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A novel ionic liquid (IL) trioctyldodecyl phosphonium bis(2,4,4-trimethylpentyl)phosphinate was
developed as a recovery agent for cobalt(Il) and manganese(Il) from spent lithium-ion batteries (LIBs).
Absence of organic diluent provides an advantageous factor to IL-based extraction than the conventional
one. Co(Il) and Mn(II) were extracted quantitatively from the aqueous phase to the IL phase. Extracted
Co(II) and Mn(II) were stripped from the IL using water and NH4NOs3, respectively. After stripping, the IL
can be reused as the extractant, facilitating the realization of a continuous extraction process. The

developed hydrophobic IL shows promise as an extractant for Co(Il) and Mn(II) from the spent LIBs.

1. Introduction

Lithium-ion batteries (LIBs) have become crucial components of many modern technologies. LIBs
are attractive for power storage because of their high charge density, which allows them to be more
compact than other rechargeable batteries [1]. The increased use of various types of portable equipment,
such as mobile devices and personal computers, in recent decades, has led to huge growth in their market
and greatly stimulated the production of LIBs. However, the great increase of LIB usage will be followed
by the problem of spent LIBs in forthcoming years [2]. The cathodes of LIBs contain various valuable
metals, such as lithium (L1), cobalt (Co), nickel (Ni), and manganese (Mn). Therefore, recycling spent LIBs
is considered beneficial from both economic and environmental aspects. To date, the approaches used to
recycle valuable metals in LIBs mainly involve pyrometallurgical and hydrometallurgical processes [3].
Liquid—liquid extraction is an important hydrometallurgical method in metal processing. For spent LIBs,
liquid-liquid extraction is generally carried out using an inorganic acid, such as HoSO4, HCI, or HNOs, as

an acidic leaching agent [4].
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Extracting agents, such as bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272) [5],
di-(2-ethylhexyl)phosphoric acid (D2EHPA) [5], bis(2,4,4-trimethylpentyl)dithiophosphinic acid (Cyanex
301) [6], 2-ethylhexylphosphonic mono-2-ethylhexyl ester [7], and N,N-dioctyl-1-octanamine (Alamine
336) [6] have been widely used to recover Co and Mn from not only primary ores but also secondary
sources; e.g., spent LIBs. However, these conventional extractants require a large amount of solvent, such
as toluene or kerosene, as a diluent. Those solvents are classified as volatile organic compounds, which
have limited reusability and raise environmental concerns because of their high vapor pressure,
flammability, and toxicity. Thus it is beneficial not only from economical but also from environmental
viewpoint to find a suitable replacement for those solvents.

A possible alternative to organic solvents is ionic liquids (ILs). Over the past few years, ILs have
been explored as a possible alternative to organic solvents and extractive agents, due to their low vapor
pressure and adjustable properties. In 2012, Rybka and colleagues used phosphonium-based ILs to separate
Co(Il) from Ni(II) [8]. However, toluene was required as a diluent for the IL. Wellens et al. reported the
first example of Co(Il) extraction using undiluted trihexyltetradecylphosphonium chloride (P g.6,14Cl) [9].
They found that the undiluted system provided better separation factors for Co(II) from other metals
compared with those of diluted systems. Recently, trioctyl(alkyl)phosphonium chloride ILs diluted with
toluene have been used for Co(Il) extraction [10]. They achieved excellent Co(Il) extraction performance at
high HCI concentration. Only a few examples of Mn(II) extraction using ILs have been reported. Ola et al.,
used trihexyltetradecylphosphonium bromide (Pgge6,14Br), Pese14Cl, and Alamine 336 to extract and
separate Mn(II) from Fe(III) [12,13]. Several conventional extractants, such as D2EHPA, Cyanex 272, and
Cyanex 301 have shown excellent performance in recovering valuable metals from spent-LIBs [13,14].
However, the use of undiluted ILs to recover valuable metals from spent LIBs has seldom been explored.

Trihexyltetradecylphosphonium  bis(2,4-trimethylpentyl)phosphinate  (Ps¢,614R2POO) has been
investigated as an extractant for several kinds of metals. Pg6614R,POO has also been explored as an
extraction agent for Co(Il) [9,12,17]. Bradaric et al. reported the synthesis and characterization of
Ps,6,6,14R2POO [15]. Rybka et al. achieved a good separation factor of Co(Il) from Ni(Il) in chloride media
using Pe¢,6,14R2POO [8]. Moreover, Pgg6,14R2POO can also be used simultaneously with other immiscible
ILs, such as imidazolium-based ILs. For example, a combination of Pgge14R,POO and
1-ethyl-methylimidazolium chloride was able to extract Co(Il) from Ni(I) with a high separation factor
[13]. Previously, we synthesized trioctyldodecylphosphonium halides (Ps3s,12X; X = Cl, Br), which were
used as extractants for valuable metals [19,20]. These ILs showed higher hydrophobicity and lower
viscosity than those of their commercial counterparts. Combining the trioctyldodecylphosphonium cation
(Pg8.12") and bis(2,4,4-trimethylpentyl)phosphinate anion (R,POO") could yield ILs with greatly enhanced
performance in the recovery of valuable metals. Moreover, few studies on the extraction and separation of
valuable metals from spent LIBs using phosphonium-based ILs with R,POO™ have been reported. In this
study, the phosphonium-based IL trioctyldodecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate
(P3s,3,12R2PO0) is synthesized and used as an extractant to recover valuable metals from the leachate of
spent LIBs.
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2. Experimental
2.1 Reagents

