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Environmentally Benign Production of lonic Liquids
in
CQ-Expanded Systems

Sylvia O. Nwosu

The need to reduce air pollutiam chemical manufacturing processmmtinues to drive
the search for alternativeolvens. lonic Liquids (ILs)have emerged in recepars as a
promising solution.In contrast to traditional organic solvents, ILs hawegligible
volatility, which eliminates air emissions and harnviorker exposureoncernsVarious
combinations of cations and anions afford distinct propettiesn IL, such as melting
point, solvation properties, and phase behavior; tmaking it possible to molecularly

designor engineer ILs for specific tasksross many chemical sectors

Unfortunately many ILs are synthesized and processed using the very organic solvents
which they are purportedly replacin@espite theexponential growthn this field, very
little work focuses ordeveloping alternativeynthesis and productiamnethods forLs.

The objective of this dissertation is to investigatevel economically viable and

environmentally benigmethodologiesor ionic liquid production

Three solvent platforms: 1) conventional organic solvents; 2) compressed and
supercritical CO,; 3) CO,-Expanded DMSO are considered for the synthesis of IL
synthesisA full understanding of the kinetics and effects of solvent in the synthesis of
ILs is of great importance for optimally selectingbanign and economically viable
solvent for IL production. Empirical LSER expression, correlating kinetic rate constant
with solvert polarity was obtainedyhich will facilitate rapid data generation needed for
engineering production processes of different ILs in varied solvent systems. While some
general trends for these Mentshukype reactions are widely known, quantitative second

(2"% order rateconstants are reported here.

The use of C@in the synthesis of ILs has many advaets over conventional solvents.
CO; induces IL-solvent mixtures to split into Hich andorganicsolventrich phases that

can be decanted aextractedfor easy separations, simply bgontrolling pressure
il



temperature and CQOoading This work demonstrates th@0, is aflexible and tunable
solvent for the synthesis ofhe model IL 1-hexyl3-methylimidazolium bromide
([HMIm][Br]). Previously, our groupasfoundthatamongtenorganic solvents, DMSO
hasthe highest kinetic rate for the synthesis of [HMIm][BrBlthough DMSO is a
relatively environmentally benign solverit,is beset with a high boiling point (1%9),
rendering it both economically andwonmentally norfeasible as a solvent optiofihe
synthesis and processing dfs in gasexpanded DMSO alleviates these issues.
Furthermore, gas expanded liquids reduce the amount of organic solvent needed for the
reaction.This work, for the first time, leverages the kinetic benefits of DMSO and the
thermodynamic advantag®f benign CQ for the production of ILsSpecifically, this

study explored another promising solvent medjaCO, expanded liquid DMSO
(CXLs).Non-complex separation schemes are proposed from mixture phase behavior.

KamletTaft polarity parameters for G@xpanded DMSO arasoreported.

Experimental fgh-pressure phase equilibrdata were measureahd modeledor CO;,
binary, ternary and pseudnnary sydems encountereah the synthesis oiHMIm][Br].
Unigue chemical and thermodynamic behaviemr® observed inthe IL-synthesis
mixtures.Using estimated critical properties to correlate the vdjprid equilibrium the
PengRobinson equatiaof state, with van der aals 2parameter mixing rulesyere
found to sufficiently correlate dataThe phase equilibrium data allow better
understanding and kinetic characterization of the synthesis of ILs withReGults have
important ramifications othe kinetics and process constraints of an actual IL synthesis
in high pressure systemBesign considerations for optimizing solvents ratio, kinetic
properties and separations are discussed.

Here, the systematic risk assessment methodology was exteéaddds systems.
Environmentalassessmestof different IL synthesis routestudied hereare performed
and presented.Potential issues (unit operations that have the most impact tbe
environment and profitability) in the life cycle of the processes aatifted. Green
sustainablemethodologywas extended to applications of Ik& cellulose valorization
and processing, separations and the fabrication of cellulosic materials

iv



Acknowledgement
No bird soars too high if he soars with his own wirg#/illiam Blake
| am indebted to a number of people who made this all possible. First, | would like to
express my deepest gratitude to my advisor, Professor Aaron Scurto, for his inspiration,
mentorship, encouragement and patience during my time at the Univerdignsas
(KU). I am grateful to my committee members, ProfesSusan Williams Laurence
Weatherley, RaghunathChaudhariand Jon Tunge for their time and guidance in

reviewing this dissertation

| am thankful to my colleagues: Wei Ren, Jay SchliecAeita Ahossieni, Aravind
Gangu, and Dave Minnick. It washonorlearning, working, troubleshooting alongside
you and most especially solving problems togeth¥pu taught mehe importance of
TEAMWORK. Several undergraduate researchers made signiftcauttibutions to the
experimental work: Kevin Livengood, Will Smith, John Dibaggio, Chirsty Cheung and
Ming Tan. Thank you for working so hargtaching me patien@nd helping me learn to
teach.Dr. Claudia Bode, | thank you for yoanthusiasm andreatve ideas when editing

my presentations, written work and posters for effective communication. | will take along

many lessons learned into my future career.

My professional families at thBepartment of Chemical anBetroleum Engineering
(CPE) andhe Certer for Environmentally Beneficial Catalysis (CEBRave helped me
enormouslyYour smil es and kind wor dlswouddké&e t he
give my special thanks to Mr. Alan Walker and Mr. Scott Ramskill for their willingness

to help with eqyment setup and maintenando Drs Andrew Danby andMichael

Lundin, | appreciate you both for always lending strong hamdl experienced eyédsr
equipment troubleshooting.am grateful to Mike Mendez a#spen Technologies, who
spenthours helping me dubleshoot Aspen software issuéshank Justin Douglas and

Sarah Neuenswander for help with NMR spectroscopy.

| am especially grateful to the Emily Taylor Women Resources Center at KU (KU4KU

Women Elevator Fund), Kathy Rose Mockery, Mary Mba, Angelaimag and Mrs
v



Florence Boldridge. The value of your steadfast support throughout my challenges of

balancing motherhood and research work is unquantifiable.

Of course without funding none of my work would have been possible. Tiuasit to
acknowledge myfunding sources, the NSERC Center for Bvironmentally Benign
Catalysis, the US National Science FoundatioNSF CBETF0626313, and the
University of Kansas Graduate Studies Diversity Fellowship Zmip.

| want to express myleepesigratitude to my FMILY . Truly you have shown me it

takes a village to raise a child. These past five years have not been easy. | acknowledge
the long trips from Nigeria, Jamaica, the UK, Tennessee, Texas, North Carolina and
South Dakota to meeteeds or simply to cheer os: Marlon and | are forever indebted

to you. | thank you for spiritual, emotional, and financial support during this challenging

time. Our lives are so much richer because you are in it.

Thankyou to our mothers for their selfless effort in making mydolighter especially
with childcare. As a mother of three young boys, your support has been invaluable in
allowing me to achieve thigoal. To my Sons, Munachi, Ua@ and lkechi, you make

this accomplishment so much sweeter.

To my husband, Marlon Huglolinson, | am one lucky girl'! | am married to my love,
best friend, biggest fan and prayer partiiérank you for believing in malways Love is

an action wordMarlon, you do love!

| reservemy gratitude to my father, NzignatiusO. Nwosu, till the endWithout your
confidence in me, none of my achievements would have been possible. Thank you for
believing in, and supporting, the crazy dreams of your little girl. You are a ther fand

| will always love you

Above all, | thank GodChukwu imelal

Vi



For Mom, In Loving Memory

LoLo Felicia C. Nwosu

Thank you! You are not forgotten.

vii



Table Of CONTENTS......uuiiiiiiiiiiiii i rres e viii
LIST OF FIGURES. .....ciiiiiiiiitiiiiiiit ittt e e e e e e e e e e anena e e e es Xiv
1.  An Introduction tO 10NIC LIQUI........ccuiiiiiiiiiiiiiiiiie e 1
1.1 lonic Liquids: Countless Combinations................uuueeiiiccreeeveiiiiceene e 4
1.2 Properties Of ILS.......ooiiiieiiiiiiiii it erer e s e e e e e e e e e e e e e aes 5
1.2.1 IL MetING POINTS ... e e 6
1.2.2 IL VisSCoSity and DeNSItY.........uuuuuuruiiiiiieesieeeiiiiiiiinneeee e e e e e e e eesneesnnneeeeee ol
1.2.3 SOIVENT PAramMeterS......uuuiiiiiiiiiiiiiiiceeeeiiiieeee et rmmme e 8
1.2.4 ThermodynamicC ProPertieS.........cceeiiiee e e ceeeice e enee e 9
1.2.5 Impurity: Water Content, Trace Compounds........ccccoeeeeeeeniiccceeeeennn. 11
1.3 Applications of 10NIC LiQUIAS...........cooiiiiiiiiiiieeee e 12
1.3.1 IL iN BiOMASS PrOCESSES.......cciiiiiiiiiiiiiieees s eenereeeeee s 12
1.3.2 Catalysis in a Supported lonic Liquid Phase (SILP)................ccc..... 14
1.3.3 lonic Liquids for LiquidLiquid Separations and Fermentation........... 15
1.3.4 lonic Liquids in CQ Capture: CQPhoto Reduction..............c.cceeeeene 17
1.4 Current Barriers to IL Implementation...............ccccvvvvimmmrniniiiiiiieeeeeee 20
15 Synthesis of [0NIC LIQUIS..........ciiiiiiiiiee e eeeeeeeene e 21
15.1 Gas ExpandedifUids...........ccoooiiiiiiiiiiiiieeee e 22
1.5.2 Synthesis of lonic Liquids in a GE&xpanded System................c........ 24
1.6 Dissertation ODJECHIVES.........cociiiiiiiiiiieieeeii bbbt e e e e e e e e 25
1.7 OUutling Of ChaPLErS.......ccveiiiiicce e errer e e e e 26
RETEIENCES. ... e e eneer e e e e e e e e 29
2. Experimental MethodsS.........coouviiiiiiiii e 36
2.1 Vapor Liquid Equilibrium Method.............oooiiiiiee e 36
2.1.1 Static HighPressure Apparatus...............ooevevviiiieceiiieeeeeeeiiie e e eeeeevnaas 36
2.1.2 Autoclave Global Phase BEhaVIOr.............ciiiiiiiiiiceeciicieee e 37
2.2 KINETIC STUAY ... it e e e e e e e e eemes 39
221 High Pressure Kinetic STUdY...........uuvviiiiiiiiiiieeeiiiieeeeeeeeee e 41
22.1.1 REACTIR..... .o e 41
2.2.1.2 Check ReactIR against established NMR technique..................... 43

viii



2.2.2 F N0 | (o 1o F= 1Y/ TR 47

2.2.3 Ambient Pressure Kinetics Technique.............ccccevvvvvieeeeeeeeeevveeennnnn 48
2.2.4 NIMIR e 48
2.3 Transport Property BRSUrEMENLS..............uvvuiiiiiiieeneeii e 52
2.3.1 Thermal conductivity and Diffusivity Measurements......................... 52
23.1.1 Lambda Cell........coooiiee s 54
2.3.1.2 PrOCEAUIE. ... eneere s e e e e e e e e e e e eeeeneen 54
2.3.2 VISCOSITY ...eiiieeeiietttiie e e e e et e e e e e e e e e e e e e emansa s s s e e e e e e e e e eeeeeeeeessrnnnas 55
2.3.2.1 AMDIENT PrESSUIE.....uuiiiiiiiiiiiiiiiie e ettt rmmme e 55
2.3.2.2 HIgN PreSSUME.......oooiiieee s 56
2.3.3 DT 01 [ (0 4[] (T oSS 58
2.4 POIArtY STUIES. ...ttt 59
2.4.1 Kamlet Taft parameters.......ccccooiiiiii e, 59
24.1.1 Solvatochromic Probes...........coooviiiiiiiiiieeee e 60
2.4.2 1Y =31 oY PSPPSR 61
2.4.3 PolarityMeasuremMeNntS..........cooeeiiiiiiiiiieeee e 63
2.4.3.1 UV aVIS ittt e e m e e e et e e e amnne 64
24.3.1.1 AMDIENT PreSSULE.. ... eeee e 64
24.3.1.2 HIQh PreSSUe.....uveiiei e 65
2.5 [oniC Liquid SYNTNESIS. ......uuiiiiiiiiiiiiiic e 66
251 [HMIM[BI] e eee e e e e e e e e 66
2.5.2 [HMIM] [TF2N] oot eenre e e e e 66
2.5.3 [EMIM][ACELALE].....ccieeeeeeeeeee e eeeer e e e e e 67
2.6 Y= LT = USSP 67
3. TREIMOAYNAMES........eeeeeiiiieiiiie ittt mmne e e ee e e e 72
3.1. Criteria for Phase EqQUIliDrumML.. ... A 2
3.1.1.  VaporLiquid EQUIlIDIUML........cooui e e 74
3.2. Equations of State (EOS).......cooeeiiiiiiiiiiiiieeer e eerein e A D
3.2.1. Peng Robinson Equation of Stafe................c.uuviiiimmmiiiiiiiiiiiieeeeeeee e 75
3.3 MIXING RUIES ..o eeer e 77
3.4. Estimation of Equation of State Parameters:...........cccceevveevveeeeeeeeevvineeenennn d 1

iX



3.5. High Pressure Phase BehaviQr..............ccccovvvvieeeeeeeeeeeeeieeeeieiiinimeeeeeeeeennn 9

3.5.1.  Stability ANAIYSIS......ccoeviieiiiiiiiii s e e e rrrer e e e e e e e 81
3.6. Computation; PE20QQ............uuuiiiie e e e seneesss e e e e e e e e e aeeees 82
(R LE] (= =] 01X 84

4. Understanding Thermodynamics and Transport Properties in IL Synthesis Sy86ems

Heat

g R [ 011 o T U Tod 1 [ o OO PPPTPPPPON 86
4.2 Thermodynamic Dat&€ompressed COwith ILs, N-heterocycles, haloalkanes,
AN SOIVENTS. ...ttt et rrer e e e e e e e e e eeeeeeaeeesesssmnmreeeeeeeeesnnnnend 87
4.2.1 Literature Survey of C@with ILs, N-heterocycles, and haloalkanes......... 87
4.2.2  VLE DALA....ciiiiiiiiiiiiiee e ccceeee ettt emme et e e s eannnn e e e 88
4.2.3 GlobalPhase Behavior and Equilibria of @O-Methyimidazole............... 89
424 Phase Equilibrium of C@1-bromohexane............ccc.covvvviiiiccrrieeeiiiinnnnns 94
4.2.5 EqQquilibrium of CQ/DMSO.........ouuiiiiiiiie et eenn e 96
4.2.6 Phase Equilibrium of Cg@l-Hexyl-3-methylimidazolium  Bromide
(THMIM][BI]) teeeeietitie ettt e ettt e e et eenb e e e e e e s e e e e e e e e e e amnnsssseneaeeeas 102
4.2.7 Ternary Phase Equilibria of GQ-bromohexanefmethylimidazole........... 104
4.2.8 Multicomponent Phase Equilibria of G-bromohexanekl
methylimidazole/DMSO and CHMIM][Br] IDMSO.....ccccceieieeeiiiiiiiiiiiieeee e, 108
4.3 VOIUME EXPANSION.....uttiiiiiiiiiiiiiiiii e eeeeee ettt e e e e e e e e e 110
4.4 High Pressure Transport Property Data (Viscosity, Thermal conductivity,
Capacity, and Thermal diffusivity) for C&&xpanded DMSO System.................... 114
4.4.1 Solvent Ratio Effect on Transport Properties.............ccccvvvvvvieemeeeeeeeeeene, 120
A5 SUMMIAIY ..o eeieiiieieeeeee ottt s e e e e e e e e e amnn s 124
] (=] €= o = 126
5. Synthesis of lonic Liquids in Conventional Solvents..............ccccccccviceeeeeeeninn, 130
00 I [ 1 0 To (U Tod 1 o] o FA PP 130
5.2. Kinetic Theory: an OVEIVIEW..........couiiiiiiiiieeee s eeeseeeeeeeees 133
5.3.  Solvent Effects: an OVEerVIEW. ...........uuuuruuuuiiiiceeeeiiiiinnnea s e e e e e e e s ammnsnnnnee s 133
5.3.1. Hughes and INgold RUIES............ccooriiiiiiiieeeie e 136
5.3.2. Solvent Effects and Polarity Scales OVerview.............ccccouvvvieeeiieiieeeennns 136
5.4. Solvent Effects in Synthesis of Halide ILS............ccoiiiiiiiecciee, 139

X



5.4.1. Solvent Effects in Synthesis of Hexyl Pyridinium Bromide.................... 140
5.4.2. Solvent Effects in the Synthesis eh&xytmethylpyrollidium Bromide......146
5.4.3. Solvent Effects: SUMMALY......ccooooiiiiiiiiieeee e 150
5.5. Steric, Electronic and Chain Length Effect on Menchutskin Reactions....152
5.5.1. Steric, Electronic, and Chalength Effects in lonic Liquids Synthesis.....152
LR T =T\ 1 o T ] o 10 o 153
5.5.3.  Alkyl-Group CONtriDULION.........uuuiiiiiiiiiiiiii e 156
5.5.4.  StErC EffECIS...cciiiiiiiieeiiii s 157
5.5.5. Solvent Ratio Effect on Properties Kinetic Rate Constant..................... 159
5.5.6. Steric, Electronic and ChairbLength Effect on Menchutskin Reactions:
SUIMIMIAY . ettt e ettt et e b emr e 160
] (=] €= o =S PPURTRSR 162

6. Kinetics of the lonic Liquid -Hexyl-3-Methyl-imidazolium Bromide, using

(O70] a0 o] (=11 =To [N @ O PSP 168
6.1 Synthesis of Hexyl-3-Methyl-Imidazolium Bromide, in Neat CO............... 168
G0 0 O 011 Yo [ T £ PSR 168
6.1.2. Reaction System Phase Behavior and Equilibtia..................cceeeeee. 171
6.1.3.  REACHON KINELICS. .. uuuviiiiiiiiiiiiiiiie ettt 179
6.1.3.1. Temperature and Pressure effeCtS..........cccoviiiiiieeciiii e 179
B.1.4.  POIAITY ...ttt 181
6.1.5. Summary: Synthesis ofHlexyl-3-Methyl-Imidazolium Bromide, with C@186
6.2 Kinetics of [HMim][Br] in Gas Expanded GQGXL) ...........vvvveiiieeieeeeecenns 187
G720 N | 011 Yo [ T £ o SO 187
I Q01 (o D - VS 189
6.2.3. Separations/COEXIraCtiON..........cccoeiiiiiiiiiiiiieeeeeeeee e eeennaees 196
B.2.4.  SUMMIAIY .. eetiieeiei e e et e e et e e e et e e e et e e eeta e e annmeesaeeeesaeeeesaneeeesnamanneeeees 198
] (=] €= o = 200
7. 0 Gr ergerligud PAUCHION............evvviiiiiieeeeeeeeeeeee e 207
4% R [ 011 o Yo [1 T 1 o H PP 207
7.2. L Process DevelOpment...........coii it 209
7.2.1. BACKGIOUNG.....eiiiiiiiiiiiieee et ee e ennaes 209



7.2.2. Design Heuristics for IL Process Developmeht Overview..................... 211

A S /1= SO ERRSPPP 212
7.2.2.2.  SEPAIALIONS. ... .uuuuuiiiiiiiiiiiieitieeetteee e e ettt e e e e e e e e e e s ammmr et e e e e e e e e e e e e e s e s s aasnees 213
7.2.2.3. REACIOL......etii et eee et enee e 214
7.3. Principles of Green EngineeridgGreen Chemistry.............cccovvvvvvivvieemnenn.. 217
7.4. RISK IMpPact Categori€S......ccciiiiiiieeieiiiiiieeei et eene e e e e e e e eeaaaneees 221
1.5, BE-FAQCIOL. ... e e 222
7.6. Rowan Solvent Selectionable (RSST).......uuuiiiiiiiiiieiieieececiciee e 225
7.7. Environmental Assessment Methodology...........ccoovvvivviiieeeeeceieeeeceeeeiiii, 227
7.7.1. Fate and EmIission EStMation...........cccoooviiiiiiiccci e eeieeen e 230
7.7.1.1.  FUQaCIty MOUEL........uuiiiiiiiiiiiiii e 230
77.12. EPAGs EPI (Estimation..Rr.ogr.ams?238nterfac
7.7.2. Relative Risk Index CalCUulator..............uuuiiiiiiiiieeeiiiiiiiiieiiieeeee e 234
7.7.2.1.  Accounting for TOXICILY..........ceuuuuruuuriiisi s i e e e e e e e e e eeenra e 238
7.7.211. EPAOGs Toxicity Esti mat.i.an..Sof.23®are Too
7.8.  Assessing IL SynthesiS SYStEMS......cooiiiiiiiiiiiiiiie e 242
7.8.1. Assessing IL Synthesis SysteilBERAT Result............coooviiiiiiiiiiceeeeen, 243
7.9. IL Synthesis Process Simulatidtssumptions and Conditions.................... 247
7.10.  ProCesS CONUIIONS . ...uuuuuuiiiiieeeeeeeeeieeeieaas e e e e e e e e e eeeeeeeeeeeinnneeeeseeeeeeeeeennnnnns 249
7.11.  Environmental ASSESSMENL..........ccoviiiiiiiiiiimmmeeeeeeeeeeeeiieeennn s eeeeneees 252
7.12.  ECONOMIC ANAIYSIS....uuuiiiiiiiiii e eeeecci e eene e e e e e e e e e eeeeaaaaanns 255
0 R T O Y U [ 01 0 = U ORISR 258
] (=] €= o = 260

8. Applications of lonic Liquids: Biomass and Cellulose Processing and Separa&tzhs

8.1. 1] 10 o[0T {0 o PP PUS PR PP 264
8.2. Lignocellulose (LC) as a Bio refinery FeedstocK..............coovviviicnnnn.n. 265
8.3. CellUlOSE CONVEISION.......uuuiiiiiiieee e e e e eeeecise e e e e e e e e e e e e e reee e e e e e e e eeaeeeeees 266
8.3.1. HMF and ItS DerivatiVES..........ccoeeiiiiiiieiiieeee e 266
8.3.2. Polyols and DeriVatiVES...........c.cuuuiiieiiiiiecceie e eeme e 268
8.3.3. Optimal lonic Liquid for cellulose conversion systems............ccc......... 269
8.4. Biomass/Cellulose PretreatMent............cceeeiiee e eeeciiiee e eeeeeens 270

Xii



8.5. IL CellUloSE AiSSOIULION. ... e et 271

8.5.1. ANION EffECT....oiiiiiiiee e 272
8.5.2. CatioN EffECL......oiieeeeeee e 273
8.6. IL for Separations in Biomass SyStems............ooooiiiiiiemn e 275
8.6.1. Ethyl Acetate as a C80IVENL............ccooiiiiiiiiiieeee e 276
8.7. CONCIUSION. ...ttt e e e e e e e e e e e e e s nnne s 280
] (=] (=T o =SS 281
9. Conclusion and RecommendatiOnS...........oooviviiiiiimmmreeeeieeeeeeeeiiiieensmmeeeeeeees 285
LS N o (o3 U1 [ o PP PRSP 285
9.2. Recommadations and Future WorK...........ccceeeiiiiiiiicce e 289
Appendix A: Kinetic Data and Mixture Densities.............cccuvviiiiieemriiiiiiiiiieeeeee, 292
Appendix B: SIgMa Plot COE..........uuiiiiiiiiiiiie e 294
AppendixX C: REACLIR...........oeeiii e et e e e e e e e e e e aeee s 297
Appendix D: EPI SuitB" output for Chemicals Studied.............ccoevveeveeeeereeenennns 299
Appendix E: EFRAT Data Input for Chemicals..............cccccuvvviimmmniiiiiiiiiiieeeee 316
Appendix F: Lambda Cell...........uuuiiiiiiii e 318
Appendix G: Processing PE2000 data using Excel Macro.file..............cccvvueeee... 318

Xiii



,) 34 & &52 %3

Figure 1.1 IL Research Trend from Scifinder.............ooovviiiiieer e 2
Figure 1.2 Commonly used cations and anions..[9)..........ccccoeeivieeeiiiiiiie e 5
Fi g ur eprdfiles®fthe minimum conformers of acetat@an[28]..................... 11

Figure 14 Examples of commonly use ILs in cellulose dissolution and biomass
PrOCESSING[ B3] ... ittt e e et e et e e s eeee et e e e ettt e et e e e e e e e e ammr e e e e e e e eeeeas 14

Figure 1.5 SILP SYSIEM[34].....ccooeiiiiiiiiiiiii e erenr e e e e e e e e e 15
Figure 1.6: Process flow sheet of butanol recovery from fermentation broth.[41].16
Figure 1.7: MD simulation showing structure o&thiO2 (110) interfacial region [59]9

Figure 1.8 Reaction betweenniethylimidazole and-bromohexane forming-hexyl3-

methylimidazolium bromide [HMIM][Br......ouuuiiiiiiiee e eeeveeen 22
Figure 1.9 HUSLrating GXLo......uuuueiiiieei e e e e e et eene e e e e e e e e e eeeeeeeaannnes 22
Figure 2.1 Static Cell for vapor liquid Equilibria Setupf2].........ccccceeveeeeiiiieeeiceeenn. 37
Figure 2.2 Assembled and dismantled autoclaves.[3, 4] ......ccccoooiiiiiiieannnnnnnnn. 39
Figure 2.4 Schematic Of REQCHRBIEP..........ccooiiiiiiiiiiiiee e 42

Figure 2.5 (a)Characteristic FTIR absorption spectrum with time for the synthesis of
[HMIm][Br] from 1-bromohexane and-hethylimidazole at 40°C (b) FTIR spectrum for
reactant dmethylimidazole) and product ( [HMIM][BIr])....cuuuviiiiiiiiiiiiiiiiiiiaiiiinn 43

Figure 2.6 A) HmimBr (B) dmethyl imidazole, (C) -bromohexand-TIR spectra with
SOIVENT SUDTIACTION........eeiiiiie ittt rene e e e e e e e e eeeeeennnnn s eeeeeed 44

Figure 2.7 Calibration Spectra (a) and chart (b) fanethytimidazole at 1524cAi.. 45

Figure 2.8 obtaining K value EQUAtIOFLZ ............eeeiiiiiiiiiiiiiieeeiiieeeeeeee e 46
Figure 2.9 Conversion with time for the synthesis of [HMIm][Br] frorbrbmohexane
and Xmethylimidazole in CQat 30bar and 40°C.............oovviiiieiiiiieeeeee 47
Figure2.10 1H NMRspectrain chloroformd Bruker 400 MHz..............cccvvvvvineen. 50

Xiv


file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890230
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890231
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890232
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890233
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890233
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890234
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890235
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890236
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890237
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890237
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890238
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890239
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890240
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890242
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890243
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890243
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890243
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890244
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890244
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890245
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890246
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890247
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890247
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890248

Figure 2.11 : 1H NMR chemical shifts for reactants and product using 1H NMR in

(o] 1 o] ] {011 1 ¢ o IO PP TP PPPPTPPPPP 51
Figure 2.12: A schematic of the high pressure viscometer setup[l1]..................... 58
Figure 2.13: Solvatochromic probes used in this StUAY............covvviiiiieemiiiiiiinnnenn. 61
Figure 31 Six types of phase behavior for binary systems..[10].................oe... 80
Figure 4. 1 Structure of chemicals studied.................uuuiiiccciiiiiiii s 87

Figure 4. 2 Global Phase behavior femgthylimidazole/C®@ Binary System. Lines are
SMOOLNEAIALA.[3] ... et 91

Figure 4.3 CQ, Solubility in 1- methylimidazole at 313.15 K (Experimental and
Literature data [[2]]) and 333.15 K. Lines in this figure and for the rest of the figures are

e 0 LY b2 3T T [ P 93
Figure 4. 4 CQ@Solubility in 1-bromohexane at 313.15 K and 333.15.K................. 95
Figure 4. 5 CQ Sdubility in n-hexane [1] and-bromohexane at 313.15.K........... 96

Figure 4. 6 Bubble point for the binary system of JMSO at 40C and 60C with
comparison With the ITerature.............uueeeiiiiiiii e 98

Figure 4. 7 VLE data for the binary system of flMSO at 40C and 60G-{ ) Model
data (@) 600.C...(.0.)..4.00...Cees 99

Figure 4. 8 CQ@Solubility in [HMim][Br] at 313.15 K and 333.15 K...........cuvvveeeeee. 103

Figure 4.9 CQ solubility in 1:1 mixture (iImethylimidazole + dbromohexane ) at
313,15 K and 333.15 Kuiiieiiiiiiiiiie e ctieestie et e e r e e e e e e ae e e e e e ne 106

Figure 4. 10 a.) Mole fraction of GOn the liquid phase versus Pressure data taken at
313.15 K for reactants and ftre 1:1 mole ratio reactant mixture b.) Mole fraction of
CQO; in the liquid phase versus Pressure data taken at 313.15 K for the 1:1 mole ratio
reactant mixture and [HMIM][Brl........coooririiiiie s 107

Figure 4.11 Vapet.iquid Equilibrium with CQ at 40C for different initial molar ratios
of reat¢ants to DMSO compared with resulting product mixtures......................... 110

Figure 4. 12 Volume Expansion of the liquid phase versus Pressure data taken at 313.15
K for the 1:1 mole ratio reactant mixture and [HMim][Br].........ccccoooviiiiiiiimmmennnnnnn. 112

Figure 4. 13 Volume Expansion of the liquid phase versus Pressure data taken at 313.15
K for CO; binaries and multicomponent IL synthesis system..........ccccccoeeevvieeen.. 113

XV


file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890249
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890249
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890250
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890251
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890271
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890294
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890295
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890295
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890296
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890296
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890296
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890297
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890298
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890299
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890299
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890300
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890300
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890301
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890302
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890302
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890303
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890303
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890303
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890303
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890304
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890304
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890305
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890305
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890306
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890306

Figure 4.14 Comparing literature viscosity data for DMSGQ/€@tem................... 117
Figure 4.15 High pressure viscosity data for DMSO/€tem at 4{C and 66C....118

Figure 4.16 High pressure thermal conductivity of DMSO/S@tem at 400C and 8D

............................................................................................................................. 119
Figure 4.17 (a) Desity and viscosity (b) with concentration of acetone at 25, 40 and 50
ettt ettt et ——— e e e e e e L ———eee e e e an—e e Rt e ettt e e e e e R b bttt eeeaamt e e e e e R R ereeeeeeeannnesannnnes 123
Figure 5. 1 chemical structures of chemicals used in this study......................... 132
Figure 5. 2 Gibbs Free Energy of transition[L].............coevviiiiiiceciiiiiiiiiiiiiieeeeeeeen 134

Figure 5. 3 Transition state for the react between methylpyrrolidine (a),- 1
methylimidazole (b) pyridine (c) andlromohexane..............ccc.evvvvviiicmeeeeevinnnns 137

Figure 5. 4 Reaction between pyridine andrémohexane forming-texykpyridinium
BromMIde [HPYII[BI]. ..ttt mmne s 142

Figure 5. 5 Concentration versus time for the formation of [HPy][Br] in acetonitrile at
O G ettt e e e e e a—————————tta et aa et e e e e e e e e e e i aaaaaaaaaaaaeaeaaaaaanes 144

Figure 5. 6 LSERasults for the synthesis of [HPy][Br] in 10 different solvents aC40
Figure 5. 7 Reaction BetweenMethylpyrrolidine and iBromohexane forming -1
Hexyl-1-methylpyrrolidinium bromide [HMPYITOI[Br].......ovvveeiiiiiiiieieeceeenn, 146

Figure 5.8 Conversion versus time for the formation of [HMPyrrol][Br] in Methanol at
1245 T O USSP EPUPUOPPPRPPR 148

Figure 5.9 kcorputed from LSER equations with kexperimental for the 10 solvents used
IN this StUAY At 4.t ceeer e e e e e e e e et e e e e e e e e e e e e e e e e e e e e e e ammne s 149

Figure 5.10 Conversion for the reaction eingthylimidazole and iodohexane with time

Figure 5.11 Rates of reactions with increasing alkyl chain lengthbobrhoalkanes
with 1-methylimidazole in acetonitrile[2] and solveinée (neat). C2 is bromoethane, C4
IS 1-DromobutaNe, EIC.........oeiiiii s 157

Figure 5. 12 Rate constant with concentration of acetone at 25 C, 40 C and. 5060

XVi


file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890307
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890308
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890309
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890309
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890310
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890310
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890311
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890312
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890313
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890313
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890314
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890314
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890315
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890315
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890316
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890316
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890317
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890317
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890318
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890318
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890319
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890319
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890320
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890320
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890321
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890321
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890321
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890322

Figure 6. 1 Phase behavior at sartiical conditions (top) and above the critical point for

the reaction mixtureas the reaction proceeds (bottom) [4]. Note: magnetibatiat the

bottom Of the VIEWCEIL..........cooi e e 173
Figure 6.2 Rate constant with pressure at 313.15 K and 333.15K..................... 179
Figure 6.3 Conversion over time for the synthesis of [HMIm][Br] frotardmohexane
and Xmethylimidazole in CO2 gxanded DMSO at 30 bar and 4Q0°C.................. 191
Figure 6. 4p* with xCO2 in CO2 expanded DMSO (this work), Acetone[6] and
Methanol[6], Pure CO2[LT].......cooo oot re e eees e 193
Figure 6. 5 ET(80) (¢)dfor CQ ekpanddn )DMID withc omposition.
............................................................................................................................. 194
Figure 6. 6 (a) Composition Enhancement Factor (CEF) for &®anded DMSO (b))
local composition of DMSO with bulk CO2 composition...........cccccooeeviiicaceeeeenn. 196

Figure 6. 7: lllustrating multiphase phase transition in gas expanded DMSQ....198

Figure 7. 1 Process sheet for IL production.............cccoovviiieeeeiiiieceeceeeeeeeieee 211
Figure 7. 2 Systematic Risk Assessment Method Map for this Study................ 229
Figure 7. 3 Index for nine EFRAT Impact t€gories for different Solvents for IL
SYNENESIS. ¢ttt ————————— 245
Figure 7. 4 Fate & Transport: Percent partitioning of compound into environmental
(od0] 0 0] o F=T 1 {0 01T 0] 13RS 246
Figure 7. 5 Life Cycle Assessment Boundtor this IL Production Study.............. 249
Figure 7. 6 Flowsheet for proposed ROULES............cccooiiiiiieeeei e 252

Figure 7. 7 Overall environmental index (IPC) for different process routes....... 254

Figure 7. 8 Contribution to overall environmental indeX..............cccvvvviieeminnnns 254
Figure 8. 1 CelluloSe SIrUCTUFE]........cvvviiiiiiiiiiiii e 266
Figure 8. 2Synthesis of AHydroxymethyl)furfural Chemicals from Cellulo§?] .....267
Figure 8. JHmMIm][Br] with cellulose (left), [Hmim] [Br] ionic liquid (right)........... 272

Figure 8. 4 Biphasi&ynthesis of 2, 5 (Hydroxymethyl)furfural in lonic lugls. [3].. 276

XVii


file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800977
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800977
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800977
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800978
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800979
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800979
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800980
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800980
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800981
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800981
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800982
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800982
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800983
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890408
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890409
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890410
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890410
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890411
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890411
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890412
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890413
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890414
file:///C:/Users/Sylvia/Documents/Sylvia%20Phd%20work/Dissertation/Corrected_Dissertation_SON.docx%23_Toc329890415
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800984
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800985
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800986
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800987

Figure 8. 5 LLE in IL/EA/DMF mixtures at ambieabnditions, IDMF rich phase, ZEA
rich phase 3lLrich phase (arrows indicate MeniSCUS)..........cccceevviviiiieeeieeeeeeeeeennn. 278

Figure 8. 6 Phase formation in type 0, 1 and 2 systems.[5].........ccccooiiiiiceeennnn. 279

XVili


file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800988
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800988
file:///C:/Users/eecsguest/Desktop/Dissertation_Final.docx%23_Toc330800989

1.'.). 42/ $5#4)) . ),# 15) $3

Acr oss chemidah pwdusiry,energy security and environmental protection are a
paramount global prioritySustainable chemical technologgdvances are not only
welcomed, but deemed critic&or instancethere continues to be anexwhelming need

for improving solvent mediain ageold chemical processe§&everal commonly used
volatile organic solvents are especially harmful to the environment and human health

because of their high vapor pressures.

lonic liquids (IL), which havevirtually no vapor pressure and negligible volatilingve
createbdzn a i mi t he scientific community
environmentallyfriendly solventsIn addition to preventing air pollution, researchers can
molecularly tune IL properties, as well as design new IL solvents for various
applications, such asatalysis, separations, electrochemistry, fuel cell, and biotechnology
applications. The numbend diversity of piblicationsand patentassociated with avel

applications of these solverdsntinues to as presented iRigurel.1.

Although ILs have the potentiab be greener alternative solvents, more research is
needed across their entire life cycle to establish overall envaot@iimpactsOne area

that is especially important but frequently overlooked is the synthesis methodologies for
ILs. Paradoxically many ILs are synthesized and processed using the very organic
solventsthat they arepurpotedly designed taepla@ (pyridine, diethyl ether, hexane,

acetonitrile, toluene, trichloroethane (TG#g).[1, 2]
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Figure 1.1 IL Research Trend from Scifinder

While interest in ILs is growingexponentidly, very little work focuses on finding
environmentally benign and economically viable IL synthesis and production methods.
Most literature reports dl. synthess are primarily concerned with making relatively
small quantities to study phygschemicalpropertiesor for other smakscaleapplications.
Furthermore|Ls are still not cost competitiveith traditional solventscostingas high as

5-20 timesmore[3] Although the price of ILs is declirning because of higher demand,
high costs area major deterrent tdheir full industrial launch Large scale production
could further bring down the costs; unfortunately, a lack of adedirstéic datafor the
synthesis procesp4-7] and transport properties datmake engineering efficient

continuoussynthesigrocesss impossible



This researcHiocuses ondentifying and studying newenvironmentally benign routés

so callediigreererd s o B foretmetsgnthesis of ILsGas expanded liquids (GXLs),
which are another promisingolvent medig might be useful in accomplishing these
goals. GXLs such as G@xpanded liquids (CXL) offer the flexibility of highly tunable
reaction media fouse in various applicationgurthermorecarbon dioxide €O,) was
found to induce manjL-solvent mixturedo split into IL-rich and solventich phase
that can be decanteak, at higher pressures, extracted by nearsupercritical CO,. The
synthesisand processing of ILs in @0,-expandednedia may alleviate aforementioned
efficiency and cost concernwhile minimizing the use of organic solvents in the

synthesis of ILs

For the first timeherethe kinetic benefits of a polar aprotic solvent, dimethyl sulfoxide
(DMSO), and the thermodynamic advantages of environmentally benignfd€@he
production of ILs.Results show the combined benefits of implementing DMSO (a
relatively benign solvent) an@O, for the synthesis of a model IL compound known as
1-hexyl3-methylimidazolium bromide ([HMIm][Br]). Experimentally obtained
thermodynamic, kinetic and physical property datre modeled for the critical design
and optimization of IL production. Theesults indicate that the chemical and
thermodynamic phemeena must be understood to optimize these systems for IL
production. Most importantly, practical separation processesare proposed.
Environmental impacts of all proposed routes are quantified angarechagainst
traditional techniques. These methods are extended to applications of ILs in biomass

processingviz biomass conversion separations (LLE) and the fabrication of cellulosic



materials. This research provides engineering design considerations and
recommendations that will help to minimize environmental impacts and energy

consumption of IL production technologies.

