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With the vigorous development of the lithium-ion battery (LIB) industry, the scarcity and non-renewability

of lithium resources mean that the efficient selective recovery of Li from the spent LIBs turns progressively

essential. Herein, by utilizing bean dregs (BDs) as a green reducing agent, an enhanced recycling strategy

combining biomass reduction roasting and carbonated water leaching was explored. During the roasting

process, the pyrolysis of BDs promoted the decomposition of the cathode material and converted it into

Ni, Co, MnO, and Li2CO3. According to the thermodynamic analysis and the physical characterization of

roasted products, a lattice collapse model was exploited to illuminate the thermochemical reaction

mechanisms under the synergistic reduction effect of gases and biochar. Moreover, the parameters of the

carbonated water leaching process were optimized by the response surface method (RSM) and the

central composite design (CCD), and the leaching rate of Li was further enhanced. Economic assessment

results indicate that this recycling strategy enhances the total profits by reducing energy and reagent con-

sumption and increasing the recovery efficiency of Li. Overall, based on the pyrolysis of BDs, the

enhanced strategy provides new perspectives and expectations for the future spent LIB recycling industry.

Introduction

Owing to high energy density, low self-discharge, and long life,
lithium-ion batteries (LIBs) have become the predominant
power source (>80%) in consumer electronics.1,2 With the ever-
increasing popularity of electric vehicles (EVs), the demand
and production of LIBs in the automotive industry will
explode globally in the next few years, and the EV market is
expected to reach 26 951 318 units in 2030, according to a
report by the International Energy Agency.3,4 Nonetheless,
the performance of these LIBs commonly degrades after
1000 cycles, meaning that their average lifespan rarely
exceeds 5 years, which will generate a great deal of spent
LIBs.5,6 Since the contents of metals such as Li, Ni, Co, and
Mn are more abundant than these of natural ores, spent
LIBs have turned into a vital secondary resource, namely
“urban mines”.7 Hence, it is remarkably crucial to carry out

a recycling strategy with high efficiency and low environ-
mental footprint for the sustainable development of the LIB
industry.8

The typical strategies for recycling spent LIBs are based on
hydrometallurgy or pyrometallurgy.9,10 Above all, hydrometal-
lurgy is acknowledged as the most promising recycling strategy
due to its high leaching efficiency,11 high metal selectivity,12

and distinguished product purity.13 Even so, in hydrometallur-
gical recycling processes, the residual liquid obtained after the
separation of valuable metals holds a low Li content (<2 g L−1),
and a lot of difficult-to-separate Na+/NH4+ impurities (∼5 g
L−1).14,15 Only about 70% Li could be recovered economically
from the residual liquid. For pyrometallurgical recycling
methods, spent LIBs are recovered in the form of metals or
alloys by employing a high-temperature smelting furnace,
which retains the advantages of high chemical reaction rate,16

simple operation,17 and effectively separating metal elements.18

In spite of these, Li is frequently lost as a by-product in the
slag or evaporated during high temperature treatments, which
leads to a low Li recovery rate.19,20 Obviously, with the robust
development of the LIB industry, it is foreseeable that over the
next decade, the world will face severe Li shortages due to the
scarcity and non-renewability of Li ore resources.21 To avoid
this supply crisis, at least 90 wt% of Li in the spent LIBs needs
to be recycled.22–25 However, the recovery efficiencies of Li
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obtained by the current recovery strategies are still at a low
level, and further improvements must be achieved.

In order to enhance the recovery efficiency of Li, researchers
have developed the recovery strategies combined with hydro-
metallurgy and pyrometallurgy, such as the recycling methods
integrated carbothermal reduction and water leaching, which
are capable of reducing energy consumption and selectively re-
cycling Li with high efficiency.26–29 For instance, Tang et al.
mixed spent LiCoO2 with graphite for carbothermal reduction
and then selectively extracted Li2CO3 by water leaching.

30 Zhao
et al. utilized microwave heating to promote the carbothermal
reduction of cathode materials with anthracite, so cathode
materials were rapidly reduced and the recovery of Li2CO3 was
achieved by water leaching.31 As a renewable,32 non-pollut-
ing,33 and carbon-balanced resource,34 waste biomass has
attracted more and more attention in thermochemical pro-
cesses, and has been considered to be an excellent solution to
alleviate the energy crisis and get rid of fossil fuel
dependency.35,36 Recently, Zhou et al. reported a biomass car-
bothermal reduction approach to recover metal resources from
spent LiCoO2 by pine sawdust.37 Chen et al. probed different
biomass wastes as reductants for selective leaching of Li from
spent LIBs, and the corn stalk exhibited the best reducing
capacity among the others.38 As we all know, bean dreg (BD) is
the main by-product in the processing of soybean products,
and China, where soybeans are the main oil crops and food
resources, produces up to 80 000 tons of BD waste every year.39

Therefore, the collection and availability of BDs for further
application overcome many other kinds of biomass which have
a relatively low output or regional limitation, while only a
small fraction of BDs is used as feed for livestock, and most of
them are not fully exploited. In recent years, based on the
benefits of energy conservation and environmental protection,
BDs have been utilized as a source of renewable energy or
value-added products, such as ammonia nitrogen removal40

and preparation of hierarchical porous carbon.41 To the best of
our knowledge, the application of BDs has not been reported
in the field of spent lithium-ion battery recycling. Therefore, it
is of great significance to in-depth explore the thermochemical
behaviors and the reaction mechanisms in the roasting
process of BDs as a green reducing agent and enhance the
recovery process for the realization of high-efficiency lithium
selective recovery.

Herein, for the purpose of achieving high-efficiency and
low-environmental footprint recycling of spent LIBs, we
exploited bean dregs as a green reducing agent, and adopted
an enhanced recycling process combining biomass reduction
roasting and carbonated water leaching to selectively recover Li
from the spent LIBs. The thermodynamic data of related
chemical reactions of the LiNi0.5Co0.2Mn0.3O2 (NCM-523)
decomposition and the BDs pyrolysis products were calculated
and analyzed by HSC software. Based on the detailed charac-
terization by TG-DSC-MS, SEM, XRD, and XPS, the material
transformation and thermochemical reaction mechanisms
during the roasting process were explored. In addition, the
synergistic reduction effect of gases and biochar was investi-

gated by independent experiments. The effects of the roasting
temperature, dosage ratio, and roasting time on the leaching
rate of Li were explored to optimize the roasting conditions.
Simultaneously, the variables of carbonated water leaching
(time, CO2 flow rate, temperature, and solid–liquid ratio) were
optimized by RSM and CCD methods to enhance the recycling
process, and obtained a global optimal solution for the
maximum leaching rate of Li. Finally, through the calculation
and analysis of practical application capability and recycling
benefits, it is verified that the enhanced recycling strategy in
this paper will demonstrate great development potential in the
future LIB recycling industry.

