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Abstract: The increasing use of lithium-containing materials highlights the urgent need for their recy-
cling to preserve resources and protect the environment. Lithium-containing slags, produced during
the pyrometallurgical process in lithium-ion battery recycling, represent an essential resource for
lithium recovery efforts. While multiple methods for lithium recycling exist, it is crucial to emphasize
environmentally sustainable approaches. This study employs dry forced triboelectrification (FTC) to
recover valuable components from slag powder, commonly known as engineered artificial minerals
(EnAMs). The FTC method is used to change the charge of the target material and achieve a neutral
state while other materials remain charged. The downstream electrostatic separator enables the
charged particles to be separated from the target material, which in this study is lithium aluminate.
The results show that the method is effective, and lithium aluminate can be successfully enriched.

Keywords: lithium-ion battery recycling; engineered artificial minerals (EnAMs); forced triboelectric
charging (FTC); electrostatic separation

1. Introduction

The recycling of critical technology elements such as alkali and transition metals,
which are used in batteries, capacitors, magnets, and sensors [1–3], for example, still lacks
efficient and environmentally friendly technologies. Studies also explore how recycling
costs and environmental risks affect the sustainability of the process, specifically for lithium-
ion batteries (LIBs), emphasizing the importance of material efficiency, recycling methods,
and the use of clean energy [4–6]. Evidence shows that many of these elements are lost
in pyrometallurgical metal recovery processes, as they end up in the slag rather than the
main metal phase. One example of this is lithium from the recycling of lithium-ion batteries
(LIBs) [7]. As part of Priority Program 2315 “Engineered Artificial Minerals (EnAM)—a geo-
metallurgical tool to recycle critical elements from waste streams”, the slag phase is being
investigated as an important source of critical technology elements in a holistic approach [8].
When the slag solidifies, it either forms a homogeneous amorphous structure or crystals
are formed. These crystals are called artificial minerals (EnAMs). The formation of EnAMs
itself depends on the thermodynamics of the complex multi-component system of the slag
and the processing conditions of the melt, e.g., the temperature profile and gradient during
solidification. After a processing step in the form of liberating the crystallites, the target
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component needs to be concentrated. In classic ore processing, this concentration step is
realized by flotation [9]. However, on the one hand, this route has limited environmental
friendliness due to the numerous chemical additives and water consumption [10,11]. On
the other hand, the presence of elements such as manganese (Mn) can make recovery more
complicated due to the dispersion between oxides and silicates, which are particularly
unsuitable for flotation [7].

Unlike the increase of lithium-ion batteries (LIBs), which are crucial for powering
electronics and electric vehicles, their recycling rate lags far behind their production. Vari-
ous emerging recycling methods exist for lithium-ion batteries (LIBs), e.g., OnTo, Battery
Resources, LithoRec, and Accurec processes [12]. These methods focus on recovering
valuable components, such as cathode and anode materials, to align with the circular
economy (CE) concept. However, several challenges persist. First, material losses remain
significant, with some valuable elements like anode material, electrolytes, graphite, copper
(Cu), nickel (Ni), and lithium (Li) not being fully recovered. Additionally, the materials
recovered often require further processing before they can be reused in new batteries,
adding complexity and resource consumption. Many of these recycling processes also
rely on multiple external inputs, such as chemicals and reagents, which leads to waste
generation and goes against the idea of minimizing waste in CE processes. The diversity
of cathode chemistries adds more complexity, as different types of cathodes may require
distinct processing conditions, increasing energy consumption and reducing the quality of
the recovered components. Furthermore, the lack of standardization in battery chemistries
complicates sorting and recycling efforts, making it challenging to process mixed battery
types efficiently. Lastly, processing diluted mixtures and varying feed and product quality
requires advanced simulation tools to optimize recycling and reduce material losses [12].

To overcome these challenges and ensure the long-term viability of LIB recycling,
studies have been conducted to explore more sustainable methods that minimize resource
consumption, reduce waste generation, and enhance the efficiency of material recovery.

