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With the continuous development of aluminum electrolysis technology, a large amount of lithium—
aluminum electrolyte is stacked as waste. In this study, a “sodium hydroxide leaching-aging-water
leaching” process was employed for the resource recovery of lithium, aluminum, and fluoride from this
hazardous waste. The leaching efficiency of Li achieved 90.1% under the following conditions: NaOH
concentration of 10 mol L™, reaction temperature of 90 °C, reaction time of 4 hours, and liquid—solid
ratio of 9:1. An analysis of the degree of influence of reaction factors on the leaching efficiencies of
valuable metals using the orthogonal design method indicated the following relationship: NaOH
concentration > liquid—solid ratio > reaction temperature > reaction time. Owing to the common ion
effect, fluoride was precipitated in the form of NaF, and an NaF product with a purity of 99.6% was
obtained. After aging the leaching filtrate, LiAlL(OH);-xH,O was obtained, and ~100% lithium was
extracted by water leaching at 200 °C within a reaction time of 6 hours. The residue was an AlIOOH
product with a purity of 99.3%, and Li,COsz was obtained via carbonation. This process provides
a strategy for resource recycling and alleviating environmental crises.
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Sustainability spotlight

A large amount of lithium-aluminum electrolyte is discharged as waste residue from aluminum electrolysis factories. This study provides a strategy to recover
lithium, fluoride and aluminum using a sodium hydroxide leaching-aging-water leaching process. Moreover, this work aligns with the UN sustainable devel-
opment goal SDG-12: ensure sustainable consumption and production patterns.

cells.>® According to the literature,*® aluminum electrolysis
industries in China generate approximately 250000 tons of
solid waste annually, with the cumulative storage exceeding 2

1. Introduction

Aluminum electrolysis technology is continuously developing,

and the electrolyte always contains high contents of Li and K.
Excessive LiF in the electrolyte may lead to reduced solubility of
alumina, and an excessive amount of KF may lead to decreased
molten salt conductivity." In addition, it accelerates precipita-
tion in the electrolytic cell, thereby reducing the lifespan of
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million tons to date. Thus, a large amount of lithium-
aluminum electrolyte is discharged in the form of waste
residue, which contains cryolite (NazAlFg), lithium cryolite
(Na,LiAlFg), potassium cryolite (K,NaAlF), and fluorite (CaF,).”
Generally, these wastes are resorted to open-air storage or
landfill disposal.>® However, these disposal methods need large
areas of land and pose the risks of pollution owing to the chance
of dissolution of fluoride into the surrounding soil and water. In
particular, soluble fluorides may alter soil structure and cause
biological “fluorosis”.'®'* Therefore, waste aluminum electro-
Iyte slag is classified as hazardous waste and is listed in the
“National Catalogue of Hazardous Wastes” and the European
Waste List. Proper and rational waste treatment has become
a major focus of the industry.® Although waste aluminum
electrolyte slag is unsuitable for reuse in the aluminum smelt-
ing industry, it represents a high-quality source of lithium,
fluoride, and aluminum resources.'** Recently, the recycling of
Li and other valuable elements from waste has gained
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increasing attention from numerous researchers.'** Therefore,
the scientific and standardized utilization of lithium-containing
aluminum electrolyte slag holds significant economic and
environmental importance for resource utilization and detoxi-
fication of aluminum smelting slag.>*>*

To achieve the target, a hydrometallurgical process was
considered, and acid leaching methods were primarily used for
pre-treatment.”** Wang et al. utilized 6% sulfuric acid for
leaching lithium-containing aluminum electrolyte slag, result-
ing in a leachate containing Li,SO,.*® Subsequent pH adjust-
ment and purification were performed by adding NaOH and
EDTA, followed by an alkali decomposition reaction with
Na,CO; to yield the Li,CO; product. Hou et al. reported
a leaching method using HNO; with NazAlFs and LiNO; as the
resulting products.” In addition to acid leaching, aluminum
salts were added as leaching agents. Wu et al. used HNO; +
Al(NOs)3, and Li,CO;3 and Al,((OH)g.46F¢.54)s(H20) were obtained
as products.”® Recently, Cui et al. used an AlCl; + HCl solution as
the leaching agent, and 88.3% of the Li* was leached out using
0.85 M of AICI; with an S/L ratio of 1: 3 at a leaching tempera-
ture of 95 °C and pH of 0.5.*°

