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ABSTRACT

South Africa is rich in valuable ore, including fluorspar (calcium fluoride), a principle feedstock
used to synthesize hydrofluoric acid and a wide range of other fluorochemicals. As part of a wider
initiative to promote local beneficiation of fluorspar, the primary purpose of this investigation was
the synthesis of two valuable fluorochemicals, namely 1,1,2,3,3,3-hexafluoropropyl methyl ether
(HME) and methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP). A secondary objective
was to develop and identify suitable kinetic models as well as the associated kinetic parameters
for the systems by means of least squares regression of experimental data.

Two reactors were used in this study: the first, a gas-liquid continuously stirred semi-batch glass
reactor was used for preliminary investigations (prior to the commencement of this work) to
investigate the synthesis of HME. The second, a falling film microreactor (FFMR), a much more
efficient medium for gas-liquid reactions, was used for the kinetic study. The FFMR was chosen
as it has remarkable high rates of heat and mass transfer allowing for stringent control of reaction

conditions as well as allowing for continuous process operation to be achieved.

HME was produced by the reaction of methanol and hexafluoropropene in the presence of
potassium hydroxide. MTFMP was similarly synthesized by the reaction of methanol and
hexafluoropropene oxide in the presence of potassium and sodium hydroxide. The HME system
was initially investigated in the gas-liquid glass reactor where the presence of HME as well as by-
products of the reaction were successfully identified and quantified using gas chromatography-
mass spectroscopy and gas chromatography (with the internal standard method), respectively.
Results revealed that the reaction was rapid and highly exothermic and brought about negligible
solid formation which deemed the system suitable for a FFMR. The yield of HME in the glass
reactor varied between 19.21 and 53.32% with respect to moles of hexafluoropropene gas
introduced into the system. The yields of the by-products were also quantified and the yield of
alkenyl ether was found to vary between 0.07 and 1.03% while alkyl tetrafluoropropionate varied
from 2.42 to 5.10%. These experiments were conducted at reactor temperatures between 12 and
28 °C, hexafluoropropene mole fractions in the feed between 0.41 and 0.83 and an inlet potassium

methoxide concentration between 0.40 and 0.80 mol-L™.

The novel synthesis of HME and MTFMP using a FFMR was then undertaken with the reactor
operating in counter current mode. A 4 factor circumscribed Box-Wilson central composite design
was used to design experiments, the four factors of interest being reaction temperature, liquid

flowrate, either potassium or sodium hydroxide concentration, and finally, hexafluoropropene (for



the HME system) and hexafluoropropene oxide (for the MTFMP system) mole fraction in the

reactant gas.

HME yields were found to be greater in the FFMR varying from 11.60 to 71.47% with the yields
of the by-products varying from 0.11 to 6.99% for the alkenyl ether and 0.75 and 6.24% for the
alkyl tetrafluoropropionate. Experiments were conducted at temperatures between 2 and 22 °C,
hexafluoropropene mole fraction in the feed of 0.17 and 0.88, potassium methoxide concentration
of 0.25 and 0.61 mol-L* and a liquid flow rate of 0.50 and 5.50 mL-min.

The MTFMP system was handled similarly with its presence in the product being identified and
quantified using gas chromatography-mass spectroscopy and gas chromatography (with the
internal standard method), respectively. The yield of MTFMP was found to vary between 0.00 to
23.62% with respect to the moles of hexafluoropropene oxide introduced over the reaction period.
The low yields were due to an inherently slower reaction which was not ideal for a FFMR given
its low liquid residence time. Experiments were conducted at temperatures between 30 and 40 °C,
hexafluoropropene oxide mole fraction in the feed of 0.16 and 0.84, potassium methoxide
concentration of 0.15 and 0.65 mol-L* and a liquid flow rate of 0.50 and 5.50 mL-min*. Results
of the experiments showed that the MTFMP system was not suitable for the FFMR due to the low

residence time of the reactant in reactor.

A kinetic model was then developed for both the reactive systems from fundamental principles
and executed in the MATLAB® environment (version R2012b, The MathWorks, Inc.). The
kinetic model proposed for the HME system consisted of five reactions for which reference
Kinetic rate constants and activation energies were successfully identified. The resultant model did
not predict HME concentrations adequately with an average absolute relative deviation percentage
(AARD %) of 34.12 %. The reaction mechanism proposed for the MTFMP system was a two step
reaction sequence which described the system satisfactorily well, the kinetic parameters required
for this system was a reference kinetic rate constant, activation energy and Sechenov coefficient
which were all successfully identified. The effect of reaction order on the pertinent reactions was
also investigated and it was found that a second order description best fit the experimental data.
The MTFMP model fit experimental data less agreeably with an AARD % of 170.00 % which
was heavily weighted by data points with errors in excess of 500%, analysing the results exclusive
of these points lead to an AARD % of 17.80 %.



TABLE OF CONTENTS

DIECIAIALION ...ttt b et e ettt b n e ii
ACKNOWIEAGEIMENTS ...ttt bbbttt sr e n e se e ane s iii
AADSTTACT. ...ttt b e e ene iv
TADIE OF CONMTENTS.......eieieei ettt b et b e ne e r e Vi
I 0] T 0TSSR xi
LISE OF TADIES ...t XVii
I A0 il 0T0] (0T | = o] -SSR XX
INOMENCIALUIE. ...ttt bbbt eb e XXi
GIEEK SYMDIOIS ...ttt XXii
SUBSCIIPLS ..ttt bbb bttt b et n s XXii
SUPEISCIIPES ..tttk stttk ekt b bt bt et b bbb bbb bt bbb n e XXii
ADDIBVIALIONS. ...ttt bbb n et xxiii
CHAPTER ONE
Lo INEFOTUCTION ...ttt bbbtk bbbt 1
1.1 PrEVIOUS WOTK ..ottt 1
1.2 Background and importance of tOPIC .......coovviiiiiecic e 1
1.3 AIMS aNd ODJECHIVES ....ocuiiiiieecc ettt be e sreens 3
1.4 OULIING OF TNESIS ...ttt 3
CHAPTER TWO

2. LITEIALUIE SUIVEY ....oeiiieieiieiieieitite ettt bbbt bbbt bbbttt bt nen e 5
2.1 Organofluoring CREMISIIY .........cveiiiiiiiiiite e 5
2.2 Organofluoring Synthesis tECANIGUES ............coueriiieiiiiisi s 6
2.2.1 The production of hydrofluoric acid ..., 6
2.2.2  The production of chlorofluorocarbons ..o 7
2.2.3  The production of hydrofluoroCarbons .............ccocvviiriiiiincicc s 8
224 The production of flJUOrOPOIYMENS .......ccooiviiiiciiis s 8

2.3 Partially fluorinated dialkyl €thers...........ccooiii i 10
231 PIEVIOUS WOTK ...ttt sttt sttt et et naeena e besneenenne e 10



2.3.2  ReaCtioN ChEMISIIY ..o 10

2.4 TriflUOTOVINYE BTNEIS ... s 12
241 PIEVIOUS WOTK ...t 12
2.4.2  REACHION CREMISIIY .....oviiiieiiciisiese et 14

2.5  Experimental EQUIPMENT ........cccviiiii ettt re st nre s 15
2.5.1 BALCN FEACTON ......viieic e 15
2.5.2  LeWIiS Cell tYPE FEACION .....c.vevieiieiiiiicie e 16
2.5.3  Continuously stirred tank reactor............coceoveiiiriiniiiiiee e 17
2,54  BubDbIe COIUMN FEACLONS ...t 18
2.5.5  Falling film MICIOrEACION .......c.viviiiiiiieeiee e 18

2.6 EXPerimental deSIgN........cooiiiiiiieiiiiisie st 22
2.6.1 Box-Wilson central COMPOSIte deSIgN ......cc.eiveieieiiinirise e 23
2.6.2  Box-Benhken experimental deSign .........ccooeiiiriininiiiene e 25

2.7 KiINEtiC MOUEIIING.....eciiiiiie it st sbe e e s resraesrenre s 26
2.7.1 Reactor model fOrmulation ............cocoieiiiiiiii s 27
272 ReaCtion MOUE ..o 33
2.7.3  Solving the system Of EQUALTIONS...........ccerieireieiiiii e 35
2,74  Kinetic model identifiCation............coviiiiiieii e 39

2.8 Response surface MethodolOgy ........ccccviiririiiiiieieieiei s 39

CHAPTER THREE
3. Experimental equipment, procedure and deSign .........cccooeieiiirinene e 41

3.1 Preliminary iNVESHIGAtiONS........c.cviiiiiiieie ettt st sttt sresta b sre s 41
3.1.1 Experimental EQUIPMENT .........ooiiiiiiiie e 41
3.1.2  Experimental procedure and materialS...........ccooveiriiniieneieneeeese e 43
3.1.3  EXperimental deSign ..ot e 47

3.2 Falling film microreactor equipment validation ............c.ccocviiininiieii e 48

3.3 Present work: falling film microreactor eXperiments...........c.ccocevereinieiinienene e 50
3.3.1 Experimental EQUIPMENT ........cooiiiiiee e 50
3.3.2  Experimental procedure and materialS............cccoovviiiniiiniieieeess e 53

vii



333 EXPErimental deSIGN.........oiiiiiie ettt e 57

3.4 Quantitative analysis using gas chromatograpiy ..........cc.cuvrerenerereieeiesesese s 59
341 ATEa NOIMANIZALION. ..o 60
3.4.2  Areanormalization With reSponse faCtor ...........cccoovviiiiiinieneneree e 61
343 EXternal Standard..........ccooiiiiiiiii e 61
3.44  Method of standard additioNnS...........ccceiriiiiiiiiiiee s 63
3.4.5  INternal SEANGAIG........cociiiiiiiici e 64

3.5 CAlIDIALIONS ...t 66
3.5.1 Rotameter CAlIDIAtION.............ooiiiiiii e 66

3.6 ANalytical tEChNIQUES ..o s 66
3.6.1 Gas chromatography Calibration ...........ccccoeoeiiiiiiiiee s 68

CHAPTER FOUR

NV ToTo L= B T=Y =] [o] o] g T=T o PSSR 69
4.1 IMOUEI OVEIVIBW ...ttt 69
4.2 REACHION MOGEI ...iiiiiiitciisei bbbt 73

42.1 HIME SYSTBIM. ..ttt ettt e st e e snte e abe e e snbeearee e 73
422 MTEMP SYSEEIM ...ttt sr e nne e 77
4.3 Initial and Boundary CONGITIONS.........ccvciiiiiiiiieieeeee s 79
43.1 HIME SYSTEIM ...t nne e 79
432 MTEMP SYSTEIM <.t nre e 80
4.4 Variables OF INTEIEST .......c.viiiiiiiee e 80
44.1 HIME SYSTBIM...c ettt e et e e st e e sae e e snte e abeeesnteeaneeans 80
4.4.2 IMTEIMP SYSEEIM <.ttt bbbttt eene e b e 81

CHAPTER FIVE

5. RESUILS @NU DISCUSSION .....cuvviiiiiiiitiiitiiete ettt 82
5.1 Preliminary investigations: Semi-batch gas-liquid stirred tank reactor ..............cc.ccceeee. 82
5.2  Falling film microreactor equipment validation ............c.ccoooiiinineiniii e 85
5.3  Falling film microreactor XPerimentS. ........ccccooiiiriririrese e 86

53.1 HIME SYSTEIM ...ttt bbbttt bbbt st nn b 86



532 IMTEIMP SYSEEIM <.ttt bttt b ettt se e e b e b e 90

5.4 KINELIC MOGEIS .....oviiiiiieie bbb 95
5.4.1 MOMENTUM BaIANCE .......viiiiiccee e 95
542 HIMIE SYSTEIM ...ttt b et nn e e b e nne e 96
543 MTEIMP SYSTEIM ...ttt bbb reesr e nneesnne s 108

CHAPTER SIX
6.  Conclusions & RECOMMENTALIONS...........ceriiiiiiiiiiiiicie e 115

B.1  CONCIUSTONS ...ttt bbbttt b b nn e n e 115
6.1.1 Organofluoring SYNENESIS .........oiiiiiiieieee e 115
6.1.2  Kinetic model and parameter identifiCation.............c.ccooeviieieneicisn e 117

6.2 RECOMMENUALIONS.......citiiitiieieiieii ettt b e 119

RETEIENCES ...ttt ettt b bbb bbbt b bbb bt 120
F AN o] 0L g0 o= SRS 124
Appendix A: Instrument calibration reSUIS...........ccocviiiii e 124
Appendix B: Gas chromatography calibration plots ...........c.ccceeeiiiiiiic i 133
APPENAIX C: RAW TALA......ueiiiiieciiciie ettt sbe e te e be s reeeesteareesrestaebesre s 136
Appendix D: Sample CAICUIATIONS .........cvoiiiiiiiii e 146
APPENIX E: MaAtlah® SCIIPLS......cveveveveieieeeieiceeeee et 150

ELL HIME SYSTEIM ..ot 150
E.1.1 Henry’s law CONSEANTS FEGIESSION .....ouiiviiiieieieiieiesie sttt 150
Q) MAIN Tttt 150
o) LR CETo =T [0 o USROS 153
E.1.2 Kinetic MOl fIlES .......ocvoiiieiiiiii e 155
a) Constrained OPLIMISALION ........coiiieiiiieiie et sre st eesre s 155
D) REACLON MOUEL.... ..o et re e te et s be e e e 159
C) REACTION MOUE ... 167

E.2 IMTEIMP SYSEEIM ...ttt bbbttt bbbt n et nre s 174
E.2.1 Henry’s 1aw cONStants TEZIESSION .....uervveriruiriieriistieiiesieeieesie it enesbesieesnesteesneseeseeesneseeas 174
Q) MIN Tttt 174



D) REGIESSION ...ttt bbbttt n e 181

E.2.2 KiNetiC MOGEI FIHlES ..o 182

@) Constrained OPLIMISALION ........ccviiviieieiee et 182
D) REACLON MOUEL.......c.eiiieiece e ettt re e re e 184

C) REACHION MOGEI ......ceviiicie et ae e e benre s 189
E.2.3 Response surface methodology files .........ccoveviiici i 194

a) Interaction between activation energy and reference kinetic rate constant........................ 194

b) Interaction between activation energy and Sechenov coefficient............cccoovvvriiiicnenns 199

c) Interaction between Reference kinetic rate constant and Sechenov coefficient................. 205
E.3 MOMENTUM BaIANCE .......oiiiiiiiiie s 211
E.3. L MAIN T oo 211
E.3.2 FUNCHION Tl 214
Appendix F: Chemical data table ...........cccoiiiiii i 216



LIST OF FIGURES

Chapter 2:

Figure 2.1: Simplified process flow diagram of the production of anhydrous and agqueous hydrofluoric
acid from the reaction of acid grade fluorspar and concentrated sulphuric acid (Bide, 2011). .............. 7
Figure 2.2: Typical synthesis routes to produce 1,1,1,2-tetrafluoroethane by the reaction of
tetrachloroethene and hydrofluoric acid by the combination of two main reaction routes:
hydrogenolysis of chlorine and Lewis-acid catalysed halogen isomerisation (Kirsch, 2004). ............... 8
Figure 2.3: Typical synthesis route to the commercial production of tetrafluoroethylene (Ebnesajjad,
20L0). 1ottt et Rt £t £ Rt R e R AR oA Rt E et R £ R R e R e R e R R e Rt bR ettt e nens 9
Figure 2.4: 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) reaction mechanism; addition of a
methylalkoxy anion to a hexafluoropropene molecule to produce reaction intermediate |, protonation
of | produces HME I1. Defluoronation of I leads to an alkenyl ether 111 and in the presence of water
Il and 111 form an alkyl tetrafluoropropionate IV (Il'in et al., 2004)........cccccovviviiiive e, 11
Figure 2.5: Reaction of alkali metal alcoholate | with tetrafluoroethylene 11 to produce trifluorovinyl
ether 111 and alkali fluoride 1V (DiX0on, 1959)........ccciiiiiiiiiiiiie e st 12
Figure 2.6: Reaction of acid fluoride with hexafluoropropene oxide to produce an etherified acid
Fluoride (Fritz €t al., 1963). ....coiiiiiiiieieee ettt 13
Figure 2.7: Reaction sequence for the production of trifluorovinyl ethers as investigated by
Lousenberg and Shoichet (1997). Sequence shows the reaction of sodium alkoxide | and
hexafluoropropene oxide Il to obtain an undesired partially fluorinated propionate ester 111 and a
desired partially fluorinated propionate methoxy ester V. Sodium carboxylate salt VI is produced by
base hydrolysis of V which may be thermolyzed to a TFVE IX. Reaction of VI with trimethylsilyl
chloride results in a partially fluorinated trimethylsilyl ester VVII. This may then by thermolyzed to the
AESITEA TEVE VI oottt e sttt e et e e e ab e e be e be e saeesaeesaeesnras 14
Figure 2.8: Falling film microreactor — Standard designed by the Institut fir Mikrotechnik Mainz
GmbH. Exploded view from left; integrated heat exchanger I, reaction plate 11, washer 111 and reactor
housing 1V (Al-Rawashdeh et al., 2008). ........c.cciviiiiiiiiee e e 20
Figure 2.9: lllustrative example of a circumscribed, inscribed and face centred Box-Wilson central
composite design for a two factor experiment. Axial design points (%) and cubic design points (M). 25
Figure 2.10: Illustrative example of three factor Box-Behnken experimental design. Central design
points (®) and midpoints design POINTS (M)..........ocoiii e ees 26
Figure 2.11: Falling-film microreactor channel cross-section images as presented by Al-Rawashdeh,
LA IR 200 ) SRS 38
Figure 2.12: Liquid film cross section i) of elliptical approximation of liquid film shape and ii)

rectangular approximation of liquid film shape ultimately used for kinetic model. ............c...ccoveeee. 39

Xi



Chapter 3:

Figure 3.1: Schematic of fully commissioned semi-batch gas-liquid stirred tank reactor used for
preliminary investigations into the synthesis of 1,1,2,3,3,3-hexafluoropropyl methyl ether................ 42
Figure 3.2: Schematic of fully commissioned Falling film microreactor experimental set-up............. 53
Figure 3.3: lllustrative examples of a) linear line and b) non-linear line normal calibration plots for an
external standard quantification method (Harvey, 2000)..........cccccviieieiiciiiie e 62
Figure 3.4 : Illustrative examples of a multiple point calibration plot generated for method of standard
additions. In a) signal response is plotted as a function of volume of standard and in b) signal
response is plotted as a function of CONCENLIALION. ..........ccoviiiiiiiiecc e 64
Figure 3.5: lllustrative example of calibration plot generated using internal standard gas

chromatography guantification method (McNair and Miller, 2011).........cccccovviiviiiiiie i, 66

Chapter 4.

Figure 4.1: A flow diagram of the computational algorithm for kinetic model identification for
1,1,2,3,3,3-hexafluoropropyl methyl ether Synthesis. ..........ccccovvviiiiiiiicic e 71
Figure 4.2: A flow diagram of the computational algorithm for kinetic model identification for
methyl-2,3,3,3-tetrafluoro-2-methoxypropionate SYNthesis. ..o 72
Figure 4.3: The five reaction sequence representing the 1,1,2,3,3,3-hexafluoropropyl methyl ether
(HME) reaction mechanism used in the HME reaction model. Reaction 1, reaction of
hexafluoropropene and potassium methoxide to produce reaction intermediate and a potassium ion.
Reaction 2, reaction of intermediate and methanol to produce desired product HME and methanol
ion. Reaction 3, intermediate reacting with free potassium ions to produce 1,2,3,3,3-pentafluoro-1-
methoxyprop-1-ene and potassium fluoride (alkenyl ether). Reaction 4, reaction of alkenyl ether in
the presence of water to produce secondary by-product, methyl 2,3,3,3-tetrafluoropropionate (alkyl
tetrafluoropropionate). Reaction 5, reaction of HME in the presence of water to produce secondary
by-product, alkyl tetrafluOropropioNGaLe. .........cceiveiiiiiiii e 73
Figure 4.4: Two-step reaction sequence representing methyl-2,3,3,3-tetrafluoro-2-methoxypropionate
(MTFMP) reaction mechanism used in MTFMP reaction model. Reaction 1, addition of methoxide
anion to hexafluoropropene oxide to form an acid fluoride intermediate and potassium fluoride.
Reaction 2, defluoronation of acid fluoride intermediate to produce desired product, MTFMP and

(810 £= Tty U] I i o] ¢ o ISR 77

Xii


file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505598
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505598

Chapter 5:

Figure 5.1: Results of validation studies as well as literature results by Zhang et al., (2009) observing
the absorption of carbon dioxide into sodium hydroxide solution using a falling film microreactor
with a 32 channel 300 X 600 M reaction PIALE. .........cccveiiiiiiiieie e 85
Figure 5.2: Results of transient experiments used to determine point at which steady-state conditions
are observed for the 1,1,2,3,3,3-hexafluoropropyl methyl ether system. Experiment was conducted at
a reaction temperature of 17 °C, a potassium hydroxide concentration of 0.52 mol-L?, a
hexafluoropropene mole fraction of 0.34 and a liquid volumetric flow rate of 1.75 mL-min. Dashed
line indicates trend of experimental data. ...........ccccoiiiiieiiii i 87
Figure 5.3: Results of transient experiments used to determine point at which steady-state conditions
are observed for the methyl-2,3,3,3-tetrafluoro-2-methoxypropionate system. Experiment was
conducted at a reaction temperature of 32.5 °C, a potassium hydroxide concentration of 0.37 mol-L™*,
a hexafluoropropene oxide mole fraction of 0.33 and a liquid volumetric flow rate of 1.75 mL-min™.
Dashed line indicates trend of experimental data. .............coceveiiiiiiiiiiie e 90
Figure 5.4: Liquid linear velocity profile within a single microchannel at a reaction temperature of
285 K and a total reactor liquid volumetric flowrate of 3 mL.min™. .........ccooeiiiiiciccce, 96
Figure 5.5: Vapour-liquid equilibrium data for methanol and hexafluoropropene system at 1.01 bar.
Data simulated using Aspen Plus® (version 8.0, Aspen Technology, Inc.) assuming an ideal liquid and
Y221 10T o] T T TSRS 97
Figure 5.6: Plot of calculated (O) and regressed (==) dimensionless concentration based Henry’s Law
constants according to the Valentiner equation for methanol and hexafluoropropene system
(Takenouchi Bt al., 200L). ....cveiiiieeie ittt st et e s b e s be e e s beere e besaeesbesbeaneesrenrs 98
Figure 5.7: Simple reaction mechanism proposed for the preliminary 1,1,2,3,3,3-hexafluoropropyl
methyl ether KINETIC MOTEL............ooiiii e 99
Figure 5.8: Left - parity plot showing a comparison of predicted outlet concentration of 1,1,2,3,3,3-
hexafluoropropyl methyl ether (HME) versus experimentally obtained concentrations of HME a
simple single reaction mechanism. Middle — residual deviation plot defined as difference between
experimental and predicted concentrations of HME. Right — absolute relative deviation plot versus
experimentally observed HME concentrations. Initial guesses for kinetic model were reference kinetic
rate constant of 1.0x10* m®.mol=.s?, activation energy of 30.0 kJ.mol* and Sechenov coefficient of
1.0 L.mol. Average absolute relative deviation percentage of 31.55 %0. .........ccccvrereeeeeeinrerereenns 100
Figure 5.9: Left - parity plot showing a comparison of predicted outlet concentration of 1,1,2,3,3,3-
hexafluoropropyl methyl ether (HME) versus experimentally obtained concentrations of HME.
Middle — residual deviation plot defined as difference between experimental and predicted
concentrations of HME. Right — absolute relative deviation plot versus experimentally observed HME

concentrations. Average absolute relative deviation percentage of 34.12 %........ccccevovvevevinceiiernne 104

Xiii


file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505608
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505609
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505609
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505609
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505609
file:///C:/Users/Kuvie1/Documents/University/Masters/Round%202/Thesis/2016%2007%20July/Thesis%20-%2028_07.docx%23_Toc457505609

Figure 5.10: Left - parity plot showing a comparison of predicted outlet concentration of alkenyl ether
(AE) versus experimentally obtained concentrations of AE. Middle — residual deviation plot defined
as difference between experimental and predicted concentrations of AE. Right — absolute relative
deviation plot versus experimentally observed AE concentrations. Average absolute relative deviation
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Figure 5.13: Plot of calculated (O) and regressed (==) dimensionless concentration based Henry’s
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Figure 5.15: Left - parity plot showing a comparison of predicted outlet concentration of methyl-
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Figure 5.16: Left - parity plot showing a comparison of predicted outlet concentration of methyl-
2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) versus experimentally obtained concentrations of
MTFMP. Middle — residual deviation plot defined as difference between experimental and predicted
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Appendix A:

Figure A.1: Left — calibration plot of nitrogen gas precision rotameter used for the glass reactor
experimental set-up. Middle — residual deviation plot defined as difference between observed and
predicted flow rates of nitrogen gas. Right — Absolute relative deviation percentage versus nitrogen
gas volumetric flow rate. Calibration equation was y = 1089.5x + 130.84, linear regression
presented with a R? value of 0.9976. Average absolute relative deviation percentage was 2.07 %. ..125
Figure A.2: Left — calibration plot of hexafluoropropene gas precision rotameter used for the glass
reactor experimental set-up. Middle — residual deviation plot defined as difference between observed
and predicted flow rates of hexafluoropropene gas. Right — Absolute relative deviation percentage
versus hexafluoropropene gas volumetric flow rate. Calibration equation was y = 10.980 +
424.6444, linear regression presented with a R? value of 0.9946. Average absolute relative deviation
PEICENTAGE WAS 2.78 D0, ..iiiuieiiiieeiiie ettt ettt s et e e s b e e st e e srbe e erbeeenbae e snbeeennaeennees 126
Figure A. 3: Left — calibration plot of PT 100 temperature probe used for the glass reactor
experimental set-up. Middle — residual deviation plot defined as difference standard temperature bath
and instrument display temperature. Right — Absolute relative deviation percentage versus standard
temperature bath. Calibration equation was y = 0.100 + 0.9980, linear regression presented with a
R? value of 0.9996. Average absolute relative deviation percentage was 1.25 %. .........cccccevvrvrrvnnne. 128
Figure A.4: Left — calibration plot of nitrogen gas precision rotameter used for the falling film
microreactor experimental set-up. Middle — residual deviation plot defined as difference between
observed and predicted flow rates of nitrogen gas. Right — Absolute relative deviation percentage
versus nitrogen gas volumetric flow rate. Calibration equation was y = 1.0932x + 0.9938, linear
regression presented with a R? value of 0.9979. Average absolute relative deviation percentage was
2.32 0. ettt bbbt h et oA e R e bR e et r e e b e A e b oAt e b et R et b et eRe et et et ere et ene st e e eteneereneern 130
Figure A.5: Left — calibration plot of hexafluoropropene gas precision rotameter used for the falling
film microreactor experimental set-up. Middle — residual deviation plot defined as difference between
observed and predicted flow rates of hexafluoropropene gas. Right — Absolute relative deviation
percentage versus hexafluoropropene gas volumetric flow rate. Calibration equation was y =
1.0692x + 4.1864, linear regression presented with a R? value of 0.9975. Average absolute relative
deviation pPercentage Was 3.07 0. ......cccvciuiiiiieie ettt et et e et s re e te e sreates 131
Figure A.6: Left — calibration plot of hexafluoropropene oxide gas precision rotameter used for the
falling film microreactor experimental set-up. Middle — residual deviation plot defined as difference
between observed and predicted flow rates of hexafluoropropene oxide gas. Right — Absolute relative
deviation percentage versus hexafluoropropene oxide gas volumetric flow rate. Calibration equation
was y = 1.0135x + 7.6911, linear regression presented with a R? value of 0.9920. Average absolute

relative deviation percentage Was 4.87 90, ......covieoie ittt s 132
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Appendix B:

Figure B.1: Left - 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) gas chromatograph calibration
plot for the internal standard quantification (IS) method on a Shimadzu 2010 GC using a Restek®
capillary column (30 m x 0.25 mm) coated with in a 0.25um layer of polyethylene glycol with helium
as the carrier gas. Middle — residual deviation plot defined as difference between observed and
predicted mass ratios of HME to internal standard. Right — absolute relative percentage deviation plot
versus HME and IS area ratio. Calibration equation was y = 3.1028x, linear regression presented
with a R? value of 0.9965. Average absolute relative deviation percentage was 2.83 %.................... 134
Figure B.2: Left - methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) gas chromatograph
calibration plot for the internal standard (IS) quantification method on a Shimadzu 2010 GC using a
Restek® capillary column (30 m x 0.25 mm) coated with in a 0.25um layer of polyethylene glycol
with helium as the carrier gas. Middle — residual deviation plot defined as difference between
observed and predicted mass ratios of MTFMP to internal standard. Right — absolute relative
deviation versus MTFMP and IS area ratio. Calibration equation was y = 4.6595x, linear regression

presented with a R? value of 0.9981. Average absolute relative deviation percentage was 5.96 %. .. 135
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CHAPTER ONE
1. INTRODUCTION

1.1 Previous work

It was an objective of the Reactor Technology Research Group at the school of Chemical
Engineering (University of KwaZulu-Natal — Howard College) to develop an industrial scale
continuous process for the production of 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME). This
was inspired by previous work on a gas-liquid continuously stirred semi-batch glass reactor where
HME was successfully synthesized on a laboratory scale. Development of the industrial scale
process required a thorough understanding of the reaction kinetics (a need addressed in this study)
as well as process design; including separation and purification steps (work undertaken by Mr A.
Domah).

1.2 Background and importance of topic

Fluorspar (or calcium fluoride (CaF,)) is a naturally occurring mineral that is the main industrial
source of elemental fluorine and hydrogen fluoride, and through these a number of important
fluorochemical products (Simandl, 2009). South Africa has the world’s largest fluorspar reserves
at 17.1% and holds a 4.5 % share of the international fluorspar market which is comparatively
small when considering the available reserves (Survey, 2013). Of the acid grade fluorspar mined
in South Africa, 95% is exported while the remaining 5% is used to produce other
fluorochemicals. This represents a large opportunity lost to process available acid grade fluorspar
to higher value products (PELCHEM, 2011). The Fluorochemical Expansion Initiative (FEI) is an
initiative endorsed by the Department of Trade and Industry which seeks to address this problem
by increasing the beneficiation of South Africa’s mined fluorspar by developing local

fluorochemical technology and competence.

There are various research opportunities in the field of organofluorine chemistry to support the
proposed increase in the fluorochemical value chain in South Africa. The investigation into the

synthesis of new organofluorine compounds or revised synthesis procedures is a worthwhile



venture as these compounds may find uses in various industries and serve to make their

commercial production more efficient and profitable (Banks et al., 1994).

This research focuses on the synthesis of two organofluorine compounds in particular, 1,1,2,3,3,3-
hexafluoropropyl methyl ether (HME) and methyl-2,3,3,3-tetrafluoro-2-methoxypropionate
(MTFMP) using a falling film microreactor (FFMR).

HME is a partially fluorinated dialkyl ether which is prepared by a gas-liquid reaction involving
methanol (with dissolved catalytic amounts of potassium hydroxide) and hexafluoropropene. This
results in the conversion of relatively cheap and available compounds into a higher value ether
product which may be used as a solvent for the extraction of essential oils, for the synthesis of
amides and as a foam blowing agent (Banks et al., 1994, Il'in et al., 2004).

MTFMP is a precursor to trifluorovinyl ethers (TFVES) which are partially or fully fluorinated
organofluorine compounds and are principally used as monomers or co-monomers for the
synthesis of high value plastics, elastomers and membrane copolymers (Petrov, 2009, Spraul et
al., 2006). MTFMP is synthesized by reacting methanol with either dissolved potassium

hydroxide or sodium hydroxide with hexafluoropropene oxide in a gas-liquid reactor.

A FFEMR consists of multiple thin falling films in microchannels which fall by gravity through the
reactor and typically have a residence time of a few seconds. Structuring fluid flow into
microchannels allows for high specific interfacial areas of up to 20 000 m?/m?® to be achieved in
FFMRs (Al-Rawashdeh et al., 2008). This has proven to be remarkably greater than currently
used gas-liquid contactors (Zhang et al., 2009). As a result of high specific interfacial areas,
FFMRs display high heat and mass transfer rates which make them suitable for gas-liquid
reactions that are highly exothermic, have fast kinetics and require stringent reaction temperature

control.

Currently, HME and MTFMP are conventionally produced in a batch process and their synthesis
using a FFMR has not been reported in the open literature (Dixon, 1959, Fritz et al., 1963,
Lousenberg and Shoichet, 1997, Rendall, 1958). FFMRs allow reactions to be carried out in a
continuous process which offers various advantages including being easier to operate and
allowing for large scale production with the use of multiple FFMRs (Hessel et al., 2000,
Vankayala et al., 2007).



1.3 Aims and objectives

The main aim of this research was the successful synthesis of HME by reaction of potassium
hydroxide, methanol and hexafluoropropene and MTFMP by the reaction of sodium hydroxide or
potassium hydroxide, methanol and hexafluoropropene oxide. In addition, literature appears to be
devoid of information regarding the kinetics of these systems and thus an additional aim of this
study was the development and identification of kinetic models for the synthesis of HME and
MTFMP.

In order to achieve these aims the following objectives were set:

e Successfully synthesize HME and MTFMP and conduct qualitative and quantitative
product analyses using gas chromatography-mass spectroscopy and gas chromatography,
respectively.

o Develop a kinetic model to identify previously unknown kinetic parameters for both the

HME and MTFMP systems by least squares regression of experimental data.

To ensure that these objectives were met a systematic approach was taken. This first step was
carried out in preliminary investigations using a semi-batch gas-liquid stirred tank reactor. The
purpose of these investigations was to confirm the presence of HME in the product mixture,
determine the viability of the HME system for the FFMR and observe the effect of reaction
conditions on reaction performance. Using the results obtained from preliminary investigations
and information from the open literature a four factor experimental design was used to conduct
investigations on a FFMR. This experimental data formed the foundation of the kinetic study and
was subsequently used to identify a suitable model and associated kinetic parameters by least

squares regression for both systems of interest.

1.4 Outline of thesis

This thesis consists of six chapters and six appendices. Chapter 1 gives a broad introduction to the
current work, its relevance and importance. The overarching aims of the study are discussed as

well as the set of objectives that served as benchmarked targets during the course of this work.

Chapter 2 delves into a general survey of the open literature pertaining to any relevant concepts
and theory pertinent to the subject matter of this work. The literature survey focuses on the
previous work conducted on the systems of interest, equipment characteristics and development

as well as basic concepts of kinetic modelling.



In Chapter 3, the five main experimental aspects of this work are discussed. These are: instrument
calibrations, preliminary investigations on a semi-batch gas-liquid glass reactor, FFMR equipment

validation, FFMR experiments, and analytical techniques.

Chapter 4 discusses, the development of the kinetic models for both the systems of interest in this
study. The model development encompasses the generation of a reaction model from fundamental

equations in Chapter 2 as well as an overview on the operation of the kinetic models.

Chapter 5 presents all of the core results of the study as well as a discussion and interpretation of
the findings, trends and challenges encountered. The main body of this thesis is then curtailed

with the conclusions drawn from the results and recommendations for future work.

The appendices provide additional information such as instrument and analytical calibrations, raw
data, sample calculations, MATLAB script files as well as chemical toxicology data sheets.



CHAPTER TWO
2. LITERATURE SURVEY

2.1 Organofluorine chemistry

The earliest published evidence of the synthesis of organofluorine compounds may be attributed
to Dumas et al. who reacted potassium fluoride and dimethyl sulphate to produce methyl fluoride
in 1835 (Banks et al., 1994). Various chemists continued to contribute to organofluorine
chemistry but little progress was made until Moissan, who was the first to isolate elemental
fluorine in 1886. This then paved the way for fluorination of various hydrocarbons by different
methods to obtain fluoroplastics, fluorocarbon refrigerants such as Freon®, fluoroaromatic
compounds and chlorofluorocarbons (Okazoe, 2009).

Today, the fluorochemical industry has expanded into a $16 billion market in which they are used
in the synthesis of fluoropolymers, agricultural fertilizers, industrial solvents, refrigerants and in
the medical diagnostics field (Banks et al., 1994).

Fluoropolymers alone have found application in various emerging fields, including use as a
biomaterial suitable for the construction for medical prosthetics and internal supports. TFVE
serves as an appropriate monomer for the production of fluoropolymers used as biomaterial due to
the fact that it is not toxic, shows a lack of immunogenicity and has high mobility in water
(Lousenberg and Shoichet, 1997).

The use of organofluorides as industrial solvents and refrigerants is especially important due to
the ever increasing awareness of the environmental impact of chemicals and the need to replace
ozone depleting chlorofluorocarbons as mandated by the Montreal Protocol (Velders et al., 2007).
The solution to an alternative industrial solvent may be found in the use of partially fluorinated

dialkyl ethers which have the advantage of having a high affinity to absorb oils (II'in et al., 2004).



2.2 Organofluorine synthesis techniques

Mined fluorspar is classified based on the quality of the ore which is measured by its calcium
fluoride content. Fluorspar is typically found in three grades; acid grade or acidspar, ceramic
grade and lastly metallurgical grade or metspar. Acidspar has a minimum calcium fluoride
content of 97 % and is principally converted to hydrofluoric acid which is a reagent in
fluorochemical syntheses. Ceramic grade spar has a calcium fluoride content of between 80 and
96 % with silicon dioxide content under 3 % and is used to produce enamels and glass. Metspar
has a minimum calcium fluoride content of 80% and can be found with up to 15 % silicon
dioxide, it is used in steel making as well as in the production of aluminium (Bide, 2011, Finger et
al., 1960, Kirsch, 2004).

From the three grades of fluorspar typically found, acidspar is the most versatile by having a

multitude of uses, some of which involve the preliminary conversion to hydrofluoric acid.

2.2.1  The production of hydrofluoric acid

Although hydrofluoric acid is not an organofluorine it is very important in the synthesis of various
fluorocarbons such as chlorofluorocarbons, agrochemicals, refrigerants and pharmaceuticals
(Bide, 2011).

Anhydrous hydrofluoric acid is produced by an endothermic reaction (Equation 2.1) involving the
addition of acid grade fluorspar to concentrated sulphuric acid at temperatures of approximately
300 °C in a rotary kiln reactor. The reaction produces gaseous hydrofluoric acid and calcium
sulphate which is found as a solid. The reactor is usually operated at vacuum conditions as this
has the dual advantage of reducing operating temperatures as well as aiding in the removal of the

gaseous product.

The gaseous stream then undergoes various processing steps; thereafter anhydrous hydrofluoric
acid with a purity of 99.98 % is produced. Aqueous hydrofluoric acid may be then obtained by the
addition of water to the process stream. Figure 2.1 shows a simplified process flow diagram of the
production process (Bide, 2011, Kirsch, 2004).

CaF, + H,S0, — 2 HF 4+ CaS0, (2.1)
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Figure 2.1: Simplified process flow diagram of the production of anhydrous and aqueous hydrofluoric acid
from the reaction of acid grade fluorspar and concentrated sulphuric acid (Bide, 2011).

2.2.2  The production of chlorofluorocarbons

One of the most infamous groups of organofluorine compounds are chlorofluorocarbons (CFCs)
whose negative effects on the ozone layer were highlighted by the Montreal Protocol of 1987
which subsequently placed legal limits on the use of CFCs, carbon tetrachloride,

hydrofluoroethers, halons and various other ozone depleting chemicals (Auffhammer et al., 2005).

In the mid-1900s, CFCs were essential to everyday life, gaining popularity through their use as
refrigerants, as insulation, in air conditioning systems, and later as solvents and in electronics.
These chemicals were widespread because they were non-toxic, inert, could be produced in a
range of boiling points (which made them desirable as refrigerants), were non-flammable, and

non-carcinogenic (Haas, 1992).

In 1930 Midgley and Henne developed a continuous process for the production of
dichlorodifluoromethane based on the work of F. Swarts. Dichlorodifluoromethane was produced
by contacting carbon tetrachloride and anhydrous antimony bifluoride in the presence of antimony
pentachloride according to Equation 2.2. The reaction proceeded with yields of up to 94% being
readily achievable. Dichlorodifloromethane was then easily separated from the product by
fractional distillation (Midgley Jr and Henne, 1930).

SbCl
3 CCl, + 2 SbF, —> 3 CCL,F, + 2 SbCl, (2.2)



2.2.3 The production of hydrofluorocarbons

Hydrofluorocarbons are another important organofluorine which gained great importance when
restrictions on the use of CFCs were implemented by the Montreal Protocol. Hydrofluorocarbons
served as replacement refrigerants to CFCs and although they were not potential ozone depleting

chemicals, they are greenhouse gases (Kirsch, 2004).

Hydrofluorocarbons can be synthesised by combining two types of reactions hydrogenolysis of
bromine or chlorine and Lewis acid-catalysed halogen isomerisation. Figure 2.2 shows three
typical synthesis routes of how 1,1,1,2-tetrafluoroethane is produced by the reaction of
tetrachloroethene and hydrofluoric acid.

——— CCI,FCCLF CF,CCl
Cl, 2 2 jsomerization 3T
cl. »/HF
)= +HF ——— CCIF,CCF, + CFCCLF
Cl
Cl Cl 2 \ h .
ydrogenolysis
isomerization
—— CF,CHF, + CF,CHCIF CF4CH,F

hydrogenolysis

Figure 2.2: Typical synthesis routes to produce 1,1,1,2-tetrafluoroethane by the reaction of
tetrachloroethene and hydrofluoric acid by the combination of two main reaction routes: hydrogenolysis of
chlorine and Lewis-acid catalysed halogen isomerisation (Kirsch, 2004).

2.2.4 The production of fluoropolymers

A discussion of organofluorine synthesis would not be complete without the inclusion of
fluoropolymers. Fluoropolymers were first discovered in the early 1930s by Ruff and
Bretschnieder who synthesized gaseous tetrafluoroethylene, which later became a valuable
monomer for perfluorinated fluoropolymer synthesis, such as polytetrafluoroethylene (PTFE).
Tetrafluoroethylene is synthesized by the pyrolysis of chlorodifluoromethane in the reaction steps

shown in Figure 2.3.

PTFE was discovered accidentally by Dr. Roy Plunkett at DuPont (one of the world leaders in
fluoropolymer industry) in 1938. This would later be seen as the most monumental discovery in
the fluoropolymers industry (Teng, 2012). PTFE is produced in a batch process by the addition
polymerisation of tetrafluoroethylene. The reaction temperature may be up to 100 °C and between
pressures of 0.7 and 3.5 MPa.



Chloroform step:

CH; + 3Cl, —> CHCl; + 3HCI

Chlorodifluoromethane step:

CHCl; + 2HF —> CHCIF, + 2HCI
(SbFj5 catalyst)

Tetrafluoroethylene synthesis:

CHCIF, —> (CF,CF, + 2HCI
(Pyrolysis)

Figure 2.3: Typical synthesis route to the commercial production of tetrafluoroethylene (Ebnesajjad, 2011).

Initially, research into fluoropolymers was not eagerly pursued due to its high melt viscosity and
melt temperature as well as insolubility which made it difficult to process and dangerous to
synthesize given the toxic nature of tetrafluoroethylene (Teng, 2012). This changed in the 1940s
when fluoropolymers were seen as a viable material to be used in the purification of uranium
hexafluoride during World War 11, this meant that funding and equipment were readily available

for this research.

The fluoropolymer industry continued to grow and today it is one of the largest global markets for
fluorochemicals. The drivers of this market lie with the extremely desirable properties of
fluoropolymers, such as low surface energy making it difficult for substances to adhere to them as
well as being exceptionally chemically and thermally stable. These physical and chemical
properties make them versatile and appropriate for use in electronics, chemical storage and
transport, bio materials, coatings, textiles, construction and automotive industries (Ebnesajjad,
2011, Kirsch, 2004, Teng, 2012).

