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ARTICLE INFO ABSTRACT

Editor: Luo Guangsheng This work reports the optimization strategy for the design of a microfluidic platform to achieve the separation
and recovery of aqueous mixtures of rare earth elements (REEs); the work showcases the separation of
dysprosium, neodymium and lanthanum using microextraction modules with an organic phase constituted of
Cyanex® 572 diluted in Shellsol® D70. An optimization model has been developed to assist in the design of the
number of stages (microextractors, settling tanks and mixer and splitter units) and the best operational condi-
tions that maximize the separation and recovery targets. Results predicted by the model with a configuration
composed of 4 microreactors have been experimentally evaluated.

Starting with 1 mM equimolar REE mixtures and 301 mM Cyanex® 572 as the organic phase, the model shows
that REE recovery and concentration improve with an increasing number of microextractors. Using eight
microextractors, along with optimised pH and recycling, recoveries exceed 92 %, purities reach 93 %, and
concentrations are at least six times higher than the feed.

The REEs extraction microfluidic platform has been 3D printed with a modular LEGO® type design that fa-
cilitates reconfiguration and scalability. Together with the optimisation model, this platform represents a
valuable tool for the design and implementation of future critical element mixtures microextraction applications.
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process for the extractive recovery of NCM (Lithium Nickel Manganese
Cobalt Oxides) battery materials using a mixed extractant in the organic
phase to improve the extraction performance, achieving high recoveries
of Mn, Co, Ni and Li of 99.9 %, 98.6 %, 99.5 % and 90 %, respectively.
Also, Abdollahi et al. [6] proposed a systematic method for the efficient
separation of species with a low separation factor using a Y-Y micro-

1. Introduction

Microfluidics offers a promising platform for reactive extraction
processes due to its superior control over mass transport phenomena,

efficient phase contact and improved selectivity compared to conven-
tional extraction methods [1]. This technology enables precise manipu-
lation of fluids at the microscale, resulting in significantly higher mass
transfer rates, shorter diffusion distances, minimised reagent consump-
tion and reduced waste generation [2,3]. These advantages make
microfluidics an increasingly attractive alternative for separation pro-
cesses, including the recovery of metals and rare earth elements (REEs).
For instance, Farahani et al. [4] studied the performance of the solvent
extraction of Cd ions using a Y-Y microfluidic device, achieving higher
mass transfer rates than with batch extractors, with 99.3 % of extraction
percentage obtained for a residence time of 8 s, 75 times faster compared
to the batch system. This is because microfluidics offers a high surface-to-
volume ratio and short diffusion distances.

Other authors, such as Zhou et al. [5], have developed a microfluidic
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device, achieving 62 % extraction of Ca>" from an aqueous solution of
picric acid and CaCl,. Wouters et al. [7] analysed experimentally the
extraction of cobalt from an aqueous phase composed of Ni and Co
(3:0.3 mol1™! Ni:Co), using an organic phase with Cyanex® 272 as
extractant in a 3D spiral microdevice, achieving 60 % of extraction and a
very high separation factor (>1000).

Different authors have reported higher yields in microextraction
processes using a multiphasic microdevice given the substantial increase
in the interfacial area between the continuous and dispersed phases in
microfluidic reactors. Wen et al. [8] studied the mass transfer at the
molecular level with different flow regimes, recovering chromium and
vanadium by reactive extraction in a microdevice with dispersed droplet
and slug generation, thereby increasing the efficiency of mass transfer.
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Nomenclature

Roman symbols

C molar concentration (kmol-m~3)

E percentage of REE extraction (-)

F molar flow rate (mol~day’1)

H holdup ratio (%)

K. equilibrium constant (-)

Q fluid flow rate (ml-min— 1)

R flow rate ratio (-)

Z objective function (-)

Subscripts

0 initial condition (-)

AP aqueous phase (-)

in inlet (-)

OP organic phase (-)

out outlet (-)

q fluid phase (-)

Superscripts

H* hydrogen proton (-)

(HA), dimer of Cyanex® 572 (-)

i species (-)

M3t trivalent metal ion of REE (-)

MA3(HA); complex formed between REE ion and 3 dimers of Cy-
572 (-)

Similarly, Cui K. and Huang K. [9] evaluated the separation process of Er
(III) and AI(III) using a Y-junction microfluidic device, increasing the
interfacial area with enlarged droplets (slugs) of the aqueous phase.
Chen et al. [10] reported the extraction of Nd using a hollow droplet
generation microdevice (gas-liquid-liquid system) and analysed the in-
fluence of residence time and phase ratio; in the analysed conditions the
extraction equilibrium of Nd is achieved in 1.3 s in a microfluidic device
with a channel length of 0.3 m.

Elements such as dysprosium (Dy), neodymium (Nd) and lanthanum
(La) are key to the manufacture of high-tech devices such as permanent
magnets [11], rechargeable batteries [12], catalysts [13], displays [14],
wind turbines [15] and electric vehicles [16]. These REEs present
unique magnetic, catalytic and optical properties that make them irre-
placeable for several critical applications [17], making their separation
and recovery from secondary sources (waste materials) essential [18].
Microfluidic platforms have emerged as an efficient alternative to
investigate these separations due to their ability to integrate multiple
functions in miniaturised devices; some authors have used this type of
platforms with applications in different fields such as biotechnology,
medicine or chemical extraction [19-22]. This feature not only reduces
the separation time but also minimises reagent and resource
consumption.

