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This work advances the knowledge of the design and manufacture of microdroplet reactors for reactive liquid-
-liquid systems assisted by advanced simulation techniques (CFD). The mathematical model is based on the
integrated analysis of the fluid dynamics for multiphase systems, passive mixing of reactants inside and outside
the microdroplet and interfacial reaction rate. To validate the results obtained with the predictive model a spiral
microdevice with droplet generation using flow-focusing geometry has been designed and fabricated by additive
manufacturing. First, the influence of fluid flowrate, hold-up and viscosity on the droplets frequency and size has
been evaluated with the model and assessed experimentally. Next, the performance in the separation of a binary
Dysprosium-Lanthanum system has been tested, working with a dispersed aqueous phase containing the rare
earth elements (REEs) solution and a continuous organic phase constituted of a solution of the extractant Cya-
nex® 572 in Shellsol® D70. The extraction experiments have been conducted at residence times between 3 and
60 s to generate aqueous phase monodispersed droplets with high interfacial area that varies between 61.4 and
49.2 cm?cm ™2 depending on the operating conditions. At pH 1, 90 % of dysprosium has been extracted, and
almost complete separation of both REEs has been achieved. Very good agreement between simulated and
experimental results has been reached with an error lower than 12 %. Therefore, here we provide the tools to
design and predict the microdroplet enhanced performance of extractive liquid-liquid microreactors.

residence times, has been reported to play a key role in suppressing the
development of undesirable secondary reactions in complex reactive
systems, favouring higher selectivity and yields [5].

Microfluidic devices are found in a wide range of configurations

1. Introduction

The world today is experiencing a catastrophic situation caused by
the COVID-19 pandemic and the subsequent Russian invasion of
Ukraine. This has caused a global crisis due to a major disruption of the
supply chain and manufacturing capacity. Product shortages have led to
an uncontrolled increases in the price of materials and energy [1]. For
this reason, it is important to make progress in the development and
application, whenever possible, of technologies with low operating
costs, easy and cheap to manufacture and with low reagents consump-
tion, characteristics covered by microfluidics. This technology is at its
peak due to i) its high capability to precisely control the concentration of
molecules in the space and time, leading to a high interest in several
fields involving two-phase systems, ii) its high surface-to-volume ratio,
which favours mass and heat transport between phases [2,3], iii) mixing
phenomena are also limited by diffusion and secondary flows [4]. This
transport capacity, together with reduced and highly controlled
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handling single-phase and multiphase fluid flows. The formers are often
used as micromixers or microreactors to perform homogeneous re-
actions [4]. Gomez-Pastora et al. [2] reported the in-depth analysis of
the influence of operational and geometric variables on the performance
of microfluidic separation microdevices with two homogeneous fluid
phases. Furthermore, multiphase flows have been documented in
microfluidic devices for liquid-liquid [6], gas-liquid [7] and solid-
-liquid [8] mixtures and have been used in several fields for different
applications: in medicine, to development of technology that facilitates
the precise molecular diagnosis of heterogeneous cancer specimens,
allowing the selection of patients for specific cancer therapies [9]; in
polymerization, the use of microreactors to increase the rate and mo-
lecular weight in continuous enzymatic polymerization compared to the
use of batch reactors [10]; in electrocatalytic oxidation, improving the
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Nomenclature

Roman symbols

A interfacial area (cm?-cm™3)

a radius of the droplet in the x direction (cm)

b radius of the droplet in the y direction (cm)

c radius of the droplet in the z direction (cm)

C; molar concentration of species j (kmol-m~3)

CJ‘? initial molar concentration of species j (kmol-m~%)

De Dean number (-)

dy hydraulic diameter of the micro-channel (m)

D;, mass diffusion coefficient for species i in the phase q
(m>s™h)

E percentage of rare earth extraction (-)

rd acceleration of gravity (m-s~2)

71 diffusion flux of species i (kg~m‘2-s_1)

ky kinetic constant of the reverse chemical reaction (s~!)

K, equilibrium constant (-)

ky kinetic constant of the direct chemical reaction (s~ 1)

M. molecular weight of species i (kg-kmol 1)

Ny total number of droplets inside the microdevice (-)

p pressure (kg-m~1-s72)

Q4 flow rate of the aqueous phase (ml-min™1)

Qorg flow rate of the organic phase (ml-min~1)

K% net rate of production of species i by interfacial chemical
reaction (kg-m’s-s’l)

re curvature radius of the micro-channel (m)

Re Reynolds number (-)

REE Rare Earth Element (-)

t time (s)

v velocity (m-s™1)

Vagq total volume of aqueous phase (cm?)

Vorg total volume of organic phase (cm®)

Y mass fraction of species i (-)

Greek symbols

o volume fraction (-)

B separation factor (-)

e enhancement factor (mm™'-min—1)

11]'. kinetic order for reactant species j (-)

rl;. kinetic order for product species j (-)

7 viscosity (kg-m~!-s71)

v;. stoichiometric coefficient for reactant i (-)

1/; stoichiometric coefficient for product i (-)

p density (kg-m—>)

c surface tension coefficient (N-m 1)

T residence time (s)

T stress tensor (kg-m’1~s’2)

performance of wastewater treatment and disinfection by combining
macro-reactors with electro-microreactors equipped with boron-doped
diamond anode, which intensifies mass transport and reduces energy
consumption [11]; in catalysis, with the synthesis and immobilization of
gold nanoparticles to build catalytic microreactors for the production of
fine organic chemicals with high control of reaction parameters [12], or
the selective photocatalytic synthesis of benzaldehyde in carbon nitride
immobilized microcapillaries [13], among others.

