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Abstract: To effectively separate and recover Co(Il) from the leachate of spent lithium-ion battery cathodes, we investigated solvent extrac-
tion with quaternary ammonium salt N263 in the sodium nitrite system. NO; combines with Co(II) to form an anion [Co(NO,)s]", and it is then
extracted by N263. The extraction of Co(Il) is related to the concentration of NO; . The extraction efficiency of Co(II) reaches the maximum of
99.16%, while the extraction efficiencies of Ni(Il), Mn(II), and Li(I) are 9.27%—9.80% under the following conditions: 30vol% of N263 and
15vol% of iso-propyl alcohol in sulfonated kerosene, the volume ratio of the aqueous-to-organic phase is 2:1, the extraction time is 30 min, and
1 M sodium nitrite in 0.1 M HNO;. The theoretical stages require for the Co(Il) extraction are performed in the McCabe—Thiele diagram, and
the extraction efficiency of Co(II) reaches more than 99.00% after three-stage counter-current extraction with Co(II) concentration of 2544
mg/L. When the HCI concentration is 1.5 M, the volume ratio of the aqueous-to-organic phase is 1:1, the back-extraction efficiency of Co(Il)
achieves 91.41%. After five extraction and back-extraction cycles, the Co(II) extraction efficiency can still reach 93.89%. The Co(Il) extrac-

tion efficiency in the actual leaching solution reaches 100%.

Keywords: cobalt; N263; sodium nitrite; extraction; iso-propyl alcohol; spent lithium-ion battery

1. Introduction

As a transition metal, cobalt has unique properties, includ-
ing heat resistance, strength, and magnetism. In the early 20th
century, cobalt was employed in various alloy, medical, and
chemical industries. It is a critical raw material in high-grade
pigments, and plays an important role in medical, automot-
ive, and defense applications [1]. With the development of
the battery industry, the global cobalt market becomes mainly
related to the rechargeable battery industry, which accounts
for 58wt% of cobalt consumption. The growth in the battery
market is driven by smartphones, laptops, and a range of
electronics, as well as the popularity of electric vehicles
[2-3]. At present, lithium-ion batteries (LIBs) exhibit advant-
ages such as high energy density, long cycle life, simple
charging and maintenance, and environmental friendliness.
Meanwhile, lithium-ion batteries are also regarded as the bat-
tery of choice for next-generation hybrid electric vehicles
(HEVs) and plug-in hybrid electric vehicles (PHEVs) [4-5].

However, the service life of LIBs in small electronic
products is almost less than 3 years, while those in electric
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vehicles last 5-10 years [6—7]. Therefore, high production of
lithium-ion batteries is expected. Until 2020, China pro-
duced about 5 x 10° t of waste LIBs [8-9]. As a strategic and
expensive material, cobalt usually accounts for about 15wt%
of LIB cathode materials. However, according to statistics,
less than 10wt% of the LIBs used in China’s consumer elec-
tronics products are recycled, and LIBs are usually idle or
buried [10]. In addition, accumulating large amounts of co-
balt is a critical challenge to environmental issues. Therefore,
Co(Il) recovery from LIB materials for resource utilization
are economically and environmentally beneficial. However,
the existing technology still faces practical problems [2].
Most of the recyclable value of waste batteries is in cath-
ode materials. Several methods for treating waste Li have
been proposed, including pyrometallurgy, bio-metallurgy,
and hydrometallurgy [11-12]. In pyrometallurgy, acetylene
black, organic electrolytes, and binder are usually com-
pletely burned to facilitate metal leaching, which requires
high energy consumption. The treatment cycle in the bio-me-
tallurgical process needs a long time, and it is difficult to cul-
tivate the required bacteria [13—14]. In hydrometallurgy,
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electrodes are removed after a series of mechanical pretreat-
ments and then dissolved in acid [15-16]. Afterward, the
metals are separated and recovered by extraction [17], ad-
sorption [18], and co-precipitation [11] in the solution.
Therefore, hydrometallurgical processes have the advant-
ages of high efficiency and energy saving and can provide
better metal recovery [19].

Solvent extraction exhibits high efficiency, easy back-ex-
traction, convenient operation, and low energy consumption.
Nowadays, solvent extraction for separating and recovering
Co(II) is an attractive research topic. The commonly used ex-
tractants are phosphonic acids and amines (Cyanex 301 [20],
TOA [21], Aliquat 336 [22]). Several researchers have repor-
ted that Co(Il) reacts with CI” (introduced via hydrochloric
acid) to form [CoCL,]* anion complexes and then is re-
covered with Aliquat 336 [23]. However, the extraction by
introducing CI', which is generally performed in chloride
media, exhibits some limitations. For instance, the addition of
CI' via hydrochloric acid greatly increases the concentration
of acid in the solution and the corrosive effect on the equip-
ment is also increased. The extractant (N263) is usually used
to separate Co(II) and Ni(II) in the CI” system [24]. However,
other metals, such as Mn(II), also tend to form complex an-
ions with CI” [25], yielding competitive extraction. There-
fore, there is a need to find highly selective and efficient sep-
aration systems to improve the extraction efficiency of Co(II)
from leachate of spent LIB cathodes under milder acidic con-
ditions.

