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Abstract

Magnetomigration of rare-earth ions activated by thermal and evaporation-based

gradients was demonstrated with the help of Mach-Zehnder interferometry. Magnetic

susceptibility gradients were induced in aqueous solutions of rare-earth ions by local

heating/cooling or by evaporation of the solvent. Both methods yielded the

enrichment of strongly paramagnetic Dy3+ ions in the region of the highest magnetic

field. Three different orientations of the magnetic field were tested using temperature

as the source of magnetic susceptibility gradient. Enhanced magnetomigration was

observed when gradients of magnetic field and magnetic susceptibility were

non-collinear, indicating that the rotational component of the magnetic force drives

the process. Additionally, four rare-earth ions with distinct values of magnetic

susceptibility were studied: the diamagnetic ion Y3+, and the paramagnetic ions

Nd3+, Gd3+ and Dy3+. A strong correlation between the obtained magnetomigration

and the magnetic susceptibility of the rare-earth ions was found. When

heating/cooling or evaporation were stopped during magnetization experiments, the

magnetic effect gradually faded. This demonstrates that the presence of magnetic

susceptibility gradients in the system is crucial for the magnetomigration. These

findings are of importance for the development of a magnetic separation process for

rare-earth ions.
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Introduction

Due to the strong chemical similarity of the rare-earth (RE) ions, industrial separation

methods based on liquid-liquid extraction require a large number of separation steps.1 On the

other hand, physical properties such as magnetic moment (µ) and magnetic susceptibility (χ)

vary substantially from one trivalent RE3+ ion to another. Values of χ range from negative for

the diamagnetic ions to positive for the paramagnetic ions.2 Droplets of concentrated RE3+

solutions were shown to develop different velocities proportional to the magnitude of χ when

subjected to magnetic fields.3 Hence, separation methods based on magnetic properties are

particularly relevant for RE compounds. Magnetic separation of macroscale objects is a

well-known method used in ore processing, food industry and biomedical diagnostics. In

contrast, when downscaling from particles or droplets to much smaller molecules and ions,

the situation becomes more complicated.4–6 In a closed system containing a homogeneous

solution exposed to a magnetic field at room temperature, the kinetic energy of ions is about

five orders of magnitude greater than the magnetic energy, even for the strongly paramagnetic

Dy3+ ion.7–9 Despite this fact, several studies on the magnetic mobility of ions have been

reported in the literature.

In the 1950s, Noddack et al. were the first researchers to demonstrate the potential use

of magnetic fields to separate solutions of RE salts in fractions of different magnetic

susceptibilities.10–12 In the 1980s, Mukherjee et al. obtained separation of several binary

mixtures of para- and diamagnetic RE ions using magneto-paper electrophoresis.13 Later,

reports mainly addressed magnetomigration, i.e. movement of paramagnetic ions of one

type under the influence of a magnetic field, rather than magnetic separation.14,15 Fujiwara

et al. demonstrated the motion of transition metal ions in solutions spotted on a silica gel

support in the presence of magnetic fields.16–19 Mach-Zehnder interferometry (MZI) was

used to observe in situ the migration of Mn2+ and Gd3+ paramagnetic ions exposed to

magnetic fields.20,21 A permanent magnet was placed on top of a cell containing the

solution and a concentration increase was observed in the upper part of the cell. Pulko et
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al. performed similar experiments using strongly paramagnetic Dy3+ ions.22 In our initial

work on magnetomigration of RE ions, where a homogeneous Dy3+ solution was exposed to

a magnetic field, no migration of ions was detected.8 In contrast, when a magnetic

susceptibility gradient (∇χ) was introduced to the system by solvent evaporation,

magnetomigration was observed. The same phenomenon was investigated by Lei et al.23

In this paper it is shown that different approaches of introducing ∇χ to a solution of

paramagnetic ions can induce magnetomigration. Experiments were performed with

thermal and evaporation-based gradients leading to the enrichment of paramagnetic ions in

the presence of an external magnetic field. The contribution of the rotational component of

the magnetic force to the magnetomigration was highlighted in experiments with thermal

gradient and three different orientations of the magnetic field. To study the impact of

distinct values of molar magnetic susceptibility on the magnetomigration process, four

different RE ions were used with evaporation-based gradient: Y3+, Nd3+, Gd3+ and Dy3+.

