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Abstract 

A significant challenge in the current recycling of batteries is the effective removal of 

electrolyte from e.g. Li-ion battery waste. Li-ion battery waste containing residual electrolyte 

is classified as hazardous waste, posing a financial burden for the recycling industry.  

The aim of this work was to investigate potential options and finally suggest a favourable 

method to recover the electrolyte from spent Li-ion battery waste. The thesis is divided into 

three parts. In the first part, two promising approaches for the electrolyte separation from spent 

Li-ion battery pouch cells were investigated: low temperature thermal treatment and 

supercritical CO2 extraction. The results showed that low temperature thermal treatment at 

130°C under N2 atmosphere is suitable for the separation of the electrolyte solvents dimethyl 

carbonate, ethyl methyl carbonate, and ethylene carbonate. However, lithium 

hexafluorophosphate decomposed while releasing toxic gases hydrogen fluoride and 

phosphorous oxyfluoride. Using supercritical CO2 extraction, the non-polar electrolyte 

solvents dimethyl carbonate and ethyl methyl carbonate were successfully extracted at 80 bar 

and 29°C, whereas the polar electrolyte solvent ethylene carbonate was only extracted in trace 

amounts. Analysis of the exhaust gas emissions and elemental analysis of the extract indicated 

that lithium hexafluorophosphate did not decompose during the process. 

In the second part of the thesis, the solubility of ethylene carbonate in supercritical CO2 was 

studied. The solubility of ethylene carbonate increased with increasing pressure from 80 bar to 

140 bar at 40°C from 0.24 to 8.35 g/kg CO2. In the third part, the previously obtained solubility 

results were applied to extract the remaining electrolyte in the LiB black mass. The volatile 

electrolyte components dimethyl carbonate, ethyl methyl carbonate, and diethyl carbonate were 

successfully extracted with an extraction yield exceeding 99% using 100 bar and 40°C. Raising 

the pressure to 140 bar led to high extraction yields of biphenyl, ethyl carbonate, and propylene 

carbonate with 98%, 95%, and 98%, respectively. The extraction curves of ethylene carbonate, 

propylene carbonate, and biphenyl indicated that the non-polar solvents dimethyl carbonate, 

ethyl methyl carbonate, and diethyl carbonate behaved as an entrainer for their extraction at 

100 bar. An entrainer effect at 140 bar was not observed. The extraction rates of biphenyl, 

ethylene carbonate, and propylene carbonate at 140 bar and 40°C were determined to be 0.18 

mg/g CO2, 1.9 mg/g CO2 and, 0.4 mg/g CO2, respectively. The extraction of lithium 

hexafluorophosphate remained below 5%. The results of this thesis showcase the potential to 

utilize scCO2 extraction to separate the electrolyte from Li-ion battery waste. This is a step 

forward into a safer battery recycling process. 

Keywords: Li-ion battery; electrolyte; recycling; supercritical CO2 extraction, thermal 

treatment 
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ATR Attenuated total reflection 

CO2 Carbon dioxide 

DEC Diethyl carbonate 

DMC Dimethyl carbonate 

DMFP Dimethyl fluorophosphate 

DTG Differential thermogravimetric 

EC Ethylene carbonate 

EMC Ethyl methyl carbonate 

EMFP Ethyl methyl fluorophosphate 

FEC Fluoroethylene carbonate 

FTIR Fourier-transform infrared spectroscopy 

GC-MS Gas chromatography coupled with mass spectroscopy 

GWh Gigawatt-hours 

HF Hydrofluoric acid 

HNO3 Nitric acid 

IC Ion chromatography 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

LA Lewis acid 

LB Lewis base 

LiB Lithium-ion battery 

Lif Lithium Fluoride 

LiPF6 Lithium hexafluorophosphate 

LVE Liquid-vapor equilibrium 

NMC Lithium Nickel Manganese Cobalt Oxide 

PC Propylene carbonate 

PF5 Phosphorous pentafluoride 

POF3 Phosphorous oxyfluoride 

scCO2 Supercritical carbon dioxide 

TG Thermogravimetric 

TGA Thermogravimetric analysis 

VC Vinylene carbonate 

wt% Weight percent 

XRD X-ray diffraction 

 

  



v 
 

 

Table of Contents  

 
1. Introduction ................................................................................................................................... 1 

2. Background ................................................................................................................................... 3 

2.1. EU Directive for batteries and waste batteries ................................................................... 3 

2.2. Lithium-ion battery components and their composition ................................................... 3 

2.3. State-of-the-art LiB recycling strategies ............................................................................. 7 

2.4. The challenge in the recycling of (non-aqueous) electrolyte ............................................. 7 

2.5. Processes to recycle the electrolyte from spent LiBs .......................................................... 8 

3. Theory .......................................................................................................................................... 13 

3.1. Solvation characteristics of supercritical carbon dioxide ................................................ 13 

3.2. Chrastil model ..................................................................................................................... 14 

3.3. Modelling of scCO2 extraction curves ............................................................................... 14 

3.4. LiPF6 decomposition ........................................................................................................... 18 

3.5. Formation of inorganic phosphates by hydrolysis of POF3 ............................................. 18 

4. Experimental ............................................................................................................................... 19 

4.1. Materials and Chemicals .................................................................................................... 19 

4.2. Electrolyte recovery from untreated LiB cells using thermal treatment and scCO2 

extraction ......................................................................................................................................... 19 

4.2.1. Sample preparation ............................................................................................................ 19 

4.2.2. Characterization of the electrolyte composition ............................................................... 19 

4.2.3. Low temperature thermal treatment process ................................................................... 20 

4.2.4. Sub- and scCO2 extraction process .................................................................................... 22 

4.3. Solubility of ethylene carbonate in scCO2 ......................................................................... 23 

4.4. ScCO2 extraction behavior of electrolyte solvents from LiB black mass ....................... 23 

4.5. Formula and calculation protocols .................................................................................... 24 

4.6. Analytical methods .............................................................................................................. 25 

5. Results .......................................................................................................................................... 29 

5.1. Electrolyte recovery from untreated LiB cells using thermal treatment and scCO2 

extraction ......................................................................................................................................... 29 

5.1.2. Low temperature thermal treatment ................................................................................ 30 

5.1.3. Sub-and sc-CO2 extraction ................................................................................................. 37 

5.2. Solubility of ethylene carbonate in scCO2 ......................................................................... 42 

5.3. ScCO2 extraction behavior of electrolyte solvents from LiB black mass ....................... 45 

6. Discussion..................................................................................................................................... 53 



vi 
 

6.1. Electrolyte recovery from untreated LiB cells using thermal treatment and scCO2 

extraction ......................................................................................................................................... 53 

6.2. Solubility of ethylene carbonate in scCO2 ......................................................................... 56 

6.3. ScCO2 extraction behavior of electrolyte solvents from LiB black mass ....................... 56 

7. Conclusion ................................................................................................................................... 59 

Future Work ........................................................................................................................................ 61 

Acknowledgments ............................................................................................................................... 62 

 

  



 

1 
 

1. Introduction 

A significant milestone in battery technology was marked in 1991 with the release of the first 

commercially available rechargeable Li-ion battery (LiB) by Sony and Asahi Kasei. Their 

combination of high energy density, and relatively long lifespan, was crucial in enabling the 

development of portable electronic devices, electric vehicles, and large-scale energy storage 

systems [1,2].  

The demand for LiBs grew rapidly in the last years, which was particularly driven by the 

transition of the automotive industry towards electrically powered transportation. To keep up 

with the demand, the battery manufacturing has reached a capacity of 2500 gigawatt-hours 

(GWh) in 2023, which is an increase of 25% compared to 2022. In 2030, the total global battery 

manufacturing capacity is estimated to exceed 9000 GWh [3]. To translate this, 1 GWh 

corresponds to approximately 5000 tons of materials considering a pack-level density of 200 

Wh/kg. As the LiB demand for EVs and portable electronics continues to grow, the expected 

accumulation of spent LiBs necessitates comprehensive waste management and recycling 

solutions.  

Developing proper recycling processes for spent LiBs is critical for several reasons. Firstly, 

LiBs are classified as hazardous waste due to their content of a variety of  hazardous elements 

[4,5]. Improper disposal of spent LiBs can lead to significant environmental damage, including 

contamination of the ground water and soil. In the unfortunate event of a fire, toxic gases will 

be released into the environment [6–9]. Secondly, recycling is an important source of raw 

materials as the reserves for LiB materials are finite. In example, lithium, cobalt, natural 

graphite and phosphorous are listed as critical raw materials meaning their demand is forecast 

to overtake the supply in the near future [10]. Furthermore, the EU is highly dependent on its 

geopolitical relations for the supply of LiB raw materials as they are mined and produced 

outside of Europe, in countries such as DR Congo, China, Chile, Russia, South Africa, and 

Australia [11]. Lastly and most importantly, recycling of spent LiBs is mandatory on the EU 

level. According to the newest regulation, 70% of the LiB by average weight must be recycled 

from 2030 onwards [12]. 

The recovery of the electrolyte from spent LiBs remains a major challenge in the state-of-the-

art recycling process. Due to the volatile nature of the electrolyte solvents and the thermal 

instability of the conductive salt, lithium hexafluorophosphate (LiPF6), the electrolyte is prone 

to evaporate and decompose resulting in hazardous gas emissions [13–15]. A concentrated 

toxic atmosphere can be quickly formed under the release of small amounts of electrolyte 

which becomes a serious threat for the work safety in recycling plants as irreversible health 

effects are very likely [5]. Literature suggests vacuum distillation, thermal treatment, organic 

solvent extraction or supercritical carbon dioxide (scCO2) extraction as promising approaches 

for the recovery of electrolyte from spent LiBs [16–18]. However, extended research on these 

approaches is still limited.  

The aim of the thesis was to investigate possible options and finally suggest a favorable method 

to recycle the electrolyte from Li-ion battery waste. Therefore, two approaches - low 

temperature thermal treatment and scCO2 extraction - were selected and tested on spent LiB 

pouch cells (Paper I and Paper II). Then, the most promising approach was studied in more 

detail (Paper III). Finally, the approach was tested further on Li-ion battery black mass 

(Paper IV).  
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2. Background 

2.1.  EU Directive for batteries and waste batteries 

Batteries and waste batteries have been regulated at EU level under the Batteries Directive 

(2006/66/EC) since 2006 [19]. Directive 2006/66/EC was replaced by a new regulation in 

August 2023 in order to introduce comprehensive requirements covering the entire lifecycle of 

batteries, from production to reuse and recycling [12]. Among other measures in the design 

and production of batteries in terms of safety, carbon footprint, restriction of substances, 

performance and durability, targets and requirements for recycling efficiency, material 

recovery and recycled content will be phased in gradually.  

The collection target for spent portable batteries will increase from 63% in 2027 to 73% in 

2030 and for light means of transport batteries will increase from 51% by 2028 to 61% by 

2031. Specific targets were not set for starting, lightning and ignition batteries, industrial 

batteries and electric vehicle batteries. However, producers are required to ensure separate 

collection of waste batteries free of charge to the end user. The overall targeted recycling 

efficiency of LiBs increases from 65% by average weight by 2025 to 70% by average weight 

in 2030. The targets for the recovery of materials are Co (95%), Ni (95%), Li (80%) and Cu 

(95%) by the end of 2031. Requirements concerning the treatment of spent batteries include, 

as a minimum, the removal of all fluids and acids. 

 

2.2.  Lithium-ion battery components and their composition 

Electrically powered battery systems consist of multiple components. The heart of these 

systems are battery packs, which are composed of a set number of modules along with various 

control and protection systems. Each battery module, in turn, contains a fixed number of LiB 

cells, which are electrically connected and housed within a frame along with different battery 

management electronics. The LiB cell itself, the fundamental unit of this battery systems, come 

in four distinct shapes; cylindrical, prismatic, pouch, and coin [20–22]. Regardless of their 

different shapes, all LiB cells share a common structure comprising five key components; 

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

casing (4-20 wt%) [20,23].  

The manufacturing process of LiB cells involves layering the cathode, separator, and anode 

materials to form what is termed the electrode stack or jelly roll. A close-up version of one LiB 

cell layer is illustrated in Figure 1. The electrode stack/jelly roll is then inserted into a protective 

casing or shell. The final step involves injecting the non-aqueous liquid electrolyte into the 

assembly and hermetically sealing the case [21].  
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Figure 1. Illustration of one layer consisting of anode, separator, and cathode of a LiB battery cell.  

 

2.2.1. Cathode 

The cathode, or positive electrode, consists of a current collector, active cathode material and 

a binder. The polymeric binder adheres the active cathode material to the current collector. A 

variety of active cathode materials, with different chemical compositions, are commercially 

available, and new formulations continue to emerge. The most widely used active cathode 

chemistries are based on various transition metals and are the name-giver of the LiB cell. These 

include 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 

typically employed as the current collector material while the state-of-the-art polymeric binder 

material is polyvinylidene fluoride (PVDF) [1,20–22]. 

 

2.2.2. Anode 

The anode, or negative electrode, consists of a current collector (typically thin copper foil), the 

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

although lithium titanium oxide (Li4Ti5O12) is also used. The binder materials typically used in 

anodes include carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR), and PVDF 

[1,20,22]. 

