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ABSTRACT 
 

This study aims to promote a more comprehensive utilization of lithium mica 
leaching slag (lithium slag) and reduce the leaching content of harmful substances 
(soluble salts and leaching ions) from lithium slag. Cement, blast furnace slag powder, 
and fly ash were used as stabilizing materials and mixed into lithium slag at different 
mass ratios to prepare improved lithium slag. A systematic analysis of the leaching of 
harmful substances from this improved lithium slag and its performance on highways 
was conducted. The results showed that the leaching of harmful substances from the 
compacted lithium slag was significantly reduced. After adding stabilizing materials, 
lithium slag can react with them to generate gelling substances such as calcium silicate 
hydrate and calcium aluminosilicate hydrate, which prevent the leaching of harmful 
substances. It was also observed that after crushing the improved lithium slag 
specimens, the amount of harmful substances that leached increased. Environmental 
requirements can still be met by increasing the dosage of stabilizing materials. The 
relative stabilizing effects of the three stabilizing materials on the soluble salt were as 
follows: blast furnace slag powder > cement > fly ash. The stabilizing effects on the 
leached ions were as follows: the stabilizing effect on Mn ions was the best; the 
solidification effect on beryllium ions was similar; and the stabilizing effect of fly ash on 
thallium ions was poor. The CBR of raw lithium slag can reach 62.2%, and after adding 
6% of the three stabilizing material, the CBR increased by 75%, 51.6%, and 29.7%, 
respectively. These findings were applied on a highway in Jiangxi Province, and the 
road performance and qualified rate of harmful substance leaching detection in the 
experimental section reached 100%. The content of various characteristic harmful 
substances in groundwater can be kept low enough to meet the quality requirements of 
groundwater, verifying the feasibility of using improved lithium slag in the subgrade. 
 

1. INTRODUCTION 
 

With the rapid development of the global lithium-battery energy storage industry, 
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lithium carbonate has become an indispensable strategic resource as the main material 
for lithium-battery production (Chen 2023). The extraction of lithium from lithium mica is 
an important method for producing lithium carbonate. However, the yield of the 
leaching slag is very high during lithium extraction. On average, every 1 ton of lithium 
carbonate extracted produces 30–50 t of lithium slag (Chen 2021). Because of the 
complex composition of lithium ore and the cumbersome extraction process of lithium 
carbonate, harmful substances may exist in the lithium slag produced; if not treated 
properly, it is likely to cause land and water pollution (Zhu 2023). Therefore, large 
amounts of funding are required to build landfills annually. The treatment and utilization 
of lithium slag have become major obstacles in the development of the lithium battery 
industry. Additionally, there is a shortage of traditional sand and gravel materials for 
use in the road construction process. If lithium slag can be used to replace some 
subgrade fillers, it will not only provide a large-scale use for lithium slag but also 
promote the development of the lithium battery industry.  

Currently, the use of lithium slag as a building material admixture is a primary 
research subject. Li (2014) used lithium slag as an admixture to prepare high-
performance concrete with significantly higher strength than ordinary cement concrete. 
Mao (2018) found that lithium slag contains a large amount of alkaline oxides, such as 
Na2O and K2O, which can improve the chloride ion penetration resistance and wear 
resistance of concrete but deteriorate the carbonation and frost resistance. In addition, 
lithium slag can be used to prepare artificial aggregates because its silicon and 
aluminum compositions are similar to those of clay. Dong (2021) used alkali activation 
technology with lithium slag as the primary material to prepare artificial aggregates with 
a compressive strength of 5.25MPa. The above studies indicate that research on the 
mechanical properties, salt resistance, and corrosion resistance of lithium slag used in 
building material manufacturing is relatively mature, whereas research on the 
application of lithium slag in subgrade filling is relatively scarce. It is necessary to 
conduct mechanical performance tests to analyze the applicability of lithium slag as a 
subgrade filling material. Simultaneously, to control the leaching content of harmful 
substances in lithium slag, it is necessary to improve the lithium slag before subgrade 
application, and in-depth research is required to improve the methods and effects of 
lithium slag. 

In response to the harmful leaching substances (soluble salt and leaching ion 
content) present in lithium slag, this study used cement, blast furnace slag powder 
(BFS), and fly ash as stabilizing materials to improve lithium slag. The leaching content 
of harmful substances in the compacted and crushed states of the improved lithium 
slag was tested, and the stabilizing effects on the harmful leaching substances were 
analyzed. Furthermore, this study analyzes the bearing capacity and stabilization 
mechanism of the improved lithium slag, comprehensively demonstrates the feasibility 
of using lithium slag as a subgrade filler, and tests its practical engineering applications. 
These results provide broad prospects for expanding the comprehensive utilization of 
lithium slag in highway construction. 
 