At the same time, roasting was also discussed by several
research groups. Dong et al.** and Tang et al.** both employed
a sulfuric acid roasting method to induce the phase trans-
formation of the lithium-containing phase in the aluminum
electrolyte slag at high temperatures, converting it into soluble
NaLiSO,. The former obtained a 98.6% purity Li,CO; product by
water leaching, impurity removal, and lithium precipitation
process. After roasting and water leaching, Tang et al. separated
AP’ from Li-containing leachate using sodium benzoate and
recovered LiF and Al,(SO,); as products.®® Wu et al. reported
a roasting and two-stage leaching process for extracting lithium
and potassium by forming water-insoluble LiAlO, and water-
soluble KAlO,.*> Zhang et al. reported calcium salt roasting
and reported that 97% of lithium can be leached using water
leaching.®® Additionally, Cai et al. employed a water vapor
atmosphere to roast aluminum electrolyte slag for defluorina-
tion, achieving a defluorination rate of 93% when the material
was heated at 950 °C for 3 hours with an inert gas flow rate of 3.5
g min~".** The maximum roasting temperature for this method
can reach 1100 °C, but high-temperature equipment is neces-
sary. Recently, Yang et al. noted a leaching transformation fol-
lowed by the purification of fluorine and separation of
aluminum, and they reported that fluorine and aluminum were
recovered into CaF, and Al(NO;);.*

Based on the aforementioned analysis, acid leaching ach-
ieved high extraction rates for elements, albeit with limited
selectivity.** This method requires an extensive process for
element separation and consumes a significant number of
neutralizing agents, which poses challenges for waste treat-
ment. Roasting is a streamlined process that does not involve
complex chemical reactions but is associated with high energy
costs.*” The purity of the recovered products is also susceptible
to the temperature and atmosphere used during roasting,
which necessitates subsequent processing.

In this study, sodium hydroxide was chosen as the leaching
agent for aluminum electrolyte slag. The “alkaline leaching-
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aging-water leaching” method was employed for lithium extrac-
tion, with fluorine being recovered in the form of NaF. Single-
factor experiments were conducted to investigate the impact of
NaOH concentration, reaction temperature, reaction time, and
liquid-solid ratio on the leaching rates of various valuable
metals. Furthermore, a factorial design method was used to
establish regression models for various metals, exploring the
interactions among different factors and determining the extent
of their influence on metal ion leaching rates. Finally, the solid-
phase aging of the leachates was further treated by water leaching
followed by filtration, and Li,CO; and AIOOH were obtained as
products to achieve the separation of Li and Al

2. Experiment
2.1 Materials

In this study, the aluminum electrolyte slag was provided by
a company in Zhuhai (Fig. 1a). The slag was crushed in a ball
mill and sieved (sieve aperture 0.1 mm) to obtain the undersized
material, as shown in Fig. 1b. The lithium-aluminum electro-
Iyte slag exhibits complex properties, with XRF analysis
revealing the major elemental contents (wt%), including F, Na,
Al, Ca, and K (Table S1t). ICP analysis indicated a lithium
content of 1.07 wt%. XRD analysis (Fig. S17) indicates that the
aluminum electrolyte slag may contain NazAlFs, LiNa,AlFs,
K,NaAlFg, and CaF,. Among these, cryolite (NazAlF) is the main
component in Hall-Héroult aluminum electrolysis, and
alumina additives and impurities introduce lithium, potas-
sium, and calcium into the electrolyte, forming LiNa,AlFg,
K,NaAlFs, and CaF,. Fig. S2f shows SEM images of the
aluminum electrolyte slag, which contains particles with rela-
tively smooth surfaces, and the size is around 20 um. Fig. S37
presents the elements in four regions of the SEM images, and
the elements are consistent with the XRD results.

2.2 Experimental procedure

The process is shown in Fig. 2, which involves leaching
aluminum electrolyte slag with NaOH solution, aging Li/Al-
LDHs from NaOH leaching filtrate, and leaching Li/Al-LDHs
with water.

