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Increasing rare earth extraction kinetics
by tailored magnetic fields
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The separation of the chemically similar rare-earth (RE) elements is difficult, consumes large amounts
of chemicals, energy, water and emits environmentally harmful substances. To enhance the efficiency
of RE separation, we develop and validate a magnetic-assisted solvent extraction method. For that
purpose, we use a Hele-Shaw configuration and investigate the Dysprosium (Dy) cation exchange
across awater-oil interface in thepresenceof amillimeter-sizedNdFeBmagnet. The tailoredmagnetic
field introduces a Kelvin force that drives solutomagnetic convection if themodified Rayleigh number,
Ra*, exceeds the critical valueRa*~5 × 106. This convection continuously replenishesDy(III)-depletion
at the interface with fresh solution from bulk. The resulting enhancement in extraction kinetics,
expressed by the Sherwood number, scales nearly quadratically with Ra*. This magnetic field-driven
intensification enables more efficient bulk separation of heavy RE and could potentially provide a
greener separation route with superior selectivity.

The rare earth (RE) elements are a group of 17 elements in the periodic
table including the lanthanide elements, yttrium and scandium. Their
unique magnetic1,2, catalytic3 and phosphorescent4,5 properties have
enabled a broad spectrum of high-tech applications6. The world’s
ambition to achieve cleaner energy and climate neutrality7 will further
boost the demand for rare-earth significantly8. This is reflected by the
stable 17% increase in the RE oxides production rate over the past
5 years, reaching 30 kilotons in 20229. Despite the importance of rare
earths, their recycling rates are only at 1%10. Their supply relies mostly on
primary resources11 processing of which is associated with adverse
environmental footprints12: 1 ton of RE generates e.g. 2,000 tons of toxic
waste material, 1000 tons of heavy metal laden waste water or
40−110 tons of CO2

13. The development of a circular economy for rare
earths through technological innovations holds considerable potential for
overcoming these challenges and securing the growing market demand13.

Rare-earths are relatively abundantwith 120million tons of reserves in
the earth’s crust worldwide. Rare-earth elements appear in mixed deposits
which require dedicated separation processes involving solvent extraction, a
method used since the 1960 s14,15. The trivalent RE ions, RE(III), have very
similar binding affinity with any given ligand, called extractant, used during
the solvent extraction process. Hence, separation relies on the small dif-
ferences in their respective equilibrium partitioning ratio between the RE-
complex loaded in the organic phase and the RE(III) in the aqueous raffi-
nate, known as distribution coefficient. Therefore, only very limited mean
separation factors, referring to the ratio of the distribution coefficient for

different RE(III)s, between neighboring rare earth elements can be realized:
less than three in the best case, for the cation-exchanging extractant
D2EHPA (di-2-ethylhexylphosphoric acid). Thus to achieve a high degree
of purity, a large number, up to one thousand, of mixer-settler stages needs
to be employed11. Consequently, huge amounts of costly extractants and
organic solvents, as well as mineral acid and water are required, further
exacerbating the burden on the environment16. Alternative resources17 with
innovative separation methods have been intensively explored18, such as
green solvent in solvometallurgy19, RE(III)-sensitive bacteria20, ligands with
high selectivity21,22, RE(III) magnetomigration in gel23, magnetic separation
with evaporation24 or via a porous medium25, or the usage of magnetic field
to enhance selective crystallization26.However, noprocesshasbeen explored
that combines both the features of rapid extraction kinetics for the heavy
RE’s with reduced consumption of energy and chemicals, while being sui-
table for a scale-up.

Motivated by this situation, we propose an alternative approach:
enhancing the extraction kinetics by introducing a tailored magnetic field
into the state-of-art solvent extraction process.We demonstrate that the so-
called solutomagnetic convection, spontaneously forming after applying the
magnetic field, is the basic tool to enhance the extraction kinetics of heavy
RE’s, e.g. dysprosium, holmium, terbium, erbium and gadolinium, having
high magnetic susceptibilities27. In a combination of experiment and
simulationwe resolve thepattern formation, associatedwith solutomagnetic
convection, and the flow transitions therein. Finally, the increase in
extraction kinetics caused by solutomagnetic convection is quantified.
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Results and discussion
Kelvin-force-modulated extraction of rare earth ions
To prove this concept, trivalent dysprosium ions, Dy(III), are used in this
study because Dy(III) has the highest molar magnetic susceptibility of all
RE(III)s.

Free optical access is provided in the vicinity of the interface thanks to
the immobilized organic droplet, which is narrowly confined by two hor-
izontal walls in a Hele-Shaw configuration, see center of Fig. 1. Within this
setup, an industrially relevant Dy(III)-PC88A-HCl11 system is studied. It
uses the commercially available extractant, Mono-2-ethylhexyl (2-Ethyl-
hexyl)phosphonate abbreviated to as PC88A, dissolved in paraffin oil. The
oil is dispersed as a single droplet in the aqueous Dy(III) solution, which
appears as orange circle in Fig. 1. The axial-symmetric droplet has the shape
of a quasi-vertically extruded cylinder with outwards bulging sides. At the
droplet’s interface, a mass transfer occurs due to the cation exchange of the
Dy(III) with PC88A according to28:

Dy3þ þ 3H2A2 "
forward

backward
Dy HA2

� �
3 þ 3Hþ; ð1Þ

where H2A2 is the dimeric PC88A, and Dy(HA2)3 is the RE complex
extracted into the organic phase. The resulting transport processes of
Dy(III) in the aqueousphase are resolved in space and timebymeansof laser
interferometry and laser-induced fluorescent particle image velocimetry
(PIV), seeMethods.The snapshots arrangedalong the curvedblack arrow in
Fig. 1 show the measured Dy(III) concentration field at progressive time
stamps. The enlarged pictures, at t = 1 s and t = 51s, compare the behavior
with magnetic field (right half) and without magnetic field (left half). The
smaller pictures (t = 5 s etc.) focus entirely on the development with a

magnetic field. Obviously, the extraction kinetics in the latter case is much
quicker, visible in the extension of areas in blue shades, corresponding to a
depletion of Dy(III) as Δc ~− 3. . . 5 mM. Most interestingly, blue plume-
like structures emerge. We use the timeline at the bottom of Fig. 1 to
graphically explain the processes. Prior to t = 0 s, when the magnet is
applied, the two continuous phases are brought into contact. Cation
exchange at the interface, the rate law of which is dominated by the forward
reaction in Eq. (1), consumes Dy(III) ions. As a result, a Dy(III)
concentration boundary layer is formed at the droplet interface, see the
orange curve labeled c. The concentration drop across the boundary layer,
Δc, will gradually reduce the extraction kinetics. The stray field ~H of the
NdFeB permanent magnet gives rise to a weak magnetization ~M of the
Dy(III). Hence a Kelvin force, ~f m ¼ ∇ðμ0~H � ~MÞ, appears (see Section
Governing Equations), μ0 refers to the vacuum permeability. Note that the
Dy(III) solution has paramagnetic properties with negligible demagnetiza-
tion field.

As no Lorentz force is present, the Kelvin force acting on the Dy(III)
solution in the stray field of the permanent magnet is simplified to1,29,30

~f m ¼ χsol
2μ0

∇~B
2 ð2Þ

where~B and χsol are the magnetic flux density and the magnetic suscept-
ibility of the solution, respectively. The concentric magnet-droplet
configuration results in a Kelvin force pointing radially inwards, see red
arrows in the bottom line of Fig. 1. The drop of Dy(III) concentration, Δc,
across the boundary layer due to the cation exchange, modifies both the
magnetic susceptibility, χsol = χsol,0+ χDyΔc, and the density of the solution,
ρc = ρ0(1+ α(c0+Δc)). Thus, the radial concentration variation, see Fig. 1

Fig. 1 | Magnetic-assisted solvent extraction
experimental setup and validation. a The snapshot
sequence along the black arrow quantifies the space-
resolved Dy(III) concentration boundary layer in
presence of the magnet (initial concentration: 0.5 M
Dy(III) and 0.5 M PC88A). The color bar displays
the decrease in Dy(III) concentration, Δc between
[-5,0] mM, due to Dy(III) mass transfer. The black
line shown at 1 s represents the scale bar of 1 mm.
The larger snapshots at 1 and 51 s show the differ-
ences with and without the magnet in the region-of-
interest (ROI) of the camera, which is colored in gray
in (b). b shows schematic diagrams of the droplet
within the aqueous phase and the profiles of con-
centration c (orange) andmagnetic field B (green) at
the droplet, as well as the experiment procedure
along the time arrow: oil droplet injection, magnetic
field application and solutomagnetic convection
development, as shown in (a). The side view of the
setup is shown in (c) with the organic droplet in an
aqueous solution inside the Hele-Shaw cell and the
small rod magnet applied on top. This orientation
offers optical access to the boundary layer at the
aqueous side.
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bottom, imposes a proportional variation of themagnetic susceptibility, χsol.
As this occurs in the presence of an anti-parallelmagneticfield stratification,
the curl of the Kelvin force in Eq. (2) is non-zero. Hence, the Kelvin forces is
able todrive a convection, the so-calledsolutomagnetic convection shown in
Fig. 2. Beside the topology of themagnetic field, it is essential that the strong
field gradient, ∇~B

2
, covers the characteristic length scale of the Dy(III)

boundary layer, see Section Methods - Scaling factors and dimensionless
governing equations. Only with such a tailored magnetic field can
solutomagnetic convection be induced and the extraction kinetics
improved. A generalization of the magnetic field effect will be discussed
in the next section.

With this backgroundwe examine the behavior Fig. 1with andwithout
the magnet more closely. If no magnetic field is present, the Dy(III) con-
centration boundary layer remains axially symmetric, resembling a
diffusive-like pattern. Strong deviations from this pattern occur in presence
of themagnet: after t = 5 - 10 s, thedepletedDy(III) concentrationboundary
layer loses its axial symmetry. Plume-shape structures (in blue) propagate
radially outwards. The numberof plumes, 8 ± 2, along the droplet perimeter
varies statistically for all concentration pairs studied. Within 10–20 s the
plumes propagate over a distance of about 2mm radially away from the
interface. Afterwards, the head of the plume starts to expand in angular
direction to a length of up to 3mm.The resulting depletion of the solution is
reflected by a lighter blue in the color scale of Fig. 1. The plumes are similar
to the structures typically observed in Rayleigh-Bénard convection (RBC)31.
UnlikeRBCwhere the density change due to a vertical thermal stratification
drives the flow, themagnetic field and the change of magnetic susceptibility
due to a radial concentration stratification play the main role in the pre-
sent case.

The evolution of the velocity field, underlying the processes in Fig. 1, is
shown in Fig. 2, based on PIVmeasurements in the horizontal plane. At the
beginning, t = 10 s, all velocity vectors point radially inwards with a similar
intensity. Thus in the upper part of the Hele-Shaw cell, the flow is towards
the interface. By continuity, this forces a flow away from the interface at
bottom as shown in the numerical simulations presented later. Since the
camera isfocused onto the top plane, z = 1mm, the imaging of the tracer
particles in the PIV interrogation window is sharper compared to that from
the bottom - the bottom flow is not accessible by cross correlation32.

The radially inward motion on top signals that the buoyancy-driven
convection is negligible - the latter would imply a flow in opposite direction

as the Dy(III) depleted solution is lighter. In the velocity field belonging to
t = 30 s, a break in the axial symmetry is clearly visible. Pairs of vortices
emerge, rotating counter- and clockwise. With progressing time, the radial
velocity of this vortex structure increases. Interestingly, this stabilizes the
flow structure until a quasi-steady state is reached beyond t = 70 s.

