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a b s t r a c t

Although many studies have focused on processing of lithium-ion batteries (LiBs), there is

a considerable lack of information concerning the application of nanobubbles (NBs) in their

floatabilities. To cover this knowledge gap, the current study aims at exploring the effect of

key operating parameters on flotation of two types of graphite i.e., lithium-ion batteries’

graphite (LIBG) and natural ore graphite (NOG) in the presence of NBs. For this purpose, the

effects of NB solution ratio, impeller speed, air flow rate, as well as dosage and type of

collector and frother on recovery of graphite were investigated in the presence and absence

of NBs. Three frothers (i.e., methyl isobutyl carbinol (MIBC), terpenic oil, and 2-octanol),

and three collectors (i.e., n-dodecane, kerosene and diesel oil) were employed for com-

parison purposes using an XFG micro-flotation unit. The hydrodynamic cavitation and

dynamic light scattering (DLS) methods were utilized to produce and characterize ultrafine

bubbles, respectively. The DLS results confirmed the bubble size distribution ranged be-

tween 180 and 400 nm. The maximum recovery of graphite particles (ca. 98%) was obtained

for the LIBG particles, at an impeller speed of 1000 rpm, air flow rate of 0.4 L/min, using 2-

octanol as a frother, and n-dodecane as a collector. Further, the influential order of the

frothers was found as 2-octanol > terpenic oil >MIBC. According to the flotation results, the

presence of NBs increased the LIBG flotation recovery and its kinetic rate by 15% and 33%,

respectively.
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1. Introduction

Over the last decades, many efforts have been devoted to

improve the flotation performance of difficult-to-float ultra-

fine and coarse particles [1e5]. Exploring possible solutions to

mitigate losing valuable minerals in tailings, studying mining

options for low-grade ores, and exploring perspectives to

reclaim valuable components from accumulated wastes are

vital in addressing the challenges [6e8]. The use of nano-

bubbles (NBs, nanoscopic gaseous cavities not larger than

1 mm) in flotation of ultrafine, fine and coarse particles has

been one of the promising solutions to overcome the chal-

lenges in their flotation. Thus, in the last decade many sci-

entists have focused on characterization and application of

ultrafine bubbles due to their unique physical and physico-

chemical properties [9e15]. Different methods for generating

NBs such as hydrodynamic cavitation [8,16,17], ultrasonic

cavitation [18,19], solvent exchange [20,21], temperature raise

[22] and electrolysis [23] have been applied. These methods

have wide application prospects in flotation due to their

simplicity and efficiency [24e27].

Although fundamentals of NBs have not yet been under-

stood thoroughly, great efforts have beenmade to improve the

flotation recovery and kinetics as well as to reduce chemical

reagent consumptions. One of the principle arguments is

related to the stability of bulk and surface nano-bubbles.

Although many studies investigated the properties of bulk

nano-bubbles but their stability in aquiouse solutios is still

unclear and under discussion in the literature [28,29]. How-

ever, the stability of surface nano-bubbles in the presence of

hydrophobic particles have been well documented [30,31]. It
Fig. 1 e Application of NB-assisted flotation. Others refer to the

literature. The original data (total of 72 research papers in the a

database (2009e2022).
was found that the application of NBs alongwith conventional

bubbles (CBs) ensures a significant increase in the flotation

efficiency of fine, ultrafine, and coarse particles [17,32e37].

NBs have been applied in flotation of variousmaterials (Fig. 1),

mainly coal, quartz and for wastewater treatment purposes.

Hydrodynamic cavitation-assisted flotation methods have

been found more effective than the conventional flotation

resulting in elevating recovery and kinetics [37e41].

The literature on the application of NBs in flotation of

graphite is still limited. In one of the studies, two flake

graphite and one microcrystalline graphite ores were used to

investigate the flotation performance in the absence and

presence of NBs. Bu, Zhang [42] concluded that the column

flotation was more efficient for cleaning the microcrystalline

graphite ore in the presence of NBs generated by the hydro-

dynamic cavitation. The froth layer using column cells was

found relatively thicker in comparison with mechanical

flotation cells (without NBs). Further, Ma, Tao [43] applied a

similar flotation column to upgrade a flake graphite ore.

