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Summary

In the FischerTropsch(FT) processsynthesiggas,a mixture of predominantlyCO
andH,, obtainedfrom eithercoal, peat,biomassor naturalgasis corvertedto a mul-
ticomponenmmixture of hydrocarbonsCurrently a promisingtopic in theenegy in-
dustryis thecorversionof remotenaturalgasto ervironmentallycleanfuels,specialty
chemicalsandwaxes.Fuelsproducedvith the FT processareof high quality dueto a
very low aromaticityandabsencef sulfur. These€fuelscanbeusedasblendingstocks
for transportatiorfuels derivedfrom crudeoil. Othervaluableproductsbesideduels
canbetailor-madewith the FT in combinationwith upgradeprocessestor example,
ethenepropeneg-olefins, ketonessolvents,alcohols,andwaxes.

TheFT processs catalyzedoy bothiron andcobaltat pressurefrom 10to 60 bar
andtemperaturefrom 200to 300 °C. The FT synthesids a surfacepolymerization
reaction. ThereactantsCO andH,, adsorbanddissociateat the surfaceof the cat-
alystandreactto form chaininitiator (CHs), methylene(CH,) monomerandwatet
Thehydrocarbonareformedby CH, insertioninto metal-alkyl bondsandsubsequent
dehydrogenatioor hydrogenatiorio an«-olefin or parafin, respectiely. Iron cata-
lysts canalsousesynthesiggaswith a H,/CO ratio below 2, becausexcessof CO
is corvertedwith waterto carbondioxide andhydrogenin the watergasshift (WGS)
reaction.Themostimportantaspectgor FT reactordevelopmentrethehighreaction
heatsandthelarge numberof products(gas,liquid andwaxeoushydrocarbons)The
favorite reactorsystemfor the FischefTropschsynthesisof high molecularweight
productsis the slurry bubblecolumnreactor Excellentheattransfercharacteristicef
this reactorresultin isothermakonditions.

An optimaldesignof a commercialkscalereactorrequiresdetailedinformationof
the hydrodynamicsreactionkinetics, catalyticsystemandFT chemistry Kinetic in-
formationis crucial for reliable designandscaleup of commercialFischefTropsch
processes.The major aim of this thesisis to studythe kineticsand selectvity over
a commercialprecipitatedron catalystin laboratoryreactors.A detailedmulticom-
ponentreactionengineeringnodelfor a slurry bubblecolumnreactoron commercial
scalewith useof thesedetailedkinetic modelsis thefinal aim of thisthesis.

A critical literaturereview on the kineticsand selectvity of the FischefTropsch
synthesigs givenin Chapter2. Thekineticequationgor CO consumptiorio FT prod-
uctsdo not presenta uniform picture. Most studiesaim at catalystimprovementand

Vii



Viii SUMMARY

postulateempiricalpower law kinetics,bothfor the carbonmonoxidecornversionrate
andthe watergasshift reaction. Relatively few studiesaim at understandinghe re-
actionmechanismsSomeauthorsderived LangmuirHinshelvood- Hougen-Vétson
(LHHW) or Eley-Ridealtypeof rateexpressiongor thereactantonsumptionln most
caseshe ratedeterminingstepis assumedo be the formationof the building block
or monomef methylene. Simultaneousnodelingof the WGS and FT reactionson

iron catalystavith WGSactiity hashardlybeenreported.Thetotal productyield de-
creasesxponentiallywith increasingchainlength. Most studiesassumehe so-called
Anderson-Schulz-Flor¢ASF) distribution to modelthe productselectvity. The ASF

modeldescribeghe entire productrangeby a single parametera, the probability of

the additionof a carbonintermediateto a chain. However, significantdeviationsare
reportedn literature.lt is concludedhatthereinsertioror readsorptiornf «-olefinsis

the mostimportantsecondaryeactionandthatsecondanhydrogenatiorof «-olefins
may occur dependingn the catalyticsystemandprocessonditions.Accurateprod-
uct distribution modelsmustalsoincludethe changeof the solubility and physisorp-
tion enegy with carbonnumber Until now, noneof the availableliteraturemodels
obtainsenoughdetailsto describethe completeFT productspectrumasa function of

operatingconditions.

The kineticsand selectvity of the FischerTropschsynthesisover a commercial
Fe-Cu-K-SiQ catalystwas studiedin a gas-solidspinningbaslet reactorandin a
gas-slurrylaboratoryreactor For the gas-solidsystem,a nen productdistribution
modelfor linear hydrocarbonsbasedon experimentsn the spinningbaslet reactor
is proposedn Chapter4 (seeFigurel). The «-Olefin ReadsorptioProductDistri-
bution Model (ORPDM)canquantitatvely describethe deviationsfrom corventional
Anderson-Schulz-Flordistributions. The model combinesolefin readsorptiorwith
chaingrowth andterminationon the samecatalyticsite. The olefin readsorptiomate

(C.) paraffins (C) a-olefins

CoM \ / )

C—»C—»C

n+1

Figurel Schemeof thereactionnetwork of the Olefin ReadsorptiorProductDistribution
Model.
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Figure2 Productdistributionfor atypical gas-solidexperiment(Al) in thespinningbaslet
reactor Symbolsareexperimentakelectvities. Linesaremodelpredictions.

dependson the chainlengthdueto increasingphysisorptiorstrengthandincreasing
solubility in FT-wax with increasingchainlength. ORPDM predictsselectvities of

linear parafins and olefinsover a wide rangeof industrially relevant processcondi-
tions. For eachexperimentalproductdistribution threeparametersvere optimized.
An exampleof a modeledproductdistribution is shovn in Figure2. The ORPDM

parametersould be describedsuccessfullywith semi-empiricakquationsontaining
operatingvariablesonly. The novel model, ORPDM, canalso predictthe selectv-

ity obtainedin a gas-slurryreactoraccurately(Chapter6). However, the presencef

the slurry liquid appearedo affect both the valuesof the modelparameterandthe
productselectvity relative to the gas-solidsystem. The slurry-phasesystemgivesa

higher olefin yield at comparablereactionconditionsdue to a decreasef both the
readsorptiomateandtheterminationrateto olefins.

The kineticsof both the FischefTropschandthe watergasshift reactionswere
modeledsimultaneousiyto experimentaldata(Chapterss and6). It is generallyac-
ceptedthatthe FT andWGSreactionproceedon differentactive siteson precipitated
iron catalysts A numberof LangmuirHinshelvood-Hougen-VdtsonandEley-Rideal
type of rate equationswere derived on the basisof a detailedset of possiblereac-
tion mechanismbasedn the carbidemechanisnfor the hydrocarborformationand
the formatemechanisnfor the WGS reaction. Simulationsusingthe optimalkinetic
equationslerived,shovedgoodagreemenbothwith experimentatlataandwith some
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kinetic modelsfrom literature. The presencef theslurryliquid appearedo affectthe
reactionkinetics. Thereactionratesarecomparablén thegas-solidandthegas-slurry
systemaat high H,/CO ratios. However, at low H,/CO ratios,the reactionrateof the
FT reactionappearedo belowerin theslurry systemdueto CO;, inhibition. Thewater
gasshiftreactionrateis alsoslower at thesereactionconditions.

In Chapter7, amulticomponenteactionengineeringnodelis presentedor alarge
scaleslurry bubble columnreactor(SBCR)operatingin the heterogeneousr churn-
turbulentregime (seeFigure3). Literaturedataon hydrodynamicsand masstransfer
areusedto describethe performancef the SBCR.Themodelcombineghe FT reac-
tion aswell asthe WGSreactionandtheindividual parafin andolefin formationrates
(basedon original experimentalwork) with multicomponenwaporliquid equilibria.
Underthe operatingconditionsinvestigatedhe SBCRis mainly reactioncontrolled.
This is causedby thelimited activity of iron catalystson the onehandandthelarge
valueof the volumetricmasstransfercoeficient of the large bubblesdueto frequent
bubblecoalescencandbreakupon the otherhand. The modelpredictsthe composi-
tion of thegaseouandtheliquid productstreamsndthe performancef alargescale
SBCR.It providesall the datafor areliabledesignof theseFT slurry reactorsandfor
predictingtheir performanceas a function of operatingconditions,suchasinlet gas
velocity, catalystconcentrationandfeedcomposition.

D=8m ud

/moutlet T
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Figure3 Modelfor FischefTropschslurry bubblecolumnreactorin theheterogeneoutow
regime.
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1

Introduction

1.1 FischerTropsch(FT) Process

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

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

and oxygenates

Figure1.1 Possiblaeactiondrom synthesigas.

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

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

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

2. Olefins 2nH, + nCO — C,H5, + nH,0

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

Sidereactions

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

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

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

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

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

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

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

1.1.1 SynthesisGasProduction

Synthesiggascanbe obtainedby steamreformingor (catalytic) partial oxidation of

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

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

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

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

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

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

- Cat. reforming 5 \Waxes
- Alkylation

——> Naphtha

Figure1.2 Overallprocesschemd=ischefTropsch.



INTRODUCTION 5

Table 1.3 Synthesigjascompositions.

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

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

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

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

2 Datafrom BasiniandPiovesan9]

8 Datafrom PerryandGreen[8]

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

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

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

1.1.2 FischerTropschSynthesis

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



6 CHAPTER 1

Coal  Naphtha

A 4 A 4
Vacuum
Residue Fuel Oil
Y Natural Natural
Asphalt Gas Gas & Steam
A 4 \4 A 4
Iron (Fe) \ |
Cobalt (Co) ]
L L L L L L L L L

04 06 08 10 12 14 16 18 20

H,/CO

Figure 1.3 Feedstockandcatalystq10].

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

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

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

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

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

Sie[5] comparedheadvantagesinddisadwantage®f thetwo mostfavoritereactor
systemsfor the FischerTropschsynthesisof high molecularweight products: that
is the multitubular trickle bedreactorandthe slurry bubble columnreactor Major
drawbacksof the bubblecolumnarerequirement$or continuousseparatiorbetween
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coolant
Bhbdts

slurry

|O<

coolant

coolant

a. b. C. d.

Figure 1.4 Possibleaeactordor FischerTropschsynthesig5, 16]. a. Slurry bubblecolumn
reactor;b. Multitubular trickle bedreactor;c. Circulatingfluidized bedreactor;d. Fluidized
bedreactor

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

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

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

for commerciakcale.

De Swart [18] modeleda cobalt-based=T processboth in trickle bed reactors
andin slurry bubblecolumnreactors.The major conclusiorwasthat 10 multitubular
trickle bedreactorg6 m diametey 20 m height)or 4 slurry reactorg7.5 m diametey
30 m height) can produce5000 tonnesof middle distillates(Cs,) per day Mainly
dueto the high heattransferratesoccurringin the slurry system the capitalcostsof
this systemreportedlycanbe 60 % lower thanthat of the multitubular system[18].
Jager[19] statedthat the costsof a single 10,000bbl/day slurry reactorsystemis
about25 % of thatof atubular fixed bedreactor Althoughthesecapitalcostfigures
look impressve, it is emphasizedgainthatthe Cs, selectvity is crucialto overall
economics.In otherwords,if a cheapereactordeliversalower Cs, selectvity, the
largersyngassectionneededmay off-settheinitial advantages.
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1.1.3 Product Upgrading and Separation

Corventionalrefineryprocessesanbe usedfor upgradingof FischefTropschliquid

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

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

refineryprocesseandaregivenin Tablel.4.

Table 1.4 Corventionsof fuel namesandcomposition1].

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

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

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

1.2 Industrial FischerTropschProcesses

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

Table 1.6 Estimateof patentsof themajorcompaniesactivein FischerTropsch(April
1998).

Compary Catalyst Process Separatiorand
development development productgrade-up
BP 13 4 0
Exxon 71 15 5
Rentech 1 8 0
Sasol 2 3 3
Shell 45 27 13
Statoil 5 3 1
Syntroleum 0 1 0

Energy Inter national

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

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

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

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

Exxon

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

Rentechinc.

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

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

Sasol

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

Table 1.8 SasolFischerTropschcommerciareactorgbbl/day),adaptedrom Jagef19].

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

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

Shell

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

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

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

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

Statoil

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

Syntroleum

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

1.3 Reseach onthe FischerTropschSynthesis

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

Kinetics, selectivity
Deactivation
Catalyst development

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

Mathematical Model

T synthesis gas

Commercial Reactor

Pilot plant for verification
and scale up

Figurel.5 Modelingof alargescaleFischefTropschreactor

ReactionKinetics

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



14 CHAPTER 1

iron catalystaunderFT conditions.A thoroughcomparisorof the availableliterature
modelsis presentedh Chapter2.

Product Selectvity

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

Reactor Engineering Model

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

The problemto be dealtwith in this thesisis the lack of accuratemodelsfor prod-
uct distributions and reactionkinetics, necessaryor reliable designand scaleup of
industrialFischefTropschprocesses.

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

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

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

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

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

The influenceof the slurry liquid on the productselectvity andthe reactionki-
neticsis presentedn Chapter6. The productselectvity model developedfor the
gas-solidsystemwill be appliedfor the descriptionof the productselectvity at in-
dustrially relevantconditionsover a precipitatedron catalystsuspendeth the slurry
phase.FurthermoreChapter6 describekinetic modelingof the gas-slurryFischer
Tropschsynthesidasedn a methodologyderivedin Chapterb.
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The modelsobtainedin Chapters4-6 and literaturedataon hydrodynamicsand
masstransferin the heterogeneouow regimeareincorporatedn a multicomponent
reactionengineeringmodelfor a large scaleFischefTropschslurry bubble column
reactorin Chapter7. The mainnovel aspectof this modelis that, for the first time,
multicomponentapokliquid equilibriawith detailedkinetic expressiongor all reac-
tantsandproducts(basedon original experimentalwork) arecombinedo predictthe
composition®f thegaseouandliquid streamsndthe performancef aslurry bubble
columnreactor
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2

Kinetics and Selectivity of the Fischer-Tropsch

Synthesis. A Literature Review

Abstract

A critical review is givenon the kineticsand selectvity of the FischefTropschsyn-
thesis. The focusis on reactionmechanismsndkinetics of the watergasshift and
FischerTropschreactions. New developmentsin the productselectvity aswell as
the overall kineticsarereviewed. It is concludedhatthe developmentof rateequa-
tions for the FTS shouldbe basedon realistic mechanisticschemes.Qualitatively,
thereis agreementhatthe productdistribution is affectedby the occurrenceof sec-
ondaryreactionghydrogenationisomerizationyeinsertionandhydrogenolysis) At
high CO andH,0 pressureshe mostimportantsecondaryeactionis readsorptiorof
olefinsresultingin initiation of chaingrowth processesSecondanhydrogenatiorof
olefinsmayoccurathigh hydrogerpressureandon certaincatalyticsystemssuchas
cobalt-andruthenium-basedatalysts.The ratesof the secondaryeactionancrease
exponentiallywith chainlength. Much controversyexists whetherthesechainlength
dependenciestemfrom differencesn physisorptionsolubility or diffusivity. Prefer
ential physisorptiorof longerhydrocarbongndincreaseof the solubility with chain
lengthinfluenceghe productdistribution andresultsin a decreasinglefinto parafin
ratiowith increasingchainlength. Processlevelopmentandreactordesignshouldbe
basednreliablekinetic expressionsnddetailedselectvity models.

19
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2.1 Intr oduction

Literatureon the kineticsandselectvity of the FischerTropschsynthesisanbe di-
videdinto two classesMost studiesaim at catalysimprovementandpostulateempir
ical power law kineticsfor the carbonmonoxideand hydrogencorversionratesand
assume simplepolymerizatiorreactionfollowing an Anderson-Schulz-FlorgASF)
distribution for the total hydrocarborproductyield. This distribution describeghe
entire productrangeby a single parametera, the probability of the addition of a
carbonintermediatédmonomer}o achain.Relatvely few kinetic studiesunderindus-
trial conditionsaim at understandinghe reactionmechanismsSomeauthorsderived
LangmuirHinshelvood-Hougen-VdtsonLHHW) or Eley-Ridealtypeof rateexpres-
sionsfor thereactantonsumptiorandproposedjuantitatve formulationsto describe
the productdistribution of linear and branchedparafins and olefins, and alcohols.
Modelswhich combinethe predictionof the overall consumptiorof thereactantsvith
apredictionof theproductdistributionareveryscarcen literature despiteheirutmost
valuefor understandingndmodelingthe FT process.

Recently interestin the distribution of the FischerTropschproductsraisedfrom
improvementsof the analysisof all isomersandproductswhich cannot be described
with the classicalASF distribution. Also the mechanisnof CO hydrogenatiorhas
remaineda subjectof immensecontroversyanduncertainty A critical review onthe
variousreactionmechanism&nd on the kinetic relationsproposeds the subjectof
this chapter Areaswhich requirefurtherresearctwill be defined.

2.2 Kinetic experiments

Diffusionlimitation of oneof the reactantsesultsin anincompleteutilization of the
catalystparticlesandleadsto changesn reactvity andselectvity. Zimmermanand
Bukur [1] assumedirst orderkineticswith respecto hydrogenandprovedtransport
limitationsof H, to occurat particlediametergreatethan0.2mm(T > 235 °C) with
afusediron ammoniasynthesiscatalyst.Postet al. [2] alsousedfirst orderbehaior
and obsened transportlimitations of hydrogenat high temperature¢T > 220 °C;
dp > 0.4mm)with anumberof iron- andcobalt-basedatalystdn afixedbedmicro-
reactor A commonfeatureof thesestudies[1, 2] is the assumptiorthat H; is the
limiting reactantandthe overall FT reactionratesare describedasfirst orderin H.
Iglesiaetal. [3] shavedthatunderFT conditionsCO becomedliffusion-limited. The
relative transportratesof H, andCO within liquid-filled poreshasbeendescribedy



LITERATURE REVIEW 21

thedimensionlesguantityyo [3]:

Dh,/Hh,
yo= — e
Dco/Hco

whereD andH arethediffusivity coeficientandHenrycoeficient,respectiely. Un-
dertypical FischefTropschconditions(200 °C, 2.1 MPa), y; is about1.9[3-5]. In-
trinsic FT kinetic measurementshouldbe performedwith small (dp < 0.2 mm) cat-
alystparticlesin orderto eliminatediffusionlimitationsof oneof thereactants.

(2.1)

2.3 Adsorption

2.3.1 H, Adsorption

Hydrogenmoleculesreacteither in molecularstateor via dissociatve adsorption.
Most transitionmetalsare ableto dissociatenydrogenon the catalystsurface[6, 7].

Heatsof chemisorptiorof H, onGroupVIIl unsupportednetalsincreases theorder:
Co, Ni, Fe.[8, 9], seeFigure2.1. Dissociatve adsorptiorfollows theweakmolecular
physisorbedtateof dihydrogen:

Hy+2s 2> 2Hs (2.2)

wheres is a catalyticsite.

Most adsorptionstudiesof hydrogenare carriedout on pure metals. However,
FischerTropschcatalystsare generallysupportedand promotedmetals. Under FT
processonditionsthe catalystonsistof mixturesof catalyticmaterial{ metal,metal
oxidesandcarbides)Dry etal.[10] measuredheheatsof adsorptiorof CO,CO, and
H, on unpromotedcandon K,O-promotedreducedmagnetite. Theinitial heatof ad-
sorptionof H, (80 kJ/mol) on unpromotedreducedmagnetiteis significantly lower
thanof CO (113 kJ/mol)andof H, on a cleaniron film (about135-150kJ/mol)[8].
Promotersnfluencethe bondstrengthof hydrogento metal. Addition of alkali metals
(usuallyK;0) to iron catalystgpromoteselectrontransferto the iron andinhibits hy-
drogenadsorptionsinceadsorptiorof hydrogerinduceselectrondonationto theiron
surface[10-13].

Curtis ConnerandFalconer[14] reviewed the influenceof spilloverin heteroge-
neouscatalysis. Spillover proceedsy surfacediffusion of adsorbedspeciedrom 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 H, chemisorptionwith CO chemisorptionon group VIlI metals
(Vannic€[8]).

becausdhe majority of the metal catalystsconsistsof metal particlessupportedon
oxidic supports.Hydrogenusuallydissociate®n a metalsurfaceandthenspills over
to the support.In this way, the catalystsupportcanactasa hydrogenatomreserwoir
[14, 15]. Theinfluenceof spilt-over hydrogerhasnever beenquantifiedn kinetic rate
equationf the FT synthesisbut canplay a significantrole.

Hydrogenreactseitherin the molecularstateor adsorbedlissociatedtateduring
theFTS,dependingn catalystreactionconditionsandmoreimportantco-adsorption
of otherspecies.

2.3.2 CO Adsorption

Both associatie and dissociatve adsorptionof CO occurs. Therole of CO adsorp-
tion in FTS hasbeendiscussedor a long time in literature. Reactionsof dissoci-
atedCO aswell asassociatedO with hydrogenarereported.Therefore adsorption
measurementsf CO (andH,) on supported=T catalystsare extremelyvaluablefor
mechanisticchemes.
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Dissociatve adsorptionof CO hasbeendemonstratedy X-ray photo-electron
spectroscop (XPS) or pulsetechniquedor Ni, Co, Ru, and Fe at elevatedtemper
atures(T > 350K) [16]. Associatedadsorptionof CO via a carbonmetalbondis
the precursorstateto dissociatior{6, 7, 17, 18]. CO may bedissociatedo a carbidic
speciesaccordingo:

CO+s 2> COs (2.3)

COs+s 2 Cs+0s (2.4)

At roomtemperatureCO adsorptions dissociatve for metalsmoreto theleft of the
periodicsystem(Cr, Mn, Fe),while othermetalsadsorbCO molecularly(Co, Ni, Ru).

At high temperaturesand pressuresCO dissociaten mosttransitionmetals[15].

Dissociationof CO occurswithout activation (AEco.c < 0) on Fe(110)according
to Shustorweich [19]. However, varioustypesof CO will be presenton a catalyst
(molecular dissociatve, and associatie adsorbedCO) dependingon processcondi-
tions[15, 20].

Figure 2.1 shaws the generaltrendfor the heatsof adsorptionof CO andH, on
Group VIl unsupportednetals. An increaseof the adsorptiorstrengthof H, corre-
sponddo a decreasef the strengthof CO adsorptioron the samemetal. Van Santen
andNeurock[21] explainedtheselectvity difference®bsenedondifferentmetalson
the basisof potentialenegiesof the CO dissociationand of the metal-carborbond.
E.g. methanolformationwill easily be performedon metalssuchas Cu, which do
not dissociateCO (AEco.c= 163 kJ/mol [19]) andwill not form any methane.On
Ni, much methanes formeddueto easydissociationof CO (AEco.c= 25 kJ/mol
[19]). On Co and Fe, typical excellent FischerTropschcatalysts,strongermetal-
carbonbondswill leadto C,, formation. Alkali promotersoniron catalystincrease
thed-electrondensitydistributionin iron andwill resultin anincreaseof CO adsorp-
tion [10-13, 20].

Above 350K, CO is adsorbednorestronglythanH, on groupVIIl metals[10,
16,20,22,23]. In conclusionjn thetemperatureangeof interestvariousstatesof CO
(moleculardissociatve,andassociatie adsorbedCO) arepresenbnthe metalwhich
displacehydrogerfrom thesurface.
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2.4 FischerTropschCatalysis

2.4.1 Catalysts

The mostcommonFischerTropschcatalystsaregroup VIl metals(Co, Ru,andFe).
Iron catalystaarecommonlyused pecausef theirlow costgseeTable2.1)in compar
isonto otheractive metals.Most early FT catalystswvere preparedwith precipitation
techniqueg24]. Novel catalystpreparatiormethodsare sinteringand fusing metal
oxideswith desiredpromoters.Alkali-promotediron catalystshave beenappliedin-
dustrially for the FischefTropschsynthesidduring mary years[25]. Thesecatalysts
have a high watergasshift actiity, high selectvity to olefinsandappeato be stable
whensynthesigiaswith ahigh H,/CO ratiois corverted[26, 27].

Table 2.1 Relative pricesof metals(March1989)adaptedrom Raoetal. [25].
Metal Priceratio

Iron 1
Cobalt 230
Nickel 250

Ruthenium 31,000
Rhodium 570,000

Cobaltcatalystgjive the highestyieldsandlongestife-time andproducepredom-
inantly linearalkaneq28]. A precipitateccobaltcatalyston kieselguhr(Ruhrchemie)
becamehestandaratatalystfor commerciapurposesn thesecondvorld warin Ger
mary [29]. Disadwantagesrethe high costsof cobaltandlow watergasshift activity.
Thereforecobaltcatalystsareviablefor natural-gadbased-ischefTropschprocesses
for the productionof middle distillatesandhigh-moleculamveight products[30-32].
Cobaltcatalystsarenotinhibitedby water resultingin a higherproductvity ata high
synthesigjascorversion[33].

Rutheniunis averyactive but expensie catalystfor theFischerTropschsynthesis
relatveto Co andFe. At relatively low pressure¢P < 100 bar) rutheniumproduces
much methanewhile at low temperaturesnd high pressurest is selectve towards
highmoleculamwaxes[13, 34]. Themoleculamassof polymethyleneouldreachone
million atlow temperatur¢100 °C) andhigh pressuré1000-200(ar)[34]. Vannice
[35] determinedhe activity of groupVIll metalssupportecbn Al,O3 andreporteda
decreasén actvity in theorderRu, Fe,Co, Rh,Pd,Pt,andlr. Theactuities of Crand
Mo catalystswere measuredat Sasol[13], but were found to be significantlylower
thanof iron.
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2.4.2 Catalyst Pretreatment

The catalysts,synthesizedn the form of a metal oxide, are subjectedo an activa-
tion treatmento becomeactive for FT synthesis.Cobalt, nickel, andrutheniumare
almostalwaysreducedn H, attemperaturebetweend73 and723 K andremainin

the metallic stateunderprocessconditions[24]. Recently Ernstet al. [36] reported
the behavior of a cobaltsilica catalystboth during reductionandfor FischefTropsch
reaction. Before reductionthe cobaltis presentas Co;0,4 spinelphase. A two-step
reductionby H, at673K of Co;0, to CoOandto Ca® wasobsered.

The pretreatmentor iron is notasstraightforvard. The commonactivationtreat-
mentsfor iron catalystsareH, reduction,CO reductionor reductionin synthesigjas
(induction). Reductionof Fe;O4 by hydrogento the zero-valentstateis reportedby;,
for example,Raoet al. [37] andBukur et al. [38]. Lox etal. [39] reportedthat H,
reductionat 220 °C resultsin 20 % metalliciron. After pretreatmenof Fe-SiQ with
CO or synthesigyas,the x-carbideis the dominantiron phas€37, 38, 40, 41]. Pre-
treatmentvith synthesisnayalsoresultin formationof ¢’-carbide[40]. More details
onthecompositiorandcatalyticactivity of thedifferentiron phasess givenbelow.

Iron catalystsare often promotedwith Cu, which increasethe rate of reduction
enablinga lower reductiontemperaturgl12, 13, 24]. Bukuretal. [38, 42-45] studied
severalreducinggasegCO, H, andH,/C0=0.68)in a fixed bedandconcludedhat
activationin CO (at 280 °C and1 bar for 24 h) led to catalystswith higherinitial
activity andbetterselectvity towardshigherhydrocarbonshanH,-activatedcatalysts.
Shrof et al. [46] determinedhe effect of activation conditionson catalystbehaior.
They alsostudiedthe micro-structuref the catalystby electronmicroscoly andother
bulk andsurfacecharacterizatiotechniques.They obsened that magnetitecrystals
transformto smallercarbidecrystallites. Depositionof carbonon thesecrystallites
causegurthersegregationof the particles.

2.4.3 FischerTropschActivity

Cobalt, nickel, andrutheniumremainin the metallic stateunderFT conditions[24].
Ernstetal. [36] concludedthat a completelyreducedcobaltremainsin the metallic
stateduring CO/H, reactionby in situ EXAFS (extendedX-ray absorptiorfine struc-
ture).

The compositionof iron-basedcatalystschangesiuring FischefTropschsynthe-
sis. Characterizationf the severalphasesvith in situlaserRamanrspectroscop[47],
in situ magnetianeasuremen{g8] or Mossbauespectroscop[37, 48] maygive ev-
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idenceof thereactiity of the severalactive speciesSeveralphase®f iron areknown

in iron-baseccatalystssubjectedo FT synthesisonditions. Theseinclude metallic
iron («-Fe), iron oxides(hematite a-Fe,03; magnetiteFe;04, and Fg,O), andfive

differentforms of iron carbidesO-carbidegcarbideswith carbonatomsin octahe-
dralinterstices¢-Fe,C, ¢'-Fe, » C, andFg,C), and TP-carbidegcarbideswith carbon
atomsin trigonal prismaticinterstices,y-Fe;sC andFe&C) [13, 37,39, 46,47]. The
formationand compositionof theseiron phaseslependson the processconditions,
catalystdeactvationandcatalystcomposition.The catalyticactivity of eachof these
phasesvith respecto the FischefTropschreactionis still controversial[13, 44,46].

Therearea numberof studiesoniron catalystsconcerningherole of iron phases
in FT synthesisRauppandDelgasg49] andNiemantserdrietetal. [50] proposedhat
iron carbideformationis neededor a high FT actiity. Basedon X-ray diffraction,
Dictor and Bell [51] concludedthat a mixture of x- and ¢’-carbidesare the active
phaseon iron catalysts.Bukur et al. [44] shaved with Mossbauespectroscopthat
theFT activity of Hp-activatedcatalystxoincidedwith the corversionof metalliciron
to ¢’-carbide. They concludedhatthe active phaseof CO-pretreatedatalystwasthe
x -carbide[44].

ZhangandSchradef47] concludedhattwo active sitesoperatedgsimultaneously
on the surfaceof iron catalysts:Fe’/Fe-carbidesind Fe-oxide(Fe;O,). The carbide
phaséds active towardsdissociatiorof CO andformationof hydrocarbonswhile the
oxide phaseadsorbsCO associatiely andproducegpredominantliyoxygenategrod-
ucts. Lox et al. [39] and Shrof et al. [46] concludedthat the magnetitephasehas
negligible catalyticactity towardsFT reactionsvhereasarbideformationresulted
in ahighFT activity. Severalstudieshave shavn thatthes’-carbidephasds theactive
form for CO hydrogenatioron iron catalyst§49, 50, 52]. More recentstudiesshov
thatthe x -carbidecanalsobetheactive phasdor the FT synthesig§37, 44,53].

2.4.4 Water GasShift Activity

Cobaltandrutheniumcatalystsarenot very active towardsthe WG Sreactionin con-
trastto mostiron-basedrischefTropschcatalystg54]. The watergasshift (WGS)
reactionis importantwhen synthesigaswith non-stoichiometri@mountsof hydro-
genis used.The WGSreactionis anequilibriumreactionandmayreachequilibrium
at high temperature¢T > 250 °C) on catalystswith a high watergasshift activity
[55, 56]. Severalauthorgproposedhatmagnetitg Fe;0,) is themostactive phasefor
the WGS reaction[37, 47, 54, 57, 58] on iron catalysts.Raoet al. [37] studiedthe
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iron phaseof Fe/Cu/K/SiQ catalystsfrom the demonstratiorunit at LaPorte, Texas
(August, 1992) with Mdssbauespectroscop The changesf the magnetitephase
correspondedo the WGS reactionactiity during time-on-stream.Lox et al. [39]
shavedthat Fe;sO, coexistswith variousiron carbideson the catalystduring synthe-
sisgasreactions.lt is generallyassumedhatthe WGS reactionandthe FT reaction
proceedn differentactive sites.

2.5 Mechanism

2.5.1 FischerTropschSynthesis

The mechanisnof the hydrocarbonand oxygenateformationin the FTS hasbeen
reviewed by several authors[13, 16, 18, 24, 59]. Recentreviews are given by Hin-
dermanretal. [60], Dry [61], Dry [62], andAdesina[63]. Herewe give a summary
of the mechanismégor the formationof linear hydrocarbonsvhich are supportecdoy
experiments.The FTSis a polymerizationreactionwith the following stepg[63]: 1.
reactantadsorption;2. chaininitiation; 3. chaingrowth; 4. chaintermination;5.
productdesorptiong. readsorptiorandfurtherreaction.

A variety of surfacespeciesvereproposedo describechaininitiation andchain
growth. Figure2.2, adaptedrom Schulzet al. [64] andRoferDe Poorter[7], gives
anoverview of obseredandpostulatedpecieonthe catalystsurfaceduring Fischer
Tropschsynthesis.Reactants1,2,3,4,% oxygencontainingintermediates6,7,8and
hydrocarborintermediates9,10,11,12 Several compoundsare possiblemonomers
for chaingrowth.

The mostimportantgronth mechanisnfor the hydrocarborformationon cobalt
[28], iron [51, 65], andrutheniumcatalystd65, 66] is the surfacecarbidemechanism
by CH, insertion[13, 22, 67, 68]. Figure 2.3 shavs a schematiaepresentatiomf
the initiation, growth andterminationof chainsaccordingto this mechanism.The
monomerof the carbidemechanismis a methylene(CH,) specieqseeFigure 2.2:
nr. 10). CO andH, areassumedo adsorbdissociatvely. Severalspeciedike CH (9),
CH; (10) andCHjs (11) canbeformedthis way. Chaingrowth occursby insertionof
themonometin a growing alkyl specieq12). Terminationcantake placeby abstrac-
tion of hydrogento an olefin or additionof a CHs specieq11) or hydrogento form
a parafin. The presencef methylenehasbeenidentifiedwith useof isotopic-tracer
technique®n Ru/SiG [69], onunsupportedCo, Ni/SiO,, andRu/Al,O3 [65, 70] and
on Fe/AlLOs [71]. Several authorsmentioneda mechanismwhere CH, is formed
by hydrogenassistedCO dissociation11, 22, 72]. UndissociatecadsorbedCO re-
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Figure 2.2 Obseredandpostulatedchemisorbedpeciesluring FischerTropschsynthesis
(adaptedrom Schulzetal. [64]).

actswith hydrogenbeforethe CH, specieds formed. After that,the enolic(HCOH)
specieds dissociatedn wateranda methylenespecieswhile chaingrowth proceeds
in asimilarway.

Thecarbidemechanisnby CH, insertionis the mostplausiblemechanisnior the
hydrocarborformationreactionson ruthenium,cobalt,andiron. It is uncertainf the
monomerformationproceedssia hydrogenatiorof dissociatedr undissociatedCO.
The setof elementaryeactiongproposedor the formationof linear hydrocarbonss
givenin Table2.2[18, 22,75, 76].

Secondaryreactionsoccurwhen primary productsdesorbfrom a site andinter-
actwith anothercatalyticsite beforeleaving the reactor Novak etal. [77, 78] listed
possiblesecondaryreactionsof «-olefins: (i) hydrogenatiorto give n-parafins, (ii)
isomerization,(iii) crackingandhydrogenolysis(iv) insertioninto growing chains,
mostly effective for C, H4 andC3 Hg, and(v) readsorptiorandinitiation of hydrocar
bonchains.Schulzetal. [68, 74] shaveda possiblereactionmechanisnior theread-
sorptionof olefinsfollowedby hydrogenatiorio parafins or isomerizatiorto internal
olefinsvia doublebondshift reactiongFigure2.4). Secondaryeactionganinfluence
thetypeandmoleculamweightof the hydrocarborproductsaswill beprovedlater.
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Figure2.4 Secondaryeactionf olefins(Schulzetal. [74]).
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Table 2.2 Proposednechanisnof thehydrocarborsynthesigrom CO andH.
[18,22,75,78].

Adsorption

1 CO+s 2 COs

2 COs+s 2 Cs+O0Os

3 Ho+2s 2 2Hs

Surfacereactions

Water formation

4 Os+ Hs— HOs+s

5 HOs+ Hs — H,O + 2s

or Os+Hy; - H,O+s

Chaininitiation

6 Cs+Hs > CHs+s

7 CHs+Hs 2 CHps+s

8 CHys+Hs > CHss+s

or COs+H, 2 CHOHs
CHOHs+ H» <__> CH2$+ Hzo

Methanation

9 CHzs+Hs— CHs +s

Chaingrowth

10 CnHony1S+ CHos — ChpiHonyas+s

Hydrogenationto paraffins

11 CnH2n+lS+ HS—) CnH2n+2 + 28

B-dehydogenationto olefins
12 CnH2n+lS <__) CnHZn + HS




LITERATURE REVIEW 31

2.5.2 Water GasShift Reaction

Severalmechanism$or thewatergasshift reactionareproposedn theliterature.Sin-
gle studiesof thewatergasshift reactionover supportedron andcobaltshift catalysts
suggestheappearancef formatespecie§54]. A mechanisnibasedn areactve for-
mateintermediatds shavn in Figure2.5[58, 75, 79-82]. Theformatespeciexcanbe
formedby the reactionbetweena hydroxy speciesor waterandcarbonmonoxidein
thegasphaseor in theadsorbedtate. The hydroxyintermediatecanbeformedby the
decompositiorof water The formateintermediatds reducedo adsorbedr gaseous
carbondioxide. RoferDe Poorter[7] suggestedhata mechanisnwith directoxida-
tion of adsorbedr gas-phas€0to CO, [58, 83-87], presentedh Figure2.6,is more
plausiblein conjunctionwith the FischerTropschsynthesison iron catalysts. The
oxygenintermediatecanbe formedfrom the dissociationof water Direct oxidation
of CO proceedwia aregenerater redoxmechanisnwhereH,O oxidizesthesurface
with formationof H,, andCO subsequentlyeduceghe surfacewith the formationof
CO; [58]. RethwischandDumesid58] studiedthe watergasshift reactionon several
supportedand unsupportedron oxide andzinc oxide catalysts.They suggestedhat
theWGSreactionover unsupportednagnetitgproceedwia a directoxidationmecha-
nism,while all supportedron catalystooperatevia amechanisnwith formatespecies
dueto limited changeof oxidationstateof theiron cations.Fromtheabove considera-
tions,we concludethatthe watergasshift reactionon supportedron catalystsduring
theFTSproceed®nthe magnetitgohasgseebefore)by reactionof undissociate€O
via aformateintermediate.

2.6 Selectvity of the FischerTropschSynthesis

2.6.1 Intr oduction

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

1. The carbon-numbedistributions for hydrocarbongyives the highestconcen-
trationfor C, anddecreasemonotonicallyfor highercarbonnumbersthough
aroundCs-C, often a local maximumis obsered. Examplesof thesedistri-
butionsfor iron [88], cobalt[89] and rutheniumcatalysts[32] are plottedin
Figure2.7.

2. Monomethyl-substitutetiydrocarbonsre presentn moderateamountswhile
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Figure2.5 Watergasshift reactionmechanisnvia formatespeciegLox andFromen{75]).

Figure 2.6 Watergasshift mechanisnvia directoxidation(Lox andFromen{75]).
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dimethylproductsarepresentn significantlysmalleramountghanmonomethyl.
None of thesebranchedoroductscontainquaternarycarbonatomson Co, Fe,
andRu[59].

3. Olefinsfrom iron catalystsexceed50% of the hydrocarborproductsat low car
bonnumbersandmorethan60% of thesearea-olefins. The etheneselectvity
is low in comparisorto propene.The olefin contentdecreaseasymptotically
to zerowith increasingcarbonnumberon Co, Ru, andFe catalysts.For cobalt
catalystsboth the fraction of total olefinsand «a-olefins are smaller and both
decreasavith carbonnumber(seeFigure2.8).

4. A changein chaingrowth parameteiin the distribution is only obsened for
linearparafinsandnotfor olefins(seeFigure2.9).

5. Yields of alcoholsare maximalat C, anddecreaseavith carbonnumber Low
yields of methanolare probablythe resultof thermodynamidimitations (see
Figure2.9).

2.6.2 Influence of ProcesgConditions on the Selectvity

The processconditionsaswell asthe catalystinfluencethe productselectvity. The
effect of temperaturepartial pressure®f H, and CO, time on stream,composition
andreductionof the catalystwill be discussedriefly. Table2.3 shavs the general
influenceof differentparametersnthe selectvity. The effect of thereactortempera-
tureaswell asthe hydrogerto carbonmonoxideratio on thechaingrowth probability
factorwill bedescribedn moredetailin thenext chapter Theinfluenceof the synthe-
sisgascorversionon the productselectvity is stronglyrelatedto theinfluenceof the
processonditions(seealsoparagraphon the influenceof spacevelocity). Donnelly
andSatterfield90] andDictor andBell [51] reportedthatthe chaingrowth factorwas
insensitve to corversionoverawide range.

Temperature

Increasef temperatureesultsin ashift towardsproductswith alower carbonnumber
oniron [51, 90], ruthenium[13], andcobalt[13] catalysts.Donnelly and Satterfield
[90], Dictor andBell [51], and Anderson[24] obsered an increaseof the olefin to
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Figure2.7 Total hydrocarborselectvity on Co/TiO, (T=473K, Ho/CO=2.1,P=2.0MPa,
datafrom Iglesiaetal.[89]), Ru/SiQ (T=485K, Hy/CO=2, P= 0.51MPa,datafrom Madon
etal. [32]), andfusedandprecipitated-e/Cu/K(datafrom Donnellyetal. [88]).
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Figure 2.8 Olefinto parafin ratio on Co/TiO2 (T= 473K, Ho/CO=2.1, P= 2.0 MPa, data
from Iglesiaet al. [89]), Ru/SiQ (T= 485K, P= 0.51MPa, Ho/CO= 2, datafrom Madon
etal.[32]), andprecipitated~e/Cu/K(T = 489K, P=1.62MPa, H,/CO=2, datafrom Madon
etal.[32])
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Figure 2.9 Overall productdistribution on precipitated-e/Cu/K catalyst,H,/CO=0.7, T=
263 °C, P= 2.4MPa (from DonnellyandSatterfield90]).

parafin ratio on potassium-promoteprecipitatedron catalystswith increasingem-
perature.However, Dictor andBell [51] reporteda decreas®f the olefin selectvity
with increasingemperaturdor unalkalizedron oxide powders.

