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Abstract

The booming new energy industry has fueled a surge in global lithium demand, with
the annual demand for lithium carbonate (Li;CO3) equivalent (LCE) projected to reach
11.2 million tons by 2050. As a key raw material for lithium extraction, spodumene
generates approximately 10-15 tons of lithium slag per ton of lithium carbonate (Li,CO3)
produced. However, the comprehensive utilization rate of lithium slag in China remains
below 30%, and most of it is disposed of through landfilling, posing soil pollution risks. This
review summarizes the main lithium extraction processes from spodumene: the sulfuric
acid method (with a lithium recovery rate of over 96% but high acid consumption); alkali
processes (achieving 96%-99% lithium recovery and featuring low equipment corrosion,
yet with untested applicability to low-grade ores); salt roasting (simplifying purification
processes but only achieving ~60% sulfate recovery); and chlorination roasting (with a
lithium recovery rate of over 95% but requiring strict safety controls). Additionally, this
review covers the resource utilization of lithium slag: 8-10 million tons of gypsum can
be recovered annually (filling 16%—20% of China’s industrial by-product gypsum supply
gap); the silica—alumina micro-powder can enhance concrete strength and reduce glass
fiber production costs; and over 94% of tantalum (Ta) and niobium (Nb) can be recovered
from fine tantalite concentrate slag. Key research gaps and future development directions
are also identified to support the low-carbon development of the lithium industry.

Keywords: lithium; lithium extraction process; lithium slag; resource utilization;
physicochemical properties

1. Introduction

With the booming development of the new energy sector, lithium—an essential strate-
gic resource—has witnessed an explosive growth in demand [1]. Lithium and its com-
pounds, renowned for their exceptional properties (e.g., high electrochemical activity,
superior specific heat capacity, and outstanding redox potential) [2], are widely employed
in batteries, ceramic glass, cement, pharmaceuticals, lubricants, the aerospace industry,
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semiconductors, and other high-value fields [3]. These unique attributes have directly
catalyzed the transformation of the electric vehicle industry, as lithium has become irre-
placeable in lithium battery production, particularly for new energy vehicles. Key industrial
lithium products encompass lithium carbonate (Li;CO3), lithium hydroxide (LiOH), and
lithium chloride (LiCl), with lithium carbonate (LiyCOj3) serving as the core material for
new energy vehicle batteries [4]. According to forecasts from the Global Geology & Mineral
Information Network, the global annual demand for lithium carbonate equivalent (LCE)
is projected to reach 11.2 million tons by 2050 [5]. By then, the energy storage sector is
anticipated to account for two-thirds of the total battery demand, underscoring lithium’s
critical role in the transition to a low-carbon economy. An increasing number of people
recognize lithium’s strategic importance, dubbing it “white gold” [6].

Lithium resources are abundant in nature and primarily categorized into brine-, hard-
rock-, and clay-type [7]. The primary processes for lithium extraction encompass limestone
calcination, sulfuric acid calcination, chlorination calcination, salt calcination, and alkali
pressure digestion [8]. The physicochemical properties of lithium slag, a by-product gen-
erated during the lithium extraction process, vary depending on the specific extraction
technology employed [9]. Quantitatively, approximately 10-15 tons of lithium slag are gen-
erated globally for every ton of lithium carbonate (Li;COj3) produced through spodumene
(LiAl(SiO3);) processing [10]. As the world’s largest lithium-producing country, China has
seen its annual lithium slag output exceed 120 million tons in recent years, with an annual
new increment of about 10 million tons and a total historical stockpile reaching tens of
millions of tons. However, its comprehensive utilization rate remains below 30% [11].

Currently, the disposal methods for lithium slag mainly involve land-filling or open-
air stockpiling, resulting in low utilization rates. A small portion of lithium slag is used
as a construction material [12], while the majority remains difficult to recycle and reuse
effectively. The extensive stockpiling of lithium slag not only occupies land resources
but also leads to soil pollution, as elements, such as the sulfur contained in the slag, are
leached away with water and soil erosion. To address this practical challenge, multiple
guidelines have been issued at the national level: the 14th Five-Year Plan for Circular
Economy Development specifies that the comprehensive utilization rate of industrial solid
waste should exceed 60% by 2025, and the revised Law on the Prevention and Control of
Environmental Pollution by Solid Waste (2020) requires the management of lithium slag
to be strengthened [13]. Therefore, the resource utilization of lithium slag has become a
focus of national environmental protection and industrial policies. This paper provides a
comprehensive overview of the sources, properties, and resourceful utilization of lithium
slag and holds significant importance for the recycling and utilization of lithium slag. This
paper follows a clear sequential structure: Section 2 focuses on lithium resource characteris-
tics, elaborating on lithium occurrence forms and global spodumene distribution; Section 3
clarifies lithium slag sources by analyzing conventional spodumene lithium extraction
processes (e.g., the sulfuric acid method and the alkali method); Section 4 characterizes
lithium slag’s mineralogical and chemical properties (e.g., the main components and phase
composition) to lay a foundation for its resource utilization; Section 5 explores lithium slag’s
high-value utilization schemes, focusing on gypsum recovery, silica—alumina micro-powder
preparation, and strategic metal recovery from fine tantalite concentrate slag; and Section 6
summarizes the key findings, identifies current utilization bottlenecks (e.g., technical/cost
issues), and proposes prospects for efficient, large-scale lithium slag utilization.
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2. Characteristics of Lithium Resources
2.1. Forms of Lithium

With the rapid development of mobile power sources and electric vehicles, the appli-
cations of lithium are increasing [14]. In recent decades, the supply—demand imbalance
of lithium has become prominent, and its sources have gradually changed. According
to Li Xiaoguang [15], the global lithium demand increased by 25% year-on-year in 2024,
while supply only increased by 18%, expanding the supply-demand gap to 7%, directly
driving the diversification of lithium resource development. These sources are mainly
categorized into the following: brine-type lithium resources, which can be further divided
into salt-lake brine (58%) and deep brine (6%) [16]; hard-rock-type resources [17], which
can be subdivided into spodumene (LiAl(SiO3);) granite and granite types, accounting for
26% of the global total; and clay-type resources, which are relatively rare, at about 10% [18].

Brine from salt lakes is the largest discovered source of lithium. Compared to other
types of ore mining, lithium extraction from salt-lake brine has advantages such as better
environmental performance and lower costs, making it one of the main types of lithium
deposits being developed in the world today [19]. However, the global distribution of
salt-lake brine lithium resources is highly concentrated—approximately 70% of the world’s
reserves are concentrated in the Andean “Lithium Triangle”, which encompasses Salar de
Atacama (Chile), Salar de Olaroz (Argentina), and Salar de Uyuni (Bolivia) [20]. This high
geographical concentration exposes the lithium supply chain to dual risks. Geopolitically,
uncertainties such as Chile’s lithium nationalization policies may undermine stable access
to lithium resources [21]. Technically, solar evaporation, the primary process for salt-lake
lithium extraction, requires a long cycle of 6-12 months and is highly dependent on arid
environmental conditions [22]. Notably, seasonal rainfall variations in arid regions can
directly compromise the continuity and efficiency of production.

Chinese salt lakes are renowned for their large number, diverse types, abundant
resources, and high content of rare elements [23]. However, most of these salt-lake brine
resources in China exhibit a relatively high Mg?* /Li* ratio. As presented in Table 1. the
Qarhan Salt Lake [24] has a Mg2+ concentration of 108.5 g/L versus a Li* concentration
of 3.279 g/L. This elevated ratio necessitates additional Mg?*-Li* separation steps, such
as ion-sieve adsorption and solvent extraction, which increases process complexity and
operational costs, ultimately offsetting the inherent low-cost advantage of brine-based
lithium extraction. The water chemistry properties of salt lakes are key factors in salt-lake
lithium extraction technology processes. Ion concentrations in salt lakes serve as the basis
for the classification of salt-lake water chemistry types, including Lit, Mg?*, K*, Na*, Ca?*,
SOi_, etc. Table 1 shows the composition of brine resources in the world’s major salt
lakes. These compositional differences directly dictate the selection of lithium extraction
processes: the Salar de Atacama [25] (with a low Mg?*/Li* ratio of 5.8:1) can adopt a simple
process, combining solar evaporation and carbonate precipitation, while the Qarhan Salt
Lake [24] (with a high Mg?*/Li* ratio of 33.1:1) requires the pre-separation of magnesium,
resulting in significant disparities in production costs.

