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1. Introduction

Lithium-ion batteries (LIBs) are part of everyday life, as they are
widely used in portable electronic devices, and there will be an
increasing demand in the road transport sector as part of electric
vehicles (EV),[1] with the demand only rising in the foreseeable
future.[2] There is a discussion about the future supply of the

required resources, with two options to
obtain the required metals (Li, Cu, Co,
Ni, Al):[3] 1) the primary production of
metals and minerals from mining to meet
growing demand and 2) secondary produc-
tion from recycling to protect and conserve
natural resources.[3,4]

The new EU battery directive puts a strong
emphasis on the recycling of LIBs by intro-
ducing specific recycling quotas.[5] From
2027, 50% of the lithium contained in
LIBs must be recovered.[5] Quotas have also
been introduced for the use of recycled
lithium in new LIBs.[5] In 2031, 6% of the
lithium used in new LIBs must be recycled
lithium, and by 2036, theminimum required
recycled lithium content in newly manufac-
tured LIBs will double to 12%.[5] To comply
with this regulation, a lithium recovery rate
of at least 80% must be achieved by 2031,
assuming a collection rate of 100% for spent
LIB.[6,7] Currently, recycling of most battery
metals (Cu, Co, Ni) is already established
using extractive pyrometallurgy.[8]

One major issue is the accumulation of
lithium in the slag, resulting in significant dilution due to added
slag formers and slag modifiers. Furthermore, the slag is fre-
quently enriched with potentially environmentally hazardous
heavy metals, e.g., Cu, Ni, and Pb.[9,10] The mineral phases finally
contain the lithium depend on different factors, i.e., composition
of the slag, maximum process temperature, or the cooling
rates.[11] To date, the lithium from such slags is not extracted
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The recycling of lithium-ion batteries (LIBs) through extractive pyrometallurgy
is widely used, but a significant drawback is the loss of lithium to the slag.
To address this, lithium-bearing slag from an industrial LIB recycling plant is
analyzed using wavelength dispersive X-ray fluorescence, inductively coupled
plasma optical emission spectroscopy, X-ray diffraction (XRD), and thermog-
ravimetry coupled infrared. The slag’s chemical composition is complex, best
described by the ternary system CaO–SiO2–Al2O3, with additional major com-
ponents being Na2O, Fe2O3, MgO, V2O5, Mn2O3, and Cr2O3. The slag cone shows
little chemical zonation and a relatively constant lithium content of Ø 0.82 mass%.
The recycling slag shows a mineralogical composition typical of nonferrous slags
(e.g., melilite, clinopyroxene, nepheline). Lithium is either bound in β-eucryptite or,
to a lesser extent, in lithium metasilicate. β-eucryptite contains up to 5.51 mass%
lithium stoichiometrically, which is more than typical lithium ores contain.
Moreover, β-eucryptite has potential for the engineering of artificial minerals
strategy as an easily implementable lithium phase. β-eucryptite forms in slags with
lower overall lithium content, allowing for the use of slag modifiers that reduce the
process temperature. Hence, β-eucryptite could prove as efficient and feasible
option for improving lithium recovery from smelting processes.
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and the resulting slag is either landfilled or downcycled for the
use as a building material.[12] Either way, the lithium cannot be
used to produce new batteries.

Regarding the challenging time schedule set by the EU, it is
advisable to focus on a lithium extraction process using the
already established extractive pyrometallurgical recycling as
basis. One novel pyrometallurgical approach is the accumulation
of a target element in a mineral phase. This “engineering of arti-
ficial minerals” (EnAM) approach is often discussed in recent
literature as a strong option for lithium recovery.[13–16]

To identify potential extraction processes for the lithium from
the slag, a comprehensive understanding of the chemical bound-
ary conditions of the lithium in products of extractive pyromet-
allurgical recycling is required. Therefore, this work focuses on
the characterization of a lithium-bearing slag produced by smelt-
ing spent LIBs, using chemical and mineralogical analysis. This
study aims to achieve a better understanding of how lithium is
distributed in the recycling slag and in which mineral phases it is
incorporated.

2. Pyrometallurgical LIB Recycling

2.1. Applied Processes

Pyrometallurgical processes can be subdivided into two catego-
ries: thermal pretreatment and extractive pyrometallurgy
(Figure 1).[17,18] The key distinctions between these processes
are the employed temperature ranges and the resulting products.