Trioctylphosphine (97%) and 1-chlorododecane (97%), which were used as precursors for
trioctyldodecylphosphonium chloride (Psg3,12Cl), were obtained from Sigma Aldrich (Tokyo, Japan) and
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan), respectively. Bis(2,4,4-trimethylpentyl)phosphinic acid
(92%), which is one of the precursors of Pe s ,14R.POO was purchased from Sigma Aldrich (Tokyo, Japan).
Nitric acid (5 mol L"), HCI (5 mol L"), H,SO4 (5 mol L"), anhydrous Na>SOx (99.9%), NH4NO; (98.0%),
anhydrous FeClz (99.0%), CoCl2.5H20 (99.0%), CuCl,.2H>O (99.9%), and MnCl,.4H>O (99.0%) were
purchased from Wako Pure Chemical Ltd (Osaka, Japan). (NH4)2FeSO4.6H,0 (98%), NH30HCI (96%),
formaldehyde solution, hexamethylenetetramine (99.0%), ethylenediamine tetraacetate (EDTA, 98.0%),
xylenol orange disodium salt, Na>SO; (98.0%), and NiCl,.6H,O (99.9%) were purchased from Sigma
Aldrich (Singapore).

2.2 Synthesis of trioctyldodecylphosphonium chloride (Ps3sgs,12Cl)

Ps.3,5.12Cl (Figure 1a) was synthesized using a similar procedure to that described previously [17].
The synthesis process was done under nitrogen atmosphere. Chlorododecane (0.11 mol eq.) was placed into
a 50 cm? three-neck round-bottom flask with a stirring bar. Trioctylphosphine (0.1 mol eq.) was added
slowly to the flask and then the flask was flushed again with nitrogen before being sealed. The synthesis
was carried out at 145°C for 16 h in an oil bath. To remove the excess 1-chlorododecane, the final product
was dissolved in hexane, and then extracted with water. The final product was dried using an evaporator
(EYELA N-1000, Tokyo, Japan) at 40°C in vacuo for 3 h. Pggs2Cl was obtained as a clear liquid with
98% yield (by mass) and its purity exceeded 96.0%.

Pss.5.12C1 was characterized by 'H, '3C, and 3'P NMR spectroscopy (Bruker Bio Spin AVANCES500,
Kanagawa, Japan) and elemental analysis (Yanaco CHN Corder MT-5, Kyoto, Japan). 'H NMR (400.13
MHz in CDCl3): 6 2.49-2.62 (8H, RCH,P), 1.60-1.70 (8H, RCH>CH,P), 1.48-1.54 (8H, RCH>,CH,CH,P),
1.25-1.45 (40H, RCH,R), 0.88 (12H, CH3CH,R). *C NMR (100.54 MHz in CDCl3): § 33.02, 31.89, 30.76,
30.33, 23.68, 22.77, 19.38, 14.61. *'P NMR (161.90 MHz in CDCl;): § 34.20. Anal. Calcd for C3sH76PCl:
C, 74.98; H, 13.46, N, 0.00. Found: C, 74.66; H, 13.41; N, 0.01.

2.3 Synthesis of trioctyldodecylphosphonium bis(2,4,4-trimethyl pentyl)phosphinate (P33 12R:POO)

Pss5,12R:POO  (Figure 1b) was synthesized by anionic exchange between Pggsi2Cl and
bis(2,4,4-trimethylpentyl)phosphinic acid following the method reported by Dharaskar et al. [18].
Bis(2,4,4-trimethylpentyl)phosphinic acid (4.760 g, 0.01635 mol) was mixed with Pggs12Cl (9.216 g,
0.1635 mol) in hexane (15 g). Then, a NaOH solution (9 mol L") was slowly added to the mixture and
stirred at room temperature for 4 h. The organic phase was then separated and washed with water several
times. The residue of the aqueous phase was further removed by using anhydrous Na>SOa. The solvent was
evaporated by a rotary evaporator (EYELA N-1000, Tokyo, Japan) for 3 h at 40°C. The yield of
Pg5.8,12R:POO was 95% (by mass).