Table 1. Compositions of the main global salt-lake brine resources (g/L) (Reproduced with permission
from [26], published by Springer Nature Switzerland AG, 2023).

Salt-Lake Brine Li* Mg?* K* Na* Ca? S03~

Qarhan Salt Lake, China [24] 3.279 108.5 0.763 2.281 0.107 6.39
Atacama Salar Brine, Chile [25] 3.02 17.6 28.2 61.9 0.41 37.9
Olaroz Salar Brine, Argentina [27] 1.01 2.00 6.22 98.85 0.51 10.07

Uyuni Salar Brine, Bolivia [28] 0.57 13.3 14.2 53.1 0.48 0.48
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Table 1. Cont.

Salt-Lake Brine Li* Mg K* Na* CaZ* SO3~

Yiliping Salt Lake, China [29] 0.33 26.29 15.11 78.02 - 25.50
Longmucuo Salt Lake, China [30] 0.865 75.41 15.59 11.10 0.12 259
West Taijinar Salt Lake, China [31] 0.784 60.58 16.00 21.01 0.185 25.08
East Taijinar Salt Lake, China [32] 6.75 85.47 7.69 10.42 - 29.58
Zabuye Salt Lake, China [33] 0.16 214 7.10 69.2 40.5

Hard-rock lithium ores mainly include spodumene (LiAl(5iO3);), lepidolite
(K(LiAl)3[AlSi4O19](OHEF),), and iron-bearing lepidolite [34-36]. The largest lithium ore
reserves are currently found in spodumene (LiAl(SiO3),) and lepidolite, which are the main
sources of lithium extraction. Spodumene (LiAl(5iO3);), as the primary raw material for
lithium extraction, has a simple mineral composition and a high lithium grade, with a Li,O
content of approximately 2.9% to 7.7% [37]. Figure 1 [35] illustrates the key morphological
and microstructural characteristics of spodumene (LiAl(SiO3);). Specifically, Figure 1a
presents the macroscopic (optical) appearance of typical a-spodumene, which exhibits
a prismatic crystal habit and distinct cleavage planes—features that serve as diagnostic
criteria for its preliminary identification in ore samples. Figure 1b displays its microscopic
morphology via scanning electron microscopy (SEM), revealing a relatively dense, blocky
particle structure. In contrast, Figure 1c,d depict the macroscopic and microscopic char-
acteristics of B-spodumene, respectively. The phase transformation from x-spodumene
to 3-spodumene, induced by high-temperature roasting (as detailed in Section 3, is char-
acterized by the formation of reddish-brown particles (Figure 1d) and a more porous
microstructure compared to x-spodumene. Notably, the SEM mapping analysis shown
in Figure 1 further illustrates the distribution of lithium in spodumene. In x-spodumene
(Figure 1a,b), lithium is uniformly distributed within the crystalline lattice, indicating
its stable incorporation into the LiAl(SiO3); structure; in 3-spodumene (Figure 1c,d), the
phase transition causes slight variations in lithium distribution, with localized enrichment
observed in the reddish-brown particle regions (Figure 1d). This phenomenon is closely
associated with the enhanced reactivity of 3-spodumene in subsequent lithium extraction
processes (e.g., acid leaching or alkali decomposition). Lepidolite has a complex compo-
sition, with a lower lithium grade than spodumene (LiAl(SiO3);), and its LiO content
is approximately 2.0% to 5.0% [38]. The biggest difference between lepidolite and spo-
dumene (LiAl(5iO3);) is that lepidolite contains 5.9% fluorine [39]. The study of lithium
resources extracted from lithium ores is of great significance to the development of China’s
lithium industry.

Clay-type lithium resources are sedimentary and are usually classified as volcanic clas-
tic weathered, silico-aluminous, and coal-bearing clay subtypes [40]. Due to the small pro-
portion of clay-type lithium resources, directly extracting lithium without pre-concentration
presents issues, which include high reagent consumption, which refers to the large quan-
tities of leaching agents (sulfuric acid or composite acid systems) required to react with
the scattered lithium-bearing minerals in low-grade ores; high energy consumption, which
mainly comes from two aspects: prolonged heating during leaching—since lithium in
clay minerals has low accessibility, extended thermal maintenance is needed to promote
the interaction between reagents and lithium—and additional energy for ore grinding,
which reduces the particle size of ores to enhance their reactivity; and environmental
pollution, which stems from the discharge of unreacted acidic leaching agents and heavy
metal-containing wastewater, as clay ores often contain associated heavy metals such as
iron and manganese that are leached alongside lithium and can contaminate water bodies if
untreated. In recent years, several large clay lithium mines have been discovered in regions
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such as Yunnan, Inner Mongolia, and Qinghai in China, and with the enormous demand
for lithium, clay-type resources are receiving increasing attention [41].

Electron Image 1

Figure 1. (a) Macroscopic (optical) and (b) microscopic (SEM) aspects of a typical x-spodumene
sample; (c) macroscopic (optical) and (d) microscopic (SEM) aspects of a typical B-spodumene sample
(red-brown particles) [35].

2.2. The Distribution of Spodumene Ore

According to data from the 2024 United States Geological Survey (USGS) report [42],
global lithium resources are estimated to be around 105 million tons, with proven lithium
reserves of 28 million tons. The global distribution of lithium reserves is highly concen-
trated, mainly in the Americas and Australia. The major lithium resource-rich countries
include Chile, Australia, Argentina, and China. The relevant data are shown in Figure 2.

I Chile
I Australia
Argentina
[ China
12.9% 10.7% United States
Canada
3.3% Zimbabwe
1.1% Brazil

49 .
22.1% 1.4% Miscellaneous

11.1%

33.5%

Figure 2. Global lithium resource distribution map [42].
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The global distribution of lithium resources is extensive. Based on geographical
location and formation conditions, its deposits can be classified into three major types: hard-
rock lithium, brine lithium, and clay lithium. These three types can be further subdivided
into seven genetic types, and Table 2 shows details on their research and exploitation
degrees, as well as typical deposits. The distribution of brine lithium resources is highly
uneven globally. However, China is rich in salt-lake lithium resources, which can be
mainly divided into four regions: the Tibetan Plateau Salt-lake District, the Northwest
Salt-lake District, the Northeast Salt-lake District, and the scattered salt lake districts in
eastern areas [43]. The Tibetan Plateau is the largest producer of brine-type lithium deposits
in China, with Qinghai and Tibet accounting for approximately 80% of the country’s
lithium resources [44].

Table 2. Classification of the world’s primary lithium resources [44—-48].

Genetic Type

Research and Exploitation Degrees Typical Deposits

Salt-lake brine type

Altiplano Lithium Triangle (Andes,
South America), salt lakes on China’s
Qinghai-Tibet Plateau, salt lakes in
the southwestern U.S.
Cenozoic tectonic zone in the western

High degree of research
and exploitation

Deep brine type

Great potential, but a low degree
of research

Qaidam Basin, China; deep Triassic
brine in Huangjinkou, Xuanhan,
Sichuan Basin, China

Granite pegmatite type

Granite type

High grades and
extensively surveyed

Low grades, high exploitation costs

Greenbushes lithium deposit
(Australia), Altay deposit (Xinjiang,
China), Jiajika and Maerkang deposits
(Sichuan, China)

Brazilian granite lithium deposits

Pyroclastic weathered clay subtype

Silico-aluminous clay type

Coal-measure clay type

Formed by weathering and lithium
enrichment of lithium-bearing
pyroclastic rocks
Formed in the Neopaleozoic,
widely distributed
Widely distributed, low
exploration degree

Kings Valley (Nevada, U.S.), a valley
in the south-central Mexican Plateau
Dazhuyuan deposit (Guizhou, China)

Jungar coal field (China), Ningwu
coal field (Shanxi Province, China)

In terms of hard-rock lithium resources, they are mainly distributed [49] in Sichuan,
Jiangxi, Xinjiang, Hunan, and other regions of China: spodumene (LiAl(SiO3),) deposits
are concentrated in the Garzé and Aba areas of Sichuan; lepidolite deposits are widely
distributed in Jiangxi; Xinjiang is dominated by granite pegmatite-type hard-rock resources
(once a major lithium mineral resource province); and Hunan also holds a certain pro-
portion of the country’s total lithium reserves [50-52]. Overall, China’s lithium resources
are unevenly distributed, but different regions have their own advantages in resource
types, providing a diversified foundation for the development and utilization of China’s
lithium resources [53].