Partial pressueof H, and CO

Most studiesshaw thatthe productselectvity shiftsto heavier productsandto more
oxygenatesvith increasingotal pressurg13]. IncreasingH,/CO ratiosin thereactor
resultin lighterhydrocarbonandalowerolefinconten{51, 90]. DonnellyandSatter

field [90] obseneda decreasef the olefin to parafin ratio from 6 to 1 by increasing
the Ho/CO ratio from 0.3 to 4. Dry [13] proved a relationbetweenthe methanese-
lectivity andthefactorP,ﬁé 2/ (Pco + Pco,) for alkaline-promotedusediron catalysts
in afluidized bedreactor This indicatesthat CO, appeargo play animportantrole.

IncreasingCO, pressuresesultin adecreasef the methaneselectvity.

Spacevelocity

The influenceof the spacevelocity of the synthesisgas(residenceime) on the se-
lectivity hasbeeninvestigated[91-93]. Increaseof the olefin to parafin ratio with
increasingspacevelocity (thusa decreasef theconversion)wasobsenedby Kuipers
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Table 2.3 Selectvity controlin FischerTropschsynthesidy processonditionsand
catalystmodificationgfrom Roper[12]).

Parameter Chain  Chain  Olefin Alcohol Carbon Methane
length branching select. select. deposition select.
Temperature J 0 * J 0 0
Pressure 0 J * 0 * )
H2/CO ) T \ \ \ 1
Corversion * * J J 0 0
Spacevelocity * * 0 0 * l

Alkali content

iron catalyst 0 J 0 0 0 J
Increasewith increasingparameter:

Decreasavith increasingparametery

Compl relation:

et al. [92] on a poly-crystallinecobalt foil (Goodfellav, 99.9 % purity, thickness
0.25mm), Bukur et al. [91] on a commercial(Ruhrchemiesupportedron catalyst
(Fe/Cu/K/SiQ), andlglesiaetal. [93] on TiO,-supportedutheniumcatalysts Bukur
et al. [91] measuredho effect of the spacevelocity on the molecularweight of the
hydrocarbonsyhile Iglesiaet al. [93] obsernedanincreaseof the averagemolecular
weightof the productswith decreasef the spacevelocity. The selectvity to methane
andolefinsdecreasewith a decreas®f the spacevelocity, while the selectvity to-
wardsparafins remainsunchangedseeFigure2.10,obtainedfrom Iglesiaetal. [3]).
Theeffect of the spacevelocity onthe secondaryeactionf olefinswill bediscussed
moredetailedbelow.

Time on stream

Deactivationof catalyst-duringthe FTS may affect the activity andselectvity to hy-
drocarborproducts.Increaseof the selectvity to oxygenatess reportedoy Donnelly
and Satterfield[90] after a periodof 1300hourstime on streamwith a precipitated
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Figure2.10 Residencedime effect on methaneCs,, n-butane,and1-buteneselectvity on
Co/TiO2 (473K, 2.0MPa,H,/C0=2.1,9.5-72% CO corversion[3]).

promotediron catalyst. An increaseof the methaneselectvity and low-molecular
productss obseredoniron catalyst490, 91, 94]. It is known thatselectvity changes
with time canbecausedy theformationof carbonaceoudepositon siteswith potas-
siumpromoterg13]. Dry [13] shavedthatthesedepositanberemovedfrom afused
iron catalystby hydrogentreatmentat temperatureligherthan350 °C. Sinteringof
precipitatedron catalystdeadto reductionof the surfaceareafrom 300 m?/g for a
fresh catalystto about90 m?/g for a usedcatalyst[13, 39, 44]. Agglomerationof
initially smallcrystallitesis enhancedby high waterpressures.

Reduction of the catalyst

Bukur andco-workersstudiedthe effect of pretreatmentonditionsof promotedron
catalystonthehydrocarborselectvity andactiity [38, 42-45]. Thehydrocarborse-
lectivity appearedo relatestronglyonthe pretreatmenprocedureFigure2.11shavs
the effect of pretreatmenbn the hydrocarborselectvity [38]. Low methaneandC,-
C, selectvities and high dieselfuel and wax (C;2,) selectvities were obsered at
pretreatmentsvith CO andCO/H,. Thefigure alsoshaws the influenceof reduction
temperaturevith H, pretreatmentReductiorat 280 °C causes shift to productswith
highercarbonnumberrelative to 250 °C. Olefin selectvities arereportecto decrease
afterhydrogerreductionin comparisorto reductionwith CO or synthesigjas.
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Figure2.11 Effectof pretreatmentonditionsonthehydrocarborselectvity at250°C, 1.48
MPa, Ho/C0=0.67,5.510~% Nm? kggs s~ from Bukuretal. [38].

2.7 Product Selectvity Models

2.7.1 Anderson-Schulz-FloryDistrib ution

Accordingto Anderson[24] the distribution for n-parafins canbe describedoy the
Anderson-Schulz-FlorgASF) equation:
o wn _ (1-a)?

my = (1 —a)a" ", = a” (2.5)
n o

wherethe growth probabilityfactora is independendf n andmy, is themolefraction
of ahydrocarborwith chainlengthn. « is definedby:
o = Rp
Rp + R

(2.6)

where R, and R; are the rate of propagationand termination,respectiely. o de-
terminesthe total carbonnumberdistribution of the FT products,seeFigure 2.12.
Therangeof « is dependenbn the reactionconditionsand catalysttype. Dry [95]
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Figure 2.12 Hydrocarbonselectvity asfunction of the chaingrowth probability factor«,
calculatedwith eq2.5.

reportedtypical rangesof @ on Ru, Co, andFe of. 0.85-0.95,0.70-0.80,and 0.50-
0.70,respectiely. Theeffect of thereactotemperaturés shovn in Figure2.13. The
chain growth probability, «, decreasesvith an increaseof the reactortemperature
[51, 57,90, 95, 96]. A large variationin « is obsened at temperaturefigherthan
280 °C [57, 95, 96]. Figure2.14 shaws that the valuesof o dependon the H,/CO
ratio in thereactor It mustbe notedthatreportedvaluesof « from Lox andFroment
[57] and Dictor and Bell [51] were obtainedwith a constantpartial pressureof Hy
anda varying CO pressure.The dataof Dictor andBell [51] on a Fe,0O3/K catalyst
dependvery little onthe H,/COratioin contrasto otherstudieson Fe, Fe/Cu/K,and
RucatalystsA decreasef « is obseredathigherH,/COratios[18, 51,57, 90].

Figure 2.15ashaws the growing mechanisnfor a constante. The ASF equa-
tion doesnot distinguishbetweendifferentproducttypes.A semi-logarithmiglot of
themolefractionagainstarbonnumberyieldsthewell-known Schulz-Florydiagram
(fig. 2.16a) wherethe slopeof the straightline yieldsthe chaingrowth probability«.

In practice amulticomponenproductmixtureis formed.Main productsareparaf-
fins and olefins. Dependenbn processconditionsand catalysts,oxygenatedorod-
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Figure2.13 Chaingrowth probabilityfactorasafunctionof temperatureo: Fe/Cu/Kcom-
mercial Ruhrchemiecatalyst,gas-slurrysystem,(H2/CO)feeq= 0.7, 2.72 MPa, 0.3310~*

Nm? kg=1s~1 [90]; e: Fe03 catalyst,gas-solidsystem (Ho/CO)s eeg= 3, 0.8 MPa [51]; <:

FeOs/K catalystgas-solicsystem(H2/CO)teeq= 3,0.8 MPa[51]; O: Rucatalystgas-solid
system,(H2/CO)teeq= 3, 0.8 MPa[95, 96]; ©: Fe/Cu/KcommercialRuhrchemiecatalyst,
gas-solidsystem(H2/CO)feed= 3, 2.0MPa, [57].

0.8 ‘
o)
0.7 - . <& o ®. o o o -
O °
<« 06 [ © o0 _
. . © oX )
0.5 o -
= ®
0.4 | | | | | | |
0.5 1 5 10
(H,/CO),

Figure 2.14 Chaingrowth probabilityfactorasa functionof hydrogernto carbonmonoxide
ratio. o: Fe/Cu/K catalyst,gas-slurrysystem,1.48 MPa, 260 °C [90]; : FeO3 catalyst,
212 °C, gas-solidsystem0.5-1.2 MPa [51]; ©: FeOs/K catalyst,240 °C, gas-solidsys-
tem, 0.8 MPa, [51]; O: Ru catalyst,275 °C, gas-solidsystem,0.8 MPa [18]; ®: Fe/Cu/K
commerciaRuhrchemieatalystgas-solidsystem250 °C, 1.0- 2.5MPa[57].
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Figure 2.15 Reactiongronth schemed-ischefTropschsynthesidrom Glebos andKliger
[97]. a. ClassicalAnderson-Schulz-Florynodelwith oneterminationconstantor all prod-
ucts. b. Multiple terminationprobabilitiesoriginatingfrom a singleintermediatec. Termi-
nationto parafinsandolefins,whereaghelatter canbereadsorbedn the catalyticsurface.
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Figure 2.16 Schematicproductdistribution graphsof the FischerTropschhydrocarbons
from Glebor andKliger [97]. a. ClassicalAnderson-Schulz-Flordistribution of all prod-
ucts. b. Multiple terminationprobabilitiesyield several parallel straightdistributions. c.
Distribution graphwith two differentchain growth probabilities. d. Classicaldistribution
with anomaliesat C; andC; products.
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ucts(for-examplealcohols,aldehydes)branchechydrocarbonsand -olefinscanbe
formedaswell. Glebor andKliger [97] shoved that the original Anderson-Schulz-
Flory equation(eq 2.5) can be modified for the descriptionof multicomponent=T
products.Figure2.15bshaws thereactionschemdor this model,while the ASF dia-
gramis presentedh Figure2.16b Glebor andKliger [97] assumedll productsto be
formedfrom the sameintermediate. The mole fraction of a product,componentype
(parafins, olefins, alcohols,andso forth) i with carbonnumbern canbe calculated
from:

Z m = (1—a)"? (2.7)
with o

o (2.8)

__ ke
Ko+ ki
i

BecauseGlebor andKliger [97] assumex to be the samefor the differentprod-
uct types,a semi-logarithmiglot of the mole fractionsagainstcarbonnumbershov
straightparallellines (seeFigure 2.16b). However, mostproductdistributionsshov
lineswith varyingslopeg(seeFigure2.7) andmorecomprehensie modelsareneces-
saryto describehesedeviationsfrom the simplified ASF distribution.

2.7.2 Deviations from ASF Distrib ution
2.7.2.1 Intr oduction

Significantdeviationsfrom the Anderson-Schulz-Florgistribution arereportedn lit-
erature. The deviationswere sometimesassignedo analyticaldifficulties [98] and
non-steadytateconditionsof thereactorsystem99]. Both effectsarestill important
potentialsourcesof artifacts, however, novel analyticaltechniqueausually rule out
theseexplanationsasthemajorsourcefor theobsereddeviations.More fundamental
explanationswill bediscussedbelow.

Relatively high yield of methane

Severalmechanisméave beenproposedo explain the experimentallyobsened (see
Figure2.7) relatively high methaneontents Wojciechavski [22] andSarupandWo-
jciechawvski [100] modeledthe distribution of linear andbranchedbarafins with the
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useof terminationprobabilities. This way, the excessmethaneyield wasdescribed
with a separateparametefor theincreasederminationprobability of C; precursors.
The methangerminationprobability parameteappeargo be betweers to 20 times

largerthantheterminationprobabilityto parafins [100].

Schulzetal. [68] assumea differentcatalyticsitefor themethanatiomeactionfor
thedescriptionof excessve methandormationon a cobaltcatalystin aslurry reactor
Theauthordadid not specifythe exactnatureof thesesites.

Heatandmasdransfedimitationsarereportedn literatureaspossiblereasongor
high methaneyields. Dry [95] reportecthat masstransferimitationswill resultin an
increaseof the thermodynamicallyfavored products thatis methane.The existence
of hot spots,dueto high reactionheatsmay resultin a decreas®f the chaingrowth
parameteanda higheryield of methand51, 95].

Secondarphydrogenolysiby demethylationvhichmayoccuron FT catalyst§92,
101]:

Ch ;n+1 + H* - Ch_1Hon_1 + CH; (2.9)

Kuipersetal. [92] modeledhehydrogenolysi®f parafins on Co catalystsHowever,
hydrogenolysislecreasestronglywith increasingCO andH,O pressurefd3] andfor
reactortemperaturebowerthan275 °C.

On commonFT-catalystst is difficult to point at one processesponsibldor the
increasednethaneproductionunderall circumstancesUnderthe absenceof mass
andheattransferimitationsandcommonH,/CO ratiosandreactortemperatureghe
increasedmethaneyield is most probablydue to increasedsurface mobility of the
methaneprecursof22, 100]. Furthermoreseveral active sitespresenton mostFT
catalystanayresultin a site which favors methandormationin comparisorto chain
growth [16, 68].

Anomaliesof ethaneand ethene(Figure 2.7)

In agreementvith deviationsfor methaneWojciechavski [22] useda highersurface
mobility or reactvity of C, precursorgo predicttheincreasedroductionof ethane.
Dependenon thereactionconditions theterminationprobabilityto ethanes 0.5t0 2
timesthevalueto parafins[100].

Secondaryeactionsareoftenreportecasthe mostpossiblereasorfor theanoma-
lies of C, products:i) incorporationof ethenein growing chains[77, 78], ii) rapid
readsorptiorof ethene[93, 101, 102]. iii) hydrogenolysiof etheng[101], andiv)
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hydrogenatiorof etheneto ethaneg/92, 102, 103]. If etheneis usedas monomeror
building block duringthe FTS, an oscillatingproductdistribution shouldbe obsened
with maximaat evencarbonnumbersHowever, suchbehaior hasnot beenobsered
[97]. Thereforeijt is not plausiblethatethenes usedasa building block. Secondary
reactionawill bediscussednh moredetailbelon. Readsorptiomf ethenewill resultin
a decreas®f the etheneyield andincreaseof ethaneandhigherhydrocarbonsKo-
mayaandBell [101] modeledheelementaryeactionsn FTSoveraRu/TiO, catalyst.
Ethenecouldbe hydrogenolyzedo methylandmethylengdmonomer)with theread-
sorptionconstanof etheneapproximatelyfour ordersof magnituddargerthanhigher
olefins. Iglesiaet al. [93] shaved that etheneand propeneobtaina higherreactvity
andlargerreadsorptiortonstan{factor10) thanotherolefins. Secondanhydrogena-
tion canbeimportantover Co andRu catalystsaat high H,/COratiosin thereactorand
alow H,O pressurg102,103].

Changein chain growth parameter «,, (Figure 2.7 and 2.9) and exponential de-
creaseof the olefin to paraffin ratio (Figure 2.8)

At a carbonnumberof about10, the slopeof the semi-logarithmianole fractionsof
hydrocarbonggainstcarbonnumberincreasesThis phenomenomasbeenobsened
oniron [32, 51, 72, 104, 105], cobalt[22, 32, 100, 106], and rutheniumcatalysts
[32,107,108]. Suggestionfor theincreaseahaingrowth parameteor two probabil-
ities of chaingrowth aretheoccurrencef differentcatalyticsites[51, 109,110] or the
existenceof differentchainterminationreactiong22, 100]. Severalattemptgo model
the hydrocarbordistribution with two differentvaluesof o have beenreported How-
ever, analysisof detailedproductdistributionsshaws thatthe distribution of parafins
arecurvedinsteadof thelineardistribution of olefins,[90, 91, 106]. Furthermorethe
assumptiorof multiple catalyticsitescannotexplainthedecreasef the O/Pratio with
increasingchainlength,decreasingpacevelocity andincreasingH,/CO ratiosin the
reactor

An exampleof thevariationof the chaingrowth probability; a,, with chainlength
is givenin Figure2.17 for several catalystq32, 88, 93]. Exceptfor carbonnumber
two, the chaingrowth probabilityincrease$o a maximumvalue. Theinitial valueof
a is low for iron catalysts.The asymptoticalvalueof « is betweern0.85and0.92in
Figure2.17.

It is widely consideredhat the occurrenceof secondaryeactions(hydrogena-
tion, reinsertion,hydrogenolysisisomerization)givesthe mostreasonablexplana-
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Figure 2.17 Chaingrowth probability factor (o) asfunction of chainlengthn, datafrom
Madonet al. [32] (Ru/SiQ, andCo/TiO,) andDonnelly et al. [88] (fusedand precipitated
Fe/Cu/K).

tion for thesedeviationsof the ASF distribution [78, 89, 92, 103, 111]. If a product
is terminatedby a reactionon an FT growth site to a parafin or olefin it is calleda
primary product. Readsorptiorof olefins on growth sitesmay alsoleadto primary
productswhereasadsorptionon other siteswill producesecondaryproductsdueto
hydrogenatiomr isomerizatiorreactions Secondaryeactionsaswell asreadsorption
aredirectly influencedby spacevelocity. It is generallyacceptedhat secondarye-
actionsof olefinsdependon the chainlength, resultingin a decreasef the (On/P;)
ratio (seeFigure2.8) andincreaseof the growth probabilitya,, with chainlength(see
Figure2.17). Threedifferentproposaldor chainlength dependenprocessei the
FTSweregivenby Kuipersetal. [103]:

1. n-dependendiffusionlimitations[89, 93,112,113]
2. n-dependergolubility in the FT-wax[64,92,103,114,115]
3. n-dependenphysisorptior{64,92,101,103]

Thereforetheinterfacialeffectsof reactive olefinsnearthe gas-vax andwax-catalyst
surfacesare important. Figure 2.18 (obtainedfrom Kuiperset al. [103]) gives a
schematiaepresentationf the olefin concentratiorprofile on a catalystwith a wax
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layer. The concentratiorof the olefinsdissohed in the wax phase(x = d) canbe
relatedto the vaporphaseconcentration Steadystateproductionof olefinsresultsin
a concentratiorgradientover the wax film, which dependsn the productionrate of
olefins, film thicknesqd) andthe diffusivity of productwith chainlengthn (D). At
the wax-catalystnterface(x = —3§) n-dependenphysisorptiorwill take place. The
chainlengthdependenciesf physisorption solubility, and diffusivities will be dis-
cussedelown. First,wewill considempossiblesecondaryeactionghatcantake place
on FT catalysts.

A

catalyst
interface
wax
vapor

olefin concentration

diffusion

solubility

»
>

distance

Figure 2.18 Schematimlefin concentratiorprofile on a wax-coatectatalyst(from Kuipers
etal.[103]).

2.7.2.2 SecondaryReactions

In generalthe extentof secondaryeactionsncreasesn the order: Fe, Ru, Co [93,
116,117]. Becausef therelatively low tendeng of Fefor secondaryeactionshigh
olefin yields canbe obtainedwith alkali promotediron catalysts.The extent of sec-
ondaryreactionscanalsobe obsenred from the dependeng of the (O,,/Py) ratio or
olefin contenton chainlength,seeFigure2.8. On Fe-,Ru-,andCo-basedatalystsan
exponentialdecreasevith chainlengthis obsered[103]:

Mo _C
T x € n
Mep,

(2.10)
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Table 2.4 Carbonnumberdependenciesn olefinto parafin ratio (n > 3) accordingo
Mo, /Mp, o e~

Catalyst C T((K) P(MPa) H,/CO Corversion Ref.
Uncoatedcobaltfoil 0.59 493 0.10 2 [103]
Wax-coatedcobaltfoil 0.24 493 0.10 2 [103]
Co/TiO, 0.49 473 2.0 2.1 Xc09.5% [3]
Co/TiO, 0.25 473 2.0 2.1 Xco72% [3]
Ru/TiO, 0.38 476 0.56 2.1 Xco 5% [3]
Co/TiO, 0.19 476 0.56 2.1 Xco 60% [3]
Fe/Cu/K 0.15 489 1.62 2 [32]

wheremg, andmp, arethe productionratesor molefractionsof olefinsandparafins

with carbonnumbem andC is aconstantSeeTable2.4for severalliteraturevaluesof

C. Theratio of olefinsto parafinsdepend®n catalystypeandstructure andreaction
conditions.lglesiaetal. [3] obsenedatwo-fold decreasef theexponentiaffactor C,

for cobaltandrutheniumcatalystswhenthe residencdime in a packed bedreactor
decreasedrom 12 to 2 secondscorrespondingo 9.5 % and 72 % CO corversion,
respectiely (seeTable2.4).

A directindication of secondaryeactionscan be obtainedfrom co-feedingof
olefins(seeTable 2.5 for a summaryof references).In studieswith carbon-labeled
olefins,low concentrationsanbe used.Non-labelecco-fedolefinsmusthave higher
concentrationg5-10 mol %) to obsenre significanteffects of possiblesecondarye-
actions. Differentfrom co-fed olefins, an olefin producedon a growth site obtains
physisorbednteractionswith the catalystsurface,at leastfor sometime. Therefore,
reactvity of co-fedolefinsmaydiffer from the adsorbeablefinintermediatgroducts.
This makesinterpretatiorof suchexperimentscomplicatedcandtricky.

In Table2.5, the selectvity of secondaryeactions:i) hydrogenationii) isomer
ization,iii) reinsertionandiv) crackingor hydrogenolysiss calculatechsthefraction
of the co-fedolefin corvertedby a specificreactionrelative to the total corversionof
thatolefinadded.

Most olefin co-feedingstudieswere performedat atmospherigressure.Under
real FTS reactionconditions(high CO andH,O pressures)secondaryeactionscan
be inhibited. Almost all resultsof co-feedingof olefins shawv a significantamount
of secondanhydrogenatiorj89, 102,114,116,118-121]. Addedolefinsare hydro-
genatedo thecorrespondingarafin.
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Table 2.5 Summaryof co-feedingstudiesolefins.

Selectvity 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 - <1
propene 96 3 - <1
Schulzetal.[118] 1-octene 15 33 52 -
20 30 50 -
10 35 55 -
5 35 60 -
HanlonandSatterfield119] ethene 92 8 - -
94 6 - -
1-butene 31 67 2 -
Tauetal.[114] ethené 64-73 18(Csy) - -
1-pentene - - - -
1-decene 43 - 57 -
JordarandBell [102]° ethene 95 4.2 - -
58 42 - -
50 50 - -
51 49 - -
38 62 - -
JordarandBell [120]° propene 98 2.1 - -
92 8.1 - -
89 11 - -
90 10 - -
92 8.1 - -
JordarandBell [121]° 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 50.5 495 - -
11.5 885 - -
Iglesiaetal. [89] ethene 705 295 - -
22.0 78.0 - -

Notation:Hydr.= HydrogenationReins.=Reinsertion]som.=lsomerization

1 Firstline givesgenerabperatingconditions.Following linesdenoteghe parametershanged
2 Selectvity of reinsertionrandhydrogenolysisreaddedn columnReins.Theinfluenceof
CO pressuras presenteanly.

8 Selectvity of co-fedetheneo 1-propanois about9-18%.
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Table 2.5 Continuedrom previouspage;operatingconditionsandcatalystapplied.

Reference CatalystReactor

Operatingconditiong

[116] Co/ThG/K, fixedbed T=185-190°C, H,/CO=2,P=0.1MPa
[116] Iron, fixedbed T=220°C, Hy/CO=2,P=2.0MPa
[118] Cobalt,slurry T=180 °C, Py,=0.5MPa, Pc0=0.5MPa
Pco=1.0MPa
Pco=1.5MPa
Pco=2.0MPa
[119] Fe/K,slurry T=248°C, Pc0=0.08MPa, Py,=0.23MPa
Pc0=0.34MPa, Py,= 0.33MPa
Pco=0.071MPa, Py,= 0.27MPa
[114] Iron, slurry T=260 °C, P=0.70MPa, H,/CO=1.2
[102]? Ruthenium, T=493K, Py,=0.04MPa, Pco= 0.00MPa
microreactor Pco=0.02MPa
Pco=0.05MPa
Pco=0.10MPa
Pco=0.20MPa
[120]% Ruthenium, T=493K, Pn,=0.03MPa, Pc0=0.00MPa
microreactor Pco=0.01MPa
Pco=0.05MPa
Pco=0.10MPa
Pco=0.20MPa
[121]? Ruthenium, T=493K, Px,=0.04MPa, Pco=0.00MPa
micro reactor Pco=0.02MPa
Pco=0.05MPa
Pco=0.12MPa
Pco=0.20MPa
[89] Ruthenium,fiedbed T=465K, P=2.07MPa,H»/CO=2
15mol% H,O
[89] Cobalt,fixedbed T=465K, P=2.07MPa, H2/CO=2

15mol% H,O
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Secondanhydrogenationis inhibitedby CO[89, 102,118-121]suggestingom-
petitive adsorptiorof olefinsandCO for the samecatalyticsites. For example,Han-
lon and Satterfield119] obsereda decreasef the addedethenecorversionfrom 59
% to 9.2% whenthe CO pressurevasincreasedrom 0.08 MPa to 0.34 MPa on a
potassium-promotefiisedmagnetitecatalyst.

SchulzandGokcebay{117] mentionedsecondanhydrogenatiorasthe mostim-
portantprocesdor the selectvity of the FT productson iron catalystgpromotedwith
oneof thetransitionmetalsMn, Ti, Cr, Zr, or V. They concludedhatsecondaryydro-
genationincreasesvith carbonnumberdueto increasedadsorptionstrength.Ethene
appearedery reactve for hydrogenationmelative to propeneandbutene.Mechanistic
conclusiondrom theirresultsarethatFT catalystsitesproducepreferablyolefinsand
to asmallerextentparafins andthatolefinscanbe adsorbe@ndhydrogenatedn hy-
drogenatiorsiteswhichareof anothettypethantheFischefTropschgrowth sites. The
authorsstatedthatthesehydrogenatiorsitescanbeinactivatedin matrix catalystsput
no directevidenceon the natureof thesesiteswasgiven.

No crackingor hydrogenolysigeactionsof co-fed olefins (ethene,1-butene,1-
hexene,1-deceneWwas obsened by Hanlonand Satterfield[119]. Also Dwyer and
Somorjai[122] did not obsene ary crackingproductsfrom addedetheneor propene.
Schulzet al. [116] reportedlessthan 1% crackingof addedetheneor propeneon
aniron catalyst. However, crackingof addedolefins was obsened by Jordanand
Bell [102, 120, 121] on a rutheniumcatalystat low total pressure.Crackingis pro-
motedby highhydrogerpressureandhightemperatureéT > 300 °C) andis strongly
inhibitedby CO pressurgl13, 123]andH,0 pressure§l13]. Thereforewe conclude
thatcrackingis unimportantundernormal FT synthesisonditionson Co andFe cat-
alysts[116, 124]. Undercertainconditions for example high temperatureghot spot)
orahighdegreeof CO corversion(largecatalystpelletsor low H,/COratio), cracking
of hydrocarbonsnayoccur[89].

Insertionor readsorptiorof co-fed olefins was obsered by mary authors[89,
102,114,116,118-121]. Insertionof olefinsreverseshe chainterminationstepto
olefinsandcausesnincreasef thechaingrowth probabilityanddecreasef theolefin
contentof theproducts HanlonandSatterfield119] obseredanincreasedelectvity
of Cs, hydrocarbonsvith additionof etheneon anFe/K catalyst.Lik ewise,addition
of 1-buteneor 1-hexeneresultedin a minor increaseof the yield of high-molecular
products suggestinglefinsto actaschaininitiators. Addition of etheneandethanol
alsoresultedin a lower methaneselectvity andincreasecdlefin to parafin ratio for
C3; andC4 accordingto HanlonandSatterfield119]. Ethanolandetheneeducedhe
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hydrogenatiorof olefinson the catalyst.Addition of olefinsandethanoldid notresult
in achangeof the chaingrowth factor «.

Iglesiaetal. [89] shavedthedifferencebetweerco-fedetheneandin situformed
etheneon RuandCo catalysts.Studiesof the variationof bedresidencdime shaved
that 95% of the in situ formedethends consumedischaininitiator, while lessthan
5% appearsashydrogenategroduct. Co-feedingof etheneresultedin muchhigher
selectvities towardsethane(~ 50%). They alsofound that the reactvity of added
a-olefinsin chaininitiation reactionson Ru catalystdecreaseth the order[93]:

ethenes propene> 1-hutene~ Cs, «a-olefins (2.12)

Iglesiaet al. [3] shavedanincreaseof the olefin selectvity with increasinglow rate
on a Co/TiO; catalyst,dueto secondaryeactions.The parafin selectvity remained
independentf the bedresidencdime for smallparafins, suggestinghathydrogena-
tion is notthe mostimportantsecondaryeaction.Theselectvity to highermolecular
weightparafinsdecreasedith increasinglow ratedueto accumulatiorandhigh sur
faceconcentratiorof smalleralkyl chains.Theselectvity to methanencreasesyhile
the selectvity to Cs; productsdecreasewith increasingspacevelocity (decreasing
residencdime) (seeFigure2.10). Therefore they suggestedhatolefinsarenot con-
sumedn secondarygrackingor hydrogenatiomeactionsThesameobsenationswere
reportedoy KomayaandBell [101] for C, andC,4 productson a Ru/TiO, catalystat
523K. Iglesiaetal. [3, 89], Madonetal. [32], andKomayaandBell [101] concluded
thatreadsorptiorof «-olefinsandchaininitiation is the mostimportantsecondarye-
actionfor Ru, Co, andFeresultingin deviationsfrom the ASF distribution insteadof
hydrogenatioror hydrogenolysiseactions.

Secondaryhydrogenatioris strongly inhibited by CO. Table 2.5 shaws that the
ratesof isomerizatiorandreinsertiorarelessinhibitedby CO[89,102,113,119,120].
At high CO pressuresreinsertionof olefins becomesnore important. Somedata
on the influenceof H,O on secondaryeactionswas reportedby Iglesiaet al. [89].
Addition of 15mol% H,0 to synthesigas(T= 465K, H,/CO=2,P=2.07MPa)ona
rutheniumandcobaltcatalystresultedn reinsertiorof ethendo bethemostimportant
secondaryeaction(seeTable2.5). Also, Hall etal. [125] obseneda strongdecrease
of secondanhydrogenatiorof addedethenewith additionof 1.6 % watervaporona
Zr/Fe/Al,O3 catalyst.

Co-feda-olefinscanalsoisomerizeto internalolefins (cis- andtrans$-olefins).
Isomerizationof 1-octeneon a cobaltcatalystis favoredby high CO pressurewhile
secondarylefin hydrogenatioris inhibited[118].
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From this discussionwe concludethat secondaryreactionsof olefins on iron,
cobalt, and rutheniumcatalystsare responsiblefor the obsered selectvities. The
mostimportantsecondaryeactionis readsorptiorof olefinsresultingin initiation of
chain growth processes.Secondanhydrogenatiorof olefinsis obsenred for added
olefinsbut seemgo be a minor reactionfor in situ formedolefins. Moreover, high
CO andH,0O pressurednhibit hydrogenatiorand crackingreactionsin comparison
to olefinreadsorptionSecondanhydrogenationrmay occurundercertainconditions,
dependingnthecatalyticsystemandthe processonditions(high H, pressures).

2.7.2.3 Chain Length Dependencyof the SecondaryReactions

Secondaryeactionsof olefinsdependon the chainlength,resultingin a decreasef
the (On/P,) ratio andincreaseof the growth probability o, with chainlength. The
influenceof threepossiblechainlengthdependenprocessearediscussedelow.

Diffusivity

Both diffusion limitation of reactantgo the catalyticsites,andof productsfrom the
sitesmay occur Slow removal of reactive products(for example,x-olefins)dueto a

decreasef diffusion coeficientswith increasingchainlengthcaninfluencethe FTS

reactionrateandselectvity. Measurementsf thesecoeficientsat FT operatingcon-
ditions are scarce. Erkey et al. [126] measuredhe moleculardiffusion coeficients
of threeparafins (n-octane n-dodecane@ndn-hexadecane)n FT-wax with an aver-

agechainlengthof C,g (seeFigure2.19). Usingthe correlationproposecdby Wilk e-

Chang[127]to predictthe moleculardiffusivity of hydrocarbon# a heary parafinic

FischerTropschproduct(viscositywax with M= 300g/mol, at T= 504 K: = 0.6 X

10-3 N s m—2) we found a chainlengthdependengof D, o n=%%. The calculated
valuesfor thediffusivities of C; to C;7 arealsoplottedin Figure2.19.

Iglesiaand co-workersstudiedthe influenceof chainlengthdependendiffusion
coeficients on secondaryreactions[3, 32, 89, 93, 112,113, 128]. They reported
an empiricalequationdescribinga stronginfluenceof chainlengthon diffusivity for
olefinsandparafins D,, o« €7%3", which wasnot verified by experimentadata. This
carbonnumberdependengis afactorof threehigherthandeterminedy Erkey etal.
[126] andapparentlyis wrong (seeFigure2.19).

Iglesiaetal. [89] modeleddiffusion-limitedremoval of olefinsanddiffusionlim-
itation of CO on a cobaltandrutheniumcatalystin a paclked bedreactor No reactant
depletionwasobsened at particle diameterssmallerthan0.2 mm. However, selec-
tivity changesiueto productlimitationsarestill present.They concludedhatolefin
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Figure 2.19 Diffusivities of n-parafinsin FT-wax; e experimentaldataat T= 504K from
Erkey etal. [126], — Wilke-Changcorrelationat T= 540K, - - - correlationlglesiaet al.
[89].

readsorptiorandchaininitiation is themostimportantsecondaryeaction.Theirtrans-
portmodelincludestherateof diffusion-enhancedlefinreadsorptiomndits effecton
detailedproductdistributions. However, Iglesiaet al. [89] were not able to explain
the strongexponentialdecreasef the (O,/P,) ratio ontheir catalyst(C=0.19-0.49n
eq2.10)with diffusioneffectsonly. Especiallywhenthe morerealisticlower depen-
deng of thediffusioncoeficientswith chainlength,asobsenedby Erkey etal. [126]
(seeFigure2.19),is usedtheir modelunderestimatethe olefinto parafin ratio.

Furthermore Kuiperset al. [103] measuredhe (O,/P,) ratio for the FTSon a
polycrystallinecobalt-foil (without diffusion limitations) and still obtainedan expo-
nentialdecreasef this ratio with chainlength. So, we canconcludethat the chain
lengthdependengof the olefin to parafin ratio canhardly be dueto diffusioneffects
only, but thatpreferentiaphysisorptiorandincreasef thesolubility with chainlength
influencegheselectvity aswell.

Solubility

Valuesof the vaporliquid equilibria(VLE) of reactantandproductsin high-boiling
solventsarenecessaryor anoptimaldesignof gas-slurryprocesseandkinetic mod-
eling. Experimentatataof solubilitiesat high pressurearescarcdan openliterature.
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Solubilitiesareoftenexpressedn termsof Henry’s constant®f a solutein asolvent:
H1,2 = lim — (2.12)

where f; is thefugacity of the soluteandx; is its molefractionin theliquid phase.

Bremanet al. [129] studied1533 VLE for 60 binary systemsof the reactants:
carbonmonoxide, hydrogenand products: watet carbondioxide, C;-Cs alcohols
and C,-Cg parafins in the solventstetraethylenaylycol, hexadecanepctacosanel-
hexadecanolandphenantreneExperimentatonditionswerevariedfrom 293to 553
K andfrom 0.06to 5.5 MPa. Measurementsf the VLE of reactantandproductsin
octacosaneloselyresembld=TSoperatingconditions.

Chappelar andPrausnit{130] measuredhe solubilitiesof n-parafinic gase<C; -
C4 in high-boiling hydrocarborsolventsat low-pressuresn an equilibriumcell. A
gas-chromatographtechniquevasusedby Donohueet al. [131] to measureghe sol-
ubilities of n-parafins (Cs-Cy) in solvents. Figure 2.20 shaws the logarithmof the
Henry's constantasa function of the carbonnumberof the solutein eicosangCyg).
Henry's coeficients obtainedfrom Donohueet al. [131] areinterpolatedto T= 325
K. At thistemperaturethe Henry’s coeficientsappearto decreasexponentiallywith
carbonnumber indicating an increaseof the solubility with carbonnumber VLE
measuredy Bremanet al. [129] containdatafor ethane propane pentaneandhex-
anein octacosan€C,g). Henry's constantsveredeterminedetweenl = 423- 518K.
Figure2.20alsoshavs theseconstantssa function of carbonnumberat threetem-
peratures.As aspectedthe solubility decreasewith increasdan temperaturdor all
componentsTheavailableVLE datashow thatcarbonnumberdependengdecreases
with increasingemperaturéFigure2.20).

A roughestimateof theidealsolubility canbefoundusingRaoultslaw [127] and
vaporpressuralataof hydrocarbons Caldwellandvan Vuuren[132] found thatthe
vapor pressure®f n-parafins Cg to Cyg (T= 452-553K) canbe describedwith the
following equation:

Py = PoB" (2.13)

whereP, isthevaporpressuref aparafin with achainlengthn andPy=17.8382VIPa
andp = exp[—427.218(1/ T —1.02980%10~3)]. Thevaporpressuréandsolubility),
calculatedvith eq2.13,asfunctionof temperaturés alsoplottedin Figure2.20.1t can
be seenthatthe exponentialchainlengthdependengof the vaporpressurdexpg) is
in goodagreemenith theexperimentalVLE data[129] althoughthesesxperimental
valueswereobtainedwith short-chairhydrocarbongn < 6).
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Figure2.20 Henry'sconstant®f n-parafinsin eicosanatT= 323K (Chappelar andPraus-
nitz [130] andDonohueet al. [131]) andin octacosanat T= 424,474,and513K (Breman
etal.[129]), dottedlinesarecalculatedwvith thevaporpressureorrelationfor Co-Cog (Cald-
well andvanVuuren[132]).

Much controversyexistson the effect of the solubility on the reactionrateof sec-
ondaryreactions. Schulzet al. [74], Tau et al. [114], Zimmermanet al. [115] and
Kuiperset al. [103] statedthat a greatersolubility of larger hydrocarbonsesultsin
anincreaseof the residencdime and higherreadsorptiorrates. Madonand Iglesia
[112] andmorerecentlylglesia[133] rejectedthe argumentf solubility statingthat
the presencef a liquid doesnot influencechemicalpotentials. They concludedthat
the presencef aliquid phasdn absencef transportimitations, cannotincreasehe
rateof secondaryeactions.They accountedhe deviationsfrom the ASF distribution
completelyto diffusion-enhancedeadsorptiorof «-olefins. However, asseenabove,
thisis notcorvincing.

Accordingto our opinion,indeedan”ideal” liquid doesnotinfluencethereaction
rate. Here,"ideal” meansaninert, non-adsorbingnon-polarliquid with all activity
coeficientsequalto unity whilst no masstransferaffectsareapparent.This follows
from transition-statéheory wherethe chemicalpotential(fugacity at standardstate)
of any components thesamein thegaseoudjquid, andadsorbedtate.

However, in real caseghe liquid may affect the reactionrate. Eckert [134] con-
sidereda bimolecularreactionbetweertwo gaseson a solid catalystin presencef a
liquid-phase.A reaction,A + B — product,in a systemwith thermodynamiaon-
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idealities,canbe describedvith the Brgnsted-Bjerrunequation:

_ koyays
Vi

k

(2.14)

wherekg is the rate constantin an ideal referencestate. The presenceof a liquid
may alterthe activity coeficientsof thereactantonthesurface,ya or yg, andof the
activatedcomple y,. To evaluatethe effect of a liquid, Eckert [134] usedregular
solutionstheoryfor dilute, non-polarsolutions

RT Inya = Vo(8a — 81)? (2.15)

HeresubscriptA and1 referto the soluteA andsolvent,respectiely. § is the solu-
bility parameterSubstitutioninto eq2.14gives

Va Vg V,
Ink = | 281 =8p)% + — (81 — 8B)% — — (81— 8,)? 2.1
n nko—I—R.I.(l A) +RT(1 B) RT(l 1) (2.16)

Therearetwo possibleassumptionto evaluatethenon-idealityof thesystem Thefirst
assumptiorns thatall surfacespeciesrein equilibriumwith the actitiesin thebulk,
which is givenin the foregoing equation. The other possibility is that the reactants
on the surfacearein equilibriumwith the bulk, while the activatedcomple is not.
Thenthe activity of the complex might be independenbf the liquid andits activity
coeficientsareconstantlf so,we have[134]:

Ink = In (y—k‘:) + %(51 —8p)% + %(31 — 8p)2 (2.17)
Eckert [134] evaluatedhydrogenatiorexperimentsandconcludedhatthe secondas-
sumptionis valid for heterogeneougactionslf so,therateof reactionis proportional
to the concentratiorof the activatedcomplex insteadof its thermodynamiactivity.
eq 2.17 shaws that the reactionrate is enhancedcomparedo the ratein the ideal
liquid or gasphaseijf the solventis similar to the reactantghigh solubility) andvice
versa.

