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able metals from mixed spent
lithium-ion batteries by multi-step directional
precipitation†

Xuan Yang,b Yingjie Zhang,ab Qi Meng, *a Peng Dong,*a Peichao Ningb

and Qingxiang Lic

The novel strategy of multi-step directional precipitation is proposed for recovering valuable metals from

the leachate of cathode material obtained by mechanical disassembly from mixed spent lithium-ion

batteries. Based on thermodynamics and directional precipitation, Mn2+ is selectively precipitated under

conditions of MRNM (molar ratio of (NH4)2S2O8 to Mn2+) ¼ 3, pH ¼ 5.5 and 80 �C for 90 min. Ni2+ was

then selectively precipitated using C4H8N2O2 under conditions of pH ¼ 6, MRCN (molar ratio of

C4H8N2O2 to Ni2+) ¼ 2, 30 �C and 20 min. Then, the pH was adjusted to 10 to precipitate Co2+ as

Co(OH)2. Finally, Li
+ was recovered by Na2CO3 at 90 �C. The precipitation rates of Mn, Ni, Co, and Li

reached 99.5%, 99.6%, 99.2% and 90%, respectively. The precipitation products with high purity can be

used as raw materials for industrial production based on characterization. The economical and efficient

recovery process can be applied in industrialized large-scale recycling of spent lithium-ion batteries.
1. Introduction

Lithium-ion batteries (LIBs) have been widely used in portable
electronic equipment and new energy vehicles because of their
high energy density, low self-discharge rate, and light weight,
etc.1,2 With the large consumption and growing demand for
LIBs, a large number of spent LIBs will be generated due to their
limited average life of 2–4 years.3,4 Spent LIBs contain heavy
metals, organic chemicals, plastics, etc., which will cause great
harm to the environment.5,6 Meanwhile, spent LIBs contain
valuable metals of Ni, Co, Mn, Li, etc., which will cause the
squandering of resources without reasonable recycling.7,8

Therefore, the recycling of spent LIBs is necessary for protecting
the environment and saving resources.9,10

The recycling methods of spent LIBs mainly include pyro-
metallurgy processes11–13 and hydrometallurgy processes.14–16

Compared with the pyrometallurgy process,17 the hydrometal-
lurgy process is widely used due to its advantages of mild
operating conditions, high metal recovery, etc.18,19 Leaching is
an important step in hydrometallurgy.20,21 Some researchers
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tion (ESI) available. See DOI:
have used organic acids as leachates due to its mild and envi-
ronment friendly conditions, such as tartaric acid,22 citric acid,23

oxalic acid,24 etc.However, the organic acids of leaching process
seem low leaching efficiency and unsatised for following
process.25 Inorganic acid is oen used in leaching process
because of its cheap price and high leaching efficiency,
including HCl,26,27 HNO3,28 H2SO4,29–31 etc. Therefore, the inor-
ganic acid is common reagent for leaching process, which
seems be fully developed.

Separation of valuable metals from leachate aer leaching
has gained more attention, mainly including solvent extraction
and chemical precipitation. The selection of extractant is the
research focus of solvent extraction. There are a lot of
researches on solvent extraction. Wang et al. used D2EHPA to
extract copper and manganese.32 Jha et al. used Cyanex 272 to
extract Co and extraction rate reaches 99.9%.33 Suzuki et al. used
PC-88A/TOA mixed extractant to separate Co from leachate, the
extraction rate was more than 98%.34 The solvent extraction
methods can obtain high purity products, but it has disadvan-
tages of high toxicity and high cost.

In order to reduce process cost, the chemical precipitation
method with simplify process ow and improve process integ-
rity have also been reported. Chen et al. used oxalic acid to
separate Co from leach solution and the precipitation rate
reached 98%.9 Wang et al. used KMnO4 to separate Mn from
leaching solution, the precipitation rate reached 98%.26 Barik
et al. used Na2CO3 to separate Li from leachate and the
precipitation rate reached 91%.35 The precipitation method has
the advantages of simple operation and low cost. However, co-
precipitation is easy to occur in the precipitation process,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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which reduces the purity of the product. Therefore, it is very
important to choose a suitable precipitant agent.