Pss.5.12R,POO was characterized by 'H, *C, and 3'P NMR spectroscopy (Agilent DD2, Singapore)
and elemental analysis (Yanaco CHN Corder MT-5, Kyoto, Japan). 'H NMR (500.13 MHz in CDCl3): §
2.49-2.62 (8H, RCH;P), 1.70-1.40 (16H, RCH>CH,P; 4H, (RCH2),PO), 1.25-0.90 (40H, RCH2R; 6H,
PO,RCH3; 2H, PO:R;CH; 22H, PO,RCH(CH3);), 0.88 (12H, CH3CHzR). '*C NMR (1254 MHz in
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CDCls): § 13.538-55.127 (various singlets).*'P NMR (121.49 MHz in CDCls): § 33.68 (s), 34.56 (s). Anal.
Calcd for CsoH11002P2: C, 75.30; H, 13.37, N, 0.00. Found: C, 75.01; H, 13.34; N, 0.00.
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Figure 1. Structures of (a) Ps35,12Cl and (b) Ps 3 812R2POO.
2.4 Leaching metals from spent LIBs

A spent LIB was obtained in fine powder form with a particle size of less than 75 pm. Initial
leaching was conducted by mixing 5 g spent LIB powder with 5 mol L' HCI solution (50 mL) in a
round-bottom flask for a given time in a water bath (25°C). The mixture was then filtered and the metal
concentration was measured by an atomic absorption spectroscopy (AAS).

2.5 Spectrophotometric determination of metals

Spectrophotometric determination of Co(Il) and Ni(II) was performed by EDTA titration following
the approach reported by Liu et al. [19]. Initially, a solution containing 100 ppm of either Co(II) or Ni(Il) in
HCI solution (5 mol L") was prepared. In Ni(Il) detection with EDTA, 20% hexamethylenetetramine (10
mL) and water at 70°C (50 mL) were added to the Ni(II)-containing solution to accelerate the complexation
reaction of Ni(Il) and EDTA. Then, both Co(II)- and Ni(II)-containing solutions were mixed with several
drops of xylenol orange disodium salt indicator (5 g L™!). Titration was conducted by the addition of 0.01
mol L™! EDTA until the solution changed to purplish red. The solution was heated to boiling. After adding
0.01 mol L' EDTA, titration was continued until the solution turned bright yellow. The end point was
achieved when the color did not change within 30 s.

Determination of Mn(II) was conducted using formaldoxime as the indicator, as reported by Mirea et
al. [20]. NH30HCI (10 g) was dissolved in distilled water and then mixed with 35% formaldehyde solution
(5 mL). A solution containing Mn(II) was mixed with 500 mg L' (NH4)2Fe(SO4)2.6HO solution (1 mL)
and EDTA (2 mL). Formaldoxime solution (1 mL) and 4 mol L' NaOH solution (2 mL) were added. The
solutions were mixed, rested for 10 min, and then 5 mol L"! NH4ClI (3 mL) was added. The solution was left
to stand for 1 h for color development.

The other candidate extractable metals from spent LIB leachate are Fe(Ill) and Cu(Il). The
spectroscopic determination of these metals was conducted by diluting CuCl, and FeCl; solutions to
desired concentrations. Then, ultraviolet—visible (UV-vis) spectroscopic analysis was performed at 265 and
340 nm, respectively. All experiments and spectrophotometric measurements were conducted in triplicate
to minimize the error, which did not exceed 4%. Spectrophotometric analysis was performed with a Jenway
7615 UV-vis split-beam enabled spectrophotometer (Cole-Parmer Co. Ltd., Birmingham, UK). The
absorbance of the solutions was measured using 1 cm-thick quartz cell against double-distilled water as the

blank, unless stated otherwise.
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2.6 Calibration curve

Different volumes of metal-containing solutions and color-developing reagents were placed in
volumetric flasks to obtain different concentrations of the metal in the range of 50 — 150 mg L', The
absorbance of each metal-containing solution within the range of 200 — 800 nm was measured and then a
calibration curve was drawn.
2.7 Extraction procedure

The extraction operation was conducted in a similar manner to our previous report [21]. Undiluted
IL was mixed with an aqueous metal solution (single metal solution/leachate). The mixture was agitated
and shaken in a water bath at 25°C for a period of time. Stripping experiment was carried out in a similar
manner of the forward extraction experiment. The metal concentrations in the single metal solution were
measured by a spectrophotometric method. The metal concentration of the leachate was analyzed with an
atomic absorption spectrometer (Agilent Atomic Absorption Systems 280FS AA, Singapore). All
experiments were performed with a phase volume ratio of the aqueous phase to the IL of 2:1, unless
otherwise stated. The degrees of extraction E (%) and stripping S (%) were calculated using Eqgs. (1) and
(2), respectively,

E= & x100 (1)
MILVIL+Maanq
Mstvst
S=—— % %100 Q)
Mg Ve + ML Vi,

where M (mg L) is the concentration of the metal ion in the aqueous phase (aq), stripping phase (st) and
the IL, and V (L) is the volume of each respective phases. Each experiment and measurement were

performed in triplicate and the error did not exceed 5%.

