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Abstract 

Electric vehicles (EVs) have experienced significant growth and market dominance over the past decade, 

contributing to a reduction in greenhouse gas emissions as they replace traditional internal combustion 

engine vehicles. However, the lithium-ion battery (LIB) technology powering these EVs degrades over 

time and eventually requires replacement. This has led to a growing accumulation of end-of-life LIB 

waste. Most commercial processes currently focus on recovering high-value materials from spent LIBs, 

often overlooking the recovery of organic materials, particularly the electrolyte component. This 

research thesis aims to address this gap by investigating the recovery of EV LIB electrolyte using 

pressurised carbon dioxide. 

 

The initial study focused on the solubility of the primary solvent components of typical LIB electrolytes, 

namely, dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and ethylene carbonate (EC). Each 

was established in binary and quaternary (1:1:1 wt) systems in carbon dioxide under temperatures of 

298.2, 313.2, and 328.2 K, and pressures ranging from 0.12-14.1 MPa. Within the constraints of the 

system parameters explored, the linear carbonates required mild pressure and high temperature 

conditions to promote their solubility, whereas EC required the elevation of pressure and low 

temperature conditions to enhance its dissolution in carbon dioxide. Additionally, both linear carbonates 

were found to act as co-solvents to the cyclic carbonate, promoting its solubility in carbon dioxide. 

 

Findings from the phase equilibria studies were applied to a pressurised fluid extraction process. 

Pressurised carbon dioxide was used to extract an artificially created LIB electrolyte mixture (DMC, 

EMC, and EC) in a 1:1:1 mass ratio, weighing 1.5 g. Initial optimisations focused on extraction duration 

and dynamic flowrate, and the most optimal conditions were identified to occur between 90-210 minutes 

at 2.4-2.6 L/min. The combined effects of pressure and temperature were investigated, and both 

conditions were optimised and evaluated using response surface methodology (RSM). The optimal 

extraction yield for the artificial LIB electrolyte was 70.2%, achieved at conditions of 12.0 MPa and 

328.2 K. Key findings concluded that linear carbonates respond more effectively to temperature 

enhancement, highlighting the importance of vapour pressure, while the cyclic component demonstrated 

a strong association with fluid density.  

 

Final investigations explored the analysis, processing, and extraction of commercial EV LIB pouch cells 

using supercritical carbon dioxide and solvent extraction techniques. The research found that more than 

60% of the electrolyte was trapped in the electrodes and separator components, and substantial 

electrolyte loss was experienced due to the volatility of the linear carbonate, posing a challenge for 

collection. The electrolyte component was characterised before and after extraction using GC-MS, 

NMR, and ICP-OES techniques. The supercritical carbon dioxide extraction was performed at 12.0 MPa 

and 328.2 K, at a flowrate of 6 g/min for 60 minutes of dynamic and 45 minutes of static operation. The 

extraction produced satisfactory results, recovering a predominantly linear carbonate mixture with 

maximum recovery yields of 47.6% and 44.4% from the anode and separator materials, respectively. 

For solvent extraction, acetone was used under an HPV temperature of 323.2 K and a pump flowrate of 

6.5 L/min for 165 minutes. The process achieved a maximum electrolyte yield of 96.7% from the anode 

material and proved effective in recovering the lithium conducting salt. 
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1.1 Motivation 

“We will not stop until every car on the road is electric.” 

famously quoted by Elon Musk, the Co-Founder & CEO of Tesla Inc., in 2011.  

Today, the electric vehicle (EV) market is thriving and more valuable than ever, with global 

sales increasing yearly. However, despite the rapid advancements to decarbonise personal 

vehicles, the process of recovering and recycling end-of-life lithium-ion batteries (LIBs) has 

not been developed with the same resolve and vigour. This issue must be addressed to ensure 

the sustainable growth of the EV market. 

Lately, there has been increasing pressure from governments and organisations globally to 

impose new directives to promote greater recycling rates and reduce greenhouse emissions. 

Currently, only a small fraction of all LIBs are recycled, and the few that are, undergo recycling 

practices that exclusively focus on recovering valuable metals. 

Supercritical carbon dioxide has proven to be an effective extraction medium, proficient in 

recovering organic, solvent-free extracts. Naturally, carbon dioxide is the preferred choice due 

to its mild critical temperature and pressure requirements, low toxicity, non-flammability, and 

abundance. Widely validated across various industrial sectors such as food, pharmaceutical, 

and waste treatment, this green technology is an alternative to conventional liquid extraction 

methods for recovering LIB waste [1, 2].  

Supercritical carbon dioxide exhibits a high density and solvating power, through its gas-like 

viscosity and high diffusivity, allowing a more effective permeation of solid matrices than 

conventional liquid extraction techniques [3]. 

 



Chapter 1: Introduction and Objectives 

3 

1.2 Background  

In 2023, the International Energy Agency (IEA) reported that global sales of electric vehicles 

(EVs) exceeded 12 million units, accounting for more than 14% of all vehicle sales worldwide, 

see Figure 1-1. This represented an exponential growth of over 35% from the previous year. 

With the support of existing policy measures and additional stimulus, there are now over 26 

million EVs on the road [4, 5].  

Lithium-ion technologies power the majority of EVs, known for their high energy density and 

voltage discharge capabilities in contrast to other battery chemistries. However, in the US, the 

EU, and Australia, the proportion of end-of-life (EOL) LIBs collected and recycled currently is 

only 3-5% [6], in comparison to other battery chemistries such as lead-acid, which have a 

recycling rate of close to 100% in the UK alone [7]. 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Global electric vehicle sales; (●) China, (●) Europe, 

(●) United States, (●) Other [5]. 

 

million 
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Of the small proportion of LIBs that are recycled, many are likely to undergo a process that will 

not necessarily recover all the raw materials within. Generally, four major recycling methods 

exist: (i) pyrometallurgical treatment, (ii) hydrometallurgical treatment, (iii) direct recycling, 

and (iv) a combination of all these processes [8-10]. 

These recycling techniques all share a common interest; they all primarily focus on raw 

components based exclusively on their economic value. Within the pyrometallurgical method 

the electrolyte and separator materials would be incinerated producing a vast array of toxic 

emissions, and in other techniques the electrolyte would be neutralised with chemicals, thus 

unrecoverable. 

The economic incentives primarily focus on the supply and demand of raw materials required 

to manufacture a LIB, such as lithium. Reprocessing the end-of-life lithium could gradually 

reduce the strain on supply and the proportion of lithium required to be mined. As long as 

demand remains relatively constant, a greater overall supply would drive down the market 

price.  

Materials from the battery device can be directly recycled in their raw form, but this generally 

requires specialised processes and equipment. Alternatively, the end-of-life battery devices can 

be used in second life applications, such as energy storage, where their lesser efficiency and 

charge capacity would be adequate [11].  
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Figure 1-2:Typical cylindrical LIB by components. Mass composition (left), cost breakdown 

(right) [12]. 

 

The composition of the LIB electrolyte encompasses a lithium conducting salt dissolved in 

several solvent carbonates, along with a series of additives. By mass, the electrolyte component 

accounts for 10-15% of the total weight of the LIB [12], as seen in Figure 1-2. Compared to 

the electrodes (anode and cathode), which account for more than two-thirds of the total value 

of the LIB, the electrolyte is relatively inexpensive, equating to less than 10% of the total value 

[13].  

However, due to increasing pressures from economic factors, social influences, and 

governmental reforms, the obligation to recycle the LIB electrolyte is now ever more 

paramount.  
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1.3 Aims and Objectives 

The principal aim of this research is to assess and propose a viable and sustainable process for 

recovering the electrolyte component of lithium-ion batteries (LIBs) used in commercial 

electric vehicles (EVs) through the application of pressurised carbon dioxide extraction.  

The following research objectives were introduced to reach the principal aim: 

1. Determine the solubility behaviour of LIB electrolyte solvents in carbon dioxide under 

a range of temperature and pressure conditions. 

2. Investigate the intermolecular interactions of components within a vapour-liquid 

equilibrium (VLE) quaternary system that resembles the composition of the LIB 

electrolyte solvent. 

3. Optimise the pressurised carbon dioxide extraction process for the recovery of artificial 

LIB electrolyte. 

4. Establish a standard protocol for the safe and efficient disassembly of commercial EV 

LIBs. 

5. Apply the optimised pressurised carbon dioxide extraction technique to recover the 

electrolyte component from disassembled commercial EV LIBs. 
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1.4 Research Plan 

To achieve the aim and objectives, the following key research phases were outlined and 

completed in the form of a research plan:  

 

First Phase – Project Initiation 

1. Literature review: A comprehensive literature review was conducted to investigate the 

factors involved in achieving the overall goal. This included fundamental knowledge of 

LIBs and their integration into EVs, supercritical fluids and their applications, and current 

LIB recovery techniques. These fields were examined and assessed to determine the current 

level of research. 

2. Development and construction of a suitable experimental process: To determine the 

solubilities of the electrolyte component in carbon dioxide, a practical high-pressure rig 

with vapour sampling capabilities was developed. The high-pressure carbon dioxide 

extraction processes required a more intricate design to allow for collection of liquid 

electrolyte, and static and dynamic operation. Developing operational steps and awareness 

of safety protocols were crucial for both working rigs. 

3. Throughout all experimental chapters, characterisation and quantification were a necessity. 

The literature review guided identifying the most suitable analytical methods, with gas 

chromatography being the foremost choice. Additionally, understanding each instrument's 

operation and safety procedures was imperative. 

Second Phase – Solubility Studies 

1. Binary system – The initial work of the solubility studies was to establish the solubility 

behaviours of typical LIB electrolyte components in pressurised carbon dioxide. Solubility 

data is imperative to determine the feasibility of the supercritical extraction process.  
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Each binary system was correlated using a range of Equation of State (EOS) and semi 

empirical models. 

2. Multicomponent system – Building upon the binary solubility studies, a mixture resembling 

the composition of the LIB electrolyte solvent component was created. The quaternary 

system was established to understand each component’s selectivity and the behaviour of 

intermolecular interactions in the solvation process. 

 

Third Phase – Extraction of LIB Electrolyte Using Pressurised Carbon Dioxide 

1. An artificial mixture of LIB electrolyte was created and recovered from a cotton wool 

matrix using pressurised carbon dioxide. A range of factors were explored, namely flowrate, 

extraction duration, temperature, and pressure. This allowed the optimisation and 

enhancement of the pressurised carbon dioxide extraction process. 

2. A standard protocol for efficiently dissembling a commercial EV LIB had to be established.   

3. Proceeding with the recovery of the artificial LIB electrolyte using pressurised carbon 

dioxide, the most effective operational conditions were adopted and utilised to recover the 

electrolyte component from a commercial EV LIB.  
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1.5 Thesis Structure 

The research thesis is structured across seven chapters, detailed as follows:  

Chapter 1: Introduction 

Chapter 2: Literature Review 

Chapter 3: Materials and Analytical Techniques 

Chapter 4: Solubility Measurements of LIB Electrolyte Components in Carbon Dioxide 

Chapter 5: Extraction of Artificial LIB Electrolyte Using Pressurised Carbon Dioxide 

Chapter 6: Recovery and Characterisation of LIB Electrolyte from Electric Vehicles 

Chapter 7: Conclusions and Recommendations for Future Work 

Following the introduction, Chapter 2 presents a literature review of the key areas of achieving 

the goal. This includes LIB fundamentals and their integration into EVs, the LIB electrolyte 

component, supercritical fluids and their applications, and current LIB recovery techniques. 

Chapter 3 covers the materials and analytical techniques employed throughout the research. In 

Chapter 4, the solubility measurements of LIB electrolyte components in carbon dioxide are 

determined and discussed. Chapter 5 presents the utilisation of the solubility data to extract an 

artificial LIB electrolyte using pressurised carbon dioxide.  Chapter 6 focuses on the processing, 

recovery, and characterisation of commercial EV LIB material. Finally, Chapter 7 concludes 

the thesis by summarising the main findings and providing practical recommendations for 

future work.  
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2.1 Lithium-ion Batteries (LIBs) and their Integration into Electric  

Vehicles (EV) 

2.1.1 Introduction 

 Lithium-ion batteries (LIBs) have played a pivotal role in providing convenient and portable 

power for various devices, ranging from mobile phones and laptops to power tools. The 

widespread adoption of lithium-ion technology is attributed to its superior combination of high 

energy density, extensive cycle life, and continually decreasing manufacturing costs as 

observed in Figure 2-1. The growing demand for LIBs has been a key driver in cost reduction. 

Initially used predominantly in portable devices and electronics, the landscape changed in 2008 

when Tesla introduced the first LIB-powered electric vehicle (EV). Since then, the market share 

for EVs has steadily increased, with today's demand for lithium supply being predominantly 

driven by the EV sector, surpassing that of any other consumer electronics [1, 2]. 

 

Figure 2-1: Declining price trend of lithium-ion batteries by application [3]. 
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The groundbreaking lithium-ion battery technology was not the discovery of one individual but 

rather transpired through the collaborative efforts of numerous leading experts across different 

fields. One of the initial breakthroughs involved identifying a suitable cathode material that 

served as an efficient oxidising agent, remained stable when in contact with the electrolyte, and 

was relatively cost-effective to produce [4]. 

During the 1980s, John Goodenough and his team tested many oxide variations, finding it 

challenging as more lithium deposited into the positive electrode would result in a greater 

proportion of energy output. However, the downside of a cathode containing a large lithium-

based composition occurred post-redox reaction, when the lithium-ion transfer would leave the 

cathode hollow, resulting in the electrode structure crumbling upon itself when reaching 

approximately 4 volts. The solution was found by incorporating a stable metal oxide of cobalt 

to create the lithium cobalt oxide (LCO) cathode. This technology and a graphite anode, gave 

rise to the first rechargeable LIB, later commercialised by Sony in 1991 [5].  

In 2019, John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino were honoured 

with the Nobel Prize in Chemistry for their significant contributions to the development of 

lithium-ion technology during the 1980s and 1990s [6]. 
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2.1.2 LIB components and operation 

In simple terms, a battery operates on the principle of converting chemical energy into electrical 

energy. A key distinction in the design of a LIB is the reversibility of the chemical reaction, 

enabling the battery to be recharged and discharged numerous times.  

 

 

 

 

 

 

Figure 2-2: Simple illustration of the core components within a classic LIB design. 

 

The battery casing encompasses five main constituents (as depicted in Figure 2-2): cathode, 

anode, separator, electrolyte and two current collectors. During battery discharge, the anode 

undergoes oxidation, releasing lithium ions that traverse the electrolyte and separator to reach 

the positive electrode, the cathode, where reduction occurs. Notably, electrons cannot pass 

through the electrolyte as lithium ions do; instead, they flow externally through the outer circuit. 

Both processes must occur simultaneously for the battery to function [7]. 

Electrochemical reactions can estimate the specific capacity of the electrodes within the LIB. 

For instance, consider the lithium cobalt oxide (LCO) battery, where two electrochemical redox 

reactions occur.  
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The first half-cell reaction initiated at the graphite anode undergoes oxidation and can 

intercalate reversibly with lithium to form LiC6: 

The second transpires at the LiCoO2 cathode (reduction reaction): 

The overall reaction is: 

Faraday’s second law of electrolysis derives the following equation:     

By simple rearrangement, theoretical specific capacity (Ctheoretical) is: 

 

Where, m is the mass of the substance (g), n is the number of moles of the active electrode 

material (mol), Q is the electrical charge (C), M is the molecular weight of the active electrode 

material (𝑔/𝑚𝑜𝑙), F is Faraday’s constant (F = 96485 C/mol) and 𝑥 is the total number of 

electrons transferred within the reaction. 

 

 

 
Li+ + e− + C6 ↔ LiC6 

 

(2-1) 

 
CoO2 +  Li+ + e−  ↔ LiCoO2 

 

(2-2) 

 
CoO2 +  LiC6  → LiCoO2 + C6 

 

(2-3) 

 

m =  
𝑄 M

𝑛 F
 

 

 (2-4) 

 

𝐶𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  
=  

𝑥F

𝑛𝑀
      

 

(2-5)  
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The specific theoretical capacity of both the graphite anode and the LiCoO2 cathode can be 

estimated as follows: 

Graphite anode: 

 

LiCoO2 cathode: 

 

  

 

However, realistically speaking, the maximum achievable capacity for LIBs is nearer 

140 mAh/g. This is due to a structural limitation where, after 50% of the lithium supply within 

the cathode structure has been extracted, a structural transformation is observed from the 

hexagonal to monoclinic phase. This transformation reduces the cathode’s electrochemical 

capacity due to structural instability. To accurately gauge the specific capacity of a LIB, other 

vital internal battery components and the battery management system must also be considered 

[8-11]. 

Electrodes, solid conductors facilitating the movement of electrons and ions between the anode 

and cathode, are coated onto the surface of current collectors. An aluminium foil is commonly 

used as the cathode current collector; similarly, a copper foil is used as the anode current 

collector. Electrodes should exhibit properties such as high conductivity, thermal and chemical 

stability, and ease of fabrication.  

 

𝐶 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  
=  

1 𝑥 96485 𝐶/𝑚𝑜𝑙

6 𝑥 12 𝑔/𝑚𝑜𝑙
 

 

          = 372 𝑚𝐴ℎ/𝑔 

 

𝐶 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  
=  

1 𝑥 96485 𝐶/𝑚𝑜𝑙

1 𝑥 98 𝑔/𝑚𝑜𝑙
 

 

          = 274 𝑚𝐴ℎ/𝑔 
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Metal oxides, including lithium manganese oxide (LMO), lithium cobalt oxide (LCO) and 

lithium nickel manganese cobalt oxide (NMC), are frequently used to produce the cathode. 

These compositions greatly affect battery dynamics, influencing vital qualities such as cycle 

life, energy density, and economics, as the cathode typically accounts for at least 25% of the 

battery's overall cost [12, 13]. 

Carbon anodes remain the most dominant material in LIBs today due to their lattice structure, 

which can facilitate lithium ions' movement and temporary capture between electrodes, 

resulting in high cyclability. However, present and future materials also consist of metallic 

composites and silicon-based nanomaterials. 

The electrolyte, which permits the transportation of lithium ions between electrodes, comes in 

various types, including aqueous solutions, conducting salts in solvents, and solid electrolytes. 

The following subchapter will focus exclusively on this component and give more insight. 

Suspended within the electrolyte is a thin insulation layer, the separator. Typically constructed 

from a microporous polymer, the separator allows the free movement of lithium ions between 

electrodes and prevents the electrodes from coming in contact with each other [14]. If the 

electrodes were to come into contact, the battery would short circuit, potentially resulting in a 

fire via the intermediary step, thermal runaway. Thus, before the temperature rapidly climbs 

enough to trigger thermal runaway, the separator acts almost like a fuse, melting and blocking 

the permeable pores, preventing the transportation of lithium ions and effectively shutting down 

all cell operations [11]. The microporous polymeric separator is typically manufactured from 

either polypropylene or polyethylene or, in some cases, a blend of the two. They promote high 

chemical stability and robust mechanical properties. The membrane can consist of a single, 

monolayer, or several layers, depending on the application. Other types of separators can also 

include nonwoven mats, composite membranes, and gel-polymer electrolyte membranes [15].  
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During the first charging cycle, it was discovered that a protection layer is formed upon the 

surfaces of both electrodes, the solid electrolyte interphase (SEI). The SEI layer was found to 

protect the electrolyte from further decomposition, as prolonged contact with electrons results 

in electrolyte decomposition and drying. Hence, the SEI acts as a barrier to the electrons, 

preventing their passage due to insulation properties but allowing the lithium ions to pass 

through. Formation of SEI occurs when lithium ions (approx 5% wt) react with the electrolyte 

at both electrode surfaces, creating a barrier formed from the decomposed electrolyte 

constituents. However, the flip side to forming the SEI layer is that it has been allegedly linked 

to being the dominant driver of cell ageing, directly responsible for lithium loss and electrolyte 

drying associated with calendric ageing [16, 17]. The working nature and formation mechanism 

is not yet completely understood as the layer is incredibly thin (10-100 nm) and highly sensitive 

to oxygen and water. Additionally, the SEI layer is formed from a structural species similar to 

the electrolyte, making it difficult to differentiate and characterise using most analytic 

techniques [18]. 

2.1.3 LIB chemistries 

As stated, cell chemistries directly affect the operating properties; each chemistry is unique and 

requires a diverse set of materials and composition blends. The strengths and weaknesses of 

each chemistry enable some chemistries to be more suitable in certain applications than others; 

a comparison of different LIB chemistries is exhibited in Figure 2-3. 
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*Note: The thermal stability comparison is solely based upon the upper-temperature limit and does not     

evaluate data below 0℃. 

Figure 2-3: Comparison of the characteristics of commercial LIB chemistries [19]. 
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In 1996, the University of Texas identified phosphate as an effective cathode material. Lithium 

Iron Phosphate (LFP), LiFePO4, has an olivine crystal structure, where phosphorus and iron 

form a layered, complex structure with a network of oxygen atoms packed throughout. Due to 

the strong bonds formed between oxygen and phosphorus atoms, LFP is considered to be 

incredibly safe. Additionally, the integration of iron creates stability within the chemistry, and 

since iron is abundant, it is relatively inexpensive compared to other chemistries. LFP can 

operate in a wide temperature range from -30 ℃ to 60 ℃, making it less susceptible to thermal 

runaway. However, it produces a low nominal voltage of approximately 3.3 volts, limiting the 

maximum energy density achievable [20, 21]. Despite this limitation, the long life of LFP 

makes it a suitable choice for energy storage systems, as well as other applications. In China, 

most commercial EV manufacturers prioritise safety and use LFP technology. BYD Company 

Ltd is a leading Chinese manufacturer that has implemented LFP chemistry into a wide range 

of automotive designs, including transit buses, taxis, mining vehicles, and consumer vehicles 

[3, 22]. 

Lithium Nickel Manganese Cobalt Oxide (NMC), LiNiMnCoO2, is highly successful in many 

applications and is formed by combining nickel, manganese, and cobalt to create a layered 

crystal structure. The arrangement of alternating layers of transition metals forms octahedral 

sites; this structure can vary significantly depending on the "blend" of transition metals upon 

application. Combining these three elements creates a balanced formula that provides excellent 

attributes while offsetting any flaws in any one element. Nickel is known for its high energy 

density but comes at the cost of poor stability. However, combining nickel with manganese 

improves stability and reduces internal resistance [20]. Traditionally, all the transition metals 

were used equally in a 1:1:1 ratio, but cobalt is considerably more expensive than the other two 

elements. According to the London Metal Exchange (LME), the cost of one tonne of cobalt has 
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fluctuated between $25,000 and $80,000 in the last five years [23]. To decrease the overall cost 

of NMC, the blend ratio can be adjusted to reduce the proportion of cobalt used. NMC has many 

applications due to its high thermal stability and energy density. Numerous EV manufacturers 

have adopted this chemistry into their designs, including Nissan (Leaf), Mercedes (eCitaro), 

and BMW (i3) [21, 24]. 

The Lithium Nickel Cobalt Aluminium Oxide (NCA), LiNiCoAlO2, chemistry has been 

available since 1999. It is known for its association with Tesla, as it is the only EV manufacturer 

to implement the chemistry into its design. A range of elements, including nickel, cobalt, and 

aluminium, are combined within the LIB to produce a layered crystal structure similar to NMC. 

The elements are arranged in alternating layers, allowing the lithium ions to occupy sites in 

between. NCA boasts high energy and power density with a relatively long lifespan. However, 

its safety and temperature stability fall short, as it suffers from thermal runaway at low 

temperatures close to 150℃. This issue is thought to be associated with adding aluminium to 

the blend. Additionally, the chemistry suffers from overwhelming capacity fade at high 

temperatures due to the severe ageing mechanism, SEI formation.  

Similar to NMC, NCA also uses cobalt within the chemistry. Thus, different blends have been 

adopted to drive the overall cost of the LIB down. Tesla has been increasingly mindful of cost-

saving and incorporates blending different compositions. From 2012 to 2018, Tesla 

successfully decreased the cobalt needed for their EVs by over 50 %. In 2012, production of 

the ‘Roadster’ required ~11 kg of cobalt, while the newer ‘Model 3’ needed only ~4.5 kg of 

cobalt in 2018 [20, 21, 25].  

Lithium Manganese Oxide (LMO), LiMn2O4 was initially discovered to be a suitable cathode 

material in the early 1980s, but it took almost another 15 years to commercialise fully. LMO is 
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unlike the previous cathode materials covered. Its three-dimensional spinel lattice structure 

dramatically enhances the ion flow through the cathode, substantially improving the current 

control and reducing the internal resistance. LMO can function at a high nominal voltage of 

approximately 3.9 volts, so it's anticipated to have a high specific energy density. However, 

only close to half of the lithium ions can be removed from the oxide before the oxygen atoms 

oxidise the electrolyte or become depleted, affecting its energy density. Additionally, the 

chemistry suffers from poor cycling performance due to the manganese leaching out of the 

cathode during cycling. If the manganese becomes dissolved within the electrolyte, then over 

time, the impedance increases, and manganese will accumulate upon the anode SEI layer, 

possibly resulting in the formation of dendrites. 

LMO does not depend on cobalt and nickel, which are used in other chemistries. The absence 

of these transition metals in this specific chemistry drives down the price, as manganese is 

relatively low-cost. However, due to the substandard energy density, lifespan, and specific 

capacity performance, the LMO chemistry is usually blended with other chemistries to improve 

the underlying weaknesses [20, 21]. 

Lithium Titanate Oxide (LTO), Li4Ti5O12, has been known as a suitable replacement for 

graphite anodes since the 1980s. The arrangement of LTO resembles a spinel structure, similar 

to the LMO cathode chemistry, where the lithium ions occupy sites called “tunnels” within a 

three-dimensional lattice. The chemistry is often referred to as “zero strain” due to an 

insignificant volume change (<0.2%) when the transitions from lithiation to delithiation and 

vice versa occur. LTO has a specific energy density of roughly half of the graphite, standing at 

175, and a low operating voltage compared to other LIB chemistries. However, LTO is one of 

the safest LIB anode chemistries available, making it popular in many portable medical 

apparatuses. LTO can be safely discharged in a wide range of temperatures (-30-55℃) and is 
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particularly effective at low temperatures, retaining 80% of its total charge capacity at a 

temperature of -30℃. Many applications use LTO due to its extended operational life cycle, 

with some LTO anodes sustaining tens of thousands of cycles. LTO can diminish the formation 

of the SEI layer around the anode and prevent the growth of dendrites, which reduces the 

internal resistance and capacity losses over time, prolonging the life of the LIB. Few EV 

manufacturers have implemented the technology into their design, but recognised brands 

include Honda (FIT) and Mitsubishi (i-MiEV). However, the prime applications of LTO LIBs 

are buses and railway appliances due to their high cycle life, ability to fast charge and achieve 

full depth of discharge after many thousands of cycles [21, 26, 27]. The German manufacturing 

giant Siemens has developed an electrified train with LTO chemistry and has sold the appliance 

in several locations across Europe. The specifications of the LIB within the electrified train are 

alleged to have a service life of 15 years and be capable of full capacity recharge in less than 

12 minutes [28, 29]. 

Lithium Cobalt Oxide (LCO), LiCO2, requires no introductions and is famously known as the 

first commercial LIB available.  Its structure is similar to the NCA and NMC chemistry. It is 

formed from a layered crystal structure, establishing an octahedral structure with lithium and 

cobalt atoms surrounding the oxygen atom in a hexagonal symmetry. LCO has a high nominal 

and operating voltage, which enables a high theoretical specific capacity of 274 mAh/g. It has 

been used in many different appliances, but its market share is gradually declining due to its 

low stability and cycle life. LCO's cycle life is relatively low compared to other chemistries, 

and it does not retain stability at high temperatures, causing thermal runaway at temperatures 

near 200 ℃ [20, 21, 27].  Although the breaking point is centred around its economic viability, 

the high proportion of cobalt used in the overall cathode composition accounts for ≈ 60% of the 

total. In comparison, NMC, the chemistry incorporating the next highest proportion of cobalt, 
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has a content of 10-30% (depending on the blend). Cobalt is a highly expensive transition 

element and drives up the overall cost of EV battery packs, predominantly since EVs consist of 

many LIB cells. Despite this, some EV manufacturers, including Tesla (Roadster) and Smart 

(Fortwo), have opted for the LCO chemistry [21, 30]. 

2.1.4 LIB integration into EVs 

Depending on the application, LIBs are manufactured in various shapes and sizes, primarily 

cylindrical, prismatic or pouch, each possessing unique properties despite nearly identical cell 

chemistry. Cell combinations can be varied, with a series arrangement increasing voltage and a 

parallel arrangement increasing current. Some applications, such as EVs, demand a much 

greater voltage and capacity since they operate between 200-800 V. In such a case, cells must 

be combined to satisfy the strain of demand. A single lithium-ion cell typically has a voltage 

between 2.5–4 Volts; for an EV, multiple cells are connected to meet the voltage requirements. 

For example, in the BMW i3 EV, a cluster of 12 cells is combined to form a module. The 

module exists for practical reasons; they are low voltage (< 60 V) and inherently safer. The 

dimensions and weight are practicable, allowing operators to move the modules safely during 

EV manufacturing. The modules are protected via a metal frame and tough casing to shield the 

cells from external shocks, heat, and vibrations. Eight of these modules are then assembled to 

produce a pack. An EV battery pack can weigh several hundred kilograms and is fitted with a 

battery management system (BMS), which protects the pack by monitoring and regulating 

operational aspects, including voltage, state of charge, temperature, and cell health [11, 31, 32]. 

Unlike internal combustion engine (ICE) vehicles, EVs produce little or no sound as they do 

not rely on an internal combustion engine to propel the vehicle forward. Another advantage of 

EVs is their superior initial torque due to their simplified drive train, which makes them more 
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efficient when accelerating. In contrast, an ICE vehicle must divert the power through the 

transmission system and into the drivetrain, involving more components and incurring more 

significant losses. Nevertheless, consumers are still mindful of owning an EV due to major 

technology and social trade-offs, with insufficient infrastructure regarding recharge points, low 

driving range, and long recharge durations being the three leading concerns. 

Despite a 250% increase in UK charging locations within the last three years, totalling over 

50,000 units in 2023, it is still insufficient. As the use of EVs increases, the charging 

infrastructure needs to keep up. Additionally, some charging points may not support all types 

of vehicles, requiring adapters, and there is a risk of arriving at a charging point that may already 

be occupied [33]. 

Various factors, including the driving speed, driving style, load weight, driven terrain, and the 

use of energy-consuming applications such as air conditioning, influence the maximum driving 

range of an EV. Several factors will affect the time for an EV to charge, including battery size, 

its current state (empty or full), the maximum charging rate of the vehicle or charging point, 

and environmental factors [34].  

Temperature is known to impact battery efficiency and reduce lifespan, especially within cold 

climate countries such as Canada and Alaska, both of which have been known to experience 

temperatures below -15℃. Typically, an EV’s driving range will be diminished by 20-50% in 

extremely cold climates as internal resistances increase, inducing the formation of dendrites 

and excessive heat build-up. Similarly, in hot climates, complications arise; the surrounding 

temperature increases the internal battery core temperature. Thus, if there is no method of 

dissipation to cope with the influx in temperature, thermal runaway is likely to occur [35, 36]. 
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2.1.5 Hazards of LIBs  

A fundamental challenge that needs to be addressed is the safety concerns surrounding LIBs. It 

is widely known that many LIB chemistries are relatively toxic and can be prone to fire hazards 

in some conditions. Since LIBs have dominated the battery market, fires have become an 

increasingly significant issue due to the substantial upgrade in energy density, which was not 

achieved in the technologies before LIBs. Regarding energy density, Li-ion technology 

possesses three times the energy density of the nickel-metal hydride (Ni-MH) chemistry [37]. 

 In the event of a battery fire, the severity depends on numerous factors, with size, number of 

batteries used per application, power rating, and the manufacturing materials being paramount. 

Thus, considering size and power rating, an EV would pose a greater risk than an e-cigarette or 

smartphone. Additionally, while fires are often associated with being the sole risk of LIB 

hazards, many overlook the silent killer, the toxic gases being produced and inhaled. Gases such 

as H2, CH4, CO, HF, and various other organic gases are produced from the combustion of a 

LIB.  

When analysing the associated risk per device, investigations can be classified into three 

categories: electrical, mechanical, and environmental.  
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Figure 2-4: Mechanism of Lithium-ion battery failure as a consequence of abuse. 

 

Electrical risks involve overcharging and internal circuit faults within the battery system; 

overcharging or charging the device at a higher power rating may severely degrade operating 

performance over time or render the device non-operational. Characteristics common with 

overcharging include intense heat generation and gas formation from electrolyte 

decomposition. However, if operating correctly, the BMS or power transmission control 

systems protect and mitigate many electrical risks. 

Risks associated with mechanical issues primarily focus on appliances experiencing harsh 

impacts and collisions, which are expected in EV accidents. In the case of a severe collision, 

the battery is likely to become crushed or punctured, initiating a series of events. If the battery 

becomes crushed, electrolyte leakage may pose a fire risk due to the solvents' highly flammable 

properties. In an ideal outcome, reaching the melting point causes the pores within the separator 

to close, increasing internal resistance and inhibiting further battery operation [36, 38].  

Penetration of the battery is regarded as one of the most aggressive forms of damage due to the 

combination of mechanical and electrical abuse arising simultaneously, particularly if the 

battery is punctured and exposed to air. To mitigate against the mechanical risks, the location 
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& environmental abuse
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Fire ignition  
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of the battery pack is generally reinforced with protective plates and extra reinforcement 

material, allowing it to retain its structure and avert deformation upon impact. Once pierced, an 

internal electrical shortage will occur, releasing electrical energy; the energy cannot be 

contained and is emitted as thermal energy until full discharge or critical temperature is attained. 

Researchers discovered that as much as 70% of the electrical energy can be discharged within 

the first 60 seconds, explaining the rapid temperature rise that follows [38]. 

2.2 LIB Electrolytes 

2.2.1 Introduction 

The electrolyte is a vital constituent in LIBs, often overlooked in operation and function. The 

electrolyte is responsible for the electrochemical performance, acting as a conducting medium 

that transfers lithium ions from the anode to the cathode and vice versa. Accounting for 10-15% 

of the total weight of a LIB, it wets into the porous electrodes and permeates the pore spaces 

within the separator membrane [39, 40].   

Previously, LIBs incorporated aqueous electrolyte solutions. Although less flammable and 

toxic, the electrolyte stability window (ESW) was more constrained, limiting the maximum 

output to around 1.2 V. In contrast, non-aqueous electrolytes can achieve 4-5 V per cell, 

depending on the active components. Today, non-aqueous electrolytes are overwhelmingly the 

preferred choice in commercial LIBs, with other alternatives including polymer electrolytes, 

ionic liquids, and solid-state electrolytes [41]. 

This ionic conducting medium is essentially an electron insulator containing no free electrons; 

this prevents the electrons from flowing through the electrolyte; instead, the electric current 

moves through the current collectors and around the circuit. Anions assist the lithium ions as 

they traverse between each electrode. However, the electrolyte itself does not participate in the 



Chapter 2: Literature Review 

30 

redox reaction that occurs at each electrode. Once the lithium salts are dissolved within the 

electrolyte solution, the positively charged lithium cations pair up with negatively charged 

solvates. These charged particles move in opposing directions; the cations will move in the 

same direction as the electrical current flow, while the anions move in the opposite direction 

[42]. The composition of the electrolyte is divided into three fundamental components: the 

solvent, conducting salt and a wide array of additives.  

2.2.2 Electrolyte solvents 

Conventional electrolyte solvents consist of linear and cyclic carbonates, as illustrated in 

Figure 2-5. The most commonly used linear carbonates in commercial LIBs include dimethyl 

carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC) [43].  

Each organic carbonate demonstrates a range of chemical and physical properties; thus, a blend 

of multiple carbonates is combined to form a ratio close to 3:7 (v/v) consisting of cyclic and 

linear carbonates. This balance enhances the characteristics of the electrolyte and improves its 

operational efficiency [44]. 

 

 

 

 

 

 

Figure 2-5: LIB electrolyte solvents; linear carbonates (top row), 

cyclic carbonates (bottom row). 

             DMC                                                   EMC                                                DEC 

               EC                                                  PC 
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DMC is a green solvent that readily biodegrades within the atmosphere. Today, the main line 

of formulation is through the oxidative carbonylation of methanol using oxygen. As a non-polar 

and aprotic alkyl carbonate, it exhibits good miscibility with water. Industrially, it is employed 

for various applications, from chemical transformation reagents to pharmaceutical applications. 

However, it has recently gained prominence as an electrolyte medium in LIBs [45, 46]. 

Like DMC, EMC is the simplest asymmetric ester and a key intermediate in organic synthesis. 

The synthesis of EMC traditionally involved the base catalysis transesterification of methyl 

chloroformate with ethanol, but due to environmental concerns, the transesterification of DMC 

with ethanol using a metal oxide catalyst is the synthesis route generally preferred. Driven by 

its industrial application in LIB electrolytes, its formulation is expected to reach upwards of 

100,000 tonnes per year, a similar output as its equivalent, DMC [47-49]. 

Linear carbonates generally have a lower dielectric constant and are more volatile than their 

cyclic counterparts, partly due to their low flash points. Besides their structural differences, 

cyclic carbonates display significant chemical and thermal stability variations. The most widely 

applied cyclic carbonates within the electrolyte solvent blend are ethylene carbonate (EC) and 

propylene carbonate (PC). 

Ethylene carbonate (EC) is a cyclic ester and is one of the most crucial components within the 

electrolyte solvent blend, exhibiting low toxicity and good solvating ability. In terms of 

electrolyte characteristics, it displays extensive cycle life and high chemical and 

electrochemical stability. Several methods exist to synthesise EC, but the leading process reacts 

ethylene oxide with carbon dioxide at high temperature and pressure conditions. Once heavily 

incorporated in the textile and cosmetic industry for its ability to dissolve a wide range of 
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polymers, polyester fibres, and resins. Its high dipole moment makes it suitable for high 

permeability applications, such as inks, dyes, lubricants, and electrolyte solvents [50-52]. 

However, EC’s relatively high melting point and viscosity at low temperatures result in a low 

ionic conductivity. To address this, linear carbonates are combined to create a solution that can 

withstand a more comprehensive operating temperature range. Propylene carbonate, while 

offering a high dielectric constant and lower melting point than EC, cannot create an SEI layer 

with the graphite anodes [42]. Furthermore, PC tends to undergo co-intercalation, leading to 

the exfoliation of the graphite anode and structural deterioration. For this reason, PC is solely 

used in low concentrations, if at all [53]. 

2.2.3 Electrolyte conducting salts 

The conducting salt is dissolved in a blend of solvents to create a solution that promotes ion 

mobility. On a volumetric basis, approximately 30-50% of the overall electrolyte composition 

consists of the conducting salt. Positively charged lithium cations are paired with approximately 

3-4 anion solvate particles, allowing the lithium ions to be transported between electrodes 

during the charging/discharging cycle. Upon approaching the electrodes, the weak bonds 

between the ions are broken by the stronger charge strength of the electrodes, permitting the 

lithium ions to undergo oxidation and reduction. 

