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A first objective of the present paper is 

- to give a rapid overview of supramolecular and colloidal speciation in 

aqueous/organic liquid-liquid extraction systems; 

- to underline the links between this speciation and macroscopic behaviours such as 

third phase formation, kinetics of metal extraction and cruds formation. 

A second objective of this paper is 

- to give a state of the art on the modelling of the partition of solutes (metal species) 

between the  feed aqueous solutions and the self-organised organic phases. 
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Content

• Supramolecular species & colloids and separation techniques   

• Effect of supramolecularity in liquid-liquid extraction processes

• Tools for supramolecular speciation

• Solutes distribution modelling in supramolecular based systems
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Supramolecular species & colloids and separation techniques
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Supramolecular species & 
colloids
and separation techniques



      

 

École nationale supérieure de chimie de Paris – UMR CNRS 7575 6

Molecular Recognition of Radionuclides, St-Petersburg, 2009

Techniques State versus
supramolecularity

Type and role of 
supramolecular

species

Field of 
application

Micellar
enhanced
ultrafiltration
(MEUF)

Technique 
intrinsically
based on micelles

Adsorption of solutes 
onto micelles and 
removal of loaded 
micelles by 
ultrafiltration

Laboratory
scale

Cloud point 
extraction

Technique 
intrinsically based
on micelles

Nonionic surfactants
aggregate on heating
and constitute an 
extraction phase

Solute
preconcentration

Liquid-liquid
extraction

Technique not 
intrinsically based
on micelles

From micelles/small
aggregates to swollen
micelles

Worldwide used
in 
hydrometallurgy

Supramolecular species & colloids and separation techniques
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Supramolecular species in Micellar Enhanced Ultrafiltration 
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Supramolecular species in cloud point extraction
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Supramolecular species in cloud point extraction
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Organic
phase

• Extractant : Driving force for solute(s) transfer

• Diluent : Physical properties

(density, viscosity, …)

• Phase modifier : Several objectives

- improvement of metal complexes solubility
- 3rd phase formation delayer
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Ideal system

Org

Aq

• Two phase system

• Limpid organic phase

• High selectivity towards target solute(s)

• High loading capacity for target solute(s)

• Sharp extraction isotherms (high Kex)

• Clear interface

• Very low losses of organic phase

(solubility – mechanical entrainment)

Rapid
Settling
(<1 min)
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o

Organic
phase

o

oo

o

o

Examples

HDHP
Di-n-hexylphosphoric acid

R

R
P

O

OH

Monomer
Dimer 
Trimer
Tetramer
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HDHP
Di-n-hexylphosphoric acid

B. Gannaz, PhD, 
University Paris 6, 
2006
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monomer

dimer

tetramer

After contact with water
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HDHP
Di-n-hexylphosphoric acid

B. Gannaz, PhD, University Paris 6, 2006
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o

Organic
phase

o

oo
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o

Examples

DMDOHEMA
N,N’-dimethyl-N,N’-dioctylhexylethoxy
malonamide

Monomer

Aggregates
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Aggregation properties of DMDOHEMA diluted in n-heptane in contact with a 3 M LiNO3 aqueous phase. 
L. Berthon, Y. Meridiano, S.Lagrave, X. Crozes, C. Sorel, N. Zorz, F. Testard, Th. Zemb, 

ISEC 2008, Tucson, Arizona September 15 - 19, 2008
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o

Organic
phase

o

oo

o

o

Examples

Kelex 100
in alkaline media in presence of long chain alcohol, 
in kerosene

= HL
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o

Organic
phase

o

oo
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Examples

Kelex 100
in alkaline media in presence of alcohol, 
in kerosene

From micelles to swollen micelles 

Micelles : (L-,Na+)3(ROH)5(H2O)6

+ Na octanoate

Swollen
micelles
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Fcore < 1nm

Fcore = 2 - 8 nm

Fhydro = 4 – 10 nm
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Colloids in aqueous phases

• Silica

• Humic substances

• Dust from air
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monomers
micelles/
small aggregates gel