Materials and methods
Materials

Bean dreg (BD) is the common waste produced during soymilk
production in breakfast shops or soy product factories. Being
free from impurities and tiny particles greatly reduces the
difficulty of employing BDs as a reducing agent, and then
reduces a part of the labor costs in future industrial appli-
cations. In this work, BDs were thoroughly soaked and washed
3 times with deionized water to remove impurities, and then
dried in a vacuum oven (110 °C) overnight.39,42 The elemental
contents of BDs were determined using an organic element
analyzer. The detailed composition is illustrated in Table S1.†
The spent cathode material LiNi0.5Co0.2Mn0.3O2 (SNCM-523)
used in this research was sourced from a battery recycling
plant collaborating with our research group. Fig. S1 in the ESI†
shows the pre-treatment process. SNCM-523 was digested in
aqua regia for 3 h and the contents of Li, Ni, Co, Mn, Al, and
Cu were tested by inductively coupled plasma optical emission
spectrometry (ICP-OES) and are shown in Table S2.† In
addition, other spent LIB cathode materials including lithium
cobalt oxide (LCO) and lithium manganese oxide (LMO) were
acquired by the same preparation process. The scanning elec-
tron microscopy (SEM) images and the X-ray diffraction (XRD)
patterns of the obtained SNCM-523 cathode material are
shown in Fig. S2 and S3.† All the chemicals (H2SO4, HNO3,
and HCl) were of analytical grade and purchased from Sigma
Aldrich Co. Ltd, and deionized water was used for carbonated
water leaching, aqueous solution preparation, and washing.

Experimental procedure

Biomass reduction roasting. A schematic diagram of the re-
cycling process is shown in Fig. 1. A certain amount of
SNCM-523 and BDs was ground in an agate mortar for 10 min
to ensure that the reactants were uniformly mixed and trans-
ferred to a tube furnace (OTF-1200X, HF-Kejing) for roasting
under high-purity Argon (Ar) atmosphere (100 mL min−1). The
dosage ratios of SNCM-523 and BDs were 1 : 0.1–1 : 2. The
temperature range was 500–800 °C with a heating rate of 10 °C
min−1, and the holding time was in the range of 20–180 min.
After the roasting process, the obtained samples were ground
in an agate mortar again for 5 minutes before the subsequent
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characterization and separation procedures. Part of the
powders was dissolved in aqua regia to test the Li, Ni, Co, and
Mn concentrations by ICP-OES. The effects of roasting temp-
erature, dosage ratio, and roasting time on the leaching rate of
Li were investigated.

Carbonated water leaching. Carbonated water leaching was
performed in a 1 L wild-mouth bottle reactor on a magnetic
stirrer with heating equipment. A certain amount of roasted
powder and deionized water was introduced into the reactor,
and a CO2 cylinder with a flow meter was equipped. During
the leaching process, the flow meter was controlled at a con-
stant flow rate, while stirring the solution at a speed of 400
rpm and the temperature was kept constant by means of
heating equipment. After a certain leaching time, the solution
was filtered. The filtrate was heated to 100 °C in a 500 mL
glass beaker to recover Li2CO3 and held the temperature until
approximately 80% water had evaporated. Subsequently, the
suspension was filtered, and the obtained white powder was
washed with boiling deionized water and dried for 12 h.
Afterward, XRD and SEM were performed to characterize the
recycled Li2CO3 powder. Moreover, a part of the filtrate was
taken for ICP-OES tests to determine the leaching rate of Li.

Calculations and analytical methods

Response surface methodology to optimize carbonated
water leaching. A more accurate analysis of process behaviour

may be possible by using a different experimental design
approach.43 Among these methods, the RSM is preferable due
to its high accuracy and efficiency.44 The optimal operating
variables of the experimental process can be determined
through the analytical regression equation of the RSM, and
the corresponding physical and mathematical models can be
provided for the practical application of the relevant process,
thereby realizing the optimization of the process
conditions.45–47 In this study, the CCD was used to investigate
the optimal level points of each factor in the carbonated water
leaching experiment, and the RSM was exploited to analyse the
results. The variables selected in this study were time (h), CO2

flow rate (mL min−1), temperature (°C), and solid–liquid ratio
(g L−1).

The behaviour of the system can be analysed using
eqn (1).48

Y ¼ β0 þ
X

βiXi þ
X

βiiXi
2 þ

X
βijXiXj þ εði < jÞ ð1Þ

Here Y is the model prediction that depends on the inde-
pendent variable (the leaching rate of Li); β0 is a constant
which can be positive or negative, and βi (i, j = 1, 2, …, k) is the
coefficient of the linear variable expected to be significant for
the primary variable in the design, which can be assessed by
the p-value obtained from analysis of variance (ANOVA). βii is a
coefficient describing the magnitude of the nonlinear para-
meter. As for βij (i, j = 1, 2, …, k), if it is significant, it indicates
the interaction between variables. ε is the error term, which is
the same component that causes the model predictions to
differ slightly from the actual results.

The leaching rate of Li (RLi) is defined as follows:

RLi ¼ CLiV
m0w0

� 100% ð2Þ

where m0 (g) and w0 (%) are the mass of the cathode material
and the weight content of element “Li” in it, CLi (g L−1) and V
(L) are the concentration of element “Li” and the volume of
the leaching solution, respectively.

And the recovery efficiency of transition metal (Ri) is
defined as follows:

Ri ¼ Mi

Mp
� 100% ð3Þ

where Mi is the moles of transition metal “i” in the carbonated
water leaching product, and Mp is the moles of the element in
the mixed powders.

The “Design Expert 12.0” software was applied to calculate
the coefficients of the analytical fit equation and to perform
statistical analysis on the response surface model. The best fit
of the model was obtained by comparing the model predicted
value with the experimental value and the best combination
was obtained by response surface analysis. Simultaneously, so
as to validate the experimental results and the model results
derived from the statistical experiments, all experiments were
repeated 3 times to obtain the average data of the leaching rate
of Li.

