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Abstract 

The state-of-the-art Li-Ion battery (LiB) recycling strategies focus mainly on recycling of the 

electrode materials, i.e., Li, Co, Mn, Ni, Al, and Cu. Thereby, the electrolyte, which is a 

multicomponent system consisting of a conductive salt dissolved in a mixture of organic 

carbonate solvents and additives, either evaporates and/or decomposes (uncontrollably). This 

causes a risk of immeasurable toxic and environmental emissions. Moreover, the remaining 

electrolyte in the produced black mass is problematic due to the presence of the organic 

solvents. Secondary streams coming from the recycling plants are then considered hazardous 

and represent a technical and financial burden for recycling companies.  

As traditional methods fail to recycle the electrolyte from spent LiBs, it is evident that a new 

approach must be implemented to fill the gap. This work investigated two promising 

approaches to separate the electrolyte from spent LiBs; low temperature thermal treatment and 

sub-supercritical carbon dioxide (scCO2) extraction. Thereby, the analysis emphasized the best 

possible process conditions to separate the electrolyte from spent LiBs, the composition and 

purity of the recovered products, and the composition of the exhaust gas emissions during the 

processes. 

The results showed that the low temperature thermal treatment approach enables full separation 

and collection of the electrolyte solvents dimethyl carbonate (DMC), ethyl methyl carbonate 

(EMC), and ethylene carbonate (EC) after 80 minutes at 130ºC. However, the conductive salt 

LiPF6 decomposed during the process leading to the generation of toxic exhaust gas emissions 

containing hydrogen fluoride (HF) and phosphorous oxyfluoride (POF3). Sub-scCO2 extraction 

with CO2 densities between 600-900 kg/m3 was suitable for selectively separating the non-

polar electrolyte solvents DMC and EMC from the spent LiB in 30 minutes. The exhaust gas 

analysis and elemental analysis of the extracted product indicated that LiPF6 did not decompose 

during the process but remained intact in the spent LiB. Thus, the sub-scCO2 electrolyte 

extraction can be a promising toxic-emission-free approach for the selective extraction of the 

non-polar electrolyte solvents from spent LiBs. However, further investigation is required to 

extract the polar electrolyte solvents and LiPF6. 

 

Keywords: lithium-ion battery; electrolyte; recycling process; supercritical carbon dioxide 

extraction; thermal treatment; spectroscopy analysis; exhaust-gas emission characterization  
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1. Introduction 

The first commercialized rechargeable Lithium Ion-battery (LiB) was released by Sony and 

Asahi Kasei in 1991. Since then, LiBs have been used in a variety of applications owing to the 

preferable combination of high energy and power density accompanied by a relatively long 

service life [1,2]. Devoted to these characteristics, the LiB became a key player in the shift 

towards electrically powered vehicles. Nowadays, the LiB is used in electrically powered 

vehicles, electrical storage systems and electrical portable consumer electronics (smartphones, 

laptops, tables, etc.). 

Depending on the demand of the application, the LiB cell exists in four different shapes: 

cylindrical, prismatic, pouch and coin cell types. The LiB cell itself, regardless of its shape, is 

generally assembled from 5 different key components, i.e., the cathode, separator, anode, 

electrolyte, and case. When the cell case is opened, a layered structure of anode, separator and 

cathode can be observed, while the colorless electrolyte is embedded between those three. The 

nonaqueous electrolyte is a multicomponent system consisting of a conductive salt (mainly 

lithium hexafluorophosphate (LiPF6)), organic carbonate solvents and additives. A 

combination of both non-polar and polar organic solvents is generally used for a high 

dissociation of the conductive salt, while achieving low viscosity. The layered cathode, anode 

and separator material form what is termed the electrode stack/jelly roll [3,4]. By electrically 

connecting a fixed number of LiB cells together with different battery management electronics 

inside a frame, a battery module is formed. In turn, a battery system, which is installed in an 

electrically powered vehicle, is composed of a fixed number of battery modules and various 

control/protection systems [3–5]. 

As a result of the excessive production and consumption of electric portable consumer 

electronics, electrical storage technology and electric powered vehicles, the demand for LiBs 

has steadily increased in the last few years. The sharp rise in LiB demand can be especially 

ascribed to the shift in the automotive industry toward electrically powered vehicles. The 

annual (automotive) Li-Ion battery demand increased from around 40 gigawatt-hours (GWh) 

in 2015 to 160 GWh in 2020, and more than doubled in 2021 to 340 GWh/year, whereas 1 

GWh corresponds to approximately 5000 tons of materials considering a pack-level density of 

200 Wh/kg [6,7]. In 2025, the total automotive LiB production amount is estimated to reach 

between 605 GWh/year to 1.6 TWh/year [8]. To meet this demand, several battery production 

sites are currently being constructed worldwide and plans for new Gigafactories are announced 

frequently. The expected electric vehicle battery life-time is about 10-15 years, whereas the 

LiBs in portable consumer electronics have a shorter anticipated life-time of 1.5-5 years, 

depending on the application [3,9]. Undoubtedly, a tremendous accumulation of end-of-life 

LiBs is to be expected in the coming years. 

Developing environmentally efficient recycling processes for the treatment of the accumulated 

spent LiBs is essential for multiple reasons. Firstly, LiB is classified as hazardous waste and 

contains a variety of  hazardous elements [10,11]. Unprocessed decomposition of end-of-life 

LiBs eventually leads to an enormous threat to the environment through leaching into the soil 

and groundwater. Moreover, the risk of fire scenarios of improperly stored spent LiBs is a 

proven concern.  In the event of heating or fire a variety of toxic substances are released into 

the environment in the form of smoke and gases [12–15]. Secondly, recycling is an important 

source of raw material supply. In particular, lithium, cobalt, natural graphite and phosphorous 
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are listed as critical raw materials, which means that the raw material demand is forecast to 

overtake the supply in the near future [16]. The majority of the (critical) LiB raw materials are 

mined and produced outside of Europe, in countries such as DR Congo, China, Chile, Russia, 

South Africa, and Australia [17]. Without an efficient recycling strategy, the EU is highly 

dependent on its geopolitical relations to realise the full electrification of transportation 

anticipated by 2035 [18]. Most importantly, the recycling and treatment of end-of-life LiBs is 

mandatory and has been regulated by an EU directive since 2006 [19]. In 2019 the EU directive 

was adjusted, and the new proposal imposes a total LiB recycling efficiency by weight of 70% 

by 2030 [20,21]. 

The current industrialized and lab-scale LiB recycling processes focus mainly on the 

development and research of the recovery of the valuable cathode active material metals (Li, 

Co, Mn, Ni), and the current collector materials (Al, Cu) [3,9,22]. Thereby, the recovery of the 

electrolyte has received little attention, and electrolyte treatment details are often ignored. The 

electrolyte is challenging to reutilize due to its volatile nature and the thermal instability of the 

conductive salt, lithium hexafluorophosphate (LiPF6). During the state-of-the-art recycling 

strategies, the electrolyte components are prone to evaporate uncontrollably and decompose 

[23–25]. The resulting hazardous gas emissions are then considered to be a threat for the work 

environment in the recycling plants and to the environment. The release of small electrolyte 

amounts can quickly form a concentrated toxic atmosphere, reaching an acute exposure limit 

such as the protection action criteria (PAC) 2, where irreversible and other serious health 

effects are very likely [11]. Undoubtedly, an environmentally efficient strategy to fully recycle 

the electrolyte from end-of-life LiB is required to minimize the impact of battery recycling on 

the environment and to improve work safety in the recycling plants. 

As the state-of-the-art recycling processes fail to fully recycle the electrolyte from the spent 

LiBs, an alternative approach must be developed and implemented. The most promising 

options for the recovery of the electrolyte are vacuum distillation, low-temperature thermal 

treatment, organic solvent extraction or sub- and supercritical carbon dioxide (scCO2) 

[9,26,27]. Extended research on these approaches is still limited, and further research is 

required for a proper understanding of the impact of the different process parameters on the 

composition and purity of the recovered electrolyte and the process exhaust gas emissions. In 

this thesis two different approaches to recover the electrolyte from spent LiBs for an EV 

application were studied and compared. These approaches were low temperature thermal 

treatment and sub- and scCO2 extraction. Thereby, the analysis of the composition and purity 

of the collected separated products, the process exhaust gas emissions composition, and the 

impact of the processes on the active cathode material was emphasized.  
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2. Background 

 

2.1.  EU Directive for Batteries and Waste Batteries 

The Batteries Directive (2006/66/EC) has regulated batteries and waste batteries at the EU level 

since 2006 [19]. A new proposal to modernize the legislation by the European Commission 

was proposed in 2020 and was accepted by the European Parliament and Council in 2022 

[20,21]. The proposal is closely linked to the European Green Deal and the Circular Economy 

Action Plan. A modernization of the legislation was essential to react to the technological and 

socioeconomic development, as well as the future challenges in the battery sector. The new 

proposal addresses the social, economic, and environmental impact of all types of batteries sold 

and produced within the EU and covers the entire battery life cycle, from design to production 

to their end-of-life treatment. The overall aim is to promote competitive sustainability in 

Europe to boost the circular economy of the battery value chain, to provide legal certainty, to 

increase the transparency of the battery market, as well as the traceability of large batteries 

throughout their life cycle, and to minimize their environmental impact by promoting more 

efficient use resources. 