3. Results and Discussion

3.1 NMR spectroscopy of Pggs12R,POO

The *'P NMR spectra of Ps g 512Cl and Ps512R2POO both exhibited a singlet at around 34.5 ppm, as
shown in Figure 2. This signal was attributed to the quaternary phosphorus atom of Pggs12 [18, 25]. The *'P
NMR spectrum of Pgg5,12R2POO also contained another peak at 33.6 ppm, as shown in Figure 2b, which
could be associated with the quaternary phosphorus center atom of R,POO in the IL [18]. Impurity peaks
were also seen in the *'P NMR spectrum of Psgg12R:POO at 46.41, 46.20, 37.99, and 34.47 ppm. These
peaks were ascribed to the presence of small amounts of phosphine isomer and various phosphine oxides in
the bis(2,4,4-trimethylpenthyl)phosphinic acid. The *'P NMR spectrum of Pggs12Ro,POO showed a
noticeable change after the extraction operation of the leachate: a new peak was observed at 47.4 ppm
(Figure 2c). This peak could be associated with the center atom of bis(2,4,4-trimethylpenthyl)phosphinic
acid [23]. Moreover, there was a shift of the peak at 33.6 ppm to 30.6 ppm after the extraction process,
whereas the peak at 345 ppm was unaffected by the extraction process.
bis(2,4,4-trimethylpenthyl)phosphinic acid was present after extraction because of the ion exchange process
that occurred during the extraction process. As shown in the *'P NMR spectrum of P s 5.12R,POO in Figure

2d, the content of bis(2,4,4-trimethylpenthyl)phosphinic acid, which is present at 47.4 ppm decreased after
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adding excess NaOH and heating the solution to 55°C. This indicates that the bis(2,4,4-trimethylpenthyl)
phosphinic acid was converted back to Pggg2R.POO, which is similar to the synthesis process of
Pe,6,6,14R2POO [18, 27].

(a) Pgg12Cl (b) Pg 55.12R,POO © Pys1,R,POO %) Py s s 1R,POO
After extraction NaOH treatment
- 'I x - 1 |
10 20 30 40 50 10 20 30 40 50 60 20 30 40 50 60 20 30 40 50 60

Shift (ppm)

Shift (ppm)

Shift (ppm)

Shift (ppm)

Figure 2. *'P NMR spectra of (a) Pgss.12Cl, (b) Pss5.12R2POO, (c) Psss.12R2POO after extraction, and (d)
Ps 5.8.12R2POO after NaOH treatment.

3.2 Leaching of a spent LIB
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Figure 3. Factors influencing the dissolution efficiency of Co and Mn (2.5 g of spent LIB powder in 50 mL
of HCI). (a) Leaching solution (Leach solution= 5 mol L™' HCI, 5 mol L' H,SO4, 2 mol L™! HNO3, time =
24 h, temperature = 70°C). (b) HCI concentration (time = 24 h, temperature = 70°C). (c¢) Leaching
temperature (time = 24 h, [HCl]s,q = 5 mol L™"). (d) Leaching time ([HCl]oq = 5 mol L™, temperature =
70°C). uXRF of 5g sample (%) Li=3.7; Co=11.9; Cu=13.4; Ni=1.1; Mn = 1.28; Al = 14.1; Fe = 1.8.

Leaching from a spent LIB was carried out using several leaching solutions. The yields of Co and
Mn to the mineral acids were over 80% in 5 mol L™! HCI and 5 mol L™! H,SO4 (Figure 3a). Meanwhile, 2
mol L™! HNO; showed the lowest dissolution efficiency for both Co and Mn. Organic acids such as 1 mol
L! oxalic acid and 1 mol L™! malic acid were not effective as dissolution agents for Co and Mn from spent

LIBs. Thus, subsequent investigation of Co and Mn dissolution from spent LIBs was done with 5 mol L™!
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HCL

