacantsites,whereasfour modelparameters(c, t1

P, t2
P, andk2

R) wereoptimized
for theentiresetof experiments.Theeffectsof theprocessconditionson theproduct
selectivity andmodelparameterswereinvestigated.Themodelparameterscouldbe
describedsuccessfullywith equationsdependingonly on theexperimentalconditions.

The superioraccuracy of the new model in predictingexperimentallyobserved
productdistributionsis obtainedfrom addingoneextra parameteronly (kR) in com-
parisonto theAnderson-Schulz-Florymodel,without assumingof multiple catalytic
chaingrowth sites.
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Abstract

Thekineticsof thegas-solidFischer-Tropschsynthesisover a commercialFe-Cu-K-
SiO2 catalystwasstudiedin a continuousspinningbasket reactor. Experimentalcon-
ditionswerevariedasfollows: reactorpressureof 0.8-4.0MPa, H2/CO feedratio of
0.25-4.0,andspacevelocityof 0.5-2.010¶ 3 Nm3 kg¶ 1

cat s¶ 1 ataconstanttemperatureof
523K. A numberof rateequationswerederivedonthebasisof adetailedsetof possi-
ble reactionmechanismsoriginatingfrom thecarbidemechanismfor thehydrocarbon
formationandtheformatemechanismfor thewatergasshift reaction,respectively. 14
modelsfor theFischer-Tropschreactionrateand2 watergasshift reactionratemodels
werefitted to theexperimentalreactionrates.Bartlett’s testwasusedto reducetheset
of Fischer-Tropschrateequationsto 3 models,which werestatisticallyindistinguish-
able. It couldbeconcludedthat the reactionrateof theFischer-Tropschsynthesisis
controlledby the formationof the monomerspecies(methylene)by hydrogenation
of molecularlyadsorbedCO, whereasthe carbondioxide formationrate (watergas
shift) is determinedby theformationof a formateintermediatespeciesfrom adsorbed
CO anddissociatedhydrogen.Simulationsusingtheoptimalkinetic modelsderived
showed goodagreementboth with experimentaldataandwith somekinetic models
from literature.
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5.1 Intr oduction

TheFischer-Tropschsynthesiscanbesimplifiedasa combinationof theFT reaction
andthewatergasshift (WGS)reaction.Wateris aprimaryproductof theFT reaction,
andCO2 canonly be producedby the WGS reaction(RWGS · RCO2). The water
gasshift reactionis a reversibleparallel-consecutivereactionwith respectto CO (see
Figure5.1).

CO + H2 H2O + -(CH2)-

CO + H2O

+
CO2

RFT

RWGS

Figure5.1 Schemeof thereactionof carbonmonoxideandhydrogen.

Themajorproblemin describingFischer-Tropschreactionkineticsis thecomplex-
ity of its reactionmechanismandthelargenumberof speciesinvolved. Literatureon
the kineticsof the Fischer-Tropschsynthesiscanbe divided into two classes.Most
studiesaimatcatalystimprovementandpostulateempiricalpowerlaw kineticsfor the
carbonmonoxiderates[1, 2]:

¸ RCO · k Pa
H2

Pb
CO (5.1)

andcarbondioxideformationor watergasshift reaction[3, 4]:

RCO2 · k Pc
H2O Pd

CO (5.2)

Relatively few studiesaim at understandingthereactionmechanisms.Someauthors
derived Langmuir-Hinshelwood- Hougen-Watson(LHHW) rate expressionsfor the
reactantconsumption[5, 6]. In mostcasestheratedeterminingstepwasassumedto
betheformationof thebuilding block or monomer, methylene[7–14]. Simultaneous
modelingof theWGSandFT reactionsoniron catalystswith WGSactivity hashardly
beenreported.ZimmermanandBukur [9] andShenet al. [15] fitted kinetic expres-
sionsto theirdata,but their rateexpressionsfor theWGSwerelargelyempirical.

Our objective is to develop intrinsic rate expressionsfor the CO conversionto
Fischer-Tropschproductsandfor the watergasshift (WGS) reactionover a precip-
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itated iron catalyston the basisof realisticmechanisms.It alsoappearedthat sev-
eral existing literaturemodelscan be derived from the samelimited set of mecha-
nisms[7–14]. A reactormodel will be usedto predict the reactionratesand con-
versionsasa functionof experimentalconditions.Comparisonbetweenthenew rate
expressionsandavailable literaturemodelsis includedaswell. The kineticsof the
gas-solidFischer-Tropschsynthesisover a commercialFe-Cu-K-SiO2 catalystwere
studiedin a continuousspinningbasket reactor(CSTR)at industrially relevant con-
ditions. Productdistributionsat thesamereactionconditionsarereportedin Chapter
4.

5.2 Theory

5.2.1 ActiveSiteson Precipitated Ir on Catalysts

The compositionof iron-basedcatalystschangesduring Fischer-Tropschsynthesis.
ZhangandSchrader[16] concludedthat two active sitesoperatesimultaneouslyon
the surfaceof iron catalysts:Fe0/Fe-carbidesand magnetite(Fe3O4). The carbide
phaseis active towardsdissociationof CO andformationof hydrocarbons,while the
oxidephaseadsorbsCO associatively andproducespredominantlyoxygenatedprod-
ucts. Lox et al. [17] andShroff et al. [18] concludedthat the magnetitephasehas
negligible catalyticactivity towardsFT reactionswhereascarbideformationresultsin
ahighFT activity.

Severalauthorsproposedthatmagnetite(Fe3O4) is themostactive phasefor the
WGS reaction[4, 5, 16, 19, 20] on iron catalysts. Raoet al. [19] studiedthe iron
phaseof Fe/Cu/K/SiO2 catalystsfrom thedemonstrationunit at LaPorte,Texas(Au-
gust,1992)with Mössbauerspectroscopy. Thechangesof themagnetitephasecorre-
spondedwith theWGSreactionactivity duringtime-on-stream.Lox etal. [17] showed
thatFe3O4 coexistswith variousiron carbideson thecatalystduringsynthesisgasre-
actions.It is generallyacceptedthat theWGSandFT reactionsproceedon different
activesitesonprecipitatediron catalysts[5, 19].

5.2.2 Hydr ocarbonFormation

5.2.2.1 Elementary Reactions

Themechanismof thehydrocarbonformationduringtheFTShasbeenreviewedand
discussedby severalauthors[1, 21–24]. Recentreviews weregivenby Hindermann
etal. [25], Dry [26], Dry [27], andAdesina[28] andin Chapter2. Themostimportant
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growthmechanismfor thehydrocarbonformationis thesurfacecarbidemechanismby
CH2 insertion[1, 6, 29,30]. Thepresenceof adsorbedmethylenehasbeenidentified
with isotopic-tracertechniquesonFe/Al2O3 [31].

The formationof the methylenespecieswill be discussedin more detail. Hy-
drogenreactsvia eitherthedissociative adsorbedstateor in themolecularstate[32].
Dissociativeadsorptionof hydrogenproceedson two freeactivesites:

H2 ¹ 2s1 º » 2Hs1 (5.3)

s1 denotesa catalyticsitewherehydrocarbonscanbeformed. Carbonmonoxidead-
sorbsassociatively onanactivesite[32]:

CO ¹ s1 º » COs1 (5.4)

AdsorbedCOcanbedissociatedin asecondstep:

COs1 ¹ s1 º » Cs1 ¹ Os1 (5.5)

Surfacecarbonreactswith adsorbeddissociatedhydrogen,

Cs1 ¹ Hs1 º » CHs1 ¹ s1 (5.6)

CHs1 ¹ Hs1 º » CH2s1 ¹ s1 (5.7)

or with molecularhydrogen,

Cs1 ¹ H2 º » CH2s1 (5.8)

Oxygenis removed irreversibly andrapidly from the surfaceby consecutive hydro-
genationreactions[24, 33,34],

Os1 ¹ Hs1 º HOs1 ¹ s1 (5.9)

HOs1 ¹ Hs1 º H2Os1 ¹ s1 (5.10)

H2Os1 º » H2O ¹ s1 (5.11)

or with molecularhydrogenaccordingto anEley-Ridealmechanism[8, 24,33],

Os1 ¹ H2 º H2Os1 (5.12)

H2Os1 º » H2O ¹ s1 (5.13)
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Anotherpossiblemechanismstartswith molecularlyadsorbedcarbonmonoxide
andsuccessivehydrogenassisteddissociationwith dissociatedhydrogen[6, 8],

COs1 ¹ Hs1 º » HCOs1 ¹ s1 (5.14)

HCOs1 ¹ Hs1 º » Cs1 ¹ H2Os1 (5.15)

or molecularhydrogen,

COs1 ¹ H2 º » HCOHs1 ¹ s1 (5.16)

HCOHs1 ¹ H2 º » CH2s1 ¹ H2O (5.17)

Basedon theseelementaryreactions,we definedfour differentpossiblemecha-
nisms.SeeTable5.1 for theconventionsandstateof thereactantsin theelementary
formationreactionsof methylene.Thecompletesetof elementaryreactionsfor each
modelis givenin Table5.2.

Table5.1 Thevariouskineticmodelsconsidered,togetherwith the
presenceof thereactantsin theratedeterminingstep.
Model CO H2

FT-I Dissociative Dissociative
FT-II Dissociative Molecular
FT-III Associative Dissociative
FT-IV Associative Molecular

5.2.2.2 Kinetic RateEquations

In orderto deriverateequations,weusedtheLangmuir-Hinshelwood-Hougen-Watson
approach,see,for example,Graafet al. [35]. For eachmodel,the possibleratede-
terminingstepswere identified,while all otherstepswereassumedto be at quasi-
equilibrium. The following assumptions,all basedon literature,weretaken into ac-
count:

1. Reactionpathfor the CO consumptionto the monomermethylene,CH2, con-
tainsoneirreversibleratedeterminingstep,in analogywith Ref. [35].

2. Steadystateconcentrationsof all intermediateson thecatalystsurface[35, 36].
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Table5.2 Elementaryreactionsfor FT synthesis.
Model Number Elementaryreaction

FT-I 1 CO+ s1 º » COs1

2 COs1 + s1 º » Cs1 + Os1

3 Cs1 + Hs1 º » CHs1 + s1

4 CHs1 + Hs1 º » CH2s1+ s1

5 Os1 + Hs1 º HOs1 + s1

6 HOs1 + Hs1 º H2Os1 + s1

7 H2O + s1 º » H2Os1

8 H2 + 2s1 º » 2Hs1

FT-II 1 CO+ s1 º » COs1

2 COs1 + s1 º » Cs1 + Os1

3 Cs1 + H2 º » CH2s1

4 Os1 + H2 º H2Os1

5 H2O + s1 º » H2Os1

FT-III 1 CO+ s1 º » COs1

2 COs1 + Hs1 º » HCOs1 + s1

3 HCOs1 + Hs1 º » Cs1 + H2Os1

4 Cs1 + Hs1 º » CHs1 + s1

5 CHs1 + Hs1 º » CH2s1 + s1

6 H2 + 2s1 º » 2Hs1

7 H2O + s1 º » H2Os1

FT-IV 1 CO+ s1 º » COs1

2 COs1 + H2 º » H2COs1

3 H2COs1 + H2 º » CH2s1 + H2O

4 H2O + s1 º » H2Os1

1Equilibriumconstant,e.g.reactionstepFT-I1: K1 ¼ ½ COs1

PCO ½ s1
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Table5.3 Reactionrateexpressionsconsideredfor
theFischer-Tropschsynthesis,RFT (mol kg¶ 1

cat s¶ 1).

Model Kinetic equation

FT-I3
kP1¾ 2

CO P1¾ 2
H2

1 ¹ aP1¾ 2
CO ¹ bPH2O

2

FT-I4
kP1¾ 2

CO P3¾ 4
H2

1 ¹ aP1¾ 2
CO P ¶ 1¾ 4

H2 ¹ bPH2O

2

FT-II3
kP1¾ 2

CO PH2

1 ¹ aP1¾ 2
CO ¹ bPH2O

FT-III2
kPCO P1¾ 2

H2

1 ¹ aPCO ¹ bPH2O
2

FT-III3
kPCO PH2

1 ¹ aPCO ¹ bPH2O
2

FT-IV2
kPCO PH2

1 ¹ aPCO ¹ bPH2O

FT-IV3
kPCO P2

H2

1 ¹ aPCO ¹ bPH2O

3. Catalystsitesof type 1 areactive towardshydrocarbonformation,which are
uniformandhomogeneouslydistributed[35, 36].

4. Initial adsorptionof hydrogenandcarbonmonoxideis in quasi-equilibriumwith
thegasphaseconcentrations[24].

5. Wateris removedirreversiblyafterCOdissociation[24, 33,37].

6. CO is adsorbedmore strongly than H2 on iron catalysts,resultingin a high
surfaceconcentrationof COor dissociatedCOrelative to H2 [21, 38].

7. H2O adsorbsstronglyandmayinhibit theFT reactionrate[9].

With theseassumptions,7 differentkinetic modelsremainpossible. Theseare
summarizedin Table5.3. Thedevelopmentof thekineticequationswill beillustrated
for modelFT-II3. The modelcodesrefer to the setof elementaryreactionsandthe
elementaryreactionnotatequilibrium(thatis theratedeterminingstep,soin thiscase
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Table5.4 Parametersfor theFT kineticmodels.
Model k (x) a (x) b

(mol kg¶ 1 s¶ 1 MPax) (MPax) (MPa¶ 1)
FT-I3 ¿ k3k5K1K2K8 À 1¾ 2 (-1) ¿ K1K2k5Á k3 À 1¾ 2 (-1/2) K7

FT-I4 ¿ k4k5K1K2K3 À 1¾ 2K 3¾ 4
8 (-5/4) ¿ K1K2K3K 1¾ 2

8 k5Á k4 À 1¾ 2 (-1/4) K7

FT-II3 ¿ k3k4K1K2 À 1¾ 2 (-3/2) ¿ k4K1K2 Á k3 À 1¾ 2 (-1/2) K5

FT-III2 k2K1K 1¾ 2
6 (-3/2) K1 (-1) K7

FT-III3 k3K1K2K6 (-2) K1 (-1) K7

FT-IV2 k2K1 (-2) K1 (-1) K4

FT-IV3 k3K1K2 (-3) K1 (-1) K4

reaction3). Thesetof elementaryreactionsfor modelFT-II3 is shown in Table5.2.
Thereactionrateof theratedeterminingstepis:

RFT-II3 · k3Â Cs1 PH2 · k4 Â Os1 PH2 (mol kg¶ 1
cat s¶ 1) (5.18)

Thesurfacefractionof carboncanbecalculatedfrom thesitebalance,thepreceding
reactionstepswhichareatquasi-equilibriumandthereactionratefor waterformation:

K1 · Â COs1

PCO Â s1 Ã K2 · Â Cs1 Â Os1Â COs1 Â s1

(5.19)

Â Cs1 · k4

k3
Â Os1 · K1K2k4

k3

1¾ 2
P1¾ 2

CO Â s1 (5.20)

Fromassumptions6 and7 it follows thatonly surfacecarbonandwateroccupy a
significantfractionof thetotalnumberof sites,thesitebalancebecomes:

Â s1 ¹ÄÂ Cs1 ¹ÄÂ H2Os1 · 1 (5.21)

Substitutionof thesurfacefractionof carbonin eq5.18:

RFT-II3 · Å k3k4K1K2 Æ 1¾ 2P1¾ 2
CO PH2

1 ¹ Å K1K2k4Ç k3 Æ 1¾ 2P1¾ 2
CO ¹ K5PH2O

· kP1¾ 2
CO PH2

1 ¹ aP1¾ 2
CO ¹ bPH2O

(5.22)

Table5.3summarizesthefinal form of thevariousrateexpressionsfor the7 pos-
siblekinetic modelsconsidered,whereasTable5.4 shows thekinetic andadsorption
parametersfor thedifferentkineticmodels.It canbeseenthatthepressuredependency
of COandH2 in thenumeratorrangesfrom 1/2to 1,and1/2to 2, respectively. Thede-
nominatoris quadraticin caseof adualsiteelementaryreaction,in contrastto asingle
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siteratedeterminingstep.Thedenominatorconsistsof theindividualcontributionsof
significantlyabundantspecieson thecatalystsurface.

Theconcentrationof freesitesÂ s1 is determinedfrom asitebalance.It is assumed
thatthetotalnumberof sitesis constant:

Â s1 ¹ n

i È 1
Â i s1 · 1 (5.23)

where Â s1 is the fraction free sitesand Â i s1 are the surfacefractionsoccupiedwith
adsorbedspeciessuchas carbon,carbonmonoxide,hydrogen,alkyl chains,water,
carbondioxide,andsoforth Theadditionof severalinhibition termsin thedenomina-
tor cannot be justifiedstatisticallydueto a high degreeof covarianceor correlation
[39, 40]. The derived kinetic expressionshave a maximumof two inhibition terms:
onetermfor COor acarbidicspecies( Â Cs1) andtheotherfor H2O inhibition.

5.2.2.3 Literatur eModels

Reviewsof kineticequationsfor iron-basedcatalystswerepublishedby Huff andSat-
terfield [8], ZimmermanandBukur [9], andVan der LaanandBeenackers[45], en-
closedin slightly revisedform asChapter2. Kinetic studiesof theFTSon iron and
cobaltcatalystsaresummarizedin Table5.5.Thecorrespondingoperatingconditions
aregivenin Chapter2 (Table2.7).

It canbeshown thatall theseliteraturemodelscanbederivedfromthesetof mech-
anismsconsideredin this studyandwhich aresummarizedin Table5.2. Appropriate
assumptionsfor theinhibitor effectsin thesitebalanceof thekinetic rateexpressions
in table5.3 resultin similar mathematicalexpressions.Themechanisticimplications
of theavailableFT kineticmodelsaresummarizedin Table5.5.

5.2.3 Water GasShift Reaction

5.2.3.1 ReactionMechanism

Several mechanismsfor the watergasshift reactionwereproposedin the literature.
Singlestudiesof the watergasshift reactionover supportedmetalssuggestthe ap-
pearanceof formatespecies[4, 5, 20,35]. Theformatespeciescanbeformedby the
reactionbetweeneitherahydroxyspeciesor waterandcarbonmonoxideeitherin the
gasphaseor in the adsorbedstate. The hydroxy intermediatecanbe formedby the
decompositionof water. Theformateintermediatecanbereducedto eitheradsorbed
or gaseouscarbondioxide (seeTable5.6). RethwischandDumesic[20] studiedthe
water gasshift reactionon several supportedand unsupportediron oxide and zinc
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Table5.5 Reactionrateequationsoverallsynthesisgasconsumptionrate.SeeTable2.7for
experimentalconditions,reactortypeandcatalystapplied.

