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Recovery of metal values from spent lithium-ion batteries with chemical
deposition and solvent extraction
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Abstract

This paper describes a new recycling process of metal values from spent lithium-ion batteries (LIBs). After the dismantling of the spent
batteries steel crusts, the leaching of battery internal substances with alkaline solution and the dissolving of the residues with H2SO4 solution
were carried out. Then mass cobalt was chemically deposited as oxalate, and Acorga M5640 and Cyanex272 extracted the small quantities of
copper and cobalt, respectively. Lithium was recovered as deposition of lithium carbonate. It is shown that about 90% cobalt was deposited
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s oxalate with less than 0.5% impurities, and Acorga M5640 and Cyanex272 were efficient and selective for the extraction of c
obalt in sulfate solution. Over 98% of the copper and 97% of the cobalt was recovered in the given process. In addition, the was
as treated innocuously, and LiCoO2 positive electrode material with good electrochemical performance was also synthesized by u

ecovered compounds of cobalt and lithium as precursors. The process is feasible for the recycling of spent LIBs in scale-up.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, lithium-ion batteries (LIBs) are widely used
s electrochemical power sources in mobile telephones, per-
onal computers, video-cameras and other modern-life ap-
liances. It must be noted that equal amounts of spent LIBs,
hich contain lots of chemical substances such as copper,
obalt, lithium and organic electrolyte, will be produced af-
er the lifetime failure of these LIBs. Therefore, the recycling
f major components from spent LIBs is considered to be
beneficial way to prevent environmental pollution and as

lternative resources of cobalt and copper. By now, several
rocesses for the recycling of spent LIBs have been proposed,
nd cobalt, lithium and copper are usually recovered[1–9].

As simple and economical treatment methods, the
iCoO2 electrodes were separated firstly from spent LIBs
y Zhang et al.[2] and Lee and co-workers[3], and then the
aluable cobalt was recovered. Therein, for Zhang LiCoO2
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active material was peeled off from aluminum substrate
leached with hydrochloric acid, then using solvent extrac
with PC-88A separated cobalt, lithium was precipitate
carbonate. For Lee, LiCoO2 was separated from spent el
trodes in a single synthetic step using hydrothermal me
in a concentrated LiOH solution at 200◦C without any scrap
ing procedure, and the renovated LiCoO2 cathode materia
was obtained simultaneously. Inevitably, a separation sy
should be developed to match the electrodes separation
scale-up recycling process. Contestabile et al.[4] presente
a laboratory-scale spent LIBs recycling process withou
separation of anode and cathode electrodes. The batter
were treated withN-methylpyrrolidone (NMP) at 100◦C for
1 h, LiCoO2 was effectively separated from their supp
substrate and recovered, and the recovery of both co
and aluminum in their metallic form was also achiev
Although this process was very convenient, the reco
effects of LiCoO2 were demonstrated to be influenced
the used adhesive agent and rolling method of electrod

In addition, because of the importance of treating the o
cases and shells in given recycling process of spent batt
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.03.134
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the pretreatment methods of spent LIBs were also studied.
In the process given by Lee and Rhee[5,6], LIB samples
were successively thermally treated at 100–150◦C, disassem-
bled with a high-speed shredder and classified into the range
1–10 nm in size, then LiCoO2 electrode material was finally
separated from the current collectors by vibrating screening
and burning off carbon and binder after a two-step thermal
treatment. The obtained LiCoO2 was leached with nitric acid
solution and subsequently used to synthesize LiCoO2 elec-
trode material. In the process patented by Lin et al.[7], a
prometallurgical process combined with hydrometallurgical
process was reported. The spent batteries was firstly calcined
and sieved to generate an ash containing metals and metal
oxides, and then the ash was subjected to a dissolution etch-
ing treatment with hydrochloric acid. Secondly, metal copper
and cobalt were separated out using a membrane electrolysis
method after filtration, and carbonate ion was added to the
solution to form lithium carbonate. In the method patented
by Tanii et al.[8], the plastic cases of batteries were chilled
to −50◦C or lower temperature and mechanically separated
from sealed battery cells, then the sealed battery cells were
heated to over 200◦C in a non-oxidizing atmosphere to sepa-
rate mainly the organic materials, while the targeted valuable
materials were separated in one or more separation processes.
These recycling processes are suitable to the scale treatment
of spent LIBs. It is also shown that some special equipment
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copper, 0.36 g lithium and 1.2 g aluminum. The insoluble ma-
terials were separator, carbon powder and adhesive agents.