Fluoropolymers can be divided into two types; homopolymer and copolymers. Homopolyers are
polymers which consist principally of a single repeating monomer whereas copolymers may
consist of multiple monomers in each polymer segment. The polymers may then be further
characterised by two different classes, namely; perfluoronated and partially fluorinated
fluoropolymers. Perfluoronated fluoropolymers display the exceptional physical and chemical
properties descried above, but this in turn decreases their processability. This inspired the
innovation of partially fluorinated fluoropolymers which exhibited the necessary qualities of the

perfluoronated fluoropolymers and was less difficult to process and mould.



2.3 Partially fluorinated dialkyl ethers

2.3.1 Previous work

The first recorded synthesis of 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) — one of the two
organofluorine compounds of interest in this study — was in 1958 by Rendall et al. They were
investigating the novel synthesis of various fluorinated carbon compounds. The authors
discovered that partially fluorinated dialkyl ethers were produced by bubbling hexafluoropropene
gas through a 10% potassium hydroxide in methanol solution at 30 °C. The resultant liquid was
then poured over crushed ice resulting in two distinct layers forming. The bottom layer was
separated. After fractionation of the bottom liquid layer the authors identified the major product
of the reaction as HME (Rendall, 1958). The yield of HME was found to be 62.4wt% with respect
to the hexafluoropropene gas introduced into the system.

Continuing on the work of Rendall et al. (1958), II’in et al. (2004) performed a similar experiment
by passing hexafluoropropene gas through a 5 % potassium hydroxide solution dissolved in
methanol. The authors observed a large and rapid temperature increase of the reaction vessel from
20 to 40 °C and stopped passing hexafluoropropene through the potassium hydroxide solution
when the heat release of the reaction had ceased. The reactor contents were then poured into
water, decanted as before, and dried using calcium chloride (CaCly). The final product was
obtained by distilling the product sample and analysis revealed a 98% yield of HME (Il'in et al.,
2004).

2.3.2 Reaction Chemistry

Rendall et al. (1958) proposed that partially fluorinated dialkyl ethers may be synthesized by
passing hexafluoropropene gas through an alcohol containing alkali ions. For the synthesis of
HME, methanol is used as the alcohol and potassium hydroxide may be used to provide the
required alkali ions. Hexafluoropropene gas serves as a suitable starting point for the synthesis of

organofluorine compounds due to availability and affordability.

The reaction mechanism (shown in Figure 2.4) involves the addition of the alkoxy anion at the
carbon-carbon double bond of the hexafluoropropene molecule which then leads to the formation
of the reaction carbo-anion intermediate 1. The proton made available from the alkoxy anion then

bonds to the carbo-anion to produce the major product of the reaction HME, I1.

II’in et al. (2004) showed the presence of two other reaction products, an alkenyl ether (1,2,3,3,3-
pentafluoro-1-methoxyprop-1-ene) Il and an alkyl tetrafluoropropionate (methyl 2,3,3,3-

tetrafluoropropionate) IV. Reaction product 111 is formed by elimination of fluorine from 1.

10



Reaction products Il and 111 then form the alkyl tetrafluoropropionate 1V in the presence of
water. II’in et al. (2004) however found that the selectivity towards Il was high with yield of

reaction products 111 and IV not exceeding more than 5% in all experiments (Il'in et al., 2004).

CF,

/
F3C—C/
CH,O

F

F;C—C—C—O0CH,

H+ F -F
|
/H /F FsC F
Il Fs:C—C—C—0O c=cC i
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FF CHs F OCH;
H OCH
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F;C—C—C
\
F \o
v

Figure 2.4: 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) reaction mechanism; addition of a
methylalkoxy anion to a hexafluoropropene molecule to produce reaction intermediate I, protonation of |
produces HME I1. Defluoronation of I leads to an alkenyl ether 111 and in the presence of water 11 and 111
form an alkyl tetrafluoropropionate 1V (Il'in et al., 2004).
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2.4 Trifluorovinyl ethers

2.4.1 Previous work

TFVEs, that have MTFMP as a precursor, are partially or fully fluorinated organofluorine ether
compounds which are principally used as monomers or comonomers for the synthesis of high
value plastics, elastomers and membrane co-polymers (Petrov, 2009, Spraul et al., 2006). In
addition to being used in the manufacturing of high value plastics there is precedence for the use
of TFVEs as a biomaterial due to the fact that it is not toxic, shows a lack of immunogenicity and
high mobility in water (Lousenberg and Shoichet, 1997).

TFVEs have been previously synthesised by two methods which avoid the need for chlorine,
hydrogen fluoride or elemental fluorine (Lousenberg and Shoichet, 1997). Firstly, Dixon and
Stanley (1959) synthesized TFVESs in a one-step reaction process which involved the reaction of
an alkali metal alcoholate with tetrafluoroethylene, according to the following reaction scheme

shown in Figure 2.2.

RONa + /C:C > /C:C + NaF
F F O\ F
R
| I i v

Figure 2.5: Reaction of alkali metal alcoholate | with tetrafluoroethylene 11 to produce trifluorovinyl ether
111 and alkali fluoride IV (Dixon, 1959).

Dixon and Stanley (1959) successfully synthesized various TFVEs with the —R group of
compound I11 taking the identity of the alkyl or fluoroalkyl alcohol used in the reaction (I). There
are however drawbacks to the one-step reaction sequence, including high operating pressure (up
to 20 bar), long reaction times and low reported experimental yields of between 10 and 30 %
(Dixon, 1959).

Fritz et al., (1963) later synthesized fully fluorinated vinyl ethers (perfluorinated vinyl ethers) by
the one-step reaction sequence proposed by Dixon and Stanley (1959) which required the use of
perfluorinated alcohols, i.e. where —R in compound | of Figure 2.5 is a fluoroalkyl. Fully

fluorinated alcohols are however intrinsically unstable and consequently difficult to isolate, thus a
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one-step reaction sequence is not viable for the production of perfluorinated vinyl ethers (Fritz et
al., 1963).

Fritz et al., (1963) proposed an alternative means of synthesizing perfluorinated vinyl ethers by
reacting an acid fluoride with hexafluoropropene oxide to produce an etherified acid fluoride
according to the reaction scheme shown in Figure 2.6. The etherified acid fluoride may then be
converted to a TFVE by thermolysis between 300 and 600 °C. Fritz et al., (1963) also proposed
first converting the etherified acid fluoride to an alkali metal salt in order to lower the thermolysis
temperatures to between 170 and 250 °C. Thermolysis in the presence of a polar solvent will also
lead to a further reduction in the thermolysis temperature (Fritz et al., 1963).

Ry
/O o F—C—F CF
3
Rf—o/ + - / /
F,C CFCF, 0O—C—=C
: Y

Figure 2.6: Reaction of acid fluoride with hexafluoropropene oxide to produce an etherified acid fluoride
(Fritz et al., 1963).

The reaction product may be converted to the corresponding alkali metal salt by base hydrolysis, a
suitable alkali base that may be used is potassium hydroxide (Fritz et al., 1963).

For example, perfluoromethyl perfluorovinyl ether was produced by the reaction of carbonyl
fluoride and hexafluoropropene oxide at 75 °C for 4 hrs producing perfluoro-2-methoxypropionyl
fluoride. The reaction product was then neutralised with potassium hydroxide in water and dried
to obtain an alkali metal salt, potassium perfluoro-2-methoxyproprionate. Potassium perfluoro-2-
methoxyproprionate was then thermolyzed in the presence of potassium fluoride to obtain the
desired perfluoromethyl perfluorovinyl ether (Fritz et al., 1963). Carbonyl fluoride is, however, a
hazardous gas which increases the danger of operation thus decreasing the appeal of this synthesis
route for the production of TFVE (Tsai, 2005).

Lousenberg and Shoichet (1997) adopted the reaction procedure proposed by Fritz et al., (1963) to
produce partially fluorinated trifluorovinyl ethers. The authors proposed the reaction of a sodium
alkoxide with hexafluoropropene oxide and an alkali metal fluoride catalyst such as potassium or
cessium fluoride to obtain a reaction intermediate. The intermediate or the corresponding alkali

metal salt may then be thermolyzed directly to obtain a TFVE (Lousenberg and Shoichet, 1997).
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2.4.2 Reaction chemistry

Lousenberg and Shoichet (1997) proposed the following reaction scheme (Figure 2.4):

(@)
o) o RONa
RONa + —_—> ROCFCF e ROCFCOR
F,C CFCF,4 ROCCF,CF3 NaF
CF3 CF3
' i n v v
(@) (e
base CISi(CH
v 22 ___ 5 RocrCona SSCHs o rocrcosicHy),
hydrolysis
CFs CFs
Vi Vil
Thermolysis, 200 °C Thermolysis,
140 - 150 °C, KF (Catalyst)
(0]
| ROFC CF,
ROCCF;
IX il

Figure 2.7: Reaction sequence for the production of trifluorovinyl ethers as investigated by Lousenberg and
Shoichet (1997). Sequence shows the reaction of sodium alkoxide | and hexafluoropropene oxide Il to
obtain an undesired partially fluorinated propionate ester 111 and a desired partially fluorinated propionate
methoxy ester V. Sodium carboxylate salt VI is produced by base hydrolysis of V which may be
thermolyzed to a TFVE IX. Reaction of VI with trimethylsilyl chloride results in a partially fluorinated
trimethylsilyl ester VII. This may then by thermolyzed to the desired TFVE VIII.

Lousenberg and Shoichet (1997) found that an undesired partially fluorinated propionate ester
(11 and a desired partially fluorinated propionate methoxy ester (V) was produced by the
reaction of sodium alkoxide (I) with hexafluoropropene oxide (I1). The ester (V) was then
converted to a sodium carboxylate salt (V1) which, when thermolyzed, forms a TFVE (1X) in low
yields. A more desirable route was found when the sodium carboxylate salt (V1) was reacted with
trimethylsilyl chloride to obtain a partially fluorinated trimethylsilyl ester (\VV11). This was then
subjected to thermolysis between 140 to 150 °C in the presence of potassium fluoride to obtain the
desired TFVE (VI11).

The initial reaction was found to be exothermic and resulted in the formation of esters 111 and V.

The formation of the ester Ill is as a result of the alkoxide ion forcing ring opening of
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hexafluoropropene oxide (I1), while ester V is likely formed upon addition of another equivalent
of the alkoxide ion to the intermediate compound 1V. Lousenberg and Shoichet (1997) also found
that the yield of the undesired ester may be influenced by reaction temperature and noted a
decreased yield of the undesired ester with increased temperature, for example an experiment
started at -78 °C resulted in a yield of 22% while a yield of 12% was noted at 0 °C (Lousenberg
and Shoichet, 1997).

If compound | is sodium methoxide, then the resultant ester (V) can be identified as methyl-
2,3,3,3-tetrafluoro-2-methoxyproprionate  (MTFMP) and finally the desired TFVE (VIII)
produced is 1,1,2-trifluoro-2-methoxyethene (TFME). TFME may then be converted to a higher
value fully fluorinated vinyl ether by direct fluorination to obtain 1,1,2-trifluoro-2-
(trifluoromethoxy)ethane, which is a useful monomer for the production of high-performance
fluoroelastomers (Petrov, 2009).

It can be seen that the yield of TFME from the reaction scheme outlined in Figure 2.7 is greatly
dependent on the yield of MTFMP and the partially fluorinated trimethylsilyl ester (V11) in the
previous steps. The synthesis of TFME is beyond the scope of this study, however focus is instead
placed on the synthesis of TFME precursors, viz. the formation of MTFMP by reaction of sodium

methoxide and hexafluoropropene oxide.

2.5 Experimental equipment

This study set out to research the process development and kinetic modelling for the synthesis of
two organofluorine compounds using a falling film microreactor (FFMR). However, the FFMR
was not the only possible choice of equipment. A number of different types of reactors may be
used to conduct kinetic data studies, each with their respective advantages and disadvantages
Careful consideration is required, as the choice of reactor may affect ease, duration,
accuracy/precision and cost of the research. There are two broad classes of reactors which may be
used, namely, batch and continuous reactors. An overview of the potential choices is, therefore, of

relevance here.

2.5.1 Batch reactor

The batch reactor is the simplest form of chemical reactors and is typically defined as a unit
wherein the valid phases all have a spatially uniform concentration. Practically, this is achieved
by using a mechanical or magnetic stirrer within the reactor vessel. The batch reactor is usually a
very attractive option in laboratory studies due to its simplicity, as a chemical reaction in a beaker

may easily be seen as a batch reactor. The batch reactor may be used to carry out gas-liquid
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reactions by continuously recycling and bubbling the vapour phase through the liquid phase.
Conversely however, the simplicity of the batch reactor is simultaneously its main disadvantage
(Froment et al., 1990, Nauman, 2008).

Due to the nature of the batch reactor there are some common problems with regards to utilising
the reactor for Kinetic studies, these include temperature control and controlling start and end of

reaction.

Considering the first of these problems, the reaction temperature may be controlled by
submerging the reaction vessel in a liquid bath set at the reaction temperature or circulating liquid
through an external jacket at the reaction temperature. It is also important to consider the nature of
the reactive system. The batch reactor is usually not suitable for reactions which are rapid and
thus undergo rapid temperature changes, but control can be achieved by using an external heating
medium and an internal cooling coil to regulate the temperature (Wojciechowski and Rice, 2003).
A temperature sensor must also be carefully positioned so that efficient temperature control is
achieved.

The second problem arises when the reaction temperature is high and requires that the reagents be
heated to the desired temperature. It is difficult to stop a fraction of the reaction proceeding before
the desired temperature is reached. This may be overcome by heating the reagents separately and
introducing them to the reactor once they have both reached the desired reaction temperature
(Wojciechowski and Rice, 2003).

Analysis of the reactor product may also present problems as sampling significant quantities from
the vessel is not advisable and thus an in situ sampling method may need to be considered. The
sampling period will also need to be rapid due to the fact that the batch reactor is inherently a
transient reactor and replicate samples are often only possible if the reaction is repeated which is
time consuming and resource intensive (Wojciechowski and Rice, 2003). Owing to its limitations,

the batch reactor was not considered for this research.

2.5.2  Lewis cell type reactor

Another reactor which is commonly used for Kinetic studies between two phases is the Lewis cell
reactor. The Lewis cell is essentially a batch reactor with the added advantage of having a clearly
defined interfacial area between the phases. The reactor consists of two cavities, one above the
other, with an interfacial plate separating these cavities. The interfacial plate defines the contact

area between the phases.
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A Lewis cell reactor can be used for liquid-liquid or gas-liquid reactions as in the works of
(Baldascini et al., 2001, Molina and Bouallou, 2012, Molina and Bouallou, 2013). The phases are
continuously mixed by stirrers in each phase to ensure uniform concentration while samples can
be taken using sampling points in each compartment. For gas phases a pressure sensor is fitted to
the top compartment which allows the pressure to monitored over time which is used in
absorption and desorption reaction experiments(Molina and Bouallou, 2012, Molina and
Bouallou, 2013). This reactor was still considered too limited for our purposes.

2.5.3 Continuously stirred tank reactor

The continuously stirred tank reactor (CSTR) differs from the batch reactor in that liquid is
continuously removed from the system at the same rate at which it is introduced. In this
configuration it is imperative that the contents of the reaction vessel be well mixed, because the
reactor relies on the fact that the outlet concentration is an exact representation of the reactor
contents. This involves immediately mixing the contents of the reactor with the new fluid entering
the vessel (Bird et al., 2007).

Temperature control in the CSTR is affected in the same way as it was with the batch reactor;
however the inclusion of an internal cooling system becomes increasingly difficult with the

presence of a rapidly moving impeller or mixer.

The greatest advantage of the CSTR is that the product is a representation of the reaction
occurring at a constant reactant concentration and so the rate of reaction is directly obtainable
from analysis of the reactor product while allowing multiple samples to be taken for consistency.

The CSTR thus combines the advantages of the batch reactor and the plug flow reactor.

The disadvantage of the CSTR is, however, that experiments may become very time consuming
as it is not uncommon for systems to take longer than a day to reach steady-state conditions.
Running the experiment for this amount of time may prove to be resource and energy intensive
considering the amount of material which would be required to be processed. The CSTR has also
proven to not be effective when it comes to multiphase reactions owing to the internal
hydrodynamics of the reactor making it not suitable for gas-liquid reactions (Wojciechowski and
Rice, 2003).

A modification can, however, be made whereby the gas phase is sparged into the liquid phase.

This ensures that there is sufficient contact between the gas and liquid phases, which allows the

reaction to proceed. Despite this modification, it was not deemed suitable for our purposes.
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2.5.4 Bubble column reactors

Bubble column reactors are tall cylindrical vessels with a gas distributor at the base of the vessel.
They are versatile multi-phase reactors which have a wide range of applications such as the
petrochemical, biochemical, bulk chemical and metallurgical industries (Degaleesan et al., 2001).
One of the most recognised uses of bubble column reactors is in the Fischer-Tropsch process
which converts carbon monoxide and hydrogen to useful hydrocarbons (Meyers and Meyers,
2004).

This reactor type has gained a significant amount of focus over the last few decades due to their
large industrial application and appeal. Some of the main advantages of bubble column reactors
are their versatility, durability, low maintenance costs, ease of operation and high heat and mass
transfer rates (Kantarci et al., 2005). A large portion of the research conducted in recent years has
been to the design and operation of bubble column reactors with particular emphasis on fluid
regime identification as well as the effect of reactor geometries on performance.

Findings of these studies have shown that the performance of the reactor is greatly dependent on
the dominant flow regime, the three most commonly observed flow regimes are heterogeneous
(churn-turbulent), homogeneous (bubbly flow) and slug flow regime. The choice of the correct
operating region may differ based on the system. As a result, the prediction of the conditions of
each flow regime is difficult as they vary for each bubble flow column, based on reactor
dimensions and sparger type. Industrial reactors are typically found to operate in the
heterogeneous flow regime even though it has been shown that heat and mass transfer rates are

higher when flow is in the homogeneous regime (Schumpe and Grund, 1986).

Implementation of such a reactor requires that the vessel be carefully designed and this requires
various hydrodynamic parameters such as axial dispersion coefficients of the gas and the liquid,
sauter mean bubble diameter, mass transfer coefficients for the gas species, gas hold-ups as well
heat and mass transfer coefficients. Since there has not been a large amount of research conducted
on the systems of interest in this study, a large portion of these parameters are unknown and

design of such a reactor is beyond the scope of this study (Kantarci et al., 2005).

2.5.5 Falling film microreactor

The last 20 years has seen increasing interest by academics and industrialists in microreactor
technology due to the process versatility and process intensification potential of microstructured
reactors (Chen et al., 2008, Hessel et al., 2000, Zanfir et al., 2005).
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Microreactors are especially useful for gas-liquid and gas-liquid-solid catalytic reactions. These
reactors principally operate by directing liquid flow through microchannels that may be as thin as
300 um and allow gas to flow either con- or co-currently above the liquid flow, this creates a
constant and uniform interfacial area between the gas and liquid phases along the length of the

microchannel (Hessel et al., 2000).

The falling film microreactor (FFMR) used in this study is a well-known and well-studied
microstructured reactor which was invented by the Institut flir Mikrotechnik Mainz GmbH and
has successfully shown its ability to maintain thin liquid films of up to 100 um (Al-Rawashdeh et
al., 2008). The FFMR consists of a cooling plate, a reaction plate with etched microchannels and a
sight-glass which encloses the gas headspace (Figure 2.8). This design allows for specific
interfacial areas of up 20 000 m2.m to be achieved, which is noticeably higher than other gas-
liquid contacting reactors as can be seen in Table 2.1 below (Hessel et al., 2000, Yue et al., 2007,
Ziegenbalg et al., 2010). The high specific areas made available by the reactor design allow for
high heat and mass transfer rates to be achieved which make FFMRs an efficient tool for rapidly
exothermic gas-liquid reactions. FFMRs offer higher selectivities as reaction conditions may be
more stringently controlled when compared to other gas-liquid contacting reactors. In addition,
FFMRs allow for easier operation and increased process safety when dealing with hazardous or
dangerous systems (Chen et al., 2008). Researchers have exploited the high heat and mass transfer
rates of FFMRs for reactions such as catalysed hydrogenation (Yeong et al., 2003), direct
fluorination of toluene (Jahnisch et al., 2000) and direct synthesis of hydrogen peroxide (Inoue et
al., 2007).

Table 2.1: Comparison of mass transfer rates, specific areas and mass transfer coefficient of several gas-
liquid reactors (Sobieszuk and Pohorecki, 2010, Yue et al., 2007)

Reactor Type ki-10° (m.s?) a(m2m?) kia-10% (s%)
Bubble columns 10-40 50-600 0.5-24
Couette-Taylor flow reactor 9-20 200-1200 3-21
Impinging jet absorbers 29-66 90-2050 2.5-122
Packed columns, concurrent 4-60 10-1700 0.04-102
Packed columns, countercurrent 4-20 10-350 0.04-7
Spray column 12-19 75-170 1.5-2.2
Static mixers 100-450 100-1000 10-250
Stirred tank 0.3-80 100-2000 3-40
Tube reactors, horizontal and coiled 10-100 50-700 0.5-70
Tube reactors, vertical 20-50 100-2000 2-100
Gas-liguid microchannel 40-160 3400-2000 30-2100

19



Various works have been published on the principle operations of FFMRs which include studies
on the hydrodynamics and mass transfer capabilities of the unit. Zanfir et al., (2005) studied the
absorption of carbon dioxide in a sodium hydroxide solution with the intention of developing a
model for the system. The authors used 2-dimensional computational fluid dynamics to
successfully model the reaction system for low concentrations of sodium hydroxide (0.1 and 1 M
solutions) (Zanfir et al., 2005). Zanfir et al., (2005) also presented another important finding; that
the resistance to mass transfer predominantly lays on the liquid side of the interface based on the

diffusion-convection-reaction step.

Figure 2.8: Falling film microreactor — Standard designed by the Institut fir Mikrotechnik Mainz GmbH.
Exploded view from left; integrated heat exchanger I, reaction plate 11, washer 111 and reactor housing IV
(Al-Rawashdeh et al., 2008).

Further development of the 2 dimensional model proposed by Zanfir et al., (2005) was undertaken
by Al-rawashdeh (2008) with the aim to better understand and describe liquid phase behaviour as
this, particularly, was found to present the major rate limiting step to reactions in the FFMR. The
authors were able to study the effect of fabrication imprecisions and channel mal distribution
which they found had an 11% and 2% effect on reaction conversion respectively (Al-Rawashdeh
etal., 2008).

Zhang et al., (2009) studied the hydrodynamics and mass transfer of two-phase gas-liquid flow in
a FFMR and found three predominant flow regimes that result as the liquid flow rate is increased;

these were “corner-rivulet flow”, “falling film flow with dry patches” and “complete falling film
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flow”. Complete falling film flow was found to be the best flow regime for gas-liquid reactions as
this provides the best use of available reactor volume. Flow regimes such as corner-rivulet flow
and falling film flow with dry patches do not ensure complete wetting of the reactor
microchannel. Bearing in mind that gas-liquid reactions occur in the liquid phase, the presence of
dry patches reduces the wetted interfacial area between the gas and liquid phases thus lowering

the yield of the reaction.

In addition to liquid flow rate, liquid surface tension affects the formation of the liquid film in
microchannels. This liquid meniscus also forms due to the surface tension and hydrophobicity
properties of the reactor fluid; with the low flow rates in this study we do however assume a flat
film. Zhang et al., (2009) found that liquid side mass transfer coefficients increased with
decreased surface tension. The authors were also able to propose the following empirical
correlation by least squares regression of experimental data:

Sh;, = 0.0145 - Re%? - ScP57 (2.3)

Where Shy, Rep, and Sc;, represent the liquid-side Sherwood, Reynolds and Schmidt numbers,

respectively. Each of these terms may be expressed by Equations 2.4, 2.5 and 2.8, respectively:

kLdn
Db

The Sherwood number indicates the relationship between convective and diffusive mass transfer
in the liquid phase. The convective mass transfer is described by the liquid-side mass transfer
coefficient (k;) and the characteristic length (d;,) while the diffusive mass transfer is described

the diffusivity of the gas phase in the liquid phase (Dg p).

Re;, = 2Lt (2.5)
The Reynolds number indicates the flow regime within the microchannel and is calculated by
incorporating the liquid film thickness (8;), mean velocity of the liquid film (j,) and the

kinematic viscosity of the liquid phase (v). The liquid film thickness and the mean velocity of the

liquid film are calculated using Equations 2.6 and 2.7, respectively.
=3 f?’Q_L"
6L - n'bg (26)
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Q.7)

Q., n, b, and g denote the volumetric flow rate of the liquid phase, the number of channels, the

width of the microchannel and the acceleration due to gravity, respectively.

The Schmidt number is used to indicate the ratio between the viscosity (u;) and the mass

diffusivity (Dg ) and may be calculated using Equation 2.8.

SCL = T (28)

pL Dgb

FFMRs also afford the opportunity for continuous operation which makes the prospect of
industrial scale processes a promising venture. The transition from pilot or laboratory scale
systems to an industrial scale process may be achieved by the numbering-up of microstructured
units or relevant flow features such as number of channels or channel length (Chen et al., 2008,
Ziegenbalg et al., 2010).

2.6 Experimental design

Experimental design is the basis of comprehensive experimental work as proper planning can
allow for investigation and analysis of interaction between test variables as well as the quantity
and quality of the deductions that may be made thereof (Berty, 1999).

The most comprehensive means of investigating the interaction of all factors and levels of each
factor to be varied is by use of a full factorial design (FFD) (Antony, 2003). FFD looks to
investigate the experiment at all permutations of the experimental conditions. Although this may
be the most thorough means of investigation, resources or time constraints may limit the amount
of experimental work that may be performed, hence FFD may not always be the most attractive

experimental design technique.

Valuable interaction data for experiments which involve the investigation of various factors at
multiple levels is, however, obtainable by following alternative experimental designs such as
Box-Wilson and Box-Behnken central composite designs. These design methods allow for
interaction data to be obtained without the need for a FFD to be performed thus greatly reducing

the number of experimental runs required.
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2.6.1 Box-Wilson central composite design

Box-Wilson central composite design (more commonly referred to as central composite design)
involves investigating three classes of experimental conditions, viz. cubic design points, axial
design points and central design points. Considering the range of interest for a particular design
variable (i.e. temperature, catalyst concentration, flow rate, etc.) and expressing the bounds of this
range as the -1 and +1 levels, the centre of this range may be expressed as the 0 level. Cubic
design points may then be described as levels -1 and +1 of a particular design variable. Central
design points may then be described as the set of experimental conditions at the O level of the
design variable. The axial design points are experimental conditions which lie outside of the
initial parameter range selected and are located at the + o level. o quantifies the rotatability of the
experimental design and is based on the number of factorial points which are investigated, if a full
factorial design is used then o may be calculated using Equation 2.9 (Lazi¢, 2004). F is the

number of design variables to be varied throughout the experimental study.

a= (F)l/* (2.9)

The concept of rotatability was first introduced by Box and Hunter (1957) and is used to ensure
that reasonable predictions of responses are made throughout the investigation region. One way of
ensuring this is to ensure that the variances at all points (cubic, central and axial) are equal. When
this is achieved the experimental design is then termed a rotatable design (Box and Hunter, 1957,
Montgomery, 2008).

From Equation 2.9, the experimental conditions of the axial design points may be calculated by
substituting -a. and +a into Equation 2.10. X,,,;,, and X, represent the initial range of the design

variable chosen (i.e. the -1 and +1 levels).

X; = [od -(Xmax_Xmin;"' Xmaxt Xmin (210)

An important aspect during experimentation is a test of the variability and consistency of the
experiment which can be evaluated by repeating a set of experimental conditions and observing
the deviations thereof. Central composite design accounts for the variability of experiments by
specifying replicate experiments of the central design points. The number of replicates to be
performed is at the discretion of the experimenter, but it is recommended that a minimum of 3

replicates be performed (Lazi¢, 2004).
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There are three types of central composite designs, namely; circumscribed, inscribed and face
centred designs. A circumscribed experimental design is the original method of employing central
composite designs. It positions the axial design points a distance £ o from the central design point
and is based on the number of factors of interest. o for a circumscribed experimental design is
greater than 1 thus the axial design points form the new bounds of the experimental region of
investigation (Sematech, 2006).

An inscribed experimental design is employed when the limits of investigation are clearly defined
and the axial design points are positions at the edges of the design space. An inscribed design is
thus a circumscribed experimental design which has been scaled down by o (Sematech, 2006).
Circumscribed and inscribed central composite designs require five levels for each design variable

i.e. the -a, -1, 0, +1 and +a levels of the design variable.

A face centred design has three levels for each process variable where the axial design points are
located at the middle of each face thus the value of o is approximately 1. Figure 2.9 provides an

illustrative example of the location of these design points for a design which has two factors.
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Figure 2.9: Hlustrative example of a circumscribed, inscribed and face centred Box-Wilson central
composite design for a two factor experiment. Axial design points (%) and cubic design points ().

It is important to note that the circumscribed central composite design spans the greatest design
space as can be seen in Figure 2.9 and is thus the most useful when trying to gauge the effect of

experimental conditions over a large design space (Sematech, 2006).

The number of experimental runs required for a full central composite experimental design may
be determined by Equation 2.11 where k is the number of process variables to be varied while C,

refers to the number of central design points chosen (Souza et al., 2005).
N=2K+2k+C, (2.11)

2.6.2 Box-Benhken experimental design
A Box-Behnken experimental design is another example of a multivariate technique used in

optimization studies and consists of experimental conditions chosen at the midpoint of the chosen
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range for a particular design variable (Figure 2.10). A Box-Behnken experimental design only
consists of the central and midpoint design points and thus consists of less experimental runs
which utilises resources more efficiently (Sematech, 2006). The number of experimental runs

required may be determined using Equation 2.12 (Souza et al., 2005).

N=k*+k+C, (2.12)

0

[1

0

Figure 2.10: Illustrative example of three factor Box-Behnken experimental design. Central design points
(®) and midpoints design points ().

2.7 Kinetic modelling

Vital components of almost all chemical processes are chemical reactors which are responsible for
the beneficiation of raw materials into higher value products. The performance of the reactor is
crucial to the overall performance of the process often dictating whether the process is
economically viable or not. To ensure that the reactor is performing optimally a thorough design
of the reactor is integral and requires a comprehensive understanding of the reactive system, the
mechanism, chemical kinetics and kinetic parameters. Reliable kinetic data is invaluable to
industry as it allows the creation of lucrative opportunities for new and existing chemical

processes (Gunawan et al., 2002, Wojciechowski and Rice, 2003).

In summary, the identification of a suitable kinetic model involves developing a reactor model, a

reaction model (which incorporates a rate expression) and finally, fitting the model predictions to
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experimental data. The model requires initial estimates which become improved estimates of the

kinetic parameters once fit to experimental data (Gunawan et al., 2002).

2.7.1 Reactor model formulation

The reactor model is the first stage in the model formulation and is responsible for computing the
hydrodynamics and the physical parameters of the system. The model may be constructed using
software such as Microsoft Excel (Microsoft Corporation), MATLAB® (The MathWorks, Inc.),
Mathematica (Wolfram Research) and Python (Python Software Foundation) which are very
similar in many ways all having built-in functions which makes the programming language
simpler and more efficient. MATLAB® (The MathWorks, Inc.) was used for all model
development in this study.

A. Material balances

Model formulation begun with a statement of the governing equations, for fluid flow problems
this is the continuity equation. Equation 2.13 is the differential form of the continuity equation
illustrating an intrinsic physical law: the law of conservation of mass (Bird et al., 2007, Darby,
2001, Rice and Do, 2012).

2+ V(pv) =0 (2.13)
The individual component continuity equations may be presented as:

ap; .
0—‘; = —-v(Vp)—(Vj) + R (2.14)
Where p; is the volume density of component i, v is the average mass velocity of the fluid, j; is
the mass diffusion of component i and R; is the net rate of production or consumption of
component i per unit volume. Equation 2.14 is seldom used in this form and adaptations are
commonly made for ease of use. In this work the choice was made to express Equation 2.14 in
terms of the measurable species concentrations:
ac; .
Where C; is the concentration of component i and j; is now the molar diffusion of component i.

The molar diffusion is then expressed by the Fick’s Law (Henley et al., 2011):
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ji = —DimV G (2.16)

Where D;,, is the molar diffusional coefficient of component i in medium m. A generalised mass
balance for component i is then obtained by combining Equations 2.15 and 2.16.
% — Y(—vC; + DV Cp) + R, (2.17)
at i im i i .
The net rate of production and/or consumption of species i (R;) is the sum of the n rates of

production and/or consumption of i in all of the relevant reactions in the system.
Ri = g=1 I, (218)

In the case of gas-liquid multiphase systems which have fast liquid phase reactions the
consideration of mass transfer between the valid phases is essential and may be represented by
(Nauman, 2008):

Rate of mass transfer = EgK(C, — C;,) (2.19)

where Eg is the enhancement factor, K is the overall volumetric mass transfer coefficient across
the liquid film, C;’, is the saturated concentration of gas j at the liquid film interface and C;, is

the concentration of gas j in the bulk liquid phase.

A simplification may be made to Equation 2.19 when applied to the FFMR in that the resistance
to mass transfer lies predominantly on the liquid side of the interface. The overall mass transfer
coefficient K may then be replaced by the liquid side mass transfer coefficient k; (multiplied by
the reactor specific interfacial area for mass transfer (a) as computed using Equation 2.4 (Section
2.5.5) (Zanfir et al., 2005).

A further modification of Equation 2.19 may be made to the saturated concentration of gas j at the
liquid film interface, as it may be conveniently be calculated by finding the ratio of the
concentration of gas j in the bulk gas phase and the concentration based Henry’s Law constant
(Henley et al., 2011). Thus:

* Cj,
L= JYG (2.20)
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B. Momentum balance

In addition to the material balance the momentum balance is required to incorporate the
appropriate hydrodynamics of the liquid phase. Previous work by Al-Rawashdeh, et al. (2008)
indicate that the fluid flow in microchannels of the FFMR is laminar in nature which leads
dictates that there is a liquid flow velocity profile which exists in each channel and can be
described by the appropriate momentum balance (Al-Rawashdeh et al., 2008). A generalised
system of equations exist that define the force-momentum balance for laminar fluid flow of
Newtonian fluids known as the Navier-Stokes Equations (Holland and Bragg, 1995, Roberson and
Crowe, 1985, Schiesser and Griffiths, 2009).

In general, the momentum balance is stated as follows (Equation 2.21):
(pv)i+ V- (pvv) + VP =0 (2.21)

Now dissecting Equation 2.21 into its individual terms so as they can be simplified to a more
usable form, we take the first term on the left-hand side of the equation where the time derivative
of the product of the fluid density and velocity vector is necessary:

_ 0pvy)  9(pvy) | 3(pvy)
(pv)e= =55+ =57+ =5, (2.22)

The second term on the left-hand side is dot product of the spatial unit vector and the product of
the liquid velocity vector with itself (a second-order nine element matrix) which gives us

Equation 2.23 below:

[ i {a(pVXVX) a(vaVY) + a(pvxvz)} ]
| ay 0z
V- (pvv) = | {a(pvyvx) + a(p;;’,v”) + a(pvva)}| (2.23)
|k 6(pVZVX) 6(pVZVy) a(szVz) |
l ay J

Finally, the third term when expanded is:

_a®) | aw) | o)
L (2.24)

Substituting Equations 22 to 24 into Equation 21 we get:
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6 X XVZ

i component: a(g)‘:") + Mp;}’iv") + (p;yv”) + a(p;ZV ) + % =0 (2.25a)
] ] y) 0 a .

j component: (g;y ) + (p;)’zv ) + (p;li'lv") + (p:;‘;,v ) + %j) =0 (2.25b)
6 Z ZVZ

k component: a(g‘:) + 6(p;/)z(vx) + (p;yVY) + a(p;ZV ) 4 % =0 (2.25¢)

Considering only the velocity profile in the z-direction chosen to be the co-ordinate indicating
length down the length of a micro-channel the Navier-Stokes equations above reduce to a two-
dimensional Poisson Equation stated below in Equation 2.26 for the liquid phase and Equation

2.27 for the gaseous phase.

9%vy, 9?%v z

— (G + T4 = ;g (2.26)
9%vg, | 9%vgz\ _ 0P

_ug( ox2 + dy? ) T oz (2.27)

C. Henry's law constants

Henry’s Law is a simple formulation that is commonly used in chemical thermodynamics to
estimate composition from pressure and temperature data of species in solution at low
concentrations. Henry’s law states that the partial pressure of a species is directly proportional to
its mole fraction in the liquid phase, the proportionality constant of this relationship is known as
the Henry’s Law constant (Henley et al., 2011, Smith et al., 2001).

The Henry’s law constant may be found in various units, a commonly used Henry’s Law constant

expression is:

Pj

PC _
Hi™ = —
iL

(2.28)

Where, HF¢ is the pressure-concentration based Henry’s Law constant of species i and P; is the
partial pressure of species i. The Henry’s Law constant required for Equation 2.20 needs to be a

dimensionless concentration based expression of the constant (Equation 2.29).

HEC = 2o (2.29)
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Where, HFC is the concentration based Henry’s Law constant of species i. To facilitate the
conversion from HF¢ to HEC the concentration of species i in the gas phase may be expressed by
Equation 2.30 if the gas phase is assumed to behave as an ideal gas. Where n; ; is the number of
moles of gas i, V; is the volume of gas, P; is the partial pressure of species i, R is the ideal gas

constant and T is the system temperature.

Co= o= B (2.30)

Combining Equations 2.29 and 2.30 to replace the concentration of species i in the gas phase, we

obtain:

cc_ _P
Hi* = CLRT (2.31)
Noting Equation 2.29 it can be seen that:
ISHE
HEC = - (2.32)

Equation 2.32 allows for the translation of a pressure-concentration defined Henry’s Law constant
to a dimensionless concentration based Henry’s Law constant. The next step lies in obtaining the

appropriate pressure-concentration defined Henry’s Law constant.

This can be performed provided appropriate vapour-liquid equilibrium (T —x —y or P —x — y)
data for the system of interest is available. Assuming there is no excess volume of the liquid phase

of the system the molar volume of a binary liquid mixture is:
VM= ¥ixV;

= x,Vu + xpVp

= x, M2 4 x, 2o (2.33)

Pa Pb
Where, x; is the liquid phase mole fraction of species i and M; is the molar mass of species i.
Assuming a basis of 1 mole then allows for the determination of the liquid phase concentration of
a species in the binary mixture by dividing the liquid mole fraction of species i by the total molar

volume of a binary liquid mixture.
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CiL = \;‘_;4 (2.34)
The partial pressure of species i may also be easily obtained from the vapour-liquid equilibrium

data.

HFC is then easily calculated from vapour-liquid equilibrium data by dividing Equation 2.35 by

2.34 and this may then be conveniently translated to HF¢ by Equation 2.32.

In order to increase the usability of the dimensionless concentration based Henry’s Law constant
in the model, vapour-liquid equilibrium data was translated to H*¢ which was then regressed to
the Valentiner equation (Equation 2.36) (Takenouchi et al., 2001). a, b and ¢ are parameters of the

equation.
InH =a+ 2+ cInT (2.36)

Another consideration that needs to be catered for is the effect that the presence of the dissolved
salt (potassium hydroxide) has on the solubility of the gas in the liquid phase. In general, the
solubility of the gas decreases (salting-out effect) as the concentration of the salt increases, there
are cases (however rare) where the converse is true (salting-in) and this hinges on the effect that
the salt has on the solvent. A salt that organises the intermolecular structure of the solvent leads to
salting-out and a salt that disorganises the intermolecular structure of the solvent leads to salting-
in, as explained by Ruckenstein and Shulgin. A well accepted means of compensating for the
change in gas solubility with concentration of salt is by adjusting the Henry’s Law constant with
the Sechenov coefficient (Ruckenstein and Shulgin, 2002).

Hfscalt
In (W) = KsCs (237)

Where Hl-C_SCalt is the adjusted concentration based Henry’s Law constant for the presence of a
dissolved salt, C; is the concentration of the salt and K; is the Sechenov coefficient of the system.
The Sechenov coefficient is unique for each system of gas, liquid and dissolved salt and was thus

a fitting parameter in this investigation.
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2.7.2  Reaction model

The next step in the kinetic model formulation is a description of the reaction chemistry of the
system. A statement of the material balances for the relevant species in the system is required in
differential form so that they may be solved simultaneously. It is necessary to solve equations
simultaneously as behaviour in the reactor changes with respect to location in the reactor (in the
case of the FFMR this is along the length of a microchannel). In addition, there exists some
interdependence of the material balances requiring that they be computed at each point along the
microchannel (Gunawan et al., 2002).

What follows is a brief introduction into some commonly witnessed types of reactions, some of
which are observed in this study.
A. Elementary reactions

Elementary reactions result in reaction rate expressions which can easily be produced by looking
at a balanced chemical reaction of the system. The order of the reaction follows the stoichiometric
relationship between the reactants. For example, consider the general reaction below (Equation

2.38) where v; is the stoichiometric coefficient of species i.

VaA 4+ vgB = vcC (2.38)
The accompanying rate expression for the formation of species C is:

re =kCA CA (2.39)

Where, ; is the reaction rate of species i, C; represents the concentration of species i and k is the

kinetic rate constant of the reaction (Nauman, 2008).

B. Multiple elementary reactions

It is very often the case where a reactive system is a bit more complex than the previously
mentioned and has multiple reactions in the system. The reactions could happen consecutively or

step-wise (Nauman, 2008):

ke — VA VA

VaA +vgB — vcC rc =k; C,% Cy (2.40)
ke _ VD ~VE

vcC+vpD = vgE rg =k, C° Cg (2.41)
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The reactions could also be completely independent (Nauman, 2008).

k
VaA + vgB = vcC re =k, C;* CpP (2.42)
VoD + vgE 3 vgF rg = k, CiP CJF (2.43)
D E F F — B2 %p E :

The reactions could also occur simultaneously and result in competitive reactions (Nauman,
2008).

VAA + V5B 3 veC rc = k; Ci2 CpB (2.44)
A B C C — B1 A B '

k
VaA + vpD = vgE rg =k, CpA CP (2.45)

For scenarios where we have competitive reactions in a system the net rate of change of a species
would be the sum of the rates of consumption and production of that species. Consider the
following system where A is consumed in Equations 2.46 and 2.47 but produced in Equation 2.48.

k
Va1A+VgB = vcC re = ky C;* CpP (2.46)
k; _ VA VD
va2A+vpD - vgE rg =k, C,* Cpy (2.47)
k
VEF +vgG =5 va3A ra = ks CpF C° (2.48)

The net rate of production/consumption (R,) of A is:

RA = VA—'er + "\;A_,er + ra (249)
E

V¢

C. Gas-liquid reactions

Gas-liquid reactions are treated differently to homogeneous reactions as material balances need to
be conducted for each phase in the reactor. There are various considerations that need to be made
when dealing with a heterogeneous reactive system, the first of which is the hydrodynamics of the

system. The valid phases can be assumed to be (Nauman, 2008):

i.  Gas and liquid phases are well mixed
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ii.  Asingle phase is well mixed while the other is in plug flow
iii.  Both phases are in co-current plug flow

iv.  Both phases are in counter-current plug flow
Often the nature of the reactor forces one of the above flow regimes to be adopted.

Another important consideration is the mass transfer between the phases. The reaction typically
occurs in one phase of the reactor (the liquid phase) and thus the reaction can only proceed at a
rate proportional to the transfer of the gaseous reactant from the gas to the liquid phase. Equation
2.50 shows the quantification of the mass transfer rate between the gas and liquid phases
(Astarita, 1967, Danckwerts, 1970, Henley et al., 2011).

Rate of mass transfer = EFK(C]'*,L — C]-IL) (2.50)

where Eg is the enhancement factor, K is the overall volumetric mass transfer coefficient across
the liquid film, C;’, is the saturated concentration of gas j at the liquid film interface and C; is

the concentration of gas j in the bulk liquid phase.

D. Reactions with intermediates

Finally, there exists a complex reaction mechanism whereby the reactants combine to form an
intermediate which is short-lived in the reactor as it is immediately consumed in a consecutive
reaction i.e. the rate of the consecutive reaction is much greater than the rate of formation of the
intermediate. At equilibrium there thus exists a finite concentration of the intermediate as it is
consumed and produced at approximately the same rate. In these cases the net rate of change in
the amount of intermediate is assumed to be zero, this is known as the quasi steady-state
approximation. Applying this assumption greatly simplifies the reaction rate description
(Nauman, 2008, Roberts, 2009).