Liquid-liquid extraction is probably one of the separation processes
that can benefit most from its synergy with microfluidics, given the
small molecular diffusion distances and high surface-to-volume ratios,
narrow residence time distributions and well-defined flow conditions,
which together support a controlled process operation with uniform
conditions and accurate results [14]. In addition, the geometry of the
microchannels is crucial, as the incorporation of curved parts induces
passive mixing through inertial, centripetal, and viscous forces, creating
a secondary motion perpendicular to the main flow direction, known as
Dean vortices, which increases the mixing efficiency and consequently
the mass transfer performance in the microdevice [4,15]. There are
different ways to operate with two fluid phase systems: i) flowing both
liquid phases in parallel flow, for instance with Y-Y shape microdevices,
which is very interesting to perform liquid-liquid microextractions in a
simple way [16], but has the smallest contact area between phases, ii)
with jet-flow regime [17] or, iii) generating a dispersed phase with
liquid droplets. The latter presents a high potential due to the high
surface area to volume ratio, shorter diffusion distances and reduced
mass transport time that result in faster reactions [18] and justify the use
of these systems in research over more conventional microscale reactors
or miniaturized dispersive continuous flow microfluidic devices.

Droplet generation is achieved by either active or passive methods.
Active methods make use of external forces (electrical, magnetic, ther-
mal or mechanical) to stimulate droplet formation, while passive,
pressure-driven methods rely on the geometric design of the micro-
channel junction where the dispersed and continuous phases are in
contact [19]. Depending on the junction structure, three main methods
of passive droplet generation emerge: co-flow, cross-flow and flow-
focusing.

The co-flow configuration has two aligned inlets that allow the fluids
to flow in a parallel direction. It was first implemented in microfluidics
by Cramer et al. in 2004 [20], who inserted an inlet microcapillary into a
rectangular flow cell. This geometry was often created by inserting a
tapered cylindrical glass tube aligned into a rectangular or square glass
capillary [20]. By modifying the operating conditions, it is possible to
generate different fluid dynamic regimes, generating a dispersed phase
jet or droplets with different size. Fabrication of these geometries is not
straightforward and is not appropriate when the phases have signifi-
cantly different densities.

In the cross-flow category, the dispersed and continuous phases meet
at an angle in the range 0° < 6 < 180°, with the T-junction (6 = 90°)
being the most common structure [21]. Thorsen et al. [22] were the first
authors to use a microdevice with this configuration in 2001 to generate
water-in-oil droplets to produce ordered dynamic patterns in pressure
controlled laminar flows. In these microdevices two phases flow through
two orthogonal channels and form droplets on contact. They are widely
used because of their simplicity and ability to produce monodispersed
droplets [21]. The size of the droplets can be modified by changing the
fluid flow rates, the dimensions of the channels or changing the relative
viscosity between the two phases [18]. The weakness of these devices
lies in the asymmetric geometry, which causes the generation of off-
centre droplets.

The flow-focusing geometry is widely used to generate mono-
dispersed droplets and was first proposed in 2003 by Anna et al. [23]. In
this geometry, the dispersed phase is squeezed between two streams of
the continuous phase and then breaks up to form droplets. In the drip-
ping regime, the thread expands sharply at the very outlet of the nozzle,
and the interfacial tension forces the head of the thread to become
spherical in shape. The sudden expansion leads to deceleration and
stagnation of the tip and viscous drag of the continuous fluid. At low
Reynolds numbers, the viscous drag on the emerging droplet stretches
and reduces the thickness of the neck, causing it to break and generate
the droplet [24].

Due to the symmetric shear stress exerted by the continuous phase on
the dispersed one [25,26], the flow-focusing configuration promotes
more controlled and more stable droplet generation compared to the
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cross-flow configuration, and the fabrication of these devices is simpler
than using a co-flow geometry. The characteristics of microfluidic
droplet generation position this configuration as a promising alternative
in the analysis of separation processes based on two fluid phase solvent
extraction, more specifically here, the separation of rare earth elements
(REEs). These elements are key critical materials to ensure the current
and future technological development [27] and their separation is
extremely complex, having been reported as one of the seven separa-
tions that could change the world [28]. The advantages of microfluidics
allow efficient testing of different separation agents, while helping to
determine critical parameters (kinetic parameters) for process design.

Previously, Nichols et al. [29] carried out the extraction of REEs in a
simple straight microdevice are reported a microfluidic method to
measure the kinetics of metal ion extraction. These experimental results
were successfully modelled by Zhang et al. [30] using computational
fluid dynamics (CFD) techniques with fitting parameters (kinetic con-
stants) and centrosymmetric simplifications in a T-junction cylinder
geometry, in order to understand the characteristics of lanthanide
droplet-based extraction.

This work addresses for the first time the modelling and experi-
mental validation of the heterogeneous microextraction of two rare
earth elements in a 3D spiral geometry with droplet generation, deep-
ening on the coupling between mass transfer phenomena and passive
mixing. In a device with flow of a continuous organic phase and
dispersed aqueous microdroplets, the curved parts of the microdevice
are key to achieve efficient passive mixing in the continuous phase,
which together with the vortices generated inside the droplets increase
the efficiency of the extraction process (Fig. 1). Furthermore, the
mathematical model that considers gravitational and centripetal forces
is capable of predicting the mixing and mass transfer of both phases,
constituting the most advanced tool to date for the analysis of separation
processes. This model is able to describe the coupling between mass
transport phenomena and passive mixing on the microscale allowing to
quantify the importance of the microdevice geometry in the perfor-
mance of this type of separation. In this way, the extraction of rare earths
(dysprosium and lanthanum) using a selective extractant (Cyanex® 572)
with microdroplet generation under different operating conditions has
been used as a case study due to its particular industrial interest [31].

2. Mathematical model

In order to quantify the solute’s concentration at each point in the
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microfluidic device, and then evaluate the performance of the micro-
fluidic rare earth extraction, the flow field, coupled with the mass
transport and chemical reaction equations must be solved. In this work,
the Navier-Stokes equations for multiphase, incompressible, and dy-
namic state laminar flow in microfluidic devices have been solved to
predict the fluid dynamics of droplet generation with flow-focusing
configuration, Egs. (1)-(4); in addition, the transport of species with
reactive solvent extraction in a heterogeneous liquid-liquid system, Egs.
(5)-(7), has been included.

The conservation of mass inside the microdevice is described by the
continuity equation for each phase. For phase “q” it can be written as
follows:

d -
ot (aq pq) + V’(‘Zq Py Vz/> =0 @

vl

where “pg” is the density (kg-rn’e') and “v'y” the velocity (m-s 1) of the
phase “q”. The volume fraction describes the space occupied by each
phase, and the laws of conservation of mass and momentum are satisfied
by each phase independently. “a,” is the volume fraction of the phase
“qv.