Sodium hydroxide and sulfuric acid were used to dis-
solve the spent batteries material, and then adding ammonium
oxalate reclaimed most of the cobalt. The commercial ex-
tractions Acorga M5640 and Cyanex272 (di-(2,4,4 trimethyl
pentyl) phosphinic acid) were used as the special extractants
for the separation of a small quantity of copper and cobalt,
respectively. Suffocated kerosene was used as diluents both
for Acorga M5640 and Cyanex272. Sodium carbonate was
used to precipitate lithium-ion. All regents were utilized as
received without further purification.

2.2. Experimental procedure

Based on the components and contents of internal rolls
and the pre-experimental investigations, a series of tests for
defining their recycling and treating process were carried out.
Finally, an overall recycling process comprising of three parts
was designed and studied:

(i) The dismantling of spent LIBs, therein, the conditions of
discharging the remainder capacities, opening the bat-
tery crusts and treating the battery rolls were investi-
gated. After this treatment, the battery scraps without
steel crusts were left for further separation.

etal
tery
balt
and

( om-
on-
nate
duce

ced

2

itial
s using
t me-
t ous
s DF-
8 oO
s corn
c and,
C

3

3

on-
t sub-
uch as temperature controller, dismantling equipment
lement separation must be designed to match these
ethods.
In our opinions, the cost of treatment process mus

iven particular consideration to a large-scale recyclin
pent batteries. So, with the exploitation of battery dism
ling machine (CN Application No. 200410051922.1) and
nvestigation of solvent extraction on the separation of
er and cobalt[9], a recycling process based on hydrom
llurgical method for spent LIBs has been developed in

aboratary In this paper, the dismantling of spent LIBs,
ecovery of cobalt, copper and lithium using chemical de
ition and solvent extraction methods, and the reuse of re
red compounds to synthesize LiCoO2 cathode material a
resented.

. Experimental

.1. Materials

The square-shaped spent LIBs used in this work w
indly provided by Greatpower Battery Co. Ltd., in wh
iCoO2 pasted on aluminum foil, carbon powder pas
n copper foil, LiPF6/EC + DMC electrolyte and separa
re contained. The single cell weighs an average of 25

ts internal roll weighs about 15.4 g. In order to obtain
hemical composition of the desirable metal values in s
IBs, a piece of internal roll was dissolved with 3 mol L−1

Cl + HNO3 at 80◦C and then the content of soluble e
ents were analyzed. It consisted of about 3.6 g cobalt,
(ii) The dissolving of battery scraps and recovering of m
values, therein, the conditions of dissolving the bat
scraps with sulfuric acid, the deposition of mass co
with oxalate and the extracting of remainder cobalt
copper with solvent extraction were optimized.

iii) The recovery of lithium and the reuse of recovered c
pounds, therein, lithium was recovered with carb
ate deposition process. The recovered lithium carbo
and cobalt oxalate were used as precursors to pro
LiCoO2 positive material and waste solution produ
were treated innocuously.

.3. Analysis methods

The concentrations of various metallic ions in the in
olutions and sequent resultants were all determined by
he inductively coupled atomic absorption spectrophoto
er (Model AA320, China). The pH values of the aque
olutions were measured with a pH/mV meter (Model
01, China). The charge–discharge performance of LiC2
ynthesized was tested in a sealed and half-cell type of
ell by using a computer controlled battery test system (L
hina).

. Results and discussion

.1. The dismantling of spent LIBs

The metal values including cobalt, copper and lithium c
ained in the inner part of batteries are mainly desirable
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stances in this recycling process. The steel crusts of spent
LIBs should be dismantled and separated before the recov-
ery of metal values.