Lu et al. developed sustainable recycling methods using ternary lithium-ion batter-
ies, particularly the cathode material. In this process, invasive plants served as carbon
feedstock in a pyrolysis process. This minimizes waste streams and the use of reagents
while achieving high recovery rates [13,14]. Additionally, electrochemical processes offer
greener alternatives for lithium-ion battery recycling due to their selectivity, lower toxicity,
and reliance on aqueous solutions rather than aggressive chemicals. However, challenges
remain, including integrating the process into existing battery production systems to enable
a circular lithium economy and energy use [15].

Electrostatic separation is a dry processing method that utilizes triboelectric charging
of powders to separate materials and can be used as an alternative solution to the challenges
in lithium-ion battery (LIB) recycling. In triboelectric charging and electrostatic separation
processes, materials become electrically charged through contact and separation. When
two different materials come into contact and then are separated, electrons move from
one material to the other based on each material’s work function (WF) [16]. This electron
transfer causes one material to gain a positive charge and the other to gain a negative
charge [16,17]. The charged particles are then exposed to an electric field, which acts as a
separator to recover the target material from the gangue based on the material’s triboelectric
charging properties.

This technique is commonly used in recycling industries with industrial-scale sep-
arators to enhance mineral processing applications, such as fly ash beneficiation [18],
separating quartz from feldspar [19], and removing silicates from phosphate ores to im-
prove the quality of phosphate for fertilizers [20]. Although factors like material properties,
moisture, particle size, and electrode configuration have been studied for their impact on
separation, electrostatic separation is still not fully understood in the context of mineral
processing [21]. Research has been conducted to evaluate how effectively this method
separates target materials from other minerals, with a focus on understanding charging
behavior and improving enrichment [22]. Studies have also shown the influence of factors
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such as surface properties, environmental conditions, and contact charging [23], as well as
the use of different tribochargers to enhance target material recovery [24]

This paper presents triboelectric charging and electrostatic separation as an environ-
mentally friendly sorting and recovery technique that requires no additives. It is based on
the distinct triboelectric charging behaviors of different slag components. A challenge in
triboelectric charging is the existence of surface roughness, which results in the formation
of bipolar charge distributions within each particle size class [25]. This causes an issue in
the accumulation of materials due to a phenomenon known as equal mobility.

The novel approach presented here to address this issue is called forced triboelectric
charging (FTC). Unlike natural charging, FTC shifts the target powder to a neutral charge
state by applying a high voltage (HV) to the contacting wall (copper chute), where “forced”
refers to the externally applied high voltage. The FTC technique was employed to recover
lithium aluminate from Li-Slag. Charged particles are then introduced into an electrostatic
separator for sorting. While so far this approach has only been applied for mixtures of
pure powders (lithium aluminate/talcum [26] and Saxolith/Talcum [27]), here the recovery
of lithium aluminate from real EnAM Li-Slag is addressed. This Li-Slag is more complex
in regard to mixed crystalline phases, intergrowth, and compositions, which is especially
challenging for the liberation of the target component. However, this method has the
potential to optimize mineral processing by offering a dry, chemical-free separation that is
both efficient and environmentally sustainable.

2. Materials and Methods

In the experiments, slag containing lithium aluminate, known as Li-Slag, was used
with the goal of enriching the lithium aluminate component. Pure lithium aluminate
powder was utilized as the target material to investigate its charging behavior. Li-Slag was
produced in a pyrometallurgical process starting with known compositions, as detailed in
the following sections. After solidification and comminution of the slag, powder with the
size distribution shown in Table 1 (including pure lithium aluminate) was obtained. The
mineral composition of the Li-Slag is detailed in Table 2.

Table 1. Characteristics (density measurement by gas pycnometer, size distribution measured by
laser diffraction given as percentile) and origin of the used powder materials.