2.7.3 Solving the system of equations

The first step in trying to understand and model behaviour of physical systems is the development
of the governing equations. This is an integral part of the process but bears little fruit until the
equations can be simultaneously solved so that their output may be studied. In this study the
governing equations consist of the momentum and material balances which span the full spectrum
of the spatial domain, i.e. the x, y and z directions. The existence of the multivariate variables
dictates that the equations are in fact partial differential equations (PDES) which add an additional

level of complication to the solution of the equations.
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Unlike with PDEs, ordinary differential equations (ODEs), which are subject to only one
independent variable and the derivative thereof, have a number of well-defined and fairly accurate
numerical method techniques which allow them to be solved, namely; the Euler Method,
Midpoint method and the Runge-Kutta method (Shampine, 1994, Suli, 2010). A method often
employed for the numerical solution of PDEs is the Method-of-Lines (MOL) (Schiesser and
Griffiths, 2009, Wouwer et al., 2014).

A. Initial and Boundary Conditions

Important to note are the concepts of initial and boundary conditions for the equations to be
solved. For a system of equations to be fully defined for a system it needs to be supported by the
correct number of initial and boundary conditions completing the mathematical definition of the
problem. In general; the number of initial conditions required is equivalent to the order of the
time-derivative and the number of boundary conditions required is equivalent to the sum of the
order of all the spatial derivatives in the problem (Schiesser and Griffiths, 2009, Wouwer et al.,
2014)

B. Method-of-Lines

The fundamental concept behind the MOL is to have the PDE approximated by a series of ODEs.
The ODEs take their form from the original PDE by keeping the time-derivative intact and
replacing all spatial derivatives with their respective finite difference approximation. Once this is
done we can then apply the well-defined numerical methods used for ODE systems, which is one

of the prominent features of MOL.

Intrinsically, the space is divided into M nodes over which MOL is defined, with each of these
nodes represented by an ODE and appropriate finite difference approximations. The number of
nodes used to define the space over is at the discretion of the user and can be optimised in order to
get the desired balance between computation time and accuracy. Finite difference approximations
are used to approximate the value of a derivate by estimation of the slope at a specific point by
one of the following three approximations:

ou; _ u@)-ui-1

= T Backward difference (2.51a)

% - % Central difference  (2.51b)

% _ —“("+1A)t‘“(i) Forward difference  (2.51c)
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Similarly, for second order derivatives:

0%ui _ 2u()-u(i-1) i
=z = pve: Backward difference (2.52a)

0%u; _ u(i+D)—2u(@+u(i-1) .
S = v Central difference (2.52b)

0Pu; _ Zuli+D)-u(d) i
7 = v Forward difference  (2.52c)

From Equations 2.51 and 2.52 an it is evident that one method of approximation can’t be used for
all nodes, i.e. at node 1 a forward difference approximation can be used which only requires the
dependent variable input at nodes 1 and 2. Use of any other approximation would require a
dependent variable input at node i-1 (node 0) which is not a physical node and hence does not
exist. Similarly for node M, a backward difference approximation is required which negates the
need to access node M+1 which is not in the bounds of the physical system.

Solving the ODEs can then easily be achieved using built-in functions in MATLAB® (The
MathWorks, Inc.). An ODE solver which may be used is a variable order solver such as ode45,
ode23 and odel5s. The solvers utilise the Runge-Kutta formulation for solving initial value
type problems. The numbers in the above mentioned functions indicate the how the error is
estimated in each function. The error is calculated by comparing the Runge-Kutta formulations of
different orders, for example; ode45 computes its error by comparing 4th and 5th order Runge-
Kutta formulations. The letter “s” after ode15s indicates that the solver is for stiff functions.
Stiff functions are functions which change very quickly and thus a small step-size is required as
the systems of equations are integrated. Stiffness has to do with the efficiency of the computation
and a stiff solver allows for faster computation. Considering the aforementioned solvers ode15s

was used for all integration.

Another very important aspect of the MOL implementation in this study was the adaption of all
equations such that they are initial-value problems, i.e. the subsequent ODEs contain only 1
independent variable which is time. The ODEs were then solved over a sufficient time period to
ensure that fluid behaviour had stabilised emulating stead-state conditions. This is significant as
all analysis of the systems were at steady-state conditions which would imply that the governing
equations are devoid of the time variable. Based on the above the model formulation in this study

is termed pseudo initial-value 3-D simulation.
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In summary, considering MOL implemented for a single micro-channel; the x, y and z physical
spaces are segmented into a number of discrete nodes: M,, M, and M,. Finite difference
approximations are then used to transform the material balance PDE’s for each system into a
system of ODEs. The number of ODEs solved per species is equivalent to the number of nodes

the physical space has been divided into i.e. M, X M,, X M, nodes.

C. Model co-ordinate system

Figure 2.11 illustrates the co-ordinate system adopted in this study. Envisioning the cross-section
of a microchannel as per below the x-direction demarcated the width of the channel (marked by W
in Figure 2.11) with the null position being the left edge of the channel. The y-direction
demarcated the depth of the channel (indicated by D in Figure 2.11) with the null position being
the bottom of the reactor channel. Finally, the z-direction dictates the point along the length of the

microchannel where the null position is the top of the channel (i.e. point of liquid flow inlet).

N

L

Figure 2.11: Falling-film microreactor channel cross-section images as presented by Al-Rawashdeh, et al.
(2008).

D. Liquid film geometry

In general, microchannels are available in two different geometries; wider channel widths have
the tendency to resemble a parabola/elliptic circle i.e. they have a wider base that is not
completely circular. Having an irregular boundary which does not conveniently fit into the
conventional Cartesian co-ordinate system adds complexity to the model formulation particularly
with the implementation of MOL which requires discrete nodes across the physical system.
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Considering the above as well as the animation of the liquid film in Figure 2.12 an assumption

was made that the liquid film resembled a rectangular layer of thickness (8;) and width W .

Figure 2.12: Liquid film cross section i) of elliptical approximation of liquid film shape and ii) rectangular
approximation of liquid film shape ultimately used for kinetic model.

2.7.4 Kinetic model identification

The final step in the model formulation is the identification of an appropriate kinetic model. This
involves evaluating the adequacy of the model when compared with experimental data. The
comparison between the model results and the experimental data is gauged by a single value, the
objective function, which is minimised to obtain the best model. Minimisation of the objective
function occurs when the magnitudes of the kinetic parameters are varied. The variation of the
kinetic parameters but is achieved using optimisation functions that are built into MATLAB®
(The MathWorks, Inc.). These are discussed further in Section 4.1. The quality of the fit in this
study was quantified using the following summed relative-square-error objective function:

2

C{ZXP _CiPred)

E= 3 (4o (253

Where E is the summed relative-square-error, CFX* is the concentration of species i in the
product as observed in experiments and C/7¢® is the concentration of species i in the product as

predicted by the kinetic model.

2.8 Response surface methodology

Response surface methodology is a statistical analytical technique used to evaluate the effect of

control variables on one or more responses. Response surface methodology was pioneered by Box
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and Wilson in 1951 and requires that a set of designed experiments (such as those mentioned in
Section 2.6) be conducted and their responses fit to a polynomial model to determine an optimal
response (Box and Wilson, 1951). The general form of the polynomial model may be seen in
Equation 2.54.

Y= Bo+ 21 BiXj + i BiXiX; + XSy ByXF + - (2.54)

In Equation 2.54, Y is the predicted response, S, is the intercept coefficient, §; are the linear term
coefficients, B;; are the coefficients for the interaction terms and g;; are the coefficients of the
quadratic terms. These beta coefficients may be determined by least squares multilinear
regression. X; and X; represent the control variables of the experimental design (Istadi and Amin,
2007).

Box and Wilson further indicated that a quadratic model was sufficient to investigate the
interaction between control variables, and thus Equation 2.54 may be truncated after the forth
term for ease of use (Lazi¢, 2004).

The response function indicated in Equation 2.54 may be visually interpreted as the response
surface of the k-th dimension (a hyper surface). For a more basic analysis of the interaction
between control variables the system may be observed in two dimensions by varying two control

variables and maintaining the remaining k-2 variables at a constant value (Lazi¢, 2004).
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CHAPTER THREE
3. EXPERIMENTAL EQUIPMENT, PROCEDURE AND DESIGN

3.1 Preliminary investigations

3.1.1 Experimental equipment

Preliminary experiments were an integral part of this study as it allowed for a more
comprehensive understanding of the reactive system and gave vital insight into an appropriate
operating envelope for future experiments for the HME system. The experiments were conducted
on a semi-batch gas-liquid stirred tank reactor that was commissioned by previous researchers at
the Thermodynamic Research Unit (University of KwaZulu-Natal — Howard College). The
equipment was appropriate for the preliminary experimentation of the HME system because it

provided an agitated medium and a temperature controlled environmen.

In summary, the semi-batch reactor consisted of a glass vessel which enclosed a cooling coil,
mechanical stirrer, temperature probe and a sintered gas sparger. Temperature control was
affected by the use of an external heating jacket and an internal cooling coil. The flow of cooling
water through the internal coil was regulated using a temperature controller to governor the
reaction temperature (this was the temperature of the liquid phase in the reactor) which was
monitored using an internal temperature probe. It was possible that the gas may entrain some of
the liquid phase as it exits the system to be vented and so to reintroduce this entrained liquid to
the system a reflux condenser was added, using chilled water as the cooling medium. Figure 3.1
shows a schematic of the experimental equipment with an accompanying picture seen in
Photograph 3.1 in Section 3.1.2 below. A more detailed description of the above mentioned

components follows below.

The gas reagent used in these experiments was hexafluoropropene which was diluted with
nitrogen gas. The gases were fed through 2 separate precision rotameters connected in parallel
before passing to 3-way ball valves (Swagelok, 316 SS, PTFE) on each line. The 3-way valve
allowed for flow to be redirected to a bubble flow meter (BFM) which was used to calibrate the

precision rotameters. The gas lines directed towards the reactor were then allowed to blend at a
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mixing point before being directed to the sintered gas sparger which was submerged in the reactor
contents during operation. The gas cylinders housing the reactant gases were fitted with pressure

regulators and set to a discharge pressure of 2 bar.

The reactor was a 2 L clear glass vessel with a heating jacket and a discharge valve at the base of
the vessel, which allowed for the reactor contents to be withdrawn. The reactor was mounted on a
tripod stand to ensure stability and allow access to the discharge valve below the unit. A 4 port
glass flange was fitted to the top of the glass vessel and sealed with vacuum grease. The four ports

provided space for the mechanical stirrer (50 mm Teflon paddle), 1/4"glass cooling coil, gas

sparger and the temperature probe and reflux condenser (which required one port due to the use of
a forked glass neck).

Stirrer Vent
Reactor inlet ] “
= o
_C]I:J 6 Reflux
Int | U condenser
nternal water bath
cooling coil
water bath —— =
J i i Rotameters
e R Internal . k= || «_|| Sintered glass |
i i as sparger
External cooling coil 1 gas sparg
jacket water =
bath
Semi-batch gas-liquid
stirred tank reactor Gas feed

Reactor outlet

Figure 3.1: Schematic of fully commissioned semi-batch gas-liquid stirred tank reactor used for preliminary
investigations into the synthesis of 1,1,2,3,3,3-hexafluoropropyl methyl ether.

As mentioned above, temperature control was affected by simultaneous use of an external heating
jacket and internal cooling coil which was submerged in the reactor contents. Water was
circulated through the external jacket at 35 °C for all experiments. This temperature was chosen
as it was above the highest temperature investigated (28 °C) ensuring that heating would occur

throughout all experiments. Higher external jacket temperatures were avoided as it was not
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desired to excessively heat the reactor contents thus increasing the strain on the internal cooling

system.

Water at a temperature of 2 °C was circulated through the internal cooling coil. This temperature
was chosen as the reaction to produce HME was observed as highly exothermic and it was desired
to have water at a cold enough temperature to be able to quickly remove heat from the liquid
phase, i.e. the lower the coolant temperature, the greater the temperature driving force for heat
removal. The last area which used cooling water was the reflux condenser; chilled water at 15 °C
was circulated through this unit which is below the boiling point of methanol (64.7 °C).

3.1.2 Experimental procedure and materials

The synthesis of HME in a semi-batch gas-liquid stirred tank reactor required that
hexafluoropropene gas be bubbled through methanol that contained dissolved potassium
hydroxide (the solution is known as potassium methoxide). Hexafluoropropene, with an
experimentally determined purity of 99.8 %, was sourced from the South African Nuclear Energy
Corporation (NECSA). The reactant gas was diluted in order to allow variation of the inlet gas
concentration, this was achieved using nitrogen gas with a specified purity of 99.999 % which
was purchased from Afrox. Methanol was sourced from Laboratory Equipment and Supplies
(purity of 99.6 %) and potassium hydroxide was purchased from Merck KGaA with a specified
purity of 85 %. The purities of methanol and potassium hydroxide were appropriate, especially
when considering the purity of raw materials which would be economically feasible for large

scale production of HME.

A. Feed preparation

The reactor was charged with 1.5 L of methanol, this was to allow sufficient head space for
unreacted hexafluoropropene and nitrogen gas to escape through the gas vent (Figure 3.1, Section
3.1.1) and to ensure that a sufficient amount of the internal cooling coil was submerged to
guarantee adequate cooling. The mass of potassium hydroxide required for each experiment, to
obtain the desired feed concentration, was weighed on an Adventurer™ QOhaus Corp. mass
balance. The mass balance was calibrated by Trilab Support with an average absolute deviation of
0.001 g; this was considered to be the standard uncertainty of all mass readings recorded
throughout this study. The catalyst was then added to the 1.5 L of methanol in the reaction vessel
and agitated for 15 min at 450 rpm to ensure that all solid was well dissolved. All samples were
prepared with an average percentage uncertainty of 0.33% on the concentration of the potassium

methoxide feed stock.
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B. Gas sparger preparation

Salt builds up on the surface and in the pores of the sintered gas sparger throughout the duration
of the reaction which hinders the efficacy of the gas sparger. This salt is believed to be
agglomerates of fine particles of potassium hydroxide and potassium fluoride (a possible by-
product of the reaction). In order to ensure that the sparger was clean for every experiment it was
removed from the glass reactor and placed in a beaker of deionised water while nitrogen gas was
flushed through it for 5 min. This step was crucial to maintaining a high rate of bubbling for all

experiments.

C. Reactor start-up

The reactor start-up procedure was essential to ensuring that each experiment proceeds at the
required starting conditions. In order to guarantee this, the temperature of the two baths was set 1
hour prior to running an experiment. The temperature of the water circulated through the reactor
jacket was set to 35.0 °C, while the temperature of the water to be circulated through the internal
submerged cooling coil was set to 2.0 °C. The temperature controllers were not calibrated as their
only effect was to regulate the temperature of the reactor; however, the submerged PT 100
temperature probe was calibrated and had an average percentage relative deviation of 0.07 % on
display temperature. The standard uncertainties of these controllers are 0.7 °C. The reflux
condenser cooling water bath was also prepared 1 hour prior to each experiment by setting the
temperature controller to 15.0 °C.

D. Experimental procedure

Prior to the start of each reaction the temperatures of all 3 cooling baths (i.e. external heating
jacket water bath, internal cooling coil water bath and reflux condenser cooling bath) were
checked to ensure that they were at the required set point temperatures and additional time was
allowed for stabilisation of temperatures if necessary. It was also ensured that all potassium

hydroxide added to the liquid charge in the reactor was dissolved.

a. The first step of every experiment was ensuring that the liquid contents of the reactor
were at the desired reaction temperature. This was done by setting the reaction
temperature using the temperature controller (controller A — Photograph 3.1) and opening
valve B (Photograph 3.1) 20 min prior to experiment commencement and setting the
impeller speed to 450 rpm (controller C — Photograph 3.1).

b. The next step of every experiment was setting the flow meters to the required flow rates.
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This was done by directing gas flow initially to the bubble flow meter (labelled
BFM) using valves D and E as seen in Photograph 3.2 for hexafluoropropene and
nitrogen, respectively.

The nitrogen and hexafluoropropene precision rotameters (rotameters F and G —
Photograph 3.2, respectively) were then set to the desired flow rate using the
calibration charts generated for each rotameter (refer to Section 3.3 for calibration
procedures and Appendix A for calibration plots).

Once the temperature controller had stabilised at the desired reaction temperature
the gas flow was re-directed to the reactor by turning valves D and E and a timer

was simultaneously started.

The sum of the nitrogen and hexafluoropropene gas flow rates were maintained at 1.75 L-min for

all experiments on the glass reactor to control the bubbling from the sintered gas sparger whilst

variation of the individual flow rates of the gas still allowed for reactant gas concentration to be

altered. Each experiment was run for 30 min as it was observed that the reaction proceeded

rapidly and this would ensure that quantifiable amounts of HME was formed while severe build-

up of salt on the sparger was avoided. Salt builds up on the sparger throughout the duration of the

reaction which affects the rate of bubbling, thus prolonging the reaction would result in

deteriorating rates of bubbling which reduces the efficacy of the reactor.

c. Once the reaction had reached the 30 min mark the reaction was stopped. This was done

by:

Directing hexafluoropropene gas flow to the BFM using valve D and closing the
hexafluoropropene rotameter (rotameter G).

The flow rate of nitrogen was increased to double its flow rate using rotameter F
and allowed to run for 5 min. The purpose of this was to flush the system of any

unreacted hexafluoropropene gas, thus terminating the reaction.

d. Finally, the reactor was emptied and products stored for analysis.

Emptying the reactor required that valve H at the base of the glass vessel
(Photograph 3.1) be opened and the contents drained into a 2 L glass beaker.

The empty weight of the glass beaker was measured and so was the weight
inclusive of the reactor contents, this allowed for the mass of the reactor
discharge to be determined.

A sample of the crude product was taken by drawing out approximately 1 mL of
crude through a micropore filter (Millipore Millex-GV 0.22 um filter) in order to
remove any solid particles entrained in the liquid. The sample vial was cleaned

and weighed prior to use. Samples were stored in a refrigerator until analysis was
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conducted. Analysis was conducted using a Shimadzu 2010 Gas Chromatograph
and Shimadzu QP 2010 Plus Quadropole Gas Chromatograph — Mass

Spectroscopy. Specifics regarding the analytical techniques used are discussed in

more detail in Section 3.4 and 3.5.

Photograph 3.1: Experimental set-up used for preliminary investigations into the synthesis of 1,1,2,3,3,3-
hexafluoropropyl methyl ether using a semi-batch gas-liquid stirred tank reactor.
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Photograph 3.2: Valve panel containing precision rotameters used to control nitrogen and
hexafluoropropene gas flow rates as well as flow direction of gas (from cylinders to either reactor or bubble
flow meter).

3.1.3 Experimental design

In order to ascertain the influence of various reaction conditions on the yield of HME, it was
decided that a circumscribed central composite design with 3 design variables would be used. The
3 factors of interest were; potassium hydroxide concentration in methanol, hexafluoropropene gas
mole fraction in the gaseous feed to the reactor as well as reaction temperature. The experimental
design dictated that 20 experiments be carried out which included 6 centrepoints to assess the
consistency of the experimental equipment. Table 3.1 shows the permutations of experimental

conditions as required by a 3 factor circumscribed central composite design.

The experiments were carried out with the following parameter ranges; potassium hydroxide
concentration 0.40 to 0.80 mol.L? (percentage uncertainty of 0.33% on the concentration of the
potassium methoxide feed stock), hexafluoropropene mole fraction in the gas phase of 0.41 to
0.83 (percentage uncertainty of 3.5 % on hexafluoropropene mole fraction) and a temperature
range from 12 to 28 °C (percentage uncertainty of 1.25 % of the display temperature). The
temperature range used was benchmarked based on previous work by of Rendall et al. (1958) and
II’in et al. (2004). The concentration of the gas phase was varied by adjusting flow rates of
hexafluoropropene and an inert gas. Nitrogen (N) gas was chosen.
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Table 3.1: Permutations of experimental conditions required for a 3 factor circumscribed Box-Wilson
central composite design. 0, +1 and +o indicates centrepoint, factorial and axial operating conditions.

Manipulated variables

Run Number Feed gas mole fraction Catalyst concentration Reaction temperature
1 1 1 1
2 1 1 -1
3 1 -1 1
4 1 -1 -1
5 -1 1 1
6 -1 1 -1
7 -1 -1 1
8 -1 -1 -1
9 a 0 0
10 a 0 0
11 0 a 0
12 0 a 0
13 0 0 a
14 0 0 o
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0

Table 3.2: Levels of operating conditions to be investigated in 3 factor circumscribed central composite
design for 1,1,2,3,3,3-hexafluoropropyl methyl ether system on semi-batch gas-liquid stirred tank reactor. 0,
+1 and +a indicates centrepoint, factorial and axial operating conditions.

Levels
Factors -0l -1 0 +1 +a
Hexafluoropropene mole fraction 0.41 0.49 0.62 0.74 0.83
Catalyst concentration (mol-L™) 0.40 0.48 0.60 0.71 0.80
Reaction temperature (°C) 12.0 15.0 20.0 25.0 28.0

3.2 Falling film microreactor equipment validation

The validation of experimental equipment is crucial to ensure that it operates accurately,
efficiently and safely. Equipment validation of the FFMR was performed based on previous work
by Zanfir et al., (2005), Al-rawashdeh et al., (2008) and Zhang et al., (2009). As outlined in
Section 2.4, Zanfir et al., (2005) and Al-rawashdeh et al., (2008) undertook investigations into the
gas-liquid behaviour within FFMRs by generating models for reactive systems and validating
these results experimentally (Al-Rawashdeh et al., 2008, Zanfir et al., 2005, Zhang et al., 2009).

48



The authors of these studies chose to observe the absorption and subsequent reaction of carbon

dioxide in sodium hydroxide solution to produce sodium carbonate.

This reaction was chosen due to the fact that it has proven to be rapid and irreversible, which
makes it ideal for study using a FFMR (Astarita, 1967, Danckwerts, 1970). The reagents are also
relatively inexpensive and easily available which also makes them suitable for equipment
validation experiments. The reaction system involves passing 12 wt% ethylene glycol in water
mixture through the FFMR while carbon dioxide was passed through the gas chamber. The liquid
outlet which contains absorbed carbon dioxide is passed into a beaker of 0.1 mol-L? sodium
hydroxide solution. Thereafter, the absorbed carbon dioxide then reacts with the available sodium
hydroxide to produce sodium carbonate. The reaction steps may be expressed as follows:

CO2 () < CO3 (abs) (3.1)
CO2 (absy + OHgy © HCO3 o) (3.2)
HCO3 (5q) + OHng) © CO%‘(aq) + H,0( (3.3
Overall reaction:
2NaOH,q) + CO; (g) © NayCO03 (aq) + H2 0y (3.4)

The amount of sodium hydroxide was determined by titration analysis using hydrochloric acid to
neutralise the system. Titrations were carried out using a Metrohm 888 Titrandol autotritator. The
titration analysis has two endpoints which can be identified by using phenolphthalein and methyl

orange as indicators respectively (Zhang et al., 2009).

In order to ensure that absorbed carbon dioxide reacts completely Zanfir et al., (2005) and Al-

rawashdeh et al., (2008) chose to increase the available sodium hydroxide so that it is always in
excess, a —22 ratio of 0.4 was used.

NNaOH

The first endpoint illustrates the point at which all excess unreacted sodium hydroxide is
neutralised and converts any sodium carbonate to sodium bicarbonate (Equation 3.5). The second
endpoint, indicated by methyl orange, shows the point at which sodium bicarbonate is converted

to sodium chloride, carbon dioxide and water (Equation 3.6).
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Na,C03 gy + HCliaq) © NaCl (o) + NaHCO; (3.5)
NaHCO; ) + HClaaq) © NaCl aq)+ €Oz, + H,0, (3.6)

The concentration of carbon dioxide that was absorbed into the sodium hydroxide can be easily
determined from Equation 3.7 (Zhang et al., 2009):

— Via Chal
Ceozout =~y (3.7)

Where Cco, 0uc IS the concentration of carbon dioxide that was absorbed in the reactor product,

Vyc is the volume of hydrochloric acid titrated which has a concentration of Cycy, V, is the
volumetric flow rate of the liquid and finally ¢ is the duration of the experiment. The validation
experiments were run for 20 min and with a hydrochloric acid concentration of 0.01 mol-L™. The

liquid-side mass transfer coefficient may then be calculated using Equation 3.8.

K;, = ~£In (C—) (3.8)

C*—Cco,,0ut
Where, K; is the overall liquid side mass transfer coefficient, b is the width of a microchannel, L

is the length of the reaction plate (66.4 mm) and C* is the saturated concentration of carbon

dioxide in sodium hydroxide.

3.3 Present work: falling film microreactor experiments

3.3.1 Experimental equipment

The FFMR used in the present work is the FFMR-Standard which is purchasable from the Institut
fur Mikrotechnik Mainz GmbH and is constructed out of 316Ti stainless steel. The FFMR-
Standard has an integrated heat exchanger with a copper heating/cooling plate and may be
operated with three different reaction plates, namely a 64 channel 200 x 300 um, a 32 channel
300 x 600 um and a 16 channel 300 x 1200 um reaction plate. All experiments were conducted
on the 32 channel 300 x 600 um reaction plate. This reaction plate was chosen as it provided the
advantages of high interfacial areas (which increases as the number of microchannels increases)

while avoiding too narrow channel widths in which channel blockages can easily occur.

The FFMR equipment was commissioned for the first time in this study and provided an efficient

medium for multi-phase reactions due to its high rates of heat and mass transfer. The reactor also
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offered a very convenient advantage in that was it easily installed, requiring only a few additional
units. In summary, the FFMR experimental set-up includes reactant gas cylinders, the FFMR-
Standard (as described above), a cooling water bath, feed pump, withdrawal pump and 3 product

and feed vessels. What follows is a more detailed description of the experimental equipment.

The process starts at the introduction of the gases to the system. The gas cylinders
(hexafluoropropene (for the HME system), hexafluoropropene oxide (for the MTFMP system),
carbon dioxide (for validation experiments) and nitrogen) were all fitted with pressure regulators
and set to a discharge pressure of 2 bar. At any time in an experiment there was at most two gases
being used simultaneously, there was thus a need for only 2 precision rotameters which were
calibrated for each gas using a 50 mL BFM. Gases then passed to a mixing point before being
sent to the reactor. A 3-way ball valve (Swagelok, 316, PTFE) was installed before the reactor
inlet in order to allow for gas flow to be directed towards the BFM during calibration of
roatmeters. Directing gas flow towards the reactor meant that the gas was met with another valve,
a 2-way ball valve (Swagelok, 316 SS, AFS) which may either close the reactor off or allow gas
to continue to flow. This valve (at the base of the reactor, valve D in Photograph 3.4) prevents
liquid from entering the gas line during flooding of the reactor. The gas then passed over the
reaction plate and exited through the top of the reaction plate where it was vented (as can be seen

in Figure 3.2).

Gases were fed to the base of the reactor to operate it in counter-current mode, i.e. liquid flowing
vertically down the reaction plate and gas flowing vertically up the reaction plate. This flow
arrangement was chosen so that a high driving force for mass transfer was achieved over the
whole reaction plate. A total gas flow rate of 90 mL-min* was used for all experiments as this was
close to the upper limit of what was capable in the system and ensured that sufficient reactant gas

was available for reaction allowing for a feasible residence time of the gas in the reactor.

All gas lines which contained either hexafluoropropene or hexafluoropropene oxide were made of
perfluroalkoxy alkane (PFA) tubing which is typically used to handle chemically aggressive

compounds.

The liquid reactant (potassium methoxide) for each experiment was prepared and then placed in a
1 L glass feed vessel which was fed to the reactor via a HPLC (High performance liquid
chromatography) Series 11, Scientific Systems, Inc. pump. Liquid was withdrawn from the reactor
using a Heidolph Pumpdrive 5201 peristaltic pump because it was capable of operating without

liquid in the process line, which occured during experiments when liquid was withdrawn at a rate
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greater than it was introduced into the reactor (thus causing dry slugs to form in the liquid exit

line).

Liquid withdrawn from the reactor then passed through a 3-way ball valve (Swagelok, 316,
PTFE) which allowed the now processed fluid to be directed to one of two 500 mL product
vessels. One product vessel was used during flooding and steady-state operations of each
experiment while the second product vessel was used to collect product once a run had been
started.

The integrated heat exchanger was used to affect the temperature of the reaction plate (in essence,
the reaction temperature), this was done by circulating water from a water bath at the desired
reaction temperature. The temperature of the water in the water bath was allowed to circulate
through the reactor prior to each run to ensure that the reactor would reach the necessary
temperature. An assumption was made that the reaction temperature was at the same temperature
of the circulated cooling water due to the high rates of heat transfer intrinsic to a FFMR. A
temperature probe would allow for the reaction temperature to be directly measured but this was
unfeasible as the reactor is a sealed unit and the presence of any foreign devices would disturb the

hydrodynamics of the system.

52



Feed

Vessel Fl):l,IGI'endp C00|ing
— Water
] ;
Y
OO0 OO ﬁ

K 1O O
{ ]

{ O O P Product
A »O o ] Vessel
. oJeJeXe) Withdrawl

Pump
Rotameters
N,
Gas Feed

@

@

Figure 3.2: Schematic of fully commissioned Falling film microreactor experimental set-up.

3.3.2 Experimental procedure and materials

The synthesis of HME using a FFMR involves the same reaction mechanism as with the glass
reactor but provides a more efficient medium for contacting the valid phases, the chemicals used
are thus the same as mention in Section 3.1.2. For the MTFMP system, hexafluoropropene oxide
with an experimentally determined purity of 99.5 % was sourced from the NECSA.

A. Feed preparation

500 mL of potassium methoxide was prepared for each experimental run. 500 mL of methanol
was measured using a graduated cylinder, to which potassium hydroxide pellets were added in
order to obtain the required feed concentration. The required mass of catalyst was weighed on an
Adventurer™ Ohaus Corp. mass balance. The weighed catalyst was then added to the methanol

which was placed on a heating pad with a magnetic stirrer and vigorously mixed for 10 min to
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ensure that all the potassium hydroxide pellets had dissolved. The percentage uncertainty in the

reported concentration of potassium hydroxide was 0.04 %.

B. Reactor start-up

The start-up procedure for the FFMR is of utmost importance to ensure that the reactor operates
efficiently. One hour prior to conducting experiments the cooling water bath was set at the desired
reaction temperature. Once the cooling water reached the desired reaction temperature it was
allowed to circulate through the reactor for 15 min before starting an experimental run. This
allowed for thermal equilibrium to be achieved on the reaction plate. 15 min of cooling water
circulation was sufficient due to the high rate of heat transfer experienced in the FFMR.

After ensuring that the cooling water and reaction plate were at the requisite temperatures, the
reactor was flooded with the liquid feed solution. Flooding of the reactor guaranteed that the
reaction plate had a completely wetted surface which maximised the interfacial contact area
between the gas and liquid phases. Flooding of the reactor was achieved by closing the liquid
outlet valve (valve A — Photograph 3.3) and allowing the liquid feed to build-up within the
reactor, at the liquid flow rate of that particular experiment, until the reaction plate cavity was
completely filled (as seen through the sight window in Photograph 3.3). The liquid feed rate was
set on the HPLC Series Il liquid feed pump. The Heidolph Pumpdrive 5201 peristaltic
withdrawal pump was then set to 80 rpm and switched on while simultaneously opening valve A
thus allowing liquid to be withdrawn and sent to product vessel 1 (as indicated by the position of
valve B — Photograph 3.4). 80 rpm resulted in a withdrawal rate that far exceeded the liquid feed

rate ensuring that liquid did not build-up in the reactor during experiments.

C. Experimental procedure

Before each experiment was conducted the temperature of the cooling water was checked to make
sure that it was at the required reaction temperature. Checks were also made to ensure that the
liquid outlet line (valve A) was open and the HPLC feed pump (unit G — Photograph 3.4) as well
as the peristaltic withdrawal pump (unit H — Photograph 3.4) were both switched on and were at
the correct flow rates directing liquid flow into product vessel 1. The start position of the outlet
gas valve (valve C — Photograph 3.4) was set to vent while the inlet gas valve directed gas to the
BFM (valve D — Photograph 3.4).

a. The first step of every experiment was setting of the gas flow rates.
i.  The hexafluoropropene or hexafluoropropene oxide and nitrogen flow rates were

set using rotameters E and F, respectively (Photograph 3.4). Hexafluoropropene
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and nitrogen were used for the HME system while hexafluoropropene oxide and
nitrogen were used for the MTFMP system. The rotameters were calibrated using
a BFM with average absolute relative deviation uncertainties of 2.32 %, 3.07 %
and 4.87 % for the nitrogen, hexafluoropropene and hexafluoropropene oxide
rotameters, respectively.

Once the flow rates of the gas had been set, valve D was opened thereby directing
the reactant gas to the reactor. The reactant gas passed counter-currently over the
reaction plate and unreacted gas was vented to the atmosphere through valve C.

The system was then run at the desired operating conditions for 5 min in order to ensure

that steady-state conditions were achieved.

Once steady-state conditions were achieved valve B was turned to redirect product flow

from product vessel 1 to product vessel 2 and a stop watch was simultaneously started.

The reactor was run for 30 min allowing ample time for HME product to accrue.

At the 30 min mark the reaction was stopped by:

First switching off the HPLC feed pump and closing valve D. The rotameters
were then closed (rotameters E and F).

The withdrawal pump was run for 1 min after the feed of liquid was to remove all
product in the equipment lines.

Product vessel 2 was weighed before and after the experiment was conducted so
that the mass of crude product could be easily determined.

A sample of the crude product was taken by drawing out approximately 1 mL of
crude through a micropore filter (Millipore Millex-GV 0.22 um filter) to remove
any solid particles entrained in the liquid. The sample vial was cleaned and
weighed prior to use. Samples were stored in a refrigerator until analysis was
conducted. Analysis was conducted using a Shimadzu 2010 Gas Chromatograph
and Shimadzu QP 2010 Plus Quadropole Gas Chromatograph — Mass
Spectroscopy. Details regarding the analytical techniques used are discussed in

more detail in Section 3.5 and 3.6.
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Photograph 3.3: Falling film microreactor while being flooded with potassium methoxide solution
1,1,2,3,3,3-hexafluoropropyl methyl ether synthesis.

Photograph 3.4: Falling film microreactor experimental set-up used for the synthesis of 1,1,2,3,3,3-
hexafluoropropyl methyl ether and methyl-2,3,3,3-tetrafluoro-2-methoxypropionate.
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3.3.3 Experimental design

An important aim of the present work was to ascertain the effect of varying operating conditions
on the yield of the target compounds of each system of interest. 4 operating conditions were
chosen to be varied, these were: reactant gas mole fraction in feed (average absolute relative
percentage deviation of 3.85 %), catalyst concentration (i.e. potassium hydroxide concentration)
(average percentage uncertainty of 0.04 %), reaction temperature (average percentage uncertainty
of 5.26 %) and liquid flow rate. A range of investigation was then chosen for each operating
condition and each factor was chosen to be investigated at 5 levels within this range (i.e. the -a., -
1, 0, +1 and +a levels), this lead to a total of 1024 experiments for a full factorial design.
However, a full factorial design was not feasible as it would require a large amount of time and

resources, thus a central composite design (as outlined in Section 2.6) was chosen.

It was most desirable to investigate the widest range of operating conditions while still obtaining
valuable interaction data and limiting the required number of experimental runs. These criteria
necessitated the use of a circumscribed Box-Wilson central composite design with 4 factors and 5
levels. Choosing to replicate the centrepoint conditions 6 times dictated that a total of 30
experimental runs were required and the permutations of which may be seen in Table 3.3.Each
level represented in Table 3.3 indicates a specific level of the operating parameter of interest. The
levels of the operating parameters for both the HME and MTFMP systems were chosen based on
previous work as well as conditions achievable by the available equipment. Tables 3.4 and 3.5
show the various levels of the operating parameters investigated for the HME and MTFMP

systems, respectively.

The temperature range used was benchmarked based on previous work by of Rendall et al. (1958)
and II’in et al. (2004) — the temperature range for the HME system was shifted to lower
temperatures based on findings from preliminary investigations. The temperatures were shifted
such that literature temperatures (of approximately 20 °C) still remained in the investigative space
(I'in et al., 2004, Rendall, 1958). Hexafluoropropene and hexafluoropropene oxide mole fractions
were chosen to try and span a large portion of the whole range mole fraction range. The catalyst
concentration was varied from 0.25 to 0.61 mol-L? for the HME system and from 0.15 to 0.65
mol-L? for the MTFMP system. These ranges were guided by findings from the preliminary
investigations which indicated that yields of the desired products were found to be favored at low
to moderate catalyst concentrations — in literature, a catalyst concentration of 1 mol-L* was used.
Finally, the liquid flow rate for both systems were varied from 0.50 to 5.50 ml-min? which

spanned more than 80% of the full range of the feed HPLC pump.
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Table 3.3: Permutations of experimental conditions required for a 4 factor circumscribed Box-Wilson
central composite design. 0, =1 and +o indicates centrepoint, factorial and axial operating conditions,
respectively.

Manipulated variables

Run Feed gas mole Catalyst Reaction -
Number fraction concentration temperature Liquid flow rate
1 -1 -1 -1 -1
2 -1 1 1 1
3 1 -1 -1 -1
4 1 1 1 1
5 -1 1 1 1
6 -1 1 1 1
7 1 1 1 1
8 1 1 1 1
9 -1 1 1 1
10 -1 -1 1 1
11 1 1 1 1
12 1 1 1 1
13 -1 1 1 1
14 -1 1 1 1
15 1 1 1 1
16 1 1 1 1
17 0 0 0 0
18 0 0 o 0
19 0 -0, 0 0
20 0 o 0 0
21 -0 0 0 0
23 0 0 0 -
24 0 0 0 "
25 0 0 0 0
26 0 0 0 0
27 0 0 0 0
28 0 0 0 0
29 0 0 0 0
30 0 0 0 0
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Table 3.4: Levels of operating conditions to be investigated in 4 factor circumscribed central composite
design for 1,1,2,3,3,3-hexafluoropropyl methyl ether system. 0, +1 and +a indicates centrepoint, factorial
and axial operating conditions, respectively.

Levels
Factors -a -1 0 +1 +ao
Hexafluoropropene mole fraction 0.17 0.34 0.52 0.70 0.88
Catalyst concentration (mol-L™?) 0.25 0.34 0.43 0.52 0.61
Reaction temperature (°C) 2.0 7.0 12.0 17.0 22.0
Liquid flow rate (ml-min) 0.50 1.75 3.00 4.25 5.50

Table 3.5: Levels of operating conditions to be investigated in 4 factor circumscribed central composite
design for methyl-2,3,3,3-tetrafluoro-2-methoxypropionate system. 0, £1 and +a indicates centrepoint,
factorial and axial operating conditions, respectively.

Levels
Factors -ol -1 0 +1 +a
Hexafluoropropene oxide mole fraction 0.16 0.33 0.50 0.67 0.84
Catalyst concentration (mol-L™?) 0.15 0.28 0.40 0.53 0.65
Reaction temperature (°C) 30.0 32.5 35.0 37.5 40.0
Liquid flow rate (ml-min) 0.50 1.75 3.00 4.25 5.50

3.4 Quantitative analysis using gas chromatography

Qualitative analyses of gas and liquid reaction reagents and products were conducted using gas
chromatography and mass spectroscopy. Quantitative analyses of products were conducted using
gas chromatography which is the most widely used analytical technique in the world for analysing
gas and liquid mixtures (Raal and Mihlbauer, 1998, Snow and McNair, 1992).

In order to conduct accurate analyses using gas chromatography a suitable column and detector is
required to successfully separate and analyse injected samples. Successful gas chromatography
analyses begin with column selection and this is based on four main criteria viz., the stationary

phase, column inner diameter, film thickness and column length.

The stationary phase within the column is the basis upon which separation between various
components is made as different compounds interact differently with the stationary phase and thus
have varying retention times. Correct selection of a stationary phase will allow for distinctive

separation between the species of interest.
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The column inner diameter is chosen to find a compromise between the separation efficiency and
the sample capacity of the column. A thinner column will increase the separation efficiency of the

analysis but lowers the sample capacity that may be injected into the gas chromatograph.

The third criteria that needs to be evaluated is the required film thickness of the stationary phase,
decreasing the film thickness may lead to sharper resolved peaks, reduce bleeding of the

stationary phase out of the column as well as increase the maximum column temperature.

Lastly, the length of the column needs to be chosen based on the needs of the investigated system.
Chemical systems which have components that are vastly dissimilar may require a short column
(15 m) whereas systems which have compounds of similar chemical behaviour may require
columns of up to 60 m in order to obtain a better peak resolution. Column length may also be
varied to obtain a desired analysis time (McNair and Miller, 2011).

In addition to column selection, a suitable detector is also required which meets the sensitivity,
detectivity and cost requirements of the investigation. The most common detector which is used
to analyse a large variety of species and can detect concentrations as small as 50 ppb is a flame-
ionization detector (FID). The FID is highly sensitive, has a high detectivity and is relatively

inexpensive and, for the aforementioned characteristics was selected for this study.

Gas chromatography may be used for quantitative analyses of samples using five different
methods, viz., area normalization, area normalization with response factors, external standards,

internal standards and the standard addition method.

3.4.1 Areanormalization
Area normalization is the simplest quantification technique and is based on the assumption that
the area percent of a particular peak may be approximately equal to the weight percent of that

species. Thus the mass percentage of component i may be calculated using Equation 3.9 below:

Aj
%;(4y)

Mass percent = area percent = [ X 100% (3.9

The area normalization technique may be employed when the following assumptions hold true;
the detector has the same sensitivity to all the analytes in the sample and that all components
present in the injected sample have been clearly and accurately resolved by the gas
chromatograph (McNair and Miller, 2011).
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3.4.2 Areanormalization with response factor

This method is used to negate the effect of varied sensitivities of species with the detector by use
of a response factor, F;. When using this quantification technique a calibration plot will need to be
generated for the gas chromatograph used This may be done by preparing mixtures of the standard
and analytes by weight and analysing the respective areas obtained after being chromatographed

(As and A,). The standard is given an arbitrary relative response factor, such as 1.00, and the

relative response factor of the unknown sample may then be determined by Equation 3.10. % is

N

the mass ratio of target compound to standard and is obtained from the prepared mixtures used in
the calibration. The standard chosen may also be one of the peaks already in the injected sample
(McNair and Miller, 2011).

AS X
F, = F, x (K;) x () (3.10)
The mass percentage of a target compound may then be determined as in the area normalization
technique with the response factor being included in the numerator of Equation 3.9 as can be seen

in Equation 3.11 below (McNair and Miller, 2011):

A;Fj
%i(4)

Mass percent = area percent = [ ] X 100% (3.11)

3.4.3 External standard

The external standard is one of the more commonly employed quantification techniques and is a
graphical method which may be performed using software that relies on the use of calibration
curves to determine the concentration of analyte in a sample (Harvey, 2000, McNair and Miller,
2011).

The external standard method is so named because it requires that the standards be prepared and
analysed separately from the samples of interest in the experiment. The calibration curves may be
generated by two principles means, namely, single-point and multiple-point external standard
calibrations. A single-point calibration requires that only one standard be prepared with a known
concentration of the standard. The slope of the curve, k, may then be determined by Equation 3.12
(Harvey, 2000, McNair and Miller, 2011).

k= i%fﬂ (3.12)
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Once k has been determined, the concentration of the analyte in the injected sample may be

determined by the response, Sg:qana, (€ither the height or area of the analyte peak).

The second means of calibration is via a multiple-point calibration which requires that multiple
standards of varied concentrations be prepared. A calibration curve may then be plotted where the
response of the standard is a function of the concentration of standard for each sample. There are
usually two possible calibration curves that result, viz., a linear and non-linear normal calibration
(Figure 3.3).