Additionally, to emphasize the role of ∇χ in the magnetomigration, the effect of

discontinuing the heating/cooling and the evaporation during magnetization was

investigated.

Theoretical Background

When a solution is magnetized in an external field, it acquires a magnetic energy Emag

[J m−3] which is expressed as:3,7,8,24–26

Emag = −1
2MB (1)

where M is the magnetization [A m−1], and B is the magnetic field flux [T]. In cases where

M = χsolB
µ0

(e.g. diamagnetic and paramagnetic solutions), Eq. 1 can be written as:

Emag = − 1
2µ0

χsolB
2 (2)
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where µ0 = 4π × 10−7 T m A−1 is the magnetic permeability of the vacuum; and χsol

[–] is the volumetric magnetic susceptibility of the solution. The negative sign accounts

for the fact that paramagnetic species lower their energy when placed in a magnetic field

while diamagnetic species increase their energy. Hence, for paramagnetic solutions χsol > 0,

therefore Emag < 0. On the other hand, for a diamagnetic solutions χsol < 0, and Emag >

0. χsol is related to the molar magnetic susceptibility χm [m3 mol−1] and concentration c

[molm−3] of species i in solution:

χsol =
∑
i

χmi ci (3)

According to Curie’s law, χm is temperature-dependent:7

χm = Cm

T
(4)

where Cm is the Curie constant [m3 mol−1 K] and T is the temperature [K]:

Cm = µ0NAg
2µ2

BS(S + 1)
3kB

(5)

where NA = 6.022 ×10−23 mol−1 is Avogadro’s number; µB = 9.274 × 10−24 A m2 is the Bohr

magneton; g = 2.0023 is the Landé g-factor; S is the electronic spin quantum number of

species i; and kB = 1.38× 10−23 J K−1 is the Boltzmann constant (Eq. 5 holds for spin-only

species).

The magnetic volumetric force acting on a solution in an external magnetic field can be

obtained by taking the first derivative of the magnetic energy Fmag = −∇Emag [N m−3]:

Fmag = F∇χ + F∇B = 1
2µ0
∇χsolB

2 + 1
2µ0

χsol∇B2 (6)

This derivation assumes that χsol is independent of the magnitude of the magnetic field,

which is valid for diamagnetic and paramagnetic solutions.7 The first term in the magnetic
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force is themagnetic susceptibility gradient force F∇χ, resulting from a uniform magnetic field

acting on a solution with a non-uniform magnetic susceptibility (∇χsol), with typical value

of 104 N m−3 (for e.g. B = 1 T acting on a paramagnetic solution of c = 1 mol dm−3 and χm

= 10−8 m3 mol−1).25 The second term of the magnetic force is the magnetic field gradient

force F∇B. This force appears when a non-uniform magnetic field is acting on a solution with

uniform magnetic susceptibility, and has magnitude of 101 N m−3 (for similar conditions as

described above).25 Despite the fact that F∇χ is larger than F∇B, neither of these forces can

exert any significant influence on ions in a solution since they are overpowered by a coexisting

diffusion volumetric force FD = RT∇c, which has the magnitude of 1010 N m−3 (for R =

8.314 J K−1 mol−1 the gas constant and assuming T = 298 K).25,27 Therefore, cases of

magnetomigration observed in experiments with non-uniform magnetic susceptibility, which

were previously attributed to F∇χ,8 are actually due to the contribution of the rotational

component of the magnetic field gradient force ∇× F∇B acting on the regions of the solution

with non-vanishing ∇χ and ∇B. Taking into acount that F∇B is a non-conservative force

when ∇χ 6= 0, ∇× F∇B is expressed by:28–30

∇× F∇B = 1
2µ0
∇χsol ×∇B2 (7)

The derivation of the rotational component of F∇B is shown in Section 1 of the Supporting

InformationAs can be seen in Eq. 7, the rotational component of the magnetic force only

exists when these conditions are met: the presence of ∇B2 and ∇χsol in the system; and a

non-collinearity of these two gradients.27 To summarize, the magnetomigration in external

magnetic fields proceeds as a magnetically induced motion inside paramagnetic solutions

resulting in local ionic enrichment due to the activation of ∇× F∇B.8,20,21,23

In experiments with thermal gradients demonstrated in this paper, regions of ∇χsol are

created in the solution due to the temperature dependence of χm (Eq. 4). Additionally, minor

concentration gradients are generated due to Soret effect.31 In the case of evaporation-based

gradient, the local increase in the ionic concentration introduces concentration gradients to
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the system, thus creating regions of ∇χsol (Eq. 3). Slight effects on χm are also present due

to the evaporative cooling of the solvent.

