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a b s t r a c t

In this research study, a novel process of roasting-assisted flotation was developed for the

separation of spent vehicle lithium-ion batteries (LIBs) in the presence of micro-

nanobubbles (MNBs). For this purpose, roasting technology along with MNBs was applied

to overcome the challenge of poor efficiency of electrode active materials flotation. The

roasting properties (temperature: 300e500 �C and time: 1 h) and corresponding surface

alterations of the electrode active materials (zeta potential, contact angle, and X-ray

photoelectron spectroscopy (XPS)) were analyzed to explore the surface properties of

roasting materials in the presence of MNBs. MNB-assisted flotation was employed to

effectively separate the cathode active materials (CMs) from anode active materials (AMs).

Results showed that the efficiency of electrode materials flotation without the roasting

process was low due to the existence of residual organic binders and electrolytes. Scanning

electron microscope (SEM) coupled with energy dispersive spectroscopy (EDS), XPS and

zeta potential analyses showed that the electrolyte residuals and organic binders were

eliminated following roasting at 400 �C for 1 h. After roasting, the zeta potential of the CMs

and AMs increased from �55 ± 2 to �26 ± 1 mV and �46 ± 1 to �30 ± 1 mV, respectively.

These improvements indicated that CM surfaces were more hydrophilic, while the AM

surfaces were more hydrophobic. In the presence of MNBs, contact angle measurements

showed the highest and lowest values of 91 ± 1� and 29 ± 1� for the AMs and CMs,

respectively at 400 �C. It was found that the flotation performance was improved after the

roasting process and in the presence of MNBs and relatively lower reagent consumption
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(50%) was required to obtain higher recovery. Two-stage flotation processes in the presence

of MNBs could further upgrade the grade of CMs from 65 ± 2% to 93 ± 3%.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

According to the Global Battery Alliance, 34 million electric

vehicles (EVs) will be sold by 2030, with batteries weighing

200e500 kg based on vehicle type [1]. In this way, battery

material demand is expected to grow rapidly, leading to

serious issues such as waste management and battery recy-

cling [2,3]. Furthermore, these batteries are expected to have a

life period of only 10e15 years [4,5]. Thus, recycling spent LIBs

is beneficial both for preserving resources and protecting the

environment. Pyrometallurgy, hydrometallurgy, and flotation

are the main methods that can be used for recycling high-

value metals (e.g., Co, Ni, and Cu) from batteries [6,7]. More-

over, cathode materials (CMs) are promising recycling targets

for hydrometallurgical and pyrometallurgical processes due

to their valuable metal content (mainly Mn, Li, Ni, and Co).

With respect to the pyrometallurgical processes, it is hard to

separate slags from metals, and mixed powders (CMs and

AMs-graphite powders) are difficult to process [3,7].

On the other side, flotation can be potentially used to

separate electrode materials based on their wettability dif-

ferences [8,9]. Since anode materials (AMs) and CMs have

obvious and relatively significant differences in wettability

[10e12], flotation can be considered an effective way to

separate them. However, it has been addressed that spent

electrode materials exhibit poor flotation properties due to

their organic coatings and damaged/changed surfaces [13,14].

Therefore, it is necessary to modify electrode materials' sur-
faces before the flotation process to improve their flotation

behavior. To date, some technologies have been used to

remove organic residues from spent electrode materials

[3,14e16]. The varied techniques include conventional

grinding [4], cryogenic grinding [17], ultra-high shear forces

[18,19] and thermal treatments [3,15,20]. An investigation

conducted by Yu et al. on the flotation of spent LIBs, showed

that 97.1% LiCoO2 was obtained frommechanical grinding but

only 49.3% was recovered [4,14]. In another investigation, it

was reported that the grade of concentrate and the recovery of

CMs were improved by cryogenic grinding pretreatment at

196 �C [17]. Based on a high-shear blenderwith ultrahigh shear

forces, 66% of the LiCoO2 in the concentrate of the flotation

process was recovered, and the grade of the concentrate was

90% [18]. As a result of its efficiency and simplicity of upscale,

roasting and pyrolysis were examined as thermal treatment

methods. It was shown that CMs could be recovered between

80 and 98%, and AMs could be recovered about 95e98%

through the froth flotation processes [3,15,21,22]. In a study by

Wang et al., it was found that most of the organic outer layer

was removed from the electrode surface via roasting at 450 �C.
As a result of roasting treatment, 97.66% of the electrode

