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Abstract Liquid-liquid extraction with stratified flows
in a rectangular geometry is investigated in a double-Y
shape glass chip. The velocity profiles are determined by
a numerical method for two chemical systems: U(VI)/HCl/
Aliquat® 336 and Eu(lll)/HNO;/DMDBTDMA. These
results are compared with the theoretical results obtained
from an analytical resolution described in a previous pub-
lication. The role of the viscosity difference between the
two phases on the hydrodynamics is highlighted, as well as
the influence of the geometrical cross section (symmetric
and asymmetric channels). The numerical modeling of the
mass transfer for the chemical system U(VI)/HCl/Aliquat®
336 was then investigated, taking into account the results
derived from the hydrodynamic modeling. Here, an inter-
facial reaction is assumed, and a global transfer coefficient
is determined, enabling the concentration profiles for U(VI)
in both the aqueous and organic phases to be obtained.
Finally, the comparison between the experimental and the-
oretical results for different channel lengths allows for the
validation of the mass transfer model, as well as a determi-
nation of the optimal extraction channel length.
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List of symbols

A Interfacial area (m?)

A’ Specific interfacial area (m™h

C Concentration (mol L")

Dy Distribution ratio of M

D Diffusion coefficient (m? s~")

H Width of the microchannel (m)

h Position of the interface (m)

1 Identity matrix

K, Forward global transfer coefficient
(ms~)

K_, Backward (or revers) global transfer coef-
ficient (m s™")

L Length of the microchannel (m)

Loy Optimal microchannel length (m)

n Normal vector

N Molar flux (mol m s™")

)4 Pressure

Do User-defined external pressure

0 Flow rate (mL h™")

t Contact time (s)

T Deviatoric stress tensor

u Velocity (m s™")

U, User-defined initial velocity (m s7h

v Superficial velocity (m s~ ")

(v) Average superficial velocity (m s~

w Depth of the microchannel (m)

Vv Volume (m?)

o Density (kg m™>)

v Dynamic viscosity (Pa s)

YoEp Extraction efficiency of M (%)

1 Concentration (mol L")
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overbar In organic phase

\Y Divergent operator

DMDBTDMA  N,N’-dimethyl N,N’-dibutyl
tetradecylmalonamide

R,NCI Aliquat® 336 [CH4(C,H,,, );N™,
Cl” where n =8 or 10, withn =8
predominating]

Subscripts

eq At equilibrium

a In aqueous phase

o In organic phase

i Initial

exp Experimental

max Maximal

opt Optimal

th Theoretical

1 Introduction

Liquid-liquid extraction is of huge importance in radio-
chemical procedures, as it is extensively used for the puri-
fication and concentration of many analytes. However, the
disadvantage of this separation technique is that a large
amount of organic solvent is needed to dissolve both the
extractant and the extracted species. Microfluidic technol-
ogy is ideally suited for exploitation in solvent extraction
due to the intrinsic advantages of the microdimension, i.e.,
laminar flow conditions, high surface-to-volume ratio, accu-
rate control of reaction time and reduced chemical quantities
(Manz and Eijkel 2001; Whitesides 2006). Solvent extrac-
tion with stratified flows in a microchannel has started to be
applied as a separation technique in the pre-treatment step
of the trace metal assay (Tokeshi et al. 2000; Tokeshi and
Kitamori 2005) and for some radiochemical applications,
as the use of these systems greatly reduces the manipulated
volumes, inducing a decrease in both chemical and radio-
logical risks. It includes the extraction of U(VI) in nitric
acid media by tributylphosphate in dodecane or in ionic
liquids (Hotokezaka et al. 2005; Tsaoulidis et al. 2013a, b),
and the extraction of Y, Eu, La (Kubota et al. 2003) or Pr,
Nd, Sm (Maruyama et al. 2004) from nitric acid by 2-eth-
ylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A)
diluted in toluene (Maruyama et al. 2004) or in kerosene
(Nishihama et al. 2004, 2006). More recently, the extraction
of Am(IIl) in HNO; by n-octyl(phenyl)-N,N-diisobutylcar-
bamoylmethylphosphine oxide (CMPO) was studied (Ban
etal. 2011). A comparative study of the extraction of Eu(IIl)
from nitric acid by the N,N’-dimethyl N,N’-dibutyl tetrade-
cylmalonamide (DMDBTDMA) and of U(VI) from hydro-
chloric acid by Aliquat® 336 was performed in the same
microchip (Hellé et al. 2012, 2014, 2015). The majority
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of the studies were carried out in “Y-junction” glass chips
except for the extraction of the radioisotope Cu-64 from an
aqueous solution into a toluene solution of 2-hydroxy-4-n-
octyloxybenzophenone oxime, which was performed in a
microfluidic platform fabricated in SIFEL, a moldable per-
fluoropolyether (Goyal et al. 2014). To date, microfluidic
parallel-flow LLE (liquid-liquid extraction) platforms have
been made using materials that are compatible with organic
solvents and acidic media, i.e., mainly glass.