Liquid-liquid extraction

MEUF

Cloud point 
extraction
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Effect of supramolecularity in liquid-liquid
extraction processes
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Feed Feed

Initial Equilibrium Scrubbing Stripping Regeneration

Organic phase

Impurities

Scrubbing
solution

Stripping
solutionRaffinateRaffinate

Regeneration
solution
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3rd phase formation
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2 phases 3 phases
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Kinetic effects
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Ga

GaL3

0.16 M Kelex 100
Kerosene + 13 % butanol
+ 6.7 w % surfactant

3.5 M NaOH + 1.5 x 10-2 M Ga(III) 
+ 1.5 M Al(III)
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0.16 M Kelex 100

Kerosene + 13 % butanol

+ 6.7 w % surfactant

3.5 M NaOH + 1.5 x 10-2 M Ga(III) 

+ 1.5 M Al(III)

None surfactant  = 

no microemulsion 

structure

Time, min

Sodium octanoate

Titre
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Possible routes for the liquid-liquid extraction of a metal cation when the 

organic phase is a water-in-oil microemulsion (Cote, 2003)

x= extractant molecules; o = surfactant or alcohol molecules
(for the sake of simplicity, the alkyl chains of reagents have been omitted)  
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Cruds formation

Crud is defined as the material resulting from the 
agitation of an organic phase, an aqueous phase, 
and fine solid particles, that form a stable mixture
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An example : Chemistry of uranium extraction 
and stripping

Extraction :

UO2(SO4)3
4-

aq +  4(R3NH+,HSO4
-)org  [UO2(SO4)3(R3NH)4]org + 4 HSO4

-
aq

Stripping :

In the absence of molybdenum :
[UO2(SO4)3(R3NH)4]org + 4 CO3

2-  U(VI)aq + 4 R3Norg + 4 HCO3
-
aq

In the presence of molybdenum
[UO2(SO4)3(R3NH)4]org + nCl-aq  U(VI)aq + 4 (R3N

+,Cl-)org

Molydbenum is then stripped with Na2CO3

UO2(SO4)3
4-

aq +  2[(R3NH+)2 ,SO4
2-)org  [UO2(SO4)3(R3NH)4]org + 2 SO4

2-
aq

Molecular Recognition of Radionuclides, St-Petersburg, 2009
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The main encountered troubles

• A significant degradation of the tertiary amine into dioctylamine due to the 

presence of vanadium, chromium,...

• A subsequent loss of uranium loading capacity

• The appearance of unbreakable cruds at the stripping stage, due to 

molybdenum co-extracted by the decomposition products of the 
tertiary amine (mainly secondary amine)

• An increased loss of organic phase by immobilization in the cruds

Molecular Recognition of Radionuclides, St-Petersburg, 2009
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Formation of secondary amines by degradation of Alamine®336 during the uranium solvent 
extraction in a solvent extraction plant. ○: Tertianary amine; □: Secondary amine; ×: Total

(t=0 corresponds to a solvent reloaded with tertianary amine but not a fresh solvent, 
which explains the presence of secondary amine at that time).
(A. Chagnes et al., J. Chem. Technology. Biotechnology, 2009, in press)

Molecular Recognition of Radionuclides, St-Petersburg, 2009

Tertiary amine

Secondary amine
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Real system (time t – scale of years)

Org

Aq

• Ageing of the organic phase

• Losses of organic phase by physical

phenomena

• Loss of loading capacity of the target solute(s)

• Loss of selectivity

• Appearance of cruds

• Variation of ore composition with

progression in the mines or quarries

Slow 
settling
and 
difficult
phase 
separation
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Stripping problems (cruds) with amine 0,22M and alcohol 5%
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Cruds
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Tools for supramolecular speciation
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Techniques Information

Water determination Mass balance
[H2O]org vs aH2O

VPO Aggregation

SANS, SAXS Size, shape, interaction
between aggregates

ESI-MS Deterination of species

Ultracentrifugation Size, composition of 
aggregates
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B. Gannaz, PhD, University Paris 6, 2006
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B. Gannaz, PhD, University Paris 6, 2006

Molecular Recognition of Radionuclides, St-Petersburg, 2009



      

 

École nationale supérieure de chimie de Paris – UMR CNRS 7575 44

o
o

oo

o

o
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Aggregation properties of DMDOHEMA diluted in n-heptane in contact with a 3 M LiNO3 aqueous phase. 