Moreover, comparisorof theincreasef thetransportratesof olefinswith varying
carbonnumberin analogywith eq2.1[3] shaws:

_ DOn/HOn ~ Hon—l
Don—l/HOn—l HOn

(2.18)

n

sincesolubility effectsoverrulethe weakchain-lengttdependengof the diffusivity.
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This discussiorhasa greatimpacton the rate of readsorptiorof olefinsduring
the FTS. The solubility increasesxponentiallywith carbonnumber Consequently
the rate of readsorptiorof long-chainolefinsis enhancedn comparisorto smaller
olefins(accordingto eq2.17),becauseactualconcentrationarenecessarynsteadof
actiities. Kuiperset al. [103] also statedthat the olefin concentratiorat the cata-
lyst interfacehasto be taken into accountfor the readsorptiorrate, which is not in
equilibriumwith thechemisorbeghaseat the catalystsurface.

Physisorption

Physisorptionof hydrocarbonsnay changethe extent of secondaryeactions. The

physisorbedtateis atransitionstatebetweernhechemisorbedndthevaporphaseand
is governedby VanderWaalsattractionandrepulsionforceg[15]. Theseorcesdepend
onthestructureof the adsorbateandthe adsorbentsHere,we focuson theinfluence
of carbonnumberon the adsorptiorof hydrocarbonsn adsorbentsMeasurementsf

gas-solidadsorptionof hydrocarbon®n severaladsorbentsrereportedin literature
[135-137]. Thelogarithmof the adsorptionequilibrium constantincreasedinearly

with carbonnumber KomayaandBell [101] useda chain-lengthdependentenry
constantat 523 K for the readsorptiorof olefinson a rutheniumcatalystunderFT

conditions:H,, o el2".

Keldseretal. [138] measuredhe enthalpiesf adsorptiorof linearparafins with
differentchainlengthonaclay. Theenthalyy of adsorptiorandthe strengthof the ph-
ysisorbedbondappearedo increasewith carbonnumber We useda linearregression
of their experimentakenthalpieof adsorptiorasa functionof carbonnumber n:

—AHag = 126+ 8.7n (kJ/mol) (2.19)

This relation suggestsa simple group-additve quantity for linear parafins, asalso
mentionecby Ruthven[139] (originally from Kiselev and Shcherbaéva [140]) for a
homologousseriesof parafinson silica:

—AHgg = 125+ 4.0n (kJ/mol) (2.20)

Ruthwen[139] alsoreviewed a group contritution methodfor estimatingthe heatof
adsorptionon 5 A zeolites. The presencef doublebondsappeargo give rise to a
higherdipole momentfor the adsorbedspeciegesultingin a higherincrementof the
heatof adsorption.

Xia and Landman[141] reportedthe resultsof moleculardynamiccalculations
of the preferentialadsorptionof n-hexadecaneand n-hexaneon a Au(001) surface.
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Startingwith an equimolarmixture of the componentsesultedin a layer at the in-
terfacewith high concentratiorof long-chainmoleculesdueto a betterpackingand
intermoleculaorderingat steadystate.

RoferDe Poorter[7] schematicallydescribedthe FT catalystsurfaceas a very
active layer at the metal surface containingC,O, H atoms,adsorbedCO and grow-
ing alkyl chains;furtheraway from the surfaceare physisorbedCO, H,, anddesorb-
ing products. Reactionintermediatesrealsopresentn the surfacelayer Fromthe
above, we concludethatthe adsorptionequilibrium constantsncreasesxponentially
with chainlengthresultingin anincreaseof the contacttime and an enrichmentof
long-chainhydrocarbonsitthe catalystsurface.

KomayaandBell [101]andPichlerandSchulz124] reportedheeffectof stronger
physisorptiorfor larger olefinsto predictthe increaseof the chaingrowth probabili-
tieswith chainlength.KomayaandBell [101] developedamodelwheredesorptiorof
chemisorbegroductgproceedshroughaphysisorbedayer. Transienkinetic experi-
mentswith labeledcarbonwereperformedn apaclkedbedreactorat523K. Equations
for labeledcarbonin the monomeipool, the pool of alkyl chains,andthe pool of ph-
ysisorbechydrocarbonsvereoptimizedto experimentadata. Thefractionalcoverage
of productsin the physisorbedayer, 6,, wascalculatedwith the chainlengthdepen-
dentHenry constant. The authorsstatedthat for olefinswith n > 8, readsorption
becomesnoreimportantthanremoval of physisorbedhydrocarbonérom thereactor

We concludefrom this discussiorthatthe solubility andphysisorptiorarecrucial
for thereactionratesin the FTS. Secondaryeactionsof olefinscanbe influencedby
thechainlengthdependensolubility in aliquid andby preferentiaphysisorption.

2.7.3 Comprehensie Product Distrib ution Models

Thedistribution of parafins wasfirstly describedy Herrington[142]. His approach
usedindividual chainterminationprobabilitiesfor eachchainsize, 8p,

Bo=—o""=mp/ > m (2.21)

Thechaingrowth probability «, caneasilybe calculatedrom eq2.21.:

o0

an =1L+ = Y m/m (222)

i=n+1 i=n
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Iglesiaet al. [93] usedthe sameapproachandexpressedhe total terminationproba-
bility (8t,n) asacombinatiorof individual terminations:

Btn = Br.o+ B.p — Brn (2.23)

where B; o0 and g p is the terminationprobability to olefins and parafins, respec-
tively. We shovedabove thatlglesiaetal. [93] statedncorrectlythatthereadsorption
of olefins(Br.n) is chainlengthdependentueto diffusion effectsalone. The chain
terminationprobabilityin eq 2.23andthe O/P ratio decreasevith increasingcarbon
numberuntil all olefinsare consumed.The asymptoticalialue of g; , or o, corre-
spondsto propagationand terminationto parafins alone. However, the increased
readsorptiorrateis not completelydueto diffusion effects, increasedsolubility and
physisorptionwith increasingcarbonnumbershouldbetakeninto account.

Kuiperset al. [103] modeledthe experimentaldataof the olefin to parafin ratio
synthesizedn wax-coatedand uncoatecdcobaltfoils at atmospherigpressuresanda
temperaturef 493K. Massbalancesverthefilm layerweregivento obtainthecon-
centrationof olefinsin the physisorbedayer, wax phaseandvaporphase According
to theauthorsthe concentratiorof the olefinsdissohedin thewax phasgx = d, see
Figure 2.18) canbe relatedto the vaporphaseconcentratiorby Raoults law andis
proportionalto (C5 ., Vi",ax) ™" WhereCy ., is the saturated/apor phaseconcen-
trationandV,", .. is themolarvolumeof hydrocarbonsvith carbonnumbem. They
usedthe following exponentialincreasefor the solubility, 1/Cy 5, o €©5+010" at
493 K anda linear increaseof V" .. with n. Above, we describedexperimental
and calculateddataon the solubility of hydrocarbons.At a temperatureof 493 K,
the correlationof CaldwellandvanVuuren[132] shavs thatthe solubility is propor
tional to %43, Kuiperset al. [103] describedhe increaseof physisorptiorstrength
of hydrocarbonsit the catalystinterfacewith increasingchainlengthby e Gpnys/RT,
On uncoatedoils without transportlimitations (diffusion), their model predictsthat
Mo,/ Mp, o NeXp[—(AGyphys/ RT 4-0.55)n]. Kuipersetal.[103] measuredcarbon
numberdependengof C = 0.55 accordingto eq2.10on anuncoateccobaltfoil. It
caneasilybeseerthattheauthorsstatedncorrectlythatthe preferentiaphysisorption
is o« €221, becausen that casethe exponentin eq2.10would be C = 0.75. This
dependengis notthe sameastheir experimentadeterminedralueof C = 0.55.

For small olefinsanda wax-layeron the cobaltfoil a muchwealer chainlength
dependengwasobsenedby Kuipersetal. [103] (seeTable2.4). Theirmodelpredicts
thefollowing chainlengthdependengon the O,/ P, ratio whendiffusionlimitations
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(Dp « n~96) aredominant:
On/Pn x e—nAGl phys/ RT Dn x e(—O.Z:tO.l)nn—O.G (224)

In amorerecentarticle,Kuipersetal.[92] concludedhatthe mainsecondaryeaction
onthe samecobaltfoil is secondanhydrogenatiorof primarya-olefins. With 50 nm
Co patrticleson a SiO, wafer, Kuiperset al. [92] reportedreinsertionof a-olefinsas
themostimportantsecondaryeaction.

We canconcludethatany comprehensie productdistribution modelfor the selec-
tivity to olefinsandparafins shouldincorporatereadsorptiorof olefinsandthe effect
of physisorptionand solubility on the actualolefin concentratiorat the catalystsur
face. Thesemodelshave to predictthe selectvity to olefinsandparafins on porous
FT catalystsatindustrialconditions.

2.8 Kinetics

2.8.1 Intr oduction

The majorproblemin describingthe FT reactionkineticsis the compleity of its re-
action mechanisnmand the large numberof speciesinvolved. As discussedibore,
the mechanistigroposaldor the FTS useda variety of surfacespeciesanddifferent
elementaryreactionsteps,resultingin empirical power law expressiondor the ki-
netics[8, 143]. However, alsoLangmuirHinshelvood-Hougen-Vdtson(LHHW) and
Eley-Ridealtype of rateequationshave beenapplied,basedn areactionmechanism
for the hydrocarborformingreactiong22, 75, 144]. In mostcaseghe ratedetermin-
ing stepwasassumedo be the formationof the monomen22, 73, 145,146]. These
rateexpressiongor theconsumptiorof synthesigasmainly differ in thenatureof the
monomeiandof theadsorptiorof CO, H, andproductgH,O andCO,) onthecatalyst
surface.

KellnerandBell [147] andTakoudis[148] modeledhe productionratesof hydro-
carbonswithout assumption®n a rate determiningstep. However, severalassump-
tions wereintroducedto solve the resultingsetof equations.Lox andFroment[75]
andHovi etal. [76] examinedwhethertheincorporatiorof themonomeror thetermi-
nationreactionto hydrocarbonsreratelimiting. Ideally, the developmentof kinetic
rateexpressionshouldbe basedon eachpossibleratedeterminingorocessn awell-
definedmechanisticchemeén the hydrocarbon-formingeactions.

Kinetic studiesof the consumptiorof synthesiggason iron and cobaltcatalysts
will be discussedn moredetail, aswell askinetic studiesof the WGS on iron cata-
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lysts. Finally, kinetic modelswhich describeherateof formationof productswill be
reviewed.

2.8.2 Overall Conversion of SynthesisGas

Kinetic equationsanbe basedon the overall synthesiggasconsumptior(-Ry,+co=
—Rco —Ru,), whichis independenof the WGS equilibrium, or basedon CO con-
sumptionto hydrocarborproducts(Rer = —Rco — Rwes). Therateof synthesis
gasconsumptiononly differs from the FT reactionrate by reactionstoichiometry
—Ru,+co = (24 m/2n)Ret. Reactionrate equationsuseto be expressedn ei-
therliquid phaseconcentrationsr, preferably in gasphasepartial pressuresSince
Henry's constantsare temperaturelependentactivation enegieswill also be influ-
encedby theuseof eitherliquid or gasconcentrationerms[56, 145].

The kinetic rate equationspresentedor the synthesisgasconsumption24, 56,
72,149]do not presenta uniform picture. Table2.7 givesanoverview. A few, mainly
older, kinetic studiesareperformedn fixed-bedreactorsat high synthesigjascorver
sions. Integral kinetic studiesof the FTSin plug flow reactors(PFR)are not easily
interpretedbecausehe partial pressureof CO andH, aswell asthe compositionof
the catalystvary alongthe axis of thereactor[22]. Extracomplicationsoccurdueto
possibleheatandmasdransfereffects,secondaryeactionsandproductinhibition. In
generalcatalystcompositionaswell asreactionconditionsdeterminehe numerical
valuesof theintrinsic rateparametersMoreover, therateequationsarenotidentical,
thusk canbecomposeaf differentcombinationf kineticandadsorptiorconstants.
Thereis experimentalevidencethat the FischerTropschactvity of Fe and Co de-
pendson the preparatiormethod,metalloadingof the catalyst,and catalystsupport
[103,150-154].

2.8.2.1 IronBasedCatalysts

Reviews of kinetic equationdor iron catalystsaregiven by Huff and Satterfield72]
and Zimmermanand Bukur [56]. Kinetic studiesof the FTS on iron catalystsare
talulatedin Table2.7.

In generalfor iron catalyststhe FT reactionrateincreasesvith H, partial pres-
sureanddecreasewith partial pressureof water Satterfieldet al. [164] obsened a
reversibledecreasef the catalystactiity by additionof 12 and 27 mol% waterto
thefeedgas.However, afteradditionof 42 mol% waterthe catalystdid not regainits
initial actiity.
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Table 2.6 Reactiorrateequationverall synthesiggasconsumptiorrate,proposedn the
studiesmentionedn Table2.7.

Kinetic expression References
(@ kPy, [24,56,155]
(b) kP, Po [143]
kPy, P
©) _—H L0 [24,56,156-158]
Pco + aPh,0
(d) KPH, Peo [72, 158-160]
PcoPh, + aPh,0 ’
kP2 Pco
e) Trae—pT [24]
+ aPco PH2
kPy, P
) 2 CO [56, 145,159,161]
Pco + aPco,
kP, Pco
56,145,161
@ Pco + aPu,0 + bPco, [ ]
kpl2pl/2
o
(1 +aPg2 +bPY, )
kPcoP/?
0 = 2]
(1 +aPco +bPy, )
. kPcoP,
G) COTHe [144,162,163]

(1+ bPco)?
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The mechanistikinetic rate expressiondor iron catalystsare all basedon the
formationof the monomerspeciesasthe ratedeterminingstepin the consumptiorof
synthesigas.Severaltheoriedor theformationof themonomeispeciesarepostulated
in literature:i) Carbide mechanism hereCO dissociate®n the surfaceandthe ad-
sorbedcarbonhydrogenateto a methylenespecieg18]. ii) Combined enol/carbide
mechanism herea methylenespeciess formedby hydrogenatiorof the hydroxy-
latedenolicCO-H, complex [11]. Bothmechanismsverediscusse@bore (seeChap-
ter 2.5). Huff and Satterfield[72] derived and reviewed kinetic equations2.25 and
2.29basedntheformationof themonomeymethylene Theassumptiongor therate
equationsvere: 1) Theratedeterminingstepis thereactionof dihydrogenanda car
bonintermediate2) Carbonmonoxideandwaterarestronglyadsorbeanthecatalyst
surface.3) Hydrogenis assumedo reactmolecularlyvia the gaseouphaseor via the
associateadsorbedtate[18, 155].

Anderson24] proposed rateequationwhich includedwaterinhibition:

kPco PH2

- =2 2 2.25
Pco + aPu,0 ( )

Ret

Dry [156] andHuff andSatterfield72] derivedthe sameequationfrom thecombined
enol/carbidemechanismassumingstrongadsorptiorof CO andwaterrelative to H,

andCO,. AtwoodandBennett157] usedeq?2.25to describehekineticson afused
nitridediron catalyst.Theactivationenegy wasdetermineds E o= 85 kJ/molfor the
kinetic constank andanadsorptiorenthaljy of - A Hyg= 8.8kJ/molfor theadsorption
parametea:

k = koo eXp(—Ea/RT) (2.26)
a = 8 XP(—AHgag/RT) (2.27)

Shenet al. [158] modeledtheir datawith the samerate expressionand reportedan
activationenepy of 56 kJ/molfor k andanadsorptiorenthalfy of -AHag=- 60kJ/mol
for a on a precipitatedcommercialFFe/Cu/Kcatalyst. The obsened activationenegy
for the kinetic constanis low in comparisorto mostactivation enepgiesfor Fischer
Tropschreactionrateswhich arebetween70 and105kJ/mol[56, 72]. Boudart[165]
givesa list of the physicalmeaningof the mostcommonrate parameters.For the
adsorptionenthally: -AHzg > 0. The adsorptionconstantis a combinationof the
adsorptionconstantof carbonmonoxideand for watetr Consequentlythe heatof
adsorptiorfor wateris 60 kJ/mollargerthanfor carbonmonoxideadsorption.
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At corversionsof H, + CO corversionlower than60% andin the caseof a high
shift activity of the catalyst,eq2.25canbe simplifiedto a first orderdependengin
H,, dueto low partial pressuresf water[24, 156]:

Ret = kPy, (2.28)

Dry etal. [155] measuredFT kineticson a fused,promotedron catalystin a differen-
tial fixedbedreactor andfoundthe behaior describedy eq2.28with anactivation
enegy of 71kJ/mol.

Huff and Satterfield[72] obsened a linear decreasén the adsorptionparameter
a in eq2.25with hydrogenpressuren afusediron catalystandincorporatedhis by
modifying eq2.25to:

__ KkPeo P3,
PcoPh, + @ Ph,0

ReT (2.29)

notethata’ in eq2.29equalsa/ Py, in €q2.25. Equation2.29 canbe obtainedfrom
the carbidetheoryaswell asfrom the enol/carbidgheorywhich have identicalmath-
ematicaldescriptiong(seeHuff and Satterfield[72] for the derivation of theserate
equations)Deckweretal. [159] usedeq2.29to describahekinetic resultsfor H,/CO
feedratiosbetweer0.8-2.00n a potassium-promoteidon catalystin theslurry phase.
However, atlow H, to COfeedratiosthis equationwasnot ableto describetheresults
dueto high watergasshift activity. Shenetal. [158] usedeq2.29to modeltheir data
andreportedan activation enegy of 56 kJ/molfor k andan adsorptionenthaly of
-AHag=-62 kJ/molfor a on a precipitateccommercialFe/Cu/K catalyst. The authors
did notdiscriminatebetweerthemodelsin eq2.25and 2.29on thebasisof goodness
of fit.

The watergasshift canincreaseor decreasehe FischefTropschsynthesigeac-
tion rateby alteringthe concentrationsf the reactant@ndproducts.Generally CO,
inhibition is not asstrongaswaterinhibition dueto thelarge differencein adsorption
coeficients[10, 56]. However, iron catalystswith a high activity of thewatergasshift
reactioncorvertasignificantamountof waterinto CO,. Ledalowicz etal. [161], Net-
telhoff etal. [145] andDeckweretal. [159] reportedthe following equationincluding
CGOs inhibition:

_ kPcoPy,
~ Pco +aPco,

Ledalowicz et al. [161] useda precipitatediron catalyst(100 Fe/1.3K) with high
WGS activity andNettelhof et al. [145] a commerciafusediron ammoniasynthesis

ReT (2.30)
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catalyst{BASFS6-10).Ledalowicz etal.[161] proposed generalizedateexpression
for iron catalystswith highandlow WGSactiity:
_ KPcoPH,

~ Pco + aPu,0 + bPco,

However, co-feedingof CO, to thefeedgasshovedthatthe CO, additiondoesnot
alterthereactionrateof the synthesiggasconsumptiorsignificantly[166, 167]. Yates
andSatterfield 167] suggestethattheinhibition attributedto CO, [145,159,161]on
catalystswith a high shift actiity is causedy H,O, sincethereactionis ator closeto
equilibriumonthesecatalysts:

Ret (2.31)

PeoPrzo (2.32)

Ph,
whereKp is the equilibriumconstanfor thewatergasshift reaction.

Figure2.21shovstheresponsef thereportedateequationdo achangen partial
pressureof H,, CO, H,O, andCO,, respectiely. All equationbsene anincrease
with partial pressureof H, and CO, while the othercomponentsnhibit the reaction
rate. The large variationin the predictionsis dueto differentinhibition effectsand
functionalformsof the rateequations.The watergasshift activity of iron catalystds
of greatimportancefor the inhibiting effectsof waterandpossiblyCO,. Therefore,
kinetic expressionganonly be comparedaccuratehyif the optimalkinetic expression
for theWGSis included.Only a CSTRmodelfor thereactantaswell astheproducts
CO, andH,0 is adequatdéo comparedifferentexpressionsKinetic expressionand
massbalancedave to be solved simultaneouslyFigure2.22 compareshe resultsof
FT and WGS kinetic expression®f threestudieswith iron catalystg56, 158]. The
overall corversionof synthesigyasis calculatedasa function of the spacevelocity at
1.5MPa, 523 K, H,/CO feedratio=1in a CSTR.The kinetic equationsappliedare
alsoshowvn in Figure2.22. The kinetic studyof Shenet al. [158] was performedin
a gas-solidBerty reactorin contrastto the studywith a slurry reactorusedby Bukur
etal. [91].

All proposedate expressionsvere developedwith the assumptiorthat the rate
determiningstepis thereactionof undissociatettydrogerwith acarbonintermediate.
Therateequationsarevalid only for the specificcatalystswith WGS activity andfor
the processonditionsusedto develop the expressions.Therefore we concludethat
the developmentof FT kinetic equationsstill requiresadditionalresearch.Detailed
LHHW rateexpressionsgestedbothin gas-slurryandgas-solideactorsaareneededor
an accuratedescriptionof the consumptiorratesof the reactantsluring the Fischer
Tropschsynthesioniron catalysts.

Pco, = Kp
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Figure2.21 Relativereactionratesof synthesigjasconsumptioron iron catalystsKinetics
expressionseferto Table2.6. a) Influenceof Pn,: Pco=0.5MPa, Pco,= 0.5MPa, PH,0=
0.1MPa. b) Influenceof Pco: PH,=0.5MPa, Pco,=0.5MPa, Pn,0=0.1MPa. c) Influence
of Pu,0: PH,= 0.5MPa, Pco=0.5MPa, Pco,= 0.5MPa. d) Influenceof Pco,: Px,= 0.5
MPa, Pc0=0.5MPa, Py,0= 0.1 MPa. 1) AtwoodandBennetf157], 250 °C, a= 0.028,eqc
2) Nettelhof etal.[145], 270 °C, a= 4.51,eqc (prec.Fe) 3) Nettelhof etal. [145],240 °C,
b= 0.19,eqf (fusedFe)4) ZimmermanandBukur [56], 250 °C, a= 4.5, eqc (commercial
Fe) 5) Zimmermanand Bukur [56], 250 °C, a= 4.8, b=0.33eqg (prec. Fe) 6) Huff and
Satterfield[72], 248 °C, a= 1.15MPa, eqd (prec. Fe) 7) Ledalowicz et al. [161], 250 °C,

b=0.229,eqf (prec.Fe).
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Figure 2.22 Activity comparisorat differentspacevelocitiesoniron catalystsat 1.5 MPa,
523K, Ha/COfeedratio=1. 1) 100Fe/0.3Cu/0.2K catalyst;Rr1 eqg (Table2.6)k=0.0222
mol kgee S 1 MPa1, a= 4.8, b=0.33; Rwgs eq2.37 k,= 0.0133mol kge st MPa!
(Zimmermanand Bukur [56]) 2) Fe/Cu/K commercialcatalyst; Rt eq ¢ (Table 2.6) k=
0.00753mol kggs s 1 MPa ! a= 0.472; Rwes eq2.39: k,= 0.0987mol kg s 2, a=

cat

0.692MPa (Shenet al. [158]) 3) Fe/Cu/K commercialcatalyst; Re1 eq c (Table 2.6) k=
0.0106mol kges s 1 MPa ! a= 4.5; Rwes eq2.39k,= 0.0122mol kges s, a= 0 MPa
(ZimmermarandBukur [56]).

2.8.2.2 Cobalt BasedCatalysts

Only a few kinetic studieson cobaltbasedcatalystsare available,seeTable2.7. Re-
markably nearlyall kinetic expressionglevelopedfor cobaltbasedcatalystshave a
differentform thanfor iron basedcatalysts. Generally thesekinetic equationsare
basedon a rate determiningstepwhich involves a dual-sitesurfacereaction,result-
ing in a quadraticdenominatotin the rate expression.Furthermorejnhibition terms
of H,O on cobaltcatalystsarenot reportedin literature. Becauséhe WGS reaction
hardlyplaysarole on cobalt,no CO; is formed.

Wojciechavski [22] and Sarupand Wojciechavski [73] developedsix different
rate equationsfor the formation of the monomer(CH,), basedon both the carbide
mechanismandthe enol/carbidemechanism.The reactionratesweremeasuredn a
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Bertyinternallyregycledreactorat190 °C for Py, rangingfrom 0.07to 0.68MPaand
Pco betweerD.003and0.93MPa. All six rateexpressionganbegeneralizeds:

(PEoPY,
G d; 2
(1+ > Ki PCOPH2>

wherek is akineticrateconstanta andb arethereactionordersof theratedetermining
step,K; is theadsorptiorconstantor theith adsorptiorterm,andc; andd; represent
thedependengof surfacecoverageonthereactanpressuref theith adsorptiorterm.
All six differentmodelsinvolve a bimolecularrate determiningsurfacereactionstep
betweena dissociatechydrogenspeciesand a carbonintermediate. Testingof the
kinetic modelson their experimentabatareducedhe six to two equations:

—Rco =

(2.33)

KpY2pl/2
—Rco = C‘; Ho o~ (2.34)
(14 KiPEG + K2PY)
kPcoPl?
~Reo = Sl (2.35)

2
(1-1- K1Pco + K2Pﬁ22>

In eq2.34,thefirst hydrogenatiomf anadsorbedarboratomandthefirst hydrogena-
tion of anadsorbeaxygenatomareslowerthanthe otherreactionsteps.Theassumed
ratedeterminingstepof eq2.35is thehydrogenatiomf adsorbedOto form adsorbed
formyl. However, after optimizationof the parametersf eqs2.34and2.35,therela-
tive varianceof experimentalandcalculatedreactionrateswasover 40 %, indicating
alargelack of fit.

Yatesand Satterfield[163] measuredhe kineticsof a cobaltcatalystin a slurry
reactor A LangmuirHinshelvoodequationwhichalsoinvolvesabimolecularsurface
reactioncanaccuratelydescribeheir results:

kPcoPh,

“Reo=—2" " _
© (1+ K1Pco)?

(2.36)
This equationwas previously derived by Sarupand Wojciechavski [73] assuming
hydrogenatiorof adsorbedormyl to form carbonandwaterto be rate determining.
However, the numberof inhibition termswas larger. Eq 2.36 fitted their dataalso
best,but wasrejectedbecaus®neof theadsorptiorconstantsvasnegative. Yatesand
Satterfield163] wereableto fit the dataof SarupandWojciechavski [73] well with
thelinearizedform of thekinetic expressiorin eq2.36.
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The FT kineticson a cobaltcarboryl catalystin slurry-phasevas measuredy
Whiterset al. [160]. They correlatecthe rate of CO andH, consumptiorto several
kineticequationsisedfor thekineticsoniron catalystgeqs2.25and2.29). Thebestfit
wasobtainedfor eq2.29with anactivationenegy of 97 kJ/molfor therateconstant.

Recently Ribeiro et al. [150] reviewed kinetic studiesover cobalt FT catalysts
in orderto explain the differencedn turnover rates. The availablekinetic datawere
correctedto 473 K. Furthermorethe effectsof partial pressurewere correctedto a
total pressureof 10 atmandH,/CO= 2 with the useof a simple power law equation:
—Rco = kPY/Pc3? which providedthe bestfit. The correctecturnover ratesvary
by a factorof 20, accordingto the authorsdueto the effect of a wide rangeof CO
conversionandwaterconcentration.

In comparisonio iron catalystis thekineticresearcton cobaltcatalystsnorecom-
prehensie. In the first placeis the situationon cobalt catalystseasierdue to the
absenceof the water gasshift reactionand lessdifferent catalytic sites. Secondly
Wojciechavski and co-workers[22, 73, 100, 168] describeddetailedLHHW equa-
tionsbasedon areliablemechanisticchemeor the CO consumptioron cobaltcata-
lysts. This approachs agoodexampleof modelingcomples reactionsystemdik ethe
FischerTropschsynthesis.

2.8.3 Water GasShift Kinetics

Cobalt catalystsare not active towardsthe WGS reactionin contrastto iron-based
FischerTropschcatalyst§54]. Thewatergasshift canincreaser decreastheFischer
Tropschsynthesigate. Sincethesereactionssharethe samecomponentsadsorption
anddesorptiorreactionsaswell asdissociatiorof H,, H,O, andCO, andreactionsof
formatespeciesnustbe shared169]. Theindividual WGSkineticsis studiedexten-
sively [54, 58, 81, 86], sometimesn combinatiorwith the methanatiomeaction[85]
or methanokynthesig82, 87]. Only afew studiesreportedche WGSkineticsof iron
catalystaunderFTS conditions.Table2.8 givesanoverview.

Basedon unpublishedesults,Dry [156] reportedthefirst (empirical)kinetic ex-
pressiorfor theWGSreactionunderFTSconditionswhichis independensf thewater
concentration:

Rwes = Ku Pco (2.37)

Thesameequationvasusedby Feimeretal.[170] onaprecipitated-e/Cu/Kcatalyst,
with anactivationenegy of 124kJ/mol.
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Table 2.8 Summaryof kinetic studiesof the WGSreaction(seealsoTable2.7).

Kinetic expression Ea (Ky) Reference
(kdmol—Y)
Rwas = Ku (P10 Pco — Pco, Ph,/Kp) [56]
Rwes = ku Pco 124 [56, 156,170]
Ky (PHZO Pco — Pco, P:éz/KP)
Rwes = — 27.7 [75]
(1 +aPu,0/Py, )
Ko (Pryo Pco — Peo,Pry/K
Rues — (PH,0Pco — Pco,PH,/Kp) 8 (56, 158]
PcoPH, +aPh,0
Ko (Pryo Pco — Peo, Pry/K
Rues — (PH,0Pco — Pco,PH,/Kp) 122 (56, 158]

Pco + aPh,0 + bPco,
LActivationenegy Feimeretal. [170]
2Activationenegy Shenetal. [158]

SincetheWGSreactionis anequilibriumreactionat or closeto equilibriumunder
FischerTropschreactionconditionsthe reversereactionhasto betakeninto account.
For thetemperaturelependengof theequilibriumconstanbf the WGSreaction Kp,
thefollowing relationcanbeused[171]:

Pco, P 2073
logKp = log [ —2""2 )} — (25 _ 2029 (2.38)
Pr,0Pco / T

Zimmermanand Bukur [56] measuredhe kinetics of the WGS reactionat 250
°C bothon a home-madéron catalyst(100 Fe/0.3Cu/0.2K) anda commercialpre-
cipitatediron catalyst(RuhrchemidLP 33/81). The experimentakonditionsaremen-
tionedin Table2.7. The 100Fe/0.3Cu/0.2K catalystobtaineda higherWGS activity
in comparisorto the commercialcatalyst,resultingin a higherextentof equilibrium
andhigherrate constants.The authorstestedseveral kinetic modelsto their experi-
mentalWGS rates.Someof their kinetic equationsontainthe samefunctionalform
of thedenominatoasusedin theirkinetic equation®f the FTS:

kw (Phy0 Pco — Pco,Ph,/Kp)

2.39
PcoPH, + aPn,0 ( )

Rwes =

They alsoderivedakinetic expressiorwith thedenominatofrom the FT rateexpres-
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sionof Huff andSatterfield72]:

kw (Phy0 Pco — Pco,Ph,/Kp)
Pco + aPh,0 + bPco,

Rwes = (2.40)
ThisimpliesthatthereactiontakesplaceonthesamecatalyticsitesastheFT. No tem-
peraturedependengis given. The estimate®f the adsorptionconstantsvere signifi-
cantlydifferentin comparisorio the constantgor the FT synthesislif thesereactions
take placeonthesamecatalyticsites theadsorptiorconstantnaynotdiffer. However,
the authorsstatedthat they werenot ableto derive reliable kinetic equationdor the
WGS kineticsunderFT conditionsandtheir resultsare largely empirical. For both
catalystsapplied,the adsorptionconstantb for CO, in eq2.40wasnot significantly
differentfrom zero. The modelingof the WGS kineticsfor the 100 Fe/0.3Cu/0.2K
catalystwas equally goodwith eq 2.39 and 2.40 andslightly betterwith the simple
expressiorof eq2.37. Thereactionrateof the WGS for the commercialcatalystwas
bestdescribedvith eq2.39with theadsorptiorcoeficienta of H,O equalto zero.

Shenetal. [158] measuredhe WGSkineticsonthesamecommerciatatalysin a
gas-soliBerty reactor SeeTable2.7 for theexperimentaktonditions. Theg fitted their
datawith the sameequationsaandfoundactivationenegiesfor k,, in eq2.39and2.40
of 88 kJ/moland125kJ/mol,respectiely. The adsorptiorconstantappearingn the
denominatowerechoserequallyto thosein the FT kinetic equationsindicatingthat
theauthorsalsoassumedhatthetwo reactiongproceedn the samecatalyticsites.

Lox and Froment[75] also studiedthe FTS and WGS kinetics on the commer
cial precipitatedron catalyst(RuhrchemieLP33/81). Discriminationbetweenrival
LHHW kinetic modelsresultedn thefollowing optimalequation:

Ku (PHZO Pco — Pco, PﬁQZ/KP) 2.41)
2.41

Rwes = Y
(1+aPro/Pi)

In agreementvith the statementf Rethwischand Dumesic[58], the sloweststepis
thereactionbetweeradsorbedCO andadsorbedydroxyl speciesresultingfrom the
dissociatiorof water They assumedhe WGS reactionto proceedon a differentcat-
alytic site thanthe FTS. As discussedibove, it is generallyassumedor supported
iron catalyststhat magnetiteis the mostactive phasefor the WGS while the FT re-
actionsproceedon iron carbides. The reportedactivation enegy of 27.7 kJ/molis
relatively low in comparisorto otherkinetic studies but consistsof the contrikbution
of adsorptionenthalpiesof reactantsand productsanda real activationenegy. The
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adsorptiorenthalfy of a wasnot significantlydifferentfrom zero. It shouldbe noted
thattheseresultswereobtainedn a pacledbedreactorat high conversionsrelatively
hightemperaturesf 523-623K, andhigh H,/CO feedratiosbetweer3.0-6.0.

We concludethatthe WGS kineticsunderFT conditionsstill requiresadditional
researchLox andFromen{75] deriveddetailed_.HHW rateexpressionsvhichshould
betestedon otherstudieswith iron catalystsat commonFT conditionsbothin slurry
andgas-solidregycle reactors.Furthermoreknowledgeaboutthe active sitesof the
FTSandthe WGS shouldprovide moreinformationfor the kinetic modelingof this
reactionnetwork.

2.8.4 HydrocarbonProduction Rate

Thehydrocarborproductionrateson a potassium-promotelle,O3 catalysthave been
correlatecempiricallyby Dictor andBell [51] aspower law Kinetics:

Re, = knP§, P20 (2.42)

The rate of formationof the hydrocarbonsppearedo increasewith Py,. The ob-
senedH, dependengof methangroductionwasl.0landdecreasewith increasing
carbonnumberto 0.84for C; hydrocarbon.The obsened CO dependengwas-0.4
for methaneandincreasedslightly with increasingcarbonnumber AssumingASF
of the distribution of the small-chainhydrocarbonsthe chaingrowth probability «
appearedo increasewith increasingCO pressureanddecreasindgH, pressure.The
reactionratesfor n= 2-7 couldbe calculatedwith:

Rc, = Rona" (2.43)

The dependencef the chain growth probability factora on CO and H, pressures
hasbeencorrelatedempirically [51, 143,147,172]. « increasewith CO pressure,
whereasnincreasen H; pressureesultsn aminoror slightdecreasef «. Empirical
power law kineticsfor parafins aswell asolefinshave beenproposedy Kellnerand
Bell [147], BubandBaerng143], andAnikeer etal.[172].

Several attemptsto modeltheseproductionratesmorefundamentallyhave been
reported22,73,75,101,115,118,147,148,173]. Non-steadystatekineticsobtained
from step-concentratiomansient®f (isotopic)feedcomponentsvereusedto measure
absolutevaluesof surfaceintermediatesndintrinsic rateparameter§l01,173,174].
Also steadystatekineticratescanbeusedio measur&ineticrateconstant$l8, 22,75,
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147]. Both approachegequirea well-definedmechanisticschemdor the elementary
reactionsn theFischerTropschsynthesis.

Bell [18] andKellnerandBell [147] proposeda mechanisnshown in Table2.2.
Thekineticswerestudiedover analumina-supporte®u catalyst. They assumedhat
CO s first adsorbednolecularlyand subsequentlgetsdissociated.The Ru catalyst
surfaceis assumedo be saturatedvith CO. It wasassumedhatthe rateof methane
formationis controlledby the hydrogenatiorof methyl, whereaschain growth and
terminationto higher parafins and olefins are irreversible,and independenbf the
carbonnumber The otherreactionstepsareat equilibrium. The probability of chain
growth wasgivenas

kpecHz
o= (2.44)
Kpfch, + ki,00y + ki, pOH

Severalsimplifying assumptionsvereproposedn orderto solve thekineticequations
andsurfacefraction of oxygen(6o) analytically The olefin to parafin ratio equaled
O/P o P;2°. Theauthorsobseredadependencef the O/Pratio with carbonnum-
berwhich they could not describewith their model. Accordingto our opinionthese
discrepanciearedueto readsorptiomr secondaryeactionsvhichwerenottakeninto
account.However, their kinetic expressiorfor methandormationwasapproximately
equalto theempiricaldependent Rch, ngz Peo.-

By assumingpolymerizatiorkinetics,SarupandWojciechavski[73] wereableto
derive kinetic rateexpressiongor the methanatioranda mechanistidormulationfor
the parafin formationbasedon the optimizedmodelfor the rateof CO consumption
[168]. They madeuseof the polymerizatiorkineticswherethe rateof initiation must
be equalto therateof terminationat steadystate. The rateof initiation wasequalto
thehydrogenatiorof methyleneo chaininitiator methyl:

R = kifnOch, (2.45)

andtherateof terminationin their modelwasequalto theterminationto parafinsdue
to hydrogenatiortks) andreactionwith amethylspeciegks):

Re= ke D6 + kaflcr ) 6 (2.46)
1 1

Surfacecoverage®f dissociatedydrogen(6y ), methyl(6ch,), alkyl chains(é;), and
methylene(6c,) specieswere obtainedusing the assumptiorthat the rate constant
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for propagatioras well asthe rate constantfor terminationto parafins is indepen-
dentof chainlength. Sereral otherassumptionsvereintroducedin orderto derive
dependenciesf ratiosof specificrateson Py, and Pco. The approachof Sarupand
Wojciechavski [73] is a goodexamplehow to combinethe overall consumptiorrate
of CO anda productdistribution model. However, they usethe conceptof growth
"locations” which is a numberof sitesin closeproximity. E.g. formationof paraf-
fins proceedon threesites, the first site containsthe growing alkyl chains,another
the monomeranda final site containsa hydrogenatomthatwill resultin termination
anddesorptionof a parafin. Theselocationsareinvariantwith time andonly small
speciescan migrate towardsthe specificsites. Their approachinvolves a situation
wherea site canonly containonetype of intermediate.In general,competitive ad-
sorptionof component®on sitesand surfacediffusion of intermediatedo siteswill
resultin indistinguishablesites,without preferencdor certaintypesof intermediates.
They alsoassumedwo terminationpossibilitiesfor parafinsto predictthe”break” in
the ASF distribution of parafins. Rice andWojciechavski [175] rejectedthe possi-
bility of readsorptiorof olefins. However, severalauthorsprovedthatolefinsshowv a
hightendeng for secondaryeactionsandreadsorptiorfseeChapter2.7.2.2).
Zimmermaretal. [115] andZimmerman176] proposed kinetic modelfor both
the formation of linear olefins and parafins and the water gasshift reaction. The
modelaccountdor secondaryeadsorptiorof olefinson FT sitesandthe possibility
of secondanhydrogenatiorof olefins on separatehydrogenatiorsites. The model
wastestedfor a singleexperimentobtainedwith a commercialiron-basedatalystin
a laboratoryslurry reactorbut shaved significantdeviationsbetweenmodeland ex-
perimentsspeciallyfor the methaneandethenecontent115]. Their modelpredictsa
decreasef theolefinto parafin ratio andanincreaseof the chaingrowth factorwith
increasingchainlength. The decreasés causedyy the higherolefin concentrationn
theliquid. Zimmermanetal. [115] reportedhefollowing kinetic equations:

Initiation: R = Kpfcob3 (2.47)
PropagationRpi = kpbi6cofn (i =1— N) (2.48)
Termination:

methaneR p.1 = (ki pOH + Ki,0)01 (2.49)
parafins R pi = ki, p6ifn (i =2 — N) (2.50)

olefinsR.0, = ki.o(® — P hy01/Ke) (i =2— N) (2.51)
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Watergasshift: Rwgs = kw(Pco PHZO — Pc02 PHZ/Kp) (252)
ks PH, Pc. Hy;
Olefin hydrogenationRs; = chlla Al Hzl'\l > (2.53)
1+ (Kn, PH2)1/2 (l + > KePciny
i=1
Cl G C2 G C3,G Cn G
COG Cl,ps Cz,ps CB,ps Cn,ps
A y
I kK KRk kek  kek
kl kdp k Y k Y k

\ 4

Figure2.23 Chaingrowth modelon Co catalyst(adaptedrom KomayaandBell [101]).