2.2.1 Sodium hydroxide leaching experiment. To investi-
gate the effect of leaching conditions, NaOH was dissolved in
deionized water to prepare leaching media with different
concentrations (1.1-10 mol L™'). The aluminum electrolyte
powder was leached in NaOH solution at 30-150 °C for 10-
240 min, with a liquid-to-solid ratio ranging from 3-18 : 1 mL g .
After the leaching process, the mixture was rapidly cooled to

() (b)

e

Fig. 1 (a) Aluminum electrolyte slag (a) before and (b) after crushing
and sieving in a ball mill.
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room temperature by physical cooling, followed by filtration. The
leaching efficiency can be calculated according to formula (1):

R = my/m, x 100% (1)

where R is the leaching efficiency of the element; m;, is the mass
() of the element in the leachate; and m, is the mass (g) of the
element in the powder sample.

2.2.2 Aging Li/Al-LDHs from NaOH leaching filtrate. NaOH
leachates under various reaction conditions were subjected to
aging at room temperature for 3 days. After aging, filtration was
performed to achieve solid-liquid separation, and the solid was
dried and weighed. A 1 mL aliquot of the liquid phase was
collected and diluted for ICP-OES analysis to determine the
metal content.

2.2.3 Li/Al-LDHs water leaching. To further separate Li
from Li/Al-LDHs, deionized water was used as the leaching
agent. The leaching efficiency of Li was investigated at
temperatures ranging from 40 °C to 200 °C. The optimal reac-
tion temperature was determined based on the experimental
conditions, and the reaction time was extended at this
temperature to calculate the leaching efficiency of Li.

2.3 Characterization

The crystal phase of the raw material, solid residues, and
products was determined by X-ray diffraction (XRD, D/max
2550VB, D8 Advance). The elemental contents were confirmed
by X-ray fluorescence spectroscopy (XRF, Shimadzu XRF-1800)
and inductively coupled plasma emission spectrometry (ICP,

3082 | RSC Sustainability, 2025, 3, 3080-3087

PerkinElmer Avio 500). For the ICP measurements, an aqua
regia solution was used to dissolve the solid sample, which was
further diluted before the test.

3. Results and discussion
3.1 Thermodynamic analysis

In the process of leaching lithium-containing aluminum elec-
trolyte slag with sodium hydroxide solution, the reaction

204  4NaOH(aq) + LiNa,AlF(s) = 6NaF(aq) + LiOH(aq)

+ Al(OH)4(aq)

— —_
[e] o o
1 1 1

AG(kJ-mol™)
VO
o ()

A
o
1

0 50 100 150 200 250

Temperature (°C)

Fig. 3 Gibbs free energy (AG) at different temperatures (T) for the
reaction between NaOH and LiNa,AlFe.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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described in eqn (2) may occur. The Gibbs free energy (AG®) in
the range of 0-250 °C was calculated using HSC software as
a function of temperature (7), as shown in Fig. 3. AG decreases
gradually with increasing temperature. The AG can be smaller
than 0 at low temperature and may also work if the NaOH
concentration is sufficiently high.

4NaOH(aq) + LiNayAlF4(s) — 5NaF(aq) + LiOH(aq)

+ Al(OH)s(aq) (2)

3.2 Effects of the leaching conditions on the NaOH leaching
process

Under the conditions of a reaction temperature of 90 °C,
a liquid (NaOH solution)-to-solid (lithium containing
aluminum electrolyte slag) ratio of 9: 1, and a reaction time of 4
hours, the influence of different NaOH solution concentrations
on the leaching rates of various valuable metals was investi-
gated. As shown in Fig. 4a, the leaching efficiency of Li
continuously increased with increasing NaOH concentration,
whereas the leaching efficiency of Al and K increased at NaOH
concentrations of 1.1-4 and 1.1-2, respectively. At a concentra-
tion of 5.6 mol L™, the leaching efficiencies of Al, Li, and K were
92.1%, 67.6% and 55.7%, respectively. When the sodium
hydroxide concentration reaches 10 mol L, the leaching effi-
ciency of Li reaches 90.1%, whereas that of Al and K are ~100%
and 64.8%, respectively.
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To investigate the influence of reaction temperature on the
leaching efficiencies of various valuable metal elements,
leaching was performed under the conditions of a liquid-solid
ratio of 9: 1, NaOH concentration of 5.6 mol L™, and reaction
time of 4 hours. In Fig. 4b, the leaching efficiencies of Al, Li and
K gradually increase with the reaction temperature, and the
leaching efficiency of Al increases slowly if the temperature is
higher than 90 °C. The leaching efficiency of Li reached 79.1%
at 120 °C, while the leaching efficiency of K did not change
much.

