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Abstract

The smelting reduction of spent lithium-ion batteries results in metallic alloys containing Co, Cu, Fe, Mn, Ni, and Si. A
process to separate metal ions from the sulfuric acid leaching solution of these metallic alloys has been reported. In this process,
ionic liquids are employed to separate Fe(IlI) and Cu(Il). In this study, D2EHPA and Cyanex 301 were employed to replace
these ionic liquids. Fe(IlI) and Cu(Il) from the sulfate solution were sequentially extracted using 0.5 M D2EHPA with three
stages of cross-current and 0.3 M Cyanex 301. The stripping of Fe(IIl) and Cu(Il) from the loaded phases was performed using
50% (v/v) and 60% (v/v) aqua regia solutions, respectively. The mass balance results from this process indicated that the
recovery and purity percentages of the metals were greater than 99%.
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1. Introduction

Lithium-ion battery (LIB) is a preferred choice for
portable electronics and electric vehicles owing to its
merits such as high energy density, low maintenance,
low self-discharge, and quick charging”. Lots of spent
LIBs are accumulating, which could do harm to public
health and the environment®. Spent LIBs contain valuable
metals such as cobalt, nickel, lithium, and manganese
and thus recycling of spent LIBs is a solution to the
sustainable production of the LIBs as well as to minimize
potential environmental impacts®.

The recovery of valuable metals from spent LIBs
mainly involves mechanical, mechanochemical, and che-
mical processes*”. Among these processes, pyrometal-
lurgical and hydrometallurgical methods have been
widely used. In hydrometallurgy, metal ions such as Co,
Ni, Li, and Mn are leached by acidic solutions in the
presence or absence of oxidizing agents. The leaching
solutions are treated by precipitation, solvent extraction,
and ion exchange for the separation of metal ions®'®. In
general, the separation of metal ions from the leachate
depends on the composition of the leaching solution and

the nature of the metal ions. Especially, the presence of
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Fe(Ill) in the leaching solution poses some problems in
separating the metal ions.

The application of pyrometallurgical methods has
many advantages in the recovery efficiency of Co, Ni,
and Cu like a decrease in the labor cost for classifying
and dismantling organic matters like plastics from the
spent LIBs'"?. Besides, the reduction of metal ions in
the spent LIBs at high-temperature results in the for-
mation of metallic alloys and slags containing Li and Al,
which can facilitate the selective recovery of the valuable
metals.

In our previous work, a combined process of pyro-
metallurgy and hydrometallurgy for the recovery of Co,
Ni, Cu, Fe, and Mn from spent LIBs was reportedm. First,
the reduction smelting of spent LIBs at high-temperature
results in metallic alloys containing Co, Ni, Cu, Mn, Fe,
and Si. The metals from the alloys were completely
leached except Si by the mixture of 2.0 M H,SO,4 and
10% H,0,. The separation of metal ions such as Co(Il),
Ni(II), Cu(1l), Mn(II), and Fe(III) from the sulfate leaching
solution was carried out by solvent extraction with ionic
liquids and oxidative precipitation (see Fig. 1). In this
process, Co(II) and Fe(IlI) were co-extracted by ALi-SCN,
a kind of IL and Fe(Ill) was separated from the loaded

Sulfate leachate containing Co (II),
Ni(IT), Cu(II), Fe(III), and Mn(II)

0.2 M ALi-Cy301

v

Raffinate containing Co(II),
Ni(II), Fe(IIT) and Mn(IT)

0.5 M ALi-SCN

¥

ALi-Cy301 loaded phase
containing Cu(Il)

l Stripping by

4.0 M HNO3

v v
ALi-SCN loaded phase Raffinate containing Cu(D ions
containing Co(II) and Fe(III) Ni(IT) and Mn(II)

Stripping by
10% (v/iv)

‘ Co (II) ions ‘ ‘ Fe(III) hydroxide

(1) Adjust pH 3
(2) 10%(v/v) NaCIO

MnO; precipitates

Ni(II) in the filtrate

Fig. 1. A flow sheet for the recovery of Co(II), Ni(II), Cu(II), Fe(IIT), and Mn(II) from the spent LIBs".
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organic by precipitation stripping with NH;. Although
the separation efficiency of this solvent extraction with
ALi-SCN was high, precipitation stripping is difficult to
run continuously in real operation. Moreover, the appli-
cation of ILs to real industrial operations is limited due
to their price and availability.

