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Abstract: A novel smelting reduction process based on FeO−SiO2−Al2O3 slag system for spent lithium ion batteries with Al cans 

was developed, while using copper slag as the only slag former. The feasibility of the process and the mechanism of copper loss in 

slag were investigated. 98.83% Co, 98.39% Ni and 93.57% Cu were recovered under the optimum conditions of slag former/battery 

mass ratio of 4.0:1, smelting temperature of 1723 K, and smelting mass ratio of time of 30 min. The FeO−SiO2−Al2O3 slag system 

for the smelting process is appropriate under the conditions of m(FeO):m(SiO2)=0.58:1−1.03:1, and 17.19%−21.52% Al2O3 content. 

The obtained alloy was mainly composed of Fe−Co−Cu−Ni solid solution including small amounts of matte. The obtained slag 

mainly consisted of fayalite and hercynite. Meanwhile, the mechanism of copper loss is the mechanical entrainment from strip-like 

fayalite particles in the main form of copper sulfide and metallic copper. 
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1 Introduction 
 

Lithium ion batteries (LIBs) are widely used in 

mobile phones, laptops and other electronic products. 

Large quantities of end-of-life LIBs are generated with 

the tremendous growth of waste electronic products. 

LIBs contain not only large amounts of valuable metals 

such as cobalt, nickel and copper, but also hazardous 

waste [1−3]. If disposing improperly, a huge valuable 

resource will be wasted and result in serious environment 

burden. Therefore, the development of the advanced 

recycling technology of spent LIBs is necessary. 

At present, the recycling of spent LIBs 

predominantly aimed at the recovery of Co, Ni and Cu. 

The recycling technologies can be divided into 

hydrometallurgy and pyrometallurgy [4,5]. Most 

published literatures concerned the hydrometallurgical 

treatment of spent LIBs, which can produce high quality 

products. To find suitable operating conditions for 

recovering valuable metals, these published works 

mainly focused on the investigations of leaching 

[1−3,6−8] and leachate purification [9,10]. However, 

these works were widely carried out by manual 

dismantling or laboratory scale mechanical dismantling, 

without considering the risk of explosion for LIBs during 

the industrial process. Thus, the industrial Recupyl and 

Toxco processes are performed under protective 

atmosphere and cryogenic condition, respectively, which 

obviously increases the investment and operation cost [5]. 

Additionally, the hydrometallurgical process is suitable 

only for treatment of the specific type of batteries [4]. 

In pyrometallurgical process, spent LIBs and their 

scraps are subjected to high temperature smelting. Co 

and Ni contained in cathode material can be deoxidized 

to metallic Co and Ni by metallic aluminum or graphite 

which is plenty present in LIBs [11−13], and the 

reactions can be expressed as 
 
2LiCoO2+2Al=Li2O+2Co+Al2O3                       (1) 
 
2LiCo1−xNixO2+3C=Li2O+(1−x)/2Co+x/2Ni+3CO(g)(2) 
 
4LiCo1−xNixO2+Al=2Li2O+(1−x)/4Co+x/4Ni+2Al2O3 

(3) 

The metallic Cu of batteries keeps metallic during 

the reduction process. This allows the valuable metals 

such as Co, Ni and Cu to preferentially concentrate into 

an alloy phase, while the metallic Al of batteries is 

slagged in the form of Al2O3, and the C from batteries is 

evaporated as the form of carbon monoxide. Although  

Al cannot be recovered, a large amount of energy is 
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produced by the above reaction, which is advantage to 

decrease the energy consumption [11]. Currently, the 

typical pyrometallurgical technologies mainly include 

the roasting−smelting process of Xstrata [14] and the 

VAL’EAS process of Umicore [11]. Compared with the 

hydrometallurgical process, pyrometallurgical process is 

flexible in feed materials and higher throughput. 

The pyrometallurgical processes of spent LIBs 

widely employ the slag system CaO−SiO2−Al2O3, in 

which CaO along with SiO2 is chosen as slag former 

[11,15−17], while Al2O3 in slag mainly comes from the 

spent LIBs. Compared with other types of batteries, the 

content of Al-containing spent LIBs with Al cans is very 

high, more than 30%, which is disadvantage to 

economically recover the valuable metals through the 

smelting process. In order to improve the economic 

benefit of this process effectively, batteries need to be fed 

together with heterogenite in the VAL’EAS process [11]. 

The heterogenite supplies not only the slag former SiO2, 

but also extra valuable metals such as Co and Cu. 

However, the application of the process is limited due to 

the scarce of the heterogenite ore in China and the 

complexity of the feeding. 