Lithium hexafluorophosphate (LiPF6) stands out as one of the most commercially successful 

conducting salts on the market, extensively employed in various LIB applications. Its structure 

comprises a central phosphate atom surrounded by six fluorine atoms, creating the anion that 

pairs with the lithium cation. LiPF6 is a well-rounded conducting salt, demonstrating key 

attributes such as high ionic conductivity, a wide ESW, and the ability to passivate the 
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aluminium current collector. However, despite its distinguished operational performance, the 

conducting salt has several underlying weaknesses [42]. 

Firstly, the thermal stability of the conducting salt is exceptionally poor and is usually the 

limiting factor of the operational temperature in most LIBs. An equilibrium exists (Equation 

2-6) between LiPF6, phosphorus pentafluoride (PF5), and lithium fluoride (LiF). As the 

temperature increases, LiPF6 becomes progressively more unstable, and the equilibrium shifts 

towards the decomposition products. 

 

However, the main issue arises when the conducting salt comes into contact with moisture, as 

LiPF6 undergoes hydrolysis, forming a range of highly toxic compounds, including hydrogen 

fluoride (HF). HF can react with internal components (both active and inactive) in the LIB, 

leading to functional deterioration. 

Alternative commercially available conducting salts include lithium tetrafluoroborate (LiBF6), 

lithium fluoroalkylphosphate (LiFAP), and lithium bis(oxalato)borate (LiBOB). LiBF6 closely 

resembles the LiPF6 compound, surpassing it in terms of thermal stability and safety, and the 

impact from moisture is less severe. Unfortunately, the ionic conductivity of this conducting 

salt is lesser than LiPF6 due to its poor dissociation within the carbonates. This is the case with 

many lithium conducting salts, thus the replacement of LiPF6 commercially is challenging.  

2.2.4 Electrolyte additives 

Although the electrolyte proves effective during operation, the solution remains relatively poor 

regarding safety. Flammable and toxic properties are exhibited due to the relatively low 

flashpoint and the vast range of decomposition products formed. Manufacturers are ultimately 

LiPF6  ⇌ LiF + PF5 (2-6) 
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under pressure to establish a fine balance between maintaining the operational performance of 

the electrolyte, preserving a degree of safety, and remaining receptive towards environmental 

factors. 

LIB manufacturers will generally use very similar electrolyte materials; however, the precise 

ratio and addition of additives diverge upon application and are implemented to balance the 

imperfections of the solvents and the conducting salts. Accounting for less than 10% of the 

mass fraction of the electrolyte, additives can significantly enhance vital characteristics and 

critical areas such as the formation of the SEI layer, improved thermal stability, and prevention 

of overcharging [41, 54]. 

However, it is essential to consider that additives may enhance one or more LIB characteristic 

areas but may hinder another attribute as a result. For example, one additive may significantly 

improve the range of temperatures a LIB can operate between but negatively impact the overall 

ionic conductivity [42]. Several commercial additives and their associated function within 

current LIBs have been tabulated in Table 2-1. 

Table 2-1: LIB electrolyte additives [41, 42, 54, 55]. 

Focus of Enhancement Additive 

  
Increase the SEI stability and reduce gas 

generation 

Vinylene carbonate (VC), vinyl ethylene carbonate (VEC), allyl 

ethyl carbonate, vinyl acetate, divinyl adipate, acrylic acid nitrile, 

2-vinyl pyridine, maleic anhydride, methyl cinnamate and vinyl-

containing silane-based compounds 

Cathode protection agent, 1) Scavenge 

moisture and acidic impurities. 2) 

Combines the metal ions into a 

protection surface layer. 

Butylamine, N,N-dicyclohexylcarbodiimide, N,N-diethylamino 

trimethylsilane and lithium bis(oxalto)-borate (LiBOB) 

Stabilising the conducting salt Tris(2,2,2-trifluoroethyl) phosphite (TTFP), 1-methyl-2-

pyrrolidinone, fluorinated carbamate and hexamethyl-

phosphoramide 

Fire retardant Trimethyl phosphate (TMP), triethyl phosphate (TEP), tris(2,2,2-

trifluoroethyl) phosphate, triphenyl phosphate (TPP) 
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2.2.5 The optimal design of electrolytes  

To achieve effective battery operation, the design of electrolytes must strive to meet the 

following requirements: 

1) High ionic conductivity: This allows the lithium ions to move freely between the electrodes 

during the charging and discharging cycle. High ionic conductivity promotes ion mobility 

by decreasing the resistance acting on the ions as they travel through the electrolyte material 

[42]. 

2) Superior solvation: The lithium salt should readily dissolve within the solvent mixture, 

ensuring the solution contains enough charge carriers for favourable ionic conduction. 

Solvation is directly dependent on the dielectric constant; a large dielectric constant 

increases the dissociation of the conducting salt, while a smaller dielectric constant 

promotes ion pair formation [41]. 

3) Flexible electrochemical stability window (ESW): Both solvents and salts must withstand 

a wide range of operating voltages while remaining relatively stable. Failure to operate 

within the ESW risks electrolyte degradation.   

hexamethoxycyclotriphosphazene and methyl nonafluorobutyl 

ether (MFE) 

Improve wettability Cyclohexane and trialkyl phosphate 

Viscosity diluter Phosphorus pentoxide  

Improve thermal stability Methyl difluoroacetate (MFA) 

Overcharging protection Cyclohexyl benzene (CHB), tetracyanoethylene, tetramethyl 

phenylenediamine, dihydrophenazine, lithium 

fluorododecaborates and diphosphate 

Corrosion resistant Adiponitrile 
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4) Viscosity: This is an unusually significant property for the solvents. It is favourable to retain 

a low viscosity to promote high ion mobility. However, solvents that exhibit a high 

dielectric constant invoke high viscosity, limiting the rate at which lithium ions can be 

transported within the electrolyte. Likewise, solvents exhibiting a low dielectric constant 

suffer in ion mobility but promote the ideal viscosity conditions required [56]. 

5) Wettability: This measures how effectively a liquid maintains contact and distributes itself 

over a solid surface. High wettability is desirable when referring to the interaction between 

the electrolyte, separator, and electrodes. Wettability can affect the separator and cell 

resistance; the separator’s retention ability to absorb the electrolytes also profoundly 

impacts the internal resistance [57, 58]. 

6) Thermal stability: The electrolyte should be capable of operating at a range of temperatures 

whilst remaining stable. The melting and boiling points of the electrolyte constituents 

should be below and above the LIBs’ operating temperature, respectively, ensuring the 

solution remains in the liquid state [43]. 

7) Chemically passive and environmentally safe: The electrolyte constituents should not spur 

a chemical reaction and should remain relatively inert when in contact with all LIB 

components (both active and inactive). The electrolyte should strive to be environmentally 

friendly, containing little to no toxic substances. Additionally, to keep the operation safe 

and low risk, the electrolyte solution should ideally have a high flash point and be non-

flammable [41]. 

8) Economics: The electrolyte components should be relatively abundant and inexpensive. 

Additionally, the manufacturing and processing costs should follow the same trend. 
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2.2.6 Electrolyte degradation and ageing 

Ageing is a phenomenon that undoubtedly leads to the demise of the LIB’s operational ability. 

As countless charging/discharging cycles occur, the battery performance deteriorates. The 

capacity can no longer hold a charge equivalent to the original, resulting from the irreversible 

chemical and physical alterations that occur with extensive operation. Several factors affect 

ageing, but focusing purely on the electrolyte, the foremost includes solvent and conducting 

salt decomposition. A limited number of decomposition reactions are fully understood, and 

many ageing processes still require further research to determine the impact and range of 

products formed. 

Solvent decomposition is understood to occur via two main pathways; the first is the most 

dominant process, whereby the cyclic carbonates undergo polymerisation. The second pathway 

involves the transesterification of a linear carbonate [44]. 

The principal cyclic carbonate, EC, undergoes a polymerisation reaction on the negative 

electrode surface, occurring when a Lewis acid, transesterification catalyst, or base initiates the 

reaction [59]. As a result, the cyclic carbonate is transformed into a copolymer and ejects a 

carbon dioxide molecule that incites gas generation, causing the volume to swell. However, this 

is an alternative type of battery degradation. Transesterification is the second major 

decomposition process. The pathway involves the linear carbonate, EMC, which undergoes the 

process in the presence of an acid or base catalyst to form DEC. However, film-forming 

additives are commonly added to suppress the transesterification reaction [44]. 

Over time, the liquid electrolyte is depleted due to electrolyte solvent degradation. This 

effectively leads to the electrodes drying out, promoting contact loss between the electrolyte 

and active materials and severely reducing the capacity of the LIB [17]. 



Chapter 2: Literature Review 

38 

As mentioned previously, LiPF6 is thermally unstable and in constant equilibrium with its 

decomposition products, largely influenced by the temperature effects and the moisture present. 

When exposed to moisture, a spontaneous chain reaction is triggered. The steps below outline 

the LiPF6 hydrolysis process:  

 

 

 

 

Due to the high hygroscopicity of LiPF6 and the decomposition products, the reaction proceeds 

to take place until all the water molecules have been fully expended; commercial-grade battery 

electrolyte typically consists of approximately 25 ppm of water moisture [60]. In the pure dry 

form (<10 ppm moisture), LiPF6 is thermally stable within temperatures less than ~107℃, but 

once dissolved within the solvent solution, the intermolecular interactions result in progressive 

cell fading at temperatures surpassing 55℃, and when exposed to an abundance of water 

moisture, this temperature is further reduced [61].  

The damaging effect of moisture is supported by research conducted by Grützke et al. [62], 

which explores commercial LIB electrolyte’s thermal ageing and hydrolysis mechanisms. The 

electrolyte of a used LIB from a reclaimed hybrid electric vehicle (HEV) was investigated. The 

LIB was opened under three unique conditions, adapted to simulate electrolyte exposure to 

different environments. The conditions consisted of: i) inside a glove box (simulating an inert 

environment), ii) exposure to air for 5 minutes, and iii) exposure to air for 45 minutes. Both 

experiments that involved exposure to air were carried out to simulate the leakage of electrolyte 

LiPF6  ⇌ Li+ + PF5
− (2-7) 

  

LiPF6  ⇌ LiF + PF5 (2-8) 

  

 PF5 + H2O ⟶ POF3 + 2HF (2-9) 

  

POF3 + H2O ⟶ POF2(OH) + HF (2-10) 

  

POF2(OH) + H2O ⟶ POF(OH)2 + HF (2-11) 
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from an HEV battery pack and present the associated dangers. The electrolyte from each 

condition was then analysed to explore the changes in composition. The research results found 

the decomposition products, including acids, to be more complex in LIBs opened in the 

presence of air and humidity. When exposed to these conditions, the LiPF6 underwent 

hydrolysis to a further extent and at a faster rate than the electrolyte exposed to inert conditions. 

It is also important to remember the influence of temperature as a variable affects the 

decomposition rate ahead of the moisture content due to the significant changes in kinetics 

driven by the temperature. Additionally, the authors suggested that due to the abundance and 

strength of the acids formed within the LiPF6 reaction mechanism, it would be wise for 

emergency responders to have on hand acid-binding formulas in the case of an EV accident [60, 

62]. 

Currently, the main challenge concerning the safety of LIBs lies in dealing with the aged 

components of the electrolyte solution, as many corrosive substances are formed via the solvent 

and salt decomposition pathways. Numerous researchers have devoted their efforts to exploring 

these substances and their associated short-term and long-term effects.  

Henschel et al. [44] conducted an analytical study on the electrolyte degradation on various 

field-tested EV LIBs from leading manufacturers. The research characterised 19 different LIB 

electrolytes from 5 global original equipment manufacturers (OEM) using analysis techniques 

that included ion chromatography-conductivity detection (IC-CD), gas chromatography-flame 

ionisation detector (GC-FID), and gas chromatography-mass spectrometry (GC-MS). As the 

water content is a crucial parameter for prompting degradation, a Karl-Fischer titration was 

performed on four electrolyte samples. The titration results indicated a concentration between 

the range of 113-995 ppm of water moisture, much more significant than when LIBs were 

originally manufactured.  
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When analysing the DMC/EMC based solvent blend, DEC was found to have been produced 

in 15 of the 19 samples, supporting the notion that when solvents undergo transesterification, 

DEC is formed as a result. Other sample species identified included carbonate oligomers 

generated from the solvent decomposition. This includes dimethyl-2,5-dioxahexane 

dicarboxylate (DMDOHC), ethylmethyl-2,5-dioxahexane dicarboxylate (EMDOHC), and 

diethyl-2,5-doxahexane dicarboxylate (DEDOHC). These oligomers are believed to be 

detrimental to the LIB performance and essentially increase the internal resistance by altering 

the viscosity and ionic conductivity of the electrolyte.  

Salt decomposition products were principally based upon the hydrolysis mechanism occurring 

with the dominant conducting salt, LiPF6. The hydrolysis reaction generated many acid/non-

acidic organo(fluoro)phosphates (OFPs). On average, there were 35 species in each sample, 

and in total, there were 18 acidic and 20 non-acidic unique samples identified.  

Limited information regarding the toxicity effects of substances produced due to LIB electrolyte 

ageing is available. However, a few components that have been managed to be characterised 

have been identified to be highly dangerous and resemble structures similar to nerve agents 

used in chemical warfare. Three decomposition products of PF6, namely dimethyl 

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

fluorophosphates (DEFP), all substances fall under category 1 within “The Globally 

Harmonized System of Classification and Labelling of Chemicals” (GHS), which classifies 

them as extremely hazardous by the World Health Organisation (WHO) [44].  

The initial stage of recycling LIBs typically involves shredding battery material. Following the 

research into thermal ageing and the hydrolysis mechanisms of commercial LIB electrolytes, 

Grützke et al. [63] evaluated the severity of aged NMC LIB material. This material was 
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shredded, deposited in storage containers, and studied over a period of 20 months. The shredded 

material was placed in tinplate and polypropylene containers; however, the tinplate cans 

exhibited corrosion after several days. This is thought to be a result of the residual charge of 

the active material or the redox reactions between the tinplate surface, metal, and electrolyte in 

the shredded LIB material. Both DMFP and DEFP were identified and quantified in the study. 

As data concerning toxicity exposure to humans is difficult to obtain, findings were based on 

lethal concentrations when exposed to mice. Over a duration of 10 minutes, lethal dosages to 

mice are 290 mg m−13 of DMFP and 500 mg m−13 of DEFP via inhalation. This effectively 

suggests that the simultaneous release of both components from 290 and 500 kg of shredded 

material, respectively, under conditions of high temperature (150℃), would ultimately be fatal. 

Thus, to conclude, it should be noted that even though a biological comparison cannot be 

formed between mice and humans, the hazardous components formed as a consequence of the 

decomposition and ageing processes should not be ignored. For this reason, the storage of LIB 

material should be kept in well-ventilated spaces, and human exposure must be minimal [63]. 
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2.3 Supercritical Fluids 

2.3.1 Introduction 

The critical phenomenon is that upon exceeding its critical point, a fluid will no longer act 

solely within the liquid or gas state but will exhibit characteristics of both, creating a single 

phase. In 1822, the French physicist Baron Charles Cagniard de la Tour conducted an 

experiment based on the acoustics generated from the splashing of a flint ball within a liquid 

housed in a digester. The splashing was audible at room temperature as the spherical ball 

tumbled through the liquid-vapour interface. However, as the digester was progressively 

heated, the distinctive splashing acoustic faded upon surpassing a set temperature. The 

experiment was repeated with various liquids, revealing that each fluid had a unique critical 

temperature, ultimately discovering the supercritical fluid phase [64]. 

 

 

 

 

 

 

 

 

 

 

Figure 2-6: P-T phase diagram of a pure component (adapted from A.Taleb) [65]. 
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2.3.2 Phase behaviour of a pure component 

The P-T phase diagram (presented in Figure 2-6) [65] highlights three phases: solid, liquid, and 

gas, each partitioned by a significant transition curve corresponding to a change of state. 

Physicochemical transformations initiate the transition between each phase through the 

alteration of density. Thermodynamic equilibrium occurs at the location of the triple point (T). 

Here, all three phases of the single-component fluid coexist, and the transition lines 

(sublimation, liquefaction, and vaporisation) intersect at this point.  Advancing past the 

sublimation curve lies the evaporation curve, shifting the liquid phase to gas. The curve begins 

at the triple point and culminates at the critical point (C) [65]. 

The supercritical fluid phase is attained when the single-component fluid exceeds the critical 

temperature (Tc) and pressure (Pc) parameters. The distinction between vapour and liquid ceases 

to exist upon surpassing the critical isotherm 𝑇 = 𝑇𝑐 and the critical isobar 𝑃 = 𝑃𝑐. In basic 

terms, a supercritical fluid can be observed as a highly pressurised gas with liquid-like density 

and tremendous transport properties, exhibiting low viscosity and high diffusivity [66]. As a 

result of the high compressibility of supercritical fluids (SCF), the density and solvating power 

can be fine-tuned as required through subtle adjustments in their pressure and temperature 

parameters [67]. In this supercritical phase, elevated pressure fluctuations will not revert the 

phase back into a liquid state, nor will a higher temperature deviation reverse the phase into a 

gaseous form [66]. 
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Table 2-2: Physical and transport properties of fluids [68]. 

 

*At ambient conditions   

The effectiveness of supercritical fluid extraction (SFE) is grounded in the physical properties 

of the solvent and solute(s) combination. Table 2-2 compares the physical and transport 

properties of each fluid. Specifically, the density and thermal parameters of the pure solvent 

directly impact the loading capacity and solvent regeneration. At the same time, the chemical 

potential and transport properties provide the driving force and regulate the mass transfer rates. 

In industry, fluids selected for supercritical applications are primarily centred around the cost 

and energy demands required to promote the pressure and temperature to the supercritical state. 

However, due to the associated safety concerns, not all fluids are equally fit for purpose. For 

example, ammonia is relatively inexpensive and exhibits a mild critical point; however, due to 

the toxic and corrosive properties associated with the fluid (presented in Table 2-3), it is not 

regularly applied. Likewise, the hydrocarbons ethane and methane require relatively low critical 

conditions to establish the supercritical phase, making them reasonably inexpensive within 

applications. However, each is highly flammable and would require additional safeguards for 

safe operation [69]. 

Lately, there has been a significant emphasis on using environmentally benign and non-toxic 

solvents within industrial processes. Both water and carbon dioxide promote safe properties, 

highlighting non-toxic, non-flammable, non-carcinogenic, and relatively inert characteristics. 

Hence, both are often referred to as “green solvents” [70]. 

Property Gas* SCF (≥  𝑻𝒄,𝑷𝒄) Liquid* 

    

Density 𝜌 ( kg/m−3) 0.6-2 200-500 600-1600 

Dynamic viscosity 𝜇 (mPa) 0.01-0.3 0.01-0.03 0.2-0.3 

Kinematic viscosity 𝜈 (= 𝜇/𝜌) (106 m2 s−1) 5-500 0.02-0.1 0.1-5 

Diffusivity D (106 m2 s−1) 10-40 0.07 0.0002-0.002 
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Table 2-3: Critical parameters for established supercritical fluid solvents [66, 71]. 

 

A-Acute toxic, C-Corrosive, E-Environmental hazard, F-Flammable, H-Health hazard, I-Irritant, O-Oxidiser. 

 

2.3.3 Supercritical carbon dioxide 

Carbon dioxide is the most commonly used supercritical fluid (SCF) across various industries; 

the first application of the solvent dates back to the 1950s. It is widely available and considered 

one of the most inexpensive solvents, second only to water, on an economic scale. The critical 

parameters required to promote carbon dioxide to its supercritical conditions are 31.1℃ and 

73.8 bar (as tabulated in Table 2-3). These are relatively mild and thus demand less energy to 

promote the fluid to its critical state.  

However, during the late 1960s, the solvation power of carbon dioxide was thought to rival the 

strength of alkanes and ketones. As early models established the solvent strength upon the 

relationship between the Hildebrandt solubility (δ) and the square root of the critical pressure 

[𝑃𝑐
1/2], being directly proportional. Due to this, the solubility parameter of carbon dioxide was 

overpredicted by up to 100%, leading to claims for replacing traditional organic solvents with 

the fluid [72]. Today, carbon dioxide is the preferred option based on the clean nature of the 

fluid, unlike many organic solvents.  

Solvent 
Molecular 

Formula 

Critical 

Temperature (℃) 

Critical Pressure 

(Bar) 

Hazardous 

Classification 

     

Ammonia NH3 132.5 113.5 C, A, E 

Benzene C6H6 289.0 48.9 F, I, H 

Carbon dioxide CO2 31.1 73.8  

Ethane C2H6 32.2 48.9 F 

Methane CH4 -82.6 45.9 F 

Methanol CH3OH 240.5 79.9 F, A, H 

Nitrous oxide N2O 36.5 72.3 O 

Water H2O 374.2 221.2  
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Figure 2-7: Density variation of carbon dioxide with temperature and pressure [73]. 

The dashed line defines the density at the critical temperature, and the bold line represents the 

saturated liquid line (left) and the saturated vapour line (right). As Figure 2-7 shows, large 

density fluctuations are introduced beyond the critical points of temperature and pressure, with 

slight deviations made to the pressure at a constant temperature. 

Compressibility, 𝛽, is defined by:  

When at the critical point, the compressibility value is high and tends to infinity.  
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Figure 2-8: Relevant permittivities (ɛ) of pure carbon dioxide, argon and pentane as a 

function of pressure [66]. 

 

“Like dissolves like”, a famous phrase coined by chemists, is often used when referring to the 

solubility interaction between solvents and solutes [74]. In terms of polarity, carbon dioxide is 

non-polar, primarily due to the zero dipole moment and low dielectric constant of the  

molecule [75]. 

Carbon dioxide molecules do not have a fixed electrical dipole moment; hence, the polarisation 

is limited to the contributions of the electrons and the nuclei. Typical solvation effects 

experienced are partially insignificant, and the intermolecular interactions are primarily 

composed of van der Waals forces and higher electrostatic attractions, such as the quadrupolar 

interactions. Exhibiting a rather small relative permittivity (as presented in Figure 2-8), carbon 

dioxide exhibits a dielectric constant (ɛ) of below 1.8 even at high pressures (200 MPa), where 

its density corresponds to that of liquids.  

As a consequence, the solvent capabilities of supercritical carbon dioxide are rather specific, 

with the extraction capabilities being increasingly more effective for substances with a 
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low/medium molecular mass and that are non-polar. It is important to note that relative 

permittivity alone cannot determine solvent power; other factors, such as molecular 

interactions, solvation, and structural effects, must also be considered [66]. 

Subcritical carbon dioxide, also known as liquid carbon dioxide, is a technique also applied in 

extraction processes. Operation at the subcritical state is considered less harsh than the SCF 

state, whereby the pressure and temperature parameters are slightly lesser than that of the 

critical point. Thus, the physical properties, such as viscosity and surface tension, are greater 

than supercritical carbon dioxide, ultimately reducing the solvation ability. Although the 

subcritical technique has been applied within some extraction processes where the constituents 

are too delicate and would denature under the harsh conditions of supercritical carbon dioxide, 

typical processes include the extraction of carotenoids from microalgae/seaweeds and 

cannabinoids from cannabis [76]. 

2.3.4 Solubility 

The association between phase equilibria and solubility in SCFs has been investigated using 

equations of state (EOS), statistical mechanical models, and solution thermodynamics. 

However, the application of these models is limited and requires extensive physicochemical 

data [69]. Mass transfer depends on the solubility of the solute within the SCF, with the 

solubility parameter varying for each solute compound and the applied operating conditions.  
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Solute behaviour within dense gases is based upon four main constraints, according to King 

and Friedrich (1990) [69]:  

1) Miscibility pressure. This refers to the pressure or corresponding density in which the solute 

first begins to dissolve within the SCF. The miscibility pressure is obtained by solving the 

interaction between the total interaction parameter (χ) and the critical interaction parameter 

(χ𝑐) as a function of pressure or by graphical methods. The pressure value obtained is 

practical as a starting extraction position. 

 

2) Maximum solubility pressure is the pressure at which the solute is most soluble within the 

SCF. Giddings' equation can predict the maximum solubility, whereby the solution is 

obtained when solubility and solute parameters are equivalent. 

 

3) The fractionation pressure range defines the range of pressures between the miscibility 

pressure and the maximum solubility pressure, where the solubility of the solute ranges 

from zero to its maximum value. In this range, the solubility of one component will exceed 

the solubility of other components through the variation of pressure. 

 

4) The physical properties of the solute, a critically important parameter is its melting point, 

as solutes tend to be increasingly more soluble in an SCF in their liquid form. Thus, in a 

selective extraction involving numerous solutes with different melting points and vapour 

pressures, the extraction temperature of the process will be vital in obtaining the selected 

solute(s). 
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Correlating SCF solubility with the molecular structure under the temperature and pressure 

parameters can be evaluated using King and Friedrich’s reduced solubility parameter (Δ), as 

follows: 

Where 𝛿1 is defined as the solubility parameter of the solvent and 𝛿2 is the solubility parameter 

of the solute. The solubility parameter of fluid can be calculated according to Giddings et 

al.[77], as follows: 

Where 𝑃𝑐 is the critical pressure, 𝜌 is the density of the supercritical fluid and 𝜌𝑙𝑖𝑞 is the density 

of liquid gas. The solubility parameter of the solvent is correlated to the molecular structure 

using the following equation: 

Where 𝛥𝜀 is the vaporisation energy (at a given temperature) and 𝛥𝜈 is the corresponding molar 

volume, which is resolved by imputing the corresponding molecular weight and density values 

[69]. 

 

 

 

 

 

 

 

Δ = 𝛿1 /𝛿2  

 

 (2-13) 

 

𝛿1 = 1.25 𝑃𝑐
0.5(𝜌/𝜌𝑙𝑖𝑞) 

 

(2-14) 

𝛿2 = (
𝛥𝜀

𝛥𝜈
)

0.5

 (2-15) 
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2.3.5 Supercritical fluid extraction  

The supercritical fluid extraction (SFE) technique is a separation process used to extract and 

isolate substances through the application of supercritical fluids. One of the first commercial-

scale applications of the SFE process was used to decaffeinate coffee beans [68]. In most cases, 

the SFE process comprises two main steps. First is the extraction from the sample, followed by 

a process involving the separation of the solvent and extractant. Figure 2-9 presents a simple 

schematic outlining the SFE process.  
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Figure 2-9: Schematic of a basic supercritical fluid extraction process. 

 

Assuming that the SCF employed in this process is carbon dioxide, the initial step involves 

cooling it down to change its phase from gas to liquid, allowing it to be pumped. Once 

pressurised, it then contacts the sample, allowing solutes to be extracted via mass transfer 

effects. The bulk fluid containing the solute must then be separated; this is achieved through 

pressure reduction, resulting in the separation of phases and the precipitation of the solute.  
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This allows carbon dioxide to be diverted out of the process or, in some cases, recycled back 

into the feed stream. If a co-solvent is required, a mixer can be implemented to form a mixture 

of solvent and co-solvent or the co-solvent can be directly pumped into the vessel. 

Fine-tuning the operating conditions is significantly important when optimising the extraction 

quality of the process. Generally, both parameters, temperature and pressure, drive substantial 

solubility fluctuations within SCFs. An increase in supercritical pressure promotes the density 

of the SCF medium; as the density increases, the fluid becomes more soluble, and the solubility 

increases. 

Shifts within the temperature parameter are somewhat more delicate, an isobaric increase in 

temperature effectively decreases the density of the SCF; thus, the solubility of the solute falls. 

However, an enhancement of temperature at constant density promotes the solute vapour 

pressure, thus improving the solubility of the component within the solvent [78]. 

The effects of solvent flow rates depend on the type of sample being extracted. When the 

solubility/elution step primarily controls the extraction rate, the sample tends to have a high 

concentration of weakly bound analytes within the matrix. In this scenario, higher flow rates 

correspond to greater extraction rates. Additionally, static operation is less effective than 

dynamic over the same time interval. However, suppose the extraction rate is primarily driven 

by the rate of the initial desorption/kinetic step. In that case, the sample will tend to have a low 

concentration of strongly bound analytes within the matrix. For such samples, the solvent flow 

rate will have little or no effect on the extraction rate, assuming the sample void volume is 

adequately swept during operation. For this scenario, static operation is just as effective as 

dynamic [79]. 



Chapter 2: Literature Review 

53 

In some processes, optimising the operating conditions alone is insufficient to achieve high-

quality extractions. Practices to enhance the SCF solubility may involve adding co-solvents or 

a polar modifier to the solvent-solute mixture. The solvent strength of carbon dioxide is poor 

when extracting polar molecules; hence, a polar modifier may be added to produce a binary 

solvent mixture, improving the extraction yield and reducing the duration of the extraction 

process. 

Several limitations associated with the SFE process can raise questions regarding its feasibility. 

As mentioned, carbon dioxide is the most applicable SCF and is non-polar; thus, extraction of 

the polar substances is increasingly difficult without the addition of a suitable polar modifier. 

Additionally, from an economic standpoint, the SFE process requires a complex equipment 

arrangement, and the operating conditions involve significantly high pressures. Thus, the 

capital investments and operating costs needed for the setup and operation are substantial. 

However, depending on the process, the advantages collectively outweigh the expenses. Today, 

SFE is applied to many unique applications across various sectors, including food and 

beverages, pharmaceuticals, energy, and more. Table 2-4 outlines a few of these applications 

and their associated operating conditions. 
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Table 2-4: Applications incorporating SCFs. 

Industrial Sector Application 

Critical Fluid  

(Sc = supercritical, 

Sb = subcritical) 

Pressure (bar) 
Temperature 

(K) 

Co-Solvent 

Applied 
Extraction Method Reference 

        

Energy Coal liquefaction 
Sc (C6H6/ 

C7H7/C5H5N) 
200 573-723 N/A  [80] 

        

 Deasphalting of petroleum Sb C5H12 35 333 N/A Dynamic  [80] 

        

Chemical Coffee decaffeination ScCO2 250 363 N/A Static  [81] 

        

 Hops extract (humulus lupulus L) SbCO2 50-60 293-298 N/A Static/dynamic  [82] 

        

 Hops extract (humulus lupulus L) ScCO2 150-400 313-323 N/A Static/dynamic  [82] 

        

 
Extraction of nicotine and 

solanesol from tobacco leaves 
ScCO2 / SbCO2 80–250 298–333 N/A  [83] 

        

 Dry cleaning SbCO2 50 291-295 N/A  [84] 

        

 Polyethylene formation ScC2H4 1200-3000 423-573 
Oxygen / organic 

peroxides 
Dynamic  [71] 

        

 Fabric dyeing 
ScCO2 (H2O 

saturated) 
225–278 373–389 

Dichlorotriazine 

dye 
 [85] 
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 Impregnation of wood ScCO2 150 313-333 
Protection 

solvent 
Static  [85] 

        

Food and beverage 
Roasted peanuts (Arachis 

hypogaea) extracts 
ScCO2 96 323 N/A  [86] 

        

 

 
Cumin flavouring extraction ScCO2 550 373 N/A Static/dynamic  [86] 

        

 Extracting orange oil ScCO2 131 308 N/A Dynamic   [86] 

        

 Cheddar cheese, fat (lipid) removal ScCO2 200 313 N/A  [86] 

        

 Parmesan, fat (lipid) removal ScCO2 350 308 N/A  [86] 

        

 Triglycerides from soybean flakes ScCO2 200-400 373 N/A Static/dynamic   [85] 

        

Waste Recycling carbon fibre Sb/ScH2O 40-270 523-673 
Potassium 

hydroxide 
Static  [87] 

        

 
Decomposition of polyethylene 

terephthalate (PET) 
ScCH3OH 98 573-603 N/A  [88] 

        

 

Extraction of palladium and silver 

from waste printed circuit boards 

powder 

ScCO2 100-400 313-343 Acetone  [89] 

        

 Splitting of industrial emulsions SbC3H8 40 313–353 N/A Dynamic  [85] 

        

 Decomposition of rubber tyres ScC7H8 35-55 573 N/A Static  [90] 
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The rapid integration of supercritical fluids (SCFs) into various industrial processes has proven 

highly successful, primarily due to their significant solvating properties and environmentally 

friendly nature. Research has continued to push the capabilities of SCF technology in a wide 

array of practices, from separation techniques such as chromatography to recycling carbon 

fibre. A few of the leading applications of SCFs other than the SFE are expanded upon below: 

Supercritical fluid-assisted drying – Conventional air drying naturally works based on drawing 

moisture to the surface of a substance through diffusion, when reaching the surface, the 

moisture is dissipated when contacting air. In comparison, supercritical fluid-assisted drying 

promotes an exchange using an extraction medium instead of heated air. Unlike conventional 

drying, surface tension effects are not a problem when drying highly porous materials, whereas 

under conventional drying, the water is removed from the liquid phase, allowing the solid 

structure to collapse. Application within the industry is commonly applied to produce a range 

of aerogels, e.g. polymers and biopolymers [85]. 

Supercritical fluid chromatography (SFC) – Many variations of chromatography exist (liquid, 

gas, ion exchange, etc.). However, all are still classified as analytical techniques for separating 

chemical compounds into their constituent elements. SCF draws together the advantages of 

high-pressure liquid chromatography (HPLC) and gas chromatography (GC), promoting an 

advantageous mobile phase as a result of its low viscosity, medium diffusivity and high density 

(closer to liquid state). Regarding analytical polarity, HPLC has the most comprehensive range; 

however, it is restricted to operating in distinct elution modes. SFC, in comparison, can operate 

in mutually compatible modes, allowing it to adopt conditions that target non-polar analytes 

before interchanging to polar elution modes. Hence, SFC can cover the widest analyte polarity 

range within a singular run [91]. 
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2.4 LIB Recycling Techniques 

2.4.1 Introduction 

Despite the growing trend of recycling LIBs, many commercial recycling processes disregard 

the recovery of low-value components within the cell. The primary objective of many recycling 

processes is to maximise profitability, and this is often achieved by placing significant emphasis 

on the recovery of high-value electrode materials, including cobalt, manganese, nickel, and 

lithium. Consequently, the organic components, such as the separator and electrolyte, are 

frequently overlooked in these processes. 

2.4.2 Commercial processes to recycle LIBs 

The leading LIB recycling technologies implemented in large-scale operations use a 

combination of pre-treatment and processing methods. There are three main recycling 

techniques: pyrometallurgy, hydrometallurgy, and direct recycling. Each of these processes can 

be combined and adapted depending on factors like throughput, characteristics of the available 

LIB material, and the quantity and value of the recoverable materials [92].  

One of the first prerequisites in most recycling techniques is to discharge the batteries before 

processing; this reduces the risk of fire and explosion and offers greater protection for the 

employees. In lab-scale processes, LIBs can simply be discharged through electrical means; 

however, this task is laborious and impractical in large commercial processes where many LIBs 

require processing. Thus, inert conditions are adopted, or the LIBs are cryogenically frozen 

when they are to be disassembled or shredded, preventing the lithium-ions from reacting with 

air. Another pre-treatment technique employed to pacify the hazardous reaction is to submerge 

the LIBs in a brine solution (usually sodium chloride), discharging the battery. However, upon 
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different battery models and chemistries, the discharge rate will vary,  and some cells are 

adversely impacted by the brine's corrosive nature [93]. 

Mechanical treatment is a multifaceted process encompassing two key aspects: disintegration 

and separation. In the disintegration phase, components undergo crushing, milling, and 

shredding to process materials, effectively reducing particle sizes to under a few millimetres. 

Then, separation techniques are employed to extract valuable materials from the ground 

mixture. These methods leverage characteristics such as physical properties, conductivity, and 

magnetic ability to segregate components. Mechanical treatment methods primarily focus on 

recovering valuable metals and black mass. 

Hydrometallurgical processes are typically integrated with mechanical steps to facilitate the 

breakdown of materials into a more accessible size and effectively separate components. 

Furthermore, a thermal pre-treatment step is employed to aid the separation of the active 

cathode material from the organic binder, resulting in the thermal decomposition of both binder 

and organic solvent. In contrast to pyrometallurgical treatment, hydrometallurgy proves more 

advantageous in lithium extraction, yielding lithium in a purer state. Much like mechanical 

treatment, hydrometallurgy emphasises the recovery of metals and high-purity lithium. Core 

processes employed for material recovery encompass leaching, solvent extraction, 

precipitation, and ion exchange [94-96]. 

The leaching process is widely employed to selectively target the active electrode materials and 

dissolve the metals in an acidic solution. A pre-treatment step involving reductive agents, such 

as hydrogen peroxide, sodium bisulphite, or sodium thiosulphate, is added to promote the 

dissolution through the reduction of the transition metal ions, for example, Ni3+ to Ni2+ and 

Co3+ to Co2+. Next, the transition metals are leached by introducing an inorganic or organic 
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acid. Several commonly used acids include hydrogen chloride, sulphuric acid, nitric acid, citric 

acid, and malic acid [93]. The reaction initiated during the leaching process can be represented 

by Equation 2-16 [94], which illustrates the interaction between the leaching medium 

(sulphuric acid), reductive agent (hydrogen peroxide) and the active material, LiCoO2 in this 

case:  

 

Once the leaching process has been executed, the resulting solution containing the extracted 

metals undergoes further processing through various techniques to refine and separate the 

mixture of metals. Some commonly employed methods include precipitation, solvent 

extraction, and electrowinning [93, 97]. These post-leaching techniques are critical for 

obtaining high-purity metals and preparing them for subsequent stages of the recycling process. 

Direct recycling involves separating the active anode and cathode materials using physical and 

mechanical methods. Whereas the hydrometallurgy process uses liquid solutions to leach and 

separate materials. One advantage of the direct recycling method is that it retains the crystal 

morphology of the cathode. However, strong acids dissolve the active cathode material into its 

constituent ions in the hydrometallurgical process. The choice between these methods depends 

on factors such as the desired purity of recovered materials [95]. 

The pyrometallurgical technique is independent and does not require physical or mechanical 

pre-treatment steps, as the furnaces are specifically designed to accommodate large volumes of 

batteries. This design feature allows LIBs to be loaded directly into the furnace for processing. 

The technique adopts elevated temperatures to recover valuable metals and purify them through 

physical and chemical transformations. It is important to note that the primary focus of this 

 

2LiCoO2 + 3H2O2 + 3H2SO4 = 2CoSO4 + Li2SO4 + 6H2O +  2O2 

 

(2-16) 
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technique is on the metals contained in the LIBs, while the remaining organic matter and 

polymer components are incinerated. Furthermore, not all recovered metals are obtained in their 

raw elemental form; for instance, copper, cobalt, and nickel are recovered in alloy form. 

Additionally, certain metals such as lithium, manganese, and aluminium are collected from the 

slag generated during the process. To further enhance these metals' purity, a hydrometallurgical 

recovery technique and a refining step would be required [94, 98]. 

2.4.3 LIB electrolyte recovery 

As observed in the leading commercial processes to recycle LIBs, there is little emphasis on 

the electrolyte component. Three prominent techniques have emerged as leading contenders to 

address the growing demand for efficient and environmentally friendly methods to reclaim and 

reuse electrolytes: vacuum extraction, solvent extraction, and supercritical fluid extraction. 