Among other regulations in the design, production and traceability of batteries, the new 

legislation defines requirements and targets for the collection, recycling, and treatment of spent 

batteries. The responsibility to finance the collection, treatment and recycling of disposed 

batteries is put on the battery producer. The collection target for spent portable batteries was 

set to 65% by 2025 and 70% by 2030. Batteries intended for use for light means of transport, 

automotive, industrial and EV are excluded from the collection target, but a full collection is 

anticipated for the latter. The overall LiB recycling efficiency by average weight was declared 

to reach at least 65wt% by 2025 and 70wt% by 2030. The defined specific material recovery 

targets are Co (95%), Ni (95%), Li (70%) and Cu (95%) by the end of 2030. A requirement on 

the treatment states that it must include, as a minimum, the removal of all fluids and acids. 

 

2.2.  Lithium-Ion Battery Components and their Composition 

A battery system (pack) installed in an electrically powered vehicle is composed of a fixed 

number of battery modules and various control/protection systems. The battery module is 

formed by electrically connecting a fixed number of LiB cells together with different battery 

management electronics placed inside a frame. The Li-Ion battery cell exists in four different 

shapes, cylindrical, prismatic, pouch and coin cell [3–5].  

A standard LiB cell, regardless of its shape, is assembled from 5 different key components; the 

cathode (20-35wt%), separator (4-10wt%), anode (15-25wt%), electrolyte (10-20wt%), and the 

case (4-20wt%) [5,28]. The cathode, anode and separator material are layered and form what 

is termed the electrode stack/jelly roll. The electrode stack/jelly role is inserted in a cover. 

Finally, the non-aqueous liquid electrolyte is injected into the assembly, and the cover/shell is 

hermetically sealed [3].  

2.2.1. Cathode 

The cathode, the positive electrode, is composed of a current collector, the active cathode 

material and a binder. The polymeric binder coats the active cathode material attached to the 

current collector and enhances the adhesion between them. Several different chemical 
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compositions of the active cathode material are currently on the market and new chemistries 

are continually evolving. The most common and commercialized active cathode chemistries 

are composed of different transition metals and are the name-giver of the LiB cell; Lithium 

Nickel Cobalt Manganese Oxide (NMC), Lithium Iron Phosphate (LFP), Lithium Nickel 

Manganese Spinel (LMNO), Lithium Nickel Cobalt Aluminum Oxide (NCA), Lithium 

Manganese Oxide (LMO), and Lithium Cobalt Oxide (LCO). Thin aluminum foils are mainly 

used as the current collector material. The state-of-the-art polymeric binder material is 

polyvinyl fluoride (PVDF) [1,3–5]. 

2.2.2. Anode 

The anode, the negative electrode, is composed of a current collector (thin copper foil), the 

active anode material and a binder. Natural, high-grade graphite is the most used active anode 

material, but lithium titanium oxide (Li4Ti5O12) is also common. Commercialized anode binder 

materials are carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR) or PVDF 

[1,4,5]. 

2.2.3. Separator 

The separator prevents contact between the anode and the cathode while maintaining high 

permeability to the conductive salt. Polyolefins such as polypropylene (PP) and polyethylene 

(PE) are the main components of the state-of-the-art separator. Additionally, the separator 

membrane can be ceramic or PVDF [30].  

2.2.4. Electrolyte 

The electrolyte is the indispensable ionic conductor between the cathode and the anode and is 

responsible for the smooth cation and anion transfer during the LiB charging and discharging 

process [31]. In general, three families of LiB electrolytes exist, i.e., liquid, polymer and solid 

electrolytes, and several different electrolyte chemistries have been developed [32]. New 

electrolyte formulations will continue to evolve with the constant development of new battery 

chemistries [33]. The state-of-the-art LiB electrolyte is the non-aqueous liquid electrolyte, 

which is a multi-component system composed of a conductive lithium salt, electrolyte solvents 

and additives [34]. The total amount and exact composition of the electrolyte in the LiB cell is 

often unknown and varies from producer to producer. Generally, the total amount of electrolyte 

is between 10-20wt% of the LiB cell [5,28]. The largest proportion of the non-aqueous liquid 

electrolyte is generally the electrolyte solvent, whether by volume, weight, or mole fraction, 

whereas the additives typically amount to up to 5% - (either by weight or by volume) - of the 

total composition [35]. The conductive salt is dissolved in an organic electrolyte solvent 

mixture. Lithium hexafluorophosphate (LiPF6) is the most used conductive salt not because of 

any outstanding property but rather due to the lack of any significant disadvantage. However, 

other lithium salts such as borates (LiBF4, LiBOB, LiDFOB), sulfonylimides (LiTFSI, LiFSI, 

LiBETI) or lithium perchlorate (LiClO4) are possible replacements [35,36]. The most favored 

electrolyte solvent used is the high-dielectric-constant cyclic carbonate ethylene carbonate 

(EC), which enables strong lithium-salt dissociation and has a unique ability to form a stable 

protective layer on the cathode interphase. To improve the conductivity by lowering the high 

viscosity of EC (solid at room temperature), a mixture of linear alkyl carbonates such as 

dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and diethyl carbonate (DEC) are 

generally used [31,32,34,35]. A wide range of  additives can be added to the electrolyte solvent 

mixture to address different challenges, i.e., improvement of the flammability, enabling 

overcharge protection, enhancement of conductivity,  and pushing the electrolyte to optimized 



 

5 
 

battery operation [32,35]. Common additives are vinyl carbonate (VC), fluoroethylene 

carbonate (FEC) or tris(trimethylsilyl)phosphite (TMSPi). An overview of the most common 

components in the state-of-the-art non-aqueous electrolytes including their chemical and 

physical properties as well as hazard identification based on the Classification, Labelling and 

Packaging Regulation (Regulation (EC) No. 1272/2008) is shown in Table 1 [11,34,37].  

Table 1. Summary of the most common non-aqueous electrolyte components including their structure, 

melting point (Tm), boiling point (Tb), vapor pressure (pv), dielectric constant (ε), dipole moment, and 

hazard identification. 

Compound Structure 
Tm 

[ºC] 

Tb 

[ºC] 

pv
a 

[mmHg] 

ε 

[25ºC] 

Dipole 

Moment 

[D] 

Hazard 

Dimethyl Carbonate 

(DMC)  
4 90 55.36 3.1 0.76 

 

 
 

Ethyl Methyl 

Carbonate 

(EMC)  
-55 110 32 2.9 0.89 

 

 

 
 

Diethyl Carbonate 

(DEC)  
-74 129 11.5 2.8 0.97 

 

Ethylene Carbonate 

(EC) 
 

36.5 248 0.0098 89.8 4.61 

 

 

 
 

Propylene Carbonate 

(PC) 

 

-49 242 0.045 64.9 4.81 
 

Lithium 

Hexafluorophosphate  

(LiPF6)  

N/A N/A N/A N/A N/A 

 

 
 

a Vapor pressure at 25ºC. The vapor pressure of water is 23.8 mmHg at 25ºC. 

 

 



 

6 
 

2.2.5. Case 

The hermetically sealed case protects the electrode stack from the environment. The case 

material varies depending on the shape of the LiB cell and can be made of metal foil, steel, 

aluminum or plastic.  

2.3.  State-of-the-art LiB Recycling Strategies 

The state-of-the-art LiB recycling strategies include either pyro- or hydrometallurgy processes 

or a combination of both [3,9,22]. In the pyrometallurgy processes, high temperature furnaces 

are used to smelt/roast/calcinate the entire LiB cells or modules to form an alloy of Co, Cu, Fe 

and, Ni. Chemical processing is generally used to separate the metals from the alloy into the 

particular metals. Besides the metallic alloy, slag and gases are produced during the process. 

The metals in the formed slag (Al, Mn, Li) are challenging to recover in hydrometallurgical 

processes and are usually sold to other industries. An advantage of pyrometallurgy treatment 

is that dissembling, discharging, or pre-treatment of the LiB cell is not required. However, toxic 

and environmentally harmful gases are formed while the separator, binder material, electrolyte 

and graphite evaporates, decomposes, or gets burnt off at high temperatures [3,9].  

The hydrometallurgy process includes a pre-treatment step that includes dismantling, sorting, 

crushing, shredding, grinding, and milling to produce a black mass. The black mass is a mixture 

of cathode and anode material. The  transition metals (Li, Co, Mn, Ni) in the black mass are 

conventionally recovered by leaching, solvent extraction, ion exchange, crystallization and/or 

filtration processes. Often a thermal pre-treatment step (pyrolysis, incineration or calcination) 

is used to deactivate, liberate and reduce the active materials at elevated temperatures above 

550ºC. During this step, the binder material, separator and electrolyte decompose, while 

forming toxic and environmentally harmful gas emissions and are lost for reutilization 

[3,9,10,22]. Moreover, during the mechanical pre-treatment process, the volatile electrolyte 

components are prone to evaporate [23–25]. 

 

2.4.  The Fate of the (non-aqueous) Electrolyte in State-of-the-Art LiB Recycling 

Processes 

The current industrialized and lab-scale recycling processes focus mainly on the recycling of 

the valuable cathode active material transition metals (Li, Co, Mn, Ni), and the current collector 

materials (Al, Cu) [3,9,22]. The recovery and recycling of the electrolyte receives little 

attention, and electrolyte treatment details are often ignored. In the pyrometallurgical processes 

the spent batteries are smelted, whereby the electrolyte components vaporize, decompose, or 

are disregarded in the slag [3,9]. In hydrometallurgical recycling processes, several pre-

treatment steps are generally required for the efficient recovery of the cathode’s active 

materials. A black mass containing cathode and anode material is generated by dismantling, 

sorting, separation, crushing, shredding, grinding, and milling of the spent LiBs. Thermal pre-

treatment at high temperatures (<550ºC) is additionally preferred to liberate the cathode’s 

active material from the current collector and for calcination of the black mass [3,9,10,22]. 