In addition, it was reported that Co(Il) could efficiently
complex with nitrite to form anionic complexes [26].
However, nitrite-assisted Co(II) extraction has been scarcely
reported. In our work, ascorbic acid and nitric acid were em-
ployed as co-leaching reagents [27]. Due to the reduction po-
tential of ascorbic acid, nitrate ions in the solution are re-
duced to nitrite ions to enhance the extraction efficiency of
Co(II). We used the quaternary ammonium extractant N263
to effectively separate and recover Co(Il) ions from the Li-
ion battery cathode materials by leaching solution under low-
acidic conditions, expecting to establish a suitable process to
selectively recover Co(II) and avoid effects of Ni(Il), Mn(II),
and Li(I). The effects of the sodium nitrite concentration, H"
concentration, modifier type, extractant concentration, phase
ratio, contact time, and temperature on the Co(II) extraction
were investigated, and the extraction mechanism was re-
vealed.

2. Experimental
2.1. Materials

The extractant was methyl trioctyl ammonium chloride
(N263; 97% purity); Besides, we used the following chemic-
als: nitric acid (HNO;; analytical grade purity), ascorbic acid
(CsHsOg; purity >99.7%, Guangdong Guanghua Sci-Tech
Co., Ltd., China), sodium nitrite (NaNO,; 99%), Co(Il) ni-
trate hexahydrate (Co(NOs),'6H,0; 98.5%), Ni(Il) nitrate
hexahydrate (Ni(NO;), 6H,0; 98%), Mn(Il) nitrate hexahy-

Int. J. Miner. Metall. Mater., Vol. 30, No. 5, May 2023

drate (Mn(NOs) ,-6H,0; 98%), and Li(I) nitrate (LiNO;;
99%). The third-phase modifier iso-propyl alcohol (>99.7%)
and the sulfonated kerosene were supplied by Shanghai Mac-
lin Biochemical Technology Co., Ltd., China. Other analyt-
ical grade organic reagents were used in this work without
further purification. Spent LIB packs used in buses were ob-
tained from the Shanghai Momiji New Energy Technology
Co., Ltd., China.

The battery material was first disassembled, cleaned, and
dried, and the electrode powder was collected to obtain the
actual leaching composition by the experimental leaching
method of Chen et al. [27], as shown in Table 1. The leached
solution was used directly in the experiments exploring
Co(II) extraction from the actual solution. Also, the composi-
tion of the aqueous solution in the extraction experiment was
prepared using nitrate, and the concentration of metal ions in
the aqueous solution was 0.5 and 0.8 g/L.

Table 1. Composition of the real leaching solution = mg/L

Li Mn Co Ni
1163 3534 2493 6450
2.2. Methods

The organic phase was composed of N263/modifier/sulf-
onated kerosene. Solvent extraction and separation experi-
ments were performed in a thermostated shaking box. The
type of extractants and modifiers, the acid concentration
(0.01 to 0.4 M), the concentration of sodium nitrite (0 to
6 M), extraction time (5 to 90 min), and extraction temperat-
ure (25, 30, 35, 40, and 45°C) were investigated. Also, the re-
lationship among the three N263/modifier/sulfonated ker-
osene ratios was investigated. To explore the separation of
Co(II) from the actual leachate solution, we used the follow-
ing leaching conditions: 0.5 M ascorbic acid and 0.5 M
HNO;; the solid/liquid (S/L) was 20 g/L at 70°C for 1 h [27].
The phases were left to stand in the separation funnel for 10
min after extraction, and the extracted organic phases
(30vol% N263 and 15vol% iso-propyl alcohol in sulfonated
kerosene, [Co*'] = 0.8 g/L, 1 M NaNO,, the volume ratio of
the aqueous-to-organic phase (A/O) = 2:1, extraction time
(¢) = 30 min, temperature (7) = 25°C, and [HNOs] = 0.1 M)
were collected for the next back-extraction experiments. In
the back-extraction experiments, various back-extraction
agents, such as NaCl, NH,Cl, NaOH, NH;H,0, H,0, HNO;,
H,SO,, and HCl, were used for the back-extraction of Co(II).
The effects of the concentration (0.5 to 2.5 M), equilibration
temperature (25, 30, 35, 40, and 45°C), and equilibration
time (5 to 60 min) of back-extraction agents on back-extrac-
tion efficiency, were also explored to determine the best
back-extraction conditions.

After the phase separation, the aqueous phase was collec-
ted and diluted with 0.1 M HNO; to prevent the precipitation
of metal ions by hydrolysis under low acidic conditions and
the introduction of impurity ions. At the same time, the ion
concentration in the organic phase was calculated by the
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mass balance method. The inductively coupled plasma-atom-
ic emission spectrometry (ICP-AES) measurement method
was used to investigate the concentration of metal ions. The
experimental results were calculated using Egs. (1)~(5):

Corg Vaq
D= —Xx 4 (1)
Caq vorg
E= —— x100% 2
D+ (Vag/ Virg) ’ @
M;q
S = —1 x100% 3)
org
0= Copx @)
B Vorg
D,
-1 5
B D, 5)

where D, E, S, O, and By, are the distribution ratio, the ex-
traction efficiency, the back-extraction efficiency, the extrac-
tion capacity, and the extraction separation coefficient of the
two metals, respectively. C,, (mg/L) and C,, (mg/L) repres-
ent the metal ion concentrations obtained in the loaded or-
ganic and loaded aqueous solution, respectively. V,,, (L) and
Vaq (L) represent the volume of the loaded organic and loaded
aqueous phases, respectively. M',,, (g) and M',, (g) denote the
mass of loaded organic and aqueous phase metal ions, re-
spectively.