 

2.2.3. Separator 

The separator prevents direct contact between the anode and the cathode while still allowing 

high permeability to the conductive salt. Separators are primarily made from polyolefins, such 

as polypropylene (PP) and polyethylene (PE). In some cases, the separator membrane can be 

ceramic or PVDF [24].  
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2.2.4. Electrolyte 

The electrolyte facilitates the ion transfer between the anode and cathode during the charging 

and discharging process [25]. In general, there are three main types of LiB electrolytes, i.e., 

liquid, polymer and solid electrolytes, and several different electrolyte chemistries have been 

developed [26]. As battery chemistries evolve, so will new electrolyte formulations [27]. 

The most widely used electrolyte is the non-aqueous liquid electrolyte, which is a multi-

component system composed of a Li-salt dissociated in a mixture of organic solvents and 

additives [28]. The exact composition and quantity of the electrolyte in the LiB cell can vary 

across manufacturers and is often unspecified. Typically, the electrolyte makes up about 

10-20% of the total cell weight [20,23]. The electrolyte solvent usually constitutes the largest 

proportion of the electrolyte solution with 80 to 90%, whereas the additives typically account 

for up to 5%, and the Li-salt about 10% [29].  

The most used Li-salt is LiPF6 not because of any outstanding property but rather due to the 

lack of any significant disadvantage [28]. However, other Li-salts such as sulfonylimides 

(LiTFSI, LiFSI, LiBETI), borates (LiBF4, LiBOB, LiDFOB), or lithium perchlorate (LiClO4) 

are potential replacements [28,29].  

A mixture of different carbonate esters such as ethylene carbonate (EC), propylene carbonate 

(PC), dimethyl carbonate (DMC), ethylene carbonate (EMC), and diethyl carbonate (DEC) are 

commonly used as electrolyte solvents. Attributed to its high-dielectric nature, EC is effective 

in dissociation of the Li-salt and enables the formation of a stable protective layer on the 

cathode interphase. To improve EC’s high viscosity (as it is solid at room temperature) it is 

mixed with the linear, non-polar DMC, EMC, and/or DEC [25,26,28,29]. Various additives 

can be added to the electrolyte solvent mixture to address specific challenges, such as 

improving of the flammability resistance, enabling overcharge protection, enhancement of 

conductivity,  and optimizing the performance of the battery [26,29]. Common additives 

include vinyl carbonate (VC), fluoroethylene carbonate (FEC), biphenyl, or 

tris(trimethylsilyl)phosphite (TMSPi) [30]. A detailed overview of the key components in the 

state-of-the-art non-aqueous electrolytes solution including their chemical and physical 

properties as well as hazard identification according to Classification, Labelling and Packaging 

Regulation (Regulation (EC) No. 1272/2008) can be found in Table 1 [5,28,31].  
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Table 1. Summary of the key components in non-aqueous electrolyte solutions 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. 

 

2.2.5. Case 

The hermetically sealed case safeguards the electrode stack/jelly roll from external elements. 

The material used for the case depends on the shape of the LiB cell and can include metal foil, 

steel, aluminum or plastic.  
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2.3.  State-of-the-art LiB recycling strategies 

The state-of-the-art LiB recycling strategies employs to main approaches: pyrometallurgy, and 

hydrometallurgy [18,21,32].  

The pyrometallurgy approach involves high temperature processing of entire (discharged) LiB 

cells or modules. A metallic alloy containing Co, Cu, Fe and Ni is formed during this process, 

which is then chemically processed to separate individual metals. Toxic and environmentally 

harmful gases such as HF are formed while the separator, binder material, electrolyte and 

graphite evaporates, decomposes, or gets burnt off [18,21]. The resulting slag contains Al, Mn, 

and Li, which are challenging to be individually separated using hydrometallurgical processes. 

Instead, the slag is often sold to other industries.  

The hydrometallurgy process begins with a pre-treatment phase. LiB batteries are discharged, 

dismantled, sorted, crushed, shredded, and separated into a black mass containing a mixture of 

cathode and anode material. The black mass undergoes leaching, solvent extraction, ion 

exchange, and other processes to recover the valuable metals like Li, Mn, Ni, Al, and Co. Some 

recycling processes include thermal treatment to remove the electrolyte/ and or binder to 

prepare the black mass for the hydrometallurgy process by deactivating, liberating and reducing 

the active materials [4,18,21]. The pre-treatment processes are conducted in an inert 

atmosphere like N2 to stabilize volatile electrolyte components by preventing reactions with air 

and moisture.  

Both methods have their advantages and disadvantages. Pyrometallurgy is simpler but less 

selective, requires high energy input and requires additional treatment of the generated off-

gases. Hydrometallurgy offers better recover rates for specific metals but requires complex pre-

treatment processes to achieve high recovery yields. Thus, many current recycling strategies 

use hydrometallurgy to maximise the material recovery yield while minimizing the 

environmental impact.  

 

2.4.  The challenge in the recycling of (non-aqueous) electrolyte  

The electrolyte in spent LiBs poses significant challenges for the recycling industry and 

contributes to considerable safety concerns of the overall recycling process. The non-aqueous 

electrolyte solvents in use today are (very) volatile, hazardous and flammable [6]. When a 

battery cell is opened, these solvents can evaporate almost instantly owing to their high vapor 

pressure [33]. Small releases of electrolyte solvents can quicky create a concentrated toxic 

atmosphere that exceeds acute exposure limits – below 250ml in a room of 62m3 – leading to 

serious irreversible health risks [5]. Additionally, the flammable nature of these solvents 

increase the risk of fire or explosions in the recycling plants [34]. Thus, improper handling and 

treatment of LiB waste can have severe impact for both the work environment in the recycling 

plants and the broader environment.  

Another significant challenge is the thermal instability and moisture sensitivity of LiPF6.  It is 

prone to decompose into highly toxic substances such as hydrogen fluoride (HF), phosphorus 

pentafluoride (PF5), and phosphorous oxyfluoride (POF3) [4,5,15,35–40]. These 

decomposition products not only represent major safety concerns but also react with electrolyte 

solvents to form various aging products throughout the LiB cycling life, or potentially in the 

electrolyte recycling process [17,41–44]. Thus, aged LiBs may contain a variety of 
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organophosphate-based and organic fluorophosphate-based products including dimethyl 

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

phosphorofluoridate (DEFP). PF5 is known to facilitate transesterification involving electrolyte 

solvents. For example, it can lead to the formation of DMC and DEC from EMC. As a result 

of these chemical interactions and complex decomposition products, reclaimed electrolyte 

require purification before their reutilization [44].  

Last but not least the composition and total and total amount of the electrolyte used in the 

battery production are often unknown, inhomogeneous, and can vary from producer to 

producer which adds a layer of complexity into the recycling process [16,27].  

From an environmental perspective, the safe removal of electrolytes is crucial. Proper 

management of the electrolyte can significantly reduce the greenhouse gas emissions 

associated with its incineration and minimize the threats related to LiB waste. Moreover, it 

enhances the safety of the overall recycling process [44].  

 

2.5.  Processes to recycle the electrolyte from spent LiBs 

A few research groups have proposed different approaches to recover the electrolyte from spent 

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

and supercritical fluid extraction [9,16,17,45,46].  

 

2.5.1. Vaporization processes 

Vaporization is a process in which a substance changes its physical state from a liquid or solid 

phase into a vapor phase. The transition requires sufficient kinetic energy to overcome the 

substances’ internal molecular forces. The amount of energy/temperature required to initiate 

the vaporization is determined by the boiling point of the substance. The boiling point itself 

correlates with the external pressure. The boiling point decreases at lower external pressures. 

When the substance vaporizes below its boiling point, it is referred to as evaporation. The rate 

of evaporation depends on several factors such as the substance’s vapor pressure and ambient 

temperature. Higher vapor pressure and temperature at constant external pressure lead to faster 

evaporation. 

The concept of thermal vaporization has found practical applications in recycling electrolyte 

from spent LiB. Zhong et al. [45] demonstrated low temperature volatilization at 120°C to 

recycle the electrolyte, though they did not specify the composition of the recovered electrolyte 

or analysis of the exhaust gas emission. Stehmann et al. [47] used a vaporization process to 

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

recycling company Duesenfeld has also reported the electrolyte removal from spent LiBs using 

vacuum vaporization [48]. Xu et al. [49] applied vacuum distillation at 130°C to recover the 

volatile electrolyte solvents DMC, and DEC, followed by precipitation with sodium carbonate 

to recover Li as lithium carbonate. 

 

 

  



 

9 
 

2.5.2. Organic solvent extraction 

In the organic solvent extraction method, the LiB waste is immersed into an organic extraction 

solvent to dissolve the electrolyte. The electrolyte is then separated from the solvent using 

distillation processes based on the different boiling points of the electrolyte components [50]. 

He et al. [51] achieved an electrolyte extraction yield of 95.6% (PC, EC, LiPF6) of cathode, 

anode, and separator material using a custom-made aqueous peeling agent. During the 

extraction process, LiPF6 was converted into NaPF6 and Li-salt. Zhu et al. [52] completely 

dissolved the electrolyte from electrodes in a DMC solution over 24 hours, followed up with 

further processing to convert LiPF6 to calcium fluoride (CaF2). Haas et al. [53] utilized a 

combination of DMC and H2O in a multi-stage, cross-flow extraction system to successfully 

reduce the fluoride content in lab-scale experiments while extracting EC, DMC, and EMC from 

black mass. Shi et al. [54] used DMC to extract the electrolyte from electrodes, followed by 

vacuum distillation to recover the extractant, and water leaching to separate the electrolyte 

solvents from LiPF6 in a form of LiF, CaF2, and Ca3(PO4)2. Du et al. [55] developed a method 

using DMC as the extraction solvent, and water leaching to extract the remaining LiPF6 in form 

of stable metal fluoride and phosphate. 

 

2.5.3. Supercritical fluid extraction 

Supercritical fluid extraction is a technique which uses a supercritical fluid as the primary 

solvent to extract compounds from a material. A substance enters the supercritical state when 

its pressure and temperature exceed critical values, as illustrated in Figure 2. CO2 has garnered 

particular interest due to its non-toxic, non-flammable nature, abundance, low cost, and 

recyclability. Supercritical CO2 (scCO2) can be easily achieved under mild conditions with a 

critical temperature (Tc) of 31°C and critical pressure (Pc) of 73.8 bar [56,57].  

 

 
Figure 2. Illustration of the pressure-temperature phase diagram of CO2. 
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In the supercritical state, CO2 exhibits enhanced physicochemical properties, such as liquid-

like density, gas-like compressibility, low viscosity, high diffusion coefficient, and negligible 

surface tension [58]. These properties can be finely adjusted by varying temperature and 

pressure conditions. Due to its excellent mass transfer characteristics, scCO2 extraction offers 

several advantages over to the use of conventional extraction processes which often depend on 

toxic, flammable, hazardous and environmentally damaging solvents [56,59,60]. 

A typical scCO2 extraction process is illustrated in Figure 3. The sample matrix to be extracted 

is filled in the extraction chamber. Then, scCO2 is introduced into the chamber where it extracts 

the desired compound. The extraction process is dependent on the solubility of the solute in 

CO2. High solute solubility in CO2 is essential to transfer the solute into the CO2 phase. The 

solubility of a solute is dependent on pressure, temperature, and consequently on the density 

of CO2 [61]. The scCO2, now carrying the extracted compound, passes through a pressure 

release valve into a separator unit. Due to the lower pressure in the separator, the extract 

separates from the CO2. Gaseous CO2 exits the separator, is liquefied, and is then recycled into 

a CO2 tank for reuse in a closed-loop system. The extraction process can be carried out either 

in static or dynamic mode. In dynamic (flow-through) mode, CO2 flows continuously 

throughout the extraction process while maintaining pressure and temperature conditions. The 

dynamic mode is preferred  when the solvent and solute reach the equilibrium quickly [60,62]. 

In static extraction mode, the pressure and the temperature are kept steady, but no flow of CO2 

occurs. After the extraction time, the CO2 is released from the reactor into the separator unit. 

Besides the solubility of solute in CO2, the CO2 flowrate is another critical factor in the 

extraction process. The higher the CO₂ flow rate, the faster is the extraction as the amount of 

solvent passing through the extraction material is increased. However, a too high flow rate may 

lead to a lower extraction rate. Even though CO₂ can dissolve the solute at the process 

conditions, the residence time of the CO2 in the extraction chamber is too short to interact 

effectively with the material to transport the solutes to the solvent. In industrial processes often 

several separation units with different pressure conditions are connected to fractionate the 

extraction products [58]. In lab-scale processes the most common extraction collection 

techniques are solvent bubbling, collection on a sorbent material or cryogenic trapping [60]. 
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Figure 3. Schematic of a scCO2 extraction process. 

 

ScCO2 extraction is employed in the pharmaceutical, cosmetic, dyeing, and food industry 

[58,63]. Several studies highlighted the potential implementation of sub-and scCO2 extraction 

for the recovery of the electrolyte from separator materials and spent 18650 LiBs [42,64–70]. 

