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ABSTRACT

Liquid fuels produced from biomass via Fischer-Tropsch (FT) synthesis have great
potential to produce high-performance, environmentally friendly clean and high-quality
transportation fuels; mainly due to the absence of aromatic compounds, SOx (sulphur oxides)
and NOx (nitrogen oxides). The description of kinetics of FT synthesis is crucial for the process
design, simulation, optimization, and it is quite challenging due to the complexity of the
reaction pathway and products involved in this process. The aim of this thesis is to develop a
comprehensive mathematical model with novel detailed kinetics of FT and water gas shift
(WGS) reaction rates to accurately predict the results obtained from experimental study of

cobalt-based FT synthesis process conducted in a fixed bed reactor.

A series of combined FT and WGS reaction mechanisms were developed in order to
calibrate the model at twelve different operating conditions. The kinetics parameters were
evaluated for each kinetics model developed herein, using an advanced optimization technique.
In addition, physical and statistical consistencies of the kinetics parameters were evaluated by
various statistical analyses. The results obtained from kinetic study were compared to the most
recent findings that have been reported in literature. It was shown that the novel developed
kinetic model based on a combination of alkyl/alkenyl mechanism for FT reactions (for
production of n-paraffins and a-olefins) along with formate mechanism for WGS reaction can

provide the most accurate predictions.

Model validation was carried out subsequent to completion of the model calibration and
the estimation of proper kinetic parameters. The overall purpose of the validation study was to

ensure that the model provides a robust and realistic assessment of all the parameters defined



by the mathematical model e.g. kinetic parameters, rate of reactants’ consumption and products’
formation. In order to ensure model is precise to an appropriate level, the model was assessed

against experimental data at four different operating conditions.

The experimental data were taken and adapted from a mini-scale FT plant designed and
operated by the co-worker in the School of Mechanical Engineering at the University of
Birmingham. The experiments were conducted over an in-house 37% Co-based catalyst on a
Si0; support over a broad range of operating conditions (i.e. temperature range of 503-543 K,
pressure range of 10-25 bar and space velocity per mass of catalyst range of 1800-3600 Nm#

(STP) gear’ h71).

Parametric studies were performed to numerically investigate the effects of operating
conditions on the catalytic performance of the fixed bed FT synthesis reactor over the supported
cobalt catalyst with respect to product selectivities and conversion of feed compositions. Such
parameters comprise the reaction temperature, total pressure, space velocity and Ho/CO molar
ratio. Those parameters that have the most significant effects were then included in the multi-
objective optimization process using Non-dominated Sorting Genetic Algorithm (NSGA-II) to
optimize the selectivities and conversion. The Pareto-front solutions can be used as a dynamic
database depending on the specific requirement. A different operating condition can be selected
from such database which privileges the optimization of a particular output (e.g. conversion

and selectivities).

II



TABLE oF CONTENTS

LIST OF FIGURES . ...ccotiiitiiniiicnnniinsnicnssicssssisssssisssssissssssssssssssssssssssssssssssssssssssssssssssssses VI
LIST OF SYMBOLS ...coiiiiiitiinnnnnnicssssnnsicsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss XIII
LIST OF ABBREVIATION XVII
1. INTRODUCTION ..coooviirerercsssercssnmcsssncssasssssasssssasssssassssssssssssssssssssssssssssssssssssssssssssssssssses 1
1.1. BACKZIOUNA .....oviiiieiicii ettt ettt ettt et e et eesbeessaesbessbesseesbeenseenseenseeseensaenseensens 3
1.2. Fischer-Tropsch SyNthesis PIOCESS ........ccvivcieiieiieriieiietieteeieeteeiteieetesvesaesaeesaeeseessesssesssessaenseesens 7
1.2.1.  Synthesis Gas PrOQUCHION .........cciiriieiiiieiieiie ettt et beebe e e sae e e sseeseesseesseessessaenseensens 9

1.2.2.  Syngas Cleaning and PurifiCation.............ccceeiiiiiiiiiieii et 10

1.2.3. FiScher-TropSch SYNthESIS.......c.oiiirtiiiieiieieeie ettt ettt st sae e ene 11

1.2.4.  Products’ Recovery and Upgrading.........ccccceeuerieiieiieieie ettt s ene 11

1.3. Numerical Modelling and Detailed KinetiCs .........cooieriieiiriirieieieieeie et 13
1.4. Thesis AIMS ANA ODJECHIVES ....cuviiviiriieriieitieiieiesieste st et esteeteesteeseesteesseesseessesssesssesssesseesseesseensesssenns 14
1.5. TRESIS LAYOUL ....vvetieitieieeie ettt ettt et et e et e stae s e e s teesbeebeesseesseesseeseesseessaessenssasssesssesssesseenseensenssenns 14

2. LITERATURE REVIEW 18
2.1. Fischer-Tropsch (FT) Synthesis TEChNOIOZY .....cc.eevviviiiiiiiiiieie et 19
2.2 OPETAING IMOAES ....eeevieeiiieeiiieeiteetee et te st e et e st e et e sebeesabeesabeeesseesateessseesasaessseessseessseessseennseesnseennseens 19
2.2.1. High-Temperature Fischer-Tropsch (HTFT) ......cccoiiiiiiiiiieiieieeeeteseee e 21
2.2.2. Low-Temperature Fischer-Tropsch (LTFT) ....cccooiiriiinininiiieieicneneeeecceneese e 22

2.3. Product Distribution and CharacteriZation ...............ceecuereeeriereenienieeieeeeseeeseeesee e eaeseesseeseeeneeenneens 23
24. FiSCher-TTOPSCh CatalySts .......ccueeueeuieiiieriintinieeiieit ettt ettt ettt ettt st ennens 26
241, Tron-based Catalysts .........coceeeririeiiriiicrieeiereee ettt ettt ettt sttt 28
2.4.2.  Cobalt-Dased CatalYSLS ......ccceeeiiereeeriiieiieeiiieerteetteesteeteeesteeesteeeseaeetaeeseesseeesseesnsesansnessssessssennes 28

2.5. FiSCher-TropSCh REACLOTS ......uvieiiieiieeiii ettt et ettt et e staeetae e sbeetaeesaeesaeensaeennnes 30
2.5.1. Fixed Bed REACIOIS....couiiiiiiiiiiiiiiieiieetee ettt ettt st s st st e st et eae 31
2.5.2.  SIUITY PhaSe REACIOTS .....eiiiuiieiiiiiie ettt ettt ettt et ettt e et aee et e esteesabeeesseesnteeensnesnsseensnennns 32
2.5.3.  Two Phase Fluidized Bed REACIOLS .......cc.eeiuiriiiieiiesiieieeic ettt st 33

2.6. Kinetics of Fischer-Tropsch SYNtheSis .......ccveeieriieiiieieiie ettt ees 34
2.6.1.  Fischer-Tropsch Kinetics Based on an Empirical Model and Power-Law Rate Expression ......... 35
2.6.2. Reaction Pathways and Polymerization Reaction in the Fischer-Tropsch Synthesis .................... 41
2.6.2.1. ALKY] MECHANISIN ....eiiiiiieiieeiieecite et eete ettt e et e e sae et eestaeeaeeessbeessaeesseensseenssaensseenssaeseas 46

2.6.2.2. ALKENY] MECRANISIN ...ttt ettt e e et eseeeetaeessaeetaeessaeensaeesssaenees 48

III



2.6.2.3. ENOl MECRANISIN ......ooiiiiiiiiiiiic et e e e eeeaaeeeeeaneeeans 50

2.6.2.4. CO Insertion MEChANISII .......coiuiiiiiiiiiie ettt e 52
2.6.3. Published Literature on FT Reaction MechaniSm ............cccceoieiiriinienienieeee e 55
2.7. Water Gas Shift (WGS) Reaction MeChaniSm ........ccceevveeiiieiiieiiieieecie e 67
2.7.1. Published Literature on the Water-Gas-Shift Reaction Mechanism...........ccccoecevoerieniincencennnne 73
2.8. SUMMAry and CONCIUSION ......ceevieriieriieiieieeteeieetest et teetesaestae e e st esseesseessessaeseenseensesnsesssessnesnes 78
KINETICS OF FISCHER-TROPSCH SYNTHESIS ....ccocviiiniiirsrrcssnnicssnnicsssnscsensees 79
3.1. IEEOAUCTION ...ttt ettt ettt e st e st et et e e teemeeeseesneesaeenseenneenneenneens 79
3.2 Approach (i): Empirical Study of FT Synthesis KinetiCs ..........cccvevirviiriirienieniieieeie e seese e 80
3.2.1. Development of the Kinetics Model Based on Power-Law Rate Expression...........c.ccoccvceveeeenee. 80
3.3. Approach (ii): Mechanistic Study of FT Synthesis Kinetics ..........ccecvrvverierienieiieie e sieseeie e 83
3.3.1.  Fischer-Tropsch Reaction Rate MeChaniSm ...........c.ccceevuieriieriieciiiieniienieeie e ees 84
33.1.1. KiNEtics MOAEIS ....coeieiieiie ittt ettt ettt e st saeesaeeaeeneeene 84
3.3.1.2. Derivation of Rate EQUAtion.........ccoeiiiiiiiiiieiiereee et 92
3.3.2.  Water-Gas-Shift Reaction Rate MechaniSm...........ccocceeiiriiiiinieiieeee e 106
33.2.1. KiNetics MOAEL .....coueiiieiiei ettt ettt s 106
3.3.2.2. Derivation of Rate EQUALION.........ccceviiriiiiieiieieeiteeteeie ettt ettt e sveebeennees 110
3.3.2.3. Formulation (equating) of the Reverse Rate Constant .............ccoeceevverienieneenieeieeneneenne 119

3.3.2.4. Development of the WGS Reaction Equilibrium Constant (temperature dependence

correlation) 120

3.4. SUIMIMIATY ..ttt ettt e e bt e bt e s bt e e bt e e bt e e bt e ea b et e bt e eabeeebeesabeeebaeebeeenaneennees 123
MATHEMATICAL MODELLING .....ccoinnnetiiiccccssssssssssssecsssssssssasssssssssssssssssassans 125
4.1. INEEOAUCTION ...ttt ettt ettt et e et e bt et e et e eneesneesseesseeseenseeneeeneesseenseennenn 125
4.2. Principles in the Modelling of a Catalytic Reactor..........ccoecueriiiieiieniieieceeeeeeeee e 126
4.3. Governing Equations in a Fixed Bed Reactor ...........ccccoeiiriiiiiiiiniiininenccicecienecseseeeeeee 129
4.3.1.  The Species Continuity EQUAtIONS ........cccoviriririeiiiiniinienieeeet ettt 132
4.3.2.  The ENergy EQUAtiON ........ccciuieiiieniieiieesieerite et sttt esite e steesteeesteeseaeeseaeesaaeessseenaeesnseensseesnsesnnnas 134
4.3.3.  The Momentum EQUAtiON .........c.ceecuieiiieiieiiieeeie sttt ste e steesteesaeesaaeessaeesaeessseesneesnseenneas 135
4.4. IMOAET ASSUIMPLIONS ... vveeutieeiieeiieertteeiteeriteesteeesteeeteeaseeesteeaseeesseeesseesnsesaseesnseeanseessssesseesssssesseennns 136
4.5. MOAET EQUALIONS ...vvvieniieeiieeiie ettt eiteeieeeite et e etteeateessteesateeesseesstaeessaeenseeanseesnseeanseesnseeanseesnsesanseenne 138
4.5.1.  Reactor Performance CIIteria ...........cuerieriieiieieriesieieeieeieseesee st esteeee et e eneesseeseenseensesneesneenes 141
4.6. Development of the AIZOTItRIM.......cc.couiiiiiiiiiiiiic e 143
4.7. NUMETICAL MEIO....c..eoiiiiiiiiiiie ettt sttt st b et 147
4.8. Optimization Study in Kinetics Parameter EStimation ...........cccccvevieriircienienienieeeie e 149
4.8.1.  Optimization MeEthOd.........cccuiiiiiiiiieiiiecie et te et ae e e e s aeesaeesabeessseesnseenneas 149
4.8.2. DAt ANALYSIS...uiieiiieeiieiiieeieeiteeeteeste e sttt estte ettt e stte e taeesbe e ettt e s ba e steeataa ettt easbeetaeeanbeenaeenaeennas 151
4.8.2.1. Physicochemical CONSLIAINES ........cccuiieriieeiiiieiieeiieeieeeeeerieeeieeeseeeeteeeseeeeteeessaeesaeensneenes 152

v



4.8.2.2. Mean Absolute Percentage Deviation (MAPD) ......cccoovieiiieriieiieiecieeeee e 152

4.8.23. F-TeSt ANALYSIS «..eeetieiieie ettt sttt ettt ettt e a et et ettt eeteentesaeenae 153

4.8.24. E-TEST ANALYSIS .ottt ettt ettt et e at e ea e bbbt ettt nae 154

4.9. SUITIMATY <.ttt ettt et ettt e b et e et ee b e e aeesheesbe e bt eaeeeaeeeseeebe et e embeamteeseesbeesaeenaeenbeeneeans 157

5. EXPERIMENTAL SETUP, MODEL CALIBRATION AND VALIDATION....... 158
5.1. EXPErimental SELUP .....cc.ooiiiuiiieiieeee et ettt ettt ettt ea e b nean 158
5.1.1.  Experimental Apparatus and Catalysts .........ccceeririiriinieiieieeee e 159
5.1.2.  Analysis 0f Gas and Products ...........cccooriiiiiiiiiieee et 165

5.2. Results and DISCUSSION ....c..c.eruirieirierieiinieieintetee ettt ettt sttt sttt s ne 167
5.2.1.  Kinetics Results Using Power-Law Rate Model ..........cccocveriiiiiiiciiiiiiiesieeee e 167
5.2.2. Kinetic Results Using Mechanistic Developed Rate Models ..........cccoovevienienieciieiiniecieseennenn 180
5.2.2.1. Comparison of Results Obtained Based on Different Kinetic Models............ccccocevereennee 180

52.2.2. Goodness of Model Prediction Compared to Available Literature ............cccecceevevieneeenen. 189

5.2.2.3. ASF DEVIALION. .....eitieiieie ettt ettt ettt et e sttt et e e st e es e et e bt enteenteenseeneesneesne 195

52.24. Evaluated Kinetic Parameters ............cooieoiiiiiiiniesieeee e 199

5.3. Model Validation RESUILS ........cc.eiiiiiiiiii ettt 203
5.4. SUMMAry and CONCIUSIONS ........ccviervieiieiieiesteesteeteetestesee st esseesbeeseeeseesseesseesseessesssesseesseesseesseessenns 205

6. PARAMETRIC STUDIES AND OPTIMIZATION ....cccccinrruniicnssnnsccssnssscssssnssscsnes 206
6.1. Optimization MethOdOLOZY .......coouiiiiiiieie ettt sttt e e e nee e eneas 206
6.2. Parametric STUAIES ......coerieiriiriiiriinieiriert ettt ettt ettt ettt sttt ettt sttt ene e 210
6.2.1.  Effects of Operating TeMPETALUIE ..........c.eevueieeriieriieiieteeeieeeesieeseeseeaeseeesseesseesseessesssesseessesssens 210
6.2.2.  Effects of Operating SPace VEIOCILY ......c.ccvuiiieriieriiiiieieeieeteesieereete e siee e e saeesseesseessessaesseessees 219
6.2.3.  Effects of Operating PreSSUIE .........c.cecuiiiiiiiiieiiee ettt sttt e s e s eeees 225
6.2.4. Effects of Synthesis Gas Composition (H2/CO Molar Ratio)........ccecceveevienienieiieieiceieeeen 231

6.3. OPtiMIZation RESUILS: ....couiiiiriiiiieiieieerier ettt sttt ettt st b et eneen 238
6.4. Summary and CONCIUSIONS ........cuevuiriirtiririnietetertee sttt ettt b ettt ettt saesbe et eanennens 248

7. CONCLUSIONS ...iteintintinntissstessesssessssissstssssssssssssssssssssssssssssssssssssssssssssssssssssss 249
7.1. Concluding REMATKS .....c..coueiiiiiiiiiiiinic ettt st eeneen 249
7.2. Future work and recommendations ..............c.eeierierieniierieeie ettt snee e e 256
REFERENCES ....coiiiiiitinitinittinneenneiessnteessssecsssscessssesssssssssssssssssssssssssssssssssssssssssssss 258
APPENDIX .....ccovvurriiivnnnenccsnnes 282




List oF F1GURES

Figure 1-1 Number of publications related to FT synthesis compared to GTL, CTL and BTL processes (adopted
0] 00 B 22 TP 5

Figure 1-2 Inventors of Fischer-Tropsch synthesis, Professor Franz Fischer (on the left) and Doctor Hans
Tropsch (0N the TIZRL). ..o.eiiiiiee ettt ettt et sae e s et e bt e eeeneeeneeeseenneennean 6

Figure 1-3 Flow diagram of the overall process of an FT plant, indirect liquefaction for GTL, CTL and BTL

PTOCESSES. 1uvveeutreeureenureenureenuteesseessseesseessseessseesaseessseessseessseessseessseessseesnseessseessseessseesnseesnseesnseesnseeenseesnseeenseennne 8
Figure 1-4 Flow diagram of syngas (CO + H;) conversion (adopted from [22]). ....ccceeevieiirieriienienieeieeie e 9
Figure 2-1 Shell Middle Distillate Synthesis (SMDS) process SChematic. ............ceeververeerieeireeieseeseeseesseenens 20
Figure 2-2 Shell’s Bintulu GTL Plant [38]......cc.eeiiiiiieiieit ettt e e eneas 21
Figure 2-3 Typical product components of HTFT and LTFT (adopted from [17, 29]). ...ccoeevierieiieiieeieieee 22
Figure 2-4 Typical composition of cobalt catalysts (A) and iron catalysts (B) [29].......cccooeevienieniiiieeeieeeene 27
Figure 2-5 LTFT reactors: A) slurry phase reactor and B) multi-tubular fixed bed (adapted from [72]).............. 32
Figure 2-6 HTFT reactors: A) circulating fluidized bed and B) fixed fluidized bed (adapted from [22])............. 34

Figure 2-7 Flow diagram of FT synthesis reaction pathway considering different adsorption paths,
polymerization steps, as well as water gas shift T€aCtion. ..........ccoeeeiieiieiiiie e 43

Figure 2-8 Schematic of FT synthesis reaction pathway based on alkyl mechanism (R = CnH2n + 1) chain

initiation step, alkyl (carbide) MechaniSm. .........cc.cooiiiiiiiiiiiiiii e 47
Figure 2-9 Propagation (chain growth) step, alkyl mechanism. ...........ccoceiieiiiiiniiiiiieeeeen 47
Figure 2-10 Termination (product desorption) step, alkyl mechaniSm. .........cccccueeveeriiieriieiiieeie e 47

Figure 2-11 Schematic of FT synthesis reaction pathway based on alkenyl mechanism (R = CnH2n + 1) chain

TOIEIALIOTE SEEP . .evteutenteterteet ettt ettt ettt et ettt b e bt et et e e sa e e bt ebeebe e st et et e nb e e bt s bt ebeebtent e bena et e sbeebeeneennen 49
Figure 2-12 Propagation (chain growth) step, alkenyl mechanism. .........ccccceecieviriiiieniiniinienieeeeeeeeeen 49
Figure 2-13 Termination (product desorption) step, alkenyl mechanism. ............cecceeeeerienienienienieieeeseeeeen 50
Figure 2-14 Schematic of FT synthesis reaction pathway based on enol mechanism, chain initiation step. ......... 51
Figure 2-15 Propagation (chain growth) step, enol mechanism. ...........cocceeriiriinininininienecteeree e 51

VI



Figure 2-16 Termination (product desorption) step, €10l MeChaNISM. .......c.cecverieriirireninineeieeeereeeseeeene 51

Figure 2-17 Schematic of FT synthesis reaction pathway based on CO insertion mechanism (R = CnH2n + 1)

ChAIN INTHATION STEP. -+t euteeuteitieitieit ettt et ettt et et e bt e s b et e et e et e ae e et e et e e bt embeemeeemtesseesbeesaeenseeneeeneeans 53
Figure 2-18 Propagation (chain growth) step, CO insertion mechaniSm. .........c.ccccevererereneenieneneneneneseeeeene 53
Figure 2-19 Termination (product desorption) step, CO insertion mechanism. ...........coccecevveerierieneneneneneeiennens 54
Figure 2-20 Termination (product desorption) step, CO insertion mechanism. ...........cocceceveeierieneneneneneeeennens 54
Figure 2-21 Scheme of the reaction of carbon monoxide and hydrogen [116]. .....ccccccevoiriiniiiiinieeeeeeeee 68

Figure 4-1 The whole process involved in the development of kinetics modelling of the FT synthesis process. 128

Figure 4-2 Flow-chart diagram of mathematical and kinetics modelling procedure. ............ccccceereererienueneenne 144
Figure 4-3 Flowchart diagram of optimization procedure in estimation of kinetics parameters. .........c..c........... 145
Figure 5-1 Schematic diagram of experimental setup designed for FT synthesis process. .........ccceevveeververenenne. 160
Figure 5-2 Mini-scale FT synthesis apparatus and the experimental components (adopted from [1])................ 161
Figure 5-3 Mini-scale FT synthesis apparatus and the experimental components (adopted from [1])................ 162

Figure 5-4 Parity plot and comparison of experimental data and predicted results obtained from power-law rate
model, a) all existing components used for prediction such as CO conversion, CO», CHa, C,, C3, C4, and
Cs+ selectivities, b) products with a very low range selectivities e.g. C2, C3, and Ca...oovvvenvveveeeeeneeneennen. 172
Figure 5-5 Relative residual percentages of experimental data and modelling values for each component; (a) CO
conversion, (b) CO; selectivity, (¢) CHs selectivity, (d) C; selectivity, (¢) Cs selectivity, (f) Cs4 selectivity,
(8) G5t SELECTIVILY. ..cuveutitiieeieeitet ettt sttt ettt sttt ettt sb e bttt et et et sa s bt saeebeest et et e nae st e saeeueennens 176
Figure 5-6 The influence of partial pressure of CO and H, on CH4 formation rate over Co/SiO; catalyst. Constant
reaction condition: 7=503 (K), P=15 (bar) Hy/CO= 0.5-2, and GHSV=2400 (Nm£ (STP) gear' h'")........ 180
Figure 5-7 Reaction mechanism for the formation of paraffinic hydrocarbons (C,Han+2) via alkyl species, olefins’
products (C,Ha,) via vinyl intermediates and WGS reaction via formation of formate intermediates
(developed combined FT/WGS mMeChaniSm). .......c.cccveiieriieriieiieieeieeieieeie ettt ete e sneeseeeneees 186
Figure 5-8 Parity plot: modelling prediction against experiments using best kinetic model (i.e. FT—III (RDS-2)
WIth WGS-VIT (RDS4)). ..ottt ettt ettt e b et e sbe bt es et et e st e ebesaeeneeneenean 191
Figure 5-9 Comparison of calculated and experimental CO conversion obtained by the FT—III (RDS-2)/WGS-
VII (RDS-4) mechanistic model, developed empirical power-law model, and those reported by Yang et al.

[133] A0 TENE €f AL [123, 175]. covvveeeeeeeeeeeeeeeeeeeoeeeeesseeeeesessseseeeesseeseeeessseseseesseeeeseesseeseeeeseseeeeessseeeen 193

Vil



Figure 5-10 Comparison of calculated and experimental CO, selectivity obtained by the FT—III (RDS-2)/WGS-

VII (RDS-4) model, power-law model, and those reported by Yang et al. [133] and Teng et al. [123, 175].

Figure 5-11 Product distribution comparison between FT—III (RDS-2)/WGS-VII (RDS-4) model prediction,
standard ASF model, and the experimental results, logarithmic of mole-fraction (¥;) to carbon number (n)
ratio versus n; a): Test-01, b): Test-02, ¢): Test-03, d): Test-05. ..oeevviiiiieeiiecieeeie e 196
Figure 5-12 Product distribution comparison between FT—III (RDS-2)/WGS-VII (RDS-4) model prediction,
standard ASF model, and the experimental results, logarithmic of mole-fraction (Y;) to carbon number (n)
ratio versus n; a): Test-06, b): Test-07, ¢): Test-10, d): Test-11. .coocivviiriienieiieiieieeieeeeeee e 197
Figure 5-13 Product distribution comparison between FT—III (RDS-2)/WGS-VII (RDS-4) model prediction,
standard ASF model, and the experimental results, logarithmic of mole-fraction (Y;) to carbon number (n)
ratio versus n; a): Test-12, b): Test-13, ¢): Test-14, d): Test-15. ..ccveviiiiiieiieeeeeee e 198
Figure 6-1 Effects of reaction temperatures on CO and H, conversions as well as the CO,, CHy, and Cs+
products’ selectivities at constant P = 15 bar, GHSV = 7500 Nm# (STP) gcor’! h” and Hy/CO =2. ......... 215
Figure 6-2 Effects of reaction temperature on the light paraffinic content (i.e. C,-C7) of the products at constant
P= 15 bar, GHSV= 7500 Nmt (STP) gear’’ H' and Hy/CO= 2....cocvoviiiiririeieiiieiieeee e 215
Figure 6-3 Effects of reaction temperature on the product olefins as well as the changes of olefin to paraffin ratio
at constant P= 15 bar, GHSV= 7500 Nmf (STP) gear’ h™! and Ha/CO=2.....cocuovevieieeieeeeeieeeeeeeen 216
Figure 6-4 The changes of conversion of (a) CO and (b) H, and mole fraction of the same species (¢) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of temperatures on
their behaviour at constant P= 15 bar, GHSV= 4500 Nmf (STP) geo’ h' and Hy/CO=2...........cocevue... 217
Figure 6-5 The changes of conversion of (a) CO and (b) H, and mole fraction of the same species (c¢) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of temperatures on
their behaviour at constant P= 15 bar, GHSV= 7500 Nm?f (STP) gco’ h7! and Hy/CO=2.........c.couoe...... 218

Figure 6-6 Effects of space velocity on CO and H; conversions as well as the CO,, CH4 and Cs+ products’

Figure 6-7 Effects of space velocity on the light paraffinic content (i.e. C»-C7) of the products at constant P = 10

bar, Hy/CO =2 and T = 520 K. .c..ooiiiiriiieieteeeese ettt ettt sttt s et enen 221

VIII



Figure 6-8 Effects of space velocity on the product olefins as well as the changes of olefin to paraffin ratio at
constant P =10 bar, Hy/CO =2 and T = 520 K. ...ttt 222
Figure 6-9 The changes of conversion of (a) CO and (b) H, and mole fraction of the same species (c) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of GHSV on their
behaviour at constant P= 10 bar, T=490 K and Ho/CO= 2. ......ooovmiiiiiieieeeee e 223
Figure 6-10 The changes of conversion of (a) CO and (b) H, and mole fraction of the same species (c) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of GHSV on their
behaviour at constant P= 10 bar, T= 520 K and Ho/CO= 2. .......uueeiiiiiiiiiiee et 224
Figure 6-11 Effects of total pressure on CO and H; conversions as well as the CO,, CH4, and Cs. products’
selectivities at constant T = 500 X, Hy/CO = 2 and GHSV = 2400 Nm#f (STP) Gear' hvvveveveeeeeen. 227
Figure 6-12 Effects of total pressure on the light paraffinic content (i.e. C>-C7) of the products at constant T =
500 K, Hy/CO = 2 and GHSV = 2400 N1E (STP) Gear’ Hlo oooeoeeeieeeeeieeeeeeeeee e 227
Figure 6-13 Effects of total pressure on the product olefins as well as the changes of olefin to paraffin ratio at
constant T = 500 K, Hy/CO =2 and GHSV = 2400 N (STP) Gear' I ceveoeoeeeeeeeeeeeeeeeeeeeeeeea, 228
Figure 6-14 The changes of conversion of (a) CO and (b) H, and mole fraction of the same species (c) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of total pressure (P=1-
10 bar) on their behaviour at constant T= 500 X, GHSV= 2400 Nm# (STP) gce’ h'! and Hy/CO= 2. .....229
Figure 6-15 The changes of conversion of (a) CO and (b) H, and mole fraction of the same species (c) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of total pressure

(P=10-20 bar) on their behaviour at constant T= 500 K, GHSV= 2400 Nm?# (STP) gco’ b’ and Hy/CO= 2.

Figure 6-16 Effects of Ho/CO molar ratio on WGS reaction rate and its trend of changes along the normalized

axial dimension of the reactor bed length, at constant T= 510 K, GHSV= 4500 Nm#¢ (STP) geco! h” and P=

Figure 6-17 Effects of H»/CO ratio on CO and H» conversions as well as the CO,, CHy, and Cs: products’
selectivities at constant T = 510 K, P = 10 bar and GHSV = 4500 m& (STP) Gear! ' eoevvvveveveivviieenne. 234
Figure 6-18 Effects of Ho/CO ratio on the light paraffinic content (i.e. C»-C5) of the products at constant T =510

K, P =10 bar and GHSV = 4500 NL (STP) Gear’ Bl wooieeeieieeeeee e 234

IX



Figure 6-19 Effects of Ho/CO ratio on the product olefins as well as the changes of olefin to paraffin ratio at
constant T = 510 K, P = 10 bar and GHSV = 4500 Nme (STP) Gear’ B+ ceveoeeeeeeeeeeeeeeeeeeee, 235
Figure 6-20 The changes of conversion of (a) CO and (b) H» and mole fraction of the same species (c) and (d)
respectively along the normalized axial dimension of the reactor bed length, effects of Ho/CO on these
plots at constant T= 510 K, GHSV= 4500 Nm#f (STP) gear’ h' and P=2 bar..........cococoeeeerevereereeenrnne. 236
Figure 6-21 Pareto-front solutions obtained by optimization (between CO, selectivity and CO conversion) and its
comparison with experimental data. ............cccooiiiiiiiiiieie e 242
Figure 6-22 Pareto-front solutions obtained by optimization (between Cs. selectivity and CO conversion) and its
comparison with exXperimental data. ...........ccceeriieiiiiiieiiieiiee ettt seesaeebe e e eeeessaesseenrees 243

Figure 6-23 Pareto-front solutions obtained by optimization (between CHj selectivity and CO conversion) and its

comparison with exXperimental data. ...........ccccveriieiiiiiiiiieiiee et sae b err e ere e raenrees 244
Figure 6-24 The first optimum experimental TESUILS. ..........ccooiiiiiiieiiee e e 246
Figure 6-25 The second optimum experimental TeSULLS. ..........c.ooiirieiieiiee et 247
Figure 6-26 The optimum results obtained from multi-objective optimization (using NSGA—II). ..........cc.c..... 247



List oF TABLES

Table 1-1 Main reactions involved in FT SYNthesis........ccoiiiiiiiieiiiiieee e e e 3
Table 2-1 FT product compositions and their carbon chain lengths (adopted from [37]) ..cccceeoveviineniiniiiiieene 24
Table 2-2 Typical FT diesel specifications versus standard dieSel..........cocvevvieviirciieiinienieieeie e 25

Table 2-3 FT synthesis overall reaction rate and/or consumption rate (in terms of either CO species or total
syngas conversion) based on empirical power-law rate eXpreSsion .........cooeereerurerieeiereeeieneeneeee e 39

Table 2-4 Limitation and weakness of different kinetic studies reported in the literature for FT synthesis over a

CO-DASEA CATALYSE ...ttt ettt ettt st e sttt e bt et emeees e et e e bt e teeneeeneeeseesaeenneeseenneenneens 63
Table 2-5 FT kinetics rate models based on semi-empirical or mechanistic approach ............cccecevevevvenienivennns 65
Table 2-6 Four general plausible WGS MEChANISIMS..........ccuveviriiiieiieriieriteie ettt ebeeae e seeeseeesaeeseenne e 70

Table 2-7 The most plausible water gas shift elementary step reactions under FT synthesis reaction conditions 71

Table 2-8 WGS reaction mechanisms based on literature StUAIEs ..........covierieiiieieeierieeeeee e 76
Table 3-1 Proposed lumped FT synthesis kinetics approach (i) over Co/SiO; catalyst........ccoecceroeevienienvenreene 81
Table 3-2 Sequence of elementary reaction steps of FT synthesis reaction in the present study ...........c.cccceeuene 90
Table 3-3 Reaction rate expressions derived on the basis of kinetics model FT—1............cccccevievierinciiniennnne. 100
Table 3-4 Reaction rate expressions derived on the basis of kinetics model FT—II ..........ccccccevenininincnnnnn. 101
Table 3-5 Reaction rate expressions derived on the basis of kinetics model FT—III .........cccccceveninininininnnn. 102
Table 3-6 Reaction rate expressions derived on the basis of kinetics model FT—IV .........cccccoeviiininncnnnnene. 103
Table 3-7 Reaction rate expressions derived on the basis of kinetics model FT—V .......c..cccccevininincnnnnene. 103
Table 3-8 Reaction rate expressions derived on the basis of kinetics model FT—VI.........ccccccccoevininncnnnnene. 104
Table 3-9 Reaction rate expressions derived on the basis of kinetics model FT—VII.........ccccooviiiniinninnnnnne. 105
Table 3-10 Reaction rate expressions derived on the basis of kinetics model FT—VIII ..........cccccccevviniinnnnnne. 105
Table 3-11 Elementary reaction steps for WGS T€ACTION .....ccuveeeviieriieeiiieiieeiie et eieeeiee e eieeeaneetaeeeneenes 109
Table 3-12 Reaction rate expressions derived on the basis of kinetics model WGS-I ..........ccoccveeveiiiieiinnnnne. 112
Table 3-13 Reaction rate expressions derived on the basis of kinetics model WGS-II..........c.ccccoininincnennnenne. 113
Table 3-14 Reaction rate expressions derived on the basis of kinetics model WGS-II1...........ccccccvvvvveeiirennnnne 114
Table 3-15 Reaction rate expressions derived on the basis of kinetics model WGS-IV ........ccccoevviivieiciiininnnns 115

X1



Table 3-16 Reaction rate expressions derived on the basis of kinetics model WGS-V .........ccccocevinininninnene. 116
Table 3-17 Reaction rate expressions derived on the basis of kinetics model WGS-VI .........cccocoviiiiininne 116
Table 3-18 Reaction rate expressions derived on the basis of kinetics model WGS-VII..........cccooeiiiiininne 117
Table 3-19 Enthalpy and free energy of formation at 298.15 K and constant coefficients of heat capacity
polynomial, Cp in unit J mol™ K™ [144] c...cooviioeieeeeeeeeeeeeeeeeeee ettt 123
Table 4-1 Steps through the computation of tvalue to test the level of significance of obtained kinetic
PATAIMIELETS ..ottt ettee ettt ettt ettt ettt ettt e sb et ettt e sb et e ebte e bt e ebteebe e e bee e beeeabee e bt e easee e bbeembee e bbeebeeenbbeenbteenaneenees 156
Table 5-1 Experimental results at sixteen different operating conditions with respect to reaction temperature,
total inlet pressure and GHSV. .....ooiiiiiiiiee ettt et te et e be e b e ensesnnenes 166
Table 5-2 Experimental results at different operating conditions, selectivity of available olefins and paraffins’
components with carbon number less than Seven (C2-C7) ....oovieiiiiiriinieieieee et 166
Table 5-3 Values of experimental data employed in the present study considered for the power-law model..... 168
Table 5-4 Values of kinetic parameters estimated in the present study considering power-law kinetic model
presented in section 3.2.1 as well as Fratio and tvalue calculated from the statistical analyses............. 169
Table 5-5 Values of MAPD obtained from optimization of each proposed FT/WGS combination rate model:
twenty-four FT reaction rate models with fourteen WGS reaction rate models in total were considered in
the present thesis (to be continued on the NEXt PAZE).......eceeriieriieiiiiieiiere e 187

Table 5-6 Model calibration against experimental data using kinetic model FT—III (RDS-2) with WGS-VII

Table 5-7 Optimum values of estimated kinetic parameters of comprehensive combined FT—III (RDS-2) and
WGS-VII(RDS) ..ttt ettt ettt st b et s b et se b e e st et et e st e b et e st s be e esesbeneenene 202
Table 5-8 Results obtained by model validation against experimental data at four different operating conditions
with respect to reaction temperature, total inlet pressure and space velocity, values of conversion and
SCIECEIVILIES ...ttt ettt ettt a et bt et et a et b e a ettt b e sa e et ae 204
Table 6-1 Range of variation of parameters defined for parametric StUdY .........cccceeviierieeiiierieeie e 210
Table 6-2 effects of operating conditions on FT products’ selectivity and syngas components’ conversion...... 237
Table 6-3 Main control operators considered in the multi-objective optimization process using NSGA-II....... 239
Table 6-4 Boundary conditions considered for optimization with respect to reaction temperature, total pressure

and space velocity and carbon monoxide MOIAr TatI0 .........ecvvervieieeieeieeee e 246

XII



List orF SymBoLS

Symbols
a

A

ALO3

b

c

C

Ci

Cp

Cs+

CH

CH;
CH,O
CH3
CH4
CnH2n
CuHan+1
CnH2n-1
CuHone2
Ch1Hons
Cn H 2n+1 CHO
Cn H2n+ 1 OH
C,H,,-100H
CH(OH)
Co

CcO
MgO
CO2
COs3

Cu

CuO

Dim
dp
E
Er
f
f,0b;
F.
Fe
G

Adsorption constant in rate equations
Pre-exponential factor

Alumina

Adsorption constant in rate equations
Adsorption constant in rate equations
Carbon atom

molar concentration of species i’
Specific heat capacity at constant pressure
Total liquid hydrocarbons
Methylidyne

Methylene

Formaldehyde

Methyl

Methane

Alkenes

Alkyl group

Alkenyl group

Alkanes

Vinyl group

Aldehydes group

Alcohols group

Acid group

Hydroxyl carbenes

Cobalt

Carbon monoxide

Magnesium oxide

Carbon dioxide

Carbonate species

Copper

Copper oxide

Effective binary diffusivity for the diffusion of %’

in the multicomponent mixture
Particle diameter

Activation energy

Forward activation energy
Scalar function

Objective function

F-critical

[ron

Mass velocity

Various units
mol kg™t s71

Various units
Various units

kJkg 1K1

Jmol™?
Jmol™?

-2 -1

kgm s



<]

AG;
AGp

H;i
AHgq,
AH;,
H>
H>O
HCO
HCOH
HCOO

LaxOs

Mcat
M;
M

Nexp
Nresp

NO«x
OH

Pi
Pco

Pcoz
P

Pu2o

Tco
Irco+H2
I'waGs

Standard Gibbs free energy of formation
Standard Gibbs free energy due to reaction
Hydrogen atom

Partial molar enthalpy

Standard enthalpy change of adsorption
Standard enthalpy change due to reaction
Hydrogen molecule

Water

Formyl

Hydroxycarbene

Formate

Hydrogen sulphide

Unit matrix

molar flux of species ‘i’

Rate constant of species ‘i’

Water gas shift equilibrium rate constant
Water gas shift equilibrium rate constant
Pre-exponential factor of rate constant
Water gas shift equilibrium constant
Water gas shift equilibrium constant

Adsorption constant in water gas shift reaction rate

equation
Reactor Length
Lanthanum oxide

Degree of freedom (number of kinetic parameters)

Mass of catalyst

Molecular weight of species ‘i’
Molecular weight of mixture

Total number of species

Nitrogen

Total number of experimental runs

Number of responses (i.e. chemical species)

Nickel

Nitrogen oxides

Oxygen atom

Hydroxyl

Total pressure

Partial pressure of species ‘i’

Partial pressure of carbon monoxide
Partial pressure of carbon dioxide
Partial pressure of hydrogen

Partial pressure of water
Volumetric flow rate

Rate of consumption of carbon monoxide
Rate of consumption of syngas

Rate of water gas shift reaction
Universal gas constant

Jmol™?
J mol™t

Jmol™?
Jmol™?
Jmol™?

mol s~ 1

mol kgl s~
mol kgl st
mol kgz2 st
mol kg™t s71

1

kgcat
kg mol™?!
kg mol™?!

bar

bar

bar

bar

bar

bar

m3
molco kgcar S~
mozsyngas kgc_alt s
molco, kgcqr s

Jmol ™t K1

1
1

X1V



Ri
Re
Ru
Si
AS;ds
SiC
Si0;
SO«
SS
SSE
SST

te
TiO2
Us

Vi
Wij

Yi

Z1rO;
ZSM-x

Greek

2
3
>
S
>y

aQ
Q
~

'_?;95 STEE S0 T™R

Q

Y

Subscript

ads

des
eth
exp

Rate of formation or consumption of species ‘i’

Reynolds number

Ruthenium

Selectivity of component ‘i’
Standard entropy change of adsorption
Silicon carbide

Silica

Sulphur oxides

Sum of the square difference
Residual sum of squared deviations
Total sum of squared deviations
time

Critical value of #-statistic
Temperature

Titania

Superficial velocity

Packed bed reactor volume
Mass fraction

Sample mean

Mole fraction

z direction

Zirconia

Zeolites

Chain growth probability

Volume fraction of active catalyst
Void fraction

Thermal conductivity of the mixture
Effective thermal conductivity
Molecular viscosity

Population mean

Velocity vector

mol; kgzz st

Jmol 1K1

kjmts 1K1
kjmts 1K1
Pas

stoichiometric coefficient of component in ‘i’ reaction ‘j’

Catalyst bulk density
Density of the mixture

Total vacant surface coverage fraction of active site

in WGS rate model

Total vacant surface coverage fraction of active site

in FT rate model

Adsorption
Desorption
Ethene

Experiment



LB
meth

olef
org
par
pred

rad
resp

t

UB
WGS
z

0

Superscript

cal

Species
Reactions

Lower bound
Mixture

Methane
Number of nodes in spatial dimension
Olefins

Organic

Paraffins
Prediction

Radial direction
Radiation
response
Termination step
Upper bound
Water gas shift
Axial direction
Angular direction

Calculated
Experiment

Order of reaction ‘j° with respect to partial pressure of hydrogen
Order of reaction ‘j” with respect to partial pressure

of carbon monoxide
Transpose

XVI



LiSsT oF ABBREVIATION

ASF
BTL
Co-LTFT
CSTR
CTL
DFT
DRIFTS
EIA
Fe-HTFT
FID

FT
FTIR
GA
GC-FID
GC-MS
GHSV
GTL
HTFT
IEO

LH
LHHW
LM
LNG
LTFT
MAPD
MFC
NLP
NSGA-II
ODE
OF

PDE
PPF
RDS
RR
SASOL
SEM
SMDS
WGS
XPS

Anderson-Schulz-Flory

Biomass-to-liquid

Cobalt-based low-temperature Fischer—Tropsch
Continuous stirred tank reactor

Coal-to-liquid

Density functional theory

Diffuse reflectance infrared Fourier transform spectroscopy
Energy information administration
Iron-based high-temperature Fischer—Tropsch
Flame ionisation detector

Fischer—Tropsch

Fourier transform infrared spectroscopy
Genetic algorithm

Gas chromatography flame ionization detector
Gas chromatography-mass spectrometry

Gas hourly space velocity

Gas-to-liquid

High-temperature Fischer—Tropsch
International energy outlook
Langmuir-Hinshelwood
Langmuir-Hinshelwood-Hougen-Watson
Levenberg-Marquardt

Liquefied natural gas

Low-temperature Fischer—Tropsch

Mean absolute percentage deviation

Mass flow controller

Nonlinear programming

Non-dominated Sorting Genetic algorithm-I1
Ordinary differential equation

Objective function

Partial differential equation

Process path flow

Rate deterring step

Relative residual

South African synthetic oil limited

Standard error of the mean

Shell middle distillate synthesis

Water gas shift

X-ray photoelectron spectroscopy

XVII



CHAPTER 1: INTRODUCTION

CHAPTER 1

INTRODUCTION

Nowadays there is a worldwide demand to develop energy-efficient and economical
processes for sustainable production of alternative chemical compounds and fuels as a substitute
for those emerging from petroleum. The excessive dependency of the world on conventional
fossil fuels risks the future of the globe. The consistent existence of the present condition will
result in an increase of the average temperature of ocean surfaces and global land by 5C in
2100; this will cause rising sea levels, which will be the next global crisis [1]. Climate change
and global warming, due to the increase of carbon dioxide (CO:) concentration in the
atmosphere formed from the combustion of fossil fuel, and also air pollution, are major
environmental concerns as a consequence of their direct influence on human breath and life. As
a result, environmental agencies everywhere in the world have delivered more severe
regulations to meet the current and forthcoming threats caused by emissions to the atmosphere
e.g. the control of emission standards for particulates from diesel vehicles and residual sulphur
in diesel fuel. All these facts have lately increased a renewed interest in Fischer—Tropsch (FT)
synthesis. FT synthesis is an industrially important chemical process that typically uses syngas
(a fuel gas mixture consisting mainly of carbon monoxide (CO) and hydrogen (H2)) produced

from methane, natural gas, coal or biomass through steam reforming, partial oxidation and/or
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CHAPTER 1: INTRODUCTION

autothermal oxidation, as well as gasification processes, to convert synthesis gas into a wide
spectrum of products containing mainly hydrocarbon compounds (i.e. olefins, paraffins and
oxygenated products). The increased interest in FT synthesis is due to its ability to produce
ultra-clean diesel oil fraction with a high cetane number (typically above 70) without any
aromatic, sulphur and nitrogen compounds; with a very low particulate formation; and CO

emissions [2-5]. The importance of FT synthesis processes will be discussed further in section

1.1.

The chemistry taking place in FT synthesis, as well as its kinetics, is very complex;
however, the main reactions involved in this process can be described by the reactions listed in
Table 1-1. Nonetheless, FT synthesis can be classified as a combination of the FT reactions and
the water gas shift (WGS) reaction [6]. Based on this hypothesis, hydrocarbons (R. 1-1 to R.
1-6) are the main FT reaction products and carbon dioxide is only produced by the WGS
reaction (R. 1-7), a reversible parallel-successive reaction with respect to CO [7]. Hydrocarbon
R. 1-1 is related to the production of paraffins and R. 1-2 is associated with the production of
olefins. Oxygenated products such as alcohols, acids and aldehyde products (R. 1-3 to R. 1-5,
respectively) can also be formed either as the by-products or main products depending on the
catalytic activity of the metal catalyst and the process conditions. The methanation reaction R.
1-6 is often assumed to be a separate reaction in this process. The kinetics details of FT synthesis
as well as published FT synthesis reaction mechanisms in the literature will be discussed in

section 2.6 to 2.7.

FT synthesis reactions occur in the presence of a catalyst in which the resulting product
components are extremely influenced by the type of catalyst and the process operating

conditions (reaction temperature, total pressure, space velocity, Ho/CO molar ratio) that are
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employed in the process. The most common catalysts are the transition metals cobalt (Co), iron
(Fe), ruthenium (Ru) and nickel (Ni) [8]. The details and differences between these catalysts

will be discussed in section 2.4.

Table 1-1 Main reactions involved in FT synthesis

Production Reaction Equations l;?;gg?
Paraffins’ formation (n)CO + 2n+ 1)H, - C,Hypyy + M)H,0; n > 2 R. 1-1
Olefins’ formation (n)CO + (2n)H, —» C,Hyp + (M)H,0; n > 2 R. 1-2
Alcohols’ formation (n)CO + (2n)H, » C,Hyp110H + (n —1)H,0; n>1 R. 1-3
Acids’ formation (m)C0 +2(n - i)glz = Cnblon100H + (n — 2)H,0; n R. 14
Aldehydes’ (n+1)CO+ (2n+1)H, » C,Hy,4+1CHO + (n)H,0; n
formation >1 RA-5
Methane formation CO + 3H, - CH, + H,0 R. 1-6
WGS formation CO+ H,0 2C0, +H, R. 1-7

1.1. Background

Interest in alternative fuels and renewable sources has grown significantly due to the
concern regarding the requirement of CO: reduction, energy consumption, as well as the
limitation of future oil reserves. Nowadays, the necessity of running engines with the new
generation of liquid fuels is unavoidable. New diesel fuels are essential not only to improve the
performance of an engine and its emissions, but also to ensure the fuel supplies’ sustainability
[4]. The U.S. Energy Information Administration (EIA) published the International Energy

Outlook 2013 (IEO2013) schemes where the energy consumption of the world will escalate by
3|Page
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56% between 2010 and 2040, from 524x10'3 British thermal units (Bzu) to 820X 10" Btu. This
indicates that renewable energy is one of the fast-growing energy resources in the world and its
usage escalates 2.5%/year. Nevertheless, it is expected that fossil fuels will supply more or less

80% of the energy demand until 2040 [9].

In this context, the most abundant raw material existing on the earth i.e. lignocellulosic
biomass, is a particularly interesting resource since it is the only renewable source of organic
carbon compound that can be converted into liquid transportation fuels. The gasification of
biomass produces syngas that can be converted into synthetic liquid hydrocarbon fuels by
means of the FT synthesis process. This process has been widely considered as an attractive
route for generating ultra-clean liquid hydrocarbon fuels from biomass that has been identified
as a promising alternative to conventional fossil fuels, such as diesel and kerosene. From Figure
1-1 it is also apparent that the number of publications related to FT synthesis process fuels have
increased substantially over the last decade. The raw material can either be natural gas (the final
liquid fuel being GTL - gas-to-liquids), coal (CTL - coal-to-liquids) or residual biomass (BTL
- biomass-to-liquids). GTL is already produced commercially and diesel fuels blended with
GTL are available in several European countries [10]. A production of a significant volume (1
million barrels/day or more) of total GTL diesel fuel is being planned within the next decade
due to a number of new large-scale GTL production plants that are currently under construction
[11]. Lately, the performance of exhaust emissions of GTL diesel fuels has been the subject of
an increasing number of technical publications [4]. Ultra-clean and high cetane number biofuels
derived from an FT process enable lower combustion temperatures and pressures. These fuels
can promote the decrease of engine-out emissions and increase the performance of the catalytic
fuel reformers and after-treatments [ 12]. The following study is carried out based on the second

generation of biofuels via FT synthesis.
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Figure 1-1 Number of publications related to FT synthesis compared to GTL, CTL and BTL
processes (adopted from [4]).

FT synthesis is a well-known industrial process discovered by Professor Franz Fischer
and Doctor Hans Tropsch (Figure 1-2) in Germany in 1923. It was used as a means to indirectly
convert coal into a liquid fuel. During World War I, FT synthesis provided the required liquid
hydrocarbon fuels for the German’s war [13-15]. They obtained a liquid product that consisted
mainly of hydrocarbons from the hydrogenation of CO over iron and cobalt catalysts, leading
to their famous patent of the FT synthesis process in 1925. Their research greatly contributed
to the later development of the synthesis process and its establishment. The process was first
commercialized in 1936 by Ruhrchemie AG in Germany [16, 17] and the technology became
valuable when Germany became isolated due to its war effort; which made it dependent on coal

that was readily available in Germany [8, 18]. The technology implemented at the early stages
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of development after the war, however, was too expensive to compete with crude oil [8]; the
prices of which were extremely low in the post-war period, due to the discovery of the large oil
reserves in the Middle East [8, 18, 19]. This led to minimal interest in FT synthesis during this
time period and development of the process continued almost exclusively at South African
Synthetic Oil Limited (SASOL) in South Africa, which was formed in 1950. This was attributed
to the fact that South Africa faced an oil embargo sanctioned by the international community
and relied on its vast coal deposits for the production of liquid fuels and higher value chemicals

[20].

Figure 1-2 Inventors of Fischer-Tropsch synthesis, Professor Franz Fischer (on the left) and
Doctor Hans Tropsch (on the right).

Interest in FT synthesis revived however in the 1970s and 1980s due to alarming forecasts

at the time about depleting crude oil reserves, as well as international politics which included
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oil embargoes by major oil producing nations [19]. The attention towards FT processing further
increased in the 1990s when it was realised that the technology could be used to take advantage
of remotely located sources of natural gas; which would be too expensive to transport in
pipelines, but could either be liquefied and then transported as liquefied natural gas (LNG), or

gasified and processed via FT synthesis to produce synthetic transport fuels [8].

1.2. Fischer-Tropsch Synthesis Process

In general, there are four main steps involved in the production of liquid fuels from
feedstocks, produced from three main processes (see section 1.2.1), via FT synthesis: (i)
synthesis gas production; (if) syngas cleaning and purification; (iii) FT synthesis; (iv) products’
recovery and upgrading (see Figure 1-3). The falling supply of crude oil and growing demand
for clean transportation fuels in recent years has led to intensive research and development
worldwide for alternative sources of fuels through GTL, CTL and BTL, which comprise of both
syngas and hydrogen as key components. Figure 1-3 depicts the flow diagram of alternative
process paths to convert different feedstocks into synthetic fuels within an indirect liquefaction

process.
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1.2.1. Synthesis Gas Production

In this framework the first step (i.e. syngas generation) is very important since the syngas
can be produced from natural gas (GTL), coal (CTL) or biomass (BTL) [21]. Figure 1-4
illustrates the industrial options for syngas utilization, such as the fuels produced from syngas
comprise methanol by methanol synthesis; hydrogen by the WGS reaction; alkanes and alkenes
by FT synthesis; ethanol by fermentation; isobutene by isosynthesis; or with homogeneous

catalysts and aldehydes or alcohols by oxosynthesis.
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Figure 1-4 Flow diagram of syngas (CO + H») conversion (adopted from [22]).

The main difference between GTL, CTL and BTL lies in the synthesis gas production
process where the syngas production requires the gasification of a solid feedstock. Today, with

continuously depleting oil reserves and the added factors of environmental concerns, as well as
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other limitations in the first generation biofuels and the recent improvements to the technology
used in FT processing, research has turned towards second generation biofuels’ technology for
the production of clean and sustainable synthetic fuels [23, 24]. FT synthesis diesel derived
from biomass (BTL) via gasification is an attractive carbon neutral and clean transportation

fuel, directly functional in the current transport sector.

1.2.2. Syngas Cleaning and Purification

Besides a low H2/CO molar ratio composition, the resulting syngas also contains many
impurities; hence it is necessary to clean and condition it prior to its utilization in the FT reactor,
as FT catalysts are significantly sensitive and can be easily deactivated or poisoned by syngas
pollutants [25]. These contaminants are potentially capable of causing problems to other
processes such as blockages and equipment fouling and corrosion, as well as environmental
problems due to harmful emissions [26]. The acceptable levels of contaminants may vary for
each plant and FT catalyst. Remarkably, it has been reported by Boerrigter ef al. [27] that there
are no syngas contaminants that are specific to biomass and consequently, conventional gas
cleaning approaches can be adopted. This may or may not be true, however, as operational
experience in biomass gasification applications is relatively small in comparison to that of coal
and natural gas gasification, it is this uncertainty in the knowledge of the exact contents and
contaminants of biosyngas that poses one of the greatest challenges in the commercialization
of BTL-FT operations [26]. Some comprehensive details about syngas cleaning and purification

can be found in the literature [28].
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1.2.3. Fischer-Tropsch Synthesis

The next step after the syngas is cleaned and conditioned is to use it in the FT synthesis
reaction that is carried out in the reactor vessel [29]. The choice of reactor has many concerns
and the influence on refining is significant. The characteristics of the main reactor types used
in FT synthesis are given in detail in the literature [30]. In general, there are three different main
categories of reactor, i.e. fixed bed, fluidized bed and slurry bed used in FT synthesis
technology. These will be discussed in section 2.5. The different types of catalyst used in FT
synthesis, mode of operation (i.e. low-temperature FT (LTFT) and high temperature FT
(HTFT)), and FT kinetics and reaction mechanism will be discussed in detail in sections 2.2,

2.4 and 2.6, respectively. The primary FT reactions were also given in Table 1-1.

1.2.4. Products’ Recovery and Upgrading

The mixture of products leaving a standard FT synthesis reactor contains a wide range of
paraffins (alkanes: C,H2n+2), olefins (alkenes: CnH2,), oxygenated products (i.e., alcohols:
(ChH2n410H), acid: (C,,H,,_100H) and aldehydes: (C,H,,+1CHO)) and aromatics, with water
as a by-product. The product stream can also be defined as various fuel types which will be
discussed in section 2.3. The products from FT synthesis are higher value as diesel fuel, jet fuel
and gasoline are low in aromatics and free from sulphur. In addition, as discussed early in
Chapter 1, the FT synthesis diesel fuel has a high cetane number (enabling lower combustion
temperatures and pressures). The paraffins (in the range of Co-Cis) are very suitable for the
manufacturing of excellent lubricants; while the olefins make biodegradable detergents [31].