Moreover, most recycle research are reported on a single
kind of spent LIBs, which was pretreated by manual disas-
sembly with low efficiency and dangerous. Therefore, more
effective recycling strategy, such as mechanical disassembly,
should be developed for recycling of mixed spent LIBs.
However, the related research has been rarely reported.

A novel recovery process of multi-step directional precipita-
tion was proposed to recover the valuable metals from mixed
spent LIBs. Based on pretreatment process, the leachate was
obtained from mixed spent LIBs with mechanical disassembly,
leaching and impurities removal step. Then, the selective
precipitants were used for step by step separation of Mn, Ni, Co
and Li. The effect of variables was investigated to obtain direc-
tional separation optimal conditions. To analyze selective
precipitation process, the reaction mechanism and precipitation
products was characterized by XRD, SEM, FTIR. To further
analysis the economy of process, the material balance, energy
balance and waste management in the whole process was
analyzed. The whole process is green, efficient and economical
with high purity precipitation products and without waste liquid,
which can provide a new idea for the industrial application of
high efficiency and economic recovery of mixed spent LIBs.

2. Experimental section
2.1 Materials and reagents

The mixed spent LIBs used here were collected from BYD
Technology Co., Ltd. The disassembled products were obtained
by mechanical disassembly. The specic process of mechanical
disassembly is shown in Fig. S1.† The disassembled products
were analyzed by X-ray Diffraction (XRD) and thermogravi-
metric analysis-differential scanning calorimetry (TG-DSC). All
reagents used here were analytical grade and solutions were
prepared with deionized water.

2.2 Pretreatment process

10 g of disassembled products were calcined at an optimal
temperature based on analysis of TG-DSC to obtain spent
Fig. 1 Overall flow path of the recovery process of metal values from m

© 2021 The Author(s). Published by the Royal Society of Chemistry
residues. The contents of metals in spent residues were
measured by inductively coupled plasma optical emission
spectrometer (ICP-OES). The results are shown in Table S1.†

In order to improve the separation efficiency of Ni, Co, Mn
and Li, impurities such as Al, Cu and Fe should be removed
before separation step. The spent residues were immersed in
3mol L�1 NaOH solution at 60 �C for 2 h, and then washed three
times with deionized water and ltered to obtain spent cathode
materials. The spent cathode materials were leached in
3 mol L�1 H2SO4 under conditions of 3 vol% H2O2, solid–liquid
ratio of 20 g L�1, 80 �C for 1 h to obtain leachate. Subsequently,
iron was used for remove copper in the leachate under the
condition of pH ¼ 1.5 and ultrasound at 30 �C for 20 minutes.
Aer ltration, the pH of leachate was adjusted to 3.5 to remove
Fe at 90 �C. Finally, the leachate was obtained and analyzed by
ICP-OES. The results are shown in Table S2.†
2.3 Separation process of valuable metals

The multi-step directional precipitation method was used to
recover valuable metals from the leachate. A certain amount of
(NH4)2S2O8 powders were added to a certain volume of leachate
in a 250 ml three neck ask and stirring rate was controlled at
300 rpm. The effects of pH value, temperature, molar ratio of
(NH4)2S2O8 to Mn2+ (MRNM) and time on the reaction were
studied. Under the optimal conditions of Mn recovery, the
remaining leachate was treated to obtain the solution enriched
with Ni, Co, Li and products of Mn. The same experimental
operations were used for recovery of Ni and Co. The Ni from the
ltrate was precipitated by C4H8N2O2 (DMG). The effects of pH,
molar ratio of C4H8N2O2 to Ni2+(MRCN), temperature and
reaction time were studied to obtain optimal conditions. NaOH
was added to the ltrate to remove cobalt aer the recovery of Ni
under the optimum conditions. The pH, temperature and
reaction time of the solution are controlled to obtain optimal
conditions for cobalt separation. Subsequently, a certain
amount of Na2CO3 was added, and the reaction temperature
was adjusted. Lithium was recovered as Li2CO3 by high-
temperature ltration. The content changes of Mn, Ni, Co, Li
in the separation process were shown in Table S3.†
ixed spent LIBs.

