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pyro-hydrometallurgical lithium extraction processes. Developing efficient resource utilization and
high-value conversion technologies for this material is crucial for reducing China's dependency on
external lithium resources, ensuring the stability and security of the new energy industry chain, and
promoting green, low-carbon development. Current research has employed various techniques, such as
combined pyro-hydrometallurgy and alkali roasting, to enhance lithium leaching kinetics and enable the
co-recovery of associated critical metals such as rubidium (Rb), cesium (Cs), and aluminum (Al).
Specifically, pyro-hydrometallurgical approaches can achieve lithium leaching efficiencies exceeding
97%, while subsequent processing of recovered lithium salts via molten-salt electrolysis or thermal
reduction, followed by vacuum refining, can yield lithium metal with purity exceeding 98%, potentially
reducing energy consumption and environmental pollution. Additionally, solvent extraction and
electrochemical methods have shown considerable potential for selective lithium recovery. For
associated metals such as Rb, Cs, and Al, high-temperature roasting followed by acid leaching can
achieve Rb recovery efficiencies of up to 93.09%, although this method faces challenges regarding
energy consumption and product purity. Beyond metal recovery, lithium slag demonstrates significant
potential in the production of value-added construction and functional materials such as high-
performance ternary geopolymers, cement, and molecular sieves. For instance, under optimized mix
designs, incorporating 5% lithium slag as a supplementary cementitious material can reduce energy
consumption and achieve 28-day compressive strengths exceeding 80 MPa, demonstrating excellent
engineering applicability. Furthermore, lithium slag can be synthesized into environmentally friendly
materials such as ternary geopolymers and NaX zeolites. The former exhibits high immobilization
efficiency for various heavy metals, while the latter possesses a well-defined structure and superior
adsorption performance. Despite these advances, several challenges persist, including incomplete
lithium extraction, low recovery efficiencies of critical metals, and the lack of standardized processing
systems. Accordingly, this review systematically analyzes the physicochemical characteristics of
lithium smelting slag, including its chemical composition and occurrence modes. It summarizes
mainstream recovery techniques for valuable metals (Li, Rb, Cs) and evaluates recent advances in
producing high-value-added products. Finally, the study outlines a sustainable technology framework
centered on "source reduction, low-carbon processing, and end-stage high-value conversion,"
emphasizing rapid activation, multi-component selective separation, and full-process system integration.
This work aims to provide theoretical guidance and mechanistic insights to support the development of
green recycling technologies for lithium ore smelting slag.

Keywords: Lithium ore smelting slag; Lithium extraction; Resource utilization; High-value

utilization; Cementitious materials
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Fig. 1 Sources of lithium ore smelting slag and recycling challenges
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Fig. 5 Advanced and environmentally friendly technologies for the treatment of lithium ore smelting slag

F S )R, 3R VR P A T R T B AR,
B, k2R SRR, TR R BEME 5 AR AR O T R BLAR
S, (EME DL G WA . ARt i 5 RS A iz FH BHL
i3 WA, T2 MK E 4, FEFRESY
FERR RN T o TEELT IR B i (A AL A i,
66 77 ity FA) TR AP 5 B35 B ) L 7= i B Jom L O 11 B
PRtk R = S8, H A, R R AE R
MR ETEE AR AR, 7 A B0 DR
ik WEZA R, XEEHRIEA R LIRS T
BRSO AR 1 R, R K R S T R
Bt AR
42 RREARFE

KA 1R BRI TT R % R e IR AL R AR B,
P NIVAGE 25 SN S N ] N e N A T
U5 VB e — 3 PR AR — A i ey {1 1) PR I) B R AR R
PLSE IR 2 4 I P I B8 B 5 1 92 v (AR R, 4t 3
PR =L SR IA KR . AR Sk D L T
RN GG T 20 S ReRE 5 w15 P Bt &
BRSO IR AR, FIAINZEEEHI . SOtk
SRR, SEIRGE | Y S I ARG A A 3B
T i R R (R0 0 A A A 0 T S T 254, R THAER L
55 4 SR IR U RCR, [a) F RR AR BERE 5 75 e HEL .