Fig. 1 Schematic diagram of the enhanced recycling process.
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Analytical methods. The contents of metal elements (such
as Li, Ni, Co, Mn, Cu, and Al) and the concentrations of Li
were determined by utilizing inductively coupled plasma
optical emission spectrometry (ICP-OES, ICAP 7400, Germany).
The elemental contents of BDs were determined by exploiting
an organic element analyzer (Elemeraor, Germany). The
surface morphology, crystal structures, and chemical compo-
sitions of spent cathode materials, roasted samples, and carbo-
nated water leaching residues were characterized by scanning
electron microscope (SEM, HITACHI, S-4700, Japan), X-ray
diffraction (XRD, Rigaku, Japan), and X-ray Photoelectron
Spectroscopy (XPS, PHI5700 ESCA, USA). A thermogravimetric
analyzer (TG/DSC, NETZSCH, STA449F3, Germany) was
exploited to reveal the thermochemical properties and
behaviors during the roasting processes, applying about
5–10 mg of homogeneously mixed samples (dosage ratio of
SNCM-523 : BDs is 1 : 0.3), heated from room temperature to
1000 °C, a heating rate of 10 °C min−1 under a high-purity N2

atmosphere. The gas properties were characterized by combin-
ing the thermogravimetric analyzer with a mass spectrometer
(MS, NETZSCH, QMS403D, Germany) during the TG-DSC
testing processes. The Gibbs free energies of the relevant chemi-
cal reactions were calculated using HSC Chemistry 9.0 software.

Results and discussion
Thermodynamic and thermogravimetric analysis

The thermodynamic data are able to reflect the occurrence
probability of relevant chemical reactions, energy conversion,
and phase transition. During the roasting process, both the
reducing gases and biochar, generated from the pyrolysis of
BDs, can react with the decomposition products of SNCM-523.
Therefore, the reduction process is divided into two main
parts, gas reduction and carbothermal reduction. Herein,
based on the roasting process, the thermodynamics of the
corresponding reactions were explored. The relationships
between the temperatures and standard Gibbs free energies
were analysed to evaluate whether the reactions proceeded
spontaneously, and compare which reactions are thermo-
dynamically favorable. However, the reactants are always not in
the corresponding standard states, and therefore, the Gibbs
free energies of the corresponding reactions derived from the
isotherm equation are expressed as:37

ΔrGmðTÞ ¼ ΔrGθ
mðTÞ þ RT In Q ð4Þ

where ΔrGm(T ) and ΔrGθ
m(T ) are the Gibbs free energy (kJ) and

the standard Gibbs free energy (kJ) at T, respectively; R is the
molar gas constant, 8.314 J mol−1 K−1; T is the thermodynamic
temperature (K), Q is the reaction quotient. When a reaction
reaches its equilibrium state, ΔrGm(T ) = 0 or ΔrGθ

m(T ) =
−RT InQ; otherwise, ΔrGm(T ) < 0 indicates that the chemical
reaction can proceed spontaneously and vice versa.

First of all, just like the reaction formula listed below,
LiNi0.5Co0.2Mn0.3O2 will decompose into NiO, CoO, Li2O,
MnO2, and O2. Then, the reducing gases (such as H2, CH4,

NH3, and CO) and biochar from the pyrolysis of BDs will
undergo reduction reactions with the LiNi0.5Co0.2Mn0.3O2

decomposition products, respectively. It is worth noting that
the thermal decomposition of the peptide bonds in the
protein structure of BDs will release the strongly reducing
NH3. The protein content of BDs accounts for more than
20%,42 so a large amount of NH3 will be generated. At this
point, the basic reaction process between BDs and NCM-523
can be divided into the following steps:

Pyrolysis of LiNi0.5Co0.2Mn0.3O2:

10LiNi0:5Co0:2Mn0:3O2 ! 5Li2Oþ 5NiOþ 2CoOþ 3MnO2

þ O2ðgÞ

Gas thermal reduction:
(1) Thermal reduction of H2;

H2ðgÞ þ NiO ! NiþH2OðgÞ ðR� 1Þ

H2ðgÞ þ CoO ! CoþH2OðgÞ ðR� 2Þ

H2ðgÞ þMnO2 ! MnOþH2OðgÞ ðR� 3Þ
(2) Thermal reduction of CH4;

CH4ðgÞ þ 4NiO ! 4Niþ 2H2OðgÞ þ CO2ðgÞ ðR� 4Þ

CH4ðgÞ þ 4CoO ! 4Coþ 2H2OðgÞ þ CO2ðgÞ ðR� 5Þ

CH4ðgÞ þ 4MnO2 ! 4MnOþ 2H2OðgÞ þ CO2ðgÞ ðR� 6Þ
(3) Thermal reduction of NH3;

2NH3ðgÞ þ 3NiO ! 3Niþ 3H2OðgÞ þ N2ðgÞ ðR� 7Þ

2NH3ðgÞ þ 3CoO ! 3Coþ 3H2OðgÞ þ N2ðgÞ ðR� 8Þ

2NH3ðgÞ þ 3MnO2 ! 3MnOþ 3H2OðgÞ þ N2ðgÞ ðR� 9Þ
(4) Thermal reduction of CO;

COðgÞ þ NiO ! Niþ CO2ðgÞ ðR� 10Þ

COðgÞ þ CoO ! Coþ CO2ðgÞ ðR� 11Þ

COðgÞ þMnO2 ! MnOþ CO2 ðgÞ ðR� 12Þ
Biochar thermal reduction:

Cþ 2NiO ! 2Niþ CO2ðgÞ ðR� 13Þ

Cþ 2CoO ! 2Coþ CO2ðgÞ ðR� 14Þ

Cþ 2MnO2 ! 2MnOþ CO2ðgÞ ðR� 15Þ
Combustion reaction of carbon:

Cþ CO2ðgÞ ! 2COðgÞ ðR� 16Þ

Cþ O2ðgÞ ! CO2ðgÞ ðR� 17Þ

2Cþ O2ðgÞ ! 2COðgÞ ðR� 18Þ
Reaction of CO2 with Li2O:

Li2Oþ CO2ðgÞ ! Li2CO3: ðR� 19Þ
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Based on the above reactions, the relationships between
the calculated Gibbs free energies (ΔrGm(T )) and the tempera-
tures are shown in Fig. 2. The reaction formulas of MnO with
reducing gases and biochar and the detailed Gibbs free energy
calculation results are shown in Fig. S4.† Whether MnO reacts
with gases or biochar, the Gibbs free energies of the reactions
are all greater than 0, indicating that these reactions are all
non-spontaneous. As shown in Fig. 2a–d, the Gibbs free ener-
gies of the gas reduction reactions ((R-1)→(R-12)) are all nega-
tive across the entire temperature range, indicating that the gas
reduction reactions tend to proceed at low temperatures. By
comparing Fig. 2a–d with 2e, the biochar reduction reactions
((R-13), (R-14), and (R-15)) have higher initial reaction tempera-
tures than the gas reduction reactions. Furthermore, in the gas
reduction reactions (Fig. 2a–d), the Gibbs free energies of CH4

and NH3 reactions ((R-4)→(R-9)) are lower than those of H2 and
CO ((R-1), (R-2), (R-3), (R-10), (R-11), and (R-12)), and in terms
of thermodynamics, the decomposition products of NCM-523
will be preferentially reduced by them. Hence, compared with
traditional aluminothermic reduction and carbothermal
reduction, the exploitation of BDs as the green reducing agent
is of great significance for reducing the reaction temperature
and energy consumption. Finally, due to the negative Gibbs
free energy (R-19), Li2O will interact with CO2 to form Li2CO3.

Fig. 2g and h shows the TG-DTG-DSC curves for the roast-
ing of BDs alone and the mixed sample of BDs and NCM-523.
The DTG curve is the first derivative curve of the TG curve

reflecting the weight loss rate of the roasted sample. In the TG
curve of Fig. 2g, the BDs have a small weight loss in the temp-
erature range of 80–179 °C and the DSC curve shows an
endothermic peak, which is caused by the escape of free and
bound water in the BDs during roasting. When the tempera-
ture exceeds 179 °C, the main mass loss stage of BDs appears
around 569 °C, and the loss ratio reaches 77.43%. Meanwhile,
the DSC curve demonstrates that there are three endothermic
peaks (peak 1, 2, and 3) in this temperature region, indicating
that the pyrolysis of BDs into gas, biochar, and bio-oil is
responsible for the most of the mass loss. In order to charac-
terize the pyrolysis gas properties, the roasting process was
tested by combining mass spectroscopy and TG-DSC
(TG-DSC-MS), and the corresponding mass spectra are pre-
sented in Fig. S5.† It can be spotted from Fig. S5a† that the
main gases produced during the BDs pyrolysis process are H2,
CH4, NH3, and CO. Due to the extraordinary protein content in
BDs, the mass spectrum intensity of NH3 is the highest among
the others.42 Furthermore, in Fig. S5b–e,† the peak tempera-
tures of reducing gases in the mass spectra are very close to
the temperature of the maximum mass loss rate in the DTG
curve, indicating that a large amount of reducing gases are
produced in this temperature range. After this stage, C–C and
C–H bonds in the BDs were largely broken with the increasing
pyrolysis degree, and the most volatile substances were con-
verted to gases. Meanwhile, non-volatile substances (mainly
biochar) were left in the roasted products.

Fig. 2 Schematic diagrams of the relationships between the Gibbs free energies and temperatures for the chemical reactions during the reduction
roasting process: (a) H2 reduction, (b) CH4 reduction, (c) NH3 reduction, (d) CO reduction, (e) carbothermal reduction, (f ) reactions of C, CO, O2, and
Li2O; TG-DTG-DSC curves of (g) BDs and (h) the mixed sample of BDs and NCM-523 (dosage ratio: 1 : 0.3) under an Ar atmosphere (temperature
range: 30–1000 °C, heating rate: 10 °C min−1).
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The main weight loss of the mixed sample (dosage ratio of
BDs and NCM-523 is 1 : 0.3) in the TG curve is mostly concen-
trated in the four temperature ranges of 30–172 °C,
172–488 °C, 488–677 °C, and 677–1000 °C in Fig. 2h, while the
mass loss in the range of 172–488 °C reaches 13.31%, which is
the largest among the four stages. At stage II, the mass loss
curve of the mixed sample is similar to the TG curve of BDs,
indicating that the volatilization of BDs pyrolysis gases is still
the main cause. However, from Fig. 2h, the endothermic peak
(peak 2) temperature in the DSC curve is a little higher than
the temperature of the maximum weight loss rate, which indi-
cates that the pyrolysis gases (H2, CH4, NH3, and CO) undergo
pre-reduction reactions with the decomposition products (NiO,
CoO, and MnO2) during stage two. To verify this phenomenon,
referring to Fig. 2a–d, in this temperature range, the thermo-
dynamic conditions for the pyrolysis gas reduction reactions of
metal oxides have been completely reached (the Gibbs free
energies of (R-1)–(R-12) are all negative), demonstrating that
these reactions can all proceed spontaneously. It is worth
noting that the decomposition of the cathode powder can be
promoted by the coupled reaction when the pyrolysis gases
start to react with the decomposition products.49 As shown in
Fig. S6,† TG-DSC-MS was also applied to characterize the gas
properties generated during the roasting process of the mixed
sample. Among them, the temperatures corresponding to the
maximum intensities of H2, CH4, and NH3 are similar to the
peak temperature of the DTG curve (300 °C), and the intensity
begins to decrease after this temperature, indicating that the
gas reduction reaction has occurred, which also proves the pre-
reduction phenomenon. From stage three, the pyrolysis gases
of BDs and the decomposition products of NCM-523 start to
react violently. There is an exothermic peak (peak 4) around
600 °C in the DSC curve, which represents the reduction reac-
tions between the pyrolysis gases and transition metal oxides.
Compared with stage four, the smaller temperature range and
lower reaction temperature of stage three denote that the gas
reduction reactions can accelerate the reduction reaction kine-
tics and reduce the roasting temperature. In the fourth stage,
biochar further reduces transition metal oxides to Ni, Co, and
MnO, and simultaneously, Li2O will combine with CO2 to form
Li2CO3. Furthermore, there is an endothermic peak (peak 5) in
the DSC curve at 695 °C, demonstrating that the carbothermal
reduction reactions occur around this temperature. After stage
IV, due to the higher temperature, the Li2CO3 will gradually
decompose or evaporate and the “Boudouard reaction” (C +
CO2 = 2CO) will occur, resulting in a faster mass loss. The
same conclusion can be drawn from the mass spectrum of
CO2 (Fig. S6f†). When the temperature exceeds 600 °C, the
intensity of CO2 begins to increase, and there are two peaks at
717.4 and 879.7 °C, indicating that the carbothermal reduction
continues to occur. After 879.7 °C, the decreased intensity of
CO2 verifies the existence of the “Boudouard reaction”.
Ultimately, during the entire roasting process, as displayed in
the mass spectra of NO, NO2, and CO2 (Fig. S7†), no NO or
NO2 are produced, while CO2, as the main component of the
tail gas, can be returned to the reactor or applied in the sub-

sequent carbonated water leaching process during the industry
recycling process. This suggests that the biomass roasting
process is almost not harmful to the environment.

