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Abstract: A synergistic solvent extraction (SSX) system consisting of tung oil-based carboxylic acid (TFCA) and
isonicotinic acid ester (4PC) was proposed to selectively extract Ni over Li and Mg from acid leach solutions of spent
lithium-ion batteries (LIBs). The SSX system indicates a synergistic effect of Ni which can be mainly attributed to the
multiple chelate ring structure formed between TFCA and Ni, therefore resulting in strong selectivity of Ni. With
optimal conditions, the extraction of Ni reaches 97.3% in a single stage, while the extractions of Mg and Li are nil and
2.29%, respectively. Further, after scrubbing with 300 mg/L NiSOy, the loaded organic solution is stripped using
0.2 mol/L H»SO4. The strip liquor containing 11.52 g/L Ni and only less than 6 mg/L Li is obtained.
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1 Introduction

The production and sales of electric vehicles
(EVs) have constantly increased in recent years,
driving the rapid development of the lithium-ion
battery (LIB) industry [1-3]. However, the average
service life of LIBs is only 3—5 years. Considering
the dramatic increase in power battery production,
massive amounts of scrapped LIBs are expected
to be generated in the future years [4]. Without
appropriate treatment, spent LIBs with hazardous
electrolytes and heavy metal elements can severely
damage the ecological environment and pose a
significant potential threat to human health [5].

However, spent LIB cathodes contain large amounts
of critical metals (Ni: 5%—12%, Co: 5%—20%, Mn:
7%—10%, and Li: 2%—5%), and their contents are
much higher than those in their primary ores.
Recycling these valuable metals can fill more than
40% of the gap between supply and burgeoning
demand [6—8].

In the extensively adopted critical metal
recovery process, spent LIBs undergo discharging,
crushing, screening, acid leaching, and release of
Ni**, Co?", Mn?', Li" and other valuable metal
cations into aqueous solutions [9]. These metal
cations are then precipitated and extracted from the
leach solutions to obtain compounds of Ni, Co, Mn,
and Li [10,11]. Owing to their high selectivity for
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Mn and Co, organophosphorus acid extractants
(Cyanex272, PC-88A, and D2EHPA) are widely
employed for extracting Mn and Co over Ni and
Li [12—15]. However, owing to their insensitivity to
single target cations, extensive co-extraction occurs
in the individual metal element separation process.
The extraction of Ni from Li involves numerous
scrubbing stages, large investment, and large
operational costs, leading to significant waste of
valuable metal resources and imposing an
operational burden of the subsequent recovery
stages [16—18]. This highlights the importance of
developing novel synergistic solvent extraction
(SSX) system with better selectivity and higher
loading capacity to achieve green and efficient
recycling of critical metals from spent LIBs.

Carboxylic acid extractants are expected to
extract Ni over Li. However, because of weak
acidity and weak binding to metal cations, a
relatively high equilibrium pH is required for
extraction of transition metals [19,20]. The high
equilibrium pH not only indicates higher alkali
consumption in practical industrial production, but
also poses a limitation on the application of
carboxylic acid extractants in solutions with high
metal cation concentrations. From the perspective
of designing extractant structures, it is a good
alternative to select a suitable skeleton and redesign
the number and sites of functional groups on
carboxylic acid extractants for improving the
selectivity and loading capacity of Ni.

Tung oil is an ideal matrix compound for
modifying carboxylic acid extractants. As a bulk
renewable biological material, tung oil is
environmentally friendly and cheap [21,22]. The
ester group and conjugated olefin structure in its
main fatty acid components endow it with excellent
chemical activity that can trigger a series of
chemical reactions, including ammonolysis,
epoxidation, and Diels—Alder reactions [23—26].

In our previous studies, multifunctional
extractants were synthesized and novel SSX
systems were constructed to selectively extract
metal ions from complex aqueous solutions [27,28].
In this study, a novel tung oil-based extractant with
a chelating carboxylic acid group was synthesized.
The chemical structure of the synthesized product,
tung oil-based carboxylic acid (TFCA), was
characterized by Fourier transform infrared
(FT-IR) spectroscopy and high-resolution mass

spectrometry (HRMS). The extraction performance
of the novel SSX system (TFCA and 4PC) was
investigated systematically. To clarify coordination
modes of the Ni extraction complex, the reaction
mechanism was investigated using the slope
method and FT-IR spectroscopy.