3. The Main Source of Lithium Slag

The traditional processes for extracting lithium from spodumene (LiAl(S5iO3),) include
the acid process, alkali process, salt roasting process, and chlorination process. As shown
in Figure 3, the traditional process of extracting lithium from spodumene (LiAl(SiO3);)
mainly includes the following steps: First, it is converted into 3-spodumene through the
high-temperature roasting of x-spodumene. The insoluble lithium compounds are then
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(a) B-spodumene

high-temperature

converted into soluble lithium compounds under high pressure using an acid or alkaline
solution. Finally, lithium carbonate is obtained via carbonate precipitation [54].

acid or alkaline
solution

I =
= [ VD

insoluble lithium

roasting

o compounds .
B-spodumene soluble lithium
- compounds
"{.":{‘
PpL
Lithium solution E S ’
Lif LT,
AR :
o e X lithium
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(b) SLR (¢) SLR after lithium adsorption carbonate
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Figure 3. The conventional extraction process of lithium from spodumene (LiAl(SiO3);) (Reproduced
with permission from [54,55], published by Elsevier). Note: The figure illustrates the workflow of
the acid and alkali processes, showing the complete path from x-spodumene to lithium carbonate,
including the generation of lithium slag as a by-product.

3.1. Acid Process

The sulfuric acid method, invented in 1943, is the main process for extracting lithium
from spodumene (LiAl(SiO3),) and lepidolite (K(LiAl)3[AlSisO10]J(OHF);). a-spodumene
(monoclinic structure, density 3.184 g-cm~2) [56] exhibits high acid inertness due to its
dense crystalline lattice that restricts Li* accessibility, while 3-spodumene (tetragonal struc-
ture, density 2.374 g-cm~3) [57] has a porous microstructure with pseudo-zeolitic channels,
enabling efficient ion exchange with acids. Around 1000 °C, a-spodumene undergoes a
phase transformation (accompanied by ~27% lattice expansion) to form 3-spodumene [58].
This transformation is driven by a high-temperature-induced lattice rearrangement, which
breaks the compact Li-Al-Si-O framework of a-spodumene and converts it into a more
reactive structure [59]. The reaction between spodumene (LiAl(SiO3);) and sulfuric acid
follows the following equation [60]:

2LiAISiOp(s) + HaSO4 () |2+« 2HAISOp(s) + LinSOyq) )

LixO - ALO3 - 4SiOy) + HaSOy() 725 LipSOy(q) + ALO3 - 45i0; - H,05)  (2)

In Equation (3), the Li* from spodumene (LiAl(SiO3);) is replaced with H* from the
acid, leaving the framework unchanged. Excess acid will then react with the formed Li;SO4
to produce LiHSOy (melting point of ~170 °C), which exists in a liquid state and prolongs
the acid—spodumene reaction:

LizSO4(S) + H2504(1) — 2LiHSO4(1) 3)

Proven through the practices of many companies (e.g., operations at Greenbushes
mine, Australia), the overall yield of this process is above 96%. The sulfuric acid method
has a wide range of applications and can handle spodumene (LiAl(SiO3),) of different
grades. However, there are still some issues that restrict its development. First, the
acid consumption of the production process is high (30%-140% excess acid is required to
neutralize impurities such as K* and Na*). Second, a large amount of silico-aluminous
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lithium slag (containing ~60%—70% SiO, and 15%-20% Al,O3) is generated. Moreover,
after leaching with sulfuric acid, limestone is needed for neutralization, resulting in a large
amount of calcium sulfate.

In response to the issues of high sulfuric acid consumption and significant energy
expenditure during the sulfuric acid roasting process, many researchers have compared
the application of microwave ovens in the acid roasting process for lithium extraction from
spodumene (LiAl(SiO3),) with traditional furnaces. Salakjani et al. [60] found that the
conventional acid roasting of 5 g of 3-spodumene for 60 min at 250 °C in the presence
of 80% excess concentrated sulfuric acid was highly effective for lithium extraction, and
the microwave process achieved the almost complete recovery of lithium after 20 s of
irradiation (Figure 4). Rezaee et al. [61] found that an optimal lithium recovery rate of 97%
could be achieved using the microwave roasting—acid leaching process at a microwave
power of 2.0 kW, which is comparable to the conventional heating process. Importantly,
microwave heating has the advantages of fast calcination speed, low energy consump-
tion, and no greenhouse gas emissions. While the studies by Salakjani and Rezaee have
demonstrated the potential of microwave-assisted technology in spodumene lithium ex-
traction, they still suffer from limitations that hinder industrial scalability, such as reliance
on small-scale experiments, excessive residual sulfuric acid, and high upfront costs. To
address the long-standing “high acid consumption and high energy consumption” bot-
tlenecks of the traditional sulfuric acid process, Tian et al. [62] proposed an integrated
“microwave-induced phase transformation + microwave acid roasting + mechanical ball
milling leaching” scheme. This innovative approach delivers notable improvements: the
microwave-assisted phase transformation temperature of x-spodumene is reduced to
900 °C (down from 1050 °C in conventional processes), with the transformation time short-
ened to 30 min; the sulfuric acid dosage is cut to 1.2 times the theoretical requirement
(compared to 1.5-2.0 times in traditional methods), reducing waste slag production by
20%; and mechanical ball milling enhances the leaching efficiency, enabling a stable lithium
recovery rate of over 96%.

Heating direction in conventional acid roasting of B-spodumene

Heat

HAISi,04+Li,SO,

>

—_— —] ——p
N N
pu— \ — — N
\ N
\
\

Heat 3 Heat
E—— T —_—

>

LIAISi,06+H,S0, LIAISi,04+H,50, HAISi,0¢+Li,SO,

Heating direction in microwave acid roasting of B-spodumene

; HAISi,O¢+ LIAISi,Og+ ———
LiAISi,04+H,SO, Uzs’oj stg: HAISi,04+Li,SO,

Heat

. ey,

v

Time

Figure 4. Comparison of the heating direction of spodumene in conventional acid-solution roasting
and microwave processes (Reproduced with permission from [60], published by Elsevier Ltd., 2019).
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A study by Zhou et al. [63] found that a mixed solution of H,SO4 and FeCl; has a
synergistic effect. When combined, they can be used to extract lithium from clay-type
lithium ores. The highest lithium leaching efficiency is achieved at 600 °C. After calcination
at 600 °C for 60 min, using a mixture of 10.5 wt.% HSO, and 2 wt.% FeCl3 with a liquid-
to-solid ratio of 5 mL/g, and leaching at 80 °C for 90 min, the lithium leaching rate can
reach as high as 96.18%—notably higher than the ~73% lithium recovery from bauxitic clay
via single sulfuric acid leaching, as reported by Gu et al. [64], underscoring the synergistic
enhancement of FeCl;. XRD and SEM results indicate that lithium extraction is an ion-
exchange process (Figure 5). As shown in the red box of Figure 5, it can be observed that
the layered silicate structure of the calcined clay minerals is destroyed during the leaching
process, while crystal aggregation occurs after the leaching process. The synergistic effect of
H,S0, and FeCls is attributed to Fe>* entering the interlayer of the clay mineral’s layered
structure. This not only releases Li* but also increases the interlayer spacing, facilitating
the entry of H* into the interlayer and thereby promoting the exchange between H* and
Li*. Moreover, the mixed solution of H,SO, and FeCl; also has the advantages of a short
reaction time, low acidity, and low energy consumption. It reduces acid dosage while
maintaining high efficiency.

(e)

£ =
w
g L .
E P v ® [ ]
*y (m] A
T+ T 400°C
| ]

O ——boehmitelll——diaspore ¥ —muscovite)—anatase
0——quartz, A—kaolinite 4—chlorite A——corundum|

mn
ov ¢ v | S o [
- . raw ore
1 i 1 i 1 1 L L L L i
10 20 30 40 50 60 70 80
20 /(°)

—— Sum ——5um

Figure 5. SEM images of (a) the raw ore, (b,c) the calcined ore at 600 °C, (d) leaching residue obtained
under optimal conditions, and (e) the XRD results of the raw ore and products obtained after the
calcination process [63].

