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The growing demand for energy storage devices due to the skyrocketing production/consumption of portable
electrical and electronic equipment as well as electric vehicles has promoted battery technologies, resulting in
the piling of a large number of waste lithium-ion batteries (LIBs). Organic binders wrapped on electrode particles
are usually the main reason that causes the difficulty of liberation and extraction of electrode materials. Pyrolysis
or incineration is the general approach to separate the organic binder, leading to fluorinated exhaust gas
emissions. In this study, the supercritical carbon dioxide (SC CO2) combined with a cosolvent dimethyl sulfoxide
was innovatively adapted to enable the extraction of organic binders from spent LIBs to facilitate the liberation of
the cathode material from aluminum foil. Pure polyvinylidene fluoride was preferentially used to study the SC
CO2 dissolution mechanism. The results indicate that 98.5 wt% polyvinylidene fluoride (PVDF) dissolves in SC
CO2 dimethyl sulfoxide system under the optimum conditions; 70◦ C process temperature, 80 bar pressure, and 13
min duration. After removing PVDF, the recovered sample was characterized by Fourier Transform Infrared
Spectrometer (FTIR) and thermogravimetric analyzer (TGA) to observe its possible re-utilization. It is clear that
the surficial chemical groups and content remained the same after treatment. SC CO2 processing effectively
liberates the active cathode material from the aluminum substrate due to removal of the binder. The suggested
innovative approach is promising as an alternative pretreatment method due to its high efficiency, relatively low
energy consumption, and environmentally friendly features.

1. Introduction

considering the first application and the second-life for another purpose
instead of going to waste stream. In electric vehicle (EV) applications,
the LIBs are usually deemed discarded when their discharge capacity
was lower than 70% of the initial capacity (Zhang et al., 2015). After the
end-of-life of LIBs, the inappropriate disposal of spent batteries can pose
a serious threat to the environment due to their hazardous components,
such as transition metals, electrolytes, and other organic components
(Meng et al., 2018, Shi et al., 2018). On the other hand, battery waste is a
valuable secondary source because the grades of valuable metals (Li, Co,
Ni, Mn, etc.) in them are much higher than natural raw ores (Meshram
et al., 2015, Meshram et al., 2015, Fu et al., 2019). Therefore, creative
green recycling approaches to recover the major components of the
spent LIB serves not only to minimize waste and possible hazardous
materials but also to activate resource utilization and support sustain
able production.

The gradual popularity of consumer electronics and electric vehicles
initiate a transaction in portable energy storage devices that LIBs
gradually became a kind of major power source due to the preferable
electrochemical characteristic and relatively long service-life (Shin
et al., 2005, Ramanayaka et al., 2020). It is worth noting that electrical
vehicles have bright prospects and are widely used in the automotive
manufacturing industry, which leads to large amount of
lithium-ion battery cathode materials (i.e., LiNi1/3Mn1/3Co1/3O2,
LiNi0.5Mn0.3Co0.2O2, etc) (Fu et al., 2019, Kasnatscheew et al., 2018).
The global annual manufacturing of LIBs was around 13.8 GWh in 2014
and increased to 173.5 GWh in 2020 (Projected lithium ion battery
market size worldwide in 2017 and 2025 2019). There are different
approximations for their service life when batteries are in use,
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Fig. 1. Scheme of the SC CO2 system for the recovery of spent LIBs