During the common pre-treatment steps in the hydrometallurgical process, the electrolyte 

components either decompose and/or evaporate causing a risk of immeasurable environmental 

and toxic emissions [23–25].  

The electrolyte solvents currently used today are (very) volatile and inflammable and the 

conductive salt, LiPF6, is known to be thermally unstable and prone to decompose to the highly 
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toxic hydrogen fluoride (HF), phosphorus pentafluoride (PF5) and phosphorus oxyfluoride 

(POF3) [10,11,25,38–43]. For HF especially, the inhalation toxicity threshold is already 

reached at levels of just a few ppm. The release of small electrolyte amounts can quickly form 

a concentrated toxic atmosphere reaching an acute exposure limit such as protection action 

criteria 2, where irreversible and other serious health effects are very likely [11]. Undoubtly, 

inappropriate handling and treatment of the electrolyte from the LiB waste, resulting in 

exposure, has a tremendous impact on the work environment in the recycling plants and on the 

environment. A LiB cell consists of 10-20wt% of electrolyte, depending on the shape and 

chemistry [28]. Consequentially, by ignoring the recycling of the electrolyte, a major part of 

the potentially recyclable and reusable LiB waste material is lost [44]. 

2.5.  Processes to Recycle the Electrolyte from spent LiBs 

A few research groups have dedicated their research towards the recycling of the electrolyte 

from spent LiBs. The most promising techniques are vaporization processes, organic solvent 

extraction and sub-supercritical CO2 technology [15,26,45,46].  

 

2.5.1. Vaporization Processes 

Vaporization refers to the transition of the physical state of a substance into the vapor phase. 

Sufficient kinetic energy is required to overcome the intra-molecular forces of the substance 

for its change into the vapor phase. The amount of energy/temperature required to induce the 

phase change is determined by the boiling point of the substance. Below the boiling point, the 

vaporization process is typically called evaporation. The rate at which a substance evaporates 

is dependent on its vapor pressure and the temperature. The higher the vapor pressure and/or 

temperature, the faster the substance tends to evaporate. The vapor pressure of a substance can 

also be significantly increased by lowering the surrounding pressure of the substance. The 

concept of thermal vaporization has been applied to recycle the electrolyte from spent LiB. 

Zhong et al. [46] used low temperature volatilization at 120°C to recycle the electrolyte without 

any specification of the (reclaimed) electrolyte composition or analysis of the resulting exhaust 

gas emission. Stehmann et al., [47] implemented a vaporization process to thermally dry 

shredded LiBs at low pressure (<300mbar) to recover the electrolyte. The recycling company 

Duesenfeld report recovery of the electrolyte from spent LiBs by using vacuum vaporization 

[48].  

2.5.2. Organic Solvent Extraction 

In the organic solvent extraction approach, the LiB electrode and separator waste is immersed 

into an organic extraction solvent to eventually dissolve the electrolyte. The electrolyte, in turn, 

is separated from the extraction solvent by distillation based on the different boiling points of 

the electrolyte components [49]. He et al., [50] reported an electrolyte extraction yield of 95.6% 

(PC, EC, LiPF6) using a complex aqueous peeling agent made in-house, namely exfoliating 

and extracting solution (AEES). Thereby, the conductive salt LiPF6 was converted into NaPF6 

and Li salt in the extraction process. Zhu et al., [51] completely dissolved the electrolyte in a 

DMC solution after 24 hours and applied subsequent processing steps to downgrade LiPF6 to 

calcium fluoride (CaF2) from the LiPF6. Haas et al., [52] used a combination of DMC and H2O 

in a multi-stage-cross-flow extraction system to successfully reduce the sample fluoride content 

in lab scale experiments while extracting EC, DMC and EMC from end-of-life LiBs. 
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2.5.3. Supercritical Fluid Extraction 

Chemical industry processes often rely on volatile, toxic, flammable, hazardous organic 

environmentally damaging solvents [53]. A potential solution to make chemical industrial 

processes more environmentally efficient is the so-called Green Chemistry. Anastas and John 

Warner developed the "Twelve Principles" of Green Chemistry to define its main goals and 

realizations in practice [54]. Supercritical fluids (SCF) fulfil these Green Chemistry goals and 

have been attracting scientific and industrial interests over the past few decades due to their  

huge potential. SCF technology is already heavily employed in the pharmaceutical, cosmetic, 

beverage, dyeing, and food industry [55]. 

Among the SCFs, supercritical carbon dioxide has been attracting special interest because it is 

non-toxic, non-flammable, abundant, cheap, recyclable, unrestricted by the Environmental 

protection agency, and is easily achieved under mild conditions. ScCO2 is formed once the 

pressure and temperature of CO2 exceed its critical temperature (Tc) of 31°C and critical 

pressure (Pc) of 73.8 bar illustrated in Figure 1 [53,56].  

 
Figure 1. Illustration of the pressure-temperature phase diagram of CO2. 

In the so-called supercritical state, CO2 obtains superior physicochemical properties such as 

liquid-like densities, gas-like compressibility and viscosity diffusion coefficient and negligible 

surface tension. Those properties can be easily fine-tuned under the variation of temperature 

and pressure conditions. As a result, the scCO2 technology is advantageous compared to the 

use of conventional extraction processes because of its excellent mass transfer characteristics, 

i.e., the quick spread of the solvent, the possibility to penetrate into the solute matrix, fast 

dissolution times and easy removal from the products by depressurization [57,58]. After the 

extraction, CO2 can then be recycled back to the process. 

The sub-and scCO2 extraction technology is predestined to recover the electrolyte due to its 

outstanding features, i.e., excellent mass-transfer characteristics, non-flammability and 

environmentally friendly “infinite reusability of CO2”, decreasing consumed solvent amount 

and low reactant and processing costs. Electrolyte separation by sub- and scCO2 technology 

from LiB separator material and spent 18650 LiBs has been investigated in a few studies at 
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various pressure and temperature conditions [59–66]. According to the literature, the extraction 

yields of the different electrolyte solvents (DMC, EMC, DEC, EC, and PC) and the conductive 

salt (LiPF6) are sensitive to the process conditions pressure, temperature and the extraction 

mode (static and follow-through extraction). A combination of static and flow-through 

extraction was reported to be beneficial for a high electrolyte extraction yield [60]. Variations 

in pressure (150-350 bar) and temperature (30-50 ºC) caused a similar trend for the extraction 

of the non-polar linear carbonates DMC and EMC, which was attributed to their similarity in 

structure and polarity [62]. It was reported that the electrolyte extraction efficiency of spent 

LiBs was almost doubled using an additional co-solvent compared to pure liquid (60 bar, 25ºC) 

and supercritical (300 bar, 40ºC) CO2 extraction while DMC, EMC were quantitatively 

recovered and the polar components EC and LiPF6 qualitatively recovered [60]. 

 

2.6.  Challenges in the Recycling of Electrolyte 

The electrolyte in aged LiBs is prone to penetrate and diffuse into the pores of the electrode 

structure, and after long-term electrochemical operation eventually immobilizes [26,27]. 

Moreover, the electrolyte composition and total amount in the battery cell are unknown, 

inhomogeneous and can vary from producer to producer [26,33]. This and the special physical 

and chemical properties of the electrolyte mixture components, i.e., (very) volatile, 

inflammable, thermally unstable, and hazardous, complicates the electrolyte recycling design 

[10,11]. However, despite its low economical value compared to the valuable transition metals, 

the safe removal of the electrolyte is essential from an environmental point of view, since this 

reduces the greenhouse gas emissions generated by the incineration of the electrolyte and 

reduces the threats associated with the LiB waste, while the safety of the overall recycling 

process also increases [67].  

The electrolyte solvents commonly used in the electrolyte mixture are (very) volatile and prone 

to instantly evaporate at room temperature as soon as the battery cell is opened. In particular, 

the most common electrolyte solvents DMC and EMC are highly volatile with vapor pressures 

of 55 mmHg and 32 mmHg at 25ºC. The release of only a small amount of electrolyte can 

create a toxic atmosphere, with concentrations of the released compound reaching an acute 

exposure limit for the workers in the recycling plant. DMC, for instance, reaches the PAC-1 

level at concentrations of 39 mg/m3, PAC-2 at 430 mg/m3 and PAC-3 level at 2600 mg/m3 [11]. 

Moreover, the flammable nature of the electrolyte solvents can cause adverse reactions leading 

to fire or explosions in the recycling plants [68]. 