Fundamental differences exist between the present magnetic-assisted
solvent extraction and evaporation-assisted magnetic separation24,27,30,33.
First, the source of the Dy(III) concentration boundary layer is cation
exchange instead of solvent evaporation. Second, Dy(III) is depleted at the
interface rather than being enriched. Thus, in the present case the radial
component of the Kelvin force actively pushes fresh Dy(III) solution from
bulk towards interface. If certain critical conditions are exceeded, later
quantified in terms of the Rayleigh* number, an instability occurs. The
instability causes a break in the axial symmetry. As a result, the plume-like
structure emerges, which eventually leads to a larger-scale recirculation
around the droplet; cf. Fig. 2, t = 70 s.

Numerical simulations of solutomagnetic convection
To capture the flow structures, shown in two dimensions in Fig. 2, three-
dimensional (3D) numerical simulations are performed, using the Navier-
Stokes equation and the transport equation for the active scalar, c, in
Boussinesq approximation33:

∂t~uþ~u � ∇~u ¼ � 1
ρc0

∇p0 þ ν∇2~u� 1
ρc0

∇ðepotÞΔc ð3Þ

∂tcþ~u �∇c ¼ κc∇
2c: ð4Þ

Here p0, ν and κc, refer to reduced pressure, kinematic viscosity and mass
diffusivity. Momentum and mass boundary condition are detailed in the
SectionMethods. The gradient of the potential energy density field

epot ¼ �
χDy
2μ0

�~B2 þ ρ0gα � z
� �

þ const; ð5Þ

describes the forcing by Kelvin force and buoyancy per unit Dy(III)
concentration.

The numerically simulated 3DDy(III) concentration field in theHele-
Shaw cell is presented in Fig. 3a, b in two perspectives at progressive time
stamps. Fig. 3a shows the view from the bottom. While at t = 70 s the
boundary layer is still axially symmetric in the numerical simulations, it
starts bulging at t = 90 s. This is the fingerprint of the break of symmetry.
From the bulged zone, a plume of depleted Dy(III) solution is ejected. The
plume starts to expand radially outward over a distance of about 1mmaway
from the interface, similar to what was observed experimentally. Fig. 3

b shows the same sequence in the plane perpendicular to Fig. 3a in side
viewalong thedashed red line atφ = 0. Surprisingly, evenunder conditionof
axial symmetry at t ≤ 70 s, a nonlinear stratification along the gravitational
direction, is already formed. Due to the radially inward-pointing Kelvin
force, theDy(III) concentration boundary layer is squeezed to a thickness of
0.3mm.At the bottom, that is, at position z = 0mm, the depleted solution is
stretched radially outward, cf. Fig. 3 (70 s). This is causedby the reduction of
the stray field ~B-intensity with increasing distance from the rod magnet.
When the Dy(III) depletion plume has propagated over a distance of 1mm
along the bottom, it starts to stratify vertically upwards. After the break of
axial symmetry, the expansion along the radial direction accelerates. Beyond
t = 110 s an increasingly stable vertical density stratification is formed at the
top region as a result of the gravitational force acting on the lighter solution
depleted in Dy(III). Although simulation and experiment agree very well,
the break of symmetry in the simulation happens with a delay of 80 s
compared to the experiments. The reason is seen in unavoidable deviations
imposed by the experimental procedure. For instance, the injection of the
organic phase at t < 0 s pushes the aqueous phase radially outwards. This
causes a weak convection already prior to the application of the magnet
at t = 0.

Fig. 2 | Solutomagnetic convection measured by particle image velocimetry.
Development of the velocity field around the droplet, measured by PIV, at different
time intervals under conditions identical to Fig. 1 with magnet. The snapshots of 10,
30, 50 and 70 s after the application of magnetic field are shown along the curved
time axis (t). The composite image is divided into four quadrants by red dashed lines
centered at the droplet. Each quadrant shows one quarter of the whole velocity field
at the specified time step. The colorbar denotes the absolute velocity in between
[0.025, 0.06] mm/ s. The black line represents the scale bar of 2 mm.
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To quantitatively describe the onset and degree of the symmetry break,
we conduct time-resolved similaritymeasures for theDy(III) concentration
field sampled in the r-ϕ-space at different depths, i.e., z-positions. For that
purpose, we use the discrete sum of the area method34, quantified by the
value S ¼ < 1

2

Pi¼1
i¼4ðriΔci þ 1� riþ1ΔciÞ >

P
, see SectionMethods. S is

equivalent to the enclosed area of sampling in Δc − r space between ϕ = 0
and ϕ ¼ π

4. The value S = 0 means that the concentration profile is axially
symmetrical, see Fig. 3c.

The numerically simulated velocity field is represented in Fig. 4 in
terms of the streamlines. Three different phases are identified in excellent
agreement with the experiment. In particular, their 3D structures are
resolved, which are not accessible from experiments.

Phase 1: vortex ring
During this initial stage, the extraction kinetics, dominated by the forward
reaction in Eq. (1), is at it’s maximum. The gradually established con-
centration boundary layer, in presence of the magnetic field, causes solu-
tomagnetic convection, which starts to build up at the vicinity of the
interface. While the concentration field remains axially symmetrical,
reflected by a vanishing similaritymeasure, S, at different vertical depths (cf.
Fig. 3c), the velocity field is confined to a narrow region of 1.5mm radially
outward from the interface. The streamline at t = 60 s shows that the con-
vection is dominated by a toroidal super-structure, labeled as the vortex ring
in Fig. 3c. The evolution of the vortex ring is quantified in terms of the

averaged kinetic energy, < 1/2v2 > , plotted in Fig. 3c. During vortex for-
mation the kinetic energy rises and reaches a quasi-steady state between
t ∈ [30, 80] s before symmetry breaking sets in.