methods. Carbon dioxide, as a common solvent for supercritical fluid, is
recently studied for metal recovery because of its several advantages
comparing to other solvents such as water, ethanol, acetone, etc. (Her
rero et al., 2010, Erkey, 2000). SC CO2 is a good low-cost solvent without
any secondary pollution and non-flammable. Additionally, CO2 has a
relatively low supercritical point, 31 ◦ C and 74 bar (Xiu and Zhang,
2009, Baek et al., 2016). The dissolution of organic materials in SC CO2
is more favorable than the other SC fluids, especially in a proper
cosolvent system due to relatively high diffusivity (Lin et al., 2014, Liu
et al., 2017). Thus, research on the recycling of transition metals and
organic chemicals from waste LIBs by supercritical carbon dioxide (SC
CO2) technology has become increasingly attractive due to its unique
ness to minimize the hazardous effects of the recovery process to the
environment (Lv et al., 2018).
Several processes utilize SC fluids for the metal’s recovery of the
valuable components from spent LIBs and separate its components by
removing the polymers (Nowak and Winter, 2017, Argenta et al., 2017).
As reported by Grützke (Grützke et al., 2015, Grützke et al., 2014), a
yield of 89.1 wt% electrolyte (composition of DMC, EMC and EC) was
achieved by extraction for 30 min with SC CO2 (25 ◦ C, 60 bar) and 0.5
mL/min acetonitrile/propylene carbonate. Bertuol (Bertuol et al., 2016)
applied SC CO2 for the leaching of cobalt contained in lithium-ion bat
teries (LIBs). In their study, leaching tests were performed with SC CO2
and cosolvents in comparison with conventional conditions. The use of
supercritical conditions enables the extraction of more than 95 wt.% of
the cobalt, with minimized reaction time, and required concentration of
H2O2 compared to the conventional leaching at atmospheric pressure.
Although some studies focused on the implementation of SC fluid
technology for different parts of the battery recycling, there is still a lack
of systematic investigation to understand the value of the technology in
the recycling field to eliminate the hazardous process waste and mini
mize the environmental side effects. Besides, there have been no pre
vious studies concerning the application of supercritical fluids in the
removal of PVDF from spent LIBs.
In this study, SC CO2 fluid technology was adapted to dissolve and
separate the organic binder of LIB cathodes in a cosolvent due to the
desirable characteristics of the technology considering economic and
environmental factors. The research aims to achieve an efficient liber
ation of the cathode materials from aluminum foil by removing organic
binders. Meanwhile, PVDF material was recovered without destroying
properties and reusable characteristics. The dissolution of pure PVDF
under SC CO2 fluid was investigated to reveal the mechanism, including
chemical composition, surficial properties, and dissolution effect. Then,
actual cathode material was used to propose a recycling process for
spent LIBs with lower chemical consumption and needed operation

It is widely accepted that a pretreatment process to separate organic
binders from spent LIBs and liberate the electrode active materials is
necessary for subsequent hydrometallurgical recycling processes. It
usually includes discharging, dismantling, and separation of the com
ponents, and the electrode active materials (Yang et al., 2015). Sepa
ration of electrode active materials from copper and aluminum current
collectors is a critical stage to ease the material recovery (Zhang et al.,
2018). Existing technologies to achieve the liberation between the
electrode material and aluminum/copper foils are mechanical crushing
(Ku et al., 2016, Zhang et al., 2013), ultrasonic cleaning (Li et al., 2009),
organic solvent dissolution (Xin et al., 2016, Nayaka et al., 2016), and
high temperature processes (Hao et al., 2014, Choi and Kim, 2012).
These methods were technically sufficient to remove the PVDF binder
and liberate the electrode active materials from the substrate. However,
in terms of economic and environmental factors, the high energy con
sumption and handling with toxic chemicals and exhaust geases are the
bottleneck of the the processes . Chemical removal and high temperature
treatment approaches have crucial drawbacks considering environ
mental concerns and workplace safety. The generation of hydrofluoric
acid (HF) and fluorine rich organic compounds, as well as lower mole
cule chain fluorinated organics such as vinylidene fluoride and 1,1,1,3,
3,3-hexafluoro-propane, etc. (Lombardo et al., 2020, Zhang et al., 2018,
Hanisch et al., 2015) must be additionally treated to ellimininate the
pollution and minimized the environment impact of high temperature
processing. In case of solvent dissolution and ultrasonic cleaning ap
proaches, the most widely used chemicals such as NMP are toxic and
highly dangerous for workers and the environment (Risk Evaluation for
N-Methylpyrrolidone (NMP) 2016), and ultrasonic cleaning is not suit
able for industrialized manufacture due to its low treatment capacity.
Additionally, the mentioned methods fail to consider organic binder
recovery or obtains reusable PVDF. The above problems limit the use of
these processes in spent LIBs recycling.
As a new hydrometallurgical technology, supercritical fluid was
recently implemented to recycle valuable components from WEEE (Lv
et al., 2018, Grützke et al., 2015, Sanyal et al., 2013, Xiu and Zhang,
2009, Xing and Zhang, 2013), and the successful results encourage in
vestigations on battery recycling. SC fluid is an unusual solvent since the
organic solubility is manipulated by pressure and temperature, which
leads to extraction above the critical point and releasing below it (Wang
et al., 2017, Cooper, 2000). The characteristics of the SC fluid, such as
low viscosity, high mass transport coefficient, high diffusivity, and high
solubility of organics, are the key benefits to implement this technique
for the dissolution of organic and metals (Lin et al., 2014, Xiang et al.,
2014). These characteristics of SC fluid make it easier to extract organics
and metals from spent LIBs compared with other hydrometallurgical
2
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Fig. 2. FT-IR spectra of the exhaust gas samples under different (a) pressure at 80◦ C for 15 min, (b) temperature at 80 bar and 15 min

