
聲明 
本檔案之內容僅供下載人自學或推廣化學教育

之非營利目的使用。並請於使用時註明出處。

[如本頁取材自○○○教授演講內容]。 



1 

2014化學年會講習-Green solvent 

Topic: Green solvent 
綠色溶劑回顧與前瞻：分離純化及永續能源之應用 

杜子邦 研究員 

工研院/材化所 

中國化學會2014年會/綠色化學講習會 

103年11月22日 



2 

2014化學年會講習-Green solvent 

Perspective 

•超臨界二氧化碳摻和導電高分子PPy 

•超臨界二氧化碳在高分子基材之吸附及塑化 •超臨界二氧化碳萃取藻油 •超臨界二氧化碳瀝青純化分離 

Supercritical Carbon dioxide, scCO2 

 Blending and plasticizer  Extraction  Separation 

1.*Sustainable Chromatography (an oxymoron?) Green Chemistry, July 14, 2014 (web) 
2.*Ionic Liquids and Deep Eutectic Mixtures: Sustainable Solvents for Extraction Processes ChemSusChem, 2014  
3.*Design and Evaluation of Switchable-Hydrophilicity Solvents Green Chem., 2014, 16, 1187-1197 
4.*Glycerol Based Solvents: Synthesis, Properties and Applications Green Chem., 2014, 16, 1007-1033  
5.*Bio-based Solvents: an Emerging Generation of Fluids for the Design of Eco-efficient Processes in Catalysis and Organic Chemistry  
      Chem. Soc. Rev., 2013, 42, 9550-9570 
6. *Are Ionic Liquids a Proper Solution to Current Environmental Challenges?Green Chem., 2014, Advance Article  
7.*Solvents for Sustainable Chemical Processes Green Chem., 2014, 16, 1034-1055 

看進去 講出來 
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Green  solvent 

Environmental Industrial 

Sustainable 

Description 
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Scope 

Ionic Liquids, 
ILs 

Bio-based 
solvent 

Supercritical 
Fluids, SCFs 

Green solvent 

Waste 
control 
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Content 

Ionic Liquids, 
ILs 

Supercritical 
Fluids, SCFs 

Green solvent 

Bio-based 
solvent 

 Fundamental 

 Research Examples 

 Industrial cases 

Introduction of 



6 

2014化學年會講習-Green solvent 

Green solvents in this talk 

Green 
solvents 

Low toxic 

Low VOC 

Bio-based 

Supercritical CO2 

EtOAc 

Ionic liquids, ILs 

Glycerol and the  
derivatives 

Green 
chemistry 

Solvent free 

water 

Example of water to be not green 

Conserving 
resource 

Managing 
material and 

waste 

About green Telescope 
One pot 

Suzuki couplings 
(salt generating) 

Solvent system: 
90% solvent used recycle 
c.f. 
Water system: 
100% waste or higher recycling  
energy consumption 
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Bio-based solvents 
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Bio-based 
solvents 

Glycerol and 
its relatives 

Carbon-
hydrates 

Lactic acid 
and its 

derivatives 

Gluconic acid 
aqueous 
solution 2-MeTHF Limonene 

and  
p-cymene 

γ-
valerolactone 

Lignin 
derivated 

solvent 

Fatty acid 
methyl ester 

Deep eutectic solvent with 
Choline chlorine (ChCl) 

Bio-based solvents 

http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.aroma-chemical.com/gamma-valerolactone/&ei=2jFnVLe_LYWgmwWKlYKgDA&psig=AFQjCNHnF87smJpxkMFqmljcZwUs90CnJA&ust=1416135502408293
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Green glycerol ? 
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Triacid glycerol 

3x MeOH Glycerol 3x FAME + + 
About 2/3 amount of glycerol 
comes from biodiesel 
production process 

Driving force of bio-based glycerol 

Bio-diesel 
A sustainable energy source 
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Glycerol as reaction solvent 
Promote 

Electrophilic 
reactions 

High 
viscosity 

Low solubility 
of 

hydrophobic 
compounds 

Low solubility 
of gases H2, 

O2…etc 

The good 

The bad 

Ultrasonic or 
microwave 

Assistant 

Glycerol as reaction solvent 



12 

2014化學年會講習-Green solvent 

Acetins : 

Carbonates: 

Ketals: 

Acetals: 

With Β-zeolites catalyst 
95% conv. 70% sel. 