In this study, a novel slag system FeO−SiO2−Al2O3 

is proposed for the aim of recovering valuable metals 

from spent LIBs with Al cans by a simple and 

economical method. In the method, waste copper slag 

was used as the only flux. As we all know, the copper 

slag mainly consists of fayalite, and the total content of 

FeO and SiO2 is more than 70%. So, the copper slag can 

supply the slag-maker of FeO and SiO2 simultaneously 

for the smelting process based on the FeO−SiO2−Al2O3 

slag. Additionally, KIM et al [18] have already used 

waste copper slag as the major slag-maker for metals 

recovery of spent printed circuit boards by a smelting 

process [18]. For Umicore, it is easy to switch the 

CaO−SiO2−Al2O3 slag system to the FeO−SiO2−Al2O3 

slag system without changing any their existing recycling 

facility. Moreover, this switch is also very economical 

due to the cheaper price of copper slag than that of 

heterogenite. The feasibility of the new method and the 

mechanism of copper loss in slag were explored in detail. 

 

2 Experimental 
 

2.1 Materials and reagents 

In this study, spent LIBs with sizes of 60 mm ×   

43 mm × 5 mm were collected from market. Table 1 

presents the chemical composition of the spent LIBs 

used in this study. As can be seen from Table 1, the spent 

LIBs mainly consist of Co, Ni, Cu, Al and C. Co and Ni 

exist as the form of lithium mixed oxides (LiCo1−xNixO2) 

in the cathode. Cu and Al of the current collectors are in 

the form of a metal, while C of the anode is graphite. 

Table 1 Chemical composition of LIBs used in this work (mass 

fraction, %) 

Co Ni Cu Al Li C Others 

16.0 2.0 8.0 33.0 2.0 15.0 24.0 

 

Copper slag was generated in electric furnace 

cleaning process of a copper smelting plant, which was 

chosen as the slag former, and then milled into powders 

of −3 mm. Table 2 shows the chemical composition of 

the copper slag. According to the XRD pattern and the 

SEM analysis of the copper slag given in Figs. 1 and 2, 

respectively, it was found that the copper slag mainly 

consists of strip-like fayalite (Fe2SiO4), magnetite (Fe3O4) 

and matte (copper-iron sulfide). And the magnetite 

densely dispersed in the fayalite. 

 

Table 2 Chemical composition of copper slag (mass 

fraction, %) 

Cu Fe SiO2 Al2O3 CaO MgO S Zn Pb 

0.69 39.22 30.07 4.75 4.10 2.44 0.77 1.75 0.48 

 

 

Fig. 1 XRD pattern of copper slag 

 

 

Fig. 2 SEM image of copper slag (Cu−Matte; F−Fayalite; 

Ma−Magnetite) 

 

2.2 Smelting test process 

Spent Li-ion batteries were sheared into several 

small parts, and then mixed with the slag former 
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according to the certain mass ratios of copper slag to 

battery. The mixed specimens were held in an alumina 

crucible with a cover, and smelted in an electrical 

melting furnace (box type) with MoSi2 alloy heating rods. 

After specimens were heated to the temperature of  

1723 K, held for the pre-set time of 30 min and cooled 

down naturally to room temperature, the crucible was 

withdrawn from the furnace. The products were 

manually separated into alloy and slag, and then ground 

into powders. The effect of slag former addition on the 

recoveries of valuable metals (Co, Ni and Cu) in alloys 

was investigated. 

 

2.3 Analytical methods 

The contents of Co, Ni, Cu and Fe in the alloy and 

FeO, SiO2, Al2O3, CaO, MgO in the obtained slag were 

analyzed by chemical methods. The contents of Co, Ni 

and Cu in the obtained slag were analyzed by atomic 

absorption spectroscopy (AAS, TAS−990 Super, Beijing 

Purkinje General). The recovery of valuable metals was 

calculated according to the mass balance principle. 

Copper chemical phases in the obtained slag were 

analyzed by chemical methods. The phase compositions 

of the copper slag obtained were determined by X-ray 

diffraction (XRD, D8 advance, Bruker). The 

microstructure of the obtained slag was analyzed by 

scanning electron microscope (SEM) equipped with 

EDX qualitative analysis (SEM−EDS, JSM−6490LV, 

JEOL). 

 

3 Results and discussion 
 

3.1 Influence of slag former addition on chemical 

composition of slag and recovery of valuable 

metals 

In order to investigate the effect of slag former 

addition (the mass ratio of copper slag to spent LIBs) on 

the chemical composition of obtained slags and recovery 

of valuable metals, a series of smelting experiments were 

performed from 4.0:1 to 10.0:1 (mass ratio). Conditions 

of the smelting process were as follows: smelting 

temperature 1723 K and time 30 min. The results are 

shown in Table 3 and Fig. 3, respectively. 

As shown in Table 3, FeO, SiO2 and Al2O3 were the 

main compositions for obtained slags. Furthermore, it is 

feasible to describe the slags by the simplified system 

FeO−SiO2−Al2O3. From Table 3, it is also found that the 

Cu content decreased from 0.69% of the copper slag to 

0.26% of the obtained slag by the reduction smelting 

process. This means that Cu contained in the copper slag 

was also recovered. 