Each method brings its unique set of advantages and challenges to the forefront, contributing 

to the evolving landscape of LIB electrolyte recovery. 

Vacuum distillation is a separation method utilising the deviation between boiling points of 

components in a mixture. The technique is highly effective; besides preventing contact with the 

atmosphere, it exhibits higher evaporation rates, and substance sublimation occurs at lower 

temperatures. The process has been adopted in research by Xu et al. [99] and was found to be 

implemented commercially in a patent submitted by Duesenfeld (LIB recycler), both using the 

technique to recover LIB electrolyte solvents [100]. The simplified application of the process 

for EV LIBs is as follows. Battery packs are placed on an assembly line and broken into 

constituent modules; their metal/plastic outer casing is detached from the modules and sent for 

conventional recycling. The modules start by being discharged and are then shredded under 

vacuum conditions. A liquid electrolyte within the shredded material is then separated by 

evaporating the solvent component; the volatile vapour can be condensed back to liquid form. 
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However, a limitation of this process is that the lithium conducting salt component cannot be 

recovered from this technique directly, and the required operating temperature to evaporate 

cyclic carbonates is likely to initiate the decomposition of the lithium conducting salt. 

Solvent extraction was an early recovery process of electrolytes and was first mentioned by 

Schmidt et al. in 2003 [101], whereby the electrolyte solvent and conducting salt within the LIB 

device are dissolved within an organic solvent [102], typical solvents include 1,2-

dimethoxyethane, dimethyl carbonate, ethyl acetate, and acetone, which are then recovered 

through reduced pressure distillation. This process route effectively leaves a solution composed 

of the organic carbonates and the conducting salt; however, the technique has some significant 

drawbacks. Firstly, the solvent boiling point at reduced pressure must be kept at a temperature 

of 80℃ or lower, as higher temperatures can induce the conducting salt to decompose [103]. 

Also, the organic solvent used to dissolve the electrolyte tends to leave traces of solvent residue 

[102]. 

The first application of the supercritical fluid extraction (SFE) technique for recycling LIBs 

was demonstrated in a 2003 patent by S.E Sloop [104]. The patent focused on recovering the 

electrolyte from energy storage devices. Details regarding the extraction conditions, extraction 

behaviour, and the battery material extracted were limited. However, the patent provided the 

initial recycling prospect. The first application to target the electrolyte component in LIBs was 

conducted by Grützke et al. [105] in 2014. This process used helium head pressure carbon 

dioxide, as this mixture can attain supercritical conditions without using a compressor. LiPF6 

was dissolved in a mixture of DMC, EMC, and EC (1:1:1) and soaked into a polyethylene fleece 

and glass fibre separator. Operational conditions of 120 bar and 40°C were employed; the static 

approach was adopted, but a stirrer was employed. Optimal recovery resulted in 73.5%, but a 

significant emphasis was placed on the material from which the electrolyte was extracted. 
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Additional tests investigated commercial 18650 type cells, artificially aged through cycling; 

these cells were also extracted, and several ageing components were identified in the electrolyte 

recovered. Conclusions suggested using pure carbon dioxide and a co-solvent to enhance the 

recovery.  

Liu et al. (2014) [103] made significant advances in developing the technique. The author 

optimised the operating conditions of the SFE process using pure carbon dioxide to extract an 

electrolyte (DMC/EMC/EC, in 1:1:1 vol%) containing a LiPF6 conducting salt (in 1 mol). The 

influence of extraction parameters was studied using a Box-Behnken design; operational 

conditions included pressure (15 to 35 MPa), temperature (40 and 50°C), and static extraction 

duration (45 – 75 minutes). The optimal extraction conditions were 23 MPa and 40°C, 

producing an extraction yield of 85%. The results showed that the extraction pressure was the 

main influencing factor among all the parameters studied. 

Further research by Grützke et al. (2015) [106] explored a dynamic operation using liquid and 

supercritical carbon dioxide. Again, 18650 type cells were used for extraction, at operating 

conditions of liquid phase: 25°C and 60 bar; supercritical phase: 40°C and 300 bar. The 

experiment used a combination of static and dynamic configurations. Conclusions indicated 

that liquid carbon dioxide is more effective for extracting the linear carbonates (DMC and 

EMC) and exhibits a more significant overall extraction yield. However, the supercritical 

extraction condition was more suitable for the cyclic carbonate, EC. It was found that the 

application of co-solvents, in addition to liquid carbon dioxide, significantly influenced the 

extraction process. Using a combination of acetonitrile and propylene carbonate (3:1), 

extraction yields reached as high as 89%. Furthermore, the method enabled the recovery of 

LiPF6 in high concentrations. The study concluded that this method was suitable for 

investigating LIB electrolytes in post-mortem or ageing batteries, as it could provide a 
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qualitative overview within a few minutes of extraction. This was also possible for apparently 

‘dry’ cells, where the electrolyte is deeply penetrated in the solid battery material [16].  

The second study by Liu et al. (2016) [102] built upon the previous optimisations of the 

operating conditions and implemented a dynamic configuration into the high-pressure 

extraction. The electrolyte composition was kept consistent and was again soaked into a 

polypropylene separator [103]. Operating conditions focused on pressures between 15 to 35 

MPa, temperatures between 30 and 50°C, and dynamic extraction durations between 25 – 65 

minutes. Findings were in line with research conducted by Grützke et al., and the author found 

the EC recovery to increase with an enhancement in pressure. Concluding that the extraction of 

the electrolyte carbonates is a polarity predominated process, and each component should be 

extracted with a solvent that reflects this polarity. Additionally, polarity plays a more critical 

role than supercritical fluid density.  

Furthermore, several other research studies [107-111] have also emphasised the use of 

pressurised carbon dioxide in relation to LIB recycling. These studies focus on more intricate 

LIB recycling processes and further optimisation of the operating conditions in the SFE process. 
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3.1 Introduction 
The key components of LIB electrolyte are vastly different in terms of their physical and 

chemical properties. Precise techniques were adopted for the identification and quantification 

of the LIB material. This chapter aims to outline the materials used and the analytical principles 

employed in the entirety of the research undertaken. The structure of the chapter is broken down 

as follows; first, the Chemical Compounds are summarised in Section 3.2, the procedure for 

Chemical Storage and Disposal is given in Section 3.3, details of the Calibration of 

Instrumentation are described in Section 3.4, and finally, in Section 3.5 the chapter is concluded 

with the Analytical Methods applied.  

3.2 Chemical Compounds  

A summary of all the chemical compounds used in the experimentation is outlined in  

Table 3-1. Chemical assay of liquid samples was determined via gas chromatography, ensuring 

the chemical purities corroborated with values given by their suppliers and no additional 

impurities or moisture were present. Once the purities were confirmed to be in line with 

suppliers, all chemicals were used without further purification. 

Table 3-1: Chemical compounds.  

Component name Molecular formula CAS Supplier 
Supplier 

Purity 

(wt%) 

Calculated 

Purity 

(wt%) 

Acetone CH3COCH3 67-64-1 Fisher Scientific UK >99.8 - 

Carbon dioxide CO2 124-38-9 BOC UK >99.8 - 

Diethyl carbonate (C2H5O)2CO 105-58-8 Sigma-Aldrich >99.0 99.7 

Dimethyl carbonate (CH3O)2CO 616-38-6 Sigma-Aldrich >99.0 99.5 

Ethyl methyl carbonate (C2H5O)CO(OCH3) 623-53-0 TCI >98.0 99.2 

Ethylene carbonate (CH₂O)₂CO 96-49-1 Sigma-Aldrich >98.0 - 

Nonane CH3(CH2)7CH3 111-84-2 Sigma-Aldrich >99% - 

https://www.sigmaaldrich.com/GB/en/product/sial/517127
https://www.sigmaaldrich.com/GB/en/product/sial/517127
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3.3 Chemical Storage and Disposal  

The direction for the storage of chemicals carefully followed the specifications of the safety 

data sheets (SDS) as provided by their respective suppliers. As most chemicals were flammable, 

they all emphasised the key points: “Keep container tightly closed and store in a dry and well-

ventilated place. Keep away from heat and sources of ignition”. The bottles of chemicals in the 

laboratory were stored in fireproof storage cabinets, isolated from sunlight and ignition sources. 

Analytical solutions were freshly made and promptly tested, and stock solutions were not kept 

for more than a month to avoid contamination and solution degradation.  

LIB pouch material was segregated by their components: anode, cathode, separator, and 

electrolyte. The solid material was rolled up and stored in 1000 mL ultra-violet (UV) glass jars 

with leak proof lids. UV glass was selected to mitigate against any potential photochemical 

reactions that may occur with LIB components.  

Electrolytes, both artificial and from the LIB pouch cell, were stored in 100 mL borosilicate 

glass jars with a parafilm layer between the body and screw cap. All material was stored in a 

refrigerator, kept at temperatures between 2-5℃. As several carbonates displayed volatile 

properties and low flash points, fridge storage was imperative to inhibit vaporisation and lower 

the vapour pressure. Before sample preparation, all samples were allowed to acclimatise for 

thirty minutes in the laboratory at room temperature (21°C). 

Waste substances and LIB pouch cells were segregated and disposed of as instructed by the 

University of Birmingham’s Hazardous Waste Disposal policy [1]. The key waste categories 

are as follows; non-hazardous, halogenated solvent, non-halogenated solvent, and specialist 

hazardous waste disposal.  
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3.4 Calibration of Instrumentation  

3.4.1 Micropipette 

Aspirating and dispensing liquids were carried out with an air displacement micropipette, 

Gilson, model Pipetman, P1000, with a volume range precision of 100-1000 µL. A reverse 

pipetting technique was adopted as it is more useful towards liquids with a high vapour pressure, 

i.e., acetone, DMC, and EMC. 

Clear polypropylene tips obtained from Gilson, model Diamond D1200, were used with the 

Gilson micropipette. As trace metal analysis was a vital part of the research, coloured tips were 

avoided as some manufacturers use dyes containing metal additives which could leach into 

samples.  

The calibration of the micropipette was based on the practice outlined in BS 8655-6:200 [2]; 

details of the calibration are given below [3]. 

1. Fit a new tip to the air displacement pipette, aspirate water from the reservoir container, 

and expel it to waste five times. This allows the humidity in the dead air volume to 

stabilise. 

2. Add water to the weighing vessel to a depth of at least 3mm. Record the water 

temperature inside the weighing vessel and place it on the balance, then tare it.  

3. Fill the micropipette with water from the reservoir, then dispense it into the weighing 

vessel using the conventional approach.  

4. Record the new balance reading. Time taken for the complete cycle should be kept to a 

minimum – preferably less than 60 seconds.  
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5. Repeat the operation in 3 and 4 a further nine times. At the end of each cycle, note the 

balance reading. At the end of the tenth cycle, record the temperature in the weighing 

container and the total elapsed time.  

6. Calculate the mass of water deposited for each cycle. Find the density of water at the 

standard reference temperature recorded.  

7. Calculate the volume at the recorded temperature. Add each volume of water deposited 

for each cycle in step 6 and divide by 10 to obtain the mean volume. 

3.4.2 Thermocouple  

J-type thermocouples were installed across the experimental rigs and equipment to measure 

temperature; across the various locations, the temperature ranged between -5°C and 60°C. They 

were calibrated using a circulating water bath, recirculating glycol chiller, and an RS Pro RS51 

wired digital thermometer capable of measuring temperature from -50°C to 250°C in 

denominations of 0.1°C. Each thermocouple was calibrated against the digital thermometer, 

ranging from -10°C to 70°C. The thermocouple calibrations have been recorded and are 

tabulated in Table A.2-1 in Appendix A2.  

3.4.3 Weighing scales  

Three types of laboratory weighing scales were used to weigh all chemical and material 

substances accurately; the technical details of each are outlined below. The calibration of each 

scale was conducted externally.  

• Mettler Toledo, model PJ 6000. Weighs up to 6000 g (accuracy ± 0.1 g). 

• A&D Instruments, model EK-610i. Weighs up to 600 g (accuracy ± 0.01 g).  

• Sartorius, model R160P. Weighs up to 162 g, (accuracy ± 0.01 mg).  
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3.5 Analytical Methods 

3.5.1 Gas Chromatography – Thermal Conductivity Detector (GC-TCD) 

The quantification of liquid samples was conducted using a gas chromatograph (GC), Thermo 

Fisher Scientific, model, Trace 1300 series, equipped with a thermal conductivity detector 

(TCD). A Rxi-35Sil MS (30 m x 0.25 mm x 0.5 μm) fused silica column was fitted in the GC-

TCD. The carrier gas used was helium, with a purity of 99.996%, obtained from BOC. The 

operational set up of the GC-TCD was as follows; splitless injection mode, the oven 

temperature operated between 40°C – 200°C, the ramp rate was 10°C/min, and the temperature 

of the detector was kept at a constant operational temperature of 250°C. The full elution of all 

compounds injected was found to be satisfactory at a total run time of 18 minutes. 

3.5.1.1 External standard calibration  

An external standard calibration practice was adopted to quantify the solubility data in Chapter 

4: Solubility Measurements of LIB Electrolyte Components in Carbon Dioxide. The selection 

was based upon the simplicity and reproducibility of the sample preparation and the sheer 

number of injections performed. This method involved preparing standard samples at various 

concentrations diluted in acetone over a fixed range. The raw gas chromatographic peak area 

was then plotted against the standard concentration, producing a calibration curve in a linear 

function. Unknown concentrations of each analyte were then determined from their respective 

peak area through comparison with the calibration curve [4]. The standard calibration curves 

for DMC, EMC, and EC are presented in Figure 3-1, 3-2, and 3-3, respectively. 
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Figure 3-1: Standard GC-TCD calibration plot for dimethyl carbonate (DMC). 

 

Figure 3-2: Standard GC-TCD calibration plot for ethyl-methyl carbonate (EMC). 

y = 393.29x + 4.1746

R² = 0.9998

0.0

250.0

500.0

750.0

1000.0

0.00 0.50 1.00 1.50 2.00 2.50

P
ea

k
 A

re
a 

[1
0

3
] 

Concentration [mg/mL]

y = 394.53x + 6.1614

R² = 0.9999

0.0

500.0

1000.0

1500.0

2000.0

0.00 1.00 2.00 3.00 4.00 5.00

P
ea

k
 A

re
a 

[1
0

3
] 

Concentration [mg/mL]



Chapter 3: Materials and Analytical Techniques 

80 

 

Figure 3-3: Standard GC-TCD calibration plot for ethylene carbonate (EC). 
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𝐼𝑆. Similarly, 𝑤𝑋/ 𝑤𝐼𝑆  represents the weight ratio between the analyte and internal standard. 

Unknown analyte quantities were determined using Equations 3-1 and 3-2 [6]. 

 
𝑅𝐹𝑋

𝑅𝐹𝐼𝑆
=

𝐴𝑋

𝐴𝐼𝑆

𝑤𝑋

𝑤𝐼𝑆
 (3-1) 

   

 𝑊𝑒𝑖𝑔ℎ𝑡 %𝑋 = [
(𝐴𝑋 𝑅𝐹𝑋 )

∑ (𝐴𝑖  𝑅𝐹𝑖)𝑖
] × 100 (3-2) 

 

The internal standard, nonane, was deemed appropriate as it does not naturally occur in any of 

the samples tested. Nonane is extremely hydrophobic, and its boiling point fits within the range 

of the components analysed and does not interfere with sample response or retention in the 

column. Figure 3-4 presents the chromatogram of the electrolyte solvents; DMC, EMC, DEC, 

and EC, with the nonane internal standard. 
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Figure 3-4: Standard GC-TCD chromatogram of samples; dimethyl carbonate (DMC), ethyl 

methyl carbonate (EMC), diethyl carbonate (DEC), ethylene carbonate (EC), and the internal 

standard (nonane). 
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3.5.2 Gas Chromatography – Mass Spectrometry (GC-MS) 

Characterisation of analytes in liquid samples was performed using a GC, Thermo Fisher 

Scientific, model, Trace 1600 series with a mass spectrometer (MS), ISQ 7610. A Rxi-35Sil 

MS (30m x 0.25mm x 0.5 μm) fused silica column was fitted in the GC-MS, and liquid samples 

were auto injected using the AI 1610 liquid autosampler. The carrier gas used was helium, with 

a purity of 99.9992%, obtained from Air Products. The operational set up of the GC-MS was 

as follows; splitless injection mode, the oven temperature operated between 40°C – 270°C and 

the ramp rate was 8°C/min. During operation, the MS transfer line and ion source temperatures 

were kept at 200°C and 250°C, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: Thermo Fisher Scientific, GC-MS. 
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3.5.3 Nuclear Magnetic Resonance (NMR) spectroscopy  

Molecular structures in liquid samples were identified using 19F and 31P NMR spectroscopy. 

The measurements were taken with a Bruker NMR spectrometer, model AV400, operating at 

400 MHz, coupled with Bruker 9.39 T Ultrashield magnet, and Bruker Avance NEO console. 

The samples were filtered and then added to deuterated dimethyl sulfoxide (DMSO-d6) with a 

purity of 99.96% obtained from Eurisotop. Formation of a homogenous solution of both solvent 

and sample was established in Norell, standard series 500 MHz, 5 mm diameter glass NMR 

tubes. A field blank sample was initially performed to determine contaminants, analytical 

errors, or bias stemming from sample collection and analysis [7]. Both 19F and 31P NMR blank 

spectrums are provided in Appendix A9. 

 

 

 

 

 

 

 

 

  

 

 

Figure 3-6: Bruker, NMR spectrometer. 
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3.5.4 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

The identification and quantification of chemical elements in liquid samples were conducted 

using ICP-OES, Perkin Elmer, model Optima 8000. Supelco ICP multi-element standard 

solution IV contained 23 elemental concentrations (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, 

Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, and Zn) diluted in nitric acid in a 1000 mg/L 

concentration. A copy of the certificate of analysis for the multi-element standard has been 

supplied in Appendix A11. 

 

 

 

 

 

 

 

 

 

 

Figure 3-7: Perkin Elmer, ICP-OES. 
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The standard solution was further diluted with 3.5% (W/V) nitric acid, prepared from Nitric 

acid 70% (W/V) obtained from Fisher Scientific, and diluted in Milli-Q water. The 

concentrations used for the calibration curve were 0, 0.5, 1, 10 and 100 mg/L. Calibration curves 

for all the elements analysed have been presented in Appendix A12.  

3.5.5 Thermogravimetric Analysis (TGA) 

The thermal stability of samples was measured using a thermogravimetric analyser, Seiko 

Instruments Inc., model Exstar 6000, coupled with a TG/DTA6300. Nitrogen was used as the 

purge gas, and was maintained at a constant flowrate of 100 ml/min. A platinum crucible 

capable of withstanding high temperatures of up to 1200°C was used to hold the samples. The 

samples analysed were kept in the mass range of approximately 15 mg and heated from 50°C 

to 400°C at 10°C/min. The TGA temperature program applied to samples is displayed in  

Figure 3-8. 

 

 

 

 

 

 

 

 

Figure 3-8: TGA temperature program. 
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3.5.6 Scanning Electron Microscopy (SEM) 

The surface morphology of LIB components was assessed using a scanning electron 

microscope, Zeiss, model, EVO 15. The acceleration voltage was set at 20 kV, and reduced to 

15 kV for non-conductive and beam sensitive specimens [8]. Samples were mounted to a 

double-sided carbon sticker and sputter coated with a 20 nm layer of gold at 50 mA using a 

Quantum Design Q150 T plus.  
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4.1 Introduction  

Solubility, the relative ability of a solute to dissolve in a solvent to form a homogenous solution. 

Solubility is often regarded as the most important thermodynamic parameter affecting the 

efficacy of all supercritical processes. Factors such as rate, yield, design, and economy of the 

process are all directly affected by changes in solubility [1]. Commonly, experimental 

techniques determine the phase equilibria of high-pressure systems; today the experimental data 

can be correlated with the temperature, pressure, and equilibrium compositions using practical 

models [2]. 

This chapter outlines the design and operation of a static-analytical technique to obtain 

solubility data for LIB electrolyte solvents under a range of solvation strengths in carbon 

dioxide. The structure of the chapter is as follows: first, the Objectives of the solubility work 

performed are defined in Section 4.2, the Methodology of the experimental practice is outlined 

in Section 4.3, the Calculations and Formulae are given in Section 4.4, the Modelling Theory 

is outlined in Section 4.5, the experimental and modelling Results and Discussion are presented 

in Section 4.6, and finally, the chapter is closed with a Conclusion in Section 4.7.  

4.2 Objectives  

The main experimental objectives were twofold. Firstly, to assess the individual solubility of 

three alkyl carbonates: dimethyl carbonate, ethyl methyl carbonate, and ethylene carbonate. 

Each in a binary mixture with carbon dioxide under various temperature and pressure 

conditions. Secondly, to evaluate the change in solubility of a multi-component mixture. To 

achieve this, a quaternary system was established with carbon dioxide and a mixture of all three 

alkyl carbonates to mimic the electrolyte solvent blend in LIBs.  
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4.3 Methodology  

4.3.1 Rig design  

A working rig was designed and constructed to specifications suitable to obtain a range of low 

to high pressure vapour samples. The piping and instrumental diagram (P&ID) is illustrated in 

Figure 4-1. The main components of the rig consisted of a high-pressure vessel (HPV), a 

temperature control system, an air-driven liquid (carbon dioxide) pump and a vapour sampling 

loop. 

Solubility measurements were performed in a static configuration, where the vapour – liquid 

equilibrium state was created in an autoclave manufactured by Baskerville Scientific, UK. The 

design features included three sapphire windows and a heating jacket. The design pressure of 

the reactor was rated at 33.1 MPa at a temperature of 403.15 K. Both vessel body and head 

(photographed in Figure 4-2) were cast from stainless steel 316, an alloy of steel containing an 

addition of molybdenum that provides a greater resistance against corrosion [3]. The nominal 

volume of the vessel is 500 ml, with an internal diameter (ID) of 60 mm, and an outside diameter 

(OD) of 127 mm. 

The internal pressure was recorded using a transducer (Druck PTX 1400), connected to an 

indicator (Druck DPI) capable of displaying readings accurately up to ± 0.01 MPa. An 

additional series of three analogue manometers (Budenberg 966GP) were installed across the 

system, accurate to ± 0.5 MPa, each labelled PI 02, PI 03, and PI 04 in Figure 4-1 [4]. The 

temperature of the vessel was recorded using a K-type thermocouple that fed into a transducer 

(TME electronics), providing readings accurate to ± 0.1 K. 
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Figure 4-1: Schematic diagram of solubility experimental apparatus.
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Figure 4-2: Photographs of Baskerville Scientific autoclave; 

i) vessel head, ii) vessel body. 

 

4.3.1.1 O-ring 

Polymerisation processes have exposed certain relationships between supercritical carbon 

dioxide (scCO2) effects and polymer microstructures. The prolonged contact of O-ring 

polymers with scCO2 causes plasticisation due to the high solubility and low diffusivity 

characteristics of scCO2, leading to a decrease in their polymer glass transition temperature [5]. 

During the early stages of the experiments, the reactor head was sealed to the body using O-

rings made of nitrile butadiene rubber (NBR) and fluroelastomer (FKM). However, it was later 

discovered that these materials were incompatible. This was partly due to the nature of high-

pressure carbon dioxide, which caused the NBR O-ring to become inferior due to the presence 

of plasticisers that could be extracted. Additionally, both the NBR and FKM materials were 

found to be non-resistant to DMC and EMC. Specifically, the FKM O-ring which was 

discovered to swell significantly in the presence of both components due to their low molecular 

weight and adverse reaction with their carbonate ester functional group. 

i ii 
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The structural failures presented in Figure 4-3 of both NBR and FKM O-rings resulted from 

their incompatibilities with chemical compounds and the mechanisms of rapid gas 

decompression (RGD). Post swelling, the material supersaturated with CO2 released the 

dissolved gas rapidly, resulting in nucleation and the formation of internal gas bubbles. As the 

O-rings failed, the depressurisation rate increased, causing extensive physical damage resulting 

in surface blistering and shredding of the elastomer.  

The selection of the O-ring was determined by the compatibility of polymers against various 

chemical function groups. The U.S. Department of Energy - Office of Scientific and Technical 

Information (DOE-OSTI) released a scientific report [5] outlining the compatibilities of various 

polymers in supercritical carbon dioxide. This report assisted in selecting a 

polytetrafluoroethylene (PTFE) O-ring machined to the reactor’s specification [6]. The 

specifications of the PTFE O-ring: BS231, outer diameter (OD) – 73.33 mm, inner diameter 

(ID) – 66.27 mm, thickness – 3.53 mm.  

 

Figure 4-3: Photographs of O-rings; i) damaged NBR O-ring, ii) damaged FKM O-ring, 

iii) fitted PTFE O-ring. 

 

 

ii

 

i iii
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4.3.1.2 Sampling loop  

The complete arrangement of the sampling loop is presented in Figure 4-1. A thin stainless-

steel capillary (Thames Restek UK), ID 100 μm, OD 1/32 in, and 0.2 m in length, captured 

vapour samples directly from the centre of the pressure vessel. The capillary extended from the 

high-pressure vessel (HPV) to the sampling loop via a connection with V9. Construction of the 

sampling loop was assembled using: 3 x Swagelok ball valves (SS-41GS1) and 315 mm of 

1/16th in Swagelok steel tubing, wall thickness 0.02 in. A Hoke micro-metering valve 

(1315G2Y) (V12) connected to the ball valve (V11) ensured a controlled depressurisation of 

the collected vapour sample. 

Before collecting the vapour samples, the internal volume of the sampling loop was accurately 

measured. The preliminary sampling loops’ dead volume was estimated to be 0.081 mL based 

on the internal volume of the steel tubing; the valves were quoted to have virtually no dead 

space by the manufacturer and thus were not included within the basic calculation.  

A more precise method for determining the internal volume of the sampling loop involved 

filling the entire sampling loop volume with dimethyl carbonate, and then flushing the internal 

volume with acetone repeatedly until DMC gave no detectable GC trace. The sample solution 

was then prepared to a volume of 10 mL before injecting the sample into the GC-TCD. Repeats 

were conducted after the sampling loop was washed with approximately 30 ml of acetone to 

remove any traces of DMC in the valves or lines of the piping.  
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An average sampling loop volume was calculated as 0.104 ± 0.009 mL, taken from a range of 

10 samples, as presented in Figure 4-4. The relative standard deviation (RSD) in this value is 

5.02 %. 

 

Figure 4-4: Experimental measurements to calculate the volume of the sampling loop. 

 

4.3.2 Method  

The solubility measurement technique is broken down into several notable stages: 

4.3.2.1 Rig preparation 

Prior to sample loading, the inside of the vessel was thoroughly cleaned using acetone to remove 

possible solute residue from the previous run. The inlet to the HPV would often flood post 

experiment with solute, thus the ball valve (V7) was disconnected from the inlet line and flushed 

with acetone and then with carbon dioxide. The identical practice was carried out in the 

sampling loop, all lines were disconnected, washed, and left to dry for approx.12 hours.  

Prior to the experiment, the PTFE O-ring was visually inspected to verify the integrity of the 

seal and to ensure the previous experimental run had not damaged it. 
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4.3.2.2 Sample loading   

Samples were given thirty minutes to acclimatise to room temperature before measuring. All 

samples (DMC, EMC, and EC) were measured gravimetrically. A 15 g sample was measured 

in a clean glass vial and then loaded into the HPV. 

4.3.2.3 System pressurisation 

Prior to pressurisation, the Baskerville heating jacket was preheated to the desired temperature 

via a hot water circulator (Polyscience model-9505) (HE-03), completing the step in advance 

prevented pressure fluctuations and allowed the system to stabilise more swiftly. 

Referring to Figure 4-1. Liquid carbon dioxide was first introduced into the system via the gas 

cylinder inlet (V1), the carbon dioxide travelled through a series of coils sitting in a refrigerated 

immersion cooler (Grant C1G) (HE-01). The heat transfer fluid, glycol, was maintained at a 

temperature less than 5℃, to ensure the liquid state of carbon dioxide and protect the pump 

against cavitation. The steel tubing between the cold bath and the air driven liquid pump 

(PowerStar 4; Model: P464, Sprague) was kept as short as possible and insulated with 

polyethylene foam to minimise the vaporisation of carbon dioxide.  

Pressurisation of the HPV was completed in two stages. First, the vessel was equalised to the 

internal pressure of the gas cylinder, at approx. 5.0 MPa, next compressed air was released (via 

V3) and the flowrate was fine-tuned through a regulator controlling the stroke rate of the liquid 

pump. The pressure of the HPV was controlled using a back pressure regulator (BPR), 

maintaining a defined pressure upstream of its own inlet and alleviating excess flow back into 

the recycle stream.  
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Before entering the HPV, carbon dioxide was passed through an arrangement of coils in a hot 

water bath (Tecam) (HE-02), pre-heating the flow to the desired temperature.  

The mass flowrate of the carbon dioxide gas stream was directly measured prior to entering the 

vessel using a coriolis meter (Rheonik, D-85235), the sensor was linked to a digital transmitter 

(Rheonik, RHE08) capable of displaying and recording multiple feedback outputs.  

4.3.2.4 Solvent sample contact  

Once the internal HPV temperature and pressure conditions were stable, all inlet and outlet 

valves (V6, V7, V8, and V9) were closed to isolate the HPV. The contents were then permitted 

to reach equilibrium for a minimum of 8 hours allowing the vapour – liquid phases to equalise. 

This time interval was deemed sufficient, as GC-TCD analysis showed no significant solubility 

deviations beyond this interval. The determination of the duration required to establish vapour-

liquid equilibrium is presented in Appendix A3. 

4.3.2.5 Solute collection and depressurisation 

The selected sampling method was an off-line quantification technique [2]. Once equilibrium 

had been established, the first step required any stagnant vapour residing in the dead volume of 

the tubing between the sampling loop and the reactor to be flushed. Three consecutive dummy 

samples were deemed sufficient. A minimum of three vapour samples were collected at each 

pressure and then analysed. The associated pressure drops were minimal, aided by the large 

volume of the HPV and the small dead volume of the sampling loop; the system pressure 

imbalance did not exceed 1.2 %. Each pressure drop experienced during sampling of the vapour 

phase has been recorded and is presented in Appendix A4.  
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Before a sample was released from the HPV, the internal temperature and pressure of the vessel 

were recorded. The ball valve (V9) was instantaneously opened and then closed to fill the 

sampling loop.  

The ball valve (V11) and metering valve (V12) were sequentially opened, and the vapour 

sample was gradually bubbled into a test tube containing acetone. To ensure the solute 

condensed and was trapped in the acetone solution, the test tube was immersed in ice to keep 

the temperature of the acetone solution close to 0℃, considerably less than the boiling point of 

all components measured. As the boiling point of CO2 is significantly lower than the 

temperature of the acetone solution, the small volume of gas simply escaped. Once the vapour 

sample had been completely expanded, a volume of acetone was flushed through the sampling 

loop and into the test tube via the ball valve (V10), dissolving the solute residue trapped in the 

lines of the tubing. Lastly, between each sample collection, the sampling loop was washed with 

an excess of acetone to remove any possible solute residue and then left to dry for twenty 

minutes before being evacuated and sealed. 

4.3.2.6 Sample analysis  

The sample solution was then standardised and diluted to a volume of 10 mL in acetone. The 

small nature of the vapour sample meant the solution did not require degassing before injecting 

an aliquot in the GC-TCD. The analyte responses were then compared to the external calibration 

standards plotted for each component (as presented in Chapter 3: Materials and Analytical 

Techniques), and a gravimetric quantity of solute was obtained.   
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4.4 Calculations and Formulae 

The following equations were applied to obtain and process the experimental solubility and 

vapour equilibrium data in this chapter.  

4.4.1 Vapour mole fraction 

 𝑦1 + 𝑦2 = 1 (4-1) 

In vapour - liquid equilibrium, Equation 4-1 holds true for a binary system where 𝑦1 is the 

vapour mole fraction of component 1, and likewise, 𝑦2 represents the vapour mole fraction of 

component 2 [7].  

4.4.2 Sampling loop 

 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑜𝑜𝑝 = 𝑉𝑠𝑜𝑙𝑢𝑡𝑒 +  𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (4-2) 

The volumetric composition of a vapour sample is equivalent to the accumulation of the volume 

of the solute and the volume of the solvent, as expressed in Equation 4-2. Naturally, the sample 

loop contained air under standard conditions; under high pressures this is negligible as the air 

compresses, but for lower pressures it is more significant. Thus, the sampling loop was 

evacuated prior to collecting each sample. 

The vapour equilibrium data was expressed in two principal forms, as a solubility and as a mole 

fraction.  
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4.4.3 Solubility of component  

 𝑆𝑠𝑜𝑙𝑢𝑡𝑒 =  
𝑚𝑠𝑜𝑙𝑢𝑡𝑒

𝑚𝐶𝑂2
 

  (4-3) 

 
=  

(𝜌𝑠𝑜𝑙𝑢𝑡𝑒 ∗  𝑉𝑠𝑜𝑙𝑢𝑡𝑒 )

(𝜌𝐶𝑂2
∗ (𝑉𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑜𝑜𝑝−𝑉𝑠𝑜𝑙𝑢𝑡𝑒 ))

 
(4-4) 

Where the solubility (𝑆) (g/g) represents the mass (g) of the solute component dissolved in 

one gram of carbon dioxide, as presented in (Equations 4-3 and 4-4). Where 𝑚 represents the 

mass,  𝜌 the density and 𝑉 the standard volume.  

4.4.4 Moles of carbon dioxide  

 𝑛𝐶𝑂2
=

(𝜌𝐶𝑂2
∗ (𝑉𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑜𝑜𝑝−𝑉𝑠𝑜𝑙𝑢𝑡𝑒 ))

𝑀𝑟𝐶𝑂2

 (4-5) 

4.4.5 Mole fraction of carbon dioxide 

 𝑦𝐶𝑂2
=  

𝑛𝐶𝑂2

 𝑛𝑡𝑜𝑡𝑎𝑙  
 (4-6) 

 

 

=  
𝑛𝐶𝑂2

(𝜌𝐶𝑂2
∗ (𝑉𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑜𝑜𝑝− 𝑉𝑠𝑜𝑙𝑢𝑡𝑒 ))

𝑀𝑟𝐶𝑂2

+  𝑛𝑠𝑜𝑙𝑢𝑡𝑒 

 

(4-7) 

The mole fraction of carbon dioxide (𝑦𝐶𝑂2
)  is expressed as the ratio of moles of carbon dioxide 

(𝑛𝐶𝑂2
), to the total moles in the system (𝑛𝑡𝑜𝑡𝑎𝑙), as outlined in Equations 4-6 and 4-7. Where 

𝑀𝑟 represents the molar mass (g/mol).   
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4.4.6 Sample standard deviation 

Standard deviation measurements were formulated from a range of solubility and mass fraction 

data, the results were presented in tabular form, and in figures as error bars. 

 
𝑆𝑡𝐷𝐸𝑉 =  √

1

𝑛 − 1
∑(𝑥𝑖 −  𝑥̅)2

𝑛

𝑖=1

 
(4-8) 

Where, (𝑥1, 𝑥2…, 𝑥𝑁) are the raw data points, 𝑥̅ represents the mean value of the data points, 

and 𝑛 is the number of data points [8]. 

4.4.7 Average absolute relative deviation (AARD) 

Calculated similarly to the sample standard deviation, the average absolute relative deviation 

was applied to evaluate the robustness of the semi-empirical models against the experimental 

data. 

 
𝐴𝐴𝑅𝐷 (%) =  √

100

𝑛
∑

|𝑥𝑒𝑥𝑝 − 𝑥𝑐𝑎𝑙|

𝑥𝑒𝑥𝑝

𝑛

𝑖=1

 
(4-9) 

Where, 𝑥𝑒𝑥𝑝 is the experimental data points, 𝑥𝑐𝑎𝑙 represents the modelled values, and 𝑛 is the 

number of data points [9]. 

 

 

 

 

 

 



Chapter 4: Solubility Measurements of LIB Electrolyte Components in Carbon Dioxide  

103 

4.5 Modelling Theory 

4.5.1 Introduction 

Phase equilibrium studies conducted at high pressure are often time exhaustive and expensive. 

For this reason, the development of several thermodynamic models have been employed. These 

models aim to enhance our comprehension of each system and validate the experimental data's 

reliability. Thermodynamic models are often employed to predict various properties, such as 

enthalpy or phase equilibrium. These types of models can be extended to include equations of 

state (EoS), activity coefficient, empirical, or special system specific. Such models are capable 

of correlating and predicting phase behaviour, allowing the optimisation of solubility. Model 

selection depends on several factors, foremost being process species and composition, 

temperature, and pressure conditions, plus the availability of data [10, 11].  

Simple cubic EoS models combined with various mixing rules have been used extensively to 

calculate solute solubility in supercritical carbon dioxide. Application of such models require 

the critical properties, acentric factor (to calculate the fugacity coefficient), sublimation vapour 

pressure and molar solute volume to obtain the solubility [12].   

Empirical equations employ density-based models, only requiring pure supercritical carbon 

dioxide density and the operational temperature and pressure parameters. Semi empirical 

models are reliable as they also utilise experimental data making them considerably more 

accurate than models solely relying on theoretical equations. Their realistic and practical 

approach can be extended to multi component systems with unknown components [13, 14].  

This section covers the mathematical expressions for the thermodynamic models selected for 

the computations: Peng-Robinson (PR), the Cubic Plus Association (CPA) and a pair of density-

based models. 
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4.5.2 Peng Robinson 

Experimental data for both CO2 + DMC and CO2 + EMC were correlated with the Peng-

Robinson (PR) equation of state (EoS) [15] and van der Waals (vdW) one-fluid mixing rules. 

The PR model was developed through improving the predictive capacity of the Soave modified 

Redlich-Kwong (SRK) model, which  preserves the desired simplicity of the cubic form whilst 

improving the reliability of the performance in the critical region and along the saturated liquid 

curve [16]. The limitations of EoS models are, however, well known, especially when 

modelling complex mixtures (e.g. polar and associating), though they are applicable across a 

wide range of temperatures and pressures, and have been used for decades across the chemical 

industry due to their robustness and simple mathematical form [17].  

 𝑃 =  
𝑅𝑇

𝑉 − 𝑏
−  

𝑎(𝑇)

𝑉(𝑉 + 𝑏) + 𝑏(𝑉 − 𝑏)
 (4-10) 

Equation 4-11 is the recently updated version of the generalised Soave α-function [18]. 