After rigorous CFD-assisted design of individual microfluidic device to
achieve high extraction performance, this work presents the development
and optimisation of a modular microfluidic platform for the separation
of an aqueous mixture of REEs (Dy, Nd and La) as a case study. The
separation process of a ternary mixture of REEs was selected as a case
study, carried out through multiple microextraction and back-extraction
steps using a multi-building block platform. It is remarkable that the
complexity of the decision-making process increases with the number of
stages. Therefore, it is essential to develop a mathematical model that
optimises the entire process, considering all the decision variables
involved, and to provide a theoretical framework to assist in the design
and fabrication of the modular platform adaptable to different separation
configurations.
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2. Mathematical model

Mathematical model, developed with the Aspen Custom Modeler®
V.14 simulation software, is constituted of mass conservation and
species transport equations for each block; the optimal solution is
achieved using the optimisation tool of the Aspen® software, following
the FeasOpt optimiser with a solution convergence tolerance of 0.002.

2.1. Extraction and Back-Extraction blocks

These blocks correspond to spiral shaped microfluidic devices that
generate microdroplets in which the extraction and back-extraction re-
actions of REEs take place, depending on the pH value of the aqueous
phase. It is assumed that the residence time inside the microdevices is
high enough to reach chemical equilibrium.

The conservation of mass in these blocks is described by the conti-
nuity equation for each phase “q”:

Q= 6b)

where “Q™ and Q®“*” represent the flow rates at the inlet and outlet,
respectively for each phase “q”.

The species transport equations for rare earth elements “M3*” and
protons “H"” in the aqueous phase and for Cyanex® 572 “(HA),” and
the complex species “MA3(HA),” in the organic phase can be written as
follows:

R =G, @
M ng”ﬂ _ (FMAg(HA)3 7FOMA3(HA>3 ) 3
F = p +3(FMA3<H")3 ~F" 3<HA>3) “
Pl — g0 _ 3<FMA3<HA>3 _ ot ) (5)
s _ o (F;ﬁ)z )3 6)

where “Fy” and “F” are the initial and equilibrium molar flow rate of
each species, calculated with eq. (2), and “Kﬂ”“” represents the equi-
librium constant of each rare earth element as given by eq. (14).

2.2. Mixing blocks

In these blocks the mixing of the different streams, both aqueous and
organic phases, takes place. It is assumed that the mixing of inlet streams
is complete at the outlet of the block.

The conservation of mass is described by the continuity equation for
each phase “q”, the flow rate at the outlet is equal to the sum of the inlet
flow rates, described as:
> Q= )

n

The species conservation equation for each phase “q” can be repre-

sented by:

ZQZIC;UI — qutlczout (8)

where “Q™ and Q°” represent inlet and outlet flow rates, respectively,
“C” is the concentration of species “i” in the phase “q”.

2.3. Splitter blocks

In these blocks, splitting of both the aqueous phase and the organic
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phase takes place. At the outlet of the block, the inlet stream is divided
into two or more streams with different flow rates according to the
established flow rate ratio.

The mass conservation equation is described by the continuity
equation for each phase “q” as follows:

Qfln — ZQZM'RZM 9

out

>R =1 (10)

out

where “R” is the flow rate ratio of phase “q” for each splitter outlet “out”.
The species conservation equation for each phase “q” in the splitter
blocks can be described as:

C:;out — sz‘i" (11)

The proposed set of equations is able to describe the separation of a
ternary mixture of Dy, Nd and La with a concentration 1 mM each from
an aqueous solution at pH 1 and flowing at a flow rate of 1 ml-min".
The procedure is subjected to the following limitations:

The flow rates of the streams must be higher than zero (Q > 0);
therefore, recirculation ratios in the separation stages are between 0 and
1(0O<R<D.

The concentration of each element is positive (C > 0).

The aqueous phase holdup (Hsp) in the extraction and back-
extraction stages is between 30 % and 70 % to ensure efficient generation
of microdroplets in the microdevice (30 % < Hap < 70 %) [1].

The objective function of the optimisation model maximises the
productivity and purity of each element in its respective outlet stream
according to equation (12):

_ iout ~iout C;‘l)’m
Zax = Z QAP ‘CAP : iout (12)
i ZiCAP

3. Materials and methods
3.1. Equilibrium study

The equilibrium constant (K.) of the reaction between rare earth
elements (M**) and the Cyanex® 572 extractant ((HA),) was deter-
mined experimentally in conventional mixer-settlers; 10 ml of an
aqueous phase ([Dy**] = [Nd®'] = [La**] =1 mM and pH < 2.5) were
contacted with 10 ml of the organic phase ([(HA),] = 301 mM in
Shellsol® D70) under stirring at room temperature (24 + 2 °C). After
equilibrium had been reached the liquid phases were separated by
decantation and samples (1 ml of aqueous phase) were taken. Then the
REEs concentration was measured in the Agilent® 4210 Microwave
Plasma Atomic Emission Spectrometer at a wavelength of 353.2, 430.4
and 394.9 nm for dysprosium, neodymium and lanthanum, respectively,
calculating the percentage of REE extraction (“E”) from the concentra-
tion values in the aqueous phase as:

CM3+ _ CM3+
E=29___- 13)
Cg,w

where “C{‘{’S*” is the original REE concentration (kmol-m ™) in the

aqueous phase before the extraction and “C*""” the REE concentration
in the aqueous medium (kmol-m~2) after extraction.