Powder Material Supplier Density
(g cm−3)

Particle Size (µm)
(x10) (x50) (x90)

Li-Slag
(Multiple minerals)

IME-Institute of Process
Metallurgy and Metal

Recycling—RWTH
3.21 27 75 106

Lithium Aluminate Sigma Aldrich Chemie GmbH 2.62 7.7 38 74

Table 2. Quantitative analyses of the Li-Slag in wt.% of the formed phases.

Components
Lithium

Aluminate
(LiAlO2)

Mn-Al
Spinel

(MnAl2O4)

Gehlenite
(Ca2Al2SiO7) Li2MnSiO4

Eucryptite
(LiAlSiO4)

Wt.% 8.2 36.1 31.7 13.8 9.1

The main crystalline phases identified are Gehlenite (Ca2Al2SiO7), Mn-Al spinel
(MnAl2O4), lithium aluminate (LiAlO2), lithium manganese silicate (Li2MnSiO4), and
eucryptite (LiAlSiO4). By confirming the presence and quantity of lithium aluminate, XRD
ensures that recycling efforts are accurately targeted toward the appropriate material.

2.1. Slag Production

Li-Slag was produced at IME RWTH Aachen using the feed components that consisted
of 8.5% Li2O, 10.4% MnO, 45.3% Al2O3, 16.9% CaO, and 18.9% SiO2. The methodology and
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feed compositions were identical to those employed in a previous study [8]. In this study,
the artificial slag was produced to provide a synthetic material promoting the formation of
valuable phases. The primary phase of interest was lithium aluminate, identified as a stable
and recoverable phase within the lithium slag. The compounds were heated up to 1500 ◦C,
and successively, the molten slag was kept at this temperature for 5 h for homogenization.
After the holding time, the controlled cooling procedure was started as the slag was firstly
cooled down to 1050 ◦C and then kept at this temperature for another 6 h. This holding
time serves to create a better solidification process and homogenization of the slag and
increases the grain size regarding the lithium aluminate phases. Subsequently, the slag was
again controlled and cooled down to room temperature. The cooling temperature rate used
for the slag production was 25 ◦C h−1.

2.2. Liberation of Lithium Aluminate

After producing the slag blocks, the blocks are cut into smaller pieces to prepare for
the next stage. The small pieces are crushed and milled into fine slag powder using a jaw
crusher and a ball mill combined with a screen of 100 µm mesh size. The powder is then
divided using a rotary splitter to get a uniform and representative sample. Then, surface
liberation, which refers to the amount of exposed target particle surface free from non-
target materials (gangue), was conducted. In the triboelectric charging method, particles
are charged according to their surface materials, making surface liberation important. This
process entails additional crushing or grinding of the slag to diminish particle size, thus
enhancing the surface area accessible for triboelectric interactions. Figure 1a shows the
comminution process used to liberate grains from slag samples. Figure 1b indicates that
a particle is considered fully liberated when its entire surface area consists of the target
material, regardless of the presence of other components. In this study, particles with a free
surface area (FSA) of 90%–100% are considered suitable for the separation process [28–30].
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Figure 1. Schematic of (a) liberation by comminution (crushing and grinding), (b) slag components
liberated to various degrees of free surface area (FSA) (partially and fully surface-liberated target phases).

2.3. Characterizing of Materials

To analyze the lithium slag powder, X-ray diffraction (XRD) identifies minerals by ex-
amining X-ray scattering patterns, revealing different crystalline phases. Lithium aluminate
liberation was analyzed using automated mineralogy through mineral liberation analysis
(MLA) with SEM-EDX-based measurements. A detailed explanation of the method can
be found in [31]. The measurement of the liberation was based on the area ratio of the
liberation grade of the target phase to the total area of the grain (Figure 1). To measure
the amount of lithium aluminate from sampled powder after the separation process, the
collected powders were analyzed using the conductivity method and using a conductivity
device (Windaus-Labortechnik GmbH, Clausthal-Zellerfeld, Germany). The conductivity
of pure Li-Slag powders, which contain some lithium aluminate, was measured multiple
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times, represented as the axis intercept on the calibration line and defined as background
value. Then, mixtures of Li-Slag and lithium aluminate with mass fractions of 0 to 20%
were prepared, and their conductivities were measured at a constant temperature of 23 ◦C.
A calibration curve was created from this, enabling the determination of lithium aluminate
content in unknown samples (Appendix A).