As a result of this attractiveness, the development of
lab-on-chip devices has become a highly competitive field.
However, researchers typically do not have the luxury of
large amounts of time and money to build and test succes-
sive prototypes in order to optimize species delivery, reac-
tion kinetics and/or thermal performances. In contrast to
the use of plastics and polymers as fabrication materials,
rapid prototyping techniques (Duffy et al. 1998; Ng et al.
2002; Bendsge and Sigmund 2003) are not enable to cut
cost and development time for glass-made lab-on-chips
(Wootton et al. 2002; Erickson 2005). To reduce the num-
ber of iterations of prototyping, it is all the more important
to develop the best design-forecasting methods. Although
the initial development of microfluidic devices can be dated
to the late 1980s (Tay 2002), study on design methodolo-
gies for this area is still relatively immature. In the past,
designers have sought to adapt approaches used in other
domains (Panikowska et al. 2009). Design methodologies
specific to the microdomain have been considered as a
necessity, owing to the failure of the application of method-
ologies used for macrodevices (Albers et al. 2003). Moreo-
ver, at the microscale, the main operating forces are viscous
forces, interfacial tension, etc, whereas at the macroscale
gravity and inertial effects have to be considered (Erickson
2005; Panikowska et al. 2011). Nowadays, numerous stud-
ies develop methods of simulation and analysis of chemical
processes (Przekwas and Makhijani 2001; Bose et al. 2003;
Hisamoto et al. 2003; Vilkner et al. 2004; Erickson 2005;
Erickson and Li 2004; Mott et al. 2006; Zhao et al. 2006;
Krishnamoorthy et al. 2006; Brennich and Koster 2014),
but very few concern hydrometallurgical ones.

Our aim is to develop effective microsystems for the
liquid-liquid extraction of radionuclides in analytical pro-
cedures using computational and analytical simulation. In
a previous study (Hellé et al. 2014), we report the mass
transfer behavior of stratified flow in a rectangular micro-
channel for two chemical systems: a neutral extractant,
N,N'-dimethyl N,N’-dibutyl tetradecylmalonamide (DMD-
BTDMA), for the extraction of Eu(IIl) from nitric acid,
and a liquid anion exchanger, Aliquat® 336, for the extrac-
tion of U(VI) from hydrochloric acid, in the same micro-
chip. These two radionuclide extraction systems have not
only significant differences in their kinetic behavior, but
also possess large variations in the dynamic viscosity ratios
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of the two phases (i.e., the solutions of DMDBTDMA
are much more viscous than that of Aliquat® 336). A 1D
analytical approach was used to provide insight into dif-
ferent parameters which govern the flow velocity profiles.
Conditions of flow rates were found to obtain a maximal
velocity at the interface and to determine the position of
the interface in the microchannel. The model predictions
were found to be in good agreement with the experimen-
tal results obtained with the two liquid-liquid extraction
systems. However, the 1D analytical approach was insuf-
ficient to couple simulation of hydrodynamics and mass
transfer. Thus, in the present paper, liquid-liquid extraction
reactions with these two chemical systems are examined
by both analytical and numerical models, focusing on the
stratified flow of two immiscible liquids with mass transfer
from one phase to another in a rectangular microchannel.

In this work, we provide a basis for selecting the required
geometry, leading to stratified flow based on extraction per-
formances. We take advantage of our experimental results
to develop and validate mathematical models of the extrac-
tion process in parallel flows by investigating the velocity
profiles for both the aqueous and organic phases, the influ-
ence of the cross-sectional geometry (symmetric, asymmet-
ric) as well as the mass transfer in the microchannel.

The article is organized as follows. After the presentation
of the problem in Sect. 2, the model formulation including
the description of the governing equations of hydrody-
namics used for the two chemical systems and of the mass
transfer used for the U/Aliquat® 336 system is detailed
in the Sects. 3 and 4, respectively. The present numerical
model is compared against experimental data as well as an
analytical model in Sect. 5. The article concludes with a
summary of the scientific findings and insights gained from
the modeling and simulation study (Sect. 6).

2 Problem definition

In this section, we present the microsystem of reference
used for the micro liquid-liquid extraction with parallel
flows, as well as the two studied chemical systems. Flow
rates of the aqueous and organic phases have to be estab-
lished laminar and parallel to obtain good phase separation
at the end of the microchannel and collect each phase sepa-
rately at the outlets.

2.1 Y-Y shaped microsystem

The geometric parameters of the glass-made microsys-
tems are reported in a previous study (Hellé et al. 2014).
It should be noted that for the modeling of both the hydro-
dynamics and the mass transfer, a rectangular cross section
of the microchannel is considered despite the fact that this

<— H=100pm ——>

i
8cm W =40 um

12cm \l,
20cm

/7

L=

A

Fig.1 Geometry of the rectangular cross-sectional microchannel
and coordinate system definition for the microsystems ICC-DY10
(L =8 cm), ICC-DY15 (L = 12 cm) and ICC-DY200 (L = 20 cm)

section is partially rounded in reality (Fig. 1). The uncer-
tainty on the contact times coming from this approximation
is less than 10 % according to Ban et al. (2011). There-
fore, the 3D geometry used for the modeling is shown in
Fig. 1 with the calculation of axis coordinate system (x, y,
7). The present modeling focuses on the species transport
of the analyte in the main channel. x, y, and z denote the
channel’s axial, depth-wise, and cross-stream coordinates,
respectively.