Phase 2: symmetry breaking
Signs of axial symmetry breaking are clearly visible in the similarity mea-
surement. At t = 80 s the flow field starts to deviate from the vortex ring
structure. Similarly to the PIV observation, this is a highly dynamic period
reflected by a steep rise of the kinetic energy, ekin = < 1/2v2 > . Vortex pairs
rotating counter- and clockwise are clearly visible after t = 90 s. The
dimensions have the same aspect ratio as illustrated in Fig. 1 middle
insertion, e.g. the vortex length is 1mm along gravitational direction near
interface. At a distance of 1.5mm radially from the interface, the Dy(III)
depleted solution is advected outward and upwards from the bottom plane.
At the same time, fresh Dy(III) solution is advected from the bulk radially
inwards. Before it reaches the interface, it passes a pre-mixed zone in which
the vortex pairs are located. In total, eight such vortex pairs are found in the
simulations which develop over a timespan of 60 s toward a maximum
diameter of 4–5mm. This agrees excellently with the experiments where
8 ± 2 vortex pairs have been found with very similar features. The only
difference is the differing value of the kinetic energy, cf. Fig. 3c, as the
interfacial region cannot be resolved for two reasons: First, the curved
droplet interface blocks the direct optical access to the ca. 0.4 mm thick layer
which directly surrounds the interface. Second, the tracer particles undergo

Fig. 3 | Symmetry breaking of Dy(III) concentration boundary layer by a
magnetic field. 2D projections of the simulated 3DDy(III) concentration boundary
layer: (a) bottom view of the horizontal (φ− r) plane, perpendicular to the vector of
gravitational acceleration g, with r as the radial distance from the droplet interface
andφ as the azimuth angle. b cross-section along the radial axis r showing a side view
through the center of a single plume along the dashed line in (a) at angle φ = 0. The

color bar covers theDy(III) depletion in between [-5, 0] mM.The black line shown at
90 s represents the scale bar of 1mm. cTemporal evolution of the similaritymeasure,
S ¼ < 1

2

Pi¼1
i¼4ðriΔci þ 1� riþ1ΔciÞ >

P
, at different depths, z = 0, 0.5, and 1 mm,

see coordinate system in (b) in the image (i) above and of the average kinetic energy,
ekin = < 1/2v2 > in the image (ii) below: numerical simulation (red cross shaped
markers) vs. experiment (red data cloud overlaid on gray background rendering).

Fig. 4 | Three phases of solutomagnetic convec-
tion. Numerical simulation of the solutomagnetic
convection: time-resolved 3D structure of the velo-
city field. a, c show the initial vortex ring (phase 1)
around the droplet (rendered artificially in orange)
and the final a quasi-steady state (phase 3), respec-
tively. The snapshots in (b) around the curved arrow
(t-axis) provide a zoom into the streamlines also
detailing the symmetry break (phase 2) between
t = 60 and 160 s. The transition from the first vortex-
ring state (phase 1) towards the quasi-stead state
(phase 3) occurs via symmetry breaking (phase 2).
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both diffusiophoresis35 and magnetophoresis36. As a result, the tracer par-
ticle density gradually diminishes near the interface, which deteriorates the
statistics of ekin in Fig. 3.

Phase 3: quasi-steady state
After a transient phase of about 80 s, a time-independent quasi-steady flow
field is established at t = 160 s. The streamline at t = 160 s displays a large-
scale re-circulation zone with a radially confined convection. This flow
structure governs the transport of diluted Dy(III) solution away from the
concentration boundary layer, and the transport of fresh Dy(III) from the
bulk towards the interface. This stage is characterized by a rather constant
kinetic energy and a gradually reduced similarity measure Fig. 3c. Thus,
there is a stable advective process which continuously enhances the
extraction kinetics.

Scaling law for the magnetic-assisted REE extraction rate
We next examine how the flux of Dy(III) ions from the aqueous towards
the organic phase scales with the magnetic field during the quasi-steady
extraction kinetics in phase 3. For that purpose, Navier-Stokes and
transport equations are nondimensionalized (cf. Section Governing
equations):

1
Sc
ð∂t~euþ~eu � ∇~euÞ ¼ �∇epþ ∇2~euþ Ra� �ec �~e�∇ðepotÞ ð6Þ

30,33

∂tecþ~eu � ∇ec ¼ ∇2ec ð7Þ

where~eu,ep andec refer to dimensionless velocity, pressure and concentration,
respectively, introduced in Section Governing equations. Ra* refers to the
dimensionless Rayleigh* number,

Ra� ¼ L3c � c0j∇epot j
ρc0 � νD

: ð8Þ

It specifies the ratio of the time scales of thedissipative effects,mass diffusion
and viscosity, to those forced by Kelvin force and buoyancy. Both enter into
the potential energy density field, epot, given in Eq. (5). It is worthy noticing

that when the magnetic flux density disappears, Ra* is reduced to the con-
ventional Rayleigh number in Rayleigh-Bénard convection.

The primary goal now is to find how the dimensionless analog of the
flux of Dy(III) ions, namely the Sherwood number

Sh ¼ LcV � ∂t < c >
c0 � A � D ; ð9Þ

scales with the relevant dimensionless quantities, which are the con-
centration ratio co/ca, Ra

* and Schmidt number, Sc = ν/D.
To establish this scaling, a parametric variation of the initial con-

centrations ofDy(III) and extractant (PC88A), ca and co, is done in the range
from0.25M to 1M, and plotted in Fig. 5a. The shape of the curves is already
known from Fig. 3c. When the axi-symmetry of the vortex ring (phase 1) is
broken (phase 2), the kinetic energy of the quasi-steady state (phase 3) runs
into a plateau. In Fig. 5a, a clear trend towards an increase ekin in this quasi-
steady state is foundwith increasing co, whichhas a greater influence than ca.
At the smallest concentrations, ca = co = 0.25M (lower green line), the
symmetry breaking is no longer found. By systematically reducing Ra* by
allowing a 1.5 mm gap between the magnet pole and the cuvette wall, see
SectionMethods, the phase space of the system, co/ca vs. Ra

*, is established in
Fig. 5b. In very good agreement with the experiments, a clear separation of
states with and without axial symmetry is visible andmarked by the dashed
line separating the blue and black data clouds. Thus, a critical Ra* number,
Ra�cr � 5 × 106, can be derived at which the break of axial symmetry occurs.
The resulting large-scale circulation effectively enhances the extraction
kinetics of Dy(III).