Following this, Li, Xing [39] reported that the graphite flotation

performance was not improved by ultrasound pretreatment.

The explanation for the NB-assisted flotation using the

acoustic cavitation is limited because there is no generally

accepted theory of the generation and stabilitymechanisms of

NBs in acoustic fields [29]. Thus, there are no systematic

studies on the effect of the type and dose of frothers and

collectors as well as operating parameters (i.e., impeller speed

and airflow rate) on NB-assisted flotation of graphite.

On other hand,many attempts have beenmade to improve

the flotation performance of lithium-ion batteries’ graphite

(LIBG) that are always addressed as a major technical chal-

lenge. For instance, Zhang, He [44] proposed a selective
sum count of minerals that only appeared once in the

ttachment: Appendix 1) were collected from the Scopus
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Fig. 2 e A schematic overview of flotation experiments of graphite without (direction 1) and with (direction 2) NBs.
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crushing-assisted pyrolysis flotation method for separating

and recovering graphite from lithium-ion batteries (LIBs).

They showed that the grade and recovery of graphite reached

ca. 91% and ca. 81%, respectively. He et al. [45] studied the

flotation performance of graphite and valuable electrode

materials from the spent LIBs indicating that the recovery of

materials was enhanced using the Fenton reagent (a solution

of hydrogen peroxide with ferrous iron, typically iron(II) sul-

fate). Liu et al. [46] proposed a novel method of cryogenic

grinding and froth flotation to recover LiCoO2 and graphite

from spent LIBs. They concluded that the grade and the re-

covery rate of materials increased after 9 min of cryogenic

grinding. Vanderbruggen et al. [47] studied the flotation

behavior of lithium metal oxides and spheroidized graphite

from spent LIBs. They observed that the typically used oil-

based collectors interacted with both spheroidized graphite

and lithiummetal oxides, increasing their hydrophobicity and

promoting agglomeration. Cheng, Marchetti [48] summarized

various modified flotation techniques used for recovering

graphite from spent LIBs, like “surface

modification þ flotation”, “grinding þ flotation”, “thermal

treatment þ flotation”, and “pyrolysis þ flotation”. It is also

expected that NB-assisted flotation can be a promising

approach to enhance the flotation performance of graphite

from the spent LIBs. Thus, evaluating possible solutions to

reduce valuable mineral losses in spent LIBs is vital.

To fill out these knowledge and technological gaps, the

influence of NBs on the flotation performance of lithium-ion

batteries’ graphite (LIBG) and natural ore graphite (NOG) is

investigated. Besides that, the impact of several key influen-

tial parameters, including the impeller speed, airflow rate, as

well as type and concentration (dose) of collectors and froth-

ers, are studied in detail in the presence and absence of NBs. In

particular, the flotation kinetics of LIBG and NOG in the
absence and presence of NBs are compared. We believe that

the findings of this work will help to improve LIBG particle

flotation. This research may significantly promote the prac-

tical application of NBs in the field of spent LIBs to meet the

needs of both environmental protection and sustainable

development of energy resources.
2. Materials and methods

2.1. Materials and reagents

Two pure graphite samples, lithium-ion batteries’ graphite

(LIBG) and natural ore graphite (NOG) were purchased from

Shenzhen BTR New Energy Material Tech Co., Ltd (Guangdong

Province, China) and Tianjin Dengke Chemical Reagent Co.,

Ltd (Tianjin, China), respectively. Methyl isobutyl carbinol

(MIBC, C6H14O, 100.16 g/mol), terpenic oil (C10H18O2, 154.25 g/

mol), and 2-octanol (C8H18O, 130.23 g/mol) with the purity of

98% were used as frothers. N-dodecane (C12H26, 170.33 g/mol),

kerosene (C15H32, 321.49 g/mol), and diesel oil (a mix of satu-

rated hydrocarbons and aromatic hydrocarbons, 60e150 g/

mol) with the purity of 99% were applied as collectors. These

frothers and collectors were used for flotation of graphite

particles in the previous studies [46,49,50]. All reagents

consumed in the experiments were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd. In all experimental

works, the deionized water was used, which temperature,

conductivity, and pH were daily monitored. Its pH was kept

constant at 7 (natural pH) and a measured conductivity of

about 18.2 MU cm was reported while generating NBs and

carrying out the flotation experiments. These measurements

were performed to ensure water purity and consistency

throughout the entire experimental work.

https://doi.org/10.1016/j.jmrt.2022.08.137
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Table 1 e Description of applied flotation kinetic models [31].