 𝑎(𝑇) = 0.45724
𝑅2𝑇𝑐

2

𝑃𝑐
 {1 + 𝑘 [1 − (

𝑇

𝑇𝑐
)

0.5

]}

2

 (4-11) 

 𝑘 = 0.3919 + 1.4996𝜔 − 0.2721𝜔2 + 0.1063𝜔3 (4-12) 

 𝑏 = 0.07780
𝑅𝑇𝑐

𝑃𝑐
 (4-13) 

The mixing parameters are defined by the one-fluid mixing rules: 

 𝑎𝑚 = ∑ ∑ 𝑥𝑖𝑥𝑗𝑎𝑖𝑗

𝑗𝑖

 (4-14) 
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 𝑏𝑚 = ∑ 𝑥𝑖𝑏𝑖

𝑖

 (4-15) 

Where 
𝑎𝑖𝑗 = (1 − 𝑘𝑖𝑗)𝑎𝑖

0.5𝑎𝑗
0.5 (4-16) 

In its cubic polynomial form, Equation 4-10 can be written as: 

 
𝑍3 − (1 − 𝐵)𝑍2 + (𝐴 − 3𝐵2 − 2𝐵)𝑍 − (𝐴𝐵 − 𝐵2 − 𝐵3) = 0 (4-17) 

Where 
𝐴 =

𝑎𝑃

𝑅2𝑇2
 

(4-18) 

 
𝐵 =

𝑏𝑃

𝑅𝑇
 

(4-19) 

 
𝑍 =

𝑃𝑉

𝑅𝑇
 

(4-20) 

Where P represents the pressure (MPa), R defines the molar gas constant (J mol−1K−1), 𝑃c is 

the critical pressure (MPa), T is the absolute temperature (K), 𝑇c is the critical temperature (K), 

𝑉 is the molar volume (m3/mol), 𝑘𝑖𝑗 represents the binary interaction parameter, ω is the 

acentric factor. The parameters 𝑎 and 𝑏 are generally obtained from correlations of critical 

properties, where 𝑎 is a measure of attractive force and is a function of temperature, and 

parameter 𝑏 is a constant associated with the size of the molecules.  

4.5.3 Cubic Plus Association model 

The Cubic Plus Association (CPA) model [19] combines the simplicity of a cubic equation of 

state. Soave Redlich Kwong (SRK) EoS [20] is employed to define the “physical” interactions, 

plus an additional term is taken from Wertheim’s perturbation theory to consider the polar and 
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association effects. In respect to volume, it is not cubic (due to the Wertheim term) and contains 

five pure compound parameters determined using vapour pressures and saturated liquid 

densities [19, 21]. 

Expression of the CPA EoS can be presented in terms of pressure, as a sum of the SRK EoS 

and the contribution of the association term given by Michelsen and Hendriks [22].  

 𝑃 =
𝑅𝑇

𝑉𝑚 −  𝑏
−

𝛼(𝑇)

𝑉𝑚(𝑉𝑚 + 𝑏)
−

1

2
(

𝑅𝑇

𝑉𝑚
) (1 +  

1

𝑉𝑚
 

𝜕 ln 𝑔

𝜕 (
1

𝑉𝑚
)

) ∑ 𝑥𝑖

𝑖

∑(1 − 𝑋𝐴𝑖
)

𝐴𝑖

 (4-21) 

Where 𝛼(𝑇) is the temperature dependent SRK energy parameter, 𝑔 is the hard sphere radial 

distribution function, 𝐴𝑖 corresponds to the association site A on component, not bonded to 

other sites. 𝑋𝐴𝑖
 is the fraction of sites, type A on component 𝑖, not bonded to other sites [21, 

23].  

The association term representing the binding strength between site A on molecule 𝑖 and site B 

on molecule 𝑗 is given by: 

 
Δ𝐴𝑖𝐵𝑗 = 𝑔(𝑉𝑚)𝑟𝑒𝑓 [exp (

𝜖 𝐴𝑖𝐵𝑗

𝑅𝑇
) − 1] 𝑏𝑖𝑗𝛽𝐴𝑖𝐵𝑗 (4-22) 

Where 𝜖 𝐴𝑖𝐵𝑗 signifies the association energy, 𝛽𝐴𝑖𝐵𝑗 is the volume of interaction between site A 

of molecule 𝑖 and site B of molecule 𝑗, respectively. The term 𝑔(𝑉𝑚)𝑟𝑒𝑓 represents the contact 

value of the radial distribution function for the reference hard sphere fluid system. 

The simplified radial distribution function is given by: 

 𝑔(𝑉𝑚)𝑟𝑒𝑓 =
1

1 − 1.9𝜂
 (4-23) 
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And  

 
𝜂 = (

1

4 𝑉𝑚
) 𝑏 (4-24) 

Where 𝜂 is the reduced fluid density. 

The energy parameter, 𝑎, for the SRK EoS term is defined using a Soave-type temperature 

dependency: 

 
𝑎 = 𝑎0 (1 + 𝑐1(1 − √𝑇𝑟))

2

 
(4-25) 

Where 𝑇𝑟 is the reduced temperature (𝑇/𝑇𝑐). CPA EoS utilises five pure component parameters: 

three for non-associating compounds (𝑎0, 𝑏, 𝑐1) and two additional parameters for associating 

compounds (𝜖 𝐴𝑖𝐵𝑗 , 𝛽𝐴𝑖𝐵𝑗). The five pure component parameters are normally obtained by fitting 

the model to experimental vapour pressures and saturated liquid densities of the pure 

component. The three pure component parameters for non-associating compounds alternatively 

may be collected using 𝑇𝑐, 𝑃𝑐, and 𝜔 [19, 21]. 

Extension of the CPA EoS to mixtures requires mixing and combining rules for 𝑎 and 𝑏, here 

the vdW one-fluid mixing rules are applied, as defined in Equations 4-14 – 4-16. Though, 

between different associating molecules, i.e., 𝑖 ≠ 𝑗 (e.g., water – alcohol or water – glycol 

systems) combining rules are required for the association energy and volume parameters. Many 

types of combining rules have been established, but from various investigations two choices, 

the so-called CR-1 rule [24] and the so-called Elliott combining rule (ECR) [25] have been 

proven to be more successful. 
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CR1: 

 𝜖 𝐴𝑖𝐵𝑗 =
𝜖 𝐴𝑖𝐵𝑖 + 𝜖 𝐴𝑗𝐵𝑗

2
 (4-26) 

 𝛽𝐴𝑖𝐵𝑗 = √𝛽𝐴𝑖𝐵𝑖𝛽𝐴𝑗𝐵𝑗 (4-27) 

ECR:  

 
Δ𝐴𝑖𝐵𝑗 = √Δ𝐴𝑖𝐵𝑖Δ𝐴𝑗𝐵𝑗  

(4-28) 

Under the assumption that the term exp
𝜖𝐴𝐵

𝑅𝑇
 ≫ 1, the ECR can be presented in equivalent forms 

that incorporates the cross-association energy and volume parameter, as presented below [21]: 

 𝜖 𝐴𝑖𝐵𝑗 =  
𝜖 𝐴𝑖𝐵𝑖 + 𝜖 𝐴𝑗𝐵𝑗

2
 (4-29) 

 
𝛽𝐴𝑖𝐵𝑗 = √𝛽𝐴𝑖𝐵𝑖𝛽𝐴𝑗𝐵𝑗

𝑏𝑖𝑏𝑗

𝑏𝑖𝑗
 (4-30) 

4.5.4 Semi-empirical methods 

Density based semi-empirical methods were employed to assess and correlate the CO2 + EC 

system using CO2 densities obtained from the NIST database. Often, semi-empirical models are 

selected because they are relatively simple to utilise, as opposed to the EoS models. They are 

based on simple error minimisation and often apply the least-square method, they do not require 

solute properties, only knowledge of temperature, pressure, density of solvent (e.g. scCO2), and 

solubility data. Three of the most common semi-empirical methods are those developed by 

Chrastil (1982) [26], Méndez-Santiago and Teja (1999) [27], and Bartle et al. (1991) [28-30] .  

https://www.sciencedirect.com/science/article/pii/S0009250908003023#bib7
https://www.sciencedirect.com/science/article/pii/S0009250908003023#bib19
https://www.sciencedirect.com/science/article/pii/S0009250908003023#bib3
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The Chrastil model [26] follows the assumption that the interaction between solvent and solute 

molecules form a solvent complex, creating an equilibrium between the pair. The theoretical 

model is displayed below, Equation 4-31. 

 
ln 𝑦 = 𝑎1 ln 𝜌 +

𝑏1

𝑇
+ 𝑐1 

(4-31) 

  

Where 𝑦 is the mole fraction of solute in the solvent, 𝜌 represents the density of the supercritical 

fluid (g/ml), 𝑇 is the system temperature (K), 𝑎1, 𝑏1, and 𝑐1 are all model constraints obtained 

by fitting the experimental data.  

Inspired by the dilute solution theory, the MST model [27] was proposed by Mendez-Santiago 

and Teja, centred on the algorithm of Henry’s law constant of solute in a supercritical fluid. 

The association between component solubility and the system parameters is presented in 

Equation 4-32. 

 
𝑇 ln 𝑦𝑃 = 𝐴1 + 𝐴2𝜌 + 𝐴3𝑇 (4-32) 

Where 𝑦 is the mole fraction of solute in the solvent, 𝜌 represents the density of the supercritical 

fluid (g/ml), 𝑇 is the system temperature (K), P is the system pressure (MPa) and 𝐴1, 𝐴2, and 

𝐴3 are all constants [31]. 
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4.6 Results and Discussion 

4.6.1 Experimental binary vapour equilibrium systems 

Mass transfer and separation methods are heavily dependent on the comprehension of vapour-

liquid equilibrium data. The solubility behaviour of DMC, EMC, and EC was investigated in 

carbon dioxide as a binary and quaternary component system, as noted below:  

• Carbon Dioxide – Dimethyl Carbonate 

• Carbon Dioxide – Ethyl-Methyl Carbonate 

• Carbon Dioxide – Ethylene Carbonate 

• Carbon Dioxide – Dimethyl Carbonate – Ethyl-Methyl Carbonate – Ethylene Carbonate 

A literature survey was conducted for each component in a binary system with carbon dioxide. 

Table 4-1 compiles the author and the parameters of their experiment, respectively. A literature 

review revealed that the CO2 + EMC and CO2 + EC binary systems have not been extensively 

explored, and the vapour phase data for each system has not been published, to our knowledge. 

Each binary vapour equilibrium system was measured under the isotherms of 298.2 K, 313.2 

K, and 328.2 K, ranging from 0.12 - 14.1 MPa. Each set of temperature and pressure conditions 

were deliberately chosen both below and above the critical point of carbon dioxide (7.38 MPa, 

304.18 K) to evoke both the subcritical and supercritical states of carbon dioxide. The higher 

temperature limits were specifically selected to elevate the vapour pressure of components in 

carbon dioxide, thereby augmenting their solubility. 
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Table 4-1: Literature data for the binary systems of; CO2 + DMC, CO2 + EMC and CO2 + 

EC. 

 

The experimental data for each system, CO2 + DMC, CO2 + EMC and CO2 + EC is presented 

in Tables 4-2, 4-3, and 4-4, respectively. Where, the mole fraction of carbon dioxide in the 

vapour phase is denoted as yCO2
, the solubility of each solute in carbon dioxide is represented 

as 𝑆, and the respective standard deviation (SD) value proceeds each parameter. Note, the 

pressurised carbon dioxide density values were obtained from the National Institute of 

Standards and Technology (NIST) chemistry web-book. 

 

Author Year 
Temperature 

Range (K) 

Method to 

Attain 

Equilibrium 

Pressure Range 

(MPa) 

 

V – Vapour Phase 

L – Liquid Phase 

      

DMC F. Blanchard et al. [32]. 2003 283.00 - 316.00 - Atmospheric (L) 

      

 S. Camy et al. [33]. 2003 322.65 - 373.55 Magnetic Stirrer 1.33 – 12.75 (VL) 

      

 J. Im et al. [34]. 2004 310.27 - 340.27 Recirculation 0.83 – 10.00 (VL) 

      

 C. Lu et al. [35]. 2008 273.00 - 293.00 Stirrer 0.66 – 4.19 (VL) 

      

 X. Gui et al. [36]. 2010 280.70 - 327.66 Magnetic Stirrer 0.074 – 5.48 (L) 

      

 Y. Hou et al. [37] . 2010 308.15 - 337.45 - 6.16 - 10.45 (L) 

      

 R. Ciccolini et al. [38]. 2010 310.20 - 373.60 Magnetic Stirrer 1.11 – 9.65 (L) 

      

 M. Lee et al. [39]. 2012 293.15 - 333.15 Recirculation 0.19 – 9.45 (VL) 

      

 C. Li et al. [40]. 2013 333.00 - 393.00 Magnetic Stirrer 3.98 -13.75 (VL) 

      

 M. Anouti et al. [41]. 2012 283.15 - 353.15 - Atmospheric (L) 

      

      

EMC M Anouti et al. [41]. 2012 283.15 – 353.15 - Atmospheric (L) 

      

      

EC F Blanchard et al. [32]. 2003 313.00 – 333.00 - Atmospheric (L) 

      

 M Anouti et al. [41]. 2012 291.15 – 353.15 - Atmospheric (L) 
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Table 4-2: Experimental vapour mole fraction and solubility of the binary system, CO2 + 

DMCa.  

T (K) P (MPa) 𝛒𝐂𝐎𝟐
 (g/ml) 𝐒𝐃𝐌𝐂 (𝒈/𝒈) 𝐒𝐃𝐌𝐂 SD 𝐲𝐂𝐎𝟐

 𝐲𝐂𝐎𝟐
 𝐒𝐃 

       

298.2 0.32 0.0058 0.0566 0.00373 0.9731 0.00172 

       

 0.61 0.0112 0.0343 0.00341 0.9835 0.00161 

       

 1.5 0.0289 0.0210 0.00343 0.9899 0.00164 

       

 2.6 0.0539 0.0128 0.00284 0.9938 0.00137 

       

 3.8 0.0870 0.0087 0.00081 0.9958 0.00039 

       

 5.0 0.1313 0.0087 0.00094 0.9958 0.00046 

       

 6.1 0.1995 0.0045 0.00077 0.9961 0.00037 

       

313.2 0.42 0.0072 0.1010 0.01081 0.9530 0.00481 

       

 0.75 0.0131 0.0475 0.00442 0.9773 0.00207 

       

 2.0 0.0371 0.0250 0.00624 0.9880 0.00173 

       

 4.1 0.0865 0.0124 0.00276 0.9940 0.00133 

       

 6.2 0.1577 0.0105 0.00344 0.9949 0.00166 

       

 8.0 0.2779 0.0202 0.00143 0.9926 0.00069 

       

328.2 0.41 0.0067 0.1689 0.01809 0.9239 0.00754 

       

 1.3 0.0220 0.0683 0.00879 0.9677 0.00402 

       

 3.5 0.0654 0.0349 0.00180 0.9833 0.00085 

       

 5.1 0.1041 0.0273 0.00144 0.9868 0.00069 

       

 7.1 0.1667 0.0315 0.00260 0.9848 0.00123 

       

 8.7 0.2385 0.0324 0.00166 0.9844 0.00078 

       

 10.6 0.3772 0.0467 0.00576 0.9777 0.00268 

       

       
     n = 3. aStandard uncertainties are u(T) = 0.1 K, u(P) = 0.01 MPa, u(SDMC) = 0.02, u(yco2) = 0.008 
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Table 4-3: Experimental vapour mole fraction and solubility of the binary system, CO2 + 

EMCa. 

     n = 3. aStandard uncertainties are u(T) = 0.1 K, u(P) = 0.01 MPa, u(SEMC) = 0.01, u(yco2) = 0.005 

 

 

 

 

 

T (K) P (MPa) 𝛒𝐂𝐎𝟐
 (g/ml) 𝐒𝐄𝐌𝐂 (𝒈/𝒈)  𝐒𝐄𝐌𝐂 SD 𝐲𝐂𝐎𝟐

 𝐲𝐂𝐎𝟐
 𝐒𝐃 

       

298.2 0.13 0.0023 0.0373 0.00412 0.9845 0.00169 

       

 0.63 0.0116 0.0180 0.00338 0.9925 0.00141 

       

 1.0 0.0187 0.0042 0.00254 0.9966 0.00058 

       

 1.8 0.0353 0.0023 0.00032 0.9975 0.00034 

       

 3.5 0.0779 0.0028 0.00142 0.9981 0.00053 

       

 5.7 0.1686 0.0023 0.00061 0.9985 0.00039 

       

 7.8 0.7711 0.0016 0.00033 0.9989 0.00046 

       

313.2 0.41 0.0071 0.0550 0.00417 0.9773 0.00168 

       

 0.74 0.0129 0.0244 0.00304 0.9898 0.00126 

       

 2.1 0.0392 0.0114 0.00242 0.9952 0.00101 

       

 3.3 0.0660 0.0055 0.00019 0.9977 0.00008 

       

 5.2 0.1196 0.0032 0.00104 0.9987 0.00044 

       

 7.3 0.2170 0.0098 0.00035 0.9959 0.00015 

       

328.2 0.17 0.0028 0.1364 0.01111 0.9478 0.00419 

       

 0.98 0.0164 0.0446 0.00624 0.9811 0.00254 

       

 2.8 0.0506 0.0172 0.00680 0.9928 0.00162 

       

 5.5 0.1150 0.0137 0.00551 0.9943 0.00231 

       

 8.1 0.2082 0.0294 0.00167 0.9877 0.00056 

       

 9.6 0.2947 0.0453 0.00364 0.9812 0.00148 
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Table 4-4: Experimental vapour mole fraction and solubility of the binary system, CO2 + 

ECa. 

n = 3. aStandard uncertainties are u(T) = 0.1 K, u(P) = 0.01 MPa, u(SEC) = 0.0008, u(yco2) = 0.0004. Note – values 

expressed at 0.00000 denote an undetectable gas chromatography reading. 

 

The magnitude of the variability in each data set was assessed for all systems. In the DMC 

binary system, the largest standard deviation value was identified in the isotherm, 328.2 K, at 

a pressure of 0.41 MPa (presented in Table 4-2). Comparison of the mole fraction of carbon 

dioxide to the standard deviation (0.9239 ± 0.00754) produced a relative standard deviation 

(RSD) of 0.816%. Similarly, the maximum source of variability in the EMC system was 

located in the isotherm, 328.2 K, at a pressure of 0.17 MPa (presented in Table 4-3). The 

corresponding mass fraction of carbon dioxide and standard deviation (0.9478 ± 0.00419) 

resulted in an RSD value of 0.442%. 

T (K) P (MPa) 𝛒𝐂𝐎𝟐
 (g/ml) 𝐒𝐄𝐂 (𝒈/𝒈) 𝐒𝐄𝐂 SD 𝐲𝐂𝐎𝟐

 𝐲𝐂𝐎𝟐
 𝐒𝐃 

       

313.2 1.2 0.0214 0.00000 0.00000 1.0000 0.00000 

       

 3.1 0.0612 0.00000 0.00000 1.0000 0.00000 

       

 5.3 0.1230 0.00000 0.00000 1.0000 0.00000 

       

 8.1 0.2898 0.00129 0.00023 0.9994 0.00012 

       

 10.2 0.6426 0.00299 0.00061 0.9985 0.00030 

       

 12.2 0.7234 0.00491 0.00056 0.9976 0.00028 

       

328.2 3.0 0.0547 0.00000 0.00000 1.0000 0.00000 

       

 5.2 0.1067 0.00000 0.00000 1.0000 0.00000 

       

 7.9 0.1992 0.00275 0.00038 0.9986 0.00019 

       

 9.7 0.3020 0.00345 0.00049 0.9983 0.00024 

       

 11.7 0.4796 0.00402 0.00030 0.9980 0.00015 

       

 14.1 0.6224 0.00498 0.00072 0.9975 0.00036 
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The identified points where the greatest RSD arise in both aliphatic systems is not surprising as 

both values correlate to the highest points of solubilities in their binary data set, thus the points 

of more variability. 

The solubility isotherms for DMC, EMC, and EC as a function of pressure have been illustrated 

below in Figures 4-5, 4-7, and 4-8, respectively. Both DMC and EMC systems are observed to 

each exhibit high solubilities in carbon dioxide at low pressure isothermally, resulting in a 

decrease in vapour phase densities and an increase in densities in the liquid phase. Isobarically, 

a high solubility of both components in carbon dioxide is experienced as the absolute 

temperature rises. This is due to the increase in solute vapour pressure and reduction of densities 

in the vapour phase [42]. 

Deviation in the EC data set was assessed, the largest standard deviation in the data was 

identified in the isotherm, 328.2 K, at 14.1 MPa (presented in Table 4-4). The mole fraction of 

carbon dioxide, and corresponding standard deviation (0.9975 ± 0.00036), equated to an RSD 

of 0.072%. Comparably, the solubility and respective standard deviation of EC at the same 

point, 328.2 K and 14.1 MPa, are 0.00498 ± 0.00072, equating to an RSD of 14.5%. EC displays 

a considerably smaller solubility in carbon dioxide than DMC and EMC and can be observed 

to be insoluble at pressures below 5.3 MPa. As a result, the systematic and random errors are 

magnified proportionally. 

King and Catchpole (1993) identified three possible sources of errors occurring when  obtaining 

phase equilibria data [43]: 

1. Failure to achieve equilibrium. 

2. Entrainment of droplets or particles. 

3. Purity of feedstock and extract.  
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It is possible that during sampling, entrainment of the solute occurs in the vapour phase, 

resulting in overpredictions of the solubility. Quantification of the phase composition is a 

crucial factor in determining the proportion of solute present in the vapour. Sampling can be 

classified into two main methods: on-line and off-line quantification. The on-line technique 

allows for direct sampling as the chemical analysis system is connected directly to the sampling 

loop, allowing a prompt and practical analysis of the response via computer software. As for 

the off-line method, the sample is removed from the solvent trap and requires further processing 

steps, such as diluting, concentrating, or the substitution of solvent type, before analysis by 

various chemical analyses.  

Figure 4-5: Solubility of dimethyl carbonate in carbon dioxide as a function of pressure. 

Experimental data (●) 298.2 K, (●) 313.2 K, (●) 328.2 K. 

(Refer to Table 4-2 for experimental data points). 
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Application of the off-line analytical technique and  operating a manual injection set up for the 

GC carries drawbacks, both are often time consuming and may introduce errors in the 

processing and handling steps [2].  

The experimental data collected for the DMC system was compared with the available literature 

data, as presented in Figure 4-6.  

Figure 4-6: Vapour equilibrium of dimethyl carbonate and carbon dioxide in a binary system. 

Experimental data (×) 298.2 K, (×) 313.2, (×) 328.2. Lee et al., (●) 293.15, (●) 303.15, 

(●)313.15, (●) 323.15, (●) 333.15. Im et al., (▲) 310.27, (▲) 330.3. Li et al. (■) 333.15. 

 [34, 39, 44]. (Refer to Table 4-2 for experimental data points). 
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Literature data was taken from several authors across a range of isotherms; Lee et al. (293.15 

K, 303.15 K, 313.15 K, 323.15 K and 333.15 K), Im et al. (310.27 K and 330.3 K) and Li et al. 

(333.0 K) [34, 39, 44].  

The literature data collected for comparative studies adopted two types of methods to achieve 

vapour-liquid equilibrium, both Im et al. and Lee et al. adopted a circulating-type apparatus, 

whilst Li et al. implemented a high-pressure cell with a magnetic stirrer. In comparison with 

the static setup adopted, both experimental practices conducted by Im et al. and Lee et al. 

expedited the phase homogeneity. However, in the current research this limitation was 

alleviated by increasing the duration to reach vapour–liquid equilibrium [42]. 

Figure 4-7: Solubility of ethyl-methyl carbonate in carbon dioxide as a function of pressure. 

Experimental data (●) 298.2 K, (●) 313.2 K, (●) 328.2 K. 

(Refer to Table 4-3 for experimental data points). 
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As observed in Figure 4-6, an exact comparison could not be established between the 

experimental and literature data at temperatures of 298.2 K and 328.2 K. However, the 

experimental data at 298.2 K visually fit within the isotherms of 293.15 K and 303.15 K from 

Lee et al., denoting good agreement. Similarly, the experimental data at 328.2 K holds a close 

fit to both datasets obtained from Lee et al. (333.15 K) and Im et al. (330.3 K).  

Figure 4-8: Solubility of ethylene carbonate in carbon dioxide as a function of pressure. 

Experimental data (●) 313.2 K, (●) 328.2 K. 

(Refer to Table 4-4 for experimental data points). 
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Carbon dioxide exhibits an environmentally benign nature attributed to its extremely stable 

triatomic molecular bonds. It displays a weak quadrupole moment due to the small dipole across 

the carbon and oxygen atoms.  

The bonding is composed of a pair of sigma and pi bonds, and like any C-O bond it is polarised 

such that the carbon atom carries a partial positive charge, whereas the oxygen atom carries a 

partial negative charge. Both dipoles act in opposite directions and cancel out, hence the 

molecule is classified as non-polar [1, 45]. It is important to consider the influence of the 

physical properties, and the impact on the solubilities of each component in carbon dioxide.  

The interactions between non-bonded molecules exist as repulsive and attractive forces. 

Attractive interactions arise as a result of three different types of forces described by London, 

Keesom and Debye, and are commonly known as dispersion, orientation and induction effects, 

respectively [46]. 

Dispersion effects arise from the asymmetric distribution of electrons in a molecule, the unequal 

sharing of electrons causes intermittent polarisation. Orientation forces arise between molecules 

with permanent dipoles; the electrostatic attraction aligns the two permanent dipoles, thus 

creating an orientation effect. This interaction is considered the strongest amongst all 

intermolecular van der Waals forces of interactions, though their intensity is generally 

hampered by an increase in temperature [47]. Induction effects arise from the interaction 

between a permanent-induced dipole; though a molecule may not possess a permanent dipole, 

it may be polarised under the influence of neighbouring molecules that possess a permanent 

dipole [48].   
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The dipole moment in a molecule may significantly affect the solubility behaviour of a 

component in a solvent. Figure 4-9 models the partial charge distribution in each molecule, i) 

DMC, ii) EMC, and iii) EC. As observed, the DMC molecule exhibits a strong dipole moment 

across the double bond between the carbon and oxygen atoms, the low electron density is 

represented in a dark blue shade, conversely the high electron density is highlighted in red. 

Similarly, in the EMC molecule a distortion in electron density exists between the double bond 

between the carbon and oxygen atoms, as observed in DMC. However, EMC is an asymmetric 

molecule, thus stronger partial charge distributions are experienced in the surrounding C-O 

bonds. In comparison, EC exhibits a significantly stronger dipole moment than both DMC and 

EMC, the unusual asymmetric structure creates a disparity in the electron density as one side 

of the molecule contains several polar oxygen atoms, whereas the opposite orientation 

possesses none [49]. 

 

Figure 4-9: 3D molecular structures exhibiting the partial charge distributions of; i) dimethyl 

carbonate, ii) ethyl methyl carbonate, iii) ethylene carbonate. 

 

Dobbs et al. [1987] reported the effects of orientation forces are relatively insignificant for 

components with a dipole moment below 5 D [50, 51]. The dipole moment of DMC was found 

to be 0.88 D [52], and the corresponding value for EMC was 0.89 D [53]. It is unsurprising that 

both values are alike since the geometric structure of both molecules are almost identical. The 

low dipole values suggest that both linear carbonates would not have undergone induction 

effects. 

iii ii i 
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In comparison, the cyclic compound EC has a reported dipole moment of 4.81 D and a moderate 

hydrogen bond capability [54]. EC exhibits a hydrogen bond force (𝛿𝐻) of 5.1 MPa0.5 and is 

likely to form hydrogen bonds with other EC molecules, resulting in a reduced interaction with 

carbon dioxide and explaining the reduced solubility behaviour [55-57]. Both DMC and EMC 

were experimentally proven to be more soluble than EC in carbon dioxide; this is a similar 

observation reported by M. Anouti et al., when evaluating the solubility of eight pure electrolyte 

solvents in carbon dioxide in the liquid phase where it was established that carbon dioxide is 

more readily soluble in acyclic molecules than cyclic [41].  

The solubility experimental data presented in Figures 4-5 and 4-7 from both linear carbonates 

indicate that the EMC is less soluble in carbon dioxide than DMC, this may be attributed to the 

differential in molecular size between both molecules. The molar refractivity of DMC and EMC 

were calculated as 19.0 and 23.7 cm3/mol, respectively. The molar refractivity corresponds to 

the actual volume of molecules in one mole of a substance and hence can be compared to the 

volumetric properties calculated from density measurements [58].   

Vaporisation denotes the phase transition of a substance into the vapour phase. During this 

physical transition, the increase in internal energy is associated with overcoming the 

intermolecular forces rather than raising the kinetic energy of the molecules (and therefore the 

system’s temperature). In a pure component, vapour pressure denotes the pressure characteristic 

of a vapour in equilibrium with its liquid or solid form at any given temperature. It essentially 

gauges a compounds tendency to bond with itself; compound’s that possess strong 

intermolecular forces exhibit lower vapour pressures, indicating a reduced propensity to escape 

into the vapour phase. Conversely, compounds with weaker bonding generally manifest higher 

vapour pressures [59, 60]. Referring to Table 4-5, a substantial deviation exists between the 

vapour pressures of the linear and cyclic components. At a temperature of 298 K in a closed 
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system, EC demonstrates a vapour pressure of 5.2 Pa [61]. In contrast, DMC and EMC display 

vapour pressures more than 750 times greater.  

The vapour pressure of a component significantly influences its solubility. A higher vapour 

pressure signifies a greater propensity for vaporisation, thereby enhancing solubility, as Raoult's 

law describes. 
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4.6.2 Modelled binary vapour equilibrium systems 

The modelling theory (outlined in section 4.5) has been correlated against the experimental 

binary vapour equilibrium data to augment the results and evaluate the reliability of the 

experimental practice. EoS models required the incorporation of pure component parameters, 

as tabulated in Table 4-5. 

Table 4-5: Physiochemical properties of compounds. 

 

* Estimated from: 𝜔 = −(1/𝑓1) (Ln (
𝑝𝑐

1.01315
) + 𝑓0), where 𝑓0 and 𝑓1 are Ambrose-Walton 

parameters for vapour pressure estimation, and 𝑝𝑐 is the critical pressure (MPa) [68]. Where; 

𝑀𝑟 represents the molar mass (g/mol), 𝑇𝑏 is the normal boiling point (K), 𝑇𝐹 is the flash point 

(K), 𝑃𝑣 represents the vapour pressure (kPa) at 298 K, 𝑃𝐶 is the critical pressure (MPa), 𝑇𝐶 is 

the critical temperature (K) and ω is the acentric factor.  

Experimental data for the DMC (CO2 + DMC) and EMC (CO2 + EMC) binary systems have 

been modelled using the PR EoS, in addition the DMC binary system was modelled using the 

CPA EoS. The author wishes to acknowledge Dr Luis R. Ramirez for his support and work on 

the CPA EoS model.  

Component 

name 

Skeletal 

structure 
𝑴𝒓 𝑻𝒃 𝑻𝑭 𝑷𝒗  𝑷𝑪 𝑻𝑪 ω Ref. 

CO2  44.009 194.69 - - 7.375 304.13 0.225 [62] 

DMC 

 

90.079 363.11 288.15 8.0b 4.835 557.38 0.385 
[63, 64a, 

65b] 

EMC 

 

104.106 381.05 296.15 3.9b 3.839 560.75 0.429* 
[64a, 65b, 

66] 

EC 

 

88.063 517.50 423.15 0.0052 8.975 806.00 0.258 [61c, 67] 
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The application of the PR EoS in modelling the phase behaviour of DMC (CO2 + DMC) and 

EMC (CO2 + EMC) binary systems was based on several key factors. Firstly, the PR EoS has 

found extensive application across various industrial fields and is known for its computational 

efficiency owing to its mathematical simplicity. This model has exhibited reliability across a 

broad spectrum of temperatures and pressures, pertinent to each system under investigation. 

For non-polar and slightly polar components like DMC and EMC, it has shown efficacy in 

providing accurate predictions of vapour pressure [69]. 

However, it's important to note that the PR EoS does not account for polar-polar interactions or 

hydrogen bonding, thereby constraining its accuracy in modelling the phase equilibria of polar 

components. To explore the potential impact of association effects, the Cubic-Plus-Association 

(CPA) model was introduced. One limitation of the CPA model is its requirement for extensive 

variables for application. Unfortunately, the EMC (CO2 + EMC) binary system could not be 

modelled due to the unavailability of the pure component parameters. The model necessitated 

experimental data, specifically EMC’s saturated liquid density and vapour pressure, which 

could not be obtained. 

The data points obtained from the PR EoS model have been presented in Table 4-6.  
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Table 4-6: Modelled vapour mole fraction in the binary systems, CO2 + DMC, and CO2 + 

EMC using the PR (EOS). 

 

 
CO2 + DMC CO2 + EMC 

T (K) P (MPa) 𝐲𝐂𝐎𝟐
 %∆𝐏 %∆𝐲𝐂𝐎𝟐

 P (MPa) 𝐲𝐂𝐎𝟐
 %∆𝐏 %∆𝐲𝐂𝐎𝟐

 

         

298.2 0.33 0.9820 1.873 0.915 0.13 0.9742 2.174 1.046 

         

 0.61 0.9901 0.284 0.671 0.65 0.9946 2.831 0.212 

         

 1.5 0.9956 0.998 0.576 1.0 0.9964 1.984 0.020 

         

 2.6 0.9972 0.283 0.342 1.8 0.9977 0.982 0.020 

         

 3.8 0.9979 0.240 0.211 3.5 0.9986 0.355 0.050 

         

 5.0 0.9983 0.736 0.251 5.7 0.9991 0.356 0.060 

         

 6.1 0.9990 0.680 0.291 - - - - 

         

313.2 0.43 0.9705 2.548 1.836 0.44 0.9830 5.434 0.583 

         

 0.74 0.9823 1.086 0.512 0.73 0.9892 1.454 0.061 

         

 2.0 0.9925 1.516 0.455 2.1 0.9954 1.336 0.020 

         

 4.1 0.9952 0.791 0.121 3.3 0.9965 1.031 0.120 

         

 6.2 0.9955 0.473 0.060 5.2 0.9969 0.732 0.180 

         

 8.0 0.9941 0.000 0.151 7.3 0.9964 0.104 0.050 

         

328.2 0.40 0.9380 2.829 1.526 0.15 0.9014 12.709 4.896 

         

 1.3 0.9785 2.211 1.116 1.0 0.9834 1.613 0.234 

         

 3.5 0.9896 1.293 0.641 2.8 0.9922 0.554 0.060 

         

 5.1 0.9910 0.696 0.426 5.5 0.9937 0.495 0.060 

         

 7.2 0.9906 0.909 0.589 8.2 0.9918 0.840 0.415 

         

 8.7 0.9882 0.478 0.386 9.6 0.9869 0.360 0.581 

         

         
 

Percent relative deviations for pressure (%∆𝑃) and CO2 vapour mole fraction (%∆𝑦𝐶𝑂2
) were 

computed from Equations 4-33 and 4-34, respectively. 
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%∆P =  |

(Pexp− PPR)

Pexp
| × 100 (4-33) 

 
%∆𝑦𝐶𝑂2

=  |
(𝑦𝐶𝑂2𝑒𝑥𝑝 −  𝑦𝐶𝑂2,𝑃𝑅)

𝑦𝐶𝑂2𝑒𝑥𝑝
| × 100 (4-34) 

 

Initial efforts to correlate the experimental data with both EoS models were driven by 

optimising the binary interaction parameter (kij), and thereby minimising Equation 4-35, the 

objective function (𝑓). 

 
𝑓 = ∑ [(

𝑃𝑖
𝑒𝑥𝑝

− 𝑃𝑖
𝑐𝑎𝑙𝑐

𝑃𝑖
𝑒𝑥𝑝 )

2

+ (𝑦𝐶𝑂2,𝑖
𝑒𝑥𝑝

− 𝑦𝐶𝑂2,𝑖
𝑐𝑎𝑙𝑐 )

2
]

𝑁

𝑖=1

 
(4-35) 

Where 𝑃𝑖
𝑒𝑥𝑝

 and 𝑃𝑖
𝑐𝑎𝑙𝑐  are the experimental and modelled system pressures, respectively.  

Similarly, 𝑦𝐶𝑂2,𝑖
𝑒𝑥𝑝 − 𝑦𝐶𝑂2,𝑖

𝑐𝑎𝑙𝑐  are the experimental and modelled mole fractions of carbon dioxide, 

respectively. However, in the absence of the liquid phase data the outcome of the binary 

interaction parameter is highly dependent on the initial estimation. Thus, if the starting estimate 

input into the program were 0, it would soon converge to 0; likewise, if the starting value given 

were -0.02 the algorithm would converge to -0.02, and so on. This was the case for both 

systems, DMC and EMC. For this reason, the binary interaction parameter could not be 

optimised as per the experimental results. It was set at -0.024 for both systems by evaluating 

previous literature from Im et al. and Tsivintzelis et al. [34, 70]. The phase diagrams of the 

DMC and EMC binary systems are each illustrated in Figures 4-10 and 4-11, respectively. 



Chapter 4: Solubility Measurements of LIB Electrolyte Components in Carbon Dioxide  

128 

Figure 4-10: Phase diagram of the dimethyl carbonate and carbon dioxide binary system. 

Experimental data (●) 298.2 K, (●) 313.2 K, (●) 328.2 K, ( ̶ ̶ ) PR EoS, (---) CPA EoS. 

(Refer to Tables 4-2 and 4-6 for experimental and model data points, respectively). 

 

The association between the experimental results and data computed using both EoS models 

strongly correlated with the DMC system. Both models generated similar responses, though the 

CPA EoS model produced a marginally better fit, as presented in Figure 4-10. At isotherms of 

313.2 K and 328.2 K, along the dew point curve between pressures of 1.0 - 5.0 MPa, it can be 

observed to fit the experimental data better than the PR EoS model. However, at pressures 

greater than 5.0 MPa it begins to underpredict the solubility of the DMC component and deviate 

against the general trend of the experimental data.  
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Figure 4-11: Phase diagram of the ethyl-methyl carbonate and carbon dioxide binary system. 

Experimental data (●) 298.2 K, (●) 313.2 K, (●) 328.2 K, ( ̶ ̶ ) PR EoS.  

(Refer to Tables 4-3and 4-6 for experimental and model data points, respectively). 

 

Statistical deviation between the CPA EoS and experimental data for pressure and the mole 

fraction of carbon dioxide produced maximum AARD values of 1.01 % and 0.75 %, 

respectively. Conversely, the PR EoS generated maximum AARD values of 1.18 % and 0.88 

% for the pressure and the corresponding mole fraction of carbon dioxide. 

The PR EoS correlation was assessed with the experimental data obtained for the EMC binary 

system and confirmed an acceptable fit across all isotherms; the maximum AARD for the 

pressure and the mole fraction of carbon dioxide was calculated as 1.66 % and 1.02 %, 

respectively.  
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The critical mixture points for the DMC and EMC binary systems were computed in each 

isotherm using the EoS models, as presented in Table 4-7. Initially, for the DMC binary system, 

both EoS models behave alike and produced an identical critical point of 6.44 MPa under the 

isotherm at 298.2 K. However, the values began to deviate more significantly as the temperature 

rose. Both sets of critical points at each isotherm for the DMC and EMC binary systems were 

nearly identical when modelled using the PR EoS. This may result from the comparable 

physical properties of each component (refer to Table 4-5), as models are under the constraints 

of these parameters; thus, the output is equally similar.  

Table 4-7: Critical mixture points for DMC + CO2 and EMC + CO2 binary systems, modelled 

using PR and CPA. 