Glycerol derivatives 

Ethers : 
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Special selectivity using 
glycerol derivatives as solvent 

醣基轉換反應，β-半乳糖苷酶 
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Glycerol acetins 

Antibacterial 
Anti-mould 

Caffeine 
extraction 

Cellulose 
plasticizers 

pH regulator in 
hydrolyzed process 

of ceramic 
preparation 

Industrial applications 

Glycerol acetins 

http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.ultra-fresh.com/zh-hans/antimicrobial-applications/&ei=MtJmVKL9IoPImwWG0IDQDA&psig=AFQjCNESlNM3Wm5WLQtPwLlkmyjMdW50jA&ust=1416110946680901
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://theapplediaries.com/too-much-caffeine/&ei=cNJmVNyYE6X3mQWs6oKABw&psig=AFQjCNEHVuhvS_1zSuYde43tD0C0RjGhqg&ust=1416111062303556
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.rivertea.com/blog/green-tea-fat-burner-myth-fact/&ei=wdNmVKzcMaeSmwXxxoK4DA&psig=AFQjCNE9jfqFll8HenZCuBTnN00DbHjwrg&ust=1416111118395883
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.fibersource.com/f-tutor/cellulose.htm&ei=N9RmVNT-JIeumAWjj4LQDg&psig=AFQjCNHE2vUer3MttLNv1jumFughWDXdeA&ust=1416111460967938
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://cwrenewables.wordpress.com/author/chemweekblogger/&ei=2NRmVOuyBoTImwXFwoH4DQ&psig=AFQjCNHE2vUer3MttLNv1jumFughWDXdeA&ust=1416111460967938
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Glycerol formal and 
solketal 

Paint OR ink 
formulations 

Cleaning 
products 

Cooling 
agents 

Injectables 
additives of 

pharmaceutical 

Industrial applications 

Glycerol formal and solketal 

http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://colorjetusa.com/supplies/memjet-inks&ei=RtVmVPT7I8evmAW4qIGoBg&psig=AFQjCNFzYdkMyc4oJdOabZL-sTwphbRJsg&ust=1416111802165780
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.prlog.org/11315887-lanxess-exhibits-at-european-coatings-show-in-nuremberg.html&ei=cdVmVLydGOi7mgW66YCgBA&psig=AFQjCNFzYdkMyc4oJdOabZL-sTwphbRJsg&ust=1416111802165780
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://xiaole.en.alibaba.com/product/382396584-210680597/FL_001_Fever_Cooling_Gel_Sheet_for_adults_child.html&ei=JNlmVOeSLMarmAXa6IHoCQ&psig=AFQjCNFMwzPYZjm9QwggH2i0XeBm75fLUQ&ust=1416112651170848
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Glycerol carbonates 
Glycerol ethers…etc. 

Reaction 
media 

Advantage Major challenge- Tb 

As solvent of reaction 
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Carbohydrates 
Promote 

Electrophilic 
reactions 

Solid to high 
viscosity 

The good 

The bad Aqueous 
solution 

Increase 
stereo-

selectivity 

Low melting 
point 

mixtures 

Carbohydrates 

Assistant 



18 

2014化學年會講習-Green solvent 

Lactic acid and its derivatives 

Low transition 
temperature DES with 

Hydrogen bond 
acceptor ex.ChCl 

High reactive 

The good The bad 

Ethyl lactate 

Lactic acid-ChCl 
dissolve lignin 

corrosive 

Assistant 

Lactic acid  

Tb 151~155℃ 
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Tb 80.3℃ 
Density 0.85 g/ml 

2-MeTHF 

THF  
Toluene 
DCM  
1,2-DCE 

Theoretically replaced 
the solvent system: 

2-MeTHF 6,379 USD/ton 

THF 3,358 USD/ton 

Xylenes 1,752 USD/ton 

DCM 743   USD/ton 

1,2-DCE 687   USD/ton 

*http://www.molbase.com/ 

Price* 
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R in S P in S 
Rxn 

P in few S 

Filtration 

P in 
anti-S 

Filtration 

distillation 

P in high 
partition S 

Extraction 

R in 
HB-S 

P in 
HB-S 

Rxn 

In most cases, high boiling point 
solvent causes higher resource 
consumption during separation 

Second 
solvent 

Second 
solvent 

Problem of high boiling point 
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R in 
HB-S 

P in 
HB-S 

Rxn 

P 

Boiling point of P is sufficient lower 
than R and rxn temp. 

R in 
HB-S 

P in 
HB-S 

Rxn 

P is immiscible or precipetated from 
HB-S. Ex. Polymerization rxn, this may 
also beneficial for the capability of 
high temperature to give high 
molecular weight product.  

