




Green Solvents  

• Supercritical carbon dioxide  
• Water 
• Some Ionic Liquids 
• Many Deep Eutectic Solvents (DES) 
• (Virtually) all Natural Deep Eutectic Solvents 

(NADES) 

  

  

  



Process Equipment Laboratory TU Delft (until 2012) 
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 CO2/(eutectic) crystallisation

•  



 protein precipitation/formulation

•  



Principle: Use acidifying power of CO2 to temporarily change 
pH of aqueous solutions, here for soy protein precipitation 

   

Fractionation of proteins       Gentle precipitation

 

CO2 as an reversible acidifier  

Hofland et al., 2001



Applications CO2 as acid

! Soy bean protein, casein (ex milk)  
! Coprecipitation of enzymes 

( activity proven to be maintained) 
! Fractionation, 98% purity of glycinin 

obtainable from soy at large scale 
(10000 times cheaper than 
chromatographic)



 CO2/Ionic liquids

•  



 Extraction/separation/misc

•  



Occurrence of carbon dioxide
• On Mars: 0.01 bar CO2, around 0 °C 

• On Venus: 100 bar CO2, 400 °C 
• On Earth: 0.0004 bar, 15 °C





Carbon dioxide crystals



Under pressure everything 
becomes solid,not liquid !

• Carbon dioxide is a solid at around -80 
degrees (dry ice), but also at room 
temperature and ca. 3000 bar  

• Also water is a solid at high pressures



What on can we do with CO2 ?
• Industrial dry cleaning: no organic use 
• Textile dyeing:no 100kg H2O/kg textile 
• Extraction/crystallisation of natural materials 

and pharmaceuticals containing no solvent 
• Extraction from sludges:no organic solvent use 
• Acidify an aqueous solution, to precipitate e.g. 

proteins using no H2SO4 

• Combine with ionic liquids: a new class of 
processes 

• Foaming, density separation, sterilisation etc



Conditions can be controlled extremely well, with 
the speed of sound, to give  controlled expansion 

and compression (SESS)

Piazzolla.org



Less well controlled expansion 
with speed of sound (RESS)









Supercritical extraction





Melt micronised hydrogenated 
castor oil (dissertation Munuklu)
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Where to get CO2, at what price ?

• CO2 is formed in huge amounts in 
energy and process industry, in very 
pure form in fertiliser industry 

• Costs about 10 cent per kg,  
• Compression costs



Are pressurised processes 
expensive ?



Polyethylene: 3000 bar, flammable, in a 3 km 
pipe reactor, velocities up to 100 m/s, yield is 
30% only per pass. Nevertheless, added 
value less than 100 euro/ton. 

" 
High pressure based processes, in particular 

those using CO2, are expected to cost around 
0.1 to 1 euro per kg treated product.  

  



NAPHTALENE SOLUBILITY IN CO2(Jessop/Leitner)
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Laboratory for process 
equipmentUIPS Utrecht Institute for

Pharmaceutical Sciences

SCF-drying equipment

•100 bar
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Laboratory for process 
equipmentUIPS Utrecht Institute for

Pharmaceutical Sciences

Drying of compounds with CO2 
Glycine morphology – Temperature

α

β 

37°C

37°C

20°C

70°C

10 µm 10 µm 

10 µm 5 µm 

+γ
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 Textile dry-cleaning/textile dyeing

•  





Comparison textile dyeing methods
Conventional 
Process

With scCO2

Clean water 
use

100 L/kg textile 0

Waste water 100 L/kg textile 0

Dye loss up to 50% no

CO2 emission 0.7 kg/kg product 0.5 kg/kg product

Production rate 300 kg/2 hr in a 
1000L machine

300 kg in 1 hr

Costs 1 euro/kg product 0.5 euro/kg product





First full scale machines operating in 
Thailand
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Green Solvents  

• Supercritical carbon dioxide  
• Some Ionic Liquids 
• Water  
• Many Deep eutectic Solvents (DES) 
• (Virtually) all Natural Deep Eutectic Solvents 

(NADES) 

  

  



Ionic Liquids

• Solutions made from ions (salts that are 
liquid at room temperature), Organic or 
organic-inorganic combinations 

• Very low vapour pressure (separate ions do 
not evaporate, ion pairs are not strong 
enough).  

• Can be green if constituents are green. 
• Can be hydrophobic or hydrophilic. 
• Mostly mainly electrostatic bonding.  
• Solvent for chemical or enzymatic reactions, 

for extraction of (bio-)materials





Solubility of CO2 in Ionic Liquids is high 



Ionic Liquid-scCO2 combinations

• First reaction, or extraction using IL or a 
scCO2/IL combination (single phase). 
Subsequently at a different pressure: 

• CO2 can be applied to extract product from IL 
• or CO2 can be used as antisolvent, causing 

product to fall out.