Experimental

Four RE ions (Y3+, Nd3+, Gd3+ and Dy3+) were used in the form of nitrate salts

RE(NO3)3·xH2O (where x = 5 or 6) of 99.9% purity (Alfa Aesar). Solutions of 1.0 mol

dm−3 concentration were prepared by dissolving the corresponding metal salt in deionized

water. To avoid the hydrolysis of the cations, the pH was adjusted to 3.0 by adding a few

drops of concentrated HNO3. The concentrations were determined by ICP-OES (Varian

720 ES) after dilutions to 10 ppm. The measurements had a relative standard deviation of

± 3% for triplicates of the same measurement. Changes in the refractive index of the

solutions were monitored in situ using Mach-Zehnder interferometry (MZI).20–22 The

experimental description of MZI is given in Section 2 in the Supporting Information. Using

a suitable demodulation technique based on the Fourier transform method, refractive

indices were computed across the cell containing the RE solution for each fringe

pattern.32,33 With MZI, it is possible to determine the dimensionless refractive index with a

resolution of 10−6.33 Based on the refractive index values, iso-concentration contour plots

or MZI profiles are obtained. All the refractive indices were averaged for the full length

along the full height of the cell. The refractive indices of 0.0 to 1.0 mol dm−3 Dy3+

solutions were measured using a refractometer (Anton Paar Abbemat 200). From the linear

relation between the refractive index and the concentration (Figure S4 in the Supporting

Information), concentration changes during experiments were calculated. Experiments were

performed in a thermostated room at (21 ◦C ± 1 ◦C) using UV quartz cells (Hellma):

117.100F (screw cap closed cell, 3.5 mL) and 100.10.20.100OS (open cell, 3.5 mL). The

refractive index of a 1.0 mol dm−3 Dy3+ solution was measured as a function of

temperature (Figure S5 in the Supporting Information). The magnetic field sources were a
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cuboid Nd-Fe-B magnet 50 × 50 × 25 mm, grade N40, and a disc Nd-Fe-B magnet 20 × 20

mm, grade N42 (Supermagnete). The strength of the magnetic field was measured with a

Gauss meter (475 Lake Shore Cryotronics) by moving the probe away from the central

point of the magnet surface in steps of 1 mm (Figure S6 in the Supporting Information).

The volumetric magnetic susceptibilities of the RE3+ solutions were measured with an

Evans balance (MSB Auto, Sherwood Scientific Ltd). The temperature dependence of the

magnetic susceptibility was measured for a 1.0 mol dm−3 Dy3+ solution (Figure S7 in the

Supporting Information). The average deviation of the magnetic susceptibility

measurements was ± 0.25% for triplicates of the same solution. The change in the

magnetic susceptibility of a 1.0 mol dm−3 Dy3+ solution in a closed cell subject to a

temperature gradient was simulated using the finite element software Comsol 5.2 (Section 4

in the Supporting Information).

Magnetomigration with a thermal gradient

A heating/cooling device was designed to introduce temperature differences (∆T ) to

the RE solutions inside a closed cell. The device consists of two Peltier elements (37.9 W,

3.9 A, 15.7 V, 30 × 30 mm, Adaptive) connected to a power supply to provide controlled

heating on top of the cell and controlled cooling on the bottom. The cell used in the first

configuration was a 100.10.20.100OS (Hellma), reduced in size to 10 mm × 10 mm × 10

mm. For experiments with magnetization, after 5 minutes of heating/cooling, a magnet was

placed in the vicinity of the device. The magnet was kept there for the duration of the

magnetization process. The magnetic field was applied in three different orientations related

to ∇χ: parallel, at the bottom of the cell (Figure 1a); parallel, at the top of the cell (Figure

1b); and perpendicular, at the side of the cell (Figure 1c).
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Figure 1: Scheme of configuration 1 of the heating/cooling device with the magnet positioned
a) at the bottom, b) at the top and c) at the side of the cell; where 1) Nd-Fe-B magnet; 2)
two Peltier elements connected to a power supply; 3) two stainless steel blocks connecting
cell walls to the Peltier elements; and 4) closed cell containing a RE solution.

