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Abstract

The exponential growth in lithium-ion battery (LiB) demand for electric vehicles and portable
electronics has escalated the need for efficient and sustainable recycling processes. Current
industrial recycling strategies focus predominantly on the recovery of valuable transition
metals such as Li, Co, Ni, and Mn, while neglecting the polymeric binder, poly(vinylidene
fluoride) (PVDF), which constitutes a fraction of the electrode mass and represents a potential
source of fluorine emissions when incinerated. This work investigates the separation and
recovery of PVDF from the black mass of spent LiBs using supercritical carbon dioxide
(scCOy) with polar co-solvents such as dimethyl sulfoxide and acetone.

The study explores the effect of pressure (60 - 120 bar), temperature (30 - 90 °C), and solvent
composition on PVDF solubility and extraction efficiency. The influence of process conditions
identified for PVDF extraction from a complex battery waste, so-called black mass. The results
demonstrated that at X, = 0.34 (at 80 bar, 70 °C) a balance between CO: density/diffusivity
and co-solvent polarity yields favorable PVDF separation. Morphological analyses
(SEM/EDS) reveal increased liberation of cathode active materials from graphite at lower
pressures, corroborating the thermal and compositional evidence from TGA and FTIR.

The findings highlight the potential of scCO»-based processes as a green and tunable alternative
to conventional solvent- or heat-based PVDF removal methods. By enabling controlled binder
recovery without toxic emissions, this approach supports the development of a closed-loop and
fluorine-responsible recycling strategy for Li-ion batteries in line with the EU Battery
Regulation 2023/1542.

Keywords: lithium-ion battery; black mass; polyvinylidene fluoride binder; recycling process;
supercritical carbon dioxide extraction; thermogravimetric analysis; dimethyl sulfoxide;
acetone
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1 Introduction

Sony and Asahi Kasei introduced the first commercially available rechargeable lithium-ion
battery (LiB) in 1991. Since then, LiBs have become widely adopted across numerous sectors
due to their advantageous combination of high energy and power density, along with a
relatively extended operational lifespan [1,2]. Owing to these features, lithium-ion batteries
have played a central role in the transition to electric vehicles (EV). Today, they are widely
utilized in EV, energy storage systems, and portable electronic devices such as smartphones,

laptops, and tablets.

Based on the specific application requirements, LiB cells are manufactured in four main
formats: cylindrical, prismatic, pouch, and coin cells. Regardless of their shape, all LiB cells
are typically composed of five essential components: the cathode, separator, anode, electrolyte,
and casing [3]. When the casing is removed, a layered arrangement of anode, separator, and
cathode is visible, with the transparent electrolyte distributed among them. This non-aqueous
electrolyte is a complex mixture that includes a conductive salt, primarily lithium
hexafluorophosphate (LiPF¢), along with organic carbonate solvents and various additives. To
ensure effective dissociation of the salt and maintain low viscosity, both polar and non-polar
solvents are commonly employed [4]. The combined layered structure of the cathode, anode,

and separator is referred to as the electrode stack.

In recent years, the demand for LiBs has surged, primarily due to the automotive sector's shift
toward electric mobility. To meet this growing need, global battery production capacity reached
2500 gigawatt-hours (GWh) in 2023, with a 25 % increase from 2022. If all current corporate
plans are executed as scheduled, worldwide manufacturing capacity is projected to surpass
9000 GWh by 2030 [5]. However, an alternative projection proposes a more moderate scenario,
estimating global demand for LiB cells to reach approximately 5500 GWh by 2040 [6].
Assuming an average specific energy of 250 watt-hours per kilogram, this corresponds to an

estimated total mass of 22 million metric tons of LiB cells [7].

Establishing effective recycling methods for end-of-life LiBs is essential for multiple reasons.
Primarily, LiBs are considered as hazardous waste because they contain various toxic and
environmentally harmful elements [8,9]. If end-of-life LiBs are left untreated, they pose a
serious environmental risk through the leaching of hazardous substances into soil and
groundwater. Additionally, improperly stored spent LiBs present a verified fire hazard; in the

event of overheating or ignition, numerous toxic compounds are released into the air as gases
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and smoke [10—12]. Beyond environmental and safety concerns, recycling plays a vital role in
securing raw materials. Lithium, nickel, cobalt, manganese, copper, graphite, and phosphorus
are particularly important, as they are categorized as critical raw materials due to projected
demand surpassing supply in the near future [13]. The majority of these materials are extracted
and refined outside of Europe, in countries such as the Democratic Republic of Congo, China,
Chile, Russia, South Africa, and Australia [14]. Without a robust recycling infrastructure, the
European Union’s (EU’s) efforts to fully electrify transportation by 2035 would remain heavily
dependent on geopolitical stability [15]. Most critically, recycling and proper handling of end-
of-life LiBs is a legal obligation under EU legislation established in 2006 [16]. An amendment
to this directive in 2019 introduced a requirement for LiB recycling efficiency by weight to

reach 70 % by 2030 [17].

After batteries reach the end of their service life, they are collected for recycling operations
[18]. These processes typically involve various pre-treatment steps, which may encompass
module disassembly, discharging, thermal conditioning, and mechanical methods such as
shredding. Based on the recycling technique applied, these steps can be performed individually
or in combination to enhance material recovery. Once shredding is complete, a separation phase
is carried out to remove larger components such as casings, separators, and metal current
collectors from the processed material. The residual fine-grained fraction, commonly referred

to as black mass (BM), remains as the primary recyclable material [19,20].

Recovering valuable metals from black mass (BM) plays a crucial role in reducing raw material
costs and promoting material circularity [21]. Although numerous studies have explored metal
recovery from LiBs-BM [3,22,23], the recycling of organic components has seen limited
progress due to their relatively low economic value. BM includes organic binders such as
polyvinylidene fluoride (PVDF), carboxymethyl cellulose (CMC), and polytetrafluoroethylene
(PTFE), which can result in hydrogen fluoride (HF) emissions and/or carbon release during
high-temperature processing [24]. As mentioned before LiB demand is projected to reach 22
million tons. Given that a standard LiB cell typically contains around 3 wt.% PVDF binder
[25], and 660,000 tons of PVDF from LiB waste estimated globally. Since PVDF recycling
technologies are still in lab-scale, much of it ends up in low-value by-products, thereby
increasing disposal costs and the risk of fluorinated compound contamination [26-28]. To
establish a circular value chain, it is imperative to recycle this waste instead of relegating it to

incineration or landfilling [20].



One of the major technical challenges in recycling valuable metals from spent LiBs lies in the
effective separation of active materials (AM) from current collectors (CCs), typically
composed of aluminum and copper, as their presence negatively affects leaching efficiency
[29]. Even after successful detachment of CCs, residual PVDF adhered to AM surfaces
continues to impede subsequent metal recovery processes. Various techniques have been
developed for AM-CC separation, including mechanical [30-32], thermal [33-35], and
chemical approaches [29,36-38]. The chemical method often employs solvents such as ionic
liquids [39], molten salts [40], deep eutectic solvents [41,42], and organic solvents [29,36—-38]
to facilitate binder removal and enable delamination of the AM from CCs. Among these, N-
methyl-2-pyrrolidone (NMP) is a conventional choice for dissolving PVDF, though it poses

ecological concerns due to its low biodegradability and environmental toxicity [38].

Overall, PVDF recovery remains a critical bottleneck in LiB recycling due to multiple factors.
High-temperature treatment methods often lead to the release of hazardous substances such as
hydrogen fluoride (HF) and per- and polyfluoroalkyl substances (PFAS), which pose severe
risks to human health and the environment [43]. Furthermore, PVDF recycling is still
underdeveloped on an industrial scale [28]; most of the binder ends up in secondary waste
streams rather than being reclaimed efficiently, in the end compromising the overall recovery
rate of valuable metals [27]. These limitations not only escalate the cost of battery waste
management but also contribute to the environmental burden associated with fluorinated
compound contamination. Hence, there is a pressing need for scalable, eco-friendly, and

effective PVDF recycling strategies to advance sustainable battery recycling technologies.

Numerous laboratory-scale studies have explored organic solvent-based methods for PVDF
extraction from spent LiB materials [29,37,44-46]. These solvents are either applied to intact
electrodes to facilitate delamination of AM layers from CCs or to black mass (BM) for PVDF
dissolution, both relying on solvent-PVDF interactions. However, the binding energy varies
depending on whether the interaction occurs between AM particles or between AM and CC
[47]. Among organic solvents, ethylene glycol (EG) [37], dimethylformamide (DMF),
dimethylacetamide (DMAc), and dimethyl sulfoxide (DMSO) [29] have attracted attention as
potential green solvents for PVDF removal at atmospheric pressure. Nonetheless, these
solvents typically require elevated processing temperatures: approximately 100°C for EG,
150°C for DMF, 160°C for DMAc, and 180°C for DMSO. With EG, delamination times vary
significantly with temperature, ranging from several hours at room temperature (RT) to just 6

seconds at 160 °C. Reported PVDF removal yields from BM using DMF, DMAc, and DMSO

3



are approximately 33, 31, and 31 wt.%, respectively, while delamination efficiencies from
cathode samples are considerably higher: 93, 85, and 93 wt.%, respectively. Sarkar et al. [48]
demonstrated complete separation of aluminum CC from the cathode using a tetrahydrofuran
(THF):NMP (1:1 v/v) mixture at 90 °C within 50 minutes. Similarly, Bai et al. [36] achieved
successful delamination using triethyl phosphate (TEP) at 100 °C for 60 minutes or 150 °C for
30 minutes. Using 1,3-dimethyl-2-imidazolidinone (DMI), PVDF recovery took 30 minutes
for homemade cathodes but extended to 5 hours for commercial electrodes at 150 °C [38].
These variations emphasize that factors such as coating thickness, particle size distribution,
and battery-induced impurities significantly affect processing times even under identical

solvent and temperature conditions.

An emerging alternative involves supercritical fluid (SCF) technology, particularly
supercritical carbon dioxide (scCO2), which is favored for its low critical temperature and
pressure, and its ability to dissolve polar compounds like electrolyte solvents [49,50]. However,
PVDF's high molecular weight and crystallinity hinder its dissolution in pure scCO;, even
under extreme conditions (e.g., 300 °C and 2750 bar), as shown by Rindfleisch et al. [S1]. Due
to CO2’s low polarizability, it is ineffective in breaking down the polar interactions within
PVDF at elevated temperatures [52]. Consequently, the use of co-solvents is necessary to

enhance solubility.