2.4. Triboelectric Charging and Electrostatic Separation
2.4.1. FTC Process

After Li-Slag powder preparation, the triboelectric charging and electrostatic separa-
tion processes were conducted as the final steps to recycle lithium aluminate. Figure 2a
illustrates the setup designed to measure the particle charge generated through FTC. In our
former studies [27], operational parameters such as chute length (L), mass flow rate (

.
m),

and inclination angle (α) in electrostatic sorting were investigated to optimize the charging
of limestone particles. The optimum parameters from the study were transferred to the
present investigation, i.e., chute length of 1000 mm and constant feed rate of 0.53 g·min−1.
A home-built feeder was used to control the mass flow rate of powders onto the chute. The
applied voltage on the chute was varied from −12 to +12 kV using a high-voltage power
supply (Heinzinger, PNC 30000-5). Additionally, a vibrator device (VIBRI®, Sympatec
GmbH, Clausthal-Zellerfeld, Germany) was used to enhance powder flow on the chute
surface. Charged particles on the chute were collected in an in-house designed Faraday Cup
Electrometer (FCE) to measure the current over a certain time and to deduce the powder
charge by integrating the current over this time. The FCE measurements were conducted
using an electrometer (Keithley 6514, Keithley, Cleveland, OH, USA). By adjusting the
high voltage, the point of zero net charge (PZNC) is determined, representing the point at
which the average charge of the powder is zero. The specific charge was obtained from the
ratio of powder charge to the collected mass in the FCE (in µC g−1). Since environmental
conditions such as relative humidity and temperature can affect the PZNC and WF, constant
environmental parameters were maintained by conducting all experiments in a controlled
and closed laboratory environment. Moreover, in our former study, the setup parameters,
including the chute length, the mass flow rate of feed powder, and the chute incline angle,
were investigated to understand their effects on the overall charging performance [27].

Minerals 2024, 14, 1254 6 of 14 
 

 

(a) 

 

(b) 

 

  

Figure 2. Experimental setup: (a) combination of dry forced triboelectric charging (FTC) of powders 
and the Faraday cup electrometer (FCE) test to determine the PZNC of the used materials and (b) 
the electrostatic separator, including five collection bins at the bottom. 

2.4.2. Electrostatic Separation of Charged Particles 
Following the triboelectric charging process, the charged particles are fed into an 

electrostatic separator. Within this separator, particles are classified according to their po-
larity and the amount of charge they carry, as investigated for different materials in our 
recent studies [26,27]. Figure 2b shows the separator setup, which includes two electrodes, 
one subjected to a high voltage of up to +25 kV while the other is grounded. To collect 
post-separation samples, a set of five identical rectangular bins labeled from 1 to 5 were 
used. These bins were positioned in a way that the middle one (bin 3) was aligned with 
the vertical axis of the chute outlet. 

2.4.3. Free Fall Test 
Free fall tests are conducted for both Li-Slag and lithium aluminate powders to assess 

their movement in the absence of the electrical field. These tests establish a baseline tra-
jectory, showing the mere settling and dispersion behavior of particles under gravity 
alone. In these tests, powders are introduced into the chute and subsequently into the 
separator without any applied voltages (chute voltage: 0 kV, separator voltages: 0 kV). 
From these tests, it is possible to evaluate the effect of an electrical field on the lateral 
displacement of the particles. 