2 Experimental

2.1 Materials

The tung oil used in this study was provided
by Chenzhou Guosheng Bioenergy Technology Co.,
Ltd. (China). The synergistic extractant, 4PC, was
provided by Hunan Hongbang Material Technology
Co., Ltd. (China). Sulfonated kerosene and
isooctanol (99% in purity), provided by Shanghai
Utop Chemical Technology Co., Ltd. (China), were
used as the diluent and modifier, respectively. The
sulfuric acid leachate of spent LIBs (NCM cathode
material) was provided by Guangdong Fangyuan
New Materials Group Co., Ltd. (China). All other
reagents used in this study were of analytical grade.

2.2 Synthesis of methyl ester of tung oil fatty

acids

Tung oil (100g, 0.11 mol), anhydrous
methanol (40 g, 1.2 mol), and KOH (1 g, 0.018 mol)
were mixed in a 500 mL round bottom flask, stirred,
and reacted in a water bath at 60 °C for 4 h. After
the reaction was completed, the reaction mixture
was distilled to remove excess methanol, and the
components were separated using a separatory
funnel to obtain upper layer fatty acid methyl esters
(TME). The crude product was scrubbed three times
with de-ionized water until the washing water was
neutral. The residual water in the organic phase was
removed using a rotary evaporator under vacuum at
95-99 °C to obtain clear and transparent light
yellow TME (92.6% yield).

2.3 Synthesis and purification of TFCA

TME (100 g, 0.34 mol), fumaric acid (40 g,
0.34 mol), and methyl valerate (40 g) were added to
a flask, stirred, and refluxed in an oil bath at 135 °C
for 30 h in a nitrogen atmosphere. After the reflux
solvent, methyl valerate, was removed using a
rotary evaporator, excess fumaric acid was
precipitated by adding dichloromethane to the
residue and removed by filtration. Then, crude
TFCA was further purified to remove other fatty



Li-han ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1311-1320 1313

acid methyl esters that were not involved in the
reaction. Due to the polarity difference between
TFCA and impurities, fatty acid methyl esters were
extracted with petroleum ether, a low-polarity
solvent. The highly pure yellow viscous TFCA was
obtained by removing the residual petroleum ether
using a rotary evaporator under vacuum (75.2%
yield).

2.4 Extraction experiments

Extraction experiments were carried out using
separatory funnels in a thermostatic shaker, at room
temperature (25 °C) and 220 vibration per minute
for 10 min. Equilibrium pH was adjusted by
controlling the initial pH value.

The key parameters, namely, extraction
efficiency (£), distribution ratio (D), and synergistic
coefficient (R) were calculated by the following
equations:

Vorg .Corg
E=—"""""x100% (1)
Ve -Cs
D:COTg (2)
Cl’
D
R=— S8X (3)

DTFCA +D4PC

where Vo and V; are organic and feed solution
volumes, respectively. Cor, Cr, and C; are the metal
concentrations of the organic, feed solution and
raffinate, respectively. Dssx, Drrca, and Daspc are the
distribution ratios of each metal in the SSX, TFCA,
and 4PC systems, respectively.

2.5 Analysis and characterization

The concentrations of metal cations in the
aqueous solution were determined by inductively
coupled plasma optical emission spectroscopy

OOR

g + CH,0H
W

OOR i

(ICAP7400 Thermo Electron Corporation, USA).
The chemical structures of TFCA and the metal
extraction complex were characterized by FT-IR
spectroscopy (Nicolet iS20, Thermo Scientific,
USA) and HRMS (Agilent 6550 QTOF, Thermo
Fisher-QE, USA).

3 Results and discussion

3.1 Synthesis of TFCA

On comprehensive consideration of the
number of functional groups and the overall carbon
chain structure, an unsaturated long-chain structure
of methyl eleostearate was used as a framework,
and a pair of chelating carboxylic acid groups was
introduced at the conjugated olefin through
Diels—Alder reaction to enhance the selectivity of
the carboxylic acid extractant for divalent metal
cations. The synthetic scheme of TFCA is shown in
Fig. 1.