conditions and high recycling efficiency.

thermostat before introducing the reactor.
For each experiment, supercritical conditions were adjusted at a
given temperature and pressure for CO2. Firstly, about 0.5 g solid PVDF
or cathode material were added into the reactor that contains a 4 mL
cosolvent DMSO solution. Then the reactor was closed and tighten to
avoid the gas leakage. The experiment will start timing once the tem
perature and pressure keep stable at set point. To obtain the optimum
conditions, various pressure (40-90 bar), temperature (40-90◦ C), and
duration time (4-17 min) were in turn tested during the SC CO2 process.
Then the exhaust gas sample was collected in a gas collection chamber
for approximately 30 seconds during the pressure releasing. For the
liquid sample, the samples in the reactor that contained dissolved PVDF
were directly collected after the extraction vessel cooling to room tem
perature. The dissolved PVDF precipitated in cosolvent at room tem
perature and pressure. The dissolved and precipitated PVDF in cosolvent
were extracted by centrifugal operation. The residual PVDF and cathode
powder materials were collected from the reactor and characterized by
followed electron microscopy and sieving analysis. All experiments were
triplicated to obtain reliable data. The mean values of the results are
used in the graphs and the standard deviations were added in the fol
lowed results curve. Additionally, PVDF dissolution in DMSO at 70◦ C for
13 min in the atmospheric environment was investigated to compare
with SC CO2 treatment.

2. Experimental
2.1. Materials and reagents
Pure PVDF material was supplied by a synthetic materials corpora
tion, and the plate material was cut into pieces and used for subsequent
experiments. The reagent DMSO (analytically pure) was purchased from
Sigma-Aldrich, Ltd, and its nontoxicity was identified from the Material
Safety Data Sheet (MSDS). CO2 (purity 99.998%) was used for extraction
experiments. The spent aluminum laminated batteries (ALBs) used in
this study were provided by a vehicle manufacturing company. Firstly,
the batteries were discharged in 10% NaCl solution (w/v) 24 h to pre
vent possible accidents and fire during dismantling stage. Then they
were manually dismantled into different components to obtain the
anode and cathode foils. The obtained cathode foils were cut into 1 × 1
cm2 pieces and used for the subsequent SC CO2 extraction process.
Cathode material was then treated by aqua regia (HCl: HNO3 = 3:1) and
filtered and diluted (3 times) for elemental analysis by inductively
coupled plasma optical emission spectrometry (ICP-OES, iCAP 6000
series, Thermo Scientific). The results are given in Table S1. The
composition of the test sample by XRD (Fig.S1) was found to be LiNi1/
3Co1/3Mn1/3O2, LiMn2O4 and carbon.