A straight line normal calibration is the most desirable and allows for the gradient of the
calibration curve to be quantified by a single factor which may be used to determine the
concentration of standard for a given response. For a curved line normal calibration plot the
gradient is a function of the concentration of standard which requires that an equation be used to
describe the non-linear relationship (Harvey, 2000).

SStand
SStand

CA CA

a) b)

Figure 3.3: Illustrative examples of a) linear line and b) non-linear line normal calibration plots for an
external standard quantification method (Harvey, 2000).

Harvey (2000) recommends that a multiple point calibration be conducted wherever possible as it
provides more accurate results and may clearly show if the system behaves linearly or non-
linearly as the concentration of standard is increased. It is also of vital importance that the volume
injected for every sample during the calibration procedure be exactly the same. Thus, McNair and
Miller (2011) recommend that manual injection apparatus be avoided and that an auto-injection

system be used to ensure repeatability.
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3.4.4 Method of standard additions

The standard addition method allows the unknown concentration of analyte in a sample to be
determined by either a single point or a multiple point calibration. The procedure for a single
point calibration is as follows; a volume ¥V, of unknown concentration C, is diluted to a final
volume V. A second solution is then made by adding the exact same volume of analyte (V,) with
an unknown concentration (C,) to a beaker and adding a volume of a standard (Vstqnq) OF 2
known concentration (Cs;4nq) and then again diluting the mixture to the final volume (V). The
two aliquots (i.e. the aliquot containing only the diluted analyte and the aliquot containing the
analyte which was doped with a standard) are then analysed and yield responses S, and Sspikeq
for the analyte peak, respectively. The relationship between the respective responses and the

concentration of analyte may be described by Equations 3.13 and 3.14, respectively.

Sy =k- cA-:’,—;‘ (3.13)

v Vstan
Sbopea =k (Ca* 32 + Cstana "2 ) (3.14)

Equation 3.15 results by the elimination of the proportionality constant k and indicates the

relationship between S, and Sgpikeq:

Sa_ = “Doped (3.15)

\' \%
CprA ( VA VStand
AV Ca Vg + Cstand Vg

For a multiple point calibration a series of doped solutions are made which all have the same
volume of analyte (V,) at an unknown concentration (C4) and varied amounts standard in each
doped mixture. The calibration plot may then be constructed by plotting the signal response of the
doped mixtures versus a suitable measurement of the amount of standard added i.e. either volume
(Vstana) (Figure 3.4a) or concentration (Cstqng) (Figure 3.4b). The calibration depicts the
relationship shown in Equation 3.14 and thus, if written in the form of a straight-line (Equation
3.16), it can be seen that the concentration of analyte may be determined by calculating the y-

intercept or the absolute value of the x-intercept as follows;

Y = y intercept + slope X X

_ kCp'Vp k-Cstand
SDoped - Vg + V:n ><vStand (3-16)
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Figure 3.4 : lllustrative examples of a multiple point calibration plot generated for method of standard
additions. In a) signal response is plotted as a function of volume of standard and in b) signal response is
plotted as a function of concentration.

3.4.5 Internal standard

Previously mentioned quantification techniques rely on the calibration procedure to be
reproducible and precise (i.e. sensitivity to volume of injected samples or final diluted volumes).
In situations where the reproducibility of the calibration cannot be guaranteed, the precision of the
calibration may be compromised. It is, however, still possible to obtain an accurate
standardization by referencing the analyte peak to another species in the injected sample, this
species is called the internal standard. This is possible due to the fact that all samples experience
the same conditions when injected into the gas chromatograph which negates the effect of any

lack in reproducibility of the calibration procedure (Harvey, 2000, McNair and Miller, 2011).

The internal standard chosen needs to meet the following criteria in order to be an effective
standard (McNair and Miller, 2011):

e It should elute near the species of interest

e The internal standard peak should be clearly discernible

e It should be chemically similar to the species of interest while ensuring that it is
chemically inert with all other species present

e It should be of a high purity

The relationship between the responses observed in a chromatograph and the amount of analyte or

internal standard may be seen in Equations 3.17 and 3.18 respectively:

SA:kAXMA (317)
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Sis = Kis X Mg (3.18)

Proportionality constants k, and k;s indicate the sensitivity of the analyte and internal standard to
the detector respectively. Taking the ratio of the responses yields Equation 3.19.
oA — XA VA 1
Sis  kis  Mgs (3.19)
Using the area of the respective peaks to quantify the responses and defining the ratio of the
proportionality constants as Ky ;s (relative response factor), Equation 3.19 may be expressed as:
Ap

— = Kps X
Ars AlS

Ma

e (3.20)

In order to determine the relative response factor a calibration curve needs to be generated
showing the relationship between the analyte and internal standard responses with the detector.
This is done by preparing samples with known amounts of internal standard and analyte and
observing the ratio between their respective responses on the resulting chromatograph. A

calibration plot similar to Figure 3.5 results from the obtained data.

Figure 3.5 shows the relationship described by Equation 3.20, thus the slope of the calibration plot
is simply equal to the relative response factor of the analyte and internal standard. The amount of
analyte (M,) in future samples to be analysed may be determined by adding a known mass of
internal standard (M,s) to the injected sample then observing the ratio between the respective

responses in the chromatograph (Equation 3.21).

M A
MA — 1S X A
Kais  Ars

(3.21)
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Figure 3.5: Illustrative example of calibration plot generated using internal standard gas chromatography
quantification method (McNair and Miller, 2011).

3.5 Calibrations

3.5.1 Rotameter calibration

The rotameters are integral to ensure that the concentration and flow rates are accurately set and
controlled throughout the experimental procedure. The rotameters were calibrated using a 50 mL
BFM in order to determine the range of possible flow rates and quantify the uncertainty of flow

rate measurements.

Rotameter calibrations were conducted for each of the gases in use during experimentation viz.,
carbon dioxide, nitrogen, hexafluoropropene and hexafluoropropene oxide. Calibrations were
conducted by setting rotameter readings and recording the time taken for a bubble to be displaced
by 50 mL in the BFM. Subsequently, this allowed the determination of a volumetric flow rate.
This procedure was repeated three times to improve the precision and consistency of the
calibration. The resultant calibration plots can be found in Appendix A as well as the

corresponding uncertainties.

3.6 Analytical techniques

Qualitative analyses of gas and liquid reaction reagents and products were conducted using gas
chromatography and mass spectroscopy. Quantitative analyses of products was conducted using
gas chromatography which is the most commonly used technique for analysing gas and liquid
mixtures (Raal and Miihlbauer, 1998).
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All gas chromatography analyses were conducted on a Shimadzu 2010 GC using a Restek®
capillary column (30 m x 0.25 mm) coated with in a 0.25um layer of polyethylene glycol with
helium as the carrier gas. Gas chromatography-mass spectroscopy was used for qualitative
analysis of product samples and analysed on a Shimadzu QP 2010 Plus Quadropole GCMS which
was equipped with a Zebron® capillary column (30 m x 0.25 mm) coated with in a 0.25um layer
of ZB-5MS Phenomenex®.

The temperature program used is integral to the quality and sharpness of the separation achieved
in gas chromatograph, the temperature program developed for the analytes started at 30 °C with a
hold time of 4 min. A heating rate of 30 °C-min™ was applied until a temperature of 250 °C was
reached and then held for a further 5 min, this resulted in a total run time of 16 min. The same
temperature program was used for gas chromatography-mass spectroscopy analyses.

Photograph 3.5: Bubble flow meter used for rotameter calibration. I is the 50 mL final volume of the bubble
flow meter while Il indicates the position of the bubble front.
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3.6.1 Gas chromatography calibration

There are various techniques that may be adopted to quantify the amount of analyte in a sample.
The most precise and reliable means of quantification is the internal standard method (discussed
further in Section 3.4.5). As with most standardisation techniques; the precision of the technique
is only as good as the calibration used thus an accurate calibration increases the reliability of the
results (Raal and Miihlbauer, 1998). The analytes of interest in this study were HME and
MTFMP, thus a calibration plot describing the relationship between the internal standard and the

analytes were required.

The first step when undertaking an internal standard calibration is to identify a suitable internal
standard that satisfy the criteria outlined in Section 3.4.5. Three suitable internal standards were
identified which were relatively cheap and easily available, these were acetone, 2-butanol and
propanol. Propanol was chosen as the internal standard as it eluted close to the analytes of interest
and was well resolved from other peaks in the injected sample. Propanol with an experimentally
confirmed purity of 99% was purchased from Merck KGaA.

The calibration procedure involved the preparation of 5 samples each with 1 mL of analyte and an
internal standard volume of 0.2, 0.4, 0.6, 0.8 and 1 mL, respectively. The masses of the samples
were accurately measured before and after the addition of each of the volumes so that the masses
of each addition were known. These samples were then injected into the gas chromatograph with
a constant injection volume of 0.5 uL. This procedure was repeated three times to improve the

precision and consistency of the calibration.
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CHAPTER FOUR
4. MODEL DEVELOPMENT

4.1 Model overview

The second principle aim of this study was the development and identification of suitable kinetic
models which adequately represent the systems of interest. The model was developed from first
principles and programmed in the MATLAB® environment (version R2012b, The MathWorks,
Inc.). The MATLAB® script files are provided in Appendix E.

Figure 4.1 shows the algorithm used to identify a suitable kinetic model for the HME system. The
algorithm shows three main concentric levels. The outermost level was a constrained optimisation
into which a permutation of initial kinetic parameter guesses was passed. The MATLAB®
function 1sgnonlin was used to carry out the constrained optimisation. The second level was a
reactor model which was responsible for computing the hydrodynamics and thermophysical
properties of the system. The third level integration solver used the MATLAB function odel5s
to solve the system of ODEs representing the component material balances outlined in Section
4.2. The ODE solver was a variable order solver and used either backward differentiation
formulas or numerical differentiation formulas to solve the set of ODEs. The set of ODEs which

were solved are the resultant equivalents of the PDEs by the Method-of-Lines numerical methods.

The model was initialized by providing initial guesses for the unknown kinetic parameters to the
constrained optimiser. The MATLAB® function 1sqgnonlin is typically used to solve nonlinear
data regression problems with the option to impose constraints on the fitting parameters. This
solver can solve complex problems using the Levenberg-Marquardt Optimisation algorithm and
the Trust-Region-Reflective optimisation algorithm. Each of these algorithms have limitations in
that the Levenberg-Marquardt Optimisation algorithm cannot handle bound constraints and the
Trust-Region-Reflective optimisation algorithm requires that the number of equations be greater
than the number of fitting parameters. It was for this reason that the Trust-Region-Reflective

optimisation algorithm was used (Marquardt, 1963, Morini and Porcelli, 2012).
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The constrained optimiser then passed the kinetic parameter guesses to a reactor model which was
responsible for computing the hydrodynamics and thermophysical properties of the system. These
properties were necessary to accurately describe the liquid phase behaviour and reaction
progression. One of the principle inputs to the reactor model is the size of the grid space over
which the MOL is defined. The grid size is an input to the momentum balance which calculates
the stead-state velocity profile in the microchannel of the reactor. The reactions of the system
were described in the reaction model which included the relevant material balances that were
solved simultaneously with the corresponding boundary conditions.

Overall, the goal of the kinetic model was to obtain kinetic parameters by least squares regression
of outlet product concentrations obtained from experiments to model target concentration
predictions. The quality of the fit was quantified using the following summed relative-square-
error objective function:

EXP_ ~Pred\ 2
A) (4.1)

E= Z( CEXP

Where E is the summed relative-square-error, CEXP is the concentration of species i in the
product as observed in experiments and C/7¢® is the concentration of species i in the product as
predicted by the kinetic model. The final kinetic parameters are chosen based on the permutation

which reduced summed relative-square-error to its global minimum.

Figure 4.2 shows the algorithm used to identify a suitable kinetic model for the MTFMP system.
The algorithm differs from that of the HME system as it incorporates the use of a three factor
circumscribed central composite design in conjunction with response surface methodology, to
identify the most optimal permutation of initial kinetic parameter guesses to minimise the model
objective function. Surface response methodology allowed for the visual triangulation of the set of
input parameters that resulted in the global minimum of the summed relative-square-error. This
technique was not practical with the HME system as the HME system had a significantly greater
number of fitting parameters (eight versus three for the MTFMP system, this is discussed further
in Section 4.4).
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Figure 4.1: A flow diagram of the computational algorithm for kinetic model identification for 1,1,2,3,3,3-
hexafluoropropyl methyl ether synthesis.
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Figure 4.2: A flow diagram of the computational algorithm for kinetic model identification for methyl-2,3,3,3-
tetrafluoro-2-methoxypropionate synthesis.



4.2 Reaction model

421 HME system

The reaction mechanism detailing the synthesis of HME by the contacting of hexafluoropropene
gas with methanol and dissolved potassium hydroxide salt is shown in Figure 2.1 (Section 2.2.2).
In order to best describe this reaction network in the reaction model the system was described by
the following five reaction scheme in Figure 4.3. The following reactions were deduced after
careful consideration of the HME reaction mechanism proposed by II'in et al., 2004:

VA ’ F
1
Reaction 1 F,.c—C + H—C—O Kt —> F,C—C—C—OCH,| + K*
F H FF
[ Foo] H H F H
. . D / / \
Reaction 2 F;C—C—C—OCH;| *+ H—C—O0OH + K" —> F3C—C\—C\—OCH3 + H—C—OK"*
L F F | H F F H
[ Foo] FiC F
r
Reaction 3 Fs,C—C —C—OCH,;| + K* ;> c=—c¢C + KF
L ] F OCHj,
FsC F H  OCH,
. — H H s /
Reaction 4 c—cC + \O/ — F,C—C—C
N\
F OCHs F O
H F H  OCH,
. / / H H s
Reaction 5 Fsc—C\—C\—OCH3 + \O/ — FsC—C—C
F F 0

Figure 4.3: The five reaction sequence representing the 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME)
reaction mechanism used in the HME reaction model. Reaction 1, reaction of hexafluoropropene and
potassium methoxide to produce reaction intermediate and a potassium ion. Reaction 2, reaction of
intermediate and methanol to produce desired product HME and methanol ion. Reaction 3, intermediate
reacting with free potassium ions to produce 1,2,3,3,3-pentafluoro-1-methoxyprop-1-ene and potassium
fluoride (alkenyl ether). Reaction 4, reaction of alkenyl ether in the presence of water to produce secondary
by-product, methyl 2,3,3,3-tetrafluoropropionate (alkyl tetrafluoropropionate). Reaction 5, reaction of
HME in the presence of water to produce secondary by-product, alky! tetrafluoropropionate.

Reaction 1 involves the reaction of hexafluoropropene (HFP) in the liquid phase and potassium
methoxide (CH;0~K*). The loosely formed oxygen-potassium bond gives way to allow the

methoxy anion to attack the sterically unhindered carbon from the carbon-carbon double bond in
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the hexafluoropropene molecule. The result is the formation of a reaction intermediate anion
(CF;C~FCF,0CH,) and a dissociated potassium cation.

The intermediate then undergoes two transitions; firstly (Reaction 2), addition of the freely
available methanol initiates proton transfer to stabilise the secondary carbon of the intermediate
resulting in the desired major product (HME) and a methoxy anion. The second transition
undergone by the intermediate is shown in Reaction 3. This step incorporates the potassium cation
made free in Reaction 1 resulting in the formation of the first of two by-products, an alkenyl ether

(1,2,3,3,3-pentafluoro-1-methoxyprop-1-ene).

In the presence of water there are two additional reaction steps; firstly, the alkenyl ether is
hydrolysed according to Reaction 4 to obtain the second by-product, an alkyl
tetrafluoropropionate (methyl 2,3,3,3-tetrafluoropropionate). Secondly, HME is hydrolysed

according to Reaction 5 to also produce methyl 2,3,3,3-tetrafluoropropionate.

The next step to formulating the reaction model, after appropriately representing the reactive

system in terms of individual reactions, was defining the reaction rates.

r1 = Ky CyrpLCen,0-k* (4.2)
r; = Ky Ccr,c-Fer,0CH, (4.3)
r3 = K3Ccp,c-Fcr,0CH, (4.4)
ry = K4Ccr,crcrocn,; CH,0 (4.5)
Is = kSCHMECHZO (4.6)

It is important to note that all reactions were considered to be elementary and irreversible.
Equations 4.2 and 4.3 deviate from the elementary narrative of Reaction 2 and 3 (Figure 4.3) as
they do not incorporate the concentrations of methanol and potassium into their reaction rate

expressions respectively.
The dependence of Equation 4.3 on the concentration of methanol is negated due to the excess of

available methanol in the system, the concentration of methanol in the liquid phase was thus

assumed to be constant and incorporated into the rate constant k,. The dependence of Equation
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4.4 on the concentration of potassium cations is also negated as potassium is assumed to be freely

available in solution.

Representing the concentration of the intermediate at any point in the reactor poses some
difficulty due to the pseudo presence of the intermediate being produced and consumed at high
rates according to Reactions 1 to 3 (Figure 4.3). The concentration of the intermediate is thus very
low but finite, and the net rate of change in concentration is zero. To navigate this problem a
commonly adopted approach is use of the quasi steady-state approximation to express the
concentration of an active centre, in this instance, the reaction intermediate (Roberts, 2009).

The quasi steady-state approximation estimates the net rate of production or consumption of the
active centre to be zero as the net rate of formation and disappearance is approximately equal
(Equation 4.). Thus there exists a finite concentration of the intermediate at all times to allow for
the formation of HME and methyl 1,2,3,3,3-pentafluoro-1-methoxyprop-1-ene (according to
Reactions 2 and 3).

Ractive centre = 0 (4-7)

Applying the quasi steady-state approximation (Equation 4.7), the concentration of the
intermediate may be represented as a function of other components in the system, i.e.:

Rer,c-Fer,0cH, =T1 — T2 —13 =0 (4.8)

Substituting the definitions for the reaction rates (Equations 4.2 to 4.6) and solving for the

concentration of the reaction intermediate, we get:

_ kaCurpLCoy, 0kt
Ccr,Cc-FCF,0CH; = Tk, (4.9)

The net rates of production or consumption of species were then defined. The species of concern
are HME, HFP in the liquid phase, 1,2,3,3,3-pentafluoro-1-methoxyprop-1-ene (B), methyl

2,3,3,3-tetrafluoropropionate (C), potassium fluoride, potassium methoxide and water.

K1CHFPLC ey, 0-k+
—_— — . i 3 —_—
Rume = 12 — 15 = ky I +ks KsCume (4.10)

RurpL = — 11 = —KiChrprCen,o-k* (4.11)
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kchFP,LCCH3O—K+

RB = I3 — Iy = k3 ' K4k, - k4CBCH20 (412)

RC =Ty + I's = k4CBCH20 + kSCHMECHZO (413)
k;C C -

Rgp = T3 = kg ——or 0T (4.14)

ky+ks3

kICHFPLCCH o~ Kt
— — . ’ 3
RCH3O K+ — r3 k3 k2+k3 (415)

Ry,o= —rg— 15 = — k4CBCH20 - kSCHMECHZO (4.16)

Having fully defined the reactive network for the HME system the appropriate material balances
may be constructed according to Equation 2.18. In differential form and considering a variation in
only one spatial dimension (i.e. across the length of the reaction plate) for species concentrations

in each microchannel, the governing material balances were:

OCHME _ 0CHME (aZCHME aZCHME) K1 CurpLCoy, 0kt
ot = VDHME,] 92 + %2 + 6y2 + kz Ky +ks kSCHME (417)
OCHFPL __ OCHFP,L 0%Cyrpr , 0%CurppL
ot = ~VDurpi—,, +( a2 T oy )— K1 CyrpLCcH,0k* (4.18)
aCg dcCg (ach 62CB) ki CurpLCopg 0kt
Frale vDg) T + P + oy + ks o k4CgChx,0 (4.19)
aCc _ aCc 9%Cc | 9%Cc
St = Vb5, t (6X2 ayz) + k4CpCh,o + KsCumeCh,o (4.20)
OCKF _ —VD 6CKF + (achF + achF) + k i kchFP,LCCH3O—K+ (4 21)
at KE1 "5, ax2 ay? 3 Ky +ks '
2 2
aCCH3O_K+ — —vD N aCCH3O_K+ + 0 CCH3O_K+ + 0 CCH3O_K+ _ _leHFPrLCCH3O_K+
at CH307K™1 ™5, x? ay? 3 ky+Kks
(4.22)
0CH,0 dCu,0 0%*Cu,0 , 9*Chyo
5% = VD01, T | 5e ay: )~ k4CCh,0 — ksCumeCh,o
(4.23)
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422 MTFMP system
MTFMP was conveniently synthesized by the reaction of hexafluoropropene oxide and potassium

methoxide (as outlined in Figure 2.4, Section 2.3.2, Lousenberg and Shoichet, 1997).

The mechanism leading to the production of the desired product was considered to be a two-step

reaction sequence as outlined in Figure 4.4 below.

CH,OK*

F o}

E O \ //
Reaction 1 t\C/—QC/F E RO—/C—C\ + KF

/ \CF3 FsC F
F
F. 0o R 0
Reaction 2 RO_\C_C// RO_\C_C// + KF
/ < QA
FsC F F3C O
CH;OK* H5;C

Figure 4.4: Two-step reaction sequence representing methyl-2,3,3,3-tetrafluoro-2-methoxypropionate
(MTFMP) reaction mechanism used in MTFMP reaction model. Reaction 1, addition of methoxide anion
to hexafluoropropene oxide to form an acid fluoride intermediate and potassium fluoride. Reaction 2,
defluoronation of acid fluoride intermediate to produce desired product, MTFMP and potassium fluoride.

Reaction 1, illustrates the addition of a methoxide anion to the secondary carbon of
hexafluoropropene oxide (HFPO). This addition forces ring opening at the central carbon due to
the presence of the trifluoromethyl group (CF;) drawing in electrons. Elimination of a peripheral

fluoride yields an acid fluoride intermediate (COFCFCF;0C H3) and potassium fluoride.
Reaction 2, is initiated by the addition of another methoxide anion to the acid fluoride
intermediate which emits a fluoride from the intermediate to obtain the desired major product,

MTFMP and potassium fluoride (Lousenberg and Shoichet, 1997).

Following the methodology outlined for formulating the HME reaction model, the next step is

definition of the reaction rates.

r1 = K1 Cxrpo,LCcH,0-k* (4.24)
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r, = K3CcorcrersocH,; Cenyo-k* (4.25)

Reactions 1 and 2 were considered to be irreversible. The quasi steady-state approximation may
again be applied according to Equation 4.7 to the reaction intermediate (acid fluoride).
Calculating the net rate of production or consumption of acid fluoride and equating to zero. The

following equation is obtained:

Rcorcrer,ocH, =T1 — T2 =0 (4.26)

Substituting the definitions for the reaction rates (Equations 4.24 and 4.25) and solving for the

concentration of the reaction intermediate, the following equation results:

CcoFCFCF,0CH, = %:POL (4.27)
Combining Equations 4.26 and 4.27:

r; = K3Cxrpo,LCen,0-k* (4.28)
Which is exactly equal to ry, thus the rate of Reaction 1 is identical to Reaction 2. The net rates of
production or consumption may now be defined for the species of interest. For the MTFMP

system these were potassium methoxide, hexafluoropropene oxide, potassium fluoride and
MTFMP.

Repzo-kt = —T1 =TIz = —2-11 = =2 K1 Chrpo,LCon,o0-k+ (4.29)
RurpoL = —T1 = —K1Curpro,LCcnyo-k+ (4.30)
Rkp=r1+12 = 2-11 = 2-K1Chppo,LCon,ok+ (4.31)
Rmremp = T2 = 11 = KiCyppoLCen,o-k+ (4.32)

The system of equations was now fully defined and was used to draw up suitable material
balances according to Equation 2.18. In differential form and considering a 1-dimensional
variation (i.e. across the length of the reaction plate) of species’ concentrations in each

microchannel, the governing material balances were:
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aCCH3O_K+ — —vD aCCH30—K+ aZCCH3O_K+ aZCCH3O_K+ —2.k.C C
ot~ VYWenzoktlT 5, ) dy2 1“HFPO,LY“CH;0~K*
(4.33)
0CyrpoL _ 0CyFpo,L 0°CurproL |, 9%CurpoL
—at = “VDurpoy—,, — t ( oz T oy )— k1Curpo,LCcny0-k+  (4.34)
9Ckr _ dCkF 9%Cxr , 0%Ckr
ot = VDkri, T (G T 52 )t 2 KaCureorConokt (4.35)
OCMTFMP _ OCMTFMP 0*Cmremp | 9*CmrEMP
ot = “VDmremei =5, t (T2 T T2 ) T KiCurrorConyo-k+ (4.36)

4.3 Initial and Boundary conditions

As mentioned in Section 2.8.3 the simulations in this study are of the pseudo initial value 3-D
nature, they thus need both initial and boundary conditions. From Section 4.2 it can be seen that

one initial condition and five boundary conditions are required for each material balance.

4.3.1 HME system

A. Initial conditions

At time zero the only species present in the fully wetted microchannel was potassium methoxide
ions and water equal to the concentration of the catalyst in the inlet feedstock, all other species
were defined as zero. This is due to the equal amount of water created from the dissolution of

potassium hydroxide in the feed methanol.

B. Boundary conditions

Material balances are second order in terms of the x component which dictates that 2 boundary
conditions are required per species. The commonly used no-slip condition was employed which
dictates that fluid in contact with the channels walls are immobile and thus there is no

concentration gradient at x boundaries (Al-Rawashdeh et al., 2008, Schiesser and Griffiths, 2009).

Similarly, all material balances are second order in the y direction which also requires 2 boundary
conditions. The no-slip condition was again applied to the fluid in contact with the base of the
reactor channel. For dissolved HFP in the liquid phase however, the concentration at the boundary
in contact with the gaseous phase was assumed to have a concentration equal to the saturated
concentration of HFP in methanol. For the other species it was assumed that the concentration

gradient at the interface was zero as per similar studies by Zanfir, et al. (2005).
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Finally, in the z direction all species except potassium methoxide were assumed to have zero
concentration at the top of the microchannel. Potassium methoxide concentration at the top of the

microchannel is equal to that of the feedstock.

4.3.2 MTFMP system

A. Initial Conditions

At time zero the only species present in the fully wetted microchannel was potassium methoxide
ions equal to the concentration of the catalyst in the inlet feedstock, all other species were defined

as zero.

B. Boundary Conditions

As with the HME system a condition of no-slip was applied at the channel walls in the x direction
which meant that the concentration gradient was zero for all species. Similarly, for the y direction
a condition of no-slip was enforced at the boundary at the bottom of the reactor channel. At the
upper y boundary no concentration gradient was assumed except for hexafluoropropene oxide
which was assumed to have a concentration equal to the saturated concentration of

hexafluoropropene oxide in methanol.

Finally, in the z direction all species except potassium methoxide were assumed to have zero
concentration at the top of the microchannel. Potassium methoxide concentration at the top of the
microchannel is equal to that of the feedstock as with the HME system.

4.4 Variables of interest

The objective of the kinetic model was to identify suitable kinetic parameters to adequately
describe the behaviour of the reactive systems; this was achieved through least squares non-linear
regression. The previously unknown kinetic parameters (or fitting parameters) were obtained by

minimisation of the objective function seen in Equation 4.1.

44,1 HME system

The HME system incorporates five reactions (Figure 4.3, Section 4.3.1), all with unknown kinetic
rate constants and activation energies. The number of fitting parameters were thus eleven (a
Kinetic rate constant k;, an activation energy E,; for each of the five reactions and a Sechenov

coefficient).
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Determination of Kinetic parameters such as rate constants and activation energies often cause
problems in parameter estimation studies due to the large difference in magnitudes between the
two variables as well as their strong non-linear relationship. A commonly adopted means of
alleviating this problem is to apply a simple internal scaling technique known as temperature
centreing. In this method the reaction rate expression is re-parameterised around some reference
temperature T, (Wojciechowski and Rice, 2003). The Arrhenius form of the rate expression is

rewritten as:

Eaj (1 1
k; = ki exp <—% (; — T—0)> (4.37)
Where
Eaji
kio = A exp (- R—*;O) (4.38)

In Equation 4.38 k; , is the reference kinetic rate constant evaluated at temperature T, and 4; is
the pre-exponential factor of reaction i. The parameters which were thus regressed for were the
activation energy and rate constant at the reference temperature (k;,). In order to reduce the
number of fitting parameters an assumption was made to equate the rate of hydrolysis of HME
and methyl 1,2,3,3,3-pentafluoro-1-methoxyprop-1-ene, thus Reactions 4 and 5 (Figure 4.3,
Section 4.3.1) have equivalent kinetic rate constants and activation energies. This assumption was
based on the fact that the structurally similar reagents both undergo hydrolysis by nucleophilic
attack on the tertiary carbon of HME and methyl 1,2,3,3,3-pentafluoro-1-methoxyprop-1-ene.

Additionally, the Sechenov coefficient was found to have little effect on the solubility of
hexafluoropropene oxide and was thus omitted from the computational algorithm. The number of

fitting parameters was then reduced to eight from the original eleven.

44,2 MTFMP system

The MTFMP system is less complex, incorporating just two reactions (Figure 4.4, Section 4.3.2)
with unknown Kinetic constants and activation energies. Use of the quasi steady-state
approximation resulted in the rate of Reaction 2 being equivalent to that of Reaction 1 (Figure 4.4,
Section 4.3.2). Thus the number of fitting parameters for the MTFMP system was three (a rate
constant at the reference temperature k; o, an activation energy E, ; for Reaction 1 and a Sechenov

coefficient).
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CHAPTER FIVE
5. RESULTS AND DISCUSSION

5.1 Preliminary investigations: Semi-batch gas-liquid stirred tank reactor

The principle aim of the preliminary investigations was to validate the reaction system presented
in literature; this was carried out by contacting gaseous hexafluoropropene with methanol in the
presence of potassium hydroxide using a 2 L semi-batch gas-liquid stirred tank reactor. The
secondary aim was to ascertain whether HME could be successfully synthesized in the falling film
microreactor. These investigations also provided a basis for the selection of an appropriate
operating envelope for the experiments conducted using the FFMR.

The equipment was successfully commissioned with calibrations conducted on the precision gas
rotameters and reactor PT100 temperature probe. These calibrations are presented in Appendix A.
Samples obtained from the experiments were analysed using the internal standard method on a
gas chromatograph. An integral aspect of the internal standard quantification method was the
development of a reliable and precise calibration plot indicating the relationship between the mass
and area ratios of HME and the internal standard. n-Propanol was confirmed as a suitable internal
standard and was used to carry out quantitative analysis on all product samples. The calibration
plot generated is shown in Figure B.1 (Appendix B) and resulted in a response factor of 3.1208
(with an average absolute relative deviation percentage of 2.83 %), the calibration equation used

to quantify product samples was thus:

Muynknown Aynknown
——— = 31208 X ————— 5.1
Mis Ars (5.1)

II’in et al. (2004) indicated that the reaction system is likely to produce two additional products,
the presence of these additional species was seen in the product chromatograms and their presence
confirmed by gas chromatography-mass spectroscopy. In order to quantify these species, they
were assumed to interact with the gas chromatograph detector in the same way that HME does.

Thus they were assigned the same relative response factor as that of HME, which was then used
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to quantify the amounts of the alkenyl ether and the alkyl tetrafluoropropionate. This assumption
was based on the structural similarity between HME and the by-products and was used to infer the

concentrations of by-products qualitatively rather than quantitatively.

Table 5.1 shows the results of preliminary investigations as dictated by a three factor
circumscribed central composite experimental design. HME was successfully identified and
synthesised with an experimental yield which ranged from 19.21 to 53.32% with respect to
hexafluoropropene gas introduced into the system. The yields of the by-products were also
guantified and the yield of alkenyl ether was found to vary between 0.07 and 1.03% while alkyl
tetrafluoropropionate varied from 2.42 to 5.10%. The repeatability of the experimental apparatus
was evaluated by the centrepoint experiments and these results show a standard deviation of
7.50% yield in HME, which is significantly high and is mainly due to the transient nature of the
reactor as well as the difficulty of maintaining uniform bubbling from the gas sparger. Bubble size
and bubble intensity from the gas sparger were noted to vary during each run thus reducing or
elevating the availability of hexafluoropropene in the liquid phase for reaction, in turn
contributing to the variability of the HME yield.

The investigation also revealed that the system was highly exothermic, the reaction rate was fast
and produced negligible amounts of solid. The latter of these findings was the most significant as
it deems the FFMR a suitable apparatus in which to carry out the reaction in a continuous mode.
The presence of a significant amount of precipitate would have blocked reactor channels thus

disturbing the liquid film and reducing the effective interfacial area for gas-liquid mass transfer.

Upon analysis of the effect of the reaction conditions on the yield of HME it was found that the
yield was favoured at higher reaction temperatures, high hexafluoropropene concentrations and
low to moderate potassium hydroxide concentrations. The increased yield at lower reaction
temperatures may be due to the favourable equilibrium position of the reaction as well as,
possibly, lower activation energy of the desired reaction (Figure 2.4 — Reaction products I1) as
opposed to that of the undesired reactions (Figure 2.4 — Reaction products 111 and 1V). Higher
concentrations of hexafluoropropene allowed for more of the limiting reactant available for
conversion to the desired product. The greater yields of HME observed at lower concentrations of
potassium hydroxide (a catalyst to the reaction) initially seemed counter intuitive, but the reason
for this behavioural trend can be explained by a phenomenon known as salting-out. The salting-
out effect is when the solubility of a gas in a liquid is decreased by the presence of a salt in the
liquid phase (Tiepel and Gubbins, 1973), thus the greater the concentration of potassium
hydroxide in methanol, the lower the driving force for mass transfer of hexafluoropropene into the

liquid phase and hence the lower the reaction rate.
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Table 5.1: Results of experiments conducted on semi-batch gas-liquid stirred tank reactor during preliminary investigations for the synthesis of 1,1,2,3,3,3-
hexafluoropropyl methyl ether.

KOH i I}/Iloles of | Product yield®, %
Exp. Hexafluoropropene . Temperature, exafluoropropy
No. mole fraction® Conr(;]%nlt-rlf'tll o °C methyl ether Her);aeftlﬁslrgft:grp Y Alkenyl ether tetraflucﬁtl)lf))rl:)pionate
produced
1 0.74 0.71 25.0 0.799 £ 0.0044 49.76 = 1.60 0.59 + 0.43 3.19 = 0.27
2 0.74 0.71 15.0 0.849 + 0.0040 53.32 £ 1.69 0.23 + 0.96 3.24 + 0.78
3 0.74 0.48 25.0 0.658 + 0.0023 40.58 = 1.30 0.07 =+ 1.71 3.64 = 0.23
4 0.74 0.48 15.0 0.786 + 0.0025 48.78 = 1.56 0.07 + 1.93 4.15 + 0.49
5 0.49 0.71 25.0 0.312 £ 0.0023 2946 £ 1.41 1.03 £ 0.13 3.23 = 0.33
6 0.49 0.71 15.0 0.360 £ 0.0023 33.62 £ 1.62 0.59 + 0.23 2.63 = 0.59
7 0.49 0.48 25.0 0.441 + 0.0025 41.00 £ 1.98 0.16 + 0.86 3.53 =+ 0.53
8 0.49 0.48 15.0 0.492 + 0.0024 46.08 = 2.20 0.13 + 1.03 429 = 0.15
9 0.41 0.60 20.0 0.302 £ 0.0023 35.02 £ 1.98 0.69 = 0.19 3.10 = 0.37
10 0.83 0.60 20.0 0.727 £ 0.0025 41.07 = 1.16 0.18 = 0.75 3.64 = 0.64
11 0.62 0.40 20.0 0.604 + 0.0022 4550 = 1.73 0.03 + 0.43 3.76 = 0.19
12 0.62 0.80 20.0 0.367 £ 0.0022 26.99 £ 1.06 0.13 + 0.92 242 + 0.38
13 0.62 0.60 12.0 0.526 + 0.0021 39.80 £ 1.51 0.08 + 1.43 3.21 =+ 0.29
14 0.62 0.60 28.0 0.482 + 0.0024 36.48 £ 1.38 0.24 + 0.56 3.37 + 0.63
15 0.62 0.60 20.0 0.560 = 0.0025 41.68 + 1.61 0.17 £ 0.80 3.93 =+ 0.16
16 0.62 0.60 20.0 0.440 £ 0.0025 32.64 £ 1.27 0.07 + 1.84 2.72 = 0.37
17 0.62 0.60 20.0 0.393 £ 0.0025 2811 £ 1.14 0.27 + 0.54 277 £ 031
18 0.62 0.60 20.0 0.255 + 0.0019 19.21 + 0.74 0.69 = 0.29 3.83 = 0.57
19 0.62 0.60 20.0 0.440 £ 0.0024 33.11 £ 1.26 0.22 + 1.07 5.10 = 0.32
20 0.62 0.60 20.0 0.332 £ 0.0017 2495 + 0.95 0.44 + 1.29 4.63 + 0.23

@ Hexafluoropropene diluted with inert nitrogen gas.
®Yield of products are defined as mole of product divided by moles of hexafluoropropene introduced into the reactor over duration of reaction.
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The suitability of the reaction system for a FFMR was a crucial finding as Rendall et al. (1958)
and II’in et al. (2004) suggested synthesizing HME in a semi-batch process, whereas using a
FFMR allows for continuous production of HME. Continuous processes offer various advantages
over batch processes, such as being safer, production at constant quality, easier to operate and

generally more amenable scale-up.

5.2 Falling film microreactor equipment validation

Validation studies on the FFMR were carried out by observing the absorption of carbon dioxide
into sodium hydroxide. Sodium hydroxide was passed through the reactor at flow rates of 3, 4 and
5 mL-min’t and a carbon dioxide at flow rates of 50 and 80 mL-min™. Figure 5.1 shows the results
of the experiments as well as comparison with literature data produced by Zhang et al., (2009).
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Figure 5.1: Results of validation studies as well as literature results by Zhang et al., (2009) observing the
absorption of carbon dioxide into sodium hydroxide solution using a falling film microreactor with a 32
channel 300 x 600 um reaction plate.

85



From Figure 5.1 it can be seen that the experimentally determined mass transfer coefficient was
found to be up to three time greater than that predicted by the penetration model as well as the
experimental and model results presented by Zhang et al., (2009). Exact mean liquid fluid
velocities could not be replicated in this study due to practical limitations on the reactor as well as
the HPLC Series Il feed pump. The enhanced mass transfer observed may be due to an increase in
the specific interfacial areas of the installed apparatus which result from the formation of ripples

on the surface of each microchannel.

The greater mass transfer coefficients observed in the experimental set-up do not hinder mass
transfer and in fact improve the yields of reactions. Thus the equipment was deemed to operate
satisfactorily and ready to conduct experiments.

5.3 Falling film microreactor experiments

5.3.1 HME system

A. Steady-state investigation

In order to allow comparison of the results from the semi-batch gas-liquid stirred tank reactor and
the FFMR it was decided to carry out the experiment for a period of 30 min for the FFMR, the
FFMR would thus operate for 30 min at steady-state conditions. The first step to conducting
experiments on the FFMR was to thus determine how long the process required before attaining

steady-state conditions.

For FFMRs, the time to reach steady-state conditions is usually longer than the residence time of
the liquid within the vessel (Smith et al., 2001). The exact time at which steady-state conditions
are achieved differ based on the reaction conditions, reactor geometry as well as the flow regime
within the microchannels, and since the production of HME using a FFMR has not been
attempted before, the time at which steady-state is achieved was unknown. A single experiment
was thus conducted with samples taken periodically (every 3 min over 21 min) in order to observe
how the yield of HME varied with time. Observing the transient behaviour of the reactor allowed
for the determination of the point at which the product stream attained a uniform concentration of
HME. Figure 5.2 shows the results of the steady-state test. Note that the dashed line does not
indicate a model prediction of the percentage yield of HME but was instead used to illustrate the

trend of the experimental data.

The experimental conditions for the steady-state test were a reaction temperature of 17.0 °C, a

potassium hydroxide concentration of 0.52 mol-L?, a hexafluoropropene mole fraction of 0.34
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and a liquid volumetric flow rate of 1.75 mL-mint. The calibration plots for the rotameters of the
FFMR experimental set-up are provided in Appendix A. From the results of these experiments a
lead time of 5 min was appropriated at the start of each experiment in order to ensure that the

reactor reached steady-state conditions.
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Figure 5.2: Results of transient experiments used to determine point at which steady-state conditions are
observed for the 1,1,2,3,3,3-hexafluoropropyl methyl ether system. Experiment was conducted at a reaction
temperature of 17 °C, a potassium hydroxide concentration of 0.52 mol-L?, a hexafluoropropene mole
fraction of 0.34 and a liquid volumetric flow rate of 1.75 mL-min™. Dashed line indicates trend of

experimental data.

B. Central composite design investigations

Once the appropriate stabilisation period for the FFMR was identified, experiments were
conducted according to the experimental design shown in Table 3.1 (Section 3.1.3). Operation of
the FFMR was noticeably simpler than that of the glass reactor as the system required less
handling of material as well as was easier to clean and prepare for consecutive experiments. As
confirmed by preliminary investigations, negligible salt formation meant that there was no

blocking of the reactor microchannels during all experimental runs.

Table 5.2 shows the results of experiments conducted on the FFMR for the HME system. HME
was successfully synthesized using the reactor and was noted to appear in the reactor product at
yields between 11.60 and 71.47%. The presence of the by-products was also identified in the
reactor product at yields between 0.11 and 6.99% for the alkenyl ether and 0.75 and 6.24% for the

alkyl tetrafluoropropionate. The repeatability of the experimental equipment was assessed by
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repeating the centrepoint experiments 6 times, the centrepoints were found to have a standard
deviation of 3.04% with respect to the yield of HME. This was found to be satisfactory and

indicated improved repeatability as compared with the glass reactor experiments.

Results show that greater yields were observed on the FFMR when compared with the glass
reactor which was as expected. The results also show that greater yields were obtained at high
mole fractions of hexafluoropropene in the feed reactant gas and lower concentrations of
potassium hydroxide in the liquid feed. The greatest yields were also achievable at high liquid

flow rates due to the fast rate of reaction in the reactor.
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Table 5.2: Results of experiments conducted on a falling film microreactor for the 1,1,2,3,3,3-hexafluoropropyl methyl ether system.