The equation describing the non-relativistic momentum transport
within the microdevice for the phase “q” is:

0 -
e (aq P, 72,) +V-<aq Py Ve 7q> =—a, Vp+Vr,+a,p, g (2)

572),%g”

(m~s’2), and “?q” is the stress tensor (kg~m’1~s’2) that is given by:

where “p” is the pressure (kg-m ™! is the acceleration of gravity

- 2 =
= b, {aq <v7q +v7§> +%v741} ®)
The shape of the liquid-liquid interface in a heterogeneous system may
be described as:

Y 1+1
P2—P1 = R R

where “p;” and “p,” are the pressures (kg-m~!-s2) in the two fluids on
either side of the interface, “R;” and “Ry” are two radii in orthogonal
directions (m), and the surface tension coefficient “6” was experimen-
tally determined at 20 °C using the method of the Axisymmetric Drop

Shape Analysis (ADSA).

4

Mixture

----> M(HA,); + Shellsol

Fluid dynamics & microextraction

----> H* + Water

Fig. 1. Schematic diagram of the fluid dynamics and microextraction of REE 5 Viand analysis, using Cyanex® 572 extractant “(HA),” in the microfluidic device with

flow-focusing droplet generation.
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Table 1
Value of parameters employed in the computational model.
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Components of the aqueous phase Molecular weight (kg-kmol 1)

Components of the organic phase Molecular weight (kg-kmol 1)

Dy>* (Dysprosium) 162.5?
La®* (Lanthanum) 13897
H* (Proton) 1.01%

H,0 (Water) 18.022

Parameter

Dy(HA»)3 1089.5
La(HA)3 1065.5
HA, (Cyanex® 572) 310°
Shellsol® D70 174 ¢

Aqueous phase Organic phase

Density (kg-m~3)

Viscosity (kg~m’1-s’1)

Diffusion coefficient of Dy>* (m?s~1)
Diffusion coefficient of La®>" (m*s 1)
Surface tension coefficient (N-m ™)
Equilibrium constant (-)

998.22 796 ©
1.00-1032 1.60-103 ¢
5.82.1010¢ 2.00-1010 4
6.19-10710¢ 1.98.107104
- 9.61-10% f
- 1.54f

3 [32], Y [33], ¢ [34], ¢ (Estimated by Wilke-Chang [35]), © [36], f (Experimental).

It is possible to describe the mixing and transport of chemical species
by solving the conservation equations describing convection, diffusion
transport and reaction sources for each component. The generalised
species transport equation, when applied to a fluid-fluid multiphase
system is:

—i _

d , ,
= (@ p, i)+ V~<aq Py Ve Y;) = Ve, T, + 7 (5)

where Y(‘I is the mass fraction of the species “i”, 7; is the diffusion
flux (kg-m’z-s’l) of species “i” which arises due to its concentration
gradient and “%” is the formation/disappearance (kg:-m >-s7!) of
components “i” at the interphase (0 < ag < 1) due to the heteroge-
neous chemical reactions. Using Fick’s law, it is possible to describe the
mass diffusion flux of species “i” as a function of the concentration
gradient in each phase “q:

i

J,==p,Dig VY, (6)

here “D; ;” is the mass diffusion coefficient (mz-s’l) for species “i” in the
phase “q”.

N | N »
P =M, (] +v;) (k ()" —k ] c]" )
] | -

[T I

where M‘W (kg-kmolfl) is the molecular weight of the species “i”; “v

1

and vl are the stoichiometric coefficients of the products and reagents
for the species “i”; “k;” and “k,” are the kinetic constants (s~ of the
direct and reverse chemical reactions; “K.” is the equilibrium constant
that has been obtained experimentally as shown in the “Extraction
equilibrium of rare earths” subsection; “C;” is the molar concentration

€22s

(kmol-m ) of the components “j

[Tt

in the interphase; and “77;” and “7;” are

the reaction kinetic orders for products and reagents of the species “j”.

The boundary conditions at the inlet of the microdevice correspond
to the species composition of each phase, the magnitude of the velocity
perpendicular to the inlet surfaces and the atmospheric pressure at the
outlet of the microdevice. A no-slip boundary condition was assigned to
the walls, where the water-wall contact angle was measured experi-
mentally (Liquid-liquid phase properties) and found to be 107° (as
shown in Fig. S1), corresponding to the hydrophobic material (PDMS) of
the microfluidic device.

The numerical simulation was performed using a finite volume
solver, ANSYS Fluent 19.2 (ANSYS, Inc., Canonsburg, PA, USA). A
structured grid was defined and applied to discretise the computational
domain. To capture the complex flow field in the droplet generation and
the location of the interface between the two phases, the geometry was

meshed with a regular mesh using a multizone method where the mesh
is refined in the radial direction to optimise the computational time.

The chemical reaction is considered to be a very fast interfacial re-
action and the progress of the reaction has been solved using a pressure-
based approach in pseudo-transient time using the Heterogeneous Stiff
Chemistry Solver. The species solution method is first order upwind for
the momentum equation and second order upwind for the energy
equations.

The set of equations (1)-(7) has been solved in the computational
domain established for the geometry of the microdevice. The values of
the used parameters in the model are summarised in Table 1.

3. Materials and methods
3.1. Experimental section

The following reagents were required for the fabrication of the
microdevices: acrylonitrile butadiene styrene filament (ABS, Smart
materials 3D®), polydimethylsiloxane (PDMS, Sylgard™ 184 silicone
elastomer and curing agent, DOW®), acetone (>99.8 %, Fisher Chemi-
cal®) and propan-2-ol (>99.8 %, Fisher Chemical®).

For the extraction experiments, DyCl3-6H,0 and LaCls-7H,0 salts
were dissolved in 0.001-0.1 M hydrochloric acid solution (37 %, Fisher
Chemical®) to obtain an aqueous phase with a composition of 0.68 mM
of each REE at different values of pH (1-3). The organic phase was made
of 20 % v/v Cyanex® 572 extractant (CYTEC Industries) dissolved in
Shellsol® D70 (KREMER®).