RSC Adv., 2021, 11, 268–277 | 269



Fig. 2 Image of XRD pattern of spent cathode materials before
calcination.
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The precipitation rates of metals were calculated according
to eqn (1):

P ¼ VbCb � VaCa

VaCa

� 100% (1)

where P is the metal precipitation rate; Ca and Cb are the metal
ion concentrations in the solution before and aer precipita-
tion; Va and Vb are the solution volumes before and aer
precipitation.

Finally, the recovery process for the recycling of mixed spent
LIBs was proposed in Fig. 1. Aer obtaining the optimal
conditions for recovery Mn, Ni, Co, and Li, a scale-up experi-
ment was conducted. 100 g of disassembled products were
subjected by recovery process and economic evaluation was
carried out.
2.4 Analytical methods

The metal concentration in the solution was measured by ICP-
OES (PerkinElmer Optima 8000).

A pH meter (PHS-25, 2000) was used for real-time pH
monitoring and adjustment. During the experiment, the pHwas
adjusted using 1 mol L�1 H2SO4 and 1 mol L�1 NaOH solution.
A pH meter (PHS-25, 2000) was used for real-time pH moni-
toring and adjustment. During the experiment, the pH was
adjusted using 1 mol L�1 H2SO4 and 1 mol L�1 NaOH solution.
Fig. 3 (a) Images of TG/DSC pattern of spent cathode materials; (b) ima
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The composition of the precipitated product was detected and
determined by X-ray diffractometer (XRD, Rigaku Japan).
Sample morphology and elemental composition were obtained
by scanning electron microscopy (SEM, TESCAN VEGA3, CZE)
coupled with energy-dispersive X-ray spectroscopy (EDS). FTIR
spectrometer (Nicolet Is10) was used to detect the functional
groups of C8H14N4NiO4 to verifying the precipitated product.

3. Results and discussion
3.1 Pretreatment process

The compositions of the disassembled products were charac-
terized by XRD. As shown in Fig. 2, LiCoO2, LiNixCoyMnzO2,
Li(Ni0.7Co0.3)O2, Li2CoMn3O8 and other phases exist in the
cathode powders. The phases of LiCoO2, LiNixCoyMnzO2,
Li(Ni0.7Co0.3)O2 indicated that the mechanically pulverized
spent batteries contain both lithium cobaltite batteries, ternary
batteries and possibly other types of batteries. The phase of
Li2CoMn3O8 may be generated from the heat of mechanical
crushing, which causes various cathode materials to mix and
react to form a mixed phase. In addition, the cathode powders
contain C, Al, Fe, and Cu. C is mainly derived from the anode
materials and acetylene black of the LIBs. Al, Cu and Fe are
derived from the positive electrode current collectors, negative
electrode current collectors and the case of the spent LIBs,
respectively.

Fig. 3(a) shows the TG/DSC pattern of the disassembled
products. As shown in the Fig. 3(a), the endothermic peak at 0–
250 �C corresponds to the loss of crystal water. The exothermic
peak at 250–350 �C corresponds to the combustion of the
battery separator (PP). The endothermic peak at 350–450 �C
corresponds to the PVDF decomposition. The exothermic peak
at 550–760 �C corresponds to the combustion of carbon. In
order to remove the non-metallic impurities completely, the
calcination temperature was selected at 800 �C.

Fig. 3(b) shows the XRD diffraction pattern of the dis-
assembled products calcined at 800 �C. As shown in Fig. 3(b),
the Al, Fe, and Cu impurities are oxidized to form correspond-
ing oxides while the peak of C disappears. It was attributed to
the combustion decomposition of C at a high temperature of
800 �C. Moreover, the phases of LiNiO2 and Li4Mn5O12

appeared in the Fig. 3(b). This is because the structure of the
ge of XRD pattern of disassembled products after calcined.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cathode material has been restored to a certain extent, which
proves that the spent cathode powders are made up of cathode
materials of various spent LIBs. Meanwhile, as shown in Table
S1,† the disassembled products contain Al, Fe and Cu, which
must be removed before subsequent valuable metal separation
process steps. Aer the impurities of Al, Cu and Fe were
removed, the contents of each metal in the leachate were shown
in Table S2.† As shown in Table S2,† the contents of Al, Cu and
Fe are 0.002 g L�1, 0.002 g L�1 and 0.004 g L�1, respectively. The
impurities are basically removed effectively, which provides
good conditions for the subsequent separation process. Impu-
rities were effectively removed which indicated that the leachate
can be used for subsequent study on the separation of valuable
metals.
3.2 Analysis of Mn separation process