The extraction yields of different electrolyte solvents such as DMC, EMC, DEC, EC, and PC 

and LiPF6 are influenced by process variables such as pressure, temperature and extraction 

mode. A combination of static and flow-through extraction has been found to improve the 

electrolyte extraction yield [65]. Changes in pressure (varying from 150 to 350 bar) and 

temperature (30- 50 ºC) showed a similar extraction trend for non-polar linear carbonates like 

DMC and EMC, which was attributed to their structural and polarity similarities [67]. 

Additionally, it was reported that the electrolyte extraction efficiency of spent LiBs nearly 

doubled when a co-solvent was added, compared to pure liquid (60 bar, 25ºC) and supercritical 

(300 bar, 40ºC) CO2 extraction. In these cases, DMC, EMC were recovered quantitatively, 

while polar components (EC and LiPF6) were recovered qualitatively [65].  
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3. Theory 

3.1.   Solvation characteristics of supercritical carbon dioxide 

The CO2 molecule is linear and centrosymmetric which results in a zero net dipole moment. 

As a result, scCO2 is generally classified as a non-dipolar solvent, making it effective for 

dissolving many non-polar low-molecular-weight compounds. While CO2 lacks a permanent 

dipole moment, it possesses a significant quadrupole moment generated by its bond dipoles. It 

is well-established that CO2 can function as both a weak Lewis acid or base and can participate 

in both conventional and nonconventional hydrogen-bonding interactions [56,59,71]. Research 

has provided insight into the solvation of esters in scCO2 at the molecular level and two distinct 

stable solvation configurations, referred to as Type I and Type II, have been identified [72,73]. 

In the Type I configuration, the carbonyl oxygen is solvated by the CO2 molecule, whereby the 

C atom of the CO2 molecule functions as a Lewis acid and the carbonyl oxygen as a Lewis 

base. In the Type II configuration, the CO2 molecule is in vicinity of the ester oxygen, which 

acts as the Lewis base. Both solvation configurations can be strengthened through a cooperative 

hydrogen bond between the CO2 molecule’s oxygen atom and the hydrogen atom of a methyl 

group. On the other hand, functional groups such as phenyl groups attached to the ester oxygen 

induce steric hindrance, leading to reduced interaction energies. Illustrations of Type I and 

Type II interactions are shown in Figure 4.  

 

 

Figure 4. Illustration of the two different stable solvation configurations between CO2 and esters [73]. 

   

In scCO2 extraction, the solvation characteristics are closely related to the density of CO2. As 

the mean molecular distance decreases with increasing density, the probability of solute- 

solvent interaction increases proportionally. The CO2 density can be varied by adjusting 

pressure and temperature. At a constant temperature, increasing pressure raises the CO2 

density, thereby enhancing the solvation power. The temperature effect is more complex, 

particular for solid phase solutes. Several factors such as solvent density, solute vapor pressure 

and kinetic energy, compete. At a constant pressure, increasing temperature raises the solute 

vapor pressure and kinetic energy, but simultaneously reduces the solvent density, which 

lowers the probability of solute-solvent interactions. These competing effects are described by 

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

solvation power of decreases with raising temperature at fixed pressure. Above the cross-over 

pressure, CO2 density changes become less significant, and the vapour pressure and kinetic 
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effects take precedence. In this case, the solvation power increases with temperature at constant 

pressure [60,74]. 

CO2 is not an effective solvent for high molecular weight polymers and ionic compounds of 

high polarity under readily achievable pressure and temperature conditions. Nevertheless, the 

solubility of such compounds in scCO2 can be significantly enhanced by adding a co-solvent 

or modifier [60,61,75,76]. In this context, the role of scCO2 is believed to mainly provide the 

supercritical phase, while the modifier-solute interactions contribute to the increased solubility 

increases of the polar compounds [72,76]. 

 

3.2. Chrastil model 

A semi-empirical model was derived by Chrastil to correlate the solute solubility to temperature 

and density of the pure supercritical fluid solvent [77]. The model stated in Eq. (1) is valid for 

solute concentrations up to 200g/L.     

 𝑆 =  𝜌𝑘𝑒𝑥𝑝 (
𝐴

𝑇
+ 𝐵) (1) 

 

The solubility of the solute (S) and the solvent density (ρ) are given in kg/m3, while the 

operating temperature (T) is measured in K. The parameters A, B, and, k are adjustable 

constants, which can be determined through linear regression of the experimental data, by 

plotting the natural logarithm of S against the natural logarithm of ρ. The constant A is related 

to the enthalpies of solvation (ΔHsol) and vaporization (ΔHvap), as well as the universal gas 

constant R, and is expressed as A = (ΔHsol + ΔHvap)/R. Parameter B is a function of the average 

equilibrium association number (k) and the molecular weights of both solute and solvent.  

 

3.3. Modelling of scCO2 extraction curves 

The rate of the scCO2 extraction process depends on the solubility of the solute and the mass-

transfer of the solute from the solid material to the bulk of the fluid. By plotting an extraction 

curve, the kinetics of the extraction process can be studied. An extraction curve is a plot of the 

cumulated extract versus the extraction time or the amount of consumed CO2 during the 

extraction process. The extraction curve can be divided into three zones as illustrated in Figure 

5 [78]. The initial part of the extraction curve, represented by a constant slope, is influenced by 

the solubility of the solute, while the second part, characterized by the curved line, is governed 

by mass transfer of the solute from the core of the particle to the bulk of the fluid. In Zone III, 

the extraction curve approaches a horizontal asymptote. This represents the total amount of 

solute in the substrate which can be extracted under the process condition. 
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Figure 5. Representation of the main zones of a typical extraction curve. Zone I represents the solubility 

controlled extraction period, Zone II the mass transfer controlled extraction period, and Zone III 

represents the total amount of solute extractable under the process conditions.  

 

Several different phenomenological models have been applied to model the extraction curves 

to get insights into the governed mass-transfer in scCO2 extraction processes i.e, hot ball 

diffusion, desorption model, shrinking core model, broken and intact cell model, and hybrid 

models [79]. In this work, a general, versatile model able to fit different types of extraction 

curves was used [80]. The model was derived by Sovová based on the following assumptions: 

• The solute is homogeneously distributed in the untreated solid. 

• The solute particles contain an easily accessible solute fraction close to its surface and 

less accessible solute at its core.  

• The less accessible solute first diffuses from the core to the particle surface, whereby 

the mass-transfer is characterized by the solid-phase mass transfer coefficient.  

• The solute is assumed to be transferred directly from the surface to the fluid-phase and 

the mass transfer is characterized by the fluid-phase mass transfer coefficient.  

• The fluid density is not affected by the dissolved solute as well as the surface area, void 

fraction and extraction bed characteristics.  

The model categorizes the extraction curves into four distinct types, labelled A-D [80]. Type 

A extraction curves are independent of solute-matrix interactions and the straight part of the 

extraction curve equals the solubility of the solute. Extraction curves of Type B and C future 

two straight sections, the first without and second with solute-matrix interactions. In Type D, 

solute-matrix interactions control the extraction process, and the linear relationship between 

solid and fluid phase equilibrium gives rise to the partition coefficient.  

The first step to fit the retrieved extraction data is to identify the type of extraction curve. When 

the first part of the extraction curve consists of a single straight section, the extraction curve is 

either Type A or D. The type of extraction curve can be distinguished knowing the 

thermodynamic solubility of the solute. If the initial slope closely matches the solute solubility 

and there is a sharp transition between the first and second part of the extraction curve, it is 

Type A. Otherwise, it is Type D. If two straight sections are observed, it is of Type B, or C. 
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Type B and C can be differentiated based on the amount of solvent passed through the 

extraction bed at the intersection of the two straight sections. In a type C extraction curve, the 

second straight section starts later than in the Type B extraction curve. 

 

 

   

Figure 6. Illustration of the different extraction curve types (A-D) suggested by the Sovová’s model. 

  

Type A extraction curves are modelled by fitting a straight line to the first part of the extraction 

curve to Eq. (2) and the second part of the extraction curve using Eq. (3). 

 

 𝑒 = 𝑦𝑠𝑞  for 0 ≤ q ≤ qc (2) 

 

 
𝑒 = 𝑥𝑢[1 − 𝐶1𝑒𝑥𝑝 (−𝐶2𝑞)]  for q > qc (3) 

 

whereas e is the extraction yield, ys is the solubility, q is the relative amount of passed solvent, 

qc is the co-ordinate of the crossing point of part 1 and part 2, xu is the solute concentration in 

the untreated solid.  
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The model parameters C1 and C2 are then used to determine the fraction of easily accessible 

solute fraction, r, and solid-phase mass transfer coefficient, ksas, according to  

 

 
𝑟 = 1 − 𝐶1 𝑒𝑥𝑝 (−

𝐶2𝑞𝑐

2
) (4) 

 

 𝑘𝑠𝑎𝑠 =
(1 − 𝑟)(1 − 𝜀)𝑄𝐶2

𝑁𝑚
 (5) 

 

where ε is the bed void fraction, Q is the solvent flowrate, and Nm is the amount of insoluble 

solid. Nm itself can be determined according to  

 𝑁𝑚 = (1 − 𝑐𝑢)𝑁 (6) 

                            

where cu is the solute share in the untreated solid (
𝑥𝑢

1+𝑥𝑢
), and N is the mass load.  

Type B, C, and D extraction curves include solute-matrix interactions, and the linear part of 

the extraction data can be fitted using Eqs. (7) - (11). 

Type B: 
𝑒 = 𝑦𝑠𝑞  for 0 ≤ q ≤  q1 = 

 𝑟(𝑥𝑢−𝑥𝑡)−𝛾𝐾𝑥𝑡

𝑦𝑠−𝐾𝑥𝑡
 (7) 

𝑒 = 𝑦𝑠𝑞1 + (𝑞 − 𝑞1)𝐾𝑥𝑡  for q1 ≤ q ≤ qc (8) 

 

Type C: 
𝑒 = 𝑞 

𝑟(𝑥𝑢−𝑥𝑡)

𝛾
= 𝑦0𝑞  for 0 ≤ q ≤ γ (9) 

𝑒 = 𝑟(𝑥𝑢 − 𝑥𝑡) + (𝑞 − 𝛾)𝐾𝑥𝑡  for γ ≤ q≤ qc (10) 

 

Type D: 𝑒 =  
𝐾𝑥𝑢

1+𝐾(
𝛾

𝑟
)

𝑞 = 𝑦0𝑞  for 0 ≤  q ≤ qc (11) 

 

whereas xu is the concentration in the untreated solid, xt is the transition concentration, γ is the 

solvent-to-matrix ratio in the bed, K is the partition coefficient, and y0 is the initial fluid phase 

concentration. 

The easily accessible solute fraction, r, and solid-phase mass transfer coefficient are determined 

using Eq. (12) and (13). 

 𝑟 = 1 − 𝐶1 𝑒𝑥𝑝(−𝐶2𝑞𝑐) (12) 

 

 𝑘𝑠𝑎𝑠 =
(1−𝑟)(1−𝜀)𝑄𝐶2

𝑁𝑚[1−(
(1−𝑟)𝐶2

𝐾
)]

 for xt > 0 (13) 

   
 



 

18 
 

3.4.  LiPF6 decomposition 

LiPF6 is thermally and chemically unstable, and the decomposition pathway depends on the 

surrounding conditions [36–40,81]. In a dry, inert environment, anhydrous LiPF6 typically 

decomposes thermally to solid LiF and gaseous PF5 as shown in reaction 14. In the presence 

of moisture, PF5 undergoes hydrolysis and produces POF3, and gaseous HF as shown in 

reaction 15. However, when exposed to trace amounts of moisture or water, LiPF6 can directly 

decompose endothermically, forming solid LiF, along with gaseous HF and POF3 and HF as 

shown in reaction 16. 

 𝐿𝑖𝑃𝐹6 ⇌ 𝐿𝑖𝐹(𝑠) + 𝑃𝐹5(𝑔) (14) 

 𝑃𝐹5(𝑔) + 𝐻2𝑂(𝑔) ⇌ 𝑃𝑂𝐹3(𝑔) + 2𝐻𝐹(𝑔) (15) 

 𝐿𝑖𝑃𝐹6 +  𝐻2𝑂 ⇌ 𝐿𝑖𝐹(𝑠) + 𝑃𝑂𝐹3(𝑔) + 2𝐻𝐹(𝑔) (16) 

 

The onset decomposition temperature of LiPF6 is debated in literature. Kock et al., [38] 

reported a decomposition onset point for anhydrous LiPF6 at 134.84°C, while the hydrolysis 

reaction occurs at 114.46°C. However, LiFP6 degradation products have been detected at 

temperatures below 90ºC in the presence of the electrolyte solvents lime EC, EMC, DMC, and 

moisture [35,36,39]. Additionally, the hydrolysis degradation step was already observed at 

87°C with 300ppm of H2O [36]. 