Paris et al. [65] selected phosphoric acid as the leaching agent for lithium extraction.
They conducted experiments on 1 g of pure 3-spodumene, and during the roasting process,
ion exchange occurred between the protons of the phosphoric acid and the lithium ions of
the spodumene, forming soluble lithium phosphate according to Equation (4):

LixO - ALOs - 45i0y5) + 2H3POy ) 25 2LisPOyp) + ALOj - 4Si0; - 3H,0() )

By varying the concentration of phosphoric acid, temperature, residence time, and
liquid-to-solid ratio, they found that a maximum lithium extraction rate of 48% was
achieved under the conditions of an 8 M acid concentration, 100 °C temperature, 24 h
retention time, and liquid-to-solid ratio of 10 mL/g. To maintain a lithium extraction rate
greater than 40%, the minimum retention time required is 8 h. With further improvements
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and an understanding of the leaching mechanism, phosphoric acid may prove to be a
suitable alternative for selective lithium extraction from spodumene.

To tackle the large-scale production of aluminosilicate lithium slag in lithium ex-
traction, Zhang et al. [66] developed a technology for the efficient recovery of lithium
from spodumene acid clinker, as well as the co-production of a low-iron, low-sulfur silica-
alumina micro-powder. The process is as follows. First, the spodumene acid clinker is
leached with water to form a slurry, which is separated into leaching residue 1 and filtrate 1.
Second, leaching residue 1 is stirred and washed with water to generate a washing slurry,
yielding filtrate 2 and washing residue 1 after separation. Finally, washing residue 1 is
mixed with water for grinding and classification to obtain a fine-grained slurry, which
is further processed into the target micro-powder. This method eliminates the risk of
over-standard sulfur in the final products caused by the gradual accumulation of lithium
salts in recycled water and supports the subsequent recycling of the lithium slag.

3.2. Alkali Method

The main method for producing LiOH in the 1970s and 1980s was limestone roasting,
which was the earliest method for extracting lithium from spodumene [67]. Spodumene
is mixed with lime or limestone in a certain proportion and then subjected to roasting,
leaching, washing, leachate concentration, and purification to obtain a high-concentration
lithium-containing solution. However, the limestone roasting process has a large amount
of slag, high energy consumption, a low lithium leaching rate, and the resulting lithium
salt has low purity.

In the practice of extracting lithium from spodumene, the traditional limestone roasting
process struggles to meet the requirements of efficient production due to its large slag
output and high energy consumption. Against this backdrop, the sodium carbonate
pressure leaching method, leveraging its significant advantages, has now been widely
promoted and applied. This method mainly comprises four major processes: crystalline
phase transformation, roasting, pressure leaching, carbonation dissolution, and lithium
precipitation. Through roasting, the refractory natural x-spodumene is transformed into
more readily processable -spodumene. In the presence of liquid water and at elevated
temperature and pressure, sodium carbonate reacts with -spodumene to facilitate a
displacement reaction between sodium and lithium.

Taking a-spodumene from Xinjiang (containing 6.05% Li,O and 60.31% SiO;) as the
raw material, Chen et al. [68] first calcined it at 1050 °C to convert it into 3-spodumene, then
treated the 3-spodumene using the sodium carbonate autoclave process and optimized
the process parameters. The results showed that when steel balls were added for stirring
(stirring speed of 300 r/min), the liquid-to-solid ratio was 4, and the reaction was carried
out at 225 °C for 60 min, the lithium extraction rate exceeded 96%, which was equivalent
to that of the sulfuric acid method, while avoiding the drawbacks of the latter. The
“roasting—autoclave—carbonization separation” process proposed by Chen et al. [68] not
only retains the inherent advantages of the sodium carbonate autoclave method, such as
a short process flow and low equipment corrosion, but also eliminates the insufficient
lithium leaching rate through process parameter optimization (with a lithium extraction
rate exceeding 96%), providing support for the industrialization of this process. However,
the study fails to analyze the environmental and economic indicators of the process, such
as the recycling rate of sodium carbonate, as well as the consumption and emission of
CO, during the carbonization stage. These indicators are important considerations for
the industrial implementation of the process, limiting the industrial guiding value of the
research conclusions.
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In Tian’s research [69] on lithium extraction using the soda ash pressure leaching
method, single-factor experiments were conducted to investigate the effects of the sodium-
to-lithium ratio, liquid-to-solid ratio, temperature, time, and stirring rate on the conversion
rate. Firstly, lithium was extracted in the form of lithium carbonate, with the following
reaction equation:

Li,O - AL,O3 - 4Si02(s) + nH,O + Na,CO3 — NayO - Al,Oj3 - 4Si0; - nH,O + LipCO3 (5)

The process then proceeds to carbonate leaching, which primarily relies on the gas—
liquid-solid three-phase reaction between CO; and slightly soluble Li,COj3 in an aqueous
solution to form the more soluble LiHCOj3. The overall reaction equation is as follows:

Li,CO3 4+ CO; + H,O — 2LiHCO; (6)

Through carbonation leaching, lithium is separated from most impurities and exists in
the leachate in the form of LiHCOj3. The filtrate is heated at a constant temperature and
then filtered while still hot. Finally, lithium carbonate crystals are obtained by drying. The
reaction equation is as follows:

2LiHCO; — Li,CO; + CO, + H,O (7)

The study found that a lithium extraction rate of 96% could be achieved with a
sodium-to-lithium ratio of 1.25, a liquid-to-solid ratio of 4, and a stirring rate of 300 r/min.
Tian Qiangiu’s research provides a solid foundation for the soda ash pressure leaching
method, clarifying key parameters and mechanisms that advance the technology beyond
theoretical exploration.

Subasinghe and Rezaee [70] proposed a “NaOH low-temperature roasting-water
leaching” direct lithium extraction technology to solve the high energy consumption
and pollution of traditional x-spodumene lithium extraction. Using an «-spodumene
concentrate (93 £ 1.5% «-spodumene, ~6% Li;O) as the raw material, they determined
single-stage optimal conditions via single-factor experiments: a 1.5:1 NaOH-to-ore mass
ratio, roasting at 325 °C for 2 h (converting a-spodumene to water-soluble LizNaSiO4), and
room-temperature water leaching (10% solid-liquid ratio, 100 rpm stirring), achieving a
77 £ 3.4% lithium leaching rate. To address the mass transfer obstruction of the sodium
aluminosilicate product layer, a two-stage process was designed: second-stage roasting
(1:1 NaOH-to-first-stage-residue ratio, 325 °C for 10 min) followed by water leaching
(1% solid-liquid ratio, 200 rpm), resulting in total lithium recovery of over 99%, which
is superior to the traditional sulfuric acid method (~96%). Mechanistically, roasting fol-
lows the “shrinking core model”. Water leaching is a spontaneous exothermic reaction
(AH < 0) with NaOH regeneration (leachate pH ~ 13), reducing downstream reagent con-
sumption; however, the process lacks verification for low-grade spodumene adaptability
and continuous industrial application.

3.3. Salt Roasting Method

In the spodumene salt roasting method, the most commonly used salt is potassium
sulfate. Spodumene will change from a-spodumene to 3-spodumene at high temper-
atures [71], and then potassium sulfate is added to generate soluble potassium sulfate.
A lithium-containing solution is obtained after water leaching, and then impurities are
removed and sodium carbonate is precipitated to generate lithium carbonate (Figure 6).
Compared with the acid method, the sulfate method can reduce the dissolution of Al and Fe,
simplifying the subsequent purification process and thereby reducing the loss of lithium.
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Figure 6. Flowchart for the preparation of lithium carbonate.

Liu et al. [72] developed an innovative method for producing a lithium sulfate solution
by using the sulfate roasting process on spodumene. The method comprises the following
steps. First, spodumene ore is uniformly mixed with roasting additives at a specific ratio,
then the mixture is placed in a muffle furnace for roasting, obtaining a roasted product.
After cooling the roasted product, it is leached with water to yield a lithium sulfate solution.
This spodumene sulfate roasting method for lithium sulfate solution production consists
of two core processes: roasting and water leaching. Notably, the roasting temperature
is lower than the phase transition temperature required for traditional high-temperature
calcination, and the water leaching step eliminates the need for acid leaching, thereby
avoiding issues such as equipment corrosion caused by acid. This not only reduces energy
consumption but also enhances the economic efficiency of producing the lithium sulfate
solution from spodumene.

