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Abstract

The demand of the lithium ion battery (LIB) is increasing exponentially, as it is the state-of-the-art solu-
tion to achieve electrification of the mobility sector and to ensure the stability of the electricity grid. The
anode and cathode of these batteries consist of graphite and a lithium transition metal oxide (LTMO),
respectively, which have both been designated as critical raw materials and face serious supply risks.
At present, only a small amount of cathode material can be recovered through chemical separation
processes, which are expensive and energy-intensive and produce a lot of waste. Direct physical re-
cycling of these materials is a far more efficient approach, but no scalable direct recycling routes are
currently available. Sink-float separation using dense media had been successfully performed, indi-
cating that density is a suitable differentiating property. However, dense media are associated with
serious drawbacks due to their high viscosity, toxicity and cost, making them unsuitable for large-scale
application. Therefore, the objective of this research is to evaluate whether magnetic density separa-
tion (MDS), which applies a magnetic liquid subjected to a magnetic field to create an artificial density
gradient within the liquid, can be applied in practice for the separation between anode and cathode ma-
terials from spent LIBs. This is achieved through magnetic field simulations, developing and executing
a method for measuring the magnetic susceptibility, and Magnetic Levitation (MagLev) experiments.

Following from the magnetic field simulations, an array of permanent disc magnets, stacked into one
larger cylindrical magnet, was selected as the optimal magnetic configuration. Further, samples of para-
magnetic MnCl2 solutions were prepared at different concentrations, up to the saturation concentration.
Their densities and magnetic susceptibilities had to be determined in order to be able to estimate the
achievable apparent densities. From the literature it became clear that the magnetic susceptibility is a
property that cannot be easily measured and a very wide range of values was used by different sources.
Because of this, a new method was developed to measure the magnetic susceptibility of a liquid: the
magnetic pendant drop method. The deformation of the drop was studied as it was brought into prox-
imity of the magnets. The results from this experiment were of the same order of magnitude as the
reported magnetic susceptibilities found from the literature, which were quite dispersed.

Finally, MagLev experiments were performed with anode and cathode materials. The cathode mate-
rial sunk to the bottom for each concentration. On the other hand, MagLev of anode material was
achieved in samples of high MnCl2 concentration. From their levitation heights, the magnetic suscep-
tibility was once again calculated, and was even closer to the value reported in one of the sources.
The equilibrium height at which the anode material levitated was at approximately 6 mm above the
magnet’s surface. This means that careful design considerations will need to be taken in the design of
a continuous process, and possibly a different option of magnets and paramagnetic medium should be
selected. Nonetheless, the fact that levitation of graphite can be achieved, offers a positive prospect
for separation by MDS on lab-scale.
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1
Introduction

1.1. Motivation
The lithium ion battery (LIB) is the state-of-the-art technology of electrochemical energy storage, due
to its low self-discharge rate, high rate capacity, high cycling capacity, high energy density and long
life time, and are being applied for portable electronic devices, for stationary energy storage systems,
and more recently for electrical vehicles. Figure 1.1 shows the tremendous increase in demand of
automotive LIBs over the past years. Overall, a five-fold increase in global battery consumption was
predicted between 2020 and 2030 [65, 90] and in the following two decades an increase of at least 12
times is expected [23, 71].

Figure 1.1: Automotive battery demand by region, 2016-2022. Reprinted from the International Energy Agency [1].

As a result of the increase in LIB demand, the demand for the raw materials from which batteries are
produced is also increasing. For the cathode, there exists a large number of lithium transition metal
oxides (LTMOs) that can be used. In contrast, there is only one option for the anode material: graphite
[4, 53]. The supply of graphite could potentially become at risk as no graphite is produced in Europe.
Figure 1.2 displays the global natural graphite production distribution. It can be observed that 62%
of the graphite used, is imported from China. Even more so, 90% of all spherical graphite produced,
which is the required form of graphite for LIBs, originates from China [76, 77]. Due to new regulations,
export of graphite from China has become government-controlled since December 2023 [8, 22].

Lithium (Li), Cobalt (Co) and Nickel (Ni) have previously been designated as critical raw materials and
strategic elements in the UK, EU and US, but more recently also graphite (C) has been designated as
a critical raw material. While graphite is not the most expensive or scarce material, it does face major
risks in resource security, due to geographical and geopolitical factors [3, 23, 72].

1



1.1. Motivation 2

Figure 1.2: Natural Graphite production distribution by country in 2019, the total amount about 1 130 000 tons. Reproduced
from Abdollahifar et al. [3].

On the other hand, the waste streams of spent LIBs is also increasing. End-of-life LIBs are most
commonly found in one of the following three destinations: municipal solid waste landfill, waste-to-
energy facilities and specialized recycling facilities. In 2016 95% of all LIBs still ended up in landfill
sites, and still only 5% of LIBs were recycled in the EU in 2019 [72]. Current recycling methods are
very energy and cost-intensive, and are thus only aimed towards the recovery of certain transition
metals from the cathode, since these are most valuable.

However, as graphite is the common denominator among all battery chemistries, it makes sense to
develop a separation method focused on the extraction of graphite, instead of separation methods
geared towards recovering materials for one specific cathode chemistry. Further, by removing the
graphite at an earlier stage, inflow of the energy-intensive extractionmethods for recovering the cathode
material can be strongly diminished, resulting in lower cost, reagent and energy consumption, waste
generation and greenhouse gas emissions [49].

In order to ensure there is sufficient graphite available to meet future demand for the production of LIBs,
and to not be dependent on foreign supply of this material, the strategy proposed for this research is the
direct recycling of graphite from spent LIBs. The objective of this research is to improve the recycling
of graphite from LIBs.
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1.2. Literature review
A literature review was conducted to identify the materials which need to be separated from the spent
LIBs, what separation methods for direct recycling of two solid, micron-sized materials are available,
and what their opportunities and limitations are.

1.2.1. Overview of black mass materials
The material that remains from spent LIBs, once most other components have been extracted, consists
of a mixture of anode active material (AAM) and cathode active material (CAM), commonly referred to
as black mass (BM). In order to find a selective separation method that distinguishes between these
two materials, it is important to understand which materials are contained in both active materials and
what their properties are.

For the negative electrode, graphite is used as AAM and coated onto a current collector of copper (Cu,
6−10µm) [38, 78]. Before being suitable for use in LIBs, the natural flake graphite need to be rolled into
a spheroidal shape by mechanical methods. After this, the final product is a ’potato’-shaped particle
with a purity above 99.9 wt.% carbon, referred to as spheroidal graphite [4, 53, 74].

Spheroidized graphite particles allow for fast and extensive lithium intercalation, enhancing the electro-
chemical performance of the material [53, 55, 59]. A narrow particle size distribution of approximately
8 − 30µm is desired for optimal performance. Figure 1.3 shows SEM images of natural flake graphite
before and after spheroidization, and a schematic view of the altered structure.

Figure 1.3: (a) SEM image showing basal and edge planes and flake graphite. (b) SEM image of individual potato-shape
natural graphite. (c) Schematic views of raw natural graphite flakes, spread on a current collector, parallel to the basal planes,
and how the flakes are altered by spheroidization: the flakes are folded concentrically to form potato-shape graphite. Adjusted

and reprinted from Moradi et al. [53].

For the positive electrode, the CAM can be made up of a variety of LTMOs, classified as layered oxides
(LiNiCoMnO2, LiNiCoAlO2, LiCoO2), spinels (LiMn2O4) and olivines (LiFePO4) [38, 40, 44, 47]. The
current collector of the cathode is typically aluminium (12− 20µm thick) [38, 78].

The electrodes are produced by extruding a slurry of active electrode material, conductive additives
and binder, dissolved in a solvent, onto a current collector. To form a uniform slurry and to facilitate the
coating of the material onto the current collector, the most commonly used binder is polyvinylidene fluo-
ride (PVDF), which needs to be processed with n-methyl pyrrolidone (NMP) [38, 44, 74], which is toxic
and has strict emission regulations [78]. More recently these materials have sometimes been replaced
with less expensive carboxymethyl cellulose (CMC) mixed with styrene butadiene rubber (SBR), which
can be dissolved in water, providing substantial advantages concerning cost and sustainability [4, 38,
40, 44, 74, 78].
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Further, conductive additives are added, for which nanosized carbon, carbon black, graphene or carbon
nano-tubes are employed most often [37, 78]. Additives serve to improve the formation of the solid
electrolyte interface, protect the electrodes, stabilize the electrolyte salt, improve safety, improve the
deposition of Li, enhance solvation, inhibit Al corrosion and improve wettability [74].

Material-related challenges
Due to the material properties of the BM, there are some challenges identified which complicate sepa-
ration for any of the proposed separation methods:

• Variety of cathode chemistries: There exists a variety of different cathode materials, each
with their own respective material properties. Certain separation methods may be more effec-
tive on one specific cathode type than another, but no distinction is made between the different
chemistries upon collection of spent LIBs.

• Health, Safety and Environment (HSE) concerns: There are certain environmental risks con-
cerned with materials contained in LIBs, for instance, the release of metals into the environment,
polluting the land and groundwater. Further, toxic fumes can be formed upon the heating of
electrolyte. Release of these substances should be prevented.

• Agglomeration: After liberation of the active materials, micron-sized particles remain. These
very small particles tend to form aggregates, or become entrained/entrapped in larger particles
or agglomerates. Due to this mechanism, the particles are not fully liberated anymore, and the
mixed anode and cathode materials within agglomerates cannot be successfully separated.

• Processability in water: For most separation methods, the material needs to be dispersed in
water. Certain elements might dissolve in water due to high reactivity of the material. Further,
little is known about the effect on particle agglomeration of BM upon dispersion in water.

1.2.2. Current recycling methods of black mass
Most current recycling methods have been focused towards the recovery of the more valuable metals
of the cathode, such as Ni, Co and Cu [3, 23]. These materials only make up a small fraction of the total
weight of the BM, as can be seen in figure 1.4. On the other hand, graphite makes up approximately
44 wt.% of the total mass, but is considered to be an impurity from the spent battery material in these
processes, and is discarded as waste. Apart from the metals originating from the spent cathode, the
recovery of graphite is becoming more relevant. For instance, it should be considered that a lithium
ion cell contains at least 11 times more graphite than lithium, adding up to approximately 50 kg in an
electrical vehicle’s battery pack [23, 43, 53].

Figure 1.4: Elemental composition of BM obtained with XRF. Light elements such as Li, F, and C were measured by ICP-OES,
IC, and carbon analysis, respectively. Reprinted from Salces et al. [69].

There are three types of recycling methods: hydrometallurgy and pyrometallurgy, which are chemical
methods requiring chemical reactions, and direct recycling, which is a physical process where no chem-
ical conversion takes place. In pyrometallurgy transition metals like Co and Ni are reduced from oxides
to metals at high temperatures. These are recovered in a mixed metal alloy, which can be further sepa-
rated from each other. Hydrometallurgy makes use of acids to dissolve ions out of a solid, producing a
mixture of metal ions in solution, which can be further recovered to produce new cathode material [20,
23, 72]. These methods are associated with multi-unit operation, high energy consumption and high
cost, rendering it an uneconomical recycling approach [43]. Further, the electrode active materials are
altered structurally and chemically, so that they cannot be directly re-used for the production of new
cells [16].
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Direct recycling is based on differences in physical properties between materials. Since the materials
do not undergo any chemical conversion, these separation processes are usually less energy-intensive.
Separation methods exist for various differentiating properties, of which the following will be covered
in this research: wettability-based separation (froth flotation), magnetic susceptibility-based separation
(magnetic separation) and density-based separation (magnetic density separation). While some of
these methods have been explored in separating BM, no industrially applicable process has been
developed yet. The focus of this literature review lies in the separation between AAM and CAM from
BM by these methods, and their associated opportunities and challenges.

1.2.3. Wettability-based separation
Wettability is the relative adhesion of a fluid to a solid surface [14]. Materials that are hydrophilic prefer
to be surrounded with water, while hydrophobic materials would rather minimize their contact with
water and are thus repelled by water. Thus, hydrophobic particles prefer to attach to air bubbles, while
hydrophilic particles prefer to remain dispersed in water.

Separation setup
The first, and most widely studied separation method that will be described in this section is one based
on difference in wettability: froth flotation (FF). This is a method to separate heterogeneous mixtures
of finely subdivided solid phases, based on a difference in wettability. Thus, the separation relies on
the difference in attachment of the hydrophobic particles to the air bubbles in a water tank, which move
to the top, and the hydrophilic particles, which remain in the liquid and sink to the bottom. A schematic
of the process is displayed in figure 1.5.

Figure 1.5: Schematic illustration of separation of mineral particles by froth flotation (FF). Reprinted from Pawlik [60].

Battery material wettability properties
The AAM and CAM are intrinsically known to be hydrophobic and hydrophilic, respectively. However,
these active materials are coated with a PVDF binder during electrode production, which affects the
wettability properties. This fact is clearly illustrated in the research by Vanderbruggen et al. [75]. This
research investigates the wettability using the ’captive bubble technique’, for which the electrode ma-
terials are pressed onto a tab and immersed in water. A tiny air bubble is deposited onto the surface,
after which the three-phase line interface is measured.

The experiment was conducted for pristine anode and cathode material (not processed with binder),
and anode and cathode material taken from a battery, and the results are displayed in table 1.1 and
figure 1.6. Pristine lithium cobalt oxide (LCO) and lithium nickel manganese cobalt oxide (NMC) have a
very large contact area with water, while graphite minimizes its contact with water, indicating a large dif-
ference in wettability. Unfortunately, the active materials from spent batteries have very similar contact
angles.
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Figure 1.6: Captive bubble technique measurements of A: LCO, B: natural spheroidized graphite, C: cathode electrode made
of LCO particles coated on with binder on Al foil, D: electrode made of graphite particles coated with binder on a Cu foil.

Reprinted from Vanderbruggen et al. [75].

Material Contact angle with captive bubble method
LCO 14± 1.8◦ (A)
NMC 14.8± 3.3◦ (-)
Natural spheroidized graphite 138.8± 5.4◦ (B)
Cathode electrode - LCO coated with binder 74.5± 7.9◦ (C)
Anode electrode - Graphite coated with binder 81.2± 4.4◦ (D)

Table 1.1: Results for estimating the wetting behavior of battery materials, with an interval confidence of 90%. Reproduced
from Vanderbruggen et al. [75].

Pretreatment methods for binder removal
From these results, it is clear that binder contamination strongly limits the selectivity of FF of AAM and
CAM. Therefore, several treatment options are available to remove the PVDF binder from the surface
of the particles and improve separation by FF: solvent treatment, thermal treatment or mechanical
treatment.

Solvent treatment is usually performed with NMP to dissolve the binder. While this method is effective,
the biggest drawbacks of NMP are its toxic nature and high cost. Another solvent that can be used is
Fenton’s reagent, but this generates a layer of Fe(OH)3 on the particle surfaces, which also deteriorates
the separation and is difficult to clean [57, 80, 88].

Pyrolysis and roasting are types of heat treatment that can also be carried out for binder removal and
are known to be very effective. However, the products and fumes that are formed in this process,
amongst which HF gas, are hazardous and pose strong limitations on the viability and applicability, as
they are difficult to clean [25, 84, 89, 86, 87, 91].

Finally, binder can be removed by mechanical treatment: grinding the BM. On the one hand, new
surfaces are exposed, which are not covered with the binder, on the other hand, under cryogenic
conditions, the binder will break from the surface during grinding due to embrittlement. The required
particle size suitable for FF should fall between 10− 300µm, such that the available adhesion between
particle and bubble is sufficient, while also ensuring the particles will become levitated by the buoyancy
of the bubble [62]. Unfortunately, the grade and recovery that can be obtained of the products is limited,
significant loss of material may occur, and the process of fine grinding is energy-intensive [42, 62, 76,
83].

