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Table 1.4 Some solvent applications.

Application

Description

Solvent extraction

Analytical chemistry and

electrochemistry

Organic chemistry

Polyvmer and materials
chemistry

Household and others

In hydrometallurgy to recover metals from ores

In nuclear fuel reprocessing

In waste water treatment

To recover natural products from plants or from fermen-
tation liquors

In organic synthesis and analytical chemistry

As a degreaser and cleaning agent

Eluant in analytical and preparative chromatography, and
in other separation techniques

Dissolving the electrolyte to permit current to flow between
the electrodes, without being oxidized or reduced itself

As an oxidant or a reductant

As a reaction medium and diluent

In separations and purification

As a dehydrator (also in materials chemistry)

As a dispersant

As a plasticizer

As a blowing agent to create porosity

As a binder to achieve cohesiveness in composite materials

Production of powders, coatings. films, efc.

As a developer in photoresist materials

Fuels and lubricants

Paints, varnishes, adhesives, dyes, efc.

Antifreeze

Cleaning fluids

As a humectant (hydrating matenal) and in emulsions
within cosmetics and pharmaceuticals
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Wherever practicable, synthetic methodologies
should be designed to use and generate
substances that possess little or no toxicity to
human health and the environment.

The use of auxiliary substances (e.g. solvents,
separation agents, etc.) should be made
unnecessary whenever possible and,
innocuous when used.



Traditional solvents

» Volatile organic solvents (VOCs)

® Chloroform, Carbon tetrachloride,
Methylene chloride, Dichloroethylane

® BTX: Benzene, Toluene, Xylene

® Acetone, Methylethyl ketone (MEK),
etc.

»CFCs



PROBLEMS WITH CURRENTLY USED SOLVENTS

In the US in the early 1990’s:
« solvent production was 26 million tons p.a.
- of tracked chemicals, many of the top chemicals released or disposed of were solvents
(MeOH, toluene, xylene, CS,, MEK, CH,CI,)

Organic solvent hazards
- flammable (almost all except chlorinated solvents)
= carcinogenic (chlorinated solvents and aromatics)
« high vapour pressure (i.e. inhalation route)
* narcotic (ether, chloroform)

« toxic (MeOH, CS,) %

« mutagens/teratogens (toluene)

* peroxides (ethers)

» smog formation

Dr. Tamer Andrea: Greener solvents



How can we reduce the use of
traditional solvents?

* Solvent recovery and recycle
* Nontraditional reaction systems.
*Solventless reaction systems.

» Green synthesis:

 Green solvents
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Chemuical treatment technologies for waste-water recycling—an
OVEIVIEW (RCS Adv. 2012, 2. 6380-6388)

STEP wastewater treatment: A solar thermal electrochemical
process for pollutant oxidation (ChemSusChem 2012. 5. 2000-2010)
The mmportance of acetonitrile in the pharmaceutical industry
and opportunities for its recovery from waste (Org. Process Res.
Dev. 2012, 16. 612-624)

Green design alternatives for isopropamnol recovery in the
celecoxib process (Clean Techn. Environ. Policy 2012, 14, 697-698)

Pervaporation as a green drying process for tetrhvdrofuran
recovery i pharmaceutical synthesis (Green Chem. Lett. Rev. 2012.
5. 55-64)



Selection of greener solvents

* To choose solvent(s) that will lead to the
lowest possible negative environmental
impacts for a synthetic process.

* There is no such thing as a green solvent. The
greenness of a solvent can only be considered
in the context of the process in which it is
being used.



Selection of Solvents

o |t affects yields, selectivities, and the rate of
reactions.

* The careful selection of the solvent can greatly
reduce the wastefulness and the energy use of
a synthetic process.



Industry segment | Product tonnage | E factor

“E" factor = Mass ofwaste Bulk chemicals 104 - 108 <1-5
Mass of product

Fine chemicals 102 - 104 5-50

Pharmaceuticals | 10 - 103 25 - over 100

R. Sheldon, CHEMTECH 1994, 38.

Mass utilization in fine chemical production

http:/weav.caraet.com/Waste_solvent. htm

Dr. Tamer Andrea: Greener solvents



TR 3

Sheldon E-factor = mass of waste produced/mass of desired
LB product

* The E-factor includes all auxiliary materials and takes
into account the vyields and selectivities of the
reactions. However, it does not take into account the
toxicities or other environmental hazards of the waste
products, nor does it encompass the energy used in
the process.

* Hence, changing solvents, leading to greater
selectivities or more effective separation, can reduce
(improve) the E-factor for the reaction. However, using
a less toxic solvent or changing related reaction rates
has no influence on the E-factor.




A+B

d8

Catalyst 1 Purification
>C+D+E >
Solvent 14 g #Mtir’?r;ﬁjﬂi']
3 g 4 g 3 g B W imE30g
Yield=?