Samoilov et al. [73] analyzed the technical potential of the sulfate roasting method
from an international perspective, highlighting its unique advantage in processing high-
aluminum spodumene (with an Al,O3 content > 25%). During the roasting process, alu-
minum can react with sulfate to form stable aluminum sulfate complexes, which remain in
the solid phase and do not dissolve into the leachate—this effectively solves the problem of
a high level of aluminum impurities in the leachate, which plagues other processes. For
instance, when using FeSO; as the roasting additive, roasting at 675 °C for 1.5 h not only
achieves a lithium leaching rate of 92.7% but also enables the simultaneous recovery of
associated rare metals, such as rubidium (87.1%) and cesium (82.6%), significantly enhanc-
ing the comprehensive utilization value of spodumene ore. However, the literature also
points out that the core challenge of this method lies in the recovery and recycling of sulfate
additives. Currently, only about 60% of unreacted sulfate can be recovered in industrial
applications; the remaining portion is lost along with leaching residues, which directly
leads to high reagent costs and reduces the economic viability of the process. To address
this issue, future research should focus on process optimization.
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Chen et al. [74] proposed a salt gypsum-assisted sulfate method for extracting lithium
from spodumene, with the following process flow and advantages. First, pre-treatment is
carried out, where spodumene is crushed to obtain a powder. During mixing, composite
sulfate, salt gypsum, an anti-caking agent, and absolute ethanol are added, and the mixture
is prepared through the process of “holding at 90-100 °C for 1-2 h — holding at —10~—5°C
for 3-5 h”. The mixture is mixed with modified calcium oxide, calcined at 900-1000 °C for
60-70 min, cooled, and ground to obtain the calcined material. Then, the calcined material
is soaked in 0.4-0.6 mol/L dilute sulfuric acid for 50-70 min to leach the lithium. Finally,
lithium carbonate is obtained through lithium precipitation. This method utilizes the
synergistic effect of salt gypsum and auxiliaries, which reduces costs, improves the lithium
leaching rate and the purity of lithium carbonate, solves the pain points of traditional
processes, and has industrial application potential.

Chen et al. [75] proposed a method for producing lithium carbonate from spodumene
using a sodium carbonate autoclaving process. They also investigated various operating
conditions, including the liquid-to-solid ratio, Na/Li ratio, stirring speed, reaction temper-
ature, and reaction time, to evaluate their effects on the carbonate conversion efficiency.
Their results indicated that when the liquid-to-solid ratio was 4, the Na/Li ratio was 1.25,
the stirring speed was 300 revolutions per minute, the reaction temperature was 225 °C,
and the reaction time was 90 min, the carbonate conversion efficiency was no less than 94%.
The purity of the obtained lithium carbonate could reach 99.6%. Details regarding how
each operating condition influences carbonate conversion efficiency, as well as the XRD
pattern of residues processed using the chlorination method, are presented in Figure 7.
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Figure 7. The impact of various factors on the conversion efficiency of lithium carbonate: (a) liquid-to-
solid ratio; (b) Na/Li; (c) stirring speed; (d) reaction temperature; (e) reaction time; (f) XRD pattern,
using the chlorination method on the residue (Reproduced with permission from [75], published by
Elsevier B.V., 2011).

3.4. Chlorination Method

The chlorination roasting method is similar to the spodumene sulfuric acid method,
both of which first convert x-spodumene into 3-spodumene at high temperatures. Then,
at 900 °C, B-spodumene will be roasted with chlorine at a high temperature to extract
lithium chloride.
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Barbosa et al. [76] investigated the recovery of lithium from spodumene using pure
chlorine gas and compared EM micrographs of the residual samples obtained from chlorina-
tion at 1000 °C, 1050 °C, and 1100 °C (Figure 8). They found that at 1100 °C, 3-spodumene
was roasted using pure chlorine gas and extracted as lithium chloride for 150 min, with
silicon and aluminum not being chlorinated but remaining in the form of solid secondary
residues in the form of AlgSinOq3 (mullite) and Si,O (cristobalite).

EHT=1500kv  WD= 15mm ZoneMag= 250KX  Signal A= SE1 EHT=1500kv = WD =

EHT=1500kVv  WD= 16mm ZoneMag = 500KX  Signal A = SE1 EHT=1600kv WD= 16mm ZoneMag = 2000KX  Signal A = SE1

Figure 8. SEM micrographs of the residual samples obtained from chlorination at (a) 1000 °C,
(b) 1050 °C, and (c,d) 1100 °C (Reproduced with permission from [76], published by Elsevier
B.V, 2014).

He [77] and his team have proposed a new method for lithium extraction from spo-
dumene, with the specific process route as follows. First, the raw spodumene ore is crushed,
then mixed with chlorination roasting aids such as calcium chloride and magnesium chlo-
ride and subjected to ball milling to prepare the activated materials. Next, chlorination
roasting is carried out on these activated materials, and finally, the chlorination roasting
products are treated with water leaching to obtain a lithium chloride solution. The core
advantage of this method is that, by virtue of the synergistic effect of mechanical activa-
tion, the raw spodumene ore forms metastable phases and amorphous phases. This not
only significantly reduces the temperature required for subsequent chlorination roasting
but also greatly improves the roasting efficiency, thus enabling the efficient extraction of
lithium from spodumene at a relatively low temperature. This technological innovation
has effectively addressed the existing problems in current spodumene lithium extraction
processes, such as a high transformation temperature and low lithium extraction efficiency,
and provided a more feasible solution for the efficient development and utilization of
spodumene resources.

Braga et al. [78] investigated a chlorination roasting method for extracting lithium
from Brazilian a-spodumene. Initially, the ore was pre-treated with calcium chloride
and magnesium chloride, followed by leaching with water at 90 °C. Based on the model
established using HSC version 5.1 software, as shown in Figure 9, the reaction products
between spodumene and chlorides (MgCly:CaCl,) were determined to be lithium chloride
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(LiCl), calcium—magnesium silicate (CaO-MgO-SiO,), magnesium aluminate (MgO-Al,O3),
and silicon dioxide (5iO,). Supplementary experiments demonstrated that when the mass
ratio of spodumene to chlorides was 1:6, the molar ratio of MgCl, to CaCl, was 2:1, the
roasting temperature was 1150 °C, and the roasting time was 30 min, the lithium extraction
efficiency could reach above 95%, as shown in Figure 9.
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Figure 9. (a) HSC model of the a-spodumene/ MgClZJr CaCl, mixture; (b) changes in lithium
extraction (%) as a function of the chlorination roasting period [78]. Note: The *" in the figure
represents the composite oxide relationship, which is equivalent to *-".

4. Chemical Composition and Mineralogical Characterization of
Lithium Slag

4.1. Mineralogical Characterization of Lithium Slag

Lithium slag usually appears to be yellowish-gray or yellowish-white, with slight
color variations depending on its origin. After drying, it becomes powdery, exhibits small
particle sizes (generally 1-100 um), and has a certain degree of adhesiveness. The particles
of lithium slag are fine and have good grindability. Due to its porous structure with a large
internal surface area (e.g., a specific surface area of ~10-30 m?/g, as reported in related
studies), it can be used to synthesize high-value-added products such as zeolite, the porous
structure of which is key to zeolite synthesis, while its chemical composition later supports
other applications such as auxiliary cementitious materials.