2.3. Measurement and characterization

2.2. Experimental procedures

The surface morphology and elements of raw electrode materials and
the SC CO2 treatment products were studied by scanning electron mi
croscope (SEM-EDS, Phenom Pro X, Phenom) under back scattered
electrons mode. Process exhaust gas samples and organic component
PVDF remains were characterized using a Perkin Elmer Spectrum Two
FTIR spectrometer equipped with a deuterated triglycine sulfate (DTGS)
detector and with a monolithic diamond ATR accessory (PerkinElmer,
UATR two). Prior to sample measurement, the mixture of DMSO solvent
with CO2 was collected by an empty run and then measured under 50-60
bar pressure, and used as background gas for FTIR studies of exhaust gas
samples. The thermogravimetric analyzer (TGA, Q500, TA) was used to
determine and compare the thermochemical properties of the raw PVDF
and SC-CO2 recovered PVDF materials. The concentrations of different
metals in solution were determined by inductively coupled plasma op
tical emission spectrometry. The dissolution and recovery efficiencies of

The supercritical fluid experimental set-up used for the supercritical
carbon dioxide (SC CO2) dissolution of PVDF and spent LIBs extraction
was constructed inside of the fume hood and illustrated in Fig. 1. An
ISCO syringe pump and controller (Teledyne ISCO model 260D, Lincoln,
NE, USA) was used in the experiments. A liquid CO2 bottle was con
nected to the syringe pump to load the pump and then the desired
pressure was set. Three valves were used to connect and control the CO2
flow, and of which the outlet valve of the reactor was heated by a
thermostat to avoid the frozen during pressure reliefs. The samples and
cosolvents were located in a reactor constructed of 316 stainless steel
and were fixed by an iron pedestal. The stainless steel reactor was heated
via a thermostat water bath to keep the temperature of the reaction
system stable. Besides, the temperature of CO2 was controlled at the
given temperature by heating the syringe pump column using a
3
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Fig. 3. Weight loss of raw PVDF as functions of (a) pressure under 80◦ C and 15min, (b) temperature under 80 bar and 15 min and (c) time under 70◦ C and 80 bar of
SC CO2 with DMSO as cosolvent

C-H bond, and the peak at 1440 cm− 1 belongs to methylene C-H bending
vibration (He et al., 2015). They were usually used to identify the
chemical bonds and functional groups of PVDF binder. As shown in
Fig. 2a, the peaks of the C-H bond did not appear until the pressure
increased to 80 bar. Meanwhile, the dissolution effect can be enhanced
by adjusting operation temperature and pressure as presented by the
increasing intensity of the characteristic peaks of PVDF. The peak at
1653 cm− 1 belongs to the C=C stretching vibration of alkene, which
means that partly degradation of PVDF polymers can possibly occur and
generate alkene monomers. While this peak is not clear at lower tem
peratures until it becomes obvious at 80◦ C and 80 bar. Based on the
above analysis, the FTIR results indicate that it is feasible to dissolve
PVDF with DMSO solvent under SC CO2 process. The experimental
parameter range including temperature, pressure and time were further
investigated to obtain the optimal PVDF dissolution effect below.
The effect of experimental conditions on pure PVDF dissolution was
investigated under the pressure range 40-90 bar and 40-90◦ C process
temperatures for different durations (4-17 min). The experimental point
curve (error bars: Mean±SD) of the weight loss of PVDF is presented in
Fig. 3 for the PVDF-CO2-DMSO system. The effect of pressure on weight
loss of PVDF is shown in Fig. 3a, the experiments were conducted for 15
min duration time at 80◦ C. The weight loss remarkably increased by
pressurizing the reactor from 40 to 80 bar. There was a slight change in
the sample dissolution when the pressure increased from 80 to 90 bar.
Fig. 3b indicates the effect of temperature on PVDF dissolution under the
conditions of 80 bar and 15 min. Although the dissolution of the sample
was limited at 40◦ C, which is around 18.6% weight loss of PVDF,
increasing the temperature accelerated the process leading to the almost
complete dissolution of the sample in the SC CO2 and DMSO cosolvent
system. The results show an effective weight loss of PVDF when tem
perature and pressure exceed the critical point, which is attributed to the

PVDF can be calculated according to Eqs. (1) and (2), respectively:
E =1−
R=

ma
× 100%
m0

m1
× 100%
m0

(1)
(2)

