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ABSTRACT: With the rapid development of the aluminium electrolysis industry, large amounts of
lithium-containing electrolyte residue are generated, posing environmental risks and wasting lithium
resources. This study proposes an efficient lithium leaching method from spent carbon anode (SCA)
electrolytic aluminium carbon slag using NaOH. The leaching rate of lithium reaches 89.46% at a NaOH
concentration of 10 mol/L, a leaching temperature of 90 °C, and a leaching time of 2 h. Thermodynamic
calculations concluded that during alkaline leaching, most phases in SCA can react spontaneously with
NaOH to release soluble ions. The kinetic results suggested that the leaching behavior of Li* follows the
‘unreacted shrinkage nucleus model’, controlled by both mixing and diffusion. NaOH concentration and
leaching temperature are the key factors governing the effectiveness of Li" leaching. Medusa simulations
showed that the dissociated AI** in alkaline leach solution would first form an Al(OH)3 complex and
continue to react with OH™ to form Al(OH)4 ", while lithium exists in the form of Li" and LiOH. Mechanistic
analysis via SEM-EDS and XRD indicates that NaOH breaks Na—Al-F bonds, releasing Li" and forming
NaF. This approach offers an eco-friendly pathway for resource recovery from SCA, supporting cryolite
regeneration and minimizing the environmental impacts of hazardous waste.

Keywords: Spent carbon anode; Lithium leaching; Thermodynamics; Kinetics; Phase transformation

1. Introduction

Lithium resources are essential energy materials and strategic resources for human beings. With the
rapid development of the new energy industry, lithium demand shows explosive growth [1-3]. China’s
aluminium electrolysis industry and the increasing demand for aluminium products result in abundant low
and medium-grade lithium-bearing bauxites for the preparation of industrial-grade alumina. Lithium-
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containing bauxite is continuously transported to the electrolyte system during the production process [4].
Meanwhile, some kind of lithium-containing fluoride and other salts are usually added to improve current
efficiency and reduce energy consumption in aluminium electrolysis production. Lithium-containing
aluminium electrolytic slag (1-2.7% lithium) is produced with the addition of lithium-containing fluoride
salts. China’s electrolytic aluminium production of 41.59 million t in 2023, equivalent to lithium
4159~11,229 t[5,6]. It will be conducive to alleviating the new energy industry’s supply pressure on lithium
by reasonably recycling lithium resources. These waste aluminium electrolytes are mainly discharged by
piling or landfilling. The stacking of spent electrolytes not only occupies the functional space of aluminium
electrolysis enterprises but also contains a large amount of fluoride, including soluble sodium fluoride
(NaF), cryolite (Na3AlFe), and insoluble CaF2 [7-9]. These fluorides may also leach into the ground with
rainwater and cause environmental pollution, which also leads to the waste of many lithium resources in
lithium-containing aluminium electrolytes [5,6]. Therefore, the extraction of lithium from SCA can not only
solve the problem of slag treatment but also achieve the resourceful use of lithium. However, lithium in
aluminium electrolysis slag exists in the form of lithium cryolite (Na2LiAlFe). Since Na:LiAlF¢ has similar
properties to cryolite (Na3AlFe), it is difficult to extract lithium from aluminium electrolysis slag [10].
Existing research is mostly focused on acid leaching and calcination processes, and the
thermodynamic-kinetic coupling study and the phase evolution mechanism of NaOH direct alkali leaching
remain insufficient. Among them, Wu et al. [11] developed a process to extract lithium from spent lithium-
containing aluminium electrolytes. Through HNO3-Al(NO3)s3 leaching, leachate neutralisation, and lithium
carbonate precipitation, the leaching rate of lithium reached 88.0% at leaching time of 6 h, a leaching
temperature of 80 °C, and a corresponding Al/F molar ratio of 1:6. Lithium is separated by precipitation to
obtain Li2CO3 with a purity of 98.8%. The purity of lithium carbonate is high, but the leaching time is too
long, which is not conducive to the whole production process. Tang et al. [12] proposed a process of
“sulphuric acid roasting-roasting water leaching-aluminium precipitation-lithium precipitation” for the
treatment of spent aluminium electrolyte, and the lithium leaching rate was 87.55% under the optimal
sulphated roasting conditions. Battery-grade cubic LiF was prepared from Li2SO4 solution by evaporation-
concentration-frozen crystallisation-lithium fluoride precipitation process, but the process is long, and the
high roasting temperature and energy consumption in the pretreatment process are not conducive to
practical production. Lv et al. [13] used sodium phosphate precipitation and wet conversion methods to
recover lithium from low-concentration waste streams with high-efficiency enrichment. The precipitation
rate of lithium reached 94.32%. The lithium phosphate precipitation method achieved a high lithium
recovery efficiency. Although acid leaching can significantly improve the lithium leaching rate, the loss
rate of lithium is higher during aluminium precipitation of the lithium-containing leach solution. The
subsequent pH regulation process of acid leaching will use a large number of alkali reagents, increasing the
expense of the production process, which is not conducive to subsequent production [14]. Acid leaching of
fluoride-rich SCA generates toxic hydrogen fluoride gas, which causes poses serious health risks to
operators. Acid leaching dissolves most elements (Al, Na, F, Li) simultaneously, resulting in a complex
leachate composition that requires extensive downstream separation processes and high reagent consumption
for neutralization [15]. The need for corrosion-resistant equipment, neutralization agents, and complex
purification steps significantly increases the overall process cost. Valuable fluorine resources are not
effectively recovered and are often converted into insoluble fluorides that require further treatment [16]. Large
amounts of neutralization sludge are generated, creating additional solid waste disposal challenges [17,18].
In summary, the recovery of lithium from SCA has attracted the attention of numerous researchers.
However, current studies have focused on acid leaching and factors affecting Li" dissolution, while the
physical phase transition and leaching mechanism of Li" are not yet clear. Therefore, this study proposes a
research method for direct alkaline leaching of SCA, focusing on the thermodynamics and leaching kinetics,
and the morphology of lithium presence under alkaline conditions was analysed using the E—pH diagram
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of Li—H20. The physical phase transition of lithium during the leaching process was analysed via XRD. In
the process of alkaline leaching of SCA, cryolite (Na3AlFe)/lithium cryolite (Na2LiAlF¢) decomposition
reaction occurs in sodium hydroxide solution to generate sodium aluminate, and sodium aluminate is
precisely one of the raw materials for the preparation of cryolite, so alkaline leaching of SCA not only
enriches lithium but also can achieve the cycle regeneration of cryolite, alkaline leaching of SCA has great
significance to the high efficiency recovery of lithium and cryolite.