1.1 lonic Liquids: Countless Combinations

ILs arelow meltingsalts They arecomprigedmainly of cations and anions that are liquid

at, or near room temperature (witfi, < 100°C).Commonly studied cations include 1
alkyl-3-methylimidazolium &bbreviated Cnmind*, where n = number of carbon atoms

in a linear alkyl chain), Malkylpyridinium ([Cnpy]®), tetraalkylphosphonium and
tetraalkylammonium cations. These cations can be combined with either organic or
inorganic anions, including halide, acetate, hexafluorophosphate, tetrafluoroborate,
trifluoromethylsulfonate, nitrate, etc. ndumerable molecularcombinations are
theoretically possible (> [8], with various combination®f cations and anions
affording distinct physicochemical propertissich asmelting point, polarity, viscosity,
stability, solvationproperties, and phase behawdrtheresultantlL. It is thus possible to
molecularly engineer ILs for specific taskfigure 1.2 illustrates some possé

combinatiors of anion, cations and caticubstituent$9]
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Figurel.2 Commonly used cations and anions. [9]

1.2 Properties of ILs

Solvents are selected for engineering applications based on their specific physical and
chemical properties. In fact, engineering process requirements are translated into
guantitative parameters, which can then be achieved by tuning relevant physicothemica
properties of the chemical. This can be accomplished for ILs mainly by the choice of
anion and cation. This design flexibility positively contrasts ILs, as solvent media,
against traditional solventsTable 1.1 presents ageneral comparison of ILs and

traditional organic solvents, adapted from Seddon and PleclpkGjva.



Table 1.1 Comparing general properties of lonic Liquid and Organic Soljé6is

Property

Organic Solvents

lonic liquids

Number of Solvents

>1000

>1,000,000

Applicability Single function Multifunction

Catalytic ability Rare Common and tunable

Chirality Rare Common and tunable

Vapor pressure follows ClausiusClapeyron Negligible vapor pressure
equation

Flammability Usual Flammable Usual nonflammable

Solvation Weakly solvating Strongly Solvating

Polarity Convention polarity concept Polarity conceptuestionable
apply

Tuneability Limited range of solventy Virtually unlimited range
available meanso designe

Cost Cheap 2 -100 times cost of normal

solvent

Recyclability Green imperative Economic imperative

Viscosity/cP 0.2-100 22-40,000

Density/gcm® 0.61.7 0.83.3

Refractive index 1.31.6 1522

1.2.1 IL Melting Points

r

solventso

ILs are typically found in the lower end of the liquidus range, with low melting points

(Tm), making this class of solvents very attractive for many applications. Cation and

anion choice has been shown to affegt For instance, studies show that bulky ions

often have lowell ,, compared to smaller ions such as chloride or bronkidevever it is

important to note that several ILs do form glass at relatively mild temperaancethese

glass transition temperatures can be easily mistaken for melting dihts.



1.2.2 IL Viscosity and Density

Viscosities affect diffusion of solutes amgvernmass transfer for systems involving
solvents. Mass transfer is a critical phenomenon afigt¢he choice of unit operation
such as stirring and pumpingnd canconsequentlypbecomean economicdriver for

processesvolving viscous products

In compaison to traditional organic solvents, llzse more viscous(on the order of
several magnitudg¢swith viscosities typically within 10 to 100@nPas at room
temperature. For example, [HMimJFIN][12] is 71.0 mPas, water 0.894 mPa and
acetone 0.306 mP=a at 25 °C respectively Viscosities decreassignificantly with
temperature. Ambient temperature viscosity valoésmany IL systems arewidely
published in the literature. Studies show that the viscosity temperature dependence in ILs
does not alwaysfollow the usual Arrhenius behavior observedconventional organic
solvents.Density is an important physical property for most applications. Most ILs are
more dense than wat€Fypical viscosity and densities of common ILs pulled from the

NIST database are shownTable 1.213).



Table 1.2: lonic Liquids - Physical properties at 298.1K [13]

Heat
STy Thermal

Molecular .. . ~ Melting at b Specific
Name Abbreviation Weight VE;C;Z;W Point* Constant C?ﬁduft' g qo{s (t} Density
(g/mol) (K) Pressure W ’&’K ! (kg/m®)
2 (J/K/ !
mol)
1-butyl-3-methylimidazolium [BMIm][CI] 174 67 1089 340,10 3227 i 278 1080.00
Chloride ’ ’ ) . - ’
1-ethyl-3-methylimidazolium [EMIm][BF,] 19797 0067 247 10 3065 ) 1110 124790
tetrafluoroborate ’ ’ o ’ ’ o
1-hexyl-3-methylimidazolium [HMIm][BF,] 254,08 0314 i 116.0 0158 ) 1153.10
tetrafluoroborate - ' ' ' '
1-butyl-3-methylimidazolium [BMIm][OTf] 28899 0,099 286,10 4172 0147 ) 1302.00
trifluoromethane sulfonate R ’ - - ' -
1-Butyl-3-methylimidazolium [BMIm][PFs] 284 18 0450 283 10 1976 0145 ) 1360.00
hexafluorophosphate - ' - ' ' '
1-ethyl-3-methylimidazolium [EMIm][EtSO.] 236.29 0.098 236.29 378.0 0181 574 124230
ethylsulfate T ' . ' ‘ - -
1-hexyl-3-methylimidazolium HMIm]TENT 4745 068 26600 583 0127 L1134 136590
bis(trifluoromethylsulfonyl)imide e ' - T ’ ’
N-butyl-N-methylpymolidinium ~_— [BMpym[[TENT 0 41 75 25510 629 0.125 -~ 1394.00

bis(trifluoromethanesulfonyl)imide
1-hexylpyridinium [HPy] [TF.N]
bis(trifluromethylsulfonyl)imide

*Data taken from NIST IL Database and References within °® From Sigma Aldrich

444 42 0.080 273.00 612

1.2.3 Solvent Parameters

Understanding solute or @wlvent behavior chemistry, especially solvent polarity, is

useful for designing reaction and separation processes. Polarity is a strong indicator, often
employed to predict or describe solvent/solute es@oent interactionsThere are many

ways in the literature to measure polarity, includitiglectric constant(], cohesive

pressure @), Hildebrand solubility parametei), miscibility numbers K-number)and

dipole moment of solvent molecules) (Multi-parameter solvent pality scales such as

KamletTaft (K-T) parameters give a better picture of polarithe ~ * scal e of
dipolarity/polarizabilitycapturesiipold di pol e p ol a,r itzhaebindicdtescya leef f e c
hydrogerbonddonor(HBD) aci di t vy, a, mydirogedband abceptng @HBA)

basicity. TheKTpar amet ers divide fApolarityo into 3 d
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1-parameter approaches which use dielectric constant, dipole mdm@t), etc., and
qualitatively do not correlate the rate constant datdtfe various solventfn this study,
KamletTaft solvent polarity measurement methods are discussed in detail. The solvent
properties of ILs are also investigated using these approaches. ILs have been found to
have solvent polarities that were largeBtermined by the ability of the salt to act as an
HBD and/or HBA, and the degree of localization of the charge on the ddifgrStudies
showthat increasing the chain length of alkyl substituentgitrerthe cations or anions

can increase thieydrophobicityof the ionic liquidg14, 15|

1.2.4 Thermodynamic properties

The centuryold petrochemical industry utilizesonventional thermodynamic methods
(such as UNIFAC) to model, correlate, and predict separations for various mixtures of
well characterized compound$he NIST IL database (IL thermo) currently contains
about 22,935 data points for pute data and 53,61data points for binary and ternary
systemg16] The mirage of possible combinations of cations and anions makes it
impractical to experimentallystall individual ILs systemsThus, t is not surprisinghat

there is scantibary and ternary datia the literaturgor systems involvindLs. There is

a need forobustpredictivethermodynamidools

Quantitative structuai property relationshipsSPR) have been employed to predict IL
thermodynamic propertigd.7-19] In the past, researchers employed several techniques
to estimate thermodynamjaroperties, from molecular dynamics (MD) using atomistic
force fields to classicabctivity coefficientbasedmodelssuch asJNIQUAC andNRTL.

9



Computational MD approaches require prior insight into force field magniti#lech
insight would need to be desloped specifically forlL systems and will be time

consuming.

Currently, goup contribution methods (GCMs) are the most widely accepted way of
predicting activity coefficients and other themtyoamicphysical data of liquid mixtures.
However,while GCMs approximate the interaction energy of a system by the sum of
functional group interaction energieiese methods do naiccount for several other
molecular interactions. As a resutCMs providelimited information while relying

heavily on experimeat data.

The Conductotike Screening Model (COSMO) is a quantum chemical method based on
a dielectric continuum model. Here, the ideal screening charge density is first computed.
Klamt and ceworkerg16, 20-26] extended COSMO to real fluids in COSMR®al
Solvents (COSMERS) for thermodynamic computation€ompared to traditional
GCMs, the COSMOGRS approach to chemical thermodynamiekes acompletely
different point of view Computation starts from the molecular surface aviguantum
chemical met hod. isTtheenost digaificantedesdriptor srid tis yusedi to
determine the interaction energies. It replaces the empirical interaction parameters
usually used in traddnal chemical engineering models such as UNIQUAC and
UNIFAC. [27] A u n i -grofie cail be computed for every molegukigure 1.3

p r e s eprofiles of the minimum conformers of the acetate af@8h COSMORS ha

10



been applied td.LE of binary systems of ILs and common solvents such as alcohols,

hydrocarbons, ethers, ketones and water.

s

a4l 1
3r 4
2 > -4
2B 4
0 .

-3 -2 -1 0 1 2 3
o e/nm? )

Fiaure 1.3: U-profiles of the minimum conformers of acetateanion. [28]

1.2.5 Impurity: Water Content, Trace Compounds

Seddon et dl29], for the first time studied theeffect of impuritiese.g.,water, chloride,

and cesolventson the physicapropertiesof imidazoliumbased ILsandfound that tle
viscosity dramatically increased with highahloride impurities. Since that study, a
numberof studies have shown the influence of water and other trace impurities on
different IL properties such as solubility, density, viscosity, etc. of the ionic liquids.
These findings will be particularly important when designing kagge industrial
processes. However,the extentto which this is a problerdependson theapplication,

and will vary widely with the kind of IL being utilized For example, in biomass

11



investigationswateris known tocause cellulose aggregation and decreased solubility
Swatoski et al.[30] attribute this to competitive hydrogen bondtogthe cellulose fiber
network: ths problem is noteworthysince mostiLs that dissolve cellulose are
hydrophilic. Another example occurs in catalysis: highly moistseasitivecatalysts can

be deactivated by even the smallest amounts of \WWhtEAIso, in homogenous catalysis,
trace amounts fohalides are known to coordinate to the transtioetal centers of

catalysts negatively affecting the rate of reacti@1]

Difficulty in purifying or cleaning is often a barrier to using ILs for certain processes.
Handling ILsunder an inert atmosphemspecially fomoisturesensitiveapplicationsjs

highly recommendd Appropriate storage of ILs will further increase shelf life and
minimize impurities.

1.3 Applications of lonic Liquids

The literature comprehensively covers recent advances and applications of ILs across
many areas of chemical enginegr from industrial investigatiofi$0] to fundamental

academic research efforts. The following is a selection of academic research

investigations showcasing how ILs can be potentially advantageous in various areas

1.3.1 IL in BiomassProcesses:

The US Department of Energyds Biomass progr

30% of fossil fuel use with biuels by 203032 This ambitious (and arguably

12



optimistic) mandate provides a strong impetus for the development of estigey
technologies in the renewable fuels area. Funtibee, many lo-renewable chemicalare
excellent substitutes for making avide variety of chemical productsranging from
polymers to pharmaceuticaldl.s have high potential as powerfablventsfor biomass
processes, ftering several advantage8iomasshydrolysis in ILs has been catalyzed
using transition metals, mineral or solid acids andlthé&self. Researchers have found
that ILs enhance selectivity in the conversion of monosaccharides to platform chemicals,
depending on the water content and tbidity of the mediumThere are several ongoing
research efforts in the area of biomass processing catalysis, employiag a solvent
media, catalyst, heat transfer fluid, separating agent or a combination of FHoese.
example, Swatloski et al.]J30] showed that -butyl-3-methylimidazolium chloride
(BMImCI) can dissolve up to 2/ w  %ellwose. Figure 1.4 highlights a fewmore
examples of commoriLs that have been used for cellulose dissolution in the

literature[33]
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Figure 1.4 Examples of commonly use ILsn cellulose
dissolution and biomass processiig3]

1.3.2 Catalysis in a Supported lonic Liquid Phase (SILP)

ILs have been extensively considered for catalysis in both homogeneous and
heterogeneous systems. Often in these syste@ss tansfer issues encountdrdue to

the high viscosity of ILs become a major deterrent in employirsy for catalytic
purposes. Supported IL catalysis (SILP) partially circumvents this drawback. SILP
combines the advantages of two technologies: the unique propertiesanidiisupports 0

to immobilize homogeneous transition metalmplexes ina reaction systemn this
technology, lte IL is simply dispersed uniformly over a support material such as, sitica

shown inFigure 1.5.[34] TheIL layer canfacilitate transport to or from the actigée,

14



enhancing reactioselectivity. Optimally derived SILP systentsave been shown to be
potentially superior to conventional catalystéhen used irfixed-bed reactor§34-38]

Recently, SILP has been extendedé¢paratiorandgas purificatiorapplications.

.:'.. ...../

Silica Gel Support Material

Silica Support Beads with 25 wt% of lonic Liquid Loading

g

g,
R RATR NG

J m||||||||||l|lll||||
2

Figure 1.5 SILP systenj34]

1.3.3 lonic Liquids for Liquid-Liquid Separationsand Fermentation

Distillation remains the most commonly ussédparationmethod But this method is
highly energy intensiveaccouning for 60% to 80% ofthe costin most mature chemical
processes. Energy savings carobé&inedby switching from enthalpdriven separation

schemes to entropically driven rouf&9)]
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Take for example fermentation, where microorganisms catalyze reactions at, or near,

ambient conditions. After aeries of transformations by different enzymes, products are

Butanol

excreted from the cells into an

Medium

aqueous fermentation broth, formirg

Broth-phase | |

very dilute  solutions. Often
IL-phase

fermentation microorganisms have

IL-recyele

Fermenter Recovery-unit
minimal tolerance for these bio

_ Figure 1.6: Process flow sheet of butanol recovery
products. For instance, ethanpl

from fermentation broth [41]

concentration is limited to 5 to 10% (v/v) in the broth while only about 2 wt % of n
butanol can be tolerat¢d0, 41] Sequestering desired products from this aqueous phase
is often challenging. Methods currently employed for fermentation separations include:
gas stripping, membrane separation@.g. micro-/ultrafiltration, pervaporation),
adsorption liquid chromatograpy, etc.[40, 42] Some of these methods are implemented

in situ or ex situ(downstream)A wide variety of extractive fermentation systems have
been reported in the literature, with mostused on ethaoi fermentatior{40, 43-48] In

the literature, several studies have screened for optimal extraction solvents in
fermentationusing selectivity, distrilution coefficient and biocompatibilitf.ong chain

alkyl- alcoholsand ketoneqd49-51] are optimal for these processes; however, these
conventional solvents have relatively high volatility and present air pollution issues. The
schematic inFigure 1.6 shows a process flow sheet forbutanol recovery from

fermentation broth using an [41]
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Recent advances have embraced-cmmventional solvents and extraction techniques for
the separation and purification of various biomolecules through partitiafiriguid
phases. Solvent extraction (or ligdiduid distribution, the International Unioof Pure

and Applied Chemistry (IUPAC) preferred terminology) is the separation of a solute from
a mixture by utilizing the preferential dissolution (partition) of that solute between two
practically immiscible liquid phas4¢d40] Several studies have shown ILs as effective
separating agestthat can potentially result in higburity products. ILs alleviat¢he
concerns of transport and reusien associated with solid salis. IL systems, phase
separation can be achievbyg manipulating the hydrophobicity or hydrophilicity of the
IL. An ideallL with high selectivity and desired distribution coefficiemiybe designed

to achieve higher separation efficien@onsequentljjowering neededheat dutiesfor
separation process Additionally, because ILs are nonvolatiliney provide a wider

operatingemperature range.

1.3.4 lonic Liquids in CO ; Capture: CO, Photo Reduction

Researchers have shown optimism for the conversion of solar energy to chemical fuels;
this is supported bthe growing trend of literature published in this area (solar energy
harvesting and photochemical conversion),Cén be reduced in water vapor or solyent

via light-induced reactions using photocatalysts C1 and C2 hydrocarbonsuch as
methanol and wethane. Photosensitizergiz metal complexes, e.g T¥D metal
chalcogenides (CdS, CdSe, ZnS) and other metal oxides (ZnO, MgO) etc., are used to

absorb visible or UV radiation in the wavelength range ofi 200 nm. The overall
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reaction for CQ reduction tomethanol is presented in equation (1). This has been

observed in both liquid and gas phaj<es:

CO, +2H,0%4#%- CH,OH + :;’oz (1)

CO, is a stable form of carborthese reactions are thermodymcally unfavorable
processes and thus requir e[53 abseryerl aveentye r gy
times (20x) higher conversion rate using sunlight versus UV illumination for the
photocatalytic conversion of GQo hydrocarbon on high surface area Titania gJiO
nanotube arrays. G@onversion chemistry is complexery little isstill known about the
reaction melbanisms. However, TiDbased photocatalysts have been used to convert
CO, to useful compounds, both in gas and agueous phase photoreactions. To date, yields

and conversion are still too low for this route to be commercially viable.

Titania (TiQ) is relaively cheap with a low toxicity andnh the Anatase forpconsidered

the perfect candidate for UV illuminatigB4] Several composites of titania (copper, etc)
have ber employed for C@ reduction[5557] Catalyst complexes are designed to
capture visible light foreaction. These efforts are mainly directed towards heuristic
optimizations of TiQ-based photocatalysts. Still, very limited data is available for the
comparison of conversion efficiencies and quantum yields of various-beEsed
catalysts.ILs may preset useful advantages in phetatalysis.For example, for the
photocatalytic reduction in supercritical g@n L offers good massansport properties

where catalyst and electr@lonor solubility issues may arigg8] Yan et al,[59]
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recently modeled the adsorption of £@n the rutile surface in an IL using Molecular
Dynamics (MD) simulations(Figure 1.7).[59] The TiO, when acted upon by light,
generates electremole pairs. Tie carbon, because of its conductive nature, helps with the
separation of charge (i.e. keeps the electrons and holes &uaféy,ILs that have been
considered foruse in the C@ photareduction includetetrafluoroborate nitrates and
hexafluorophosphaten&ons (BFs, NO; and PFE respectively) Moleculardynamic (MD)
modeling by Yaret al, indicates that different anions are absorbed on the surface of the
catalyst differently[59] They show that N@anions exhibited a highly ordered surface
organizationthiswas not the case for the £dhions. Additionallythe hydrophobicity of

the IL may increase the selectivity of the surface, favoring &Sorption over the anion.

Figure 1.7: MD simulation showing structure of the TiO, (110) interfacial region (green, N
atom; yellow, H atom; gray, C atom on imidazolium ring; tan, P atom;orange, F atom; blue, C
atom on CO,; red, O atom on CQ,; cyan, Ti; pink, O atom on TiO,). [59]
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1.4 Current Barriers to IL Implementation

While novel applications of ILs continue to emerge in the scientific communities,
researchers must cross a variety of hurdles before wide scale adoption of ILs in industry
can be achieved. At the laboratory level, researchers must overcome impuritieas(such
water content and discoloration), viscosity, and separation (ties into recovery and
recyclability of the IL) challengesAs described earlymany ILs are synthesized and
processed using the very organic solvents which theintmeded taeplae [1, 2]. Cost

of ILs is also a major concern, admittedly less so as it trends down with increasing
demand for ILs, and works such as this dissertation yield better production techniques.
Profitability will require the development of efficient recycling methodshaes by

phase separationtechniques that exploit properties such hgdrophobicity or
hydrophilicity of the IL.For example, Blanch and coworkg&9] recovered ILsvia the
Asalting out effecto. They demonsltfromt ed t he
an aqueous solution by adding wasénucturing species, such as potassium phosphate, to
induce phase separation. rtechniquedecreased water concentration in the IL, thereby

reducing evaporatiorelated energy costs.

IL toxicity is yet anothertopic of formidabledebate. Limited toxicological data and
knowledge about basic physicochenhiczharacteristics further hinders widespread
implementation of ILs. Until very recently, few reports have been published on the safety
of ILs. Although negligible vapor pressure of ILs could reducebain exposure of
workers, current production methode &till not benign, ultimately affecting overall life

cycle analysis and the environmental impact of using ILs as alternative solvents.
20



1.5 Synthesis of lonic Liquids

There are a variety of differemethods for synthesizing IL84ost commonly ILs are
synthesized by a quaternization reaction of a substituted amine or phosphine followed by
anion exchange if neededHowever, there are several alternativehalidefree
technique$61-64] Processing techniques must also factor in heat dissipation, since IL

synthesis reactions are highly exetmic.

Some ILs or their intermediates are either viscous liquids or are suiidselevated
meltingpoints. Processing solids requires @ifént techniques than liquidés an
example theliquid-phasereaction between-finethylimidazoleand tbromoehaneforms
1-ethyl3-methylimidazolium bromide ([HMIm][Br]), which is aolid compound at
roomtemperature and melts to a viscous liquid?@tC.[65 These prol#ms with heat
and processing are often solved by the use sifleent the productiL and/or reactants
can be kept ira relatively lowviscosity solutionthat can be separated by distillation
While solvenifree processing is often considered ideal, ttogs not seem generally

practical for ILs.

Extensiveinvestigations of solvergffects on the transition stadeiring the formation of
ionic compounds emphasize the importance of solvent seledflenshutkin while
studyingnucleophilic substitution redions §2) between amines with haloalkanas23
solvents reported large solvent effects on these kinds of read@®&9] and others

have shown that these kinds of reactions are highly solvent dependent.
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A full understanding of the kinetics and effects of sotvie the synthesis of ILs is of
great importance for the industrial production of ITis work presents the effects of
solventson the synthesis ofelected imidazolium, pyridinium and methylpyrrolidinium
IL. Figurel1.8 presents the example dfhexyl3-methylimidazolium bromideone of the

systems studied.

NN
Br/\/\/\ + \N/\N —_— \N%;\\N
\—/ \—/ Br

1-bromohexane I-methylimidazole 1-methyl-3-hexylimidazolium Bromide [HMim][Br]

Figure 1.8 Reaction between dimethylimidazole and ZXbromohexane forming Zhexyl-3-
methylimidazolium bromide [HMIm][Br].

1.5.1 Gas Expanded Liquids

In an attempt to reduce the use of wdatorganic

. . Vapor Vapor
solvents in chemical processesesearchers have
explored Gas Expanded Ligds (GXL), as a solven|
media.GXLs are composed of a compressible gas (such
Liquid CXL

as CQ) dissolved in an organic solvent phase, |as u

illustrated in Figure 1.9. This type of system use

[

co,

significantly less organic solvent, which minimizeqzigure19|"ustraﬁng GXL

waste volatile emissionsand solvent costs Carbon

dioxide (COy), in particular,is a common gas used to expand solvents due to the

environmental and economic advantages it presents.
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The application of GXL technology has been studied for many processes in catalysis,
nanotechnology and pharmaceutical&n extensive review by Jessop dan
SubramaniafYQ] classifies GXLs into Types I, Il and lll, based on the solvent to be
expanded. Type | liquids are those solvents not able to dissolve enoudhrGQarge
solvent volume expansion: water would fall in this category. Typeuids readily
dissolve large amounts of GOGcommon solvents such as acetone, ethanol, DMSO etc.
are examples of Type Il GXLs. In contrast, Type Il liquids do not expand much, even
though they dissolve relatively large amounts o, and liquidpolymers are typical

examples of Type IlI fluids.

Properties of supercritical fluids, such as density and viscosity, can beitfie@ for a
specific task by varying pressure and temperatlines feature makes GXLs attractive
for reactions and separati. For instance, C®in the liquid phase has been shown to
significantly improve transport properties of systemBosseiniet al,[12] have shown
that CQ decreases the viscosity of ILs, reporting an 80% drop in viscosity of
[HMIm][TT 2N] at about 60 bar of C{at 40°C. This reduction in viscosity translates into
better diffusivity, which results ietter reagbn mass transferAs new applications
emerge,a clear understanding of these often complicated systems bscwuessary.
Phase behavior data is needed to engineer and select conditions for processes involving
GXL. Although binary data for organic solvents and,&9stems are available in the
literature, ternary or higher component mixture datailable for manyother solvent

systems isneager

23



1.5.2 Synthesis of lonic Liquids ina CO, Expanded System

Synthesizing imidazoliuabasedILs using compressed GQas a solvent has many

advantages overaditional solvent$71-73] CO;is relatively abundant naturally, and is
considered a fAgreeno, mo r[#]. leterature repantsriavet al | y f
shown fast and sensitive organic synthesis can be achieved with high levels of
functionality, controllability and energy efficiency in supercriti€D,. With moderate

critical conditions (31°C, 71 bar), G@ffords product separation by pressure tuning the
system.Simple product sequestration reduces process steps and energy demands that

would have been otherwise required from energy intensive distillation processes.

Our groups, and others, hawhown thatCO, has relatively high solubility in most
ILs.[75-78] Unlike organiccompounds, whictpartition into the C@ phase and CO
becomes miscible or critical with organic compounds and solvents at higher pressures,
ILs are immeasurably insoluble in a compressed @lase to elevated pressures of
400+bar.79-81] Thus for IL synthesis, reactants can be rendered miscible by choice of
temperaturg pressure and composition, but the product will remain insoluble in this
solvent. This phenomenon may be used to extract or purify the IL from residual reactants
and impurities by varying COpressure. This allows for separation of £€blvent

without cross contamination between the,@@d the IL.
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1.6 Dissertation Objectives

This dissertation identifeand presents novel techniqueseful to both industry and
researchersfor synthesizinglLs via a process thamninimizes negative human and
environmental impacilhis worksuccessfully demonstrates how gas expamd&O is

a beneficialsolvent media fofL synthesis. Ramifications g@hase behavior and kinetics
on large scale GXLs aralso presented. Phase transitions in equilibria, such as vapor
liquid, vaporliquid-liquid, liquid-liquid, etc. must be understood to determine optimal
operating conditions fomultiphasegas expanded stsns.To unravel these unknowns,
experimentally observedhemical and thermodynamic complexities typical of complex
organic mixtues (mixtures of ionic liquids, -tnethylimidazole 1-bromohexaneand
dimethylsulfoxide)are modeled Thesedatacanserve as dasisfor predictng behavior

in future applications.

Further,experimentallyobtained physical property data, phase equilibria data and kinetic
data critical for designig and optimizing IL production are presenti®tbst importantly,
simpleseparation pcessesre proposedlong withdetailed comparativenvironmental
assessmestof the proposed routes. Results and methods can be extended to other
engineering applicationsThis work reinforcesthe importance ofgreen engineering
principles and demonstrates htlve can be producedithout compromisingustainable

engineering principles.

25



1.7 Outline of Chapters

The nextchapter details experimental procedures and the methodology employed for this
study. This includes an overview of the high pressure static VLE apparatus, autoclave
procedure for global phase behavior study, NMR and ReactIR for kinetic analydis,
UV-Vis for polarity measurements at ambient and high pressures. lonic synthesis
proceduresand chemicalsare also presented in this chapt€hapter 3 presents an

overview of thermodynamic theories and models that are employed in this study.

Experimentally obtained kinetic, thermodynamic and thepimgsical dataneeded to
engineer efficient continuous meses for IL synthesis are described in Chapter 4. This
chapter als includes a description diigh-pressure phase equilibria (includir@O,
solubility, volume expansion, and mixture critical points) measurements and models for
the binary, ternary and pseéo-binary systems involved in the synthesis of a model
imidazolium ionic liquid hexyl3-methylimidazolium bromide ([HMIm][Br]). The
results have important ramifications on the kinetics and process cotsstrthsn actual

IL synthesis.The PengRobinsonequation of state, with van devaals 2parameter
mixing rules, are used with estimated critical properties to corrétaevapo#iquid
equilibrium. The phase equilibrium data will allow better understanding and kinetic
characterization of the synthests ILs with CO,. The global phse behavior was
observed forl-methylimidazole Also, density r, viscosity /1, thermal conductivity/,
diffusivity Dj , kinetic rate constark , activity coefficientg are obtained for different

concentrations of solvent and the product IL for ambient pressure systems. Design
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considerations for optimizing solvents ratio, kinetic properties and separations are

discussed.

A full understanding of the kinetics and solveifitects in the synthesis of ionic liquids

(IL) is of great importance for optimally selecting a benign solvent for IL production.
Chapter Shusfollows with a detailed presentation of kinetic and polarity analffgsishe
synthesis of different ILs in vewus traditional solvent system$he kinetics for the
synthesis of dalkyl-3-methytimidazolium halide, dhexylpyridium bromide andl-
hexy-1-methylpyrrolidinium bromiddonic liquids are investigated with different alkyl
halides, branched alkyl halidesd various solvertb-reactant concentrationsWhile

some general trends (the type of leaving group, the relative reactivity of the electrophile,
and the structure/sterics of the alkyl group) for these Mentshyga reactions are
widely known, the quaitative second (¥) order rate constants are reported here.
Varying reactant concentration ratios are found to affect the rate constant through
changes in polarity: these findings are rationalized in terms of the Kaidiepolarity

parameters of theeaction mixture.

Chapter 6 presents results on the kinetic study@fas asolvent for the synthesis of 1
hexyl-3-methylimidazolium bromide ([HMIm][Br]), at different pressures and at
temperatures 313.15 K and 333.15TKe synthesis route affordecetffiexibility to tune
the rate of reaction by controlling pressure loading of,Cthe rate of reaction under
certainconditions is found to bas attractive as usirgpnventionabrganic solvent. The

rate of reaction decreases with increasing, @@ssure for imidazoliurbased ionic
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liquids, especially when operating abotlee mixture critical pointAlso, it has been
demonstrated that phase equilibrium as well as the solubility of g a significant
role in understanding kinetics by decouglithe various effects of compressed,Cthis
chapter also showcases the synthesis of IL in &@anded DMSO systems. Here we
leverage the kinetic benefits of DMSO and the thermodynamic advantage of
environmentally benign CQor the production of ILsNon-complexseparatiorschemes

are proposed from mixture phase behaviamlet Taft polarity parameters for GO

expanded DMSO are reported.

Environmental and economassessment of different IL synthesis solvent platforms is
presented in chapter This s&tion marries results from both experiments and modeling
to evaluate proposed novel rspo8 ung speréioosr | L
that have the most impact amvironmentaland profitability) in the life cycle of the
processe are identied. While a full LCA for this process is beyond the scope of this
current work, resulting engineering recommendations will serve as design best practice

for consideration in future implementations.

The greener, more sustainable approach for synthgsitis was extended tamew
proposedseparatioa schemedor other applications dfLs viz cellulose valorization and
processingseparations and the fatation of cellulosic materials. These findings are
presented n chapter8. Finally, recommendationsand future workare presented in

Chapter 9
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2.1 Vapor Liquid Equilibrium Method

2.1.1 Static High-Pressure Apparatus

A synthetic method based on material balances was used for solubility measurements.
The apparatus used for this study has been described in detail by Ren and258&jirto

and will be overviewed her@he setup consists of a view cell, high pressure syringe
pump, a water bath arndgh-precision presserand temperature measuremeae&gure

2.1). The equilibrium cell is fabricated from stainless steel and rated for a pressure of
about 275 bar. It is equipped with a higlessure gauge glass window for observing
phase interfaces amhase transitions. A cathetometer is used to measure the height of
the liquid which is converted to a volume by a separate calibration of the-cadw

Prior to running vapeliquid equilibrium experiments, the imamentation and water

bath wereaallowed to thermally equilibrie.

A known amount of solute waseighed on a higiprecision scale (Ohaus Analytical
Standard, with 0.0001 g accuracy) and injected ihto dell. Then, the view cell was
pressurized to a spdéieid pressure and the samplegoroudy stirred to ensure
equilibrium. Phase equilibria data calculations are based on the mass balance by
determining the amount of gas delivered from a {gggssure/higiprecision pump, the
moles/mass of gas in the headspace above the liquid, and voluhe tibinglines to

the equilibrium cellThe mass of gas in the liquid phagascalculated by subtracting the
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mass of gas in the lines and headspace above the liquid from the total mass of ga

injected into the system.
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Figure 2.1 Static Cell for vapor liquid Equilibria Setup [2]

2.1.2 Autoclave- Global Phase Behavior

An autoclave view cell was used to accurately study the global phase behatior of
methylimidazole The design is similar to Leitnaat al. [5] and was modified by our
group[6] . The setup, shown inFigure 2.2 is equipped with two HIP (High Pressure
Equipment, Inc.) valves, a magnetic stir bar, two view windams, an Omega digital
pressure gauge (model DPG5500B, accurate to withi.25% of full scale). The

temperature of the autoclave cell was maintained at the desired temperature using an IKA
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RET basic C hotplate fitted with an IKA ET4 fuzzy logic contrder, which has an

accuracy of greater than1°C.

In this study, three different types of phase behavior transitions were observed: vapor
liquid (VLE) to vaporliquid-liquid (VLLE); VLLE to liquid-liquid (LLE); and VLE,

VLLE or LLE to critical transitios including uppecritical (UCEP) and lower critical
endpoints (LCEP). To observe global phase behavior, known amounts of saenple w
loaded intothe autoclave celland thecell then equilibrated tahe desirel temperature.

CO, was slowly metered into the cell via a higtessure syringe pump (Teledylseo,

Inc., model 100DM) tahedesired pressur&Vith stirring, hie pressure was slowly raised
continuously, untilthe first sign of the phase transition. The vessel was shghtly
vented to a pressure right below the transition, and allowedequiébrate. The process
wasrepeated until the transition pressure was reproducible within £0.5 bar. This process
was performedat different temperatuseat constant pressure, and sveontinued until
temperatures were reproducible to approximately +0.5°C. The amount of initial loading
of sample was varied to accommodate volume expansion of the liquid, especially for

conditions close to the mixture critical points.
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Figure 2.2 Assembled and dismantled autoclave®, 4] a.) Pressure gauge b.) 900 HIP valve c|
straight HIP valve d.) hole in autoclave body for temperature probe e.) magnetic stirbar f.)
Teflon o-ring and Teflon o-ring holder g.) Metaglas windows h.) arylic spacer/gasket (to

protect window) i.) threaded nut

2.2 Kinetic Study

Reactions kinetics wemxperimentally measured viaciaar magnetic resonance (NMR)
spectroscopy andn-situ reaktime, high-pressure attenuated total reflectionfrared
(ATR-IR) spectroscopyFigure 2.3 illustrates a typical quaternization réao observed
betweenl-methylimidazoleand tbromohexandorming l-hexyt3-methyimidazolium
bromide [HMIm][Br]. The reactiorrates were confirmed to bé&“order/bimolecular

according to the expressipn]:
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1-bromohexane 1-methylimidazole 1-methyl-3-hexylimidazolium Bromide [HMim][Br]

Figure 2.3 Reaction between dmethylimidazole and Ebromohexane forming thexyl-3-

methylimidazolium bromide [HMIm][Br].
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or alernatively8]:
— — O é- 6_ o o e} ¢}
e == Tvm _CMImg T 0= K(Chiim = Coim X)(Cariex = Catim X) Eqn.2-2

Wherer is the reaction rate based on compongkits the kinetic constantC? the initial

concentrations of the components (molarity), ah the fractional conversioWhen

the initial concentrations of the two reactants are eg{al stoichiometry),

é 6 (o] o o [0}
= Twm = Cim 0= K(Chim = Ciiim X)(Cortiex = Crim X)
GH =+ Eqn.2-2 becomes:

e =-Tum :Cl(\)/l |m%%8: k(Cl(\)/I |m)z(1' X)2 Eqn.2-3
GH =+
X ok Eqn.2-4
CM Im(l- X)

The knetic constank maybe obtained by graphing the experimental data to a linearized

form of Eqn.2-4. However, this often introduces unnecessary error or undue emphasis
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on certain time regimes; hence the need dononlinear regression approach using

SigmaPlot 2000mplemented in this study.