active materials were recovered [15]. Following pyrolysis

pretreatment to remove organic binders, Zhang et al. effi-

ciently used flotation technology for purifying CMs from AMs
with CMs recovery and grade of 83.75% and 94.72%, respec-

tively [19]. Vanderbruggen et al. showed that LMO recovery

was significantly improved after pyrolysis-mechanical attri-

tion pretreatment from 70% to 85%, while graphite recovery

was not affected [23].

Furthermore, MNB-assisted flotation has been widely used

for many particle types recently, including coal [24], musco-

vite [25], quartz [26e28], scheelite [29], phosphate [30],

graphite [31] and chalcopyrite [32]. Increasing the hydropho-

bicity of minerals and reducing reagent consumption have all

been proven by MNBs to improve the efficiency of flotation

processes [33e36]. Ultrafine bubbles nucleate without colli-

sion at the surfaces of hydrophobic particles in flotation of

ultrafine and fine particles. In this way, the flotation perfor-

mance can be improved since common/conventional air

bubbles (CBs) attach easily to them [33,37e39]. Nazari et al. [31]

showed that introducing nanobubbles (NBs) enhanced the

flotation kinetics rate and recovery of flotation of AMs by 33%

and 15%, respectively. Ma et al. [40] studied the physical

upgrading of graphite with NBs. They showed that the novel

process can produce a concentrate with 94.82% carbon grade

and 97.89% recovery from an open circuit of one rougher and

two cleaner flotation stages. Zhang et al. [41] reported that the

NBs had a good hydrophobic agglomeration effect on the

ultra-fine graphite particles. Furthermore, the flotation kinetic

test results showed that the NB-assisted flotation could

complete the flotation operation in only 0.5 min, while the

traditional flotation needs 0.625 min. A study conducted by

Farrokhpay et al. [35] examined fine particle kinetics in the

presence of CBs and microbubbles (MBs), and demonstrated

that the kinetic rate of quartz flotation rate was higher using

MBs due to the increased hydrophobicity [42]. According to

Rulyov et al. [26], the formation of coarse clusters of MBs and

beads was responsible for the enhanced recovery of column

flotation of glass beads. The experiments conducted by Ma

et al. [43] revealed that the recovery of coal increased by

10e39% when ultrafine bubbles were present, the concentra-

tion of collector and frother was halved, and the consumption

of air was reduced. Ahmadi et al. [38] showed that usingMNBs

improved the flotation recovery of fine particles of chalcopy-

rite by 16e21%.

Thus, based on the problems of the secondary resource

utilization of the spent LIBs, in this research work, roasting/

MNBs-assisted flotation was applied for enhancing the flota-

tion performance of electrode active materials. The roasting

pretreatment was aided to unwrap the electrode particle

surface from residuals of organic binders and electrolytes. The

surface cleaning performance of roasting at different tem-

peratures was evaluated using numerous advanced analysis

methods. Afterward, the effect of MNBs on the flotation per-

formance of electrode active materials after surface modifi-

cation was evaluated through an extended experimental

program.
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2. Materials and methods

2.1. Sample preparation and roasting pretreatment

Spent LIBs from waste vehicle batteries (type 18650, Jiangsu

State, China) were used as initial feed to flotation experiments

after pretreatments. A 5% NaCl solution was utilized to

discharge the batteries which lasted for 48 h. A manual

dismantling process was then performed to obtain electrode

anodes and cathodes scraps. The main CM and AM compo-

nents were identified as LiCoMnNiO2 and graphite, respec-

tively. Fig. 1 illustrates the main steps in the preparation and

roasting pretreatment of the electrode sample. Roasting tests

on electrode materials were conducted under a temperature

range of 300e500 �C for 1 h using a muffle furnace (MXG1200-

80model, ShanghaiMicro-X Co., China). In each test, electrode

materials were placed in corundum boats and then heated in

the muffle furnaces. After the roasting process, the samples

were crushed using an impact crusher for 30 s and then sieved

by a 45 mm screen to obtain AMs, CMs, and mixed materials.