3.2. Design of LEGO® type microfluidic platform

The design of the microdevices is based on a detailed study using
Computational Fluid Dynamics (CFD), developed in previous works
[1,2], which allowed the evaluation of the influence of both the geo-
metric characteristics of the devices and the operating variables on their
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Fig. 1. Flow diagram of the CFD-assisted design stage of microfluidic devices.
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Fig. 2. Schematic representation of the design and fabrication sequence of
microfluidic devices by means of one-step additive manufacturing techniques.

performance. The methodology employed in this stage is schematically
illustrated in Fig. 1, where the design is iteratively adjusted and refined
through CFD simulations in order to improve the performance under
specific operating conditions.

Once the design satisfies performance requirements according to
CFD predictions, it is fabricated using 3D printing techniques and sub-
sequently validated through experimental trials.

This approach has been used to evaluate a methodology for
designing a modular microfluidic platform based on a flexible assembly
that can be tailored to specific separation goals.

To create this modular microfluidic platform, a structured support
has been designed in Autodesk Inventor® with LEGO® style studs,
allowing expansion through puzzle-like interlocking joints. The micro-
fluidic devices are designed with a perforated base that fits over the base
studs, providing a highly modular platform. This feature allows the
devices to be placed in any position on the base, facilitating modification
and expansion of the configuration according to the needs of the process.

Several specific types of microfluidic devices have been developed
for the separation of REEs: Spiral microreactors (i) are designed to carry
out the extraction and back-extraction stages of REEs, with a micro-
channel geometry identical to that analysed in a previous work [1]. At
the outlet of these microreactors, settling tanks (ii) are used to separate
the aqueous and organic phases. To ensure proper conditioning of the
streams, mixers (iii) are incorporated to combine streams of the same
phase and to adjust the pH as required. Finally, splitters (iv) are incor-
porated to divide a single stream into multiple streams, allowing recir-
culation and improving process control.

The base was fabricated using additive manufacturing techniques
with 3D printing directly on the Ultimaker® S3 with AA 0.4 Print Core
(Ultimaker®). Similarly, the microfluidic devices were 3D printed in a
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single step using transparent PLA (Ultimaker®) filament material to
visualise the inner part of the devices, as shown in Fig. 2.

3.3. Design of a multistage microfluidic extraction process for the
separation of multicomponent REE mixtures

For the design of the microfluidic platform, the mathematical model
described is implemented in the Aspen Custom Modeler® software.
In this model, the different blocks that constitute the platform are
simulated, including the microfluidic devices where the extraction and
back-extraction stages of REEs are carried out, as well as mixers and
splitters for streams recycling and pH adjustment in the process. Fig. 3
presents the superstructure illustrating the configuration of a three-
element microfluidic separation process, using 8 microreactors, half for
extraction of REEs and half for back-extraction of REE, with all possible
process streams from both organic (red lines) and aqueous (blue lines)
phases. The aqueous stream (Fig. 3.a, mixture of Dy, Nd and La) enters
the first extraction microreactor (E1) where the main part of dysprosium
is separated. This stream with the extracted Dy undergoes a back-
extraction process in unit R1 using an acidic stream (Fig. 3.c), resulting
in a Dy-rich stream leaving the system (Fig. 3.i). The aqueous stream
leaving E1, enriched in neodymium and lanthanum, is subjected to pH
adjustment by addition of a basic stream (Fig. 3.b) to maximise Nd
extraction and minimise La extraction in the next two microextractors,
E2 and E3.

The Nd-rich organic stream is then back-extracted in units R2 and
R3, leaving a Nd-rich aqueous stream (Fig. 3.j) at the end of the process.
Finally, the residual aqueous stream enriched in La, at the outlet of E3, is
subjected to a further pH adjustment to extract lanthanum in the
microextractor E4, followed by its back-extraction in R4. This allows
lanthanum to be concentrated in an aqueous stream (Fig. 3.k), while the
final AP leaves the system practically free of rare earth elements (Fig. 3.
h).