High selectivities towards fuels are obtained through hydrocracking, which is a selective
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process converting heavy hydrocarbons into light hydrocarbons in the range of C4-C12> with a
small contents of Ci-Cs. This directly produces a high quality gas oil (low aromatics, low
sulphur content, and high cetane index) and kerosene (high paraffin content), which are very
suitable as blending components to upgrade lower quality stock [31]. The linearity of the FT
naphtha is a drawback for gasoline production. The naphtha is therefore better used as feedstock
for the petrochemical industry. Its high paraffin content makes the naphtha an ideal cracker
feedstock for ethylene and propylene production. Product selectivity can be improved using
multi-step processes to upgrade the FT synthesis products. Upgrading involves a combination
of hydrotreating, hydrocracking and hydroisomerization, in addition to product separation.
Hydrotreating involves adding hydrogen and a catalyst to remove impurities like nitrogen,
sulphur and aromatic hydrocarbons. Hydrocracking is a catalytic cracking process assisted by
an elevated partial pressure of hydrogen gas and hydroisomerization involves the addition of
hydrogen and a catalyst to drive the isomerization processes. As mentioned previously, most
upgrading units are considered to produce the desired hydrocarbons; however, the products
from the FT synthesis will typically comprise hydrocarbons, waxes, alcohols, and undesired
products such as unreacted synthesis gas and lighter hydrocarbons. These undesirable products
can be recirculated to the reformer or to the FT reactor. This recycling process is one method
of upgrading and it raises the yield of synthesis gas. Moreover, recirculated olefins and alcohols
in the FT reactor feed will readsorb and form higher molecular weight hydrocarbons. This can
also enhance overall conversions [32, 33]. The recycling process can be characterized by the
feed location where the undesired compounds from C; to C4 are recycled to either be used as

co-feed to the FT reactor, or else be converted to synthesis gas [31].
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1.3. Numerical Modelling and Detailed Kinetics

The kinetic description of the FT synthesis as well as mathematical modelling of the FT
reactor is crucial to industrial practice, being a prerequisite for industrial process design,
optimization and simulation. Large companies are now well aware of the importance of reliable
kinetics data as a basis for design. Kinetics studies have benefited from more systematic
methods for the design of experiments and improved methods for analysis of the data [34]. The
principal governing factors for any FT kinetics mechanism are the reaction temperature, total
pressure, space velocity and the H2/CO molar ratio, which affect FT products’ distribution and
synthesis conversion. The main difficulty in precisely describing the kinetics of FT synthesis is
the complex network of its reaction pathway and the existence of a high number of chemical
product components in the process. The FT synthesis reaction is a highly complex system in
which thousands of species take part in an extremely coupled mode. For this reason, it is
unlikely a kinetics equation for every reaction species could be established with the
conventional method used in reaction kinetics studies. Such a complex reaction system requires
a simplified mathematical equation to elucidate the kinetic characteristics of syngas
disappearance and products’ distribution. In addition, mathematical modelling is significantly
useful to assist in the development of the FT synthesis processes. In principle, a mathematical
model should be tailored for its main purpose. It should be as simple as possible, but still include
a sufficient representation of the essential mechanisms involved. Hence, several assumptions

have to be considered to facilitate the computational procedure.
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1.4. Thesis Aims and Objectives

Given the range of knowledge reported above, the objectives of the present thesis were:
(i) to study different kinetics models from the available literature on a cobalt-based catalyst; (if)
develop comprehensive kinetics models including both Fischer-Tropsch and water gas shift
reaction mechanisms; (iii) develop a mathematical model of a catalytic fixed bed reactor by
deriving the governing conservation equations in order to assess the different kinetics models
for the prediction of the experimental data; (iv) evaluate the kinetics parameters (kinetics
constants and activation energies) for each model by employing an advanced global
optimization technique (using a GlobalSearch algorithm); (v) calibrate and validate the
developed mathematical model with the proposed kinetics mechanisms against the
experimental results at a variety of operating conditions; (vi) investigate the effects of process
conditions on products’ selectivities as well as conversions of synthesis gases; and finally, (vii)
to perform an optimization study of the process conditions to achieve an optimum in the
performance of Fischer-Tropsch synthesis for liquid fuels’ production as well as synthesis

conversions.

1.5. Thesis Layout

The overview to the historical context of FT synthesis process, the importance of
numerical modelling as well as kinetics study, and the aims and objectives of the present thesis
were presented in this chapter up to section 1.5. However, the remainder of the thesis is

systematically organised as follows:
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Chapter 2: Literature Review

This chapter presents a comprehensive literature review, which introduces the FT
synthesis process and its applications in the production of liquid hydrocarbons. This chapter
also reviews the FT synthesis’ different mode of operation, product distribution,
characterization and various reactor types that are used in FT synthesis processes. Details of the
FT kinetics and reaction mechanisms for the hydrocarbon productions in FT synthesis over a

cobalt catalyst are discussed comprehensively.

Chapter 3: Kinetics of Fischer-Tropsch Synthesis

This chapter establishes the detailed development of a number of mechanistic kinetics
models for the FT synthesis system over a Co/SiO; catalyst, while assessing extensive
possibilities in mechanism combinations (i.e. FT synthesis and WGS reaction rate models),
more than has been attempted at any time previously, compared to the published literature. In
this chapter, eight different reaction pathways are proposed for FT reactions from the different
kinetic mechanisms based on unassisted CO-dissociation, H-assisted CO dissociation as well
as molecular H»-assisted CO dissociation. The kinetics models are developed based on
combined alkyl/alkenyl mechanisms to represent the production of paraffins and olefins
compounds. Moreover, seven different reaction routes are postulated for water gas shift reaction
from two general reaction mechanisms (i.e. formate mechanism and redox mechanism). Some
elementary reactions in the presented reaction networks are hypothesised as rate-determining

steps (slowest steps in reaction path) to elucidate the derivation of reaction rate equations.
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Chapter 4: Mathematical Modelling

This chapter describes the detailed development of the mathematical model of a mini-
scale fixed bed reactor for cobalt-based FT synthesis. The model’s algorithm, as well as the
solving technique, is described in detail. Moreover, the integration of the optimization
technique (i.e. GlobalSearch algorithm) with the mathematical model and the implementation
of the optimization constraints are explained thoroughly. In this chapter, various statistical
methods (such as F-test and #-test) that have been used to evaluate the significance of the overall
model predictions and to ensure the kinetic parameters (rate constants and activation energies)

are acceptable from a statistical point of view, are highlighted.

Chapter 5: Experimental Setup, Model Calibration and Validation

This chapter outlines the overall experimental procedure that was carried out by a co-
worker in the School of Mechanical Engineering at the University of Birmingham [1]. Such
results are employed to assess the various kinetics mechanisms together with a mathematical
model; these are developed in Chapter 3 and Chapter 4, respectively. The experimental data is
used for calibration of the model and estimation of kinetic parameters. Then, the statistical
analyses are performed to ensure model predictions and kinetic results are statistically relevant
and physically meaningful. Furthermore, the results obtained from the proposed kinetic model
for FT and WGS reaction mechanisms are compared to those of the literature and it indicates
the significant improvement in model predictions. This chapter also provides the details of
model validation which is carried out subsequent to completion of the model calibration and
the estimation of proper kinetic parameters. The overall purpose of the validation study is to

ensure that the model provides a robust and realistic calculation of all the parameters defined
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by the mathematical model e.g. kinetic parameters, rate of reactants’ consumption and products’
formation. In order to ensure the model is relevant to an appropriate level, it is assessed against

experimental data at four different operating conditions, which are available for validation.

Chapter 6: Parametric Studies and Optimization

This chapter utilizes the validated model from Chapter 5 in order to conduct
comprehensive parametric studies to investigate the effects of various operating conditions on
the critical performance parameters such as reactants’ conversion, as well as various products’
selectivity. Those parameters that have the most substantial effects on the reactor outcomes are
then included in the optimization procedure. To do so, a NSGA-II (Non-dominated Sorting
Genetic Algorithm-II) is employed to conduct the multi-objective optimization. Then such an
optimization method is used to maximize the catalytic performance of the FT synthesis process

with respect to conversions and selectivities.

Chapter 7: Conclusions

This chapter highlights the summary of the most remarkable results identified in the

preceding chapters and recommendations for further developments of the current work.
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CHAPTER 2

LiTERATURE REVIEW

This chapter covers the importance of FT synthesis technology, different operating modes
that FT synthesis can operate, as well as FT products’ characterization and distribution. The
specifications of various types of catalysts that can be activated for the FT reaction are
highlighted. Different kinds of reactors that are used in FT processes such as a fixed bed reactor,
slurry phase reactor and fluidized bed reactor are reviewed. In addition, this chapter
encompasses the reaction kinetics mechanisms of the FT synthesis including the polymerization
reaction mechanism and the significant and major contributions in the development of reaction
mechanisms. The roles of the alkyl mechanism, alkenyl mechanism, enol mechanism, CO
insertion mechanism and the WGS reaction mechanism are extensively discussed. Finally, the
studies that have investigated the kinetics of FT synthesis over a cobalt-based catalyst, based

on both empirical and mechanistic approaches, are broadly reviewed.
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2.1. Fischer-Tropsch (FT) Synthesis Technology

FT synthesis can be defined as the means of indirect liquefaction, in which synthesis gas
(a mixture of predominantly CO and H») obtained from either coal, peat, biomass or natural gas
is catalytically converted to a multicomponent mixture of gaseous, liquid and solid
hydrocarbons [35]. The FT synthesis is a surface polymerization reaction in which the reactants,
CO and H;, adsorb and dissociate at the surface of the solid catalyst and react to form methylene
(CH2) monomer, chain initiator i.e. methyl (CH3) species and water. A wide product spectrum
of hydrocarbons is formed by the successive addition of CHz units to growing chains on the

surface of the catalyst and these will be discussed in section 2.6.

Currently, there are three main aspects for consideration regarding the FT synthesis
processes. Firstly, there exists the FT synthesis reaction mechanism, the details of which are
still not fully understood. Furthermore, from the outlook of chemical engineering, there is the
design and scale-up of the commercial FT synthesis plant in which studies of the kinetics
mechanisms as well as optimization study play significant roles. An optimal design of a
commercial-scale reactor requires detailed information of the hydrodynamics and the reaction
kinetics, as well as the mathematical model of the catalytic reactor. In fact, to reach the ideal
performance of the FT process, a precise comprehensive kinetics model that can describe the

product distribution of FT synthesis is essential.

2.2. Operating Modes

There are principally three main classifications of FT synthesis in commercial scale with

respect to the operating mode. The three types of syntheses are iron-based high-temperature FT
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(Fe-HTFT), iron-based low-temperature FT (Fe-LTFT) and cobalt-based low-temperature FT
(Co-LTFT). It is apparent that the FT synthesis industry has come in a full loop, beginning with
Co-LTFT with upgrading, moving to Fe-HTFT and Fe-LTFT with refining, and returning to
Co-LTFT with upgrading [36, 37]. As an example, one can refer to the German Co-LTFT
syncrude that was sufficiently upgraded so that it could be blended with coal liquids and crude-
oil-derived fuels as final products without further refining. Similarly, there are the products
from the Co-LTFT-based Shell Middle Distillate Synthesis (SMDS) process, where the
distillate is blended with crude-oil-derived diesel fuel as a final product, while the rest of the
products are refined to n-alkane (paraffin) solvents, waxes and lubricating oils [30]. Here, on
the basis of temperature mode, FT synthesis processes are distinguished into two categories:

HTFT and LTFT syntheses.

Naphtha, LPG

Kerosene

Gasoil

O H0 Specialtics

Figure 2-1 Shell Middle Distillate Synthesis (SMDS) process schematic.
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Figure 2-2 Shell’s Bintulu GTL Plant [38].

2.2.1. High-Temperature Fischer-Tropsch (HTFT)

In HTFT, because of the process conditions and the catalysts involved, the syncrude
produced includes a high percentages of short chain hydrocarbons (i.e., <10 carbon atoms) with
significant amounts of propane and butane mixed with olefins (e.g. propylene and butylene).
The Fe-HTFT process produces fuels including gasoline and diesel that are closer to those
produced from conventional oil refining [39]. The HTFT processes operate in the temperature
range of 573-623 K with pressures in the range of 25-60 bar; however, operation in a lower
temperature (about 546 K) was also reported by another investigator and with pressures of
approximately 25 bar [39]. Conversion in HTFT can be even more than 85% efficient [37], but
not all the products are readily usable or capable of producing high-quality transport fuels. FT
reactor operating temperatures do not normally exceed 623 K, since at higher temperatures the
main product would be CH4 [40]. HTFT processes tend to be conducted in either circulating
fluidized bed reactors or fixed fluidized bed reactors [39, 41]. Different types of FT reactor

exist in commercial scale, which will be discussed in section 2.5.
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2.2.2. Low-Temperature Fischer-Tropsch (LTFT)

During World War II, Germany ran 12 high-pressure coal hydrogenation plants together
with 9 LTFT plants to produce 4.5 million tons/annum of motor fuels; this was 90% of
Germany’s consumption at that time [17]. The FT diesel was obtained by distillation of the light
hydrocarbons; however, it included oxygenates and olefins. Nevertheless, the FT process was
at that time of secondary importance for the German fuel economy, producing 9.1% of the total
German oil supply. In this context, the primary focus of most LTFT large-scale technologies in
current market conditions is to produce high-quality low-emissions diesel, jet fuel, naphtha (for

petrochemical feedstock or gasoline blending) and waxes (see Figure 2-3).

[
Oxygenates HTFT
r ® LTFT
Waxes —
Diesel —
Naphtha —
Light Hydrocarbons F
Methane F
0 10 20 30 40 50 60

Product Compositions (wt%)

Figure 2-3 Typical product components of HTFT and LTFT (adopted from [17, 29]).
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Co-LTFT processes are used either in multi-tubular fixed bed reactors (e.g. Shell) or in
slurry-phase bubble-column reactors (e.g. Sasol). LTFT produces a synthetic fraction of diesel
that is virtually free of sulphur and aromatics. Typical process operation conditions for LTFT
are temperatures of about 493 K to 513 K and pressures of around 20 to 25 bar. LTFT synthesis
conversion is usually around 60%, from the literature point of view, with recycling or the
reactors operating in series to limit catalyst deactivation [37]. Another investigator depicted that
LTFT processes typically operate in the temperature range of 473-523 K and pressures of 25-
60 bar using cobalt or iron-based catalysts [42]. The FT synthesis operating mode affects
significantly the nature and composition of the products obtained from the synthesis reaction.
The main Fe-HTFT products contain naphtha (i.e. low-grade gasoline) and low molecular
weight hydrocarbons. In contrast, the main Co-LTFT products are composed of diesel and
waxes in which they are typically hydrocracked to maximize the diesel formation [35]. Figure
2-3 indicates the comparison of typical compositions of HTFT and LTFT products’ weight
fractions, arising from the different operating modes, obtained from a circulating fluidized bed

reactor and a fixed bed reactor, respectively.

2.3. Product Distribution and Characterization

FT products are generally regarded as an alternative to crude oil for the production of
synthetic liquid fuels (such as gasoline, diesel and kerosene) and higher-value chemicals.
Synthetic fuel compositions that are representative of each type of FT synthesis with regard to
temperature mode are listed in Table 2-1. Within each FT synthetic type, there is variation
caused by the catalyst, catalyst deactivation, operation and reactor technology. The names

derived for the fuels gained for the FT processes are obtained from crude oil refining
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terminology, where the composition of a specific crude oil may vary not only between sources

but also within a source between locations and with time [37, 43].

FT liquid fuels are considered to be environmentally superior to petroleum derived fuels,
as they contain no nitrogen, sulphur, heavy metal contaminants, or aromatics [8, 42, 44, 45].
Consequently, the resulting emissions have considerably lower amounts of NOx, SOx and
particulate matters. Table 2-2 shows the comparison of the properties of typical FT diesel with
the specifications of standard diesel. A typical way to rate the quality of a diesel fuel is to assess
its cetane number, which is a measure of its combustion quality during compression ignition so
that the higher the cetane number, the easier the fuel ignites when it is injected into the engine

[46].

Table 2-1 FT product compositions and their carbon chain lengths (adopted from [37])

Carbon

Product number Compound Product composition (wt%)
element class
range
Fe- Fe- Co-
HTFT LTFT LTFT
Tail gas C Alkane 12.7 43 5.6
C; Alkene 5.6 1 0.1
Alkane 4.5 1 1
LPG C3—Cy Alkene 21.2 6 34
Alkane 3 1.8 1.8
Naphtha  Cs—Cjo Alkene 25.8 7.7 7.8
Alkane 4.3 33 12
Aromatic 1.7 0 0
Oxygenate 1.6 1.3 0.2
Distillate  C;1—Cz Kerosene: C11 —Cy3 Alkene 4.8 5.7 1.1
Diesel: C11— Cyg Alkane 0.9 135 208
Soft Wax: Ci9—Cy3 )
Aromatic 0.8 0
Oxygenate 0.5 0.3
Residue/ Coos {Medium Wax: Cyy — CSS} Alkene 1.6 0.7 0
wax Hard Wax: C3s54
Alkane 04 49.2 44.6
Aromatic 0.7 0 0
Oxygenate 0.2 0 0
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Aqueous

product C—Cs

Alcohol

Carbonyl
Carboxylic acid

4.5

3.9
1.3

3.9 1.4
0 0
0.3 0.2

Table 2.2 indicates that the cetane number of diesel fraction produced from the FT process

is significantly higher than that of conventional diesel (C11-Cig) due to the significantly lower

aromatics’ value and the lower degree of branching of FT diesel fuels [30]. It is probable that

FT diesel fuels are used for mixing with low cetane diesel from petroleum for upgrading

purposes to meet the increasingly strict regulations of transportation fuel [40]. In fact, there is

no need for extra modifications to be made in diesel engines or the existing fuel supply

framework.

Table 2-2 Typical FT diesel specifications versus standard diesel
(Adapted from [4, 29])

Property

US Diesel (ULSD) USO7 FT Diesel

Cetane number

Sulphur (mg/m3)

Aromatics (wt %)

Density at 15°C (kg/m3)

Viscosity at 40°C (mm2/s)

Calorific Value (MJ/kg)

53.90

46.00

24.40

827.10

247

42.70

79.00

0.05

0.30

784.60

3.50

43.90
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24. Fischer-Tropsch Catalysts

Research studies have shown that only four transition metals iron (Fe), cobalt (Co), nickel
(Ni) and ruthenium (Ru) are activated in an FT reaction and have sufficiently high activity for
synthesis processes [47-49]. Referring to [48], the relative cost of these metals can be expressed
as Fe: 1, Ni: 250, Co: 1,000 and Ru: 48,000. In this respect, Ru is the most expensive but most
active compared to other active catalysts used in the FT process. It is known that Ru does not
oxidise or carburise under normal FT conditions and it gives high yields of oils and waxes [49].
However, because of its very high cost and low availability, large scale application of Ru as a
catalyst is not viable for the production of low value chemicals and/or synthetic fuels, but could
potentially be used in the production of higher value chemicals [43]. It is known that Ni forms
volatile carbonyls during the FT reaction at 473-573 K (within the range used in typical FT
conditions) [40]; this causes the continuous loss of the metal during the reaction [48]. In
addition, Ni is considered more as a methanation catalyst as it produces mainly methane and
gives the lowest yield of higher molecular weight compounds at typical FT conditions [49].
Under typical operating conditions for Fe-LTFT and Co-LTFT synthesis (473-523 K and 20—
30 bar), the equilibrium carbonyl concentration is very low and unlikely to be a significant
contributor to FT catalyst deactivation. In this respect, the risk of metal loss is higher with Ni-
and Ru-based FT catalysts. Nickel-based catalysts have a higher equilibrium concentration of
metal carbonyl species at low temperature; whereas the high pressures associated with

ruthenium-based synthesis promote carbonyl formation [30, 50].
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Consequently, only Co and Fe are the most common FT synthesis catalysts on a
commercial scale [48, 51, 52]. Regarding the operating mode, iron-based catalysts are
employed for both LTFT and HTFT processes; while Co-based on catalysts are suitable for
LTFT processes [53]. In addition, the type of feedstock used and the kind of products desired

(i.e. gasoline versus diesel and waxes) also play significant roles in the choice of catalyst.

Figure 2-4 indicates the differences in the compositions of typical Co- and Fe-based
catalysts. The general composition for typical Co- and Fe-based catalysts in industrial
application contains the metal (in its oxide form), a support or carrier material, and promoters
(other metals and metal oxides) [54]. The oxide phases in the catalysts need to be reduced to
the equivalent metallic phase prior to the FT reaction (usually using Hz). This is the phase that

has the required activity for the FT reaction.

Metal

promoter
4%

Oxide
promoter
4%

Oxide
promoter

Metal

o promoter
% 1%

Figure 2-4 Typical composition of cobalt catalysts (A) and iron catalysts (B) [29].

Research on both cobalt and iron-based catalysts has focused on a number of aspects in
an effort to improve catalyst reducibility and activity, tailor and enhance the selectivity to

certain products and by the same token, decrease the selectivity to undesired products like
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methane, as well as increasing their resistance to catalyst poisons, such as sulphur compounds.
These aspects include the influence of physical and chemical properties, the support or carrier
materials, promoters and other additives, the preparation techniques and the catalyst pre-

treatment or activation procedures implemented.

2.4.1. Iron-based Catalysts

Compared to cobalt, iron is reported to be more responsive to promoters; the more
alkaline the promoter is the higher the average carbon chain length of the hydrocarbon products
[49]. This is because CO surface adsorption and subsequent decomposition into C and O atoms
has been reported to be enhanced by surface alkalinity [53]. The main reported disadvantage of
using Fe-based catalysts is that they deactivate faster due to oxidation and coke deposition and

have a much shorter process life than cobalt-based catalysts (~2-3 months) [29, 55].

2.4.2. Cobalt-based Catalysts

Co-based catalysts are widely used in CO hydrogenation, especially when the desirable
products are high molecular weight (long-chain hydrocarbons) paraffins, so that as cobalt has
high selectivity to these types of products and such catalysts are favourable for diesel and wax
products formation [53]. Co-based catalyst appears to be more suitable for FT synthesis because
it has high FT synthesis activity; high resistance to deactivation by water; low oxygenates
selectivity; low WGS activity and better catalyst stability in hydrogen-rich environments [56,
57]. In order to increase the catalyst activity, a Co-based catalyst is usually supported on a high

surface area support to obtain a high metal dispersion. The commonly used supports include
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silica (SiO2), alumina (Al20O3), titania (TiO2), zirconia (ZrO;) and zeolites (ZSM-x). The
productivity of Co-based catalysts at a high conversion level is currently greater than that of
Fe-based catalysts. However, it is argued that Fe-based catalysts may be an interesting choice
for BTL technology, since it is much cheaper, impacting on the cost of the process due to
inevitable process set-ups in industrial operation. Nevertheless, due to the high catalytic activity
of the Co-based catalyst and its long life, it is currently the catalyst of choice for the conversion
of syngas to liquid fuels. Co-based catalysts are used in LTFT processes only, due to their high
activity; it has been reported that they produce mainly methane at higher temperatures [53, 58].
At LTFT conditions, Co-based catalysts have been reported to be more stable than Fe-based
catalysts, have a much higher resistance to deactivation by water and therefore have much
longer process lives than Fe-based catalysts (~5 years in LTFT fixed bed reactors) [55, 59]. The
differences in catalyst compositions illustrated in Figure 2-4 are mainly due to the relative cost
of both metals, from the literature point of view [29]. The very high price of Co-based catalysts
means that ideally, more of the metal needs to be exposed on the catalyst surface [53]. For this
reason, Co-based catalysts are typically supported on carriers that are stable (during catalyst
calcination, activation and reaction) and that have a high surface area such as Al>Os, SiO; and
TiO2 [60]. This is usually done by impregnation of these support materials with aqueous cobalt
salt solutions. These support materials can also have an influence on the catalyst activity,
catalytic performance (in terms of CO conversion versus time on stream), the product
distribution and selectivity. Promoters like boron, ruthenium and rhenium are commonly used
in order to improve the reducibility of the catalyst prior to the FT reaction, as well as enhancing
the Cs+ selectivity and catalyst activity, by keeping the metal surface clean from carbon
deposition during the reaction [16, 61, 62]. This has been shown in different studies reported in

the literature [59, 63, 64]. The cobalt oxide phase in the catalyst usually reduces at temperatures
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above 573 K, which are higher than those used in LTFT conditions. Hence, the ease of catalyst
reducibility is quite significant, as the catalyst has to be reduced before it is loaded into the

reactor, adding extra costs and process stages.

2.5. Fischer-Tropsch Reactors

The next step after the syngas is cleaned and conditioned (see section 1.2.2), is to take
part in the FT synthesis reaction that is carried out in the reactor vessel [29]. The choice of
reactor creates many concerns and the influence on refining is substantial. The characteristics
of the main reactor types used in FT synthesis are given in detail in the literature [30]. In general,
three different main categories of reactor are used in FT synthesis technology. These are fixed
bed, fluidized bed, and slurry bed. The essential parameters that need to be taken into account
in reactor selection have been explained in detail in the literature [65]. The fundamentals and
detailed development of FT reactors have also been reviewed in the literature [8, 18, 53, 66-
70]. The highly exothermic nature of the synthesis reactions is the main consideration in the
design of FT reactors. This necessitates the fast heat removal from the catalytic reactor bed by
taking the reactor technology into account. It is very important to control the isothermal within
the reactor or catalyst bed, since high temperature conditions in an FT reactor leads to high
methane formation as well as low-chain hydrocarbons, which are not the favourable products
in full conversion [29]. Moreover, a higher catalyst deactivation rate (due to sintering and other
deactivation mechanisms) can be expected as a result of an overheated catalyst [53, 66]. High
gas space velocities (and therefore turbulent gas flows) through narrow catalyst-packed tubes

in fixed bed reactors can ensure high heat exchange rates [53]. On the other hand, fluidized bed
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reactors are employed so that the catalyst is dispersed within the liquid phase leading to good

isothermal temperature control due to very efficient heat transfer [53].

2.5.1. Fixed Bed Reactors

Typically, the plug flow reactor model is approximated in fixed bed reactors so that the
reaction components and reaction conditions of the medium vary continuously along the axial
length of the catalytic bed. The driving force for synthesis is maximized and, in the absence of
heat and mass transfer limitations, fixed bed reactor technology is the most efficient reactor
type for synthesis [30]. Compared to slurry and fluidized bed reactors, at the same level of
conversion, the products from a fixed bed reactor can be expected to have higher hydrogenation
activity (i.e. less olefins and oxygenates). For instance, considering Fe-LTFT synthesis at 521
K, 8 bar and 50-60% CO conversion, the Co—C4 olefin to paraffin ratio for fixed bed FT
synthesis is typically 0.09, 0.9, and 1.2 respectively; whereas for slurry bed synthesis it is
typically 3.7, 5.6, and 4.5 [30, 71]. Fixed bed reactors are employed in LTFT processes (see
Figure 2-5) for mainly diesel and waxes production [17]. As discussed in section 2.4, the main
types of catalysts used in LTFT reactors are Co-based catalysts, which have a high selectivity
towards diesel and high molecular weight waxes. Fe-based catalysts can also be utilized in
LTFT reactors; although, it has been reported that the operating temperature cannot exceed 533

K, as the reactor will be blocked with carbon deposition [66].
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Figure 2-5 LTFT reactors: A) slurry phase reactor and B) multi-tubular fixed bed (adapted
from [72]).

2.5.2. Slurry Phase Reactors

Similar to fixed bed reactors, a slurry phase reactor is typically utilized in LTFT processes
(see Figure 2-5) for the production of diesel and waxes [17]. In this type of reactor, the syngas
flows up the slurry bed, which contains mainly FT waxes and liquid products, as well as the
suspended catalyst, making it a three-phase system [55]. This makes these reactors suitable for
LTFT operation as the waxes produced also serve as the liquid phase within the reactor [66].
The pros of slurry beds are lower capital expense for the same capacity compared to a fixed bed
reactor; lower pressure drop in the reactor vessel and hence lower gas compression costs; less
catalyst loading and consumption; and longer reactor runs are possible, since the catalyst can

be removed and replaced online. Regardless of the above merits of slurry bed reactors, they
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have a few disadvantages. The wax produced from the slurry bed reactor requires to be
separated from the bed as well as from the suspended catalyst. Such procedure needs an extra
equipment to prevent losing any of the catalyst. If a contaminant such as H»S enters the reactor,
then unlike the poisoning of only the top layers that would occur in multi-tubular fixed-bed
reactors, the entire amount of the catalyst used would be poisoned in the slurry phase reactor.

For this reason, gas cleanliness requirements are stricter when operating slurry phase beds [29].

2.5.3. Two Phase Fluidized Bed Reactors

Circulating fluidized bed reactors and fixed fluidized bed reactors are usually used in
HTFT processes (see Figure 2-6) for production of gasoline and higher-value chemicals. At
HTFT conditions within the reactor, all the products are in the gas-phase and hence only two
phases exist within the system (the catalyst being the solid phase) [65]. These reactors can only
be used with two phases (gas/solid) as any liquid or wax deposits on the catalyst would lead to
agglomeration of the catalyst and subsequent loss of the fluid phase [67]. Therefore, the heaviest
hydrocarbons that are produced using these types of reactors are naphtha grade products [8].
As BTL-FT processes would usually aim for maximum yields of liquid fuels and diesel in
particular, HTFT operations using fluidized beds have not been investigated for BTL-FT

applications.
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Figure 2-6 HTFT reactors: A) circulating fluidized bed and B) fixed fluidized bed (adapted
from [22]).

2.6. Kinetics of Fischer-Tropsch Synthesis

The kinetics description of FT synthesis is crucial to industrial practice, being a
prerequisite for industrial process design, optimization and simulation. The principal governing
factors in any FT kinetics mechanism are the reaction temperature, total pressure, flow rate,
catalyst loading and the H»/CO molar ratio, which affect FT products’ distribution. The FT
synthesis reaction is a highly complex system in which thousands of species take part in an
extremely coupled mode. For this reason, it is unlikely a kinetics equation could be established

for every reaction species with the conventional method used in reaction kinetics studies. Such
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a complex reaction system requires a simplified mathematical equation to elucidate the kinetics

characteristics of syngas disappearance and products’ distribution.

Many equations describing the intrinsic rate of FT synthesis have been proposed in the
literature. They are categorized into two main types: the rate of FT synthesis reactions can be
expressed either based on an empirical model, which will be discussed in section 2.6.1; or based
on a proposed mechanism with a postulated rate deterring step (RDS) and this will be explained

in section 2.6.2.

2.6.1. Fischer-Tropsch Kinetics Based on an Empirical Model and

Power-Law Rate Expression

A number of kinetics studies have been reported based on an empirical power-law rate
expression for Co- and Fe-based catalysts to fit the experimental data. A summary of these
studies; the type of rector and catalyst used; operating conditions i.e. temperature, pressure and
H»/CO molar ratio; as well as the proposed rate equation; are given in Table 2-3 in the order of
publication date [73-85]. With a glance at this table, one can deduce that unlike Fe-based
catalysts reaction order for the CO partial pressure in the rate model is negative, proposing
inhibition by adsorbed CO species. The FT reaction rates typically increase with the H» partial
pressure and decrease (in some cases and depending on the nature of the mechanism and/or the

developed rate model) with the H>O partial pressure.

Equation 2-1 below is the general form of the rate expression for a proposed jth reaction

equation based on an empirical power-law rate expression. In this equation, P¢y and Py, stand
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for partial pressure of CO and Ho, respectively; k; o, denotes the pre-exponential factor of rate
constant and E; denotes the activation energy; n; and m; indicate the order of reaction with

respect to CO and H» partial pressures, respectively.

Equation

E\ n om
R; = k;jgexp <——]>P ‘'pJ
) ] RgT CO " H, 2.1

Anderson [75] found water inhibition in the rate expression, Equation 2-4, at higher
conversion and stated that the first order rate equation, Equation 2-5, fits the data well when the
syngas conversion is less than 60%. Mathematically, Equation 2-4 reduces to Equation 2-5 and
the water partial pressure term can be neglected when water concentration is low (Pgp > Py, ).
From the physical point of view, mathematical analysis seems to be true. In the beginning of
the process, the mole fraction of water is zero so the water inhibition term will be zero. As the
FT synthesis reaction takes place, water vapour concentration will be increased so that,
depending on the nature of the catalyst and reaction process, it will be considered as the main
product of the FT synthesis. Eventually, water decreases the reaction rate by competing with
carbon monoxide for an available surface adsorption site. Dry et al. [76] studied the rate of FT
synthesis over a triple promoted iron catalyst at the higher Ho/CO molar ratio given in Table
2-3. The reaction rate (Equation 2-5) was found to be of zero order with respect to the CO
partial pressure and of first order with respect to the H partial pressure; it is only applicable in
the conditions used in that study. These findings were in agreement with the relative adsorption
characteristics of H2 and CO on reduced magnetite surfaces. It was concluded that the hydrogen
concentration has stronger effect than the carbon monoxide and in fact, carbon monoxide
merely has an influence on FT kinetics under certain conditions. Hence, the carbon monoxide

partial pressure term could be eliminated from the kinetics rate expression; in this case the rate

36 |Page



CHAPTER 2: LITERATURE REVIEW

expression becomes of the first order dependence as observed by Anderson [75] and Jess et al.
[81]. Yang et al. [77] and Pannell ef al. [79] obtained an empirical rate expression for their
results based on Co supported catalysts using a fixed bed reactor via regression of a power-law
rate expression of the general form of Equation 2-1. The reaction order for H» partial pressure
was observed to be positive; while the reaction order for CO partial pressure was negative,
suggesting inhibition by adsorbed CO. Bub and Baerns [78] predicted product distributions
from kinetics measurements in a laboratory-scale recycled fixed bed reactor at high reaction
temperature; but no information was given relating to the H2/CO molar ratio. In this study, the
species were CO, Hz, CO2 and C;-C¢ hydrocarbons as well as C2-Cs alcohols in the aqueous
phase. The rates of formation of the individual hydrocarbons were described by power-law rate
equations of the form of Equation 2-7. Wang ef al. [80] studied catalytic behaviour of
unsupported and alumina-supported borided cobalt catalysts for FT synthesis at a low
temperature condition suitable for a Co-based catalyst. This study was carried out at low CO
conversion rates (i.e. in the range of 2-5%); thereby assuring the absence of pore diffusional,
mass transfer and heat transfer disguises. In this study, the statistical measures of significance
were reported for the data and fitted parameters. Similar to other previous studies [77, 79],
Wang obtained a positive order of reaction for H> and a negative order of reaction for CO.
Zennaro et al. [82] obtained the rate data for CO hydrogenation on a 11.7% Co/TiO> catalyst
in a differential fixed bed reactor at 453-513 K, space velocity of 5000 h'! after 10-20 h of
reaction with a CO conversion range lower than 18% over a range of reactant (CO and H>)
partial pressures with a relatively high Ho/CO ratio. Zhan et al. [83] studied the kinetics of FT
synthesis over a Co/Al>Os catalyst. This study was conducted in continuous stirred tank reactor
(CSTR) reactor at 10%-60% CO conversion. All data were collected after at least 100 hours of

time-on-stream to eliminate the ambiguity between initial catalyst activity and stable activity.
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The kinetics expression in the simple power-law form of Equation 2-12 was adopted since the
H»/CO ratio in the feed gas, and thus in the reactor tail gas, was always approximately constant.
In this expression, the exponent ‘m’ was, indeed, the sum of the reaction orders of hydrogen
and carbon monoxide. They indicated that the simplified model significantly reduces the
amount of experimental work and is appropriate when process design considerations are the
primary motivation for developing the kinetics expression. They found that this empirical
kinetics expression is adequate for both fresh and regenerated catalysts within a wide range of
practical operating conditions. Marvast et al. [84] modelled a two-dimensional fixed bed FT
reactor packed with an Fe-HZSMS5 catalyst using the same approach. However, their results
(for the rate of conversion and production) were not sufficiently accurate with a high relative
error carried by the model. Das et al. [85] found empirical rate expressions for supported Co
catalysts using a fixed bed reactor via regression of a power-law equation. The addition of H.O
in FT synthesis over a 12.4 wt% Co supported SiO> catalyst led to a significant increase in CO
conversion. This positive reversible effect of water seems to be kinetics because the activity of
the catalyst recovered when low levels of water addition were terminated. The rate expression
for CO hydrogenation has been obtained at 10%-70% CO conversion. The data of this study
were fitted by a simple power-law expression of the form of Equation 2-14. The negative value

of ‘m’ shows that there is a positive water effect on the CO hydrogenation rate.
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Table 2-3 FT synthesis overall reaction rate and/or consumption rate (in terms of either CO species or total syngas conversion) based on

empirical power-law rate expression

Reactor Type Catalyst T (K) P (bar) Hz/CraOtir(I)lolar Rate equation Equation Reference
. Co-MgO/ThO,- _ 2 :
Fixed bed Kieselguhr 458-473 1 2.0 Tcorg = kPcoPi, Equation 2-2 Brotz [73]
Fixed bed Fe 523-593 20.2-40.2 2.0 —Tco+H, = KProtal Equation 2-3 Hall et al. [74]
Fixed bed Reduced and 498-528 20.2 0.25-2.0 oy = —rcoPty Equation2-4  “ndersonefal
nitride Fe ' oo T~ Peo + aPy o d [75]
Fixed bed Promoted Fe 513 10-20 1.2-7.2 —Tco+n, = kP, Equation 2-5 Dry et al. [76]
Fixed bed Co/CuO/AlL0O; 458-473 17-55 1.0-3.0 —Tco+H, = kPz)° Py, Equation 2-6  Yang et al. [77]
. 100 Fe/5 Cu/4.2 . pMiphy . Bub and Baerns
Gradientless KJ/25 SiO, 522-562 3-20 N/A 1 = kP, PH2 Equation 2-7 78]
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Equation 2-9

Equation 2-10

Equation 2-11

Equation 2-12

Equation 2-13

Equation 2-14
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[79]

Wang [80]

Jess et al. [81]

Zennaro et al.
[82]

Zhan et al. [83]

Marvast et al.
[84]

Das et al.[85]
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2.6.2. Reaction Pathways and Polymerization Reaction in the Fischer-

Tropsch Synthesis

Different kinetic mechanisms proposed by the literature have involved the concept of the
polymerization reaction, a stepwise chain growth process. The assumption was based on the
fact that the distributions of hydrocarbon products are calculated only on chain growth
probabilities that matched the experimentally measured data over widely varying process
conditions, with different catalysts and in various reactor types and sizes. Nevertheless, these
studies did not completely describe the FT synthesis reaction mechanism. Some of the major
problems in describing the FT reaction kinetics are the complexity of its reaction mechanism,
the large number of species involved; its dependency on operating conditions and the wide
range of experimental conditions used; the choice of catalyst; and even the reactor type. Despite
these complexities, there have been several attempts made to investigate the FT reaction
mechanism; the earliest mechanism proposed by Fischer and later refined by Rideal [86],
involved surface carbides. The progressive work of Fischer and Tropsch in the 1920s showed
that hydrocarbon chain formation proceeds via the stepwise addition of one carbon atom at a
time. Over the past 20 years a great deal more information has become available describing the
application of various sophisticated surface analytical techniques and experiments. The general
consensus from these experiments has been that carbene (—CHb>) species are involved in the
chain growth mechanism with CO insertion accounting for the formation of oxygenates [87,
88]. There are many apparently different mechanisms reported [42, 49]. Since Anderson’s
research in 1956, most studies have assumed a simple polymerization reaction for the
hydrocarbons yield. It is widely accepted that the FT reaction is based on polymerization of

methylene units, which was originally proposed by Fischer and Tropsch [89]. Another widely
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accepted theory maintains that the initiation of the FT reaction involves the adsorption and
dissociation of CO on two vacant active sites. The adsorbed and dissociated CO on the catalyst
surface reacts with hydrogen to form the surface carbyne (methylidyne, CH—0) and surface
carbene (methylene, CH>— ©) which are the monomers of the overall polymerization reaction
[90]. In spite of the differences, all the proposed mechanisms have the assumption which is
related to the chain growth step in the polymerisation process. Figure 2-7 indicates the
polymerisation steps involved in the FT reaction mechanism and illustrates the different

reaction paths that these monomers can follow.
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Figure 2-7 Flow diagram of FT synthesis reaction pathway considering different adsorption paths, polymerization steps, as well as water
gas shift reaction.
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Considering the surface polymerization reaction, the kinetic mechanism of FT synthesis

consist of surface reaction steps in six categories: (1) adsorption of reactants (CO & H») on the

catalytic surface; (2) chain initiation; (3) chain growth (propagation); (4) chain termination and

desorption of products; (5) re-adsorption and secondary reaction (optional) as well as (6) WGS

reaction. It is proposed that the FT synthesis reaction mechanism starts via adsorption of

reactants (H2 and CO) on the catalyst surface. The CO adsorbs on the catalyst surface either in

a molecule or dissociated state. Wojciechowski [91] deduced that any FT kinetics mechanism

must have the following characteristics:

IIL.

I1I.

Iv.

Adsorption of all species on the catalyst surface onto one set of sites resulting in the
decomposition of CO and H» to adsorbed C and O and hydrogen atoms, respectively.

The interaction between these surface species leads to the formation of CHy, OH, etc.

The monomeric species for oligomerisation is CH» and its formation from adsorbed C

and H is the RDS for CO hydrogenation kinetics.

The growing radical on the surface is immobile except for C1-C4 species. Chain growth
proceeds only with a monomer near the growing chain and can either be formed next to

it or migrate via surface diffusion among an appropriate set of sites.

Surface chain growth can produce spontaneous 1-2 shift attachments leading to

branched hydrocarbons.

The termination event and hence product type is determined by the kind of occupant on
the site adjacent to a growing radical. This occupant may be an appropriate termination

function such as hydrogen atom, adsorbed OH, or even an empty site. However,
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termination occurs after the growing chain has undergone one or more successive 1-2

shifts; internal functional groups will result yielding B-alkenes, 2-alcohols, etc.

VI.  All classical distributions consist of product species that are primary; and each has its
chain length distribution of the Anderson-Schulz-Flory (ASF) plot. This distribution is
the property of a collocation grouping of growth, monomer and termination sites which
constitute a ‘growth location’ for that molecular species. The locations are stable in
composition and continue to produce only one type of molecule at a given set of reaction

conditions.

VII.  System temperature, total pressure and the H»/CO ratio are fundamental governing

factors that affect both kinetics and product distribution.

It is generally assumed that not a single reaction pathway exists for the FT synthesis
process on the active site, but that a number of parallel operating pathways will exist. Several
reaction mechanisms have been suggested depending on the creating steps I, II and III.
Although the formation of the chain initiator and propagation steps are different from each
other, all the mechanisms share hydrocarbon product desorption, hydrogenation for the paraffin
and B-dehydrogenation for the olefin products. Most of the proposed mechanisms remain within
four popular categories, which are: (i) alkyl mechanism; (ii) alkenyl mechanism; (iii) enol

intermediate; (iv) CO-insertion; which will be discussed in sections 2.6.2.1 to 2.6.2.4.
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2.6.2.1. Alkyl Mechanism

The earliest FT synthesis reaction mechanism proposed by Professor Franz Fischer and
Hans Tropsch in 1926 and later refined by Craxford and Rideal [86] involved surface carbides
[66]. The alkyl mechanism (also known as carbide mechanism) was first proposed by Brady
and Pettit [92, 93]. Among different kinetics mechanisms, the alkyl mechanism is the most
widely adopted mechanism for chain growth in FT synthesis. Figure 2-8 to Figure 2-10 illustrate
the postulated reaction pathways for this mechanism including initiation, propagation and chain
termination steps. In this mechanism, surface carbon and surface oxygen are generated via
dissociative CO chemisorption. Surface oxygen is removed from the surface by reaction with
adsorbed hydrogen yielding the most abundant product, a water molecule, or by reaction with
adsorbed carbon monoxide yielding CO». Surface carbon is subsequently hydrogenated in
sequential reactions yielding CH, CH» (methylene) and CH3 (methyl) intermediate species. The
surface methyl species is regarded as the chain initiator, and chain initiation in an alkyl
mechanism takes place via this reaction pathway (see Figure 2-8). The surface methylene
species is regarded as the monomer (building block) in this reaction scheme and chain growth
is assumed to take place by successive insertion of methylene species into the metal-alkyl bond
(see Figure 2-9). Termination of the chain growth (product formation) is generally thought as
desorption of the surface complex species and takes place by either hydrogen addition or B-
hydrogen elimination, yielding n-paraffins and o-olefins, respectively. Both have been
identified as primary products in FT synthesis by a large number of previous studies. The

schematic of the termination step of this mechanism is illustrated in Figure 2-10.
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Figure 2-8 Schematic of FT synthesis reaction pathway based on alkyl mechanism (R =
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Figure 2-10 Termination (product desorption) step, alkyl mechanism
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2.6.2.2. Alkenyl Mechanism

An alternative reaction pathway has been proposed by Maitlis and co-workers [94, 95]
(see Figure 2-11, Figure 2-12 and Figure 2-13) to predict the formation of olefins in the FT
synthesis. From the alkenyl mechanism, it is postulated that the FT synthesis reaction is a
surface polymerization of methylene intermediates formed by the synthesis gas dissociative
chemisorption and is followed by carbide hydrogenation on the surface of the catalyst [96]. The
initial carbon monoxide activation and its transformation into CHy surface species are identical
to the proposed alkyl mechanism [8]. In contrast to the alkyl mechanism, the reaction is initiated
through the formation of the first C-C bond occurring through the coupling of methylidyne
(CH) and methylene (CH2) to form a vinyl surface species (CH=CH). The vinyl surface

intermediate was regarded as the chain initiator.

The hydrocarbon chain growth takes place by the addition of a methylene species to a
surface alkenyl species (vinyl species) yielding a surface allyl species ((CH>CH=CH>) and it is
followed by an isomerization of allyl-vinyl, yielding an alkenyl (vinylic) species (—
CH=CHCH3), which may react further. Termination involves the addition of hydrogen to an
alkenyl species forming a-olefins; however, this mechanism failed to explain the primary

yielding of n-paraffins and the co-existence of an alternative chain growth pathway is required

[8].
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Figure 2-12 Propagation (chain growth) step, alkenyl mechanism.
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Figure 2-13 Termination (product desorption) step, alkenyl mechanism.

2.6.2.3. Enol Mechanism

The carbide mechanism is mostly aimed at the elucidation of production of a-olefins and
n-paraffins. This mechanism is unable to describe the oxygenated products, such as alcohol.
About 1951, Storch et al. [97] proposed an alternative reaction mechanism involving hydroxyl
carbenes, =CH(OH). In the early 1950s, the oxygenate (enol) mechanism gained widespread
acceptance [98]. This reaction mechanism involves the chemisorption of CO, which reacts with
adsorbed hydrogen to form a hydroxyl (enol) species. In this mechanism, there is no distinct
differentiation between chain initiator and monomer. Figure 2-14 shows formation of initiator
and monomer intermediate species ((R = C,H,,41)). Chain growth occurs through a
combination of condensation and water elimination steps between two enolic species (using
adjacent groups) as depicted in Figure 2-15. Intermediate species are all enolic molecules so
termination by a desorption process could only form oxygenated products; by which aldehydes
and alcohol are produced by simple desorption and hydrogenation of the enolic species,
respectively (see Figure 2-16). To account for the formation of the most abundant hydrocarbon
(a-olefins and n-paraffins), another chain termination process is required in this mechanism.
Alternative termination of the chain growth is supposed as the chain breaks into a-olefins and
surface monomer itself. According to this reaction mechanism, n-paraffins are only formed

secondarily by hydrogenation of primarily formed olefins [99].
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2.6.2.4. CO Insertion Mechanism

The direct (CO) insertion mechanism, which was originally proposed by Sternberg and
Wender [100] and Roginski [101], was fully developed by Pichler and Schulz (1970). This
mechanism involves the insertion of carbon monoxide into a metal-methyl or metal-methylene
carbon bond. As in the alkyl mechanism, the chain initiator in the CO insertion mechanism is
adsorbed methyl (CH3) species, but formation of the chain initiator differs from the former

when the oxygen is eliminated from the surface species.

In this mechanism chemisorbed CO is the monomer (see Figure 2-17) and the chain
growth occurs when CO is inserted directly into a metal-alkyl bond which leads to a formation
of surface acyl species that is well known in homogeneous catalysis [102]. The removal of an
oxygen atom from acyl leads to the chain growth process (see Figure 2-18). Several reaction
pathways have been proposed for the termination step. This mechanism is capable of
elucidating a termination process for both linear hydrocarbons (n-paraffins and/or a-olefins)
and oxygenated. After a successful insertion of the CO species to the existing chain, the final
surface intermediate is identical with that from the carbide (alkyl) mechanism. Therefore, the
formation of n-paraffins and/or a-olefins is the same as in the alkyl mechanism (see Figure
2-19). In addition to this, during the progress of the elimination of oxygen, enolic intermediate
could form n-alcohol and aldehydes (oxygenated products) by hydrogenation and -hydrogen
abstraction of the R—CHOH species, respectively (see Figure 2-20). This mechanism is also
known as the alkyl migration. The CO insertion mechanism is considered by many researchers

as the main reaction pathway leading to the oxygenated products formation [55, 103].
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2.6.3. Published Literature on FT Reaction Mechanism

In the case of Co-based FT catalysts, the reaction rate expressions are very limited and
have different from Fe-based catalysts. The rate-determining step is the most distinguished
feature which results in a different order of the denominator in the rate equation. For Co-based
catalyst, the rate-determining step usually involves a bimolecular surface reaction resulting in

a quadratic denominator in the rate expression.

Rautavuoma and van der Baan [104] developed the rate equation (Equation 2-20) by
assuming that the initiation proceeds via CO dissociation and formation of a CH» surface
intermediate. It was assumed that CO dissociates on the catalyst surface, forming adsorbed
carbon atoms that were the basis of at least the initiation step. The hydrogenation of surface
carbon, R. 2-2, was the RDS; whereas the preceding dissociative carbon monoxide adsorption
step, R. 2-1, was a fast equilibrium. The chain growth was supposed to proceed by the addition
of the same CH» groups (i.e. CH> insertion mechanism) to the growing molecule. The FT
products were then formed by desorption of surface species C; — ¥ (i.e. which is formed by one
initiation step and j — 1 insertion steps) with or without further hydrogenation from the catalyst
surface. C; — v is the adsorbed surface species (C;) on the vacant active site and 'y ' stands for
the total vacant surface coverage fraction of the active site of the solid catalyst in the FT rate

model.

CO+2—-yp 2C—p+ 0—1

R. 2-1
C—Y+2H—Yp2CH,—p+2—1 R 2
O—Y+2H—Y2H,0—-Yp+3—1¢ R 223
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This study aimed directly to investigate the production of small olefins by the FT process.
Therefore, the reaction mechanisms as well as the factors that affect the molecular mass
distribution and the olefin/paraffin ratio were the main concern. Although the iron is the most
favourable catalyst for small olefin production, as it was indicated, the cobalt catalyst was used
due to its higher stability which facilitated achieving reproducible measured data. They reported
that it is possible that the kinetically equivalent R. 2-3 is the RDS. In this case, surface oxygen
would be the most abundant surface species and not surface carbon. They found however that
during FT synthesis, the amounts of hydrocarbons and water formed was almost
stoichiometrically equivalent; whereas the amount of carbon dioxide formed was very small.
Referring to the calculations made by Satterfield and Sherwood [105], it was assumed that no
mass and heat transfer limitations existed under the studied operating conditions (see Table
2-5). In spite of the significant effort, the model fitted the experimental results at the constant
temperature and pressure condition; therefore the model may not be valid at any other
temperature and pressure conditions, since both parameters have significant influence on the

rate of reaction.

Wojciechowski [91] and Sarup and Wojciechowski [106] developed six different rate
expressions for the formation of the building block, methylene monomer (—CH>—), based on
both the enol/carbide and the carbide mechanism, by assuming various RDSs. Equation 2-15 is
the generalized expression of the derived six rate equations. The results predicted by the six
models were compared to the experimental results at the operating conditions tabulated in Table
2-5. Two models, one based on the H-assisted dissociation of carbon monoxide and the second
based on the hydrogenation of surface carbon were developed, both of which provided a
satisfactory fit to the experimental results. Equation 2-21 and Equation 2-22 were derived for

conversion of CO species based on the postulated mechanism for the first and second model,
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respectively. In the first model, the surface reactions R. 2-4 were assumed to be the RDSs which
is the hydrogenation of adsorbed CO yielding adsorbed formyl (HCO — ). However, the RDS
in the second model was assumed to be R. 2-5 and R. 2-6; where R. 2-5 is the first hydrogenation

of the adsorbed carbon atom and R. 2-6 is the first hydrogenation of the adsorbed oxygen atom.

kP&, pgz Equation

Trr = 5
(1+ X%, KiP5PE,) 2:15
L kP p13-25 Equation

—Tco =
(1+ Ky PYS + KPS + KsPeo)’ 2-16
. _ kpcosz Equation
—Ico — 2

(1+ KiP2® + KyPeo + Kspcopf?z's) 2-17

Equation 2-22 was also reported from the above assumptions on the RDSs; however, this
rate expression was not actually derived mechanistically, so it was a further simplified version
of the very first two models. In fact, the P;g term in the denominator of the original derived rate
Equation 2-16 was dropped due to its comparatively small adsorption constant value — a

difference in 4 orders of magnitude under the specified operating conditions (Table 2-5).

CO—p+H—yp2HCO -+ R. 24
C—p+H—yp2CH—p+ R.2-5
H-—y)+0-yp20H—-y+¢ R.2-6

All six developed models involved a bimolecular RDS (i.e. second order denominator)

between the surface carbon and dissociated hydrogen species. Among these rate expressions,
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Equation 2-21 and Equation 2-22 tabulated in Table 2-5 were not the best fit to the experimental
results. After optimization of the kinetic parameters for the models Equation 2-21 and Equation
2-22, the relative variance of calculated and experimental rate results was over 40 %, signifying
a large discrepancy between the results. Therefore, these two models could not accurately
predict the measured data. Also, the best fit rate model (Equation 2-17) was rejected since one
of the adsorption coefficients was negative, which represents physically unrealistic and
meaningless results. In addition, the prediction was made at only constant temperature which

is another important issue that will affect significantly the estimation of kinetic parameters.

The rate models developed by Sarup and Wojciechowski were further simplified by Yates
and Satterfield [107], including the one that was rejected by original authors [106]. In order to
have kinetically convenient and easy analysis, the model was simplified by assuming only two
independent kinetic parameters (rate constant ('k") and adsorption constant, 'K'). This
simplification was accomplished by assuming that one absorbed intermediate is the
predominant chemical species, which is justified by the non-reacting, single-component
adsorption data on cobalt surfaces [108]. In the case of Equation 2-21 and Equation 2-17, it was
assumed that the CO intermediate was the predominant absorbed species which was also
assumed by Rautavuoma and van der Baan [104]. Hence, other surface intermediates such as
C, H, O, OH, CH, CHz, CH3, CHOH, etc. were neglected. In contrast this, in the case of
Equation 2-16 it was assumed that dissociated CO was a predominant species instead of un-
dissociated CO and this was implicitly stated by the original authors, Sarup and Wojciechowski
[106]. Yates and Satterfield [107] measured the kinetics of a cobalt catalyst in a slurry reactor
and the detailed operating conditions were given in Table 2-5. A LH equation which included

a bimolecular surface reaction, described the results. Equation 2-23 was derived by Yates and
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Satterfield on the basis of the assumptions mentioned above and was found to be a satisfactory

fit to the experimental results.