A second configuration of the heating/cooling device was tested, where heating and

cooling were applied from the sides of a 100.10.20.100OS cell (Hellma). After 5 minutes of

heating/cooling, the magnet was placed 1 mm from the top of the cell (Figure 2). The

magnet was kept there for the duration of the magnetization process and removed for the

demagnetization step. This configuration allowed for a qualitative observation of the

processes occurring during magnetization and demagnetization. Based on the calibration of

the Peltier elements (Figure S10 in the Supporting Information), currents of ±0.2 A were

selected for the experiments, which resulted in an increase and decrease of 5 ◦C from

ambient temperature.
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Figure 2: Scheme of configuration 2 of the heating/cooling device: 1) Nd-Fe-B magnet; 2)
closed cell containing a RE solution; 3) two stainless steel blocks connecting cell walls to the
Peltier elements; and 4) two Peltier elements connected to a power supply.

Magnetomigration with an evaporation-based gradient

The glass bottom of a 100.10.20.100OS cell (Hellma) was replaced with a PTFE

membrane (ThermoFisher Scientific) in order to allow evaporation of water. In the

beginning of an experiment, the magnet was positioned 1 mm from the bottom of the cell

and kept there during the magnetization step. For the tests without magnetization, a

square block of stainless steel with the same dimensions as the magnet was used while all

other experimental parameters were kept the same, ensuring similar evaporation rates for

both experiments (Figure 3). The evaporation rate was determined by monitoring the mass

of the cell for 50 minutes (Figure S11 in the Supporting Information).

10



Figure 3: Schematic of the setup used during magnetization experiments with an
evaporation-based concentration gradient. The cell is closed on the top and covered
with a PTFE membrane at the bottom: a) evaporation experiment without magnet; b)
magnetomigration experiment with evaporation-based gradient.

Effect of a non-static magnetic field on the magnetomigration

A non-static magnetic field was applied during experiments of magnetomigration with an

evaporation-based gradient. The responsive behavior of enriched layers of a paramagnetic

solution formed at the bottom of the cell was tested. A field concentrator made of grain-

oriented electrical steel (ArcelorMittal) was mounted on the disc magnet (Figure 4). The

magnet was moved from side to side along the bottom of the cell in a velocity of 5 mm s−1

with 10 seconds of rest at each position.
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Figure 4: Schematic of the setup used during magnetization experiments with an
evaporation-based concentration gradient and a non-static magnetic field. The magnet
moved: a) from the center; b) to the left side; and c) to the right side of the cell.

Magnetomigration experiments with removal of thermal and

evaporation-based gradients

These experiments were conducted as described in the previous sections (for thermal

and evaporation-based gradients); however, the external sources of ∇χ were removed during

magnetization. For the experiments with a thermal gradient, the current on the Peltier

elements was turned off and ∆T gradually reduced to zero. For the experiments with an

evaporation-based gradient, after a few minutes of magnetization, a thin sheet of ethylene-

vinyl acetate (EVA) foam was positioned inside the gap between the magnet and the cell,

thus preventing further evaporation. The EVA foam had no impact on the strength of the

magnetic field.
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Results and Discussion

Magnetomigration with a thermal gradient

When a thermal gradient is applied to a paramagnetic solution, regions of ∇χ form

according to Curie’s law (Eq. 4). In the presence of an external magnetic field, these

gradients are expected to activate the rotational component of the magnetic field gradient

force, inducing the magnetomigration of paramagnetic species.8,23 To test this assumption

with the help of MZI, experiments were performed in a 1.0 mol dm−3 Dy3+ solution. Stable

conditions for the experiments in absence of natural convection were obtained using

configuration 1 of the heating/cooling device. Figure 5a shows the MZI profile for an

experiment where the solution was subjected to a thermal gradient operating alone, ∆T =