KOH Liquid Moles of Product yield, %
Exp. Hexafluoroprppene concentration, Temperature, flow rate heﬁgtlﬁolr(;%gfyl Hexafluoropropyl Alkenvl ether Alkyl
No. mole fraction mol-L? °C mL-min proc)j/uce & methyl ether y tetrafluoropropionate
1 0.34 0.34 7.0 1.75 0.126 * 7.74x10°% 11.60 = 0.30 0.32 £ 0.25 1.10 £ 0.27
2 0.34 0.34 7.0 4.27 0.216 *+ 2.49x10* 48.32 £ 1.05 3.91 £ 0.76 422 = 0.77
3 0.70 0.34 7.0 1.75 0.858 + 1.33x10* 38.88 £ 0.36 2.15 £ 0.20 4.00 £ 0.20
4 0.70 0.34 7.0 4.27 0.518 + 3.16x10* 56.93 £ 0.62 6.99 = 0.46 5.06 = 0.47
5 0.34 0.52 7.0 1.75 0.359 + 9.70x10° 33.12 £ 0.61 221 = 0.28 3.59 + 0.29
6 0.34 0.52 7.0 4.27 0.178 + 1.81x10* 39.78 £ 0.82 2.82 = 0.55 3.26 + 0.57
7 0.70 0.52 7.0 1.75 0.621 + 1.62x10* 4221 £ 0.71 0.11 = 0.23 3.70 £ 0.25
8 0.70 0.52 7.0 4.27 0.433 + 8.76x10°% 7147 = 0.22 0.65 £ 0.12 6.24 £ 0.13
9 0.34 0.34 17.0 1.75 0.465 *+ 1.00x10* 42.94 = 0.77 3.58 £ 0.31 3.47 £ 0.31
10 0.34 0.34 17.0 4.27 0.222 + 2.04x10* 49.85 + 1.00 1.48 + 0.63 3.79 £ 0.63
11 0.70 0.34 17.0 1.75 0.892 + 8.39x10° 40.38 £ 0.35 3.01 £ 0.12 3.78 + 0.13
12 0.70 0.34 17.0 4.27 0.476 + 2.22x10* 52.36 £ 0.52 1.60 £ 0.33 458 + 0.34
13 0.34 0.52 17.0 1.75 0.324 + 8.53x10° 29.90 + 0.55 1.04 £ 0.25 2.95 = 0.27
14 0.34 0.52 17.0 4.27 0.167 + 2.08x10* 3748 £ 0.84 1.73 £ 0.61 3.64 + 0.62
15 0.70 0.52 17.0 1.75 0.826 *+ 7.56x10° 37.41 £ 0.32 244 £ 0.11 3.18 £ 0.11
16 0.70 0.52 17.0 4.27 0.426 *+ 2.26x10* 46.88 + 0.49 2.91 £ 0.33 3.92 + 0.34
17 0.52 0.43 2.0 3.00 0.591 + 1.20x10* 61.53 + 0.71 5.10 £ 0.24 5.12 £ 0.25
18 0.52 0.43 22.0 3.00 0.497 + 2.77x10* 51.76 £ 0.75 3.28 = 0.55 3.76 + 0.56
19 0.52 0.25 12.0 3.00 0.512 + 1.41x10* 53.30 £ 0.64 5.39 =+ 0.27 452 + 0.27
20 0.52 0.61 12.0 3.00 0.429 + 9.43x10° 44,73 £ 0.52 258 + 0.18 3.74 + 0.18
21 0.17 0.43 12.0 3.00 0.106 *+ 1.45x10* 34.91 £ 1.48 1.88 + 1.00 3.26 = 1.00
22 0.88 0.43 12.0 3.00 0.997 + 1.18x10* 61.67 + 0.42 5.39 £ 0.14 5,51 £ 0.14
23 0.52 0.43 12.0 0.50 1.639 + 2.20x10° 28.45 + 0.32 2.84 £ 0.05 0.75 = 0.04
24 0.52 0.43 12.0 5.50 0.289 + 2.39x10* 55.13 £ 0.74 1.87 £ 0.46 4.30 + 0.46
25 0.52 0.43 12.0 3.00 0.499 + 1.11x10* 51.98 + 0.61 3.37 £ 0.21 4.68 + 0.22
26 0.52 0.43 12.0 3.00 0.355 + 4.80x10° 55.40 £ 0.63 0.44 + 0.18 4,70 + 0.19
27 0.52 0.43 12.0 3.00 0.571 + 1.41x10* 59.44 £ 0.70 5.12 + 0.28 498 + 0.29
28 0.52 0.43 12.0 3.00 0.514 + 1.07x10* 53.55 + 0.62 3.30 £ 0.21 463 = 0.21
29 0.52 0.43 12.0 3.00 0.653 + 1.77x10* 55.13 + 0.66 2.74 £ 0.28 5.95 £ 0.35
30 0.52 0.43 12.0 3.00 0.570 + 9.71x10° 59.36 + 0.68 3.80 £ 0.19 5.04 £ 0.20

2 Based on processing 1.5 L of potassium methoxide solution in multiple parallel reactors within 30 min.
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5.3.2 MTFMP system

A. Steady-state investigation

The MTEMP system (similar to the HME system) also required the calculation of the point at
which steady-state was achieved. A single experiment was conducted over 20 min with a 5 min
sampling interval so that the transient behaviour of the reactor could be understood. The
experiment was conducted at a reaction temperature of 32.5 °C, a potassium hydroxide
concentration of 0.37 mol-L*, a hexafluoropropene oxide mole fraction of 0.33 and a total liquid
volumetric flow rate of 1.75 mL-min. The calibration plots for the rotameters of the FFMR

experimental set-up are provided in Appendix A.

Figure 5.3 shows the results of these experiments, and it can be seen that steady-state conditions
were achieved within the first 5 min of operation. A lead time of 5 min was thus appropriated at
the start of each experiment to ensure that the reactor operated at steady-state conditions. The

dashed line in Figure 5.3 was used to illustrate the trend of the experimental data.
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Figure 5.3: Results of transient experiments used to determine point at which steady-state conditions are
observed for the methyl-2,3,3,3-tetrafluoro-2-methoxypropionate system. Experiment was conducted at a
reaction temperature of 32.5 °C, a potassium hydroxide concentration of 0.37 mol-L™, a hexafluoropropene
oxide mole fraction of 0.33 and a liquid volumetric flow rate of 1.75 mL-min’. Dashed line indicates trend
of experimental data.
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B. Choice of alkali salt

Lousenberg and Shoichet (1997) indicated that a suitable alkali salt to use in the synthesis of
TFVEs (and their precursors) was sodium hydroxide. Sodium hydroxide however posed some
problems when being used to synthesize MTFMP on a FFMR. Sodium hydroxide was sparingly
soluble in methanol, thus the concentration of the salt in the feed solution to the reactor was
maintained at low levels (below 0.1 mol-L). The low levels of the salt then reduced the extent to

which the reaction could progress as the sodium hydroxide was now a limiting reagent.

Additionally, according to the reaction mechanism outlined in Figure 4.4 (Section 4.3.2), it can be
seen that for every mole of MTFMP 2 moles of alkali fluoride are produced. If sodium hydroxide
is used the alkali fluoride formed is sodium fluoride. Sodium fluoride is sparingly soluble in
methanol. The low solubility of sodium fluoride in methanol led to the formation of solid
precipitate in the reactor. The solid would then build up on the reaction plate and in the liquid
flow lines causing blockages and reducing the efficacy of the microstructured reaction plate

(Photograph 5.1). It was, therefore, not viable to use sodium hydroxide as an alkali salt for the
synthesis of MTFMP.

Photograph 5.1: Evidence ot salt build up on reaction plate a) and blockage of liquid outlet and viewing
window b) when using sodium hydroxide as alkali salt in the synthesis of methyl-2,3,3,3-tetrafluoro-2-
methoxypropionate.

Attempts were made in order to improve operation by further decreasing the concentration of the
salt in the feed as well as increasing reaction temperature (thus improving the solubility of species
in solution) but the salt build-up persisted.

The purpose of the alkali salt was to facilitate the addition of the alkoxide to the
hexafluoropropene oxide to form the reaction intermediate. The salt, therefore, does not affect the
identity of the final product and an alternative salt could be used. Potassium hydroxide has shown
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to be a suitable alkali salt as was seen in the HME system and was thus used as a substitute for
sodium hydroxide. Using potassium hydroxide as a catalyst, all further experiments were
conducted without inhibiting amounts of salt build-up on the reaction plate or pipeline blockages
forming. This allowed the central composite design experiments to be completed as per Table 3.3
(Section 3.3.3). Slight solid potassium fluoride build-up was, however, noted at mole fractions

greater than 0.67 of hexafluoropropene oxide in the feed gas.

C. Central composite design investigations

MTFMP was successfully synthesized and identified using gas chromatography-mass
spectroscopy. MTFMP was quantified using gas chromatography and the internal standard
quantification technique. The calibration plot generated for the internal standard technique is

provided in Appendix B and the following equation was used to quantify the major product:

FMTEME — 4 6595 x “MIEME (5.2)
Mis Ars

Table 5.3 shows the results of the central composite design experiments conducted on the FFMR
for the synthesis of MTFMP. 30 experiments were conducted on the FFMR for the synthesis of
MTFMP where the yield of the target compound was found to vary from zero to 23.62%. The
reason for low yields in some of the experiments was due to the combination of low mole fraction
of hexafluoropropene oxide in the gas feed and low liquid residence time in the reactor (high
liquid flow rate). The low mole fraction of hexafluoropropene oxide in the gas reduced the
concentration driving force that allowed for transfer of the reactant gas into the liquid phase thus
directly reducing the amount of MTFMP formed. The high liquid flow rate resulted in a liquid

residence time which was too low to allow for quantifiable amounts of MTFMP to be formed.

MTFMP production was found to be favoured at low liquid flow rates, this observation was due
to the slow nature of the reaction requiring longer reaction periods in order to facilitate the
production of MTFMP.

The yield of MTFMP was favoured at high mole fractions of hexafluoropropene oxide but it is
important to note that operating the FFMR at mole fractions greater than 0.67 resulted in the
build-up of salt on the reaction plate and the liquid flow lines. This salt build-up was not

inhibiting but required additional cleaning of the FFMR after a series of experiments.

The yield and mole fraction of MTFMP was found to be higher at moderate concentrations of

potassium hydroxide in the liquid phase. This may be due to the balance between having
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sufficient potassium ions to drive the reaction (according to the reaction mechanism outlined in
Figure 4.4) and avoiding inhibiting the transfer of hexafluoropropene oxide to the liquid phase by

the salting-out effect.

Lastly, the yield and number of moles of MTFMP were favoured at low temperatures. There
exists a practical limit on the lowest temperature that can be employed as the solubility of
potassium hydroxide and potassium fluoride decreases with temperature as was noted

experimentally.

Considering these trends, the yield of MTFMP was found to be favoured at a liquid flow rate of
between 3.00 and 3.50 mL-min, a hexafluoropropene oxide mole fraction of ~0.60, a potassium
hydroxide concentration of ~0.35 mol-L* and a reaction temperature of ~30.0 °C.

Overall more operational problems were associated with the MTFMP system than the HME
system and in order to avoid these problems the experiments were constrained to a narrow
operating region as outlined above. Considering the low yields of MTFMP seen in Table 5.3 and
the low number of moles of the target compound in the product it can be seen the FFMR-Standard
with a 32 channel 300 x 600 um reaction plate is not the most appropriate apparatus for MTFMP

synthesis.

In order to improve both the yields and concentration of MTFMP in the product stream, the
residence time of the liquid in the reactor may be increased. This is certainly a limitation to the
MTFMP system as the FFMR offers liquid residence times of only a few seconds. A possible
solution may be the use of smart interface reaction plates as well as longer reaction plates. Smart
interface reaction plates were recently developed by the Institut fiir Mikrotechnik Mainz GmbH to
enhance mass transfer as well as structure fluid flow to increase liquid residence time on the

reaction plate (Ziegenbalg et al., 2010).
Use of a batch reactor with effective gas sparging would also serve as a suitable medium for

MTFMP system, this option is made more viable by the low dependency of the reaction on

reaction temperature, thus reducing the need for stringent temperature control.
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Table 5.3: Results of experiments conducted on a falling film microreactor for the methyl-2,3,3,3-tetrafluoro-2-methoxypropionate system.

Exp. No. Hexafluoroprppene conclgrggtion, Temperature, Liquid flow rate, Moles of MTFMP Product yield, %
mole fraction mol-L-L oc mL-min- produced MTEMP

1 0.33 0.28 325 1.75 0.002 9.19 £+ 0.25
2 0.33 0.28 325 4.27 0.000 Not observed
3 0.67 0.28 325 1.75 0.005 9.94 + 0.47
4 0.67 0.28 325 4.27 0.008 15.80 + 0.72
5 0.33 0.53 325 1.75 0.001 3.04 + 1.13
6 0.33 0.53 325 4.27 0.000 Not observed
7 0.67 0.53 325 1.75 0.005 10.24 + 0.89
8 0.67 0.53 325 4.27 0.012 23.62 *+ 0.26
9 0.33 0.28 37.5 1.75 0.002 9.48 + 0.91
10 0.33 0.28 37.5 4.27 0.000 Not observed
11 0.67 0.28 37.5 1.75 0.003 6.78 £ 0.52
12 0.67 0.28 375 4.27 0.008 15.71 £ 0.65
13 0.33 0.53 375 1.75 0.001 3.10 + 0.82
14 0.33 0.53 37.5 4.27 0.000 Not observed
15 0.67 0.53 375 1.75 0.006 11.79 + 0.42
16 0.67 0.53 37.5 4.27 0.011 21.95 £ 0.60
17 0.50 0.40 30.0 3.00 0.006 17.48 + 1.01
18 0.50 0.40 40.0 3.00 0.004 11.88 + 0.94
19 0.50 0.15 35.0 3.00 0.004 9.71 £ 0.85
20 0.50 0.65 35.0 3.00 0.006 16.11 + 0.75
21 0.16 0.40 35.0 3.00 0.000 1.73 + 0.20
22 0.84 0.40 35.0 3.00 0.007 11.79 + 0.58
23 0.50 0.40 35.0 0.50 0.001 2.63 £ 0.46
24 0.50 0.40 35.0 5.50 0.001 3.96 = 2.57
25 0.50 0.40 35.0 3.00 0.005 14.09 + 0.82
26 0.50 0.40 35.0 3.00 0.006 15.90 + 0.85
27 0.50 0.40 35.0 3.00 0.005 14.07 £ 0.93
28 0.50 0.40 35.0 3.00 0.006 15.37 £ 0.90
29 0.50 0.40 35.0 3.00 0.006 16.66 + 0.90
30 0.50 0.40 35.0 3.00 0.006 15.18 + 0.91
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5.4 Kinetic models

After successfully conducting all experiments on a FFMR and analysing the product samples the
experimental results presented in Section 5.3 (Table 5.2 and 5.3) were used to identify suitable
kinetic models and previously unknown kinetic parameters for the systems of interest. These
parameters were obtained by least squares regression of experimental and predicted
concentrations of reaction products from the experiments. The predicted concentrations were
calculated from models developed according to Chapter 4 and implemented through the
algorithms shown in Figure 4.1 for the HME system and Figure 4.2 for the MTFMP system. All
models developed were formulated and implemented using MATLAB® (version R2012b, The
MathWorks, Inc.).

What follows is a discussion of the results of the kinetic models (parameter identification), their
capabilities, limitations and validity. An important aspect when establishing models is to correctly
find the balance between usability, complexity and accuracy and this was of particular importance

in this study as there is still room to expand the capabilities of the models.

5.4.1 Momentum Balance

The first step in the solution of the governing equations for both the HME and the MTFMP
system was the solution of the momentum balance which defined the steady-state liquid velocity
profile in each channel. The momentum balance (Equation 2.26) is dependent on x and y position

within the reactor microchannel as well as the solvent viscosity and density.

Since both viscosity and density were temperature dependent as well as the velocity profile being
dependent on the volumetric flow rate per channel — each set of experimental conditions resulted
in different profiles being formed. Figure 5.4 shows the velocity profile at a centre-point

temperature of 285 K and a total liquid volumetric flow rate of 3 mL.min,
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Figure 5.4: Liquid linear velocity profile within a single microchannel at a reaction temperature of 285 K
and a total reactor liquid volumetric flowrate of 3 mL.min™.

54.2 HME system

A kinetic model for the synthesis of HME using a FFMR-Standard and a 32 channel 300 x 600
um reaction plate was successfully developed in the MATLAB® environment. The model was
then used to identify a suitable kinetic model for the reactive system as well as the associated

Kinetic parameters.

After the development of the generalised material balances for the system it can be seen that an
important parameter is the Henry’s Law constant which was computed as outlined in Section
4.2.2 and then fit to the Valentiner equation in order to increase the usability of the parameter in
the model.

A. Henry's Law constant

There is a general lack of thermochemical and thermophysical properties for HME, this extends to
vapour-liquid equilibrium data for a HME and methanol system. As a result, Aspen Plus® (version
8.0, Aspen Technology, Inc.) was used to simulate the vapour-liquid equilibrium behaviour of the
system (Figure 5.5). An “Ideal” property method was selected in Aspen Plus® (version 8.0, Aspen
Technology, Inc.) to describe the vapour-liquid equilibrium behaviour which assumes ideal liquid

phase behaviour (a liquid phase activity coefficient equal to 1) and an ideal gas phase (by the ideal
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gas law). Ideal conditions were adopted to describe liquid and gas behaviour due to the absence of

experimental data and interaction parameters for a suitable equation of state model for the system.
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Figure 5.5: Vapour-liquid equilibrium data for methanol and hexafluoropropene system at 1.01 bar. Data
simulated using Aspen Plus® (version 8.0, Aspen Technology, Inc.) assuming an ideal liquid and vapour
phase.

The simulated vapour-liquid equilibrium data was then translated to HF¢ as outlined in Section
4.2.2 and fitted to the Valentiner equation by least squares regression in the MATLAB®
environment (version R2012b, The MathWorks, Inc.). The resulting fit is shown in Figure 5.6

with the corresponding fitting parameters shown in Table 5.4.

Table 5.4: Constants of Valentiner equation® for hexafluoropropene in methanol at a pressure of 1.01 bar.

Constants & b, ¢
dimensionless K K1
Value 63.48 -6155.30 -6.29

*InH =a+ 2+ cInT, (Takenouchi et al., 2001)
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Figure 5.6: Plot of calculated (O) and regressed (==) dimensionless concentration based Henry’s Law
constants according to the Valentiner equation for methanol and hexafluoropropene system (Takenouchi et
al., 2001).

After the Henry’s Law constant was presented in a more usable form in the Valentiner equation
various physical parameters of the system such as viscosity, density and diffusivities were
calculated in the reactor model. These parameters were estimated using correlations found in
Green (2008), use of these correlations can be seen in Appendix D. Physical parameters
calculated were used to compute the hydrodynamics of the system thereafter, the generalised

material balances were solved simultaneously in the reaction model.

B. Simple single reaction model

Early on in the investigative process it was apparent that the by-products accounted for a
relatively small percentage of the final product composition (usually less than 5 to 8% - as seen in
Tables 5.1 and 5.2) and so a model was developed that considered only the reaction to form HME

from potassium methoxide and hexafluoropropene. The proposed scheme is shown in Figure 5.7.

The proposed scheme assumed that the formation of the by-products was negligible and thus the
only reaction was that to produce HME. This single reaction was also assumed to be forward and
irreversible. The addition of the proton was sourced from the freely available methanol and was

thus assumed to be in abundance.
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Figure 5.7: Simple reaction mechanism proposed for the preliminary 1,1,2,3,3,3-hexafluoropropyl methyl
ether kinetic model.

The concentration of HME in the product was chosen as the response variable to be regressed for
instead of the yield of the major product due to the fact that the outlet concentration was in fact
the variable that was output by the generalised material balances. Thus any accumulation of error

or distortion was avoided.

The results of each simulation were compared using a parity plot. A parity plot is an easy means
of evaluating the fit of a model by comparing predicted values of a response and either actual or
reference values of the same response. The quality of the fit at a point is judged by the distance
between that point and the y = x line (marked in blue — Figure 5.8). Points at which the fit is poor

are thus easily noticeable from this plot.

Figure 5.8 shows the resulting parity plot of the single reaction system, corresponding residual
deviation plot as well as absolute relative deviation plot. The model did not show a very good
representation of experimental results over the whole range of observed concentrations (Average
absolute relative deviation percentage of 31.55 %). It was seen that the model tended to under
estimate the outlet concentration of HME at higher observed concentrations of HME (above 500
mol-m3). This model was not optimised but was investigated in order to obtain a better

understanding of the system.

This representation of the HME system was limited in that it did not account for the presence of
any of the other species in the system (such as the reaction intermediate, alkenyl ether or alkyl

tetrafluoropropionate), for this reason it lacked robustness.
The reaction mechanism used in the final model was more elaborate and provided a more accurate

representation of the solution chemistry by relaxing some of the major assumptions made in this

simplified model.
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Figure 5.8: Left - parity plot showing a comparison of predicted outlet concentration of 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) versus experimentally obtained concentrations of
HME a simple single reaction mechanism. Middle — residual deviation plot defined as difference between experimental and predicted concentrations of HME. Right — absolute relative
deviation plot versus experimentally observed HME concentrations. Initial guesses for kinetic model were reference kinetic rate constant of 1.0x10* m3.mol.s, activation energy of 30.0
kJ.mol* and Sechenov coefficient of 1.0 L.mol". Average absolute relative deviation percentage of 31.55 %.
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C. Objective function definition

The first assumption that was relaxed in the final reaction mechanism proposed for the HME
system was that the presence of the by-products was negligible. This assumption required
amending the reaction mechanism. The reaction mechanism seen in Figure 4.3 (Section 4.3.1)
was developed to incorporate the presence of the by-products into the model. This mechanism

consists of 5 main reactions which gave a more comprehensive representation of the system.

Incorporating the presence of the by-products meant that there were now 3 response variables (i.e.
HME, alkenyl ether and alkyl tetrafluoropropionate outlet concentrations) which needed to be
incorporated into the objective function (Equation 4.1); this was done by calculating the summed
square error for each species and summing the three values. There was, however, a problem with
doing this, since there was a large difference between the magnitudes of the concentrations of the
various product species and the objective function was susceptible to becoming biased towards

the contribution of HME (which was numerically larger).

A similar problem was encountered when dealing with the large differences in magnitude between
the rate constants and the activation energies and this was dealt with by adopting internal scaling
methods such as the temperature centreing method. Similarly, an artificial scaling method was
applied to the objective function in the HME model (Wojciechowski and Rice, 2003). Usually,
weighting factors that are adopted are found in literature and are well-accepted for a specific
system. The synthesis of HME is not a very well-studied system and thus weighting factors are
not available, so a new set of weighting factors was defined. The weighting factor A; ;g Was
defined as the average concentration of HME in the centrepoint experiments divided by the

average concentration of product j in its centrepoint experiments.

)\_ EHME,Centrepoints (53)

jHME = ~¢ :
j,Centrepoints

The objective function for the system was thus:

2
C{EXP _CiPred)

E = Z? =1 }\jZ,HME . 2?1=1 ( CiEXP (54)

Where the 3 terms in the outer summation refer to each of the 3 species that constitute the
objective function i.e. HME, alkenyl ether and alkyl tetrafluoropropionate. Note also that the

weighting factor has been squared; this is due to the fact that the weighting applies to each relative
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error and thus lies within the second summation’s bracket. Table 5.5 shows the weighting factor

used for each of the product species.

Table 5.5: Weighting factors® used for product species in 1,1,2,3,3,3-hexafluoropropyl methyl ether kinetic

model.

. Hexafluoropropyl Alkyl
Species methyl ether Alkenyl ether tetrafluoropropionate
Average concentration over
centrepoints (mol-m-) 351.27 20.10 31.22
Weighting factor 1.00 17.47 11.25

AWeighting factor for a species was calculated by dividing average concentration of 1,1,2,3,3,3-
hexafluoropropyl methyl ether in centrepoint runs by the average concentration of the corresponding
species in centrepoint runs.

D. Kinetic model results

After the objective function was established the reaction rates were defined and incorporated into
7 generalised material balances for all the relevant species in the model. The reaction rates were
defined as per the reaction mechanism outlined in Section 4.2.1. This mechanism was formulated
given the information in the works of both II’in, et al. (2004) and Rendall, et al. (1958). The
published mechanisms were then isolated into 5 reaction steps which fully defines the system.
The final set of balances were Equations 4.40 to 4.46 (Section 4.3.1) and required Kinetic
parameters (i.e. reference kinetic rate constants and activation energies) before the outlet
concentrations of species could be calculated. These parameters were unknown and were thus the
fitting parameters of the model. Initial guesses for each of these eight parameters were fed in at

the start of the kinetic model and these can be seen in Table 5.6.

Table 5.6: Initial guesses passed into1,1,2,3,3,3-hexafluoropropyl methyl ether kinetic model.

Reaction 1, Reaction 2, Reaction 3, Reaction 4 & 5,
Units of ki, m*-mol st st st m*mol s
Kio 1.000x107 1.000x10* 5.000x10°® 1.500x10*
Eai (kd.mol?) 30.000 80.000 11.000 8.000

The initial guesses established in Table 5.6 were found to lie close to the minimum of the function
and were thus deemed suitable starting points for the kinetic model. A RSM analysis, like that
carried out for the MTFMP system (Section 5.4.2 C), was not possible for the HME system due to
the large number of variables. Trying to analyse the interaction between 8 variables graphically
would have resulted in 28 surface plots which would have been difficult to translate into usable

trends.
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Figure 5.9, 5.10 and 5.11 shows the results of the kinetic model. The corresponding parity,
residual deviation and absolute relative deviation plots are shown for each of the species in the
system. The residual deviation was calculated by finding the difference between experimental and
predicted values of the outlet concentration of the corresponding species. The absolute relative
deviation was calculated by finding the absolute value of the deviation between predicted and

experimental concentrations and dividing by the corresponding experimental concentration.

The HME model did not perform satisfactorily when compared to experimental concentrations.
The model also performed less agreeably for the alkenyl ether and alkyl tetrafluoropropionate
species. The model predicted outlet concentrations of HME reasonably well for a small portion of
the experimentally observed range but tended to provide less agreement at higher observed
concentrations as seen by the corresponding residual deviation plot. The average absolute relative
deviation percentage of the model was found to be 34.12 % which is marginally worse than the
simplified HME kinetic model presented in Section 5.4.1 B.

The model did not perform well when predicting the concentration of alkenyl ether over the
experimentally observed range with an average absolute relative deviation percentage of 53.64 %.
The model under-predicted the concentration of alkenyl ether in the reactor outlet at the majority
of the experimental data points with a greater discrepancy between the two values seen at higher

observed concentrations of alkenyl ether.

The model fits a small percentage of the data well for the alkyl tetrafluoropropionate outlet
concentrations with the rest of the data being under-predicted by the model as shown by an
average absolute relative deviation percentage of 50.27 %. Deviations again tend to increase at

higher observed concentrations of the alkyl tetrafluoropropionate.
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Figure 5.9: Left - parity plot showing a comparison of predicted outlet concentration of 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) versus experimentally obtained concentrations of
HME. Middle — residual deviation plot defined as difference between experimental and predicted concentrations of HME. Right — absolute relative deviation plot versus experimentally
observed HME concentrations. Average absolute relative deviation percentage of 34.12 %.
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Figure 5.10: Left - parity plot showing a comparison of predicted outlet concentration of alkenyl ether (AE) versus experimentally obtained concentrations of AE. Middle — residual deviation
plot defined as difference between experimental and predicted concentrations of AE. Right — absolute relative deviation plot versus experimentally observed AE concentrations. Average
absolute relative deviation percentage of 53.64 %.
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Figure 5.11: Left - parity plot showing a comparison of predicted outlet concentration of alkyl tetrafluoropropionate (AT) versus experimentally obtained concentrations of AT. Middle — residual
deviation plot defined as difference between experimental and predicted concentrations of AT. Right — absolute relative deviation plot versus experimentally observed AT concentrations.
Average absolute relative deviation percentage of 50.27 %.
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Finally, Table 5.7 shows the kinetic parameter results of the model. Due to the inaccuracies of the
kinetic model 95% confidence limits on the regressed parameters were found to be unsatisfactory,
varying by an order of magnitude. Possible contributors to this variance may be the scatter in the

experimental data and small sample set (30 experimental runs).

Table 5.7: Kinetic parameter results of kinetic model for 1,1,2,3,3,3-hexafluoropropyl methyl ether system.

Reaction 1, Reaction 2, Reaction 3, Reaction 4 & 5,
Units of ki, m3-mol st st st m*-mol*s?
Kio 1.054x107 1.461x10* 5.615x10° 1.574x10*
Eai (kd.mol?) 34.502 80.999 10.851 8.047
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54.3 MTFMP system

A kinetic model for the synthesis of MTFMP using a FFMR-Standard and a 32 channel 300 x 600
um reaction plate was successfully developed in the MATLAB® environment. The model was
then used to identify a suitable kinetic model for the reactive system as well as the associated

Kinetic parameters.

A similar procedure was followed as was for the HME system in that the first step after
formulating the relevant generalised material balances was computation of the required
thermophysical properties of the components in the system. The first of which was the Henry’s
Law constant for the system which was calculated as outlined in Section 4.2.2 and then fitted to
the Valentiner equation.

A. Henry's Law constant

Experimental vapour-liquid equilibrium data was not available for the methanol and
hexafluoropropene oxide system. Consequently, Aspen Plus® (version 8.0, Aspen Technology,
Inc.) was once again used to simulate the vapour-liquid equilibrium behaviour of the system
(Figure 5.12). An “Ideal” property method was selected in Aspen Plus® (version 8.0, Aspen
Technology, Inc.) to describe the vapour-liquid equilibrium behaviour which assumes ideal liquid
phase behaviour (a liquid phase activity coefficient equal to 1) and an ideal gas phase (by the ideal
gas law). Ideal conditions were adopted to describe liquid and gas behaviour due to the absence of

experimental data and interaction parameters for a suitable equation of state model.

Continuing with the process followed for the HME system, the vapour-liquid equilibrium data
was translated to corresponding HF¢ values and fit to the Valentiner equation by least squares
regression in the MATLAB® environment (version R2012b, The MathWorks, Inc.). The resulting

fit is shown in Figure 5.13 with the corresponding fitting parameters shown in Table 5.8.

Physical parameters of the system such as viscosity, density and diffusivities were then estimated
using empirical correlations found in Green (2008) (refer to Appendix D for examples of their
use) and the generalised balances for the MTFMP system were then solved simultaneously in the

reaction model.
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Figure 5.12: Vapour-liquid equilibrium data for methanol and hexafluoropropene oxide system at 1.01 bar.
Data simulated using Aspen Plus® (version 8.0, Aspen Technology, Inc.) assuming an ideal liquid and
vapour phase.
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Figure 5.13: Plot of calculated (O) and regressed (=) dimensionless concentration based Henry’s Law
constants according to the Valentiner equation for methanol and hexafluoropropene oxide system
(Takenouchi et al., 2001).
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Table 5.8: Constants of Valentiner equation for hexafluoropropene oxide in methanol at a pressure of 1.01
bar.

Constants & b, ¢
dimensionless K K
Value 30.20 -4590.30 -1.41

dlnHfC =a+ $+ cIn T, (Takenouchi et al., 2001)

B. Effect of reaction order

Applying the quasi steady-state approximation to the MTFMP reaction mechanism indicated that
the rate of the second reaction was exactly equal to that of the first reaction in Section 4.2.2. Thus,
for every mole of MTFMP formed, two moles of potassium methoxide is consumed. Overall, the
formation of MTFMP may be second order in terms of potassium methoxide. Following this
finding, a choice was made to observe the effect of changing the order of Reaction 1 with respect
to the concentration of potassium methoxide; this is simply done by changing the exponent of

CCHgO_K+ |n
r1 = Ky Cxrpo,LCcH,0-k* (5.5)

In order to observe the effect of reaction order, the kinetic model was run with initial guesses for
the reference kinetic rate constant at 5 x 10~> m®mol™-s?, the activation energy at 60 kJ-mol*

and a Sechenov coefficient of 0.500 L-mol™ and the subsequent results were compared.

Figure 5.14 and 5.15 shows the parity, residual and absolute relative deviation plots for the kinetic
model when a first order and second order reaction was prescribed, respectively. From these
graphs it can be seen that the second order description of the reaction mechanism results in a
better parity plot as characterized by the concentrated spread of data points about the y = x line.
The first order representation under-predicts the outlet concentration of MTFMP at observed
concentrations above 70 mol-m (Figure 5.14). This was evident in the corresponding residual and
absolute relative deviation plot that showed a systematic trend which was an increase in the
magnitude of the deviation at greater observed concentrations and an average absolute relative
deviation of 66.31 %. The second order representation showed a greater scatter in the residual
deviation which is more desirable as it indicates an absence of a systematic error. The absolute
relative deviation plot also shows decreased absolute relative deviations (average absolute relative
deviation of 54.53 % which is lower than the first order model). From the results shown in
Figures 5.14 and 5.15 it was decided that a second order representation of the MTFMP reaction

mechanism was a better narrative of the observed data.
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Figure 5.14: Left - parity plot showing a comparison of predicted outlet concentration of methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) versus experimentally obtained
concentrations of MTFMP when considering the reaction as first order. Middle — residual deviation plot defined as difference between experimental and predicted concentrations of
MTFMP. Right — absolute relative deviation plot versus experimentally observed MTFMP concentrations. Average absolute relative deviation percentage of 66.31 %.
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Figure 5.15: Left - parity plot showing a comparison of predicted outlet concentration of methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) versus experimentally obtained
concentrations of MTFMP when considering the reaction as second order. Middle — residual deviation plot defined as difference between experimental and predicted concentrations of
MTFMP. Right — absolute relative deviation plot versus experimentally observed MTFMP concentrations. Average absolute relative deviation percentage of 54.53 %.
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C. Kinetic model results

The kinetic model did not provide a very good fit of experimental data with an average absolute
relative deviation percentage of 170.00 % over all 30 data points, as can be seen in Figure 5.16.
The absolute relative deviation plot shows that this average may be skewed by numerically larger
deviations at low experimentally observed concentrations which are in excess of 500 %. In the
absence of absolute relative deviations, below MTFMP concentrations of 50 mol-m, the average
absolute relative deviation percentage was 17.80 %. The model showed good congruency with
experimental data at observed concentrations between 75 and 200 mol-m. Conversely, the model
tended to over-estimate the concentration of MTFMP in the outlet at observed concentrations
below 50 mol-m which contributed to the negative deviations seen in the deviation plot of Figure
5.16. As with the HME kinetic model, 95% confidence limits on the regressed parameters were
found to be unsatisfactory, also varying by an order of magnitude. The motivation for which has
previously been detailed in Section 5.4.2 D.

Table 5.9: Kinetic parameter results of kinetic model for methyl-2,3,3,3-tetrafluoro-2-methoxypropionate
system.

Reference kinetic rate

constant Activation energy, Sechenov coefficient, Relative summed
mé-molt-s? x10° kJ-mol™ L-mol* square error
1.2892 40.0 0.8012 1.700
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Figure 5.16: Left - parity plot showing a comparison of predicted outlet concentration of methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) versus experimentally obtained
concentrations of MTFMP. Middle — residual deviation plot defined as difference between experimental and predicted concentrations of MTFMP. Right — absolute relative deviation plot
versus experimentally observed MTFMP concentrations. Initial guesses for kinetic model were reference kinetic rate constant of 1.2892x104 m®mol*-s™, activation energy of 40.0 kJ-mol-
1 and Sechenov coefficient of 0.8012 L-mol™?. Average absolute relative deviation percentage of 170.00 %. Average absolute relative deviation percentage of 17.80 % at experimental
MTFMP results greater than 50 mol.m,
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CHAPTER SIX
6. CONCLUSIONS & RECOMMENDATIONS

6.1 Conclusions

The objectives of this study were in line with the principle objectives of the Fluorochemical
Expansion Initiative i.e. the development of local fluorochemical technologies and products. This
study focused on the processing of fluorspar derivatives in the form of hexafluoropropene and
hexafluoropropene oxide, considerations of the reaction chemistry and identification of kinetic
models for the processes.

6.1.1  Organofluorine synthesis

A. Equipment validation

Experimental equipment was validated by observing the absorption of carbon dioxide in a sodium
hydroxide solution. Results showed mass transfer coefficients greater than similar experiments
conducted by Zhang et al., (2009). Increased rates of mass transfer were postulated to be due to
the formation of ripples on the microchannel which increased the interfacial area between the
valid phases. Enhanced mass transfer was deemed to be beneficial to the study and thus the

equipment was declared fit to conduct experiments.

B. HME synthesis

Considering first the synthesis of HME, preliminary investigations were conducted on a semi-
batch gas-liquid stirred tank reactor where hexafluoropropene gas was bubbled through 1.5 L of
methanol and dissolved amounts of potassium hydroxide for 30 min. There were 3 reaction
variables of interest in the preliminary investigations and these were hexafluoropropene mole
fraction in the feed, potassium hydroxide concentration and reaction temperature. A 3 factor
central composite design was used to conduct these experiments over a hexafluoropropene mole
fraction range of 0.41 to 0.83, a catalyst concentration range of 0.40 to 0.80 mol-L™! and a
reaction temperature range of 12.0 to 28.0 °C. HME and the associated by-products were

successfully synthesised in the glass reactor and were qualitatively analysed using gas
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chromatography-mass spectroscopy and quantitatively analysed using gas chromatography and
the internal standard quantification technique. Experimental yields of HME ranged from 19.21 to
53.32% with respect to the moles of hexafluoropropene gas introduced into the system over the
reaction period. The yields of the by-products were also quantified and the yield of alkenyl ether
was found to vary between 0.07 and 1.03% while alkyl tetrafluoropropionate varied from 2.42 to
5.10%.

The preliminary investigations also provided two very important findings and these were, firstly,
that negligible amounts of solid precipitate was formed at all reaction conditions which permitted
the use of a FFMR for the system and secondly, the trends observed in experimental results
allowed for a more appropriate operating envelope to be established for the FFMR experiments.

An additional observation from experiments conducted on the glass reactor was that temperature
control was inefficient for a highly exothermic reaction such as that of the HME system. A sharp
temperature increase was noted over the first 5 min of all experiments and this may decrease the
selectivity of the reaction when attempting to target an optimum operating region.

Experiments were then conducted on a FFMR which offers greater rates of heat and mass transfer
allowing for more stringent reaction temperature control and enhanced reaction rates. It was
desirable to operate at steady-state conditions for all experiments and this was found to be
achieved within the first 5 min of reactor start-up. The reactor was operated counter-currently in
order to make use of a high concentration driving force over the length of the reaction plate. There
were 4 reaction variables of interest in the FFMR experiments and these were hexafluoropropene
mole fraction in the feed, potassium hydroxide concentration, reaction temperature and liquid
flowrate. The ranges investigated for these parameters were between 0.17 and 0.88, 0.25 and 0.61
mol-L?, 2.0 to 22.0 °C and 0.50 to 5.50 mL-min* for the hexafluoropropene mole fraction in the
feed gas, potassium hydroxide concentration, reaction temperature and liquid flowrate
respectively. A 4 factor circumscribed central composite design was used to dictate the number of
experiments as well as the combination of reaction conditions. The amounts of HME as well as
the by-products were again quantified using gas chromatography and the internal standard method
to give yields of HME of between 11.60 and 68.00%. The by-products appeared in the reactor
product at yields between 0.11 and 6.99% for the alkenyl ether and 0.75 and 6.24% for the alkyl

tetrafluoropropionate.

The FFMR presented an easier method of synthesising HME via a continuous process, this
allowed for easier processing and handling of materials pre- and post-experimentation. The

favourable characteristics of the FFMR allowed for stringent reaction temperature control which
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aided repeatability of experiments as well as greater yields being observed in comparison to the

glass reactor results.

C. MTFMP system

MTFMP was similarly synthesized using a FFMR by passing hexafluoropropene oxide gas over a
methanol liquid solution with a dissolved alkali salt. Literature dictated that sodium hydroxide be
a suitable salt for the reaction but this to created blockages of microchannels as well as liquid exit
lines. Potassium hydroxide was used instead. The alternate salt proved to be a viable replacement
as MTFMP was successfully synthesized. The identification and quantification of the MTFMP
product used gas chromatography-mass spectroscopy and gas chromatography, respectively.

There were 4 reaction variables of interest in the MTFMP system and these were
hexafluoropropene oxide mole fraction in the feed, potassium hydroxide concentration, reaction
temperature and liquid flowrate. The ranges investigated for these parameters were between 0.16
and 0.84, 0.15 and 0.65 mol-L?, 30.0 to 40.0 °C and 0.50 to 5.50 mL-min?' for the
hexafluoropropene oxide mole fraction in the feed gas, potassium hydroxide concentration,
reaction temperature and liquid flowrate, respectively. A steady-state study was once again
conducted and it was found that the system reached steady-state within the first 5 min of
operation. Yields of MTFMP ranged from 0.00 to 23.62%. The low yields observed were due to a
combination of high liquid flowrate (which resulted in a low liquid residence time) and low mole
fractions of hexafluoropropene oxide in the gas (meaning insufficient reactant gas to drive the
production of MTFMP). Overall, considering the difficulties experienced with the system as well
as the low yields obtained, it was concluded that a FFMR may not be the most appropriate means
of synthesising MTFMP.

6.1.2 Kinetic model and parameter identification
A secondary objective of this study was to use the experimental results obtained from the FFMR
for both the systems and model the reactor from fundamental principles, in order to identify a

suitable kinetic model as well as previously unknown Kinetic parameters.

A. HME system

A set of generalised material balances were developed from fundamental principles. Both a
simple and a more complex description of the HME reaction mechanism were investigated. The
simple reaction mechanism description provided little insight into the interaction of the various
species thus the more elaborate description of the solution chemistry was opted for. This novel

reaction mechanism broke the reaction network into 5 reactions which were assumed to be
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forward and irreversible. There was no available literature on the kinetics of the 5 reactions and
the required rate constants and activation energies were solved for by least square non-linear
regression MATLAB® environment (version R2012b, The MathWorks, Inc.). The temperature
centreing internal scaling method was employed for both the HME and MTFMP systems which
meant that the reference kinetic rate constant, and not the reaction rate constant, was found by
regression of experimental data. A similar scaling method was also applied to the objective
function in the form of artificial weighting factors. The system was found to be very weakly
affected by the presence of salt in the liquid phase thus the Sechenov coefficient was eliminated to
reduce the number of fitting parameters from 9 to 8 for the system.

The kinetic model was eventually solved and results showed that the model performed
satisfactorily for HME in solution but did not perform as well for alkenyl ether and alkyl
tetrafluoropropionate in solution.

B. MTFMP system

A set of generalised material balances was developed from fundamental principles assuming. The
reaction mechanism for the synthesis of MTFMP was broken down into a two-step reaction
sequence. Each step was found to have equivalent rates after employing the steady-state
approximation to the pseudo present reaction intermediate. The generalised system of material
balances was then solved simultaneously in the MATLAB® environment (version R2012b, The
MathWorks, Inc.) with the unknown variables (fitting parameters) being regressed for in the

model.

In order to ascertain the combination of initial guesses which would result in the lowest summed
square error being observed a RSM analysis was conducted on the regression. The analysis
revealed that the kinetic model was sensitive to the second order response of reference kinetic rate
constant and the interaction between reference kinetic rate constant and Sechenov coefficient, it
was also invariable to the value of the activation energy. An initial guess of 40.0 kJ-mol?, 1.6x10-
4 m3mol st and 0.800 L-mol* was used for the activation energy, reference kinetic rate constant
and Sechenov coefficient, respectively. It was also found that a better representation of the system
was observed when the mechanism was considered to be second order with respect to the
concentration of potassium methoxide. The final values of the kinetic parameters were 40.0
kJ:mol?, 1.2892x10* m*mol™*-s* and 0.8012 L-mol* with an average absolute relative deviation
of 41.04 %.
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6.2 Recommendations

A. HME system

The HME showed promising results when synthesised on the FFMR, making use of the various
advantages of the reactor. HME is also a valuable fluorochemical and research into the
development of a continuous industrial scale process may be a very lucrative and profitable
venture. This is certainly possible with the wide variety of FFMRs available as well as the ease of
scale up of the process.

One source of error with regards to the kinetic model lies in the fact that experimental vapour-
liquid equilibrium data was not available for systems and the use of experimental data will

improve the accuracy of the predicted Henry’s Law constants.

B. MTFMP system

Although potassium hydroxide was used as an alkali salt to catalyse the MTFMP reaction a viable
alternative may be found in the use of pure sodium instead of sodium hydroxide. This may allow
for a decrease in the amount of salt formation as well as increase the yield of the reaction,
ultimately making the synthesis of MTFMP, using a FFMR, a viable initiative. This process may
then serve as the initial stages in the synthesis of TFVESs which can then be used as monomers and
comonomers to produce high value fluoroplastics.

C. General

For experimental data that exhibit some noise the experimental data may be passed through an
appropriate filter in order to reduce the noise but by still keeping the integrity of the data. One
such filter is the Savitzky-Golay filter (Savitzky and Golay, 1964). The smoothening of
experimental data may lead to more definitive trends allowing easier fitting and kinetic parameter

identification.

The kinetic model fits in this study were found to have large absolute relative percentage error
this may be due to the fact that multiple local minima exist and the global minima can be located
by optimizing the initial guesses. This was possible for the MTFMP system but not for the HME
system due to the large number of fitting parameters. Future work can focus on shifting reaction
conditions so that the reaction mechanism can be dominantly described by fewer reactions which

will require fewer fitting parameters and increase the accuracy of the resultant fit.
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APPENDICES
APPENDIX A: INSTRUMENT CALIBRATION RESULTS

A. Glass reactor instrument calibrations

Table A.1: Glass reactor nitrogen gas precision rotameter calibration data. Calibration conducted using a
200 mL bubble flow meter.