P 

Possibility of high boiling point 
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Ionic liquids, ILs 
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ILs’ development and progress 

Ionic liquids: In this regard, remarkable advances towards the replacement of volatile 
organic solvents have been achieved by means of a group of organic salts with 
melting points below 100℃, generally referred to as ionic liquids (ILs)  

Deep eutectic solvents: DESs are obtained by mixing two naturally occurring components, 
namely, hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD), which can be 
associated with each other by means of hydrogen bond interactions. 
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ILs’ development and progress 
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ILs’ cation 

N atom 
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ILs’ anion 
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DESs’ HBA 

Alike: 
Carbohydrates low melting point mixtures 

ChCl 
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DESs’ HBD 
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ILs’ and DESs’ researches 
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Analytical method development 

Copper ion extraction from water sample 

[C4SMIM][NTf2] showed certain selectivity in 
extracting CuII in the presence of CoII, FeII or NiII 

[C4SMIM][NTf2] can be regenerated by strong acid 

Pre-concentration extraction 
Sample 

clean-up 

Conventional LLE for analysis process of extracting polycyclic aromatic hydrocarbons 
(PAHs) from water 

Sample 

LPME Incorporating ILs 

Enrichment factors=42-166 

Efs=2145 

1-octanol Efs=1 

Liquid phase 
microextraction 

Liquid-liquid extraction 
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Rhizoma polygoni cuspidati 
虎仗草 

[C4MIM][Br] 

Trans-resveratrol 
白藜蘆醇 
抗癌、抗心血管栓塞 

Microwave assistant extraction, 
MAE 

92.8% extraction efficiency 

Analytical method development 

http://www.ystzg.com/wp-content/uploads/2012/02/茶疗生活中调理风湿关节方面的病痛的花草茶品种赏析虎杖草茶.jpg
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Analytical method development 
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Removal of pollutants 
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Isolation and recovery 
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Fuel purification 
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Ionic liquids, 
ILs 

CO2 capture 

Recovery and 
extraction of 

metals 

Depolymerisation 
of non-natural 

polymers 

Chitin and 
keratin 

dissolution 

Cellulose 
dissolution 

Should compare with 
industrial chemicals: mono-
ethanol amine, MEA 

The efficiency should be compared 
with Absorbent, chelating agent 

Side rxn ? 
Reuse ablility? 

Applications of ILs 

Precipitation in anti-solvent 
and then ? 

Applications based on 
properties: 

http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.fibersource.com/f-tutor/cellulose.htm&ei=N9RmVNT-JIeumAWjj4LQDg&psig=AFQjCNHE2vUer3MttLNv1jumFughWDXdeA&ust=1416111460967938
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Switchable-Hydrophilicity Solvents, SHSs 
(Reversible ionic liquid, RevIL) 

SHSs – reversible ILs 

Jessop et al., ,Reversible nonpolar-to-polar solvent, 

p.1102, 2005, Nature 

Jessop et al., “A solvent having switchable hydrophilicity” 

p.p. 809-814, 2010, Green Chem.  

 Low VOCs 
 Low energy 

consumption 
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Key issue 

Water 1.水的阻礙 

2.細胞壁阻礙 

3.萃取介質必需兼顧 

   親水及親油兩性 

SHSs in wet algae oil extraction 

Hexane: low extraction 
efficiency due to water barrier 

MeOH: High energy 
consumption due to recycle 
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Solvent with tunable properties 

Solvent with 
tunable 

properties Organic 
aqueous 

Supercritical 
fluids, SCFs 

Gas-
expanded 

liquid 

Water at 
elevated 

temperature 

Switchable 
ionic liquid Recyclable DMSO 

Low pressure CO2 
+ solvent 
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Solvent power 
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Tunable properties of SCF 

Tunable solubility via pressure Tunable solubility via Temperature 

Tunable solubility via 1% cosolvent 

Major difference to conventional solvents: 
The range of tunable properties are in the 
order of magnitude. 
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Reactions in SCF 

Products are easy to separate via 
simply venting. 
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NP formation in SCF 

The precursor should be very special  cost issue 
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Gas-expanded liquids 

Gas-expanded liquids, GXLs: 
Mixtures of organic solvent with CO2 at moderated pressures (3-8 MPa) 

(C.f. scCO2 7.2 MPa) 

In situ acid catalysis: 
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Organic aqueous 

Organic aqueous tunable solvents, OATS: 
For reaction between hydrophilic catalyst and hydrophobic substrate 
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Water at elevated temperature 

DMSO, 47 

acetonitrile, 37.5 

acetone, 21 

Acid-base catalysis process would be enhanced. Also hydrolysis reactions. 
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Switchable solvents 

Recyclable DMSO 
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As green solvent 

Process design of switchable solvents as green solvent 
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SHSs used in polymerization 
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Sustainable chromatography 

Reduce, Reuse, recycle 
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Column 
selection 

High quality 
column 
packing 

Smallest column that 
adequate separation 

Smaller particle or 
spherical silica gel 

Real time 
analysis 

Conserve fraction tubes, 
solvent and time 

Forego 
column 

equilibration 

For commercial pre-packed 
column less than 120 g size. 