Iglesia et al. [109] indicated that the FT synthesis on Co and Ru involves stepwise
incorporation of CH» species into growing chains and the removal of O atoms as water.
Accordingly, CO hydrogenation and product formation rates were found to obey LH kinetics
of the form:

_ kiP&P,

.= Equation 2-18
T 1T aPe a

The kinetics constants (k;) and the reaction orders (‘‘a’” and ‘‘b’’) were obtained by
measurements of synthesis rates and selectivity over a wide range of pressure (1 to 21 bar) and
H>/CO ratio (1 to 10). The resulting rate expression, Equation 2-24, is reported in Table 2-5.
The results were very similar on Co and Ru catalysts, suggesting a mechanistic similarity in
reaction pathways. Such rate expression was consistent with a catalytic sequence of steps
involving stepwise hydrogenation of surface carbon formed by CO dissociation [110]. The CO
reaction order was negative throughout the range of typical inlet pressure of CO, proposing that
adsorbed CO and derived CHy species were the most abundant reactive intermediates; however,
at low CO pressure, the reaction order of ion CO became positive, indicating that the surface
was no longer saturated with CO and CHy species. Such low CO pressure can occur in FT
synthesis when pellets or reactors become depleted of CO because transport restricts the arrival

of CO molecules at catalytic sites.
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As shown in section 2.6.1, Zennaro et al. [82] first derived the rate expression, Equation
2-11, on the basis of a empirical power-law rate model. In addition, a mechanistic rate model,
Equation 2-25, was also developed for a titania-supported cobalt catalyst based on a simple LH
rate form. The detailed FT process conditions are presented in Table 2-3 and Table 2-5. In fact,
the second model was found to fit the experimental data better than the power-law rate model,
Equation 2-11. This model was slightly similar to that proposed by Yates and Satterfield [107]
which was explained above. This study was only investigated at a constant total pressure of 20
bar and space velocity of 5000 h™!, which was one of the limitations of this study. Since the
principal governing factors at any FT kinetics mechanism are the reaction temperature, total
pressure, flow rate, catalyst loading and the Ho/CO molar ratio, the result may not be reliable

for FT processes that operate at a different pressure and space velocity.

Elbashir [111] studied the FT synthesis reaction over a commercial 15% Co/Al2O3
catalyst in a high-pressure FT synthesis unit at three different operating conditions in the range
that is tabulated in Table 2-5. A mechanistic-based equation was developed for the FT synthesis
rate. The model was based on the molecular adsorption and dissociation of CO and Ha that took
place on the vacant active sites (y) of cobalt catalysts (first stage). The removal oxygen in the
surfaces was represented by water and CO» formation as it took placed in the second stage; the
hydrogenation of adsorbed carbon and the formation of oligomers occurred in the third stage.
The postulation of oxygen removal was based on the modified surface reaction model originally
developed by Kellner and Bell [112]. In addition, the monomer formation (CH>—1) and the
alkyl intermediate (CH3—1) were both included in the third stage; whereas termination to
methane occurred in the fourth stage. The rate equations for each of the reactions were derived
using the Langmuir—Hinshelwood-Hougen-Watson (LHHW) approach. Equation 2-26 was the

final rate equation for the rate of CO conversion. The study was performed at CO conversion
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rate less than 50 %. The detailed experimental conditions were tabulated in Table 2-5. Since
the model was investigated at a constant temperature and total pressure, one can deduce there
is no guarantee that the model can be validated against experiments at different operating
temperatures and pressures. Moreover, the rate model reported in this study appeared
mechanistically identical to the one developed originally by Sarup and Wojciechowski [106]

(see Equation 2-16).

Botes et al [113] derived a variety of two parameter rate equations based on assumed sets
of elementary reaction steps. The only equation that could reasonably account for all the
variations in the reaction rate was the semi-empirical rate expression, Equation 2-19. However,
it was shown that this model was virtually indistinguishable from a mechanistically derived
three-parameter rate model that assumes the following kinetically relevant steps in the cobalt-
FT synthesis: CO dissociation is fast (i.e. is not a RDS) and occurs without involvement of
hydrogen; the first hydrogenation step of surface carbon and the second hydrogenation step of
surface oxygen are slow and determine the overall rate of CO conversion to hydrocarbons (i.e.
they are RDSs). Testing all the kinetics expressions against the lumped set of data from three
different runs confirmed that the Equation 2-27 was indeed the preferred model. One of the
limitations of this study was that all measurements were performed at the same temperature for
identifying the functional form of the kinetics model, so that this may not be applicable at
different temperature values. This means that there is no guarantee that the semi-empirical rate

model predicts well the experimental data at different operating temperatures.

0.5p0.75
kiPco Pus

(14 KeoPeo™)’

T Equation 2-19
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Atashi et al [114] derived the rate equations based on the LHHW theory. Four
mechanisms were reported based on the most important growth mechanism for the hydrocarbon
formation (i.e. the surface carbide mechanism by CH> insertion). These mechanisms were
different from each other with respect to their monomer formation and carbon chain distribution
pathways. There were thirteen possible rate expressions were derived for CO disappearance
rate by considering various RDSs. Among the thirteen kinetics equations, Equation 2-28 was
the best fit to the experimental data with respect to CO conversion at sixteen different operating
conditions in the range tabulated in Table 2-5. It was assumed that the surface reaction between
adsorbed CO species and H, molecule (i.e. R. 2-8) is the slowest step and irreversible; whereas

the steps R. 2-7, R. 2-9 and R. 2-10 were quick and at equilibrium.

CO+yp 2C0— R.2-7

CO -+ H, - H,CO — R.2-8
H,CO — + H, 2 CH, — 1 + H,0 R.2-9
H,0 + 3 2 H,0 — ¢ R.2-10

Also, it was assumed that the CO is adsorbed more strongly than hydrogen which means
that only CO occupies the majority of the total number of sites. Other species were assumed to
be negligible in the stoichiometric balance. Overall each model presented above had some

limitations and drawbacks which are summarized and given in Table 2-4.
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Table 2-4 Limitation and weakness of different kinetic studies reported in the literature for FT

synthesis over a Co-based catalyst

Model

Limitation & Weakness

Rautavuoma and

van der Baan [104]

Only investigated at constant temperature and total pressure (523 K
and 1 bar). It may not be applicable at other temperatures and/or

pressure conditions.

Only investigated at constant temperature (463 K). It may not be

Wojciechowski
[91] applicable at other temperature conditions.
Only the CO consumption rate was investigated and no information
related to the product distribution was reported.
Sarup and . .
Large discrepancy between the models and experimental data was
Wojeiechowski reported, which was about 40% for two out of six models.
[106]
The best model was also rejected due to the physically unrealistic and
meaningless value calculated for the adsorption coefficient.
Simplification towards the adsorbed intermediate and chemical
Yates and

Satterfield [107]

species occupied the total active site, such that CO is the predominant

adsorbed species and other surface intermediates were ignored.

Iglesia et al. [115]

Narrow temperature range was investigated

Water gas shift reaction mechanism was not considered in the

developed model

Zennaro et al. [82]

Only investigated at constant pressure and space velocity (20 bar

5000 h™"). It may not be applicable at other temperature conditions.

Elbashir [111]

Only investigated at constant temperature and total pressure (503 K
and 60 bar). It may not be applicable at other temperature and/or

pressure conditions.
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Botes ef al. [113]

The results were in good agreement with the measured data; however,
the models were developed semi-empirically based on two and three

rate parameters.

Only investigated at constant temperature (523 K). It may not be

applicable at other temperature conditions.

Atashi et al. [114]

Only the CO consumption rate was investigated and no information

related to the product distribution was reported.

Only investigated at constant pressure (8 bar). It may not be

applicable at other temperature conditions.

Simplification towards the adsorbed intermediate and chemical
species occupied the total active site, such that CO is the predominant

adsorbed species and other surface intermediates were ignored.
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Table 2-5 FT kinetics rate models based on semi-empirical or mechanistic approach

H,/CO

Model g:?elfeirég Reactor Type Catalyst T (K) P (bar) Ratio Intrinsic Kinetics Expression Equation
Rautavuoma and Plug flow k P95 p Equation
L-FT-1 van der Baan Fixed bed reactor Co/ALO3 523 1.0 0.2-4.0 —TcorH2 = % q2-20
[104] (low conversion) (1 + Kifeo')
.. . kP PO.S .
LErn  ojeiechowski Berty Co/Kieselguhr 463 20-150 0583 ~1co = el Equation
[91] (1 + K;Peo +K,P27)? 2-21
Sarup and Internal recycle kP Pgy Equation
L-FT-III  Wojciechowski i Co/Kieselguhr 463 20-150  0.5-83 ~To = e Py
[106] reactor (Berty) 1 + KiPp + KPPy ) )
Yates and kPco Py Equation
L-FT-1V Satterfield Slurry Co/MgO/SiO; 493-513 5.0-15.0 1.5-3.5 ~Teo = g 4
[107] (1+ KPp) 2-23
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Iglesia et al.

L-FT-V [115] Fixed bed reactor
L-FT-VI Zennaro et al. Fixed bed reactor
[82]
L-FT-VII E%‘ﬁsﬁlr Fixed bed reactor
Botes et al.
L-FT-VIII [113] Slurry
L-FT-IX Atashi et al. Fixed bed micro
[114] reactor

Co

Co/TiO2

15% Co/AlLO3

Co/Pt/A1,05

15%Co0/10%K/AL,03

473-483

473-513

523

503

483-513

1.0-21.0

20

60.0

5.0-40.0

8.0

1.0-10.0

1.0-4.0

0.5-2.0

1.6-3.2

1.0-3.0

0.65 p0.6
kPCO PHZ

-7, [ J—_
€07 1 +ap,

kPCOPEI'ZM
"0 = 1 ¥ KPgy)?

kPE5 Py,

e =
© a4+ aP,?Z'5 + bP%® + cPgp )?

0.5p0.75
kPCO PHZ

~Tco = =
(1 + a P%’RY?® + bR’ P *®)?

—r _ kPCO PHZ
€071+ aPk,,

Equation
2-24

Equation
2-25

Equation
2-26

Equation
2-27

Equation
2-28
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2.7. Water Gas Shift (WGS) Reaction Mechanism

The water gas shift (WGS) reaction, R. 1-7, is an old industrial process in which water in
the form of steam is mixed with carbon monoxide to obtain hydrogen and carbon dioxide. The
FT synthesis can be described as a combination of the FT reaction and the WGS reaction. FT
reaction was discussed in detail in section 2.6. It is commonly believed that H>O is the primary
by-product of FT synthesis and carbon dioxide is only produced via the WGS reaction [76];
thus the rate of CO; production is generally given by:

Equation

Rcoz =R
co2 WGS 929
In fact, the WGS reaction is a reversible parallel-consecutive reaction with respect to
carbon monoxide (see Figure 2-21). It is generally accepted that FT and WGS reactions take
place on different active sites and the two reactions will only impact on each other via the gas

phase.
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Co,
+

CO+H, —Z > H,O +-(CH,)-

l RWGS

CO + H,0

Figure 2-21 Scheme of the reaction of carbon monoxide and hydrogen [116].

There have only been a few studies of WGS kinetics in conjunction with FT synthesis
reported in the literature. An excellent review for the WGS mechanism and kinetics over iron-
based, copper-based and cobalt molybdenum-based catalysts was published by Newsome [117]
in 1980. However, the kinetics study of WGS under FT synthesis reaction conditions receives
relatively little attention [116, 118-124]; and only addressed Fe-based catalysis. This is partially
due to the fact that the WGS kinetics in a FT synthesis process becomes difficult to address
because of the additional FT synthesis reactions; which remarkably increases the complexity in
the discrimination of WGS kinetics models as well as in the WGS kinetics parameter
estimation. The rates of FT synthesis reactions can be increased or decreased by the rate of the
WGS reaction. Due to the industrial importance of the WGS reaction, many researchers have
studied the reaction mechanism and developed models to reflect the behaviour of the reaction
over common industrial catalysts. A number of kinetics studies have been published for the
WGS reaction mechanism over Fe-based catalysts under FT synthesis conditions. However,
there is no WGS kinetics study for the case of a Co-based catalyst. Table 2-8 gives an overview.
The results of different investigations suggest that the WGS reaction largely occurs via four

specific mechanisms (7) the formate mechanism; (i7) the redox mechanism (iii); the associative
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mechanism; as well as (iv) the carbonate mechanism. In the first mechanism, adsorbed water
dissociates into an adsorbed hydroxyl (OH— o) group and adsorbed atomic hydrogen (H — o)
(R. 2-14). ‘o’ stands for the total vacant surface coverage fraction of the active site in WGS rate
model. The hydroxyl group then combines with adsorbed carbon monoxide to form adsorbed
formate (R. 2-16) which eventually decomposes into carbon dioxide and hydrogen via (R. 2-18,
R.2-21 and R. 2-24 or R. 2-20 and R. 2-21), yielding the WGS products. The second mechanism
implies a successive oxidation by adsorbed oxygen from H>O (R. 2-13, R. 2-19 and R. 2-22)
and reduction of the reactive catalyst surface by CO occurs as CO is oxidized to CO (R. 2-11,
R. 2-24 and R. 2-28). In the associative mechanism (third mechanism) adsorbed water
dissociates into an adsorbed OH and atomic hydrogen (R. 2-14). The adsorbed hydroxyl then
oxidizes adsorbed CO resulting in adsorbed CO> and atomic hydrogen (R. 2-33). In addition to
the formate, redox and associative mechanisms, researchers have also proposed that the WGS
reaction may proceed via a carbonate mechanism. Finally, the fourth mechanism indicates the
initial interaction of carbon dioxide with the catalyst active site is dissociative, producing
carbon monoxide and a surface oxidized metal catalyst. Subsequent adsorption of carbon
dioxide onto the surface produced carbonate species (R. 2-34 and R. 2-35). The existence of
the surface carbonate species was found to have a reducing effect on the overall rate of the
reaction. Due to its strong binding nature with the surface, the carbonate species blocks active
surface sites, preventing other species from adsorbing to the surface and further reacting
towards the generation of the products. This negative effect was also ascribed to the formate

species resulting from dehydrogenation of the carbonate species.
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Table 2-6 Four general plausible WGS mechanisms

Formate mechanism Redox mechanism
CO+o0 2C0—o0 H,0 + 0 2H,0—- o
H,0 + 0 2H,0— o0 HO— oc+0c20H—-0+H—-o0
H,0— oc+0c20H—-0+H-o0 OH—oc+020—-—0c+H—-o0
CO0—0+0H—-02CHO,—0+o0 2H—0 2 Hy+ 20
CHO, —02C0,+H—o0 CO+o0 2C0—-o0
2H—0 2H,+ 20 CO0O—0+0 —02C0,—0+o0

CO,—02C0,+0

Associative mechanism Carbonate mechanism

H,0 + ¢ 2H,0—- ¢ CO+20—-0 2C0;—20
H,0— 0c20H—-0c+H—-o CO3—202C03—0+o0
OH-—0+(C0—-02C0,—0+H—-o0 CO3—02C0,+0 -0

CO0,—02C0,+0
2;_02Hziza H,0 + 6 2 H,0 -0
H,0—-0+0—-0220H—-0
20H-0220—-0+H,
H,0—0c+0c20H—-0c+H—-o
2H—-0 2 H,+ 20

Single studies of the WGS reaction over supported metals suggest the appearance of

formate species [117, 121, 125, 126]. The formate species can be formed by the reaction

between either a hydroxyl species or water and carbon monoxide, either in the gas phase or in

the adsorbed state. The hydroxyl intermediate can be formed by the decomposition of water.

The formate intermediate can be reduced to either adsorbed or gaseous carbon dioxide (see

Table 2-7).
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Table 2-7 The most plausible water gas shift elementary step reactions under FT synthesis reaction conditions

- S Lox and Froment (1993) § . § = g g < — S =
= = “ o T %2} %2} S A 8 & Eﬁ
= | 2 | 2 || 2 | B | 2|5 |5 |= |B |° P
R.2-11 CO+0 2C0—o0 X X X X X X e | K2 X X X
R.2-12 CO,+02C0,—0 X X X
R.2-13 H,0 + 0 2H,0 -0 X X X X
R.2-14 H,0 —0+0 20H—-0+H—-o X X
R.2-15 H,+20 22H—-o0 X © X X X X X X X
R.2-16 CO—0+0H—-62HCO0 —0+a X e  REAREA K X | RS
R.2-17 | CO—0+H,0 -3 2HCO0—c+H~-0 e | RO
R.2-18 HCOO —6+02C0,—c+H—0 X X X X
R.2-19 H,0 +20 20H—0+H -0 X X R X X X X
R.2-20 HCOO -0 2C0,+H—0 X X X X X> | B2 | RE
R.2-21 2H—02H, + 20 X X X X
R.2-22 OH—0+0c20—-—0c+H—-o0
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R. 2-23 CO—0+0—-02C0,+ 20

R. 2-24 CO0,—02C0,+0 X
R. 2-25 CO -0+ H,0 2 HCOOH — 0o

R. 2-26 HCOOH —02C0,+H, +0

R.2-27 | CO—0+H,0+02HCO0O—-0+H—-0 D

R. 2-28 CO—0 +0—-0 2C0,—0 +o

R. 2-29 H,0 + 0 2H,+0—o0

R. 2-30 CO+H—-o0 2CHO —o X
R.251 CHO_G+0H_T—?HC00—J+H—0' -
R. 2-32 CH+OH -0 2 HCO00 —o

R.2-33 C0—0+0H—-02C0,—0+H—-o0

R. 2-34 CO+20—0 2C0; — 20

R. 2-35 CO03—202C0;—0+a0

R. 2-36 CO;—02C0,+0—-o0
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2.7.1. Published Literature on the Water-Gas-Shift Reaction

Mechanism

The first WGS reaction rate model was reported by Dry [118] under FT synthesis
conditions which were empirical rate expression and independent of the H>O concentration
(Equation 2-30). Feimer et al. [119] used the same equation on an Fe-based catalyst.
Zimmerman and Bukur [120] used several existing kinetics equations for both FT and WGS
reactions to determine which equations best described their experimental WGS and FT rates at
a constant temperature of 523 K over an Fe-based catalyst. The details of their experiments are
given in Table 2-8. Several kinetic models were examined to fit the experimental results with
respect to WGS rate values. They studied the WGS reaction kinetics for their catalyst using the
rate model from [127]. Their WGS rate equation, Equation 2-32, had a functionally similar
denominator to that developed for the FT rate. Their second rate expression (Equation 2-33)
was derived semi-empirically with an identical denominator term reported by Huff and
Satterfield for the FT rate model [128]; it suggested the reaction occurred on the same active
sites where the FT reaction took place. Actually, they eliminated the temperature dependency
in the rate models; while this hypothesis may not be really applicable in a reaction rate study,
as the temperature factor is one of the key elements that have significant influence on the rate
of reactions. The estimations of the adsorption constants for the WGS rate were significantly
different in comparison to the constants for the FT synthesis rate. In fact, the adsorption constant
may not differ, if these reactions take place on the same catalytic sites. The authors indicated
that the derived kinetic equations were not reliable for WGS kinetics under FT synthesis
conditions and the results are mostly empirical. Their results, based on the best fit, also showed

the relative residual of more than 20 % in some conditions in the case of WGS rate values;

73|Page



CHAPTER 2: LITERATURE REVIEW

which indicates that the predicted results did not fit the experimental values well. For the first
time, Lox and Froment [121] mechanistically studied the FT reaction and WGS reaction on a
commercial precipitated iron catalyst. Their models were based on a mechanistic approach in
which the rate expression was based on elementary reactions involving a formate surface
intermediate (adopting the formate mechanism). The two-site reaction (i.e. the formation of the
formate intermediate) was proposed to be an RDS. The elementary reactions of the WGS were
also chosen based on the literature data which proposed a formate species as reactive
intermediate [129, 130]. For each set of elementary reactions, they assumed only one RDS,
which was valid for the whole range of experimental conditions. They finally proposed seven
elementary reaction paths and derived six WGS rate models all based on a formate mechanism,
assuming each with a different RDS. The final kinetics expressions for these models were given
in Table 2-8. Their results manifested that the CO» is formed through the WGS reaction
involving a formate surface intermediate, by assuming the formation of the formate surface
intermediate (—HCOO) is an RDS, which involves two sites. Based on statistical analysis, the
model WGS-II5 was rejected since none of the kinetics parameters were significantly different
from zero and the mode WGS-VI4 was eliminated because the apparent adsorption enthalpy
(K,) had a significantly negative value. From the non-isothermal discrimination, modes WGS-
1112, WGS-V2 and WGS—II3 were eliminated because of significantly negative estimates for
the activation energy of the k,, constant. Discrimination between rival LHHW kinetics models
resulted in the optimal form of Equation 2-34 when the equation was combined with their best
developed FT rate model. Rethwisch and Dumesic [125] also indicated the WGS reaction
proceeded on a different catalytic site than the FT synthesis reaction. They proposed that the
WGS reaction over supported Fe catalysts was activated via a formate mechanism due to the

inadequate change of the oxidation state of the Fe catalyst; whereas unsupported magnetite
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proceeds via a direct oxidation mechanism [116]. They concluded the reaction between
adsorbed hydroxyl species (OH—1), resulting from the dissociation of water molecule, and
adsorbed CO were the slowest step. Van der Laan [116] studied the kinetics of the FT synthesis
over a commercial Fe-based catalyst in a continuous spinning basket reactor. He derived two
different rate equations based on a detailed set of reaction paths originating on the basis of the
formate mechanism for the WGS reaction. It was indicated that the CO» formation rate (WGS)
is determined by the formation of a formate intermediate species from adsorbed CO and
dissociated hydrogen. They assumed that the active sites for the WGS are different from the
sites for the hydrocarbon forming reactions and RDS is a dual-site elementary reaction between
two adsorbed species. Two kinetic models for the WGS reaction rate models were fitted to the
experimental reaction rates. The reaction sequences for both mechanisms are given in Table
2-7. It was assumed that the adsorption term for H> and CO» are negligible in comparison to
CO and H2O [120, 121, 131]. As a result, the mass balance of the catalytic sites consists of only
adsorbed CO and H>O. As discussed earlier, two RDSs were considered to be possible; one was
the reaction between adsorbed water and carbon monoxide (R. 2-17) and the second is the
reaction between adsorbed carbon monoxide and hydroxyl intermediate (R. 2-16). On the basis
of the formate mechanism and the mentioned assumptions, Equation 2-40 and Equation 2-41

were developed for the kinetics of CO, formation.

75|Page



CHAPTER 2: LITERATURE REVIEW

Table 2-8 WGS reaction mechanisms based on literature studies

T P H,/CO Space
Model Reference Intrinsic Kinetics Expression Equation Reactor Type Catalyst o Velocity
(K) (bar) Ratio 1o
NL kgcat S
_ Equation Iron
L-WGS-I [118-120] Twes = kwesPeo D30 - catalyst - - -
L-WGS-II [120] Twes = kwes(PuzoPeo — Peos Puz /Kp) qu“_ztio“ Sl;ler;‘é tt)ar“k Fe-Cu-K  493-523 7.9-29.6 0.67-1.06  1.0-4.0
Pu2oPeo — Proz Puz /K, i -
L-WGS-III [120, 122] Twes = ks —o0 €02 iz /K Equation Slurry tank FeCuK 493-523 2290 067106  1.0-4.0
Peo+ aPyy0 + bPcp, 2-32 reactor
PuzoPeo — Proz Pz /K, i
L-WGS-IV  [120, 122, 128] Twes = kwes —2o0 €02 a2 /K Equation Slurry tank Fe-Cu-K  493-523 7.9-29.6 0.67-1.06  1.0-4.0
PeoPy, + aPyzo 2-33 reactor
P P P 0.5 _ P P 0.5 K .
"L-WGS-V [121] res = ke, LizoPeo/ Pz coz Puz ” /Kp  Equation  piibed  FeCuK 523623 621 3060 036243
WGSII2 v (14 K,Py0/P 0.5 )2 2-34
vi H20 H2
PuzoPeo/Peos — 1/PusK, i
L-WGS-VI WGSIIS Twes = Ky —22 co/Peor = 1/Puz i qu“a“"“ Fixed bed Fe-CuK  523-623  6-21 3.0-60  0.36-2.43
(1 + KyPuzoPco/Pcoz ) -35
Pu2oPco — PeoaPus/K i
L-WGS-VII WGSIII2 Twes = k, —22 €0~ coz iz /K Equation Fixed bed Fe-CuK 523-623  6-21 3.0-60  0.36-2.43
(1+ K,Pco )? 2-36
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Pu20Pco = PeozPuz/K i
L-WGS-VIII WGSV2 Twes = k, =22 €0 <oz ng P Equation Fixed bed Fe-Cu-K  523-623 621 3.0-60  0.36-2.43
(1 + KyPyz0/Puz 7 )? 2-37
Pco, P
P, —Lfcoalhz :
L-WGS-IX WGSVI4 L % P * qu“gté"“ Fixed bed Fe-CuK  523-623  6-21 3.0-6.0  036-2.43
wes = Ko -
1+ K,Pyz )?
_ . PuzoPeo — PeoaPuz/Kp Equation .
L-WGS-X WGSVII3 Twes = Ky (0 + K, (Pog + Pryg )2 -39 Fixed bed Fe-Cu-K  523-623 6-21 3.0-6.0 0.36-2.43
. [116] _ kwes(Puzo0Pco — Peoz Puz /Kp) Equation  Spinning basket Fe—Cu—K-— )
L-WGS-XI (WGS-I5) Twes = (1 + K. Pog ¥ KyPryg ) 2-40 reactor sio2 523 8.0-40 0.25-4.0 0.5-2.0
kwas(PuzoPco — Peoz Puz /K, i inni —Cu—K-—
L-WGS-XII [116, 124_1, 132] Fwres = WGb;].(S H20Co co2 Pua /Kp) Equ_atlon Spinning basket Fe Cu K 523 8.0-40 0.25-4.0 0.5-2.0
(WGS-II6) Py (1 + Ky Pco + K3Pyz0 )? 2-41 reactor Si02
Pco = PeozPuzPuzo” /K i inni —Cu-K-—
Lwasxi - Lad 3 rgs = ky L0 = PeorPurPuzo /Kp)  Equation  Spinning basket  FeCuK= 555 5449 02540 0520
( ) 14 K,Peo2Puz/Puzo 2-42 reactor Si02
P p./P.O5S_p p 05 . . v
L-WGS-XIV [133, 134] Twes = ky n20Pco/ P2 co2 sz /Kp Equation Spinning basket Fe Cu K 523 8.0-40 0.25-4.0 0.5-2.0
(RDS-IIT) (1 + K,Pyro/Pur®® ) 2-43 reactor Si02
i P p /p.O05S_p p 05 . . e i
L-WGS-XV [133 {35] rwes = ky n20Pco/ Pz co2 13.25 /Kp Equ_atlon Spinning basket Fe Cu K 573 £.0.40 0.25.4.0 0.5-2.0
(RDS-IV) 1+ K,PeoPuz0/Pus 2-44 reactor Si02

* Rate equations Equation 2-40 (L-WGS-XI) and Equation 2-43 (Model L-WGS-X1V) are identical with Equation 2-39 (Model L-WGS-X) and
Equation 2-34 (Model L-WGS-V), respectively.
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2.8. Summary and Conclusion

In this chapter, a comprehensive review of the FT synthesis kinetic was conducted
including the FT reactions and the WGS reaction mechanism. Majority of the conducted studies
employed an iron-based catalyst for the kinetic analysis; however, the kinetic study on a cobalt-
based catalyst was less abundant. Among the reported studies that utilized the cobalt-based
catalyst, most of them investigated the kinetics at either constant reaction temperature, total
pressure or space velocity. Furthermore, majority of the reported studies only investigated either
the kinetics mechanism of the FT reactions or the WGS reaction model; however, there is lack
of published work considering the combined FT and WGS reaction mechanism due to the
complex FT synthesis reaction network. In addition, the reported studies only estimated the
kinetics parameters to calibrate their models with the experimental data; however, the model
validation was not taken into account. Furthermore, the reactor operating conditions were
selected iteratively and/or based on experience; however, such approach did not necessarily
ensure that the optimum combination of input parameters (i.e. temperature, pressure, space
velocity and H2/CO molar ratio) was achieved for maximum performance of the catalytic FT
synthesis. Such deficiency highlights the need for analytical optimization that can be integrated

with the mathematical model to reliably find the optimum performance.
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CHAPTER 3

KineTics OF FiscHErR-TROPSCH
SYNTHESIS

3.1. Introduction

The kinetics studies of FT synthesis are distinguished into two categories. In the first
category the aim is to focus on the rate of syngas (mixture of CO and H») disappearance only.
In this category, no information is given related to product distribution, because FT synthesis
products are very widespread and the description of the FT kinetics is quite challenging. In the
second category however, information about the formation of product compositions are also
considered. In both categories, the rate expressions can be derived either empirically (e.g.
power-law rate expression), semi-empirically, or mechanistically. In the latter case, the detailed
mechanistic of FT kinetics can be accomplished by considering appropriate sequential reaction
pathways together with the assumptions about rate-determining steps. In Chapter 3, two
different approaches are considered to develop a model for the FT synthesis reaction network.
The first was based on an empirical approach; whereas the second approach explained the

mechanistic details of FT kinetics in more depth. In the former, the rate equations were derived
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by power-law rate expressions, while in the latter the rate equations were derived by the
Langmuir-Hinshelwood-Hougen-Watson (LHHW) rate theory. It is worth mentioning that the
power-law rate model has limited applications to catalytic reactions to some extent; that is to
say, they usually predict rates well over a narrow range of experimental conditions; whereas
the LHHW rate theory, due to its fundamental origin, predicts rates over a wider range of
conditions. However, it is unclear which combination of a number of rate expressions and
kinetics models of syngas conversion and product selectivity can provide the best representation
of available data; this will be the main objective of Chapter 3. The goal was to employ the
newly obtained experimental results to fit several plausible mechanism-derived FT kinetics
models, which were likely to reflect the most significant facts of FT synthesis catalysis and

chemistry.

3.2. Approach (i): Empirical Study of FT Synthesis Kinetics

3.2.1. Development of the Kinetics Model Based on Power-Law Rate

Expression

Kinetics models of reduced complexity are attractive for reactor analysis and design
purposes. These models are capable of capturing the essential features of the FT synthesis
products’ distribution without the need for a parameter such as chain growth probability ().
The reaction network can be classified as a number of lumped reactions by means of the kinetics
characteristics of reaction molecules. For the first approach, the rate of reaction was derived

based on a power-law rate expression. In this model, the rates of disappearance of reactants, as
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well as the formation of products’ species, were taken into account. Equation 3-1 below is the
general form of the rate expression for a proposed jt* reaction. In this equation, P¢y and Py,
stand for carbon monoxide and hydrogen partial pressures, respectively; A, denotes the pre-
exponential factor of rate constant and E; denotes the activation energy of reaction ‘j’; n; and
m; indicate the order of reaction with respect to CO and H» partial pressures, respectively. The
reaction network consisted of 11 reacting components (i.e. CO, Hz, CO,, H2O, CH4, C2Ha4,
C>Hs, C3Hs, 1-C4Hio, n-CsHio, and Cs+). From R. 3-1 to R. 3-8 the proposed reaction scheme in
this work is shown. The representative single reaction equation is R. 3-7; it corresponds to the
lumped rate of Cs+ formation (which is the rate of formation of liquid hydrocarbon
compositions) by setting Cq gsH1236 as the average molecular value of higher hydrocarbon

compounds [136-138].

Equation

E:\ n m
R; =A-exp<——’>P ip.J
) ) RgT CO" H; 31

Table 3-1 Proposed lumped FT synthesis kinetics approach (i) over Co/SiO> catalyst

Postulated reactions pathway No.
CO + 3H, 3 CH, + Hy0 R.3-1
200 + 4Hy 3 C,H, + 2H,0 R.3-2
200 + 5Hy 3 C,Hg + 2H,0 R.3-3
3C0 + 7Hy =3 C3Hg + 3H,0 R. 3-4
4CO + 9H, S i — C,Hyy + 4H,0 R.3-5
4CO + 9Hy S 1 — CyHy + 4H,0 R.3-6

8l|Page



CHAPTER 3: KINETICS OF FISCHER-TROPSCH SYNTHESIS

R7
6.05C0 + 12.23H, = Cg95sH1236(Cs4) + 6.05H,0 R.3-7
R
CO + H,0 & CO, + H, R.3-8

The rate of formation and disappearance of the species can be calculated by the sum of
the products of the species' stoichiometric coefficient and the reaction rate of the corresponding
reaction. Hence, the rates of the consumption of reactants as well as the formation of products’

species mentioned above are as follows:

NR
Tco = Z U]'COR]‘
j=1 Equation 3-2
= —Ry — 2R, — 2R3 — 3R, — 4R5 — 4R4; — 6.05R;
— R8
NR
er = Z ijsz
J=t Equation 3-3
=—3R, —4R, —5R; — 7R, — 9Rs — 9R, — 12.23R,
+ Rg
NR
H,0
TH,0 = Z Y; Rj .
= Equation 3-4
= 4R, + 2R, + 2R3 + 3R, + 4R5 + 4R + 6.05R, — Rg
NR NR
_ COzp _ . _ CHyp _ .
Tco, = v; R; = +Rg Equation 3-5  7¢y, = v; Rj = +Rq Equation 3-6
j=1 j=1
NR NR
Tem, = Y V2R = +R, Equation3-7 1oy = » v °"°R; = +R; Equation 3-8
CoHy i j 2 qualio CoHg i j 3 qualio
NR NR .
CsH ) i=C, Equation
rC3H8 = Uj R] = +R4 Equatlon 3-9 T‘i_c4 = Uj R] = +R5 3-10
Jj=1 j=1 )
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NR NR

Z Equation Z
n—_C C
T‘n_c4 = Uj 4R] = +R6 TC5+ = Uj 5+Rj = +R7

= 3-11 =

Equation

3-12

3.3. Approach (ii): Mechanistic Study of FT Synthesis

Kinetics

Unlike most of the kinetics studies in the literature, the combined kinetics of FT synthesis
reactions and the WGS reaction were studied mechanistically and different mechanisms with
postulated reaction pathways were proposed for both rate models (i.e. FT and WGS reactions).
Section 3.3.1 below explains the development of the rate models for FT reactions; whereas the
detailed WGS reaction rate models are presented in section 3.3.2. All rate equations were
derived on the basis of various elementary step reaction routes and carbon chain distribution
pathways (i.e. adsorption, initiation, propagation, and termination steps). The elementary step
reactions proposed for each kinetic model are given in Table 3-2 and Table 3-11 respectively
for FT reactions and WGS reaction. The proposed rate equations were used successfully to
describe the kinetics of the reactants’ consumption (i.e. carbon monoxide and hydrogen) for the
formation of n-paraffins and a-olefins, as well as COz and H>O by-products, under the FT
synthesis condition over a Co-based catalyst. The formation of oxygenates compounds were

not taken into account due to the very small amount produced in the present study.

In order to derive the rate equation for each kinetic model, firstly a few elementary
reactions were assumed to be rate-determining steps and the other remaining steps were
considered at equilibrium state; these will be explained for both the FT rate equation and the

WGS rate equation separately in sections 1.1.1.1 and 3.3.2.2, respectively. The combined FT
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and WGS reaction models were then assessed separately against the experimental data to find

the best kinetics model and rate expression for FT synthesis over a Co-based catalyst.

3.3.1. Fischer-Tropsch Reaction Rate Mechanism

3.3.1.1. Kinetics models

In the present study, the proposed kinetics models for FT reactions consisted of surface

elementary reaction steps in four categories as follows:

i.  Adsorption of the reactants (molecular CO and H> species) on the catalyst surface.
ii. ~ Chain initiation step.
iii. ~ Chain growth (propagation) step.

iv.  Chain termination and desorption of the products step.

Herein, eight different sets of elementary reaction pathways were proposed for the FT
synthesis reactions and they are listed in Table 3-2. In this table, for instance, 'C — ¢ ' is the
adsorbed carbon atom on the vacant active site and ' ' stands for the total vacant surface
coverage fraction of the active site of the solid catalyst in the FT rate model. At the beginning,
the molecular adsorption of CO and H> with their subsequent dissociation takes place on the
free active sites (1) of the surface of the cobalt catalyst. Previously, the dissociative adsorption
of CO was demonstrated by X-ray photoelectron spectroscopy (XPS) and pulse techniques on
Ni, Co, Ru, and Fe [139]. As a consequence, CO first chemisorbed reversibly in the molecular

state (step 1); H> chemisorbed reversibly on two adjacent free catalytic sites (2y) in the
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dissociated state (step 2). The above assumptions were taken into account in all developed
models from FT—I to FT—VIII listed in Table 3-2. These eight reaction paths were distinguished
on the basis of different assumptions considered for adsorption of reactants and the remaining
three polymerizations steps mentioned above. In all kinetics models, the combined alkyl and
alkenyl mechanisms were adapted to describe the chain initiation, propagation and termination
steps. The last seven steps of all developed FT models were written with the same assumptions
so that the initiation, propagation and termination steps were proposed separately for olefins
and paraffins’ formation. In fact, the alkenyl mechanism represents the above three main steps
exclusively for the formation of a-olefins; whereas the alkyl mechanism characterises these
steps solely for n-paraffins. However, different hypotheses were made in proposing reaction
steps of model FT-IV. Unlike the previous theory related to building blocks (i.e. methylene
(CH2— ) species), instead in these models methylidyne (CH— 1) intermediate together with
the addition of hydrogen atoms were assumed to be responsible for the growth mechanisms (see
Table 3-2). In the present study, using a cobalt-based catalyst showed a higher tendency for the
formation of paraffinic compounds compared to olefin products. The research studies also
indicated that generally using Co and Ru transition metals as a catalyst present a higher
tendency for the formation of paraffin compositions, in comparison with olefin formation [ 140].
Indeed, the alkyl mechanism favoured the formation of paraffins rather than olefins; hence it is
a better choice for this case compared to other mechanisms e.g. alkenyl, CO insertion and/or
enol mechanisms. However, using alkyl mechanism only, the olefins’ selectivities were
underestimated. To alleviate the prediction, the alkenyl mechanism which failed to explain the
primary yielding of n-paraffins, can be incorporated for prediction of the formation of a—olefins
without increasing the formation of n-paraffins. In addition, in these eight models, three main

routes from reactants’ adsorption towards building blocks and chain initiation were considered
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1.e. unassisted CO dissociation (FT-I), H-assisted CO dissociation (FT-II to FT—V) and finally
molecular H»-assisted CO dissociation (FT—VI to FT-VIII). Models FT-I, FT-II and FT-VI
were based on the assumption that the FT synthesis mechanism involved the hydrogenation of
surface carbon formed by dissociation of chemisorbed CO, either directly (FT-I, step 3),
leading to the oxygen atom formation, or by dissociation of COH — ¢ isomers (FT-II, reaction
step 4) leading to the hydroxyl species formation, or by interaction with molecular hydrogen
(FT—VI, reaction step 3) which leads to the water formation. Very recently density functional
theory (DFT) calculations seem to support the key role of H-assisted CO dissociation on both
Fe and Co catalysts. A literature study provides both experimental (kinetics) and theoretical
(DFT) evidence for the role of H-assisted CO activation as the exclusive kinetically relevant
pathway on Co catalysts at conditions typical of FT synthesis practice [141]. Due to the above-
mentioned facts, four different pathways, i.e. from FT-II to FT-V, were proposed on the basis
of H-assisted chemisorbed CO dissociation to develop the FT reaction rates. Due to a higher
formation of methane compared to other paraffinic values, the formation rate mechanism could
not be the same as other n-paraffins. Hence, termination to methane was postulated by a
different reaction step in which the methane was formed by H-addition of surface methyl
intermediate. In addition, the selectivity of ethene was much lower than of other olefin species
as indicated from the measured data. Hence, a different reaction step was proposed for the
ethene formation so that two adjacent methylene intermediates were reacted at the surface of
the catalyst to desorb the ethene molecule. From the outlook of the kinetic descriptions

indicated above, eight different elementary reaction steps were proposed as follows:

Model FT-I: Model FT-I was based on unassisted CO dissociation. Considering the
steps 1 and 2 explained above, this is followed by direct dissociation of adsorbed surface CO

intermediate to form surface carbon and surface oxygen (step 3). Then, the reaction of surface
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oxygen with adsorbed hydrogen yielded the formation of hydroxyl (step 4); that in turn reacted
with adsorbed hydrogen yielding the most abundant product, water molecule (step 5). The
sequential hydrogenation of surface carbon led to formation of surface methylidyne (step 6),
surface methylene (step 7) and surface methyl (step 8) species. The surface methylene
intermediate is regarded as the monomer (building block) in this reaction scheme. The surface
methyl species (—CHz3) was assumed to be the chain initiator. The chain initiation step in the
'alkyl' mechanism takes place via this reaction pathway. Van Barneveld and Ponec [142] stated
that the formation of CH3 intermediate is essentially irreversible. This assumption was taken

into account herein when the rate expressions were developed for each kinetic model.

Model FT-II: This model is described by dissociation of chemisorbed CO via the H-
assisted mechanism. The first hydrogenation (H-assisted) of adsorbed CO led to the formation
of surface COH — ¢ isomers (step 3) followed by the formation of surface carbon atoms and
hydroxyl intermediates from its dissociation (i.e. COH — 1) isomers) (step 4). Similar to FT-I,
water formed by the addition of hydrogen atoms to hydroxyl (step 5) and the sequential
hydrogenation of surface carbon led to the formation of surface methylidyne, methylene and

methyl intermediates (steps 6-8).

Model FT-III: Similar to Model FT-II, this model is described by H-assisted
chemisorbed CO, except that chemisorbed CO is hydrogenated two times giving the formyl
intermediate HCO — ¢ after the first H-addition (step 3, H— addition to the C-atom in CO —
1) and the hydroxymethylene species HCOH — 1 after the second hydrogenation (step 4, H—y
addition to the O-atom in HCO — ). Hydroxymethylene dissociation then led to the formation

of methylidyne and hydroxyl intermediates (step 5); that in turn reacted with adsorbed hydrogen
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atoms forming the polymerization monomer CH> (step 7), the initiator required for the chain

growth (methyl species, CH3, step 8) and products H,O (step 6).

Model FT-IV: This model was similar to model FT-III but the first H-addition of
adsorbed CO (step 3) was then followed by dissociation of formed formyl species into
methylidyne and surface oxygen atoms (step 4). This model was also different from other H-
assisted models in order that the adsorbed reactive surface methylidyne could react with two
adjacent hydrogen atoms producing surface methyl (step 7) i.e. the chain initiation for
production of paraffinic compounds. Unlike the other FT models, the chain initiator (C,H; —
) for the olefins’ production was suggested to be formed by two-adjacent methylidyne species

and successive interaction of two hydrogen atoms.

Model FT-V: The addition of H—1 to the C—atom in HCO—y formed CH,O—y
intermediates which was followed by dissociation to CH>—1 and O—1 in which the oxygen
atom was rejected through this step; possessing high activation barriers (see section 5.2.2.1).
Water formed by the addition of hydrogen atoms to the hydroxyl (step 8) formed by
hydrogenation of surface oxygen atoms and the hydrogenation of surface methylene led to the

formation of methyl intermediates (step 6). The chain growth mechanism was similar to that

reported for FT-III.

Model FT-VI: It is evident that an adsorbed reactive CO could also react with
dihydrogen, which leads to the formation of dissociated carbon atoms and water molecules (step
3). This mechanism was regarded as molecular Hz-assisted CO dissociation. The dissociated
carbon atoms hydrogenated sequentially (steps 4-6) to finally form the initiator required for the

chain growth.
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Model FT-VII: Similar to model FT-VI, this model is described by an H»-assisted
mechanism, but instead the reaction between adsorbed CO with dihydrogen formed
hydroxymethylene species (step 3) which is then hydrogenated by H-addition forming surface
methylidyne and surface water (step 4). Similar to model FT-VI, the adsorbed methylidyne
hydrogenated in two successive steps (steps 6-7) to finally form the initiator required for the

chain growth.

Model FT-VIII: Same as model FT—VII, the building block and chain initiator in model
FT-VIII were respectively adsorbed methylene and methyl, but formation of the building block
differs from the former when the hydroxymethylene species reacted with the hydrogen

molecule at the surface instead forming the methylene intermediate and water molecule (step

4).

From the above eight kinetics mechanisms and elementary reaction paths tabulated in
Table 3-2, twenty-four possible rate expressions were derived for overall conversion and FT
reaction rates by considering different assumptions and various RDSs. The derivation of the

rate equations for the FT reaction was explained in section 1.1.1.1.
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Table 3-2 Sequence of elementary reaction steps of FT synthesis reaction in the present study

Model No. Elementary reaction steps Model No. Elementary reaction steps
FT-1 1 CO+y 2C0—1y FT-11I 1 CO+y 2C0 -1y
2 H,+2¢y 22H -9y 2 Hy+2¢y 22H—-7
3 CO—-yYy+y2C—-—yY+0-—-9yY 3 CO—yY+H—-Y2HCO—-Y+Y
4 O-yY+H—-yY20H-yY+y 4 HCO—-—yY+H—-yY2HCOH—-¢Y +
5 OH—-yY+H-y2H,0+2¢y 5 HCOH—-Y+y2CH—-yY+0H -y
6 C—yY+H-yY2CH-Y+ ¢ 6 OH—-Y+H-y2H,0+2¢y
7 CH-—Y+H—-¢Y2CH,—y+yY 7 CH—Yy+H—-y2CH,—y+ Y
8 CH,—yY+H—-Y->CH;—y+ ¢ 8 CH,—Y+H—-¢Y->CH;—yY+ ¢
9 CH;—yY+H—vY - CH,+ 2y 9 CH;—Y+H—¢y - CH,+ 2y
10 CH,—y+CH,—y > CH,+2¢ 10 CH,—y+CH,—vY > CH,+2¢
11 CH,—yY+CH—-¢Y->CH;—y+ ¢ 11 CH,—yY+CH—-Y->CH;—y+ ¢
12 Co1Hypny =Y+ CH, = = GHypyy —Y + ;22 12 Co1Hypny =Y+ CH, = = GHppy — Y+ n 22
13 CoHynyy — Y+H-y- CoHonyz + 2¢ 13 CaHynyq — Y+H-y - CnHonyz + 2y
14 CHy, =Y+ CoaHyp 3 =Y > CHyp s —9 + ¢ 14 CH, =Y+ CoqHyp 3 =Y > CHypa —9 + ¢
15 CoHon-a =Y +H =9 > CHyn + 20 15 CoHon-1 =Y +H =19 > CHyp + 20
FT-1I 1 CO+y 2C0—9y FT-1V 1 CO+y 2C0 -1y
2 H,+2y 22H -y 2 Hy+2¢y 22H—-
3 CO-yY+H—-yY2COH—-Y+y¢ 3 CO—yY+H—-yY2HCO—-yY+y
4 COH—-y+yp2C—-—yY+0H—-9y 4 HCO—-y+y2CH—-yY+0 -9y
5 OH—-yY+H-y2H,0+2¢y 5 O-yY+H—-Y20H-Y+Y
6 C—y+H—-y 2CH-yY+y 6 OH—-Y+H-y2H,0+2¢y
7 CH-Yy+H-¢y 2CH,—¢y+y¢ 7 CH—-Y+H,->CH; —v¢
8 CH,—yY+H—-¢Y->CH;—y+ v 8 CH;—Y+H—¢y - CH,+ 2y
9 CH;—yY+H—y - CH, + 2y 9 CH—Y+CH—-vY+2H -y - CGH,+ 4y
10 CH,—yY+CH,—v¢Y - C,H, +2¢ 10 CH—-yY+CH—-Y+H—-9yY->CH;—y+2¢Y

CH,—yY+CH—-—Y->CH;—y+ ¢

CoiHopn1 =Y+ CHy, =Y > CHyp — 0 +yY;n>2
Coloner =Y+ H = = CuHypyp + 21
CHy—yY+Ch_1Hyp3—Y->CHpp 1 —Y+ ¢

CoiHppy =+ CH -+ H -9

= CoHopi1 — 9 +2¢;n=>2
CnH2n+1 - l/J +H - l/) - CnH2n+2 + Zlﬂ
CH—¢+Cn—1H2n—3_¢+H_¢

- CnHZn—l - l/) + le
CnHZn—l — l/J +H— l/) - CnHZn + 21/)
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Model

FT-V

FT-VI

15

No.

O NN L AW DN~

—t e e e e e \O
DN B W N = O

— O 00 3 O\ Li A W —

12
13

CnHZn—l - ll) +H - 1!’ - CnHZn + le
Elementary reaction steps

CO+yY2C0—y

H, +2¢y 22H -y

CO—yY+H—-yY2HCO -y +yY

HCO -y +H—-vy 2CH,0 -y +y¢

CH,0 -y +yY2CH,—¢y+0 -y

CHy—yY+H—-y 2CH; — ¢

O—yY+H—-yY20H—-yY+y

OH—-yY+H—-vy 2H,0+ 2y

CH; —y+H—-y—>CH,+2¢

CH, -y +CH, —y - C,H, + 2y

CH,—yY+CH—-y->CH;—y+ ¢

CoaHpny =Y+ CH, = > GHypy — Y+ n 22

CnH2n+1 _¢+H_w_)CnH2n+2 +2¢

CHy =Y+ CpiHoyp 35— > GHyp 1~ + ¢
CnHZn—l +H—l,b—> CnH2n+21p

CO+y 2CO—y

Hy+2¢ 2 2H —

CO—p+H, 2 C—1p+Hy0

C—p+ Htp 2CH—9p+

CH—9%+ H—1 2CHy—+

CHy— W +H—1 - CHy— i+

CHy — W+ H—1p > CHy + 2

CHy — + CHy — ) — CyH, + 200

CHy =+ CH —) = CoHy — ) +

Cnoifpnoq =Y+ CH =Y = G Hppyy — Y+ n 22

CnH2n+1 - l;b +H - l/) - CnH2n+2 + 21/)

CHy =Y+ ChqHyp 3= > CHyp 1 — + Y
CnHZn—l +H - ll} - CnHZn + le)

Model

FT-VII

FT-VIII

Elementary reaction steps

CO+y 2C0—-vyY

H, +2¢y 22H -9y

CO—-y+H, 2HCOH -y

HCOH—-y+ H—y 2CH—-yY+H,0—-v¢Y

H,0 —y 2 H,0 +¢

CH—yY+ H—-y 2CH,—y+y

CH,—yY+H—-yY->CH;—y+ ¢

CH;—y+H—-yY->CH,+2¢

CH,—yY+CH, —y - C,H, + 2y

CHy—yY+CH—-y->CH;—y+ ¢

CoaHony =9+ CH, =) = GHppy — 9+ ;n 22

CnH2n+1_¢+H_l/)_>CnH2n+2+2¢

CHy; =Y+ CpHoyp s = > GiHyp 1 —Y + ¢
CnHZn—1+H_¢_)CnH2n+2¢

CO+y 2C0—1

Hy+2¢ 22H -1

CO— + Hy 2 HCOH —

HCOH -y + H, 2CH,—vy + H,0

CH,—Yy+H—-y->CH;—¢y+ ¢

CH; —y+H—-vy—->CH,+ 2y

CH, -y +CH, -y - C,H, + 2y

CHy— )+ CHy— = CHy —p + H—

Co1Hon1 =¥+ CHy = - CHopn — Y+, n 22

CoHoner =Y +H =9 = CHypyp + 29

CH2_¢+Cn—1H2n§3_l/)_>CnHZn—l_ll)"' Y;n
>

CoHon-1 + H =19 = CHyp + 29
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3.3.1.2. Derivation of Rate Equation

In order to derive the rate equations from the detailed mechanistic kinetics models
developed in section 3.3.1.1, the LHHW rate theory was used and the possible RDSs were
identified; while all other steps were assumed to be at quasi-equilibrium. In order to derive the
rate expressions, the FT synthesis (hydrocarbon formation) and WGS reaction were assumed
to proceed on different active sites. Hence, there were two types of uniformly distributed active
sites for FT synthesis and WGS reactions on the catalyst’s surface. On the basis of the detailed
sequence of elementary reaction steps for FT synthesis tabulated in Table 3-2, the rates of the
n-paraffins and a-olefins’ formation were derived for each kinetic model. Initially, it was
assumed that the steady-state conditions were reached for both the surface composition of the
catalyst and the concentration of all the intermediate species involved. Then, it was assumed
that the rate constant parameter of the reaction steps for the hydrocarbon formation is
independent of the carbon number of the intermediate species involved in the elementary steps.
However, different rate constants were considered for methane and ethene in order to avoid the
plausible deviation of the results; as from the experimental results (see section 5.1), it is clear
that the amount of methane produced is much higher than other paraffins and this can cause the
deviation. For the same reason, the rate constant of ethene was defined solely due to its low

production rate value. The estimated values for rate constants are given in section 5.2.

In order to derive the rate expressions, the kinetics model FT-III with RDS-1 in Table
3-2 was selected to be demonstrated as an example of the derivation of the rate equations. In
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fact not all of the kinetics parameters are kinetically significant; that is to say not all of them
are controlling the overall rate. The rate determining step in a series of elementary steps is that
step which has the maximum effect on the overall rate of reaction. Herein, steps 6 and 8 to 15
(model FT-IIT with RDS-1) were assumed to be RDSs. The remaining steps were assumed to
be rapid and at an equilibrium condition. According to the literature [91, 143], the CHj3
intermediate has a high potential to be hydrogenated to form methane. This leads to the
correspondingly low opportunity for the methanol and formic acid formation. From the
elementary steps 9, 10, 13 and 15, respectively the rate of formation of methane, ethene, n-

paraffins and a-olefins were written as follows:

Equation
RCH4 = kmeth¢CH3¢H
3-13
Equation
2
RC2H4_ = kethlpCHz

3-14
Equation

Rolefins = kt,oleflanHZn_llpH
3-15
Equation

Rparffins = kt,parlanHZnHl/)H
3-16

The elementary steps 1-5 and 7 were assumed to proceed at quasi-equilibrium so the net
rate of these steps would be zero. From the kinetics model FT-III, the area coverage fraction of
species (concentration of surface intermediate) i.e. Yeo, Yy, Yuco> Yucons Yeus Yeu,» You

were expressed as a function of the partial pressure of CO, Hz, and H2O.

From the LHHW rate theory [144], the equilibrium mechanism of adsorption and

desorption of reactants and products at the catalyst surface, was used to develop the rate
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expressions. Therefore, the following equations were written for the adsorption and desorption

at the catalyst surface of the absorbent as:

dn, Equation
(E) = R;qas. = Kiqas.(1 —Y)P;
ads. 3-17
dn; _p . Equation
E — Njdes. — i,des.lpi
des. 3-18

Where P; is the partial pressure of species ‘i’ and Y stands for the total vacant surface coverage
fraction of active site in the FT rate model. By applying the pseudo-equilibrium assumption for
any elementary reaction step, the rate of adsorption equals to the rate of desorption, which can
be expressed as Equation 3-19 and the equilibrium constant can be described by Equation 3-20.
Hence, by extending these relations one can obtain the Langmuir isotherm as the adsorption by

Equation 3-21.