In the quasi-steady state phase 3, the Reynolds number,

Re ¼ Lc�ð2 < v2=2 > Þ0:5
ν , and the Sherwood number, Eq. (9), show a depen-

dence which is depicted in Fig. 6.

Using multi-dimensional linear regression we obtain:

Re ¼ 1:91 × 10�12 co
ca

� �1

� Ra�1:48 � Sc0:29 ð10Þ

Sh ¼ 1:38 × 10�23 co
ca

� �2:1

� Ra�2:14 � Sc2:37 ð11Þ

Fig. 5 | Symmetry breaking and its statistics. a shows the evolution of the kinetic
energy ekin at varying initial concentration of Dy(III) (ca, grouped into symbol
shapes) and PC88A (co, grouped into symbol colors). Phase 1, corresponding to
vortex ring formation is evident for all cases through an initial rapid increase in ekin.
A second rapid increase in ekin occurs only at higher ca and ca (except when they are
both 0.25M). Once the symmetry breaking criterion is met, a second growth of ekin
emerges due to symmetry breaking, followed by a decline toward a higher quasi-
steady state level compared to the vortex ring phase. b Axial-symmetry breaking

criteria diagram plotted in the Ra* - co/ca space. The colors represent the similarity
measure S, detailed in Methods. A similarity measure in gray [blue] indicates
[broken] axial symmetry. The dashed line separating the black and blue data clouds
mark the border between these two states. A clear threshold of s = 0.001 is used to
determine the onset of symmetry breaking: value above this threshold (S > > 0.001)
are shown in blue, indicating broken axial symmetry, whereas values well below it
(S < < 0.001) appear in gray, indicating preserved symmetry.
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The mass transfer scaling law, Eq. (11), is a key result of this work. It
quantifies the enhancement of the extraction kinetics for RE(III) ions in
presence of the magnetic field, expressed via the Rayleigh number Ra*, at
given co/ca and Schmidt number, Sc. As Ra*∝∇ B2, this scaling law for the
Sherwood number predicts an average extraction rate to scale according to
∂t < c >∝ (∇B2)2.14. Thus, a doubling of the magnetic field ∣B∣ leads to an
18.4-fold acceleration of the Dy(III) extraction kinetics. This demonstrates
the importance of the symmetry breaking that takes place when the system
operates to the right of the dashed line separating the blue and black data
clouds in the Ra* − co/ca diagram (Fig. 5b). Below this value, there is a
slowing down of the extraction kinetics as diffusion limits the influx of fresh
Dy(III) solution to the interface.

Demonstrating the transferability of the Dy(III) results to other
rare earths
In the followingwe show that the results found forDy(III), and expressed in
universal non-dimensional form via the Ra* number, are fully applicable to
other rare earths. For this purpose, we present experiments with other
trivalent rare-earth ions, carried out in the same setup as sketched in Fig. 1.
We use one light rare earth element, Sm(III), and two heavy rare earth
elements, Ho(III) and Er(III). The molar magnetic susceptibilities of the
three species correspond to 2%, 98% and 78% of that of Dy(III)27.

Fig. 7 summarizes snapshots of RE(III) concentration boundary layer
after the magnet is applied at t = 0 s. The highly magnetically susceptible
heavy rare earths, Ho(III) and Er(III), show a strong enhancement of the
extraction kinetics. The latter is even more pronounced than that reported
for Dy(III) before. This is due to the higher ligand concentration (2M
instead of 1M) and the resulting higher Ra*. We have deliberately chosen
this condition for two reasons: first to showcase that the accelerated kinetics
is robust across various magnetically susceptible heavy rare earth metals.
Second, to point to the dependence on the concentration. Although the
magnetic susceptibility of Er(III) is a bit lower than that of Ho(III), the
extraction kinetics in the Er(III) system seems to be faster. This points to the
nonlinear effects of reaction kinetics, depending on the concentration,
which also need to be taken into account.

In contrast, the reaction in Sm(III) is still diffusion-limited with no
accelerated extraction kinetics. For the lessmagnetically susceptible Sm(III),
the resulting Ra* ≈ 3 × 105 is smaller than Ra�cr . Therefore, no pronounced
solutomagnetic convection can develop in the Sm(III) solution, and hence
no enhancement of the extraction kinetics takes place. To achieve the latter,
the Kelvin force entering Ra* needs to be increased. We note that a tiny
Sm(III) concentration boundary layer maybe generated when the initial
convective field, induced by oil droplet dispersion, is significant. However,
this effect no longer has any influence on the results over longer periods.

Fig. 6 | Scaling of Re and Sh in solutomagnetic convection. The scaling of Re and
Sh with respect to the concentration ratio co

ca
, Ra* and Sc is shown in double loga-

rithmic representations. a, c display the power-law dependence of Re and Sh on the
concentration ratio, where symbol colors and shapes represent co and ca,

respectively, as indicated in the legends. A unified scaling law for Re and Sh is
obtained in (b, d), respectively, where incorporation of the concentration ratio
collapses all data points onto a single fitting curve shown along the abscissa.
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Conclusions
This work demonstrates the general principles governing the extraction
behavior of trivalent RE ions in a magnetic field gradient. It is important to
mention that similar principles also apply to stripping. The latter refers to
the backward reaction in Eq. (1), in which the rare earth ions are released
into aqueous phase. To achieve the required symmetry break, a magnetic
field gradually increasing with distance from the interface is needed here.
This is necessary, because the concentration boundary layer is enrichedwith
Dy(III) instead of being depleted, as is the case in the present extraction case.
Thus, a ringmagnet, instead of a rodmagnet, placed concentrically to the oil
droplet, can give rise to a positive Ra*, exceeding the critical Ra* of the
system, to stimulate a solutomagnetic convection that enhances stripping
kinetics.