KomayaandBell [101] andKrishnaandBell [173] determinedhepseudaeaction
rateconstant®f the elementary=TS reactionsover Ru/TiO, (T= 523 K) usingboth
steady-statandtransient-respongdnetic experiments. Their pseudorate constants
containsurfaceconcentrationsf surfacespeciesandrealkineticrateconstantsThese
pseuddineticrateconstantsvill notonly dependntemperaturdut alsoon pressure
and composition. The chaingrowth modelin Figure 2.23 was usedas a basisfor
their kinetic models. In contrastto KrishnaandBell [173], KomayaandBell [101]
accountedor theeffectof chainlengthdependenteadsorptiorof olefins(kg), aswell
asdepolymerizatiomf adsorbe@thylengkqp) anddehydrogenationf methylto form
a methylenemonomerspeciegki;). Their explanationfor increasingreadsorption
rateswith carbonnumberis anincreaseof the physisorptiorstrengthwith increasing
carbonnumber The obsered rate coeficient of readsorptiorof ethene(k3) is four
ordersof magnituddargerthanfor higherolefins. Theauthordid notspecifyseparate
terminationreactionsfor the formationof parafins andolefinsfrom adsorbedalkyl
speciesbut lumpedthe terminationreactionsin a single terminationrate constant.
Thereforeno influenceof the partial pressuresf CO andH, ontheolefinto parafin
ratiowaspredicted.
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Lox and Froment[75] developeda reactionnetwork for the formationof linear
hydrocarbon®n a commercialprecipitatedron catalyst. For eachreactionpathone
or moreelementaryeactionstepswvereassumedo be sloverthanthe othersteps.On
basisof the carbidemechanisnthey developedsereral kinetic models. Their exper
imental productdistributions obtainedat T= 523-623K andH,/CO=3-6 in a fixed
bedreactorat a high level of corversionfitted well with the Anderson-Schulz-Flory
distribution. Their modelpredictsthe desorptiorof productsandadsorptiorof CO to
beratedetermining.Therateof formationfor the parafinsis givenby:

kiPco
ksPyy (GO ) gt
St (klpco + ks Py, “

R Han-2 14 1 ( knciPco ) (2:54)
1—a \KiPco + KncsPh,
andfor olefins:
ky P
kﬁ(k P 14;:(12 = )“n_l
_ 1Fco + KsFh,
RCnHZn - 14 1 ( kec1Peo > (2-55)
1« klpco+k5PH2
with « givenby:
kiPeo (2.56)

o =
kiPco + ks P, + Ks

The growth probability factora andthe formationratesof the productsdependon
the partial pressuref CO andH, but areindependentf the carbonnumbem. Their
kinetic model predictsa constantratio of the productionrate of olefinsto parafins
independentf the carbonnumberequalto:

ReoHyy Mo, ke
ReiHonsz  Mp,  KsPh,

(2.57)

Unfortunately their experimentswvere performedn anintegral paclked bedreactorat
high synthesigyascorversions,which is unsuitablefor fundamentakinetic studies.
Their productformationratesand modelsdo not predictthe well-known deviations
obseredin thenearlyall FT productdistributions.

Neitherof theabore-mentionedverallmodelsis ableto describea detailedprod-
uctdistribution asa functionof reactanpressureandoperatingconditions.
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2.9 Conclusions

Fromthe above we concludethatfurtherresearctshouldconcentrat®n development
of mechanisticateexpressiondvasedon reliablemechanistigproposals Couplingof
theCO consumptiorandproductdistributionis animportantfeatureof this new devel-
opment. Until now, noneof the availableliteraturemodelsobtainsenoughdetailsto
describethe completeproductdistribution of the FischefTropschsynthesisatindus-
trial conditions(high temperatur@ndpressurepsa function of overall consumption
of synthesiggascomponentsand operatingconditions. Either the productdistribu-
tion modelis oversimplified (Anderson-Schulz-Florpehaior), or the mechanistic
proposaldor the elementaryeactionsareunrealistic.

Rateequationsor CO consumptionto FT productsshown a greatvariety of in-
hibitor termsandarebasedn differentmechanistigproposalsAlso, mary rateequa-
tions were proposedvhich are stronglyinfluencedby the catalysttype andreaction
conditions. The proposed~T kinetic equationson iron catalystsshow inhibiting ef-
fectsof CO, andH,0, dependenbnthe WGSactivity. However, closeto equilibrium,
a strongcorrelationbetweenrthe inhibiting termsof CO, andH,O occur Rateequa-
tionsbasedon a single-siterate determiningreactionstepbetweerundissociatedhy-
drogenanda carbonintermediatearepresentedor iron catalysts On cobaltcatalysts,
dual-siteelementaryeactionsbetweerndissociatechydrogenanda carbonintermedi-
ateare consideredo be the rate determiningstep. The majority of the kinetic rates
underindustrialconditionsarereportedper massunit of catalyst. However, the pre-
ferredway to presentatedatais in theform of specificactiity, suchasturnoverrates
(TOR) or frequenciegTOF). This way, differentcatalystscanbe comparedappro-
priately Therefore preparatiorand characterizatioproceduresnd calculationsof
surfaceareaandmetaldispersiorshouldbereportedn detail.

The WGSreactionis importantfor potassium-promoteidon catalystsat low Hy/
COratios.Only afew authorgeportecbnthe WGSkineticsoniron catalystainder=T
conditions.Therefore developmenbf WGSkinetic expressiongrom intrinsic kinetic
experimentgequiresadditionalresearch.

The productdistribution of the FTS shows significantdeviationsfrom the Ander-
son-Schulz-Florgistribution oniron, cobalt,andrutheniumcatalysts.The ASF prod-
uct distribution is changedy the occurrenceof secondaryeactionghydrogenation,
isomerizationyeinsertion,andhydrogenolysis) Due to high CO andH,O pressures
presentat FTS conditions reinsertionof olefinsappeardo bethe mostimportantsec-
ondaryreaction. The ratesof thesesecondaryeactionsincreasesxponentiallywith
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chainlength. Thereis controversyin the literatureaboutthe fundamentalof these
chainlengthdependeng Several possibilitiesfor a chainlengthdependentontact
time arephysisorptionsolubility anddiffusivity. The chainlengthdependengof the
olefin to parafin ratio can hardly be dueto diffusion effectsonly. Changesn the
solubility andphysisorptiorstrengthmustbeincludedin a propermodeldescription.
Reliableandindependentmeasurementsf thesequantitieson FT catalystsareneces-
saryfor thedevelopmenibf moreaccuratgroductdistribution models.

Measuredkinetic ratesshouldnot be influencedby deactvation of the catalyst.
Experimentsshouldbe carriedout in continuousperfectlymixed reactors(slurry or
gas-solid)or differentialfixed bedreactorsover a wide rangeof independentlyaried
experimentalconditions. Kinetic experimentsshouldpreferablybe accompaniedby
characterizatiomeasurementsf the catalyst(for exampledifferentphasesandtex-
ture). Processoptimizationandimprovementof the FTS shouldresultfrom kinetic
equationdor all productsandreactantdasedon realisticmechanisticschemesThe
developmenbf new catalystawvith high stability, actvity andselectvity to thedesired
productsis important. A modelfor a commercialreactor which combinesreliable
kinetic expressionsvith hydrodynamiceandmasstransferin a slurry bubblecolumn
shouldleadto improvedscaleup anddevelopmentor industrialprocesses.
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Experimental

3.1 Experimental Setup

Continuoudaboratoryreactorsareusedto measurgeactionkineticsandproductdis-
tributions of the FischefTropschsynthesis. Most studieswere performedin atmo-
sphericgas-solidpacled bedreactors.Packed bedsat higherpressuresvereapplied
by, for example, Lox et al. [1], Bub and Baerns[2], and Bukur et al. [3]. Woj-
ciechavski [4] shaved that integral reactorsare unsuitablefor fundamentaktudies
of the FTS.Continuougegycle reactorsareto be preferredfor gas-solickinetic mea-
surementsfor example,the Berty reactor[5, 6] or the spinningbaslet reactor[7].
Slurry phaseFischerTropschexperimentsareperformedn slurry reactorswith either
acontinuougyas-phasanda liquid batchof FT-wax or a high-boilingsolvent. These
reactorsystemsommonlyareperfectlymixedrecycle reactorswith turbineimpellers
[8] or gas-inducinggtirrers.

Measurementsisedfor the developmentof kinetic expressionsand selectvity
modelswerecarriedoutin severalexperimentabetups Theequipmenfor the experi-
mentsof the gas-solidcandgas-slurryFischerTropschsynthesisaswell asthe product
analysisandtheexperimentaproceduregredescribedelow. FischefTropschexper
imentswerecarriedoutin agas-continuouSpinningBasletReacto(SBR)[9] andin
aslurryreactor(SR),bothin asetupshovnin Figure3.1.H, (1) andCO (2) (purities
of 99.999% and 99.8 %, respectiely) werefed with separatenassflow controllers
(5,6) (range: 0-4.210°2 Nm® s71). Two purification columns(7) were usedto re-
move possiblecatalystpoisondik e iron carboryl, sulfides,andoxygen.Thecolumns
were packed with BASF R3-11and BASF R5-10catalystsat 473K and323K, re-
spectvely. Synthesigjaswaspreheate@t523K (12). To preventproductcondensa-
tion, the producttubesfrom thereactordown to thehigh-pressurgas-liquidseparator
andcondense(19) (P=Pg, T=423K) wereheatedat 473 K. Condensedavax prod-
uctswereremoved periodically(20). Thereactompressuravasmeasuredl13) (range:
0.1-10.0MPa; accurag 0.01MPa) andkeptconstanwia a PID-controlledpneumatic
needlevalve (22). The remaininggaseoustreamwasreducedo atmospherigres-
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GC| 26

Figure 3.1 Experimentabket-up.

1, 2: gascylindersCO andHo, respectiely; 3, 4: pressurgeducers5, 6: massflow con-

trollers;7: purificationcolumns;8, 11,20, 21, 24, 33: valves;9, 10, 27,28, 30, 31: magnetic
valves;12: pre-heaterl3: pressurdransmitter;14: magneticstirrer; 15: temperaturérans-

mitter; 16: reactor;17: reactortemperatureontrol; 18: slurry or spinningbasletreactor;19:

high-pressureondenser22: pressuraeducer;23: three-vay valve; 25, 32: low-pressure
condenser6: on-line GC analysis29: flow meter;34: personatomputer;35: baflles.

sure. A smallsampleflow wassplit from the mainflow andled to a heatednjection
valve of anon-line gaschromatograplti26). The volumetricflow rate of the gaseous
streamwas determinedwith a thermostatedlow meter(29) (373 K). The flow was
measuredia the displacementf a mercury-sealegistonin aglasstube.Finally, the
productstreamwastransportedo a low-pressurecondensenat 273K (25, 32). The
condensegroductsdrom this condensewereseparatedhanuallyinto anaqueousnd
anoil phasg24, 33).

3.1.1 Spinning Basket Reactor

The spinningbaslet reactorshavn in Figure3.2is a stainlesssteelreactor(V= 285
cm?®, H= 8.6 cm, D= 6.5 cm) with the catalystparticlesplacedin four baslets (3)



EXPERIMENTAL 95

Al

Figure3.2 Spinningbasletreactor Figure3.3 Slurryreactor
1: baffles; 2: stirrershaft; 3: basletswith 1: baffles; 2: temperatureneasuremeng:

liquid drain;4: turbineimpellergasphase;
5: self-inducingstirrer; 6: coolingcoil; 7:
continuoudiltering unit; 8: distanceing.

catalystparticles4: electricalheating.

mountedon the stirrer shaft(2). A stirrer speedof 33 s™* ensureccompletemixing
of the gasphase andresultedin high massand heattransferrates. Preliminaryex-
perimentshavedthatthe corversionof synthesiggasandthe hydrocarborselectvity
did not changeby varyingthe stirrer speedbetweer20 and33 s, Vortex formation
waspreventedby four verticalbaffles (1) with awidth of 8 mm each.Thereactowas
electrically heated(4), andthe temperaturevas measuredvith a PT-100 resistance
thermomete(TT) (range:373-773K; accurag: 0.2K).

3.1.2 Slurry Reactor

The slurry reactoris a 1.8 dm® autoclare (H= 18.2cm, D= 12.0cm) madeby Med-
imex (Figure3.3). Theautoclae wasconnectedo a magneticstirrer(5). The shaftof
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theimpellerwashollow with smallholesin the stirrerbladesandsleesesin thetop of

theshaft. This enabledhevaporin thereactorto beregycledthroughtheliquid by the
suctioncreatedby the impeller Above 15 st strongcirculationof the gasphasein

theautoclare wasobsened. Theimpellerwasalwaysdrivenat 25 s~ to ensurecom-
plete mixing of the liquid phaseuniform distribution of the catalyst,andhigh mass
andheattransferrates[10]. A turbineimpeller (4) mountedon the top of the shaft
wasappliedto obtaina homogeneougasphase.Four vertical bafles (1) (width 10

mm) wereusedto preventthe formationof vortices.A distanceing of 3 mm (8) was
appliedto preventundesiredcatalystaccumulatiorbetweenthe reactorwall andthe
baffles. Thetemperaturef thereactowascontrolledby thecombinatiorof a 3000W

electricheatingmantlewith air coolinganda coolingcoil (air) in the slurry phasg6).

Thetemperatur@vasmeasuredvith a PT-100resistancéhermometefrange273-773
K; accurag: 0.2K) insertedn theliquid phasg2).

During the FischefTropschreaction liquid productscanbeformed. Thelevel of
the slurry was maintainedconstantusinga home-maddiltering unit (7). Theliquid
productsvereremovedvia afilter (sinteredmetal5 um), whereashecatalysiparticles
remainednsidethe reactor Theliquid andgasphasevolumesappliedwere730and
985cn?, respectiely.

Initially, the reactorwasfilled with FT wax (Sasol-Schumantype 4110)mainly
consistingof parafins with carbonnumberbetweer?1 and36. The productdistribu-
tion of the wax wasbell-shapedvith a maximumat carbonnumber28. The liquid
densityof theappliedwax wasdeterminedsolumetricallyas:

oL = 8200 — 0.56%T — 27315 [kgm~J] (3.1)

3.2 Catalyst

Thecatalystappliedwasa commercialprecipitatedron catalyst(type LP 33/81)syn-

thesizedoy RuhrchemieAG (OberhausenGcermary). The synthesigprocedurenas

describedy Frohningetal. [11]. TheFe,Cu,andK contentwasmeasuredy atomic

absorptiorspectroscopandthe SiO, gravimetrically. Theelementatompositionwas

foundto be74.3% Fe,3.7% Cu,3.1% K, and18.6% SiO,. Thecompositiorof this

catalystwas also determinedby Bukur et al. [12], Lox et al. [1], and by Donnelly

andSatterfield13]. Theirresultsarein reasonablagreementvith ours. The catalyst
pelletswerecalcinedin air at 573K for 5 h andcrushedandsievedto theappropriate
particlediameterange.
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3.2.1 BET Measurements

Thespecificsurfaceareasandthetexture of thecatalystaveredeterminedy nitrogen
physisorptionaccordingto the Braun-Emmett-&ller (BET) method. The measure-
mentswereperformedwith aMicromeriticsASAP 2400. Sieve fractionsbetweerl40
and150um wereout-gassea@t 525K for 2 hoursbeforetheactualmeasurements.

Table 3.1 Textureof the catalyst(BET).
Surfacearea Porevolume Averagemesopore

(m?/g) (cm?/g) diameter(nm)
As receved 323 0.64 8.0
Calcined 309 0.61 7.9
After FT reactiort 88 0.31 13.9

1 After SBR experimentg1800hrstime-on-stream)

3.2.2 ScanningElectron Micr oscopy(SEM)

SEM studiesof boththe freshcatalystandthe catalystsubjectedo FT synthesidor
1800 hourson streamare shavn in Figure 3.4aand Figure 3.4b, respectiely. The
catalystparticlesare composemf agglomeratedrystals. We obsened a substantial
increaseof crystalsizeafter1800hrs of duty, relative to virgin catalyst(Figure3.4b).
The SEMmicrographin Figure3.4bshavsadifferent(moresmooth)surfacestructure
with white-colorededgeson the crystalsin comparisorto the fresh catalystsample
(Figure3.4a).

() KONTRON

Figure 3.4 SEM micrographf the Ruhrchemiecatalystsamplesa. As-recevedcatalyst;
b. Catalystafter 1800FT synthesis.



98 CHAPTER 3

3.3 Product Analysis

Kinetic researctof the FTSrequiresanaccurateroductanalysis.Theanalyticalsec-
tion hasto measureghe completeproductdistribution of at leastC;_3p parafins and
olefinsaswell asthe reactantgCO andH,) andCO, andH,O. Analysisof isomers
(branchegroductsyandoxygenatess necessarif the concentratiorof thesecompo-
nentsis significant. Most gaschromatographisystemshave a complex arrangement
of multiple columnsanddetectorg14—16]. However, on-linesinglecolumngaschro-
matographianalysisarereportedaswell [17, 18]. In moststudiesthe reactantand
non-condensablproducts(CO, andC,_s hydrocarbonsareanalyzedon-line, while
the condensegbroducts(Cs,. hydrocarbonsandH,O) arecollected,weighed,sepa-
ratedin two phasesndanalyzedff-line, seefor example[3, 4, 13]. Somedisadwan-
tagesof thisapproactare[14, 19, 20]: 1) Difficult quantificationcomponentappear
in morephasesndsamples2) Reactorsnustrun athigh corversionsor high catalyst
loadin orderto accumulateeondensates3) Long analysistimes. In contraston-line
analysisof all productds rapidandaccuratesothisis the preferredmethod.

Theanalysisystemusedn thisstudyis illustratedin Figure3.5. Thetotal product
streamwassplit in threeflows: on-line gaseousgil phaselow-pressurecondenser),
andwax phasghigh-pressureondenser).

High press.
Reactor F » condenser v , GC: Poraplot Q
T=150°C |y C..» CO, CO,, H,, H,O

L|x
\ 4 \ 4 L
GC: SimDist Low press. — Aqueous phase
condenser S
Cuos0 T=0°C > GC: HP-SIL-5CB
lV Qil phase: C,,,

Figure3.5 Schemeof theliquid andgaseoustreamsn thecondenserandanalysissystem.

The gaseouphasewasanalyzedwith a Hewlett-Packard5980A GasChromato-
graph(GC). Thegaseougomponentsverelinearparafins C;-Cy o, @-0lefinsC,-Cyy,
l-alcoholsC;-Cy4, CO,, H20, CO,andH,. Thegaschromatograplwasequippedvith
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-line gaschromatogram$or an SBR experiment(523K, 1.50MPa,
(H2/CO)teed=2, P, o/W=1.5110"3 Nm? kgg1 s°1). a. TCD signal;b. FID signal.

analysisvasreportedoy Marsmaretal. [21]. Therelative DS techniqueémprovesthe
reliability of the analysisandreduceghe calibrationefforts. Sampleinjectionon the
columnwasperformedaftertheinjectionof the DS. The DS andsampleweresubse-
guentlyinjectedat aninitial temperaturef the GC of 303K. Theinitial temperature
wasmaintainedfor 8 min, after which the oventemperaturavasincreasedo 393K
at the rate of 20 K/min. After 5 min at 393K the temperaturavas increasedvith
10 K/min to 453 K. After another5 min thetemperaturavasincreasedt the rate of
10 K/min to the final temperatureof 523 K. This temperaturavas maintaineduntil
all the component®f interesthadeluted. The completeon-line analysistime was60
min. The componentsvere separatean a capillary column (25 m x 0.53mm i.d.
coatedwith 0.020mm PoraplotQ, carrierflow, 0.017ml s™1). H,, CO,CO,, andH,0
weredetectedvith a ThermalConductvity Detector(TCD, seeFigure3.6a)(548K)
andthehydrocarborproductswith a FlamelonizationDetector(FID, seeFigure3.6a)
(548K; hydrogenflow, 0.53ml s1; air flow, 7.5ml s™1) placedin series.Both de-
tectorswere connectedo anintegratoranda personacomputerfor peakintegration
anddatastorage. Sincethe thermalconductvity of hydrogenalmostequalsthat of
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helium,detectionis very difficult dueto negative peaksnhon-linearity andpoorsensi-
tivity. Thereforethemolefractionof hydrogerwasdeterminedn a separatenalysis
with nitrogenasa carriergas.Peakswereidentifiedusinga gaschromatograph-mass
spectromete(GC-MS) Hewlett Packard5890A combinationandtakinginto account
thelogical sequencef retentiontimesof homologousseriesof hydrocarbons.

The mole fractionsof all detectedcomponents were calculatedfrom the inte-
gratedpeakareaq A), accordingo:

A
.= Ci 3.2
Vi = Aos (3.2)

where C; is the calibrationfactor for component and Aps is the integratedarea
of the deferredstandard. Calibrationof H,, CO, CO,, parafins C;-Cs, olefins C,-

C4, andCH3OH wasperformedwith calibrationmixturessuppliedby ScottSpecialty
GaseqBreda, The Netherlands) For the remaininghydrocarborcomponent<s, , a
correlationfor the calibrationfactorsproposedoy Dierickx etal. [22] wasused.lt is

basedbdn the standardsibbsenegy change(-AGY,) at298K for completeoxidation
to CO, andH,0. The calibrationconstantsvere calculatedrelative to pentanausing
relative molarresponséactorsRM R(i ):

RM R(pentang
C=C e——— 3.3
i pentan RMR() (3.3)
Thethermalconductvity detectomwascalibratedfor waterby injectionof a gasflow
with a known concentratiorof water The concentratiorof waterin the carriergas
nitrogenwas adjustedwith two massflow controllersand a continuousevaporator

mixer from Bronkhorst(Ruurlo, The Netherlands).

The hydrocarbonsgn the oil phaseof the low-pressurecondense(Cio-Cyo) Were
separaten an HP-SIL 5-CB capillary columnwith a Hewlett Packard5890A gas
chromatograpliseeFigure3.7a). For thesecomponentshe massresponsédactorsof
theflameionizationdetectoweretakenasconstant.

The wax samplesf the high-pressureondensecontainCis, hydrocarbongnd
were analyzedwith a 10 m HT-SimDist column on a Hewlett Packard5890A gas
chromatograph.The wax sampleswere dissohed in CS; (0.5-1 mass%)and were
injectedon-columnto the capillary columnto preventsplitterdiscrimination[4] atan
initial temperaturef 313 K. Thetemperaturavasraisedwith anoptimizedprogram
to 673 K to eluatecomponentaintil C49 seeFigure 3.7b). Peakidentificationwas
performedusinginjectionof purecomponents.
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Figure 3.7 Typical off-line analysis of an SBR experiment at 523 K, 1.50 MPa,
(H2/CO)teed=2 anda spacevelocity of 1.5110~3 Nm?3 kggs s~L. a. Hydrocarboranalysis
of thelow-pressureondensatel: 1-octene: octane 3: cis-2-octene4: trans-2-octeney:
1-hexanol.b. Wax analysisof high-pressureondenserl: 1-dodecene?: dodecane.
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3.3.1 FlashCalculations

The productcompositionof the reactoroutlet flow (F) at reactorpressureandtem-
peraturewas obtainedby combiningthe analysisof several samplesseeFigure 3.5.
The compositionandflow rate (L) of the liquid phase(x;) were determinecby GC
analysisof thewax samplesaandgravimetrically, respectiely. The compositiorof the
gasphasdrom the high-pressureondensewasdeterminedy combiningthe on-line
analysis(C;_10) andthe oil phaseof the low-pressurecondensefCio_20). The flow
rate(V) wascalculatedisingathermostateglolumetricflow meter whereasheliquid
flow rate(L) wascalculatedrom the weighedmassandthe analyzedcompositionof
thehigh-pressureondensateTheliquid phasevasassumedo obey Raoultslaw and
the gasphasethe ideal gaslaw. Furthermorejt wasassumedhat the hydrocarbon
productsbehae like parafins. The vaporpressure®f the pure parafins at a given
temperatureverecalculatedusingthe methodof CaldwellandvanVuuren[23]:

Py = PoB" (3.4
where

B = exp(—427.2181/ T — 1.02980710 3)) (3.5)
TheequilibriumconstantvascalculatedusingRaoult’s law:

Ki=yi/x =R/P (3.6)
A molarbalancdor component gives:

Fz = Lx + Vy, (3.7)
andthetotal molarbalance:

F=L+V (3.8)
Solving eqs 3.4-3.8givesthe molar compositionof the outlet streamof the reactor
(F, z). Figure3.8 shavs anexampleof the GC analysisfrom the on-lineandoff-line

(waxandfuel) samplegesultingin acompleteproductdistribution usingvapokliquid
equilibriaandflashcalculations.
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3.4 Experimental Procedure

Blank experimentshavedthatthe pacledpurificationcolumnsandthereactor with-
out catalyst,causedo significantcorversionof the synthesigyas. The catalystwas
pretreateavith hydrogerataflow rateof 0.8310-3 Nm? kggs s~ accordingo Bukur
etal.[24] in all experiments Thegasspacevelocitywasbasednthetotal massof the
unreducedtatalyst.Thereactotemperature] , wasincreasedinearly from 293K to
553K by 0.017K s~1. T remainecat553K for 24 hoursatatmospheripressureThe
reactorpressuren the slurry reactorwasmaintainedat 1.0 MPato preventexcessie
solventevaporation After reduction synthesiggaswasfed to thereactoratreference
conditions.For thekinetic experimentsn the spinningbasletreactortheseconditions
were: 523K, 1.50MPa, (H./CO);eq=2 anda spacevelocity of 1.5110-3 Nm? kg
s~L. Fortheslurryreactorthey were: 523K, 1.50MPa, (Ho/CO)seq=0.67andaspace
velocity of 0.50103 Nm? kggt s™1.

The experimentalconditionsfor the experimentsin both the spinningbaslet re-
actor and the slurry reactorare summarizedn Table 3.2. A summaryof relevant
experimentaldatais givenin AppendixesA andB.

Table 3.2 Experimentatonditions.

Series A B C
Reactor SBR SR SR
T(°C) 225-275 250 250

P (MPa) 0.8-40 1.2-40 1.2-40
®"/W (10 3 Nm*kges Y)  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 (103 kg) 2.34 7.32 7.26

dp (um) 125-160 40-50 40-50

Liguid productswvereaccumulatedh high andlow-pressureondenserfor atyp-
ical periodof 6-8 hoursduring steadystateof the reactorsystem.The productswere
collectedandweighedbeforeanalysis. Several on-line GC analysiswere performed
duringthis period. After changingthe processonditionsthe reactoroperatedundis-
turbedbeforea new massbalanceperiodwas started. The stabilizationtime for the
SBRbetweerntwo subsequergxperimentsvastakenas4 gasresidenceaimes:

1.01310°PV

t R 3.9
steady RT ®, 0Co.0 (3.9)
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Figure 3.9 Stabilizationtime in gas-slurryreactor(t; , €q 3.10) for parafins (solid

lines) andolefins (dashedines) asa function of carbonnumber(n) at: 1. Pr= 40 barand
®,0=210"*Nm3s71, 2. Pr=20barand®, 0=2 10~ Nm3s71, 3. Pr=20barand®, o=
3104 Nmés1,

where®, o andCg o aretheflow rateandgasconcentratiomt normalconditions(To=
273 K, Py= 0.1013MPa). The maximumtime for achiezing steadystatewas 7.9
hours.Thereforeminimal 12 h waiting time betweertwo experimentsvasappliedin
the spinningbaslet reactorexperiments.

The stabilizationtime of componeni leaving the reactorin the gasphaseafter
changinghereactorconditionstakesinto accounthegas-liquidsolubility of products
in theslurry liquid:

t

steady_ ,1.013 10°(PVs + mC-PV))
| =

3.10
RT ‘Dv,OCG,O ( )

whereVs andV, arethegasandliquid volume,respectiely andm®t is thesolubility
(CL/Cg) of component. Thestabilizationtime is a function of carbonnumberand
increasesapidly with chainlengthdueto increasingsolubility. Figure3.9 shavsthe
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requiredstabilizatiortime for severalexperimentakconditionsasa functionof carbon
number as calculatedwith eq 3.10. The relevant gas-liquidsolubilities of parafins
and olefinswere obtainedfrom Maranoand Holder [25]. A minimum stabilization
time of 48 hourswasappliedin the slurry reactorexperiments. Several on-line GC
analysiswvereperformedo ensuresteadystatein the gasflow from thereactor

The consisteng and accurag of both the analysisand the reactorsystemwas
checledregularlyusingatomicbalance$or thecomponentsi, C,andO. For example,
thecarbonbalanceayives:

(Yco)in ‘Divr,]o

AC =
(Yco + Yoo, + Xnet NYCaHaniz + 2onzz MYCakan) gy Po.0

(3.11)

Massandatomicbalancesveretypically within 80-100%.

Internaldiffusionis insignificantfor d, < 0.16 mm [26, 27]. Calculationof the
criteriaof WeiszandPrate{28] for thereactant€0O andH, alsoprovedthatnointra-
particlediffusionlimitations occurredat the highestratesobsenedin boththe slurry
andthespinningbasletreactorassuminghecatalysiporeso befilled with long-chain
(Czg) hydrocarborwaxes.

3.5 ReactionRatesand Selectvities

Theformationrateof a product,R;, follows from a materialbalanceover thereactor
assumingdeal gasbehaior:

R =y, D0 Po

— 12
"W RT, (3.12)

wherey; is the molefractionof component in thereactoreffluent, Py and Ty corre-
spondto normalconditionsat0.1013MPaand273K, W is theweightof the catalyst,
and®, o is thereactoroutletflow atnormalconditions.Reactiorratesof thereactants
H, andCOfollow from:

o Po
R — ingin _ \, .
Ri= (" ®lo — % ®00) mrw (3.13)
Thecorrespondingonversionsof H, andCO are:
.q)v
X =1- 2200 (3.14)

Y@,



EXPERIMENTAL 107

andthetotal synthesigjascorversion:
_ (YH, + Yco)Puo
(Vii, Y0 Vo
Thesynthesigeactioncanbeconsidereésacombinatiorof theFischerTropsch
(FT) andthe watergasshift (WGS) reactions(seeeqs.1.1-1.2). Wateris a primary
productof the FT reaction,and CO, canbe producedoy the watergasshift reaction
(Rwas= Rco,). Thereactionschemeneglectsformationof oxygenategproducts.The
selectvity to alcoholswaslower than5 wt% for the on-line productsin our experi-
ments.No alcoholsweredetectedn the waxeousfractions,leadingto a muchlower
selectvity in the total productyield. The CO consumptiorto hydrocarbongollows
from:

Xcosh, =1 (3.15)

Rer = —Rco — Rwes  [MOl kQear * 5] (3.16)

Themolarselectvity to producti wascalculatedrom theexperimentamolefrac-
tionsrelative to all products(n) considered:

m = (3.17)

n
>y
=1

Themassselectvity of asingleproductor of a productrangewascalculatedrom
thecorrespondingelectvity or molefractiony; andmolarmassi; :
Yi Mi

Z yiM;j
j=1
4
S
W24 = = (319)

3.5.1 Model Parameters

The adjustablemodel parameterdor the several kinetic and selectvity modelsin
Chapters4-6 were calculatedby minimizing the x? function with the Levenbeg-
Marquardtmethod[29]:

exp X_mod)2

=) (X'G_Z' (3.20)
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wherex”® andx™ are the experimentaland modelvalue of the selectvity or the
reactionrate, respectiely, o2 is the relative varianceof the experimentaldatapoint.
The Levenbeg-Marquardimethodmakesuseof a combinationbetweerthe steepest
descentaindtheinversehessiarmethod.

The accurag of the fitted modelrelative to the experimentaldatawas obtained
from the M ARR (MeanAbsoluteRelative Residual¥unction

n_ | x®P _ ymod| q
MARR = Z ' '
i

— x 100 3.21
Xiexp n X ( )

wheren is the total numberof optimizeddatapoints,xie"p is the experimentalselec-
tivity or reactionrate of theith datapoint, and mimOd is the model predictionof the
selectvity or reactionrate.

The relative variance(s¢) was usedto comparesereral modelswith different
numbersof modelparameters:

1
n_ /&P _ ymod 2 1 2
Sel = (Z ( ! X.eXpl ) — x 100 (3.22)

i 1
with n, thenumberof datapointsincludedandm, thenumberof optimizedparameters.
Therelative residual(RR) betweerexperimentaland predicteddatawill be used
to shav the deviationsbetweermodelandexperiment:

e
&P _ ymod

Xi
Bartlett's testwas usedto investigatewhetherthe differencesn accurag of the
variouskinetic modelswerestatisticallysignificant{30]. For anumberof H competi-
tive models the Bartlett'stestcalculates critical x2 value:

H H
NS, > dfy — ) dfy S
x2= = (3.24)

-1
1 H H
1+ ——— df-t — df
3(H -1 Z " (Z )

where § is the total variancebetweenthe experimentsandmodelh and &, is the
averagetotal varianceof H models:

§ =dfi?) (R — R™)° (3.25)
i=1
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H

> dih S

h=1
=" (3.26)
> dfs
h=1
dfy, is the degreesof freedomfor the hth model predictionsandis equalto df;, =
n — my, n is thenumberof datapointsandmy, is the numberof optimizedparameters
of the hth model. Bartlett's testcompares¢? with atalulatedy2(H — 1) value[31].
Modelsweresubsequentlyejecteduntil x2 wasbelow thetatulatedvalue.

3.6 CatalystActivity and Selectvity

A detaileddescriptionof the activity and selectvity of the commercialRuhrchemie
iron catalystis givenin Chapterst-6. A brief comparisorbetweerour catalysttests
andavailableliteraturedatawith the samecatalystis presentedhere.

In Table 3.3 the catalystactivity andselectvity is comparedo that reportedby
Bukuretal. [3] in afixedbedreactorandof DonnellyandSatterfield[13] in a slurry
reactoratapproximatelysimilar conditionsandthesamecommerciaRuhrchemieat-
alyst. Sincetheresultsof Bukuretal. [3] wereobtainedn anintegralfixedbedreactor
reactiorratesandconversionsvarywith positionandcannotecomparedlirectly. The
selectvity to gaseousydrocarborproductds similar. Theolefincontentin ourexper
imentsis slightly lower thanin their study The obseneddifferencesanprobablybe
attributedto the differencesn activation proceduresdifferentcatalystagingpatterns
andto thedifferentreactortypesapplied. Thedataof DonnellyandSatterfield13] are
obtainedat ahigherreactotemperatur@ndin aslurryreactor Thereactortypeinflu-
encegheactiity aswell astheselectvity of theprocessBoththecorversionandthe
reactionrateof synthesigyasarehigherin our experimentswhereagshe hydrocarbon
selectvity is higherto low-molecularydrocarbons.

3.7 Catalyst Deactivation

Dry [32] mentionedfour factorsresponsibldor FT catalystaging: (1) conversionof
active phase(?2) sintering,(3) depositionof carbonaceoumaterial,and(4) chemical
poisoningby, for example,sulfur. The BET surfaceareasof the catalystbeforeand
afterFT reactionin anSBRtestweredeterminedy N,-physisorption(seeTable3.1).
TheBET areaof thefreshandcalcinedcatalystwas323and309m? g—1, respectiely.
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Table 3.3 Ruhrchemiecatalystcomparisonactiity andselectvity.

Experiment A3 Al6 C3 C15 [3] [13]
Time-on-streanth) 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 24 15 24 15 2.4
®!Ny/W (103 Nm*kggyst) 1.0 05 05 05 056 0.56
H, + CO corversion(%) 475 555 53.7 535 56.0 33.6
Reactiormedium Gas Gas Slurry Slurry Gas  Slurry

Hydrocarborselectvities® (wt%)

w1 144 103 14.8 85 134 7.8
Wo—4 395 406 374 40.7 46.7 37.1
Ws_10 46.1 49.0 47.7 50.8 39.9 55.0

Olefin selectvity (wt%)

wo,2—4 66.1 75.3 55.9 79.1 75.0 -
wo,5-10 60.7 72.9 454 76.8 70.0 -
1 Selectvities basedbn carbonnumbem < 10

After FT reactionfor morethan1800hoursthe BET surfaceareadecreasetb 88 m?
g~L. Previousstudieswith the samecatalystshavedsimilar results[1, 12, 33]. Prior
to N2-physisorptionthe spentcatalystsamplewas heatedwith hexaneunderreflux
conditionsanddegassedo remove waxeousdepositdfrom the pores. Gaschromato-
graphicanalysisof the extractedhydrocarbonsevealedthatthe mixture consistedf
linear parafins with a carbonnumberin the rangeof 20 to 60. The decreasén the
BET surfacearearesultsfrom sintering[1], formationof carbonaceoudepositsre-
sultingin blockingof pores[12] or increasenf the skeletaldensityof the catalyst1].
In agreementvith previousliteraturestudiestheaverageporediametermsdetermined
by BET, increasedrom 8to 14nm (seeTable3.1)andtheporesizedistribution shifted
to largersizedpores.

3.7.1 Gas-solidExperiments

For accuratekinetic measurementghe catalystactivity hasto be stable. Periodi-
cally standardexperimentsaarenecessaryo checkfor possibledeactvationeffectson
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activity and selectvity of the catalyst[3, 13]. During the catalysttestsin the SBR
(AppendixA), 6 referenceexperimentsvereperformed(seeTable3.4). After anini-

tial periodof 100h (4 days)steadystatewasachieved. The catalystactivity, reaction
rateto hydrocarbomproducty R 1) andof thewatergasshift (Rwgs), changedlowly

over1200h time-on-streanfseeFigure3.10a).Theselectvity of theRuhrchemieat-
alystis plottedin Figure3.10b The selectvity to lighter productsincreaseslightly

with time-on-streamywhereaghe olefin contentdecreases.

Table 3.4 Effectof time-on-streanonthe catalystactivity andselectvity in the spinning
basletreactor(AppendixA).

Runt Al A5 All Al2 A17 A20
Time-on-streanth) 240 388 699 862 1011 1224
H, + CO corversion(%) 35.9 31.7 30.7 26.7 33.7 35.8
Rer (108 molkges s 75 80 79 7.1 85 87
Rwes (103 molkgs s 1) 29 27 26 20 34 36
STY (10 °molkges 1) 21.1 21.3 20.6 17.9 22.6 24.0

Hydrocarborselectvities (wt%)

w1 175 18.2 202 205 215 21.2
Wo—4 353 39.8 46.8 43.3 429 415
Ws_10 472 420 33.1 36.2 356 37.2

Olefin selectvity (wt%)

Wo.2-4 65.9 66.2 62.2 66.8 61.2 61.7
Wo.5-10 63.8 63.5 58.7 62.9 58.1 58.8
! P=1.50MPa, T=523K, F=2, ®|"y/W= 15103 Nm? kg s~

3.7.2 Slurry Experiments

The possibleeffects of catalystagingon actiity and selectvity was determinedn

both slurry reactorruns (Appendix B). At regular time intenals, referenceexperi-
mentswererepeatedThe majorresultsof the referencesxperimentsn bothrunsare
givenin Table 3.5. Remarkablythe reactionrate of CO to hydrocarbongs higher
in Run C resultingin higher synthesisgascorversionsand spacetime yields. The
selectvities of the hydrocarborgroupsin referencesxperimentC4 are differentdue
to analysisproblemswith the C;o hydrocarbonswhich could not be determinedac-
curately A sharpdecreasef the Cs_1 selectvity wasobsenedin Run C between
referencexperimentC10andC13.
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Figure 3.10 Effectof time-on-streanfTOS)on catalystactiity (a) andselectvity (b). Ex-
perimentalconditions: T= 523K, F=2, P= 1.50MPa, !"(/W=1.5110"3 Nm? kggy s*
Run:Al, A5, All,Al12,Al17,A20.

Table 3.5 Effectof time-on-streanon the catalystactivity andselectvity in slurry reactor

runs(AppendixB).
Runt Bl B4 B8 Cl1 C# C6 Cl0 Ci13
Time-on-streangh) 156 577 643 345 552 802 1056 1395

H, + COcorversion(%)  32.0 32.8 40.1 46.8 53.2 50.8 49.1 41.9
Rer (10 3molkggi sl) 2.1 23 29 40 43 41 34 32
Rwes (103 molkgzisl) 1.9 1.8 1.8 23 19 22 24 16
STY (103molkgzisl) 7.3 75 9.1 107 122 116 11.3 96

Hydrocarborselectvities (wt%)

w1 95 96 9.7 16.0 121 100 94 109
Wo—4 38.3 36.0 39.7 38.0 38.8 359 36.1 48.0
Ws_10 52.2 545 50.6 46.0 49.1 54.2 545 41.1

Olefinselectvity (wt%)

Wo 2-4 78.8 77.2 795 69.0 65.7 77.7 795 79.2
Wo,5-10 79.2 749 78.2 63.1 629 75.0 78.0 71.6
! P=1.50MPa, T= 523K, F=0.67,®!")/W=0.510"3 Nm® kg s

2 On-lineanalysisn < 9
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a-Olefin Readsorption Product Distribution
Model for the Gas-Solid Fischer-Tropsch
Synthesis

Abstract

Thekineticsof the gas-solidFischefTropschsynthesisover a commercialFe-Cu-K-
SiO;, catalystwasstudiedin a continuousspinningbaslet reactor Experimentaton-
ditionswerevariedasfollows: reactorpressuref 0.8-4.0MPa, H,/CO feedratio of
0.25-4.0,andspacevelocity of 0.5-2.010-3 Nm? kges s~! ataconstantemperature
of 523K. A new productdistribution modelfor linearhydrocarbonss proposedDe-
viationsfrom corventionalAnderson-Schulz-Flordistribution canbe quantitatvely
describedvith ana-Olefin ReadsorptiofProductDistribution Model. Theexperimen-
tally obsenredrelatively highyield of methanetelatively low yield of etheneandboth
the exponentialdecreasef the olefin to parafin ratio and the changeof the chain
growth parametewith chainlengthcanall be predictedrom this nev model. It com-
binesa mechanistianodel of olefin readsorptiorwith kineticsof chaingrowth and
terminationon the samecatalytic sites. The hydrocarborformationis basedon the
surfacecarbidemechanisnby CH, insertion. The olefin readsorptiorrate depends
on chainlengthdueto increasingphysisorptionstrengthon the catalystsurfaceand
increasingsolubility in FT-waxinsidethe catalystporeswith increasingchainlength.
Interfacialconcentrationsf reactive olefinsnearthegas-waxandwax-catalyssurface
areusedin the kinetic model. By optimizingthreeparameterperexperimentalprod-
uct distribution, the olefin readsorptiorproductdistribution modelprovedto predict
productselectvities accuratelyover the entirerangeof experimentalconditions.The
relative deviationsare10.1% and9.1% for theselectvity to parafinsandolefinswith
carbonnumbersmallerthan11, respectiely.
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4.1 Intr oduction

TheFT synthesihasbeenrecognizedisa polymerizatiorreaction1]. Thereactants,
COandH,, adsorbanddissociateatthe surfaceof the catalystandreactto form chain
initiator (CH3), andmethylenenonomer(CH,) andH,O. The mostimportantgrowth
mechanisnfor the hydrocarborformationis the surfacecarbidemechanisnby CH,
insertioninto adsorbedilkyl chains. Terminationcantake placeby dehydrogenation
to an«-olefin or hydrogenatiorto form a parafin [2—4].