Where E is the dissolution efficiency (%), ma is the weight of the
remained PVDF after the dissolution process, and m0 is the total weight
of the PVDF before dissolution. R is the recovery efficiency (%) of PVDF
extracted from the cooled solution, where m1 is the weight of the
recovered PVDF as (dissolved, separated, and then precipitated).
3. Results and discussion
3.1. Dissolution of pure PVDF under supercritical CO2 fluid
To explore the feasibility of PVDF dissolution under supercritical
carbon dioxide (SC CO2)-DMSO system, the collected exhaust gas sam
ples after extraction were analyzed by FTIR and the spectrums are given
in Fig. 2. The region of the whole spectra is divided into characteristic
(1500-4000 cm− 1) and fingerprint (400-1500 cm− 1) regions. It is
observed that the spectra present the characteristic peaks for DMSO at
1057 cm− 1, which belongs to S=O bond. The two characteristic regions
observed in 3750 cm− 1-3550 cm− 1 and 2450 cm− 1-2250 cm− 1 belong to
C-O stretching vibration, which is attributed to the CO2 in SC fluid (Marr
and Gamse, 2000). In the fingerprint region, the peaks at 1103 cm− 1 and
1022 cm− 1 belong to the anti-symmetrical and symmetrical stretching
vibration of the C-F bond, respectively (Nieuwoudt et al., 2014). Besides,
it is clear that the peaks 2925 cm− 1 and 2855 cm− 1 are corresponding to
anti-symmetrical and symmetrical stretching vibration of methylene
4
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3.2. Recycling and characterization of dissolved PVDF
3.2.1. TG characterization of PVDF before and after SC CO2 extraction
The solid PVDF was almost completely dissolved in the DMSO so
lution by SC CO2 extraction. After releasing the pressurized CO2 and
cooling the liquid sample at room temperature, 99 wt% of the dissolved
PVDF precipitated in the DMSO and recovered. From the starting ma
terial, 97.5 wt% of the PVDF was retrieved by the proposed SC CO2
treatment. The recovery of PVDF without changed properties and high
efficiency is of significance in the whole extraction process. Thermog
ravimetric analyses (TGA) were performed to determine the organic
composition of the samples. Fig. 5 shows the TGA results of the raw
PVDF and the recovered material after cooling the DMSO solution pro
cess. The weight loss and its derivative as a function of temperature are
graphed in the TGA curves, and the characteristic thermal behavior was
clearly observed at temperatures between 400 and 550◦ C. These two
peaks are referred to as the thermal decomposition of PVDF (Zhan et al.,
2020). The position and shape of the two characteristic peaks of the
recovered PVDF did not change. Meanwhile, the weight loss of the
recovered PVDF with increasing temperature is nearly the same as the
raw material.

Fig. 4. FTIR spectra of DMSO and dissolved PVDF in DMSO by Sc-CO2 at 80 bar
and 70◦ C for 13 min

3.2.2. Morphology and functional groups analysis
The morphology and surface functional groups of the raw PVDF and
recovered products after the precipitation in DMSO process were
investigated by SEM and FTIR. The raw PVDF material presents a
condensed morphology, as observed in Fig. 6. After the SC CO2 extrac
tion process, the recovered material has a loose morphology embraced
by a large number of fibrous PVDF slivers. Meanwhile, it shows almost
no difference in peak shape and position for FTIR spectra between raw
and recovered PVDF, especially for the peaks lower than 100 cm− 1.
Based on the above analysis, the recovered PVDF maintained similar
properties includes chemical components and surficial functional
groups. It means that only morphological changes took place, probably
due to degradation to smaller molecular chains during the dissolution
and extraction of PVDF during the SC CO2 process. Besides, PVDF is
generally accepted as partly crystalline, and chain disentanglement
during the dissolution can be irreversible for the crystalline polymers
after removing the solvent (Talebi, 2008), which can cause changes in
the morphology. Considering the results, separation of PVDF material
with similar chemical properties, unchanged properties and reusable
characteristics is possible by the suggested recycling process. Thus, it is a
promising process to remove and recover the organic binders from spent
LIBs using supercritical fluid technology.