 

3.5.  Formation of inorganic phosphates by hydrolysis of POF3 

Inorganic phosphates are formed following these hydrolysis steps when POF3 is in contact with 

water (Reactions (17)-(19)) [4,82]:  

 

 𝑃𝑂𝐹3 + 𝐻2𝑂 ⇌  𝐻𝑃𝑂2𝐹2 + 𝐻𝐹 (17) 

 𝐻𝑃𝑂2𝐹2 +  𝐻2𝑂 ⇌  𝐻2𝑃𝑂3𝐹 + 𝐻𝐹 (18) 

 𝐻2𝑃𝑂3𝐹 +  𝐻2𝑂 ⇌  𝐻3𝑃𝑂4 + 𝐻𝐹 (19) 
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4. Experimental 

The experimental, result, and discussion chapter are divided into three parts. The first part 

summarizes the findings of Paper I, and II. Two different processes to recover the electrolyte 

from spent LiB cells – low temperature thermal treatment and sub-and scCO2 extraction are 

compared in this part. The second part contains the results of Paper III and presents the study 

of the solubility of EC in scCO2. The third part is based on the findings in Paper IV. It studies 

the extraction behavior of the residual electrolyte solvents from LiB black mass. 

 

4.1.   Materials and Chemicals 

The spent LiB pouch cells (NMC/graphite) used in Part I were produced for electrical vehicle 

applications and provided by an industrial partner. Further details about the LiB cell cannot be 

provided due to a non-disclosure agreement. The black mass (NMC-111) used in Part II was 

received from an industrial partner and used without any further treatment. The general steps 

performed by the industrial partner to produce the black mass contained pre-shredding, 

magnetic separation, air separation, vibration separation, and dust recovery to remove the 

casing, separator, and electrode materials.   

Liquid CO2 (≥99.99%) was purchased from Air Liquid. Dry ice was provided by Cryotech. 

Nitric acid (HNO3, >65%), acetone (>95%), acetonitrile (>99.9%), ethylene carbonate (>98%), 

ethyl methyl carbonate (>99%), diethyl carbonate (>99%), propylene carbonate (99%), and 

biphenyl (>99%) were purchased form Merck Millipore.   

 

4.2. Electrolyte recovery from untreated LiB cells using thermal treatment and 

scCO2 extraction 

 

4.2.1. Sample preparation 

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

minimize the evaporation of the electrolyte solvents during the opening process. The pouch 

cells were then opened, and the electrode stack was removed by slicing along the edges with a 

scalpel. Prior to each experimental run, rectangular pieces were cut from the electrode stack 

using a scalpel. The fixed dimension of the combustion boat and the extraction chamber set the 

maximum dimensions and weight of the sample. For the low temperature thermal treatment 

process the sample size was 9x1 cm (11.0 ± 0.9 g) and for the sub-and scCO2 extraction process 

14.7x0.5 cm (8.8 ± 0.7 g). Between the experimental runs, the electrode stack was kept inside 

a sealed plastic bag at -18°C. 

 

4.2.2. Characterization of the electrolyte composition 

The electrolyte amount and composition were analyzed using Fourier-transform infrared 

spectroscopy (FTIR) and thermogravimetric analysis (TGA). For TGA, one layer of the 

electrode stack (20.99 ± 0.01 mg), including cathode, separator, and anode, was placed into an 

alumina boat.  
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The FTIR measurements were conducted using electrode stack samples prepared by the method 

described previously. The sample was placed inside a combustion boat and inserted in a quartz 

tube. A constant N2 flow (340 ml/min) was applied and the exhaust at room temperature 

(24 ± 2°C) was analyzed using FITR in steps of 1 minute.  

 

4.2.3. Low temperature thermal treatment process 

The schematic presented in Figure 7 illustrates the set-up used for the low temperature thermal 

treatment process. A quartz tube with an inner diameter of 30 mm inner was placed inside a 

horizontal electrical tube furnace (RT 50-250/13, P330, Nabertherm). The furnace temperature 

was monitored using a thermocouple connected to a data logger (TC-08, Pico Technology). 

The N2 flow (340 ± 20 ml/min) was controlled by a flowmeter. The quartz tube outlet was 

connected to two different configurations, Route A and Route B, depending on the type of 

analysis being performed. In route A, the exhaust gas was cryogenically trapped in a sample 

vial placed in a cold trap, consisting of a mixture of dry ice and acetone at -78°C. In route B, 

the exhaust gas was passed through a view cell, and FTIR spectra were monitored frequently 

over the entire process duration. A gas washing bottle containing 50ml of MQ water was 

connected in both routes before the exhaust was released to the environment. 

 

 
Figure 7. Schematic of the experimental set-up of the low temperature thermal treatment process. 
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A flowsheet summarizing the experimental procedure for the low temperature thermal 

treatment process, is shown in Figure 8.  

Figure 8. Flow-sheet of the experimental procedure of the low temperature thermal treatment process. 

 

The low temperature thermal treatment process was conducted in triplicate for each 

temperature setting (90ºC, 110ºC, 130ºC and 150ºC) with the samples tested in random order. 

The LiB sample was placed inside a ceramic combustion boat (120 x 20 x 13 mm). To 

equilibrate the N2 environment inside the quartz tube, the combustion boat was inserted into 

the quartz tube and positioned outside the hot zone of the furnace. After 5 minutes of 

equilibration, the combustion boat was moved into the center of the tube furnace under N2 

atmosphere. After 3 hours, the combustion boat was removed from the tube furnace and cooled 

down at room temperature (22 ± 2°C). The weight of the sample was measured with a high-

precision scale both before and after the treatment, under ambient air.  

Different analytical characterization techniques were performed after the thermal treatment 

process. The collected liquid product (Route A) was analyzed using gas chromatography 

coupled with mass spectroscopy (GC-MS), after dilution in acetonitrile with a dilution factor 

of 150. 

A solid condensation product was collected from the walls of the quartz tube walls outside the 

hot zine of the tube furnace, once the setup had cooled. The collected solid sample was 

characterized by attenuated total reflection (ATR)-FTIR. Additionally, the sample was ground 

in a mortar for further analysis using X-ray diffraction (XRD) and inductively coupled plasma 

optical emission spectroscopy (ICP-OES).  

The gas washing water was analyzed using ion chromatography (IC) and its pH was also 

measured. For the IC analysis, the samples were further diluted in MQ water with a dilution 

factor of 30.  
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4.2.4. Sub- and scCO2 extraction process 

The experimental set-up used for the scCO2 extraction process is illustrated in Figure 9. A 

syringe pump (ISCO 260D, Teledyne ISCO) connected to an external thermostat (Model F10 

& CM, Julabo) was used to provide compressed CO2 at the desired pressure and temperature 

to the in-house made stainless-steel extraction chamber (7.5 ml). The extraction chamber was 

thermally stabilized using water circulation in a flexible hose connected to an external water 

bath (Model F12 & ED, Julabo). A thermocouple and manometer were used to monitor the 

temperature and pressure conditions within the extraction chamber. The CO2 flow in the system 

was regulated using various shut-off valves and a meter valve. A stainless-steel filter (0.5 µm) 

was placed before the first shut-off valve. An electric temperature controller (W-510, Winkler) 

connected to electrical heated cables was whirled along the system outlet and set to 40 ± 5°C 

to avoid freezing the CO2. For detailed information about the determination of the CO2 flowrate 

and the collection of the extracts, see Paper II.  

 

 
Figure 9. Illustration of the scCO2 extraction process set-up. 

The LiB electrode stack sample was placed inside the extraction chamber, which was then leak-

tight closed using wrenches. Temperature-controlled water pipes were then whirled around the 

extraction chamber to maintain the desired process temperature (15°C - 55°C, with 

uncertainties of ±2ºC). Next, the extraction chamber was pressurized to the experimental 

pressure (60 - 120 bar, with uncertainties of ±4 bar). A static equilibration period of 3 minutes 

was allowed to stabilize the system at the set temperature and pressure conditions. Then, a 

constant CO2 flow was applied. After 30 minutes, the extraction chamber was depressurized, 

the chamber was opened using wrenches, and the electrode stack sample was retrieved. The 

sample mass was measured both before and after the extraction process using a high-precision 

scale. All experiments were conducted in triplicates. Throughout the process time of 

30 minutes, the cold trap outlet exhaust was frequently monitored using FTIR spectroscopy.  

The extracts were collected using a collection vial placed inside a cold trap, consisting of a 

mixture of dry ice and acetone at -78°C. The extract was then analyzed using ATR-FTIR, GC-

MS and ICP-OES. For the ATR-FTIR analysis, 200 μl of each collected sample was used. GC-

MS analysis was performed after the sample was diluted in acetonitrile with a dilution factor 

of 150. For ICP-OES, 50 μl of the collected extract was dissolved in 4.5 ml of 0.5 M HNO3 

and filtered. 
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4.3. Solubility of ethylene carbonate in scCO2 

An analogous experimental set-up was used as described in section 4.2.3. The major difference 

was the collection of the extracted samples. Two successive collection vials were used to 

maximize the collection yield of EC during the process. A detailed description of the set-up is 

provided in Paper III. 

The solubility of EC in scCO2 was studied isothermally (40°C, and 60°C) at different pressure 

conditions (80, 100, 120, 140, and 160 bar) using the gravimetrical flow-through method.  The 

equilibrium chamber was loaded with pure EC (1.00 ± 0.05 g) and was leak tight closed using 

wrenches. After stabilizing the temperature, the equilibrium chamber was pressurized using the 

syringe pumps to the desired pressure. An equilibration time of 7.5 minutes was used to 

stabilize the system, before initiating constant CO2 flow using a metering valve. The flow rate 

(1500 ± 300 ml/min) referred to the flow at depressurized conditions at 1 bar and 22 ± 1°C. 

The flowrate was as low as possible to achieve saturation in the equilibrium chamber. After 

5 minutes of constant flow, the collection vials were weighed using a precision scale (resolution 

0.01 mg and linearity ±0.1 mg). Meanwhile, the equilibrium chamber was held in static mode 

for 5 minutes. The procedure was repeated multiple times until the collected EC amount closely 

matched the input weight. The experimental runs were conducted three times at all pressure 

and temperature conditions.  

The solubility of EC in CO2 was determined based on the slope coefficient of the linear 

regression of the data points within the linear range of the cumulative collected amount of EC 

(g) versus the amount of consumed CO2 (g). The amount of consumed CO2 was calculated 

based on Eq. (20).  

 𝑚 =  𝑉 ×  ρ (20) 

 

whereas V is the total volume of consumed CO2 in ml during the extraction period of 5 minutes 

given by the syringe pump, and ρ is the density (g/ml) at the process condition taken from NIST 

Chemistry Webbook [83].  

 

4.4. ScCO2 extraction behavior of electrolyte solvents from LiB black mass 

At first, the remaining electrolyte content in the LiB black mass was determined using a 

procedure adapted from Peschel et al. [84]. A sample of 3.00 ± 0.02 g of black mass was placed 

into a 50 mL vial, to which 5 mL of acetonitrile was added. After shaking the vial by hand for 

5 minutes, the extraction solution was filtered and analyzed using GC-MS and ICP-OES. Prior 

to the analysis, the extraction solution was diluted by factors of 10 and 200, respectively. To 

assess the amount of remaining electrolyte in the black mass, 2.00 ± 0.02 g of the scCO2-treated 

sample was processed using the same method.  

The set-up for the scCO2 extraction process was like the one described in Section 4.2.4. 

However, small adjustments were made. A bigger extraction chamber with a volume of 18 ml 

(length (15cm), inner (1.24 cm) and outer diameter (1.27 cm), frit filter (2 µm)) was used. The 

collection system was also adopted. The extracts were absorbed into two consecutive collection 

vials placed in an ice-bath, each filled with acetonitrile. The first vial contained 5 ml and the 

second vial 25 ml of acetonitrile, respectively. After the collection vials, two gas washing 
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bottles were connected before the CO2 was monitored using a mass flowmeter (red-y smart 

meter GSM, Vögtlin instruments). For detailed information about the set-up refer to Paper IV. 

The extraction behavior of the residual electrolyte in the black mass was studied at different 

pressures (100 bar, and 140 bar) at 40°C. A mixture of black mass (3, 6, and 9g, with 

uncertainties of ±0.05g) and glass beads (d = 2 mm) was charged into the extraction chamber. 

The glass beads were used to fill the voids in the extraction chamber and to prevent channeling 

effects during the extraction as the black mass is a fine powder with a particle size less than 

0.4 mm. Then, the extraction chamber was pressurized and thermostated to the extraction 

conditions. After an equilibration time of 7.5 minutes, a constant flow rate of 

1500 ± 300 ml/min, which was measured at depressurized conditions at 22 ± 1°C and 1 bar, 

was applied. For every 5 L of passed CO2, the first collection vial was changed until a total 

CO2 consumption of 65 L was reached. Then, the extraction chamber was depressurized. The 

CO2 consumption was converted from L into g by multiplication of the calibration density of 

1.977 g/L, which was provided by the mass flow meter software. Finally, the extraction 

chamber was depressurized and the black mass separated from the glass beads by sieving. The 

solution of the collection vials was quantitively analyzed using GC-MS. 

After the extraction process, parts of the scCO2-treated black mass (2.00 ± 0.02 g) were used 

to determine the remaining electrolyte content using the acetonitrile extraction method 

described previously and TGA. The collected solution in both collection vials were analyzed 

using GC-MS, and ICP-OES.  

 

4.5. Formula and calculation protocols 

The sample weight loss was determined in weight percentage (wt%) and was calculated 

according to Eq. (21): 

 𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 = (1 −  
𝑚𝑎𝑓𝑡𝑒𝑟

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) × 100 (21) 

 

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

separation process.  

The extraction yield was calculated according to Eq. (22). 