Challenges associated with wettability-based separation
Removal of binder material is a key requirement to ensure proper selectivity for the separation of BM
by FF. For the pretreatment methods of binder removal, the following limitations have been identified:

• Solvent treatment: NMP, the solvent most capable of dissolving the binder, is known to be very
toxic and very expensive. Because of this, NMP treatment cannot be applied on large scale,
as release of toxic substances and cost should be minimized. Further, this treatment method
generates a large waste stream.

• Heat treatment: Toxic products and fumes, such as HF gas, are generated upon heating of BM.
Furthermore, heating is associated with a high energy-consumption and therefore high cost.

• Mechanical treatment: Under ambient temperature, the binder contamination of the particle’s
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surface is not fully removed. Cryogenic grinding enhances the binder removal, but also requires
additional energy for cooling, while grinding in itself is already an energy-intensive process. Fi-
nally, the range of particle sizes required for FF is narrow, thus significant material losses may
occur upon excessive grinding.

1.2.4. Magnetic susceptibility-based separation
The magnetic susceptibility (χ) of materials can be classified into three categories: ferromagnetic, para-
magnetic or diamagnetic. Ferromagnetism is a very uncommon property and only occurs in a few ma-
terials, causing them to be very strongly attracted to magnetic fields. Apart from these rare materials,
all other materials exhibit some magnetic effects, and are either weakly attracted by a magnetic field
(positive χ), or weakly repelled (negative χ). They are referred to as paramagnetic and diamagnetic,
respectively [18].

This property is used in magnetic separation to steer materials of different magnetic susceptibility in a
different direction by attracting or repelling them through the application of a magnetic field. In order
to be able to separate small, very weakly magnetic particles, high gradient magnetic separation is
required, which is designed to maximize the magnetic field intensity.

Separation setup
Two conventional methods are displayed in figure 1.7 below: induced roll magnetic separation and high
gradient magnetic separation. Both methods have been applied on LIB material in the research by Hu
et al. [31], as well as in the patent by Ellis and Montenegro [16]. In the drum type separator (induced roll
magnetic separation, figure 1.7a) the dry feed material is introduced at the top of a rotating drum. The
diamagnetic particles will fall in the left department due to gravity, while the paramagnetic particles are
attracted to the drum and carried across the magnetic section of the drum, and afterwards deposited
in the right department [58].

(a) Induced roll magnetic separation, dry. (b) High gradient magnetic separation, wet.

Figure 1.7: Schematic of conventional magnetic separation methods. Reprinted from Oberteuffer [58].

In the research of Hu et al., this method was performed, using a product of manually extracted current
collector sheets, cut into small pieces. While the selectivity for this product was very high, manually
extracting the sheets and cutting them to pieces is very labor-intensive, and therefore infeasible to apply
on large-scale.

The high gradient magnetic separation in figure 1.7b consists of a canister packed with ferromagnetic
filament, surrounded by a strong, adjustable magnetic field. Feed material is introduced in the form of
an aqueous slurry and passed down the canister. The fluid and diamagnetic particles pass through the
canister, while paramagnetic particles are trapped in the filament, even if they are very small and only
weakly magnetic. Once the diamagnetic material has passed through, the magnetic field is removed
and the paramagnetic particles can be easily washed out from the canister [58]. The grade and recovery
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achieved from Hu et al. using high gradient magnetic separation was lower than that of induced roll
magnetic separation.

Another configuration for magnetic separation of LIB material which has been researched, is waterflow-
magnetic separation. In this wet separation method, BM materials are dispersed in solution and flowed
down a magnetic plate with a small incline. The paramagnetic particles remain stuck at the top of the
plate, while the diamagnetic particles flow down to the filter tank, where they are collected by a filter
screen. A schematic of the forces acting on the different particles and the resulting particle trajectories
is displayed in figure 1.8.

Figure 1.8: Schematic of particle trajectories in waterflow-magnetic separation. Reprinted from Huang et al. [32].

Battery material magnetic properties
Magnetic susceptibility is a dimensionless proportionality constant, which can be described either by
volume (−), by moles (m3 mol−1) or by mass (m3 kg−1). The values of the magnetic susceptibility of
battery materials, found in literature [16, 31], are shown in table 1.2.

Material Reported susceptibility Reported susceptibility
by [16], [m3 kg−1] by [31], [m3 kg−1]

LiFePO4 4.82 · 10−3 7.41 · 10−7

LiMn2O4 3.52 · 10−3 -
LiMnO2 - 5.74 · 10−6

LiNiCoMnO2 2.26 · 10−3 -
LiNi1/3Co1/3Mn1/3O2 - 3.31 · 10−7

LiNi0.8Co0.15Al0.05O2 - 2.51 · 10−7

LiNiO0.833Co0.170O2 1.34 · 10−3 -
LiCoO2 8.91 · 10−5 1.7 · 10−8

Al (cathode current collector) - 8.15 · 10−9

C - −8.4 · 10−8

Cu (anode current collector) - −1.12 · 10−9

Table 1.2: Magnetic susceptibility of materials in LIBs, taken from Ellis and Montenegro, and Hu et al. [16, 31].

It is clear that the reported values differ by three to four orders of magnitude. However, qualitatively the
reported values seem to represent approximately the same trend of susceptibilities. These differences
indicate that this material property cannot be determined straightforwardly, and thus have to be further
investigated. Altogether, from this information it is assumed that the AAM and its corresponding current
collector material are very weakly diamagnetic, while the CAM and their respective current collector are
all weakly paramagnetic to some extent.
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As graphite can occur in a variety of structures, and due to the intercalation of lithium ions during
battery operation, its magnetic susceptibility may be altered. The magnetic susceptibility of graphite
upon intercalation of lithium ions was investigated byMukai et al. [54]. It was found that a transition from
diamagnetic to paramagnetic took place once a small amount of lithium remained within the graphite
structure. More researchers [17, 36, 52] have reported ferromagnetic behavior of graphite, for instance
due to structural defects and vacancies [12, 81]. Because the exact structure of graphite retrieved from
spent anodes may vary, so may its magnetic susceptibility.

The advantage of this separation method is that no chemicals are used, making it a cost-saving solution
with low (hazardous) waste-production. However, a limitation that is often encountered, is that the
method works well for CAMs of strong magnetic susceptibility, but not for the BM materials of weaker
magnetic susceptibility. Further, aggregation can occur, deteriorating the selectivity [31, 33, 32, 39].

Challenges associated with magnetic susceptibility-based separation
For the separation of BM by magnetic susceptibility, the following difficulties have been found:

• Weakly paramagnetic cathode material: The magnetic susceptibility of the cathode materials
is only very weakly positive, especially that of LCO. Therefore, very high gradient magnetic fields
are required to achieve adequate separation.

• Entrainment of dry particles: Magnetic separation can be performed on a slurry or on dry
powder. Especially dry powder is expected to be highly sensitive to aggregation and entrainment
of small particles in larger particles, leading to misplacement of the mixed materials.

• Magnetic susceptibility of graphite: Different values of magnetic susceptibility have been re-
ported, resulting from a difference in the structure of graphite, intercalation of lithium ions, and
vacancy defects. The actual magnetic susceptibility should be first determined, to assess the
viability of this separation method.

1.2.5. Density-based separation
Finally, density-based separation is investigated, since density is an intrinsic material property that is
not (significantly) altered during the processing and lifetime of the active electrode materials. The most
basic density-based separation method is the conventional sink-float method: particles dispersed in a
liquid will either move to the top or bottom of the tank, depending on whether their density is lower or
higher than that of the liquid. This method allows for one single cut-density between whichmaterials can
be separated, and was already successfully performed for the separation between anode and cathode,
using lithium metatungstate (LMT) [85] or sodium polytungstate (SPT) [71]. These are dense liquids,
which are very expensive, toxic and viscous, and are therefore not suitable for large-scale operation.
Instead, a magnetic liquid could be used, in which a density gradient can be generated by applying a
magnetic field.

Separation setup
Magnetic density separation (MDS) is similar to conventional sink-float separation techniques, but it
offers the opportunity to separate multiple materials of different densities in one step. This is achieved
by creating an artificial density gradient within a magnetic process medium by applying a magnetic field.
The magnetic liquid will not only be subjected to the gravity and buoyancy forces, but also to a magnetic
force. The resultant force on the magnetic liquid will vary according to its proximity to the magnet(s),
as visualized in figure 1.9.

The forces acting on a particle suspended in a paramagnetic liquid within a magnetic field are described
in equation 1.1, as formulated by Ge and Whitesides, and by Mirica et al. [21, 50]. The gravity scales
with the difference in density of the particle (ρs) and the density of the paramagnetic liquid (ρm). The
magnetic force scales with the difference in magnetic susceptibility between the particle (χs) and the
magnetic susceptibility of the paramagnetic liquid (χm). The particle will find its equilibrium position
at the height corresponding to the particle’s density. Different materials of different densities will be
stratified at their own equilibrium height.

−→
F g +

−→
F mag = (ρs − ρm)V−→g +

(χs − χm)

µ0
V (

−→
B ·

−→
∇)

−→
B = 0 (1.1)
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Figure 1.9: Forces on magnetic liquid in a magnetic field. Yellow arrow is magnetic force; blue arrow is gravity; red arrow is
total resultant force. Reproduced from Hu et al. [28].

The most prevalent liquid that is used for MagLev experiments in literature, is a solution of MnCl2 [13,
15, 21, 50, 51], due to its relatively low cost and high magnetic susceptibility. A common magnetic
configuration for this method is the ’anti-Helmholtz configuration’, using two magnets with facing like-
poles. A 2D representation of the magnetic field that is created by this configuration is shown in figure
1.10a. By this configuration MagLev of liquid drops of densities up to 3.73 g cm−3 in MnCl2 solution has
been achieved by Ge and Whitesides [21], and even MagLev of precious metals (Silver, Copper, Gold,
Platinum) of densities up to 21.5 g cm−3 in a MnCl2 solution has been achieved by Miura et al. [51].

Figure 1.10: (a) 2D numerical simulation of the magnetic field between two equal magnets, with like-facing poles. (b)
Magnitude of the magnetic field along the centreline. (c) Schematic illustration of the experimental setup. Reprinted from Mirica

et al. [50].

This principle has also been implemented in a continuous setup for the separation of plastic waste
materials. A schematic of such a continuous MDS process is shown in figure 1.11.
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Figure 1.11: Schematic of the magnetic density separation (MDS) machine. Note that different colors represent different mass
densities of plastics. Reprinted from Dellaert [13].

Reported material properties
The densities of the active electrode materials were collected from the literature review by van Rooijen
[66] and research by Al-Shammari and Farhad [71], their results are displayed in table 1.3

Grain type Particle density Particle density
[g cm−3], [71] [g cm−3], [66]

LFP (LiFePO4) 3.600 3.0− 3.6
LMO (LiMn2O4) 4.280 −
NCA (LiNi0.8Co0.15Al0.05O2) 4.450 −
LCO (LiCoO2) 5.050 4.5− 5.1
NMC(-111) 4.770 4.0− 5.0
Graphite 2.200 2.2− 2.3
Carbon Black − 1.5− 1.9

Table 1.3: Density of the different materials present in black mass. Reproduced from Al-Shammari and Farhad, and Van
Rooijen [71, 66].

There are some challenges associated with MDS: Generally, MDS shows a good selectivity for larger
particles, that do not aggregate, while BM has very small size, for which aggregation is muchmore likely
to occur. The apparent densities that have been achieved with permanent magnets in the literature are
only a bit higher than that of AAM, and not larger than that of most CAMs. Scaling to continuous sepa-
ration can be challenging due to the high magnetic field intensity required, as well as due to turbulence.
Finally, the solutions of MnCl2 will be contaminated and thus need to be partially refreshed every few
separation cycles [6, 13, 21, 28, 29, 30, 50, 51, 56, 70].

Challenges associated with density-based separation
Magnetic levitation offers additional flexibility for the separation of BM, as it can separate multiple ma-
terials of different densities within one stage. The following challenges have been identified:

• High density of anode and cathode materials: The process medium is required to have an in-
termediate density, thus a liquid of (apparent) density between approximately ρ = 2.5−3.0 g cm−3

is required.
• Magnetic field configuration: Permanent magnets are limited in the magnetic field intensity that
they can generate. Higher intensities would require the use of either superconducting magnets,
which need energy for cooling, or electromagnets, which consume even more energy.

• Paramagnetic liquid: In order to obtain a sufficient apparent density, a high magnetic suscepti-
bility of the liquid is required. Concentrations close to the saturation concentration of MnCl2 are
needed to obtain this susceptibility. However, the MnCl2 is a hazardous substance, and should
thus be carefully handled and disposed, especially at large scale.

• Scalability: In order to turn the static MagLev into a continuous MDS process, issues come
to play related to maintaining a constant magnetic field intensity over the height of the MDS,
turbulence, and the large amount of MnCl2 required.
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1.3. Research objective and research questions
The aim of this thesis research is to assess the feasibility of a new method for the direct recycling of
LIBs using a hydro-mechanical separation method. From the separation methods discussed in the
previous section, each method is associated with its own challenges. However, since the wettability of
the materials is strongly altered and cannot easily be restored, and because the magnetic susceptibility
of the materials is very weak and is reported to have both positive and negative values for certain
alterations to the graphite, density seems to be the most promising property to separate both materials.

Thus, magnetic density separation (MDS) is selected as the separation method to be investigated in
this research. It will be investigated whether static MagLev of AAM (and CAM) can be achieved in a
paramagnetic MnCl2 solution using permanent magnets, as a proof of concept for MDS as a scalable
separation method.

Research objective

Assess whether MDS can be employed as an affordable, scalable/continuous and selective
method for the separation between anode and cathode materials, by experimentally investigat-
ing whether static MagLev of battery materials can be achieved.

The applicability of the method relies on the gradient magnetic field intensity that can be achieved,
and the magnetic susceptibility of the paramagnetic liquid, which both need to be precisely determined.
Chapter 3 shows that ambiguous values of the magnetic susceptibility were reported in the literature,
and no accurate method is in place to measure this property. Therefore, a novel method has been
developed to measure the magnetic susceptibility of the paramagnetic liquid.

Following from this research objective, the research question is formulated as:

Research question

Can a sufficiently high apparent density be obtained by static MagLev for the levitation of
graphite, indicating MDS to be a promising separation method for the separation between AAM
and CAM?

To answer this research question, several subquestions have to be addressed:

• SQ1: What gradient magnetic field intensities can be generated using permanent NdFeBmagnets
and what is the optimal configuration?

• SQ2: What density and magnetic susceptibility of MnCl2 solutions are reported in the literature,
are these sufficient for MagLev of graphite?

• SQ3: What methods are required to prepare a transparent solution that does not precipitate, what
issues related to the material are encountered, and what is the elemental composition and density
of the solution?

• SQ4: What method can be developed to measure the magnetic susceptibility of the solution, do
the measured magnetic susceptibilities agree well with the values reported in literature, and what
magnetic susceptibility of the solutions can be achieved?

• SQ5: What apparent densities can be achieved in a static MagLev setup, and can levitation of
graphite be achieved?

• SQ6: Will the graphite particles themselves be attracted or repelled by the magnetic field signifi-
cantly, overshadowing the effect of magnetic buoyancy?

• SQ7: What opportunities and limitations have been identified for scaling the method into a con-
tinuous process?
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1.4. Structure of the research
The range of densities that can be levitated in a magnetic liquid, depends on the force of gravity and
the magnetic force that act on the liquid and on the particles suspended in the liquid. These forces
were described in equation 1.1. The equation can be rewritten to describe the particle density that can
be levitated in the liquid, the achievable ’apparent density’, as follows:

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B (1.2)

From this formula it becomes clear that the attainable apparent density of a suspended particle in the
liquid, ρs, is a function of the gradient magnetic field intensity (

−→
B ·

−→
∇)

−→
B , the density and magnetic

susceptibility of the paramagnetic liquid, ρm and χm, and the magnetic susceptibility of the suspended
particles, χm. As these individual properties play a role in the viability of MDS of BM, these properties
are evaluated in separate chapters.