Extractive pyrometallurgy requires higher temperatures; for
instance, non-salt-assisted roasting usually begins at 650 °C
and can reach up to 1200 °C.[19,20] Smelting processes typically
require temperatures exceeding 1250 °C[21] and even up to
1700 °C.[22] Depending on the exact process parameters, roasting
produces a variety of different products, while smelting usually

produces the metals Ni, Co, and Cu as alloy or matte, in addition
to a slag which contains the lithium (Figure 1).[17,18]

Thermal pretreatment, including pyrolysis and incineration,
operates over a wide range of temperatures, typically below
700 °C.[18,23–25] Thermal pretreatment techniques aid in the
production of black mass, an intermediate product of LIB recy-
cling.[18,25,26] Incineration should be conducted at a minimum
temperature of 500 °C to break down the polyvinylidene fluoride
binder.[24] Pyrolysis provides the opportunity to break down the
organic components and utilize them as fuel.[27] Additionally, at
low temperatures (<150 °C), it is possible to recover the electro-
lyte of the recycled LIBs through condensation.[28]

2.2. The Slag Formation Process at Nickelhütte Aue

Smelting of LIBs, an extractive pyrometallurgical LIB recycling
process, produces slags as a byproduct. In a batch process, com-
plete batteries, other Ni- and Co-containing materials, and slag
formers (i.e., sand, gypsum) are added into a rotary kiln. This
mixture is heated up to 1350 °C by burning natural gas
(Figure 2). At this temperature, the components melt completely.

Inside the furnace, two immiscible melts, one silicate melt
(AxSiyOz; A= Ca, Al, Mg, Na, Li, K, Fe, Mn, Cr, V,…) and
one sulfidemelt (MxSy; M=Ni, Cu, Co,…) form. These twomelts
have different densities and thus separate into two liquid layers.
The lower layer is formed by the sulfide melt while the silicate
melt forms the upper layer. The melts are poured into a steel
cone, which is connected to two steel overflow cones
(Figure 2). The sulfide melt fills up most of the central cone.
The silicate melt remains on top of the central cone and fills
up the two additional cones. The filled cones cool down to ambi-
ent conditions within two days. The solidification features two
steps. 1) Formation of an amorphous outer layer: when the melt
mixture encounters the cold steel cone, it quenches and mostly

lithium-ion batteries
(LIB)/ black mass

1700 °C

smelting

1250 °C

1200 °C

calcination/
roasting

650 °C

750 °C

incineration

500 °C

Ni, Co, Cu as
alloy or sulfide

Pyrometallurgical
Processes

Li bearing slag

metals as alloy
or intermediate
compounts

carbon residue

black mass

electrolyte

battery production

downcycling/
waste

further recycling
(hydrometallurgy,

extractive pyrometallurgy,
electrolyte treatment)

Li

downcycling/
landfill

ex
tr
ac
tiv
e

py
ro
m
et
al
lu
rg
y

th
er
m
al

pr
et
re
at
m
en
t

lithium loss!

process under
regular

atmosphere

productinput

process under
oxygen free
atmosphere

750 °C

pyrolysis

130 °C

Figure 1. Visualization of the different pyrometallurgical recycling processes, showcasing input, processes with temperatures and atmospheric
conditions, products, and further (processing) routes.
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an amorphous outer layer forms. This layer insulates the remain-
ing melt from the temperature difference between the steel cone
and the melt. 2) Crystallization of the mineral phases: the resid-
ual melt cools down more slowly, enabling the crystallization of
mineral phases.

The central cone, i.e., the product cone contains solidified
metal sulfides and a silicate slag cap on top. The two overflow
cones, i.e., slag cones mainly contain silicate slag with minor
amounts of metal sulfides. As the slag cones are positioned sym-
metrically around the product cone and cool down under the
same conditions, no significant differences between the two slag
cones are to be expected. The metal sulfides are the intermediate
product of the recycling process. They are subjected to further
refining, while the lithium-bearing slag is currently downcycled
and used for roadworks or is landfilled.

3. Experimental Section

3.1. Sampling

Slags were sampled from the standard LIB-recycling process of
Nickelhütte Aue GmbH. Samples were taken from the same
batch as soon as the slag was cold enough for safe demolding
and crushing. The slag was carefully broken using a jackham-
mer, mounted on an excavator. The product cone and one slag
cone were sampled (Figure 3). The applied sampling scheme
considered possible zonation within the cone. One cone has a
diameter of 1 m at the top (Figure S1, Supporting Information).