. Run 1, Run 2, Run 3,
Rotameter reading . . .

min min min
0.2 36.0 36.0 35.6
0.4 20.5 20.4 21.0
0.6 15.5 15.8 15.4
0.8 12.0 11.7 11.8
1.0 9.9 10.1 9.6
1.2 8.2 8.5 8.2
1.4 7.3 7.3 7.5
1.6 6.3 6.3 6.3
1.8 5.7 5.6 5.6
2.0 5.3 54 5.2

Table A.2: Glass reactor hexafluoropropene gas precision rotameter calibration data. Calibration conducted
using a 200 mL bubble flow meter.

. Run 1, Run 2, Run 3,
Rotameter reading . . .
min min min

15 0.371 0.366 0.371
30 0.275 0.270 0.270
45 0.215 0.214 0.213
60 0.181 0.176 0.180
75 0.155 0.154 0.156
90 0.139 0.139 0.139
105 0.128 0.128 0.129
120 0.111 0.114 0.116
135 0.109 0.105 0.107
150 0.099 0.098 0.095
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Figure A.1: Left — calibration plot of nitrogen gas precision rotameter used for the glass reactor experimental set-up. Middle — residual deviation plot defined as difference between
observed and predicted flow rates of nitrogen gas. Right — Absolute relative deviation percentage versus nitrogen gas volumetric flow rate. Calibration equation was y = 1089.5x +
130.84, linear regression presented with a R? value of 0.9976. Average absolute relative deviation percentage was 2.07 %.
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Figure A.2: Left — calibration plot of hexafluoropropene gas precision rotameter used for the glass reactor experimental set-up. Middle — residual deviation plot defined as difference
between observed and predicted flow rates of hexafluoropropene gas. Right — Absolute relative deviation percentage versus hexafluoropropene gas volumetric flow rate. Calibration
equation was y = 10.980 + 424.6444, linear regression presented with a R? value of 0.9946. Average absolute relative deviation percentage was 2.78 %.
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Table A. 3: Raw data of temperature calibration carried out on a WIKA CTH 6500 display and CTB 9100
thermostated oil bath for gas-liquid glass reactor experimental equipment.

Standard temperature (°C) Instrument display temperature (°C)
10 10.3
10 9.8
20 19.7
20 20.3
30 30.2
30 30.3
40 39.9
40 39.9
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Figure A. 3: Left — calibration plot of PT 100 temperature probe used for the glass reactor experimental set-up. Middle — residual deviation plot defined as difference standard temperature
bath and instrument display temperature. Right — Absolute relative deviation percentage versus standard temperature bath. Calibration equation was y = 0.100 + 0.9980, linear regression
presented with a R? value of 0.9996. Average absolute relative deviation percentage was 1.25 %.
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B. Falling film microreactor instrument calibrations

Table A.4: Falling film microreactor nitrogen gas precision rotameter calibration data. Calibration
conducted using a 50 mL bubble flow meter.

. Run 1, Run 2, Run 3,
Rotameter reading . . .
min min min

15 0.598 0.604 0.585
30 0.284 0.289 0.289
45 0.201 0.205 0.204
60 0.148 0.147 0.146
75 0.122 0.122 0.121

Table A.5: Falling film microreactor hexafluoropropene gas precision rotameter calibration data.
Calibration conducted using a 50 mL bubble flow meter.

. Run 1, Run 2, Run 3,
Rotameter reading . . .
min min min

15 0.531 0.543 0.529
30 0.265 0.266 0.267
45 0.187 0.188 0.188
60 0.145 0.146 0.148
75 0.120 0.119 0.120

Table A.6: Falling film microreactor hexafluoropropene oxide gas precision rotameter calibration data.
Calibration conducted using a 50 mL bubble flow meter.

. Run 1, Run 2, Run 3,
Rotameter reading i i i
min min min

15 0.488 0.492 0.494
30 0.249 0.252 0.250
45 0.179 0.180 0.181
60 0.144 0.148 0.147
75 0.122 0.121 0.122
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Figure A.5: Left — calibration plot of hexafluoropropene gas precision rotameter used for the falling film microreactor experimental set-up. Middle — residual deviation plot defined as
difference between observed and predicted flow rates of hexafluoropropene gas. Right — Absolute relative deviation percentage versus hexafluoropropene gas volumetric flow rate.
Calibration equation was y = 1.0692x + 4.1864, linear regression presented with a R? value of 0.9975. Average absolute relative deviation percentage was 3.07 %.
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Figure A.6: Left — calibration plot of hexafluoropropene oxide gas precision rotameter used for the falling film microreactor experimental set-up. Middle — residual deviation plot defined as
difference between observed and predicted flow rates of hexafluoropropene oxide gas. Right — Absolute relative deviation percentage versus hexafluoropropene oxide gas volumetric flow
rate. Calibration equation was y = 1.0135x + 7.6911, linear regression presented with a R2 value of 0.9920. Average absolute relative deviation percentage was 4.87 %.
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APPENDIX B: GAS CHROMATOGRAPHY CALIBRATION PLOTS

Table B.1: Raw 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) gas chromatograph calibration data for
the internal standard (IS) quantification method. n-Propanol was used as the internal standard.

. A
Observed area ratios (%)

Sample mass ratio (%) Is
1 Run 1 Run 2 Run 3
15.064 0.018 4.897 0.019
7.861 0.034 2.555 0.034
5.209 0.048 1.790 0.048
3.941 0.067 1.282 0.067
3.193 0.087 0.995 0.086

Table B.2: Raw methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) gas chromatograph calibration
data for the internal standard (1S) quantification method. n-Propanol was used as the internal standard.

. A
Sample mass ratio (w) Observed area ratios (—M:I*;MP)

1 Run 1 Run 2 Run 3
0.279 0.0617 0.0606 0.0607
0.209 0.0442 0.0447 0.0443
0.103 0.0217 0.0213 0.0216
0.135 0.0282 0.0278 0.0281
0.016 0.0028 0.0026 0.0027
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Figure B.1: Left - 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) gas chromatograph calibration plot for the internal standard quantification (1S) method on a Shimadzu 2010 GC using a
Restek® capillary column (30 m x 0.25 mm) coated with in a 0.25um layer of polyethylene glycol with helium as the carrier gas. Middle — residual deviation plot defined as difference between
observed and predicted mass ratios of HME to internal standard. Right — absolute relative percentage deviation plot versus HME and IS area ratio. Calibration equation was y = 3.1028x,
linear regression presented with a R? value of 0.9965. Average absolute relative deviation percentage was 2.83 %.
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Figure B.2: Left - methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) gas chromatograph calibration plot for the internal standard (IS) quantification method on a Shimadzu 2010 GC
using a Restek® capillary column (30 m x 0.25 mm) coated with in a 0.25um layer of polyethylene glycol with helium as the carrier gas. Middle — residual deviation plot defined as difference
between observed and predicted mass ratios of MTFMP to internal standard. Right — absolute relative deviation versus MTFMP and IS area ratio. Calibration equation was y = 4.6595x,
linear regression presented with a R? value of 0.9981. Average absolute relative deviation percentage was 5.96 %.
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A. Preliminary experiments

APPENDIX C: RAW DATA

Table C.1: Gas-chromatograph raw data for preliminary experiments on semi-batch gas-liquid stirred tank reactor for the for 1,1,2,3,3,3-hexafluoropropyl methyl ether.

Peak Exp. | Methanol HME AE IS AT Exp. | Methanol HME AE IS AT

Retention time (min) 1 1.687 1.788 1.863 2.648 4.825 1 1.756 1.849 1.972 2.635 4.721
Area 30791260 2187233 22886.7 62825516  122476.4 33187126 2318326 1230.6 43059325  168550.4
Retention time (min) 5 1.736 1.846 1.922 2.688 4.87 12 1.759 1.848 1.924 2.638 4.718
Area 23381626 2397549 9401.3 58375715  128290.6 34577721 1382301 57745 41671095  106517.9
Retention time (min) 3 1.752 1.845 1.918 2.638 4.719 13 1.752 1.837 1.912 2.644 4.715
Area 35853510 2481284 3954.2 45474791  192621.7 37497624 2262419 4301.2 45762361  160886.8
Retention time (min) 4 1.747 1.84 1.913 2.625 4.716 14 1.753 1.844 1.928 2.638 4.715
Area 35007550 2682710 3633.6 43704242  198805.5 34601665 1692113 10136.5 43721577  138236.8
Retention time (min) 5 1.742 1.842 1.916 2.609 4.712 15 1.727 1.817 1.892 2.609 4.7
Area 36196887 1138576 35456.7 43520502  110126.1 35445073 1971266 7143.7 44491550  161416.5
Retention time (min) 6 1.765 1.847 1.922 2.638 4.718 16 1.74 1.844 1.92 2.601 4.706
Area 41288017 1267618 19505.3 42940190 86544.1 28734413 1281436 2462.4 37597565 92671.8
Retention time (min) 7 1.76 1.849 1.923 2.643 4.718 17 1.752 1.842 1.917 2.639 4.713
Area 34586030 1448695 5114 42663106  107981.4 36628777 1386176 11071.4 45504012  114063.2
Retention time (min) 3 1.765 1.848 1.923 2.651 4.722 18 1.727 1.821 1.938 2.67 4.839
Area 39851960 1844951 4678.4 45764987  150071.6 32769871 1569309 277619 61332653  151955.9
Retention time (min) 9 1.756 1.848 1.924 2.628 4.714 19 1.773 1.836 1.91 2.379 4.843
Area 35966736 1083800 19444.3 43791746 85936.9 53687111 2566569  141835.7 974303  184541.3
Retention time (min) 10 1.75 1.842 1.917 2.623 4.717 20 1.755 1.836 1.911 2.519 4.841
Area 34640547 2454041 9623.9 42642346  191787.1 43201080 1858437 89960.1 21599554  148849.6
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Table C.2: Extended results for 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) preliminary experiments on semi-batch gas-liquid stirred tank reactor, HME analysis.

HME mass

Mass HME

Exp. Crudemassin ISmassin  HME mass fraction in Total mass of in crude Moles HME Volumetric flow rate Moles vield %
No. sample (g) sample (g)  in sample(g) sample reactor crude (g) © HFP (m3-s1x105) HFP
1 0.740 0.766 0.083 0.112 1301.10 145.486 0.799 + 0.0044 2.168 1.596 49.76 = 1.60
2 0.837 0.783 0.100 0.119 1296.44 154,553 0.849 + 0.0040 2.168 1.596 53.32 £ 1.69
3 0.854 0.471 0.080 0.093 1282.79 119.778 0.658 + 0.0023 2.168 1.596 40.58 = 1.30
4 0.857 0.475 0.090 0.106 1355.76 143.12 0.786 + 0.0025 2.168 1.596 48.78 £ 1.56
5 0.849 0.480 0.039 0.046 1236.31 56.739 0.312 = 0.0023 1.442 1.061 29.46 £ 1.41
6 0.822 0.475 0.044 0.053 1237.70 65.511 0.360 = 0.0023 1.442 1.061 33.62 + 1.62
7 0.811 0.484 0.051 0.063 1277.25 80.312 0.441 + 0.0025 1.442 1.061 41.00 £ 1.98
8 0.832 0.473 0.059 0.071 1258.95 89.526 0.492 + 0.0024 1.442 1.061 46.08 £ 2.20
9 0.831 0.479 0.037 0.044 1242.99 55.019 0.302 + 0.0023 1.194 0.879 35.02 + 1.98
10 0.844 0.470 0.084 0.099 1331.31 132.382 0.727 £ 0.0025 2.416 1.778 41.07 £ 1.16
11 0.833 0.489 0.082 0.098 1121.74 110.006 0.604 + 0.0022 1.805 1.329 4550 £ 1.73
12 0.827 0.465 0.048 0.058 1153.19 66.737 0.367 £ 0.0022 1.805 1.329 26.99 + 1.06
13 0.828 0.471 0.072 0.087 1098.06 95.815 0.526 + 0.0021 1.805 1.329 39.80 £ 1.51
14 0.834 0.484 0.058 0.070 1257.95 87.666 0.482 + 0.0024 1.805 1.329 36.48 £ 1.38
15 0.823 0.477 0.066 0.080 1279.69 101.964 0.560 + 0.0025 1.805 1.329 41.68 £ 1.61
16 0.831 0.478 0.051 0.061 1315.23 80.005 0.440 = 0.0025 1.805 1.329 32.64 + 1.27
17 0.827 0.490 0.046 0.056 1278.31 71.590 0.393 = 0.0025 1.805 1.329 28.11 + 1.14
18 0.921 0.487 0.039 0.042 1106.06 46.455 0.255 = 0.0019 1.805 1.329 19.21 + 0.74
19 0.839 0.479 0.052 0.062 1291.43 80.068 0.440 £ 0.0024 1.805 1.329 33.11 + 1.26
20 0.977 0.489 0.058 0.059 1022.63 60.335 0.332 + 0.0017 1.805 1.329 24.95 + 0.95
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Table C.3: Extended results for 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) preliminary experiments on semi-batch gas-liquid stirred tank reactor, alkenyl ether

(AE) analysis.
. AE mass AE mass . .
Exp. _Crude mass IS mass in insample fraction in Total mass of Mass AE in Moles AE Volumetrlgc flow gate Moles HEP vield %
No. insample (g)  sample (@) @ sample reactor crude (g) crude (g) HFP (m3-s*x10°)
1 0.740 0.766 0.00087 0.00117 1301.1 1.522 0.009 2.168 1.596 0.59 + 0.43
2 0.837 0.783 0.00039 0.00047 1296.44 0.606 0.004 2.168 1.596 0.23 + 0.96
3 0.854 0.471 0.00013 0.00015 1282.79 0.191 0.001 2.168 1.596 0.07 + 1.71
4 0.857 0.475 0.00012 0.00014 1355.76 0.194 0.001 2.168 1.596 0.07 = 1.93
5 0.849 0.480 0.00121 0.00143 1236.31 1.767 0.011 1.442 1.061 1.03 + 0.13
6 0.822 0.475 0.00067 0.00081 1237.7 1.008 0.006 1.442 1.061 0.59 = 0.23
7 0.811 0.484 0.00018 0.00022 1277.25 0.284 0.002 1.442 1.061 0.16 + 0.86
8 0.832 0.473 0.00015 0.00018 1258.95 0.227 0.001 1.442 1.061 0.13 + 1.03
9 0.831 0.479 0.00066 0.00079 1242.99 0.987 0.006 1.194 0.879 0.69 + 0.19
10 0.844 0.470 0.00033 0.00039 1331.31 0.519 0.003 2.416 1.778 0.18 + 0.75
11 0.833 0.489 0.00004 0.00005 1121.74 0.058 0.000 1.805 1.329 0.03 + 0.43
12 0.827 0.465 0.00020 0.00024 1153.19 0.279 0.002 1.805 1.329 0.13 + 0.92
13 0.828 0.471 0.00014 0.00017 1098.06 0.182 0.001 1.805 1.329 0.08 + 1.43
14 0.834 0.484 0.00035 0.00042 1257.95 0.525 0.003 1.805 1.329 0.24 + 0.56
15 0.823 0.477 0.00024 0.00029 1279.69 0.370 0.002 1.805 1.329 0.17 = 0.80
16 0.831 0.478 0.00010 0.00012 1315.23 0.154 0.001 1.805 1.329 0.07 + 1.84
17 0.827 0.490 0.00037 0.00045 1278.31 0.572 0.004 1.805 1.329 0.27 = 0.54
18 0.921 0.487 0.00068 0.00074 1106.06 1.485 0.009 1.805 1.329 0.69 + 0.29
19 0.839 0.479 0.00018 0.00021 1291.43 0.474 0.003 1.805 1.329 0.22 + 1.07
20 0.977 0.489 0.00015 0.00016 1022.63 0.947 0.006 1.805 1.329 0.44 + 1.29
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Table C.4: Extended results for 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) preliminary experiments on semi-batch gas-liquid stirred tank reactor, alkyl

tetrafluoropropionate (AT) analysis.

Iilxp. .Crude mass IS mass in iﬁ-ls:arrnni)sise fg;irgﬁsisn Total mass of Mass AT in Moles AT Volumetrisc ﬂow rsate Moles HEP vield %
0. insample (g)  sample () @) sample reactor crude (g) crude (g) HFP (m?3-sx10°)
1 0.740 0.766 0.005 0.006 1301.100 8.147 0.051 2.168 1596 3.19 + 0.27
2 0.837 0.783 0.005 0.006 1296.440 8.270 0.052 2.168 1596 3.24 + 0.78
3 0.854 0.471 0.006 0.007 1282.790 9.298 0.058 2.168 1596 3.64 + 0.23
4 0.857 0.475 0.007 0.008 1355.760 10.606 0.066 2.168 1596 4.15 + 0.49
5 0.849 0.480 0.004 0.004 1236.310 5.488 0.034 1.442 1.061 3.23 + 0.33
6 0.822 0.475 0.003 0.004 1237.700 4.473 0.028 1.442 1.061 2.63 + 0.59
7 0.811 0.484 0.004 0.005 1277.250 5.986 0.037 1.442 1.061 3.53 + 0.53
8 0.832 0.473 0.005 0.006 1258.950 7.282 0.046 1.442 1.061 4.29 + 0.15
9 0.831 0.479 0.003 0.004 1242.990 4.363 0.027 1.194 0.879 3.10 £ 0.37
10 0.844 0.470 0.007 0.008 1331.310 10.346 0.065 2.416 1.778 3.64 + 0.64
11 0.833 0.489 0.006 0.007 1121.740 7.998 0.050 1.805 1.329 3.76 + 0.19
12 0.827 0.465 0.004 0.004 1153.190 5.143 0.032 1.805 1329 242 + 0.38
13 0.828 0.471 0.005 0.006 1098.060 6.814 0.043 1.805 1329 3.21 + 0.29
14 0.834 0.484 0.005 0.006 1257.950 7.162 0.045 1.805 1.329 3.37 + 0.63
15 0.823 0.477 0.005 0.007 1279.690 8.349 0.052 1.805 1.329 3.93 + 0.16
16 0.831 0.478 0.004 0.004 1315.230 5.786 0.036 1.805 1329 2.72 + 0.37
17 0.827 0.490 0.004 0.005 1278.310 5.801 0.037 1.805 1329 2.77 + 031
18 0.921 0.487 0.007 0.007 1106.060 8.142 0.051 1.805 1.329 3.83 + 0.57
19 0.839 0.479 0.007 0.008 1291.430 10.842 0.068 1.805 1.329 5.10 + 0.32
20 0.977 0.489 0.009 0.010 1022.630 9.843 0.062 1.805 1.329 4.63 + 0.23
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B. FFMR experiments

Table C.5: Gas-chromatograph raw data for central composite design experiments on the falling film micro reactor for the 1,1,2,3,3,3-hexafluoropropyl methyl ether

system.

Peak Exp. | Methanol HME AE IS AT Exp. | Methanol HME AE 1S AT
Retention time (min) 1 1.673 1.794 1.908 2.736 4.678 16 1.72 1.802 1.876 2.647 4.679
Area 21293996.3 869239.2 21312.3  91060869.1  72168.6 42014194  1776040.7  98011.1 58150447  130400.2
Retention time (min) 5 1.776 1.846 1.967 2.704 4.712 17 1.771 1.846 1.92 2.622 4,711
Area 49844591.4  843401.6 60816.5 61369356.2  64758.3 46101651.7 2241694.1 165510.6 39646601  163862.9
Retention time (min) 3 1.731 1.839 1.914 2.717 4.712 18 1.748 1.845 1.92 2.741 471
Area 30197238.3 31289224 154090.6 70605718.4 283055.5 32136517.5 1487109 83803.1 71768546  95087.4
Retention time (min) 4 1.724 1.827 1.903 2.643 4.691 19 1.765 1.845 1.92 2.648 4.712
Area 29680879.7 1422856.8 155495.1 52764606.4 111192.2 43601434.4 20395599 183435.7 46912208 151937.6
Retention time (min) 5 1.756 1.839 1.913 2.647 4.697 20 1.775 1.848 1.922 2.633 4.712
Area 40714566.6 12833289  76147.2  50257327.9 122171 48402053.9 22981379 117901.8 42445449  169156.8
Retention time (min) 6 1.758 1.833 1.909 2.635 4.693 2 1.774 1.845 1.921 2.68 4.709
Area 45623541.7  726639.5 45927 46787149.3 52382 48550022.8 432309.1 20763.2 55403613  35498.6
Retention time (min) 7 1.761 1.839 1.912 2.64 4711 29 1.761 1.845 1.918 2.601 4.716
Area 45731932.8 3719685  257594.4 48187840.8 399379.3 42227503.8 38810945 301873.2 37747871  304608.9
Retention time (min) 8 1.761 1.838 1.912 2.653 4.701 23 1.757 1.848 1.919 2.625 4.705
Area 46390396.9 2084437.1 114602.7 52222868.4 144579.4 38581694.5 6796454.6 602873.3 43999914  157387.1
Retention time (min) 9 1.755 1.845 1.92 2.712 4711 24 1.751 1.84 1.917 2.6 4,703
Area 36594410.5 1998944  148549.3 64442036.9 141880.1 40054499.1 1027974.1  31076.5 38957539 70530
Retention time (min) 10 1.774 1.846 1.921 2.657 4714 25 1.77 1.846 1.921 2.616 4.707
Area 46998705.8 849626 22497.3 483947943  56839.3 46068482.6 20926049  37190.4 39748622 165785.4
Retention time (min) 1 1.72 1.802 1.876 2.647 4.679 26 1.769 1.845 1.919 2.619 4.708
Area 42014194  1776040.7  98011.1  58150446.9 130400.2 45420818.1 1805675.3 123093.9 40498884  169682.2
Retention time (min) 12 1.771 1.846 1.92 2.622 4711 97 1.682 1.757 1.83 2.557 4.658
Area 46101651.7 2241694.1 165510.6 39646600.8 163862.9 45694862.8 21291889 163079.8 45693588  156960.1
Retention time (min) 13 1.748 1.845 1.92 2.741 471 28 1.732 1.817 1.892 2.563 4.685
Area 32136517.5 1487109 83803.1 71768546.2 95087.4 39114151  1993585.3 109297.4 35034881  151658.8
Retention time (min) 1 1.765 1.845 1.92 2.648 4.712 29 1.746 1.845 1.921 2.607 4.702
Area 43601434.4 2039559.9 183435.7 46912208.4 151937.6 40824035.9 1940662.7 69702 45095598  149234.2
Retention time (min) 15 1.775 1.848 1.922 2.633 4.712 30 1.762 1.828 1.901 2.601 4.706
Area 484020539 22981379 117901.8 424454491 169156.8 55193550.9 2703052.1 154049.5 39335672 201576.6
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Table C.6: Extended results for 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) central composite design experiments on falling film microreactor, HME analysis.

Crude . HME mass HME mass . HME
Exp. mass in IS mass in insample  fraction in Total mass of Mass HME Moles HME Volumetr|3c f}ow reate Moles Concentration Yield %
No sample (g) reactor crude (g)  in crude (g) HFP (m?3-s1x10°) HFP 3
sample (g) (9) sample (mol-m™)

1 0.953 0.557 0.016 0.017 46.265 0.801 0.126 + 7.74x10° 0.515 0.038 83.83 11.60 + 0.30
2 0.731 0.518 0.022 0.030 110.398 3.336 0.216 + 2.49x10* 0.515 0.038 143.76 48.32 + 1.05
3 0.798 0.683 0.094 0.118 46.456 5.468 0.858 + 1.33x10* 1.050 0.077 572.29 38.88 + 0.36
4 0.769 0.605 0.051 0.066 121.662 8.009 0.518 + 3.16x10* 1.050 0.077 345.12 56.93 + 0.62
5 0.910 0.563 0.045 0.049 46.643 2.286 0.359 + 9.70x10° 0.515 0.038 239.28 33.12 £ 0.61
6 1.021 0.500 0.024 0.024 116.373 2.746 0.178 + 1.81x10* 0.515 0.038 118.35 39.78 + 0.82
7 1.067 0.519 0.124 0.116 98.509 11.476 0.621 + 1.62x10* 1.050 0.077 414.29 4221 = 0.71
8 0.954 0.504 0.062 0.065 50.157 3.282 0.433 + 8.76x10° 1.050 0.077 288.81 7147 £ 0.22
9 0.864 0.536 0.052 0.060 49.647 2.964 0.465 + 1.00x10* 0.515 0.038 310.24 42,94 + 0.77
10 0.894 0.507 0.028 0.031 111.395 3.441 0.222 + 2.04x10* 0.515 0.038 148.30 49.85 + 1.00
11 0.960 0.502 0.113 0.118 48.047 5.680 0.892 + 8.39x10° 1.050 0.077 594.43 40.38 + 0.35
12 0.947 0.558 0.060 0.063 116.107 7.365 0.476 + 2.22x10* 1.050 0.077 317.37 52.36 + 0.52
13 0.950 0.593 0.046 0.049 42.266 2.064 0.324 + 8.53x10° 0.515 0.038 216.04 29.90 £+ 0.55
14 0.872 0.474 0.019 0.022 116.113 2.587 0.167 + 2.08x10* 0.515 0.038 111.50 37.48 + 0.84
15 1.007 0.484 0.114 0.113 46.372 5.263 0.826 + 7.56x10° 1.050 0.077 550.78 3741 £ 0.32
16 0.851 0.489 0.046 0.054 121.106 6.595 0.426 + 2.26x10* 1.050 0.077 284.20 46.88 + 0.49
17 1.062 0.452 0.079 0.075 86.407 6.452 0.591 + 1.20x10* 0.783 0.058 393.89 61.53 + 0.71
18 0.706 0.708 0.046 0.064 84.174 5.427 0.497 + 2.77x10* 0.783 0.058 331.33 51.76 + 0.75
19 0.956 0.482 0.065 0.068 82.165 5.588 0.512 + 1.41x10* 0.783 0.058 341.17 53.30 + 0.64
20 1.096 0.356 0.060 0.055 85.941 4.690 0.429 + 9.43x10° 0.783 0.058 286.30 4473 + 0.52
21 0.954 0.565 0.014 0.014 80.883 1.160 0.106 + 1.45x10* 0.248 0.018 70.80 3491 + 1.48
22 1.151 0.437 0.139 0.121 89.847 10.882 0.997 + 1.18x10* 1.317 0.097 664.37 61.67 + 0.42
23 1.191 0.424 0.203 0.171 17.484 2.983 1.639 + 2.20x10° 0.783 0.058 1092.74 28.45 + 0.32
24 1.022 0.482 0.039 0.039 149.696 5.780 0.289 + 2.39x10* 0.783 0.058 192.48 55.13 + 0.74
25 1.053 0.418 0.068 0.065 84.044 5.450 0.499 + 1.11x10* 0.783 0.058 332.71 51.98 + 0.61
26 1.097 0.290 0.078 0.071 55.530 3.873 0.355 + 4.80x10° 0.783 0.038 236.43 55.40 + 0.63
27 1.039 0.506 0.073 0.070 88.517 6.233 0.571 + 1.41x10* 0.783 0.058 380.51 59.44 + 0.70
28 1.112 0.402 0.071 0.064 87.964 5.615 0.514 + 1.07x10* 0.783 0.058 342.77 53.55 + 0.62
29 0.950 0.487 0.065 0.068 104.157 7.130 0.653 + 1.77x10* 0.783 0.071 435.26 55.13 + 0.66
30 1.106 0.378 0.081 0.073 85.405 6.224 0.570 + 9.71x10° 0.783 0.058 379.95 59.36 + 0.68
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Table C.7: Extended results for 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) central composite design experiments on falling film microreactor, alkenyl ether (AE)

analysis.
Crude . AEmass  AEmass Total mass . Volumetric AE
Exp. No. mass in ;imn;)allzs(;;r; in sample _fraction of reactor N(I:?EZEAé)m MXIIEES flow rate HFP l\|/|_|c|J:Igs Concentration Yield % Iﬁgr?]%lgrs RIZ:gOiVn:e
sample (g) (9) insample  crude (g) (m?3-s1x108) (mol'm)
1 0.953 0.557 0 0 46.265 0.02 0.0001 0.515 0.038 0.32 0.32 £ 0.25 6.30 Laminar
2 0.731 0.518 0.002 0.002 110.398 0.241 0.0015 0.515 0.038 391 391 £ 0.76 15.30 Laminar
3 0.798 0.683 0.005 0.006 46.456 0.269 0.0017 1.05 0.077 2.15 2.15 £ 0.20 6.30 Laminar
4 0.769 0.605 0.006 0.007 121.662 0.875 0.0054 1.05 0.077 6.99 6.99 + 0.46 15.30 Laminar
5 0.91 0.563 0.003 0.003 46.643 0.136 0.0008 0.515 0.038 2.21 2.21 + 0.28 6.30 Laminar
6 1.021 0.5 0.002 0.001 116.373 0.174 0.0011 0.515 0.038 2.82 2.82 + 0.55 15.30 Laminar
7 1.067 0.519 0.009 0.008 98.509 0.795 0.0049 1.05 0.077 6.35 0.11 + 0.23 6.30 Laminar
8 0.954 0.504 0.003 0.004 50.157 0.18 0.0011 1.05 0.077 1.44 0.65 £+ 0.12 15.30 Laminar
9 0.864 0.536 0.004 0.004 49.647 0.22 0.0014 0.515 0.038 3.58 3.58 + 0.31 7.30 Laminar
10 0.894 0.507 0.001 0.001 111.395 0.091 0.0006 0.515 0.038 1.48 1.48 + 0.63 17.74 Laminar
11 0.96 0.502 0.008 0.008 48.047 0.377 0.0023 1.05 0.077 3.01 3.01 £ 0.12 7.30 Laminar
12 0.947 0.558 0.002 0.002 116.107 0.2 0.0012 1.05 0.077 1.6 1.60 + 0.33 17.74 Laminar
13 0.95 0.593 0.001 0.002 42.266 0.064 0.0004 0.515 0.038 1.04 1.04 + 0.25 7.30 Laminar
14 0.872 0.474 0.001 0.001 116.113 0.106 0.0007 0.515 0.038 1.73 1.73 + 0.61 17.74 Laminar
15 1.007 0.484 0.007 0.007 46.372 0.306 0.0019 1.05 0.077 2.44 244 + 0.11 7.30 Laminar
16 0.851 0.489 0.003 0.003 121.106 0.364 0.0023 1.05 0.077 291 291 + 0.33 17.74 Laminar
17 1.062 0.452 0.006 0.006 86.407 0.476 0.0029 0.783 0.058 5.1 5.10 + 0.24 9.98 Laminar
18 0.706 0.708 0.003 0.004 84.174 0.306 0.0019 0.783 0.058 3.28 3.28 £ 0.55 13.42 Laminar
19 0.956 0.482 0.006 0.006 82.165 0.503 0.0031 0.783 0.058 5.39 5.39 + 0.27 11.65 Laminar
20 1.096 0.356 0.003 0.003 85.941 0.241 0.0015 0.783 0.058 2.58 2.58 + 0.18 11.65 Laminar
21 0.954 0.565 0.001 0.001 80.883 0.056 0.0003 0.248 0.018 1.88 1.88 + 1.00 11.65 Laminar
22 1.151 0.437 0.011 0.009 89.847 0.846 0.0052 1.317 0.097 5.39 5.39 + 0.14 11.65 Laminar
23 1.191 0.424 0.018 0.015 17.484 0.265 0.0016 0.783 0.058 2.84 2.84 + 0.05 1.94 Laminar
24 1.022 0.482 0.001 0.001 149.696 0.175 0.0011 0.783 0.058 1.87 1.87 + 0.46 21.35 Laminar
25 1.053 0.418 0.001 0.001 84.044 0.097 0.0006 0.783 0.058 1.04 337 £ 0.21 11.65 Laminar
26 1.106 0.383 0.004 0.003 55.53 0.266 0.0016 0.783 0.058 2.85 0.44 + 0.18 11.65 Laminar
27 1.039 0.506 0.006 0.005 88.517 0.477 0.003 0.783 0.058 5.12 5.12 + 0.28 11.65 Laminar
28 1.112 0.402 0.004 0.004 87.964 0.308 0.0019 0.783 0.058 3.3 330 £ 0.21 11.65 Laminar
29 0.95 0.487 0.002 0.002 104.157 0.256 0.0016 0.783 0.071 2.22 2.74 + 0.28 11.65 Laminar
30 1.106 0.378 0.005 0.004 85.405 0.355 0.0022 0.783 0.058 3.8 3.80 £ 0.19 11.65 Laminar
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Table C.8: Extended results for 1,1,2,3,3,3-hexafluoropropyl methyl ether (HME) central composite design experiments on falling film microreactor, alkyl
tetrafluoropropionate (AT) analysis.

Crudg IS mass in AT mass AT mass Total mass Mass AT Moles Volumetric Moles AT _ _ Reynolds Flow
Exp. No. mass in sample (g) in fractionin  of reactor in crude AT flow rate HFP HEP Concentration Yield % Number Regime
sample (g) sample(g) sample crude (g) (9) (m?3-s1x105) (mol-m)
1 0.953 0.557 0.001 0.001 46.265 0.067 0.0004 0.515 0.038 0.32 1.10 £ 0.27 8.96 Laminar
2 0.731 0.518 0.002 0.002 110.398 0.256 0.0016 0.515 0.038 3.91 4.22 + 0.77 21.77 Laminar
3 0.798 0.683 0.009 0.011 46.456 0.495 0.0031 1.05 0.077 2.15 4.00 £ 0.20 8.96 Laminar
4 0.769 0.605 0.004 0.005 121.662 0.626 0.0039 1.05 0.077 6.99 5.06 + 0.47 21.77 Laminar
5 0.91 0.563 0.004 0.005 46.643 0.218 0.0014 0.515 0.038 2.21 3.59 + 0.29 8.96 Laminar
6 1.021 0.5 0.002 0.002 116.373 0.198 0.0012 0.515 0.038 2.82 3.26 £ 0.57 21.77 Laminar
7 1.067 0.519 0.013 0.013 98.509 1.232 0.0077 1.05 0.077 6.35 3.70 + 0.25 8.96 Laminar
8 0.954 0.504 0.004 0.005 50.157 0.228 0.0014 1.05 0.077 1.44 6.24 + 0.13 21.77 Laminar
9 0.864 0.536 0.004 0.004 49.647 0.21 0.0013 0.515 0.038 3.58 3.47 + 0.31 9.53 Laminar
10 0.894 0.507 0.002 0.002 111.395 0.23 0.0014 0.515 0.038 1.48 3.79 + 0.63 23.13 Laminar
11 0.96 0.502 0.009 0.01 48.047 0.467 0.0029 1.05 0.077 3.01 3.78 £ 0.13 9.53 Laminar
12 0.947 0.558 0.005 0.005 116.107 0.566 0.0035 1.05 0.077 1.6 458 + 0.34 23.13 Laminar
13 0.95 0.593 0.004 0.004 42.266 0.179 0.0011 0.515 0.038 1.04 2.95 + 0.27 9.53 Laminar
14 0.872 0.474 0.002 0.002 116.113 0.221 0.0014 0.515 0.038 1.73 3.64 + 0.62 23.13 Laminar
15 1.007 0.484 0.009 0.008 46.372 0.393 0.0025 1.05 0.077 2.44 3.18 + 0.11 9.53 Laminar
16 0.851 0.489 0.003 0.004 121.106 0.484 0.003 1.05 0.077 291 3.92 + 0.34 23.13 Laminar
17 1.062 0.452 0.006 0.005 86.407 0.472 0.003 0.783 0.058 5.1 5.12 + 0.25 14.90 Laminar
18 0.706 0.708 0.003 0.004 84.174 0.347 0.0022 0.783 0.058 3.28 3.76 + 0.56 16.82 Laminar
19 0.956 0.482 0.005 0.005 82.165 0.416 0.0026 0.783 0.058 5.39 452 + 0.27 15.85 Laminar
20 1.096 0.356 0.004 0.004 85.941 0.345 0.0022 0.783 0.058 2.58 3.74 £ 0.18 15.85 Laminar
21 0.954 0.565 0.001 0.001 80.883 0.095 0.0006 0.248 0.018 1.88 3.26 + 1.00 15.85 Laminar
22 1.151 0.437 0.011 0.01 89.847 0.854 0.0053 1.317 0.097 5.39 551 + 0.14 15.85 Laminar
23 1.191 0.424 0.005 0.004 17.484 0.069 0.0004 0.783 0.058 2.84 0.75 + 0.04 2.64 Laminar
24 1.022 0.482 0.003 0.003 149.696 0.397 0.0025 0.783 0.058 1.87 4.30 + 0.46 29.05 Laminar
25 1.053 0.418 0.005 0.005 84.044 0.432 0.0027 0.783 0.058 1.04 4.68 + 0.22 15.85 Laminar
26 1.106 0.383 0.005 0.005 55.53 0.367 0.0023 0.783 0.058 2.85 470 + 0.19 15.85 Laminar
27 1.039 0.506 0.005 0.005 88.517 0.459 0.0029 0.783 0.058 5.12 498 + 0.29 15.85 Laminar
28 1.112 0.402 0.005 0.005 87.964 0.427 0.0027 0.783 0.058 3.3 463 £ 0.21 15.85 Laminar
29 0.95 0.487 0.005 0.005 104.157 0.548 0.0034 0.783 0.058 2.22 5.95 + 0.35 15.85 Laminar
30 1.106 0.378 0.006 0.005 85.405 0.464 0.0029 0.783 0.058 3.8 5.04 £ 0.20 15.85 Laminar
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Table C.9: Gas-chromatograph raw data for central composite design experiments on the falling film micro reactor for the for methyl-2,3,3,3-tetrafluoro-2-
methoxypropionate.

Peak Exp. Methanol HME AE Exp. Methanol HME AE
Retention time (min) 1 2.591 4.313 4.869 16 2.768 4.785 5.185
Area 56057731.6 22036816.2 298913.6 52776958 36510174 574849.5
Retention time (min) ) 3471 5.513 0 17 3.436 5.405 5.735
Area 58621825.1 23782869.6 0 48926379 32951522 421455.4
Retention time (min) 3 3.436 5.547 5.943 18 3.435 5.409 5.737
Area 44708845.6 32148594 589544.3 46334476 33657442 340048.4
Retention time (min) 4 3.484 5.521 5.94 19 3.436 5.363 5.729
Area 58588331.3 24288711.2 385031.5 52018305 20999332 299099.5
Retention time (min) 5 3.436 5.503 5.92 20 3.459 5.421 5.737
Area 52037698.7 21754454.5 100044.4 55710776 37043166 452073.1
Retention time (min) 6 3.618 5.531 6.169 21 3.446 5.369 6.263
Area 97353119.3 73629160.2 7188.9 50356402 22695428 14525.3
Retention time (min) 7 3.487 5.402 5.754 29 3.459 5.383 5.743
Area 59267524.8 29392786.4 785907.1 51931838 26211787 651408.2
Retention time (min) 8 3.492 5.4 5.755 23 3.457 5.429 5.731
Area 59726464.1 28467469.2 655791 52231019 35443274 486878.6
Retention time (min) 9 3.451 5.368 5.738 24 3.491 5.389 5.737
Area 57134313.4 217127145 353485.1 59376763 27090719 77999.6
Retention time (min) 10 3.408 5.377 0 25 3.464 5.405 5.739
Area 58094226.7 30723532.7 0 55072422 30898773 444322.1
Retention time (min) 1 3.457 5.41 5.746 26 3.487 5.405 5.742
Area 49521481.2 30717845.7 476762.3 62963776 33674550 533082.1
Retention time (min) 12 3.496 5.395 5.753 97 3.498 5.416 5.746
Area 61047697.3 28963277.9 492520.4 62986743 35014334 530027.3
Retention time (min) 13 3.705 5.476 5.754 28 3.433 5.398 5.739
Area 139702508.1 42380825.1 283243.1 46441617 32539808 399332.8
Retention time (min) 1 3.337 5.312 5.861 29 3.474 5.415 5.746
Area 18404020.5 6865606.5 325.1 56269182 35678507 476006.6
Retention time (min) 15 3.458 5.398 5.751 30 3.473 5.394 5.742
Area 49252033.4 26844369.5 627879.4 55820662 28381899 452507.2
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Table C.10: Extended results for methyl-2,3,3,3-tetrafluoro-2-methoxypropionate (MTFMP) central composite design experiments on falling film microreactor, MTFMP

analysis.

. . MTFMP  MTFMP mass Mass . MTFMP

Exp. Crudemassin IS massin . . Total mass of . Moles Volumetric flow rate Moles . .

NoO sample (g) sample (g) mass in fraction in reactor crude (g) MTFMP in MTEMP HEPO (mdsix10°) HEPO Concentration Yield %

' sample(g) sample crude (g) (mol'm™)

1 0.977 0.226 0.014 0.015 29.200 0.426 0.002 0.497 0.024 63.99 9.19 + 0.25
2 1.053 0.241 0.000 0.000 70.630 0.000 0.000 0.497 0.024 0.00 Not observed
3 0.935 0.367 0.031 0.034 27.710 0.931 0.005 1.004 0.049 139.87 9.94 + 0.47
4 0.899 0.256 0.019 0.021 70.460 1.479 0.008 1.004 0.049 91.55 15.80 + 0.72
5 1.087 0.243 0.005 0.005 29.440 0.141 0.001 0.497 0.024 21.19 3.04 + 1.13
6 0.951 0.355 0.000 0.000 71.100 0.012 0.000 0.497 0.024 0.75 Not observed
7 1.037 0.266 0.033 0.032 30.060 0.958 0.005 1.004 0.049 144.05 10.24 + 0.89
8 0.994 0.281 0.030 0.030 72.970 2.212 0.012 1.004 0.049 136.88 23.62 + 0.26
9 1.038 0.220 0.017 0.016 27.380 0.439 0.002 0.497 0.024 66.00 9.48 + 0.91
10 0.996 0.317 0.000 0.000 70.720 0.000 0.000 0.497 0.024 0.00 Not observed
11 1.058 0.332 0.024 0.023 27.950 0.635 0.003 1.004 0.049 95.44 6.78 + 0.52
12 0.977 0.268 0.021 0.022 67.590 1.471 0.008 1.004 0.049 91.02 15.71 + 0.65
13 0.998 0.155 0.005 0.005 29.730 0.143 0.001 0.497 0.024 21.56 3.10 + 0.82
14 1.080 0.211 0.000 0.000 70.250 0.003 0.000 0.497 0.024 0.19 Not observed
15 0.966 0.323 0.035 0.036 30.290 1.103 0.006 1.004 0.049 165.83 11.79 + 0.42
16 0.953 0.369 0.027 0.028 72.270 2.055 0.011 1.004 0.049 127.18 21.95 + 0.60
17 0.926 0.358 0.021 0.023 53.080 1.223 0.006 0.750 0.037 107.26 17.48 + 1.01
18 0.935 0.384 0.018 0.019 43.030 0.831 0.004 0.750 0.037 72.88 11.88 + 0.94
19 1.073 0.223 0.015 0.014 49.320 0.679 0.004 0.750 0.037 59.57 9.71 + 0.85
20 0.917 0.358 0.020 0.022 50.820 1.127 0.006 0.750 0.037 98.81 16.11 + 0.75
21 0.966 0.256 0.001 0.001 49.500 0.039 0.000 0.243 0.012 3.43 1.73 £ 0.20
22 0.987 0.269 0.031 0.032 43.840 1.383 0.007 1.257 0.062 121.25 11.79 + 0.58
23 0.973 0.317 0.020 0.021 8.830 0.184 0.001 0.750 0.037 96.74 2.63 + 0.46
24 1.103 0.282 0.004 0.003 80.790 0.277 0.001 0.750 0.037 13.25 3.96 + 2.57
25 1.001 0.304 0.020 0.020 48.430 0.986 0.005 0.750 0.037 86.47 14.09 + 0.82
26 0.911 0.284 0.021 0.023 48.460 1.112 0.006 0.750 0.037 97.52 15.90 + 0.85
27 1.039 0.301 0.021 0.020 48.110 0.985 0.005 0.750 0.037 86.34 14.07 £ 0.93
28 0.913 0.352 0.020 0.022 48.720 1.075 0.006 0.750 0.037 94.28 15.37 £ 0.90
29 0.939 0.367 0.023 0.024 48.000 1.166 0.006 0.750 0.037 102.19 16.66 + 0.90
30 0.934 0.280 0.021 0.022 47.630 1.062 0.006 0.750 0.037 93.11 15.18 + 0.91
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APPENDIX D: SAMPLE CALCULATIONS

A. Yield computation

The internal standard quantification technique was used to determine the mass of HME, alkenyl
ether and alkyl tetrafluoropropionate in the reaction product, execution of this technique require
that Equation 5.1 be rearranged and the My, xnown being solved for. For example, if the unknown
was HME then applying this technique to Experiment number 1 of the HME central composite
design experiments for the FFMR:

"7
Merude Mis Area ratlo(%) M Total
0.953 0.557 0.01 46.275
Munknown = 3.1208 X M“X—T:"m X Mg = 3.1208 X 0.010 X 0.557 = 0.016 g D.1

Then the mass fraction of the HME layer in the crude sample is:

M 0.016
XHME — HME — ——— — 0.017 D.2
Mcrude 0.953

Thus the mass of HME in the reactor vessel, where M ;,.,; IS the total mass of the reactor
contents:

MuME Total = XHME = M Total D.3

(0.012) - (46.275)

0.801g

Number of moles of HME produced:

Mymg _ 0.801

N yme = MMz = 182.06 = 0.004 mol D.4

Number of moles of HFP introduced into reactor at reactor conditions:

PV _ _ (101325)(0.515x10

—6
N yrp = ﬁ ' ) -30 = 0.038 mol D.4

(8.314)-(25+273.15)

146



0.004

B. Physical parameters

Various physical parameters were required in the kinetic model, a convenient means of estimating

these parameters lies in the use of empirical correlations available in the open literature.
Viscosity:

The kinematic viscosity of methanol was required to calculate the mean velocity of the liquid film
(Equation 2.5) as well as its diffusivity, this may be obtained by simply dividing the dynamic
viscosity of a fluid by its mass density. The viscosity of methanol was estimated using the

following correlation:

1789.2
T

1L = exp (—25.317 + 2.069 1n(T)) D.5
For example, at a temperature of 300 K, u is found to be 5.25x10* Pa-s. At the same temperature
the density of methanol is 770.467 kg-m and the kinematic viscosity is:

5.25x10~% _ _
v=E=22%" _—682%x107m? 57! D.6
p 770.467

Diffusivity:

Diffusivities of species where necessary at various points in the model, the diffusivity of
hexafluoropropene in the liquid phase under dilute conditions was estimated by using the method
of Wilke and Chang (1955) as seen in Equation D.7 below (Green, 2008):

16T ‘M
Dyppp = 1.1728 x 10716 (XMeth MeAt(l]lz;nol) D7
' HMethanol VHEp

Where yue:n IS the association parameter which is equal to 1.9 for methanol, Myetnanot 1S the
molar mass of methanol, Uy etnano: 1S the Viscosity of methanol and Vgp is the specific volume

of hexafluoropropene and is 0.0432 L-mol .