Yim et al. [53] explored various co-solvents, DMF, NMP, DMSO, and DMAc for PVDF
extraction using scCO», identifying favorable conditions with DMF as co-solvent at 80°C and
100 bar for 20 minutes. Under these conditions, a binder removal yield of 98.8 wt.% was
achieved. Though DMSO yielded slightly lower extraction rates than DMF, PVDF recovered
with DMSO showed superior performance when reused in new battery cells. Fu et al. [54] also
confirmed high extraction efficiency using DMSO at 70 °C and 80 bar in 13 minutes.
Alternatively, Hayagan et al. [55] demonstrated effective delamination using a TEP:acetone
(75:25 v/v) mixture at 120°C and 100 bar for 15 minutes. These findings underline the potential

of co-solvent systems in scCO> to improve both PVDF solubility and delamination efficiency.

Among tested co-solvents, DMSO emerges as a particularly promising candidate due to its
polarity, miscibility with scCO; [56], and ability to retain the structural integrity of PVDF upon
recycling. Its strong dipolar nature, without hydrogen bond donation, enables disruption of
intermolecular forces within PVDF without degrading polymer chains [57]. Moreover, the

large volume expansion (up to 200 %) of DMSO under scCO> pressure above 60 bar facilitates



PVDF precipitation after dissolution [58]. Recent studies have demonstrated that acetone
whose Hansen solubility parameters (8D = 15.5, 8P = 10.4, 8H = 7.0 MPa”) closely match
those of PVDF, can dissolve PVDF and facilitate electrode delamination, with solubility
increasing with temperature and reaching a maximum around 150 °C [59]. This establishes
acetone as a volatile, relatively green solvent of particular relevance for direct PVDF recovery.
Furthermore, the inclusion of a volatile co-solvent such as acetone in a mixed system is
advantageous because it lowers the liquid-liquid equilibrium boundary [60—62], modifies the

overall Hansen solubility parameters, and reduces system viscosity [63].

Although substantial progress has been made at the laboratory scale, supercritical CO2
processing has not yet been applied to recover PVDF from industrial black mass, highlighting

a significant gap in current research.

This study aims to bridge that gap by evaluating PVDF separation from industrial BM using
scCOz in combination with DMSO/acetone as a co-solvent. The objective is to establish a
single-step, low-temperature, and environmentally benign process wherein PVDF is first
dissolved in the co-solvent under scCO; conditions, then successfully separated by CO;
flushing. This approach seeks to most effective the co-solvent/BM/sc-CO; ratio and processing
parameters to enhance recovery yield and finally contributing to the development of scalable

and sustainable battery recycling technologies.






2 Background

2.1 EU directive and regulation for batteries and waste batteries

The Batteries Directive (2006/66/EC) was the first EU legislation regulating the collection,
recycling, and disposal of batteries to minimize environmental impact and recover valuable
materials [16]. It limited hazardous substances such as mercury, cadmium, and lead and
introduced producer responsibility for end-of-life management. On 12 July 2023, Directive
2006/66/EC was repealed and replaced by Regulation (EU) 2023/1542, which governs the full
life cycle of batteries within the framework of the European Green Deal and the Circular
Economy Action Plan [17]. This regulation establishes strict sustainability requirements
covering design, production, and waste management, aiming to enhance recycling efficiency

and reduce the environmental and health impacts of battery materials.

The regulation introduces carbon-footprint declarations and minimum recycled-content targets
for metals such as Co, Ni, Li, and Pb, supported by digital battery passports for traceability. It
also enforces removability, durability, and due-diligence requirements for raw materials.
Recycling targets are ambitious, reaching 70 % efficiency and recovery rates of 90 % Co, 50
% Li, and 90 % Ni by 2027. However, no explicit target is defined for the recovery of polymeric
components such as PVDF. Article 113 prohibits energy recovery routes and prioritizes
prevention, reuse, and recycling within the waste hierarchy. Moreover, Article 21 restricts the
use of hazardous substances to protect human health and the environment, covering fluorinated
degradation products of PVDF, including HF and PFAS, which can form during high-

temperature binder removal.

2.2 Li-ion battery components and compositions

A battery pack integrated into an electrically powered vehicle comprises a predefined number
of battery modules, along with various control and protection subsystems. Each battery module
consists of multiple LiB cells electrically interconnected within a structural frame, which also
accommodates integrated battery management electronics. LiB cells are commercially
available in four shapes: cylindrical, prismatic, pouch, and coin cells, each with distinct
electrochemical and mechanical characteristics suited for specific applications [64—67]. LiB
cell is composed of five primary components: the cathode, anode, separator, electrolyte and a

casing.



2.2.1 Cathode

The cathode comprises three key components: the current collector, the active cathode material,
and a polymeric binder. The active material, typically composed of lithium metal oxides, is
coated onto an aluminum foil current collector using a binder, most commonly PVDEF, which

ensures mechanical stability and adhesion.

Among the various cathode chemistries, six have been widely commercialized: lithium nickel
manganese cobalt oxide (NMC), lithium cobalt oxide (LCO), lithium nickel cobalt aluminum
oxide (NCA), lithium manganese oxide (LMO), lithium iron phosphate (LFP), and lithium
nickel manganese spinel (LNMO). These materials are named according to their principal
transition metal components, which influence parameters such as specific capacity, thermal

stability, and cost [2,68].

2.2.2 Anode

The anode serves as the negative electrode during discharge, is typically composed of a thin
copper current collector coated with an active material and bound together using polymeric
binders. The most prevalent active anode material is natural or synthetic graphite due to its
favorable intercalation potential, abundance, and high electrical conductivity. In certain high-
rate or long-cycle applications, lithium titanium oxide (Li4Ti5012) is employed as an alternative
for its enhanced structural stability and safety [2,68]. Commercial binders for the anode
commonly include carboxymethyl cellulose (CMC), styrene-butadiene rubber (SBR), and, in
some instances, polyvinylidene fluoride (PVDF) [69]. These binders contribute to electrode
flexibility and mechanical cohesion, particularly critical in composite electrodes subjected to

repeated volume changes during cycling.

2.2.3 Separator

The separator physically isolates the anode from the cathode while permitting the transport of
lithium ions via the electrolyte. This dual function is essential to prevent internal short-
circuiting while ensuring ionic conductivity within the cell. The LiB separator is composed of
polyolefin materials such as polypropylene (PP) and polyethylene (PE), which offer chemical

inertness, mechanical durability, and thermal stability up to moderate temperatures [70].

2.2.4 Electrolyte

The electrolyte in LiBs plays a critical role as the ionic conductor, enabling lithium-ion

transport between the anode and cathode during charge and discharge cycles. State-of-the-art



LiB electrolytes are primarily non-aqueous liquid systems, comprising a lithium salt, most
commonly lithium hexafluorophosphate (LiPFs), dissolved in a mixture of organic carbonate
solvents such as ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), and diethyl carbonate (DEC) [71]. EC is favored for its high dielectric constant, which
enhances salt dissociation and stabilizes electrode interfaces, while linear carbonates are added
to reduce the viscosity and improve conductivity. LiPF¢ has limitations, including its thermal
instability and tendency to decompose into hazardous by-products such as HF and POFs,
especially during improper recycling or high-temperature treatments [72]. Despite its
shortcomings, LiPF¢ remains the industry standard due to its adequate electrochemical

performance and compatibility with commercial battery components [73].

2.2.5 Binders

In LiBs, binders are essential components of both electrodes, ensuring mechanical cohesion
and adhesion of the active materials to the current collectors. The binder forms a matrix that
stabilizes the electrode structure and maintains integrity during repeated charging and
discharging cycles. Commonly used binders include polyvinylidene fluoride (PVDF),
carboxymethyl cellulose (CMC), and styrene-butadiene rubber (SBR) [74]. Among these,
PVDF stands out as the predominant binder material, particularly in commercialized cathodes
and some anodes, due to its strong chemical stability, electrochemical inertness, and

compatibility with N-methyl-2-pyrrolidone (NMP) solvent-based electrode processing [75].

PVDF, a semi-crystalline fluoropolymer, offers superior thermal and oxidative stability, which
is vital for high-performance battery operation and safety [76]. PVDF exhibits several
crystalline phases, including o, B, and y, which differ in chain conformation and dipole
alignment. Among these, the 3-phase is particularly desirable for battery applications because
of its strong piezoelectric and ferroelectric properties, providing excellent adhesion,
mechanical stability, and chemical resistance in the electrode composite. The high dielectric
constant and electrochemical stability against organic electrolytes make it a preferred binder
material in lithium-ion batteries, ensuring efficient ion transport and good electrode integrity
during cycling. However, its high decomposition temperature and fluorine content pose
significant challenges during recycling. Upon thermal treatment, PVDF decomposes to release
hazardous compounds such as hydrogen fluoride (HF) and various organofluorides, which are
toxic and corrosive [77]. As observed in studies involving pyrolysis and incineration, the

decomposition of PVDF facilitates the separation of electrode active materials from metal foils,



aiding in mechanical delamination processes [28,78]. Nonetheless, this also leads to the
formation of fluorine containing by-products, raising environmental and occupational safety
concerns. Therefore, while PVDF contributes to the performance of long-lasting LiBs, its
removal and decomposition require careful handling in end-of-life battery processing,

prompting a push for alternative binder systems that balance functionality and sustainability.

It is also worth mentioning the binder additives to enhance mechanical stability, electronic
conductivity, and electrode durability. SBR is widely used in anodes due to its excellent
elasticity, which accommodates the volume changes of graphite during cycling, reducing the
risk of cracking and delamination [79]. CMC acts as both an anode binder and dispersant,
providing hydrophilicity and strong adhesion to graphite particles while enabling the use of
water-based slurries, thus offering an environmentally friendly alternative to PVDF-based
systems [80]. Super P, a conductive carbon black additive, improves the electronic conductivity
of the electrode by forming conductive pathways between active material particles and PVDF
chains, essential in both anodes and cathodes [81]. Polytetrafluoroethylene (PTFE) is used in
some specialty systems as a chemically inert binder that provides high thermal stability and
structural integrity, especially under harsh cycling conditions [82]. Lithium polyacrylate serves
as a multifunctional additive and binder, particularly in silicon-based anodes, where it provides
strong adhesion, pH buffering, and enhanced cycling performance due to its ability to maintain

structural cohesion during large volume changes [83].