Optimization of biomass reduction roasting

According to the above thermodynamic and thermogravimetric
analysis results, it can be deduced that the pyrolysis of BDs
can promote the decomposition of NCM-523 and convert the
decomposition products into different products, mainly Ni,
Co, MnO, and Li2CO3 (XRD pattern of the roasted products is
shown in Fig. S8†). Therefore, so as to optimize the roasting
process, the effects of roasting temperature, dosage ratio, and
roasting time on the leaching rate of Li and the chemical com-
positions of the roasted products were investigated.

Effect of roasting temperature on the leaching rate of Li. The
roasting temperature has a significant effect on the leaching
rate of Li. Under the conditions of the dosage ratio of 1 : 0.5
and the roasting time of 1 h, the relationship between the
roasting temperature and leaching rate of Li is shown in
Fig. 3a. At around 500 °C, the leaching rate of Li is at a low
level (82.41%), because the roasting process has just entered
the gas reduction stage (stage 3), and most transition metal
oxides have not fully reacted and Li2O will be mantled by
them, making it difficult to recover. The same consequence
can also be obtained from the XRD pattern, in Fig. 3d, the
peaks of roasted products consist of not only Ni, Co, and MnO,
but also unreacted NiO and CoO. Since the kinetics of the
MnO2 gas reduction reaction are faster (the Gibbs free energies
are smaller than the reactions of NiO and CoO), no peak of
MnO2 appears. After 500 °C, the leaching rate of Li increased
significantly, and reached the maximum value at 700 °C
(93.08%). At this temperature, the roasting process passes
through the gas reduction stage and just enters the carbother-
mal reduction stage, where the transition metal oxides are all
reduced and massively generated CO2 converts Li2O into
Li2CO3. It can be spotted from the XRD pattern (Fig. 3d) that
there are no peaks of NiO and CoO, and the existing peaks are
Li2CO3, Ni, Co, and MnO at this temperature. When the roast-
ing temperature exceeds 700 °C, the leaching rate of Li
decreases, probably because Li2CO3 is vaporized or decom-
posed at such a high temperature.

Effect of the dosage ratio on the leaching rate of Li. The
dosage ratio is a very vital factor in industrial production,
because the amount of active substances that can be recovered
in a single roasting process (the amount of sample loaded in
the reactor is fixed) will affect the recovery cost and energy con-
sumption. As shown in Fig. 3b, the reduction roasting process
was carried out at 700 °C for 1 h with different dosage ratios.
With the increase of dosage ratio, the leaching rate of Li also
increased, and reaches the maximum value (93.59%) when the
dosage ratio is 1 : 0.3. From the XRD patterns in Fig. 3e, at low
dosage ratios (1 : 0.1 and 1 : 0.2), the amount of reducing gases
and CO2 is not enough, which will lead to an incomplete
reduction and a decrease in the leaching rate of Li. Conversely,
the leaching rate of Li declines with the dosage ratio exceeding
1 : 0.3. This is the reason that the excess biomass will generate
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a large amount of biochar and encapsulate Li2CO3, forcing it
to be unable to come into contact with water and CO2 in the
subsequent recycling process.

Effect of the roasting time on the leaching rate of Li. In
order to explore the effect of the roasting time on the leaching
rate of Li, the roasting temperature and the dosage ratio were
controlled at 700 °C and 1 : 0.3. It can be clearly distinguished
from Fig. 3a that with the roasting time extending from 20 min
to 180 min, the differences among the leaching rates are not
significant, indicating that the roasting time has little effect on
the leaching rate of Li. Additionally, from the XRD patterns in
Fig. 3f, the attained products do not change with the increase
of roasting time, which signifies that the whole reduction
process is instantaneous, and the roasting time only affects
the reaction rate. Therefore, the suitable roasting time
(40 min) achieves the maximum leaching rate of Li (93.78%)
through the complete reduction of transition metal oxides and
minimizes the loss of Li.

Synergistic reduction mechanisms of gases and biochar

The morphologies of SNCM-523, roasted products, and leach-
ing residues were investigated by SEM and the results are dis-
played in Fig. S2† and Fig. 4a–h, respectively. From Fig. S2,†
SNCM-523 consists of pellets of various sizes. After SNCM-523
was mixed with BDs and roasted under certain conditions, the
roasted products revealed smaller particles than SNCM-523,
which may be composed of Ni–Co alloys, MnO, and Li2CO3.
Additionally, smaller particles are beneficial for the efficient
recovery of Li2CO3 in the subsequent carbonated water leach-
ing process. The particles of leaching residues were looser
than the roasted products, and the EDS results exhibited that

the distribution of Ni, Co, and Mn elements was uniform. The
XRD patterns of the roasted products and the filter residues
after carbonated water leaching are displayed in Fig. 4i and j.
The roasted products are composed of Ni, Co, MnO, and
Li2CO3. For the leaching residues, due to the selective recovery
of Li2CO3, only the peaks of Ni, Co, and MnO exist in the XRD
pattern. The XPS tests were performed on SNCM-523, roasted
products, and leaching residues to determine the reduction
behaviors of the main elements in SNCM-523 during the roast-
ing process and the properties of leaching residues (Fig. 5). Li
1s is present in SNCM-523 as Li–O (Fig. 5a). After the roasting
process, the Li 1s spectrum is transformed into Li2CO3 with a
characteristic peak at 54.78 eV and then there is no Li charac-
teristic peak after the carbonated water leaching, meaning that
almost all Li element is recovered in the form of Li2CO3.