 
𝐸% = (1 − 

𝑚𝑎𝑓𝑡𝑒𝑟

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) × 100 (22) 

 

where E% is the extraction yield, minitial is the initial electrolyte component, and mafter is the 

residual electrolyte component content. The electrolyte component content determination is 

described in Section 2.2.1.  
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The determined solubility (S, g/g) was converted into molar fraction solubility of EC (xEC) 

using Eq. (23). 

 𝑥𝐸𝐶 =  𝑆 
𝑀𝑀𝐶𝑂2

𝑀𝑀𝐸𝐶
 (23) 

 

whereas MMCO2 is the molar mass of CO2 (44.01 g/mol) and MMEC is the molar mass of EC 

(88.06 g/mol). 

 

4.6. Analytical methods 

4.6.1. Thermogravimetric analysis 

Thermogravimetric analysis (TGA, Q500, TA Instruments) was conducted in a temperature 

range between 20°C and 300°C at a constant N2 flow of 100 ml/min. The temperature was 

ramped with a rate of 5°C/min. In Part I of the thesis, the heating rate was automatically reduced 

and adjusted by the instrument based on the sample weight change using a high-resolution 

sensitivity of 4.0 and a resolution of 5.0.  

 

4.6.2.  Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR, Spectrum Two, Perkim Elmer) was used to 

analyze gaseous, liquid, and solid samples. 

FTIR spectra of gaseous samples were recorded in the range between 4000 cm-1 and 900 cm-1 

with a resolution of 4 cm-1 and a total of 12 scans. The gas cell used for the analysis consisted 

of flat windows (CaF2) and an optical path length of 10 cm.  

For the FTIR analysis of the solid samples, the attenuated total reflection (ATR) method of the 

FTIR spectrometer was used. The sample was placed on the diamond of the universal ATR 

accessory and a sufficient force was applied using a pressure arm. The spectra were recorded 

in a range between 4000 cm-1 and 450 cm-1 with a resolution of 2 cm-1. 

 

4.6.3. X-ray diffraction analysis 

A Bruker D8 Advance was used to perform the X-ray diffraction analysis (XRD) of the 

crystallographic structure of the collected solid phase product in the low temperature thermal 

treatment process. The diffraction pattern was recorded in the 2Ɵ range of 10 -55º using the 

characteristic Kα wavelength of 1.5406 Å provided by a Cu radiation source. The operating 

voltage and current were set to 40 kV and 40 mA, respectively. Prior to the analysis, the sample 

was ground with a mortar. For interpretation of the diffraction pattern the EVA software and 

PDF database were used.  
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4.6.4. Gas chromatography – mass spectroscopy 

Gas chromatography coupled to mass spectroscopy (GC-MS) was used to analyze the separated 

electrolyte composition. The information about the instrument type and GC settings used in the 

different Parts of the thesis are stated in Table 2. 

Table 2. Parameters for the GC-MS analysis. 

 Thermal treatment 

(Section 4.2.3) 

Sub-Supercritical 

CO2 Extraction 

(Section 4.2.4) 

Extraction 

behavior 

(Section 4.4) 

Instrument 
7890A, Agilent 

Technologies 

7890A, Agilent 

Technologies 

GC-2030 NX, 

GCMS-QP2020 

NX, Shimadzu 

Column 

Agilent HP-5MS 5% 

Phenyl Methyl Silox 

column (30 m x 250 μm 

x 0.25 μm) 

Agilent HP-5MS 5% 

Phenyl Methyl Silox 

column (30 m x 250 μm 

x 0.25 μm) 

ZB-5MS column 

(30 m x 250 μm x 

0.25 μm) 

Injection 

Carrier gas He (1 ml/min) He (1 ml/min) He (1 ml/min) 

Injection 

temperature 
250°C 250°C 270°C 

Split ratio 1:100 1:100 1:20 

Purge flow 3 ml/min 3 ml/min 3 ml/min 

Oven program 

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

Heating rate 30ºC/min 20ºC/min 20ºC/min 

Final temperature 230ºC, 3 min 230ºC, 2 min 260ºC, 2 min 

MS conditions 

Ionization Electron impact Electron impact Electron impact 

Filament voltage 70eV 70eV 70eV 

Source Temperature 230°C 230°C 230°C 

Mass range 15-300 m/z 15 – 300 m/z 30 – 300 m/z 

 

For quantification, the integrated peak areas of ethylene carbonate (43 m/z), propylene 

carbonate (57 m/z), ethyl methyl carbonate, dimethyl carbonate (45 m/z), diethyl carbonate, 

and biphenyl (154 m/z) were used, whereas the quantification ions are given in brackets. Mixed 

standard solutions with concentrations of 10, 25, 50, 100, 200, 1000, and 2000 mg/L were 

prepared using acetonitrile. 

 

4.6.5. Ion chromatography 

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

the gas washing water of the low temperature thermal treatment process. Anion analysis was 

conducted using a DionexIonPac column (AG4A- SC, 4 x 50 mm, ThermoFisher Scientific), 

and a carbonate buffer (1.7 mM NaHCO3, 1.8 mM Na2CO3) as an eluent. The sample were 

diluted in MQ water (1:30), and the injection volume was 20 µl. The retention time of standards 

containing F- and PO4
3- were used to confirm the peaks.  
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4.6.6. Inductively coupled plasma – optical emission spectroscopy 

Inductively coupled plasma – optical emission spectroscopy (ICP-OES, ThermoFisher 

Scientific, iCAP PRO) was used for elemental analysis. Standards containing Li, Ni, Co, Mn, 

Fe, Cu, Al, P, Na, S, Si, Cd, Ca, and Zn were prepared by dilution in 0.5M HNO3 for the linear 

calibration range between 0.3 to 20 ppm. The approximate detection limit was 0.1 ppm. Prior 

to the analysis the samples were diluted in 0.5M HNO3. 
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5. Results 

The results chapter is divided into three parts. The first part summarizes the results published 

in Paper I, and II and compares two different processes to recover the electrolyte from spent 

LiB cells – low temperature thermal treatment and sub-and supercritical CO2 extraction. Then, 

in the second part the solubility of ethylene carbonate in scCO2 was studied (Paper III). Finally, 

the results were applied for the extraction of the residual electrolyte solvents in LiB black mass 

(Paper IV).  

 

5.1. Electrolyte recovery from untreated LiB cells using thermal treatment and 

scCO2 extraction 

5.1.1. Characterization of the electrolyte composition 

As a first step, the composition of the electrolyte of the LiB pouch cells was determined using 

FTIR analysis of its exhaust at room temperature (24 ± 2°C) under N2 flow. The exhaust FTIR 

spectra of the exhaust monitored after 1, 3, and 5 minutes are shown in Figure 10. For reference, 

the gas phase spectra of pure DMC, EMC, and EC are also plotted. The vibrational peaks at 

1780 cm-1, 1463 cm-1, and 1295 cm-1 were associated with DMC [85], while the peaks at 

1772 cm-1, 1378 cm-1, and 1370 cm-1 were attributed to EMC [86]. The peaks at 1876 cm-1, 

1868 cm-1, and 1860 cm-1 correspond to EC in gas phase [87]. This indicated that the electrolyte 

solvents contained a mixture of DMC, EMC, and EC. 

 

 
Figure 10. 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. 
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TGA was conducted to verify the electrolyte solvent mixture composition based on their 

boiling points. The thermogravimetric (TG) and differential thermogravimetric (DTG) curves 

of the electrode stack sample (20.99±0.1 mg) within the temperature range of 20°C to 300°C 

is plotted in Figure 11. The determined weight loss was 9.34 wt%. Three distinct peaks at 96°C, 

109.6°C, and 128.9°C were observed in the DTG curve, which align with the boiling points of 

DMC (90°C) and EMC (107°C). The peak at 128.9°C is attributed to the onset decomposition 

temperature of LiPF6 (134.84°C) [21]. No peak was observed at the boiling point of EC 

(248°C), likely because EC evaporated along with the other components before reaching its 

boiling point. The DTG curve remained stable after 150°C. Consequently, the maximum 

temperature for the thermal treatment process was set to 150°C, and other temperatures to 

90°C, 110°C, and 130°C based on the DTG peaks.  

 

 
Figure 11. Thermogravimetric (TG, blue) and differentiate thermogravimetric (DTG, red) curves 

of the LiB electrode stack sample. 

 

5.1.2. Low temperature thermal treatment 

The effects of low temperature thermal treatment at various temperatures on the electrolyte 

separation, its exhaust and collected products were analyzed in the following. The sample 

weight loss, expressed as weight percent (wt%), at various process temperatures of 90ºC, 

110ºC, 130ºC, and 150ºC is shown in Figure 12. At a temperature of 130°C, the weight loss 

stabilized at 13.9±0.1 wt%. It can be observed that with raising temperature, the standard 

deviation of the triplicate measurements decreased.  
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Figure 12. 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. The uncertainty bars 

in the plot represent the standard deviations (1σ) of the triplicates at each temperature.  

 

Both liquid and solid phase products were collected after the electrolyte separation via low 

temperature thermal treatment. The liquid phase product composition was analyzed using GC-

MS, and the resulting chromatographs are plotted in Figure 13. The peaks observed at retention 

times of 2.33 min, 2.81 min, and 4.59 min were identified as DMC, EMC, and EC, respectively, 

based on the NIST 08 library.  

 

 
Figure 13. 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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Approximately 0.3 g (≈ 20-25% of the total weight loss) of crystalline condensate residue was 

collected from the wall of the quartz tube after the processes, as shown in Figure 14. The 

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

ICP - OES. 

 

  

   

Figure 14. 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. 

 

Figure 15 shows the ATR-FTIR spectra of the recovered crystalline solid phase residue, 

collected after the low temperature thermal treatment process at 110ºC, 130ºC, and 150ºC and 

the spectrum of pristine EC in solid phase as a reference. The spectra match the EC reference 

spectrum at all temperatures. Additionally, minor peaks between 1050 cm- 1 and 450 cm-1, 

corresponding to the vibrational modes of POF3 (a,c) and LiPF6 (b,d) were observed in the 

spectra.  

a) 

b) c) 
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Figure 15. 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 XRD diffraction pattern of the recovered solid phase product, recorded in the 2Ɵ range 

from 10º to 55º, is plotted in Figure 16. The diffraction peaks match the peaks of EC, which 

has a monoclinic crystal structure (PDF Card No: 00-008-0768). According to ICP-OES 

results, 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) were detected in recycled EC. 

 

 
Figure 16. 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.  
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The process exhaust gas was analyzed using in-situ FTIR throughout the entire experimental 

period. The recorded FT-IR spectra at various time intervals (1, 15, 30, 60, 90, 120, and 180 

minutes) for different process temperatures (90ºC, 110ºC, 130ºC, and 150ºC) are plotted in 

Figure 17. At all temperature conditions, characteristic peaks corresponding to the electrolyte 

solvents DMC, EMC and EC were observed. Additional peaks corresponding to HF (4000 cm- 1 

to 3600 cm-1) and POF3 (1428 cm-1, 1416 cm-1, 1404 cm-1, and 991 cm-1) were detected at all 

temperature conditions [35–37].  

 

 
Figure 17. 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 by monitoring the change in the relative 

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

intensities and high selectivity, the relative absorption intensities of the vibrational peaks at 

1780 cm-1 (νC=O of DMC) and at 1284 cm-1 (νO-C-O of EMC) were tracked throughout the 
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entire process, as shown in Figure 18. It is important to note that the equilibration time, defined 

as the period before the sample was introduced to the hot zone of the furnace, is denoted as -5 

to 0 minutes.  

During the equilibration time relative absorption intensities greater than 74% for the C=O peak 

of DMC and 90% for the O-C-O peak of EMC were already observed in the FT-IR spectra 

across all temperature conditions. Once exposed to the process temperatures, an immediate 

increase to 100% absorption intensity was observed. The relative absorption intensity began to 

decrease after 40 minutes, eventually stabilizing around 60 minutes for DMC and 80 minutes 

for the EMC.  

 

 

 
Figure 18. 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. 
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The time-dependent changes in relative absorption intensity for the characteristic peaks of HF 

(3878 cm-1) and POF3 (1416 cm-1) were plotted over the entire 180-minute process period, as 

shown in Figure 19. The vibrational peaks of HF and POF3 appeared simultaneously between 

4 and 10 minutes, depending on the process temperature. It is evident that a higher process 

temperature results in a shorter duration for the hydrolysis degradation of LiPF6. At process 

temperatures of 130ºC and 150ºC, the relative absorption intensity stabilized at a constant level 

after a maximum of 70 minutes. At temperatures below 130ºC, by contrast, the POF3 peak 

continued to decrease without stabilizing throughout the entire process time. The gas washing 

water was analyzed after the thermal treatment process using IC and the results plotted in 

Figure 20. Distinct peaks at retention times at 2.8, and 10.8 minutes were observed, and 

assigned to F- and PO4
3-. 

 

 

 

Figure 19. 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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Figure 20. IC chromatograph of the gas washing water at process temperatures of 130°C and 150°C. 