As mentioned by Tanii et al.[8], it was shown that the
positive and negative electrodes of batteries with remainder
capacities easily came into contact with each other and caused
a short-circuit current flow when spent LIBs were disman-
tled. These current generated Joule heat and ignited volatile
(i.e. flammable) solvent in the electrolyte solution, causing
the inflammation of battery rolls. So, a discharging pretreat-
ment step was applied in the given process before the dis-
mantling of battery steel crusts to avoid the potential danger
of short-circuit or self-ignition for battery rolls when anode
and cathode were put in contact with each other in the dis-
mantling course. The spent LIBs were put into a stainless
steel container, in which some amounts of water and electric
iron powder were added beforehand. Under the help of me-
chanical stirring in the container, these batteries were short-
circuited and discharged. The remainder capacities of spent
LIBs were discharged completely for about 30 min.

After the discharging treatment, the iron crusts of spent
LIBs were dismantled by using a specially designed disman-
tling machine (CN Application No. 200410051922.1) that
works with a pair of cutting molds. Using this machine, about
5000 pieces of spent LIBs were dismantled per hour; in par-
ticular, the steel crusts were easily separated from the dis-
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Table 1
Contents of main elements in alkali lixivium of dismantling substances of
spent LIBs

Element Concentration (g L−1)

Al 7.49
Co 2.65× 10−4

Li 0.16
Cu 6.73× 10−4

react with other acidic waste solution in solvent extraction.
Or, it could also be deposited as Al(OH)3 and recovered by
changing the pH values of the lixivium from 4.8 to 5.2.

3.2. Dissolving of battery scraps with sulfuric acid

Theoretically, only LiCoO2 are soluble constituents in bat-
tery scraps for sulfuric acid solution with lower concentra-
tion range. So, in order to reduce the volatilization pollution
caused by reactants, and decrease the solubility of copper foil
in the acid dissolving process, sulfuric acid with suitable con-
centration was chosen as a more suitable leaching reagent as
compared to hydrochloric acid and nitric acid. The reaction
is as follows:

4LiCoO2 + 6H2SO4 = 2Li2SO4 + 4CoSO4 + 6H2O + O2↑
To obtain the optimum conditions for the dissolving of

battery scraps, several sets of leaching experiments were con-
ducted, i.e. various H2SO4 concentrations, temperature, time
and solid-to-liquid (S/L) ratio were carried out. As a com-
pendia method, equal amounts of battery scraps and H2SO4
with different concentration were used in the leaching ex-
periments. It was indicated that the leaching efficiency of
Co was relatively low at lower reaction temperature and acid
concentration. With the increasing of H2SO4 concentration
a ◦ ,
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antled substances by magnetism method. In addition
ause the electrolyte absorbed in the internal rolls of s
IBs are unstable when they interact with moist air[8], i.e.

ithium phosphohexafluoride (LiPF6) dissolved in ethylen
arbonate and dimethylcarbonate solvent may react with
er and produce dangerous gases, such as pentafluoroa
entafluorophosphate and hydrogen fluoride. So, the dis

led substances were poured into alkaline solution imm
tely after the dismantling step.

As a result, it was also shown that most of the alumin
ubstrate could be dissolved and separated under a suita
aline solution condition[10,11]to avoid the introduction o
l3+ in the next separation steps. In our other experim

t was demonstrated that lots of Al3+ would go against th
eparation of copper and cobalt if aluminum substrate
issolved in acids in the next step, where cobalt and co

ons would deposit together with aluminum as well as ch
ng the pH of the lixivium to eliminate Al3+. Experimenta
esults showed that about 98% of aluminum was dissolve
eaching the dismantled substance with alkaline solution
er optimized condition, specifically by using 10 wt.% Na
olution at room temperature and a solid-to-liquid (S:L) ratio
f 1:10 for 5 h. FromTable 1, it can be seen that a little amou
f cobalt and copper can be detected in the alkali lixivi
hose amounts are acceptable as compared with the to
iCoO2 and copper foil.