The productyield decreasesxponentiallywith increasingchainlength. The so-
called Anderson-Schulz-FlorgyASF) distribution describeghe entire productrange
by asingleparametera, the probability of the additionof a carbonintermediateo a
chain[2, 5]. However, significantdeviationsfrom the ASF distribution arereported
in literature. The usualdeviationsof the distribution of «-olefinsandparafins area
relatively high yield of methang6—9] anda relatively low yield of ethend®6, 7, 10]
in comparisono the ASF distribution. Highersurfacemobility or reactvity of C; and
C, precursorsaandrapid readsorptiorof ethenegive the mostreasonablexplanation
for thedeviationsof the short-chairhnydrocarbonérom the ASF distribution (Chapter
2). Furthermoreanexponentiadecreasef thea-olefinto parafin ratioandchangen
chaingrownth parameteix,,, with increasinghainlengthis obsened. Thesedeviations
are causedoy secondaryeactionsreadsorptiorand hydrogenationpf «-olefins[7,
11-13]. However, secondanhydrogenations stronglyinhibited by CO andH»0 in
comparisorto readsorptiorf12]. Readsorptiorof «-olefinsleadsto chaininitiation
andwill resultin a decreasef the olefin to parafin ratio andincreaseof the chain
growth parametewith chainlength. The olefin readsorptiorrate dependson chain
lengthdueto increasingphysisorptioronthe catalystsurfaceandincreasingsolubility
in FT-waxwith chainlength[7, 13].

Modelsfor the hydrocarborselectvity of productsobtainedon iron catalystsare
usuallybasedon the ASF distribution; the total hydrocarboryield is calculatedwith
a singlechaingrowth factor « [2, 14]. The"break” or increaseof the chaingrowth
factorin the ASF distribution of thetotal hydrocarboryield wasobseredoniron cat-
alysts[15—-20]. Someauthorsdescribedhetotal hydrocarboryield with two different
catalytic siteswith differentchaingrowth probabilities,sincethe total hydrocarbon
distribution could be fitted by additionof two individual ASF distributions[19, 20].
However, suchdoubleer modelscannotexplain the decreasef the olefin to parafin
ratio.

More comprehensie modelstakinginto accounthereadsorptiomf olefinsduring
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theFT synthesidhave beenpublishedmostlyfor non-ironcatalystsonly. Zimmerman
etal. [21] proposeda kinetic modelfor boththeformationof linearolefinsandparaf-
fins andfor the watergasshift reactionover iron catalysts. Their modeltakesinto
accountolefin readsorptioron FT sitesand secondaryhydrogenatiorof olefinson
separatdydrogenatiorsites. Their modelpredictsa decreasef the olefinto parafin
ratio andanincreaseof the chaingrowth factorwith increasingcarbonnumber The
decreas®f the olefin contentis ascribedto high olefin concentrationsn the liquid
phaseHowever, themodelwastestedor oneexperimentonly andshovedsignificant
deviations betweenmodel predictionand experimentalmole fractions, speciallyfor
methaneindethene Themajordifferencedetweerthenen modelproposedereand
the modelof Zimmermanet al. [21] will be discussedelon. The modelof Iglesia
and co-workers, seefor examplelglesiaet al. [12], is basedon diffusion-enhanced
olefinreadsorptiordueto a decreasef diffusion coeficientswith increasingcarbon
number As discussedbelow, it is morelikely that preferentialphysisorptionrandin-
creaseof the solubility with increasingchainlengthresultin a high surfaceconcen-
tration of adsorbedlefins. KomayaandBell [7] measuredhe dynamicandsteady-
stateFischerTropschsynthesiover Ru/TiO, anddeterminedhe pseudaeactionrate
constantof the chaingrowth, termination,andreadsorptiorof olefins. The authors
accountedor the effect of chainlengthdependenteadsorptiorof olefinsdueto in-
creasingphysisorptiorwith increasingcarbonnumberaswell asdepolymerizatiorof
etheneanddehydrogenationf methyl. However, they did not specifyseparatéermi-
nationreactiongor theformationof parafins andolefinsfrom adsorbedlkyl species,
but lumpedtheseterminationreactionsin a singleterminationrate constant. There-
fore, no completedescriptionof the productdistribution couldbe obtainedusingtheir
model. Kuiperset al. [13] modeledexperimentaldataof the olefin to parafin ratio
synthesizedn wax-coatecanduncoateccobaltfoils atlow CO corversionsat atmo-
sphericpressuresand a temperaturef 493 K. Their model predictsan exponential
decreasef theolefinto parafin ratiowith carbonnumberdueto increasegbhysisorp-
tion andsolubility with increasingchainlength. This modelwasextendedby Kuipers
etal. [9] in orderto incorporatehydrogenatiorand crackingon Co/SiG, wafersand
Cofoils. In contrastto Kuiperset al. [13], they concludedthat the deviationsfrom
the ASF distribution on Co foils were completelydue to hydrogenatiorinsteadof
readsorptiorof olefins.

The aim of this chapteris to develop andtesta new productdistribution model,
calleda-Olefin ReadsorptiofProductDistribution Model (ORPDM)basedn there-
sultsof kinetic experimentsatindustrially relevantconditionsover a precipitatedron



120 CHAPTER 4

catalystto explain the deviationsfrom the ASF distribution. The nev modelcom-
binesa mechanistianodel of olefin readsorptiorwith kineticsof chaingrowth and
terminationon the samecatalyticsites. In this chapterthe emphasiss placedon the
selectvity to linearolefinsandparafins.

4.2 «-Olefin Readsoption Product Distrib ution Model

COG CH4 CZH4 CZHG C3H6 CSHS CnHZn CnH2n+2

A
I Ikt ka Ik kﬁk Ik ke Ko ki
v
k. k k k

> LN P P p
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Figure4.1 Reactiometwork «-OlefinReadsorptiofProductDistribution Model. Themodel
reduceso ASF modelwhenk, andkg = 0.

The «-Olefin ReadsorptiorProductDistribution Model (ORPDM) accountsfor
secondaryeadsorptiomf «¢-olefinson FT growth sitesontheprecipitatedron catalyst
(seeFigure4.1). Here, COg and COs denotethe gasphaseandthe adsorbedCO,
respectiely. Cy s refersto adsorbednonomericbuilding units (CHzs), andCy s is
anadsorbedalkyl specieswith carbonnumbermn. Cornversionof CO to Cy s follows
a sequencef elementaryreactionsteps,but is showvn as a single step. Table4.1
shavsthereactiondor thechaingronth andterminationof alkyl chains.Chaingrowth
initiates by hydrogenatiorof Cy s to CHs s, while chainpropagatiorproceedsvia
insertionof Cy s into adsorbedalkyl chains. Chainterminationby dehydrogenation
of adsorbedlkyl chainsgivesolefins,whereagparafins areformedby hydrogenation
of alkyl specieg7, 22]. Basedon thereactionnetwork shovn in Figure4.1,«-olefins
mayreadsorkopn growth sitesandcontinueto grow via propagatiorwith monomersor
terminateashydrocarborproduct[7, 11].

Steadystatemasshalancegor C, andalkyl speciesith carbonnumbern, canbe
derivedto accounffor readsorption:

prM 01 = (ktz,oev + ktz,peH + prM )92 - sz*CC2H4 (4-1)

KpOmbn—1 = (ki, 00y + ke, pOH + KpbOm)On — KrCcHan (4.2)
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Table4.1 Proposednechanisnof the chaingrowth andterminationreactiong3, 11].
Elementaryreactions Reactiorrates

1 Hy+2s 2 2Hs
21 CO+2H, +s— CHys+H,0

3 CHys+Hs— CHss+s

4  CHgs+Hs— CHs+2s ki pO10H

5 CHss+ CHys— CyHss+ s Kp616m

6 CoHss+s 2 CoHs+Hs+s k? 5626, — k&Cc,H,0H 6,
7 CyHss+Hs— CyHg + 2s kZ pOH 62

8 CoHss+CH,s— CsHis+s KpB26m

9 ChpHonpis+s 2 ChHon+Hs+s ki 06h8, — KrRCcpHonOH O

10 CyHzpi1S+ Hs— CyHonio +2s kt’anQH

11 CyHang18+ CHxs — CrygHoniz +s Kpbnbu
etc.

! Overallreactionfor methylendormation.

wherefy isthesurfacecoverageof adsorbedhydrogerando, is thefractionof vacant
catalyticsites,andky = kr6,64 is apseuddinetic constanfor thereadsorptiomath.

Sincethe readsorptiorreactionpath of olefinsis built up from several consecutie

elementansurfacereactionst is simplified asa singlekinetic reactionrate constant
(kg). The actualconcentratiorof the olefin on the catalystsurface,Cc,1,,, canbe

relatedto thereactionrate:

Rtz = K, 00560 — KrCeyhy, (4.3)

It is assumedhatthe olefinsleave thereactorin the gasphase.The sameassumption
wasmadeby Iglesiaetal. [11] andKuipersetal. [13]. Liguid productsarepredomi-

nantly parafins, which areunreactve underFischerTropschconditions. The steady-
statemassbalancédor «-olefinsin anideally mixedcontinuougeactoris

@, rPc,Ho,

WRT (*4)

ch Hon =

wherePc,1,,/RT is thegasphaseconcentratiorof olefinsin the reactorwith carbon
numbem, @, r is thevolumetricflow rateof the gasphaseat reactorconditions,and
W is theweightof theunreduceagupportecatalyst.
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Figure4.2 Olefin concentratiorprofile neara FischerTropschcatalyst.

Theinterfacial effectsof reactve olefinsat the gas-vax andwax-catalyssurface
shouldbetakeninto accountFigure4.2 givesa schematicepresentationf theolefin
concentratiomprofile in awax-filled catalystpore. The concentratiorin thewax phase
(at0 < x < d) canberelatedto thevaporphaseconcentratiooy Henry’slaw. Several
authorsstatedthata greatersolubility of largerhydrocarbonsesultsin anincreaseof
readsorptiomatesfor largerolefins[13, 23, 24]. Vaporliquid equilibria[25-28] shov
thatthe solubility of hydrocarbonincreasegxponentiallywith the chainlength.

Dataontheadsorptiorof hydrocarbonsn solidsshav thattheenthalyy of adsorp-
tion increasedinearly with carbonnumber[29-31]. Adsorptionequilibriaconstants
increaseexponentiallywith chainlength[7, 30, 32, 33]. This increaseresultsfrom
an increaseof the contactareabetweenhydrocarbonsand catalytic surface, which
enhance/an der Waalsattractionforcesresponsibldor physisorptioreffects. Since
physisorptioris the precursoistepto chemisorptionthis increases essentiafor read-
sorptionof olefins.In multi-componenmixtures(FischerTropschproductspectrum)
theseeffectsresultin a physisorbedayerwith mainly long-chainhydrocarbonsyhile
shorterchainsarefurtheraway from the surface.

Iglesiaand co-workers studiedthe influenceof chain-lengthdependendiffusion
coeficientson secondaryeactiong11, 12, 34-37]. They reportedanempiricalequa-
tiondescribingastronginfluenceof chainlengthondiffusivity for olefinsandparafins
D, o« %3, which wasnot verified by experimentaldata. This carbonnumberde-
pendeng is a factor of threehigherthanexperimentallydeterminedoy Erkey et al.
[38]. Furthermorethe Wilke-Changcorrelation[39] predictsa chainlengthdepen-
denceproportionalto n=%°. Therefore ncreaseof readsorptiorratesof olefinswith
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chain length can hardly be dueto diffusion effectsonly. More likely, preferential
physisorptiorandincreaseof the solubility with chainlengthresultin a high surface

concentratiorof adsorbealefins. Thereforewe assumehe olefin gasphasepressure
to relateto the concentratiorat the catalystsurfaceas:

CCn Haon

— A xet" 4.5
PCnHZn/RT . ( )

wherec is a constantdependingon the exponentialincreaseof the physisorptiorand
solubility with chainlength.
Rearrangin@ndsolvingeqs4.1- 4.5yields:

b2 _ KpOm _ P — (4.6)
O kZobs/ (1+KE) +K2pbh + ke 3/ (1+KkE) +t3+p
andforn > 2:
= = = an
-1 kt,oev/ (1 + kReC m+ kt,pQH + kp@M to/ (l + kReC n + 1+ p
4.7)

wherekr = K§WP/(®, oPo) (P=reactompressur@nd®, o= flow rateatnormalcon-
ditions), p = kpbm/k.pbH, t3 = kZp/ ki, p, andt3 = t3to, andto = ki, 06,/ki,poH.
Thesemodelparameterare pseuddkinetic rate constantsincorporatingtrue kinetic
rateconstantssurfaceconcentrationandprocessonditions.The surfacefractionsof
alkyl chainswith carbonnumbem canbe determinedy successie calculationof the
chaingrowth parametewith increasingcarbonnumber:

9 n
Q_:_Z,l:!ai = 0203 ---0pn (48)

Theformationrateof parafinswith n > 2 (seeTable4.1)is equalto:

RcoHonio = K, POHOn (4.9)

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

n
MGy Han = 01 [ [ (4.10)
i=2
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Similarly, solvingeqgs4.3 and4.4 givesthe following reactionratesandmolar selec-
tivitiesfor olefins:
kt,09v9n

_ 4.11

Re,Hon 1+ ket " ( )
to L

met, = ———6 : 4.12

Cobn = 7 ke n 15“' (4.12)

Theselectvity to product is calculatedrom the experimentaimolefractionsrelative
to all productg(n) considered:

m = (4.13)

n

>y
=1

Themolarselectvities of the C; andC, productsarecalculatedifferently:

Mch, = tp61 (4.14)

Me,ke = t562 = thaty (4.15)
3

m =—— 0 4.16

CoHg 1+ kZR 2 ( )

with t5 = k! p/ ke p. Theoptimizationconstrainfor the selectitiesis:
n
dm=1 (4.17)
i

This modelreducedo the ASF distribution modelwhenolefinscannot adsorb,
i.e. kr = 0. Thereforegeqs4.7-4.12canalsobe usedfor the ASF distribution with
substitutionof kg = 0.

= = =« 4.18
On-1  Keoby +kepOH + Ko to+14p ( )

Theproductselectvities areequalto:

1
Mc. H,, = to L ’ = toO(n_l (4.19)
n Fi2n p+ 1+ tO
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andfor parafins:

p n—1
e = _ gl 4.20
CoHani2 (p—|—1+to) a (4.20)

It caneasilybeseenfrom eq4.19and4.20thatthe predictedolefin to parafin ratiois
equalto to andindependentf chainlength.

The a-olefin readsorptiorproductdistribution model (ORPDM) accountdor the
chain-lengthdependenteadsorptiorof olefinson FT sites. The readsorptiorstep
dependson carbonnumber resultingin a netdecreasef the terminationto olefins.
an increasesvith increasingchainlengthuntil no olefinsareformed. At high carbon
numbersthe chaingrowth parametera,, approaches maximumconstantvalue of
oo = P/ (14 p) (seeeq4.7). Theincreasedeadsorptiorf long-chainolefinsresults
in adecreasin@lefin/parafin ratio with chainlength.

4.3 Experimental

FischerTropschexperimentsverecarriedout with a gas-continuouSpinningBaslet
Reactor(SBR). Details aboutthe experimentalset-up,the catalyst,andthe analysis
sectionsaredescribedn Chapter3. The catalystappliedwasa commercialprecipi-
tatediron catalyst(type LP 33/81)synthesizedy RuhrchemieAG. The basletswere
loadedwith 2.349 of unreducedatalystparticleswith 0.125< dp < 0.160mm. The
catalystwas pretreatedvith hydrogenwith a flow rate of 0.831073 Nm? kggs st
accordingto Bukur et al. [40]. Thegasspacevelocity wasbasedon the total massof
theunreducedtatalyst. ThereactortemperatureT, wasincreasedinearly from 293
K to 553K by 0.017K s1. T remainedat 553K for 24 hoursat atmospherigres-
sure. After reduction,synthesiggaswasfed to the reactorat referenceconditionsof
523K, 1.50MPa, F= 2 andaspacevelocity of 1.5110~3 Nm?3 kge: s~1. Long-chain
productshavefilled thecatalystporeswith aliquid phaseduringtheinitial stageof the
FT experiments.

Liquid productswere accumulatedn both high-pressurend low-pressurecon-
densergor atypical periodof 6-8 hoursduring steadystateof thereactorsystem.The
productswere collectedand weighedbeforeanalysis. Several on-line GC analyses
wereperformedduringthis period. After changingthe processonditionsthe reactor
operatedabout24 hoursundisturbedeforea new massbhalanceperiod wasstarted.
Deviationsof themassandelementalancesemainedoelown 5 %.

Reportedlyinternaldiffusionis insignificantfor dp < 0.16mm [41, 42]. Check-
ing the criteriaof WeiszandPrate{43] for thereactant€€O andH, confirmedthatno
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intra-particlediffusionlimitations could have occurredat eventhe highestcorversion
ratesobsened,andundertheconserative assumptiotthatthe catalystporesarefilled
with long-chain(C,g) hydrocarborwaxes.

The experimentalconditionswerevariedasfollows: P=0.8- 4.0MPa, F= 0.25
- 4.0,and ®}'o/W= 0.5- 2.010 * Nm® kge; s * at a constantemperaturef 523
K. Thestandardieviation of theexperimentakelectvities wasdeterminedor various
productsby repeatinghe analysisof the experimentaimolefractions:

%= Z (m —m?/(n—1) <410°*m (4.21)

Thereferencexperimentwasrepeated timesto determingpossibledeactvationef-
fectsontheactity andselectvity of thecatalyst.A summaryof relevantexperimental
datais givenin AppendixA.

4.4 Resultsand Discussion

24 kinetic experimentsverecarriedoutin the SBRwith the Ruhrchemieorecipitated
iron catalystat 523K (seeAppendixA). Four experimentsvereexcludedfor product
distribution modelingdueto analyticalproblemsof the on-line analysisof hydrocar
bons. Mono-methylparafins and g-olefins were belav the detectionlimit in this
rangeandwerenottakeninto accountPotassiunpromotersn iron catalystsuppress
isomerizatiorreactionof a-olefins[20].

Figure4.3showvsvarioustypicaldistributionsof thehydrocarbormproducts Gener
ally, we obseneda decreasef the«-olefin/parafin ratio with increasingcarbonnum-
beranda curved line for the distribution of parafins aloneandparafins andolefins
combined.

4.4.1 ReactantComposition Effects

Figure 4.4ashaws the effect of the (H,/CO) ratio at the reactoroutlet on the hy-
drocarbonselectvity. The productdistribution of the on-line analysisis lumpedin
threegroupsof hydrocarbonsmethangw,), C»>-C4 (w2_4) (light gases)andCs-Cyg
(ws_10) (gasoline)andexpressedn masspercentagesf the on-line analyzedhydro-
carbons.In anideally mixedreactor the compositionat the reactoroutletequalsthe
reactorcomposition.Thefeedratiodiffersfrom theexit ratio, dueto thestoichiometry
of the FT reactionsandthe watergasshift reaction[14, 44]. The productdistribution
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Figure 4.3 Productdistribution for variousexperimentof AppendixA
Experimentatonditions:

a.Low Ha/COfeedratio, P= 1.2MPa, F=0.5,®!,/W=1.010-3Nm* kg~! s~ (RunA2).
b. High Ho/COfeedratio, P= 3.2MPa, F=1, <1>ivfj0/W: 1.0103 Nm3kg~ts~! (RunA8).
c. Low spacevelocity, P= 2.4MPa, F= 2, ®!\,/W=0.510"3 Nm?® kg~* s7! (RunA10).
d: High spacevelocity, P= 2.4MPa, F=2, ®!".,/W=2.010"3 Nm® kg~ s~* (RunA11).
LinesaremodelORPDMpredictions.Symbolsareexperimentakelectvities.
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shiftsto lower molecularweight productswith anincreaseof the H,/CO ratio. Don-
nelly and Satterfield[20] andBukur et al. [45] have reportedthe sameeffect for the
samecommerciaprecipitatedron catalyst.

Figure4.4bshavsthatin agreementvith DonnellyandSatterfield20] the olefin
contentfor the light gasesdecreasesharplyfrom 85 to 45 wt% asthe H,/CO exit
ratio increasesrom 0.5to 4.5. Low hydrogenconcentrationin the feedandin the
reactoresultin low hydrogersurfaceconcentrationandterminatiorto olefinsinstead
of saturatedparafins. The pressure®f both synthesisyascomponentsvere varied
independenthpetweerD.1and1.3 MPa. The measuredatio of the mole fractionsof
olefinto parafin (O/P)asfunctionof carbomumberfor severalH,/COratiosis shavn
in Figure4.5. The O/P ratio shavs a minimum at carbonnumber2, a maximumfor
the propeneto propaneratio anddecreasesxponentially Figure4.5 shavs thatthe
ratio of 1-buteneto butanedecreasefrom about5 to 1 with increasingH,/CO ratios
from 0.5to 4.5. Similar resultswerereportedby Donnelly and Satterfield[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
increasewith increasedspacevelocity at a Ho/CO feedratio of 2. The sametrend
was obsened by Dictor and Bell [17] on Fe:O3 powders,Bukur et al. [45] on the
commerciaRuhrchemiecatalystandKuipersetal. [13] on uncoatecandwax-coated
Cofoils. DonnellyandSatterfield20] found no dependencef the spacevelocity on
the 1-buteneto butaneratio in their experiments. Iglesiaand co-workers measured
the effect of spacevelocity on the selectvity to olefinsand parafins extensively on
Ru-catalyst§36] andCo-catalyst§11]. They obseredthe olefin selectvities to in-
creasewith increasingspacevelocity, whereasselectvity to parafins remainedcon-
stantfor C, to C4 anddecreasedor larger parafins. Figure4.7 shows the effect of
spacevelocity ontheselectvities of C1, C,, andC,4 products.The methaneselectvity
decreasewith increasingspacevelocity. In agreementith the studieson Co- and
Ru- catalystsplefin selectvities increasewith increasingspacevelocity, while paraf-
fin selectvities decreaseThe etheneselectvity increasesharpethanthe selectvity
to ethanedecreases Selectvities of C4 productsshav similar behaior. Thus,the
decreasingparafin selectvity cannotresultfrom secondanhydrogenatiorof olefins
alone.Thehydrocarborfractionof Cyo, consistanerelyof parafins, thereforeparaf-
fins are formedin primary chainterminationreactions. The obsenred selectvities
resultfrom olefin readsorptioncausinga decreasef the O/Pratio andincreaseof the
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Figure4.4 Effectof Ho/COexit ratio(E) onhydrocarborselectvity (a)andolefinselectvity
(b) (T=523K). Experimentabata,seeAppendixA.
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Figure 4.5 Effectof the reactorH,/CO ratio on molarolefin/parafin ratio asa function of
carbonnumber Lines are model predictionswith model ORPDM (T=523, @'v’jO/W: 1.0
103 Nm? kg 1s1 Run:A2, A3, A4).



130 CHAPTER 4

chaingrowth probability[11, 13, 36]. Theincreasingparafin selectvity with decreas-
ing spacevelocity resultsfrom an increasedsurfaceconcentratiorof (smaller)alkyl
chainsdueto readsorptiorof olefins.

4.4.3 Product Distrib ution Models

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

The ASF model was optimized with two model parameterqp and to, see
eqs4.18- 4.20), within eachexperiment. The numberof parametersn model OR-
PDM wasequalto 7: p, to, kg, C, t3, t3, andk3 (seeeqs4.7-4.16). Simultaneous
optimizationof theseparametersvithin eachexperimentshaved four parameterso
beindependendf theexperimentatonditions.Theaveragevaluesof theseparameters
areshavnin Table4.2. Thevalueof the exponentialcoeficient ¢ of 0.29corresponds
to thevalueof 0.30reportedby Iglesiaet al. [34] for the dependencef diffusionco-
efficients and the exponentialdecreasef the molar O/P ratio with 0.55n at 493 K
[13].

Introductionof thesemeanmodelparameterat523K for boththeincreasedead-
sorptionof ethenerelative to otherolefinsandfor theterminationto C, andC, prod-
uctsandthe exponentialincreaseof the readsorptiorratereduceghe numberof pa-
rametergo be optimizedfrom 7 to 3 within eachexperiment. At high readsorption
rates for example Jow spacevelocity, (kre® " > 1) to becomestronglycorrelatedo
kr andcannotbedeterminedseparatelyfseeeq4.12):

to/(1+ kre® ™ (4.22)

In experimentswith stronglycorrelatedparametergto andkg) theratio of to/ kg is

Table 4.2 Optimizedmodelparameterfor ORPDM
at523K thatareindependenof @, o, P, H/COratio.

modelparameter value

t3 6.624+ 1.92
t2 1.59+0.29
k2 (12.58+ 3.55)kre? €

o 0.29+ 0.07
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Figure4.6 Spacevelocity effectsonmolarolefin/parafin ratio asafunctionof carbonnum-
ber. Linesaremodelpredictionswith model ORPDM(T= 523K, F= 2, P=2.4MPa, Run:
Al10,A4, A12,A11).

1-Butene
10 - R . - -
8| 7 2

Ethane
v

W, 61 . *
! L Butane
wt%) ° s

0.0 0.5 1.0 1.5 2.0
" /W (10°Nm’kg”'s™)

Figure 4.7 Spacevelocity effectson Cq, Cp, andCy selectvity. Experimentakonditions,
seeFigure4.6.
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Table 4.3 Optimizedmodelparameter© RPDM.
Run p to Kr n Seel
Al 1164 6.28 0.364 19 9.5
A2 2140 9.11 0.156 19 114
A3 1255 9.46 0.632 19 6.4
A4 6.97 6.47" — 18 18.6
A6 9.27 7.87 0.500 19 9.4
A8 1313 7.94 0.457 19 105
A9 2024 7.33 0.123 15 7.5
Al10 6.69 4.2 — 20 10.8
All 9.42 7.73 0.600 18 103
Al2 6.73 6.91 0.701 19 141
Al3 7.09 8.20 0.470 19 16.8
Al4 8.41 5.74 0.252 20 10.7
Al5 601 653 - 19 101
Al6 1019 1399 0.572 18 137
Al7 2123 7.69 0.107 19 10.2
Al8 1946 5.50 0.076 19 14.2
Al9 7.18 9.18 0.779 20 7.1
A21 5.00 6.87 1253 19 111
A23 1292 6.85 0.245 15 7.5
A24 8.29 5.68 0.397 17 91

Lto/kr

modeled. The optimizedmodel parametewaluesfor eachexperimentare given in
Table4.3.

Tabled.4shavstheaccuraciesf theoptimizedmodelsexpresseavith therelative
standarddeviation s¢f andthe M ARR functionfor the parafins andolefins,respec-
tively, bothfor the completesetof experimentahvaluesat 523 K. Thetotal numberof
selectvities n aswell asthetotal numberof optimizedparametersn arealsoincluded
in thistable.

The ASFmodelobseneslargedeviationsbetweermodelandexperiment.Theac-
curag of the ASF-modelis improved,if hydrocarbonsvith n= 1-2 areexcludedfrom
thatmodel. Figure4.8ashaws a typical productdistribution for the on-line hydrocar
bonproductswith the predictedmodelvalueswith modelASF. Therelative residuals
of the modelappearto be a strongfunction of the carbonnumberand producttype
(seeFigure 4.9a). 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, " \/W=1.5010"3 Nm? kg~* s71). Linesaremodelpredictions.Sym-
bols are experimentalselectvities. a) Model ASF; b) Model ORPDM (p=7.18,t0=9.18,
kR:0.779).
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Table 4.4 Accuraciesof the ProductDistribution Models.

Model MARR % Sel% n m
parafins olefins
ASF 49.9 425 70.1 370 40
ORPDM 101 9.1 13.3 370 57
0.001 0.01 0.1 1
200 \\\\H‘ T \\\\\H‘ \\\\H‘ \\\\\H‘
a.
100 i =
RR (%)
-100
-200
) \\\\\H‘ ) - \\\\\H‘
40
20
RR (%) o0
-20
-40
| | | |
0.001 0.01 0.1 1
m;®® (-)

Figure 4.9 Relative residualsversusexperimentalselectvities. (e: parafins, d0: methane,
A: olefins,y: ethenen) Model ASF b) Model ORPDM.
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Figure4.10 Meanrelative residualssersuscarbonnumber a) Model ASF; b) Model
ORPDM.

carbonnumberareplottedin Figure4.10a. The ASF modelappeargo give a strong
deviation for the selectvity to methaneandethene.Furthermorea significanttrend
in the meandeviationsof parafins asfunctionof carbonnumberwasobsenred (Fig-
ure 4.10a). Also, the curved parafin distribution cannotbe describedwith the ASF
model.

The Olefin ReadsorptionProduct Distribution Model, ORPDM, describesn-
dependenteadsorptiorof olefins,resultingin a curved distribution of parafins and
a decreasind)/P ratio with carbonnumber Examplesof productdistributionswith
thepredictednodelvaluesfrom modelORPDMareshavn in Figure4.3a-dand4.8h
The modeledproductdistribution shavs a good predictionof the experimentalse-
lectivities. The deviationsfor C; andC, products,aswell asthe increasingparafin
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Figure4.11 Productdistribution. Symbolsareexperimentakelectvities of on-lineandoff-
line products Linesaremodelpredictionsof modelORPDM(RunAl: T= 523K, P=1.50
MPa, F=2, ®)",/W=1.5010"3Nmikg~ts™).

contentof the productsaredescribedaccurately The predictedO/P ratiosfor several
experimentsareplottedin Figure4.5and4.6. The O/Pratio follows the experimental
valuesaccuratelywith the exceptionof n= 3. Themodelunderestimatethe O/Pratio
slightly atthis carbonnumber

Figure4.9bshaws thatthe relative residualsbetweermodel ORPDM and exper
imentarealmostalwayswithin 25 %, while the meanRR shaws no significanttrend
with carbonnumber(seeFigure4.10b). The obseneddeviationsfrom the ASF model
are accuratelydescribedoy our model, resultingin a lower relative variance(se=
13.3%) relative to the ASF model(s ;= 70.1%) . Theaccurayg of the nev modelis
demonstrateh Figure4.11.Here,the hydrocarbordistribution obtainedfrom taking
boththe on-lineandoff-line productsnto accountjs comparedvith modelORPDM.
This figure shaws that the optimal valuesof the model parametersre not affected
whentakingthe off-line productcompositioninto account.

Themodelparametersf modelORPDMarepseuddinetic rateconstantsincor
poratingtruekinetic rateconstantssurfaceconcentrationsf intermediateshydrogen
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Table 4.5 Effectof processariableson modelparameters.
Parameter Powerlaw

1.4 88.49
k 3.321074-12 2
R cbv,O/W
—0.
to 6.1686P>°
P 13.8P; P2}

Pressured MPa, @, o/W in Nm3 kg1 s71

andvacantsites.Thereforethe modelparametersary with the adjustedprocesvari-
ables,Pco, Ph,, andspacevelocity. The effect of processvariableson the model
parameterss shaovn in Table4.5. Themodelparametersp andkg werefitted to the
experimentalconditionswith appropriateempiricalequations. If it is assumedhat
thehydrogeradsorptioris dissociatve [3]:

Hy+2s 2 2Hs (Kp,) (4.23)

therelative olefinterminationprobability, to, canbeexpresseds:

kot ko
kil ke p KPS

to o Po° (4.24)
Theratio of theterminationratesto olefinsandparafins (to) decreasewith increas-
ing H, pressurewhereagheratio of the chaingrowth rateto the parafin termination
rate (p) increaseswith CO pressureand decreasesvith H, pressure. Theseobser
vationscorresponadvith the experimentalresultsdiscussedibore. The readsorption
parameterkg, increasewith increasingH, pressureand decreasewith increasing
CO pressurandspacevelocity. CO inhibits readsorptiomrates,while a high H,/CO
ratiois favorablefor readsorptiorof olefins. Theaccurag of the equationgresented
in Table4.5is illustratedin Figure4.12.

Figure 4.13 shaws the effect of carbonnumberon the chain growth parameter
(an) calculatedwith eq4.6 and4.7 accordingto model ORPDM with the optimized
parametergérom the experimentsin Figure4.5. The chaingrowth parameteray, is
high atn = 2 dueto rapid readsorptiorof ethene(k3) andincreasederminationto
C, products(t3), minimal for Cz andincreasego the asymptoticalvalue of o, =
p/(1+ p). Someauthorsstatedthatthis behaior resultsfrom two differentcatalytic
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Figure4.12 Parity graphof experimentalTable4.3)andmodeledparametergTable4.5) of
modelORPDM.

siteswith differentchaingrowth probabilities sincethetotal hydrocarbordistribution
couldbefitted by additionof two individual ASF distributions[16, 18, 19]. However
sucha doublee model cannotexplain the following experimentalresultsobsered
bothby usandby, for example,DonnellyandSatterfield20]: 1) Decreasef the O/P
ratio with increasingcarbonnumber 2) Decreasef the O/P ratio with decreasing
spacevelocity. 3) Decreas®f the O/P ratioandmeancarbonnumberwith increasing
H,/COratios.

Comparisorbetweerthe modelproposedy Zimmermaretal. [21] andORPDM
shaws the following majordifferences:1) The modelof Zimmermanetal. [21] does
notaccounfor theincreasef thephysisorptiorstrengthwith carbonnumber Several
studiesshavedthatevenin gas-solidreactorswithout solubility effects,strongchain
lengthdependenciesccur[7, 13]; 2) Thestrongdeviationsof C; andC, productsel-
ativeto theotherhydrocarbongaredescribediccuratelywith ourmodelin comparison
to themodelof Zimmermanetal. [21]; 3) Our modeldescribeshe completeproduct
distribution accuratelywithout the assumptiorof secondanhydrogenatioron sepa-
rate hydrogenatiorsites;4) ORPDM is testedfor a large numberof experimentsat
industriallyrelevantprocesconditions whereaghe modelof Zimmermaretal. [21]
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Figure4.13 Chaingrowth parameteasfunctionof carbonnumber Linesaremodelpredic-
tionsof model ORPDMfor experimentanentionedn Figure4.5.
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Figure4.14 Selectvity for Fe-Cu-K(T=489K, P=1.62MPa, H,/CO=2),datafrom Madon

et al. [35]. Linesaremodelpredictionsof model ORPDM (p = 9.15,to0 = 4.12, kg =
0.66,c = 0.19, t} = 4.78,t3 = 1.31 k% = 1.69%°°).
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hasbeentestedor oneexperimentonly.

To checkmodel ORPDM further, we appliedit to interpretselectvity datagiven
by Madon et al. [35] for a Fe-Cu-K precipitatedcatalystin a fixed bed plug flow
reactor The selectvity datafor parafins andolefinswith the optimizedvalueswith
modelORPDM aregivenin Figure4.14. Our readsorptiormodelprovesto describe
the obsenedproductdistribution accurately The optimalexponentiafactot, ¢, of the
readsorptiortermin eq 4.7 on Fe of 0.19at T= 489K is lower thanthe optimized
factorin the currentstudy(c= 0.29at T= 523K). The asymptoticavalueof « on Fe
appearso be a,,=0.901.

ORPDM accountdfor secondaryreadsorptiorof «-olefinson iron catalysts. In
contrasto iron, cobaltcatalystcaneasilyhydrogenatelefinsin asecondaryeaction
[9, 13]. In generaltheextentof secondaryeactionsncrease theorder:Fe,Ru,Co
[35, 36]. Becauseof therelatively low tendeng of Feto catalyzesecondanhydro-
genation high olefin yields canbe obtainedwith alkali promotediron catalysts.The
presentnodelis applicable€for catalystawith no catalyticactivity for secondarjydro-
genation.However, the modelcaneasilybe extendedto reactionnetworksincluding
secondanhydrogenation.

4.5 Conclusions

A new productdistribution model, which accountdor n-dependenblefin readsorp-
tion, provesto be ableto describeaccuratelythe deviationsin the obsened product
distributions, obtainedon a precipitatedron catalystsn a gas-solidspinningbaslet
reactor in both olefins and parafins from ASF distributions: i.e., a relatively high
yield of methanea relatively low yield of etheneandan exponentialdecreas®f the
olefinto parafin ratioandchangeof the chaingrowth parametewith chainlength.

For eachexperimentalproductdistribution threeparametergp, to, andkg) were
optimizedcontainingkinetic parameterand surfaceconcentrationsf intermediates
andvacantsites,whereasfour modelparametergc, t3, t3, andk2) wereoptimized
for the entiresetof experiments.The effectsof the processonditionson the product
selectvity andmodelparametersvereinvestigated. The modelparametersould be
describedsuccessfullyith equationgiependingnly onthe experimentakonditions.

The superioraccurag of the nev modelin predictingexperimentallyobsered
productdistributionsis obtainedfrom addingone extra parameteonly (kg) in com-
parisonto the Anderson-Schulz-Florynodel, without assumingof multiple catalytic
chaingrowth sites.
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5

Intrinsic Kinetics of the Gas-Solid
Fischer-Tropsch and Water Gas Shift

Reactions

Abstract

Thekineticsof the gas-solidFischefTropschsynthesisover a commercialFe-Cu-K-
SiO;, catalystwasstudiedin a continuousspinningbaslet reactor Experimentaton-
ditionswerevariedasfollows: reactorpressuref 0.8-4.0MPa, H,/CO feedratio of
0.25-4.0andspacevelocityof 0.5-2.010~3 Nm® kg, s~* ataconstantemperaturef
523K. A numberof rateequationsverederivedonthebasisof a detailedsetof possi-
ble reactionmechanismsriginatingfrom the carbidemechanisnior the hydrocarbon
formationandtheformatemechanisnfior thewatergasshift reactionrespectiely. 14
modelsfor the FischerTropschreactionrateand2 watergasshift reactionratemodels
werefitted to theexperimentareactionrates.Bartlett's testwasusedto reducethe set
of FischefTropschrateequationgo 3 models which werestatisticallyindistinguish-
able. It couldbe concludedthatthe reactionrate of the FischerTropschsynthesids
controlledby the formation of the monomerspeciegmethylene)by hydrogenation
of molecularlyadsorbedCO, whereashe carbondioxide formationrate (watergas
shift) is determinedy the formationof a formateintermediatespeciegrom adsorbed
CO anddissociatedhydrogen.Simulationsusingthe optimal kinetic modelsderived
shaved good agreemenboth with experimentaldataandwith somekinetic models
from literature.
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5.1 Intr oduction

The FischefTropschsynthesisanbe simplified asa combinationof the FT reaction
andthewatergasshift (\WGS)reaction.Wateris aprimary productof the FT reaction,
and CO, canonly be producedby the WGS reaction(Rwes = Rco,). The water
gasshift reactionis a reversibleparallel-consecute reactionwith respecto CO (see
Figure5.1).

Co,
+

CO + H, —Z— H,0 + -(CH,)-

l RWGS

CO + H,0

Figure5.1 Schemeof thereactionof carbonmonoxideandhydrogen.

Themajorproblemin describing-ischefTropschreactiorkineticsis thecomple-
ity of its reactionmechanisnandthelarge numberof speciesnvolved. Literatureon
the kinetics of the FischefTropschsynthesiscanbe divided into two classes.Most
studiesaim at catalysimprovementandpostulateempiricalpowerlaw kineticsfor the
carbonmonoxiderates[1, 2]:

—Rco =k P3, P& (5.1)
andcarbondioxide formationor watergasshift reaction[3, 4]:
Reo, =k PS,0 Po (5.2)

Relatvely few studiesaim at understandinghe reactionmechanismsSomeauthors
derived LangmuirHinshelvood- Hougen-Vatson(LHHW) rate expressiondor the
reactantonsumptior]5, 6]. In mostcaseghe ratedeterminingstepwasassumedo
betheformationof the building block or monomermethylend7-14]. Simultaneous
modelingof theWGSandFT reactionniron catalystsvith WGSactvity hashardly
beenreported. Zimmermanand Bukur [9] and Shenet al. [15] fitted kinetic expres-
sionsto their data,but their rateexpressiongor the WGSwerelargely empirical.