2.3 Recycling of Li-ion batteries

State-of-the-art LiB recycling technologies are based on two main approaches: pyrometallurgy
and hydrometallurgy [84—86]. In pyrometallurgical processes, LiB discharges, then entire cells
or modules are subjected to high-temperature treatment, resulting in the formation of a metallic
alloy composed primarily of Co, Cu, Fe, and Ni. This alloy is subsequently processed to recover
the individual metals. During the treatment, toxic and environmentally hazardous gaseous
emissions such as HF are released, while components including the separator, binder,
electrolyte, and graphite undergo evaporation, decomposition, or combustion [87]. The residual
slag is enriched in Al, Mn, and Li, elements that are difficult to separate individually through

hydrometallurgical means and therefore are generally diverted to other industrial applications.

Hydrometallurgy is initiating with a pre-treatment stage in which LiBs are discharged,
dismantled, sorted, crushed, shredded, and thermally processed into a BM containing both

cathode and anode materials. This BM is then subjected to leaching, solvent extraction, ion
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exchange, and related processes to recover valuable metals such as Li, Mn, Ni, Al, and Co. In
certain cases, a thermal pre-treatment is employed to remove the electrolyte and/or binder,
thereby improving the hydrometallurgical recovery [84,88]. Such pre-treatments are often
performed under inert atmospheres (e.g., N2) to stabilize volatile electrolyte components and

prevent uncontrolled reactions with oxygen and moisture.

Each method exhibits distinct advantages and limitations. Pyrometallurgy is comparatively
straightforward but non-selective, requires substantial energy input, and necessitates additional
treatment of hazardous off-gases. Hydrometallurgy, by contrast, enables higher recovery
efficiencies for specific metals but relies on complex pre-treatment operations to achieve
favorable yields. Consequently, many contemporary recycling strategies favor
hydrometallurgy, aiming to maximize material recovery while simultaneously mitigating

environmental impact.

2.4 Recovery approaches for PVDF binder

Thermal methods such as pyrolysis/incineration are widely applied as pre-treatment routes for
PVDF removal in spent LiBs. During pyrolysis under inert gas, PVDF binder and other
organics decompose between around 200 - 700 °C, leading to detachment of the active mass
from current collectors and partial reduction of transition-metal oxides by carbonaceous species
[89]. This improves subsequent leaching yields in hydrometallurgical steps by increasing
solubility of reduced phases (e.g., L12O, Co, NiO) [29,90]. Incineration in air is more efficient
in removing organics, but at high temperature it may also oxidize current collectors and
promote formation of more oxidized phases, sometimes limiting lithium extraction efficiency.
As mentioned before, both approaches generate gaseous by-products, including HF from
PVDF decomposition. Overall, thermal treatment is effective for liberating black mass but is
energy-intensive and environmentally sensitive due to fluoride emissions. In addition, recovery
cannot be made through energy conversation anymore according to the EU battery recycling

regulation [17].

An alternative route is the direct dissolution of PVDF binder using organic solvents [29,37,44—
46]. Conventional choices include polar aprotic solvents such as NMP, DMF, or DMAc, which
dissolve PVDF effectively, but greener alternatives such as DMSO, ionic liquids, or deep
eutectic solvents are increasingly investigated. These processes can achieve high binder
removal (> 85 - 90 wt.%), thereby cleanly separating active material from foils without

damaging crystal structures. Solvent-based processes are particularly attractive for direct
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recycling strategies, where the preserved cathode powders may be directly re-lithiated and
reused. However, challenges remain in solvent cost, toxicity, recyclability, and in the purity
control of re-precipitated PVDF. Scaling solvent recovery and minimizing environmental

burden are therefore critical to industrial deployment.

Chemical approaches use alkaline solutions or strong nucleophiles to induce
dehydrofluorination of PVDF, weakening adhesion and facilitating liberation of the active
material [91]. Laboratory studies demonstrate that bases such as NaOH or alkoxides can
efficiently debond electrode coatings and even recover fluoride species as stable inorganic
salts. Alkaline treatment also improves hydrometallurgical leaching efficiency by eliminating
fluorinated organics that otherwise interfere with downstream processes. This route is relatively
low-cost and operates at moderate temperatures, but it requires careful process control to
prevent excessive attack on valuable active materials and to ensure environmentally safe

management of fluorine-containing effluents.

scCOz, often modified with small volumes of polar co-solvents such as DMSO, has recently
emerged as a promising binder-removal technology [54,92,93]. Under relatively mild
conditions (~70 °C, 70 - 90 bar), scCO penetrates electrode structures and assists in
solubilizing or plasticizing PVDF, leading to rapid delamination. Compared to conventional
solvents, this method minimizes liquid waste since CO is easily depressurized and recycled.
Studies show efficient binder removal and potential recovery of PVDF in re-usable form,
though extraction performance is highly dependent on co-solvent type and dosage. Equipment
requirements (high-pressure reactors) and limited large-scale demonstrations remain current

barriers, but the process aligns well with green chemistry principles.

Each PVDF recycling method offers unique advantages and drawbacks. Thermal treatment 1s
technically robust and compatible with mixed chemistries but energy-intensive and prone to
HF emissions. Solvent dissolution preserves active materials and enables high-purity
separation but raises sustainability concerns due to solvent recovery and toxicity. Alkaline
debonding is inexpensive and effective at moderate conditions, yet managing fluorinated
effluents remains critical. scCO; extraction is environmentally attractive with low solvent
residues and fast kinetics, but needs for process optimization. In practice, thermal pre-treatment
is currently most industrially established, while solvent- and scCO:-based processes are

promising for direct recycling and circular recovery of PVDF. Future advances will likely
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combine these methods, balancing efficiency, environmental safety, and economic viability in

integrated LiB recycling flowsheets.
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3  Theory

3.1 Supercritical carbon dioxide process

scCO; is considered non-toxic, making it a potential candidate for use in the production of
consumable items such as pharmaceuticals and food products [94]. Additionally, it is already
employed in a range of established processes [95], including extraction procedures [96],
nanoparticle synthesis and surface modification [97—-100], and polymer processing applications
[101-104]. One of the appealing features of supercritical fluids is their adjustable solvent
characteristics, which can be modulated through changes in temperature and pressure. In the
case of CO,, reaching supercritical conditions is relatively straightforward, with a critical
temperature (T¢) of 31.1 °C and a critical pressure (P.) of 73.8 bar [105]. Despite these
advantages, scCO» possesses several physicochemical limitations as a solvent. Specifically, it
exhibits low viscosity, a low dielectric constant [106] and low surface tension relative to
commonly used solvents. Furthermore, due to the linear structure and lack of a permanent
dipole moment in CO; molecules, it faces significant challenges in solubilizing polar and ionic
compounds [107]. In general, supercritical fluids (SCFs) exhibit unique properties compared
to conventional solvents, combining the solvation capabilities of liquids with the high
diffusivity and low viscosity typical of gases. Close to the critical point, even minor
adjustments in temperature or pressure can cause substantial variations in properties such as
solubility, partition coefficients, dipole moments, and dielectric constants. These characteristics
can be readily tuned, as slight changes in temperature or pressure near the critical point allow
for precise modulation of solvent strength and reactivity in material processing applications

[105].
3.2 Co-solvent selection

3.2.1 Hansen solubility parameter

The Hansen Solubility Parameter (HSP) is a scientific three-dimensional numerical model used
to predict the solubility behavior of materials particularly polymers, solvents, and nanoparticles
by understanding how molecular interactions influence mixing or dissolution. The total
cohesive energy density is divided into three intermolecular interaction components: dispersion
forces (dD), polar interactions (6P), and hydrogen bonding (6H), and each expressed in units
of MPa'”?. These parameters represent the contributions of London dispersion forces, dipole—
dipole interactions, and hydrogen bonding capability, respectively. Every material can be

described by a unique (3D, oP, oH) triplet, and the solubility or miscibility between two
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substances is evaluated by calculating the HSP distance (Ra), (Eq. 1), which is the Euclidean
distance between their parameter sets in three-dimensional space. A smaller Ra indicates a
higher likelihood of solubility or compatibility. The HSP model is widely applied in the
formulation of polymers, coatings, solvents, and battery materials to guide molecular design

and optimize performance without relying solely on experimental screening [108].

RZ =4 (8p2 - 8p1)? + (8p2 - 8p1)> + (Sm2 — Sm1)? (Eq. 1)
An optimal solvent should efficiently dissolve the PVDF binder while simultaneously enabling
straightforward separation of the dissolved PVDF from the solvent. The Hansen solubility
parameters of PVDF, as measured by Bottino et al. [61], are reported to be 8D = 17.2 MPa'’?,
5P =12.5 MPa'?, and 8H = 9.2 MPa'?, respectively.

A variety of candidate solvents have been identified for the dissolution or swelling of PVDF.
These solvents can be classified based on environmental impact rankings, swelling efficacy,
and their classification as dipolar aprotic solvents (characterized by high dipole moments and

an inability to donate hydrogen bonds).

Bottino et al. [61] listed acetaldehyde, acetic acid, acetonitrile, acetophenone, acetyl chloride,
aniline, benzyl alcohol, n-butyl acetate, y-butyrolactone, cyclohexanol, cyclohexanone, 1,2-
dibromoethane, di-n-butyl phthalate, diethyl ketone, diethyl phthalate, ethylene glycol, ethyl
formate, ethyl lactate, formamide, formic acid, glycerol, mesityl oxide, methanol, methyl
acetate, methyl ethyl ketone, methyl isobutyl ketone, nitromethane, 2-nitropropane, 1-propanol
as good swelling agent (GSA). Common solvents used for separation processes such as water,
1-propanol, ethanol, 1-butanol, acetone, ethyl acetate, dodecane, methanol, 2-propanol, decane,
ethyl lactate, 1-octanol are listed as having low risk to environment [109,110]. On the other
hand, DMSO, sulfolane, acetonitrile, DMF, DMAc, NMP, N,N’-Dimethylpropyleneurea
(DMPU), DMC, EC, PC, dihydrolevoglucosenone (Cyrene) are dipolar aprotic solvents which
can dissolve polar and non-polar molecules. NMP, acetone, DMSO, DMF, ethylene glycol,
DMAc, THF, TEP, are commonly investigated for PVDF dissolution.