2. TESTS 

 
2.1 Raw materials 
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(1) Lithium slag 
The lithium slag used in the experiment was obtained from a lithium battery 

enterprise slag plant in Yichun City, China in the form of a brown-gray solid powder. 
The particle size distribution of the lithium slag after drying and sieving is shown in Fig. 
1. Basic physical property indicators such as the maximum dry density and optimal 
moisture content of lithium slag were tested according to the test methods of soils for 
highway engineering (JTG 3430-2020), and the results are shown in Table 1. The main 
chemical composition of the lithium slag was determined using X-ray fluorescence 
diffraction (XRF), and the results are listed in Table 2. Based on the leaching test of 
harmful substances, the contents of soluble salts and leaching ions in the lithium slag 
were measured, and the results are shown in Table 3. 
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Fig. 1 Particle size distribution curve of lithium slag 

 
Table 1 Test results of basic physical properties of lithium slag 

Indicators 
Liquid 
limit 

Natural moisture 
content 

Proportion 
Optimum 

water content 
Maximum 
dry density 

Results 38.9% 14.4% 2.51 g/cm³ 17.7% 1.56 g/cm³ 

 
Table 2 Main oxide components and content of lithium slag 

Oxide SiO2 Al2O3 CaO SO3 K2O F Fe2O3 Na2O MnO2 

contents /% 26.81 20.2 16.01 13.7 3.9 3.8 3.24 2.05 0.383 

 
Table 3 Test results of the main leaching substances of lithium slag 

Items 
Test 

content 
Target 
content 

Basis of content 

Beryllium 10.16μg/L 5μg/L Integrated wastewater discharge 
standard  

(GB 8978-1996) 
Manganese 3.46 mg/L 2 mg/L 

Thallium 5.40μg/L 5μg/L 
Discharge standard of thallium 

pollutants for industry wastewater 
(DB 36/ 1149-2019) 

Soluble salt 8.79% 1.5%~6% 
Specifications for design of highway 

subgrades (JTG D30-2019) 
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According to the results, the particle size of the lithium slag was within 5 mm, and 

the coarse particle content was relatively high. The main chemical components of the 
lithium slag are SiO2, Al2O3, CaO, and SO3, which are high-temperature calcination 
products that exhibit pozzolanic activity under appropriate conditions. Lithium slag has 
high soluble salt content and is classified as a saline soil (salt content > 6%), making it 
unsuitable for direct use as a subgrade filling material. The manganese, beryllium, and 
thallium ion content in the lithium slag leaching solution were relatively high and were 
the main leaching ions. Therefore, before engineering applications of lithium slag, it is 
necessary to improve the stability of the aforementioned leaching substances. 

(2) Stabilizing Materials 
In the experiments, cement P·O 42.5, BFS S95, and fly ash I are selected as 

stabilizing materials to improve lithium slag. The main oxide components of each 
material were tested using X-ray fluorescence diffraction (XRF), and the results are 
listed in Table 4. The results show that the components of BFS and fly ash are similar 
to those of cement, with the main oxide components being SiO2 and Al2O3, which can 
produce cementitious properties under certain alkaline excitation conditions. Therefore, 
lime was added as an alkaline activator material to the BFS and fly ash (slag powder/fly 
ash: lime=8:2) in the experiments. 

Table 4 The main oxide content of stabilizing materials 

stabilizing 
materials 

CaO SiO2 Al2O3 MgO Fe2O3 

Cement 60.22% 22.57% 4.96% 3.12% 5.27% 

BFS 37.36% 30.27% 15.85% 9.23% 0.538% 

Fly ash 3.03% 50.39% 29.80% 0.959% 5.45% 

 
2.2 Mixture design method 
According to the relevant standards (Test Methods of Soils for Highway 

Engineering (JTG 3430-2020); Specifications for the Design of Highway Subgrades 
(JTG E51-2009)), three types of stabilizing materials were added to the lithium slag 
separately. The mixture design of each group was performed using different ratios of 
lithium slag: stabilizing material ratios of 100:0, 98:2, 96:4, 94:6, 92:8, and 90:10. 
Specimens of the inorganic binder were prepared by static pressing of the mixture, and 
the formed specimens were divided into two groups for subsequent leaching tests: a 
complete group (denoted as LW) and a crushing group (denoted as LP). The LW group 
consisted of complete specimens, and the LP group consisted of specimens in which 
lithium slag particles were artificially crushed to the specified particle size after the 
complete specimens were formed. 
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（a）LW specimens              （b）LP specimens 