Table 1
Comparison for optimal dissolution and recovery effect of PVDF under 70◦ C and
13 min
Items

SC-CO2 process

Room pressure process

Pressure /bar
Dissolution rate /%
Recovery rate /%

80
98.5
97.5

Room pressure
8
-

improved dissolution of PVDF by cosolvent DMSO. It is known that the
density of SC CO2 was increased under higher pressure (He et al., 2015),
in which the interaction between PVDF and solvent was accordingly
enhanced. Besides, a higher temperature (>60◦ C) does not help a lot to
improve the diffusion coefficient of the solvent. Fig. 2c presents the ef
fect of time on PVDF dissolution at 80 bar and 70◦ C process conditions.
It can be seen that the optimal dissolution was reached for 13 min
process duration, where the weight loss of PVDF reached 98.5%.
The above FTIR spectra reveal that part of the solid PVDF was
transformed into gas during dissolution in DMSO and SC CO2 system and
carried out together with exhaust gas stream by releasing the pressure.
Besides, it is also necessary to characterize the dissolved PVDF in liquid
samples that were collected from the reactor. Firstly, pure DMSO and
pure solid PVDF were characterized by FTIR and then the liquid sample,
which is dissolved PVDF in DMSO by SC CO2 at 80 bar and 70◦ C for 13
min, was measured, as given in Fig. 4. The peaks of the DMSO spectrum
at 3010 cm− 1 and 2915 cm− 1 are attributed to the anti-symmetrical and
symmetrical stretching vibration of methyl C-H bond, and the peak at
1440 cm− 1 and 1405 cm− 1 belongs to methyl C-H bending vibration
respectively. Besides, the peak at 1057 cm− 1 belongs to S=O bond. After
SC CO2 DMSO fluid process, it is obvious that the peaks of the C-H
appeared in its spectrum due to the dissolution of PVDF in the DMSO
solution. Considering the mass loss, and FTIR studies, it can be
concluded that the optimal condition to dissolve PVDF by SC-CO2 and
DMSO system solution 70◦ C temperature, 80 bar pressure at 13 min
using 125 g/L (S/L) ratio. While in comparison, the weight loss of PVDF
is only 8% at 60◦ C and for 13 min in DMSO at room pressure (Table 1).
The optimal experimental conditions of SC CO2 fluid will be adapted for
the subsequent liberation of actual cathode materials.

3.2.3. Mechanism of SC CO2 on PVDF recovery
The reaction mechanism of PVDF dissolution in DMSO under SC CO2
was proposed according to the experimental and characterization results
as presented in Fig. 7. The solute-solvent interaction gradually occurs
with three steps. For the first step, the PVDF plate was surface-adsorbed
by DMSO and of which partly dissolved. Then PVDF plate was dissolved
into pieces, in which the solvent was more easily able to pass through the
PVDF matrix. Besides, as presented in the right side graph of Fig. 7, it
presents a special property of a supercritical fluid that its density is close
to liquid while viscosity similar to gas (Bachu, 2008). Additionally,
Brownian movement of the whole liquid system also shows an
enhancement attributed to the increase of temperature, which enhanced
the proportion of collision of PVDF under the SC solvent. For the final
step, the solid PVDF was dissolved and changed into long chain
compound.
Compared with the alternative conventional gas-liquid interface, the
interface of the supercritical CO2 system disappears, and thus, the fluid
is converted into non-condensable gas. In general, the dissolution
behavior of PVDF was effectively improved by adjusting the pressure
and temperature of the supercritical CO2 -DMSO system. The superior
characteristic of supercritical CO2 such as high diffusivity, low viscosity,
5
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Fig. 5. TG-DTG curve of (a) raw and (b) recovered PVDF
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Fig. 6. FTIR spectra with corresponding SEM images of raw and recovered PVDF

Fig. 7. Schematic representation of PVDF dissolution in supercritical CO2 process

high solubility of non-polar compounds, and a high mass transport co
efficient (Brunner, 2013) is beneficial for the dissolution of PVDF binder
using additional cosolvent.