The leaching efficiencies of valuable metals as a function of
liquid-solid ratios were also explored under the conditions of
a NaOH solution concentration of 5.6 mol L™', reaction
temperature of 90 °C, and reaction time of 4 hours. In Fig. 4c,
the leaching efficiencies of Al and Li increase with increasing
liquid-solid ratio, whereas the leaching efficiency of K remains
at ~55%. Considering the leaching efficiency, a liquid-solid
ratio of 9: 1 (mg L") is a more suitable choice.

To investigate the effects of reaction time on the leaching
efficiency of each valuable metal in the aluminum electrolyte
slag, experiments were conducted under the conditions of
4.44 mol per L NaOH, 90 °C, L/S = 9 (Fig. S41) and 5.56 mol
per L NaOH, 75 °C, L/S = 9 (Fig. 4d), respectively. With the
extension of the reaction time, the leaching efficiency of Al, Li
and K continuously increased and reached a stable state within
1h.

(b)
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404 ——Li
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(d) 100
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2.0

Fig. 4 Effect of (a) NaOH concentration, (b) reaction temperature, (c) liquid—solid ratio and (d) reaction time on the leaching efficiency of

valuable metals.
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Based on the above results, the optimal leaching conditions
for the single-factor experiments of the lithium-containing
aluminum electrolyte slag and NaOH leaching system were as
follows: NaOH solution concentration of 10 mol L™, reaction
temperature of 200 °C, reaction time of 4 hours, and liquid-
solid ratio of 9: 1. Under these conditions, the leaching rates of
Al, Li, K, and Ca were 80%, 90.1%, 85.1%, and close to 0%,
respectively.

3.3 Factorial design and regression equations

Based on the above experimental results, a factorial design
method from the Design of Experiments (DOE) was employed to
further explore the interactions between individual factors®**°
and determine key influencing factors.** According to the
experimental factorial design (Table S27), the regression models
for the leaching efficiencies of Al, Li, K and Ca are expressed by
eqn (3)-(5), respectively.

Al (%) = —0.941 — 0.175x3 + 0.012x; + 0.083x, — 0.014x5”
—0.031x,% — 0.030x57 + 34.221x;X5X3%4 (3)

Li (%) = —0.48x; — 6.65x5 — 25.79x3 + 1.04x, — 20.16x,>
+ 1.68x,% — 6.68x,% — 8.15x1x, — 1.06x,>  (4)

K (%) = 0.594 + 0.008x; — 0.033x, — 0.067x5 + 0.009x4
— 0.004x,% — 0.019x3% — 0.012x3x4
+0.003x, + 0.013x5° (5)

Based on the significance analysis of the factors and
responses in the regression models for the four metal ions
(Tables S3-S57), the relationships between various factors and
the leaching efficiency of the metal ions were established. In
pursuit of enhancing the leaching efficiency of Li and Al, the
NaOH concentration exerts the greatest influence on the
leaching efficiency of both metals, and the hierarchy of influ-
ence among the four factors is established as follows: NaOH
concentration > liquid-to-solid ratio > reaction temperature >
reaction time. Thus, the NaOH concentration and the liquid-to-
solid ratio are two key factors that need to be considered in this
method.

3.4 Crystallization of leachate by aging

The leachates obtained in the above experiments were stacked
at room temperature. After 7 days, precipitation was notably
observed. To study the changes in ion concentration in the
solution after aging, the supernatant of the aged samples was
tested, as shown in Fig. 5. The concentration of Li is lower than
0.015 g L', which is about 0.1-0.8 g L™" in the raw leaching
solution. In other words, lithium is almost always retained in
the precipitate. Moreover, the precipitate was removed and
measured by XRD (Fig. 6), whose diffraction peaks match the
standard card PDF #31-0704 for LiAl,(OH);, - xH,O. In Fig. S5 and
S6,7 the SEM image presents agglomerated flakes with small
amounts of impurities, and the size of the particle is about 24
pm. In the ICP results of the precipitate (Table S6t), the molar
ratio of Al to Li was 1.9, closely resembling the ratio in the
LiAl,(OH),;-xH,O molecule. LiAl,(OH),-xH,O is a layered
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Fig. 6 XRD pattern of the filter residue of the aging solution after the
primary leaching method.

crystalline compound similar to hydrotalcite, which can be
represented by Li/Al-LDHs.*"** It consists of octahedral layers
and O-coordination stacking, with hydroxyl groups located at
the six vertices of the octahedral structure and water molecules
inserted between the layers.** In each layer, only two-thirds of
the cavities formed by O are occupied by AI**, leaving
a remaining cavity radius of approximately 0.7 A (1 A = 0.1 nm),
while the radius of Li* is about 0.68 A, enabling it to penetrate
the interlayer cavities.** Thus, in this step, Li is separated from
K and Na.