2.2 Chemical systems

The determination, in batch at the equilibrium, of the
optimal chemical conditions for the extraction was per-
formed in a previous study (Hellé et al. 2014) for two
chemical systems: Eu(Ill)/HNO;/DMDBTDMA and
U(VI)/HCl/Aliquat® 336. The optimal compositions are
[Eu(Ill)] = 1072 mol L™}, [HNO;] = 4 mol L™}, [DMD-
BTDMA] = 1 mol L™! in n-dodecane and [U(VI)] = 1073
mol L~!, [HCI] = 5 mol L', [Aliquat® 336] = 1072
mol L™! in n-dodecane modified with 1-decanol 1 % (v),
respectively. The physical parameters associated with
the two chemical extraction systems used here have been
described in a previous study (Hell€ et al. 2014). The solu-
tion densities and dynamic viscosities were measured
using a DMA 4500 density meter (Anton Paar, Austria)
and a rotational automated viscosimeter Lovis 2000 M/ME
(Anton Paar, Austria), respectively. The extraction perfor-
mances were then determined for different microchannel
lengths.

3 Hydrodynamic behavior
Modeling and simulation analysis (both numerical and ana-
lytical) have been actively pursued by numerous research-

ers to enable a fully resolved view of the unique transport
behavior observed in the experiments (Song et al. 2012).
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Biphasic segmented flow as well as their typology in
microsystems with Y-junctions has been modeled (Rieger
et al. 1996; Bird et al. 2007; Jovanovic 2011; Malengier
et al. 2012; Malengier and Pushpavanam 2012; Wang et al.
2013; Cherlo et al. 2010; Kashid et al. 2012; Ungerbock
et al. 2013; Liu et al. 2014; Lubej et al. 2015). Aota et al.
(2007) have proposed an analytical model of interfacial
pressure equilibrium for elucidation of the physical mecha-
nism of microcirculation at countercurrent of two immis-
cible phases in a Y-Y microchannel selectively modi-
fied hydrophilic-hydrophobic. Znidarsic-Plazl and Plazl
(2009) have made numerical simulations for the flow of
two immiscible fluids in a Y-junction microsystem, with
the position of the interface centered. A 3D mathematical
model for steady-state conditions was developed, compris-
ing velocity profile within the channel, mass transport by
convection in the flow direction and diffusion in all spa-
tial directions, as well as equilibrium concentrations at the
interfacial areas, which enables accurate process descrip-
tion, and further process optimization was developed for
continuous extraction of a-amylase within glass micro-
fluidic chips (Novak et al. 2015). Other authors (Fodor
and D’Alessandro 2011) used COMSOL Multiphysics®
software for numerical modeling of a gas-liquid bipha-
sic system in parallel within a T-microsystem. Malengier
et al. (Malengier et al. 2012; Malengier and Pushpavanam
2012) modeled the hydrodynamics of co-current and coun-
tercurrent parallel flows in microchannels with rectangular
cross sections. Analytical solutions of aqueous and organic
velocity profiles are reported involving fluid flow, viscos-
ity and the geometrical parameters, i.e., the position of the
interface and the width H of the microchannel. A numerical
relevant resolution prior to the modeling of mass transfer is
also proposed. Ranjan et al. (2012) used COMSOL Mul-
tiphysics® software for modeling the flows in a Y-junction
micromixer. Thanks to the modeling, Stiles and Fletcher
(2004) showed that it was possible to control the location
of an interface between two immiscible fluids at the exit of
a microchannel by adjusting the relative volumetric flow
rates of the input stream depending on viscosity.

In this section, we present the governing equations and
solutions to velocity profiles of the organic and aqueous
phases in microsystems under pressure-driven flow. The
analytical 1D model detailed previously (Hellé et al. 2014)
has been used here to validate the numerical model of the
hydrodynamics. In a second step, a hydrodynamics model
coupled with mass transfer is studied.

3.1 Assumptions for the hydrodynamic modeling
The modeling of hydrodynamics requires the resolution of
the Navier—Stokes equation to which a few assumptions are

implied:
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(1) The fluids are newtonian, viscous and incompressible,

(2) There is no effect of the mass transfer or of the chemi-
cal reaction on the shape or the volume of the flow or
on the position of the interface,

(3) The flow is laminar (low Reynolds number) and in a
steady-state,

(4) Bond number is low («1), and the viscous forces are
predominant,

(5) The interface is plane.

Based on these assumptions, the laminar flow in the

main channel is governed by the steady-state Navier—
Stokes equation (Malengier et al. 2011):

82vx 82vx
M( 5y2 + aZ2> ()

3.2 Analytical method

Bp_
ax

The resolution of linear differential equations can be
done analytically, and an exact solution can therefore be
achieved. Parabolic velocity profiles are obtained; thus, the
flows can be described by Poiseuille-Hagen law, and the
velocities are continuous at the interface. The theoretical
results predicted for the hydrodynamic modeling with an
analytical resolution for the two chemical systems Eu(III)/
DMDBTDMA and U(VI)/Aliquat® 336 were presented in a
previous article (Hellé et al. 2014).

