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Abstract Separation of cobalt from mixed-waste mobile

phone batteries containing LiCoO2 cathodic active material

was investigated using selective precipitation and chelating

resin. Cobalt was recovered from the active powder

materials containing 47 % Co oxide together with Mn, Cu,

Li, Al, Fe, and Ni oxides. The metal ions were leached

sufficiently using 4 M HCl. The metal ions detected

spectrophotometrically were removed from the leaching

solution by selective precipitation at pH 5.5, with cobalt

loss of 27.5 %. Conditions for achieving a recovery of Co

in the filtrate by chelating resin were determined experi-

mentally by varying the pH and time of the reaction, as

well as the initial resin-to-liquid ratio. The cobalt was

efficiently determined by absorption spectrometry at kmax

510 nm. Chelating polyamidoxime resin was synthesized

by polymerization of acrylonitrile and followed by ami-

doximation reaction. Physically cross-linked gel of poly-

acrylonitrile was made by a cooling technique.

Keywords Cobalt separation � Waste � Batteries �
Precipitation � Chelating resin

Introduction

LiCoO2 is used as cathodic active material in almost all

commercial lithium-ion secondary batteries (LIBs)

because of its excellent characteristics, including such

factors as high energy density, high operating voltage

and good electrochemical performance [1–4]. The

chemical composition of a typical lithium battery is

shown in Table 1 [5]. However, it still has several dis-

advantages, including a high cost, the rarity of cobalt

resources, toxicity, etc. Therefore, recycling spent LIBs

is significant both for environmental protection and for

the recovery of valuable elements from such wastes [1–4,

6–11].

Several studies have been carried out to develop

processes for recovering cobalt from spent lithium-ion

batteries [1, 12–18]. Selective precipitation has been

investigated in several studies to selectively separate

metals present in discarded batteries [19–22]. Contesta-

bile et al. [15] developed a laboratory-scale lithium-ion

battery recycling process consisting of the crushing of

spent batteries, selective separation of lithium cobalt

oxide, dissolution using hydrochloric acid, and precipi-

tation of cobalt hydroxide. Sohn et al. [23] proposed a

hydrometallurgical process in which cobalt was separated

from sulfuric acid leaching solution by chemical pre-

cipitation using oxalic acid. Zhang et al. [12] suggested a

hydrometallurgical process for the separation and recov-

ery of cobalt and lithium from spent lithium-ion batter-

ies. This process consists of acid leaching of lithium

cobalt oxide, separation of cobalt from the leach liquor
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by solvent extraction, and precipitation of lithium car-

bonate [24].

Single recycling processes such as dismantling, physical

dissolution, thermal treatment, acid/alkali leaching, solvent

extraction, chemical precipitation and electrochemical

processes cannot complete the recycling tasks of spent

LIBs [1]. Several examples of typical combined processes

were presented by Zhang et al. [1] in order to recycle and

resynthesize cathode material from spent LIBs. Li et al.

[25] proposed a new process of recovering Co from spent

LIBs by a combination of crushing, ultrasonic washing,

acid leaching and precipitation, in which ultrasonic

washing was used for the first time as an alternative

process to improve the recovery efficiency of Co and

reduce energy consumption and pollution. Li et al. [26]

presented a combined process of dismantling, crushing,

physical dissolution, thermal treatment and organic acid

leaching. Under the best conditions, 100 % Li and more

than 90 % Co were extracted from the spent LIBs. Sun

and Qiu [27] developed a recovery process of combined

vacuum pyrolysis and oxalate leaching and precipitation

for the separation and extraction of cobalt and lithium

from the spent LIBs. The reaction efficiency of more than

98 % of LiCoO2 was achieved, and cobalt and lithium

were separated efficiently during the hydrometallurgical

process.

In the present study, a novel laboratory-scale recycling

process for separation of cobalt from mixed-waste mobile

phone batteries is reported using selective precipitation and

chelating polyamidoxime resin. Chelating polyamidoxime

resin is synthesized by polymerization of acrylonitrile

(AN) followed by an amidoximation reaction. Chelating

resins have shown better performance and selectivity to

form complexes with transition metal ions compared to

ordinary organic ion exchangers [28]. Since alkali and

alkaline earth metals such as lithium ions do not form

complexes, these metals are not loaded [29, 30], and

consequently cobalt ions will be separated from lithium

ions in solution.