10 ◦C. The temperature gradient due to ∆T resulted in a linear profile inside the cell. In

the next experiment, the thermal gradient was coupled with an external magnetic field

applied from the bottom of the cell. Figure 5b shows the profile developed during 30

minutes of magnetization. Here, the effect of the magnetic enrichment on the solution was

overpowered by the stratification due to ∆T . When the magnetic field was applied from

the top of the cell for 30 minutes, a slight increase in the contraction of the profile was

observed, attributed to the magnetomigration of Dy3+ ions towards the higher magnetic

field (Figure 5c). As discussed in the theoretical section, the necessary condition for the

rotational component of the magnetic field gradient force to act on a solution is the

non-collinearity of the gradients of magnetic field and magnetic susceptibility (Eq.7).28,30,34

Even though curved magnetic field lines are distributed in the space around the magnet

(Figure S6 in the Supporting Information), positioning the magnet parallel to the Peltier

elements results in a high degree of collinearity in the system. This explains the small

magnetic effect obtained with the magnetic field applied from the bottom and the top of

the cell.
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Figure 5: MZI profiles for a 1.0 mol dm−3 Dy3+ solution with configuration 1: a) ∆T = 10
◦C, 30 minutes; b) ∆T = 10 ◦C with magnetic field applied from the bottom of the cell, 30
minutes; c) ∆T = 10◦C with magnetic field applied from the top of the cell, 30 minutes.

Changes in refractive indices were quantified for these three cases and are shown in Figure

6. When no magnetic field was applied, it was possible to observe an increase of refractive

index in the bottom of the cell due to the cooling of the solution, and a decrease in the

top due to the heating. When the magnetic field was applied from the bottom of the cell,

the refractive index remained similar to the initial case. However, when the magnetic field

was applied from the top, the magnetomigration of Dy3+ ions produced a small increase of

refractive index towards the upper part of the cell.
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Figure 6: Refractive index change in a 1.0 mol dm−3 Dy3+ solution due to: 30 minutes of
∆T = 10 ◦C (dashed line); 30 minutes of magnetization applied from the bottom of the cell
with ∆T = 10 ◦C (dotted line); and 30 minutes of magnetization applied from the top of
the cell with ∆T = 10 ◦C (black line).

Figure 7 shows the MZI profiles of experiments performed with the magnetic field applied

from the left side of the cell. Here an enhanced magnetomigration was observed due to the

higher non-collinearity of ∇B2 and ∇χ.

Figure 7: MZI profiles for a 1.0 mol dm−3 Dy3+ solution with configuration 1, ∆T = 10 ◦C
with magnetic field applied from the left side of the cell.

Similarly to experiments described by Noddack et al.,10–12 the configuration 2 of the

heating/cooling device was used with the magnetic field perpendicular to the ∇χ generated

from the sides of the cell. In the Noddack’s work, the magnetic field was applied near the

bottom of the cell and fractions of different magnetic susceptibilities were collected after a

certain period of magnetization uniformly over the cell height. Here, in order to improve
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qualitative observations of the magnetization and demagnetization processes, the magnetic

field was applied from the top of the cell. Figure 8a shows the profile of a 1.0 mol dm−3

Dy3+ solution after 30 minutes of magnetization with no thermal gradient applied. In this

case, the system was initially homogeneous and the magnetization produced no detectable

changes in the solution. Despite the presence of the magnet, the refractive index remained

constant along the solution, within some small noise level. When a thermal gradient of 10
◦C was applied alone, a convective fluid flow was developed (Figure 8b). In Figure 8c it is

possible to observe the change in the fluid flow when the magnetic field was added to the

experiment. The stratification of the solution became denser in the top of the cell due to

the magnetomigration of the Dy3+ solution towards the region of the higher magnetic field.

This enrichment becomes clear during the demagnitization step, the enriched Dy3+ solution

convected back to the bulk in a mushroom-shaped downward plume (Figure 8d).
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Figure 8: MZI profiles for a 1.0 mol dm−3 Dy3+ solution using configuration 2 of the
heating/cooling device: a)∆T = 0, magnetization for 30 minutes; b)∆T = 10 ◦C, 30 minutes
without magnetization; c) ∆T = 10 ◦C, magnetization for 30 minutes; d) demagnetization:
immediately after the magnet was removed.