3.2. Sample Description

All samples of the slag and product cone consisted mainly of
crystalline solids of varying gray color (Figure S2, S3,
Supporting Information). The peripheral part of the slag
cone, represented by samples 1, 4, and 5, exhibited a mostly

amorphous layer which has a maximum thickness of ≈2 cm.
Visible mineral crystals could be observed in the inner part of
samples 1 and 2 and also in the center of slag cone (sample 3).
In sample 1, an increase in crystal size from micrometer to
millimeter scale from the outer to the inner part was apparent
(Figure S2, Supporting Information). Sample 3 featured crystals
and angular cavities larger than 1 cm (Figure S2, Supporting
Information). All samples were mostly magnetic and feature
small, rounded holes (with a maximum diameter of 2mm).
The slag layer of the product cone (sample no. 6 and 7) displayed
a more distinct magnetism. Furthermore, a yellow to brown dis-
coloring was visible, which was not occurring in the slag cone.
These samples contained increased amounts of rounded cavities
of up to 1 cm in size (Figure S3, Supporting Information).

3.3. Sample Preparation

Representative parts of the samples were crushed using a jaw
crusher and milled for 1–3min at 700–1400 rpm using the
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Figure 3. Schematic image of the product cone and one slag cone. The red
rectangles show the approximate sampling positions. A) The slag cone
and B) the product cone.
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Retsch RS 1 vibratory disk mill, to obtain fine powder for X-ray
diffraction (XRD) and wavelength dispersive X-ray fluorescence
(WDXRF) analyses. For samples 1 and 5, additional subsamples
were taken from the mostly amorphous outer layer of the cooled
and hardened slag (samples 1a and 5a).

3.4. Methods

The main goal of this study was to identify the Li-bearing phases
and to understand the complex phase assemblage of the slag.
Both are important information to develop recycling procedures
for this material. For chemical analysis, quantitative as well as
semiquantitative bulk analysis were performed by WDXRF,
and the lithium content was measured by inductively coupled
plasma optical emission spectroscopy (ICP–OES). The results
of both methods could be evaluated and compared to check
for a chemical zonation of the major and minor elements, or
even the targeted lithium. Mineralogical characterization was
performed by XRD.

3.4.1. ICP–OES and Quantitative Sulfur Measurements

For the lithium measurements with ICP–OES, the sample was
dissolved into an aqueous solution and measured in accordance
to DIN EN ISO 11885:2009-09.[29] The material was prepared for
acid digestion by performing alkaline fusion with Na2O2. The
fused mixture was digested in aqua regia and diluted with deion-
ized water for the ICP–OES measurements. For the quantitative
sulfur measurements, the sample was burned in an induction
furnace in an O2 atmosphere to oxidize the sulfur to SO2, which
was detected by infrared spectroscopy (in accordance with DIN
51085:2015-01).[30]

3.4.2. Wavelength-Dispersive X-Ray Fluorescence

WDXRF was used for the determination of the main and trace
element composition. The gain on ignition (GOI) was deter-
mined by heating and holding 1 g of sample to 1000 °C for
1 h. This was performed twice per sample. Afterward, fused
beads were prepared. An amount of 1 g of sample was mixed
with 8 g of flux (LiB4O7, Supelco). Samples 1–5 were prepared
as fused beads using the “Fusion Machine” (HD Elektronik
und Elektrotechnik GmbH).

Samples 6 and 7 were prepared as pressed pellets, due to
issues with the preparation using the flux method. For preparing
pressed pellets, 8 g of finely ground sample was mixed exten-
sively with 2 g of wax (Hoechst–Wachs) in an agate mortar.
Fused beads are the standard for quantitative measurements
to avoid potential error sources like uneven mixing and granulo-
metric effects, which are present in pressed pellets.[31] All fused
beads were measured quantitatively using the “S8 Tiger 2”
WDXRF Spectrometer (Bruker AXS). The quantitative XRF
measurements were carried out by using the “GEO-QUANT
ADVANCED” program, which included a specific calibration
for the selected elements. The pressed pellets were measured
semiquantitatively using the “QUANT-EXPRESS” program,
which included more elements than the quantitative measure-
ment program.