In order to overcome the above-mentioned disadvan-
tages of our proposed process, commercial extractants
instead of ILs were employed in this work for the
selective removal of Fe(Ill) and Cu(Il) over Co(Il),
Ni(Il), and Mn(II) from the sulfate leachate. For this
purpose, D2EHPA and Cyanex 301 were employed for
the selective extraction of Fe(Ill) and Cu(ll) from the
leaching solution. Stripping of Fe(Ill) and Cu(Il) from
the loaded phases was done by using aqua regia. The
optimum conditions for the extraction and stripping
were obtained. From the obtained results, a modified

process was proposed.

2. Experimental

2.1. Reagents and Chemicals

The synthetic leaching solution containing Co(Il),
Ni(II), Cu(II), Fe(II), Mn(1I), and Si(IV) was prepared by
the dissolution of a certain amount of sulfate salts of the
respective metals, such as CoSO; * 7H,O (Daejung Co.,
>99%), NiSO, * 6H,0 (Daejung Co., > 99%), CuSOy *
5H,O (Duksan Co. Japan, > 99%), Fey(SO4); + nH,O
(Kanto Co., 60% - 80%), MnSO; * 4H,O (Duksan Co.
Japan, > 99%), Na,SiOs solution (Daejung Co., > 99%)
in 2.0 M H,SO4 solution. The concentration of metal
ions in the synthesis leaching solution is represented in
Table 1.

Table 1. The concentration of metal ions in synthetic sul-
furic acid leaching solutions of reduction smelted
metallic alloys (2.0 M H,SO, solution)

Metal

ions | CoUD | Ni(1D) | Cu(ll) | Fe(IID) | Mn(ID) | Si(IV)

mg/L | 3229.0 |15498.0| 5584.2 | 125.9 | 3953 | 82.4

Resources Recycling Vol. 31, No. 1, 2022

Sodium hydroxide (Duksan Co., >99%) was used to
adjust the pH value of the solution. Solutions of HCI
(Daejung Co., 35%), HNO; (Daejung Co., 60%), H,SO4
(Daejung Co., 95%), NH4sOH (Junsei Chemical Co. Ltd,
Japan, 28%), H,O, (Daejung Co., > 30%), and NaClO
(Junsei Chemical Co. Ltd, Japan, >99%) were diluted
with doubly distilled water to desired concentrations.
Organic extractants such as D2EHPA (di-2-ethylhexyl-
phosphoric acid, Cytec Inc., 95%), Cyanex 301 (bis(2,4,4-
trimethylpentyl)dithiophosphinic acid, Cytec Inc, 70%),
and Aliquat 336 (N-methyl-N,N,N-trioctylammonium
chloride, BASF Co., 93%) were employed without further
purification. Commercial grade kerosene (Daejung Co.,
> 90%) was used as a diluent organic phase, while 1-
decanol (Daejung Co., > 98%) was added as a modifier
to prevent a third phase formation.

Preparation of 1.0 M ALi-SCN: 1.0 M Aliquat 336 in
kerosene was contacted to 1.6 M NH4SCN (Daejung
Co., 99.0%) aqueous solution several times to form an
IL like ALi-SCN. AgNOs solution was used to test the
complete transfer of chloride ions from the organic

phase to the aqueous phase.

2.2. Solvent extraction procedure and analytical
methods

Extraction and stripping experiments were performed
by mixing equal volumes of organic and aqueous phases
(each 20 mL) in a screwed cap bottle. The mixture was
shaken by a Burrell wrist action shaker (model 75, USA)
for 30 minutes at room temperature (25 £ 1°C). The
separation of phases from the shaken solutions was ob-
tained by a glass separatory funnel. The concentration of
metals in the aqueous phase was determined by ICP-OES
(Inductively coupled plasma-optical emission spectrometry,
Spectro Arcos) analysis. The extraction percentage (%oF)

m
was calculated as: %E= #X 100%, where m; and m, are

i

the mass of a metal in the aqueous phases before and

after the extraction. The stripping percentage of metal
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*
m,

ions was calculated as: %stripping= < 100%, where

m,

m, and m,* are the mass of a metal in the organic and
aqueous phases before and after the stripping, respectively.
The mass of metals in the aqueous and organic phases
was obtained by ICP-OES measurement.