3. Results 
3.1. Material Preparation and Analysis 

Figure 3a illustrates the Li-Slag body before it undergoes the comminution process. 
Initially, 125 kg of synthetic lithium slag was produced. 

Figure 2. Experimental setup: (a) combination of dry forced triboelectric charging (FTC) of powders
and the Faraday cup electrometer (FCE) test to determine the PZNC of the used materials and (b) the
electrostatic separator, including five collection bins at the bottom.



Minerals 2024, 14, 1254 6 of 13

To separate the target material from the gangue, the charging behavior of the Li-Slag
and pure lithium aluminate have to be analyzed first. Then, the voltage for PZNC of the
target component is applied to the chute to recover it in the electrostatic sorter as a neutral
fraction (Figure 2b).

2.4.2. Electrostatic Separation of Charged Particles

Following the triboelectric charging process, the charged particles are fed into an
electrostatic separator. Within this separator, particles are classified according to their
polarity and the amount of charge they carry, as investigated for different materials in our
recent studies [26,27]. Figure 2b shows the separator setup, which includes two electrodes,
one subjected to a high voltage of up to +25 kV while the other is grounded. To collect
post-separation samples, a set of five identical rectangular bins labeled from 1 to 5 were
used. These bins were positioned in a way that the middle one (bin 3) was aligned with the
vertical axis of the chute outlet.

2.4.3. Free Fall Test

Free fall tests are conducted for both Li-Slag and lithium aluminate powders to assess
their movement in the absence of the electrical field. These tests establish a baseline
trajectory, showing the mere settling and dispersion behavior of particles under gravity
alone. In these tests, powders are introduced into the chute and subsequently into the
separator without any applied voltages (chute voltage: 0 kV, separator voltages: 0 kV).
From these tests, it is possible to evaluate the effect of an electrical field on the lateral
displacement of the particles.

3. Results
3.1. Material Preparation and Analysis

Figure 3a illustrates the Li-Slag body before it undergoes the comminution process.
Initially, 125 kg of synthetic lithium slag was produced.
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Figure 3. Slag’s transformation from (a) solid block to (b) powder form and (c) mineral characteriza-
tion using an electron probe micro-analyzer (EPMA).

The particle size distribution of Li-Slag is shown in Figure 4a, obtained from MLA. The
mineralogical composition of the slag, identified using X-ray diffraction analysis, is shown
in Table 2. To quantify the phases, a Rietveld analysis was performed with the open-source
software Profex/BGMN, version 5.1.0, which is effective for detecting Li-bearing phases in
the slag [8].
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pattern of Li-Slag and single-phase components [8].

To analyze the lithium aluminate liberation in Li-Slag powder, automated mineralogy
using MLA with SEM-EDX-based measurements was carried out. Although the sample
contains 8% lithium aluminate (Table 2), the 90%–100% liberation class only accounts for
about 1% of the total sample mass in the milled slag (Figure 5b). Figure 5a displays particles
containing a lithium aluminate mixture with varying degrees of liberation. In this figure,
the pink regions represent lithium aluminate, while the other colors indicate different
components. The fraction with the highest FSA in Figure 5b can be deconvoluted into
different size classes (Figure 5c).
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Figure 5. Characterization of the liberation of the lithium aluminate component in the Li-Slag:
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In this study, particles with an FSA of 90%–100%, as shown in Figure 5b, are considered
suitable for efficient sorting.
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After the comminution of slag powder, only a minor fraction of the total lithium
aluminate is fully liberated, reflecting a liberation efficiency of 1.1% (cf. Figure 5b). The
size distribution of these fully liberated particles indicates that a substantial portion (35%)
falls within the 0–15 micron range, with an additional 37% in the 15–35 micron range (cf.
Figure 5c). Most of the liberated lithium aluminate is present as fine particles, resulting
in several processing challenges. In the charging process, these small particles are more
sensitive to environmental conditions, and in the separation step, they require longer
settling times within the electrical field due to their small size and low mass.