Atom Economy =?
Process Mass Intensity = ?
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Chemical’s EHS file

* An Environmental Health and Safety (EHS) tool
has been developed to assess the direct
environmental risks of a chemical compound.
The EHS profile is calculated by considering for
the environmental persistency, air hazard, and
water hazard; for safety: release potential,
fire/explosion risk, and irritation. Any
compound is given a score for each of these
factors, which are then summed to give an
overall EHS profile.




ENVIRONMENTAL AND HEALTH RISKS
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EHS assessment of organic solvents
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Capello et al., Green Chem (2007) 9, 927



Which solvent Is greener?

PFIZER SOLVENT SELECTION GUIDE

Water
Acetone
Ethanol
2-Propanol
1-Propanol
Heptane
Ethyl Acetate
Isopropyl acetate
Methanol
MEK
1-Butanol
t-Butanol

Pentane
Hexane(s)
Di-isopropyl ether
Diethyl ether
Dichloromethane
Dichloroethane
Chloroform

NMP

DMF

Pyridine

DMAc

Dioxane
Dimethoxyethane

Green Chem. 2008, 10, 31



Pfizer Solvent Replacement Table

Table 1. Solvent Replacement

nongreen solvent alternative
pentane heptane
hexane(s) heptane
diisopropyl ether or ether 2-MeTHEF or
tert-butyl methyl ether
dioxane or dimethoxyethane 2-MeTHF or
tert-butyl methyl ether
chloroform, dichloroethane, or carbon DCM!
tetrachloride
DMF or DMA or NMP acetonitrile
pyridine Et,N (if pyridine used as base)
DCM (extractions) EtOAc, MTBE, toluene,
2-MeTHF
DCM (chromatography) EtOAc/heptanes
benzene toluene

Green Chem. 2008, 10, 31. J. Med. Chem. 2013, 56, 6007.



Editorial Advisory Board of
Organic Process Researchh & Development

“Thus submissions including quantitative measures of
green chemistry performance such as mass
Intensity/efficiency, atom economy, and E-factor are
particularly welcome.”

We warn that authors risk having papers rejected unless
environmental impact and green chemistry principles are
considered.

Papers containing strongly undesirable solvents (e.g.,
benzene, carbon tetrachloride, chloroform, carbon
disulfide, etc.) will only be considered if accompanied by
an analysis of alternatives or if a convincing justification
for such use is presented.”



Unconventional (Green) Solvents

® Water

® Switchable solvent
® Supercritical CO,

® lonic liquid

® Liquid polymer

® CO, expanded liquid



Water- A “green” solvent?

Advantage: the most environmentally benign
solvent in terms of its direct impact in the
environment.

Disadvantage: Its high heat of vaporization can
lead to excess energy demands if it is removed
from a product by evaporation, which in turn
leads to the production of CO,, hence it may be
better to use a less apparently green solvent from
which the desired product can be more easily
produced.




Solvent properties

PROPERTIES OF CONCERN

For green-ness
boiling point / energy to distill

flash point
energy to distill
cumulative energy demand

For utility

polarity

basicity / hydrogen-bond accepting ability
acidity / hydrogen-bond donating ability
viscosity

Dr. Tamer Andrea: Greener solvents



KAMLET-TAFT SOLVATOCHROMIC PARAMETERS

O !
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O 22 o0 2N 08
2 'O Wfﬁx ﬁfﬁ iﬂﬂp
W o Qﬁfﬂ*
Solvent a B m
cyclohexane 0 0 0
benzene 0 0.1 0.59
MeCN 0.19 0.31 0.75
NEts 0.14 0.71 0
water 117 0.47 1.09
L
a
| B ./n*

cyclohexane



®Shifting emission wavelengths
6-propionyl-2-(dimethylamino)naphthalene
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SURVEY OF SOLVENTS (APROTIC)

1.1

1.1 -
® HMPA
ey 1 -
k=
@
_ﬁ 0.9 tetramethyl-
)]
T 0.8 - "® DMA NMP
@OP(OEt); o ®  gDMSO
0.7 o NEL, Mepyg  ®OMF |'
4-M quinoline
0.6 - o N8 B2NMe, Y yhding
- MEK butvrol
0.5 Etzﬂ. EIOAC @ acelone o l'jfr actone
PraOP gDEEF’I‘b{O PhCN
: EtO.CEt o MeDAC - pylana.
> 04 Mai:c?ﬁ4mdgut! o MeO,CH®  carfnate® _ o @PNNO,
S foxene anisole
L; ' o E10,CCl5
& 0.2
— p-xylene oluehe
| cyclohexane, ° o W”““Ephm BhBr
0.1 - hexare, CCl, & . o MeNO,
heptane Cl,C=CCl, Cl,C=CCIH| CHCI, cl.ClL e
D '-' | . ] H| GEEHd_GI T
0 0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 1
Low polarity n* High polarity