3.3 Mole fraction of carbon dioxide

Changing co-solvent, co-solvent volume, pressure and temperature change the mole fraction
of the experimental setup. It is a key parameter because it controls the solvent density/polarity
and phase behavior, and therefore, the solvation power, selectivity and extraction kinetics [111].
Higher CO2 mole fraction usually gives more “CO»-like” (nonpolar, low-dielectric) solvent

properties and favors extraction of nonpolar, low-molecular weight species; lower CO2 mole
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fraction increases polarity due to polar co-solvent and can enable dissolution of more polar or
ionic species. To determine the CO2 mole fraction, the densities of CO» at specific pressure and
temperature conditions, the solvent, and BM were employed. Subsequently, the moles of CO>

and solvent were computed using (Eq. 2), where n represents the number of moles, V the

volume, p the density of CO; or the solvent and MW the molecular weight.

AT
n=—o (Eq. 2)

For co-solvent/CO> mixtures, the mole fractions were determined using the (Eq. 3), where n
represents the number of moles of each component, and the sum of the solvent and CO; mole

fractions (X¢o-solventt Xco,) €quals 1.

nC02

Xco, = (Eq. 3)

Neo-solvent T NCO,
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4 Experimental

4.1 Black mass preparation

In this study, black mass (BM) was employed as the primary material, sourced via mechanical
treatment of EV LiBs by TES SBS France (SK TES group). The acquired BM was first
manually sieved using a 500 um mesh to remove larger fragments, such as separator and
residual plastic components originating from the battery casing. Subsequent to sieving, the BM
was washed with milli-Q (MQ) water (7 ppb, 18.2 MQ-cm at 25 °C). For this process, 100 g
of BM was stirred with 5 liters of deionized water using a magnetic stirrer operating at 750 rpm
under ambient temperature conditions for a duration of 14 days (Paper-I). Following the
washing procedure, the suspension was filtered using a paper filter (Whatman, 1001-125)
positioned within a suction filtration setup comprising a Biichner funnel and an Erlenmeyer
flask. The washed BM was then dried in an oven at 60°C overnight. To ensure
representativeness for subsequent analysis, four sub-samples were obtained from the dried BM
employing the quartering method. These sub-samples were subjected to thermogravimetric
analysis (TGA) to identify the components in BM. For the second batch (Paper-II), the same
manual sieving procedure was applied. A total of 127 g of BM was washed using 6.7 liters of
deionized water. The washing was conducted stepwise by replacing 700 - 800 ml of water each
day. The suspension was stirred at 500 rpm in a 1-liter glass bottle overnight and allowed to
settle for two hours on the following day. The supernatant was then decanted, and fresh
deionized water was added. This procedure was repeated for ten consecutive days. Then the
same drying procedure was applied. A schematic representation of the experimental workflow

is provided in Figure 1.
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Figure 1. Flow chart of the experimental procedure.

4.2 PVDF removal at atmospheric and high pressure

The removal of PVDF from BM under atmospheric conditions was investigated at RT and at
70 °C to evaluate and compare the results with scCO; treatment. For the experiments conducted
at atmospheric pressure, 1 g of pre-washed BM was placed in a beaker and mixed with 4 ml of
DMSO for 18 days at RT. This procedure was performed in triplicate. Following the extraction,
the samples were centrifuged at 6000 rpm for 20 minutes to facilitate the separation of the
majority of DMSO from the BM. The remaining residues were subsequently dried in an oven
at 60 °C overnight to ensure complete removal of DMSO. A parallel procedure was conducted

at 70 °C for a duration of 24 hours.

For the scCO; treatment, a custom-built setup was employed, comprising a syringe pump
(ISCO 260D, Teledyne ISCO) for the delivery of pressurized CO; (Air Liquide, 99.9 %, <
5 ppm w/w H>0), a thermostat (Model F10 & CM, Julabo), a stainless steel reactor (11.5 ml,
equipped with a 2 um inlet filter), Swagelok filters (2 um and 0.5 pm) post-reactor, and a
sample collection vial at the gas outlet. CO2 was transferred through SS-316 stainless steel
pipelines to the reactor, which was also fabricated from SS-316 and heated to the desired
temperature via a thermostat (Model F12 & ED, Julabo). Temperature was monitored using a
thermocouple attached to the top of the reactor and connected to a data logger (TC-08, Pico
Technology). Pressure was monitored by a manometer positioned after the filtration system. To

prevent freezing at the outlet, the exhaust metering valve was thermostatically maintained at

45+£5°C.
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In each experiment (Paper-I), 1 g of washed BM was introduced into the reactor together with
3 - 7ml of DMSO (Sigma-Aldrich, >99.9 % purity) as co-solvent. After sealing and assembling
the system, the reactor was heated to 70 °C and pressurized CO; was introduced until the
desired conditions were achieved. The system was maintained for 15 minutes, after which the
exhaust valve was opened, and 115 £+ 3 ml of CO> at 70 °C and 80 bar was flushed through the
system to transfer the DMSO with dissolved PVDF into the collector vial. Samples were then
recovered from the reactor, filter (2 um), and collector. To recover material from the reactor,
acetone (EMSURE®, Merck) was used as a rinse solvent. All experiments were conducted in

triplicate.

Collected samples contained processed BM along with DMSO and acetone residues. These
solvents were separated (post-separation, PS) then subsequently evaporated in an oven at 60 °C
for overnight. The dried BM was then subjected to thermogravimetric analysis (TGA) to
quantify the extent of PVDF removal.

The same experimental methodology was also employed (Paper-II) using a co-solvent mixture
of DMSO and acetone (50:50 v/v) under scCO; conditions at 70 °C and 120 bar for 15 min with
PS. However, this setup includes only one Swagelok filter (2 um) before the pressure meter.
Temperature parameter was also investigated by using DMSO/acetone mixture at 120 bar for
15 mins. Additionally, to investigate the effect of pressure on the process, a pressure scan was
performed using 4 ml of DMSO at a constant temperature of 70 °C for 15 minutes, with

pressures varied across 60, 80, 120, and 140 bar.

4.3 Measurements and characterization

Thermogravimetric (TG) analysis was conducted to assess the extent of PVDF removal from
various BM samples, including pristine BM, washed BM, BM collected from filter-2, and dried
recovered BM from the reactor. TG measurements were performed using a TA Instruments
Q500 system under a nitrogen (N2) flow rate of 100 ml/min. The samples were heated to 700°C
at a rate of 5 °C/min in high-resolution mode (resolution: 4 and sensitivity: 4), which adjusts
the heating rate in response to the weight loss rate to ensure accurate correlation between mass
loss and temperature. Following the heating phase, an isothermal stage of 30 min was applied

at the target temperature, and the samples were subsequently cooled to RT.

The PVDF removal efficiency was determined using (Eq. 4), where R represents the recovery

efficiency (wt.%) of PVDF extracted from BM, and mo and m; denote the initial and remaining
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PVDF content in the BM, respectively. Standard deviation values from individual replicates
were used to generate error bars.
R=20") 09 (Eq. 4)
mo

A mass balance analysis was conducted to determine the distribution of DMSO and BM across
different sections of the experimental apparatus. For this purpose, the reactor, filters, and
collection vessels were weighed before and after each experiment using a VWR analytical
balance (SM2285Di, d = 0.01 mg). TG analysis was also performed on BM collected at filter-
1 to quantify the remaining DMSO content. The total weight change in the filter was used to
infer the amount of BM trapped, under the assumption that the BM passage through the 0.5-
micron filter was negligible. Consequently, any residual mass within the reactor was attributed

exclusively to DMSO.

PVDF content in BM was quantitatively determined by measuring the total carbon content
using a LECO CS744 carbon/sulfur analyzer. The BM were dried at 200°C for 3 hours under
nitrogen atmosphere. In this method, BM was combusted in a high-temperature furnace under
a pure oxygen atmosphere to ensure complete oxidation of carbon-containing compounds. The
resulting CO and CO; gases were detected by a non-dispersive infrared (NDIR) detector, and
the total carbon content was quantified. Assuming PVDF, carbon black and graphite as the
primary carbon source, its content was tested to be calculated based on the known carbon
fraction in the PVDF structure. Measurements were performed in triplicate to ensure accuracy

and reproducibility.

To determine the presence of PVDF in DMSO recovered from the scCO process, '°F nuclear
magnetic resonance (NMR) spectroscopy was employed using a 600 MHz Oxford magnet
equipped with a Bruker NEO console and 5 mm QCIP probe. The measurements were

performed with a transmitter frequency offset of -100 and 128 scans.

Fourier-transform infrared spectroscopy (FTIR) with attenuated total reflection (ATR)
attachment (PerkinElmer Spectrum Two) was used to evaluate phase changes. A commercial
PVDF reference sample was used for comparison. FTIR samples were prepared by depositing
50 pL of the recovered DMSO onto aluminum foil, followed by drying at 60 °C overnight to
allow DMSO evaporation and PVDF film formation.

BM density was measured using a Micromeritics AccuPyc I 1340 gas pycnometer to calculate

the mole fraction of CO> during the scCO» process. Triplicate measurements, each consisting
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of 10 sub-measurements, were carried out on both pristine and washed BM samples. The

resulting standard deviation was less than 0.011 g/cm?.

X-ray diffraction (XRD) analysis was conducted using a Bruker D8 Discover diffractometer
with Cu-Ko radiation (A = 1.5406 A). The instrument operated at 40 mA and 40 kV, scanning

over a 20 range of 10° to 80°, with a scanning rate of 2°/min and a step size of 0.02°.