Component Temperature (K) PR (MPa) CPA (MPa) 
Relative Deviation 

(%) 

     

DMC 298.2 6.44 6.44 0.00 

     

 313.2 8.36 8.30 0.72 

     

 328.2 10.20 9.50 6.87 

     

EMC 298.2 6.44 - - 

     

 313.2 8.37 - - 

     

 328.2 10.22 - - 

     

 

All the vapour data collected generally lies in the constraints of the critical mixture points, but 

a few nonconformities exist that should be treated cautiously. The first point in the DMC binary 

system lies in the isotherm 328.2 K, at 10.6 MPa, as presented in Figure 4-10, though the PR 

EoS model can be observed to retain a close fit to this experimental point displaying confidence 

in the data set. The second point in the EMC system lies in the isotherm 298.2 K, at 7.8 MPa, 

as given in Figure 4-11. This point may be erroneous as it is located well beyond the critical 

mixture point when the PR EoS model clearly indicates the pure liquid phase of EMC. 
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Ultimately, as both values lie outside the critical mixture points, each should be treated 

cautiously.  

The validation of the ethylene carbonate (CO2 - EC) binary system was assessed using semi 

empirical equations (as discussed in section 4.5.4). Due to the limited availability of 

experimental data dealing with SCF-solid systems, there has been considerable interest in 

mathematical models for accurately predicting the phase behaviour of such systems as an 

alternative to EoS equations. The latter often necessitate extensive physical properties that are 

not always available [71]. The selection of semi-empirical density models was motivated by 

ECs high melting point and low vapour pressure.  

Numerous semi-empirical equations exist, posing a challenge in determining the most suitable 

model for solubility calculations. To address this, two widely employed equations, the Chrastil 

and Méndez-Santiago and Teja (MST) models, were introduced to correlate the experimental 

data with carbon dioxide densities obtained from the NIST web-book. The comparison between 

experimental and semi-empirical models have been presented in Table 4-8 and Figure 4-12, 

respectively.  
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Table 4-8: Modelled vapour mole fraction in the binary systems, CO2 + EC using semi 

empirical models. 

 

 

T (K) P (MPa) 

Chrastil Méndez-Santiago and Teja 

𝐲𝐂𝐎𝟐
 𝐲𝐄𝐂 %𝐲𝐄𝐂 𝐲𝐂𝐎𝟐

 𝐲𝐄𝐂 %𝐲𝐄𝐂 

        

313.2 1.2 - - - - - - 

        

 3.1 - - - - - - 

        

 5.3 - - - - - - 

        

 8.1 0.9994 0.0006 0.0004 0.9992 0.0008 23.08 

        

 10.2 0.9986 0.0014 6.304 0.9981 0.0019 19.51 

        

 12.2 0.9985 0.0015 61.04 0.9980 0.0020 24.62 

        

328.2 3.0 - - - - - - 

        

 5.2 - - - - - - 

        

 7.9 0.9987 0.0013 1.919 0.9986 0.0014 0.02783 

        

 9.7 0.9983 0.0017 1.215 0.9985 0.0015 16.56 

        

 11.7 0.9978 0.0022 8.213 0.9980 0.0020 0.0291 

        

 14.1 0.9976 0.0024 2.027 0.9975 0.0025 0.3663 
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Figure 4-12: Phase diagram of the ethylene carbonate and carbon dioxide binary system. 

Experimental data (●) 313.2 K, (●) 328.2 K, (---) Chrastil model, (···) Méndez-Santiago and 

Teja model. (Refer to Tables 4-4 and 4-8 for experimental  

and model data points, respectively). 

 

As presented in Figure 4-12, EC displays a relatively low solubility in carbon dioxide, ranging 

from 1.29 – 4.98 g/kg across both isotherms. As the pressure of carbon dioxide rises, the 

solubility of EC becomes more favourable due to density effects. The intermolecular 

interactions between the solute and solvent are improved as the density of carbon dioxide 

increases, enhancing the solvent strength and thus the dissolution of ethylene carbonate.  

Temperature effects on the solubility are not as straight forward and can be complex. An 

increase in temperature creates an opposing effect and decreases the density of the solvent, 

reducing the solvation power. Simultaneously, a rise in temperature will promote the vapour 

4.0

6.0

8.0

10.0

12.0

14.0

16.0

0.997 0.998 0.999 1.000

P
re

ss
u
re

 [
M

P
a]

Vapour mole fraction



Chapter 4: Solubility Measurements of LIB Electrolyte Components in Carbon Dioxide  

134 

pressure, increasing the solubility of the solute. Figure 4-12 shows a cross-over point between 

both isotherms, 313.2 K and 328.2 K, at approximately 11 MPa. Below the cross over point the 

EC solubility is enhanced with an increase in temperature. 

Inversely, above this cross over point the solubility decreases with a temperature influx, and at 

high pressures the density of carbon dioxide has a greater effect.  Ultimately, high pressure and 

low temperature results in greater solubility. The model parameters for each semi empirical 

equation have been tabulated in Table 4-9. 

Table 4-9: Model parameters of Chrastil and Méndez-Santiago and Teja semi empirical 

models. 

 

Model  Parameters   AARD (%) 

    

Chrastil 

𝑎1 -0.000955 

14.48 𝑏1 7.239 

𝑐1 -0.0249 

    

Méndez-Santiago and 

Teja 

𝐴1 -5160.78 

12.70 𝐴2 909.28 

𝐴3 10.65 

 

Both semi empirical models displayed a linear relationship with the experimental data. The 

MST model provided a slightly better fit than the Chrastil model, producing an AARD value of 

12.7%. 
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4.6.3 Experimental quaternary vapour equilibrium system 

Over 43,000 VLE data sets have been performed and recorded as of 2023 [72], and the vast 

majority of the data collected are from binary systems, with substantially less data available for 

tertiary and multicomponent systems. Multicomponent systems can be challenging to model, 

especially when considering systems that contain combinations of polar, non-polar, 

electrolytes, and supercritical components. According to Novak et al. [73], measuring a 10-

component system at atmospheric pressure in 10 mol% steps would theoretically consume 

approximately 37 years [74]. Additionally, for tertiary and higher component systems, adequate 

graphical depictions of the behaviour of the system are problematic, and accurate computation, 

though sufficient for many systems, is still in development stages [75].  

There have been limited publications on multicomponent systems for these carbonate ester 

components; both authors Blanchard et al. and Dougassa et al.  have created several tertiary 

systems: CO2 + DMC + EC, CO2 + EMC + EC, and DMC + PC + EC, where PC is propylene 

carbonate. Measurement of the systems were conducted in the liquid phase at temperatures of 

275-353 K, and under atmospheric pressure [32, 76].  

To develop the understanding of the selectivity of each component and the behaviour of 

intermolecular interactions in the solvation process, a quaternary system was established under 

pressures of 2.1 – 10.0 MPa, at isotherms of 298.2 K, 313.2 K, and 328.2 K. Each electrolyte 

component (DMC, EMC, and EC) was prepared gravimetrically in a 1:1:1 ratio to form a 

homogenous solution replicating the electrolyte solvent mixture employed in LIBs. The vapour 

equilibrium data for the quaternary system, CO2 + DMC + EMC + EC, and the selectivity 

results are tabulated in Table 4-10.  
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Table 4-10: Experimental vapour mole fraction and selectivity of the quaternary system, CO2 + DMC + EMC + ECa. 

 

n = 3. aStandard uncertainties are u(T) = 0.1 K, u(P) = 0.01 MPa, u(yDMC) = 0.005, u(yEMC) = 0.003, u(yEC) = 0.0005. Note – values expressed at 0.00000 denote an undetectable gas 

chromatography reading.                                                                                           

T (K) P (MPa) yDMC  yDMC SD yEMC yEMC SD yEC yEC SD 𝐲𝐂𝐎𝟐
 𝐒𝐭𝐨𝐭𝐚𝐥 (𝐠/𝐠) 

Selectivity (α) 

yDMC/ yEMC yEMC/ yEC yEC/ yDMC 

             

298.2 2.1 0.0069 0.00118 0.0026 0.00056 0.00000 0.00000 0.9905 0.0204 2.59 - - 

             

 6.4 0.0031 0.00087 0.0016 0.00042 0.00041 0.00016 0.9949 0.0109 1.98 3.81 0.13 

             

 8.3 0.0021 0.00034 0.0014 0.00022 0.00243 0.00044 0.9941 0.00966 1.56 0.56 1.15 

             

313.2 2.9 0.0084 0.00319 0.0045 0.00095 0.00000 0.00000 0.9872 0.0282 1.87 - - 

             

 5.0 0.0075 0.00152 0.0044 0.00050 0.00000 0.00000 0.9882 0.0246 1.70 - 0.00 

             

 10.0 0.0076 0.0110 0.0054 0.00068 0.00199 0.00042 0.9850 0.0288 1.40 2.72 0.26 

             

328.2 4.6 0.0127 0.00430 0.0059 0.00229 0.00000 0.00000 0.9814 0.0360 2.17 - - 

             

 6.2 0.0190 0.00396 0.0126 0.00130 0.00032 0.00029 0.9681 0.0675 1.50 39.73 0.02 

             

 9.4 0.0211 0.00489 0.0191 0.00289 0.00194 0.00033 0.9579 0.0868 1.10 9.84 0.09 
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The overall trend exhibited in the quaternary system reflects similarities in the solubility 

behaviour, as experienced by the linear carbonates in the binary systems. The overall solubility 

of components in carbon dioxide becomes increasingly more soluble with enhancements in 

temperature and pressure, as tabulated in Table 4-10. As the system pressure increases, the 

density of the solvent rises and the interactions between solvent-solute tend to become more 

favourable. The increase in temperature may reduce the solvation effect, however, this effect is 

negated and is dominated by the enhancement of the solutes vapour pressure, thus promoting 

the overall solubility.  

Extraction and separation of the alkyl components using carbon dioxide can be optimised by 

analysing the solubility data and the influence of the operating conditions on selectivity. The 

solubility selectivity (α) is the ratio of the respective mole fractions of two or more components 

in the solvent stream. Selectivity of DMC and EC in the quaternary system as functions of 

pressure, under each isotherm 298.2 K, 313.2 K, and 328.2 K are presented in Figures 4-13 and 

4-14, respectively. 

In the quaternary system DMC is the most dominant solute in carbon dioxide, as observed in 

Table 4-10. In the binary system arrangements, DMC was identified as the most soluble 

component in carbon dioxide, thus the result is unsurprising. Comparison of the binary and 

quaternary systems indicate the solubility of DMC to largely remain constant, though under 

most pressures it can be noticed to exhibit solubilities less than that observed in the binary 

system. This phenomenon, whereby the solubility is diminished in multi-component systems 

containing scCO2 compared to their equivalent binary system has been reported by several 

studies [77-80]. As observed in Figure 4-13, at all isotherms, EMC has an inverse effect on the 

selectivity of DMC.  
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Figure 4-13: Selectivity isotherm of dimethyl carbonate (DMC/EMC) in quaternary mixture 

(CO2 + DMC + EMC + EC) as a function of pressure; (●) 298.2 K, (●) 313.2 K, (●) 328.2 K. 

(Refer to Table 4-10 for experimental data points). 

 

Furthermore, the presence of other carbonates with lesser vapour pressures likely contributed 

to the decrease in the vapour pressure of the DMC component.  As a result, the solubility of 

DMC was adversely affected by the presence of EMC, and this effect became more significant 

with an elevation in system pressure. 

It is important to remember carbon dioxide is a largely nonpolar molecule, and the equilibrium 

behaviour is governed predominantly by physical interactions. As observed in the binary 

system, EC exhibited a considerably lower solubility than the linear carbonates.  
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This is because it experienced a weaker interaction with the carbon dioxide molecules due to 

its high polarity. However, EC was found to be considerably more soluble in the quaternary 

system than its binary system, and at high pressures, it was found to be several times more 

soluble. The addition of DMC and EMC acts as a co-solvent, significantly enhancing the 

solvating power of (supercritical) carbon dioxide and improving the interactions between the 

carbon dioxide and EC molecules.  

Figure 4-14: Selectivity isotherm of ethylene carbonate (EC/DMC) in quaternary mixture 

(CO2 + DMC + EMC + EC) as a function of pressure; (●) 298.2 K, (●) 313.2 K, (●) 328.2 K. 

(Refer to Table 4-10 for experimental data points). 
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There have been numerous studies investigating the influence of polar co-solvents on the 

solubility of polar solids in carbon dioxide and how a small addition of polar co-solvent can 

significantly improve the solubility, Huang et al. reported how the solubility of aspirin could 

be enhanced up to 5 times with acetone, and up to 14 times using either methanol or ethanol 

[81]. This can be observed in the two-point graph, Figure 4-14, the addition of DMC can be 

observed to greatly enhance the selectivity of EC under all isotherms.  

The most significant enhancement in the solubility of EC was observed at higher carbon dioxide 

densities, thus, conditions of high system pressure. At the isotherm of 298.2 K when EC is in a 

solid state, the addition of DMC notably enhances its selectivity by more than 8 times. 

Regarding the influencing parameters, it seems that a rise in pressure favours the selectivity of 

EC, whereas an increase in temperature adversely affects it, significantly reducing the 

selectivity. Under these conditions, the mean intermolecular distance between components in 

the mixture would have been reduced, thereby amplifying the effects of variations in forces 

between similar and dissimilar molecules [50].  
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4.7 Conclusion 

The objectives outlined in this chapter have been satisfied; an experimental rig was designed 

and constructed to obtain vapour equilibrium data for LIB electrolyte components in a binary 

and quaternary arrangement. Mixtures of carbon dioxide, with dimethyl carbonate, ethyl methyl 

carbonate, and ethylene carbonate, were all measured using a static-analytical technique and an 

off-line gas chromatography quantification method.   

DMC exhibited the greatest solubility amongst all carbonates in binary and quaternary vapour-

liquid equilibrium systems. Both DMC and EMC displayed significantly greater solubilities in 

carbon dioxide in comparison to the cyclic component, EC. These components' distinctive 

molecular structures and varying vapour pressures elucidated their solubility behaviour and the 

interactions experienced. The symmetrical structure of DMC rendered it considerably less 

polar, while EC, with its asymmetric arrangement, demonstrated a notably stronger dipole 

moment. The quaternary system generally reflected the solubility results of the components in 

each respective binary system. Though interestingly, both DMC and EMC were identified to 

act as co-solvents and greatly magnified the solubility of EC in the multicomponent system 

under all isotherms.  

In conclusion, the acquired vapour equilibrium data validates the viability of extracting LIB 

electrolytes through the application of pressurised carbon dioxide. Although, the selection of 

system parameters is not straightforward. Both DMC and EMC demand low pressure and high 

temperature conditions to achieve a high solubility, whereas the EC component requires high 

pressure and low temperature to enhance its solubility. Consequently, the next chapter will 

explore a compromise amongst system conditions to optimise the extraction yield of an artificial 

electrolyte mixture. 
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5.1 Introduction 
The application of supercritical fluids (SCFs) and compressed gases for extraction and 

separation processes has been used extensively across various industrial sectors for many years. 

Some notable examples of these industries include pharmaceuticals, food, and textiles [1]. 

Among the SCFs, carbon dioxide is an excellent choice for supercritical fluid extraction (SFE) 

processes due to its favourable properties, such as non-toxicity, mild critical parameters, 

abundance, and non-flammability. Using carbon dioxide eliminates the need for organic 

solvents, traditionally used in Soxhlet extraction, and reduces the concerns related to their 

storage, disposal, and potential environmental impact [2, 3].  

Recycling practices face significant risks and challenges when recovering and processing LIB 

electrolyte. The volatile nature of this component makes it highly flammable and presents a 

severe fire hazard due to the vaporisation effects. As a result, the recovery process becomes 

complicated, especially during the conventional disassembly and pretreatment steps in current 

recycling processes. This complexity reduces product recovery yields and requires inherently 

safer recycling practices [4]. 

In recent years, efforts towards recovering the LIB electrolyte have led to the development of 

three leading initiatives: liquid extraction, supercritical carbon dioxide extraction, and vacuum 

extraction [5-8].  

This chapter is structured as follows: the Aims and Objectives are defined in Section 5.2, the 

Methodology of the experimental practice is outlined in Section 5.3, the Calculations and 

Formulae are given in Section 5.4, the Experimental Design is outlined in Section 5.5, the 

experimental Results and Discussion are presented in Section 5.6, and finally, the chapter is 

closed with a Conclusion in Section 5.7.  
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5.2 Aims and Objectives 

This chapter investigates the process design and optimisation of the extraction and recovery of 

an artificially prepared mixture of LIB electrolyte using pressurised carbon dioxide.  

The influence of each process parameter, pressure, temperature, flow rate, and duration, was 

evaluated to determine their optimal conditions to maximise the extraction yield. To achieve 

the overall aim, the following questions were addressed: 

 

1. How do the pressure and temperature process conditions influence the overall extraction 

and recovery of an artificial LIB electrolyte? 

 

2. Is Response Surface Methodology (RSM) an appropriate method to model and optimise 

the extraction yield of an artificially prepared LIB electrolyte using pressurised carbon 

dioxide accurately? 

 

3. Given the differences in physical properties of each component within the LIB 

electrolyte composition, how does the composition of recovered components change 

with adjustments in the process conditions? 
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5.3 Methodology 

5.3.1 Rig design 

A high-pressure rig was designed and fabricated to facilitate high pressure extractions in static 

and dynamic configurations. Figure 5-1 illustrates a PID of the rig design used for the 

experiments.   

The extraction of artificial LIB electrolyte was performed in a pressure vessel manufactured by 

the Parr Instruments Company, USA, as shown in Figure 5-2. The design pressure of the reactor 

was rated at 34.5 MPa, at a temperature of 373.15 K. This vessel was equipped with two 

sapphire windows and an integrated heating jacket. The reactor’s design specifications are as 

outlined: an internal diameter of 30 mm, an outer diameter of 85 mm, and a nominal volume of 

25 mL. 

The internal pressure of the vessel was measured using an Ashcroft analogue pressure gauge 

(PI-03) capable of indicating readings up to 40 MPa and displayed in increments of 1 MPa. The 

vessel’s internal temperature (TI-01) was recorded using a K-type thermocouple inserted into 

the reactor through the head of the vessel. It was connected to an RS Pro RS51 wired digital 

thermometer capable of measuring and indicating temperatures from 223.15 K to 523.15 K in 

increments of 0.1 K. Additional pressure indicators were located across the system: an analogue 

pressure gauge was installed after the carbon dioxide cylinder (PI-01), and the system pressure 

was displayed before entering the reactor on the HPLC pump (PI-02). 
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Figure 5-1: Schematic diagram of the pressurised carbon dioxide extraction system.
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Figure 5-2: Photographs of the Parr Instrument Company autoclave; i) vessel body,  

ii) internal volume, iii) vessel head, PTFE O-ring, and K-type thermocouple. 

 

5.3.1.1 Gas – liquid contactor 

The design of the reactor has a limitation regarding the flow path of carbon dioxide. The inlet 

and outlet positions are both integrated into the head of the vessel. As a result, there is less 

contact between gas and liquid, thereby minimising the mass transfer effects. SFE processes 

typically require minimal mechanical contact arrangements due to the high penetrability of 

SCFs [9]. However, to enhance the interfacial contact area between carbon dioxide and the 

electrolyte components, a gas-liquid contactor was installed at the inlet of the vessel. This 

maximised fluid contact and expedited the extraction process. The gas-liquid contactor was 

constructed from stainless steel tubing with an internal diameter of 1/16th inch and a wall 

thickness of 0.02 inches, sourced from Swagelok. Details of the design schematics are provided 

in Figure 5-3. 

i ii iii 
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Figure 5-3: Gas – liquid contactor design; i) top orientation, ii) bottom orientation. 

 

5.3.2 Method  

The fundamental principles of the pressurised carbon dioxide extraction process generally 

remain consistent, regardless of the application. The basic apparatus for each system (as 

presented in Figure 5-1) includes a pump for pressurising carbon dioxide, a pressure cell to 

contain the sample, a device to control the pressure in the vessel, and a collection vessel [10]. 

Similar to the solubility studies (refer to Chapter 4: Solubility Measurements of LIB Electrolyte 

Components in Carbon Dioxide), the pressurised carbon dioxide extraction technique consists 

of several notable steps. 

 

 

 

ii i 
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5.3.2.1 Rig preparation 

Initial preparation steps were undertaken to ensure the quality and repeatability of the extraction 

process. Before loading the sample, the HPV was meticulously cleaned using acetone to 

eliminate any remnants of components from the previous run. Following this, the heat 

exchangers were pre-set to the desired operational conditions.  

5.3.2.2 Sample loading  

The artificial LIB electrolyte mixture was created on a 

gravimetric basis. Each carbonate (DMC, EMC, and EC) 

was weighed to create a homogenous mixture in a 1:1:1 

mass ratio. The liquid mixture had a total weight of 1.5 g 

and was absorbed into a cotton wool matrix weighing 

approximately 0.5 g. The matrix and the mixture were both 

placed in a clear glass vial measuring 10 mL. The vial and 

contents were then inserted into the reactor (as photographed 

in Figure 5-4). 

5.3.2.3 System pressurisation  

Before extraction, the HPV heating jacket was set to the desired temperature using a heating 

circulator bath (Thermo Haake, DC10-B3) (HE-02). Liquid carbon dioxide was introduced into 

the system via the gas cylinder (V1). The carbon dioxide travelled through a series of coiled 

tubing placed inside a refrigerated circulator bath (Grant, LTD6G) (HE-01), which was filled 

with a glycol heat transfer fluid and maintained at a temperature below 278.15 K to ensure the 

carbon dioxide remained largely in the liquid phase.  

Figure 5-4: Glass sample 

holder containing electrolyte 

components absorbed in a 

cotton wool matrix. 



Chapter 5: Extraction of Artificial LIB Electrolyte Using Pressurised Carbon Dioxide 

157 

The system pressurisation was performed in two stages. First, the HPV was equalised to the 

pressure of the carbon dioxide gas cylinder. Then, the vessel was isolated from the carbon 

dioxide supply, and the HPLC pump (Cole-Parmer, Series III) was purged, to release any 

stagnant gas trapped within the lines between the HPV and the gas cylinder. This step 

maximised the carbon dioxide in the liquid phase, which was necessary to pressurise the carbon 

dioxide efficiently. 

The unstirred thermostatic water bath (Clifton) (HE-03) was maintained at 303.15 K; this heat 

exchanger was imperative for the rig’s operation. It is important to note that EC has a melting 

point of 309.6 K and exists as a solid at room temperature. In the absence of the heat exchanger, 

it was prone to freeze across the metering valve, causing a blockage [11].  

Before entering the HPV, the pressurised carbon dioxide was heated to a temperature close to 

the vessel’s heated jacket. More importantly, when leaving the vessel and passing across the 

metering valve, the carbon dioxide underwent flash and throttling expansion; this phenomenon 

caused the gas to supercool, freezing the valve. By utilising the Joule-Thomson coefficient and 

considering the maximum pressure deviation encountered, a calculated maximum temperature 

change of 77 K was determined. This value implies that a carbon dioxide stream initially at 

298.2 K (lowest experimental temperature condition) would reach 221.2 K as it passed across 

the metering valve. Submerging the valve and coiled piping in the water bath proved 

instrumental in mitigating this adiabatic effect and kept the carbon dioxide in the vapour  

phase [12, 13]. 
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5.3.2.4 Static and dynamic extraction 

The extraction process incorporated both static and dynamic modes. In the static phase, the 

reactor was set to the desired pressure and temperature, and the HPV was then isolated via the 

ball valves V3 and V4. Once the specified extraction time had elapsed, the valves were opened, 

allowing the solvent and component mixture to be released.  

During the dynamic extraction, a continuous stream of carbon dioxide was required throughout 

the entire extraction process. Similar to the static mode, pressure and temperature parameters 

were kept constant. To maintain a stable system pressure, the output flowrates of the HPLC 

pump and the metering valve (V5) were kept constant. The dynamic flowrate was measured 

using a variable area flow meter (Key Instruments), while the consumption of carbon dioxide 

was measured as a volume (STP) using a wet gas meter (Alexander Wright & Co.), which is 

accurate up to increments of ± 0.01 L. Both techniques included an initial stabilisation period 

of 2 minutes, during which the flowrate (for dynamic extraction), temperature, and pressure 

were closely monitored to ensure the stability of the system conditions.  

5.3.2.5 Solute recovery  

Several techniques were explored to maximise the collection and retention of the electrolyte 

components during the solute recovery stage. Initially, thermal trapping was considered due to 

its simplicity. In this method, the SFE effluent is depressurised into a cool vessel, causing the 

liquid to condense and the gas to escape. However, this method is limited to non-volatile 

organics since the high gas flowrate results in losses of even moderately volatile components. 

The alternative approaches more suitable for the quantitative recovery of volatile components 

are sorbent trapping and liquid solvent trapping. 
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Sorbent trapping is a highly effective sample collection method achieved by depressurising the 

SCF onto a sorbent trap. Once the analytes are trapped in the sorbent packing, they can be 

recovered by elution with a small volume of liquid solvent. The advantages of using this 

technique lie in the selectivity of recovery; the optimal sorbent packing material can selectively 

target analytes in the SCF, and the elution of analytes from the sorbent packing can be adjusted 

based on the components of interest [14]. 

While a high degree of selectivity was not a prerequisite, given that all the extracted components 

were intended for capture and recovery, the chosen method for this SFE process incorporated a 

combination of thermal trapping and entrapping the components in a liquid solvent. This 

approach represents the most commonly employed technique for analyte capture. The 

subsequent section expounds upon the procedural steps. 

Once the extraction fluid passes across the metering valve (V5), the outlet pressure sharply 

declines, reducing the density of carbon dioxide and, consequentially, its dissolving power. The 

gas-liquid mixture is then bubbled into a conical flask (with a side arm) containing 150 mL of 

acetone. Significant differences in the boiling points between carbon dioxide and the electrolyte 

components ensure that each component condenses and remains in the liquid phase. The linear 

and cyclic carbonates are dissolved in the acetone solvent trap, whereas the carbon dioxide is 

simply released in its gaseous state.  

However, it should be noted that solvent traps are not without losses. In this recovery process, 

the solvent trap was not entirely effective in trapping every component for the entire duration 

of the pressurised extraction. As a result, an investigation was conducted to determine the 

electrolyte component dissolution in the acetone solvent trap when influenced by temperature. 
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In this study, a gravimetric quantity of 1 g of each component (DMC, EMC, and EC) was 

dissolved in 150 mL of acetone, and three experiments were conducted at different 

temperatures: room temperature, ice regulated, and dry ice regulated. 

The ice and dry ice regulated systems used water and 

acetone, as shown in Figure 5-5, and served as the heat 

transfer fluids, respectively, facilitating the heat exchange 

between the conical flask holding the acetone and the heat 

transfer fluid contained in a dewar flask.  

After weighing the conical flask and contents, carbon 

dioxide was introduced into the solution at a volumetric flow 

rate of 2.5 L/min for 60 minutes based on the optimal 

experimentation parameters. The temperature of the 

solution was measured 10 minutes after the initiation of 

carbon dioxide flow. After 60 minutes, an aliquot was injected into the GC-TCD, and the mass 

of the remaining electrolyte components was quantified using nonane as an internal standard. 

The total weight of the remaining solvent trap solution was repeatedly weighed until a constant 

value was achieved, indicating that most/all of the carbon dioxide had separated from the liquid 

solution.  

To validate the experiment, it was repeated. The tabulated and graphical results of the thermal 

impact on the solvent trap and the retention of electrolyte components are presented in Table 

5-1 and Figure 5-6, accordingly. Where T represents the acetone solvent trap’s temperature, 

measured 10 minutes after introducing a gas flow, and %mtotal signifies the total mass loss of 

all components (DMC, EMC, EC, and acetone).                

Figure 5-5: Acetone and dry ice 

regulated solvent trap, containing 

acetone and artificial electrolyte. 
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Table 5-1: The mass loss of electrolyte components (DMC, EMC, and EC) in an acetone 

solvent trap, expressed under several temperature conditions.  

Solvent trap T (K) 𝐦𝐢𝐧𝐢𝐭𝐚𝐥 (g) 𝐦𝐟𝐢𝐧𝐚𝐥 (g) 
Mass loss (%) 

%𝐦𝐃𝐌𝐂  %𝐦𝐄𝐌𝐂  %𝐦𝐄𝐂  %𝐦𝐭𝐨𝐭𝐚𝐥 

        

Room 

temperature  
279.45* 152.9 99.1 31.4 31.8 26.3 36.1 

Ice-regulated 273.35 153.6 115.2 19.5 18.6 16.1 25.1 

Dry ice-

regulated 
< 223.15**  152.8 137.6 6.9 6.6 5.4 8.3 

 

n = 2. Standard uncertainties are u(T) = 0.1 K, u(m) = 0.01 g. 

*The temperature of the solvent trap progressively fell and initially measured 295.25 K. 

**The temperature measured in the dry ice configuration fell below the lower temperature limit (223.15 K) of the RS Pro S51 

wired digital thermometer 

 

The first law of thermodynamics in terms of enthalpy, states 𝑑𝐻 = 𝛿𝑞 − 𝑉𝑑𝑃, where 𝑑𝐻 

represents the enthalpy of the system, 𝛿𝑞 represents the heat absorbed by the system, 𝑉 is the 

volume, and 𝑑𝑃 is the change in pressure [15]. Since enthalpy is proportional to the temperature 

of the system, the temperature governs the internal energy of the system. 

Therefore, when the electrolyte components enter the solvent trap, their enthalpy is drastically 

reduced as heat energy is absorbed by the system. As the temperature of the extraction products 

decreases, the loss of enthalpy initiates a phase transition of the volatile components, either 

from vapour to liquid or through sublimation if there is a significant temperature deviation [16].   

As observed in Table 5-1, there is a significant reduction in the mass loss of the solvent trap 

when using dry ice to reduce the overall temperature. Based upon gravimetric measurements, 

the overall loss of components in the solvent trap (including acetone) after 60 minutes of 

passing carbon dioxide through it was 36%, 25%, and 8% under room temperature, ice 

regulated, and dry ice regulated conditions, respectively.  
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Figure 5-6: The mass loss of artificial electrolyte (DMC, EMC, and EC) in a solvent trap, 

expressed under several temperatures; █ DMC, █ EMC, █ EC,  ̶ ● ̶  Total mass loss. (Refer to 

Table 5-1 for the experimental data points). 

 

The results presented in Figure 5-6 show the mass lost by each component under varying 

thermal conditions. The results are consistent with the predicted trends and reflect the vapour 

pressure behaviour of the components. The use of dry ice is an effective method to reduce the 

vaporisation of all components when carbon dioxide is introduced into the solvent trap. The 

difference in mass losses of the artificial electrolyte components exposed to room temperature 

and dry ice regulated conditions is almost five times greater. 

After analysing the results, the dry ice solvent trap configuration was selected to capture and 

recover the electrolyte components for further extraction processes. To compensate for any 

discrepancies in the weight of each component, the recovery yield was adjusted accordingly to 

account for any potential losses caused by vaporisation. 
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5.4 Calculation and Formulae  

The following equations were applied to obtain and process the experimental results of 

extracting the artificial LIB electrolyte using pressurised carbon dioxide. 

5.4.1 Overall mass balance 

 

The general form of the mass balance is as stated above. Though, as the pressurised carbon 

dioxide extraction process is in the absence of a chemical reaction and is under the assumption 

of steady state, the overall mass balance simplifies to:  

 

An overall mass balance was created to quantify the overall mass transfer in the boundaries of 

the system. 

 

Where 𝐹 is the solvent feed (g), 𝑒 is the extractant (electrolyte components) (g), 𝑆 represents 

the solute (g), and 𝐸𝑓 is the effluent stream (g). 

5.4.2 Extraction and recovery yields 

Overall product extraction and recovery yield were calculated using Equations 5-4 and 5-5, 

respectively.  

 

 𝐼𝑛𝑝𝑢𝑡 − 𝑂𝑢𝑡𝑝𝑢𝑡 +  Generation –  Consumption =  Accumulation (5-1) 

 

 𝐼𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑝𝑢𝑡 (5-2) 

 

 𝐹 + 𝑒 = 𝑆 + 𝐸𝑓 (5-3) 

 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝐸𝑙𝑜𝑎𝑑𝑒𝑑 − 𝐸𝑢𝑛𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑

𝐸𝑙𝑜𝑎𝑑𝑒𝑑
 × 100 (5-4) 

 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝐸𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐸𝑙𝑜𝑎𝑑𝑒𝑑
 × 100 (5-5) 
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Where 𝐸𝑙𝑜𝑎𝑑𝑒𝑑 represents the loaded artificial electrolyte initially placed into the reactor (g), 

𝐸𝑢𝑛𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 is the unextracted artificial electrolyte still remaining in the reactor when 

extraction run is completed (g), 𝐸𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 represents the components gravimetrically 

quantified from the solvent trap, using GC-TCD (g).  

5.4.3 Recovery process losses 

Mass deviation in components loaded and recovered in the extraction system were calculated 

using:  

 

The majority of the components were recovered and duly accounted for. Nevertheless, there 

were minimal unavoidable losses; this included solute trapped in the pipework, solute residue 

adhering to the internal walls of the pressure vessel, and primarily, the solute not captured by 

the solvent trap (escaping with the effluent). However, the impact was compensated as 

discussed in subsection 5.3.2.5, Solute recovery. 

 

 

 

 

 

 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑙𝑜𝑠𝑠𝑒𝑠 (%) =  
𝐸𝑙𝑜𝑎𝑑𝑒𝑑 − (𝐸𝑢𝑛𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 +  𝐸𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑)

𝐸𝑙𝑜𝑎𝑑𝑒𝑑
 × 100 (5-6) 
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5.4.4 Joule-Thomason effect  

Temperature reduction across the metering valve (V5) resulted from the throttling process; this 

phenomenon is named the Joule-Thomson effect. The Joule-Thomson coefficient (𝜇) is the ratio 

of temperature change with pressure drop under constant enthalpy.   

 

Where 𝜇 is the Joule-Thomson coefficient (K/Pa), T and P represent the temperature (K) and 

pressure of the gas (Pa) , respectively, and H is the enthalpy of the gas (KJ). 

5.4.5 Solubility 

 

The solubility (𝑆) (𝑔/𝑔) represents the concentration of a solute in equilibrium with the pure 

fluid at given conditions, as depicted in Equation 5-8. 

5.4.6 Sample standard deviation 

For further details, refer to Chapter 4, sub-section 4.4.6. 

 

 

 

 

 

 𝜇 = (
𝜕𝑇

𝜕𝑃
)

𝐻
 (5-7) 

 𝑆𝑠𝑜𝑙𝑢𝑡𝑒 =  
𝑚𝑠𝑜𝑙𝑢𝑡𝑒

𝑚𝐶𝑂2
 

  
 

(5-8) 
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5.5 Experimental Design  

The Design of Experiments (DOE) represents a systematic scientific approach aimed at 

optimising processes, aiding product development, and fundamentally facilitating informed 

decision-making. This methodical technique involves conducting a series of experiments aimed 

specifically at elucidating the cause-and-effect relationships between input variables (known as 

factors) and output variables (responses). DOE enables the concurrent manipulation of multiple 

input factors, allowing for a comprehensive analysis of their effects on the desired output(s) 

[17]. Traditionally, in the absence of a DOE method, multiple experiments would be conducted 

to test the influence of one factor at a time. However, this sequential approach proves highly 

inefficient in terms of both time and cost. Moreover, it restricts the ability to simultaneously 

interpret the influence of two or more input variables [18]. 

 

The response surface methodology (RSM), first introduced by Box and Wilson in 1951 [19], 

encompasses a collection of mathematical and statistical approaches used to construct and 

analyse models through an empirical approach.  

The experimental approach and analysis in RSM are founded on the premise that a response 𝜂 

is a function of a series of design variables 𝑥𝑛. This function can be approximated within a 

specific region of the variables, 𝑥′𝑠 using a polynomial model [20].  

Mathematically, the representation of the response as a function of the design variables may be 

expressed as  

 

 

 

 𝜂 = 𝑓(𝑥1, 𝑥2 … 𝑥𝑘) + 𝜀 (5-9) 
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Here, the true form of the true response function 𝑓, often remains unknown and exhibits 

complexity; the response 𝜂 is contingent upon independent variables, 𝑥1, 𝑥2, 𝑥3 … 𝑥𝑘.  

The experimental error, denoted by 𝜀, accounts for the measurement errors associated with the 

response and other unaccounted variations or deviations not encompassed by 𝑓.  

As the actual form of the true response function 𝑓 is unknown, it necessitates an approximation. 

The practical implementation of RSM relies on establishing an appropriate approximation. 

Typically, a low-order polynomial in some small area of the independent variable space is 

satisfactory. The vast majority of models employ a polynomial of first order or second order; 

the first order model is expressed as [21, 22]. 

 

However, considering the curvature in the response surface requires the utilisation of a higher 

degree polynomial to effectively account for interactions. In such cases, a second order model 

typically would be required. The prevalent second order designs employed for this purpose 

include the Central Composite Design (CCD) and the Box-Behnken design. Both have been 

extensively applied in applications for optimising supercritical extraction processes [23]. 

 

These associated equations can be graphically depicted as response surfaces and can be 

employed to [24]:  

1. Describe how the test variables influence the response. 

2. Determine the interrelationships between the test variables. 

3. Describe the combined relationship between all the test variables and the response. 

 𝜂 = 𝛽0 + 𝛽1𝑥1 + ⋯ + 𝛽𝑘𝑥𝑘 (5-10) 

 𝜂 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑  ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑘

𝑗=1

𝑘

𝑖=1
𝑖<𝑗

 

 

(5-11) 
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This research employed the Central Composite design to fit the experimental data into the 

second order model (Equation 5-11). The design was selected as it provides comprehensive 

coverage of the design space, enabling the estimation not only of linear effects but also the 

detection of potential curvature in the response surface, as discussed earlier. Implementing this 

model allows for a robust analysis while necessitating fewer experimental runs to assess the 

influence of the independent variables. The outcomes and optimisation of the model are 

presented in the subsequent section, 5.6 Results and Discussions.  
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5.6 Results and Discussion 

5.6.1 The influence of extraction flowrate 

The solvent extraction flowrate can significantly influence both the extraction yield of the solute 

and the duration of the extraction process. An initial investigation into the dynamic flowrate of 

carbon dioxide was conducted to optimise the extraction yield of the artificial electrolyte.  

A gravimetric quantity of 0.5 g of each component (DMC, EMC, and EC) was mixed and 

absorbed into a cotton wool matrix; the glass vial and contents were then placed into the vessel. 

The extraction pressure, temperature, and duration were all maintained at 6.0 MPa, 313.2 K, 

and 30 minutes, for each run, respectively. Based on previous literature findings, a dynamic 

flowrate in the range of 0.5-5.0 L/min were explored [7, 25]. As a mass flowrate, this is 

equivalent to approx. 1-10 g/min. To maintain the consistency of the carbon dioxide flow 

passing over the extractant, the flowrate was regularly monitored using the rotameter (Key 

Instruments) and verified against the wet gas meter (Alexander Wright & Co.) every 7.5 

minutes. Each data point was repeated to ensure the validity of the relationship. The findings 

of the optimisation of flowrate have been presented in Table 5-2, and the complete data set and 

repeats are tabulated in Table A5-1 in Appendix A5. 
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Table 5-2: The influence of dynamic flowrate of carbon dioxide on the extraction yield of 

artificial LIB electrolyte. From 1.5 g of sample at conditions of 6.0 MPa and 313.2 K. 