As can be seen from Fig. 3, the FeO/SiO2 mass ratio 

of the obtained slags increased from 0.58:1 to 1.38:1 as 

the slag former addition increased from 4.0:1 to 10.0:1. 

Cu recovery decreased significantly, with slag former 

addition increasing, while Ni and Co recoveries were not 

obvious. Cu recovery decreased from 93.57% to 71.46%, 

when the slag former addition increased from 4.0:1 to 

10.0:1. For the addition range of the slag former 

investigated in this study, the most appropriate slag 

former addition was 4.0:1. 

Figure 4 shows the pictures of the slag and alloy 

under the condition of the mass ratio of slag former 

addition to battery of 4.0:1. It can be seen that the 

alloy−slag separation was very well. The major phases in 

the slag were fayalite (Fe2SiO4) and hercynite (FeAl2O4) 

by XRD as shown in Fig. 5. This observation is in 

agreement with the results of PARK et al [19]. The FeO 

in slags was from the reduction of magnetite by 

aluminum or graphite from spent LIBs according to the 

following reactions [20]: 
 
3(Fe3O4)+2[Al]=9(FeO)+(Al2O3)               (4) 
 
(Fe3O4)+C=3(FeO)+CO(g)                   (5) 
 

Figure 6 shows the SEM−EDS analysis of the alloy 

under the optimum experiment. It reveals that the alloy 

was mainly composed of Fe−Co−Cu−Ni solid solution, 

including small amounts of matte. The S contained matte 

particles was from the waste copper slag, while the Fe in 

alloys and matte came from the further reduction of iron 

protoxide [21,22]. The reactions are as follows: 
 
2[Al]+3(FeO)=(Al2O3)+3[Fe]                  (6) 
 
C+(FeO)=[Fe]+CO(g)                        (7) 

 

3.2 Adequate composition of slag system 

Physico-chemical property of slag, especially 

liquidus temperature and viscosity, is the key factor that 

influences the efficiency of the high-temperature 

extractive metallurgical operations [23,24]. According to  

 

Table 3 Chemical compositions of obtained slags 

m(slag former): 

m(battery) 

Mass fraction/% m(FeO): 

m(SiO2) Co Ni Cu S SiO2 Al2O3 FeO CaO MgO 

4.0:1 0.072 0.013 0.26 0.40 41.20 21.52 24.02 5.74 3.42 0.58:1 

6.0:1 0.017 0.006 0.27 0.45 33.66 17.19 34.53 4.68 2.79 1.03:1 

8.0:1 0.120 0.011 0.32 0.38 33.28 16.49 37.43 4.73 2.82 1.12:1 

10.0:1 0.037 0.017 0.47 0.42 29.60 14.18 40.80 4.25 2.53 1.38:1 
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Fig. 3 Effect of slag former addition on recovery of valuable 

metals and FeO/SiO2 mass ratio of slags obtained (smelting 

temperature of 1723 K; smelting time of 30 min) 

 

 

Fig. 4 pictures of alloy (a) and slag (b) produced in optimum 

conditional experiment 

 

 

Fig. 5 XRD pattern of slag under optimum experiment 

Table 3, the chemistries of these slags can be described 

by the simplified system FeO−SiO2−Al2O3 based on the 

major components of slags. The FeO−SiO2−Al2O3 is one 

of the important fundamental slag systems in the copper 

industry [19], which has been systematically investigated 

by some authors recently [19,25]. According to the 

results of PARK et al [19] and CHEN et al [25], the 

viscosity values of slags are very low with the FeO/SiO2 

mass ratio ranging from 0.58:1 to 1.38:1, which implies 

that the slag−alloy separation should be very well at 

1723 K. Their studies also show that the melting 

temperature of slag will increase sharply when the 

FeO/SiO2 mass ratio is less than 0.58:1. However, the 

recovery of valuable metals, especially Cu, decreases, 

when the FeO/SiO2 mass ratio reaches 1.03:1. Moreover, 

the slag is appropriate under the condition of about  

 

 

Fig. 6 SEM image (a) and corresponding EDS results (b, c) of 

alloy under optimum experiment 
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m(FeO):m(SiO2)=0.58:1−1.03:1, and 17.19%−21.52% 

Al2O3 in order to obtain the higher recovery of valuable 

metals. 

 

3.3 Mechanism of copper loss 

An increase of the slag former addition decreased 

obviously the recovery of Cu. In order to analyze the 

mechanism of copper loss in slag, the copper phase 

composition in the slags is analyzed and shown in Table 

4. It is noted that the contents of metallic copper and 

copper sulfide were up to 4.0 times higher than those of 

cuprous oxide (Cu2O). Moreover, the Cu2O content was 

very low, less than 0.024%, indicating that the loss of 

Cu2O is negligible. This means that the main form of the 

copper loss was copper sulfide and metallic copper. 