No. Model Formula

1 Classical first-order model R ¼ R∞;1ð1 � e�K1tÞ
2 First-order with a rectangular distribution

R ¼ R∞;2

h
1 � 1� e�K2t

K2 t

�
3 Fully mixed factor model

R ¼ R∞;3

�
1 � 1

ð1þ t=K3Þ

#
4 Improved gas/solid adsorption model

R ¼ R∞;4K4t
1þ K4t

5 Second-order model

R ¼ R2
∞;5K5t

1þ R∞;5K5t
6 Second-order with a rectangular distribution

R ¼ R∞;6

n
1 �

h 1
K6t

lnð1þK6tÞ
io
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2.2. Characterization techniques

The particle size distribution (PSD) of samples was measured

by a laser particle size analyzer (GSL-1000, Liaoning Instru-

ment Research Institute Co., Ltd, China). Four consecutive

measurements were undertaken, from which an average

value was calculated. Samples were characterized using an

X-ray fluorescence spectrometer (XRF, Bruker S8 Tiger,

Germany), and the carbon content (C) in graphite was deter-

mined. The crystallographic analysis was carried out with an

X-ray diffractometer device (XRD, Bruker D8 Advance, Ger-

many) under Cu Ka radiation using some key parameters,

including 35 keV of accelerating voltage, 30 mA of current,

3e75� of scanning range, 0.5 s/step of scan speed. A scanning

electron microscope (FESEM, TESCANMAIA3, Czech Republic)

was used to analyze the surface topography of both graphite

samples. Fourier transform infrared spectroscopy was con-

ducted using a KBr disk technique and a Fourier transform

infrared (FTIR) spectrometer (Germany, Bruker, Vertex80V) in

the range of 400e4000 cm�1. Also, the size of NBswas obtained

according to the Brownian motion when the dynamic light

passed through the quartz cell.

2.3. Generation of NBs

A nanobubble generator developed by the Xia Zhichun Envi-

ronmental Protection Technology Co., Ltd (Kunming, Yunnan

Province, China) was employed to produce NBs through the

hydrodynamic cavitation approach (Fig. 2). During the prep-

aration of NBs, an inlet and outlet pipe were included within

the generator. After the water was pumped into the inlet pipe,

it flowed out of the outlet, then, the power was turned on.

Under the action of hydrodynamic cavitation, the gas and

liquid were fully mixed to form a milky white gaseliquid

mixture rich in NBs. Also, NBs were generated using deion-

ized water without any reagents. The bubble size distribution

was evaluated by a dynamic light scattering (DLS) device

(Omni, Brookhaven, USA). This equipment was typically used

in colloidal suspensions and emulsions for the detection of

bubbles in the sub-micron region (lower than 1 mm) [9].

Detailed information regarding the measuring diameter and

distribution of NBs using various techniques is given else-

where [9].
2.4. Flotation experiments

The micro-flotation experiments were carried out using an

XFG flotation machine (Nanchang Jianfeng Mining Machinery

Manufacturing Co., Ltd.). Two grams of samples were used for

each flotation test. First, the influence of NB-containing so-

lution ratio (17, 33, 50, and 67%) was investigated on the

flotation recovery using MIBC as one of the well-known

frothers. Then, the impeller speed was set at 1000, 1200,

1500, and 1900 rpm for the airflow rates of 0.2, 0.4, and 0.8 L/

min, and flotation experiments were conducted with and

without NBs. Additionally, the type and concentration

(dosage) of collector and frother on the graphite flotation

performance were also explored. The pH of the slurry was 7

during conditioning based on the previous work [51] and all

experiments were performed at a room temperature of 25 �C.
The slurry containing solid particles and water was

conditioned for 1 min after addition of the required amount

of collector. The flotation experiments were conducted in

two different ways, a certain volume of prepared frother and

NBs were added to the flotation cell with 30 s conditioning

time as follows (Fig. 2): (I) without NBs, the frother solution

was directly added to the flotation cell; (II) with NBs, the

frother and NBs were added to the flotation cell at the same

time.

