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Cea OVERVIEW : RADIOCHEMICAL ANALYSIS

&

Current nuclear procedures :

« Separation and purification is needed before detection P> _ _
0 » Radiochemical
g » issues
vV _ > Waste (solvents,
]~
\ extractants)

» Hardly implementable in glove boxes
* Huge volumes of solvents

' A solution: process intensification

Microfluidics: Manipulate fluids at micro-scale i.e. one dimension of the
analytical device is below 100 pm [

Volumes * L
(REACH) ¢ Analysis time
Operator exposure Classical fluid
CiosiE dynamics

[1] Whitesides, Nature, 2006, 442, 368-373 | PAGE 2



C2A LIQUID-LIQUID EXTRACTION MINIATURISATION (u-LLE)

Assets
. . . . '10ullmin Chi
 Analysis automation and parallelization ! '
« Possible coupling with detection devices . %ﬁ\ S e
—j =SSN
RM—g ‘—W3$m Cross section vie

Ralston, ISEC Conference, 2011  Kagawa, Talanta, 2009, 79, 1001

Two types of biphasic flows

Parallel flows (stratified flows) Segmented flow
/Q Phase 1 ¢ Phasel
Phase 2 Phase 2
( i N\
v’ Easy retrieval of the two phases v' Convection
v Adjustable specific interfacial area
é . . .. ) \ J
+ Diffusion-limited _
% Set specific interfacial area + Phase separation to be performed

(depending on the chip)

~ o Suitable for all chemical systems

Non-suitable for slow kinetics systems

| PAGE 3



Comparizon of 2 chemical systems in the same microchip

U

(V1) / Aliquat® 336

Quick kinetics 2!

aqueous phase: \

[U(VD)]= 105 M
[HCI]=5 M

Organic phase :

[Aliguat® 336]= 102 M in
n-dodécane/ 1-décanol 1% (v/v)

cr

’\,,\/\-/\

i

\ J

R

U,batch, optimal

\/\/\/\/\

= (852 + 12) 00 for Vag— Yorg

Viscosity ratio

Morg / Hag = 1.2

Eu(lll) / DMDBTDMA

Slow kinetics B

uneous phase: \

[Eu(lll)]= 102 M
[HNO,]= 4 M

\_ A

R —_—

Eu,batch,optimal —

Organic phase :

[DMDBTDMA]= 1 M

n-dodécane
|

~_—~_-N o
OQTIL/V\A/W
/NW\‘

(90.1 £ 0.3) % for Vag = Vorg

Viscosity ratio

“org / ”aq =14

[2] Coleman et al., AIME Annual Meeting, 1979, New Orleans, LA, USA

[3] Weigl et al., Solv.

Ext. lon Exch., 2001, 19, 215-229

Will only be presented the Eu(lll) / DMDBTDMA chemical system

| PAGE 4



Cea PHD AIMS AND OBJECTIVES

Interfacial area

» Optimize the specific interfacial area (A/V) = Vicrochanmel volume

Determine the segmented flow (i.e. droplets population)
characteristics, in order to figure out the specific interfacial area

p L >
Wéeﬁ

QO Droplets volume : V. = f(physicochemistry, hydrodynamics, chip geometry)

O Droplets frequency f = —24
Vplot
O Spacing between consecutive droplets e = %W;Q]f
Physicochemistry Hydrodynamics Chip geometry

Ni, O Q; Junction type (T, FF), dimensions

| PAGE 5



C22Q9  JUNCTION TYPE

Which junction best suits our needs?

D 1 O Available equations for every flow regime
A @ O Squeezing, transition regime, and dripping regimes to
— B & ( &4 be studied

T-Junction

Available equations for every flow regime
Squeezing, transition regime, and dripping regimes to

be studied

L Q Very few models in the litterature

Co-current Flux

» Flow regimes to be chosen

Will only be presented in the following our results concerning the FF junction | PAGE 6



C2A FLOW CARTOGRAPHY - FF JUNCTION

Tubing - Jetting |
—_ Dripping
< L 3
_El )
£ 124 o
o |v
6/
012 . _

E = queezing

T EET BN “* Squeezing

0.19 1.9 19 % Dripping

Q. (mL/h) |-|—_> Available equations :

% Liu and Zhang model 1]
% Cubaud and Mason model [

[4] Liu et al., Physics of Fluids, 2011, 23, 8
[5] Cubaud et al., Physics of Fluids, 2008, 20, 5

| PAGE 7
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EXPERIMENTAL SET-UP