2. Experiment
2.1. Materials and Reagents

The SCA raw material was obtained from an electrolytic aluminium plant in Xing County, Liiliang,
Shanxi, China. After crushing, grinding, sieving, and mixing, the slag powder was sieved through a 0.074
mm sieve and stored in self-sealing bags as raw material for experiments. The main element contents,
physical phase composition, and microstructure of the raw materials are shown in Figure 1. Figure la
suggests the main physical phase composition of the SCA, including cryolite (NaszAlFs), lithium cryolite
(Naz2LiAlFs), alumina (Al203), calcium fluoride (CaF2), and carbon (C). Figure 1b displays that the main
elemental contents of SCA were Li (1.43%), Na (25.4%), Al (15.5%), Ca (1.34%), F (43.89%) and C
(7.99%), of which the contents of Li, Al, Na and Ca were determined by inductively coupled plasma
emission spectrometry (ICP-OES), and the contents of fluorine and carbon were determined by X-ray
fluorescence spectrometer (XRF). The energy spectrum analysis of the SCA in Figure lc indicates that
carbon and cryolite/lithium cryolite are intertwined in the slag. The presence and distribution states of the
elements C, O, Al, Na, and Ca were detected, where the analyses by scanning electron microscope and X-
ray diffractometer were consistent. Sodium hydroxide (NaOH) used in the experiment was analytically pure
from Aladdin Chemical Reagent Co. (Shanghai, China) and H2O was pure water.
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Figure 1. Characterisation of the SCA raw material: (a) X-ray diffractogram; (b) elemental analysis; (¢) scanning electron
microscop analysis; (d) SCA raw material image.



Green Chem. Technol. 2026, 3(3), 10020. doi:10.70322/gct.2026.10020 4 of 22

2.2. Analysis of the Leaching Mechanism
2.2.1. Leaching Thermodynamics

Thermodynamics focuses on the likelihood, direction, and limits of chemical reactions under certain
conditions. The possible chemical reactions during the leaching process were substituted into the HSC 6.0
thermodynamic software for thermodynamic analysis, and the Gibbs free energy of each reaction formula
at different temperatures was calculated as a means of determining whether or not the reaction could
proceed spontaneously at the experimental temperature.

2.2.2. Leaching Kinetics

To study the leaching kinetics of slag, leaching experiments were carried out using different
concentrations of sodium hydroxide solutions at various temperatures, with different liquid-solid ratios and
stirring speeds. Leaching experiments were carried out in an oil bath equipped with magnetic stirring and
a temperature control system, with a reflux condenser tube used to maintain the solution volume. Firstly,
NaOH solution was added to a 1000 mL three-neck flask and heated to a set temperature. Then, raw SCA
(50 g) was added to the flask, and stirring of the solid-liquid mixture was started using an electric stirrer
and continued for 2 h. 1 mL of leachate was quickly removed at selected time intervals and then diluted in
10 mL volumetric flasks. Solid-liquid separation was achieved by filtration using a Buchner funnel after 2
h, and the leach residue was washed three times with hot water. The volume was measured and recorded.
Since all the experiments were carried out at a liquid-solid ratio of 10 mL/g, the concentration of the
leaching agent was considered to be constant during the leaching process. The Li" concentration of each
removed solution diluted was analysed by ICP-OES. The leaching residue was dried in an oven at 105 °C
for subsequent analyses of physical phase composition and microstructure. The leaching rate of the target
elements was calculated using Equation (1):

IEL/INETYY. 1

B m; X Wi 0 ( )
where E is the leaching rate (%), Ci is the content of target element 7 in the leachate (mg/L), Vi is the volume
of leachate (L), m; is the mass of raw material (g), and Wi is the weight percentage of target element 7 in
raw material (%).

2.3. Characterisation Methods

The physical composition of the raw material and the leaching residue was determined using a Hitachi
D/MAX-2200 X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) at a scanning angle of 10-80°.
Solid samples of raw materials and leaching residues were digested with an EIGOS UP microwave
digestion system (Milestone, Srl Bergamo, Italy). The content of metal ions (Li, Al, Na, Ca) in the samples
was determined using an Agilent 5800 Inductively Coupled Plasma Emission Spectrometer (Agilent
Technologies, Inc., Santa Clara, CA, USA) where the diluent was 1% HNOs. The fluorine and carbon
contents in the solid samples were determined by an X-ray fluorescence spectrometer (XRF) type S8 from
Bruker Corporation (Karlsruhe, Germany). The microscopic morphology of the raw materials was
determined by SEM-EDS (JSM-IT500HR, JEOL Ltd., Tokyo, Japan) at a voltage of 10 KV, a current of
50 nA, and a magnification of 6000 times.
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3. Results and Discussion
3.1. Leaching Thermodynamic Analysis

The chemical reactions of the aluminium electrolysis slag during alkaline leaching are shown in
Equations (2)—(10). During alkali leaching, Na3AlFs, Al203, LiF, and other substances react with NaOH to
form soluble ions. In addition, the potential E—pH is the two most important parameters reflecting the
thermodynamic properties of the metal-water system. Theoretically, according to the E-pH diagram, the
stable or equilibrium state of any element or compound exists in the region where its potential and the
corresponding pH of the solution lie. The E—pH diagrams of the Al-Na—H2O system and Li—H20 system
were plotted using HSC6.0 software. The possible reactions of various physical phases with NaOH during
alkaline leaching of SCA are as follows:

NasAlFs + 4NaOH = NaAl(OH)4 + 6NaF )
Al203 + 2NaOH = 2NaAlO: + H20 3)
AlF3 + 4NaOH = NaAl(OH)4 + 3NaF 4)
LiF + NaOH = LiOH + NaF )

CaF2 + 2NaOH = Ca(OH): + 2NaF (6)
A"+ 30H = Al(OH)3 (7

A"+ 40H = AI(OH)4 ®)
Al(OH)4™ = AlO2” + 2H20 )
Al(OH); + OH™ = AlO2™ + 2H20 (10)

Based on the temperature (293-373 K), the standard Gibbs free energy AG and logK were obtained for
the temperatures corresponding to the individual equations, as shown in Tables 1 and 2. The plot of

temperature versus AG’r and logK for each reaction in the leaching process of SCA was obtained by Origin
software 2022 (Figure 2).

Table 1. Values of AG’r for chemical reaction Equations (2)—(10) at different temperatures.

Reaction AG’, kI/mol

Equation ~ 203K 303K 313K 323K 333K 343K 353K 363K 373K
) —169.058 —169214 —169.355 —169.482 —169.594 —169.690 —169.771 —169.836 —169.885
(3) 34010 34319 34636 34960 —35290 35624 35961 36302 —36.644
(4) 256,551 —256.887 —257.209 —257.517 —257.810 —258.087 —258349 —258.596 —258.827
(5) 16990 -16930 16867 —16.802 -16735 16667 —16.596 —16524 —16.450
(6)  —56.133 56018 55901 55782 —55.660 —55.535 55407 -55277 —55.144
(1) —172857 —177.139 —181.614 —186.264 —191.076 —196.041 —201.158 —206.423 —211.839
(8)  —182428 —187.140 —192.093 —197.265 —202.644 —208220 —213.989 —219.947 —226.097
) 1.110 1098 1.084 1070 1.059 _ 1.053 1.053 1.061 1.078

(10) —8.460 —8.903 —9.395 —9.932  -10.510 —-11.126  —11.778 —12.463  —13.180
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Figure 2. Plot of AG’r~T for chemical reaction Equations (2)—(10) at different temperatures. (a) AG’r-T (Equations (2)—(10));
(b) logK-T (Equations (2)—(10)).

Tables 1 and 2 suggest the thermodynamic calculations of possible chemical reactions in the alkaline
leach solution in the experimental temperature range (293~373 K), which correspond to Figure 2a,b.
Thermodynamic calculations for the reaction of Na3AlFs in NaOH solution were carried out to obtain the
Gibbs free energy and equilibrium constant for the reaction. The Gibbs free energy for the reaction between
NaszAlFs and NaOH is less than 0 over the range of 20-100 °C, indicating that NasAlFs can react with
NaOH at the experimental temperature. However, as the temperature increases, the logKa value for the
reaction of NaszAlFs with NaOH gradually decreases, indicating that excessive high a temperature is not
favourable for Na3AlFe dissolution [19]. Meanwhile, the reaction AG of sodium fluoride (AlF3) with NaOH
gradually increases, and the reaction of AI** with OH™ generated in the solution dominates. Combined with
the E-pH diagram of the Al-Na-H>O system in Figure 3a, it was found that at pH 7-10.2, AI** first reacts
with OH™ to form Al(OH)3, and with the gradual increase in OH™ concentration, AI(OH);3 dissolves again
and A’ exists in the form of AI(OH)s~ when the solution pH is 10.2-14 [20]. Despite the lack of
thermodynamic data for lithium cryolite, Han et al. [21] used DFT calculations to determine the generation
energies of NasAlFs, LiNa2AlF¢(Fm3m)/Na2LiAlF¢(P21/c), and the results suggest that lithium cryolite is
more chemically stable. In addition, LiNa2AlFs(Fm3m)/Na:LiAlFs(P21/c) can be considered as a product
of Li atoms replacing Na atoms in Na3AlFs. Lithium cryolite has a similar chemical composition, space
groups and lattice constants to Na3AlFe, suggesting that lithium cryolite may have similar physicochemical
properties to NasAlFs (Figure 3). Thus, it is confirmed by the Li" already present in the alkaline leach
solution that lithium cryolite can also react with NaOH. Combined with the E-pH diagram of the Li—-H>O
system in Figure 4b, it can be concluded that lithium exists in the system as LiOH when the alkaline leach
solution pH is 7-12 [22,23], and lithium exists in the form of Li" at pH of 12-14. Therefore, alkali
immersion dissolves cryolite/lithium cryolite to produce Li* at the experimental temperature.
Thermodynamic calculations of the reaction of LiF in alkaline solutions show that AG for the reaction of
LiF with sodium hydroxide is also negative in the experimental temperature range, indicating that alkaline
immersion can also dissolve LiF. In addition, the reaction of Al203 with sodium hydroxide has a negative
AG in the range of 20-100 °C, indicating that alkaline immersion dissolves Al203 to produce NaAl(OH)4
[24]. Al2Os3 reacts with NaOH to form NaAl(OH)4, which consumes a significant amount of OH™ ions and
increases solution viscosity. CaF2 reacts with NaOH to form Ca(OH)2, which may coat the surface of
unreacted particles and hinder mass transfer. SiO2 impurities react with NaOH to form sodium silicate,
which can form colloidal precipitates and complicate solid-liquid separation.
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(b)

Figure 3. Crystal structures of (a) Na3AlFs and (b) Na,LiAlFs.

Table 2. Equilibrium constants logK, for chemical Formulas (2) to (10) at different temperatures.