50 For
the Ni 2p spectra of SNCM-523 in Fig. 5b, the two main peaks
at 854.6 eV and 872.3 eV, corresponding to Ni 2p3/2 and Ni
2p1/2 with two satellite peaks, represent Ni2+, and do not
change after the subsequent processes. Besides, two weak
peaks at 857.1 eV and 870.0 eV belong to Ni3+ in the
SNCM-523, which disappear after the roasting process. In the
Ni 2p spectra of the roasted and leaching products, the charac-
teristic peak at 853.1 eV belongs to Ni, indicating that Ni2+ and
Ni3+ are reduced to Ni by reducing gases and biochar.51 Fig. 5c
displays the Co 2p spectrum of SNCM-523, and the peaks at
779.9 and 794.8 eV are consistent with Co 2p3/2 and Co 2p1/2
which are assigned to Co3+; furthermore, there are character-
istic peaks corresponding to Co4+ at 783.6 and 796.9 eV. The
binding energies of Co 2p3/2 and Co 2p1/2 of the roasted pro-
ducts and leaching residues change to 780.8 and 796.6 eV,
matching with Co2+, and the characteristic peak at 778.7 eV

Fig. 3 Effects of (a) roasting temperature, (b) dosage ratio, (c) time on the leaching rate of Li, and (d–f ) XRD patterns of the roasted products with
different roasting temperatures, dosage ratios, and roasting times.
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corresponds to Co, indicating that the Co4+, Co3+, and Co2+

were all reduced in the roasting process and did not change
after the leaching process.52 Simultaneously, it is worth noting
that there are multiple valences in the Ni 2p and Co 2p spectra
of roasted and carbonated water leaching products (Fig. 5b
and c), which are inconsistent with their XRD patterns (Fig. 4i
and j). The reason may be that part of the Ni and Co in the
roasted products are oxidized by O2 in the air, so Ni2+ and Co2+

peaks appear in the Ni 2p and Co 2p spectra, which can be
seen in previous reports.50 And this phenomenon becomes
more serious after the carbonated water leaching process
(Fig. 5). The Mn 2p spectrum of SNCM-523 exhibits two charac-
teristic peaks in Fig. 5d. Mn 2p3/2 at 642.5 eV and Mn 2p1/2 at
653.8 eV indicate that the main chemical state of Mn is Mn4+,
and the binding energy at 645.6 eV corresponds to the Mn3+

characteristic peak. After the roasting and leaching process,

the characteristic peaks of Mn 2p3/2 and Mn 2p1/2 are located
at 641.6 eV and 653.4 eV, respectively, which are the binding
energies of MnO. The comparison of three spectra shows that
Mn4+ and Mn3+ are successfully reduced to a lower oxidation
state through gas reduction and carbothermal reduction.53

In an attempt to explore the thermochemical reaction
mechanisms, the properties of products and the leaching rate
of Li of gas and biochar reduction were investigated under the
same conditions (the roasting conditions: roasting tempera-
ture of 700 °C, dosage ratio of 1 : 0.3, and roasting time of
40 min), respectively. The schematic diagram of the investi-
gation process (Fig. S9†) and the specific experimental pro-
cedure are illustrated in the ESI.† The XRD pattern of biochar
is shown in Fig. S10.† As revealed in Fig. 6a, there is no peak
of NCM in the XRD pattern of gas reduction products, indicat-
ing that reducing gases promote the complete decomposition

Fig. 4 SEM images of the mixed sample of BDs and NCM-523 (a and b) after roasting, (c–h) after carbonated water leaching, and XRD patterns and
pictures of (i) the roasted products and ( j) the filter residues after carbonated water leaching.

Fig. 5 High-resolution XPS spectra of (a) Li 1s, (b) Ni 2p, (c) Co 2p, and (d) Mn 2p core peaks of SNCM-523, roasted products, and leaching residues.
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of NCM-523. Nevertheless, the peaks of NiO and CoO still
exist, suggesting that the independent gas reduction cannot
completely reduce the transition metal oxides. What is more,
from the comparison of the leaching rate of Li in three
methods (Fig. 6b), it can be seen that there is a gap between
the gas reduction and the mixed reduction, revealing that the
gas reduction cannot be applied as a mature strategy for selec-
tive Li recovery individually. The same conclusion can be
attained from the XRD pattern and the leaching rate of Li of
the biochar reduction. As shown in Fig. 6a, since the decompo-
sition of NCM-523 lacks the promotion of the coupling reac-
tion caused by reducing gases, there are still NCM peaks in the
XRD pattern. Simultaneously, 700 °C is close to the starting
temperature of carbothermal reduction (stage IV). Thus, since
no CO participates in the reaction, not only the amount of gen-
erated CO2 may not be enough, but also there is a lot of
biochar which coats the generated Li2CO3, making it difficult
to recover during the carbonated water leaching process. This
is why the leaching rate of Li of biochar reduction would be
the lowest among the three reduction methods. Consequently,
for the thermal reduction of NCM-523 by BDs and the selective
recovery of Li, it is the synergistic reduction effect of gas and
biochar that accomplishes an extremely high leaching rate of
Li. Based on the analysis of the morphology and chemical

composition of the roasted products, and the synergistic
reduction effect of gas and biochar, the thermochemical reac-
tion mechanisms of the roasting process are illuminated, and
the schematic diagram is exposed in Fig. 7. LiNi0.5Co0.2Mn0.3O2

(NCM-523) is a widespread cathode material with a hexagonal
layered structure similar to R3m α-NaFeO2 in the space point
group.54 Among them, Ni, Co, and Mn elements occupy the 3a
and 3b positions of the space group, and O2− occupies the 6c
position.55 As presented in Fig. 7, many oxygen octahedral lat-
tices exist in the spatial structure of LiNi0.5Co0.2Mn0.3O2, in
which the central elements of the octahedra are transition
metals or Li+1. From the previous research studies and the
relationship between the Gibbs free energy and temperature of
NCM-523 decomposition (Fig. S11†), the thermodynamic pro-
perties of NCM-523 are remarkably stable, demonstrating that
even at extremely high temperatures, none of the covalent
bonds in these oxygen octahedral lattices will be broken to
allow transition metal elements or Li to escape.56