Then, the products were used for the experiments.

2.2. Sample characterization and identification

A laser particle size analyzer (LPSA, GSL-1000 model, Liaoning

Co., China) was applied to measure the particle size distribu-

tion of the comminution product. For this purpose, five

consecutive measurements were performed for each sample

and the average value was reported. Through the use of X-ray

photoelectron spectroscopy (XPS, 250Xi model, Thermofisher

Escable, USA), transmission electronmicroscopy (TEM, G2 F20

model, FEI Tecnai, USA), and scanning electron microscopy

(SEM, 250 model, FEI Quanta, USA) combined with energy

dispersive spectroscopy (EDS, Bruker Quantax 400-10, Ger-

many), the roasting characteristics of CMs and AMs were

analyzed in detail. The phases and particle properties were

analyzed using the X-ray diffraction method (XRD, Bruker D8

Advance, Germany) under Cu-Ka radiation. The key settings of

XRD measurement were fixed at a current of 30 mA, acceler-

ating voltage of 35 keV, and scanning range and speed of 3e75�

and 0.5 s/step, respectively.

The surface properties of electrode material, before and

after roasting pretreatment, were characterized by advanced

analysis techniques. In this respect, the zeta potential of

electrode materials in the presence and absence MNBs were

measured using a potentiometric analyzer (ZetaPALS, Broo-

khaven, United States). Automatic runs for each tested
Fig. 1 e Roasting process and sample prep
sample were carried out five times continuously. The

average and standard division for each measured sample

was calculated. Contact angles of initial and pre-treated

electrode materials were also measured to determine the

wettability of the surface of electrode materials (JC2000D1

model, Zhongchen Co., China). For each measurement, the

well-known sessile drop approach was applied and drops of

deionized water were put in six different positions at the

surface of samples and the average contact angle values

were reported [31].

2.3. MNBs generation and flotation process

2.3.1. MNBs generation
The MNBs were produced using a bubble generator (Xiazhi-

chun Company, Kunming, China). The generator mixes air

with water using a pump/venturi tube loop and releases a

uniform emulsion-like bubbly stream through a tight nozzle.

For flotation experiments, MNBs were produced by circulating

5 L of ultrapure deionized water through the generator. The

conditions of MNBs production were controlled by adjusting

the aeration rates (0e2 L/min) and preparation time

(1e10 min). After the water was pumped into the inlet pipe,

MBs and NBs were formed in the outlet as a white mixture of

gas and liquid.

The appearance properties of MBs in the solution were

investigated using focused beam reflectance measurement

(FBRM, G400 model, Mettler-Toledo Co., USA) and obtained

images were analyzed via the Mettler-Toledo ParticleView

V19 system. For this purpose, the bubbly stream flowed

through the FBRM probe window directly placed into the

aqueous dispersion at a given angle and images were taken

dynamically. It is worth noting that during the imaging of

MBs, due to the instability of MBs, FBRM was used for real-

time monitoring when the bubble generator was running

[44]. In the case of NBs, the appearance properties were

recorded using a dynamic light scattering apparatus (DLS,

Omni model, Brookhaven, USA), but with completely

different methodology than that for the MBs. After the

preparation of the solution, the aqueous solution was

allowed to stand for 5 min to disappear all MBs, and then a

small amount of the solution was taken for testing. This was

performed to reduce the impact of the presence of MBs on the

accuracy of NBs measurements. Detailed information

regarding the operating conditions is available in our previ-

ous works [31,44]. To determine optimum conditions for

MNBs generation, different settings, i.e. airflow rate of

0.5e2 L/min and preparation time of 1e10 min, were
aration of electrode active materials.
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Fig. 2 e Schematic route of the roasting pretreatment followed by the NMB flotation.
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examined for the generator and finally, for all flotation ex-

periments, MNBs were prepared at a 0.5 L/min rate during

2 min of operation [31].

2.3.2. Flotation process
A laboratory flotation machine (XFD-63 model, Nanchang

Jianfeng Co., Chine) was employed for flotation experiments.