 

5.1.3. Sub-and sc-CO2 extraction 

This section summarizes the results when using scCO2 to separate the electrolyte solvents from 

the LiB pouch cells. The effects of pressure (60-120 bar), temperature (15-55°C) and the 

corresponding CO2 density on the sample weight loss expressed in weight percentage (wt%) 

and the electrolyte separation yield (%) are plotted in Figure 21. The electrolyte separation 

yield was calculated based on the maximum electrolyte separation yield achieved during the 

low temperature thermal treatment process, which was 13.9 ± 0.1 wt% at 130ºC. The total 

electrolyte weight was then adjusted to 14.2 wt%, accounting for the LiF residues remaining 

after the decomposition of LiPF6. 88.2% of the total electrolyte amount was attributed to the 

electrolyte solvent, equating to 12.5 wt% of the electrode stack. The contribution of LiPF6 was 

estimated to be 11.8%, corresponding to 1.7 wt% of the electrode stack. 

As shown in Figure 21a, the maximum electrolyte separation yield of 66% (9.4 ± 0.2 wt%) was 

achieved at 80 bar. Beyond this point, a pressure increase did not further enhance the electrolyte 

separation yield. In fact, a slight decrease to 64% (9.02 ± 0.07 wt%) at 120 bar was observed. 

Figure 21b shows that raising the temperature above 29°C resulted in a (linear) decrease in 

electrolyte separation yield, whereas below 29°C the electrolyte separation efficiency remained 

rather constant at 66% (9.4 ± 0.2 wt%) within the standard deviation of the triplicates.  

Pressure and temperature directly influence the CO2 density during the extraction process. 

Figure 21c shows the weight loss and separation yield against the CO2 density at the different 

process conditions. The electrolyte separation yield clearly depends on the CO2 density. The 

electrolyte separation yield remained relatively constant within the CO2 density range of 

600 kg/m3 to 900 kg/m3.  However, below a CO2 density of 600 kg/m3, the separation yield 

decreased. The highest electrolyte separation yield of 66% was reached at a CO2 density of 

715 kg/m3. 

 

 



 

38 
 

 

 

 

 
Figure 21. 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 uncertainty bars in the plots represent the standard deviations (1σ) of the triplicates at each process 

condition. 

 

The composition and purity of the collected extracts were analyzed using GC-MS and ICP-

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

densities, shown in Figure 22a, reveal peaks at acquisition times of 2.35, 2.93, and 

5.31 minutes. Additionally, minor peaks at 3.18, 3.35, 3.63, and 3.85 minutes are highlighted 

in the focused plot in Figure 22b. The peaks at 2.35, 2.93, and 5.31 minutes correspond to the 

organic electrolyte solvents DMC, EMC and EC, respectively. The peaks at 3.18, 3.63, and 

3.85 minutes were assigned to the electrolyte decomposition products dimethyl 
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fluorophosphate (DMFP), DEC, and ethyl methyl fluorophosphate (EMFP). The peak at 

3.35 minutes was assigned to the electrolyte additive vinylene carbonate (VC).  

 

 

 
Figure 22. a) GC-MS chromatogram of the collected liquid phase product at various CO2 densities and 

(b) focused between 2.9 and 4 minutes. 

 

The semi-quantitative analysis of the collected extract, in relation to the CO2 density, is shown 

in Figure 23. The proportion of EC was found to be dependent on the CO2 density. At densities 

below 300 kg/m3 less than 2% of EC was detected in the extract. As the CO2 density reached 

714 kg/m3, the share of EC in the extract increased to 9.7%, compared to 3.9% at a CO2 density 

of 857 kg/m3.  
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Figure 23. Composition of the collected liquid phase product obtained at various CO2 process densities 

based on the GC-MS analysis. 

 

ICP-OES was used to quantify the elemental composition of the extract. P and Al were detected 

at concentrations of 360 ± 65 mg/L and 5.2 ± 0.4 mg/L, respectively, across all process 

conditions. Li, in turn, was below the detection limit of the instrument.  

The exhaust gas from the cold trap outlet was continuously analyzed using FTIR spectroscopy 

throughout the entire process. The results for the process conditions yielding a CO2 density of 

715 kg/m3 is plotted in Figure 24a. These conditions were selected process conditions as they 

provided the highest separation yield. The FTIR spectra revealed strong CO2 vibration peaks 

(3728 cm-1, 3704 cm-1, 3624cm-1, 3599 cm-1, 2349 cm-1 (broad)), along with peaks 

corresponding to carbon monoxide (around 2075 cm-1) 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. No vibrational peaks corresponding to gas-phase EC (1876 cm-1, 1868 cm-1, and 1860 

cm-1) were observed. Furthermore, vibrational peaks associated with the 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 detected in the cold trap exhaust gas.  

The FTIR spectra of the exhaust gas emissions prior to the collection chamber are shown in 

Figure 24b. In this case, vibrational peaks assigned to EC were detected along with peaks 

belonging to DMC, and EMC. Again, no vibrational peaks corresponding to HF and POF3 were 

observed. 
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Figure 24. 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. 

 

The sample was manually separated into the cathode, anode, and separator materials after the 

extraction process. On the surface of the cathode and separator material, a white residue was 

clearly observed as seen in Figure 25. The FTIR peaks of the surface of the cathode and 

separator material match the vibrational peaks of EC. 

 

 

a) 
b) 
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Figure 25. a) Cathode and b) separator material after the extraction process. c) ATR-FTIR spectrum 

of the surface of the cathode and separator material and EC in solid phase as a reference.  

 

5.2. Solubility of ethylene carbonate in scCO2 

As shown in the previous chapter, the non-polar linear carbonates (DMC, and EMC) can be 

successfully extracted while the extraction of EC was limited. Thus, to improve the extraction 

of EC, this section focusses on the solubility of EC in CO2. Solubility data is necessary to select 

the pressure and temperature conditions for the scCO2 extraction process. To extract the 

compound of choice, the compound needs to be soluble in scCO2. The solubility of EC in 

scCO2 was determined at different pressure conditions (80, 100, 120, 140, and 160 bar) at the 

isothermal temperature of 40°C and 60°C, respectively. The results are stated in Table 3 and 

plotted in Figure 26. An increase of EC solubility in scCO2 was observed in the range from 

0.24 g/kg CO2 to 8.35 g/kg CO2 when the pressure was increased. Under the same pressure 

conditions, the determined solubility values were higher at 40°C compared to 60°C. 

 

 

 

 

 

 

 

 

 

c) 
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Table 3. Experimental solubilities of ethylene carbonate in supercritical carbon dioxide based on the 

results presented in Figure 1 and Figure S2. a Uncertainty of the temperature, and pressure was 2°C, 

and 5 bar, respectively. b Density data was taken from the NIST Chemistry WebBook [83]. c Slope (g/kg 

CO2) of the linear regression. d Uncertainties (±) refer to the standard error of the linear regression 

coefficient. 

Temperature a 

(°C) 

Pressure a 

(bar) 

CO2 density b 

(kg/m3) 

Solubility  

(g/kg CO2) 

Mole fraction solubility 

(x10-3) 

40 

 

 

 

 

 

60 

  80 

100 

120 

140 

160 

 

  80 

100 

120 

140 

160 

277.9 

628.6 

717.8 

763.3 

794.9 

 

191.6 

289.9 

434.4 

561.4 

637.5 

0.24 c ± 0.02 d 

3.5 ± 0.2  

4.8 ± 0.2 

6.4 ± 0.3 

8.4 ± 0.5 

 

0.56 ± 0.09  

0.50 ± 0.03 

1.7 ± 0.2 

3.6 ± 0.3 

5.5 ± 0.4 

0.12 

1.74 

2.37 

3.17 

4.17 

 

0.28 

0.25 

0.86 

1.78 

2.75 

 

 

 
Figure 26. Solubility of EC in scCO2 at different pressures (80, 100, 120, 140 bar, and 160 bar) at 

isothermal temperature (40°C, and 60°C) conditions. The uncertainty bars represent the standard 

error of the linear regression slope coefficient. 
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The experimental solubility data was fitted to the Chrastil model (Eq. (1)) using the curve_fit 

function in Python. The standard deviation of the parameter k was determined based on the 

square root of the corresponding diagonal element of the covariance matrix. The fitting 

parameters are provided in Table 4. The Chrastil model fitted well the solubility data with R2-

values of 0.9992, and 0.9998, respectively, as shown in Figure 27. The average association 

number, k, was quite similar (4.3, and 4.0, respectively) at both temperature conditions. 

Parameter A and B were a magnitude higher at 60°C. 

 

 
Figure 27. Correlation between the experimental and correlated solubility data using the Chrastil 

model. 

 

Table 4. Fitting parameters obtained for the Chrastil equation and the R2 value of the fit.  

Temperature 

(°C) 

A B k R2 

40 

60 

84329 

506275 

-296 

-1544 

4.3 ± 0.3 

4.0 ± 0.4 

0.9992 

0.9998 
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5.3. ScCO2 extraction behavior of electrolyte solvents from LiB black mass 

The LiB black mass used in this section was provided by an industrial partner. The black mass 

was produced using general pre-treatment steps including pre-shredding, magnetic separation, 

air separation, vibration separation, and dust recovery to remove casing, separator and electrode 

materials.  

As a first step, the residual electrolyte content in the LiB black mass was analyzed using TGA, 

GC-MS, and ICP-OES. TGA was used to determine the weight percentage of residual 

electrolyte based on the mass loss between room temperature and 150°C, which includes 

solvent removal and LiPF6 degradation. The mass loss at 150°C was 5.7 ± 0.5 wt%, which 

corresponds to 57 ± 5 mg of electrolyte per g of black mass as seen in Figure 28. However, the 

hygroscopic nature of black mass may have caused moisture absorption, potentially affecting 

the TGA results.  

 

 
Figure 28. Thermogravimetric (TG, blue) and differentiate thermogravimetric (DTG, red) curves of 

the initial black mass prior the extraction process. 

 

Acetonitrile was then used to extract the remaining electrolyte solvents in the black mass 

sample. The solution was analyzed using GC-MS, and ICP-OES. The key compounds in the 

GC-MS chromatogram were identified as DMC, EMC, DEC, EC, PC, and biphenyl, with their 

quantities listed in Table 5. It can be observed that mainly non-volatile electrolyte solvents 

(EC, PC, and biphenyl) remained in the black mass, whereas the volatile fraction (DMC, EMC, 

and DEC) was low. The content of LiPF6 was estimated based on the Li (0.71 ± 0.01 mg/g), 

and P (3.2 ± 0.3 mg/g) content in the solution measured via ICP-OES. The mass ratio between 

P and Li was slightly higher (4.75) compared to the theoretical mass ratio in LiPF6.  More 

detailed information about the residual electrolyte characterization can be found in Paper IV. 
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Table 5. Estimated electrolyte solvent content (mg) per g of black mass of DMC, EMC, DEC, EC, PC 

and biphenyl based on the GC-MS, and ICP-OES analysis of the acetonitrile extraction. a  Average of 

5 samples. b Uncertainty (±) is expressed as the standard deviation (1σ) of 5 extraction samples. ‘Other’ 

corresponds to the differences between quantified compounds and total electrolyte content determined 

by TGA analysis.  

  

Content 

(mg/g) 

DMC 0.12a ± 0.05b 

EMC 0.5 ± 0.1 

DEC 0.25 ± 0.05 

PC 1.6 ± 0.1 

Biphenyl 0.6 ± 0.1 

EC 22 ± 1 

LiPF6 15.4 ± 0.3 

Other 16 ± 5 

 

After identifying the residual electrolyte content and composition in the black mass sample, 

the extraction behaviour of the residual electrolyte components was studied at two different 

pressure conditions (100 bar, and 140 bar) at 40°C. After the scCO2 extraction, the extraction 

yield of the residual content in the black mass was determined using TGA analysis and 

acetonitrile extraction and the results are stated in Table 6. At 100 bar the volatile electrolyte 

solvents DMC, EMC, and DEC were extracted with an extraction yield exceeding 99%. The 

non-volatile but non-polar biphenyl was extracted with 97%. EC, and PC were only partly 

extracted, reaching an extraction yield of less than 60, and 50%, respectively. However, raising 

the pressure to 140 bar, the extraction yield of EC, and PC increased to 95%, and 98%, 

respectively. Additionally, it can be observed that less than 5% of LiPF6 was extracted at both 

conditions.   
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Table 6. Extraction yields for the different electrolyte components obtained at 100 bar and 140 bar at 

40°C. 

 Extraction yield (%) 

Electrolyte 

component 
@100 bar @140 bar 

DMC >99 >99 

EMC >99 >99 

DEC >99 >99 

PC <50 >98 

Biphenyl >97 >98 

EC <60 >95 

LiPF6 <5 <5 

Other >60 >75 

Total >46 >65 

   

 

The extraction behaviour of DMC, EMC, DEC, PC, and biphenyl at 100 bar, and 140 bar was 

analyzed in the following. Therefore, the cumulative yield was plotted over the relative passed 

CO2 amount as seen in Figure 29, whereas the extraction behaviour of EC is plotted in Figure 

30. It can be observed that the extraction behaviour of DMC, EMC, and DEC are rather similar 

at both pressures, and the cumulative extraction yield levels off after the first sampling point 

before reaching their maximum yield.  

The extraction curve of EC, and PC at 100 bar are linear over the entire extraction period. 