Equilibrium Constant logK.
293 K 303K 313K 323K 333K 343K 353K 363K 373K

Reaction Equation

2 30.126  29.159 28.251 27.398 26.593 25833 25.113 24431 23.783
3) 6.060 5.914 5.778 5.652 5.534 5.423 5.319 5.222 5.130
4) 45717 44267 42907 41.629 40425 39290 38216 37.199 36.234
(&) 3.028 2917 2.814 2.716 2.624 2.537 2.455 2.377 2.303
(6) 10.003 9.653 9.325 9.017 8.728 8.454 8.196 7.952 7.720
() 30.803 30.525 30.296 30.111 29961 29.844 29.756 29.694 29.656
(8) 32508 32248 32.045 31.889 31.775 31.698 31.654 31.639 31.652
9 —0.198 —0.189 -0.181 -0.173 -0.166 —0.160 —0.156 —0.153 —0.151
(10) 1.508 1.534 1.567 1.606 1.648 1.694 1.742 1.793 1.845

2 2
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Figure 4. (a) E—pH plots of Al-Na—H,O system; (b) E-pH plots of Li-H>O system.

3.2. Modelling of lon Presence Patterns in the Alkaline System

The distribution of various metal cations in the SCA alkaline leach solution was simulated using
Medusa as shown in Figure 5. From the figure, it can be seen that AI** forms AI(OH)3 complexes with OH™
in solution when the pH of the solution is in the range of 7-9.7. The AI(OH)3 complex disappears at a pH
around 9.7. With the gradual increase of OH™ in the solution, AI(OH)3 will react with OH™ to form AI(OH)4™,
and thus AI(OH)4™ in the solution will gradually increase and then basically remain in a stable state. As the
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pH of the solution increases, there should be a corresponding increase in free Na® in the solution. However,
as the concentration of NaOH increases, a new substance, sodium fluoride (NaF), appears in the leaching
slag, and the peak intensity gradually becomes larger. Thus, the leaching process consumes Na' in solution,
so the Na" in solution maintains a steady state with a gradual increase in pH. When the pH is in the range
0f 9.7-14, Li" and OH™ rapidly form the complex LiOH, and the remaining Li* exists in the free state.

OH™

Figure 5. Distribution of components of metal ions in solution at different pH values.

4. Discussion
4.1. Alkali Leaching Kinetics
4.1.1. Modelling of Leaching Kinetics

Kinetic studies can determine the effect of various factors on the reaction rate and the control steps for

a given reaction process, so that targeted measures can be taken to enhance the reaction process and increase

the reaction rate and productivity [25]. SCA alkaline leaching is essentially a liquid-solid reaction because

the particle size of SCA is less than 200 mesh, which can be approximated as fine, dense spherical particles,

and SCA alkaline leaching remains after the solid leaching residue. Therefore, the alkali leaching reaction

kinetic process can be described by the unreacted nucleus contraction model [26—28], which is widely used

in the field of hydrometallurgy for the dissolution kinetics of solid-liquid two-phase systems [29—31]. The

schematic diagram of the leaching process is shown in Figure 6. It mainly consists of five processes from

(D to (V) below, where a, b, and ¢ represent the main body of the liquid phase, the solid film generated after

the reaction, and the unreacted nucleus of the SCA, respectively.

I.  The diffusion of the leaching agent in the liquid phase from the solution to the surface of SCA particles
1s external.

II. The diffusion of leachate ions diffused to the surface of aluminium slag particles to the nucleus of
aluminium slag through the solid film on the surface of residue particles is internal diffusion.

ITII. The leachate ions react chemically with the unreacted waste residue at the reaction interface, and this
process is a chemical reaction.

IV. The reaction of insoluble products thickens the solid film, and the diffusion of soluble products through
the solid film to the boundary layer is internal.

V. The diffusion of products generated by the reaction from the surface of the slag particles into the
leaching solution is called external diffusion.
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Figure 6. Modelling of shrinking unreacted nuclei.

Among them, mineral particle size is the key factor to improve the leaching rate in the internal diffusion
control process; the surface reaction control process, leaching temperature, and leaching agent
concentration are the key factors to improve the leaching rate; the mixing diffusion control process, stirring
intensity, temperature, and leaching agent concentration have a certain effect on the leaching rate. The
specific control equations are as follows:

Kinetic equations for external diffusion control:

1—(1—-x)23 =kt (11)
Kinetic equations for the control of interfacial chemical reactions:
1-—1—-x)3 =kt (12)
Internal diffusion-controlled kinetic equations:
1—2x/3—(1—x)23 =kt (13)
Mixed diffusion controlled kinetic equations:
In(1-x)/3+1—x)"3-1=k,t (14)

where: x is the Li" leaching rate (%); k. denotes the reaction rate constant for the different control steps
described above.

4.1.2. Kinetics of Li* at Different Leaching Temperatures

Under the experimental conditions of initial NaOH concentration of 10 mol/L, stirring speed of 500
rpm, and leaching liquid-solid ratio of 10:1, the variation rule of Li" leaching rate with reaction time at
different temperatures was investigated, as shown in Figure 7. As can be seen from Figure 7, increasing the
temperature has a significant promotion effect on Li" leaching at a certain leaching time. This is confirmed
by the XRD patterns of the leaching residue at different reaction temperatures, where the diffraction peaks
of cryolite/lithium cryolite are present in the leaching residue at the low temperature of 50 °C, and the
lithium leaching rate is low. With increasing reaction temperature, molecular thermal motion intensified,
the number of slag molecules participating in the reaction increased, the diffraction peak intensities of
cryolite/lithium cryolite in the leaching residue weakened, and the leaching rate of lithium increased
significantly to about 89%. Increasing temperature accelerates both the main lithium leaching reaction and
the side reactions. However, the main reaction has a higher apparent activation energy, so it is more
sensitive to temperature changes. Therefore, appropriately increasing temperature (up to 90 °C)
preferentially enhances the lithium leaching rate while minimizing the relative impact of side reactions.
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This suggests that increasing the reaction temperature facilitates the efficient dissociation of cryolite/lithium
cryolite from SCA. The main lithium leaching reaction (decomposition of Na2LiAlF¢) has a higher apparent
activation energy compared to side reactions involving Al203 and CaF2. This means increasing temperature
preferentially accelerates the lithium leaching reaction. At temperatures below 70 °C, the main reaction
proceeds slowly, resulting in low lithium extraction efficiency. At temperatures above 90 °C, side reactions
become increasingly dominant, consuming excessive NaOH, increasing solution viscosity, and forming
Ca(OH)2 and sodium silicate precipitates that coat unreacted particle surfaces and hinder mass transfer.
Excessive temperature (>95 °C) causes partial evaporation of the leaching solution, leading to local
supersaturation and premature precipitation of sodium fluoride salts. Therefore, 90 °C represents the
optimal balance point where lithium leaching is maximized while side reactions are minimized.