To sum up, we have achieved a fundamental understanding of the
physical mechanisms by means of which magnetic separation can be inte-
grated into solvent extraction. Specifically, we have established a dimen-
sionless groupRa*, Eq. (8), to account for theKelvin force in solutomagnetic
convection, responsible for the reactionkinetics enhancement. The criterion
for the onset of advective mass transfer is given by Ra* > Ra�cr . The critical
Ra* valuewas determined to be Ra�cr � 5 × 106 (Fig. 5), which is in excellent
agreement with the experiments. Furthermore, we have demonstrated that
the resulting extraction kinetics can be enhanced by a magnetic field; even
that of a small fingertipmagnet is sufficient.We have quantified the effect of
magneticfield on extractionkinetics enhancement in termsof the Sherwood
number (Eq. (9)). In detail, we were able to show that Sh ~ Ra*2.14 holds (Eq.
(11)), i.e., Sh follows a quasi-quadratic dependence on Ra*. In the next step
the performance increase needs to be quantified in terms of the separation
factor, based on well defined experiments using RE(III) mixtures. The basic
hypothesis is that the extraction also becomes more selective as the
extraction kinetics of the RE’s with highermagnetic susceptibility should be
more accelerated than that of the RE’s with lower magnetic susceptibility.
Thus, an enhanced separation factor is predicted for up-scaled apparatuses
with an intelligent integration of the magnetic field. Hence, batch or con-
tinuous extraction could run under lower consumption of energy and
chemicals. The resulting reduction of costs would alsomake the recycling of
REs from their end-of-life products more attractive.

Methods
Material
The aqueous phase was prepared by dissolving dysprosium chloride hex-
ahydrate (99,9 % purity, abcr GmbH) in 0.1 M HCl. The concentrations
were adjusted to 0.25M, 0.5M, 0.75M and 1M, resulting in corresponding
kinematic viscosities of 1.024, 1.178, 1.377 and 1.619mm2/ s. The pH value
of the aqueous phase is approximately 1, and the mass diffusivity is
1 × 10−9 m2/ s. The extractant, PC88A (HEHEHP, Combi-Blocks Inc.), was

dissolved at similar concentrations between 0.25 M and 1 M in the organic
phase, a low-viscosity paraffin (Supelco CAS: 8012-95-1), which has a
density of 0.864 ± 0.002 g/ cm3 and a viscosity of 155.3 mm2/ s. Buoyancy
neutral 7.7 μm tracer particles (PMMA-FluoRot, microParticles GmbH)
were added for the PIVmeasurement. The reporteddensities and viscosities
were measured with SVM 3001 (Anton Paar). The Dy(III) concentration
was verified after preparation using a UV-Vis spectrometer (Shimadzu
UV-2700).

Experimental setups
The experiments were conducted in 1 mm thick quartz glass cuvettes
(Hellma GmbH & Co. KG, type 101-1-40), with a 1.25mm wall thickness.
The cuvettes were thoroughly rinsed with the aqueous phase used in the
experiment so that a homogeneous initial concentration is guaranteed.
Afterwards, the cuvettes were filled with the Dy(III)-laden aqueous phase.
As soon as the organic dropletwas dispersed to a diameter of 4–5mm inside
this aqueous phase, using a non-magnetic, sharp-tipped cannula (0.5 mm
diameter) made of stainless steel, the cation exchange spontaneously
takes place according to Eq. (1). The resulting Dy(III) concentration
boundary layer was measured using a monochromatic Mach-Zehnder
Interferometer24,37 with a 632.8 nm frequency-stabilized He-Ne laser
(Research Electro-Optics Inc (REO) Model: 32734). The cuvettes were
placed horizontally inside the measurement beam of the interferometer.

Approximately 6...16 s after the droplet was created, a cylindrical
permanent NdFeB rod magnet (diameter 4 mm, length 5 mm) with a
magnetization strength of N45 (remanence 1.33 T) (Webcraft GmbH) was
placed above the cuvette, concentric to the organic droplet. The particle
image velocity (PIV) systemusedamicroscope lens (Carl-Zeiss) to focus the
laser beam onto the cuvette and to record the image. ANd:Yag laser, 1 kHz,
527 nmwavelength, generates pulses that excite the fluorescent particles. As
a result, the fluorescent particles emit excitation light with longer wave-
length, following Stokes shift, that passes through a long-pass filter so that
theparticle trajectories canbe capturedwith the camera.The camerasROI is
further divided into partially overlapping interrogation windows. PIV data
processing, which is based on the cross-correlation of particle positions
within a fixed interrogation window at adjacent time steps, is performed
using the DaVis software (LaVision DaVis 10.2) to calculate the local flow
velocity and the space-averaged kinetic energy.

Similarity measure
To describe the symmetry breaking event quantitatively, we conduct time-
resolved similarity measures for the Dy(III) concentration stratification
along the radial direction between different angular positions ϕ. Please refer
to Fig. 1, center, for the cylindrical coordinate system. Axial symmetry is
evaluated by quantifying the total area enclosed by the concentration

Fig. 7 | Sm(III), Ho(III) and Er(III) extraction
kinetics by tailored magnetic fields. RE(III) con-
centration boundary layer development 20 sec after
the magnet is applied to Sm(III), Ho(III) and Er(III)
solutions with initial concentration of 1 M. The
magnetic field and measurement system used is the
same inFig. 1. APC88A concentration of 2 M is used
for the heavy rare earths, Er(III) and Ho (III);
whereas 1M for both PC88A and Sm(III) is used for
the less magnetically susceptible light rare earth
Sm(III). The color bar spans the range -10 to 10 mM,
while the black line represents the scale bar of 1 mm.
They are identical for all three RE(III) species and
are referenced to the Sm(III) distribution at 4 s.
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stratification between ϕ = 0 and ϕ = π/8 at the same snapshot. The time
stamp at which axial symmetry no longer hold is captured by a discrete sum
of the area method34 in a Δc− r space.