2.3. Characterization

The extraction mechanism of Co(II) with N263 was in-
vestigated using a Fourier transform infrared spectrometer
(FT-IR racer 100, Shimadzu, Japan), and the formation of
metals in solution was analyzed using an ultraviolet absorp-
tion spectrometer (UV 3600Plus, Japan). The concentration
of metal ions in the solution was analyzed by an ICP-AES
(ICPS-7510, Shimadzu, Japan) instrument. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on
0.5 g of dried potassium bromide (KBr) with a drop of organ-
ic phase using an ESCALAB 250XI spectrophotometer
(Thermos Fisher Scientific, USA).
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3. Results and discussion
3.1. Solvent extraction

3.1.1. Effect of extractants and modifiers

The extraction of Co(II) with primary amine salt (N1923),
tertiary amine salt (N235) [28], and quaternary ammonium
salt (N263) [22] is shown in Fig. 1(a). The effect of the modi-
fier type (iso-octanol, iso-propyl, and sec-octanol) on the ex-
traction of Co(II), Ni(Il), Mn(Il), and Li(I) is shown in
Fig. 1(b). As demonstrated in Fig. 1(a), the extraction effi-
ciency of Co(II) with N263 reaches 83.34%, which is higher
than those with N1923 and N235. Compared with N1923 and
N235, N263 can bind many anionic complexes, exhibiting a
stronger extraction ability of Co(Il). Fig. 1(b) indicates that
the extraction of Co(II) with iso-propyl alcohol is more effi-
cient than with sec-octanol and iso-octanol. In addition, the
extraction efficiency of Co(Il) without a modifier is 63.50%,
but the extraction of Co(Il) is significantly improved in the
presence of a modifier. Also, the extraction efficiencies of
Ni(II), Mn(II), and Li(I) are about 10.00%. The extractant
N263 cannot be completely dissolved in kerosene without
modifier due to its high viscosity and poor mobility, which
affects the combination of N263 and solution complex an-
ions (Fig. S1). The results show that the modifier can better
dissolve N263 in kerosene and increase the solubility and the
extraction efficiency of Co(II). The addition of iso-propyl al-
cohol enables the dissolution of N263 in the diluent and pre-
vents the generation of the third phase with a higher comple-
tion degree of the extraction reaction. Therefore, the addition
of iso-propyl alcohol efficiently separates Co(II).
3.1.2. Effect of the sodium nitrite concentration

The effects of NaNO, concentration on the extraction effi-
ciencies of Co(II), Ni(II), Mn(II), and Li(I) and on the pH in
the Co(Il) solution are presented in Fig. 2. The results show
that the extraction efficiency of Co(Il) is affected by the
change in the NaNO, concentration, and the extraction effi-
ciency of Co(Il) reaches 77.76% with the addition of 1 M
NaNO,. As the NaNO, concentration further increases, the
Co(II) extraction efficiency decreases, possibly due to the re-

100
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= 80f I £ 1 Mn(II)
= = E AL
g I
260
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£ 40}
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gt D] Dl e
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Fig. 1. Effect of different extractants and modifiers on the extraction of Co(Il), Ni(II), Mn(II), and Li(I): (a) effect of N235, N1923,
and N263; (b) effect of modifiers (iso-propyl alcohol, sec-octanol, and iso-octanol) (conditions: 20vol% N263, 10vol% iso-propyl in
sulfonated kerosene, 1 M NaNO,, A/O =10:1,¢=1 h, T=25°C, [HNO;] = 0.1 M, and [C0**] = 0.5 g/L).
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straining of the high nitrite concentration on ion exchange
[26,29]. However, the extraction efficiencies of Ni(Il),
Mn(II), and Li(I) continue to rise with the NaNO, concentra-
tion increasing. In addition, excess NaNO, consumes more
hydrogen ions, changing the solution pH. For instance, the
pH value is 4.5 and 5.3 at a NaNO, concentration of 1 and 6
M, respectively. To prevent metal precipitation, it is import-
ant to control the quantity of NaNO,. Therefore, according to
the complexation ability of metal ions with nitrite, Co(II) has
a strong extraction ability and reaches the maximum value at
a NaNO, concentration of 1 M. Based on this, the sub-
sequent tests were carried out with 1 M NaNO,.

100 7
—-@— Co(Il), E
—A— Ni(Il), E
< 80f 9 -¥- Li(l), E 16
E —k— Mn(II), E
5 60F —m— Co(Il), pH o
8 15 =
£ g
[
= 40 o)
g =
9 14
£ 20F
m
3
O L
0 1 2 3 4 5 6

NaNO, concentration / M

Fig. 2. Effect of the NaNO, concentration on the extraction
efficiency (E) and pH value (conditions: 20vol% N263, 10vol%
iso-propyl in sulfonated kerosene, A/O =10:1,7=1h, T =25°C,
[HNO;] = 0.1 M, and [Co*] = 0.5 g/L).

