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A B S T R A C T

Pyro-metallurgical processing technology is widely used in the spent lithium-ion batteries recycling to recover
valuable metals such as cobalt, nickel and copper, while lithium primarily remains in the slag. The effective
valorization of slag, especially lithium recovery, constitutes a significant issue in contemporary pyrometallur-
gical processes due to the paucity of studies. This paper proposes a novel perspective by defining slag as an
aggregate of engineered artificial minerals. Thus, not only the parameters of the beneficiation process can be
studied to optimize the separation efficiency during treatment, but also the slag can be re-designed to optimize
the carrier minerals of target elements and gangue mineral composition in the initial step with thermodynamic
tools. In this paper, the engineering of artificial minerals (EnAM) method was applied to the slag design of the
Li2O-CaO-Al2O3-SiO2-MnO system, and an initial attempt was made to apply EnAM method to the flotation
study. A flotation study on enrichment effect of the target phase γ-LiAlO2 from thermodynamic controlled slags is
conducted.

1. Introduction

High-temperature pyrometallurgy plays a pivotal role in treating
diverse End-of-Life (EoL) components, including waste electrical and
electronic equipment (WEEE), metal scraps and lithium-ion batteries
(LIBs) (Alvear et al., 2016; Alvear et al., 2014; Elwert et al., 2012;
Georgi-Maschler et al., 2012; Davenport et al., 2002; Zhang et al., 2016).
Various smelting technologies, such as electric arc furnaces, rotary kilns,
or ISASMELT, are employed in this crucial step (Alvear et al., 2014;
Friedrich et al., 2018; Lucas et al., 2020). These techniques leverage a
slag phase to facilitate the coagulation of metals while gangue and im-
purities are assimilated into the mineral phase (Fathi Habashi, 1997;
Krüger, 1999).

There are two main approaches to recycle LIBs via pyrometallurgical
processes. The first involves smelting the entire battery cells without any
prior treatment. The second approach entails pretreating the cells to

mechanically separate some of the metals, such as aluminum, copper,
and iron, before smelting the remaining elements, often known as “black
mass” (Elwert et al., 2012; Sommerfeld et al., 2020). Typical industrial
processes, e.g. the Umicore process aligns with the first approach, metals
such as copper, cobalt, and nickel are reduced to an alloy. This metal
phase is collected at the bottom of the furnace, while lithium primarily
ends up in the slag phase (Elwert et al., 2012; Sommerfeld et al., 2020).

Throughout the smelting process, the precise selection of fluxes is
imperative to control the melting point and viscosity, thus ensuring
effective phase separation between the metal phase and the slag (Müller
and Friedrich, 2006; Vest et al., 2010; Vignes, 2010). For example, the
CaO-Al2O3-SiO2 system is employed in numerous pyrometallurgical
procedures for EoL LIBs (Cheret and Santén, 2005; Georgi-Maschler
et al., 2012; REN et al., 2017). Following cooling, minerals such as sil-
icates and aluminates often appear in the slag, hence, the slag can also be
considered as an artificial mineral aggregate (Elwert et al., 2014; Li
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et al., 2022; Schirmer et al., 2022; Schirmer et al., 2020; Wittkowski
et al., 2021). The valorization of slag, notably the efficient extraction of
lithium from the slag, has become a pivotal issue in the contemporary
pyrometallurgical recycling pathway for LIBs.

Klimko et al. carried out a leaching study on lithium-bearing slags.
The results indicate that the leaching efficiency of lithium can approach
nearly 100 % at a leaching temperature of 80 ◦C (Klimko et al., 2020).
However, if a lithium-bearing slag is leached directly, a large amount of
silica gel can be produced, which will interfere with filtration and
further lithium extraction (Klimko et al., 2020). Therefore, the addition
of a beneficiation process prior to the hydrometallurgical process is
required. Separating of the lithium aluminate phase from silicate phases,
on the one hand, reduces the probability of silica gel formation and at
the same time reduces the processing volume of the leaching process,
which is of great importance for the optimization of the hydrometal-
lurgical part that is combined with pyrometallurgical recycling route of
lithium-ion batteries. The chemical use could significantly reduce upon
elimination of the untargeted minerals via the application of benefici-
ation methods. Furthermore, the dispersion of lithium in different
mineral phases in the slag can make the beneficiation process difficult,
and how to control the degree of lithium dispersion has become a sci-
entific question. To close this knowledge gap, the Engineering of Arti-
ficial Minerals (EnAM) strategy has been used to control lithium
dispersion.

The EnAM strategy is a method that uses thermodynamic and kinetic
tools to design slags. The initial step involves the selection of an
appropriate carrier mineral for the target element, coupled with
designing the gangue composition of the slag. The purpose is twofold:
first, to pre-enrich the target element in the carrier mineral during the
smelting process, and second, to facilitate subsequent beneficiation and
hydrometallurgical treatment through the designed carrier mineral and
gangue composition. A significant advantage of this approach is the
ability to select carrier minerals with high loading capacity for the target
element, even those that are non-existent or extremely rare in natural
ores. Depending on the processing properties of the common slag con-
stituents, a suitable cooling regime can be chosen for the slag mineral
crystal size and morphology. Fig. 1 presents the schematic sketch of
EnAM method.

Common carrier minerals for lithium in natural hard rock minerals
include spodumene, petalite and lepidolite (Garrett, 2004; Meshram

et al., 2014). In these minerals, the theoretical maximum lithium con-
tent ranges between 2 wt% and 4 wt% (Garrett, 2004; Meshram et al.,
2014). Through the EnAM strategy, within the CaO-Al2O3-SiO2 system,
it is possible to select carrier minerals for lithium such as γ-lithium
aluminate (γ-LiAlO2), with a theoretical lithium content of up to 10.5 wt
%. In our prior fundamental investigations, we conducted thermody-
namic and mineralogical research on the oxide system containing
lithium (Li et al., 2022; Schirmer et al., 2022; Schirmer et al., 2020;
Wittkowski et al., 2021).