2.2.1 High Pressure Kinetic Study

2.2.1.1 ReactlR

A Reactl|l RE iC10 r e a(rdmi Mettler &ated)l egusppesl withy st e m
SiComp IR probe (chemical resistant silicon film as the ATR element) located at the
bottom and a CN76000 series temperature control (Omega Engineering, Stamford, CT)
was used to monitor reime midinfrared spectra. The maximum working gsare of

the probe is approximately 103 bars. Reactions were carried out in a 5Bigim
pressure autoclave reactor (Model 4592 micro bench top reactor, Parr Instrument
Company) set with a magnetically driverbkade impeller (stirrer speed ranges froro 0

1700 rpm) for mixing. Two electric heating elemenisre fitted around the external
reactor wall to provide the energy needed to maintain constant reactor temperature. The
reactor temperature and the impeller rotating speed were controlled via a Parr 48
controller and monitored via a LabView 8.6 data acquisition sysfEigure 2.4

represents schematic of setup)
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Figure 2.4 Schematic of REactIR setup

The reactor was allowed to heap to the desired temperatiand then charged with
reactants weigheaut with a Mettler Toledo XS205 dual range balance. Once the
reactants were loaded, @@as used to pressurize reactor to a known pressure. Each
spectrum was the Fourier transformation of 200 scans collectedhavepéctral ranges

of 4000650 cm, within a time period of less than 1 min and with an instrument
resolution of 4 crl. Figure 2.5 presents the time dependent spectral data for an
experimental run at 40°C and at 90 bamessure. The characteristpeak of 1
methyimidazole assigned to the imidazolmmg HCCH antisymmetric stretching at
1516.97 crit and the corresponding peak for [HMI[Br] at 1569.16 crit; these can be
seen decreasing and increasing respectively over the reaction peFmplia2.5. The
changes in the absorptiaver the reaction time for-thethylimidazolewere used to

compute the conversids]:
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X =1- peakhelghtaF timet Eqn.2-5
peakheightat timet =0

The peak heht at time = O represents the absorbance-wfethylimidazolewhen the
reaction is initiated Results were compared with runs carried out using the NMR

analysisthe differencein the kinetic constant obtad were within + 6.0%.
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Figure 2.5 (a) Characteristic FTIR absorption spectrum with time for the synthesis of
[HMIm][Br] from 1 -bromohexane and imethylimidazole at 40°C (b) FTIR spectrum for
reactant 1-methylimidazole) and product ( [HMIm][Br])

2.2.1.2 Check ReactIR against established NMR technique

This section compares data obtained using ReactIR (described above) and an established
methodology using Bruker AM00 Fourier transform HIMR spectrometer for the
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reaction of imethylimidazoleand tbromoheaxane in acetonitrile (ACN) at°@0and
ambient pressureto produce the ionic liquid -hexyl-3-methylimidazolium bromide
(HmimBr).[10] 1-methytimidazole,1-bromohexan@nd ACN were charged into reactor
at 1:1:20 mole ratio respectivelyigure2.6 presents the spectra for pure components at
40°C and at ambient pressur€alibration data was collected fdrmethylimidazole
spectra at known concentrations to calculate coragortr (Calibration plot forl-

methylimidazolds shown inFigure2.7 at 1524 crit)

Absorbance

1650 1600 1550 1500 1450 1400 1350 1300 1250 1200
Wavenumber (cm-1)

Figure 2.6 A) HmimBr (B) 1-methyl imidazole, (C) 1-bromohexane FTIR spectra with solvent

subtraction.
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Figure 2.7 Calibration Spectra (a) and chart (b) for Xmethyl-imidazole at 1524cml

Corcentration can be calculated using intensity values, using calibratiorolotaiaed

using the ReactIR fdt-methylimidazole

C, =5.0083, - 0.154

Where C, is concentration ofnethyl imidazole in moles peitér (molL?) and I, the

intensiy measured ianits of absorbance. Conversions were obtained using:
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Figure 2.8 obtaining K value Equation 2-1-4

Figure2.8 shows results obtained using and ReactlRotmrated those obtained via 1H
NMR studies, within an error limit of £ 3% of percent conversion. In situ real time FTIR
monitoring is a valuablenethod for kinetic study for these systems where sampling with
NMR can be problematic. For high pressure runs, initial concentration ofl-the
methylimidazolewas computed using final volume data furnished by previously obtained
volume expansion and VLE dafseesection 1.1 for method) for the reaction mixture and
CO, Slightly higher conversion values observed in the ReactIR are due to temperature
excursions especially at the beginning of the reaction before equilibrium is reached,
Jovanovic and Dubé¢ll] observed similar issues when using ReactlR of real time
monitoring of reactions. We find that this effect on the results obtained is minimal at the

temperatures studied.
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Figure 2.9 Conversion with time for the synthesis of [HMIm][Br] from 1-bromohexane
and 1-methylimidazole in CO2 at 30 bar and 40°C, CMiM,0 = 4.37 malL™

2.2.2 Autoclave

The aitoclave view cell was used to carry out reactions at preshigber than the limits

of

t

he React!| RE pr teiperaturdvds enairdaineédoat theadeseed ¢ e | |

level using an IKA RET basic C hotplate fitted with an IKA ED& fuzzy logic

controllerhavingan accuracy ofreater thar 1°C. Initially, the aitoclave was preheated

to the desired temperature; weighed amounts of reactants were then added to the

autoclave It waspurged twice using carbon dioxide to remove all oxygen. The autoclave

was then pressurized while the mixture was continuously stiétexpecified periods, the

temperature, pressure, time, and abgervationsvere recordedthe autoclavavas then

submergedn an ice bath to quench the reactigh.convenient organic solverfsuch as
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acetonitrile and acetoneyith minimal or no NMR peak overlap with reactants and
product was used to trap the vapor pha$ee extracted autoclave content was added to
the mixture collected from the venting vapor and mixed thoroughly. Samples were

analyzed usingH NMR.

2.2.3 Ambient Presaure Kinetics Technique
For ambient pressure kinetic study, with or with@olvents was conducted at three

different temperatures using a muitell reactor block from Chemglass, Inc. (model
number CG1992-03) which holdssixteen (16)standard 20 mlscintilation vials. The
temperature and stirring of the reactor block was maintained using an IKAMAG RET
basic hotplate equipped with an ED& fuzzy logic temperature controllevhich
maintained the temperature td& C. Samples were analyzed using a Bruker Kz
Nuclear Magnetic Resonance NIR) spectrometer periodicallyThe accuracy of this

methodto determineconversionX has been estimatexd® 1%.

2.2.4 NMR

Nuclear magnetic resonance (NMR) spectroscopy is based on the magnetic properties of
atomic nulcei. Tk nuclear magnetic moment of a nucleus intargavith an external
magnetic fieldBy yields a nuclear magnetic energy level diagram. &hsorption of
energy is detected and amplified as a spectral line knowtheagsonance signél.2]
Gunther presents detailed analysis of the physics of NMR spectroscopy. Commonly used
atoms for NMR investigations includé, *°F, 3'P, and the isotop&C. In this study,

proton NMR {H NMR) was used for calculating the rates of reactions by integrating
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specified reactants and product chemical shiighg deuterated chloroform (chloroform

d) as the locking solvent. Samples were analyzed using a Bruker 400MHz Nuclear
Magnetic Resnance(NMR) spectrometerTypically, the time duration between sample
extraction and NMR analysis was less than 5 minutes; further conversion during this time
was negligible due to the relatively slower kinetic rates at ambient conditions and the
more dilute cacentrations after addinpe deuterated chloroforniThe conversion over

time was determined hyackingthe disappearance of the reactant gnechppearance of

the product peaks on the NMR spectrum prodEot instancethe reactionshown in
Figure 2.3 for the quaternization reaction betweenmgthylimidazole and
bromohexane The nethyl peaks for the reactantl-methylimidazole and the
corresponding methyl peaks rfdHMIm][Br] at dy ~3.65ppm anddy ~4.16ppm
respectivelyFigure 2.10 are integrated to determine the fractional conversipnusing

the following equation:

0
:CMIm_ Cum _ Ny _ N, — IdH4-16

0 0 -
CMIm NMIm NMIm+NIL IdH4.16+IdH3.65

X

Egn2-6

whereNy is the umber of moles of speci at any point in timeN’is initial amount of
limiting reactant, andl is the peak area at each of the chemical shifts being analyzed. For
further details of the NMR technique, see Schlei¢BerThe accuracy of this method to
determine X has been estiated at °1%. Sample NMR spectra for reactant$- (
methylimidazoleand1-bromohexaneand product [HMim][Br] are shown iRigure2.10

() [6] Figure2.10 (b) presents the NMR spectra and labels for the correspohgitig
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hexylmethylpyrrolidinium bromid@ndN-hexylpyridinium bromice bromide systems all

studied here.
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Figure 2.10 '"H NMR in chloroform -d Bruker 400 MHz (a) 1-methylimidazole 1H NMR in
chloroformd Bruker 400 MHz 1H NMRd(ppm)= 3.65 (s, 3 H), 6.86 (s, 1 H), 7.02 (s, 1 H), 7.39 (g
(top left). (b) tbromohexane 1H NMR in chloroforeh Bruker 400 MHz 1H NMRd(ppm)= 0.90 (t,
J=6.85 Hz, 3), 1.32 (m, 4), 1.43 (m, 2 H), 1.85 (q, J=7.44 Hz, 2 H), 3.40 (t, J=6.83 Hz, @oHigfit)
(c) Bruker 400 MHz 1H NMRd(ppm)= 0.87 (t, J=6.82 Hz, 3 H), 1.33 (m, 6 H), 1.95 (q, J=7.05 H
H), 4.16 (s, 3 H),4.37 (t, J=7.41 Hz, 2 H), 7.69 (s, 1 H), 7.85 (s, 1 H), 10.28 (s, 1 H) (bottom figure)

50



(1,5) 2.4 (5)
| . vy b
v ol vtV
@ c? i H 7N #
@ | | o\
[t
c c c—c_ 0
X
N/m\c/ S n//“" [\
| @ H
" (X)) .
‘ |
| |
|
R Py 18 5 $ 2 ! ? 3 L 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm
58 s
el 19
L )
HH
HH \/ u 8 d
C L\
s i Vg g WH  HH HN
I L ol o NN
Y0 Ny @ _co® _c_uo ¢
2 NG NG N
(9,10) ‘_‘\ /[ Yc”m e @ e o H
| me—c AT AT
W7/ NHH HH H H
H H 1)
H
23)
m 8)
)
' | ) | (89,10)
| (6) ’
| | | . o
1 | b
]
° ) ! ’ = ' $ : ¢ Sy P 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm
2 2 5 3 s 8 |8
= 2 23 2e8 5 8

Figure 2.10 (b): *H NMR chemical shifts for reactants and product usiHgNMR in chloroformd Figure A.
Pyridine™H NMR without locksolvent Bruker 500 MHZH NMR: d (ppm) = 8.51 (d, J=1.92Hz, 2 H), 7.36 (
J=2.10Hz, 1 H), 7.00 (t, J=1.92Hz, 2 Figure B. N-methylpyrrolidine'H NMR in chloroformd Bruker 400 MHz
'H NMR: d(ppm) = 2.34 (t, J=6.72Hz, 4 H), 2.24 (s, 3 H), 1.67 (quin, J=3.36Hz, 4 Aiure C. N-
hexylpyridinium bromide [HPyrid][BI'H NMR in chloroformd Bruker 400 MHZ'H NMR: d (ppm) = 9.55 (d,
J=6.36Hz, 2 H), 8.48 (t, J=7.62Hz, 1 H), 8.10 (t, J=7.02Hz, 2 H), 4.90 (t, J=7.44Hz, 2 H), 1.97 (quin, J=7.]
H), 1.28 (quin, J=7.38Hz, 2 H), 1.18 (quin, J=3.12Hz, 4 H), 0.73 (t, J=6.96Hz, 3Figure D. N,N-
hexylmethylpyrrolidinium bromide [HMPyri{iBr] *H NMR in chloroformd Bruker 400 MHZ'H NMR: d (ppm)
=3.85 (t, 4 H), 3.64 (t, 2 H), 3.30 (s, 3 H), 2.30 (quin, 4 H), 1.77 (quin, 2 H), 1.40 (quin, 2 H), 1.32 (quin|
0.88 (t, 3 H)
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Figure 2.11: 1H NMR chemical shifts for reactants and product using 1H NMR in chloroformd
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The main shifts examined werd=3.65 on imethylimidazoleand d;=3.40 on 1-
bromohexanand the corresponding chemical shifts=4.16 andd;=3.40 on the product
respectively. When solvent peaks overlappaslis the case for this reactiprand
methanol atd,=3.31 andd;=4.87, the chemical shift for-thethylimidazoleat d;=7.02

and d,=6.86 were used with the corresponding prodaltsmical shifta;=10.28.

2.3 Transport Property Measurements

2.3.1 Thermal conductivity and Diffusivity Measurements

Thermal conductivitynay be determinedvia statiorary or transient measurements. The
stationary method simply relies on a constant temperguoéile, while transient
methods employ ehanging temperature profjldhe gradient ovhich must be accurately
determined.The transient hewire technique is a widely accepted method to measure
thermal conductivity ofluids; the principlehas beerthoroughly explained by Healy and
coworkerd.13] The temperature field of the transient hweire instrument, and the

fundamental working equatianaybe expressed as:

T au’T |, uT o
[N T
G =

Eqn2-7
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with
/

*
C,” r

aT:

whereT is temperaturd,is the elapsed time,ia the thermal diffusivityf the fluid andr

is the radius of the hot wire. Egn 2-7 is a classic numerical problem was solved by

Carslow and Jaegét4] to

where E is th&ulerMascheronconstant At time to (5ms) after heat transfer start

X X2 x®
E =g+Inx- - ——+.
1*n 2*2 3*3
with Egn2-9
g=05772

2
Since t > LI , then Egn 28 becomes:
4* a;

T-T,=— 9 «gpdia’

= ' 05778 Egn2-10
4*p*/ ¢ r2 +

Betweent; andt,, the solution of heat transfer on the surface of theckedte

(r approaches,) becomes:

j=—%*% .l Egnoan
8*p*(T,-T) t,

and the thermal diffusivity can be computed from:
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2 2 Ak ~
a =0t exp?é”;—/*T +0577% Eqn2-12
(; -

2.3.1.1 Lambda Cell

The LAMBDA measuring systeprirom Flucon Fluid Control GmbH (Germany), is the
transient shorhotwire cell used in this studfor obtaining hermal heat conductivity
andthermal diffusivitydata. The lambda unit uses a platinum wira diameteof about
100 em and [Imenpagdwhich arbwelded to pl&tinum lead termirgalThis
lead terminalis supported by a circular Teflon plate having a diameter of 24mm and a
thickness of 5mmPlatinum lead wires for electric heating and voltage measent
were welded to a platinum lead terminal. The maximum volume of the stastdesds
pressureesistant cells approximately 65 cth Temperature is controlled by a circulating
bath connected to thedketed sample vessel, and can vary withiarsgeof 25-400°C
within an accuracy of1%, at a frequency of about 20Bhe PC controller calculateke
actual energy input for each point of measurement of the temperature pktfiteugh
impurities such as water content affect transport propeftiesosty, for example)of
samples especially IL, Valkenbueg al.,[15] showed that this effect was relatively small
for thermal condctivity at around + 0.8%. Pan and coworkgt§] corroborated this

trend with a differencef +1.2%.

2.3.1.2 Procedure

First, the setup is calibrated using a solvent with propertiegasito test subject and

with known parameters, for systems studied here, methanol was used to calibrate the
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lambda unit. For reference, Density (af@%nd thermal conductivity data (over working
temperature range) was obtained for Methanol from REFPREMbration and
REFPROP data used is presented in the appendix). After calibration, the temperature bath
is set to desired temperature and allowed to equilibrate owdb 3@inutes. Data is
accumulated over time 4situ using accompanying Lambda softwar€hermal
conductivty and diffusivity are directlyobtained by the setup; however with known
density of sample, the heat capacity may be compiitdale 2.1compares literature data

with experimental data at ambient temperature.

Table 2.1 Lambda Unit Verification (Literature Data from REFPROP database)

Thermal Conductivity

Water (mMW/mK) Thermal Diffusivity (m”"2/sec)
Content Temp
Compound (ppm) C Exp Lit % Diff Exp Lit % Diff
Methanol 701.690 21.1 202.383 202.020 0.180 9.28E08 1.02E07 8.91
Ethanol 1213.920 219 169.000 165.910 1.863 8.94E08 8.30E08 7.72
Decane 60.060 22.0 133.436 130.260 2.438 8.60E08 8.19E08 5.01
Cyclohexane 28.650 22.0 119.980 124.620 3.723 8.48E08 8.96E08 5.44
Average %
Difference 2.051 6.770

2.3.2 Viscosity

2.3.2.1 Ambient Pressure

The viscosity of liquids at ambient pressure was measured using aBhitlsfield
Cone and Plate (DMI ULTRA) Viscometer / Rheometer. Here, atating cone is
immersed in the sample fluid between the cone and a stationary flat plate. This is then

driven by a calibrated beryllivoopper spring; the viscose drag of the fluid against the
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cone is measured by the spring deflection. This deflectioneiasared with a rotary
transducer. The resistance to the rotation of the cone produces a torque that is
proportional to the shear stress in the fluid. The torque is read off a digital display and
converted to absolute centipoise units (mPa-s) fromcal@lated range charts.
Temperature is controlled using a constant temperature circulating bath connected to the
jacketed sample cup. The system is accurate to within £1.0% of the working range.
Reproducibility is to within £0.2%. Working temperature rangérasn 0°C to 100°C

with the accuracy of +0.1°GHence the full scal@iscosityrange for the DMII Ultra

model can be calculated from:

viscositycP] = TK* SMC* 10000 Eqn2-14
RPM

WhereTK is the DV-III Ultra Torque constant, for this model (0.09373MC is the
spindle multiplier constant (this instrument uses a CP42 spindle, with corresponding

constant, 0.64 ).

2.3.2.2 High Pressure

A high pressure viscometer was obtained using a modifiedb@dge Applied Systems
(currently Cambridge Viscosity, Inc.) Model ViscoPro 2000 SystemSPRL-440
equippedwith Viscolab software A detailed description of the apparathas been
described in detail by Ahosssieni and Scudtpl7] and will be overviewed herelhe
appaatus is operated based on annular flow around an axially oscillating .pidten
apparatus is made up of a temperature controlled oven which houses the high pressure

viscometer sensdiconnected to a precision pressure transducer) (810 a resistance
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temperature detector (RTD). The testing chamber consistsa opiston and
electromagnetic coildwo magnetic coils inside the sensor body oscillate the piston over

a fixed distance, forcing the fluid to flow through the annular space between the rod and
chamber. One magnetic coil applies a constant force on the piston while the other
determines the position of the piston. The roles of the coils reverse when the piston
reaches the end of the cycle and changes direction. The time required for the rod to
compkte a cycle can be directly correlated to the dynamic viscosity of the fluid. The
viscosity reading is the average of 20 viscosity measurements and is reported with the
standard deviation of those measurements. A volume of approximatel§ 8t of
samplewas metered into th80cnT Jerguson vieveell, a stainless steel high pressure
metering pump (Eldex Laboratories, Inc., Model 1020 BBBand the pressure was
slowly increased to desired pressures usiigladyne Isco, Inc. syringe pump (model
260D) (8) A Micropump, Inc. (model 415A) recirculation pump (9) is used to draw the
sample liquid from the viewgell, transport it through the viscometer sensor (2) and then
back to the top of the viewell, where the material falls through the gas phase batieto t
liquid layer. This recirculation allows for a rapid approach to equilibrium, while being
able to monitor the change in viscosity over time. Equilibrium is usually achieved in
approximately 30 minutes for each pressure studied. The error in visdizsiég upon

the sampling average of 20 measuremastseported at each pointhis apparatus can

be used to obtain viscosity measurements within the range of 0.2 to 10,000 ¢PMPa

and up to a maximum pressure of 137.9 MPa between 233.15 K to 463.0h% KIST

traceable calibration was accurate to 0.0084%sttdlle. The maximum deviation of
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temperature from the spbint temperature for all data was 0.1 K, with the average

deviation being +0.07K.
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Figure 2.12. A schematic of the high pressure viscometer set{y (1)oven (2) high pressure
sensor(3) rupture disc (4) pressure (5) RTD temperature probe (6) high pressure generator (i

not shown here) (7)Jerguson view cell (8) syringe pump (9) Micropump recirculation system.

2.3.3 Densitometer

Densi t yfined as mass divided by volume and isighly temperature dependent
property. For mixtures,the density of the mixture is a function of composition. In this
study, eknsity was measured using an Anton Patukk oscillating densitometer (DMA
4500). This instrument is based on AntonrPéars flhamonio oscillation, where an

electronically excitedsample vibrate at its characteristic frequency. The characteristic
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frequency changes depending on the density of the sabhsity can computed from
determining thischaracteristic frequency of tlsample A sample (approximatel@ mL)

is typically introducedinto the U-shaped borosilicate glass tudde Utube oscillating
densitometer is straightforward and accurate, with repeatability within £0.00001° gr/cm
and measuring range §/cnt to 1.5g/cnt Temperature of the sample in the measuring
cell is precisely measuredsing an ultreaccurate platinunsensor with amaccuracy

+0.03C.

2.4 Polarity Studies

2.4.1 Kamlet Taft parameters

Kamlet, Taft, et. al[18-21] take a multiparameter approach to describing solvent

polarity; considang three different scales called the Kamlet T&T) parameters.KT

parameters consist of 3 components namely, acid#y, (basicity ¢), and
dipolarity/polarizability @*). [18, 20-25] The a scale whichmeasures the sol v
acidity, or ability to donate a proton to a solvemsolute hydrogen bondk also referred

to the hydrogen bonding donability (HBD) of the solventThe 6 scale characterizes

the solventds basicity or-toaolvent intaragtiont also accept
known as the hydrogen bonding accepting (HBA) stiteiod the solvent. Finally, the*

is a measure of t he scohlavregnet 6asr aa i diip gyl &€ obyst
dielectric effect§18] Reichardt premts a literature collection of thes&-T

parametergd €0 s, praad) for cqdl®@Pn sol vent s.
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2.4.1.1 Solvatochromic Probes:

Chemicas that change color due to a change in solvent polargoften refered to
solvatochromic probesSolvatochromic probes are dyes used to study solvent properties
using an UltravioleVisible (UV-Vis) spectrophotometer. Depending on the mdhecu
interactions between the solvatochromic probe and the solvent molecules a shift in the
solvatochromic probesdé6 absorbing Wwagueel engt h
2.13 presents the dyes that are used for this stiiggative solvatochromisins
charateristicis a blue shift also known as a hypsochromic shifserved with increasing
solvent polarity A red shift is seen for a positive solvatochromism and is also referred to
as a bathochromic shifbbserved with decreasing solvent polaritye3édifferent shifs

occur due to the difference in dipole moment between the ground and excited states of
the diromophore which manifests as a strong dependence of absorption and emission
spedra with the solvent polarityThe variation in the position, intensity, and shape of the

absorption spectra correlates with specific solute/solvent interactions.
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Figure 2.13: Solvatochromic probes used in this study

2.4.2 Method

There are many different solvatochromic probes that can be used to determiie the
parameters. Different sets of dyes produce slightly different quantitative results
comparisos with other studies should be made only with similar dye g#t$or each
solvent was calculated using Ngdethyl4-nitroaniling a dye only affected by

polaiizability with no effect of solvent acidity or basic[t8]:

_ 275K - V(1) ,, 2
& 318K 4

*

Eqn2-15
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where o* is the dipolarity/polarizability parameter, kK is Kiaysers (1000kK = crit
),[27] andv(1)vax is the maximum absorbing wavelength for Dye 1 ttmCyclohexane

(p*=0.00) anddimethyl sulfoxide £*=1.00) ae used areferences.

The basicity componert was calculated using probesdroaniline and N,Ndiethyl4-
nitroaniline[20] Hexamethylphosphoramide is used as a reference solventwilitirhe

equation used in calculating dlvalues is{20]

&1.0350(1) oy = V(2) oy + 2.64kK g

b=z Eqn2-16
& 2.80kK g =
The acidity of the solventg was calculated using N;Niethyk4-ni t r oani | i ne/ Rei ¢

Dye. InHBD solvents R e i ¢ h ahovwkedh§psochdoynie shiftsresulting from both

the HBD abilityandthe dipolarity/polarizability. Thep* parameter obtainedin is used

, 027.52kK - v(1
to computea using p* = & > v( )Maxﬁ
e Slg(K u

Eqn2-15[1§

Q= &V(3) iy - 10.60KK - 5.12KK(p* - 0.230) g
& 5.78KK 4

Eqn2-17

where v(3)uax is the maximum absorbing wavelength for Dygcd?) and d'is the
Apol ari zabil i (0Oyor norchiarirated solvents atipbatinsolvents, 0.5 for

polychlorinated aliphatics, and 1.0 for aromatic solvei8] The kinetic rate constants
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were correlated with th&T parameters using a Linear Solvation Energy Relationship
(LSER) method26]:

Ink=Ink°+Aa+Bb+C(p*-Dd) Eqn2-18
The regressed coefficients, B, C, andD quantify the individual effects of the polarity
parameter on the kinetic rat€he regressin was done usg SigmaPlot 2000 version
6.00Further, Reichardtds dye was al s®@) used to
scalg26]:

E; (30) =hcu(3d),,..N, Eqn2-19

whereE1(30) is a scale of polarity with units of kcal/md¢li s Pl an c kcdsshec onst an
speed oflight, v3ax i S t he maxi mum absor banhsas f or Re
Av 0 g adr bebd Bxpenmemal values obtained far, b, andp* were found to be

within £0.01 ofliterature values.

2.4.3 Polarity Measurements

In this study, the solvatochromic probBisN-diethyl4-nitroaniline, 4nitroaniline, and
Reichardtds dye were used t abandpc AlKIt e t he t
parameters ané(30) values were obtained from solutions with the appropriate, dyes

using a Varian Cary 300 Bio Ultraolet-Visible (UV-Vis) Spectrophotometer with a

dual cell Peltier accessory temperature controller. The temperature was maintained at the

standard 28C. The wavelengths of maximum absorption of the dyexerelated to the
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KT parameters using the standdéodmulas[26] The LSER coefficients were regressed

using the nodinear optimization techniques in the Sigi#Akt 2000 version 6.8oftware.

2.4.3.1 UV-Vis

The solvatochromic probe studies for solvents and reaction mixtures were performed
using a Varian Cary 300 Bio UVisible Spectrophotometer with a Dual Cell Peltier

Accessory Temperature Controller, supplied with Cary WinUV software version 3.00.

2.4.3.1.1 Ambient Pressure

A one centimeter patlengthcuvette was used for almbient pressurstudies. Before
beginning anyexperiments, the U\Wis spectrophotometer was allowed to warm up for

at least one hour and a validation on the instrument performance verified prior to taking
any scansOnce preheated, 3 mL of the solvent was added to the cuvette and a
background spctrun taken for the solvenThree mg of the solvatochromic probe was
then added to a 20 mlal containing 3 mL of solveniThe vial was then mixed0 nL

was drawn and placed in the cuvettentaining the 3 mL of solvenfThe cuvette was

then mixed and plaed inthe UV-Vis spectrophotometeA quick scan was made from
800-200 nanometers (nmpat a rate of 600nm/mjnto narrow the region where the
solvatochromic mbe had a maximum absorban€&nce the scan was complete, the
maximum absorbance for each probeas noted along withthe corresponding

wavelengthFor the 4nitroaniline and\,N-diethyl-4-nitroaniline solvatochromic probes,
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the maximum absorbancesccurred between 302420 nm The Rei chardt 6s

solvatochromic probe has a high absorbance in theviaked and visible regionwith the
wavelength of I nterest for b&weeenc8d®d50 dm.o0s dye
Once the maximum absorbance was determifoedeach solvatochromic probe, the

sweep width was narrowed #150 nm around the maximuabsorbing wavelength of

interest and the saarate decreased to 200 nm/miinthe maximum absorbance for the

probe was greater thahO or less than 0.6, the cuvette was diuter concentrated
accordingly.A scan was taken and the wavelength at the miama absorbance recorded

for calculating theKT parameters. Each set of data was replicated three times to obtain a

standard deviation.

2.4.3.1.2 High pressure

All KT parameters an#+(30) values were obtained from solutions with the appropriate
dyes using a Vaan Cary 300 Bio Ultra violeVisible (UV-Vis) Spectrophotometer,
procedure is similar to previous section except for apparatus was adapted for high
pressure runs. Here, lsigh pressure stainless steel optical cell fitted with sapphire
windows (Meller Optis MSW062/12%, 0.625 inches imliameter and 0.125 inches thick
was used instead of the cuvette. C@as metered into the cell to desired
concentrations/pressures usinghagh pressure syringe pumf@he wavelengths of
maximum absorption of the dyesere related to theKT parameters using standard

formulasdescribed abov¢28]
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2.5 lonic Liquid Synthesis

2.5.1 [HMim][Br]

1-hexyl3-methylimidazolium bromide was preparbg quanternization reaction df
methylimidazolewith small excess amount dfbromohexanen acetonitrile at 40°C

under an argon atmosphere with stirring for three days. The solasntamovedisinga

rotary evaporator under reduced pressure at 40°C and then dried under high vacuum
(<10* Torr) at 50°C forseveraldays The | L6s water content was
while the bromide content was below 6 pgi-NMR spectra were recded on a Bruker

400 NMR spectrometer using TMS as a reference'lfbichemical shifts. The water
content was measured using Mettler Toledo DL32 Karl Fisher Coulometer. Bromide
content was determined by a Cole Parmer Bromide Electrode (DB0&juipped wh

an Oakton lon 510 series metéd NMR chemical shifts (relative to TMS internal
standard) and coupling constants J/Hz for [HMIm][B NMR in chloroformd were
d(ppm)= 0.87 (t, J=6.82 Hz, 3 H), 1.33 (m, 6 H), 1.95 (g, J=7.05 Hz, 2 H), 4.16 (s, 3 H),
4.37 (t, J=7.41 Hz, 2 H), 7.69 (s, 1 H), 7.85 (s, 1 H), 10.28 (s, I'i®.water content

was 0.28 wt % as measured by Karl Fisher analysis (Mettler Toledo DL32 Karl Fisher).

2.5.2 [HMIm][TE 2N]

1-hexyl3-methylimidazolium s(trifluoromethylsulfonyl) imide ([HMIm][Tf,N]) was
preparedrom the anion exchange of lMm][Br] with Li[Tf,N] in deionized wateras
described in the literatuf@9] The denser, hydrophobic, IL phase is decanted and

washed six to eight times with a volume of watpproximately twicghatof the IL. The
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IL wasthen dried under vacuurwater contentvas125 ppm,and Br contentess than 8
ppm 1H NMR chemical shiftgrelaive to TMS internal standard) and coupling constants
J/ Hz: uUd=8. 65 1H, $1.8), Z.BIr(t,,1H, 3=1.34017 (t,,2H, J=7.4), 3.93(s,

3H), 1.87(m, 2H), 1.32(n6H) 0.87(t, 3H, J=6.53).

2.5.3 [EMim][Acetate]

1-ethyl-3-methylimidazolium acetate ([BIm][Acetate]) was prepared from the anion
exchange of [EMIm][Br] withpotassium acetat® ethanolas desribed in the patent
literature.[30] [EMIm][Br] was first synthesized similar to procedure described above
for [HMIm][Br]. Precipitated potassium acetate salt was vacuum filth@a the
ethanol/[EMim][Acetate] mixture at a low temperatufde ethanol was removed from
the IL usinga rotary evaporatoand tten dried under vacuunThe IL was dried under
vacuum at 58C for 2 days to remove volatile impurities. The IL appears to drg v

hydrophilic; Karl Fischer analysis showed water content of water 1500 ppm.

2.6 Materials

1-methylimidazole(CAS 61647-7) 99+% and 1-bromohexangCAS 111251) 99+%
were obtained from Sigma Aldrich-riethylimidazolewas distilled and further dried
using a Type 4 Angstrom Molecular sieve obtained from Fisher Scientific. Coleman
Instrument grade C£and Argon (extra dry, grade 99.998%g¢ne& obtained from Airgas
Inc. l-bromohexanewas used as receivedcetonitrile (>99.9%) and chloroform d

(>99.6%) were purchased from Acros. Reagents pyridine (>99%yomohexane
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(>99%), were obtained from Acros Organi&olvents acetonitrile (>99.9%), acetone

(>99.9%), methanol (>99.9%), chlorobenzene (99.9%), dichloromethane (99.8%),
dimethylsulfoxide (>9%), cyclopentanone (>99%), ethyl lactate (>98%Juganone

(>99.7%), and cyclohexane (>99.9%) were all obtained from Sigma Aldrich, while ethyl

formate (>98%) was purchased from Acros Organics. Solvatochromic probe 4
nitroaniline (>99%) was purchased rmo Sigma Aldrich N,N-diethyl4-nitroaniline

(97 %) was purchased from Oakwood Products |
purchased from Fluka. All starting materials were distilled and kept under argon gas

prior to use. All solvents were dried using 3% 4A molecular sieves. The

sol vatochromi c pr oritreanilind? and &N Naethyl4-nitrenanllinee , 4

were used as received.
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Thermodynamics of Phase Equilibrium

Across the chemical industry, separation remains the most ernargy consequently,

cost) intensive of process segments. A thorough understanding of thermodynamics is
crucial for developing separation processes. Thermodynamic models that are valid over
various temperature, pressure and composition conditions become important for the
prediction and optimization of chemical processes. Although phase equilibrium modeling
is considered a mature subject, it is, in reality, still far from perfect. lonic liGu)d
mixtures provide a high level of complexity: few studies for these systems are available
in the literature. This chapter overviews the models employed in this study for correlating
and predicting the thermodynamics of organic systems encounteredsymtihesis and

processing in both Cand gas expanded systems.

3.1. Criteria for Phase Equilibrium

This study presents phase equilibrium data for binary and-partponent systems with

CO, at high pressures. Phase equilibrium criteria are the basis ahdtignamic
computations. The vapor and liquid phases of a pure component are said to be at
equilibrium when the temperature, pressure and chemical potentials are equal in both
phases. Similarly, in a mixture, phases are said to be in equilibrium, whpretiseire,
temperature and partial molar Gibbs free energy (chemical potential) of a given specie

are equal in all phases in which the specie is present. A mixture with spatie
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temperature T and pressure P withemical potentiah in two phases (I andl) in

equilibrium can be expressed as:

= nf
TI :T”
PI :P”

The chemical potential can be related to the fugacity by

f
m- m° =n? +RTIn——

£ 0

f

f

L .0

y; P

as P- 0

wherethe superscript o represents a reference state, and for a compareemtixture of
ideal gas, the fugacity is simply its partial pressurng)(RAt low pressures, all systems
approach ideal gas behavior. The equilibrium criteria expression, in terfugauifty,

then becomes:
f'(T,P)=f"(T.P)
At times, a dimensionless fugacity coeffici;é_nts used, as:

_—
/i “p
Thermodynamics relates mixture compositions to (the harder to obtain) chemical

potential. Systems cabe accurately described and predicted provided appropriate

models are employed.
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3.1.1. Vapor-Liquid Equilibrium

The equilibrium criterion for vaperquid phase equilibrium is expressed as

fo(TPx) =7 (T,Py)
with superscripts L and V indicating the liquiddavapor phases for componenta the
mixture. At low pressures, the vapor phase can be assumed to be ideal, and an activity
coefficient model sufficiently describes the liquid phase. This assumption fails at higher
pressures as the ndotealities in thevapor phase must then be accounted for. An
equation of state (EoS) is typically used to obtain the component fugacity in the vapor
and liquid phases, in terms of temperature, pressure and composition. The relatively
simple PengRobinson (PR) EoS providesufficient correlation, and thus is employed
throughout this study to predict and correlate experimental data for the binary and
multicomponent mixtures encountered in high pressure IL synthesis reactions. The
fugacity coefficient of each componaerit the liquid and vapor phases can be calculated

by integrating the following expression using a single equation of state of choice (here,

PR Eo0S):
o} % ~ g v
|n/'i":i"’ _§ -El‘d\l-h’] PV
RTyV VA H Ny
QP § 4 .
|n/|L:i~ _8 _E[:d\l_m —
RT,.&m 2, Vg n,RT

Here, the termins the number of moles of componeénty is the total number of moles

in each phase.
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3.2. Equations of State (Eo0S)

Equations of State (EoS) describe chemical systems using mathematical representations
of thermodynamic functions at given sets of physical conditions, such as temperature,
pressure ah molar volume. The simplest form of a thermodynamic EoS is the ideal gas
law,
PV =nRT

which describes a hypothetical gas, assuming:

1 collisions between molecules are perfectly elastic,

1 molecular interactions between the molecules of tseaga negligible,

1 and molecules have no volume.
While the ideal gas EoS is a useful approximation, it is extremely limited. To improve the
ideal gas equation approximation for real fluids, several EoS have been developed. A
thorough discussion of the diifent kinds of EoS may be foumd the Thermodynamic
literature[11]. Two-parametexcukic E0S, coupled with classical van deaals mixing
rules, are the most common modeling tool for VLE of many chemicals, including organic

mixtures.

3.2.1. Peng Robinson Equatio of State

The reactants and IL product systems in this study were modeled with the Peng Robinson
(PR) EoS:
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__RT ay

"V-b, V(V+b)+b,(V-h,)

whereV is molar volumea, is the mixture attractive parameter anigs the mixture ce
volume parameter. Typically, in the EoS, fundamepkealse stability criteria is used at

the critical point to ensure the correct prediction of the critical temperature and pressure,
T. and R, respectively: the critical point is where the spinodal stability locus and the
VLE binodal ceexistence locus medi:

wry

qv =,

For the PR EoS this becomes;
a (T)= @457723&851@)

and

o, =0077796%

C

The term a(T) ensures that the vapor pressure calculated at other temperatures is

accurate: it is unity at critical conditions.

a(T) = [1+ k- JTIT ]2
For hydrocarbons and organic gas&scan be expressed as
k =0.37464+1.54226/- 0.26991°

The Pitzer acentric factaw is defined as :

epYer 0.7
=-10- Iog10e (I'P )U
é [ u
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T =TIT,
OnceT,, P and w are known, the twparameterg,b) EoS can be computed and used to
completely predict the equilibrium of a given system. For a better VLE description,
researchers have extended egh@) term for norhydrocarbon systerf 3], an example

of which is the PR Stryjek and Vera (PRSV) equaf&jn.

3.3. Mixing Rules

Mixing rules furnish the EoS with the compositional dependencies for predidiagep
behaviors of mixturesThe mixure parameters for the van deaal 2parameter mixing

rule (vdW2) are:

a, = X X; &; g; =(1- kij )\/aiiajj

s e b, +b;
bn=aaxxh b =a-1)—
i

Binary interaction parametekg andl;; of the systems are obtained when EoS predictions

are fitted to experimentally obtained phase equilibrium or volumetric data.