3.2.1 Reaction mechanism. Based on the basic thermody-
namic data, the E–pH diagram of for the Mn–H2O system at an
ion concentration of 1 mol L�1 were obtained. As shown in
Fig. S2,† with the increases of potential, Mn2+ in the solution
may be oxidized to generate a mixed product of MnxOy

including MnO2, Mn3O4 and MnOOH. These phases can exist
stably in the aqueous solution, so the proper oxidant can be
selected to recover Mn2+ from the leachate. In previous reports,
KMnO4 was used to oxidize Mn2+ to form oxide.26 However,
KMnO4 can introduce K+ into the leaching solution and is
dangerous in operation, other suitable oxidants should be
considered. Table S4† shows the possible electrode reactions
Fig. 4 Effect of different experimental conditions on precipitation rate. (a
3, pH ¼ 5.5, 90 min, 300 rpm); (c) pH (80 �C, MRNM ¼ 3, 90 min, 300 r

© 2021 The Author(s). Published by the Royal Society of Chemistry
and corresponding standard electrode potentials in the leach-
ing solution. As shown in Table S4,† the reduction potential of
S2O8

2� is much higher than the reduction potential of Mn2+.
Therefore, S2O8

2� can be used as a suitable oxidant. In order to
reduce the introduction of impurity ions, (NH4)2S2O8 instead of
Na2S2O8 was used as Mn precipitation separator. The reaction
potential of S2O8

2� is also higher than that of Ni2+ and Co2+, and
Co2+ and Ni2+ will also be oxidized while Mn2+ is oxidized.
Therefore, appropriate precipitation conditions should be
selected to reduce the reaction.

3.2.2 Optimal condition of Mn precipitation. In order to
obtain the best precipitation rate, four variables in precipitation
process were investigated. Fig. 4 shows the effects of MRNM,
reaction pH, temperature and time on the precipitation rate of
valuable metals. As shown in Fig. 4(a), the precipitation rate of
Mn2+ reached 99.5% at MRNM ¼ 3. Meanwhile, the precipita-
tion rate of other elements is still lower than 5%. The precipi-
tation rate of Mn almost no longer increased but instead the
precipitation rate of Co increases with increasing MRNM from 3
to 3.5. The optimum condition is therefore MRNM¼ 3. With the
increase of temperature, the precipitation rate of Mn has
increased signicantly. The precipitation rate reached 99.2% at
80 �C. As the temperature increases from 80 �C to 90 �C, the
precipitation rate did not increase signicantly. With the
increase of pH, the precipitation rate of Mn increased contin-
uously and reached the highest value at pH ¼ 5.5. The precip-
itation rate of Mn2+ decreased and the precipitation rate of Co
increased signicantly when the pH increased to 6.5, which
caused by the small amount of Co(OH)2 has been formed at pH
) MRNM (80 �C, pH ¼ 5.5, 90 min, 300 rpm); (b) temperature (MRNM¼
pm); (d) time (80 �C, pH ¼ 5.5, MRNM ¼ 3, 300 rpm).

RSC Adv., 2021, 11, 268–277 | 271
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¼ 6.5. Equilibrium pH of 5.5 is therefore suitable for the
precipitation process. With the increase of time, the precipita-
tion rate increased signicantly, and the precipitation rate
reached the highest value at 90 minutes. When the reaction
time increased from 90 minutes to 120 minutes, the precipita-
tion rate of Mn basically unchanged, but the precipitation rates
of Co, Li increased to 12.5% and 8.0%, respectively. In
summary, under the optimal conditions of MRNM ¼ 3, 80 �C,
pH ¼ 5.5, 90 min, the precipitation rate of Mn, Ni, Co and Li
reached 99.5%, 3.0%, 4.0%, and 2.9%, respectively. Fig. S3†
shows recovery rate of various metals in precipitation of Mn. As
shown in Fig. S3,† a small amount of Co and Ni were precipi-
tated out, which is due to Co2+ and Ni2+ can be oxidized to form
Co(OH)3 and NiO2.