However, from the analysis results of TG-DSC-MS tests
(Fig. 2h and S6†), NCM-523 starts to decompose at low temp-
eratures (300–400 °C) after being roasted with BDs, and then a
series of reduction reactions occur with the reducing gases
and biochar from the pyrolysis of BDs. Thence, the thermo-
chemical reaction mechanisms of the biomass pyrolysis effect
on the decomposition of LiNi0.5Co0.2Mn0.3O2 is capable of
being explained by the lattice collapse model.57 When
NCM-523 is mixed with BDs for roasting, BDs will undergo two
pyrolysis processes within the temperature range to generate
reducing gases (H2, CH4, NH3, and CO) and biochar, respect-
ively. The pyrolysis products, especially reducing gases
(smaller reaction Gibbs free energy compared to biochar), are
more likely to be attracted and reacted with O in the oxygen
octahedral lattice, resulting in the breakages of the covalent
bonds between the transition metals and O, followed by the
continuous release of transition metals and Li from the octa-
hedral lattices. The description for the selective recovery of Li
by the O-cage digestion process was also referred to as the
“oxygen element reaction” (OER) in the previous work.58

Fig. 6 (a) The XRD patterns of the roasted products by gas reduction
and biochar reduction, (b) comparison of the leaching rates of Li by
different reduction methods.

Fig. 7 Schematic diagram of the thermochemical reaction mechanisms of selective recovery of Li by the pyrolysis of BDs.
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Transition metals change from high valence states to low
valence ones: Ni, Co (+3 → +2 → 0) and Mn (+4 → +2), which
can be concluded from the XPS analysis results. After the
synergistic reduction effect of gas and biochar, the octahedral
lattice structure completely collapses, and then the Ni and Co
atoms escape from the oxygen octahedra to form Ni and Co
metals. Li element combines with CO2 to form Li2CO3 which
is beneficial for recovery in the subsequent leaching process.
What is more, due to the strong covalent bond of MnO, it will
not undertake reduction reactions with reducing gases or
biochar within the temperature range and thus remains stable
in the subsequent process.59 Finally, the off-gas compositions
were analyzed by the TG-DSC-MS test simulating the roasting
process (Fig. S12†). It can be seen from Fig. S12† that the roast-
ing process can be divided into three stages: the heating stage,
holding stage, and cooling stage. Throughout the gas mass
spectra of three stages, the off-gas compositions can be
divided into two parts: 1. the gases generated by the reduction
reactions of the NCM-523 decomposition products and the
carbon combustion reactions (CO2, CO, and N2); 2. the
unreacted reduction gases (H2, CH4, NH3, and CO).

Optimization of carbonated water leaching

The detailed model construction and verification process are
presented in the ESI.† From the statistical analysis results, it
can be concluded that the constructed model can be utilized
to analyze and predict the carbonated water leaching process,
and optimize the leaching conditions.

2D contour plots and 3D surfaces. By plotting the dependent
variable as a function of two independent variables and
keeping all other variables at fixed levels, the 3D response sur-
faces can reveal relationships among variables and facilitate
intuitive comprehension of the interactions among indepen-
dent variables. Therefore, 3D response surfaces and 2D
contour plots of the measured responses were constructed
based on the quadratic function model, presented in Fig. 8
and Fig. S14,† respectively. The independent effects of four
variable factors (leaching time, flow rate, temperature, and
solid–liquid ratio) and the interactions among the different
variables on the leaching rate of Li are displayed in the 3D
response surfaces along with the corresponding contour plots.
The response surfaces of all factors exhibit a convex shape,
which clearly indicates that each independent variable has a
unique maximum value, of the optimal solution. In the mean-
time, the nonlinear nature of 3D response surfaces and
contour plots demonstrates that there is no direct linear
relationship among the independent variables. As a result,
there are considerable interactions between each independent
variable and the leaching rate of Li. From Fig. 8a–f, with any
two factors fixed, the leaching rates of Li first increase and
then decrease with the increase of time, temperature, and flow
rate. In contrast, in Fig. 8c, e, and f, the leaching rates of Li
decrease with the increase of the solid–liquid ratio under any
two fixed factors. This is the reason that a larger solid–liquid
ratio means that less LiHCO3 can be recovered under the same
solubility.

Optimal conditions. An optimized quadratic regression
model was analyzed to obtain the maximum leaching rate of
Li. The results of the response surface model demonstrated
that the optimal conditions for the leaching rate of Li in the
carbonated water leaching process are as follows: the time was
3.101 h, the CO2 flow rate was 137.374 mL min−1, the tempera-
ture was 66.667 °C, and the solid–liquid ratio was 24.444 g L−1.
Since the optimal leaching conditions do not meet the require-
ments for the convenience and feasibility of practical oper-
ation, the optimized parameters need to be modified appropri-
ately. The modified leaching conditions are as follows: the
time was 3.1 h, the CO2 flow rate was 135 mL min−1, the temp-
erature was 67 °C, and the solid–liquid ratio was 25 g L−1.
Under the above conditions, three parallel tests were carried
out, and the average leaching rate of Li was 96.83%, which was
very close to the response value. To sum up, in this study, a
quadratic regression model was reasonably constructed by
making use of the RSM and CCD methods, and the model
fitting effect was satisfactory. Thence, the selective recovery
efficiency of Li during carbonated water leaching was success-
fully predicted and the enhancement of the overall recovery
process was realized.

An enhanced recycling strategy

After the biomass reduction roasting and the carbonated water
leaching treatment, the final products were divided into two
parts: filter residues and filtrate. Among them, filter residues

Fig. 8 3D surfaces of the response surface analysis: (a) time and flow
rate, (b) time and temperature, (c) time and solid–liquid ratio, (d) flow
rate and temperature, (e) flow rate and solid–liquid ratio, and (f ) temp-
erature and solid–liquid ratio.
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mainly include Ni, Co, and MnO. The major component in the
filtrate is LiHCO3, which can be evaporated and crystallized to
obtain Li2CO3 in the subsequent recovery process.60 The SEM
image and XRD pattern of the obtained Li2CO3 are shown in
Fig. S15.† The diffraction peaks are in good agreement with
the characteristic peaks of Li2CO3, indicating that the recov-
ered Li2CO3 holds a good crystal structure. The SEM image
reveals that the recovered Li2CO3 particles are rod-shaped with
an average diameter of 2 μm and length of 10 μm. Meanwhile,
the purity of the recovered Li2CO3 was analyzed by ICP-OES,
and the results are listed in Table S7.† The purity as high as
99.79% demonstrates the feasibility of recovering battery-grade
Li2CO3 (purity > 99.9%) by the enhanced recycling strategy in
the future. It is worth noting that the recovery efficiencies (Ni,
Co, and Mn) in the filter residues also need to be analyzed by
ICP-OES (Fig. S16†). The relatively high recovery efficiencies of
these valuable metals indicate that this enhanced recycling
strategy accomplishes preferential and efficient recovery of
high-purity Li2CO3 without the expense of other valuable
metals.