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B

The chapters will address the different properties as follows: In chapter 2 the attainable gradient mag-
netic field intensity will be identified through simulations. Next, the properties of the magnetic solution
will be investigated from literature research in chapter 3, and the resulting achievable apparent density
will be calculated. Chapter 4 first discusses practical implications of handling the material and preparing
the solution samples, and then the elemental composition and density of the samples will be determined
experimentally. In chapter 5 a new method is developed to measure the magnetic susceptibility of a
solution, which will be conducted for all samples and compared to the values from literature. Finally,
in chapter 6 the resulting apparent density from the experimentally determined properties will be cal-
culated, and Magnetic Levitation (MagLev) experiments will be conducted to validate the calculations,
and to see whether graphite can indeed be levitated.

Investigated property Chapter Subquestion

(
−→
B ·

−→
∇)

−→
B 2 Magnetic field simulations for the optimization of SQ1the magnetic force

ρm, χm → ρs 3 Estimated solution properties and apparent density SQ2from literature data

ρm 4 Preparation of the solution, experimental SQ3characterization and density measurements

χm 5 Magnetic pendant drop method for measuring the SQ4magnetic susceptibility

→ ρs, χs 6 Estimation of the apparent density & validation SQ5, SQ6, SQ7using Magnetic Levitation



2
Magnetic field simulations for the

optimization of the magnetic force

In this chapter the magnetic field intensities that can be achieved through various magnetic field config-
urations will be studied. The objective of this research is to identify the gradient magnetic field intensity,
(
−→
B ·

−→
∇)

−→
B , in the apparent density equation:

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B

Permanent neodymium magnets were selected for this research, since these do not have any oper-
ational costs, in contrast to electromagnets and superconducting magnets. In order to obtain a high
apparent density, this intensity should be sufficiently large to realize the magnetic levitation of graphite.
The subquestion that will be addressed in this chapter is the following:

SQ1: What gradient magnetic field intensities can be generated using permanent NdFeB mag-
nets and what is the optimal configuration?

2.1. Magnetic field evaluation methods
For the analysis of themagnetic fields generated by permanent magnets, two programswere used: Mat-
lab for one-dimensional calculation of the magnetic flux density along the symmetry axis of a permanent
magnet, and COMSOL Multiphysics for 3-dimensional simulations of the magnetic fields surrounding
permanent magnets in several configurations. For each configuration the resulting gradient magnetic
field intensity is evaluated.

For the one-dimensional magnetic flux density along the symmetry axis of a magnet, there only exists
a magnetic field component in the direction of the symmetry axis. Thus, when aligning the symmetry
axis with the z-axis, the gradient magnetic field intensity (

−→
B ·

−→
∇)

−→
B from equation 1.1 reduces to the

following:

(
−→
B ·

−→
∇)

−→
B = Bx

∂Bz

∂x
+By

∂Bz

∂y
+Bz

∂Bz

∂z
= Bz

∂Bz

∂z

The magnetic flux density along the symmetry axis of a magnet Bz can be calculated for several mag-
nets. Cylindrical magnets were selected, since these are easily commercially available, simpler to
handle than spherical magnets, and can achieve a slightly higher magnetic flux density than magnets
of other geometries of the same material grade. The field along the symmetry axis of a cylindrical
magnet can be described by the following formula [27, 64]:
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Bz =
Br

2

(
t+ z√

R2 + (t+ z)2
− z√

R2 + z2

)
(2.1)

In this formula, Br [T] is the magnetic remanence of a magnet, which is a material property described
by the grade of a permanent magnet, t [m] is the thickness of the magnet, R [m] is the radius and z
[m] is the distance from the surface of the pole of the magnet. The gradient ∂Bz

∂z can be calculated as
follows:

∂Bz

∂z
=

BrR
2

2

(
1

(R2 + (t+ z)2)3/2
− 1

(R2 + z2)3/2

)
(2.2)

Permanent NdFeB disc magnets of a radius of R =10mm and a thickness of t =2mm were purchased
from supermagnete [27], at a cost of €0.99 per piece. The grade of the magnets was N52, indicating
a magnetic remanence of Br =1.42T, which is the highest commercially available grade of NdFeB
magnets. Disc magnets were the only geometry that were available at the N52 grade, and 20mm was
the largest diameter available. These thin, disc magnets can be stacked into an array, after which a
longer cylindrical magnet is obtained. Matlab was used to evaluate the gradient magnetic field intensity
Bz

∂Bz

∂z along the symmetry axis, as a function of the distance from the magnet’s surface

To obtain the magnetic flux density around magnets in 3D, COMSOL Multiphysics can be used to
perform ’Finite Element Method Magnetic’ simulations. This software was not only applied to study the
magnetic field around the array of the commercially available disc magnets, but also to several other
magnetic configurations, which will be discussed in the following section.

The simulations in COMSOLwere setup as follows: a component was created, in which the geometry of
the magnet was defined. From the ’AC/DC’ package in the material library, ’BMN-52’ was selected from
the ’NdFeB’ folder. Around the magnet geometry, a larger box was created, to which ’air’ was assigned
as the material, which has a magnetic susceptibility very close to zero. Next, the physics package
’Magnetic Fields (mf)’ was added, and the designated surfaces for the north and south poles were
assigned. The magnet was given a very fine tetrahedral mesh, whereas the mesh of the surrounding
air was slightly coarser. Finally, a stationary study was performed to solve the problem, resulting in a
3D visualization of the magnetic flux density.

Further, for a given cutline through the geometry, the values of Bz and ∂Bz

∂z can be calculated, and
plotted along the cutline. This way, the gradient magnetic field intensity Bz

∂Bz

∂z can be more precisely
determined at different distances from the magnet’s surface. For each configuration two cutlines are
evaluated: one through the symmetry axis of the magnet, and another one at a distance of 0.5mm from
the side of the magnet, parallel to the symmetry axis.

2.2. Resulting magnetic fields
In this section the magnetic flux density simulations are displayed, as well as the gradient magnetic field
intensity along a cutline through the center of the magnetic configuration, and the gradient magnetic
field intensity along a cutline near the edge of the magnets.

Individual cylindrical magnet
In figure 2.1 the resulting field from an array of the purchased disc magnets is shown, for both an array of
10 magnets (t =20mm) and an array of 25 magnets (t =50mm), as calculated by Matlab. The vertical
lines indicate the surface of the poles of the magnet, the blue graph represents the z-component of the
flux density Bz [T] around the magnet. Apart from the absolute flux density around the magnet, the
gradient of the flux density was also plotted in the red, continuous line.

Since the goal of the method is to maximize the gradient magnetic field intensity to obtain a high appar-
ent density, this quantity is also plotted in the red, dashed line. By increasing the number of magnets
in the array by a factor 2.5, the magnetic product is only increased by 20%: from −41.05T2 m−1 to
−49.05T2 m−1. Thus, increasing the length of the array by a lot, will eventually only lead to a relatively



2.2. Resulting magnetic fields 16

(a) Array of 10 disc magnets, t =20mm. (b) Array of 25 disc magnets, t =50mm.

Figure 2.1: Magnetic flux density, gradient, and gradient magnetic field intensity around a cylindrical N52 neodymium magnet
of a radius of 20mm and thickness of 2mm.

small increase in the gradient magnetic field intensity, thus it will not be worthwhile to increase the
number of magnets in the array much further than 10.

The array of 10 magnets was further simulated in COMSOL, represented by a single cylindrical magnet
of a thickness of 20mm. In figure 2.2 the magnetic flux density is displayed in a color scale, both from
a sideview to the magnet, and from an isometric view.

Figure 2.2: Single cylindrical magnet (d =20mm, t =20mm) magnetic field.

Within the magnet and far outside of the magnet, the color seems to indicate a relatively uniform flux
density, indicating a small field gradient. Close to the poles, and especially near the edges of the
magnet, the color changes rapidly over a very small distance, indicating a larger field gradient. However,
it is difficult to quantify the magnetic flux density and gradient from the color-scale. Therefore, the
magnetic flux density, gradient, and the gradient magnetic field intensity were further evaluated along
the ’cutlines’, which are displayed in the black, dashed lines in figure 2.2.

In figure 2.3a the z-component of the magnetic flux density (blue), its gradient (green), and the gradient
magnetic field intensity (red) along the cutline through the symmetry axis of the magnet are shown.
The magnet is located between [0.04, 0.06]m on the arc length on the horizontal axis in the graph. This
graph strongly resembles the graph of figure 2.1a, providing a validation of the simulation model. In
the second subfigure the same properties are displayed, but this time through the cutline close to the
side edge of the magnet.
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(a) Along the symmetry axis. (b) Just inside the side surface of the magnet.

Figure 2.3: Z-component of magnetic flux density Bz , [T] (blue), gradient ∂Bz
∂z

, [Tm−1] (green), and the gradient magnetic
field intensity Bz

∂Bz
∂z

, [T2 m−1] (red) of a single cylindrical magnet. The magnet is located between [0.04, 0.06] m along the
arc length on the horizontal axis.

The absolute maximum values of the gradient magnetic field intensity are approximately 40T2 m−1 and
140T2 m−1, at the center and at 0.5mm to the inside of the edge of the magnet, respectively. However,
the decay of the gradient magnetic field intensity close to the side of the magnet happens much more
rapidly. To quantify this, two characteristics of the field intensity will be described for each configuration:
the maximum gradient magnetic field intensity at the surface of the magnet, and the distance from the
surface for which the gradient magnetic field intensity becomes smaller than 10T2 m−1.

Magnetic Configuration Maximum Bz
∂Bz

∂z on Distance from surface for
magnet surface [T2 m−1] which Bz

∂Bz

∂z > 10T2 m−1, [mm]
Cylindrical (t =20mm), at center 41.1 6.8
Cylindrical (t =20mm), near edge 143 2.3

Ultimately, it is expected that the magnetic force that can be generated on the surface of the magnet,
is larger at the side than at the center of the magnet. However, since the red graph near the side of the
magnet decays much more rapidly than towards the center of the magnet, the working distance over
which the magnetic force is available, is very small near the side of the magnet. Therefore, using the
field above the side of the magnet might have more stringent limitations.

Anti-Helmholtz configuration
The second configuration that was evaluated, is known as the ’Anti-Helmholtz’ configuration, in which
two magnets are opposing one another with facing like-poles. This configuration is known to possibly
enhance the magnetic field gradient available between two magnets, compared to a single magnet.

Since the principle of superposition holds for magnetic fields, the magnetic field resulting from two cylin-
drical magnets, with the same dimensions as described in the previous section in an Anti-Helmholtz
configuration, can be calculated through the addition of their two individual magnetic fields. Thus, a
Matlab calculation was once again performed to determine the magnetic flux density along the sym-
metry axes of the cylindrical magnets. For the calculation, a distance of 20mm between both magnets
was taken.

The individual magnetic flux densities along the symmetry axes of two cylindrical magnets in Anti-
Helmholtz configuration, located between [−0.03, −0.01] m (blue), and between [0.01, 0.03] m (red)
are displayed in figure 2.4. In yellow, the total flux density resulting from both magnets combined is
displayed.

Figure 2.5 shows the flux densities around both magnets in a color scale. It is clear that the field lines
between the magnets are squeezed closer together, than at the other ends of the magnets, indicating
an increased flux density gradient. However, due to superposition it should be noted that the absolute
field intensities are also able to cancel one another, resulting in a smaller absolute value of the flux
density. Again, the dashed, black lines represent the cutlines along which the magnetic flux density
and gradient will be further evaluated.
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Figure 2.4: Field arising from two cylindrical magnets with facing like-poles, located between [−0.03,−0.01] and [0.01, 0.03] m.

Figure 2.5: Anti-Helmholtz cylindrical magnets (d =20mm, t =20mm) magnetic field.

In figure 2.6 the resulting flux density from the anti-Helmholtz configuration is displayed in blue, the
gradient in green, and the gradient magnetic field intensity in red. The magnets are located between
[0.02, 0.04] and [0.06, 0.08] m along the arc length on the horizontal axis in the graph. The left figure is
evaluated along cutline through the symmetry axes of the magnets, while the right figure is evaluated
along the second cutline, at 0.5mm inside the edge of the magnets.

(a) Along the symmetry axis. (b) 0.5 mm to the inside of the side surface of the magnet.

Figure 2.6: Magnetic flux density (blue), gradient (green), and the gradient magnetic field intensity (red) of an anti-Helmholtz
configuration of two cylindrical magnets. The magnets are located between [0.02, 0.04] and [0.06, 0.08] m along the arc length.
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The flux density along the symmetry axis again follows the same graph as previously found in figure 2.4.
Close to the edge of the magnet, the gradient of the field is much larger than at the center. This results
in larger peaks in the product of the flux density and gradient very close to the edges of the magnet, as
we have seen before in the example of the single cylindrical magnet. The resulting maximum available
values outside of the magnet are of the same order of magnitude as for the single cylindrical magnet.
While the maximum gradient magnetic field intensity at the surface of the magnet is much larger, the
available working distance where the intensity is still of significant strength, it once again very short.

Magnetic Configuration Maximum Bz
∂Bz

∂z on Distance from surface for
magnet surface [T2 m−1] which Bz

∂Bz

∂z > 10T2 m−1, [mm]
Anti-Helmholtz, at center 39.6 6.1
Anti-Helmholtz, near edge 200 2.0

Anti-Helmholtz Rings
In the paper presented by Ge and Whitesides [21], following up on the research of Mirica et al. [50],
it is proposed to use ring magnets to improve the magnetic force that can be exerted on the liquid. In
the simulation, the same dimensions of the magnets that were used by Ge and Whitesides have been
applied. The results of the simulation are shown in figure 2.7.

Figure 2.7: Anti-Helmholtz rings, according to the geometry as used by Ge and Whitesides [21] .

From the simulation it can be seen that even within the holes of the magnets, the flux density is still
quite large. However, the color gradient is relatively uniform, thus a small gradient is expected at this
location. To quantitatively evaluate the flux density and gradient, this is once again evaluated along
the black, dashed lines: one through the center of the holes in the magnets, and one at 0.5mm to the
inside of the inner diameter of the rings.

Figure 2.8 below shows the graphs of the flux density (blue), field gradient (green), and gradient mag-
netic field intensity (red) for the Anti-Helmholtz rings, which are located between [0.02, 0.0454] and
[0.0604, 0.0858] m along the arc length on the horizontal axis of the graph. The left figure is evaluated
along the cutline through the center of the holes in the magnets, and the right figure is evaluated just
within the inner diameter of the rings.

The absolute values of the gradient magnetic field intensity are much smaller than that of the previous
configurations (<20T2 m−1), and the distance for which the intensity is larger than 10T2 m−1 is even
shorter. The advantage of the rings, is that the liquid can be positioned within the holes in the magnet.
However, the gradient magnetic field intensity inside the rings is also still lower than that of the previous
configurations. Thus, it seems this configuration does not improve the magnetic force that can be
induced.
Magnetic Configuration Maximum Bz

∂Bz

∂z on Distance from surface for
magnet surface [T2 m−1] which Bz

∂Bz

∂z > 10T2 m−1, [mm]
Anti-Helmholtz Rings, at center 18.5 2.1
Anti-Helmholtz Rings, near edge 8.8 N/A
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(a) Along the symmetry axis. (b) 0.5mm to the inside of the side surface of the magnet.

Figure 2.8: Magnetic flux density (blue), gradient (green), and the gradient magnetic field intensity (red) of an anti-Helmholtz
rings. The magnets are located between [0.02, 0.0454] and [0.0604, 0.0858] m along the arc length.

Furthermore, for some reason the graph is much more jagged for this configuration than the previous
ones, especially through the second cutline near the side of the magnet. This might be due to the size
of the simulation, requiring a finer mesh to obtain an accurate result. However, by decreasing the mesh
size, no significant improvements of the graphs were observed. The results are also not symmetric, as
would be expected, and are therefore expected to be less accurate. However, similarly to the findings
at the center of the hole, it seems the rings will not be able to generate a stronger magnetic force than
the previous configurations.

Halbach Array
The Halbach Array is a special configuration of cubic magnets, each rotated 90◦ with respect to the pre-
vious one, causing the magnetic field to be strengthened at one side, and nearly canceled at the other.
Figure 2.9 explains how this field is built up from two separate configurations through superposition.