The flotation experiments started 30 s after the addition of

frotherwhen the air was introduced into the flotation cell. The

floating particles were collected over time intervals of 10, 15,

30, and 60 s. All flotation products were collected and dried in

a dryer (at 100 �C for 120 min) to determine their weights, and

thus mass recoveries and kinetics. All flotation experiments

were repeated three times and the average values were pre-

sented as the ultimate results.

Flotation kinetic parameters, the ultimate recovery (R∞, %)

and flotation rate constant (k, min�1) are excellent tools to

evaluate batch flotation tests under different conditions

[52,53]. Numerous mathematical flotation models have been

proposed to describe flotation timeerecovery profiles [54e56].

In this study, six flotation kinetic models (Table 1) were

compared to find the optimal model for the experimental

data. The kinetic parameters were calculated using the non-

linear regression and the least-squares method in MATLAB.

The fitting performance of different kinetic models was
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Fig. 3 e Particle size distribution of studied LIBG and NOG samples.
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evaluated using two statistical criteria, “R2 - coefficient of

determination and RMSE e root mean square error” [53].
3. Results and discussions

3.1. Properties of graphite samples

Fig. 3 shows the particle size distribution of both samples

studied in this work. As evidently seen in the PSD graphs, the

LIBG and NOG indicate d90 of 36 mm, and 101 mm, respectively.

It is worthmentioning that the particle size difference of these

two samples should be taken into consideration in one-to-one

comparisons. Certainly, sufficiently coarse particles can lead

to favorable recoveries compared to the fine ones due to the

efficient sub-processes in particle-bubble interactions.

Detailed information in this regard can be found elsewhere

exemplifying the impact of particle density for the chalcopy-

rite and galena [57] and chalcopyrite and quartz [58]. This can

create a significant change in case of dense particles, while for

light ones, like graphite, this difference can be relatively lower

but absolutely not negligible.

As seen in Table 2, the content of C in both samples is very

high (99.8 and 99.7 wt.%, respectively for the LIBG and NOG)

demonstrating their high purities. Other impurities such as

Ru, Mo, S, Zr, Fe, Cu, and Si were less than 0.081 wt.%.

XRD patterns of samples using two types of surfactants

were shown in Fig. 4. The patterns revealed that graphite is

the dominant component of the samples. Results reveals that

main diffraction peaks appear at 26� and 54�.
Fig. 5 shows the microstructure of the samples which

manifests the spherical shape with scaly flakes. The
Table 2 e XRF analysis of studied LIBG and NOG samples.

Composition C Ru Mo

LIBG (wt. %) 99.8 0.066 0.044 0

NOG (wt. %) 99.7 0.081 0.064 0
sphericity is an important factor in anode density, because the

higher the graphite density, the more energy density exists at

the level of full cell. The spherodized shape was conserved

during the recycling process, which is an important require-

ment for anode production [59].

FTIR spectra of two samples obtained are shown in Fig. 6.

The stronger broadening band from 998.62 to 1110.69 cm�1 for

CH was assigned to the in-plane bending vibration of the ar-

omatic ring. The skeleton vibration bonds at 1444.29, 1493.81,

and 1574.60 cm�1 can be assigned to the aromatic ring. The

band at the 1066.39 cm�1 was related to the aromatic ester

CeOeC systematic stretching. Stretching bonds at 2903.78 and

2997.60 cm�1 can be corresponded to the CH3 antisymmetric

and symmetric stretching [60].

3.2. NB size distributions

The NBs generator was operated under different conditions

(airflow rate 0, 0.5, 1, 1.5, and 2 L/min, and preparation time 1,

2, 4, 6, 8, and 10 min). It was found that when the generation

time and airflow rate exceeded, the bubble size increased.