The concentration of hydrogen ions and pH of aqueous
solutions was determined by volumetric titration methods™
and an Orion Star thermal scientific pH meter (model
A221, USA). Fourier transform infrared (FT-IR, Vertex
80 V, Bruker, Germany) spectra were used to verify the

effect of stripping agent like aqua regia on D2EHPA.

3. Results and Discussion

3.1. Removal of Fe(lll) from the synthetic
sulfate leaching solutions

Fe(IIl) extraction by D2EHPA

D2EHPA showed effective extraction ability for Fe(III)
from acid solutions like HCI and H,SOs compared to
other commercial extractants such as PC88A and Cyanex
272, Hence, in this work, D2EHPA was employed for
the extraction of Fe(Ill) from the sulfate solution. To
consider the effect of D2EHPA concentration on the
selective extraction of Fe(Ill) over others, the concent-
ration of D2EHPA was varied from 0.5 M to 1.5 M with
an O/A ratio of unity. Fig. 2 shows that most of Fe(IlI)
and 12.7% of Si(IV) were extracted by 1.0 M D2EHPA,

while the extraction percentage of other metals was

Stock (mg/L)

0.5M D2EHPA,0/A=1

100 v v
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Fig. 2. Effect of D2EHPA concentration on the extraction
of Fe(III) from the sulfate leaching solution.

negligible in the range of studied D2EHPA concentration.
Extraction reaction of Fe(I1ll) by D2EHPA can be written

24
as )

Fe™(ag) + 3H2Aoore) = FeAs 3HAwrg) + 3H g ()

Since the stripping of concentrated Fe(IIl) from the
loaded D2EHPA is difficult, 0.5 M D2EHPA was
selected for the extraction of Fe(Ill) from the leaching

> To completely extract Fe(IIT) from the solution,

solution
three stages cross-current extraction by 0.5 M D2EHPA
was done. The extraction percentage of Fe(Ill) and
Si(IV) at each stage of extraction is displayed in Fig. 3.
The obtained results indicated that the concentration of

Fe(I1l) and Si(IV) after the three-stage cross-current was

Raffinate

(mg/L)

Co(ll) = 3229.0

Ni(ll) = 15498.0

Co(ll) = 3229.0

Ni(ll) = 15498.0

Cu(ll) =55842 __5,| Stage 1 H| Stage 2 IHI Stage 3 l_;. Cuqll) = 55842

Fe(Ill) =125.9

Mnql) = 3953 %Er, = 86.8%

SiaV) = 82.4 %Eg; = 14.0%

%Er, = 90.9%

%Es; = 11.8%

Fe(lll) =0
Mn(ll) = 395.3

%Eg; = 100%

%Eg; = 11.2%
SiIV) = 55.5

Loaded D2EHPA containing Fe and Si(IV),

%EFe = 100 %and %Es; = 32.6%

Fig. 3. Cross-current extraction of Fe(III) from the sulfate leaching solution.
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zero and 55.5 mg/L, corresponding to the extraction
percentage of 100% and 32.6%, respectively. Meanwhile,
the extraction percentage of other metal ions except for
Fe(Ill) and Si(IV) was negligible.

Stripping of Fe(IIl) from the loaded D2ZEHPA

It has been reported that even concentrated inorganic
acid solutions of H,SO,, HNO;, and HCI have some
difficulty in stripping Fe(Ill) from the loaded D2EHPA.
Although the use of reducing agents like Na,SO; or
H,SO; can improve the stripping efficiency of Fe(Ill)
from loaded D2EHPA, the complete stripping also
requires multi-stages®®. Therefore, in this work, aqua
regia solution was tried for the stripping of Fe(Ill) from
the loaded D2EHPA. The concentration of aqua regia in
the stripping solution was varied from 20% (v/v). The
loaded D2EHPA contained 125.9 mg/L Fe(Ill) and 26.9
mg/L Si(IV). In Fig. 4, the stripping percentage of
Fe(Ill) from the loaded phase significantly increased
with aqua regia concentration. Fe(Ill) was completely
stripped from the loaded phase by 60% (v/v) aqua regia
and the amount of Si(IV) in the stripping solution was
negligible. The stripping reaction of Fe(Ill) from the
loaded D2EHPA by aqua regia has not been manifest but
might be proposed as