L.Berthon, Y. Meridiano, S.Lagrave, X. Crozes, C. Sorel, N. Zorz, F. Testard, Th. Zemb, 

ISEC 2008, Tucson, Arizona September 15 - 19, 2008
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École nationale supérieure de chimie de Paris – UMR CNRS 7575 46

Molecular Recognition of Radionuclides, St-Petersburg, 2009

 

 

483.5

694.3
854.5

987.9
1174.8

avr00025.d: +MS

0.0

0.2

0.4

0.6

0.8

6x10

Intens.

500 600 700 800 900 1000 1100 1200 1300 m/z

483.7

612.7
694.4

831.4 1015.4

1242.0

juin0037.d: +MS

0

2

4

6

5x10

500 600 700 800 900 1000 1100 1200 1300 m/z

LH
+ 

L4Eu
3+

 

L3Ca
2+ 

L5Eu
3+

 

L2Na
+ 

L7Eu
3+

 
L6Eu

3+
 

1015.0 

(a) 

L3Eu
3+ 

533.5 

LH
+ 

L4Eu
3+

 

L3EuNO3
2+

 

L6Eu
3+

 
L7Eu

3+
 

1175,7 

L2Eu(NO3)2
+
 

L8Eu
3+

 

 

(b) 

L3Eu
3+ 

533.7 

L5Eu
3+ 

 
854.5 

 

  

Positive ESI mass spectrum for 
0.5 M DMDOHEMA in n-dodecane
after equilibration with 
(a) 0.1 M Eu(NO3)3 in 3 M LiNO3 or 
(b) 0.4 M Eu(NO3)3 in 3 M LiNO3

ESI-MS



      

 

École nationale supérieure de chimie de Paris – UMR CNRS 7575 47

o

Organic
phase

o
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o

Ultracentrifugation

Kelex 100
in alkaline media in presence of alcohol, 
in kerosene

From micelles to swollen micelles 

Micelles : (L-,Na+)3(ROH)5(H2O)6

+ Na octanoate

Swollen
micelles
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Fcore < 1nm

Fcore = 2 - 8 nm

Fhydro = 4 – 10 nm
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w = 52000 rpm; 4 - 36 hours

Ultracentrifugation
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Ultracentrifugation
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Solutes distribution modelling in supramolecular
based systems
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Classical appraoch based on full speciation
and mass action law

Gannaz et al.
Solvent Extr. Ion Exch.
25, 2007, 313
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Classical appraoch based on full speciation
and mass action law

M3+ + 3(HA)2org
= M(A.HA)3org + 3H+

M3+ + 3NO3
- + 2Borg = M(NO3)3B2org

(HA)2org + 5Borg = (HA)2B5org 

M3+ + NO3
- + (HA)2B5org = M(NO3)A2B5org

HA = HDHP; B = DMDOHEMA



      

 

École nationale supérieure de chimie de Paris – UMR CNRS 7575 58

Molecular Recognition of Radionuclides, St-Petersburg, 2009

Alternative approach based on surface sorption

Testard et al., C.R. Chimie 10 (2007) 1034
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Testard et al., C.R. Chimie 10 (2007) 1034
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Alternative approach based on surface sorption

Testard et al., C.R. Chimie 10 (2007) 1034



      

 

École nationale supérieure de chimie de Paris – UMR CNRS 7575 61

Molecular Recognition of Radionuclides, St-Petersburg, 2009

Alternative approach based on surface sorption
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Both methods allow good fitting, but contain a 
certain degree of uncertainity

- Uncertainty about speciation in the first case 

- Use of average sorption constants in the second case
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