It is worth mentioning the need for multiple recycling streams within
the process, which needs the implementation of mixing blocks and
splitters. Although these additions increase the complexity of the sys-
tem, they contribute significantly to improve its overall performance.
The model is designed to determine the overall microfluidic platform
topology and the operating conditions of each stage that maximise the
separation of REEs from multicomponent mixtures.
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4. Results and discussion
4.1. Extraction equilibria in multicomponent solutions

The analysis of the extraction of Dy(III), Nd(III), and La(IIl) from an
acidic aqueous phase into an organic phase using the extractant Cya-
nex® 572 was conducted through a reactive multiphase cation exchange
process. The use of this extractant proves advantageous due to its high
selectivity and extraction capacity, making it a valuable choice for
separating and purifying rare earth elements from complex mixtures
[23]. This method takes advantage of Cyanex® 572's selective affinity
for trivalent REEs in acidic environments, facilitating their transfer from
the aqueous to the organic phase. The extraction follows a specific
stoichiometry, where the metal ions react with the active components of
the extractant to form metal-extractant complexes. These complexes are
then solubilized in the organic phase, effectively separating the REEs
from the aqueous solution. The underlying mechanism is based on acid-
base equilibrium reactions where the trivalent rare earth ions replace
protons from the extractant molecules, allowing selective transfer to the
organic phase depending on their ionic radius and acidity [24].

In this context, M>* represents the trivalent REEs such as Dy3+, Nd3+,
and La®*. The notation (HA), refers to the dimeric form of the Cyanex®
572 extractant, which is dissolved in the organic solvent Shellsol® D70.
The species MA3(HA), is the organic complex species formed between
the single REE ion and three dimers of Cy-572 (Cyanex® 572) in the
organic phase.

The formation of the MA3(HA); complex species occurs through a
cation exchange reaction, where the trivalent RE ion (M>*) binds to the
Cyanex® 572 dimers, releasing protons (H") into the aqueous phase.
The bars over the species indicate that these complexes reside in the
organic phase. The extraction process can be expressed by the following
reaction [25]:

M?*' +3(HA), < MA;3;(HA), + 3H" (R1)

This stoichiometric relationship highlights the role of Cyanex®
572 in facilitating the cation exchange mechanism, where the REEs
are exchanged with protons from the extractant, forming stable
metal-extractant complexes.

According to previous references [25], the equilibrium constant (K.)
of (R1) can be simplified and expressed by the mass action law eq. (14),
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Fig. 3. Superstructure of the microfluidic platform of REEs extraction-back-extraction process. (a) is the inlet of the feed aqueous solution, (b) represents the inlet of
the pH adjustment stream, (c), (d), and (e) are the inlets of aqueous acidic streams for the back-extraction of REEs, (f) and (g) represent the inlet and outlet of the OP,
respectively, (h) is the outlet of AP without REEs, (i), (j) and (k) are the outlet streams concentrated in Dy3‘ s Nd®* and La3* , respectively.
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Fig. 4. Equilibrium isotherms of REEs at different pH values, obtained with
301 mM of (HA), in Shellsol® D70 and 1 mM of M>* as chlorides, where dots
and lines represent the experimental and simulated data, respectively.

where “K.” is calculated as follows:
113
k. = WASHA), |1 s
[ve+]-[(HA), |

According to the previously described procedure, the corresponding
calculations were carried out to obtain the equilibrium constant (K.) of
the extraction of REEs, obtaining the following dimensionless values: 1.5
for dysprosium, 4.8-10% for neodymium and 1.6-10* for lanthanum.
With these results, it is possible to estimate the extraction isotherms at
different pH values, which have been experimentally verified by means
of batch experiments using an initial concentration of 1 mM of each REE
and an initial concentration of extractant (Cyanex® 572) of 301 mM.

Fig. 4 depicts the extraction isotherms of these three elements
showing the influence of the pH of the aqueous phase on the extraction
equilibrium. pH is a crucial variable to design and achieve the selective
separation of the elements. At a specific pH, each element shows
different affinity for the extractant, which facilitates their individuali-
sation and recovery from the mixture.

The study demonstrates that by modifying the pH of the aqueous
solution, it is possible to optimise the conditions to extract each element
selectively, maximising the purity and separation of the multicompo-
nent mixtures.

4.2. CFD-assisted design of microfluidic device

In the design stage of the microdevices, an exhaustive study was
carried out using CFD, focusing on the evaluation of the influence of the
geometrical characteristics of the devices and the operating variables on
their performance. This methodology, developed and applied in

0
08} Q Q T
O 0
% ool _
s o O Dy
£ z A Nd
Soab O Laf
&5 9
a4
02}
I 2 A A ~ ~
N R S S S S
0 5 10 15 20 25 30
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Fig. 5. REEs extraction at different residence times for the mixture Dy Nd La at
pH = 1 by Cy 572 extractant in microfluidic device at 20 + 2 °C. Dots and lines
represent experimental and simulated data, respectively.
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previous works [1,2], allowed the microfluidic system to be known and
configured in order to improve its performance under specific operating
conditions. The generation of droplets by flow focusing configuration,
combined with the curved geometry of the spiral shape microchannel,
increases the interfacial area and promotes the mixing of reagents
thanks to the formation of Dean vortices. This ensures a continuous
supply of reagents to the interface, leading to improved performance of
the extraction process. The design of the microdevice determines the
influence of several key parameters on the extraction performance of
each of the elements of interest. These parameters include the total
length of the microchannel, their radii of curvature, the size of the
droplets generated, the holdup value, the input flow rates of each phase,
the composition of the organic phase (in this case with a Cyanex® 572
concentration of 301 mM in Shellsol® D70), and the acidity of the
aqueous phase [1].