Purified TFCA was characterized by FT-IR
spectroscopy (Fig. 2, Table 1) and HRMS (Fig. 3;
characteristic peak located at m/z=407.2469). All
key groups and their corresponding characteristic
peaks in the FT-IR spectrum of TFCA are listed in
Table 1. The main peak is clearly visible in the mass
spectrum (Fig. 3). Only a few miscellaneous peaks
are detected in the mass spectrum, indicating the
high purity of TFCA.

3.2 Extraction performance

The metal extraction pH isotherms with the
TFCA system alone and the SSX system consisting
of TFCA and 4PC were conducted and compared in
Fig. 4. With 0.2 mol/L TFCA alone, the extractions
of metals follow the order of Cu > Zn > Ni > Co >
Mn > Ca > Mg > Li. In comparison with the
extraction pH isotherms of other carboxylic acid

o R__
O -
HO Diels-Alder reaction H;C \ﬂ/ HO
A + X oH : 0

(0]

R: C;H,,

Fig. 1 Synthetic scheme of TFCA
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Fig. 2 FT-IR spectrum of TFCA

Table 1 Infrared frequencies and assignment of TFCA

peaks
Vibrational Theoretical Characteristic
N characteristic frequency/
mode . .
frequency/cm cm
V—OH(—COOH) 3550-2500 3500—-2500
V—CH, ~2925,~2850  2929.19,2857.08
V—C=0(—COOCH3) 1750—-1735 173791
V—C=0(—COOH) 1760—1700 1708.07
0—OH(—COOH) 955915 938.09

extractants like Versatic 10 [29], it is found that
they have exactly the same extraction order on
metals and similar curves of these metal cations,
which can be mainly attributed to the commonality
of the carboxylic acid functional group.

Both TFCA and Versatic 10 are carboxylic acid
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Fig. 3 HRMS spectrum of TFCA

extractants, but different from monoacid, TFCA
contains a pair of chelating carboxylic acid groups.
During the extraction process, except for the cation
exchange reaction, a more stable multivariate ring
structure between TFCA and divalent metal cations
can be formed. The pHso value of TFCA for Ni** is
5.67, as listed in Table 2, whilst the pHso value of
Versatic 10 for Ni** is 6.34, indicating a stronger
complex ability of TFCA.

When 4PC was added into TFCA, the SSX
system exhibits significant synergistic effect on Ni
and reasonable synergistic effect on Cu, Zn and Co,
but anti-synergistic effect on Ca, Mg and Li. The
extraction curve of Mn remains almost same. The
ApHso of Ni over Mg and Ni over Li reaches 2,
indicating that the separation of Ni over Mg and Li
in acid leach solutions of spent LIBs can be easily
achieved using the SSX system.

100

(b)

80 =o—Co
—A-Mn
- Mg
60 - ——Ca

—>—-7n
—o—Li

40

Extraction efficiency/%

Equlibrium pH

Fig. 4 Extraction—pH isotherms of TFCA (a) and TFCA+4PC (b) for metal cations (Aqueous solution: 0.02 mol/L M?*
and 0.2 mol/L Na>SOs; Organic solutions: 0.2 mol/L TFCA, 0.4 mol/L 4PC; Phase ratio (O/A) of 1:1; Temperature:

25°C)
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Table 2 Extraction pHso values of TFCA/TFCA+4PC for metal cations

System Cu? Zn* Co? Mn?* Ca?* Mg?* Li*
TFCA 4.07 5.27 5.78 5.88 6.02 6.50 -
TFCA+4PC 3.23 4.81 5.12 5.80 6.24 6.60 -

Synergistic coefficient, R 16.98 7.46

30.77 7.90 1.12 0.37 0.44 0.40

3.3 Separation of Ni from Mg/Li using SSX
system
3.3.1 Effect of equilibrium pH
The authentic solution containing 11.55 g/L Ni,
0.31 g/L Mg and 3.22 g/L Li provided by Fangyuan
Company (China) was used as feed, which was the
same feed in subsequent experiments. The effect of
equilibrium pH on the extraction of metals are
shown in Fig. 5.