100
—v—Fe
—4—Si
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c
©
o
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o
2
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T T T T T
20 30 40 50 60

Concentration of aqua regia, % (v/v)

Fig. 4. Effect of aqua regia concentration on the stripping of
Fe(IlI) from the loaded D2EHPA.
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FeAs3HA g + 3H (ag) + XClag = @
[FeClJ gy + 6HA(org)

Thus, the selective removal of Fe(Ill) over others
from the leaching solution was obtained by 0.5 M
D2EHPA with three-stage cross-current extraction and

stripping by 60% (v/v) aqua regia solution.

3.2. Separation of Cu(ll) from the Fe(lll) free
raffinate

Cu(Il) extraction by Cyanex 301

The concentration of metal ions in the free Fe(Ill)
raffinate was 3229.0 mg/L Co(Il), 15498.0 mg/L Ni(Il),
5584.2 mg/L Cu(Il), 395.3 mg/L Mn(Il), and 55.5 mg/L
Si(IV). According to the reported literature®”, the use of
Cyanex 301 showed the selective extraction ability for
Cu(Il) over Co(Il), Ni(Il), Mn(Il), and Li(I) from the
sulfate solution. Hence, in this work, Cyanex 301 was
employed for the separation of Cu(ll) over others from
the leaching solution. The concentration of Cyanex 301
in kerosene was varied from 0.1 M to completely extract
Cu(Il). Fig. 5 shows that Cu(II) was completely extracted
by 0.3 M Cyanex 301, while only 12.0% Si(IV) was
extracted. The extraction percentage of Co(Il), Ni(Il),
and Cu(ll) were trivial in the range of studied Cyanex

301 concentration. These results can be ascribed to the
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Concentration of Cyanex 301, M

Fig. 5. Effect of Cyanex 301 concentration on the extraction
of Cu(Il) from the Fe(IIl) free raffinate.
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Fig. 6. Effect of aqua regia concentration on the stripping of
Cu(II) from the loaded Cyanex 301.

strong interaction between Cu(Il) and sulfur atoms of
Cyanex 301 according to hard-soft acid-base theory
(HSAB)*™®.

Stripping of Cu (II) from the loaded Cyanex 301

Due to the strong interaction between Cu(Il) and
Cyanex 301, the stripping of Cu(ll) from the loaded
Cyanex 301 is very difficult and thus use of aqua regia is
needed®”. Therefore, aqua regia solutions were employed
for the stripping of Cu(II) and the concentration of aqua
regia solutions were varied from 20 to 50% (v/v). The
concentration of Cu(Il) and Si(IV) in the loaded Cyanex
301 was 5584.2 mg/L and 6.7 mg/L. Our data showed
that Cu(Il) was completely stripped by 50% (v/v) aqua
regia from the loaded Cyanex 301 (see Fig. 6). Meanwhile,
Si(IV) was not stripped by aqua regia.

3.3. Modified process

After the separation of Cu(Il) by extraction with
Cyanex 301, the concentration of metals in the Cu(Il)
free raffinate was 3229.0 mg/L. Co(Il), 15498.0 mg/L
Ni(I), 395.3 mg/L Mn(Il), and 48.8 mg/L Si(IV). The
concentration of hydrogen ions in the raffinate was
determined to be 4.25 M. To verify the recovery of
Co(Il), Ni(II), and Mn(Il) from the Fe(Ill) and Cu(Il)

free raffinate, separation experiments of Co(II), Ni(Il)

60%(v/v) aqua regia

Solution
" Co(Il), Ni(Il),
05M ) cu(l), Fe(m),
D2EHPA MaID,

2 mol/L H,SO4

Loaded D2EHPA Stripping

Fe(II)