3.1.3. Effect of acidity

Fig. 3(a) illustrate the effect of different acid concentra-
tions on the extraction efficiency of Co(Il), and Fig. 3(b) de-
scribe the extraction of Co(II), Ni(I), Mn(II), and Li(I) by the
change in solution pH after the addition of NaNO, in the
HNO; system. Fig. 3(a) depicts that the Co(II) extraction effi-
ciency exhibits a downward trend with the acid concentra-
tion increasing. Therefore, high acidity is not favorable for
the extraction of Co(II), and there is only little effect of the
type of acids on it. In highly acidic solution, NaNO, would

100 f
°i°\a o nno, @
- CNE S -9~ 1,80
X L C N 20Uy
S 80 g\g @ HCI
g
5 60
=
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Fig. 3.
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react with hydrogen ions to produce NO, and NO, as shown
in Eq. (6):
2NO; +2H* =NO, T +NO 7 +H,0 (6)

Fig. 3(b) shows the pH value and the extraction of Co(II),
Ni(IT), Mn(II), and Li(I) at different concentrations of HNO;
with 1 M sodium nitrite. In the 0.01 M HNO; solution,
98.63% of Co(Il) can be extracted, and the pH value ap-
proaches 5.5. However, 0.1 M HNO; was chosen to conduct
the experiment to avoid the hydrolysis of metals.
3.1.4. Effect of the N263 and iso-propyl alcohol ratio

To investigate the optimal relationship between N263 and
iso-propyl, Fig. 4 indicates that the extraction efficiency of
Co(II) increases with the proportion of N263 and reaches a
balance of about 84.25% at a volume ratio of 1.5:1. There-
fore, an N263 and iso-propyl alcohol ratio of 1.5:1 was
chosen for subsequent experiments.
3.1.5. Effect of the N263 concentration

Fig. 5 presents the extraction efficiencies of Co(II), Ni(Il),
Mn(II), and Li(I) as a function of the N263 concentration.
The extraction efficiency of Co(Il) increases with the N263
concentration increasing from 10vol% to 50vol%, as shown
in Fig. 5. The extraction efficiency achieves equilibrium
when the N263 concentration reaches 30vol%. It also exhibit
good selectivity for extracting Co(II) from Co(II), Ni(Il),
Mn(II), and Li(T). The pure extractant (N263) is pale yellow
solid with a certain viscosity (viscosity is negatively correl-
ated to mobility). Therefore, the higher the concentration of
N263, the higher the viscosity, resulting in poorer contact
properties between the organic and aqueous phases, which
affects the extraction efficiency [30]. Considering the extrac-
tion of Co(II) and the extractant cost in detail, 30vol% N263
was selected as the optimal extraction condition in this work.
3.1.6. Effect of the phase ratio

To investigate the separation effect of Co(Il), Fig. 6 shows
the effect of the A/O ratio. Fig. 6 illustrates that the extrac-
tion efficiency of Co(Il) increases with the A/O ratio de-
creasing from 10:1 to 2:1. When the A/O ratio is 2:1, the ex-
traction efficiency of Co(Il) reaches the maximum of
99.16%, while the extraction efficiencies of Ni(Il), Mn(Il),
and Li(I) is 9.27%9.80%. A higher amount of the organic

6.0
100F o @ Co(l).E (b)|
°\° AN, E |,
~o W Li(I), E -
80+ ,
Co(m,pH |7V
60 E]
145 £
40t o =
{4.0
20r 135
0 ',>;/'\;=z?~{'\‘.',‘lg)‘( L L “':1 3.0
0 008 016 024 032 040

HNO; concentration / M

(a) Effect of the acid concentration on the Co(Il) extraction; (b) effect of the HNO; concentration on the extraction of Co(II),

Ni(II), Mn(II), and Li(I) and pH in the HNOj; system (conditions: 20vol% N263, 10vol% iso-propyl alcohol in sulfonated kerosene, 1
M sodium nitrite, A/O = 10:1,¢=1 h, T=25°C, and [Co*"] = 0.5 g/L).
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phase could yield a higher extraction and separation effi-
ciency of Co(Il) but may lead to inappropriate usage and
waste of the organic phase. Therefore, an A/O ratio of 2:1

100
© 80 |
B
5 60t —a— Co(I)
2 —— Ni(II)
Q .
g 4o - 1%/;(1)11
g n(II)
i=}
520t

O | v 7“.‘,’7,A7/——.:—/‘.