The analytical resolution offers the advantage of requir-
ing only parameters which can be determined experimen-
tally or which are imposed by the microsystem designer.
Nevertheless, the analytical method is limited because it
considers only one phase independently of the other, and it
takes into account the frictions on the wall parallel to solely
the x0z plane.

3.3 Numerical method

For complex geometries or three-dimensional mod-
eling, the analytical method for solving equations may
be impossible to use. In this case, the only possibility
is to calculate an approximated function using numeri-
cal methods. Numerical techniques can be classified
into different categories according to the method used
for the discretization of the equations (Erickson 2005;
Ladeveze 2005). The finite difference solution con-
sists of replacing the partial derivative by a truncated
Taylor series based on the values of neighboring nodes
(Znidarsic-Plazl and Plazl 2007; Novak et al. 2012;
Pohar et al. 2012). This method is easy to implement but
it is adapted to the simple geometries (capillaries or sec-
tions of channels). With the technique of finite volume,
the field of study is divided into a series of controlled
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Table 1 Boundary conditions used during momentum transfer cal-
culations, with the governing equation variables being defined as
follows: u (velocity), U, (user-defined initial velocity), n (normal
vector), u (viscosity), T (deviatoric stress tensor), p (pressure), p,
(user-defined external pressure) and I (identity matrix)

Boundary type Boundary condition = Governing equation
Wall No slip u=20
Inlet Velocity u=-Uyn
Outlet Pressure, no viscous (Vi 4+ (Vu)Hn = 0,
stress P =D
Interior boundary ~ Continuity n(,(Vu, + (Vu,)T)
—pd — wy(Vu, +

(Vuy)") —p, =0

volumes (2D, triangles, rectangles... and in 3D tetrahe-
dron, hexahedron...) each corresponding to a point on
the grid (node) to which the differential equation is inte-
grated (Malengier et al. 2011; Ciceri et al. 2013; Mason
et al. 2013). The finite element technique is similar to
that of the finite volume except that here, the equations
are weighted before being integrated across the field
and this method is also suitable for complex geometries
(Gervais and Jensen 2006). The choice of numerical
modeling will condition the choice of simulation soft-
ware. A commercial simulation software, COMSOL
Multiphysics®, based on the finite element method was
used in this study. The interest of a numerical model lies
in the extent of its scope, the possibility of taking into
account the flows of the two phases simultaneously and
coupling phenomena. The main drawback is the need to
achieve a fine description of the geometry and param-
eters.Whatever the numerical method which is chosen,
the simplified Navier—Stokes equations are used for the
analytical resolution:

V.(pivv+pl+T) =0 )

V.v=0 3)

All hydrodynamics calculations were done at steady
state using the Direct (PARDISO) linear system solver via
the COMSOL 3.5a software package. For the momentum
transfer studies, the incompressible Navier—Stokes equa-
tion was solved using the following boundary conditions
(Table 1).

4 Mass transfer
In this section, we present the governing equations and

solutions to mass transfer in microsystems under pressure-
driven flow. The aim is to use these equations to determine

the optimal length of the microchannel for the solvent
extraction.

Laminar flow conditions represent one of the main
benefits of microfluidics when compared to its macro-
scale counterpart. This condition greatly influences the
description of diffusion using standard theories such
as Fick’s law, as inertial forces can be neglected in the
dynamics of the mass transfer. The reduction in complex-
ity that this implies allows for basic numerical methods
to be used for the modeling (Squires and Quake 2005;
Ciceri et al. 2014). In this study, the modeling of the
mass transfer has been done only for the chemical system
U(VI)/Aliquat® 336 for which the experimental extrac-
tion was performed for which the extraction in microsys-
tem was efficient (Hellé et al. 2014), and the interface
location centered in the microchannel. It is important
to note that the modeling of the mass transfer takes into
account the modeling of the hydrodynamics as described
previously.

We recall that the extraction of uranium(VI) takes place
from 5 mol L™! HCI where it is present as UO, (Cl)i_ (Sato
et al. 1983).

4.1 Interfacial reaction

Negligible partitioning of Aliquat® 336 into the aqueous
phase was assumed (Xu et al. 2003), and the mass transfer
modeling was performed considering an interfacial mecha-
nism. Experimentally, the two phases were pre-equilibrated.
To simplify the modeling, it has been considered that:

e the Aliquat® 336 does not diffuse in the aqueous phase,

e the aqueous chloro-complex UO» (Cl)i_ as an individual
species [not as (R4N+)2U02 (Cl)i_] does not diffuse in
the organic phase.

