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•  Ternary phase diagram: 
•  „Flexible“ and „rigid“ case  
•  The extended Winsor II regime 
•  The formulation limit and phase boundaries 
•  The „alternating cascade“ for separation 
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Lecture of a phase diagram: Experimentalist/ Engineer  
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Colloidal/“nano“/Meso eye :surfaces curvature 

Interaction/Foreces/Potentials: free energy 



Ternary phase diagram: reading 
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Kunieda Hand Shinoda-1980 



Ternary phase prism: versus temperature 
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M. Kahlweit and R. Strey (1985)  



Flexible case : curvature (fish) cut 
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Kahlweit M, Strey R and Busse G.; Phys Rev E47 (1993) 4197 



Cut used in liquid-liquid extraction 
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Chen SH, Chang SL and Strey R, J Phys cond. Mat.(1991) 



Flexible case : topology cut 
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M. Duvail, JFD, ThZ 2013 



Microemulsions containing extractants ? 

Formulation : Extractant (p0=2) and detergent (p0= 1/3) ? 
C. Bauer and O.Diat 
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Identification of phase limits in chem. engineering 

Bauer C et al.,  Liquid/liquid metal extraction:  
Eur Phys J Spec Top 2012;213:225–41. 11 
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An intrinsic multi-scale approach : 



The coupled cascades and solvent treatment 
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II.A. Neptunium Separation
In the first-cycle extraction/scrubbing operation of

the La Hague plants, though the major fraction of the Np
inventory are co-extracted with uranium and plutonium
[3], significant fraction of the Np inventory are still found
in the high active raffinate. So, the objective of the studies
was to increase the extraction yield of Np at a value
higher than 99 % by a modification, as limited as 
possible, of the extraction/scrubbing flowsheet.
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Fig. 2. Adapted PUREX flowsheet tested in CBP hot cell. 

Using the PAREX code, a flowsheet (figure 2) has
been designed and then tested in April 2005 on about 13
kg of irradiated fuel in the CBP hot-cell (figure 3). In this
flowsheet, two pulsed columns (15 mm diameter) of 4 m 
high are devoted to the extraction step in order to be
representative of the residence time of the industrial
extraction pulsed column which is 8 m high. In
comparison to the standard PUREX flowsheet, the main
modification concerned the acidity of the feed which was
increased from 3 molar to 4.5 molar. This increase of the
feed acidity allows to increase the recovery yield of
neptunium from 75 % to more than 99%. The
concentrations of neptunium in the two raffinates were
lower than the detection limit of the analytical method
used.

Fig 3. ATALANTE CBP hot cell (commissioned 2003)

II.B. DIAMEX process
The technological demonstration test of the

DIAMEX flowsheet (including solvent treatment, figure
4) was performed in November 2005 in the CBP facility
on genuine solution of the PUREX test for neptunium
separation. Experimental recovery yields of americium
and curium were consistent with the objectives (> 99.9%)
and confirmed the results obtained before.
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Fig 4. Flowsheet and main results of the run in the CBP 
hot cell.

II.C. SANEX process
For the second step, the actinide lanthanide

separation, the process tested is based on an actinides
selective stripping. In this process, the DIAMEX solvent
is supplemented by an acidic extractant, the HDEHP, to 
ensure effective extraction of Ln at pH > 2. A mixture of 
HEDTA (actinide-selective polyaminocarboxylate
complexing agent) and citric acid (pH 3 buffer) was
selected for selective stripping of the trivalent actinides.
This SANEX flowsheet (figure 5) was tested with success
in the ATALANTE facility in December 2005.
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Fig 5.  Flowsheet of the SANEX process implemented in
the end of 2005

538Global 2007, Boise, Idaho, September 9-13, 2007

P. Baron et al., , Global 2007  



( 2 and 3 ): the ienaic point of view 

•    
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An intrinsic multi-scale approach : 



Content 

•  The three scales of liquid-solid separation : 
 
 
•  Nucleation and growth  

•   Coagulation and flocculation driving  sedimentation 
 
•  Solid-liquid separation at engineering scale 
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      WHAT ARE INITIAL NUCLEI ? 

Overbeck, Kruyt, Verwey … Philips/Eindhoven 
D. Gebauer,  H. Cöelfen, P. Baglioni 
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      Nucleation and growth  
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      Nucleation and growth  



23 

      (BALLISTIC), DLA, RLA… WITH REORGANISATION 

Macroscopic :FLOCCULATION, COAGULATION, COMPACTION/ »RIPENING » 

P. Meakin, R. Jullien:  J. Chem. Phys 89, 246-258  
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      UNIVERSAL TRACES FRACTAL 1.5 

2016 LIN, LINDSAY, WEITZ, BALL, KLEIN, AND MEAKIN 41

plot RI, as a function of t, on a semilogarithinic scale.
t, /foThe linear behavior indicates that R& -e ' ', so that the

average hydrodynamic radius grows exponentially. This
is also in agreement with the prediction from the solution
of the Srnoluchowski equations.