1:3 1:2 1:1.5 1:1 1.5:1 2:1
Ratio of N263 to iso-propyl
Fig. 4. Effect of the N263 and iso-propyl alcohol ratio on the
extraction efficiencies of Co(II), Ni(II), Mn(II), and Li(I) (con-
ditions: 20vol% N263, 10vol% iso-propyl alcohol in sulfonated
kerosene, 1 M NaNO,, A/O =10:1,#=1 h, T=25°C, [HNO;] =
0.1 M, and [Co™] =0.8 g/L).
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Fig. 5. Extraction efficiencies of Co(Il), Ni(II), Mn(II), and

Li(I) versus the N263 concentration (conditions: the organic

phase contains N263, iso-propyl alcohol, and sulfonated ker-

osene, 1 M NaNO,, A/O =10:1, =1 h, T=25°C, [HNO;] = 0.1

M, and [Co*'] = 0.8 g/L).
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Fig. 6. Effect of the aqueous-to-organic phase (A/O) volume
ratio on the extraction efficiencies of Co(II), Ni(II), Mn(II), and
Li(I) (conditions: 30vol% N263, 15vol% iso-propyl alcohol in
sulfonated kerosene, 1 M NaNQ,, r =1 h, T = 25°C, [HNO;] =
0.1 M, and [Co*"] = 0.8 g/L).

was used in subsequent experiments considering the eco-
nomic cost of the extractant.
3.1.7. Effect of the extraction time

Fig. 7 shows the extraction kinetics, and the results indic-
ate that when the extraction time increases from 5 to 15 min,
the Co(Il) extraction efficiency increases from 93.75% to
99.18%, which shows that the extraction equilibrium time is
15 min. The extraction efficiencies of Ni(II), Mn(II), and
Li(I) are less than 7.12% over the whole investigated time
range. Therefore, the optimum separation of Co(Il) is
achieved at 15 min. However, to reach an adequate contact
time, we fixed the extraction time to 30 min in all experi-
ments.
3.1.8. Effect of the extraction temperature

The effect of temperature on the extraction efficiency of
metal ions is shown in Fig. 8. As temperature increases, the
extraction efficiency of Co(Il) decreases. This may occur due
to the partial transformation of NO; to NO, and NO at high
temperature, which are then released in the air, yielding a
lower concentration of NO; in solution. Moreover, the ex-
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Fig. 7. Effect of the extraction time on the extraction efficien-
cies of Co(Il), Ni(Il), Mn(II), and Li(I) (conditions: 30vol%
N263 and 15vol% iso-propyl alcohol in sulfonated kerosene, 1
M sodium nitrite, A/O = 2:1, T = 25°C, [HNOjs] = 0.1 M, and
[Co*]1=0.8 g/L).
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Fig. 8. Effect of the extraction temperature (conditions:

30vol% N263 and 15vol% iso-propyl alcohol in sulfonated ker-

osene, 1 M NaNQ,, =30 min, A/O = 2:1, [HNOs] = 0.1 M, and

[Co*]=0.8 g/L).
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traction efficiencies of Ni(Il), Mn(II), and Li(I) continue to
rise because Ni(II), Mn(II), and Li(I) interact with NO; relat-
ively little at the initial temperature (25°C). As the temperat-
ure increases, the viscosity and surface tension decrease
while the diffusion increases, enhancing the binding between
metal ions and NO; and slightly improving the extraction ef-
ficiency [31-32]. However, the Co(Il) extraction efficiency
decreases with temperature in our study, while the extraction
efficiencies of Ni(Il), Mn(II), and Li(I) increase, resulting in
the highest separation coefficients of cobalt and other metals
at 25°C. The B(coiiy Bcomny and Biconiy separation coefficients
reach 1140.95, 1171.70, and 1547.31, respectively (Table
S1). To ensure efficient Co(II) separation, we performed ex-
periments at room temperature.

3.1.9. Effect of the high concentrations of Co(II)

The relationship between the NaNO, concentration and
the extraction capacity of Co(Il) is shown in Fig. 9. When the
concentration of Co(Il) is below 3000 mg/L, the extraction
capacity firstly increases with the NaNO, concentration in-
creasing from 0.25 to 1 M and then decreases, exhibiting the
highest value at the NaNO, concentration of 1 M. When the
Co(II) concentration is 4000 and 5000 mg/L and the NaNO,
concentration exceeds 2 M, the extraction capacity of Co(II)
reaches an equilibrium. The extraction capacity of Co(Il) fur-
ther increases when the Co(Il) concentration is higher than
5000 mg/L and the NaNO, concentration exceeds 1 M. More
cobalt ions require more nitrite ions to form a complex,
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Fig. 9. Effect of the NaNO, concentration on the extraction
capacity of Co(Il) for different Co(II) concentrations (condi-
tions: 30vol% N263 and 15vol% iso-propyl alcohol in sulfon-
ated kerosene, A/O = 10/1, 1 M NaNQO,, ¢t = 30 min, 7 = 25°C,
and [HNO;] = 0.1 M).

which is more conducive to extraction. It can be concluded
that the concentration of NaNO, needs to be adjusted accord-
ing to the concentration of Co(II).