3.2. Design and manufacture of microfluidic devices

The microchannel has been designed with an Archimedean spiral
geometry (can be seen in Fig. S2 in the supplementary material) because
it is a good passive mixer due to the generation of secondary flow (Dean
vortices) [4]. This three-dimensional geometry has a rectangular cross
section (1.2 mm high and 3 mm wide) and a total length of 200 mm
(Fig. S2). It has a flow-focusing configuration for droplet generation
with two inlets (one for each phase) and one outlet. More information is
available in the supplementary material (Fig. S3).

Microdevices were fabricated by a two-step acrylonitrile butadiene
styrene (ABS) scaffold removal method to achieve 3D micrometric
channels in a single block of PDMS [37]. This method uses additive
manufacturing techniques by 3D printing with Fused Filament Fabri-
cation (FFF) technology. First, the channel geometry is designed in
Autodesk Inventor® (Fig. 2.a) and all the printing parameters are
entered into the Ultimaker Cura® software (Fig. 2.b). The geometry is
then printed in a 3D printer (Ultimaker® S3, Fig. 2.c) using a 0.25 mm
print core (Ultimaker®) and acrylonitrile butadiene styrene (ABS) fila-
ment. The ABS 3D geometry (Fig. 2.d) is laid in a cured PDMS (DOW
Sylgard 184®) bed, covered with liquid PDMS (Fig. 2.e), and placed in a
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Ultimaker Cura®

Chemical Engineering Journal 486 (2024) 150136
/)

Ultimaker S3® / /

Ultimaker

PDMS

ABS + PDMS

ABS Geometry

Fig. 2. Schematic representation of the polymer scaffold-removal fabrication method for design and manufacturing of microfluidic devices.

vacuum oven (Memmert®) to degas and cure the PDMS (at 60 °C). After
that, the scaffold polymer is removed by dissolving with acetone and
cleaned by injecting isopropanol, leaving an empty cavity inside the
single block of PDMS (Fig. 2.f). The result is a highly precise and
completely transparent microdevice, as shown in the supplementary
material (Fig. S4).

3.3. Liquid-liquid phase properties

The contact angle of PDMS with water was measured experimentally
using the Kruss® DSA25S drop shape analyser. A bed of PDMS was cured
on the bottom of a glass cuvette, treated with acetone to remove ABS and
then cleaned with isopropanol, as it is done in the manufacture of
microdevices. To measure the contact angle, the organic phase used in
the experiments was previously added to the cuvette with PDMS, the
DSA25S syringe was filled with the aqueous phase containing the REE
used in the experiment, and a drop of this phase was deposited on the
PDMS bed, remaining immersed in the organic phase, as shown in Fig. 3.
The sessile drop method is used to measure the contact angle with

Kruss® Advance 1.12 software.

3.4. Fluid dynamics of droplets generation

For the experimental analysis of the fluid dynamics inside the
microdevice, two syringe pumps were used to feed the two phases; one
syringe supplied the organic solution, containing the extractant (Cya-
nex® 572) diluted in Shellsol® D70, while the second syringe pumped
the aqueous solution, containing the rare earth elements (dysprosium
and lanthanum) and methylene blue (which provides clear visualisation
and the ability to accurately measure the shape of the droplets). The
syringes were connected to the PDMS microreactor using Tygon® tube
by Luer Lock connectors. The flow rate in each experiment was adjusted
with both syringe pumps to analyse the droplets generated. The exper-
iments were then carried out at room temperature (22 + 2 °C) flowing
the organic solution as the continuous phase, while W/O (water in oil)
droplets of the aqueous solution constituted the dispersed phase. Fig. 4
shows a schematic diagram of the experimental setup.

To analyse the influence of the viscosity variation on the fluid

Organicphase
=77 - 20%v/v Cy-572

80% v/v Shellsol D70

| __ 5 Adqueousphase
0.68 mM REE
100 mM Hcl
MiliQ ultrapure water

"™ Blockof PDMS

Fig. 3. Schematic representation of the method for measuring the contact angle between the PDMS and the aqueous phase immersed in the organic phase.
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Fig. 4. Experimental system for the microextraction composed of a) syringe pumps, b) the microfluidic device and c) the sample vial.

dynamics of the system, while the viscosity of the dispersed phase was
kept constant (uaq = 1 cP), the viscosity of the continuous phase was
changed in the range of 1 to 7 cP by adding a high-viscosity synthetic oil
(initially constituted of 20 % v/v Cyanex® 572 in Shellsol® D70). The
amount of added oil was different for each experiment and the exact
viscosity of this phase was measured in a Fungilab® Alpha Series
viscometer.

3.5. Extraction equilibrium of rare earths

The equilibrium constant (K.) of the extraction reaction between
dysprosium and the extractant Cyanex® 572 was determined experi-
mentally following a conventional batch contact; 10 ml of aqueous
phase ([M3+] = 10 to 0.1 mM) were contacted with 10 ml of organic
phase (20 % v/v Cy-572 in Shellsol® D70) under stirring. Samples (1 ml
of aqueous phase) were taken when equilibrium was reached and the
liquid phases were separated by decantation. The REE extraction yield is
calculated from the difference between the initial concentration and the
concentration of this metal at equilibrium in the aqueous phase. This
concentration was measured in the Agilent® 4210 Microwave Plasma-
Atomic Emission Spectrometer.

3.6. Microftuidic extraction of rare earth elements

For the experimental analysis of the microextractors performance,
two syringe pumps were used to feed the reagents; one syringe supplied
the organic solution, containing the extractant (Cyanex® 572) while the
second syringe pumped the aqueous solution, containing the rare earth
elements (dysprosium and lanthanum). The flow rate was adjusted for
each experiment (between 0.1 and 12 ml-min~?) to generate droplets
maintaining a dispersed phase flow rate of 30 % of the total flow rate (AP
hold-up) in all extraction experiments. These experiments were then
carried out at room temperature (22 + 2 °C) flowing the organic phase
as the continuous one, while W/O droplets of the aqueous solution
constituted the dispersed phase.