However, the linear extraction curve can be divided into to two parts as the slope decreases 

slightly after 15 g CO2/g of black mass. This overlaps with the passed CO2 amount at which 

the non-volatile electrolyte solvents (DMC, EMC, and DEC) reached their maximum 

extraction yield. At 140 bar, the extraction behaviour of EC, and PC cannot be directly linked 

to the presence of DMC, EMC, and DEC in the extraction chamber. After a linear extraction 

period, the extraction curve of EC, and PC levels off after approximately 7g CO2/ g black mass, 

and 3g CO2/ g black mass, respectively, before approaching their maximum extraction yield.  
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Figure 29. Cumulative extraction curve of DMC, EMC, DEC, biphenyl, and PC at a) 100 bar and 40°C 

and b) 140 bar and 40°C. The dashed lines in the graphs describe the trend of the extraction curve. The 

uncertainty bars in the plot represent the standard deviations (1σ) of the triplicates at each 

measurement. 
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Figure 30. Cumulative extraction curve of EC at a) 100 bar and 40°C and b) 100 bar and 40°C. The 

dashed lines in the graphs describe the trends of the extraction curves. The uncertainty bars represent 

the standard deviation (1σ) of the triplicates. 

 

The mass load of the black mass in the extraction chamber was varied (3, 6, and 9g) to check 

whether the extraction curves of EC, and PC at 140 bar and 40°C represent an equilibrium 

extraction curve and the corresponding plots are given in Figure 31 [80]. It can be observed 

that the slope of the linear part of the extraction curves increased with raising mass loads. Also, 

an overall higher cumulative yield for EC was reached at 9 g compared to 3 g, and 6 g.   
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Figure 31. Extraction curves of a) EC and b) PC at different mass loads (3g, 6g, and 9g) of black mass 

inside the extraction chamber. The uncertainty bars represent the standard deviation (1σ) of the 

triplicates. The dashed lines indicate the trend of the curves.  

 

The extraction curves of EC, and PC obtained at a mass load of 9 g were fitted using the Type D 

model equations described in the section 3.3 and the results are plotted in Figure 32. Eq. (11) 

was used to fit the first straight part of the extraction curve to determine the equilibrium 

constant y0 for EC, and PC. The second part of the extraction curve was fitted using Eq. (3) by 

adjusting the fitting parameters C1, and C2. The curve_fit function included in the Python 

module scipy.optimize was used to determine the optimized model parameters stated in Table 

7. The square root of the diagonal element of the covariance matrix corresponding to the fitting 

parameter was used to determine the standard deviation (1σ).   
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Eq. (12) was then used to estimate the easily accessible solute fraction, r, from the fitting 

parameter C1, and C2, as well as the crossing-point of the two sections of the extraction curve, 

qc. The partition coefficient, K, was then estimated using Eq. (11). Finally, Eq. (13) was used 

to estimate the solid-phase mass transfer coefficient, ksas. The fitting parameters used for the 

calculations are stated in Table 7 along with the estimated values for r, K, and ksas. The 

uncertainties for these were calculated from the fitting parameter uncertainties of y0, C1, and 

C2 using the Gaussian error propagation. 

 
 

Figure 32. Modelled extraction curve of a) EC, and b) PC at 140 bar and 40°C using the model 

parameters stated in Table 7.  

 

Table 7. Model parameters used to fit the extraction curves with Type D model suggested by Sovová.  

Model parameter EC PC 

qc (g CO2/g black mass) 5.78 3.46 

y0 (mg/g CO2)
a 1.92 ± 0.02 0.40 ± 0.03 

C1
 1.811 ± 0.299 0.696 ± 0.187 

C2
 0.270 ± 0.20 0.380 ± 0.062 

r 0.61 ± 0.08 0.81 ± 0.06 

K 0.137 ± 0.004 0.34 ± 0.03 

ksas (s
-1) 0.089 0.019 
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6. Discussion 

In this chapter, the results presented in the previous chapter will be discussed in three parts. 

The first part compares the two different processes to recover the electrolyte from spent LiB 

cells – low temperature thermal treatment and sub-and scCO2 extraction. The second part 

discusses the solubility of EC in CO2. In the last part of the discussion chapter, the extraction 

behavior of the residual electrolyte solvents from LiB black mass using scCO2 extraction will 

be discussed.  

 

6.1. Electrolyte recovery from untreated LiB cells using thermal treatment and 

scCO2 extraction 

In Part I of the result section two different approaches – low temperature thermal treatment and 

sc-CO2 extraction, were used to recover the electrolyte from untreated spent LiB pouch cells. 

Based on the FTIR and TGA results, the electrolyte composition was based on DMC, EMC, 

EC, and LiPF6. First the results of the thermal treatment approach will be discussed, followed 

by the discussion of the results of the sub-scCO2 extraction process. Finally, both approaches 

will be compared with each other. 

In the low temperature thermal treatment process, a weight loss of 13.9 ± 0.1 wt% was observed 

at 130°C after 3 hours. The weight loss of the electrode stack was associated with the amount 

of electrolyte removed using the corresponding process. An increase in temperature to 150°C 

did not further enhance the separation of the electrolyte as seen in Figure 12.  

The separated electrolyte components were collected in two different phases, solid and liquid 

phase. The collected liquid product was composed of DMC, EMC, and smaller amounts of EC 

as revealed by GC-MS analysis plotted in Figure 13. EC, in turn, was mainly recovered as solid 

condensate from the walls of the quartz tube outside the heating zone of the tube furnace. At 

this position of the tube furnace, EC crystallized as the temperature was lower than its melting 

point of 36.5°C. The high melting point of EC allows for its direct separation from other lower 

melting point electrolyte solvents like DMC, and EMC. However, it can also be a challenge as 

at room temperature it also might block the pipelines of an industrial plant. 

The low temperature thermal treatment process successfully separated the electrolyte solvents 

(DMC, and EMC) at all process temperatures. This was confirmed by the disappearance of the 

DMC and EMC emissions in the exhaust gas after 80 minutes at 130ºC and 150ºC. According 

to literature, at temperatures above 180°C, DMC, EMC and EC eventually decompose into 

CO2, carbon monoxide (CO), ethene (C2H4), and dimethyl ether (C2H6O) [88]. However, these 

compounds were not detected in the exhaust gas, indicating that DMC, EMC and EC did not 

degrade during process.  

In the theory section, the degradation mechanism of LiPF6 at elevated temperatures was 

described. The analysis of the process exhaust gas revealed that LiPF6 degradation occurred at 

all temperature settings, as confirmed by the presence of HF and POF3. The characteristic peaks 

of the anhydrous LiPF6 decomposition product PF5 at 1018 cm-1 and 946 cm-1 overlap with the 

vibrational peaks of the organic solvents and therefore difficult to identify with certainty [36]. 

Nonetheless, the formation of PF5 during the process cannot be excluded. Time-resolved 

analysis of the HF and POF3 peaks in the exhaust gas further indicated that LiPF6 fully 

decomposed at process conditions above 130°C after 70 minutes as their peak intensities 
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plateaued. However, POF3 peaks were detectable at 90°C, and 110°C throughout the entire 

process time, suggesting an incomplete decomposition. This observation aligns with literature 

studies showing a weight loss of LiPF6 to 17 wt%, the proportion of LiF, at temperatures up to 

150ºC as measured by TGA [83]. Notably, the standard deviation of the triplicate 

measurements decreased as the temperature increased, suggesting incomplete degradation of 

LiPF6 at process temperatures below 130ºC. The moisture/humidity responsible for the 

hydrolysis of LiPF6 was likely absorbed into the LiB sample during the cell disassembly, 

sample preparation, and cell storage at -18ºC. The presence of F- and PO4
3- in the gas washing 

water reveals that hydrofluoric acid and phosphoric acid were formed after the reaction of HF 

and POF3 with H2O according to equations 2 and 3.  Hydrofluoric acid and phosphoric acid can 

be considered as process by-products and potentially reutilized. However, more research into 

this is required. 

Moving to the results obtained using scCO2 extraction, it can be observed that the maximum 

electrolyte extraction yield of 66% was achieved at 80 bar and 29°C. Above 80 bar, the effect 

of increasing pressure up to 120 bar was minimal. A more pronounced effect on the extraction 

yield was observed with varying the temperature. Below 29°C, the extraction yield was 

constant within the uncertainty of the triplicates. In turn, increasing the temperature resulted in 

a linear decrease in extraction yield. Similar temperature effects were reported by Mu et al. 

[69] at 70 bar, while using an electrolyte-soaked separator (EC, PC, DMC, EMC) as extraction 

medium. At 250 bar the extraction yield to slightly increased while raising the temperature 

from 30°C to 50°C as reported by Liu et al. [67]. 

As described in more detail in section 3.1, the solvation characteristics of scCO2 are highly 

related to the process density as the specific solvent-solute interaction probability increases 

with raising CO2 density [74]. The observed temperature effect on the extraction yield reflects 

the dependence on the CO2 density. The effect of the CO2 density on the extraction yield is 

also highlighted in Figure 21. The maximum electrolyte separation yield of 66% was 

determined at CO2 densities between 600-900 kg/m3. 

Analysis of the collected extract using GC-MS revealed DMC, and EMC as the main 

constituents, whereas EC was only present in minor amounts (<10%) at all studied conditions. 

It is worth noting that the extract collection yield was around 60% and the plotted composition 

in Figure 23 is not representative of the actual extraction composition. In the cold trap exhaust 

gas, vibrational peaks corresponding to DMC, and EMC were observed, whereas EC peaks 

were not detected. Thus, it is believed that the actual share of extracted EC was lower than 

indicated in Figure 23. Mainly DMC, and EMC were extracted from the LiB electrode stack 

sample at the studied temperature and pressure conditions. As shown in in Figure 25 remained 

in the electrode stack after the extraction process. The findings are in alignment with the study 

by Grützke et al. [65], which reported that only DMC, and EMC were quantitatively recovered 

from aged 18650 cells using liquid (60 bar, 25°C), and supercritical (300 bar, 40°C) CO2, 

whereas the extraction EC was limited. In contradiction to these results, Liu et al. [67] reported 

high extraction yields (> 89%) of EC at pressures between 150 and 350 bar and temperatures 

between 30 and 50°C. In their work, Liu et al. used an ordinary polypropylene separator soaked 

with electrolyte as an extraction medium. However, in this work the electrolyte was extracted 

from spent LiB pouch cell electrode stack samples, whereas Grützke et al. used aged 18650 

LiB cells. In a different study Grützke et al. [64] reported higher EC extraction yields from a 
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polyethylene ethylene fleece separator compared to a porous glass fiber separator with a polar 

surface. This implies that the extraction of EC dependents highly on the extraction matrix.  

The electrolyte extraction behaviour in this study in respect to temperature and pressure 

conditions can be correlated to the binary liquid-vapor equilibrium (LVE) phase diagrams of 

DMC-CO2 [89–94], EMC-CO2 [89] published in literature. Extraction conditions are favored 

at which the solute and solvent exist in a single phase. The LVE phase behavior of both 

compounds is rather similar. DMC and CO2 are in a single phase at all temperatures below 

40°C, at operating pressures of 80 bar and higher. However, at 80 bar, DMC and CO2 are in 

the two-phase region at 45°C, and 55°C. This explains the decrease in extraction yield at these 

conditions. However, it must be emphasized that electrolyte is a multicomponent mixture, and 

the phase behavior is likely to be influenced by the other components present in the mixture. 

Thus, the binary LVE phase diagrams only function as an indication. 

Diving into the solvation of the compounds at a molecular level it was observed that at the 

studied conditions, the acyclic ester carbonates (DMC, EMC) were much better extracted than 

the cyclic ester carbonate EC. DMC and EMC are both acyclic carbonate esters (non-polart) 

containing a carbonyl group (C=O) flanked by two alkoxy groups (R-O-). The CO2 molecules 

are believed to form stable Lewis acid-base interactions with the carbonyl oxygen, and the ester 

oxygen as described in 3.1. Both molecules also have methyl groups, which strengthen these 

interactions through cooperative hydrogen bonding. Besides its higher polarity compared to 

DMC and EMC, the lower extraction yield of EC might be also explained by the limitation for 

CO2 molecules to cluster around the EC molecule to eventually form stable solvation 

coordination’s at the studied pressure conditions. A higher solubility of CO2 in linear 

carbonates (DMC, EMC, DEC) compared to cyclic carbonates (EC, PC) at atmospheric 

pressure was reported in literature [95].  According to literature, the carbonyl group of the EC 

molecule coordinates extensively with the Li+ cation, whereas DMC, and EMC are pushed into 

the outer solvation sphere [96]. The occupation of the CO2-phillic carbonyl group of the EC 

molecule may potentially further limit its coordination with the CO2 molecule and thus its 

extraction in scCO2. 

Analysis of the exhaust gas and elemental analysis of the collected extract indicate that LiPF6 

did not decompose during the process as vibrational peaks corresponding to HF and POF3 were 

not observed in the exhaust gas. Moreover, the 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 likely that the phosphorous present in the extract originated from 

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

analysis. 

The electrolyte extraction yield was lower for the sub-scCO2 extraction process compared to 

the thermal treatment process. This is because EC, and LiPF6 were not recovered at the studied 

conditions. Despites its lower extraction yield, the biggest advances using scCO2 extraction 

compared to thermal treatment are the generated gas emissions during the process. As shown 

in this section LiPF6 decomposes during the thermal treatment while producing HF, and POF3. 