Therefore, to ensure the generation of NBs, the airflow rate of

0.5 L/min, and preparation time of 2 min were selected for the

flotation experiments. Fig. 7 illustrates the distribution of NBs

determined by the DLS technique. The results showed that

bubble size distribution ranges between 180 and 400 nm, with

the mean diameter of 300 nm.

3.3. Effect of NB-containing solution ratio

The flotation results of LIBG and NOG particles with different

ratios of NB-containingwater solutions are illustrated in Fig. 8.
S Zr Fe Cu Si

.030 0.022 0.021 0.01 0.007

.051 0.041 0.031 0.021 0.011
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Fig. 4 e XRD patterns for LIBG and NOG samples.
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One can see that the LIBG flotation performance is signifi-

cantly favourable than that of NOG in the absence and pres-

ence of NBswithMIBC as a frother. Conditions for the flotation

experiments were determined by preliminary tests. As seen,

by exceeding the amount of water solution containing NBs the

mass recovery linearly increases. This is due to the boost in

the number (i.e., concentration) of NBs in the pulp as the

proportion of NBs rises. With the heightened concentration of

NBs, the probability of their collision and adhesion to the

hydrophobic surface of particles improves. This mechanism

was presented in detail elsewhere [8,32] for both fine chalco-

pyrite and coarse quartz particles. Since 67% NB-containing
Fig. 5 e SEM pictures of (a) LIBG a
solution ratio provided the best results, it was applied for

the rest of flotation experiments.

It is interesting to note that LIBG particles (d90 ¼ 36 mm) has

a greater average size than that of NOG particles

(d90 ¼ 101 mm). The coarser particles have a greater collision

probabilities with bubbles, which leads to a superior flotation

recovery and flotation rate constant [61,62]. It is expected that

LIBG particles have a poorer flotation recovery compared to

the NOG particles mostly because of their finer particle sizes.

However, it is observed from Fig. 8 that LIBG particles obtained

a greater flotation recovery than that of NOG particles. One

reason can be attributed to the surface properties of the LIBG
nd (b) NOG graphite particles.

https://doi.org/10.1016/j.jmrt.2022.08.137
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Fig. 6 e FTIR analysis of the samples.
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particles which were covered by phenolic resin that signifi-

cantly promotes the hydrohobicity of LIBG particles [63].

3.4. Effect of impeller speed and air flow rate

Impeller speed and airflow rate have an important role in

flotation of fine and coarse particles. They are directly related

to many sub-processes such as suspension of particles in the

pulp, dispersion of air into bubbles, as well as probability of

bubble-particle collision, attachment, and detachment. Tur-

bulence leads to disruption of bubble-particle aggregates in a

flotation cell. This means that the turbulence should be

enough in order not to disturb bubble-particle aggregates

[64,65]. However, their impact on the graphite flotation in the

presence of NBs is not well explored, which is covered in this

section.
Fig. 7 e Nano-bubble size distribution.
Recovery of flotation at different impeller speeds and

airflow rates is shown in Figs. 9 and 10 in the presence and

absence of NBs. It can be seen that irrespective of the pres-

ence/absence of NBs and type of graphite particles (i.e., LIBG,

and NOG), the flotation recovery enhanced with the increase

in the airflow rate and hydrodynamics (i.e., impeller speed).

With enhancing the air flow rate from 0.2 to 0.8 L/h the

amount of dissolved gas in the solution increased and led to

increase the flotation recovery. However, it should be noted

that the excessive airflow rate of 0.8 L/min caused the me-

chanical entrainment in this type of flotation device. Also, for

a given impeller speed, the amount of air in a cell might in-

crease. When more air is forced through the impeller, its

residence time in the shear zone decreases. Although the

concentration of air in the cell increases, this air is in the form

of larger bubbles and the value of the rate constant remains

almost unaffected [66,67].

