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Abstract: Starch was employed as a reductant for the recovery of Ni, Co, and Mn from ternary lithium-ion batteries
(LIBs) cathodic materials de-lithium residue, and the leaching kinetics and mechanism were studied. The effects of
stirring speed, leaching temperature, H,SO4 concentration, and starch dosage on leaching efficiencies of Ni, Co, and Mn
from de-lithium residue were systematically investigated. Optimized conditions (1.5 mol/L H,SOs4, 6 g/L starch, stirring
speed of 500 r/min, 80 °C and 60 min) yielded leaching efficiencies of 98.07%, 96.52%, and 98.06 %, for Ni, Co, and
Mn, respectively. Apparent activation energies, described by the chemically controlled unreacted shrinking core model,
were 93.32, 102.84, and 95.68 kJ/mol, for Ni, Co, and Mn, and their apparent reaction orders in H,SO4 were 0.9225,
1.0335, and 1.1285, respectively. Starch is abundant, affordable, and exceptionally alternative to conventional
reductants for the recovery of valuable metals from spent ternary LIBs.

Key words: spent lithium-ion batteries; leaching kinetics; de-lithium residue; sulfuric acid—starch solution; chemical
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1 Introduction

The rapid development of hybrid or full
electric vehicles is accelerating the production,
decommissioning, and recycling of lithium-ion
batteries (LIBs) [1]. For example, ternary power
LIBs contain large amounts of valuable metals,
such as 5%—20% Co, 5%—12% Ni, 7%—-10% Mn,
and 2%—5% Li (mass fraction). This significant
concentration of valuable metals qualifies spent
ternary LIBs as a secondary resource, amenable to
economic recovery through recycling [2]. Yet,
toxic substances used in LIBs recycling are
known to represent extreme environmental risk, and
alternative approaches must be identified [3].
Innovation in spent LIB recycling promises to
stabilize battery material supply chains and relieve

the impacts of primary mining.

Recycling spent ternary LIBs is mainly
based on two strategies: hydrometallurgy [4] and
pyrometallurgy [5]. Compared with pyrometallurgy,
hydrometallurgy is widely applied by many
industries because of its low energy consumption
and high recovery rate. The disposal process
generally involves pretreatment [6], leaching [7],
purification/separation [8], and preparation of
product [9]. Leaching plays a critical role in the
recycling process, and has attracted enormous
attention because it influences the subsequent
purification stage and the overall recovery of
metals [1]. Spent LIBs are mainly leached to
transfer the valuable metals from cathode active
materials into the solution, using inorganic
acids [10] (HCI, HzSO4, HNO3, H3PO4, etc) and
organic acids [11] (lactic acid, citric acid, tartaric
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acid, DL-malic acid, oxalic acid, trichloroacetic
acid (TCA), ascorbic acid, formic acid, acetic acid,
etc). To improve the leaching efficiency, reductants
(H20, [12], NaHSOs [13], and glucose [14]) are
generally introduced to reduce high-valence metals
(e.g., Co(IIl) and Mn(1V)).

Many studies on the leaching of spent ternary
LIBs cathodes focus on the recovery of Li, Ni, Co,
and Mn. However, these methods complicate
subsequent steps, such as extraction and separation,
which can also cause secondary pollution [15].
Previous leaching studies (Table 1) focused on
determining the rate-controlling step and
corresponding apparent activation energies, but
failed to sufficiently describe process kinetics.
H,O: (a usual reductant) is expensive, unstable, and
reacts violently in acidic solution [3]. Mono-
saccharides are an alternative reductant for the
reductive leaching of spent LIBs [14]. Starch
is a naturally biodegradable and non-toxic
polysaccharide that can be directly extracted from
plants, such as wheat and potatoes [25]. It is
abundant, affordable, stable, and easily converted
into monosaccharides by H>SO4 for using as a
reductant [3]. Starch has been applied as a reductant
in many green processes, such as the syntheses of
flower-shaped silver nanoparticles (AgNPs) [26],
uniform spherical AuNPs [27], and PtNPs [28].
Therefore, starch is a suitable reductant for leaching
metals from de-lithium cathode powders.