3.2.3 Products of Mn precipitation. Fig. 5 is XRD pattern
and SEM-EDS image of the precipitated products aer adding
(NH4)2S2O8 to the leaching solution. The XRD pattern in Fig. 5
shows that Mn2+ in the leachate is oxidized and precipitated in
the form of a mixture of MnO2 and Mn2O3. Meanwhile, it can be
seen from the EDS images of the precipitated products that the
main elements in the precipitated products are Mn and O,
which indicates that the precipitated products are mainly
composed of manganese oxide. The above results show that
Mn2+ can be effectively separated from other metal ions and the
purity of product is 96.5%. The precipitation reaction takes
place as follows:

Mn2+ + S2O8
2� + 2H2O ¼ MnO2 + 2SO4

2� + 4H+ (2)
Fig. 5 Images of XRD pattern and SEM-EDS of products of Mn precipita

272 | RSC Adv., 2021, 11, 268–277
2Mn2+ + S2O8
2� + 3H2O ¼ Mn2O3 + 2SO4

2� + 6H+ (3)
3.3 Ni separation process

3.3.1 Reaction mechanism. C4H8N2O2 (DMG) can form
a water-insoluble chelate with Ni and does not react with other
ions.36 Therefore, dimethylglyoxime is selected to separate Ni
and the precipitation reaction can be expressed as follows:

3.3.2 Optimal condition of Ni precipitation. The effects of
MRCN, temperature, pH, and time on the precipitation rates of
Li, Ni, and Co were shown in Fig. 6. The precipitation rate of
Ni2+ increases signicantly with the MRCN increased. Mean-
while, the precipitation rate of other metal ions has almost no
changed and keeps a low state. The effect of temperature on the
chelation between DMG and Ni2+ was not signicant. The
precipitation rate of Ni2+ has basically reached the maximum
value at 30 �C, and the effect of increasing temperature on the
tion.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Effect of different experimental conditions on precipitation rate. (a) MRCN (30 �C, pH ¼ 6, 20 min, 300 rpm); (b) temperature (MRCN ¼ 2,
pH ¼ 6, 90 min, 300 rpm); (c) pH (30 �C, MRCN ¼ 2, 20 min, 300 rpm); (d) time (30 �C, pH ¼ 6, MRCN ¼ 2, 300 rpm).
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precipitation rate was minimal. Meanwhile, the precipitation
rate of Co2+ was increasing with the increase of temperature,
which is due to the formation of cobalt oxime complexes
between Co2+ and DMG. With the increase of pH, the precipi-
tation rate of Ni2+ raised signicantly. This is because the
reaction will generate H+ while generating C8H14N4NiO4.
According to the principle of chemical equilibrium movement,
the increase of pH value will push the reaction forward and
make the reaction more thorough. However, the precipitation
rate of Co2+ increases at pH ¼ 7, which is due to the formation
of Co(OH)2 under these conditions. The precipitation reaction
proceeded very quickly and rose to a maximum in the rst 20
Fig. 7 (a) Images of infrared spectra of the precipitate product after treati
treating with DMG; (c) images of EDS of the precipitate product after tre

© 2021 The Author(s). Published by the Royal Society of Chemistry
minutes. Aer that, the precipitation rate of Ni2+ hardly
changed with time. In summary, the precipitation rate of Ni, Co
and Li is 99.6%, 2.1% and 1.9% under the optimal conditions of
MRCN ¼ 2, 20 min, 30 �C, pH ¼ 6, respectively. Fig. S4† shows
recovery rate of Ni, Co and Li during Ni precipitation process. As
shown in Fig. S4,† Ni is effectively separated, Co and Li are
retained, which guarantees the high purity of the product.