Equation
Ri,ads, = ki,ads.(l - l/)l-)Pi = Ri,des. — ki,des,l/)i q
3-19
K. = Kigas. _ i Equation
' ki,des. Pi(l - Si) 390
_ kiqas. (1 = Y)P; Equation
Y, = "
i,des. 391
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R; qas. and R; 4.5 are respectively the rates of adsorption and desorption of adsorbent on
the catalyst surface. The other adsorbed intermediates’ surface coverages were found by the

same way in the following forms:

Equation
Yeo = K1 Peop
3-22
Equation
Yy = JKPs P
3-23
Equation
Kzcou !
Yuco = T = Kn/ K2K3PCOP191'251/’
3-24
Equation
KyYucoWu d
HCOH = T = K1 K3 K3 Ky Peo Py
3-25
. Equation
Ks¥ucon Pcopéz5
Yepy=—7——= K1K21'5K3K4K5k6 1/13
You Rer 3-26
Kypcubn PcoPh, Equation
¢CH2 =0 = K1K22K3K4K5k6K7 R 1113
v o 3-27

Since the rate of hydrogenation of the surface hydroxyl was the RDS, therefore the rate
of FT synthesis was expressed by Equation 3-28. The rate of the initiation step (formation of
methyl from hydrogenation of methylene) in model FT—III was also assumed to be an RDS as

well, hence one can be written as Equation 3-29.
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Equation
Rpr = keouPu
3-28
P P25 Equation
H2
Rpr = ksl/JCHzll’H = K1K22'5K3K4K5k6K7k8 P*
FT 3-29

Therefore, one can obtain the second expression for the rate of FT synthesis as below:

Equation

Rer = [Kuk3 KKKk ks P35 PEW?
3-30

So by substituting Equation 3-30 into the Equation 3-26 and Equation 3-27, the area

coverage fraction of CH and CH: intermediates can be expressed in terms of partial pressures

as follows:

K, K}SKo K, Kok, Equation
Vo = PRI !
\/K1K22'5K3K4K5k6K7k8 3-31
PcoPj
KiKZ KK,y KskoK; —0—H2 )3
_ FT
Yeu, =
\/K1K22'5K3K4K5k6K7k8PLE)OSPI-}225¢2 Equation
3-32
KK} KsKyKskeK; oo o oc
= k8 PCO PHZ 1’[)

From the Langmuir adsorption theory in a multicomponent system with a single site type,
the area coverage fraction of species was written as stoichiometric balance concentrations.
Normalization of the concentration of all intermediates on the catalyst surface leads to the
following form of the total area coverage fractions:
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Equation
Y+ Yoo +Yu +Vuco + Yucon + Yeu +¥eu, =1

3-33
Combining all the above equations and substitution of Equation 3-22-Equation 3-25 into
Equation 3-33, the concentration of the total vacant active site 1 can be expressed in terms of

partial pressure of different species and the equilibrium constant parameters as follows:

Y
1
= 2 Equation
1+ KiPco + [KoP% + Ky \JKo K3 Poo PSS + K Ky K3 Ky Poo Py + -+
3-34

1.5 1.5
KlKZ K3K4K5k6 PCQ(.)SPI_?.ZZS +\/K1K2 K3kI§4K5k6K7PCQé5PI_?.275 |
\/K1K22'5K3K4K5k61(7k8

Substituting the above formula for the total free active site into the rate expression
obtained from hydrogenation of methylene (Equation 3-29) gave the following equation with

respect to the partial pressure of species and kinetic parameters:

RFT

Jk8K7k6K5K1K22'5K3K4Pc905P13!'225 )
Equation

1+ Ky Pco + [KoP% + Ky Ko K3 Poo PSS + Ky Ky K3 Ky Poo Py + -+

K1K21'5K3K4K5 ke pO.5p0.25 K1K21'5K3K4K5k6K7 pO:5p0.75
co Fuz > t kg co TH2
\/K1K22'5K3K4K5k61{7k8

3-35

The surface coverages of methyl and vinyl radical were obtained by considering the quasi-
steady state assumption for the surface intermediate. From the model FT-III, the balance

equations were obtained from reaction steps 8, 9 and 12 for methyl and steps 11 and 14 for
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vinyl. Rearranging Equation 3-36 and Equation 3-37 gave the expression of the intermediate

Yz and Yeaps (Equation 3-38 and Equation 3-39), respectively.

T = O = +R8_R9_R12 = O Equatlon

3-36
= + kipar¥en,Vu — KmecnWer Wu — kpparWeu,Yen, = 0

ds
ﬂ = O - +R11_R14 = O

dt Equation 3-37

= + ki,oleflpCHzlpCH - kp,olef¢CH2¢C2H3 =0

) _ ki,parlpCHzlpH Equation
B kepparWen, + kmetnWu 338
kioerWen Equation

l/chHg, = k—
potel 339

Similarly, applying the quasi-steady state assumption for the surface intermediates

Ve, Hy,_, a0d Pe y, . were as follows:

d
l’bClezzn_l = O ﬁ +R12_R{2 - R13 = O
Equation
= + kpotefWc,_1HonsWcH, — KpotefWepHon Wen, 340

- kt,oleflanHZn_llpH =0
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d
—lpCZ’ZZ"“ =0= +R;,;—R}, —Ry;3 =0
Equation
=+ kprparlpcn—len—llpCHz - kp,parlanHanlpCHz 3-41

- kt,pa‘rl/)CnszH.llpH = O

Rearranging the above equations leads to the final expression for V¢ p,, , and
V¢, H,,,, intermdiates.
P _ kp,olefll’cn_1H2n_3¢CH2 Equation
CnHzn-1 —

mET KpotesWenz t KeoterWn 342
Equation

lpc H — kp'parlpc‘n—lHZn—]_lchz q
niz2n+1 kp,pardJCHz + kt,parlpH 343

The dependence of the reaction rate and adsorption constants on temperature were

expressed by the Arrhenius equation as follows:

E; Equation
_ j qua
ki = kjoexp (— ﬁ)
3-44
AH 4 Equati
Kl = Kl"oexp (_ Ra;fs,l> qua ton
3-45

Where k; is the rate constant of reaction ‘j” and K; is adsorption constant of component

‘i’. It was shown that a different kinetics approach, which accounted for the polymerisation

character of the FT synthesis, led to a rate formula which was identical to those derived
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previously in many aspects. As a consequence, repeating and reporting similar rate expressions
developed by a different FT kinetics model is avoided. Hence, the mechanistically developed
FT rate equations with three plausible RDS assumptions for each FT model are summarized in
Table 3-3 to Table 3-10. The full mathematical procedure in developing of each rate expression
for FT reaction models is given in Appendix (Table A. 1 to Table A. 32). These RDS
assumptions are explained below for each FT model. For each derived rate equation in each FT
model, there is different kinetically relevant RDSs. Three different rate equations were derived
for each FT kinetic model; hence the FT rate expressions totalled twenty-four equations. In
models FT-I to FT-VIII, the elementary steps for chain initiation, growth and termination
reactions including formation of methane, ethene, as well as higher paraffins and olefins, were
assumed as the RDSs. However, additional RDSs were considered for each model; where each

one was different for each FT model (see Table 3-3 to Table 3-10).

Table 3-3 Reaction rate expressions derived on the basis of kinetics model FT-I

RDS/No. Rate equation
Rpr
(KiparksKiK3°KsKyKeK7) " PE2S PSS
- 0.5
5,8—15 / 1+ K1PCO + ,KZPI-(I)ZS + (k5K4-K3K1) — PH_ZO.ZSPC(‘)(.)S + .- \
KZO'ZS(ki,parKGK7)

i 0.25 0.5 0.75 0.5 |
Equation | K; (ki,parK1K3K6K7) P0'25P0'5+.K2 (kirpaTK1K3K4K6K7) po75p05 4 ...
346 | (ksK,)05 H, fco kS H, fco |

KZO'ZS(ksKlK3K4K6)O'5 p0:25p0.5 K2°'75(k5K7K6K4K3K1)0-5 pO.75 p0.5
05 H, tco T 05 H, fco
(ki,parK7) ki,par
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k3K, P,

3, 8-15 Rpr = = 2

14 KyPeo + KoPa, + e 20 .

. ' 1fco 27H, T KsKyK, Py,

quation p

347 TR R RS R R A e i

B K5 KZ P LparK7K6K2' PH2 ki,parK7K2 PHZ ki,par KZ PHZ
RFT

8-15 kiparK:KsKsKyKz K3 Ky 500 P43

Equation / 1+ Ky Poo + JKo Py, + 22— + 20+ \

3-48 | PN KKK P, Ks\/Fsz?'zs |

) KsKyK3K7 K1 Peo Py P P,

\ P 2 K6K5K4K3K15K1PC0 Pi® + K7 KKK K3 K3 Ky PCO PHZ/
2

Table 3-4 Reaction rate expressions derived on the basis of kinetics model FT-II

RDS/No. Rate equation

\/ki,parksK1K22'5K3K4K6K7PCOSP1 23

Rpr = 2
/ 1+ Ky Pco + /KoPy, + K3 Ky \[KyPo PO + -+ \
4,7-14 Equation P
q | VK KK, Kk wCO¢H1/PHz + K KZK3 Ky KK ks — PeoPi, |
3-49 |
0.5 p0.75
P kOSK,KsK,P>> |
co
JFiparKu k3 KKKy 0 s —aoa e
\ > \/ki,parK1K21'5K3K4K6K7P132'25/
R = k4K3K1\/ szcopg'zs
3,7-14 o 1+ K{Pqo + /K, Pry. + K3Ky/K,Ppo PO s, Pmo | 2
1co 20, 34 ZCOHZ
Ks /K, Py,
Equation 3-50 PH2 k4_K1K3 PCO k4K1

+ Ksp
KeJKoPy,  K{SkiparKs POy Kipar  ©°
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v KiKFSK;K,KsKy PooPiy
Lpar Ks Ph,0
Rpp = 2
FT PH o 2
2

7-14 1+ K, Pco + JK2 Py, + ——2=— + K3K1\[K; Pco PO + -+
1tco 20 H, K6\/m 301 28 CO"H2

: PCOPH PH (0]
Equation 3-51 K(KKKK 2)+ 20 .
quation | 4 | Bsf3fq 87 PHZO Ks\/m
\ K K25K3K Ks PeoPi | KiKZK3KyKsK; PcoPj,
K¢ Pu,0 Ke Py,0

NN

Table 3-5 Reaction rate expressions derived on the basis of kinetics model FT-III

RDS/No. Rate equation

J ki parK7keKsK1K3>K3K4 P05 Pis®

Rpr = 2
6,8'15 k" K7K5K1K3K4
1+ K1Pco + [KoPy, + K37° j =P k. PSPy +
Equation | K3K1\[KzPco P2y + KKy K3KyPeo Py + |
3-52
’kKKKK K k. K:K;K}>K-K
0.25 6010130405 10.5p0.25 765010\ 34 0.5 p0.75
kKZ ki,parK7 PCO PHZ +\] ki,par PCO PHZ )
4,8-15 Rpp = k4K1K2K3PC0PH2 .
PH (0]
1+ K, Pco + /KoPy, + ﬁ + K3K1\[KyPoo PO +
Equation 6+ 821 H,
k.K,K kK K?SK k,K,{K%5K.
3-53 a3 p p 447172 3p p05 y T471772 3 p  p0S
ki,parK5K6K7 207 ¢0 ki,parK7 €O Hy ki,par CO"Hy
PcoPE?
Kipar K7 Ks Ky K3 *Ks Ky Ko 52
RFT - 2 2
&1 L+ K P+ KB+ —120 4 g k. Koo POS +
1t co 20 H, K6\/m 301 28 CO"H2
Equation PeoPRS
3_54 | K1K2K3K4PCOpH2 + K5K1K21'5K3K4K6 PHZOZ + |
P, P?
\ K7Ks Ky K KoKy Ko~ /
H,0
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Table 3-6 Reaction rate expressions derived on the basis of kinetics model FT-IV

RDS/No. Rate equation
4613 JEipar k2K K2R PRSP
Rpr = e 0%
Equation 3-55 (1+ K1Pco + /KzPu, + KsK1\[KoPeoPs + KiKoK3KoPoPu,)
Rer
3,6-13
_ k4K3Ki+f K,PcoPiy
- 2
; P, P,
Equation 3-56 <1 + K Prp + Ky P, + K3KiJKyPooPOS + 20— 4 — 20 >
14 co 2T H, 301 21 CO"H2 K7K2K5PH2 K6\/m
Rpr
15 PcoPiis
6-13 B kiparKeK;”KsK4K3Ky Puy0
P I 0.5 15 PeoPis i
Equation 3-57 1 + K1PC0 + K2PH2 + K3K1 KZPCOPH.Z + KGKZ. K5K4K3K1 PHZO
PHzO + PHzO
KBKZKSPHZ K61IK2PH2

Table 3-7 Reaction rate expressions derived on the basis of kinetics model FT-V

RDS/No. Rate equation

k-K.K;K*>K.K
\/ki,Par( 76 1K52 3 4) PCOPI-ll'ZZS

Rpp =
1 + K1PC0 + 1’K2PH2 + K3K1W’K2PCOPI-(I).25 + K1K2K3K4P60PH2

(\/ k7K6K1K3K4K20'75) PCOPF(I);S N
Equation 3-58 VKs Vkipar

.25 .
\/ki,PaT(KlKZO ? K3K4)PC0P1‘9225 (KsK1KFK3Ky) PCOPI'(I)Z.S
+ ki,par

Ks/k,Kg Ks k9>

4,5-12
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Rpr
3,5-12 _ k4K3K1K2PC0PH2
= — 2
Equation 3-59 kKoK KOS Puo N Pu,0 Py,0 k4K3K1K20-5P60PP(I)2.5
ki,parK7K2K5K5 €o PI-?Z'S K7K2K5PH2 K71/K2PH2 ki,par
Rpr
Pco P,
5-12 ki,parK1K22'5K3K4K7K5 P 2
— H,0
= 2
Equation 3—60 1 + K1PC0 + WIKZPHZ + K3K11/K2P(:Op1_(1)'25 + K1K2K3K4PCOSI;2 s
ksK3 K K p Py,0 + Ph,0 + Pu,0 kyK3K K52 Peo Py,
kiparK7K;2KsKs €o PI-(I)Z'S K7K; K5 Py, K7\ K2Py, kipar

Table 3-8 Reaction rate expressions derived on the basis of kinetics model FT-VI

RDS/No. Rate equation

3,6-13 k3K Pco Py,

Rom =
7 (1 + Ky P + /Ry Py,

Equation 3-61

Pcopl-lfz5
4,6-13 k4K3K /K, Pio
j— 2
o= PcoP kuK-Ki  PeoPS® ki KaK: PeoPu.\
Equation 3-62 14+ K P+ KPP + KoK, S0 Ha | Kall3Bq “COH, | Kall3lfy 7CO"H,
q < 1fco 24 H, 381 PHZO ki,parKS ,KZ PHZO ki,par PHZO
Pcoppzfs
6-13 ki,parK1K21'5K3K4K5 PH 02
= 2
Rpr = o b b pis b P22
E ; _ colH, coty, cotH,
quatlon 3 63 <+K1PCO + 1’K2PH2 + K3K1 PHZO + KlﬂKzK3K4 PHZO + K1K2K3K4K5 PHZO
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Table 3-9 Reaction rate expressions derived on the basis of kinetics model FT-VII

RDS/No. Rate equation
\/k5K1K§'5K3K4K6
105 v PCOP13'275
i,par
Rpr = 2
ksK{K}°K3K,
5,7-14 kiparKe
1+ K1Pco + /K2Py, + K1 K3PcoPy, + Ko7 Py P2 +
Equation 3-64
15 ksK; K25 KK, K
ki.paTKlKZ K3K4Ke po.5pl2s +\/ STz T3TeTe p._po-75
k CO "H, k0.5 CO'H,
5 i,par
3,7-14 k3K1PCOPH2
Rpr = P
H,0
Equation 3-65 (1 + KiPeo + K2Pp, + K5 )
PcoPi?
ki,parK7K5K1K22'5K3K4K6 C;i[ :2
Rpr = p : 2
H,0
7-14 /1 + K1PC0 + KZPHZ + m + K3K1‘,K2PCOPI-(I)25 +\
\ 2
. | PC()PI_:ILS |
Equation 3-66 K1 Ko K3KyPco Py, + KsKi K3 ®K3KyKe —p—2 +
P.oP?
K7KsKiK2K3K K —5—
H,0

Table 3-10 Reaction rate expressions derived on the basis of kinetics model FT—VIII

RDS Rate equation No.
2

Rpr = KiKskaPeoPi, Equation

455_12 (1 + K1PC0 + 1’K2PH2 + K1K3PC0PH2) 3.67
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3, 5- R K1k3PC0PH2 Equation
FT =
12 (14 KyPgo + N KZPHZ) 3-68
PCOPI-ZI'ZS
3 ki,ParK1K3K4\/ K, PH20 Equation
>12 Rer = K,K;K,PooP2 \ 3-69
18384 Fco by -
1 + K1PC0 + JKZPHZ + K1K3PC0PH2 + T)
2

3.3.2. Water-Gas-Shift Reaction Rate Mechanism

3.3.2.1. Kinetics model

In the present study, the kinetics models were discriminated on the basis of seven sets of
WGS elementary reaction steps in which they were considered for a WGS reaction under FT
synthesis conditions. These models are WGS-I to WGS-VIIL. The sequence of elementary
reaction pathways are tabulated in Table 3-11. These kinetics models were proposed based on
two different mechanisms. The kinetics models from WGS-I to WGS-V were written based on
a direct oxidation mechanism (redox mechanism). According to a literature study [123], the
COz can be formed either in an adsorbed or desorbed state via direct oxidation of surface CO

intermediate as illustrated below:
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C0O-—o0+0-o0

/ 2C0;,—0+o0 R. 3-9
\

2O, +20 R

3-1'0
Both paths were considered for the kinetics analysis in the present study. As a
consequence, models WGS-II and WGS-III and WGS-V were considered for direct oxidation
via the formation of adsorbed CO; while another two kinetics models, i.e. WGS-I, WGS-1V,
were considered to proceed via CO2 desorbed state. The oxide ion (O — o) is formed either
through the direct hydroxyl intermediate dissociation, viz. R. 3-11 or the direct dissociation of
the water molecule in the vicinity of either one or two active sites (R. 3-12 and R. 3-13,

respectively).

R.

OH—o0+0c 2H—-0+0—-o0
3-11
R.

H,0+20 @2H,—0+0—-o0
3-12
R.

H,0+0c 2H,+0 -0

3-13

Apart from direct oxidation, the formate mechanism was also investigated in the
development of the WGS reaction under FT synthesis conditions in the present study. Models
WGS-VI and WGS-VII are both based on the formate mechanism in which the formate species
is formed through the reaction between adsorbed CO intermediate and a hydroxyl surface
species (—OH) viz. R. 3-14; that surface hydroxyl intermediate is formed via the decomposition

of water by R. 3-15.
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R.
CO0—0+0H—-0 2CHO,—0+0
3-14
R.
H,0+20 2H—-—0+0H—-o
3-15

From the quantum calculations on transition metals [145], it was concluded that the
hydroxyl dissociation in which the adsorbed hydrogen and oxygen are formed has an
unfavourably high activation barrier under FT synthesis conditions. There is also evidence that
the formate species is more favourable than the direct oxidation mechanism, as in situ, the
existence of formate species was confirmed by infrared spectroscopy under an FT reaction
condition; however, the conclusion was made on the Fe-based catalyst [146]. In addition, in
situ formate species over some transition metals was detected by Fourier transform infrared
spectroscopy (FTIR) in the diffuse reflectance mode (DRIFTS) [147]. Corresponding to models
WGS-VI and WGS-VII, the kinetics analysis also showed that it is not possible to distinguish
whether water reacts as an associative state (—H,0, considering reactions R. 3-16 and R. 3-17),
or a dissociative form (R. 3-15), in the surface reaction if the RDS is the dissociation of formate
intermediate to CO> (R. 3-18); since the outcomes of these two kinetics forms were nearly

theoretically identical. This conclusion was also supported by Dry [66].

H,O0—o0c+0 2H—-0+0H—-o0 R. 3-17
CHO, —0 2H —o0+ (0, R. 3-18

It was pointed out that different surface chemical reactions and pathways may lead to the
same kinetics and rates expression and kinetics studies cannot definitely ‘prove’ a proposed

mechanism. Characterization over the catalyst and also quantum chemical calculation [148] are
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the ways to discriminate whether water reacts associatively or dissociatively. In addition,
microkinetic analysis of every elementary reaction step [149] is necessary. However, these

types of works are out of the scope of the present study.

Table 3-11 Elementary reaction steps for WGS reaction

Model No. Elementary reaction steps Model Elementary reaction steps
WGS-I 1 CO+o0 2C0—-0 WGS-V CO+o0 2C0—-0
2 H,0+20 2H—-—0+0H -0 H,0+0 2H,+0 -0
3 OH-—oc+0 2H—-0+0-0 C0—0+0—-02C0,—0+0
4 CO—0c+0—-0 2C0, + 20 CO,—02C0,+o0
5 2H—0 2H,+ 20
WGS-1I 1 CO+o0 2C0—-0 WGS-VI C0+0 2C0—-o0
2 H,0+20 2H—0+0H -0 H,0+0c 2H,0—o0
3 OH-c+02H-0+0-0 CO_U+H20_:_’CH02—0+H—0
4 C0—0+0—-02C0,—0+o0 CHO, —0 2C0,+H—-o0
5 CO,—02C0,+0 2H—0 2H,+ 20
6 2H—0 @H,+ 20
WGS-IIT 1 CO+o0 2C0—-0 WGS-VII C0+0 2C0—-o0
2 H,0+20 2H,—0+0 -0 H,0+20c 2H—-0+0H -0
3 C0—0c+0—-02C0,—0+0 C0—0c+0H—-0 2CHO,—0d+0
4 CO,—02C0,+0 CHO, —0 2H—-0+CO0,
5 H,—oc2H,+o0 2H—0 @2H,+ 20
WGS-IV 1 CO+o0 2C0-0
2 H,0+20 2H,—0+0—0
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3 CO0—-0+0—-02C0,+ 20

4 HZ_O-(_—)H2+O'

3.3.2.2. Derivation of Rate Equation

As explained, in order to derive the rate expressions, the FT reactions (hydrocarbon
formation) and WGS reaction were assumed to proceed on different active sites. One rate-
determining step (RDS) was considered in the sequence of the WGS elementary reaction steps;
while the remaining elementary reaction steps were assumed to be at quasi-equilibrium.
Corresponding to the reaction mechanisms listed in Table 3-11 and reaction rate expression in
Table 3-12 to Table 3-18, WGS-II RDS-4 means that the reaction mechanism is WGS-II, and
the RDS-4 means that step-4 of the elementary reaction steps is the slowest step (RDS) and
other reactions are at quasi-equilibrium condition. From the WGS-II RDS-4, the rate of

formation of CO: (i.e. rate of WGS reaction) was written as:

Rwes = kwes,0co% — kwes_,0c0,0 Equation 3-70

Considering the elementary reaction steps 1-3 and 5-6 in model WGS-II that proceed at
quasi-equilibrium, the net rate of the above-mentioned reactions will be zero. As a result, the
intermediate species €.g. 0¢g, Opu, 0p, Oco,» and gy were equated from elementary reaction

steps 1, 2, 3, 5, and 6, respectively as follows:

Equation
0co = Kw, Pco 0
3-71
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Ky Py.o0% Ky Py 0% P,
Gy = W2 H209 _ TwslHz0 Ky, K&Sﬂa Equation
OH Py vV P H;
2
o

Ko, 3-72

P

K, K, KO.S H,0 o
Ky, Gon0 W3 < W, W \/P_Hz 1,0 Equation
0y = = = Kw, Kw,Kw,
On P, Py 3-73
. -
o
Ky,
 Peo, Equation
o0 "k, 3-74
3 -
o P Equation
H

Kw, 3-75

From the Langmuir adsorption theory in a multicomponent system of a single site type,
the area coverage fraction of species was written as in the stoichiometric balance of the

following form:

Equation
O-+O-CO+O-0+O-0H+O-C02+O-H: 1
3-76
Substitution of Equation 3-71-Equation 3-75 into Equation 3-76 gave the final form of o

in terms of partial pressure of different species and the equilibrium constant parameters as

follows:
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1
o= Equation

1+ Ky, P Pu, Ky K. K Pu, K K°-5—P“20 Peo,
+ Wy C0+ K + Wo AWz AWy P + Wy 6\/ﬁ+KW5 3-77
2

Substituting the surface intermediates (Equation 3-71, Equation 3-73 and Equation 3-75)
into the early WGS rate expression (Equation 3-70) gave the following equation with respect

to the total active site:

Peo, Equation

Pu,o
Rygs = kWGs4 (lepcoa) K, Kw, Kw, P o|— kwcs_4K_UU
H Ws 3-78
Therefore the final form of the WGS reaction rate expression (Equation 3-78) for the

model WGS-II with RDS-4 was derived by substituting Equation 3-77 into Equation 3-78.

PCOPH (0] PCO
(s, Ko, Ko Ko Koy 5222 — Koy, 222 |
Ruyrc = Ha Ws Equation
WGS
,P Py, P P
1+ Ky Prp + + Ky Ky K O+ Ky, KOS5 —229 4 —C02 3-79
W1 co K W2 W3 W6 P Wz 6 \/P_I_Iz KWS

Table 3-12 Reaction rate expressions derived on the basis of kinetics model WGS-I

RDS Rate equation No.
1 Pco,Pu
(kWGS Pco — kwes - 2)
-1 Ky, Ky, Ky, K, P
1 Rwgs = i ~ v Tws Twa Tws THa0 Equation
1 Py, 3-80

i, P, Py, P
%2 + Ky, Ky, Ky, —22> P +KW2KI£|),5 H0 4

1+
Kw, Kw, Kw, Kw, PH2

PO5 Ky,
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I p K 1 PI91 SPCO2
was,FH,0 — Kwes_, K2, Ky K2, KSS P2, _
Ryes = 1 W5 W, Ws 5 Equation
PH P(;o 1 PCO PI-?'S 3-81
1+ Ky, Pco + ’ 2+ 25—+ -
o™ [Kwy © Kw,Kw,Peo ™ Ky, Ky, K, Ko Peo
Pco, Pt}
<kWGS3KW5KW2 Py — kwes._, K Ky ZK‘;)/E Peo .
Rycs = 4 W1 W . Equation
Py Pco Ph,0 3-82
1+ Ky, P +f Z 4 5—+ K Kw, oo
WAateo T | Kwy * Kw,Kw,Pco © TWs T2 pOS
PcoPu,o
. (kWGS4KW1KWzKW3KW5 Py, =~ kwes_, P COz) Equation
wGs = Py, PcoPn.o Py -
(1 + le Peo + KW5KW2 p + KW1KW2KW3KW5 Py = + sz) 383
2 5
PcoPu,o
(kwcssleszKwa Kw,—p =~ kwas P Hz) Equation
Rygs = :
1 Pco PcoPu,o0 | Peo ) 3-84
1+ Ky, Pco + 2 + Ky, Ky, K. Ky, —p—2— +
( Wm0 " Kw, Kw, Kw, Pco WAT W BWs B Wa - Py, Kw,

Table 3-13 Reaction rate expressions derived on the basis of kinetics model WGS-II

RDS Rate equation No.
(k Peo — k L P”ZPCOZ)
was,' co WGS_q KWz KW3 KW4 KW5 KW6 PH20
Rwes =
Py P P, Equation
1 14 1 Hy'COp | |THy o q
Kw, Kw, Kw, KwKwy  Phyo Kw, 3-85
Py, Py o  Peco
\ Kw, Kw, Kw, 52— P %+ Ky, K> POZS + sz
5
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Rygs
K p K 1 P cozp H, )
wes,'H,0 WG6S-2 Ky Ky, Kw. Kw, Pco Equation
2 B 2 3-86
’PH 1 Peo 1 Pco,P3’  Peo
1+ Ky, Pep + Z 4 Z 4 2 72 o4 Y2
Wit Co K KW1KW5 PCO KW1KW3KW5KVIO/65 PCO KW5
<k Ky, K35 222 — 1A cozP13'25>
3 Ryes = i WiTWs W, ©0 ; Equation
P 3-87
H 1 Peo Pu,0 . Pco -
1+ Ky, P, +/ 2+ 2+ Ky, Ky —2= + 2
Wit co Ky, = Kw,Kw, Pco We ¢/ Pu, Ky,
PcoPh,o0 Pco,
(kWGS4KW1KW2KW3KW6 TZ kWGS_4 KW )
4 Rwes = 2 > Equation
Py Py,0 o5 P,0 | Peo 3-88
1+ Ky, Peo + ’K—WZG + K, K, K, T, =+ K K, \/'pZTZ uyon
PcoPh,o
(s Ko Ko Ko Kin Ko, 5222 ~ ks P, )
Rygs = :
Py, Py,0 Equation
5 1 + KW1PC0 + K + KWZKW3KW6 P + b 3_89
P, Pqo P
Ky K&5 222 4 Ky Ky Ky Ky Ky, —2 1129
w, B, \/FTZ w s, s fw, fw = p
PcoPh,o
(Fowes, Ko, Ko Koy Kin, “B22% — kg, Pu, )
Rygs = - 2
PcoPh,o0 Equation
6 1+ Ky, Peo + /K, K, Ky K, |—p—2% + -+ d
€02 3-90
1 Peo, n Ky, Pco,Ph,0 n Peo,
Kw, Kw, Pco Kw, Kw,Kw,  Pco Ky,
Table 3-14 Reaction rate expressions derived on the basis of kinetics model WGS-III
p
RDS Rate equation No.
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(k P —k 1 Py P coz) .
R _ WGS, " CO WGS_y KWZ KW3KW4_KW5 PHZO Equatlon
wGs — 1 Py, P P P P 3-91
1+ H27C02 4 o TH20  Fcoz HZ)
( Kw, Kw, Kw,Kw,  Puzo Ws™W2 Pyp " K, " Kw,
(kWGS Prz0 — kwes ! PHZPCOZ) :
Ryes = : 2 Kw, Kw, Kw, Kw,~ Feo ~ Equation
1 P P P 3-92
1+ Ko Por+ COZ+C02+H2)
( Wi7C0 " Ky, Ky, Ky, Pco ~ Kw, ' Kuw,
PcoPhzo Pco2
(kWGSgKW1KW5KW2 Py, kwes_, K_ Equation
Rygs =
P P P 3-93
1+ Kw, Pco + Kw Ky, 22 + 7622 + H2>
( wy 1 Co Ws B W, P KW4, KWS
PP
(kW@S4KW1KW2KW3KW5 —C%HI:ZO — kwes_,P coz) Equation
Rygs =
Puzo PcoPrzo | Puz 3-94
(1 + le Peo + KWSKWZ Piy + KW1KW2KW3KW5 Py TR Jf(w5
PcoPrzo
R (kWGSsleKwsKW4KW2 Pcoz fwes. PHZ) Equation
wes = 1 Pcos PeoPrzo |, Pco2 3-95
(1 *+ Kw, Peo + Kw, Kw,Kwa Pco K Kws Kw K, Zpo, KW4)

Table 3-15 Reaction rate expressions derived on the basis of kinetics model WGS-IV

RDS Rate equation No.
ko Pk 1 PrzPcor ,
| . was,feco WGS_4 KWz ng Kw4 J 2 Equation
wes = 1 Py,P P P
1+ H27C02 4 g g TH20 | HZ) 3-96
( Kw,Kw,Kw, Pr2o W2Wa Py, 7 Ky,
ko Pk 1 Pco2Pr ,
, . B waGSs,'H20 WGS_, KW3KW1KW4 Pro Equatlon
e (1+K - PCOZ+PH2)2 397
Wit co Kw,Kw, Pco = Kw,
PcoPrzo
. (kwas3 Kw, Kw,Kw, Py, kwes_,Pc 02) Equation
3 wGs =
Ky, Kw, P20 | Py, g 3-98
1+ Ky, Peo + Py + Ry,
4
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PcoPu,o
(kWGS4KW1KW3KW4KW2 Pcoz2 ~ fwes_, P Hz) Equation
4 R =
wes 14 Ko P+ 1 Peo,  Kw,Kw,Kw,Pu,0Pco 3-99
W1 70 Ky, Kw, Pco Pco,

Table 3-16 Reaction rate expressions derived on the basis of kinetics model WGS-V

RDS Rate equation No.
. P — 1 Py, Pco,
1 . wesitco T "wes. KKy Ky Paoo Equation
was — (1 + 1 PHZPCOZ +KW2PH20 +PC02) 3-100
Kw, Kw,Kw, Puzo Py Ky,
o Pk 1 PrzPcor _
, WGS,FH20 WGS-2 Ky, Kw3Kwa Pco Equation
R =
wes (1 + Ky, P + 1 Peoa Pcoz) 3-101
1 Kw, Kw3Kwa Pco K,
PeoPrzo _ Pcoz>
. . B (kW053KW1KWz Py Fwes._ Ky, Equation
wGs = 2
Kw,Przo | P 3-102
1+ Ky, Pcop +—% + COZ)
( w, Fco Py Ky,
PcoP

(kWGS4KW3 lesz % - kWGS_4PC02) Equation

4 Rwes =
(1 + Ky, Peo +—p—— + Ku Ku, K, _CIngZO) 3-103

Table 3-17 Reaction rate expressions derived on the basis of kinetics model WGS-VI

RDS Rate equation No.

(kWGS PCO - kWGS K., K. 1K K. PCI(.))Z PHZ)
1 -1
Ryes = Wa—Ws Ws7Wa ~H20 Equation

1
| Peosy/P
1+ 1 Peoa Pz | Igzz 4 Feoz H2+KW2 Poro 3-104
5

Kw,KwKwKw, Puzo KW4KW(5)'5
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1 PCOZ PHZ)

k Py,o — k
( was, FH20 WGS_, Ky KwKw Kw, Pco

Ryes = Equation

2
, Pozy P P i
1+ Ky Peo + ,fv’z + L0V 2y ! PC‘;)ZCOHZ 3-105

KW4KW2'5 Kw 4Kw s Kw 3Kw

Pcos P
(kWGS3KW1KW2PCOPH20 — kwes_, %)
; Ryes = > Equation
14 Ky, Poo + |-DH2 4 Ky Prypg + 0029 Ptz 3-106
w1 Fco wo FH20
1 KWS 2 KW4 ngs
0.5 PcoPr20 Pco2+/ P2
kwes,Kw ;Kw, Kw,Kw g “h. kwes._, N
R _ Vv TH2 Vi Ws Equation
4 wGs =
, P 5 PooP 3-107
14Ky, Pco + K—V’Z + Kw, Puzo + KwKw K, Kwo® C"T’ZO
PcoP,
(Fwess v o Ky oy 522 — ks Pr,
Rwes = 2
PcoPrzo \ Equation
5 /1 + Kwq Peo t+ JKW4KW3KW1KW2 /T"‘ a
I ? I 3-108
Kw Kw, Kw ,PcoPu20Pco
\/ — K?/u £+ K, Puzo
Table 3-18 Reaction rate expressions derived on the basis of kinetics model WGS-VII
RDS Rate equation No.
Rwes
(k P _ kwes_, PCOZPH2> .
| _ wes,fco TR, KwKw,Kws Puyo Equation
3-109
14 1 Pco, Py, + Py, N Pco,/ Pu, Ko P Py,
Ky, KwsKw,Kws Pu,o Kw KW4KWg'5 WatH0 Ky,
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(k p kwes_, PCOZPHZ)
W6 'H0 TR Ko Ko K P
Rwes = Wi W3 We Ws €O > Equation
0,4/ PH2 Pco,+/ Pu, 3-110
1+KW1PCO W K K. K K K J% O.SP
5 Wy W W1 wW3hwyH™ws 1 Co
k K K K 05PCOPH20 k PCOZ\/ PHZ
waess w1 Bw, 8w T WGS_3 W
Ryes = 2 W4 7Ws > Equation
P Pcoz+ Puz 05 P, 3-111
1+ Ky, P +/ Hz 4 =+ Ky, K 120
wq fco Kw e K, KW wollwsg P13'25
Ryes
Pu,0 Pco Py
kWGs4KW3KW1KW2KWOSjDHT kwes_,Pco, K_WZS Equation
2
= 3-112
Py Py,0 Pco Ph,0
1+ Ky, Peo + ’K ~+ KW3KW1KW2KW05;)T K, Kwe® Poz.s
PcoPu,o
(s, Ky Koy Kov s Koy~ 22 = s P, )
Rwes = : 2
PcoPu,o Equation
1+ Ky, Peo + KW1KW2KW3KW4T +
2 3-113
KWZPH20PC02 KW1KW2KW3
+ Pco. P-oP
\/KW1KW3KW4,PCO KW4_ €0;" COTH20

All the above-mentioned WGS rate expressions developed from the proposed kinetics
models were initially coupled with the FT synthesis rate expressions developed in section 3.3.1
and then they were each evaluated against the experimental data at a variety of operating
conditions. The results and discussion obtained from the overall kinetics models are explained
in section 5.2. The full mathematical procedure in developing of each rate expression for WGS

reaction models is given in Appendix (Table A. 33 to Table A. 46).
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3.3.2.3. Formulation (equating) of the Reverse Rate Constant

The rate constant for the reverse reaction (kygs_,) in the above rate equation can be
represented by the equilibrium constant, K, of the WGS reaction. Generally, K,, in the WGS

reaction can be expressed by the equilibrium partial pressure of CO, Hz, CO2 and H>O species

as follows:

_ M Equation
p PcoPu,o 3-114

The partial pressures of CO, Hz, CO2 and H2O were obtained by rearranging Equation
3-71, Equation 3-75, Equation 3-74 and Equation 3-71 respectively. This gave the following

expression for K

<UCOZKW5) <0H2Kw6)
K = o o Equation
p ( Oco )(UOUHZ) 3-115
Kw,0) \Ky,,0?

0'(;020'

In Equation 3-115, the term (

) should be also defined with respect to equilibrium
gcooo

constants. Considering elementary step 4 and assuming that step 3 reached the equilibrium state,

one can obtain:

E ion
0c0,0 quatio

9co% 3-116

The K, term was eventually expressed by substituting Equation 3-116 into Equation

3-115 in the following form:
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Equation
Ky = KW1 KWz KW3 KW4KW5 KW6
3-117
According to the above-mentioned details of the chemical reaction equilibrium and since

the equilibrium constant is the ratio of the rate constant for the forward reaction to the rate

constant for the reverse reaction, therefore the term Kyyg,,_, was obtained as follows:

Equation
kWGS_1 = KWZKW3KW4KW5KW6kWG51/Kp 3118

3.3.2.4. Development of the WGS Reaction Equilibrium Constant (temperature

dependence correlation)

Generally the value of equilibrium constant Kp depends on the value of the standard free
energy change of reaction, which is the free energy of formation difference between the
products and the reactants, with both in their standard states (1 atm and the temperature of the
system). Thus the equilibrium constant is a function of temperature and its dependency on

temperature is given by Equation 3-119 [144].

AG; Equation

g 3-119

The value of AG, was computed from the available literature standard free energy of
formation data at a temperature of 298.15 K. These values were substituted into Equation 3-120
to compute the standard free energy of formation at 298.15 K, so that the K, value at the

reference temperature (298.15 K) was computed from Equation 3-119.
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Products Reactants ) Equation

o 1 o o
AGg 29815 :a_k( Z a; AGs 30815 — Z a; AGy 20815

L L

3-120

Here, a; and «a}, stand for a stoichiometric coefficient of ‘i and ‘k’ species, respectively.
In addition, the Kp value at other temperatures can be calculated from the classic van’t Hoff
equation via Equation 3-121. By integrating this equation, one can compute for equilibrium

constant Kp, at any temperature (Equation 3-122).

InKp A H; Equation

dT ~  R,T? 3101

l (KP) AH; (1 1> Equatlon
nl—|=——=——

K R, \T T, 3.122

The enthalpy changes that accompany the temperature changes were calculated by the
heat capacities of the respective mixtures. The heat of reaction at temperature 7 was the sum of
enthalpy changes for: 1) the temperature of the reactants from 7'to 298.15 K. ii) carrying out the
reaction at 298.15 K. and iii) the temperature of the products to the (same) temperature 7. The
heat of reaction can therefore be computed from Equation 3-123 and normalized to species &,

to Equation 3-124.

Reactants 298.15

o 1 o .
AHpr = — Z a;CpdT | + AHp 39815 Equation
(047 - T
3-123
Products T
+ — Z J aideT
a - 298.15
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Equation

o o 1
AHR,T = AHR,298.15 +—

Products Reactants
daT
ag

T
f Z a; Cp — z a; Cp
298.15

i i

3-124

The difference in heat capacity between products and reactants was determined from
Equation 3-125. The polynomial temperature dependency of the heat capacity and the
coefficients’ changes (i.e. Aa, Ab, Ac and Ad) are determined by Equation 3-126 and Equation

3-127 to Equation 3-130, respectively.

Products Reactants E .
uation

i i

Equation
3-126

Products Reactants .
Equation
Aa = a;a; — a; a; 3-127

i i

ACp = Aa + Ab + Ac + Ad

Products Reactants

Equati
a;b; — a; b; quation

3-128

Equation

a; ¢ — a; ¢

(Products Reactants

3-129

Ad = a; d;

) Equation

Products Reactants
( a;d; —

3-130
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The coefficients were obtained from the literature [144] and they are tabulated in Table

3-19.

Table 3-19 Enthalpy and free energy of formation at 298.15 K and constant coefficients of
heat capacity polynomial, Cp in unit J mol! K™ [144]

Species  Molar mass AH; AG; a b c d
CcO 28.01 -110.6 -137.4 2811  0.1672-10? 0.5363-10° -2.218-10°
H,O 18.02 242.0 -2287 32.19 0.1920-10? 1.054-10° -3.589-10”
CO, 44.01 -393.8 -394.6 2222 59711-10° -3.495-10° 7.457-107
H, 2.02 0 0 29.06 -0.1913-102 -0.8690-10° -0.8690-10°

From the above computation, an expression was derived for the equilibrium constant as
a function of temperature (Equation 3-131). This equation was used in the present study to

calculate the WGS equilibrium constant at different experimental temperature conditions.

4861.49
In(Kp) = =3.72 + —7 6.90-107%-T +1.33-107°-T%2 —8.38

Equation

2107273 +1.25-10712.74 3-131

3.4. Summary

In this chapter, two different approaches were used to develop a model for the FT
synthesis reaction network. The first was based on an empirical approach; whereas the second

approach explained the novel mechanistic details of FT kinetics. In the former, the rate
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equations were derived by power-law rate expressions, while in the latter the rate equations
were derived by the Langmuir—Hinshelwood-Hougen-Watson (LHHW) rate theory. The
limitations of power-law rate model were highlighted for the applications that wider range of
operating conditions has to be selected. In contrast the advantages of LHHW for predicting a
wider range of operating conditions were underlined. A comprehensive plausible mechanism-
derived FT kinetics models with eight novel elementary reaction pathways along with seven
novel WGS kinetics models were developed. Such reaction networks were investigated to fit
and validate against the newly obtained experimental results which can be used as a key tool to

emphasise the most significant facts of FT synthesis catalysis and chemistry.
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CHAPTER 4

MATHEMATICAL M ODELLING

4.1. Introduction

In addition to experimental studies, numerical analysis and mathematical modelling can
be used as an effective tool to provide knowledge about a catalytic reaction. Experimental
studies are typically very expensive; whereas theoretical modelling studies require only a
suitable model formulation and adequate physicochemical data. The information such as
temperature, reactant composition and products’ distributions obtained from the modelling is
significantly helpful in reactor design, scale-up, the understanding of its behaviour in operation
and predicting the effect of changing operating conditions. Modelling studies have been
considered in many pieces of research to assist in the development of the FT synthesis
processes. In this chapter, the procedures in developing the mathematical model of a fixed bed
FT synthesis reactor that is used in the evaluation of the kinetic parameters, parametric studies
and optimization of the reactor operations, are discussed in detail. In addition, the general

selection criteria and the governing equations used in the modelling of a fixed bed reactor are
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explained. In principle, a model should be tailored for its main purpose. It should be as simple
as possible, but still include a sufficient representation of the essential mechanisms involved.
Hence, several assumptions were taken into account in order to facilitate the computational
procedure and the model equations; such as species balance, continuity equation and pressure
drop. An algorithm was developed to solve the system of equations which includes the
mathematical description of the reactor model, reaction kinetics, and steps towards estimating

kinetic parameters.

4.2. Principles in the Modelling of a Catalytic Reactor

In general, procedures for obtaining the kinetics parameters involved several steps; such
as (i) selection and construction of experimental equipment; (ii) planning of experiments; (iii)
conducting them; (iv) checking the consistency of the experimental data; (v) developing kinetics
models; (vi) developing a mathematical model of a catalytic reactor by derivation of governing
conservation equations; and (vii) evaluation of the kinetics parameters. The latter tasks can be
carried out by classical methods, which are mostly on the basis of graphical procedures; or by
modern approaches, which rely on statistical methods as will be explained in section 4.8.2. The
evaluation of kinetics parameters based on statistical methods necessitates the implementation
of a particular kinetics model on a computer and subsequent parameter estimation; then, the
physical and statistical consistency of the kinetics parameters has be to evaluated. If the values
of the parameters are for some reason unacceptable, then the estimation of the parameters
should be repeated, sometimes with additional experiments or by reducing the number of

system parameters by simplifying the reactor model and/or kinetics model. Corresponding to
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the procedures mentioned above, one can say that the following steps are the next sequences
for the whole theoretical investigation of the model: (viii) validation of the mathematical model
using the evaluated kinetics parameters in the latter task; (ix) parametric studies of effective
independent variables to investigate the performance of the fixed bed FT synthesis reactor over
a Co/Si0; catalyst for conversion and selectivities; (x) numerical optimization of the operating
conditions to maximize the FT synthesis conversion, selectivities and productions of favourable

compositions. A block diagram of the complete process is illustrated in Figure 4-1.
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Figure 4-1 The whole process involved in the development of kinetics modelling of the FT
synthesis process.
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4.3. Governing Equations in a Fixed Bed Reactor

In a one-dimensional model (also known as a plug flow model), fluid properties (e.g.
temperature, concentration and velocity) are assumed to be uniform over the tube cross-section.
Hence, the gradients of these properties (i.e. the resistance to heat and mass transfer) in the
radial and angular directions are neglected; the properties are varied only in the axial direction

(e.g. along the reactor bed length).

Focusing on the phenomena occurring in the reactor reduces the apparent diversity into a
small number of models or basic reactor types. The phenomena taking place in the reactor can
be broken down into transfer of mass, heat and momentum as well as chemical reactions. The
chemical reaction and kinetics of FT synthesis were comprehensively studied in Chapter 3. The
design and modelling of the reactor is on the basis of equations that describe the above-
mentioned phenomena i.e. the continuity, energy and momentum equations, as well as the
reaction rate equation. The first step towards the calculation of the conversion of reactant
components or formation of products (e.g. ‘4’) in the reactor involves the law of mass
conservation on a volume portion of the reactor that is fixed in space. Equation 4-1 is principally

the continuity equation for species ‘4.

introduced into leaving the system

amount of A ] [ amount of A
the system per unit time per unit time

— |Disappeared (or formed) from | = accumulated in

amount of A [ amount of A
the system per unit time the system per unit time

Equation 4-1
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The mechanisms by which ‘4’ can enter or leave the volume element are flow and/or
molecular diffusion (where the concentration is not uniform in the reactor). The motion of a
fluid, even through empty pipes, is not really ordered and is difficult to describe. Even if the
true detailed flow pattern were known, the continuity equation would be so complicated that its
integration would be extremely complex and tedious, if not impossible. The crossing of
different streamlines and mixing of fluid elements with different characteristics that result from
this crossing, are difficult points in the design of chemical reactors. It is therefore natural to
consider two extreme conceptual cases: first, where there is no mixing of the streamlines; and
second, where the mixing is complete. These two extremes can be formulated with sufficient
approximation by the plug flow reactor and the continuous flow stirred tank with complete

mixing; however, the latter case is not in the scope of the present study.

As pointed out, in a plug flow reactor all fluid elements move with equal velocity along
parallel streamlines. The plug flow is the only mechanism for mass transport and there is no
mixing between fluid elements. The reaction, therefore, leads to a concentration gradient in the
axial flow direction. For steady-state conditions, for which the last term in Equation 4-1 is zero,
the continuity equation is a first-order ordinary differential equation (ODE) with the axial
coordinate as variable. For non-steady-state conditions (transient condition), the continuity
equation is a partial differential equation (PDE) with the axial coordinate and time as variables.
Narrow and long tubular reactors closely satisfy the conditions for plug flow when the viscosity

of the fluid is low [34].

In an energy balance over a volume element of a chemical reactor, kinetics, potential, and
work terms may usually be neglected relative to the heat of reaction and other heat transfer

terms, so that the balance reduces to the following expression:
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amount of heat
generated from catalytic
exothermic reaction
per unit time

entered into removed from system

amount of heat ] [ amount of heat ]
system per unit time per unit time

accumulated in

amount of heat ]
system per unit time

Equation 4-2

The mathematical expression for Equation 4-2 is the energy equation and its integrated
form is the heat balance (see Equation 4-10). The form of these equations results from
considerations closely related to those for the different types of continuity equations. When the
mixing is so intense that the concentration is uniform over the reactor, it is possible to consider
that the temperature is also uniform. When plug flow is postulated, it is natural to accept that
heat is also only transferred by that mechanism. When molecular diffusion is neglected, the
same is typically assumed for heat conduction. When the concentration in a section
perpendicular to the flow is assumed to be uniform, then it is usual to consider the temperature
to be uniform in this section as well. It follows that when heat is exchanged with the
surroundings, the temperature gradient has to be situated entirely in a thin "film" along the wall.
This also implies that the resistance to heat transfer in the central core is zero in a direction

perpendicular to the flow.

In addition, the momentum balance can be obtained by application of Newton’s second
law on a moving fluid element. Over a volume element of a chemical reactor, the balance of

momentum in direction / can be written as:
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entered into removed from system

amount of momentum in direction l] [amount of momentum in direction l]
system per unit time per unit time

— | ‘i’ generated from pressure and | = |direction ‘i’ accumulated

amount of momentum in direction [amount of momentum in ]
shear stress forces per unit time in system per unit time

Equation 4-3

4.3.1. The Species Continuity Equations

The derivation of differential mass balances or continuity equations for the components
of an element of fluid flowing in a reactor is considered in detail in texts on transport processes,
for example, by Bird et al. [150]. These authors showed that a fairly general form of the
continuity equation for a chemical species ‘i’ reacting in a flowing fluid with varying density,

temperature, and composition is:

ac; Equation
E+\7-(Ciu)+|7-]i=Ri »

If species i’ occurs in more than one phase, such a continuity equation has to be written

for each phase. These equations are linked by the boundary conditions and generally also by a
term expressing the transfer of i’ between the phases. Such a term is not included by (Equation
4-4), since the following discussion is focussed on the various forms that the continuity
equations can take in single-phase, or in pseudo-homogeneous reactors, as a consequence of
the flow pattern. The terms and symbols used in this equation have the following meaning: C;

is the molar concentration of species 7’ (mol/m? fluid); so that dC;/dt is the non-steady-state

term expressing accumulation or depletion. In a cylindrical coordinate system, r, z, € with unit
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vectors dor, 0z, and 60; the gradient of a scalar function fis represented by Vfand the divergence

of a vector function v by IV - v; more explicitly:

Equation
10 10 0
Vf= ——f6r + ——f69 + —f6z
r or r 06 0z 4-5
Equation

dv, 10vy Jdv,

V-v= Z
U= %r "7 oz »

In Equation 4-4, u is the three-dimensional mass-average velocity vector in (m s~ 1) and
defined by Equation 4-7, where py is the density of the mixture; and u; represents the velocity

of molecules of species 7.

N Equation

= Pr 4-7

The term V - (C;u) in Equation 4-4 above therefore accounts for the transport of mass by
convective flow. The J; term is the molar flux vector for species 7’ with respect to the mass
average velocity (mol/m? s). When the flow is laminar or perfectly ordered, the term V -
J; results from molecular diffusion only. It can be written more explicitly as an extension of
Fick’s law for diffusion in binary systems, as in Equation 4-8 below, where D;,, is the effective

binary diffusivity for the diffusion of %’ in the multicomponent mixture [34].

C; Equation
Ji = =pDinV| —

Pr 4-8
Multicomponent diffusion laws were also used for ideal gases; as in the Stefan-Maxwell

equation. In (Equation 4-5) the driving force was taken as moles of 7’ per total mass of fluid

[150]. The term V - J; can also stand for the flux resulting from deviations of perfectly ordered
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flow, as encountered with turbulent flow or with flow through a bed of solid particles. The term
R; is the total rate of change of amount of i because of reaction; that is, ¥, Y%, a;;R; for multiple
reactions. The a;; are negative for reactants and positive for reaction products. The units of R;
depend on the nature of the reaction. For a reaction catalysed by a solid, preference would be
given to (mol kg7 s~1), multiplied by the catalyst bulk density (o) in the reactor. From the
definitions given it is clear that ),; M;J; = .; M;C;(u; — u) =0, while };; M;R; =0, due to the
conservation of mass in a reacting system. If each term of (Equation 4-4) is multiplied by the

molecular weight M; and the equation is then summed over the total number of species N,

accounting for the relation py = }.; M;C;, the total continuity equation is obtained:

opr Equation
Generally, when the reactor contains a solid catalyst, the flow pattern is strongly
determined by the presence of the solid, and the flux of %’ resulting from the mixing effect is

expressed in the form of Fick’s law.

4.3.2. The Energy Equation

Moreover, the derivation of energy equation of an element of fluid flowing in a reactor is
considered in detail in [150]. Equation 4-10 is the energy balance equation that contains the
phenomena that are of importance in a fixed bed reactor; where C,,; is the specific heat of species
7 (k] kg™ K~1); A is the thermal conductivity of the mixture (kJ m~! s~1 K~1); and the H;
is partial molar enthalpy (k] kmol™1). The respective terms arise from: (i) change of heat
content with time; (if) convective flow; (iii) heat effect of the chemical reactions; (iv) heat

transport by conduction; (v) energy flux by molecular diffusion; and (vi) radiation heat flux.
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Equation

ZMCCPL( +u- VT) Z( AH)1; + V- (AVT) — ZLVH Foat

@ (i) (i) (v) ) (vi)

Heat radiation in the reactor is often neglected, except in the case of fixed bed catalytic
reactors operating at high temperatures, but then it is generally lumped with the heat conduction
and a few more heat transport mechanisms into an "effective" heat conduction, having the form
of term (iv) in (Equation 4-10). When this is done in (Equation 4-10) and the diffusion term (v)
is neglected, the result is Equation 4-11, where A, is an effective thermal conductivity. When
there is more than one phase, more than one energy equation has to be written and a transfer

term has to be introduced.

ZM CC ( +u- VT)
0%T 10T 0°%T Equati
_ A\ i quation
B Z( AH)T; + Ao <622> e <r or + 6r2> 4-11
l

10°T
®9\rza62
4.3.3. The Momentum Equation

The balance of momentum in directions z; (i = 1, 2, 3) is described by the Navier-Stokes
equations in Equation 4-12, with x the molecular viscosity in (Pa s) and uu, s, I, and Vu second-
order tensors; / is the unit tensor and superscript 7 indicates transpose of Vu. In (7.3.3-1), the
respective terms result from: (1) change of momentum with time; (2) convection; (3) the

pressure gradient; (4) the shear stress; and (5) gravity.
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5 Equation
— v- VP+V-s— =0
3% (pfu) + (pfuu) +VP+V-s—psg 4.1
5 Equation
s=—|—=uV-wI+ u((Vu) + (Vu)T
(=57 w1+ u(0 + 07 i

The pressure field, required for the solution of Equation 4-12, can be determined from the
total continuity equation (Equation 4-9) and a relation between pressure, density, temperature
and composition; for example the ideal gas law for gas flows. Appropriate boundary conditions
have to be used. At walls, the no-slip condition is applied, that is, a zero velocity is imposed.
At inlets, a given velocity or velocity profile can be imposed. The solutions of Equation 4-12
and Equation 4-13 are not straightforward. Therefore, a given type of velocity field can be
applied and the corresponding pressure field is calculated from a specific pressure drop equation

as will be explained in section 4.5.

4.4. Model Assumptions

The FT synthesis process was carried out in a stainless steel mini-scale fixed bed reactor
with an inner diameter of 15.7 mm and a reactor length of 52.83 cm. A mathematical model of
the reactor was developed based on the following assumptions. A series of eggshell cobalt
catalysts supported with silica powder were used. The detail of the catalyst and support
materials will be discussed in section 5.1.1. The utilization of the eggshell catalyst in a mini-
scale fixed bed reactor is an advanced technique, which can overcome the mass transfer
limitation due to diffusion limitations in catalyst pellets in the fixed bed reactor system [1, 151].
In the present work, the catalyst was loaded in the reactor in powder form (2 g catalyst with

particle size of 75-150 um) in order to prevent internal mass transfer limitations. The above
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assumption was also taken into account by other investigators utilizing a catalyst in the form of
powder to prevent the internal mass transfer limitations [152]. Based on the above justifications,
the effects of the internal and external mass transfer resistances (interphase and intraparticle
mass transport) were neglected; hence only the rate of surface reaction in the reactor was the

controller.