3.2. Back-extraction tests

Fig. 10(a) presents the effect of the back-extractant type
on Co(II) back-extraction, and Fig. 10(b) shows the effect of
the HCI concentration on the back-extraction efficiency of
Co(Il). The effects of temperature and time are shown in
Fig. 10(c) and Fig. 10(d), respectively.
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Fig.10. Effects of various parameters on the Co(II) back-extraction efficiency: (a) comparison of seven back-extraction agents; (b) HCI1
concentration (as a back-extraction agent); (c) equilibration temperature, (d) equilibration time (conditions: [Co“]org =0.8 g/L, [HCl] =

1.5M, A/O =1:1,¢=30 min, and 7 = 25°C).
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Fig. 10(a) indicates that the optimal back-extraction effi-
ciency of Co(I) from the loaded organic phase is in the pres-
ence of HCI at a concentration of 1.5 M. Under acidic condi-
tions, CI” can more efficiently exchange with Co(I) complex
anions (Co(NO,)>™) compared to NO; and SO?~, as shown
in Eq. (7):

R,N*-Co(NO,)>™" +Cl™ = Co** +nNO; +R,NClI (7)

Furthermore, HCI is convenient due to its many available
sources and moderate price, and it largely prevents the hy-
drolysis of metal ions under acidic conditions. Therefore, the
subsequent back-extraction experiments were performed
with HCI as a back-extraction agent. The back-extraction ef-
ficiency of Co(Il) increases slowly with the HCI concentra-
tion, as shown in Fig. 10(b), indicating that the HCI concen-
tration has little effect on the back-extraction efficiency. Con-
sidering the obtained data on the back-extraction efficiency
of Co(Il) and ecological aspects, 1.5 M HCI was selected as
the appropriate back-extraction agent concentration. The
back-extraction efficiency of Co(Il) remains unchanged with
the temperature, as shown in Fig. 10(c), so the back-extrac-
tion process is performed at room temperature. Fig. 10(d)
shows that 91.41% of Co(Il) is stripped in 10 min, indicating
that the back-extraction of Co(II) exhibits fast kinetics.

3.3. Extractant reusability

Extractant reusability is shown in Fig. 11. The organic
phase was obtained after back-extraction with 1.5 M HCI.
After five extraction and back-extraction cycles, the extrac-
tion efficiency of the organic phase decrease only by 3.80%,
and the extraction efficiency of the organic phase still reach
93.89%, indicating that the extracted organic phase shows
good reusability and can be recycled many times.

100 } 1 Co(IT)
80
60

40

Extraction efficiency / %

20

0 1 2 3 4 5
Cycle times

Fig. 11. Recycling of extractants (conditions: [Co*'] = 2 g/L;

back-extraction agent, 1.5 M HCI; A/O =1:1; =30 min).

3.4. Analysis of the extraction mechanism

3.4.1. Composition of cobalt complexes

The plot of gD vs. Ig[N263] is illustrated in Fig. 12. The
extraction is performed at a Co(II) concentration of 2 and 3
g/L, an extractant amount of 0.04, 0.1, 0.14, 0.2, 0.3, and 0.4
mL), and the A/O ratio of 10:1.

In the nitrite solution, Co(Il) easily forms an anion com-
plex with NO, and performs ion exchange with N263. The

1.0
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%\096
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Fig. 12. Effect of the N263 concentration on the cobalt distri-
bution ratio.

complex formation and reactions of Co(Il) in the nitrite me-
dium can be expressed as follows [26]:

Co** +nNO; = Co(NO,)*™ (8)

As Fig. 12 shows, the relationship between IgD and
1g[N263] is linear, with slopes of 1.11 and 0.87 at a Co(II)
concentration of 2 and 3 g/L, respectively. The former value
is close to 1; therefore, the value of “n” should be 3 accord-
ing to Eq. (9), indicating that 1 M N263 would be consumed
when 1 M Co(II) is extracted.

Co(NO,)>™" + (n—2)(R-NO;) =
R, 2)- Co(NO,); ™" +(n—2)NO; ©)

R,NCI + Co(NO,); = RyN*-Co(NO,); +CI- (10)

where n and R denote the coordination number of nitro-com-
plexes and the fixed-ionic-group of the anion exchanger
(N263: R,NCI), respectively.
3.4.2. FT-IR characterization of the organic phase

The FT-IR spectra of pure and Co-loaded organic phases
are shown in Fig. 13. The absorption peak of the three organ-
ic phases at 2954 cm™' represents the asymmetric stretching
vibration of -CHj; 2923 and 2854 cm ' are asymmetrical and
symmetrical stretching vibrations of —CH,, respectively. Fur-
thermore, the peaks of —.CH; deformation vibration and —CH,
interfacial bending vibration appear at 1377 and 1462 cm’,
respectively. The characteristic absorption peak of saturated
hydrocarbons with long carbon chains (n >4 in (CH,);) is at
724 cm™'. By comparing the chromatograms of N263 and the
mixed organic phase, the characteristic peak of N263 is al-
most unchanged after the addition of iso-propyl alcohol and
kerosene, indicating that iso-propyl alcohol is only used as a
modifier to dissolve N263 in kerosene without interaction.
The broad, blunt peak at 3400 cm™" and the peak at 1639 cm™
are typical absorption peaks of —OH [33—35]. There is also an
obvious absorption peak of NO; at 1271 cm ™ [29]. Compar-
ing the organic phase before and after extraction, it is found
that the organic phase loaded with Co(Il) shows a new peak
at 1315 cm™', which is due to the shift of the peak caused by
the complexation reaction and the combination of cobalt and
nitrite. In summary, the reaction principle of the extraction
process is as follows [4]: the quaternary ammonium salt ex-
tractant N263 is an anionic extractant, and the CI” anions in
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Fig. 13. FT-IR spectra of pure and Co-loaded organic phases.