The reaction equilibrium is the following (Ryan 1963;
Barbano and Rigali 1978; Sato 1983; Razik et al. 1989; Jha
et al. 2002; Soderholm et al. 2011):

UO2(CD;~ + 2R4NT,CI™ = (RyNT),UO»(CD;~ +2C1~

According to the large excess of Aliquat® 336 and CI~
compared to the uranium(VI) to be extracted (UOz(Cl)ﬁ_),
the concentrations |R4N+, CI—| and [CI"] can be consid-
ered as constant during the extraction. The kinetics law for
this reaction can be written following relation (4), consid-
ering a first-order reaction in regard to the uranium(VI) in
both the aqueous and organic phases:

Juev = Ki[UO2(CHF™] = K-t | (ReNTU0, €| 4)
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Table 2 Physical parameters and initial conditions used for the
mass transfer modeling for the chemical system [U(VD)] = 107 M,
[HCI] = 5 M, [Aliquat® 336] = 10~ M, in n-dodecane modified with
1-decanol 1 % (v), *(Soderholm et al. 2011), **(Toulemonde 1995)

Parameters Aqueous phase Organic phase
Dyo, (m*s™") 1078 -

D g n+),005 €2 (m?s7h) 107"

o (kg m™) 1081 750

ut (mPa s) 1.27 1.48

Qi M s7h) 2.6 x 1071 23 x 1071
Qoute (M s7h 2.6 x 1071 23 x 1071
Vo (ms™h 1.39 x 1072 1.11 x 1072
[UO,(C37] (mol L™ 107 -

Table 3 Boundary conditions and associated equations used for the
mass transfer modeling for the chemical system [U(VD)] = 1075 M,
[HCI] = 5 M, [Aliquat® 336] = 1072 M, in n-dodecane modified with
1-decanol 1 % (v)

Boundary  Boundary condition  Equation

Wall Isolation n-N=0;N=-DVC +vC
Inlet Concentration C=C,

Outlet Convective flux n-(-DVC) =0

Interface Inward flux —n-N=Ny;N=-DVC+vC

where Iy refers to the local flux (mol m™2 s™') of
(R4N*),UO>(Cl);~ generated at the interface and directed
into the organic phase; the concentrations are per-volume
values, located in each phase and adjacent to the interface,

where K| (m s and K_| (m s~ denote the forward and
backward global transfer coefficients, respectively.
As at the equilibrium Jyyy) = 0, we have merely:

K

) )

Dyiyeq =

which denotes the distribution ratio of uranium(VI) at the
equilibrium.
Therefore, Eq. (4) can be rewritten as:

1
Juevn = Ki ([Uoz(cni‘l " Do (RyNT), U0, (CD;~ ) ©)
,eq

According to the experimental results obtained
previously (Hellé et al. 2014) at the -equilib-
rium,Dy(vyy,eq = 5.90.5; thus, it can finally be written:

Juevn = Ki ([UO2(CHF 7] = 0.17 | (RaNH),U02(CF | )
@)
L —017,

with Do

4.2 Modeling specifications

All calculations concerning mass transfer have been
made using the COMSOL Multiphysics® direct solver
SPOOLES. To limit the number of cells, the geometry
has been studied in two dimensions using identical values
to those implemented in the experimental microsystems:
L=28,12 or 20, H = 100 um with 2 = 50 ym (correspond-
ing to the position of the interface in the microchannel
width). The physical characteristics and the initial condi-
tions are reported below in Table 2.

[(RNT200,C07] = 0

{} Juevny = Ky ([Uoz (C])ﬁ_] - DU(;I)'E‘] [(R4N*),U0O, (CI)AZ;]) i60

U0, (CD)%™ non-active

[UO0,(CD37] = 10 °mol. L™

| D

@ Interfacial boundary : —n.] =], ; ] = —DVC + VC um

(R4N*),U0,(C2™ non-active

8cm

Fig. 2 Representation of the numerical modeling of the mass transfer used in COMSOL Multiphysics® for the chemical system
[U(VD)] = 10~ mol L', [HCI] = 5 mol L™}, [Aliquat® 336] = 10~2 mol L., in n-dodecane modified with 1-decanol 1 % (V, ~ V,)
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Fig. 3 Velocity profiles modeled by COMSOL Multiphysics® in the
microsystem ICC-DY 10 of the aqueous and organic phases: Aqueous
phase [U(VD)] = 1075 M, [HCI] = 5 mol L™! with Q, = 0.10 mL h~!

The limit conditions are described in Table 3, and the
mass transfer modeling is schematized in Fig. 2.

5 Results and discussion
5.1 Velocity profiles analysis

In this section, the velocity profiles of the organic and aque-
ous phases are determined numerically for the two chemi-
cal systems, and compared with the results obtained with
an analytical model. Numerical calculation required a prior
optimization of the meshing described in online resource.
The representativeness of the calculations made locally in
the whole microchannel for the hydrodynamics of station-
ary flows was verified (see online resource).

5.1.1 System U(VI)/Aliquat® 336

For the system U(VI)/Aliquat® 336, the physical prop-
erties enable to apply a flow rate ratio close to 1, allow-
ing for parallel flows and a liquid-liquid interface
centered in the microsystem. Therefore, the hydro-
dynamics modeling has only been done in the geom-
etry of reference ICC-DY10 (Fig. 1). Velocity profiles
of the aqueous and organic phases are represented in
the plane (xOy) in Fig. 3a and in 3D in Fig. 3b, respec-
tively, for the optimal flow rates Q, = 0.10 mL h™' and
Q, = 0.08 mL h~!. The maximum velocities of the two
phases are very close and located almost exactly at that
of the interface. Thus, v, ;. = 0.024 m s™' for y = 40 pm
and v, . = 0.023 m s~! for y = h = 50 um are obtained.
Furthermore, we observed that the velocities are relatively
low whatever the phase considered. These hydrodynamic

0.03x10°3
: \T‘\‘ >
\ 20
Organic \ ’ pd 10
hase \ 2
Aqueous
phase
0
Velocity
(m.s?)