Experimental methods

Preparation of polyamidoxime resin

Polyacrylonitrile (PAN) beads were synthesized via sus-

pension polymerization in the presence of toluene as dil-

uent (40 % AN), and benzoyl peroxide (1 %) as

polymerization initiator. Polymerization was carried out at

50 �C for 2 h and then at 60–70 �C for 3 h. Physically

cross-linked gels of polyacrylonitrile were made by dis-

solving the polymer in 20 % DMF containing 4 % water

and placed at -4 �C for 24 h to induce cross-linking. After

the cooling process, they were subsequently allowed to dry

at 25 �C. This cycle was repeated two times. The product

was filtered, washed with distilled water, and dried in air.

Amidoxime groups were introduced by means of a

reaction of PAN with 3 vol% of hydroxylamine in meth-

anol for 2 h at 70 �C. IR spectra were measured for the

polyacrylonitrile and amidoxime polymer using a Thermo

Scientific Nicolet iS10 FT-IR Spectrometer.

Metal leaching and precipitation

Mixed-waste mobile phone batteries were opened by simply

cutting their cases and extracting the active powder materi-

als. The powders were submitted to analysis by an Axios

Sequential WD-XRF spectrometer. The dissolution of cobalt

was achieved by treating 4 g of separated residual powders

with 60 ml of 4 M HCl for 1 h at about 80 �C with stirring.

The leach liquid to solid ratio (L/S) was 10:1. After leaching,

the insoluble carbon residue was filtered and washed with

water; up to 500 ml of leach liquors was obtained.

To perform the precipitation experiments, the pH values

of the leaching solution were raised by addition of drops of

NaOH solution very slowly into the leach liquor obtained

in the hydrochloric acid leaching step. The aqueous solu-

tion pH was monitored using a digital Hanna pH meter.

The precipitate was separated by filtration. The presence of

cobalt ions in the leaching solution and the filtrate at dif-

ferent pH levels were determined by absorption spec-

trometry at kmax 510 nm.

Separation of cobalt by chelating amidoxime resin

Chelating polyamidoxime resin was investigated in the

separation of cobalt ions from an acid leaching solution of

waste mobile phone batteries in batch adsorption–equilib-

rium experiments. The effects of the contact time, pH value

of the solution and resin/solution ratio on the adsorption

capacity were studied. Acid leaching solutions (25 mL) at

different pH levels were treated with n g of polyamidoxime

resin at room temperature and stirred at different contact

times.

Table 1 Chemical composition of a typical lithium-ion secondary

rechargeable battery [5]

Component wt%

Lithium cobalt dioxide (LiCoO2) 20–50

Lithium cobalt manganese nickel oxide (LiMnNiCoO2)

Carbon (graphite, proprietary) 15–35

PVDF (polyvinylidene fluoride) \8

Aluminum foil 3–12

Copper foil 3–12

Electrolyte 10–20

Al film cover \5
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The principal flow sheet for cobalt separation from

waste mobile phone batteries is shown in Fig. 1.

Results and discussion

Synthesis of polyamidoxime resin

The polymerization of acrylonitrile proceeds in a hetero-

geneous medium. The polymer does not dissolve in its

monomer solution, resulting in formation of a polymer

precipitate in the reacting medium, and separation as a fine

powder. Polyacrylonitrile was physically cross-linked by

repeating cycles of cooling and drying. The process

involves the formation of branched polymer molecules,

i.e., cross-linking. This cross-linking occurs when side

chains or even hydrogen atoms are split off. The radicals

formed on adjacent chains can react together to give a

covalent bond, thereby linking the polymer molecules

together, and a three-dimensional network is formed, as

shown in Scheme 1.

The cross-linked structure of polymer is essentially

required for the packed column application. Moreover, the

cross-linked polymer might form a more stable complex

with metal ions due to its rigid network structures [31].

The polyacrylonitrile containing reactive intermediate

nitrile groups converted to a chelating polymer containing

amidoxime groups by reaction with hydroxyl amine. The

synthetic scheme is shown in Scheme 2.