3.3.3 Products of Ni precipitation. Fig. 7(a) shows an
infrared spectrum image of the precipitated product. The
vibration peak at 3447.28 cm�1 corresponds to the stretching
vibration peak of the O–H bond; the vibration peak at
1571.88 cm�1 corresponds to the stretching vibration peak of
ng with DMG; (b) images of XRD pattern of the precipitate product after
ating with DMG.

RSC Adv., 2021, 11, 268–277 | 273



Fig. 8 Effect of different experimental conditions on precipitation rate. (a) pH (30 �C, 20 min, 300 rpm); (b) temperature (pH ¼ 10, 20 min, 300
rpm); (c) time (30 �C, pH ¼ 10, 300 rpm).
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the C]N double bond; the vibration peak at 1367.87 cm�1

corresponds to N–OH bending vibration peaks. 1239.88 cm�1

and 1100.30 cm�1 correspond to the N–O antisymmetric and
symmetric stretching vibration peaks caused by the coordina-
tion of N–OH groups with Ni2+, respectively; 730.7 cm�1 and
519.34 cm�1 are all correspond to the absorption peak of N–Ni
bond. The XRD diffraction pattern of the precipitated product is
shown in Fig. 7(b). XRD pattern indicates that relatively pure
precipitation product of DMG–Ni could be obtained. The EDS
image of the precipitated product is shown in Fig. 7(c). The
Fig. 9 Images of XRD and EDS pattern of the precipitate product after t

274 | RSC Adv., 2021, 11, 268–277
main elements on the precipitated surface are O, N and Ni.
Besides, the purity of the product is 98.3% obtained by ICP,
which indicated that Ni2+ could be effectively recovered from
leachate by selective precipitation.
3.4 Analysis of Co separation process

3.4.1 Reaction mechanism. Fig. S5† shows the E–pH
diagram based on basic thermodynamic data for the Co–H2O
system at an ion concentration of 1 mol L�1. According to
Fig. S5,† as the potential increases, Co2+ in the solution. With
reating with NaOH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the increase of the potential under basic conditions, Co2+ can
form Co(OH)2, which are hardly soluble in water. This indicates
that adjusting the pH of the solution to alkaline can separate
Co2+ from Li+. According to the above analysis, Co2+ can be
separated from the leachate in the appropriate pH. Besides, the
solubility of LiOH in water is about 12.8 g/100 ml, indicating the
co-precipitation of Co and Li is almost impossible. Therefore, it
is economical and effective to adjust the pH with sodium
hydroxide solution to separate of Co2+. The precipitation reac-
tion takes place as follows:

Co2+ + 2OH� ¼ Co(OH)2 (4)

3.4.2 Optimal condition of Co precipitation. Fig. 8(a)
shows the precipitation rates of Co and Li at different pH. As
shown in the Fig. 8(a), the precipitation rate of Co2+ increased
signicantly with the increase of pH, which reached
a maximum at pH ¼ 10. With the increase of pH, there was no
signicant difference in precipitation rate. This is because the
reaction has been basically completed at pH¼ 10, and toomuch
OH� has no signicance. The effect of temperature on the
progress of the reaction was not obvious. When the temperature
reached 30 �C, the precipitation rate was already close to the
maximum. The precipitation rate has basically unchanged
when the temperature was continuously increased. As shown in
the Fig. 8(c), the reaction proceeded very quickly and reached its
maximum at rst 15 min. However, if the reaction time is too
short, the loss rate of Li+ will increase, which was attributed to
Fig. 10 Economic analysis of recovery process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the excessively short reaction time causing the generated
Co(OH)2 to be loosely porous and entrain some Li+. In conclu-
sion, pH ¼ 10, 15 min and reaction temperature of 30 �C would
be the optimized experimental conditions, under which 99.2%
of Co could be recovered.