Fig. 5 shows the performance of the extraction process of an aqueous
solution containing a mixture of dysprosium, neodymium and
lanthanum, each with an initial concentration of 1 mM, as a function of
the residence time in the microdevice. The experiment was carried out
under controlled conditions of pH 1, strategically chosen to promote the
selective separation of the rare earth elements.

The results obtained experimentally validate the CFD model and
demonstrate its applicability in the design of microdevices capable of
achieving a highly efficient extraction of dysprosium, reaching
approximately 95 % at significantly low residence times. This perfor-
mance highlights the high affinity of the system for this ion, as well as
the effectiveness of the microdevice design under these conditions. On
the other hand, neodymium extraction was much lower, with values
below 10 %, while lanthanum extraction was practically null, allowing
its effective separation.

These results highlight the predictive capability of the CFD model,
which reproduces with high fidelity the performance of the microdevice
under different operating scenarios. This confirms CFD simulation as an
important tool not only for understanding the transport phenomena
involved, but also for assisting in the design and sizing of microdevices
that satisfy specific separation and performance requirements.

4.3. Evaluation of the microfiuidic platform for the separation of mixtures
of REEs

For the separation of a mixture of rare earth elements, specifically a
ternary mixture composed of dysprosium, neodymium and lanthanum
with a concentration of 1 mM of each element, it is essential to imple-
ment selective extraction and back-extraction stages. The number of
these stages plays a crucial role in the final performance of REEs
separation.

This study analyses a microfluidic process to provide a target yield of
separation and recovery for each REE. In this case, the objective is to end
with three streams enriched in a specific element (Dy, Nd, and La), to
achieve a minimum recovery of 90 % of the REEs present in the feed and
to ensure that each stream achieves a purity in the target REE higher
than 90 %, as shown in the objectives displayed in Table 1:

4.3.1. Scenario 1

In the case of a ternary mixture, the minimum number of reactive
stages required to achieve the separation of Dy, Nd, and La is 4, 2 for the
extraction and 2 for the back-extraction process. Therefore, as a first
approximation, the microfluidic platform was designed with 4 micro-
extractors, one for each stage.

Fig. 6 shows the optimal configuration for the extraction and sepa-
ration of this mixture. The first extraction, denoted as “E1”, is performed
at pH 1, where most dysprosium is extracted, remaining the other two
elements in the aqueous phase. Subsequently, the pH of this phase is
adjusted by addition of an aqueous stream with pH = 14 (aqueous
stream 6). The remaining elements are conducted to a second extraction
stage, “E2”, which is carried out at pH 2.4, where most neodymium is
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Table 1
Feed conditions and specific objectives of the separation process.

Separation and Purification Technology 373 (2025) 133520

Concentration (mM) Purity (%) Recovery (%)

Dy Nd La Dy Nd La Dy Nd La
Feed 1 1 1 33.3 33.3 33.3 - - -
Objective >1 >1 >1 90.0 90.0 90.0 90.0 90.0 90.0

11 R1

2

@

G

Fig. 6. Optimal microfluidic platform solution for the extraction-separation process of the Dy-Nd-La mixture, with recirculation streams in the extraction stages, both
for the AP (aqueous streams 4 and 9) and for the OP (organic streams 5 and 11). This allows loading the OP and increasing the concentration of REEs before

back-extraction.

extracted and the extraction of lanthanum is minimised.

The back-extraction stages are performed under acidic conditions to
recover and concentrate the REEs in separated aqueous streams. The
first back-extraction, “R1”, recovers and concentrates dysprosium using
a high proton concentration solution (3 M). The second back-extraction
stage, “R2”, recovers and concentrates neodymium working with 0.5 M
proton concentration. These two stages recover practically all the REEs,
eliminating the need for recirculation of the streams and allowing the
organic phase to be reused without affecting the performance of the
process. Moreover, these back-extraction stages are performed working
with 30 % holdup of the aqueous phase (Hyp), concentrating the REEs
and minimising the flow rate of the acidic streams.

Finally, lanthanum is recovered in the aqueous stream number 10
without the need to be further extracted and back-extracted, simplifying
the process.

With the proposed configuration, a high separation yield of the three
elements is achieved, reaching purities higher than 80 %, as illustrated

REEs purity (%)
2 o » 2
(=) (=] (=] (=]

(3%
(=}
T

Feed OutletDy OutletN 4 OutletLa

Fig. 7. Comparison between the feed and the outlet purity of each rare earth
element (REE) in the microfluidic platform.

in Fig. 7. The highest purity is obtained for dysprosium, with 98.1 %, due
to its favourable isotherm compared to the other elements. This high
purity of dysprosium reflects the effectiveness of the extraction and
back-extraction conditions used in the process.

In contrast, the purities of neodymium and lanthanum are slightly
lower, 83.3 % and 84.4 %, respectively. These results are due to the
greater difficulty in separating these two elements, which leads to some
cross-contamination. Part of the neodymium is transported to the
lanthanum-rich stream and vice versa, which limits the final purity of
both products.