Kinetic expression References Mechanisticimplications

(a) kPH2 [9, 22,41] FT-II3 (b=0,aPCO É 1)
FT-IV2 (b=0,aPCO É 1)

(b) kPa
H2

Pb
CO [3] -

(c)
kPH2 PCO

PCO ¹ K PH2O
[7, 9, 10,15,22] FT-IV2 (aPCO andbPH2OÉ 1)

(d)
kP2

H2
PCO

PCO PH2 ¹ K PH2O
[8, 15,42,43] FT-II3 (waterformationis

reversible)

(e)
kP2

H2
PCO

1 ¹ aPCO P2
H2

[22] -

(f)
kPH2 PCO

PCO ¹ K PCO2

[9, 11,12,43] FT-IV2 (aPCO É 1 and
CO2 inhibition)

(g)
kPH2 PCO

PCO ¹ K1PH2O ¹ K2PCO2

[9, 11,12] FT-IV2 (aPCO É 1, CO2

andH2O inhibition)

(h)
kP1¾ 2

CO P1¾ 2
H2

1 ¹ K1P1¾ 2
CO ¹ K2P1¾ 2

H2

2 [14] FT-I3 (H2 inhibition,
bPH2O · 0)

(i)
kPCO P1¾ 2

H2

1 ¹ K1PCO ¹ K2P1¾ 2
H2

2 [6] FT-III2 (H2 inhibition,
bPH2O · 0)

(j)
kPCO PH2

Å 1 ¹ K PCO Æ 2 [13, 40,44] FT-III3 (bPH2O · 0)
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Table5.6 Elementaryreactionsfor thewatergasshift reaction.
Model Number Elementaryreaction

WGS-I 1 CO+ s2 º » COs2

2 CO2 + s2 º » CO2s2

3 H2O + s2 º » H2Os2

4 H2 + 2s2 º » 2Hs2

5 COs2 + H2Os2 º » HCOOs2 + Hs2

6 HCOOs2 + s2 º » Hs2+ CO2s2

WGS-II 1 CO+ s2 º » COs2

2 CO2 + s2 º » CO2s2

3 H2O + s2 º » H2Os2

4 H2Os2 + s2 º » OHs2 + Hs2

5 H2 + 2s2 º » 2Hs2

6 COs2 + OHs2 º » HCOOs2 + s2

7 HCOOs2 + s2 º » Hs2+ CO2s2

oxide catalysts.They suggestedthat the WGS reactionover unsupportedmagnetite
proceedsvia a directoxidationmechanism,while all supportediron catalystsoperate
via a mechanismwith formatespeciesdueto limited changeof oxidationstateof the
iron cations.

5.2.3.2 Kinetic Expressions

Severalassumptionsweremadein orderto derive theLHHW rateexpressions:

Ê Steadystatefor theadsorbedspecies.

Ê Oneratedeterminingstepin thesequenceof elementaryreactionsoverthecom-
pleterangeof experimentalconditions.

Ê Surfaceconcentrationsof intermediatespeciesarenegligible [35].

Ê Activesitesfor theWGS(type2) aredifferentthanthesitesfor thehydrocarbon
forming reactions(type1) [5].
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Ê Ratedeterminingstepis a dual-siteelementaryreactionbetweentwo adsorbed
species[5].

Ê Adsorptionof reactantsanddesorptionof productsareatequilibrium.

With the mentionedassumptionstwo ratedeterminingstepsarepossible. First, the
ratedeterminingstepis (WGS-II6):

COs2 ¹ OHs2 º » HCOOs2 ¹ s2 (5.24)

Thehydroxylspeciesis formedby dissociationof water:

H2O ¹ 2s2 º » OHs2 ¹ Hs2 (5.25)

Second,thereactionbetweenadsorbedwaterandcarbonmonoxide(WGS-I5)canbe
ratedetermining:

COs2 ¹ H2Os2 º » HCOOs2 ¹ Hs2 (5.26)

On basisof the formatemechanismandthe mentionedassumptions,two kinetic
rateequationsweredeveloped.Theexpressionsaregivenin Table5.7.Theadsorption
of H2 andCO2 areassumedto benegligible relative to CO andH2O [5, 9, 38]. Thus,
themassbalanceof thecatalyticsites,s2, is:

Â s2 ¹ÄÂ H2Os2 ¹ÄÂ COs2 · 1 (5.27)

Derivation of otherkinetic expressionsbasedon adsorptionof morecomponentsis
possiblefrom theaboveequations.SincetheWGSreactionis anequilibriumreaction,
thereversereactionhasto betakeninto account.For the temperaturedependency of
the equilibrium constantof the WGS reaction,K P, the following relationwasused
(Graafet al. [46]):

log K P · log
PCO2 PH2

PH2O PCO eq
· 2073

T
¸ 2 Ë 029 (5.28)

Kinetic studiesof theWGSreactionunderFT conditionson iron-basedcatalysts
aresummarizedin Chapter2 (Table2.8).
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Table5.7 Rateexpressionsconsideredfor thewatergasshift reaction,
RCO2 (mol kg¶ 1

cat s¶ 1).

Model Kinetic equation Sitebalance

WGS-I5
kÌ PCO PH2O

¸ PCO2 PH2 Ç K P

1 ¹ K1PCO ¹ K3PH2O
2 s2, COs2, H2Os2

kÌ = k5K1K3 (mol kg¶ 1 s¶ 1 MPa¶ 2)

WGS-II6
kÌ PCO PH2O Ç P1¾ 2

H2
¸ PCO2 P1¾ 2

H2 Ç K P

1 ¹ K1PCO ¹ K3PH2O
2 s2, COs2, H2Os2

kÌ = k5K1K3K4K ¶ 1¾ 2
5 (mol kg¶ 1 s¶ 1 MPa¶ 1Í 5)

5.3 Experimental

The kineticsof both the Fischer-Tropschsynthesisand the watergasshift reaction
over a commercialprecipitatediron catalyst(RuhrchemieLP33/81)wereunraveled
by relevantexperimentsin a SpinningBasket Reactor(SBR).For a detaileddescrip-
tion of theexperimentalset-up,thecatalystapplied,theanalyticandtheexperimental
procedures,seeChapter3.

Thebasketswereloadedwith 2.34g of catalyst,with particlediametersbetween
0.125and0.160mm. Thecatalystwaspretreatedwith a hydrogenflow rateof 8.33
10¶ 4 Nm3 kg¶ 1

cat s¶ 1 accordingto Bukur et al. [47]. Thereactortemperaturewaslin-
early increasedfrom 293 to 553K by 0.017K /s. The reactortemperaturewaskept
at 553 K for 24 hrs at atmosphericpressure.After catalystreduction,synthesisgas
was fed to the reactorwhich at standardconditionsoperatedat 523 K, 1.50 MPa,
(H2/CO)f eed=2 andaspacevelocityof 1.5110¶ 3 Nm3 kg¶ 1

cat s¶ 1.

Checkingthecriteriaof WeiszandPrater[48] for thereactantsCOandH2 showed
thatnointraparticlediffusionlimitationsoccurredatrelevantexperimentalconditions,
evennot at thehighestconversionrates.Here,it wasconservatively assumedthatthe
catalystporeswerefilled with long-chainhydrocarbonwaxes.

24 kinetic experimentswerecarriedout in theSBRwith theRuhrchemieprecipi-
tatediron catalyst.Theexperimentalconditionswerevariedasfollows: P= 0.8 - 4.0
MPa,H2/COfeedratio=0.25- 4.0,and Î i nÏ$Ð 0Ç W= 0.510¶ 3 - 2.010¶ 3 Nm3 kg¶ 1

cat s¶ 1 at
a temperatureof 523K. At regularintervals,thestandardexperimentwasrepeatedto
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determinepossibledeactivationeffectsof thecatalyst.A summaryof theexperimental
resultsandoperatingconditionsis givenin AppendixA.

5.4 Resultsand Discussion

After an initial periodof 100hrs,a steadystatewasmoreor lessobtained.Thecat-
alyst activity, reactionrateto hydrocarbonproducts(RFT ) andthe rateof the water
gasshift (RWGS) did not changemuchover 1200hrs time on stream(seeChapter3;
Figure3.10a).Thereactionrateswerenotcorrectedfor catalystagingdueto thesmall
effectof timeonstreamon thecatalystactivity.

The preliminary screeningof the Fischer-Tropschkinetic expressionswas per-
formedwith a maximumof two adsorbedspeciesin the site balance.Every kinetic
modelwasoptimizedwith two differentmathematicalformsof thesitebalance:

Â s1 ¹ Å Â Cs1 or Â COs1 Æ ¹ÄÂ H2Os1 · 1 (5.29)

Å Â Cs1 or Â COs1 Æ ¹ÄÂ H2Os1 · 1 (5.30)

For modelsbasedon thecarbidemechanism(FT-I, FT-II), thecarbidicspeciesis sur-
facecarbonÂ Cs1, formedby dissociationof CO.ModelsFT-III andFT-IV arebasedon
associative adsorbedCO speciesÂ COs1. The7 kinetic equationswereoptimizedwith
a non-linearoptimizationroutineusingboth eqs5.29 and5.30 for the site balance.
Contributionsof speciesin the site balancewereeliminatedif the fitted adsorption
coefficientswerenot significantlydifferentfrom zeroor hada significantlynegative
value.Table5.8shows theresultsof thekineticmodelswith therelativevarianceand
theirranking.Fourmodelsareableto describetheexperimentalFT reactionrateswith
a relativevariancelessthan35% andamaximumof threeoptimizedparameters.

Bartlett’s testwasappliedto investigatewhetherthedifferencesin accuracy of the
variousmodelswerestatisticallysignificant[49, 50]. This test comparesa critical
calculatedÑ 2

c value(for details,seeChapter3 or Jonker et al. [49]) with a tabulatedÑ 2
t value[51]. If Ñ 2

c exceedsthetabulatedvalue,themodelwith thelargestdeviation
wasrejectedand Ñ 2

c wasrecalculated.Modelsweresubsequentlyrejected,until Ñ 2
c

wasbelow thetabulatedvalue.Table5.9comparesÑ 2
c with thetabulatedÑ 2

t valuefor
H ¸ 1 degreesof freedom.Thetableshows thatthebestfivemodels(H · 5) passed
thetestandarestatisticallyindistinguishable.Thebestfivemodelsare,in succeeding
order: FT-IV2 (eq 5.29), FT-III2, FT-III3, FT-IV2 (eq 5.30), FT-II3. Model FT-II3
wasrejectedfrom list of bestmodels,becausetheoptimizedparametersof thismodel
wereunrealisticandthemodeljust passedtheBartlett’s testdueto the large relative
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Table5.8 FT kineticmodelscreening.

Model Sitebalance(eq) sr el (%) Rank Remarks

FT-I3 5.30 63.7 6
FT-I4 5.30 65.9 9
FT-II3 5.30 45.2 5
FT-III2 5.29 30.0 2
FT-III2 5.30 64.4 8
FT-III3 5.29 30.9 3
FT-III3 5.30 63.8 7
FT-IV2 5.29 29.6 1
FT-IV2 5.30 32.4 4
FT-IV3 5.29,5.30 - - a Ò 0

FT-I3, FT-I4,FT-II3 with sitebalance5.29resultsin a Ó 0

variance. The site balancesof modelsFT-IV2 (eq 5.29) andFT-IV2 (eq 5.30) vary
slightly only. Consequently, themodelwith thehighestrelativevariancewasrejected,
i.e. FT-IV2 (eq5.30).

Four experimentswerefoundto beoutliersin thethreeremainingmodels(Runs:
5, 17,20,23). Theremainingmodelswerefittedagainwith thereduceddatasetof 20
experimentalreactionrates.Table5.10givestheoptimizedvaluesof theparametersin
thesethreemodels:FT-III2, FT-III3, FT-IV2. Thethreeremainingkineticexpressions
(FT-III2, FT-III3, andFT-IV2) areall basedonthecombinedenol/carbidemechanism.
Themathematicalform of theequationsis verysimilar, indicatinga difficult discrim-
inationprocedure.Figure5.2comparestheexperimentalandcalculatedreactionrates
of thesethreemodels.

Kinetic expressionFT-IV2 is similar to severalliteraturemodels[7, 9, 10,22] for
iron catalysts(seeTable5.5). In this model,theratedeterminingstepis a singlesite
reactionbetweenundissociatedadsorbedCO andgaseousH2. However, theliterature
modelsweredevelopedfrom experimentsin slurryphaseor packedbedreactors.The
major differencebetweentheseliteraturemodelsandoptimizedmodelFT-IV2 is a
significantnumberof free sitesin the latter model. In our experiments,the catalyst
particlesarelocatedin spinningbasketswith a small amountof high-boilinghydro-
carbonspresentin thecatalystpores.

Kinetic expressionsFT-III2 andFT-III3 arealsoableto describeour experiments
accurately. Thesemodelsarealsodevelopedfrom thecombinedenol/carbidemecha-
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Table5.9 Bartlett’s testfor FT models1.
H2 Ñ 2

c Ñ 2
t

9 42Ë 2 15Ë 5
8 38Ë 2 14Ë 1
7 32Ë 6 12Ë 6
6 23Ë 6 11Ë 1
5 6 Ë 03 9 Ë 49
4 0 Ë 206 7 Ë 81
3 0 Ë 040 5 Ë 99
2 0 Ë 0037 3 Ë 84
1 ß 2

c : critical ß 2 accordingto Bartlett’s test[49]; ß 2
t : tabulatedß 2 [51]

2 H : numberof modelsunderconsideration

nism: ratedeterminingstepsarethedualsitesurfacereactionbetweenundissociated
adsorbedCO anddissociatedH2 (FT-III2) andbetweenadsorbedformyl anddisso-
ciatedH2 (FT-III3). Model FT-III2 is similar to the optimal equationof Sarupand
Wojciechowski [14] for a precipitatedcobaltcatalystin a Berty reactor, whereasFT-
III3 wasfoundto bethebestmodelby YatesandSatterfield[40] on cobaltmeasured
in a slurry reactor. The kinetic modelof SarupandWojciechowski [14] wasdevel-
opedwith theassumptionthatthesitebalanceconsistsof freesites,adsorbedCOand
dissociatedH2, while YatesandSatterfield[40] only includedCOinhibition.

The WGSreactionratewasoptimizedwith thekinetic expressionsin Table5.7.
Dueto ahighdegreeof similarity betweenequationsWGS-I5andWGS-II6, therela-
tivevariancesarealmostequal,25.0% and23.0%, respectively. TheBartlett’s testis
unableto discriminatebetweenthesemodels.A parity plot betweentheexperimental
andmodelvaluesof the WGS reactionratesis shown in Figure5.3. Reactionrate
expressionWGS-II6 is similar to the optimal modelof Lox andFroment[5]. Both
modelsassumethattherateof theWGSreactionis determinedby thereactionof ad-
sorbedcarbonmonoxideandhydroxyl towardsa formateintermediate.Our model
assumesadsorptionof CO andwaterto bedominantin thesitebalance,whereasLox
and Froment[5] includedinhibition of hydroxyl speciesonly. The corresponding
modelparametersarealsogivenin Table5.10.

Both theexperimentalandthecalculatedratesof theFischer-Tropschandthewa-
ter gasshift reactionarecomparedin Figures5.4- 5.5 at variousexperimentalcon-
ditions. The calculatedratesstemfrom modelsFT-III2 andWGS-II6 with the input
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Table5.10 Finalestimatesfor theparametersof theFT andWGSkineticmodels.

Parameter Dimension Estimate

WGS-I5(sr el 21.0%)
kÌ mol kg¶ 1 s¶ 1 MPa¶ 2 1.77 à 0.04
K1 MPa¶ 1 2.10 à 0.04
K3 MPa¶ 1 24.19à 3.14

WGS-II6 (sr el 21.5%)
kÌ mol kg¶ 1 s¶ 1 MPa¶ 1Í 5 1.13 à 0.01
K1 MPa¶ 1 2.78 à 0.04
K3 MPa¶ 1 12.27à 0.94

FT-III2 (sr el 23.7%)
k mol kg¶ 1 s¶ 1 MPa¶ 1Í 5 0.0488à 0.0049
a MPa¶ 1 0.563à 0.094
b MPa¶ 1 4.05 à 0.77

FT-III3 (sr el 22.4%)
k mol kg¶ 1 s¶ 1 MPa¶ 2 0.0556à 0.0056
a MPa¶ 1 0.125à 0.069
b MPa¶ 1 7.00 à 0.87

FT-IV2 (sr el 22.7%)
k mol kg¶ 1 s¶ 1 MPa¶ 2 0.0779à 0.0157
a MPa¶ 1 0.536à 0.333
b MPa¶ 1 32.27à 8.69

valuesof theH2/CO feedratioandtheflow rate, Î i nÏ"Ð 0 Ç W basedon stoichiometryand
massbalancesof thecomponentspresent(CO, CO2, H2, H2O). Theproductcompo-
sition wasdeterminedfrom gaschromatographicanalysisof thegasandfrom liquid
hydrocarbonproductsamples.Thevaluesof n andm weredeterminedfrom theprod-
uct composition.In this study, n variedbetween2.86-5.04.The ratio of mÇ n varied
between2.14-2.42.Theeffluentflow ratewasestimatedwith theaveragecontraction
factorcalculatedat mÇ n of 2.30. Sincethevariationof mÇ n with processconditions
is minor, thisassumptionseemsjustified.

Theeffect of theflow rateon theoverall rateandratesof thewatergasshift and
Fischer-Tropschreactionis demonstratedin Figure5.4a. As expected,the reaction
ratesincreasewith increasingspacevelocity. Thereis goodagreementbetweenthe
modelcalculationsandtheexperimentalvalues.Overall conversionof synthesisgas,



INTRINSIC K INETICS OF THE GAS-SOLID FT AND WGS REACTIONS 163

R
 (

m
ol

 k
g-1

s-1
)

ca
t

X
C

O
+

H
2

Figure 5.4 Reactionratesfor theWGSandFT andtotal conversionof CO andH2 (a) and
overall conversionof synthesisgas(XCO á H2) versusspacevelocity (b). Symbolsareexper-
imentalvalues.Linesaremodelpredictions(FT-III2 andWGS-II6).



164 CHAPTER 5

PCO (MPa) (feed)

0.0 0.5 1.0 1.5
0.000

0.005

0.010

0.015

0.020

0.025

0.030

-RCO+H
â

2
ã

RFT

RWGS

PH2
ä (MPa) (feed)

0.5 1.0 1.5 2.0 2.5 3.0
0.000

0.005

0.010

0.015

0.020

0.025

0.030

RWGS
åRFT

-RCO+H
â

2
ã

R
(m

ol
 k

g
-1

s
-1

)
ca

t
a.æ b.

R
(m

ol
 k

g
-1

s
-1

)
ca

t

Figure 5.5 Reactionratesfor theWGSandFT andtotal conversionof CO andH2 versus
reactantfeedpressures.Symbolsareexperimentalvalues.Linesaremodelpredictions(FT-
III2 andWGS-II6). a: FeedpressurePCO= 0.8 MPa, T= 523 K, ç i nÏ Á W= 1.0 10¶ 3 kg¶ 1

cat
s¶ 1; b: FeedpressurePH2= 0.8MPa,T= 523K, ç i nÏ Á W= 1.010¶ 3 kg¶ 1

cat s¶ 1.

XCO á H2, at the sameconditionsis accuratelypredictedwith the optimizedkinetic
expressionsanda CSTRreactormodel(seeFigure5.4b).