Jessop, Green Chem (2012) 14, 1245




SURVEY OF SOLVENTS (PROTIC)
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Jessop, Green Chem (2012) 14, 1245



OVERVIEW OF UNCONVENTIONAL GREEN SOLVENTS

ionic liquids

{0
B3
1.3 &
1.2 - switchable ~ £
polarity &
1.1 4 solvent under ¢ ~
air . ’
0.9 A ethanol ur;?rer CO?.. &
25 °C
0.8 - a .\“\._:under
/ CO:.
B 0.7 1 G 0.1 MPa L B ® switchable
cxl MeOH hydrophilicity
06~ 0.1 MPa solvent
0.5 A :
0.4 6.9 MPa cxl acetone
0.3 - 225 C &
275 °C
0.2 7.1 MPa eCO water
0.1 19 mpPa £ 100 MPa 2 2
0.0 -+ L] 14 L 1 L 1 1 1 | | 1] 1

-0.2 -0.1 00 0.1 0.2 03 04 05 06 0.7 08 09 10 11 1.2
"*
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LIQUID POLYMERS

ethylene glycol

ether
toluene
acetone
MeCN
DMF

QT
&

I Iiﬂuid EDI;I‘HEI‘E I < lonic liguids >
|

I I | I I I I
500 510 520 530 540 550 560 570

Nile Red scale

Me
o. | _AOH 0 0 0
H ? H OH H OH H OH

Ph " n n n
PMPS PPG PTHF PEG

Heldebrant, Jessop et al. Green Chem (2006)



SWITCHABLE-HYDROPHILICITY SOLVENTS

under N2
/—\ /‘\
e - co, \___—/
Hydrophobic R Hydrophilic
\__solvent _~ — solvent
N2 &
— Z
BUSNT SNBu, — TN TNBu,
N, @

O MGQNC6H13 U ; /

Green Chem (2010) 712, 809
Green Chem (2011) 13, 619



A REAL WORLD PROBLEM

Oilsands

Qil, gas &
coal

Oilseed
processing

hexane emissions to air in Canada (NPRI, 2007)

extract P @

with e
solvent oil & distill
—_ _
solvent ~—
oil
& = S

Green Chem (2010) 12, 809



SOY EXTRACTION WITHOUT DISTILLATION

Green Chem (2010) 12, 809
Green Chem (2011) 13, 619

extract @

with H,O
solvent CcO
ey e ———
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What i1s a Room Temperature lonic Liquid (RTIL)?

(R 3+ %8

» Liquid salt consisting at least one organic component
(cation or anion) with melting point below room
temperature

* Properties:
—Negligible vapor pressure

igh thermal stability (~250-400°C)
Igh Vviscosity
ydrophobic or hydrophilic

Dissolve many organic, organometallic, and

Inorganic compounds



lonic Liquids-Evolution

* 1980s: Chloroaluminate lonic Liquids
15t generation LN
Ve AT
J.5. Wilkes, J A, Lewvisky, R.A. Wilson and C.L. Hussey, fnorg. Chem. 21 (1982) 1263-1264.

1990s: Air- and moisture-stable lonic qumds
2" generation

.'
-
__.-""‘--_-'

II'.—IIII IE“: I_
4.5 Wilkes and M.J. Zaworolko, J Chem. Soc. Cheme Commun {1882} 5G65-006

« 2000s: First examples of ,.Task: Specific lonic quulc:ls

3 generation ‘~—1_ o -5~
-,__N £ t‘-.- 4
\—/ [PF

A E. Visser, BLP. Swalloskl, WM. Reichert, R. Mayton, 5. Sheff, A, Wierzbacki, J H. Daves, Jr.
ard R_D. Rogers, Chem. Comwmuar. (2004 ) 135-136.



Growth in Publications

3500

3000

2500
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1500

Publications

1000
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U - r _r_ _ r— r— T+ T 1 T T
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Joan F. Brennecke: Year

Energy Applications of lonic Liquids



Most Commonly Used Cations

— | AN
N @ N. + 2
|
R
1-alkyl-3-methyl- N-alkyl-
imidazolium pyridinium

R
Rl\ +/ 4

/N\

Tetraalkyl-
ammonium

Possible Anions

R R
1\|5I-/ 4
7/ \

Tetraalkyl-
phosphonium

[PFe] [CH3CO,]
[(CFgSOz)zN] (Nng) Cl, Br', I
[CF3SO3]_(TfO_) [BF4], FeCly

33



Structures of Imidazolium ILs
e Cations N@N R: methyl;
AN Z D
R R R’: n-butyl, n-octyl

1-butyl-3-methylimidazolium, BMIM, C,MIM
1-octyl-3-methylimidazolium, OMIM, CgMiv

* Anions
— PR -BF,
— N(CF;S0,), (NTf,) -CF;SO5

-CI

1-butyl-3-methylimidazolium hexafluorophosphate
[BM I M][PFG] 34



R
!