3.4. Estimation of Equation of State Parameters:

While many purecomponent critical properties for the RS parameters are available

in the literature, others remain absent. Such unavailable parameters, especially for IL
systems, can be estimated usgrgup-contribution methodsuch as the Joback greup
contribution method5]. These methods assigalues for weighting subonstituents, or

the 6groupsd of a mol ecul e, to obtain the
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method estimates critical temperature using boiling point data: in this stoey, t
experimental normal boilingoint is usedn the Joback method to pretithe critical
properties of Jdmethylimidazole [6] and Xbromohexane[7]. As the IL under
consideration does not have a known boiling point, the Joback methseldso compute
all of its properties. The acentric facs for Ebromohexanand tmethylimidazoleare
computed from the predicted critical properties and experimental vapor pressure (normal
and reduced boiling points) using the standard expreg3jion

w=-logP**(T. =0.7)- 1
where the subscript indicates the property has been normalized by the critical point
value. However, for the IL [HMInjBr], no vapor pressure data is available, and the

Lee-Kesler relationship is used in calculating the acentric fg@jtor

-4
b
a=-In— 592714+ 809481 288620 g- 0.169347°
P(atm)
b=152518 22987 13472109 +0.4357%°
where g =-—=2 .
q=7

78



3.5. High Pressure Phase Behavior

Phase diagrams are based on solutions to phase equilibrium equations. The phase
behavior of binary systems varies with temperature and pressure. To understand phase
diagrams, the Gibbs phase rule comes into play, expressed simply as

F=m+2-~
whereF is the degree of freedom is number of components and is the number of
phases. At the critical point, physical properties of the phases in equilibrium become
identical. Thus, per the Gibbs Phddale, in imposing an additional-1 reduction to the
degree of freedom, a three component system may have as many as 5 phases. Van
Konynenburg and Sc¢ft0] present a general classification for the behavior of most
binary highpressure systemsgigure 3.1). Most binary systems can be classified using
six phase types, with a variety of fluid phase behavior near the critical points which can
be sufficiently described using vaerdWaals EoS and mixing ruleAn upper critical
solution temperature (UCST) is tipeint at which a two phase system (heterogeneous)
becomes a one phase system (homogeneous) when temperature is raised, while a lower
critical solution temperature (LCST) is the point at which a homogeneous system
becomes a two phase system when the teatyreris increased. On thexIcoexistence

curve, the LCST occurs at,k, while the UCST occurs ainly
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Figure 3.1 Six types of phase behavior for binary systems [10]

In Type | phase behavior (the simplest clasation), there is one critical line that begins

and ends at the pure componentoés <critical
behavior is common with components having simdaemical propertiedn less ideal

mixture systems, regions of immisdityi are more likely to occur, resulting Types It

VI phase behavioiType Il phase behavior has two critical lines: one critical locus, as in a

Type | system, plus another critical line occurring as an upper critical end point (UCEP),
which is a transibn point when the two liquid layers become miscible veieith other,

resulting in VLE.Type Ill phase behavior has two separate critical loci; one joining the

critical point of component 1, ,Cto the UCEP, and a second which is connected to the
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critical point of component 2 (the less volatile component) and rises with pressure. Type
IV and V phase behavior are quite similar to each other. Both Type IV and V feature a
critical locus which spans between the critical point of component one to a UCEP, and a
second locus which connects the pure critical point for component twaoteea tritical
endpoint (LCEP)The LCEP is similar to an UCEP, in that the two liquid phases become
miscible witheach other, resulting in VLEA Type VI situation has a third craal line

(another region of immiscibility) below the LCEP, with a corresponding UCEP.

3.5.1. Stability Analysis

Multiple roots may result from evaluating equifugacity equations: not all are physical.
This is because fugacity equality is not a sufficient comwlifior phase equilibria. A
search for the global minimum of the Gibbs free energy, often implemented in traditional
algorithms, is used to evaluate phase stability. The Gibbs free energy minimization
condition is thermodynamically sufficient to test fors®m stability in a given
thermodynamic state. Towards this end, derivative mefhtéfdsand tangent plane
distance angbkig12, 13] are most commonly used. In tangent plane analysis, pairds (

a given temperaterand pressure are analyzed by the distance between the Gibbs free

energy of mixing and the plane tangent to the Gibbs surface at any composition.

aug, HIn0 aug, 10,0 _
T o B
Q j ”XnT (;, i “XnTX:Z

0 ~

a m

D(X,2) = §p() - Gn(2)- & B8 (x - 2)

i=1 g n +X=Z
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If the tangent distande is negative for any value of x, the Gibbs energy surface is below
the tangent plane, and thus the phase of composition z being tested is unstable. The
system is stable if the value Dfis never negative in the composition. Using the PR Eo0S,

the dimensioless molar Gibbs energy of mixing at a given pressure and temperature is:

PV ., RT a,  &y+fi-12h 2 _
gm(x) T+|n_'b b 32\/53 RTI @/4_(1_'_\/—)3 0 axllnx aixlgl

3.6. Computation; PE2000

The correlation, regression and prediction of the dJpighssure equilibria are
implemented in the PE2000 modeling software, developedfdiyl Bt al[14] Several

studies have employed this software package as a tool to correlate and predict phase
equilibria. PE2000 gives the user the flexibility of using any of its 40 different equations

of state (EoS), coupled with as many as seven (7) different mixing rules for correlating
and predicting phase equilibria. PE2000 optimizes the binary interactiameiars by
minimizing one of four objective functions, namely absolute, absolute square, relative
and relative squareg-or parameter fitting, PE2000 utilizes the SimphadderMead
algorithn15] for regression. The SimplexNelderMead algorithm is a direct search
algorithm that requires initial guesses for tmteraction parameters and locates the
optimum based on the concept of a simplex. A simplex is a polytoNetdE vertices in

N dimensions (a triangle in this case). The approach starts with an initial simplex: for
every iteration, the technique generadasew test position by extrapolating the behavior

of the objective function measured at each test point. The algorithm then chooses whether

to replace the worst point with the new test peiitération continues until the diameter
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of the simplex is lesdhain the set threshold. As such, the Nelead method is a local
search algorithm that does not guarantee the resulting optimum to be global, as the result
is dependent on the initial guesgarious initial guesses are utilized to avoid local
minima in tre regression.In this work, the deviation calculated by PE2000 is based on
the mole fractions of the coexisting phases at certain temperature and préksure.
objective function chosen for the systems in this study is the average absolute relative

deviaton (%AARD) of the liquid mole fractions«(:

%AARD = 1205_ ‘ )(iexp _)(I):I::Iculatec}
2 _

The resultingk; andl;; parameters for systems modeled are presented in their respective

sections.
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4.1 Introduction

An understanding of phase equilibrium is essential in determining the kinetics and
reactor/process engineering for ionic liquid)(kynthesis systemgigure 4.1 presents
chemical structures of chemicals encountered in this chapter. Additionally phase behavior
studies of CQ expanded systems add insight necessary to design or propose energy
efficient separation, i.e. GCextraction and flash separations discussed in Chapter 7. To
comprehend the process phenomena occurring in IL high pressure systemdiguabor
equilibrium(VLE) data and phase behavior data were experimentally obtained (Chapter 2
presents methods) and correlated with conventional thgmaogic models (See Chapter

3). VLE data was also needed for computing initial molarity in order to quantify the
reaction rge constant. Volume expansion data are used to compute molarity necessary for
the computation ok constants obtained in Chapter 6 and for reactor design studies in
Chapter 7. Further, VLE data and phase behavior studies shed light on optimal

compositionpressure and temperature for IL synthesis and product recovery.

This chapter presents physicbemical properties (viscosity, density, thermal
conductivity, and thermal diffusivity) for high pressure DMSO#Gfixture system and
ambient pressure physicalgperty data for different solvent (acetone) ratios to product

IL [HMIm][Br] are also presented here.
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1-methylimidazole 1-bromohexane hexane
C5H13 O
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0=C=0 \ / Br- S
Carbon dioxide 1-hexyl-3-methylimidaozlium bromide Dimethyl Sulfoxide

Figure 4.1 Structure of chemicals studied.

4.2 Thermodynamic DataCompressedCO, with ILs, N-heterocycles, haloalkanes,
and Solvents

4.2.1 Literature Survey of CO, with ILs, N -heterocycles, and haloalkanes

Few VLE studies of C@with either Ncontaining heterocycles or haloalkanes exist in

the literature. Brennecke and cowor2lsand Cheret al,[4] published the only known

VLE study of Xmethylimidazoleand CQ at isotherms 293.15, 309.75 and 323.15 K, and

to pressures of 15 bar to 85 bar. The p@ridine system has been studied by two
groups|5, 6] Brunnef5] measured vapdrquid and liquidliquid phase equilibria in the
CO./pyridine systenbetween 304.21 K and 620.2 K, at pressures from 7.38 MPa to
19.14 MPa. Studies have shown that primary amines, as well as secondary amines, may

react with CQin a reversible reaction to form carbamic ac[@s9] With approximately
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10 bar of CQ, 1-methylimidazole a tertiary amine (unsaturatedhgterocycle) used for

this study, had no observed reaction with,@@hin NMR sensitivity [10] Thamanavat

et al.[11] recently observed both VLE and liqilicyuid equilibrium (LLE) for the
COy/pyrrole sysem at temperatures between 313 K and 333 K, and pressures between
8.4MPa and 15.MPa. CQ solubility in alkylimidazoliumbased ILs has received much

of attention of lat¢2, 12-16]. However, none of these ILs has a halide anion, and thus, no

equilibrium data exists for those ILs produced in the initial alkylation synthesis step.

4.2.2 VLE Data

The Peng Robinson equation of state (PR EoS)engdoyed to model the reactants and

IL product systems in this studfhe binary interaction parametdgs andlj of these
systems were fitted to the data, and are summariz&dbte 4.2. The pure component
critical properties for the PEoS parameters were only available for,@@d DMSO.

The critical properties for -inethylimidazole 1-bromohexaneand [HMIm][Br] were
estimated using the Jobackogp contribution method[17] The Joback method can
either computd, or can use an experimentalto compute thdc, Pc,The experimental
normal boiling points were used in the Joback method to predict the critical properties of
1-methylimidazolg18] and Xbromohexang19] As the IL [HMIm][Br] does not have a
known boiling point, the Joback method was also used to compute its critical properties.
Using the standard expressi¢®0], the acentric factors for-firomohexaneand 1-
methylimidazolewere computed &m the predicted critical properties and experimental

vapor pressure (from a ClausiGsapeyron extrapolation using the normal and reduced
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boiling points). For [HMIm][Br], however, no vapor pressure data is available, and the
LeeKesler relationship was ead for calculating the acentric fac{@l] A summary of

the critical and equation of state parameters are foumdbte 4.1.

Table 4.1. Critical Properties oPure Components.
Tc Pc Tb

Substance K] Ibar] K] ¥
1-bromohexane 624.88 33.61 428.45% 0.346
1-methylimidazole 742.38 55.61 471.158 0.279'
1-Methyl-3-hexylimidazolium bromide 841.07 26.68 608.80 0.607
DMSC® 729.00 56.50 464.00 0.281
Carbondioxide 304.10 73.80 195.00 0.225

2ref[19]. ® were computed from vapor pressure data from[téf. ¢ obtained from ref18]; °
computel from vapor pressure data from [£8], *was obtained from NIST database in ASPEN
PLUS

Table 4.2. Summary of binary interaction parameters and modeling fit.
SyStem T [K] kij lij % AARD

313.15 0.058 -0.026 0.66

1-bromohexane o, 333.15 0.060 -0.014 5.28

o 313.15 0.036 -0.014 0.43

1-methylimidazoléCO, 333.15 0.058 0.002 2.47

313.15 0.045 -0.064 1.64

DMSO/CO, 333.15 0.040 -0.069 1.90

. 313.15 0.045 -0.064 6.36

[HMIm][B)/CO , 333.15 0.040 -0.069 1.50

1:1 Mixture: Ebromohexang3), 313.15 @ @ 5.53

1-methylimidazolg2)-CO, (1) 333.15 a a 4.67
& parameters abowgith ks=1,5= 0

4.2.3 Global Phase Behavior and Equilibria of CQ/1-Methyimidazole

The global phase behavior ofniethylimidazoleand CQ was measured experimentally
between 275.15 K and 333.15 K and 1 to 160 bars and is listeabla 4.3. Figure 4.2

illustrates that a vapdiquid-liquid (VLLE) exists wdl beyond the critical point of pure
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CO,. Chapter 2 overviews the thermodynamics and phase behavior theories presented in

this section. This VLLE region exists between the lower critical end point (LCEP), at

304.05 K and 68.5 bar, and the upper criticad goint (UCEP), at 313.95 K and 80.6

bar. The mixture critical points connect the LCHP the critical point of purel-
methylimidazole but were only measured to 313.15 K. This is indicative of type IV or V

phase behavior, according to Scott and van Konymex r g6 s c¢c | as §2R]fAl cat i on
second upper critical endpoint (UCEP) and region of VLLE and LLE was observed
between 275.15 K and 304.05 K, andynradicate a Type V systerilowever, as a Type

IV system also has another UCEP@awér temperatures, further cryogenic measurements

at much lower temperatures would be needed to verify the Type V behavior.
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Figure 4.2 Global Phasebehavior for 1-methylimidazole/CO, Binary System. Lines are
smoothed data[3]

Pyrrole is structurally similar to imidazole, as it is an unsaturatedembered N
heterocyad, but with only one nitrogerkor the system of pyrrole/GOThamanavaget

al., [11] observed VLE, VLLE, LLE, and mixture critical points. They were able to
predict the global phase behavior over a wide range of conditions using thd d&jatel
equation of state model, with parameters fittedheirtdata. They concluded that the
pyrrole/CQ system is a Type IV system according to the classification of Scott and van

Konynenburd?22], since a second UCEP was predicted at very low temperatures.
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Table 4.3 Global Phase behavior far
methylimidazoléCO, Binary System.

Temperature Pressure
# of
K] [bar] Phases
304.05 68.48 LCEP
305.75 71.30 3
307.15 73.65 3
309.15 76.75 3
311.45 81.03 3
313.95 85.64 UCEP

Mixture Critical Points

Temperature Pressure
[K] [bar]
306.05 72.89
309.25 84.61
313.15 91.77
333.15 153.52

The vapodiquid equilibrium (VLE) data for dmethylimidazoléCO, system was
measured at 313.15 K and 333.15 K and ligtebable 4.4. At 313.15 K, the system was
just below theupper critical endpoint (UCEP}or our particular loading of CQo 1-
methytimidazole, VLE eixsts until a pressure of 82.97 bar was reached, after which there
was a phase transition to vagiguid-liquid equilibrium (VLLE) and then liquidiquid
equilibrium (liquidfluid), as shown inFigure 4.3. The equilibrium terminated in a
mixture critical point at 91.77 bafechnically, a region of VLE exists above 82.97 bar at
very high loadings of C@and would end in another mixture critical poiltowever, this
region wa not experimentally measuréekhe system at 333.15 K is above the UCEP and
thus VLE exists until the mixture critical point at 1535&r. The system pyridine (6
membered Mhetercycle)/C@Qwas measured between 304.2 K and 620.2d&Tampe | or

Il behavior was reportejd]
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Figure 4.3 CO, Solubility in 1- methylimidazole at 313.15 K (Experimental and Literature
data [[2]]) and 333.15 K. Lines in this figure and for the rest of the figures & PRvdW2

model.

Using estimated equation of state (critical) properties, the -Rebgson equation of
state and the van der Waalsp&ameter mixing rels were used to correlate the
methylimidazoléCO, system As shown inFigure 4.3, the model satisfactorily correlates
the bubble point data below approximately 90 bar for both isotherms; the binary
interaction parameteend model fit (% AARD) are found ihable 4.2. These parameters
were fit solely to the VLE datddowever at 313.15 K, which has a region of VLLE, LLE
and a mixture critical point, the model pretdid the VLLE pressure at 98ar and the
lower liquid composition at 0.70, which were approximately 12.09 % higher and 15.33 %

lower, respectivig, than the experimental data. addition, the predicted mixtercritical

93



point was estimated at 134.66 bar and 0.8737 mole fraction, which were 46.73 % higher
and 4.45 % lower, respectively, than the experimental data. Poor EoS mixture critical
point predictions using just VLE data has been reported by other rese§2&)

especiallyfor highly polar substances.

4.2.4 Phase Equilibrium of CO,/1-bromohexane

The VLE data for the -bromohexank£O, system at 313.15 K and 333.15 K is listed in
Table 4.4 This systendoes not have any known regions of ligligliid immiscibility (to

~2°C) or VLLE and probably represents a Type Il system according to Scott and van
Konynenburd22] However, further studies in cryogenic conditions would be nacgss

to confirm this hypothesiss:romFigure 4.4, at313.15 K, vapotiquid equilibrium exists

until the mixture critical point at 84.90 bar and 0.968 mole fractiop CO

94



120

100 -

.« 313.15K 5
¢ 333.15K

Pressure (bar)
(0)]
o

0 | | | _
0.0 0.2 0.4 0.6 0.8 1.0
Mole Fraction of Carbon dioxide

Figure 4.4 CO, Solubility in 1-bromohexane at 313.15 K and 333.15 K.

At 333.15 K, VLE exists until the mixture critical point at 107.81 bar and 0.929 mole
fraction CQ. The only other phase equilibrium study of haloalkanes with KiOwn to

the author is with the Cfrhlorobutane system studied by Wasial[24] The system of
hexane/C@has been measured Dhgaki and Katayamf] at 313.15 K and is plotted

in Figure 4.5. Carbon dioxide is morsoluble in rhexane compared tb-bromohexane

At 60 bar, the mole fraction of GOn n-hexane was measured at 0.80 mole fraction,
while 1-bromohexanewas lower at 0.65 mole fraction of GOThe PengRobinson
equation of state and the van deaals 2paramete mixing rules were used to correlate
the XbromohexankC O, system using estimated equatidrstate (critical) propertie#\s
shown inFigure 4.4 the model performed very well through both the bubble point data

and, surprisinglythe mixture critical pointsThe predicted mixture critical points were
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approximately at 83.3 bar and 0.987 mole fraction (compared to 84.9 bar and 0.968 mole
fraction CQ experimentally) at 313.15 K, and at 110.2 bar and 0.950 mole fraction
(compared to 107.8 bar and 0.929 mole fraction, €EXperimentally) at 333.15 K. The

binary interaction parameters and model fit (%AARD) are listethinle 4.2. [25]
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Figure 4.5 CO, Solubility in n-hexane[1] and 1-bromohexane at 313.15 K

4.2.5 Equilibrium of CO ,/DMSO

VLE datafor DMSO/CQG system at 313.15 K and 333.15 K was measured aal$as

listed inTable 4.4. Dimethyl sulfoxide (DMSO) is a powerful polar aprotic solvent that
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dissolves both polar and nonpolar compourdsganic compounds including proteins
and biodegradable polymers are highly soluble in DMSO, making the solvent very
attractive for use in thpharmaceutical sector. It is commonly employed in supercritical
particle generation processes such as SupercriticalSahient (SAS) processes. Gas
expanded DMSO systems are uniquely advantageous for IL synthesis reactions; the
aprotic solvent features high reaction constant and @Q@unability, which can be
leveraged for separation. However, in order to optimize or design such processes, VLE
and physical properties of binary and ternary mixtures of DMSO angl Mm@t be
understood Although VLE data forthe binary CQ@DMSO system is published in the
literature, the results are inconsistent; this is not surprising, as DMSO is notorious for
water contamination, which is known to affect VLE datéater content for the sample
used in this study was measur@dl50 ppm using the Karl Fisher, methods descried in
chapter 726] Peter and covorkers[27, 28] measured phase equilibrium data for the
DMSO/CQ, binary system and the ternary @gDMSO/water system, between 280 and
370K and at pressures up to 15MP. Andreataal [27] observedpartial liquid
miscibility in the DMSOICO, system at high CO concentrations.Although not
confirmed, they predicted a Type IV fluid phase behavior fo/DRISO. Gonazaleet
al.,[25] preents experimental data for GlODMSO at 309.44 K, 314.49 K, 321.28 K and
328.94 K. The PREOS and the van deraals 2parameter mixing rules were sufficient

to correlate the DMSO/C{system using available critical property data obtained from
the literature (shown iffable 4.1). Resulting data from modeling are shoinrfFigure 4.

6 and binary parameters presentedTiable 4.2. DMSO behaves as a typical organic

system, with high amounts of GQ@olubilizing in the liquid at higher pressures. The
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observed critical points for 313.15 K and 333.15 K are 85.74 ba¢£10.9463) and

141.6 bar (ak., 0.9367), respectively.
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Figure 4. 6 Bubble point for the binary system of CQ/DMSO at 40C and 60C with

comparison with the literature.
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Table 4.4 Vapor liquid equilibrium experimental data and mixture critical points of the ionic

liquid synthesis systems with CQ

T[K] P [bar] Xco2 &VIV,y V- [em¥mol]
1-bromohexandCO,
313.15
14.64 0.1355 + 0.0031 0.049 + 0.001 135.25
30.41 0.3067 + 0.0035 0.143 + 0.001 118.27
40.43 0.4206 + 0.0033 0.241 + 0.002 107.27
50.76 0.5405 + 0.0027 0.374 + 0.002 94.18
60.24 0.6527 + 0.0019 0.625 + 0.002 84.19
70.30 0.7957 + 0.0008 1.366 + 0.002 72.06
74.12 0.8607 + 0.0004 2.259 + 0.003 67.70
76.79 0.9062 + 0.0002 3.722 + 0.005 66.07
84.90"¢ 0.9681 + 0.0002 62.49
333.15
5.37 0.0411 +0.0008 0.0104 + 0.0005e 148.71
10.10 0.0794 + 0.0009 0.0254 + 0.0005 144.88
12.37 0.1038 + 0.0034 0.0149 + 0.0014 146.44
20.00 0.1673 + 0.0013 0.0619 + 0.0005 135.72
26.52 0.2230 + 0.0046 0.0677 + 0.0014 133.57
29.61 0.2480 + 0.0016 0.1024+ 0.0006 127.24
39.20 0.3283 + 0.0017 0.1517 + 0.0006 118.73
48.23 0.3864 + 0.0057 0.1938 + 0.0015 117.94
66.85 0.5451 + 0.0016 0.3929 + 0.0006 97.26
80.03 0.6501 + 0.0013 0.6241 + 0.0007 87.21
87.36 0.7113 + 0.0003 0.6557 + 0.0019 97.66
91.98 0.7508 + 0.0009 1.0433 + 0.0009 78.17
107.81° 0.9289 + 0.0001 70.69
1-methylimidazoléCO,
313.15
11.44 0.0837 + 0.0022 0.001 +0.002 82.14
19.55 0.1413 + 0.0028 0.029 + 0.002 79.07
33.68 0.2484 + 0.0035 0.097 + 0.002 73.80
45.07 0.3385 + 0.0038 0.182 + 0.002 70.47
59.04% 0.4431 + 0.0042 0.323 + 0.002 69.97
72.96 0.4977 + 0.0096 0.567 + 0.002 62.49
82.97" 0.8267 + 0.0006 2.865 + 0.004 53.59
91.77° 0.9144 + 0.0003 e 59.62
333.15
9.90 0.0737 +0.0017 0.001 + 0.001 81.14
22.02 0.1391 + 0.0024 0.026 + 0.001 77.34
31.43 0.1878 + 0.0030 0.062 +0.001 75.50
40.96 0.2357 + 0.0035 0.098 + 0.001 73.46
63.07 0.3441 + 0.0046 0.196 + 0.001 68.65
76.56 0.4044 + 0.0056 0.277 + 0.002 66.58
94.79 0.4783 + 0.0085 0.418 + 0.002 64.73
108.99 0.5791 + 0.0065 0.558 + 0.002 57.38
125.13 0.6648 + 0.0048 0.633 + 0.002 55.54
153.5Zp 0.9521 + 0.0003 50.27
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Table 4.4 ( C o n Vapat [jquid equilibrium experimental data and mixture critical points of the

ionic liquid synthesis systems with CQ

T [K] P [bar] | Xco2 | &VIV, | V" [cm¥mol]
[HMIm][Br])/CO,
313.15
30.90 0.135 + 0.008 0.016 £ 0.001 229.74
53.80 0.201 £ 0.013 0.052 + 0.001 219.57
75.01 0.285 + 0.017 0.069 + 0.001 199.56
90.05 0.356 + 0.022 0.077 £ 0.001 181.22
128.00 0.489 + 0.028 0.271 £ 0.001 169.78
333.15
31.32 0.085 + 0.007 0.0255 + 0.0009 229.33
50.84 0.132 £ 0.011 0.0564 + 0.0009 224.20
72.24 0.206 £ 0.016 0.0705 £ 0.0009 207.68
93.45 0.288 + 0.030 0.0841 + 0.0009 188.74
128.70 0.393 + 0.031 0.0970 £ 0.0009 162.73
148.91 0.468 + 0.026 0.1174 + 0.0009 145.34
DMSO/CQ,
313.15 25.08 0.1595+ 0.0067 0.433+0.005 74.97
32.96 0.2365+0.0073 0.516+0.005 72.06
61.19 0.5194+0.0079 1.140+0.007 64.02
76.90 0.7283+0.0085 2.451+0.010 58.38
81.39 0.8269+0.0035 4.144+0.015 55.43
85.74° 0.9463+0.0003 61.69
333.15 29.70 0.14330.0069 0.237%0.004 57.00
58.37 0.29810.0134 0.384+0.004 65.34
89.94 0.5072:0.0272 0.898:0.005 62.91
119.62 0.7084:0.0090 1.922+0.009 45.85
1441.6° 0.93620.0004 59.88
1:1:5 Reactant§l-bromohexane antimethylimidazol¢& DMSO/CQO,
313.15 36.42 0.30220.0068 0..3070.004 68.29
55.87 0.51410.0062 0.710:0.005 62.28
64.81 0.64990.0591 1.059:0.005 54.02
83.24° 0.944°#0.0003 63.02
2:5 [HMim] [Br]& DMSQO/CO,
313.15 30.26 0.09440.0123 0.0270.003 94.58
61.52 0.258#0.0254 0.2210.004 92.09
77.66 0.364#0.0619 0.360:0.004 87.89
1:1:20 (tbromohexanel-methylimidazole& DMSQ)/CO,
313.15 29.70 0.22330.0059 0.240:0.004 64.83
55.60 0.45120.0069 0.645:0.004 60.70
64.63 0.63980.3527 0.92(:0.005 46.55
86.14° 0.939%0.0003 60.49
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Table 4.4 ( C o n Vapat [jquid equilibrium experimental data and mixture critical points of the
ionic liquid synthesis systems with CQ
T [K] | P [bar] | Xco2 | &VIV, | V" [cm¥mol]
2:20 [HMim][Br] & DMSO/CO,
313.15 27.76 0.14530.0079 0.111#0.003 76.65
41.49 0.243@0.0097 0.212+0.004 74.06
60.33 0.400@0.0121 0.436:0.004 69.55
69.00 0.497330.029 0.634:0.004 66.30
1:1 1-bromohexan& 1-methylimidazoléCO,
313.15
36.54 0.3006 + 0.0024 0.152 + 0.002 96.12
49.81 0.4420 + 0.0016 0.286 + 0.002 85.65
60.57 0.5654 +0.0012 0.510 £ 0.002 78.30
70.56 0.7128 + 0.0008 0.995 + 0.003 68.38
78.46 0.8715 + 0.0002 3.026 + 0.005 61.73
79.82 0.9024 + 0.0001 4.276 + 0.006 61.47
87.53° 0.9616 + 0.0001 57.68
333.15
28.45 0.1948 + 0.0052 0.042 + 0.002 118.62
39.01 0.2481 + 0.0059 0.043 £ 0.002 104.22
62.90 0.4217 + 0.0083 0.111 £+ 0.002 98.14
79.06 0.5048 + 0.0061 0.188 + 0.001 82.38
96.80 0.6534 + 0.0077 0.596 + 0.002 73.49
107.81 0.8447 £ 0.0013 3.908 + 0.004 68.76
111.75° 0.9128 +0.0006 75.32
avolume expansion:cp= mixture critical pointyvll= vaporliquid-liquid equilibrium points.
Volume expansionBV _ Vi(T,P)- V,(T, P =1bar)
V, V,(T,P =1bar)

4.2.6 Phase
([HMIm][Br])

Equilibrium

of  CO,/1-Hexyl-3-methylimidazolium

Bromide

The VLE of the [HMIm]Br]/CO, system was measured at 313.15 K and 333.15 K and is
listed Table 4.4. As seenn Figure 4.8, the phasdehavior of CQ with this IL has no
mixture critical pointsWhile a number of imidazolium IL/C{phase equilibrium studies
have appeared in the literatyge,12-14, 16]this is the first one known to thethors that

uses a halide anio@omparing ILs with the [HMIm] cation from current work from our
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laboratory[10], as well as from literature resu[ts2, 16} the solubility of CQ increases

in the order of [Br]<<[BE]<[PF¢]<[Tf2N]. The bromide anion significantly decreases the
solubility of CQ,.. The Pengrobinson equation of sea{PR EoS) and the van der Waals
2-parameter (vd\A2) mixing ruleswere used to correlate the [HMIm][Br]/GBystem
using estimated critical propertie&s shown inFigure 4.8 , the model performs very
well through theébubblepoint data for both isotherm$he binary interaction parameters

and model fit (% AARD) are found ihable 4.2.
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Figure 4.8 CO; Solubility in [HMim][Br] at 313.15 K and 333.15 K.
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4.2.7 Ternary Phase Equilibria of CO,/1-bromohexandl-methylimidazole

In an actualCO,-expanded reaction mixture, equal molar ratios-bfdmohexanand t
methylimidazolewould exist in equilibrium with the CQOsystem.The bubble points of

this system were measured at 313.15 K and 333.15 K and listedblie 4.4. As the two
components react with each other, great care was takemuoere¢he influence of the
product IL, [HMIm][Br] on the solubility data as will be discussed here. In a concurrent
study[29], the 29 order kinetic rate constant was measured for this system over a broad
pressure range. The kinetic data indicates that the reaction is slightly faster at lgwer CO
pressure conditions and that the reaction is noifgignt (less than 3 % conversion) at
313.15 K fortime periods less than 1 houin. addition, the C@acts as a diluent which
reduces the concentration (molarity), decreasing the reaction rate. Thus, these
equilibrium data were measured over severakdiffit runs to minimize the influence of

the IL productFigure 49 illustrates tle solubility of CQ (component 1) in a mixture of
1-methylimidazole(2) and tbromohexang3), where the reactantse in a 1:1 mole
ratio. The solubility in the binary systems is also plotted irFibare 4.10 (a). At lower
pressures, the 1:1 mixture appears to have €fubility that is the average of the
individual solubilifes; at the higher pressure data, the mixture solubility is closer to that

of 1-methylimidazole

The ternary system was predicted using theHeS and vd\2 mixing rules, utilizing
the binary interaction parameters as previously regrestaiole( 4.2). Normally, the
interaction parameters of tiemethylimidazoleand tbromohexanavould be regressed
from lowerpressure vapeliquid equilbrium data. However, these aabsent from the

literature: thekpz andl,3 terms were set to zerdhe solubility of CQ in the 1:1 reactant
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mixture was predicted and plottedfigure 49; this assumes that one of the components
does not significantly partition into the vapor phase, aswhigsld change this 1:1 ratio.
As shown, the prediction is quite good at lower pressures, but deviagledysat the
higher pressuresiowever, as seen by the model performafi@ble 4.2), an adequate

prediction isstill achieved.

The mixture critical points of the ternary mixture are 87.53 bar and 0.962 mole fraction

CO, at 313.15 K and 111.75 bab,913 mole fraction CPat 333.15 K.As the 1-
methylimidazoléCO, system is characterized by a region of VLLE and dtB13.15 K,

and XbromohexankCO, has just VLE, it is interesting that the ternary mixture has no
multi-phase phenomenon, with only VLE present and a mixture critical point. Instead,

the ternary mixture critical point has a critical composition simdahe binary mixtures.
However, the ternary mni6X bau greai@rstharc that tifi ¢ a | pro
bromohexank£O, and 4.24 bar less than that of thengthylimidazoleat 313.15K. At

333. 15K, the ternary mi 8.#bar gréater titan that @f c a | poi |

bromohexank£0O, but is much lower (41.25 bar) than that of themédthylimidazole
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Figure 4.9 CO, solubility in 1:1 mixture (1-methylimidazole + Xbromohexane ) at 313.15 K
and 333.15 K.

Figure 4.10 (b) also illustrates the difference in teelubility of CQ, between the 1:1
reaction mixture of ((bromohexand-methylimidazol¢ and the product IL,
[HMIm][Br]. As seen, [HMIm][Br] has far less solubility of GQhat does the 1:1
mixture. For instance, at 313.15 K and approximately 70 bar (sshedaline), the
solubility of CQy in 1:1 reaction mixture is 0.796 mole fraction, while in the IL it is only
approximately 0.26 mole fraction of GOThis has ramifications on the reaction,
especially in biphasic situations (@®xpanded mixture): as theaction conversion

increases, Cowill try to escape from theduid into the vapor phase.
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In a batch system, this could increase the pressure as the reaction progresses and must be
taken into consideration for safety precautions. However, this can actually be
advantageous for IL production in GQOAs the IL is removed from th pressurized

reactor, it will contain lower amounts of Gthan the reaction mixture, thus there will be

less CQ makeup or recompression needed, improving the economics of the system.

4.2.8 Multicomponent Phase Equilibria of CO,/1-bromohexanég1-
methylimidazole/DMSO and CO,/[HMim][Br] /DMSO

Investigations were carried out on a ternary XDMSO/[HMim][Br] (product) mixture

and pseudeernary mixture of C@l-bromohexand-methylimidazoléDMSO. VLE

data of the multicomponent mixture @OMSO/1:kreactanimixture furnishes data used

to compute molarity and subsequenkygonstants. The bubble points of this system were
measured at 313.15 K and 333.15 K, and listedable 4.4. Figure 4.12 compares
mixture VLE with CO; at 40 C for different initial molar ratios of reactants to DMSO
compared with resulting product mixtures. At higher conversions (i.e., as reaction
progressesn an IL synthesis system), the expanded system will move toward the
solubility trends observed in tHeO,/DMSO/[HMim][Br] ternary system, especially at
lower solvent ratios of the DMSO to reactant$he CQ/1-bromohexand-
methylimidazoléDMSO multicomponent mixtures appear to have, S@lubility closest

to that of the DMSO binary. For the G@-bromohexael-methylimidazoldDMSO
mixtures, VLLE regions were observed at’@pand eventually at higher pressures, a

mixture critical point was observed. Fdr 1-bromohexand 1-methylimidazoles
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DMSO, a VLLE region occurred at 86 bar, and then the mixturearpigint occurred at

89.19 bar. Similarly when the solvent ratio was 1-bromohexand 1-
methylimidazole20 DMSO, the VLLE occurred at 84.3 bar and the mixture critical point
was at 86.14 bar. For the gOMSO/[HMIm][Br] system (2 HMIMBr : 5 DMSO),
repregntative of a true reaction mixture at 100% conversion, VLLE occurred 81.32 bar
and, as pressure increased, a K point occurred at 85.87 bar. No mixture critical point was
observed for this system. A 29% temperature difference in K point was observee 2or t
[HMIm][Br]:20 DMSO system at a Koint of 121.57 bar, and the VLLE region occurred

at 94.64 bar. This implies that, to be able to leverage &@raction for effective
separation of DMSO from the system after reaction, optimal solvent ratio/amouiot has

be carefully selected. Operating temperature, pressure and loading will be other design
criteria to be considered for optimal separations. Additionally, the 0@bility should

be expected to vary over reaction time, as illustratédgare 411 (arrows).
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reactants to DMSO compared with resulting product mixtures

4.3 Volume Expansion

For reactions conducted in G@®xpanded liquids, the volume expansion is an important
mixture property, especially as the volungacges as a function of the pese and
sometimes conversiork-or reactions conducted above the mixture critical point, the
concentration is simply the moles divided by the volume of the vessel. However, when
operating below the mixture critical poinhet relation between the pressure and volume

of the liquid phase is important, as most reaction kinetic expressions are based upon
concentration, i.e. moles per unit voluf3@] Often the volume is reported as volume
expansion, which is the relative change in mixture volume compared to the initial volume

(withoutany CQ), i.e., ¥mn-Vo)/Vo, where subscriptsr andO are for the mixture volume
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at any given pressure and for the initial volume of the liquid phase wi@@upressure,
respectively. The volume expansion of all of the liquids increases with rising CO
pressure; technically, the volume expansion reacifesty at the mixture critical point,

as the fluid will fill whatever volume that it occupieBSigure 4.13 indicatesthat the
volume expansion of all of the liquids increases with increasing pressure, as seen with
other organic liquids in C£)31] However, at a constant temperature and qunes the
volume expansion ot-bromohexaneas larger thanl-methylimidazole For instance at
313.15 K and 70 bar of GDthe volume expansion dtbromohexanés 136.56 %, and

this pressure corresponds to a 0lubility of approximatly 0.796 mole fraction. For
1-methylimidazole the volume expansion is 51.51 % at 313K5and 70 bar

(approximately 0.486 mole fraction of GO
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Figure 4.12 Volume Expansion of the liquid phase versus Pressure data taken at 313.15 K fq
the 1:1 mole ratio reactant mixture and [HMim][Br]

Figure4. 12 illustrates the volume expansion difference between that of the 1:1 reactant
mixture and that of the product, [HMIm][Br], with GO The volume expansion of
[HMIm][Br] at 70 bar of CQ is only approximately 6.47 % at 313.15(pproximately
0.265 mole fraction of C¢), while the volume expansion of the 1:1 mixture is 99.46 %
at 70 bar (approximately 0.713 mole fraction of Z(QHMIm][Br], like some other ILs,

has very low volumexpansion compared to traditional organic solv¢d@.Blanchard

et al.[2] attributed this to the strong Coulombic forces betweendhe: separation of
those ions by dissolution of the @@vould result in too large of a thermodynamic

penalty.
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Figure 4.13 Volume Expansion of the liquid phase versus Pressure data taken at 313.15 K f{
CO; binaries and multicomponent IL synthesis system.

As shown, the volume expansion for the IL is significantly smaller than the reactant
mixture, especially at higher pressures. This would indicate that, as conversion increases,
the volume will decrease, assumimgingle liquid phase. However, in most real systems,
the product IL will be mostly insoluble in the G®xpanded reactant phase and will
separate, forming a 3 phase systems; wvéigard-liquid equilibrium (VLLE). In this

case, the denser IL will form &uid layer at the bottom that does not expand much,
despite some amounts of dissolved£the middle liquid layer will be a reactanth

phase expanded with GQand a mostly C@vapor phase will exist at the top. Thus, a

COy-expanded reactant phaselL@) will first convert to a 3phase system (VLLE), and
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then back to a-phase system (VLE) at complete conversion. During the intermediate
VLLE stage, the IL may be removed in a continuous reaction system. The purity of this
IL will depend on the extentf@eactant (mainly dmethylimidazolé patitioning into the

IL phase.

4.4 High Pressure Transport Property Data (Viscosity, Thermal conductivity, Heat
Capacity, and Thermal diffusivity) for CO,-expanded DMSO System

Viscosity, thermal conductivity, and thertmdiffusivity were measured for the liquid
phase of the DMSO/C{binary over a range of pressures, atGt@nd at 68C. Results

obtained are presentedTiable 45 andTable 4.7

A modified ViscoPro 2000 System (SR40), equipped with Viscolab software, was
used for DMSO/CGO, high pressure viscosity measurements (see chapter 2). The
apparatus is operated based on annular flow around an axially oscillating piston. In order
to validate the viscometer measurement obtained from the ViscoPro 2000 System,
ambient pressure viscositgr DMSO was obtained using WellsBrookfield Cone and

Plate (DI ULTRA) Viscometer / Rheometer. The viscosity of pure DM8&s found

to be within 3.5% at 40 C and 0.5 % of literature d&=acause DMSO is extremely
hydrophilic, a Karl Fisher analysisas performed for the DMSO sample used for both

analyses, of which the reswfs 50ppm.