Our objective is to develop intrinsic rate expressiongor the CO corversionto
FischerTropschproductsandfor the watergasshift (WGS) reactionover a precip-



INTRINSIC KINETICS OF THE GAS-SOLID FT AND WGS REACTIONS 147

itatediron catalyston the basisof realistic mechanisms.It also appearedhat sev-

eral existing literature modelscan be derived from the samelimited setof mecha-
nisms[7-14]. A reactormodelwill be usedto predictthe reactionratesand con-
versionsasa function of experimentalkonditions. Comparisorbetweerthe new rate
expressionsand available literaturemodelsis includedaswell. The kinetics of the
gas-solidFischerTropschsynthesisover a commercialFe-Cu-K-SiQ catalystwere
studiedin a continuousspinningbaslet reactor(CSTR)at industrially relevant con-
ditions. Productdistributionsat the samereactionconditionsarereportedin Chapter
4.

5.2 Theory

5.2.1 Active Siteson Precipitated Ir on Catalysts

The compositionof iron-basedcatalystschangesduring FischerTropschsynthesis.
Zhangand Schradef16] concludedthat two active sitesoperatesimultaneouslyon
the surfaceof iron catalysts: Fe’/Fe-carbidesand magnetite(Fe;04). The carbide
phasés active towardsdissociatiorof CO andformationof hydrocarbonswhile the
oxide phaseadsorbsCO associatiely andproducegpredominantliyoxygenategrod-
ucts. Lox et al. [17] and Shrof et al. [18] concludedthat the magnetitephasehas
negligible catalyticactivity towardsFT reactionsvhereasarbideformationresultsin
ahigh FT actity.

Several authorsproposedhat magnetite(Fe;04) is the mostactive phasefor the
WGS reaction[4, 5, 16, 19, 20] on iron catalysts. Raoet al. [19] studiedthe iron
phaseof Fe/Cu/K/SiQ catalystdrom the demonstratiomunit at LaPorte, Texas (Au-
gust,1992)with Mossbauespectroscop Thechange®f the magnetitephasecorre-
spondedvith theWGSreactionactivity duringtime-on-streamLox etal. [17] shoved
thatFe;O,4 coexistswith variousiron carbideson the catalystduring synthesigjasre-
actions. It is generallyacceptedhatthe WGS andFT reactionsproceedon different
active siteson precipitatedron catalystd5, 19].

5.2.2 HydrocarbonFormation

5.2.2.1 Elementary Reactions

The mechanisnof the hydrocarborformationduringthe FTS hasbeenreviewedand
discussedy severalauthorg[1, 21-24]. Recentreviews weregiven by Hindermann
etal.[25], Dry [26], Dry [27], andAdesing 28] andin Chapter2. Themostimportant
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growth mechanisnfor thehydrocarborformationis thesurfacecarbidemechanisnby
CH; insertion[1, 6, 29, 30]. The presenc®f adsorbednethylenenasbeenidentified
with isotopic-tracetechnique®n Fe/AlLO3 [31].

The formation of the methylenespecieswill be discussedn more detail. Hy-
drogenreactsvia eitherthe dissociatve adsorbedtateor in the molecularstate[32].
Dissociative adsorptiorof hydrogerproceed®n two freeactive sites:

Ha +2s1 2 2Hs; (5.3)

s, denotesa catalyticsite wherehydrocarbonganbe formed. Carbonmonoxidead-
sorbsassociatiely on anactive site[32]:

CO+s 2 COs (5.4)
AdsorbedCO canbedissociatedn asecondstep:

COs; +5 2 Cs + Osy (5.5)
Surfacecarbonreactswith adsorbedlissociatedydrogen,

Csi+Hs; 2 CHs +5 (5.6)

CHs + Hst 2 CHpsy + 51 (5.7)
or with molecularhydrogen,

Cs; +Hz 2 CHzsy (5.8)

Oxygenis removed irreversibly andrapidly from the surfaceby consecutie hydro-
genatiorreactiong24, 33, 34],

Os; + Hs; — HOs; + 5 (5.9)
HOs; + Hs; — H20s1 + (5.10)
H20s; 2 H0+ s (5.11)

or with molecularhydrogermaccordingo an Eley-Ridealmechanisni8, 24, 33],
Os; + Hz — H20s; (5.12)
H20s; 2 H0+ 5 (5.13)



INTRINSIC KINETICS OF THE GAS-SOLID FT AND WGS REACTIONS 149

Anotherpossiblemechanismstartswith molecularlyadsorbedarbonmonoxide
andsuccessie hydrogenrassistedlissociatiorwith dissociatedhydrogen6, 8],

COs; +Hsy 2 HCOs; + 5 (5.14)

HCOs; + Hs; 2 Cs; + Hx0s; (5.15)
or molecularhydrogen,

COs; + Hy 2 HCOHs; + 51 (5.16)

HCOHs; + H, 22 CHpsi + H0 (5.17)

Basedon theseelementaryreactions we definedfour differentpossiblemecha-
nisms. SeeTable5.1 for the corventionsandstateof the reactantsn the elementary
formationreactionsof methylene.The completesetof elementaryeactiongor each
modelis givenin Table5.2.

Table5.1 Thevariouskinetic modelsconsideredtogethemwith the
presencef thereactantsn theratedeterminingstep.

Model CO H,

FT-I Dissociatve Dissociatve
FT-1l Dissociatve Molecular
FT-1ll  Associatve Dissociatve

FT-IV  Associatve Molecular

5.2.2.2 Kinetic Rate Equations

In orderto deriverateequationsye usedthe LangmuirHinshelvood-Hougen-Vdtson
approachsee,for example,Graafet al. [35]. For eachmodel, the possiblerate de-
termining stepswere identified, while all other stepswere assumedo be at quasi-
equilibrium. The following assumptionsall basedon literature,weretakeninto ac-
count:

1. Reactionpathfor the CO consumptiorto the monomemethylene CH,, con-
tainsoneirreversibleratedeterminingstep,in analogywith Ref. [35].

2. Steadystateconcentrationsf all intermediate®n the catalystsurface[35, 36)].
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Table 5.2 Elementaryeactiondor FT synthesis.

Model Number Elementaryreaction

FTI 1
2
3
4
5
6
.
8
FT-I 1
2
3
4
5
FT-I 1
2
3
4
5
6
.
FT-IV 1
2
3
4

CO+s =2 COg
COg+s 2 Cs+0g
Csi+Hsy 2 CHs +5
CHs +Hsy 2 CHysit 5
Os +Hs; > HOg +5
HOs + Hg; — H08 +§
HO+s 2 HyOs
H,+25 2 2Hg

CO+s 2 COs
COs +s1 2 Cs +0g
Csi+H, 2 CHxsy
Os, + Hy - H,Os
HO+s 2 HOs

CO+s =2 COg

COg +Hs; =2 HCOs +5
HCOs +Hs; 2 Cs +H,0s
Csg+Hsy 2 CHg+g

CHs +Hs; 22 CHys + 5
H,+25 2 2Hg

HO0+s 2 HxOs

CO+s 2 COsg

COs +H; =2 H,COg
H,COg +H, =2 CHys + H,0
HO0+s 2 H2O0s

LEquilibrium constante.g.reactionstepFT-11: Ky = 5

fcoy
cofs,
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Table 5.3 Reactiorrateexpressiongonsideredor
theFischefTropschsynthesisRgt (mol kggalt sh).

Model Kinetic equation
KpY2pl/2
FT-13 S 2
(1+aPEg + bPro
KpL2p3/4
FT-14 €O H, ~
(1+aPEgPe* + bPryo)
kP22 Py,
FT-I3 s
1 + aPCO +lb2PH20
kPcoP
FTII2 Sl S
(l + aECO + bPHgO)
PcoP
FT-II3 .
(l + aPco + bPHZO)
FT-IV2 KPeoPr,
1+ aPco +2bPH20
kPcoP
FT-IV3 COTH,

1+ aPco + bPh,o

3. Catalystsitesof type 1 are active towardshydrocarborformation, which are
uniform andhomogeneouslgistributed[35, 36].

4. Initial adsorptiorof hydrogerandcarbonmonoxideisin quasi-equilibriunwith
thegasphaseconcentrationf24].

5. Wateris removedirreversiblyafter CO dissociatior[24, 33, 37].

6. CO is adsorbedmore strongly than H, on iron catalysts,resultingin a high
surfaceconcentratiorof CO or dissociatedCOrelativeto H, [21, 38].

7. H,0 adsorbstronglyandmayinhibit the FT reactionrate[9].

With theseassumptionsy differentkinetic modelsremainpossible. Theseare
summarizedn Table5.3. The developmenbf thekinetic equationswill beillustrated
for model FT-113. The modelcodesreferto the setof elementaryreactionsandthe
elementaryeactionnotatequilibrium(thatis theratedeterminingstep,soin this case
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Table5.4 Parametersor the FT kinetic models.

Model K () a(x) b
(molkg—1 s~1 MP&¥) (MP&¥) (MPa~1)

FT-13  (ksksK1K2Kg)/? (-1) (K1K2ks/k3)'7? (-1/2) K7
FTH4  (kaksKiKoK)Y2K® (-5/4)  (KiKoK3Kg *ks/ka)Y/2 (-1/4) Kz
FT-I3  (kskaK1K2)Y2 (-3/2) (kaK1K2/k3)1/2 (-1/2) Ks
FRI2  koKiKG/? (-312) K1 (-1) K7
FT-II3  ksK1K2Kg (-2) Ky (-1) K7
FT-IV2  koK: (-2) Ky (-1) Ka
FT-IV3  ksK1Kz (-3) Ky (-1) Ka

reaction3). Thesetof elementaryeactionsor model FT-113 is shavn in Table5.2.
Thereactionrateof theratedeterminingstepis:

RET13 = Kafcs, P, = KaBlos, Pr, (Mol kggy S72) (5.18)

The surfacefraction of carboncanbe calculatedrom the site balancethe preceding
reactionstepavhichareatquasi-equilibriumandthereactiorratefor waterformation:

% Oc, 0
1= C% , Ka= — 0 (5.19)
Pcobs, cos, bs;
K. K 1/2
b, = g, = (1—2k“> P26, (5.20)
ks ks

Fromassumption$ and7 it follows thatonly surfacecarbonandwateroccupy a
significantfractionof thetotal numberof sites,the site balancebecomes:

s, + Ocs, + Ony05 =1 (5.21)
Substitutionof the surfacefractionof carbonin eq5.18:

(kskeKiKo)Y2PESPY,  _  kPZGPw,
1+ (K1Koka/ka)V/2PH2 4 KsPh,0 1+ aPX2 4 bPu,o

Table5.3 summarizeshefinal form of thevariousrateexpressiongor the 7 pos-
sible kinetic modelsconsideredwhereasTable5.4 showvs the kinetic andadsorption
parameterfor thedifferentkineticmodels.It canbeseernthatthepressurelependeng
of COandH; in thenumeratorangedrom 1/2to 1, and1/2to 2, respectiely. Thede-
nominatoris quadratidn caseof adualsiteelementaryeactionjn contrasto asingle
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siteratedeterminingstep.The denominatoconsistof theindividual contrikutionsof
significantlyabundantspecieson the catalystsurface.

Theconcentratiorof freesitesds, is determinedrom asitebalancelt is assumed
thatthetotal numberof sitesis constant:

n
Og+ Y g =1 (5.23)
i—1

whereds, is the fraction free sitesand 6;s, are the surface fractionsoccupiedwith
adsorbedspeciessuchas carbon,carbonmonoxide,hydrogen,alkyl chains,watet
carbondioxide,andsoforth Theadditionof severalinhibition termsin thedenomina-
tor cannot bejustified statisticallydueto a high degreeof covarianceor correlation
[39, 40]. The derived kinetic expressionhave a maximumof two inhibition terms:
onetermfor CO or acarbidicspeciegfcs,) andthe otherfor H,O inhibition.

5.2.2.3 Literatur e Models

Reviews of kinetic equationgor iron-basedatalystsverepublishedby Huff andSat-
terfield [8], ZimmermanandBukur [9], andVan der Laanand Beenackrs[45], en-
closedin slightly revisedform as Chapter2. Kinetic studiesof the FTS oniron and
cobaltcatalystaresummarizedn Table5.5. Thecorrespondin@peratingconditions
aregivenin Chapter2 (Table2.7).

It canbeshawn thatall thesditeraturemodelscanbederivedfrom thesetof mech-
anismsconsideredn this studyandwhich aresummarizedn Table5.2. Appropriate
assumption$or theinhibitor effectsin the site balanceof the kinetic rateexpressions
in table5.3resultin similar mathematicaéxpressionsThe mechanistidmplications
of theavailableFT kinetic modelsaresummarizedn Table5.5.

5.2.3 Water Gas Shift Reaction
5.2.3.1 ReactionMechanism

Several mechanismgor the watergasshift reactionwere proposedn the literature.
Single studiesof the water gasshift reactionover supportedmetalssuggesthe ap-
pearancef formatespecied4, 5, 20, 35]. Theformatespeciesanbeformedby the
reactionbetweereithera hydroxyspecier waterandcarbonmonoxideeitherin the
gasphaseor in the adsorbedstate. The hydroxy intermediatecan be formedby the
decompositiorof water The formateintermediatecanbe reducedo eitheradsorbed
or gaseougarbondioxide (seeTable5.6). Rethwischand Dumesic[20] studiedthe
water gasshift reactionon several supportedand unsupportedron oxide and zinc
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Table 5.5 Reactiorrateequationverall synthesiggasconsumptiorrate. SeeTable2.7 for
experimentakonditions reactortype andcatalystapplied.

Kinetic expression References Mechanistidmplications
(@) k Py, [9, 22,41] FT-I13 (b=0,aPco > 1)
FT-IV2 (b=0,aPco > 1)
(b) kPg,PCo [3] .
kPy, P
(©) _TH7TO [7,9,10,15,22] FT-IV2 (aPco andbPy,0
Pco + KPhx,0 > 1)
kP2 Pco .
(d) 5P 2+KP [8, 15,42,43] FT-113 (waterformationis
COTH, H20 reversible)
kP2 P
e) S [22] i
P
) PJ':Z—KCF? [9,11,12,43]  FT-IV2 (aPco > 1 and
co 02 CO; inhibition)
kPy, P
@ ke ko 191112 FT-IV2 (aPco > 1, CO,
€O T M1TH,0 ™ h2Te0, andH,0 inhibition)
KkpY2pl/2
(h) Siohll s [14] FT-I13 (H, inhibition,
(1+ KiPES + KoPY?) bPy,0= 0)
. |<|:’co|:’|}|/2 L
0) 2 5 (6] FT-1112 (H; inhibition,
(1+ KiPeo + KoPE7) bPu,0 = 0)
. kPcoP,
G) =0 2 [13, 40, 44] FT-I13 (bPy,0 = 0)

(1+ K Pco)?
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Table 5.6 Elementaryreactiondor thewatergasshift reaction.
Model Number Elementaryreaction

WGS-I 1 CO+s, 2 COs
2 Co+s COxs,
3 H,O+s; H.Os
4 H,+2s 2 2Hs
5
6

—
e
—
e

COs +H,0s, = HCOOs + Hs,
HCOOs +s, 2 Hs+COos,

WGS-II CO+s
CO+s

H,O+s,

COs
COs
H.Os
HO0s+s, 2 OHs +Hsp
H,+23 2 2Hs
CO3+0OHs, = HCOOs+s,
HCOOs +s, 2 Hs+ COxsp

NNN

~N o 0o B~ WN P

oxide catalysts. They suggestedhat the WGS reactionover unsupportednagnetite
proceedwia a directoxidationmechanismwhile all supportedron catalystoperate
via a mechanisnwith formatespeciegdueto limited changeof oxidationstateof the
iron cations.

5.2.3.2 Kinetic Expressions

Severalassumptiongveremadein orderto derive the LHHW rateexpressions:

Steadystatefor theadsorbedpecies.

Oneratedeterminingstepin thesequencef elementaryeactionsverthecom-
pleterangeof experimentakonditions.

Surfaceconcentrationsf intermediatespeciesarenegligible [35].

o Activesitesfor theWGS (type 2) aredifferentthanthesitesfor thehydrocarbon
forming reactiongtype 1) [5].
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e Ratedeterminingstepis a dual-siteelementaryeactionbetweerntwo adsorbed
specieg5].

e Adsorptionof reactant@nddesorptiorof productsareat equilibrium.

With the mentionedassumptionswo rate determiningstepsare possible. First, the
ratedeterminingstepis (WGS-116):

COs; + OHs, 2 HCOCs, + 5 (5.24)
Thehydroxyl speciess formedby dissociatiorof water:
H20+2s, 2 OHs; + Hsp (5.25)

Secondthereactionbetweeradsorbedvaterandcarbonmonoxide(WGS-I5) canbe
ratedetermining:

COs; + H,0s, = HCOGs, + Hs, (5.26)

On basisof the formatemechanismandthe mentionedassumptionstwo kinetic
rateequationsveredeveloped.Theexpressionsregivenin Table5.7. Theadsorption
of H, andCO, areassumedo be nggligible relatve to CO andH,0 [5, 9, 38]. Thus,
themasshalanceof the catalyticsites,s,, is:

952 + 9Hzos2 + 9(3052 =1 (5.27)

Derivation of otherkinetic expressionsdasedon adsorptionof more componentss

possibleéfrom theabore equationsSincethe WGSreactionis anequilibriumreaction,
thereversereactionhasto betakeninto account.For the temperaturelependeng of

the equilibrium constantof the WGS reaction,Kp, the following relationwas used
(Graafetal. [46]):

Pco, P 2073
logKp = log (M — (_ —2.029 (5.28)
Pr,0Pco /o T

Kinetic studiesof the WGSreactionunderFT conditionson iron-basectatalysts
aresummarizedn Chapter2 (Table2.8).
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Table 5.7 Rateexpressiongonsideredor thewatergasshift reaction,
Rco, (Mol kggi 57
Model Kinetic equation Sitebalance

kw (PcoPr,0 — Pco,Ph,/Kp)

WGS-I5 h s, COg, H20%
(1+ K1Pco + K3Ph,0)
Ky = ksK1K3 (molkg=! s~ MPa?)
K (p P 1/2 12
w ( PcoPr,0/ Py, — Peo, P, /Kp)
WGS-I16 S, COg, HO09

(1+ K1Pco + K3 PH20)2

Ky = ksK1K3K4KZ ™2 (mol kg™ s~ MPa~15)

5.3 Experimental

The kinetics of both the FischerTropschsynthesisand the water gasshift reaction
over a commercialprecipitatediron catalyst(RuhrchemieLP33/81)were unraveled
by relevantexperimentsn a SpinningBaslet Reactor(SBR). For a detaileddescrip-
tion of the experimentaket-up the catalystapplied the analyticandthe experimental
proceduresseeChapter3.

The basletswereloadedwith 2.34g of catalyst,with particlediameterdetween
0.125and0.160mm. The catalystwaspretreatedvith a hydrogenflow rate of 8.33
104 Nm?3 kgz: s~1 accordingto Bukur et al. [47]. Thereactortemperaturavaslin-
earlyincreasedrom 293to 553K by 0.017K /s. Thereactortemperaturevaskept
at 553K for 24 hrs at atmospherigressure.After catalystreduction,synthesigyas
was fed to the reactorwhich at standardconditionsoperatedat 523 K, 1.50 MPa,
(H2/CO)teeg=2 andaspacevelocity of 1.5110 3 Nm?3 kgeat s 1.

Checkingthecriteriaof WeiszandPrate{48] for thereactant€ O andH, shaved
thatnointraparticlediffusionlimitationsoccurredat relevantexperimentakconditions,
evennotatthe highestconversionrates.Here,it wasconseratively assumedhatthe
catalystporeswerefilled with long-chainhydrocarborwaxes.

24 kinetic experimentswverecarriedout in the SBRwith the Ruhrchemigprecipi-
tatediron catalyst. The experimentalkconditionswerevariedasfollows: P=0.8- 4.0
MPa, H,/COfeedratio=0.25- 4.0,and®!",/W=0.510-%- 2.010~3 Nm? kges s~ at
atemperaturef 523K. At regularintervals,the standardexperimentwasrepeatedo
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determingpossibledeactvationeffectsof thecatalyst.A summaryof theexperimental
resultsandoperatingconditionsis givenin AppendixA.

5.4 Resultsand Discussion

After aninitial periodof 100 hrs, a steadystatewasmoreor lessobtained. The cat-
alyst activity, reactionrateto hydrocarborproducts(Rr1) andthe rate of the water
gasshift (Rwgs) did not changemuchover 1200hrstime on stream(seeChapter3;
Figure3.10a).Thereactiorrateswerenot correctedor catalystagingdueto thesmall
effect of time on streamon the catalystactivity.

The preliminary screeningof the FischerTropschkinetic expressionsvas per
formedwith a maximumof two adsorbedspeciedn the site balance.Every kinetic
modelwasoptimizedwith two differentmathematicalormsof the site balance:

951 + (QCS]_ or QCOS]_) + 9H2051 =1 (529)
(Ocs, OF Bcos,) +OH,08 =1 (5.30)

For modelsbasedon the carbidemechanisn{FT-I, FT-11), the carbidicspeciess sur
facecarborfcs,, formedby dissociatiorof CO.ModelsFT-1Il andFT-1V arebasedn
associatie adsorbedCO specie$cos,. The7 kinetic equationsvereoptimizedwith
a non-linearoptimizationroutine using both eqs5.29 and 5.30for the site balance.
Contrikutions of speciesn the site balancewere eliminatedif the fitted adsorption
coeficientswere not significantlydifferentfrom zeroor hada significantly negative
value. Table5.8 shavs theresultsof the kinetic modelswith therelative varianceand
theirranking.Fourmodelsareableto describegheexperimentaFT reactionrateswith
arelative variancdessthan35 % anda maximumof threeoptimizedparameters.
Bartlett'stestwasappliedto investigatevhetherthe differencesn accurag of the
variousmodelswere statistically significant[49, 50]. This testcomparesa critical
calculatedy? value(for details,seeChapter3 or Jonler et al. [49]) with a tatulated
xZ value[51]. If x2 exceedghetakulatedvalue,the modelwith the largestdeviation
wasrejectedand x? wasrecalculated.Modelswere subsequentlyejected,until 2
wasbelawv thetalulatedvalue. Table5.9 compares2 with thetakulatedy? valuefor
H — 1 degreesof freedom.Thetableshows thatthe bestfive models(H = 5) passed
thetestandarestatisticallyindistinguishableThe bestfive modelsare,in succeeding
order: FT-IV2 (eq5.29), FT-1l12, FT-IlI3, FT-IV2 (eq5.30), FT-113. Model FT-113
wasrejectedrom list of bestmodels because¢he optimizedparametersf this model
wereunrealisticandthe modeljust passedhe Bartlett's testdueto the large relative
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Table 5.8 FT kinetic modelscreening.
Model Sitebalancgeq) se (%) Rank Remarks

FT-13 5.30 63.7 6
FT-14 5.30 65.9 9
FT-I3  5.30 45.2 5
FT-II2  5.29 30.0 2
FT-IlI2  5.30 64.4 8
FT-II3  5.29 30.9 3
FT-1113  5.30 63.8 7
FT-IV2 5.29 29.6 1
FT-IV2 5.30 324 4
FT-IV3 5.29,5.30 - - a<0

FT-13, FT-14,FT-113 with sitebalances.29resultsina < 0

variance. The site balancesf modelsFT-1V2 (eq5.29)and FT-IV2 (eq5.30) vary
slightly only. Consequentlythe modelwith thehighestrelative variancewvasrejected,
i.e. FT-IV2 (eq5.30).

Four experimentsverefoundto be outliersin the threeremainingmodels(Runs:
5,17,20,23). Theremainingmodelswerefitted againwith thereducedlatasetof 20
experimentateactiornrates.Table5.10givestheoptimizedvaluesof theparameterm
thesethreemodels:FT-1112, FT-1113, FT-IV2. Thethreeremainingkinetic expressions
(FT-112, FT-1I13, andFT-IV2) areall basednthe combinedenol/carbidenechanism.
The mathematicalorm of the equationss very similar, indicatinga difficult discrim-
inationprocedureFigure5.2 compareshe experimentabndcalculatedeactionrates
of thesethreemodels.

Kinetic expressiorFT-1V2 is similar to severalliteraturemodels[7, 9, 10, 22] for
iron catalystgseeTable5.5). In this model,the ratedeterminingstepis a singlesite
reactionbetweerundissociate@dsorbedCO andgaseous$i,. However, theliterature
modelsweredevelopedfrom experimentsn slurry phaseor packedbedreactorsThe
major differencebetweentheseliteraturemodelsand optimizedmodel FT-IV2 is a
significantnumberof free sitesin the latter model. In our experimentsthe catalyst
particlesarelocatedin spinningbasletswith a smallamountof high-boiling hydro-
carbongresenin thecatalystpores.

Kinetic expressions-T-1112 andFT-1113 arealsoableto describeour experiments
accurately Thesemodelsarealsodevelopedfrom the combinedenol/carbidemecha-
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Table 5.9 Bartlett's testfor FT model<.

H?  X¢ Xt
9 422 155
8 3822 141
7 326 126
6 236 111
5 6.03 9.49
4 0.206 7.81
3 0.040 5.99
2 0.0037 3.84

1 x2: critical x? accordingto Bartlett's test[49]; xZ: takulatedy? [51]
2 H: numberof modelsunderconsideration

nism: ratedeterminingstepsarethe dual site surfacereactionbetweenundissociated
adsorbedCO anddissociatedH, (FT-1112) andbetweenadsorbedormyl anddisso-
ciatedH, (FT-1113). Model FT-1112 is similar to the optimal equationof Sarupand
Wojciechavski [14] for a precipitatedcobaltcatalystin a Berty reactor wheread=T-
1113 wasfoundto bethe bestmodelby YatesandSatterfield40] on cobaltmeasured
in a slurry reactor The kinetic modelof Sarupand Wojciechavski [14] wasdevel-
opedwith theassumptiorthatthe site balanceconsistf free sites,adsorbedCO and
dissociated,, while YatesandSatterfield40] only includedCQO inhibition.

The WGS reactionratewasoptimizedwith the kinetic expressionsn Table5.7.
Dueto a high degreeof similarity betweerequationdVGS-15andWGS-I16, therela-
tive variancesarealmostequal,25.0% and23.0%, respectiely. The Bartlett's testis
unableto discriminatebetweerthesemodels.A parity plot betweerthe experimental
and modelvaluesof the WGS reactionratesis shavn in Figure5.3. Reactionrate
expressionWGS-116 is similar to the optimal model of Lox and Froment[5]. Both
modelsassumehattherateof the WGSreactionis determinedy thereactionof ad-
sorbedcarbonmonoxideand hydroxyl towardsa formateintermediate. Our model
assumesadsorptiorof CO andwaterto be dominantin the site balancewheread.ox
and Froment[5] includedinhibition of hydroxyl speciesonly. The corresponding
modelparameterarealsogivenin Table5.10.

Both the experimentabndthe calculatedatesof the FischefTropschandthewa-

ter gasshift reactionare comparedn Figures5.4- 5.5 at variousexperimentalcon-
ditions. The calculatedratesstemfrom modelsFT-1112 andWGS-116 with the input



162 CHAPTER 5

Table5.10 Finalestimatedor the parametersf the FT andWGSkinetic models.

Parameter Dimension Estimate
WGS-I5(s ¢l 21.0%)

K molkg~tstMPa? 1.774+0.04

Ky MPa! 2.10+ 0.04

Ks MPa~1 24.19+ 3.14
WGS-1I6 (srel 21.5%)

Ky molkg~t st MPa1® 1.134+0.01

Ky MPa! 2.784+ 0.04

Ks MPa~1 12.27+ 0.94
FT-I2 (sl 23.7%)

k molkg~t s~ MPa~1® 0.0488+ 0.0049
a MPa 0.5634 0.094

b MPa 4.05+0.77
FT-I3 (Sel 22.4%)

k molkg~t s MPa?  0.0556+ 0.0056
a MPa 0.1254 0.069

b MPa 7.004+ 0.87
FT-IV2 (se1 22.7%)

k molkg s 1 MPa? 0.0779+ 0.0157
a MPa 0.5364 0.333

b MPa 32.274+ 8.69

valuesof the H,/CO feedratio andthe flow rate, ®!";/ W basecbn stoichiometryand
massbalance®f the componentpresen{CO, CO,, H,, H20). The productcompo-
sition wasdeterminedrom gaschromatographi@analysisof the gasandfrom liquid

hydrocarborproductsamplesThevaluesof n andm weredeterminedrom the prod-
uct composition.In this study n variedbetweer2.86-5.04.Theratio of m/n varied
betweer2.14-2.42 . Theeffluentflow ratewasestimatedvith the averagecontraction
factorcalculatedat m/n of 2.30. Sincethe variationof m/n with processconditions
is minor, thisassumptiorseemgustified.

The effect of the flow rateon the overall rateandratesof the watergasshift and
FischerTropschreactionis demonstratedh Figure5.4a. As expected,the reaction
ratesincreasewith increasingspacevelocity. Thereis goodagreemenbetweenthe
modelcalculationsandthe experimentalvalues.Overall corversionof synthesigas,



INTRINSIC KINETICS OF THE GAS-SOLID FT AND WGS REACTIONS 163

0.04 T T

F=2, P=2.4 MPa,
T=523K

'RCO+H2
0.03 -

st

1
cat

0.02 -

R (mol kg

0.01 -

0.00 : : : :
00 05 10 15 20 25 30

®,"W (103 Nm3 kg'!_s)

F=2, P=2.4 MPa,
T=523K

0.8 -

Xco+H2

04 -

0.0 | | | | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0

in 3 Nm3 ka-! o1
O, /W (10° Nm kg_,s™)

Figure 5.4 Reactionratesfor the WGSandFT andtotal corversionof CO andH; (a) and
overall corversionof synthesigjas(Xco+H,) versusspacevelocity (b). Symbolsareexper
imentalvalues.LinesaremodelpredictiongFT-1112 andWGS-116).



164 CHAPTER 5

0.030 ‘ ‘ 0.030
a. . b.
0.025 + . 40.025
""" -Rcown, ST

__0.020 s T+ & S 40020 _
o s ~~_Reo+n, a
Hw‘a // \\\\\ A :qnﬁ
oo 0.015 Y + = 40015 TS
X X
E 5
£ 0010 5 T o0 10010 £
@ x

0.005 —ETTTT o S 0.005

. S - . - == 0.
Lo e e Rues
0000 | | | | | | | | | ® 0000
0.0 0.5 1.0 15 05 10 15 20 25 30
Pco (MPa) (feed) Py, (MPa) (feed)

Figure 5.5 Reactionratesfor the WGS andFT andtotal corversionof CO andH> versus
reactanfeedpressuresSymbolsareexperimentalalues.Linesaremodelpredictions(FT-
112 andWGS-II6). a: FeedpressurePco= 0.8 MPa, T= 523K, @iU“/W: 1.010°3 kgga%
sL; b: FeedpressurePy,= 0.8 MPa, T= 523K, ®I"/W=1.010"3 kgt s .

Xco+H,, at the sameconditionsis accuratelypredictedwith the optimizedkinetic
expressionanda CSTRreactormodel(seeFigure5.4b).

Theeffectof theindividual reactanpressure$Pco andPy,) in thefeedstreamis
shavn in Figures5.5a-b The modelsappeato predictthe trendsof varying reactant
pressuresatishctory Boththewatergasshift aswell asthe FischefTropschreaction
rateincreasewith increasingfeed pressureof CO (Figure5.5a). The waterpressure
decreasesvith increasingCO pressurecausingan increaseof the FischefTropsch
reactionrate. Figure 5.5b shavs that the spacetime yield and the FischefTropsch
reactionrateincreaseslightly andthendecreasenonotonically This is causediy an
increaseof the hydrogenandwaterpressurén thereactorwith increasingieedpres-
sureof hydrogen.Wateris a stronginhibitor on the catalystandreduceghe reaction
ratesof the hydrocarbon-formingeactions.

5.5 Conclusions

Experimentdor thekineticsof thehydrocarborformationandwatergasshift reaction
overaniron catalystwereobtainedover a wide rangeof industriallyrelevantreaction
conditions.A numberof rateequationsverederived on the basisof a detailedsetof
possiblereactionmechanismsThefollowing conclusioncanbemade:
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1. Two differentsitesare presenton iron catalysts. The iron carbidesare active

towardshydrocarborforming reactions whereasmagnetite(Fe;0,4) seemso
bethemostactive site for thewatergasshift reaction.

2. Thereactionrateof the FischefTropschsynthesids determinedy the forma-

tion of themonomerspeciegmethylene) Thebestmodelsassuméhattherate
determiningstepproceedwvia hydrogenatiorof associatie adsorbedCO.

3. Carbondioxideis formedby the watergasshift reaction. Theratedetermining

stepis theformationof aformateintermediatespecies.

Simulationsusingthekinetic modelsderivedshav goodagreementvith both ex-

perimentadataandwith somekinetic modelsfrom literature.
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6

Kinetics and Selectivity of the Gas-Slurry
Fischer-Tropsch Synthesis

Abstract

Thekineticsof the FischerTropsch(FT) synthesisover acommercialFe-Cu-K-SiQ
catalystwasstudiedin a continuousgas-slurryreactor A novel productdistribution
model, recentlydevelopedto describethe productselectvity of a gas-solidFT syn-
thesiswasappliedto modelthe productdistributionsobtainedat industrially relevant
conditions(reactorpressuref 1.2-4.0MPa, H,/CO feedratio of 0.25-4.0,spaceve-
locity of 0.25-0.7710~3 Nm?® kgt s%, anda constantemperaturef 523K) overa
precipitatedron catalystin the slurry phase The newv model,calledOlefin Readsorp-
tion ProductDistribution Model (ORPDM), combinesa mechanistianodelof olefin
readsorptionvith kineticsof chaingrowth andterminationon the samecatalyticsites.
In the slurry phase this modelappeargo describethe deviationsfrom the classical
Anderson-Schulz-Florglistribution accurately Theselectvity to parafinsandolefins
could be predictedwith averagedeviationsof 10.6 % and 8.7 %, respectiely. The
presenceof the slurry liquid appearedo affect both the model parameterandthe
productselectvity relative to the gas-solidkinetics. The slurry-phasesystemshavs
a higherolefin contentat comparableeactionconditions. The correspondingnodel
parametersthe readsorptiorconstantandthe terminationconstanto olefins,areall
lower at similar processconditionsthanthe correspondingnodelparametersor the
gas-solidkinetics. The intrinsic kineticsis alsoinfluencedby the slurry liquid. At
H,/COratios < 2, boththe FischerTropschandthe watergasshift reactionratesare
lowerthanfor thegas-solicsystem.Theslurryliquid influencegheadsorptiorof CO,
on FT sitesandcauses completecoverageof thewatergasshift sites.

169
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6.1 Intr oduction

TheFischefTropsch(FT) synthesigornvertssynthesigasinto amulticomponenix-
ture of predominantlyhydrocarbonsThe FischerTropschsynthesisn slurry bubble
columnsis very attractive relative to fixed bedreactorg1]. The adwvantagesare: 1)
Low pressuralropoverthereactor 2) Excellentheattransfercharacteristicsesulting
in stablereactotemperatures3) No diffusionlimitations. 4) Possibilityof continuous
refreshmenof catalystparticles.5) Relatively simpleconstructiorandlow investment
costs.

Recently we developeda novel productselectvity modelfor linear parafins and
a-olefins (seeChapterd). The «a-Olefin ReadsorptiorProductDistribution Model
(ORPDM)accountgor secondaryeadsorptiorof «-olefinson FT growth sitesonthe
precipitatedron catalyst.The proposedeactionnetwork is shovn in Figure4.1. The
readsorptiorratesof the olefinsare supposedo increaseexponentiallywith carbon
numberdueto theincreasef bothphysisorptioreffectsandsolubility with increasing
chainlength. ORPDMaccountdor chain-lengttdependenteadsorptiorf olefinson
FT sites. Thereadsorptiorstepdepend®n carbonnumbeyresultingin anetdecrease
of theterminationprobabilityto olefins.a,, increasesvith increasingchainlengthuntil
no olefinsareformedanymore. At high carbonnumbersthe chaingrowth parameter
on, approachea maximumconstanwalue. The increasedeadsorptiorof long-chain
olefinsresultsin a decreasinglefin/parafin ratiowith increasingchainlength.

Intrinsic rateexpressiondor the FischefTropsch(FT) reactionandthe watergas
shift (WGS)reactiononthesameprecipitatedron catalystin agas-solicsystemarere-
portedin Chaptel5. Thesekineticequationsarebasednthe LangmuirHinshelvood-
Hougen-Vétsonandthe Eley-Ridealapproachusinga detailedschemeof potentially
possiblereactionmechanismsThe samesetof kinetic equationill betestedfor the
descriptionof the gas-slurrykinetics. The liquid-phasemay influenceheterogeneous
reactionkinetics(VanderLaanetal. [2]):

1. Therateof reactiormaybesignificantlyaffectedby introducingary non-"ideal”
(interacting)liquids.

2. Competitive adsorptiorof aslurryliquid on active catalyticsiteswill reducethe
reactionrates.

3. Theslurryliquid caninteractwith weaklyadsorbedurfacespecies.

4. Differencesn solubility of reactantsandproductsin varioussolventsexplains
thedifferencen liquid-phaseconcentration.
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Severalstudiesconcerningooththe FischerTropschthemethanolandthemetha-
nol-higheralcohol synthesisare of specialinterest. Stengerand Satterfield[3, 4]
measuredhe effect of the natureof an inert liquid on the reactionrate and on the
selectvity of the FischefTropschsynthesison a reducedfused magnetitecatalyst.
They obsenedthatthe reactionrate of the FischefTropschsynthesisn presencef
phenantrends nearly twice asfastasin n-octacosanend tripherylmethane,even
thoughthe solubility is slightly lower in phenantreneThe presencef phenantrene
causedeductionof depositformation(catalystdeactvation) andreadsorptiorof pri-
mary olefinsonto the catalystand henceinhibited secondaryeactions.Bukur et al.
[5] measuredhe activity andselectvity of a RuhrchemielLP 33/81catalystbothin
gas-solid(tubular fixed bed)andin slurry systemsTheinitial activity andselectvity
wasaboutthe samefor both systems However, catalystagingaffectedthe hydrocar
bondistribution differently. In theslurry systentheolefin selectvity decreasedyhile
the internal olefins and oxygenatecproductionratesincreasedvith time on stream,
whereagthe oppositechangeswvere obsened in the gas-solidsystem. Bukur et al.
[5] reportedsimilar effectsof changesn the processconditions(temperaturepres-
sure, H,/CO feedratio and spacevelocity) on the productselectvities. The initial
FT actvity wasthe samein bothsystemswhereaghe WGS selectvity (carbondiox-
ide productionrelative to the carbonmonoxideconsumptionyvassomevhathigherin
gas-solidsystem5].

Graafet al. [6] obsened a significantcontritution of the methanolformationvia
CO, by introducingsqualanesasolvent,relative to thetwo-phasesystem.Thethree-
phasemethanobkynthesisn squalanés muchlesssensitveto thetemperatureVander
Laanetal. [2] measuredhekineticsof thethree-phasenethanokynthesidothin an
apolarsolvent, squalaneandin a polar solvent, tetra ethyleneglycol dimethylether
(TEGDME). The slurry liquid appeardo affect both the activation enegy andthe
kinetic rate constantby interactionsbetweenadsorbedspeciesand solvent and by
competitve adsorptionof the solvent on the catalystsurface. The rate of reaction
to methanobbseredin TEGDME appearedo be 10 timeslowerthanin squalane.

The kineticsof both the gas-solidandgas-slurry(n-octacosanenethanol-higher
alcoholsynthesifrom CO/CQy/H, wasinvestigatedoy Bremanetal. [7]. The pres-
enceof n-octacosanasaslurryliquid appearedo affectthe productdistributionsand
the activity of the catalystrelative to the gas-solidsystem:lower CO+CG reaction
rates,lower higheralcoholto methanolselectvities, higherhydrocarboryields, and
lowerwatergasshift reactionrates.

Theaimof thisstudyis to testtheOlefinReadsorptioProducDistributionModel,
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recentlydevelopedfor thegas-solidsystemfor predictinggas-slurryproductdistribu-

tionsatindustrially relevantconditionson a precipitatedron catalyst. The gas-slurry
kineticswill bemodeledstartingfrom acomprehensiesetof equationgproposeatlise-
where(Chapter5). Furthermorethe effectsof processonditionson the kineticsand
theselectvity of the gas-slurryFischerTropschsynthesisareinvestigatedxperimen-
tally andtheresultsarecomparedvith the performancef agas-solidsystem.

6.2 Experimental

6.2.1 Slurry Reactor

The FischefTropschexperimentswere carriedout in a gas-continuouslurry reac-
tor. A detaileddescriptionof the experimentalketupandanalysissectionds givenin
Chapter3. Theslurryreactoris a1.8dm?® autoclare (H=18.2cm, D= 12.0cm) made
by Medimex (seeFigure 3.3). During the FischefTropschreaction,liquid products
canbeformed. Thelevel of the slurry wasmaintainedconstantuusinga home-made
filtering unit. The liquid productswere removed via a filter (sinteredmetal5 pm),
whereaghe catalystparticlesremainednsidethe reactor The liquid andgasphase
volumesappliedwere730and985cn?, respectiely.