3.2. Charging Behavior of Used Materials

With regard to the electrostatic separation of the powders, the charging behavior
of each component must first be characterized. Therefore, pure lithium aluminate, in
addition to Li-Slag, was also used in these experiments to assess the triboelectric charging
properties of the target material. Figure 6 illustrates the charging behavior of Li-Slag,
lithium aluminate, and their mixture. The graph presents the mass-specific charge of the
powders as a function of the voltage applied to the chute (−12 to +12 kV).
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Figure 6. The specific charge of powders as a function of the applied voltage in the range of −12
to +12 kV for pure lithium aluminate, Li-Slag, and their mixture (10%/90%). From the fits of the
two powders, the charging behavior of the mixture was calculated as a weighted average (black
dashed line), which agrees very well with the measurements (green points).

Without applying a voltage to the chute, lithium aluminate and Li-Slag powders are
positively charged. When a negative high voltage is applied to the chute, electrons transfer
from the copper to the powder, reducing the positive particle charge. Finally, by applying
a certain negative voltage, the powders reach the neutral state on average (PZNC). The
PZNC corresponds to −10.3 kV for lithium aluminate, while the PZNC of Li-Slag is found
at −3 kV. This shows that at the PZNC of the target material, the rest of the powder carries
a charge of −0.08 µC g−1. In turn, at the PZNC of Li-Slag, the target material is positively
charged (+0.06 µC g−1). For physically mixed powder (10:90 mixtures of lithium aluminate
and Li-Slag), a simple superposition of the specific charge of the individual components
is observed. This shows that the triboelectric charging of mixtures can be treated as the
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sum of the individual powder components, which is the prerequisite for material-specific
sorting, supposing that the target component is fully liberated (FSA ≈ 90%–100%).

Particles that are not fully liberated (FSA < 90%) may contribute to charging behavior
and to the lithium aluminate detection by conductivity measurements. However, in the
first approach, this possible interference effect will be neglected in the following.

3.3. Electrostatic Separation
3.3.1. Free Fall Test

Free fall tests are conducted to assess the movement of the small particles in the
absence of the electrical field. Figure 7 shows the mass fractions of Li-Slag and lithium
aluminate powders from free fall tests. In Figure 7a, about 93% of the Li-Slag powder
mass is found in bin 3, with smaller amounts of 5% in bin 2 and 2% in bin 4, respectively.
Figure 7b illustrates that approximately 92% of the lithium aluminate powder mass is
collected in bin 3, with the remaining particles in bin 2 (4.5%) and bin 4 (3.5%).
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Figure 7. Free fall test of (a) Li-Slag and (b) lithium aluminate powders, demonstrating particle
settling behavior through the separator without applied voltages (Vchute = 0 kV, Vsep = 0 kV).

This shows that the particle motion without the electrical field in the sorter is domi-
nated by gravity. When a voltage is applied at the electrostatic separator, particle deposition
in bin 1 and bin 5 is attributed to the electrical migration of charged particles. In fact, the
charge distribution can be deduced from the lateral displacement and the particle size dis-
tribution in different bins. In former experiments, a charge distribution was found even at
the PZNC for the material Saxolith; depending on the particle size, i.e., charge distributions
containing positive and negative branches, the width of the charge distribution increases
with the particle size [27].

As previously noted, the mass fraction of the fully liberated target material, lithium alu-
minate, is quite low. Therefore, the electrostatic sorting is initially performed on pure Li-Slag,
which contains approximately 1% of fully liberated lithium aluminate (FSA ≈ 90%–100%).
Subsequently, pure lithium aluminate is added to the Li-Slag powder to achieve a final
mixture composed of 10% fully liberated lithium aluminate and 90% Li-Slag, allowing for a
clearer evaluation of the sorting process’s performance. This higher concentration helps to
validate the effectiveness of the electrostatic sorting method and facilitates comparative
analysis with results from pure Li-Slag and mixture.