DMSO is a Newtonian fluid, and its viscosity was found to decrease with temperature.

Calvignacet. al[32, 33] used dalling ball viscometer to obtain viscosity measurements
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for CO, expanded DMSGsystem. Thisis the only literature data available for this
system; we compare our datakigure 414. CO, composition for this (our) study was
obtained from extrapolating experimental data presented in the VLE section. At a given
isotherm, viscosity of the liquid phase was found to decrease exponentially with CO
composition (as with pressure). For exampte4®C, the viscosity of the solvent was
found to decrease by 80% at.88 bar, from its original 1.561 cP to @®BcP, as shown

in Figure 415. Table 45 summarizes viscosity data #te two temperatures studied.
There is a steeper drop in viscosity af@0compared to the trend observed atG0
which is due higher C@dissolution. At high C@compositions, the temperature effect

was found to diminish

Thermal conduttvity and thermal diffusivitydata were obtained using the Lambda
system (based on the transient short hot wire method, as deta@édpter 2). Thermal
conductivity data for gas expanded fluids are scare in the literature. Recently, Tomida
and ce workers [34], using transient hot wire methods, measured the thermal
conductivity for 1Butyl-3-methyliidazolium hexafluorophosphate [BMim][RfO,, 1-
butyl-3-methylimidazlium tetrafluoroborate-methylimidazolg BMim][BF 4]/CO, and 1-
methylimidazoléCO, expanded liquid phases (upX60, = 0.42) from 294 K to 334 K,

at pressures 10.0MPa and 20MPa. They found that the thermal conductivities of the
systems observed, especially the ILs, have very weakcG@position dependence. The
thermal conductivityof 1-methylimidazoledecreased slightly with GOcomposition

(only 8%, compared to purgé-methylimidazolg¢, from xCO, =0, which yielded the

highest thermal conductivity, up C0,=0.42, the highest mole fraction of g@hey
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observed. No thermal diffusiyi data was reported. To the best of our knowledge, no
experimental data exists for thermal conductiatyddiffusivity of a DMSOCO, system

under pressure.

Our experimental pressure range was frori20bar at 48C and 66C isotherms.
Composition of CQ was extrapolated from the VLE data presented previously. While
viscosity measurements are known to be sensitive to impurities, i.e. water content,
Valkenburg et. al,[35] found this not to be the case for thermal conductivity
measurements. A slight (0.8%) difference in thermal conductivity was found for samples
of 1,2-diethyl-3-propylimidazolium bis(trifluorosulfonyl)imide with water content 500
ppm and 2000ppm. This work introduces new perspectives on the determination of
physical properties such as thermal conductivity and thermal diffusivity for organic
systems under high pressure. These three properties were found to decrease slightly with
CO, composition/solubility. The trends we observed are similar to that previously noted
for the organic solvent-methylimidazole These properties were found to have a weak
CO, composition dependencechanges were minimal, even upX60, = 0.82 at the

40°C isotherm. Compared to the pure DMSO (at Q,lthe changes observed for thermal
conductivity, heat capacity and thermal diffusivity for the DMSO system at 72 bar

(the highest pressure observed) were 0.04 %, 0.01% and 0.03%, respectively.
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Table 4.5 High pressure viscosity of the DMSO/CQ@system at 46C and 60°C

Temp Pressure Viscosity
°C (bar) (cP) xCO,
40 0.00 1561+0.0073 0.000
40 19.31 1.155+0.0054 0.089
40 34.34 0.933t0.0035 0.265
40 47.86 0.667+0.0050 0.423
40 70.55 0.407+0.0011 0.689
40 81.38 0.310t0.0006 0.816
60 0.00 1.122+0.0052 0.000
60 21.79 0.851+0.0039 0.066
60 41.24 0.708+0.0020 0.169
60 57.79 0.608+0.0022 0.257
60 79.45 0.453+£0.0021 0.371
60 94.90 0.369+0.0014 0.453
60 118.07 0.318+0.0015 0.576
1.8
16 ; ® 318 K Calvignac et al
® 314.25 K This work
141 o
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Figure 4.14 Comparing literature viscositydata for DMSO/CO, system
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Table 4.6 High pressure transport data for DMSO/CO, system at 46C and 60°C

K Pressure  xCO, Contuctiity Dithasiity
(bar) (MW/m*K) (m?sec)x 10°
313.15 0 0.000 231.77 9.581
20 0.095 228.58 9.547
34 0.259 227.05 9.531
51 0.461 224.65 9.507
60 0.567 221.35 9.472
72 0.701 221.85 9.477
333.15 0 0.000 221.78 9.477
20 0.056 219.85 9.457
30 0.109 218.48 9.443
40 0.162 216.81 9.425
50 0.215 216.95 9.427
60 0.268 215.60 9.413

4.4.1 Solvent RatioEffect on Transport Properties

Encountering mixtures of IL and organic solveistexpected in IL application85] In

IL processes, recovering and recycling the IL become key determinants of the economic
feasiblity of using the technologyror the design of efficient separations, mixture data is
important[36, 37] This information is essential for efficiedesign of unit operations that

are heavily dependent on heat transfer, such as chemical reactors and heat exchangers.
Overall heat transfer coefficiertl,, a design parameter that measures the rate at which

heat is transferred between the fluid and its@undings, must be determined. Typically,
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it is estimated from dimensionless correlations using physical properties (e.g. thermal

conductivity, density, viscosity, thermdifffusivity etc.) of the fluid

Most literature work focuses on water mixtures Ibs and the effect of chloride
concentration on the properties of the IL. In IL production systems, these properties are
important, as the IL product must be recovered from the solvent employed for synthesis.
In this work, viscosity, density, thermal ahrctivity, and thermal diffusivity were
measured over various molar ratios of solvent (acetone) and products. The temperature
dependence of these properties was investigated. Density decreased with temperature, but
this effect was more pronounced at miesiof higher than 50% concentration; at 75%
concentration of the solvent, the densitytteé mixture was reduced by 15%his trend

was expected, as mixture density is typically a function of the pure component densities
and the concentration of the compais in the mixture. Acetone has lower density than

the IL: as the composition of acetone increases, the density of the mixture would
therefore decrease. Seddat al,[38] studied the effect of water, ethanenitrile
trimethylethanenitrile, Dropenenitrile, Imethylimidazole, toluene, 1.4
dimethylbenzene, and l@methoxyethane on the viscosity of [C4mim][BFand
[C4mim][PFK]. The addition of cesolvents significantly reduced the viscosity and
density of the ILsespecially when a solvent with a high dielectric constant is involved.
They found that the viscosity of the mixture reduced with molar fraction, and that the
concentration of the IL/molecular solvent mixtures had a stronger effect on the viscosity

than didtemperature, regardless of the polarity of solvents studied.
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The viscosity of the IL/organic solvent mixtures was a strong function of molar fraction,
which represents the amount of the molecular solvents in the mixture. Brennecke and
coworker$37] investigated density and viscosity of binary mixtures of water and Hs (1
ethyl-3-methylimidazolium trifluoroacette, ethyt3-methylimidazolium ethylsulfate,

and tethyl3-methylimidazolium trifluoromethanesulfonate) at atmospheric pressure at
278.15 to 348.15 K. They also observed that composition has a greater influence than
tempeature on density and viscosifyhe mixture density and viscosity were affected by
both temperature and composition; the density decreases as both temperature and water
composition in the systems increase. For instance, &, 2be 25% mixture had 85%
higher viscosity than the 50% muxe; viscosity was further reduced by 99% in a 75%
mixture. In practice, this implies that the handling of highly viscous product IL can be
circumvented simply by controlling the composition of solvent chosen for synthesis.
Although much lower viscosity @nbetter transport properties may be achieved with
higher solvent concentrations, it must be noted that this would require more energy and
cost to recover the product IL. Process design and optimization must prioritize these
criteria and balance reactioorditions appropriately. For example, the engineer should
factor in pump costs, reaction rate constant, equipment or construction material, solvent

cost and, most importantly, energy requirements for separations.

Thermal conductivities of ILs and theimlary mixture is meager in the literature. Qun
et.al,[39] measured the thermal conductivity of mixtures oftage using the transient
hotwire method at some selected temperatures between 253.15 K to 303.15 K. Diebold

and coeworkers [40] measured thermal diffusivity of several rodemperature ILs
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(RTILS) using the transient grating method. They show that the anion affects the thermal
diffusivity of the IL; they found that, for an lwith the same cation for example
[BMIm]*, changing the anion from [BF to [TfoN]” would result in a slight decrease
thermal diffusivity and thermal conductivity. No effect was observed for the size of the

cation.

At atmospheric pressure, G al,[18] measured the thermal conductivities of eleven
ionic liquids over a temperature range from 293 K to 353 K, using the transienir@ot
method. The thermal conductivities were found to be between 2BDmW-m*-K™;
pure [HMim][Br] thermal conductivity in this study was found to be within this range at
140.98 mW-rit-K™* 25.08C and 198.28 mW-thK™ at 40 and 5C . The pure
[HMim][Br] thermal diffusivity found in this study was comparable to the diffilg of

pure [BMim][BF4], which is 30% higher than that of [HMim][IN]. [40]
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Figure 4.17 (a) Density and viscosity (b) with concentration of acetone at 25, 40 and 50 C
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Table 4.7 Transport Data constant with concentration of acetone at 25 C, 40 C and 50 C

Thermal Thermal

xAcetone T (°C)  Conductivity Diffusivity
1 25.00 262.19 9.91
1 40.01 295.43 10.27
1 50.01 295.87 10.28
0.1 25.01 195.64 9.21
0.1 40.00 190.57 9.16
0.1 50.01 185.75 9.11
0.5 25.00 197.09 9.22
0.5 40.00 192.94 9.18
0.5 50.00 191.29 9.17
0 50.05 191.48 9.17
0 40.01 191.28 9.17
0 25.05 140.98 8.67

4.5 Summary

The use of C@systems for the production of ILs has many advantages over conventional
solvents. However, the phase behavior and equilibrium must be carefully understood.
The global phase behavior ofmiethylimidazole was investigated from 275.15 K to
333.15 K and wadound to be a Type V system (or potentially IV), using the
classification scheme of Scott and van Konynenburg, with regions of -ligpi
equilibrium, vapoiliquid-liquid equilibrium, liquidliquid equilibrium, upper and lower

critical endpoints, as wedls mixture critical points.

The solubility and volume expansion of €@ 1-methylimidazole, dbromohexane,
DMSO, 1:1 mixture of dmethylimidazole and -bromohexane and [HMIm][Br] were

determined at 313.15 K and 333.15 K for pressures ranging frat6bar. The Peng
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Robinson Equation of State with van der WaalsaPameter mixing rules was used with
estimated critical properties to well correlate the vdppid equilibrium. The phase
equilibrium data will allow better understanding and kinetic abt@rization of the

synthesis of ILs with C®

Viscosity, thermal conductivity, heat capacity and thermal diffusivity were measured for
the liquid phase of the DMSO/G®inary over a range of pressures, diGtand at 62C.
Viscosity datawas compared witkthe only literature data available for this system. The
viscosity of the liquid phase was found to decrease exponentially witlc@@position

(as with pressure). Viscosity decreased with temperature. Thermal conductivity and
thermal diffusivity were mesured over a 2 bar pressure range at°@0and 66C
isotherms. These properties were found to decrease slightly with, CO

composition/solubility

At ambient pressure conditions, solvent concentration was found to be important in
selecting optimalreaction conditions for IL synthesis. Viscosity, density, thermal
conductivity and diffusivity data were obtained for different mole fractions of acetone
(Xacetone 0, 0.1, 0.25, 0.5, 0.75 and 1). Similamyolar fraction was found to be stronger
determnant of the viscosity and density of the mixture, compared to temperature.

Thermal conductivity and diffusivity data are reported for the IL/acetone mixture.
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5.1Introduction

ILs are synthesized in a oner two-step processFirst, a quarternizatiorreaction is
performed to obtain #alide alkyl-sulfate, etc. compound whose anion can then be
exchanged if neessary. The anieexchange step involves the deriveacursorand a

metal salt or acido produce the desirdd with a different anionThis workfocuseson

the first step inlL synthesis, the quaternization reactidmmited kinetic data for the
synthesis of ILs hinders their efficient laboratesgale as well asvidespread usé€nly a

few literature studies report quantitative kinetic constdotsthe production of ILs.
Common IL parent cations classes include imidazolium, pyridinium, pyrrolidinium,
phosphonium, and ammonium cations. Most investigations reported in the literature are

focused on imidazoliuAbased ILs.

The myriad possible combinations of these cations and anions (an extensive array of
options) warrant an understanding of the usengbigcal methods to estimate IL data. It

is impossible to experimentally test all these systems, hence, an in depth chemical
understanding is necessary for performing rapid optimization searches for ILs with prime
properties for given applications. Empaiexpressions can enable researchers to utilize
guantitative kinetic data in predicting time needed for desired conversions, while
optimizing for solvent and temperature, in order to make more informed decisions
regarding IL synthesis. Additionally, kinetdata is necessary for reaction engineering

implemented for large scale production of ionic liquids that will inherently drive lower
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costs for ILs.While many factors come into play the selection of green solves)thigh

kinetic rates and yields remgpmioritiesin the production ohnychemical. Additionally,

early stage solvent selection heuristics must also consider product recovery/separations
humarenvironmental impact of the solvent is also a crucial part of designing a
sustainable processesNe find that some environmentalhenign solvents may yield

slow reaction ratesn energyintensive separations processashalance musthus be

found between human and environmental impact and economics (yield, cost, energy for

separationjor a given pocess. In chapter 7, we revisit this concern in detalil.

In this section, we focus on optimal solvent selection, based heavisodnctivityhigh

reaction rate, via a metseuristic approachunderstandingnolecular levelphenomena

such aspolarity'solvent effects, steric hindrance, leaving group effects on IL synthesis
reaction. The emergence of green chemistry morphs traditional perspectives, forcing
researchers to | ook at Aol do chemistry in
amines and alkyl hmles are welktudiedin the chemistry literature, long before the rise

of ILs in importancq 3-7]: investigations at the time were far from concerned about the
Agreend production of I L. REaft paraimdteys,in ao u r gr o
LSER regression that quantitatively correlated the kinetics a€timn with solvent
parameters. Here, we extend that work to glyadinium and methylpyrrolidinium IL

classes. The quantitativd“2order kinetic rate constants for these systems in various
solvents at 28C, 40 C, and 60C were obtained and are reporteztén In all, his chapter

presentkinetic data for the synthesis of:

i 1-hexylpyridinium bromide [HPyri¢{Br]
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1 1-hexyl-1-methylpyrrolidinium bromide [HMPyrrol][Br]
1 Several talkyl-3-methytimidazolium haliddLs with different alkyl halides

1 Solvent raticeffect on a model IL synthesis.

Empirical LSER expressions obtained here are useful for quick rate of reaction
estimates forlL systems where no such data is available; this will expedite
development ofuture IL applications.Chemical structures for commpnds studied in

this chapter are illustrated Figure 5.1.

N
POV NN NN
Br /\O/Q\\
Ethyl Formate
methylpyrrolidine bromohexane hexane
CeHis
\ / :‘/ 6" 13
| | Br~ (0]
pyridine Carbon Dioxide Hexylpyridinium bromide 2-Butanone
/ﬁ (0] / Br~
S N
- o e
=
—OH
methylimidazole Cyclopentanone hexyl methylpyrrolidium bromide Methanol
CeHia
H H o \N/T\\N/ 0
>{ SN \—/ o g
ca? " o <IN
Dichloromethane E[hyl Lactate QH 1-hexyl-3-methylimidaozlium bromide Dimethyl Sulfoxide
0 Cl
P O —
Acetone Chlorobenzene Acetonitrile

Figure 5. 1 chemical structures of chemicals used in this study.
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5.2Kinetic Theory: an Overview

The classical Arrhenius equation shomage of reactiondependencen temperature
Arrhenius argued that reactants must overcome an energy barrier, known as the
activation energy Hy), to transform into products. This minimum energy can be
justified by kinetic theory from statistical mechanics. Molecules react if they collide
along their linesof-center with a relative kinetic energy that exceBgsAt higher
temperatures, the moldes in a solution have greater kinetic energy, and thus collide
much faster, lowering the overall activation energy of the system. This can be
expressed as:

& E. 0

e (o]
k =k, exp¢ "'~ Eqn 5.1

whereE, is the activabn energy,R is the gas constant, is temperature, ankl, is the
frequency factor (a measure of the frequency of collisions between the reactant

molecules).

5.3.Solvent Effects an Overview

The IL alkylation synthesis reaction proceeds via a Menchutgkien seconerder
nucleophilic substitution §2) reaction Menchustkinoés wor Kk demor
effects on the quaternizatioractionof triethylamine and iodoethane in 23 solvdi@{s.

He showed that these types of reactidestiery amines with primary haloalkanese
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dramatically influenced by solvent choice. Sirtbhes work, these types of effects have

been extensively studied and publishedhe chemistry literature. The transition state

theory is a widely accepted justification for solvent effects in homogeneous chemical
reactiond.l, 9-11] It states that solvents can modify the Gibbs energy of activation by
differential solvation of the reactants and the activated complex. Reactants must first get

to ahigher energy stat@ransition statejo proceed.Solvents can alter the Gibbs energy

of activation G ) via enthalpic and entropic effects, affecting the chemical reaction.
The DG can be altered when reactantsd energy i s
when the activated complex is staémld /destabilized, also by solvation at the transition

state (Se€igure 5.2%).

Transition Transition
State State
—— T A / N\
’ AN 7" .
/I \\ i //I/ “\
/ \ /
// . \\ ACJ . R /,/’ \\\\\\
S /7 1\\ \\ A jvzl /I XY
s AG’) v 200 \\\
/ “~ AN Y / \
T A 3 W\ . W\
/I,’ (Jl \\ \ / ARY
‘7 A / W\
1 Ny ‘ /7 \ \\
Reactants,” Y “\ d N\
R\ Reactants W
\ Product \ Product
| ———— —
Stabalize dnd Destabalized Stabalize and Destabalized
Transition State Reactants and Product
Figure 5.2 Gibbs Free Energy of transitifij

Reichardil2] illustrates this theory using a hypothetical reaction,
A+Ba (AB): - C
The transition state theory assumes that the reactadtsacivated complex are in

pseudeequilibrium, so that the rate constant for the transition state is:
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K- = Eqn 5.2

where a represent activities or adjusted composition, accounting forideality. The

theory also assumes that the formation of products does not affect the equilibrium
between the reactants and the transition state. The reaction rate is determined by the rate
at which the activation complex energy barrier is overcome in the direction of product
formation. Hence, the reaction rakeis proportional toK:, and from statistical

mechanic$1, 9], can be related per

K- Eqn 5.3

whereksi s t he Bol t zknsaitherradesconstant) &t assn tP,l anckds cons

From Eyringbds equation, equil9 brium constant
DG =DH: - TDS' =-RTInK: Egn54

where G is the Gibbs free energy of activatioflkl is the Enthalpy of activatiort5

is the Entropy of activationT is temperatureR is the gas constant, arit is the

thermodynamic equilibrium constant for the activated complex. Combining both

equationskcan be expressed Hs 9]

: exp | Eqn 5.5

This equation can be rearranged to the general linearyfonmx+b, as follows:
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5.3.1. Hughes and Ingold Rules

Hughes and Ingoldsed a simple qualitative solvation model to describe solvent effects.
Hughes, Ingoldet al[l, 13-15] examined a number of organic substitution and
elimination reactions for differences in rates of reaction, based on the charge difference
(neutral, positive, or negative) between the reactants and activated complex. They show
that all nucleophlic and elimination reactions can be classified based on the charge types
of the reaction species. The Hughes Ingold rules can be summarized as [alldas

15]:

(1) For a given chemical reaction, an increase in solvent polarity will result in an
increase in reaction rate if the charge density in its activated complex (transition
state) is greater than the initial reactants.

(2) An increase in solvent polarity will decrease the rate of reaction, if the charge
density islower in its activation complex than in the initial reactants.

(3) There will have no solvent effect on a chemical reaction where the charge density

of its activated complex is similar tbhat ofthe initial reactants.

5.3.2.  Solvent Effects and Polarity Scales Overview

Menshutkin demonstrated that the rate of reactionfidimenced heavily by

of the reaction mixture or solvefit6, 17] This bimolecular second ordé&2) proceeds
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by a nucleophilic backide attack by the entering atom, which has an undhzag of

electron and readily donates in the bond formation (illustrat€dgure 5.3).

t
d CeHy,
Z N\ A1 e 7 ®
N + Br——CyH,s @N----:C‘---Br \COH
H\\ H
b o T
s /\/\ NN l _____ 62 \NAN/C“J

Figure 5.3 Transition state for the reaction between methylpyrrolidine (a),

1-methylimidazole (b) pyridine (c) and tbromohexane.

Polarity effects are encountered when polar transition state of a reaction, interact with a
solvent media through dipeltipole nechanisms, as well as the charge formed on the

leaving halide group interacting with solvent e.g. hydrogen bonding, $tdvent
Apolarityo is defined by s evizaipokelmonentf f er ent
dielectric constant, hydrogen bond acaegtability, polarizability, etc Solvatochromic

scalesare used tayuantify various solvenproperties. Solvatochromic parametare

indicative of certain solute/probesolvent interactions and have been used to describe

polarity. Although oneparameter sales for polarity, such agipole moment, dielectric
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constantthe E+(30) scale etc[1, 18, 19] have been found to qualitatively correlate rate
constars, they are often ndufficient to quantitatively correlateaction ratesKosower
presented a correlation betweeni value andlog k for Menchutskin; however, it was
limited to alcoholic solventfs] The Z value is defined as the transition energy for the
longest wavelength absorption bamthserved for Jethyl4-cabomethoxypyridinium
iodide) in a solventAbrahan2(], in a study with 68 solvent$ound that under half of
the solvats were rationalized witthe electrostatic continuum effect, henite need to
employ additional methodologes that account for other effects such as polarizability,

hydrogen bonding, chargeansfer interactionstc.

Kamlet Taft KT) parameters diffentiate various independent solutsolvent
interactions,viz. acidity (@), basicity ¢), and dipolarity/polarizability 4), that sum
Apol arityo. Linear Solvation Energy Rel ati or
thermodynamic properties, anates of reaction correlate well with Kamlet araft, this
has been widely appliefR1-24] The LSERmethod performs the regression to correlate
the physicochemical property such as kinetic rate constantgh the solventdependent
physicockemical propertiesa, b, andp*:[12]

XYZ=XYZ,+aa +bb+pp* Eqn5.7
where the magnitude of the solvatgpendent physicochemical property are given by
XYZ (for a given solvent) andYZo(in a reference solvent). Coefficients, b, p andd
quantify the susceptibility of the property to the independent parameter#ty(agid

basicity b, and dipolarity/polarizabilityg*). In this study,KT parameters are used to
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describe  polarity effects on kine rate constants, the form of

XYZ=XYZ, +aa+bb+ pp* Eqn 5.7 utilized is:

Ink =Ink°® +aa +bb + p(p* - dd) Eqgn 5.8

Regressed coefficienta, b, p andd quantify the effect of the different constituents of
polarity on kineticrate. d'is the polarizability correction term, which is equal to 0.0 for

non-chlorinated solvents, 0.5 for polychlpated solvents, and 1.0 for aromatic solvents.

[22]

5.4.Solvent Effects in Synthesis of Halide ILs

Several studies have shown that the kinetic rate constant for these types of reactions
strongly correlate with polarity parameters (ekamlet Taf). Recently, our group
publishedK-T parameter regressed expressions lier synthesis of [HMim][Br] ofl-
methylimidazoleand 1-bromohexangin 20 solvent$2] The study showed that kinetic

rate constants are strong functions of the dipolarityfjzalbility parameter/) and the
basicity ¢), but are negatively affected by aciditg)( For instance, reaction rates in
methanol, despite the large dipole moment and jmgind b, were among the slowest,

duet he s ol vaghydrayen bdndlogdting ability) In this section we extend this
investigation to the reactions of-bromohexanewith (1) pyridine and (2) n
methylpyrrolidine KT parameters ofreactants and solvents are summarized and

presentedn Table 5.1 for reference.
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Table 5.1 Kamlet Taft Parametéts
Solvent a b fou =r(30) L
(kcal mol™)
Dimethyl Sulfoxide -0.013° 0.003 0.724° 0.009 1.032° 0.004 45.11° 0.02
Acetonitrile 0.230° 0.009 0.376° 0.012 0.787° 0.012 45.62° 0.02
Cyclopentanone -0.085° 0.005 0.565° 0.004 0.748° 0.003 39.85° 0.01
Acetone 0.110° 0.002 0.523° 0.012 0.715° 0.002 42.58° 0.03
2-Butanone 0.053° 0.004 0.568° 0.004 0.675° 0.002 41.06° 0.06
Dichloromethane 0.042° 0.003 -0.020° 0.014 0.790° 0.004 40.88° 0.02
Ethyl Formate 0.094°0.035 0.412° 0.075 0.570° 0.042 40.19°0.11
Chlorobenzerfe 0.051° 0.004 0.080° 0.009 0.624° 0.004 36.91° 0.02
Ethyl Lactate 0.642° 0.004 0.633° 0.010 0.689° 0.002 51.01° 0.04
Methanol 0.909° 0.006 0.629° 0.009 0.697° 0.006 55.53° 0.04
1-methylimidazole 0.232° 0.012 0.712° 0.016 0.961° 0.014 44.85° 0.01
1-bromohexane 0.014° 0.07 -0.009° 0.011 0.500° 0.01 37.9 0.70
Pyridiné 0.00 0.64 0.87 40.5
a Taken from ref[25] and b Taken from rgfl2]
5.4.1.  Solvent Effects inSynthesis of Hexyl Pyridinium Bromide

Pyridinium ILs are thought to have less environmental impact than their imidazolium
counterparts. This is mainly based on the fact that pyridinium ILs are more biodegradable
by comparisorj26] These environmental advantages have increased the level of interest
in this class of IL. Further, Pyridiniwinased ILs are currently a loweost alternative to
imidazoliumbased ILs[27] Pyridinium salts have been employed in antimicrobial
applications, asationic surfactants, polymer components, chromatographic supports, and
as reagents in catalysi&dditionally, this class of IL has excellent thermal stability: i
saltare

particular, dimethylaminopyridinium  bis(trifluoromethylsulfonyl)imide

confirmed to have the best thermal stability of all ILs experimentaihgstigated to
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date[28] This particular property fosters technology development using this IL class in
applications where thermal stability is imperative or at the forefroivindrdemand. As
they are generally more viscous than the equivalent imidazolium compagndbe
need for, and choice of, aptimal solvent for processingyridinium salts is critical.
Pyridinum ILs can be synthesized from halide precursors, sudhhagylpyridinium

bromide[HPY|[Br], used in this study (séé@gure 5.4).

The reaction between pyridine and alkyl halide is a -ateltlied Menshutskin model
reactio3-7, a fAguinea pigo system for cThassi cal
reactivity of pyridine has long been explained using LSER relationsbips.such study

by Elshafie and Foul[29] presents nucleophilicate constants for pyridine, piperidine,
2,4,6trimethyl pyridine and 2,3,4 picolines with ethyl iodide in diéet aprott and
protic solvents, usingKamlet Taft (KT) parametersa, 6, and g*. Hossain and
Morshed30] studied the reaction between pyridine and benzyl bromide in methanol,
acetone amh acetonitrile they found the order of reactivity to be acetonitrile>methanol>
acetone. Rinheimet al., [31] studed the rateof the reaction of pyridine with ethyl
bromide and ethyl iodide in benzerahlorobenzene, bromobenzene, and iodobenzene.
The rate constant increagasproportional to the polarizabilitgf the solvent, attributed

to the interaction of the Bant with the leaving halide in the transition std€endo et
al.,[5] studied the eaction of triethylamine and pyridine with methyliodide in an

acetonitrile and methanol mixture using linear correlation free energy.
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We presensolvent effects on the kinetias the synthesis of HPy|[Br] in a wide variety

of conventional and lovtoxicity organic solventsFigure 5.5 shows conversion over

time obtained from a typical run dfbromohexan&nd pyridine at 48 C in acetonitrile.
When benzylbromide and pyridine are reacted in the metf&hplprevious studies
showed methanolysis occurring simultaneously with the desired Menchshutskin reaction.
NMR verification indicates that no such reactions occurredlfboromohexaneystems

in this study. Our results wildemonstratethat greener solvents can loélized for

producing ILs whileoptimizing forhigh rates of reactian.

7 NG N N ~
| + Br H- ‘
AN \/\/\/N\
Br
Pyridine 1-Bromohexane 1- hexyl-pyridinium Bromide

Figure 5. 4 Reaction between pyridine and ibromohexane forming Xhexyl-pyridinium
bromide [HPyr][Br].

For each reaction system, the mole ratio of reactants to solvent was maintained at 1:1:20
to avoid concentration effects on the bpliarity from the reactant and/or product. The
reaction was conducted at three different temperature€ (28 C, and 60C) and the

data regressed to obtain Arrhenperameters. All rates of reactiah 25C, 40 C, and

60 C were regressed assumintj @rder kinetics and are presentedable 5.. Similar to

what obtained for the synthesis of [HMim][B2] and [BMim][CI][32], two phasegIL -

rich and reactant/solvenich) were observedat conversions greater th&®% in the
chlorobenzene solvent system. With highenversions, a sonicator was used to ensure
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proper mixing before taking aniform samplethat is later dissolved in solvent forming a
homogeneous mixtur€f all the solvents studied, the rate of reaction was greatest in
DMSO and slowest in chlorobenzertee rate constarwith DMSO was more thanwo
ordess of magnitude higher than that of chlorobenzértee natural log ok was fit to the
LSER coefficients based on tKd parameters (acidity, basicityb, and dipolarizability

p*, as previously described) and are as follows:

25°C Ink=-19.58+0.102 -1.616+8.50p*-0.22) R =0.9876 Eqn 5.9

40°C Ink =-18.88+0.35 - 2.580 +9.84p*-0.22) R?=09887 Eqn5.10

60°C Ink=-17.29+0.66a - 2.42b +9.71(p* -0.1&7) R*=0.9933 Eqn5.11

Experimental data correlated welith calculated dataevidenced byR* values close to
unity, andillustrated inFigure 5.6. Fromtheregression expressions above, observe that
the p parameter (dipolarifpolarizability) has the largest positive effect on the reaction
rate, followed bythe a parameter (acidity). Thé parameter (basicity) has a negative
effect on the rate of reaction. For an optimal reaction rate, a solvent with g*hagia a
shouldthenbe chosen. KamleEaft parameters in a LSER regression can quantitatively
correlate the kinetics of reactiovith the K-T parameters of the solveftable 5. lists the
solvents investigated for-iromohexanewith pyriding in order of decreasing rate of

reaction.
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Figure 5.6 LSER results for the synthesis of [HPy][Br] in 10 different solvents at 4(C.

Table 5.1. Rates of reaction andkinetic parameters.

kx10" [M7Tsect ko X107 E, ooH S

Solvent 25¢C 40C 60C [Mised] [kImol] [kd/mol] [I/mol/K]
DMSO 65.33+ 2.06 246.0+ 1180.00+ 130 0.60 68.27 65.65 -123.96
Acetonitrile 16.6A40.99 62.30+2.33 306.0:0.57 0.18 68.68 66.06 -134.00
Dichloromethane 9.36+0.21 54.50t6.19 b 873.85 91.16 88.62 -63.11
Acetone 5.91+0.07  20.70+0.23 b 0.01 64.84 62.30  -155.20
Cyclopentanone 5.72+0.37 19.00+0.39 103.006-6.23 0.05 68.39 65.77 -144.21
Methanol 4.83 18.00+0.09 101.06+16.00 0.18 71.84 69.22 -133.90
2-Butanone 4.34 14.7G+0.58 191.06+4.74 211.01 90.00 87.38 -75.19
Ethyl Lactate 3.62 11.00t2.43 89.40t9.2 0.70 76.15 73.53 -122.67
Ethyl Formate 2.52 6.61+0.12 b 0.00 49.91 47.37 -212.38
Chlorobenzerfe  0.93+0.03 2.88t0.36 24.30+0.47 0.32 77.60 74.98 -129.15

a) Reaction conducted at 1:1:80 mole ratiyridine1-bromohexanglimethyl sulfoxide due to high exothermicity ofore

concentrated solutiony.) Exceedsoiling pointof solvent;c.) Mixture split into two phases durimgaction.
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5.4.2. Solvent Effects on Rate Constant in the Synthesis of 1-hexyl-

methylpyrollidium Bromide

Choet al, [33] found methylpyrrolidinium bromide least toxic compared to the toxicities

of tetrabutylphosphonium, tetrabutylammoniumpdityl-3-methylimidazolium and -1
butyl-3-methylpyridinium bromides. Only a few studies have considered synthesis of the
pyrrolidinium class of ILs despite the fact that these classes of IL are important solvents,
owing to their electrolytic stability and electronic conductivity being higher than those of
many other liquids. Solvent effect studies were extended to the synthesislbflthe
hexyl1-methylpyrrolidinium bromide [HMPyrrol][Br]. This reaction proceeds as

illustrated inFigure 5.7.

N/ N+/\/\/\
Br /\/\/\ + - \ Br

Figure 5.7 Reaction Between-Methylpyrrolidine and IBromohexane forming -Hexyl-1-

methylpyrrolidinium bomide [HMPyrrol][Br]

Figure 58 illustrates a typical reaction conversion over time fbiHexyl-1-
methylpyrrolidinium bromide [HMPyrrol][Br]synthesis in methanol at 25°C. In this
study, four solvent routes were used, namely DMSO, acetonitrile, acetone, methanol, as
well as the neat reaction. DMSO was the fastest solvent medium for this reaction;
methanol was the slowest. The experimentally obtana¢el constants were regressed

with K-T parameters to yield:
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25°C Ink =-14.59-1.48 -4.716 +10.7p* R*=0.9999 Eqn5.12

40°C Ink =-13.44-0.022 - 4.99 +10.34p * R*=0.9999 Eqgn5.13

60°C Ink =-13.55+0.94a2 -5.100 +11.7¢p* R*=0.9999 Eqn 5.14

A strong correlation was attained @f 1), as illustrated irfFigure 59. From regression
expressionsthe p parameter (dipolarity/potizability) has the largest positive effect on
the reaction ratewhile the 6 parameter (basicity) has a negative effect on the rate of
reaction. For an optimal reaction rate, a solvent with a jafghnda low b should be
selected The resulting empiridy derived LSER equations will accelerate quick
generation of reaction rate constants needed for large scale jpwoaduct
methylpyrrolidinium ILs.The kinetic rate consints, activation energies and frequencies

for the reaction in different solvents ateown inTable 5.2.

Table 5.2. Rates of reaction and kinetic parameters.

kx10° [M7sec] ko x10° Ea
Solvent 25C 40C 60C M™sec'] [kJ/mol]
DMSO 968.60+ 235.23  1656.68-84.93 5826.01+ 1756.77  0.027 42.73
Acetonitrile 257.69+ 24.38 74590+ 21.36 2476.25 353.0 0.579 53.35
Acetone 71.17+6.28 172.08+ 11.49 448.63+ 24.35 0.003 43.38
Methanol 10.94+0.10 78.60+ 17.83 448.53+51.90 23200 87.23
Neal e 2.91+0.00 ¢
a)l-Methylpyrrolidine1-bromohexane20 Solvent mole ratio )b1-Methylpyrrolidine1-bromohexane= 1:1 by
mole.c) Neat reaction only performed at 40°C to due to poor mixing in solid phase reaction mixture
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Figure 5.8 Conversion versus time for the formation of [HMPyrrol][Br] in Methanol at
25 C, CMPyrrol,0 = 0.944 mol/L
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The neat scenario was the slowest observed. In the neat run, the solid IL forms rapidly,
falling out of solution; at higher conversion, mixing becomes very difficult. Mefimigt

of the pure IL was investigated to shed light on optimal reaction conditions for a neat
scenario. The melting point dexylmethylpyrrolidinium bomide wasdetermined The

IL sampleused for melting point determinatiavas synthesizedia a neat reaction with
excess dmethylpyrrolidine. At greater than 99%onversion, the IL was purified using
ScCQ at 60°C and 150 bar. In addition, hexylmethylpyrrolidiniunomide synthesized

from a neat reaction of equimolar amtuf :methylpyrrolidire and1-bromohexange

and without CQ purification treatmentwas also measure®esults are summarized in

Table 5.3. The melting point data was found to be very sensitive to the purity of the IL.
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We observed that trace amounts of teactants changed the melting point dramatically.
This is will be very important when condensation methods (typically used for solid ILs)

are used for product recovery of this IL.

Table 5.3 Hexylmethylpyrrolidinium Bromide M¢ing Point

Sample Temperature (°C)
Not Purified 161.7+ 0.58
CO,-Purified 137.5+ 2.89

5.4.3.  Solvent Effects: Summary

From the three classes fs studied, imethylpyrrolidine had the highest reaction rate.
This can be explained by considering the effect of-beiske equilibria in these reactions;

the nucleophilicity of the aminefFor example, in acetoniritile solvent at @) the
reaction rate constant for the synthesis reaction of the corresponding bromide Il- with
bromohexanevas 745.9 xL0° M sec', 21 x 10° M se¢' and 6.2x 10° M se¢! for
methylpyrrolidinium 1-methylimidazoleand pyridine respectively. These three nitregen
containing reactants are Lewis bases, which donate a pair of electrons to a Lewis acid (in
this study,1-bromohexangto form a conjugate acid and base, respectivalytheses2

type reactns, a lower transition state energy is realized when the electron pair is donated
easily, hus, a faster rate of reactioBloan and Kod87] found that reaction rates of

di fferent ami ne sihaldesdeper(darcbpth thexnyucdeaphilicity lof the

amines and the leaving group ability of halides. For example, in methanol, they found

that the order of nucleophilicity was piperiding.{, =7.30) > pyrrolidine (n.,,, =7.23

) > imidazole €,,, =4.97) when CHI was the leaving group. Also, Elsaffie and Fouli
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[29] found that the rate cotamt for the reaction of piperidine with ethyliodide in DMSO

was much faster timaother pyridines because pfperidine high basicity.