The fixed conditions during all flotation experiments were

impeller speed of 1300 rpm, aeration rate of 120 L/h, N-

dodecane (ND) as a collector, and 2-octanol as frother. To

avoid any disturbance from external contaminants, all

experimental works were performed using ultrapure

deionized water with a conductivity of 18.2 MU$cm. For every

individual flotation test, the appropriate amount of feed ma-

terial was first weighed, dispersed, and mixed for 3 min in the

flotation cell containing 400 mL water. Following that, 300 g/t

of NDwas added to the cell and conditioned for 3min. Then, 2-

octanol was added in two ways as follows (Fig. 2).
Fig. 3 e A qualitative observation of stability of mi
(I) The flotation cell was directly injected with 150 g/t of

frother solution without the use of MNBs;

(II) The flotation cell was charged with 75 g/t frother and

1200 cc of MNBs solution at the same time.

Considering 2 min conditioning for frother, the air was

then introduced into the flotation cell. The froth floating out of

the cell was continuously collected for 3 min. Afterward, the

tailing was filtered and dried for the second step of the flota-

tion experiment. The contents of CMs in the flotation products

weremeasured by the XRF. Evaluation of separation efficiency

was based on the CMs recovery and grade. The recovery (R, %)

was calculated using Eq. (1):

R ð%Þ¼Cc
Ff

� 100 (1)

where C, F, c, and f represent concentrate mass (g), feed mass

(g), concentrate grade (%) and feed grade (%), respectively.
cro- and nano-bubbles at different time levels.
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Fig. 4 e The size distribution of bubbles with different scales: a) MBs and b) NBs.
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3. Results and discussions

3.1. Characterization of MNBs

Fig. 3 illustrates the variation of MNBs water produced by the

generator with increasing time. As can be seen from Fig. 3,

when the MNBs water was just prepared (0 s), the aqueous

solution appeared milky white, with the time increased from

0 s to 180 s, the aqueous solution gradually changed from

milky white to clear because the MBs were extremely unsta-

ble. As time passed, the MBs gradually floated upwards and

ruptured in the water-air interface meaning the solution

became clearer and more transparent. At this point only NBs

were present in the solution [28,31,44].

Both MBs and NBs play significant roles in the flotation

process. However, so far there is no practical way to monitor

the MBs and NBs at the same time. The bubbles size distri-

butions of MBs and NBs are shown in Fig. 4a and b, respec-

tively. As seen, the size of MBs was mainly distributed

between 1 and 100 mm, where most of them ranged less than

10 mm in size, and the main peak of the bubble size distribu-

tion was located around 3e5 mm. However, the size
Fig. 5 e Particle size distribut
distribution of NBs was narrower than that of the MBs. It was

found that, the bubble size distribution of NBs was between

180 and 400 nm where the main peak was situated around

300 nm [31,44].

3.2. Characterization of feed material

The particle size distribution curve of feed material, shown in

Fig. 5 reveals that the characteristics size (d80) of electrode

active material is about 19 mm. The mineral composition of

raw electrodematerial measured using XRD is shown in Fig. 6.

The XRD pattern indicates that graphite, the raw anode ma-

terial, appears at 26.57 and 44.39� while lithium nickel cobalt

manganese oxide, the raw cathode material, appears at 18.69,

36.72, 44.39, 48.61, 54.69 and 64.55�.

3.3. Effect of roasting pretreatment

3.3.1. Surface morphology of AMs and CMs
As shown in Fig. 7a and b, TEM and SEM-EDS analyses were

employed to characterize the morphology of the electrode

material surface after the crushing and roasting stages. Ac-

cording to Fig. 7, organic binders present at the spent electrode
ion of the feed material.
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Fig. 6 e The XRD patterns for electrode active materials.
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material surface can roughen the surface of electrode parti-

cles, which can potentially decrease flotation efficiency.

Zhang et al. indicated that the organic binders on the surface

of CMs and AMs were Polyvinylidene fluoride (PVDF) and

Styrenebutadiene rubber (SBR), respectively [3]. This was

addressed in the literature as one of the primary reasons for

poor adhesion of graphite to air bubbles [3,16,17,45].