Magnetomigration with an evaporation-based gradient

In our previous work, consistent magnetomigration in a Dy3+ solution was obtained when

magnetic susceptibility gradients were introduced by evaporation of the solvent.8 The ∇χ

created by the local densification of the solution activated the process of magnetomigration.

However, the magnetomigration induced in the top of the cell at the liquid-air interface

eventually led to Rayleigh-Bénard instabilities, causing plumes of denser solution to sink. A

configuration with the magnet at the bottom of the cell was used here in order to avoid these
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instabilities and promote a synergic effect of magnetomigration and the local densification

due to evaporation (Figure 3). MZI profiles for the evaporation and magnetomigration with

evaporation for the strongly paramagnetic Dy3+ ions and weakly diamagnetic Y3+ ions are

shown in Figure 9. Evaporation of solvent caused similar stratified profile in the bottom of

the cell for both paramagnetic and diamagnetic species (Figure 9a). When the magnetic field

was applied, the concentration gradient ∇c created by evaporation and thus the ∇χ lead to

magnetomigration of the Dy3+ solution. The attraction of paramagnetic Dy3+ solution to

the higher magnetic field enlarged the stratified concentration profile at the bottom of the

cell. The opposite effect would be expected for experiments with the diamagnetic Y3+ ions.

However, no clear effect was detected due to the very weak form of magnetism induced when

a diamagnetic compound is exposed to an external magnetic field.

Figure 9: MZI profiles for a 1.0 mol dm−3 solutions of Dy3+ and Y3+ for 30 minutes of: a)
evaporation and b) magnetomigration with evaporation-based gradient.

Figure 10 compares the change in refractive index along a Dy3+ solution during

evaporation and magnetomigration with an evaporation-based gradient.
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Figure 10: Refractive index change in a 1.0 mol dm−3 Dy3+ solution during 30 minutes
of evaporation (dashed line) and magnetomigration with evaporation-based gradient (black
line).

Disregarding other contributions that can affect the refractive index of a solution,

concentration values were estimated based on the obtained refractive indices using the

calibration curve shown in Figure S4 in the Supporting Information. The ionic enrichment

due to evaporation and magnetomigration with evaporation were calculated as:

∆c = cexp−cin
cin

× 100 [%] (where cin is the initial concentration of the solution and cexp is the

concentration measured after 30 minutes of experiment). The highest changes in the

refractive index values, in the region close to the bottom of the cell, were used to compare

the Dy3+ enrichment due to evaporation (dashed line in Figure 10) and magnetomigration

with evaporation (black line in Figure 10). The Dy3+ enrichment due to evaporation was

calculated as 1.6% and the enrichment due to magnetomigration with evaporation 2.7%,

with the contribution of the magnetic effect alone can be estimated ≈ 1%. To compare the

magnetomigration of paramagnetic solutions with different magnetic susceptibilities,

experiments were also conducted with 1.0 mol dm−3 solutions of the paramagnetic Nd3+

and Gd3+. The electron configuration of the RE3+ ions, the magnetic susceptibility of

corresponding RE(NO3)3 solution and the ionic enrichment due to magnetomigration with
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evaporation are displayed in Table 1. In the series Nd3+, Gd3+, Dy3+, the values of ionic

enrichment increase proportional to the magnetic susceptibility of the ions. The influence

of the magnetic anisotropy on the magnetomigration has been neglected in this study.

First of all, the Gd3+ ion shows magnetomigration although it is magnetically isotropic

(the magnetic anisotropy is equal to zero). Secondly, Binnemans et al. have shown that for

coordination polyhedra typically found for hydrated lanthanide ions, a very small magnetic

anisotropy is predicted.35

Table 1: Electron configuration of RE3+ ions, measured χsol of the 1.0 mol dm−3 RE(NO3)3
solutions and ionic enrichment obtained due to magnetomigration with an evaporation-based
gradient.