In this study, starch was used as a reductant to
decrease the influence of low-valence metals on
leaching kinetics from de-lithium ternary LIBs
cathode powder using H>SO4 lixiviant. The leaching

efficiencies attained by starch were comparable to
those achieved by H»O,, indicating that starch may
be a suitable alternative reductant.

The effects of stirring speed (200—600 r/min),
leaching temperature (50—90 °C), concentration
of H»SO; (0.25-2.0 mol/L), and starch dosage
(1-10 g/L) on the leaching kinetics of the
de-lithium residue were systematically investigated.
The rate-controlling step, apparent activation
energy, and reaction orders of the leaching reaction
were determined. The mechanism of leaching
kinetics in the HoSOs—starch solution was revealed
through characterization of post-leaching solution
(PLS) and residue.

2 Experimental

2.1 Materials and reagents

In this study, spent ternary LIBs powder was
supplied by Hunan Reshine New Material Co., Ltd.,
China. Analytical grade starch and barium chloride
(BaCly) were produced by Sinopharm Chemical
Reagent Co., Ltd., China.

2.2 Leaching process

The leaching solutions were prepared from
reagent-grade H,SO4 dissolved in deionized water
to the desired H,SO.4 concentration (0.25—2 mol/L).
The leaching experiments were conducted in a
1000 mL three-necked round-bottom flask, fitted
with a mercury thermometer, a delivery tube for
the leaching solutions, and a reflux condenser to
maintain solution volume.

Starch was added to dilute H,SO4 solution at a

Table 1 Summary of leaching kinetics of cathode material of ternary LIBs

Cathode material Leaching reagent

Model and control step

Leaching efficiency/%
Li Ni Co Mn

Reference

DL-malic + H,O»

Chemical reaction and diffusion 98.9 943 95.1 96.4 [12]

i i 98.39 97.27 97.72 97.07
Acetic/maleic Diffusion controlled [16]
acid + H,O» 98.24 98.05 98.41 98.06
. H,SO4+ HyO, Chemical reaction 99.7 99.7 99.7 99.7 [17]
LiNi3Co015Mn1302 L. . .
Malic acid Chemical reaction 100 99.87 99.58 99.82 [18
TCA + H,0, Chemical reaction 99.7 93.0 91.8 8938 [19

Formic acid + H,O;
Lactic acid + H,O»

Chemical reaction

98.22 99.96 99.96 99.95 [20

Acetic acid + H,O,

LiNixCova-x-vOz . .
’ ’ L-tartaric acid + H,O»

Diffusion and chemical reaction 99.97 92.67 93.62 96.32

Chemical reaction

22

LiNig 5C09oMng30; H,SO4+ NH4Cl1

]
]
]
Chemical reaction 97.7 982 989 984 [21]
]
]
]

Chemical reaction

[
99.07 99.31 98.64 99.31  [23
[

99.11 97.49 97.55 97.34 24
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fixed temperature and stirred for 30 min. The
de-lithium residue was added to the flask and the
slurry was agitated with a magnetic stirrer. Next,
5 mL of the slurry was removed from the sampling
port at selected intervals and filtered quickly.
Subsequently, the filtrate (0.5 mL) was diluted to
250 mL for analyses. Then, the undissolved residue
was washed with deionized water and vacuum
dried. Since all the experiments were conducted at a
liquid-to-solid ratio of 100 mL/g, the concentration
of the leaching agent was considered unchanged
during the leaching process.

The leaching efficiency of each valuable metal
in the leachate was determined via Eq. (1):

ﬂMe:CMe Vv/(l/l/lWMe:)>< 100% (1)

where 7. is the metal element (Me) leaching
efficiency for Ni, Co, and Mn in %; Cwm. is metal
concentration in mg/L; V is the volume of the
leachate in L; m is the mass of de-lithium residue;
and wy. is the mass fraction of Me in the de-lithium
residue in wt.%.