This study covergeasonable temperature range for potential syntheses, as well as a

variety of solvents. As expectethe reaction rates increased with temperature for all

systems. In aprotic solvents such as DMSO or acetonitrile, the nitrogen free electron pair

do not hydrogen bondompared to a protic solvent $uas methanol. For instance in

methanol, solvation by hydgen bonding contributes to the inaccessibility of the nitrogen

free electron pair by the alkyl grofip0, 38] Consistently, polar aprotic DMSO was

found to have the fastest reaction rate for all three classes of ILs considered. Acetone, an
aprotic solvent, still ranks as a relatively good candidate for the synthgsysiadihium

and pyrrolidinium halide I Ls. These finding

for imidazolium systems.

Due to the formation of solids in the neat reaction, the two model ILs systems studied
here,viz[HMPyrrol][Br] and [HPy][Br], reinforce thamportance of using solvents for
synthesis, unless the reactor used is kept at a temperature well above the melting point of
the IL (in these cases, temperatures far in excess of 100H®). study furnished
substantial kinetic rate constants and enginggoarameters needed for efficient reactor

design.
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5.5. Steric, Electronic and Chain Length Effect on Menchutskin Reactions

Here, the synthesis of-dlkyl-3-methytimidazolium ILs will be investigated with a
variety of alky halide substituents. While thehéxyl3-methytimidazolium cation is
often used for a variety of chemistries and applications, thereuanerous other tygs of
substituents R-groups) that are desirable for influencing the different IL physical and
chemical properties from a variety of starting materials. While the qualitative effects on
S\2 reaction rates of the structure, sterics, and electronics of laditiges with amines
(imidazole, pyriding etc.) are generally well known in organic chemistry, the
guantification of kinetic rates is equally important for efficient IL synthesis, and eventual
scaleup, for production. The investigation will quantify tafect of the choice of alkyl

halide, sterics, alkythain length, and, importantly, the reactant concentration and ratio.

5.5.1.  Steric, Electronic, and Chainlength Effects in lonic Liquids Synthesis

Recently, there have been a number of qualitativeatitee reports on the synthesis of a
variety of both imidazolium and pyridinium ILs with various chain lengths, leaving
groups and branched or chiral R gro{ip8-42] Appetecchiet al.[39], published a study

on the effect of the alkyl side group on the synthesis and thecgleemical properties of
N-alkyl-N-methylpyrrolidinium  bis(trifluoromethanesulfonyl)amidéLs. The study
employed side alkyl groups of different lengths and structure for the synthesis of
[PyrrRy][Tf2N] ILs. Erdmengeret al[40], also synthesizeshew branchedLs 1-(1-
ethylpropyl}3-methylimidazolium and -[1-methylbenzyh3-methylimidazolium to

study the roleof different branchedalkyl side chains on imidazoliwased IL
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propertiesHowever in these studies, kinetic rate data were not rep&i2deactions, as
found in most synthesis methods of ILs, depend on a large number of factors, including
the nature of the leaving group, the relative reactivity of the nucleophile, and the
structure/sterics of the alkyl grof#p3] Again, the qualitative trends are largely known,
but the quantification of these is highly important to general raseardproduction of

ILs alike.

5.5.2.  Leaving Group

The effect of the leaving group on the kinetic rate constant was investigated with halo
hexanes at 4@, both in the ndareaction and in acetonitril&rom previous work with
imidazolium synthesis, polar aprotic gehts such as acetonitrile yielded higher reaction
rates[2] Figure 510 illustrates the conversiorover time for the reaction ofl-
methylimidazoleand Ziodohexane in dwentfree conditions at 40°CThe reaction
exhibits classic ¥ order behavior, and the second order rate constant is obtained from
nortlinear regresion of the experimental dat@iable 5.4 illustrates the kinetic rate
constants for the reaction ofhblo-hexane with dmethylimidazole to produce ‘hexyk
3-methytimidazolium chloride ([HMIm][CI]), Xhexyl-3-methytimidazolium bromide
([HMIm][Br]), and 1-hexyt3-methytimidazolium iodide ([HMIm][I]). Reactivity was
found to decrease in the following order: iodide (I) > bromide (Br) > chloride (Cl), along

established halideaving grouporder.
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Figure 510 Conversion for the reaction of tmethylimidazole and iodohexane with time at
40°C, CMIM,0= 4.49 mol/L

It is widely known that leavinggr oups® abilities highly i
operating under aesondorder nucleophilic substitution (8) reaction.Generally, good
leavinggroups form weak conjugate bases for strong ddi@sThis is especially true for
halogen leavingyroups. The kinetic rate with-ibdohexane is over 436 times that of 1
chlorohexane, and more than 187 faster than thattwbrhohexanen a neat reaction.
This trend is expeet, since the conjugate acids are in the order of strength HI > HBr >
HCI, based on their respectiissociation constant (pKvalues43] Sloan and Koch
also found Menchutskin typ&2 reaction are dependent on the leaving group ability of

the halidd.37] As discussed previougBj, polar aprotic solvents produce kinetic rates
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sometimes larger than even that of the neat reaction, as the sedenchte constant is a

strong function of polarity. Thus, the reaction rate in acetonitsile,t h t h e

sol vent o

p andb, and lowa, is significantly higher than even in the neat reaction {sdse 5.5).

The reaction with dodohexane is approximately 93% faster in acetonitrile than in the

solventfree condition.

Table 5.4. Leaving group effect on Rate Constants at 40°C.

Neat Acetonitrilé
kx 10° kx 10°
[M™ sec'] Keet,c1 = K/ ke [M™ sec'] Krel, c1 = K/ ke
1-chlorohexane 0.094 + 0.002 1 0.179+0.01 1
1-bromohexane 17.630+ 0.060° 187.6 21.56+0.21 120.5
1-iodohexane 41.00+ 2.090 436.2 79.25+0.77 442.7

Concentration: 0.76 mol/liter (1:1:20 mole ratiemkthylimidazolel-bromohexan@cetonitrile) at
40 C.%Ref.[2]

Table 5.5. KT parameters of the reactant, solvent and product.

Kamlet Taft Parametets

Solvent

a b Jog
Acetonitrile 0.230° 0.009 0.376° 0.012 0.787° 0.012
1-bromohexane 0.014° 0.07 -0.009° 0.011 0.500° 0.01
1-methylimidazole 0.232° 0.012 0.712° 0.016 0.961° 0.014
[HMIm][Br] 0.453°0.069 0.562° 0.066 0.983° 0.037

TRef [2]
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5.5.3.  Alkyl -Group Contribution

The effect of chain length on the kinetic rate was measured: results are presented in
Figure 511 for the reaction of -bromcalkanes with imethylimidazole in both
acetonitrile and a neat reaction (no solvent). Wgghtype reactions occur through a
backside attack of the electrophile, the kalkane is often inverted, hindering the
addition of méhylene groups (i.e. extension of chain length) subsequently deterring the
rate of reactiof2] Figure 511 shows a 48% difference in reaction rates of 1
bromoethane and-Wromopropane in the solvenBeyond npropyH(Cs), incremental
increases in methylene units result in only marginal decreases in the reaction rate. The
neat reaction was not conducted witlbrbmoethane, due to its low boiling point of
38.4°C however, boiling point elevation in acetonitrile allowed more facile measurement
at 40°C. Generally, this reaction is faster in acetonitrile, although the solvation also
seems to reduce the effect of teagth of alkylgroup. However, the neat reaction with
bromopropane was significantly faster than in acetonitrile. Numerous replicates (>10)
were performed for this reaction, with a very small standard deviation. This trend is
consistent for the neat m#n, where the rate constants with bromopropane and

bromopentane are about 56% higher than that observed for bromodecane.
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Figure 511 Rates of reactions with increasing alkyl chaidength of 1-bromo-alkanes with
1-methylimidazole in acetonitrile[2] and solventfree (neat). C2 is bromoethane, C4 is-1

bromobutane, etc.

5.5.4. Steric Effects

The kinetic rate constants of the reaction Isfmethylimidaole with five-carbon
bromoalkanes (bromopentanes) were investigated and the results depittdxdeird.6.

As shown, the location of the point of branching plays a significant rakeikinetic rate

of reaction, corroborating a weliscussed trend in the literatyd4, 45 The kinetic rate

with 2-bromopentane (racemic) is more than an order of magnitude lower than that
observed for dbromopentane. As the poinf branching (steric hindrance) is located

further from the alpha carbon, towards the halide (e-bgroinc3-methylbutane), the
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kinetic rate increaseslhe reaction with bromo2-methylbutane was observed over

months: only an upper bound is given for kingetic rate.

Table 5.6. Reaction between-thethylimidazoleand a number of branched bromoalkanes a€40

Neat In Acetonitrile
1-Bromoalkane Structure kx 10° kx 10 ko= k/kg
[M'sec'] [M™sec'] [2]

1_
g 17.60+ 0.35 22.35+ 0.40 1

bromopentane

1-bromo-3-
11.00+0.10 14.73+ 0.02 0.625

methylbutane

Br/\)\
Br
/gv\ 0.68 + 0.07 1.13+0.05 0.038

2-
bromopentane
2-bromo-2- <5.6
<0.001 <0.001
methylbutane 310°

Concentration of 0.76 mol/liter for both reactaftRelative kinetic rate based on that fer 1

bromopentane.

Unusually, ar§y1 mechanism has been suggested in the literature for the formatien of 1
n-butyl-3-methylimidazolium chloride, as interpreted from transient intermediates
observed vian situ IR spectroscopj46] If this were anSy1 reaction, branching would
stabilize the carbocatioand increase the kinetic rateowever, our observations are
consistent with a traditionaby2 mechanisnj43] The reaction rate for experiments
conducted in acetonitrile was found to be greater thak ttadues obtmed for the neat

version. For rac2-bromopentane the reaction was approximately 66% faster in
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acetonitrile. However, for tbromo3-methylbutane and -hromopentane, the increase
was a mee modest 30% (approximatelhe reactionrate for the highly branche 2-
bromo2-methylbutanedid not significanly increaseover the course of a month of

reaction anebnly an upper bound is given.

5.5.5.  Solvent Ratio Effect on Properties Kinetic Rate Constant

Here we consider the effect of solvent ratio/concentratioanmineering parameters for

IL synthesis systemsWVe obtained kinetic and transport data (density, heat capacity,
viscosity) for various acetone ratios at 50°C, 40°C and 25°C. Four different solvent
ratios: 75%, 50%, 25%, and 10% were studied. For eaclkmsyste., molaratio of
acetone Xacetond).00, 0.10, 0.25, 0.50, 0.75, 1.00), the ratio of the reactanesjammolar

(1:1). We found a variation, by a factor of 4.3, in observed rate constants across the
different systems: and this effect is m@m@nounced at 6C, higher temperature than at

40°C as shown ifrigure 5.12.
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Figure 5.12 Rate constant with concentration of acetone at 25 C, 40 C and 50 C

5.5.6.

Reactions Summary

There are numerous types of substitueng(®ups) that are desired for different physical
and chemical properties of ILs, using a variety of different starting materials. The
synthesis of Jalkyl-3-methytimidazolium ILs was investigated with a variety aky

halide substituents. Factors such as the type of leaving group, the relative reactivity of the
nucleophile, and the structure/sterics of the alkyl group were observed to affect the rate
constant for the synthesis of the precursor imidazolium ILsctiRég was found to

decrease in the following order: | > Br > Cl. The kinetic rate withr@dmopentane

Steric,
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(racemic) is over an order of magnitude lower than wHbrdmopentane; both were

much higher than the rate constant dir@dmao2-methylbutane.
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6.1 Synthesis ofl-Hexyl-3-Methyl-Imidazolium Bromide, in Neat CO,

6.1.1. Introduction

There is growing interest in exploring @@s a solvent in IL synthesis. Synthesizing
imidazoliumbasedLs with compressed C£as solvent has many advantages over using
traditional solvent$1-3]. CO,is relatively abundant naturally (As of 20@f,about 381

parts per million (ppm)and cheap. ltiE onsi dered a f@Agreeno, Mo r €
friendly, solvent[7]; utilizing CO, in synthesispotentially allows replacement wblatile
organic solvenbased processes, which contribute to direct human chemical exposure
and to both air and water pollutioRurther using CO, (a greenhouse gas) from non
sequestered sourcesducescarbon footprint and is sustainabldgt can be readily
recovered and recyclediterature reports show that fast and sensitive organic synthesis
can be achieved with high levels of funciadity, controllability and energy efficiendg
supercritical (Sc) C® CO, is a gas atambient conditions, with moderate critical
conditions (31°C and 71 bBarProduct separation can be easily achieved by tuning the
system e.g. reducing pressure. Thigteowould reduce the number of process steps,
subsequently reducing energy demand, increasing selectivity and diminishing waste. Our
group, as well as others, simdicated that most ILs have relatively large solubility in
CO; and, atelevated pressures 400+bar are immeasurably insoluble in a compressed
CO, phas§9-12]. This behavior s contrary to what is observed for organic compounds

with CO; pressurg13-15], in that such compounds partition into 668, phase; the CO
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becomes miscible or critical with organic compounds and solvents at higher pressures.
Thus for IL synthesis, reactantan be rendered miscible by choice of temperature,
pressure and composition, however, the product IL will remain insoluble in this solvent.
Thus, ly varying CQ pressurethis phenomenon may be used to extract or purify the IL
from residualreactantsand impurities This allows for separation of the GQolvent

without cross contamination between itself and the IL.

Concurrently with our work, Hamt al.[1] demonstratedn a batch reactor that the
reaction between-fnethylimidazoleand Xbromobutane in supercritic8lO, can produce

high yields of imidazolium IL in C@ within 48 hours The study correlategield with

time attwo temperatures (50°C, 70°C) and 15.0 MPa for [BMim][Br], and at 32°C and

10 MPa for [Melm][Br]. They observed that yields for [BMim][Br] variddr the two
temperatures studied (50°C and 70°C) at 15.0 MPa: the rate of reaction was positively
dependent on temperature. However, no relationship of the phase behavior to the reaction
rate was presentechor a kinetic rate publishedAt 70°C, Zhouet d., synthesized
[BMim][CI] using CO, as a reaction medium over different pressures (0.:MB#®
MPa)[3]. They obtained different conversions at the various pressures and found that the
rate of reaction increased with increasing pressures. No reference was made as to how the
initial concentration of the reactants was coeddor the addition of CQunder pressure,
especially for lower pressures below mixture critical point. Molarity is needed to
compute rate constant. Molarity is the ratio of number of moles to volume. Initial volume
of reactants considerably increased wptiessure (C@solubility) in the liquid phase;

thus volume expansion data for the reacting mixture will be necessary to correct for true
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volume of the reaction mixture used to compute molarity. Their repdkted

guestionable.

Chapter 4 presents measdrphase equilibrium of reactants and IL product involved in
the synthesis of -hexyl3-methytimidazolium in compresse€O,[6]. We reported
experimental and modeled data for £&0lubility, volume expansion and mixture critical
points for binary (IbromohexankO,, I1-methylimidazoléCO,, [HMim][Br]) and
ternary systems (1:1 mixtuebromohexanend tmethylimidazoléCO, ) at 313.15 K

and 333.15 K, between 5 and 150 bar. The solubility of &@ the volume expansion
were found tancrease in the order of [HMim][Br] <<-finethylimidazole< 1:1 mixture

of reactants <-bromohexaneThe mixture critical points of the ternary system were 87.5
bar and 0.962 mole fractions of g¢@t 313.15 K, and 111.8 bar and 0.913,Cfble
fraction at 33.15 K. The volume expansion data for the reacting system was important
for concentration computation. The volume of this system was found to increase with

increasing pressure, as seen with other organics.

Most kinetic expressions are based upon canagons i.e. mole per unit volumabove

the mixture critical point, the volume expansion reaches infinity, as the fluid will fill
whatever volume it occupies. Hence, the concentration is simply the moles divittel by
total volume of the vessel. Howeydrelow the mixture critical point, the concentration
must be computed using the relation between the pressure and volume of the liquid
phase. The true volume can be determined from volume expansion data, the relative

change in volume compared to the mlitvolume before C®addition, i.e. (\MrVo)/Vo,
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where the subscriph indicates mixture volume at any given pressure while sub<tigpt

for the initial volume of the liquid phase. For example, at 313.15 K and 78.46 bar, the
volume expansion was observem be as much as 3.026 times of the initial volume.
Consequently, the reportédvalues by Zhotet al, [3] using the initial concentrations
computed without accounting for this expansion at pressures belowttbal goints, are

guestionable.

6.1.2. Reaction System Phase Behavior and Equilibria

Phase equilibrium in high pressureactive systems is one of the most important
controlling factors for the rate constgi0]. We previously reported phasehb&ior
studies for this systenkrom our results, we showed that the composition of the reactants
in the liquid phase is highlyephendent on pressure, and can change significantly when
operating nea t he mi xt ur eForsexample, whert apkratiny cabowet the
mixture critical point (> 87.53 bar at 313.15 K, > 111.75 bar at 333.15hK)reaction
begins as a single phasechesethe two reactants and G@re misciblécritical with

each other There are two possible initial scenarios, depending on temperature and
pressure: a single phase/supercritical mixture and gphase vapaeliquid equilibrium.

The initial single phasdecomes two as the reaction progressasiL rich phase,
[HMIm][Br], separates fronthe solution This is illustrated through the photographs in
Figure 6.1.[4] One note of safety when performing batch reactions in either of these
scenarios: the pssure can imease throughout the reactidrhe solubility ofCO; in the

reactants (0% conversion) and IL (100% cosign) can be quite differenEor example

171



CO;, has only about 0.285 mole fraction solubility in [HMIm][Br] at°@and 75 bar.
This can becompared to a mole fraction of 0.802 £i@® the 1:1 reactant ixture at the
same conditionsThus as the reaction proceeds, I€€% is soluble in the emerging IL

phase which increases the system pressure.

However, when oper at iacagoinb thé reastiont begns asiVEf ur e 6 s
an expanded liquid mixture rich in the reactants, along with ariC® phase. It proceeds

to vaporliquid-liquid equilibrium (VLLE), involving a CQ-rich vapor phase, a reactant

rich phase, and an itich phaseseeFigure 6.1). The critical pressures for the binary

and ternary systems at the two temperatures studied are preSambied6.1. With

multiple phases present during the reaction, the actual synthesis reactiotheha

possibility of occurring in each of these phasHss could significantly complicate the
guantification of the reaction kinetics especially with experimental methods that are more
suitable for overall kineticdHowever, as we will illustrate herender these conditions

the reaction primarily occurs in one phase
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Mixture Critical Point

CO,/ st CO,

o Reactants

Reactants

[HMIm][Br] [HMIm][Br]

t=0 t>0 t = End of Reaction

Below Mixture Critical

co,
\

/ Reactants
Reactants

[HMIm][Br] [HMIm][Br]

t=0 t>0 t = End of Reaction
Figure 6. 1 Phase behavior at sukcritical conditions (top) and above the critical point for the

reaction mixtures as the reaction proceeds (bottonf]. Note: magnetic stirbar at the bottom of

the viewcell.
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Table 6.1 Experimentally acquired mixture critical points for reactants in CO,taken at 313.15

K and 333.15 K Ref[6]

Critical Critical
System Pressure CO, Pressure CO,
(bar) mole fraction (bar) mole fraction
313.15K 333.15K

84.90 0.9681 + 0.0002 0.9289 +
1-bromohexane / CO, 107.81 0.0001

91.77 0.9144 + 0.0003 0.9521 +
1-methylimidazole / CO, 153.52 0.0003
1-methylimidazole / 87.53 0.9616 + 0.0001 0.9128 +
1-bromohexane / CO,? 111.75 0.0006

a) Taken at a 1:1 mole ratio of reactali®ethylimidazole:idbromohexane
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Table 62 Overall kinetic rate constants taken at different pressures at 313.5 K and
333.15 K using a 1:1 mole ratio of Adnethylimidazole to Xbromohexane

313.15 K (46C)

Initial Xcop k x10P
Phase Transition  Pressure (bar (M*sech
2Y 3Y 2 phases 30 0.1816 14.85+ 0.49
2Y 3Y 2 phases 60 0.5654 8.24+0.75
1Y 2 phases 90 0.980 7.97+0.20
1Y 2 phases 140 é 5.91+0.11

333.15 K (60C)

Initial Xcoz k x10° (M™

Phase Transition Pressure (bar) sec))
2Y 3Y 2 phases 30 0.1629 107.0+ 2.83
2Y 3Y 2 phases 60 0.4089 69.0+0.97
2 Y3Y 2 phases 90 0.5900 59.9+0.84
1Y 2 phases 140 a 49.2+0.95

@occuringabove mixture critical point of react#@0, mixture

As previously shown in chapters 2 angdtBese reaction rates, &% order and thus the
reaction rate is dependent on the concentration of each spggciesthe particular phase

of interestp, and the intrinsic kinetic rate constant in the particular phase:

dC’
dt

IE) = :kpcll?

p
r.I methylimiazolecl— bromohexar
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The molar rate of formation of the IL for the entire system vudthumber of phases

would be:
dN, _ 2 2
— P — PP P
dt - avprlL - ank C:1— methylimiazolg:l—bromohexzm
p:]_ p:]_

whereV, is the total extensive volume of the phgselhus, when only overall data for
concentration with time are known, the phapedfic 2" order kinetic rate constant is

only equal to the overall rate constant when the reaction in only one phase is dominant.
Obviously from the mathematics this may occur when one or more of the following is
true: low concentration of one or both reatts in a given phase, low intrinsic rate

constants of all but one phase, low total phademe, etc.

In the supercritical scenarithe IL-rich phase progressively grows in volume, which
allows the possibility that the reactants may partition fromGe phase into the IL
phase and potentially the overall reaction rate is the sum of the two phases. While the
absolute volume of the IL phase is not negligible for high conversion data, it would be
very small initially. Moreover at ambient pressure with@0O,, the solubility of 1
haloalkanes in the IL are relatively Igd8] while 1-methylimidazole is miscible with the

IL. However, the presence €fO, in the IL phase makes the solubility of even polar
solutes decrease significantly in the IL phase; this has been described a£Qsing
pressure aswatfidepdodd.ilds) theilow comnaerdration of one

of the reactants renders the overall reaction rate to have little contributioa twerall

kinetics.
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For the sukritical scenario that begins as two phases and then becomegliasee
during the reaction, the ream in the upperCO, phase will be small due to low
solubility of the reactants (<<1%) and an intrinsically low kinetic constant due to the low
polarity. The lowvolume of the newly formed Hich phase will, similar to above, have
low solubility of at leat one of the reactants and have negligible effect on the total
reaction rate. Thus, only the reaction in the reaaiahtmiddle phase wilthe kinetic

rate be important.

To confirm these qualitative conclusions, the phase behavior of the reaction was
smulated for 0% and 50% conversion at 60 bar anC4Qeaction scenar{below
mixture critical point) 2 p h a $ esingYtBeYP2n&Robinson Equation of State
based solely on the binary interaction parameters found in our previoud 8kuwiyially

(0% conversion), the reactants wi#O, are in a twephase region (VLE)The vapor

phase is predicted to have a mole fraction of each component of approximately 0.0007,
while the liquid phase is predicted to have compositions foretylimidazole and -1
bromohexane as approximately 0f2t each.As the denisy of the vapofphase is much

lower than the liquid phase, the vapor phase concentrations are small at approximately
2.4 mM for each reactant. The liquid phase concentrations are approximately 2.66M,
which are more than 3 orders of magnitgdeater thathe vapor phas&he resulting %

order reaction rates would thus be over 6 orders of magnitude higher in the liquid phase
than vapor phaseithh a similar kinetic constanf\t 50% conversion, the simulation for

the vapor phase has similar conclusionsnasy, there is even less of the reactants. The

reactarwrich middle liquid phase will have similar concentrations as the initial mixture,
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but now there is some small solubility of the IL (~350mM) in this phase that diminishes

as the reactants are deplet@tius, the observed rate constant in the organic phase is
approximately equal to the overall k constant. Bowing and[d8k$ound similar results

for the synthesis of [BMim][CI] in ambient conditions, where a phase split occurred at
conversions greater than 8%. The authors found that the organic phase Vkay the
reactive phase. They also observed that the effective rate congtaiof, the overall
systemwas similar for a twgphase system compared to a single phase system; this is
because as the reaction proceeds, the concentrations are maintained hsrtbewthe

reaction phase decreases for a two phase system, while in a single phase system, the

concentration decreases but the total volume stays constant.

While conventional multphase liquid systems may suffer from mass transport
limitations resultng in an overall reduction in the kinetic rate: £@s been shown to
dramatically improve the mass transport properties of1l,s2]. The viscosities of
liquids are decreased with G@ddition, resulting in increased diffusivity, as well as
enhanced intephase mass transfdiO, 21, 22]. In addition, we have previously
established that the diffusidmited kinetic rate constant at singbhmase ambient
pressure is 14 orders of magnitude faster than owetikimate constants, thus, mass

transfer issues do not exist in theystems.
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6.1.3. Reaction Kinetics

6.1.3.1.  Temperature and Pressure effects

The properties of this system are sensitive to temperature, pressure and composition.
Figure 62 illustrates the positive dependence of the rate of reaction on temperature, as
expected. For the synthesis of [BMim][Br] at 150 bar, Han and cowofkkfeund that

the yield at 50°C was about 18% over a 24 hour period, compared to a yield of about
86% at 70°C. From 3115 K to 333.15 K, the rate of reaction for [HMim][Br] synthesis

for all the pressures observed increased about an order of magnRiglee 62 also
indicates thathte overall rate of reaction changes considerably with alteregspreof

CO,. This not strictly a pressure effect, but more of a composition, phase equilibria, and

polarity effect (see below).
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Figure 6.2 Rate constant with pressure at 313.15 K and 333.15 K
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The molar concentration (mole/liter, etc.) of reactants decreases significantlZ@jth
addition, as theCO, dissolution causes a corresponding volume expansion, thus
decreasing the constant mole peiume. As the ' order reaction rate is directly
proportional to the concentration, the reaction rate decreases with the reduced
concentration, given a constarlt’ @rder rate constank. Similar results have been
observed by Subramaniam and coweosK@3] for the oxidation of cyclohexenn CO,-
expanded (CXL) acetonitrile, where no added benefits to rate constant were achaved at
CO, mole fractionhigher than30% They found that at higher mole fractiorGQ,

becomes diluent anchas a negative effeabn theapparenteaction rate.

Above the mixture <critical point, the react
volume. Thus, with constant loading of the reactants, the concentration will remain
constant at the various pressures, but the mole fraction of the reactants veiisgecr

However, reaction rate mechanisms are proportional to molar concentration and not mole
fraction. Thus, given a similar starting concentration at two different pressures, the
regressed ™ order kinetic rate constashould be the same. However,348.15 K, the

rate constant at 90 bar is approximately 35% higher than that at 140 bar, which is well

beyond the experimental precision of the measurements. IPOtass have pressure

dependence?

Wang et al., [3] found that the rate of reaction was optimal at pressures close to the
critical pressures/density of G@solvert). Over a pressure range of 1 to 150 hhey

found a dependencef the rate constant on the reduced density of purg. T@ey
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attribute this high rate constant whigherpressure to transition state theory phenomena.

Transition state theory describasthermodynamic equilibriunof the reactants ithe

transition state, assuming thatice the transition state complex is formedoroceeds

directly to products.Hence according to the transition state theotihe pressure
dependence of thate ofreadt on i s proportiona I\_/i[24]n the acti\

gink. g _ DV’ Eqn 6.1
¢ WP = RT

wherek is expressed in pressure independent concentration units at a fixed temgerature
and pressur®, andR is the gas constartiowever, for most reactions, several hundred

to athousand bars of pressure are needed to significantly chakd@5]. Temperature

by far has a greater effect on rate of reaction than pressure. Despite the large partial
molar volumes observed in SCFspesially in theneakcritical regime[26], partial molar
volumes of liquids aren the order of @0cn?/ mol. This pressure dependence of the

rate constant is primarily due to the large compressibility of the soJ]2&ht Thus, a

strong pressure dependencetios reaction rateonstant may be unlikely.

6.1.4. Polarity

From our previous study of this synthesis reaction in conventional solventS® el

rate constant is highly dependent on the polarity of the solvent rfif}ia However,
single parameter polarity scales could not qualitatively nor quantitatively describe the
solvent effects. Only muHparameter approaches such as Kamlet T (could
quantify the reaction rate constantKT parameters differeisite various aspects of
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A p ol aviz.iadidgyda), basicity ¢), and dipolarity/polarizability4*). Acidity, a, is a

measure of the solvent 6s atb-solute hygrogendoond onat e
[28]. bi s t he measure of the sol venttdssluteabi | ity
hydrogen bond29], andp*i s a measure of t hieeaslmalgea@ant 6s al
dipole [30, 31] For chlorinated solvents, another parameteris used; otherwise it is

zero. The LSER for convéonal solvents at 40°C ¢, 16}

Ink =-14.72-2.07a +0.07b + 4.99p * -0.2Q) R*=095 Egn6.2

From this equation it can be concluded that solvents containing gireaild largeb and

p*, are desirable for maiaining high rates of reactioable 6.3 illustrates theKT
parameters of the reactants, reactant mixture, and [HRfiproduct found for the neat
reaction.

The KT values for CQ are temperature and pressure (density) depefi@eB-34]. The
solvent strength of supercritical fluids is found to vary, especially near the critical region.
Kim and Johnston, while using solvachromatic probes in mixtures of &@ co
solvents, found that local concentrations ofsotvent around a solute molecule (solvent
soluteinteractions) are sensitive to pressure and can be as high as seven times that of the
bulk [35]. Theselarge excessesf solventsolute interactions can affect the rate constant,
especially for bimolecular reactiorf86, 37] Sigmanet al, [38] have publishedKT

values for CQ[8] showingp* ranging from-0.01 t0-0.90, from a pressures of 222.6

down to 88.8 bar at about 4@ Another study also presentadranging from 0.000 to
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0.195, over a pressure range of 96.2 to 81.1 bar, @ f@®]. The range oKT

parameters fo€O, from the literature is summarized Table 6.3.

By increasing the pressure induced by,Cte solubility of CQ in the liquid phase
increased, altering thKT values, as well as, the polarity of the liquid phdsesevalues
decrease slightly with both pressure andO, composition, whilea increasedHowever,

the b values remaied relativelyconstant over most of the pressure ramyestigated.

This is similar to what Sigmaet al,, observed for pure COwheres, unlike thep anda
values does not show ancorrelation withthe density of CQ [38]. This trend has been
observed in stiies performed on Cfh-alcohol mixtureg40], as well as, in Dielg\lder

type reactions using GO[39, 41] Since for most of the pressure randgeremains
constant, p decreasesand a increases, the kinetic constant for the synthesis of
[HMIm][Br] with CGO, should be expected to decrease slightly with increasing amounts

of CO; per[16]:

Ink =-14.72-2.07a + 0.07b + 4.99(p * -0.2Q0) R*=0.95 Eqné. 2

This is what is observed for the kinetic constant$able 62. For the kinetic runs that

are conducted in singighase supercriticatonditions, the increasen pressure is
accomplished by increasing the amounitCé), added to the mixture. Thus, while the
molarities of the reactants are roughly similar, the mole fractions of the reactants decrease
with the pressure as mo@0, is addel. AsCO, decreases the polarity of the mixture to

a relatively small extent, the kinetic rate constants should also decrease.
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Table 6.3 KT parameterfor CO,, reactants, and product

Component a b Jou
Cco, 0.0000.19%' (-0.09)i (-0.14) (-0.01)i (-0.90Y
1-Methylimidazole 0.232+0.012 0.712+0.016 0.961+0.014
1-Bromohexane 0.01477 0.07 (-0.009)+ 0.011 0.500+ 0.001
[HMIm][Br] € 0.453 110.069 0.562 1 0.066 0.983 (1 0.037
1:1 1-Methylimidazole: %
Bromohexane 0.280 1.07 0.650
1:1 Reactant CE30 bar 0.433 1.096 0.632
1:1 Reactant C€90 bar 0.508 1.120 0.611

a.) taken from ref5] for a pressure range of 9682.1 barb.) taken from ref8] for a

pressure range 2228B.8 barc.) taken from ref[16]

Table 64 presents th& constants for this reaction in selected organic sol\j&6is along
with those obtained in COComparedo traditional solvents, the rate constants observed
for CO, are found to be moderate. thie maximum pressure studied, 140 bar, the CO

composition in the liquid is about 66% at 40°C and 54% at 60°C. eAbwer pressures,

it is comparable to using cyclopentanone,

critical pressure, the rate afactionis similarto that observed for ethyl formate.
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Table 64 Comparison of rates of reactions for £@ith those obtained in organic
solvents at 40°C and 606]

k x10° (M™ sec™)

Solvent® 313.15K 333.15 K
Dimethyl Sulfoxide® 77.89+1.72 322.31+3.53
Acetonitrile 21.56 +0.21 110.64+1.42
Neat (1:1 mixture) 17.63 + 0.06 106.34+ 13.2
Cyclopentanone 15.11 +0.11 76.11+1.72
Acetone 12.67 + 0.06 63.67+0.61
2-Butanone 11.56 + 0.08 53.75+0.28
CO, 30 bar 14.85 + 0.49 107.0 + 2.83
CO, 60 bar 8.24 +0.75 69.0 + 0.97
CO, 90 bar 7.97 +0.20 59.9+0.84
CO, 140 bar 591+0.11 49.2 +0.95
Dichloromethane 8.47 +0.11 -2

Ethyl Formate 7.97+0.14 -2
Methanol 2.03 +0.08 17.14+0.11

a) Exceeddoiling pointof solvent b) 1:1:20 ¢)1:1:80 of solvent due
exothermicity of the reaction.

Despite having only moderate kinetic rates compared with conventional sol@énts,
has a number of advantageous properties. The quaternization reaction is strongly
exothermic. For a similar reaction betweeméthylimidazoleand tbromobutane, the

xn

heat of reactionffH ™) is -96 KJ/mol[42]. Such a large heat of reaction is often handled
with large amounts of solvent, and/or by the use of heat exchangers (chillersCéi.).
is well known to have a high heat capacily, which increases dramatically in the near

185



critical regime[43, 44] For example, the heat capacity@®, at 40°C and 88.4 bar is
594 J/mokK [45]; at 140 bar it is 129/motK. Therefore, a large amount of engrg
released during an exothermic reaction can be absorbed by eitf@®thghase or the
enhanced heat capacity of the -gapanded liquid In addition, the presence of €O
dissolved in ILs decreasesscositydramatically, sometimes byver80% [46-50]. This
decreasen viscosity isaccompanied by a corresponding increase in the diffusivity of all
species in the mixture. As demonstrated, the phase behavus,okith the IL and its
corresponding reactions often lead to facile sepamsti@as the IL is immeasurably
insoluble inCO, at any pressure. We have previously performed a rigorous analysis on
the human and environmental impact of various organic solvents for potential IL
production, such as those fouridble 64 [51]. CO, would be the most benign of all

solvents previously investigated, especially if obtained fromssguestered sources.

6.15. Summary: Synthesis of 1Hexyl-3-Methyl-Imidazolium Bromide, with
CO;

We believe that Cohas great potential for the sustaindbegr eeno producti on
shown later for the synthesis of [HMIm][Br]. Compres$e@, allows for control of

phase behavior (dissolutions of reactants or precipitation of products) with small changes

in operating conditions. The effect of phase bétadoes have some impact on tH& 2

order kinetic rate constant. High€O, pressure and composition decrease the kinetic

rate constant. These rate constants were found to be comparable to those in reactions

using conventional organic solvents. However, the phase behavioCwilallows for
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facile separation. The presence@®, also improves mass transport. The high heat
capacity of CO, would mitigate the high heat of reaction found for these reactions.
Finally, CO, has one of the lowest human and environmental impacts of all solvents,

especially if thaCO, comes from nossequestered sources.

6.2 Kinetics of [HMim][Br] in Gas Expanded CO,(GXL)

6.2.1. Introduction

Gas Expanded Liquids (GXLs) media are organic liquid solvents that have been
expanded due to the dissolution of a gas, for example, CXLs are organic liquid solvents
that are expanded using GO Thesepromising solvent media offer the flexibility ef

highly tunable reaction media for use in various applicatiéns. r exampl e, CXL
solvent strength and transport propertoes besignificantly altered or optimizethy

simply manipulating pressure, temperature and composition of. Sce the CQ
expands the volume of the organic liquid by up to 80%, the amaolutite solvent
(usually a volatile organic compound) needed for a process can be substantially reduced,
lessening iman exposure to toxic chemicals and adverse environmental impact. Further,
the CQ better improves mass transport compared to the pure organic liquid, while the
CXL has solvating properties superior to those of the purg T¢pically, optimal CXL
conditions in the literature are at lower pressures (~30bar), compared to supercritical
fluids (>100 bar), alleviating energy and safety concerns that plague SCF sjElgms.
Distillation methods of separatioare cost and energy intensive, CXL technology

alleviate several issues associated with distillation; (1) Significant reduction of solvent
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amounts that would be eventually recovered from product, should distilla¢gioome
inevitable (2) when C@is extraction is sufficient for product recovery, energy demand
is drastically reduced as simple depressurization can be utilized for recovery of the
product. Brenneck{3] summarized the different ways in which GXL media or SCFs

can affect reactions as:

1) Improved diffusion reaction rates
2) Improved mass transfer
2) Increased reactant solubility (ies)

3) Simpler separations
4) Pressure effect on the rate constant
5) Effects of local density

6) Effects of local composition

Previously, our grougound DMSO 6ne of the mosenvironmentally benigrorganic
solvens) to have the highest kinetic ratamongten other organic solvents, for the
synthesis of dexyl3-methylimidazolium bromide ([HMIm][Br]), a mode€l.[4, 54]
However, DMSO is beset with a very high boiling point 39and heat of
vaporization, rendering it botheconomically and environmentally ndeasible as a
solvent option.Synthesis and processing tfs in gasexpanded DMSO liquid media
may alleviate these issuedhis work, for the first time, leverages the kinetic benefits of
DMSO and the thermodynamic \ahtage of environmentally benign €®@r the
production of ILs. CQis known to induce many Hsolvent mixtures to split into Hich

and solventich phases that can be decanted, or, at higher pressures, extracted,by near
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or supet, critical CG,.[55] In this study, we explore the use of &&panded DMSQ@s
a reaction media for the synthesis &fMIm][Br] at different pressures and at two

temperatures 313.15 K and 333.15 K.