Figure 2.9: Principle of Halbach array through superposition [35].

A 2D simulation of a Halbach array was performed, assuming an infinite depth, such that end effects
should not have to be taken into account. To diminish end effects at the sides from occurring, a long
array of eleven 20x20mm magnets was created, which is shown in figure 2.10. The flux density is
once again displayed with a color scale, but it should be noted that the maximum value on the scale is
approximately a factor 1.5 higher than in the previous simulations.

Figure 2.10: flux density in and around Halbach Array (2D).
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In this simulation it is clear that the field lines above the array are much more concentrated than below.
Also, the colors above the array indicate a higher flux density outside of the magnet above the array,
than underneath it. The values were evaluated across the dashed, black cutlines, at the center and
near the side of the center magnet.

In figure 2.11a the flux density (blue), gradient (red), and the gradient magnetic field intensity (green),
through the center of the middle magnet is shown, and figure 2.11b shows it at 0.5mm from the edge of
the middle magnet, as previously indicated with the dashed lines in figure 2.10. The magnet is located
between [40, 60]mm along the arc length on the horizontal axis.

(a) Through the center of the middle magnet. (b) 0.5mm to the inside of the side edge of the middle magnet.

Figure 2.11: Magnetic flux density (blue), gradient (green), and the gradient magnetic field intensity (red) of a Halbach Array.
The magnet’s surface is located between [40, 60] mm.

It is clear that the peak in magnetic flux density is shifted to the right as compared to the magnet’s
location, and that the decay in the magnetic flux density is less steep on the right side. The peak of
the gradient actually falls outside of the magnet surface, offering a larger gradient than for the previous
examples. It can be concluded that the Halbach Array succeeds in increasing the absolute magnetic
flux density, but in the left graph it is clear that the gradient magnetic field intensity does not exceed
that of a single cylindrical magnet. On the positive side, the working distance is longer than that found
for the previous configurations.

In the right figure, near the side of the center magnet, the peaks are very large: the gradient magnetic
field intensity at the surface is 682T2 m−1. The decay is however extremely rapid: at a distance of
1mm, the remaining gradient magnetic field intensity is already down to ∼ 200T2 m−1. Since the decay
is very large at this location, the working distance over which the magnetic force can be used is once
again relatively shorter.

Magnetic Configuration Maximum Bz
∂Bz

∂z on Distance from surface for
magnet surface [T2 m−1] which Bz

∂Bz

∂z > 10T2 m−1, [mm]
Halbach Array, at center 23.1 12.3
Halbach Array, near edge 682 9.0

Dual Halbach Array
The final configuration that will be studied, is a combination of the Halbach array and the Anti-Helmholtz
configuration: it employs two Halbach arrays with facing strong sides. The resulting field from this
configuration is shown in figure 2.12. Similar to the regular Anti-Helmholtz configuration, it is clear that
the streamlines of the magnetic field are squeezed tightly between both arrays, while outside of the
arrays, the flux density is very small.

Figure 2.13 shows the flux density (blue), gradient (green) and gradient magnetic field intensity (red)
through the Dual Halbach array. The magnets are located at [20, 40] and [60, 80] mm along the arc
length on the horizontal axis. The left figure shows the graphs through the center of the middle magnet,
while the right graph shows the graphs near the side of the central magnet.
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Figure 2.12: Dual Halbach array

(a) Through the center of the middle magnet. (b) 0.5mm to the inside of the side edge of the middle magnet.

Figure 2.13: Magnetic flux density (blue), gradient (green), and the gradient magnetic field intensity (red) of a Dual Halbach
Array. The magnets are located between [20, 40] and between [60, 80] mm on the arc length.

The outcomes of the gradient magnetic field intensity of the left figure show smaller absolute values
than previously found, thus it seems not to improve the magnetic force that can be generated. The
right figure shows very slim, tall peaks. While the maximum value at the surface reaches 641T2 m−1,
at a distance of 1mm from the surface the factor has already decreased to approximately 150T2 m−1.
Again, due to rapid decay of the peak, the working distance is more limited towards the side of the
magnet.

Magnetic Configuration Maximum Bz
∂Bz

∂z on Distance from surface for
magnet surface [T2 m−1] which Bz

∂Bz

∂z > 10T2 m−1, [mm]
Dual Halbach Array, at center 28.6 7.5
Dual Halbach Array, near edge 641 6.8

2.2.1. Overview of the magnetic field factor
In table 2.1 an overview of the two indicators of all magnetic field configurations is given: the gradient
magnetic field intensity on the surface of the magnet, and the distance from the magnet surface for
which the gradient magnetic field intensity has decayed to 10T2 m−1, indicating the height up to which
the gradient magnetic field intensity is still of large enough value to induce a significant magnetic force.

The Halbach Rings generate the smallest magnetic product, and the shortest working distance. For all
other configurations a large difference exists between the gradient magnetic field intensity at the center
and close to the edge of the magnet. This difference is smallest for the single cylindrical magnet. The
working distance at the center is always longer than near the side of the magnet. The Halbach Array
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Magnetic Configuration Maximum Bz
∂Bz

∂z on Distance from surface for
magnet surface [T2 m−1] which Bz

∂Bz

∂z > 10T2 m−1, [mm]
Cylindrical (t =20mm), at center 41.1 6.8
Cylindrical (t =20mm), near edge 143 2.3
Anti-Helmholtz, at center 39.6 6.1
Anti-Helmholtz, near edge 200 2.0
Anti-Helmholtz Rings, at center 18.5 2.1
Anti-Helmholtz Rings, near edge 8.8 N/A
Halbach Array, at center 23.1 12.3
Halbach Array, near edge 682 9.0
Dual Halbach Array, at center 28.6 7.5
Dual Halbach Array, near edge 641 6.8

Table 2.1: Magnetic field factor indicator values for studied configurations.

configurations can generate the largest gradient magnetic field intensity close to the edge of themagnet,
but at the cost of a lower intensity at the center. The working distance of this configuration is enhanced
compared to the other configurations. The single cylindrical magnet offers a slightly higher gradient
magnetic field intensity at the center, and a slightly longer working distance than the Anti-Helmholtz
configuration.

2.3. Magnetic field factor for optimal configuration of permanent
magnets

For each configuration, except the Anti-Helmholtz Rings, it holds that the gradient magnetic field inten-
sity on the surface is largest near the side edge of the magnet. However, near the sides of the magnet,
the decay of this intensity occurs also much more rapidly, resulting in a very small height above the
magnet at which the gradient magnetic field intensity is of sufficient size to induce a significant mag-
netic force. Thus, a trade-off exists between the absolute gradient magnetic field intensity that can be
achieved at the magnet surface, and how far from the magnet a sufficient magnetic force can still be
induced.

Due to lack of availability of cubic and block magnets of high magnetic grade, and due to the increased
complexity of this configuration, this is not the configuration of choice for the small, static MagLev
experiments. Thus, disc magnets, stacked in an array to create a cylindrical magnet, will be used in
the static MagLev setup. However, it should be noted that the optimal choice of magnetic configuration
depends on the scale and application in which the magnets are applied.

Since the field above the center of the magnet and towards the edge of the magnet differs significantly,
the gradient magnetic field intensity is not uniform at a certain height above the magnets. Because of
this, a custom-designed magnet should be developed to be able to obtain a magnetic field which can
be applied in a continuous MDS process, as the magnet in the patent by Polinder and Rem [61] for the
MDS of plastic.

Finally, the first subquestion can be answered after this section:

SQ1: What gradient magnetic field intensity can be generated using permanent NdFeBmagnets
and what is the optimal configuration?

The optimal configuration depends on the exact application that needs to be performed. For the case of
small-scale magnetic levitation, using disc/cylindrical magnets (in an array) is the simplest, most easily
available, and cheapest option, generating a gradient magnetic field intensity up to 41T2 m−1.



3
Estimated solution properties and

apparent density from literature data

In this chapter the properties of a paramagnetic solution will be discussed, as reported in the literature.
The paramagnetic solution of choice is MnCl2, which is used most often in the literature and appears
to be capable of achieving an apparent density higher than the density of graphite. The properties that
will be studied are the density ρm and magnetic susceptibility χm of the MnCl2 solution.

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B

After these properties have been identified from literature, the force of gravity and the magnetic force
that act on the liquid can be calculated, from which the apparent density ρs can be determined. This
leads us to the following subquestion, that will be addressed in this chapter:

SQ2: What density and magnetic susceptibility of MnCl2 solutions are reported in the literature,
are these sufficient for MagLev of graphite?

3.1. Reported density and magnetic susceptibility of MnCl2 solu-
tions

The magnetic solution most commonly used for magnetic density separation is MnCl2, due to its af-
fordability, high solubility, and relatively strong magnetic susceptibility. Therefore, MnCl2 will be the
solution of choice for this research.

The density of MnCl2 solutions as a function of concentration has been previously investigated by
Herrington, and by Rard and Miller [26, 63]. Both sources report the same densities as a function of
the molality of MnCl2 in the solution. The findings by Rard and Miller [63] are displayed in figure 3.1.
By increasing the concentration up to 5.0929mol L−1, a density of 1.49 g cm−3 can be achieved.

The magnetic susceptibility of MnCl2 was measured by Egami et al. [15], and other values were used
in calculations by Mirica et al. [50] and Miura et al. [51], taken from the CRC Handbook of Chemistry
and Physics [41]. These sources report either the molar magnetic susceptibility of MnCl2 (χM

MnCl2
), or

the dimensionless magnetic susceptibility of MnCl2 solutions (χV
solution).

The dimensionless magnetic susceptibility can be calculated from the molar magnetic susceptibility
according to Egami et al. [15] through the equation below. In this equation, the dimensionless magnetic
susceptibility of water is taken to be χV

H2O
= −9.05 · 10−6 [10].

24
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Figure 3.1: Density of MnCl2 solutions as a function of concentration, as measured by Rard and Miller [63].

χV
solution = χV

H2O + χM
MnCl2 · [MnCl2]

For the maximum solubility of MnCl2, which is reported to be at 739 g L−1 at 20◦C by the supplier,
Sigma Aldrich [68], and a molar mass ofMMnCl2 =125.844 gmol−1, the maximum achievable magnetic
susceptibility can also be calculated. The molar magnetic susceptibility, and the maximum dimension-
less magnetic susceptibility that can be achieved at the saturation concentration of MnCl2 in solution
according to each source are displayed in table 3.1.

Source Molar magnetic Max. magnetic susceptibility at
susceptibility χM

MnCl2
saturation concentration χV

solution,max

Egami [15] 1.8 · 10−4Lmol−1 1.048 · 10−3

Mirica [50] 1.435 · 10−5Lmol−1 7.522 · 10−5

Miura [51] 1.188 · 10−4Lmol−1 6.8859 · 10−4

Table 3.1: Magnetic susceptibilities according to three different sources.

Since these values differ a lot, no definitive conclusion can be drawn about the actual magnetic sus-
ceptibility of a MnCl2 solution. The magnetic susceptibility of a MnCl2 solution scales with the MnCl2
concentration in the solution, and is plotted for the values given by all three sources in the graph below:

Figure 3.2: Magnetic susceptibility of a MnCl2 solution as a function of the molarity, according to Egami [15], Miura [51] and
Mirica [50].
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3.2. Estimated apparent density according to literature data
From the magnetic susceptibility, the magnetic force that will act on the liquid can be determined. The
calculation of this force is given by Mirica et al. [50] by the following equation:

−→
F mag =

(χs − χm)

µ0
V (

−→
B ·

−→
∇)

−→
B (3.1)

This equation shows that the magnetic force scales with the magnetic flux density B and the spatial
derivative thereof. For a 3D Cartesian coordinate system with the z-axis aligned with the vector of
gravity g⃗ = (0, 0,−g), the equation simplifies to the following:

−→
F mag =

(χs − χm)

µ0
V (Bx

∂Bz

∂x
+By

∂Bz
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In the previous chapter, it was found that the maximum absolute gradient magnetic field intensity that
can be achieved at the surface of a cylindrical magnet is the following:

Bz
∂Bz

∂z
= −41.1T2 m−1

Apart from the magnetic force, gravity also works on the system. These two forces combined determine
the equilibrium height at which the particles will levitate inside the liquid. In a stationary fluid, the object
will come to rest at the height where these forces are equal and opposite:

−→
F g +

−→
F mag = (ρs − ρm)V−→g +

(χs − χm)

µ0
V (Bz

∂Bz

∂z
) = 0 (3.3)

Given the density from Rard [63] and magnetic susceptibility as a function of MnCl2 concentration as
reported by Egami [15], Mirica [50] and Miura [51], the apparent density as a function of the factor
Bz

∂Bz

∂z that is present outside the surface of the magnet, can be calculated through equation 3.4.

ρs = ρm +
χm − χs

gµ0
(Bz

∂Bz

∂z
) (3.4)

Since the magnetic susceptibility of graphite is usually reported to be negative and very small, the
magnetic susceptibility of the suspended particles in the equation is taken to be 0. Plots of the apparent
densities that can be levitated are displayed in figure 3.3.

After this chapter, the following research question can be answered:

SQ2: What density and magnetic susceptibility of MnCl2 solutions are reported in the literature,
are these sufficient for MagLev of graphite?

The density of MnCl2 as a function of the concentration have been described to be up to 1.5g cm−3

for a solution close to saturation concentration. Values for magnetic susceptibility are ambiguous, as
the minimum and maximum reported molar magnetic susceptibilities are reported to be χM

MnCl2,Mirica =

1.435 · 10−5Lmol−1 and χM
MnCl2,Egami = 1.8 · 10−4Lmol−1, respectively.

For the levitation of graphite, the apparent density that can be achieved within the liquid should be at
least the density of graphite: ρgraphite = 2.25g cm−3. Assuming the magnetic susceptibility as reported
by Mirica, the apparent density will not be sufficient to ensure levitation of graphite. However, if the
magnetic susceptibility is as high as reported by Miura and Egami, not only the graphite can be levitated
in the solution, but also some of the cathode material, at a lower equilibrium height.

Since it remains inconclusive whether MagLev of graphite can be achieved in the MnCl2 solution with
permanent magnets, further research is required, which will be executed in the following two chapters.
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(a) The highest apparent density that can be achieved within the solution at saturation concentration, is 4978kgm−3,
according to Egami [15].

(b) The highest apparent density that can be achieved within the solution at saturation concentration, is 3781kgm−3,
according to Miura [51].

(c) The highest apparent density that can be achieved within the solution at saturation concentration, is 1737kgm−3,
according to Mirica [50].

Figure 3.3: Apparent densities that can be achieved near the stack of permanent magnets, given a magnetic susceptibility of 0
of the suspended particles.



4
Preparation of the solution,

experimental characterization and
density measurements

This chapter focuses on the practical implications of handling MnCl2 and preparing samples of MnCl2
solutions at different concentrations. Since dissolution of the beads turned out to be more complicated
than anticipated, and because the MnCl2 was of limited purity, characterization experiments were per-
formed to determine the elemental composition of the MnCl2 and the manganese concentration. Finally,
the density ρm of all solution samples was measured.

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B

At the end of this chapter, the following research question will be addressed:

SQ3: What methods are required to prepare a transparent solution that does not precipitate,
what issues related to the material are encountered, and what is the elemental composition and
density of the solution?

4.1. Preparation of the solution and related challenges
For the experiments, 2kg of beads of anhydrous MnCl2 of a purity of 98wt.% were purchased from
Sigma-Aldrich, at a cost of €81. From this, 2.7 litres of MnCl2 solution can be produced at the saturation
concentration. For the static MagLev experiments at small scale only a few mL are required. Upon
handling and dissolving the MnCl2 beads in MilliQ, several problems were encountered.

It was aimed to prepare solutions of MnCl2 by creating samples with concentrations of 20, 40, 60, 80 and
100% of the saturation concentration, which was reported to be 739 g L−1 at 20◦C [68]. These solutions
will be referred to as C-20, C-40, C-60, C-80 and C-100, respectively. An overview of the concentrations
per sample is given in table 4.1. It was also attempted to prepare a solution at a concentration of 120%,
but at this concentration a significant amount of the beads remained fully undissolved in suspension,
indicating the saturation concentration had indeed been surpassed.