In essence, the core of this approach is the development of robust
thermodynamic databases and models, as well as a thorough under-
standing of the processing properties of typical slag minerals, such as
floatability and leachability. The thermodynamic databases and models
are the fundamental tools to predict the final slag mineral composition
and the distribution of the target elements as a result of varying feed
compositions. The accuracy of these models and databases directly in-
fluences the precision of the final predictions.

From another perspective, conventional slag treatment or benefici-
ation research (Refer to Fig. 2) is reliant on the nature of the mineral,
and the treatment process is established by continuous optimization of
treatment parameters such as grinding time or optimizing the reagent
regime. In essence, it is a methodology in which the material determines
the process. However, an EnAM slag is designed to adapt to a simplified
process or an already established treatment process which directly in-
creases the performance of the beneficiation efficiency (Refer to Fig. 3).
Viewed from this perspective, the workload of the beneficiation study
can be greatly reduced.

The approach of utilizing slag to enrich target elements has already
appeared in other material systems, such as those rare earth elements
(REE) containing system and Ti containing system (Elwert et al., 2014;
Kai Tang et al., 2013; Mingyu et al., 2006; Müller and Friedrich, 2006;
Ren et al., 2017; WANG et al., 2006; Zhang et al., 2007; Zhang et al.,
2016). Nonetheless, prior research has primarily concentrated on qual-
itatively elucidating the enrichment correlation between a specific car-
rier mineral and the target element, or the connection between the
composition of feedstock and a mineral phase in the slag, rather than
systematically studying it.

This paper is a preliminary attempt to use the EnAM strategy for slag
design and slag processing in the Li2O-CaO-Al2O3-SiO2-MnO system. A
systematic study was conducted on the flotation enrichment effect of the

Fig. 1. Schematic sketch of the EnAM method.
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target phase γ-lithium aluminate from a thermodynamic controlled slag,
as well as the selective inhibition of the typical slag mineral gehlenite.
This provides a deeper understanding and supplement to our previous
micro-flotation research. Previous studies have demonstrated that fatty
acid-based collectors, such as sodium oleate (NaOl), facilitated flotation
recoveries surpassing 69 % for γ-lithium aluminate in micro-flotation
trials. This material could also be floated using naphthenic acid and
commercial collectors FS-2, FS-100, and SM-15 (Haas et al., 2018; Qiu
et al., 2022; Qiu et al., 2021). Additionally, the potential for enriching
γ-lithium aluminate from the slags has been explored (Haas et al., 2018).
However, the lithium recovery is not sufficient and systematic flotation
studies on Li-containing slag, such as research on factors affecting the
flotation performance of slag, have not been conducted yet. In addition,
in this paper, the leachability of the slag was also investigated and
discussed.

2. Materials and experimental methods

2.1. Materials

The slag samples were produced by the Institute of Process

Metallurgy and Metal Recycling (IME), RWTH Aachen University. Two
slags were produced at different cooling rates. Sample S2_15kg was
cooled at a rate of 50 ◦C/h, while sample S5_15kg was cooled at a rate of
25 ◦C/h and was additionally held at 1150 ◦C for 6 h. The melting ex-
periments were conducted in a graphite crucible. 15 kg of synthetic slag
for each sample was prepared with the compositions listed in Table 1.
After chemical and mineralogical analysis, the slag samples were ground
at the Institute of Particle Technology, TU Braunschweig.

γ-lithium aluminate (Sigma-Aldrich, Germany) and gehlenite (Vata
de Sus, Hunedoara, Romania) were used for the characterization. The
gehlenite was crushed and sieved; the undersized product, obtained
from the 63 μm sieve, was employed for surface analysis. The sample
underwent a series of analyses including chemical analysis (Supple-
mentary Material Table S1), particle size measurement (Supplementary
Material Figure S1), and X-ray powder diffraction analysis (XRD, Sup-
plementary Figure S2). The XRD analysis revealed impurities such as
merwinite, wollastonite, and calcite in addition to the major phase
gehlenite. In our previous article, we referred to this mineral as the
melilite solid solution (Qiu et al., 2021). However, according to Marince
et al. (Marincea et al., 2011), solid solutions composed of end-member
minerals like gehlenite and åkermanite can also be expressed as

Fig. 2. Schematic drawing of conventional beneficiation research route for slag: experimental materials determine the beneficiation process.
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gehlenite. Therefore, in this paper, we will use the term “gehlenite” to
describe this mineral.

2.2. Chemical and mineralogical analysis

Qualitative x-ray diffraction analyses were performed on a D4
ENDEAVOR, BRUKER AXS GmbH at TU Clausthal, with Bragg-Brentano
reflection geometry and Cu-Kα radiation (35 kV and 40 mA). The in-
strument is equipped with a fixed divergence slit, primary soller slit
(2.5◦), anti-scatter slits, a diffracted beam monochromator and a
LynxEye-detector. The milled samples were transferred to the sample
holder using the backloading method and measured in the angular range
of 5◦ − 80◦ 2 θ with a step size of 0.0014◦ 2 θ and a measurement time of
0.02 sec per step.

Quantitative x-ray diffraction analyses were performed in reflective

Fig. 3. EnAM strategy allows the process to determine the experimental materials, namely by engineering the slag to make it more adaptable to simplified bene-
ficiation workflows. From this perspective, the workload of mineral processing research on slags can be significantly reduced.

Table 1
Weighed in composition of the slag samples and chemical composition of the
slag samples in wt %.