3.4.3. Qualitative Phase Analysis by XRD

XRD analysis was applied to characterize the bulk mineralogical
composition of the slag. The measurements were performed
with a Panalytical X’pert3 Powder (Malvern Panalytical) diffrac-
tometer using a Bragg–Brentano geometry and Cu-Kα radiation.
The diffractometer configuration for the incident beam path con-
sists of a 10mm mask, 0.04 rad Soller slits, a fixed 1/8° diver-
gence slit, and a fixed 1/4° anti-scatter slit. For the diffracted
beam path, a 7.5 mm anti-scatter slit, 0.04 rad Soller slits, and
a Ni K-β filter were used. The data was collected by PIXcel 1D
detector and a step size of 0.013°2Θ. The samples were prepared
using flat sample holders and the back-loading method. And,
10% of silicon was added as an internal standard to correct
the sample height error.

4. Results and Discussion

4.1. Chemical Characterization

A central question of this investigation was to test whether the
slag is chemically homogeneous or if it shows chemical zonation.
The slag cone (sample no. 1–5) contains a rather constant lithium
concentration, as determined by ICP–OES (Table 1), ranging
between 0.77mass%Li in sample 4 and 0.9mass%Li in sample 5a.
The mean and median lithium concentration is 0.82 mass% Li.
The standard statistical tool to compare the variability between
populations of different scales is the coefficient of variation
(CV).[32] The CV is calculated by normalizing the standard devia-
tion (σ) with the mean (μ) of the same population. The equation
for calculating the CV is given in Equation (1). To give the CV
in %, the result is to be multiplied by 100.

CV ¼ σ

μ
(1)

The CV for lithium in the slag cone is 4.9%, showing little
variation; however, no spatial accumulation can be found. The
quantitative sulfur content (Table 1), as determined by thermog-
ravimetric analysis coupled with infrared (IR) spectroscopy, in
the slag cone (sample no. 1–5) shows an overall low sulfur con-
tent with a mean of 0.32 mass% S but a high level of variation as
shown by the CV of 46.52%. There are two reasons for the high
variation of sulfur in the slag cone: 1) the samples from the top of
the slag cone (sample no. 5a and 5b) show an increased sulfur

Table 1. Quantitative results for the lithium and sulfur content (mass%)
as well as gain on ignition (GOI) of all seven samples, as determined by
ICP–OES and thermogravimetry-coupled IR spectroscopy, respectively.

Sample Slag conea) Product cone

1a 1b 2 3 4 5a 5b 6 7

Li [mass%] 0.82 0.79 0.83 0.78 0.77 0.90 0.83 0.52 0.75

S [mass%] 0.30 0.21 0.20 0.27 0.20 0.64 0.39 9.72 2.58

GOI [%] 0.76 0.41 0.47 0.4 0.43 1.59 1.06 8.2 3.72

a)1a and 5a represent the amorphous outer layer of the respective subsample, while
1b and 5b represent the mostly crystalline inner part of each sample.
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level in comparison to the rest of the slag cone; 2) the amorphous
subsamples (sample no. 1a and 5a) show an increased sulfur
content compared to their crystalline (sample nos. 1b and 5b)
counterparts, with 0.30 mass% S (sample 1a) to 0.21 mass% S
(sample 1b) and 0.64 mass% S (sample 5a) to 0.39 mass% S
(sample 5b), respectively.

The product cone (sample no. 6 and 7) contains less lithium
than the slag cone (Table 1) with strongly varying total amounts.
The sulfur levels also vary greatly (Table 1) but are increased
compared to the slag cone. All samples display a negative loss
on ignition, which translates to an increase in mass on ignition,
referred to as GOI.[33] The GOI of all samples is shown in
Table 1. The GOI is likely caused by the oxidization of sulfide
S2� to sulfate (SO4)

2�, e.g., the oxidation of the sulfide minerals
at higher temperatures and the formation of sulfate phases with
oxygen from the air (Equation (2)).[34] This implies a linear cor-
relation between sulfur content and GOI.[34]

MSðsÞ þ 2O2ðgÞ ! 2MSO4ðsÞ (2)

However, the GOI shows a nonlinear correlation to the quan-
titative sulfur content (Figure 4). There are two processes able to
distort the correlation GOI and sulfur content: 1) incomplete oxi-
dation of sulfide minerals in the samples with high sulfur con-
tent; 2) loss of volatile components during heating. Incomplete
oxidation of the sulfides would decrease the GOI of the high sul-
fur samples, while the loss of volatile components would increase
the GOI of low sulfur samples. Both processes lead to a similar
distortion of the correlation of GOI and sulfur content.
Additionally, an inverse correlation between lithium content
on and sulfur content is apparent (Figure 4). Hence, lithium
is proven to be not associated with the sulfide minerals.