VI. UNIVERSALITY OF REACTION-LIMITED
COLLOID AGGREGATION

The light scattering data discussed above provides a
measure of the features of the aggregation process, in-
dependent of the material details of the colloid, thereby
allowing RLCA of different colloids to be compared. '

The static light scattering from different colloids provides
a means to compare the fractal dimension of the clusters,
while the time dependence of the scaling factors used to
construct the master curves provides a means to compare
the kinetics of the aggregation process. Finally, the mas-
ter curves themselves provide a means of comparing
several features of the RLCA process, including the
cluster-mass distributions, the structure factor of the ag-
gregates, and their anisotropy. All material specific pa-
rameters, such as the primary particle size, have been
scaled out of the master curve, providing a critical com-
parison, with no free parameters.
To investigate this universality, we use three very

different colloids: gold, silica, and polystyrene latex.
Each is comprised of a different material, each is stabi-
lized by different functional groups, each is aggregated by
different methods, and each forms completely different
interparticle bonds upon aggregation. However, the ag-
gregation of each colloid can be controlled to obtain ei-
ther Eb «k~T or Eb ~k~T, allowing both diffusion-
limited and reaction-limited colloid aggregation to be
achieved.
Light scattering data from the silica and polystyrene

colloids were collected in the same fashion as for the gold
colloids discussed in Sec. V. Autocorrelation functions of
the intensity fluctuations were measured repeatedly at
difFerent angles as the aggregation proceeded. The static
light scattering intensity was measured concurrently, al-
lowing the fractal dimension to be determined indepen-
dently. Caution was exercised to avoid difFerential sedi-
mentation effects by inverting the sample cells every 15
min. Since the scattering intensity from the silica is so
weak, two samples were used. The first sample had a
larger initial volume fraction of go= 1.0X10, and its
aggregation was followed until RI, «1 pm. The volume
fraction of the clusters is still « 1, so that gelation is not
approached. The high concentration of colloidal parti-
cles increases the scattering intensity of the clusters when
their size is small compared with q ', enabling reliable
data to be obtained at early times of the aggregation,
when qR& &1. The second sample had a lower initial
volume fraction $0=1.0X10 . Data from this sample
were collected only after qRI, ~ 1, when the scattering in-
tensity was sufficiently large. Here, the lower value of $0
ensured a sufficiently small volume fraction of clusters so
that the aggregation could be studied to RI, =5 pm
without approaching gelation. We emphasize, however,
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FIG. 10. Master curves obtained independently for gold (0 ),
silica (+), and polystyrene ( X ) for RLCA. The solid curve is
the calculation with ~= 1.5.

that the scaling method used here is still applicable using
the two separate samples since the shape of the cluster-
mass distribution exhibits a scaling form, and is un-
changed for the two samples.
Master curves were produced from the dynamic light

scattering data from the silica and polystyrene following
the procedure described in Sec. V for the gold, and all
three curves are plotted in Fig. 10. As can be seen, the
master curves from the three different colloids are com-
pletely indistinguishable. We emphasize again that these
master curves were determined independently for each
colloid, and that the normalization removes all features
specific to the individual colloids from the master curves
so that there are no adjustable parameters in their com-
parison. The similarity of the master curves is striking
evidence in support of the universality of reaction-limited
colloid aggregation. This conclusion is independent of
any theoretical interpretation or calculation of the shape
of the curves.
The solid line in Fig. 10 is the calculated shape of the

master curve assuming that v.=1.5, and is in excellent
agreement with the experimental data. This confirms our
ability to describe the process of RLCA and the structure
of the resultant aggregates. Furthermore, it demon-
strates convincingly and unambiguously that v=1.5 for
RLCA.
The static scattering from the three colloids also illus-

trates the universality of RLCA, as shown in Fig. 11.
The data were all obtained when qR& ) 1, so that the
fractal structure of the clusters is clearly resolved, as indi-
cated by the straight lines in the logarithmic plot. From
the slopes the fractal dimensions are determined:
dI=2. 10 for gold, 2& =2.12 for silica, and dI =2.13 for
polystyrene. To within experimental error, the fractal di-
mensions are identical, yielding dI =2. 10+0.05 for
RLCA aggregates, where the error limits reflect our esti-
mate of the total experimental variations.
The aggregation kinetics for each colloid were deter-

Lin, Lindsay, Weitz, Ball, Klein, Meakin, Phys Rev A (1990), 41, 2005-2020 
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         SOLID-LIQUID SEPARATION : methods 

L. Svarosky : « solid-liquid separation » Butterworth – 4th ed. 2001 

M =Mc +Mt

M dp
dx

=Mc.
dpc
dx

+Mt.
dpt
dx
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      MODELLING :  « SIZE » DISTRIBUTION COUNTS ! 

xst =
18.ηVs
g.Δρ

DISTRIBUTION AND RIGHT AVERAGE IMPORTANT 
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      SOLID-LIQUID SEPARATION : real implementations 

L. Svarosky : « solid-liquid separation » Butterworth – 4th ed. 2001 
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      ITERATIVE  PROCEDURES :  PLANT MAP 

L. Svarosky : « solid-liquid separation » Butterworth – 4th 
ed. 2001 
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An intrinsic multi-scale approach : 