2.3 Analytical methods

The contents of each metal in the cathode
powder (the de-lithium residue) and leaching
solution were analyzed via inductively coupled
plasma atomic emission spectroscopy (ICP-AES;
ICPE-9800, Shimadzu Corporation, Japan). The
phases of all samples were characterized by X-ray
diffraction (XRD, Japan Rigaku Model TTRIIIL,
40kV, 250mA with CuK, radiation). The
microscopic morphologies and the elemental
distributions of all samples were analyzed via
scanning electron microscopy (SEM) with energy-
dispersive spectroscopy (EDS) by field-emission
SEM (FESEM; MIRA 3 LMU, Tessken, USA). The
profiles of all samples were analyzed by their
backscattered electron  micrographs (BEM)
(Japan Jeol JSM—6360LV). The surface features of
the elemental electron states of the de-lithium
residue were determined by X-ray photoelectron
spectroscopy (XPS, Thermo K-Alpha) with Al K,
X-ray radiation.

3 Results and discussion
3.1 Preparation of de-lithium residue

The cathode powder of the spent ternary LIBs
was pretreated as follows. Firstly, the cathode

powder was leached under the following conditions:

temperature, 60 °C; H,SO4 concentration, 2 mol/L;
stirring speed, 300 r/min; liquid-to-solid ratio,
5 mL/g; leaching time, 3 h. Soluble sulfate on the
surface of the leaching residue was filtered and
washed using 1 mol/L BaCl, solution until no
sulfate could be detected. The filtered residue was
washed, dehydrated by anhydrous ethanol, and kept
in a vacuum oven for 12 h. Finally, the leaching
residue was obtained after removal of lithium (the
de-lithium residue).

The chemical compositions of the metal
elements in the de-lithium residue were determined
via ICP-AES, and the results are presented in Table
2. The Li content was only 0.76 wt.%, indicating
extensive de-lithium.

Table 2 Main chemical compositions of de-lithium
residue (wt.%)

Li Ni Co Mn
0.76 19.50 16.30 30.10

The XRD pattern revealed that the de-lithium
residue was composed of Li(Ni,Co,Mn;—,)O,
NiO;, Co0304, and CO,Niz-Os4 (Fig. 1(a)). The
SEM-EDS results (Fig. 1(b)) indicated that the
de-lithium residue morphology included small,
aggregated, irregularly shaped particles. Further, Ni,
Co, Mn, and O were uniformly distributed on the
surface of the oxide particles.

The XPS spectra of the de-lithium residue are
shown in Figs. 2(a—d). Figure 2(b) shows that the
Ni 2p spectrum exhibited four peaks; the two strong
peaks at 854.89 and 872.54 ¢V corresponded to Ni
2p3n» and 2p1p, respectively. Combined with the two
satellite peaks at 861.54 and 880.39¢V, it was
assumed that Ni*" and Ni** were present in the
sample [29]. Figure 2(c) shows the Co 2p spectrum.
The binding energies (BEs) of Co 2pi2 and Co 2ps»
were located at 795.44 and 780.39 eV, respectively.
Furthermore, the difference between BEs of the
spin-orbit splitting peaks of Co 2pi» and Co 2ps»
was >15 eV, demonstrating the coexistence of Co**
and Co’" in the de-lithium residue [30]. Figure 2(d)
shows the Mn 2p spectrum in which two major
peaks with BEs of 642.24 and 653.99 eV were
observed. This finding was correlated with the Mn**
data, indicating its presence in the sample [31]. The
valences of Ni, Co, and Mn in the de-lithium
residue, as determined by XPS, were +2/+3, +2/+3,
and +4, respectively (Fig. 2), indicating that these
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metals existed in metal oxide covalent bond, which
cannot be readily reduced.