The chemical composition, as determined by WDXRF, of the
slag is rather complex with SiO2, CaO, and Al2O3 as main com-
ponents only contributing around 75.3� 1.6 mass%. Further
main components, i.e., >1 mass%, are Fe2O3, Na2O, MgO,
V2O5, Mn2O3, and Cr2O3 (Figure 5). The minor components,
i.e., <1mass%, are ZnO, P2O5, BaO, TiO2, NiO, K2O, CuO,
SrO, and ZrO2 (Figure 6a). The CV for each component of

the slag cone (sample no. 1–5) was calculated to assess the
variation in composition. Due to the high SiO2 and Al2O3

content, it is likely that the slag cone mostly consists of different
silicate minerals or a complex silicate glass.

Furthermore, the displayed distribution of the main compo-
nents is very homogenous. Most main compounds show very lit-
tle deviation over the slag cone, with a CV below or close to 1%.
This suggests that there is little elemental transport inside the
solidifying slag cone. Therefore, a similar mineralogical compo-
sition over the entire slag cone is expected. The only exceptions
are Fe and Cr showing a CV of 2.58% and 3.24%, respectively.

The higher CV of iron can be traced back to samples 5a, 5b,
and 1a showing an increased iron content of Ø 6.06� 0.15 mass%
compared to the mean Fe2O3 content of the other samples of
5.93� 0.03 mass%. The samples with an increased iron content
also contain more sulfur than the rest of the slag cone. Therefore,
it is likely that some Fe is bound in the sulfides which show a
highly uneven distribution. The Cr2O3 distribution in the slag
cone is slightly uneven, with sample 5a showing the lowest
Cr2O3 content with 1.06� 0.002 mass%, while sample 3 contains
the highest Cr2O3 content with 1.17� 0.003 mass%. The Cr2O3

content does not correlate with the sulfur content and has a higher
CV as the silicate phases. This makes it likely that the Cr2O3 is
bound in a slightly unevenly distributed oxide phase. A likely can-
didate is a Cr2O3-containing spinel (general formula: A2þB3þ

2O4

with A and B are 2þ and 3þ valent metals), forming a typical oxide
slag mineral.[35,36]

For the minor components, a polymodal distribution is appar-
ent. ZnO, P2O5, BaO, and TiO2 show the lowest CVs (between
0.58% and 1.21%). It is likely that they are associated with the
homogeneously distributed silicates. Due to the higher sulfur
content of samples 5a and 5b, they are plotted separately and
are not included in the calculations of the CV. Still, the CVs
for the sulfur-associated metals (Figure 6b) Ni (22.76%) and
Cu (24.26%) are very high which further illustrates the heteroge-
neous distribution of sulfur in the slag cone. An increase in Ni,
Cu, and S content in the amorphous outer layers of the slag was
observed. In the smelting process, gravimetric separation
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separates the metal sulfide from the slag. Hence, it is likely that
gravimetric separation also takes place in the slag cone.
Therefore, it is expected that the quickly cooled amorphous outer
layers of the slag contain the average amount of Ni, Cu, and S of
the slag cone. This implies that the main body of the slag cone is
depleted in those elements and metal sulfides likely form a layer
at the bottom of the slag cone.

K2O, ZrO2, and SrO have a CV of 5.09, 3.03, and 3.52%,
respectively. However, for neither compound, a clear spatial
trend could be recognized. The ZrO2 and K2O measurements
have the two highest statistical errors with a mean of 2.18%
and 0.70% respectively. The mean statistical error of the SrO
measurement is 0.47%, which is average for this measurement.
Consequently, the variation is likely due to sample preparation
limitations in addition to the statistical error of the quantitative
WDXRF measurements.