Our results showed that the presence of NBs increased the

flotation performance of the particles, and the most signifi-

cant difference was observed for the impeller speed of

1000 rpm and airflow rate 0.4 L/min. Thus, these parameters

were chosen for conducting further tests, since it allows to

leave amargin in the recovery if other parameters such as NBs

effect or collector and frother dosage would significantly

reduce or increase the flotation performance. Since the ability

of conventional air bubbles to carry particles declines as par-

ticle size increases. Accordingly, NBs increased the likelihood

of bubble particle collisions and attachments, although some

aggregates of bubble particles were detachable from the pulp

[7,14,33].

3.5. Impact of frother type and concentration

The type and quantity of reagents are one of the most

important variables in flotation. The control of reagent

https://doi.org/10.1016/j.jmrt.2022.08.137
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Fig. 8 e Effect of NBs-containing solution ratio on

collectorless flotation of graphite (frother MIBC 7 mg/L,

impeller speed 1000 rpm, and air flow rate 0.4 L/min).
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additions is another important aspect of the flotation strategy.

Figs. 11 and 12 show the effect of different types and con-

centrations of frothers on the collectorless flotation of studied

samples without and with NBs.

One can see from Figs. 11 and 12 that there was no flotation

of LIBG in the absence of frother, while the recovery of NOG

was over 37%. The flotation recovery increases with

increasing the frother dosage and then stabilizes, as shown in

Figs. 11 and 12.

The highest and lowest recoveries for particles were ob-

tained with 2-octanol and MIBC, respectively. In the case of

LIBG, the flotation recovery for 2-octanol plateaued at the

frother concentration of 7 and 14 mg/L in the presence and

absence of NBs, respectively. However, for terpenic oil and

MIBC, the flotation recovery plateaued at the frother concen-

tration of 28 mg/L in the presence of NBs. With respect to the

results shown in Fig. 12, the optimum frother dosage for
Fig. 9 e Effect of impeller speed and air flow rate on the collector

3 mg/L, 67% NBs-containing solution ratio).
recovering the entire NOG particles without NBs is determined

as 14, 28, and 40 mg/L for 2-octanol, terpenic oil, and MIBC,

respectively. In the presence of NBs, the optimal dosage of

frother was 14 mg/L for all frothers. It is also evident that the

presence of NBs caused a strong synergistic effect. The float-

ability of graphite particles is higher compared to flotation in

the absence of NBs. However, the difference in floatability with

and without NBs diminishes with a further increase in the

frother concentration. Above a certain concentration, the re-

coverywas practically identical or even smaller as observed for

flotation of LIBG in the absence of NBs (Fig. 11). This trend was

observed for all types of frothers used (i.e. MIBC, terpenic oil, 2-

octanol). The mechanism of synergistic effect in the presence

of NBs needs further investigation. In the presence of NBs,

there was a high tendency for bubbles and particles to attach.

NBs covered the surface of mineral particles and played a

bridging role among the CBs, which collected the particles

more readily and improved the particle-bubble attachment

efficiency [11,13]. Finally, the agglomeration and attachment

between bubble-particle became easier, which resulted in

higher recovery [8,68e71]. Also, NBs reduced the repulsive

force between solid particles since the particles became less

negatively charged. Moreover, NBs can act as secondary col-

lectors to reduce reagent consumption during flotation

[11,13,32]. According to Zhou et al. (2021) [72], the collision

angle andmass of particles have amajor impact on the bubble-

particle attachment. Fine particles moved with the fluid and

collide mainly with bubbles in the horizontal direction. They

also had a low energy conversion rate, along with a short

contact time. Based on their findings, they concluded that the

attachment force in the presence of NBs was greater for solid

surfaces due to the increase in the hydrophobicity expressed

by the contact angle. Also, some researchers suggested a po-

tential mechanism behind the increase in the contact angle

caused byNBs. A solid surfacewith noNBs to cover it exhibits a

lower contact angle. When NBs were frosted on a solid surface,

attachment of a bubble to the surface was achieved through

the coalescence of the conventional bubbles with a few tiny

bubbles on the solid surface. A significant increase in the
less flotation of LIBG (a) without and (b) with NBs (2-octanol
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Fig. 10 e Effect of impeller speed and air flow rate on the collectorless flotation of NOG (a) without and (b) with NBs (2-octanol

3 mg/L, 67% NB-containing solution ratio).
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contact area was the result of coalescence since the NBs could

not easily move from the solid surface [8,73].