Then, the effect of HCI concentration was investigated on the dissolution of Co and Mn. Co and Mn
dissolution increased with HCI concentration (Figure 3b). However, considering that the leachate is
subjected to an extraction procedure, it is not favorable for the HCI concentration of the feed solution to be
too high. Thus, the subsequent experiment used 5 mol L' HCI as the leaching solution. Leaching
temperature and time were also investigated to further improve the dissolution efficiency of Co and Mn.
The dissolution of Co and Mn increased with leaching temperature (Figure 3c¢) up to 70°C, where the
highest dissolution efficiency for Co and Mn was observed. Further increasing the temperature above 70°C
did not improve the dissolution efficiency. Increasing the leaching time from 6 to 12 h had a favorable
effect on Co and Mn dissolution, whereas increasing the leaching time from 12 to 24 h only slightly
improved the dissolution of Co and Mn (Figure 3d). Overall, the highest dissolution efficiency of Co and
Mn was achieved using 5 mol L™' HCI for 12 h at 70°C (Table 1). The leachate also contained a

considerable amount of Ni, Cu, and Fe.
Table 1. Spent LIB leachate composition (5 g of sample per liter of 5 mol L' HCI).
Metal Li Co Cu Ni Mn Al Fe

Leachate (mg L") 111 560 38 41 58 2.7 48
3.3 Absorption spectral analysis
The spectra of [Co(EDTA)]*, [Ni(EDTA)]* and [Mn(EDTA)]* complexes exhibited absorption
peaks at 469, 380, and 448 nm, respectively. In addition, the absorption spectra of Cu(Il) and Fe(IlI)

showed distinct peaks at 265 and 348 nm, respectively. For Cu(Il), the peak at 265 nm indicates the
presence of CuCl, in the solution [28,29]. The peak at 348 nm in the UV-vis spectrum of Fe(Ill) was
attributed to the presence of FeCls in the solution [27]. The calibration curves of the metal complexes were
linear in the designated concentration range. Furthermore, t-tests revealed that the intercepts of the
calibration curves of all the metal complexes were close to zero. The linear range of Beer's law was
observed at the designated wavelength for each complex.
3.4 Extraction behavior

Solutions of Co(II), Mn(II), Ni(II), Fe(Ill), and Cu(Il) with a concentration of 100 mg L™ were
equilibrated with Pg g 12R2POO at different HCI concentrations and Vao/ViL = 2. All metals except Ni(II)
showed increased extraction efficiency with rising HCl concentration, as illustrated in Figure 4a. The
highest extraction efficiencies of Co(Il) and Mn(II) of 99% and 98%, respectively, were achieved at an HCI
concentration of 5 mol L™!. Moreover, Fe(IIT) and Cu(Il) were also effectively extracted into the IL phase,
achieving highest extraction efficiencies of 85% and 96%, respectively. Figure 4b shows the time course of
the extraction process of the metals from the model leachate ([HCI] = 5 mol L™'). The quantitative
extractions of Co(II) and Mn(II) using Psg5,12R-POO were achieved within 3 h. Cu(Il) and Fe(II) were also
extracted in considerable efficiency. Although Fe(Ill) required a longer operation time of 8 h to reach
equilibrium. In contrast, Ni(I) was not extracted at any HCI concentration, even when the extraction period
was prolonged. Thus, these results suggest that extraction for 3 h under the present experimental conditions

allows the quantitative extraction of Co(II) and Mn(II) and suppresses the extraction of Fe(III).
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Figure 4. Extraction of metal complexes using Pggsi2R,POO with different (a) HCI concentrations
([metals]aqg = 100 mg L™}, [HCl]aq = 5 mol L™!, Va/Vi = 2, time: 12 hours) and (b) contact time ([metals]aq
=200 mg L', [HCl]sq = 5 mol L™}, V,o/ViL = 4).
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Figure 5. UV-vis spectra of (a) Fe(IIl), (b) Cu(Il), (c) Co(Il) in IL phase. Solvent = toluene, [HCl]aq = 5 mol
L', (d) Co(Il) in IL phase. Solvent = toluene, [HCl],q = 0 mol L' (e) Fe(Ill) in Psgg12R:POO after
extraction. [HCl],q =5 mol L.

Different forms of Co(II) chlorocomplexes are present depending on the concentration of HCL
According to several previous studies, Co(II) is present as [CoCls]*~ at high HC1 concentration [28]. The
extraction of Co(Il) using Ps gs,12R2POO has a different mechanism depending on the HCI concentration. In
5 mol L™! HCI, the UV-vis spectrum of Co(II) loaded in Pss512R,POO showed a distinct peak within the
range of 600-720 nm (Figure 5a), which corresponded to the presence of the tetrahedral Co(Il)
chlorocomplex [28]. Thus, the extraction process of Co(II) at such high HCI concentrations follows Eq. (3).
Ps35,120Ro,POO also effectively extracted Co(II) without HCIL. This performance could be explained by the
formation of coordination between Co(Il) and bis(2,4,4-trimethylpentyl)phosphinate from the IL [29]. The
IL phase after extraction showed an absorption peak at 645 nm (Figure 5b) that corresponded to the UV-vis
spectrum of Co(R,POO), [30]. This result indicates that anionic exchange occurs with Pggg12R2POO to
form Co(R2POO); rather than ion association to form (Pssg,12)2CoCls, as shown in Eq. (3). Logarithmic

plots of the distribution ratio of each metal and Pgg312R.POO concentration were drawn to establish the
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ratio between the metal and ILs in the complexes formed during extraction. The slope of the plot for Co
was approximately two, which indicated that the formation of extractable species required two molecules of