The concentration of the major components in the slag cap of
the product cone (sample no. 6 and 7) could only be measured
using a semiquantitative measurement program (Table 2), while
the slag cone was measured quantitatively. Thus, care must be
taken when comparing the absolute values. However, the sulfur
concentration measured by quantitative thermogravimetric sul-
fur analysis and the semiquantitative WDXRF program are very
close with 2.58 and 2.60 mass%, respectively. A noticeable differ-
ence in the chemical compositions of both cones can be detected.
The major differences between both cones are the concentrations
of sulfur and the associated metals (e.g., Ni, Cu). The samples
from the product cone contain significantly more S, Ni, and
Cu. A higher abundance of the metal sulfide phases indicates
inversely a lower abundance of all others, mostly with associated
silicate. Especially, the center of the slag cap (sample 6) exhibits

by far the highest sulfur levels. However, the rim of the slag cap
(sample 7) shows a similar chemical composition to the samples
from the slag cone.

4.2. Mineralogical Characterization

The mineral content of the slag was qualitatively analyzed by
applying XRD and subsequent analysis of the diffraction patterns
using HighScore Plus v 4.9.[37] The results of the qualitative
phase analysis are shown in Table 3. Pawley fitting, a structure
independent fitting method for diffraction patterns,[38] was per-
formed using TOPAS 6.0.[39] The Pawley fits are in good agree-
ment with the qualitatively determined phases. Exemplary XRD
patterns can be found in Supporting Information (Figure S4–S6,
Supporting Information).

The only phases present in all samples are the silicates clino-
pyroxene and nepheline. An augite was selected for peak evalua-
tion of the clinopyroxenes, but the true composition of the
clinopyroxene in the slag could deviate to some extent, as clino-
pyroxenes are known for their variable chemical composition.[40]

Considering the presence of sodium together with aluminum in
a silicate melt, the formation of nepheline in both cones is
likely.[41] Equation (3) demonstrates how nepheline is formed
from the basic components.

Na2OðlÞ þ Al2O3ðlÞ þ 2SiO2ðlÞ ! 2NaAlSiO4ðsÞ (3)

Melilite and spinel are present in all samples from the slag
cone but were not observed in samples from the product cone.
This is a major mineralogical difference between both cones. As
spinel, a magnesiochromite was selected for peak evaluation.
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Figure 6. a) Mean quantitative minor element composition, as determined by WDXRF, of the slag cone. Sample 1a–4 with coefficient of variation and
extreme values, subsamples 5a and 5b plotted separately. b) NiO and CuO plotted against S content, showing a linear correlation.

Table 2. Results of the semiquantitative WDXRF analysis of the product cone (sample no. 6 and 7) on pressed pallets with statistical error.

Sample SiO2 [mass%] SO3 Fe2O3 CaO Al2O3 NiO CuO Na2O MgO V2O5

6 26.0� 0.25% 17.8� 0.22% 12.3� 0.09% 11.8� 0.21% 7.7� 0.43% 8.4� 0.11% 3.4� 0.14% 3.2� 1.02% 2.2� 0.81% 1.0� 0.73%

7 39.4� 0.20% 6.5� 0.37% 4.4� 0.16% 19.7� 0.17% 10.9� 0.34% 2.2� 0.18% 1.0� 0.25% 4.3� 0.81% 3.3� 0.62% 1.3� 0.68%
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Similar to the clinopyroxene, the exact composition of the spinel
in the slag could deviate, as the spinel group can incorporate
cations commonly found in the slag (e.g., Fe, Mn, Cr).[36]

Wollastonite can only be detected in the product cone as major
calcium-bearing phase, which is, in the slag cone, mainly bound
by the melilite. Clinopyroxene, melilite, spinel, and wollastonite
are typical slag phases in nonferrous metal production.[42]

Pentlandite is only present in the product cone, which is consis-
tent with the higher sulfur content detected in those samples.

The lithium is incorporated in two different phases:
1) β-eucryptite (LiAlSiO4), which is present in most samples,
and 2) lithium metasilicate (Li2SiO3), only detectable on the out-
side of the slag cone (sample no. 4 and 5). Both phases contain a
higher lithium content than lithium-bearing minerals which are
mined as lithium ore (Table 4).[43] The chemical composition of
the slag cone samples (sample no. 1–5) is very similar, which
would imply that the cooling rate is the determining factor.
According to Konar et al.[44] the ratio of Li2SiO3:LiAlSiO4 deter-
mines whether lithium metasilicate or β-eucryptite forms first
when cooling a melt. As lithium metasilicate can only be found
in the outer layer of the slag cone (sample no. 4 and 5), which
cools fastest, this proves that the lithium metasilicate forms first.
In samples with slower cooling rates, in the center of the slag
cone, only β-eucryptite was observed. Hence, it is assumed that
lithium metasilicate is likely metastable in this system and reacts
to β-eucryptite. This is further supported by Jochum &
Reimanis[45] describing the formation of lithium metasilicate

as metastable intermediate product in the reaction of Li2CO3,
SiO2, and Al2O3 to β-eucryptite at 1100 °C (Equation (4)).