Fig. 4 represents the experimental system used for REE micro-
extraction. Several samples were taken at different residence times using
a decantation method that separates the aqueous phase from the organic
one to quench the reaction at the outlet of the microdevice (Fig. 4.c). The
aqueous samples were taken with a Pasteur pipette, diluted in ultrapure
water and acidified by adding nitric acid. Finally, the concentration of
rare earth elements was measured in the MP-AES at a wavelength of
353.2 nm and 408.7 nm for dysprosium and lanthanum, respectively.
The percentage of rare earth extraction (E) by Cyanex® 572 was
calculated from the concentration values as:

Cl. — Cyps

_ M3+
E= o (8

M3+

where “Cz(\)/m” is the original metal ion concentration (kmol-m~2) in the
aqueous phase before the extraction and “Cy;+” the metal ion concen-
tration in the aqueous medium (kmol-m’?’) after extraction.

4. Results and discussion
4.1. Hydrodynamics

The analysis of the operating variables, i.e., flow rate, hold-up and
viscosity of the fluid phases, on the fluid dynamics of the system was
carried out. To this end, a set of experiments was designed using the dye
methylene blue in the dispersed phase (aqueous phase) to trace the
droplet generation in terms of frequency and size of the droplets. In the
microfluidic device with flow-focusing geometry, as the inlet flow rates
increase (residence time decreases), while maintaining a 30 % of hold-
up of the aqueous phase (flow rate of the aqueous phase with respect
to the total flow rate, Eq. (9)), the characteristics of the generated
droplets are affected, resulting in smaller droplets and consequently, in
an increase in the frequency of droplet generation.

AP hold — up = A

= -100 9
QOaq + Qorg ©)

where “Qaq4” and “Qorg” are the flow rate (ml'min~") of the aqueous
phase and the organic phase, respectively.

For the flow-focusing configuration, the geometries of the micro-
device channel produce ellipsoidal droplets (spheres flattened at the top
and bottom), as shown in the 3D simulation in Fig. 5. In this way, the
interfacial area of the droplets inside the microdevice varies between
61.4 and 49.2 cm?cm ™ over the range of the studied operating con-
ditions (residence times from 3 to 60 s), calculated as the surface area of
all droplets divided by the volume of the aqueous phase in the micro-
device, according to the following equation:

p 1
dr (a”b’ +a”3d’+b”<"’) iN,

VAq

A=

10

where “p” has a value of 1.6, “a”, “b”, and “c” represent the radius of the
droplet (cm) in the x, y, and z directions of the system respectively, “Ny”
is the total number of droplets inside the microdevice and “V,,” is the
total volume of aqueous phase (cm®) inside the microdevice.

Fig. 6 shows a comparison between the results obtained with CFD
simulations (left part of the figure) and the experiments carried out with
the blue dye (on the right). In both cases, under the same operating
conditions (Qaq = 0.429 ml-min~}, Qorg=1 ml-min~}, T =30s, pag =1
cP, porg = 1.6 cP) a droplet generation frequency of 1.67 + 0.07
droplets-s‘1 was obtained (1.7 droplets-s_1 in CFD simulations), with
droplets of spherical shape flattened at the top and bottom with a
diameter of 2.43 4+ 0.02 mm (2.44 mm in CFD simulations) in its circular
section and 1 mm in height; the corresponding interfacial area was 50.6
+0.18 cm?cm ™3 (50.5 cm?-cm ™2 in CFD simulations). In addition, the
mathematical model is able to predict the fluid dynamics of the system
for different operating conditions.

Fig. 7 demonstrates through computational fluid dynamics (CFD)
simulations how the hold-up of the aqueous phase, AP, (between 30 and
70 %) affects the generation of droplets in the microdevice keeping
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Fig. 5. 3D geometrical shape of the droplets generated in a microdevice with flow-focusing configuration simulated by CFD under the following operating con-

ditions: Qaq = 0.429 ml-min™%, Qorg = 1 ml-min~?, paq = 1 P, org = 1.6 cP.

——————————— 10(mm)

Fig. 6. Comparison of droplet generation fluid dynamics between CFD simulations in ANSYS Fluent® (on the left) and experiments (on the right), for the same

conditions: Qaq = 0.429 ml'min~", Qorg = 1 ml-min™"

, T = 30 s. Blue droplets and transparent fluid correspond to aqueous and organic phases respectively.

—— 10(mm)

—— 10 (mm)

p——— 10 (mm)

Fig. 7. Comparison of droplet generation fluid dynamics obtained through CFD simulations for the same residence time t = 30 s with different values of AP hold-up:
a) 30 %, b) 50 %, and c) 70 %. Blue and transparent fluids correspond to the aqueous and organic phases respectively.

constant the residence time (t = 30 s). It can be seen that, for hold-ups of
30 % (Fig. 7.a) and 50 % (Fig. 7.b), spherical droplets are generated.
However, with a hold-up of 70 % (Fig. 7.c), elongated droplets or slugs
are produced. Regarding the frequency of droplets generation, it can be
observed that it remains at 1.7 droplets-s~! for AP hold-ups of 30 % and
50 %, however, slug generation decreases this frequency to 0.5
droplets-s 1.

In reactive multiphase microfluidic systems, the interfacial area be-
tween the fluid phases is a critical parameter in determining the contact
between the reagents and, in the end, the performance of the solutes
transport. The obtained results indicate that the highest interfacial area
(50.5 cm?cm 2 for a residence time of 30 s) is achieved with an AP hold-
up of 30 %, followed by 33.2 cm?.cm™2 at 50 % AP hold-up. This is
because, for the same droplet generation frequency, the highest
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interfacial area inside the microdevice is obtained with smaller droplets.
Furthermore, working with a slug flow is not convenient since a sig-
nificant part of the slugs are in contact with the walls of the microdevice,
resulting in a much lower specific area of 5.5 cm?.cm™> between the
fluid phases.