High-speed
camera

 Glass chip (Dolomite, UK)

v/ Corrosive chemicals (Acids, solvents)
Phase separator
Continuous To-be-dispersed
agueous phase organic phase
[Eu(llD]= 102 M [DMDBTDMA]= 1M
[HNO;]=4 M n-dodecane

Organic phase
pump '
Aqueous phase \/ L . o

pump Hydrophilic surface, suited for oil in

water segmented flow

Sketch of the 100 um ID _ ) . .
hydrophilic FF-junction chip " Microchannel dimensions:
> Width : 300 um

: ?’ 3\ Depth : 100 um

Dolomite® Syrris®
Pumps Membrane phase separator | PAGE 8



Cea ACQUISITION METHOD FOR DROPLETS POPULATION

CHARACTERISTICS

Droplets morphometry and velocimetry analysis (6]

RAW VIDEO SOFTWARE TREATMENT

N S
oINS = PIN —

10.000 fps acquisition — 94 ms
Played back at 30 fps
Slowed down by a factor >300

Number of droplets analysed: 31
10

3 6
u Bin Count: &
e £ o Bin caunt: 7 4t Bin Certer: 352
E Bin Center: ¥5.7 E Bin Center: 1e+005 E Bin Edges:. [352, 353]
S 0 Bin Edges: [75.7, 75.8] S 41 Bin Ecges: [1e+005, 1.01e+005] S 5!
2 |
[ |
'95.5 76 765 i 8.95 1 1.05 g45 350 395
Equivalent Diameter (m) Yelocity Magnitude (urrggq o M Distance (m)

Experiments performed on 2016/11/22 with phase separation — Pyyo3= 1280 mPa — Ppypetoma= 1180 mPa

Droplets diameter Droplets velocity Droplets spacing

[6] Basu, Lab Chip, 2013, 13, 1892 | PAGE 9



C2A VALIDATION OF THE DRIPPING MODEL

Results comparison with Cubaud et al. theoretical model [3]

doid

Dripping
regime

() QUIN[OA

8.2406-11
TAIEE-N
6.502E-11

S768E.11

434EN
412061

J200E1

- 24726

16481
8240292
0,000

suonba1} wdoid
o

zpy) &

7480

6732
5584
52386
4438
3740

2992

B 2204

1496
7480
0.000

Theoretical and experimental comparison of the droplets populations characteristics generated in a FF-junction in
the dripping regime, for the following chemical system : [Eu(l1l) ]= 10°M — [HNO; ]=4M /[DMDBTDMA] 1M - n-
dodecane

mm) Predicted volumes and frequencies

From [5] Cubaud et al., Physics of Fluids, 2008, 20, 5

= Hydrodynamics control

| PAGE 10



Cea MASS TRANSFER STUDY

COT e k

k - g,.eq _ ao

Fu3* + 3NO; + 2DMDBTDMA "% Eu(NO3)5. (DMDBTDMA), Kp= =
< aq,eq oa
oa

With segmented flows, diffusion is not a
limiting factor in mass transfer:
The regime is called « kinetic » [7]

Mass transfer is only ruled by reaction kinetics

dc,,
— = ( )(koa org ~ Ka0Cag)

A 1
hence [ E%(t) = Epqich (1 —e V( tx )kaot) J

t > +oothen E% — Epgecn

[7] Launiére, Gelis, ACS, 2016, 55, 2272-2276
| PAGE 11



Cea MASS TRANSFER STUDY

Composition of the extraction yield

E%(t) = % (1- e +Kld)kaot)

100 100 5
~ 90 92004 _
g y = -19,81In(x) + 95,959 804 /
g 80 Rz = 0,9886 _
s 70 o 9] Vaq/Vorg_l
¢ 60 Experimental ~ 91 A/N= 1000 m-
50 results a~ 90 4] -1
g < A/V=10 m
X |
£ 20 20 1

O |:| T L] 1
0 20 40 60 0 200 400 600
Vag/Vorg ratio Time (S)

The extraction vyield is
dependent on the volume
ratio of the two phases.