In turn, LiPF6 can be potentially recovered intact from LiB waste using scCO2 extraction as it 

did not decompose during extraction. This makes scCO2 extraction a more favourable process 

compared to thermal treatment as the decomposition of LiPF6 and the correspond toxic gas 
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emissions can be avoided. However, more research is required to increase the extraction yield 

of EC and LiPF6.  

 

 

6.2. Solubility of ethylene carbonate in scCO2 

Section 6.1 showed that the polar electrolyte solvent EC was only extracted in trace amounts 

at the studied conditions (15 - 55°C, 60 - 140 bar). However, EC contains a CO2-phillic 

carbonyl bond which promotes the dissolution in CO2 as discussed in the previous section. 

Thus, it was believed that by tuning the pressure and temperature conditions, the solubility of 

EC in scCO2 can be enhanced and successfully extracted without the support of a co-solvent. 

Using a co-solvent can have negative effects on the extract as it will be mixed with the co-

solvent in the separator. Further steps are then required to separate the co-solvents from the 

extract to achieve co-solvent free extracts [58].   

The solubility of EC in scCO2 obtained by the gravimetrical flow-through method increased 

from 0.24 g/kg CO2 to 8.35 g/kg CO2 while raising the pressure from 80 bar to 160 bar at 40°C. 

At 60°C, the solubility values of EC were lower under the same pressure conditions. This 

indicates that the studied pressure range was below the cross-over pressure and the CO2 density 

was the dominating factor to dissolve EC [60,74].  

The experimental solubility data correlated well to the Chrastil model in the studied pressure 

range except for the solubility data point corresponding to 80 bar and 60°C. The determined 

solubility at this point (0.56 g/kg CO2) was very similar to the solubility determined at 100 bar 

and 60°C (0.50 g/kg CO2). Based on their similarity it was believed that the point determined 

at 80 bar and 60°C was an experimental error. Thus, this point was excluded to fit the Chrastil 

model to experimental solubility data. 

Constant k, representing the average equilibrium association number of the pseudo solvato-

complex, was quite similar for both temperatures with 4.28, and 4.02 at 40°C, and 60°C, 

respectively. This means that on average 4 CO2 molecules solvate the EC. The constants A and 

B were a magnitude higher at 60°C compared to 40°C indicating a higher enthalpy of solvation 

[77].  

 

 

6.3.  ScCO2 extraction behavior of electrolyte solvents from LiB black mass 

The residual electrolyte content in the LiB black mass was determined to be 57 ± 5 mg/g of 

black mass. The fraction of low volatile solvents (DMC, EMC, DEC) was low compared to the 

fraction of non-volatile components (EC, PC, biphenyl). In a fresh electrolyte solution, EC is 

blended with approximately 50-70% of DMC, EMC, and/or DEC [29]. It was assumed that the 

majority of DMC, EMC, and DEC evaporated due to their volatile nature during the shredding, 

and physical separation stages to produce the black mass. 

Two pressure conditions, 100 bar and 140 bar, at 40°C were compared to extract the electrolyte 

solvents from the black mass sample. An overall higher extraction yield was observed at 

140 bar compared to 100 bar. At 100 bar, DMC, EMC, and DEC were already successfully 

extracted from the black mass at 100 bar and 40°C exceeding an extraction yield of 99%, 

respectively. As already pointed out in section 6.1, DMC, and EMC are miscible with CO2 
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according to their binary LVE phase diagram [89,90,97]. Thus, the full extraction of these 

compounds was expected under these conditions. The extraction of EC and PC was limited at 

100 bar, with yields less than 60% and 50%, respectively. However, increasing the pressure to 

140 bar, while maintaining the same amount of CO2 per g of black mass, resulted in a 

significant yield increase for EC and PC, reaching 95% and 98%, respectively. The extraction 

yield increase of EC at 140 bar compared to 100 bar can be related to the solubility increase at 

higher pressures as can be observed in section 6.2. The extraction curve for EC at 100 bar 

remained linear in the studied extraction period of 65 L of CO2. Thus, the extraction yield can 

be potentially improved using higher CO2 throughput and longer extraction times.  

Analyzing the extraction curves at 100 bar, it was observed that the volatile non-polar 

electrolyte solvents (DMC, EMC, and, DEC) already level off after the first sampling point at 

3.5 g CO2/g of black mass. Then, the extraction rate decreased rapidly. The mass transfer of 

the solutes through the core of the particles towards the particle surface or other mass-transfer-

hindering solute-matrix interactions typically slow down the extraction rate in the second part 

of the extraction curve [80]. As the fraction of volatile solvents was low compared to the 

fraction of non-volatile solvents, the extraction of the volatile substances likely occurred 

simultaneously with the extraction of the non-volatile substances [98]. It has been observed 

that the extraction rate of EC, and PC at 100 bar was dependent on the presence of DMC, EMC, 

and DEC in the extraction chamber. Thus, it was assumed that these solvents featured as an 

entrainer for the extraction of biphenyl, EC, and PC at 100 bar.  

A similar extraction behavior for DMC, EMC, and DEC was observed at 140 bar. Again, the 

extraction curve levels off after the first sampling point. The extraction curve of biphenyl was 

linear until the maximum extraction yield was reached. The linear part, representing the 

apparent solubility, showed an extraction rate of 0.18 mg/g CO2, which corresponds to mole 

fraction of 5.1x10-6. The mole fraction solubility of biphenyl at 40°C has been reported as 

8.73x10-3 and 1.11x10-2 at pressures of 119 bar and 149 bar, respectively [99]. This shows that 

the apparent solubility was 4 orders of magnitude lower than the solubility values found in 

literature. The determined apparent solubility of EC was 1.9 mg/g CO2 and for PC was 0.4 mg/g 

CO2. The apparent solubility of EC was lower than the solubility reported in Table 3 (6.4 g/kg 

CO2). The lower values of apparent solubility compared to the thermodynamically solubilities 

reported in literature indicate that solute-matrix interactions dominate the extraction process 

and that the CO2 was not saturated during the extraction process [80]. To overcome the solute-

matrix interactions, larger residence times are required to achieve equilibrium [98]. The 

extraction rate of EC at 140 bar was linear until 7.5 g CO2/g of black mass. While extracting 

70% of the EC in the black mass. Then, mass transfer of the solutes from the core of the particle 

to the particle surface slows down the extraction rate until reaching the maximum extraction 

yield at less than 15 g CO2/g of black mass. This indicates that 50% of the consumed CO2 was 

required to extract the remaining 30% of EC in the black mass. Thus, a limiting factor for the 

extraction of EC from LiB waste is the diffusion-controlled mass-transfer. To get an estimate 

for the solid-phase mass transfer coefficient, the extraction curves of EC, and PC can be 

modelled using the Sovová model shown in section 3.3. 

The mass load of the black mass was varied from 3, 6, to 9 g to investigate whether the 

extraction curves of EC, and PC are equilibrium extraction curves. This is the case, when the 

linear part of the extraction curves overlap [80]. The linear part of the extraction curves for 3, 

6, and 9 g did not overlap, and the slope ratio for EC was 1.5 from 3 to 6 g, and 1.4 from 6 g 
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to 9 g. Thus, the extraction curves are not equilibrium extraction curves. The extraction 

chamber was fully loaded with the black mass at 9 g, and the mass load could not be further 

increased. Also, the limits of the lowest achievable flowrate were reached, so the lower limit 

of residence time of CO2 in the extraction chamber was reached using dynamic extraction. 

Despite not representing equilibrium extraction curves, the extraction curves of EC, and PC 

using 9 g of black mass were fitted using the general Sovová model discussed in the section 

3.3 to get an estimate of the underlying solid-phase mass-transfer coefficients. 

The extraction curves belong to Type D, as the first part of the extraction curve consist only of 

one straight part, and as described previously, the apparent solubility is lower than the 

thermodynamic solubility. The easily accessible solute fraction, r, of EC was estimated to be 

61%, whereas for PC 81%. The partition coefficient, K, was estimated to be 0.137 for EC, and 

0.34 for PC, and the solute-phase mass-transfer coefficient was estimated to be 0.089 s-1 for 

EC, and 0.019 s-1 for PC.    

Despite being polar, EC and PC were successfully extracted using scCO2 without the addition 

of a co-solvent. Both compounds are carbonate esters containing a carbonyl group (C=O) 

flanked by two alkoxy groups (R-O-). As described in section 3.1, the carbonyl oxygen is CO2-

phillic, and thus prone to form stable solvation configurations with the carbon atom of the CO2 

molecule via Lewis acid-base interactions. Whereas, the non-polar carbonate esters DMC, 

EMC, and DEC are miscible in CO2 at 100 bar and 40°C [89,90,97], the solubility of EC, and 

PC are relatively low, but still increases with raising pressure as discussed in section 6.2. The 

better solubility of DMC, EMC, and DEC in CO2 can be explained due to the presence of the 

methyl group attached to the alkoxy group. A cooperative hydrogen bonding between the 

oxygen atom of the CO2 molecule and H-atom of the methyl group strengthens the interaction 

of both stable solvation configurations introduced in section 3.1.  

In section 6.1, it was observed that the extraction of EC was very limited at 80 bar and 29°C, 

whereas DMC, EMC, and DEC were successfully extracted due to their miscibility in CO2 

[89,90,97]. The low extraction of EC can be correlated with its low solubility at these 

conditions The solubility data in section 6.2 showed that higher pressures are required to 

dissolve EC in CO2. The tunable solubility of the polar carbonates EC, and PC in CO2 with 

pressure and temperature is predestined for their selective extraction from the LiB waste or 

fractionation from the non-polar carbonate esters during the collection process [58].  
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7. Conclusion 

The thesis compared two approaches to recycle the electrolyte from LiB waste – low 

temperature thermal treatment and scCO2 extraction. Low temperature thermal treatment 

enables the full separation of the electrolyte solvents DMC, EMC, and EC at 130°C for 80 

minutes under N2 atmosphere. However, using this approach LiPF6 cannot be recovered intact 

as it decomposes to LiF, HF, and POF3 at elevated temperatures. The decomposition leads to 

toxic gas emissions, which are a potential threat for the work environment and subsequent 

special treatment of the off-gas is required. 

ScCO2 extraction is favorable to low temperature thermal treatment as it enables the separation 

of electrolyte solvents from LiB waste with minimal toxic gas emission as no evidence of LiPF6 

degradation was observed. Furthermore, it was shown that the tunable solvation characteristics 

of scCO2 can be used to fractionate the key electrolyte solvents based on temperature and 

pressure conditions. LVE phase diagrams of DMC, EMC, and DEC indicate their miscibility 

in CO2 at 80 bar and 29°C. The results presented in this thesis show that 80 bar and 29°C are 

suitable to extract effectively the non-polar electrolyte components DMC, and EMC from LiB 

waste. The extraction of the polar electrolyte components, EC, and PC required higher pressure 

conditions. The limited extraction of EC at 80 bar at various temperatures can be related to its 

low solubility at these conditions, which was determined to be 0.24 g/kg CO2. Raising the 

pressure to 140 bar, increases the solubility of EC in CO2 to 6.4 g/kg CO2. At 140 bar and 40°C, 

the polar electrolyte solvents EC, and PC were successfully extracted from LiB waste using 

less than 15 g of CO2/g black mass. The limiting factor in the extraction of the electrolyte 

solvents, especially for EC, was the diffusion-controlled mass transfer, which dictates the 

required extraction time and results in a higher CO2 throughput. The solid-phase mass transfer 

coefficients of EC, and PC were determined to be 0.089 s-1 and 0.019 s-1, respectively.  

 

  



 

60 
 

 

  



 

61 
 

Future Work 

The research results presented in this thesis show the huge potential to implement scCO2 

extraction to recover the electrolyte from LiB waste. However, a few more points need to be 

studied.  

The results showed the limitation of the scCO2 extraction on solute-matrix interactions. This 

slows down the overall extraction process and implies the dependence on residence time of 

CO2 in the extraction chamber. Thus, further studies are required to optimize the residence time 

to acquire more effective electrolyte recycling in terms of CO2 consumption and extraction 

time.  

The experimental set-up used in this study was limited to 160 bar. Higher pressures can lead to 

a higher solubility and thus to higher extraction rates. Further experiments to compare the mass-

transfer mechanism based on the extraction curves with different pressure and temperature 

conditions might be useful to optimize the effectiveness of the extraction in terms of CO2 

consumption and extraction time.  

The results presented in this thesis proof that the non-polar and polar electrolyte solvents can 

be successfully extracted from different LiB waste materials. However, LiPF6 was not 

extracted at the studied conditions. A co-solvent is required to be able to solubilize LiPF6 and 

separate it from the LiB waste. Thus, further investigation must be done to select a potential 

co-solvent,  pressure and temperature conditions.    

In this study only lab-scale experiments were conducted. More research is required to optimize 

the process conditions on larger scales to eventually upscale the process. 

After completing the upscaling, a techno-economic analysis of the scCO2 extraction process is 

required to investigate the feasibility and cost effectiveness compared to other existing 

recycling techniques such as conventional solvent extraction and vaporization processes. 
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