100
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60
50
40
30
20
10

O 1 1
35 40 45 50 55 60 65

Equlibrium pH

Extraction efficiency/%

Fig. 5 Effect of equilibrium pH on extraction process
(TFCA: 0.3 mol/L; 4PC: 0.6 mol/L; Time: 10 min; O/A
ratio: 1:1; Temperature: 25 °C)

The extraction efficiency of Ni increases from
9.18% to 83.36% with the increase of equilibrium
pH from 3.5 to 5.5, while the extraction efficiencies
of Mg and Li maintain stable below 3%. Further
increase in equilibrium pH results in slight increase
of Ni extraction efficiency but large increase of Mg
and Li extraction efficiencies, which decreases the
separation coefficient of Ni, Mg and Li. Therefore,
the equilibrium pH of 5.5 is selected as optimum
for subsequent tests.

3.3.2 Effect of TFCA concentration

The effect of TFCA concentration (0.15-
0.45 mol/L) on the extraction of metals are shown
in Fig. 6. The extraction of Ni is improved
significantly with increasing TFCA concentration,
while the extractions of Mg and Li remain constant.

The continuously increasing difference between the
extraction of Ni and the extractions of Mg/Li favors
the selective recovery of Ni from complex aqueous
solutions. The extraction efficiencies of Ni, Mg, and
Li are 97.35%, 0%, and 3.38%, respectively, at a
TFCA concentration of 0.4 mol/L, and are not
significantly improved upon further increase in the
TFCA concentration. Considering the separation
factor of Ni and Mg/Li, and the utilization ratio
of extractant, an extraction system containing
0.4 mol/L TFCA and 0.8 mol/L 4PC is considered
to be optimal.
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30
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VA — A- A —
— A

hd hd hd hd hd Q
5 020 025 030 035 040 045
TFCA concentration/(mol-L™)

Fig. 6 Effect of TFCA concentration on extraction
process (Equilibrium pH: 5.5; n(TFCA)/n(4PC)=1:2;
Time: 10 min; O/A ratio: 1:1; Temperature: 25 °C)

3.3.3 Effect of 4PC concentration

Synergistic experiments with fixed TFCA
concentration (0.4 mol/L) and varying concentrations
of 4PC were conducted at equilibrium pH values of
3.4-6.6 (the neutral extractant 4PC alone cannot
extract any metal from sulfate solutions).

As demonstrated in Fig. 7, a relatively high
equilibrium pH (pHs0=5.53) is still required for the
extraction of Ni using TFCA alone, and this is also
accompanied by slight co-extraction of Mg and Li.
The Ni pH isotherm shows a large shift towards
lower pH with increasing 4PC concentration. A
pHsoeviy 0f 4.93, 4.51, 4.32, and 4.17 is required at a
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Fig. 7 Effect of 4PC concentration on extraction of Ni (a),
Mg (b) and Li (c) (TFCA: 0.4 mol/L; Time: 10 min; O/A
ratio: 1:1; Temperature: 25 °C)

4PC concentration of 0.2, 0.4, 0.8, and 1.2 mol/L,
respectively, indicating significant enhancement
of the selectivity of Ni with the SSX system.
Figures 7(b, c) show that the separation coefficients
of Ni, Mg and Li increase because 4PC inhibits the
extraction of Mg and Li. Considering that
the synergistic effect of the SSX system for Ni and
the anti-synergistic effect for Mg and Li cannot be
significantly enhanced when the 4PC concentration
is higher than 0.8 mol/L, the optimal extraction

concentration of 4PC for subsequent experiments is
determined to be 0.8 mol/L.
3.3.4 Effect of time and temperature

The effects of reaction time (1-15 min) and
reaction temperature (15-40 °C) on the extractions
of metals were studied. As demonstrated in Fig. §,
the extractions of metal cations remain stable with
increasing reaction time and temperature. The
optimal extraction conditions can be determined by
mixing the aqueous solution with organic solvent
for 10 min at 25 °C.
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Z
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g —a— 14
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Fig. 8 Effect of time (a) and temperature (b) on
extraction of metals (Equilibrium pH: 5.5; TFCA:
0.4 mol/L; 4PC: 0.8 mol/L; O/A ratio: 1:1)

3.3.5 Scrubbing and stripping

To minimize co-extraction of Li, diluted
NiSO4 solution was used to scrub the loaded
organic phase containing 11.75g/L of Ni and
0.06 g/L of Li. The results are shown in Fig. 9(a).
It is found that ~75% of Li is scrubbed out by
de-ionized water, indicating that most of Li is
entrained in the organic solution. With the increase
of NiSO4 concentration to 300 mg/L, more than
90% of Li is scrubbed out in a single stage, which
further improves the Ni—Li separation effect.
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Fig. 9 Effect of NiSO4 concentration on scrubbing
efficiency (a) and H,SOs; concentration on stripping

efficiency (b) (O/A ratio: 1:1; Time: 10 min; Temperature:

25 °C)

After scrubbing with 300 mg/L NiSOs, the
scrubbed organic phase was stripped using diluted
H,SO4 solution. As depicted in Fig. 9(b), the strip of
Ni and Li keeps stable with the increase of H2SO4
concentration, and ~98% of loaded metals can be
stripped with 0.2 mol/L H2SOs, implying that the
chelating structure formed between TFCA and Ni
does not inhibit the strip reaction. Finally, a strip
liquor containing 11.52 g/LL Ni and only less than
6 mg/L Li is obtained.

3.4 Extraction mechanism

The slope method was employed to investigate
the extraction mechanism of nickel with the new
SSX system. The derivation of the formula for
slope method has been discussed in our previous
paper [30,31].

As shown in Fig. 10, the slopes of 1g D—pH,
lg D—-1g [4PC] and 1g D—lg [TFAC] were 2, 2 and 1,
respectively. Therefore, the extraction mechanism
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24F
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221
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R?=0.9846
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1.9r R?*=0.9969
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Fig. 10 Relationship between lg D and pH (a), g D and
lg [4PC] (b) and Ig D and Ig [TFCA] (¢) (Ni?*: 100 mg/L;
O/A ratio: 1:1; Time: 10 min; Temperature: 25 °C)

for the synergistic extraction of Ni by SSX system
can be expressed by Eq. (4):

Ni** (aq) + H,A(org) + 2L(org) =
NiAL, (org) + 2H" (aq) 4)

By comparing the FT-IR spectra of the blank
organic phase with that of the loaded organic phase
in Fig. 11, several significant changes are observed:
(1) The intensity of stretching vibration peak of
—OH in the —COOH functional group at 3500—
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2500 cm ' decreases significantly, which can be
attributed to the cation exchange between TFCA
and Ni**, and the hydrogen of —OH is removed
when the Ni extraction complex is formed. (2) Two
weak absorption peaks of the pyridine ring are
observed at 1607.11 and 1408.51 cm™!, whereas the
two peaks corresponding to the Ni extraction
complex shift to higher frequencies of 1622.77 and
1420.80 cm™!. Apart from the blue shift, all the
peaks of the blank organic and loaded organic are
identical.

The above results suggest that both TFCA and
4PC are involved in the coordination of the Ni
extraction complex, which is consistent with the
results obtained using the slope method. The most
probable structure of the metal extraction complex
is deduced, as shown in Fig. 12.

FTCA+4PC

FTCA+4PC+Ni**

B

4000 3500 3000 2500 2000 1.50.0 1000 500
Wavenumber/cm™!

Fig. 11 FT-IR spectra before and after extraction using
SSX system

O \\\\
C;Hys

Fig. 12 Plausible structure of Ni extraction complex

4 Conclusions

(1) A new chelated carboxylic acid extractant
is synthesized with tung oil as raw material and a

novel SSX system consisting of TFCA and 4PC is
thus developed to selectively extract Ni from Li in
acid leach solutions of spent LIBs.

(2) The extraction experiments indicate that a
multiple chelate ring is formed between TFCA and
divalent metal cations, thereby enhancing the
binding ability of TFCA and improving the stability
of the metal extraction complexes. The extraction
operations were systematically investigated, and the
following conditions are determined to be optimal:
equilibrium pH 5.5, ¢(TFCA) 0.4 mol/L, c(4PC)
0.8 mol/L, O/A ratio 1:1, reaction time 10 min, and
reaction temperature 25 °C. More than 97% of Ni**
in the aqueous solution is extracted through a single
stage, and meanwhile, the extraction of Li is within
3%. A high purity nickel sulfate solution is obtained
after the loaded organic solution is scrubbed by
NiSOys solution and stripped with 0.2 mol/L H,SOa.
The excellent extraction performance of this novel
SSX system indicates promising applications in
authentic solutions.

(3) The results of the slope method and
spectroscopic analysis reveal that Ni** is extracted
from the leach solution in the form of
“Ni(C23H3406)(C16H2sNO»)2-2H,0”, and extraction
mechanism involves cation exchange and
coordination reaction.
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