The fluid dynamics of the system also depend on the rheological
properties of the fluid phases. It is therefore interesting to study how the
viscosity of the liquid phases influences the size of the generated drop-
lets. Fig. 8 shows the interfacial area of the droplets produced in the
microfluidic device as a function of the viscosity of the continuous phase
(keeping the viscosity of the dispersed phase pq =1 cP) for two different
values of AP hold-up (30 % and 50 %). It can be seen that as the viscosity
of the continuous phase (organic phase) increases, the size of the
droplets generated in both conditions decreases, and therefore the
interfacial area increases. This is because an increase in the viscosity of
the continuous phase causes an increase in the stress tensor (Eq. (3)),
improving the capacity of this phase to deform the dispersed one, and
therefore causing an increase in the rate of the droplet breakage, pro-
ducing droplets of smaller size. Moreover, this greater deformation ca-
pacity is more pronounced the higher the flow rate of the continuous
phase is in relation to the dispersed one, and for this reason the variation
of the interfacial area with an AP hold-up of 30 % is more sensitive
(steeper curve) to the viscosity of the continuous phase compared to the
results obtained with an AP hold-up of 50 %. Furthermore, there is a
good agreement between the simulated curves with the mathematical
model and the experimental data with an error of less than 10 % in terms
of droplet size.

4.2. Microextraction

The potential advantages of droplet generation microdevices for
carrying out very fast multiphase chemical reactions have been analysed
through the performance of the reactive extraction and separation of
rare earths, which are assumed to take place with very fast reaction
rates. After the fluid dynamic analysis, the experiments were carried out
with an aqueous phase hold-up of 30 % to increase the interfacial area
between the phases, where the extraction reaction takes place.

The extraction of Dy(III) or La(Ill) by Cyanex® 572 from HCI solu-
tions to the organic phase is represented through a cationic exchange
reaction with the following stoichiometry [38]:

M** 4 3(HA), < M(HA,), + 3H" (R1)

where M3* represents the rare earth elements (Dy(III) and La(Ill)),
(HA), stands for the dimer of Cy-572 in Shellsol® D70 and the bars
represent the organic phase species.

According to previous references [38], the equilibrium constant “K.”
of (R1) can be simplified and expressed by the mass action law Eq. (11),

56 T T T T
- O AP hold-up = 30%
'c 54 & AP hold-up = 50%
°
N
I
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[
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©
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Continuous phase viscosity (cP)

Fig. 8. Interfacial area of droplets (calculated by Eq. (10)) as function of the
continuous phase viscosity for two different values of AP hold-up, at Qaq =
0.429 ml'min', Qorg = 1 ml'min "', = 30 s. Dots and lines represent exper-
imental and simulated data respectively.
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where “K_.” is also the ratio between the kinetic constant of the direct
reaction “k;” and the kinetic constant of the reverse reaction “k;”, as
follows:
ko [M(HAy), |-[HT]
K, = k_f = % 1)
b M) [(HA), |

Experimental data were fitted to the linearised expression of Eq. (11),
Fig. 9, obtaining a dimensionless K, value of 1.5.

The extraction of rare earths by Cyanex® 572 has been reported to
follow a pseudo first order kinetic equation [39], with respect to the rare
earth elements “M>*” and the complex species “M(HA,),”, as expressed
in Eq. (12).

_dCM1+
dt

= ki-Cop+ — ki Crr(riay ), .

where “k¢” and “k;” are the observed kinetic constants of the direct and
reverse reactions (s_l), respectively, and “C” refers to the concentration
of the reagents (mol-m—3).

For simplicity, the concentrations of the extractant “(HA),” and of
the protons “H*”, which are kept constant during the experiments under
the conditions studied, are included in the values of the apparent kinetic
constants. This way, the direct kinetic constant “k;” was estimated from
the experimental results, using Aspen Custom Modeler® (Aspen Custom
Modeler V11, Aspen Technology Inc., Bedford, MA, USA) parameter
estimation tool, obtaining values of k; = 0.37 standk, = 0.24 571

In order to analyse the performance of REEs extraction and separa-
tion in a microfluidic device with droplet generation by CFD simula-
tions, the influence of the mesh quality on the simulated results of
dysprosium extraction was first studied. A structural mesh network was
optimised for the microfluidic device to reduce the computational time
and to improve the accuracy of the results. More details on the mesh
quality (Fig. S5) can be found in the supplementary material.

Fig. 10 shows the microfluidic extraction of dysprosium from the
aqueous to the organic phase (with 0.1 M and 0.001 M of HCl and 20 %
v/v of Cy-572) as function of the residence time. It is observed that the
microfluidic system is able to extract a significant amount of the Dy
concentration (92 %, calculated with Eq. (8)) within a residence time of
30 s. Increasing the pH of the aqueous phase favours both the equilib-
rium and the extraction kinetics. This behaviour is consistent with the
extraction reaction (R1) [38]; according to Egs. (11) and (12), the
variation in the proton concentration in the aqueous phase affects both
the equilibrium (Le Chatelier’s principle) and the extraction kinetics,
reaching 92 % of the dysprosium extracted from the aqueous phase at
pH 3 in only 10 s of residence time (3 times faster compared to the re-
sults at pH 1). Therefore, the low concentration of protons in the
aqueous phase causes an increase in the rate of rare earths extraction,
intensifying the microextraction process.
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Fig. 9. Equilibrium constant study for dysprosium extraction at pH = 1 by
Cyanex® 572 extractant at 21 + 3 °C.
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Fig. 10. Influence of pH on dysprosium extraction at different residence times from the HCl aqueous solution to the Cy-572 extractant organic phase at 22 + 2 °C in
the microdevice shown in Fig. 4. Dots and lines represent experimental and simulated data respectively.

Thus, the extraction of rare earths in microfluidic devices provide
very promising results due to the high extraction achieved in very short
residence times. This fast extraction process is enhanced due to the in-
fluence of the droplet characteristics; as the interfacial area increases,
the contact area between the fluid phases increases and the distance that
the dysprosium molecules must travel before reaching the reaction plane
is shortened. For this reason, the time required to achieve 80 % REE
extraction in this work’s microdevice is 18 s; for similar extraction
percentages the time required in a CSTR was 4 min [40] and in a SLM
system it increased to 4 h [33].