Another challenge is the poor thermal stability and sensitivity towards moisture of the most 

common conductive salt, LiPF6. The decomposition pathway includes the generation of the 

toxic gases HF, PF5 and POF3. Besides being a major safety concern, the LiPF6 decomposition 

products eventually react with the electrolyte solvents to form various aging products during 

the LiB cycling life, or potentially in the electrolyte recycling process, which reduces the purity 

of the reclaimed product [27,64,67,69,70]. A variety of organophosphate-based and organic 

fluorophosphate-based products were reported in aged LiB, including dimethyl 

phosphorofluoridate (DMFP), ethyl methyl phosphorofluoridate (EMFP) and diethyl 

phosphorofluoridate (DEFP). PF5 is also known to enhance the transesterification of the 

carbonate solvent. For instance, in the presence of PF5, the transesterification products DMC 

and DEC are formed from the decomposition of EMC. Consequently, the reclaimed product 

eventually requires purification before its reutilization.   
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3. Theory 

3.1.   Solvation Characteristics of Supercritical Carbon Dioxide 

The CO2 molecule is linear and centrosymmetric and consequently has a zero net dipole 

moment. Thus, scCO2 is generally classified as a non-dipolar solvent, being a good solvent for 

many non-polar low-molecular-weight compounds. CO2 possesses a significant quadrupole 

moment generated by its bond dipoles. It is well-established in the literature that CO2 can act 

as both a weak Lewis acid or base and can participate in conventional and nonconventional 

hydrogen-bonding interactions [53,71,72]. In scCO2 extraction the solvation characteristics are 

highly related to the density. As the mean molecular distance decreases with increasing 

densities, the specific solute and solvent interaction probability increases proportionally. The 

CO2 density can be adjusted by variation of pressure and temperature. At a constant 

temperature, the CO2 density increases with increase of pressure. Thus, the solvation power 

increases. The effect of the temperature is more complex, especially in solid phase solutes, 

since several competing factors play a role such as the solvent density, solute vapor pressure 

and kinetics. At a given pressure, the solute vapor pressure and kinetics increase with 

temperature, but meanwhile the solvent density decreases and so does the probability of the 

solute-solvent interactions. The competing effects can be differentiated by what is termed the 

cross-over effect. Below the cross-over pressure, the density effect dominates, and the solvation 

power of CO2 decreases with temperature increase at a constant pressure. However, above the 

cross-over pressure, the scCO2 density changes are not remarkably significant any longer and 

the vapour pressure and kinetic effects become dominant. Thus, at a constant pressure the 

solvation power increases with temperature [58,73]. 

Under readily achievable pressure and temperature conditions, however, CO2 is an ineffective 

solvent for high molecular weight polymers and ionic compounds of high polarity. 

Nevertheless, the solubility properties of CO2 can be significantly improved by adding a co-

solvent/modifier [58,74–76]. Thereby, the role of scCO2 is believed to be limited by providing 

the supercritical phase, whereas the modifier-solute interactions is responsible for the solubility 

increases of the polar compounds [75,77]. 

ScCO2 extraction is typically achieved in static and/or dynamic modes. In the dynamic (flow-

through) extraction mode, a constant CO2 flow is applied throughout the entire extraction time 

while keeping the pressure and temperature conditions constant. In the static extraction mode, 

the pressure and the temperature are kept constant without a flow of CO2 and CO2 is released 

from the reactor after the extraction time. The dynamic mode is favoured when the solvent and 

solute reach the equilibrium fast [58,78]. The extracted species can then be separated from the 

CO2 solvent by depressurization or by changing the temperature. The most common techniques 

are solvent bubbling, collection on a sorbent material or cryogenic trapping [58]. CO2 can then 

be recycled back to the process.  

 

3.2.  LiPF6 Decomposition 

LiPF6 is known to be thermally and chemically unstable and the decomposition pathway is 

dependent on its environment [39–43,79]. In a dry and inert environment, anhydrous LiPF6 

generally decomposes thermally to form solid LiF and gaseous PF5 (Eq. 1). In a humid 

environment, PF5 eventually hydrolyzes to form POF3 and gaseous HF (Eq. 2). However, LiPF6 
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may directly endothermically decompose to form solid LiF, and gaseous POF3 and HF in the 

presence of trace amounts of moisture/water (Eq. 3). 

𝐿𝑖𝑃𝐹6 → 𝐿𝑖𝐹(𝑠) + 𝑃𝐹5(𝑔)                                                  (1) 

𝑃𝐹5(𝑔) + 𝐻2𝑂(𝑔) → 𝑃𝑂𝐹3(𝑔) + 2𝐻𝐹(𝑔)                                    (2) 

𝐿𝑖𝑃𝐹6 +  𝐻2𝑂 → 𝐿𝑖𝐹(𝑠) + 𝑃𝑂𝐹3(𝑔) + 2𝐻𝐹(𝑔)                                      (3) 

The thermal stability of LiPF6 is poor, and in the literature its onset decomposition temperature 

is still highly debated. Kock et al., [41] report an onset point for the decomposition of  

anhydrous LiPF6  at 134.84°C, whereas 114.46ºC is the onset point of the hydrolysis reaction. 

However, the degradation products POF3 and HF were already observed below 90ºC in the 

presence of the electrolyte solvents, EC, EMC, DMC, and moisture [38,39,42]. The water 

concentration-sensitive hydrolysis degradation step was already observed at 300ppm H2O at 

87ºC [39]. 

 

3.3.  Formation of Inorganic Phosphates by Hydrolysis of POF3 

In contact with water, POF3 forms inorganic phosphates following the hydrolysis steps (Eqs. 

4-6 ) [10,80]:  

𝑃𝑂𝐹3 +  𝐻2𝑂 →  𝐻𝑃𝑂2𝐹2 + 𝐻𝐹                                                    (4) 

𝐻𝑃𝑂2𝐹2 +  𝐻2𝑂 →  𝐻2𝑃𝑂3𝐹 + 𝐻𝐹                                                  (5) 

 𝐻2𝑃𝑂3𝐹 +  𝐻2𝑂 →  𝐻3𝑃𝑂4 + 𝐻𝐹                                                    (6) 
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4. Experimental 

The experiments conducted in the research presented in this thesis are described in this chapter. 

Two potential processes to recover the electrolyte from a spent LiB pouch cell are compared 

in this work; low temperature thermal treatment and sub-and supercritical CO2 extraction. The 

method section is divided into two parts; low temperature thermal treatment process and sub-

and scCO2 extraction process, according to the processes studied. The sample preparation for 

both processes was similar and is therefore described in the same section. Following the 

methods, the instrumentation and analytical techniques are described. 

 

4.1.   Materials 

Spent LiB pouch cells (NMC/graphite) produced for an EV application were used in this study. 

Details about the LiB cell cannot be provided due to a non-disclosure agreement. N2 with a 

purity of 99.9% was used in the experiments. HNO3 (>65%), acetone (>95%), acetonitrile 

(>99.9%), EMC (>99%), and EC (>98%) were purchased from Merck Millipore and dry ice 

from Cryotech. Liquid CO2 with a purity of ≥99.99% (H2O≤5 ppm w/w) was purchased from 

Air Liquide. 

4.2.   Sample preparation 

Discharged spent NMC/graphite LiB battery pouch cells were stored for 2 days at -18°C to 

minimize the evaporation of the volatile electrolyte solvents during the cell opening. The pouch 

cell was opened, and the electrode stack (several layers of anode, separator, and cathode) 

removed manually by slicing along the edges with a scalpel. Before each experimental run, a 

scalpel was used to cut rectangular pieces from the electrode stack. Between each subsequent 

experimental run, the electrode stack was stored inside a sealed plastic bag at -18°C. The 

dimensions and sample weight in both processes were 9x1cm (11.07±0.95g) for the low 

temperature thermal treatment process and 14.7x0.5cm (8.81±0.72g) for the sub-scCO2 

extraction process.  

4.3.   Characterization of the Electrolyte Composition 

The electrolyte composition was characterized using Fourier-transform infrared spectroscopy 

(FTIR) analysis and thermogravimetric analysis (TGA). For the FTIR measurements the 

sample was prepared as described in the previous section and was placed inside a combustion 

boat. The combustion boat was then inserted in a quartz tube and a N2 flow of 340 ml/min was 

applied. The quartz tube exhaust was passed through a gas collection chamber placed inside 

the FTIR instrument. The exhaust at room temperature was then monitored every minute. 

The TGA measurement was conducted after placing one layer of the electrode stack 

(20.99±0.01 mg), including cathode, separator and anode, inside an Alumina boat. 
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4.4.   Low Temperature Thermal Treatment Process 

4.4.1. Set-up 

A schematic of the experimental set-up of the low temperature thermal treatment process is 

presented in Figure 2. A quartz tube was placed inside a tube furnace. The outlet of the quartz 

tube was either connected to a collection vial placed in a cold trap with a mixture of dry ice 

and acetone at -78°C (Route A) or in a gas cell with flat glass CaF2 windows and an optical 

path length of 10 cm (Route B). In both cases, a gas washing bottle filled with 50 ml MQ water 

was subsequently connected before the release of the exhaust to the environment. N2 flow was 

controlled by a metering valve and measured by a flowmeter. The tube furnace temperature 

was set to 90°C, 110°C, 130°C, and 150°C, and was monitored by a thermocouple connected 

to a data logger (TC-08, Pico Technology). 

 
Figure 2. Illustration of the experimental set-up of the low temperature thermal treatment process. 

4.4.2.   Methods 

A flow-sheet of the experimental method of the low temperature thermal treatment process is 

shown in Figure 3. 

Figure 3. Flow-sheet of the experimental method of the low temperature thermal treatment process 
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The LiB sample was placed inside a ceramic combustion boat. To equilibrate the N2 

environment inside the quartz tube, the combustion boat was first inserted into the quartz tube 

outside the tube furnace. After 5 minutes of equilibration, the ceramic combustion boat was 

pushed into the center of the tube furnace under N2 atmosphere. After a low temperature 

thermal treatment process time of 3 hours, the combustion boat was removed from the tube 

furnace at the reaction temperature and subsequently cooled at room temperature. Before and 

after the low temperature thermal treatment process, the battery sample weight was measured 

with a high-precision scale under air. 