6.2.2 Experimental Procedure

The slurry reactorwas loadedwith 7.3 g of unreducedcatalystparticleswith 40
< dp < 50 um. The catalystappliedwas a commercialprecipitatediron catalyst
(type LP 33/81)synthesizedy RuhrchemieAG (OberhausenGermary). Detailsof
this catalystare givenin Chapter3. The catalystwas pretreatedvith hydrogenat a
flow rateof 0.83103 Nm?® kge. s ! accordingto Bukur et al. [8]. The gasspace
velocity wasbhasecdn thetotal massof theunreduceagupportedatalyst.Thereactor
temperatureT, wasincreasedinearly from 293K to 553K by 0.017K s~%. T re-
mainedat553K for 24 hoursatanincreasegressuref 1.0 MPato preventexcessie
solventevaporation.After reduction synthesiggaswasfed to thereactoratreference
conditionsof 523K, 1.50MPa, F= 0.67anda spacevelocity of 0.2510~3 Nm® kg
sL

Liguid productsvereaccumulatedh high andlow-pressureondenserfor atyp-
ical periodof 8-12hoursduring steadystateof thereactorsystem.Theproductswere
collectedandweightbeforeanalysis. Severalon-lineGCanalysisvereperformediur-
ing this period. Massandatomicbalancesveretypically 100+ 10 %. After changing
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the procesonditionsthereactoroperatedat least48 hoursundisturbedeforea new
massbalanceperiodwasstarted.

The variationof the experimentalconditionsat a constantemperaturef 523 K
aregivenin Chapter3. Thereferencesxperimentwasrepeated timesto determine
possibledeactvationeffectson the activity andselectvity of thecatalyst. A summary
of relevant experimentaldatais given in AppendixB. 27 kinetic experimentswere
carriedoutin theslurry reactorwith the Ruhrchemieprecipitatedron catalystat 523
K in two separateatalysttests seriesB andseriesC.

6.3 Resultsand Discussion

6.3.1 Product Distrib ution Modeling

The olefin readsorptiorproductdistribution model (ORPDM) wastestedto our ex-
perimentsat 523 K. The modelparametersvere optimizedfor eachexperimentwith
the Levenbeg-Marquardimethod[9]. The numberof parameterin model ORPDM
wasequalto 7: p, to, kg, C, t}, t3, andkZ. Similar to a previous study (Chapter4),
the numberof optimizedparametergould be reducedbecausdour parameterap-
pearedo beindependendf the experimentakonditions.The averagevaluesof these
parameterareshovn in Table6.1. For comparisonthe correspondingaluesfor the
gas-solidstudy (Chapter4) arealsogivenin this table. Introductionof thesemean
modelparameterait 523 K for both the increasedeadsorptiorof ethenerelative to
otherolefins(k3/kr€? ©) andfor theterminationto C; (t3) andC; products(t3) and
theexponentiaincreasef thereadsorptiomate(c) reduceghe numberof parameters
to beoptimizedfrom 7 to 3 within eachexperiment.Remarkablyboththereadsorption
rateof etheneandthe exponentialfactorc arehigherin both gas-slurryexperimental
serieghanobsenedfor thegas-solidsystem.

Table 6.1 Optimizedmodelparameterfor ORPDMat523K
thatareindependenof @, o, P, H2/COratio.

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

t3 6.6 5.4 6.5
t2 1.6 1.3 1.7
kZ/Kre?© 12.6 25.4 17.6

c 0.29 0.36 0.35
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Table 6.2 Optimizedmodelparameter© RPDM.
Run p to KR N Se | Run p to kR N Sel
Bl 1792 6.39 0.037 19 89| Cl1 1142 425 0.112 17 11.7
B2 14.08 6.59 0.063 19 16.4| C2 12.69 3.34 0.047 18 128
B3 12.04 5.63 0.075 19 10.8| C3 9.38 4.22 0.301 19 14.0
B4 1590 5.25 0.040 18 135 C4 543 452 - 19 199
B5 8.17 3.62 0.197 18 139|C5 12,62 4.12 0.098 19 12.2
B6 7.27 292 0247 19 9.1|C6 11.83 4.65 0.119 18 13.0
B7 1422 471 0.059 19 83| C7 2148 7.05 0.087 19 123
B8 15.20 5.49 0.030 18 20.3| C8 9.55 590 0.339 19 1438
B9 1546 5.48 0.026 19 11.8| C9 7.28 7.26 0.869 19 18.0
B10 1955 6.47 0.020 19 11.0| Ci10 1454 5.15 0.070 16 14.7
B11 8.86 295 0.110 17 185| Ci11 23.12 7.62 0.085 18 11.9
B12 13.60 4.76 0.038 19 16.1| Ci12 17.05 6.32 0.113 19 8.7
C13 599 570 0631 19 178
Cl4 16.33 8.47 0.056 16 17.7
Cl15 19.26 7.28 0.056 15 7.9

Tto/kr

The threeremainingmodel parametergp, to, kr) to be optimizedwithin each
experimentandthe numberof selectvities ands¢ for both experimentalgas-slurry
seriesB andC aregivenin Table6.2. Table6.3 shovstheaccuraciesf the optimized
modelsexpresseavith therelative standardleviation s, andthe M ARR functionfor
the parafins andolefins,respectiely, bothfor the gas-solidaswell asthe gas-slurry
experimentsat 523 K. Thetotal numberof selectvities n aswell asthetotal number
of optimizedparametersn within a catalysttestarealsoincludedin this table. Fig-
ure 6.1la-bshavs thattherelative residualsbetweemrmodel ORPDM andexperiments
arealmostalwayswithin 25 % in bothcatalysttests.

Table 6.3 Accuracief the Olefin ReadsorptiofProductDistribution Models.

model MARR % Sel% n m
parafins olefins
G-S(A) 10.1 9.1 13.3 370 57

G-L-S(B) 9.4 8.4 125 223 36
G-L-S(C) 118 9.0 140 270 44

Themodelparametersf modelORPDMarepseuddinetic rateconstantsincor
poratingtruekinetic rateconstantssurfaceconcentrationsf intermediateshydrogen
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Figure 6.1 Relatve residualsversusexperimentalselectvities. (e: parafins, O: methane,
A: olefins,v: etheneModel ORPDM.a. Gas-slurryseriesB; b. Gas-slurryseriesC.

andvacantsites.Thereforethe modelparametersary with the adjustedprocesvari-

ables,Pco, Pn,, andspacevelocity. Theeffect of the processvariableson the model
parameter§p, to, kr) wasdescribedvith the sameequationssin Table6.4 (Chapter
4). Thereadsorptiorparameterkg, increaseswith H, pressureand decreasesvith

CO pressure.CO inhibits readsorptiorrates,while a high H,/CO ratio is favorable
for readsorptiorof olefins. The accurayg of the equationgresentedn Table6.4 is

shavn in Figure6.2. Remarkablythereadsorptiorconstant{kgr) andthe termination
constanto olefins(tp) appearo be lower at similar processonditionsthanthe cor-

respondingnodel parametergor the gas-solidsystem. Both effectswill resultin a
higherpredictedolefin selectvity for the gas-slurryreactor
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modelORPDM.

Table 6.4 Model parameter©RPDMat523K in gas-solid Chapterd) andgas-slurry(C)
experiments.

Parameter G-S(A) G-L-S(C)
p 13.8ng'47P8-33 14.4 Pg2°'26P8-éo
to 6.17P; ° 3.71P;0°
Pl.4 —0.49 P1.2 P—O.47
K 33210412 €9 gpp105_H2 CO
R q)v O/W ch O/W

ORPDMdescribesi-dependenteadsorptiorof olefins,resultingin a curveddis-
tribution of parafins and a decreasindd/P ratio with carbonnumber Examplesof
productdistributionswith the predictednodelvaluesfrom modelORPDMareshavn
in Figure6.3a-band Table6.5. The modeledproductdistributionsappearedo pre-
dicttheexperimentallyobsenedselectvitiesaccurately Thedeviationsfor C; andC,
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productsaswell astheincreasingparafin contentof the productsarealsodescribed
accuratelyThesdfiguresalsocompargroductdistributionsbetweenwo experiments
from this studyandgas-solidsystemexperimentsat comparableonditions(Chapter
4). Figure6.3a-bandTable6.5shav thattheslurryliquid influencegheproductdistri-
bution obtained.It shouldbe notedthatthe experimentakonditionsinsidethereactor
arenot completelysimilar. Theolefin contentof the hydrocarbormixtureis higherin
both gas-slurryexperimentsasa resultof the modelparameterg¢seeTable6.5 for p,
to, andkg). In accordanceavith StengemandSatterfield4], thereadsorptiorof olefins
is reducedn presencef the slurry liquid resultingin anincreaseof the olefin selec-
tivity. In bothcomparisongheselectvity to olefinsis higherin thegas-slurryreactor
Theselectvity to low molecularweighthydrocarbonsappearso be decreaseth the
slurry systenrelative to the gas-solidsystem.

Table 6.5 Model parameter© RPDM,experimentakonditionsandselectvities (wt%) for
Figure6.3.

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

Run Al6 B8 A8 B11
F 0.5 0.5 2.0 2.0
H,/CO 0.38 0.30 6.19 4.71
®,0/W (1073 Nm® kgears %)  0.36 0.39 0.35 0.34
p 19.46 15.20 6.69 8.86
to 5.50 5.49 4.22 2.95
Kr 0.076 0.030 - 0.110
w1 9.0 8.4 16.6 12.8
Wo-_a 36.6 41.3 34.4 37.6
Ws5_10 48.8 50.2 34.9 49.6
Wo.2-4 75.3 80.9 455 58.6
WO .5-10 72.9 75.0 35.0 57.1

Lto/kr

6.3.2 ReactionKinetics

Thereactionratesof the FischerTropschsynthesiq Rg1) andthe watergasshift re-
action(Rwgs) werecalculatedrom the experimentakresultsof experimentakeriesC
in AppendixB. The kinetic modelsappliedwere optimizedfor seriesC. The setof
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Figure 6.3 Productdistributions as a function of carbonnumberfor both the gas-slurry
system(solid symbols solidlines)andthegas-solidstudy(Chaptert) (opensymbolsdashed
lines). Symbolsare experimentalselectvities. Linesaremodelpredictionsfrom ORPDM.
Optimizedparameterandthe experimentakonditionsareshavn in Table6.5.
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rateexpressionglevelopedin Chapters wereusedfor kinetic modelingin this study
Thesd_angmuirHinshelvood-Hougen-Vitsortypeof intrinsicrateexpressionsvere
derivedon thebasisof a detailedsetof reactionmechanism$or the hydrocarborfor-
mationaswell asfor thewatergasshift equation.The samesetof assumptiongiven
in Chapter5 wasusedfor thedevelopmenbf the kinetic equationsin addition,how-
ever, it wasassumedhatcarbondioxideadsorbedtronglyonthecatalyticsitesactive
for the FischefTropschreactionwhereaghe adsorptionof waterwasassumedo be
negligible. This, becausef theexperimentabbsenrationsof high carbondioxidecon-
centrationsn thereactoreffluent(seeAppendixB, seriesC) relative to water Kinetic
equationsvith carbondioxideinhibition werealsoreportedoy Ledalowicz etal. [10],
Nettelhof etal. [11], andDeckweretal. [12]. As aresult,thesitebalancedor theFT
catalyticsitesread:

951 + (9C51 or 9COS]_) + 9C0251 = l (61)
(Bcs, OF Ocosy) +6cos =1 (6.2)

with 6cs, relevantfor dissociatve andfcos, relevantfor associatie CO adsorption,
respectiely.

Thefinal form of the kinetic equationgs presentedn Table6.6. Theseequations
wereoptimizedwith both site balancegeqs6.1-6.2). The relative variancef these
optimizationsandthe appropriateankingareshovn in Table6.7. The statisticalsig-
nificanceof thedifferencesn accurag wastestedwith Bartlett'stest(Chapter3) [13].
For a numberof competitve modelsH, the Bartlett's testcomparesa critical calcu-
lated x2 value (for details,seeChapter3 or Jonler et al. [13]) with a takulated x?
value[14]. If x2 exceedshetakulatedvalue,themodelwith thelargestdeviationwas
rejectedandy? wasrecalculatedModelsweresubsequentlyejecteduntil x2 wasbe-
low thetakulatedvalue. Table6.8 compares?2 with thetakulatedy? valuefor H — 1
deggreesof freedom. The table shows thatthe besttwo models(H = 2) passedhe
testandarestatisticallyindistinguishableThesebestmodelsare,in succeedingrder:
FT-13 (eq6.1)andFT-1l12 (eq6.2). Table6.9 shovs the optimizedmodelparameters.
The95 % confidencdimits shav thattheadsorptiorconstanpf CO, is ratherinaccu-
rate. Theadsorptiorconstanof CO (a) for modelFT-13 is not significantlydifferent
from zero. Therefore we prefermodel FT-1112 for the descriptionof the FT reaction
rate. This modelis alsooneof the optimalkinetic equationsof the gas-solidsystem
(Chaptens). Parity graphsof the FT kinetic equationsareshowvn in Figure6.4.

Basedntheformatemechanisnandtheassumptionmentionedn Chaptel5, two
kinetic rateequationdor thewatergasshift reactionarepossible Theexpressiongre
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Table 6.6 Reactiorrateexpressiongonsideredor
theFischefTropschsynthesisRgt (mol kgc_alt sh).

Model Kinetic equation
KpL2pl/2
FT-I3 €O_H, .
(l +aPi% + bPco,
Kpl2p3/4
FT-14 €o_* 5
(1 +aPcgPy,t + bPCOz)
kP22 Py,
FT-I13 =
1+ aP.3 +lb2PC02
kPcoP
FTII12 S S
(1+ acho + bPco,)
PcoP
FT-1113 ot
(1+ acho + bPco,)
PcoP
FTIV2 L
1+ aPco +2ch02
kPcoP
FT-IV3 COTH,

1+aPco + bPco,
1 SeeChapters for a descriptiorof thesemodels.

Table 6.7 FT kinetic modelscreening.
Model Sitebalancgeq) se (%) Rank

FT-13 6.1 12.9 1
FT-13 6.2 29.5 6
FT-14 6.2 27.3 4
FT-I3 6.2 29.2 5
FT-IlI2 6.1 13.3 2
FT-II2 6.2 32.3 7
FT-II3 6.2 42.5 9
FT-IV2 6.2 25.0 3
FT-IV3 6.2 41.8 8

FT-14, FT-II3, FT-IlI2, FTII3, FT-IV2, FT-IV3 with
sitebalances.1resultsina < Qorb < 0
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Table 6.8 Bartlett's testfor FT model€.

H xZ X2
9 37.6 155
8 314 14.1
7 220 126
6 17.9 111
5 139 9.49
4 10.7 7.81
3 7.24 5.99
2 0.0107 3.84

1 x2: critical x? accordingto Bartlett's
test[13]; x&: takulatedy? [14]

givenin Chapters (Table5.7). The adsorptiorof bothH, andCO; is assumedo be
negligible relative to CO andH,0 [15-17]. Thus,the massbhalanceof the catalytic
sites,s,, is:

952 + 9H2052 + OCOSZ =1 (6-3)
On,0s, + Ocos, = 1 (6.4)

For thetemperaturelependengof theequilibriumconstanbf the WGSreaction Kp,
thefollowing relationwasused(Graafetal. [18]):

Pco, P 2073
logKp = log [ —2""2 )} — (25 _ 2029 (6.5)
Pr,0Pco / T

The agreemenbetweenthe experimentsand the kinetic modelsis not impressie.
Model WGS-I5with site balanceeq. 6.4 fitted the experimentalratesthe best(s¢1=
20.5%).

kuw/K?Z (PcoPhy0 — Pco,Ph,/Kp)

Ks 2
P —P
( co + Ky HgO)

Rwes-15 = (6.6)

Therelative varianceof the otherkinetic modelsexceeded30 % or the valuesof the
optimizedparametersiereunrealistic.Thecorrespondingnodelparameteraregiven
in Table6.9andthe parity graphis shawvn in Figure6.5.
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Table 6.9 Finalestimate®f the parametersf the FT andWGSkinetic models.

Parameter Dimension Estimate
FT-13 (Se 12.9%)

k molkg~t s™* MPa~1?®> 0.011+ 0.004
a MPa! 0.1754+ 0.204
b MPa 1 0.4854 0.365
FT-NI2 (sre1 13.3%)

k molkg~t st MPa1® 0.034+0.011
a MPa! 1.185+ 0.357
b MPa 1 0.6564 0.456
WGS-15(sre 20.5%)

Ky /K2 molkg~t st 0.030+ 0.003
Ks/K1 - 3.07+0.31

A comparisorbetweenthe experimentalandthe calculatedreactionratesof the
FischerTropschandthe watergasshift reactionis presentedn Figure6.6a-b The
calculatedratesare basedon the optimal kinetic modelsFT-1112 andWGS-I5. The
behaior of thekinetic reactorwascalculatedvith a CSTRmodel(seeChapters for
details).Figure6.6ashonsthe effect of theflow rateon the overall synthesigascon-
sumptionrateandonreactionratesof thebothFischerTropschreactionandthewater
gasshift reaction.Thereappeard$o be goodagreemenbetweerthe experimentaland
the calculatedreactionratesover the measuredangeof spacevelocity. Thereaction
ratesincreasawvith increasingpacevelocitydueto decreasingnhibitor concentrations
(FT: COy; WGS:H0).

The effect of thefeedratio of H,/CO at a constantreactorpressuref 1.5 MPais
showvn in Figure6.6h Both the FischerTropschandthe watergasshift reactionrate
decreasslightly towardslower H,/CO ratios. The overall synthesiggasconsumption
ratedecreasestronglydueto the reactionstoichiometry Figure6.6balsocompares
the reactionratesobsered with the gas-slurrysystemandin the gas-solidsystem
(Chapters). Themodellinesfor the gas-solidsystemwerecalculatedat comparable
conditionswith the optimal kinetic equations:FT-1112 and WGS-16 (Chapter5; see
Table5.10). At highfeedratios(F > 2), thereactionratesin the gas-slurryandthe
gas-solidsystemsare nearly the same. However, at low H,/CO ratios, the reaction
ratesin thegas-solicsystemaresignificantlyhigherthanin thegas-slurrysystem.The
maindifferencebetweerthereactionrateequationgor two systemss in theinhibitor
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term. Both optimalmodelsfor thegas-slurrysystenmcontainCO;, inhibition in contrast
to H,O inhibition for thegas-solicsystemseeChaptes. Consequentlthegas-slurry
reactionratesareinhibited atlow H,/CO ratiosdueto CO, formedvia the watergas
shift reaction. The watergasshift reactionis ratherslow in the slurry phaserelative

to the gas-solidsystem.In caseof the gas-slurrysystemthe WGS catalyticsitesare
completelycovered.Apparentlythepresencef theliquid phaseffectstheadsorption
strengthof thecomponentpresent.

6.4 Conclusions

e Theproductselectvity model ORPDM, previously developedto describegas-
solid selectvity, alsoappeardo describeaccuratelythe selectvities over a pre-
cipitatediron catalystin the slurry phase The averagedeviation of theselectv-
ity to parafins andolefinsis 10.6% and8.7 %, respectiely.

e Thepresencef theslurryliquid appearso affecttheproductselectvity relative
to the gas-solidsystem.The slurry-phasesystenmyields a higherolefin fraction
at comparableeactionconditions. The correspondingnodel parametersthe
readsorptiorronstanandtheterminationconstanto olefins,areloweratsimilar
conditions.

e The reactionkinetics of both the FischerTropschand the water gasshift re-
actionin the gas-slurrysystemcanbe describedvith the samesetof reaction
mechanismdound previously to describethe gas-solidsystem. The reaction
ratesappearto be comparablet high Ho/CO feedratios. However, the reac-
tion rateof the FT synthesisappeargo be lower at H,/CO ratiosbelow 2 due
to inhibition of CO; in the slurry system. The watergasshift reactionrateis
alsolower at theselow H,/CO ratiosdueto completeoccupationof the WGS
catalyticsites.
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Multicomponent Reaction Engineering Model
for Fischer-Tropsch Synthesis in Commercial

Scale Slurry Bubble Column Reactors

Abstract

A multicomponenmathematicainodelis presentedor alargescaleslurrybubblecol-

umnreactoroperatingn theheterogeneous churn-turtulentflow regime. Themodel
accountdor boththe FischefTropschreactionaswell asthe watergasshift reaction
andtheindividual parafin andolefin formationrates. It providesall the dataneces-
saryfor reliablescaleup, procesptimization,andpredictionof the performanceof

industrialscaleFischefTropschbubblecolumnreactors.
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7.1 Intr oduction

Synthesiggas(CO andH,) from coal or naturalgascanbe corvertedin the Fischer
Tropsch(FT) procesgo amulticomponentnixture of predominantlyinearhydrocar
bons. The FT synthesisn slurry bubble columnreactors(SBCR)is very attractve
relative to fixed bedreactord1]. Theadwantagesre: 1) Low pressurelrop overthe
reactor 2) Excellentheattransfercharacteristicsesultingin stablereactortempera-
tures.3) No diffusionlimitations. 4) Possibilityof continuougefreshmenof catalyst
particles. 5) Relatively simple constructionand low investmentcosts. Mathemati-
cal modelingof a FT SBCRwasreviewed by Saxenaet al. [1] andmorerecentlyby
Saenal2]. Thebottleneckappeardo bethelack of reliablekinetic equationgor all
productsandreactantdasedn realisticreactionmechanisms.

A summaryof previous slurry bubble column reactormodelsfor the Fischer
Tropschsynthesiss givenin Table7.1. Mostmodelsareonly applicabldn smallscale
slurry bubble columnsoperatingin the homogeneousegime. However, the churn-
turbulentor heterogeneousegimeis the mostoptimal onefor the FT synthesig13].
In this regime, thereis a rangeof bubblesizes. The gasbubblescanbe divided into
two classes:1) the small bubbleswith a constantoubble diametedessthan0.01m,
and?2) thelarge bubbles:bubbleslargerthan0.01 m with irregularshapeandvarying
size.Themixing behaior of bothclassess completelydifferentdueto thedifference
in rise velocity. Krishnaandco-workersmodeleda slurry bubblecolumncontaining
cobaltcatalystparticleswith the useof flow patterngfor the large and small bubbles
[13,16,17].

Appropriaterate equationgfor both the FischerTropschandthe water gasshift
reactionareneededor modelingof bubblecolumnsoperatedvith iron catalysts Kuo
[9], Stengerand Satterfield[10], Prakashand Bendale[11], PrakasH12], andInga
and Morsi [15] includedrate expressiongor the FT and WGS reactionsto obtain
accuratéhydrogerandcarbonmonoxideaxial concentratiomprofiles.Until now, none
of theavailableliteraturemodelscandescribehe completeproductdistribution of the
FT synthesisatindustrialconditions(high temperatur@andpressurepasa function of
overall consumptiorof synthesiggascomponentandoperatingconditions.

This studywill investigateaniron-based-ischerTropschSBCRoperatingin the
heterogeneoutow regime. Themodeltakesinto accountoththewatergasshift and
the FT reactions,aswell asindividual hydrocarborproductformationrates. Here,
multicomponentvapokliquid equilibria (VLE) with detailedkinetic expressiongor
all reactant@ndhydrocarborproductsarecombinedwith SBCRhydrodynamicand
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masstransfercharacteristicso predictthe detailedproductcompositionof both gas
andliquid phaseasa functionof operatingconditions.

Table 7.2 Kinetic modelsfor Table7.1.
FT kinetic expressions WGSkinetic expressions

1 kCpy, o 1 k(Cco,LChyo,L — Cco,LChyL/Kp)
KCh,,LCco,L 5 k (Cco,LChyo,L — Cco,LChyL/Kp)
Cco,L +aCh,0 Pco + aPh,0
KCh,,LCco.L

(1+aCco.1)?

7.2 Kinetics and Hydr ocarbon Selectvity

The rate expressionfor the FT reactionon a precipitatediron catalystin the slurry
phasegroposedn Chaptet6 wasused(Table7.3):

kPcoPy?
(1 +aPco + bPC02)2

ReT = (7.1)

The water gasshift reactionis an exothermicandreversiblereactionproceedingsi-
multaneouslywith the FischerTropschreaction.Dueto the WGSreaction,synthesis
gaswith a H,/CO ratio below 2 canbe usedbecauseaxcessof carbonmonoxideis
corvertedwith waterto carbondioxide andhydrogen.The equilibrium constantK p
wasobtainedrom Graafet al. [18] andthefollowing rateexpressiorwasusedfor the
kineticsof the WGS (seeTable7.3andChapter6):

kwas (PcoPH,0 — Pco, PH,/Kp)
(Pco+K PH20)2

The productselectvity to «-olefinsandparafins wascalculatedusinga recently
developedselectvity modelfor iron catalystscalleda-Olefin ReadsorptiorProduct
Distribution Model (ORPDM) (seeChaptergt and6). This modelallows for a chain-
length dependenthain growth factor dueto readsorptiorof «-olefins. The appro-
priate model parametersare shovn in Table 7.3 as a function of processvariables
(Pco, PH,. ®,,0/ W) ataconstantemperaturef 523K.
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Table 7.3 Kinetic andselectvity modelparameterat523K (Chapter6).

Parameter Value Parameter Value
tl 6.5 k (molkg=t st MPa~1%) 0.0339
t2 1.7 a (MPa™?) 1.185
c 0.35 b (MPa™1) 0.656
sz l7.6kR92 ¢ kWGS (moI kg‘l S_l) 0.0292
p 14.0P;2%°P240 K () 3.07
to 3.71P>° Kp 85.81
1.2 P—O.47
Kg 8.00105-2 CO
®, 0/W

Pressurei MPa, spacevelocity ®,, o/ W in Nm3 kggs s~1
7.3 Model Equations

D=8m U’

/Iﬁoutlet T
h

A
slurr
4_):: plug Usr . well ° well
flow T TT T « : mixed K © | mixed
< Le ©
~ QQ k\arge " S|, sman o o
H=24m coolant\ model o |e a Lt :kLa pl° ° o
oo°
O N o © o
i Slurry |ar e @ - - .. US ° ° Sma”
e 9 © e o o| bubble
v B bubble holdup=
holdup= 4 solids A € p=
£, Ug-Uge holdup= €, Upe DF
synthesis gas T
Us

Figure7.1 Hydrodynamianodelof slurry bubblecolumnreactorin the heterogeneoutow
regime.

A mathematicablescriptionfor the simulationof an industrial FischefTropsch
SBCRis presentedThe reactormodelcanbe appliedin the heterogeneousr churn-
turbulentregime (seeFigure7.1). Thelarge bubblesareassumedo bein plug flow
with asuperficiagasvelocity of Ug — Upr. Thesuperficialvelocity of thegaspresent
in thewell mixedsmallbubblesis Up g, whichis equalto thetotal superficialgasve-
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locity atregimetransition. The mathematicatnodelfor the FischerTropschsynthesis
is basednthefollowing assumptionsl) Gas-liquidmasdransferesistancés located
in theliquid phase.2) Large gasbubblesarein plug flow dueto high rise velocities,
typically 1-2 m s~1. 3) The gasphasen the small gasbubbles,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
andtheturbulencecreatedoy the fast-risinglarge bubbles.4) Hydrocarborproducts,
parafinsandolefinsonly, in thegasandliquid phaseof thereactoroutletareassumed
to bein equilibriumat the reactoroutlet. 5) Thereactoroperatessothermallydueto
the completelymixedliquid phase.6) Theslurry velocity is constant.7) The reactor
operatest steadystateconditions.8) The effectivenesgactorof the catalystparticles
is equalto unity andmassandheattransferesistancebetweercatalystandliquid are
negligible dueto the smallparticlesizeapplied(50 m).

The gasphasemassbalancefor component in the large bubbles,rising in plug
flow is:

d (U — Upr) CE™
dh

Cllarge
+ (kLa)!arge( n';gL — ci,L> =0 (7.3)
i

with concentrationgn mol m—3 subjectto the boundaryconditionsat the reactoren-
trance:h=0: C{%% = C/";. Thegasphasemassbalancefor component in thesmall
bubbles(completelymixed)is:

Upr in small small Cfrgall
H (G —C&) = (ke W —CiL (7.4)
Themasshalancdor component in thecompletelymixedliquid phasecanbewritten
as:

large

H large CiG Ci'sr(r;all
1/H/0 (k a);*"? —sr — Cit dh + (ka);™" —sr —Ci | +

n
U
+eLeppp Zvij Rj — FSCLL =0 (7.9
=

wheree, is theliquid holdup(m? mz3), ep is the solidsholdup(m$ m3), pp is the
catalystdensity R; istheFT (j=1) or WGS(j =2) reactionrate(mol kgem s71), vij is
the stoichiometriccoeficient for component in the j-th reaction. Thereactionheat
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is removed with vertical cooling tubesof 1.5 inch diameterat a constantsteamtem-
peraturel. of 495K. Theoverall heattransfercoeficientaess from slurry to coolant
is estimatedrom the correlationof Deckweretal. [19]:

Qeff = 0. 1U825 O75Cp Sgo 25 70 25)»05 (76)

At gasvelocitieshigherthan0.10m s™! the heattransfercoeficientdoesnotincrease
ary moreandis calculatedrom eq7.6with Ug equalto 0.10m s

Theenepgy balancdor theslurry phaseeadsassuminghecatalystandtheliquid
temperaturéo beequal:

ELEPPP Z —AHRj) Rj — aetrac(T — To) +
U
+F (('OSCp’ST)in - ('OSCp)ST)OUI) =0 (7-7)

wherea. is the specificheattransferarea(m 1), C,, s is the heatcapacityof theslurry
phaseps is theslurrydensityand— A Hg ; is thereactionheatof reactionj (Jmol=1).

The molarflow rateof the gasphasewill changedueto reaction.The superficial
velocity is assumedo be a linear function of the overall synthesiggascorversion,
Xco+, [14]:

Us = (1 + acXcorm)U = (1+ ac(X+ U)/(L+ F)Xp,) UD, (7.8)

whereq. is thecontractiorfactor definedas:

Uc(Xco+H, = 1) — Ug(Xco+h, = 0)
Uc(Xcot+H, =0)
U is the usageratio of hydrogento carbonmonoxide(-Ru,/-Rco) andF is the feed

ratio of H, to CO. The reportedvaluesof « are between-0.5 and-0.65[6]. The
contractiorfactora, is determinedy the productselectvity (m andn).

(7.9)

Oc =

7.4 Hydrodynamic Parameters

The mostimportanthydrodynamicparametersre the gasholdup of the large and
small bubblesin presencef solidsunderFischefTropschreactionconditions. The
rise velocity of the small bubbleswill increasewith increasingsolidsholdupdueto
enhancedoalescencaccordingo:

Varratl = Vara (1+ 0.82p/ Virsy ) (7.10)
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with V;rﬁ;” =0.095ms1 [20]. Thegasholdupatthetransitionfrom homogeneou®
churnturbulentregimein the presencef a high solidsloadingfollows from Krishna

etal. [20]:

0.48
EDF = sge,f: <pG/pg"f> <l - 0.78p/8§|f:> (7.12)

wherethe smallbubbleholdupin solids-frediquid is erDeéz 0.27andtheatmospheric

densityis ,orGefz 1.3 kg m~3. The correspondinguperficialgasvelocity at regime

transitionis calculatedrom Upr = Vgmaépr. Themodelof KrishnaandEllenbeger
[21] is usedto predictthe gasholdupof the large bubbles. This modelis corrected
for theinfluenceof gasdensityaccordingto a recentstudyof Letzeletal. [22]. For

largebubblecolumns(D > 1 m)andhighslurryconcentrationésp > 0.16),thelarge

bubbleholdupcanbeestimatedrom acombinatiorof thecorrelationgjivenby Letzel

etal. [22] andKrishnaetal. [20]:

0.5
eg = 0.3(Ug — Upg)**® (PG/PrGEf) (7.12)
Thetotal gasholdupin the heterogeneousgimeis calculatedrom:
ec = e +épr (1 —¢€B) (7.13)

Thevolumetricmasgransfercoeficient of large bubblesis obtainedrom therelation
proposedy VermeerandKrishna[23] andmorerecentlyby Letzeletal. [22]:

kLa2%/eg = 0.5 (7.14)
whichis correctedor themasgransfercoeficientof component by thefactor:
K92/ K™% = (Dj/Dref)>® (7.15)

whereDyer = 2 10°° m? s 1. In thesameway, the volumetricmassransfercoeficient
for component of thesmallbubblesis definedas[16]:

keaStl /epr = 1.0 (7.16)

7.5 Physical Propertiesand Flash Calculations

For calculatingthe physicalpropertiesof the liquid, it wasassumedhatthe FT wax
consistedf n-parafins with a carbonnumberof 28 (CygHsg). The physicalproper
tiesat523K wereestimatedvith theasymptoticabehaior correlationslevelopedby
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Table 7.4 Operationconditionsandphysicalproperties.
Reactorconfiguration
reactordiameter D=8 m
reactorheight H=30(20%disengagemerzone) m
dispersiorheight H=24 m
Operatingconditions
pressure P=301C° Pa
temperature T=523 K
catalystconcentration ep=0.20-0.35 md m3
superficialgasvelocity Us=0.15-0.40 ms~!
superficialslurry velocity Us=0.01 ms!
coolingtubediameter d. =0.0381 m
coolanttemperature T.=495 K
feedcomposition F=0.5-2.0,Yc0,=0.05,Yinert=0.05 -
Liquid phasqL)
liquid viscosity nL=5.9510"* Pas
liquid density pL=656.7 kgm=3
surfacetension 0=0.017 Nm?
liquid heatcapacity CpL=2721 Jkg 1K™t
liquid heatconductvity A, =0.181 WmtK!
CatalystphasgP)
catalystdiameter dp =5010°° m
catalystdensity op=1957(Lox etal. [24]) kgm=3
catalystheatcapacity Cp,p=993 Jkg 1K1t
catalystheatconductvity Ap=1.7 WmiK?
Slurry phasg(S)
catalystweightfraction  wp = FPOP [6] -

ep(pp — pL) + pL

slurry density ps=¢eppp + (L—ep)pL [6] kgm=3
slurry viscosity ns = nL(1+ 4.5¢p) [19] Pas
slurry heatcapacity Cps=wpCpp + (1 —wp)Cp L [6] Jkg~K1
slurry heatconductiity — As= A 2Lt hp — 26p(h — Ap) [25] Wm1K-1!

“20 + hp +ep(AL — Ap)
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MaranoandHolder[26, 27] (seeTable7.4). Henry constantgor CO, CO,, Hz, H,0,
N andlight hydrocarbon¢C;- C3) wereobtainedrom MaranoandHolder[28]. Dif-
fusivities at high temperatureandpressuresnpecessaryor calculatingmasstransfer
coeficients,wereestimatedisingcorrelationof Erkey etal. [29] basedn therough
hardspheregheory The multicomponen¥VLE modelof MaranoandHolder[28] was
applied.However, we assumeddeal gasbehaior of the gasphasebecauseinderthe
reactionconditionsapplied thefugacity coeficients(upto Czg) ascalculatedwith the
Peng-Robinsorquationof stateare between0.95and 1.01. The equilibrium con-
stantsbetweenvaporandliquid for non-hydrocarbonand C; 3 hydrocarbonsvere
calculatedrom:

Ki =vi/x = H>®;/P (7.17)

whereK; is the K-valuefor component, H is the Henry constanffor component
i atinfinite dilution, and ®; is the Poynting-factor For the otherhydrocarbonsthe
K -valueis givenby:

Ki = Vioopl,satq)i/P (7.18)

wherey,™ is anactvity coeficient,andP, sa is thevaporpressuref purecomponent
i. Theappropriatgparameteralueswereobtainedfrom MaranoandHolder[28]. A
flashcalculationusingtheseK -valuesgivesthefinal compositiorof theliquid andgas
phaseoutletof the SBCR:

m.

ppELepVRRET e=—— = U AyiCo + UsAX CL (7.19)

Z nm
i

wherem; is themolar selectvity to producti with carbonnumbem, andCg andC,

arethetotal gasandliquid concentrationtespectiely.

7.6 Resultsand Discussion

A commerciakcaleSBCRwith diameterD= 8 m, dispersiorheightH= 24 m, pres-
sureP=3.0MPaandtemperaturd = 523K is usedn oursimulations Thesuperficial
slurry velocity Us is 0.01m s~1. Theslurry entersthe reactorwith aninlet tempera-
ture of 423 K. The propertiesof the catalystapplied(Ruhrchemid_P 33/81Fe/Cu/K
on SiQy) are: catalystparticle diameter50 10~¢ m, catalystdensity pp= 1957 kg
m~3. The propertiesof the slurry weredeterminedisingthe relationsof Deckweret
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Table7.5 Physicalpropertiesandconcentrationsf thecomponents the SBCR
mentionedn Figure7.2. Operatingconditions:F=1,Ud'=0.20m s1, ¢£p=0.25,D=8m,
H=24m, T=523K.

Component  mSt D Cy Gy Cm C.
(Ce/CL) (108m?s Y (mol m~3)

H> 5.83 3.85 310.5 152.6 155.1 26.2

CcO 4.86 1.53 310.5 125.2 129.2 25.8

CO, 2.32 1.26 345 150.3 149.0 64.9

H>O 0.85 1.89 0 53.5 53.3 62.9

N> 5.65 1.54 34.5 445 443 79

al. [6, 19] (seeTable7.4). The completereactormodelconsistsof a systemof ordi-

nary differentialequationsandalgebraicequationswith the correspondindpoundary
conditions.The setof equationsvassolved numericallyusinga backward differenti-
ationschemaewith 60 grid pointsusingthe gPROMS softwarepackaggVersionl.6a,
ProcessSystemsEnterpriseL.ondon).

Theconcentratiomgradientsof CO, H,, CO,, H,O andN, arelargein thebottom
of the slurry reactor Particularly at the top of the reactor the liquid phaseis in equi-
librium with the gasphase(Ci| = Ci"aége/miGL, seeTable7.5). Resultingfrom the
differencein solubility, the Ho/CO ratio in the liquid phaseis largerthanthatin the
gasfeed. Theliquid phaseconcentration®f H, and CO influencethe chainlength
andolefin contentof the productdormed. Theaxial concentratiomprofilesof CO, Hy,

CO,, H20 andN;, in thelarge gasbubblesareplottedin Figure7.2.

Figure 7.3 shaws the correspondingroductvity of eachindividual parafin and
olefin,bothin thegasandliquid phase Themodelpredictsthe FT productdistribution
betweerthevaporandliquid phasesThelighter productswith a high olefinyield are
in the gasphaseandthe heavier products,mainly parafins, leave the reactorin the
liquid or wax phase.Our modelpredictsthe effect of the processconditionson the
selectvity andcompositionof theindividual phases.

The major resultsof our simulationson the reactorperformanceare shown in
Figure 7.4a-bfor a rangeof catalystconcentrationgp between0.2 and0.35, feed
ratiosof H, to CO (F) in the synthesiggasbetweernD.67and?2, with a constanimole
fractionof CO, andNj3 in the feedof 0.05andsuperficialinlet gasvelocity U(i5n from
0.15t0 0.4m s™! (seeTable7.4). Increaseof theinlet gasvelocity causesa decrease
of the synthesigjascorversion asexpected At low gasvelocities,U" < 0.15ms™?,
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Figure 7.2 Axial concentratiorprofilesfor CO, Hz, COy, H,0 andN». Operatingcondi-
tions: F=1,U{'=0.20m s1 £p=0.25,D=8 m, H=24m, T=523K. SeealsoTable7.5.
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Figure7.3 Parafin (P,) andolefin(On) productionratesin thegasandliquid outletstreams
(p=12.6,t0=4.6,kr=0.27).Operatingconditions:F=1, U= 0.20m s ™1, £p=0.25,D=8m,
H=24m, T=523K.



FISCHER-TROPSCH SLURRY BUBBLE COLUMN REACTOR

201

the synthesigyascornversionreaches constantevel of about80 % asa consequence
of the kinetic expressionsvith product(CQ,) inhibition. Higher corversionscanbe
obtainedwhenthe operatingconditions(P, T) or catalystare changedor whenthe
dispersionheightis increasedo, for example,H= 30 m. The reactorproductvity,
expressedas total hydrocarborproductionin kg h™! m;f’, shows an increasewith
increasingyasvelocity. Theeffectof catalysiconcentratiomnthereactomperformance
at F =1is shovnin Figure7.4a. Increasinghe catalystconcentratior{ep) shavs an

100 100
€p
> 0.35 m’E:
£
< 0.30 2.0 <
(@] o
< 807 T F 180 X
Y 15 -
5 0.25 1.0 (I-.)
> >
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40 : : 020 : : : 40
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Figure 7.4 a. Effectof catalystconcentratiorandgasvelocity on the synthesiggascornver-
sionandproductvity (F=1, T=523K). b. Effectof theH,/CO feedratio F andgasvelocity
onthesameg(ep=0.25,T=523K).
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increaseof the cornversionandproductvity. The catalystconcentrationnfluencegshe
concentratiorlevels aswell asepr accordingto eq 7.11. The highestproductiity

is obtainedat high catalystconcentrationgsp=0.35) and gasvelocitiesup to 0.4 m

s~1. Theeffectof thefeedratio F at a constantatalystconcentratiorof ¢p=0.25is

givenin Figure7.4b Thedecreasef the synthesiggascorversionwith increasingr

is mainly causedy the kinetics. At low feedratios,conversionsof CO arelarge due
to thehighwatergasshift reactionrate. The optimal productvity is obtainedatafeed
ratio of F=1.5. Thefeedratio influenceghe gasholdupdueto changinggasdensity
Significantlylower gasholdupvalueswereobseredwith increasingF. The number
of coolingtubesrequiredstronglydepend®ntheproductvity andvariesbetweer600
and1700coolingtubes.Thecorrespondingitch distancevariesfrom 0.33t0 0.20m,

whichis large enoughotto influencethe hydrodynamicef the SBCR[16].