3.5 Exploration of lithium extraction from Li/Al-LDHs

To achieve the separation of Li and Al from Li/Al-LDHs, a water
leaching method was employed, thereby obtaining high-purity
aluminum products and a lithium-containing solution.

The leaching efficiency of Li was investigated at a reaction
time of 4 hours and a liquid-to-solid ratio of 100: 1, with the
influence of different reaction temperatures (40-200 °C), as
depicted in Fig. 7a. As the reaction temperature rises, the
leaching efficiency of Li steadily increases, whereas the leaching
efficiency of Al remains stable at around 20%, showing no
significant variation with temperature. At a reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature of 200 °C, the leaching efficiency of Li reached
80.45%, identifying 200 °C as the optimal reaction temperature.
The leaching time was further extended to 6 h, and the leaching
efficiency of Li achieved ~100% (Fig. 7b).

Subsequently, lithium carbonate products were obtained
after the precipitation of lithium carbide, and their XRD
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(a) Leaching efficiencies of Li and Al in water leaching reaction at different temperatures. (b) Leaching efficiencies of Li with reaction time

spectrum is shown in Fig. 8a. The SEM image shows that Li,CO3;
is a crystalline particle with a smooth surface and a size of ~30
um (Fig. S77). The residue from solid-liquid separation by water
leaching was analysed by XRD, as shown in Fig. 8b. The
diffraction peaks correspond to the standard card PDF #83-2384
for AIO(OH), indicating the formation of boehmite after Li

(b)

——AIO(OH) product
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(a) Carbonized lithium precipitation filter slag. (b) XRD pattern of the filter residue after leaching Li/Al-LDHs using water.
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Fig. 9 XRD patterns of (a) the filter residue after leaching with sodium hydroxide and (b) NaF product.
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leaching. The SEM image of AIOOH (Fig. S8f) presents
agglomerated flakes, which look like LiAl-LDH in Fig. S5.1 The
main elements detected by EDS were Al and O (Fig. S97t).

3.6 Preparation of the NaF product

The highest concentration of NaOH used in the experiment is
10 mol L', which is equivalent to a Na* concentration of 230 g
L~". According to the research by Wang et al.** at this Na*
concentration, the solubility of NaF decreases from approxi-
mately 43 g L™ in water to approximately 5 g L™" at 30 °C.
Consequently, the primary phases of the NaOH leaching
residue are NaF and CaF, (Fig. 9a). Based on the solubility
differences between CaF, and NaF, a water washing method was
employed to dissolve soluble NaF, followed by evaporation and
crystallization to obtain the NaF product. The XRD pattern of
the product is shown in Fig. 9b. The ICP analysis of the dis-
solved sample revealed a purity of 99.6%. The SEM image
(Fig. S10t) shows a relatively flat surface of NaF (~24 um), and
limited impurity elements remaining in the NaF. The yield of
NaF is about 82% (without considering the loss due to overflow
and residual in the breaker during evaporation), and the
consumption for synthesizing Li,CO; is compared with that of
reported methods (Fig. S11 and Table S7%). In summary, the
output value (~359.87 RMB for 45.48 kg NaF and 1 kg Li,CO3)
was larger than the input cost (~82.83 RMB) in this method
(Table S87).

4. Conclusion

In this study, an alkaline leaching-aging-water leaching method
was employed to extract lithium from aluminum electrolytic slag,
and sodium hydroxide was used as the leaching agent. The NaOH
concentration and liquid-solid ratio had a more significant effect
on leaching than the reaction temperature and time. The leach-
ing efficiencies of Al, Li and K were ~100%, 90.1%, and 64.8%,
respectively. Fluorine was recovered in the form of NaF due to its
decreasing solubility in NaOH solution. Furthermore, LiAl,(-
OH); - xH,0 was obtained after aging the leaching filtrate, which
helped in the separation of Li from K. Finally, aluminum and
lithium were recovered in the form of AIOOH and Li,COj; after
water leaching and carbonation. This study provides a method
for recovering valuable metal from aluminum electrolytic slag,
which may also be useful for recovering other waste products
containing lithium and aluminum.
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