(b)

(solid line), Organic phase [Aliquat® 336] = 1072 mol L™}, n-dode-
cane modified with 1-decanol 1 % (v). Q, = 0.08 mL h~! (dotted
lines) with h = 50 um a in the plane (xOy) and b in 3D

characteristics of the chemical system U(VI)/Aliquat® 336
in the microsystem ICC-DY10 constitute favorable con-
ditions for liquid-liquid extraction as sufficient time is
allowed for the extraction reaction to take place.

5.1.2 System Eu(lll)/DMDBTDMA

In the case of the system Eu(IIl)/DMDBTDMA, we deter-
mined the best extraction efficiency % Eg, = 26.2 & 0.9
to know the optimal flow rates Q, = 0.50 mL h~! and
Q,=0.03mLh"

As a first step, the modeling was conducted in the
microsystem ICC-DY10. The velocity profiles of the
aqueous and organic phases are represented in the plane
(xOy) in Fig. 4a and in 3D in Fig. 4b for the optimal flow
rates. The maximum velocities of the two phases are
very different, and while the maximum velocity of the
organic phase is located at the liquid-liquid interface,
the maximum velocity of the aqueous phase is strongly
biased. Thus, v, . = 0.131 m s™! for y = 26 pm and
Vomax = 0.021 m s! for y = h = 50 um are obtained. For
this chemical system, the maximum velocity of the aque-
ous phase is high compared to that of the organic phase.
These hydrodynamic characteristics of the chemical system
Eu(IITl)y)DMDBTDMA in the microsystem ICC-DY 10 con-
stitute unfavorable conditions for liquid-liquid extraction.

5.1.3 Comparison of the analytical and numerical models

Two techniques for solving the Navier—Stokes equa-
tion have been proposed to simulate velocity profiles of
biphasic flows in microsystems: an analytical model and
a numerical one using COMSOL Multiphysics®. The val-
ues of the maximum velocities of the aqueous and organic
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Fig. 4 Velocity profiles modeled by COMSOL Multiphysics® in
the microsystem ICC-DY10 of the aqueous and organic phases:
Aqueous phase [Eu(Ill)] = 1072 mol L', [HNO,] = 4 mol L
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with 9, = 0.50 mL h™' (solid line), Organic phase [DMDBT-
DMA] = 1 mol L~! in n-dodecane with Q, = 0.03 mL h~! (dotted
lines) with h = 50 um a in the plane (xOy) and b in 3D

Table 4 Maximum velocities determined analytically and numerically for the two chemical systems

U/Aliquat 336® Eu/DMDBTDMA
va,max 1 ya,max Vo,max 1 yo,mi\x h Va.max 1 ya,max Vn,mi\x I yo,max h (“m)
(ms™) (um) (ms™) (um) (um)  (ms™) (um) (ms™) (um)
Analytical 1.9 x 1072 50 1.9%x 1072 50 50 5.7 % 1072 30 1.7x 1072 56 56
modeling
Numerical 24 x 1072 40 23x 1072 50 50 131 x 1072 26 2.1x 1072 50 50
modeling

phases obtained for the two chemical systems are reported
in Table 4 for the two models. For the system U(VI)/Ali-
quat® 336, the values of the maximum velocities of the
two phases are close enough, and whatever the model con-
sidered, it can be seen that v, .. & V, .y Thus, for this
chemical system, the two models are consistent. On the
other hand, for the system Eu(Ill)/)/DMDBTDMA, the val-
ues of the maximum velocities of the aqueous phase are
very different between the analytical and numerical mod-
els. This is less pronounced for the organic phase which
flows much more slowly. For this chemical system, the
differences can be explained by the fact that the analyti-
cal model calculated in the plane (xOy) does not include
the microchannel depth (W = 40 pum), and therefore, the
interactions related to this third dimension. In addition,
the position of the interface has been set by default as the
center of the microchannel (A = 50 um), a rough approxi-
mation for this chemical system as in reality its interface
is slightly off-centered. This approximation was made
as a result of the difficulty that comes with the modeling
of a mobile interface, depending on both viscosities and
applied flow rates.

@ Springer

5.2 Designing the cross-sectional area
of the microchannel

For the chemical system Eu(Ill)/DMDBTDMA and regard-
less of the model concerned, the maximum velocity of the
aqueous phase is too high relative to that of the organic phase.
This suggests that the microchannel geometry is not suitable
for this chemical system. Therefore, taking into account the
imposed chemical compositions of the two phases, we tried
to adapt the microchannel geometry by restricting the flow of
the organic phase in a narrowed part of the microchannel in
such a way that it occupies only half of the channel to drain
the aqueous phase at a lower velocity. Inspired by the geom-
etries described in the literature (Smirnova et al. 2006; Ban
et al. 2011), the velocity profiles have been determined for
an asymmetric microchannel (Fig. 5) with different depths
for the aqueous W, and organic W, phases, while keeping
flow rates experimentally determined.