Morphological and structural characterizations were performed using scanning electron
microscopy (SEM, FEI Quanta 200 ESEM FEG), coupled with energy-dispersive X-ray
spectroscopy (EDS, Oxford Instruments X-max 80). Imaging was performed under a high
vacuum with a secondary electron detector at 15 kV. Elemental mapping, when applicable, was

used to analyze fluorine (F) distribution.

Differential scanning calorimetry (DSC) analysis was conducted using a Mettler Toledo DSC
5+ instrument to characterize the melting behavior of pristine PVDF powder and PVDF in its
solvent-containing state (1 wt.% PVDF dissolved in 4 ml DMSO). A 2.23 mg portion of PVDF
powder was placed in a closed aluminum pan equipped with a small pinhole, whereas 40.10
mg of the PVDF - DMSO mixture was sealed within a medium-pressure stainless-steel crucible
(rated up to 2 MPa) to prevent solvent evaporation. The samples were subjected to a heating
cycle from RT to 200 °C at a rate of 2 °C/min under a constant nitrogen flow of 50 ml/min,
followed by controlled cooling to -80 °C at the same rate. Each measurement was carried out
over two heating - cooling cycles, and empty crucibles were used as reference samples

accordingly.
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5 Results and Discussion

5.1 Characterization of the reference PVDF

Reference PVDF powder was investigated by TGA and plotted in Figure 2. Under different
atmospheres reveals distinct decomposition behaviors depending on the presence of oxygen.
Under a nitrogen atmosphere, PVDF exhibits a single major decomposition event, with the
maximum degradation rate occurring around 385 °C, indicating a one-step thermal
decomposition process typical for inert conditions. The total mass loss under nitrogen reaches
70.76 wt.% up to 700 °C, suggesting partial degradation with the formation of stable
carbonaceous residues. Conversely, in a synthetic air environment, the thermal stability of
PVDF increases, with the main decomposition peak shifting to approximately 412 °C,
accompanied by additional oxidation peaks at around 430 °C and 441 °C. These secondary
peaks indicate multi-step oxidative degradation involving further breakdown of intermediate
carbon—fluorine fragments. The overall mass loss under air rises substantially to 98.81 wt.%,
signifying almost complete oxidation of the polymer backbone. This comparison highlights
that oxidative conditions promote both higher decomposition temperatures and more complete

volatilization of PVDF residues compared to inert atmospheres.
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Figure 2. TGA curve of reference PVDF under a) nitrogen and b) synthetic air atmosphere.

5.2 Characterization of black mass

Total carbon analysis was employed to quantify the PVDF content in the BM by determining
the weight percentages of carbon (C) and sulfur (S). Results were tabulated on Table 1. Prior
to analysis, the BM was subjected to drying at 200 °C for 3 hours to eliminate electrolyte salts
and residual solvents, thereby ensuring that only CMC, PVDF and graphite remained as the

primary carbon sources. The aim of the measurement was enabling a more accurate estimation
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of the PVDF content before and after the scCO; treatment. Initial measurements revealed that
the industrial BM contained 39.07 wt.% (= 1.22) carbon, with sulfur levels being negligible.
However, the relatively high standard deviation of the carbon content complicates the accurate
quantification of PVDF, particularly since its content is approximately 3 wt.% and carbon
constitutes about 37.5 wt.% of the PVDF molecular structure. Consequently, the carbon
contribution from PVDF accounts for roughly 1.125 wt.% of the total mass, therefore, this

method was not suitable to characterize PVDF quantitatively since standard deviation was 1.22.

Table 1. Carbon and sulfur weight percentage of BM.

Dried BM Measurement-1 Measurement-2 Measurement-3 Average Standard Deviation

Sample Mass (g) 0.0285 0.0285 0.0251 0.0274 0.0020
C wt.% 40.4 38.8 38 39.07 1.22
S wt.% 0.095 0.0783 0.0876 0.09 0.01

The sample preparation for scCO2 process initiated with sieving of the industrial black mass
(BM) to remove oversized residues from shredding, primarily consisting of plastic casing and
separator fragments. This step was followed by a washing procedure aimed at removing
residual electrolytes and the anode binder. These pre-treatment steps were essential for
accurately assessing PVDF binder recovery; otherwise, the inherent heterogeneity of industrial
waste complicates the quantification of PVDF extraction. Additionally, the bulk density of BM
was measured to calculate the molar fraction of CO; in the scCO2/DMSO/BM ternary system.
The density of BM following sieving was determined as 3.12 g/cm? (after drying at 130°C for

3 h), increasing to 3.32 g/cm® post-washing.

TGA was conducted in triplicate on both pristine and washed BM samples to evaluate their
compositional changes with temperature. The TG curves for pristine and washed BM under a
nitrogen (N2) atmosphere are presented in Figure 3a and Figure 3b, respectively. Characteristic
thermal events were identified: electrolyte-related mass loss at ~100 °C [112], ethylene
carbonate/electrolyte residues at ~228 °C [113], decomposition of carboxymethyl cellulose
(CMC) near 285 °C [114-116], and PVDF degradation around 460 °C [117]. Based on these,
three thermal regions were defined: RT - 200 °C (Region-1), 200-375°C (Region-2), and 375
- 510 °C (Region-3), demarcated with dashed lines in Figure 3. a and Figure 3. b.

26



“ —— Wt.% Change| —— Wt.% Change|

1004 —— Derivative 1004 1.06% — Derivative

403 0.08

95 4

90

Weight Change (%)
(=]
N
Derivative Weight (%/°C)
Weight Change (%)
o
o
o
Derivative Weight (%/°C

1
L
L
o
o
@

a5 4 85 | T

— T . —— 0.0 — T . . . — 0.00
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature (°C) Temperature (°C)
a) b)
Figure 3. TG analysis of BM (in N2 atmosphere) a) before and b) after washing with DI

water (Paper-I).

For pristine BM, the average mass losses in regions-1, 2, and 3 were 6.24 % (+ 0.53), 2.67
wt.% (£ 0.13), and 2.36 wt.% (£ 0.11), respectively (Paper-I). Under inert N> atmosphere,
reference PVDF shows 70 wt.% mass loss by 700 °C [118]. Based on this, the recalculated
PVDF content in pristine BM was found to be 3.37 wt.% (33.71 mg per g of BM). Likewise,
washed BM was analyzed in triplicate (see Figure 3b), yielding mass losses of 1.06 wt.% (+
0.12), 2.35 wt.% (= 0.05), and 2.16 wt.% (£ 0.15) across the same regions. The disappearance
of DTG peaks near 100 °C and 285 °C (Figure 3b) signifies effective removal of electrolyte
and water-soluble CMC binder via washing. Post-washing, PVDF constituted 2.16 wt.% of the
BM, equating to a normalized value of 30.8 mg/g. Notably, a new thermal event emerged at
around 585 °C after washing, potentially attributed to carbon black (CB) [51]. This shift to

lower temperature is likely due to the increased surface area of CB following CMC elimination.

Another batch of BM (Paper-11) was also characterized in the same manner as mentioned above
and plotted in Figure 4a and Figure 4b for washed BM. Temperature intervals of the regions
were slightly different with the new batch and washed BM from this new batch. Region-1 (RT
- 200 °C) falls in the same interval. Meanwhile region-2 falls between 200 - 330 °C and 200 -
300 °C for BM and washed BM, respectively. Region-3 falls between 330 - 480 °C and 300 -
450 °C for BM and washed BM, respectively.
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Figure 4. TG analysis of BM (in N2 atmosphere) a) before and b) after washing with DI
water (Paper-II).

For pristine BM, the average mass losses in regions-1, 2, and 3 were 5.889 wt.% (+ 0.14), 2.206
wt.% (£ 0.02), and 3.707 wt.% (= 0.03), respectively. Likewise, washed BM was analyzed in
triplicate (see Figure 4b), yielding mass losses of 1.109 wt.% (£ 0.05), 1.438 wt.% (£ 0.05),
and 3.141 wt.% (£ 0.04) across the regions.

5.3 PVDF removal at atmospheric pressure

Control experiments were conducted under atmospheric pressure to evaluate PVDF removal
from BM at RT and 70 °C. In these experiments, washed BM was mixed with DMSO for 18
days at RT in triplicate. Following this, the mixtures were centrifuged to facilitate phase
separation and subsequently dried to remove residual DMSO. A similar protocol was employed
at 70 °C with a contact time of 24 h (single experiment). The initial PVDF amount was 33.71
mg per gram of BM. The extent of residual PVDF in treated BMs was quantified via TGA, and
results are presented in Figure 5. The analysis indicated that 29.99 mg (+ 1.04) and 21.31 mg
of PVDF remained after treatment at RT and 70 °C, respectively. These findings suggested
negligible amount of PVDF removed at RT (after 18 days) and 30.8 wt.% of PVDF at 70 °C
(after 24 h).
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Figure 5. TGA of BM processed under atmospheric conditions a) RT and b) 70 °C.

5.4 PVDF removal at high pressure

The washed BM was subjected to scCO2 extraction as outlined in the experimental section.
Mass distribution assessments were carried out across various system components, namely the
reactor, filter-1, filter-2, and collector, for BM, co-solvent, and PVDF. The quantity of
recovered DMSO was determined through a combination of TGA and gravimetric balance. BM
particles occasionally detected in the collector DMSO were excluded from calculations. DMSO
and BM mass distributions are plotted in Figure 6a and Figure 6b, respectively. Increasing the
co-solvent volume from 4 to 7 ml resulted in enhanced DMSO recovery efficiency, rising from
50.6 to 76.4 wt.%. The residual DMSO within the reactor were recorded as 12.3, 26.3, 28.9,

32.7, and 24.3 wt.% for respective initial volumes of 3, 4, 5, 6, and 7 ml.
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Figure 6. Mass distribution of a) DMSO and b) BM after the process.

Furthermore, more than 80 wt.% of the washed BM was retained in the reactor, while the

remainder accumulated in filter-1. Filter-2 contained only DMSO residue (0.1 - 0.17 g). TGA
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of collected BM from filter-1 revealed the presence of 37.51 wt.% (+0.68) DMSO and 1.05
wt.% (£0.12) PVDF. However, due to limitations in TGA resolution, PVDF estimations in
DMSO and filter-1 samples are considered to have high uncertainty. Therefore, only the

reactor-remained BM was used in PVDF recovery yield calculations.