However, dissolving the MnCl2 beads turned out to not be very straightforward, and the high solubility
of 739 g L−1 at 20◦C that was indicated by the supplier could not be achieved without any additional
steps. Upon trying to dissolve the beads in Milli-Q even at very low concentrations, an opaque, brown
suspension was formed, the mixture heated up, and the gas pressure built up when the mixture was

28
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Sample name C-20 C-40 C-60 C-80 C-100
Concentration [g/100mL] 14.78 29.56 44.34 59.12 73.90
Molarity [mol L−1] 1.17 2.35 3.52 4.70 5.87

Table 4.1: Names, mass fraction and molality of each solution sample.

sealed. Initially, it was assumed the brown particles were MnO2, indicating oxidation of the Mn2+ ion
into Mn4+, which might be prevented by lowering the pH, or decreasing the oxygen content in the water.

Several methods were performed to dissolve the turbidity: (ultrasonic) stirring at elevated temperature,
lowering the pH by adding HNO3 or HCl, and by pre-cooking the water for a few minutes to decrease
the oxygen content in the water. Unfortunately, these efforts did not cause the MnCl2 suspension to
better dissolve and result into a clear solution.

Figure 4.1: Vials of MnCl2 suspensions at weight fractions of 20, 40, 60, 80 and 100% of the saturation concentration,
sedimented due to gravity after one day.

Since the turbid suspensions were not suitable to apply in the experiments, due to lack of visibility of
battery material particles inside, and because the suspended, undissolved particles settle over time due
to gravity, these particles had to be removed. To achieve this, three methods were employed: filtration,
centrifugation, and sedimentation by gravity. After the suspended particles had been removed, a clear,
pink-red solution remained, which was darker red with increasing concentration, as can be seen in
figure 4.1. To limit the number of process steps and parameters, sedimentation by gravity was used
for the preparation of samples for all following experiments.

In hindsight, it was found that oxidation of Mn2+ ions could not be overcome by only lowering the pH,
but also addition of a reducer was required. It turned out that adding a combination of H2O2 and HCl
led to a clear, pale pink solution, similar of color to the remaining supernatant after sedimentation of the
suspension. This indicates oxidation of the Mn2+ has occurred into Mn3+ and Mn4+, by reacting with O2
and OH- from the solution in neutral to basic environment, for instance into MnO(OH), MnO(OH)2 or
Mn(OH)3. By adding H2O2 as a reducer and HCl to provide an acidic environment, this reaction could
be reversed. Unfortunately, this fact was only discovered after all experiments had been conducted,
and this method for dissolving the beads was thus not applied to the solutions used in the experiments.

The pale pink solution was identified to be a solution of the Mn(H2O)62+ ion, which is known to be pale
pink. Manganese ions in other oxidation states have different colors: Mn7+ is purple, Mn6+ is blue, Mn5+
is green, Mn4+ is brown and Mn2+ is colorless.

Later, during the characterization experiments, it was noted that the beads swell due to moisture from
the air. This happens because the anhydrous form of MnCl2 is relatively unstable and very hygroscopic,
compared to the tetrahydrate variant: MnCl2(H2O)4. Therefore, the beads should only be exposed to
inert atmospheres, to remain anhydrous. Since the jar containing the beads has been opened under
an atmosphere that was not inert, the beads have been exposed to moisture from the air, and therefore
been partially hydrated. After this has occurred, the water content present in the beads is unknown,
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but no longer zero. As a result, the molar mass of the hydrated beads has increased, and the number
of moles of MnCl2 that is present in a certain mass of beads, can no longer be exactly determined.

By assuming our initial material is of the anhydrous formwith amolar mass ofMMnCl2 =125.844 gmol−1,
instead of the tetrahydrate with a molar mass of MMnCl2(H2O)4 =197.90 gmol−1, the number of moles
MnCl2 weighed, could be up to 100% − 125.844

197.90 = 36.4% lower, if the material is already fully hydrated.
However, since the exposure time to air has been relatively short and the volume of air that enters the
jar is relatively small compared the 2 kgs of MnCl2 beads in the jar, it is assumed the fraction of the
beads that is hydrated, is negligible. So, for all samples that were prepared, it was still assumed that
the mass of beads weighed consists of pure anhydrous MnCl2.

4.2. Elemental composition and manganese concentration
Since the beads had a purity of 98 wt.%, characterization methods were performed to reveal the im-
purities that were present in the MnCl2 beads, the solution, and the deposits from the samples, and to
determine the manganese concentration of each solution sample.

For the characterization of solid material, X-ray diffraction (XRD) and X-ray fluorescence (XRF) were
performed. Before conducting the characterization of the beads, they had to be crushed, which was
done using mortar and pestle. The sediment was dried by air before XRD and XRF characterizations
could be performed. The clear, pale pink-red supernatant that could be taken after sedimentation was
characterized using inductively coupled plasma-optical emission spectrometry (ICP-OES) measure-
ments. First one solution sample at saturation concentration was analyzed. Later, the manganese
content in the samples C-20, C-40, C-60, C-80 and C-100 was investigated.

Elemental composition of the MnCl2 beads
The results from the XRF measurements on the MnCl2 beads can be found in table 4.2. The measure-
ments suggest a combined purity of 99.2 wt.% of Mn and Cl, and only very small fractions of other
elements.

Component: Cl Mn K Fe Ba Ca Si Sr S
Concentration (wt.%): 57.558 41.645 0.394 0.248 0.057 0.052 0.029 0.024 0.005
Absolute error (wt.%): 0.1 0.1 0.02 0.01 0.007 0.007 0.005 0.004 0.002

Table 4.2: Results XRF measurements MnCl2 beads.

The mass fractions that were found can be converted into molar concentrations, which gives us the
following values in the table below:

Component Mass fraction (wt.%) Molar mass (g/mol) Molality (mol/kg)
Cl 57.558 35.453 16.24
Mn 41.645 54.938 7.58

A ratio of 2:1 is expected in the molality of Cl to Mn. However, the actual ratio is 16.24/7.58 = 2.14.
This deviation could be attributed to measurement errors due to the particle size of the beads. Ideally,
powders of a particle size of at most 10µm can be accurately analyzed. The beads were crushed
manually with mortar and pestle, but this method likely leaves some larger particles in the powder,
which could lead to local measurement biases.

The full reports from the XRD and XRF analyses can be found in Appendix A and showed a pattern
very similar to that of MnCl2(H2O)4 as measured by Bouteiller et al. [11]. No other peaks related to
other compounds could be identified, indicating no other compounds with a concentration larger than
1 wt.% were present in the sample.

It was already discovered that the assumption that the beads were purely anhydrous MnCl2 was no
longer valid. However, while performing the analyses, it was soon noted that the beads swell due to
moisture from the air, which was not yet observed for the beads in the jar. Moreover, since the beads
are exposed to a relatively large fraction of air for a long period of time during the XRD characterization,
and only a relatively small quantity of air in the jar for storage, it is assumed to be more likely that the
beads become hydrated mostly during the XRD analysis, rather than before in the jar.
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Elemental composition of the MnCl2 solution
The results of the ICP-OES characterization measurements of a solution at saturation concentration
are given in table 4.4. Again, almost purely Mn and Cl are found, and the presence of other elements
is only very limited.

Component: Cl Mn K SO4 Na Ba Ca Mg Sr Li
Concentration (mg kg−1): 232073 192810 1846 1705 848 354 326 132 76 7

Table 4.3: Results ICP-OES measurements MnCl2 solution at saturation concentration.

These results show that the molar ratio between Mn and Cl is as follows:
Component Mass fraction (mg kg−1) Molar mass (gmol−1) Molality (mol kg−1)

Cl 232073 35.453 6.546
Mn 192810 54.938 3.510

The ratio of Cl compared to Mn is 6.546/3.510 = 1.84. Other than for the ratio of Mn compared to Cl
for the beads, the concentration of Cl is lower than that would be expected. This could indicate that
the Mn2+ ions might dissolve better from the beads into the Milli-Q than the Cl- ions, and thus indeed a
higher presence of Mn than Cl in the solution, or that Cl has reacted to a gas and thereby disappeared
from the suspensions.

Further, for samples of each concentration, an analysis was performed of the manganese mass fraction
in each sample. The results are displayed in table 4.4.

Sample: C-20 C-40 C-60 C-80 C-100
Mass fraction Mn (wt.%): 5.74 10.50 14.29 17.74 20.34
Molality Mn (mol kg−1) 1.04 1.91 2.60 3.23 3.70
Increase molality per sample (mol kg−1) 1.04 0.87 0.69 0.63 0.47

Table 4.4: Results ICP-OES measurements Mn-concentration of all samples.

Elemental composition of the MnCl2 sediment
Finally, XRD and XRF characterizations were performed on the sediment remaining after precipitation.
The XRD results can be found in Appendix A. These results indicate a very high purity of MnCl2(H2O)4,
while two other peaks appeared as compared to the initial beads, for which the compound(s) could
not be identified. The high purity of MnCl2(H2O)4 in the sediment might indicate that the saturation
concentration of the MnCl2 has been surpassed.

Component: Cl Mn K Ba Ca Si Sr S
Concentration (wt.%): 51.573 48.07 0.176 0.077 0.044 0.038 0.015 0.007
Absolute error (wt.%): 0.1 0.2 0.01 0.008 0.006 0.006 0.004 0.002

Table 4.5: Results from XRF analysis of sediment.

The results from the XRF analysis are shown in table 4.5. These results show the same impurities as the
analysis of the beads from table 4.2, but indicate a relatively larger concentration of Mn compared to Cl.
This could indicate that the Cl dissolves into Cl- ions more easily than the Mn dissolves into Mn2+ ions,
or that the previous characterization of the beads was indeed inaccurate. Further, the concentration of
the impurities is relatively smaller compared to that in the beads, indicating these impurities dissolve
relatively more readily into ions than the MnCl2 itself, or they have reacted out of the suspension. In
particular Fe seems to be very easily soluble or reactive, as this compound is not measured anymore
in the sediment.

When converting the mass fractions into molality again, the following values are obtained:

Compound Mass fraction (wt.%) Molar mass (gmol−1) Molality (mol kg−1)
Cl 52.573 35.453 14.55
Mn 48.07 54.938 8.75
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The ratio between Cl and Mn is 14.55/8.75 = 1.66. Just as for the solution, the Mn concentration is
relatively higher than that of the beads. Since a pressure increase was observed upon dissolving the
beads, this strengthens the suspicion that some of the Cl has reacted out of the mixture through gas
formation.

4.3. Density measurements
In this section the density of the samples will be measured and compared to the values reported in
literature. Two methods were performed to study the density of the solutions for all different concentra-
tions. Firstly, an empty vial was weighed and tared in a Mettler-Toledo lab scale. Then, a volume of
MnCl2 solution of a certain concentration was added, as precisely as possible up to a volume of 25mL.
The change in weight of the partially filled vial was then weighed again. Since the volume indication on
the vials is known to be quite inaccurate, this method was used to obtain an indication of the order of
magnitude of each solution. To obtain a more precise and reliable value for the density of the samples,
the ”DMA 5000 Density Meter” by Anton Paar was used for each different concentration.

The densities that were found, are displayed in table 4.6 below. Since the density and molality of each
sample are now known, the molarity can also be determined, as calculated in table 4.7.

Sample Concentration Volume Mass Density (estimated) Density (AP densitymeter)
(mol L−1) (mL) (g) (gmL−1) (gmL−1)

C-20 1.17 27.5 30.6983 1.116 1.11236
C-40 2.35 25.0 30.8156 1.233 1.22023
C-60 3.52 25.0 33.4723 1.339 1.33973
C-80 4.70 25.0 36.2678 1.451 1.45922
C-100 5.87 22.5 33.7223 1.499 1.54096

Table 4.6: Density of each sample, as estimated through mass/volume ratio, and measured by the Anton Paar Densitymeter.

Sample Density Molality Mn Molarity Mn Fraction
(kg L−1) (mol kg−1) (mol L−1) (%)

C-20 1.11236 1.04 1.16 19.8
C-40 1.22023 1.91 2.33 39.7
C-60 1.33973 2.60 3.48 59.3
C-80 1.45922 3.23 4.71 80.2
C-100 1.54096 3.70 5.70 97.3

Table 4.7: Molarities corresponding to each sample from the density and molality of the samples, and how these compare to
the saturation concentration.

The densities previously found by Rard and Miller [63] are displayed in the blue graph in figure 4.2, and
are compared to the data experimentally found from the table above by the ’o’s’ in the graph. When
comparing these datasets, it can be seen that the experimental result align well with the findings by
Rard and Miller [63], and the density measured of the C-100 sample can be linearly extrapolated from
their data. That further indicates that the saturation concentration was indeed not yet surpassed. Thus,
it can be concluded that the densities measured and the manganese content measured correspond
well to the expected values from literature.

Further, the concentration of manganese in the samples as fractions of the saturation concentration
turns out to be quite close to the intended values, indicating the assumption that the hydration of the
beads is indeed negligible and that practically all manganese is dissolved.
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Figure 4.2: Densities measured by Rard and Miller (blue), experimentally found (orange, yellow).

4.4. Practical attainability of intended concentrations
In this chapter, it was intended to prepare samples of MnCl2 solutions at various concentrations. Issues
were encountered in dissolving the MnCl2 beads, and because partial hydration of the beads has very
likely occurred. Nonetheless, the measuredmanganese concentrations and the density measurements
indicate that the samples are very close to the intended concentrations. This indicates that the water
content in the beads is in fact negligible, and the manganese dissolves readily from the beads and only
a negligible fraction of the manganese gets lost in the preparation of the solutions.

After this chapter, the following research question can be answered:

SQ3: What methods are required to prepare a transparent solution that does not precipitate,
what issues related to the material are encountered, and what is the elemental composition and
density of the solution?

For the preparation of the samples, beads were dispersed in Milli-Q and stirred. A stable solution was
achieved after letting the insoluble suspended particles sediment due to gravity. This could otherwise
be achieved by adding H2O2 as a reducer under an acidic environment.

The solutions consist almost purely of MnCl2 and only a negligible fraction of impurities. The density of
the solutions vary approximately linearly with the molarity of the samples: from a density of 1.11 kg L−1

of sample C-20, to a density of 1.54 kg L−1 for sample C-100.
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Magnetic pendant drop method for

measuring the magnetic susceptibility

In this chapter, a method is developed to experimentally measure the magnetic susceptibility of a liquid,
which was applied to determine the magnetic susceptibility χm of all samples.

ρs = ρm +
χm − χs

gµ0
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A straightforward, reproducible experimental setup is required for the measurement of the magnetic
susceptibility of a liquid, as it became clear from chapter 3 that literature sources are in disagreement
about the magnetic susceptibility of MnCl2 solutions. The method that was developed, is an adjusted
version of the pendant drop method, which will be first described in this chapter.

At the end of this chapter, the following research question will be addressed:

SQ4: What method can be developed to measure the magnetic susceptibility of the solution,
do the measured magnetic susceptibilities agree well with the values reported in literature, and
what magnetic susceptibility of the solutions can be achieved?

5.1. Pendant drop method: measuring the ratio between gravity and
surface tension

In pendant drop experiments, a drop is extruded below a needle, by which the shape of the drop is
a result of the balance between surface tension forces at the surface of the drop, and gravity pulling
the drop down. This is a method that has been studied since the 19th century, and following from
the shape of the drop, the ratio between surface tension forces and gravity can be determined. For
instance, Fordham [19] found a way to very precisely describe this ratio using only two variables from
the shape of a pendant drop, as can be seen in figure 5.1a.