 

Table 4 Results of copper phase compositions of slags obtained 

m(FeO): 

m(SiO2) 

Mass fraction/% 
m(slag 

former): 

m(battery) 
Cuprous 

oxide 

Metallic 

copper 

Copper 

sulfide 
Others 

Total 

Cu 

0.58:1 0.024 0.080 0.080 0.080 0.26 4.0:1 

1.03:1 0.013 0.070 0.110 0.085 0.28 6.0:1 

1.12:1 0.007 0.090 0.140 0.093 0.33 8.0:1 

1.38:1 0.010 0.120 0.220 0.110 0.46 10.0:1 

 

Figure 7 shows the microstructures of slag at the 

different FeO/SiO2 ratios. As can be seen in Fig. 7, the 

results of microstructures are particularly similar to the 

observation by ZHAI et al [26] as well as the main phase 

compositions. Matte (copper−iron sulfide) was seen 

easily, which was identical to the results of chemical 

phase analysis. However, the metallic copper is found 

hardly, this may be explained that metallic copper is 

included in the matte. 

The fayalite particles were very fine discontinuous 

in shape at m(FeO):m(SiO2)=0.58:1 (Fig. 7(a)), and the 

size of matte particles was less than 10 μm. With the 

increase of FeO/SiO2 mass ratio, the sizes of matte and 

fayalite increased significantly. It can be inferred that the 

growth rate of the fayalite particles increased as the 

FeO/SiO2 mass ratio in slag increased during the cooling 

process. When the FeO/SiO2 mass ratio reached 1.38:1, 

the fayalite particles grew into strip-like in shape. 

Meanwhile, the larger matte particles were embedded 

into the interstice of the strip-like fayalite. And the size 

of matte particles was more than 100 μm. It can be  

explained that there is not enough time for matte 

particles to settle away from the slag with 

m(FeO):m(SiO2)=1.38:1, while the fayalite particles have 

grew into strip-like in shape and prevented the settlement 

of the matte particles. It can be concluded that the major 

mechanism of copper loss is the mechanical entrainment 

from the strip-like fayalite in the main form of copper 

sulfide and metallic copper. 

 

4 Conclusions 
 

1) Under conditions of slag former/battery mass 

 

 

Fig. 7 SEM images of obtained slag at different FeO/SiO2 mass ratios (Cu−Matte; F−Fayalite; H−Hercynite): (a) 0.58:1; (b) 1.03:1;      

(c) 1.12:1; (d) 1.38:1 
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ratio of 4.0:1, smelting temperature of 1723 K, and 

smelting temperature of 30 min, 98.83% Co, 98.39% Ni 

and 93.57% Cu were recovered and the content of 

valuable metals was below 0.26%. 

2) The FeO−SiO2−Al2O3 slag system for the 

smelting process was appropriate under the conditions of 

about m(FeO)/m(SiO2)=0.58:1−1.03:1, and 17.19%− 

21.52% Al2O3. 

3) The recovery of Cu decreased significantly as the 

slag former addition increased. The obtained slag mainly 

consisted of fayalite and hercynite. Meanwhile, the 

mechanism of copper loss in slags is the mechanical 

entrainment from strip-like fayalite particles in the main 

form of copper sulfide and metallic copper. 
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基于 FeO−SiO2−Al2O3渣型的废旧铝壳 

锂离子电池还原熔炼回收有价金属 
 

任国兴，肖松文，谢美求，潘 炳，陈 坚，王奉刚，夏 星 

 

长沙矿冶研究院有限责任公司，长沙 410012 

 

摘  要：提出一种基于 FeO−SiO2−Al2O3 渣型废旧铝壳锂离子电池还原熔炼回收有价金属的新工艺，该工艺仅采

用铜渣作造渣剂。研究表明：在造渣剂用量为铝壳锂离子电池质量的 4.0 倍、熔炼温度 1723 K、熔炼时间 30 min

条件下，钴、镍、铜的回收率最高，分别为 98.83%、98.39%和 93.57%；还原熔炼合理的渣型组成为

m(FeO):m(SiO2)=0.58:1~1.03:1，Al2O3含量为 17.19%~21.52%；熔炼产出合金主要由 Fe−Co−Cu−Ni 固溶体相和冰

铜相构成，产出炉渣的主要矿物成分为铁橄榄石和铁铝尖晶石，铜在渣中损失的主要机制是板条状铁橄榄石对冰

铜和金属铜的机械夹杂。 

关键词：锂离子电池；还原熔炼；钴；镍；铜渣；铁橄榄石 

 (Edited by Xiang-qun LI) 

 

 