Theeffectof theindividual reactantpressures(PCO andPH2) in thefeedstreamis
shown in Figures5.5a-b. Themodelsappearto predictthetrendsof varyingreactant
pressuressatisfactory. Boththewatergasshift aswell astheFischer-Tropschreaction
rateincreasewith increasingfeedpressureof CO (Figure5.5a). The waterpressure
decreaseswith increasingCO pressurecausingan increaseof the Fischer-Tropsch
reactionrate. Figure5.5b shows that the spacetime yield and the Fischer-Tropsch
reactionrateincreaseslightly andthendecreasemonotonically. This is causedby an
increaseof thehydrogenandwaterpressurein thereactorwith increasingfeedpres-
sureof hydrogen.Wateris a stronginhibitor on thecatalystandreducesthereaction
ratesof thehydrocarbon-formingreactions.

5.5 Conclusions

Experimentsfor thekineticsof thehydrocarbonformationandwatergasshift reaction
overaniron catalystwereobtainedovera wide rangeof industriallyrelevantreaction
conditions.A numberof rateequationswerederivedon thebasisof a detailedsetof
possiblereactionmechanisms.Thefollowing conclusionscanbemade:
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1. Two differentsitesarepresenton iron catalysts.The iron carbidesareactive
towardshydrocarbonforming reactions,whereasmagnetite(Fe3O4) seemsto
bethemostactivesitefor thewatergasshift reaction.

2. Thereactionrateof theFischer-Tropschsynthesisis determinedby theforma-
tion of themonomerspecies(methylene).Thebestmodelsassumethattherate
determiningstepproceedsvia hydrogenationof associativeadsorbedCO.

3. Carbondioxideis formedby thewatergasshift reaction.Theratedetermining
stepis theformationof a formateintermediatespecies.

Simulationsusingthekineticmodelsderivedshow goodagreementwith bothex-
perimentaldataandwith somekineticmodelsfrom literature.
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Abstract

Thekineticsof theFischer-Tropsch(FT) synthesisover a commercialFe-Cu-K-SiO2

catalystwasstudiedin a continuousgas-slurryreactor. A novel productdistribution
model,recentlydevelopedto describethe productselectivity of a gas-solidFT syn-
thesiswasappliedto modeltheproductdistributionsobtainedat industriallyrelevant
conditions(reactorpressureof 1.2-4.0MPa, H2/CO feedratio of 0.25-4.0,spaceve-
locity of 0.25-0.7710� 3 Nm3 kg� 1

cat s� 1, anda constanttemperatureof 523K) over a
precipitatediron catalystin theslurryphase.Thenew model,calledOlefinReadsorp-
tion ProductDistribution Model (ORPDM),combinesa mechanisticmodelof olefin
readsorptionwith kineticsof chaingrowth andterminationonthesamecatalyticsites.
In the slurry phase,this modelappearsto describethe deviationsfrom the classical
Anderson-Schulz-Florydistributionaccurately. Theselectivity to paraffinsandolefins
could be predictedwith averagedeviationsof 10.6% and8.7 %, respectively. The
presenceof the slurry liquid appearedto affect both the model parametersand the
productselectivity relative to the gas-solidkinetics. The slurry-phasesystemshows
a higherolefin contentat comparablereactionconditions.Thecorrespondingmodel
parameters,the readsorptionconstantandthe terminationconstantto olefins,areall
lower at similar processconditionsthanthecorrespondingmodelparametersfor the
gas-solidkinetics. The intrinsic kinetics is also influencedby the slurry liquid. At
H2/CO ratios � 2, boththeFischer-Tropschandthewatergasshift reactionratesare
lowerthanfor thegas-solidsystem.Theslurryliquid influencestheadsorptionof CO2

onFT sitesandcausesa completecoverageof thewatergasshift sites.

169



170 CHAPTER 6

6.1 Intr oduction

TheFischer-Tropsch(FT)synthesisconvertssynthesisgasintoamulticomponentmix-
tureof predominantlyhydrocarbons.TheFischer-Tropschsynthesisin slurry bubble
columnsis very attractive relative to fixed bedreactors[1]. The advantagesare: 1)
Low pressuredropover thereactor. 2) Excellentheattransfercharacteristicsresulting
in stablereactortemperatures.3) No diffusionlimitations.4) Possibilityof continuous
refreshmentof catalystparticles.5) Relativelysimpleconstructionandlow investment
costs.

Recently, we developeda novel productselectivity modelfor linearparaffins and� -olefins (seeChapter4). The � -Olefin ReadsorptionProductDistribution Model
(ORPDM)accountsfor secondaryreadsorptionof � -olefinsonFT growth sitesonthe
precipitatediron catalyst.Theproposedreactionnetwork is shown in Figure4.1. The
readsorptionratesof the olefinsaresupposedto increaseexponentiallywith carbon
numberdueto theincreaseof bothphysisorptioneffectsandsolubility with increasing
chainlength.ORPDMaccountsfor chain-lengthdependentreadsorptionof olefinson
FT sites.Thereadsorptionstepdependsoncarbonnumber, resultingin anetdecrease
of theterminationprobabilitytoolefins. � n increaseswith increasingchainlengthuntil
no olefinsareformedanymore.At highcarbonnumbers,thechaingrowth parameter,�

n, approachesa maximumconstantvalue.Theincreasedreadsorptionof long-chain
olefinsresultsin a decreasingolefin/paraffin ratiowith increasingchainlength.

Intrinsic rateexpressionsfor theFischer-Tropsch(FT) reactionandthewatergas
shift (WGS)reactiononthesameprecipitatedironcatalystin agas-solidsystemarere-
portedin Chapter5. ThesekineticequationsarebasedontheLangmuir-Hinshelwood-
Hougen-WatsonandtheEley-Ridealapproachusinga detailedschemeof potentially
possiblereactionmechanisms.Thesamesetof kineticequationswill betestedfor the
descriptionof thegas-slurrykinetics. Theliquid-phasemayinfluenceheterogeneous
reactionkinetics(VanderLaanetal. [2]):

1. Therateof reactionmaybesignificantlyaffectedby introducingany non-”ideal”
(interacting)liquids.

2. Competitiveadsorptionof aslurry liquid onactivecatalyticsiteswill reducethe
reactionrates.

3. Theslurry liquid caninteractwith weaklyadsorbedsurfacespecies.

4. Differencesin solubility of reactantsandproductsin varioussolventsexplains
thedifferencein liquid-phaseconcentration.
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SeveralstudiesconcerningboththeFischer-Tropsch,themethanol,andthemetha-
nol-higheralcohol synthesisare of specialinterest. Stengerand Satterfield[3, 4]
measuredthe effect of the natureof an inert liquid on the reactionrateandon the
selectivity of the Fischer-Tropschsynthesison a reducedfusedmagnetitecatalyst.
They observed that the reactionrateof the Fischer-Tropschsynthesisin presenceof
phenantreneis nearly twice as fast as in n-octacosaneand triphenylmethane,even
thoughthe solubility is slightly lower in phenantrene.The presenceof phenantrene
causedreductionof depositformation(catalystdeactivation)andreadsorptionof pri-
mary olefinsonto the catalystandhenceinhibited secondaryreactions.Bukur et al.
[5] measuredthe activity andselectivity of a RuhrchemieLP 33/81catalystboth in
gas-solid(tubular fixedbed)andin slurry systems.Theinitial activity andselectivity
wasaboutthesamefor bothsystems.However, catalystagingaffectedthehydrocar-
bondistributiondifferently. In theslurrysystemtheolefinselectivity decreased,while
the internalolefinsandoxygenatedproductionratesincreasedwith time on stream,
whereasthe oppositechangeswereobserved in the gas-solidsystem. Bukur et al.
[5] reportedsimilar effectsof changesin the processconditions(temperature,pres-
sure,H2/CO feedratio andspacevelocity) on the productselectivities. The initial
FT activity wasthesamein bothsystems,whereastheWGSselectivity (carbondiox-
ideproductionrelativeto thecarbonmonoxideconsumption)wassomewhathigherin
gas-solidsystem[5].

Graafet al. [6] observeda significantcontribution of themethanolformationvia
CO2 by introducingsqualaneasasolvent,relativeto thetwo-phasesystem.Thethree-
phasemethanolsynthesisin squalaneis muchlesssensitiveto thetemperature.Vander
Laanet al. [2] measuredthekineticsof thethree-phasemethanolsynthesisbothin an
apolarsolvent, squalane,andin a polar solvent, tetraethyleneglycol dimethylether
(TEGDME). The slurry liquid appearsto affect both the activation energy and the
kinetic rate constantby interactionsbetweenadsorbedspeciesand solvent and by
competitive adsorptionof the solvent on the catalystsurface. The rate of reaction
to methanolobservedin TEGDMEappearedto be10 timeslower thanin squalane.

Thekineticsof both thegas-solidandgas-slurry(n-octacosane)methanol-higher
alcoholsynthesisfrom CO/CO2/H2 wasinvestigatedby Bremanet al. [7]. Thepres-
enceof n-octacosaneasaslurry liquid appearedto affect theproductdistributionsand
the activity of the catalystrelative to the gas-solidsystem:lower CO+CO2 reaction
rates,lower higheralcoholto methanolselectivities, higherhydrocarbonyields,and
lowerwatergasshift reactionrates.

Theaimof thisstudyis to testtheOlefinReadsorptionProductDistributionModel,
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recentlydevelopedfor thegas-solidsystem,for predictinggas-slurryproductdistribu-
tionsat industriallyrelevantconditionson a precipitatediron catalyst.Thegas-slurry
kineticswill bemodeledstartingfrom acomprehensivesetof equationsproposedelse-
where(Chapter5). Furthermore,theeffectsof processconditionson thekineticsand
theselectivity of thegas-slurryFischer-Tropschsynthesisareinvestigatedexperimen-
tally andtheresultsarecomparedwith theperformanceof agas-solidsystem.

6.2 Experimental

6.2.1 Slurry Reactor

The Fischer-Tropschexperimentswere carriedout in a gas-continuousslurry reac-
tor. A detaileddescriptionof theexperimentalsetupandanalysissectionsis givenin
Chapter3. Theslurryreactoris a1.8dm3 autoclave(H= 18.2cm, D= 12.0cm)made
by Medimex (seeFigure3.3). During the Fischer-Tropschreaction,liquid products
canbe formed. The level of theslurry wasmaintainedconstantusinga home-made
filtering unit. The liquid productswereremoved via a filter (sinteredmetal5 	 m),
whereasthe catalystparticlesremainedinsidethe reactor. The liquid andgasphase
volumesappliedwere730and985cm3, respectively.

6.2.2 Experimental Procedure

The slurry reactorwas loadedwith 7.3 g of unreducedcatalystparticleswith 40
 dP

 50 	 m. The catalystappliedwasa commercialprecipitatediron catalyst

(typeLP 33/81)synthesizedby RuhrchemieAG (Oberhausen,Germany). Detailsof
this catalystaregiven in Chapter3. The catalystwaspretreatedwith hydrogenat a
flow rateof 0.83 10� 3 Nm3 kg� 1

cat s� 1 accordingto Bukur et al. [8]. The gasspace
velocitywasbasedon thetotalmassof theunreducedsupportedcatalyst.Thereactor
temperature,T , wasincreasedlinearly from 293K to 553 K by 0.017K s� 1. T re-
mainedat553K for 24hoursatanincreasedpressureof 1.0MPato preventexcessive
solventevaporation.After reduction,synthesisgaswasfed to thereactorat reference
conditionsof 523K, 1.50MPa, F= 0.67anda spacevelocityof 0.2510� 3 Nm3 kg� 1

cat

s� 1.

Liquid productswereaccumulatedin highandlow-pressurecondensersfor a typ-
ical periodof 8-12hoursduringsteadystateof thereactorsystem.Theproductswere
collectedandweightbeforeanalysis.Severalon-lineGCanalysiswereperformeddur-
ing thisperiod.Massandatomicbalancesweretypically 100 � 10%. After changing
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theprocessconditionsthereactoroperatedat least48hoursundisturbedbeforea new
massbalanceperiodwasstarted.

The variationof the experimentalconditionsat a constanttemperatureof 523 K
aregivenin Chapter3. Thereferenceexperimentwasrepeated6 timesto determine
possibledeactivationeffectson theactivity andselectivity of thecatalyst.A summary
of relevant experimentaldatais given in AppendixB. 27 kinetic experimentswere
carriedout in theslurry reactorwith theRuhrchemieprecipitatediron catalystat 523
K in two separatecatalysttests,seriesB andseriesC.

6.3 Resultsand Discussion

6.3.1 Product Distrib ution Modeling

The olefin readsorptionproductdistribution model (ORPDM) wastestedto our ex-
perimentsat 523K. Themodelparameterswereoptimizedfor eachexperimentwith
theLevenberg-Marquardtmethod[9]. Thenumberof parametersin modelORPDM
wasequalto 7: p � tO � kR � c � t1

P � t2
P, andk2

R. Similar to a previousstudy(Chapter4),
the numberof optimizedparameterscould be reducedbecausefour parametersap-
pearedto beindependentof theexperimentalconditions.Theaveragevaluesof these
parametersareshown in Table6.1. For comparison,thecorrespondingvaluesfor the
gas-solidstudy(Chapter4) arealsogiven in this table. Introductionof thesemean
modelparametersat 523 K for both the increasedreadsorptionof ethenerelative to
otherolefins(k2

R  kRe2 c) andfor theterminationto C1 (t1
P) andC2 products(t2

P) and
theexponentialincreaseof thereadsorptionrate(c) reducesthenumberof parameters
tobeoptimizedfrom7 to3within eachexperiment.Remarkably, boththereadsorption
rateof etheneandtheexponentialfactorc arehigherin bothgas-slurryexperimental
seriesthanobservedfor thegas-solidsystem.

Table6.1 Optimizedmodelparametersfor ORPDMat523K
thatareindependentof ����� 0, P, H2/COratio.

modelparameter G-S(A) G-L-S (B) G-L-S (C)

t1
P 6.6 5.4 6.5

t2
P 1.6 1.3 1.7

k2
R kRe2 c 12.6 25.4 17.6

c 0.29 0.36 0.35
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Table6.2 OptimizedmodelparametersORPDM.
Run p tO kR n sr el Run p tO kR n sr el

B1 17.92 6.39 0.037 19 8.9 C1 11.42 4.25 0.112 17 11.7
B2 14.08 6.59 0.063 19 16.4 C2 12.69 3.34 0.047 18 12.8
B3 12.04 5.63 0.075 19 10.8 C3 9.38 4.22 0.301 19 14.0
B4 15.90 5.25 0.040 18 13.5 C4 5.43 4.521 - 19 19.9
B5 8.17 3.62 0.197 18 13.9 C5 12.62 4.12 0.098 19 12.2
B6 7.27 2.92 0.247 19 9.1 C6 11.83 4.65 0.119 18 13.0
B7 14.22 4.71 0.059 19 8.3 C7 21.48 7.05 0.087 19 12.3
B8 15.20 5.49 0.030 18 20.3 C8 9.55 5.90 0.339 19 14.8
B9 15.46 5.48 0.026 19 11.8 C9 7.28 7.26 0.869 19 18.0
B10 19.55 6.47 0.020 19 11.0 C10 14.54 5.15 0.070 16 14.7
B11 8.86 2.95 0.110 17 18.5 C11 23.12 7.62 0.085 18 11.9
B12 13.60 4.76 0.038 19 16.1 C12 17.05 6.32 0.113 19 8.7

C13 5.99 5.70 0.631 19 17.8
C14 16.33 8.47 0.056 16 17.7
C15 19.26 7.28 0.056 15 7.9

1 tO � kR

The threeremainingmodelparameters(p, tO, kR) to be optimizedwithin each
experimentandthe numberof selectivities andsr el for both experimentalgas-slurry
seriesB andC aregivenin Table6.2.Table6.3showstheaccuraciesof theoptimized
modelsexpressedwith therelativestandarddeviationsr el andtheM ARR functionfor
theparaffins andolefins,respectively, both for thegas-solidaswell asthegas-slurry
experimentsat 523K. Thetotal numberof selectivities n aswell asthetotal number
of optimizedparametersm within a catalysttestarealsoincludedin this table. Fig-
ure6.1a-bshows thattherelative residualsbetweenmodelORPDMandexperiments
arealmostalwayswithin 25% in bothcatalysttests.

Table6.3 Accuraciesof theOlefinReadsorptionProductDistributionModels.
model M ARR % sr el % n m

paraffins olefins

G-S(A) 10.1 9.1 13.3 370 57
G-L-S(B) 9.4 8.4 12.5 223 36
G-L-S(C) 11.8 9.0 14.0 270 44

Themodelparametersof modelORPDMarepseudokinetic rateconstants,incor-
poratingtruekinetic rateconstants,surfaceconcentrationsof intermediates,hydrogen
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Figure 6.1 Relative residualsversusexperimentalselectivities. ( � : paraffins, � : methane,�
: olefins,� : ethene)ModelORPDM.a. Gas-slurryseriesB; b. Gas-slurryseriesC.

andvacantsites.Therefore,themodelparametersvarywith theadjustedprocessvari-
ables,PCO, PH2, andspacevelocity. Theeffect of theprocessvariableson themodel
parameters(p, tO, kR) wasdescribedwith thesameequationsasin Table6.4(Chapter
4). The readsorptionparameter, kR, increaseswith H2 pressureanddecreaseswith
CO pressure.CO inhibits readsorptionrates,while a high H2/CO ratio is favorable
for readsorptionof olefins. The accuracy of the equationspresentedin Table6.4 is
shown in Figure6.2. Remarkably, thereadsorptionconstant(kR) andthetermination
constantto olefins(tO) appearto belower at similar processconditionsthanthecor-
respondingmodelparametersfor the gas-solidsystem. Both effectswill result in a
higherpredictedolefinselectivity for thegas-slurryreactor.
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Figure 6.2 Parity graphof experimental(Table6.2)andmodeledparameters(Table6.4)of
modelORPDM.

Table6.4 ModelparametersORPDMat523K in gas-solid(Chapter4) andgas-slurry(C)
experiments.