Sample Al2O3 CaO Li2O MnO SiO2

Weighed in composition of
the slag samples in wt %

S2_15kg 39.7 16.9 11.6 5.3 26.5

S5_15kg 46.4 22.5 10.1 6.0 15.0
Chemical composition of the

slag samples in wt %
S2_15kg 37.6 16.2 9.3 5.0 28.9

S5_15kg 43.6 22.1 8.8 5.4 18.4

H. Qiu et al.



Minerals Engineering 217 (2024) 108918

5

geometry on a PANalytical X’Pert Pro MPD θ-θ diffractometer with Co-
Kα radiation (40 kV and 40 mA) at BGR Hannover. The instrument is
equipped with a programmable divergence slit (20 mm irradiated
length) primary and secondary soller slits (0.04 rad), anti-scatter slits, a
fixed incident beam mask (10 mm), a diffracted beam monochromator
and a point detector. The milled samples were transferred to the sample
holder using the backloading method and measured in the angular range
of 5◦ − 70◦ 2 θ with a step size of 0.03◦ 2 θ and a measurement time of 15
sec per step. For the Rietveld refinement, the software Profex/BGMN
(Version 5.1.0) (Doebelin and Kleeberg, 2015) with the included
structure collection and additional crystal structure data from Pillars
and Peacor (β-LiAlSiO4) (Pillars and Peacor, 1973), Marezio (γ-LiAlO2)
(Marezio, 1965), Lager and Meagher (CaMnSiO4) (Lager and Meagher,
1978), Politaev et al. (Li2MnSiO4) (V.V. Politaev et al., 2007) and
Famery et al. (LiAl5O8) (Famery et al., 1979) was used. To determine the
amorphous content an internal standard (20 wt% corundum, NIST
No.676) was added to each powder sample. Microstructure analysis
were also done at BGR in high vacuum at 20 kV on polished, carbon
coated samples embedded in epoxy resin using a FEI MLA 650F Quanta
FEG scanning electron microscope (SEM). The device is equipped with a
field emission gun and various detectors (e.g. BSE detector, two (EDS)
silicon drift detectors) for standardless semi-quantitative element
analysis.

The elemental content of slag samples and liquid samples were
measured by an ICP optical emission spectrophotometer (ICP-OES 5100,
Agilent, Agilent Chemical Bulk Analysis Technologies Germany GmbH
& Co. KG, Waldbronn, Germany) at TU Clausthal. Samples were melted
with lithium tetraborate in a platinum crucible at 1050 ◦C, and then
leached with dilute hydrochloric acid to measure the content of
aluminum, calcium, magnesium, manganese and silicon. To measure
lithium and other elements, the samples were mixed with nitric acid and
digested at 250◦ C and under a pressure of 80 bar in an autoclave
(TurboWAVE, MLS, Leutkirch im Allgäu, Germany). Following filtra-
tion, drying, and weighing, flotation products were sampled for chem-
ical element analysis to ascertain the recovery. The flotation recoveries
were computed using the below Equation (Drzymała and Swatek, 2007):

ε =
γ • λ

α (1)

where ε is the recovery of a component; γ is the yield of a product; λ is
content of a component in a product; α is content of a component in the
feed.

2.3. Thermodynamic modeling

In this study, basic thermodynamic models and FT-Oxide database
directly from commercial software Factsage 8.2 (Bale et al., 2016) is
employed within the Calculation of Phase Diagram (CALPHAD) frame-
work (Lukas et al., 2007) (Saunders and Miodownik, 1998). This
approach is used to calculate and design the composition of the slag
before producing slag for subsequent flotation and chemical leaching.
The prediction of the solidified phases of each sample, as well as the
solidification process, is carried out under equilibrium conditions.
Additionally, the amounts of solidified phases are calculated when the
liquid phase has just disappeared.

2.4. Flotation

Flotation experiments on the slag were executed using a 125 mL
Denver-type flotation machine configured in an IFAD construction
(Fig. 4A). The agitation speed was set at 2000 rpm, and the airflow rate
sustained at 40 L/h. Each trial required a 20 g slag sample. The sample
was inserted into the flotation cell, filled with distilled water, and
agitated for one minute prior to the introduction of reagents. The con-
ditioning period for each reagent was set at one minute, with a flotation
scraping time of five minutes. Upon conclusion of the experiment, the
flotation products underwent filtration, drying, and weighing proced-
ures, followed by subsequent XRD and elemental analysis.

Sodium oleate (Riedel-de-Haën) was employed as the collector. The
frother is pine oil (American Cyanamid/Cytec). Sodium hexameta-
phosphate (ThermoFisher Scientific) was used as a modifying reagent.
An emulsifier (Emulsogen, Hoechst/Clariant, Germany) was added to
the frother pine oil in a mass ratio of 1:10 and was diluted to a 1 wt%
emulsion for use.

2.5. Leaching

Leaching tests were conducted in a beaker under conditions of a
liquid-to-solid ratio of 25:1, leaching time of 90 min, and agitation speed
of 400 rpm. The study primarily examined the impact of the acid con-
centration and the temperature on the leaching efficiency and
selectivity.

2.6. Surface characterization analysis

The Zeta potential of the sample was assessed utilizing a Zetasizer
Nano (Malvern) at TU Clausthal. The mineral sample was positioned
within a 500 mL measuring cylinder and introduced with 500 mL of

Fig. 4. A. Sketch of IFAD-construction Denver-type flotation machine. B. Picture of IFAD-construction Denver-type flotation machine.

H. Qiu et al.
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distilled water, subsequently sealed with a plastic film atop the cylinder.
The cylinder was agitated ten times and left to settle for one hour. The
supernatant was collected for the Zeta potential measurement. The pH
was manipulated using HCl and NaOH, respectively. Powder contact
angle measurements were conducted employing the Washburn method,
utilizing a tensiometer (DCAT25, Data Physics) as the measurement
apparatus.