Deep eutectic solvents

• Mixtures of solids that form a liquid at room 
temperature or below. 

• Constituents can be ions (then ionic liquid), 
neutral molecules (urea) or combinations. 



What is a Eutectic ?

from the Greek "ευ" (eu = easy, well) and "Τήξις" (teksis = 
melting).



Green Solvents  

• Supercritical carbon dioxide  
• Water  
• Some Ionic Liquids 
• Many Deep eutectic Solvents (DES) 
• (Virtually) all Natural Deep Eutectic Solvents 

(NADES) 

  

Geert-Jan Witkamp 
  

  



Eutectic: example eutectic freeze 
crystallisation 

Application:  
Crystallisation of highly pure materials from aqueous 
solution. 
Salts, acetic acid, glucose. 

Geert-Jan Witkamp 
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Evelien Pingen best MSc TUD 2008/9
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from Marcos Rodriguez, PhD thesis





Eutectic Freezing of soda  at AVR, 
Rotterdam 
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Past and current biorelated topics 

- 





BEBasic project FDCA 

FDCAFDCA



Humic acids separation 

Purity of ice (from anion IX 
regenerate, with washing steps) 

- 



Deep Eutectic Solvents 
(Q. Zhang et al, Chem. Soc. Rev., 2012, 41, 7108–7146 



Green Solvents  

• Supercritical carbon dioxide  
• Some Ionic Liquids 
• Water 
• Many Deep eutectic Solvents (DES) 
• (Virtually) all Natural Deep Eutectic Solvents 

(NADES) 

  

Geert-Jan Witkamp 
  

  



Pretreatment of rice straw
Kumar et al, Envir. Sci. Pollut. Res. 23 (2016) 9265





*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)

Natural Deep Eutectic Solvents 
NADES)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)

Dai, dissertation. Glucose-choline. (1:2.5).
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*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)

The solubility of quercetin and carthamin in  

1,2-propanediol-choline chloride-water (1:1:1, molar ratio)  

diluted with a different percentage of water. 
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*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)

A. Paivo et al, ACS sust. chem. & eng. 2 (2014)1063
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Example NADES

M. Francisco et al, FLuid Phase Eq.  340 (2013) 77



Example NADES



Example NADES



NADES allow specific separations





Process with NADES 

- Solubility of rutin in ChGly NADES has a maximum in 
20% water.  

- A process would extract rutin with ChGly20, recover 
rutin by precipitation using H2O as antisolvent, ant 
regenerating the NADES by evaporation of the water 
(maybe crystallisation). 

- For other systems  back extraction with water (acidic, 
basic or neutral) worked out.  

  



solubility of CO2 in a DES (butanediol/ChCl)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)



*Process Equipment Section (Apparatenbouw Procesindustrie, API)



NADES 

• Some stabilise natural polymers including proteins 
against drought, high or very low temperatures, 
oxidation, microbes. 

• At low water content they are hygroscopic. 
• Visocity decreases markedly with increasing water 

content. 

  

  







Conclusion 

- Even though many aspects of NADES are not 
understood yet, these food grade solvents already 
are very useful in food technology. 

- Eutectic systems can contribute in various ways 
to food grade green chemistry  

- Processes based on cooling or high pressures 
can be very attractive  

  



New biorelated topics 

- 

• role of the hydrogen bridge in NADES, physical 
explanation (liquid crystal, bond exchange rate) 

• recovery of biopolymers from water treatment 
•profiling and role of (ultra)trace elements (w Peter 
Leon, Gijs) 

•eutectic freeze crystallisation for DSP, eg of FDCA (with 
BPF) 

•extraction and concentration of natural products using 
NADES (combi scCO2) (w Leiden) 

• crystallisation fouling on membranes (w Hans Vrouwnv) 



Other topics (wetsus)  

- 

•Closed loop ion exchange regenerate recovery (drinking 
water ) 

•Closed loop antiscalant recovery 
• Ice growth on cooled surfaces 
•Robust modular software for Pitzer based prediction of 
water and ion activity in aqueous solutions 

•  Solar desalination 
•  Light driven separations 
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Research 
- Crystallisation (precipitation, eutectic freezing)  
- Green Solvents (carbon dioxide, natural deep eutectic 

solvents or NADES) 

Applied to  
downstream processing, water treatment, drug 

formulation, natural products recovery, 
biomineralisation 

Questions e.g. 
- mechanisms of scaling (surface crystallisation) 
- understanding role of NADES in biology 
- role of (ultra-) trace elements 
- coupled driving forces in cell transport 
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…in water since 1906!