Further research into the pendant drop method has led to advanced developments in computational
analysis of the shape and properties of pendant drops. One such research was performed by Berry et
al. [9]. The research of Berry incorporates a full description of the shape of the pendant drop, as can be
seen in figure 5.1b. The foundation of the computational analysis originates from the Young-Laplace
equation, which relates the Laplace pressure across an interface with the curvature of the interface and
the interfacial tension γ:

γ

(
1

R1
+

1

R2

)
= ∆P = ∆P0 −∆ρgz (5.1)
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(a) Analysis of the shape of a pendant drop, by measuring only two
variables. Reprinted from Fordham [19].

(b) A schematic of a pendant drop below a needle. The annotations
show the associated variables used in the computational routine.

Reprinted from Berry et al. [9].

Figure 5.1: Analysis of pendant drop shape to determine the Bond number and Interfacial Tension.

In this equation R1 and R2 are the principal radii of curvature, ∆P = Pin − Pout the Laplace pressure
across the interface, ∆ρ the density difference between the drop phase and the continuous phase.
When the needle is well aligned with the force of gravity, the shape of the drop should be axisymmetrical,
and cylindrical coordinates can be applied, as shown in figure 5.1b: r, z, and tangent angle ϕ.

At the apex of the drop, at z = 0, the reference pressure is defined to be ∆P0 = 2γ
R0

and the hydrostatic
pressure is ρgz. The Bond number for a pendant drop is defined to be Bo =

ρgR2
0

γ . Given these
conditions, the gravitational pressure difference at the apex can be expressed in terms of the Bond
number:

∆P =
2γ

R0
− ρgz

=
2γ

R0
− Bo · γ

R2
0

· z

=
γ

R0
(2− Bo · z

R0
)

Further, the interfacial tension (IFT) difference across the surface can be described using 1
R1

= dϕ
ds and

1
R2

= sinϕ
r .

∆P = γ(
1

R1
+

1

R2
) = γ(

dϕ

ds
+

sinϕ

r
)

When both expressions of the pressure difference are set equal to one another and are non-dimensionalized
by dividing z, r and s by R0, indicated with a bar, the following combined equation is obtained:

γ(
dϕ

ds
+

sinϕ

r
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γ
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R0
)

R0(
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ds
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sinϕ
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+

sinϕ
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= 2− Bo · z
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From here, the full dimensionless system of equations to describe the shape of the drop can be derived:

dϕ

ds
= 2− Bo · z − sinϕ

r
(5.2a)

dr

ds
= cosϕ (5.2b)

dz

ds
= sinϕ (5.2c)

Further, a Matlab plugin was developed and made available by Berry et al. [9], which analyzes the
shape of the drop and determines the IFT from the Bond number. The results of such an analysis is
shown in figure 5.2a. From the shape of the drop interface, the software calculates the drop volume
and surface area, the Bond number and the IFT.

(a) Opendrop analysis of images of a drop of water of increasing drop
volume. (b) Corresponding plot of measured IFT as a function of drop volume.

Figure 5.2: Results opendrop analysis.

One important fact to take into account from the surface tension measurements using the pendant drop
method, is that the drop needs to be larger than a certain threshold size to provide accurate results. This
is because for very small drops, the surface tension is dominant over the gravity, and a small change in
the contribution of the force of gravity causes only very small deformations on the drop surface, which
are difficult to accurately capture.

Berry et al. have indicated that the results for the surface tension measurements are reliable when the
Worthington number is close to 1: Wo ∼ 1. The Worthington number describes the volume of the drop
Vd, compared to the maximum volume Vmax for which the drop is expected to fall from the needle, for
a given interfacial tension, which can thus be no larger than 1. The maximum drop volume that can
theoretically be sustained, was defined by Harkins and Brown [79] to be Vmax = πDnγ

∆ρg , leading to the
following definition of the Worthington number:

Wo =
∆ρgVd

πγDn
(5.3)

As can be seen in figure 5.2b, the calculated value for the IFT of water increases and converges to a
value of approximately 69.5mNm−1, with increasing drop volume and Worthington number, which is
very close to the value reported in literature: 72mNm−1. Thus, measurements need to be repeated for
increasing drop volume, after which can be determined to what value the IFT converges.
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A setup was built to perform the pendant drop experiments, which can be seen in figure 5.3a. Experi-
ments were conducted to determine the IFT of the solutions for each concentration.

(a) Pendant drop experiments. (b) Magnetic pendant drop experiments.

Figure 5.3: Setup for pendant drop experiments, with needle at fixed position aligned with the gravity and precise extrusion
mechanism. Underneath a syringe is placed below the needle, in which the array of magnets can be placed and moved up

closer and down further from the needle.

From the opendrop analysis, the IFTwasmeasured for each sample. Plots taken directly from opendrop
can be found in Appendix B. As convergence of the value of the IFT occurs for Wo ∼ 1, the following
values of the IFT were determined for each concentration:

Sample Water C-20 C-40 C-60 C-80 C-100
IFT (mNm−1) 69.5 73.5 76.5 81.0 85.5 87.5

These results indicate that increasing theMnCl2 concentration leads to an increased IFT. Similar results
have previously been found for various salts [34]. This can be explained due to the presence of the
charged ions in the liquid, which have an even stronger interaction with the water molecules than the
hydrogen bonds. Since the charged ions prefer to be surrounded by water, they are present in the bulk
of the liquid, instead of at the surface. Because of this, the hydrogen molecules in the bulk interact
more strongly with the ions and water molecules in the bulk, and less with the water molecules at the
surface. As a results, the hydrogen bonds at the surface have an increased interaction among one
another, leading to a higher IFT.

5.2. Magnetic pendant drop method for measuring the magnetic
susceptibility

Besides the solution density, the second property of the MnCl2 solution that dictates the apparent den-
sity that can be achieved, is the magnetic susceptibility, which will be determined in this section. An
adjusted version of pendant drop measurements was developed to determine the magnetic susceptibil-
ity of the MnCl2 solutions of different concentrations. The array of magnets was added to the pendant
drop setup, as shown in figure 5.3b, which will be referred to as the magnetic pendant drop method.

With the addition of the magnet to the setup, not only the force of gravity acts to pull the drop down, but
also themagnetic force experienced by the paramagnetic solution. By using the experiments performed
as described in the previous subsection with nomagnet near the drop, and comparing these results with
the setup including the magnet, the deformation of the drop due to the magnetic force can be assessed,
and from there the magnetic susceptibility of the drop is calculated. In figure 5.4 an example is shown
of a drop of constant volume, which is elongated as the magnet is brought closer to the droplet.
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Figure 5.4: Deformations of a droplet of sample C-100 at constant volume V =18.50mm3, due to the proximity of the magnet.

The force of gravity acting on the drop can be calculated as follows: Fg = ρmgVd. For the given
volume, the Bond number Bo can be found from the pendant drop experiments without magnet. When
the experiment is repeated with the magnet below, a different Bond number is obtained, which will
be referred to as the magnetic Bond number, Bomag. By analyzing the difference between both Bond
numbers, the ratio of the magnetic force compared to the force of gravity can be calculated.

Bo =
Fg

FIFT
(5.4a)

Bomag =
Fg + Fmag

FIFT
(5.4b)

Bomag − Bo

Bo
=

Fmag

Fg
(5.4c)

Since the force of gravity can be calculated from the density and volume of the drop, the magnetic force
as a fraction of the force of gravity can be calculated from the above relations. The equation for the
magnetic force in the direction of the gravity is the following:

Fmag,z =
χm

µ0
V Bz

∂Bz

∂z
(5.5)

In the above equations, the magnetic force is described as a body force, which scales with the gradient
magnetic field intensity Bz

∂Bz

∂z . Since this intensity is not uniform in space, the force that the magnet
exerts on the drop varies depending on the location within the drop. Especially when the magnet is
very close to the drop, the gradient in the magnetic field intensity within the drop is relatively large,
and the difference in magnetic pull on the drop might be significant. Further from the magnet, the
gradient magnetic field intensity becomes more constant. The intensity as a function of the distance
from the magnet’s surface is derived from the one-dimensional Matlab calculation of Bz

∂Bz

∂z of the array
of magnets, as displayed in figure 5.5a.

For simplicity of calculation, the value of the gradient magnetic field intensity is initially assumed to be
constant in the entire volume of the drop. To assess whether this assumption is valid, the full range in
magnetic field intensity over the height of the drop is evaluated to see whether the difference in magnetic
field intensity between the top and bottom of the drop differs significantly. The magnetic susceptibility
of the drop is thus calculated by taking the gradient magnetic field intensity at the height of the needle
(dneedle), at the apex of the drop (dapex), and at the widest part of the drop (ddrop), as illustrated in figure
5.5b.
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(a) Gradient magnetic field intensity Bz
∂Bz
∂z as a function of the

distance from the magnet.
(b) Heights dneedle, ddrop and dapex, at which the gradient magnetic

field intensity is taken for magnetic susceptibility calculations.

Figure 5.5: Reading the gradient magnetic field intensity from the distance between the droplet and magnet.

5.2.1. Measured magnetic susceptibilities of the samples
First, the Bond numbers in absence of the magnet for an increasing drop volume were plotted for
all concentrations, and are displayed in figure 5.6a. In the figures the dots represent the individual
measurements, and the line is a second-order polynomial fit of the datapoints. As the concentration
MnCl2 increases, the graph moves up, which follows logically from the definition of the Bond number
Bo =

ρgR2
0

γ , given the relatively larger increase in density, as compared to the increase of the IFT that
were previously measured for all samples.

The pendant drop experiments were repeated with magnets placed at a fixed distance dneedle from the
magnet. The results of the Bond number as a function of the drop volume for all samples are displayed
in figures 5.6b to 5.6f. The experiments are repeated for different distances between magnet and
needle tip dneedle, which are displayed in different colors.

As the magnet is positioned closer to the pendant drop, the graph of the Bond number is translated
upwards, compared to the pendant drops without magnet in the setup. This follows logically from
the fact that the Bond number with the magnet does not only represent the ratio between gravity and
surface tension, but the magnetic force is added, as explained in equation 5.4b. Most graphs show
similar trends, except for the C-40 sample, for which the pink graph is not only translated as the magnet
moves closer, but the slope of the graph actually seems to be increased significantly. Since this graph is
deviant, it is expected this measurement is unreliable, and the results following from that measurement
will not be processed.

By rewriting equation 5.5, the magnetic susceptibility can be derived. The magnetic susceptibility was
eventually calculated through the following relations, for the gradient magnetic field intensity taken at
a distance of dneedle, dapex, and ddrop:

Fg = ρVdg (5.6a)

Fmag =
(Bomag − Bo)

Bo
Fg (5.6b)

χ =
Fmagµ0

V Bz
∂Bz

∂z

(5.6c)
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(a) Pendant drop measurements without magnet, for water and all
MnCl2 samples

(b) C-100 sample magnetic pendant drop measurements for
approaching magnet.

(c) C-80 sample magnetic pendant drop measurements for
approaching magnet.

(d) C-60 sample magnetic pendant drop measurements for
approaching magnet.

(e) C-40 sample magnetic pendant drop measurements for
approaching magnet.

(f) C-20 sample magnetic pendant drop measurements for
approaching magnet.

Figure 5.6: Graphs of (magnetic) Bond number as a function of drop volume, for different samples, without magnet, and for
approaching magnet.
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Since the Bond number is more accurate for larger drop sizes, only images of drops of at least 80% of
the maximum achievable drop volume were evaluated. Not the Bond numbers obtained from individual
measurements are used, but the Bond number and magnetic Bond number as calculated by the fit of
the graphs at the given concentration. However, the individual images were inspected to determine the
distance between magnet and needle, apex and drop center.

Further, since the magnetic field intensity in the drop further from the magnet has a smaller gradient
than close to the magnet, these measurements are expected to give a more precise range of the actual
magnetic susceptibility. For the sample C-100 the following results for the magnetic susceptibility were
calculated:

Vdrop Bond number [−] Force [mN] Magnet distance [mm] Mag. Susc. χ/10−4

[mm3] Bomag Bo Fg Fmag dneedle dapex ddrop χmax χmin χest

19.28 0.3962 0.3476 0.287 0.040 10.67 6.75 8.35 8.12 2.62 4.14
20.00 0.3854 0.3523 0.298 0.028 12.18 8.29 9.86 8.37 2.73 4.31
19.01 0.3708 0.3458 0.283 0.021 13.08 9.39 10.96 8.46 2.90 4.56
21.64 0.3738 0.3623 0.323 0.010 16.29 12.35 14.03 8.47 2.96 4.69

Table 5.1: Calculation magnetic susceptibility for sample C-100.

From the obtained values for χ, it can be seen that most results indicate approximately the same value.
Further, the range between χmin and χmax is not significantly influenced by the distance to the magnet.
The average (µ) and standard deviation (σ) of the magnetic susceptibilities (χmax, χest, χmin) that were
calculated for all samples are displayed in table 5.2. For each sample, n = 4 individual measurements
were considered. For these limited datasets, the standard deviation of most samples is relatively small,
except for sample C-40 and C-60.

Finally, the average magnetic susceptibilities and their corresponding standard deviations were plotted
as a function of the Mn molarity in figure 5.7. A linear relation between both quantities is expected,
which corresponds approximately with the trends of the graphs. The values of χest are assumed to
best represent the actual magnetic susceptibility of the magnetic fluid.

Sample Molarity Mn χmax/10
−4 χest/10

−4 χmin/10
−4

µ σ µ σ µ σ

C-20 1.16 1.2 0.30 0.60 0.15 0.36 0.09
C-40 2.33 3.1 1.16 1.6 0.60 0.89 0.32
C-60 3.48 5.8 1.22 3.3 0.66 2.1 0.44
C-80 4.71 7.4 0.30 4.2 0.34 2.7 0.27
C-100 5.70 8.4 0.16 4.4 0.25 2.8 0.16

Table 5.2: Resulting minimum, maximum and estimated magnetic susceptibilities of each sample.
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Figure 5.7: Results for the experimentally determined magnetic susceptibility of the MnCl2 solutions of different concentrations.
The error bars indicate µ± 2σ.

5.2.2. Accuracy of the magnetic pendant drop measurements
The results obtained in the previous section can be compared to the values reported for the magnetic
susceptibility in literature. Figure 5.8 shows how the experimentally obtained properties compare to the
values from literature. The experimentally obtained value for the magnetic susceptibility lies well within
the reported values from literature, closest to those reported by Miura [51]. Therefore, it is concluded
that the magnetic pendant drop experiments are successful in getting the right order of magnitude of
the magnetic susceptibility.

Figure 5.8: Comparison magnetic susceptibility as reported in literature and experimentally found.

At the beginning of this chapter, the following research question was stated:

SQ4: What method can be developed to measure the magnetic susceptibility of the solution,
do the measured magnetic susceptibilities agree well with the values reported in literature, and
what magnetic susceptibility of the solutions can be achieved?

An adjusted version of the pendant drop method was developed to measure the magnetic susceptibility
of liquids. The magnetic susceptibilities of the samples measured lie within the range of the values
reported in literature, and are especially close to the values reported by Miura [51]. The magnetic
susceptibility measured for the sample at saturation concentration was χm = 4.4 · 10−4.



6
Estimation of the apparent density &
validation using Magnetic Levitation

In this chapter the findings of the gradient magnetic field intensity (
−→
B ·

−→
∇)

−→
B from chapter 2, the mea-

sured solution density ρm from chapter 4, and the measured magnetic susceptibility χm from chapter 5,
are combined to calculate the apparent density ρs that can be achieved in the MnCl2 solution samples.

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B

These calculations indicate whether MagLev of AAM can be achieved in each sample. To confirm these
findings, MagLev experiments were conducted, not only with AAM and CAM, but also with chloroform:
a high-density liquid that is immiscible in water. From these experiments the equilibrium height of the
suspended materials can be measured, after which the magnetic susceptibility can be calculated again,
and be compared to the values obtained from the magnetic pendant drop experiments. From this it can
also be concluded whether the magnetic susceptibility of the suspended AAM χs has a significant effect
on the levitation height, or that the magnetic susceptibility of the AAM is negligible, as initially assumed.

Further, at the end of this chapter, the following research questions will be answered:

SQ5: What apparent densities can be achieved in a static MagLev setup, and can levitation of
graphite be achieved?

