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Abstract 
 

The increasing demand for efficient and sustainable acid gas removal technologies has stimulated the 

development of alternative absorbents with enhanced chemical properties. Among these, 

tetramethylguanidineïimidazole ionic liquids (ILs) have emerged as promising candidates for 

reactive SO  capture. Their successful industrial implementation, however, requires a thorough 

understanding of their thermal stability and physicochemical behaviour. 

In this work, the thermal behaviour of the complete synthesis pathway was systematically 

investigated through calorimetric analyses of the individual reactants, binary and ternary mixtures, 

and the synthesized ionic liquids. An integrated methodology combining thermal, pressure, 

thermodynamic and statistical analyses was developed to distinguish physical phenomena from 

degradation and decomposition processes in complex reactive systems. The results indicate that 

ethanol primarily influences the thermal response through physical effects, including evaporation, 

pressure evolution and heat transfer, rather than through direct participation in the decomposition 

mechanism. Furthermore, ionic-liquid formation promotes a gradual transition from localized 

decomposition towards more distributed degradation behaviour. 

The synthesized ionic liquids were further characterized by FTIR spectroscopy together with density, 

viscosity, heat capacity and electrical conductivity measurements. The obtained results provide new 

insight into the thermal behaviour of tetramethylguanidine-based ionic liquids and establish a 

methodological framework for their future optimization, scale-up and safe implementation in 

emerging SO  capture technologies. 
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Introduction 

The removal of acid gases represents one of the major challenges in modern chemical and process 

industries, driven by increasingly stringent environmental regulations and the growing demand for 

more sustainable industrial processes. Efficient gas purification is essential not only to reduce 

atmospheric emissions but also to improve process performance, protect process equipment, and 

ensure compliance with current environmental standards. Although several technologies for acid gas 

removal have reached a high level of industrial maturity, the continuous search for higher efficiency, 

reduced environmental impact, and lower operating costs has stimulated the development of 

innovative absorbent materials. 

Among the most promising alternatives, ionic liquids have attracted considerable attention owing to 

their negligible vapour pressure, wide liquid operating range, and the possibility of tailoring their 

physicochemical properties through an appropriate selection of cations and anions. These 

characteristics have promoted their investigation for a wide range of gas separation processes, 

including the reactive capture of sulphur dioxide (SO ). Compared with conventional flue-gas 

desulphurization technologies, ionic liquids offer the potential for more compact process 

configurations and reduced regeneration requirements, making them attractive candidates for next-

generation gas treatment systems. 

Despite the growing interest in ionic liquids for SO  capture, their industrial implementation requires 

a comprehensive understanding of their physicochemical behaviour under realistic operating 

conditions. While considerable research has focused on absorption performance, reaction 

mechanisms, and equilibrium properties, significantly less attention has been devoted to thermal 

stability and thermal safety. These aspects are particularly important for reactive absorbents, since 

degradation or decomposition phenomena may affect solvent lifetime, process operability, 

regeneration strategies, and, ultimately, the safe scale-up of the technology. In particular, studies 

simultaneously addressing both the physicochemical characterization and the thermal behaviour of 

tetramethylguanidine-based ionic liquids remain relatively limited in the available literature. 

Within this framework, the present work investigates a tetramethylguanidineïimidazole ionic liquid 

proposed for reactive SO  capture. Two alternative synthesis routes, namely a conventional solvent-

assisted procedure and a solvent-free approach, were investigated and compared in order to evaluate 

the influence of the synthesis method and residual ethanol on the properties of the resulting ionic 

liquid. Particular attention was devoted to the characterization of the thermal behaviour through 

calorimetric techniques, with the aim of identifying degradation and decomposition phenomena, 

evaluating the associated thermal hazards, and determining the principal thermodynamic and apparent 

kinetic parameters governing the observed thermal events. Complementary physicochemical 

characterization, including density, viscosity, heat capacity, electrical conductivity, differential 
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scanning calorimetry (DSC), and Fourier-transform infrared (FTIR) spectroscopy, was performed to 

validate the synthesis procedures, assess the influence of the two preparation routes, and support the 

interpretation of the observed thermal behaviour. 

Beyond the characterization of the final ionic liquids, the thermal behaviour of the individual reactants 

and intermediate reactive mixtures was also systematically investigated. This progressive approach 

made it possible to distinguish the individual contributions of the different components, clarify the 

role of residual ethanol on the thermal response of the system, and establish a coherent interpretation 

of the degradation and decomposition phenomena observed throughout the study. 

The thesis is organized as follows. Chapter 1 reviews the current state of the art concerning acid gas 

removal technologies, with particular emphasis on sulphur dioxide capture and the application of 

ionic liquids as alternative absorbents. Chapter 2 presents the theoretical background related to 

thermal stability, thermal hazard assessment, and the calorimetric techniques employed in this work. 