147



The second type of diffusivity which was required was that of potassium methoxide. Potassium
methoxide behaves as an electrolyte in solution and thus its diffusivity was calculated using the

Nernst-Haskell equation for binary electrolyte mixtures (Henley et al., 2011).

1 1
_ RT\E“‘LT_

DmMetnp = 7= D.3

1 1
_+_
0 0
PUIPY

F is Faraday’s constant 96485.34 A-s'mol?, n, is the valance charge of the cation and anion
respectively and A?i is the limiting ionic conductance of the dissolved species. For a potassium
methoxide solution in methanol at 298 K 1% is 73.5 A-cm? and A% is 197.6 A-cm™. For ionic
conductances other than at 298 K a temperature correction factor is needed (TCF), which may be
calculated using Equation D.9.

T

TCF = —— D.9

334 UMethanol

C. Uncertainty calculations

The uncertainty of a reported value is essential to ascertain the validity of experimental results, in
the present study there were 2 fundamental laws of uncertainty that were applied. The first
involved the calculation of uncertainty on values for which the same measurement was repeatedly

taken, the uncertainty on that measurement was calculated using the following equation:

U= — D.10

Where u; is the standard uncertainty, o is the standard deviation of the replicate data points and
N,., is the number of replicate data points. Using the hexafluoropropene precision rotameter as an
example, the standard deviation of the times measured at a rotameter reading of 15 (Table A.4)
was 0.272 mL-min’, the number of replicate readings was 3 and thus the standard uncertainty of

that result was:

0.272 _
Uy = ——— = 0.157 mL- min~?!

V3

The uncertainty of the entire calibration was then calculated by finding the square root of the sum-

of-squares, i.e. again looking at the results of Table A.4:
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Rotameter Run 1, Run 2, Run 3, u;, (u;)? /Z(ui)z

reading

min min min mL-min? mL2-min mL-min?
15 0.531 0.543 0.529 0.157 0.0246
30 0.265 0.266 0.267 0.075 0.0056
45 0.187 0.188 0.188 0.096 0.0093 0.521
60 0.145 0.146 0.148 0.436 0.1897
75 0.120 0.119 0.120 0.205 0.0419

The uncertainty on the calibration was thus determined to be 0.521 mL-min™.

The second law that was utilised was the law of propagation of uncertainty, this was used to
evaluate the combined uncertainty of a value. This uncertainty comes from when two values (each
with their associated uncertainties) are combined (by addition, subtraction, multiplication, etc.).
Equation D.11 was used to calculate the combined effect of uncertainty. For example, the mass of
a sample vial was measured m, and the mass of the same vial plus crude product was also
measured m,,, subtracting m, from m, gives the mass of crude, m.. Knowing that the mass
balance used for the measurement of these masses has a standard uncertainty of + 0.001 g, the
fractional uncertainty of m, and m,, is found by dividing the standard uncertainty by the value of
the measurement. These fractional uncertainties are then combined by the law of propagation of

uncertainty in order to obtain the fractional uncertainty on m, as follows:

+ (u_b)z D.11

Uc _ (ua)2
me - ma

This procedure was followed incorporating all the various factors of uncertainty to obtain the

standard uncertainties seen in Tables 5.1, 5.2 and 5.3.
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APPENDIX E: MATLAB® SCRIPTS

E.1 HME system

E.1.1 Henry’s law constants regression
a) Main file

%$Kuveshan Padayachee

%Valentiner Equation regression code - Main for HME System
sMSc

%$Main file used for the regression of desired parameters

clear all
clc

global T H henry

o°

T =[243800
244272
244757
245254
245765
246289
246829
247384
247956
248545
249153
249780
250427
251096
251789
252506
253249
254021
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254822
255656
256524
257429
258374
259363
260399
261486
262629
263833
265105
266450
267876
269394
271013
272745
274604
276607
278774
281127
283694
286508
289605
293031
296836
301075
305805
311077
316924
323345
33029671 ;

T = T/1000;
H=[45.98
47.49

49.09

50.77

52.56
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54.45
56.47
58.60
60.88
63.31
65.90
68.68
71.65
74.85
78.29
82.01
86.02
90.38
95.11
100.27
105.91
112.10
118.91
126.43
134.77
144.06
154.44
166.12
179.32
194.31
211.46
231.21
254.12
280.90
312.49
350.13
395.43
450.58
518.59
603.55
711.24
849.71
1030.34
1269.07
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1587.80
2015.46
2587.91
3345.30
4326.57];

oe

initial = [30 -3315 3.2];
[parameters error] = fminearch(@ParaRegress, initial)

disp (parameters)

’

a = parameters

(1)
b = parameters(2);
c = parameters(3);
Henry = exp(a + b./T+ c.*1log(T)); $Fitting to the Valentiner Equation
figurel = figure;
axesl = axes('Parent',figurel, 'PlotBoxAspectRatio',[1 1 1], 'FontSize',14);

box (axesl, 'on');
hold (axesl, 'all');

T =T - 273.15;

plot(T,H, 'ro', "MarkerSize',8, 'LineWidth', 2)

hold on

plot (T,Henry, 'LinewWidth', 2)

xlabel ('T ("{o0}C)"', 'FontSize', 14);

ylabel ('H® ~{CC} {salt}")
legend('Data', 'Predicted', 'Location', 'SouthEast"') ;
axis square

o

°

b) Regression
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%$Kuveshan Padayachee
%Valentiner Equation regression code - Function File
%Main file used for the regression of desired parameters

function err = ParaRegress (w)
global T H henry

a = w(l); $Extractin the passed variables to be used.
b

c = w(3);

I
=
[S
g

for i =1 :length(T)

henry (i) = exp(a + b/T(i) + c*log(T(i)));
end
error=0;
for i = 1l:length(T)
deviation (i) = abs(henry (i) - H(i))"2;
error = error + deviation(i);
end
err = error"2;
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E.1.2 Kinetic model files

a) Constrained optimisation

%$Kuveshan Padayachee

$HME FFMR reactor modelling

SMSC

%$Main file used for the regression of desired parameters
SRound 2

o
]

clear all

clc

tic

global XHME XAE XAT XHMEPred XAEPred XATPred nx ny nz HMEerror AEerror ATerror

initial = [1.0535 14.6054 5.6145 15.7436 3.4502 8.0999 10.8514 0.8047]; %Results of 8 iter with compounded

error term
$Defining the space.

nx = 5;

ny = 5;

nz = 5;
b = [0 0 00O0O0O0O0]; %lower bounds of fitting parameters
ub = [le2 1le2 1le8 le2 le2 le2 le2 le2]; Supper bounds of fitting parameters

options = optimset ('MaxIter',20);

[parameters] = lsgnonlin(@MatBalance Main, initial,lb,ub, options);
% HME Plots

% Create figure

toc
figurel = figure;

% Create subplot
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subplotl = subplot(3,2,1, 'Parent',figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplotl, 'on');

hold(subplotl, 'all');

line = 0:10:1000;

subplot (3,2,1)

plot (XHME (1:25) ,XHMEPred, 'MarkerFaceColor', [1 0 0], '"Marker','o','Color',[1 0 0], 'MarkerSize', 5, 'LineStyle',

'none') ;

hold on

plot(line,line, 'Linewidth',?2)

xlabel ('Experimental HME concentration (mol.m "~{-3})', 'FontSize',b1l2)
ylabel ('Predicted HME concentration (mol.m”{-3})"', 'FontSize',6b12)
axis square

%$Residual plot

o)

% Create subplot

subplot2 = subplot(3,2,2, 'Parent', figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplot2, 'on');

hold (subplot2, 'all');

subplot (3,2,2)

E = XHME (1:25) - XHMEPred;
base = [0 01];

basex = [0 10007];

Q

% figure(2)

plot (XHME (1:25), E, 'MarkerFaceColor',[1 O 0], 'Marker','o','Color',[1 0 0], 'MarkerSize',

hold on

plot (basex,base, 'LineWidth', 2)

xlabel ('Experimental HME concentration (mol.m "~{-3})', 'FontSize',612)
ylabel ('Residual deviation (mol.m "~{-3})', 'FontSize',1l2)

axis square

% AE Plots
% Create subplot
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subplot3 = subplot(3,2,3, 'Parent',figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplot3, 'on');

hold(subplot3, 'all');

line = 0:10:100;

subplot (3,2, 3)

plot (XAE (1:25) ,XAEPred, '"MarkerFaceColor',[1 0 0], "Marker','o', "Color',[1 0 0], 'MarkerSize',

'none') ;

hold on

plot(line,line, 'Linewidth',?2)

xlabel ('Experimental AE concentration (mol.m "~{-3})', 'FontSize',b1l2)
ylabel ('Predicted AE concentration (mol.m"{-3})', 'FontSize',b12)
axis square

%Residual plot

o)

% Create subplot

subplot4 = subplot(3,2,4, 'Parent', figurel, 'PlotBoxAspectRatio', [1 1 17,...
'FontSize',12);

box (subplot4, 'on');

hold (subplot4, 'all');

subplot (3,2,4)

E = XAE (1:25) - XAEPred;
base = [0 01];

basex = [0 100];

Q

% figure(2)

plot (XAE(1:25), E, 'MarkerFaceColor',[1 O 0], 'Marker','o','Color',[1 O 0], 'MarkerSize',

hold on

plot (basex,base, 'LineWidth', 2)

xlabel ('Experimental AE concentration (mol.m "~{-3})', 'FontSize',12)
ylabel ('Residual deviation (mol.m "~{-3})', 'FontSize',1l2)

axis square

% AT Plots
% Create subplot
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subplot5 = subplot(3,2,1, 'Parent',figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplotb, 'on');

hold (subplotb5, 'all');

line = 0:10:60;

subplot (3,2,5)

plot (XAT (1:25),XATPred, 'MarkerFaceColor',[1 0 0], "Marker','o', '"Color',[1 0 0], 'MarkerSize',

'none') ;

hold on

plot(line,line, 'Linewidth',?2)

xlabel ('Experimental AT concentration (mol.m "~{-3})', 'FontSize',b1l2)
ylabel ('Predicted AT concentration (mol.m"{-3})', 'FontSize',b12)
axis square

%$Residual plot

o)

% Create subplot

subplot6 = subplot(3,2,6, 'Parent', figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplot6, 'on');

hold (subplot6, 'all');

subplot (3,2, 6)

E = XAT(1:25) - XATPred;
base = [0 01];

basex = [0 60];

Q

% figure(2)

plot (XAT(1:25), E, 'MarkerFaceColor',[1 O 0], 'Marker','o','Color',[1 0 0], 'MarkerSize',

hold on

plot (basex,base, 'LineWidth', 2)

xlabel ('Experimental AT concentration (mol.m "~{-3})', 'FontSize',12)
ylabel ('Residual deviation (mol.m "~{-3})', 'FontSize',1l2)

axis square

parameters
ABC = [XHME XHMEPred XAE XAEPred XAT XATPred]
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b) Reactor model

function error = MatBalance Main (parameters)
$MOL Material Balance for HME system
$Main

global nx ny nz b delta z xx yy zz DHFP DHME DB DC DH20 DMeth DKF XX YY ZZ Nspecies cHFPligSat cMethO k dx dy dz uz
XHME XAE XAT XHMEPred XAEPred XATPred HMEerror AEerror ATerror

o\°

o\°

data = [280.150 0.340 0.340 1.750

280.150 0.340 0.340 4.250
280.150 0.340 0.700 1.750
280.150 0.340 0.700 4.250
280.150 0.520 0.340 1.750
280.150 0.520 0.340 4.250
280.150 0.520 0.700 4.250
290.150 0.340 0.340 1.750
290.150 0.340 0.340 4.250
290.150 0.340 0.700 4.250
290.150 0.520 0.340 4.250
290.150 0.520 0.700 4.250
275.150 0.430 0.520 3.000
295.150 0.430 0.520 3.000
285.150 0.250 0.520 3.000
285.150 0.610 0.520 3.000
285.150 0.430 0.170 3.000
285.150 0.430 0.880 3.000
285.150 0.430 0.520 5.500
285.150 0.430 0.520 3.000
285.150 0.430 0.520 3.000
285.150 0.430 0.520 3.000
285.150 0.430 0.520 3.000
285.150 0.430 0.520 3.000
285.150 0.430 0.520 3.0007;
% units [T catconc HFPfrac ligflowrate] = [K mol/L frac mL/min]

XHME =[83.80
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143.
572.
345.
239.
118.
288.
.20

310

148.
317.
111.
.20
393.
331.
.20
286.

284

341

80
30
10
30
40
80

30
40
50

90
30

30

70.80

664.
192.
332.
236.
380.
342.
435,
.0071;

380

XAE

40
50
70
40
50
80
30

11.70
31.70
42.40
15.90

8.40
8.70

25.90

4.40
9.70
5.10

17.60
32.70
21.00

[2.30
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34.
16.

50
50

3.80

58.

00

6.50
6.60

18

XAT
12.
58.
30.
25.

.20
32.
21.
17.
24,

70
10
60
3077

= [7.90
60
90
70
90

9.70

11

24

.20
25.
11.
27.
10.
23.
32.
24.
28.
.00

00
30
70
80
70
80
10
90

6.60

59.
15.
30.
25.
31.
29.
38.
.2071;

32

30
00
00
50
90
70
10
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for ijk=1:25

%$Arrhenius expression for reaction rate constant

SPerrys 2-116 = denisty of methanol at 97% purity

tic
FInputs——————— "
T = data(ijk,1); $Temp in K
HFPMolFrac = data(ijk,3); %$Mole fraction of HFP in the gas phase
n = 32; $Number of channels
Fl1 = data(ijk,4)/(le6*60)/n; %m3/sec
cMethO = data(ijk,2); $mol/L
R = 8.314;
k10 = parameters(l)*le-2;
k20 = parameters(2)*le-2;
k30 = parameters(3)*le-3;
k40 = parameters(4)*le-5;
k50 = parameters(4)*le-5;
Eal = parameters (5) *le4;
FEa2 = parameters(6)*le4d;
Ea3 = parameters(7) *le4;
Fad4 = parameters(8)*le4d;
Eab5 = parameters(8) *le4d;
kl = k10 * exp(-1*Eal/(R) * (1/T - 1/285.15))
k2 = k20 * exp(-1*Ea2/(R) * (1/T - 1/285.15))
k3 = k30 * exp(-1*Ea3/(R) * (1/T - 1/285.15));
k4 = k40 * exp(-1*Ea4/(R) * (1/T - 1/285.15))
k5 = k50 * exp(-1*Ea5/(R) * (1/T - 1/285.15))
k = [kl k2 k3 k4 k5];
mu = exp(-25.317 + 1789.2/T + 2.069*1og(T)); $Perrys 2-430 (Pa.s)
rho = 770.467;
nu = mu/rho; %Calculting kinematic viscosity
MM = 32.04; $Molar mass of methanol
S =1.9;
b = 641*10"-6; $Width of a microchannel (m)
z = 0.0664; %$Channel length (m)
g = 9.81; %$Acceleration due to gravity(m/s”2)
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delta = (3 * F1 * nu/(b*g))"(1/3); %$Film thickness (m)
jL = g * delta”2/(3*nu);
Re = 4*delta*jL/nu;

o

°

dimensions = [nx ny T F1l];
uz = main (dimensions) ;

o\

%$Calculating diffusivities of all components
$Wilke-Chang

$1. HFP

VHFP = (1462.58/166.02 * 1000/ (100"3))"~(-1); %1 / ([Kg/m3] / molar mass[Kg/Kmol] / 1073 [dm3] * 1000
[mol/Kmol]) = [cm3/mol]

DHFP = (7.4e-8 * T * sqgrt(S * MM)/ (mu/0.001 * VHFP~0.6))/(100)"2;

$2. HME

VHME = (1419/182.07 * 1000/ (10073))"(-1);
DHME (7.4e-8 * T * sqgrt(S * MM)/(mu/0.001 * VHME"0.6))/(100)"2;

%3. Alkenyl ether

VB = (1362.75/162.06 * 1000/ (10073))"(-1); %1 / ([Kg/m3] / molar mass[Kg/Kmol] / 1073 [dm3] * 1000
[mol/Kmol]) = [cm3/mol]

DB = (7.4e-8 * T * sqgrt(S * MM)/ (mu/0.001 * VB*0.6))/(100)"2;

$4. H20

theta=4.5;

VH20 = (1000/18.02 * 1000/ (10073))"(-1); %1 / ([Kg/m3] / molar mass[Kg/Kmol] / 1073 [dm3] * 1000
[mol/Kmol]) = [cm3/mol]

DH20 = (7.4e-8 * T * sqgrt(S * MM)/(mu/0.001 * (theta*VH20)"0.6))/(100)"2;

%5. Alkyl Tetrafluoropropionate

VC = (1399.45/144.0 * 1000/ (10073))"(-1); %1 / ([Kg/m3] / molar mass[Kg/Kmol] / 1073 [dm3] * 1000
[mol/Kmol]l) = [cm3/mol]

DC = (7.4e-8 * T * sqgrt(S * MM)/ (mu/0.001 * VC~0.6))/(100)"2;

3Nernst-Heskell
F = 96485.34; %Faraday's constant
lamdaK = 73.52; %Limiting ionic conductance for K+
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lamdaMeth = 197.6;
lamdaF = 55.32;

%6. KF

$Limiting ionic conductance for Meth-
$Limiting ionic conductance for F-

DKF = (R*T/F"2) * (1)/((1/lamdaK) + (1/lamdaMeth))/(100)"2;

%$7. Methoxide

DMeth = (R*T/F*2) * (1)/((l1/lamdaK) + (1/lamdaF))/(100)"2;

o

°

Sc mu/ (rho * DHFP);
cl = 300 * 10"~ (-6);

kL = DHFP/cl*(0.0145*Re” (0.69)*Sc”(0.57));
a = 20000;

kLa = kL * a;

Ks = 0;

aa = 63.4792;
constant from Valentiner EQuation
bb = -6.1553e+03;
cc = -6.2873;
Hpc = exp(aa + bb/T + cc*log(T));
constant
Hcc = Hpc/ (R*T);
Hsalt = Hcc*exp(Ks * cMeth0*1000/1000) ;
HFPgas = 101325*HFPMolFrac/ (R*T) ;
cHFPligSat = HFPgas/Hsalt;

trange = linspace (0, 1800, 3);
Nspecies = 7;
Ntime = length (trange);

%$Hydrodynamics and mass transfer journal
%Specific area (m2/m3)

%$Set Sechenov coeff to 0

$Regressed parameters to determine corrected Henry's Law

%Valentiner equation to calculate corrected Henry's Law

%Corrected Henry's Law constant

$Saturated concentration of HFP in Methanol

% [ 1 2 3 4 5 6 7]

%$initial = [HFP1 CH30-K+ HME B KF H20 C]

%going to extebd the intial value matrix for all 7 species (as specified
$for above) - this means that we will have 7 11*11*11 matrices next to each
%other so will have a 11*77*11 matrix
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$Important to note here that all species need 1 initial condition and 5 boundary conditions (2 for x, 2 for y
and 1 for z) so now for the initial conditions:

%initial conditions - unique for each species

u0 = zeros (nx,ny*Nspecies,nz);

$HFPlig - initial condition is that its zero everywhere

%Methoxide - initial condition is that the inlet concentration is the concentration everywhere
ul(:, [(ny+1l) : (2*ny) ], :) = cMethO;

$HME - initial condition is that its zero everywhere

$B - initial condition is that its zero everywhere (Alkenyl Ether)

SKF - initial condition is that its zero everywhere

$H20 - initial condition is that its zero everywhere

ul (:, [ ((5*ny)+1):(6*ny)],:) = cMethO;

%$C - initial condition is that its zero everywhere (Alkyl tetrafluoropropionate)
[xx,yy,2zz] = size(ul);

elements = xx*yy*zz;

CO0 = reshape(u0,1,elements);
options=odeset ('NonNegative', [l: (nx*Nspecies*ny*nz)]);
[t,Conc] = odelbs(@MatBalance Funct, trange,C0,options);

dv = dx*dy*dz;

SteadyState = Conc(end, :);
SteadyState = reshape(SteadyState,XX,YY,ZZ);

SteadyStateMoles = SteadyState(:, :,nz) *dv;

for i=1:Nspecies
MolesOut (i) = sum(sum(SteadyStateMoles (:, [ (((i-1)*ny)+1):(i*ny)],:)));
end

SliceVolume = nx*ny*dv;

ConcOut (ijk, :) = MolesOut/SliceVolume*1000;
toc

end
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XHMEPred = ConcOut([1:25],3);
XAEPred = ConcOut ([1:25],4);
XATPred = ConcOut([1:25],7);

HMEerror = ((XHMEPred-XHME (1:25))./XHME (1:25));
AEerror = ((XAEPred-XAE (1:25))./XAE(1:25));
ATerror = ((XATPred-XAT (1:25))./XAT(1:25));

WeightingFactor = [1 17.47 11.25];
WeightingFactor = WeightingFactor.”2;

error = [WeightingFactor (1) *HMEerror; WeightingFactor (2) *AEerror; WeightingFactor (3) *ATerror];
end
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¢) Reaction model

$MOL PDE for Material Balance
function Cout = MatBalance Funct (h,CO0)

global nx ny nz b delta z xx yy zz DHFP DHME DB DC DH20 DMeth DKF XX YY ZZ Nspecies cHFPligSat cMethO k dx dy dz uz

C = reshape(CO,xx,vy,22);

% [ 1 2 3 4 5 6 71
% [1-11 12-22 23-33 34-44 45-55 56-66 67-77
%initial = [HFP1 CH30-K+ HME B KF H20 C]

o\

%$Boundary conditions in the x direction [In general no gradient at each wall in x direction]
$1. HFPliqg

dCdxx (1, [ ((O*ny)+1):(1l*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((O*ny)+1) : (1*ny)]1,:) = 0; %No concentration gradient at the end side wall
%2 . Methoxide

dCdxx (1, [ ((1*ny)+1) :(2*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((1*ny)+1) : (2*ny)1,:) = 0; %No concentration gradient at the end side wall
$3. HME

dCdxx (1, [ ((2*ny)+1) : (3*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((2*ny)+1) : (3*ny)]1,:) = 0; %No concentration gradient at the end side wall
%4. B (Alkenyl Ether)

dCdxx (1, [ ((3*ny)+1):(4*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((3*ny)+1): (4*ny)]1,:) = 0; %No concentration gradient at the end side wall
%$5. KF

dCdxx (1, [ ((4*ny)+1) : (5*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((4*ny)+1) : (5*ny)]1,:) = 0; %No concentration gradient at the end side wall
$6. H20

dCdxx (1, [ ((5*ny)+1):(6*ny)],:) = 0; %Noconcentration gradient a tthe first side wall
dCdxx (nx, [ ((5*ny)+1): (6*ny)],:) = 0; % No concentration gradient at the end side wall
%$7. C (Alkyl Tetrafluoropropionate)

dCdxx (1, [ ((6*ny)+1) : (7*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((6*ny)+1) : (7*ny)]1,:) = 0; %No concentration gradient at the end side wall

[o)

%Boundary conditions in the y direction
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%1. HFPliqg

dCdyy (:, (O*ny+1),:) = 0; %No concentration gradient at the first side wall
C(:, (1*ny),:) = cHFPligSat/1000; %Concentration at surface in contact with the gas is a constant =

Saturated conc of HFPlig in methanol
%2. Methoxide

dCdyy (:, (L*ny+1),:) = 0; %No concentration gradient at the first side wall
dCdyy (:, (2*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%$3. HME

dCdyy (:, (2*ny+1),:) = 0; %No concentration gradient at the first side wall

dCdyy(:, (3*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%4. B (Alkenyl Ether)

dCdyy (:, (3*ny+1),:) = 0; %No concentration gradient at the first side wall

dCdyy(:, (4*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%5. KF

dCdyy (:, (4*ny+1),:) = 0; %No concentration gradient at the first side wall

dCdyy(:, (5*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%6. H20

dCdyy (:, (5*ny+1),:) = 0; %No concentration gradient at the first side wall

dCdyy(:, (6*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%7. C (Alkyl Tetrafluoropropionate)

dCdyy (:, (6*ny+1l),:) = 0; %No concentration gradient at the first side wall

dCdyy(:, (7*ny),:) = 0; %No concentration gradient at surface in contact with the gas

o)

%$Boundary conditions in the z direction
$1. HFPlig

C(:, [((O*ny)+1):(1*ny)]1,1) = O; $Inlet concentration is zero

%$2. Methoxide

C(:, [((1*ny)+1):(2*ny)]1,1) = cMethO; $Inlet concentration is constant at the inlet concentration of Methoxide
$3. HME

C(:, [((2*ny)+1):(3*ny)]1,1) = 0; $Inlet concentration is zero

%4. B (Alkenyl Ether)

C(:, [((3*ny)+1):(4*ny)],1) = 0; $Inlet concentration is zero

%5. KF

C(:,[((4*ny)+1):(5*ny)]1,1) = 0; $Inlet concentration 1is zero

%$6. H20

C(:, [((5*ny)+1):(6*ny)],1l) = cMethO; %Inlet concentration is zero
7. C (Alkyl Tetrafluoropropionate)
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Q

(:, [ ((6*ny)+1):(7*ny)],1) = 0; $Inlet concentration 1s zero

o\

o3
o

%$Second derivative in the x direction

dx2 = (delta/ (nx-1))"2;

dx = (delta/ (nx-1));

dCdxx = zeros (nx,ny*Nspecies,nz);

for 1 = 1l:nx
if (i==1) dCdxx (i, :,
elseif (i==nx) dCxx (i
else dCdxx(i,:,:) =
end

end

:) = 2*(C(i+1,:,:) - C(i,:,:))/dx2;
yi,t) = 2%(C(1i-1,:,1) _c(j—/:/:))/dXZ;
(C(i+l,:,:) = 2*C(i,:,:) + C(i-1,:,:))/dx2;

%Second derivative in the y direction

dy2 = (b/(ny-1))"2;

dy = (b/(ny-1));

dCdyy = zeros (nx,ny*Nspecies,nz);

for i = l:ny
if (i==1) dCdyy(:,i,:) = 2*(C(:,i+1,:) - C(:,1i,:))/dy2;
elseif (i==ny) dCyy(:,ny,:) = 2*(C(:,i-1,:) - C(:,1i,:))/dy2;
else dCdyy(:,1,:) = (C(:,i+1,:) - 2*C(:,1,:) + C(:,1i-1,:))/dy2;
end

end

$First derivative in the z direction

dz = (z/(nz-1));

dCdz = zeros(nx,ny*Nspecies,nz);

for i = 1l:nz
if(i==1) dCdz(:,:,i) = (C(:,:,i+1l) - C(:,:,1))/dz;
elseif (i==nz) dCdz (:,:,nz) = (C(:,:,i) - C(:,:,1i-1))/dz;
else dCdz (:,:,1) = (C(:,:,i+1l) - C(:,:,1-1))/(2*dz);
end

end

o
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o\

%$Boundary conditions in the x direction [In
$1. HFPliq

general no gradient at

each wall in x direction]

dCdxx (1, [ ((O*ny)+1) :(1l*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((O*ny)+1) : (1*ny)]1,:) = 0; %No concentration gradient at the end side wall
%2 . Methoxide

dCdxx (1, [ ((1*ny)+1) : (Z*ny)],.) = 0; $No concentration gradient a tthe first side wall
dCdxx (nx, [ ((1*ny)+1): (2*ny)],:) = 0; %No concentration gradient at the end side wall
$3. HME

dCdxx (1, [ ((2*ny)+1) : (3*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((2*ny)+1) : (3*ny)1,:) = 0; %No concentration gradient at the end side wall
%4. B (Alkenyl Ether)

dCdxx (1, [ ((3*ny)+1):(4*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((3*ny)+1) : (4*ny)]1,:) = 0; %$No concentration gradient at the end side wall
%5. KF

dCdxx (1, [ ((4*ny)+1) : (5*ny)],:) = 0; %No concentration gradient a tthe first side wall
dCdxx (nx, [ ((4*ny)+1) : (5*ny)]1,:) = 0; %No concentration gradient at the end side wall
%$6. H20

dCdxx (1, [ ((5*ny)+1):(6*ny)],:) = 0; %Noconcentration gradient a tthe first side wall

dCdxx (nx, [ ((5*ny)+1): (6*ny)]l,:) = 0; % No concentration gradient at the end side wall
)

%7. C (Alkyl Tetrafluoropropionate

dCdxx (1, [ ((6*ny) +1) : (7*ny)],:) = 0; $No
dCdXX(nx [((6*ny)+1): (7*ny)],:) = 0; $No

concentration gradient a tthe first side wall
concentration gradient at the end side wall

o)

%$Boundary conditions in the y direction

%1. HFPlig

dCdyy (:, (0O*ny+1),:) = 0; 3No
C(:, (1*ny),:) = cHFPligSat/1000;

Saturated conc of HFPlig in methanol

%2. Methoxide

dCdyy (:, (l*ny+1),:) = 0; 3No
dCdyy(:, (2*ny),:) = 0; 3No
%$3. HME

dCdyy (:, (2*ny+1),:) = 0; %No
dCdyy (:, (3*ny),:) = 0; %No
%4. B (Alkenyl Ether)

dCdyy (:, (3*ny+1l),:) = 0; 3No

concentration gradient at the first side wall
%Concentration at surface in contact with the gas is a constant

concentration
concentration

concentration
concentration

concentration

gradient
gradient

gradient
gradient

gradient
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dcdyy (:, (4*ny), :)

Il
o
~

%5. KF

dCdyy (:, (4*ny+1),:) = 0;

dCdyy(:, (5*ny),:) = 0;

%6. H20

dCdyy (:, (5*ny+1),:) = 0;
dCdyy (:, (6*ny),:) = 0;

7. C (Alkyl Tetrafluoropropionate)
dCdYY(:I (6*ny+l) ;) = 05

dCdyy(:, (7*ny),:) = 0;

[

%$Boundary conditions in the z direction

$No concentration
$No concentration

%$No concentration
%$No concentration

%$No concentration
%$No concentration

$No concentration

gradient at surface in contact with the gas

gradient at the first side wall
gradient at surface in contact with the gas

gradient at the first side wall
gradient at surface in contact with the gas

gradient at the first side wall
gradient at surface in contact with the gas

$1. HFPliq

C(:, [((0O*ny)+1):(1*ny)],1) = 0; %Inlet concentration is zero

% Methoxide

C(:, [((l*ny)+1):(2*ny)],1l) = cMethO; $Inlet concentration is constant at the inlet concentration of Methoxide
$3. HME

C(:, [((2*ny)+1):(3*ny)]1,1) = 0; %Inlet concentration is zero

%4. B (Alkenyl Ether)

C(:, [((3*ny)+1):(4*ny)]1,1) = 0O; %Inlet concentration is zero

%5. KF

C(:, [((4*ny)+1):(5*ny)]1,1) = 0; $Inlet concentration is zero

%$6. H20

C(:, [((5*ny)+1):(6*ny)],1) = cMethO; %Inlet concentration is zero

%$7. C (Alkyl Tetrafluoropropionate)

C(:, [((6*ny)+1):(7*ny)]1,1) = 0; $Inlet concentration is zero

%We have:

%1. Inlet conditions that define the concentration of all 7 species at all points in the reactor channel

%2. We have boundary conditions for the derivatives as well as where the concentration of species are known as
constants

%3
%4

. The derivatives are then calculated

. Now need to create a grid of the material balances for all the species

o\

[o)
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for i = 1:Nspecies
for j=1l:nz
dCdzuz (:, [ (((1-1)*ny)+1): (i*ny)]1,J) = dCdz(:, [ (((1-1)*ny)+1):(i*ny)],]J) .*uz;
end
end

o\

%Reaction Rates

kl = k(1); k2 = k(2); k3 = k(3); k4 = k(4); k5 = k(5);

%$1. HFPlig

rHFEP = k1.*C(:, [((0O*ny)+1):(1*ny)],:).*C(:, [ ((1*ny)+1):(2*ny)],:);

%3. Meth

rMeth = k3.*k1.*C(:, [((0*ny)+1):(1*ny)],:).*C(:, [((1*ny)+1):(2*ny)],:)./ (k2 + k3);
$3. HME

rHME = (k2.*k1.*C(:, [ ((0O*ny)+1):(1l*ny)],:).*C(:, [((l*ny)+1):(2*ny)],:))./ (k2 + k3) - k5.*C(:,

%4. B (Alkenyl Ether)
rB = (k3.*kl1.*C(:, [((0O*ny)+1): (l*ny)
kd.*C(:, [( 3*ny)+l):(4*HY)}l.) ’

1,:).%C(:, [ ((1*ny)+1): (2*ny)],:)) ./ (k2 + k3) -
[( 5*ny) 1):(6*ny)],:);

$5. KF
rKF = rMeth;
%6. H20

rH20 = kd.*C(:, [((3*ny)+1):(4*ny)]1,:).*C(:, [
k5.*C(:, [ ((2*ny)+1) : (3*ny) ], :).*C(:, [ ((5*ny)
%$7. C (Alkyl tetrafluoropropionate)

rC = rH20;

5*ny)+1): (6*ny)],:) +
) :

((
+1 (6*ny)J D)

%$Liguid Phase Balances
%$1. HFPlig

dcHFPdt (:,:,:) = DHEFP* (dCdxx(:, [ ((0*ny)+1):(1l*ny)]l,:) + dCdyy(:, [ ((O*ny)+1):(1l*ny)],:))
dCdzuz (:, [ ((O*ny)+1):(1l*ny)],:) - rHFP;

%2. Methoxide

dcMethdt (:,:,:) = DMeth* (dCdxx (:, [ ((1*ny)+1):(2*ny)],:) + dCdyy(:, [((1*ny)+1):(2*ny)],
dCdzuz (:, [ ((1*ny)+1) : (2*ny) 1, :) - rMeth;

$3. HME

dcHMEdt (:, :, :) = DHME* (dCdxx(:,
dCdzuz (:, [ ((2*ny)+1) : (3*ny) ], :)
%4. B (Alkenyl Ether)

decBdt (:,:,:) = DB* (dCdxx(:,
dCdzuz (:, [ ((3*ny)+1) : (4*ny)

[((2*ny)+1) : (3*ny) ], :) + dCdyy(:, [ ((2*ny)+1):(3*ny)]1,:))

(
+ rHME;

[((3*ny)+1):(4*ny)],:) + dCdyy(:, [((3*ny)+1):(4*ny)],:)) -
1,:) + rB;
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35. KF

dcKFdt (:,:,:) = DKEF*(dCdxx(:, [ ((4*ny)+1):(5*ny)],:) + dCdyy(:,[((4*ny)+1):(5*ny)],:)) -
dCdzuz (:, [ ((4*ny)+1) : (5*ny) ], :) + rKF;

$6. H20

dcH20dt (:, :,:) = DH20* (dCdxx(:, [ ((5*ny)+1):(6*ny)]1,:) + dCdyy(:, [ ((5*ny)+1):(6*ny)],:)) -

dCdzuz (:, [ ((5*ny)+1):(6*ny)],:) - rH20;
%$7. C (Alkyl Tetrafluoropropionate)
decCdt(:,:,:) = DC*(dCdxx(:, [((6*ny)+1):(7*ny)],:) + dCdAyy(:, [((6*ny)+1):(7*ny)],:))

dCdzuz (:, [ ((6*ny)+1): (7*ny)],:) + rC;

Conc = [dcHFPdt dcMethdt dcHMEdt dcBdt dcKFdt dcH20dt decCdt];

[XX,YY,Z2Z2] = size(Conc);
Cout = reshape(Conc,1l, (XX*YY*ZZ7))"';
end
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E.2 MTFMP system

E.2.1 Henry’s law constants regression
a) Main file

%$Kuveshan Padayachee

%Valentiner Equation regression code - Main for MTEFMP system

$MSc

$Main file used for the regression of desired parameters

clear all

clc

global T H henry

o\

T =[243.842

244,
244,
244
244,
245.
245
245,
245.
246.
246
246.
246.
247.
247
247.
247.
248
248.
248.
249.

074
308

.545

785
029

.275

525
778
035

.295

558
825
096

.371

650
932

.219

510
806
106
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249.
249.
250.
250.
250.
251.
251.
251.
252.
252.
252.
253.
253.
253.
.24744
254.
255.
255.
255.
.29453
256.
257.
257.
258.
258.
259.
259.
260.
260.
261.
261.
262.
262.
263.
263.
264.
.213
265.
266.

254

256

265

410
720
034
354
678
008
344
685
032
385
744
110
482
86113

64109
04235
45149
86878

72905
17267
62574
089
562
045
540
046
565
096
639
197
769
356
958
577

867
541
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267.234
267.948
268.685
269.445
270.230
271.042
271.881
272.750
273.650
274.584
275.554
276.562
277.610
278.703
279.842
281.031
282.275
283.577
284.941
286.375
287.881
289.468
291.142
292.911
294.782
296.766
298.872
301.111
303.494
306.034
308.744
311.635
314.720
318.010
321.513
325.234
329.174
333.328
337.6851;
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oe

H=[38.03
.65
.28
.93
.60
.29
.99
.72
.46
.23
.02
.84
.68
.54
.43
.35
.30
.28
.29
.33
.40
.52
.67
.86
.09
.37
.69
.06
.48
.95
.48
.07
.72
.44
.22
.08
.02
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80.
82.
84.
86.
89.
91.
94.
96.
99.

102.
106.
109.
112.
11le6.
120.
124.
128.
133.
138.
143.
149.
155.

161

167.
175.
182.
190.
199.
209.
219.
230.
241.
254.
268.
284.
300.
319.
339.