A magnified view of each consecutive pair of sampling sequences is
plotted in Fig. 8 and marked as ri, Δci(i = 1, 2, 3, 4). The 4 points are re-
ordered into a non-self-intersecting quadrilateral. Therefore, the total area is
equivalent to the summation of each unit area (color gray in Fig. 8 zoom-in)
expressed with the triangle formula < 1

2

Pi¼1
i¼4ðriΔci þ 1� riþ1ΔciÞ >

P
,

where < > ∑ denotes a summation of all consecutive quadrilaterals at the
depicted time stamp. The quantification of the similarity measure is shown
by way of example in Fig. 8 at t = 100 s when taking samples from the
bottom, middle and top of the solution along the gravitational direction.

Governing equations and Variable table
Table 1 summarizes the variables used throughout the manuscript. The
incompressible Navier-Stokes equation, incorporating the Kelvin force~f m
and buoyancy~f g , reads

Dtðρ~uÞ ¼ �∇pþ∇ � ðμ∇~uÞ þ~f m þ~f g : ð12Þ

The Kelvin force is expressed as the gradient of the magnetic term of the
Gibbs free energy G1,29

~f m ¼ �∇G ¼ ∇ðμ0~H � ~MÞ ð13Þ

where ~H and ~M are respectively the external magnetic field and the mag-
netization, with μ0 the vacuum permeability. The dilute Dy(III) aqueous
solution exhibits a negligible demagnetization field which allows to simplify
the Kelvin force into a magnetic field gradient force. Furthermore, since no
Lorentz force is present in the system studied, the formulation of Kelvin
force in form of a gradient of the magnetic pressure is valid30, hence

~f m ¼ χsol
μ0

ð~B � ∇Þ~B ¼ χsol
2μ0

∇~B
2
: ð14Þ

Table 1 | List of variables, description and unit

Variable Description Unit

~B magnetic flux density [T]

c Dy(III) concentration/ scalar [M]

c0 Dy(III) initial concentration [M]

ca Dy(III) concentration [M]

co PC88A concentration in organic
dilute

[M]

c* dimensionless Dy(III) concentration/
scalar

[/]

D mass diffusivity [m2/ s]

~en boundary normal unit vector [/]

~e�∇epot
unit vecotor along − ∇ epot [/]

epot potential energy density field [J/m3 ⋅ mM]

~fm Kelvin Force [N/m3]

G Gibbs free energy [J/m3]

~g gravity vector [ms2]

~H magnetic field [Am]

Lc characteristic length [m]

L* dimensionless length [/]

~M Magnetization [Am]

p pressure Pa

p0 reduced pressure Pa

ep dimensionless pressure [/]

R Dy(III)mass fluxper unit area through
interface

[mol/m2 ⋅ s]

r radial coordinate [m]

Ra Rayleigh number [/]

Ra* Rayleigh star number [/]

Re Reynolds number [/]

Sc Schmidt number [/]

Sh Sherwood number [/]

t time [s]

t* dimensionless time [/]

~u velocity [m/ s]

~eu dimensionless velocity [/]

z z-axis anti-parallel to gravitational
direction

[m]

α densification coefficient [M−1]

Δc concentration change [M]

ϕ angular axis [rad]

ρc concentration dependant density [ kgm3]

ρ0 initial density [ kgm3]

χDy Dy(III) molar magnetic susceptibility [M−1]

χsol magnetic susceptibility of solution [/]

μ0 vacuum magnetic permeability [N/A2]

ν kinematic viscosity m2/s

The Variables are described when they first appear in the manuscript. The subscription Dy is the
abbreviation of heavy rare-earth element Dysprosium. PC88A is Mono-2-ethylhexyl (2-Ethylhexyl)
phosphonate with CAS number: 14802-03-0.

Fig. 8 | Similarity measure. Sampling of concentration depletion, Δc, at different
angular positions ϕ and depth z. Each pair in Δc− r space at same depth encloses an
area which is quantified using a discrete sum of the area method. The method
summarizes the area enclosed by 4 consecutive sampling points, two discrete sam-
pled points for each angular direction φ, which is shown in close-up. The symmetry
breaking level is quantified by the total area that is enclosed by the two sampling lines
marked gray, pink and blue for the bottom, middle and top planes, respectively.
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Due to the mass transfer of Dy(III), the concentration of Dy(III) in the
aqueous phase, c, differs from the initial, homogeneous value, c0,
i.e., c = c0+Δc.

Δc gives rise to a non-balanced increment of the body force term

Δ~f m þ Δ~f g ¼ ρ0~g � ∇epot � c0 þ ∇epot � Δc ð15Þ

creating a source of vorticity.

epot ¼ �
χDy
2μ0

�~B2 þ ρ0gα � z
� �

þ const ð16Þ

is the molar potential energy density field introduced in30. Applying the
Boussinesq approximation, a reduced pressure field, given by

p0 ¼ p� ρ0gz � epotc0 ð17Þ

is obtained,where ρc0 ¼ ρ0ð1þ αc0Þ ¼ 1475:56 kg/m3with ρ0 = 997 kg/m3

- water density and α = 0.24M−1 - the solutal volume expansion
coefficient27. The transport process in the rare-earth solution is governed by
the incompressible Navier-Stokes equation in the Boussinesq approxima-
tion. For the sake of completeness in equation derivation, we repeat here the
dimensional momentum equation

∂t~uþ~u � ∇~u ¼ � 1
ρc0

∇p0 þ ν∇2~u� 1
ρc0

∇ðepotÞΔc; ð18Þ

together with the advection-diffusion equation for the Dy(III) concentra-
tion:

∂tcþ~u �∇c ¼ κc∇
2c: ð19Þ

Inital conditions are~u ¼ 0 and c = c0. The Dy(III) mass boundary con-
dition is expressed as Neumann boundary condition, quantified by ∇c �
~en ¼ R=D with~en referring to the normal unit vector at interface. The
Dy(III)-flux per interfacial area, R, at the organic-aqueous interfaces is
calculated at each time stamp via a semi-empirical forward rate law
quantifying theDy(III)mass-flux to be introduced shortly. The numerical
domain considers the Dy(III) aqueous solution similar to that studied
experimentally. The same cylindrical coordinate system is used as defined
in Fig. 1, middle insertion. The z-axis is anti-parallel to gravitational
acceleration vector. The length considered in z direction has an extension
of 1 mm. In the radial direction the domain extends over r ∈ [2mm, 10
mm]where the innerwall at r = 2mmrepresents the oil-water interface.A
no-slip boundary condition is used for allwalls except for the vertical inner
wall where a simplification of Navier’s slip boundary is used. One major
challenge is that no analytical slip length λ is known for an immiscible
liquid-liquid interface. This is due to the presence of the two momentum
dissipation scales in the respective phaseswhichhave identical density and
finite viscosity ratio (unlike air-liquid and solid-liquid systems, which
have viscosity ratios asymptotic to 0 and infinity, respectively.). An
identical case from literature38 derives uniform steady-state slip length
from a spherical droplet in water under Stokes flow condition. Hence, a
constant slip length in form λ ¼ R

3μ� is used instead where μ
* = μo/μa is the

dynamic viscosity ratio between organic and aqueous phase. The
simulations are conducted using the open-source software OpenFOAM
at a cylindrical domain with a hexahedral unstructured mesh that has an
interfacemesh size of ≈ 1.05 μmat the inner vertical wall representing the
interface.

A review of the literature revealedno reliable kinetic law for theDy(III)
reaction that takes into account both the forward and backward reactions.
Therefore, a semi-empirical forward rate law is used39

R ¼ 7:7 × 10�4½DyðIIIÞ�1:1½H2A2�2:3 ð20Þ

where the square brackets represent the concentration of the species. The
omission of the backward reaction term in the kinetic rate law introduces an
over-estimation of the Dy-boundary flux at the extraction stage close to
equilibrium. This simplification is valid for the time span considered. The
good agreement between the measured transport processes with that
simulated within the time span of the experiment further confirms the
validity. However, the inclusion of backward reaction kinetics term would
be necessary for stripping process or extraction/ stripping close to
equilibrium, which is beyond the scope of the present work.

Scaling factors and dimensionless governing equations
With the length Lc, the diffusion time L2c

D and the initial concentration c0 as
characteristic scales, the dimensionless variables read eL ¼ L=Lc;et ¼ t= L2c

D ;
~eu ¼ u= D

Lc
andec ¼ c=c0. Thus the source term on the right-hand side of Eq.

(15), scaled with ðL2cDÞ
2
=ðLc � ScÞ, is given by

L3c � c0j∇epot j
ρc0 � νD

�ec �~e�∇epot ¼ Ra� �ec �~e�∇epot ð21Þ

where the~e�∇epot is the unit vector of −∇ epot and themultiplier at the left-
hand side of the equation is the dimensionless Ra* number. Non-
dimensionalizingEq. (4), we obtain the dimensionlessmomentumequation
correlating dimensionless velocity~eu, pressure ep and concentration:ec

1
Sc
ð∂t~euþ~eu �∇~euÞ ¼ �∇epþ ∇2~euþ Ra�ec~e�∇epot : ð22Þ

The same applies for the scalar transport equation

∂tecþ~eu �∇ec ¼ ∇2ec: ð23Þ

As already mentioned before, at vanishing magnetic flux density, Ra* is
reduced to the conventional Ra number, Ra ¼ L3c gΔρ

ρc0 νD
where Δρ refers to

Δρ = ρ0αΔc. This elegance also applies for the~e�∇epot , which is reduced to
gravity unit vector. Therefore, this dimensionless set of equations converges
to that used in Rayleigh-Bénard convection (RBC) at zero magnetic field~B.

The magnetic energy introduced into the system can be decreased by
increasing the distance between the magnetic pole and the cuvette wall. To
be specific, an increase by a distance of 1.5 mm, reduces epot by 18 times, see
Fig. 9.We use this variation of the distance as a tool to resolve the symmetry
break and to specify the critical Ra* number where it occurs.

Kinetic energy calculation
The experimental kinetic energy was calculated based on the velocity data
from thePIVexperiments according to ekin = < 1/2v2 > to comparewith that
obtained numerically. Since the vortices in the flow field do not protrude
beyond the measurement region over the observed time period, the error
caused by this constraint can be ignored. Numerically, a variation in ekin is
found at different initial Dy(III) and PC88A concentrations, see Fig. 3c. The
characteristic velocity in theReynolds number is derived readily fromquasi-
steady state average kinetic energy in terms of

ffiffiffiffiffiffiffiffiffi
2ekin

p
.

A variety of factors can contribute to the error bar of the kinetic energy
computed from PIV measurements, cf. Fig. 3c. These include minor tech-
nically related initial velocity perturbations caused by e.g. droplet dispersion
and the cannule withdrawal. In addition, the droplet size varies to a small
degree in most cases between 3.9 and 4.5 mm. However, no differences in
the number of developing vortex pairs were observed based purely on the
droplet size. When the magnet is applied, there is an uncertainty of around
±0.3mm in the displacement between the center of the magnet and the
center of the droplet. Nevertheless, the vortices generated by the resulting,
slightly deviating magnetic field are similar in length with a marginal var-
iation in intensity. The curved meniscus blocks direct optical access, pre-
venting a direct optical access to the interface and the ca. 0.4mm thick layer
surrounding the interface, where the velocity reaches a maximum. Fur-
thermore, at longer time spans, the vicinity of the interface is gradually
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depleted with tracing particles. This leads to an increased level of under-
estimation of the kinetic energy in the direct vicinity of the oil-water
interface. This is the major reason for smaller average kinetic energy mea-
sured experimentally compared to that simulated in Fig. 3c.

Data availability
Raw data used to generate the figures of this manuscript are published and
available at figshare with DOI 10.6084/m9.figshare.30323215.v1. Further
data that support thefindings of this study are available from corresponding
author Zhe Lei upon reasonable request.
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