And on the specific
interfacial area

| PAGE 12



MALONAMIDE DMDBTDMA

MASS TRANSFER CASE STUDY: EU(lll) EXTRACTION BY

Ky=9.1+£0.3
kK,,~(5.9+£0.7).10°m/s [8

V
Ebatch = Es =f( - )
)

Vorg

Dripping regime, Dolomite® FF junction, [Eu(lll) ]= 10°M — [HNO; ]=4M /[DMDBTDMA] 1M - dodecane

‘ Mass transfer results currently being validated

Extraction yields are slightly superior (~5%) to those expected theoretically, due to a small uncertainty on
contact times.

[8] Hellé et al. Microfluidics and nanofluidics 19(5) 1245-1257, 2015
| PAGE 13



CONCLUSION

1. Factual background: the choice of junctions and flow regimes

4 : : N\ : : )
T-junction Focalized flux junction C A
U 1) Sgu_ee_zmg
B || T OO "PRINg
\§ VAN VAN J
2. Development of an observation method for segmented flow characterization
\h\ﬁ/ % Droplets size v Quick and
| . . s Droplets frequency exhaustive
/7’ (\ | N % Droplets velocity analysis of any
% Spacing between droplets segmented flow

3. Validation of theoretical equations : produce droplets with desired

characteristics o _
K’N. Validation of equations

Used flow rates Droplets characteristics

b. Use of equations\_/

| PAGE 14



PERSPECTIVES

Analysis Process
10 [\
5 h) ¢) @«
5 8 '
g
c
2 6
@
X h) @)
g — -
o 2 ®
10
0 0
0 20 40 60 0 20 40 60
Vaq/Vorg Vaq/Vorg
— C——

\/FF—junction chip to be optimized
v same methodology to be developed with T-junctions chips
v'The whole approach was based on one particular chemical system :

HNO; 4M — Eu 10-2M / Dodecane — DMDBDTDMA 1M

Slow kinetics, :'1""9 ~15
aq

| PAGE 14



C2A  PERSPECTIVES

v Have a generic approach towards mass transfer, independent on the used junction or the
chemical system

v comsoL (CFD) model being developed with Chimie Paris-Tech (Pr. Cavadias and Pr. Cote):
- mass transfer model between a droplet and an external phase being tested

@ phils U -Umoy (cm/s)

« Circulation can provide a
powerful boost to the inter-
phase mass transfer »

0.4

Burns and Ramshaw,
[.ab Chip1(1):10-5,
2001

COMSOL D
MULTIPHYSICS®

| PAGE 15
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C2A FORMULAE — CROSS JUNCTIONS

: ” l _
Liu Transition plot _ (€ + a&)(]a}:ﬂ §=032,ad =0.219etm = —0.243
We Qc
Cubaud Dripping fz , 10_4( ; >‘1 Lotot e
2. a our — :
lplot . < 1+ ¢ ¢ P h
h 1 -0,17 lplot
k 0.5 1 +¢Cac pour o <25
= i lplot
u 0.23 —0.42 LIt
Lpioe < 0.3¢"“>Ca, pour — > 2.35
h [
0.72¢%*Ca,.~ " pour p;lOt < 2.35
\

Cubaud Jetting d
-~ 2.19./¢
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Cea MASS TRANSFER STUDY

k Cor, k

Eu®* + 3NO3 + 2DMDBTDMA - Eu(NOs);.(DMDBTDMA), | Kp = -2 = e
< ag.eq oa
koa

With K;=9.1+£0.3and k,, ~ (5.9 £0.7).10°m/s [7]

With segmented flows, diffusion is not a limiting factor in
mass transfer: The regime is called « kinetic »°]

Mass transfer is only ruled by reaction kinetics

dC A C
e R _ B I e _A 1
dt - (V)(koacorg kaocaq) hence 1 [1 [C ]] V(l + Kd ]kaot

aq.eq

Caq,O _Caq (t)

Cagq,0

Yet Rextraction (t) =

A 1
(14— )kgot
Rextraction(t) = Rpatcn (1 —€ V( Kd) 0 )

t = +oo then Rextraction = Rpatcn

[ [5] Launiére, Gelis, ACS, 2016, 55, 2272-2276
| PAGE 19