The low temperature thermal treatment process for each temperature setting (90ºC, 110ºC, 

130ºC and 150ºC) was conducted in triplicate in random order. In route A, the exhaust gas was 

directly cryogenically trapped in a sample vial placed in a cold trap with a mixture of dry ice 

and acetone at -78°C. The recovered liquid phase product was characterized by gas 

chromatography coupled with mass spectroscopy (GC-MS) after dilution in acetonitrile 

(1:150). The solid phase product was collected from the walls of the quartz tube outside the 

tube furnace after the setup cooled. The sample was characterized by attenuated total reflection 

(ATR)-FTIR by placing the solid phase product on top of the diamond of the universal ATR 

accessory and applying a sufficient force with the pressure arm. Subsequently, the solid phase 

sample was ground using a mortar for X-ray diffraction (XRD) analysis, and inductively 

coupled plasma optical emission spectroscopy (ICP-OES) analysis. For ICP-OES analysis the 

samples were further dissolved in 0.5 M HNO3 and subsequently filtered. 

In route B, the exhaust gas of the thermal treatment processes was frequently monitored over 

the entire process time of 3 hours by FTIR spectroscopy in the range of 4000cm-1 - 900cm-1. 

Therefore, the exhaust gas was passed through a gas collection chamber situated inside the 

FTIR instrument before bubbling through the gas washing bottle.  

In all the experimental runs the exhaust gas was washed using a gas washing bottle filled with 

50 ml MQ water before its release into the environment. The gas washing water was analyzed 

with ion chromatography (IC) and the pH was measured. For the IC analysis, the samples were 

further diluted (1:30) in MQ water.  
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4.5.   Sub-and Supercritical CO2 Extraction Process 

4.5.1.  Set-up 

The supercritical fluid technology system used in this work is illustrated in  

Figure 4. The system was constructed inside a fume hood. Liquid CO2 provided by a pressure 

cylinder was pressurized by a syringe pump system (ISCO 260D, Teledyne ISCO) and heated 

by an external heat system (Model F10 & CM, Julabo). Manual valves were used to direct the 

gas flow into the stainless-steel reactor (50 ml) to pressurize the reactor with CO2. The reactor 

was thermostated by water pipes connected to an external thermostat (Model F12 & ED, 

Julabo). A thermometer and manometer were used to monitor the pressure and temperature in 

the reactor volume. The flow-rate was controlled by a meter valve and monitored using a flow-

meter. To avoid freezing the CO2, the exhaust meter valve temperature was controlled to 

40±5°C by a thermostat. The exhaust was cryogenically trapped in a sample vial placed in a 

cold trap with a mixture of dry ice and acetone at -78°C. A gas chamber was connected to the 

cold trap outlet for in-situ FTIR analysis of the exhaust emission. After bubbling through a gas 

washing bottle filled with 50 ml MQ water the exhaust gas was released to the environment. 

 

Figure 4. Illustration of the scCO2 extraction process set-up. 

4.5.2.  Methods 

The LiB electrode stack sample was placed inside the reactor and the reactor was subsequently 

leak-tight closed using wrenches. Temperature-controlled water pipes were then extensively 

whirled along the reactor to control the process temperature (15°C - 55°C with uncertainties of 

2ºC). The reactor was pressurised to the experimental pressure (60 - 120 bar with uncertainties 

of 4 bar) with the syringe pump system. Two different extraction modes, static and dynamic 

extraction, were applied. In the static extraction mode, the reactor was filled with CO2 by the 

syringe pump system to constant pressure and temperature and after the extraction time this 

was released out of the reactor. In the dynamic extraction mode, a constant CO2 flow was 

applied over the entire extraction time while maintaining a constant process pressure and 

temperature. A static equilibration time of 3 min was used to stabilize the system at the process 

temperature and pressure conditions. Then a constant CO2 flow (8.5±1 ml/min) was applied for 

30 minutes. After the constant CO2 flow-through experimental time of 30 min, the reactor was 

entirely depressurised, the water pipes were removed, the reactor was opened using wrenches 

and the electrode stack sample removed from the reactor. The mass of the electrode stack 
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sample was determined before and after the experimental run by a precision scale. All 

experiments were conducted in triplicate. 

The exhaust was passed through a collection vial inside the cold trap to collect the extracted 

product. Subsequently, the recovered liquid phase product was analysed by ATR-FTIR, GC-

MS and ICP-OES. For the ATR-FTIR analysis 200 μl of each collected sample was placed on 

top of the diamond surface of the universal ATR accessory. GC-MS analysis was performed 

after the sample was diluted (1:150) in acetonitrile. For ICP-OES analysis 50 μl of the 

recovered liquid sample was dissolved in 0.5 M HNO3 (4.5ml) and subsequently filtered. 

The cold trap outlet exhaust was frequently monitored over the entire process time of 30 

minutes using FTIR spectroscopy in the range of 4000cm-1-900cm-1. Therefore, the exhaust 

gas was passed through a gas collection chamber situated inside the FTIR instrument before 

bubbling through the gas washing bottle. 

The active cathode material was scratched from the cathode material using a razor blade for 

XRD analysis and was collected in a sample vial. After adding acetone, the active cathode 

material powder was distributed by sonication. The sample was then distributed on the surface 

of a silicon crystal sample holder by dropping a few droplets in its center. The sample was 

dried by evaporating the acetone and the process was repeated until an evenly distributed 

surface was achieved on the crystal sample holder.  
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4.6.  Instrumentation and Analytical Methods 

4.6.1.  Furnace 

A horizontal electrical tube furnace (RT 50-250/13, Nabertherm) and a controller (P330, 

Nabertherm) with a maximum operating temperature of 1300ºC was used for the recovery of 

the electrolyte by low temperature thermal treatment. The quartz tube inner diameter was 

30 mm. Ceramic combustion boats (120 x 20 x 13 mm) were obtained from VWR.  

4.6.2.  Weight loss determination after the electrolyte separation process 

The weight loss of the electrode stack sample was associated with the amount of the separated 

electrolyte in the corresponding processes. The sample weight loss was determined in weight 

percentage (wt%) and was calculated according to Eq. (7): 

                         𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 = (1 −  
𝑚𝑎𝑓𝑡𝑒𝑟

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) × 100                                                   (7) 

where minitial is the initial sample weight and mafrer is the sample weight after the electrolyte 

separation process.  

4.6.3.  Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out using a thermogravimetric analyzer (Q500, 

TA Instruments) in a temperature range between 20°C and 300°C and a constant N2 gas flow 

of 100 ml/min. A specific analysis method of the equipment was used to obtain high-resolution 

results. Based on the sample weight change, the heating rate of the furnace was automatically 

reduced and controlled by the equipment. The heating rate was a maximum of 5°C/min with a 

high-resolution sensitivity of 4.0 and a resolution of 5.0. The TGA sample weight was 

20.99±0.01 mg.  

4.6.4.  Fourier-Transform Infrared Spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) was used to analyze the exhaust gas in both 

processes. The FTIR spectra were continuously recorded by a FTIR spectrometer 

(Spectrum Two, Perkin Elmer) in the range of 4000cm-1 - 900cm-1 with a resolution of 4cm-1 

over the entire process time. The scan time per spectrum was selected to be 40 seconds, which 

corresponded to approximately 12 scans. Reference gas phase spectra of EC and EMC were 

obtained by evaporation of a few droplets of liquid phase EMC and EC, separately, inside the 

gas cell while monitoring the FTIR spectra. The exhaust composition evolution of the strong 

characteristic peaks of the detected components were plotted over the entire experimental time. 

The universal attenuated total reflection (ATR) accessory of the FTIR spectrometer (Spectrum 

Two, Perkin Elmer) was used to characterize the recovered solid phase product after the 

thermal treatment process and the recovered liquid phase product after the sub-scCO2 

extraction process. The ATR FTIR spectra were recorded in a range of 4000 cm-1 to 450 cm-1 

with a resolution of 2 cm-1 and a total of 32 scans. 

4.6.5.  Gas Chromatography – Mass Spectroscopy (GC-MS) 

Gas chromatography coupled with mass-spectroscopy (GC-MS, 7890A, Agilent Technologies) 

with an Agilent HP-5MS 5% Phenyl Methyl Silox column (30 m x 250 μm x 0.25 μm) was 

used to analyze the recovered liquid product. The samples were diluted with acetonitrile 
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(1:150) and then injected at 250°C with a split ratio of 1:100 and a purge flow of 3 ml/min. 

Helium as carrier gas with a column flow of 1 mL/min was selected. The selected oven program 

for the liquid products recovered by low temperature thermal treatment and sub-supercritical 

fluid extraction are shown in Table 2. The mass spectrum was obtained in the electron 

ionization (EI) mode at 230°C ion source temperature and 70eV filament voltage in a range of 

15-300 m/z. 

Table 2. Parameters of the oven program for the GC-MS analysis of the recovered liquid product. 

 Low Temperature 

Thermal Treatment 

Sub-Supercritical CO2 

Extraction 

Initial temperature 40ºC, 1 min 40ºC, 1 min 

Heating rate 30ºC/min 20ºC/min 

Final temperature 230ºC, 3 min 230ºC, 2 min 

 

4.6.6.   Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) 

Inductively coupled plasma - optical emission spectrometry (ICP-OES, ThermoFisher 

Scientific, iCAP PRO) was used for elemental analysis of the recovered liquid and solid 

products. The recovered solid product in the low temperature thermal treatment process was 

dissolved in 0.5 M HNO3 (5 ml) and subsequently filtered. The recovered liquid product (50 μl) 

in the sub-sc-CO2 process was dissolved in 0.5 M HNO3 (4.5 ml) and filtered. Li, Zn, Ni, Co, 

Fe, Mn, Cu, Al and P prepared by dilution in 0.5M HNO3 were used as standards for the 

elemental analysis. 