3.2 Effects of operation parameters on leaching
efficiencies

3.2.1 Effect of stirring speed
The effect of stirring speed on the leaching

efficiencies of Ni, Co, and Mn was investigated.
Figure 3 showed that the leaching efficiencies of Ni,
Co, and Mn increased with the increasing stirring
speed since the increase in the stirring speed could
improve the external diffusion rate of ions. At a
stirring speed of >500 r/min, the leaching efficiency
of Mn demonstrated an increasing trend, although

v—Co,Ni;_ O,
+—NiO,
4 —Co50,

> €

> e

e e

A

v *
A ES M

> <€
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200(°)
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» — Li(Ni,Co,Mn,_,,)O,

>

(b)
Fig. 1 XRD pattern (a) and SEM—EDS images (b) of de-lithium residues (raw materials for leaching experiments)
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Fig. 2 XPS spectra of de-lithium residue sample: (a) Survey scan; (b—d) High-resolution spectra of Ni 2p, Co 2p, and

Mn 2p, respectively
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Fig. 3 Effect of stirring speed on leaching efficiencies
(80 °C, 1.5 mol/L H»S04, 10 g/L starch, and 20 min)

those of Ni and Co almost remained unchanged,
indicating the elimination of the limiting effect of
external diffusion. Based on the leaching efficiency
and economy thinking, 500 r/min was adopted as
the stirring speed in the subsequent experiments.
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3.2.2 Effects of leaching time and temperature

The effects of leaching time and temperature
on leaching efficiencies of Ni, Co, and Mn were
also investigated. Figure 4 showed that the leaching
efficiencies of the various metals increased with
reaction time up to 20 min. However, under
high-temperature conditions (>70 °C), the leaching
efficiencies remained constant with the reaction
time from 20 to 60 min, indicating the completion
of the leaching process. The leaching efficiencies of
Ni, Co, and Mn were improved with increasing
leaching temperature from 50 to 90 °C. During
leaching from 50 to 70 °C, the leaching efficiencies
of Ni, Co, and Mn increased rapidly from 14.91%,
12.78%, and 11.71% to 89.93%, 88.88%, and
90.68%, respectively. Since increasing the leaching
temperature promoted the reaction rate, it was
concluded that the reaction was endothermic.

Notably, although the temperature significantly
affected the leaching efficiency when it <70 °C, and
when it was >70 °C the leaching efficiencies of Ni,
Co, and Mn increased slowly. Moreover, a higher
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Fig. 4 Effects of leaching time and temperature on leaching efficiencies (500 r/min, 1.5 mol/L H»SO4, and 10 g/L

starch)
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reaction temperature resulted in an increased energy
consumption. Thus, 80 °C was considered the
optimum leaching temperature.
3.2.3 Effect of H>SO, concentration

Figure 5 shows the effect of H,SO4
concentration on leaching efficiencies of Ni, Co,
and Mn, which displayed a positive correlation
at H,SO. concentration <1.5 mol/L. The leaching
efficiencies of Ni, Co, and Mn increased from
89.84%, 88.36%, and 86.19% to 96.41%, 95.76%,
and 98.82%, respectively, when the concentration
of H,SOs increased from 0.25 to 1.5 mol/L.
However, once the concentration of HSO4
increased from 1.5 to 2.0 mol/L, the leaching
efficiencies of Ni, Co, and Mn decreased to <93%.
Perhaps, increasing the acid concentration increased
the concentration gradient of H" on the particle
surface, thereby promoting the leaching of Ni, Co,
and Mn. However, a higher acid concentration
might inhibit the diffusion of the leaching
products, thereby affecting leaching [20,32].
Therefore, 1.5 mol/L was selected as the optimum
concentration.

100

-o— Ni

95t

90 1

Leaching efficiency/%

85

0.5 1.0 1.5 2.0
H,SO, concentration/(mol-L™")
Fig. 5 Effect of H>SOs concentration on leaching
efficiencies (500 r/min, 80 °C, 10 g/L starch and 60 min)

3.2.4 Effect of starch dosage

Figure 6 showed that the leaching efficiencies
of Ni, Co, and Mn increased with the increase of
starch dosage. When the starch dosage changes
from 1 to 6 g/L, the leaching efficiencies of Ni, Co,
and Mn increased from 87.55%, 84.04%, and 64.04%
to 95.88%, 94.01%, and 98.25%, respectively. This
indicates that the increased starch dosage enhanced
the reduction of high-valence Ni, Co, and Mn.