Gradient 
development 

TLC first 
Avoid 100% heptane 
100% EA 

Example: 
TLC of rxn mixture Rf =0.1~0.5 
At polar solvent ratio: X% 
Try MPLC from (X/4)% to 2X% 
ratio over 10 column volume(CV) 
and hold at 2X% for 1CV 

Normal Phase, Silica 
Normal Phase, Alumina 
Normal Phase, NH2 
… 
Reverse Phase, C18 
… 
Ion Exchange, SCX 
… 

Overall reduction of organic 
solvent use during silica gel 

chromatography 

Solvent reduction 
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Solvent selection 

Objective: Reduce DCM usage 
Challenge: Familiarizing chemists with alternative solvent systems 
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Metrics 

Metrics from: 
1. Solvent ordered 
2. Solvent consumed 
3. Solvent waste 

Example: 
Drug Discovery Department at the 
Amgen Massachusetts site have reduced 
their absolute consumption of DCM by 
over 60% between 2010 and 2013. 

Chemists to be aware of ! 
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The more ways… 

Fraction 
tubes 

Solvent 
recycling 

Silica reuse 

Reverse 
phase HPLC 
and MPLC 

Reuse of 4L 
bottles 

Overall reduction of resource 
used during silica gel 

flashing/chromatography 

Supercritical fluid 
chromatography, 

SFC 

Hard ! 
Need apparatus and distillation 
process of mixed solvent waste 

Possible ! 
Use TLC to make sure the silica reusability. 

Possible ! 
High melting point is 
a problem to current 
glass recycle system. 

Possible ! 
Although could be recycle, 
reuse is a more sustainable way 

Possible ! 
HPLC reverse phase columns 
are often used for upwards 
1500 injections. 

Possible ! 
How about SCF flashing ? 
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SCF flashing column 

Useful FAME 
C12-C18 
Purity: 97.1% 

C12-C18 
Purity: 70.1% 

Before After 

Before After 

Separation of algae oil FAME, a sustainable energy source 
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Industrial application- ILs 

How powerful to find a suitable application of ionic liquid 
Acid quench reaction : 

Ref: http://www.basf.com/group/corporate/en/innovations/publications/innovation-award/2004/basil 

1-Methylimidazol 
(MIA) 

Life cycle costs 

Not only green, but also make more money  
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Portfolio 
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Industrial application- SCF 

Ref: http://www.dyecoo.com/dyecoo-and-nike/ 

BEAVERTON, Ore. (February 7, 2012) By using recycled carbon 
dioxide, DyeCoo’s technology eliminates the use of water in the 
textile dyeing process. The name “DyeCoo” was inspired by the 
process of “dyeing” with “CO2.” The partnership is illustrative of 
NIKE, Inc.’s long-term commitment to designing and developing 
the most superior athletic performance products for athletes and 
its overall sustainable business and innovation strategy 

textiles 
Colored 
textiles 

1 Kg/ 100-150 L water 

39,000,000 ton/ year 2015 

Large amount of waste water 

Another example of water to be not a green enough solvent 
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scCO2 dying of Nike 

Dyecoo technology used in new Nike factory in Taiwan 

TAIPEI, Taiwan. (December 3, 2013) –NIKE, Inc. celebrated the opening of a waterfree dyeing 
facility featuring high-tech equipment to eliminate the use of water and process chemicals 
from fabric dyeing at its Taiwanese contract manufacturer Far Eastern New Century Corp. 
NIKE, Inc. has named this sustainable innovation “ColorDry” to highlight the environmental 
benefits and unprecedented coloring achieved with the technology. 

Compared to traditional 
dyeing methods, the 
ColorDry process reduces 
dyeing time by 40%, energy 
use by around 60% and the 
required factory footprint by 
a quarter. 
 
…green solvent development 
should keep on going… 



60 

2014化學年會講習-Green solvent 

Green  solvent 

Environmental Industrial 

Sustainable 

Research 

To end up 

“…a green solvent will only be chosen if one exists with the desired properties.”  
–Jessop, 2011 

Sustainable: 
“Development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs.”  

–The Brundtland Commission of the United Nations 
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