spherical secondary particles and particle clusters (Fig. 8a). The higher
magnification SEM image (Fig. 8b) for the pristine sample displays that
particle size distribution varies between 5 and 20 μm. The EDS analyses
detected carbon, oxygen, and metal (cobalt, nickel, and manganese)
containing phase in the aggregated particles around point 1 in Fig. 8b,
the existence of cathode material. In comparison, fluorine and carbon
are highly enriched around point 2. It is known that fluorine and carbon
are the main content of PVDF, and the existence of the organic PVDF
film can be identified by the distribution of these elements (Yu et al.,
2018, Zhang et al., 2014). Considering the EDS spectrum, blurry parts of
the Fig. 8a and b are clear evidence of PVDF covering the surface of
cathode powders. After SC CO2 treatment, in Fig. 8c and d, it can be
observed that large particle clusters became smaller. The agglomeration

3.3. De-agglomeration and liberation of cathode material via SC CO2
treatment
3.3.1. Morphology of cathode material before and after SC CO2 treatment
De-agglomeration and dispersibility characteristics of cathode ma
terial were studied by the removal of PVDF binder using SC CO2 at 80
bar and 70◦ C for 13 min. Samples were analyzed by SEM before and
after Sc-CO2 treatment, and the micrographs are given in Fig. 8. As it is
expected, cathode particles are adhered by the binder and form the
7
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Fig. 8. SEM-EDS images of cathode material before (a, b) and after (c, d) SC CO2 treatment

decreased by removing of organic binder, and thus the cathode particles
are dispersed into a smaller fragment.

cathodes and facilitate the liberation of the cathode material from
aluminum foil. The experimental results indicate that 98.5 wt% pure
PVDF was dissolved using a supercritical CO2- DMSO system under the
optimum conditions of 70◦ C temperature, 80 bar pressure, and 13 min
process time. The dissolution effect under SC CO2 treatment is found
more effective than under room pressure. The FTIR and TG character
ization results revealed that the recovered polyvinylidene fluoride
remained the same surficial chemical groups and content as the raw
PVDF, which is beneficial for the complete recycling and re-utilization of
organics recycled from spent LIBs. The proposed mechanism of super
critical CO2 on PVDF recovery was raised based on the experimental and
characterization results. Further, the liberation effect between cathode
material and aluminum foil was conducted under the optimal conditions
of SC CO2 fluid treatment. SEM characterization revealed that the degree
of agglomeration decreased significantly owing to the removal of
organic binder and the cathode particles are dispersed into smaller size
fragments. Meanwhile, the size distribution analysis of the SC CO2
product also demonstrates that it is of advantage for the cathode ma
terial liberation. The suggested process is an effective and sustainable
approach to recycle organic binder and liberate cathode material from
spent LIBs.

3.3.2. Liberation effect of cathode material before and after SC CO2
treatment
The effect of SC CO2 extraction using DMSO cosolvent on the size
distribution of the cathode materials were also evaluated by the sieving
process, and the results are shown in Fig. 9a. The fine fraction with -75
μm size accounts for 21.63 wt% in the raw cathode material. The higher
content of coarse size fraction indicates that some cathode materials
cannot liberate from foils due to agglomeration between particles and
binders. After SC CO2 treatment, the coarse size fraction (+75 μm)
decreased to 67.55% compared to the raw cathode material, which is
78.37%. Besides, the finer size fraction (-45 μm) in the raw cathode is
only 6.1%, while it increased to 14.48% after SC CO2 treatment. Fig. 9b
presents the DTG curves of cathode material before and after SC CO2
treatment. It is obvious that the peaks of electrolyte and PVDF dis
appeared after treatment, which indicates organic binders and electro
lyte were removed successfully. The size distribution and TGA denote
that removal of PVDF by SC CO2 with the cosolvent method is useful for
cathode material liberation. Based on the above morphology and size
distribution analysis, SC CO2-DMSO fluid system is confirmed effective
for de-agglomeration and liberation of cathode material. Compared with
the previous studies stated in the introduction, lower temperature and
time are sufficient for effective PVDF removal by the SC CO2 process,
which has relatively low energy consumption and environmentally
friendly method to recover organic binder from spent LIBs.
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4. Conclusion
In this study, supercritical CO2 combined with a cosolvent dimethyl
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