[45-47]

T3 A AL D5 1T, AR e R B S g
AR o A Bl v it A5 1 1 B R S B A B ]
Jes 5 A 2% B2 23 O R PR PR AL, o B
o, 4, ORI SRR EOUR, RIR 4 AR
I AR A 38 o A S B ) T 4B S 4R IR Y,
ML IR E | 22 21 70 8 W B 0 g B e
£ N 1) = V4 s S A e S W = A
AW AL 5 B IR i, S IR v B A A i BRI
5 R
43 XERBEEMER

AR BEAN Z2 2O O 2 95 I g — A
RO AT DR SR, T8 2 22 b T2 R iR 5
i, TR e R BT IR I, MARAS b 5 THE
TRERIE 2 5E rIATPE o ORIk s — i R IR — R
S 3 (LA BB BEAT R, SIAMLAR 27~ BN
TR RE AT 7 12X R A U AR AT S N B 2 W I
REAL T, M — B, R4 REMN T 207
o ZHAREREZ RS RGEEWN, 152+
BB A DG B < R A [T WA A i B
PR T BT, Sy 3 ) L R 7 o 5 19 2 (2 2 TR 5t v D
FIARIRAOCHER AR S



TARIMNGE A R M OC B R PRI R (E AR TS

% <77 -

S Z 3k ( References ) :

(1

(2]

(3]

[4]

(3]

(6]

(7]

(8]

[9]

MEET, KLME, ERTRE, 4 BEEORTEER WL b At
JEFEE [J]. HIER Tk, 2023, 55(1): 33-45.

LIN Yuqing, ZHANG Yiren, QIU Yulong, et al. Progress
and prospect of membrane technology in lithium extraction
from salt lake brine[J].
2023, 55(1): 33-45.
Hilgse, BIPC, SR #R A IR 2SR EE L ik Re
WEFE (1. PUJIERf, 2025, 51(1): 8-11.

XIA Hailiang, FENG Shiqing, WU Qihang. Study on the

Inorganic Chemicals Industry,

performance of lithium slag low carbon super retarding
concrete[J]. Sichuan Building Materials, 2025, 51( 1) :
8-11.

VIECELI N, NOGUEIRA C A, PEREIRA M F C, et al.
Optimization of lithium extraction from lepidolite by roasting
using sodium and calcium sulfates[J]. Mineral Processing and
Extractive Metallurgy Review, 2017, 38(1): 62-72.
Wescst, Higsc, XMgh, A EOVEA K AT B S i K
BRFRHAR PR LS AR (). A (g8 QRS
2021(4): 28-35.

YAO Wengui, MA Hongwen, LIU Meitang, et al. Prepar-
ing lithium carbonate via hydrothermal of spodumene and
potash: Phase equilibrium simulation and optimization
experiment[J]. Nonferrous Metals ( Extractive Metallurgy) ,
2021(4): 28-35.
K7, #Hg, TREmE,
K t+-BAMBP #4413 [T
83-90.

ZHU Jun, GUO Mei, XU Yitong, et al. Separation of

cesium and rubidium from lithium mica waste lithium extrac-

2 B AR T A e o
1 AHEAE TR, 2022, 12(6):

tion and mechanism of cesium extraction by t-BAMBP[J].
Nonferrous Metals Engineering, 2022, 12(6): 83-90.

HU Huiqin, GUO Xunsheng, YANG Liming, et al
Adsorption materials toward highly-efficient lithium extrac-
tion from non-conventional lithium sources[J]. Advanced
Materials, 2025, 37(38): 2506055.

I B N AME R T LR 0] AR T, 2023,
52(19): 120-122+127.

ZHANG Jianyong. Summary of lithium extraction process at
home and abroad[J]. Shandong Chemical Industry, 2023,
52(19): 120-122+127.

BRER, WRA, RIBBL, % AR
AR 2 B 2 B R (0. B 4
2025, 53(3): 25-34.

LI Yamin, LENG Meijie, WEN Qiqi, et al. Extraction of

be—IK
J 5 A

lithium from medium to low-grade lepidolite by composite
sulfate roasting-water leaching method[J]. Rare Metals and
Cemented Carbides, 2025, 53(3): 25-34.

R, Mokss, AR, G BB AR i Rk R
H[0]. AT 4R, 2021, 45(11): 1394-1402.

DU Guoshan, YANG Yongliang, XU Yuehe, et al
Producing battery grade Li,CO,; by alkali pressure leach

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

process[J]. Chinese Journal of Rare Metals, 2021,
45(11): 1394-1402.
TUPENE, 145, ik Ry xR BE L 01 2 P RS2 e AT 57 0k Jre
] BB L SOk VR, 2025(8): 91-94.
FAN Zehui, YANG Juan. Research progress on the effect of
lithium slag powder on the mechanical properties of
concrete[J]. China
2025(8): 91-94.
EE, EfE, FiR IRIEESE T
B4R, 2022, 36(24): 63-73.
WANG Xue, WANG Heng,
progress on resource utilization of lithium slag in China[J].
Materials Reports, 2022, 36(24): 63-73.
HAN Guofei, GU Donglei, LIN Guo, et al. Recovery of
lithium from a synthetic solution using spodumene leach
residue[J] Hydrometallurgy, 2018, 177: 109-115.