361

04

14

34

63

03

54

17

92

80

83
01
36
88
59
50
63
99
61
50
68
19
05
.29
95
06
67
83
58
00
15
12
99
86
86
11
79
06
14
.28
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385.76
412.93
443.19
477.01
514.97
557.74
606.15
661.20
724.09
796.28
879.58
976.19
1088.82
1220.81
1376.24
1560.12
1778.58
2038.98
2350.12
2722.31
3167.37
3698.48
4329.85

o°

initial = [30 -3315 3.2];
[parameters error] = fminearch (@ParaRegress, initial)

disp (parameters)

a = parameters (
b parameters (
c = parameters (
Henry = exp(a +

’

1)
2);
3);

b./T+ c.*1og(T)); $Fitting to the Valentiner Equation
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o)

figurel = figure;

axesl = axes('Parent',figurel, 'PlotBoxAspectRatio',[1 1 1], 'FontSize',14);
box (axesl, 'on');

hold (axesl, 'all');

T =T - 273.15;

plot(T,H, 'ro', "MarkerSize',8, 'LineWidth', 2)

hold on

plot (T, Henry, 'LinewWidth', 2)

xlabel ('T ("“{o}C)', 'FontSize', 14);

ylabel ("H* ~{CC} {salt}'")
legend('Data', 'Predicted', 'Location', 'SouthEast"') ;
axis square

[

°
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b) Regression

%$Kuveshan Padayachee
%Valentiner Equation regression code - Function File
%Main file used for the regression of desired parameters

function err = ParaRegress (w)

global T H henry

a = w(l); $Extracting the passed variables to be used.
b =w(2);

c =w(3);

for 1 =1 :length(T)

henry (i) = exp(a + b/T(i) + c*log(T(i)));
end
error=0;
for i = 1l:length(T)
deviation (i) = abs(henry(i) - H(i))"2;
error = error + deviation(i);
end
err = error"2;
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E.2.2 Kinetic model files

a) Constrained optimisation

%$Kuveshan Padayachee

SMTFMP FFMR reactor modelling

SMSC

%Main file used for the regression of desired parameters
SRound 2

o

clear all

clc

tic

global XData XMTFMPPred nx ny nz MTFMPerror

initial = [1.2892 4.0000 0.8012]; %5 iter results

%$Defining the space.

nx = 5;

ny = 5;

nz = 5;
1b = [0 0 O], %$lower bounds of fitting parameters
ub = [leb 1le2 5]; Supper bounds of fitting parameters

options = optimset ('MaxIter',4);
[parameters] = lsgnonlin(@MatBalance Main MTFMP, initial,lb,ub, options);

% Create figure
toc

AbsRelDev = mean (abs (XData - XMTFMPPred) ./XData * 100);

[

% Create figure
figurel = figure;
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o)

% Create subplot

subplotl = subplot(l,2,1, 'Parent',figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplotl, 'on');

hold(subplotl, 'all');

line = 0:10:300;

subplot(1,2,1)

plot (XData, XMTFMPPred, '"MarkerFaceColor',[1 0 0], "Marker','o','Color',[1 0 0], 'MarkerSize',

hold on

plot(line,line, 'LineWidth',2)

xlabel ('Experimental MTFMP concentration (mol.m ~{-3})', 'FontSize',612)
ylabel ('Predicted MTFMP concentration (mol.m"{-3})', 'FontSize',61l2)
axis square

$Residual plot

% Create subplot

subplot2 = subplot(l,2,2, 'Parent', figurel, 'PlotBoxAspectRatio', [1 1 17],...
'FontSize',12);

box (subplot2, 'on');

hold(subplot2, 'all');

subplot(1,2,2)

E = XData - XMTFMPPred;

base = [0 0];

basex = [0 300];

% figure (2)

S,

'LineStyle',

plot (XData, E, 'MarkerFaceColor',[1 0 0], 'Marker','o','Color',[1 0 0], 'MarkerSize', 5, 'LineStyle', 'none')

hold on

plot (basex,base, 'LineWidth', 2)

xlabel ('Experimental MTFMP concentration (mol.m ~{-3})', 'FontSize',6b12)
ylabel ('Residual deviation (mol.m "~{-3})', 'FontSize',12)

axis square
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b) Reactor model

function MTFMPerror = MatBalance Main MTEFMP (parameters)
$MOL Material Balance for MTFP system
$Main

global nx ny nz b delta z xx yy zz XX YY ZZ Nspecies cHFPOligSat cMethO kl dx dy dz uz DHFPO DMTFMP DKF DMeth alpha
beta XMTFMPPred MTEFMPerror XData

o\°

o\°

data = [305.65 0.28 0.33 1.75
305.65 0.28 0.67 1.75
305.65 0.28 0.67 4.25
305.65 0.53 0.33 1.75
305.65 0.53 0.67 1.75
305.65 0.53 0.67 4.25
310.65 0.28 0.33 1.75
310.65 0.28 0.67 1.75
310.65 0.28 0.67 4.25
310.65 0.53 0.33 1.75
310.65 0.53 0.67 1.75
310.65 0.53 0.67 4.25
303.15 0.40 0.50 3
313.15 0.40 0.50 3
308.15 0.15 0.50 3
308.15 0.65 0.50 3
308.15 0.40 0.16 3
308.15 0.40 0.8380 3
308.15 0.40 0.50 0.5
308.15 0.40 0.50 5.5
308.15 0.40 0.50 3
308.15 0.40 0.50 3
308.15 0.40 0.50 3
308.15 0.40 0.50 3
308.15 0.40 0.50 3
308.15 0.40 0.50 31;
%units [T catconc HFPOfrac liqflowrate] = [K mol/L frac mL/min]
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XData = [70.69
154.49
101.13
23.41
159.12
151.19
72.91
105.42
100.54
23.81
183.17
140.48
118.47
80.51
65.79
109.14
3.79
133.93
106.85
14.63
95.51
107.71
95.36
104.13
112.88
102.8571;

alpha = 2;
beta = 1;
for ijk=1:26

FInputs————————"="—"—"—"—"—"—"—"—"—"—"—"—"—"—"—“"—" "~ ————
T = data(ijk,1); $Temp in K

HFPOMolFrac = data(ijk,3); %Mole fraction of HFP in the gas phase

n = 32; $Number of channels

Fl = data(ijk,4)/(le6*60)/n; %m3/sec

cMethO = data(ijk,2); $mol/L

R = 8.314;
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k0O = parameters(l)*le-3;

Ea = -l*parameters(2) *le4;
% kl = (parameters(l)*(le-4)) * (exp(-l*parameters(2)*1le5)/(R) * (1/T - 1/285.15)); $Arrhenius expression
for reaction rate constant

k1l = k0 * (exp(Ea/(R) * (1/T - 1/285.15))); %$Arrhenius expression for reaction rate constant

mu = exp(-25.317 + 1789.2/T + 2.069*1og(T)); %$Perrys 2-430 (Pa.s)

rho = 770.467; %Perrys 2-116 = denisty of methanol at 97% purity

nu = mu/rho; %Calculting kinematic viscosity

MM = 32.04; $Molar mass of methanol

S =1.9;

b = 641*10"-6; SWidth of a microchannel (m)

z = 0.0664; %Channel length (m)

g = 9.81; %$Acceleration due to gravity(m/s”2)

delta = (3 * F1 * nu/(b*qg))"(1/3); $Film thickness (m)

jL = g * delta”2/(3*nu);
Re = 4*delta*jL/nu;

%Velocity profile defined
dimensions = [nx ny T F1];
uz = main (dimensions);

%$Calculating diffusivities of all components
$Wilke-Chang

$1. HFPO

VHFPO = ((1462.58/166.02)*1000/100"3)"(-1); %1 / ([Kg/m3] / molar mass[Kg/Kmol] / 1073 [dm3] * 1000 [mol/Kmol])
= [dm3/mol]

DHFPO = (7.4e-8 * T * sqrt(S * MM)/(mu/0.001 * VHFPO"0.6))/(100)"2;

$2. MTEFMP

VMTFMP = (1331/175.06 * 1000/ (10073))"(-1);
DMTFMP = (7.4e-8 * T * sgrt(S * MM)/(mu/0.001 * VMTFMP"0.6))/(100)"2;

$Nernst-Heskell

F = 96485.34; %$Faraday's constant

lamdaK = 73.52; %$Limiting ionic conductance for K+
lamdaMeth = 197.6; %$Limiting ionic conductance for Meth-
lamdaF = 55.32; %Limiting ionic conductance for F-
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%3. KF
DKF = (R*T/F*2) * (1)/((1/lamdaK) + (1/lamdaMeth))/(100)"2;

%$4. Methoxide
DMeth = (R*T/F"2) * (1)/((1/lamdaK) + (1/lamdaF))/(100)"2;

o

°

Sc = mu/ (rho * DHFPO) ;

cl = 300 * 10"(-6);
kL = DHFPO/cl* (0.0145*Re” (0.69)*Sc”(0.57)); %$Hydrodynamics and mass transfer journal
a = 20000; %Specific area (m2/m3)

kLa = kL * a;
Ks = parameters(3);

aa = 30.1976; %Regressed parameters to determine corrected Henry's Law constant from Valentiner Equation

bb = -4.5903e+03;

cc = -1.4135;

Hpc = exp(aa + bb/T + cc*log(T)); %Valentiner equation to calculate corrected Henry's Law
constant

Hcc = Hpc/ (R*T);

Hsalt = Hcc*exp(Ks * cMeth0*1000/1000) ; %Corrected Henry's Law constant

HFPOgas = 101325*HFPOMolFrac/ (R*T) ;

cHFPOligSat = HFPOgas/Hsalt; %$Saturated concentration of HFP in Methanol

and

trange = linspace (0, 1800, 3);
Nspecies = 4;
Ntime = length (trange);

% [ 1 2 3 4]

%$initial = [HFPOl MTFMP KF CH30-K+]

%going to extebd the intial value matrix for all 4 species (as specified
$for above) - this means that we will have 7 11*11*11 matrices next to each
%other so will have a 11*77*11 matrix

$Important to note here that all species need 1 initial condition and 5 boundary conditions (2 for x,

1 for z) so now for the initial conditions:

%initial conditions - unique for each species
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u0 = zeros (nx,ny*Nspecies,nz);

$1. HFPO

%$2. MTFMP

%$3. KF

$4. Methoxide

ul(:, [((3*ny)+1):(4*ny)],:) = cMethO;

[xx,yy,zz] = size(ul);

elements = xx*yy*zz;

CO0 = reshape(u0,1,elements);

options=odeset ('NonNegative', [l:(nx*Nspecies*ny*nz)]);
[t,Conc] = odelbs(@MatBalance Funct MTFMP, trange,CO,options);

dv = dx*dy*dz;

SteadyState = Conc(end, :);
SteadyState reshape (SteadyState, XX, YY, Z27) ;

SteadyStateMoles = SteadyState(:,:,nz) *dv;

for i=1:Nspecies

MolesOut (1) = sum(sum(SteadyStateMoles (:, [ (((i-1)*ny)+1):(i*ny)]1,:)));
end
SliceVolume = nx*ny*dv;
ConcOut (ijk, :) = MolesOut/SliceVolume*1000;
end
toc
XMTFMPPred = ConcOut(:,2);
MTFMPerror = (((XMTFMPPred-XData)) ./XData)*100;
AA = [XData XMTFMPPred]

end
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¢) Reaction model

$MOL PDE for Material Balance - MTFP system
function Cout = MatBalance Funct MTFMP (h, CO)

global nx ny nz b delta z xx yy zz DHFPO DMeth DKF DMTFMP XX YY ZZ Nspecies cHFPOligSat cMethO k1 dx dy dz uz alpha

beta C dCdxx
C = reshape (CO0,xx,vy,22) ;

1 2 3
12-22
MTFEMP KF

o

1-11
HFPOliq

o

o

Initial =

4 ]

23-33 34-44]

Meth]

o\

%$Boundary conditions in the x direction

%1. HFPOlig

dCdxx (1, [ ((O*ny)+1) :(1l*ny)],:) = 0;
dCdxx (nx, [ ((0*ny)+1) : (1l*ny)],:) = 0;
%$2. MTFMP
dCdxx (1, [((1*ny)+1):(2*ny)],:) = 0;
dCdxx (nx, [ ((1*ny)+1) : (2*ny)1,:) = 0;
%3. KF
dCdxx (1, [ ((2*ny)+1) : (3*ny)],:) = 0;
dCdxx (nx, [ ((2*ny)+1) : (3*ny)]1,:) = 0;
%4. Meth

:) = 05

dCdxx (1, [ ((3*ny)+1) : (4*ny) ]
dCdxx (nx, [ ((3*ny)+1) : (4*ny)

[In general no gradient at

concentration gradient
concentration gradient

concentration gradient
concentration gradient

concentration gradient
concentration gradient

concentration gradient
concentration gradient

each wall in x direction]

a tthe first side wall
at the end side wall

a tthe first side wall
at the end side wall

a tthe first side wall
at the end side wall

first side wall
at the end side wall

o)

%1. HFPOligq

dcdyy (:, (0O*ny+1),:) = 0;
C(:, (l*ny),:) = cHFPOligSat;
conc of HFPlig in methanol
%2 . MTFMP
dCdyy (:, (1*ny+1),:) = 0;
dCdyy (:, (2*ny),:) = 0;

%3. KF

%$Boundary conditions in the y direction

%No concentration gradient
%Concentration at surface

%No concentration gradient
%No concentration gradient
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dCdyy (:, (2*ny+1),:) = 0; %No concentration gradient at the first side wall

dCdyy (:, (3*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%4. Meth

dCdyy (:, (3*ny+1),:) = 0; %No concentration gradient at the first side wall
dCdyy (:, (4*ny),:) = 0; %No concentration gradient at surface in contact with the gas

$Boundary conditions in the z direction
%1. HFPOlig

C(:, [((O*ny)+1):(1l*ny)],1) = 0; %Inlet concentration is zero

%2. MTFMP

C(:, [((l*ny)+1):(2*ny)1,1) = O; %$Inlet concentration is constant at the inlet concentration of Methoxide
%3. KF

C(:,[((2*ny)+1):(3*ny)],1) = 0; %$Inlet concentration is zero

% Meth

Il
Q
=
o
o
j=p
o

C(:, [((3*ny)+1):(4*ny)]1,1) $Inlet concentration is zero

o

%

$Second derivative in the x direction

dx2 = (delta/ (nx-1))"2;
dx = (delta/ (nx-1));
dCdxx = zeros (nx,ny*Nspecies,nz);
for 1 = 1l:nx
if(i==1) dCdxx (i, :,:) = 2*(C(i+1,:,:) - C(i,:,:))/dx2;
elseif (i==nx) dCxx(i,:,:) = 2*(C(i-1,:,:) - C(i,:,:))/dx2;
else dCdxx(i,:,:) = (C(i+1l,:,:) - 2*C(i,:,:) + C(i-1,:,:))/dx2;

end
end

%$Second derivative in the y direction

dy2 = (b/(ny-1))"2;

dy = (b/(ny-1));

dCdyy = zeros (nx,ny*Nspecies,nz);

for 1 = 1l:ny
if (i==1) dCdyy(:,i,:) = 2*(C(:,i+1,:) - C(:,1i,:))/dy2;
elseif (i==ny) dCyy(:,ny,:) = 2*(C(:,1i-1,:) - C(:,1,:))/dy2;

190



else dCdyy(:,1i,:) = (C(:,i+1,:) = 2*C(:,1,:) + C(:,1-1,:))/dy2;
end

end

$First derivative in the z direction

dz = (z/(nz-1));

dCdz = zeros(nx,ny*Nspecies,nz);

for i = 1l:nz
if(i==1) dcdz(:,:,i) = (C(:,:,i+1l) - C(:,:,1))/dz;
elseif (i==nz) dCdz(:,:,nz) = (C(:,:,1) = C(:,:,1-1) /dz,
else dCdz (:,:,1) = (C(:,:,1+41) - C(:,:,1-1))/ (2*dz)
end

end

o

o

$Boundary conditions in the x direction

$1. HFPOlig

dCdxx (1, [ ((0*ny)+1) : (1*ny)],:) = 0;
dCdxx (nx, [ ((0*ny)+1):(1*ny)],:) = 0;
$2. MTEFMP

dCdxx (1, [((1*ny)+1):(2*ny)],:) = 0;
dCdxx (nx, [ ((1*ny)+1):(2*ny)]1,:) = 0;
$3. KF

dCdxx (1, [ ((2*ny)+1) : (3*ny)],:) = 0;
dCdxx (nx, [ ((2*ny)+1) : (3*ny)]1,:) = 0;
%4. Meth

dCdxx (1, [ ((3*ny)+1): (4*ny)],:) = 0;
dCdxx (nx, [ ((3*ny)+1):(4*ny)]1,:) = 0;

[In

general no gradient at

concentration
concentration

gradient
gradient

concentration
concentration

gradient
gradient

concentration
concentration

gradient
gradient

concentration
concentration

gradient
gradient

each wall in x direction]

first side wall
end side wall

a tthe
at the

first side wall
end side wall

a tthe
at the

first side wall
end side wall

a tthe
at the

first side wall
end side wall

o)

%$Boundary conditions in the y direction

$1. HFPOlig
dCdyy (:, (O*ny+1),:) = 0;
C(:, (l*ny),:) = cHFPOligSat;
conc of HFPlig in methanol
%2 . MTFMP
dCdyy (:, (1*ny+1l),:) = 0;

%No

concentration gradient

%$Concentration at surface

%No

concentration gradient
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Il
(@)
o
Z
@]

dCdyy (:, (2*ny), :)
%3. KF
dCdyy (:, (2*ny+1), :

concentration gradient at surface in contact with the gas

|
o
oo
2
@)

concentration gradient at the first side wall

dCdyy(:, (3*ny),:) = 0; %No concentration gradient at surface in contact with the gas
%4. Meth

dCdyy (:, (3*ny+1),:) = 0; %No concentration gradient at the first side wall

dCdyy(:, (4*ny),:) = 0; %No concentration gradient at surface in contact with the gas

o)

%$Boundary conditions in the z direction
$1. HFPOlig

C(:, [((O*ny)+1):(1*ny)],1) = 0; %Inlet concentration is zero

%2 . MTFMP

C(:, [((l*ny)+1):(2*ny)]1,1) = 0; %$Inlet concentration is constant at the inlet concentration of Methoxide
$3. KF

C(:,[((2*ny)+1):(3*ny)],1) = 0; %$Inlet concentration is zero

%4. Meth

C(:, [((3*ny)+1):(4*ny)],1l) = cMethO; %Inlet concentration is zero

%We have:

%1l. Inlet conditions that define the concentration of all 4 species at all points in the reactor channel

%2. We have boundary conditions for the derivatives as well as where the concentration of species are known as
constants

%3. The derivatives are then calculated

%4. Now need to create a grid of the material balances for all the species

o©

%Need to incorporate the velocity profile into the derivative in the z direction

for i = 1:Nspecies
for j=l:nz
dCdzuz (:, [ (((i-1)*ny)+1):(i*ny)],J) = dCdz(:, [(((i-1)*ny)+1):(i*ny)],]).*uz;
end
end

[o)

%$Reaction Rates



r = k1*C(:, [((3*ny)+1):(4*ny)],:)." (alpha).*C(:, [ ((O*ny)+1):(1l*ny)],:)." (beta);

o

°

%$Ligquid Phase Balances

$1. HFPOlig

dcHFPOdt (:, :,:) = DHFPO* (dCdxx(:, [((0*ny)+1):(1*ny)],:) + dCdyy(:, [((0O*ny)+1):(1*ny)]l,:)) -
dCdzuz (:, [ ((O*ny)+1) : (1l*ny)],:) - r;

$2. MTFMP

dcMTFMPdAt (:, :,:) = DMTFMP* (dCdxx (:, [((1*ny)+1):(2*ny)],:) + dCdyy(:, [((1*ny)+1):(2*ny)]l,:)) -
dCdzuz (:, [ ((1*ny)+1) : (2*ny)]1,:) + r;

$3. KF

dcKFdt (:,:,:) = DKEF* (dCdxx(:, [ ((2*ny)+1):(3*ny)],:) + dCdyy(:, [((2*ny)+1):(3*ny)],:)) -
dCdzuz (:, [ ((2*ny)+1) : (3*ny)1,:) + 2*r;

%$4. Meth

dcMethdt (:, :,:) = DMeth* (dCdxx(:, [((3*ny)+1):(4*ny)],:) + dCdyy(:, [((3*ny)+1):(4*ny)],:)) -
dCdzuz (:, [ ((3*ny)+1): (4*ny)],:) - 2*r;

Conc = [dcHFPOdt dcMTEFMPdt dcKFdt dcMethdt];

[XX,YY,Z2Z2] = size(Conc);
Cout = reshape(Conc, 1, (XX*YY*ZZ7))"';

end
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E.2.3 Response surface methodology files

a) Interaction between activation energy and reference Kinetic rate constant

close all
clear all

clc

X=[1.900000 75.000 0.7000 142.5000 1.3300 52.5000 3.6100 5625.0000 0.4900
1.900000 75.000 0.3000 142.5000 0.5700 22.5000 3.6100 5625.0000 0.0900
1.900000 45.000 0.7000 85.5000 1.3300 31.5000 3.6100 2025.0000 0.4900
1.900000 45.000 0.3000 85.5000 0.5700 13.5000 3.6100 2025.0000 0.0900
1.100000 75.000 0.7000 82.5000 0.7700 52.5000 1.2100 5625.0000 0.4900
1.100000 75.000 0.3000 82.5000 0.3300 22.5000 1.2100 5625.0000 0.0900
1.100000 45.000 0.7000 49.5000 0.7700 31.5000 1.2100 2025.0000 0.4900
1.100000 45.000 0.3000 49.5000 0.3300 13.5000 1.2100 2025.0000 0.0900
0.828000 60.000 0.5000 49.6800 0.4140 30.0000 0.6856 3600.0000 0.2500
2.172000 60.000 0.5000 130.3200 1.0860 30.0000 4.7176 3600.0000 0.2500
1.500000 34.800 0.5000 52.2000 0.7500 17.4000 2.2500 1211.0400 0.2500
1.500000 85.200 0.5000 127.8000 0.7500 42.6000 2.2500 7259.0400 0.2500
1.500000 60.000 0.1640 90.0000 0.2460 9.8400 2.2500 3600.0000 0.0269
1.500000 60.000 0.8360 90.0000 1.2540 50.1600 2.2500 3600.0000 0.6989
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.250017;

X1 = [ones(size(X,1),1) X(:,1:9)]; % Adding a row of ones to the beginning of the matrix
PreExp=X(:,1);

ActEnergy=X(:,2);

Sechenov=X(:,3);

ypred=ones (20,1) ;

y=[7.4079
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.9737
.3604
.9284
.5561
.4533
.5018
L4101
.9946
.9482
.3561
.4153
.8095
.2378
.3749
.3749
.3749
.3749
.3749
.3749171;

B I B B B B N N N B e e N N N Y

stats=regstats(y,X);

beta=stats.beta

for index=1:20

ypred (index, 1l)= beta(l)+ beta(2)*PreExp(index) + beta (3) *ActEnergy (index) + beta(4)*Sechenov (index) ...

+ beta (5) * (PreExp (index) ) * (ActEnergy(index)) + beta(6) * (PreExp (index) ) * (Sechenov (index)) +
beta (7) * (ActEnergy (index) ) * (Sechenov (index)) ...

+ beta (8) * (PreExp (index)) "2 + beta(9)* (ActEnergy (index)) "2 +beta (10) * (Sechenov (index))"2;
end

R = stats.rsquare

H
Il

stats.fstat;

fprintf('\n")
fprintf ('Regression ANOVA') ;
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fprintf ("\n\n")

fprintf ('%6s', 'Source');
fprintf ('%$10s', 'df','ss','MS',"F',"'P");
fprintf('\n")

fprintf ('%6s', "Regr'");
fprintf ('$10.4f"',f.dfr, f.ssr,f.ssr/f.dfr,f.£f, f.pval);
fprintf ('\n")

fprintf ('%6s', "Resid');

fprintf ('$10.4f"',f.dfe, f.sse, f.sse/f.dfe);
fprintf('\n")

fprintf ('%6s', '"Total');

fprintf ('%10.4f', f.dfe+f.dfr, f.sse+f.ssr);
fprintf ('\n')

t = stats.tstat;
CoeffTable = dataset ({t.beta, 'Coef'}, {t.se, 'StdErr'},
{t.t,'tsStat'}, {t.pval, 'pval'})

Fz=40;
F=linspace (min (X (:,1)),max(X(:,1)),Fz)"';

MZ=40;
M=linspace(min (X (:,2)),max(X(:,2)),M2);

FM=repmat (F, [1,MZ]) ;
MM=repmat (M, [FZ,1]1);

TM=zeros (FZ,MZ) ;
for a=1:F7;
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for g=1:MZ;
™™ (a,qg)=0.5;
end
end

%The model to predict the response variable
YD=beta(l)+ beta(2) .*FM + beta(3).*MM + beta(4).*TM + beta(5).* (FM).* (MM) + beta(6).*(FM).*(TM) +
beta (7) .* (MM) .* (TM) + beta(8).* (FM)."2 + beta(9).* (MM)."2 +beta(10).*(TM)."2;

%to make any values that are negative, zero
for d=1:40;
for e=1:40;
YD new(d,e)=YD(d,e);

if YD(d,e)<0
YD new(d,e)= ¥YD(d,e);
end
end
end

surf (MM, FM, YD new) ;
set (gca, 'Xcolor', [0 O O], "Ycolor', [0 O 0], '"Zcolor', [0 O O], 'FontName', 'Arial', 'FontSize',16);
colorbar ('FontName', '"Arial', 'FontSize',22, 'Xcolor', [0 O 0], 'Ycolor', [0 O 0], 'location', 'eastoutside')

axis square

shading faceted

colormap jet

view (225, 30)

xlabel ('Activation energy (kdJ.mol”{-1})"','FontName', 'Arial', 'FontSize', 14, 'FontWeight', '"normal', 'Color', [0 0 01])
ylabel ('Reference kinetic rate constant (m*{3}.mol"{-1}.s"{-1} x10"{-

5}) ', '"FontName', 'Arial', 'FontSize', 14, 'FontWeight', 'normal', 'Color', [0 O 01])

zlabel ('Summed relative square error', 'FontName', 'Arial', 'FontSize',14, 'FontWeight', 'normal', 'Color', [0 O 0])
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[C,h]=contour (MM, FM, YD) ;

clabel (C,h, "FontName', 'Arial', "FontSize', 20, 'LabelSpacing', 200, 'Color', [0 O 01);

set (gca, 'Xcolor', [0 O O], 'Ycolor', [0 O O], 'FontName', 'Arial', 'FontSize',16, 'LineWidth',0.5);
set (h, '"LineWidth', 2);

axis square

shading interp

colormap Jjet

xlabel ('Mass KOH', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', 'Color', [0 O 0])
ylabel ('"HFP Flow rate (mL/s)','Arial','FontSize',22)
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b) Interaction between activation energy and Sechenov coefficient

close all
clear all

clc

X=[1.900000 75.000 0.7000 142.5000 1.3300 52.5000 3.6100 5625.0000 0.4900
1.900000 75.000 0.3000 142.5000 0.5700 22.5000 3.6100 5625.0000 0.0900
1.900000 45.000 0.7000 85.5000 1.3300 31.5000 3.6100 2025.0000 0.4900
1.900000 45.000 0.3000 85.5000 0.5700 13.5000 3.6100 2025.0000 0.0900
1.100000 75.000 0.7000 82.5000 0.7700 52.5000 1.2100 5625.0000 0.4900
1.100000 75.000 0.3000 82.5000 0.3300 22.5000 1.2100 5625.0000 0.0900
1.100000 45.000 0.7000 49.5000 0.7700 31.5000 1.2100 2025.0000 0.4900
1.100000 45.000 0.3000 49.5000 0.3300 13.5000 1.2100 2025.0000 0.0900
0.828000 60.000 0.5000 49.6800 0.4140 30.0000 0.6856 3600.0000 0.2500
2.172000 60.000 0.5000 130.3200 1.0860 30.0000 4.7176 3600.0000 0.2500
1.500000 34.800 0.5000 52.2000 0.7500 17.4000 2.2500 1211.0400 0.2500
1.500000 85.200 0.5000 127.8000 0.7500 42.6000 2.2500 7259.0400 0.2500
1.500000 60.000 0.1640 90.0000 0.2460 9.8400 2.2500 3600.0000 0.0269
1.500000 60.000 0.8360 90.0000 1.2540 50.1600 2.2500 3600.0000 0.6989
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.250017;

)

X1 = [ones(size(X,1),1) X(:,1:9)]; % Adding a row of ones to the beginning of the matrix
PreExp=X(:,1);

ActEnergy=X(:,2);

Sechenov=X(:, 3);

ypred=ones (20,1) ;

y=[7.4079
7.9737
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.3604
.9284
.5561
.4533
.5018
L4101
.9946
.9482
.3561
.4153
.8095
.2378
.3749
.3749
.3749
.3749
.3749
.37491;

B N B B B N N N B N e e N N N

stats=regstats (y,X);

beta=stats.beta

for index=1:20

ypred(index,1l)= beta(l)+ beta(2) *PreExp (index) + beta (3) *ActEnergy (index) + beta (4) *Sechenov(index) ...

+ beta (5) * (PreExp (index) ) * (ActEnergy (index)) + beta (6)* (PreExp (index)) * (Sechenov (index)) +
beta (7) * (ActEnergy (index) ) * (Sechenov (index)) ...

+ beta (8) * (PreExp (index)) "2 + beta(9)* (ActEnergy(index)) "2 +beta (10) * (Sechenov (index))"2;
end

R = stats.rsquare

.
Il

stats.fstat;

fprintf('\n")
fprintf ('Regression ANOVA') ;
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fprintf ("\n\n")

fprintf ('%6s', 'Source');
fprintf ('%$10s', 'df','ss','MS',"F',"'P");
fprintf('\n")

fprintf ('%6s', "Regr'");
fprintf ('$10.4f"',f.dfr, f.ssr,f.ssr/f.dfr,f.£f, f.pval);
fprintf ('\n")

fprintf ('%6s', "Resid');
fprintf ('$10.4f"',f.dfe, f.sse, f.sse/f.dfe);
fprintf('\n")

fprintf ('%6s', '"Total');

fprintf ('%10.4f', f.dfe+f.dfr, f.sse+f.ssr);
fprintf ('\n')

t = stats.tstat;
CoeffTable = dataset ({t.beta, 'Coef'}, {t.se, 'StdErr'},
{t.t,'tsStat'}, {t.pval, 'pval'})

T72=20;
T=linspace (min(X(:,3)),max(X(:,3)),TZ)"';

Mz=20;
M=linspace(min (X (:,2)),max(X(:,2)),M2);

TM=repmat (T, [1,MZ]);
MM=repmat (M, [TZ,1]);

FM=zeros (TZ,MZ) ;
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for a=1:T%;
for g=1:MZ;
FM(a,g)= 1.5;
end
end

%The model to predict the response variable
YD=beta (l)+ beta(2) .*FM + beta(3).*MM + beta(4) .*TM + beta (5).* (FM) .
beta (7) .* (MM) . * (TM) + beta(8).* (FM)."2 + beta(9).* (MM)."2 +beta(l0).
%$to make any values that are negative, zero
for d=1:20;
for e=1:20;
YD new(d,e)=YD(d,e);

(MM) + beta(6).* (FM).* (TM) +
(TM) ."2;

*
*

if YD (d,e)<0
YD new(d,e)=0;
end
end
end

surf (MM, TM, YD new) ;
set (gca, 'Xcolor', [0 O O], "Ycolor',[O O 0], '"Zcolor', [0 O O], 'FontName', 'Arial', 'FontSize',16);
colorbar ('FontName', 'Arial', 'FontSize', 22, 'Xcolor', [0 O 0], '"Ycolor', [0 O 0], 'location', 'eastoutside')

axis square

shading faceted

colormap Jjet

view (-135,30)

xlabel ('Ea', 'FontName', "Arial', 'FontSize',22, 'FontWeight', 'normal', '"Color', [0 O 0])

ylabel ('Ks', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', "Color', [0 O 0])

zlabel ('Relative error', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', '"Color', [0 O 0])

figure (2)

[C,h]=contour (MM, TM, YD) ;
clabel (C,h, "FontName', 'Arial', "FontSize', 20, 'LabelSpacing', 200, 'Color', [0 O 01);

202



set (gca, 'Xcolor', [0 O 0], 'Ycolor', [0 O 0], 'FontName', '"Arial', 'FontSize',16, 'LineWidth',0.5);
set (h, 'Linewidth', 2);

axis square

shading interp

colormap jet

xlabel ('Mass KOH', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', '"Color', [0 O 0])
ylabel ('Temperature /K', 'FontName', 'Arial','FontSize',22,'FontWeight', 'normal', 'Color', [0 0 0])

figure (3)

line = 7:1:9;

% Create figure

figurel = figure(3);

% Create axes

axesl = axes('Parent',figurel, 'PlotBoxAspectRatio',[1 1 1], 'FontSize',22);
box (axesl, 'on');

hold (axesl, 'all');

plot(y,ypred, '"MarkerFaceColor',[1 O 0], 'Marker','o','Color',[1 0 0], 'MarkerSize', 12,'LineStyle', 'none');

hold on

plot(line,line, 'LineWidth', 4)

xlabel ('Observed relative summed square error', 'FontSize',22)
ylabel ('Predicted relative summed square error', 'FontSize',22)
axis square

B=zeros (3, 3);

B(1,1)=( (8));

B(1l,2)=(beta(5))/2;
B(1,3)=(beta(6))/2;
B(2,1)=(beta(5))/2;
B(2,2)=(beta(9));

B(2,3)=(beta(7))/2;
B(3,1)=(beta(6))/2;
B(3,2)=(beta(7))/2;
B(3,3)=(beta(10));

b=[beta(2); beta(3); beta(4)]:;
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D=B"-1;

X0=-0.5*D*b;

X0T=X0";

YO=beta (1)+0.5*X0T*b
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¢) Interaction between Reference kinetic rate constant and Sechenov coefficient

close all
clear all

clc

X=[1.900000 75.000 0.7000 142.5000 1.3300 52.5000 3.6100 5625.0000 0.4900
1.900000 75.000 0.3000 142.5000 0.5700 22.5000 3.6100 5625.0000 0.0900
1.900000 45.000 0.7000 85.5000 1.3300 31.5000 3.6100 2025.0000 0.4900
1.900000 45.000 0.3000 85.5000 0.5700 13.5000 3.6100 2025.0000 0.0900
1.100000 75.000 0.7000 82.5000 0.7700 52.5000 1.2100 5625.0000 0.4900
1.100000 75.000 0.3000 82.5000 0.3300 22.5000 1.2100 5625.0000 0.0900
1.100000 45.000 0.7000 49.5000 0.7700 31.5000 1.2100 2025.0000 0.4900
1.100000 45.000 0.3000 49.5000 0.3300 13.5000 1.2100 2025.0000 0.0900
0.828000 60.000 0.5000 49.6800 0.4140 30.0000 0.6856 3600.0000 0.2500
2.172000 60.000 0.5000 130.3200 1.0860 30.0000 4.7176 3600.0000 0.2500
1.500000 34.800 0.5000 52.2000 0.7500 17.4000 2.2500 1211.0400 0.2500
1.500000 85.200 0.5000 127.8000 0.7500 42.6000 2.2500 7259.0400 0.2500
1.500000 60.000 0.1640 90.0000 0.2460 9.8400 2.2500 3600.0000 0.0269
1.500000 60.000 0.8360 90.0000 1.2540 50.1600 2.2500 3600.0000 0.6989
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.2500
1.500000 60.000 0.5000 90.0000 0.7500 30.0000 2.2500 3600.0000 0.250017;

)

X1 = [ones(size(X,1),1) X(:,1:9)]; % Adding a row of ones to the beginning of the matrix
PreExp=X(:,1);

ActEnergy=X(:,2);

Sechenov=X(:, 3);

ypred=ones (20,1) ;

y=[7.4079
7.9737
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.3604
.9284
.5561
.4533
.5018
L4101
.9946
.9482
.3561
.4153
.8095
.2378
.3749
.3749
.3749
.3749
.3749
.37491;

B N B B B N N N B N e e N N N

stats=regstats (y,X);

beta=stats.beta

for index=1:20

ypred (index, 1)= beta(l)+ beta(2)*PreExp (index) + beta (3) *ActEnergy (index) + beta(4)*Sechenov (index) ...

+ beta (5) * (PreExp (index) ) * (ActEnergy (index)) + beta (6)* (PreExp (index)) * (Sechenov (index)) +
beta (7) * (ActEnergy (index) ) * (Sechenov (index)) ...

+ beta (8) * (PreExp (index)) "2 + beta(9)* (ActEnergy(index)) "2 +beta (10) * (Sechenov (index))"2;
end

R stats.rsquare
f = stats.fstat;
fprintf('\n")

fprintf ('Regression ANOVA');
fprintf ("\n\n")
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fprintf ('%$6s', 'Source');
fprintf ('%$10s', 'df','sSs','MS',"F',"'P");
fprintf ('\n")

fprintf ('%6s', "Regr');
fprintf ('$10.4f"',f.dfr, f.ssr,f.ssr/f.dfr,f.£f, f.pval);
fprintf ('\n")

fprintf ('%6s', "Resid');
fprintf ('$10.4f"',f.dfe, f.sse, f.sse/f.dfe);
fprintf('\n')

fprintf ('%6s', '"Total');
fprintf ('%10.4f", f.dfe+f.dfr, f.sse+f.ssr);
fprintf ('\n")

t = stats.tstat;
CoeffTable = dataset ({t.beta, 'Coef'}, {t.se, 'StdErr'},
{t.t,'tsStat'}, {t.pval, 'pval'})

T72=20;
T=linspace (min (X (:,3)),max(X(:,3)),TzZ)"';

Fz=20;
F=linspace (min (X (:,1)),max(X(:,1)),Fz);

TM=repmat (T, [1,FZ]);
FM=repmat (F, [TZ,1]);

MM=zeros (TZ, FZ) ;

for a=1:T%Z;
for g=1:FZ;
M(a,qg)=60;
end
end
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%$The model to predict the response variable
YD=beta (l)+ beta(2) .*FM + beta(3).*MM + beta(4) .*TM + beta (5).* (FM) .*
beta(7) .* (MM) .* (TM) + beta(8).*(FM)."2 + beta(9).*(MM)."2 +beta(10).*

(MM) + beta(6).* (FM) .* (TM) +
(TM) ."2;

%$to make any values that are negative, zero
for d=1:20;
for e=1:20;
YD new(d,e)=YD(d,e);

if YD (d,e)<0
YD new(d,e)=YD(d,e);
end
end
end

surf (FM, TM, YD new) ;
set (gca, 'Xcolor', [0 O O], '"Ycolor', [0 O O], '"Zcolor', [0 O O], 'FontName', 'Arial', 'FontSize',16);
colorbar ('FontName', "Arial', 'FontSize',22, 'Xcolor', [0 O 0], 'Ycolor', [0 O 0], 'location', 'eastoutside')

axis square

shading faceted

colormap jet

view (235, 30)

xlabel ('Ko', 'FontName', "Arial', 'FontSize',22, '"FontWeight', '"normal', '"Color', [0 O 0])

ylabel ('Ks', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', 'Color', [0 O 0])

zlabel ('Relative error', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', '"Color', [0 O 0])

figure (2)

[C,h]=contour (FM, TM, YD) ;

clabel (C,h, '"FontName', 'Arial', 'FontSize', 20, 'LabelSpacing',200, 'Color', [0 O 0]);

set (gca, 'Xcolor', [0 O O], 'Ycolor', [0 O O], 'FontName', 'Arial', 'FontSize',16, 'LinewWidth',0.5);
set (h, '"LineWidth',2);

208



axis square

shading interp

colormap Jjet

xlabel ('Mass KOH', 'FontName', 'Arial', 'FontSize',22, 'FontWeight', 'normal', 'Color', [0 O 0])
ylabel ('Temperature /K', 'FontName', 'Arial','FontSize',22,'FontWeight', 'normal', 'Color', [0 0 0])
hold on

({'Surface and contour plot of HFPO yield (%) for molar feed ratio vs temperature'; 'at a fixed space time (120
s) '}, 'FontName', 'Arial', 'FontSize', 20, 'FontWeight', 'normal', "Color', [0 O 0.6])

plot (y,ypred, "ko', 'MarkerFaceColor"', 'black', '"MarkerEdgeColor"', '"black', "MarkerSize',12)
hold on

FFDx=linspace (0,100,50);
FFDy=linspace (0,100, 50) ;

plot (FFDx, FFDy, 'k-"', '"LinewWidth', 3)
set (gca, 'XColor', 'k','YColor', 'k', "LineWidth',0.5)

set(gca, 'Ytick',0:10:50)
set(gca, 'Xtick',0:10:50)

set(gca, 'YTickLabel', {'0';"'10"';'20"';'30';'40';'50"'}, 'FontName', "Arial'...
, 'FontSize',16, 'FontWeight', 'normal')

set (gca, 'XTickLabel', {'0';"'10"';'20"';'30';'40';'50"}, 'FontName"', "Arial'...
, 'FontSize',16, 'FontWeight', 'normal"')

axis ([0 50 0 501)
axis square
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xlabel ('Observed HFPO yield /%', 'FontName', 'Arial', 'FontSize',22,'FontWeight', 'normal')
ylabel ('Predicted HFPO yield /%', 'FontName', 'Arial', 'FontSize', 22, 'FontWeight', 'normal')

B(1l,1)=(beta(8)):;
B(1,2)=(beta(5))/2;
B(1,3)=(beta(6))/2;
B(2,1)=(beta(5))/2;
B(2,2)=(beta(9));
B(2,3)=(beta(7))/2;
B(3,1)=(beta(6))/2;
B(3,2)=(beta(7))/2;
B(3,3)=(beta(10));

b=[beta(2); beta(3); beta(4d)];

X0=-0.5*D*b;

X0T=X0";

YO0=beta (1) +0.5*X0T*b
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E.3 Momentum Balance

E.3.1 Main file

unction uz = main(dimensions)
global ncall nx ny mmf b Q1 g nu rho mu y

nx = dimensions(1l);
ny = dimensions (2);
T = dimensions (3);

o)

% Parameters shared with the ODE routine

% Initial condition (which also is consistent

% boundary conditions)

SParameters
rho = 770.467;
s T = 275;

mu = exp(-25.317 + 1789.2/T + 2.069*1og(T));
nu = mu/rho;
g = 9.81;
b = 641*%10"-6;
Ql = dimensions(4);
Fl1 = 0.01;
nx=5;
ny=>5;
for i=2: (nx)
for j=l:ny
if(i==1) u0(i,j)=0.0;
elseif (i==ny)ul(i, j)=0;
else u0(i,j)=F1;
end
end
end
ul(:,1) = 0;

o\°

o\°

o\

oe

Matrix conversion method flag

oe

with the

$Perrys 2-116 = denisty of methanol at 97% purity
$Assume T of 275 Kelvin

$Perrys 2-430 (Pa.s)

%Calculting kinematic viscosity

$Acceleration due to gravity(m/s”2)

%Channel width
$Liquid flow rate (m3/s)

$Liquid linear velocity (approximate in m/s)
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o

mmf = 1 - explicit subscripting for matrix conversion

o

oe

mmf = 2 - Matlab reshape function

oe

mmf=2;

o\

o

2D to 1D matrix conversion

o°

if (mmf==1)
for i=l:nx
for j=1l:ny
y0 ((i-1) *ny+3)=u0(i,3);
end
end
end

o

1f (mmf==2)
y0=reshape (u0',1,nx*ny);
end

oe

[

% Independent variable for ODE integration
t0=0.0;

tf=0.15;

tout=[t0:0.03:tf]"';

nout=length (tout) ;

ncall=0;

oe

% ODE integration

mf=1;

reltol=1.0e-04; abstol=1.0e-04;

options=odeset ('RelTol',reltol, 'AbsTol',abstol);

if (mf==1) % explicit FDs
[t,y]=0del5s (@pde 1, tout,y0,options); end

if (mf==2) ndss=4; % ndss = 2, 4, 6, 8 or 10 required
[t,y]=0del5s (@pde 2, tout,y0,options); end

if (mf==3) ndss=44; % ndss = 42, 44, 46, 48 or 50 required
[t,y]=0del5s (@pde 3, tout,y0,options); end

for it=1l:nout
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% 2D to 3D matrix conversion

u(it,:, :)=reshape(y(it,:),ny,nx)"';
end

uz = reshape (u(nout, :,:),nx,ny);
end
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E.3.2 Function file
function yt=pde 1(t,y)

o° o o°

o

finite differences

o

oe

Problem parameters

Function pde 1 computes the temporal derivative in the
pseudo transient solution of Laplace's equation by explicit

global ncall nx ny mmf b Ol g nu rho yu uxx uyy mu

BB = y;

x1=0.0;

xu=b; $Width of a microchannel (m)
y1=0.0;

=(3 * Q1 * nu/(b*g))"(1/3);

o° oo K
o

o

% 1D to 2D matrix conversion
1f (mmf==1)
for i=l:nx
for j=l:ny
u(i, )=y ((i-1) *ny+j);
end
end
end
1f (mmf==2)
u=reshape (y,ny,nx) ';
end

o\

% PDE
dx2=((xu-x1)/ (nx-1)
dy2=((yu-yl)/(ny-1))"2;
for i=l:nx

for j=l:ny

oe

oe

uxx
if (i==1) uxx(i,J)=0;

Initially zero derivatives in x,
uxx=zeros (nx,ny); uyy=zeros (nx,ny);

$Film thickness

y, t
ut=zeros (nx,ny) ;

elseif (i==nx) uxx(i,j)=2.0* (u(i-1,73)-u(i,d))/dx2;
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else uxx(i,J)=(u(i+1l,3)-2.0*u(i,j)+u(i-1,73))/dx2;
end

oe

5 uyy

if (j~=1) && (J~=ny)

uyy (i, 3)=(u(i,j+1)-2.0%u(i,J)+u(i,j-1))/dy2;
end

% ut = nu(uxx + uyy) + rho*g
1f(J==1) 1| (J==ny)ut(i,3)=0.0;

else ut (i, J)=mu* (uxx (i, j)+uyy(i,j))+ rho*g;
end

end

end

ut (1,:) = 0;

o\°

% 2D to 1D matrix conversion
1if (mmf==1)

for i=1:nx

for j=l:ny

yt ((i-1)*ny+3j)=ut (i,3);
end

end

yt=yt';

end

1f (mmf==2)

yt=reshape (ut',nx*ny,1);
end

% Increment calls to pde 1
ncall=ncall+l;

end
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APPENDIX F: CHEMICAL DATA TABLE

IUPAC name CAS number Supplier Supplier specified purity (%)  Determined purity (%)

Methanol 67-56-1 Laboratory Equipment and Supplies 99.9 99.6°
Potassium hydroxide 1310-58-3 Merck KGaA 85 -

Sodium hydroxide 1310-73-2 Merck KGaA 98 -
Propan-1-ol 71-23-8 Merck KGaA 99 992
Methyl-2,3,3,3-tetrafluoro-2-methoxypropionate ~ 10186-63-7 ABCR GmbH and Co. KG 97 97.0@
Hexafluoropropene 116-15-4 NECSA - 99.8°
2,2,3-Trifluoro-3-(trifluoromethyl)-oxirane 428-59-1 NECSA - 99.5°
Nitrogen 7727-37-9 Afrox 99.999 -

2 Purity of confirmed by gas chromatography and area normalisation technique in this study.
® purity of hexafluoropropene and 2,2,3-Trifluoro-3-(trifluoromethyl)-oxirane (referred to as hexafluoropropene oxide in this work) was identified using

gas-chromatography by researchers at Thermodynamic Research Unit — University of KwaZulu-Natal (Dr. David Lokhat, 2012).
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