B e O

N

N
|
1
R’ "
/
M*Y~/Acetone or H,0

@S Y phase separation
1
R

X=CI, Br; M*Y~=K*PF;~



Melting points of various chlorides

Salts M.P. (°C)
NaCl 3802
KCI 172
Naclo, 482(d)
(O & R=R'=methyl 125
7N N\ A

R R= methyl, R’=ethyl 87

R= methyl, R'=butyl 65



Influence of different anions on the M.P. of

Imidazolium salts

midazolium Salts M.P. (°C)
Emim]Cl 87
Emim]NO, 55
Emim]NO, 38
Emim]AICI, 7
Emim]BF, 6
Emim]CF;SO, -9
Emim]CF,CO, -14
N/_\N R =methyl, R'=ethyl



Viscosities

lenic Liquid Viscosity / mPa s
Diethyl ether 0.22
Water .00
Ethylene glycol |6
1-ethyl-3-methylimidazolium dicyanamide 21
1-ethyl-3-methylimidazolium tetracyanoborate 22
1-ethyl-3-methylimidazolium bis{trifluoromethylsulfonyllimide 27
1-ethyl-3-methylimidazolium thiocyanate 38
1-ethyl-3-methylimidazolium tetrafluoroborate 38

1, 2-propylene glycol 40
1-ethyl-3-methylimidazolium trifluoromethylsulfonate 43
1-ethyl-3-methylimidazolium trnis{pentafluoroethyltnfluorophosphate 44
1-ethyl-3-methylimidazolium methylsulfate 93
1-butyl-3-methylimidazolium tetraflucroborate 154
1-hexyl-3-meathylimidazolium tetrafluoroborate 224
4-methyl-N-butylpyridinium tetrafluoroborate 291
1-butyl-3-methylimidazolium hexafluorophosphate 371
1-octyl-3-methylimidazolium tetrafluoroborate 468
1-butyl-2, 3-dimethylimidazolium tetrafluoroborate 932
Glycerol 034

W. Pitner — Merck KGaA



Viscosities

800 |
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Joan F. Brennecke:
Energy Applications of lonic Liquids



Properties Sensitive to
Impurities!

» Presence of water, organics, etc. reduces viscosity,
density, etc.

* 1-methylimidazole

+ Water

A Toluene
A 1 4-dimethylbenzene

< 1,2-dimethoxyethane

& Ethanenitrle

o 2-propenenitrile

[b m i m] [B Fd] + Trmethvliethanenimle
Seddon et al., Pure Appl. Chem, 2000



Phase transfer of metal nanopartilces with
organic solvents

0.20
0.25 -
_ 0.16
0.20 -
' 0.12-
~0.15- g
0
Q < 0 4
< 0.10- 08
0.05- 0.04-
\ ¢
OOO T T T T T T T T N I N 1 0.00_
400 450 500 550 600 650 700 — T T T T
350 400 450 500 550 600
Wavelength(nm)

Wavelength (nm)
(a) Au nanoparticle hydrosol,

extracted with (b) benzene, (c) hexane,
(d) chloroform, (e) 10-undecene-1-al,

Uf) [BMIM][PF.] ) &l) hexanol, (e) [BMIM][PFg] )

(a) Ag nanopatrticle hydrosol, extracted with
(b) benzene, (c) dichloromethane,

Wei et al., JACS 2004, 126, 5036. 4l



Dissolution of Cellulose with lonic Liquids

OH CH,OH OH CH,OH
0! o)
HO o) OH
oH Mg OH oH Mg OH
o o
CH.OH| OH HOH,C ) OH

Solubility of Dissolving Pulp Cellulose in lonic Liquids

ilonic liquid method solubility (wt %)
[C,mim]CI heat (100°C) 10%
(70°C) 3%
[C,mim]CI heat (80°C) + sonication 5%
[C,mim]CI microwave heating 25%, clear
3-5-s pulses viscous solution
[C,mim]Br microwave 5-7%
[C,mim]SCN microwave 5-7%
[C,mim][BF,] microwave insoluble
[C,mim][PF] microwave insoluble
[Cmim]Cl heat (100°C) 5%
[Cemim]Cl heat (100°C) slightly soluble

R.P. Swatloski, R.D. Rogers, etal. J.A.C.S. 124 (2002) 4974.