This excellent performance in the extraction of Dy is mainly attrib-
uted to the efficient passive mixing of each phase due to the geometry of
the microdevice and the high value of interfacial area. Fig. 11 shows
CFD simulated internal flow patterns at different shear planes of the
microdevice with a residence time of 30 s. Passive mixing inside the
microdevice is caused by two factors; on the one hand, the curved parts
of the spiral geometry cause passive mixing in both phases, induced by
the formation of Dean vortices. These vortices create a secondary motion
that develops as a pair of counter-rotating cells in the curved parts of the
device. This phenomenon is characterised by the Dean number (De) and
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is calculated by the following equation:

\/ 3 (inertial forces)(centripetal forces) d,
De = = Re oS 13)
rC

(viscous forces)

where “Re” is the Reynolds number (-), “dy” is the hydraulic diameter of
the micro-channel (m) and “r.” is the curvature radius of the channel
(m).

On the one hand, this dimensionless number is influenced by the flow
rate used in each individual experiment (different residence times be-
tween 3 and 60 s have been studied) which determines the Reynolds
number, and on the other hand, for each experiment there is a range of
Dean numbers because spirals have infinite curvature radius (r;) be-
tween 3.4 and 17.9 mm. Consequently, this resulted in a range of Dean
numbers between 0.4 and 1.0 for a residence time of 60 s whereas for a
residence time of 3 s the Dean number varies from 8.7 to 19.8. Thus, the
mixing efficiency is enhanced at lower residence times, but the chemical
molecules have less time to interact and react with each other.

Therefore, the spiral curves have a positive effect on the performance

Flow velocity (mm-s™)

P—— 1.0(mm)

Fig. 11. CFD simulation of the flow internal pattern, a) in the dispersed phase, b) in the continuous phase; in both cases transversal sections of curved parts are
represented, and c) in the dispersed phase within the droplet in the central plane. Simulation conditions were: Qaq = 0.429 ml-min~}, Qorg =1 ml-min~!, T = 30s.
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of the microdevice, favouring the mass transport in the dispersed phase
(Fig. 11.a), inducing the generation of 4 centrosymmetric vortices, and
in the continuous phase (Fig. 11.b), generating two symmetrical
vortices, reducing the diffusion limitation in both phases and thus
decreasing the thickness of the boundary layer between the fluid phases,
characteristic of systems flowing in laminar regime. On the other hand,
the generation of vortices within the droplets (Fig. 11.c) is also critical
[41]; the droplet is dragged by the continuous phase inside the micro-
device, causing the generation of different velocities in the dispersed
phase. The fluid at the droplet centreline flows in the same direction as
the droplet motion, producing symmetrical recirculation regions around
the centreline. Complex flow patterns also occur at each end of the
droplet, resulting in an overall secondary flow that homogenises the
concentration of species within the droplet. This has a direct effect on
the extraction performance of this type of microfluidic device.

In order to quantify the difference in the performance, the extraction
of dysprosium was simulated as a function of residence time for 3
different cases; first, the extraction of dysprosium was simulated in the
spiral microdevice described in Materials and methods section, the di-
mensions of which are shown in Fig. S2. Second, the extraction of
dysprosium was simulated in a microdevice with the same dimensions as
described above, but with straight geometry as the only difference, so
that the influence of curved parts on the extraction performance can be
quantified. Finally, the extraction of dysprosium over time was simu-
lated without considering the effects of the curves or the mixing caused
by the dragging of droplets. For this purpose, the extraction of Dy was
simulated in a motionless identical droplet.

Fig. 12 shows the results of the 3 simulation runs; it is observed that
with a straight geometry, 80 % of Dy is extracted in 30 s of residence
time, while with the spiral geometry the same extraction percentage is
achieved in only 16.5 s. Consequently, the inclusion of geometries with
curved parts leads to an increase in the extraction yield, being 1.8 times
faster extraction in a spiral microdevice compared to the straight ge-
ometry. Furthermore, if we focus on the results obtained with a
motionless droplet, it can be observed that the extraction performance in
this case is significantly slower than that obtained with motion droplets,
due to the diffusion limitation of Dy from the interior of the droplet to
reach the L-L interphase, where it reacts with Cy-572. For this reason,
after 30 s, only 61 % of the dysprosium is extracted in motionless
droplets, requiring 90 s to reach 80 % extraction, 3 times more than in
the straight microreactor, so the vortices generated inside the droplets
by the drag force of the continuous phase on the dispersed one are also
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important. Therefore, the shape of the microdevice is key to achieve an
efficient microextraction process, and as previously reported in litera-
ture [4,42,43], the incorporation of curves in the microdevice geometry
significantly increases the performance of the process, which is more
noticeable at high residence times, where the influence of the mixture
becomes more important than the reaction rate. Other authors, such as
Kolar et al. [44] compared the throughput of conventional bulk and
microfluidic REEs extraction, starting from a 0.1 M REEs solution at pH
0.7 and using an organic phase constituted of a solution of 33 % v/v
Cyanex® 572 in Shellsol® D70. They carried out the bulk extraction by
stirring both phases with an impeller, while the solvent microextraction
experiments were conducted in Y-Y microdevices, duplicating the
extraction yield (defined as in Eq. (8)) compared to macroscale results.
In order to compare these results with the ones obtained in this work
under similar operating conditions, we have defined an enhancement
factor (e), calculated as the dimensioned dysprosium extraction rate
divided by the specific interfacial area (S/V) of the system, observing
that our microdevice is 2.8 times more efficient than the one used by
Kolar E., as shown in Table 2.

The difference in the performance between the two microdevices is
mainly due to the difference in the geometry, where the curved parts of
the spiral geometry provide a higher efficiency of the passive mixing for
both phases due to vortex generation, compared to a Y-Y device without
curves in which this phenomenon does not occur.

Once it has been proved that the microextractors constitute useful
and intensified devices to extract REEs, their performance in the sepa-
ration of a binary rare earth system has been tested. Considering that
REEs are typically classified in two groups according to the ionic radius
[45], LREEs (Light Rare Earth Elements) or HREEs (Heavy Rare Earth
Elements), in order to address this stage, in this work two REEs have
been selected from each of the former categories; lanthanum, as repre-
sentative of the LREEs group, and dysprosium, which belongs to the
HREEs category and whose mixture is an industrial eluent of great in-
terest in its separation and recovery of these elements [31].