WA I A ) P Y P g T2k (0. Ll B
ﬁ, 2022, 32(8): 1-3+21.

WANG Zhao. Preparing process of foam ceramic with cyclic

Concrete and Cement Products,

BAEF BT BER (3], #1

WANG Qiang. Research

utilization of solid wastes[J]. Foshan Ceramics, 2022,
32(8): 1-3+21.

HEE, AR, MbE, ST IR EE RS X
Lk NG R R —— LA IR 5810 VD [ 5K 5 UG 24 1)
F7R S ) ). T E R BERE T, 2023, 38(12):
1804—1817.

SHI Yao, LI Huiquan,

CHEN Shaohua, et al. Synergism
utilization of urban multi-source solid waste and district green
recycling development—Taking Dongguan Haixinsha
National Resource Recycling Demonstration Base as an
example[J]. Bulletin of Chinese Academy of Sciences,
2023, 38(12): 1804-1817.

R AEL . A ) Ok TR T Y O 0 B SR B LB
U] IA G4 )8, 200004): 49-52.

ZENG Zuliang. Origin of lithium sludge and probing into the
mechanism of intensifying anti-permeability of lithium sludge
concrete[J]. Sichuan Nonferrous Metals, 2000(4): 49-52.
WA, J/NB, a0, S Bz R BN R HIF
FEIUIR [J]. RERRERE R, 2021, 40(3): 877-882.

CHEN Zhiyou, SU Xiaoqiong, YANG Zhiwen, et al.
Research status of properties and utilization of lepidolite
lithium slag[J]. Bulletin of the Chinese Ceramic Society,
2021, 40(3): 877-882.

WU Houqin, YANG Jie, XUE Kai, et al. Effects of
spodumene flotation tailings as aggregates on mechanical
properties of cement mortar[J]. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2022, 640:
128346.

Wik, Bz B a2 R T ZESY (D). B
IR, 2023: 1-16.

YANG Bin. Study on chemical extraction of lithium from

PANLBE

leaching residue of lithium mica[D]. Ganzhou: Jiangxi

University of Science and Technology, 2023: 1-16.


https://doi.org/10.1080/08827508.2016.1262858
https://doi.org/10.1080/08827508.2016.1262858
https://doi.org/10.1002/adma.202506055
https://doi.org/10.1002/adma.202506055
https://doi.org/10.1016/j.hydromet.2018.01.004

78 -

(LR N T T

5540 B 1 4]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

JAEE, AR, e, S A IR T S S EE T
T AL A WF 5T BRI (7). REVR I OY 545 2, 2022(4)
71-77.

ZHOU Jianping, Al Xianbin, SHI Jinming, et al. Research
progress of lithium extraction technology and resource utiliza-
tion of lithium slag from lithium ore[J]. Energy Research and
Management, 2022(4): 71-77.
DANG Hui, CHANG Zhidong,

Extraction of lithium from the simulated pyrometallurgical

ZHOU Hualei, et al.
slag of spent lithium-ion batteries by binary eutectic molten
carbonates[J]. International Journal of Minerals, Metallurgy
and Materials, 2022, 29(9): 1715-1721.

LI Yun, DONG Liping, SHI Pei, et al. Selective leaching
and recovery of lithium ions from lithium slag with low
lithium content[J]. The Canadian Journal of Chemical Engi-
neering, 2025, 103(11): 5635-5647.

JING Qiankun, LIU Ziheng, ZHAO Xin, et al. High-effi-
ciency comprehensive recovery of the lithium extraction slag
via a simple alkali roasting-water leaching method[J]. Separa-
tion and Purification Technology, 2025, 362: 131804.
YANG Mingliang, WANG Shichao, DONG Zhaowang, et
al. Extracting metallic lithium and separating diffusion pump
oil from lithium slag using a novel negative pressure distilla-
tion technology[J]. Separation and Purification Technology,
2025, 362: 131821.

WANG Chenye, LIU Jiaqi, XING Peng, et al. Integrating
lithium recovery with the production of high-purity lithium
carbonate from spent lithium-ion battery smelting slag[J].
Hydrometallurgy, 2025, 233: 106452.

W, XS, XEAR, 55 HA R IR R e
ST [9]. TTHLER Tk, 2021, 53(4): 56—60.