With the aim of exploring the industrial application poten-
tial of the enhanced recycling strategy, common LIB cathode
materials (LCO, NCM, and LMO) were selected and mixed in a
certain proportion (the ratio is 1 : 1 : 1) to simulate the raw
materials of the actual recycling process. Since these lithium
transition metal oxides have similar O-cage structures, the
selective recovery of Li as well as the separation of valuable
metals can theoretically be achieved by the enhanced recovery
process.59 From the XRD pattern in Fig. 9a, it can be perceived
that the mixed materials are composed of LCO, NCM, and
LMO without other impurity peaks. After the recovery process
under the above optimized conditions, the recovery efficiencies
of Li, Ni, Co, and Mn are shown in Fig. 9b. Among them, the
recovery efficiency of Li is 96.35%, which is very similar to the
recycling of NCM-523 alone, and the recovery efficiencies of Ni,
Co, and Mn are all close to 100%. Hence, from the XRD
pattern of the roasted products of mixed cathode materials
(Fig. 9a), Li is recovered as Li2CO3, and Ni, Co, and Mn
elements are converted into metals or metal oxides, which is
also consistent with the XRD pattern results of recovering
NCM-523 alone. To sum up, the enhanced recovery process
which combines pyrometallurgy and hydrometallurgy can not

only be applied to recycle multiple cathode materials, but also
offer a new perspective for the selective recovery of Li and the
separation of valuable metals in future industrial applications.

Economic assessment

The economic assessment, which is crucial for realizing the
industrial application of the designed recycling strategy, was
investigated based on the optimized results of the enhanced
recycling process. The total costs of the designed recycling
process mainly include raw materials (mainly BDs and spent
NCM-523), depreciation, the maintenance of the adopted
equipment, electric power consumptions, labor, and reagent
consumptions (chiefly BDs, water, and CO2). The energy-con-
suming equipment in the recovery process includes heat treat-
ment furnaces, heaters, self-discharging filtering machines,
multi-stage evaporators, and magnetic separators. Among
them, the parameters of the utilized equipment refer to the
existing common equipment in other research studies. For re-
cycling 1 ton of spent NCM-523 powder, the qualities, unit
prices, and incomes of the products are listed in Table S8;† at
the same time, the costs, revenues, and profits are listed in
Table S9 (the detailed calculation process is listed in the ESI).†
Obviously, the enhanced recycling strategy under the optimal
conditions can harvest 71.65 kg of Li2CO3, 326.96 kg of Ni,
126.06 kg of Co, and 174.45 kg of MnO per ton of spent
NCM-523 powder, respectively, along with the total revenue of
$19 370.53. With regard to the above-mentioned costs (the
total cost of $1295.86 including CC&T and CT), the profits of re-
cycling 1 ton of NCM-523 powder are calculated to be
$18 074.67. Overall, the economic assessment results indicate
that the enhanced recycling strategy which combines biomass
reduction roasting and carbonated water leaching can operate
economically in the long term.

The advantages of utilizing bean dreg

This work was compared with relevant previous references to
illuminate the advantages of using BDs as a green reducing
agent in the enhanced recycling strategy. The recovery efficien-
cies of Li, recovery profits, and environmental influences with
anode graphite, lignite, coke, and different biomass as redu-
cing agents in the relevant references are summarized in
Table S11† for a systematic discussion. Firstly, it can be discov-
ered from Table S11† that the exploitation of BDs as a green
reducing agent has the highest recovery efficiency of Li.
Secondly, in terms of the recovery profit, the enhanced re-
cycling strategy has relatively high returns. Finally, from the
perspective of environmental influence, the utilization of BDs
can greatly reduce the emission of CO2 and other greenhouse
gases, indicating that the enhanced recycling strategy is envir-
onmentally friendly.

Conclusions

Herein, an enhanced recycling strategy combining biomass
reduction roasting and carbonated water leaching is proposed

Fig. 9 (a) The XRD patterns of mixed cathode materials and roasted
products; (b) the leaching rate of Li and the recovery efficiencies of Ni,
Co, and Mn.
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to achieve efficient selective recovery of Li. The thermo-
dynamics and TG-DSC-MS analysis results testified that the
reducing gases generated by the pyrolysis of the green redu-
cing agent BDs can accelerate the decomposition of NCM-523
by the coupled reaction and lower the roasting temperature.
The effect of roasting parameters was systematically studied.
Under the optimal conditions of a roasting temperature of
700 °C, a dosage ratio of 1 : 0.3, and a roasting time of 40 min,
the roasted products consisted of Li2CO3, Ni, Co, and MnO,
and the leaching rate of Li was 93.78%. To explore the thermo-
chemical reaction mechanisms of the roasting process, gas
reduction and biochar reduction were investigated, respect-
ively, and the morphologies and chemical compositions of the
products after roasting and carbonated water leaching were
investigated by SEM, XRD, and XPS. It can be consulted from
the analysis results that under the synergistic reduction effect
of gas and biochar, the covalent bonds of the oxygen octa-
hedral lattices in NCM-523 are broken, resulting in the release
of transition metals and Li. With the purpose of further enhan-
cing the recycling process, the variables in carbonated water
leaching (time, CO2 flow rate, temperature, solid–liquid ratio)
were optimized by the RSM and CCD methods. Under the opti-
mized conditions, the average leaching rate of Li from parallel
tests was 96.83%, which was very close to the response value.
Finally, through full cost accounting and economic assess-
ment, it is justified that this strategy owned high recovery
profits and practical application feasibility. In conclusion, the
enhanced recycling strategy based on the pyrolysis of BDs can
not only be applied to effectively recover high-purity Li2CO3,
but also offer a new perspective and great development poten-
tial for the future industrial recycling of the spent LIBs.
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