The recovery of PVDF was quantitatively evaluated by determining the residual PVDF content
in the processed BM which remained within the reactor. The experiments were conducted in
triplicate, and each sample was analyzed using TGA, with the results presented in Figure 7a.
The derivative thermogravimetric curves (weight change rate, wt.%/°C) for samples treated
with varying volumes of co-solvent was plotted in Figure 7b. Analytical comparison was
focused on the region corresponding to the thermal decomposition of PVDF (Region-3), as this
range distinctly represent the PVDF degradation behavior. The data clearly indicated that
treatment with 4 ml of co-solvent resulted in the lowest residual PVDF content in the reactor
(21.79 mg, + 0.38), corresponding to a removal of 9.01 mg, or 29.3 wt.% of the initial PVDF,

which was dissolved and subsequently transported to the collector under scCO- conditions.

w
a

2.37%

257% |

w
(@]
L 1 L
+
e
"
3

(=)
E
S
=) ey 1.96%
% 25 T 8_ 6 ml 2.39%
o b >
£ . =
L
® 20 - S
£ é)
@
% 15 Q
-
LL S
S 104 5
o Q
% Washed BM
T 51
2
<
Ot+——T 171171 oo rerd
2 3 4 5 6 7 8 200 300 400 500
Co-solvent Volume (ml) Temperature (°C)

a) b)
Figure 7. a) Average PVDF (mg) remained in the BM b) DTG (wt.%/°C) of BM remained in
the reactor. The dotted line separates region-2 and region-3, and the weight losses of the

regions were written as percentages.

A potential explanation for the enhanced recovery of PVDF observed with the use of 4 ml

DMSO may be attributed to the mole fraction of CO; in the system (nco2/(npmso+ncoz)), which
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was calculated as 0.43, 0.34, 0.26, 0.20, and 0.14 for DMSO volumes of 3, 4, 5, 6, and 7 ml,
respectively. Variations in CO; mole fraction allow modulation of the DMSO - CO; binary
phase behavior, as outlined in the phase diagram presented in reference [119]. According to
this diagram, increasing the co-solvent volume leads to a reduction in the CO2 mole fraction
within the liquid region (with the exception of the 3 ml case). In this region, a lower co-solvent
volume results in higher PVDF dissolution efficiency per unit volume, as illustrated in Figure
8. The liquid phase comprises DMSO containing supercritical CO> up to approximately 40
mol% at 70 °C and 80 bar [119,120].
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Figure 8. Recovered PVDF per unit volume of co-solvent used (mg/ml) versus mole fraction

of CO; at 70 °C, 80 bar.

As demonstrated by Ardestani et al. [56], CO; acts as an anti-solvent at saturation levels (52
mol% CO; at 328 K) in the DMSO-CO: system, causing precipitation of solutes dissolved in
DMSO. Therefore, as the co-solvent volume decreases, the mole fraction of CO; increases,
enabling greater PVDF dissolution prior to reaching the saturation limit. This phenomenon may
also contribute to the observed decrease in PVDF extraction yield at higher co-solvent volumes.
Notably, a distinct drop in the increasing trend was observed at 3 ml DMSO, as shown in Figure
8. At this volume, the system crosses the phase equilibrium line, reaching a CO; mole fraction
of 0.43 at 80 bar and 70 °C, which corresponds to a biphasic region consisting of liquid (~94
mol% with ~40 mol% CO») and supercritical CO2 (~ 6 mol% with ~99 mol% CO»).
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One plausible explanation is the transition from a single-phase liquid region to a mixed-phase
region (liquid + supercritical CO). Another contributing factor might be the insufficient co-
solvent volume relative to the BM surface area, potentially resulting in DMSO becoming

trapped between BM particles, thereby hindering the release and transfer of dissolved PVDF.

It is important to consider that with increasing temperature, the Hildebrand solubility parameter
of CO; decreases [52], resulting in reduced interactions between scCO, and DMSO (60.7
MPa'?, [121]). Meantime, elevated temperatures enhance the solubility of PVDF in DMSO
[122]. For instance, Yim et al. [53] and Fu et al. [54] achieved extraction yields exceeding 95
wt.% using PVDF powder with DMSO as co-solvent (sample/co-solvent weight ratios of 0.125
and 0.114, respectively) under scCO> conditions at 70 °C and 80 bar. Our findings corroborate
the effectiveness of similar parameters for dissolving PVDF from BM. However, BM presents
additional complexity due to its heterogeneous particle size distribution and the presence of

other organic components, which may also dissolve in the co-solvent.

As reported by Fu et al. [92], the separation of cathode materials from current collectors was
investigated using a cathode piece (0.3 g, 1x1 cm) in 4.4 g DMSO, corresponding to a
sample/co-solvent weight ratio of 0.068. In this case, 96.7 wt.% liberation efficiency was
achieved, yet only 60 wt.% of the PVDF was successfully removed from the cathode. By
contrast, our work demonstrated that 29.3 wt.% of the initial PVDF was separated from BM
under scCO: conditions with a sample/co-solvent ratio of 0.227. Further analysis revealed that
26.3 wt.% of the PVDF remained dissolved in DMSO within the reactor, which can be

recovered via a PS step.

The PS process was performed using a straightforward protocol. The reactor contents were
washed with acetone, allowing the BM to settle for 24 hours, after which the supernatant (a
mixture of DMSO and acetone) was decanted. This procedure was repeated twice by adding
acetone, and finally BM was dried at 60 °C, overnight. The BM was subsequently analyzed by
TGA, with the results presented in Figure 9. The data indicated that a total of 55.6 wt.% of the
initial PVDF was separated from the washed BM.
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Figure 9. TGA of processed BM with scCO; and PS process.

The decanted solvent mixture evaporated, and a PVDF film was recovered from the bottom of
the vial. This film was further characterized by TGA and XRD. It is noteworthy that the PVDF
film obtained from PS, as shown in Figure 10a, contained residual BM particles, which
dominated the XRD pattern (Figure 10b). Nevertheless, a minor broad peak at 26 = 20°
confirmed the presence of semi-crystalline PVDF. The TGA profile of the film, shown in Figure
11, indicated that PVDF was the predominant component. To obtain purified PVDF, further

purification steps, such as filtration, are recommended.
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Figure 10. Recovered PVDF film via PS process a) photographic image and b) XRD pattern.
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Figure 11. TGA of the recovered PVDF film processed with scCO> and PS process.

5.5 Further characterization (Paper-I)

Structural and compositional analyses of the pristine-BM, washed-BM, and scCO;-treated BM
were conducted using SEM. EDS was applied to three distinct regions of each sample, and
average values were calculated with standard deviations. The elemental atomic percentages are
presented in Table 2. The results clearly demonstrate the removal of fluorine (F) in the scCO»-
treated BM. Fluorine reduction was also observed following the washing process, along with
decreases in phosphorus (P) and sulfur (S), suggesting the elimination of LiPFs and its
decomposition products. SEM imaging further revealed a significant reduction in particle size
from 93 um to 43 um based on measurements of the largest particles using ImageJ software
(Figure 12a—f). Fluorine distribution maps are displayed in Figure 12c¢ and d, and the full

elemental spectra are provided in Figure 12¢ and f.

Table 2. EDS results in atomic percentages of BM.

Sample F P S Mn Co Ni
50.88 3.77 2.80 13.00 15.27 14.27
Pristine BM
(£2.12) (£0.53) (£0.18) (= 1.01) (£2.47) (£0.42)
43.57 0.91 1.04 16.23 18.50 19.75
Washed BM
(£ 1.66) (£ 0.05) (£0.14) (£0.39) (£1.30) (£0.64)
30.38 1.07 2.02 19.73 22.71 24.11
s¢CO; BM

(+ 0.62) (+0.12) (+0.35) (+ 0.30) (£ 0.54) (+ 0.85)
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The DMSO collected in the glass vial was analyzed by FTIR spectroscopy to confirm the
presence of PVDF and to investigate its molecular structure. A 50 pl of the collected DMSO
was drop-cast onto aluminum (Al) foil and subsequently dried overnight in an oven at 60°C,
resulting in the formation of a PVDF coating on the foil surface. These films were characterized
using FTIR spectroscopy, and the spectra are presented in Figure 13. The characteristic

vibrational bands corresponding to the a-, -, and y-phases of PVDF were identified as

35



previously reported [117,123—125]. Specifically, the bands located at 883 cm™ (out-of-plane
bending vibration of CH»), 1075 and 1175 cm™ (symmetric stretching of CF>), and 1408 cm™
(bending vibration of CH»), marked by vertical dashed lines, are common to all three PVDF
phases [37].
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Figure 13. FTIR of PVDF films on Al foil after drying DMSO from the collector.

The spectral data indicate that the recovered PVDF films consist of a mixture of a-, B-, and y-
phases. The phase composition of PVDF is of critical importance in battery applications, with
the electroactive B-phase being particularly relevant due to its contribution to the dielectric,
piezoelectric, ferroelectric, and pyroelectric properties. In contrast, the a-phase, while
thermodynamically stable, is electrically less active. Moreover, the relative phase fractions in
PVDF are strongly influenced by the dynamics of solvent evaporation, where drying rate and
solvent characteristics play a significant role in determining the final crystalline structure

[123,126-129].

XRD analysis was employed to investigate the presence of phases in the BM before and after
treatment, and the results are presented in Figure 14. The initial BM composition included
LiNio.3Mno3C00.302 (NMC, PDF card no. 00-062-0431), LiCoO> (LCO, PDF card no. 01-083-
9084), and graphite (PDF card no. 00-056-0160). The findings indicate that neither the washing
procedure nor the scCO» treatment altered the primary crystalline phases within the BM.
However, peak broadening was observed in the sample collected from filter-1 following the

scCO; process, suggesting potential changes in crystallite size or structural disorder.
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The presence of PVDF in the collected DMSO was further verified using 'F NMR
spectroscopy. The recorded NMR spectra corresponded well with literature data [130-132],
thereby confirming the existence of PVDF in the samples. A characteristic signal observed at
—91.1 ppm, as shown in Figure 15, is attributed to the regular head-to-tail (H-T) sequences of
—CH2CF>—CH:CF.— within the polymer chain. In contrast, signals appearing at —113 and
—115.3 ppm are associated with head-to-head (H-H, -CH2CF>—CF.CH>—) and tail-to-tail (T-T,

—CF:CH>—CH:CF>-) linkages, respectively, which are commonly formed as structural defects

during polymerization.
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Figure 15. '°F NMR spectrum (600 MHz, DMSO-H6 solvent) of collected DMSO.