3. Results and discussion

3.1. Slag design with thermodynamic tools

In previous lithium-containing slag systems, such as the Li2O-Al2O3-
SiO2-CaO-MgO slag system (Li et al., 2022; Schirmer et al., 2020), as
well as high-aluminum slags from spent LIBs (Elwert et al., 2012) and
artificial mineral slags derived from black mass (Sommerfeld et al.,
2020), the distribution of lithium has been observed and confirmed in
various lithium-containing silicates and oxides, including β-eucryptite,
spodumene, lithium-containing spinel solid solution and γ-lithium
aluminate. The extensive dispersion of lithium across various phases
presents challenges in downstream processing and the efficient recovery
of lithium from slag. This highlights the need for designing the
composition of slags to facilitate the enrichment of lithium in a single
target phase, such as γ-lithium aluminate. In this study, thermodynamic
simulations were performed. Moreover, internal mass fraction of three
main slag matrix components CaO, SiO2 and Al2O3 were designed as 20
wt%, 32 wt% and 48 wt% respectively. These were derived from the real
battery slag, such as Umicore battery slag (Elwert et al., 2012). The
content of Li2O and MnO varied within practical ranges, specifically
ranging from 6 wt% to 11 wt% for Li2O and from 0.5 wt% to 10 wt% for
MnO. Here, the solidified phases of four samples S1(p), S2(p), S3(p), S4
(p), which are presented in Fig. 5 were calculated under the equilibrium
condition, where the liquid slag phase just disappeared. Since the solid
reactions in the high viscosity slag system are extremely slow, their re-
action processes were disregarded under the cooling rate of 50 ◦C/h.

Based on the thermodynamic simulation, the main solidified phases
within the slags were gehlenite, β-eucryptite and γ-lithium aluminate. In
samples S2(p) and S4(p), the amount of glaucochroite was also

significant. In this set of samples, the mass fraction of the target product
γ-lithium aluminate was higher in sample S2(p) than that of the other
samples, reaching 28 wt%. Consequently, for reaching increased
amounts of the target product γ-lithium aluminate, the initial compo-
sition of sample S2(p) was considered suitable. This composition served
as a starting point for subsequent slag production to assess the efficiency
of lithium recycling using froth flotation and chemical leaching.

Excessively fine γ-lithium aluminate crystals could potentially
compromise their complete liberation after grinding, thereby affecting
subsequent flotation efficiency. Therefore, consideration should be
given to reducing the cooling rate and achieving a coarser crystal size
while designing the slag. It is also crucial to enrich lithium in the form of
γ-lithium aluminate while minimizing the presence of other lithium-
containing phases such as β-eucryptite. Based on that, an additional
slag was designed, and the slag composition was further adjusted by
incorporating appropriate quantities of fluxes, such as CaO and SiO2. In
the previous study, the average contents of Li2O, MnO as well as Al2O3 in
the above samples were utilized as fixed internal mass fraction (Ran-
neberg et al., 2023). At the same time, the addition of SiO2 and CaO were
varied from 15 wt% to 30 wt%. These requirements served as constraint
conditions of thermodynamic modelling to seek for the re-designed slag
composition. Based on the thermodynamic calculation, a trend could be
observed where an increase in the amount of CaO and a decrease in the
amount of SiO2 in the input led to an upward trend in the content of
gehlenite, while the content of eucryptite was reduced. When the initial
composition reached that shown in Fig. 6, and the liquid phase was just
disappeared, lithium was exclusively incorporated into the target phase
γ-lithium aluminate, with the γ-lithium aluminate content at approxi-
mately 45 wt%, and the content of eucryptite was 0. Furthermore, the
content of gehlenite increased to about 32 wt%. This implied that,
theoretically, complete transfer of lithium into the target phase the
γ-lithium aluminate was feasible. In Fig. 6, the corresponding equilib-
rium solidification process was also predicted. When the slag tempera-
ture was over 1432 ◦C, this slag system was completely in liquid state. As
the temperature decreased, γ-lithium aluminate as primarily crystalline
was precipitated followed by CaAl2O4 and dominant matrix phase of
solidified slag: gehlenite. Towards the end of the solidification process,
Mn-containing phases, such as Mn-Al spinel solid solution, MnO and
glaucochroite, were expected to precipitate.

Consequently, this slag composition S5(p) was employed for the up-
scaling production. Moreover, experimental verification was conducted,

Fig. 5. Predicted solidified phases of the samples S1(p), S2(p), S3(p) and S4(p)
under equilibrium condition at 1 atm. Different solidified phases are marked in
the legend and labelled in mass fraction. The highest amount of γ-lithium
aluminate in sample S2(p) is marked with the green dashed rectangular. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Calculated equilibrium solidification process of the re-optimized sample
S5(p) with the initial composition: Li2O: 10.1 wt%, Al2O3: 46.4 wt%, SiO2: 15.0
wt%, CaO: 22.5 wt%, MnO: 6.0 wt%.

H. Qiu et al.
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followed by flotation and chemical leaching processes to assess the ef-
ficiency of lithium recycling.

3.2. Chemical and mineralogical characterization of the slags

The chemical composition of the investigated slag samples S2_15 kg
and S5_15 kg is shown in Table 1. Compared to the weighed in
composition of the slag, the content of aluminum and lithium has
decreased. This may be due to the evaporation of lithium during high-
temperature smelting (Schirmer et al., 2020).

Table 2 shows the Rietveld quantitative phase analysis of the
investigated slags. The results prove that both samples contained large
amounts of amorphous components. In addition, five crystalline phases
from the mineral groups of silicates and oxides were quantified. Three of
them contained lithium: γ-lithium aluminate (γ-LiAlO2), β-eucryptite
(β-LiAlSiO4) and lithium manganese silicate (Li2MnSiO4), two slag
phases were lithium free: gehlenite (Ca2Al2SiO7) and glauchochroite
(CaMnSiO4). The main phases included gehlenite, γ-lithium aluminate,
amorphous constituents and also β-eucryptite in the sample S2_15kg. A
comparison of the quantitative phase composition with the predicted
equilibrium solidification (Fig. 5 and Fig. 6) reveals, that most of the
phases were correctly predicted by the thermodynamic model, except
for lithium manganese silicate and the amorphous constituents. This
inconsistency is due to the fact that amorphous phases cannot be
considered under equilibrium conditions and the thermodynamic
properties of lithium manganese silicate are missing in the FT-Oxide
database.