6.2.2. Kinetic Data

Figure 63 presents e@nversionover time for the synthesis of [HMIm][Br] from 1-
bromohexanand methylimidazolein CO, expanded DMSGt 30 bar and 40°CThe
reaction rate constants in CXL (DMSOQO) are reportedable 65. The rates of reaction

was found to increase over tempreture by a fagtdwo, at all concentration©nly a
moderate decrease wabserved for rate constant with pressure and €nposition.
Some decrease in the rate constant is not surprising, asy@i€ally lowers the rate of
reactions that have a relatively polar transition sfa®® - CO, reduces the polarity of

the organic solvents. So, polarity decreases with increasing cGficentrations, as
illustrated inFigure 6.4. However, the reaction rate was not drastically lowered by
addition of CQ until a very high concentration of G@Qvas attainedabove the mixture
critical point of the DMSO/C@system). We attribute this trend to local composition
effects. Spectroscopic investigations of reactions in the GXLs have been useful in
elucidating solvent effects at a molecular scale. Past studies show that both bulk
(pressure, such as increase in,@GOmposition), and local (local compositions of the
solvent), properties can affect reaction rafés.17, 53] To understand this trend, we
conducted spectroscopic investigations for@la® expanded DMSO system. With varied
CO, composition/pressures, the €@&xpanded solvent medium changes in polarity, as

illustrated inFigure 6.5. The Kamlet TaftKT) parameters) , an®E(30) were found to
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decrease very little over the @Ocomposition ange investigated, while the
polarizability/dipolarity () had a larger decreasgth CO,. The polarity data for this

CXL emphasizes the ability to tune the solvent property of gas expanded liquids that is
exploitable KT parameters are the environment that the probe feels (i.e. the ratio of the
two solvent molecules around the probe). This may be similar to the transition state of
the reaction. The effects oflocal compositions have been studied experimentally and
through molecular dynamic simulations. At times, bulk solvent properties do not
adequately describe overall observed behavior due to preferential solvation of solute
molecules by one of the components in the mix8%e56] The cybotactic region (local
composition) is characterized by thelumeimmediately surrounding a solute molecule,
and in which the local solvent structure is stronglffected by intermolecular forces
between thesolute and the solvefl] This local composition varies with the bulk
solvent compositiorand can drastically affect reaction rates. Kim and Johrs&towed
concentration of the esolvent around a solute molecule to be as high as 7 times that in
the bulk. In the same study, they observed the shift of the solvachromatic dye, phenol
blue, in mixtures of carbon dioxide and-solvent (15.25% acetone, ntleanol, ethanol,
octane), as function of pressyigd] Preferential solvation of the probes by DMSO (i.e.,

the probe sees mostly DMSO molecules around it) causes only a minimgédhathe
Kamlet Taft KT) par amet Erf3@) uplio, xC@ > G Idterature data for pure

CO, suggests a sharp decreas&(80) atxCO, > 0.85[36]

The  * value (sed-igure6. 5a) only decreases from 2GO, = 0, pure DMSO) to 0.61 at

more than half molar composition of @xCO, = 0.63). Although this lowered* by
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40%, a’ * value of 0.61 indicates a still relatively polar medium, comparable toraeetd s
“* yvalue of 0.62 and that of acetonitrile at 0.66. Literature data for methanol, acetone and

acetonitrile suggests a sharp decreag€@ > 0.85 to the pure CQralue.[6, 36, 41]
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Figure 6.3 Conversion over time for the synthesis of [HMIm][Br] from 1-bromohexane and
1-methylimidazole in CO2 expanded DMSO at 30 bar and 40°C, CMIM,0=1.390 mol/L
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Table 65 Overall kinetic rate constants taken at different pressures at 313.5 K and 338slaga
1:1:5 mole ratio of methylimidazole to bromohexanéo 5DMSO

313.15 K(40°C)

Pressure (bar) Initial Xcop k x10° (M™ sec™)
0 0.000 111.3+2.51
24 0.102 70.2 +5.83
30 0.184 65.17 + 1.67
60 0.595 53.67 +3.49
90 ~0.99% 9.90 + 1.56

333.15 K(60°C)

Pressure (bar) Initial Xcoz k x10° (M™ sec™)
0 0.000 571.0 + 15.52
30 0.125 416.9 + 48.17
50 0.259 391.2 + 22.62
60 0.326 271.0 + 8.65
100 0.594 100.0+1.41

6a at above mixture crit
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Pure CO2[17]
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Figure6.5 " * ( a) ER30)(d) for CQ expanded DMSO with composition.

Further,the local composition enhancement of DMSONISOqc,) around the probes
wasestimated using literature methods, based on bueasurementd17, 22, 35, 41,
56, 57]A mixture with no local compsition effects,would havespectral shifts linearly
related to the shifts of their pure components weighted by their mole fractions in the

mixture, so that:

P =Xp; + X, Eqn 6.3

Thus local composition effects can expressed as the deviation Hgpm6.3 as,
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D,O* :,0* - (%0, +X,0,) Eqn 6.4

Were (1) =xDMSO, (2) =xCO,, so that to determinexpmsooca, the deviation in® *
( ¥ is computedrom Eqgn 6.3, based on the valued pure acetonitrile '(* puso) and
pure CQ (" €0,). Then @@ *s assumed to be zero so thatusojoca bECOMES:

P - p;

— Eqn 65
P - P,

)(1 =
A composition enhancement factor (CE§-Ylefined, similar to Ford et 1], where

CEF — XDMSO|0caI

Xpmsabulk

Although Maroncelli and coworkers[58] have shwn, by molecular dynamics
simulations that this methodology exaggerates the extent of preferential solyation
especially when electrostatic interactions cannot be neglabtdnote that this a good
first approximation. Figure 6.6 (a) presents CEF witxCO,: we find that theCEF
exhibits a modest change €0, < 060. It shows that the local mole fraction of DMSO
is larger than that in the bulk solution. For exampleCad, = 0.45 XDMSOyc4 = 0.68,
and is 30% greater than the bulk concentration of DM&EDAS Oy = 0.55). Although
thelocal compositiorwas enhancedith bulk CO, composition largeCO, composition
reduceghe concentration of the solvendiluting the bulk and consequently the number
of DMSO molecules around the profshown inFigure 6.6 b), thus causing a reaction
rate decreas7] The net of these two countering effeciacreasingCEF with bulk
CO, composition and thaliluting effect of CQ) explains therelatively high rate

constants akervel for the CQ-DMSO systemseven at higher pressureslthough the
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rate of reactiorin CXL systems go down with the composition of less polap, ke
reaction rate constant remain relatively high for this reaction. ffarsd emphasizes
opportunities presented IO, expandediquids; one can successfy replace significant

amouns of the organic solven{green initiative) while maintaining strong solvent

properties.
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Figure 6. 6 (a) Composition Enhancement Factor (CEF) for CO2 expanded DMSO (b)) loca
composition of DMSO with bulk CO2 composition

Chen and coworkers attribute this behavior around the critical region to large isothermal

compressibility and low density of the fluid at close to critical conditifirs.27].

6.2.3. Separations/CQ extraction

Although the amount of solvent needed for reaction is drastically reducesirgy CQ,
at the end of reaction, the IL still has to be recovered from the reaction mixture.
Distillation methods would incur significant cost, as this method of separation can be

energy intensive. In chapter 4, we showed unique phase behavior thabellgheraged
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for separationTable 65 summarizes phase transitions and mixture critical points in CO
expanded DMSO IL synthesis systems at various loadings and pressure. In the
IL/DMSO/CO, system, we find that a thrg@ase (VLLE)equilibrium can occur: for
example, at 4T and 81.32 bar, VLLE occurs. The first liquid is IL rich and the second
rich in CQ,; at 85.87 bar, VLLE goes back to VLE. If the IL rich phase is separated from
the system, C@extraction can then be used to purify the new concentrated system.
Extraction runs in the laboratory demonstrate that a separation greater than 98% purity of
the IL can be achieved. For example, an extraction experiment achieved 98% purity from
0.5grams ba 2 HMimbr: 5DMSO system at 80 and at 150 bar, using 120mL of €0

A more rigorous setup that optimizes extraction factors such as mass transfer would be
better than these runs carried out in an autoclave, with a stirring bar for mixing. We also
appreate that, often, the last percent of purity is often the most expensive to achieve.
While these are first pass attempts to explore this potemtial) optimized case, mass
transfer would be greatly enhanced. The important factor is that thea@DDMSO
recovered will be recycled back into the system, adding to the overall efficiency of this
route.More studies will have to be carried to out identify optimal recovery amounts. Life
cycle analysis and detailed economic analysis will be insightful to reaéfibs of

synthesizing ILs via this route, see chapter 7.
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Figure 6. 7: lllustrating multiphase phase transition in gas expanded DMSO

Table 6.6 Summary of Phase transitions and Mixture Critical Points in

CO, expanded DMSO IL Synthesis Systems at 40C

Systems Phase Transitions
(Pressure (Bar), * Mixture Critical Point)

1:1 Reactants : 5DMSO +CO|2Y 3 ( VL L E, 1 (849) Y
2 [HMim][Br] : 5DMSO +CQ, [2Y3 ( VLLE, 81.32) V|
1:1 Reactants : 20 DMSO + GO2Y 3 ( VL L E, 1'§86.143) Y

~

2[HMim][Br] : 20 DMSO+CQ [2Y3 ( VLLE, 94.64) VY|

1-Methylimidazole + CQ 2Y3(VLLE, B@L7®H7) Y
Bromohexane- CG, 2Y 1°(84.90)
1:1 Reactants + CO 2Y 1°(87.53)

6.2.4. Summary

CO, has been demonstrated to be a potential solvent for the synthesiker{l-B-
methylimidazolium bromide ([HMIm][Br]), at differenpressuresand at temperatures

313.15 K and 333.15 KThis synthesis route affords easy separatisimsply by
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controllingthe pressure loading of GOThe rate of reaction undeertainconditions was
found to beas attractive as usingonventionalorganicsolvent. The rate of reaction
decreases with increasing €@ressure for imidazoliurbasedlILs, especially when
operating abve the mixture critical pointAlso, it has been demonstrated that phase
equilibrium, as well as the solubility of CQOplays a sgnificant role in understanding

kinetics by decoupling the various effects of compressed CO

The synthesis of ILs in C{expanded DMSO systems is a potential solvent route for IL
synthesis. Althouglncreasing C®@ concentratiordecreasethe polarityof polar aprotic
DMSO, high reaction rates are still attainable for this solvent media, up until about
greater than 80 percent @@ole fraction, and are attributed to local composition effects.
Compared to all the CGsystems for IL synthesis studied img research, CXIDMSO

has the highest rate of reaction. Further, we demonstrated thkingie benefits of
DMSO and the thermodynamic advantage of environmentally benign c@® be

leveragedor the production of ILs.

199



References

[1] W. Wu, W. Li, B. Han, Z. Zhang, T. Jiang, Z. Liu, A green and effective method to
synthesize ionic liquids: supercritical @@ute, Green Chem., 7 (2005) 7004.

[2] Z. Zhou, T. Wang, H. Xing, Preparation of ionic liquid Ngalkylimidazolium
halide,in: F.Z.S.G. Shuomingshu (Ed.), China, 2005.

[3] Z. Zhou, T. Wang, H. Xing, ButyB-methylimidazolium Chloride Preparation in
Supercritical Carbon Dioxide, Ind. Eng. Chem. Res., 45 (20065225

[4] J. Schleicher, in, University of Kansas, Lawrence, ansJSA, 2007.

[5] Y. Ikushima, N. Saito, M. Arai, K. Arai, Solvent Polarity Parameters of Supercritical
Carbon Dioxide as Measured by Infrared Spectroscopy, Bull. Chem. Soc. Jpn., 64 (1991)
22242229.

[6] S.O. Nwosu, J.C. Schleicher, A.M. Scurto, Higfiessure phase equilibria for the
synthesis of ionic liquids in compressed CO2 fdrekyl-3-methylimidazolium bromide
with 1-bromohexanand tmethylimidazole J. Supercrit. Fluids, 51 (2009391

[7] M. Poliakoff, J.M. Fitzpatrick, T.R. Farren, P.T. Anast&een chemistry: science
and politics of change, Science, 297 (2002)-800.

[8] M.E. Sigma, S.M. Linley, J.E. Leffler, Supercritical Carbon Dioxide: Behavior of
pie* and beta Solvatochromic Indicators in Media of Different Densities, J. Amer. Chem.
Soc, 107 (1985) 1471472.

[9] L.A. Blanchard, Z. Gu, J.F. Brennecke, HiBhessure Phase Behavior of lonic
Liquid/CO2 Systems, J. Phys. Chem. B, 105 (2001) 24B/%.

[10] M. Nunes da Ponte, Phase equilibriaomtrolled chemical reaction kinetics in high
pressure carbon dioxide, J. Supercrit. Fluids, 47 (20093504

200



[11] W. Ren, B. Sensenich, A.M. Scurto, Hifhessure Phase Equilibria of Carbon
Dioxide (CO2)+ nAIkyl-Imidazolium Bis (trifluoromethylsulfonyl) amide lonic Liquids,
The Journal of ChemicaliErmodynamics, (2009).

[12] A.M. Scurto, S. Aki, J.F. Brennecke, CO2 as a separation switch for ionic
liquid/organic mixtures, J. Am. Chem. Soc, 124 (2002) 10RY&/7.

[13] R. Dohrn, G. Brunner, Higpressure fluigphase equilibria: experimental methods
and systems investigated (198893), Fluid Phase Equil., 106 (1995) 22%.

[14] T. Kraska, K.O. Leonhard, D. Tuma, G.M. Schneider, Correlation of the solubility
of low-volatile organic compounds in neaind supercritical fluids. Part I: applications to
adamantane and-&arotene, J. Supercrit. Fluid., 23 (2002) -2221.

[15] D.J. Miller, S.B. Hawthorne, Determination of Solubilities of Organic Solutes in
Supercritical CO2 by Online Flame lonization Detection, Anal. Chem., 67 (1995) 273
279.

[16] J. Schleicher, A.M. Scurto, Kinetics and solvent effects in the synthesis of ionic
liquids: imidazolium, Green Chem., Published Online: DOI: 10.1039/b808364a (2009) in

press.

[17] Y. Ikushima, N. Saito, M. Arai, K. Arai, Solvent polarity parameters of suieedr
carbon dioxide as measured by infrared spectroscopy, Bull. Chem. Soc. Jpn., 64 (1991)
22242229.

[18] A.G. Bowing, A. Jess, Kinetics of singéend twephase synthesis of the ionic liquid
1-butyl-3-methylimidazolium chloride, Green Chem., 7 (2005)-235.

[19] A. Ahosseini, E. Ortega, B. Sensenich, A.M. Scurto, Viscosity-alky-3-methyt
imidazolium bis (trifluoromethylsulfonyl) amide ionic liquids saturated with compressed
CO2, Fluid Phase Equilibria, 286 (2009)62.

201



[20] A. Ahosseini, W. RenA.M. Scurto, Understanding Biphasic lonic Liquid/CO2
Systems for Homogeneous Catalysis: Hydroformylation, Industrial & Engineering
Chemistry Research, 981.

[21] M. Arai, S-i. Fujita, M. Shirai, Multiphase catalytic reactions in/funder dense phase
C0O2,J. Supercrit. Fluids, 47 (2009) 3356.

[22] J.P. Hallett, C.L. Kitchens, R. Hernandez, C.L. Liotta, C.A. Eckert, Probing the
Cybotactic Region in GaBxpanded Liquids (GXLs), Acc. Chem. Res., 39 (2006) 531
538.

[23] B. Kerler, R.E. Robinson, A.S. BorovilB. Subramaniam, Application of CO2
expanded solvents in heterogeneous catalysis: a case study, Appl. Catal., B 49 (2004) 91
98.

[24] M.G. Evans, M. Polanyi, Some applications of the transition state method to the
calculation of reaction velocities, espmly in solution, Transactions of the Faraday
Society, 31 (1935) 87894.

[25] C. Reichardt, Solvents and solvent effects in organic chemistry, 3rd ed.,- Wiley
VCH, Weinheim, Germany, 2003.

[26] K.P. Johnston, C. Haynes, Extreme solvent effects on rea@tenconstants at
supercritical fluid conditions, AIChE Journal, 33 (1987) 2@026.

[27] C.A. Eckert, B.L. Knutson, P.G. Debenedetti, Supercritical fluids as solvents for
chemical and materials processing, Nature, 383 (19963383

[28] M.J. Kamlet, RW. Taft, The Solvatochromic Comparison Method. 2. The alpha
scale of Solvent HydrogeBond Donor (HBD) Acidities, J. Amer. Chem. Soc., (1976)
2886:2894.

202



[29] M.J. Kamlet, R.W. Taft, The Solvatochromic Comparison Method. |. Thesoela
of SolventHydrogenBond Acceptor (HBA) Basicities, J. Amer. Chem. Soc., (1976)
377-383.

[30] M.J. Kamlet, J.L. Abboud, R.W. Taft, The Solvatochromic Comparison Method. 6.
The pie star Scale of Solvent Polarity, J. Amer. Chem. Soc., 99 (197766627

[31] C. Laurece, P. Nicolet, M.T. Dalati, The Empirical Treatment of Soh&oiute
Interactions: 15 Years of pi*, J. Phys. Chem., (1994) 5&RI6.

[32] J.A. Hyatt, Liquid and Supercritical Carbon Dioxide as Organic Solvents, J. Org.
Chem., 49 (1984) 5095101.

[33] M. Maiwald, G.M. Schneider, Solvatochromism in supercritical fluids, Berichte der
BunsenGesellschaft, 102 (1998) 9@®BA4.

[34] A.P. Abbott, C.A. Eardley, J.E. Scheirer, Analysis of dipolity/polarizability
parameter, pie*, for a range of supercritical d&ji Phys. Chem. Chem. Phys., 2001
(2001) 37223726.

[35] S. Kim, K.P. Johnston, Molecular interactions in dilute supercritical fluid solutions,
Ind. Eng. Chem. Res. , 26 (1987) 12008613.

[36] T.W. Randolph, J.A. O'Brien, S. Ganapathy, Does Critical QinsteAffect
Reaction Rate Constants? Molecular Dynamics Studies in Pure Supercritical Fluids, J.
Phys. Chem., 98 (2002) 41-43.79.

[37] C.B. Roberts, J.E. Chateauneuf, J.F. Brennecke, Unique pressure effects on the
absolute kinetics of triplet benzophengrtetoreduction in supercritical carbon dioxide,
J. Am. Chem. Soc., 114 (2002) 848563.

203



[38] M.E. Sigman, S.M. Lindley, J.E. Leffler, Supercritical carbon dioxide: behavior of
.pi.* and .beta. solvatochromic indicators in media of different densitidgsnJ Chem.
Soc., 107 (1985) 1471472.

[39] Y. lkushima, N. Saito, M. Arai, Supercritical carbon dioxide as reaction medium:
examination of its solvent effects in the neaditical region, J. Phys. Chem., 96 (1992)
22932297.

[40] D.S. Bulgarevich, T. Sakd'. Sugeta, K. Otake, Y. Takebayashi, C. Kamizawa, Y.
Horikawa, M. Kato, The Role of General and Hydro@anding Interactions in the
Solvation Process of Organic Compounds by Supercritical Ga&@dtnol Mixtures, Ind.
Eng. Chem. Res., 41 (2002) 262081

[41] J.W. Ford, J. Lu, C.L. Liotta, C.A. Eckert, Solvent Effects on the Kinetics of a-Diels
Alder Reaction in Gagxpanded Liquids, Ind. Eng. Chem. Res., 47 (2008)6z82

[42] D.A. Waterkamp, M. Heiland, M. Schluter, J.C. Sauvageau, T. Beyersdorff, J.
Thoming, Synthesis of ionic liquids in miecreactorsa process intensification study,
Green Chem., 9 (2007) 103490.

[43] H. Jin, B. Subramaniam, Exothermic oxidations in supercritical CO2: effects of
pressurdunable heat capacity on adiabatic tempeearise and parametric sensitivity,
Chem. Eng. Sci., 58 (2003) 189901.

[44] R. Span, W. Wagner, A new equation of state for carbon dioxide covering the fluid
region from the triplgooint temperature to 1100 K at pressures up to 800 MPa, J. Phys.
Chem.Ref. Data, 25 (1996) 1509.

[45] E.W. Lemmon, M.L. Huber, M.O. McLinden, REFPROP Referene Fluid
Thermodynamic and Transport Properties, in, 2007, pp. NIST Standard Reference
Database 23

204



[46] A. Ahosseini, A.M. Scurto, Viscosity of ImidazoliuBased lonicLiquids at
Elevated Pressures: Cation and Anion Effects, International Journal of Thermophysics,
29 (2008) 1222243.

[47] K.R. Harris, M. Kanakubo, L.A. Woolf, Temperature and pressure dependence of
the viscosity of the ionic liquids-thethyt3-octylimidazolium hexafluorophosphate and
1-methyt3-octylimidazolium tetrafluoroborate, Journal of chemical and engineering
data(Print), 51 (2006) 1161167.

[48] K.R. Harris, M. Kanakubo, L.A. Woolf, Temperature and pressure dependence of
the viscosity of the ionitiquid 1-butyl-3-methylimidazolium tetrafluoroborate: Viscosity
and density relationships in ionic liquids, J. Chem. Eng. Data, 52 (2007322805

[49] K.R. Harris, L.A. Woolf, M. Kanakubo, Temperature and pressure dependence of
the viscosity of the ian liquid 1-butyl-3-methylimidazolium hexafluorophosphate, J.
Chem. Eng. Data, 50 (2005) 1771782.

[50] D. Tomida, A. Kumagai, K. Qiao, C. Yokoyama, Viscosity ofButyl-3-
methylimidazolium Hexafluorophosphate+ CO2 Mixture, J. Chem. Eng. Data, 52 (2007)
1638-1640.

[51] J.C. Schleicher, A.M. Scurto, Kinetics and solvent effects in the synthesis of ionic
liquids: imidazolium, Green Chem., 11 (2009) 6M38B.

[52] K.W. Hutchenson, A.M. Scurto, B. Subramaniam, Gapanded Liquids (GXLs):
Fundamentals and Appations, in: Gas Expanded Liquids and NEaitical Media:
Green Chemistry and Engineering Washington, D.C., 2009,-8p. 3

[53] J.F. Brennecke, E.J. Maginn, lonic liquids: innovative fluids for chemical
processing, AIChE J., 47 (2001) 238339.

205



[54] A.A. Chrisochoou, K. Schaber, K. Stephan, Phase Equilibria with Supercritical
Carbon Dioxide for the Enzymatic Production of an Enantiopure Pyrethroid Component.
Part 1. Binary Systems, J. Chem. Eng. Data, 42 (19975531

[55] S. Nwosu, J. Schleicher, M. Scurto, Kinetics and Polarity Effects for the synthesis

of ionic liquids in compressed G®anuscript in preparation, (2009).

[56] S. Kim, K.P. Johnston, Clustering in supercritical fluid mixtures, AIChE J., 33
(1987) 16031611.

[57] J. Zhang, D.PRoek, J.E. Chateauneuf, J.F. Brennecke, A St&dte and Time
Resolved Fluorescence Study of Quenching Reactions of Anthracene and 1,2
Benzanthracene by Carbon Tetrabromide and Bromoethane in Supercritical Carbon
Dioxide, J. Am. Chem. Soc., 119 (1997899991.

[58] P.T. Anastas, J.B. Zimmerman, Peer Reviewed: Design Through the 12 Principles of
Green Engineering, Environ. Sci. Tech., 37 (2003)-90AA.

206



pa ~ o~ - .- N e

x8 CAAT ET co )ITEA , ENOEA 001 AOGAOGEIT 1

7.1.Introduction

Many factors are involved in the catia | activity of selecting

an

synt heses, based upon principles of Agr een

When selecting a solvent for an ionic liquid (IL) alkylation reaction, issues such as
sustainability, environmentalmpact, cost (separation and raw material) and kinetics
(polarity) come into play. ILs are often synthesized in toxic, volatile and environmentally
harmful solvents. To date, the alkylation step has been carried out in a variety of
traditional, volatile orgnic compounds (VOCs). For exampleord et al[1], used
petroleum ether and acetonitrile to synthesize quaternary ammonium ILs. $eélvan
al.[2], used tetrahydrofuran (THF), and hexane as solvents for synthesizing imidazolium
based ILs. Neveet al[3], used pyridine and diethyl ether for pyridinium based ILs.
Dichloromethane has been used to psscquaternary ammonium, imidazolium, and
pyrrolidinium ILs[4, 5] Bonhéte et al[6], used methanol, acetonitrile, and
trichloroethane in processing imidazolium ILs. Karodit al[7], used toluene to

synthesize phosphonium based ILs.

This chapter considers the economic feasibility of, and penalties associated with three
solvent platforms: 1) conventional organic solvents; 2) compressed and supercifgal

3) CO,-Expanded DMSO.At the early design stages of alternative technology
development, it is useful to perform comparative quantitative assessments to identify key
economic and ensenmental driver§8] To date, it represents the most complete body of
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work on the alkylation step of IL synthesis. The rate of reaction is influenced heavily by
the Apolarityo of t hp, 10 Althaghihignkinetic ratéeswanee or
preferred, straightforward and legnergy separations are needed to purify the IL. The
environmental impact, cost and kinetic yield are critical factors for solvent selection in IL
production processes. Additionally, the human health impact, especidiy eblvent, is

an important aspect of designing safed anore sustainable processes.

Here, four different routes for the alkylation step for IL synthesis are compared. The first
three routes, acetone as an optimal organic solvent at ambient pressweQ@),
expanded reactant system (2) and a €panded DMSO (CXL) route (3), are compared

to a conventional solvent route dichloromethane (DCM) most often used in literature
studies. Environmental impact analyses are carried out based on cemgetematerial

and energy simulations of processesehtory data involving IL synthesis is scarce in
the literature: only a few groups have attempted or considered the environmental impact
of segments of, or complete, IL synthesis processes. Kraisah[11, 12], analyzed the
synthesis of some ILs using estimated data. Zlergy., carried out a comparative life
cycle analysis (LCA) forthe manufacture of cyclohexane in-bdtyl-3methyt
imidazolium tetrafluoroborate ([BMim][Bff). Righi et al, also looked at comparative
cradleto-grave LCAs of cellulose dissolution withhkltyl-3-methylmidazolium chloride

and Nmethytmorpholinen-oxide. The errors in estimates used for IL synthesis are very

high, due to limited data availability.

To evaluate proposed novel routes for IL production, this section marries results from

experimental kinetic studies, and thermodynamic computation and ngpdBlitential
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Ahot O spots . e., uni t operati ons t hat
profitability, in the life cycle of the processes are identified. While optimized design
configurations for these processes is beyond the scope of this currdntresuiting
engineering recommendations will serve as

in future applications.

7.2.1L Process Development

7.2.1. Background

Only a few studies have considemedction engineering or process intensification for the
production of ILs. Micrereactors have been investigated for IL synth¢s 14):
WaterKamp et al[13, 14] present a technique for the synthesis oebulyl-3-
methylimidazolium bromide ([BMIM][Br]) in a continuougloperating micrereactor
system in a solverftee modus. While the results achieved were promising, micro
reactors may only be used for relatively low viscosity liquids, requiring sufficient
pumping for the higtviscosity liquefied product. For instantke melting point of
[BMIM][CI] is 66.95°C which means that the temperature of the microreactor must be set
well above that temperature. They note that, even for m@actors used in large scale
batch synthesis of [BMIM][Br], safety risks and conceritdate that reactions be carried
out in a solvent. Jess and Gro&s®ving have also described important reactor
engineering issues and properties for the neat synthesistbf/3-methylimidazolium
ethylsulfate and [BMim][CI] IL4.15] Their kinetic modeling yielded recommendations

for IL synthesis in an adiabatic loop reactor. They confirm that IL synthesis, without
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solvent use, would require extensive heat exchange for cooling in order to avoid a
runaway reactor scenario: they set aximum temperature of 180, where IL
discoloration typically occurred. Further previously from our group, Schleicher carried
out an analysis of IL synthesis in a continudlosy stirred reactor, using acetone as the
solvent of choice (both from an enviroental stand point and for separation): he
investigated reactions in adiabatic and -agdibatic conditions[16, 17] Results of
engineering computations for both reactor configurations were compared by energy
requirement and size for a specified conversion rate and outlet temperature. The non
adiabatic pocess was found to be superior, as it required smaller reactor volumes. These
studies recommend a continuous process for the quaternization step of IL synthesis.
Using the Linear Solvation Energy Relationship (LSER) with environmental and toxicity
databaes, our group found acetone, of 10 organic solvents studied, optimal for favorable
kinetics as well as minimal human and environmental impact. In the long term, large
scale production of ILs will need continuous schemes, making solvent use necessary for
the synthesis process. The exothermicity of quaternization reactophé for 1-
methylimidazole and-bromobutane is96 kJ/mol, with an estimated raway adiabatic
temperature greater than 48[13, 14]) is a source of safety concerns. Solvent use would
manage thb heat generated from the reactions, as well alleviate viscosity [48,4$]
However, the use of a solvent introduces¢aill separation issues: the amount of solvent
must be minimal, yet sufficient to address heat, viscosity, processing, etc., issues.
Depending on the amount of solvent used, the viscosity of the system increases as the IL
conversion progresses, driving up utility costs for pumping the proBuher, wehave

shown that the choice of a solvent is very critical for this type of reaction, as the rate of
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reaction is a function of polaritypacentration and temperature; all these factors must be

weighed and balanced when designing production processeslfor an

7.2.2. Design Heuristics for IL Process DevelopmertAn Overview

A simplified pictorial process flow diagram is summarized in the superstructure
presented irrigure 7.1. The proposed alkylation process will start in a mixer, where the
reactants and solvents are mixed and preheated. The mixture proceeds to the reaction
vessel and then a separating vessel, which could be flash drum, distillation column, gas
stripper, etc., épending on the choice of the solvent. At each stage, efficient design of
each unit operation requires judicious selection of engineering parameters and properties
for eventual scale up. In specifying a mixer, for example, density of the mixture, thermal
conductivity, heat capacities and enthalpy of mixing will be considered in developing an

optimal design.

Mixer Reactor Separating Vessel
Pty 4 ¢ Dy N =KCuimCrx p1ith % p Dy
Reactants Pl 4 € D; Solvent
Solvent Y '\ o Product
Y T =
Q, AH,,
Q, AHi Q, AHveP  HEX

Figure 7.1 Proces sheet for IL production
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Analysis of experimental and pilot scale data is key in achieving sfates
implementation of commercial size processes. A common factor affectingugcisle¢he
resulting increased energy dissipation in larger vessel volumes: heat transfer surface area
per unit volume decreases, which could lead to hot spots, consequesuliing in
unwanted runaway conditions. As we have previously shown, feed conditions (molar
ratios, temperature, etc.) are among the important factors that inherently affect
conversion/yield. Care must be taken at the mixer stage to ensure little eaaton

takes place before mixing is completed. Chemical engineering and design texts are rich
with accounts of such variations (such as energy dissipation) in going from pilot to
commercial sizes, which can have effects on sgplsuccess by a factor gter than 10.
Dimensionless numbers are used in engineering designs to estimate parameters using

physical properties.

7.22.1. Mixer

For the mixer, the Damkoehler numbdd, ,, is typically employed for engineering

scale up for mixer design as usually remains the same for different vessel sizes;
concentration, feed location and impeller rotation rate are additional useful parameters for

scaleup, as they provide information about the mixing effects that need to be considered.
t
D, =%
a, [R

where ¢, is the mixing time and ; is the reaction rateD,,, is less than 0.001, the

reaction rate is slower than the mixing rate and the chemical kinetics is the limiting

phenomena. Wheb,,, > 1000, the reaction rate is much faster than mixing rate; when
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0.001 <D,,, <1000, the reaction and mixing rates compete and both mitiag and

chemical kinetics must be considered. SchleicHd, 17] used seHdiffusion
measurements byH NMR of 1-methylimidazole and -bromohexane in DMSO to
compute the diffusiorontrolled reaction rate and compared it to the experimentally
determined rate. At 26, the predicted diffusienontrolled reaction ratég , is 1.66x18
M™sec¢! while the reaction irDMSO has reaction rate constanof 2.22x10° M'se¢’

[17]. Thus, the actual rate of reaction is four ore&rsnagnitude below that of diffusion

controlled regime D, ,, is much lss 0.001) and is not limited by diffusion limitations.

7.2.2.2. Separations

For separation (using high pressure ;C&lvent platform, operating pressure above
mixture critical point of reactants and @Qthe reaction starts out at one phase (critical)
and thenas the product (IL) is generated, it forms a different phase (refer to chapter 6).
At the desired conversion, the product can be sequestered by simply separating the
mixture in a separation/flash vessel. In designing a simple flash vessel, it is assatmed th
the vapor and liquid are in equilibrium, and that the vessel is adiabatic (no heat lost or
gained). Additionally, a material balance, a heat balance, and equilibrium data are
necessary. Several design heuristics are available for traditional solgghatidn
(encountered in the case of acetone solvent route). Typically, operating pressure is
determined by the temperature of the most economically available condensing medium
(for example, 10A2C°F for cooling water), or by the maximum allowable reboiler

temperature (150 psig steam and 366 F). The economically optimal reflux ratio is about
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1.2 times the minimum reflux rati®k,. Several thermodynamic properties will be

essential in the design of aptimal distillation process.

7.2.2.3. Reactor

In a plug flow reactor (PFR), reactants are fed to the inlet and the products are removed at
the outlet. The reaction takes place within the reactor as the reacting mixture moves
through the pi ¢ erpperiies are aésurhed to e unitformly digiributed
across the crossection of the reactor. The design equation for a reactaintthe PFR is
obtained by writing its mass balance over a deferential volume of the reacting mixture
dV. The theoretical mdel used to simulate the reaction is based on a second rate kinetic
system, described in chapter 2. The second order kinetic rate expression can be described,

given a: ¥methylimidazole while b: -bromohexane, as:
r =k(T)c,c,

where, c, =c,,(1- X). The temperature dependent rate constant is given by the

Arrhenius relationship

a- Ea

oo

Assuming ideal plug flow, and neglecting radial concentration and temperature gradients
inside the pipe, and axial dispersion of heat arabs, the resulting mass and energy

balances in terms of reactantrethyl imidazole ) are:
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dT _U,DT + (- r,(T))(- DH,,(T))
dV a (nicpi)

whereU, is the overall heat transfer coefficiem . (T) is the enthalpy of reaction and

Rxn
the n;, ¢, are the molar flow and heat capacities, respectively, of each specie (reactants
and solvent, if any). For practical applications, the overall heat transfer is a function of
flow velocity, system geometry, fluid properties, and operating temperatuaesounts

for all resistances, both by conduction and convection. A generalized overall heat transfer
coefficient can be expressed as :

1

U,=—= :
* A Resistanc

For this plug flow configuration, it becomes

T L
©1 D 1emKs
hi /Wall ho

The external heat transfer coefficidntaccounts for the heat transfer from the wall to the
cooling water. The internal heat transfer coefficiens the heat resistance between the
reaction mi Xt ur e sX,iathadifféerdnee ofitwo tradirwheae the wmiael |
and outer radii are used to define the thickness of a pipe carrying the fluid. These
coefficients may be obtained using empirical correlations based on dimensionless
numbers such as the Reynolds numldgg Nusselts numbeNy,and Prandt | 6s

Npr. The Reynolds number is the ratio of inertial forces to viscous forces, and measures
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the relative importance of these two types of forces for given flow conditions. It can be

expressed as

It is particularly useful for characterizing flow regimes, such as laminar or turbulent flow:
laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, while
turbulent flow occurs at high Reynolds numbers, and is dominated by lihertes.

The Prandtl number is ratio of the shear component of diffusivity for momefiuip

the diffusjpgsoty for heat &/

/
Vs c,m
N, = P

r % /
pr

The Nusselt number is used to relate data for the heat transfer coefficemhermal

condctivity & of the fluid, given a characteristic dimensién (for a pipe,D is its
diameter).

hD
N e
Nu /
Heat transfer coefficient correlations abound in design and chemical engineering
literature. To employ these types of correlations, mixtamast be thoroughly evaluated
to ensure appropriate correlations are being applied, and it is the burden of the design
engineer to ensure that assumptions are not violated, and hold true under operating

conditions. For instance, to estimate the heat tearcsfefficient for laminar flow inside a

pipe, one such correlation by Sieder and Tate is given as
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whereNge <2100 and (Nre Nre D/L) > 100; L is the length of the pipesm is the fluid
viscosity at bulk average temperature apds the viscosity at the wall temperature.

Several estimations can be made where no data is available; however, accurate fluid
property data are essential for optimizing reacsigh. Jess and GrosBéwing [15]

found up to a 50% difference in value for overadlat transfer correlations based on
correlation computations (with estimated fluid property data) versus those based on
regressed data from experiments. Fluid property data for mixtures encountered in various

IL synthesis routes are presented in Chagter

7.3.Principles of Green Engineering

The Environment al Protection Agency (EPA) d
commercialization and use of processes and products that are profitable, while
minimizing source pollution and environment and humaks.The exciting aspect of

green engineering is the marriage of the, sometimes conflicting, concepts of human

health and environmental protection, with cost effectiveness. The key factor is early
implementation or adoption of green engineering thinkihthe design and development

phase of a process or product. Annastas and Zimmeg2@jaiHustrate this in twelve,

now widely accepted, principles/guidelines of Green Engineering, as follows:

1. Designers need to strive to ensure that all material and energy inputs and outputs

are as inherently nonhazardous as possible.
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2. ltis better to preventhan to treat or clean up waste after it is formed.

3. Separation and purification operations should be designed to minimize energy
consumption and materials use.

4. Products, processes, and systems should be designed to maximize mass, energy,
space, and timeffeciency.

5. Products, processes, and systems should be "output pulled” rather than "input
pushed" through the use of energy and materials.

6. Embedded entropy and complexity must be viewed as an investment when
making design choices on recycling, reuse, oebeial disposition.

7. Targeted durability, not immortality, should be a design goal.

8. Design for unnecessary capacity or capability (e.g., "one size fits all") should be
considered a flaw.

9. Material diversity in multicomponent products should be minimizgat@éanote
disassembly and value retention.

10. Design of products, processes, and systems must include integration and
interconnectivity with available energy and materials flows.

11.Products, processes, and systems should be designed for performance in a
commercia"afterlife”.

12.Material and energy inputs should be renewable rather than depleting.

The Twelve Principles of Green Chemisil]:

1. Prevention: It is better to prevent waste than to treat or clean up waste after it has

been created.
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. Atom Economy. Synthetic methods should be designed to maximize the

incorporation of all materials used in the prodess the final product.

. Less Hazardous Chemical Synthese®herever practicable, synthetic methods
should be designed to use and generate substances that possess little or no toxicity

to human health and the environment.

. Designing Safer ChemicalsChemicaproducts should be designed to effect

their desired function while minimizing their toxicity.

. Safer Solvents and Auxiliaries The use of auxiliary substances (e.g., solvents,
separation agents, etc.) should be made unnecessary wherever possible and

innoauous when used.