In order to describe the kinetics of the experimental conditions the reactor model was
assumed to be a plug-flow pseudo-homogeneous state. Therefore, transportation in the
catalyst’s pores (transport phenomena in solid phase) was not considered, to avoid the
unsolvable difficulties in the integration of the reactor model embedded in a parameter

optimization procedure [133].

Also, in order to improve the temperature distribution along the catalytic beds, minimize
the formation of heat spots and prevent the temperature gradients caused by the strongly
exothermic FT synthesis reaction, 2 g of the pre-calcined catalyst was weighted for each
experiment and then diluted with 12 g of inert silicon carbide (mesh particle size 200-450). The
dilution of the catalyst avoids local hot-spots [1]. Dilution of a solid catalyst (in powder form)
with inert diluent (i.e. silicon carbide) is a common practice in the laboratory scale FT synthesis
process to have better heat removal as well as an effective use of a catalyst bed [153]. In
addition, to provide a uniform wall temperature along the reactor bed length, a metal jacket was
installed between the furnace and the fixed bed reactor and it surrounded the reactor. A steady-
state condition was assumed so that there was no change over time including catalytic activity,
selectivity and stability. Based on the above assumptions, a one-dimensional steady-state

pseudo-homogeneous mathematical model was developed to describe the hydrodynamic of the
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fixed bed reactor for FT synthesis. The reactor model equations will be presented in the

following section.

4.5. Model Equations

Equations 4-14 and 4-15 describe the conservation equations of it" species with respect
to concentration and partial pressure, respectively. The mole balance equations were first order
ordinary differential equations (ODEs). For homogeneous system a* = 1, whereas for
heterogeneous catalytic reactions a* equals to the bulk density of the catalyst (pg) which is
determined by the ratio of mass of the catalyst (m.,;) over the packed bed reactor volume (V/;).

Gas velocity was calculated from the continuity equation (Equation 4-16).

ac, * NR du, Equation
USE=C¥,BZUUR]—ClE 414
j=1

NR Equation

S - (L) ‘*
RyT 0z = v R,T 0z 4-15
Equation

dus aps

Praz =~ ™ oz 4-16

Density of the fluid mixtures was computed by applying the chain rule to the ideal gas
law (Equation 4-17). In this equation, the average molar weight of the fluid mixture was simply
determined by the molar mass of each species and its mole fraction in the mixture (Equation

4-18).
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P (PTMm) Equation
dpr RyT ) My 10Pr My PrdT
0z 0z B Ry T 0z T?R, 0z 4-17
NS Equation
Mm:zani 4-18
=1

The classic Ergun equation is the most popular equation used to calculate overall pressure
drop through catalytic packed bed reactors. Equation 3-23is the general form of this equation.
The first term on the right side of this equation corresponds to the Blake-Kozeny equation for
laminar flow, while the second term corresponds to the Bruke-Plummer equation for turbulent
flow. The Hagen-Poiseuille equation, expressing the pressure drop for laminar flow in an empty
conduit, when written in the form of (Equation 4-24), leads to a friction factor in the form of

Equation 4-19.

A2
_ (1-¢) 36 Equation

4 e Gdp/pim 4-19

Since the channels in a packed bed are not straight, a correlation factor of 25/6 had to be

introduced by Ergun to fit the experimental data, so that (Equation 4-19) becomes:

_ 2
= (A=) 150 Equation

4 e Gdy/pim 4-20

The Burke and Plummer equation for highly turbulent flow in a channel, written in the

form of (11.5.1-3), leads to a friction factor:

1
f =175

_3 Equation
€ 4-21
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Adding both contributions Ergun proposed,

f

Equation

_ l—ela+b(1—e)l
4-22

3 Re
With a=1.75 and b=150. Handley and Heggs [1968] derived a value of 1.24 for a and 368

for b. McDonald et al. [1979] proposed a = 1.8 for smooth particles and 4.0 for rough particles

and b = 180.

Consequently, the Ergun law was applied to calculate the overall pressure drop along the
reactor bed length and among different parametrization for the friction factor, Equation 4-25

was assumed to be the proper form of the friction factor for the flow in the fixed bed reactor

[34].
2 2 Equation
dPr 150G, (1 —¢) + 175 G (1—¢)
L dy'py € prdy € 423
dp, B ugpf Equation
dz dp 4-24
2 Equation
£ (1= 2)?36(25/6)pn
&3 prusdy, 4-25

The model aimed at predicting the axial profiles of radially averaged concentrations,
partial pressure, feed conversion and selectivity of different compositions at different operating
conditions (which were available for calibration and validation), with respect to reaction
temperature, total pressure and space velocity in a wide range of 503-543 K, 10-25 bar and 1.8-

3.6 L gear’! h!, respectively.
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4.5.1. Reactor Performance Criteria

In this section, some intensive dimensionless quantities are expressed to characterize the
operation of an FT reactor and present the methods used for reactor performance measurement
and analysis. The conversion of reactant ‘i’ in a plug flow reactor operating at steady state is

defined by Equation 4-26 [154].

Rate of reactant 'i’ disappeared from the system

fout — " Rate of reactant i’ entered into the system Equation

E;

_ in B Fiout

= F

4-26

in

The conversion is related to the composition of the reactant and was defined only for
carbon monoxide, which by definition, its value is between 0 and 1. Therefore, Equation 4-27
was employed to quantify the fraction of carbon monoxide that has been consumed in the FT
reactor. The conversion only depends on the boundaries of the system, “in” and “out” [155]. It
should be mentioned that the conversion was not defined on the basis of any particular FT

reaction in which multiple co/main reactions take place. Note that none of the reactions in the

FT synthesis process produce carbon monoxide.

Cini — Couti Equation

Conversion = x; (%,i: CO,H,) = - X 100

Cini 4-27

Equation 4-28 to Equation 4-30 were used to measure the portion of reactant converted
to desired and undesired products in the FT process. Since the carbon dioxide is the only co-
product which consumed the carbonaceous reactant to be produced, Equation 4-28 was used to
compute the selectivity of COz species which is the ratio of concertation of CO2 produced to
that of CO consumed.
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Carbon dioxide selectivity =

Equation
C
Sco, (%) = M0 %100 4-28
Cin,CO - Cout,CO

Lighter hydrocarbon selectivity = .
Equation
Sx(ci—cy) (%) = Cincy X 100 4-29

r Cin,CO - Cin,CO - Cout,COZ

Total liquid selectivity = Equation
Scs, (%) = 100 — (Spc, + Suc, + Suc, + Suc,) 4-30

In Equation 4-30, the desired products’ selectivity was determined relative to the amount
of carbon monoxide reactant converted to hydrocarbon products; hence, in the denominator,
the moles of carbon monoxide converted to carbon dioxide, was subtracted. The numerical
values of products’ selectivity are between 0 to 100% based on their definitions. The summation

of all products’ selectivity must be equal to 100%.

Equation 4-30 describes how to determine the selectivity of the heavy hydrocarbons
(carbon number > 5). As some of the compounds in a standard gas bottle used for quantitative
analysis of gaseous products by GC-FID (gas chromatography flame ionization detector) were
not available, the measurement of the quantities of particular constituents presented in the
gaseous products downstream of a reactor was not possible; therefore the product selectivity of

detailed hydrocarbons was measured up to hydrocarbons with a carbon number < 7.
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4.6. Development of the Algorithm

Regardless of the technique (e.g. finite difference or finite element method) that is used
to solve the system of differential equations (e.g. ODE or PDE), it is necessary to build the
solution method into an algorithm which will be turned into a computer program. The intention
was to provide recipes for solving the final problem in which experimental data is predicted
satisfactorily by a mathematical model. Here, the developed algorithm was found useful in
solving the reactor problem not only in a fixed bed reactor but also in a different reactor type.
A solution algorithm was presented that is effective in solving the single tube reactor model.
Such a solution methodology can be applied to a wide variety of problems which require the
solution of sets of coupled non-linear partial differential equations. The algorithm was applied
after the decision was made about which numerical scheme to employ and the equations were
reformulated in the appropriate manner. The algorithm illustrated in Figure 4-2 and Figure 4-3
referred to a steady-state one-dimensional model; however, the methodology is easily extended

to two- or three-dimensional models or shifted to an unsteady-state condition.
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Figure 4-2 Flow-chart diagram of mathematical and kinetics modelling procedure.
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Figure 4-3 Flowchart diagram of optimization procedure in estimation of kinetics parameters.
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The mole balance equation is, in fact, the most difficult to solve because it is highly
nonlinear due to the nature and order of reaction rates in terms of concentration of different
species such as CO,CO», H> and H>O. The unknown dependent variables in the reactor were
the concentration, mole fraction and partial pressure of the species in the flow direction; the
rate equation for the multiple reactions; as well as the fluid velocity and total pressure of the
system. The approach was to solve each differential equation in turn, cycling through the
equations one after another, repeating the process until a final converged solution was gained
at the reactor outlet. It was assumed that the domain was discretized and that the solution was
calculated at a number of fixed points (locations) along the length of the packed bed. The steps

were as follows:

i.  The physical and chemical parameters involved in the reactor model were
initialized. These parameters were either fixed values or functions of temperature,
concentration, pressure and/or velocity. Some of these values were stored in a data
file and some others were built into library of functions to be called by the main

MATLAB program.

ii.  The temperature was assumed to be constant. Therefore, the species partial
pressure, concentration, and mole fraction, as well as the total pressure and

velocity of the fluid flow were initialized.

iii. ~ The total pressure of the fluid flow i.e. Equation 4-23, was solved using the most
recent values for concentration and partial pressure. The value of the pressure was

then updated to be used to solve the density of the fluid mixture i.e. Equation 4-17.
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4.7.

.

VI.

Vii.

VIil.

ix.

The fluid velocity field i.e. Equation 4-16, was then determined by using the
updated (the most recent) value of pressure and fluid velocity which was stored

as an input to the next steps.

Then, the last stored data were used to calculate the partial pressure (Equation
4-15), concentration (Equation 4-14), mole fraction and weight fraction of each

chemical compound defined in the reactor problem.

Steps (ii) to (v) were repeated using several nested loops until all the unknown
dependent variables were solved at each specified fixed node (location) in the

spatial coordinate and for different experimental cases (conditions).

The results were then stored in the library and data file to be used in the post
processing section that was used to perform statistical analysis, such as F-test and
t-test to ensure that the model and the parameters were statistically significant.
Also, the relative residual between the calculated and measured data was

determined to check the accuracy of the prediction.

A statement was made so that if the accuracy of the prediction and/or statistical
analysis failed, then the model must be rejected and steps (iii) to (vii) must be

repeated.

Finally, the results were printed and plotted for further analysis and investigation.

Numerical Method

In order to solve the dependent variables (e.g. concentrations, partial pressures, reactants’

conversions and products’ selectivity) a numerical method was used. Euler’s and finite
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difference approximation were employed to solve Equation 4-14 to Equation 4-18 at each point
(z1, 23, Z3, ..., Zn_1, and z,) from an initial value of z,. The backward finite difference for the
first order ODEs was programmed in the space increments. Therefore, the node z,, is directly
calculated from the z,,_; by computing the derivative at z,,. The exact solution was converged
by reducing the step size which leads to a decrease of the error. The variables were calculated
along the axial dimension in multi-nested loops. The advantage of this combined method was

that the percentage error produced by the program code was negligible.

The model was discretized in the dimension needed by the code (i.e. “’z’’, “’i”’and “’t”’
which are length, number of species and number of experimental conditions, respectively) as

follows:

Size of the mesh =

Equation

[Number of nodes in z direction] X [Number of species] 431

X [Number of experimental conditions]

Eqgs. 4-32-4-36 are the boundary conditions applied to the balance equations for the

reactor model.

C(zi,t) =C(0,i,t) Equation
4-32

p(z,i,t) =p(0,i,t) Equation
4-33

(z,t) = pr(0,¢) Equation

or T 4-34
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us(z,t) = ug(0,t) Equation
4-35
pr(z,t) = ps(0,t) Equation
4-36
4.8. Optimization Study in Kinetics Parameter Estimation

4.8.1. Optimization Method

Parameter estimation problems were stated as minimizing the objective function that
measured the correctness of the fit of individual models with respect to a given experimental
data set. Each presented model contained a number of unknown independent parameters so that
the values should be estimated by an advanced optimization technique to obtain a model fitting
the experimental results. The procedures were as follows: the value of the dependent variables
(i.e. reaction rates, conversion and selectivity of different components) were predicted by the
model; a function ‘f°, contained independent variables (i.e. temperature (7)), pressure (Pr) and
gas hourly space velocity (GHSV)) and parameters (i.e. kinetics parameters such as kinetic rate
constants (k;), adsorption equilibrium constants (K;) and activation energies (E;). The choice
of optimization technique depends on the level of sophistication of the problem. In the case of
a reactor problem, the reactor model along with the chemical reaction networks was stated as a
nonlinear programming (NLP) problem, especially when a high order of reaction rates builds
the network. There is evidence that traditional (gradient-based), local, optimization methods
fail to arrive at satisfactory solutions and are not suitable for nonlinear problems. As a
consequence, the values of the parameters were estimated by an advanced global optimization

technique, which is a powerful and objective tool for this purpose. Among different global
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optimization methods, the GlobalSearch algorithm together with the Levenberg-Marquardt
(LM) algorithm were delivered as an alternative to surmount the difficulties mentioned above.
This method is capable of avoiding convergence to the local minima (sub-optimal solutions)
during the search process. In the optimization procedure, the independent parameters (e.g.
kinetics parameters) were subject to upper and lower bounds acting as inequality constraints
(.5 < p < pus). The optimization problem aimed at estimating the kinetics parameters in such
a way that the objective function was not just minimized, but also the global minimum value of
the objective function was achieved. The optimization problem contained the estimation of
kinetics parameters for each kinetics model developed in the present thesis. Each problem
consisted of Negyp X (Nyesp + N, + N,,) Partial Differential Equations (PDEs) that described
the changes of concentration of reactants and products, as well as fluid velocity and density
along the reactor bed length and one Ordinary Differential Equation (ODE) for that of total
pressure (Pr). The term Ny, denotes the total number of experimental runs; Ny, is the number
of responses (i.e. chemical species); N, is the equation related to the velocity field and N, is
related to that of fluid density. The goal was to find such numerical values of the parameters
that the model gives the best possible agreement with the experimental data. From the
governing balance equations in the model, it is clear that the model was non-linear with respect
to the parameters and variables. For estimation of the kinetic models, the dependent variable
(i.e. model responses in the regression procedure) were the outlet conversion of CO, the
selectivities of CO», CH4, CoHa4, C2Hs, C3He, C3Hs, C4Hi0, CsHi2, CcHi2, C7H16 and overall
selectivity of Cs+ that represents the overall formation of liquid products. The objective function

is defined by Equation 4-37.
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exp cal\ 2

77 =y . _

f},obj = (%) ]= 1; 21 31 ey Nexp Equatlon 4-37
J

Where y;** and yi®!

are the measured and predicted values of conversions of reactants or the
selectivities of products, respectively. Due to the complexity of the models, a multi-response

objective function was introduced, in the following form:

Nresp Nexp ) .

OF = v, —f (x:,p) Equation
B Wi j exp

i=1 j=1 yi,j 438

Where ‘i” denotes each component in the reaction mixture; w;; represents the weighting factor

3

of the response ‘i’ in experimental run ‘j°, which was used as the experimental scattering
varying between different data. Those responses with the most accurate measurement and/or
with special significance in the regression were provided with greater weights. In fact, the

<

weighting factor expressed the relative importance of the response ‘i’ in experimental run

5 f (xl-' I p) is the value of model prediction.

4.8.2. Data Analysis

As explained in section 4.8.1, to avoid getting trapped in local minima, the globally
kinetic parameters of the various rival models in this thesis were estimated using the combined
GlobalSearch algorithm and Levenberg-Marquardt (LM) algorithm. Then, the statistical tests
as well as physicochemical constraints were employed to evaluate the significance of the
models and kinetic parameters. The optimisation procedure was designed to find the optimal

minimum value of the objective function defined in section 4.8.1, which delivered: (i) a
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reasonable fit to the measured values; (i1) physically meaningful values of the kinetic model
parameters; (iii) acceptable values of statistical parameters, e.g. F,4p,e for the predicted model
as well as t,q;,. for the estimated kinetic parameters and these criteria were studied in the

following sections (4.8.2.1-4.8.2.4).

4.8.2.1. Physicochemical Constraints

For scanning the models by parameter optimization, several physicochemical criteria
were applied, such as those defined for rate constants (k;), adsorption equilibrium constants
(K;) and activation energies (Ej). Kinetic rate constants and adsorption equilibrium constants
should be positive. Also, the values of activation energies should be positive and for different
components e.g. methane, ethene, WGS, higher paraffin and olefins’ formation should be in the

range of values reported in the literature. These will be discussed in section 5.2.

4.8.2.2. Mean Absolute Percentage Deviation (MAPD)

Equation 4-39 indicates the relative residual (RR) percentage error between predicted
values and experimental data of individual response 7. This equation was used to indicate the
deviation between the model and experiment for each individual response. The RR (%) values

for the responses of each model were presented in section 5.2.

exp cal
m_ —Mm Equati
RR,_(%) = — exp X 100 quation
m; 4-39
In order to measure the accuracy of the fit of the models relative to the experimental data,

the results were analysed quantitatively by the mean absolute percentage deviation (MAPD)

using Equation 4-40. The MAPD (%) values were determined for developed mechanistic

152|Page



CHAPTER 4: MATHEMATICAL MODELLING

models as well as for power-law rate expression and presented and compared with those from

literature models in section 5.2.2.

Nresp [Nexp exp
20— (X, .
MAPD (%) = ; Z Z Vi) f( b p) x 100 Equation
Ny N, yrP 4-40
p-'resp i=1 ]:1 L]

4.8.2.3. F-Test Analysis

In addition to providing an excellent fit to the experiments, all the models should be
significantly relevant and physically meaningful. One way to assure the significance of the
predicted model results is the statistical analysis called the F-test, where the significances of
the overall regression were statistically determined. The F-test was used to see if the fit has any

significance at all. The test was performed by taking two factors into account:

I.  SST term that is the total sum of squared deviations of the experimental data with

respect to their mean value.

II.  SSE term that is the residual sum of squared deviations of the experimental results

with respect to the predicted values by the model.

Finally, the F, 4, for each individual response and the total responses were calculated by

Equation 4-41. The F,4;;, determined for the models are presented in section 5.2 (see Table 5-1

and Table 5-7).
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_ (SST —SSE) /(m — 1)

Equation
N — N
_ (Zj:eicp(yj,exp - Y)Z - ijfp(yj,exp - yj,pred)z) /(m - 1) 4-41
Y Ojexp = Vjprea)® /(n —m)

In this equation, n is a degree of freedom of a number of data points (Ney, X Nyegp) and
m is corresponding to the number of kinetics parameters. It is possible to reject the null
hypothesis and hence accept the model. This happens when the F,.,;;, determined for the
responses are higher than the value of F,.;4;cq; Which is the corresponding tabulated value [156-
158] (Fratio > Feriticaw(m — 1, n —m; 1 — a)); Foriticar 18 the tabulated a-percentage point of
the F-distribution with m — 1 and n — m degrees of freedom. If the calculated value is larger
than the tabulated value, there is a probability of 1-a (e.g., 99%) that the model is adequate
and the regression is considered to be meaningful, therefore the model is accepted. Among a
set of rival models, the one with the highest F,.,;;, would be considered the ‘‘best’” and that it

would be statistically adequate.

4.8.2.4. t-Test Analysis

The #-test was performed to ensure that the kinetics parameters obtained by the optimization,
optimization, were significantly relevant. The estimated kinetics parameters were tested for
their significance based on their individual t,,;,,. calculated by the procedure below (see

Table 4-1). The parameter with the lowest ¢, is the least significant parameter and
here a parameter is evaluated as insignificant if its t,,5. 1S less than the t iticq: from the
tabulated values that can be obtained from the literature [156, 157, 159]. For the optimum

kinetics model, the calculated ¢t,,;,. of the kinetic parameters was determined for the models
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and presented in section 5.2 (see Table 5-1 and Table 5-7). The steps for calculating the ;474

of the kinetic parameters are as follows:

IL

I1I.

IV.

VL

VIL

VIIL

IX.

Determination of the hypothesized or population mean (¢). When the errors are
normally distributed with zero mean and constant variance, the random variables
are distributed like the normal (Gaussian) distribution. At the given probability
level (e.g. 99%), the calculated n values have to exceed tabulated t, 4, for the
parameter to be significantly different from a reference value, which is zero (u=0).
This property is used in a two-sided #-test to verify if the estimated parameters
differ from a reference value (zero), when other parameters are kept constant at

their optimal estimated value.
Computation of the sample mean (X) (see Equation 4-42).

Computation of the sum of the squares of the individual parameters obtained from

each experimental run (see Equation 4-43).

Computation of the sum of the square difference as expressed (see Equation 4-44).
Computation of the estimated variance of the sample data (see Equation 4-45).
Computation of the standard error of the mean (SEM) (see Equation 4-46).
Calculation of the t, 4y from (see Equation 4-47).

Computation of the degree of freedom (see Equation 4-48).

Computation of the critical value for ¢ (called ts.py e OF tiriticar) With that degree
of freedom and probability value using a provided table in the literature [156, 157,

159].
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X.  Comparison of the calculated t,,;, of individual kinetic parameters to the

tabulated teritical -

When t,que > terivica(t — m; 1 — a) the hypothesis that the parameter would be zero
can be rejected. The quantity tepiricar(m — m; 1 — ) is the tabulated a percentage point of the
t-distribution with n — m degrees of freedom. There are limits on the complete collection of
reference values which are not significantly different from the optimal estimates, a; at the
selected probability level 1- «a, provided that the other estimates are kept constant upon their
optimal estimate. They are symmetrical with respect to the optimal point estimate a;. Hence,
the confidence intervals of individual kinetic parameters a; are defined by: a; — CF < q; <

Table 4-1 Steps through the computation of t,,;,. to test the level of significance of obtained
kinetic parameters

Step (II)

Equation 4-42

Step (I11)

Equation 4-43

Step (IV)

Equation 4-44

Nexp
J
n

Step (V)

Equation 4-45

Nexp

2.
j=1

Step (VI)

Equation 4-46

J
n

Nexp Nex 2
P, ¢
$§ = Z X? ——( vx)
j=1
Step (VII)

Step (VIII)

Equation 4-47 Equation 4-48
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st = SEM = sZ/n toalue =W df =n—1

4.9. Summary

In this chapter, the advantages of numerical modelling compare to experimental studies,
were highlighted. This chapter detailed the hydrodynamic of the rector model as well as the
developed algorithm for solving the system of equations and the procedure of estimating
kinetics parameters. Integration of the GlobalSearch optimization algorithm with the developed
model was explained for estimation of kinetics parameters in the preceding chapter. The
capability of the developed mathematical model for calculating the trend of changes of reactant
and products’ concentrations, partial pressures, mole fractions as well as conversion and
selectivities was highlighted. Such outcomes are profoundly beneficial in reactor design, scale-
up, the understanding of its behaviour in operation and predicting the effect of changing

operating conditions which highlights the effectiveness of the develop mathematical tool.

157|Page



CHAPTER 5: EXPERIMENTAL SETUP, MODEL CALIBRATION AND VALIDATION

CHAPTER 5

ExperiMENTAL SETUP, M ODEL
CALIBRATION AND VALIDATION

5.1. Experimental Setup

The experimental studies of the FT synthesis process at the University of Birmingham
were started in 2010 and the setup was designed and operated by a co-worker [1] in the School
of Mechanical Engineering. A mini-scale FT plant with fixed bed reactor was designed and
built to study the production of liquid hydrocarbons over Co-based FT catalysts. According to
this study, a series of eggshell Co catalysts on powder SiO; support with dissimilar structure
were investigated in the FT synthesis process. The detailed experimental set-up, catalyst
preparation procedures and different characterization experiments including methods and tools
can be found in the literature [1]. In sections 5.1.1 to 5.1.2, the aim is to highlight and represent
the overall information about the experiments which were employed for the kinetics study and

mathematical modelling in the present study.
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5.1.1. Experimental Apparatus and Catalysts

The experimental work [1] aimed at the development of a miniaturised version of the FT
plant that could accomplish a preliminary investigation of the synthesis process before being
scaled-up to a pilot plant. The FT synthesis was conducted in a fixed bed reactor packed with a
cobalt catalyst supported with silica powder. Figure 5-1 shows the schematic illustration of the
apparatus as well as the Process Path Flow (PPF) that implements the path of the syngas
conversion into the liquid hydrocarbon products. In this process, a simulated N>-rich syngas
bottle (containing: 33% Ha, 17% CO and 50% N») was used to feed into the reactor inlet for the
production of synthetic fuels. The catalytic reactor bed was purged by the N> bottle and the bed
was activated by employing the H> gas bottle. Both bottles comprised of a highly precise
compressed gas pressure regulator to decrease the gaseous pressure in the cylinders to a value
necessitated for the next steps, Figure 5-2 (d). Flashback arrestors were setup one for the gas
supply lines and one for the flammable syngas and hydrogen bottles to prevent a flame
generated by the gas flow. The one-way valves were setup to avoid backward flow of gases to
the gas sources, Figure 5-3 (e). A calibrated smart Mass Flow Controller (MFC), shown in
Figure 5-2 (c), was used to regulate the volumetric flow rate of the feedstock (Bronkhorst Ltd).
As illustrated in the figure, a bypass line let the gases bypass the mass flow controller and

release the pressure right after the experimental procedure was over [1].
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Figure 5-1 Schematic diagram of experimental setup designed for FT synthesis process.
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Figure 5-2 Mini-scale FT synthesis apparatus and the experimental components (adopted from
[1D).
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Figure 5-3 Mini-scale FT synthesis apparatus and the experimental components (adopted from

[1D).
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A heater tape (which has an electrical heating element) was used to increase the inlet gas
temperature before reaching the rector. The heater tape was completely in physical contact with
the pipe and the flow that entered into the reactor to preserve the temperature of the flow
continuously. In order to avoid the heat losses from the pipe, the heater tape was covered with
thermal isolation (see Figure 5-3 (f)). The pressure of the system was monitored using a pressure
gauge right before and after the reactor (see Figure 5-3 (b)). Moreover, a proportional relief
valve was set at 40 har and setup just before the reactor so that when the system failed, it would
discharge the pressure. The syngas conversion was carried out in the FT unit with a seamless
stainless steel single mini-structured downdraft fixed bed reactor with a tube length of 52.83
cm, outer diameter of 19.05 mm and wall thickness of 1.651 mm (see Figure 5-3 (b)). The
reactor was mounted in a tube furnace (with the temperature ranging from 50 to 1100 °C). The
tube furnace was used to provide the heat zone and it was controlled by a thermocouple that
was placed along the centreline of the reactor located roughly 60-80 mm inside the catalytic
bed. Additionally, a metal jacket was installed between the furnace and the reactor and it
surrounded the reactor to deliver a uniform wall temperature along the reactor bed length.
Following the reactor outlet, the lines were covered with heater tape to avoid the liquid products
condensing before the separation step. Prior to this, a discharge valve was used to release the
pressure of the system to prevent any blockage (see Figure 5-3 (b)). The streams of product
mixtures were distinguished into liquid products and unreacted gaseous flow using the vapour-
liquid separator so that the condensed liquid products flowed down and collected; whereas the
gases left from the column at the upper side (see Figure 5-2 (e)). A counter current heat
exchanger was utilized to decease the temperature of the column. A refrigerated laboratory
water bath (see Figure 5-2 (g)) was used to keep the coolant fluid at a constant temperature.

The temperature was set at 10 °C during all the experiments.
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The Co catalyst in the form of powder was diluted by inert diluent i.e. silicon carbide
(SiC) to have better heat removal as well as an effective use of the catalytic bed. In fact, the
reactant conversions are highly impacted by the nature of the diluters in exothermic
heterogeneous catalytic reactions; so that the diluent will aid the heat transfer, minimize the
formation of the heat spot, and improve the temperature distribution along the reactor bed. This
is a common practice in laboratory-scale FT synthesis processes, which is also reported by the
literature [160]. The catalyst’s particles were stabilized by employing a commercial sphere
silica support (provided by Fuji Silysia™ Chemical Ltd) because it has significant
characteristics such as: stability under reaction condition, high mechanical strength (due to its
high purity), inertness, its remarkable high porosity degree and surface roughness and having
low manufacturing costs [161]. The supports were stable chemically and mechanically due to
their high purity. The catalyst beds were packed with the glass wool and the glass beads with
diameter of 3 mm. To load the catalyst into the reactor, the reactor tube was placed in upside
down. First of all, glass beads were inserted at the top of the reactor in the pre-heating zone;
thereafter insulating glass wool was loaded in to avoid movement of the glass beads. The reactor
was loaded with the pre-mixed catalyst with diluent materials. Before loading the catalyst, a
thick layer of glass wool was placed at the bottom of the catalytic bed to keep the catalyst at the

specified position. Then, the glass beads were added to fill the remaining space of the reactor.
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5.1.2. Analysis of Gas and Products

After the catalytic bed was purged by the N> bottle and the bed was activated by
employing the H> gas bottle, the synthesis gas then entered into the reactor from the inlet and
the system was pressurized to the desired pressure for the FT process to begin. After the inlet
flow rate was regulated to the desired reaction space velocity the FT activity was started. The
catalytic performances were considered as a function of time on stream for 12 h. The changes
in the CO2 and CO concentration were monitored on-line by using a modified CO analyser
(AVL Digas™ 440). An HP® 5890 gas chromatograph (see Figure 5-2 (j)), equipped with a
Flame Ionisation Detector (FID) and Pora-Plot Q column, was utilized to analyse the effluent
gas products. The concentration of different compounds in a sample gas was measured
quantitatively. The liquid hydrocarbon products were analysed off-line using a DB1 column
combined with a gas chromatography-mass spectrometry (GC-MS) PerkinElmer™ as
illustrated in Figure 5-3 (a). For liquid samples, the qualitative analysis was performed to
identify the components. The experiments were carried out at sixteen different operating
conditions (i.e. reaction temperature range of 503-543 K, pressure range of 10-25 bar and gas
hourly space velocity per mass of catalyst range of 1800-3600 Nm# (STP) g...’ h™'). The values

of the operating conditions are listed in Table 5-1.
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Table 5-1 Experimental results at sixteen different operating conditions with respect to
reaction temperature, total inlet pressure and GHSV.

No. T  Pu GHSV Pu, Pco Xco  Sco. Scu, Scs.

(K) (bar) (Nmf (STP) geu' ') (bar) (bar) (%) (%) (%) (%)
1 503 10 1800 330 1.70 78.04 4.52 7.06 90.45
2 503 15 2400 495 255 7934 446 1659 76.23
3 503 20 3000 6.60 34 6655 263 11.17 81.88
4 503 25 3600 825 425 5434 172 12.60 81.43
5 518 10 2400 330 1.70 93.03 14.10 2327 68.57
6 518 15 1800 495 255 99.15 14.68 1096 85.29
7 518 20 3600 6.60 340 9252 10.25 2438 66.52
8 518 25 3000 825 425 9822 1145 1625 77.79
9 528 10 3000 330 1.70 90.78 16.38 28.72 5746
10 528 15 3600 495 255 96.81 17.05 3825 4893
11 528 20 1800 6.60 340 9996 20.70 21.55 71.72
12 528 25 2400 825 425 99.74 1834 2825 62.41
13 543 10 3600 330 1.70 9395 21.01 39.66 48.38
14 543 15 3000 495 255 99.74 2475 3589 54.03
15 543 20 2400 6.60 3.40 99.59 2536 5582 23.61
16 543 25 1800 825 425 9988 2493 4972 3798

Table 5-2 Experimental results at different operating conditions, selectivity of available
olefins and paraffins’ components with carbon number less than seven (C2-C7)

No. SC2H4 SCzHe SC3H6 SC3H8 SC4H10 SCsHu SCsH14 SC7H16
(%0) (%) (%) (%) (%) (%) (%) (%)

1 0.03 0.55 0.65 0.35 0.17 0.10 0.09 0.05
2 0.07 1.39 1.89 0.89 0.34 0.26 0.15 0.13
3 0.10 1.42 2.09 0.82 1.58 0.12 0.08 0.01
4 0.08 0.97 1.56 0.56 1.22 0.76 0.48 0.23
5 0.04 2.24 1.28 1.86 0.87 0.44 0.19 0.08
6 0.01 1.04 0.55 0.93 0.33 0.15 0.07 0.02
7 0.06 2.32 1.58 1.90 1.17 0.41 0.27 0.12
8 0.04 1.54 1.28 1.13 0.78 0.47 0.13 0.06
9 0.10 3.76 2.52 2.85 1.65 1.65 1.03 0.64
10 0.08 3.81 1.39 3.27 1.17 0.47 0.35 0.17
11 0.01 2.04 0.48 2.05 0.38 0.08 0.07 0.04
12 0.01 2.77 0.86 2.66 0.65 0.28 0.18 0.10
13 0.08 3.66 1.75 2.85 1.03 0.35 0.22 0.15
14 0.02 3.43 0.45 3.19 0.55 0.32 0.13 0.03
15 5.28 5.40 0.45 5.07 0.70 0.43 0.07 0.02
16 0.01 4.54 0.08 4.24 0.41 0.19 0.07 0.02
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5.2. Results and Discussion

5.2.1. Kinetics Results Using Power-Law Rate Model

Using the empirical power-law rate expression developed in section 3.2.1, the model
aimed at predicting the conversion of syngas species (CO and H») as well as selectivity of
carbon dioxide and hydrocarbon products by estimating the kinetic parameters which consisted
of: order of reaction with respect to CO and H» partial pressures; pre-exponential factor; and
activation energy for each proposed chemical reaction listed in Table 3-1. A total of 84
responses were incorporated in estimation of the parameters. These responses encompassed
seven species: CO conversion; CO,; methane (CHa); light hydrocarbons (i.e. Co, Cs, and Ca)
and total FT liquid hydrocarbons’ (Cs+) selectivities which were calculated at twelve different
experimental conditions (listed in Table 5-3); availability for calibration, with respect to
reaction temperature, total pressure and gas hourly space velocity (GHSV) in the range of 503-
543 K, 10-25 bar and 1800-3600 Nm# (STP) gea! h!, respectively. Table 5-4 shows the kinetic
parameters estimated by the empirical power-law rate expression (see Equation 3-1 and
Equation 3-2 to Equation 3-12) that was developed in section 3.2.1. The predicted results were
compared to those of the experiments with respect to the above components. The goodness of
fit was examined by employing the F-test and the MAPD values were computed based on the
formula provided in section 4.8.2 (see Equation 4-39 to Equation 4-41). From Table 5-4, since
the F,4¢i, With value of 55.34 exceeded the critical value (F,,iticq1), With a significance level of
0.01 (i.e. the cumulative probability of 0.99), hence one can be confident that the model is
significant. In addition, the MAPD value of 13.23% that were obtained indicated that the model

can fit the experimental results with reasonable accuracy. In fact, the calculated value of MAPD
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was in the range of the available literature, and kinetic parameters were all physically
meaningful. Nevertheless, part of the scope of the present study was to achieve a model
prediction much better than that obtained by the literature and predicted by power-law
empirically. It will be shown that the results were not satisfactorily predicted by the power-law
model for some species at some specific operating conditions those which significantly affected
the model predictions. It will be explained that this model may not be able to predict well at a
wide range of process conditions; however, this model is suitable when a narrower range is

selected.

Table 5-3 Values of experimental data employed in the present study considered for the
power-law model

T Py GHSV Conversion Selectivities

CO CO, CH, C G C4 Cs+

Nm# (STP) geui’

(K)  (bar) o (%) ) () ) () ) ()
Test-01 503 10 1800 78.04 452 7.06 058 1.00 0.90 90.45
Test-02 503 15 2400 79.34 446 1659 147 279 293 76.23
Test-03 503 20 3000 66.55 263 11.17 1.52 290 253 81.88
Test-05 518 10 2400 93.03 14.1 2327 228 3.14 274 68.57
Test-06 518 15 1800 99.15 1468 1096 1.05 1.48 122 8529
Test-07 518 20 3600 92.52 10.25 2438 238 3.48 3.24 66.52
Test-10 528 15 3600 96.81 17.05 3825 3.89 4.66 427 4893
Test-11 528 20 1800 99.96 20.7 21.55 2.05 253 214 71.72
Test-12 528 25 2400 99.74 18.34 28.25 278 3.52 3.04 62.41
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Test-13 543 10 3600 93.95 21.01 39.66 3.74 4.61 3.62 48.38
Test-14 543 15 3000 99.74 2475 3589 345 3.64 3.00 54.03
Test-15 543 20 2400 99.59 2536 55.82 10.69 5.55 434 23.61

In addition, the significance of individual kinetic parameters was statistically examined
by the #-test analysis in order to ensure that the kinetic model and parameters were relevant.
The detail of computation of t,,;,. Was explained in section 4.8.2.4. The t-test results (e.g.
tvaiue aNd toriticqr) are shown in Table 5-4. Absolute t,,;, of all parameters fell within the
range of 7.14—100.34, which were greater than the t.,;;jcq; With the value of 2.4 at a 0.99%
confidence interval, indicating that all parameters in the power-law kinetic model contributed

relevantly.

Table 5-4 Values of kinetic parameters estimated in the present study considering power-law
kinetic model presented in section 3.2.1 as well as Fy4;;, and t,,4; calculated from the
statistical analyses

Reaction n; * tvatue m; * tvatue Ej * tvatue Aj * tvatue
=) =) (k] mol™) (mol gzdy s~ Pal*™))
R. 3-1 0_39 5334 1.02 97.25 101.15 69.25 5.45E+01 68.44
R.3-2 ) 60.14 0.15 7.14 78.79 30.05 1.20E-03 64.59
0.24
R.3-3 0_26 15.71 0.18 7.25 59.95 51.82 1.45E-03 52.98
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R.3-4 0.5 9336 0.25 94.23 33.73 64.99 2.32E-06 16.80
R.3-5 O.-82 3423 035 5594 23.04 100.34 2.81E-09 32.70
R. 3-6 O.j76 1734 032 70.30 17.83 93.86 6.57E-10 15.85
R. 3-7 0._15 88.67 125 26.19 21.25 63.83 3.24E-08 62.38
R. 3-8 1._10 5144 126 100.08 50.24 80.59 5.99E-05 34.95

*Results of statistical analysis:
(1) F-test: Fratio = 55.34 > Fopipjcas M—mym —1;1 — @) = Fopypjeq (84 —32,32-1;1-0.01) = 2.07
(ii) r-test: lowest t-value = 7.14 > topirica (M — M; 1 — @) = tepivicas (84 —32;1 —0.01) = 2.4

Furthermore, the parity diagram as well as relative residual percentage plots were
illustrated in Figure 5-4 and Figure 5-5 (a-g) respectively, representing the overall adequacy of
the prediction with respect to the individual variables (i.e. CO, CO2, CHy, Ca, C3, C4 and Cs+)
and total response. It was seen that around 60% of the results were predicted with a relative
error of less than 15% and all the data points were predicted below 32% error, indicating that
the rate model did not effectively predict the rate of reactions at all operating conditions. From
the predicted results, it was found that at high temperature conditions, especially when 7> 528
K, the predicted results were not in good agreement with the measured data in which the
predicted values presented a higher relative residual than those obtained at a lower temperature.
However, the results presented in the past studies [136, 138, 162] revealed that with the

narrower temperature range, for instance when 7 changes between 500-528 K, the power-law
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model provided satisfactory prediction with the MAPD less than 7% in which about 89% of the
data points were obtained with an error below 10%. Considering a wider range for the process
conditions, the selectivities of CO, and CH4 were overestimated, while those of C,-C3 and C4
were underestimated. This implies that the temperature can significantly impact on the
estimation of the parameters and the mathematical modelling predictions. Indeed, this was due
to the temperature dependency of the activation energies and the Arrhenius equation (Equation
3-44) in the rate formula: at a high temperature condition; predicting a lower value of activation
energy would increment the rate constant as well as rate of products’ formation; while at a lower
temperature condition this would be vice versa. For instance, Figure 5-5 (b) shows the relative
residual between the calculated and experimental values in terms of CO; selectivity, indicating
the overestimation of the results at higher temperature conditions since some of data points
were predicted below —15%. Referring to Table 5-4, R. 3-8 was the reaction responsible for
the production of CO; and its activation value was 50.24 kJ mol™!, which was considerably
lower than the expectation. It will be discussed in details that the order of reaction (i.e. ‘m’ and
‘n’ in Equation 3-44) of H» and CO partial pressures would have significant effects on the
products rate of formation concurrently and can significantly control the estimation. Hence, the
temperature would not be the only reason for the overestimation and/or underestimation of the
modelling results. Figure 5-5 (d) to (f), represent the relative error in terms of C», C3, and Cs4
selectivities. In contrast to CO; and CHg, these components were underestimated. From Table
5-4, the order of reaction with respect to H» partial pressure (‘m’) for R. 3.6 to R. 3.10 was
lower than 0.35. Since ‘m’ is a positive value for each of these reactions then it has direct

influence on the rate of formation: decreasing ‘m’ would decrease the value of Py, and as Pf, «

R;, hence the rate of formation would gradually decrease.
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Figure 5-4 Parity plot and comparison of experimental data and predicted results obtained
from power-law rate model, a) all existing components used for prediction such as CO

172 |Page



CHAPTER 5: EXPERIMENTAL SETUP, MODEL CALIBRATION AND VALIDATION

conversion, CO,, CHy, C,, C3, C4, and Cs+ selectivities, b) products with a very low range
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Figure 5-5 (continued).
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Figure 5-5 Relative residual percentages of experimental data and modelling values for each
component; (a) CO conversion, (b) CO; selectivity, (c) CHs selectivity, (d) C» selectivity, (e)
Cs selectivity, (f) Cs selectivity, (g) Cs+ selectivity.

From the optimization of the kinetic parameters, the CHs activation energy,
corresponding to the Co/SiO; catalyst, was calculated to be 101.15 kJ mol™1. This result was
consistent with the literature values of 100—145 kJ mol~! on Co, Fe, and Ni catalysts [163-
167] and also fell within the range estimated by van Santen et al. [168] using the DFT technique
(100—170 kJ mol™1). In contrast, this value was significantly higher than the value of 63—65
k] mol~! for a Re—Co/ Al,O; catalyst reported by Todic et al. [169] and much lower than the
value of 177.4 kJ mol™! for a Co/AlLOs catalyst estimated by Visconti et al. [170].
Nevertheless, further investigation revealed the fact that the CH4 formation was overestimated
by the model, as can be seen in Figure 5-5 (c). However, the activation energy value (101

k] mol~1) was higher than expected; which can be explained by its relatively higher estimated
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pre-exponential factor, being at least four orders of magnitude greater than the same parameter
for other reactions, and the order of reaction of CO partial pressure, being of a lower negative

value than expected.

From Table 3-1, R. 3-1 is responsible for predicting the rate of CH4 formation. The
reaction orders obtained for the partial pressures of CO and H> were determined to be —0.39
and 1.02, respectively (see Table 5-4). The negative order of reaction for CO partial pressure
suggested a CO inhibition effect, by its adsorption on Co/SiO catalyst, and a significant
influence of partial pressure of H> on CH4 formation. This implied that the CH4 formation rate
is controlled by the hydrogenation of either unassisted or H-assisted carbon species
dissociation; but the CO adsorption on Co/SiO», as indicated by a negative number (—0.39),
obstructs the steps of the hydrogenation process. These values were in line with the reported
values for Co, Fe, Ru, and Ni catalysts; the reaction order for P¢o and Py, was in the range of

—1.3to —0.2 and 0.8 to 1.6 respectively, from the literature studies [165-167].

As pointed out, the P has an inhibiting effect which means that the lower negative value
of order of reaction would result in having less inhibition effects and therefore would estimate
higher CH4 formation and selectivity than is expected. From the CH4 kinetic model and results,
this was expected since a smaller negative and positive order for the P¢o and Py, , like —0.04
and 0.02 respectively, results in differential changes in the CH4 formation rate with respect to

partial pressures (see Figure 5-6 (a)).

It will be shown later that the prediction of CHy selectivities were improved considerably
by using a mechanistic kinetic model (i.e. FT—III (RDS—2)), indicating that the discrepancy
(overestimation) of CH4 selectivity from the power-law kinetic was due to the estimated low

value for the P¢( reaction order. Numerical analyses were continued to see the changes of CHa,
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C2, C3, C4, and Cs- rates of formation with respect to partial pressures of CO or Hz. Assuming
the power-law kinetic model, the results were illustrated in Figure 5-6 (a-¢). At a constant CO
or H» partial pressure, increasing the partial pressure of H, or CO significantly raised or reduced
the CHg rate, respectively (see Figure 5-6 (a)). Indeed, the changes in CO partial pressure shows
a weaker influence on the CHy4 formation rate and its selectivity than that of H, partial pressure
as it can be seen from the ratios of the CH4 rate changes to the variation of CO and H> partial
pressure: ARcy, /APco = 2.96 and ARcy, /APy, = 6.57. This was not in agreement with a
recent kinetic study of Re-promoted Co/CNT catalysts by Yang et al. [171] and Ma et al. [172]
who reported that CO partial pressure has a greater impact on CH4 formation rate and selectivity
than H partial pressure. This confirmed the above conclusion related to the reaction order of
P which was expected to be a higher negative value than the estimated value (i.e. —0.39), so

that CO partial pressure would have more inhibiting effects on the CH4 reaction rate.

It can be concluded that the power-law rate models have some limitations in the
representation of catalytic reactions; that is to say, they could predict the rates almost well
enough but only over a narrow range of experimental conditions; whereas, as it will be shown,
Langmuir-Hinshelwood (LH) rate expressions, due to their fundamental origin, predict the
rates over wider range of conditions. It was unclear which combination of a number of rate
expressions and kinetics models proposed for syngas conversion and product selectivity, as well
as the water gas shift reaction on cobalt, can provide the best representation of the available
data. Nevertheless, section 3.3 contributed to this uncertainty mentioned above and provided
adequate and comprehensive details regarding the kinetics of the FT reaction together with the
WGS reaction. The results obtained from the numerical studies will be explained in section

5.2.2.
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Figure 5-6 (continued).
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Figure 5-6 The influence of partial pressure of CO and H> on CH4 formation rate over

Co/Si0; catalyst. Constant reaction condition: 7=503 (K), P=15 (bar) H»/CO= 0.5-2, and
GHSV=2400 (Nm# (STP) gear’ I'").

5.2.2. Kinetic Results Using Mechanistic Developed Rate Models

5.2.2.1. Comparison of Results Obtained Based on Different Kinetic Models

All the rate models developed in Chapter 3, were employed to fit the experimental results
collected in a mini-scale fixed bed reactor at a steady-state condition in the wide range of total
pressure of 10-25 bar, temperature of 503-543 K and GHSV of 1800-3600 Nm# (STP) gear’ I
! The kinetic parameters involved in each model were estimated and the models were examined
against the experiments to find the best mechanistic model that predicted the FT synthesis
experimental data satisfactorily, as well as satisfying the consistency of the physicochemical
properties and statistical analyses. Such information can provide guidelines for the design of
more active and selective catalyst materials. The adequacy of the best developed kinetic model

to describe the experimental data with respect to CO conversion as well as CO, CHs, C2Ha,
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C>Hs, C3He, C3Hs, CsHio, CsHi2, CsHi4, C7His, and Cs+ (total liquid products) selectivities at
all investigated operating conditions was demonstrated by the parity plot and relative residuals

which will be discussed in the following section.

The results obtained from a total of 336 combined FT/WGS rate models (twenty-four FT
rate model along with fourteen WGS rate model) indicated the errors between the experimental
data and predicted data for the total of 144 data points (Ngyp X Nyesp), consisted of twelve
different chemical components mentioned above at twelve experimental conditions, falling in
the range of 5.93—53.73%. The rival models were discriminated by determining RR, MAPD
and statistical analysis performed by an F-test. These criteria (explained in section 4.8.2) were
essential procedures that should be accomplished to identify a model that has the best fit to the

experimental data and has the most significant physically meaningful kinetic parameters.

Four out of eight proposed kinetic models, from FT—II to FT—V, were based on an
H—assisted CO dissociation mechanism (see Table 3-2). Considering the model fit obtained
from FT—II to FT—V, the results (see values of MAPD listed in Table 5-5) indicated the
important role of H—assisted pathways as the kinetically-relevant CO dissociation steps on a
cobalt catalyst at reaction conditions essential for significant chain initiation and propagation.
As can be seen from the elementary reaction steps in Table 3-2, these pathways (Model FT—II
to FT—V) instead of directly dissociating CO—1 into O-atoms and carbon atoms (as in model
FT—I), gave precedence to the rejection of the O-atoms in CO as H2O either via direct cleavage
of species such as HCO—y and CH,O— (see model FT-IV and FT-V respectively), or via
the direct formation of OH—1 precursors through either the COH—1 species (see model FT—
IT) formed through interaction between CO—1 and H—1 or the HCOH—1 species (see model
FT-III) formed through interactions between chemisorbed H—y and HCO—1. Based on the
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adequacy of the results, these assisted pathways signified the exclusive CO activation paths on

the surfaces of cobalt catalysts at the reaction conditions.

The results obtained from H—assisted pathways indicated more accurate results than
those obtained from FT—I reaction paths which requires quasi-equilibrated CO—1) dissociation
via unassisted routes. This may imply that the latter pathways may have higher energy barriers
compared to the former. In fact, this was in agreement with a recent study [141] that employed
Density Functional Theory (DFT) calculations which indicated high CO dissociation activation
barriers with a value of 367 kJ mol~! on a CO-saturated cobalt surface, proposing that alternate
paths for CO activation must be kinetically-accessible during FT synthesis catalysis i.e. H-

assisted routes.

In addition, direct CO dissociation was unfavourable compared with H-assisted
dissociation, because of the higher MAPD value of the former (i.e. ranging from 12.72% to
39.25%) compared to the latter (i.e. ranging from 5.93% to 53.73%). Also, the best FT kinetic
model was found to be model FT—III (i.e. H-assisted CO dissociation through formation of
hydroxymethylene) with MAPD in a range of 5.9% to 31.38% for various WGS rate models.
Also, there is evidence that an H-assisted pathway, which includes the initial addition of H—
to CO—1 to form formyls (HCO—1), has a relatively much lower barrier (Er= 138 kJ mol™1)
than direct CO—1 dissociation on Co-saturated catalyst (Ef=367 kJ mol™1). Also the addition
of another H—y to HCO—1 gives HCOH—1 with a relatively low activation energy barrier (E¢
=90 kJ mol™1), followed by dissociation to CH-1p and OH-y (Ef= 106 kJ mol™1), in which
both have relatively lower activation barriers, favourable pathways for monomer formation.
Furthermore, the results indicate that the first H-addition to CO—1 is equilibrated and the

second H-addition is the kinetically-relevant step on Co catalysts.
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Comparing the predicted results by model FT—II to FT—I, the former model was closer
to the experimental data that can be described by its lower forward energy barrier of
125 kJ mol™1; compared to that of FT—I with CO dissociation activation barriers with a value
of 367 k] mol~*, when COH—1 intermediate was formed via the addition of another H—1) to
CO—1, signifying that the former route was more favourable for FT synthesis at typical process
conditions. Nevertheless, this path was followed by dissociation to C—y and OH—y with a
very high activation energy (i.e. Er = 315 kJ mol™1), indicating that it was an unfavourable
pathway for monomer formation compared to model FT—III with lower energy barriers as
explained above. Considering the FT—IV, the addition of H—y to CO—1 produced formyl
which dissociated to yield CH—y + O—1. In this path, CH— species formed CH3—1 via the
addition of molecular hydrogen without forming the chain growth monomers (CHx—1),
causing the predicted result to deviate from the experiments and was kinetically unfavourable

and unproductive in hydrocarbon synthesis.

Considering FT—V, the addition of H—1 to the C—atom in HCO—y formed CH,O—y
with a 58 kJ mol~?! barrier; CH2O—1) species can be followed by dissociation to CH,— and
O—vy in which the oxygen atom was rejected through this step possessing high activation
barriers (Ef = 157 kJ mol™1). A relatively higher error obtained by this model suggested that
this route did not satisfactorily contribute as much as model FT—III to the FT growth

mechanism.

Alternate molecular H, assisted CO dissociation via direct reactions of H> (g) with
CO—1, forming either C—y + HoO or HCOH—y comprising very high activation barriers,
suggested that these steps do not contribute to hydrogenation or CO activation pathways.
Hence, the last three kinetic models (i.e. FT—VI, FT—VII and FT—VIII) generally did not
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contribute to the FT growth mechanism compare to that of FT—III as was shown by their higher

MAPD values.

The results listed in Table 5-5 indicated that the formate mechanism generally provided
a better fit to the experimental data than the direct oxidation mechanism (see MAPD of model
WGS-VI and WGS-VII). The results showed that the best WGS kinetics model achieved from
the formate (CHO,—1) mechanism (i.e. WGS-VII (RDS-4)) with MAPD of 5.93% is better in
fitting to the experimental data than the best model from the direct oxidation mechanism (WGS-
I (RDS-4)) with MAPD of 11.68%. Presumably, this can be explained by the fact that the
dissociation of hydroxyl intermediate to adsorbed O—1 and H—1 species (which was step 3 in
this reaction scheme) is not energetically favourable under FT synthesis reaction conditions.
This conclusion was also supported by quantum calculation on transition metals that the
hydroxyl dissociation is energetically unfavourable with a relatively high activation barrier
[145]. In addition, in situ infrared spectroscopy confirmed the existence of formate (CHO>—1)
species on different surface catalysts [146, 147, 173]. Furthermore, the formate species was
detected in situ by Fourier transform infrared spectroscopy (FTIR) in the diffuse reflectance
mode (DRIFTS) over some transition metals. From the tabulated values (in Table 5-5) obtained
for CHO>—1y routes (WGS-VII) with different RDSs (RDS-4 and RDS-3), it can be seen that
MAPD value was below 10% indicating satisfactory prediction of experimental results. The
elementary steps CO adsorption, H>O dissociation and H» formation (for instance steps 1, 2 and
5 in model WGS-I respectively, Table 3-11) are not the RDSs in the WGS reaction under the
FT synthesis reaction conditions because of the large deviations of these models from the
experimental data, hence their errors were not listed in Table 5-5. Considering the redox
mechanism, the MAPD obtained for rate models of WGS-I with RDS-4 and RDS-5 were

identical to that of WGS-III with RDS-4 and RDS-5, respectively. From the derived rate
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equations (Table 3-12 and Table 3-14), it was seen that the two kinetics models had the same
rate expression formula despite having different reaction kinetic routes. This suggested that the
kinetic models cannot discriminate whether surface oxygen intermediate formed directly from
the dissociation of water molecule (step 2 in model WGS-III, Table 3-11) or via dissociation of
hydroxyl species decomposed from water (steps 2 and 3 in model WGS-I, Table 3-11) if the
RDS is the formation of CO; from either by adsorbed O — ¢ into CO — o or decomposition of

CO, — o from the catalyst surface.