Ps.85,12RoPOO per metal ion (Figure 6a). This result supports the Co(II) extraction mechanism described by

Eq. (3)

COC]4_2_+ 2H+ +2(P8,8,8,12+R2P00_) = (COC142_)(P8,8‘8'12+)2+2HR2POO (3)
COC12+2P8'8’8‘12+R2P00_ = 2P8'8,8‘12+Cl_+CO(R2POO)2 (4)
1.0 0.8 1
(@) [ | (b) (©)
.. 04 A 0.5
0.0 | | ‘ 0
- j < 00 A -
%T‘ . E,E A ‘5 0.5
= < o4 A =
1.0 i 1
-'. Co 08 A Mn 15 Cu
y=1.7271x +1.9385 y=0.965x +0.9977 y=1.8695x +1.7514
2.0 12 » L
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log Pg g 5 15R,POO

-0.6

-1.6 -1.1
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Figure 6. Effect of Pgg3s,12R2POO concentration on the extraction of (a) Co(II), (b) Mn(II), and (c) Cu(Il).
[metal]aq =200 mg L™, Va/ViL = 4, [Ps5,12R,POO] = 0.01 — 0.1 mol L', solvent = toluene, [HCl]aq = 5

mol L7,

In the chloride-based solution, chlorocomplexes of Mn(II) are formed such as MnCl, MnCl,, and
MnCls™. Either anion exchange or an association reaction pathway may be involved in the extraction of
Mn(II) by Psgs,12R2POO [12,34]. Eqs (5) and (6) describe the anion exchange and association reactions of
Mn(II) from the HCI solution by Pg s 5,12R2POO, respectively.

®)

Mn?*+3Cl=+P3gg1, R,POO"+ H* = (MnCl3")(RzR'P)+HR,PO0 (6)

The extraction efficiency of Mn(Il) showed a positive trend along with the increase of HCI concentration.

Mnclg_+P8’8‘8’12+R2P00_+H+ = (MnClg_)(P8’8’8‘12+)+HR2P00

This corroborates with Eq. (6), which suggests a positive effect of chloride concentration on the extraction
efficiency of Mn(Il). While, in Eq. (5), the chloride concentration has little effect on the extraction
efficiency of Mn(Il). Therefore, Eq. (6) is plausible as the solvent extraction reaction of Mn(Il) with
Ps85,12RoPOO. The slope of logarithmic plots of IL concentration against the distribution ratio of Mn(II)
was approximately one, indicating that the formation of extractable species required one molecule of
Ps.3.8,12R2POO per metal ion (Figure 6b).

According to UV-vis analysis, the presence of FeCls in the solution containing Fe(IIT) and 5 mol L™
HCI was confirmed by the peak at 360 nm (Figure 5c) [32]. The extracted species were also determined
through UV-vis spectrophotometry. The Fe(Ill)-loaded IL was diluted in acetone so that the Fe(Ill)
concentration did not exceed the detection limit. The spectrum showed the typical peaks of [FeCls]™ at 248,

316, and 371 nm (Figure 5d) [27]. Thus, Fe(IIl) extraction could follow the ion association pathway as
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presented by Eq. (7).

FeCl3+(Pzgg12 " R,POO~)+HCl = (FeCl, )(Pggg12")+HR,POO (7
As shown in Fig Se, the absorption maximum at 268 nm indicates the presence of CuCl, as the dominant
chlorocomplex of Cu(Il). In chloride medium with high HCI concentration, CuCl, and [CuCl4]™ are stable
chlorocomplexes of Cu(Il) [36,37]. The slope of a logarithmic plot of the distribution ratio of Cu(Il) against
Ps.38,12R2POO concentration after extraction was 2 (Figure 6¢). Thus, the extraction pathway of Cu(Il)

probably proceeded by the ion association mechanism according to Eq. (8),

CuCl,+2(Pygg12 "R,PO0™) 2 2Pggg12 "+ Cl~+ Cu(R,P00), ®)
3.5 Stripping and scrubbing of metals from loaded ILs

As described above, various metals aside from the target metals were extracted from the aqueous
feed solution. Therefore, crucial factors on the recycling process of Co(II) and Mn(Il) are found to be the
ability to recover Co(II) and Mn(II), and removing most of co-extracted metal from the IL. The stripping of
the metals from metal-loaded Pgg s 12R2POO was then investigated using different stripping reagents. The

results are listed in Table 2.

Table 2. Stripping of various metals from loaded Ps g 5,12R2POO using various stripping solutions.