From a microscopic perspective, Wang et al. [79] further characterized the phase and
composition of lithium slag by selecting lithium slag I, II, and III as analytical samples
and observing them via back-scattered electron (BSE) microscopy, as shown in Figure 10
(BSE images of the three slags). The selected lithium slag I, II, and III are by-products
generated after extracting lithium from spodumene (lithium pyroxene) via the sulfuric
acid method, sodium carbonate pressure leaching method (alkali method), and potassium
sulfate salt roasting method, respectively. Their formation processes correspond to the acid
method, alkali method, and salt roasting process described in Section 3. Substances with a
similar morphology and the same gray brightness (or color) are defined as belong to the
same phase. There are also some amorphous phases in the lithium slag, which are mainly
composed of Si, Al, and O elements according to energy dispersive X-ray spectroscopy
(EDX) analysis. EDX analysis results of the three lithium slags are as follows: lithium
slag I contains Si (45.2 wt.%), Al (18.7 wt.%), O (32.1 wt.%), and S (4.0 wt.%); lithium
slag II contains Si (42.9 wt.%), Al (17.3 wt.%), O (34.5 wt.%), and S (5.3 wt.%); lithium
slag III contains Si (46.5 wt.%), Al (19.2 wt.%), O (30.8 wt.%), and S (3.5 wt.%). Element
mapping analysis further shows that SOﬁf is mainly distributed in the gray-white granular
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phase (corresponding to the gypsum phase), while Si and Al are uniformly distributed
in the dark amorphous phase (corresponding to the silica-alumina phase). It was found
that the SOz content in the three lithium slags was greater than 9%, in the form of SOZ_.
Studying the content and state of SOi_ in lithium slag is conducive to its application
as auxiliary cementitious materials (e.g., slag and fly ash), as the SOZ_ content affects
cementitious performance.

(a) Lithium slag 1 (b) Lithium slag I (c) Lithium slag I

Figure 10. Back-scattered electron images of representative phases in lithium slag. Different letters
(e.g., Al, A2, B, C, E, etc.) in the images indicate different phases or regions within the respec-
tive lithium slag samples. (The images are accompanied by EDX and element mapping analysis
results: EDX data show the main elemental content of each slag (see text for details), and mapping
results confirm the distribution of SOZ_ in the gypsum phase and Si/ Al in the silica-alumina phase)
(Reproduced with permission from [79], published by Elsevier Ltd., 2019).

4.2. Chemical Composition of Lithium

Lithium slag is an industrial by-product of the process of extracting lithium from
spodumene. It is produced through the high-temperature roasting of spodumene and
sulfuric acid [80]. According to the production process, lithium slag is mainly divided into
acid smelting and alkaline smelting. With the increasing demand for lithium resources
year by year, lithium slag is piling up in large quantities. If it is not used, it will cause a
significant level of pollution. Some scholars use XRD to study the phases of lithium slag,
which mainly include the quartz phase (5iOy), the gypsum phase (CaSO4-2H,0), calcite
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(CaCOs), pyrophyllite [Al;Si4019(OH),], and amorphous SiO; and Al,O3, as well as a
small amount of spodumene (LiAlSi;Og), kaolinite, and lithium carbonate (Li;CO3). Qiu
et al. [81] determined the chemical and mineralogical composition of slag via XPS and XRD
measurements (Figure 11).
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Figure 11. Survey scan XPS spectra and XRD patterns for pristine slag (Reproduced with permission
from [81], published by RSC Publishing, 2016).

In addition, regarding the environmental risk assessment of lithium slag during
storage and utilization, relevant studies (e.g., Li et al. [82]) have conducted toxic leaching
tests on lithium slag generated by different processes. The results show that the leaching
concentration of trace heavy metals (such as Fe and Mn, with contents usually <0.5 wt.%)
in lithium slag is lower than the limit specified in identification standards for hazardous
wastes and the identification of leaching toxicity, and no toxic elements (such as Pb and
Cd) are detected. This indicates that lithium slag poses low environmental risks during
reasonable storage or resource utilization.

The chemical composition of lithium slag is significantly affected by lithium extrac-
tion processes (such as the sulfuric acid method, alkali method, and salt roasting method).
Lithium slags produced by different processes vary in the content of their main components,
the types of impurities, and the occurrence states of valuable metals. These differences
directly determine the direction of the resource utilization of the lithium slag. To clearly
present the chemical composition characteristics of lithium slags from different processes,
especially the content ranges of key components (e.g., SiO, and Al,O3), characteristic impu-
rities (e.g., SO3), and valuable rare metals (tantalum and niobium), Table 3 systematically
compiles the typical data obtained from backscattered electron (BSE) microscopy, energy
dispersive X-ray spectroscopy (EDX), and experimental tests in the reference document,
providing a compositional basis for the targeted utilization of lithium slag.
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Table 3. Typical chemical composition of lithium slags (by weight, wt.%) [83].

Acid Process

Alkali Process

Salt-Roasting

Component/Element Lithium Slag Lithium Slag Lithium Slag Notes
Main component, exists in the
Silicon Dioxide (SiO,) ~60%-70% ~58%-68% ~62%-72% amorphous phase and quartz; core raw

Aluminum Oxide
(Al,03)

Sulfur Trioxide (SO3)

Calcium Oxide (CaO)

Magnesium Oxide

(MgO)

Iron Oxide (Fe;O3)

Lithium Oxide (Li,O)

Tantalum Pentoxide
(Taz0s)

Niobium Pentoxide
(Nb,Os)

Potassium Oxide (K,0)

Sodium Oxide (NayO)

Other Impurities (MnO,
TiO,, etc.)

material for silica-alumina
micro-powder preparation
Exists in the aluminosilicate phase;
participates in hydration reactions when
used as a cementitious material
Mainly exists in the form of SO?[
(gypsum phase, CaSO,-2H,0); requires

15%-20% 14%-18% 16%-21%

~9%-10% ~10%-11% ~8%-9% desulfurization for building
material applications
Derived from limestone neutralization
39%_5% 4%—6% 2949 (acid process) or alkali additives (alkali

process); promotes hydration in
cement systems
Trace impurity; low content, no
significant impact on
mainstream utilization
Trace impurity; controlled via magnetic
separation in silica-alumina
micro-powder production
Residual unextracted lithium; recyclable
via advanced leaching technologies
(e.g., bio-leaching)
Exists in the tantalite-niobite
phase; recoverable via
Falcon centrifugal gravity
separation + magnetic separation
Coexists with Ta; separation requires
differential shaking table gravity
separation due to similar
chemical properties
Higher in salt-roasting slag (from
potassium sulfate additive); may affect
concrete setting time
Higher in alkali-process slag (from
sodium carbonate); improves the
reactivity of silica-alumina components
Trace elements; leaching concentration
below hazardous waste limits, no
environmental risk

0.5%-1.2% 0.3%—0.8% 0.4%-1.0%

<0.5% <0.5% <0.5%

0.1%-0.3% 0.08%-0.25% 0.12%-0.35%

0.01%-0.03% 0.008%—0.025% 0.012%-0.032%

0.005%—0.02% 0.004%—0.018% 0.006%—0.022%

0.8%-1.5% 0.5%-1.0% 1.2%-2.0%

0.3%-0.8% 1.0%-1.8% 0.4%-0.9%

<0.5% <0.5% <0.5%

5. Resource Utilization Scheme of Lithium Slag

The increasing demand for lithium resources has resulted in the production of large
quantities of lithium slag [84]. At present, lithium slag is only partially used in building
materials such as cement or concrete, and most of it is processed in the form of accumulation
or landfill.

5.1. Gypsum

Lithium slag produced during the smelting process of spodumene contains a certain
amount of gypsum, and gypsum can be effectively separated through flotation technology
to achieve resource utilization [85]. Lithium slag has high chemical activity and certain
gelling properties, which make it potentially applicable in gypsum production. Studies
have shown that the active ingredients in lithium slag can react with calcium carbonate
in gypsum to generate hydration products with a certain strength, which can effectively



Minerals 2025, 15, 1073

19 of 29

utilize the valuable components in lithium slag. Mixing lithium slag with natural gypsum
can produce gypsum products with good performance. Studies have shown that mixing
lithium slag with natural gypsum can produce gypsum boards with high strength and
durability [86]. In addition, lithium slag can also be used to produce gypsum-based
building materials, such as gypsum blocks, gypsum putty, etc.

In terms of market scale, the annual demand for building gypsum in China exceeds
50 million tons [87], while there is a shortage of industrial by-product gypsum. Based on the
calculation of 120 million tons of annual lithium slag output in China and a gypsum content
of 7%—8% in lithium slag, 8-10 million tons of gypsum can be converted from lithium
slag annually, which can fill 16%-20% of the aforementioned supply gap, showing great
potential in supplementing gypsum supply. Furthermore, gypsum produced from lithium
slag must comply with the national standard GB/T 9776-2008 (Gypsum and Gypsum
Products) [88], which specifies that the SO; content in gypsum boards shall not exceed
4.5%. However, the SO3 content of gypsum separated from lithium slag is usually 9%—-10%,
so moderate desulfurization treatment (e.g., adding 5%—8% limestone powder) is required.
Although this treatment increases the unit cost by 15-20 CNY /ton, it does not affect the
overall economic viability of the process.