Parameter G-S(A) G-L-S (C)

p 13� 8P � 0� 47
H2

P0� 43
CO 14� 4P � 0� 26

H2
P0� 40

CO

tO 6 � 17P � 0� 5
H2

3 � 71P � 0� 5
H2

kR 3 � 3210� 4
P1� 4

H2
P � 0� 49

CO� ��� 0  W
8 � 0010� 5

P1� 2
H2

P � 0� 47
CO� ��� 0 W

ORPDMdescribesn-dependentreadsorptionof olefins,resultingin a curveddis-
tribution of paraffins anda decreasingO/P ratio with carbonnumber. Examplesof
productdistributionswith thepredictedmodelvaluesfrom modelORPDMareshown
in Figure6.3a-bandTable6.5. The modeledproductdistributionsappearedto pre-
dict theexperimentallyobservedselectivitiesaccurately. Thedeviationsfor C1 andC2
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products,aswell asthe increasingparaffin contentof theproductsarealsodescribed
accurately. Thesefiguresalsocompareproductdistributionsbetweentwo experiments
from this studyandgas-solidsystemexperimentsat comparableconditions(Chapter
4). Figure6.3a-bandTable6.5show thattheslurryliquid influencestheproductdistri-
butionobtained.It shouldbenotedthattheexperimentalconditionsinsidethereactor
arenotcompletelysimilar. Theolefincontentof thehydrocarbonmixtureis higherin
bothgas-slurryexperimentsasa resultof themodelparameters(seeTable6.5 for p,
tO, andkR). In accordancewith StengerandSatterfield[4], thereadsorptionof olefins
is reducedin presenceof theslurry liquid resultingin anincreaseof theolefin selec-
tivity. In bothcomparisons,theselectivity to olefinsis higherin thegas-slurryreactor.
Theselectivity to low molecularweighthydrocarbonsappearsto bedecreasedin the
slurrysystemrelative to thegas-solidsystem.

Table6.5 ModelparametersORPDM,experimentalconditionsandselectivities (wt%) for
Figure6.3.

Figure6.3a Figure6.3b
Gas-solid Gas-slurry Gas-solid Gas-slurry

Run A16 B8 A8 B11
F 0.5 0.5 2.0 2.0
H2/CO 0.38 0.30 6.19 4.71� ��� 0 W (10� 3 Nm3 kgcats � 1) 0.36 0.39 0.35 0.34
p 19.46 15.20 6.69 8.86
tO 5.50 5.49 4.221 2.95
kR 0.076 0.030 - 0.110�

1 9.0 8.4 16.6 12.8�
2� 4 36.6 41.3 34.4 37.6�
5� 10 48.8 50.2 34.9 49.6�
O � 2� 4 75.3 80.9 45.5 58.6�
O � 5� 10 72.9 75.0 35.0 57.1

1 tO  kR

6.3.2 ReactionKinetics

Thereactionratesof theFischer-Tropschsynthesis(RFT ) andthewatergasshift re-
action(RWGS) werecalculatedfrom theexperimentalresultsof experimentalseriesC
in AppendixB. The kinetic modelsappliedwereoptimizedfor seriesC. The setof
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Figure 6.3 Productdistributions as a function of carbonnumberfor both the gas-slurry
system(solidsymbols,solidlines)andthegas-solidstudy(Chapter4) (opensymbols,dashed
lines). Symbolsareexperimentalselectivities. Lines aremodelpredictionsfrom ORPDM.
Optimizedparametersandtheexperimentalconditionsareshown in Table6.5.
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rateexpressionsdevelopedin Chapter5 wereusedfor kinetic modelingin this study.
TheseLangmuir-Hinshelwood-Hougen-Watsontypeof intrinsicrateexpressionswere
derivedon thebasisof a detailedsetof reactionmechanismsfor thehydrocarbonfor-
mationaswell asfor thewatergasshift equation.Thesamesetof assumptionsgiven
in Chapter5 wasusedfor thedevelopmentof thekineticequations.In addition,how-
ever, it wasassumedthatcarbondioxideadsorbedstronglyonthecatalyticsitesactive
for theFischer-Tropschreactionwhereastheadsorptionof waterwasassumedto be
negligible. This,becauseof theexperimentalobservationsof highcarbondioxidecon-
centrationsin thereactoreffluent(seeAppendixB, seriesC) relativeto water. Kinetic
equationswith carbondioxideinhibition werealsoreportedby Ledakowicz etal. [10],
Nettelhoff etal. [11], andDeckweretal. [12]. As a result,thesitebalancesfor theFT
catalyticsitesread:

&
s1 ')( & Cs1 or

&
COs1 *+' & CO2s1 , 1 (6.1)

( & Cs1 or
&

COs1 *-' & CO2s1 , 1 (6.2)

with
&

Cs1 relevant for dissociative and
&

COs1 relevant for associative CO adsorption,
respectively.

Thefinal form of thekinetic equationsis presentedin Table6.6. Theseequations
wereoptimizedwith bothsitebalances(eqs6.1-6.2).Therelative variancesof these
optimizationsandtheappropriaterankingareshown in Table6.7. Thestatisticalsig-
nificanceof thedifferencesin accuracy wastestedwith Bartlett’stest(Chapter3) [13].
For a numberof competitive modelsH , theBartlett’s testcomparesa critical calcu-
lated . 2

c value(for details,seeChapter3 or Jonker et al. [13]) with a tabulated . 2
t

value[14]. If . 2
c exceedsthetabulatedvalue,themodelwith thelargestdeviationwas

rejectedand. 2
c wasrecalculated.Modelsweresubsequentlyrejected,until . 2

c wasbe-
low thetabulatedvalue.Table6.8compares. 2

c with thetabulated. 2
t valuefor H / 1

degreesof freedom. The tableshows that the besttwo models(H , 2) passedthe
testandarestatisticallyindistinguishable.Thesebestmodelsare,in succeedingorder:
FT-I3 (eq6.1)andFT-III2 (eq6.2). Table6.9shows theoptimizedmodelparameters.
The95% confidencelimits show thattheadsorptionconstantof CO2 is ratherinaccu-
rate.Theadsorptionconstantof CO (a) for modelFT-I3 is not significantlydifferent
from zero. Therefore,we prefermodelFT-III2 for thedescriptionof theFT reaction
rate. This modelis alsooneof theoptimalkinetic equationsof thegas-solidsystem
(Chapter5). Parity graphsof theFT kineticequationsareshown in Figure6.4.

Basedontheformatemechanismandtheassumptionsmentionedin Chapter5, two
kineticrateequationsfor thewatergasshift reactionarepossible.Theexpressionsare
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Table6.6 Reactionrateexpressionsconsideredfor
theFischer-Tropschsynthesis,RFT (mol kg0 1

cat s0 1).

Model1 Kinetic equation

FT-I3
kP11 2

CO P11 2
H2

1 ' aP11 2
CO ' bPCO2

2

FT-I4
kP11 2

CO P31 4
H2

1 ' aP11 2
CO P 0 11 4

H2 ' bPCO2

2

FT-II3
kP11 2

CO PH2

1 ' aP11 2
CO ' bPCO2

FT-III2
kPCO P11 2

H2

1 ' aPCO ' bPCO2

2

FT-III3
kPCO PH2

1 ' aPCO ' bPCO2

2

FT-IV2
kPCO PH2

1 ' aPCO ' bPCO2

FT-IV3
kPCO P2

H2

1 ' aPCO ' bPCO2
1 SeeChapter5 for adescriptionof thesemodels.

Table6.7 FT kineticmodelscreening.
Model Sitebalance(eq) sr el (%) Rank

FT-I3 6.1 12.9 1
FT-I3 6.2 29.5 6
FT-I4 6.2 27.3 4
FT-II3 6.2 29.2 5
FT-III2 6.1 13.3 2
FT-III2 6.2 32.3 7
FT-III3 6.2 42.5 9
FT-IV2 6.2 25.0 3
FT-IV3 6.2 41.8 8

FT-I4, FT-II3, FT-III2, FTIII3, FT-IV2, FT-IV3 with

sitebalance6.1resultsin a 2 0 or b 2 0
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Table6.8 Bartlett’s testfor FT models1.
H . 2

c . 2
t

9 37� 6 15� 5
8 31� 4 14� 1
7 22� 0 12� 6
6 17� 9 11� 1
5 13� 9 9 � 49
4 10� 7 7 � 81
3 7 � 24 5 � 99
2 0 � 0107 3 � 84
1 6 2

c : critical 6 2 accordingto Bartlett’s

test[13]; 6 2
t : tabulated6 2 [14]

givenin Chapter5 (Table5.7). Theadsorptionof bothH2 andCO2 is assumedto be
negligible relative to CO andH2O [15–17]. Thus,the massbalanceof the catalytic
sites,s2, is:

&
s2 ' & H2Os2 ' & COs2 , 1 (6.3)&
H2Os2 ' & COs2 , 1 (6.4)

For thetemperaturedependency of theequilibriumconstantof theWGSreaction,K P,
thefollowing relationwasused(Graafetal. [18]):

log K P , log
PCO2 PH2

PH2O PCO eq
, 2073

T
/ 2 � 029 (6.5)

The agreementbetweenthe experimentsand the kinetic modelsis not impressive.
Model WGS-I5with site balanceeq.6.4 fitted the experimentalratesthe best(sr el=
20.5%).

RWGS0 I 5 , k7  K 2
1 PCO PH2O / PCO2 PH2  K P

PCO ' K3

K1
PH2O

2 (6.6)

Therelative varianceof theotherkinetic modelsexceeded30 % or thevaluesof the
optimizedparameterswereunrealistic.Thecorrespondingmodelparametersaregiven
in Table6.9andtheparitygraphis shown in Figure6.5.
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Table6.9 Finalestimatesof theparametersof theFT andWGSkineticmodels.

Parameter Dimension Estimate

FT-I3 (sr el 12.9%)
k mol kg0 1 s0 1 MPa0 1� 25 0.011� 0.004
a MPa0 1 0.175� 0.204
b MPa0 1 0.485� 0.365

FT-III2 (sr el 13.3%)
k mol kg0 1 s0 1 MPa0 1� 5 0.034� 0.011
a MPa0 1 1.185� 0.357
b MPa0 1 0.656� 0.456

WGS-I5(sr el 20.5%)
k7  K 2

1 mol kg0 1 s0 1 0.030� 0.003
K3  K1 - 3.07 � 0.31

A comparisonbetweenthe experimentalandthe calculatedreactionratesof the
Fischer-Tropschandthe watergasshift reactionis presentedin Figure6.6a-b. The
calculatedratesarebasedon the optimal kinetic modelsFT-III2 andWGS-I5. The
behavior of thekinetic reactorwascalculatedwith a CSTRmodel(seeChapter5 for
details).Figure6.6ashowstheeffectof theflow rateon theoverall synthesisgascon-
sumptionrateandonreactionratesof thebothFischer-Tropschreactionandthewater
gasshift reaction.Thereappearsto begoodagreementbetweentheexperimentaland
thecalculatedreactionratesover themeasuredrangeof spacevelocity. Thereaction
ratesincreasewith increasingspacevelocitydueto decreasinginhibitorconcentrations
(FT: CO2; WGS:H2O).

Theeffect of thefeedratio of H2/CO at a constantreactorpressureof 1.5MPa is
shown in Figure6.6b. Both theFischer-Tropschandthewatergasshift reactionrate
decreaseslightly towardslowerH2/CO ratios.Theoverall synthesisgasconsumption
ratedecreasesstronglydueto thereactionstoichiometry. Figure6.6balsocompares
the reactionratesobserved with the gas-slurrysystemand in the gas-solidsystem
(Chapter5). Themodellinesfor thegas-solidsystemwerecalculatedat comparable
conditionswith the optimal kinetic equations:FT-III2 andWGS-I6 (Chapter5; see
Table5.10). At high feedratios(F 8 2), thereactionratesin thegas-slurryandthe
gas-solidsystemsarenearly the same. However, at low H2/CO ratios, the reaction
ratesin thegas-solidsystemaresignificantlyhigherthanin thegas-slurrysystem.The
maindifferencebetweenthereactionrateequationsfor two systemsis in theinhibitor



184 CHAPTER 6

term.Bothoptimalmodelsfor thegas-slurrysystemcontainCO2 inhibition in contrast
to H2O inhibition for thegas-solidsystem,seeChapter5. Consequently, thegas-slurry
reactionratesareinhibitedat low H2/CO ratiosdueto CO2 formedvia thewatergas
shift reaction.Thewatergasshift reactionis ratherslow in theslurry phaserelative
to thegas-solidsystem.In caseof thegas-slurrysystem,theWGScatalyticsitesare
completelycovered.Apparently, thepresenceof theliquid phaseaffectstheadsorption
strengthof thecomponentspresent.

6.4 Conclusions

9 Theproductselectivity modelORPDM,previously developedto describegas-
solid selectivity, alsoappearsto describeaccuratelytheselectivitiesovera pre-
cipitatediron catalystin theslurryphase.Theaveragedeviationof theselectiv-
ity to paraffinsandolefinsis 10.6% and8.7%, respectively.

9 Thepresenceof theslurry liquid appearsto affecttheproductselectivity relative
to thegas-solidsystem.Theslurry-phasesystemyieldsa higherolefin fraction
at comparablereactionconditions. The correspondingmodelparameters,the
readsorptionconstantandtheterminationconstanttoolefins,areloweratsimilar
conditions.

9 The reactionkineticsof both the Fischer-Tropschand the watergasshift re-
actionin the gas-slurrysystemcanbe describedwith the samesetof reaction
mechanismsfound previously to describethe gas-solidsystem. The reaction
ratesappearto be comparableat high H2/CO feedratios. However, the reac-
tion rateof the FT synthesisappearsto be lower at H2/CO ratiosbelow 2 due
to inhibition of CO2 in the slurry system.The watergasshift reactionrateis
alsolower at theselow H2/CO ratiosdueto completeoccupationof the WGS
catalyticsites.

References

[1] Saxena,S.C.;Rosen,M.; Smith,D.N.; Ruether, J.A.,Mathematicalmodelingof
Fischer-Tropschslurrybubblecolumnreactors,Chem.Eng. Commun.1986, 40,
97–151.

[2] VanderLaan,G.P.; Beenackers,A.A.C.M.; Ding, B.; Strikwerda,J.C.,Liquid-



K INETICS AND SELECTIVITY OF THE GAS-SLURRY FT SYNTHESIS 185

ΦV
in

/W
:

(10-3 Nm3
;

kg-1 s-1)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

RFT

RWGS

F= 1, P= 1.5 MPa
T= 523 K

a.<

cat=

-RCO+H2
>

R
(m

ol
 k

g-1
s-1

)

F (H2/CO)
?0 1 2 3

@0.000

0.004

0.008

0.012

0.016

0.020

Gas-Slurry
Gas-Solid

RFT

RWGS

P= 1.5 MPa, T= 523 K
Φv /W
A

= 0.51 10-3 Nm3
B

kg-1 s-1

b.
C

-RCO+H2
D

R
(m

ol
 k

g
-1

s
-1
)

in

Figure6.6 Reactionratesfor theFT, WGS,andtotalconversionof COandH2 versusspace
velocity (a) and feed ratio H2/CO (b). Dotted lines are modelpredictionsof the optimal
kinetic equationsfor the gas-solidsystem(FT-III2 andWGS-II6, seeChapter5). Symbols
areexperimentalvalues.Solid linesaremodelpredictions(FT-III2 andWGS-I5).



186 CHAPTER 6

phasemethanolsynthesisin apolar(squalane)and polar (tetraethyleneglycol
dimethylether)solvents,Catal.Today1999, 48, 93–100.

[3] Stenger, H.G.; Satterfield,C.N., Effect of liquid compositionon the slurry
Fischer-Tropschsynthesis.1. Rateof reaction,Ind. Eng. Chem.ProcessDes.

Dev. 1985, 24, 407–411.
[4] Stenger, H.G.; Satterfield,C.N., Effect of liquid compositionon the slurry

Fischer-Tropschsynthesis.2. Productselectivity, Ind. Eng. Chem.ProcessDes.

Dev. 1985, 24, 411–415.
[5] Bukur, D.B.; Patel, S.A.; Lang, X., Fixed bed and slurry reactorstudiesof

Fischer-Tropschsynthesisonprecipitatediron catalyst,Appl.Catal.A 1990, 61,
329–349.

[6] Graaf,G.H.;Winkelman,J.G.M.;Stamhuis,E.J.;Beenackers,A.A.C.M., Kinet-
icsof thethree-phasemethanolsynthesis,Chem.Eng. Sci.1988, 43, 2161–2168.

[7] Breman,B.B.; Beenackers,A.A.C.M.; Schuurman,H.A.; Oesterholt,E., Kinet-
ics of thegas-slurrymethanol-higheralcoholsynthesisfrom CO/CO2/H2 over a
Cs-Cu/ZnO/Al2O3 catalyst,including simultaneousformationof methyl esters
andhydrocarbons,Catal.Today1995, 24, 5–14.

[8] Bukur, D.B.; Nowicki, L.; Manne,R.K.; Lang, X., Activation studieswith a
precipitatediron catalystfor Fischer-Tropschsynthesis2. Reactionstudies,J.

Catal.1995, 155, 366–375.
[9] Press,W.H.; Flannery, B.P.; Teukolsky, S.A.;Vetterling,W.T., Numericalrecipes

in Pascal, CambridgeUniversityPress,New York 1989.
[10] Ledakowicz, S.; Nettelhoff, H.; Kokuun,R.; Deckwer, W.-D., Kinetics of the

Fischer-Tropschsynthesisin theslurryphaseona potassium-promotediron cat-
alyst,Top.Catal.1985, 24, 1043–1049.

[11] Nettelhoff, H.; Kokuun,R.; Ledakowicz, S.; Deckwer, W.-D., Studieson the
kineticsof Fischer-Tropschsynthesisin slurry phase,Ger. Chem.Eng. 1985, 8,
177–185.

[12] Deckwer, W.-D.; Kokuun,R.; Sanders,E.; Ledakowicz, S., Kinetic studiesof
Fischer-Tropschsynthesison suspendedFe/K catalyst.Rateinhibition by CO2

andH2O, Ind. Eng. Chem.ProcessDes.Dev. 1986, 25, 643–649.
[13] Jonker, G.H.; Veldsink, J.-W.; Beenackers, A.A.C.M., Intrinsic kinetics of 9-

monoenicfattyacidmethylesterhydrogenationovernickel-basedcatalysts,Ind.

Eng. Chem.Res.1997, 36, 1567–1579.
[14] Fisher, R.A, Statisticalmethodsfor research workers, Macmillan, 14th edn.

1970.



K INETICS AND SELECTIVITY OF THE GAS-SLURRY FT SYNTHESIS 187

[15] Dry, M.E.; Shingles,T.; Boshoff, L.J.; Oosthuizen,G.J., Heatsof adsorption
on promotediron surfacesandtherole of alkali in Fischer-Tropschsynthesis,J.

Catal.1969, 15, 190–199.
[16] Zimmerman,W.H.; Bukur, D.B., Reactionkineticsover iron catalystsusedfor

theFischer-Tropschsynthesis,Can.J. Chem.Eng. 1990, 68, 292–301.
[17] Lox, E.S.;Froment,G.F., Kineticsof theFischer-Tropschreactionon a precip-

itatedpromotediron catalyst.2. Kinetic modeling,Ind. Eng. Chem.Res.1993,
32, 71–82.

[18] Graaf,G.H.;Sijtsema,P.J.J.M.;Stamhuis,E.J.;Joosten,G.E.H.,Chemicalequi-
libria in methanolsynthesis,Chem.Eng. Sci.1986, 41, 2883–2890.