The surface of electrode active materials after roasting at

400 �C for 1 h is given in Fig. 8. At 400 �C, residual organic
binders were removed from spent electrode materials. A

further investigation of the F element in the EDS images

revealed that therewere still residual binders on the surface of

the electrode particle, which led to partial hydrophilization of

some graphite particles (Fig. 8). During the roasting process,

the electrode particles were liberated as can be seen in the

SEM images. As seen in Fig. 8, the electrode particle surfaces

became smoother after organic binder was removed. As a

result of exposing the original surfaces, the flotation process

can be anticipated more favorably.

3.3.2. Chemical states of AMs and CMs
The influence of roasting temperature on the surface chemical

properties of CMs and AMs before and after the roasting pro-

cess was assessed using the XPS technique and the results are

shown in Figs. 9 and 10, and Tables 1 and 2. According to the

XPS spectrum of CMs and AMs shown in Figs. 9 and 10, the

main peak at around 284.25 eV is due to carbon black additive

for CMs but from graphite for AMs. The e(CH2CF2)en peaks at

286.05 and 290.85 eV attribute to PVDF. The peak at 284.80 eV is

from CeC/CeH corresponding to SBR and indicates that there

still present some organic binder residuals at the surface of

electrode particles. The OeCeO, C]O, and OeC]O functional

groups related to ester electrolytes have given peaks at 287.14,

288.06 and 289.00 eV. These oxygen-containing groups may

enhance the hydrophilicity of the electrode particle surface

and influence interactions between electrode particles and
collector molecules. Therefore, the elimination of residual

electrolytes would be a crucial factor to improve the flotation

response of AMs and CMs [46,47]. Tables 1 and 2 indicate

significant reduction in F, O, and C contents. This may show

that the organic film has been significantly removed from the

surface of the particle and thus, partially exposed surfaces

have been provided. There was a significant reduction in F

contents from 13.7% to 6.62%, with a decrease rate of 52%. It

was evident that SBR decomposed since the main peak

attributed to SBRwas drastically reduced. Since the electrolyte

was removed, the OeC]O and C-OOR functional groups may

be disappeared and the content of C]O was reduced.

3.3.3. The surface potential of electrode particles
Fig. 11 illustrates the zeta potentials of spent CMs and AMs at

different temperatures. In the absence of MNBs, the ND, CMs

and AMs have zeta potentials of �47 ± 1 and �55 ± 2 mV at

room temperature (25 �C), which increased at higher tem-

peratures. As the temperature increased, the organic layer at

the surface of the particles has been disappeared [14,22]. It can

be seen from the variations of zeta potential values that the

properties of electrodematerials surfacemay be altered. After

the addition of ND, the zeta potentials of the CMs and AMs

showed a positive shift in comparison to those in the absence

ofMNBs andND. As a result of the addition of ND, the particles

became hydrophobic and agglomerated, causing the suspen-

sion system to become more unstable. As the temperature

increased, the zeta potential in the slurry decreased when

MNBs and ND were added to the pulp. The negative charge on

the surface of the NBs led to a negative shift in the pulp po-

tential [42,48]. The finer nuclei of gas in the water caused the

zeta potential to be smaller, thus facilitating particle

agglomeration [29]. Based on these findings, MNBs may result

in smaller electrostatic repellence forces for particles corre-

sponding to them, and thereby enhance flotation perfor-

mance [31,44].

https://doi.org/10.1016/j.jmrt.2023.03.133
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Fig. 7 e (a) TEM, (b, c1-4) SEM-EDS images of CMs after crushing.
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3.4. Mass loss rates

To reveal the mass loss rate (MLR) during roasting, Eq. (2) was

used to compute the MLR (%):

MLR ð%Þ¼
�
M1 �M0

M0

�
� 100 (2)
where M0 and M1 are the mass after and before roasting [49].