. Design for Energy Efficiency Energy requirements of chemical processes
should be recognized for their environmental and economic impacts and should
be minimized. If possible, synthetic methods should be conducted at ambient

temperature angressure.

. Use of Renewable Feedstockd raw material or feedstock should be renewable

rather than depleting whenever technically and economically practicable.

. Reduce Derivatives Unnecessary derivatization (use of blocking groups,
protection/deprotection, temporary modification of physical/chemical processes)
should be minimized or avoided if possible, because such steps require additional

reagents and can generate waste.
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9. Catalysis Catalytic reagents (as selective as possible) are superior to

stoichiometric reagents.

10. Design for Degradation Chemical products should be designed so that at the end
of their function they break down into innocuous degradation products and do not

persist in the environment.

11.Reaktime analysis for Pollution Preventon: Analytical methodologies need to
be further developed to allow for reihe, inprocess monitoring and control

prior to the formation of hazardous substances.

12.Inherently Safer Chemistry for Accident Preventionn Substances and the form
of a substancesed in a chemical process should be chosen to minimize the

potential for chemical accidents, including releases, explosions, and fires.

The ultimate goal of this area of engineering is achieving sustainability. In many cases,

one, or more, of the princiebecomes challenging to adhere to: the more applicable

principle then supersedes the others. In attempting to optimize processes with regards to
minimizing waste, environmental and human impact, while maximizing profit, scientists

and engineers struggle balance these principles. The first listed principle, along with

LCA, is the key approach for fAgreeningo engi
achievePrinciples 1, 2 3, possibly4, 5and 10 of green engineering by systematically
selectinggreen solvents, or solvents with the least environmental impact, while also

heavily weighing energy input for the process. Additionally, in meeting these goals, we

meetPrinciples 1 through 5of green chemistry.
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Separation design is the most energy intensegment of many chemical processes;

energy is required for purifying products or for compressing @Ohigh pressure.

Resulting emissions and cost are identified as the key impacts of the chosen processes.

Here, CQ is found to be kinetically compétie for IL synthesis: it requires no other

separation beyond flashing off GQvhich is then recycled. However, the LCA approach

dictates that the cost and energy input into the Gfnpression must be considered to

check overall Anet d sustainable advantage (
pumps, compression cost and energies required, kinetic rates and downstream

separations).

7.4.Risk Impact Categories

Environmental riskassessment measures the probability of adverse digtBhysico

chemical propertiesfesubstances such as boiling point, melting point, vapor pressure,
Henryds | aw constant and solubility are use
risk impact categories includezone depletiofchange in the amount of ozone;,, @ the

stratospkre resulting from the release of a given solvent; related to the same amount

rel eased by t richl of28)f and globa nvarmihga poterdtial emi ss .
(accumulation of infrared energy released by 1 kg of solvent relati¥ek¢pCQ.[23)).

Smog formations the capacity of a given solvent to create smog formation agdjts.
Bio-concentration facton s t he rati o of a chemical s con
aquatic orgarsim, compared to its concentration in water. Ranking these indicators by
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order of importance in the choice of a solvent is arguably debatable and often adds
vagueness or ambiguity to green impact studies. At all times, less toxic chemicals should
be used irprocesses. This ensures minimal to zero worker exposure and reduces adverse
effects of potential emission or spil&reen Chemical Engineering Principles land

2). Techniques for processing these impacts factors are widely available. In the area of
ILs, the sheer enormity of the number of possible compounds further frustrates IL
toxicity data availability. Unknown properties for organic compounds can be estimated

using models such as group contribution methods.

7.5.E-Factor

The EFactor is agreen chemisyr metric thatmeasures the efficiency of a chemical
process. It is computed as the ratio of waste generated per kilogram product obtained,
where waste is described as everything but the

desired product. The ideatf&ctor is zero, and higher This can b@messed as:

E - Factor = Totalwastdkg)
Product(kg)

E-factors are indicative of higher environmental burdeable 7.1 is an overview of

typical Efactors associated with different chemical industries.
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Table 7.1 E-factor analysis for industry

Product
Industry* tonnagé E-factof®
Oil Refining 10°%-10° ~0.1
Bulk Chemicals 10-10° 1-5
Fine Chemicals 10%-10* 5-50
Pharmaceuticals 10-10° 50->50

a.) Taken from ref12]

Higher throughput industries, such as oil refining, have lower amounts of waste; the fine
chemicals sectafpharmaceuticals, etc.) show high amounts of waste per unit amount of
desired product. By examining process efficiency, this metric can be a useful tool in
determining figreenero synthesis desi-gn for
factor apprach neglects energy streams, limiting its use for processes in which energy
requirements dominate. For instance, in the quaternization reaction used to produce
[HMIm][Br], the E-factor is essentially ~0 if no solvents were used in the synthesis, since
evely mole of reactant is converted to the desired product when stoichiometric amounts
of starting material are used. However, due to high viscda4e&], low melting points

(solid productqgR7, 28], heats of reactiqa3, 14], etc.,the neat synthesis is typically
undesirable as it will add to higher energy requirements. Further, ILs are typically
produced via a further anion exchange step after the quaternization reactionafibalo

ILs, such as the [HMIm][Br], studied here. Tarion exchange step can add significantly
large amounts of organic solvent and/or water to the overall IL production, dramatically

changing the Hactor. Additionally, the Hactor does not account for recycled materials,
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such as solvent and catalyst, dhdrefore only relates the total amount of mass needed
for processing to the desired output. This is noteworthy, as in this study, the main

advantage of using a gas expanded solvent rests heavily on the ability to recycle CO

For an IL synthesis with atone as the solvent platform, the ratio of the mass of sum of
reactants and solvents to the amount of ionic liquid system, comp«sedoE was found

to be within the range for bulk chemicals (s€able 7.1) . Since Shel donbd
presentation of Hactor about two decades ago, environmental impact assessment
investigations in the literature attempt to account for energy, using different approaches.
For example, Kragch and coworkers[11l, 12] employed an energy efficiency
methodology of accounting for enerBye in four categories: cumulative energy demand

for solvent supply, heating of the solvent to reaction temperature, workup energy, and
thermal disposal of the solvent, required in the dpodion of Zbutyl-3-
methylimidazollium tetrafluoroborate implemented in Umbeitbl, 12 While this
methodology can be potentially useful, the study did not quantify separation energy for
the corresponding solvents. Another method, employed by Fan@l., for an
environmental impact analysis of catalytic olefin hydroformylation in & &@anded

liquid media, accounts for energy requirements by including €@issions due to

energy consumptions infactor waste computation.
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7.6.Rowan Solvent Selection Table (RSST)

The Rowan Solvent Selection Table (RS$A3, 29] attempts to quantify the human and
environmental impact of solvent facs. Our group has previously used this for analyzing

IL production processes. The RSST yields an overall index obtained by normalizing and
weighting each impact factor. In the original formulation, the human impact factors were
weighted higher than the @wmonmental factors as it was originally developed for the
pharmaceutical industry. Our group set the weightings equal. The RSST uses chemical
and environmental properties of a given chemical or solvent for the calculation of an
overall A g r leydakimgdansosadcoust vaviaue environmental parameters and
determining an overall solvent index. Further, RSST software gives the user the
flexibility of comparing processes using a udefined index, that is, an overall weighted

factor such as solvengge, quantity, and environmental impact.

In determining the Index, the values obtained for solvents are compared to that of water,
which has an Index of zef@3] Thus, the larger the value of the Pharmaceutical Index,
thelessigr een o, or sustainabl e, the solvent
incorporating a weighting factor to account for amount of solvent used, the RSST index
allows for a comparison of processes based on the amount of solvent reGairied?.2
presents the Rowan Green index with ten solvents, ranked by kinetic rate constant, for the
synthesis of [HMim][Br] at 48C. [17] The RST Index indicates DMSO as the best
solvent at 0.42, while acetone has a 2.15 index (worst). The neat solvent route has an
estimated highest index of 5, which is similar to the toxicity of synthesizing the IL in a

solvent such as chlorobenzened{ohlorokenzene), found to be the worst solvent choice
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based on how fAgreeno it is for the quater
negligible index value, and would be considered from this impact category as the best

solvent choice.
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Table 7.2 Rowan Green index with ten solvents, ranked by kinetic rate constant,
for the synthesis of [HMim][Br] at 400C [17]
Rowan
Solvent k1x1061 iGreen
(M-sec-) I ndex|o
(0= Best)
Dimethyl Sulfoxide 77.89 0.42
Acetonitrile 21.56 3.21
Neat (1Y 2 Y1 phase) 17.63 >5 (Est.)
Cyclopentanone 15.11 3.6
Carbon Dioxide 7-17 0
Acetone 12.67 2.15
2-Butanone 11.56 3.6
Dichloromethane 8.47 5.36
Ethyl Formate 7.97 3.11
Chlorobenzene (Y 2 phases) 3.64 >5 (est.)
Ethyl Lactate 2.86 1.57
Methanol 2.03 2.52

7.7.Environmental Assessment Methodology

The systematic risk assessment methodology developed by Allen and Shonnard is

employed here for this environmental impact assessment. This is the first time this
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methodology has been extended to ILs systemsvirehmental Fate and Risk
Assessment Tool (EFRAT) is a process design software for estimating environmental and

health impact of designs through screening fate and transport calculations and risk
assessment indices. EFRAT, which resides within the SCERase implements the

systematic risk assessment methodology. First, a mass balance and energy balance is
performed, using process simulation software Aspen HYSIS 7.3 (Aspen Technology
Incorporated). Then, Chemical Partition Estimation is performed far gdavironments,

namely air, water, soil, and sediment. The method computes/predicts the emission
distribution in four compartments (air, surface water, soil, and sediment), assuming
constant emissions are released to the environment. Parameters aredobtain
chemical structures wusing the EPI (Esti mat.i
of physical/chemical property and environmental fate estimation programs, developed by

the EPAGs Office of Pollution Premtiemti on T
(SRC). One segment of the EPI converts emissions into environmental concentrations via

a modified Al evel ' 11 0 multimedia fugacity |
overall process Composite Index can be computed. EFRAT computes avéR&estk

Index for a given process. The air emissions calculator within EFRAT uses emission
factors along with stream data to compute emissions specific to unit operations and
fugitive air emissions rates for each chemical within a process. Risk assessiicas

computed from the EFRAT which resides within the SCENE software are employed

here. As many parameters used in these synthesis platforms are not experimentally
available, estimated parameters used for toxicity were obtained using the EPA Toxicity

Edimation Software Tool (TEST). Chemical partition, persistence and bioaccumulation
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data that are not readily available were computed/estimated using the Environmental
Protection Agencyods EPI ( Es 30] mgutei7.2iB anPr ogr a m:

overview map of the method employed in this study.

Experiments m EPA TEST

Therrr!cdy‘namlc Data Environmental Toxicity Data
Kinetic Data Property Data eg LD
MIR Data " s
N " . . . " . N
|1.1RP | ].S‘Fl‘rGWP”[OD|]rm‘HHFCING|'rm'H|]I:\:G }(_li}-“rk
1 J
Risk Index I"
HYSIS [ |
Mass Balance Ipe
Energy Balance E FRAT
”){ Cost Analysis

[ Assessment |

Cost data

Index, Solvent Price, etc.

Figure 7.2 Systematic Risk Assessment Method Map for this Study
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7.7.1. Fate and Emission Estimation

Several parameters are needed for each chemical in risk analysis study. These include
vapor pressur e, Heootangiwater pargtion caetliaestiom),oio- (
concentration factorBCF), as well as several distribution coefficients suchttees
water/solids coefficientiys), soil/plant coefficientKsp and air/solids coefficient{,).

In scenarios where emitted chemicals may enter or leave compartments via different
processes, we must take such information into consideration. This islefterbed by a
partitioning of chemical between different environmental phasés water, solids (soll,
sediment, and suspended sediment), fish, and aerosol. Thengdex transport between
environmental compartments (air/water, air/soil, water/sedirstc.) can be by diffusive

and nordiffusive mechanisms are described by models such as the Fugacity[Bibdel.

33] The mole fraction or amounts partitioned to the air, water, soilsealiment
compartments can then be approximated. EPI Suite software implements this model,

using data from other programs and an accompanying database.

7.7.1.1. Fugacity Model

The Fugacity Model is widely accepted for quantifying the partitioning of chemicals in
the different environmental compartments. There are 3 series in the Fugacity Model
described by McKaj34] These models describe the partitimgniof an organic chemical

in a control environment with area of 1 kmt 25°C. The 3 fugacity level account for

two environment, where (a) is an environment of only air, water, soil, sediments and (b)
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is the media fish and suspended solids. Level | eséirthe equilibrium partitioning of a
known amount of organic chemical between the homogeneous environmental media with
defined volumes, densities, organic carbon contents, and lipid fraction. This model
assumes that there are ne an outflows of chemial, and no loss by reactions. Level Il

is similar to Level I, however, it assumes steady state with a constant input rate. There is
both advective inand outflow of chemical within the control volume boundary. Loss of
chemical through degrading reactiangay occur. Although steady state is also assumed,
for Level lll, the system is not in equilibrium. In this level, conventional expressions and
typical parameters for intermedia transfer by processes such as wet deposition from the

air and sediment depasin in the water would be used.

The fugacity model Level | quantifies the partitioning of chemicals in the different
environmental compartments, as follows:
1 A T=YR°%p
The termy is the mole fraction in the air phase,is the dimensioess fugacity that
accounts for notideality at low pressures encountered at ambient conditions (1&tim)
assumed to be unitf? is the total pressure. Concentration is related to partial pressure by
the ideal gas law.
1 Water phase: f = xgP°®
Here,oi s t he activity coef kistheé nolefractoran®isi ng Rao
the saturation vapor pressure of the pure liquid chemical. Assuming a very dilute

concentrati on, Heasuseyto relaté canventcaton and fagadity in
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Vi is the molar volume of solution.

1 Soil phase:
It is assumed compounds are sorbed to organic matter in the soil, and are in equilibrium
with water phase concentration, hence thstributed coefficient, which is seen to

correlate withK .

7.7.1.2. Environment al Protection Agencyo6s EPI
|l nterface) SuiteE

The Estimation Programs Interface (EPI) Suite is a Win8dvesed suite of
physical/chemical pqeerty and environmental fate estimation programs developed by the
EPAG6s Office of Pollution Prevention Toxics
A comprehensive search for chemical property data was carried out before using EPI
Suite. In addition, EPSuite implements a database search (called PHYSPBROP
EPI Suite implements several estimation programs.
T Dermwi nE estimates the dgrmal permeabil it
f ECOSARE predicts aquatic toxicity. ECOSAF
separate prograthat estimates toxicity of chemicals discharged into water using
structural activity relationships (SARS).
f KOWWI NE estimates the |l og octanol water p
using group contribution methods.

T AOPWI NE e s t-phasa teactioratg ehemicals and hydroxyl radicals.
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HENRYWI NE predicts the Henryds Law const é
contribution methods.

MPBPWI NE esti mates melting point, boiling
Bl OWI NE estimates aerobic and anaerobic b
chemicals using seven different models.

BioHCwin estimates biodegradation hkafé for hydrocarbons only.

KOCWI NE e st i gnagarécsarkonoenaliked sorption coefficient

for soil and sediment, via two methods, one of which is based ondag K

WATERNTE and WSKOWWI NE esti mate a compoun
BCFBAFE estimates fadtosh bi oconcentrati on
HYDROWI NE estimates aqueous -livgsdortel ysi s r a
following chemical classes: esters, carbamates, epoxides, halomethanes, selected

alkyl halides, and phosphorus esters. It identifies a variety of chemical structure

classes for which hydrolysis may be significant (e.g. carbamates) and gives

relevant &perimental data.

KOAWIN estimates lga, the octanol/air partition coefficient, using the ratio of

the octanol/water partition coefficientgly) f r om KOWWI NE and t he
dimensionless Henry's Law constanpgd f r om HENRYWI NE.

AEROWI NE e st i madfarborne sulestarice sarbed to airborne

particul at es, i .e. the parameter phi (a) .
The fate models WVOLWI NE and STPWI NE use
SuiteE to predict the removal -baskd a chemi c

sewage treatment plant. Mas are given for total removal and three processes
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that may contribute to removal: biodegradation, sorption to sludge, and air
stripping.
f LEV3EPIE contains a level 111 multimedia
partitioning of chemicals among air, soil, sednt, and water under steady state
conditions for a default model "environment".
f ECOSARE estimates ecotoxicity.

The EPI output for all the compounds analyzed are presented in the appendix section.

7.7.2. Relative Risk Index Calculator

The Relative Risk IndexCalculator computes nine environmental and health impact
indexes for overall process: 1) global warming, 2) ozone depletion, 3) smog formation, 4)
acid rain, 5) and 6) human inhalation and human ingestion routecaromogenic
toxicities, 7) and 8) humaimhalation and human ingestion route carcinogenic toxicities,
and 9) ecotoxicity (fish mortality). The general formula for calculating indexes is given
by,

.__ooe)
| [( D)(t )(P)]benchmark

Here,D is a dimensionless mole fraction partitioned to the air, watEl, or sediment
compartment (obtained from the Fugacity Model, for example) Gisdthe reaction
residence time of the chemical in the impacted compartment (unit of time) (EPI output).

P is the inherent impact parameter of the index: for example,abWdarming Potential
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(GWP) for the global warming index. So, the cumulative process index for the

environmental impact category is given by:

n
=4 (*E)
i=1
E; is the cumulative emission rate of chemic&lom the entire process;is the number
of chemicals emitted from the process. Thus, the cumulative process Ipdes (units
of emission rate (mass/unit time), and represents the equivalent emission of the

benchmark compound having the same impact as the actual process emissions.

Finally, a composite process indekd) is calculated as the sum of the normalized

indices,

=8 (143 W)

i=1

I : I , ,
where IY = | W is the weighting factor for each environmental impact category, and
I

A

| is a published nationahdex for each impact category (product of the annual national
emission of the chemical representing the impact category and its average relative risk
index in the national inventory). The weighting factor used is generated for quantification
of environmetal effects that negatively impact ecosystems or human health based on the
distance to target principle, which assumes that 5% ecosystem damage is equal to one
human death per million per year. Individual equations for impacts are summarized
below [22]:

1 Global Warming Potential
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. D A
| sw = GWP3 .

CO2A
where theD values are obtained from the Fugacity Model. Compounds that mineralize
readily to CQ account for indirect contribution due to carbon dioxide released upon

atmospheric oxidationl,"cw_given by:

MWCOZ
Mw,

*
— 3
I ow =N¢

N is the number of carbons in the compound lslmdare the molecular weights.

1 Ozone depletion

. D
|'oo = ODP3 —£

CFC-11

Ozone depletion is computed from photochemical models. Here, data on reaction
lifetimes,atomic oxygen reaction rate constakjt poth given in EPI output, and number
of chlorine in each chemical are used to evaluate this model. Trichlorofluoromethane

(CFCG11, CCI3F) is the benchmark compound.

1 Smog formation

MIRI DAi

3

*
| skF=
MlRFormaldehyde DA,FormaIdehydw

MIR is the tabulated maximum incremental reactivity of the compound. Photo
dissociation of N@ accounts for large portion of the ozone formed in the lower

atmosphere, given by:
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NO, +hv- O°*(P)+NO

O(°P)+0,+M - O, +M

0,+NO- NO, +0,
where M can be nitrogen or molecular oxygen. Volatile migaompounds form radicals
with NO, without destroying ozone, increasing ozone levels. Incremental reactivity was
proposed to evaluate smog formation potential and is defined as changes in moles of
ozone formed as a result of emission into one mole o¥@®€ emitted into air. Different
scales can be used, and several models in the literature exist from estimating IR. EFRAT
employs maximum incremental reactivity (MIR), occurring under, M@nditions when
the highest ozone formation occurs. Higher MIR widative of higher NQlevels. The
benchmark compound for this index is formaldehyde. MIR data was obtained from
different databases: for-rhethylimidazole, the MIR for pyridine was used and fer 1

bromohexane, the MIR for bromobutane was used.

M Acid rain index

Arp =
fe,

p =2
MW,
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X +A BA+ ¢éé

Uis the number of moles of the hydrogen ion created per number of moles of the
compound emittedMW is the molecular weight of the compound and,S® the

benchmark compound.

7.7.2.1. Accounting for Toxicity

Toxicity to humans and the ecosystem are both aceduior as functions of dose and
response. Dose depends on the fate and transport of the chemical and its intake. Although
guantifying this risk can be complicated, Shonnard and E@nsufficiently simplify

this category to quantify this impact for use in engineering design. Inhalation and
ingestion are assumed to be the dominant mode afsexe. For this study, rat inhalation

LCso data were obtained from MSDS sheets when available. Rat ingeBtipdata were

obtained or estimated using the EPAO&s Toxi

ci

7.7.2.1.1. Environmental Pr ot e Estimaion Séftgga@en cy 6 s T o X i

Tool (TEST)

The TEST tool enabl es researchers t o esti

structure. The program uses predictive models obtained from correlating existing toxicity
data to estimated quantitative toxicity valuescts asFLCsp, the concentration of a
certain chemical (in mg/L) it would take to result in a 50% mortality rate for a commonly

used study animal (such as fathead minnows) in a given amount of timeRb€se96
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hr is used). Further, TEST houses a comgmnslve database of experimental values and
can output these with references. Each type of test contains its own library, which varies
in size and composition, of comparison chemicals. In the case where experimental data is

available, it was used insteadasf estimated value.

1 Inhalation norcarcinogenic human toxicity

LCEQTquene3 [i,A 3 D|,A
LC5Qi tTqueneA DTqueneA

*
| wH =

1 Ingestion norcarcinogenic human toxicity

LD Liw D w

5QTolueneg 3

I we =
LDSQi l‘TolueneN DTquen,eN

LCso and LDsp are the lethal concentration and lethal dose values for 50% mortality of
animals(@t s) in an acut e e x-lfedrsair (subscripd), obtasined he r e ac

from EPI output and water (subscrip) .Toluene is used as the benchmark compound.

Cancer related risk is bench marked against benzene. The carcinogenic potential is
determined using Hazard Value (HV35] obtained from the Weight of Evidence
classification schemes of the EPA and of the International Agency for Research on

Cancer (U.S. EPA, 1997 and OSHA, 1938} shown inTable 7.3:
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Table 7.3 Carcinogenicity scoring (Weight of Evidence Classifications (IRIS))22)]

Group Definition HV

A Human carcinogen 5

Probable Human Carcinogen

B1: Limited data B1:4.0
B2: Sufficient Data B2:3.5
Possible Human Carcinogen 1.5

Not Classifiable

m O O @

Evidence of NorCarcinogenicity 0

1 Inhalation norcarcinogenic human toxicity

Icmn = HY 5 _fin 5D
Benzene t Benzen@ DBenzenﬁA
1 Ingestion carcinogenic human toxicity
HV, Liw Diw

| 3 3

*
| cne =

t

Benzene BenzenaVv DBenzenA’\/

1 Ecotoxicity (fish mortality)

LC50f,i [ PCP DPCP,W

The subscript PCP represents pentachlorophenol, the benchmark compound.
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Table 7.4 Summarized definitions for relative risk indices (Curled from the EFRAT Manual)

Relative risk index Equation
1" N, @ M Weo
Global warming ewi = e, Mw; | | " cw, =GWP
Ozone depletion | "on; =ODP
‘ | MIR,
Smog formation SR =
MIRFormaldehye
| ARP
Acid rain AR} = —————
ARF’SQ
. .. . .. * - LDSO,Tquene3 ti,W 3 Di,W
Human norcarcinogenic ingestion toxicity | e =
LDSQi [TolueneN DTquenaN
. .. . .. * = LCSO,Tquene3 [i,A 3 Di,A
Human norcarcinogenic inhalation toxicity I whi =
I-CSO,i [TolueneA DTqueneA
o : HV, . fw , D
Human carcinogenic ingestion toxicity I cnei =
Benzene [ BenzengV DBenzen,W
o . _ WY, t, , D,
Human carcinogenimhalation toxicity | omm,i =
Benzene [Benzen,e'\ DBenzen,eA
. - o LCSOf,PCP3 [i,w 3 Di,w
Fish toxicity | Fri =
LCBOf J t PCPW Dpcp,w

Nc: number of carbond¥l,: molecular weightOQDP: ozone depletion potentiddjIR: maximum
incremental reactivityARP. acid rain potentialf , : persistence of chemical in watefr,, :
persistence of chemical in alrCsq: lethal concentratiortV: hazard value.
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7.8.Assessing IL Synthesis Systems

Environmental evaluation of ttggeennes®f any product or technology should consider
the product life cycle in its entirety, since impacts may occur at, or shift to, various stages
of the | ife cycle. Case in point: the ques
nonvolatile, if many upsteen processes in the life cycle of ILs and precursor chemicals
do involve volatile and hazardous organic reactants. Although the environmental impact
assessments here are focused on the IL synthesis process (reaction and separation of the
product), we prese a brief overview of the reactants and the IL hunaand ecetoxicity.
Jastorffet al., [37] sketch out life cycle analyses for the mualkijective problem of
designing ILs, focusing primarily on influence of sideam influence and anion choice

on toxicity for imidazolium type ILs. Their work illustrates the complex nature and issues
associated with IL use. Zhamg al, [38] carried out an LCA using IL-butyl-3-methy}
imidazolium tetrafluoroborate ([Bmim][Bf) for the manufacture of cyclohexane in a
Dielsi Alder reaction, comparing resultsttvimore conventional synthesis methods. They
found that using the IL resulted in a higher life cycle environmental impact. In selecting
ILs for processes, their stability will be important and can significantly increase
environmental impact. For examplesalkyl-3-methylimidazolium tetrahaloaluminates,
such as [Bmim][AIC]] can decompose to halomethane and alkylimidazole, while ILs
containing [PE]' can be hydrolyzed to hydrogen fluoride. Recently, Righal,[39]
presented environmental impact analyses of industrial cellulose dissolution wiithlthe
butyl-3-methylimidazolium chloride ([Bmim][CI]). They compared the IL system to the
well-established N-methytmorpholineN-oxide (NMMO)/H,O process. [Bmim][ClI]

generates higher environmental loads via abiotic resource depletictiyingrchemical
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and physical factors), emissions of volatile organic compounds antbeicity than does

the NMMO/H,0O process. They found the IL route to be advantageous in the human
toxicity impact category, while major contributions to the environmental impacts come
from precursor syntheses (parent organics, methyl imidazole, butyl chloride and work up
solvents). Contribution to abiotic resource depletion is mainly due textractionof

fossil fuels in particularmethane used in electric and thermal energy production, and
due to crude oil anthethanebeing used as raw materials for these or@anlvents. ILs

have negligible volatility and will not have significant direct air emissions. Their toxicity
is higher than that of acetone: halide ILs will have comparable toxicity to chlorinated
organic compoundsas somestudies indicate minimal degraitbn of [Bmim][ClI] in
water. This evidence indicates that emissions of IL in fresh water would negatively
impact the ecosystem. Kralish and coworkirs] validated the ECO (ecological and
economic optimization) method using IL synthesis. This methodridescenergy,
environmental and economic requirements of routes as efficiencies, while also
considering material costs of the synthesis of ILs in different conventional solvents. They
showed that, for an IL to be advantageous from an environmental standbciencies

associated with its manufacture must be increased.

7.8.1. Assessing IL Synthesis SysteriSFRAT Result

Figure 7.3 presentsinherent riskindices for the nine impact categories computed in
EFRAT for differentsolvents used in IL synthesis. From the figuregtanitrile and
chlorobenzenas associated witlihe highestinherent riskindices of all the solvents
considered; DMSO, methanol, ethylacetate, DCM and acetone all have matrate
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index which translate into lowanvironmental impact. C{Qas a solvent, has the least
environmental impact, with only penalty for the Global Warming Potential index; in
fact, CQ is the reference chemical for the GWP index (see GWP index computation
above). Additionally, environmental credits can be claimed whenuséd are form nen
sequestered sources:nethylimidazoé, compared to -bromohexane, has a higher
environmental impact, due to its high fish (aquatic) toxicity. The model predicts a
preferential partition of -Imethylimidazole into the water andir aenvironmental
compartmentsWhile these are mostly predictetbperties, it is reassuring that the model
predicts little air pollution for the newolatile IL with the predominant pollution
pathways of [HMim][Br] as partitioning to the water and soil. Its air partitioning
fraction/percent is negligible, and is attribd mostly to aerosols that can form, or the IL
adsorbing to airborne particles. Here, conservative estimates were used for the IL, since
no data is available for its toxicity or IRIS ranking. The few available complete material
safety data sheet (MSDSQrflLs are rated highly toxic. For this study, conservative
carcinogenic ranking was used for the IL, resulting in a relatively high carcinogenic
impact results. However, for the purposes of this study, this is does not affect
comparative study as the ILs ipresent across all systems. That most solvents
preferentially partition into the water and air compartment does not come as a surprise.
Most of these solvents are volatile organic compounds (VOC) and are known to be
notorious for air emissions. It is te kinds of solvents that ILs can replace. From the
EFRAT indices, CQis the solvent with the least environmental impact. DMSO has also

a low environmental impact, as does dimethylsulofoxide (DMSO), ethyl acetate and

244



acetone. While these indices are rammiers without weighting, the breakdown is a

useful tool to heuristically select a solvent for preliminary solvent choice/analysis.

[Hmim][Br]
Methylimidazole
Bromohexane
Methanol

DCM

DMSO
Acetonitrile
Ethyl Acetate
Acetone
Chlorobenzene
Carbon dioxide

o

80

W |FT*

W |ING*

w lINH*

M ICING*

m ICINH*

» |0D*
IGW*
ISF*
IAR*

100

Figure 7.3 Dimensionless Index for nine EFRAT Impact Categories for different Solfeniis

Synthesis
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Table 7.5 Chemical Indices for various EFRAT Impact Categories

Chemical IFT* IING* IINH* ICING* ICINH* I0D* IGW* ISF* [IAR~*
1-bromohexane 1.56E-04 246E-03 0.01 0.00 0.15 0 1.60 0.1% 0
methyvlimidazole  1.26E-03 1.01E+01 0.32 1.63 0.01 0 214 0.83 0
Carbon dioxide 7.16E-06 0.00E-00 0.00 0.00 0.00 0 1.00 0.00 0
Chlorobenzene 1.99E-01 5.84E-01 431 0.00 0.00 1.76E-05 235 0.00 0
Acetone 1.74E-04 3.06E-00 0.78 0.72 048 0 2.27 0.14 0
Ethyl Acetate 8.09E-04 235E-01 048 0.00 0.00 0 2.00 023 0
Acetonitrile 1.41E-03 731E-00 39.88 0.00 0.00 0 214 252 0
DMSO TATE-05 1.13E+00 0.00 0.00 0.00 0 1.13 223 0
DCM 2.62E-04 6.78E-01 7.52 0.15 5.67 6.87E-05  0.52 0.01 ]
Methanol 1.27E-05 8.48E-01 0.08 0.00 0.00 0 1.37 0.18 0
[Hmim]|[Br] 2.54E-01 8.58E-01 0.00 3.71 0.00 0 1.78 0.00 0
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Table 7.6 Chemical Partition Summary % (EFRAT Output)

Percent in:

Chemical Air Sediment Soil Water
Carbon dioxide 99.78 0.00 0.00 n.22
Chlorobenzene 87.90 0.02 0.79 1.29

Acetone 4427 0.00 0.03 3569
Ethvl Acetate 73.25 0.00 0.13 26.62
Acetonitrile 43.49 0.00 0.03 5648
DMSO 0.00 0.00 0.01 09.99
1-methvlimidazole 64.07 0.00 0.03 35.89
DCM 98.62 0.00 0.02 136

Methanol 021 0.00 0.02 90.76
1-bromohexane 89.09 0.02 0.76 0.14

[HMim][Br] 0.13 0.10 4.50 0527

7.9.1L Synthesis Process SimulatioPAssumptions and Conditions

To the best of our knowledge, no current industrial sapldor IL synthesis has been
published in the open gratent literature. Conditions are inferred from-male studies

on the basis of good engineering design practice. While extensive effort is required to
achieve optimized scale up of these processes, the simplifications made here are adequate
for the scop of current study, and will yield reasonable preliminary estimates of
expected material and energy flows. HYSIS 7.3 is used to estimate overall process
conversions, the energy consumption (both thermal and electric) and the waste stream
production, as weélas preliminary efficiency estimates of unit operations (reactor,
compressors, separation etc.) for selected routes. The flow sheet for each process is
illustrated in Figure 7. 6. Some of the component IL and reactants, such -as 1

methylimidazole and -bromohexane, are not available in the HYSIS databank.
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Hypothetical groups are created for these set of chemicals. Thermodynamic properties
obtained from methods shown amapter 3 are entered into HYSIS. The basis for the
simulation is the production of the model IL [HMim][Br] at an assumed ratekofHr,

while assuming an equimolar amount eméthylimidazole and -bromohexane in the

feed for all scenarios.

For the conparison study, heuristically optimized reaction and process conditions for the
four routes presented earlier are selected. Best reactor case configurations for the
different systems are employed. Complete conversion of the reactants here is arbitrarily
sd to 99 % in each process. Reaction constants are obtained from experimental kinetic
studies. The simulation parameters unique to the processes are summarid 7ry.
Process optimization and intensification (such as recycling energy or product streams)
will add cost and energy savings. However, we assume that the gain from such
optimization will be similar across the different paths and will not significastihnge

the overall results. Emissions to air are estimated on the assumption that 0.2% of the
input materials were emitted to air as commonly done in other stddiedso, estimates

of major unit emissions are developed using industry emission factaiald® in
EFRAT. The impact of the construction and maintenance of the production plant and
equipment is neglected. Chemical production plant infrastructure is commonly assumed
to have lowor insignificant impact. Carcinogenic impacts are heavily perdlizethis

model, as is the case for several environmental analysis techniques. This emphasizes the

need to examine individual risk indices/components, beyond emission rates. A simplified
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process boundary is illustrated kigure 7.5; analysis boundary is limited to the IL

alkylation synthesis and separation steps.

Air Emissions

Reactants | IL Synthesis Product
- +—
Solvent

— 5 Reaction & Purification

Water Emissions

_—

Waste

Figure 7.5 Life Cycle Assessment Boundary for this IL Production Study

7.10. Process Conditions

Operating conditions were selected based on heuristics and experimental data presented
in previous chapters. Reaction was allowed to occur & §6xcept for acetone and

DCM at 40C, due to boiling point limitation); while higher temperatures can be used for
faster reaction rates, experimental work shows that the quality of product IL can be
significantly affected. Kinetic data are experimentally obtained (see chapters 5 and 6).
Themodynamic properties are obtained from Chapter 4. For Route 1, Synthesis in
Acetone, acetone has a relatively higlifrom Table 7.2) and a low Rowa number.
Schleiche{16, 17], through polarity stdies and the Rowan table, selected acetone as an

ideal synthesis candidate solverurther kinetic studies done for the acetone system
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yielded kinetic data based on mole ratio of acetone to reactants (presented in chapter 5).
Ideally, the least amount adolvent needed for reaction in one phase and reduced
viscosity, while retaining higl rate constant should be sought. Based on rate constant
data (chapter 5) and viscosity data for this system (chapteg.4jne= 0.25 met these
criteria, and thus waselected. Acetone at this composition was found to reduce the
viscosity of the system and improves transport properties of the product IL [HMIm][Br]
For the desired separation, for the distillation simulations, acetone or DCM was selected
as the light kegomponents. For Routkh, Traditional Solvent (DCM) Route, a 1mole 1
bromohexane to 1 molerethylimidazole to 5 mole DCM molar ratio was selected as
the feed ratio. Both Route 1a and 1b processes involve a reactor and distillation column
(seeFigure 7.6). For the neat COroutes, although thk are slightly lower for higher
pressures (chapter 6), the ease of separation afforded by a flash vessst aiondition
(savings from high energy demand associated with distillation (operating cost) was
prioritized over the kinetic rate constant gain (where the penalty is a low rate of reaction
and higher reactor volumecapital cost). This call will be evadted in the economic
analysis. In the CXL route, considering kinetic data (chapter 6), the fast rate constant and
relatively moderate pressure (safety concern), we select 60 bar pressure with molar ratio
of 1-bromohexane:l methylimdazole:EDMSO; the rate constant is highest in
comparison to all solvent platforms considered. Solvent mole fraction input data for
HYSIS were obtained from VLE data (Chapter 4). In the CXL process e€action is
employed for purification of the product; this can be achiendado steps at the desired

purity. The flow sheet for all the processes is showFigure 7.6.
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Table 7.7 Reaction an@eparation Conditions for Simulated Processes

k x 10°
System Solvent P, T 1
(M~7sec)
Synthesis in Acetone ( Route 1)  Acetone latm, 50C 33.00
Synthesis in DCM ( Route 1b) DCM latm, 40C 8.47
CO, as a Solvent (Route 2) CcOo, 140 bar, 60C 49.2
CXL asSolvent (Route 3) DMSO, CGQ 60 bar,60C 271
Neat Reaction (Route 4) - 60C 106.34
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Figure 7.6 Flowsheet for proposed Routes

7.11. Environmental Assessment

The environmental assessment considers multiple categoriespatt on the natural
environment and human health. The method, due to the properties in the database,
associates the IL synthesis as carcinogenic emissions. Compared to acetone systems,

CXL and CQ systems have reduced emissions in most impact categbiiese 7.7
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show the totalpc for all the proposed routes along with a conventional solvent DCM for
illustration. Figure 7.8 showthe relative contributions of the nine environmental impact
categories to th&c The highlCIH value is caused by the use of conservativenases

for the product IL; this does not affect the overall trend as it is present across all the
routes represented. The higher percentages of global warming and acid rain effects
observed for the acetone and DCM routes are due to higher utility comsonfiqt

distillation needs

The Ipc for the DCM conventional process is about 7 times greater than that of the CO
process, 3 times than that of the CXL process and 2.6 times that of acetone. The CXL
process was an order of compared to conventional Fasasg just DMSO as a solvent
reduced the,. value by 50%. These are interesting results: quick heuristic optimization
by Schleicher and Scurto, ranked acetone, above DCM as the optimal solvent using the
rowan table. Fugitive emissions in the £&hd CXL routes (95% of thiec) are from
emission rate factor for the G@xtraction flash vessel. For the CXL and {focesses,

the CQ solvent usage and associated emissions do not increase the environmental
burden, since CQis being utilized as a s@nt and can be obtained from abundantly
available existing sources. In addition, most of it is recycled back into the process. These
results provide research and process engineering guidance for reducing potential

environmental impact of IL synthesis.
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Figure 7.7 Overall environmental indexgc) for different process routéambient

DMSO as a solvent platform is added for comparison).

Figure 7.8 Contribution to overall environmental indelx4) from various categories
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