Fe(IIl) solution

50%(v/v) aqua regia

Raffinat ;
03M Co(laI), .\'T(ﬁ). Loaded Cyanex 301 Stripping
Cyanex 301 CuID). MadD) Cu(Il)
and H*
Cu(ID) solution
10%(v/v) NH; solution
" Raffinate Loaded Ali-SCN
O5M o comn, N, Spring
G M) and H- o
Adjust Co(ID) solution
pH=3

Raffinate MnO; precipitates
10% (viv) Ni(II), Mn(II)
NaClo pH=3
Filtrate containing Ni(Il)

Fig. 7. A modified flowsheet for the separation of Co(II),
Ni(II), Cu(Il), Fe(IIT), Mn(II), and Si(IV) from the
sulfate leaching solution of spent LIBs.

and Mn(Il) was performed according to the process
shown in Fig. 1. Selective and complete extraction of
Co(II) was obtained by extraction with 0.5 M ALi-SCN
and stripping with 10% (v/v) NHj3 solution. The oxidative
precipitation of Mn(Il) as MnO, from the raffinate at pH
3 was achieved by using NaOCl solution and Ni(II) and
Si(IV) stayed the filtrate. These results agreed well with
the reported process.

From the obtained results, a modified process for the
recovery of metals from the sulfate leaching solution of
metallic alloys resulted from reduction smelting of spent
LIBs is shown in Fig. 7. First, Fe(Illl) and Cu(Il) were
sequentially extracted by D2EHPA and Cyanex 301 and
then these metals were stripped by aqua regia solution.
Next, Co(Il) was recovered over Ni(ll) and Mn(II) by
extraction with ALi-SCN and stripped with 10% (v/v)
NH; solution. Finally, Mn(II) from the raffinate containing
Ni(Il) at pH 3 was precipitated as MnO, by adding
NaClO solution. The mass balance from the continuous

experiments for the separation of metal ions from the

Aol S A 318 Al 13, 2022
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Table 2. Mass balance from the continuous experiments for the separation of metal ions from the 2.0 M H,SO, solution

Process Detail Co(II) Ni(II) Cu(ID) Fe(11D) Mn(II) Si(IV)
Feed solution [Metal ions in 2.0 M H,SO, solution, ppm 3229.0 15498.0 5584.2 125.9 395.3 82.4
Extraction: 0.5 M D2EHPA, O/A =1 with - - - ~100 - 32.6
Fe(II)
separation 3 stages cross-current, %
P Stripping: 60% aqua regia, A/O =1, % - - - ~100 - 0
Cu(I) Extraction: 0.3 M Cyanex 301, O/A=1, % - - ~100 - - 12.0
separation |Stripping: 50% aqua regia, O/A =1, % - - 99.1 - - 0
Co(II) Extraction: 0.5 M ALi-SCN, O/A =1, % 99.9 - - - - -
separation |Stripping: 10% NH3, O/A=1, % ~100 - - - - -
SEPYS _ _ _ _ B _
Mn(IT), Ni(IT) Pr.ec1£31tat10n, 10% NaClO at 220C for 30 100
ration min, %
sepa Final raffinate, % - ~100 - - - 55.4
Results Recovery, % 99.9 ~100 99.1 ~100 ~100 -
U Purity, % 99.99 99.69 99.99 99.99 99.99 -

sulfate leaching solution is represented in Table 2. The
obtained results indicated that the recovery percentage
of metals was higher than 99.0% with above 99.6%
purity. In the reported study, ALi-Cy301 and ALi-SCN
were used to remove Cu and Fe. The application of these
ILs to practical industrial operations is limited due to
their price and availability. In addition, the precipitation
stripping of Fe(IlI) from the loaded ALi-SCN is difficult
to run continuously in actual operation. Instead, D2ZEHPA
and Cyanex 301 were commercial extractants and
showed high efficiency in removing Fe(IIl) and Cu(II).
This process has some advantages compared to the
reported process in terms of the use of commercial
extractants for the complete extraction of less valuable
metals like Fe(III) and Cu(Il).