This phenomenon is explained by the characteristics of the equilibrium
curves (Fig. 4) and the selectivity of the reagents used in the extraction and
back-extraction stages. The separation between neodymium and
lanthanum is less effective due to the proximity of their physicochemical
properties, which requires greater control and optimisation of the
operating conditions.

Fig. 8 presents the concentrations of the rare earth elements at the
inlet of the process (1 mM with a flow rate of 1.44 mol-day!) and at
every outlet stream. It is observed that dysprosium is concentrated up to
12.4 mM with a flow rate of 1.41 mol-day !, while neodymium reaches
a concentration of 42.7 mM with a flow rate of 1.18 mol-day !. The
increase in dysprosium and neodymium concentrations is achieved by
working with an Hap of 70 % in the extraction stages and 30 % in the
back-extraction stages, complemented by recirculation of both phases
during extraction.

Lanthanum, on the other hand, leaves the process with a reduced
concentration of 0.77 mM, due to the dilution in the pH adjustment step,
reaching an outflow of 1.22 mol-day !. To increase the lanthanum
concentration, it is recommended to incorporate two additional micro-
devices, one for extraction and the other for back-extraction of this REE,
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Fig. 8. Comparison between the feed and the outlet concentration of Dy, Nd,
and La in the microfluidic platform.
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Fig. 9. Comparison between LEGO®-type microfluidic device designs (left) and
fabrication (right) using 3D printing techniques: (a) mixer, (b) splitter, (c)
settler, and (d) flow-focusing microextractor.

thus optimising its recovery in the process.

Lastly, when analysing the recovery rate for each REEs, it is observed
that the retrieval of dysprosium is almost total, reaching 98.2 %. How-
ever, the recoveries of neodymium and lanthanum are lower, with
values of 82.0 % and 84.4 %, respectively. This is due to the difficulty in
achieving high separation yield between these two elements in a single
stage, as shown in the equilibrium curves in Fig. 4. These curves evi-
dence the complexity associated to the selectivity of the process, which
underlines the need to add more stages to the process to improve the
recovery of neodymium and lanthanum.

4.3.1.1. Manufacture of a modular microfluidic platform by 3D printing.

The microfluidic platform was 3D printed from designs created in
Autodesk Inventor® for every device. The microdevices, in which the
extraction and back-extraction processes of the REEs take place have a
flow-focusing configuration for the generation of aqueous droplets
(Fig. 9.d), that flow along a microchannel with an Archimedean spiral
geometry to the outlet of the microreactor. The settling blocks collect the
two outflowing phases from the microreactors and allow them to be
separated by settling in a cylindrical vessel (Fig. 9.c). The AP, due to its
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higher density, is settled at the bottom, while the OP, due to its lower
density, accumulates at the top. The mixers are designed to homogenise
the incoming streams of each phase by means of a microchannel in a
serpentine shape before the streams leave the device (Fig. 9.a). Finally,
the splitters divide the inlet phase into two or more streams with a
specific flow rate at every outlet (Fig. 9.b).

This integrated design ensures efficient microfluidic processes with
precise control of phase splitting, mixing and separation. It also allows
the modular construction of an optimal REEs separation process on a
small size platform. Fig. 10 illustrates the optimal flowsheet with four
microextractors and the top view of the microfluidic platform designed
to replicate this configuration. This modular approach not only makes
the process easier to implement and fine-tune, but also improves its
adaptability for future optimisation or scale-up.

The configuration used in this study consists of four microextractors
(two for extraction and two for back-extraction), accompanied by four
settling blocks for phase separation at the outlet of each microextractor.
In addition, five mixers (two for the AP and three for the OP) and five
flow splitters (two for the aqueous phase and three for the organic one)
are integrated to facilitate streams recirculation within the process. All
microdevices are connected using Luer Lock connectors and Tygon®
tubing, with blue indicating the AP, red the OP and green the biphasic
streams. These devices are fixed to a base by specially designed studs,
ensuring effective distribution and quick and easy installation of the
system components.

Fig. 11 illustrates how the optimised design of the microfluidic
platform can be transferred to the experimental environment with high
precision using 3D printing techniques. This allows for a modular plat-
form with compact dimensions, which facilitates the construction and
modification of processes using multiple microdevices in a fast and
effective manner. In this case, the separation process of Dy, Nd and La
has been implemented and optimised to operate with the minimum
number of microreactors.

4.3.1.2. Validation of the optimization model. To assess the robustness of
the mathematical model developed to optimise the microfluidic plat-
form, Scenario 1 has been validated experimentally through batch trials.
In these experiments, the concentrations of the compounds are
measured at the inlet and outlet of each of the reactive stages of the
process. The experimental results obtained are presented in Table 2
together with the estimates generated by the model.

A comparison of the two sets of data shows that the mathematical
model predicts the performance of the process with an error less than 15
%, which is considered acceptable. A significant part of this error can be
attributed to experimental factors such as variations in the concentra-
tion of REEs in the feed stream, variations in operating conditions during
the tests and the accuracy limitations of the analytical techniques.
Despite these sources of error, the model is able to capture the key as-
pects of the process and provides a reliable approach for prediction and
optimisation of the microfluidic platform.