Given that the leaching reaction promoted the
fracture of the Me—O covalent bond, Ni(Ill),

Co(III), and Mn(IV) could be easily reduced to
Me(Il), easing their leaching [32,33]. However,
when the starch dosage exceeded 6 g/L, the rapid
leaching efficiency increment for Ni, Co, and Mn
was depressed, indicating that 6 g/L was the
optimum dosage of the reductant.

100

90 1

80 1

Leaching efficiency/%

70 ¢

60

2 4 6 8 10
Starch dosage/(g-L™")

Fig. 6 Effect of starch dosage on leaching efficiencies

(500 r/min, 80 °C, 1.5 mol/L H,SO4, and 60 min)

3.2.5 Validation experiments

Three large-scale leaching experiments were
conducted under the optimum conditions based on
the above results. Additionally, the solution volume
was expanded to 3 L, and the reactant dosages were
scaled up accordingly.

Figure 7 showed that the mean leaching
efficiencies of Ni, Co, and Mn were 98.07%,
96.52%, and 98.06%, respectively. Compared with
the results reported in Table 1, using starch as a

100

Hl Exp. 1
ZJExp. 2
98.07%
X XJExp. 3 98.06%
X 98r /§ T [ Mean value /-\v
M 7 o I
X 2NN A
b= AN N AN
> 2N N N
2 o lON N ZN
= / / 7
S AN AN N
g N 2N 2N
& N N N
ol 7N 2\ A
/] / 7

N N N
90 N AN N
Ni Co Mn

Metal

Fig. 7 Validation experiment results of leaching
efficiencies of de-lithium residue (leaching conditions:
stirring speed, 500 r/min; leaching temperature, 80 °C;
H,SO4 concentration, 1.5 mol/L; starch dosage, 6 g/L;
leaching time, 60 min)



Wei-lun LI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 619-631 625

reductant yielded similar leaching efficiencies to
those achieved by H,O,. Further, the excellent
reproducibility of the experiment was proved. This
demonstrated that the leaching reaction could
achieve high efficiency in a relatively short time if
starch was employed as a reductant.

3.3 Reductive leaching Kkinetics of de-lithium
residue in H,SO4—starch solution
3.3.1 Selection of leaching reaction mechanism and
kinetic model

The XRD patterns of the de-lithium and
leaching residues were obtained under the optimum
conditions at different leaching time (Fig. 8). All
samples exhibited a hexagonal a-NaFeO, structure
with a space group of R3m. Concurrently, the
intensities of the major peaks of the residue
containing high-valence Ni, Co, and Mn decreased
with increasing leaching time.

The leaching residue samples, obtained under
the optimum conditions at different leaching
time (0—20 min), were characterized by SEM
(Figs. 9(a—d)) and BEM (Figs. 9(e—h)). The
de-lithium residue was the primary particle
exhibiting an irregular shape and extremely small
size (Fig. 9(a)). Figures 9(b—d) showed the SEM
images of the leaching residue. After leaching in the
H>SO4—starch solution, the de-lithium residue was
wrapped by glucose (hydrolyzed by the starch), and
a sugar-polymerized film was formed on the
surface, facilitating the agglomeration of the
primary particles into a spherical shape. A negative
correlation was observed between the particle size

= —CoNi;_ O, 4 —Co;0,
¢ —NiO, v —MnCo,0,
+ —Ni,O;H

*

) E L NG
(d

S
e ®)

- @

10 20 30 40 50 60 70 80
200(°)

o) «
| (1 X4
nepe

Fig. 8 XRD patterns of de-lithium residues before
leaching (a), and leaching residues after reacting for
2.5 min (b), 10 min (c), 20 min (d), and 60 min (e) (the
experimental conditions matching those in Section 3.2.5)

and reaction time, indicating that the lixiviant
continuously reacted with the particles on the
surface. The BEM images (Figs. 9(e—h)) of the
polished de-lithium residue thin section before and
after leaching indicated that the product layer did
not appear at the edge of the leaching residue with
decreasing particle size [34]. Combined with
Figs. 9(b—d), it was deduced that the leaching
process was consistent with the unreacted shrinking
core model (USCM).