Studies of grain size, crystal morphology and degree of intergrowth
of the slag phases were carried out using a scanning electron microscope
(SEM) at BGR. The results show that the slag samples were solidified in a
compact, heterogeneous, hypocrystalline, fine- to medium-grained,
polycrystalline microstructure (Fig. 7 A and B). In both slags, euhedral
to skeletal or dendritic crystals of variable size lie in a matrix of glassy
solidified residual melt. The sample S2_15 kg, cooled down with 50 ◦C/
h, contained predominantly skeletal to dendritic crystallised phases. The
grain size of the gangue phase gehlenite in this slag was in the range of
< 20 µm to 200 µm, while the target phase γ-lithium aluminate reached
grain sizes between 10 µm to > 1 mm. In contrast, gehlenite was sub-
hedral and γ-lithium aluminate was euhedral crystallized in the sample
S5_15 kg, produced with a hold time of 6 h at 1150 ◦C and a cooling rate
of 25 ◦C/h. The grain sizes of gehlenite and γ-lithium aluminate ranged
in this slag from 100 µm to > 1 mm and 20 µm to > 500 µm, respectively.
β-Eucryptite was characterized by fine subhedral crystallites with grain
sizes of < 30 µm. The amorphous phases appeared in the samples in form
of glassy solidified residual melt in the crystal interstices. Finely
dispersed, closely intergrown, dendritic to net-like aggregates of glau-
cochroite were present in the amorphous components.

The microstructure studies indicate that the manganese-containing
phase glaucochroite crystallized after the lithium-containing phases
and gehlenite when the melt solidified. This observation is consistent
with earlier studies (Ranneberg et al., 2023).

3.3. Flotation experiments: Effect of particle size on flotation

The slag sample S2_15kg was crushed to a particle size of < 500 µm
followed by dry sieving. The sample was divided into three particle size
fractions: <32 µm, 32–100 µm and > 100 µm. Flotation tests were
performed on these fractions to investigate the effect of the particle size
on flotation results. The particle size distributions for these three frac-
tions are illustrated in Fig. 8A. Fig. 8B shows the particle size distribu-
tion of the slag after being dry ground for 30 s.

The anionic collector NaOl was used for the flotation tests based on
previous micro-flotation tests (Qiu et al., 2021). Since the highest yield
of γ-lithium aluminate is obtained under the natural pH around 11 in
micro-flotation tests (Qiu et al., 2021), the pH of the flotation slurry was
not adjusted throughout the experiments, and its natural pH was about
10–11.

Starting with the coarse particle size fraction, >100 µm, no signifi-
cant enrichment of Li in the flotation concentrate was observed, and the
yield was only 43.8 % (Table 3). This indicated that in this particle size
fraction, the target phase γ-lithium aluminate was not sufficiently
liberated after grinding, resulting in the accompanying gangue minerals
also entering the flotation concentrate, leading to poor selectivity.

In the case of the fraction 32–100 µm and < 32 µm, an enrichment of
Li in the flotation concentrate was observed. In the flotation concentrate
of 32–100 µm fraction, the Li2O content could be increased to around 12
wt%, while the Li2O content in the tailings decreased to about 8.2 wt%.
Moreover, in these two fractions, the recovery of Li in the flotation
concentrate reached 74 %-85 %. This also reflected the collecting
capability of NaOl for γ-lithium aluminate – not only did it exhibit good
collecting ability of NaOl for γ-lithium aluminate in micro-flotation, but
it also showed the same in slag flotation. However, the lithium content
in the flotation tailings of these two particle size fractions remained
unsatisfactorily high, which could be caused by poorly liberated fine
γ-lithium aluminate crystals. The quantity of these finely dispersed
γ-lithium aluminate crystals that are difficult to liberate, and it can only
be reduced by optimizing the slag design and cooling regime. Further-
more, the calcium content, which is a tracer element of gehlenite,
revealed that the calcium content in the concentrate has been signifi-
cantly lower than that in the tailings, although the gehlenite content in
the concentrate was still high.

Conversely, after the slag has been ground by the disc mill, it became
entirely non-floatable. It is hypothesized that difficulties in flotation
could be caused by slime coating, potentially caused by overly fine
particle sizes or caused by the slime coating of gangue mineral gehlenite.

The crushed slag S5_15kg was also dry sieved and divided into three
particle size ranges: < 32 µm, 32–100 µm, and > 100 µm. The particle
size analysis of these fractions is shown in Fig. 9.

Flotation tests were conducted on samples from each fraction. The
flotation results are shown in Table 4. The flotation performance of this
slag is overall lower than that of the slag sample S2_15kg. Notably, the >

100 µm fraction was entirely non-floatable. Even after the > 100 µm
fraction was dry ground for 5 s and 30 s in a disc mill prior to flotation, it
still remained non-floatable (Table 5). However, after the 32–100 µm
fraction was wet sieved again to de-slime, the flotation yield increased to
about 95 %. Similarly, after grinding and wet sieving the > 100 µm
fraction using a 32 µm sieve, the flotation yield also increased to about
96 %. It indicates that wet sieving and de-sliming directly affect the
flotation yield of the slag. Nevertheless, a too high flotation yield implies
that both the target mineral particles and gangue mineral particles have
entered the froth product, indicating that this flotation process is unable
to achieve the intended separation.