90

3 [
< =)
T T

Leaching rate(%)
(=)
(=]

30 1 L 'l L L L
0 20 40 60 80 100 120

Time(min)

Figure 7. Effect of reaction time on Li" leaching at different temperatures.

The rapid increase of Li* leaching rate in 0—75 min, and the increasing trend of Li" concentration slows
down after 75 min, which is due to the chemical reaction between the liquid and solid phases tending to
equilibrate with the increase of reaction time, thus Li" can reach the leaching kinetic equilibrium in 75 min.
Extending reaction time beyond 2 h does not significantly improve lithium recovery but increases the extent
of side reactions, particularly the dissolution of silica and alumina impurities. This leads to higher reagent
consumption, more complex leachate composition, and increased energy costs. The 2-h reaction time
selected in this study thus provides the optimal trade-off between leaching efficiency, reagent utilization,
and process economics. Therefore, the data of Li" leaching rate with reaction time at different temperatures
before 75 min were selected for kinetic fitting, and substituted into four kinetic equations, linear fitting was
carried out with Origin software (Figure 7).

From Figure 8 and Table 3, it can be seen that when the leaching temperature is 50 °C, the fitting effect
of the four rate control models is poor, in which the correlation coefficients R? of the chemical reaction
control equation and the external diffusion control equation are less than 0.95, and the mixed diffusion
control model has the best fitting effect. Overall, the correlation coefficient R* of the hybrid control model
is larger than that of the diffusion control and chemical reaction control. Therefore, the chemical reaction
and diffusion control together govern the whole process of cryolite/lithium cryolite alkali leaching of Li".
This is consistent with the findings of Chen et al. [32]. This could be the reason why carbon and
cryolite/lithium cryolite in SCA are embedded in each other and form a mixture [33]. Thus, it was
determined that the leaching of Li" from SCA in NaOH solution is mainly controlled by mixed diffusion,
both by diffusion and chemical reactions, indicating that the leaching temperature has a large influence on
the whole process of alkali leaching of Li".
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Table 3. Leaching kinetic parameters of four rate control models at different temperatures.
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70 0.00299  0.97553 0.00212 0.98289 0.000876  0.99098 0.00128 0.99931
80 0.00376  0.97128 0.00292 0.98073 0.001320  0.98618 0.00258 0.99297
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Figure 8. Plots of (a) external diffusion, (b) chemical reaction, (¢) internal diffusion (d) mixing control model at different
leaching temperatures.

To further elucidate the leaching phenomena, the above leaching data were substituted into the
Arrhenius equation to determine the apparent activation energy (E£.) of the reaction at different leaching
temperatures. According to the Arrhenius equation [34,35]:

E
k = Aexp [_ﬁ (15)

where: k is the reaction rate constant; A4 is the frequency factor; E is the apparent activation energy; R is the
molar gas constant (R = 8.314 J/(mol-K)); T is the reaction temperature.
Taking logarithms on both sides of the above equation yields:
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E
Ink = ——+[nd (16)

RT

The slope of the resulting fitted straight line was converted to give the apparent activation energy of
the reaction process. Based on the data in Table 3, the results are plotted as Ink against 1/7 and are shown
in Figure 8.

As can be seen from Figure 9, the correlation coefficient R* of the hybrid diffusion control model is
0.991, which is the most significant correlation and consistent with the above results. The apparent
activation energies of the four models were calculated based on the relevant data in Table 4 as Eq external =
18.25 kJ/mol, Ea chemical = 26.35 kJ/mol, Eq intemal = 38.46 kJ/mol, and Ea mixed = 64.15 kJ/mol, respectively.
Leaching kinetics is usually considered as the leaching rate control step when the apparent activation energy
is greater than 40 kJ/mol, and the chemical modelling of the interfacial reaction is controlled [36,37].
However, the activation energies of the four rate-control models for alkaline leaching of Li" from SCA at
different temperatures are higher than those described in the literature, which may be because the leaching
rate of electrolytic aluminium residue leaching reaction is mainly controlled by the chemical reaction in the
initial stage of the leaching reaction. The product layer becomes more and more, and the surface of the slag
particles will form a passivated layer, which hampers lithium solubilisation, and thus leads to high
activation energies of the leaching system.
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Figure 9. Linear fit of Ink versus 1/T at different temperatures. (a) external diffusion control; (b) chemical reaction control; (c)

2.75

280 285 290 295

1/Tx103(K™)

3.00 3.05 3.10

internal diffusion control; (d) mixed diffusion control.

2.75

280 285 290 295

1/Tx103(K™)

3.00 3.05

3.10




Green Chem. Technol. 2026, 3(3), 10020. doi:10.70322/gct.2026.10020 13 of 22

Table 4. Values of k and R? for the rate control models.

Rate Control Modelling Slope & Correlation Coefficient R?
external diffusion —2.19453 0.94635
Chemical reaction control —3.16974 0.97520
Internal diffusion control —4.62603 0.96709
Mixed control —7.71582 0.99100

Combining the fit of the Li" leaching rate with reaction time to the four kinetic equations at different
temperatures shows that the correlation coefficient, R?, is closest to 1 for the mixed diffusion control. It is
indicated that Li" leaching from SCA is mainly controlled by mixing diffusion at a certain NaOH
concentration and liquid-solid ratio. This also confirms that increasing the reaction temperature to a certain
extent is indeed favourable to the leaching reaction and the leaching efficiency.