Based on the results of the above-described
conditional leaching experiments, the leaching
reaction was completed in about 15 min. Therefore,
the leaching kinetics of the de-lithium residue was
studied in H2SO4—starch solution for 15 min. The

Fig. 9 SEM (a—d) and BEM (polished section) (e-h) images of de-lithium residues before leaching (a, €), and leaching
residues after reacting for 2.5 min (b, f), 10 min (c, g), and 20 min (d, h) (experimental conditions matching those

reported in Section 3.2.5)
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principle of the leaching reaction is illustrated in
Fig. 10. The generated CO; gas could be collected
by electrochemical CO; capture technology [35].

The leaching reaction of the de-lithium residue
corresponded to a liquid-solid heterogeneous
mechanism, not involving a solid product layer; it
proceeded at the liquid—solid phase interface. Many
kinetic models have been applied to describing
the metallurgical leaching process, and the most
common model is USCM. A comparison of the
SEM (Figs. 9(a—d)) and BEM (Figs. 9(e-h)) images
of the de-lithium and leaching residues indicated
that the particle size of the residue decreased with
the increasing leaching efficiencies of Ni, Co, and
Mn, demonstrating that the suitability of USCM in
describing the leaching process.
3.3.2 Reductive leaching kinetics

The accuracy of this model was verified
by plotting 1-2X/3—(1-X)** and 1-(1-X)'® (X is
the leaching efficiency) versus time ¢ at different
temperatures, H>SO. concentrations, and starch
dosages, and the results demonstrated that the
model of the surface chemical reaction control
(1-(1-X)"” versus ) was superior to that of liquid-
film diffusion control on the surfaces of the particles.

The results of 1—(1-X)"3 versus time ¢ at
different temperatures, H,SO4 concentrations, and
starch dosages are shown in Figs. 11(a, b, c),
respectively.

Figures 11(a, b, c¢) showed that 1—(1-X)"
exhibited a good linear relationship with time ¢
Thus, the model of the surface chemical reaction

control can be employed to describe the leaching
kinetics of the de-lithium residue in the H,SO4—
starch solution.

By fitting the linear regression of 1—(1-X)"
and time ¢ in Fig. 11(a), the slopes of all the lines
were obtained at different temperatures. According
to the Arrhenius formula,

k=Aexp[~E./(RT)] 2)

where £ is the reaction rate constant at temperature
T, A is the prefactor, T is the thermodynamic
temperature, R is the molar gas constant, and F, is
the apparent reaction activation energy.

In k£ was plotted against 1/7, and the result is
shown in Fig. 12(a). The determined F, values of
Ni, Co, and Mn during leaching were 93.32, 102.84,
and 95.68 kJ/mol, respectively, based on the slope
of the fitting line in Fig. 12(a). The leaching
reaction was further confirmed to be a chemical
reaction control based on its E,.

The slope of the lines obtained by fitting
the linear regression of 1—(1-X)"* and time ¢
(Fig. 11(b)) is the value of k at different H,SO4
concentrations. Ink was plotted against InC
(H2S04), and the results are shown in Fig. 12(b).

Figure 12(b) showed that the equations of the
reaction rates of Ni, Co, and Mn were Ink=
0.9225In C-3.7039, In k=1.0335ln C-3.7164, and
In A=1.1285In C—3.7790, respectively; the slope
values, 0.9225, 1.0335, and 1.1285, were the
apparent reaction orders of the H»SO. leaching
reaction.