3.3.2. Electrostatic Separation of Li-Slag

To explore the sorting behavior of Li-Slag and lithium aluminate, PZNC values of
−3 kV (PZNC Li-Slag) and −10.3 kV (PZNC lithium aluminate) were applied to the chute.
Figure 8 illustrates the results obtained from analyzing samples collected from five bins
during this process. As shown in Figure 8a, when a voltage of −3 kV is applied to the
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chute, lithium aluminate, which is, on average, slightly positively charged at this voltage,
tends to move towards the negative pole, depleting bin 5 (0.12%). Bin 4 has a slightly
higher concentration of lithium aluminate of around 0.51%, which may be explained by the
influence of only partially liberated particles since the sum of lithium aluminate in all bins
(1.67%) is higher than the fraction of fully liberated lithium aluminate particles (1.1%). This
demonstrates that when a voltage other than the PZNC of lithium aluminate is applied,
both fully liberated and partially liberated lithium aluminate crystals are influenced by the
applied voltage.
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Figure 8. Electrostatic separation of original Li-Slag (a) at −3 kV (PZNC of Li-Slag) and (b) at
−10.3 kV (PZNC of lithium aluminate). The numbers in the figure give the mass fraction of lithium
slag (red) and of lithium aluminate (blue) (the sum of a mass fraction over all bins accounts for 100%).

In Figure 8b, when the chute voltage is set to the PZNC for lithium aluminate at
−10.3 kV, there is some enrichment of lithium aluminate (by a factor of 1.4, from 0.56% to
0.78%) in bin 3.

The enrichment shown in Figure 8b is marginal and may suffer from uncertainties
in conductivity measurement. While the concentration of lithium aluminate, the target
material, was successful, recovery was limited due to incomplete liberation of its free
surface area. Therefore, to better assess the enrichment process, the percentage of lithium
aluminate was increased to 10% by adding pure lithium aluminate (cf. Table 1) to the
Li-Slag powder.

3.3.3. Electrostatic Separation of Mixed Powder

The tests were then repeated using a mixture of 90% Li-Slag and 10% lithium aluminate.
Figure 9a shows that when the PZNC voltage of Li-Slag is applied to the chute, Li-Slag
particles attain an average specific charge of zero, while lithium aluminate particles remain
charged (cf. Figure 6). These charged lithium aluminate particles are then attracted to
different poles depending on their charge polarity. In this setup, bin 3, which is positioned
at a neutral point, contains about 0.8% lithium aluminate. When switching to the PZNC of
lithium aluminate, a substantial enrichment in bin 3 by almost a factor of 5 for the target
component is reached (Figure 9b). The enrichment of lithium aluminate can substantially
be improved when the fraction of particles with high FSA values is increased. Therefore,
future work should address optimizing the solidification process of the slag (cooling rates,
additives, etc.) [32], leading to larger target material grains, which can be liberated with
a higher FSA content by comminution. This approach would also improve the liberation
process, leading to better recovery of the target component.



Minerals 2024, 14, 1254 11 of 13

Minerals 2024, 14, 1254 11 of 14 
 

 

(a) 

 

(b) 

 

  

Figure 8. Electrostatic separation of original Li-Slag (a) at −3 kV (PZNC of Li-Slag) and (b) at −10.3 
kV (PZNC of lithium aluminate). The numbers in the figure give the mass fraction of lithium slag 
(red) and of lithium aluminate (blue) (the sum of a mass fraction over all bins accounts for 100%). 

The enrichment shown in Figure 8b is marginal and may suffer from uncertainties in 
conductivity measurement. While the concentration of lithium aluminate, the target ma-
terial, was successful, recovery was limited due to incomplete liberation of its free surface 
area. Therefore, to better assess the enrichment process, the percentage of lithium alumi-
nate was increased to 10% by adding pure lithium aluminate (cf. Table 1) to the Li-Slag 
powder. 