TAN Bo, LIU Xianghuan, LIU Xudong, et al. Study on
law of lithium extraction and impurity removal from
spodumene leaching solution[J]. Inorganic Chemicals Indus-
try, 2021, 53(4): 56-60.

ROSALES G, PINNA E, SUAREZ D, et al. Recovery
process of Li, Al and Si from lepidolite by leaching with
HF[J]. Minerals, 2017, 7(3): 36.

YANG Sixie, WANG Yigang, PAN Hui, et al. Lithium
extraction from low-quality brines[J]. Nature, 2024,
636(8042): 309-321.

KONG Lingchen, YAN Gangbin, HU Kejia, et al. Elec-
tro-driven direct lithium extraction from geothermal brines to
generate battery-grade lithium hydroxide[J]. Nature Commu-
nications, 2025, 16(1): 806.

GABRA G G, TORMA A E, OLIVIER C A. Pressure
leaching of beta-spodumene by sodium chloride[J]. Canadian
Metallurgical Quarterly, 1975, 14(4): 355-359.

#Af, LI, P, S SRR TR BB S
JE 7], PRBE TREHAR A4, 2025, 15(1): 308-318.
DONG Wei, ZHOU Hongli, GONG Dandan,

Research progress on resource utilization technology of

et al.

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

lithium smelting slag[J]. Journal of Environmental Engineer-
ing Technology, 2025, 15(1): 308-318.
SHANG Xiaohong, HU Bin, NIE Pengfei, et al
LiNiysMn, ;O,-based hybrid capacitive deionization for highly
selective adsorption of lithium from brine[J]. Separation and
Purification Technology, 2021, 258: 118009.

HU Jiangtao, JIANG Yuan, LI Linze, et al. A lithium
feedstock pathway: Coupled electrochemical extraction and
direct battery materials manufacturing[J]. ACS Energy
Letters, 2022, 7(8): 2420-2427.

ROSSI C, BATESON L, BAYARAA M, et al. Frame-
work for remote sensing and modelling of lithium-brine
deposit formation[J]. Remote Sensing, 2022, 14(6): 1383.
ZHONG Shuiping, LIANG Donghui, WENG Wei, et al.
Efficient extraction of Li and Rb from zinnwaldite via ther-
mal activation and acid leaching[J]. Minerals Engineering,
2024, 216: 108898.

LI Huan, EKSTEEN J, KUANG Ge. Recovery of lithium
from mineral resources: State-of-the-art and perspectives—A
review[J]. Hydrometallurgy, 2019, 189: 105129.

LUO Qi, WANG Yanshuai, HONG Shuxian, et al. Prop-
erties and microstructure of lithium-slag-based geopolymer by
one-part mixing method[J]. Construction and Building Mate-
rials, 2021, 273: 121723.

LI Xinchao, ZHOU Ziyuan, ZHAO Kuo, et al. An envi-
ronment-friendly strategy for comprehensive recovery of Li,
Al and Si from low-grade clay-type lithium ore[J]. Chemical
Engineering Journal, 2025, 505: 159651.

XUSCAS, Bk, FLHE, S A A g SRt Y B
FEHERE [J]. IREE L SR PRI, 2025(6): 113-116.
LIU Wenjie, MAO Sheng, WANG Hongying,

Research progress on the application of lithium slag in build-

et al.

ing material[J]. China Concrete and Cement Products,
2025(6): 113-116.

LI Jinzhen, LIAN Pinghua, HUANG Shaowen, et al.
Recycling of lithium slag extracted from lithium mica by
preparing white Portland cement[J]. Journal of Environmen-
tal Management, 2020, 265: 110551.

X5 B O T RPIE B A S5 PR REAT ST (D] B A
MERS:, 2016: 64-65.

LIU Liang. Study on preparation and properties of white
finish mortar mixed with lithium slag[D]. Nanchang:
Nanchang University, 2016: 64—65.

. LR R R AL FIAL B 25 4 SR ) KO i B AL B
WL [D]. i’ BB, 2016: 34-37.

YE Nan. Study on the preparation of geopolymer from
pretreated bay red mud and mechanism of the strength forma-
tion[D]. Wuhan: Huazhong University of Science and Tech-
nology, 2016: 34-37.