3.4.3 Products of Co precipitation. As shown in the Fig. 9,
the precipitated products are mainly Co(OH)2 and a small
amount of Co3O4 formed by oxidation. It can be observed that
relatively pure precipitated products could be obtained, which
indicated that Co2+ can be efficiently separated from the solu-
tion. As shown in the EDS diagram, the main elements in the
precipitated products are O and Co. Fig. S6† shows precipitation
rate of Co and Li. As shown in the Fig. S6,† Co is precipitated
efficiently while only a very small amount of Li has been lost.
The purity of the product is 97.4%, which indicated that the
product with high purity.
3.5 Recovery of lithium

Li+ was precipitated from the leachate by Na2CO3. The
temperature of the leachate was raised to 90 �C, and Na2CO3

was added to the leaching solution in an amount twice that of
Li+. About 90% of Li+ was recovered as Li2CO3 with a purity of
over 99%. In order to minimize the loss of lithium, the
entrained impurity ions must be quickly ltered at high
temperature and washed with hot deionized water (close to 100
�C). Fig. S7† shows an XRD pattern of Na2CO3 treatment and
precipitation obtained. As shown in Fig. S7,† the precipitated
RSC Adv., 2021, 11, 268–277 | 275
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product is Li2CO3 and there are few other peaks, which indi-
cates that the purity of the precipitated product is very high.
3.6 Recovery process analysis and economic analysis

The contents of Mn, Ni, Co and Li in the leachate during
separation process were shown in Table S3.† As shown in Table
S3,† the valuable metals were separated efficiently and the
precipitation rates of Mn, Ni, Co, and Li reached 99.5%, 99.6%,
99.2%, and 90% under the optimal conditions. MnxOy,
C8H14N4NiO4, Co(OH)2 and Li2CO3 can be used in industrial
production or in the resynthesize of cathode materials aer
simple further purication, such as ion exchange.37 The ltrate
(mainly sulfate solution) produced aer recovery can be
recycled.

Fig. 10 shows thematerial balance, energy balance and waste
management in the whole process of recovering 100 g dis-
assembled products. The currency used in this economic
analysis is US dollars. The precipitation products of Ni were
further treated by sulfuric acid and sodium hydroxide. It can be
found that the cost of NaOH ($0.236), DMG (C4H8N2O2, $0.115),
(NH4)2S2O8 ($0.111) are the highest. There are four kinds of
energy consumption of various experimental operations in the
whole process, the total energy consumption is $0.183. Finally,
it can be found that the waste generated in the recycling process
is very small, and the corresponding total cost of waste treat-
ment is $0.004. About $0.927 can be earned by corresponding
products of valuable metals. Therefore, the total prot of recy-
cling 100 g disassembled products should be $0.141.

The recovery process has the following characteristics: (1) the
precipitant used in this process has high selectivity, which can
avoid the occurrence of co-precipitation to the greatest extent.
(2) During the process, the pH changes from low to high
throughout the process, which avoids back and forth adjust-
ment of the pH, saves the number of acid–base reagents, and
simplies operations. (3) The mechanical disassembly of the
mixed spent LIBs has the characteristics of high efficiency and
safety, and the mechanical disassembly device is closed cycle
without waste gas releasing.
4. Conclusions

In this paper, a novel recovery process was used to recover
valuable metals from the leachate of the mechanically dis-
assembled products. Ni, Co, Mn, Li can be effectively recovered
by multi-step directional precipitation. Firstly, Mn2+ was
oxidized to formMnxOy by (NH4)2S2O8 on optimal conditions of
pH ¼ 5.5, temperature 80 �C, 90 min, MRNM ¼ 3, under which
about 99.5% of Mn2+ was recovered. Then, DMG was used to
selectively precipitate Ni2+. Under the optimal conditions of pH
¼ 6, 30 �C, MRCN ¼ 2, and 20 min, about 99.6% Ni2+ can be
recovered. The relatively pure C8H14N4NiO4 was obtained.
NaOH was used to adjust the equilibrium pH of the ltrate to
10, and at 30 �C for 15 min, about 99.2% of Co2+ could be
recovered. Finally, Li+ was precipitated with Na2CO3, which
about 90% of Li was recovered. The process is efficient,
economical and easily for especially suitable for the large-scale
276 | RSC Adv., 2021, 11, 268–277
processing of mixed spent LIBs, which has great potential for
industrial application.
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