Fig. 2 Leaching test of harmful substances in lithium slag specimens 
 

2.3 Design method 
(1) Soluble salt content test 
The soluble salt content of the lithium slag was determined in accordance with 

soil test methods for highway engineering (JTG 3430-2020). The processes are as 
follows: First, a certain mass of LP specimens with particle size less than 1 mm and a 
complete LW specimen were weighed out, and distilled water was added in a liquid 
solid ratio of 5:1 (L/kg). The mixture was shaken on an oscillating machine for 3 min to 
obtain a clear filtrate. 50 mL of the clear liquid was, placed on a known mass ceramic 
evaporating dish, evaporated to dryness, and weighed. Then, the contents of soluble 
salt can be calculated using the following formula: 

1 0 ) 100m m
X

m

− 
=
（

                                               （1） 

 
 
(2) Ion leaching tests 
First, we referred to the solid waste-extraction procedure for the leaching toxicity-

horizontal vibration method (HJ 557-2010) to prepare leaching solutions of the LW and 
LP specimens. The processes are as follows: A certain mass of LP specimen with a 
particle size less than 3 mm and a complete LW specimen were weighed out, and 
extractant was added in a liquid-solid ratio of 10:1 (L/kg). The mixture was then placed 
on an oscillation device and oscillated for the specified time. The leachate was filtered 
and collected for testing. 

According to the integrated wastewater discharge standard (GB 8978-1996) and 
discharge standards for thallium pollutants in industrial wastewater (DB 36/1149-2019), 
atomic absorption spectrophotometry and inductively coupled plasma mass 
spectrometry were used to determine the ion content of the leachate. Combined with 
the relevant regulatory requirements, the stabilizing effects of the specimens were 
comprehensively evaluated. 

(3) CBR test 
The CBR of the specimens were determined in accordance with the Test Methods 

of Soils for Highway Engineering (JTG 3430-2020). Samples of the lithium slag and the 
improved lithium slag with a 6% content of stabilizing materials were selected for 
testing, and formed with φ152×170 mm cylindrical specimens by the static pressure 
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method. Subsequently, the specimens were immersed in water and cured for four days 
before conducting penetration tests to calculate the CBR of the specimens. 

(4) Microscopic morphology analysis 
A sheet-like specimen of approximately 10 mm × 10 mm × 5 mm was selected for 

testing, and its microstructure was analyzed using field-emission scanning electron 
microscopy (SEM). 

 
3. RESULTS 
 

3.1 Contents of soluble salt 
According to the test results for the raw materials, lithium slag has a high soluble 

salt content, which can easily cause salt heaving, salt corrosion, and other negative 
effects in the subgrade structure. After improving the lithium slag using the stabilization 
method, the soluble salt content of each specimen was measured (Fig. 3). 
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（a）LW specimens                          （b）LP specimens 

Fig. 3 Soluble salt content of each specimen 
 

It can be seen that the soluble salt content in the compacted lithium slag 
specimen decreases by 2.5% compared to that of lithium slag particles. After adding 
stabilizing materials, the soluble salt content in the lithium slag specimen continues to 
decrease, reaching a minimum of approximately 1%. The main reason is that the 
soluble salt in the lithium slag reacts with the stabilizing material, and the gelling 
material stabilizes the surface of the slag body. The generated gelling material can 
wrap the lithium slag, further blocking the dissolution of the internal salt. The gel on the 
surface of the lithium slag will be damaged after the modified lithium slag specimen is 
broken into a granular shape, and the exposed surface of the slag will become larger, 
so the dissolution of salt will increase, while the soluble salt content of each specimen 
increasing by approximately 3%. By adjusting the amount of stabilizing material added, 
the soluble salt content of the lithium slag can meet the environmental requirements for 
subgrade usage. The relative stabilizing effect of the three stabilizing materials on 
soluble salt are as follows: BFS > Cement > Fly ash. 
 