SQ6: Will the graphite particles themselves be attracted or repelled by the magnetic field signif-
icantly, overshadowing the effect of magnetic buoyancy?

SQ7: What opportunities and limitations have been identified for scaling the method into a con-
tinuous process?

6.1. Estimated apparent density from experimentally determined
properties

In chapter 4 and 5 the density and magnetic susceptibility of the magnetic MnCl2 samples were deter-
mined experimentally. A summary of the properties is given in table 6.1. The densities were very similar
to those reported in literature by Rard and Miller [63] and by Herrington [26]. The values obtained for
the magnetic susceptibilities, fall within the range as reported by Mirica [50], Miura [51] and Egami [15].

43



6.2. MagLev setup 44

Sample Density Magnetic susceptibility
ρ [g cL−3] χ/10−4

C-20 1.11236 0.60± 0.30
C-40 1.22023 1.6± 1.20
C-60 1.33973 3.3± 1.32
C-80 1.45922 4.2± 0.68
C-100 1.54096 4.4± 0.50

Table 6.1: Summary of magnetic fluid properties experimentally determined.

These properties can be used to solve the equation for the apparent density in the magnetic liquid as
a function of the gradient magnetic field intensity:

ρs = ρm +
χm − χs

gµ0
(
−→
B ·

−→
∇)

−→
B

By solving the equation for the measured properties of all samples, the following apparent densities are
expected to be achievable within the magnetic solution near a single cylindrical magnet, as illustrated
in figure 6.1. The horizontal line indicates the density of graphite.

Figure 6.1: Achievable apparent density in the MnCl2 solution samples.

Thus, from this graph it seems that levitation of anodic graphite should most likely be possible in sam-
ples C-100 and C-80, and probably just at a very short equilibrium height for sample C-60.

6.2. MagLev setup
For the MagLev experiments, two setups were used, and three materials were attempted to be levitated
in the samples. The first setup that was built, consisted of microscope slides, glued together at a
distance of the thickness of one microscope slide apart. Such a very thin beaker is referred to as a
’Hele-Shaw Cell’, in which flows in 2D can be observed. These cells were placed in a holder on top of
the array of magnets. Secondly, small glass vials were filled with the samples and placed on top of a
magnet. Both setups are shown in figure 6.2.
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(a) Hele Shaw Cell filled with MnCl2 sample. (b) Glass vial filled with MnCl2 sample.

Figure 6.2: MagLev setup.

To achieve a calibration of the equilibrium heights corresponding to the various apparent densities,
materials of different densities were suspended in the samples: drops of chloroform (ρ = 1.48g cm−3),
AAM and CAM. In the Hele-Shaw Cell setup, anode material dropped to the bottom for all samples.
Since these results were different than for the vials, it was assumed these experiments were influenced
by wall effects. Because of this, it was decided to continue with the setup with the vials. For this setup
levitation of materials was possible. MagLev of chloroform droplets in the C-40, C-60 and C-80 samples
is shown in figure 6.3, and MagLev of anodic graphite is shown in figure 6.4.

(a) Chloroform droplet in C-40 sample. (b) Chloroform droplet in C-60 sample. (c) Chloroform droplet in C-80 sample.

Figure 6.3: MagLev of chloroform droplet in MnCl2 solution samples.
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(a) Anodic graphite in C-60 sample. (b) Anodic graphite in C-80 sample. (c) Anodic graphite in C-100 sample.

Figure 6.4: MagLev of anodic graphite in MnCl2 solution samples.

In table 6.2 below, the heights at which the materials were levitated are summarized for all samples.

Sample Levitation height [mm]
Chloroform Anode Cathode

C-20 sinks sinks sinks
C-40 7 sinks sinks
C-60 10 3, or sinks sinks
C-80 18* 5 sinks
C-100 floats** 6 sinks

Table 6.2: Equilibrium height at which the suspended materials levitate above the magnet.
* Some of the chloroform floats, due to very similar density of chloroform and C-80 sample.

** After some time, a large amount of the MnCl2 crystallizes from the solution (salting out effect).

As expected from the sample properties, MagLev of anodic graphite is possible in samples C-60 (par-
tially), C-80 and C-100, and MagLev of CAM is impossible in all samples.

By rewriting the apparent density equation, the magnetic susceptibility could also be estimated from
these results, assuming ρchloroform = 1.48g cm−3 and ρanode = 2.25g cm−3:

(χm − χs) =
(ρs − ρm)

Bz
∂Bz

∂z

gµ0 (6.1)

By filling in this equation for the levitated materials, the following values for the magnetic susceptibilities
are estimated, as displayed in table 6.3. It is difficult to draw conclusions from these calculations,
since the exact densities of the chloroform and the AAM are uncertain. However, the new magnetic
susceptibilities compared to those found in the previous two chapters are plotted in figure 6.5.

The magnetic susceptibilities are slightly higher than calculated using the magnetic pendant drop
method. This could indicate that the graphite itself has a small, negative magnetic susceptibility (χs).
However, both measurement techniques are associated with significant error margin, and no inter-
action between dry powder of graphite and the magnet was observed. Further, the values stated in
literature indicate that the magnetic susceptibility is very small. Thus, it is assumed the value of χs will
be negligible.



6.3. Conclusion apparent density through MagLev experiments 47

Experiment (ρs − ρm) h Bz
∂Bz

∂z (χm − χs)
[kgm−3] [mm] [T2 m−1] [−]

Chloroform in C-40 260 7 9.374 3.436 · 10−4

Chloroform in C-60 140 10 3.920 4.403 · 10−4

Chloroform in C-80 21 18 0.4593 5.636 · 10−4

Anode in C-60 910 3 25.883 4.334 · 10−4

Anode in C-80 791 5 16.117 6.050 · 10−4

Anode in C-100 709 6 12.336 7.085 · 10−4

Table 6.3: Levitation heights and magnetic susceptibility estimated from MagLev experiments.

Figure 6.5: Magnetic susceptibilities as calculated from the MagLev experiments.

The levitation heights that were measured from the magnet surface, were rounded to the nearest mm.
Especially for levitation heights close to the magnet, a small measurement inaccuracy is associated
with a relatively large difference in the gradient magnetic field intensity: at 7mm, the intensity is ap-
proximately 9.3T2 m−1, while at 8mm the intensity is only 7.0T2 m−1: a difference of 33%. Thus, there
might exist a significant uncertainty in the magnetic susceptibilities calculated for the samples at low
levitation height.

Nonetheless, the values calculated from the chloroform and anodic graphite levitation experiments
are very similar to one another, and lie very close to the values reported by Miura [51]: on average
8% higher. So for these measurements, there is no reason to assume significant uncertainties in
the magnetic susceptibilities calculated from the MagLev experiments. The values resulting from the
MagLev experiments are on average 53% higher than the valuesmeasured using themagnetic pendant
drop method.

6.3. Conclusion apparent density through MagLev experiments
The results from the MagLev experiments align very well with the expected outcomes from the previous
chapter. Now, the final subquestions of the research question can be addressed:

SQ4: What apparent densities can be achieved in a static MagLev setup, and can levitation of
graphite be achieved?

For samples C-60, C-80 and C-100 levitation of anodic graphite can be achieved in the solution. The
levitation height is very close to the magnet: at most 6mm. Since it is desirable to have the material
levitate as far from the magnet as possible, the maximum density that can be achieved is approximately
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that of graphite: ρ = 2250kgm−3.

SQ5: Will the graphite particles themselves be attracted or repelled by the magnetic field signif-
icantly, overshadowing the effect of magnetic buoyancy?

No significant interaction of anodic graphite with the magnet is observed. However, the graph of (χm−
χs) from MagLev of anode material in the samples does lie slightly higher than the graph of χm as
obtained from the magnetic pendant drop method. Since both experiments contain some uncertainties,
no conclusions can be drawn on the exact magnetic susceptibility of graphite, but it is assumed to be
negligible.

SQ6: What opportunities and limitations have been identified for scaling the method into a con-
tinuous process?

While static MagLev for the separation between anode and cathode on small scale might show some
promising results, the following challenges have been identified for scaling the experiments into a large-
scale, continuous setup:

• Small particles settle very slowly to their equilibrium height, as the terminal velocity following from
Stokes’ Law depends on the particle size to the power two:

v =
2

9

(ρs − ρm)

µ
gR2 (6.2)

In this equation, µ is the dynamic viscosity of the fluid andR is the radius of the (spherical) particle;
• Generating a magnetic field, which is uniform in height is very challenging;
• The height at which the anode material levitates is very close to the bottom, where the cathode
lies, thus collecting them separately might be challenging;

• Aggregates of mixed anode and cathode particles could form, which need to be liberated;
• The flow should move very slowly, to maintain the laminar regime, such that the particles will not
mix;

• The cathode material sinks, and should thus be collected from the bottom;
• Subsequent collection and cleaning from the BM might be very costly;
• On a large scale, a lot of MnCl2 waste will be produced, which needs to be handled and disposed
of carefully.



7
Conclusion

In this chapter an overview of the findings from this thesis research are presented, as well as the
most relevant contributions from the research. Finally, the limitations of the research are stated, and
recommendations for future work are given.

7.1. Summary and conclusions
The goal of this research was to investigate whether Magnetic Levitation (MagLev) of battery materials
could be achieved. In order to have anodic graphite levitate, a high apparent density inside a paramag-
netic solution needs to be generated. To achieve a high apparent density, several factors play a role:
the gradient magnetic field that can be generated, the density of the paramagnetic medium, and the
magnetic susceptibility of the paramagnetic medium. These factors were individually investigated.

For the generation of the gradient magnetic field, permanent NdFeBmagnets were purchased, as these
have the advantage that they do not require input of energy to generate the magnetic field. Simulations
were performed using COMSOLMultiphysics and discussed in chapter 2, to find out which configuration
was most suitable for the purpose of this research. The optimal choice for a small-scale, static MagLev
setup was an array of disc magnets. The gradient magnetic field intensity that could be achieved
using this simple magnetic configuration, was(

−→
B ·

−→
∇)

−→
B = 41T2 m−1. The density of the solution was

measured with a densitymeter and was approximately ρm = 1.54g cm−3 at saturation concentration.

It was found from literature [15, 50, 51] that the magnetic susceptibility is a property which is very
difficult to measure. In order overcome this, a new measurement technique was developed, which
was described in chapter 5: the magnetic pendant drop method. Similar to the conventional pendant
drop method, it analyzes the shape of the surface of a pendant drop to determine the ratio between
the forces working on the droplet. In the conventional pendant drop method, the ratio between surface
tension and gravity working on the droplet is determined. In the magnetic pendant drop method, a
magnet is added to the setup below the drop, due to which an additional vertical force acts on the drop.
The magnetic susceptibilities obtained through this method were very close to the values reported in
literature, as can be seen in figure 5.8.

Finally, MagLev experiments were conducted to validate the measured magnetic susceptibilities and
confirm whether levitation could indeed be achieved. The anodic graphite could be levitated at 6mm
above the magnet, as shown in figure 6.4c. The magnetic susceptibilities that were calculated from this
method were again close to the values reported in literature and measured with the magnetic pendant
drop method. After this, the research question could be addressed, which was formulated in section
1.3.

49



7.1. Summary and conclusions 50

Research question

Can a sufficiently high apparent density be obtained by static MagLev for the levitation of
graphite, indicating MDS to be a promising separation method for the separation between AAM
and CAM?

The research question can be answered as follows: it was found that anodic graphite could be levitated
up to 6 above the magnet in a small-scale static MagLev setup containing a high concentration MnCl2
solution, as shown in figure 6.4. Cathode materials would sediment to the bottom in the MagLev setup.
The movement of the particles to their equilibrium height initially occurred quite rapidly. However, once
the materials had been submerged for some time, the particles moved to their equilibrium height less
rapidly, especially the smaller particles. It remains uncertain why this change occurs, but it is assumed
it might be because the porous graphite particles absorb some of the magnetic solution.

To ensure a larger difference in equilibrium height between anode and cathode material, a solution
of higher magnetic susceptibility should be used, or a stronger gradient magnetic field should be gen-
erated. The MnCl2 solutions in this research were already prepared at approximately the saturation
concentration, so no MnCl2 solution of higher magnetic susceptibility could be prepared, and another
magnetic fluid would have to be used to enhance the magnetic susceptibility.

GdCl3 and DyCl3 are alternative magnetic salts that can be used to prepare paramagnetic solutions.
The molar magnetic susceptibility of GdCl3 is approximately twice as large as that of MnCl2, and that
of Dy in several compositions is reported to be up to six times the molar magnetic susceptibility of
MnCl2. However, the solubility of these salts in water and their corresponding densities were unknown.
If the same concentration could be achieved as for MnCl2 and the density will also be comparable, a
magnetic force of up to six times higher could be generated within the solution, and particles of densities
of 4.5 g cm−3 could be levitated at 5mm above the magnet. On the downside, the cost of these salts
are much higher than that of MnCl2.

In addition to increasing the magnetic susceptibility of the solution, the density might also be increased.
This was for instance attempted by Mirica [50] by adding sucrose or NaCl2 to the solution. However,
when the solution is already (almost) saturated, it is expected that not much of the added solute will
still dissolve.

Further, the gradient magnetic field that was generated in the experiments could not be increased
much further. Using a different configuration of permanent magnets can only induce a slightly a slightly
higher magnetic flux density. So, this will only result in a slightly larger magnetic force. On the other
hand, by applying electromagnets or superconducting magnets, a much stronger magnetic field can
be generated. For instance, Miura et al. [51] were able to levitate precious metals of densities above
ρ =20 g cm−3 using superconducting magnets. These magnets do require a high energy consumption
to maintain the field, resulting in higher operating cost.

Due to these limitations, scaling the static MagLev setup into a continuous MDS separation method
between anode and cathode materials will be very challenging. However, these challenges have also
been encountered in continuous MDS of other materials, such as plastics. This separation method
has been extensively researched and optimized, indicating there is also room for improvement in MDS
for the separation of BM. A suggestion for a continuous setup is shown in figure 7.1. To facilitate the
movement of the (graphite) particles to the right, a very slow flow from left to right is required, as well as
a small inclination of the magnets, due to which the graphite particles experience a small force to the
right. The magnets do not form a continuous surface, but contain gaps within or between the magnets,
through which the cathode particles will fall. Thus, the anode particles can be collected above the
magnets, while the cathode particles aer collected below.

The selectivity of the separation method relies on many factors, but it is assumed a relative high purity
can be obtained through MDS, because of the large difference in densities between the anode and
cathode. Since there is an urgent need to improve the recovery of battery materials from battery waste,
it is definitely relevant to perform further research into the selectivity of themethod. Even if the selectivity
of themethod itself is limited, it could most likely be a useful step in a chain of separation steps, since the
purity requirements of battery materials are very high. First, some separation method of low selectivity
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Figure 7.1: Option for design of a flow chamber for a continuous MDS process, with gaps between/inside the magnets. The
anode material (blue) is collected above the magnets, while the cathode material (red) falls through the magnets.

could be performed, such as froth flotation (FF) or a dry method. Next, MDS could be performed to
improve the purity of the graphite and realize benification of the cathode material from the BM, such that
not all BMmaterial should be subjected to the metallurgic separation, saving cost and waste production.

Moreover, some novel materials are being explored to be used as electrodes. For instance, the Dutch
company E-Magy is developing nano-porous silicon anodes. While silicon’s intrinsic density is approx-
imately ρ =2.33 g cm−3 and thus slightly higher than that of graphite, the porous structure of the silicon
might reduce the bulk density of the electrode material significantly, allowing for a larger distance in
levitation height between anode and cathode, and therefore a more selective separation. The reported
void fraction is 35%vol. [48], resulting in a bulk density of ρ ≈ 1.5 g cm−3. Since this is significantly
lower than the density of graphite, these particles could be more easily levitated at much higher equilib-
rium height than graphite. Thus, nanoporous silicon might be much simpler to separate from cathode
materials through MDS than graphite.