4.1.3. Kinetics of Li" at Different Leaching Concentrations

Under the leaching temperature of 90 °C, stirring speed of 500 rpm, and leaching liquid-solid ratio of
10:1, the variation rule of Li* leaching rate with reaction time at different temperatures was investigated,
and the results are shown in Figure 10. At a certain leaching time, the leaching rate of Li" was maintained
at a low level up to 51.34% when the NaOH concentration was 2/4 mol/L. There was a significant increase
in the leaching rate of lithium when the NaOH concentration was 6/8/10 mol/L. Therefore, NaOH
concentration is an important factor affecting the leaching rate of Li*, which gradually increases with NaOH
concentration. When the NaOH concentration was 10 mol/L, the leaching time was 2 h, and the leaching
temperature was 90 °C, the leaching rate of Li" could reach 89.46%. Excess Na' in solution can gradually
replace lithium in lithium cryolite, and the increase in Li" can be attributed to highly alkaline conditions
[23,38]. At pH < 14.5 (<4 mol/L NaOH)), the system cannot provide sufficient OH™ to break the strong Al-
F bonds in cryolite, and free F~ combines with Li" to form insoluble LiF precipitates. At pH 14.5-14.9 (4—
6 mol/L NaOH), aluminum-containing phases gradually dissolve into soluble [Al(OH)4]™ ions, and lithium
extraction efficiency increases rapidly from 42% to 89%. At pH > 14.9 (>6 mol/L NaOH), excess OH™
completely decomposes all lithium-bearing phases, but also increases the dissolution of impurity elements
such as Si and Fe.
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—d— 8M

80 f —o—10m
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Figure 10. Effect of reaction time on the leaching rate of Li* at different NaOH concentrations.

The Li" leaching rate increased faster in 0—75 min, and the upward trend slowed down after 75 min,
which was because, with the increase of NaOH concentration, the amount of NaOH per unit volume
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gradually increased, which increased the contact chance between NaOH and slag, and then affected the
leaching kinetic equilibrium of Li" so that the leaching rate of Li" increased. The Li" reached the leaching
kinetic equilibrium at the late stage of the reaction, so the leaching rate gradually stabilised. Meanwhile,
from the XRD patterns of the leaching residue at different NaOH concentrations, it can be seen that the
intensity of the diffraction peaks of the cryolite/lithium cryolite phases in the leaching residue gradually
weakened with the increase of the NaOH concentration, and the diffraction peaks disappeared when the
concentration of NaOH was 10 mol/L, which further indicated that the increase of the concentration of
NaOH could effectively promote the decomposition of cryolite/lithium cryolite. High ionic strength reduces
the activity coefficient of Li* and F~ ions, shifting the LiF dissolution-precipitation equilibrium to the left
and slightly decreasing lithium solubility. Increased ionic strength compresses the electric double layer
around fine particles, reducing electrostatic repulsion and promoting particle aggregation. At ionic
strength >8 mol/L, the viscosity of the leaching solution increases significantly, which slows down the
settling velocity of fine precipitates and deteriorates solid-liquid separation performance. The data of the
change rule of Li" leaching rate with reaction time at different NaOH concentrations before 75 min were
selected for kinetic fitting, and substituted into four kinetic equations, linear fitting was carried out by
Origin software, and the fitting results are shown in Figure 11.

The fitting results in Figure 11 show that the correlation coefficient R* for the hybrid control model is
greater than the correlation coefficient R? for the diffusion control and chemical reaction control. This
process has the most significant correlation with the kinetic equation for mixing diffusion. The slopes of
the straight lines fitted to the four rate control models with time at different NaOH concentrations were
used to obtain the corresponding & values at different NaOH concentrations, as shown in Table 5.
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Figure 11. Plot of (a) external diffusion, (b) chemical reaction, (¢) internal diffusion (d) mixing control model at different NaOH
concentrations versus t.
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Table 5. & values of four rate control models at different NaOH concentrations.

Rate Control Modelling Slope & Correlation Coefficient R?
external diffusion 0.56201 0.91073
Chemical reaction control 0.83501 0.94180
Internal diffusion control 1.64724 0.99984
Mixed control 2.46586 0.99871

The data in Table 5 were fitted by Ink and InC to obtain a curve of Ink versus InC, as shown in Figure 12.
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Figure 12. Linear fit of Ink to InC for four rate control models with different NaOH concentrations. (a) external diffusion control;
(b) chemical reaction control; (¢) internal diffusion control; (d) mixed diffusion control.

From Figure 11, the linear correlation coefficient R* = 0.99871 of the mixing diffusion control models
indicated that the correlation is significant. According to the slope of its linear equation can be obtained
NaOH leaching lithium extraction of the number of reaction stages is 2.47. The number of reaction stages
is an important indicator of the effect of NaOH concentration on the Li" leaching rate, and the larger the
number of reaction stages, the higher the concentration of leaching agent required for the leaching reaction.
This is consistent with the results of the effect of different NaOH concentrations on the leaching rate of Li”,
indicating that increasing the NaOH concentration has a significant effect on the leaching rate of Li".