4.6.7.   X-Ray Diffraction Analysis (XRD) 

A Bruker D8 Advance was used to determine the crystallographic structure of the collected 

solid phase product in the low temperature thermal treatment process. The diffraction pattern 

in the 2Ɵ range of 10 -55º was obtained using a Cu radiation source with a Kα wavelength of 

1.5406 Å. The operating voltage and current were 40 kV and 40 mA, respectively. Before the 

XRD analysis, the collected solid phase product was pulverized with a mortar. 

A Bruker D8 Discover (EIGER2R 500K detector) was used analyze the structural changes of 

the active cathode material before and after the sub-scCO2 electrolyte extraction process in a 

2Ɵ range of 10º - 80º. A Cu radiation source with a characteristic Kα wavelength of 1.5406 Å 

was used and the operating voltage and current were set to 40 kV and 40 mA, respectively. 

4.6.8.   Ion Chromatography (IC) 

Ion chromatography (IC, Metrohm 771 IC Compact, DX-100, Dionex) was used to analyze the 

gas washing water after the low temperature thermal treatment process. The samples were 

diluted with MQ water (1:30) and then injected (20 μl) into the column (DionexIonPac 

AG4A- SC, 4 x 50 mm, ThermoFisher Scientific) for anion analysis. As the eluent, a carbonate 

buffer (1.7 mM NaHCO3, 1.8 mM Na2CO3) was used and MQ water was used as a background. 

The presence of F- and PO4
3- was confirmed via the retention time of standard solutions.  
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5. Results 

The results chapter is divided into three sections. The first section describes the findings of the 

characterization of the electrolyte composition in the spent LiB sample. The following sections 

describe the results of the two different studied processes; low temperature thermal treatment 

and sub-and supercritical CO2 extraction.  

 

5.1.   Characterization of the Electrolyte Composition 

The exhaust composition of the LiB electrode stack sample at room temperature (24±2ºC) was 

analyzed by In-Situ FT-IR spectra using a constant N2 flow of 340 ml/min. Figure 5 shows the 

FT-IR spectra of the exhaust after 1, 3, and 5 minutes. The gas phase spectra of pure DMC, 

EMC, and EC are plotted as a reference. The vibrational peaks at 1780 cm-1 (νC=O), 1463 cm- 1 

(CH3 sym. def.), and 1295 cm-1 (νaO-C-O) originate from DMC [81], whereas the peaks at 

1772 cm-1 (νC=O), 1378 cm-1 (CH3) and 1370 cm-1 were assigned to EMC [82]. The peaks at 

1876 cm-1, 1868 cm-1, and 1860 cm-1 of the exhaust gas correspond to the characteristic peaks 

of EC in gas phase [83]. Hence, vibrational peaks corresponding to DMC, EMC, and EC were 

observed in the LiB sample exhaust at room temperature. 

 
Figure 5. FT-IR spectra of the LiB sample exhaust gas at room temperature (24ºC) after 1, 3, and 5 

min. The gas phase spectra of DMC, EMC, and EC are plotted as a reference. 

Thermogravimetric analysis (TGA) of the spent LiB electrode stack was conducted to verify 

the electrolyte solvent mixture composition based on their boiling points. Additionally, the 

TGA result was used to set the furnace temperature conditions for the low temperature thermal 

treatment process. Figure 6 presents the thermogravimetric (TG) and the differentiate 

thermogravimetric (DTG) curve of the electrode stack sample (20.99±0.1mg) in the 

temperature range between 20°C and 300°C. The determined weight loss of the electrode stack 

was 9.34wt%. In the DTG curve, three peaks at 96°C, 109.6°C, and 128.9°C were clearly 

observed. The temperatures are in alignment with the boiling points of DMC (90°C), and EMC 
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(107°C). The peak at 128.9°C was associated with the onset decomposition temperature of 

LiPF6, which was reported to be 134.84°C [21]. A peak corresponding to the boiling point 

temperature of EC at 248°C was not observed since EC most likely evaporated along with the 

other substances before its boiling point was reached. Hence, the electrolyte solvent mixture 

was believed to be composed of DMC, EMC and, EC, as FTIR and TGA results evince. 

 
Figure 6: Thermogravimetric (TG, blue) and differentiate thermogravimetric (DTG, red) curves 

of the LiB electrode stack sample. 

The DTG curve remained steady after 150°C and further peaks between 150°C and 300°C were 

not observed. Accordingly, the maximum thermal treatment process temperature was set to 

150°C. The other furnace temperatures were set to 90°C, 110°C, and 130°C based on the DTG 

curve peaks at 96ºC, 109.6ºC, and 128.9ºC.  
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5.2.  Low Temperature Thermal Treatment Process 

The sample weight loss in weight percent (wt%) at the different process temperatures 90ºC, 

110ºC, 130ºC, and 150ºC is plotted in Figure 7. The weight loss converged at a process 

temperature of 130ºC to 13.9±0.1wt%. It is noticeable that with increase in temperature, the 

standard deviation of the triplicates decreased.  

 
Figure 7. LiB sample weight loss given in weight percentage (wt%) after the low temperature thermal 

treatment for 3 hours under constant N2 flow at various temperature conditions. 

After the electrolyte separation by the low temperature thermal treatment, both a liquid and 

solid phase product were collected. The composition of the liquid phase product was analyzed 

with GC-MS and the obtained chromatographs are plotted in Figure 8. The peaks with retention 

times at 2.33 min, 2.81 min, and 4.59 min were clearly identified as DMC, EMC, and EC, 

according to the NIST 08 library.  

 
Figure 8. Chromatograms (GC-MS) of the recovered electrolyte at different thermal treatment process 

temperatures of 90°C, 110°C, 130°C, 150°C. 
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Roughly 0.3g (≈ 20-25% of weight loss) of the crystalline condensate residue was collected 

from the quartz tube walls after the processes, as shown in Figure 9. To determine its 

composition, the recovered solid phase product was analyzed by ATR-FTIR, XRD, and 

ICP - OES. 

  

   

Figure 9. a) and b) Quartz tube wall coated with the condensed solid phase product after the low 

temperature thermal treatment. c) Zoomed in image of the collected solid phase product. 

The ATR-FTIR spectra of the recovered crystalline solid phase residue collected after the low 

temperature thermal treatment process at 110ºC, 130ºC, and 150ºC are plotted in Figure 10 

together with the solid phase EC spectrum used as a reference. The ATR-FTIR spectra of the 

recovered crystalline product clearly matches the EC reference. Minor peaks between 

1050 cm- 1 and 450 cm-1 matching with the vibrational modes of POF3 (a,c) and LiPF6 (b,d) 

were also observed in the solid phase product spectra.  

a) 

b) c) 
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Figure 10. ATR-FTIR spectra between a) 4000-900 cm-1 and b) 1050-450 cm-1 of the quartz tube residue 

collected after the low temperature thermal treatment experimental runs at 110°C, 130°C, and 150°C. 

EC in solid phase is given as a reference.  

The diffraction pattern of the XRD analysis of the recovered solid phase product in the 2Ɵ 

range from 10º to 55º is plotted in Figure 11. The diffraction peaks were clearly assigned to EC 

with monoclinic crystal structure (PDF Card No: 00-008-0768). 

 
Figure 11. XRD pattern in the range from 10° to 55° 2Θ of the collected solid phase product after the 

thermal treatment process at 130°C and 150°C.  

ICP-OES analysis showed elemental impurities of Li (0.8 ppm), Mn (2.3 ppm), Co (0.94 ppm), 

Cu (1.29 ppm), Ni (0.57 ppm), and Al (0.16 ppm). 

The process exhaust gas over the entire experimental period was analysed with in-situ FTIR. 

Figure 12 shows the recorded FT-IR spectra after 1, 15, 30, 60, 90, 120, and 180 min at the 

different process temperatures (90ºC, 110ºC, 130ºC, and 150ºC). At all temperature conditions, 

characteristic peaks assigned to the electrolyte solvents DMC, EMC and EC were detected. 

After 15 minutes at all temperature conditions, characteristic peaks assigned to HF (4000 cm-1 
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to 3600 cm-1) and POF3 (1428 cm-1, 1416 cm-1, 1404 cm-1, and 991 cm-1) were additionally 

detected  [38–40].  

 
Figure 12. In-Situ FT-IR spectra of the process exhaust gas after 1, 15, 30, 60, 90, 120, and 180 min at 

a) 90°C, b) 110°C, c) 130°C, and d) 150°C. 

The electrolyte solvent separation rate was determined based on the vanish point of the relative 

absorption intensity of the electrolyte solvents DMC and EMC. Owing to the strong peak 

intensity and selectivity, the relative absorption intensity of the vibrational peaks at 1780 cm-1 

belonging to νC=O of DMC and at 1284 cm-1 corresponding to νO-C-O vibration of EMC over 

the entire process time is plotted in Figure 13. It is noteworthy that the equilibration time, the 

time before feeding the sample to the hot zone of the furnace, is denoted as -5 to 0 min.  

Before the combustion boat was exposed to the process temperature - the equilibration time 

denoted as -5 to 0 min -  relative absorption intensities above 74% (C=O peak, DMC) and 90% 

(O-C-O peak, EMC) were already observed in the FT-IR spectra for all temperature conditions. 