FAN Jinyuan, YAN Jiahao, ZHOU Mengya, et al. Heavy

metals immobilization of ternary geopolymer based on nickel

slag, lithium slag and metakaolin[J]. Journal of Hazardous


https://doi.org/10.1002/cjce.25725
https://doi.org/10.1002/cjce.25725
https://doi.org/10.1002/cjce.25725
https://doi.org/10.1016/j.seppur.2025.131804
https://doi.org/10.1016/j.seppur.2025.131804
https://doi.org/10.1016/j.seppur.2025.131821
https://doi.org/10.1016/j.hydromet.2025.106452
https://doi.org/10.3390/min7030036
https://doi.org/10.1038/s41586-024-08117-1
https://doi.org/10.1038/s41467-025-56071-x
https://doi.org/10.1038/s41467-025-56071-x
https://doi.org/10.1038/s41467-025-56071-x
https://doi.org/10.1179/cmq.1975.14.4.355
https://doi.org/10.1179/cmq.1975.14.4.355
https://doi.org/10.1016/j.seppur.2020.118009
https://doi.org/10.1016/j.seppur.2020.118009
https://doi.org/10.1021/acsenergylett.2c01216
https://doi.org/10.1021/acsenergylett.2c01216
https://doi.org/10.3390/rs14061383
https://doi.org/10.1016/j.mineng.2024.108898
https://doi.org/10.1016/j.hydromet.2019.105129
https://doi.org/10.1016/j.conbuildmat.2020.121723
https://doi.org/10.1016/j.conbuildmat.2020.121723
https://doi.org/10.1016/j.conbuildmat.2020.121723
https://doi.org/10.1016/j.cej.2025.159651
https://doi.org/10.1016/j.cej.2025.159651
https://doi.org/10.1016/j.jenvman.2020.110551
https://doi.org/10.1016/j.jenvman.2020.110551
https://doi.org/10.1016/j.jenvman.2020.110551
https://doi.org/10.1016/j.jhazmat.2023.131380

TARIMNGE P76 R G PRI R (AT et 79 -

[43]

[44]

Materials, 2023, 453: 131380.

B, ERE, BT, SRS EXBREKE R
o J5U SR & WP RE BRI (D). B B A ST KL, 2019,

46(8): 115-118.

KANG Yixing, WANG Qibao, QIN Zijing, et al. Effect of
lithium slag content on properties of alkali-activated fly ash
based foam geopolymer[J]. New Building Materials, 2019,
46(8): 115-118.

WA, R, BRSE, SF A SR NaX 4 TSR AEF
W B RS PERPSY (9], Re Al 2 TR, 2013, 27(4)

708-713.

HU Xin, ZHUANG Qiang, CHEN Dan, et al. The charac-

terization and adsorption properties of NaX zeolites synthe-

[45]

[46]

[47]

sized from lithium sludge[J]. Journal of Chemical Engineer-
ing of Chinese Universities, 2013, 27(4): 708-713.

LI Zhen, CHEN I C, CAO Li, et al. Lithium extraction
from brine through a decoupled and membrane-free electro-
chemical cell design[J]. Science, 2024, 385( 6716) :
1438—1444.

ZHOU Yang, ZHU Luqi, YANG Bangming, et al. Heavy
metal migration regimes in the production of syngas from
solid waste by thermal plasma treatment[J]. Journal of
Hazardous Materials, 2024, 461: 132698.

DENG Bing, EDDY L, WYSS K M, et al. Flash Joule
heating for synthesis, upcycling and remediation[J]. Nature

Reviews Clean Technology, 2025, 1: 32-54.


https://doi.org/10.1016/j.jhazmat.2023.131380
https://doi.org/10.1126/science.adg8487
https://doi.org/10.1016/j.jhazmat.2023.132698
https://doi.org/10.1016/j.jhazmat.2023.132698
https://doi.org/10.1038/s44359-024-00002-4
https://doi.org/10.1038/s44359-024-00002-4

	0 引　　言
	1 锂矿冶炼渣理化特性
	2 锂矿冶炼渣中关键金属资源化回收技术研究现状
	2.1 锂矿冶炼渣中锂的浸出及浸出液中锂的回收
	2.1.1 锂矿冶炼渣中锂的浸出
	2.1.2 锂矿冶炼渣浸出液中锂的回收

	2.2 锂矿冶炼渣中其他有价金属的回收

	3 锂矿冶炼渣的增值化技术研究现状
	3.1 锂矿冶炼渣制备建筑材料
	3.2 锂矿冶炼渣制备环境友好型材料
	3.2.1 锂矿冶炼渣制备三元地聚合物
	3.2.2 锂矿冶炼渣制备分子筛


	4 总结与展望
	4.1 发展现状与面临挑战
	4.2 未来技术方向
	4.3 关键突破与集成目标

	参考文献