Presidential Green Chemistry Challenge Awards

Alternative Synthetic Pathways Award:
Alternative Solvents/Reaction Conditions Award:
Designing Safer Chemicals Award.:

Small Business Award:

Academic Award : Robin D. Rogers, University of
Alabama

A Platform Strategy Using lonic Liquids to
Dissolve and Process Cellulose for Advanced
New Materials

Combining two major principles of green
chemistry:

and using to
form advanced materials . e



Abs.

Phase transfer of Ag nanopartilcles with
CH,Cl, involving [BMIM][PF]

i

Ag nanoparticle .
hydrosol

CH,CI, +
1.8- ' 8-
| [BMIM][PF] o | .
151 b 151 f
| Cc | e
1.2 g 1.2 S
0.9- f . 0.9 b
_ 9 4
0.6 < 06
0.3 0.3
0.0 0.0
300 400 500 600 700 300 400 500 600
Wavelength (nm) Wavelength (nm)
(A) Aqueous phase (B) Organic phase

Extracted for: (a) 10, (b) 20, (c) 30, (d) 40, (d) 50, (f) 60 minutes

700
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Schematic diagram of phase transferring of
nanoparticles with IL

LSS e AT
agueous Brwi;g g%?‘%e“ > ﬁﬁ agueous

—>
CH,ClI, _ - CH,Cl,
/NN\>V /NN\>V
aqueous

[MVVVID Bre = TTAB (stabilizer) ” CH.C
. %:}Eﬁ@ oLl

A S = ammix ﬁ“&%
(ionic liquid) i

) %‘%@ X
X't PFg, BF, AP %
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Abs.

\_

151
12
Q9;
QBL
QBL

0.0+

Phase transfer of Ag nanopartilcles with CH,CI,
involving KPF,
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1.8+
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Effect of [BMIM][PF.] concentration

=

o

o
1

I Ag nanoparticles
B Au nanopatrticles

S o 00
o o o
1 . 1 . 1 .

Efficiency of phase transfer (%)
S

o
! .

1 2 3 4 5
[BMIM][PF.}/ CH_CI_ (%)

[TTA]* + [PF¢] — [TTAJ*[PF¢]

Lee et al., Colloids and Surface A 2010, 364, 24. 47



Effect of various ionic liquids and
stabilizers

Extraction percentage (%)

60 ~

20 ] hydrophilic hydroprhobic

_[BMIM][BFA] [OMIM][BF,] [BMIM][PF,] [OMIM][PF ]

lonic liquids

Extraction percentage (%)

25+

20

15

10

Lee et al., Colloids and Surface A 2010, 364, 24.

TTAB CTAB |Triton X-100 SDS
(+) (+) (nonionic) )
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Preparation of Metal Nanoparticles/ ILs/ Support

(

o
gaueous

Catalyst

-

~N

aqueous




Metal Nanoparticles/ IL/ Support Catalytic System
(SILC)

porous network

SILC
catalyst particle

® © ionic liquid

‘ metal nanoparticles
50



Selective Hydrogenation

F

S
SO
NE (3M1B)
H,/Pd |1,2-addition H,/Pd
Py~ > —>

| (2M1B)
Isoprene
J
» <.
AWy
i,
\\\\\\<23
™
(2M2B)

Selective hydrogenation of isoprene 51



Ionic Liquids for Organic Synthesis

Aldol reactions

Baylis-Hillman reactions

Claisen condensations/rearrangements
Diels-Alder cycloadditions
Friedel-Crafts reactions

Heck reactions

Pictet-Spengler condensations

Ring closing metathesis

and many others . ...




Ionic Liquids for Green Organic Synthesis

Sowmiah, S.; Cheng, C. I.; Chu, Y.-H. Curr. Org. Syn. 2012, 9, 74-95.

Tseng, M.-C.; Cheng, H.-T.; Shen, M.-J.; Chu, Y.-H. Org. Lett. 2011, 13, 4434-4437.

Chen, C.-W.; Tseng, M.-C.; Hsiao, S.-K.; Chen, W.-H.; Chu, Y.-H. Org. Biomol. Chem. 2011, 9, 4188-4193.
Sowmiah, S.; Srinivasadesikan, V.; Tseng, M.-C.; Chu, Y.-H. Molecules 2009, 14, 3780-3813.
Tseng, M.-C.; Kan, H.-C.; Chu, Y.-H. Tetrahedron Lett. 2007, 48, 9085-9089.

Lin, Y.-L.; Chang, J.-Y.; Chu, Y.-H. Tetrahedron 2007, 63, 10949-10957.

Kan, H.-C.; Tseng, M.-C.; Chu, Y.-H. Tetrahedron 2007, 63, 1644-1653.

Cheng, J.-Y.; Chu, Y.-H. Tetrahedron Lett. 2006, 47, 1575-1579.