𝐐̇ (L/min) 𝐕 (𝐋) 
Extracted 

 mass (g) 

Extraction yield 

(wt.%) 
𝐒 (𝐠/𝐦𝐥) 

     

0.56 19.4 0.112 7.3 5.74 

     

1.03 32.9 0.210 13.2 6.38 

     

2.05 63.8 0.323 21.3 5.61 

     

2.52 78.8 0.401 26.3 5.10 

     

3.07 95.8 0.351 23.1 3.66 

     

3.53 106.1 0.318 20.8 3.00 

     

4.47 138.0 0.301 19.8 2.19 

     

 

        n = 2. Standard uncertainties are u(Q̇) = 0.01 L, u(m) = 0.01 mg. t = 30 minutes.  

 

The artificial electrolyte extraction can be observed to initially demonstrate an almost linear 

increase with an escalating flowrate, as depicted in Figure 5-7. At lower carbon dioxide 

flowrates, the mass transfer resistance restricts the transport of electrolyte components into the 

bulk of the solvent, and the carbon dioxide leaves the pressure vessel unsaturated. As the 

flowrate increases, the mass transfer resistance decreases, leading to an observable peak in 

extraction yield (2.4-2.6 L/min). At this point, the exiting carbon dioxide from the pressure 

vessel exhibits maximum saturation with the artificial electrolyte, establishing an equilibrium 

state. However, higher flowrates adversely affect the extraction yield.  

Past this optimal point, and elevation in flowrate begins to diminish the residence time of 

solvent inside the vessel, reducing the effective contact between carbon dioxide and the 

electrolyte components.  
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Figure 5-7: Influence of the dynamic flowrate of carbon dioxide on the extraction yield of 

artificial LIB electrolyte. (Refer to Table 5-2 for experimental data points). 

 

This deviation disrupts the system equilibrium, causing the carbon dioxide to exit the pressure 

vessel unsaturated despite the elevated mass transfer [26-28].  

A maximum solubility of 0.00322 g/g of electrolyte components in carbon dioxide was 

achieved at conditions of 313.2 K and 6.0 MPa. This value was compared to the quaternary 

vapour-liquid equilibrium (VLE) solubility obtained in Chapter 4, which resulted in a value of 

0.0246 g/g observed under conditions of 313.2 K and 5.0 MPa.  
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It is essential to note that the maximum solubility obtained from dynamic extractions should 

not exceed the VLE value, as this may suggest the entrainment of liquid electrolyte during the 

extraction process. 

Based on the findings of this investigation, a constant flowrate of 2.5 L/min was implemented 

for all subsequent extractions conducted in this chapter. 

5.6.2 The influence of extraction duration. 

When determining an extraction process's optimal duration, efficiency and cost considerations 

are paramount. While solvent extraction using an organic solvent may span several hours, SFE 

can achieve completion in less than an hour. An incomplete extraction results from durations 

that are too short, while excessive durations lead to wastage of both solvent feed and time [28, 

29].  

Following the optimisation of the flowrate, a series of isothermal pressurised extractions were 

performed across a range of durations, spanning from 30 to 480 minutes. The optimised 

flowrate was maintained at a constant 2.5 L/min, and the vessel temperature was set to  

313.2 K. Building upon the findings from Chapter 4, which demonstrated the significant 

influence of pressure on solubility, two pressure levels were evaluated over the allotted 

extraction durations. The first pressure was selected in the bounds of subcritical fluid (SBCF) 

conditions at 6.0 MPa, below the critical point of carbon dioxide (7.38 MPa). The second 

pressure, chosen in the SCF state, was 12.0 MPa. The parameters and results of the pressurised 

extraction are summarised in Table 5-3, where each run was repeated at least once.  
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Table 5-3: The influence of extraction duration on the extraction yield of artificial LIB 

electrolyte.  

𝐏 (𝐌𝐏𝐚) 𝐭 (𝐦𝐢𝐧) 𝐕 (𝐋) 𝐞𝐢𝐧𝐢𝐭𝐚𝐥(𝐠) 𝐞𝐟𝐢𝐧𝐚𝐥(𝐠) 
𝐄𝐱𝐭𝐫𝐚𝐜𝐭𝐢𝐨𝐧 

 𝐲𝐢𝐞𝐥𝐝 (𝐰𝐭. %) 
𝐒 (𝐦𝐠/𝐋) 𝐞𝐮𝐧𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝 (𝐰𝐭. %) 

       DMC EMC EC 

          

6.0 30 78.6 1.514 1.044 31.0 5.98 34.7 18.4 46.9 

 30 79.5 1.515 0.980 35.3 6.73 33.6 17.5 48.9 

          

 60 154.6 1.535 0.724 52.8 5.25 23.0 13.4 63.6 

 60 152.4 1.524 0.615   59.6* 5.96 20.0 12.4 67.6 

 60 150.2 1.528 0.736 51.8 5.27 25.2 14.5 60.3 

          

 120 303.5 1.514 0.517 65.8 3.29 11.2 7.2 81.6 

 120 299.1 1.498 0.582 61.1 3.06 11.8 8.0 80.2 

          

 240 607.7 1.513 0.446 70.5 1.76 0.3 0.2 99.5 

 240 603.2 1.509 0.460 69.5 1.74 0.3 0.2 99.5 

          

 360 917.3 1.509 0.368 75.6 1.24 0.1 0.3 99.6 

 360 905.4 1.543 0.449 70.9 1.21 0.1 0.6 99.3 

          

 480 1195 1.514 0.338 77.7 0.984 0.0 0.0 100.0 

 480 1216 1.514 0.277 81.7 1.02 0.0 0.0 100.0 

          

          

12.0 30 85.6 1.534 1.083 29.4 5.27 35.2 32.2 32.6 

 30 87.4 1.512 1.054 30.3 5.24 33.3 29.3 37.4 

          

 60 163.1 1.522 0.825 45.8 4.27 26.9 26.0 47.1 

 60 165.7 1.512 0.890 41.1 3.75 29.2 25.8 45.0 

          

 120 316.3 1.520 0.437 71.2 3.42 18.1 18.7 63.2 

 120 311.1 1.515 0.500 67.0 3.26 19.4 19.2 61.4 

          

 240 606.1 1.519 0.171 88.7 2.22 18.2 10.7 71.1 

 240 614.3 1.536 0.241 84.3 2.11 15.6 9.4 75.0 

          

 360 914.9 1.514 0.027 98.2 1.63 0.7 2.6 96.7 

 360 918.6 1.504 0.016 98.9 1.62 0.9 1.8 97.3 

          

 480 1227.5 1.547 0.001 99.9 1.26 0.0 0.0 100.0 

 480 1202.3 1.519 0.003 99.8 1.26 0.0 0.0 100.0 

          
 

n = 2. Standard uncertainties are u(P) = 1000 KPa, u(m) = 0.01 mg. Q̇ = 2.5 L/min 
* Deviations in extraction yield of greater than 5% were repeated. 
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Where t represents the extraction duration (min), V signifies the volume of the solvent feed (L), 

einitial indicates the initial mass of artificial electrolyte in the vessel (g), efinal denotes the total 

mass of unrecovered artificial electrolyte, eunrecovered represents the mass fraction of 

unrecovered electrolyte component (wt. %), and S represents the solubility of all electrolyte 

components in carbon dioxide (mg/L). 

 

The rate of extracting the component(s) is not a linear function of time. The representation of 

mass extraction as a function of time or mass of solvent permits the generation of an overall 

extraction curve. The study of these curves can assist in creating a mathematical model to 

describe the kinetics and physical behaviour of the solute dissolution from the matrix to the 

bulk solvent, which can be used to assess and enhance an extraction process.   

Figure 5-8, the kinetics curve can be broken down into three primary stages. In the initial stage, 

known as the period of constant extraction rate (CER), the convective mass transfer between 

the electrolyte components and carbon dioxide results from the external mass transfer 

mechanism. This phase exhibits relative linearity, and the rate of solute extraction is the highest 

point attained in the process. The components recovered primarily originate from the proportion 

situated on the surface of the cotton wool matrix. Essentially, the influence of the CER stage 

correlates with the solvent flow passing over the matrix and the available solute on the surface.  

In the subsequent stage, termed falling extraction rate (FER), the readily available components 

located on the external surface of the cotton wool matrix have depleted. This becomes evident 

after the linear region of the graph, where the extraction rate begins to decline due to the 

reduction in effective mass transfer.  
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Figure 5-8: Influence of the extraction duration on the extraction yield of artificial LIB 

electrolyte. (●) Subcritical (313.2 K, 6.0 MPa), (●) Supercritical (313.2 K, 12.0 MPa). 

(Refer to Table 5-3 for experimental data points). 

 

In this phase, resistance to mass transfer occurs in both solid and fluid phases, with the 

extraction process relying significantly on diffusion and convection mechanisms. 

In the final stage, termed diffusion controlled (DC), all the readily accessible electrolyte 

components have been exhausted, and the remaining components are trapped in the depths of 

the cotton wool matrix. The extraction rate becomes contingent on the diffusion of the solvent 

into the matrix’s depth and its capacity to resurface for extraction.  

This stage typically manifests in the last 2-3 hours of the extraction curve, as observed in  
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highly inefficient; in most optimised processes, this step is typically avoided as it requires 

extensive solvent feed and time [23, 30].  

Based on the experimental results concerning the impact of extraction duration on the yield of 

the artificial LIB electrolyte, the optimal extraction yield was identified to occur between 90-

210 minutes. This duration prevents the extraction from transitioning into the uneconomical 

DC phase and maintains it primarily in the CER phase. The overall extraction process was 

conducted for 90 minutes, a duration determined to be sufficient for recovering the majority of 

the artificial LIB electrolyte while still allowing for the evaluation of the influence of pressure 

and temperature conditions. This extraction duration was implemented for all subsequent 

extractions discussed in this chapter. 

To facilitate the diffusion of carbon dioxide into the depths of the matrix and enhance the 

recovery after the CER phase, a static extraction step was coupled with the dynamic extraction 

stage. Previous research conducted by Liu et al. determined that employing a combination of 

dynamic and static techniques was far more effective for extracting LIB electrolytes with 

pressurised carbon dioxide than solely employing static operations [23, 29]. The complete 

extraction comprised two 15-minute static extraction phases, where the vessel was isolated, and 

the contents were held for the full duration, alongside two 30-minute dynamic extractions, 

during which the vessel was swept with carbon dioxide.  
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5.6.3 Supercritical and subcritical fluid flow conditions 

Figure 5-8 shows the initial extraction of electrolyte components using SBCF conditions at 

313.2 K and 6.0 MPa and SCF conditions at 313.2 K and 12.0 MPa. Within the first 90 minutes 

of extraction, SBCF demonstrated a slight dominance over SCF and outperformed it. However, 

as the extraction duration progressed, a crossover point occurred at just under 2 hours, 

indicating the SCF to be more effective.  

By the end of SFE process, occurring at just over 480-minutes, the extraction had almost 

reached completion, whilst the SBCF extraction had plateaued at this stage, indicating the 

occurrence of the diffusion controlled (DC) step and resistance in mass transfer to obtain the 

remaining extractant.  

This disparity between flow conditions is further apparent in solubility, as presented in Table 

5-3, where the overall solubility of the LIB electrolyte components in carbon dioxide is 

tabulated per extraction duration. In experiments up to 120 minutes, the solubility exhibited 

under SBCF conditions was notably higher than under SCF conditions. On average, the overall 

solubility of components under SBCF conditions across both experiments (60 and 120 minutes) 

was approximately 30% greater than under SCF conditions. However, as extraction dynamics 

shifted beyond the crossover point, SCF conditions demonstrated increased responsiveness, 

resulting in a higher overall solubility of the solutes in extractions beyond 120 minutes 

compared to SBCF conditions.  
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This observation aligns well with the quaternary vapour-liquid equilibrium (VLE) system 

established in Chapter 4. In the quaternary system, the total solubility (g/g) of electrolyte 

components in carbon dioxide was notably higher in SCF conditions than in SBCF conditions, 

as indicated in Table 4-10. 

To elucidate the impact of flow conditions more distinctly, the mass fractions of the 

unrecovered electrolyte components were plotted against the extraction duration. Figures 5-9 

and 5-10 illustrate the results under pressures of 6.0 and 12.0 MPa, respectively. 

A comparison of the figures, where the mass fractions of electrolyte components are plotted as 

a function of extraction duration, reveals the impact of extraction selectivity between SBCF and 

SCF conditions. In SCF conditions, components display relatively equal extraction rates within 

60 minutes of extraction. Conversely, under SBCF conditions, there is a noticeable and prompt 

recovery of the linear carbonates, resulting in a considerable drift in the mass fractions of 

components.  

This phenomenon was also observed by Grützke et al. [31]; GC-MS analysis of LIB electrolyte 

extracts from liquid carbon dioxide extraction revealed that the linear carbonates (DMC and 

EMC) were extracted with higher efficiency than EC. 

The rapid recovery of linear carbonates is evident in SBCF conditions, as indicated by the near-

zero mass fractions of DMC and EMC beyond 240 minutes. In contrast, compared to SCF 

conditions, achieving a similar extraction of linear carbonates required an additional 120 

minutes.  
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Figure 5-9: Mass fraction of unrecovered electrolyte components as a function of the 

extraction duration, at subcritical carbon dioxide conditions of 6.0 MPa and 313.2 K; 

(●) Initial composition, (●) DMC, (●) EMC, and (●) EC. 

(Refer to Table 5-3 for experimental data points). 

Figure 5-10: Mass fraction of unrecovered electrolyte components as a function of the 

extraction duration, at supercritical carbon dioxide conditions of 12.0 MPa and 313.2 K 

(●) Initial composition, (●) DMC, (●) EMC, and (●) EC. 

(Refer to Table 5-3 for experimental data points). 
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Furthermore, alterations in extraction pressure significantly impact vapour pressure. Lowering 

the system pressure increases the mean intermolecular distance between components, 

prompting molecules to transition from the liquid phase to the gas phase. Consequently, the 

linear carbonates become more prone to vaporisation, resulting in a higher extraction rate under 

SBCF conditions, as demonstrated in Figure 5-9. 

The disparity in extraction yield between the SCF and the SBCF flows is observed in the 

artificial electrolyte extraction yield plot, as depicted in Figure 5-8. This divergence arises from 

the SBCF condition’s inefficiency in effectively extracting the EC component. Notably, 

between 150 and 480 minutes of the extraction process, there is minimal variation in the 

extraction yield under the SBCF condition. In contrast, the SCF condition achieves a near-

complete extraction of all components within 360 minutes. This difference indicates the 

inadequacy of SBCF in recovering the EC component within the observed extraction time 

frame.  

The inability of the SBCF condition to effectively solubilise the EC has been previously 

discussed in Chapter 4, subsection 4.6.2. The difference in solubility between both conditions 

can be attributed to density effects. The intermolecular interactions between solvent and solute 

are heightened as the density of carbon dioxide increases. At 313.2 K, the density of carbon 

dioxide at 6.0 MPa compared to 12.0 MPa is 149 and 718 kg/m3, respectively [13]. This 

substantial density variation results in a more potent solvent strength, leading to a more 

significant dissolution of EC in SCF conditions. Moreover, under high pressure, carbon dioxide 

demonstrates a significantly higher diffusivity and lower viscosity, exceeding threefold. These 

physical properties grant the fluid greater penetrability, thus enabling SCF to diffuse into the 

matrix and recover the components more efficiently. 
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5.6.4 Design of Experiments (DOE) and Response Surface Methodology (RSM) 

The DOE and RSM analyses were performed using Minitab Statistical Software, Version 

21.1.0. For RSM, a full Central Composite Design was employed with 21 runs, including 4 

replications of the centre point and 1 repetition of the four cube and axial points. The objective 

was twofold: firstly, to evaluate the relationship between factors and the response, and secondly, 

to optimise the response. Two independent variables, the pressure and temperature, were 

investigated across two levels. A visual representation of the design is presented in  

Figure 5-11. The dependent variable was the yield of artificial electrolyte extracted, expressed 

as a percentage. The experimental runs were performed in a randomised sequence to reduce the 

effects of systematic error.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-11: Experimental design for the extraction of artificial LIB electrolyte components 

using pressurised carbon dioxide. 
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The selected conditions were based on the findings from Chapter 4. As linear (DMC and EMC) 

and cyclic (EC) carbonates exhibited opposing solubility behaviours, a wide range of conditions 

were necessary to achieve high solubility. The pressure range was selected to encompass both 

subcritical and supercritical fluid phases of carbon dioxide, and the temperature range was 

maintained consistent with that explored in the solubility work.  

The results of the Central Composite Design are tabulated in Table 5-4, with the subsequent 

experimental runs, independent variables (temperature and pressure), dependent variable 

(extraction yield of artificial electrolyte), and the standard deviation of experimental extraction 

yield at the corresponding operating conditions. 
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Table 5-4: Extraction yield of artificial LIB electrolyte (%) under the parameters of 

temperature (K) and pressure (MPa) as proposed by design of experiments.  

Run Temperature (K) Pressure (MPa) 
Experimental 

extraction yield (%) 
SD 

     

1 313.2 6.0 62.1 ±0.8 

     

2 313.2 12.0 56.4 ±1.1 

     

3 313.2 6.0 60.1 ±0.8 

     

4 328.2 12.0 70.2 ±0.7 

     

5 298.2 3.0 31.3 ±1.4 

     

6 313.2 3.0 32.3 ±0.9 

     

7 313.2 6.0 61.2 ±0.8 

     

8 328.2 6.0 65.6 ±1.2 

     

9 298.2 6.0 37.9 ±0.5 

     

10 298.2 12.0 46.1 ±1.0 

     

11 313.2 6.0 61.7 ±0.8 

     

12 313.2 6.0 60.9 ±0.8 

     

13 328.2 3.0 47.7 ±1.2 

     

14 298.2 3.0 29.4 ±1.4 

     

15 313.2 3.0 30.9 ±0.9 

     

16 298.2 12.0 44.6 ±1.0 

     

17 328.2 3.0 45.9 ±1.2 

     

18 328.2 12.0 69.3 ±0.7 

     

19 298.2 6.0 37.3 ±0.5 

     

20 313.2 12.0 54.9 ±1.1 

     

21 328.2 6.0 63.9 ±1.2 
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The CCD enabled the response to be modelled by fitting a second order polynomial. The 

following regression equation expresses the quadratic model in terms of coded values: 

 

Where Y represents the extraction yield of artificial LIB electrolyte (wt. %), T is the temperature 

(K), P is the pressure (MPa), TP denotes the temperature-pressure interaction, and T2, and  P2  

represent their respective interactions. 

The extraction yield of artificial LIB electrolyte was estimated using the quadratic regression 

model (Equation 5-12) and plotted linearly against the experimental values, as presented in 

Figure 5-12. The accuracy of the model’s fit was determined by the percentage of variation in 

the response, R2. Jumbri et al. [32] and Hamzaoui et al. [33], suggested a regression model 

with an R2 value exceeding 0.9 indicates a strong correlation with experimental results [34]. 

Although a relatively strong correlation (R2 = 0.91) of the responses was achieved, the CCD 

model could be improved to achieve a better fit within the quadratic polynomial model 

developed. The adjusted and predicted R-squared values were calculated as 𝑅𝑎𝑑𝑗
2 = 0.88 and 

𝑅𝑝𝑟𝑒𝑑
2 = 0.83, respectively.  

 

 

 

 

 

 

 

Y = −1107 + 6.50 T + 5.95 P − 0.00944 T2 − 0.730 P2 + 0.0233 TP 

 

(5-12) 
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Figure 5-12: Experimental extraction yield of artificial LIB electrolyte (wt.%) against the 

predicted extraction yield of artificial LIB electrolyte (wt.%) using the CCD quadratic second 

order model. 

 

To evaluate the fitness and predictive capabilities of the model, an experiment within the range 

of the model was performed at process conditions of 328.2 K and 9.0 MPa. The experimental 

extraction yield was 67.8%, and associated process conditions were fed into the quadratic 

polynomial model via the regression equation (Equation 5-12). This generated a predicted 

extraction yield of 74.5%. The deviation is significant and varies by 9.6% between the 

experimental and model extraction yields. This value indicates that the quadratic polynomial 

model requires a more extensive data set to improve its predictive capabilities.  
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The analysis of variance (ANOVA) was utilised to evaluate the quality of the fitted model for 

extraction of artificial LIB electrolyte and to identify which interactions are significant. The 

statistical difference was based on the total error with a confidence level of 95%. The results of 

the ANOVA are tabulated in Table 5-5.  

The outcome of the ANOVA indicated that the significant factors (𝑃 < 0.05) influencing the 

yield of artificial LIB electrolyte exhibited notably low responses (P<0.001) in the model, far 

below the 0.05 threshold. This suggests a substantial impact on the response.  

A high F and a small P value signify that the independent variables significantly impact the 

respective response variables [34]. Among the variables, the temperature parameter was 

demonstrated to have the most significant effect on all responses, followed by the pressure. The 

normal plot of effects and the Pareto chart of effects display the absolute values of the 

standardised effects. Each of these are presented in Appendix A6.  

Table 5-5: Analysis of variance (ANOVA) for the CCD obtained from the DOE of the 

extraction of artificial LIB electrolyte, as presented in Table 5-4. 

Source DF Adj SS Adj MS F-value P-value 

      

Model 5 3398.81 679.76 31.36 <0.001 

      

   Linear 2 2845.59 1422.79 65.64 <0.001 

      

   Temperature 1 1562.13 1562.13 72.07 <0.001 

      

   Pressure 1 1283.46 1283.46 59.21 <0.001 

      

Square 2 930.74 465.37 21.47 <0.001 

      

   T ∙ T 1 22.05 22.05 1.02 0.329 

      

   P ∙ P 1 806.75 806.75 37.22 <0.001 

      

2-way interaction 1 20.51 20.51 0.95 0.346 

      

   T ∙ P 1 20.51 20.51 0.95 0.346 

      

Error 15 325.14 21.68     

      

   Lack-of-fit 3 314.06 104.69 113.38 0.000 
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5.6.5 Analysis of the artificial LIB electrolyte extraction yield using response surface 

analysis 

The RSM results were analysed using three-dimensional surface plots. These diagrams better 

aid the visualisation of the combined influence of the process variables, namely pressure and 

temperature, on the extraction yield of artificial LIB electrolyte. The response surface 

optimisation plot and contour plot are presented in Figures 5-13 and 5-14, respectively. 

 

 

Figure 5-13: Surface response optimisation plot of the extraction of artificial LIB electrolyte 

(wt.%) as a function of pressure (3.0 - 12.0 MPa) and temperature (298.2 – 328.2 K)  

(Refer to Table 5-4 for experimental data points). 

 

   Pure error 12 11.08 0.92    

      

Total 20 3723.95    
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Figure 5-14: Contour plot of the extraction of artificial LIB electrolyte (wt.%) as a function 

of pressure (3.0 - 12.0 MPa) and temperature (298.2 – 328.2 K). 

(Refer to Table 5-4 for experimental data points). 

 

The influence of the pressure and temperature parameters on the extraction yield of artificial 

electrolyte is clearly expressed in Figures 5-13 and 5-14. The observed trend indicates that as 

the pressure and temperature of the system increases, so does the extraction yield. The highest 

extraction yield obtained was 70.2 %, achieved at conditions of 328.2 K and 12.0 MPa.  

After examining Figure 5-13 more closely, a discrepancy in the correlation becomes apparent. 

Specifically, at 313.2 K and 6.0 MPa, the extraction yield exhibits a peak on the surface 

response plot that exceeds the correlation forecasted by the quadratic model. 
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A comparison was made between the experimental and model responses to explore the 

influence of a response point. At 313.2 K and 6.0 MPa, the percentage deviation averaged 8.5% 

across five points. Although this deviation was not the largest or the smallest among the 

response points, being the centre point of the CCD model amplified any deviation significantly. 

In conclusion, this response point clearly contributes to the observed weakness in the 

correlation, as previously discussed. 

5.6.6 The influence and association of pressure and temperature 

The application of pressurised carbon dioxide to extract LIB electrolyte has previously been 

investigated across a spectrum of parameters and arrangements in several studies [7, 25, 31, 35-

40]. This research has integrated the phase equilibria studies with the pressurised carbon dioxide 

extraction process to understand the extraction behaviour of the artificial LIB electrolyte 

components. Many extraction parameters have been considered to optimise the solubility.  The 

complexity of the extraction parameters' influence on the recovery yield is evident, notably the 

temperature and pressure.  

The raw experimental data behind the response surface analysis and RSM is summarised in 

Table 5-6; the average mass loss of artificial electrolyte material amounted to 1.53% for the 24 

extraction experiments performed. These findings align with the results presented in subsection 

5.6.2, which explores the influence of extraction duration and compares extraction yields for 

individual components under SCF and SBCF conditions.  

As observed (in Table 5-6), the three highest overall extraction yields occurred at carbon 

dioxide densities of 130, 149, and 505 g/L, resulting in average extraction yields of 64.8, 61.2, 

and 69.8 %, respectively.  

The extractions conducted carbon dioxide densities of 130 and 149 g/L, were each performed 

at 6 MPa, under temperatures of 328.2 and 313.2 K, respectively. These conditions exceed the 
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critical temperature requirement but remain below the critical pressure, placing them in the 

SBCF condition. Both extraction scenarios demonstrate notable extraction of linear carbonates 

(DMC and EMC), as illustrated in Figure 5-15. However, each struggle to achieve the same 

level of EC extraction as observed in SCF conditions. The most optimal yield occurred under 

conditions of 328.2 K and 12 MPa (CO2 fluid density – 505 g/L). This extraction achieved a 

balance in capturing both linear carbonates and the EC component.  

In a similar extraction process conducted by Mu et al. [38], an RSM was performed, and the 

influential factors were ranked from the most to the least significant. The order attained as 

follows: pressure, temperature, and extraction time. However, it is important to note that their 

electrolyte mixture contained an additional electrolyte solvent component, propylene carbonate, 

a cyclic compound comparable to EC. Additionally, their process was performed between a 

temperature range of 28 – 36°C. 

In contrast to the experimental temperature range of 25 – 55°C explored in this work, the higher 

adopted temperature range further enhanced the solubilities of both linear carbonates, as 

elaborated in Chapter 4, subsection 4.6.1. This rise in solubilities is attributed to the increased 

vapour pressure of pure components and reduction of density in the vapour phase. The highlight 

of their study focused on the efficiency of SBCF extraction, as opposed to SCF extraction. The 

authors concluded that the effect polarity plays on the extraction is more significant than the 

SCF density [38]. 
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Table 5-1: Extraction yield of artificial LIB electrolyte (wt.%) obtained under the parameters of temperature (K) and pressure (MPa). 

𝐓 (𝐊) 𝐏 (𝐌𝐏𝐚) 𝐕 (𝐋) 𝛒𝐂𝐎𝟐
 (𝐠/𝐋) 𝐞𝐢𝐧𝐢𝐭𝐚𝐥 (𝐠) 𝐞𝐟𝐢𝐧𝐚𝐥 (𝐠) 

𝐄𝐱𝐭𝐫𝐚𝐜𝐭𝐢𝐨𝐧  
𝐲𝐢𝐞𝐥𝐝 (%) 

𝐒 (𝐦𝐠/𝐋) 𝐌𝐚𝐬𝐬 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲  
𝐑𝐞𝐜𝐨𝐯𝐞𝐫𝐲 
𝐲𝐢𝐞𝐥𝐝 (%) 

        DMC (g) DMC (%) EMC (g) EMC (%) EC (g) EC (%)  

               

298.2 30 149 64.1 1.509 1.036 31.3 3.18 0.185 37.0 0.183 36.5 0.086 17.2 30.1 

 30 151 64.1 1.513 1.068 29.4 2.94 0.159 31.8 0.166 33.3 0.116 23.2 29.2 

                  

 60 155 191 1.521 0.779   48.8* 4.78 0.217 43.4 0.246 49.2 0.258 51.6 47.4 

 60 153 191 1.516 0.941 37.9 3.76 0.168 33.7 0.226 45.2 0.172 34.5 37.4 

 60 151 191 1.529 0.959 37.3 3.77 0.152 30.4 0.207 41.4 0.202 40.4 36.7 

                  

 120 166 846 1.528 1.004   34.3* 3.15 0.133 26.6 0.174 34.8 0.189 37.9 32.5 

 120 163 846 1.513 0.816 46.1 4.28 0.221 44.3 0.262 52.3 0.201 40.2 45.2 

 120 164 846 1.525 0.845 44.6 4.14 0.191 38.2 0.233 46.6 0.231 46.2 43.0 

               

                  

313.2 30 151 58.9 1.522 1.032 32.2 3.26 0.192 38.5 0.183 36.7 0.092 18.5 30.7 

 30 152 58.9 1.522 1.052 30.9 3.10 0.162 32.4 0.156 31.1 0.130 26.1 29.4 

                  

 60 154 149 1.516 0.575 62.1 6.10 0.404 80.7 0.386 77.1 0.136 27.2 61.0 

 60 156 149 1.523 0.608 60.1 5.86 0.396 79.1 0.386 77.1 0.111 22.2 58.6 

 60 152 149 1.512 0.586 61.2 6.08 0.420 84.1 0.410 82.0 0.085 16.9 60.5 

 60 153 149 1.502 0.572 61.9 6.07 0.399 79.8 0.386 77.2 0.137 27.5 61.4 

 60 152 149 1.526 0.597 60.9 6.12 0.368 73.7 0.351 70.3 0.152 30.4 57.1 

                  

 120 164 718 1.520 0.662 56.4 5.24 0.292 58.4 0.326 65.3 0.219 43.9 55.1 

 120 160 718 1.539 0.694 54.9 5.28 0.315 62.9 0.301 60.2 0.190 38.1 52.4 
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n ≥ 2. Standard uncertainties are u(P) = 1000 KPa, u(T) = 0.1 K, u(m) = 0.01 mg. Q̇ = 2.5L/min.                                                                                                                                                                                                                                                                                         
* Deviations in extraction yield of greater than 5% were repeated.  

 

 

 

 

 

 

 

328.2 30 147 54.7 1.520 0.644   57.6* 5.97 0.348 69.6 0.332 66.4 0.176 35.2 56.3 

 30 150 54.7 1.520 0.795 47.7 4.84 0.282 56.5 0.262 52.5 0.110 22.0 43.0 

 30 149 54.7 1.511 0.817 45.9 4.66 0.314 62.8 0.295 58.9 0.074 14.7 45.2 

                  

 60 152 130 1.515 0.521 65.6 6.53 0.454 90.8 0.397 79.4 0.128 25.5 64.6 

 60 153 130 1.533 0.554 63.9 6.39 0.418 83.5 0.444 88.8 0.085 17.0 61.7 

                  

 120 159 505 1.546 0.460 70.2 6.82 0.406 81.2 0.435 87.0 0.199 39.8 67.3 

 120 158 505 1.517 0.466 69.3 6.66 0.400 79.9 0.401 80.2 0.234 46.8 68.2 
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The research findings align with this observation, as Figure 5-15 depicts. Under SBCF 

conditions, particularly at 313.2 K at 6.0 MPa, and 328.2 K at 6.0 MPa, the carbon dioxide 

densities were 149 and 130 g/L, respectively. These fluid densities, though not notably high in 

comparison to the maximum fluid density explored (846 g/L), exhibited significant extraction 

yields of the linear carbonates. This emphasises the point that extraction efficiency is not solely 

determined by the density of carbon dioxide. 

 

Figure 5-15: Influence of carbon dioxide density on the mass recovery of artificial LIB 

electrolyte components; █ DMC, █ EMC, █ EC. 

(Refer to Table 5-6 for the experimental data points). 
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Figure 5-16: Influence of pressure and temperature on the mass recovery of artificial LIB 

electrolyte components; █ DMC, █ EMC, █ EC. 

(Refer to Table 5-6 for the experimental data points). 

 

The impact of temperature is clearly observed in Figure 5-16. While fluid density does not 

consistently correlate with greater solubility and higher recovery of linear carbonates, the 

relationship with temperature is notably more evident. Across all pressure conditions, the 

cumulative recovery of linear carbonates was consistently higher. The most significant change 

occurred in the extractions conducted at 6 MPa, where the recovery yield of linear components 

at both 313.2 K and 328.2 K, compared to 298.2 K, is more than two-fold. 
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This substantial deviation in component recovery yield is primarily attributed to the increased 

vapour pressure of the linear carbonates. However, although carbon dioxide is considered a 

non-polar molecule, it has been suggested that alteration of pressure and temperature within 

scope could marginally influence the polarity of supercritical carbon dioxide. A decrease in 

pressure and an increase in temperature could potentially reduce the polarity of carbon dioxide 

molecules, thereby favouring the extraction process [25, 41].  

However, the EC component demonstrates a strong correlation with the fluid density of carbon 

dioxide, as observed in Figure 5-15. Both extraction pressure and temperature correlate with 

fluid density; as pressure increases and temperature decreases, fluid density rises accordingly. 

The recovered EC component notably correlates with extraction pressure, particularly at 

densities of 191 g/mL and higher, where the three highest recovery masses of EC were obtained 

at a pressure of 12 MPa.  

This association aligns with the findings from the binary system (CO2 + EC), Chapter 4, 

subsection 4.6.2, where it was established that density effects enhance the solubility of EC. The 

relationship is also visibly depicted in Figure 5-16, where component recovery on a mass basis 

is delineated by pressure and temperature. Additional conclusions drawn from the solubility 

studies indicate that below the vapour mole fraction crossover point (approximately 11 MPa), 

temperature variation plays a more significant role, whilst above this point, the density effects 

become predominant. However, this correlation is not distinctly observable. However, the 

divergence in correlation might be attributed to the inclusion of linear carbonates, which were 

discovered to act as co-solvents, thereby enhancing the solubility of EC. This phenomenon was 

observed in Chapter 4, subsection 4.6.3, the quaternary vapour equilibrium system, where EC 

exhibited a greater solubility under high fluid densities, thus, at high pressure and low 

temperature conditions, as illustrated in Figure 4-14.  
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5.7 Conclusion 

This chapter aimed to investigate the extraction and recovery of artificially prepared LIB 

electrolyte using pressurised carbon dioxide. An experimental rig was designed and constructed 

to recover components using a combination of static and dynamic modes. The fundamentals 

were established, highlighting the pivotal role of solvent flow rate and extraction duration in 

attaining maximum and efficient recovery. 

Several objectives were addressed to deliver the principal aim of the chapter. The central 

composite design (CCD) effectively optimised the extraction process to identify the most 

influential factors affecting extraction yield. The extractions were conducted at temperatures of 

298.2, 313.2, and 328.2 K, and the system pressure was examined between 3.0-12.0 MPa. Both 

pressure and temperature were identified as crucial parameters in enhancing extraction 

conditions, with temperature emerging as the most significant factor. However, the obtained 

variation in the response (R2 = 0.91) for the response surface methodology (RSM) was lower 

than anticipated. To improve this, future experiments should encompass a greater number of 

responses and explore a wider range of pressure conditions. 

The remaining objectives were interrelated. Exploring pressure and temperature effects on the 

extraction was undertaken to understand their influence on overall yield and individual 

component recovery. Linear carbonates responded effectively to enhancements in temperature 

across all conducted pressures. SBCF conditions were overall favoured, and the optimal 

recovery of linear carbonates occurred at a mid-range pressure condition of 6.0 MPa, at 328.2 

K. These findings suggest that fluid density is not the sole determinant controlling extraction 

efficiency.  
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Conversely, EC demonstrated a strong association with fluid density, as discussed in Chapter 

4, subsection 4.6.2. Under SBCF conditions, temperature often exhibited an adverse effect, 

whereas increased pressure consistently promoted EC recovery in all scenarios. 

In conclusion, the optimal extraction yield of artificial LIB electrolyte was 70.2%, attained at a 

system pressure of 12.0 MPa and a temperature of 328.2 K.  

The following chapter will leverage the insights and techniques acquired in the preceding work 

to investigate the processing and characterisation of commercial-grade LIB battery electrolyte 

material. This chapter focuses on establishing a standardised protocol for the safe and efficient 

disassembly of components from a commercial LIB pouch cell. The recovery of the electrolyte 

component from these materials will be conducted using the pressurised carbon dioxide 

technique demonstrated in this chapter, and as well as the solvent extraction method, another 

prominent LIB electrolyte recovery approach. 
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6.1 Introduction  

The soaring demand for LIBs used in EVs translates into a considerable mountain of LIB waste. 

According to projections published by McKinsey and Co., more than 100 million EV batteries 

are expected to be retired globally in the next decade [1]. Current recycling processes are 

specifically tailored to recover and reprocess high-value LIB components, including Ni, Co, 

and Li, as well as less economically critical elements such as Al, Fe, Cu, and C [2, 3].        

To promote recycling rates, governments and global organisations have intensified pressure on 

LIB manufacturers and recyclers by implementing directives and legislation. These initiatives 

aim to facilitate the transition from internal combustion engine (ICE) vehicles to EVs, thereby 

curbing emissions [4, 5]. 

The retrieval of LIB electrolytes has become an increasingly pertinent sustainability concern. 

However, a critical challenge for LIB recyclers is the lack of standardisation in the electrolyte 

composition. The diversity in electrolyte solvents and conducting salts poses a considerable 

obstacle to developing a universal applicable separation and refinement process [6, 7].  

While previous experimental chapters primarily focused on the solvent component of LIB 

electrolytes, the presence of lithium conducting salt within the organic solvent mixture has 

added complexity to recovery efforts. This addition further complicates the recovery process. 

Coupled with a highly volatile nature and the ageing components in end-of-life (EOL) cells, the 

electrolyte component is susceptible to degradation mechanisms under certain conditions, 

resulting in the formation of hazardous components that contribute to environmental pollution 

and pose health risks [8]. 
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This chapter will build upon the advancements and insights derived from Chapter 5: Extraction 

of Artificial LIB Electrolyte Using Pressurised Carbon Dioxide. Investigating the recovery and 

characterisation of commercial EV LIB pouch cell electrolyte and shedding light on the 

degradation components associated with EOL electrolytes. 

The chapter is structured as follows: first, the Aims and Objectives are defined in Section 6.2, 

the Methodology of the experimental practice is outlined in Section 6.3, the EV LIB Pouch Cell 

processing and characterisation is outlined in Section 6.4, the experimental Results and 

Discussion are presented in Section 6.5, and finally, the chapter is closed with a Conclusion in 

Section 6.6.  

6.2 Objectives 

This chapter encompassed two primary objectives. Firstly, it aimed to establish a standard 

protocol for efficiently dissembling a commercial EV LIB pouch cell. This protocol is designed 

to reduce the effects of solvent vaporisation and enhance the recovery yield while ensuring a 

safe working procedure by minimising the risks associated with the LIB pouch cell and 

disassembly process.   