Consequently, this model is presented as a useful tool to reduce the
reliance on physical experiments in future stages of development,
allowing initial predictions to be made, saving both time and resources.

4.3.2. Scenario 2

In this study, different microfluidic platform configurations (sce-
narios) are analysed by varying both the number of microdevices and
the configuration of streams within the process to achieve the criteria set
out in Table 1. Each scenario explores specific combinations of micro-
devices and stream settings to optimise the process separation perfor-
mance. This systematic evaluation allows the identification of the most
appropriate configuration to meet the stablished objectives.

This scenario proposes the addition of four more microreactors to the
four used in the previous one, making a total of eight (four for extraction
and four for back-extraction), with the aim of improving the results. In
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Fig. 10. Microfluidic platform fabricated, featuring distinct streams: aqueous feed (a), pH adjustment stream (b), aqueous acidic streams (c) and (d), recycled organic

stream (e), outlet streams concentrated in La®>* (f), Dy*>*(g), and Nd>* (h).

particular, the aim is to increase the recovery of all REEs and to
concentrate lanthanum in the outlet stream without compromising the
separation yield of the other elements.

The optimal configuration is shown in Fig. 12. First, dysprosium is
separated in the extraction block E1 at pH 1, followed by its recovery in
block R1 (9.2 M of HCI). Next, neodymium is separated in two extraction
steps, E2 and E3, at pH 1.28 and 1.45, respectively, and then recovered in
blocks R2 (pH = 0.81) and R3 (pH = 0.83). Finally, lanthanum is
extracted in E4 at pH 4.49 and recovered in R4 (pH = 1.38), whichallows
its concentration to be increased, leaving the aqueous stream (14) free of
REE.

The extractors operate with an AP holdup of 70 % and 30 % for the
back-extractors to improve the concentration of the elements. This
concentration is further optimised by the recirculation of the OP in the
extraction stages, which allows the recovery of the largest amount of
REEs before back-extraction. Recirculation of the AP is also carried out
in all extraction stages except in the first one (E1), as dysprosium is
easier to be separated.

This configuration achieves purities above 90 % for all rare earth
elements (Fig. 13), which represents a significant improvement in the
separation process.

Dysprosium is obtained with a purity of 97.5 %, indicating a high
separation performance of this element. Furthermore, the most
remarkable improvements compared to the configuration previously
studied are observed in the purities of neodymium and lanthanum,
which reach values of 93.8 % and 96.4 %, respectively. These results
show that the optimisation of the process, thanks to the correct
configuration of the eight extraction and back-extraction stages,

together with the recirculation of the organic and aqueous phases, has
allowed both achieving a high-performance separation and high purity
of the recovered REEs streams.

On the other hand, the rare earth elements leave the process with a
concentration at least six times higher than the feed concentration,
demonstrating the effectiveness of the proposed configuration (Fig. 14).
Dysprosium is the element that reaches the highest concentration with
12.6 mM and a molar flow rate of 1.42 mol-day !, standing out as the
component with the highest recovery. Neodymium, although with a
lower final concentration of 6.14 mM, achieves a molar flow rate of 1.33
mol-day™!, maintaining an adequate balance between concentration
and recovery.

The additional extraction stage of lanthanum (E4), followed by its
back-extraction in R4, has a key influence on the overall performance of
the process, generating a molar flow rate of 1.34 mol-day ! and
reaching a concentration of 7.72 mM. This increase in lanthanum con-
centration, achieved without compromising the purity of the other ele-
ments, is particularly relevant as in the previous scenario the lanthanum
separation and concentration was lower, to the detriment of the other
REEs recovery.

The current configuration not only maximises the recovery of
lanthanum but also solves the previously observed concentration/purity
trade-off. The balance between the outlet molar flow rates and the high
concentration of REEs ensures a high-performance process in terms of
both separation and recovery. These results confirm that the recircula-
tion of the organic and aqueous phases, together with additional stages
for the recovery of specific elements such as lanthanum, contribute
significantly to the improvement of the process without negatively
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Fig. 11. Comparison between Autodesk Inventor® 3D microfluidic platform
design and the final manufactured system.

affecting the quality of the final product.
Overall, Scenario 2 offers the best configuration in terms of REEs
concentration and purity, ensuring high REE recovery of more than 90

Table 2
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%. In this optimised configuration, the remarkable recovery of dyspro-
sium (98.5 %) underlines the high performance of the process in the
separation of this element, which is critical in several technological
applications, such as the manufacture of high-performance permanent
magnets. Neodymium recovery, although slightly lower, remains at a
high recovery level of 92.6 %, indicating that the design of the process
has improved its recovery without compromising its purity. Lanthanum
recovery, at 93.3 %, also reflects a significant improvement, especially
compared to the previous scenario where the focus on its concentration
resulted in lower overall recoveries.