•Copyright© en alle rechten van deze presentatie zijn voorbehouden aan EFC b.v. en Hatenboer-Water b.v. 
•De hierin getoonde bedragen en gegevens zijn indicatief en er kunnen geen rechten aan worden ontleend.

Berekening

EFC kan in de toekomst in combinatie met andere  
technieken een alternatief zijn voor brijn infiltratie

Nu 6.000.000 – 8.000.000 m³ brijn per jaar in Zuid-Holland

Door Hogere Recovery: 2.000.000 – 3.000.000 m³ / jaar 

Stel kostprijs verlaging EFC naar € 8,00 / m³ (all–in)

Kosten in Zuid-Holland € 16.000.000,-  á 24.000.000,-

Gemiddeld per tuinder € 32.000,-  á € 48.000,- / jaar

Circa 500 tuinders met brijninfiltratie

Kosten



Process 
Water

Nano 
Filtr.

Ion 
Exch

H2O 
NaCl

Ca2+

Ba2+ Sr2+

Na+

EFC

Ba2+

Ca2+

Reverse 
Osm.1

H2O

Seeded 
Crystall.

Reverse 
Osm.2

H2O
SiO2

EFC

NaHCO3

H2O
H2O

EFC
H2O



Zero Liquid Discharge Water Treatment 
(reference slide)

•Pretreatment  
•UF/RO 
•Removal of scalants by Ion Exchange, Liquid Liquid 
Extraction, Liquid Membrane Extraction etc. 

•Removal of scalants in between RO stages by 
desupersaturation of scaling compounds with in-line 
crystalliser (BaSO4, CaCO3, SiO2, CaSO4xH2O etc) 

•High Recovery RO 
•Membrane Distillation 
•Membrane Crystallisation 
•EFC with in-line removal of scalants by crystalliser, 
winning of valuable trace elements  

•EFC to treat IX regenerates



Water activity controls  hydrated crystal 
phase  transition temperature                    

• Subtitle Arial Bold 24  score 
– Text Arial 20    22 
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CaSO4.2H2O stable

CaSO4.1/2 stable



*Process Equipment Section (Apparatenbouw Procesindustrie, API)

Current crystallisation topics 
[reference slide]

• Eutectic Freeze Crystallisation: scaling, nucleation, 
growth, recrystallisation, coupled heat&mass transfer 
(Onsager),  gas hydrates, hydrodynamic design, 
cooling technology, mechanical design, impurities, 
fractionation 

• Crystallisation from scCO2, ionic liquids,  
• Calcium carbonate (scaling, for paper, antiscalants, 
ultrasound) 

• Scaling sensor, scalant removal  (Wetsus) 
•  Silica (anti-)scaling (Wetsus/KWR) 
• Electrochemical precipitation (phosphate, iron oxides, 
carbonate) (Wetsus) 

• Scale removal by hydrodynamic cavitation/high 
intensity waves 

• Zero liquid discharge water treatment 



Ostwaldripening                    

• Subtitle Arial Bold 24  score 
– Text Arial 20    22 
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Green textile dyeing 

- 
•NADES (natural deep eutectic solvents) for handling 
natural dyestuffs, enabling currently insoluble 
compounds to be used  

•Carbon dioxide as modifier (co- or antisolvent), lowering 
viscosity 

• In collaboration with Natural Products Laboratory Leiden 



HNO3=H2O phases

HNO3 - H2O system

T 
oC
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HNO3.3H2O (Drummond)



[End Movie]
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*Process Equipment Section (Apparatenbouw Procesindustrie, API)
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Purity of ice crystals ex EFC 







EFC separation of ice and salt crystals



Ice

Simultaneous formation of ice and salt

copper sulfate



Eutectic Freeze Crystalliser with KNO3 
and ice



WBTP 302 part 2 crystallisation



EFC at Nedmag (MgSO4)



EFC properties  

-  Also for highly concentrated streams 
(complementory to Reverse Osmosis) 

- 100% yield theoretically (contrary to cooling 
crystallisation) 

- Very high purity of water 
- Salt purity high due to inherent low 

supersaturation (compared to evaporation) 
- Up to 90% lower energy costs compared to single 

stage evaporation, up to 50% compd to triple 
stage (20% estd for NaCl). 



Energy efficiency of complete salt-water  
separation  (equal basis comparison) 
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Energy savings EFC compared to 
3-step evap.
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Contents

• What happens at ultra-high pressures ? 
• Are pressurised processes expensive ? 
• The cyclic innovation model 
• On the implementation of some attractive 

processes with CO2: textile dyeing, ionic 
liquids, protein precipitation, eutectic 
freezing  

• Conclusions