4. Conclusions

The selective separation of Fe(Ill) and Cu(Il) over
Co(Il), Ni(Il), and Mn(I) from the synthetic sulfate
leaching solution of metallic alloys of reduction smelted
spent LIBs by commercial extractants such as D2EHPA
and Cyanex 301 was studied. First, Fe(IlI) was completely
extracted over others by 0.5 M D2EHPA with three
stages cross-current at an O/A ratio of unity. Then,
Cu(Il) was selectively extracted from the Fe(Ill) free
raffinate by 0.3 M Cyanex 301. The complete stripping

Resources Recycling Vol. 31, No. 1, 2022

of Fe(Ill) and Cu(Il) from the loaded phases were
obtained by aqua regia solutions. A modified process for
the separation of Co(Il), Ni(Il), Cu(ll), Fe(lll), and
Mn(II) from the sulfate leaching solution was proposed.
From the mass balance results, this process indicated
that the recovery and purity percentage of metals from

the sulfate solution was higher than 99%.

Acknowledgments

This work was supported by the Technology Innovation
Program (Development of Material Component Technology)
(Project number: 20011183) funded by the Ministry of
Trade, Industry & Energy (MOTIE, Korea).

References

1. Gladysz, G.M., Chawla, K.K., 2014 : Voids in Material,
Elsevier, pp.131-156.

2. Raphel, D.P., 2020 : The recycling of lithium-ion batteries:
A strategic pillar for the European battery alliance, Etudes
de I’Iffi, Ifri, pp.1-49.

3. Gaines, L., Richa, K., Spangenberger, J., 2018 : Key issues
for Li-ion battery recycling, MRS Energy & Sustainability,
5, pp.1-14.

4. Diekmanna, J., Hanisch, C., Frobose, L., et al., 2017 :
Ecological recycling of lithium-ion batteries from electric
vehicles with focus on mechanical processes, Journal of
The Electrochemical Society, 164, pp.A6184-A6191.



10.

11.

12.

13.

14.

15.

17.

T2 Eol 249 888 S5 e/e] A&l DI ()Y 228 A 34 A 19

. Pagnanelli, F., Moscardini, E., Altimari, P., et al., 2017 :

Leaching of electrodic powders from lithium-ion batteries:
Optimization of operating conditions and effect of physical
pretreatment for waste fraction retrieval, Waste Manag,
60, pp.706-715.

. Xiao, J., Li, J., Xu, Z., 2017 : Recycling metals from

lithium-ion battery by mechanical separation and vacuum
metallurgy, Journal of Hazardous Materials, 338, pp.124-131.

. Zhang, X., Xue, Q., Li, L., et al., 2016 : Sustainable re-

cycling and regeneration of cathode scraps from industrial
production of lithium-ion batteries, ACS Sustainable
Chemistry & Engineering, 4, pp.1-26.

. Nayl, A.A., Elkhashab, R.A., Badawy, S.M., et al., 2014 :

Acid leaching of mixed spent Li-ion batteries, Arabian
Journal Chemistry, pp.1-28.

. Takacova, Z., Havlik, T., Kukurugya, F., et al., 2016 :

Cobalt and lithium recovery from active mass of spent
Li-ion batteries: Theoretical and experimental approach,
Hydrometallurgy, 163, pp.9-17.

Meshram, P., Pandey, B.D., Mankhand, T.R., et al., 2016 :
Acid baking of spent lithium ion batteries for selective
recovery of major metals: A two-step process, Journal of
Industrial and Engineering Chemistry, 43, pp.117-126.
Zhang, X., Xie, Y., Cao, H., et al., 2014 : A novel process
for recycling and resynthesizing LiNi;;3Co,3Mn; 50, from
the cathode scraps intended for lithium-ion batteries,
Waste Management, 34, pp.1715-1724.

Pant, D., Dolker, T., 2017 : Green and facile method for
the recovery of spent lithium nickel manganese cobalt oxide
(NMC) based lithium ion batteries, Waste Management,
60, pp.689-695.

Nayl, A.A., Hamed, M.M., Rizk, S.E., 2015 : Selective
extraction and separation of metal values from leach liquor
of mixed spent Li-ion batteries, Journal of the Taiwan
Institute of Chemical Engineers, 55, pp.119-125.

Nguyen, V.T., Lee, J.C., Jeong, J., et al., 2014 : Selective
recovery of cobalt, nickel and lithium from sulfate leachate
of cathode scrap of Li-ion batteries using liquid-liquid
extraction, Metals and Materials International, 20, pp.357-
365.