Tseng, M.-C.; Liang, Y.-M.; Chu, Y.-H. Tetrahedron Lett. 2005, 46, 6131-6136.

Yen, Y.-H.; Chu, Y.-H. Tetrahedron Lett. 2004, 45, 8137-8140.

Hsu, R.-C.; Yen, Y.-H.; Chu, Y.-H. Tetrahedron Lett. 2004, 45, 4673-4676.

Are ionic liquids really stable chemically? '



Ionic Liquids for Organic Synthesis

Baylis-Hillman reaction in [bmim][PF;]:

lower yield contaminated with side products.

o, 0 DABCO L
A y
RJ\H \)J\oc:H3 [bdmim][PFg], 24 h, rt R)\[]/U\OCHI%

aliphatic aldehydes: 58-66%
aromatic aldehydes: 61-99%

[—\e®
_N__N. N N
HC™ N "Bu | | PFO HaC” ’ “Bu
CH3

[omim][PFg] [bdmim][PFg]

Aggarwal, V. K.; Emme, I.; Mereu, A. Chem. Commun. 2002, 1612-1613.
Hsu, R.-C.; Yen, Y.-H.; Chu, Y.-H. Tetrahedron Lett. 2004, 45, 4673-4676.



Ionic Liquids for Organic Synthesis

®N NN

I
/N OCHg OH ©pg,

N
OH O 9 “lk’/’ | N6
@ W=

Baylis-Hillman reaction
in [bodmim][PFg]

® L

Baylis-Hillman reaction
in [omim][PFg]

()

| | | | | | |
10 15 20 25 30 35 40

Retention Time (min)




Heck Reaction in lonic Liquids : A Multiphasic Catalyst System

0

Pcl(OAc OEt
R | lonic hquxrl R=H OMe

+ [H-Base] + X X=Br1

A @ Cyclohexane (product)
B : Water (salt)

C : Pd/phosphine ligand in
[bmim][PF6]

A. J. Carmichael, et al., Org. Lett. 1,997,
19909.
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Desulfurization of light oils by

chemical oxidation/solvent extraction
with RTILs

Wen-Hen Lo, Hsiao-Yen Yang and Guor-Tzo Wei* Green Chem.
2003, 5, 639.
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Thiols
Disulfides
Sulfides
Thiophenes

Benzothiophenes

Dibenzothiophenes

(DBTs)

Alkyldibe nzothiophene

Benzonaphthothiophenes

R— SH
R—S—S—R’

R—S—R"
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B 25 AR S e chp 3

B e L i B 49 %5 P OH)
EQEY 500ppm—15ppm 2006 6 *
be £ = 500ppm—15ppm 2007# 1"
R 300ppm—50~30ppm 2005#% 17
2N 500ppm—50ppm 2005+ 1"
Ll 500ppm—50ppm 2006# 1 *
i o 500ppm—50ppm 2007 £ 1
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1 ¥+ 12Co-Mo/ALO, i i 2_4r & 3 (HDS) & g 15

H CH,CH,CHg
H -------- @
@ N

Ny

. :: _CH ,CH(CH 3)SH

e

CH,CH,CH3

H
2 . \\\CH3
+ H,S
CH>CH3
O 60

L) -



& i AR (HDS)$ prehisd B

Ff%.ﬁ L—% m.r—w'?@—rkf" °

FiTa A B ¥ %3-*? T

v g TEH %54 ¢ "‘fp"“‘iﬁxﬁéf'ft' » FrAEE R @
TR 2 B

$++*benzothiophenes§rdibenzothiophenes ¥ £ it

E P empiscF L o £ H & 4,6-DMDBT -
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Chemical Oxidation Desulfurization (ODS)



R —

Model light oil

BMIMBF,

or ACN
+

H,0, & AcOH

Two-phase system

_ K[H,0, F[AcOH]
[H,O]

Model light oil

HZOZ
AcOH

BMIMPF,
or
OMIMPF,

Three-phase system

B. N. Heimlich and T. J. Wallace, Tetrahedron, 1966, 22, 3571.
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Extraction + Oxidation of DBT with an oil/IL system
In One-pot operation

[tetrade-:ane ph ase]
S

' Ecmic liquid phsae:|




800

700

600

500

400

300

Sulfur (ppm)

200

100

= BMIM'PF6 | 400ppm
—o— BMIM'BF4 | 466ppm
—A— DMF  314ppm
—= ACN 499ppm

Time (h)

Sulfur content left in model light oil as a function of time with
different solvents in the ODS/extraction system
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Affinity Ionic Liquids for Biomolecular