3.4. Flotation experiments: Effect of the dosage of SHMP on flotation

To enhance the purity of the flotation concentrate, further suppres-
sion of gehlenite is a crucial strategy for improving the purity of
γ-lithium aluminate in the flotation concentrate. During the flotation

Table 2
Rietveld quantitative phase analyses of the slag samples S2_15 kg and S5_15 kg
in wt %. Agreement indices Rwp and Rexp are given in %. Values in parentheses
represent twice the estimated standard deviations (2σ) reported by BGMN.

S2_15 kg S5_15 kg

gehlenite 25.9 (1.2) 38.7 (1.3)
γ-LiAlO2 25.4 (1.7) 27.4 (1.0)
glaucochroite 2.9 (1.2) 4.1 (0.4)
Li2MnSiO4 5.8 (0.5) 3.8 (0.4)
β-eucryptite 11.4 (0.9) 2.2 (0.2)
amorphous 28.6 (1.7) 23.8 (2.4)
Rwp 6.92 8.73
Rexp 4.33 5.30
χ2 2.55 2.71
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trials involving diaspore and kaolinite, with a NaOl system, it is
observed that sodium hexametaphosphate (SHMP) could activate dia-
spore while inhibiting the flotation of kaolinite under neutral and
alkaline conditions (Zhang et al., 2018). Thus, in this paper, we also
investigated the use of SHMP to inhibit gehlenite.

The results of sample S2_15kg (fraction 32–100 µm), illustrated in
Table 6, prove/show that an increasing dosage of SHMP lead to an
increasing Li2O content in the concentrate from about 12 wt% to 14.4 wt
%. Moreover, the CaO content in the concentrate gradually decreased
from 12.9 wt% to 7.8 wt% after the addition of SHMP. Hence, the
addition of SHMP effectively enhanced the purity of the γ-lithium
aluminate concentrate. In addition, lithium recovery in the concentrate

decreased with increasing SHMP dose. This might be due to SHMP also
inhibiting the up-floating of γ-lithium aluminate to a certain extent. In
the flotation process design, the recovery of Li in concentrate can be
further augmented by adding scavenger stages.

The enrichment of lithium in the concentrate is also supported by the
XRD data. As both γ-lithium aluminate and β-eucryptite contain lithium,
determining the exact enrichment of these two mineral phases by
elemental analysis alone is a significant challenge. As a result, qualita-
tive XRD analysis was introduced to assist in delineating the mineral
phase enrichment. This was achieved by comparing the intensity of the
major diffraction reflex of the mineral phases.

As shown in Fig. 10, with a SHMP dosage of 0 g/t, there was a

Fig. 7. Backscattered electron (BSE) images of the microstructure of sample S2_15 kg (A) and sample S5_15 kg (B). dark grey = γ-lithium aluminate, light grey =

gehlenite, white = mixture of glaucochroite in an amorphous/ glassy residual melt.

Fig. 8. A. Particle size distribution of the fractions > 100 µm, 32–100 µm and < 32 µm of slag sample S2_15kg. B. Particle size distribution of slag sample S2_15kg
after dry grinding for 30 s.
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significant enrichment of γ-lithium aluminate in the flotation concen-
trate. However, gehlenite did not show enrichment in the flotation
tailings, instead, it was distributed in both the concentrate and tailings.
When the SHMP dosage was raised to 500 g/t, the content of gehlenite in
the concentrate markedly decreased. This effectively demonstrates the
suppression effect of SHMP on gehlenite.

However, the effect of SHMP on β-eucryptite flotation was not sig-
nificant. Therefore, the influence of β-eucryptite should be fully

considered, if the aim is to further increase the purity of γ-lithium
aluminate in the concentrate or to reduce lithium losses in the tailings.
For example, the β-eucryptite content can be reduced from the mineral
composition of the slag through strategic slag design or additional
research can be pursued concerning the floatability of β-eucryptite.

The effect of SHMP dosage (50–200 g/t) on flotation was also con-
ducted for slag S5_15kg. In Section 3.3, it is mentioned that slag with a
particle size greater than 100 µm, after being ground to below 100 µm
and subjected to wet sieving with a 32 µm sieve, can achieve a flotation
yield of up to about 96 %. Therefore, it is necessary to use inhibitors to
reduce the up-floating of the gangue mineral gehlenite. Prior to the
flotation tests, the test material was subjected to wet sieving desliming.
The results are shown in Supplementary Material Table S2 and follow a
similar trend to the experimental results for slag sample S2_15 kg. It can
also be observed that SHMP has an inhibitory effect on gehlenite. As
shown in Fig. 11, by adding a cleaner stage, the purity of γ-lithium
aluminate concentrate can be improved compared to the results in
Table 4 and Table 5, and the up- floating of gehlenite can be further
inhibited (Table 7).

Table 3
Flotation results of sample S2_15kg, using NaOl as an anionic collector.

Fraction Part of the sample Flotation yield, % Li2O content, wt % Li recovery, % CaO content, wt % Ca recovery, %

> 100 µm Concentrate 43.81 9.06 45.14 16.99 42.53
Tailing 56.19 8.59 54.86 17.90 57.47
Feed 100.00 8.80 100.00 17.50 100.00

32–100 µm Concentrate 79.73 11.99 85.22 12.97 73.06
Tailing 20.27 8.18 14.78 18.82 26.94
Feed 100.00 11.22 100.00 14.16 100.00

< 32 µm Concentrate 64.03 12.25 74.21 12.06 52.94
Tailing 35.97 7.58 25.79 19.09 47.06
Feed 100.00 10.57 100.00 14.59 100.00

− 500 µm, Dry grinding 3 s in disk mill
− 500 µm, Dry grinding 5 s in disk mill
− 500 µm, Dry grinding 30 s in disk mill

Non-floatable
Non-floatable
Non-floatable

Fig. 9. Particle size distribution of the fractions > 100 µm, 32–100 µm and < 32 µm of slag sample S5_15kg.