The errors calculated from the combined FT/WGS models are tabulated in Table 5-5. The
minimum error (i.e. 5.93%) was achieved when the adsorbed CO molecule on a catalyst surface
dissociated via the H-assisted route. In this reaction pathway, the formyl and hydroxymethylene
intermediates (HCO — 1y and HCOH — ) formed via two successive hydrogenation of the
chemisorbed CO and the produced HCO—1 in which the second hydrogenation was assumed
to be the slowest step and kinetically considered to be more relevant compare to other
elementary steps in this route (RDS-2). Considering the WGS reaction kinetics, the formate
mechanism in which the formate species was formed through the reaction between adsorbed
CO intermediate and a hydroxyl surface species (—OH), was considered as the most kinetically
relevant route. The above-mentioned novel reaction mechanisms for the formation of paraffins

and olefins’ products as well as carbon dioxide are illustrated in Figure 5-7.
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Figure 5-7 Reaction mechanism for the formation of paraffinic hydrocarbons (CnH2n+2) via
alkyl species, olefins’ products (CnH2n) via vinyl intermediates and WGS reaction via
formation of formate intermediates (developed combined FT/WGS mechanism).
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Table 5-5 Values of MAPD obtained from optimization of each proposed FT/WGS combination rate model: twenty-four FT reaction rate models

with fourteen WGS reaction rate models in total were considered in the present thesis (to be continued on the next page)

No. 1 2 3 4 5 6 7 8 9 10

= = = = N A i N N -

Reaction model i:_‘/ = = E E E ‘é“ E \E“ E

= E E & £ E £ & & g
1 WGS-I (RDS-3) 23.85 29.69 23.83 32.44 30.15 28.18 20.30 14.21 22.62 38.30
2 WGS-I (RDS-4) 25.43 31.15 25.15 34.31 31.62 30.06 20.95 14.95 2442 40.89
3 WGS-II (RDS-3) 22.67 28.42 22.49 30.65 28.71 27.01 18.32 13.95 21.17 36.33
4 WGS-II (RDS-4) 19.15 25.56 19.80 27.12 26.65 23.95 15.32 11.68 18.16 32.86
5 WGS-II (RDS-5) 21.12 27.01 21.05 28.66 27.70 25.03 17.12 12.65 19.82 35.06
6 WGS-III (RDS-3) 27.36 32.77 26.75 35.62 32.98 31.26 21.65 16.95 26.22 43.86
7 WGS-III (RDS-4) 25.43 31.15 25.15 34.31 31.62 30.06 20.95 14.95 24.42 40.89
8 WGS-IV (RDS-3) 30.21 35.72 30.25 38.28 36.25 33.72 22.63 18.35 29.04 46.38
9 WGS-V (RDS-3) 31.36 37.62 31.99 39.86 37.26 3533 22.93 20.16 30.33 49.29
10 WGS-V (RDS-4) 33.21 39.25 33.02 40.90 38.53 36.56 24.50 21.60 31.38 51.46
11 WGS-VI (RDS-3) 17.33 23.85 17.96 25.84 24.66 22.83 13.95 11.25 16.67 31.19
12 WGS-VI (RDS-4) 15.95 22.15 15.96 24.25 23.57 21.08 13.60 10.12 14.67 28.75
13 WGS-VII (RDS-3) 14.68 20.33 14.29 22.29 21.58 19.64 11.88 8.93 12.98 26.37
14 WGS-VII (RDS-4) 12.72 19.33 13.27 20.63 19.81 18.58 9.50 5.93 11.25 24.36
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No 11 12 13 14 15 16 17 18 19 20 21 22 23 24
S 3% 3 8 % 3 3 3 2 3 3% 2 2 3
N N 7 75} n N n N
o) o) A A
| s & £ ¢ £ g g g B & g £ 2 &g
Reaction model N N = ~ = = = = = = = = = =
T T 11 1 % 1 % 31 7 % % 5 =
= = = | I I
a A a = i 8 a = & . & e =

1 WGS-I (RDS-3) 36.02 3987 25.07 21.41 2557 2924 2654 30.74 36.57 3231 40.75 36.16 32.09 36.02
2 WGS-I (RDS-4) 3743 42779 26776 2249 2755 3148 27.78 3197 3889 3409 4248 38.12 3327 3743

3 WGS-II (RDS-3)  33.11  37.18 23.11 1996 2399 28.16 2459 2942 3465 2952 3974 3478 29.55 33.11
4 WGS-II (RDS-4) 29.83 33.68 1996 16.18 21.37 2355 21.59 2596 31.65 2671 3492 3035 2487 29.83
5 WGS-II (RDS-5) 3148 3584 2142 18.02 2242 2589 2273 2837 3287 2834 3731 32.68 26.64 31.48
6 WGS-1II (RDS-3) 3893 4486 2827 2418 28.62 32.82 2941 33.17 40.09 3561 4353 40.64 3545 3893
7 WGS-III (RDS-4) 4031 47.83 2936 26.05 3041 3507 30.86 35.16 4131 37.59 45.67 4181 3691 4031
8 WGS-IV (RDS-3) 4247 5054 30.56 27.63 3226 3637 32.67 3792 4335 4047 4755 4396 38.79 4247
9 WGS-V (RDS-3) 4397 5263 31.89 2890 3330 38.28 33.69 40.63 4443 43.04 4947 4546 4094 4397
10 WGS-V (RDS-4) 4637 53.73  33.19 30.53 34.66 4034 35.09 4247 4569 4512 51.15 4647 4343 46.37
11 WGS-VI(RDS-3) 27.09 32.14 1846 1497 19.75 2240 2022 24.18 3021 25,51 3245 2778 2329 27.09
12 WGS-VI(RDS-4) 2529 3082 17.13 1346 18.15 20.84 1893 23.13 28.79 2370 29.63 26.63 20.73 25.29
13 WGS-VII (RDS-3) 22.67 29.79 15.63 12,12 1685 1931 1732 21.17 2582 2144 2757 2401 1896 22.67
14  WGS-VII (RDS-4) 20.65 27.65 13.69 1050 1527 16.58 1558 19.52 2358 20.14 2650 2152 17.65 20.65
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5.2.2.2. Goodness of Model Prediction Compared to Available Literature

The best mechanistically developed model for complete FT synthesis (i.e. model FT—III
with RDS-2/WGS-VII with RDS-4) was compared to the experimental values with respect to
CO conversion, as well as the selectivity of CO2, CHs, C2Ha, C2He, C3He, C3Hg, C4Hio, CsHiz,
CsH14, C7Hi6, and Cs-+ species. The parity plot that compares experiments against modelling
prediction is presented in Figure 5-8 (a) and (b). These figures show that the relative error
percentage between the model and experimental data of almost all data points was within

+10%.

The best mechanistically developed model for complete FT synthesis was compared to
the most recent findings in detailed kinetics of FT synthesis with respect to CO conversion and
COs selectivity, as well as the total experimental responses including both conversion and
selectivities. The best complete model estimated the CO conversion at all process conditions
with a mean relative error percentage of 3.3%. This value was lower than the lowest error
reported by Yang et al (see Figure 5-9 (b)) and Teng et al (see Figure 5-9 (a)), Atashi ef al.
[114] with 9.2%, Mirzaei et al. [174] with 9.7%, Visconti et al. [152, 170] with 14.5% and 7.3%
all accounted for CO conversion and were also better than that estimated for the power-law
kinetic model developed in section 3.2, with 7.8% error. In addition, the best model predicted
an average relative error of 10.3%, in terms of CO» selectivity, which was comparable with that
obtained by Yang et al. [133] with the error of 10.04% and Teng et al. [123, 175] with errors
of 7.53% and 11.93% respectively. In fact, the study conducted by Teng et al. [123] was solely
based on the WGS reaction mechanism and as a result twelve WGS rate models were derived

with an error in a range of 7.85-23.44%.
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In addition, the best model estimated all experimental responses (including the conversion
and selectivities) at all process conditions with a MAPD value of 5.93%, whereas Yang et al.
[133] reported the value of 18.6% and 19.2% for their two best models considering combined
FT and WGS mechanisms. Even the values of 33.99% and 35.52% reported by Wang ef al.
[134] and Teng et al. [175] respectively, was based on the total syngas consumption rate and
product selectivity. The error obtained by the proposed mechanistic model was even better than
that obtained by the power-law kinetic model developed in section 3.2, with a value of 13.23%.
Another significant point was the ability of the model to predict the CO conversion, lighter
product formation and CO; selectivity as a function of pressure and temperature. The model
indicates a significant improvement compare to the previously developed rate model by the
power-law Kkinetic rate expression (in section 3.2), that underestimated the CO,, Csz, Cas,
selectivity at a high temperature range (T > 528) and overestimated CO conversion and CH4

selectivity at a low temperature range (T < 528).
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Figure 5-8 Parity plot: modelling prediction against experiments using best kinetic model (i.e.

FT—III (RDS-2) with WGS-VII (RDS-4)).
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Table 5-6 Model calibration against experimental data using kinetic model FT—III (RDS-2) with WGS-VII (RDS-4)

Expelgrlr;ental Enggé?;fits SVS' xco | Sco. | Sch. | Sc:Hi | SciHs | ScsHs | SCsHs | SCiHio | SCsHiz | SCoHis | SCrHis Scs.
Test-01 Experiment 78.04 | 4.52 7.063 | 0.028 | 0.554 | 0.655 | 0.346 | 0.175 | 0.100 | 0.090 | 0.047 91.18
Prediction 83.85 | 4.75 7.76 0.026 | 0.573 | 0.596 | 0.325 | 0.187 | 0.105 | 0.085 | 0.040 90.533

Test-02 Experiment 7934 | 446 | 16.588 | 0.075 | 1.390 | 1.892 | 0.893 | 0.342 | 0.258 | 0.155 | 0.132 78.82
Prediction 76.47 | 3.45 164 | 0.072 | 1.310 | 1.980 | 0.780 | 0.371 | 0.227 | 0.143 | 0.134 79.087

Test-03 Experiment 66.55 | 2.63 | 11.170 | 0.095 | 1.422 | 2.085 | 0.817 | 1.576 | 0.120 | 0.085 | 0.013 82.84
Prediction 66.55 | 2.63 11.1 0.102 | 1.430 | 2.080 | 0.914 | 1.505 | 0.113 | 0.089 | 0.013 82.869

Test-05 Experiment 93.03 | 14.1 | 23.271 | 0.042 | 2.235 | 1.282 | 1.856 | 0.873 | 0.443 | 0.186 | 0.077 70.44
Prediction 93.00 | 12.35 | 23.99 | 0.047 | 2.500 | 1.150 | 1.758 | 0.978 | 0.486 | 0.192 | 0.084 69.577

Test-06 Experiment 99.15 | 14.68 | 10.962 | 0.012 | 1.041 | 0.548 | 0.927 | 0.334 | 0.154 | 0.069 | 0.022 86.18
Prediction 95.00 | 12.63 10.9 0.012 | 1.080 | 0.507 | 1.050 | 0.348 | 0.165 | 0.075 | 0.021 86.103

Test-07 Experiment 92.52 | 10.25 | 24.383 | 0.060 | 2.316 | 1.579 | 1.898 | 1.172 | 0.407 | 0.269 | 0.120 68.59
Prediction 88.00 | 9.24 22.5 0.058 | 2.010 | 1.438 | 1.978 | 1.188 | 0.389 | 0.255 | 0.110 70.828

Test-10 Experiment 96.81 | 17.05 | 38.249 | 0.080 | 3.812 | 1.393 | 3.268 | 1.174 | 0.475 | 0.352 | 0.170 52.02
Prediction 9478 | 17.05 | 38.68 | 0.077 | 3.890 | 1.480 | 3.025 | 1.168 | 0.465 | 0.348 | 0.181 | 51.6804

Test-11 Experiment 99.96 | 20.7 | 21.549 | 0.010 | 2.044 | 0.479 | 2.054 | 0.382 | 0.085 | 0.066 | 0.044 73.48
Prediction 96.80 | 17.17 | 21.43 | 0.011 | 2.120 | 0.514 | 2.010 | 0.329 | 0.091 | 0.062 | 0.050 | 73.5857

Test-12 Experiment 99.74 | 18.34 | 28.254 | 0.008 | 2.770 | 0.862 | 2.660 | 0.647 | 0.277 | 0.178 | 0.100 64.80
Prediction 97.58 | 17.15 | 28.46 | 0.008 | 2.450 | 0.980 | 3.056 | 0.599 | 0.240 | 0.172 | 0.105 | 64.4474

Test-13 Experiment 93.95 | 21.01 | 39.656 | 0.078 | 3.660 | 1.753 | 2.854 | 1.026 | 0.346 | 0.223 | 0.145 50.97
Prediction 86.00 | 26.85 | 41.53 | 0.076 | 3.800 | 1.650 | 3.140 | 1.150 | 0.319 | 0.213 | 0.145 48.654

Test-14 Experiment 99.74 | 24.75 | 35.888 | 0.018 | 3.433 | 0.449 | 3.192 | 0.549 | 0.318 | 0.125 | 0.027 56.47

Prediction 97.12 | 26.12 37.5 0.017 | 3.350 | 0.470 | 3.627 | 0.526 | 0.331 | 0.138 | 0.029 54.51

Test-15 Experiment 99.59 | 25.36 | 55.817 | 0.021 | 5.404 | 0.451 | 5.068 | 0.701 | 0.427 | 0.073 | 0.024 32.56
Prediction 98.23 | 26.03 | 55.89 | 0.023 | 4.650 | 0.440 | 5.540 | 0.687 | 0.465 | 0.077 | 0.022 32.793
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The models' prediction compared to the literature
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Figure 5-9 Comparison of calculated and experimental CO conversion obtained by the FT—III
(RDS-2)/WGS-VII (RDS-4) mechanistic model, developed empirical power-law model, and
those reported by Yang et al. [133] and Teng et al. [123, 175].
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Figure 5-10 Comparison of calculated and experimental CO; selectivity obtained by the
FT—III (RDS-2)/WGS-VII (RDS-4) model, power-law model, and those reported by Yang et
al. [133] and Teng et al. [123, 175].
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5.2.2.3. ASF Deviation

In addition, the details of product selectivities were predicted by the developed model
which are illustrated in Figure 5-11, Figure 5-12, and Figure 5-13 for all experimental runs
performed at different operating conditions with respect to temperature, pressure and space
velocity. These figures show the model’s fit in terms of n-paraffins and a-olefins with carbon
atom number in the range of available hydrocarbons obtained from quantitative analysis of
experimental studies. The model’s fit was compared to an ASF product distribution model and
the deviations of the experimental results in term of n-paraffin and a-olefins from the ASF
model are clearly shown; while a satisfactory agreement with the developed kinetic model
FT—III (RDS-2) with WGS-VII (RDS-4) is signified. Indeed, the change of the ASF slope with
a growing carbon atoms number, as well as the high selectivity to methane and low ethylene
selectivity, were the main causes of the typical deviations of the experimental distribution from
the ASF model (see in Figure 5-11, Figure 5-12, and Figure 5-13). In contrast, the postulated
mechanism and rate models could overcome the deviations of the experimental data, by
adopting separate reaction sequences for methane and ethylene formation, and by postulating
the combined alkyl/alkenyl mechanisms, in which the alkyl represents the paraffinic
compounds and the alkenyl expressing the olefin hydrocarbons. As a consequence, separate
rate constants (i.e. k.tn and k.,) were defined for the reaction sequences that were
responsible for the formation of these two components; while only one representative rate
constants was introduced for the termination steps of both n-paraffin and a-olefin (i.e. k¢ pqr
and K¢ oer)- These values are listed in Table 5-7 and will be discussed in detail in section

5.2.2.4.
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Figure 5-11 Product distribution comparison between FT—III (RDS-2)/WGS-VII (RDS-4) model prediction, standard ASF model, and the
experimental results, logarithmic of mole-fraction (Y;) to carbon number (n) ratio versus n; a): Test-01, b): Test-02, c¢): Test-03, d): Test-05.
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Figure 5-12 Product distribution comparison between FT—III (RDS-2)/WGS-VII (RDS-4) model prediction, standard ASF model, and the
experimental results, logarithmic of mole-fraction (Yj) to carbon number (n) ratio versus n; a): Test-06, b): Test-07, c): Test-10, d): Test-11.
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Figure 5-13 Product distribution comparison between FT—III (RDS-2)/WGS-VII (RDS-4) model prediction, standard ASF model, and the
experimental results, logarithmic of mole-fraction (Y;) to carbon number (n) ratio versus n; a): Test-12, b): Test-13, c¢): Test-14, d): Test-15.
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5.2.2.4. Evaluated Kinetic Parameters

The estimated kinetic parameters for the comprehensive (combined) FT—III (RDS-2)
with WGS-VII (RDS-4) kinetic model over a Co/SiO> catalyst, assuming that the slowest paths
(RDSs) in the FT reaction model are steps 4, 8-15 and that of the WGS reaction is step 4, are
listed in Table 5-7. Referring to section 4.8.2.1, it is worth noting that the numerical value of
each parameter in this work, in addition to obtaining a satisfactory fit of the experimental data,
was physically relevant and in good agreement with the expectations and literature studies. For
instance, the adsorption equilibrium constant of hydrogen (Ky,) was obtained three orders of
magnitude lower than that of carbon monoxide (K.p), which is comparable with the data
reported by [176] with K¢ /Ky, of 1.78/4.81% 102 (Ko was three order of magnitude higher
than Ky, ). This is related to the strong CO adsorption over a Co catalyst which was also
indicated by the negative reaction order for CO partial pressure, as shown in section 5.2.1 by

the empirical power-law rate expressions.

In addition, both the rate of reaction and the rate constant (R; 4 and k; ,4,) of step 8 in
the FT—III (RDS-2) rate model, representing the formation of surface methyl species (chain
initiator) in the chain initiation step, were found to be few orders of magnitude lower than the
similar parameters (R, and k,) for the reaction step 4, leading to the formation of CHx—y
species i.e. the chain growth monomer. This signifies the fact that the latter reaction step is
faster than the former reaction; therefore the chain initiation step was a more kinetically-
relevant step than the CO activation process for the overall reaction scheme. However, R; 4
and k; ;4 were found to be three orders of magnitude higher than those of (R pqr and kg par)

in the propagation step (step 12); which in fact depended on the carbon atom number of the
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growing intermediate (CnH2n+1—Y). Indeed, the paraffins and olefins’ formation rates
(Rparasfins and Roerins) Were found to be slower than the rate of formation of chain growth
(by one order of magnitude), implying that the products’ formation steps (steps 13 and 15) are
the RDSs in the overall FT process over a Co/SiO; catalyst. To sum up, it can be concluded

that:

ky > kg = kCH3 = ki,par =>kyp = kg,par » ki3 = kparaffins & ks = kolefins

Ry » Rg = RCH3 = Ri,par => Ry = Rg,par » Rz = Rparaffins & Ry5 = Rolefins

The activation energies of the chain initiation, propagation and termination steps for the
alkyl route, leading to the formation of paraffins, were significantly lower than those of the
alkenyl route, leading to the formation of olefins. This is in line with the expectations as the
paraffins formation rates were significantly higher than those of the olefins (considering the
same carbon atom number) obtained at all experiment conditions. The activation energy for the
chain growth step of the alkyl route (Ej,4,) Was predicted to be 82.57 kJ mol~1. This was
lower than the activation energies for that of the alkenyl route (E; 5 = 88.31 k] mol™") and
the activation energies for the chain initiation (E;pq, = 90.22 kJ mol™" and E; e ;=
95.34 k] mol™") and termination (E; g, = 95.63 k] mol™" and E; o.r = 100.22 k] mol™")
steps. The higher activation energies for the chain termination steps indicate that the
assumptions related to RDSs for the product formation are reasonable. The relatively higher

activation energy barriers of the olefins’ (E 4;) formation compared to those of the paraffins
(Et par), signifies the higher paraffins’ selectivities over the Co/SiO; catalyst. Again, the rate

of formation of the paraffins with *‘n’* carbon atoms (Ry4,qffins) Was found to be higher than
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the rate of formation of the corresponding olefins (Rgj, fins), Suggesting the preferred formation

of saturated products (i.e. paraffinic compounds) in the FT synthesis over a Co/SiO> catalyst.
The activation energy of CH4 formation (E,,.n) was found to be significantly lower
(76.5 kJ mol~1) than that of lower carbon atom number formation, suggesting the considerably
higher rate of formation as well as selectivity for CH4 than those of other paraffins and olefins,
in line with that reported by the literature [133, 169, 175, 177] and significantly lower than
those obtained in the case of Co, Fe-and Ni catalysts by other investigators [163-167, 172]. In
addition, the pre-exponential factor for methane formation (kg ,ern) Was estimated to be one
order of magnitude greater than the same coefficient for desorption of heavier paraffins
(ko,tpar)- The above statements, together with the higher surface coverage of CHs;—
intermediate relative to the other growing species (CoHant1—3; n = 2), signifies the main
justifications of a higher selectivity to methane than those of other FT synthesis products. The
estimated rate constant for ethylene (k.. ) was two orders of magnitude smaller than that of the
other olefins (k¢ o) in order to guarantee a good fit of the product distribution data, which are
characterized by a low selectivity to ethylene, as shown in previous sections. Additionally, the
activation energy of the ethylene (E,;j;) was higher than those of olefins, paraftfins, and methane
which led to its lower rate of formation and productivity. The activation energy barriers of the
WGS reaction were found to be 83.6 kJ mol™1, in line with the expectations regarding the
considerable selectivity to CO> co-products and in the range of the reported values by other
investigators (28—125 kJ mol™1) [7, 120, 121, 133, 175, 178]. This value was higher than that
of CHa4, in line with the activation energies for chain growth steps and considerably lower than
that for olefins and paraffins’ formation steps, which justifies the relatively higher selectivities
to CO» formation in the present study at specified operating conditions for FT synthesis over a

Co/Si0; catalyst.
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Table 5-7 Optimum values of estimated kinetic parameters of comprehensive combined
FT—III (RDS-2) and WGS-VII (RDS-4)

Kinetic Kinetic

parameter Unit Value  tygrue parameter Unit Value tvalue
5.10 x 162.84 62.10
kometn mol kg™ st 107 ko4 mol kg™ st 9.25x%x10°
Eomot k] mol™? 7654  179.98 E, k] mol~* 7498  154.63
2.03 x 223.40 130.64
Koeen ~— molkg™ s7! 10* kowas molkg™' s™'  6.89 x 10°
Eoon k] mol~ 12528 49.48 Ewes k] mol~1 83.59  299.32
1.14 x 327.70 381.40
kO,i,par mol kg_l S_l 107 K]_ (Kco) baT‘_l 1.78
248.64 481 x 100 230.29
Eipar k] mol™? 90.22 K, (KHz) bar~1 s
3.04 x 95.79 356.09
kogpar  molkg™ s7* 103 K3 (Kyco) - 5.53
Egpar kJ mol™* 82.57  282.68 Ks(Kon) - 5.12x 102 137.05
7.85 X 132.00 348.80
kotpar ~ molkg™ st 10° Ks(Key) — 2.19
Eepar kJ mol~1 9563 19164  K,(Key,) - 436 30185
44 x 134.76 367.16
ko,ioter mol kg™ st 8 106 Ky, bar~! 4.15 % 102
Eioter k] mol™?! 95.34 252.90 Ky, bar~t 7.84x 102 300.04
7.56 X 45.04 390.72
kO,g,olef mol kg_l st 103 KW3 - 2.67
Eg,oter kJ mol™* 88.31  181.78 K, bar 540x 10" 3850
1.75 X 75.39
kotower ~molkg™ st 3
" 10
Et,olef kJ mol~? 100.22 87.81 MAPD =5.93%

*Results of statistical analysis:
(i) F-test: Fratio = 921.75 > Foitica M —mym —1;1 — @) = Fipica (144 —30,30 —1;1 - 0.01) = 2.14
(ii) t-test: lowest t-value = 38.5 > topiricar M — M; 1 — @) = topivic (144 —30;1 —0.01) = 2.36
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5.3. Model Validation Results

This section provides the details of model validation. Model validation was carried out
subsequent to completion of the model calibration and the estimation of proper kinetic
parameters. The overall purpose of the validation study was to ensure that the model provides
a robust and realistic assessment of all the parameters defined by the mathematical model e.g.
kinetic parameters, rate of reactants’ consumption and products’ formation. In order to ensure
the model is relevant to an appropriate level, it was assessed against experimental data at four
different operating conditions (tabulated in Table 5-8), which were available for validation,
with respect to: temperature; pressure; and space velocity; as well as at a constant H>/Co molar
ratio of 2. Table 5-8 shows the values of conversion and selectivities obtained from model
validation and then compares them with those of the experiments at four different operating
conditions (see Table 5-8 for process conditions). To verify whether or not a model is valid, the
MAPD value between predictions and experiments was determined. The MAPD obtained
between the variables was at 14.62% which indicates that the model was satisfactorily validated

against the measured data.
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Table 5-8 Results obtained by model validation against experimental data at four different operating conditions with respect to reaction
temperature, total inlet pressure and space velocity, values of conversion and selectivities

T Pu GHSV Pu, Pco  Xco  Sco, Scu, ScH, ScHs SciHe  SCiHe  SCiHie  SCeHy,  SCeHie  SCiHus Scs.
() (bar) (Ng ’Zf, %p ) bar) (bar) % % % % % % % % % % % %
Measured
Test-04 503 25 3600 85 425 6655 171 1260 008 097 156 056 122 076 048 023  83.00
Test-08 518 25 3000 85 425 9822 1145 1625 004 154 128 113 078 047 013 006 7897
Test-09 528 10 3000 330 170 9078 1638 2872 0.0 376 252 285 165 103 064 031 6041
Test-16 543 25 1800 85 425 9988 2493 4972 001 454 008 424 041 019 007 002 4102
Predicted
Test-04 69.50 186 1356 007 110 188 066 099 062 029 0.4 81.74
Test-08 9126 1094 1960 003 168 112 125 065 039 013 007 7567
Test-09 93.60 1550 3021 008 365 200 220 210 131 063 030 5976
Test-16 9550 2400 4860 002 454 150 399 051 017 006 001 4084
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5.4. Summary and Conclusions

In this chapter, the key characteristics of experimental facility, setup and procedure were
highlighted. The experimental results at sixteen different process conditions were used for
calibration and validation of the developed mathematical model and kinetics model. The kinetic
models which were developed by the two approaches (i.e. power-law model and combined
mechanistic FT/WGS mechanisms) described in Chapter 3, were assessed against the
experimental data. Twelve out of sixteen of the experimental data were used for the calibration
of the model. The results showed that the combined developed model FT-III with RDS-2/WGS-
VII with RDS-4, exhibited excellent agreement with the measured data compared to the
proposed power-law kinetic expression as well as the literature. The goodness of fit was
assessed by mean absolute percentage deviation and statistically analysed by employing the F-
statistic. In addition, it was shown that the obtained kinetic parameters were statistically
significant by using the z-statistic. The F,.4:i, and t,que 0f 55.34 and 7.14 (the lowest t,q14e)
were obtained respectively when the power-law model was taken into account and the
cumulative probability of the F-distribution was 0.99. Similarly, the F,.4;;, and t,,45,e 0f 921.75
and 38.50 (the lowest t, 4, ) Were attained when the model FT—III with RDS-2/WGS-VII with
RDS-4 was postulated. Among different models, this was the highest F,.,.;,, hence it was
considered as the best model and that it was statistically adequate. The MAPD of 13.23% by
empirical power-law model was achieved; however, better agreement with measured data was
predicted using developed model FT—III with RDS-2/WGS-VII with RDS-4 the MAPD of
5.93%. Such results highlight the potential of this combined mechanistic FT/WGS mechanism
as well as reaction networks that can further improve the performance of FT synthesis.
Consequently, such information can provide guidelines for the design of more active and

selective catalyst materials.
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CHAPTER 6

PARAMETRIC STUDIES AND
OPTIMIZATION

6.1. Optimization Methodology

As discussed in the previous chapters, the performance of the reactor is characterized not
by one but by several parameters such as reaction rates, reactant conversions as well as
products’ selectivities. Thus, such a feature requires multi-objective (opposed to single-
objective) optimization of all performance parameters. Such an optimization problem is often
complex especially if the objective functions (OF) are conflicting with respect to each other.
These problems give rise to a set of trade-off optimal solutions, popularly known as Pareto-
optimal solutions [179]. Therefore, due to the diversity in solutions, these problems can be
solved effectively using evolutionary algorithms which utilize a population search approach

and results are a group of optimal solutions rather than a single solution.

Among the evolutionary optimization algorithms, the genetic algorithm (GA) is one of

the most efficient approaches. The GA is based on the biological evolution and it is started with
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the creation of an initial population whose elements are randomly selected in the whole design
space. Different procedures are then applied in order to successively generate a new population
containing better elements. The performance of an individual is measured by its fitness. Pairs
of individuals are selected from this population based on their objective function values. Then
each pair of individuals undergoes a reproduction mechanism to generate a new population in
such a way that fitter individuals will spread their genes with higher probability. The children
replace their parents and as this proceeds, inferior traits in the pool die out due to the lack of
reproduction. At the same time, strong traits tend to combine with other strong traits to produce
children who perform better. This procedure is repeated for the next generation until the

maximum specified number of generations is reached i.e. 5000 generations (see Table 6-3).

The GA can deal with complex optimization problems such as multi-dimensional, non-
continuous, and non-linear problems. Moreover, the GA locates the global optimal values
reliably from a population of solutions, even if many local optima exist and prevents the
convergence to sub-optimal solutions. This distinguishes the GA from the traditional
optimization techniques that are reliant on the initial guesses; while the GA is far less sensitive
to the initial conditions enforced on it. The GA will eventually reject any solution that does not
show enough promise; this helps to provide more flexibility and robustness during the

optimization [180].

The most common and straightforward method of defining the objective functions in
multi-objective optimization problems is based on the weighted sum approach. As the name
manifests, such an approach scalarizes all objective functions into a single objective, by

multiplying each objective with a user-specified weight as shown by Equation 6-1:
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M Equation
Minimize or Maximize F(x) = Z Wi fn (X),
m=1 6-1
Equation
Subjectto g;(x) =0 j=12,..,]
6-2
Equation
where x[V" <x; <x[PPT i=12,..,n
6-3
Equation
0<w,<1 m=12 ..M
6-4

Although simple, the outcome of the objectives’ values with this approach is strongly
reliant on the specified weight and also the scaling factor utilized to normalize all objective

functions to the same order of magnitude.

To alleviate such deficiency, a NSGA-II (Non-dominated Sorting Genetic Algorithm-II)
was employed to conduct the multi-objective optimization. The NSGA-II is an advanced
version of the GA which attempts to find multiple Pareto-fronts with emphasis on non-
dominated solutions and operates based on controlled elitism concepts [179]. Non-dominated
solutions are the points on the first Pareto-front solution so that selecting any one of them in
place of another will always sacrifice the quality of at least one objective, while improving at
least one other. Such a feature is advantageous as it allows trade-off between wide ranges of
optimal solutions before selecting the final one. The NSGA-II is a very fast and efficient search
mechanism that utilizes crowding distance as the diversity mechanism and classifies the
population into non-dominated fronts, using the Pareto-ranking approach introduced by [181].

In contrast to the weighted sum approach, in multi-objective optimization with the NSGA-II,
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all objectives are specified individually to be either maximized or minimized as shown in the

mathematical form below:

Equation
Minimize or Maximize fmx), m=12,....M

6-5

Equation
Subjectto g;(x) =0 j=12,..,]

6-6

Equation
where x[°¢" <x; <x/PP i=12,..,n
6-7

The weighted sum approach formulated by Equation 6-1 only provides the best solution
corresponding to the minimum or maximum value of the single-objective function that lumps
all different objectives into one objective. Therefore, it cannot provides a set of alternative
solutions for comparison of various objectives especially if they are conflicting. In contrast, the
multi-objective optimization with NSGA-II is advantageous as it provide a wider range of
alternative solutions and allows more flexibility during decision-making and selecting the
optimal solution from the Pareto-front. Such a procedure can be performed based on higher-
level information by evaluating the advantageous and drawbacks of each optimal solution from
the Pareto-front. In the context of this thesis such information depends on the variation rate of
objective functions on the Pareto-front charts (see Figure 6-21 to Figure 6-23 in section 6.3).

Further details about NSGA-II can be found in [179, 182].
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6.2. Parametric Studies

Prior to the optimization, it was vital to conduct comprehensive parametric studies using
the developed model in order to investigate the effect of input variables (i.e. reaction
temperature, total pressure, space velocity, and Ho/CO molar ratio) on the reactor’s critical
performance parameters (i.e. syngas conversions and products’ selectivities), which are
dependent variables of the model. Such parametric studies are based on variation of one input
parameter in a defined range (see Table 6-1), while other inputs were kept constant and then
plotting its effects on the performance parameters mentioned above. Such plots are then
examined to identify those input parameters that have the most substantial effects on dependent

variables.

Table 6-1 Range of variation of parameters defined for parametric study

Temperature Pressure GHSV H,/CO
Parameters Reference Unit Effects Effects Effects Effects
Investigation Investigation Investigation Investigation

T [114] (K) 470-530 500 520 510
P [114] (bar) 15 1-30 10 10
(Nm#
GHSV [114] (STP) gear’! 7500 2400 1800-6000 4500
/5]
H,/CO [114] (mol/mol) 2 2 2 1-3.2

6.2.1. Effects of Operating Temperature

Figure 6-1 shows the influences of the reaction temperature on CO and H» conversions,

as well as the selectivities of CO2, CH4, and Cs: products at a constant total inlet pressure of 15
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bar, Hy/CO ratio of 2 and gas hourly space velocity (GHSV) of 7500 Nm# (STP) gear! h7!. The
effects of temperature on the light paraffinic content (i.e. C2-C7) of the products are illustrated
in Figure 6-2. In addition, the product olefins as well as the changes of olefin to paraffin ratio
with respect to the temperature are depicted in Figure 6-3. Figure 6-1 manifests the significant
growth of the catalyst’s activity and its performance upon the raising of the reaction temperature
in terms of the syngas components’ conversion, suggesting that the temperature has positive
effects on CO and H: conversion in which both quantities increase substantially from about
35% to 92% and 35% to 74% respectively, by increasing the temperature from 470 K to 530 K.
The undesired CO: selectivity increases from about 0.04% to 13% upon the rising of the
temperature. From Figure 6-1 to Figure 6-3, one can conclude that the increment of temperature
results in a shift towards products with low molecular weight hydrocarbons on a Co/SiO:
catalyst i.e. methane, olefins: C2-Cs, paraffins: C2-Cs. It is apparent that the formation of heavier
hydrocarbons (Cs+) is favoured at lower temperatures; while at high temperatures, the reactor
produces higher low molecular weight products (see Figure 6-1 to Figure 6-3). The total light
hydrocarbon products with carbon atoms between C>-C7 increases from 2.75% to 10.31% and
there are increases of methane from 3.7% to 20.3%, while the selectivity of Cs+ decreases
substantially from about 94% to 71%. Also, the results justify the decrease of the low molecular
weight olefin to paraffin ratio upon increasing the temperature (see Figure 6-3). Hence, low
temperatures favour the higher formation of heavy liquid products, the lower undesired CH4
and CO:z selectivities, as well as a higher olefin to paraffin ratio. In contrast, high temperatures
are desirable to increase the conversion of syngas components (CO and Hb»), the paraffin to

olefin ratio, and for the production of light hydrocarbons, especially CHa.

As shown in Chapter 5, methane has a higher temperature dependency compared to other

hydrocarbons due to its lower activation barriers. As expected, methane and desired heavier
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hydrocarbons had opposite variations with respect to temperature change. The question is why
the effects of temperature on outlet liquid phase selectivity are different from methane
selectivity and syngas conversion. As depicted in Figure 6-1, the positive effects of temperature
on syngas conversion is due to the nature of the Arrhenius expression (i.e. the temperature
dependency factor of Arrhenius expression is expressed as an exponent term: e ~#a/RT) and
reaction rate since both are temperature dependent and positively impact the conversion; all the
reactions are enhanced with a greater temperature so more reactants are consumed. However,
products’ distribution is not directly proportional to the temperature. This can be explained by
the nature of the chain growth probability (). Indeed, « is defined by the rate of propagation
(growth) and termination steps through Equation 6-8. Also, mole fraction, y,,, with n carbon
atom number is equated to a through Equation 6-9. It is worth noting that when the value of
alpha is high, it is proportional to y, (a « y,,). The a value is in the range of 0 to 1 and is closer
to 1 when the desired FT products are heavy hydrocarbons. On the other hand, a is
inversely proportional to the termination reaction rate (R;), and that all reaction rates (e.g. R,
R;, and etc.) increases upon the increasing of the temperature. Therefore, at higher
temperatures, the chain growth probability (considering heavy FT products) value would be
lower, suggesting that the alpha value is inversely proportional to the temperature (a o« 1/T)
and with the lower alpha value the mole fraction would be lower as well. This can justify why
the increase of temperature decreases the selectivity of the liquid product, while that of light
hydrocarbons grows. In other words, from the very different values of the activation energies
(see Table 5-7), the Cs+ products’ formation is noticeably favoured over that of the light

hydrocarbons upon the decrease of reaction temperature.

To sum up, the increase of temperature increases the rate constants and all reaction rates

(through the Arrhenius equation), followed by the decrease of chain growth probability;
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therefore this results in the decrease of the mole fraction of the liquid content of the products.
The olefin to paraffin ratio can also be explained by the same reason and considering the greater
reaction rate for the termination step of the paraffinic compounds (R¢ pq,) compared to that of
the olefins (R oef) due to lower activation energy barriers of the former compared to the latter
(see Table 5-7). The lower activation barriers of the former causes the termination reaction rate
to grow faster with an increase of temperature compared to the latter. Assuming a separate alpha
value for paraffins (ap) and olefins («,), the denominator of Equation 6-8 would be greater for
ap than that of the olefins, implying higher a, compared to that of paraffins. Therefore, the
mole fraction of the olefins would increase faster than for paraffins. In contrast to heavier
hydrocarbon, the y,, value for lighter hydrocarbons has inverse proportionality to a value. In
this case, since the ay/ap ratio increases upon the increment of reaction temperature, hence the
Yo/yp decreases due to their inverse proportionality. This justifies why the increase of

temperature decreases the selectivity the olefins to paraffins ratio.

R, Equation
a =
Ry + R, 6-8
Equati
e = (1 — @1 quation
n
6-9

Figure 6-4 and Figure 6-5 indicate how the CO and H> conversions and mole fractions at
the centreline of the reactor are influenced by the reaction temperature when the process
conditions are set at constant total pressure of 25 bar, H2/CO ratio of 2 and at two different high
space velocity of 4500 Nm# (STP) gear’ b7 (Figure 6-4) and 7500 Nm# (STP) geo’! ' (Figure
6-5). From these families of figures, it is apparent that the CO and Hz mole fractions decrease,
while their consumptions and conversions enhance significantly along the axial distance of the

reactor bed length as the temperature rises, regardless of the syngas space velocity, as is
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illustrated in Figure 6-4 (the case with the lower space velocity) and Figure 6-5 (the case with
the higher space velocity). However, later it will be shown that the CO and H» are more sensitive
to GHSV at lower temperature conditions. Generally, these figures imply that the consumption
of syngas species increases faster and their mole fraction decreases drastically upon increasing

the temperature.
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Figure 6-1 Effects of reaction temperatures on CO and H> conversions as well as the CO»,
CHs4, and Cs: products’ selectivities at constant P = 15 bar, GHSV = 7500 Nm# (STP) gear’ I
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Figure 6-2 Effects of reaction temperature on the light paraffinic content (i.e. C>-C7) of the
products at constant P= 15 bar, GHSV= 7500 Nm# (STP) gcar’’ h™! and Ho/CO= 2.
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Figure 6-3 Effects of reaction temperature on the product olefins as well as the changes of
olefin to paraffin ratio at constant P= 15 bar, GHSV= 7500 Nm# (STP) gco’ k! and Hy/CO=
2.
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Figure 6-4 The changes of conversion of (a) CO and (b) H> and mole fraction of the same species (c) and (d) respectively along the normalized axial
dimension of the reactor bed length, effects of temperatures on their behaviour at constant P= 15 bar, GHSV= 4500 Nm# (STP) ge.’ h"' and Hy/CO= 2.
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6.2.2. Effects of Operating Space Velocity

The changes of CO and H» conversions, as well as, selectivities of CO>, CHs and Cs-
under different process conditions with respect to gas hourly space velocity (GHSV) on a
Co/Si0; catalyst are illustrated in Figure 6-6. Their influences on selectivities of paraffins with
carbon atom C>-C7 are also shown in Figure 6-7. In addition, the product olefins as well as the
changes of olefin to paraffin ratio with respect to the GHSV are indicated in Figure 6-8. This
study was performed at the constant reaction temperature, total inlet pressure, and H»/CO molar

ratio listed in Table 6-1.

From Figure 6-6, the highest conversion of both CO and H> were obtained at the lowest
GHSYV in the range of the studied process conditions. In fact, a low GHSV is associated with a
high residence time so that the reactants have sufficient time to react and their concentrations
subsequently decrease; this justifies that the CO and H> conversions increases upon decreasing

the space velocity.

In addition, the results manifests the substantial increase of selectivity of heavy products
and the decrease of that of methane upon increasing the space velocity, suggesting that the
increase of space velocity leads to the elimination of mass transfer resistance so that the
dominant effects of diffusional limitation yield the removal of hydrocarbons from the active
sites at the surface of the catalyst. Therefore the increase of GHSV favours the production of
long chain heavy hydrocarbon components, while CHs selectivity, as expected, goes in the
opposite direction. The heavy products’ selectivity increases from about 58% to 83% with the
increasing of the GHSV from 1800 to 6000 Nm# (STP) gear’ h'!; whereas the undesired

methane selectivity decreases from about 35% to 10%. It can be seen in Figure 6-7 and Figure
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6-8, the lighter olefins (C2-C3) and paraffins (C>-C7) were nearly unchanged considering
significant changes of space velocity in the range of 1800-6000 Nm# (STP) gca’ h™'. In general,
the results show that the selectivities of heavy FT products were sensitive to space velocity
changes on a Co/Si0O; catalyst, while this parameter was the key element to attain the high
conversion (CO and H») rates; hence, likewise the temperature factor had a significant impact

on the catalytic activity, reaction kinetics and general performance of the reactor.

Figure 6-9 and Figure 6-10 indicate the changes of CO and H> conversions and mole
fractions in the gaseous phase respectively, at the centreline of the reactor bed versus
normalized axial distance of the reactor bed length for different values of GHSV changing from
1800 to 6000 Nm# (STP) gea’ b7 Each figure includes a family curves for different space
velocity. Figure 6-9 represents the results obtained at a temperature of 490 K while Figure 6-10
shows those at 520 K. It is apparent that the CO and H> consumptions are more sensitive to
GHSYV for the lower temperature’s case. For instance, the increase of GHSV from 1800 to 6000
Nm# (STP) geor’! ! results in the reduction of CO and Ha conversions from 82% and 83% to
51% and 53% at the lower temperature of 490 K, respectively; whereas, as it is apparent in
Figure 6-10, the similar variables decreases from 99% and 82% to 81% and 73% respectively,

at the higher temperature of 520 K.
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Figure 6-6 Effects of space velocity on CO and H» conversions as well as the CO2, CH4 and
Cs+ products’ selectivities at constant P = 10 bar, H/CO =2 and T = 520 K.
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Figure 6-7 Effects of space velocity on the light paraffinic content (i.e. C>-C7) of the products
at constant P =10 bar, H/CO =2 and T = 520 K.
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Figure 6-8 Effects of space velocity on the product olefins as well as the changes of olefin to
paraffin ratio at constant P = 10 bar, H/CO =2 and T = 520 K.

222 |Page



CHAPTER 6: PARAMETRIC STUDIES AND OPTIMIZATION

100 T T T T T T T T T 100 T T T T T T T T
P =10 (bar) P =10 (bar)
H,/CO= 2 (mol/mol) H_/CO= 2 (mol/mol)
90 B 90 2 B
sy Ro0-6000 (Nml (STP) ¢! 1) T =490 (K) a4
sl - St 1 g0/ GHSV = 1800-6000 (Nml (STP) g} h'")
70 - 70 -Space velocity increment direction
S S
< 6o < 6ok
S s0f g £ 50 1
o 40 N o 40+ E
o} <
30r Space velocity increment direction 301 7
20 b 20 q
10 b 10 |
(@) (b)
0 : : : : ; : : : : 0 : r : : : : . r r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Axial Reactor Bed Length (-) Normalized Axial Reactor Bed Length (-)
0.18 T T T T T T T T T 0.4 T T T T T T T T T
P =10 (bar) P =10 (bar)
HZ/CO: 2 (mol/mol) HZ/CO: 2 (mol/mol)
0.16)° T = 490 (K) L 7 0351 T =490 (K) . »
GHSV = 1800-6000 (Nml (STP) ¢ h™) GHSV = 1800-6000 (Nml (STP) ¢! h™")
0.14 N

0.12

0.1+

0.08 -

CO Mole Fraction (mo/mol)
:
H, mole fraction (mol/mol)

0.06~

Space velocity increment directia

0.1 Space velocity increment direction
0.04 - = :
(c) (d)
0.02 r r r r r r : r : 0.05 r r r r r r r : r
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Normalized Axial Reactor Bed Length (-) Normalized Axial Reactor Bed Length (-)
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dimension of the reactor bed length, effects of GHSV on their behaviour at constant P= 10 bar, T= 520 K and H,/CO= 2.
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6.2.3. Effects of Operating Pressure

Figure 6-11 to Figure 6-13 manifest the pressure effects on syngas conversion as well as
CO2, CH4 and Cs+ products’ selectivities, the selectivity of light paraffins, and the olefin to
paraffin ratio as well as light olefin products, respectively. Typically, at low total pressures, the
establishment of the thermodynamic equilibrium proceeds more gradually; whereas at
equilibrium condition the products are mainly liquids. As shown in Figure 6-11, an increase in
total pressure yields the product selectivities towards heavy products implying the condensation
of hydrocarbons, which are normally in the gaseous state at atmospheric pressure. It is also
important to notice that higher pressures typically lead to saturation of catalyst pores by liquid
formation. From Figure 6-11, it is apparent that when the total pressure increases from 1 to 30
bar, the liquid products’ selectivity significantly rises from about 36% to 92% at typical process
conditions with respect to temperature, space velocity and Ho/CO molar ratio. As depicted in
Figure 6-11, the changes of CO and H» conversions are proportional to the total pressure:
increasing pressure results in the increment of CO and H»> conversions from about 39% and
38% at 1 bar to 95% and 91% at 30 bar, respectively. Also, the selectivity C,-C7 paraffins
decreases as the total pressure increases (see Figure 6-12). For instance, the selectivity of C7His
(heptane) decreases from 0.57% to 0.02% as the total pressure varies from 1 to 30 bar.
Similarly, the selectivity of C2Hg (ethane) and C3Hg (propane) decrease from 3.49% and 4.15%
to 0.12% and 0.14% respectively, which indicate the faster reduction of the hydrocarbon
compounds with lower carbon atom number. Therefore, the increase of the total pressure would
have adverse effect on tail gas and LPG productions which exhibits the increase of pressure
condition is not desirable if the low chain hydrocarbons are preferable products. Similar

behaviours were attained for light olefin components as it can be seen in Figure 6-13; whereas
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the olefins to paraffins ratio were not changed. CHjy selectivity decrease substantially with the
increasing of the pressure, which is a favourable condition as this component is undesired FT

products.

Figure 6-14 and Figure 6-15 indicate the influence of total pressure on syngas
consumptions in terms of CO and H» conversions and mole fractions, at the centreline of the
fixed bed reactor along the normalized axial dimension of the bed length, when the
temperatures, space velocity and Ho/CO ratio are set at a constant 500 K, 2400 Nm# (STP) gcar
I'p! and 2 (mol/mol), respectively. From Figure 6-14 and Figure 6-15, one can deduce that the
increase of pressure from 1 to 30 bar results in significant enhancement of catalytic activity in
terms of syngas consumption. The CO and Hz conversion increase faster at lower total pressure
(e.g. 1-10 bar) compared to that of the higher range of 10-20 bar; suggesting that the syngas
consumption rate is more sensitive to total pressure at its lower range. When pressure increases
from 1 bar to 10 bar then CO and H raise from about 39% and 38% to about 85% and 82%,
respectively; whereas at a higher pressure range, these variables changes from 85% and 82% at

10 bar to 92% and 88% at 20 bar.
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Figure 6-11 Effects of total pressure on CO and H> conversions as well as the CO,, CHa, and
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Figure 6-12 Effects of total pressure on the light paraffinic content (i.e. C2-C7) of the products
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Figure 6-13 Effects of total pressure on the product olefins as well as the changes of olefin to
paraffin ratio at constant T = 500 K, H»/CO = 2 and GHSV = 2400 Nm# (STP) gear’ h7'.
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dimension of the reactor bed length, effects of total pressure (P=10-20 bar) on their behaviour at constant T= 500 K, GHSV= 2400 Nm# (STP) g.o” "' and

H,/CO=2.

230|Page



CHAPTER 6: PARAMETRIC STUDIES AND OPTIMIZATION

6.2.4. Effects of Synthesis Gas Composition (H2/CO Molar Ratio)

Figure 6-17 shows the influence of the hydrogen to carbon monoxide molar ratio on CO
and H»> conversions, as well as the selectivities of CO,, CH4 and Cs+ when the temperature,
pressure and space velocity are set at 510 K, 10 bar, and 4500 Nm# (STP) gecar’ h!, respectively.
Their effects on selectivities of paraffins with carbon atom C>-C7 are also shown in Figure 6-18.
In addition, the product olefins as well as the changes of olefin to paraffin ratio with respect to
the H2/CO ratio are demonstrated in Figure 6-19. The increase of the Ho/CO ratio leads to a
different proportion of adsorbed hydrogen and surface carbon atoms as well as their partial
pressures. As manifested from the final developed kinetic model, CO and H» have inhibiting
and positive impacts on the rate of reaction respectively; suggesting that the consumption rate
of CO increases with the rising of the H2/CO ratio, while that of H> decreases upon the
increment of the ratio. The increase of the Hy/CO ratio results in the enhanced hydrogen
concentration on the active sites and increments the hydrogenation degree of highly
concentrated monomers. At the same time, this accelerates the rate of chain termination step
causing faster desorption of products rather than incorporating to the chain growth, which
results in a reduction of selectivity of heavy FT products and a subsequent increase of light
hydrocarbons (C2-C57) (see Figure 6-18). It is also evident from Figure 6-17 that the major loss
of liquid (Cs+) formation was due to a methanation reaction in which the Cs+ and methane
selectivities changed from about 93% to 72% and 5% to 20% with the increasing of the Ho/CO
ratio from 1 to 3.5 (mol/mol), respectively. As can be seen in Figure 6-19, the olefins/paraffins
ratio slightly decreases upon the increasing of the ratio, while (from Figure 6-17) the CO:
selectivity decreases from about 15% to 1%; which implies the slight water gas shift activity at

low H»/CO ratio. It was found from the kinetic model and governed equations in Chapter 3 (see
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Table 3-18, model WGS-VII with RDS-4) that the water gas shift reaction rate is inversely
proportional to the Ho/CO ratio and one can conclude that the partial pressures of both reactants
as well as their proportion have substantial effects on the rate of CO» formation. In addition,
this can be seen from Figure 6-16 which illustrates the trend of changes of Ry, ;s (water gas
shift reaction rate) along the axial dimension of the tube length at different H»/CO molar ratio
in which the rate decreases from 1.4964 x 107> to 1.987 x 10~7 mol g% s~! upon the

increasing of the molar ratio from 1 to 3.5 mol/mol.
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15 F r T L L L L L L r
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GHSV = 4500 (Nml (STP) ¢! h'")
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Figure 6-16 Effects of H»/CO molar ratio on WGS reaction rate and its trend of changes along
the normalized axial dimension of the reactor bed length, at constant T= 510 K, GHSV= 4500
Nm? (STP) gear! " and P= 10 bar.
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Figure 6-20 (a) to (d) show how the CO, H, and syngas conversion and mole fraction at
the centreline of the reactor are influenced by the input H»/CO molar ratio when the process
conditions are set at a constant temperature, pressure and GHSV of 510 K, 10 bar and 4500
Nm# (STP) gea! h!, respectively. In contrast to the previous figures of reactant consumption
versus normalized axial distance, the inlet contents of CO mole fraction or H> mole fraction is
not identical as the hydrogen to carbon monoxide fraction varies at the inlet of the reactor bed.
From this figure, it is apparent that the increase of Ho/CO ratio leads to the increment of syngas
consumption. Although this is a true manifestation, it would not be confirmed unless the
comparison of syngas conversion is performed. From Figure 6-20, it can be deduced that the
outlet CO conversion increases from 23% to 99% upon the increment of the ratio from 0.25 to
6. Overall, a high H2/CO molar ratio would be suggested for increasing the catalytic activity
and overall performance due to the considerable increase of CO conversion as well as
significant reduction of COz selectivity, though a low H2/CO feed ratio would be preferable for

the increased production of heavy hydrocarbons.
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Figure 6-17 Effects of H2/CO ratio on CO and H» conversions as well as the CO>, CH4, and
Cs+ products’ selectivities at constant T =510 K, P =10 bar and GHSV = 4500 m# (STP) gcar
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Figure 6-18 Effects of H2/CO ratio on the light paraffinic content (i.e. C2-C7) of the products
at constant T =510 K, P = 10 bar and GHSV = 4500 Nm# (STP) gea’ h™".
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Figure 6-19 Effects of H2/CO ratio on the product olefins as well as the changes of olefin to
paraffin ratio at constant T = 510 K, P = 10 bar and GHSV = 4500 Nm# (STP) gear’ h™".
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Figure 6-20 The changes of conversion of (a) CO and (b) H> and mole fraction of the same species (c) and (d) respectively along the normalized axial
dimension of the reactor bed length, effects of Ho/CO on these plots at constant T= 510 K, GHSV= 4500 Nm# (STP) g.oi’ h”' and P=2 bar.
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For the present study, the influences of critical process conditions i.e. reaction
temperature, total pressure, space velocity, and Ho/CO inlet molar ratio on conversion of syngas

compositions and FT products’ selectivities, are summarized in Table 6-2.

Table 6-2 effects of operating conditions on FT products’ selectivity and syngas components’

conversion
Components Temperature Pressure GHSV  Hy/CO molar ratio

H: conversion XH, T T l ~L
CO conversion™ Xco T T l T
CHy selectivity I ScH, T l l T
CO; selectivity Sco, 7 T§ ! l
Olefins selectivity Sc,—cs T§ ) ! & T
Olefin/paraffin ratio So/Sp } — ! S | ;
Light paraffins Sco—c, 7 ! — T
Liquid products Scey ! T T |

* All the operating process conditions, except space velocity, have positive impact on CO
conversion.

T The effects of all process conditions on CHs and Cs+ products obtained completely in
the opposite direction.

§ Slightly changed
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6.3. Optimization Results:

The obtained results, based on the parametric studies, indicated that all the process
parameters had significant impacts on output conversion and products’ selectivity. Hence, all
parameters were considered in the multi-objective optimization process using Non-dominated
Sorting Genetic Algorithm (NSGA-II) to optimize the fitness functions (i.e. objective

functions).

The target of the optimization study was to maximize the selectivity of desired products
1.e. high molecular weight hydrocarbons, in general Cs: selectivity, to maximize the synthesis
gaseous conversions (in particular CO conversion) and to minimize the formation of undesired
products i.e. carbon dioxide and methane products. Accordingly, four objective functions
comprised a multi-objective optimization process. Also, four control operators, as (1) the
number of populations, (2) number of generations, (3) crossover and (4) mutation rate were
used in the NSGA-II in which the first two were identified as the key elements. Table 6-3 lists
the selected values of each of these operators and the best tried value of the operators in the
optimization procedure. The optimizer terminates as the maximum number of generations is
reached. The mutation and crossover rates were set to 0.2 and 0.8 respectively, as suggested in
[180, 183]; however, different values were tried at different optimization runs to identify its
impact on the optimization results. The crossover function specifies the fraction of the
population at the next generation, excluding elite children, which is one of the reproduction
options to specify how the genetic algorithm builds children for the succeeding generation
[183]. Elite count is a positive integer specifying how many individuals in the current

generation are guaranteed to survive to the next generation. The crossover enables the algorithm
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to extract the best genes from different individuals and recombine them into potentially superior
children. Mutation adds to the diversity of a population and thereby increases the likelihood
that the algorithm will generate individuals with better fitness values. More information about

the operators and the method of their selection can be found in the literature [183].