Fig. 12 shows the MLRs after roasting for the CMs and AMs in

1 h. MLRs of CMs decreased as the roasting temperature

increased. It shows that as the temperature increases, the

CMs can easily separate from the surface of foils; however, the

results remained similar at 400, 450, and 500 �C. Also, after
roasting at 400 �C for an hour, most of the organic outer layer

https://doi.org/10.1016/j.jmrt.2023.03.133
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Fig. 8 e SEM-EDS images of CMs after roasting.
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was removed. In contrast, the AMs showed an MLR of 56 ± 1%

at 400 �C, and it increaseswith increasing temperature. Also, a

roasting temperature of 500 �C resulted in very high MLRs for

graphite concentrate. It can be concluded that higher tem-

peratures destroy the graphite structure, and thus MLR in-

creases. Furthermore, high-temperature roasting of graphite
leads to the removal of the organic outer layer as well as se-

vere oxidation of the graphite surface that results in a huge

amount of oxygen-containing functional groups forming. This

caused graphite to become hydrophilic which led to attenua-

tion of the contact angle (Fig. 12) [3,10,15]. It was therefore

necessary to reduce the roasting temperature to prevent too

https://doi.org/10.1016/j.jmrt.2023.03.133
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Fig. 9 e C1s XPS spectra of spent and roasted cathodematerials: (a) raw CMs, (b) 300 �C, (c) 350 �C, (d) 400 �C, (e) 450 �C, and (f)

500 �C.
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much graphite loss. Therefore, roasting at 400 �C for 1 h can

improve the properties of electrode materials surface suffi-

ciently to achieve an improved flotation result.

3.4.1. Contact angle of electrode particles
To evaluate the wettability of CMs and AMs, the contact angle

measurements were carried out. CMs and AMsmay represent

similar wetting properties due to the presence of residual

organic binders, which may interrupt their flotation perfor-

mance. Therefore, spent electrode materials were exposed to

thermal treatment to remove residual electrolytes at tem-

peratures ranging from 300 to 500 �C, and then the contact

angles were determined. The effect of the temperature of

treatment on the contact angle of CMs and AMs is shown in

Fig. 13. As temperatures rise, spent AM's hydrophilicity
increases, while spent CMs's hydrophilicity becomes stronger

because of removing its organic binders. Thus, the contact

angle of CMs gradually decreased, whereas that of AMs

increased, which makes flotation an effective method to

separate CMs from AMs. Then, contact angle analysis showed

that the highest and lowest contact angle of AMs and CMs

attained 91 ± 2� and 29 ± 1�, respectively at 400 �C in presence

of MNBs. A comparison of the contact angles for concentrate

and tailing of flotation processes in the presence and absence

of MNBs was shown in Fig. 14. The highest and lowest contact

angle of concentrate and tailing were obtained at 400 �C with

MNBs, respectively. There is plenty of evidence showingMNBs

have a larger microscopic contact angle than CBs [50].

Generally, the presence of MNBs at the surface of particles can

upsurge the CBs contact angle and improve the attachment of
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Fig. 10 e C1s XPS spectra of spent and roasted AM: (a) raw AM, (b) 300 �C, (c) 350 �C, (d) 400 �C, (e) 450 �C, and (f) 500 �C.

Table 1 e Chemical states of carbon at the surface of CMs before and after roasting process.

Components -(CF2CH2)-n O-COOR OeC]O C¼O OeCeO -(CH2CF2)-n C-COOR CeC/CeH Carbon black

Cathode BE (eV) 290.50 290.00 289.00 288.06 287.14 286.05 285.40 284.80 284.25

Raw materials At.% 8.28 14.48 3.10 2.17 3.10 13.70 9.31 21.44 24.42

Heating products At. % Components O-COOR CF C¼O OeCeO CeH CeC Carbon black

BE (eV) 290.00 289.40 288.06 287.14 285.70 284.80 284.25

500 5.80 6.01 3.64 3.95 13.18 29.00 38.41

450 6.43 7.12 3.80 4.28 11.97 29.45 36.95

400 6.45 6.62 4.16 3.32 14.05 28.80 36.60

350 8.50 8.85 3.49 4.02 11.37 29.49 34.29

300 7.85 5.02 3.45 5.65 9.73 32.97 35.32
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Table 2 e Chemical states of carbon at the surface of AMs before and after roasting process.