3.2 Contents of leaching ions 
According to the test results of the raw material, the leaching contents of beryllium, 

manganese, and thallium ions in the lithium slag were relatively high, which may affect 
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the water quality and the soil around the subgrade. After improving the lithium slag 
using the stabilization method, the ion content in the leaching solution of each 
specimen was measured, as shown in Fig. 4- Fig. 6. 
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（a）LW specimens                         （b）LP specimens 

Fig. 4 Beryllium content in the leaching solution of each specimen 
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（a）LW specimens                         （b）LP specimens 

Fig. 5 Manganese content in the leaching solution of each specimen 
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（a）LW specimens                         （b）LP specimens 

Fig. 6 Thallium content in the leaching solution of each specimen 
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Looking at Fig. 4- Fig. 6 (a), it can be seen that after the lithium slag is compacted 
and formed, the leaching content of each ion has decreased to within the maximum 
limit. With the addition of stabilizing materials, even with dosages of only 2%, the 
leaching contents of various ions have basically stabilized. From Fig. 4- Fig. 6 (b), it can 
be seen that after the improved lithium slag specimens are crushed to a granular state, 
the fluctuation of manganese ion leaching content is small, indicating good stabilizing 
effect. The leaching content of beryllium ions has significantly increased, reaching a 
maximum of 5.5 μg·L-1, which exceeds the maximum limit. After increasing the dosage 
of the stabilizing materials to 6%, the leaching content of beryllium ions is basically 
stable. The leaching content of thallium ions is greatly affected by the stabilizing 
materials. When the stabilizing material content reaches 10%, the leaching content of 
thallium ions in the specimen modified with fly ash is four times that of specimens 
modified with cement and BFS, which is still close to the maximum limit. This indicates 
that the improvement effect of fly ash on thallium ion is poor. 
 

3.3 CBR 
The mechanical strength of the subgrade must be ensured when lithium slag is 

used as a filling material. Based on previous studies, a mixing ratio of 6% stabilizing 
material was selected to form the CBR samples. Raw lithium slag was used as a 
control. The results for each specimen are shown in Fig. 7. 
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Fig.7 CBR of each specimen 

 
According to the results, the CBR of the lithium slag can reach 62.2%, which is 

much higher than the technical requirement for highway subgrade filler. The main 
reason is that lithium slag contains some CaO, which can enhance the strength of 
materials through hydration and hardening reactions. With the addition of stabilizing 
materials, the amount of CaO, SiO2, and Al2O3 in the system increases, and the CBR of 
improved lithium slag will be further increased. Among them, the cement modified 
specimen increased by 75%, the BFS modified specimen increased by 51.6%, and the 
fly ash modified specimen increased by 29.7%. The result shows that when lithium slag 
is used as subgrade filler, it can meet the CBR requirement of each structural layer. 
After adding stabilizing materials, the CBR of the filler can be further improved. 
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3.4 Stabilization mechanism 
10 mm thick selections of lithium slag from the surface of the CBR specimens 

were used to prepare scanning electron microscopy (SEM) samples. The 
microstructure of the samples were then observed and analyzed. The SEM images of 
the samples are shown in Fig. 8. 

   
（a）Raw lithium slag specimen   （b）Cement-modified specimen 

   
（c）BFS-modified specimen      （d）Fly ash-modified specimen 

Fig. 8 SEM of each specimen 
 

Fig. 8 (a) shows a scanning photo of the lithium slag under 1000× magnification. 
The surface of lithium slag particles is relatively flat, and there are few gel hydration 
products. There are a lot of unhydrated particles in the system. Fig. 8 (b), (c), and (d) 
show scanning photos of lithium slag specimens which have been improved with 8% 
cement, slag, and fly ash content, respectively, at 1000× magnification. Because there 
is a large amount of CaO in the stabilizing material, the calcium hydroxide generated 
after CaO hydration can react with SiO2 and Al2O3 to generate secondary hydration 
products such as calcium silicate hydrate and calcium aluminosilicate hydrate (refer to 
Eq. (2) for the reaction process). At this time, the surface of lithium slag is wrapped by a 
layer of amorphous gel to form clusters, which greatly optimizes the aggregate interface. 
Meanwhile, due to the mutual bonding between aggregates, the distance between 
particles is further shortened, resulting in an overall improvement in the density of the 
material. Compared with the cement-modified specimen, the gel distribution on the 
surface of the BFS-modified specimen is more uniform, and the stabilizing effect is 
better. The surface gel of the fly ash-modified specimen is relatively sparse, and some 
lithium slag had not been wrapped by the gel and was exposed, indicating that the 
hydration reaction is not complete. 