Table 4
Flotation results of S5_15kg across different particle size fractions. using NaOl as an anionic collector.

Fraction Part of the sample Flotation yield, % Li2O content, wt. % Li recovery, % CaO content, wt. % Ca recovery, %

< 32 µm Concentrate 61.61 11.69 67.59 14.13 53.93
Tailing 38.39 9.00 32.41 19.38 46.07
Feed 100.00 10.66 100.00 16.15 100.00

32–100 µm Concentrate 14.01 − − − −

>100 µm Concentrate Non-floatable − − − −

Table 5
Flotation results of S5_15kg after wet sieving and S5_15kg after different
grinding times.

Experimental conditions Fraction Flotation
yield

32–100 µm wet sieving Concentrate 95.40
>100 µm, Dry grinding 5 s in disk mill Concentrate Non-

floatable
>100 µm, Dry grinding 30 s in disk mill Concentrate Non-

floatable
Grinding of the > 100 µm fraction to < 100 µm and

desliming through a wet sieving
Concentrate 95.75
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3.5. Surface property analysis

The Zeta potential is an electrical potential within the interfacial
double layer at the location of the slipping plane (Drzymała and Swatek,
2007; Tian et al., 2018). Serving as an indicator of the potential alter-
ation at the particle surface, it proves a valuable instrument for indi-
rectly assessing the interaction of flotation reagents with the particle
surface in pulp solutions (Feng et al., 2018). The Zeta potentials of
γ-lithium aluminate and gehlenite were measured under various con-
ditions by adjusting the slurry pH within a range of 2 to 12. The results of
this analysis are illustrated in Fig. 12.

Firstly, within the measured pH range, both γ-lithium aluminate and
gehlenite exhibited negative charges in distilled water. In the presence
of a NaOl solution, the potential of both γ-lithium aluminate and geh-
lenite underwent negative shifts to varying degrees, indicating that both
γ-lithium aluminate and gehlenite could adsorb the oleate ions. This also
explains why gehlenite still existed in the flotation concentrate. How-
ever, the magnitude of the negative shift in zeta potential of gehlenite is
smaller over most of the pH range.

After the addition of SHMP, the Zeta potential of gehlenite under-
went an overall negative shift, and the magnitude of this shift was even
greater than that seen with NaOl. This indicates that, compared with
NaOl, SHMP is more readily adsorbed on the surface of gehlenite. Upon
the addition of SHMP and NaOl, the Zeta potential of gehlenite was close
to the potential when SHMP was added alone within the pH range of 5 to
11. It suggests that in this pH range, when SHMP and NaOl are present
together, gehlenite would preferentially adsorb SHMP.

Following adding SHMP to γ-lithium aluminate, the Zeta potential of
γ-lithium aluminate also negatively shifted, but the magnitude was even
smaller than that of NaOl. This indicates that NaOl is more readily
adsorbed onto the surface of γ-lithium aluminate. When adding both
SHMP and NaOl to γ-lithium aluminate, the surface potential of
γ-lithium aluminate was further shifting negatively and closed to that of
NaOl, indicating that NaOl plays a more important role than SHMP in
the adsorption onto γ-lithium aluminate in the measured pH range.

To further demonstrate the selective inhibitory effect of SHMP on
gehlenite in a NaOl system, the powder contact angle of γ-lithium
aluminate and gehlenite was measured respectively.

Flotation leverages the differences in hydrophobicity among mineral
particles to effectuate the separation of distinct particles. The hydro-
phobicity degree of mineral particles can be characterized via the
measurement of their contact angle (Drzymała and Swatek, 2007).
Typically, the contact angle on a mineral surface can be measured by
methods such as the sessile drop technique. However, due to factors such
as surface roughness, swelling, and liquid penetration into the pores, the
measurement of the contact angle for powders becomes quite chal-
lenging using these methods (Alghunaim et al., 2016). Therefore, in this
case, indirect methods have been used to measure powder contact angles
by relating the penetration rate or pressure (Drzymała and Swatek,
2007). The Washburn method was adopted to indirectly measure the
powder contact angles of γ-lithium aluminate and gehlenite in this

study.
The results (Table 8) revealed that the natural powder contact angle

of γ-lithium aluminate is smaller than that of gehlenite. With the addi-
tion of 10-5 M sodium oleate, the powder contact angle of γ-lithium
aluminate increased to 88◦, while that of gehlenite increased to 71◦. This
suggests that at the same concentration, sodium oleate has a stronger
adsorption capability for γ-lithium aluminate than for gehlenite. After
adding 10-6 M SHMP, the contact angle of γ-lithium aluminate remained
essentially unchanged, while that of gehlenite decreased dramatically.
As the SHMP concentration was further increased to 10-5 M, the powder
contact angle of γ-lithium aluminate started to decrease, dropping from
90◦ to 72◦, while the decrease for gehlenite was more substantial, with
the contact angle dropping to 11◦. As the concentration of SHMP
increased up to 10-4 M, the powder contact angle of γ-lithium aluminate
continued to slowly decrease, while the contact angle of gehlenite
decreased to the lower limit of the measurement.

From these results, it is clear that with the addition and increasing
concentration of SHMP, the hydrophilicity of both γ-lithium aluminate
and gehlenite began to increase. However, the hydrophilicity of geh-
lenite dramatically increased, while γ-lithium aluminate continued to
maintain a certain degree of hydrophobicity. These results also corrob-
orate the selective inhibitory effect of SHMP on gehlenite from another
perspective.

3.6. Leaching behaviors of the slag samples

This study further compared the direct leaching of slag samples and
the leaching effect of flotation concentrate. The concentration of Si in
the leachate plays a significant role in hydrometallurgical processes.
Excessive silicon concentrations can lead to the formation of silica gel
(Davris et al., 2017; Ma et al., 2019; Voßenkaul et al., 2017), thus
complicating filtration and causing pipe blockage. As demonstrated in
Fig. 13A, a noticeable decrease in Si content within the leachate can be
observed in the concentrate acquired through flotation. This indicates
the direct impact of pre-separating aluminate and silicate by flotation on
reducing the Si concentration in the leachate.