In conclusion, the method shows promise on the lab-scale, but will require careful design considera-
tions in a continuous process, and possibly a different choice of magnets and paramagnetic medium.
Although application on current anode and cathode materials might be challenging, better separation
efficiency could be obtained for possible future electrode materials. More generally, the method can be
applied for separation between micron-scale particles with a significant difference in density, of which
at least one should have a density below that of graphite.

Finally, several difficulties were encountered during the research. These issues might have led to some
uncertainties in the results, and should therefore be noted:

• The MnCl2 concentration was difficult to determine exactly, due to issues with solubility and un-
known water content in the MnCl2 beads;

• There is a large range of values of magnetic susceptibility of MnCl2 reported in the literature, so
the outcomes of the magnetic susceptibility experiments could not be validated according to the
literature;

• The results of the magnetic susceptibilities of the samples are not proportional to the manganese
concentration from the ICP-OES measurements;

• Some issues were encountered during the pendant drop experiments, which were difficult to
identify, for instance: the drop could slowly adhere to the outside of the needle, during the mea-
surements. This was only discovered upon processing of the measurements, which might have
led to some unreliable measurements;

• The exact density and magnetic susceptibility of graphite and chloroform are not known, so only
estimations of the magnetic susceptibility could be derived from the MagLev experiments;

• The magnetic field in the experiments was assumed to be one dimensional and uniform in height,
while in reality the field has a gradient and propagates in three dimensions, which likely causes
a small uncertainty in the results.
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7.2. Contributions
The most relevant contributions that have been developed and discovered in this research, are the
following:

Magnetic Pendant Drop Method
Themagnetic pendant dropmethod was developed to study themagnetic susceptibility of paramagnetic
solutions, as described in chapter 5. By comparing the shape of the drop of a magnetic liquid with and
without a magnet underneath it and the corresponding Bond number, the magnetic susceptibility of the
liquid could be determined quite accurately. The method was performed under the assumption that the
magnetic force on the drop was a uniform body force, defined based on the gradient magnetic field
intensity at the widest part of the droplet, while in reality a gradient in the intensity exists within the
droplet. By implementing this non-uniformity in the calculation, the method could be further improved.

MagLev of micro-scale particles (anodic graphite)
All research into MagLev reported in the literature has only applied it on mm3 scale droplets of immisci-
ble liquids, or solid materials of mm scale or larger. In this research it was confirmed that MagLev can
also be applied to solid materials of micron-scale. Logically, the settling time of these smaller particles
to reach their equilibrium height is exponentially longer.

However, the resultant force that works on the suspended particles scales with the distance to their
equilibrium height. Thus, the initial velocity of particles that are far from their equilibrium height is
relatively large, and will thus rapidly move close to their equilibrium height. If the densities of both
materials are far enough apart, they are not required to settle fully to their respective equilibrium heights,
but they will be separated sufficiently before reaching their equilibrium height. This fact is illustrated in
figure 7.2 below.

Figure 7.2: Settling of anode (blue) and cathode (red) particles over time to their respective equilibrium height: the dashed line
and the bottom. Particles that are far from their equilibrium height experience a larger force, and will therefore move at higher
velocity. Before the particles reach their equilibrium height, they can already be fully separated. In this image it is assumed the

particles are well liberated.

Magnetic field configurations and their limitations of permanent magnets.
By performing simulations of magnetic field intensities for many different configurations of permanent
magnets, it was found that a very limited gradient magnetic field intensity can be achieved for any
configuration. The maximum field intensity that can be obtained is limited by the ’grade’ of the magnet.
This material property can only be increased to reach a magnetic remanence of Br =1.42T.

By studying several configurations, an overview is given showing the trade-off between the gradient
magnetic field intensity and the depth to which the gradient magnetic field intensity is significant, as dis-
played in table 2.1. For the small-scale, static MagLev setup, a single cylindrical magnet was selected
as best option. For a continuous setup, the gradient magnetic field should be as uniform as possible
at a given height above the magnet(s), which turned out to be difficult to achieve in practice.
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7.3. Recommendations for future work
In this section, improvements of different aspects of this research are proposed, and suggestions are
made for other separation methods, which could be applied for the separation of BM materials.

Improvements for the Magnetic Pendant Drop analysis
Firstly, the analysis of the magnetic pendant drop method could be improved, by implementing the fact
that the magnetic field within the drop is not uniform in height, but that there exists a gradient in the
magnetic field within the drop. This could for instance be implemented in the opendrop software of
Berry [9], by having the Bond number vary as a function of z, corresponding to the gradient magnetic
field intensity at the given height.

In reality the gradient magnetic field is not only non-uniform in height, but also not unidirectional. In
order to be completely precise, the components perpendicular to the gravity should also be taken into
account, but this will once again add to the complexity of the analytic solver. Finally, the results of the
method cannot accurately be validated, as there exists large disagreement on the value of the magnetic
susceptibilities that are reported for most materials.

Magnetic sessile drop experiments
Instead of studying the deformation of a pendant drop under the influence of a magnetic field, a sessile
drop under the influence of a magnetic field could also be investigated. This optical method was initially
proposed because the volume can be controlled more precisely, than that of a drop suspended from a
syringe. This method has been previously investigated by Basaran and Wohlhuter [7]. A challenging
factor of this method, is that pinning of the contact line of the drop to the support plate also plays a role
in how the drop deforms. The method would be associated with similar challenges as mentioned of the
magnetic pendant drop method.

Magnetic Levitation capacity of novel electrode materials
The equilibrium height at which anodic graphite levitates in the given setup is limited, as was visualized
in figure 6.4. Fortunately, novel electrode materials are being explored, such as porous silicon anodes
that are being developed by E-magy. It would be interesting to explore the potential of these alternative
materials to levitate in the MagLev setup, as compared to the conventional electrode materials, to
assess which materials might be more easily separated.

Magnet design for gradient magnetic field uniform in height
One of the main challenges in scaling the setup into a continuous process, is generating a gradient
magnetic field which is (approximately) uniform in height, such that the material can levitate through
the setup at constant equilibrium height. In the patent by Polinder and Rem [61] such a magnet was
designed for the purpose of MDS of plastic waste. Since the density of plastic is close to that of water,
this application requires a weaker magnetic force than for battery materials. Thus, designing a similar
method generating a much stronger field is a very challenging job. Besides configurations of permanent
magnets, also superconducting magnets or electromagnets should be investigated for this purpose.

Flow chamber design
Another challenge related to continuous MDS, is maintaining a laminar flow regime. In the thesis of
Dellaert [13] turbulence in a MDS application was studied, and design recommendations were given to
prevent turbulence and mixing of particles. His thesis was also aimed towards MDS for plastic waste
sorting, which concerns material of a morphology very different from that of BM. Therefore, it would
be interesting to perform research into the behavior of BM particles in a continuous MDS as well, to
determine the best flow regime to make sure the particles have enough time to settle to their equilibrium
height, while also preventing turbulence.

Aggregation visualisation
Another challenge that is encountered in handling powder BM materials both dry and in water, is ag-
gregation. At this point it remains unknown what mechanisms cause aggregation to take place, and to
what extent aggregation of mixed anode and cathode materials occurs. Exploratory experiments were
performed with an optical microscope, in which the movement of anodic graphite particles in water was
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observed. Since the samples which could be observed under the microscope were of very small scale,
several issues were encountered.

First, graphite particles in a sessile drop were observed. In this setup, the particles soonmoved towards
the edge and the surface of the drop, due to convection as a result of evaporation, and the hydropho-
bicity of the particles. Thus, this does not give a representative result for behavior of graphite particles
in the bulk. Afterwards, graphite particles in a cuvette filled with water were observed. Nonetheless, an
issue was encountered, as the larger particles sediment very rapidly to the bottom of the cuvette. This
problem might be mitigated by using a medium of higher density than water.

It would be useful to better understand this mechanism for individual anode and cathode particles and a
mix of both. By understanding the adhesion of particles, a method could be developed to better liberate
the particles, which could improve separation efficiency for all hydromechanical separation methods.

Separation by sedimentation
Following the research by Van Rooijen [67], separation by sedimentation could also be further investi-
gated. One limitation encountered in his research, was that only low volume fractions of BM could be
used for sedimentation tracking, as the suspensions would become opaque at higher solid loadings,
and thus the sedimentation could no longer be measured optically.

During this thesis work, MRI visualisation was used to track sedimentation of BM in water. From these
preliminary experiments it was found that both anode and cathode materials could be identified in
MRI measurements, and thus sedimentation experiments at higher solid loadings could be performed.
The intensity plots of several measurements is shown in figure 7.3. The intensity represents the water
concentration at the given location, and is thus the inverse of the graphite and/or cathode concentration.
It should be noted that the bottom of the vial was a sharp point, in which much of the graphite remained
stuck. Measurements of well-dispersed samples should be used to calibrate the solid concentration.

(a) Intensity plot of slices of graphite in
MnCl2 solution vial.

(b) Sideview intensity plot of graphite in
MnCl2 solution vial.

(c) Intensity as a function of height within
the vial.

Figure 7.3: MRI intensity measurements, indicating the concentration of graphite at the given location.

Further, the battery materials used in the experiments were manually retrieved from a powerbank and
further ground for different durations. Since this process does not correspond well to how BM is ob-
tained in industry, it would be useful to perform sedimentation experiments with commercial BM. Not
only sedimentation by gravity, but also by centrifugation can be performed, which offers better oppor-
tunities for a continuous process design.

Shaking table separation
Finally, a separation method is proposed, which is used in mineral processing: shaking table sepa-
ration. This is a method that can easily be scaled up to continuous/industrial scale, and is used for
concentration of heavy minerals, such as searching for gold. It can be applied on very fine particles,
both wet and dry, but some limits exist regarding the particle sizes and ratios between densities which
can be separated. Many sources [2, 5, 24, 45, 46, 73, 82] have investigated the opportunities and lim-
itations of this method and how it can be optimized for several materials. It is recommended to apply
their findings to research the applicability of this method for the separation of BM materials.
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XRD identification of MnCl2 powders 

Author     : Ruud Hendrikx 
Date : 05 july 2024 
Researcher     : Irene Hooijkaas, ME 
Research  question : Phase identification  

“Project on the separation of anode and cathode materials from spent battery materials”. 

Samples 
The samples are solid beads (straight from the jar and  slurry remaining after centrifugation 
or filtering, see figure 1. 

Specimens 
A thin layer of powdered material was deposited on a Si510 zero-background wafer in holder 
SP52. 

Experimental 
Instrument: Bruker D8 Advance diffractometer Bragg-Brentano geometry with graphite 
monochromator and Vantec position sensitive detector. Co Kα radiation. Divergence slit 
V20mm, scatter screen height 9 mm, 40 kV 40 mA.  

Measurement 
Coupled θ -2θ scan 10° - 110°, step size 0.04° 2θ, counting time per step 4 s. 
Sample spinning 30rpm. 

Data evaluation  
Bruker software DiffracSuite.EVA vs 7.1. 

. 

If the analysis is a significant part of a publication, a co-authorship is preferred. 

In any case, it is useful to involve us in the preparation of any presentation to ensure optimum and 
correct use of the analysis results! 

Whenever used in a publication, an acknowledgement will be appreciated, e.g.: 
"personX at the Department of Materials Science and Engineering of the Delft University of 

Technology is acknowledged for the X-ray analysis”. 
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Results 
Figures 2 and 3 show the measured XRD patterns, after background subtraction and 
displacement correction. The colored sticks give the peak positions and intensities of the 
possibly present phases, using the ICDD pdf5 database. 
In the pattern of the slurry deposits two small peaks are present that could not be identified. 
 

 

sample compound  

   
beads kappa-Manganese dichloride tetrahydrate  MnCl2(H2O)4 

   
slurry kappa-Manganese dichloride tetrahydrate  MnCl2(H2O)4 

deposits   

   

Table 1. 
 
 
 

Figures 
 

  
 

Figure 1  beads      slurry deposits  
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Figure 2 XRD pattern sample  “ MnCl2-beads” 
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Figure 3 XRD pattern sample  “ MnCl2 slurry deposits “ 
 



1 
 

 

Experimental conditions: 

For XRF analysis the measurements were performed with a Panalytical Axios Max WD-XRF spectrometer and 

data evaluation was done with SuperQ5.0i/Omnian software. 18/12/2015 09:37:03 

7/5/2024 10:57:16 AM 

PANalytical 

I. Hooijkaas, Quantification of sample "MnCl2 deposits", 05jul24  

Sum before normalization: 66.7 wt% 

Normalised to: 100.0 wt% 

Sample type: Loose powder 

Correction applied for medium: Yes 

Correction applied for film: Yes 

Results database: omnian 4kw 27he 

Results database in: c:\panalytical\superq\userdata 

 

 Compound Conc. Absolute 

 Name (wt%) Error (wt%) 

 
   

1 Cl 51.573 0.1 

2 Mn 48.071 0.2 

3 K 0.176 0.01 

4 Ba 0.077 0.008 

5 Ca 0.044 0.006 

6 Si 0.038 0.006 

7 S 0.015 0.004 

8 Sr 0.007 0.002 

 

  



2 
 

7/5/2024 11:28:38 AM 

PANalytical 

I. Hooijkaas:  Quantification of sample "MnCl2 beads", 05jul24  

Sum before normalization: 84.5 wt% 

Normalised to: 100.0 wt% 

Sample type: Loose powder 

Correction applied for medium: Yes 

Correction applied for film: Yes 

Results database: omnian 4kw 27he 

Results database in: c:\panalytical\superq\userdata 

 

 Compound Conc. Absolute 

 Name (wt%) Error (wt%) 

 
   

1 Cl 57.558 0.1 

2 Mn 41.645 0.1 

3 K 0.394 0.02 

4 Fe 0.248 0.01 

5 Ba 0.057 0.007 

6 Ca 0.052 0.007 

7 Si 0.029 0.005 

8 Sr 0.014 0.004 

9 S 0.005 0.002 

 

 

 

Use of our XRD or XRF analysis:  
In a publication: 'PersonX at the Department of Materials Science and Engineering of the Delft University of 
Technology is acknowledged for the X-ray analysis. If it is an important part of the publication: a co-authorship 
is preferred. It is useful to involve us in the preparation of any presentation! 
 



B
interfacial tension (IFT) results

This appendix shows plots the results of the ’interfacial tension’ as taken from opendrop for all concen-
trations. As the drop grows, the IFT value increases until it plateaus at its actual value.

(a) Sample water. (b) Sample C-20.

(c) Sample C-40. (d) Sample C-60.

(e) Sample C-80. (f) Sample C-100.

Figure B.1: IFT plots of different samples from pendant drop experiments.

69


	Abstract
	Nomenclature
	Introduction
	Motivation
	Literature review
	Overview of black mass materials
	Current recycling methods of black mass
	Wettability-based separation
	Magnetic susceptibility-based separation
	Density-based separation

	Research objective and research questions
	Structure of the research

	Magnetic field simulations for the optimization of the magnetic force
	Magnetic field evaluation methods
	Resulting magnetic fields
	Overview of the magnetic field factor

	Magnetic field factor for optimal configuration of permanent magnets

	Estimated solution properties and apparent density from literature data
	Reported density and magnetic susceptibility of MnCl2 solutions
	Estimated apparent density according to literature data

	Preparation of the solution, experimental characterization and density measurements
	Preparation of the solution and related challenges
	Elemental composition and manganese concentration
	Density measurements
	Practical attainability of intended concentrations

	Magnetic pendant drop method for measuring the magnetic susceptibility
	Pendant drop method: measuring the ratio between gravity and surface tension
	Magnetic pendant drop method for measuring the magnetic susceptibility
	Measured magnetic susceptibilities of the samples
	Accuracy of the magnetic pendant drop measurements


	Estimation of the apparent density & validation using Magnetic Levitation
	Estimated apparent density from experimentally determined properties
	MagLev setup
	Conclusion apparent density through MagLev experiments

	Conclusion
	Summary and conclusions
	Contributions
	Recommendations for future work

	References
	Results XRD and XRF measurements MnCl2 beads and sediment from suspension
	interfacial tension (IFT) results