CH,OH CH,OH CH,OH
(¢} (¢} (0]
H H H H H H
OH H 0 OH H 0] OH H O
H OH H OH H OH
(Starch)
OH OH
Heat in water bath 1 0
— HO” Y
Hydrolysis in H,SO, OH OH
(Glucose)
OH OH Ni(IT), Ni(IIT) Ni(II)
0 Stirring
HO Y <~ + { Co(Il), Co(Ill) + H,SO, — P Co(II) +SO3 + H,0 +CO,
E eat in water ba
OH OH Mn(IV) Mn(1I)
(Glucose)

Fig. 10 Reaction principles of de-lithium residue in H,SO4—starch solutions
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Fig. 11 Plots of 1—(1-X)" versus ¢ for de-lithium residues under different conditions in H,SOsstarch solution:

(a) Temperature; (b) H.SO4 concentration; (c) Starch dosage

The apparent reaction speed constant, &, was a
function of the H,SO4 concentration, starch dosage,
stirring speed, and temperature, and can be
expressed by combining Eq. (3) with the revised
Arrhenius equation, as follows [36]:

3)

where ko is the frequency factor, Cygo, —and
Cguen  are the concentrations of HoSO4 and starch
dosage, respectively, W is the stirring speed, a is the
H,SO4 concentration reaction order, b is the
starch-dosage reaction order, and c is the influence
index of the stirring speed. Since the stirring speed
exerted only a slight effect on the de-lithium residue
leaching efficiency in the H»>SOs—starch solution,
the influence index of the stirring speed was zero.
The experimental data wunder different

conditions were substituted into Eq. (3). Figure 12(d)

K :kOCI{-lI2$O4 Csl:arctheXp[_Ea /(RT)]

showed that a good linear relationship was
established  between the 1-(1-X)!® and
.50, Coaen/V exp[—E, /(RT)}t of Ni, Co, and Mn
in all the experimental data; the data points were
mostly distributed around a line with relatively high
parameters of R*for Ni (0.9853), Co (0.9907), and
Mn (0.9885).
According to the above kinetic data fitting, the
kinetic equations of Ni, Co, and Mn leaching in the
H>SOs—starch solution of the de-lithium residue

were obtained as follows, respectively:

1-(1-X)"3=4.8571x10" Ciyso, Cor -

exp[—93319/(RT)]t 4)

1-(1-X)"*=1.0074x10"3 i, Closit -
exp[—102839/(RT)]¢ (5)

1-(1-X)3=6.7319x 10" Chi2% C% -
exp[—95681/(RT)]t (6)
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Fig. 12 Arrhenius plots of In & versus 7! (a), In & versus In Cu,so, (b), In & versus In Ciaren (¢) and relationship between
1-(1-X)' and Cr.50,Coaren W exp[—Eo/(RT)]t (d)

4 Conclusions

(1) The leaching efficiencies of Ni, Co, and
Mn were slightly enhanced by the increasing
stirring speed, although they increased significantly

with the increase of the temperature, H>SO4

concentration,

and starch dosage. Under the

optimized conditions, the leaching efficiencies of

respectively.

Ni, Co, and Mn were 98.07%, 96.52%, and 98.06%,

(2) The XRD results demonstrated that the
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strong diffraction peaks of the leaching residue
were gradually weakened as the leaching reaction
progressed. The particle size of the de-lithium
residue decreased continuously in the SEM and
BEM images, being correlated with the USCM of
the liquid-solid reaction in the metallurgical
process.

(3) The leaching with the chemical reaction
was demonstrated as the controlled step by USCM.
The determined E, values of the leaching reactions
of Ni, Co, and Mn were 93.32, 102.84, and
95.68 kJ/mol, respectively, and the calculated
apparent reaction orders of H,SO. concentration
were 0.9225, 1.0335, and 1.1285, respectively.
Therefore, the kinetic equations of the Ni, Co, and
Mn leaching reactions in the H>SOs—starch solution
of the de-lithium residue were also obtained. Starch
is an available, cost, and excellent alternative to
traditional reductants for the recovery of valuable
metals from spent LIBs.
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