E

F GIHKJML�NPO�QSRIOUTWVXTYJ[Z\V^]WN_JML�O�T `aTYb�LcTWVdVfe+LcTYb F OhgiVfH
j OielkUL�mnNdoWVXeqp�rsetO�RWmnNdo uwvWTYJxoWV^mxL�myLzT {)OUQSQ|VXe}N^L�]iH
uwNP]iH�V u~HcGIe+e�v ��GI�I�IH�V {�O�H�GIQST Z�V^]WN_J�Oie�m

Abstract

A multicomponentmathematicalmodelis presentedfor alargescaleslurrybubblecol-
umnreactoroperatingin theheterogeneousorchurn-turbulentflow regime.Themodel
accountsfor boththeFischer-Tropschreactionaswell asthewatergasshift reaction
andthe individual paraffin andolefin formationrates. It providesall thedataneces-
saryfor reliablescaleup, processoptimization,andpredictionof theperformanceof
industrialscaleFischer-Tropschbubblecolumnreactors.
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7.1 Intr oduction

Synthesisgas(CO andH2) from coalor naturalgascanbeconvertedin theFischer-
Tropsch(FT) processto amulticomponentmixtureof predominantlylinearhydrocar-
bons. The FT synthesisin slurry bubblecolumnreactors(SBCR) is very attractive
relative to fixedbedreactors[1]. Theadvantagesare: 1) Low pressuredropover the
reactor. 2) Excellentheattransfercharacteristicsresultingin stablereactortempera-
tures.3) No diffusionlimitations.4) Possibilityof continuousrefreshmentof catalyst
particles. 5) Relatively simple constructionand low investmentcosts. Mathemati-
cal modelingof a FT SBCRwasreviewedby Saxenaet al. [1] andmorerecentlyby
Saxena[2]. Thebottleneckappearsto bethelack of reliablekinetic equationsfor all
productsandreactantsbasedonrealisticreactionmechanisms.

A summaryof previous slurry bubble column reactormodelsfor the Fischer-
Tropschsynthesisis givenin Table7.1.Mostmodelsareonly applicablein smallscale
slurry bubblecolumnsoperatingin the homogeneousregime. However, the churn-
turbulentor heterogeneousregimeis themostoptimalonefor theFT synthesis[13].
In this regime, thereis a rangeof bubblesizes.Thegasbubblescanbedivided into
two classes:1) the small bubbleswith a constantbubblediameterlessthan0.01m,
and2) thelargebubbles:bubbleslargerthan0.01m with irregularshapeandvarying
size.Themixing behavior of bothclassesis completelydifferentdueto thedifference
in risevelocity. Krishnaandco-workersmodeleda slurry bubblecolumncontaining
cobaltcatalystparticleswith theuseof flow patternsfor the largeandsmallbubbles
[13, 16,17].

Appropriaterateequationsfor both the Fischer-Tropschandthe watergasshift
reactionareneededfor modelingof bubblecolumnsoperatedwith iron catalysts.Kuo
[9], StengerandSatterfield[10], PrakashandBendale[11], Prakash[12], andInga
and Morsi [15] includedrate expressionsfor the FT and WGS reactionsto obtain
accuratehydrogenandcarbonmonoxideaxialconcentrationprofiles.Until now, none
of theavailableliteraturemodelscandescribethecompleteproductdistributionof the
FT synthesisat industrialconditions(high temperatureandpressure)asa functionof
overall consumptionof synthesisgascomponentsandoperatingconditions.

This studywill investigateaniron-basedFischer-TropschSBCRoperatingin the
heterogeneousflow regime.Themodeltakesinto accountboththewatergasshift and
the FT reactions,aswell as individual hydrocarbonproductformationrates. Here,
multicomponentvapor-liquid equilibria (VLE) with detailedkinetic expressionsfor
all reactantsandhydrocarbonproductsarecombinedwith SBCRhydrodynamicsand
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masstransfercharacteristicsto predictthe detailedproductcompositionof both gas
andliquid phaseasa functionof operatingconditions.

Table7.2 Kinetic modelsfor Table7.1.
FT kineticexpressions WGSkineticexpressions

1 kCH2� L 1 k CCO � LCH2O � L � CCO2 � LCH2 � L � K P

2
kCH2 � LCCO � L

CCO � L � aCH2O
2

k CCO � LCH2O � L � CCO2 � LCH2 � L � K P

PCO � aPH2O

3
kCH2 � LCCO � L�
1 � aCCO � L � 2

7.2 Kinetics and Hydr ocarbonSelectivity

The rateexpressionfor the FT reactionon a precipitatediron catalystin the slurry
phaseproposedin Chapter6 wasused(Table7.3):

RFT � kPCO P1� 2
H2

1 � aPCO � bPCO2

2 (7.1)

The watergasshift reactionis an exothermicandreversiblereactionproceedingsi-
multaneouslywith theFischer-Tropschreaction.Dueto theWGSreaction,synthesis
gaswith a H2/CO ratio below 2 canbe usedbecauseexcessof carbonmonoxideis
convertedwith waterto carbondioxideandhydrogen.TheequilibriumconstantK P

wasobtainedfrom Graafetal. [18] andthefollowing rateexpressionwasusedfor the
kineticsof theWGS(seeTable7.3andChapter6):

RWGS � kWGS PCO PH2O � PCO2 PH2 � K P

PCO � K PH2O
2 (7.2)

Theproductselectivity to � -olefinsandparaffins wascalculatedusinga recently
developedselectivity modelfor iron catalysts,called � -Olefin ReadsorptionProduct
DistributionModel (ORPDM)(seeChapters4 and6). This modelallows for a chain-
lengthdependentchaingrowth factordue to readsorptionof � -olefins. The appro-
priate model parametersare shown in Table 7.3 as a function of processvariables
(PCO � PH2 ����� � 0� W) ataconstanttemperatureof 523K.
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Table7.3 Kinetic andselectivity modelparametersat523K (Chapter6).

Parameter Value Parameter Value

t1
P 6.5 k (mol kg� 1 s� 1 MPa� 1� 5) 0.0339

t2
P 1.7 a (MPa� 1) 1.185

c 0.35 b (MPa� 1) 0.656
k2

R 17.6kRe2 c kWGS (mol kg� 1 s� 1) 0.0292
p 14� 0P � 0� 26

H2
P0� 40

CO K (-) 3.07
tO 3 � 71P � 0� 5

H2
K P 85.81

kR 8 � 0010� 5
P1� 2

H2
P � 0� 47

CO� � � 0 � W
Pressuresin MPa,spacevelocity � � � 0 � W in Nm3 kg� 1

cat s� 1

7.3 Model Equations

coolantH= 24 m

D= 8 m

slurry

slurry

model

εB
εP

εDF

large
bubble
holdup=

plug�
flow

well�
mixed

well�
mixed

solids�
holdup=

small�
bubble
holdup=

synthesis gas�
U  G

U  G

U  S

U  S

UG-UDF UDF

kL¡ a kL¡ a

gas outlet

H

large small

Figure7.1 Hydrodynamicmodelof slurrybubblecolumnreactorin theheterogeneousflow
regime.

A mathematicaldescriptionfor the simulationof an industrial Fischer-Tropsch
SBCRis presented.Thereactormodelcanbeappliedin theheterogeneousor churn-
turbulent regime(seeFigure7.1). The largebubblesareassumedto be in plug flow
with asuperficialgasvelocityof UG � UDF . Thesuperficialvelocityof thegaspresent
in thewell mixedsmallbubblesis UDF , which is equalto thetotal superficialgasve-
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locity at regimetransition.Themathematicalmodelfor theFischer-Tropschsynthesis
isbasedonthefollowingassumptions:1)Gas-liquidmasstransferresistanceis located
in the liquid phase.2) Largegasbubblesarein plug flow dueto high risevelocities,
typically 1-2 m s� 1. 3) Thegasphasein thesmallgasbubbles,andthe liquid phase
are eachcompletelymixed, due to the large reactordiameterof 8 m [6]. Catalyst
distribution is uniform dueto upflow of the slurry phase,the large reactordiameter
andtheturbulencecreatedby thefast-risinglargebubbles.4) Hydrocarbonproducts,
paraffinsandolefinsonly, in thegasandliquid phaseof thereactoroutletareassumed
to be in equilibriumat thereactoroutlet. 5) Thereactoroperatesisothermallydueto
thecompletelymixedliquid phase.6) Theslurry velocity is constant.7) Thereactor
operatesatsteadystateconditions.8) Theeffectivenessfactorof thecatalystparticles
is equalto unity andmassandheattransferresistancesbetweencatalystandliquid are
negligible dueto thesmallparticlesizeapplied(50 ¢ m).

Thegasphasemassbalancefor componenti in the large bubbles,rising in plug
flow is:

d
�
UG � UDF � Clarge

i � G
dh

� � kLa� large
i

Clarge
i � G

mGL
i

� Ci � L � 0 (7.3)

with concentrationsin mol m� 3 subjectto theboundaryconditionsat thereactoren-
trance:h=0: Clarge

i � G � Ci n
i � G. Thegasphasemassbalancefor componenti in thesmall

bubbles(completelymixed)is:

UDF

H
Ci n

i � G � Csmall
i � G � � kLa� small

i

Csmall
i � G

mGL
i

� Ci � L (7.4)

Themassbalancefor componenti in thecompletelymixedliquid phasecanbewritten
as:

1� H H

0

�
kLa� large

i

Clarge
i � G

mGL
i

� Ci � L dh � � kLa� small
i

Csmall
i � G

mGL
i

� Ci � L �
�¤£ L £ P ¥ P

n

j ¦ 1 § i j Rj � US

H
Ci � L � 0 (7.5)

where£ L is the liquid holdup(m3
L m� 3

R ), £ P is thesolidsholdup(m3
P m� 3

L ), ¥ P is the
catalystdensity, Rj is theFT ( j =1) or WGS( j =2) reactionrate(mol kg� 1

cat s� 1), § i j is
thestoichiometriccoefficient for componenti in the j -th reaction.Thereactionheat
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is removedwith verticalcooling tubesof 1.5 inch diameterat a constantsteamtem-
peratureTc of 495K. Theoverall heattransfercoefficient � ef f from slurry to coolant
is estimatedfrom thecorrelationof Deckweretal. [19]:

� ef f � 0 � 1U0� 25
G ¥ 0� 75

S C0� 5
p� Sg0� 25̈ � 0� 25

S © 0� 5
S (7.6)

At gasvelocitieshigherthan0.10m s� 1 theheattransfercoefficientdoesnot increase
any moreandis calculatedfrom eq7.6with UG equalto 0.10m s� 1.

Theenergy balancefor theslurryphasereads,assumingthecatalystandtheliquid
temperatureto beequal:

£ L £ P ¥ P

n

j ¦ 1
�¤ª HR� j Rj � � ef f ac

�
T � Tc �+�

� US

H ¥ SCp� ST i n � ¥ SCp� ST out � 0 (7.7)

whereac is thespecificheattransferarea(m� 1), Cp� S is theheatcapacityof theslurry
phase,¥ S is theslurrydensityand �¤ª HR� j is thereactionheatof reactionj (Jmol� 1).

Themolarflow rateof thegasphasewill changedueto reaction.Thesuperficial
velocity is assumedto be a linear function of the overall synthesisgasconversion,
XCO « H2 [14]:

UG � � 1 � � cXCO « H2 � U i n
G � 1 � � c

�
1 � U ��� � 1 � F � XH2 U i n

G � (7.8)

where� c is thecontractionfactor, definedas:

� c � UG
�
XCO « H2 � 1��� UG

�
XCO « H2 � 0�

UG
�
XCO « H2 � 0� (7.9)

U is theusageratio of hydrogento carbonmonoxide(-RH2/-RCO) andF is the feed
ratio of H2 to CO. The reportedvaluesof � are between-0.5 and -0.65 [6]. The
contractionfactor � c is determinedby theproductselectivity (m andn).

7.4 Hydr odynamicParameters

The most importanthydrodynamicparametersare the gasholdup of the large and
small bubblesin presenceof solidsunderFischer-Tropschreactionconditions. The
rise velocity of the small bubbleswill increasewith increasingsolidsholdupdueto
enhancedcoalescenceaccordingto:

Vsmall � V r ef
small 1 � 0 � 8£ P � V r ef

small (7.10)
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with V r ef
small = 0.095m s� 1 [20]. Thegasholdupat thetransitionfrom homogeneousto

churnturbulent regimein thepresenceof a high solidsloadingfollows from Krishna
etal. [20]:

£ DF � £ r ef
DF ¥ G � ¥ r ef

G

0� 48
1 � 0 � 7£ P �¬£ r ef

DF (7.11)

wherethesmallbubbleholdupin solids-freeliquid is £ r ef
DF= 0.27andtheatmospheric

densityis ¥ r ef
G = 1.3 kg m� 3. The correspondingsuperficialgasvelocity at regime

transitionis calculatedfromUDF � Vsmall £ DF . Themodelof KrishnaandEllenberger
[21] is usedto predictthe gasholdupof the large bubbles. This modelis corrected
for the influenceof gasdensityaccordingto a recentstudyof Letzelet al. [22]. For
largebubblecolumns(D  1 m) andhighslurryconcentrations( £ P  0.16),thelarge
bubbleholdupcanbeestimatedfrom acombinationof thecorrelationsgivenby Letzel
etal. [22] andKrishnaetal. [20]:

£ B � 0 � 3 � UG � UDF � 0� 58 ¥ G � ¥ r ef
G

0� 5
(7.12)

Thetotalgasholdupin theheterogeneousregimeis calculatedfrom:

£ G � £ B �~£ DF
�
1 ��£ B � (7.13)

Thevolumetricmasstransfercoefficientof largebubblesis obtainedfrom therelation
proposedby VermeerandKrishna[23] andmorerecentlyby Letzeletal. [22]:

kLalarge
r ef �¬£ B � 0 � 5 (7.14)

which is correctedfor themasstransfercoefficientof componenti by thefactor:

klarge
L � i � klarge

L � r ef � Di � Dr ef
0� 5

(7.15)

whereDr ef = 2 10� 9 m2 s� 1. In thesameway, thevolumetricmasstransfercoefficient
for componenti of thesmallbubblesis definedas[16]:

kLasmall
r ef �®£ DF � 1 � 0 (7.16)

7.5 PhysicalPropertiesand FlashCalculations

For calculatingthephysicalpropertiesof the liquid, it wasassumedthat theFT wax
consistedof n-paraffins with a carbonnumberof 28 (C28H58). Thephysicalproper-
tiesat523K wereestimatedwith theasymptoticalbehavior correlationsdevelopedby
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Table7.4 Operationconditionsandphysicalproperties.

Reactorconfiguration

reactordiameter D= 8 m
reactorheight H=30(20%disengagementzone) m
dispersionheight H=24 m

Operatingconditions

pressure P= 30105 Pa
temperature T= 523 K
catalystconcentration £ P=0.20- 0.35 m3

P m� 3
L

superficialgasvelocity UG= 0.15-0.40 m s � 1

superficialslurryvelocity Us= 0.01 m s� 1

coolingtubediameter dc = 0.0381 m
coolanttemperature Tc= 495 K
feedcomposition F= 0.5- 2.0,yCO2=0.05,yi nert =0.05 -

Liquid phase(L)

liquid viscosity ¨
L= 5.9510� 4 Pas

liquid density ¥ L= 656.7 kg m� 3

surfacetension ¯ = 0.017 N m� 1

liquid heatcapacity Cp� L= 2721 Jkg� 1 K � 1

liquid heatconductivity © L = 0.181 W m� 1 K � 1

Catalystphase(P)

catalystdiameter dP = 5010� 6 m
catalystdensity ¥ P=1957(Lox etal. [24]) kg m� 3

catalystheatcapacity Cp� P= 993 Jkg� 1 K � 1

catalystheatconductivity © P= 1.7 W m� 1 K � 1

Slurryphase(S)

catalystweightfraction ° P � £ P ¥ P£ P
� ¥ P � ¥ L � � ¥ L

[6] -

slurrydensity ¥ S � £ P ¥ P � � 1 ��£ P � ¥ L [6] kg m� 3

slurryviscosity ¨
S � ¨ L

�
1 � 4 � 5£ P � [19] Pas

slurryheatcapacity Cp� S � ° PCp� P � � 1 � ° P � Cp� L [6] Jkg� 1K � 1

slurryheatconductivity © S � © L
2© L � © P � 2£ P

� © L � © P �
2© L � © P �±£ P

� © L � © P � [25] W m� 1 K � 1
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MaranoandHolder[26, 27] (seeTable7.4). Henryconstantsfor CO,CO2, H2, H2O,
N2 andlight hydrocarbons(C1- C3) wereobtainedfrom MaranoandHolder[28]. Dif-
fusivities at high temperaturesandpressures,necessaryfor calculatingmasstransfer
coefficients,wereestimatedusingcorrelationsof Erkey et al. [29] basedon therough
hardspheretheory. ThemulticomponentVLE modelof MaranoandHolder[28] was
applied.However, we assumedidealgasbehavior of thegasphasebecauseunderthe
reactionconditionsapplied,thefugacitycoefficients(uptoC30) ascalculatedwith the
Peng-Robinsonequationof statearebetween0.95 and1.01. The equilibrium con-
stantsbetweenvaporandliquid for non-hydrocarbonsandC1� 3 hydrocarbonswere
calculatedfrom:

K i ² yi � xi � H ³i � i � P (7.17)

whereK i is the K -valuefor componenti , H ³i is theHenryconstantfor component
i at infinite dilution, and � i is the Poynting-factor. For the otherhydrocarbons,the
K -valueis givenby:

K i �µ´ ³i Pi � sat � i � P (7.18)

wheré ³i is anactivity coefficient,andPi � sat is thevaporpressureof purecomponent
i . Theappropriateparametervalueswereobtainedfrom MaranoandHolder [28]. A
flashcalculationusingtheseK -valuesgivesthefinal compositionof theliquid andgas
phaseoutletof theSBCR:

¥ p £ L £ PVRRFT
mi

i

n mi
� U H

G Ayi CG � USAxi CL (7.19)

wheremi is themolarselectivity to producti with carbonnumbern, andCG andCL

arethetotalgasandliquid concentration,respectively.

7.6 Resultsand Discussion

A commercialscaleSBCRwith diameterD= 8 m, dispersionheightH= 24 m, pres-
sureP= 3.0MPaandtemperatureT= 523K is usedin oursimulations.Thesuperficial
slurry velocity US is 0.01m s� 1. Theslurry entersthereactorwith aninlet tempera-
tureof 423K. Thepropertiesof thecatalystapplied(RuhrchemieLP 33/81Fe/Cu/K
on SiO2) are: catalystparticle diameter50 10� 6 m, catalystdensity ¥ P= 1957 kg
m� 3. Thepropertiesof theslurry weredeterminedusingtherelationsof Deckweret
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Table7.5 Physicalpropertiesandconcentrationsof thecomponentsin theSBCR
mentionedin Figure7.2.Operatingconditions:F=1,U i n

G = 0.20m s� 1, ¶ P=0.25,D=8 m,
H=24m, T=523K.
Component mGL

i Di Ci n
i � G Clarge

i � G � out Csmall
i � G Ci � L

(CG � CL) (10� 8 m2 s � 1) (mol m� 3)

H2 5.83 3.85 310.5 152.6 155.1 26.2
CO 4.86 1.53 310.5 125.2 129.2 25.8
CO2 2.32 1.26 34.5 150.3 149.0 64.9
H2O 0.85 1.89 0 53.5 53.3 62.9
N2 5.65 1.54 34.5 44.5 44.3 7.9

al. [6, 19] (seeTable7.4). Thecompletereactormodelconsistsof a systemof ordi-
narydifferentialequationsandalgebraicequations,with thecorrespondingboundary
conditions.Thesetof equationswassolvednumericallyusinga backwarddifferenti-
ationschemewith 60 grid pointsusingthegPROMS softwarepackage(Version1.6a,
ProcessSystemsEnterprise,London).