The second objective was to utilise the optimal conditions obtained from Chapter 5, which 

involved employing supercritical carbon dioxide to recover the electrolyte component from 

materials obtained after dismantling the LIB pouch cell. Furthermore, this chapter compares 

the supercritical fluid extraction (SFE) technique against solvent extraction, another prevalent 

method for recovering LIB electrolytes.  
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6.3 Methodology 

6.3.1 Rig design  

The principal experimental apparatus employed in this study has previously been detailed and 

depicted in Chapter 4: Solubility Measurements of LIB Electrolyte Components in Carbon 

Dioxide, sub-section 4.3. However, for this research, the sampling loop utilised for the solubility 

studies was disconnected from the high-pressure vessel (HPV), and the rig was reconfigured to 

enable static and dynamic operations. For reference, a P&ID of the rig has been presented in 

Figure 6-1.  

Several notable modifications were introduced in the rig's operation compared to the procedure 

detailed in Chapter 4. Firstly, a minor pressure vessel (MPV) was incorporated into the 

experimental practice. This MPV facilitated the separation of organic electrolyte components 

from carbon dioxide. The substantial pressure reduction from the HPV to the MPV decreased 

the solvation strength of carbon dioxide, trapping the liquid components inside the MPV whilst 

allowing the gaseous effluent to escape. Precise flow control in the MPV was regulated to 

maintain a pressure of 0.5 MPa using the micro-metering valve (V9) and back pressure 

regulator (BPR-02). 

Another adaptation involved the inclusion of steel mesh filters at the HPV’s base (illustrated in 

Figure 6-2) and its outlet. These filters were employed to capture solid particulates larger than 

0.2 mm. Given that the anode sheets are composed of a graphite powder coating, they are 

susceptible to disintegration under stress. Hence, the filters were essential to prevent blockages 

in the tubing and valves. 
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Figure 6-1: Schematic diagram of extraction experimental apparatus.
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The final adjustment to the rig involved 

installing a solvent trap to separate the effluent 

from the extraction process before its discharge 

via the external vent. This addition was required 

due to the instability of the lithium conducting 

salt in the LIB electrolyte. When exposed to 

moisture, this salt is prone to react, initiating a 

degradation mechanism that yields hydrogen 

fluoride as one of its byproducts. 

Hydrogen fluoride is well-recognised for its toxic and corrosive nature. Its colourless property 

poses a considerable challenge for gas detection [9]. Upon contact with water, it readily 

dissolves forming hydrofluoric acid, recognised for its high reactivity and its capability to react 

with a wide range of materials, including, glass, metals, concrete, and numerous organic 

solvents. To inhibit its effects, the hydrogen fluoride was neutralised and diluted in an aqueous 

solution of sodium carbonate to a concentration of less than 1%. The resulting acidic solution 

was then stored in a cool, dry, well-ventilated area and disposed of as per the guidelines on 

hazardous waste [9]. Stoichiometry calculations regarding the generation of hydrogen fluoride 

from the conducting salt and the subsequent neutralisation reaction have been outlined in EV 

LIB Pouch Cell, 6.4.4. 

 

 

 

 

Figure 6-2: Photograph of HPV internal 

body, with steel mesh filter resting on base. 
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6.3.2 Method  

6.3.2.1 Supercritical carbon dioxide extraction  

The SFE process using carbon dioxide involves several notable steps. Details of the Rig 

preparation and System pressurisation remain consistent with the method outlined in Chapter 

4; for further insights, refer to subsection 4.3.2. 

Sheets of anode and separator material removed from the EV LIB pouch cell served as the 

source of electrolyte extraction. Each component was stored in a refrigerator at a temperature 

between 2-5℃ to minimise vaporisation losses. Before the extraction process, each material 

was promptly weighed, tightly rolled up and placed in the HPV.  

The operational conditions of the process reflected the optimal conditions obtained from 

Chapter 5, a system pressure of 12.0 MPa and a temperature of 328.2 K was adopted. The 

extraction process comprised three 15-minute static extraction phases, during which the HPV 

was isolated by closing the valves (V6, V7, and V8) connected directly to the vessel. This 

allowed the electrolyte trapped in the depths of the anode and separator material to diffuse more 

effectively.  

Additionally, between the static phases, two dynamic extractions were performed. These 

involved sweeping the HPV with carbon dioxide at a dynamic flowrate of 6 g/min for a total of 

60 minutes. This duration was determined based on the flow rate optimisations conducted in 

Chapter 5. The dynamic flowrate was fine-tuned using a Hoke micro-metering valve 

(1315G2Y) (V9), connected to both an isolation ball valve (V8) and the MPV. As the 

multicomponent flow passed through the MPV, the electrolyte components were separated and 

removed after each dynamic extraction phase. This step prevented product loss due to mass 

transfer effects and ensured a higher yield.  
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Post-experiment, the mixture was diluted in acetone, and the sample was quantified against an 

internal standard of nonane using GC-TCD.   

6.3.2.2 Solvent extraction  

The solvent extraction process was chosen to compare with the SFE technique. Acetone was 

selected as the extraction solvent because it is non-toxic and versatile. The dipole moment of 

acetone is 2.8 D, which is situated between the linear and cyclic electrolyte components, 

enabling it to dissolve both polar and non-polar components due to its chemical structure [10]. 

Moreover, its high volatility ensures an efficient separation between the solutes and the  

solvent [11]. 

The acetone was introduced into the system using an HPLC pump (Cole-Parmer, Series III), 

entering the rig before the ball valve (V7) and directly into the base of the HPV. The operational 

conditions of the extraction process incorporated an HPV temperature of 323.2 K. The process 

temperature was selected to increase the solubility of components in acetone, as it is well known 

that solubility generally increases with temperature. This observation has been exhibited in 

various solvent extraction processes incorporating acetone [12-14]. However, the temperature 

had to be regulated to prevent the vaporisation of acetone (BP – 329.45 K) [15] and to avert the 

degradation of the lithium conducting salt, which has been reported to occur at temperatures as 

low as 360 K in the presence of moisture [16]. For this reason, an analytical grade of acetone 

(≥99.8%) was used to limit the moisture introduced into the system.  

The solvent flow was maintained at a constant flowrate of 6.5 mL/min for 165 minutes. 

Considering the nominal volume of the HPV is 500 mL, these operational parameters facilitated 

two complete wash cycles of the sample matrix based on the residence time of the process.  
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In contrast to the SFE process, the solvent and solute mixture accumulated in the MPV and 

were collected in a 1.5 L glass bottle via the ball valve (V10). An excess of boric acid (10 g) 

was added to the collection bottle pre-experiment to prevent the potential formation of an acidic 

solution and to neutralise the solution if required. The solution was then decanted into a 100 

mL glass bottle and stored in the refrigerator. The quantification of the electrolyte solution was 

performed against an internal standard of nonane using GC-TCD. 
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6.4 EV LIB Pouch Cell  

6.4.1 LIB pouch cell specification 

In this section, the disassembly and analysis of Nissan Leaf Generation 1 pouch cells will be 

discussed. The new, unused pouch cells were acquired from the Faraday Institution through the 

Recycling of Lithium-Ion Batteries (ReLiB) project. Table 6-1 highlights the specifications of 

the pouch cell.  

Table 6-1: Nissan Leaf (gen 1) LIB pouch cell specification [17, 18].  

 

 

It is pertinent to note that the pouch cells (photograph displayed in Figure 6-3) were quality 

control rejected (QCR) as part of the manufacturer’s quality control (QC) procedures. These 

cells were never integrated into a battery module and were supplied as individual cells 

discharged to 0 V [18].   

 

 

 

Weight (g) 792.4 

External dimensions L × W × H (mm) 256 x 215 x 7.1 

Structure Laminate type 

Cell case material Pouch – Aluminium 

Cathode material LMO (LiMn2O4) / NCA (LiNiCoAlO2) 

Cathode current collector material Aluminium 

Anode material Graphite 

Anode current collector material Copper 

Separator material polypropylene 
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6.4.2 LIB Pouch Cell disassembly 

For the disassembly of the LIB pouch cell, a standard operating procedure (SOP) was followed. 

Comprehensive details regarding the disassembly procedure, associated risks, and mitigation 

are outlined below.  

At the start of the disassembly process, the voltage of the LIB pouch cell was measured using 

a digital multimeter. This involved placing each probe against the two foil tabs located at the 

top end of the cell, as shown in Figure 6-3. This measurement aimed to ensure that the cell 

voltage was at 0 V before proceeding with the disassembly process. If the voltage measured 

were greater than 0 V, it would indicate the presence of residual charge within the cell, and 

therefore, for reasons of safety, no further processing would be taken.  

 

 

 

 

 

 

 

  

 

Figure 6-3: Photograph of Nissan Leaf (gen 1) EV LIB pouch cell. 
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The state of charge (SOC) and heat release rate (HRR) demonstrate a correlation. HRR refers 

to the rate at which energy is released during combustion. Ribière et al. conducted combustion 

tests on commercial LIB pouch cells and observed that cells with higher SOC exhibited a 

proportionally greater HRR. Elevated HRR levels can prompt an exothermic reaction leading 

to thermal runaway, posing a risk of fire and explosion [19]. 

Therefore, this disassembly process was conducted in a ducted fume cupboard to minimise the 

concentration of flammable carbonates in an enclosed space. The cell was placed on absorbent 

material, and an incision was carefully made 10 mm from the edge of the aluminium casing 

within an air pocket situated between the electrode stack and the pouch case. This incision was 

made using a pair of ceramic scissors and a scalpel. These non-conductive instruments were 

employed during the disassembly, as penetration of a cell with electrically conductive materials 

could induce an internal short circuit in the cell due to residual charge [20].  

After cutting the three sides of the outer casing, it was pulled back, revealing the electrode stack 

and free liquid electrolyte. The electrode stack was then disconnected from the tabs and 

carefully separated layer by layer using plastic tweezers; the LIB components were then placed 

into three storage containers designated for the anode, cathode, and separator sheets. This 

meticulous separation method minimised the possibility of cross contamination between 

materials. Any excess electrolyte liquid on the electrodes' surface was drained, bottled, and 

stored. The complete disassembly of the LIB pouch cell and the containment of all materials 

took approximately 30 minutes to perform. 

Further details regarding the storage of all LIB components are specified in Chapter 3 – 

Materials and Analytical Techniques, Chemical Storage and Disposal, 3.3.    
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Figure 6-4: Photographs to depict the disassembly of a Nissan Leaf (gen 1) EV LIB pouch 

cell; i) Collection of liquid electrolyte components, ii) retraction of the aluminium casing, 

exposing the internal components. 

6.4.3 LIB pouch cell mass breakdown 

The quantification of the internal components from the disassembled LIB pouch cell was 

performed using a gravimetric approach. Each component was segregated, bottled, and 

weighed, serving as a critical step in assessing the mass breakdown of the individual 

components per cell. Furthermore, this method facilitated the quantification of the associated 

electrolyte content in each component. These initial measurements subsequently enabled the 

calculation of the recovery yield for each component subjected to the extraction processes. 

A total of three pouch cells were dissembled and processed; each was assigned a unique 

reference code to ensure the traceability of the materials across the characterisation and 

quantification techniques employed. Table 6-2 presents the mass breakdown of the LIB pouch 

cells according to their respective components.  

 

 

i ii 
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Table 6-2: Mass breakdown of dissembled Nissan Leaf (gen 1) QCR pouch cell by 

components. 

 

Reference 

code 
𝐦𝐭𝐨𝐭𝐚𝐥 𝐦𝐜𝐚𝐭𝐡𝐨𝐝𝐞 𝐦𝐚𝐧𝐨𝐝𝐞 𝐦𝐬𝐞𝐩𝐚𝐫𝐚𝐭𝐨𝐫 𝐦𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐭𝐞 𝐦𝐜𝐚𝐬𝐢𝐧𝐠 𝐦𝐮𝐧𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝 

        

PC 0203 792.4 412.2 255.5 44.3 7.4 38.4 34.6 

        

PC 2604 792.0 412.9 257.5 42.9 8.3 38.0 32.4 

        

PC 1406 793.2 410.4 258.7 47.6 6.3 39.9 30.3 

        

 
mi denotes the mass of each component, measured in g. Standard uncertainty, u(m) = 0.01 g. 

 

Where, mtotal represents the total weight of the pouch cell before the disassembly, melectrolyte 

is the electrolyte in its free liquid form captured on the surface of the electrode stack, and 

munrecovered represents the losses due to electrolyte vaporisation. 

 

It is important to note that the electrodes and separator components are ‘wetted’, meaning that 

their overall mass, as presented in Table 6-2, includes a fraction of the electrolyte. 

Consequentially, these recorded values do not solely denote the pure form of these components.  

During the disassembly process, not all material could be preserved; some material was lost 

due to the volatility of the electrolytes. When the aluminium casing was cut open, exposing the 

internal components, a significant amount of electrolyte evaporated. This was particularly 

noticeable during the separation of the electrode sheets, as illustrated in Figure 6-4 (ii), by 

noticeable differences in contrast and dark shades on the material, indicating varying degrees 

of wetness.  
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Furthermore, the anode and cathode sheets were fragile, especially when dry, making them 

susceptible to breakage and shedding of their powder coating during separation. However, this 

represented an exceedingly small mass fraction and was considered negligible. The estimated 

mass loss due to electrolyte vaporisation during the tear downs was between 3-5% of the total 

weight of the LIB pouch cells. This estimation is consistent with previous research on the 

evaporation losses of the electrolyte component during the pouch cell disassembly. MEng 

students at the University of Birmingham conducted a study to measure the cumulative mass 

loss of one sheet of anode and cathode material once separated from the electrode stack. The 

evaporation mass loss of the electrolyte component was plotted as a function of time, as shown 

in Figure 6-5. 

Figure 6-5:Evapouration mass loss of electrode material. 
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Each cathode and anode components are coated onto a current collector, typically an aluminium 

and copper foil, respectively. In this study, the weight of each electrode includes the mass of its 

respective current collector.  

Magnified images of the dry anode sheet (as presented in Figure 6-6) were captured using a 

digital light microscope (Keyence, model: VHX 7000N) under partial lighting with 

magnifications ranging between x100-6000. The author wishes to acknowledge Miss Meera K. 

Jethwa for her support and contribution with the microscopy photographs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-6: Digital microscopy photographs of the Nissan Leaf (gen 1) EV LIB pouch cell 

anode sheet material. 
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As the magnification of the solvent-free anode sheet is increased, from x100 up to x6000, as 

shown in Figure 6-6, the PTFE binder becomes evident. Fine net-like fibres can distinctly be 

observed, wrapping around the graphite particles. This configuration effectively holds the 

particles together, forming a robust network. Similar observations have been reported in various 

other studies related to electrode fabrication [21, 22].  

6.4.4 LIB pouch cell electrolyte 

Details of the mass and composition of the electrolyte used in the Nissan Leaf pouch cells were 

unavailable from the manufacturer. Therefore, quantification was necessary before processing 

the material. This step was essential for evaluating the efficacy of each extraction process and 

calculating the recovery yield of electrolyte per component.  

6.4.4.1 Solvent quantification 

Notably, only a small fraction of the electrolyte component exists in a free liquid form, as 

depicted in Table 6-2. The surface morphology of the anode and separator components was 

assessed using scanning electron microscopy (SEM), as presented in Figure 6-7. Before the 

analysis, each component underwent a washing process with isopropyl alcohol (IPA) and was 

then thoroughly dried in a ducted fume hood for at least 12 hours.  

Both the anode and separator have a large surface area due to their relatively porous structure, 

with the separator exhibiting a particularly noticeable porousness. As a result, a significant 

amount of the electrolyte becomes trapped within the pores and in the subsurface of the 

electrode and separator materials [23, 24].   

 

 



Chapter 6: Recovery and Characterisation of LIB Electrolyte from Electric Vehicles 

219 

 

 

 

 

 

 

  

 

Figure 6-7: SEM images of the Nissan Leaf (gen 1) EV LIB pouch cell; i) anode (graphite), 

ii/iii) separator (polypropylene). 

 

To determine the amount of electrolyte associated with each component of a LIB pouch cell, it 

was essential to quantify the dried mass of each component. The disassembly of a Nissan Leaf 

(gen 1) QCR pouch cell has previously been conducted and documented by researchers from 

the University of Warwick and the University of Birmingham, as outlined by Marshall et al. 

[18]. The process involved washing the components in an IPA bath and drying each component 

in a vacuum oven to ascertain their dried component mass. 

The electrolyte component, encompassing carbonates and salt, was then recovered from the 

IPA solution, resulting in a total recoverable electrolyte mass of 113 g. Table 6-3 provides a 

breakdown of the isolated mass of each component obtained from the literature results. 
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Table 6-3: Reclaimed mass of isolated cell components from a QCR Nissan Leaf EV LIB  

(gen 1) pouch cell [18]. 

𝐦𝐭𝐨𝐭𝐚𝐥 𝐦𝐜𝐚𝐭𝐡𝐨𝐝𝐞 𝐦𝐚𝐧𝐨𝐝𝐞 𝐦𝐬𝐞𝐩𝐚𝐫𝐚𝐭𝐨𝐫 𝐦𝐭𝐨𝐭𝐚𝐥 𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐭𝐞 

791.0 390.1 237.0 19.0 113.0 

     

mi denotes the mass of each component, measured in g. 

The difference in mass between the dissembled LIB pouch cell components, including the 

electrolyte fraction (refer to Table 6-2) and the dried component masses obtained from the 

literature (refer to Table 6-3) were compared. 

By comparing both datasets (wet and dry LIB components), the difference allowed for 

estimating the mass of electrolyte in each respective component, as tabulated in Table 6-4. 

However, results from the extraction process indicated a slightly higher proportion of 

electrolyte associated with the anode material. This result was investigated using 

thermogravimetric analysis (TGA), where it was observed that the weight of the anode material 

soon after disassembly deviated by more than 11%. Consequently, the estimation of electrolyte 

content in the anode material was adjusted accordingly. 

Across all LIB pouch cells dissembled, a maximum deviation of 3.8% was noted between the 

total mass of electrolyte calculated in this study and the total mass of electrolyte quantified in 

the literature (113.0 g) [18]. 
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Table 6-4: Estimated deposition of electrolyte in each LIB component for the Nissan Leaf EV 

(gen 1) LIB pouch cell. 

Reference 

code 
𝐦𝐜𝐚𝐭𝐡𝐨𝐝𝐞 𝐦𝐚𝐧𝐨𝐝𝐞 𝐦𝐬𝐞𝐩𝐚𝐫𝐚𝐭𝐨𝐫 𝐦𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐭𝐞 𝐦𝐮𝐧𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝 𝐦𝐭𝐨𝐭𝐚𝐥 𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐭𝐞 

       

PC 0203 22.1 28.1 25.3 7.4 34.6 117.5 

       

PC 2604 22.8 28.3 23.9 8.3 32.4 115.7 

       

PC 1406 20.3 28.5 28.6 6.3 30.3 114.0 

       

 

Where mi represents the mass of electrolyte in each component, measured in g. melectrolyte is the electrolyte in its 

free liquid form. munrecovered represents the electrolyte component lost due to vaporisation.  

 

6.4.4.2 Solvent composition  

The solvent component of the electrolyte in the LIB pouch cell was quantified and characterised 

using GC-TCD and GC-MS analysis techniques. An initial investigation identified the primary 

components of the electrolyte to be diethyl carbonate (DEC) and ethylene carbonate (EC), using 

GC-MS (presented in Figure 6-8). Similar to DMC and EMC, DEC is another linear carbonate 

ester commonly utilised in LIB electrolytes.  

However, upon closer examination of the EC peak, there were indications of peak splitting, 

revealing the presence of propylene carbonate (PC), an additional cyclic carbonate solvent. 

Initially, the identification of PC was overlooked due to GC column limitations that led to the 

overlapping of EC and PC components in the GC-MS chromatogram, as depicted in  

Figure 6-9. The merging of peaks is due to the isomeric and/or chemical resemblances between 

EC and PC. 
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Figure 6-8: GC-MS chromatogram of Nissan Leaf (gen 1) EV LIB pouch cell electrolyte; 

diethyl carbonate (DEC). Ethylene carbonate (EC) and propylene carbonate (PC). 

 

The remaining peaks detected in the chromatogram correspond to electrolyte additives, 

components aimed at enhancing the electrolyte's properties. Dimethylacetamide and several 

silicon-based compounds were identified, these components are typically stabilisers for both 

electrolyte and the electrodes [25, 26]. 

Quantification of the electrolyte composition using GC-TCD confirmed the mass ratio of linear 

to cyclic carbonates as 3:2 (wt.%), respectively. The chromatogram of the pouch cell electrolyte 

has been presented in Appendix A7.  
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Figure 6-9: GC-MS chromatogram of Nissan Leaf (gen 1) EV LIB pouch cell electrolyte, 

highlighting the merged peaks of EC and PC, respectively. 

 

6.4.4.3 Conducting salt  

Various types of conducting salts are used in commercial LIBs, some notable examples include 

lithium hexafluorophosphate (LiPF6), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 

lithium bis(fluorosulfonyl)imide (LiFSI), and lithium bis(oxalato)borate, (LiBOB) [27, 28]. 

Identification of the conducting salt was performed using 19F and 31P Nuclear Magnetic 

Resonance (NMR) Spectroscopy. The Bruker field strength by isotope at a frequency of 400 

MHz is 376 MHz for 19F and 162 MHz for 31P (refer to Table A8-1 in Appendix A8 for the 

NMR frequency table). The pure liquid electrolyte retrieved from the disassembly of the pouch 

cell was filtered and dissolved in deuterated dimethyl sulfoxide (DMSO-d6). Figures 6-10 and 

6-11 present the 19F and 31P NMR spectra of the electrolyte retrieved from the Nissan Leaf EV 

LIB pouch cell, respectively. 
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Figure 6-10: 19F NMR of the Nissan Leaf (gen 1) EV LIB pouch cell electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-11: 31P NMR of the Nissan Leaf (gen 1) EV LIB pouch cell electrolyte. 
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After examining the fluorine NMR spectrum (Figure 6-10), a doublet was observed at a 

chemical shift of -70.25 ppm. This is in good agreement with literature data by Lu et al. [29], 

where electrolyte from a lithium cobalt oxide (LCO) chemistry was dissolved in DMSO-d6 and 

was characterised using fluorine NMR, confirming the presence of LiPF6. To eliminate any 

uncertainties, a phosphorous NMR was also conducted (as shown in 

Figure 6-11), which displayed a septet at a chemical shift of -144.2 ppm. Both 19F and 31P NMR 

spectra refer to the bonds in the PF6
− molecule, confirming the presence of LiPF6 in the Nissan 

Leaf EV LIB pouch cell electrolyte. 

The conducting salt component is dissolved in the solvent blend to form a solution with a 

concentration close to 1 mol L-1. Using the total mass of electrolyte in the pouch cell (presented 

in Table 6-4), the average density of the electrolyte solution (1.1 g cm-3) [30, 31], and 

considering the concentration of LiPF6 (1.2 mol L-1 ), the total mass of the conducting salt was 

estimated to be approximately 21 g.  

6.4.4.4 Decomposition of conducting salt  

The instability of the conducting salt has been previously discussed. Lithium 

hexafluorophosphate is prone to decomposition reactions when exposed to heat and moisture. 

In the presence of water, it undergoes hydrolysis via the following mechanism. 

 

LiPF6  ⇌ Li+ + PF5
− (6-17) 

  

LiPF6  ⇌ LiF + PF5 (6-18) 

  

 PF5 + H2O ⟶ POF3 + 2HF (6-19) 

  

POF3 + H2O ⟶ POF2(OH) + HF (6-20) 

  

POF2(OH) + H2O ⟶ POF(OH)2 + HF (6-21) 
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Besides dissociating into Li+ and PF5
−, lithium hexafluorophosphate also reaches equilibrium 

with lithium fluoride (LiF) and phosphorus pentafluoride (PF5). In the supercritical carbon 

dioxide extraction process, the neutralisation of hydrogen fluoride (HF) with sodium carbonate 

(Na2CO3) (as per Equation 6-6) was employed. Stoichiometric calculations were conducted to 

determine the required mass of Na2CO3 for the neutralisation reaction. It was calculated that if 

the hydrolysis mechanism proceeded to completion, a maximum of 0.55 g of HF would be 

produced from 1 g of LiPF6. 

 

It was further determined that 2.7 g of Na2CO3 was required to neutralise 1 g of HF. 

However, to ensure complete reaction and neutralisation of the HF, an excess of 5 g of 

Na2CO3 per 1 g of HF was used. 

 

 

 

 

 

 

 

 

 

 

2HF + Na2CO3  ⇌ 2NaF + H2O + CO2 (6-22) 
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6.5 Results and Discussion 

6.5.1 Electrolyte recovery from a Nissan Leaf (gen 1) EV LIB pouch cell 

In previous experimental chapters (4 and 5) the focus was on exploring the solubility behaviour 

and optimal extraction conditions to recover an artificial-based electrolyte using pressurised 

carbon dioxide. In this chapter, these findings have been applied to process genuine LIB 

material, specifically an LIB pouch cell designed for a Nissan Leaf (gen 1) EV. The solvent 

extraction method was employed to establish a benchmark against the supercritical carbon 

dioxide extraction process, which is not the sole technique available for extracting and 

recovering electrolyte components in LIBs. 

To evaluate the efficiency of each process, various analytical methods were employed to assess 

the products recovered from the supercritical extraction technique and the solvent extraction 

process. The processing, characterisation, and quantification of the Nissan Leaf (gen 1) EV LIB 

pouch cell have been summarised in a flow diagram, as presented in Figure 6-12. 
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Figure 6-12: Flow diagram to show the processing and analyses performed on a Nissan Leaf 

(gen 1) EV LIB pouch cell. 

 

A summary of the operational conditions for each process is provided below. For the 

supercritical carbon dioxide extraction technique, the optimal parameters identified in Chapter 

5 were used. The process was performed at temperature and pressure conditions of 328.2 K and 

12.0 MPa, respectively. The extraction duration consisted of 45 minutes of static operation and 

60 minutes of dynamic operation, with a controlled flowrate of 6 g/min. For the solvent 

extraction process, acetone was pumped at a flowrate of 6.5 L/min for 165 minutes, while the 

HPV was maintained at a temperature of 323.2 K. The experimental results of the extraction 

processes are presented in Table 6-5.  
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Table 6-5: Extraction of LIB components from the Nissan Leaf (gen 1) EV LIB pouch cell.  

 

Standard uncertainty, u(m) = 0.01 g, u(V) = 0.1 mL.  * Values of uncertainty.

Reference 

code 
Material Solvent 

Solvent 

consumption 

Starting 

material 

mass (g) 

Final 

material 

mass (g) 

Projected 

electrolyte 

mass (g) 

Recovered 

electrolyte 

mass (g) 

Mass fraction of 

electrolyte recovered 

(wt.%) 

Extraction 

yield (%) 

Recovery 

yield (%) 

   (g) (mL)     linear cyclic   

             

PC 0203 anode acetone - 1072 135.4 - 14.9 14.1 39.2 60.8 - 94.6 

 anode CO2 458 - 116.3 109.1 12.8 5.7 91.4 8.6 56.3 44.5 

 separator CO2 467 - 44.3 31.1 25.3 9.7 88.9 11.1 52.2 38.3 

             

PC 2604 anode acetone - 1072 138.9 - 15.3 14.8 38.5 61.5 - 96.7 

 anode CO2 453 - 114.3 107.0 12.6 5.8 92.1 7.9 57.9 46.0 

 separator CO2 457 - 43.4 30.5 23.9 9.3 87.1 12.9 54.0 38.9 

             

PC 1406 anode acetone - 1072 142.9 - 15.7 15.8 41.1 58.9 - 100.6* 

 anode CO2 461 - 114.1 106.7 12.6 6.0 91.1 8.9 58.7 47.6 

 separator CO2 458 - 47.6 29.6 28.6 12.7 92.5 7.5 62.9 44.4 
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It should be noted that the extraction yield was determined by comparing the initial and final 

weights of the anode and separator components. After the completion of the supercritical carbon 

dioxide extraction process, the extracted material was weighed. While the polypropylene 

material from which the separator is manufactured exhibited no major visual changes, the anode 

material became brittle. This increased brittleness of the anode material made it challenging to 

weigh accurately, potentially resulting in discrepancies in the final weight of the anode 

processed using supercritical carbon dioxide. Regarding the solvent extraction process, the 

anode sheets were weighed before undergoing an acetone wash, but they were not weighed 

afterwards due to their weak composition and the absorption of acetone. 

The recovery mass of the linear (DEC) and cyclic carbonates (EC and PC) was quantified using 

GC-TCD, enabling the calculation of the mass fraction of each. As observed in Table 6-5, the 

solvent extraction process proved highly efficient in recovering electrolyte components from 

the anode, achieving an average extraction yield of 96%, excluding the anomaly value. Notably, 

the last solvent extraction of the anode material (PC 1406) showcased an extraction yield of 

100.6%. Despite initially believed to be an analytical discrepancy, subsequent readings 

confirmed this result. 

The high recovery of the solvent extraction process was later corroborated by the 

thermogravimetric analysis (TGA) data, where the remaining mass of electrolyte in the anode 

material was quantified. However, the observation of this outliner suggests a possibility that the 

anode component may initially have contained a slightly higher mass of electrolyte than 

previously estimated. 

All the anode and separator materials extracted from pouch cell PC 1406 exhibited slightly 

higher extraction and recovery yields in both extraction processes compared with the other 
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pouch cells (PC 0203 and PC 2604). This finding may be attributed to the timing of the 

extractions. In contrast, other extractions were conducted in the same week as the disassembly, 

these specific extractions were performed within 48 hours of disassembling the pouch cell. This 

observation serves as a reminder of the volatile nature of the electrolyte material and emphasises 

the importance of processing the materials promptly. Additionally, the weight percentage 

(wt.%) of the recovery of linear carbonate to cyclic carbonates showed a slight increase for all 

the supercritical carbon dioxide extractions of the PC 1406 material, which is consistent with 

expectations. 

In comparison, the supercritical extraction process exhibited an average recovery yield of 46% 

and 41% for extracting electrolyte from the anode and separator materials, respectively. The 

marginally higher recovery of electrolyte from the anode material is likely due to the higher 

porosity of the separator material, which makes separation more challenging. As shown in the 

SEM images (Figure 6-7), the pore size required for the separator’s functionality is typically 

less than 1 μm [32].  

The mass fraction of the recovered electrolyte solvents differs significantly between the two 

extraction processes. In the supercritical extraction technique, the linear component, DEC, was 

the predominant mass fraction of the electrolyte composition, accounting for approximately 

90:10 wt.%, compared to the cyclic components (EC and PC). This difference stems from the 

higher solubility of the linear carbonates compared to the cyclic counterparts, as determined in 

Chapter 4. The solubility behaviour of DEC appears to be similar to both DMC and EMC, 

based on the exceptionally greater recovery. 
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It is not possible to make a direct comparison of the electrolyte recovery yields between this 

work and that discussed in Chapter 5, subsection 5.6.6 due to variations in the electrolyte 

composition and sample matrix. However, the mass fraction of the recovered components 

displays a degree of similarity. Under the same extraction conditions (12.0 MPa, 328.2 K) the 

ratio of linear to cyclic carbonates in the electrolyte amounted to 80:20 wt.%, this outcome 

closely matches the findings discussed in this chapter.  

In contrast, the mass fraction of electrolyte attained from the solvent extraction process is the 

opposite. The mass fraction of linear to cyclic electrolyte recovered was approximately 40:60 

wt.%. This may seem surprising as the composition of electrolyte in the LIB pouch cell is 

predominantly constituted of DEC, however, this discrepancy is attributed to the significant 

loss of the DEC component (over 20%) during the disassembly process. 

6.5.2 Nuclear Magnetic Resonance (NMR) spectroscopy of pure and recovered LIB pouch 

cell electrolyte 

As previously discussed, lithium conducting salt is a vital part of the electrolyte, and represents 

about half of the total cost of commercial electrolytes [33]. As performed on pure electrolyte 

retrieved from the disassembly of the Nissan Leaf LIB pouch cell, both 19F and 31P NMR 

Spectroscopy were used to analyse the composition of the electrolyte recovered from both the 

supercritical carbon dioxide technique and the solvent extraction process. The 19F NMR 

spectrum in Figure 6-13 highlights the presence of the lithium salt, lithium 

hexafluorophosphate. Interestingly, it can be observed that the solvent extraction process is 

capable of recovering the lithium salt, whereas the electrolyte retrieved using supercritical 

carbon dioxide does not exhibit a signal. The corresponding diagram for the 31P NMR spectrum 

has been presented in Appendix A10.  
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It is possible to extract the lithium hexafluorophosphate component using supercritical carbon 

dioxide extraction, but it requires a modifier. Grützke et al. conducted a series of liquid carbon 

dioxide extractions on 18650 LIB cells and initially faced challenges extracting the conducting 

salt. However, the author introduced a range of co-solvents, including ACN, DEC, and ACN/PC 

(3:1). All these modifiers proved capable of recovering the conducting salt, and the ACN/PC 

mixture exhibited the most efficient performance in recovering almost all of the conducting salt 

within the electrolyte [34]. 

 

 

 

 

 

 

 

 

 

 

Figure 6-13: 19F NMR of Nissan Leaf EV (gen 1) EV LIB pouch cell electrolyte; 1) solvent 

extracted LIB electrolyte, 2) SCF extracted LIB electrolyte, 3) Pure LIB electrolyte. 

 

19F (ppm) 
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6.5.3 Inductive Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) of pure and 

recovered LIB pouch cell electrolyte 

Quantification of the elements present in the pure electrolyte and the electrolytes recovered 

from both extraction processes was conducted using Inductive Coupled Plasma – Optical 

Emission Spectroscopy (ICP-OES). Initial attempts using High-Performance Liquid 

Chromatography (HPLC) to quantify lithium concentration were successful in detection but not 

reliable in their quantification.  

The analysis incorporated Supelco ICP multi-element standard solution IV, containing 21 

elements. A four-point calibration was established in a 5% (v/v) nitric acid solution, and the 

calibration curves have been included in Appendix A12. Additional information regarding the 

multi-element standard and equipment used is detailed in Chapter 3, subsection 3.5.4. 

The solid materials were separated from the electrolytes using rotary evaporation, which 

effectively isolated the liquid and solid phases. The conducting salt and other solids were 

collected while the electrolyte solvents were evaporated. Each sample was then dissolved in a 

nitric acid 5% (v/v) aqueous matrix, resulting in a 1000-fold dilution. These solutions were 

filtered (using a Millex filter with a pore size of 0.45 μm) and transferred to 50 mL centrifuge 

vials (BD Falcon). The final sample volume was 20 mL, which was sufficient to determine the 

concentration of all 21 elements. The limit of detection (LOD) for the Perkin Elmer instrument 

used has been presented in Appendix A13. 

The raw data for all samples and analysis of the 21 elements can be found in Appendix A14.  
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The primary interest of this chapter focuses on 6 elements (Al, Co, Cu, Li, Mn, and Ni), each 

of which is directly related to the chemistry of the Nissan Leaf EV pouch cell. Table 6-6 

provides information on the concentration of these elements in the pure LIB electrolyte as well 

as the electrolyte recovered from the solvent extraction process and supercritical carbon dioxide 

technique.  

Table 6-6: The elemental concentration of pure and process recovered electrolytes from the 

Nissan Leaf (gen 1) EV LIB pouch cell. 

Sample 
Concentration (mg/L) 

Al Co Cu Li Mn Ni 

       

Pure electrolyte 0.1278 0.0242 1.7167 5.2916 0.0347 0.0356 

       

Solvent extracted electrolyte 0.0463 0.0034 1.8988 5.5158 0.0102 0.0079 

       

ScCO2 extracted electrolyte 0.0038 0.0032 0.8130 0.0081 0.0037 0.0045 

       

 

The initial observation from Table 6-6 indicates that the solvent extraction method captures a 

significantly higher proportion of elements compared to the supercritical carbon dioxide 

extraction process. All elements except copper in the supercritical recovered electrolyte sample 

were outside the LOD, rendering them statistically unreliable. However, it remains evident 

there is a clear divergence between both processes in terms of the recovery of solid deposits 

within the anode material.  

Of particular interest are the concentrations of copper and lithium in each sample. The 

supercritical carbon dioxide extraction process failed to recover most transition metals, this is 

not surprising given the charge neutralisation requirements, and the absence of a co-solvent or 

chelating agent [35-37]. However, there is a substantial concentration of copper present in the 
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SFE electrolyte sample. This finding suggests that one (or more) of the electrolyte solvents may 

act as co-solvents. 

The concentration of copper amongst the other transition metals was observed to be 

substantially higher in both the pure electrolyte and the solvent extracted electrolyte. Further 

investigation revealed that the copper from the current collector in the pouch cell tends to 

partially dissolve into the electrolyte during complete discharge to 0 V. This phenomenon 

occurs due to the high potential observed at the anode at 0 V and the oxidation of copper [18]. 

Studies also indicate that copper deposits can potentially accumulate on the surfaces of both 

electrode components during deep discharges [38, 39]. This effect might elucidate why the 

copper concentration in the solvent extracted electrolyte slightly exceeds that of the pure 

electrolyte. In addition to the electrolyte extracted, the solvent extraction process may have 

recovered some copper deposits on the surface of the anode material residing in the electrolyte, 

explaining the greater concentration of copper detected. However, it’s important to note that 

acetone cannot dissolve copper. Instead, the smaller copper particles were likely suspended in 

the acetone until their dissolution in nitric acid as part of their preparation for ICP-OES [40].  

Similarly, the concentration of lithium observed in the solvent extracted electrolyte exhibits a 

higher concentration than in the pure electrolyte. What initially seems surprising is this 

observation can be attributed to the behaviour of lithium ions during charging and discharging 

cycles. Lithium ions experience intercalation and deintercalation within the graphite layers of 

the battery during these cycles [41], and during the discharge of the LIB, the lithium ions are 

deintercalated. However, the solvent extraction process recovers the electrolyte from the pores 

of the anode, potentially capturing a higher concentration of lithium compared to the pure 

electrolyte drained from the surface of the electrodes.  
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6.5.4 Thermogravimetric Analysis (TGA) of LIB pouch cell anode material  

To assess the efficacy of each extraction process and determine the proportion of electrolyte 

trapped in the material after extraction, samples were examined using thermogravimetric 

analysis (TGA). This involved subjecting the samples to an inert atmosphere (nitrogen) and 

measuring their weight as a function of temperature via a program-controlled temperature 

sequence. The TGA sequence was designed to consider the boiling points of the electrolyte 

constituents. For detailed methodology regarding the TGA, refer to Chapter 3, subsection 3.5.5. 

Only the anode was processed under high temperatures. Polypropylene, the separator material, 

typically melts around 167°C [42], depending on the chemical structure. As the boiling point 

of cyclic components significantly exceeds this temperature, no high temperature methods were 

applied to the separator material. Table 6-7 presents the results of the TGA conducted on the 

anode material of the Nissan Leaf (gen 1) EV LIB pouch cell, post extraction process. 

Table 6-7: TGA of the Nissan Leaf (gen 1) EV LIB pouch cell anode material post-

extraction. 