2 3 2 2 2 2 3 2 2Al O +3SiO +Ca(OH) +2H O CaO Al O 3SiO 3H O→                     （2） 

 
4. VALIDATION 
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To demonstrate the feasibility of using lithium slag as a subgrade filling material, 

this study selected 6% BFS-modified lithium slag for engineering verification in a 
subgrade test section of a highway in Jiangxi Province. The total length of the test 
section was 220m, the subgrade width was approximately 26m, and the filling height 
was approximately 25m. A schematic of the test section is presented in Fig. 9. To 
ensure the safety of the engineering environment, the lithium slag was improved before 
filling the subgrade, which was used to wrap the improved lithium slag during the filling 
process. A groundwater monitoring well was installed on the side of the subgrade to 
track and monitor the surrounding groundwater quality. The on-site construction 
process is illustrated in Fig. 10. 

 
Fig. 9 Schematic of the section of highway used for testing 

 

    
(a) Transportation          (b) Paving                (c) Rolling           (d) Monitoring 

Fig. 10 Construction process of the test section 
 

An inspection and evaluation of harmful substance leaching and road 
performance are carried out on the improved lithium slag filling layer at the construction 
site according to the integrated wastewater discharge standard (GB 8978-1996) and 
inspection and evaluation quality standards for highway engineering section 1 civil 
engineering (JTG F80/1-2017). The results show that the qualification rates of all 
detection indicators for the improved lithium slag in the experimental section are 100%. 

Table 5 Test results of the of improved lithium slag 

Inspection items Check points Qualified point Pass rate/% 

Leaching ions 13 13 100% 
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Soluble salt 13 13 100% 

Degree of 
compaction 

9 9 100% 

deflection 84 84 100% 

 
After the construction was completed, the content of harmful substances in the 

groundwater was tracked and monitored. The long-term monitoring results (Fig. 11) 
show that the amount of harmful substances can meet the requirements of the 
standard for groundwater quality (GB/T 14848-2017), indicating that the application of 
improved lithium slag in the subgrade is feasible.  

140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
0

10

20

30

40

50

60

70

μ
g
·L

-1

Days

   Monitor value    Local limit

140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

m
g
·L

-1

Days

   Monitor value     Local limit

 
   (a) Beryllium content                        （b）Manganese content 
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（c）Thallium content                       （d）Soluble salt content 

Fig.11 Harmful substance content in groundwater 
 

5. CONCLUSIONS 
 

Cement, BFS, and fly ash have been used as stabilizing materials to improve the 
performance of lithium slag. The leaching law of harmful substances, road performance, 
and the stabilization mechanism of the improved lithium slag were analyzed, and the 
feasibility of using the improved lithium slag as a subgrade filler was experimentally 
demonstrated. The following conclusions were drawn: 

(1) Lithium slag can react with added stabilizing materials to generate gel 
substances, such as calcium silicate hydrate and calcium aluminosilicate hydrate, on its 
surface, which can improve the strength and compactness of lithium slag and reduce 
the leaching content of any harmful substances. 
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(2) After the lithium slag is compacted and formed, the soluble salt content 
decreased from 8.79% to 6.29%. After the addition of stabilizing materials, the 
minimum content was further reduced to 1%. After crushing the formed specimens, the 
content of each specimen increased by approximately 3%. At this time, the minimum 
content of the stabilizing material must reach 6% to meet the specification requirements. 
The relative stabilizing effects of the three materials on salt was in the order of BFS > 
Cement > Fly ash. 

(3) After the lithium slag was compacted and formed, the leaching content of each 
ion was significantly reduced. Only the addition of 2% stabilizing material met the ion 
content requirement. After crushing the formed specimens, the manganese still met the 
requirements; the highest content of beryllium has increased to 5.5 μg·L-1, increasing 
the content of stabilizing material to 6% can stabilize it; The leaching content of thallium 
is greatly affected by the stabilizing materials, the leaching content of fly ash modified 
lithium slag can reach up to 4 times that of cement and BFS modified lithium slag under 
the same dosage, the improvement effect of fly ash on thallium ions is poor. 

(4) The CBR of raw lithium slag reached 62.2%, and after adding 6% cement, 
BFS, and flay ash, the CBR results increased by 75%, 51.6%, and 29.7% respectively, 
which fully met the bearing requirements of various subgrade layers. 

(5) After verification in the experimental section, the road performance and 
qualified rate of harmful substance leaching detection reached 100%, and the content 
of various characteristic harmful substances in the groundwater met the quality 
requirements of groundwater. 
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