The '°F NMR spectrum of the water utilized for washing the BM is presented in Figure 16.
Due to the use of water as the solvent medium, the NMR instrument was unable to perform
locking and shimming, resulting in a slight deviation in peak positions. Nevertheless, the
chemical shifts observed at —72.8 and —74 ppm are characteristic of LiPF¢ [133]. These
findings indicate that the washing step effectively removed residual Li salt from the pristine
BM, in addition to eliminating the CMC binder. This observation is consistent with the
outcomes of the elemental analysis and suggests the potential for implementing a sequential

recovery approach for battery components prior to the extraction of valuable metals.
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Figure 16. '°F NMR spectrum of washing water after washing the BM.

5.6 PVDF removal at high pressure: pressure scan

The washed BM was processed under scCOz conditions following the methodology outlined
in the experimental section 4.1 and 4.2. 1 g of washed BM and 4 ml of DMSO were introduced
into the reactor. Experiments were conducted at 70 °C under pressures of 60, 80, 100, and 120
bar, corresponding to CO> mole fractions of 0.25, 0.34, 0.42, and 0.50, respectively. These
experimental conditions fall slightly above the 70 °C equilibrium cloud line in the DMSO/CO»
phase diagram [120]. The objective of the pressure variation study was to determine the
favorable operating conditions for co-solvent collection. As the pressure increased from 60 bar
to 120 bar, the DMSO collection efficiency rose from 43.3 to 74.6 wt.%. The residual co-
solvent remaining in the reactor were 42.5, 54.7, 42.5, and 17.6 wt.% at 60, 80, 100, and 120

bar, respectively.

The residual BM was subsequently utilized to calculate the PVDF recovery yield. PS process
of the retained co-solvent was achieved by acetone addition, as described in our previous work
[93]. Acetone facilitated the solvent separation by reducing viscosity, and then the remaining

solvent was evaporated at 60 °C overnight.

The dried samples were analyzed using TG analysis. The weight loss in the 300 - 430 °C range
was used to quantify PVDF removal yield, which is presented in Figure 17a. Figure 17b

illustrates the derivative weight change (wt.%/°C) for samples treated at different pressures.
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The maximum separation yield, 52.5 wt.% (= 7.1), was observed at 80 bar and 70 °C,

corresponding to a CO2 mole fraction of 0.34.
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Figure 17. a) Average separation yield (wt.%), b) DTG for processed washed BM in scCO»
and 4 ml of DMSO at 70°C, various pressure, 15 min.

Zahran et al. [120] investigated the excess molar enthalpies (HY) of the DMSO/CO; system at
30 - 60 °C and 90 - 180 bar. Their findings revealed that at constant temperature, a decrease in
pressure results in lower HE values, indicating enhanced solvent-CO; interactions. Conversely,
at constant pressure, increasing temperature also reduces HE. Furthermore, at elevated
pressures, the temperature effect on enthalpy differences becomes less pronounced. Based on
these thermodynamic trends, in our study 80 bar appears to represent the favorable condition

for the PVDF - DMSO - CO ternary system at 70 °C with X, = 0.34.

5.7 PVDF removal at high pressure: DMSO:Ac mixture

A complementary series of experiments was carried out at 120 bar and 70 °C for 15 min using
a DMSO:acetone (DMSO:Ac) mixture with 1:1 volume ratio and 1 g of washed BM. The
pressure of 120 bar was selected to ensure that the solvent-CO> mixture remained in the liquid-
liquid phase region under all experimental conditions. The CO; mole fraction varied by
adjusting the co-solvent volume to 3, 4, 5, 6, and 7 ml, corresponding to Xco, values of 0.62,
0.52, 0.42, 0.34, and 0.26, respectively. The PVDF decomposition range was again observed
between 300 and 430 °C. Identical PS and drying procedures were applied to the BM residues.
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The average residual co-solvent remaining in the reactor were 11, 15, 6, 11, and 5 wt.% for 3,

4,5, 6, and 7 ml co-solvent volumes, respectively.

The PVDF removal yields are presented in Figure 18a based on TG analysis, while the
derivative TG curves are shown in Figure 18b. The maximum separation yield of 39.5 wt.%
was obtained at 120 bar and 70 °C with 6 ml of co-solvent (X¢o, = 0.34). This favorable CO»
mole fraction coincided with that obtained at 80 bar, 70 °C using 4 ml of neat DMSO. When
compared to the system employing pure DMSO, which achieved a separation yield of 52.5
wt.%, the DMSO:Ac mixture yielded a lower recovery of 39.5 wt.%.
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Figure 18. a) Average separation yield (wt.%), b) DTG for processed washed BM in scCO»
and various volume of DMSO:Ac at 70 °C, 120 bar, 15 min.
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The reduction in separation efficiency can be attributed, at least in part, to the increase in
pressure from 80 to 120 bar, which approximately doubled the CO; density (from ~174 to 345
kg/m?® at 70 °C). As a consequence, (i) more CO, was dissolved into the liquid phase, (ii) the
solvent power of the mixture was diluted, and (ii1) the effective Hansen solubility parameter of
the ternary system shifted further from that of PVDF. Conversely, acetone is known to dissolve
larger quantities of CO> than DMSO [134]; therefore, a 1:1 DMSO:Ac mixture may absorb
more CO> under the same temperature and pressure. This behavior could promote phase
separation of the co-solvent into two distinct binary subsystems, namely DMSO-CO; and Ac-
COz, thereby affecting the overall solvation environment and PVDF recovery performance. It

is evident that a CO2 mole fraction of 0.34 represents the favorable condition for achieving the
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highest PVDF separation yield in both DMSO and DMSO:Ac systems when operated at 70 °C
and 120 bar. Nevertheless, the overall separation efficiency is influenced by pressure, as higher

CO; densities at elevated pressures tend to reduce PVDF separation yields.

A subsequent series of experiments was conducted using 7 ml of DMSO:Ac under 120 bar for
15 min, while varying the temperature at 30, 50, 70, and 90 °C, corresponding to CO2 mole
fractions of 0.44, 0.36, 0.25, and 0.21, respectively. The purpose of this temperature scan was
to increase CO» density at lower temperatures, and how it effects the PVDF separation from
the BM via enhancing CO> dissolution within the co-solvent. The PVDF removal yields and
DTG profiles are presented in Figure 19a and b, respectively. The highest separation yield of
45.95 wt.% (& 3.2) was achieved at 90 °C (X¢o, = 0.21). However, a pronounced decline in
yield was observed at lower temperatures, reaching 29.80 wt.% (= 0.7), 12.47 wt.% (£ 1.3),
and 6.55 wt.% (+ 0.1) at 70, 50, and 30 °C, respectively. Results suggest that increasing CO>

density by lowering the temperature is not favorable in terms of PVDF separation from BM.
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Figure 19. a) Average separation yield (wt.%), b) DTG for processed washed BM in scCO»
and 7 ml of DMSO:Ac at various temperature, 120 bar, 15 min.

One plausible explanation for this trend is that CO, exhibits greater solubility in acetone than
in DMSO, as previously discussed, which may have induced phase separation of the co-solvent
into two distinct binary systems, DMSO / CO; and Ac / CO». As a result, the original DMSO:Ac

/ CO2 mixture, which initially demonstrated favorable Hansen solubility parameter (HSP)
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compatibility with PVDF, likely deviated from its favorable solubility region, thereby

diminishing PVDF dissolution and extraction efficiency.

An additional contributing factor may be the solid-state nature of PVDF at lower temperatures,
which impedes its dissolution. Jiang et al. [59] reported that the melting point of PVDF in
acetone is 82.3 °C, whereas the typical melting point of PVDF is approximately 170-180 °C
[27,135]. Similarly, Yim et al. [53] and Fu et al. [54] observed that solubility in the scCO»-
DMSO system increases with temperature, reaching higher dissolution efficiencies around 70

°C and 60 °C, respectively, at 80 bar.

Jiang et al. [59] reported that the solubility of PVDF in acetone remains below 3 mg/ml at
temperatures below 80 °C, but increases substantially with temperature, reaching a maximum
of approximately 8 - 10 g/ml at 120 - 150 °C. The solubility behavior was found to be strongly
associated with the polymer’s melting transition, as solvent presence leads to a depression of
the PVDF melting point. The authors suggested that once the temperature exceeds the
crystalline melting range, both the dissolution rate and overall solubility of PVDF increase with
temperature. Our experimental results are in agreement with this trend, showing that lowering
the system temperature results in a corresponding decrease in separation yield. Thus, elevated
temperatures enhance PVDF dissolution and consequently improve its separation from the

black mass (BM).

To further elucidate this thermal behavior, DSC was performed for pristine PVDF and PVDF
dissolved in DMSO (with 1, 25, 50 and 75 wt.%). The corresponding DSC curves are presented
in Figure 20. It can be observed that the melting temperature (Tm) of pure PVDF is
approximately 164.4 °C, whereas the endothermic peak shifts to 19.3 °C in the presence of
DMSO (1 wt.% PVDF). A comparable study involving PVDF and dimethylacetamide (DMAc)
exhibited similar results, where the endothermic peak shifted to lower temperatures as the
PVDF mass fraction decreased [136]. Specifically, the T transitioned from approximately 160
°C to the 60 - 80 °C range as the polymer concentration was reduced, and the melting peak
completely disappeared when the PVDF mass fraction reached 23 wt.%. Furthermore, an
additional endothermic peak emerged when the PVDF mole fraction was lowered to 52 wt.%.
This phenomenon occurs because the solvent acts as a plasticizer for PVDF, thereby decreasing

its melting temperature and reducing its degree of crystallinity.
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Figure 20. DSC curves of PVDF powder (black) and PVDF powder dissolved in DMSO

(red).