We have calculated the velocity profiles for differ-
ent depths of the microchannel for both the aqueous W,
and organic phases W,. The specifications of the geom-
etries tested for the optimization of the design of the
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microchannel for the EWuDMDBTDMA system are detailed
in Table 5, with the other physical parameters of the phases
and the initial conditions.

Fig. 5 Microchannel cross section (plane y0Oz) with an asymmetric
geometry. The red line stands for the position of the interface which
is constant for all the geometries

Table 5 Initial conditions and parameters for different sections of
microsystem geometries tested the numerical computation for the
aqueous and organic phases: Aqueous phase [Eu(Ill)] = 1072 M,

Velocity profiles obtained are represented in Fig. 6a
for geometries 1-4 and in Fig. 6b for geometries 4-7. In
Fig. 6a, we note that for a fixed aqueous phase micro-
channel depth (W, = 40 um), the velocities of the two
phases decrease when the organic phase microchannel
depth decreases (W, ranging from 40 to 10 ym), reaching
Vamax = 0.8 cm s~! for Were = 10 pm. On the contrary, one
can choose to reduce the constrain on the aqueous phase by
increasing W, while maintaining constant W,,. In Fig. 6b,
we note that for a fixed organic phase microchannel depth
(W, = 40 um), the velocities of both phases decrease
and the aqueous phase microchannel depth increases
(from 40 to 240 pm), leading to v = 1.5 cm s! for
W, = 240 um.

We can observe that whatever the geometry, the posi-
tion of the maximum velocity in the microchannel on the
axis y does not vary: for the aqueous phase, the maximum

a,max

[HNO;] = 4 mol L~! with Q, = 0.50 mL h~!, Organic phase [DMD-
BTDMA] = 1 mol L™" in n-dodecane with O, = 0.03 mL h™"

#1 #2 #3 #4 #5 #6 #7
Q, (mLh™h 0.03
Q, (mLh~h 0.50
L (mm) 200
H (um) 100
W, (um) 10 20 30 40 40 40 40
W, (um) 40 40 40 40 80 160 240
Voo (ms™) 1.67 x 1072 0.83 x 1072 0.56 x 1072 0.42 x 1072 042 x 1072 042 x 1072 0.42 x 1072
Vo (ms™) 6.94 x 1072 6.94 x 1072 x 1072 6.94 x 1072 3.47 x 1072 1.74 x 1072 1.16 x 1072
Vamax M7 6.80 x 1072 1.10 x 1072 1.30 x 1072 1.30 x 1072 5.90 x 1072 2.40 x 1072 1.50 x 1072
Vomax (871 0.26 x 1072 0.83 x 1072 1.50 x 1072 0.21 x 1072 0.76 x 1072 031 x 1072 0.20 x 1072
Vo max/Vo.max 26.2 13.3 8.7 6.20 7.80 7.70 7.50
A’ =A/V(m™h 4000 6667 8571 10,000 6667 4000 2857
100 100 -
80 - organic phase 80 organic phase
= 60 - ~ 60 -
L .
> 40 > 40 -
201 aqueous phase #4D#3 20 aqueous phase #4
0 : T r T T T 0-
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
v, (m.s1) v, (m.s1)
(a) (b)

Fig. 6 Velocity profiles for geometries described in Table 6: #1 yel-
low, #2 red, #3 green, #4 blue #5 purple, #6 pink and #7 orange for
the aqueous and organic phases: Aqueous phase [Eu(Ill)] = 1072

mol L~!, [HNO;] = 4 mol L™! with Q, = 0.50 mL h~!, Organic
phase [DMDBTDMA] = 1 mol L™" in n-dodecane with
0,=0.03mLh!
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velocity is located at y = 26 um, and for the organic
phase, the maximum velocity is located at the interface
y=h=>50pum.

These results confirm the interest to constrain the
organic phase in a restricted part of the microchannel
in order to reduce the velocity of the aqueous phase by
increasing the depth of the microchannel part dedicated to
the aqueous phase.

The reduction in the maximum velocity of the aqueous
phase is not the only criterion to be considered because
the modification of the geometry leads to a variation in the
specific interfacial area. Indeed, the lowest velocities are
obtained for W, = 240 ym and W, = 40 um (geometry #7),
i.e., when the dimensions of the microchannel part for the
aqueous phase increase by comparison with the geometry
of reference. Nevertheless, for this geometry, the specific
interfacial area is considerably reduced due to the impor-
tant increase in the aqueous phase volume with a constant
interfacial area. This criterion is unfavorable for obtaining
good extraction performance.

Thanks to the modeling, we have shown that the optimi-
zation of the geometry of a microsystem dedicated to the
liquid-liquid extraction considering a centered interface
requires that one:

e determines the viscosities of the two phases,

e imposes W/W, ~ p,/pn, to have similar maximum
velocities for the two phases in an asymmetric micro-
channel.