4.2. Physical Phase Transformation During Leaching

During the experiment, it was observed that the solid-liquid separation of leaching became difficult
when the alkali concentration increased, and it was guessed that there might be the generation of new
substances in the leaching process, which led to the difficulty of the leaching process. Therefore, XRD
analyses were carried out on the leaching residues under the conditions of different alkali concentrations
and different leaching temperatures.
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As shown in Figure 13, the diffraction peaks of Na3AlFs/Na2LiAlFe gradually became weaker or even
disappeared with the gradual increase of NaOH concentration. The diffraction peaks of NasAlFs/Na2LiAlFs
basically disappeared when the concentration of NaOH was 10 mol/L, and the diffraction peaks of LiF
appeared when the concentration of NaOH was 2/4 mol/L. At low NaOH concentrations (2—4 mol/L), the
OH™ dosage is insufficient to decompose lithium-bearing cryolite phases fully. The released free F~ ions
combine with Li" in the system to form insoluble lithium fluoride (LiF) precipitates, leading to distinct LiF
diffraction peaks in the XRD patterns of the leaching residues. In contrast, at high NaOH concentrations,
sufficient OH™ promotes the complete dissolution of Li-containing phases and LiF into the alkaline solution,
so the LiF peaks disappear. Therefore, it was inferred that the original low leaching rate of Li" at the low
concentration might be due to the limited structural disruption of Na3AlFe/Na2LiAlFe and the presence of
LiF. With the gradual increase of NaOH concentration, LiF and NaszAlFe/Na2LiAlF¢ gradually dissolved
and diffraction peaks of sodium fluoride (NaF) began to appear [39]. The intensity of its diffraction peaks
gradually increased with increasing alkali concentration. When the concentration of NaOH gradually
becomes larger, the aqueous solution gradually begins to be saturated. As the reaction with the raw material
occurs, a large number of fine amorphous fluoride precipitates and hydrated sodium aluminate-containing
micro-gels into the solution. Besides, the viscosity of highly concentrated NaOH solution becomes higher,
thus increasing the difficulty of solid-liquid separation.
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Figure 13. XRD diagram of leaching residue at different NaOH concentrations.

Figure 14 shows that when the leaching temperature is 50 and 60 °C, the structure of most of the phases
in the slag is not destroyed, and the intensity of the diffraction peaks of NasAlFs/Na2LiAlF¢ in the leaching
residue gradually weakened to disappear with the increase of the leaching temperature, indicating that the
increase of the temperature is conducive to the destruction of the structure of NazAlFe¢/Na2LiAlFs, and the
diffraction peaks of sodium fluoride (NaF) in the system gradually strengthened with the increase of the
leaching temperature. The diffraction peak of sodium fluoride (NaF) in the system was also gradually
enhanced with the increase in leaching temperature. Combined with thermodynamic calculations for the
reaction of cryolite in NaOH, AG < 0 for the reaction of NasAlFs, LiF, efc., with NaOH at the experimental
temperatures suggests that alkali immersion dissolves Na3AlFs/Na2LiAlFes and releases soluble ions.
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Figure 14. XRD diagram of leaching residue at different leaching temperatures.

4.3. SEM-EDS Analysis of Leaching Sludge

The leaching slag at different NaOH concentrations was analysed for micro-morphology and EDS
(Figure 15a—d). The SEM images of the raw materials are shown in Figure 1c. The SEM images of the
feedstock show that cryolite/lithium cryolite has a dense, massive structure (Figure 1¢). The elements Na,
Al, and F are observed in the EDS maps of both Figures 1c and 15, which are due to the presence of
cryolite/lithium cryolite. SEM images of the feedstock show that cryolite/lithium cryolite has a dense,
massive structure (Figure 1¢). The elemental O observed in both the feedstock and the leaching slag is due
to the presence of Al2Os. This is consistent with Mao and Zhang, who found that carbon slag mainly
comprises cryolite, lithium cryolite, and graphite[33]. With increasing NaOH concentration, the
cryolite/lithium cryolite structure dissociates, and C is dispersed in the leaching slag. With increasing NaOH
concentration, strong OH™ promotes the decomposition and leaching of Al-bearing phases into soluble
tetrahydroxyaluminate ions ([AI(OH)4]"), resulting in continuous loss of Al element from solid residues.
Excess Na“ from high-concentration NaOH is adsorbed onto the surface of leaching residues or
incorporated into newly formed sodium-rich fluoride precipitates. The solid-phase Na content increases
while solid-phase Al decreases, jointly raising the Na/Al atomic ratio in residues. The leaching slag SEM
images were enlarged by 6000 times to gain a deeper understanding of the morphological changes during
the phase transition of cryolite. After leaching at 4 mol/L NaOH leaching concentration, the layered
structure of cryolite can be observed (Figure 15b). As the NaOH concentration continued to increase, the
cryolite/lithium cryolite structure continued to decompose, and the release of Na®, AI**, Li*, etc. made the
leached slag structure looser. At low NaOH concentrations (2—4 mol/L), leached residues retain the original
dense, blocky particle morphology with smooth surfaces. Only sporadic, tiny pores appear, indicating weak
corrosion from alkali leaching, and the particle structure remains intact. At medium NaOH concentrations
(4-6 mol/L): Severe alkali corrosion occurs on particle surfaces, forming obvious etched pits and
microcracks; some large particles break into smaller fragments. At high NaOH concentrations (>6 mol/L):
Intense alkaline dissolution destroys the original compact structure. Particles are significantly refined with
abundant interconnected porous structures, and loose flocculent amorphous precipitates cover particle
surfaces, leading to a highly porous and fragmented residue morphology.
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Figure 15. SEM-EDS analyses of leaching slags at different NaOH concentrations. (a) 2 mol; (b) 4 mol; (¢) 6 mol; (d) 8 mol;
(e) 10 mol.

Under the effect of turbulent agitation, C and cryolite/lithium cryolite minerals are successively stripped,
and the lamellar structure of leaching slag becomes obvious [40]. From the EDS analysis, it was concluded
that the Na/Al ratio gradually becomes larger with the increase of leaching agent concentration. This is due
to the increase in Na' in the solution resulting from Na" supplied by the leaching agent, and to the formation
of NaF from Na* and F~ in the residue, consistent with the XRD results in Figure 13. Although Li could not
be detected by SEM-EDS, this was a great help in analysing the whole alkaline leaching process.