the extracted quaternary ammonium salt N263 are replaced
by Co(NO,); anions via an ion-exchange reaction.
3.4.3. UV characterization

Fig. 14 illustrates the UV broadband absorption spectra of
Co(Il) in the NaNO,—HNO; solution. As shown in Fig. 14,
the nitrate absorption peak appears at 300 nm, and the peak
intensity gradually increases when cobalt nitrate is added.
Curves (1) and (2) show that there is a weak peak at 510 nm,
which is attributed to Co(II). Moreover, four sharp peaks
from 350 to 400 nm appear in curves (3) to (6). The peak at
350 nm originates from nitrite (NO3) ions [36], and the re-
maining peak could be from the complexes formed by cobalt
and nitrite. However, as the amount of NaNO, increases, the
intensities of the four absorption peaks gradually increase. In
curve (6), the absorption peak is too strong, leading to the
disappearance of the Co(Il) peak at 510 nm [37]. The UV
spectra prove that Co(II) complexes with NaNO,.
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Fig. 14. UV absorption spectra of Co(II) in the NaNO,~HNOQO;
solution.

3.4.4. XPS characterization of the organic phase and the
structural mechanism

X-ray photoelectron spectroscopy (XPS) was used to
study the valence states of ions in the organic phases before
and after extraction. Fig. 15(a) and (b) shows the peak values
of Co 2p and N 1s before and after extraction, respectively.
Based on the FT-IR, UV, and XPS analyses, we propose in
Fig. 15(c) a schematic of the Co(II) extraction mechanism by
N263.

As shown in Fig. 15(a), the CI 2p peak in the organic
phase before extraction almost disappears after extraction
due to the ion exchange effect, leading to the presence of CI”
ions in the solution. In addition, the absorption peaks of C 1s,
O 1s,and N 1s are enhanced after extraction, and the absorp-
tion peaks of Co 2p confirm that Co(II) is successfully ex-
tracted. Therefore, an ion-exchange relationship exists be-
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(a) XPS survey spectra of the extraction agent before and after adsorption and enlarged spectra of Co 2p; (b) enlarged

spectra of N 1s of the extraction agent before and after adsorption; (c) the mechanism of the Co(Il) extraction by N263.
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tween the anionic complex formed by cobalt, nitrite, and the
extractant. The weak intensity of Co 2p, Cl 2p, and N 1s
peaks is mainly due to the lack of the organic phase during
preparation [38]. The 2p of all cobalt atoms in the organic
phase after extraction is further illustrated in Fig. 15(a). The
binding energies at 781.1 and 795.5 eV are related to the pos-
sible spin states 2ps, and 2p,,, respectively. Ultimately, the
2ps; and 2py, separation and the satellite structure indicate
the presence of elements in the cobalt chemical environment
[39].

To explore the extraction mechanism more conveniently,
the N 1s spectra before and after extraction indicate the pres-
ence of quaternary amine groups (R,N") at 401.5 eV, as
shown in Fig. 15(b). After extraction, the peak of the qua-
ternary amine group (R4,N") shifts to 401.9 eV, and the posi-
tion of the quaternary amine group (R4N") increases by
0.4 eV, illustrating a large number of Co(Il) anionic com-
plexes interacting with the quaternary amine groups. In addi-
tion, the absorption peak of -NO, appears at 403.5 eV after
extraction, which may be because Co(Il) and NO; ions are
combined and extracted into the organic phase, indicating
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Fig. 16.

that the extraction mechanism is ion exchange [29].

Therefore, combined with the slope analysis, it can be es-
timated that the extractant and complex are combined in a ra-
tio of 1:1. The UV, FT-IR, and XPS results show that Co(II)
reacts with NO; to form Co(NO,);, and the extraction mech-
anism of Co(Il) is an anion-exchange reaction. In conclusion,
the extracted complex is identified as [R;NCo(NO,);], and
the mechanism of the Co(I) extraction by N263 is shown in
Fig. 15(c).

3.5. Distribution isotherms and extraction in simulated
solution

To determine the number of theoretical extraction stages
in actual industrial operation, we measured the McCabe—
Thiele diagrams for cobalt by equilibrium extraction distri-
bution isotherms in the A/O ratio range of 1:2 to 3:1, as
shown in Fig. 16(a). According to the actual concentration
of metal ions in the solution after leaching (Table 1), the
simulated solution is shown in Table 2. Fig. 16(b) depicts
the metal ion extraction efficiency in the simulated mixed
solution.
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(a) Co(Il) extraction distribution isotherm and McCabe-Thiele diagrams; (b) the extraction efficiency of the simulated

mixed solution (30vol% N263 and 15vol% iso-propyl alcohol in sulfonated kerosene, 1 M sodium nitrite, # = 30 min, 7 = 25°C, and

[HNO;] = 0.1 M).