5.3 Validation of the mass transfer modeling for the
extraction of U(VI)

As described in Sect. 4.1, the kinetic law which is used for
the mass transfer modeling for the system U(VI)/Aliquat®
336 is described by Eq. (7). Nevertheless, to use this equa-
tion, the value of the forward global transfer coefficient
constant K, should be estimated. To do so, we introduced
different values of K into the model for the microsystem
of 8 cm and calculated the extraction efficiencies through
the modeling, each time. Then, the calculated values are
compared with the experimental value of the extraction
efficiency for L = 8 cm as shown in Fig. 7.

These results show that a constant K; estimated at
(1.6 £ 0.2) 107 m s~!, taking into account measurement
uncertainty, and leads to an extraction efficiency in good
agreement with the one experimentally obtained %Eyyyy,
h = PEyw.exp = (76.3 £ 6.5) %. To validate the K| value,
the three experimental results are compared with 6 theoreti-
cal results obtained by the numerical modeling using the
determined forward global transfer coefficient K, for dif-
ferent microchannel lengths. They are presented in Fig. 8.
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Fig. 7 Estimation of K, (calculated values triangle, experimen-
tal value filled circle) for the system [U(VI)] = 10~ mol L7,
[HCI] = 5 mol L7, [Aliquat® 336] = 1072 mol L™! in n-dode-
cane modified with 1-decanol 1 % (v) with Q, = 0.10 mL h~! and
0,=0.08mLh™!,L=8cm, H=100pm
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Fig. 8 Comparison of the experimental (circle) and theoretical (tri-
angle) results for the extraction efficiency as a function of the micro-
channel length for the system [U(VI)] = 10> mol L™Y, [HCI] =5 M,
[Aliquat® 336] = 1072 mol L' in n-dodecane modified with
1-decanol 1 % (v) with Q, = 0.10 and Q, = 0.08 mL h!

The experimental and theoretical results are in agree-
ment. Therefore, this value of global transfer coefficient
is kept for the mass transfer modeling in the microsys-
tem. The concentration profiles of [UO,(C1)37] and [(R,
N),UO0,(CI)3"] given by the modeling are shown in
Fig. 9a, b, respectively. We can see that the concentra-
tion of UO,(Cl);~ decreases along the microchannel on
the x-axis, while as in the contrary, the concentration of
(R,N1),UO,(Cl);~ increases along the microchannel.
Moreover, the concentration profiles are not uniform in the
width for each phase. In particular, for the organic phase,
[(R,NT),UO,(C1)] 7] is logically higher near the interface
than near the opposite wall of the microchannel. This effect
is due to the fact that the complex of U(VI) with Aliquat®
336 is created at the interface and then diffuses over time
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mol.m3
C tration in UO,(Cl),*>
oncentration in UO,(Cl), 0.012
Organic
phase 0.010
0.008
Aqueous 0,005
phase
L 0.004
8cm
0.002
(a)

Fig. 9 Numerical modeling in the plane xOy of a microsys-
tem ICC-DY10 (L = 8 cm, H = 100 um) for the chemical system
[U(VI)] = 107> mol L™!, [HCI] = 5 mol L™!, [Aliquat® 336] = 1072

into the organic phase. Moreover, this modeling allows to
determine the optimal channel length to achieve the opti-
mal extraction performances. Here, the optimal length is

Ly ~ 12 cm for the chemical system U(VD)/Aliquat® 336
(Fig. 8).

6 Conclusion

Thanks to the simplified Navier-Stokes equation applied to
the biphasic microflow, analytical and numerical modeling
of the hydrodynamics has been proposed for two chemical
systems. Comparison of the results allowed to highlight the
limitations of the analytical model which does not take into
account the depth of the microchannel (W = 40 pum) and
therefore the third dimension-related interactions. How-
ever, the comparison of analytical and numerical results has
helped to validate the numerical model. Following its vali-
dation, the numerical resolution, more rigorous, has been
used to bring ways of optimization of the hydrodynamics
for Eu(Ill)/DMDBTDMA system for which viscosities
ratio is far from 1.

A modeling of mass transfer was developed in the case
of the extraction of uranium(VI) from 5 mol L~! HCI by
Aliquat® 336. A chemical anion-exchange reaction occur-
ring at the interface was taken into account and been inte-
grated the model which involves a forward global transfer
coefficient K; and a backward global transfer coefficient
K_,. The ratio K;/K_, was deduced from equilibrium data,
and the value of K| was determined by a process of trial-
and-error modeling (K; = (1.6 £ 0.2) 10 ms™h).

In this study, the modeling of mass transfer was cou-
pled with the modeling of hydrodynamics. The results
obtained by numerical computation are quite consist-
ent with the experimental results for the studied chemi-
cal system (U(VI)/Aliquat® 336) and different lengths of

mol.m3

Concentration in (R,N*),U0,(Cl),*>

| 0.008
|| 0.006

| 0.004

0.002

(b)

100 um

mol L™! in n-dodecane modified with 1-decanol 1 % (v) with
Q,=0.10 and Q, = 0.08 mL h™' a concentration in UO,(CI)~ and b
concentration in (R,N*),UO,(Cl);~

microchannel (L = 8, 12 and 20). These results allow vali-
dating the model of hydrodynamics/mass transfer coupling
developed.

From the point of view of prototyping, the mass transfer
modeling allows defining the final geometric feature that
was missing, namely the optimal length of the microchan-
nel for maximum yield of extraction.
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