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Abstract

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

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

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

onFT sitesandcausesa completecoverageof thewatergasshift sites.
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170 CHAPTER 6

6.1 Intr oduction

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

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

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

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

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

2. Competitiveadsorptionof aslurry liquid onactivecatalyticsiteswill reducethe
reactionrates.

3. Theslurry liquid caninteractwith weaklyadsorbedsurfacespecies.

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

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

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

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

6.2 Experimental

6.2.1 Slurry Reactor

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

6.2.2 Experimental Procedure

The slurry reactorwas loadedwith 7.3 g of unreducedcatalystparticleswith 40
 dP

 50 	 m. The catalystappliedwasa commercialprecipitatediron catalyst

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

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

cat

s� 1.

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

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

6.3 Resultsand Discussion

6.3.1 Product Distrib ution Modeling

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

P � t2
P, andk2

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

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

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

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

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

t1
P 6.6 5.4 6.5

t2
P 1.6 1.3 1.7

k2
R
 kRe2 c 12.6 25.4 17.6

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

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

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

1 tO � kR

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

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

paraffins olefins

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

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

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

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

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

p 13� 8P � 0� 47
H2

P0� 43
CO 14� 4P � 0� 26

H2
P0� 40

CO

tO 6 � 17P � 0� 5
H2

3 � 71P � 0� 5
H2

kR 3 � 3210� 4
P1� 4

H2
P � 0� 49

CO� ��� 0 
 W
8 � 0010� 5

P1� 2
H2

P � 0� 47
CO� ��� 0
 W

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

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

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

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

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

1 tO  kR

6.3.2 ReactionKinetics

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

&
s1 ')( & Cs1 or

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

( & Cs1 or
&

COs1 *-' & CO2s1 , 1 (6.2)

with
&

Cs1 relevant for dissociative and
&

COs1 relevant for associative CO adsorption,
respectively.

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

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

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

rejectedand. 2
c wasrecalculated.Modelsweresubsequentlyrejected,until . 2

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

c with thetabulated. 2
t valuefor H / 1

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

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

cat s0 1).

Model1 Kinetic equation

FT-I3
kP11 2

CO P11 2
H2

1 ' aP11 2
CO ' bPCO2

2

FT-I4
kP11 2

CO P31 4
H2

1 ' aP11 2
CO P 0 11 4

H2 ' bPCO2

2

FT-II3
kP11 2

CO PH2

1 ' aP11 2
CO ' bPCO2

FT-III2
kPCO P11 2

H2

1 ' aPCO ' bPCO2

2

FT-III3
kPCO PH2

1 ' aPCO ' bPCO2

2

FT-IV2
kPCO PH2

1 ' aPCO ' bPCO2

FT-IV3
kPCO P2

H2

1 ' aPCO ' bPCO2
1 SeeChapter5 for adescriptionof thesemodels.

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

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

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

sitebalance6.1resultsin a 2 0 or b 2 0
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Figure6.4 Parity graphof thebestFT rateequations.
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Table6.8 Bartlett’s testfor FT models1.
H . 2

c . 2
t

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

c : critical 6 2 accordingto Bartlett’s

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

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

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

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

log K P , log
PCO2 PH2

PH2O PCO eq
, 2073

T
/ 2 � 029 (6.5)

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

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

PCO ' K3

K1
PH2O

2 (6.6)

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

Parameter Dimension Estimate

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

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

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

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

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

Theeffect of thefeedratio of H2/CO at a constantreactorpressureof 1.5MPa is
shown in Figure6.6b. Both theFischer-Tropschandthewatergasshift reactionrate
decreaseslightly towardslowerH2/CO ratios.Theoverall synthesisgasconsumption
ratedecreasesstronglydueto thereactionstoichiometry. Figure6.6balsocompares
the reactionratesobserved with the gas-slurrysystemand in the gas-solidsystem
(Chapter5). Themodellinesfor thegas-solidsystemwerecalculatedat comparable
conditionswith the optimal kinetic equations:FT-III2 andWGS-I6 (Chapter5; see
Table5.10). At high feedratios(F 8 2), thereactionratesin thegas-slurryandthe
gas-solidsystemsarenearly the same. However, at low H2/CO ratios, the reaction
ratesin thegas-solidsystemaresignificantlyhigherthanin thegas-slurrysystem.The
maindifferencebetweenthereactionrateequationsfor two systemsis in theinhibitor
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term.Bothoptimalmodelsfor thegas-slurrysystemcontainCO2 inhibition in contrast
to H2O inhibition for thegas-solidsystem,seeChapter5. Consequently, thegas-slurry
reactionratesareinhibitedat low H2/CO ratiosdueto CO2 formedvia thewatergas
shift reaction.Thewatergasshift reactionis ratherslow in theslurry phaserelative
to thegas-solidsystem.In caseof thegas-slurrysystem,theWGScatalyticsitesare
completelycovered.Apparently, thepresenceof theliquid phaseaffectstheadsorption
strengthof thecomponentspresent.

6.4 Conclusions

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

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

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