Chapter 3 describes the materials, synthesis procedures, experimental methods, and analytical 

approaches adopted throughout the study. Finally, Chapter 4 presents and discusses the experimental 

results, highlighting the influence of synthesis conditions and composition on the physicochemical 

properties, thermal behaviour, and thermal safety of the investigated systems, together with their 

implications for the future industrial implementation of tetramethylguanidine-based ionic liquids for 

SO  capture. 
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Chapter 1 

Sulphur Dioxide Capture and Ionic Liquid 

Systems 

This chapter provides the background necessary to frame the present work on ionic liquids for acid 

gas capture. After introducing the main classes of acid gases and their industrial relevance, the most 

established capture technologies are reviewed, with particular emphasis on absorption-based 

processes and conventional amine systems. 

Ionic liquids are then presented as promising alternative absorbents owing to their tunable properties 

and potential advantages in gas separation applications. Particular attention is given to thermal 

stability, which represents a critical aspect for their practical implementation. 

1.1 Acid gases 

Acid gases represent one of the major classes of atmospheric pollutants associated with industrial 

activities and energy production processes. Their environmental impact and increasingly stringent 

regulations have driven significant research efforts toward the development of efficient capture and 

mitigation technologies. This chapter provides a general overview of acid gases, their main sources, 

and environmental implications, with particular focus on sulphur dioxide and its removal strategies. 

1.1.1 Overview of acid gases in industrial systems 

Acid gases are gaseous compounds capable of generating acidic species when dissolved in water or 

atmospheric moisture. The most relevant acid gases in industrial applications are carbon oxides 

(mainly CO ), sulphur-containing compounds such as H S and SO , and nitrogen oxides (NO ). These 

species are widely encountered in several industrial sectors, including natural gas processing, 

petroleum refining, combustion systems, syngas production, chemical manufacturing, and waste 

treatment processes [1].  

Sulphur- and nitrogen-containing compounds are among the primary contributors to atmospheric 

pollution phenomena. In addition to environmental impact, many acid gases exhibit high toxicity and 

corrosiveness. From a process engineering perspective, the removal of acid gases is often necessary 

to satisfy environmental regulations, ensure process safety, prevent material degradation, and meet 

product purity specifications. For this reason, acid gas treatment technologies play a central role in 

modern industrial plants, particularly in gas purification and separation processes. 

The physical and chemical behaviour of acid gases strongly depends on operating conditions such as 

temperature, pressure, composition, and the presence of reactive or absorbent media. Their interaction 
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with solvents and absorbent materials, therefore, represents a key aspect in the design and 

optimization of industrial capture systems. Among the available technologies, absorption-based 

processes currently represent the most established industrial solution for acid gas removal, 

particularly when combined with reactive solvents. 

1.1.2 Industrial sources of acid gases 

Acid gases are generated in a wide range of industrial sectors and process configurations, often as 

unavoidable by-products of fuel processing, combustion, and chemical conversion operations. Their 

presence is particularly relevant in hydrocarbon processing, energy production, and synthesis gas 

generation, where environmental regulations and process requirements impose strict limitations on 

contaminant concentrations in gaseous streams. 

Natural gas processing represents one of the major industrial contexts in which acid gas removal is 

required. Natural gas streams frequently contain contaminants such as carbon dioxide (CO ) and 

hydrogen sulphide (H S), whose removal is necessary to prevent corrosion, ensure process safety, 

and meet transportation specifications. 

Acid gases are also generated during synthesis gas (syngas) production and related chemical 

manufacturing processes. In these applications, gas purification is required to improve process 

efficiency and protect downstream catalysts from poisoning by sulphur-containing compounds. 

From the perspective of atmospheric emissions, combustion and power generation systems represent 

one of the most important sources of acid gases. Flue gases produced by combustion processes 

typically contain carbon dioxide together with sulphur oxides (SO) and nitrogen oxides (NO ), 

depending on fuel composition and operating conditions. Consequently, gas treatment technologies 

are essential not only for emission control but also for ensuring process safety and long-term industrial 

performance [1]. Table 1.1 summarizes representative industrial sources and the main acid gas species 

associated with each application. 

Table 1.1:ЮMain industrial sources and corresponding acid gas species. Adapted from [1]. 

Industrial source Main acid gases/species 

Natural gas processing CO , H S 

Refinery and LNG systems CO , sulphur-containing compounds 

Combustion systems CO , SO , NO 

Syngas production CO , sulphur species 
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1.1.3 Environmental, operational, and safety impacts 

The industrial sectors discussed in the previous section generate acid gases that may significantly 

affect process performance, equipment reliability, environmental sustainability, and occupational 

safety.  

Among the various acid gases encountered in industrial applications, particular attention is devoted 

in this work to sulphur dioxide (SO ), owing to its widespread presence in combustion-derived flue 

gases and its significant environmental and health impacts. Although the present work focuses on 

SO , other acid gases such as carbon dioxide (CO ) and hydrogen sulphide (H S) are also relevant in 

industrial gas treatment. In the presence of water, species such as CO , H S, and other sulphur-

containing compounds may generate corrosive environments capable of damaging pipelines, vessels, 

heat exchangers, and process equipment. In addition, sulphur-containing contaminants may promote 

fouling phenomena and catalyst poisoning in downstream processing units. 
Hydrogen sulphide represents one of the most critical acid gases from a safety perspective because 

of its high toxicity. Exposure above typical occupational limits (å10 ppmv) may already cause 

significant health effects, whereas concentrations approaching 100 ppmv are generally considered 

highly hazardous. In addition, H S may induce olfactory fatigue, making odour an unreliable indicator 

of exposure. Consequently, industrial facilities handling H S-containing streams require strict safety 

procedures and continuous monitoring systems. 