Ion Electron configuration χ [–] ∆c [%]
Nd3+ [Xe]4f3 +3.58 × 10−5 1.1
Gd3+ [Xe]4f7 +21.79 × 10−5 2.0
Dy3+ [Xe]4f9 +39.40 × 10−5 2.7

Even though ∇χ and ∇B2 in experiments with evaporation-based gradients are not

aligned in the highest degree of non-collinearity, clear magnetomigration was observed for

all tested paramagnetic ions. The Dy3+ enrichment due solely to magnetomigration was

one order of magnitude higher when compared to the one obtained using ∆T as source of

∇χ, which was ≈ 0.10%, as calculated from the refractive index profile shown in Figure 6,

black line. This can be explained once ∇χ’s generated by evaporation are larger and more

localized than the gradients created by ∆T .

Effect of a non-static magnetic field on the magnetomigration

When the magnet was equipped with a magnetic field concentrator and moved along

the bottom of the cell, layers of enriched Dy3+ solution followed the magnetic field. The

20



stratified solution moved from the center of the cell (Figure 11a), to the left wall (Figure

11b) and to the right wall (Figure 11c). These experiments allow to more clearly separate

the effect of the magnetic field on the initial stratification of the solution due to evaporation.

Figure 11: MZI profiles for a 1.0 mol dm−3 Dy3+ solution and magnetomigration with
evaporation-based gradient. The magnet was moved at 5 mm s−1 from: a) the center of the
cell; b) to the left side of the cell and c) to the right side of the cell.

Magnetomigration experiments with removal of thermal and

evaporation-based gradients

The effect of the removal of the thermal and evaporation-based gradient during

magnetomigration was tested using a Dy3+ solution. Figure 12 shows the MZI profiles

obtained in an experiment where the thermal gradient was cancelled after 5 minutes of

magnetization. In the beginning of the experiment, the magnetomigration of the Dy3+

solution was observed in the stratified region at the top of the cell, close to the magnet

(Figure 12a). However, when ∆T was reduced to zero, the magnetomigration effect was

gradually lost (Figure 12b). After 10 minutes the solution reached a quasi-homogeneous

state despite the presence of the magnetic field (Figure 12c).
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Figure 12: MZI profiles for a 1.0 mol dm−3 Dy3+ solution, magnetomigration experiment
with removal of the thermal gradient: a)∆T = 10 ◦C, 5 minutes of magnetization; b) gradual
loss of magnetic effect with ∆T = 0; and c) loss of magnetic effect when ∆T = 0 for 10
minutes.

A similar effect was observed for experiments with an evaporation-based gradient. When

the evaporation was stopped by closing the space between the PTFE membrane and the

magnet after 5 minutes of magnetization, the stratified profile due to the enrichment of

Dy3+ ions disappeared within 10 minutes (Figure 13). This demonstrates that the magnetic

force is deactivated in the absence of ∇χ.
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Figure 13: MZI profiles for a 1.0 mol dm−3 Dy3+ solution: a) magnetomigration with
evaporation-based gradient, 5 minutes; and b) loss of magnetic effect with blocked
evaporation, 10 minutes.

Conclusions

Two different methods to induce the magnetomigration of rare-earth ions in solution

were demonstrated. Both methods were based on the activation of the rotational

component of the magnetic field gradient force. The use of a heating/cooling device

allowed to generate gradients of magnetic susceptibility in the solution due to temperature

dependence of χm, which in turn induced the magnetomigration. During experiments with

∆T , layers of enriched Dy3+ solution were formed in the region of the strongest magnetic

field when the magnetic field was applied from the top and the side of the cell. Stable

zones of ionic enrichment were formed during magnetomigration experiments with

evaporation-based gradients for all tested paramagnetic RE solutions: Nd3+, Gd3+ and

Dy3+. It was shown that the degree of ionic enrichment is proportional to the magnetic

susceptibility of the REs. A maximum enrichment of 1% was obtained for the strongly

paramagnetic Dy3+ ions after 30 minutes of magnetization. Additionally, when the thermal

gradient and the evaporation-based gradient were removed during the experiments by

means of stopping the ∆T or blocking the evaporation, the magnetization effect gradually

disappeared. It was previously assumed that the presence of magnetic susceptibility

gradients contributed to the magnetomigration as a trigger8. Results presented here

indicate that not only a constant input of ∇χ is mandatory for the magnetomigration
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effect, but also the non-collinear alignment of ∇χ and ∇B. These findings represent an

important step towards the development of magnetic separation methods for RE ions.
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