When exposed to the process temperatures, an immediate raise to 100% was observed. 

Eventually, the relative absorption intensity started to vanish after 40 minutes, before finally 

levelling off at around 60 minutes for DMC and 80 minutes for the EMC peak.  
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Figure 13. Relative absorption intensity over the thermal treatment process time of 180 minutes of the 

a) C=O peak of DMC at 1780 cm-1 and b) O-C-O peak of EMC at 1284 cm-1. 

 

The time-dependent relative absorption intensity changes of the strong characteristic peaks of 

HF (3878 cm-1) and POF3 (1416 cm-1) were plotted over the entire process period of 

180 minutes, as shown in Figure 14. The vibrational peaks of HF and POF3 appeared 

simultaneously between 4 and 10 minutes, depending on the process temperature. Furthermore, 

it can be observed that a higher process temperature causes a shorter LiPF6 hydrolysis 

degradation time span. At process temperatures of 130ºC and 150ºC the relative absorption 

intensity diverged to a constant level after a maximum of 70 minutes. Below 130ºC, by contrast, 

the POF3 peak decreased but did not level off during the entire process time of 180 minutes.  
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Figure 14. Relative absorption intensity over the entire process time of the characteristic peaks of a) 

POF3 at 1416 cm-1, and b) HF at 3878 cm-1. 
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The results of the IC analysis of the gas washing water are plotted in Figure 15. The distinctive 

peaks at retention times at 2.8 and 10.8 minutes were assigned to F- and PO4
3- based on the 

retention time of standard solutions. 

 
Figure 15. IC chromatograph of the gas washing water of the thermal treatment process at process 

temperature of 130°C and 150°C. 
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5.3.   Sub- and Supercritical CO2 Extraction Process 

The influences of pressure (60-120 bar), temperature (15-55°C) and the corresponding 

estimated CO2 density on the sample weight loss in weight percentage (wt%) and the electrolyte 

separation efficiency from the electrode sample are plotted in Figure 16. The electrolyte 

separation efficiency was calculated based on the highest electrolyte separation efficiency 

achieved by the low temperature thermal treatment process, which was 13.9±0.1wt% at 130ºC. 

The total electrolyte weight was then adjusted to 14.2wt% of the electrode stack sample with 

consideration of the LiF residues in the sample after the LiPF6 decomposition. A value of 

88.2% of the total electrolyte amount was attributed to the electrolyte solvent, which 

corresponds to 12.5wt% of the electrode stack. The LiPF6 contribution was estimated to be 

11.8%, which corresponded to 1.7wt% of the electrode stack.  

The influence of the pressure conditions at 29ºC is plotted in Figure 16a. A maximum 

electrolyte separation efficiency of 66.1% (9.39±0.17wt%) was achieved at 80 bar. The 

electrolyte separation efficiency did not increase further with pressure, but instead rather 

slightly decreased to 63.5% (9.02±0.07wt%) at 120 bar. The influence of the temperature 

conditions at 80 bar is plotted in Figure 16b. An increase in process temperature above 29°C 

resulted in a (linear) decrease in separation efficiency from the LiB electrode stack. At 29°C 

and below, the electrolyte separation efficiency remained rather constant at 66.1% 

(9.39±0.17wt%) within the standard deviation of the triplicates. The process pressure and 

temperature conditions in the extraction process have a direct impact on the CO2 density. The 

CO2 density at the different process conditions was estimated and plotted against the weight 

loss (wt%) and separation efficiency (%), as shown in Figure 16c. A clear dependence of the 

electrolyte separation efficiency on the CO2 density can be observed. The electrolyte separation 

efficiency was almost constant with respect to the standard deviation of the triplicate in the 

CO2 density range of 600 kg/m3- 900 kg/m3. Below a CO2 density of  600 kg/m3, a decrease of 

the electrolyte separation efficiency was observed. The maximum electrolyte separation 

efficiency of 66% was reached at a CO2 density of 715 kg/m3. 
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Figure 16. LiB sample weight loss in weight percentage (wt%) and corresponding electrolyte 

separation efficiency after the sub-and scCO2 extraction process with different process parameters. a) 

dependence of pressure at 29°C, b) dependence of temperature at 80 bar, c) dependence of CO2 density. 

The composition and purity of the collected extracts were analyzed with GC-MS and ICP-OES. 

The GC-MS chromatographs of the collected extract at the different CO2 process densities 

plotted in Figure 17a show peaks at acquisition times of 2.35, 2.93, and 5.31 minutes. In 

addition, minor peaks at 3.18, 3.35, 3.63, and 3.85 minutes were detected in the focused plot 

in Figure 17b. The peaks at 2.35, 2.93, and 5.31 minutes were assigned to the organic 

electrolyte solvents DMC, EMC and EC, whereas the peaks at 3.18, 3.63, and 3.85 minutes 

were assigned to the electrolyte decomposition products dimethyl fluorophosphate (DMFP), 

diethyl carbonate (DEC), and ethyl methyl fluorophosphate (EMFP). The peak at 3.35 minutes 

was assigned to the electrolyte additive vinylene carbonate (VC).  
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Figure 17. a) GC-MS chromatogram of the collected liquid phase product at various CO2 densities and 

(b) focused between 2.9 and 4 minutes. 

The quantitative analysis of the collected extract in respect to the CO2 process density is plotted 

in Figure 18. The proportion of EC was observed to be dependent on the CO2 process density. 

Less than 2% of EC was detected at densities below 300 kg/m3, whereas the share of EC in the 

collected extract increased to 9.7% with the increase of CO2 density to 714 kg/m3 and then 

decreased to 3.9% at 857 kg/m3.  

 
Figure 18. Composition of the collected liquid phase product obtained at various CO2 process densities 

based on the GC-MS analysis. 

ICP-OES was used to further determine the (metal) purity of the collected extract. Phosphorous 

(362±65 mg/L) and aluminum (5.2±0.4 mg/L) were detected at all process conditions, whereas 

the content of lithium was below the detection limit of the instrument.  

The exhaust gas from the cold trap outlet was constantly analyzed with FTIR spectroscopy 

during the entire process time and the result for the process conditions resulting in a CO2 

density of 715 kg/m3 is plotted in Figure 19a. The process conditions with a CO2 density of 
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715 kg/m3 was selected, because it yields the highest electrolyte separation efficiency. Strong 

CO2 vibration peaks (3728 cm-1, 3704 cm-1, 3624cm-1, 3599 cm-1, 2349 cm-1 (broad)) and weak 

peaks belonging to carbon monoxide (around 2075 cm-1) were observed at all process times. 

Additionally, vibrational peaks associated with DMC (1780 cm-1 (νC=O), 1463 cm-1 

(CH3 sym. def.), and 1295 cm-1 (νaO-C-O) ) and EMC (1772 cm-1 (νC=O), 1378 cm-1 (CH3) 

and 1370 cm-1) were detected. Vibrational peaks belonging to EC in gas phase (1876 cm-1, 

1868 cm-1, and 1860 cm-1) could not be observed. Moreover, vibrational peaks corresponding 

to LiPF6 decomposition products HF (4000 cm-1 to 3600 cm-1) and POF3 (1428 cm-1, 

1416 cm- 1, 1404 cm-1 and 991 cm-1) were not observed in the cold trap exhaust gas. The FTIR 

spectra of the exhaust gas emissions before the collection of the extract is plotted in Figure 19b. 

In addition to the vibrational peaks of DMC and EMC, characteristic peaks of EC were 

detected. Again, vibrational peaks corresponding to HF and POF3 were not observed. 

 
Figure 19. FTIR spectra of the process exhaust gas-emission at various process times with a CO2 

density of 715 kg/m3 a) after and b) before the collection of the extract. 

XRD analysis was used to determine the impact of the proposed extraction process on the active 

cathode material. In Figure 20 the XRD pattern of the active cathode material of an untreated 

sample and a sample treated at a CO2 density of 810 kg/m3, where high separation efficiency 

at the highest-pressure condition (120 bar) was observed, is plotted in the 2Ɵ range from 10º 

to 80º. The PDF card diffraction lines of NMC, and LiMn2O4 serve as a reference. The crystal 

structure of the cathode active material is unaffected by the subcritical CO2 process. The 

diffraction peaks of both active cathode materials correspond to rhombohedral-structured NMC 

with a R-3m space group and cubic-structured lithium manganese oxide (LiMnO4) with a 

Fd- 3m space group.  
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Figure 20. The XRD pattern of the active cathode material of an untreated sample and a sample treated 

at a CO2 density of 810kg/m3 in the 2Ɵ range from 10º to 80º. The PDF card diffraction pattern from 

NMC, and  LiMn2O4 are plotted as a reference. 
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6. Discussion 

This discussion chapter is divided into two parts according to results presented of the two 

processes; low temperature thermal treatment and sub-scCO2 extraction process.  

6.1.   Low Temperature Thermal Treatment Process 

In the low temperature thermal treatment process the weight loss of the electrode stack leveled 

off after 130ºC, reaching a weight loss of 13.9wt%. The separated electrolyte components by 

the low temperature thermal treatment process were subsequently recovered in solid and liquid 

phases. As ATR-FITR and XRD analysis show, most of the EC was recovered in solid phase, 

whereas GC-MS analysis of the liquid sample revealed that the liquid phase product was 

composed of DMC, EMC and minor amounts of EC. EC has a melting point of 36.5°C, whereas 

the melting points of DMC (4ºC) and EMC (-55ºC) are significantly lower, as shown in Table 

1. The separated EC condensed on the walls of the quartz tube located outside of the heating 

zone of the tube furnace. By removing the quartz tube from the tube furnace, the quartz tube 

wall temperature dropped below the EC melting point, which led to the crystallization to 

monoclinic EC. The high melting point of EC enables the possibility to directly separate the 

electrolyte solvent EC from the other low melting point electrolyte solvents DMC and EMC. 