The AlO2
− lixivium was filtered and rinsed, then the b

ery scraps included cobaltite salts, copper foil, carbon p
er and separator were left after the separating of the b
teel crusts with magnetism method. AlO2

− solution would
-

nd temperature from 2 to 4 M and 50–90C, respectively
he leaching efficiency increased. More than 95% Co
eached within 4 h when the temperature approached 9◦C.
igs. 1 and 2show the effect of H2SO4 concentration an

eaction time on the leaching percentages of cobalt at 5
0◦C, respectively.

At higher acid concentration and reaction temperature
eaching efficiency of cobalt was favorable. In addition,
xidation ability of sulfuric acid was increased, which me
ore copper foil would be dissolved. So, combined with

xperiments on solid-to-liquid ratio, in order to lessen
issolution of copper foil, the optimized leaching of b

ery scraps was carried out by using 3 M H2SO4 at 70◦C
nd S/L = 1:5. The curves of leaching efficiency includ

ithium, cobalt and copper in battery scraps are show
ig. 3. The contents of main components in acid lixivium
attery scraps for 6 h are given inTable 2.

The dissolution ratio of cobalt and lithium almost
roached 98% under given conditions for 6 h, while
f copper was only 9%. The concentration of Cu2+, which
ainly came from the oxides on copper foil, only took
% of whole concentration of ions in solution. After filt
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Fig. 1. Effect of H2SO4 concentration and reaction time on the dissolution
of LiCoO2 at 50◦C.

Fig. 2. Effect of H2SO4 concentration and reaction time on the dissolution
of LiCoO2 at 90◦C.

Fig. 3. Dissolution ratio of cobalt, lithium and copper of battery scraps with
3 M H2SO4 at 70◦C.

Table 2
Contents of main elements in acid lixivium of spent LIBs scraps

Element Concentration (g L−1)

Al3+ 0.222
Co2+ 20.045
Li+ 2.064
Cu2+ 1.4172
Ni2+ 0.0375
Fe2+ 0.0067
Mn2+ 0.0024

tion, most of the cuprum foil, carbon powder and separator
were left. Residues were dissolved with 10 M H2SO4 at 80◦C
with a molar of 1.2 to copper, and then pure CuSO4 was ob-
tained after concentrating the filtrate. The last waste residue
was dealt with according to innocuously residue.

Moreover, as for spent LIBs used in the actual market, the
electrolytes decomposed and various solid compounds would
be formed in the anode and cathode after several hundred
cycles. So, as a comparison, an experiment was also carried
out by using spent LIBs cycled for several hundred cycles. It
showed that the inner reactions had negligible effect on the
dissolution efficiency.

3.3. Recovery of the great mass of cobalt with oxalate
deposition

Chemical deposition combined with solvent extraction
was applied to separate cobalt, copper and lithium. There was
no deposition of oxalate for aluminum and lithium. In the acid
lixivium of spent LIBs scraps, the concentration of Cu2+ is
far lower than that of Co2+, though Cu2+ can be deposited as
oxalate with the solubility accumulating of 3× 10−8 while
cobalt with that of 6× 10−8. It is considered that most of the
cobalt can be recovered by chemical deposition as oxalate
[10], reducing the treatment cost effectively compared with
solvent extraction or electrolysis methods.
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It was indicated that more cobalt would be depos
ith the addition of ammonium oxalate solution whose m
mounts exceeded that of cobalt oxalate at 70◦C. When
mmonium oxalate came to triplication of the theoret
mount, about 97% of cobalt could be deposited. At the s

ime, the pH of the solution changed from the strong ac
bout 2.Fig. 4 shows the effect of amount of ammoniu
xalate on deposition ratio of cobalt.

Although a high deposition ratio of cobalt is desirable,
ontent of copper in the product approached 1% when
riplication of ammonium oxalate was added. In order to
ain a more pure cobalt oxalate, the deposition ratio of co
ecreased to about 90% in the practical recovery proces
ordingly, only about 0.5% impurities that included cop
ron and lithium were detected in the deposit.