3.6. Impact of collector type and concentration

Fig. 13 shows the recovery of graphite with different collectors

in the presence and absence of NBs. The results showed that

the recovery of graphite particles with NBswas approximately

15% higher than that without NBs at the same concentration

of collector. The highest recovery was obtained for LIBG par-

ticles with dodecane. The influential order of the collectors

and frothers was n-dodecane/2-Octanol > kerosene/2-

octanol > diesel oil/2-octanol. In this regard, Gontijo et al. [2]

illustrated that as the collector increased the particle hydro-

phobicity, it accelerated particle-bubble attachment and

liquid film drainage.

For collectorless flotation, the flotation recovery for LIBG

particles is greater than that of NOG particles at the same

condition, which is attributed to the presence of hydrophobic

coating (phenolic resin) on the LIBG particles. However, it is

seen from Fig. 13 that the flotation recovery of NOG particles is

very close to that of LIBG particles, which indicates that the

presence of a collector can bridge the gap in flotation recovery

between LIBG andNOGparticles. It is notable that the collector
Fig. 11 e Effect of frother concentration and type (a) MIBC, (b) ter

(impeller speed 1000 rpm, and airflow rate 0.4 L/min, 67% NBs-
flotation recovery of LIBG particles is greater than that of NOG

particles in the presence of NBs. This finding can be due to the

nature of LIBG particles having higher hydrophobicity, which

is helpful for the adsorption of NBs on the particle surface

compared to the NOG particles.

3.7. Flotation kinetics

The details of calculation results of six kinetic models under

different conditions are given in the supplemental (appendix

No. 2). Fig. 14 is the comparison of fitting performance (R2 and

RMSE) of different models. It is observed from Fig. 14 that R2,

and RMSE curves of models 3, 4, and 5 were overlapped

completely. This phenomenon is due to that the expressions

formodels 3, 4, and 5 are same from themathematical point of

view [52,54]. Compared to other models, model 1 (the classic

first-order model) has the largest R2 values and the smallest

RMSE values. Meanwhile, the calculated R∞ values calculated

by models 2e6 are larger than 100%. As a comparison, the

calculated R∞ of model 1, values were smaller than 100%

(apart from in one special situation). The phenomenon

(R∞>100%) is commonly observed from the kinetic fitting

process of coal and graphite having an excessively high

flotation recovery [54,61]. Further studies for the flotation
pinic oil, and (c) 2-octanol on collectorless flotation of LIBG

containing solution ratio).
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Fig. 12 e Effect of frother concentration and type (a) MIBC, (b) terpinic oil, and (c) 2-octanol on collectorless flotation of NOG

(impeller speed 1000 rpm, and airflow rate 0.4 L/min, 67% NBs-containing solution ratio).
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kinetics of NBs flotation should be performed to modify the

equation of flotation kinetic models from the perspectives of

the order of flotation and flotation rate constant distribution

function. The classical first-order kinetic model is the most

commonly used model to fit the flotation kinetics results

[33,35,37,54,55,74e77]. Thus, the classical first-order flotation

model was used to evaluate the flotation kinetic results for

both LIBG and NOG graphite particles in the presence of NBs.

The flotation kinetic results (flotation rate constant, k) for both

LIBG and NOG graphite particles at different impeller speeds

are given in Fig. 15.

It can be seen that a 33% increase in the flotation rate was

achieved with NBs. It is evident from all graphs that the

flotation rate constant was significantly higher when NBs

were present in the pulp. The unique properties of NBs are

naturally capable of enhancing flotation kinetics [7,10,11]. NBs

can become stable and remain in the solution for a long time

depending on its internal gas pressure, gas composition and

solution chemistry of the continuous phase [28,78e81]. The

type of gas has a significant effect on the stability of NBs. CO2

NBs, for instance, have amuch shorter lifetime (only 1e2 h) as

compared to air bubbles, since CO2 has a lower atmospheric

pressure and is more soluble in water. However, stabilization

can also be achieved by causing an influx of gas into the
Fig. 13 e Effect of collector type on flotation recovery of (a) LIBG (

3 mg/L, air flow rate 0.4 L/min, impeller speed 1000 rpm, 67% N
bubble. To maintain a stable dynamic equilibrium, and

therefore stable NBs, the influx of gasmust be greater than the

outflux at small bubble sizes [82,83].