The electrolyte solvents (DMC, EMC, and EC) in the sample were successfully separated from 

the spent LiB electrode stack after the low temperature thermal treatment process at all process 

temperatures, as a disappearance of the DMC and EMC gas emission after 80 minutes at 130ºC 

and 150ºC was observed in the exhaust gas emission analysis. It is reported in the literature 

that the electrolyte solvents DMC, EMC and EC eventually decompose to CO2, carbon 

monoxide (CO), ethene (C2H4), and dimethyl ether (C2H6O) at temperatures above 180ºC [84]. 

However, in the process exhaust gas at various temperature conditions, characteristic 

vibrational peaks associated with CO2, CO, C2H4, and C2H6O were not detected. This is proof 

that DMC, EMC and EC did not degrade during the low temperature thermal treatment process 

and were successfully recovered as solid and liquid phase products. 

While the electrolyte solvents were successfully recovered, LiPF6 decomposed in the process 

at all temperatures into gaseous HF and POF3 as stated in equations 2 and 3, as their presence 

was detected in the process exhaust gas. The anhydrous LiPF6 decomposition product PF5 

(Eq. 1) was challenging to identify in the process exhaust gas with high certainty due to the 

overlap of the characteristic vibrational peaks of PF5 at 1018cm-1 and 946cm-1 with the 

vibrational peaks of the organic solvents [39]. However, the formation of PF5 during the low 

temperature thermal treatment should not be ruled out. Whereas POF3 peaks were still present 

in the exhaust gas after the entire process time at 90ºC and 110ºC, the POF3 peaks levelled off 

after 70 minutes at 130ºC and 150ºC. This is evidence that LiPF6, fully decomposed to HF and 

POF3 at process temperature conditions above 130ºC but did not entirely degrade at 90ºC and 

110ºC. This finding is in alignment with recent studies in which a weight percentage drop of 

LiPF6 to 17wt%, the proportion of LiF, at temperatures up to 150ºC was observed in 

TGA measurement [83]. It was noticeable that with the increase in temperature, the standard 

deviation of the triplicates decreased. The deviation in the weight loss can be associated with 

the incomplete degradation of LiPF6 at process temperatures below 130ºC. The 

moisture/humidity responsible for the hydrolysis composition (Eq. 3) of LiPF6 was believed to 

be absorbed into the LiB sample during the cell disassembly, the sample preparation process, 

and the cell storage at -18ºC. 
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A secure exhaust treatment system is essential for the proposed low temperature thermal 

treatment process due to the release of the toxic gases HF and POF3. The presence of F- and 

PO4
3- in the gas washing water is evidence that hydrofluoric acid and phosphoric acid were 

formed after the reaction of HF and POF3 with H2O as stated in equations 2 and 3.  Hydrofluoric 

acid and phosphoric acid can be considered as process by-products and potentially reutilized. 

However, more investigation is required. 

While keeping in mind the complete LiPF6 degradation duration of 70 minutes at 130ºC, the 

disappearance of the DMC and EMC gas emission after 80 minutes, as well as the energy 

efficiency of the process, the efficient process time to separate and recover the electrolyte from 

the spent LiB sample was determined to be 80 minutes. 

6.2.   Sub- and Supercritical CO2 Extraction Process 

The CO2 density is the driving force for the electrolyte component extraction from the spent 

LiB electrolyte stack. Steady separation efficiency of 66% with respect to the standard 

deviations was observed at CO2 densities between 600-900 kg/m3. GC-MS analysis of the 

collected liquid extract revealed DMC and EMC as the main constituents, with minor amounts 

of EC (<10%). The extract collection efficiency in the process was around 60% and the analysis 

of the cold trap exhaust gas revealed the inefficient collection of DMC and EMC. However, 

the EC collection efficiency was believed to be high due to the absence of the vibrational peaks 

in the cold trap exhaust gas. Thus, the quantification of the collected extract was not 

representative of the actual share of extracted electrolyte solvent, leading to an overestimation 

of the EC extraction efficiency.  

ScCO2 is known to be a good solvent for non-polar low molecular weight compounds. DMC 

and EMC are linear carbonates with a low dielectric constant and dipole moment compared to 

the cyclic EC. Thus, the electrolyte components DMC and EMC could be selectively separated 

with high efficiencies from the spent LiB battery waste using pure sub-scCO2 at densities 

between 600-900 kg/m3, while the polar electrolyte component EC was only partly separated 

in the process.  

The analysis of the process exhaust gas indicated also that LiPF6 did not decompose during the 

process since HF and POF3 vibrational peaks were not observed. The detected amount of 

phosphorous in the collected extract corresponded to only a trace amount of LiPF6 (<1.2%) 

estimated based on a LiPF6 concentration of 1 M. It is believed that the phosphorous originated 

from electrolyte aging products such as DMFP and EMFP, which were detected in the GC-MS 

analysis. Accordingly, the proposed process eliminated the toxic-gas emission originating from 

the decomposition of the thermal-unstable LiPF6. 

In the proposed process, the polar electrolyte components, EC and LiPF6, precipitated and are 

assumed to be left as a residue in the sample, which explains the low electrolyte separation 

efficiency of 66%. An additional extraction step for the recovery of the precipitated polar 

electrolyte components, EC and LiPF6 is required. The solvation characteristics of scCO2 can 

be significantly improved with the addition of a co-solvent or a modifier. An increase in the 

extraction efficiency of EC and LiPF6 with the use of an aprotic co-solvent has been reported 

by Grützke et al., [24].  
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The crystal structure of the cathode active material was unaffected by the subcritical CO2 

process using the highest-pressure condition of 120 bar. It can be concluded that the proposed 

process has no impact on the cathode active material composition and crystal structure, which 

means that subsequent state-of-the-art recovery methods for the valuable active materials are 

unaffected by the sub- and scCO2 electrolyte solvent extraction process.  
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7. Conclusions 

The low temperature thermal treatment approach enabled the separation and collection of the 

electrolyte solvents DMC, EMC, and EC from the spent LiB after 80 minutes at 130ºC under 

constant N2 flow. Analysis of the process exhaust gas revealed that LiPF6 was not recovered 

intact, as it decomposed at all investigated process conditions. Instead, the toxic gaseous 

decomposition products HF and POF3 were separated from the sample and their acids were 

obtained by exhaust washing treatment, whereas the solid LiF remained in the sample. The 

separated electrolyte solvents were collected as solid and liquid phases. The solid phase product 

was composed of monoclinic EC with elemental impurities of Li (0.8 ppm), Mn (2.3 ppm), 

Co (0.94 ppm), Cu (1.29 ppm), Ni (0.57 ppm), and Al (0.16 ppm). The liquid phase product 

was composed of the electrolyte solvents DMC, EMC and minor amounts of EC. The 

electrolyte separation efficiency in the process was estimated to be 98% with effective recovery 

of organic solvents but sacrificing LiPF6.  

A lower electrolyte separation efficiency of 66% was obtained in the sub-scCO2 extraction 

process at CO2 densities between 600-900 kg/m3 after 30 minutes because the process was 

suitable to separate the non-polar electrolyte solvents DMC and EMC efficiently from the spent 

LiB. Apart from achieving high recycling efficiencies, the electrolyte separation process is 

relatively safe for workers in the recycling plant and must have a minimized impact on the 

environment. The exhaust gas analysis and elemental analysis of the collected extract indicated 

that LiPF6 did not decompose during the process but remained intact in the spent LiB. Apart 

from DMC, EMC, and minor amounts of EC, traces of the electrolyte aging products DEC, 

DMFP, EMFP, and the electrolyte additive VC were detected in the collected extracts. 

Furthermore, elemental analysis showed P (362±65 mg/L) and Al (5.2±0.4 mg/L) as impurities, 

whereas P, whose detected amount corresponded to only a trace amount of LiPF6 (<1.2% of 

1 M LiPF6) was believed to originate from electrolyte aging products. XRD analysis revealed 

that the active cathode material was unaffected by the subcritical CO2 extraction process with 

the highest-pressure condition of 120 bar.  

ScCO2 extraction is a promising process to recover the electrolyte, non-polar and polar 

components, with minimal toxic-gas emission but further research is needed to understand the 

extraction system and the behavior of the polar electrolyte components. 
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8. Future Work 

In this work two different approaches to recycle the electrolyte from spent LiB were studied 

and compared. The sub-sc-CO2 extraction process is promising due to its toxic-free gas 

emissions. However, the polar electrolyte solvent EC and the conductive salt LiPF6 were not 

successfully recovered. It is believed that the polar electrolyte components can be recycled with 

co-solvent modified scCO2 extraction. For a high selective extraction of the polar electrolyte 

components a thorough investigation using a suitable co-solvent and the optimal process 

conditions (pressure, temperature, density, flow-rate, and extraction time) is required. 

After the development of the successful extraction of the polar electrolyte components, the 

process must be tested on various spent LiB samples with different cell chemistries and 

electrolyte formulations.  

Extensive analysis of the purity of the extracted product must be performed before its 

reutilization in the industry. If necessary, purification techniques must be investigated to 

achieve battery-grade electrolyte solvents and conductive salt.  
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