Table 6-3 Main control operators considered in the multi-objective optimization process using
NSGA-II

Number of population ~ Number of generation Crossover Mutation rate

100
300
100 5000 0.8 0.2
500
1000
3000
500 0.8 0.2
= 4000
£ 5000
Z 0.4
o 500 5000 o 0.2
0.9
0.001
0.01
500 5000 0.8 0.1
0.2
Best values 500 5000 0.8 0.2

The Pareto-front solutions can be plotted by 2D and 3D scatter between two and three
objectives, respectively. Figure 6-21 to Figure 6-23 show the solutions plotted by 2D scatter
between CO: selectivity vs. CO conversion; Cs+ selectivity vs. CO conversion; and CH4
selectivity vs. CO conversion, respectively. One of the key factors that determines the
performance of the genetic algorithm is the diversity of the population. If the average distance

between individuals is large, the diversity is high; if the average distance is small, the diversity
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is low. Getting the right amount of diversity is a matter of trial and error. If the diversity is too
high or too low, the genetic algorithm might not perform well. From (Figure 6-21 to Figure
6-23), it is apparent that the diversity of the populations are neither low nor high, which indicate
that the values of crossover as well as mutation rate were perfectly defined for the current
optimization; since these operators generally add to the diversity of the population and thereby
increases the likelihood that the algorithm will generate individuals with better objective values

[183].

The obtained Pareto frontiers reveal the conflict between the objective functions. For
example any operating conditions that increases the CO conversion will evidently reduce Cs+
selectivity as it is apparent from Figure 6-22. In other words, the point of maximum CO
conversion (point A in Figure 6-22) corresponds to the minimum of Cs: selectivity (point B in
Figure 6-22), while the maximum of the latter objective function leads to the minimum of the
former which of course is not desirable. If the single-objective optimization would have been
conducted for CO conversion then point “A” would be the solution of the optimization, while
for Cs+ selectivity it would be point “B”. Moreover, any operating condition that increases the
CO conversion increases the CHy selectivity which will lead to production of undesired lighter
hydrocarbon compounds as can be seen from Figure 6-23. As it is evident, the point of
maximum CO conversion (point C in Figure 6-23) corresponds to the maximum of CHgy
selectivity (point D in Figure 6-23), while the minimum of the latter objective function leads to
the minimum of the former. Similarly, if the single-objective optimization would have been
conducted for CO conversion then point “C” would be the solution of the optimization, while
for CHy selectivity it would be point “D”. Apparently, there is no combination of the operating
conditions that can optimize all the objectives simultaneously. Each individual point on the

Pareto frontier lines in Figure 6-21 to Figure 6-23 is an optimal solution and such results can
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be utilized as a database of optimum solutions from which the selection of the optimum
operating condition (independent variables) can be conducted from the higher-level
information, experience as well as the importance of each objective function for a specific

application.

Comparison of the experimental data overlaid on Figure 6-21 to Figure 6-23 with Pareto-
frontier solutions reveals that, not all the experiments were conducted at optimum operating
conditions that led to the best performance for all objective functions. Hence, the optimization
results represented herein manifested the possibility of remarkable improvement in FT

synthesis conversion and selectivities.
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Figure 6-21 Pareto-front solutions obtained by optimization (between CO; selectivity and CO conversion) and its comparison with experimental
data.
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Figure 6-22 Pareto-front solutions obtained by optimization (between Cs+ selectivity and CO conversion) and its comparison with experimental

data.
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Figure 6-23 Pareto-front solutions obtained by optimization (between CHy selectivity and CO conversion) and its comparison with experimental

data.
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The boundary conditions of the process parameters considered for the optimization
procedure are listed in Table 6-4. The best two experimental data in terms of selectivities of
CH4, CO; and Cs+ products as well as CO conversion were selected for comparison with the
optimization results. The pie charts (Figure 6-24 to Figure 6-26) show the results of selectivities
at the selected runs as well as that obtained from the optimization procedure. Also, the values
of CO conversion and COz selectivity, together with the process operating conditions, were
given in the chart for comparison. It can be seen that better outcomes were obtained from the
optimization study for all the objectives compared to those of the experiments. In detail, the
optimization study showed the optimum CO conversion at 94.26%, which is better than that of
Exp. 01 at 78.04% but not as good as Exp. 06 at 99.15%. However, with regard to Cs+ and CH4
selectivities, the optimization case indicated the optimum selectivities were at 91.06% and
6.57%, respectively while Cs+ selectivity was obtained at 90.45% and 85.30% for Exp. 01 and
Exp. 06, and CH4 selectivity was about 7.06% and 10.96%, respectively. Hence, the
performance of the FT synthesis were improved with respect to the desired Cs+ and undesired
CHyg selectivity. Last but not least, CO; selectivity determined from the optimization procedure
was almost zero, while that of the optimum experiential runs measured CO: values at 4.52%
and 14.68%. The optimum selected condition from the optimization data-set was achieved at T
=485 K, P =30 bar, GHSV = 1800 Nm# (STP) gear’! h'! and Ho/CO = 2.6. It is apparent that
better global output was attained at low temperature, space velocity, high pressure and inlet

hydrogen-to-carbon monoxide molar ratio.
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Table 6-4 Boundary conditions considered for optimization with respect to reaction
temperature, total pressure and space velocity and carbon monoxide molar ratio

Temperature range Pressure range Space velocity range H2/CO range
(K) (bar) (Nme (STP) gear’ h1) (mol/mol)
470-550 1-35 1800-5400 0.5-3.5

The trends herein reported, manifest that a compromise has to be found in the selection
of the process conditions in order to find the optimal operating set-point. The developed model
and overall kinetics mechanism reported, together with the optimization procedure presented

herein, represented a key tool for such an investigation.

M CH, selectivity MC,; selectivity HCj selectivity M C, selectivity HCs, selectivity

CO Converison = 99.15% 1.05%
CO;, selectivity = 14.68% 10.96% //—1-47%
— 1.22%

Exp. 06

T= 518 (K)
P =15 (bar)
GHSV = 1800 (Nml g_,;' h'!)

Figure 6-24 The first optimum experimental results.
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M CH, selectivity M C; selectivity B Cj selectivity M C, selectivity M Cs, selectivity

0.58%  1.00%

|

7 0.90%

CO Converison = 78.04%
CO;, selectivity = 4.52%

7.06%

Exp. 01

T= 503 (K)
P =10 (bar)
GHSV = 1800 (Nml g_,' h'!)

Figure 6-25 The second optimum experimental results.

M CH, selectivity MC, selectivity HCs selectivity M C, selectivity M Cs, selectivity

6.57% 0.58%
CO Converison = 94.26% | | /—0-96%

CO; selectivity = 0

Optimization Reults
T =485 (K)
P =30 (bar)
GHSV = 1800 (Nml g_,;' h'!)

Figure 6-26 The optimum results obtained from multi-objective optimization (using NSGA—
10).
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6.4. Summary and Conclusions

The mathematical model developed in chapter 4 and calibrated and validated in chapter
5, was employed to conduct parametric studies (sensitivity analysis) as well as multi-objective
optimization of FT synthesis global performance parameters using NSGA-II. Initially, the
parametric studies were conducted to identify those input variables that have the most
significant effect on CO conversion and selectivity of products species. The results indicated
that reaction temperature, total pressure, space velocity and Ho/CO molar ratio had all
substantial influence on the output parameters mentioned above and were then included in the
optimization. Due to the conflicting objective functions, single values of the input variables
could not satisfy all the objective functions simultaneously. Thus, the optimum solution were
presented in the form of Pareto-fronts in which each individual points on these lines presented
an optimum solution. The trends of Pareto-fronts were so that the selection of input variables
for optimum performance required a compromise between different objectives. Such results
serve as an optimal database that can be considerably helpful for the selection of the optimal
operating conditions for maximum performance of FT process depending on the priority of the

objective functions.
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CHAPTER 7

ConNcLUSIONS

7.1. Concluding Remarks

A mathematical model of a fixed bed reactor for Fischer-Tropsch (FT) synthesis on a
cobalt-based catalyst was systematically developed. An in-depth understanding in terms of FT
synthesis kinetics and water gas shift (WGS) reaction mechanisms was effectively
accomplished. The model was capable of simulating the changes of reactants’ conversion (CO
and H), products’ selectivity (CO», light olefins and paraffins as well as total liquid
hydrocarbons) along the axial distance of rector bed length. A solution algorithm was presented
that was effective in solving a single tube reactor model. Such a solution methodology can be
applied to a wide variety of problems which require the solution of sets of coupled non-linear
partial differential equations. The algorithm was applied after the decision was made about
which numerical scheme to employ and the equations were reformulated in the appropriate
manner. The algorithm was applied to a steady-state one-dimensional model; however, the

methodology is easily extended to more spatial coordinates. The code can be enhanced into
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transient (non-steady) condition by the addition of one nested loop into the core of the program.
Clearly, this can be used to predict the behaviour of the reactor subject to the presence of

catalyst deactivation.

The kinetics parameters were evaluated for each kinetics model developed herein, using
an advanced optimization technique. Among different global optimization methods, the
GlobalSearch algorithm was used as an alternative to avoid convergence to the local minima
(sub-optimal solutions) during the search process and to surmount the difficulties existing in
traditional (gradient-based) local optimization methods that fail to arrive at satisfactory global
solutions. In addition, physical and statistical consistencies of the kinetics parameters were

evaluated by various statistical analyses.

Based on the results obtained the limitations of power-law rate model were identified for
the applications that wider range of operating conditions has to be selected. In contrast the
advantages of LHHW for predicting a wider range of operating conditions were underlined. A
comprehensive plausible mechanism-derived FT kinetics models with eight novel elementary
reaction pathways along with seven novel WGS kinetics models were developed. The novel
combined model FT—III with RDS-2/WGS-VII with RDS-4 was in excellent agreement with
experimental results. The MAPD (mean absolute percentage deviation) value reported in this
study was at 5.93% less than that of in the literature studies which highlights the significance,

reliability and accuracy of the present model.

Model validation was carried out subsequent to completion of the model calibration and
the estimation of proper kinetic parameters. The overall purpose of the validation study was to
ensure that the model provides a robust and realistic assessment of all the parameters defined

by the mathematical model e.g. kinetic parameters, rate of reactants’ consumption and products
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formation. In order to ensure that the model is precise to an appropriate level, the model was
assessed against experimental data at four different operating conditions, which were available
for validation, with respect to temperature, pressure, and space velocity. The MAPD obtained
between the variables was 14.62% which indicates that the model is satisfactorily validated
against measured data. Considering the results of conversion and selectivity, it can be concluded
that the implementation of the reactor model, chemical kinetics, and product distribution have

been successfully achieved.

The mathematical model reported, together with the developed kinetic model were used
to investigate the influence of different process parameters i.e. reaction temperature, total inlet
pressure, gas hourly space velocity (GHSV) and inlet hydrogen-to-carbon monoxide (H2/CO)
molar ratio, on catalytic activity and reactor performance. The results obtained from this study

can be concluded as following:

Effects of reaction temperature: The results indicated that the increase of reaction
temperature had positive influence on catalytic activity and its performance in terms of
conversion of syngas compositions. However, increasing the temperature had also an adverse
impact as it resulted in increased CO> selectivity and the shift toward low molecular weight
hydrocarbons products (i.e. Methane, olefins: C;-Cs, paraffins: C>-C7) over the Co/SiO»
catalyst. In contrast, it was shown that the formation of heavier hydrocarbons (Cs+) was
favoured at low temperatures. All the reaction rates were enhanced upon increasing temperature
(Rj « T), hence more reactants were consumed and more products were formed. However, the
results manifested that the products distributions were not directly proportional to the
temperature (in the case of higher molecular weight) as it is explained by the nature of the chain

growth probability () defined by the rate of propagation (growth) and termination steps. It was
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shown that @ was inversely proportional to termination reaction rate (¢ < 1/R;). Meanwhile,
the mole and mass fraction of heavier hydrocarbons increased upon increasing the a value. This
justified why the increase of temperature led to lower liquid product selectivity, while the higher
light hydrocarbons formed. Moreover, methane had higher temperature dependency compared
to other hydrocarbons due to its lower activation barriers and hence its production rate increased

faster than other light hydrocarbons.

Effects of gas hourly space velocity (GHSV): The highest CO and H» conversions were
obtained at the lowest GHSV values considered in the present thesis. This was true as a low
GHSYV is associated with a high residence time so that the reactants have sufficient time to react
and subsequently their concentrations decrease. The results indicated that the selectivities of
heavy FT products were sensitive to space velocity changes on Co/Si0> catalyst, while this
parameter was the key element to attain the high conversion rates (of CO and H;). GHSV,
similarly to the temperature factor, had substantial impact on the catalytic activity, reaction
kinetics and overall performance of the reactor. It was shown that the CO and H> consumptions
are more sensitive to GHSV at lower temperature condition. For instance, the increase of GHSV
from 1800 to 6000 Nm# (STP) gear’’ h! resulted in the reduction of CO and H, conversions
from 82% and 83% to 51% and 53% at the lower temperature of 490 K, respectively; whereas
the similar variables decreased from 99% and 82% to 81% and 73% respectively, at the higher

temperature of 520 K.

In addition, the results manifested the substantial increase of selectivity of heavy products
and the decrease of that of methane upon increasing the space velocity, suggesting that the
increase of space velocity leads to the elimination of mass transfer resistance so that the

dominant effects of diffusional limitation yield the removal of hydrocarbons from the active
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sites at the surface of the catalyst. Therefore the increase of GHSV favours the production of
long chain heavy hydrocarbon components, while CH4 selectivity, as expected, goes in the
opposite direction. The heavy products’ selectivity increases from about 58% to 83% with the
increasing of the GHSV from 1800 to 6000 Nmf (STP) geu! h'; whereas the undesired
methane selectivity decreases from about 35% to 10%. It was shown that the lighter olefins (C»-
C3) and paraffins (C>-C7) were nearly unchanged considering significant changes of space

velocity in the range of 1800-6000 Nm# (STP) gear’ h™'.

Effects of total pressure: Pressure effects were also considerable in that the increase in
total pressure moved the product selectivities towards heavy products due to hydrocarbons
condensation, which are normally in the gaseous state at atmospheric pressure. In fact, the
saturation of catalyst pores by liquid formation happens at high pressure condition. As the total
pressure increased from 1 to 30 bar, the liquid products’ selectivity increased significantly from
about 36% to 92%. The changes of CO and H» conversions were proportional to the total
pressure: increasing pressure resulted in the increment of CO and H» conversions from about
39% and 38% at 1 bar to 95% and 91% at 30 bar, respectively. Also, the selectivity C2-C7
paraffins decreased upon increase of the total pressure. For instance, the selectivity of C7His
decreases from 0.57% to 0.02% as the total pressure varies from 1 to 30 bar. Similarly, the
selectivity of CoHs and C3Hg decreased from 3.49% and 4.15% to 0.12% and 0.14%
respectively. Such variation manifested the faster reduction of the hydrocarbon compounds
with lower carbon atom number. Hence, the increase of the total pressure had adverse effect on
tail gas and LPG productions which exhibited the increase of pressure condition is not desirable
if the low chain hydrocarbons are preferable products. Similar behaviours were observed for
light olefin components; whereas the olefins to paraffins ratio were not changed. CHs selectivity

decrease substantially with the increasing of the pressure, which is a favourable condition as
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this component is undesired FT products. The CO and H> conversion increased faster at lower
total pressure (e.g. 1-10 bar) compared to that of the higher range of 10-20 bar; suggesting that
the syngas consumption rate is more sensitive to total pressure at its lower range. When pressure
increased from 1 bar to 10 bar then CO and H; raised from about 39% and 38% to about 85%
and 82%, respectively; whereas at a higher pressure range, these variables changed from 85%

and 82% at 10 bar to 92% and 88% at 20 bar.

Effects of H2/CO ratio: The increase of Ho/CO ratio in the inlet reactants led to different
proportion of adsorbed hydrogen and surface carbon atoms. CO and H> had respectively
inhibiting and positive impacts on the rate of reaction, suggesting that the CO consumption rate
increases with rising the Ho/CO ratio whereas that of H> decreases upon the increase of the
molar ratio. This also resulted in enhancing hydrogen concentration on the active sites and
increasing the hydrogenation degree of highly concentrated monomers and accelerating the rate
of chain termination step. This caused faster desorption of products rather than incorporating to
the chain growth, which resulted in a substantial reduction of selectivity of heavy FT products
and a subsequent increase of light hydrocarbons (C>-C7). Also, the results manifested that the
major loss of liquid (Cs+) formation was due to methanation reaction in which the Cs+ and
methane selectivities changed from about 93% to 72% and 5% to 20% respectively with

increasing the Ho/CO ratio from 1 to 3.5 (mol/mol).

The olefins/paraffins ratio slightly decreased upon the increasing of the H>/CO molar
ratio, while the CO; selectivity decreased from about 15% to 1%; which implied the slight water
gas shift activity at low H»/CO ratio. It was found from the kinetic model and governed
equations in Chapter 3 (see Table 3-18, model WGS-VII with RDS-4) that the water gas shift

reaction rate is inversely proportional to the H,/CO ratio and one can conclude that the partial
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pressures of both reactants as well as their proportion have substantial effects on the rate of CO»
formation. In addition, the trend of changes of Ry, ;s (Water gas shift reaction rate) along the
axial dimension of the tube length at different H»/CO molar ratio was illustrated in which the
rate decreased from 1.4964 X 107> to 1.987 X 1077 mol gz s~* upon the increasing of the

molar ratio from 1 to 3.5 mol/mol.

Optimization: The obtained results, based on parametric studies, indicated that all the
process parameters had significant impacts on the output conversion and products selectivities.
Hence, all parameters were considered in the multi-objective optimization process using Non-
dominated Sorting Genetic Algorithm (NSGA-II) to optimize the fitness functions (i.e.
objective functions). The obtained Pareto frontiers revealed the conflict between most of the
defined objective functions. Any operating conditions that increased the CO conversion,
reduced Cs+ selectivity while increased the undesirable CHy selectivity. It was shown that there
was no combination of the operating conditions that could simultaneously optimize all the
defined objectives and necessitated the compromise between various objectives in order to find
the optimum operating set-point. Comparison of the experimental data with Pareto-frontier
solutions revealed that, not all the experiments were conducted at optimum operating conditions
and manifested the possibility of remarkable improvement by utilizing the optimum operating
conditions obtained from multi-objective optimization and employing those for conducting
experiments. The Pareto-front solutions represented an optimal dynamic database that can be
used for specific requirements. Different operating conditions can be selected from such
database which privileges the optimization of a particular output (e.g. conversion and/or

selectivities).
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7.2.

Future work and recommendations

This thesis studied various kinetics mechanisms for Co-based catalyst that have been used

to develop the rate equations for FT reactions and WGS reaction. Nevertheless, more research

can be conducted as following:

The developed rate models proved to be effective for Co-based catalysts;
however, it is recommended to investigate the accuracy and reliability of model
for other types of catalysts especially iron-based catalysts. The results of such
analysis can be used to compare the accuracy of the model for different types of

catalysts.

One of the advantages of this model is its capability for predicting the longer chain
hydrocarbons products by expanding the chain growth probability defined by the
model (both olefins and paraffins). Upon the availably of the experimental data
for these hydrocarbons, the accuracy of the developed kinetic models can be

assessed for the prediction of higher hydrocarbon number.

The developed kinetic models were examined for the certain loaded amount of
catalyst in the reactor (i.e. 15% Co/S10; catalyst). It is suggested to conduct the
experiments with different amount of catalyst loading to assess the reliability of

the kinetic models and adjust the kinetic parameters if necessary.

The optimized operating conditions achieved from the Pareto-front solutions can
be utilized as inputs for conducting new experiments to compare the outcomes
(i.e. selectivity and conversion) with the values suggested by the NSGA-II

optimization and enhance the performance of FT synthesis.
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e The optimization methodology manifested to be effective to improve the FT
synthesis performance for a mini-scale reactor. It is suggested to advance and
extend the proposed methodology to accommodate the characteristic of larger

scale reactor to enhance the performance.
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Table A. 1 Reaction pathway and LHHW rate expressions developed for model FT—I based on unassisted CO dissociation mechanism

No. General Reaction Path Kinetic Rate Equations
parameter
1 CO+yY 2C0—-y K; KiPco = Yco
2 Hy+2¢ 22H -y K Ky Py, = j;
3 CO-y+yp2C-yY+0—-9y K3 Kscoh = Pcibo
4 O-y+H-yY20H-y+¢ K, Kathohu = Yonh
5 OH—-y+H-y2H,0+2¢Y Ks ksouby = PH201/)2
6 C—yY+H-yY2CH-yY+ ¢ Ks Ketcpy = Yeup
7 CH-y+H-y2CH -y +y¢ K; K:Yen¥u = Ve, ¥
Rpr = ki,parlpCHzlpH
Ao, B _
" dr 0= +Rg—Rg—Ryi; = 0= + kiparVen,¥u — kmeenWensWn — KgparWeusWen, = 0
8 CH2_¢+H_1!)_>CH3_¢+¢ i‘par =
1,[} _ ki,parlpCHzlpH
cHs kg,par¢CH2 + kmethlpH
9 CH;—yY+H—-y->CH,+2¢ kmetn Rep, = kmethlpCHglpH
10 CHy—y+CHy —¢ - CoH, + 29 ketn Re,n, = keth¢CH22
A, u,
“dr =0=+R;1—Ryy = 0> + kjgier¥en,Wen — kgoterVen,Weyn, = 0=
11 CH,—y+CH—-vY->CH;—y+ ¢ ki orer Ky oterWen
Yo, = ko
g,olef
d
LC&’ZZ"“ =0 = +R;;—Rj, — Ry3 = 0
T Cr-1fn—1 =¥ +_C)‘I;,121; 4 Cp4y;n K =+ kg parVe, 1Hon1Ver, — Kgpar®entons Wer, — KeparWepton,, ¥u = 0
ntizn+1 ’ g.par =
>3
1/)(: u — kg'PaTlanﬂHzn—leHz
nrzn kg,parlszHz + kt,parwl-l
13 CnH2n+1 - l/) +H-— 1/) - CnH2n+2 + 21/} kt,par Rparffins = kt,parll}CnHZnHl/}H
— = 05 +Ryy—Riy — Ris = 0
14 Cn-1Han-3 = +—>C22H_ 4 _y+ i Kyoter = kg oterWey_1HonsWer, — KgoterWentonWen, = KeoterWepton,Wn = 0
n*i2n-1 ) g,ole =
>
z3 _ kg,Olefl/)Cn_1H2n_3lpCH2
lpanZn—l -

kg,olefl/)CHz + kt,oleflpH
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15 CoHony —p+H—-9¢ - CHy, + 29 kt,olef Rolefins = kt,oleflanHZn_llpH

Table A. 2 Kinetic model FT—I assuming steps 5 and 8—15 are the rate-determining steps (RDS-1)

No. FT-1(RDS-1: 5, 8-15) Rate Equations
1 CO+y 2C0 -y K, Pcop = Yco
2 Hy+2¢ 22H -1 Yu =K P53 s
K. K3 (K, P, Py, Poot® Py,P,
W = 3¢co¢: 3( ;colp)‘l’ = kK KKK, Hcholl’ — kK KKK, ', Peo) _ -
3 CO-yY+yp2C—yYp+0-—-y Ve m " (ki'parkSKlKZZlSK3K4K6K7) PI.}Z'ZSPCO(')Sll)Z
- =C - - 2
— (k5K4K3K1)0'5 -0.25 p0.5
¢C = ﬁPHZ PCO
KZA (ki,purK6K7)
(RFT )1/} 25 05 5125 05,12
" _You¥ _\kspy)" _ Rer _ Rer » = Rer _ (KiparksK K3 KsK KsK;) ™ P25 Pes ) -
4 O—-yY+H—-yY20H—-yY+y T Kby Kapy osksKﬂ/}fx ks KoKy Py, b? ksKy Ky Py, ksKyKo Py,
Kzo'zs(ki,purK1K3K6K7) ) po.25pos
Yo (ksK,)05 H, Lco
Rpr = kspouby 05
5 OH—y+H— - H,0+ 2y Rpr Rpp (ki parksKi K3 5K3K4K6K7) PI-IIZSP Fp? K20'75(ki,parK1K3K4K6K7) 075505
Yoy = = = 05 PH2 Pes'yp
ksy ks+/ KZPI-?QSIIJ ks+f 21‘)1-(1)25 ks
PP,
K, <k5K4K2K31<1 M)( KoP5 ) P
g Kby kK KKK P Peo¥ .
_ DTS H= gy T P 6nsTatz st 2.5 05 5125 p0.5,),2
6 C—Y+H—-yY2CH-yY+ Y (kl,paTkSKlKZ K3K4K6K7) Py Feoy
K9%5 (kK K;:K,K,
Yoy = 22 (ks Ky 3.56) PY25PYs
(ki,parK7)
P
K; (K6k5K4K21‘5K3K By coll’ > VK szsw) 2 3
_ Kpenhy 2 Py, Peop
lpCHZ - - - K7K6k5K4K2 K3K1 0.5 =
7 CH-y+H—yY2CH,—p+1 ¥ ¥ (KiparksKi K25 KsKyKoKy) PE2S PSS 2
K975 (K,K¢ksK,K:K;)>
II]CH2= 2 ( 76 50: 3 1) Pg;spgosw
ki,par ’
Y3 PEPeo
Rer=k; = Ky par | Kr KsksK,K2ZKSK. “2“’ JK,PY: Ky Kok K K25 K K, —2— Syt =
g CHZ—'III+H—1/)—>CH3—IIJ+ _4) FT kl,parlpCHzlpH kl,par( 7 6k5 402 301 ( 1!’) klpar 7 6k5 452 301 RFT 1!/

1/2

Rpr = (ki,parK7K5k5K4K22'5K3K1Pf21'zspco1114) = (ki,park5K1K22'5K3K4K5K7) ° PéfsPé)oswz
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1

(k5K4K3K1)0'5

14 K, Peo +K,P25 + o5 Pl Py + -

£3 W+ oo + Wi + e + Vo + You + ¥ 7 tipar i) \
= 1 .5 .5
\ 2 « " ¢ +1/?CH :m{ o I Kzo'zs(ki.parKleKsm)o PO.ZSPOAS_|_KZO'75(ki,paTK1K3K4K6K7)0 po7spos 4 ... I
ERG 2 | (ksK,)05 H, fco k05 H, fco |
] 5
a \ KZO'ZS(ksK1K3Kg§6)O'5 Pb(l)z'zspcobs + Kg'75(k5£(7K6§§K3K1)0'5 PI;)ZJSPC%S )
(ki,parK7) ipar
Table A. 3 Kinetic model FT—I assuming steps 3 and 8—15 are the rate-determining steps (RDS-2)
No. FT-I (RDS-2: 3, 8-15) Rate Equations
1 C0+1p ZCO—IIJ Klpcolp:lpco
2 Hy+2yp 22H -7 Yy = /KZPHZIP
3 CO-Y+y->C—-yY+0-9yY Rer = k3Peop = k3K Peop®
Phrzoll’2
4 O—Y+H-yY20H—-yY+y " Yoy \ Kstbu  Pyo® 1 Py
° 7 Ky Ky KsK Ko Py, p?  KsK4K, Py,
Py, op? Py,0 1 Py
5 OH—y+H—192H,0+2 You =2 — = Z—1) = =Y
v Ve R0+ M KWy Ko JIGPY T KeyK, P
RFTw llJ
6 C—Y+H—-yY2CH-yY+ ¢ e = Yeup _ ki par K95 _ Rerp? _ k3K Pcop* _ k3K, Pc_ol/)
3 3 15 pls
Kehy Kepu kiparK7Keyy ki,parK7K6( szlg'zsl/)) kiparK7KeK; Py
Ty )
7 CH — l/) +H - l/) 2 CHZ _ l/) + l/) 1/)(;1-1 — IIJCHZIIJ — ki,par¢H — k3K1PCO¢ > — k3K1 Pﬂ
K7 yy K7yy ki,parK7( /szé)jsl/)) kiparK7K; Py,
Rpr = ki,parll)CHzll)H
8 CH,—yY+H—-yY->CH;—¢y+ ¢ Den, = k3K Pcop? k3K, Peo
CHp = = 505
’ ki,par\/ KZPI-?QSIIJ ki,par\/ KZ PHZ
1
"= ;
< @ 14K P+ [RP 4L Fmo
25 Y+deotutbo+bont+yc 1Fco 2"H; T KKK, Py,
— 2z + + =1
£3 Wen + Ve, 1 Puo ksKy  Pgo ksKi  Peo . ksKi  Poo
= KKy P> KiparK7KeK3® P> KiparK7Ka Pu, * Je o JK, Py
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Table A. 4 Kinetic model FT—I assuming steps 8—15 are the rate-determining steps (RDS-3)

No. FT-I(RDS-3: 8-15) Rate Equations

1 C0+ll) (_—)CO_ll) Klpcoll):ll)co
2 H, +2¢y 22H -y Yy = ’KZPHZIIJ
— K3¢CO¢ — K3K1PCO¢¢ — K5K4-K3K2K1PCOPH2

3 co-prpc-ypro-yp Ty, Pio Prno
K5K4K2PH2
LTIy
4 0—yrH-p2oH-—y+y _Vouh ksVIBE T _  Pupo
Kypy K4\ JK,PY® KsKy K, Py,
PHZOIPZ PH20
5 OH—Y+H-—%2H,0+2y bon = Kebn Ko KzPé"zsw
Ks K K3 K, K1 Poo Py
K, 2(JK>Puy )
6 C—Y+H-y2CH-Y + Koy 6 Py,0 2 Pco
v v by Yeu = w = : ” = KKsK,K3K;°Ky Pio Piiyy
P
K7KeKsKyKs K3 *Ky 5% Pii7 [ K> Pz
7 CH—Y+H—-y2CH,—{+ K:Ycubu Py,o 2 Peo
PRIV RV, =T = e = Ky KeKsKyKs K3 Ky 2 PR
H,0
CH, —y+H — Pco Pco
8 2= Y v _ Rpr = ki,parlpCHzl/)H = ki,par K7K6K5K4K3K22K1_Pp2121/) Y, szfofzsll) = Rpr = ki,parK7K6K5K4K3K22'5K1 P1-21'251/)2
b d CH3 lp + l/) PHzO PHzO
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=1

Total Surface
Coverage

1!):

Y+ Yo+ ¥y + Yo +You + ¢
+ Yen + Yeu,

1

/1 + Ky Peo + Ky Py, +

|
504 MA3M2011COT Hy F,ﬁ

Py,0
Ks K2P1325
Peo
P

Pr,0
Ks Ko K> Py,

KK, KoK Ky pE& RS +

PCO
P

Pr,0

K7 KsKsKy Ky KZ Ky 5% P,

; \I

Table A. 5 Reaction pathway and LHHW rate expressions developed for model FT—II based on H-assisted (first route) CO dissociation

mechanism
. Kinetic .
No. General Reaction Path Rate Equations
parameter

1 CO+yY 2CO0—-vy K; KiPeop = Peo
2 Hy+2¢y 22H—-¢ K, K, Py, ? = ¥f
3 CO-Y+H—-yY2COH-Y+y K; Kscou = Yconh
4 COH-y+yp2C—-yY+ OH-Y K, Katbcon = Yeou
5 OH—-—yY+H—-y2H,0+2Y K ksouWy = Pu,o?
6 C-y+H-Y2CH-Y+yY Ks Kspey = Yepp
7 CH-Y+H—-y2CH,—y+ ¢ K; K;Yephy = Yeu, ¥

Rpr = ki,parlpCHzl/)H

dpcy
8 —Y+H—-yY->CH;—yY+ Y ki par dt *=0= +Rg—Ro—Riz = 0 = + kiparthen, W — kmetnen,Wu — kgparPensPen, = 0=

1/) — ki,par¢CH2¢H

cHs kg,parlpCHz + kmeth¢H

9 —Y+H-Y->CH, +2¢Y kinetn RCH4 = kmeth¢CH3¢H
10 —Y+CH =y = CHy + 29 Ketn Reyn, = keenten,”

dYc,n

f =0=4+R;1—Ris = 0>+ kigier¥Veu,¥eu — kgotefWen,Wen, = 0=
1" —YHCH=Yp > CGH =P+ P Kiower KsorortPen

Yeu, = ko

g,olef
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A, u ,
Coolon s —¢+CH, — 9 —thnﬂ =0=+R;;—Ri; —Riz = 0=+ kyparc,_ban-1Wer, — KgparWeptioneWer, — KeparPentone W = 0=
12 :gnH2n+1 —Y+Y;n kgpar e _ kg par¥c, itym Wen,
- nzn kg,parlpCHz + kt,parlpH
13 CnH2n+1 - 1!’ +H— ll) - CnH2n+2 + le kt,par Rparffins = kt,parlanHzm.llpH
AVe, by, ,
— Y+ CHopnz — Y % =0=+Ry4—Ris — Ris = 0= +kgorer ¥y HonsWeH, — Kgoter WentonWer, = KeoterWepton Wi = 0 =
14 :gnHZn—l vt g.olef Ve n _ kg.oleflpcn—1Hzn—3¢CHz
- nizn1 kg,oleflpCHz + kt,oleflpr
15 CnHZn—l - 1!’ +H— l/) i CnHZn + 21/’ kt,olef Rolefins = kt,olefwanZn_llpH
Table A. 6 Kinetic model FT—II assuming steps 5 and 8—15 are the rate-determining steps (RDS-1)
No. FT-II(RDS-1:5, 8-15) Rate Equations
1 CO+y 2C0 -y Yeo = KiPcop
2 Hy, +2¢y 22H -9 Yy = ,KZPHZI,D
K. K3K; Peop[K, PR3 —
3 CO—I[)+H—1/J<_—’COH—1/)+1/J 1/)(;01-1— 3¢CO¢H 301 COlp 2 H2¢=K3Kl szcopgzslp
K3¥co¥u
e = Kipcon Ky P 4 _ K4 K3K: P& keg® = k3 Ky K3 K1 PS5
4 COH—y+yp2C—1p+ OH— Y B P B a
pro=c-y v on M ipar KKK [Kipar Ko KIS KKK PR
Rpr = ksou¥u
5 OH—y+H—y - Hy0 + 29 R \/ki_pa,ksKl1(22-51(31(41(61(7})3513,3-2251/)2 pO.5p0.75
o = o= = JparKikZ KKKy~ sy
kspy ksy 2 kg.s
M
Ks — VKaPu,
6 C—Y+H—-Yp2CH—Yp+1 K
Yeu = “flfl”“ m = JKoKsKoKs—5 Yeolu o [RKaKyKsks wc"f” IPu,
kslPH
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Yoo
K7\JK,KsK Kk [P 3 2 43
K 7y B2 B384 KK H,YH Pco/P PcoP,
7 CH—-Y+H—-y2CH,—¢Y+ ¢ Yeu, = 7¢17)H¢H = ” Rer = K1x/K_2K3K4K6K7kSCOT:Z¢H = K1K22K3K4—K6K7k5%
P PZ 3 P PZ.S
Rpr = ki,parlpCHzlpH = ki,parK1K22K3K4K6K7k5C0Ri KZPHZI/) = ki,park5K1K22'5K3K4K6K7 ek 1!’4
Rpr = \/ki,parkSKlKZZ'SK3K4K6K7P((?)(')5PI~11'225¢2
1
§ 0] w - \/— 0.5 \/_ k l/)COl/)EI
o 1+ K Pco + \/KyPy, + K3Ki/ Ko Peo Py + Ko K3 KL K, Py + -
S 2 o +Yu +Peon +You + e 1Pco + /K2 Py, + K3 K1\ Kz Peo Pz Y 052035465 Rpr H,
=z + Yo +¥en, =1 PcoP? Py Py kOSK, KK, P%S
53 cH T TCH I KyK2K3K, KK ks C}‘?OFTHZ + \/ki,parl{11(221<31{41(61{7 C‘;(Oféz 5 —4°3°1°C0 |
= \ 5 \/ki,parK1K21'5K3K4K6K7PI-?2.25
Table A. 7 Kinetic model FT—II assuming steps 4 and 8—15 are the rate-determining steps (RDS-2)
No. FT-II (RDS-2: 4, 8-15) Rate Equations
1 CO+y 2C0—-y Yeo = KiPeop
2 Hy+2y 22H— Yy = /KZPHZIP
K K;K P, K,P35
3 CO—Y+H-p2COH-Y+y WYeon = 31”;”" == “’lfp T = Ka KoK PooPisy
4 COH-y+¢y->C—-y+ OH -9y Rpr = kacon¥ = kaK3Kiy/K;Poo Pis?
S OH—wp+H—v2H0+2p pon = a0V _Puo¥? ___Puo
-z T Kspy Ks\JKoPu, ¥ Ks\[KzPy,
Yihey V?Py,0 Pi,0
6 C—yY+H-yY2CH-Y+y Yo = = = Y
Kb KG\/ KZPHZI;D Kexlkzpyz
Rpr )
7 CH-y+H—-y2CH,—¢y+ ¢ ey = 1/’61121/) _ (ki,parl/)H v _ Rpr _ k4K3K1\/ szcopg-25¢2 _ k4K K3 Pc_o
cH = = = = =
K71/)H K71/)H K7ki,parll}}21 K7ki,parK2PH21/)2 Kzo'ski,parK7 PI?Z5
Rpr = ksl/)CHzl/)H
8 CH,—yY+H—-y->CH;—¢y+ ¢ _ Rer k4K3K1\/K2Pc0P13'251/’2 _ kyKiK;
Yeu, = Peotp

ki,parl/)H B ki,parw/KZPHzlp B ki,par
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gy v .
5g¢+¢CO+¢H+¢COH+¢0H+¢C+¢CH =

= 3 +¢CH =1 < 0.5 H 0 PH 0 k4K1K3 PCO k4K1K3 )
NS 2 1+ K Peo + \JKoPy, + K3Ki\ /K, Peo PYs + 2 2 + P,
g Q 1£co 20H, 301 2fcoly2 Ksm K6\/TPHZ Kzo l.paTK7 PHZ ki,par co
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Table A. 8 Kinetic model FT-II assuming steps 8—15 are the rate-determining steps (RDS-3)

No. FT-II (RDS-3: 8-15) Rate Equations

1 CO+y 2CO0—-y Yeo = KiPco
2 H,+2y 22H -y Yy = ’KZPHzll)

Kzcou _ K3K1Pco¢’\/ szg'zsd’

3 CO—yY+H—-yY2CO0H—-yY+yY Yeon = m m = K;K, /KchoPI(}'zSIP
We = Kycony _ K4(K3K1\/ szcong'zsll))lp -k (K K.K.K PCOPH2 l/)>
4 COH—¢Y+yp2C—y+ OH— ¢ You Py, ot PR,

K5\ /K, Py,

_ PHzolp2 _ Pyo¥p

5 OH — +H — 1 2 Hy0 + 2 You = =
P % 2 HyO + 20 o = ey~ e
PCOPH
K <K KKK 2 ) JK.P .
6 C—yY+H—-yY2CH-Y+yY =¢C¢H= AT Py o v 2H2¢=K1K21'5K3K4K5P00P1$25
T Key Ko Ke Pu0
K,K}SK;K,Ks PcoPiiy
K. 1022 3040\ 5 2 K. P
7 CH—9p+H—p2CHy,—p+ g Koty TG Paso VKV K KZK KKK, PooPE,
ez Y Y Ks Py,0
K\K3KsK,KsK; PcoPhi
Rpr = ki,parlpCHzlpH = ki,par K P 2 1/)( KZPHzlrb)
8 CH,— Y +H—1 - CHy — + ° a0
oy HHmy oL oy o KKERKAKK) PeoPRS
par Ko Pu,0
9 1
[0} =
g %D Y+ YPeo + Yy + Yoo + You + Yo + Peu /1 + K1 Pco + /K3 Py, + _ P + K3 Ky /Ko Poo PSS + K, (K5K3K1K2 PCOPHZ) + Fiiyo + \
2 z + ey, = 1 2 Ko /Ky Py, Pu,o K5 /K, Py,
~ U .
= Ky K3 K3 Ky Ks PeoPi” | Ky KFK;KyKsKy PeoPi,
K PHZO K PHZO
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Table A. 9 Reaction pathway and LHHW rate expressions developed for model FT-III based on H-assisted (second route) CO dissociation

mechanism
. Kinetic .
No. General Reaction Path Rate Equations
parameter
1 CO+yY 2C0 -y K, KiPco = Yo
2 H2+2¢ ZZH_IP KZ KzPHzll)zzlpIZ_I
3 CO-Y+H-yY2HCO -y +y K3 Kzco¥u = Yyco
4 HCO—yY+H—-yY2HCOH -y + ¢ Ky Kabyco¥u = YuconV
5 HCOH -y +yp2CH—-y+0H -y Ks Ks¥pcon¥ = YeuWou
6 OH—-Y+H—-9y2H,0+2¢ Ke keYony = Pu,oP?
7 CH-Y+H-y2CH, -+ ¢ K; Krpeubn = Yen,
Rpr = ki,paﬂ/)CHzl/)H
K AYcy, _
8 CHZ - 1»[) +H- 1/’ - CH3 - 1»[) + lp i,par dt =0= +R8_R9_R12 =0=+ ki,parlpCHzl)bH - kmeth¢CH3¢H - kg,parlpCH3lpCH2 =0
1/) _ ki,parlpCHzlpH
cHs kg,parlpCHz + kmetthH
9 CH; —y+H—19y > CH,+2¢ kmetn Ren, = kmetn¥on,¥n
10 CHy = +CHy = > CoHy + 2 Ketn Re,n, = ketnten,”
C,H
ﬁ =0=+R;1—R14a = 0=+ KiotefWcn,Wen — KgotefVem,Wen, = 0
11 CH,—¢Y+CH—-Y->CH;—¢Y+ ¢ kioier Kioter Ve
Weuu, = —o =t
g,olef
dlanHan _ / _ _
Ch1Hon1 =Y +CHy; — 9 T 0= +R;3—Ri; —Ri3 = 0=+ kgpare, HynPer, — KgparWc,tons WeH, — KeparWe,tone, W = 0
12 :5717;1;13_ v ky,par " _ kg,parlpcn_le.ﬂ_llpCHz
’ - Cntlonsy kg,parlpCHZ + kt,parlpH
C,H —yY+H-—
13 nii2nt+l 1/] _:paner—z + le kt,pa‘r Rparffins = kt,parlanHanlpH
ddc, by,
CHy =Y+ Cp_1Hopn3 — ¢ f =0 = +Ry4—Riy — Ris = 0= +kgorerc, 1y Wen, — KgoterWeotiyn Wen, — KeotefWeptynWn = 0
14 : ;nl-ff‘rgl:g_ l;[) ky'()lef Ian " — kg,olefl/)Cn_len_3l/)CHz
’ N i ky,oleflpCHz + kt,oleflpH
15 CoHony =Y+ H—19 o CHyp + 29 kt.olef Rolefins = kt,olefwan ,,_ll.by
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Table A. 10 Kinetic model FT—III assuming steps 6 and 8—15 are the rate-determining steps (RDS-1)

No. FT-1II (RDS-1: 6, 8-15) Rate Equations
1 CO+y 2C0 -9y Yeo = KiPeop
2 Hy+ 2 22H—1 Yy = ,KZPHZI»D
Koo _ KsKiPeop Ko PR3 Y
3 CO—yY+H—-yY2HCO-yY+yY Yyco = ” = = Ky KKy Peo PSS
K Kcholpr 2 2
4 HCO—¢Y+H—-—yY 2HCOH -y + ¢ _ Kybucopu 4 Y H K Ksthoo  KuKsKiPooWKoPyohp®
Yucon = v = v = e = 2 = Ky Ko KKy Peo Puap
K. K K, K, K;K,Peo P PcoPAS
Yew = swycoyll’: (KsK, K, 3R4 coPu2 )P = koK K, KLSK,K, colH2 w3
l/}OH T II:IJT FT
6¥H
5 HCOH - 2 CH— OH —
vrve= v v k6K5K1K21'5K3K4 0.5 p0.25 0.25 koK1 K3 Ky Ks 0.5p0.25
Yey = Pce'Pas™ = K3" %Kpcbpy'zlp
Jki,parksK7K5K1K22‘5K3K4 Lpar™7
Rpr = keWon¥u
6 OH—-Y+H—-vy->H,0+2¢ R Jki,parK7k6K5K1K22'5K3K4PCO'05PI-11'225 2 ki K K-K.K-.K,
1/101-1 — FT — — Kzo'75 Lpar™7H50103 4ng)51",9'275¢
kepn kg JK, PO ke
15 PooPii3 13 0.5
K pepy K7 kKK Ko K3K4R—FT¢ VKaoPy3 PcoP2,
l/}CHz = b = b = ksK7K5K1K22K3K4R—lp3
FT
7 CH-—y+H—-yY2CH,—¢y+ ¢ 2 PcoPi 3
koK, KoK K5 KK, —5—= .
o = K7 KKy Ky KaKa =R Y _ koK, KK, K}SK;K, P05 p0s
e 2.5 0.5 p1.25,/,2 ki,par coTHz
ki parke K7 KsKi K5 > Ks Ky Popy Py
p. p2s
Rpp = ki,parlpCszH = ki,;aarke.K7K5K1K22'5K3K4ﬂlp4
8 CHy,—yY+H—-¢Y->CH; -y + ¢ FT
Rpp = Jki,parK7ksK5K1K22‘5K3K4Pgbsp1$‘225¢2
= 1
ki par K7 Ks Ky KK,
g g 1+ Ky Poo + Ko Py, + K§7° | 22T 5028 pASPATS +
Eg ¢
+Yco + Y + You + + + ey + =1
% § Y+ Yeo + ¥y +You +Yuco + Yucon + Yeu + Yeu, K3K1\/szcop1~(1)25 + K, KKKy Poo Pz +
5]
= 1.5
koK K;K, K. K ke KsK K, K3 K,
ko2 |Xe 1 3K4 5 pospe2s 4 |Z7%6 5 ,1 2% poss pos
ipart7 ipar
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Table A. 11 Kinetic model FT-III assuming steps 4 and 8—15 are the rate-determining steps (RDS-2)

No. FT-III (RDS-2: 4, 8-15) Rate Equations
1 CO+y 2C0—-vy Yeo = KiPeo
2 Hy+2yp 22H—7¢ Yy = /KzPHzll)
KsYco¥uy  KzKiPoohy/ K, Pa>
3 CO-Y+H—-yY2HCO-Y+y Yhco = o m = K3Ky\JKoPco PRs Y
4 HCO-y+H—-yY->HCOH—-¢y+ ¢ Rpr = kaucoy = k4(K3K1\/ KZPCOPIS'ZSIP) ( KZPHZIP) = k4K1K2K3PCOPH21/’2
< Ph,0 ) (k4K1K20'5K3 PCOPS'SIP)
5 HCOH—y+ Y 2CH—y+O0H—1 _YouPen _ \Key/KoPu, KiparKs C ks "
O sy Ksy kiparKsKeK; 277
‘PZPHZO ‘PZPHZO Py,o0
6 OH—-Y+H-y2H,0+2¢ You = = = Y
o Kli  KoKoP,$  Koy/KaPa,
(e 2
Yo = Ve, \Kiparu _ Rpr _ kyK1 Ky K3 Peo Py, "
7 CH—Y+H-yY2CH,—y+ ¢ Ky Kﬂl’Hos K7ki,parl/)121 K7ki par Ko Pu,¥p?
=——="P,P3°
K par Ky coPuy, ¥
Rer = kki‘parlpCszH
8 CH,—yY+H—-¢Y->CH;—yY+ Den, = Rper _ koK1 KK Poo Py, ? _ koK K3 °Ky Py POSY
o Kiparu kipar K2 Pu, P Kipar ot
1
g . v= P
Y Hp0 / 0.5
é £ Y +Yco +Yu +Wou +VYuco + Yucon + Yeu + Yeu, 1+ KiPeo + KoPu, + W + K3Kiy KoPeo Py +
z -1 6y 828,
s 05 0.5
5 < koK K3 koK Ky~ K3 05 , kaKiK3 K3 05
= ki,parK5K6K7 PHZOPCO + i,parK7 PCOPHZ + i,par PCOPHZ
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Table A. 12 Kinetic model FT—III assuming steps 8—15 are the rate-determining steps (RDS-3)

No. FT-III (RDS-3: 8-15) Rate Equations
1 CO+y 2C0—-y Yeo = K1 Peo
2 Hy+2yp 22H—7¢ Yy = /KzPH2¢
Kstbco¥y  KzKiPooy K, Pg'zslp
3 CO—yY+H—-yY2HCO -y +yY Yico = m = m = K;K, /szwpg-;lp
K K, (KKK, ProPO5W) . JK,P,
4 HCO—p+H—1p2HCOH -+ con = “pfl’p‘fow” _ KKK KoPooPiig ) KoPug b _ KKy K3 Ky Peo Py,
Ksucon) _ Ks (K1K2K3K4PCOPH25)1/) _ 15 Pcopflfzs
N Yeu = = P = KK K7 K3 Ky K, Y
5 HCOH—-vYy+yYy2CH—-—y+0H—-Y You Hy0 " Ho0
K¢/ K2 Py,
lpZPHZO lpZPHZO Py,0
6 OH—Y+H—vy2H,0+2 You = = = Y
v v 2 v o Key Kﬁ\/ KZPHZI»[J Kev KZPH2
P.,PL>
K Ks K, K} KoK, Ky —2—24) [K,P
7 CH—¢+H_¢<_—)CH2_1P+¢ _K711[}CH11[}H_ 77T 37aT6 PHZO lp ZHZIP_KKKKZKKKPCOPI'ZIZ
Yeu, = = = R fsi Ry flalte =5 Y
Y Y L Ha0
2.5 PCOPHi 2
8 CH,—Y+H—-yY->CH;—y¢+ Y Rer = KiparWen,¥u = Kipar K7 Ks K1 K37 K3 Ky K Pro Y
Y . 2
§ - P e
Hy0 0.5
q% % |/1+K1PC0 + KZPHZ +I(6\/—T22—PHZ+K3K1 szcosz +\I
2C — 1.5
2= Y+YPeo+ Yy +You +VYuco + Yucon + Yeu + Yeu, =1 Pco P
= E 2 KKy K3KyPeo Py, + K5K1K21'5K3K4K6 336; ZZ +
o + 2
= &
- 2 PCOPI'?Z
= K Ks Ky K2 K3 KuKs =5
H,0
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Table A. 13 Reaction pathway and LHHW rate expressions developed for model FT-IV based on H-assisted (third route) CO dissociation

mechanism
. Kinetic i
No. General Reaction Path parameter Rate Equations
1 CO+yY2C0—-9¢ K KiPeo = Yo
2 H,+2Y22H-y K, KZPHZIIJZ =3
3 C0O-y+H-yY2HCO-Y+Y K; Ks¥cou = Yuco
4 HCO-yY+y2CH-yY+0-9y K, Kibrco¥ = Yeutbo
5 0-Y+H-yY20H-y+y K Ksoy = Youp
6 OH-Y+H-y2H,0+2¢ Ke KeYouWu = Pu,o¥®
Rpr = ki,par‘l’CHPHz
den, _ _
7 CH—vy+H,>CHy— ki par —ar 0= +R;—Rg—R11 =0 = + ki parVeuPu, = KmetnWensWu — kgparVen,Waen = 0 =
l,b _ ki,parlpCHPHz
cHs kg,parl»lepCH + kmethlpH
8 CH;—yY+H—y—>CH,+2¢ Kmetn Ren, = kmetnWen,¥n
CH—yY+CH—-vY+2H —
9 v lli} C,H, +1l2)1[) ketn RC2H4 = kethlanHzlsz
CH—Y+CH—y+H-— AYc,n kioter¥cu
10 4 di} C,H, illlp + P ki.olef # =0=>+R;o—Riz=0=>+ ki,ozef‘PHI/JgH - kg,olefl.[)HlPCHIPCZH3 =0= 1/)02113 = l]:;Tef
dl/)CnHan ’
CpsHypy —W+CH—Yp+H—1 dt =0=>+R;1—Rj; — R, =0+ kg,parlan_lHZn_llle/)CH - kg,parl/)CnHzm.ll/)HlpCH - kt,partanHzm.ltpH =0
11 = ChHyppn —Y+¢;n kg,par =
>3 " _ kg,parlpcn_lHZn_1¢HlpCH
Cnflania kg,par¢HlpCH + kt,par¢H
12 CnH2n+1 - 1»0 +H— l/) - CnH2n+2 + 21/) kt,par Rparffins = kt,parwanZnHwH
Aty ,
CH—+H—1+ CpyHpps — Z—tzn t=0= +R;3—Riz — Ry = 0> +kgorerWe, tpn s WuWecn — KgoterWeptpn . WnWen — Keotef Wty , W
n— n-—
13 = ChHyp s =Y+ Y5 n kg,olef =0=
>3 " _ kg,ozefll)cn_lyzn_31/)111/)cy
Cnflzn-1 kgoterWuWen + ke orer¥u
14 CnHZn—l — l,l) +H - l;b - CnHZn + 21/) kt,olef Rolefins = kt,oleflpanZn_llpH
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Table A. 14 Kinetic model FT-IV assuming steps 6 and 7—14 are the rate-determining steps (RDS-1)

No. FT-IV (RDS-1: 6, 7-14) Rate Equations
1 CO+yY2C0—-9¢ Yeo = K1 Pco
2 Hy+2y 22H -1 Yy = /szHzlp
K. KsK, Poo /K, P33
3 CO—p+H-Yp2HCO—Y+¢ iy = 3”";"1”” === “"fp P2V K RoPoo P
Yy = Kibpco  KiKsKiKoPooPRs W kEK,K3K K7KsPeoPhop kEK,K3K K3 KsPcoPhy
4 HCO -y +yY2CH—p+0—y YeH = = = Rer = R =
’ kZKsK; > Py " \/ki,parkéK4K3K1KZZKSPCOC')SPF}'ZZSIPO'S
ﬁlp \/k kZK K.K. KZK P0.5P1.25¢0.5
5 O-yY+H—-yY20H-yY+9¢ " =¢0H¢=k6\/K2PHzlp _ Rer _ bpar674 312 T5TC0 TH2
0 Ksyy keKs Ky Py, kngKzl'SP;}f kéKusl'SPf}és
Rer = keWon¥u
6 OH — ¢+ H — 1 > Hy0 + 2 Kiparke KsKs K KZ KPRy Plis>p®®
Yo = Rer Rer _
oH = = =
keby ke /Ky Py, ke K2 P, ¥
k& K4K3K K3 KsPeo Piotp k&K, KK, K37 KsPcoPfiotp
Rpr = ki,parlplpCHPHz = ki,par Rer PHz = Kipar Rpr PHZ
7 CH—1+H, > CHy —

Rpr = \/ki,parkéK4K3K1K22K5P601'75PP11'2251/)0'5

1
(14 Ky Peo + JK Py, + K3 Ki\JK,Peo PO + K1 K,K3K,PcoPy,)

Y+ e+ Y+ Puco =1 Y

Total Surface
Coverage
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Table A. 15 Kinetic model FT-IV assuming steps 4 and 7—14 are the rate-determining steps (RDS-2)

No. FT-IV (RDS-2: 4, 7-14) Rate Equations
1 CO+y2CO—-y Yoo = K1 Peop
2 H,+ 2y 22H—-{ Yy = /KzPﬂzw

K. KKy Pro /K, PO5
3 CO—Y+H-—y2HCO—Y+y Vrco = 31!’1‘;)"1/”’ =21 “’lfp 22" = K3y Ky PooPYs
4 HCO-¢y+¢y->CH-¢y+0—-¢ Rpr = kyuco = k4K3K1\/ szcoplg'zsl,b2

iww
5 O-Y+H—-Y20H-y+ ¢ " _You¥ _ KryKePu, — _ Puyo "
" Ksy K5 JKoPmp  KeKoKsPy,

PH Olpz PH Olpz PH 0

6 OH-y+H—y 2H,0+2 Yoy = ——— = 2 = 1)
v Y 2H, ] = Kb KefKP Pt KeyKoPr
Rpr = ki,par‘/JCHPHz
7 CH-—y+H, >CH; - Rpr kiK3K;+/ K, Peo Pz ° _ kyK3K (K, 15,2
Yeu = = = PeoPuzyp

ki,parPHz ki,parPHz ki,par
3
2y )~ !
5 =
N0 Y+ Yo+ Yy + Pyeo+PYou+Po =1 < 05 Py,o Py,0 >
z 2 1+ K Peo + JK; Py, + K3 Ky \[Ko Peo PO + +
§8 1fco 20H, sty fefeotz TR K Py, KG\/TPHZ
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Table A. 16 Kinetic model FT-IV assuming steps 7—14 are the rate-determining steps (RDS-3)