Theconcentrationgradientsof CO,H2, CO2, H2O andN2 arelargein thebottom
of theslurry reactor. Particularlyat thetop of thereactor, the liquid phaseis in equi-
librium with the gasphase(Ci � L � Clarge

i � G � mGL
i , seeTable7.5). Resultingfrom the

differencein solubility, the H2/CO ratio in the liquid phaseis larger thanthat in the
gasfeed. The liquid phaseconcentrationsof H2 andCO influencethe chain length
andolefincontentof theproductsformed.Theaxialconcentrationprofilesof CO,H2,
CO2, H2O andN2 in thelargegasbubblesareplottedin Figure7.2.

Figure7.3 shows the correspondingproductivity of eachindividual paraffin and
olefin,bothin thegasandliquid phase.ThemodelpredictstheFT productdistribution
betweenthevaporandliquid phases.Thelighterproductswith a higholefinyield are
in the gasphase,andthe heavier products,mainly paraffins, leave the reactorin the
liquid or wax phase.Our modelpredictsthe effect of the processconditionson the
selectivity andcompositionof theindividualphases.

The major resultsof our simulationson the reactorperformanceare shown in
Figure7.4a-bfor a rangeof catalystconcentrations£ P between0.2 and0.35, feed
ratiosof H2 to CO (F ) in thesynthesisgasbetween0.67and2, with a constantmole
fractionof CO2 andN2 in thefeedof 0.05andsuperficialinlet gasvelocityU i n

G from
0.15to 0.4m s� 1 (seeTable7.4). Increaseof theinlet gasvelocity causesa decrease
of thesynthesisgasconversion,asexpected.At low gasvelocities,U i n

G · 0.15m s� 1,
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thesynthesisgasconversionreachesa constantlevel of about80 % asa consequence
of the kinetic expressionswith product(CO2) inhibition. Higherconversionscanbe
obtainedwhenthe operatingconditions(P, T) or catalystarechangedor whenthe
dispersionheight is increasedto, for example,H= 30 m. The reactorproductivity,
expressedas total hydrocarbonproductionin kg h¾ 1 m¾ 3

R , shows an increasewith
increasinggasvelocity. Theeffectof catalystconcentrationonthereactorperformance
at F =1 is shown in Figure7.4a. Increasingthecatalystconcentration( À P) shows an
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increaseof theconversionandproductivity. Thecatalystconcentrationinfluencesthe
concentrationlevels aswell as À DF accordingto eq 7.11. The highestproductivity
is obtainedat high catalystconcentrations(À P=0.35)andgasvelocitiesup to 0.4 m
s¾ 1. Theeffect of the feedratio F at a constantcatalystconcentrationof À P=0.25is
givenin Figure7.4b. Thedecreaseof thesynthesisgasconversionwith increasingF

is mainly causedby thekinetics.At low feedratios,conversionsof CO arelargedue
to thehighwatergasshift reactionrate.Theoptimalproductivity is obtainedata feed
ratio of F=1.5. Thefeedratio influencesthegasholdupdueto changinggasdensity.
Significantlylower gasholdupvalueswereobservedwith increasingF . Thenumber
of coolingtubesrequiredstronglydependsontheproductivity andvariesbetween600
and1700coolingtubes.Thecorrespondingpitchdistancevariesfrom 0.33to 0.20m,
which is largeenoughnot to influencethehydrodynamicsof theSBCR[16].

Theeffectof thefeedratioontheselectivity to severalproductclassesis shown in
Table7.6.Thetotalhydrocarbon(paraffin andolefin)selectivitiesin masspercentages
werelumpedin four groups:methane( Á 1), light gasesC2¾ 4 ( Á 2¾ 4), gasolineC5¾ 10

( Á 5¾ 10), andadiesel/wax fractionC10¾ 100 ( Á 10Â ). Theolefincontentis shown for the
C2 products( Á O Ã 2), C3¾ 4 products( Á O Ã 3¾ 4) andthe total olefin yield of all products
( Á O). Theselectivities in Table7.6werecalculatedwith themodelparametersin Ta-
ble7.3. IncreasingF hasapronouncedeffecton theincreasingselectivity to methane
anda decreasingolefin contentof theproductspectrum.Thehydrogenconcentration
in the liquid bulk increases,which causesan increaseof the terminationto paraffins
relative to olefinsanda decreaseof thechaingrowth parameter.

Table7.6 Selectivity parametersandproductselectivities (wt%) asa functionof the
H2/COfeedratio F (U i n

G = 0.20m s¾ 1, ¿ P= 0.25,T= 523K).

Productselectivity (wt%)
F p tO kR Á 1 Á 2¾ 4 Á 5¾ 10 Á 10Â Á O Ã 2 Á O Ã 3¾ 4 Á O

0.67 17.4 5.6 0.17 3.7 17.5 26.5 52.3 43.0 85.3 37.7
1.0 12.6 4.6 0.27 5.7 18.9 27.2 48.2 28.5 79.3 33.5
1.5 9.6 3.9 0.41 8.2 20.5 28.4 43.0 19.0 72.7 29.6
2.0 7.9 3.6 0.56 10.6 21.8 29.3 38.3 13.9 66.8 26.5
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7.7 Conclusions

A mathematicaldesignmodelfor a largescaleFischer-TropschSBCRis developed.
The model takes into accountthe water gasshift and Fischer-Tropschreactionsas
well asindividual hydrocarbonproductformationrates. Underthe operatingcondi-
tions investigatedthe FT SBCRis mainly reactioncontrolled. This is causedby the
limited activity of Fecatalystson theonehandandthe largevalueof thevolumetric
masstransfercoefficient of the largebubblesdueto frequentbubblecoalescenceand
breakupon the otherhand. The modelpredictsthe compositionof the gaseousand
liquid streamsof a largescalebubblecolumnoperatingin thechurn-turbulentregime
asafunctionof theoperatingparameters.It providesall thedatanecessaryfor reliable
scaleup, processoptimizationandpredictionof the performanceof industrialscale
FT bubblecolumnreactors.

List of Symbols

A reactorarea,m2

ac specificcoolingarea,m¾ 1

C concentration,mol m¾ 3

Cp heatcapacity, J kg¾ 1 K ¾ 1

D reactordiameter, m
D diffusioncoefficient,m2 s¾ 1

F H2/COfeedratio
g gravity accelerationfactor, 9.81m s¾ 2

h axialposition,m
H dispersionheight,m
H Äi Henryconstant,Pa
K i equilibriumconstant(yi Å xi )
kLa volumetricmasstransfercoefficient,s¾ 1

mGL
i solubility coefficientCG Å CL

mi molarselectivity
n carbonnumber
P pressure,Pa
Psat

i vaporpressure,Pa
R gasconstant,8.314Jmol¾ 1 K ¾ 1

Rj reactionrate,mol kg¾ 1
cat s¾ 1
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T temperature,K
U H2/COconsumptionratio (-RH2/-RCO)
U superficialvelocity, m s¾ 1

VR reactorvolume,m3

Vsmall risevelocitysmallbubbles,m s¾ 1

Á i weightfractionof producti
XCO Â H2 synthesisgasconversion
XH2 hydrogenconversion
xi molefractionin liquid phase
yi molefractionin gasphase

GreekLettersÆ
ef f effectiveheattransfercoefficient,W m¾ 2 K ¾ 1Æ
c contractionfactorÇ Äi liquid phaseactivity coefficientÈ
HRÃ j reactionenthaphy, J mol¾ 1

À holdupÉ
L liquid viscosity, PasÊ

heatconductivity, W m¾ 1 K ¾ 1Ë
i j stoichiometriccoefficientÌ density, kg m¾ 3Í surfacetension,N m¾ 1Î
i Poynting factorÎ�Ï Ã 0Å W spacevelocity, Nm3 kg¾ 1

cat s¾ 1

Sub-and Superscripts
B largebubbles large referingto largebubbles
c coolant out outletconditions
DF densephase P catalystphase
G gasphase R reactor
i component ref referenceconditions
in inlet conditions S slurryphase
j reaction small referingto smallbubbles
L liquid phase
Kinetic andselectivity parameters(seeList of Symbolsfor Chapters2-6):
a, b, k, K P, kWGS, K , t1

P, t2
P, k2

R, p, tO, kR, c, Æ n, Ð n
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Themajorobjectiveof thisthesisis to developakineticmodelthatcanpredictFischer-
Tropschconversionandproductselectivitiesover a commercialprecipitatediron cat-
alystwith improvedaccuracy relative to existing models.A detailedmulticomponent
reactionengineeringmodelfor a commercialscaleslurry bubblecolumnreactorwith
useof thesenew kinetic andselectivity modelsis the final aim of this thesis. The
work reportedin this thesisconsistedof: a) critical literaturereview on the kinetics
andselectivity of theFischer-Tropschsynthesis(Chapter2), b) kineticandselectivity
modelingof experimentaldataobtainedoveracommercialprecipitatedFe/Cu/K/SiO2

catalystbothin aspinningbasketreactorandaslurryreactor(Chapters3-6)andc) re-
actormodelingof alargescaleFischer-Tropschslurrybubblecolumnreactor(Chapter
7). Dataon thehydrodynamicbehavior andmasstransfercharacteristicsof thebub-
ble columnundertheoperatingconditionsappliedwereselectedfrom literature.The
majorconclusionsandsuggestionsfor furtherresearcharesummarizedbelow.

Product Selectivity

Theproductselectivity to linearolefinsandparaffins wasstudiedboth in a gas-solid
spinningbasket reactor(Chapter4) andin a gas-slurryreactor(Chapter6.3.1)over a
wide rangeof industrially relevantprocessconditionson a precipitatediron catalyst.
A new productselectivity modelfor linearhydrocarbons,the Æ -Olefin Readsorption
ProductDistribution Model (ORPDM),wasdeveloped. This modelcombinesread-
sorptionof Æ -olefinsandchaingrowth on the samecatalyticsite. ORPDM predicts
theselectivity to olefinsandparaffins accuratelyat a constanttemperatureof 523K.
TheORPDMparameters(chaingrowth parameterp, olefin terminationparametertO

andreadsorptionparameterkR) weredescribedsuccessfullyby equationsdepending
ontheoperatingconditionsonly. In contrastto mostliteraturemodels,theexperimen-
tally observedrelatively high yield of methane,relatively low yield of etheneandthe
changingolefin to paraffin ratio andchaingrowth factorwith chainlengthcanall be

209
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predictedfrom thismodel.

The currentmodel is a basisfor more advancedkinetic modelswhich do take
into accountthe effect of temperature.Ultimately, a small setof kinetic parameters
mustbe obtainedwhich areable to describethe synthesisgasconsumptionaswell
asthe productselectivity over a wide rangeof feedcomponentpressures,residence
time andtemperature.The main problemis to obtainthe experimentalkinetic data
without severecatalystdeactivation. If necessary, the new model can be extended
to describethe selectivity to minor amountsof oxygenatedproducts(1-alcohols)or
isomers(â -olefins, branchedhydrocarbons)on iron catalysts. On cobalt catalysts,
productselectivity modelsshouldinclude secondaryhydrogenationof Æ -olefins to
paraffins [1].

ReactionKinetics

The reactionkineticsof both the Fischer-Tropschand the watergasshift reactions
over a precipitatediron catalystweremeasuredandmodeledfor both gas-solidand
gas-slurrysystems.A numberof rateequationswerederivedonthebasisof adetailed
setof realisticreactionmechanisms.It wasassumedthattheformationof methylene,
originatingfrom the carbidemechanism,is the ratedeterminingstepin the Fischer-
Tropschreaction.14 modelsfor theFT reactionrateand2 WGSreactionrateequa-
tionswerefittedto theexperimentaldata.Bartlett’stestwasappliedto reducethesetof
possibleFischer-Tropschrateequationsto 3 modelsfor thegas-solidsystem(Chapter
5) andto 2 modelsfor thegas-slurrysystem(Chapter6.3.2),which werestatistically
indistinguishable.Therateequationsfor thewatergasshift reactionareall basedon
theformatemechanism.Simulationsusingtheoptimalkineticmodelsderivedshowed
goodagreementboth with experimentaldataandwith someliteraturemodels. The
slurry liquid appearedto affect thekineticparametersandtheadsorptionconstants.At
low H2/CO ratios,boththeFischer-Tropschandthewatergasshift reactionappeared
to belower thanfor thegas-solidkinetics.

The reactionkineticsweredeterminedat a constanttemperatureof 523 K only.
Furtherresearchshouldinvestigatethe influenceof the temperatureandtestthe va-
lidity of theactivationandadsorptionenergiesaccordingto theguidelinesof Boudart
[2].

Thepreferredway to presentcatalyticratedatais in theform of specificactivity,
suchasturnover rates(TOR) or turnover frequencies(TOF) [3]. This way, different
catalystscanbe comparedappropriately. Measurementsof the surfaceareaandthe
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metaldispersionarecomplicatedon precipitatediron catalystoperatingunderindus-
trial conditionsin theslurry-phasedueto wax-filled poresandchangingcomposition
of theiron phases.In this thesis,thereactionratesaregivenpermassunit of catalyst.
Thesereactionratescandirectly be appliedin reactionengineeringmodels,suchas
presentedin Chapter7.

ReactionEngineeringModel for an FT Slurry Bubble Column Reactor

A reactionengineeringmodelwasdevelopedfor a commercialscaleFischer-Tropsch
slurrybubblecolumnreactor(Chapter7). Themodelincorporatesnew hydrodynamic
insightswith respectto gasholdupandmasstransferin theheterogeneousflow regime
[4] andimprovedkineticmodelsfor theselectivity andthereactionratesbasedonown
measurements(Chapter6). The reactormodelassumesplug flow for the large gas
bubblesandidealmixing for boththeliquid, thesmallbubblesandthecatalystphase.
Theassumptionof completemixingof thesmallbubbles(densephase)isconservative,
becausethesebubblescanalsobeentrainedby thelargebubbles.Theassumptionon
idealmixing resultsin a conservative reactordesignwith respectto conversionsand
hydrocarbonproduction.However, theoverallcontributionof thedensephaseis small
in comparisonto thelargebubbles,especiallyat high gasvelocities.Themainnovel
aspectof this modelis thepredictionof thecompositionof both thegaseousandthe
liquid productstreamsof aslurryreactoroperatingin theheterogeneousflow regimeas
a functionof processconditions.It providesinformationfor reliablescaleup, design
andpredictionof theperformanceof anindustrialscaleFT slurry reactor.

A numberof patentsdealwith modificationsof Fischer-Tropschslurrybubblecol-
umn reactorsto reducethe back-mixingof both the liquid andthe gasphase[5–7].
Arcuri [5] describedtheinfluenceof variousdegreesof back-mixingontheselectivity
andthe productivity basedon kinetic dataobtainedover a Co/TiO2 catalyst,both in
plug flow (fixedbed),bubblecolumnandcompletelymixedreactors(CSTR).Arcuri
[5] claimedthattheproductivity in a slurry bubblecolumnis equalto or greaterthan
for plug flow, andthat thesameselectivity is obtainedfor thecompletelymixedsys-
tem. Koros[6] (Exxon Research)reportedthe inventionof a slurry bubblecolumn
with plug flow in either the gasphaseandthe liquid phase.The patentdescribesa
multi-tubular slurry bubble column reactorwith cooling mediumaroundthe tubes.
Thepresentedexampleshowsareactiontubeof 0.15m mountedinsidea0.30m pipe
that served asa cooling jacket. Accordingto our opinion, this reactorconfiguration
hasseveraldisadvantages:1) possibilityof slugflow conditions,2) largegasholdup
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dueto the influenceof the columndiameteron the large gasbubbleholdup[8], 3)
possibilityof maldistributionof thegas,theliquid andthecatalystphases,and4) low
specificcoolingarearelative to, for example,1.5 inch coolingtubes.A betteroption
is stagingtheslurry bubblecolumnhorizontallyasproposedearlierby Graaf[9] for
slurryphasemethanolsynthesis.MarettoandPiccolo[7] reportedtheeffectof staging
aslurrybubblecolumn.Thetemperaturein eachstagecouldbecontrolledseparately.
Their modelassumedplug flow of the gasphaseandcompletemixing of the slurry
in eachstage.MarettoandPiccolo[7] claimedthattheliquid phasein themultistage
reactormayapproachplugflow behavior, resultingin anincreaseof thesynthesisgas
conversionwith increasingthenumberof stages.Ourmodelcaneasilybeextendedto
incorporatetheeffectof stagingof a slurrybubblecolumn.In additionto thestudyof
MarettoandPiccolo[7], extensionof themodelpresentedwill alsopredicttheeffect
of stagingon the productselectivity. MarettoandPiccolo[7] did not reporton the
engineeringdetailsof stagingbubblecolumns.Oneof thepossibilitieswould bethe
applicationof horizontalgauzesor perforatedplates[10, 11]. Theseplatesdecrease
thebubblesizeof largegasbubblesandslugswhichresultsin ahighergasholdupand
improvementof theplugflow characteristicsof thegasandliquid phase.

Epilogue

With thecurrent,extremelylow, oil prices,theprocesseconomyof Fischer-Tropschis
unfavorable.Undercertainconditionsandin specificsituations,FT processesarein-
teresting:1) availability of cheapnaturalgas(for example,Malaysia,Alaska,Qatar)or
coal(SouthAfrica); 2) productionof chemicalsor high-valuecleandieselandgasoil;
3) governmentalregulationson flaring of naturalgasor on emissionsin thetransport
sector.

Themainbarrierfor Fischer-Tropschtechnologyis in thehighcostsof producing
synthesisgas.A challengingdevelopmentin this areais theceramicmembranetech-
nology, whichallowsoxygento transportfrom air to thenaturalgas,whereit produces
synthesisgasvia partialoxidation.However, afterasuccessfulresearchstadium,com-
mercialapplicationis still morethan10yearsaway.