Figure 2a, b illustrates the FT–IR of PAN before and

after cooling. The bands at 3421, 2939, 2880, 2250, and

Scheme 1 Synthesis of cross-

linked polyacrylonitrile

Fig. 1 Flow sheet for cobalt separation from waste mobile phone

batteries
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1450 cm-1 are assigned to t(C=N–H), tas(CH2), ts(CH2),

t(C:N), and r(CH2),respectively. The band at 1670 cm-1

in Fig. 2b is ascribed to the formation of –HC=N–N=CH–

conjugation across the polymeric chains The formation of

carbon–nitrogen double-bonds with cooling is attributed to

the cross-linking of PAN via nitrile groups, as shown in

Scheme 1 [32].

The IR spectra of amidoximated PAN are shown in

Fig. 2c. The IR spectra show that the band associated with

the nitrile group at 2248 cm-1 disappears on treatment

with hydroxylamine, and is replaced by the bands in the

region of 3000–3500 cm-1 (broad, N–H and O–H

stretching vibration), a band at 1650 cm-1 (C=N stretch

vibration), and a third band at 920 cm-1 (N–O, stretch

vibration). These peaks correspond to the amidoxime

groups.

Characterization of powdered sample by WD-XRF

and ICP

The elemental analysis of dried powdered materials that

cover anode and cathode foils by WD-XRF revealed the

following results: Co3O4 (46.72 %), MnO (24.94 %), CuO

(4.11 %), Al2O3 (0.46 %), Fe2O3 (0.25 %), Cr2O4

(0.25 %), CaO (0.22 %), SiO2 (0.11 %), NiO (0.10 %),

Na2O (0.08 %), MgO (0.07 %), TiO2 (0.04 %) and ZrO2

(0.01 %). The elemental composition by ICP reveals the

presence of lithium (2.76 %). It is evident that the sample

is dominated by cobalt, manganese, copper and lithium.

LiCoO2 and LiMn2O4 or related oxides are used as cathode

materials for almost all commercial lithium-ion secondary

batteries [2]. The minor elements in the sample are alu-

minum, iron and chromium, while elements such as cal-

cium, silicon, nickel, sodium, magnesium, titanium and

zirconium were recorded at trace levels.

Metal leaching and precipitation

Inorganic leachant HCl (4 M) was used to leach the metal-

bearing waste powders. The leaching of LiCoO2 from spent

lithium batteries is usually carried out by using inorganic

acids such as H2SO4 [33], HCl [34] and HNO3 [35, 36] as

leaching agents. The leaching efficiency of Co is highest in

hydrochloric acid among these three leaching agents [37].

The reaction of cobalt occurring in the leaching process is

as follows:

2LiCoO2 + 8HCl! 2CoCl2 + Cl2 + 2LiCl + 4H2O

The ratio of insoluble carbon residue is weighted 25 %.

The cobalt in the leaching solution was determined by

absorption spectrometry because it is able to absorb light to a

large enough extent at kmax 510 nm. Figure 3 shows a good

match between the absorption spectrum of the leaching

solution and the cobalt chloride solution (2.48 g/l of Co) at

kmax 510 nm. The spectrophotometric determination of

cobalt in the leaching solution is 1.24 g/l. Since the

volume of leaching solution of 4-g powders was diluted to

500 ml, the ratio of cobalt reached 0.16 g/g of powders.

Table 2 shows the loss percentage of cobalt due to

precipitation as hydroxides at different pH levels by addi-

tion of sodium hydroxide

CoCl2 + 2H2O! Co OHð Þ2# + 2HCl

There is no precipitation of cobalt and other metals at

pH B 4.5. The loss of cobalt reached 27.5 % at pH 5.5 and

reached 57 and 80 % at pH 6 and 6.5, respectively.

Figure 4 shows the absorption spectrum of the main

leaching solution and of leaching solution adjusted to pH

5.5. The peak of cobalt at kmax 510 nm decreased to

72.5 %, with a significant disappearance of the other peaks

at 700–1000 and 400–300 nm. This indicates partial pre-

cipitation of cobalt and complete precipitation of other

spectrophotometrically detected metals at pH 5.5. It is

known that the Fe, Al, Cu and Ni are precipitated below pH

5.5 [38].

Separation of cobalt by chelating amidoxime resin

Chelating polyamidoxime resin was investigated in the

separation of cobalt ions from leaching solution at different

pH levels. Since alkali and alkaline earth metals do not

form complexes, the lithium ions are not loaded.