Gypsum slag-based cementitious materials are a type of hydraulic cementitious ma-
terial made by mixing and grinding granulated blast furnace slag, gypsum, and alkaline
activators (such as cement clinker and quicklime) as the main raw materials [89]. They have
high compressive strength, low hydration heat, and excellent resistance to sulfate attack.

Zeng et al. [90] investigated the effects of industrial solid wastes such as lithium
slag on the properties of gypsum slag-based cementitious materials. The hydration and
hardening properties of the cementitious material system after the addition of solid waste
were studied using characterization methods such as XRD, SEM, and TG-DTG (Figure 12).
The results show that in the low-carbon gypsum slag-based cementitious material system,
the main hydration products are AFt, C-S-H gels, and CH, which are formed through the
mutual activation of slag, gypsum, and alkali. As hydration progresses, the reactivity of the
solid waste materials is fully activated. Under the synergistic action of slag, more AFt and
C-5-H gels are generated via gypsum consumption. Meanwhile, the reactive components of
each material also participate in secondary hydration reactions with CH. Various hydration
products are interweaved into a very dense microstructure, filling the pores of the paste
and enhancing the strength of the gypsum slag-based cementitious system. This is also
beneficial for the recycling and utilization of lithium slag.

Dong et al. [91] proposed a combined process of “gradient flotation-low-temperature
impurity removal”, which solves the separation problem caused by the tight intergrowth of
gypsum and aluminosilicate minerals in lithium slag and breaks through the bottlenecks of
low purity and high reagent consumption seen in traditional flotation. Under the conditions
of a pH of 7.5-8.0 and a collector dosage of 120 g/t, the grade of the gypsum concentrate
is increased to over 92%, with a recovery rate of 88% (15 percentage points higher than
that of conventional flotation). Residual lithium salts are removed by low-temperature
(80-90 °C) water washing, reducing the Li,O content in the concentrate to below 0.15%
and avoiding efflorescence in subsequent products. XRD and SEM analyses confirm that a
hydrophobic adsorption layer is formed on the gypsum surface during the flotation process,
while aluminosilicate minerals remain hydrophilic due to the action of depressants, thus
achieving efficient separation.
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Figure 12. (a) XRD patterns of raw materials; (b) SEM morphologies of different slag samples after

three days of hydration; (¢) TG and DTG curves of different slag samples at a hydration age of
28 days; (d) SEM morphologies of different slag samples after 28 days of hydration [90].

5.2. Silicon—Aluminum Powder

The silicon-aluminum micro-powder in lithium slag is a high-value-added non-
metallic material, with its main components being SiO, and Al,O3 [92], and has shown
good application prospects in multiple fields. In the field of building materials, the silicon—
aluminum micro-powder can be used as a concrete admixture to replace part of the cement,
thereby improving the strength and durability of concrete. Compared with conventional
supplementary cementitious materials (SCMs), such as fly ash and granulated blast fur-
nace slag, when a lithium slag silicon—aluminum micro-powder replaces 15%-20% of
cement [93], the 28-day compressive strength of concrete is 5%-8% higher than that of
fly ash-admixed concrete (under the same replacement rate) and 3%-5% higher than that
of granulated blast furnace slag-admixed concrete; however, its 3-day early strength is
10%-12% lower than that of the latter two, which can be improved by adding 1%-2%
sodium silicate as an alkaline activator.

In terms of industrial applications, the silicon-aluminum micro-powder can be used in
the production of glass fibers to replace natural pyrophyllite, further reducing production
costs. The main components of glass fibers include SiO,, Al,O3, CaO, and MgO, among
others [94], which account for about 90% of the total composition of glass fibers. These
components are primarily derived from natural mineral raw materials, such as quartz sand,
pyrophyllite, kaolin, dolomite, and borocalcite. The primary components of lithium-bearing
silicon-aluminous micro-powders are SiO; and Al,O3, with relatively high mass fractions
that can meet the requirements for silicon-aluminous raw materials in industries such
as glass fibers and ceramics. Thanks to advanced separation and purification processes,
the mass fractions of iron (Fe;O3) and sulfur (SO3) in lithium-bearing silicon-aluminous
micro-powders are low. This low impurity content provides an advantage in applications
with high purity requirements.

Economically, the production cost of lithium-bearing silica-aluminum micro-powders
(including grinding, magnetic separation purification, and drying) is 200-300 CNY /ton,
40-50% lower than the market price of the natural pyrophyllite (500-600 CNY /ton) used



Minerals 2025, 15, 1073

21 of 29

in glass fiber production. China’s annual demand for glass fiber raw materials is approx-
imately 8 million tons; lithium slag can supply 1.2-1.5 million tons of qualified silica-
aluminum micro-powder annually, with a potential market share of 15%-19%. Regulatory
barriers are minimal, as toxic element tests (e.g., Pb and Cd) confirm that the micro-powder
meets environmental protection standards for building and industrial materials. Wang
et al. [95] found that a lithium-bearing silicon-aluminous micro-powder, as a new type of
raw material, has the potential to replace pyrophyllite as a raw material for glass fibers.
It exhibits good performance with regard to both physical and chemical properties and
processing characteristics. Moreover, the test results for toxic and harmful elements indi-
cate that neither the glass batch nor the glass samples contain toxic or harmful substances,
meeting environmental protection requirements. Therefore, we believe that further explo-
ration of the application of lithium-bearing silicon—aluminous micro-powders in actual
production is warranted, and related processes should be optimized to achieve a higher
production efficiency and better product performance.

Silicon—aluminum micro-powder composite materials have the advantages of a low
density, high thermal conductivity, and a low thermal expansion coefficient, as well as
great potential in applications such as aerospace, aviation, and national defense. Zhaoyang
Kong et al. [96] focused on the study of high-silicon-aluminum composite materials with a
silicon content of 60%. They used ball milling to pre-treat the powders, and the most ideal
results were achieved when the ball milling time was 8 h, the ball-to-powder ratio was 10:1,
and the ball milling speed was 200 revolutions per minute (r/min). The morphology of the
original powders (i.e., Al powder and Si powder) used in this study is shown in Figure 13.
Under the aforementioned optimal ball milling parameters, the material exhibited excellent
properties that meet the standards for electronic packaging materials.

-~ ts!
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Figure 13. Original powder morphology: (a) Al powder, (b) Si powder [57].

Regarding environmental protection and sustainability, the resource utilization of
lithium slag helps reduce the storage and landfill of solid waste and lower the potential
environmental impact [97].

In summary, the silicon—aluminum micro-powder in lithium slag has broad applica-
tion prospects in multiple fields, including building materials and industrial applications.
Through technological innovation and market expansion, the resource utilization of silicon-
aluminum micro-powders will help achieve the high-value and sustainable development
of lithium slag.

5.3. Fine-Grained Tantalum Concentrate Sludge

Lithium slag contains a wealth of valuable components, among which the fine-grained
tantalum-rich mud concentrate has garnered significant attention due to its high content of
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tantalum and other rare metals. Tantalum is an important rare metal, widely used in fields
such as electronics, aerospace, and chemical engineering. Therefore, the efficient recovery
of tantalum from lithium slag holds important economic and environmental significance.
Tantalum primarily exists in lithium slag in the form of tantalates, which are characterized
by high chemical stability and corrosion resistance. Studies have shown that, although the
tantalum content in lithium slag is relatively low, it can be efficiently recovered through
appropriate processes.

Regarding tantalum recovery technologies, flotation requires large doses of collectors
(e.g., oleic acid) and is inefficient for —75 pm fine particles (tantalum recovery <70%),
whereas the Falcon centrifugal gravity separation-magnetic separation process achieves
85.70% Ta recovery for fine-grained lithium slag. Hydrometallurgical recovery from tin
slags relies on strong acid leaching (e.g., 40% HCl) and generates toxic heavy metal-
containing wastewater, while lithium slag tantalum separation uses physical methods (no
chemical reagents), reducing environmental treatment costs. However, lithium slag has
a lower tantalum grade (0.01-0.03% TapOs) than tin slags (0.1%—0.5% Ta;Os), requiring
pre-enrichment (via Falcon centrifugation) to ensure economic viability. Nevertheless,
the low impurity content (Fe;O3 < 0.5%) of lithium slag-derived tantalum concentrate
improves its downstream processing value.