It is considered that the small bubbles have a propensity to

spread and their presence at the surface of minerals subse-

quently facilitates film rupture and attachment of CBs bubbles.

Thus, the presence of NBs increases the probability of particle-

bubble attachment, decreases the particle-bubble detachment,

resulting in an increase in the flotation performance [2,84]. In

the presence of NBs, coarse particles attachmore easily to CBs.

Although NBs do not have sufficient buoyancy to float coarse

particles by themselves, the surface of a coarse particle coated

with NBs is more hydrophobic than the surface of a particle

without NBs [10,11]. It has been demonstrated that NBs can

nucleate on ultrafine particles without colliding, and the for-

mation of aggregates can enhance flotation performance [17].

Vaziri Hassas et al. [83] showed that attachment time in the

NBs solution is reduced significantly from 30 ms in N2 satu-

rated solution to less than 10 ms (~5 ms) in CO2 saturated so-

lution. Enhanced flotation is due to decrease in attachment

time. Furthermore, the CO2 bubbles showed greater elasticity

than the N2 bubbles. CO2 bubbles' elasticity makes them more

likely to attach to particles. According to Albijanic et al. [85],

short attachment times indicate strong affinity of particles to
b) NOG particles (collector dosage: 3 mg/L, frother 2-octanol

B-containing solution ratio).
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Fig. 14 e Comparison of fitting performance ((a) R2 and (b) RMSE) of different models.

Fig. 15 e Effect of impeller speed and air flow rate on the kinetics of collectorless flotation of (a) LIBG and (b) NOG in the

absence and presence of NBs (particles, 2-octanol 3 mg/L, air flow rate 0.4 L/min, 67% NBs-containing solution ratio).
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gas phase and higher flotation recovery, whereas long attach-

ment times indicate weak affinity for bubbles and lower

flotation recovery.
4. Conclusions and future works

In this study, NBs were produced using a generator based on

the hydrodynamic cavitation method. The size of NBs was

detected between 180 and 400 nm, with a mean diameter of

300 nm. Followings are some of the key findings highlighted in

this work:

� Experimental results indicated that flotation recovery of

graphite particles with NBs increased up to 15% depending

on the particle size, impeller speed and air flow rate.

� The maximum flotation recovery at the impeller speed of

1000 rpm and airflow rate of 0.4 L/minwas obtainedwith 2-

octanol as a frother and n-dodecane as a collector. Using
NBs as a secondary collector decreased collector dosage,

and a similar reductionwas observed in the frother dosage.

� Because of the presence of phenolic resin coating, LIBG

particles showed a greater flotation recovery compared to

the NOG particles.

� Also, the influential order of the frothers was shown as 2-

octanol > Terpenic oil > MIBC, respectively. Furthermore,

considering that 2-octanol was steady and of the highest

influence, the n-dodecane-2-Octanol combination was the

most influential one, followed by kerosene/2-octanol-2 and

diesel oil/2-octanol.

� The results of the flotation rate constants showed that the

flotation rate constants (k) were always higher with NBs.

Flotation rate constant was improved up to 33% by the

aggregation of graphite particles caused by the formation

of NBs on the surface of hydrophobic particles.

There are no comparative results between nano- and

micro-bubbles on the recovery and kinetic of graphite
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particles. It is therefore recommended that further research

should be conducted in this regard. The effect of NBs and MBs

on the recovery, grade, and separation efficiency of spent LIBs

can be investigated by considering the result of this research

for the graphite particles.

Comprehensive comparison among bulk and surface NBs

on the recovery and kinetic of the spent LIBs can be amatter of

further investigation.
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