S (%) Co(Ill Mn(I) Fe(ll) Cu(l)
| H,0 998 982 0o 0
1 mol L' NayS,0; 0 90.3 92.3 0
1 mol L' Na,SO;3 0 431 89.3 0
0.5 mol L' Na,SO4 0 98.2 67.9 0
1 mol L' NH;NO; 0.2 82.4 0.0 0
1 mol L' H,S04 72.1 57.7 110 915
5 mol L' H,S04 83.4 90.3 23.6  94.4

As reported previously [35], 1 mol L™ NaySO; was able to effectively scrub Fe(III) from the loaded
Ps85,12RoPOO. Our previous report also demonstrated that Na,SO3z was an efficient scrubbing agent to
remove Fe(Ill) from the loaded Pggg12Cl [36]. The superior performance of Na;SO3 can be attributed its
ability to reduce Fe(Ill) to Fe(Il) [35]. The reduction of Fe(Ill) to Fe(Il) was analyzed by UV-vis
spectroscopy of the scrubbing solution by the addition of 1,10-phenanthroline, in which resulted to a color
transition towards translucent reddish. The presence of (phen):Fe(Il) complex was confirmed by a distinct
peak at 517 nm in the UV-vis spectrum of the solution (Figure 7a) [37]. This further supported the
scrubbing mechanism of Fe(IIl) with Na,SOs.
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Figure 7. UV-vis spectra. (a) Fe(IIl). [stripping solution],q = 1 mol L™ Na,SOs, time = 30 min, temperature
= 50°C, [1,10-phenanthroline] = 0.01 mol L™!, V,o/ViL = 2. (b) Cu(ll). [stripping solution]oq = 5 mol L™
H2SO04, Vag/ViL = 2. (¢) Co(Il). Stripping solution = water, Vag/ViL = 2.

Efficient scrubbing of Cu(Il) was achieved using H»SOs. The stripping was followed by the
formation of CuSOys in the stripping solution. An absorption maximum attributed to the presence of CuSOs
was observed at 632 nm from the UV-vis spectrum of the stripping solution (Figure 7b). Thus, stripping of
Cu(II) probably occurs according to Eq. (10),

[Cu(R,P0O0),+H,S0,=CuS0,+2HR,POO 9)
In addition, 1 mol L™! H,SO4 was also able to effectively strip Co(II). To recover Co(II) from the stripping
solution, CuSOy4 can be precipitated with CaCOj at elevated temperature [38]. Upon addition of CaCOs to
the solution, a light green precipitate formed. Thus, Cu(Il) in the stripping solution was removed through
precipitation using CaCOs at a pH of 2.5 and temperature of 55°C for 2 h, leaving Co(Il) in the stripping
solution. The precipitation reaction occurred as follows,

2CuS04+2CaCO;5,+3H,0 = CuCO;.Cu(OH),+2CaS0Oy,,+2H,0+CO, (10)

The recovery of Co(Il) from the loaded Psg5,12R2POO is a crucial aspect of this study because Co(II)
is an important target in the recycling process. Previous studies have shown that various stripping agents
are effective to recover Co(Il) from loaded ILs, such as water, H,SO4 and NH3 [9—11,42]. Therefore, water,
H>SO4 and NH3 were tested as stripping agents for extracted Co(Il) in the loaded IL phase, which was
obtained after extraction from an aqueous leaching solution containing Co(II). As seen in Table 2, all
stripping agents effectively recovered Co(II) from the loaded IL. Water was able to recover Co(II)
quantitatively from the loaded IL as well as Mn(II). The effective stripping of Co(Il) by water was possible
because water washed the excess chloride from the IL phase, leading to the transformation of [CoCl4]*” to
[Co(H20)6]**. While [CoCls]>” was observed in the IL phase before the stripping process, it was not
detected in the water after the stripping process (Figure 7c). This is because the equilibrium between these

two Co(Il) complexes is easily shifted [40], following Eq. (11).

(CoCL ) (Pggg.12"),6H,0 = Co(H,0),> +2(Pgg 51, C17)+2C1 (11)

Various types of stripping agents, including reductive (Na>SO3 and Na>S»>03) or oxidative (NH4NO3
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and HNOs3) agents, were investigated to remove Mn(Il) from the loaded IL, as shown in Table 2. Since
Mn(II) can either be oxidized or reduced, both oxidants and reductants were effective as the stripping agent
for Mn(Il) from Ps g5 12R.POO. However, a white precipitate was formed at the interface between the IL
and NH4NOj3 solution, which hindered the separation of the phases and limited the IL reusability. The lower
stripping percentage of Mn(Il) using Na,SO3 compared to the case for Na,S,03 probably is caused by its
lower reduction potential. Stripping of Mn(Il) using Na,S;03 also resulted in the stripping of Fe(III)
because of the reduction of Fe(Ill) to Fe(Il). Moreover, stripping of Mn(II) from Pgg g 12R2POO was also
effectively achieved by water and Na>SO4. Thus, water was able to effectively recover both Co(II) and
Mn(II) from the IL. Low stability of [MnCls;]™ was largely influenced the capability of Na,SOs to recover
Mn(II) from loaded IL. Thus, 0.5 mol L' Na»SO4 was chosen as a suitable stripping solution to recover
Mn(IT) from loaded Pg s 812R2POO.