No. FT-IV (RDS-3: 7-14) Rate Equations
1 CO+y2C0—19yY Yeo = K1 Peo
2 Hy+2y 22H -1 Yy = /szHzlp
K. KK, Peop /K, P25
3 CO—ll}‘l'H—ll}(_—)HCO—ll)"'l’b ll)HCOZ 3¢1'C['}01/)H= 301 Colf:b 2H2¢=K3K1\/72PCOPI(}.251P
_ Kiucoh K4K3K1\/K2Pcop13'zs¢¢ — K. KYSK-K.K.K. Pcopfll'zslp
4 HCO-p+yp=2CH-yp+0—y Yo === Pro = RefzPRsfatala = -
KK, K5 Py,
0y
5 O—Y+H—yp20H— Y+ " _ Yoy _ KeyKoPu, — _ Puyo
Ky Ko JKoPmp  KeKoKsPy,
Py, o? PHZOI/J2 Py,o0
6 OH -+ H—1% 2 H,0 + 2 You = — = = Y
2 Ky Ka\/mlp Ke\/m
15 PeoPits
Rer = KiparWenPu, = Kipar KoK 7 Ks K4 K3 Ky P—I/JPH2 =
7 CH—vY+H,>CHy— b p2s 20
1.5 CO" H2
Rpr = ki,parK6K2 KsK K3 K, P—I’b
H,0
o _ 1
‘§ & Ve D P 0.5 5 PcoPis
é g l/) + IPCO + l/)H + lpHCO + 1/)(;1.1 + 1/)0 1+ K1PC0 + KZPHZ + K3K1 KZPCOPHQ + K6K21 K5K4K3K1T0
—_ + = 1 2
g 3 WYor Py,o0 Py,0
= KK, KsPy, Ke\/K2Py,
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Table A. 17 Reaction pathway and LHHW rate expressions developed for model FT—V based on H-assisted (fourth route) CO dissociation

mechanism
No. General Reaction Path pfrlal?lelg:e:r Rate Equations
1 CoO+yp2Co—y K, KiPcop = Peo
2 H,+2¢y 22H -y K, Ko Py, p* = f
3 CO-y+H-yY2HCO-yY+y K3 Ks¥co¥u = Yucoy
4 HCO-yY+H-yY2CH,0-yY+7 K, Kybyco¥u = Yeu,o¥
5 CH0-y+y2CH,—yY+0—-1yY Ks Kscu,o = Yen, Yo
6 O-yY+H-yY20H-yY+y Ko Keo¥y = Yo
7 OH—-Y+H-y2H,0+2¢ K; K7Youhy = PHzolp2
Rpr = ki,parlpCHzlpH
dPcp,
8 CH,—Y+H—v9—>CHy— Kipar dt =0=+Rg—Ro—Ry; =0 = + ki parVeu,¥u — KmetnWens ¥ — kgparens¥en, = 0 =
lp — ki,par¢CH2¢H
cHs kg,parlpCHz + kmeth¢H
9 CH;—y+H—-vy—>CHy+2¢ knetn Ren, = KmetnWen,¥n
10 CH, =Y+ CH, — — C;H, + 29 ketn Ren, = kethlpCsz
11 CH,—¢Y+CH—-yY->CH; -y + ¢ kioter % =0=4+R;1—Ris = 0> + kioier¥Ven,¥eu — kgotefWen,Weyns = 0= Yeyu, = kl::%:[{
Coo1Honoy — ¢+ CH, — % =0=+R;;—Ri; —Ri3 = 0=+ kg parWe, 1Hynoy Ver, — KgparWcption Wer, — KeparWeptipnsWn = 0=
12 : gnH2n+1 - l/) + l»b yn kg,par 1/) _ kg.par¢Cn—1H2n—1lpCHz
B Cnflznss kg,parl/)CHz + kt,parl/)H
13 CnH2n+1 - 1/) +H - l/) - CnH2n+2 + 21/) kt.par Rparffins = kt,parlanHZnHlpH
CHy =Y+ C1Hyp 3 — Y % =0= +Ry4—Ris — Ris = 0= +kg oW, 1 Hyn_s W, — KgoterWentipn Ve, = KeotefWeptym¥n = 0=
14 :gnHZn—l —Y+Pin koo Ve _ KgotefWen_tynsWen,
N nnet kg,oleflszHz + kt,oleflpH
15 CnHZn—l - lp +H— l/) - CnHZn + 21/) kt,olef Rolefins = kt,olefwanZn_llpH
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Table A. 18 Kinetic model FT-V assuming steps 7 and 8—15 are the rate-determining steps (RDS-1)

No. FT-V (RDS-1: 7, 8-15) Rate Equations

1 CO+y2CO0—vyY Yeo = K1 Pco
2 H,+2y22H -9y Yy = ,KZPHZI/}

KSII)COII)H — K3K1PC01/)V KZPH()ZSlp

3 CO-yY+H—-yY2HCO-Y+y Whco = m = K3Ki\[KoPeo P35
K Kalpcollep
Kebycobn _ ™4 9 B
4 HCO—yY+H—-y2CH,0—-yY+¢ Yew,0 = ” = ” = K1 K, K3 K4 Pco Py,
Yen, = Yeno¥ _ (K1 Ko K3 Ko Poo Py, )Y _ (k7 KK1 K3 K3Ky) PeoPi, W3 = (k7 Ks K1 KFK5Ky) PcoPf, e
CHz ™ "Kao % Rpr Ks Rpr Ks 25
5 k7K6K2P1-121/) k;: (k7K6K1K2 K3K4) P P1'251/)2
5 CH,0—yp+yY2CH,—yp+0—19¢ par—— k. LcolH,
" (\/ k7K6K1K3K4K20'75) PCOPHO';Sl/)
CH, =
’ v KS Y, ki,par
Rpr  (kyKeK\KZ K3Ks) ) ias
6  O-Y+H—yp2O0H—p+y PN J Fipar Ks ol g (KAKEK ) Peo P
1/} = = = ‘lp
? Ky k7 KKo Py, K5/ k7Kg
Rer = kyYouhu
7 OH -1y +H—9 — Hy0+ 2 Dot = Rer Rer (KoK, K2K3K,) PeoPgy
OH kﬂbH k7 '—KZPHZIP i,par KS k(7)'5
(k7K6K1K22K3K4) PCOPI-ZI (k7K6K1K22'5K3K4) PCOPI-ZI'S
Rpr = ki,parlpCHzlpH = ki,par K- Rer z l[)3 KZPHle = ki,par K- Rpr z l/)4
8 CHy—yY+H—-vY > CH; =
A (k,KsK\K3°K3K,) b pisy:
FT — i,par K—S COTH, l/)
Q l,[} 1
[>% —
€ B Y +1eo+Vu+ Yuco + You / 1+ KiPo + /Ko Py, + K3K1\/ Ko Poo Py + K1 Ko K3KaPeo Py,
o= R
w9 +Yeu,0 T Yo
—_Z 2 . 0.25 0.25
5 S +en, =1 I (Vk7KsK1 K3K KD 7®) PCOPF?;s + \/kl'par(Kle K3K4)PCOPH2 k: (KsK K7 K3K,) Pcopf?és |
i VKs Y kipar K5\ k7Ke Lpar Ks k?'s
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Table A. 19 Kinetic model FT-V assuming steps 4 and 8—15 are the rate-determining steps (RDS-2)

No. FT-V (RDS-2: 4, 8-15) Rate Equations
1 CO+y2C0—vy Yeo = KiPeo
2 Hy+2y 22H -1 Yy = /KzPazll)
Kscohn  K3KiPeopy/f szg'zsd’
3 CO—Y+H—y2HCO—p+1 Yuco = o - m = K3K /K, Pco PSS
4 HCO—y+H—-y—>CH,0-¢Y+y Rpr = kauco¥n = kaK3K14/ K,PcoPgs Ky Py = k4K3K1K2PCOPH2¢2
" Py,0 k4K3K1K20'5PCOPf01'251/) Py,0
" _ Yeu, Yo _ CHz K;K; K5 Py, _ kipar K;K; K5 Py,
5 CH,0 =Y+ 2CH,— Y +0—1 CH20 ™ K Ksy Ky
_ k4K3K1K20'5 p PHZO w
ki,parK7K2K5K5 co P1~(1)25
oy,
6 O—yY+H—yp20H—yp+y " _You¥ _ KryKePu, — _ Puyo
° " Kbw  KeJKoPmp  KiKoKsPa,
Py, oth® PHZOI/J2 Pu,o
7 OH -y +H—¢ 2 H,0+2y You =——— = = ]
= H, Kbon  KoyKoPrd  KoyKoPy,
Rpr = ki,parlpCHzlpH
8 CH,—¢y+H—-y->CH; -9 Ve, = Rer  k4K3Ki Ky PeoPy,p? k4K3Ki K7 ®Poo PGy
cH ki,parwl-l ki,parlpH ki,par
ot _ 1
gg}) v= 1+ KyPp + JKo Py, + KKy /Ky PeoPYy + Ki K, KoK, P P,
(2% Y+ Yeo + ¥y + Yuco + You + Yeno + Yo 1fco 20, T A3fiy R2lco Rz 1828384 F¢co Fp,
& é +Yen, =1 k KK KD° Py,o0 + Pu,0 Pi,0 + k4K3K K7 Peo Py
it kiparK7 Ko KsKs ™ €0 PI-(I)Z'S K7 K, K5 Py, K7/ K, Py, kipar
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Table A. 20 Kinetic model FT-V assuming steps 8—15 are the rate-determining steps (RDS-3)

No. FT-V (RDS-3: 8-15) Rate Equations
1 CO+yY2C0—-vyY Yeo = KiPeo
2 Hy,+ 2y 22H -1 Yy = /KzPH2¢
Kscoby  K3KiPeop Ko Py
3 CO—yY+H—-yY2HCO—-yY+y¢ Wico = m = = K3 KKy Poo POSY
K3¥co¥u
_ Kabucopy K [ i _
4 HCO -y +H—-yY2CH,0—-y+1y Yewyo = ” = ll) = K1 K, K3 K4 Poo Py,
Yeuyo (K1K2K3K4PCOPH21/))¢ 2 Pcong2
5 CH20 — 1’[) + 1’[) (:) CHZ — "l} + 0 — "l} l11}6'1"12 - Kslpo - PH20 - K1K2 K3K4K7K5 PH20 t/)
K7 K K5 Py,
Aww
6 O—-yY+H—-yY20H—-yY+y " =1/)OH1/)=K7\/K2PH2 _ Py,0
T Ky Ko JKoPmp  KrKoKsPy,
Py,otp? Py,otp? Pi,0
7 OH—y+H—y2H,0+2 Yoy = = 2 = Z—1
priy ko = Kby KoKt KoK,
25 Pcoppzfzs 2
8 CH;—Y+H—-Y->CH; - Rpr = ki,parlpCszH = ki,parKle' K3K, K7 Ks Y
H,0
1
o 9 Y= D I 0.5
€ S Y+yeot+y¥Yu+Puco+VYou+V¥euo + %o +eu, =1 05 05 05
T3 3 kyK3K Ky Pu,o0 + Pu,0 Py,0 +k4K3K1K2 PcoPy;
kiparK7 Ko KsKs =0 PI.?Z'S K7 K, K5 Py, K7,/ K, Py, ki par
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Table A. 21 Reaction pathway and rate equations developed based on model FT-VI: molecular hydrogen assisted CO dissociation

No. General Reaction Path Kinetic Rate Equations
parameter

1 CO +1p ZCO—IIJ Kl Klpcoll):ll)co
2 H, +2¢y 22H -9y K, KZPHzlpZ =%
3 CO-y+H,2C—vy+H,0 K; kscoPu, = YcPu,o
4 C—yY+H-yY 2CH-yY+y K, Kychy = Yeyp
5 CH=y+ H—-y 2CH, -y +9¢ K Ks¥euu = Yo, ¥

Rpr = ki,parlpCHzlpH

k leCH3

6 CH;—Y+H—-yY->CH; -y + ¢ ipar a 0= +Re—R7;—Ri0 =0 = + ki parVen,¥u — KmeenWers¥u — kg parWensWen, =0 =

lp _ ki,par¢CH2¢H

chis kg,parlpCHz + kmeth¢H

7 CH;—¢y+H—-Yy->CH, +2¢ Kmetn Ren, = kmetnWen,¥u
8  CHy—y+CHy—% > CHy +2¢ Ketn Reyn, = keenWen,”

dlpCZH3 _

a2 0= 4+Ro—R1; = 0=+ kioerVen,eu — KgotefWen,¥e,n, = 0=
9 CHZ - '(/) + CH — ll} g C2H3 - '(/) + lp ki,olef ki,oleflszH

1P62H3 = k—

g,olef
dll}CnHan _ ' _ k k _
Cooalon 1 —Y+CH, — 9 y T 0= 4Ry o—Rio —Ri1 = 0=+ kyparWc,_1Hon1Ver, — KgparWeution, Yer, — KeparWeptipne, Wu = 0=
10 : gnH2n+1 - l/) + 1/) ,n gpar lpc ; _ kg,parwcn_lHZn_llpCHz
B i kg,parlpCHz + kt,parlpH
11 CnH2n+1 - 1/) +H - l/) - CnH2n+2 + 21/) kt.par Rparffins = kt,parlanHZnHlpH
CnHan— ,
CHy =Y+ CoqHoyn 3 — Y % =0=+R;;—Riz — Ri3 = 0= +kgorer ¥y HynsWer, — KgoterWenton s Wen, — KeoterWepton W = 0 =
12 :gnHZn—l —Y+Pin kgower " _ Kg.oterWen_sHansPens
B Cnflzn-1 kg,olef¢CH2 + kt,olefl/)H

13 CnHZn—l — 1»0 +H- l/) - CnHZn + 21/) kt,olef Rolefins = kt,olefll)CnHZn_lll}H
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Table A. 22 Kinetic model FT—VI assuming steps 3 and 6—13 are the rate-determining steps (RDS-1)

No. FT-VI (RDS-1: 3, 6-13) Rate Equations
1 CO+y 2CO0—-y KiPco = Yco
2 H,+2y 22H -y /KZPHZLD =Py
3 CO-yY+H,-C—yY+H,0 Rpp = kalpcoPHz = k3K1PCOPH2¢’ = k3K1PCOPH2
(1+ K, Pco + /K, Py,)
e Peoy
4 C—Y+H-y 2CH-Y+v b, = Ve _ KiparKaKs _ k3K, Pco
Koy Ky [ Ko Py, kl-,par1’(21'51’(51(4 \/P_Hz
k3K1Pc0P191'25
5 CH—y+ H—-y 2CH,— Y+ Y kiparJKo T ksK ,
lanH B KslpH - KS\/KZPHZIP - ki,parKZKS co
Rpr = ki,par‘PCHz‘l’H
6 CHy—Y+H—-19—>CHy— ¢+ ¢ Ve, = Rer _ ksKiPeoPup _ ksKiPeoPriy
ki,parlpH ki,parlpH ki,par\/K72
S o
R =1 ¥ = -
?%, é ¥t Yoo t¥u = (1+ Ky Peo + JK;Py,)
=
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Table A. 23 Kinetic model FT—VI assuming steps 4 and 6—13 are the rate-determining steps (RDS-2)

No. FT-VI (RDS-2: 4, 6-13) Rate Equations
1 CO+y 2C0—-y KiPeop = YPeo
2 Hy+2y 22H— /KzPHzll) =Yy
K;YcoP K;K, PcoYP, PqoP,
3 CO—p+H,2C—p+Hy0 = 3Pco Hy _ 31Pco Hy _ K, COHzl/)
Hp0 Hp0 Hp0 s
PeoPy Peo Py;
4 C-yY+H-y -CH-Y+yY Rpr = kychy = ky (KsKl P—le ( KZPHzl/)) = k4K3K1\/ K; P 2 l/Jz
H,0 Hy0
(k4K3K1 PCOPHZ 1/))1,[} 0.5
5 CH-y+ H—v9 2CH,— Y+ Yo = Ve ¥ _ \ Kipar  Puyo _ _ kuKsKy  PeoPp, "
Ksiby KS\/ KZPHZTP ki,parst K, PHzO
Rpr = ki,par‘PCHz‘l’H
6 CHy— Y +H—v9 - CHy— + ko K; K, JK. PCOP&SW
2~ Y Y s—Y+ Y " Rpr ATINEZ Pyo kyK3Ky Poo Py,
CHz ki,parlpH ki,parw/ KZPHZ",[} ki,par PHZO
8
€ 5 1
5 Z‘:} Y+ Peo +Vu + e+ Yo +en, =1 V= <1 ¥ KiPeo + JKoP + KoK Peo Py, + koKiK, PeoP) | ko KsK, PCOPH2>
g 8 17co 2 Hz 3t PHzO ki,parKSWKz PHzO ki,par PHZO
=
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Table A. 24 Kinetic model FT—VI assuming steps 6—13 are the rate-determining steps (RDS-3)

No.  FT-VI (RDS-3: 6-13) Rate Equations
1 CO+y 2C0—y K. Peo¥ = Yo
2 Hy+2y 22H— /KzPsz =Yy
KseoPy, KsKyPooP, P.,P
3 CO—y+H,2C—y+H,0 Yo =——0 e 3O M _ g, 0 2y
Py,0 PH20 Py,0
K,K:K CO HZl/),/KP Y 15
4 C—yY+ H-— 2CH -y + Koy 473 2T H, Peo Py
v v vty Yeu = b = llJ = Kl\/ K;K3K, PHZOZ P
K <Kn/1<21<31<4 FeoPi; ¢) JEoPa ,
5 CH-y+ H-y 2CH, -+ _ Ks¥ephy Hy0 _KKKKKPCOPH2
Yeu, = ” = ” —12345m¢
P P., P25
co H2 COTHy >
6 CHy—Y+H-¢Y->CH; -9+ Y Rer = Kipar¥en,¥Wu = Rer = Kipar K1 Ko K3 K4 K5 Y |KyPy, Y = ki par K1 K3 9Kz KK Y
Py,0 Hy0

54

£y )~ 1

= - 2

BB Y+ + Uy + e+ oy + =1 P., P P, PLS PP

= é ¥t Yoo+ ¥u +¥e + v + Yo, (1 + Ky Peo + \[KoPy, + KaK; IC;; :2 + KK, K3 K, ‘;," B2 4 KK, KK, K ;Z 52>

o] 2 2

F
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Table A. 25 Reaction pathway and rate equations developed based on model FT-VII: molecular hydrogen assisted CO dissociation

No. General Reaction Path Kinetic Rate Equations
parameter

1 CO+yY 2CO0—-vy K, KiPco = Yeo
2 H, +2¢y 22H -9y K, KZPHZl,l)Z =3
3 CO—-y+H, 2HCOH -y K; K3coPy, = Yucon
4 HCOH -y + H-yY 2CH-yY+H,0—-¢y K, KayWucon¥n = Yeuluyo
5 H,0 -y 2 H,0+yY Ks ks¥u,o = Py,o¥
6 CH-Y+ H—-yY 2CH,—y+79¢ K Keeuby = Yeu, ¥

Rpr = ki,par‘PCHz‘l’H

Bhetts _ Ly LR —Ry—Ryy = 0 = + k; Wer, Wi — kmeenWen, Vi — kg parer,Wen, = 0
7 CHZ — '(/) + H — '(/) - CH3 — '(/) + w ki,par dt - 7 8 11 — i,par ¥ CH, VH meth ¥ CH3 ¥ H g,par ¥ CH3 ¥ CHy —

l,b — ki,parlpCHzlpH

cHs kg,par¢CH2 + kmethlpH

8 CH; =Y+ H—-Y->CH, + 2y Kmetn Ren, = kmetnWen,¥n
9 CH, =Y+ CH, = - C;H, + 29 ketn RC2H4 = kethlpCsz

A, u,

i 0= 4R g—Ri3=0=+kioerVcn,cu — KgotefPern,Ye,u, =0
10 CH,—Y+CH—-y->CH;—yY+ 9 kioter Kiotef e

¢62H3 = k—

g,olef
C. - H dlanHan _ _pr_ _ _ _ _
n-1lon1 =Y+ CH, — dt =0=+4R;1—Ri1 — R = 0=+ kyparVe, 1HonVer, — Kgpar®entons Wer, — KeparWentons, Wn = 0
11 :gnHZnH —Y+y;n kg par Yo . = kg par¥cy_tynWen,
N nrEn kg,parlszHz + kt,parwl-l
12 CnH2n+1 - 1/) +H— l/) - CnH2n+2 + 21/) kt,par Sparffins = kt,par¢an2n+1¢H
CHy =Y+ C1Hyp 35— % =0=+Ry;3—Ri3 — R4 = 0= +kgorer W, 1Hyns Ve, — KgotefWentipn Wy, = KeoterWeptan¥n = 0
13 :gnHZn—l Y+ Y;n kg,oter Ve _ Kg,oterWcn_ytiyns¥cH,
N mran kg,oleflpCHz + kt,oleflsz

14 CnHZn—l - 1/) +H— l/) - CnHZn + 21/) kt,olef Rolefins = kt,oleflanHZn_llpH
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Table A. 26 Kinetic model FT-VII assuming steps 5 and 7—14 are the rate-determining steps (RDS-1)

FT-VII (RDS-1: 5, 7-14)

Rate Equations

No.
1 CO+y 2C0—-y KiPcop = Yco
2 Hy+2y 2@2H -y ’KZPH2¢=1/)H
3 Cco — 'll) + HZ p=d HCOH — 'll) IpHCOH = K1K3PCOPHZ¢
" _ Kaucon¥n _ K4K1K3Pco P,y Ko P, _ ki.parKlel'sK3K4K6PCOP13'25 w3
20 Ve (L) Rer
4 HCOH -+ H— 2CH—+H,0 — KiparsaPr
— B P - ,0 —
ki,parKlK21'5K3K4K6PCOP1-21'25 3 ki,parKlel'SKusLKs 0.5 p1.25
Yu,0 = Y = & Py’ Py
Jkski,parK1K21'5K3K4K6PCOP132'5¢2 °
ki par K1 K35 K3 K KgPoo PES
5 H0 = +¢ > H0 + 29 Rpr = k51/}H201/) =ks Sl 2 R B 1/)4 = Rpr = Jkski,parK1K21'5K3K4K6PCOPHZZ'51/)2
FT
Rer
— 15 25,2
o Yenh <ki,par ,—KZPHZIP)w _ Rpr B \/kski,parKlKZ K3KyKePeo Py
CH = = = =
6 CH—y+ H—t) 2CHy—+ Kby Ko/ Ko Py, ki parKeKo Py, ki parKeKo P,
ksKi K3 °K3K,
— PO.SPO.ZS
KZOIZS\/ ki,parKs co l/)
kskiparKiK3°K3KyKePeo P2 o)? \/k KiK$SK3K,K
7 CHy =+ H—1p - CHs — ) + ¥ R = ko bemtn ™ Gen = Rer =\/Sl,par12 34660H21/’= 581 K3 346\/%})13‘751!]
) r
bpe : : ki,PaTlpH ki,parv KZPHZIP k?,;ar :
1
ll} =
] ksKi K3 K3K,
‘8 g:;‘) ki,parK6
2 5 Y+ Yo + Pucon + diCH + Y0 +Yeu, + Yen 1+ Ky Pco + \[KaPr, + K1K3PcoPy, + KOS PASPY?S +
= 0 =
5 O
=

0.5p1.25 0.75
T Peo Py + 105 PcoPy;,
5 i,par

’ 05
\/ki,parKlel'sKsK4K6 kKK KK Ke
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Table A. 27 Kinetic model FT-VII assuming steps 3 and 7—14 are the rate-determining steps (RDS-2)

No. FT-VII (RDS-2: 3, 7-14)

Rate Equations

1 CO+y 2CO—y

) H,+2y @2H -y

3 CO -+ H, > HCOH —

4 HCOH —y+ H—1y 2CH—{+H,0 —

5 H,0 -y +y 2 H,0+ 2y

6 CH-y+ H—-y 2CH,—y+¢

7 CH,—yY+H—-¢Y->CH;—y+ ¢

Y+YPeo+ Yy +Pup =1

Total Surface
Coverage

K\ Peop = Peo
KZPH2¢ =Yy

Rpp = k3K1PCOPH2¢’

R = k3K Peo Py,
FT — P,
(1 + Ky Peo + /Ko Py, + %)
5
() (2
_¢CH1/)H20 _ kiparKoKe " © Ks _ k3K, Py,0Pco
Heon K41/)H K4(\/K2PH2",[}) ki,parK21'5K5K6K4 VPHZ
Py,o¥
Yigo = —2
H,0 K
k3K1PCOP13.25 k3K1PCOP3'25¢
Ve = ki,par\/ K, ki,par\/ K, _ k3K1
CH =

- PCO
ki,parK2K6

Kebnu - K6\/ KZPHzl/)
Rpr = ki,parlpCHzlpH
_ k3K PeoPpp k3K1Pc0P191'25

IIJCH - -
z ki,parv KZPH2¢ ki,parv KZ
1
1/) =

P
(1 + Ky Peo + /KoPy, + I’?")
5
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Table A. 28 Kinetic model FT-VII assuming steps 7—14 are the rate-determining steps (RDS-3)

No. FT-VII (RDS-3: 7-14) Rate Equations
1 CO+y 2C0—-9y Yeo = KiPeop
2 Hy +2¢ 22H -1y Yu = |KPy, Y
K. KK, P, JK,P%5
3 CO—Y+H—yp2HCO-p+y Yrco = 3%‘””” === ‘f‘”fp P2V K RoPoo P
Kyyco K. K3K1\/K2PCOP0'5¢)\/K2PH Y
4 HCO—y+H - 2 HCOH -y + 3 Yucon = - I:/)CO = 4( lsz : = K1K;K3K4Po Py,
Ksyycon KS(K1K2K3K4PCOPHZ¢)¢ 15 PCOPFII'Z5
N _ _ CH = = P = KsK K> 7 K3 Ky K Y
5 HCOH -y + Yy 2CH—-y+0H—-Y You H,0 " Py,0
Ks\/ K2 Py,
Y?Py,0 Y?Py,o Pu,o
OH =+ H— 2 Hy0 + 29 Yo = = = ¥
6 2 Kebu  KeJKoPm) KoyKoPy,
5
K, Ks K KX K K, K, PeoPs; VK Py
lp _K7lpCHlpH_ 7050102 30406 PHZO 24 Hy
CHy = =
7 CH—Y+H—y2CHy,—p+ ’ ¥ ¥
) PeoP,
= K7 KsK K7 K3 K, K, P Y
H,0
PCOPFZI'S
8 CHy—Y+H-yY->CH; -9+ Y Rer = KiparWen,¥n = ki,parK7K5K1K22'5K3K4K6 Zy?
H,0
1
v= PHzO 7R 0.5
§ ° /1 +K1PCO + K2PH2 +m+1{31{1 KZPCOPHé +\
“g %" Y+ Yo + ¥y +You + Wuco + Wucon + Weu + Yeu, | 2 b pis |
co
zZz -1 Ky K3 K3 KyPeo P, + KsKy K3 S KaKyKs —p- ’;2 +
5 © 2
= PcoP?
K7 KsKi K2 K3 Ky K —5—2
H,0
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Table A. 29 Reaction pathway and rate equations developed based on model FT—VIII: molecular hydrogen assisted CO dissociation

No. General Reaction Path Kinetic Rate Equations
parameter
1 CO+yY 2C0—-y K; KiPeo) = Yeo
2 H,+2¢y 22H -9y K, KZPHzlpZ =3
3 CO—-y+H, 2 HCOH -y K; K3coPy, = Yucon
4 HCOH -y + H, 2CH, =y + H,0 K, KyuconPu, = Yen,Pryo
Rpr = ki,par‘PCHz‘l’H
Wen, _ = k k k =
5 CHZ — ll) + H — ll) N CH3 _ lp + .‘l} ki,par dt =0= +R5_R6_R9 =0=+ i,parl/)CHzlpH - meth¢CH3¢H - g,par¢CH3¢CH2 =0
ki,parlpCHzlpH
¢CH3 =
kg,parlpCHz + kmethlpH
6 CH; —yY+H—vy > CH,+2¢ kinetn Ren, = kmetnWens¥u
7 CHy; =Y+ CH; —¢ - CHy + 29 ketn Re,n, = kerhll’cyzz
AYe,n, _ B
dr 0= +Rg—Ry; = 0=+ ki orer¥cr,Wen, — KgoterWern,Weyns =0
8 CHy =Y+ CH, -y > CGH;—yY+H—- ki,olef ki,oleflpCHz
Yen, = Th
g,olef
dic Hans1
— 22 = 0= 4+Rg—R,— R =0
Co-1Hon-1 =9+ CH, =9 dt oo e
9 - CHopppr —Y+9Y;n kg,par =+ kg'PaTlan—1H2n—1¢CHz - kg.PaTIPCnHznﬂl/)CHz - kfnpartanHznﬂtpH =0
> 2 w _ kg,parlpcn_lHZn_leHz
Cnfiznts kg,parlszHz + kt,parwl-l
10 CnH2n+1 - l/) +H - 1/) i CnH2n+2 + 21/) kt,par Rparffins = kt,parll}anZnHl/}H
AV e,y
— 2t =0=+4+R;;—R;;— R, =0
CHy =Y+ CypyHop3 =9 dt ot T2
11 = CoHoypy — + Y5 n kg oter = kg oterWey_1HonsWer, — KgoterWentonWer, = KeoterWepton,Wn = 0
>3 " _ kg,oleflpcn_lyzn_glpcyz
Cnflzn-1 kg,olefll)CHz + kt,olefll}H
12 CnHZn—l — l;b +H— l,l) i CnHZn + 21/) kt,olef Rolefins = kt,olefl/)CnHzn_ll/)H

312|Page



APPENDIX

Table A. 30 Kinetic model FT—VIII assuming steps 4, 512 are the rate-determining steps (RDS-1)

No. FT-VIII (RDS-1: 4, 5-12) Rate Equations
1 CO+vy 2C0—-y KiPeop = Peo
2 H,+2¢y 22H -9y ’KZPHzl,b =Yy
3 CO—-—y+H, 2HCOH -y Yucon = KiK3Pco Py,
Rpr = k4¢HCOHPH2 = k4K1K3PCOPH2¢’PH2
4 HCOH — ¢ + H, - CH, — + H,0 P K1 Ksk4PcoPf,
FT =
(14 Ky Peo + /K Py, + K1 K3PcoPy,)
Rpr = ki,parlpCHzlpH
5 CH,—yY+H—-Y->CH;—y+ ¢ Dep, = Rer Rpr _ kabucouPu, _ kaKiK3PeoPp, WPy, K1K3k4p pLs
CH, — - - - i,par CO"H
: ki,par¢H ki,par\/ K, PH21/) ki,par\/ K, PHzlp ki,par\/ KZPHZIP ? 4/ K, 2
Total 1
Surface YV+Yeo +¥y+ ¢ =1 Y=
Coverage co T TH T THCOoH (14 Ky Peo + /K Py, + Ky K3PcoPy,)
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Table A. 31 Kinetic model FT—VIII assuming steps 3, 512 are the rate-determining steps (RDS-2)

No. FT-VIII (RDS-2: 3, 5-12) Rate Equations
1 CO+y 20—y KiPeoh =Peo
2 Hy+2¢ 22H -y KZPHzll):lpH
Rpr = k31/)coPH2 = K1k3PcoPH21/)
3 CO—-y+H, > HCOH —¢ R Ky k3PcoPy,
FT =
(14 K,Peo + \JK;Py,)
K41PHCOHPH2 = ¢CH2PH20
Rer Pco Py,
4 HCOH -y + H, 2 CH, —¢y + H,0 — P ——=2—Pp
? 2 ? " _ Yeu,Pryo  Kipary Ko P, 20 _ Kiks NI 20
HEOH T Ky Py, KyPy, KiparyKaKy  Pr,
Rpr = ki,par‘PCHz‘l’H
5 CH; =Y +H—-yY->CH; =y + ¢ ben. = Rer _ Kik3Peo Py,
CH, = = -
: ki,par\/ KZPsz ki,par\/ KZPsz
Total vty v . 1
Surface + Yo t¥u = Y =
Coverage (1 + KiPeo + \[KzPy;)
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Table A. 32 Kinetic model FT—VIII assuming steps 5—12 are the rate-determining steps (RDS-3)

No. FT-VIII (RDS-3: 5-12) Rate Equations
1 C0+y 2C0-y KiPco) =YPco
2 H2+21l) ZZH—I,D KZPHzlp:lpH
3 CO—y+H, 2 HCOH =3 Yucon = KiK3Peo Py,
K4¢HCOHPH2 = 1/JCH2PH20
4 HCOH =9 + Hy @ CH, =9 + H,0 KayconPu, KuKiK3PeoPu, WPy, K1K3K4PCOPI-212
Py,0 Pu,0 Pu,o
K, K3K4Pco P ,
Rpr = ki,parlpCHzlpH = ki,par Pizlp KZPHzl.[’
H0
Pcong'5
5 CHy—Y+H—-Y->CH; =y + ¢ ki‘parK1K3K4,/K2P72
H,0
Rer = 2 K, K3K,Peo P2\
18384 F¢coly,
<1 +K1PCO +1/K2PH2 +K1K3P60PH2 +—PH20 >
Total W= 1
Surface Y +Yeo + Yy +Yucon + Yeu, =1 K, KsKyPeo P,
Coverage 1 + K1PC0 + K2PH2 + K1K3PC0PH2 + W

315|Page



APPENDIX

Table A. 33 Reaction pathway and rate equations developed based on model WGS-I: with (RDS-3: 3) direct oxidation mechanism (redox

mechanism)
No. WGS-I (RDS-3: 3) Constants Rate Equations
1 CO+0 2C0—o0 Kyw, oco = Kw,Pcoo
Ky P, Ky P, P
Oon = WZG ot =00 = Kis Kw, %‘7
2 H,0+20 20H—-0+H—-0 Ky, H Py, Hz
o
Rygs = (kWGS?,O_OHO— - kWGs_gffoay)
Py,0 ) ( Peo > Py
=k Ky K olo—k —2 ¢ 2o
WaSs < Ws W Py, WS- Ky, Kw, Pco Ky,
3 OH—0+4+0 -20—-0+H—-0 Kygs, <k Ko K., H20 _p PCOngés >
WaSsTWsTWe Py, WS- KW4KW1KV(|)/'55 Peo
Ryes = 2
,PH Pco Py,0
1+ Ky, P-r + 12 + 2 + KO.SK 2
watco KWS Ky, Kw, Pco Ws W2 P,?Z'S
Peo Peo
4 C0-c+0-0 2 K =————0’= :
ot o @L0+20 W o0 Kw,0co ’ Kw, Kw, Pco
PHZ
5 2H—0 2H,+ 20 Kw, oy = o
1
Total =
Surface 0+ 0cop+oy+togtooy=1 Py, Peo, 0.5 Pryo
Coverage 1+ K Poo + Kw, + Kw,Kw, Pco + K Ko, P,?f
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Table A. 34 Reaction pathway and rate equations developed based on model WGS-I: with (RDS-4: 4) direct oxidation mechanism (redox

mechanism)
No. WGS-I (RDS-4: 4) Constants Rate Equations
1 CO+0 2C0—-o0 Kw, Oco =Ky Pp 0o
_ KyPuzo , KZPHZO - K.K PH20
2 H,0+20 @ H,—0+0 -0 Kw, o= ¢ —@G sfa’p ¢
K- ,
H20

3 CO-—06+0-02C0,—0+0 Ky, _ Ks0c000 _ K3k Feo oKsKyp Py, R KKK PcoPr2o

Ocoz2 = pu pu = RBqB083K5 P—HZ

PcoPrzo
Rys = (kWGS4Uc02 - kWGs_4PCOZU) = kWGS4 K K;K3Ks————0 ) — kWGS_4PC020-
H2
5 PcoPu,o0
4 C0,—02C0,+0 Kwags, kw s, Kw, Kw, Kw, Kw, P, kwes_,Peo,
— 2
fwes = 1+ Ky, Poo + Ky K, PH20+K Ky, Ko, Koy, €020 Pt
w, Peo wsfw, P wa K Rws Kws —p - + K,
Py
5 Hy—oc2H,+o Kiws Oz =70
Ks
Total 5= 1
Surface 0+ 0co+09+ 0y, +0c0, =1 - Puzo Pcopyzo Py
Coverage (1+ Ky Peo + KK, 220 B0 4 Ky Ko KK 20 120 Ke)
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Table A. 35 Reaction pathway and rate equations developed based on model WGS-II: with (RDS-3: 3) direct oxidation mechanism (redox

mechanism)
WGS-II (RDS-3: 3) Constants Rate Equations
1 CO+o0 2C0—0o Ky, oco = Kw, Pcoo
Ky,Pu,00° Ky, Py,00° 0.5 L Hz0
Oon = = = Ky, Kw; o
o JP
2 H,0+20 20H—-0+H-o Ky, H Py, H,
o
Py,0 1 Peo Py
Ruwes = kwes.0ono — k 000y = kyes. Ky, K ——=00 — k —— 205 |20
WGS w6S; O0H w6S_3000H w6 sz Kw, Bwg \/P_Hz WGS_3 Ko Kory Poo | Ku,
05
k K. K05 Pro k 1 Pco, Py,
3 OH-o+0 >0—-0+H-o kwes WGS3 W2 B We \/ﬁ WeS-s K., Ky K>  Peo
1 6
Ryes = : 2
Py 1 Peo Pr0 | Peo
1+ Ky, Peo + ’—2+7—2+K K> —2= 4 2
Wi co Ky, ~ Kw, Kwg Peo W2 Ws Py, Ky,
Peo, o6
4 CO—06+0—-02C0,—0+0 K, o = 0000 _ K 1 Peo,
¢ KW4<7co KW1PCO<7 KW1KW5 Peo
Peo,
5 COZ = COZ + 0o KW5 o‘COz =
KWS
6 2H—-0 2H; + 20 K, oy = o
KWG
1
Total o=
Surface 0+ 0¢p + 0y + 0y + Oou + 0¢p, = 1 H, 1 co, os Pryo | Peo,
Coverage L+ K Feo + g, s * Kw, Kw, Pco K Ko JP * Kw,
2
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Table A. 36 Reaction pathway and rate equations developed based on model WGS-II: with (RDS-4: 4) direct oxidation mechanism (redox

mechanism)
WGS-II (RDS-4: 4) Constants Rate Equations
1 CO + o0 2 CO — 0 KWl UCO = KW1PCOO'
KWZPHZOUZ KWZPHZOUZ 0.5 PHZO
UOH = = = KWZKW6 o
g P
2 H,0+20 20H—-0+H-o0 Ky, H Py, v FH,
40
Ky,
Pii,0
Ky. (KW KD> —=2 )
_ Ky,00n0 ’ 2 P, _ H0
3 OH-o0o+020—-0c+H-o0 Ky, Op = on = b = Kw, Kw, Kw, Py g
2
Hy
o
Ky,
H,0 co
Ryes = kWGs4acof70 - kWGs_4ffcozU = kwc;s4 (lepcoa) (KWZKW3KW6 _ZU> - kWGs_4 K_ZUH
Hy W
PcoPu,0 Peo,
4  C0-0+0-0-CO—0+0 kwes (kWGS4KW1KW2KW3KW6 P, fwes KW5>
Ryes = 2
Py Pu,0 os Pmo | Peo
1+ Ky, Peo + ’K_Wzﬁ + Ky, K, Ky, P—;Z + Ky, Ky, \/PZ_HZ + KW:
Pco,
5 CO),—02C0,+0 Ky, Uc02=K o
Ws
Py,
6 2H—0 2 H,+ 20 Kw, Oy
Ky,
_ 1
Total 0= b p P P
Surface o+ UCO + Uo + UOH + O-COZ + UH = 1 1 + K., P + i"‘ K. K. K Hy0 + K. KO.S H0 + CO,
Coverage MTCO T Ky, T T2 Py, W2TWe [Py, Kws
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Table A. 37 Reaction pathway and rate equations developed based on model WGS-II: with (RDS-5: 5) direct oxidation mechanism (redox

mechanism)
WGS-II (RDS-5: 5) Constants Rate Equations
1 CO + o0 2 CO — 0 KWl UCO = KW1PCOO'
Ky,Pu,00° Ky, Py,00” 05 PHy0
Ooy = = = Ky, Kw; o
0 JP,
2 H,0+20 @20H—-0+H—-o0 Ky, H Py, Hy
40
KWG
Pii,0
Ky. (KW KD> —=2 )
_ ngffoHU _ : 2 e \/PHZ H,0
3 OH-o0o+020—-0c+H-o0 Ky, Op = on = b = Kw, Kw, Kw, Py g
2
Hy
o
Ky, (Ky, P, J)(K Ky K, @a)

4 C0—0c+0—-02C0,—0+o0 Ky, _KW4UCOUO_ WalWitco W2 W We Py, _ PeoPu,o

Oco, = = - KW1KW2KW3KW4KW6

o o Py,
PcoPryo
Rygs = kwass Oco, — kWGs_SPCOZU = kWGSSleKWZKW3KW4KW6 P—U - kWGS_SPCOZJ
Hy

Rys

5 co, — Co, + k PcoPr,o
2T oo wes Fewss Koy K Ky Koy Koy, =52 = lwes_c Peoy
—_ 2
’PH Py,0 o5 PH,0 PcoPu,o
1 + KW1PC0 + K—VVZG + KWZKW3KW6 P—Ijz + KWZKW6 \/—PZTZ + KWlKWZKW3KW4KW6 TZZO-
PHZ

6 2H—0 2H,+ 20 Ky, oy =
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1
Total g=
Surface o+ Oco + Oy + (25 + Ooy + UCOZ =1 1+ K, P + i‘l‘ Ko Ko K. PHZO + K KO.S PHZO + K, Ky, Ky Kipy K PCOPHzo o
Coverage Wit co Ky, = """ WsRWe Py W, W \/P—Hz wa fwz Bws B, Bws —p, -

Table A. 38 Reaction pathway and rate equations developed based on model WGS-III: with (RDS-3: 3) direct oxidation mechanism (redox

mechanism)
WGS-III (RDS-3: 3) Constants Rate Equations
1 CO+g 2C0—0 Ky 0co = Kw, Peo 0
1
KWZPHZO 2 KWZPHZO 2 PHZO
2 H,0+20 2H,—0+0—0 Ku, 0= o C T P, ¢ = KwgKw, 5 —0
Rygs = (kwc;s3 Oco0op — kWGS_ngcozU)
Przo Pco
= <kWG53 (le PCO O') (KWSKWZ P—HZO') — kWGS_3 EO' o
4
PcoPrzo Pcoy
3 C0-6+0-02C0,—c+0 Kyres . (kwcsgkleWSsz TP fwessE,,
wes = PHZO PCOZ PHZ 2
1+KW1 PCO +K5KW2 PH2 +m+m
4 5
PcoPu2o Pcoz
Rygs = (kWGS3KW1KW5KW2 —p. fwes.sp— a?
H2 Wy
4 €0, —62C0,+0 G0y = 102
2 P4 2 KW4 c02 KW4
5 H, — =2 H + o, = @O'
2 -0« T0 KW5 H2 KW5
Total o= !
Surface 0+ 0y + 0 + Opy + Gppy = 1 Puzo | Peoz | Puz
co 0 H2 €02 1+ Ky, PC0+K5KW2P_+K_+K_
Coverage H2 W, Ws
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Table A. 39 Reaction pathway and rate equations developed based on model WGS-III: with (RDS-4: 4) direct oxidation mechanism (redox

mechanism)
WGS-III (RDS-4: 4) Constants Rate Equations
1 C0+J ZCO—O_ KW O-COZKW1PCOO-
1
Kw,Puzo ,  Kw,Puzo Puzo
2 H,04+20 2H,—6+0—0 Ku, Go =" 0 = Pyz 0" = KusKw, = —0
KWS
Koy (Ku, Peo 0) (KK P”Zoa)
3 C0O-0+0-02C0,—0+0 [ _ Kwy0co09 _ "Ws 1M1 O Ws™We Py, 7 PcoPrzo
w3 Oco2 = - - KWl KWZ KW3 KWS
o o Py,
_ PcoPrzo
Rygs = (kWGs4acoz - kWGS_4Pc020) = kWGS4 KW1KW2KW3KW5P—U - kWGs_4Pcozf7
H2
PcoPu2o
Rys = (kWGS4KW1KW2KW3KW5 P kWGS_4PC02> o
4 COZ — 0 2 COZ + 0o kWGS H2
P.o P,
(kwc;sl,lekw2 Ky, K, % - kWGS_4PCOZ)
Rwas = Pazo PeoPio . Pz
(1 + KW1 PCO + KWSKWZ m + KW1KW2KW3KW5 P—HZ + K_M/S)
5 Hy—c2H, + Oug = 222
2 0 & Iy o KWS H2 KW5
Total o= P : PP P
Surface o+ 0¢p + 0p + 0y + 0cpr =1 <1+K P +K, K, “H20 L g g K K M+ﬂ)
Coverage Wi TCo T TWsTWa Py, WATWeBWs T Ws - Py, Ky,
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Table A. 40 Reaction pathway and rate equations developed based on model WGS-IV: with (RDS-3: 3) direct oxidation mechanism (redox

mechanism)
No. WGS-IV (RDS-3: 3) Constants Rate Equations
1 C0+0 2C0—-o0 Ky, 0co = Kw, Pcoo
Kw, P20 Kw,Kw, Przo

oy = o? = o

2 H,0+20 2H,—0+0—-0 Ky, 0 Py, Py,
Kw,
Kw,Kw, Pr20
Rygs = kWGS3Uc0‘70 - kWGS_3PCOZO_2 = kWGs3KW1 Peoo %‘7 - kWGS—zPCOZJ2
H2
PcoPuzo

Ryes = (kwcsgklew4KW2 P kWGS_3PCOZ) o?

3 C0_0+0_02C02+20 kWGS P I;Z
(kwc;53 Kw, Kw, Kw, % —kwes_, Pcoz)
fwes = Ky, Kw,Puz0 | Py
1+K, P., +—& "2 722 4 ﬂ)
( Wi T co Py, Ky,
Py
4 Hy,—02H,+o Ky, Oz = 3 —0
Wy
Total !
ota g =
Ky, Ky P,
Surface o+ 0¢g + 0y + 0y, =1 (1 + Ky, Peo + w + %)
Coverage H2 Wa
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Table A. 41 Reaction pathway and rate equations developed based on model WGS-V: with (RDS-3: 3) direct oxidation mechanism (redox

mechanism)
WGS-V (RDS-3: 3) Constants Rate Equations
1 CO+ad 2C0—-0 Ky, oco =Kw, Peoo
Ky, P
2 H,0+0 2H,+0—0 Ky, o = —2 120 ;
Py Ko P
w,EH20 Pcoz
Ryes = kWGs3<Tco<To - kWGSZGCOZG = kWGlewl Peoo ——0- kWGS_3 K—U‘g
H2 Wy
PcoPu2o Pcoz
Ryes = (kWGS3KW1KW2 P—HZ —kwes_, m o?
3 CO-6+0-02C0,—0a+0 kwes N
k Ko K PcoPuzo k Pcor
wes; fwfwy, —p = T kwes,, Kw,
Rwes = Ko p S 2
w,H20
14+ Ky, Peo + —F—— + 72
( Wy tco Py, Ky,
4 5 K _ Peo
CO,—02C0,+0 W, Ucoz——KW4
Total o= L
Sul‘face o+ Oco + (5] + Oco2 = 1 KW PHZU P,
1 K )2 2 co2
Coverage T lwy Peot—pr 4 W,
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Table A. 42 Reaction pathway and rate equations developed based on model WGS-V: with (RDS-4: 4) direct oxidation mechanism (redox

mechanism)

WGS-V (RDS-4: 4)

Constants

Rate Equations

Total
Surface
Coverage

CO+o0 2C0—-0o

H20+0' 2H2+0_U

C0-—0+0-02C0,—0+o0

602_0_4_—)602"'0_

O-+0.CO+O-O+0.COZ=1

Kw

1

K,

2

K,

3

kWGS

oco = Kw, Pco 0

Kw,Puzo0
0p =—=—0
°T P
Kw,Pyz0
Kw.Ky, Poo 0 —2——
" _KW3<760<70_ w3B Wy Fco Py = Ky.Kw Ky PCDPHZOO_
coz = = = —
o = sEW W, T

Ryes = k — wos. Peoa® = ks K. Ky Ky, ~C0TH20 5 _je - p
wGs = Kwes,9co2 was,Fc020 = Rwes, Bw; 8w 8w, P o was,tco20
H2

PCOPHZO

Puy - kWGSZPCOZ) g

Rwes = (Jwos, K, K, Ku,

PcoP
(kwos, Kwy K, Kw, =822 — kiygs,Peoy )

RWGS - K p
WyrH20 PcoP
<1 + KVVl PCO + —PZ 5 o+ K[/|I3KV|11KV|/2 —COP :20

1

g =

Kw, P20 PcoP
2 CO" H20
<1 + KW1 PCO + PHZ g+ KW3KW1KW2 PH2
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Table A. 43 Reaction pathway and rate equations developed based on model WGS-VI: with (RDS-3: 3) direct oxidation mechanism
(formate mechanism)

WGS-VI (RDS-3: 3) Constants Rate Equations

1 CO+0 2C0—0 Ky, oco = Kw, Pco 0

2 H,0+0 2H,0—¢ Ky, Ou20 = K, Puzo 0

Ryes = kW653 OcoO0H20 — kWGS_3 OcH020H

Peory/ Paz \ [P
= kWGS3 (KW1 PCO O')(KWZ PHZO 0') - kWGS_3 ( co2 H2 0_) KMIjZ o
5

KW4 KW(S)S
C0—-0c+H,0-0 P... P
3 2CHO,—0+H-o0o kws (kwanglewzpcopyzo —kwes_, (ﬁ)
Ryes = 2
P Pcoz+/ P2
1+ Ky, Peo + ’#+K Pyyo + ——%
wq Feo Rurs * W2 P20 Ko, ng.s
Peoz0yn  Peoa/ P,
4 CHO,—0 2C0,+H—o0 Kw, Oction = —tt = —22V_12 5
KW4 KW4 KWS
5 =2 Py,
2H—0 2 H, + 20 Kw, oy = K—o
Ws
1
Total o=
Surface ¢ + 0cp + 0y + Ocuos + Ouzo = 1 14K Pt |[Przy g po o Pco2+/ P2
Coverage wq tco K. wy FH20 K, KW(S).s
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Table A. 44 Reaction pathway and rate equations developed based on model WGS-VI: with (RDS-4: 4) direct oxidation mechanism
(formate mechanism)

WGS-VI (RDS-4: 4) Constants Rate Equations
1 CO+0 2C0—-o0 le O-COZKW1PCOO-
2 H,0+0 2H,0—¢ Ky, Ouz20 = Kw, Puzo 0
_ KW3UCOUH20 _ ng(le Peo U)(KWZ Puzo 0) — Ko Ko Ko K. 05 PeoPuzo
3 CO—-0+H,0—-0 K Icnoz = oy - T AW3RW BWoRWs P
2CHO,—o+H—-0 Ws Lz H2

Rygs = kWGs40c1-102 - kWG5_4Pcoz<7H

PcoPrzo Py,
= kWGS4KW3KW1KW2KWg'5 TU - kWGS_4PCOZ ma
H2 5

4 CHOmo 20 +H-o Fwes (kwcs Kur Ky Ky 0 Peoizo_ fwes Feozy P’“)
4 3 1 2 5 PH2 KWS
Ryes =
14 Ky, Peo+ |2+ Ky, Pyso + Ky Koy Kuy, Ky 05 Te0 20
wiq fCO KW Wo Y H20 W3AWw1BZWwoB W P
5 H2
PHZ
5 2H—0 2H,+ 20 Kw, oy = |—=0
Ky
1
Total o=
Surface o+ GCO + Oy + O-CHOZ + JHZO =1 PH2 05 PCOPHZO
Coverage 1 + KWl PCO + K—VVS + KWZ PHZO + KW3KW1KW2KW5 THZ
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Table A. 45 Reaction pathway and rate equations developed based on model WGS-VII: with (RDS-3: 3) direct oxidation mechanism
(formate mechanism)

WGS-VII (RDS-3: 3) Sonstant Rate Equations
1 CO+0 2C0—o0 Ky, 0co = Ky, Pco 0
Kw, P20 Kw P20 Przo
O-OH = Z_ 0-2 = 2 0-2 = KWZKWg.S PO'S
2 H,0+20 2H—-0+0H -0 Ky, H Py, H2
Kwe’
Rygs = kwc;53 Oco0oH — kwc;s_g,aa-loz("T
Puzo Pcoz Pz
= kWGS?’(lepcoo') (KWZKW(S)S PO-S (o2 - kWGS_3 —050- g
H2 KW4 KWS
CO0—0+0H—-o
3 kwes PcoP Peozv Puz
2CHO,—0+o0 y kwcngwlszng's % - kWGS_3 — 1 05
H2 KW4 KWS
Ryes = 2
P Pco2+/ P2 05 P
1+KP+’H2+ + Ky Ky o> 222
wiq fco KWS KW4_ KW(S)S WoBWs P[-(I)zs
P.p,0 Proa+/ P,
4 CHO,—0 2H—0 +CO, Kw, OcHoz = 2 1 2 :ga
Kw, Kw, Kwg
Py
5 2H—0 2Hy + 20 Ky Oy = |>—o0
1
Total o=
Surface 5+ 50, + 0y + Onoz + Oon = 1 Py, PCOZ\/P_HZ 0.5 Prizo
Coverag 1+ Ky, Peo + Ky + K K05 + K, Kw PO
e 5 Wy BMWs H2
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Table A. 46 Reaction pathway and rate equations developed based on model WGS-VII: with (RDS-4: 4) direct oxidation mechanism
(formate mechanism)

WGS-VII (RDS-4: 4) Constants Rate Equations
1 CO+0 2C0—-0 Ky, oco = Kw, Pco 0
P Kw, P20 o2 = Kw P20 o2 = K., KOS Puzo
2 H,0+20 2H—-0+0H—-0o Ky, OH = gy, = P — Tw2ls oS
K_Sa
P,
CO—0c+0H -0 K., (K., P O'(K K95 H200.>
3 Ky, _ Kw30c000n wa(Kwy Peo 7) (KoK Py ") Ko Koo Koo K05 P20 Pco
2CHO,—0c+o0o Ocnoz = o = o ~ Bwslwy Rwatws T pos
Rygs = kWGs40c1-102 - kwc;s_l,Pco2 Oy
Puz0 Peo Py
= kWGS4KW3KW1KW2KWg'5TU —kwes_,Pco, |77—0
Py Ky
- k 0.5 Pry0 Peo Py,
4 CHO, —0 2H -0+ (0, WGS, kwes,Kw,Kw, Kw,Kwg —pis kwes_,Peo, Ro.
Hy
Ryes =
Py 0.5 TH,0 TCO 0.5 Hz0
1+ Ky, Peo + ’K—WZ + Ky, Kw, Kw,Kw ;)o =+ Kw,Kw, Poz.s
5 Hyp 2
Py
5 2H—0 2 H, + 20 Ky oy = o
Ky
1
Total o=
Surface 0 +0co + 0y + 0choz + 0oy =1 Py 0.5 Puzo Peo 0.5 Przo
1+ Ky, Pop + |77+ Ky . Ky, Ky, K, ==+ K, K,
Coverage w1teo T Ky, T TWaTWiRWeRWs T pos waltws pos
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