 

Ref code Source Starting mass (μg) Final mass (μg) Mass deviation 

    (μg) (%) 

      

PC 2604 CO2 14623 13676 947 6.476 
      

PC 2604 SE 15043 14700 343 2.280 
      

PC 1406 CO2 13956 13183 773 5.539 

      

PC 1406 SE 17748 17246 502 2.828 

      

 

Where CO2 refers to the anode material after being processed using the supercritical carbon 

dioxide technique, and SE corresponds to the anode material after undergoing the solvent 

extraction process and being left to dry in a ducted fume hood for at least 12 hours.   
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The anode samples subjected to supercritical carbon dioxide extraction show greater mass loss 

than those processed using solvent extraction. This finding aligns with the electrolyte mass 

recovery obtained from each extraction process using GC-TCD. Figures 6-14 and 6-15 present 

the TGA and derivative thermogravimetric (DTG) curves for each LIB pouch cell anode sample 

following treatment with supercritical carbon dioxide and solvent extraction techniques, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-14: TGA-DTG plot of the Nissan Leaf (gen 1) EV LIB pouch cell anode material 

(PC 1406), after undergoing the supercritical carbon dioxide extraction process. 

TG ( ̶̶ ̶ ), DTG ( ̶̶ ̶ ). 
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Figure 6-15: TGA-DTG plot of the Nissan Leaf (gen 1) EV LIB pouch cell anode material 

(PC 2604), after undergoing the solvent extraction process. TG ( ̶̶ ̶ ), DTG ( ̶̶ ̶ ). 

 

The TGA-DTG curves in Figures 6-14 and 6-15 exhibit a distinctive five-step mass loss 

corresponding to the different components in the anode material. The weight loss observed in 

the anode material processed via the supercritical carbon dioxide technique and the solvent 

extraction process was approximately 5.5 % and 2.3 %, respectively, between 323.15 to 

625.15 K.  

The initial slight weight loss up to 353 K is predominantly associated with the evaporation of 

the DEC close to the graphite surface. It is likely to include a small proportion of water moisture. 

However, this is minimal as most electrolyte solvents on the anode’s surface have been 
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recovered during the extraction processes. The second step, between 383-403 K, is solely 

associated with the linear carbonate DEC, possessing a boiling point of 399 K [43]. Notably, 

there is a significant drop in the TGA curve with a sharp spike in the DTG curve in this 

temperature range.   

The third decline in weight, beyond 440 K, is likely due to the decomposition of lithium 

hexafluorophosphate. The decomposition temperature of the conducting salt has been reported 

to vary significantly based on the applied measuring technique (differential scanning 

calorimetry (DSC) and TGA) and the presence of water moisture [44, 45]. Gavrichev et al. 

found that under ambient pressure the thermal decomposition of lithium hexafluorophosphate 

occurs between 450-550 K. However, in this case, the conducting salt is dissolved in the 

electrolyte solvent solution and subjected to a nitrogen atmosphere. Thus, its decomposition 

temperature may vary. 

The fourth significant drop in mass corresponds well with the vaporisation of cyclic carbonates, 

ethylene and propylene carbonate, each possessing boiling points of 517.5 and 515.15 K, 

respectively [46, 47]. The sharp decrease begins at 526 K, although a gradual mass decline is 

also noticeable beforehand.  

The final reduction in weight is attributed to the decomposition of organic oxides and the 

polyvinylidene fluoride (PVDF) binder, which is used to bind the active materials in both the 

anode and cathode. This inference is supported by a substantial drop in weight that occurs at a 

temperature of 628 K. This aligns with findings from Liu et al., suggesting that the initial 

thermal decomposition of PVDF in a nitrogen atmosphere occurs at temperatures exceeding 

453.15 K. Within a temperature range of 453.15 K to 653.15 K, the significant weight loss is 

attributed to the simultaneous decomposition of the electrolyte and binder components [48]. 
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A limitation of TGA lies in its process capacity to handle a maximum sample weight of 200 

mg, potentially introducing bias when measuring small proportions of material, particularly 

those of a heterogeneous nature. To mitigate this limitation, a chamber furnace, Carbolite Gero 

(model, ELF 1100), as shown in Figure 6-16 (i), was used in conjunction with the TGA 

instrumentation to evaluate larger sample weights, approximately 3 g in magnitude. Anode 

sheets were placed in ceramic crucibles, as shown in Figure 6-16 (ii), and processed in batches 

of three to minimise potential errors in readings. These samples were exposed to a temperature 

of 523.15 K for at least 5 hours. Initial tests confirmed no significant mass deviations in the 

sample after this duration. The mass deviation data for each anode sample processed in the 

furnace are presented in Table 6-8. 

 

  

 

 

 

 

 

  

 

 

 

 

Figure 6-16: i) Carbolite Gero (model, ELF 1100) chamber furnace, ii) anode material, 

obtained from the Nissan Leaf (gen 1) EV LIB pouch cell. 

 

 

 

(ii) (i) 
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Table 6-8: Mass deviation of Nissan Leaf (gen 1) EV LIB pouch cell anode material 

processed in the chamber furnace (523.15 K)  

Ref code Source Sample mass Starting mass Final mass Mass deviation 

     (g) (%) 

       

PC 0203 TD 3.0356 58.7635 58.4989 0.2646 8.717 
  3.1327 39.8534 39.5811 0.2723 8.692 
  3.0258 37.9627 37.6967 0.2660 8.791 
       

PC 0203 CO2 3.0211 58.3736 58.2542 0.1194 3.952 
  3.0821 39.1138 38.9893 0.1245 4.039 
  3.0160 37.3483 37.2098 0.1385 4.592* 

       

PC 0203 SE 3.0491 58.8239 58.7631 0.06079 1.994 

  3.1362 39.6589 39.5915 0.06737 2.148 

  3.1764 37.0246 36.9744 0.05019 1.580* 

       

PC 2604 TD 3.0239 58.79622 58.5475 0.2487 8.224 

  3.0650 36.91514 36.6786 0.2366 7.719 

  3.0626 39.58572 39.3437 0.2420 7.902 

       

PC 2604 CO2 3.3561 59.1304 59.0183 0.1121 3.340* 

  3.2436 39.76642 39.6247 0.1417 4.369 

  3.2126 37.0626 36.9191 0.1435 4.467 

       

PC 2604 SE 3.1805 58.9541 58.8958 0.05834 1.834 

  3.2575 39.7802 39.7186 0.06160 1.891 

  3.2971 37.1453 37.0843 0.06100 1.850 

       

PC 1406 TD 3.0463 58.80172 58.4601 0.34160 11.214 

  3.0125 39.60652 39.2717 0.33486 11.116 

  3.0578 36.88732 36.5361 0.35122 11.486 

       

PC 1406 CO2 3.0211 59.14794 59.0137 0.13424 4.443 

  3.0821 39.7546 39.6079 0.14670 4.760 

  3.0160 37.0699 36.9285 0.14140 4.688 

       

PC 1406 SE 3.0096 58.78348 58.7169 0.06658 2.212 

  3.0309 36.88064 36.8169 0.06376 2.104 

  3.0117 39.53452 39.4689 0.06561 2.179 

       

 

TD – tear down material, CO2 - supercritical carbon dioxide processed material, SE - solvent extraction processed 

material.  

Standard uncertainty, u(m) = 0.01 mg. The starting/final mass includes the weight of the ceramic crucible. 
* Values of uncertainty. 
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As presented in Table 6-8, significant mass deviations are evident in the anode materials 

obtained from three different sources: (i) directly retrieved from the tear down (TD), (ii) 

supercritical carbon dioxide processed material (CO2), and (iii) solvent extraction processed 

material (SE). 

Measuring the electrolyte content accurately in disassembled LIB anode material using TGA 

studies is challenging due to electrolyte volatility. This difficulty is observed in the deviation 

of mass loss exhibited between PC 0203 TD material (≈ 9%) and PC 1406 TD material (≈11 

%), exceeding 2%. The reason for this discrepancy is that the PC 1406 anode material was 

analysed immediately within an hour of opening the pouch cell, while the PC 0203 material 

was analysed within 48 hours of disassembly. Similar challenges were faced in the rapid 

extraction of separator and anode materials from the disassembled LIB pouch cell (PC 1406), 

resulting in slightly higher recovery yields. This issue is discussed in the electrolyte extraction 

process results (refer to subsection 6.5.1). 

However, the mass deviation measurements between the processed materials via supercritical 

carbon dioxide extraction and solvent extraction are notably more stable and consistent between 

samples.  

In Table 6-8, values of uncertainty (indicated by an asterisk) deviate as much as 25%, which is 

not unexpected. This variance suggests a heterogeneous distribution of lithium and electrolyte 

across the graphite. Research conducted by Mühlbauer et al. [49] mapped the lithium and 

electrolyte concentrations in 18650-type cells using x-ray tomography and high-resolution 

neutron powder diffraction. The author found noticeably higher concentrations of electrolyte in 

outer regions of the cell, particularly between the electrode material and cell housing. Thus, the 

concentration of lithium and electrolyte varies in the cylindrical cell across all orientations.  

https://www.sciencedirect.com/topics/materials-science/tomography
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This finding applies to all the thermogravimetric experiments conducted and partially 

contributes to the varying mass loss among samples from the same source. 

Comparison between anode samples subjected to the TGA technique and those processed using 

the chamber furnace demonstrated good agreement. The overall trend aligns with the extraction 

results, where naturally, the content of electrolyte is highest in the unprocessed anode material, 

directly obtained from the disassembly, followed by the supercritical carbon dioxide processed 

material, and lastly, the solvent-extracted material.  

6.5.5 The challenges of LIB electrolyte recovery and recycling 

The research and experimental work carried out in this chapter has revealed various challenges 

that must be addressed to recover and recycle the LIB electrolyte. The following section 

discusses a roadmap published on tackling these issues in the present and future [7]. 

These challenges can be broken down into three key areas: the dangers of EOL material, the 

cost of processing, and standardisation. As LIBs reach EOL, their capacity and discharge ability 

are reduced due to numerous ageing phenomena. Though the ageing within LIBs does not 

exclusively impact the degradation of LIBs’ operational abilities, it also results in the formation 

of hazardous and corrosive compounds within the cell. 

Independently, lithium hexafluorophosphate is thermally stable at temperatures under ~107℃, 

but once dissolved within the solvent and in contact with electrodes that can span in voltage 

from 0 V to over 4.3 V vs. Li/Li+ this stability is significantly reduced. Furthermore, any 

exposure to moisture will cause the hydrolysis of lithium hexafluorophosphate and results in 

the formation of hydrogen fluoride, which imposes significant health risks if it doesn’t react 

with other components of the cell [50]. In a 2015 research paper published by Grìtzke et al. 

[51], shredded NMC/graphite LIB material was transferred into storage containers and analysed 
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over a period of 20 months using headspace gas chromatography-mass-spectrometry. The 

standard compounds within the electrolyte were identified, but in addition, 

organo(fluoro)phosphate compounds were identified with structures that closely resembled 

chemical nerve agents. Dimethyl fluorophosphate (DMFP) and diethyl fluorophosphate 

(DEFP) were characterised in concentrations of 1.12±0.09 and 1.00±0.20 g/kg, respectively. 

Although these concentrations are exceptionally small, the concentration would be 

exponentially amplified under increased temperature, proving to be hazardous. This is more so 

when applied to the large volumes predicted to pass through recycling plants within the near 

future.  

Currently, the electrolyte is not standardised, and the composition of solvent and salt fluctuates 

significantly amongst manufacturers, consequently it is difficult for recyclers to produce a 

consistent product. 

For practical recycling of electrolyte to become standard practice, several challenges need to be 

addressed. Once the electrolyte is extracted by either a solvent based process or one 

incorporating supercritical carbon dioxide it then needs to be processed into a saleable product. 

Ideally, a process would be developed that could separate out each component of the electrolyte. 

However, such a process would require a large number of steps that makes it economically 

unfeasible. One of the main challenges to these processes is the strong coordination between 

the salt and the solvent coupled with the low thermal stability of the salt [50, 52]. This makes 

simple evaporation processes to recover the pure salt impractical. New processes that can 

perform this separation at lower costs than conventional processing, such as chromatography, 

could enable the salt to be extracted and resold.  
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An additional challenge is the introduction of new lithium salts into the electrolyte to improve 

performance [53]. Separation of these salts will be very difficult to achieve in an economically 

feasible manner. If these salts cannot be separated, there may be a very limited market for the 

mixed salts. Alternatively, this may require manufacture and possibly product-specific 

processing to enable the reuse of the salts by those manufacturers. However, during the lifespan 

of batteries, the choice of electrolytes in new batteries may change, making the recycled 

electrolyte obsolete. This would relegate any recovered salts to chemical feedstocks. 

Apart from the issues with separation, the lack of stability of the salts in contact with moisture 

adds an additional challenge to recycling [50]. Performing the entire recovery process in a dry 

room would add significant cost and energy usage. An understanding of the breakdown kinetics 

is needed to design these processes at scale, so that the electrolyte with the required low acid 

content can be recovered. Additionally, the practical effect of the contact of the electrolyte with 

other components of the battery, which can effectively trap HF formed during the process, 

should be explored. Several alternative options can be considered for a full dry room, including 

inerting the process environments, or simply limiting the exposure time. Understanding the 

practical air stability of electrolytes can be difficult experimentally since they will be highly 

scale and equipment dependent. 

If the ideal electrolyte cannot be directly recycled into a new battery electrolyte, new strategies 

are necessary to maximise its value while mitigating any environmental impacts. Processes 

could be developed that enable the spent electrolyte to enter the manufacturing stream for new 

salts at an earlier stage. This spent electrolyte would likely be concentrated to reduce volume 

and recover the volatile carbonate solvents before being transferred to a chemical manufacturer. 
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In conclusion, reclamation and recycling of the electrolyte is clearly an area that requires further 

development. EOL electrolyte material can introduce toxic compounds through a range of 

degradation pathways. Additionally, the poor thermal stability of the conducting salt makes the 

implementation of a commercial recycling process substantially more complicated. 

The lack of standardisation of the composition of the electrolyte, and difficulties associated 

with separating the salt from the solvents is the key challenge behind reprocessing the EOL 

electrolyte directly into a new LIB. The electrolyte is typically unrecoverable within most large-

scale processes, though few companies have managed to extract and reprocess it, achieving a 

standard that is fit for resale in the chemical industry. However, for substantial advancements, 

it would prove beneficial if future electrolyte blends are developed by both LIB manufacturers 

and recyclers, establishing a product that could be implemented into a circular economic model 

aimed at reducing greenhouse emissions and hazardous LIB waste. 
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6.6 Conclusion 

This chapter pursued two primary objectives: first, to establish a standardised protocol for 

disassembling a commercial EV LIB pouch cell, and secondly, to recover the electrolyte 

component from the dissembled LIB pouch cell materials using supercritical fluid extraction 

(SFE) and solvent extraction techniques.   

During the disassembly of the Nissan Leaf EV LIB pouch cell, the components were safely 

segregated, and each mass was recorded respectively.  Despite the overall success of the LIB 

pouch cell tear down, the recovery of the electrolyte component encountered significant losses 

attributed to the volatility of the linear carbonates. This limitation was evident in the processing 

and analytical techniques undertaken, emphasising the imperative need to address this issue for 

minimising mass loss and optimising electrolyte retention. Prior to processing, the GC-MS 

technique was used to characterise the electrolyte component, revealing a solvent mixture of 

DEC, EC, and PC. Subsequent quantification using GC-TCD confirmed a mass ratio of linear 

to cyclic carbonates as 3:2 (wt.%). The lithium conducting salt was also identified as lithium 

hexafluorophosphate using 19F and 31P NMR spectroscopy. 

The optimisation performed in Chapter 5 was utilised, and the application of supercritical 

carbon dioxide at process conditions of 328.2 K and 12.0 MPa successfully extracted the 

electrolyte component from the anode and separator materials, yielding acceptable results with 

maximum recovery yields of 47.6% and 44.4%, respectively. The recovery composition of the 

electrolyte reflected the results observed in Chapter 5, a recovery composition of 90:10 wt.% 

was attained, whereby the selectivity was focused predominantly upon the linear carbonates, in 

this case DEC.   
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The main challenge encountered in the SFE ability was extracting the electrolyte component 

from the porous materials. To enhance the recovery yields, typically, a longer extraction 

duration and use of modifiers would yield a better extraction and allow a higher overall recovery 

of components. 

Conversely, the solvent extraction technique using acetone performed exceptionally well, 

achieving a maximum yield of 96.7%. This process also successfully recovered the conducting 

salt component, lithium hexafluorophosphate, confirmed through NMR and ICP-OES 

techniques. Notably, higher concentrations of copper and lithium were identified in the solvent 

extracted electrolyte from the anode material, compared to electrolyte directly taken from the 

disassembled LIB pouch cell.  

Analysis of the graphite anode disassembled directly from the LIB pouch cell and each post 

extraction process were evaluated using TGA. This technique allowed the mass loss of the 

residing components in the anode to be observed under high temperatures. Mass deviations 

between the anode samples subjected to the SFE method were found to be greater in all cases, 

deviating as much as 4.2% than the anode samples processed using the solvent extraction 

method. This finding aligned well with the quantified electrolyte mass recovery results obtained 

from each extraction process using GC-TCD. 

Lastly, the discussion emphasised the challenges of LIB electrolyte recovery and recycling, 

highlighting current and future issues. The reclamation and recycling of the electrolyte 

component from EOL LIBs emerge as a challenging area that requires further development. 

The EOL electrolyte material poses a potential risk of introducing toxic compounds through 

various degradation pathways.  
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This challenge is compounded by the poor thermal stability of the conducting salt, adding 

complexity to the implementation of a viable commercial recycling process.  

The absence of standardisation in the electrolyte composition, coupled with challenges in 

separating the salt from the solvents, constitutes a central obstacle to direct reprocessing of EOL 

electrolyte into new LIBs. Addressing these challenges requires collaborative efforts from LIB 

manufacturers and recyclers to develop future electrolyte blends. Substantial advancements in 

this direction would be instrumental in fostering a more sustainable and environmentally 

friendly approach to LIB recycling. 
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7.1 Concluding Remarks 

The primary aim of this research is “to assess and propose a viable and sustainable process for 

recovering the electrolyte component of LIBs used in commercial EVs through the application 

of pressurised carbon dioxide extraction”. A thorough investigation was carried out to achieve 

this objective. The concluding remarks of the research are presented below, encapsulating each 

experimental chapter. 

Solubility measurements of LIB electrolyte components in carbon dioxide explored binary 

systems of CO2 + DMC, CO2 + EMC, and CO2 + EC, under three different temperature 

conditions of 298.2, 313.2, and 328.2 K, with pressure conditions ranging between 0.12 – 14.1 

MPa. Both binary systems with DMC and EMC were modelled using the PR EoS. The 

correlation between the experimental and modelled values was in good agreement, and the 

maximum deviation of the mole fraction in terms of AARD was calculated as 0.88 and 1.02% 

for both systems, respectively. Similarly, the DMC binary system was modelled using CPA 

EoS, establishing a slightly more accurate correlation than the PR EoS and producing a mole 

fraction AARD value of 0.75% between model and experimental values. Finally, the validation 

of the EC binary system was assessed using two semi-empirical equations, namely, Chrastil, 

and Méndez-Santiago and Teja (MST) models. The MST model exhibited a marginally better 

fit than the Chrastil model, resulting in an AARD of 12.7%, compared with 14.5%. 

DMC exhibited the highest solubility in carbon dioxide in both binary and quaternary systems. 

This property was attributed to its high vapour pressure and symmetrical structure. EC exhibited 

the lowest solubility in carbon dioxide, possessing a considerably lower vapour pressure and 

high polarity due to its asymmetric structure. Within the constraints of the system parameters 

explored, the linear carbonates required low pressure and high temperature conditions to 

promote their solubility. In contrast, EC required high pressure and low temperature to enhance 
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its dissolution. As the electrolyte incorporates a blend of solvents, a multicomponent system 

(CO2 + DMC + EMC + EC) was introduced in a gravimetric ratio of 1:1:1. The quaternary 

system was measured under the identical temperature points of the binary systems at a pressure 

ranging from 2.1 to 10.0 MPa. The established quaternary system generally exhibited the same 

behaviour as observed in the binary systems. However, an interesting finding was the 

enhancement of EC’s solubility. This was attributed to DMC and EMC, whereby both linear 

carbonates were discovered to act as co-solvent under all isotherms. 

The findings acquired from the phase equilibria studies were utilised in a pressurised fluid 

extraction process. Pressurised carbon dioxide was employed to extract an artificially created 

LIB electrolyte incorporating a homogeneous mixture comprising DMC, EMC, and EC in a 

mass ratio of 1:1:1 and weighing 1.5 g. The initial optimisation focused on the process flowrate 

and extraction duration. A dynamic flowrate was identified to be most effective between 2.4 –

2.6 L/min, essentially where the solute saturation in carbon dioxide reaches its maximum 

threshold.  

Following the flowrate optimisation, extraction durations from 30 to 480 minutes were 

conducted to assess the extraction kinetics between subcritical (313.2 K, 6.0 MPa) and 

supercritical (328.2 K, 12.0 MPa) carbon dioxide. Subcritical fluid (SBCF) conditions proved 

significantly more effective for recovering linear carbonates than the supercritical fluid (SCF) 

condition. However, the subcritical fluid extraction (SFE) failed to recover the EC component 

in its entirety and eventually plateaued at 80% after 480 minutes; in contrast, the SFE process 

performed a complete extraction of all components under an identical time frame.  

Central composite design (CCD), a response surface methodology (RSM), was used to optimise 

and evaluate the combined effects of pressure and temperature to determine their impact on the 
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overall extraction yield and individual component recovery. The extractions were performed at 

298.2, 313.2, and 328.2 K, with system pressures ranging from 3.0 – 12.0 MPa. The overall 

recovery by component revealed that linear carbonates were more responsive to temperature 

enhancements across all pressure conditions. This finding was also observed in the phase 

equilibria studies in the binary systems of each linear carbonate investigated. This outcome 

emphasises the importance of vapour pressure and confirms that fluid density is not the sole 

determinant controlling the extraction yield. In comparison, EC demonstrated a strong 

association with fluid density, consistently appearing in higher concentrations with increasing 

pressure across all isotherms. Overall, the optimal extraction yield attained from the artificial 

LIB electrolyte was 70.2%, achieved at a system pressure of 12.0 MPa and a temperature of 

328.2 K.  

Despite the overall success of the QCR Nissan Leaf (gen 1) EV LIB pouch cell disassembly, 

the electrolyte segregation and collection of each respective component introduced significant 

challenges. Firstly, at least 60% of the total electrolyte by mass is trapped in the electrode and 

separator components, which makes the separation and recovery process complex. 

Additionally, a large fraction of the electrolyte component vaporises instantly once the 

aluminium casing of the LIB pouch cell is breached, and the electrode sheets are separated and 

exposed to air. This is due to the volatility of linear carbonates. Early analysis of the electrolyte 

solvents in the LIB pouch cell revealed a mix of linear (DEC) and cyclic (EC and PC) 

carbonates in a mass ratio of 3:2, respectively. This composition was confirmed using GC-MS 

and GC-TCD techniques. The lithium conducting salt was also identified as lithium 

hexafluorophosphate using 19F and 31P NMR spectroscopy. 

Supercritical carbon dioxide extraction was performed at 328.2 K and 12.0 MPa under a 

flowrate of 6 g/min for 60 minutes of dynamic and 45 minutes of static operation. The extraction 
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generated satisfactory results, where a maximum recovery yield of 47.6% and 44.4% from the 

anode and separator materials was achieved, respectively. Although the linear carbonate was 

DEC, the solubility behaviour of this component was very similar to both DMC and EMC.  

A fundamental challenge experienced with this technique was the difficulty in extracting the 

electrolyte component from the subsurface of each porous material. However, implementing a 

longer extraction duration and the application of modifiers can overcome this limitation and 

enhance the recovery yields. In contrast, the solvent extraction technique using acetone 

demonstrated an exceptional performance. Under an HPV temperature of 323.2 K and pump 

flowrate of 6.5 L/min for 165 minutes, the process achieved a maximum yield of 96.7%. This 

method also proved successful in recovering lithium, confirmed using the ICP-OES technique. 

Trace amounts of lithium were detected in the SCF extracted electrolyte. In contrast, in the 

solvent extracted electrolyte, the lithium concentration was found to be as high as in the 

electrolyte obtained from the disassembled LIB pouch cell. However, additional research is 

required to determine whether this method is practical and if the separation from the electrolyte 

component is feasible.  Additionally, high concentrations of the transition metals, in particular, 

copper, were discovered in the solvent extracted electrolyte. This observation is likely to be a 

consequence of the oxidation of copper once the LIB pouch cell is completely discharged to        

0 V. As acetone is incapable of dissolving copper, the smaller copper particles were likely 

suspended in the solution and then dissolved in the nitric acid solution as part of their 

preparation for ICP-OES.  

Finally, TGA studies were performed to determine the proportion of electrolyte components 

residing in the graphite anode. Anode samples obtained directly from the dissembled LIB pouch 

cell and the post-extraction process were subjected to high temperatures to observe their mass 

deviations. The results aligned well with the findings from the extraction processes. As 
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expected, the anode samples subjected to the supercritical extraction process exhibited larger 

mass loss, up to 4.2%, than samples subjected to the solvent extraction process. 

7.2 Recommendations for Future Work 

Based on the key findings established in this research, several areas are identified for 

improvement and further investigation.  

Regarding process improvements, the analytical solubility measurements were performed using 

an offline quantification technique. However, employing an on-line sampling method can 

improve the phase equilibria measurements. This can be achieved by installing a six-port 

sampling valve connected between the high-pressure vessel (HPV) and the GC-TCD, allowing 

a more prompt and reliable analysis [1, 2]. Additionally, the control of the flowrate of carbon 

dioxide in both experimental rigs was regulated manually using micro metering valves. This 

proved challenging when simultaneously attempting to control the dynamic flowrate at 6 g/min, 

under a system pressure of 12.0 MPa, and holding the internal pressure of the minor pressure 

vessel (MPV) at 0.5 MPa. Therefore, although comparatively more expensive, implementing 

an automated flow control pump or process control valves would alleviate this issue.  

The solvent extraction process demonstrated the capability to recover a wide range of LIB 

electrolyte components. Grützke et al. extracted the lithium conducting salt using liquid carbon 

dioxide and modifiers of an 18650 LIB cell [3]. Expanding upon this principle, it would be 

interesting to explore the combination of pressurised carbon dioxide with a range of chelating 

agents to target and recover the metal components in the LIB material.  

The bridge to commercialisation lies in the economics behind the process. Two MEng students 

under the authors supervision assessed the feasibility of “recycling EV LIB electrolyte” using 

a techno-economic assessment (TEA). The underlying findings of the research revealed the 
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SFE process using carbon dioxide to be economically infeasible, based solely on the recovery 

of the electrolyte solvent component. When accounting for the high capital costs associated 

with the SFE process, the technique needs to guarantee the recovery of the lithium conducting 

salt element to be marginally profitable. In the experimental research, the solvent extraction 

method proved effective in recovering the lithium component, whereas the SCF extraction 

technique was incapable. However, the application of a co-solvent in conjunction with the SCF 

extraction technique may prove to be a viable method.  

Further, research is required to validate the economic viability of the three leading electrolyte 

recovery techniques: solvent extraction, supercritical carbon dioxide extraction, and vacuum 

extraction. Additional research in this domain would prove extremely useful, particularly with 

governmental organisations, regulators, and private investors. 

Various difficulties were encountered when disassembling the Nissan Leaf (gen 1) EV LIB 

pouch cell. The most significant was the loss of linear carbonates due to vaporisation. 

Preliminary work was initiated to create a process enabling the LIB pouch cell to be exposed 

to the supercritical carbon dioxide technique in its entirety. In theory, this would enable the 

extraction of the electrolyte component from the LIB pouch cell without encountering the mass 

losses associated with the vaporisation of linear carbonates. Initial thoughts suggest that the 

application of a larger vessel and an internal cutting mechanism to expose the pouch cell before 

pressurising the HPV could potentially offer a viable solution. 

The recycling of spent LIBs has been widely studied and implemented; substantial progress has 

been accomplished in recycling of the electrodes and current collectors. However, the attention 

and interest in EOL LIB electrolyte recovery falls short at both research and industrial levels. 
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Improper disposal of spent LIBs, especially the aged organic electrolyte, can cause severe 

environmental pollution and threats to human health [4]. 

The following phase of research must address the recovery of end-of-life LIB electrolyte 

material. It is hoped that the findings from this research thesis have made an informative and 

valuable contribution towards achieving this critical objective. 
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A1: Databank of Compounds  

 

 

 

 

 

 

 

 

 

 

Name Dimethyl carbonate (DMC) Ethyl methyl carbonate (EMC) 

   

Common name Carbonic acid dimethyl ester Carbonic acid ethyl methyl ester 

   

CAS number 616-38-6 623-53-0 

   

Molecular formula C3H6O3 C4H8O3 

   

Molecular weight (g/mol) 90.08 104.11 

   

Density (g/cm3) 1.279 1.012 

   

Boiling point (K) 363.11 380.65 

   

Melting point (K) 277.06 259.15 

   

Flash point (K) 335.25 297.05 

   

Vapour pressure (Kpa) 5.3 (293.15 K) 3.9 (298.15) 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Ethylene carbonate (EC) Propylene carbonate (PC) 

   

Common name 1,3-dioxolane-2-one 4-methyl-1,3-dioxolan-2-one 

   

CAS number 96-49-1 108-32-7 

   

Molecular formula C3H4O3 C4H6O3 

   

Molecular weight (g/mol) 88.06 102.09 

   

Density (g/cm3) 1.321 1.205 

   

Boiling point (K) 521.35 514.85 

   

Melting point (K) 309.55 223.95 

   

Flash point (K) 425.0 405.0 

   

Vapour pressure (Kpa) 0.0013 (293.15 K) 0.0027 (293.15 K) 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Name Diethyl carbonate (DEC) 

  

Common name Carbonic acid diethyl ester 

  

CAS number 105-58-8 

  

Molecular formula C5H10O3 

  

Molecular weight (g/mol) 118.13 

  

Density (g/cm3) 1.217 

  

Boiling point (K) 398.15 

  

Melting point (K) 230.15 

  

Flash point (K) 298.15 

  

Vapour pressure (Kpa) 1.066 (293.15 K) 
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A2: Calibration of Thermocouples 

The thermocouples installed in the various experimental rigs were calibrated over a range of 

temperatures, between -5°C – 60°C. Thermocouples were placed in a circulating water bath 

and a recirculating glycol chiller (temperature dependent). The temperature was measured 

using an RS Pro RS51 wired digital thermometer capable of measuring temperatures between 

-30°C to 250°C. The calibration results for each thermocouple are tabulated below in Table 

A.2-1. 

Table A.2-1: Calibration of thermocouples  

Chapter Thermocouple 
Calibration 

Temperature (°C)  

Recorded 

Temperature (°C) 
Deviation (°C) Deviation (%) 

      

4/6 TI-01 -10 -10.3 -0.3 3.0 

  30 29.9 -0.1 0.3 

  70 69.9 -0.1 0.1 

      

4/6 HE-01 -10 -10.4 -0.4 4.0 

  30 30.1 +0.1 0.3 

  70 70.2 +0.2 0.3 

      

4/6 HE-02 -10 -9.8 +0.2 2.0 

  30 29.8 -0.2 0.7 

  70 70.1 +0.1 0.1 

      

5 TI-01 -10 -10.3 -0.3 3.0 

  30 30.1 +0.1 0.3 

  70 70.1 +0.1 0.1 

      

      
aStandard uncertainties are u(T) = 0.1 K 

 

 

 

 

 

 

 

 

 



 

 

A3: Determination of the Equilibrium Duration 

An investigation was conducted to determine the equilibrium time of the EC component in 

carbon dioxide. The experiment was carried out at an operational temperature of 328.2 K and a 

system pressure of 11.7 MPa. The vapour phase was sampled as detailed in Chapter 4: 

Solubility Measurements of LIB Electrolyte Components in Carbon Dioxide, 4.3.2.5 Solute 

collection and depressurisation. The solubility was determined across several time intervals to 

establish the duration at which the CO2 + EC system reaches equilibrium.  

Solubility data has been tabulated and plotted in Table A.3-1 and Figure A.3-1, respectively, 

as a function of time.  

Table A.3-1: Determination of equilibrium time for the binary system, CO2 + ECa. 

Temperature (K) Pressure (MPa) Time interval (hours) Solubility (g/g) 

    

328.3 11.7 1 0.001214 

    

328.2 11.6 2 0.002453 

    

328.3 11.6 4 0.003538 

    

328.3 11.7 8 0.003972 

    

328.1 11.6 16 0.004021 

    

    
aStandard uncertainties are u(T) = 0.1 K, u(P) = 0.01 MPa 

 

 

 

 

 

 

 

 

 



 

 

 

Figure A.3-1: Solubility of CO2 + EC binary system as a function of time. 

 

In Figure A.3-1 it can be observed that the solubility of EC in carbon dioxide starts to stabilise 

between 6-10 hours. Based on this preliminary investigation, the equilibrium was allowed to 

equalise for at least 10 hours. However, due to the long time required for equilibrium, the system 

was left overnight, allowing for a total of 16 hours for equilibrium. Since, EC is a solid at room 

temperature, its dissolution is less than that of DMC and EMC. Therefore, the same time 

interval was given to all systems to ensure that they reached equilibrium.  
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A4: System Pressure Drop Between Samplings 

After the system reached an equilibrium state, vapour samples were taken through the sampling 

loop. It was observed that the associated pressure drops caused by the sampling were minimal 

and did not exceed 1.2% of the total system pressure. In most cases, the samples did not 

noticeably affect the system pressure, and the depressurisation observed was less than 0.01 

MPa, which is the smallest denomination of the HPV internal pressure indicator. However, all 

samples that did exceed this pressure were recorded. Figure A4-1 shows the recorded pressure 

drops caused by the sampling, plotted against the system pressure.  

 

 

Figure A4-1: Sampling pressure drop as a function of system pressure. 

(●) 298.2 K, (●) 313.2 K, (●) 328.2 K. 
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A5: Optimisation of Flowrate 

 

Table A5-1: The influence of dynamic flowrate of carbon dioxide on the extraction yield of 

artificial LIB electrolyte. From 1.5 g of sample at conditions of 6.0 MPa and 313.2 K. 
 

Flowrate (L/min) 𝐕 (𝐋) 𝐞𝐢𝐧𝐢𝐭𝐚𝐥  (g) 𝐞𝐟𝐢𝐧𝐚𝐥 (g) 
Extraction yield 

(%) 
𝐒 (𝐠/𝐦𝐥)  

1 2 3 Avg      

         

0.55 0.57 0.55 0.56 19.7 

 
1.564 0.126 8.1 6.40 

 

llfgffllll 
         

0.54 0.58 0.55 0.56 19.1 

 
1.514 0.097 6.4 5.08 

         

1.03 1.04 1.04 1.04 32.8 

 
1.669 0.194 11.6 5.91 

         

1.04 1.03 0.99 1.02 32.9 

 
1.536 0.226 14.7 6.85 

         

2.01 2.03 2.05 2.03 63.1 

 
1.524 0.337 22.1 6.42 

         

2.03 2.10 2.07 2.07 64.5 

 
1.513 0.309 20.4 4.79 

         

2.52 2.55 2.53 2.53 80.1 

 
1.538 0.387 25.2 4.83 

         

2.47 2.51 2.51 2.50 77.4 

 
1.515 0.415 27.4 5.36 

         

3.06 3.04 3.07 3.06 95.0 

 
1.517 0.332 21.9 3.49 

         

3.04 3.10 3.07 3.07 96.6 

 

1.522 0.370 24.3 3.83 

         

3.52 3.54 3.59 3.55 107.0 

 
1.523 0.334 21.9 3.12 

         

3.52 3.50 3.48 3.50 105.2 

 

1.543 0.302 19.6 2.87 

         

4.45 4.53 4.51 4.50 137.1 

 
1.527 0.283 18.5 2.07 

         

4.52 4.38 4.42 4.44 138.8 

 
1.518 0.319 21.0 2.30 

         

Standard uncertainties are u(Q̇) = 0.01 L, u(m) = 0.01 mg. t = 30 minutes.                                                                                                        

 

 

 

 

 



 

 

A6: Design of Experiments (DOE) 

 

 

Figure A6-1: Normal plot of effects from the DOE of the extraction of artificial LIB 

electrolyte, as presented in Table 5-4. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure A6-2: Pareto chart of effects from the DOE of the extraction of artificial LIB 

electrolyte, as presented in Table 5-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

A7: GC-TCD Chromatogram of Nissan Leaf LIB Pouch Cell 

 

Figure A7-1: GC-TCD chromatogram of Nissan Leaf EV LIB pouch cell electrolyte. 
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A8: NMR Frequency Table 

Table A8-1: NMR Frequencies vs. Bruker Field Strengths.



 

 

A9: NMR Field Blank Spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A9-1: 19F NMR field blank spectrum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A9-2: 31P NMR field blank spectrum. 
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A10: NMR Spectroscopy of Pure and Recovered LIB Pouch Cell Electrolyte 

 

 

Figure A10-1: 31P NMR of Nissan Leaf EV LIB pouch cell electrolyte; 1) solvent extracted 

LIB electrolyte, 2) SCF extracted LIB electrolyte, 3) Pure LIB electrolyte. 



 

 

 A11: Supelco ICP Multi-Element Standard Solution IV Certificate of Analysis 



 

 

 

 



 

 

A12: ICP-OES Calibration Plots 
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A13: Perkin Elmer ICP-OES Limit of Detection (LOD) 

 



 

 

A14: ICP-OES of Pure and Recovered LIB Pouch Cell Electrolyte 

Table A12-1: Elemental concentration (mg/L). 

 

 

 Table A12-2: Elemental concentration (mg/L). 

 

 

Where; 1 – represents pure LIB electrolyte taken from the Nissan Leaf (gen 1) pouch cell during disassembly, 2 – represents pure LIB electrolyte recovered from the 

Nissan Leaf (gen 1) pouch cell anode using the solvent extraction technique, 3 – represents pure LIB electrolyte taken from the Nissan Leaf (gen 1) pouch cell anode 

using the pressurised carbon dioxide extraction technique. 

 Ag Al B Ba Ca Cd Co Cr Cu Fe Ga 

            
1 0.1990181 0.1278049 1.4246769 0.0273678 0.0688632 0.0157243 0.0242203 0.0520638 1.7166750 0.2401982 0.0205235 

            

2 0.0061845 0.0462646 0.3782112 0.0014401 0.0226899 0.0012160 0.0034268 0.0061696 1.8988342 0.0315477 0.0039482 

            

3 0.0025406 0.0038319 0.1736579 0.0008172 0.0143714 0.0006427 0.0031764 0.0027126 0.0812953 0.0170646 0.0039421 

            

            

 In K Li Mg Mn Na Ni Pb Ti Zn 

           

1 0.0254059 -0.0084281 5.2915574 0.0090752 0.0347456 0.1591895 0.0355660 0.0166489 0.0008604 0.0184658 

           

2 0.0014008 0.0213580 5.5157461 0.0026860 0.0101792 0.1781034 0.0079070 0.0064896 -0.0001155 0.0099762 

           

3 0.0008509 -0.1436312 0.0081444 0.0008043 0.0037492 -0.1061499 0.0044952 0.0037892 -0.0005172 0.0070432 

           

           



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