The optimal Fischer-Tropschreactorfor high molecularweight productsis the
slurry bubble column reactor. Good temperaturecontrol due to the excellent heat
transferallows the useof highly active catalysts. Major problemis the necessary
catalyst-wax separationstep.Costreductionmaybeaccomplishedby increaseof the
reactorsizeto 10,000- 20,000bbl/day.
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Parallelto theprocessdevelopment,catalyticdesignof Fischer-Tropschcatalysts
remainsimportant. Specialaspectsarethe improvementof activity, selectivity, and
resistanceto attrition anddeactivation. Most recentresearchdealswith cobalt-based
catalysts.Undercertainconditions,theactivity of iron catalystsis equalto or greater
thanthatof cobaltcatalysts[12, 13]. CobaltcatalystsarepreferredathighCOconver-
sionswith a synthesisgasfeedfrom naturalgas(H2/CO=2). Synthesisgasfrom coal
or othercarbonresourcesis preferablyconvertedwith iron catalystsbecauseof their
highwatergasshift activities.
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TableA1 Summaryof theexperimentalconditionsandanalysis.
Run TOS P F ñ i nÏ Ã 0 ò W ñ Ï Ã 0ò W yi

(h) (MPa) (10¾ 3 Nm3 kg¾ 1 s¾ 1) H2 CO CO2 H2O
A11 240 1.5 2 1.5 1.19 0.584 0.226 0.0537 0.0880
A2 265 1.2 0.5 1.0 0.7 0.245 0.500 0.0978 0.0239
A3 292 1.6 1 1.0 0.69 0.397 0.274 0.1568 0.0537
A4 313 2.4 2 1.0 0.75 0.621 0.138 0.1034 0.0582
A5 361 4.0 4 1.0 0.79 0.771 0.037 0.0341 0.0702
A61 387 1.5 2 1.5 1.23 0.623 0.213 0.0498 0.0407
A7 410 2.0 4 1.0 0.82 0.767 0.073 0.0473 0.0453
A8 450 3.2 1 1.0 0.64 0.317 0.277 0.1699 0.0900
A9 496 3.0 0.5 1.0 0.70 0.194 0.489 0.1593 0.0452
A10 552 2.4 2 0.5 0.34 0.581 0.094 0.1304 0.0569
A11 581 2.4 2 2.0 1.65 0.653 0.191 0.0585 0.0599
A12 622 2.4 2 1.5 1.14 0.599 0.170 0.0739 0.0648
A131 653 1.5 2 1.5 1.24 0.625 0.188 0.0644 0.0502
A141 862 1.5 2 1.5 1.27 0.634 0.233 0.0359 0.0352
A15 889 1.2 2 0.5 0.41 0.624 0.154 0.0912 0.0383
A16 914 1.2 2 2.0 1.80 0.641 0.247 0.0255 0.0205
A17 961 2.4 0.5 2.0 1.65 0.250 0.541 0.0635 0.0251
A18 982 2.4 0.5 0.5 0.36 0.169 0.439 0.2219 0.0562
A191 1011 1.5 2 1.5 1.21 0.630 0.194 0.0626 0.0406
A20 1080 1.2 0.5 2.0 1.70 0.275 0.547 0.0392 0.0117
A21 1101 1.2 2 0.5 0.38 0.586 0.117 0.1243 0.0255
A22 1151 2.0 0.25 1.0 0.81 0.115 0.657 0.0648 0.0072
A23 1177 0.8 1 1.0 0.81 0.423 0.339 0.0919 0.0298
A241 1224 1.5 2 1.5 1.19 0.622 0.188 0.0682 0.0537
1 Referenceexperiment
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TableA2 On-linemolefractionsof paraffins.
Run Paraffins103yi (-)

1 2 3 4 5 6 7 8 9 10
A1 10.8 1.67 0.687 0.658 0.542 0.382 0.281 0.223 0.187 0.136
A2 5.68 0.861 0.338 0.356 0.318 0.202 0.172 0.142 0.118 0.082
A3 17.6 3.97 1.55 1.44 1.29 0.720 0.613 0.536 0.471 0.431
A4 25.5 5.13 2.27 2.05 1.65 1.15 0.663 0.473 0.387 0.190
A5 18.5 2.90 1.76 1.56 1.19 0.786 0.424 0.351 - -
A6 11.4 1.88 0.780 0.756 0.573 0.287 0.242 0.196 0.171 0.132
A7 23.85 3.60 1.83 1.60 1.14 0.815 0.386 0.244 0.156 0.114
A8 17.2 4.80 2.15 1.79 1.26 1.02 0.672 0.519 0.506 0.415
A9 6.47 1.32 0.658 0.576 0.502 0.252 0.233 0.195 - -
A10 31.2 8.14 3.94 2.55 2.17 1.49 1.20 0.880 0.709 0.620
A11 14.3 3.44 1.47 0.998 0.729 0.490 0.384 0.279 0.234 0.189
A12 17.3 4.34 1.84 1.24 0.913 0.645 0.443 0.332 0.269 0.220
A13 14.8 3.33 1.29 0.983 0.687 0.392 0.333 0.273 0.257 -
A14 10.3 1.81 0.713 0.508 0.358 0.249 0.172 0.133 0.115 0.094
A15 24.3 4.96 1.90 1.26 1.02 0.701 0.474 0.336 0.266 0.222
A16 7.44 1.12 0.442 0.276 0.207 0.143 0.107 0.083 0.062 0.063
A17 5.21 0.895 0.430 0.324 0.222 0.162 0.154 0.113 0.105 0.095
A18 9.83 2.39 0.974 0.752 0.678 0.529 0.417 0.301 0.244 0.214
A19 15.6 3.20 1.17 0.784 0.610 0.401 0.284 0.222 0.164 0.139
A20 3.16 0.378 0.192 0.137 0.123 0.080 0.069 0.056 0.052 -
A21 33.3 6.84 2.87 1.82 1.48 0.974 0.697 0.518 0.347 0.294
A22 2.19 0.269 0.165 0.123 0.133 0.094 0.076 0.068 0.054 0.052
A23 11.8 2.20 0.740 0.552 0.487 0.357 0.282 0.264 0.245 -
A24 17.6 3.40 1.28 0.898 0.702 0.461 0.363 0.327 - -
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TableA3 On-linemolefractionsof olefins.
Run Olefins103yi (-)

2 3 4 5 6 7 8 9 10
A1 1.09 2.56 1.63 1.27 0.751 0.542 0.344 0.232 0.178
A2 1.72 2.63 1.73 1.45 0.921 0.648 0.453 0.374 0.224
A3 2.29 6.10 3.68 2.85 1.63 1.03 0.704 0.423 0.336
A4 1.27 5.11 2.97 2.18 1.18 0.613 0.295 0.200 0.090
A5 0.286 1.98 1.05 0.720 0.348 0.120 0.081 - -
A6 1.24 2.94 1.87 1.34 0.757 0.433 0.284 0.165 0.101
A7 0.535 2.89 1.48 0.933 0.494 0.185 0.123 0.046 0.037
A8 2.95 7.32 4.35 2.96 2.08 1.19 0.714 0.536 0.377
A9 2.53 3.86 2.50 1.88 1.25 0.852 0.599 0.557 -
A10 1.34 6.30 3.02 1.93 1.03 0.651 0.324 0.207 0.138
A11 1.89 4.26 2.28 1.45 0.837 0.440 0.257 0.153 0.107
A12 1.85 4.85 2.50 1.58 0.890 0.468 0.242 0.151 0.088
A13 1.64 3.95 2.04 1.31 0.694 0.402 0.223 0.154 -
A14 1.49 2.62 1.44 0.922 0.524 0.304 0.167 0.115 0.079
A15 1.52 4.79 2.35 1.47 0.777 0.372 0.202 0.119 0.077
A16 1.19 1.84 1.01 0.632 0.371 0.206 0.125 0.077 0.059
A17 1.78 2.40 1.53 1.07 0.738 0.572 0.351 - 0.262
A18 2.81 5.25 3.28 2.42 1.70 1.11 0.727 0.547 0.371
A19 1.56 3.64 1.93 1.21 0.697 0.368 0.290 0.135 0.078
A20 1.19 1.40 0.930 0.687 0.478 0.332 0.228 0.186 0.158
A21 1.34 5.54 2.69 1.66 0.897 0.447 0.259 0.125 0.089
A22 1.15 1.34 0.935 0.744 0.544 0.391 0.282 0.225 0.184
A23 2.13 3.81 2.33 1.66 1.04 0.638 0.428 0.302 -
A24 1.62 3.99 2.25 1.46 0.857 0.512 0.297 0.255 -
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TableA4 On-linemolefractionsof oxygenates.

Run 1-alcohols103yi (-)
1 2 3 4

A1 1.07 0.662 0.166 -
A2 0.691 0.468 0.101 -
A3 1.05 1.12 0.345 -
A4 2.83 2.34 0.561 0.196
A5 4.42 1.53 - -
A6 1.16 0.735 0.205 -
A7 1.42 0.922 - -
A8 1.16 1.30 0.549 0.382
A9 0.882 0.755 0.227 -
A10 4.62 3.89 1.30 0.249
A11 1.55 1.37 0.484 -
A12 1.55 1.51 0.460 0.131
A13 1.11 1.12 0.302 -
A14 1.00 0.854 0.204 -
A15 1.68 1.53 0.387 -
A16 0.793 0.509 - -
A17 0.552 0.592 0.155 -
A18 0.752 1.14 0.346 -
A19 1.01 1.09 0.285 -
A20 0.247 0.296 0.063 -
A21 1.23 1.50 0.393 -
A22 0.424 0.318 0.076 -
A23 0.690 0.771 0.206 -
A24 1.00 1.10 0.284 -
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TableB1 Summaryof experimentalconditionsandresults.
Run TOS P F ñ i nÏ Ã 0ò W ñ Ï Ã 0ò W yi

(h) (MPa) (10¾ 3 Nm3 kg¾ 1 s¾ 1) H2 CO CO2 H2O
B11 156 1.5 0.67 0.51 0.41 0.311 0.503 0.093 0.038
B2 183 1.5 0.67 0.25 0.18 0.270 0.434 0.196 0.035
B3 228 1.5 1 0.51 0.43 0.482 0.390 0.097 0.031
B41 289 1.5 0.67 0.51 0.41 0.310 0.520 0.098 0.030
B5 349 1.5 2 0.51 0.37 0.552 0.174 0.085 0.104
B6 452 2.4 3 0.51 0.39 0.681 0.097 0.071 0.077
B7 520 2.4 1 0.51 0.36 0.340 0.370 0.119 0.079
B8 571 2.4 0.5 0.51 0.39 0.182 0.606 0.100 0.055
B91 643 1.5 0.67 0.51 0.39 0.269 0.512 0.103 0.044
B10 694 1.2 0.5 0.51 0.40 0.220 0.592 0.099 0.026
B11 760 2.4 2 0.51 0.34 0.537 0.114 0.149 0.108
B12 904 2.4 0.5 0.51 0.37 0.165 0.550 0.198 0.034
C11 345 1.5 0.67 0.51 0.38 0.282 0.448 0.136 0.104
C2 385 1.5 0.5 0.51 0.43 0.209 0.542 0.123 0.108
C3 443 1.5 1.0 0.51 0.39 0.378 0.295 0.178 0.076
C4 506 1.5 2.0 0.51 0.40 0.579 0.135 0.122 0.086
C51 552 1.5 0.67 0.51 0.39 0.202 0.475 0.119 0.154
C6 614 1.5 1.0 0.25 0.16 0.346 0.192 0.242 0.143
C71 802 1.5 0.67 0.51 0.39 0.240 0.458 0.136 0.118
C8 875 1.5 1.0 0.25 0.16 0.334 0.194 0.299 0.034
C9 950 1.5 1.0 0.17 0.10 0.332 0.110 0.306 0.163
C10 1001 1.5 1.0 0.77 0.61 0.358 0.393 0.096 0.087
C11 1057 1.5 0.67 0.51 0.39 0.226 0.486 0.148 0.057
C12 1094 1.5 1.0 0.51 0.38 0.357 0.327 0.167 0.057
C13 1139 2.4 2.0 0.51 0.35 0.519 0.090 0.149 0.125
C141 1396 1.5 0.67 0.51 0.41 0.252 0.515 0.093 0.092
C15 1487 1.2 0.5 0.51 0.39 0.195 0.560 0.128 0.075
1 Referenceexperiment
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TableB2 On-linemolefractionsof paraffins.
Run Paraffins103yi (-)

1 2 3 4 5 6 7 8 9 10
B1 3.98 0.686 0.352 0.316 0.254 0.158 0.120 0.087 0.073 0.068
B2 7.90 1.88 0.741 0.696 0.589 0.319 0.234 0.156 0.113 0.093
B3 7.29 1.48 0.657 0.589 0.470 0.268 0.178 0.137 0.126 0.108
B4 4.92 0.864 0.430 0.385 0.311 0.318 0.220 0.112 0.107 0.098
B5 15.3 3.53 1.67 1.44 1.14 1.04 0.669 0.527 0.426 -
B6 18.3 3.52 1.74 1.56 1.26 1.02 0.759 0.624 0.590 0.415
B7 6.86 1.54 0.793 0.674 0.540 0.394 0.297 0.258 0.216 0.186
B8 3.25 5.83 3.31 2.87 2.35 1.67 0.872 1.14 0.833 -
B9 4.70 0.836 0.398 0.348 0.294 0.217 0.149 0.083 0.082 0.074
B10 3.42 0.519 0.248 0.220 0.207 0.133 0.110 0.068 0.058 0.048
B11 17.9 4.69 2.21 1.88 1.61 1.22 0.925 0.672 - -
B12 4.60 1.06 0.532 0.454 0.392 0.331 0.196 0.130 0.115 0.094
C1 4.41 0.673 0.355 0.280 0.259 0.190 0.155 0.121 0.085 -
C2 3.13 0.537 0.372 0.205 0.202 - 0.142 0.108 0.081 0.055
C3 7.47 1.68 0.963 0.694 0.618 0.429 0.386 0.322 0.204 0.193
C4 11.7 2.67 1.51 0.969 0.809 0.605 0.401 0.347 0.231 0.210
C5 3.54 0.701 0.498 0.334 0.270 0.157 0.138 0.112 0.093 0.097
C6 3.32 0.641 0.288 0.251 0.211 0.151 0.137 - 0.088 0.056
C7 3.56 0.650 0.287 0.232 0.175 0.161 0.122 0.111 0.098 0.093
C8 13.1 3.70 1.53 1.04 0.964 0.738 0.580 0.429 0.340 0.222
C9 18.8 5.59 2.69 1.62 1.54 1.14 0.872 0.622 0.479 0.340
C10 4.17 0.789 0.340 0.254 0.191 0.132 0.130 0.127 - -
C11 3.44 0.615 0.265 0.227 0.173 0.123 0.115 0.102 0.104 0.103
C12 6.01 1.25 0.484 0.380 0.279 0.271 0.233 0.186 0.155 0.120
C13 16.3 4.43 2.09 1.30 1.03 0.735 0.524 0.400 0.292 0.199
C14 3.09 0.713 0.312 0.177 0.121 0.084 0.075 - - -
C15 2.61 0.478 0.203 0.156 0.103 0.095 0.078 0.062 - -
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TableB3 On-linemolefractionsof olefins.
Run Olefins103yi (-)

2 3 4 5 6 7 8 9 10
B1 1.34 2.07 1.37 1.09 0.718 0.480 0.353 0.246 0.176
B2 1.93 3.84 2.48 1.90 1.11 0.702 0.437 0.295 0.175
B3 1.61 3.01 1.91 1.43 0.843 0.514 0.336 0.209 0.151
B4 1.47 2.35 1.58 1.23 1.00 0.585 0.390 0.286 0.197
B5 1.50 4.38 2.53 1.83 1.26 0.643 0.413 0.235 0.128
B6 0.851 3.46 2.01 1.47 0.970 0.491 0.331 0.216 0.108
B7 2.24 3.69 2.36 1.82 1.21 0.764 0.562 0.359 0.234
B8 1.66 2.06 1.31 0.991 0.640 0.295 0.263 0.201 0.186
B9 1.87 2.48 1.55 1.17 0.810 0.524 0.357 0.268 0.214
B10 1.57 1.92 1.24 0.965 0.656 0.495 0.332 0.250 0.192
B11 2.73 4.59 3.99 2.93 1.84 1.13 0.773 0.384 0.206
B12 2.30 2.86 1.63 1.12 0.800 0.494 0.312 0.236 0.155
C1 0.724 1.26 0.767 0.609 0.381 0.233 0.153 0.108 -
C2 0.838 0.975 0.619 0.511 0.313 0.226 0.162 0.118 0.081
C3 0.788 1.98 1.14 0.871 0.457 0.307 0.201 0.106 0.068
C4 0.510 1.82 0.862 0.585 0.320 0.128 0.070 0.038 0.027
C5 0.808 1.24 0.802 0.633 0.372 0.243 0.169 0.119 0.079
C6 0.641 1.11 0.678 0.525 0.354 0.252 0.120 0.104 0.053
C7 1.02 1.64 1.11 0.900 0.613 0.324 0.299 0.232 0.165
C8 1.29 4.33 2.36 1.69 1.00 0.578 0.340 0.221 0.126
C9 1.01 4.79 2.34 1.61 0.912 0.531 0.259 0.141 0.104
C10 1.08 1.72 1.08 0.752 0.504 0.335 0.261 0.195 -
C11 1.13 1.70 1.15 0.945 0.616 0.424 0.313 0.242 0.165
C12 1.31 2.45 1.56 1.19 0.800 0.562 0.386 0.263 0.184
C13 0.998 3.68 1.81 1.17 0.651 0.308 0.167 0.095 0.055
C14 1.49 1.80 0.992 0.644 0.391 0.253 0.162 0.091 0.065
C15 1.14 1.41 0.857 0.614 0.429 0.316 0.214 - -
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TableB4 On-linemolefractionsof oxygenates.

Run 1-alcohols103yi (-)
1 2 3 4

B1 1.25 5.83 1.42 0.800
B2 2.08 1.13 0.299 0.184
B3 1.76 0.930 0.256 0.162
B4 0.986 0.637 0.177 -
B5 2.20 1.28 0.387 0.292
B6 2.43 1.18 0.288 0.086
B7 1.71 0.757 0.225 0.144
B8 0.978 0.394 0.116 0.077
B9 0.992 0.495 0.142 0.108
B10 0.683 0.369 0.091 -
B11 2.13 2.63 0.596 0.235
B12 1.20 0.794 0.091
C1 0.315 0.468 0.126 -
C2 0.196 0.394 0.075 -
C3 0.241 0.795 0.206 -
C4 0.338 0.828 0.228 -
C5 0.176 0.461 0.097 -
C6 0.406 0.470 0.120 -
C7 0.150 0.404 0.094 -
C8 0.451 0.976 0.287 -
C9 0.513 1.10 0.331 -
C10 0.198 0.418 0.104 -
C11 0.120 0.346 0.086 -
C12 0.240 0.482 0.126 -
C13 0.536 1.14 0.323 -
C14 0.130 0.387 0.084 -
C15 0.119 0.329 0.083 -
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Includedin the following list arecommonsymbolsemployedthroughoutthis thesis.
An additionallist of symbolsis addedfor Chapter7.