.4. Recovery of the remainder cobalt and copper with
olvent extraction

Lithium and a small quantity of cobalt and copper were
n the surplus filtrate after the deposition of mass cobalt



282 J. Nan et al. / Journal of Power Sources 152 (2005) 278–284

Fig. 4. Deposition of cobalt with different amount of ammonium oxalate
solution.

fore the recovery of lithium, copper and cobalt were extracted
with solvent extraction. Therein, Acorga M5640 has been
used as a special extractant for copper in nitrate/nitric acid
media[12]. The logKext of the reaction between the organic
parts of Acorga M5640 and copper is 2.1± 0.09. The oxime
in Acorga M5640 is more selective for copper. The reactions
in copper extraction and stripping process are as follows:

Cu2+ (aq.) + nHR (org)

= CuR2(HR)(n − 2) (org) + 2H+ (aq.)

CuR2(HR)(n − 2) (org) + H2SO4 (aq.)

= CuSO4 (aq.) + nHR (org)

In the given process, Acorga M5640 was chosen as extrac-
tant for copper in sulfate solution based on previous exper-
imental results[9]. Several extraction parameters including
reaction temperature, phase ratio, extractant concentration,
time, pH value and phase ratios ofO/A were optimized. Be-
cause the extraction process of copper with Acorga M5640
is exothermic reaction (�H0 = 16.4 kJ mol−1), the extraction
experiments at room temperature were applied in the next ex-
periments. Then, 10 wt.% Acorga M5640 was used to extract
copper at different phase ratios ofO/A, the contact time was
10 min according to literature[9,12]. The results are shown
i
p e for
t

er
9 d 1.0.
T tion
s xper-
i were
c

en
e ought
t
e ere,

Fig. 5. Influence of phase ratio on extraction ratio of copper with 10 wt.%
Acorga M5640.

Fig. 6. Influence of extractant concentration on extraction ratio of copper.

can be obtained at pH 1.0. Under such experimental condi-
tion, about 96 and 2.4% of the remainder copper and cobalt
were recovered, respectively. Finally, considering all of the
influence factors, an optimized extraction condition was con-
cluded and used in the given process. Namely extracting with

Fig. 7. Influence of pH values on extraction ratio of copper and cobalt.
n Fig. 5. Therein, stripping with 2 M H2SO4 at 1:1 (O/A)
hase ratio, room temperature and 1 min of contact tim

wo times were applied.
From data presented inFig. 5, it can be seen that ov

2% copper was extracted when the phase ratio exceede
herefore, on the basis of economical thinking of extrac
tep, a rational phase ratio of 1:1 was used in the next e
ments. The concentration of extractant and pH values
hanged in turn, the results are shown inFigs. 6 and 7.

FromFig. 5, we can obtain a high extraction ratio wh
xtractant concentration surpassed 5%, but 10% was th
o be more usable in practical production. InFig. 7, the high-
st extraction ratio, which is similar to the results given h
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Fig. 8. Influence of pH values on extraction ratio of cobalt.

10% Acorga M5640 at 1:1 (O/A) phase ratio, pH of 1.0, room
temperature and 10 min of contact time, and stripping with
2 M H2SO4 at 1:1 (O/A) phase ratio, room temperature and
1 min of contact time for two times. Combined with the re-
covery of copper in the upper section, it was indicated that
97% copper in batteries could be recovered as CuSO4.

After the extraction of copper, 1 M Cyanex272 was chosen
as extractant for the extraction of cobalt[13]. The reactions
in the extraction and stripping process are as follows:

Co2+ (aq.) + 2H2A2 (org)= CoA2H2A2(org) + 2H+ (aq.)

CoA2H2A2 (org) + H2SO4 (aq.)

= CoSO4 (aq.) + 2H2A2 (org)

Similar to the extraction of copper, the extraction condition
for cobalt was also optimized. The extraction ratio of cobalt
at different pH value is shown inFig. 8. Therein, extracting
with 1 M Cyanex272 (10% saponification ratio) at 1:1 (O/A)
phase ratio, room temperature and 1 min of contact time, and
stripping with a 2 M H2SO4 solution at 1:1 (O/A) phase ratio,
room temperature and 1 min of contact time for two times
were used. It was shown that the recovery ratio of cobalt was
over 96% at pH 5.5, i.e. about 99% of cobalt in batteries were
recovered.