Theeffect of thefeedratio ontheselectvity to severalproductclassess shavnin
Table7.6. Thetotal hydrocarbor{parafin andolefin) selectvitiesin massercentages
werelumpedin four groups: methangws), light gase<C,_4 (w2_4), gasolineCs_1g
(ws-10), andadiesel/vax fractionC10_100 (w10+). Theolefin contentis shovn for the
C, products(wo 2), Cs—4 products(wo 3—4) andthe total olefin yield of all products
(wo). Theselectvitiesin Table7.6 werecalculatedvith the modelparameterin Ta-
ble 7.3. Increasing- hasapronounceaffectontheincreasingselectvity to methane
anda decreasinglefin contentof the productspectrum.The hydrogenconcentration
in theliquid bulk increaseswhich causesanincreaseof the terminationto parafins
relative to olefinsanda decreasef the chaingrowth parameter

Table7.6 Selectvity parameterandproductselectvities (wt%) asafunctionof the
Ho/COfeedratio F (U= 0.20m s 1, ep= 0.25,T=523K).
Productselectvity (wt%)
F P to kr w1 W24 W5 10 Wi+ W02 W03 4 WO
0.67 174 56 0.17 3.7 175 265 523 430 853 377
1.0 126 46 027 57 189 272 482 285 793 335
15 96 39 041 82 205 284 43.0 19.0 727 29.6
2.0 79 36 056 106 21.8 293 383 139 66.8 26.5
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7.7 Conclusions

A mathematicatiesignmodelfor a large scaleFischerTropschSBCRis developed.
The modeltakesinto accountthe water gasshift and FischerTropschreactionsas
well asindividual hydrocarborproductformationrates. Underthe operatingcondi-
tionsinvestigatedhe FT SBCRis mainly reactioncontrolled. This is causedoy the
limited actiity of Fe catalystson the onehandandthe large valueof the volumetric
masstransfercoeficient of the large bubblesdueto frequentbubble coalescencand
breakupon the otherhand. The modelpredictsthe compositionof the gaseousand
liquid streamf alarge scalebubblecolumnoperatingn the churn-turtulentregime
asafunctionof theoperatingparametersit providesall thedatanecessarfor reliable
scaleup, processoptimizationand predictionof the performanceof industrialscale
FT bubblecolumnreactors.

List of Symbols

A reactorarea,m?

ac specificcoolingaream™*

C concentrationmol m=3

Cp heatcapacityJkg—! K—1

D reactordiameterm

D diffusioncoeficient,m? s 1

F H,/CO feedratio

g gravity acceleratioriactof 9.81m s
h axial position,m

H dispersiorheight,m

H.> HenryconstantPa

Ki equilibriumconstan(y; /x;)

kLa volumetricmasstransfercoeficient,s 1
mCt solubility coeficientCg/Cy

mi molarselectvity

n carbonnumber

P pressurePa

psat vaporpressurePa

R gasconstantg8.314Jmol~1 K—1

; —1 1
R reactionrate,mol kg S
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T temperaturekK

] H»/CO consumptiorratio (-Ru,/-Rco)
u superficialvelocity, m s™1

Vr reactorvolume,m?

Vsmall risevelocity smallbubblesm s~*
wj weightfractionof producti
Xco+H, Synthesigjascorversion

XH, hydrogencorversion

Xi molefractionin liquid phase

Vi molefractionin gasphase
GreekLetters

Qeff effective heattransfercoeficient, W m—2 K1
oc contractiorfactor

e liquid phaseactivity coeficient
AHg;j  reactionenthaphyd mol-t

£ holdup

n liquid viscosity Pas

A heatconductvity, W m~ K—1

Vij stoichiometriccoeficient

0 density kg m~3

o surfacetensionN m~1

D, Poynting factor

®,0/W spacevelocity, Nm® kges st

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  inletconditions S slurry phase

i reaction small referingto smallbubbles

L liquid phase
Kinetic andselectvity parametergseeList of Symbolsfor Chapter-6):
a, b, k, Kp, kwes, K, té, t%, sz, p, to, KRr, C, an, On
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Conclusions and Epilogue

Themajorobjective of thisthesisis to developakinetic modelthatcanpredictFischer
Tropschcorversionandproductselectvities over acommercialprecipitatedron cat-
alystwith improvedaccurag relative to existing models.A detailedmulticomponent
reactionengineeringnodelfor acommercialcaleslurry bubblecolumnreactorwith
useof thesenew kinetic and selectvity modelsis the final aim of this thesis. The
work reportedin this thesisconsistedf: a) critical literaturereview on the kinetics
andselectvity of theFischerTropschsynthesigChapter2), b) kinetic andselectvity
modelingof experimentabataobtainedoveracommerciaprecipitated-e/Cu/K/SiQ
catalystbothin a spinningbasletreactorandaslurry reactor(Chapters3-6) andc) re-
actormodelingof alargescaleFischefTropschslurry bubblecolumnreacto{Chapter
7). Dataon the hydrodynamidehaior and masstransfercharacteristicef the bub-
ble columnunderthe operatingconditionsappliedwereselectedrom literature. The
majorconclusionsandsuggestion$or furtherresearctaresummarizedbelow.

Product Selectvity

The productselectvity to linearolefinsand parafins wasstudiedbothin a gas-solid
spinningbaslet reactor(Chapterd) andin a gas-slurryreactor(Chapter6.3.1)over a
wide rangeof industrially relevant processonditionson a precipitatedron catalyst.
A new productselectvity modelfor linear hydrocarbonsthe a-Olefin Readsorption
ProductDistribution Model (ORPDM), was developed. This model combinesread-
sorptionof «a-olefinsand chaingrowth on the samecatalyticsite. ORPDM predicts
the selectvity to olefinsandparafins accuratelyat a constantemperaturef 523 K.
The ORPDM parameter¢chaingrowth parameterp, olefin terminationparameteto
andreadsorptiorparametekg) were describedsuccessfullyby equationgdepending
ontheoperatingconditionsonly. In contrasto mostliteraturemodels the experimen-
tally obseredrelatively highyield of methanerelatively low yield of etheneandthe
changingolefin to parafin ratio andchaingrowth factorwith chainlengthcanall be

209
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predictedrom this model.

The currentmodelis a basisfor more advancedkinetic modelswhich do take
into accountthe effect of temperature Ultimately, a small setof kinetic parameters
mustbe obtainedwhich are ableto describethe synthesiggasconsumptioraswell
asthe productselectvity over a wide rangeof feed componenpressuresiesidence
time andtemperature.The main problemis to obtainthe experimentalkinetic data
without severe catalystdeactvation. If necessarythe nev modelcan be extended
to describethe selectvity to minor amountsof oxygenatedproducts(1-alcohols)or
isomers(B-olefins, branchedhydrocarbonspn iron catalysts. On cobalt catalysts,
productselectvity modelsshouldinclude secondaryhydrogenatiorof «-olefinsto
parafins[1].

ReactionKinetics

The reactionkinetics of both the FischerTropschand the water gasshift reactions
over a precipitatedron catalystwere measuredind modeledfor both gas-solidand
gas-slurrysystemsA numberof rateequationsverederivedonthebasisof adetailed
setof realisticreactionmechanismslt wasassumedhattheformationof methylene,
originatingfrom the carbidemechanismis the rate determiningstepin the Fischer
Tropschreaction. 14 modelsfor the FT reactionrateand2 WGS reactionrateequa-
tionswerefittedto theexperimentatiata.Bartlett'stestwasappliedto reducethesetof
possibleFischerTropschrateequationgo 3 modelsfor the gas-solidsystem(Chapter
5) andto 2 modelsfor the gas-slurrysystem(Chapter6.3.2),which werestatistically
indistinguishable Therateequationdor the watergasshift reactionareall basedon
theformatemechanismSimulationsusingtheoptimalkinetic modelsderivedshoved
good agreemenboth with experimentaldataand with someliteraturemodels. The
slurryliquid appearedo affectthekinetic parameterandtheadsorptiorconstantsAt
low H,/COratios,boththe FischerTropschandthe watergasshift reactionappeared
to belowerthanfor the gas-solikinetics.

The reactionkineticswere determinedat a constantemperaturef 523 K only.
Furtherresearctshouldinvestigatethe influenceof the temperatureandtestthe va-
lidity of theactivationandadsorptiorenepgiesaccordingto theguidelinesof Boudart
[2].

The preferredway to presentatalyticratedatais in the form of specificactuity,
suchasturnover rates(TOR) or turnover frequenciegTOF) [3]. This way, different
catalystscanbe comparedappropriately Measurementsf the surfaceareaandthe
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metaldispersiorarecomplicatedon precipitatedron catalystoperatingunderindus-
trial conditionsin the slurry-phasealueto wax-filled poresandchangingcomposition
of theiron phasesln thisthesis thereactionratesaregiven permassunit of catalyst.
Thesereactionratescandirectly be appliedin reactionengineeringnodels,suchas
presentedn Chapter7.

ReactionEngineeringModel for an FT Slurry Bubble Column Reactor

A reactionengineeringnodelwasdevelopedfor acommerciakcaleFischerTropsch
slurry bubblecolumnreactor(Chapter7). Themodelincorporatesien hydrodynamic
insightswith respecto gasholdupandmasdransferin theheterogeneoutow regime
[4] andimprovedkinetic modelsfor theselectvity andthereactionrateshasecbnown
measurement@Chapter6). The reactormodelassumeplug flow for the large gas
bubblesandidealmixing for boththeliquid, thesmallbubblesandthe catalystphase.
Theassumptiof completamixing of thesmallbubblegdensghase)s conserative,
becausehesebubblescanalsobe entrainedby the large bubbles. The assumptioron
ideal mixing resultsin a consenrative reactordesignwith respecto corversionsand
hydrocarbormproduction.However, theoverall contritution of the densghaséds small
in comparisorto thelarge bubbles,especiallyat high gasvelocities. The main novel
aspecbf this modelis the predictionof the compositionof both the gaseousndthe
liquid productstream®f aslurryreactomoperatingn theheterogeneoufow regimeas
afunctionof processonditions.It providesinformationfor reliablescaleup, design
andpredictionof the performancef anindustrialscaleFT slurry reactor

A numberof patentglealwith modificationsof FischerTropschslurry bubblecol-
umn reactorsto reducethe back-mixingof both the liquid andthe gasphase[5-7].
Arcuri [5] describedheinfluenceof variousdegreesof back-mixingontheselectvity
andthe productvity basedon kinetic dataobtainedover a Co/TiO, catalyst,bothin
plug flow (fixedbed),bubblecolumnandcompletelymixedreactorg CSTR).Arcuri
[5] claimedthatthe productiity in a slurry bubblecolumnis equalto or greaterthan
for plug flow, andthatthe sameselectvity is obtainedfor the completelymixed sys-
tem. Koros[6] (Exxon Researchfeportedthe inventionof a slurry bubble column
with plug flow in eitherthe gasphaseandthe liquid phase. The patentdescribesa
multi-tubular slurry bubble column reactorwith cooling mediumaroundthe tubes.
The presentedxampleshowvs areactiontubeof 0.15m mountednsidea 0.30m pipe
thatsened asa coolingjacket. Accordingto our opinion, this reactorconfiguration
hasseveral disadwantages:) possibility of slug flow conditions,2) large gasholdup
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dueto the influenceof the columndiameteron the large gasbubble holdup[8], 3)
possibility of maldistritution of thegas,theliquid andthe catalystphasesand4) low
specificcoolingarearelative to, for example,1.5inch coolingtubes. A betteroption
is stagingthe slurry bubble columnhorizontallyasproposeckarlierby Graaf[9] for
slurry phasemethanobkynthesisMarettoandPiccolo[7] reportedheeffectof staging
aslurry bubblecolumn. Thetemperaturén eachstagecould be controlledseparately
Their modelassumedlug flow of the gasphaseand completemixing of the slurry
in eachstage.MarettoandPiccolo[7] claimedthattheliquid phasdan the multistage
reactormayapproackplug flow behaior, resultingin anincreaseof the synthesigjas
conversionwith increasinghe numberof stagesOur modelcaneasilybe extendedo
incorporatethe effect of stagingof a slurry bubblecolumn.In additionto the studyof
MarettoandPiccolo[7], extensionof the modelpresenteavill alsopredictthe effect
of stagingon the productselectvity. MarettoandPiccolo[7] did not reporton the
engineeringletailsof stagingbubblecolumns.Oneof the possibilitieswould be the
applicationof horizontalgauzesor perforatedplates[10, 11]. Theseplatesdecrease
thebubblesizeof largegasbubblesandslugswhichresultsin a highergasholdupand
improvementof the plug flow characteristicsf the gasandliquid phase.

Epilogue

With thecurrent,extremelylow, oil prices,the processconomyof FischerTropschis
unfavorable.Undercertainconditionsandin specificsituations FT processesarein-
teresting:1) availability of cheamaturalgas(for example Malaysia,Alaska,Qatar)or
coal(SouthAfrica); 2) productionof chemicalor high-valuecleandieselandgasoil;
3) governmentategulationson flaring of naturalgasor on emissionsn thetransport
sector

Themainbarrierfor FischefTropschtechnologyis in the high costsof producing
synthesigjas.A challengingdevelopmentn this areais the ceramicmembrandech-
nology, whichallows oxygento transporfrom air to thenaturalgas,whereit produces
synthesigasvia partialoxidation.However, afterasuccessfulesearctstadiumcom-
mercialapplicationis still morethan10 yearsaway.

The optimal FischefTropschreactorfor high molecularweight productsis the
slurry bubble columnreactor Good temperaturecontrol due to the excellent heat
transferallows the use of highly active catalysts. Major problemis the necessary
catalyst-vax separatiorstep. Costreductionmay be accomplishedby increaseof the
reactorsizeto 10,000- 20,000bbl/day
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Parallelto the processlevelopmentcatalyticdesignof FischerTropschcatalysts

remainsimportant. Specialaspectsare the improvementof actiity, selectvity, and
resistancdo attrition anddeactvation. Most recentresearctdealswith cobalt-based
catalysts.Undercertainconditions theactiity of iron catalystds equalto or greater
thanthatof cobaltcatalyst412, 13]. Cobaltcatalystsarepreferredathigh CO corver-
sionswith a synthesigyasfeedfrom naturalgas(H,/CO=2). Synthesigyasfrom coal
or othercarbonresourcess preferablycorvertedwith iron catalystsbecausef their
high watergasshift actiities.
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Appendix A
Spinning Basket Reactor, Run A

Table A1 Summaryof the experimentakonditionsandanalysis.

Run T0S P F  @O'/W &,0/W vi
(h)y (MPa) (103Nmdkg~lsl) H, CO CO; H0

A1l 240 15 2 15 119 0584 0.226 0.0537 0.0880
A2 265 12 05 1.0 0.7 0245 0.500 0.0978 0.0239
A3 292 16 1 1.0 0.69  0.397 0.274 0.1568 0.0537
A4 313 24 2 1.0 0.75  0.621 0.138 0.1034 0.0582
A5 361 40 4 1.0 0.79  0.771 0.037 0.0341 0.0702
A6l 387 15 2 1.5 1.23  0.623 0.213 0.0498 0.0407
A7 410 20 4 1.0 0.82  0.767 0.073 0.0473 0.0453
A8 450 32 1 1.0 0.64  0.317 0.277 0.1699 0.0900
A9 496 30 05 1.0 0.70  0.194 0.489 0.1593 0.0452
Al0 552 24 2 0.5 0.34 0581 0.094 0.1304 0.0569
All 581 24 2 2.0 1.65  0.653 0.191 0.0585 0.0599
Al2 622 24 2 1.5 114 0599 0.170 0.0739 0.0648
A13! 653 15 2 15 1.24 0625 0.188 0.0644 0.0502
Al4l 862 15 2 15 1.27  0.634 0.233 0.0359 0.0352
Al5 889 12 2 0.5 041  0.624 0.154 0.0912 0.0383
Ale 914 12 2 2.0 1.80  0.641 0.247 0.0255 0.0205
Al7 961 24 05 2.0 1.65  0.250 0.541 0.0635 0.0251
Al8 982 24 05 0.5 0.36  0.169 0.439 0.2219 0.0562
Al9! 1011 15 2 15 1.21  0.630 0.194 0.0626 0.0406
A20 1080 1.2 05 2.0 170  0.275 0.547 0.0392 0.0117
A21 1101 12 2 0.5 0.38 0586 0.117 0.1243 0.0255
A22 1151 2.0 025 1.0 0.81  0.115 0.657 0.0648 0.0072
A23 1177 08 1 1.0 0.81  0.423 0.339 0.0919 0.0298
A241 1224 15 2 1.5 119  0.622 0.188 0.0682 0.0537

I Referencexperiment
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APPENDIX A

Table A2 On-linemolefractionsof parafins.

Run Parafins 10%y; (-)
1 2 3 4 5 6 7 8 9 10

Al 10.8 1.67 0.687 0.658 0.542 0.382 0.281 0.223 0.187 0.136
A2 568 0.861 0.338 0.356 0.318 0.202 0.172 0.142 0.118 0.082
A3 176 397 155 144 129 0.720 0.613 0.536 0.471 0.431
A4 255 513 227 205 165 1.15 0.663 0.473 0.387 0.190
A5 185 290 176 156 1.19 0.786 0.424 0.351 - -

A6 114 188 0.780 0.756 0.573 0.287 0.242 0.196 0.171 0.132
A7 2385 360 183 160 1.14 0.815 0.386 0.244 0.156 0.114
A8 172 480 215 179 126 1.02 0.672 0.519 0.506 0.415
A9 647 132 0.658 0576 0.502 0.252 0.233 0.195 - -

Al10 31.2 814 394 255 217 149 120 0.880 0.709 0.620
All 143 344 147 0.998 0.729 0.490 0.384 0.279 0.234 0.189
Al2 173 434 184 124 0913 0.645 0.443 0.332 0.269 0.220
Al3 148 333 129 0.983 0.687 0.392 0.333 0.273 0.257 -

Al4 103 1.81 0.713 0.508 0.358 0.249 0.172 0.133 0.115 0.094
Al5 243 496 190 126 1.02 0.701 0.474 0.336 0.266 0.222
Al6 744 112 0.442 0.276 0.207 0.143 0.107 0.083 0.062 0.063
Al7 521 0.895 0.430 0.324 0.222 0.162 0.154 0.113 0.105 0.095
Al18 983 239 0.974 0.752 0.678 0.529 0.417 0.301 0.244 0.214
Al19 156 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 6.84 287 182 148 0.974 0.697 0.518 0.347 0.294
A22 219 0.269 0.165 0.123 0.133 0.094 0.076 0.068 0.054 0.052
A23 11.8 220 0.740 0.552 0.487 0.357 0.282 0.264 0.245 -

A24 176 340 1.28 0.898 0.702 0.461 0.363 0.327 - -
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Table A3 On-line molefractionsof olefins.

Run Olefins10%y; (-)
2 3 4 5 6 7 8 9 10

Al 109 256 163 127 0.751 0542 0.344 0.232 0.178
A2 172 263 173 145 0921 0.648 0.453 0.374 0.224
A3 229 610 368 285 163 103 0.704 0.423 0.336
A4 127 511 297 218 118 0.613 0.295 0.200 0.090
A5 0.286 198 1.05 0.720 0.348 0.120 0.081 - -

A6 124 294 187 134 0.757 0.433 0.284 0.165 0.101
A7 0535 289 148 0.933 0.494 0.185 0.123 0.046 0.037
A8 295 732 435 296 208 119 0.714 0.536 0.377
A9 253 386 250 188 125 0.852 0.599 0.557 -

A10 134 6.30 3.02 193 103 0.651 0.324 0.207 0.138
All 189 426 228 145 0.837 0.440 0.257 0.153 0.107
Al2 185 485 250 158 0.890 0.468 0.242 0.151 0.088
Al13 164 395 204 131 0.694 0.402 0.223 0.154 -

Al4 149 262 144 0.922 0524 0.304 0.167 0.115 0.079
Al15 152 479 235 147 0.777 0372 0.202 0.119 0.077
Al6 119 184 1.01 0.632 0.371 0.206 0.125 0.077 0.059
Al7 178 240 153 1.07 0.738 0572 0.351 - 0.262
A18 281 525 328 242 170 111 0.727 0.547 0.371
A19 156 3.64 193 121 0.697 0.368 0.290 0.135 0.078
A20 119 140 0.930 0.687 0.478 0.332 0.228 0.186 0.158
A21 134 554 269 166 0.897 0.447 0.259 0.125 0.089
A22 115 134 0935 0.744 0.544 0.391 0.282 0.225 0.184
A23 213 381 233 166 1.04 0.638 0.428 0.302 -

A24 162 399 225 146 0.857 0.512 0.297 0.255 -
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Table A4 On-linemolefractionsof oxygenates.

Run 1-alcohols1Gy; (-)

1 2 3 4
Al 1.07 0.662 0.166 -
A2 0.691 0.468 0.101 -
A3 1.05 112 0.345 -
Ad 283 234 0.561 0.196
A5 442 153 - -
A6 1.16 0.735 0.205 -
A7 142 0.922 - -
A8 1.16 1.30 0.549 0.382
A9 0.882 0.755 0.227 -
Al10 462 3.89 130 0.249
All 155 137 0.484 -
Al2 155 151 0460 0.131
Al13 111 112 0.302 -
Al4 1.00 0.854 0.204 -
Al5 168 153 0.387 -
Al6 0.793 0.509 - -
Al7 0.552 0.592 0.155 -
Al18 0.752 1.14 0.346 -
A19 101 109 0.28 -
A20 0.247 0.296 0.063 -
A21 123 150 0.393 -
A22 0.424 0.318 0.076 -
A23 0.690 0.771 0.206 -
A24 100 1.10 0.284 -




Appendix B

Slurry Reactor, Run B and C

Table B1 Summaryof experimentakonditionsandresults.

Run TOS P F o o/W @, 0/W Vi

(h) (MPa) (103Nm*kg~2sl) H, CO CO, Hy0
Bl 156 15 067 051 041 0311 0503 0.093 0.038
B2 183 15 067 0.25 0.18  0.270 0.434 0.196 0.035
B3 228 15 1 0.51 0.43  0.482 0.390 0.097 0.031
B4L 289 15 067 051 041  0.310 0.520 0.098 0.030
B5 349 15 2 0.51 0.37 0552 0.174 0.085 0.104
B6 452 24 3 0.51 0.39  0.681 0.097 0.071 0.077
B7 520 24 1 0.51 0.36  0.340 0.370 0.119 0.079
B8 571 24 05 051 0.39  0.182 0.606 0.100 0.055
Bo! 643 15 067 051 0.39  0.269 0512 0.103 0.044
BI0 694 12 05 051 0.40  0.220 0.592 0.099 0.026
B1l 760 24 2 0.51 0.34 0537 0.114 0.149 0.108
B12 904 24 05 051 0.37  0.165 0.550 0.198 0.034
CI 345 15 067 051 0.38  0.282 0.448 0.136 0.104
c2 38 15 05 051 043  0.209 0542 0.123 0.108
C3 443 15 1.0 051 0.39  0.378 0.295 0.178 0.076
c4 506 15 20 051 040 0579 0.135 0.122 0.086
cst 552 15 0.67 051 0.39  0.202 0475 0.119 0.154
C6 614 15 1.0 025 0.16  0.346 0.192 0.242 0.143
c*t 802 15 067 051 0.39  0.240 0.458 0.136 0.118
c8 875 15 1.0  0.25 0.16  0.334 0.194 0.299 0.034
cO 950 15 1.0 017 0.10  0.332 0.110 0.306 0.163
Cl0 1001 15 1.0  0.77 0.61  0.358 0.393 0.096 0.087
Cll 1057 15 0.67 051 0.39  0.226 0.486 0.148 0.057
Cl2 1094 15 1.0 051 0.38  0.357 0.327 0.167 0.057
Cl13 1139 24 20 051 0.35 0519 0.090 0.149 0.125
ci4 1396 15 0.67 051 041  0.252 0515 0.093 0.092
Cl5 1487 12 05 051 0.39 0195 0560 0.128 0.075

1 Referencexperiment
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Table B2 On-linemolefractionsof parafins.

Run Parafins 10°y; (-)
1 2 3 4 5 6 7 8 9 10

Bl 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 729 1.48 0.657 0.589 0.470 0.268 0.178 0.137 0.126 0.108
B4 492 0.864 0.430 0.385 0.311 0.318 0.220 0.112 0.107 0.098
B5 153 353 167 144 114 104 0.669 0.527 0.426 -

B6 183 352 174 156 126 1.02 0.759 0.624 0.590 0.415
B7 6.86 154 0.793 0.674 0.540 0.394 0.297 0.258 0.216 0.186
B8 325 583 331 287 235 167 0872 114 0.833 -

B9 470 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 179 469 221 188 161 122 0925 0.672 - -

B12 4.60 1.06 0.532 0.454 0.392 0.331 0.196 0.130 0.115 0.094

Cl1 441 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 747 1.68 0.963 0.694 0.618 0.429 0.386 0.322 0.204 0.193
C4 117 267 151 0.969 0.809 0.605 0.401 0.347 0.231 0.210
C5 354 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 356 0.650 0.287 0.232 0.175 0.161 0.122 0.111 0.098 0.093
C8 131 3.70 153 1.04 0.964 0.738 0.580 0.429 0.340 0.222
C9 188 559 269 162 154 114 0.872 0.622 0.479 0.340
Ci10 4.17 0.789 0.340 0.254 0.191 0.132 0.130 0.127 - -

Ci1 3.44 0.615 0.265 0.227 0.173 0.123 0.115 0.102 0.104 0.103
Cil2 6.01 125 0.484 0.380 0.279 0.271 0.233 0.186 0.155 0.120
Ci13 16.3 443 209 130 1.03 0.735 0.524 0.400 0.292 0.199
Ci4 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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Table B3 On-linemolefractionsof olefins.

Run Olefins10%y; (-)
2 3 4 5 6 7 8 9 10

BL 134 207 137 109 0.718 0.480 0.353 0.246 0.176
B2 193 384 248 190 111 0.702 0.437 0.295 0.175
B3 161 301 191 143 0.843 0514 0.336 0.209 0.151
B4 147 235 158 123 100 0.585 0.390 0.286 0.197
B5 150 438 253 183 126 0.643 0413 0.235 0.128
B6 0851 346 201 147 0.970 0.491 0.331 0.216 0.108
B7 224 369 236 182 121 0.764 0562 0.359 0.234
B8 166 206 131 0991 0.640 0.295 0.263 0.201 0.186
BO 187 248 155 1.17 0.810 0.524 0.357 0.268 0.214
B10 157 192 124 0965 0.656 0.495 0.332 0.250 0.192
B11 273 459 399 293 184 113 0.773 0.384 0.206
B12 230 286 163 1.12 0.800 0.494 0.312 0.236 0.155

Ci1 0724 126 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 0.788 198 1.14 0.871 0457 0.307 0.201 0.106 0.068
C4 0510 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 0641 1.11 0.678 0.525 0.354 0.252 0.120 0.104 0.053
C7 102 164 111 0.900 0.613 0.324 0.299 0.232 0.165
Cc8 129 433 236 169 100 0578 0.340 0.221 0.126
Co9 101 479 234 161 0912 0531 0.259 0.141 0.104
Cio 1.08 1.72 1.08 0.752 0.504 0.335 0.261 0.195 -

Ci1 113 170 1.15 0.945 0.616 0.424 0.313 0.242 0.165
Ci2z 131 245 156 1.19 0.800 0.562 0.386 0.263 0.184
C13 0998 3.68 1.81 1.17 0.651 0.308 0.167 0.095 0.055
Ci4 149 180 0.992 0.644 0.391 0.253 0.162 0.091 0.065
C15 114 141 0.857 0.614 0429 0.316 0.214 - -




222

APPENDIX B

Table B4 On-linemolefractionsof oxygenates.

Run 1-alcoholsl®y; (-)

1 2 3 4
Bl 1.25 583 1.42 0.800
B2 208 1.13 0.299 0.184
B3 176 0.930 0.256 0.162
B4 0.986 0.637 0.177 -
B5 220 1.28 0.387 0.292
B6 243 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
Cl 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 0406 0.470 0.120 -
C7 0.150 0.404 0.094 -
C8 0451 0.976 0.287 -
C9 0513 110 0.331 -
C10 0.198 0.418 0.104 -
C11 0.120 0.346 0.086 -
C12 0.240 0.482 0.126 -
C13 0536 1.14 0.323 -
C14 0.130 0.387 0.084 -
C15 0.119 0.329 0.083 -
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Samenvatting

Met deFischefTropschsynthesés hetmogelijk om benzinedieselenchemicalénte
producerenuit steenkol of aardgasHet process al 75 jaarbekend,maarwordt mo-
menteeklleendoorhetZuid-Afrikaansebedrijf Sasolendoor Shellin Maleisié com-
mercieeltoegepast.De belangstellingzoor het procesneemtde laatstetijd sterktoe.
In dit proefschriftwordenmetingervermeldvandereactiesnelheignde selectviteit
van het FischerTropschproces. Dezeinformatie wordt gebruikt om commercele
reaktorerte optimaliseren.

Doordeafnamevandewereldworraadranaardoliestaaralternati@e enegiebron-
nensteedsmeerin de belangstelling.Eénvan de mogelijkhederis het gebruikvan
steenbol of aardgasgie nogin relatiefgrotehoeseelhedermanwezigijn. Steenkol
enaardgagunnenwordengebruiktalsgrondstofvoor de chemischéndustrieenvoor
de fabricagevan brandstoflen. Vooral omzettingvan aardgasaarvloeibarebrand-
stoffen op verafgelgenplaatser(bijv. Qatar Saudi-Arabg, Alaska)staatmomenteel
sterkin de belangstelling. EEn van de processervoor dezeomzettingis de zoge-
naamdd-ischerTropschsyntheseHet FischerTropschprocesbestaaglobaaluit drie
stappeni) Omzettervan steenkol of aardgasiaarsynthesgas. Dit is eenmengsel
vankoolmonoxide(CO) enwaterstof(H,). ii) De daadwerklijke omzettingvan syn-
thesgasnaareenveeloudvanproductenzoalsgasolie hafta,kerosinegrondstofen
voordechemischéndustrieenparafinewassemmetbehulpvandeFischerTropschre-
actie.iii) ScheiderenoptimalisatievandeverschillendgroductstromenHet proces
danktzijn naamaande uitvindersFranzFischerenHansTropschdiein 1923ontdek-
tendatde gaswormigecomponentetoolmonoxideen waterstotbij hogetemperatuur
(180-250 °C) met eenkatalysatorkunnenwordenomgezetin vioeibareproducten.
Momenteewordenzowel ijzer alskobalttoegepastls hetkatalytischactiese materi-
aal.

DereactievandeFischerTropschsynthes&unnenopdevolgendemaniervereen-
voudigdwordenweegegeven:

CO+ (14 m/2nHz — 1/nCaHm + H20 (FT) (1)
CO+H,0 2 CO+H; (WGS) )
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In dezeformule is n het gemiddeldekoolstofgetalen m het gemiddeldeaantalwa-
terstohtomenvan de koolwaterstofen. Wateris eenprimair productvan de Fischer
Tropschreactie datop ijzerkatalysatoreRanwordenomgezenaarCO, enH; viade
watergasshift (\WGS)reactie(vemelijking 2).

De belangstellingroor hetFischerTropschprocesds sterkafhanlelijk vanecono-
mischeenpolitieke omstandighedenn dejarendertigenveertigwerdenin Duitsland
brandstdien geproduceerdranuit steenkol. Na de TweedeWereldoorlogwerd de
productiestopgezet.Door de ontdekkingen exploratie van grote oliebronnenin het
Midden-Oosterin de jarenvijftig namde interessesoor het FischerTropschproces
sterkaf. Politieke oorzalenengrotevoorradenvangoedlopesteenkol leiddenechter
totdebouwvaneencommercéleFischerTropschfabriekin Sasollirg, Zuid-Afrikain
1955.Tijdensdeoliecrisisendooreenolieboycotvande OPECin 1973werdbesloten
om de productiete vergroten. In het begin van de jarentachtig zijn de fabrielen
Sasol2 en Sasol3 in Secundan bedrijf genomen.De totale productiecapaciteitan
Sasolis momenteeta. 130.000vatenbrandstofen chemicaléenperdag (1 vat= 160
liter). RecentelijkhebberSasol Phillips PetroleunenQatarGeneraPetroleuntorp.
contractergetelendvoor de bouw van eenfabriekin Qatardie vanaf2002,perdag
20.000vatenbrandstozal gaanmalkenvanuitaardgas.

In 1993heeftShellin Bintulu (Maleisie) eencommercélefabriekopgestartvaar
aardgasvordt omgezein zuiveredieselen hoogwaardigewassencapaciteitl2.000
vaten/dag)De vasteparafinewasserzijn terugte vindenin tal van producten:onder
anderen kaarsenwaskrijt, drukinkt enin de verpakkings-engeneesmiddelenindus-
trie. Als brandstdfien, zoalsdieselenbenzine wordengemaakin eencorventionele
raffinaderij,gebaseerdp aardolie bevat het productverontreinigingerzoalszwavel,
aromateren naftenen.Verbrandinggeeftemissievan onderanderezwavelverbindin-
gen, ornverbrandekoolwaterstofen, stikstofoxidenen roetdeeltjes. De brandstdfien
van het FischerTropschproceszijn echtervolledig vrij van zwavel en aromateren
wordendaardooweelbeterenschonerverbranddande corventionelebrandstofen.

De optimalereactorvoor deFischerTropschsynthesés eendrie-fasen(of slurrie,
gas-vioeistof-ast)bellenlolom. In dezereactor(zie Figuurl) wordtsynthesgasgoed
verdeeldonderin eenkolom toegevoerd. De kolom is gevuld metvloeistof (Fischer
Tropschproductenenkleinekatalysatodeeltjegca.0.05mm) die in suspensigvor-
dengehouden.De gasbellenstijgen omhoog,waarbij de reactanteroplossenn de
vloeistof. Op hetoppervlakvande katalysatowvindt de omzettingplaatsnaarde ver-
schillendeproducten. Afhankelijk van de ketenlengtevan het product,verlaatdeze
de reactorvia de gashseof de vloeistofase. In de reactorbevindenzich verticale
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Fischer-Tropsch Synthese

ﬂduct

>
Reactant:
synthesegas uit: Producten:
:ztaer?jm;?l — > benzine
9 koeling | dlesel. .
> chemicalién
TReactant
Bellenkolom

Figuur 1 Schemavaneenindustriélebellenlolom.

buizenmetbijv. stoom,die de grotereactiavarmtekunnenafvoeren.Door de goede
warmtewerdrachtis de temperatuurbeheersirig eenbellenlolom zeergemaklelijk
in vergelijking metbijvoorbeeldde vastbedreactorendie nu nogvoornamelijkwor-
dentoegepast.

Voor eenbetrouwbaaontwerpenoptimalisatievandereactorzijn gegevensnodig
over het reactiemechanismen de snelheidwaarmeede reactanterkunnenworden
omgezelkinetiek). Hetdoelvandit proefschriftis inzicht te verkrijgenin dekinetiek
endeselectviteit naardeverschillendgroductenHetuiteindelijke doelvandit proef-
schrift is de simulatievan eenindustriéle bellenlolom met een gedetailleerdeac-
tortechnologiscimodel.

Hoofdstuk 2 van het proefschrift geeft eenkritisch literatuuroverzicht over de
kinetiek en selectviteit van het FischerTropschproces. Uit dit overzichtblijkt dat
debeschikbarditeratuurmodellevoor de productselectiiteit nietin staatzijn om het
volledige productmengsetauwleurig te voorspellerals functie van de procescondi-
ties. Ook vertonende kinetischevemelijken uit de literatuurgeenuniform beelden
zZijn demeestkinetiekmodellervoorijzerkatalysatoreonnvolledig, omdatdevorming
vanCO, via deWGSreactievaaknietwordt meegenomen.

Voor het metenvan de kinetiek en selectviteit zijn verschillenddaboratorium-
reactorengebruikt (zie schemain Figuur 2). De gebruiktekatalysatoris eencom-
mercile geprecipiteerdgzerkatalysatoi(type Ruhrchemid_P 33/81) met koperen
kalium promotorsop silica dragermateriaalFe/Cu/K/SiQ). Er is gebruikgemaakt
van eengas-\astreactor waarbij de katalysatordeeltjesn mandjesaande roerderas
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data
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H, co analyse: PC:
laboratoriumreactor scheiding  reactant/  analyse
voor katalytische reacties producten  product model
synthesegas

Figuur 2 Schematischeveegave van de laboratoriumopstellingyoor het metenvan de
kinetiekenselectviteit vande FischerTropschsynthese.

Zijn bevestigd,envan eengas-slurriereactor waarinkleine katalysatordeeltjem de
vloeistofzijn gesuspendeerdin deverschillenddaboratoriumreactoreis deinvioed
vandeprocesomstandighedéiruk, temperatuywerblijftijd ensamenstellinganhet
synthesgas)op dekinetiekende selectviteit bestudeerd.

Er is eenkinetischmodelontwikkeld, waarmeede selectviteit naarde tientallen
verschillendegproductenyarierendin ketenlengteen soort(voornamelijkalkanenen
alkenen),nauwleurig kanwordenbeschrgen. In Figuur 3 staateenschemavan het
mechanism&andevormingvandediverseproducterafgebeeldenin Figuur4 wordt
eenvoorbeeldgegevenvan de modelbeschrijvingran de gemeterselectviteit in één
vandeexperimentenDe selectviteit wordt onderanderebeinvioeddoordegebruikte
katalysatoren door de procescondities.De reactanterlCO en H, reagererop het
katalysatoropperviakn vormende bouwsteer(monomeermethyleen.Dezebouw-
stenerzorgenvoor degroeivandekoolwaterstofletens Met dit modelis hetmogelijk

r e alkanen |
01 kL A o l-alkenen ||

(C,) alkanen (C,) alkenen i
0.01 =

NNV
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Selectiviteit (-)
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Figuur 3 Reactienetwerkoorde Figuur 4 Modelbeschrijvinglijnen) vanexperi-

productwrming. menteelgevondenselectviteiten (symbolen).
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om deselectviteit naarde gevormdeproductemauwleurigte beschrijen. Hierbij is
aangenomeuat de orverzadigdeproducten(alkenen)opnieuwkunnenreagererop
hetkatalysatoroppervliai&iguur 3). In tegenstellingot de meestditeratuurmodellen
is dit selektviteitsmodelin staatom de producterdelingvan lineaire koolwaterstof-
fen nauwleurigte beschrijen. De belangrijkstekenmerlenvande producterdeling,
die nu goedwordenbeschrgen zijn: i) hogeselectviteit naarmethaanji) lagese-
lectiviteit naaretheen;jii) afnamevan de verhoudingtussenalkenenen alkanenmet
toenemendg&etenlengte.

De reactiesnelheidian de reactantconsumptien van de vorming van CO; is
beschrgen met modellendie zijn afgeleidvanuit reactiemechanismetiie de kata-
lytische elementairaeactiestappenp het katalysatoropperviakeschrijen. Uit de
literatuuris bekend dat de FT reactieen de CO, vorming (WGS) op verschillende
katalytischaktieve plaatseroptreedt. Voor de FT reactieis het carbidemechanisme
aangenomernvoor de CO, vormingis hetmechanismgebaseerdp eenformaat-
intermediair Simulatieswaarbijde bestekinetischevemelijkingenzijn gebruiktblij-
kengoedovereerte komenmetde experimenteleyegevens.Zowel de selectviteit als
dekinetiekvande FT ende WGSreactiewordenbeinvioeddoordeaanwezigheidan
devloeistofase(slurrie-medium)in hetgas-slurriesysteenbleekdeselectviteit naar
alkenen bij overeenkbmstigereactieomstandigheddmygerte zijn danin hetgas-\ast
systeemQokis dereactiesnelheistande FT ende WGSreactiedagerin hetslurrie-
systeem.

Met behulpvan dezegegevensis eencommercéle reactorgemodelleerd.In dit
model zijn de nieuwsteinzichtenmet betrekkingtot de hydrodynamicauit de lite-
ratuur gecombineerdnet de nieuwe modellenvoor de selectviteit en de kinetiek.
Bellenkolommenop commercele schaalwordenin het heterogenetromingsrgime
bedreven, waarde gashseis verdeeldover "grote” en "kleine” gasbellen.De kleine
bellenzijn slechtenkelemillimetersgroot,terwijl dediametenvandegrotebellenkan
oplopentot 5-10 centimeter Het stromingspatroonan de grote en de kleine bellen
is danook volledig anders.De grotebellenstijgenmetzeerhogesnelheidin enkele
secondeslooreenbellenlolomvanbijv. 24 meter De kleinebellen,devioeistofase
endekatalysatordeeltjewordendoordeturbulentiegoedgemengdMet demodellen
gepresenteelid dit proefschriftis hetnumogelijkom desamenstellingandegas-en
vloeistofasenauwleurigte voorspellen.Het modellevert danook alle gegevensdie
noodzaklijk zijn voor eenbetrouwbaaFT reactorontwerpen voor de voorspelling
vanhetgedragvanslurrie-bellenklommen.

NadeontdekkingvanFischerenTropsch,75 jaargeledenis hetFischefTropsch
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procesopnieuwvolop in de belangstelling.Dit proefschriftgeefteenliteratuurorer-
zichtennieuweexperimentelagyegevensbetrefendedekinetiekendeselectviteit. De
gedetailleerdenodellenontwikkeld in dit proefschriftkunnenwordengebruiktvoor
deoptimalisatievanindustriéle Fischer Tropschprocessen.
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