In Fig. 13B, the Si concentration in the leachate from the direct
leaching of slag S5_15kg is significantly lower than that in the leachate
from slag S2_15kg. This might be due to the inherently lower Si content
in the S5_15kg slag itself. Moreover, the Si concentration in the leachate
from the flotation concentrate of the S5_15kg slag is slightly lower than
that in the leachate from its direct leaching. The mineralogical compo-
sition of the slag residue from leaching under various leaching condi-
tions is presented in Supplementary Material Table S3.

4. Conclusion

This study introduces an approach to slag treatment whereby slags
can be designed for easier beneficiation by using the EnAM method,
thereby reducing the workload in mineral processing research. The core
of the EnAM method lies in the development of robust thermodynamic

Table 6
Flotation results of sample S2_15kg after dosage of SHMP.

dosage of SHMP Part of the sample Flotation yield, % Li2O content, wt % Li recovery, % CaO content, wt % Ca recovery, %

0 g/t Concentrate 88.30 11.97 92.51 12.90 82.53
Tailing 11.70 7.32 7.49 20.61 17.47
Feed 100.00 11.43 100.00 13.80 100.00

200 g/t Concentrate 38.62 12.87 43.64 11.33 31.43
Tailing 61.38 10.46 56.36 15.56 68.57
Feed 100.00 11.39 100.00 13.92 100.00

300 g/t Concentrate 37.64 12.79 42.60 10.96 29.75
Tailing 62.36 10.40 57.40 15.62 70.25
Feed 100.00 11.30 100.00 13.87 100.00

500 g/t Concentrate 25.92 14.38 32.84 7.79 14.18
Tailing 74.08 10.29 67.16 16.51 85.82
Feed 100.00 11.34 100.00 14.24 100.00
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databases and models, along with a thorough understanding of the
processing properties of typical slag minerals, such as their floatability
and leachability.

In this study, slag systems were designed consisting of the Li2O-CaO-
Al2O3-SiO2-MnO system. Utilizing existing commercial thermodynamic
databases and models, most of the lithium was successfully transferred
to the γ-lithium aluminate phase, thereby reducing lithium dispersion.
However, discrepancies remain between the thermodynamic predictions

and the actual composition of the slag, indicating a need for further
optimization of the thermodynamic database. In addition, an initial
attempt was made to apply this strategy to the flotation study, and the
research on flotation properties of lithium-containing slag is an impor-
tant supplement to the technological path of high temperature pyro-
metallurgical recycling of spent LIBs.

It is found that the slag composition designed and predicted through
the EnAM method is already close to the mineralogical composition

Fig. 10. XRD patterns of flotation concentrate and flotation tailings of S2_15kg when SHMP dosage is 0 g/t (A) and XRD patterns of flotation concentrate and
flotation tailings of S2_15kg when SHMP dosage is 500 g/t (B).
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obtained through mineralogical analysis. In flotation research, the
highest lithium recovery reached 92.5 %. With the addition of SHMP,
the up-floating of the gangue mineral gehlenite could be well inhibited,

improving the grade of lithium in the flotation concentrate up to 6.7 wt
% (equivalent to 14.4 wt% Li2O), at which point the lithium recovery
drops to 32.8 %.

In NaOl solution, Zeta potential measurements indicated that SHMP
is more easily adsorbed on the surface of gehlenite than γ-lithium
aluminate. After treatment with NaOl solution, powder contact angle
measurements clearly showed that as the concentration of SHMP
increased, the powder contact angles of both gehlenite and γ-lithium
aluminate decreased. However, greater decrease in gehlenite was
observed yielding a selective flotation process.

By designing the EnAM slag and incorporating a flotation process,
the silicon content in the feed composition can be reduced before
leaching, thereby lowering the silicon content in the leachate, and thus
reducing the possibility of silica gel formation.
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Fig. 11. The flow sheet of laboratory multiple stage flotation by adding a
cleaner stage.

Table 7
Flotation results of S5_15kg with multiple stage flotation by adding a cleaner
stage, in %.

Part of the
sample

Flotation
yield, %

Li2O
content,
wt %

Li
recovery,
%

CaO
content,
wt %

Ca
recovery,
%

Concentrate 21.60 10.94 30.45 15.11 14.20
Middling 8.72 8.52 9.59 21.41 8.13
Tailing 69.68 6.67 59.96 25.61 77.67
Feed 100.00 7.75 100.00 22.97 100.00

Fig. 12. A. Zeta potential of γ-lithium aluminate as a function of pH in absence and presence of NaOl and SHMP; B. Zeta potential of gehlenite as a function of pH in
absence and presence of NaOl and SHMP.

Table 8
The powder contact angle of γ-lithium aluminate and gehlenite in absence and
presence of NaOl and SHMP.

Sample Powder Contact
angle (washburn)

Sample Powder Contact
angle (washburn)

γ-LiAlO2 26◦ Gehlenite 58◦

γ-LiAlO2 + NaOl
10-5 M

88◦ Gehlenite + NaOl
10-5 M

71◦

γ-LiAlO2 + NaOl
10-5 M
+ SHMP 10-6 M

90◦ Gehlenite + NaOl
10-5 M
+ SHMP 10-6 M

47◦

γ-LiAlO2 + NaOl
10-5 M+SHMP
10-5 M

72◦ Gehlenite + NaOl
10-5 M+SHMP 10-

5 M

11◦

γ-LiAlO2 + NaOl
10-5 M+SHMP
10-4 M

67◦ Gehlenite + NaOl
10-5 M+SHMP 10-

4 M

0◦
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