Chiu, K.L., Chen, W.S., 2017 : Recovery and separation of
valuable metals from cathode materials of spent lithium-ion
batteries (LIBs) by ion exchange, Science of Advanced
Materials, 9, pp.2155-2160.

. Zheng, X., Zhu, Z., Lin, X., et al., 2018 : A mini-review on

metal recycling from spent lithium ion batteries, Engineering,
4, pp.361-70.

Song, D., Wang, X., Zhou, E., et al., 2013 : Recovery and
heat treatment of the Li(Ni;;3Co;3Mn;;3)O, cathode scrap
material for lithium ion battery, Journal of Power Sources,

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

232, pp.348-352.

Makuza, B., Tian, Q., Guo, X., et al., 2021 : Pyrometal-
lurgical options for recycling spent lithium-ion batteries:
A comprehensive review, Journal of Power Sources, 491,
pp.229622.

Vanitha, M., Balasubramanian, N., 2013 : Waste minimi-
zation and recovery of valuable metals from spent lithium-ion
batteries - A review, Environmental Technology Reviews,
2, pp.101-115.

Lin, J., Liu, C., Cao, H., et al., 2019 : Environmentally
benign process on selective recovery of valuable metals
from spent lithium-ion batteries by using conventional
sulfation roasting, Green Chemistry, 21, pp.5904-5913.
Tuan, T.T, Hoon, H.S., Lee, M.S., 2021 : Co, Ni, Cu, Fe,
and Mn integrated recovery process via sulphuric acid
leaching from spent lithium-ion batteries smelted reduction
metallic alloys, Mineral Processing and Extractive Metallurgy
Review (accepted).

Vogel, AL, 1989 : Textbook of Quantitative Chemical
analysis, fifth ed., Longman scientific & Technical, New
York, pp.295-296.

Tran, T.T., Igbal, M., Lee, M.S., 2019 : Comparison of the
extraction and stripp.ing behavior of iron(III) from weak
acidic solution between ionic liquids and commercial
extractants, Korean Journal of Metals and Materials, 57,
pp.787-794.

Ciceri, D., Mason, L.R., Harvie, D.J.E., et al., 2014 :
Extraction kinetics of Fe(Ill) by di-(2-ethylhexyl) phosphoric
acid using a Y-Y shaped microfluidic device, Chemical
Engineering Research and Design, 92, pp.571-580.
Akhlaghi, M., Rashchi, F., Vahidi, E., 2010 : Stripp.ing of
Fe((1ll) from D2EHPA using different reagents. XXV
International Mineral Processing Congress (IMPC) 2010
Proceedings, pp.255-262.

Liu, Y., Nam, S.H., Lee, M.S., 2014 : Stripp.ing of Fe(III)
from the loaded mixture of D2EHPA and TBP with
sulfuric acid containing reducing agents, Bulletin of the
Korean Chemical Society, 35, pp.2109-2113.

Lee, S.A., Lee, M.S., 2019 : Selective extraction of Cu(Il)
from sulfuric acid leaching solution od spent lithium ion
batteries using Cyanex 301, Korean Journal of Metals and
Materials, 57, pp.596-602.

Tran, T.T., Moon, H.S., Lee, M.S., 2021 : Recovery of
cobalt, nickel and copper compounds from UHT processed
spent lithium-ion batteries by hydrometallurgical process,
Mineral Processing and Extractive Metallurgy Review,
pp.1-13.

Sole, K.C., Hiskey, J.B., 1995 : Solvent extraction of
copper by Cyanex 272, Cyanex 302 and Cyanex 301,
Hydrometallurgy, 37, pp.129-147.

Aol S A 318 Al 13, 2022



20 Thi Thu Huong Nguyen - Thanh Tuan Tran - ©|7k5

Thi Thu Huong Nguyen

« Can Tho University Chemistry Education StA}
« Can Tho University Theoretical and Physical
Chemistry A}

) 2ok AR s ug

Thanh Tuan Tran

* Can Tho University Chemistry S}A}
+ Can Tho University Organic Chemistry A}
- @A) Bxsta A gt HAL g

o] 2t

ol

A BEehL LTS 25
SR BRI RER =

Resources Recycling Vol. 31, No. 1, 2022