Anode Components -(CF2CH2)-n O-COOR OeC]O C¼O OeCeO -(CH2CF2)-n C-COOR CeC/CeH Graphite

BE (eV) 290.85 290.00 289.00 288.06 287.14 286.05 285.40 284.80 284.42

Raw materials At.% 3.12 1.76 2.95 4.33 5.20 6.68 3.03 22.23 50.69

Heating products At. % Components CeF O-COOR CF C¼O OeCeO CeH CeC Graphite

BE (eV) 291.60 290.00 289.40 288.06 287.14 285.70 284.80 284.42

500 3.63 1.97 2.65 3.02 4.23 11.79 17.91 54.80

450 3.17 1.74 2.48 2.64 6.40 10.75 18.27 54.55

400 3.59 1.75 3.16 3.74 5.46 11.66 14.56 56.07

350 3.52 3.24 3.07 3.32 5.73 10.63 19.38 51.12

300 3.64 2.41 1.75 2.41 5.68 10.90 19.28 53.93

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 2 1 1 3e2 1 2 8 2123
particles to CBs that are responsible for directing particles

toward the froth phase [25,51]. About the contact angle Wang

et al. [52] explained that NBs are adsorbed on the substrate

and accompanied by deformation at the same time until a

metastable equilibrium state was reached. Then, the air con-

tent of froth gradually dissolves and disappears in absence of

any external energy (such as agitation, ultra-sonication, etc.).

Ishida et al. [53] showed that the macroscopically expected

contact angle of NBs was significantly lower than values

measured on the liquid side. This abnormally large apparent

contact angle of NBs can significantly improve the attachment

efficiency of particles and bubbles. Generally, the surface of

particles with higher hydrophobic character is a more favor-

able site for NBs to form, because such particles need less

energy required to overcome the adhesion between the sur-

face of particles and water [54,55]. Zhou et al. [29] showed that

the efficiency of bubble-particle attachment is significantly

influenced by the mass of particles and collision angle. They

also revealed that NBs can increase the attachment force by

increasing the hydrophobicity of particles as a consequence of

improved contact angle. The chief cause behind this phe-

nomenon is that as NBs frost on the surface of particles, the

attachment of CBs will enhance following their coalescence

with NBs cover over the surface of the particles. Thus, a

significantly stable contact angle be appear at the surface of

particles [31,56]. Calgaroto et al. [42], for example, showed that

the macroscopic contact angle of fine and ultra-fine particles

of quartz grew from18� to 46� in the presence of NBs due to the

formation of particle/NBs clusters. A similar result has been

also reported by Fan et al. [57] who showed the NBs led to the

improvement of the contact angle of anthracite, bituminous
Fig. 11 e Zeta potential variations of AMs a
coal, and sub-bituminous coal by up to 19�, 24�, and 27�,
respectively.

3.5. MNB-assisted flotation performance of electrode
particles

Results of flotation experiments of the electrode materials

pretreated by roasting (400 �C, 1 h) are shown in Fig. 15. The

CMs recovery and grade in the tailing product were two

evaluation indices in the flotation process. Themetals content

(Co, Mn, Ni) of rawmaterials was 65 ± 3%. Results indicate that

particles may not be floated without the roasting process and

usingMNBs. In the first step of flotation of electrodematerials,

the metal content and recovery at 400 �C in the pulp phase

were 74 ± 3% and 78 ± 2%, respectively, demonstrating CMs

were not separated from AMs. In the presence of MNBs, the

metal content and recovery of electrode active materials were

found to be 83 ± 3% and 85 ± 2%, respectively, which were

higher than that in the absence of MNBs. The yield of products

in the absence and presence of MNBswas 68 ± 3% and 66 ± 2%,

respectively. The electrode particle size is fine, and some

metal particles are easy to adhere to bubbles and then transfer

to the froth product. So, it was concluded that there can be an

entertainment of metal contents in the froth product in the

absence of MNBs more than the presence of MNBs. According

to the results, the flotation experimentswere conducted again

and a second step of flotation could also improve the grade

and recovery of CMs. Thus, in the absence of MNBs, themetals

content was up to 84 ± 3% with the yield of 73 ± 3%. The

improved recovery and grade of CMs after roasting and with

MNBs indicate that hybrid serving of roasting and MNBs can
nd CMs suspensions by ND and MNBs.
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Fig. 12 e Effect of roasting temperature on MLR of electrode

materials after 1 h.
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play a positive role in the modification of CMs surface and

consequently flotation separation, and that significantly less

reagent consumption (50%) was necessary to achieve better

recovery. Two-step flotation in presence of MNBs could

further enhance the grade of CMs to 93 ± 3% with a yield of

81 ± 3%. Thus, some metal particles still remain in the froth

product due to fine particle entrainment. So, research on the

removal of these particles and optimization of the flotation

can be conducted in subsequent studies.