(MnCl37)(Pg 5 512 )+Na, SO, —2(Pg 5 5 15" CI7)+MnSO,+2NaCl+2C1 (12)
3.6 Recovery of Co(II) and Mn(II) from spent LIB leachate

A solution of metals leached from a spent LIB was analyzed using AAS. A recovery process for

Co(II) and Mn(II) from the spent LIB leachate was developed according to the results obtained using the
single metal solutions, as summarized in Scheme 1. Figure 8 presents the metal concentrations in the
solution after each process. Initially, extraction of Co(Il) and Mn(II) was carried out by mixing the leachate
with Pggg2RoPOO. Co(Il) and Mn(Il) were almost quantitatively extracted, followed by Cu(Il)
(approximately 90%), and then Fe(III) (approximately 52%), as shown in Figure 8a.

Py 5.51.R,POO
Ext: 2 hour 1 mol L' Na,S0; 0.5 mol L' NH,NO; Water
Co, Mn, Fe, - - .
S Extraction |—| i Back extraction
Cu, Al, Ni Xtractio Scrubbing I—' Back extraction
¥ ¥ !
Al Ni Fe
-1
3 mol L™ H:50, Anionic exchange with

838812 22 phosphinic acid.
Co, Cu

-1
cu(s) — PassnnCl

Scheme 1. Flow chart summarizing the separation and recovery process of Co(II) and Mn(II) from a spent
LIB leachate. Vag/ViL = 2, [HCl]ag = 5 mol L™\,
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Figure 8. Analysis of the extraction process of spent LIB leachate, V.o/ViL = 2. (a) Initial extraction process.
[HCl]ag = 5 mol L', time = 3 h. (b) Fe(III) scrubbing. [Na,SOs] = 1.0 mol L™}, temperature = 30°C, time =
30 min. (¢) Mn(II) stripping. [Na>;SO4] = 0.5 mol L', (d) Co(Il) stripping. Stripping solution = water. (e)
Cu(II) washing. [H2SO4] =1 mol L.

Then, the metal-loaded IL was subjected to scrubbing with 1 ml L™! NaySOj; for 30 min at 30°C, in
which was able to almost completely removed Fe(IIl) from the loaded IL, while leaving Co(II), Mn(II), and
Cu(Il) in the IL (Figure 8b). Then, recovery of Mn(II) from the IL was done by using 0.5 mol L' NaySO4
(Figure 8c). However, this was also accompanied by the stripping of a considerable quantity of Fe(III).
Then, the stripping solution containing Mn(II) was purified from Fe(Il) through precipitation using CaCO;
at pH 2.5 and 85°C for 2 h, which achieved almost quantitative removal of Fe(II) from the stripping
solution containing Mn(Il). Co(II) recovery was then conducted with water. Co(Il) was efficiently
recovered and because a small amount of Mn(Il) remained in the IL, the purity of Co(Il) in the stripping
solution was high (98%) (Figure 8d). Lastly, Cu(Il) was washed from the loaded IL with 1 mol L' H»SOs4,
which achieved almost quantitative removal of Cu(Il) (Figure 8e). However, a substantial amount of
residual Co(I) was also stripped with H,SO4. Thus, Cu(Il) in the stripping solution was then subjected to
precipitation with CaCO3, which left Co(II) in the stripping phase (1 mol L™! HySOs).

4. Conclusion

The novel IL Pg g5 12R2POO was synthesized with a purity of 98%. This hydrophobic IL was found
to be an effective extractant for Co(Il) and Mn(Il) from chloride medium. Pggg12R2POO effectively
extracted Co(Il) and Mn(Il) at high levels of 99% and 98%, respectively, regardless of the HCI
concentration of the medium. The metal extraction to the IL phase proceeded through an anion-exchange
mechanism. In the presence of other metals, Psgs 2R.POO also extracted substantial amounts of Fe(III)
and Cu(Il). Effective separation of Co(II) and Mn(II) and the removal of impurities such as Fe(Ill) and
Cu(II) were achieved by scrubbing, washing, and precipitation steps. Psgs.12R:POO shows potential for use
as an extraction solvent for Co(Il) and Mn(II) from spent LIBs. Our results illustrate that the performance

of ILs for target metals can be readily tuned by changing their molecular structure.
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