3.3.3. Electrostatic Separation of Mixed Powder 
The tests were then repeated using a mixture of 90% Li-Slag and 10% lithium alumi-

nate. Figure 9a shows that when the PZNC voltage of Li-Slag is applied to the chute, Li-
Slag particles attain an average specific charge of zero, while lithium aluminate particles 
remain charged (cf. Figure 6). These charged lithium aluminate particles are then attracted 
to different poles depending on their charge polarity. In this setup, bin 3, which is posi-
tioned at a neutral point, contains about 0.8% lithium aluminate. When switching to the 
PZNC of lithium aluminate, a substantial enrichment in bin 3 by almost a factor of 5 for 
the target component is reached (Figure 9b). The enrichment of lithium aluminate can 
substantially be improved when the fraction of particles with high FSA values is increased. 
Therefore, future work should address optimizing the solidification process of the slag 
(cooling rates, additives, etc.) [32], leading to larger target material grains, which can be 
liberated with a higher FSA content by comminution. This approach would also improve 
the liberation process, leading to better recovery of the target component. 

(a) 

 

(b) 

 

  

Figure 9. Electrostatic separation of the mixture of Li-Slag and lithium aluminate (a) at −3 kV (PZNC 
of Li-Slag) and (b) at −10.3 kV (PZNC of lithium aluminate). The numbers in the figure show the 
mass fraction of lithium slag (red) and lithium aluminate (blue). 

Figure 9. Electrostatic separation of the mixture of Li-Slag and lithium aluminate (a) at −3 kV (PZNC
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To enhance the degree of enrichment and optimize the separation efficiency of slag,
the primary challenge is to promote the growth of individual lithium aluminate crystals.
Crystal growth can be enhanced by controlling temperature and cooling rates during
crystallization [33] or by adjusting other factors (e.g., additives) that influence crystal devel-
opment. Increasing the size and purity of lithium aluminate crystals will facilitate more
effective liberation during comminution processes. Optimizing the liberation efficiency of
the target component will significantly improve the presented enrichment process (both
charging and separation). These strategies are essential to increase the overall effectiveness
of dry slag sorting.

4. Conclusions

This study investigated the production, liberation, and electrostatic separation pro-
cesses of lithium aluminate from synthetic Li-Slag. The initial production involved metic-
ulously comminuting 125 kg of slag into a finely milled powder characterized by X-ray
diffraction to identify the component phases. Despite initial challenges with only about
1.1% liberation of lithium aluminate, the addition of lithium aluminate powder increased its
concentration to 10%, facilitating improved concentration measurements and preparation
for electrostatic separation, which is a combination of forced triboelectric charging (FTC)
on a copper chute and electrostatic precipitation in an electrosorter with five bins.

Through the FTC method, it is possible to manipulate the powder’s charge from one
polarity to another, thereby passing a neutral state at a specific voltage (PZNC). This method
allows the target component, such as lithium aluminate, to be selectively moved into a
neutral state while the rest of the powder remains charged. Then, the sorting experiments
at the PZNC of lithium aluminate show enrichment of this component in bin 3, where the
neutral fraction is collected. The small concentration of the enriched component is affected
by the low content of fully liberated target material in the pure Li-Slag, as shown by the
addition of free lithium aluminum particles.
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Appendix A

Figure A1 illustrates the conductivity of the mixed powder with different mass frac-
tions of lithium aluminate. The resulting data show a linear increase in conductivity,
ranging from approximately 67.4 µS cm−1 for the pure Li-Slag sample to 180.3 µS cm−1 for
the sample containing 20% added lithium aluminate. This linear trend indicates a direct
relationship between the fraction of lithium aluminate and the overall conductivity of the
mixed powder. Then, samples collected from the bins (after separation) were subjected to
the conductivity test, and based on the conductivity, the mass fraction was obtained from
the calibration diagram.
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