Ai integratedGCpeakareaof componenti counts
a,aÄ kineticparameters -
b kineticparameter -
c kineticparameter -
c exponentialconstant,eq4.5 -
C constant -
C concentration mol m¾ 3

Cs
n
Ï
ap saturatedvaporphaseconcentration mol m¾ 3

Ci calibrationfactorGC -
d kineticparameter -
D diffusioncoefficient m2 s¾ 1

D diameter m
Dn diffusivity hydrocarbonwith chainlengthn m2 s¾ 1

dP diameterof catalystparticle m
d diameteror film thickness m
df degreesof freedom -
EA activationenergy kJmol¾ 1

E molarexit ratioH2 to CO -È
E potentialenergy kJmol¾ 1

F molarfeedratioH2 to CO -
f fugacity Pa
F molarflow reactoroutlet mol s¾ 1

H numberof competitivemodels -È
H reactionenthalpy kJmol¾ 1È
Had heatof adsorption kJmol¾ 1

H height m
H Henry’ssolubility constant mol Pa¾ 1 m¾ 3 or PaÈ

G1 phys freeenergy changeof physisorption kJmol¾ 1È
Gox freeenergy changeof oxidation kJmol¾ 1
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k, kÄ reactionrateconstant -
k0 reactionrateconstantin idealstate -
kdp reactionrateconstantfor depolymerization -
ki , ki r reactionratefor (reverse)initiation -
kú WGSreactionrateconstant -
K p equilibriumconstantwatergasshift -
K i adsorptionconstant -
kR û k üR reactionrateconstantreadsorptionof olefins -
k2

R reactionrateconstantreadsorptionof ethene -
KH2 adsorptionconstanthydrogen MPa¾ 1

K i equilibriumconstant(yi Å xi ) -
L molarflow liquid phase mol s¾ 1

m numberof modelparameters -
m averagenumberof hydrogenatoms -
mi molarselectivity of componenti , eq3.17 -
mGL

i solubility constant(CG/CL) -
mn molarselectivity of hydrocarbonwith carbonnumbern -
mO molarolefinselectivity -
mP molarparaffin selectivity -
M ARR MeanAbsoluteRelativeResidual,eq3.21 -
M molecularweight kg mol¾ 1

n carbonnumber -
n numberof experimentaldatapoints -
N constant -
On olefin fractioncarbonnumbern -
Pn paraffin fractioncarbonnumbern -
p propagationprobability -
P pressure Pa
Pn hydrocarbonvaporpressurewith carbonnumbern Pa
P0 vaporpressureconstant Pa
R reactionrate mol kg¾ 1

cat s¾ 1

RFT overallFischer-Tropschreactionrate mol kg¾ 1
cat s¾ 1

RWGS watergasshift reactionrate mol kg¾ 1
cat s¾ 1

R gasconstant 8.314Jmol¾ 1 K ¾ 1

RM R RelativeMolar Responsefactor -
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RR RelativeResidual,eq3.23 -
s catalyticsurfacesite -
sr el relativevariance,eq3.22 -
S2

a
Ï averagevarianceof H models -

S2
h total varianceof modelh -

STY spacetimeyield, ý RH2 Â CO mol kg¾ 1
cat s¾ 1

t time s
tO relativeolefin terminationprobability -
t2
O relative terminationprobabilityto ethene -

t1
P relative terminationprobabilityto methane -

t2
P relative terminationprobabilityto ethane -

T temperature K
V volume m3

V molarvolume mol m¾ 3

V molarflow gasphase mol s¾ 1

Vm
n ú ax molarvolumewaxeoushydrocarbons mol m¾ 3

Á i masscomponentselectivity, eq3.18 -Á n hydrocarbonweightselectivity with carbonnumbern -
W weightof unreducedsupportedcatalyst kg
Xi conversioncomponenti -
XCO Â H2 total synthesisgasconversion
x distance m
xi molefractionliquid phase -
yi molefractiongasphase -
zi molefraction -

GreeksymbolsÆ chaingrowth probability -Æ Ä asymptoticalchaingrowth probability -â terminationprobability -â vaporpressurecoefficient -Ç activity coefficients -Ç
0 relative transportratesof H2 andCO -Ç
n relative transportratesof olefins -þ

solubility parameter -
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þ
film thickness mÐ i surfacefractionoccupiedwith componenti -ÿ viscosity N sm¾ 2Ì

L liquid density kg m¾ 3Í 2 functionfor optimization,eq4.21 -Î Ï Ã 0 gasflow rateatnormalconditions Nm3 s¾ 1

� 2 functionfor optimization,eq3.20 -� 2
c critical � 2 for Bartlett’s test -� 2
t tabulated� 2 for Bartlett’s test -

Superscriptsand Subscripts
A componentA
B componentB
CH2 methylene
CH3 methyl
DS deferredstandard
eq equilibrium
exp experimentalvalue
G gasphase
H hydrogen
i component,interface,initiation or index
I activatedcomplex
i n inlet conditions
L liquid
M monomermethylene(CH2)
mod predictedvalue
n carbonnumber
O olefins
P paraffins
p propagation
ps physisorption
R readsorption
R reactor
S adsorbedstate
s1 FT catalyticsite
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s2 WGScatalyticsite
t termination� vacantor freecatalyticsites
0 normalconditions,T0= 273K, P0= 0.1013MPa
1 solute
2 solvent
1 carbonnumbern= 1
2 carbonnumbern= 2
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Met deFischer-Tropschsyntheseis hetmogelijkombenzine,dieselenchemicalïente
producerenuit steenkool of aardgas.Hetprocesis al 75 jaarbekend,maarwordtmo-
menteelalleendoorhetZuid-Afrikaansebedrijf SasolendoorShellin Maleisïecom-
mercieeltoegepast.De belangstellingvoor hetprocesneemtde laatstetijd sterktoe.
In dit proefschriftwordenmetingenvermeldvandereactiesnelheidendeselectiviteit
van het Fischer-Tropschproces. Dezeinformatie wordt gebruikt om commercïele
reaktorenteoptimaliseren.

Doordeafnamevandewereldvoorraadvanaardoliestaanalternatieveenergiebron-
nensteedsmeerin de belangstelling.Eén van de mogelijkhedenis het gebruikvan
steenkool of aardgas,die nogin relatiefgrotehoeveelhedenaanwezigzijn. Steenkool
enaardgaskunnenwordengebruiktalsgrondstofvoordechemischeindustrieenvoor
de fabricagevan brandstoffen. Vooral omzettingvan aardgasnaarvloeibarebrand-
stoffen op verafgelegenplaatsen(bijv. Qatar, Saudi-Arabïe,Alaska)staatmomenteel
sterk in de belangstelling. Eén van de processenvoor dezeomzettingis de zoge-
naamdeFischer-Tropschsynthese.HetFischer-Tropschprocesbestaatglobaaluit drie
stappen:i) Omzettenvansteenkool of aardgasnaarsynthesegas.Dit is eenmengsel
vankoolmonoxide(CO) enwaterstof(H2). ii) De daadwerkelijkeomzettingvansyn-
thesegasnaareenveelvoudvanproducten,zoalsgasolie,nafta,kerosine,grondstoffen
voordechemischeindustrieenparaffinewassenmetbehulpvandeFischer-Tropschre-
actie. iii) Scheidenenoptimalisatievandeverschillendeproductstromen.Het proces
danktzijn naamaandeuitvindersFranzFischerenHansTropsch,die in 1923ontdek-
tendatdegasvormigecomponentenkoolmonoxideenwaterstofbij hogetemperatuur
(180-250 ˚C) met eenkatalysatorkunnenwordenomgezetin vloeibareproducten.
Momenteelwordenzowel ijzer alskobalttoegepastalshetkatalytischactievemateri-
aal.

DereactiesvandeFischer-Tropschsynthesekunnenopdevolgendemaniervereen-
voudigdwordenweergegeven:

CO ��� 1 � mÅ 2n� H2 � 1Å nCnHm � H2O � FT � (1)

CO � H2O � 	 CO2 � H2 � WGS� (2)
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In dezeformule is n het gemiddeldekoolstofgetalen m het gemiddeldeaantalwa-
terstofatomenvandekoolwaterstoffen. Wateris eenprimair productvandeFischer-
Tropschreactie,datop ijzerkatalysatorenkanwordenomgezetnaarCO2 enH2 via de
watergasshift (WGS)reactie(vergelijking 2).

DebelangstellingvoorhetFischer-Tropschprocesis sterkafhankelijk vanecono-
mischeenpolitiekeomstandigheden.In dejarendertigenveertigwerdenin Duitsland
brandstoffen geproduceerdvanuit steenkool. Na de TweedeWereldoorlogwerd de
productiestopgezet.Door de ontdekkingen exploratievan groteoliebronnenin het
Midden-Oostenin de jarenvijftig namde interessevoor het Fischer-Tropschproces
sterkaf. Politiekeoorzakenengrotevoorradenvangoedkopesteenkool leiddenechter
totdebouwvaneencommercïeleFischer-Tropschfabriekin Sasolburg,Zuid-Afrika in
1955.TijdensdeoliecrisisendooreenolieboycotvandeOPECin 1973werdbesloten
om de productiete vergroten. In het begin van de jaren tachtig zijn de fabrieken
Sasol2 enSasol3 in Secundain bedrijf genomen.De totaleproductiecapaciteitvan
Sasolis momenteelca. 130.000vatenbrandstofenchemicalïenperdag(1 vat = 160
liter). RecentelijkhebbenSasol,PhillipsPetroleumenQatarGeneralPetroleumCorp.
contractengetekendvoor de bouw van eenfabriekin Qatardie vanaf2002,per dag
20.000vatenbrandstofzalgaanmakenvanuitaardgas.

In 1993heeftShell in Bintulu (Maleisïe)eencommercïelefabriekopgestartwaar
aardgaswordt omgezetin zuiveredieselenhoogwaardigewassen(capaciteit12.000
vaten/dag).De vasteparaffinewassenzijn terugte vindenin tal vanproducten:onder
anderein kaarsen,waskrijt, drukinkt enin deverpakkings-engeneesmiddelenindus-
trie. Als brandstoffen,zoalsdieselenbenzine,wordengemaaktin eenconventionele
raffinaderij,gebaseerdop aardolie,bevat hetproductverontreinigingenzoalszwavel,
aromatenennaftenen.Verbrandinggeeftemissievanonderanderezwavelverbindin-
gen, onverbrandekoolwaterstoffen, stikstofoxidenen roetdeeltjes.De brandstoffen
van het Fischer-Tropschproceszijn echtervolledig vrij van zwavel en aromatenen
wordendaardoorveelbeterenschonerverbranddandeconventionelebrandstoffen.

DeoptimalereactorvoordeFischer-Tropschsyntheseis eendrie-fasen(of slurrie,
gas-vloeistof-vast)bellenkolom. In dezereactor(zieFiguur1) wordtsynthesegasgoed
verdeeldonderin eenkolom toegevoerd. De kolom is gevuld metvloeistof(Fischer-
Tropschproducten)enkleinekatalysatordeeltjes(ca.0.05mm)die in suspensiewor-
dengehouden.De gasbellenstijgenomhoog,waarbij de reactantenoplossenin de
vloeistof. Op hetoppervlakvandekatalysatorvindt deomzettingplaatsnaardever-
schillendeproducten.Afhankelijk van de ketenlengtevan het product,verlaatdeze
de reactorvia de gasfaseof de vloeistoffase. In de reactorbevindenzich verticale
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Reactant:
synthesegas uit:
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Producten:
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diesel
chemicaliën

Fischer-Tropsch Synthese

Figuur 1 Schemavaneenindustrïelebellenkolom.

buizenmetbijv. stoom,die degrotereactiewarmtekunnenafvoeren.Door degoede
warmteoverdrachtis de temperatuurbeheersingin eenbellenkolom zeergemakkelijk
in vergelijking metbijvoorbeelddevastbedreactoren,die nu nogvoornamelijkwor-
dentoegepast.

Vooreenbetrouwbaarontwerpenoptimalisatievandereactorzijn gegevensnodig
over het reactiemechanismeen de snelheidwaarmeede reactantenkunnenworden
omgezet(kinetiek).Hetdoelvandit proefschriftis inzicht teverkrijgenin dekinetiek
endeselectiviteit naardeverschillendeproducten.Hetuiteindelijkedoelvandit proef-
schrift is de simulatievan eenindustrïele bellenkolom met eengedetailleerdreac-
tortechnologischmodel.

Hoofdstuk2 van het proefschrift geeft eenkritisch literatuuroverzicht over de
kinetiek en selectiviteit van het Fischer-Tropschproces. Uit dit overzichtblijkt dat
debeschikbareliteratuurmodellenvoordeproductselectiviteit niet in staatzijn omhet
volledigeproductmengselnauwkeurig te voorspellenals functievandeprocescondi-
ties. Ook vertonende kinetischevergelijken uit de literatuurgeenuniform beelden
zijn demeestekinetiekmodellenvoor ijzerkatalysatorenonvolledig,omdatdevorming
vanCO2 via deWGSreactievaaknietwordtmeegenomen.

Voor het metenvan de kinetiek en selectiviteit zijn verschillendelaboratorium-
reactorengebruikt (zie schemain Figuur 2). De gebruiktekatalysatoris eencom-
mercïele geprecipiteerdeijzerkatalysator(type RuhrchemieLP 33/81)met koperen
kalium promotorsop silica dragermateriaal(Fe/Cu/K/SiO2). Er is gebruikgemaakt
van eengas-vastreactor, waarbij de katalysatordeeltjesin mandjesaande roerderas
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Figuur 2 Schematischeweergave van de laboratoriumopstellingvoor het metenvan de
kinetiekenselectiviteit vandeFischer-Tropschsynthese.

zijn bevestigd,envaneengas-slurriereactor, waarinkleinekatalysatordeeltjesin de
vloeistofzijn gesuspendeerd.In deverschillendelaboratoriumreactorenis deinvloed
vandeprocesomstandigheden(druk,temperatuur, verblijftijd ensamenstellingvanhet
synthesegas)opdekinetiekendeselectiviteit bestudeerd.

Er is eenkinetischmodelontwikkeld, waarmeedeselectiviteit naarde tientallen
verschillendeproducten,variërendin ketenlengteen soort(voornamelijkalkanenen
alkenen),nauwkeurigkanwordenbeschreven. In Figuur3 staateenschemavanhet
mechanismevandevormingvandediverseproductenafgebeeldenin Figuur4 wordt
eenvoorbeeldgegevenvandemodelbeschrijvingvandegemetenselectiviteit in één
vandeexperimenten.Deselectiviteit wordtonderanderebëınvloeddoordegebruikte
katalysatoren door de procescondities.De reactantenCO en H2 reagerenop het
katalysatoroppervlaken vormende bouwsteen(monomeer)methyleen.Dezebouw-
stenenzorgenvoordegroeivandekoolwaterstofketens.Met dit modelis hetmogelijk
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Figuur 3 Reactienetwerkvoorde
productvorming.
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Figuur 4 Modelbeschrijving(lijnen) vanexperi-
menteelgevondenselectiviteiten(symbolen).
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om deselectiviteit naardegevormdeproductennauwkeurigte beschrijven. Hierbij is
aangenomendat de onverzadigdeproducten(alkenen)opnieuwkunnenreagerenop
hetkatalysatoroppervlak(Figuur3). In tegenstellingtot demeesteliteratuurmodellen
is dit selektiviteitsmodelin staatom deproductverdelingvan lineairekoolwaterstof-
fen nauwkeurigte beschrijven. De belangrijkstekenmerkenvandeproductverdeling,
die nu goedwordenbeschreven zijn: i) hogeselectiviteit naarmethaan;ii) lagese-
lectiviteit naaretheen;iii) afnamevandeverhoudingtussenalkenenenalkanenmet
toenemendeketenlengte.

De reactiesnelheidvan de reactantconsumptieen van de vorming van CO2 is
beschreven met modellendie zijn afgeleidvanuit reactiemechanismendie de kata-
lytischeelementairereactiestappenop het katalysatoroppervlakbeschrijven. Uit de
literatuur is bekenddat de FT reactieen de CO2 vorming (WGS) op verschillende
katalytischaktieve plaatsenoptreedt.Voor de FT reactieis het carbidemechanisme
aangenomenenvoor deCO2 vorming is hetmechanismegebaseerdop eenformaat-
intermediair. Simulatieswaarbijdebestekinetischevergelijkingenzijn gebruiktblij-
kengoedovereente komenmetdeexperimentelegegevens.Zowel deselectiviteit als
dekinetiekvandeFT endeWGSreactiewordenbëınvloeddoordeaanwezigheidvan
devloeistoffase(slurrie-medium).In hetgas-slurriesysteembleekdeselectiviteit naar
alkenen,bij overeenkomstigereactieomstandigheden,hogertezijn danin hetgas-vast
systeem.Ook is dereactiesnelheidvandeFT endeWGSreactieslagerin hetslurrie-
systeem.

Met behulpvan dezegegevensis eencommercïele reactorgemodelleerd.In dit
model zijn de nieuwsteinzichtenmet betrekkingtot de hydrodynamicauit de lite-
ratuur gecombineerdmet de nieuwemodellenvoor de selectiviteit en de kinetiek.
Bellenkolommenop commercïele schaalwordenin het heterogenestromingsregime
bedreven,waardegasfaseis verdeeldover ”grote” en ”kleine” gasbellen.De kleine
bellenzijn slechtsenkelemillimetersgroot,terwijl dediametervandegrotebellenkan
oplopentot 5-10 centimeter. Het stromingspatroonvan de groteen de kleine bellen
is danook volledig anders.De grotebellenstijgenmetzeerhogesnelheidin enkele
secondesdooreenbellenkolomvanbijv. 24 meter. De kleinebellen,devloeistoffase
endekatalysatordeeltjeswordendoordeturbulentiegoedgemengd.Met demodellen
gepresenteerdin dit proefschriftis hetnumogelijkomdesamenstellingvandegas-en
vloeistoffasenauwkeurigte voorspellen.Het modellevert danook alle gegevensdie
noodzakelijk zijn voor eenbetrouwbaarFT reactorontwerpen voor de voorspelling
vanhetgedragvanslurrie-bellenkolommen.

NadeontdekkingvanFischerenTropsch,75 jaargeleden,is hetFischer-Tropsch
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procesopnieuwvolop in de belangstelling.Dit proefschriftgeefteenliteratuurover-
zichtennieuweexperimentelegegevensbetreffendedekinetiekendeselectiviteit. De
gedetailleerdemodellenontwikkeld in dit proefschriftkunnenwordengebruiktvoor
deoptimalisatievanindustrïeleFischer- Tropschprocessen.
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AGC21 AdvancedGasConversion21stcentury
ASF Anderson-Schulz-Flory
BET Braun-Emmett-Teller
CFB CirculatingFluidizedBed
CSTR ContinuousStirredTankReactor
FT Fischer-Tropsch
GC GasChromatograph
GTL Gas-To-Liquids
HTFT High TemperatureFischer-Tropsch
LNG LiquefiedNaturalGas
LPG LiquefiedPetroleumGas
LTFT Low TemperatureFischer-Tropsch
MS MassSpectrometer
ORPDM + -OlefinReadsorptionProductDistributionModel
SAS SasolAdvancedSynthol
SBR SpinningBasketReactor
SMDS ShellMiddle DistillateSynthesis
SR SlurryReactor
SBCR SlurryBubbleColumnReactor
SSPD SasolSlurryPhaseDistillate
TOS TimeOnStream
WGS WaterGasShift
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