Interaction Analysis

a NHe HCI b, c
Clh_ ~_CN — cl —
OMe
3 4 (90 %)
=\
N d,ef N_N® _~_~_COH
G T
N ©
NTf,
5 6
(66% in 2 steps) (93% in 3 steps)
HzN COan
BnOZC:\/Nj g
CO,Bn
7
h
H
@
%\NWN\/\/\/COZH
/
® N, o) rNW
H,OC  CO,H

2
(76% in 2 step; 42% overall isolated yield in 8 steps)

Synthesis of AIL 2, [NTA-h-3C-im][NTf,]

Experimental conditions:

(@)
(b)

HCI, MeOH, ether, -20 °C, 24 h;
H,NCH,CH(OMe),, Et;N, CH,CL,, reflux, 2 h;
HCO,H, reflux, 20 h;

Br(CH,)sCO,Bn, 80 °C, 2 h;

H,, Pd(OH),/C, MeOH, rt, 1 h;

LiNTf,, H,0, rt, 12 h;

EDC, DIEA, CH,Cl,, rt, 5 h;

H,, Pd(OH),/C, MeOH, rt, 1 h.




Affinity Ionic Liquids for Biomolecular
Interaction Analysis

Tseng, M.-C.; Tseng, M.-J.; Chu, Y.-H. Chem. Commun. 2009, 7503-7505.
A . .



Phase diagrams for CO, and H,O

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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: (-67°C,5.1 atm) :
I GAS I
I I
I |
~78 31 -1 100
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A CO, emperature (°C) B H,0 emperature (°C)



Physical Parameters of Selected Supercritical
Fluids

Dipole
moment T, P_ P P 400 Py
Fluid (debyes)* (°C)»* (atm)* (g mL")* (g mL")® (g mL)»<

co, 000 @13 )\ 0.47 0.96  0.71(63.4 atm)

N,O 0.17 36.5 72.5 0.45 0.94 0.91 (0°C)
0.64 (59 atm)
NH, 1.47 132.5 112.5 0.24 0.40 0.68 (-33.7°C)
0.60 (10.5 atin)
n-Cg 0.00 196.6 33.3 0.23 0.51 0.75 (1 atm)
n-C, 0.00 152.0 37.5 0.23 0.50 0.58 (20°C)
0.57 (2.6 atm)
SF, 0.00 45.5 37.1 0.74 1.61 1.91 (-50°C)
Xe 0.00 16.6 58.4 1.10 2.30 3.08 (111.75°C)
CCLF, 0.17 1118 407 0.56 1.12  1.53 (-45.6°C)
1.30 (6.7 atm)
CHF, 1.62 25.9 46.9 0.52 1.15 1.51 (-100°C)
H20 374.2 220.5 0.34

2 Data taken from Refs. 62 and 63.

B The density at 400 atm (p,,,,) end T, = 1.03 was calculated from compressibility data.”

C measurements were made under saturated conditions if no pressure is specified or were performed at
25°C if no temperature is specified.



CO, as a Solvent

m Liquid (ca. 50-60 bar, t> rt)
Already found application in dry cleaning etc.

Relatively little studied for reactions, but still many
potential benefits.

m Supercritical (>31 "C, >74 bar)

Usually involves higher pressures, but much more
control over solvent properties

Used for decaffeination, natural product extraction
m Gas expanded liquids
Relatively little studied

Lower pressures, allow higher concentrations of light
gases to be dissolved



Comparison of the properties of gas,

Supercritical fluid and liquid

Mobile phase Density Viscosity Diffusion
(g, ml) (m?/'s) coefficient
(cm?/s)
Gas 0.6~2.0x103 0.5~3.5x10 0.01~1.0
(0.01) (0.01) (10,000)
Supercritical 0.2~0.9 2.0~9.9x104 0.5~3.3x10*
fluid (~ 0.5) (0.01) ( 10-100)
Liquid 0.8~1.0 0.3~2.4x102 0.5~2.0x10"°
(1) (1) (1)

SCFs are used as extraction solvents (e.g. extracting
caffeine from coffee beans, fats from potato chips),

carrier medium for chromatography, and solvents for
disposal of organic hazardous wastes




CO, as a Solvent

 Liquid (ca. 50-60 bar, t> rt)
— Already found application in dry cleaning etc.

— Relatively little studied for reactions, but still many
potential benefits.

 Supercritical (>31 "C, >74 bar)

— Usually involves higher pressures, but much more
control over solvent properties

— Used for decaffeination, natural product extraction
« Gas expanded liquids
— Relatively little studied

— Lower pressures, allow higher concentrations of light
gases to be dissolved



Benefits of supercritical carbon dioxide

Moderate critical pressure (73.8 bar)

_ow critical temperature (31.1°C)

_ow toxicity and reactivity

High purity at low cost

Useful for extractions at temperature < 150°C




Liquid or supercritical CO, as Solvent

Extraction.
Cleaning.