Extraction experiments, which were carried at pH 1 in the aqueous
phase (to minimise La extraction (pH < 1.2) [46] and facilitate the
separation of dysprosium and lanthanum), 20 % v/v concentration of
Cyanex® 572 extractant and 0.68 mM concentration for both REEs
(Dy** and La3"), yielded the results displayed in Fig. 13. Based on the
extraction curves, it can be highlighted that the considered setup would
yield a high separation for the binary system (dysprosium-lanthanum).
Indeed, with a residence time of 20 s, approximately 80 % of dysprosium
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Fig. 12. Dysprosium extraction at different residence times from the HCl aqueous solution at pH = 1 to the Cy-572 extractant organic phase at 22 °C in different
microdevice geometries with the same dimensions. Solid, dashed and dotted lines represent spiral shape, straight geometry and motionless droplet respectively.
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Table 2
Comparison of the Dy extraction results obtained by Kolar E. [44] with those obtained in this work.
Research T [Cy-572]¢ [H"1o [REE]o [REE]gxt S/V €
) (s) (% v/v) (mmol-L™Y) (mmol-L™Y) (mmol-L) (mm™Y) (mm~'min~1)
Kolar E. Bulk impeller 10 33 200 100 28 7 0.24
Kolar E. Y-Y Microdevice 10 33 200 100 59 14 0.25
This work Spiral shape 10 20 100 0.68 0.44 5.5 0.71
1 T T T T T
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Fig. 13. Extraction curves for the mixture Dysprosium-Lanthanum at pH = 1 by Cyanex® 572 extractant at 22 + 2 °C. Dots and lines represent experimental and

simulated data, respectively.

would be extracted, due to the high interfacial area (58.4 cmz-cm’3)
caused by the generated droplets, while the extraction of lanthanum
would be practically null (less than 3 % of lanthanum extracted). To
achieve the extraction of lanthanum from the aqueous phase, an addi-
tional extraction step is needed, the pH of the aqueous solution must be
increased (pH = 3) so that the REE can be extracted by Cy-572 [46].

The behaviour represented in Fig. 13 is consistent with the expected
outcomes from an acidic extractant as Cyanex® 572. These reagents
extract by their conjugated bases, with extraction intensifying as the
atomic number of the REE increases, corresponding to decreasing ionic
radii and reinforcing the coordination strengths between Cyanex® 572
and REE [38,47]. This remarkable result of a separation factor of 175.9
(t = 20 s) outcome is in good agreement with other results published in
literature, calculated as:

Ch—Coy v,
p= DC”“ Vowg _ Cua (Cg‘ _ CD“"> (14)
Qo Vi Cpy(CY, — Cro)
Cra Vorg .

where, “C°” is the initial REE (Dy or La) concentration in the aqueous
phase before extraction, “C” the REE concentration after extraction in
the aqueous medium and “V” the volume of the aqueous (Aq) and
organic (Org) phases.

For instance, El-Hefny et al. [38] reported, a considerably high
separation factor of 156.3 for a binary mixture of REE obtained under
similar operating conditions. Therefore, the microfluidic system is ideal
to evaluate this type of separation, due to the possibility of generating
monodispersed droplets through the flow-focusing geometry, increasing
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Experimental Dy extraction (-)

Fig. 14. Parity plot of dysprosium extraction with a + 12 % error (grey dashed lines) between experimental values and the mathematical model simulations.
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the interfacial area between phases and promoting passive mixing inside
the droplets, and at the same time reducing the limitation to mass
transport rate, overall enhancing the efficiency of the process; in this
work, for the operational conditions, 90 % of dysprosium was extracted
within 30 s of residence time and a high separation factor of p = 279.3.

Furthermore, using computational fluid dynamic (CFD) techniques
with Ansys Fluent®, the fluid dynamics, mass transfer and chemical
reaction kinetics of the microfluidic system have been solved simulta-
neously obtaining a good agreement between simulated data and
experimental results, concluding that the mathematical model predicts
the system with an error less than 12 % in 93 % of the cases (Fig. 14).
This model represents an advanced tool for the design of multiphase
reactive systems at the microscale that, in the specific case of droplet
generation, allows the discrimination and selection of the fluid dy-
namics and geometry of the system that maximises the reaction target, i.
e., extraction yield and selectivity in liquid-liquid reactive extractions.

5. Conclusions

The main result of this work is to advance knowledge in the design of
high-performance microfluidic devices for multiphase liquid-liquid re-
actions by understanding and exploiting the advantageous characteris-
tics of microdroplet generation. To this end, a predictive CFD model has
been developed to assist in the microdroplet generation strategy, the
design of the microfluidic device and the influence of operational vari-
ables on the reactive extraction of REEs.

After fabrication of the microfluidic device via additive
manufacturing using 3D printing techniques, the spiral geometry with
droplet generation by flow-focusing configuration allows the size and
shape of the generated droplets to be controlled by various parameters
such as the viscosity of the phases or the variation of the feed flow rates
(AP hold-up), thus obtaining a multiphase system with a high interfacial
area. In addition, the passive mixing induced in the dispersed phase
inside the droplets by the dragging phases and in both phases by the
Dean vortices generated in the spiral curve, provides a high-
performance microfluidic system ideal for reactive extraction processes.

The experimental assessment of the model simulated results has been
accomplished working with the extractive separation of a binary
mixture of rare earth elements, dysprosium and lanthanum, that was fed
to the microdevice as a dispersed phase according to the conditions
selected from the simulation runs; an organic phase constituted of 20 %
v/v of Cyanex® 572 as extractant dissolved in Shellsol® D70 was fed as
a continuous phase. Under the operating conditions, the interfacial area
achieved by the droplets was of 58.4 cm?.cm™%; working at pH = 1 90 %
of dysprosium was successfully extracted in 30 s of residence time,
whereas the extraction of lanthanum could be neglected, thus achieving
a high separation factor of 279.3.

Thus, this work reports a valuable tool to assist in the design and
fabrication of microfluidic devices for the development of dispersive
liquid-liquid extractive reactions. A CFD mathematical model, which
takes into account the integrated analysis of the fluid dynamics for
multiphase systems, the mixing of the reactants within the microdevice
and the interfacial reaction rate, has been developed and experimentally
assessed; this tool allows the prediction of the performance under
different operating conditions and facilitates the decision making on the
process conditions for heterogeneous liquid-liquid reactions.
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