Table 2. Composition of the simulated solution mg/L
Li Mn Co Ni
1224 3547 2544 6977

Note: 30vol% N263 and 15vol% iso-propyl alcohol in sulfonated
kerosene, 1 M NaNO,, =30 min, A/O =2:1, and [HNO;]=0.1 M.

According to the McCabe-Thiele diagram (Fig.16(a)), the
simulated Co(II) content in the solution is 2544 mg/L. The
extraction efficiency of Co(Il) is 70.10% (Fig. 16(b)). Three
or more theoretical extraction stages are needed to theoretic-
ally extract more than 99% of Co(Il) under the following
conditions: an A/O ratio of 2:1, 30vol% N263 and 15vol%
iso-propyl alcohol in sulfonated kerosene, 1 M sodium ni-
trite, # =30 min, 7= 25°C, and [HNO;] = 0.1 M.

3.6. Extraction in real leaching solution

In this study, the separation effect on Co(Il) in the actual
leaching solution was investigated using the following leach-

ing conditions: 0.5 M ascorbic acid and 0.5 M HNOs;, S/L of
20 g/L, temperature of 70°C, and time of 1 h [27]. We con-
ducted real solution leaching tests with the concentrations of
Co(II), Ni(II), Mn(II), and Li (I) given in Table 1. Combined
with Fig. 9, which shows that the optimal concentration of
sodium nitrite is 1 M at a Co(I) concentration of 2493 mg/L,
the extraction efficiency of Co(I) in the actual leaching solu-
tion is 100%, as shown in Fig. 17.

Due to the reduction potential of ascorbic acid, nitrate ions
in the solution are reduced to nitrite ions [27]. After NaNO, is
added, NO; is introduced to combine with Co(II) more ef-
fectively to form an anionic complex for ion exchange. The
extraction efficiencies of Li(I), Mn(Il), and Ni(Il) are
15.04%, 12.11%, and 12.32%, respectively.

Table S2 illustrates the extraction efficiency by simulat-
ing the concentration of metal ions to study the effects of
ascorbic acid in the actual solution. Condition 1: when 0.5 M
HNO; and 0.5 M ascorbic acid are used, the metal ion extrac-
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tion efficiency is 0, indicating that ascorbic acid does not in-
teract with metal ions in the solution. The extraction effi-
ciency of Co(Il) is 62.99% under condition 2: 0.5 M HNO;
and 1 M NaNO,. The extraction efficiency of Co(Il) in-
creases to 94.24% after the addition of ascorbic acid under
condition 3: 0.5 M HNO;, 0.5 M ascorbic acid, and 1 M
NaNO,. The presence of ascorbic acid as a reducing agent in
the solution contributes to the Co(I) extraction, and it
reaches 100% in the actual solution (Fig. 17). Therefore, the
NaNO, system with N263 can effectively extract and separ-
ate Co(II) from the solution of ascorbic acid and HNOs.
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Fig. 17. Application of the actual leaching solution (30vol%
N263 and 15vol% iso-propyl alcohol in sulfonated kerosene,
1 M sodium nitrite, #= 30 min, and 7 = 25°C).

According to Fig. 17, Co(I) can be effectively extracted
by N263, but about 10.00% of Li (I), Mn(II), and Ni(II) ions
still exist. We performed back-extraction with 1.5 M HCI at
an A/O of 1:1, as stated in Table S3, to better separate and re-
cover Co(II). The obtained ultimate Co(Il) purity can reach
97.98%, and a good separation effect is indicated.

4. Conclusion

We demonstrate the feasibility of the extraction and separ-
ation of Co(II) from the acidic leaching solution of LIBs
cathode materials with quaternary ammonium extractant
(N263) in the nitric acid system. Three different extractants
and three modifiers are selected for comparison, and N263
and iso-propyl alcohol exhibit excellent Co(II) separation
abilities. The results show that under the conditions of an
A/O ratio of 2:1, 30vol% N263, and 15vol% iso-propyl alco-
hol in the sulfonated kerosene extraction systemwith an ex-
traction time of 30 min, 0.1 M HNO;, and 1 M NaNO,, the
extraction efficiency of Co(Il) from the actual leaching solu-
tion reaches 100%. According to the analysis of the Mc-
Cabe-Thiele diagram, the extraction efficiency of Co(Il)
reaches more than 99.00% after a three-stage counter-current
extraction. More than 97.70% of Co(II) could be back-ex-
tracted from the organic phase with 1.5 M HCI when the A/O
ratio is 1:1. Furthermore, adding ascorbic acid to the solution
improves the Co(Il) extraction efficiency and could separate
Co(Il) from Ni(Il), Mn(Il), and Li (I) via back-extraction.
The purity of Co(II) reaches 97.98%.

Int. J. Miner. Metall. Mater., Vol. 30, No. 5, May 2023

Finally, it is found that in solution with different Co(II)
concentrations, the extraction efficiency of Co(Il) is related to
the change in the concentration of NaNO,, where a higher
Co(II) concentration requires a higher NaNO, concentration.
FT-IR, XPS, UV, and slope analyses confirmed that the
structure of the extracted complex is [RyNCo(NO,);] and that
the mechanism of the Co(II) extraction by N263 is an anion-
exchange reaction.
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