3.6. Discussions

The muffle furnace flotation performance of electrode mate-

rials was significantly influenced by roasting temperature and

roasting time. By roasting pretreatment of spent LIBs, the
Fig. 13 e Contact angle of AMs and CMs with
organic binder can remove from the surface of electrode ma-

terials and improve electrode liberation. Also, it can enhance

the hydrophilic and/or hydrophobic character of particle

surfaces to enhance the efficiency of the flotation process

[3,15]. Moreover, a similar phenomenon can be observed be-

tween AMs and CMs in which the adsorption capacity of the

collector increases by the removal of electrolytes, particularly

for AMs. Due to the weak interaction energy between the re-

sidual electrolyte and molecules of the collector, the residual

electrolyte can hinder the adsorption behavior of the collect-

ing agent. In addition, the electrolytic residuals may dissolve

in pulp and changes their chemical and physical character-

istics [3,14].

On other hand, while MNBs cover the particles, they make

them hydrophobic, which allows CBs to collect them more

easily [58]. In addition, MNBs could facilitate particle interac-

tion and increase flotation recovery by acting as “air bridges”

[8,59]. In addition, MNBs have been shown to reduce reagent

consumption, improve flotation selectivity, and act as sec-

ondary collectors [38,60,61]. As compared with CBs, the

dissolution rate of NBs may last for a long time from hours up

to days, according to Weijs and Lohse [62]. Furthermore, the

lower surface tension and significantly higher contact angle of

NBs compared to CBs have been demonstrated elsewhere

[63,64]. NBs in flotation attach more readily to fine and ultra-

fine particles because of their specificmovement in liquid. The

fine particles coated with NBs can thus be attached easily to

the CBs and recovered [33,36]. Because the adhesion energy of

solid particles/water is smaller than that of water cohesion,

ultrafine bubbles tend to preferentially nucleate on hydro-

phobic particles’ surfaces. Moreover, the energy of adhesion

declines as the hydrophobicity of the solid surface measured

by the contact angle increases. In flotation of fine particles,
changing temperature before flotation.
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Fig. 14 e Contact angle of concentrate and tailing with changing temperature after flotation.

Fig. 15 e Flotation behavior of spent electrode materials after roasting-flotation with and without MNBs.
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NBs can nucleate without colliding with ultrafine particles,

which is almost often a clincher in the flotation of fine parti-

cles [34,39]. The van der Waals forces were strengthened by

the use of MNBs which altered the total repulsive force to

smaller attractive forces. Furthermore, the competition be-

tween the adsorption ofMNBs and the collector could stabilize

the surface potential, lead to the reduced electrostatic repel-

ling force between particles, and finally, provide conducive

conditions for agglomerating particles, which could enhance

flotation results [36,54].
4. Conclusions

In this research study, the hybrid effect of roasting andmicro-

nano-bubbles on the performance of spent electrode mate-

rials flotation was investigated through extensive experi-

mental works supported with necessary instrumental

analyses. Results indicated that the roasting pretreatment and

serving of MNBs improved both the grade and recovery of

electrode active materials and reduced the need for reagents.

Accordingly, the following conclusions are drawn from this

work.

� SEM-EDS indicated that organic binders and electrolyte

were removed at the optimal roasting temperature of
400 �C and the surfaces of electrode particles have become

smoother after the organic binder was removed.

� XPS analysis showed that there is a significant reduction in

F contents from 13.7% to 6.62%,with a decrease rate of 52%.

� As the temperature increased, the zeta potential in the

slurry decreased when MNBs and ND were added to the

pulp because of the adsorption of OH� on the surface of

particles.

� Contact angle analysis showed that the highest and lowest

contact angle of AMs and CMs attained 91 ± 2� and 29 ± 1�,
respectively at 400 �C in presence of MNBs.

� After the roasting process, the CMs grade increased from

65 ± 3% to 93 ± 3% in two-stage flotation processes in the

presence of MNBs. Further investigations using tap water

instead of DI water in flotation experiments could simulate

the plant operations for scale-up purposes, which was

considered for future test works.
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