Tantalum (Ta) and niobium (Nb) are widely used in fields such as electronics and
aerospace due to their high melting points and corrosion resistance. However, they are
chemically similar and often found in the same ores, making their separation challenging.

Deng et al. [98] have developed a combined process of “high-intensity magnetic sepa-
ration for tailing discarding-size-fractionated secondary tailing discarding—differentiated
shaking table gravity separation”. This process enables the efficient recovery of the rare
metals tantalum (Ta) and niobium (Nb) from the waste residue generated after lithium
extraction from spodumene in a certain area of Sichuan, providing a new technical pathway
for the resource utilization of industrial solid waste. The main target minerals in the lithium
slag are tantalum-niobium minerals, which are mainly composed of tantalite-niobite, with
small amounts of microlite, manganotantalite, etc. Under the microscope, a small number
of tantalum-niobium mineral particles exist as monomers, while most are embedded in the

glass phase or intergrown with the glass phase and aluminosilicates, as shown in Figure 14.

(a)

Figure 14. (a) The monomer particles of tantalite—columbite, (b) tantalite intergrowth with glass,
(c) tantalite—columbite intergrowth with glass and aluminosilicate, and (d) microlite encapsulated in
the glass phase [98].



Minerals 2025, 15, 1073

23 of 29

The recycling and utilization of tantalum not only improve resource utilization ef-
ficiency but also reduce dependence on natural tantalum ores. Tantalum is a rare metal
with a high melting point, high hardness, and excellent corrosion resistance, and it is
widely used in fields such as electronics, aerospace, and chemical engineering. Recovering
tantalum from lithium slag can not only meet market demand but also reduce environmen-
tal pressure.

5.4. Challenges Faced by the Application of the Lithium Slag Resource

Lithium slag has a complex chemical composition, often containing not only lithium
compounds but also various impurities such as calcium, magnesium, iron, and aluminum
oxides. Moreover, its composition and properties may vary significantly depending on
the production process of lithium products and the source of raw materials, which makes
it difficult to establish a unified and stable application technology system. It is difficult
to efficiently separate and recover valuable components in lithium slag. The separation
of lithium from other metal ions usually requires sophisticated separation technologies
and equipment. Existing separation methods, such as chemical precipitation and solvent
extraction, may face issues such as low separation efficiency, high cost, and poor selectivity.
Although some comprehensive utilization technologies regarding lithium slag have been
developed, most of them are still in the laboratory or pilot-scale stage, and there are few
mature large-scale industrial application technologies. The transformation and application
of these technologies in actual production often face problems such as high investment costs,
complex operations, and poor economic benefits, resulting in the low overall utilization
rate of lithium slag resources.

To address the above challenges and promote the large-scale, high-value utilization of
lithium slag, the following research priorities are proposed:

Develop integrated flowsheets combining lithium extraction and slag valorization:
For example, integrate microwave-assisted acid roasting (for lithium extraction) with
the in situ separation of silica-aluminum micro-powders, reducing intermediate material
transportation and energy consumption, and explore the co-extraction of lithium and rare
metals (Ta/Nb) during the slag treatment process to improve overall resource efficiency.

Improve the selectivity of lithium recovery from multi-component solutions: Focus on
developing high-selectivity adsorbents (e.g., lithium-ion sieves modified with functional
groups) to address the low separation efficiency of Li* from coexisting ions (Mg?* and
Ca?*) in lithium slag leachate, and optimize solvent extraction systems (e.g., using ionic
liquids as extractants) to reduce reagent consumption and environmental impact.

Perform life cycle assessments (LCAs) to quantify environmental benefits: Establish
LCA models covering the entire chain of lithium slag “generation — treatment — utiliza-
tion”, comparing the environmental impacts (GHG emissions, water consumption, and
soil pollution) of different utilization routes (e.g., building materials vs. rare metal recov-
ery) with traditional landfill disposal, and provide data support for formulating targeted
environmental policies.

Establish standardized technical systems: Develop industry standards for lithium
slag utilization in typical fields (e.g., “Technical Specification for Lithium Slag Used in
Cementitious Materials”), clarifying index requirements (SO3 content and particle size
distribution) and testing methods, and construct a database of lithium slag properties from
different extraction processes to guide process-specific utilization.

6. Conclusions and Future Recommendations

Spodumene constitutes one of the primary lithium ore resources in the contemporary
industrial sector. Owing to its relatively simple chemical composition and high lithium
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grade, it exhibits favorable processability for lithium extraction. Currently, the mainstream
technical routes for lithium extraction from spodumene predominantly include acid leach-
ing, alkali decomposition, salt roasting, and chlorination roasting. Each of these processes
possesses distinct advantages and inherent limitations. For instance, the sulfuric acid
leaching method, as a mature and industrially validated technology, is constrained by the
generation of sulfate-containing residues; in contrast, the chlorination roasting process
features rapid reaction kinetics but imposes stringent requirements on equipment corrosion
resistance and operational safety standards.

With the rapid expansion of the lithium-ion battery industry, the resource utiliza-
tion of lithium slag—a key by-product derived from the spodumene lithium extraction
process—has emerged as a research focus in related fields. Lithium slag is enriched with
multiple high-value components, such as tantalum (Ta), niobium (Nb), silica-alumina
micro-powder, and gypsum, endowing it with significant potential for resource recovery.
Nevertheless, the current disposal strategies for lithium slag remain dominated by open-air
stockpiling and landfilling. This conventional approach not only leads to the waste of
valuable resources but also poses the potential risks of soil and groundwater contamination,
thereby triggering environmental concerns.

Existing research findings demonstrate that lithium slag exhibits promising ap-
plication prospects in the domains of building material fabrication, geopolymer mate-
rial development, and glass production. However, the residual sulfate components in
lithium slag—primarily originating from the sulfuric acid leaching process—have be-
come a critical bottleneck restricting its large-scale and high-value utilization. In parallel,
technological advancements in the recovery of strategic metals (e.g., Ta and Nb) from
lithium slag are continuously progressing, providing new avenues for their comprehensive
resource utilization.

In conclusion, remarkable advancements have been achieved in the realms of tech-
nological innovation, green process development, and integrated utilization regarding
spodumene-based lithium extraction and lithium slag resource recycling. Looking ahead,
with the continuous optimization of core technologies and reinforcement of policy support,
the processes of lithium extraction from spodumene and lithium slag resource utilization
are anticipated to become more efficient and achieve low-carbon and sustainable develop-
ment. This will ultimately offer robust technical and resource support for the advancement
of the new energy industry and its upstream and downstream industrial chains.

To address current bottlenecks and drive the industrial application of lithium slag
utilization, the following actionable research priorities are proposed:

Pilot-scale demonstration projects for slag utilization technologies: Focus on two
high-potential routes: (1) “lithium slag gypsum + cementitious materials” (targeting
100,000-ton/year production lines to verify the stability of SO3 control and mechanical
performance), and (2) “fine-grained tantalum concentrate recovery from lithium slag”
(building 5000-ton/year pilot plants to optimize Falcon centrifugal-magnetic separation
parameters and reduce energy consumption by 15%-20%). These projects will bridge the
gap between laboratory research and industrial application, providing scalable techni-
cal templates.

Optimization of slag composition during lithium extraction: Adjust extraction process
parameters to improve downstream recyclability. For example, in the sulfuric acid method,
control roasting temperature (950-1000 °C) and acid dosage (1.2-1.3 times the theoretical
requirement) to reduce the residual SOj3 in lithium slag from 9%-10% to 5%—6%; in the
alkali method, optimize the Na,COj recycling rate (>90%) to reduce the Na* content in
slag, enhancing compatibility with concrete admixtures.
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Development of green leaching agents for lithium slag valorization: R&D focus on
low-toxicity, recyclable agents, such as (1) bio-leaching systems (using Acidithiobacillus
ferrooxidans to extract residual Li* from slag, reducing acid consumption by 40%), and
(2) deep eutectic solvents (DESs) for the selective separation of Ta/Nb, avoiding heavy
metal pollution from traditional hydrometallurgical reagents.
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