5Li2CO3 þ 10SiO2 þ 5Al2O3 ! SiO2 þ 3Al2O3

þ 3Li2SiO3 þ 2LiAlSi2O6 þ 2LiAlSiO4

þ 5CO2 ! 10LiAlSiO4 þ 5CO2

(4)

4.3. Potential for Lithium Recoverability

In the slag, the lithium phases β-eucryptite and lithium metasi-
licate were observed. For a lithium recover process, lithiummeta-
silicate is less relevant as it is proven to be thermodynamically
metastable. To generate lithium metasilicate instead of
β-eucryptite, the slag cone must be cooled down faster which
would lead to smaller crystal sizes making a recovery increasingly
difficult. Hence, the β-eucryptite should be the focus for
a lithium recovery process.

To estimate the potential for lithium recovery, the theoretical
amount of β-eucryptite was calculated based on the total amount
of lithium in the slag. The calculation assumes that all lithium
reacts to β-eucryptite and no other lithium-bearing phases are
formed. It is further assumed that the β-eucryptite forms accord-
ing to its stoichiometric formula and that no lithium is lost to
other phases in the slag. The resulting slag would consist of
14.9% β-eucryptite. However, in such a complex slag, it is likely
that some lithium is incorporated in other phases and that
the β-eucryptite shows a nonstoichiometric composition, as
β-eucryptite forms multiple solid solutions, which influence
the composition of the final phase leading to a lower overall
β-eucryptite content. In the present slag system, following
solid solutions are most relevant: 1) β-eucryptite (LiAlSiO4)—
nepheline (NaAlSiO4);

[46] 2) β-eucryptite (LiAlSiO4)—β spodu-
men (LiAlSi2O6).

[47]

Using specific phases that collect and concentrate a target
metal is an already described strategy, often referred to as
EnAM.[15,16] For lithium recovery, a phase like LiAlO2 with a very
high lithium content of up to 10.5 mass% is suggested.[16,48]

However, to form those phases, a very high amount of lithium
must be present in the slag.[48,49] A phase like LiAlO2 or lithium
metasilicate would be highly efficient for lithium recovery, but
achieving an appropriate slag composition in an industrial set-
ting may be challenging, as slag modifiers must be reduced to

Table 3. Observed mineral phases in the slag samples from various positions as determined by qualitative analysis of powder diffraction patterns.

Phase PDF. number References Chemical composition Slag cone Product cone

Clinopyroxene (augite) 00-078-1392 [57] Al0.3Ca1.0Mg0.7[Al0.3Si1.7O6] 1b, 2, 3, 4, 5 6, 7

β-eucryptite 01-070-1574 [58] LiAl[SiO4] 1b, 2, 3 6, 7

Gehlenite (melilite) 01-079-2422 [59] Ca2(Mg0.25Al0.75)[Si1.25Al0.75O7] 1b, 2, 3, 4, 5 –

Lithium metasilicate 01-074-2145 [60] Li2[SiO3] 4, 5 –

Nepheline 01-070-1260 [61] K0.25Na6[Al6.24Si9.76O32] 1b, 2, 3, 4, 5 6, 7

Pentlandite 01-078-0166 [62] Fe4.005Ni4.995S8 – 6, 7

Spinel (magnesiochromite) 01-078-1529 [63] MgCr2O4 1b, 2, 3, 4, 5 –

Wollastonite 00-027-0088 – Ca[SiO3] – 6, 7

Table 4. Calculated maximum stoichiometric lithium content of the
lithium-bearing mineral phases in the slag and lithium ore minerals.

Phase Stoichiometric
composition[43,60]

Calculated maximum
stoichiometric lithium

content [mass%]

Lithium metasilicate Li2[SiO3] 15.43

β-eucryptite LiAl[SiO4] 5.51

Spodumene LiAl[SiO3]2 3.73

Petalite LiAl[Si4O10] 2.27

Zinnwaldite K(LiFe2þAl)[(AlSi3)O10](F,OH)2 1.92[43]

Lepidolite K(LiAl2)[Si3O10] (OH,F)3 2.74[43]

Amblygonite LiAl[PO4] (F,OH) 4.76

Jardarite LiNaB3[SiO7] (OH) 3.16
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decrease the dilution of lithium in the slag. However, slag modi-
fiers are important as they reduce the process temperatures by
decreasing the degree of slag polymerization and thus achieve
a workable viscosity at lower temperatures.[50] The presented slag
already contains a high-lithium-containing phase and comes
from an economically feasible industrial process.