Material synthesis and catalyst: Exploring reaction
Kinetics and routes to new materials.

Material processing for new materials.

Supercritical fluid chromatography.



Decaffeination process

WATER - \

Ty
EXTRACTION R
VESSEL ‘

SOAKED CARBON ¥

BEANS DIOXIDE
A A -

& 7
’  —

-

WATER ﬁ:l".ID
CAFFEIME
PROCESSED ABSORPTION
BEANS _ 4 CHAMBER

Scientific American, June 1997

SOAKING green coffee
beans in water doubles
their size, allowing the
caffeine to dissolve into
water inside the bean.

CAFFEINE REMOVAL
OCCUrs in an extraction
vessel. Caffeine diffuses
Into this supercritical
carbon dioxide, along
with some water.



Decaffeination process

WATER =3

SOAKED CARBON ¥

BEANS DIOXIDE
A A -

& 7
’  —

EXTRACTION
WVESSEL

-

WATER ﬁ:l".ID
CAFFEIME
PROCESSED ABSORPTION
BEANS _ 4 CHAMBER

Scientific American, June 1997

DECAFFEINATED
BEANS at the bottom of
the vessel are removed,
dried and roasted.

RECOVERY of
dissolved caffeine
occurs in an absorption
chamber. A shower of
water droplets leaches
the caffeine out of the
supercritical carbon
dioxide.



Industrial extraction with
supercritical CO,

Decaffeinating coffee and tea
Extracting bitterness from hops to make beer

+ Extracting spices and aromatic plants

+ Defatting cocoa powder : Fat is precipitated
from the supercritical fluid by dropping
solution pressure, so precipitated fat can be
dried and weighed

+ Can be as efficient as solvent extraction (up
to 98% of the available oil )



Techno Rice

m Brand: I-Mei Good for You Rice
m Five King Cereals Industry Co., Ltd.

m Products: brown rice, white rice,
and mixed

m Advantages:

[0 pesticides and heavy metals are
removed

[0 germs and insect eggs are
exterminated

o _ O waxy layer and fatty acid are
Delicious Brown Rice removed; preventing rice from
rancid and retrograded

[0 cooking time is shortened by
25-33% for brown rice

00 shelf life of the bagged rice is
extended

0 nutrients are preserved
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Techno Rice

Brand: I-Meil Good for You Rice
Five King Cereals Industry Co., Ltd.
Products: brown rice, white rice, and mixed
Advantages:
[1 pesticides and heavy metals are removed
[1 germs and insect eggs are exterminated

1 waxy layer and fatty acid are removed; preventing rice
from rancid and retrograded

[1 cooking time Is shortened by 25-33% for brown rice
1 shelf life of the bagged rice is extended
(1 nutrients are preserved
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SFC Commercial Instruments

T

l]! :

Jasco SFC/SFE system (packed column)



LSER equation

log k = ¢, + eE + sS + aA + bB + vV

Oo /AO D
' RERRRRRNY

\\\\\\\\\ AL LN NN Dispersion interaction

& cavity effect

& A

AN AAVANNAAN

Dipole-dipole interaction Basic interaction




HPLC vs SFC

2.5
2

15 ¢
1

0.5
0

-0.5
1

1.5
-2

-2.5 — — —_—

b 5

C18 SFC

Figure 18. Values of the five coefficients (v, e, b, a, 5) on a
C18 stationary phase inlHPLC chromatography (MeOH/H.O
50:50 v/v) and in SFC (CO./MeOH 90:10 v/v).

J. Sep. Sci. 2008, 31, 1238 -1251
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LC column

Phase
C18-silica Cyano propyl Silica gel
C12-silica Propyl phenyl .
C8-silica Porous Graphitic Amino ProPY'

Carbon (PGC) Diol, PVA

Phenyl hexyl | |Fiopinated Phases Ethylpyridine

83




SFC column

C18-silica Cyano propyl Silica gel
C12-silica Propyl pheny! :
C8-silica Porous Graphitic || AMINC Propy

Carbon (PGC) Diol, PVA

Phenyl hexyl | |Fisrinated Phases Ethylpyridine
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SFC Publications per 2-year Period

I | | | | 1 | 1 I | | | | 1 |

76- 78- 80- 82- 84- 86- 88- 90- 92- 94- 96- 98- 00- 02- 04- 06-
77 79 81 83 8 87 89 91 93 95 97 99 01 03 05 07

years
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D
=
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SciFinder search of “supercritical fluid chromatography” OR
“subcritical fluid chromatography” OR “SFC”




Conclusions

lonic liquids have unigue solvent properties
that make them become attractive for
specific function-task specified ionic liquids.

Achiral separations of SFC will become
attractive once the proper-designed
columns are available.

LESR Is a useful tool to characterize SFC
achiral column
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