To gain deeper insight into the influence of process parameters on PVDF separation, two

additional comparative experimental series were conducted employing scCO; followed by PS

treatment. A concise summary of the experimental conditions and corresponding PVDF

separation yields is presented in Table 3.

Table 3. Comparison of experimental conditions and PVDF separation yields.

PVDF
Pressure Temperature
Co-solvent Co, Separated
(bar) (°O)

(wt.%)
Comparisonl ~ 4ml DMSO:Ac 80 70 0.34 354
Referencela 6ml DMSO:Ac 120 70 0.34 39.5
Referencelb 4ml DMSO:Ac 120 70 0.50 28.9
Comparison2 4ml DMSO 80 90 0.30 423
Reference?2 4ml DMSO 80 70 0.34 52.5
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In the first comparison set, a triplicate experiment utilizing 4 ml of a 1:1 DMSO:Ac co-solvent
mixture at 80 bar and 70 °C (corresponding to a CO2 mole fraction of 0.34) was compared with
a condition employing 6 ml of the same co-solvent at 120 bar and 70 °C. The obtained PVDF
separation efficiency was 35.4 wt.% (£ 3.5), which was lower than 39.5 wt.% (+ 3.5) that of
the reference experiment (6 ml of 1:1 DMSO:Ac at 120 bar and 70 °C) but higher than the yield
28.9 wt.% (£ 7.1) achieved using 4 ml of 1:1 DMSO:Ac at 120 bar and 70 °C. These
observations suggest that a CO2 mole fraction of 0.34 may represent a favorable region for
PVDF separation, while maintaining this fraction at elevated pressures can further enhance the

separation yield.

In the second comparative experiment, triplicate trials were conducted using 4 ml of DMSO as
the sole co-solvent at 90 °C and 80 bar, and the results were compared to those obtained at 70
°C under identical pressure and solvent volume. The PVDF separation yield at 90 °C was 42.3
wt.% (£ 2.0), lower than 52.5 wt.% (£ 7.1), the achieved at 70 °C. This indicates that an increase
in temperature does not improve PVDF recovery efficiency when DMSO is used alone,

inconsistent with the behavior observed for the 1:1 DMSO:Ac system.

In summary, these results demonstrate that temperature variation has a comparatively minor
influence relative to co-solvent composition. The presence of a favorable CO; mole fraction
appears critical for efficient PVDF separation, while system pressure remains the predominant
factor enhancing PVDF recovery from black mass when employing the 1:1 DMSO:Ac co-

solvent mixture.

5.8 Further characterization (Paper-II)

For further characterization, three samples were analyzed: the washed BM, the BM processed
at 80 bar and 70 °C using DMSO as the co-solvent (hereafter referred to as Processed-1), and
the BM processed at 120 bar and 70 °C with a 1:1 DMSO:Ac co-solvent (hereafter referred to
as Processed-2). The DMSO collected in the glass vial, as well as the PVDF films formed
during PS, were examined via FTIR spectroscopy to confirm the presence of PVDF and to

assess its molecular structure.

Aliquots of 50 pl were extracted from the recovered DMSO and dispensed as droplets onto
aluminum foil substrates. The samples were subsequently dried in an oven at 60 °C overnight,
yielding a thin PVDF coating on the foil surface. Likewise, the DMSO and Ac mixtures from
PS were dried to form PVDF films. The resulting films were analyzed using FTIR
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spectroscopy, and the corresponding spectra are shown in Figure 21. Recovered PVDF from

the collector and PS shows three main phases (a, 3, y) of PVDF.
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Figure 21. FTIR of pristine and processed PVDF.

The washed BM, Processed-1, and Processed-2 samples were analyzed using SEM to evaluate
and compare their morphological features, as presented in Figure 22. The washed BM
displayed relatively large agglomerates composed of mixed graphite and cathode active
materials. In contrast, the sample from Processed-1 showed a clear liberation of active materials
from the graphite matrix, and this separation became even more evident in Processed-2.
Although TG analysis indicated that the DMSO-based process removed a greater proportion of
PVDF from the BM, the DMSO:Ac treatment produced finer and more uniformly dispersed
particles. This refinement suggests that subsequent recovery of valuable metals through

leaching could be facilitated by the improved particle morphology.

The same samples were further characterized by EDS for elemental mapping. Three randomly
selected regions were analyzed for each sample, and the average atomic percentages are
summarized in Table 4 for the washed BM, Processed-1, and Processed-2. A progressive
decrease in fluorine content was observed across both processing methods, confirming the

removal of PVDF.
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b)
Figure 22. SEM images of BM a) washed b) processed-1 and ¢) processed-2.

Table 4. EDS results in atomic percentages of BM.

F P S Mn Co Ni
Washed BM 39.77 0.84 1.08 17.01 20.43 20.86
+1.82 +0.06 +0.14 +0.59 +0.78 +0.64
Processed-1 25.7 0.97 1.22 20.93 25.50 25.68
+0.91 +0.12 +0.33 +1.15 +1.22 +1.04
Processed-2 31.24 0.85 1.02 20.38 23.32 23.19
+2.79 +0.06 +0.63 +0.72 +1.56 +0.80
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6 Conclusion

In this work, the scCO> process was employed in combination with DMSO and a 1:1
DMSO:Ac co-solvent system to extract the PVDF binder from industrial BM. The effect of co-
solvent composition and volume on recovery yield was systematically investigated. Under
favorable conditions, 4 ml DMSO at 70 °C and 80 bar, and 6 ml 1:1 DMSO:Ac at 70 °C and
120 bar (both corresponding to X, = 0.34), cumulative PVDF recovery yields of 55.6 wt.%
and 39.5 wt.% were obtained, respectively. When 4 ml DMSO was applied, 1.48 + 0.52 ml of
the co-solvent remained in the reactor containing 8.1 mg of dissolved PVDF, indicating that
scCOz enhanced PVDF solubility in DMSO and significantly shortened the dissolution time
compared with atmospheric conditions. Furthermore, PVDF remained solubilized in DMSO
even after depressurization to ambient conditions, enabling 29.3 and 26.3 wt.% PVDF
separation by scCO> and post separation processes, respectively. However, PVDF films
obtained via post separation required further purification owing to residual BM components

(~10 wt.%).

A comparison with conventional dissolution experiments demonstrated that PVDF in BM did
not dissolve in DMSO at room temperature even after 18 days, whereas 30.8 wt.% separation
occurred at 70 °C under ambient pressure after 24 h. In contrast, complete dissolution was
achieved within 15 min under scCO: conditions, confirming the accelerating effect of CO»-
induced solvent densification. SEM analysis further revealed substantial de-agglomeration of
BM particles following PVDF removal, resulting in improved liberation of the cathode active

materials and graphite.

A pressure-dependent study using 4 ml DMSO identified 80 bar as a favorable operating point
at 70 °C, attributed to the enhanced enthalpic interactions between CO, and DMSO. The
addition of acetone decreased the viscosity of the co-solvent mixture, thereby improving the
co-solvent recovery and limiting the residual fraction within the reactor. When 6 ml of 1:1
DMSO:Ac was used, a maximum PVDF separation yield of 39.5 wt.% was achieved at Xcq,
=0.34, whereas maintaining the same X, at lower pressure resulted in 35.4 wt.% yield. These
results indicate 120 bar as a favorable pressure for the DMSO:Ac system. Increasing the
process temperature promoted higher PVDF separation for DMSO:Ac mixtures, contrasting

with the pure DMSO case, where elevated temperatures did not further enhance dissolution.

Overall, the findings confirm that scCO; can act as an efficient medium for selective PVDF

extraction from industrial BM, offering a rapid, tunable, and environmentally compatible
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process compared to conventional solvent-based approaches. The co-solvent composition,
system pressure, and CO; mole fraction were found to be critical parameters governing both

the solubility and recovery efficiency of PVDF.
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7  Future Work

The process parameters identified in this study provide a foundation for the design and scale-
up of a supercritical CO; reactor from milliliter to liter scale. Expanding the system volume to
liter would enable the assessment of process reproducibility, solvent dynamics, and CO2 mass
transfer under semi-continuous operation. Such an upscaled setup would also allow for larger
batch capacities and improved control over residence time and solvent recovery, facilitating the

transition from laboratory-scale experiments toward pilot-scale validation.

The PVDF binder separated under the favorable scCO> conditions should be subjected to
additional purification steps to remove residual inorganic components originating from the
black mass. Subsequent physicochemical characterization and electrochemical testing of the
purified PVDF in new electrode formulations would verify its reusability and potential

performance in next-generation batteries.

Moreover, since PVDF strongly binds the cathode active material and graphite, its removal is
expected to significantly enhance the accessibility of the leaching agents during
hydrometallurgical treatment. Therefore, a comparative study quantifying the influence of
PVDF removal on the leaching efficiency of valuable metals (Li, Co, Ni, Mn) is recommended.
Such work would elucidate the synergistic benefits of integrating supercritical CO»-based
PVDF extraction with downstream hydrometallurgical processes, thereby advancing the

overall sustainability and resource efficiency of lithium-ion battery recycling.
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Appendix

Given that the reactor possesses a total internal volume of 11.5 ml, the residual volume
available for CO; was calculated after subtracting the volumes occupied by the solvent and
washed BM. The CO; density values were obtained from the NIST database, corresponding to
116.81, 173.62, 247.77, and 345.85 kg/m? at 70 °C under 60, 80, 100, and 120 bar, respectively.
Similarly, at 120 bar, CO densities were 808.93, 584.71, 345.85, and 264.95 kg/m3 for 30, 50,
70, and 90 °C, respectively. The molecular weights used in the calculations were 44.04 g/mol

for CO», 78.13 g/mol for DMSO, and 68.11 g/mol for the 1:1 DMSO:acetone mixture.

Acetone (> 99 %, EMPLURA®, Merck) possesses a density of 0.791 g/ml and a molecular
weight of 58.08 g/mol, while dimethyl sulfoxide (= 99.9 %, ACS reagent, Sigma-Aldrich)
exhibits a density of 1.10 g/ml and a molecular weight of 78.13 g/mol. A 50:50 vol% mixture
of these solvents yields an estimated density of 0.9455 g/ml, as calculated using Eq. 1.

V1.p1+V2.p2
L 1
Prmix VI+V2 (D)
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