Additional to the high lithium content of β-eucryptite and a
sufficient amount thereof, further parameters must be met to
economically recover lithium from the slag. These are micro-
structure (crystal size, intergrowth) and present impurities.[51,52]

First, the crystal size and intergrowth patterns determine the
degree of grinding.[51] Grinding a material very fine is immensely
energy intensive[53] and leads to finer tailings, which are more
difficult to handle.[54] Currently, no complementary analyses
have been carried out to quantify crystal size distribution or inter-
growth patterns. Second, the pyrometallurgical processing aims
to recover most of the Ni and Cu. The remaining Ni and Cu are
impurities which can negatively impact a potential downstream
hydrometallurgical extraction of lithium.[55] The low content of
Ni and Cu in the samples of the slag cone (sample no. 1–5) show
that this is already possible.

Taking these aspects into account (Figure 7), the inner part of
the slag cone (sample no. 2 and 3), exhibits the most promising
composition for an economic recovery of lithium. If the micro-
structure (crystal size, intergrowth) of the β-eucryptite is suffi-
cient, the lithium can be further concentrated, which allows
for efficient hydrometallurgical extraction. The samples from
the slag cap of the product cone (sample no. 6 and 7) still contain
a lot of valuable Ni and Cu. To avoid issues in downstream hydro-
metallurgy, the precious metals should be recovered, e.g., by add-
ing them back to the feedstock for the pyrometallurgy. The
lithium from the outer parts of the slag cone (sample no. 4
and 5) is bound in lithium metasilicate, which is metastable,
likely preventing the formation of larger crystals. The lithium
can be recovered by bulk leaching. This would make a more com-
plex hydrometallurgical treatment necessary and consume more
process chemicals compared to only leaching a lithium enriched

phase. Both factors are challenging for an economic recovery of
lithium.

5. Conclusion

Slag from an industrial lithium recycling process was analyzed
by different chemical and mineralogical methods. A slag cone
and the slag cap of a product cone from the same batch was
analyzed. Significant mineralogical and chemical differences
are observed between both cones. Chemically, the slag cap of
the product cone contains less lithium and an increased amount
of sulfur and associated metals compared to the slag cone.
Mineralogically, other silicate minerals are found with wollaston-
ite forming as the major Ca-bearing mineral instead of melilite.
The increased sulfur content results in higher concentrations of
metal sulfides, such as pentlandite. The high Ni and Cu content,
which represents additional impurities for a downstream hydro-
metallurgical processing, makes the slag cap of the product cone
undesirable for a lithium-focused recycling process. The slag cap
can be best utilized by adding it back in the smelting process, to
extract the Ni and Cu.

The slag cone shows little chemical variance, as shown by an
overall low CV, and a constant lithium content of Ø 0.82 mass%.
Mineralogically, typical nonferrous slag minerals like clinopyrox-
ene, spinel, melilite, and nepheline can be detected. The major
mineralogical difference in the slag cone is the formation of lith-
iummetasilicate on the outer parts of the slag cone (sample no. 4
and 5) while β-eucryptite forms in themain slag body (sample no.
1–3). For the recovery of lithium from the slag, the main slag
body of the slag cone (sample no. 2 and 3) is the most promising.
It contains low amounts of Ni and Cu and the stable of the
β-eucryptite as lithium-bearing mineral. Furthermore,
β-eucryptite from the inner part of the slag cone should have
the largest crystal sizes. The lithium metasilicate contains more
lithium, but is metastable, preventing the formation of larger
crystals and is less abundant. Future work should focus on

β-eucryptite

lithium metasilicate

lithium content abundance associated
impurities

stability

high highhighhigh

low lowlowlow

Li SiO2 3

LiAlSiO4

Figure 7. Advantages (green) and disadvantages (red) of the two detected lithium-bearing phases, β-eucryptite, and lithium metasilicate, for a lithium
recovery process.
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quantifying the microstructure (crystal size, intergrowth) as well
as verify the lithium content of all present phases.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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