Table 3 shows that the recovery of cobalt increases with

pH and reaches completely recovery at pH 6.5. The overall

recovery of cobalt considering the loss percentage due to

precipitation is shown in Fig. 5. The maximum overall

recovery is obtained at pH 5.5.

The cobalt extraction kinetics were studied by equili-

brating aqueous solution of leach liquor containing 2.48 g/l

cobalt with resin ratios of 0.02 g/ml and 0.04 g/ml at

equilibrium pH 3.5 and 5.5. The results obtained are shown

in Figs. 6 and 7.

Rapid adsorption rates are achieved within 15 min and

adsorption equilibrium is achieved after 30 min. The metal

uptakes of 73 and 97 % at pH 5.5, were achieved with resin

ratios 0.02 and 0.04 g/ml, respectively, after 15 min, and

Scheme 2 Synthesis of polyamidoxime
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Fig. 2 FT–IR of a PAN,

b cross-linked PAN and

c polyamidoxime
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reached a maximum after 30 min. At the lower pH of 3.5,

metal uptake of 17.5 % was achieved after 15 min, and

reached a maximum of 28 % after 30 min. No significant

increase in extraction of cobalt was observed after 30 min.
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Fig. 3 Matching between the absorption spectrum of leaching

solution and cobalt chloride solution (2.48 g/l of Co) at kmax 510 nm

Table 2 Loss percentage of cobalt in the leaching solution due to

precipitation as the hydroxides at different pH levels

pH 3.5 4.5 5.5 6 6.5

Loss (%) 0 0 27.5 57 80
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Fig. 4 Absorption spectrum of main leaching solution and leaching

solution adjusted at pH 5.5

Table 3 Separation of cobalt by chelating resin from the leaching

solution at different pH levels

pH 3.5 4.5 5.5 6 6.5

Recovery (%) 28 43 91 100 100

Overall recovery (%) 28 43 66 43 20
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Fig. 5 The overall recovery of cobalt with considering the loss

percent due to precipitation
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Fig. 6 The cobalt extraction kinetics of leach liquor containing

2.48 g/l cobalt with resin ratios 0.02 g/ml and 0.04 g/ml at equilib-

rium 5.5
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Fig. 7 The cobalt extraction kinetics of leach liquor containing

2.48 g/l cobalt at equilibrium pH 3.5 and 5.5 with resin ratio

0.04 g/ml
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The prolonged contact time had no adverse effect on

extraction of cobalt.

Extraction of metal ions with chelating resin is largely

affected by the equilibrium pH. At low pH values, the

competition of H? ions for resin sites increases and the

resin’s chelating ability is greatly reduced. An increase in

pH decreases the competition of H? ions for the resin sites,

and complexation of the metal is favored. It is known that

in spite of the high affinity of the chelating resins toward

metal ions, selective metal uptake is greatly impaired under

highly acidic conditions [39]. The transformation of ami-

doxime groups in acidic media to ammonia and hydrox-

ylamine is a serious problem, which can significantly

reduce the chelating capacity of the resin.

Since the resin is more stable in neutral or slightly acidic

solutions, contact with strongly acidic solutions should be

avoided [40].

Summary

A novel laboratory-scale recycling process for efficiently

separating cobalt from mixed-waste mobile phone batteries

containing LiCoO2 active cathodic materials was achieved

using selective precipitation and chelating polyamidoxime

resin. This methodology has advantages over other meth-

ods, owing to the greater selectivity of chelating resin,

which contains coordination groups that bind transition

metal ions by a chelation reaction. Alkali and alkaline earth

metals such as lithium ions do not form complexes with

chelating resin, and consequently cobalt ions are easily

separated from the lithium-ion solution. In addition, this

process is adequate for the recovery of valuable metals

from spent lithium-ion batteries because it is simple,

involves no complex equipment, is time- and energy-sav-

ing, and presents more economical and environmental

advantages. The disadvantage of this method is the insta-

bility of polyamidoxime resin in acid media. In the future,

the stability of chelating resins containing amidoxime

groups in acid media needs to be improved to solve the

problems of transformation of amidoxime groups in acidic

media to ammonia and hydroxylamine.
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