As listed in Table 3, the results obtained in the different scenarios
indicate that it is possible to carry out the separation of the three rare
earth elements using four microextractors, thus achieving the objectives
set for dysprosium. However, this configuration has limitations that
impede the achievement of the objectives proposed for neodymium and
lanthanum. In response to this situation, a second scenario is proposed in
which the number of microextractors is increased to eight. This design
proved to be very effective in the separation of REEs and met all the
established objectives, constituting the optimal solution. However, it
should be noted that this is the most complex configuration and requires
more equipment.

These results show that the developed tool not only optimises the
separation process but also allows precise setting according to the
defined objectives. The tool’s ability to analyse and simulate different
scenarios facilitates the identification of optimal conditions that maxi-
mise elements’ recovery and purity. Furthermore, its implementation
can contribute significantly to the overall performance of the process,
minimising the time and resources required.

5. Conclusions

This research stems from the need to develop a system composed of
microdevices capable of performing the optimal separation of different
elements of interest. As a result, an easily adaptable and scalable
microfluidic platform has been designed, which has allowed significant
advances in the recovery and purity of the elements studied (Dy, Nd, La).
The developed mathematical model has been experimentally validated
and proved to be able to optimise the separation using a minimum
number of four microextractors, achieving a purity higher than 83 % and
recoveries of 82 % for each REE. Additional microextractors improve the
separation between Nd and La, increasing the purity of these elements

Comparison of the results obtained from the optimisation model (Sim) and the experimental results (Exp).

Aqueous phase Organic phase

ID{ Dy Nd* La*! pH ID [DyAs;(HA);NdA;(HA); LaA3(HA);  (HA),

()i (mM) (mM) (mM) () ()i (mM) (mM) (mM) (mM)
Sim ® 1.00 1.00 1.00 1.00 © 3.62 0.144  2.60-10° 289
Exp 1.04 0.901 0.854 1.00 3.72 0 0 289
Sim ® 0.161 1.02 1.00 0.989 @ 5.43 0.103  3.43-10° 283
Exp 0.242 0.854 0.846 0.989 5.44 0.101 177102 283
Sim ® 0 0 0 14.0 @ 210107 1.20-10° 135107 300
Exp 0 0 0 14.0 0.189 3.60-10% 1.19-10% 299
Sim 9.88:10°  0.145 0.769 2.14 ® 4.06 17.6 3.15 225
Exp 8.63-10° 8.09-102  0.689 221 4.18 16.8 2.99 229
Sim @ 0 0 0 -0.477 438 19.3 3.45 219
Exp 0 0 0 -0.474 4.68 18.4 3.33 218
Sim ® 12.6 0241  7.77-10°  -0.471 ® 4.17 .09  6.92:10° 284
Exp 122 0.152 141-10° -0.468 4.50 227 0.277 276
Sim ® 0 0 0 0.523
Exp 0 0 0 0.523
Sim 0.491 426 8.05 0.788
Exp 0.422 37.7 7.13 0.785
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Fig. 12. Optimal flowsheet of the microfluidic platform for the extraction-separation process of the Dy-Nd-La mixture in Scenario 2, composed by 4 extraction and 4

back-extraction stages.
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Fig. 13. Purity achieved in Scenario 2: Comparison between feed and outlet
purity for each rare earth element (REE) in the microfluidic platform.
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Fig. 14. Concentration of REEs achieved in Scenario 2: Comparison between
feed and outlet concentration of Dy, Nd, and La in the microfluidic platform.

Table 3
Feed conditions and process results working with different configurations.

over 93 %.

Working with eight microextractors increases the complexity of the
separation process but significantly improves the purity and recovery of
all three elements with recoveries over 92 %. This demonstrates the
flexibility and scalability of the system to adapt to different performance
levels.

The modular design and optimisation of the process not only im-
proves the quality of the final product but also reduces the use of re-
agents by recirculating the liquid phases, improving resource efficiency
in the process. Although increasing the number of stages in the process
improves the recovery yield and helps to achieve the separation objec-
tive, this approach also leads to increased costs associated to equipment
and infrastructure required in the process scale up. Therefore, the op-
timum design must be adapted to the separation objectives.

The microextraction platform, designed with a 3D printed LEGO®-
type microdevices, offers a high degree of modularity, allowing the
system to be quickly reconfigured for different separation objectives.
This makes it easy to adapt to different applications, making it a low-cost
tool for assessing the modularity of the separation process. However, it
should be borne in mind that each new application requires a previous
specific design stage of the microdevices, assisted by CFD simulations, in
order to ensure optimal system performance.

In summary, the constructed microfluidic platform and developed
optimisation model represent a significant advance in the high-
performance separation of critical materials, combining high purity
and recovery with design flexibility. These results consolidate the use of
microfluidic technology as a promising tool for processes involving the
separation of fluid phase mixtures.

Concentration (mM) Purity (%) Recovery (%)

Dy Nd La Dy Nd La Dy Nd La
Feed 1 1 1 333 33.3 333 - - -
Objective >1 >1 >1 90.0 90.0 90.0 90.0 90.0 90.0
Scenario 1 12.4 42.7 0.77 98.1 83.3 84.4 98.2 82.0 84.4
Scenario 2 12.6 6.14 7.72 97.5 93.8 96.4 98.5 92.6 93.3
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