4.4. Evaluation of Alkaline Leaching Process

The direct alkaline leaching process using NaOH proposed in this study exhibits significant
environmental friendliness compared with conventional acid leaching and roasting processes. During
traditional acid leaching, fluorides in SCA react with strong acids, generating highly toxic hydrogen
fluoride gas. In contrast, fluoride ions combine with sodium ions to form stable sodium fluoride precipitates
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during alkaline leaching, resulting in zero toxic gas emissions. Meanwhile, alkaline leaching avoids
atmospheric pollutants such as fluorine-containing dust, sulfur dioxide, and nitrogen oxides produced by
roasting processes. Acid leaching generates substantial amounts of neutralization sludge, which remains
classified as hazardous waste due to its high concentrations of fluorides and heavy metals and requires
secure landfill disposal. In the leaching residue obtained in this study, fluorine exists in the stable forms of
CaF2 and NaF, whose toxic leaching concentrations are far below the limit values specified in hazardous
waste identification standards. The alkaline leaching process achieves the directional conversion of fluorine
and aluminum resources: the leachate can be regenerated into cryolite via simple carbonization or
acidification treatment, which can be directly recycled back to aluminum electrolytic cells.

In this study, a lithium leaching rate of 89.46% was achieved at 90 °C under atmospheric pressure
within 2 h, which is significantly superior to conventional processes. The alkaline leaching process
eliminates the need for high-pressure equipment and high-temperature roasting furnaces, shortening the
process flow by more than 50% and significantly reducing operational complexity. Alkaline leaching
demonstrates high selectivity for lithium: while lithium, aluminum, and fluorine are dissolved, most
impurities, such as carbon, calcium, and silicon, remain in the leaching residue. This results in a relatively
simple leachate composition, facilitating subsequent lithium separation and purification. Notably, the
aluminum-containing alkaline solution generated by this process can be directly integrated into existing
cryolite regeneration production lines in aluminum electrolysis plants without large-scale new construction,
greatly lowering the technical threshold and investment risk for industrial application.

The alkaline leaching process has low capital investment as it does not require high-temperature
roasting furnaces, high-pressure reactors, or complex tail gas treatment systems. The fixed asset investment
is only 30-40% of that for roasting processes and 50—60% of that for acid leaching processes. The main
reagent consumption of this process is NaOH. Although NaOH has a relatively high price, acid leaching
processes require large amounts of acid (e.g., 1.5 tons of nitric acid per ton of SCA) and neutralizing alkali
(e.g., 2.0 tons of NaOH per ton of SCA), resulting in higher total reagent costs than alkaline leaching.
Furthermore, the alkaline leaching process can recover approximately 0.6—0.7 tons of cryolite per ton of
SCA, and this by-product revenue can offset about 50% of the operating costs.

Despite the remarkable advantages of the alkaline leaching process, several critical issues remain to be
addressed:

The use of 10 mol/L NaOH solution leads to relatively high reagent costs. This limitation can be
addressed in future studies by developing low-concentration alkaline leaching coupled with enhanced
leaching technologies, such as ultrasound assistance and mechanical activation, to reduce alkali consumption.
The high concentration of aluminum in the leachate adversely affects the precipitation efficiency of lithium.
Therefore, efficient lithium-aluminum separation technologies, including selective extraction and membrane
separation, need to be further developed. The fine NaF microcrystals formed during the leaching process tend
to cause difficult solid-liquid separation. It is necessary to optimize the crystallization conditions to promote
the growth of NaF crystals and improve the solid-liquid separation performance.

5. Conclusions

This study describes an environmentally friendly process based on the efficient leaching of lithium
from SCA using NaOH as a leaching agent. Thermodynamic calculations confirmed that cryolite (Na3AlFe)
and lithium fluoride (LiF) can react with NaOH to release Li" during alkaline leaching. The E-pH diagrams
revealed that the dissociated AI** would first form an AI(OH)3 complex and then continue to react with
OH™ to form AI(OH)4", while lithium has two existing forms of Li" and LiOH. The kinetics of alkali
leaching of Li" from residue demonstrated that the rate of Li" leaching was by the ‘unreacted shrinking
nucleus model’, and that the leaching process was controlled by mixing and diffusion. It was concluded
that NaOH concentration and leaching temperature are the key factors governing the effectiveness of Li*
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leaching. Increasing the concentration of NaOH and increasing the temperature of the reaction system are
both favourable for the leaching of Li". At a NaOH concentration of 10 mol/L and a leaching temperature
of 90 °C, the leaching rate of lithium can reach 89.46%. This conclusion is confirmed by the results of the
alkali leaching kinetics. Excess Na' in the system, combined with F~ is involved in the generation of the
new physical phase sodium fluoride (NaF). The whole alkaline system also facilitates the subsequent repair
and regeneration of cryolite. SEM-EDS reveals that NaOH promotes the breaking of Na—Al-F bonds and
thus the release of Li" into the leaching solution. In this study, efficient lithium leaching from SCA was
achieved under milder conditions, avoiding the excessive process length associated with acid leaching and
roasting, and the environmental harm caused by the exhaust gases produced. It provides a new channel for
the efficient leaching of lithium.

The approach demonstrated in this work provides a general methodology for recovering lithium from
various fluoride-containing wastes, including spent pot liners, aluminum dross, and lithium-ion battery
recycling residues. Future research should focus on developing low-concentration alkaline leaching
technologies to reduce reagent consumption and optimizing lithium-aluminum separation processes to
obtain high-purity lithium products. The proposed route realizes efficient recovery of secondary lithium
resources from SCA and directional transformation of fluorine containing impurities into regenerated
cryolite, which synchronously accomplishes resource recycling, solid waste reduction and high value added
by product preparation. However, high NaOH consumption increases operational costs; the deep separation
efficiency of lithium and fluoride in alkaline leachate needs further improvement; complex impurity
components in real industrial spent carbon anode slag may affect leaching stability. It needs to explore
precise regeneration and purification technology of cryolite and achieve synergistic recovery of multiple
valuable elements from electrolytic aluminum solid waste.
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