In the practical operation, after the extraction of copper,
s e2+

t t.%
N
s ion.
A
o

3

t al.,
[ rated
s te at
1 tion

Fig. 9. Charge–discharge curves of LiCoO2 electrode at 0.2◦C.

and washing with hot water to remove the residual mother
liquor. The results showed that about 80% lithium was re-
covered as a precipitate, which is similar to Zhang’s recovery
ratio. In addition, the analytical results showed that the con-
tents of cobalt and copper in the precipitate were less than
0.96 and 0.001%, respectively.

After the recovery of metal contents, an amount of waste
solution was left from the dissolution, extraction and deposi-
tion steps. Because they were acidic or alkaline, these waste
solutions could be treated innocuously by mixing them alto-
gether and then adjusting their pH values to neutral solution.

Moreover, lithium carbonate and cobalt oxalate recovered
from spent LIBs were used as precursors to produce LiCoO2
electrode material of lithium-ion batteries. The cobalt ox-
alate was baked, and a molar ratio of cobalt:lithium 1:1 was
grinded until they were mixed equally. The mixed samples
were heated firstly at 600◦C for 6 h, and then they were
grinded again and pressed into tablets. LiCoO2 active mate-
rial was synthesized after the tablets were heated at 800◦C for
10 h in the tube type stove. Then, LiCoO2 material, graphite,
ethyne and PVDF were mixed in a proportion of 86:6:2:6.
The mixture withN-methylpyrrolidone as solvent was pasted
on aluminum foil to prepare the test electrode; pure lithium
piece was used as auxiliary electrode. From the data given
in Fig. 9, it can be seen that LiCoO2 synthesized from the
recovered compounds of spent LIBs have a specific capacity
o

4

tal
v pro-
c

ntal
r cop-
p sed,
a par-
t ced
e the
ome H2O2 was firstly added to the solution to oxidize F
o Fe3+, and then pH value was adjusted to 5.5 with 10 w
aOH to eliminate the impurities of Fe3+ and Al3+ in the
olution through the formation of their hydroxide deposit
fter the filtration of Fe(OH)3 and Al(OH)3, the extraction
f cobalt with 1 M Cyanex272 was carried out.

.5. Recovery of lithium and synthesis of LiCoO2

Referring to the recovery process given by Zhang e
2] the raffinate was concentrated and treated with a satu
odium carbonate solution to precipitate lithium carbona
00◦C. The lithium carbonate was recovered after filtra
f 136 mAh g−1 at 0.2 C charge–discharge current.

. Conclusions

To sum up, an overall flow chart for the recycling of me
alues from spent LIBs based on a hydrometallurgical
ess is presented inFig. 10.

According to the given process, our scale experime
esults have demonstrated that metal values of cobalt,
er and lithium could be effectively recovered and reu
nd the recovered products had a high purity. It was

icularly indicated that the treatment cost could be redu
ffectively because the spent LIBs were dismantled with
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Fig. 10. The flow chart of the recovery of metal values from spent lithium-ion batteries.

specially designed machine and most of the cobalt was recov-
ered by chemical deposition as oxalate. In addition, Acorga
M5640 and Cyanex272 extractants could be recycled after
stripping with sulfuric acid. Waste solutions produced in the
different steps could also be treated innocuously. Moreover,
it is noted that the cathodes of commercial LIBs are not al-
ways pure LiCoO2 with the development of the commercial
LIBs, some other cathode material such as LiCo1− xSnxO2,
LiCo1− xMgxO2 and Li(MnNiCo)O2 will be used. Although
these additive elements are impurities when resultants are
used as chemical reagents, while these impurities can be acted
as additive elements when the resultants are used as precur-
sors to synthesize LiCoO2 electrode materials. Therefore, it
is thought that this process is feasible for the large-scale re-
cycling of spent LIBs.
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