Although carbon dioxide is considerably less toxic than H S, high CO  concentrations may reduce 

fuel quality and create asphyxiation hazards in confined environments. Consequently, CO  removal 

is often required in industrial gas treatment processes. 

Beyond operational and industrial concerns, acid gases also represent major environmental pollutants. 

Sulphur oxides (SO ) and nitrogen oxides (NO ) contribute significantly to atmospheric pollution 

phenomena such as acid rain, photochemical smog, and secondary particulate formation, whereas 

carbon dioxide is one of the primary greenhouse gases associated with global warming and climate 

change. Long-term exposure to polluted air has been associated with respiratory diseases, 

cardiovascular complications, and environmental degradation, particularly in highly industrialized 

areas. 

As environmental regulations have progressively become more stringent, the control and removal of 

acid gases have become essential across a wide range of industrial sectors, particularly in refining, 

chemical manufacturing, and power generation systems. Consequently, the development of efficient 

gas treatment technologies and advanced acid gas capture materials represents a fundamental aspect 

of modern chemical and process industries. Large quantities of SO  are generated during the 

combustion of sulphur-containing fossil fuels such as coal and heavy fuel oils, as well as during 

refinery operations, metallurgical activities, sulphur recovery processes, and several high-temperature 

industrial operations. In industrialized countries, electricity generation from coal- and oil-fired power 
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plants has historically represented one of the major anthropogenic sources of sulphur dioxide 

emissions. 

The sulphur content of fuels can vary significantly depending on their origin and composition. Natural 

gas generally contains very limited sulphur concentrations after upstream purification, whereas 

industrial fuel oils may contain approximately 0.5ï3 wt% sulphur, and coal can contain sulphur 

concentrations ranging from approximately 0.3% up to 4 wt%. During combustion, sulphur-

containing species are oxidized, leading primarily to sulphur dioxide formation. Consequently, 

combustion-derived flue gases typically contain SO  together with nitrogen, carbon dioxide, water 

vapour, residual oxygen, nitrogen oxides (NO ), and particulate matter [4]. Following atmospheric 

oxidation, sulphur dioxide can be converted into sulphur trioxide (SO ), which subsequently reacts 

with atmospheric moisture to generate sulphuric acid species. The formation of sulphuric acid 

aerosols contributes to the acidification of soils and water bodies, damage to forests and vegetation, 

deterioration of aquatic ecosystems, and corrosion of buildings and industrial infrastructure. In 

addition, sulphur dioxide contributes to secondary particulate matter formation and atmospheric haze, 

significantly affecting air quality, particularly in densely industrialized and urbanized regions. 

Table 1.2: Typical occupational exposure limits and emergency exposure guidelines for sulphur dioxide (SO ). Adapted 

from [2]. 

Sulphur dioxide also represents an important health hazard. Exposure to elevated SO  concentrations 

may cause irritation of the respiratory tract, bronchoconstriction, pulmonary irritation, coughing, and 

aggravation of cardiovascular and respiratory diseases. Long-term exposure has been associated with 

chronic respiratory disorders and reduced pulmonary function, especially in sensitive individuals such 

as children, elderly people, and subjects affected by asthma or pulmonary diseases. Typical 

occupational exposure limits for SO  are generally on the order of a few ppm, while concentrations 

approaching approximately 100 ppm are considered immediately dangerous to life or health under 

  Definition SO  Limit Value 

OSHA PELïTWA Permissible exposure limit averaged over an 8-hour working shift 5 ppm (13 mg/mį) 

NIOSH RELïTWA Recommended exposure limit averaged over a work shift 2 ppm (5 mg/mį) 

STEL Short-term exposure limit 5 ppm 

IDLH Immediately dangerous to life or health concentration 100 ppm 

ERPGï1 
Maximum concentration below which mild transient effects are expected 

after 1 h exposure 
0.3 ppm 

ERPGï2 
Maximum concentration below which no serious or irreversible effects are 

expected after 1 h exposure 
3 ppm 

ERPGï3 
Maximum concentration below which life-threatening effects are not 

expected after 1 h exposure 
25 ppm 
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prolonged exposure conditions. Several occupational exposure limits and emergency guideline values 

have been established for sulphur dioxide to define acceptable concentrations during routine 

operation and accidental release scenarios. The main exposure thresholds commonly adopted for SO  

are summarized in Table 1.2. 

Increasingly stringent emission regulations have driven growing interest in sulphur dioxide control 

and flue gas treatment technologies. From a process engineering perspective, SO  is particularly 

relevant because of its strong interaction with absorbent materials and treating solvents. Compared to 

CO , sulphur dioxide generally exhibits significantly higher solubility and stronger chemical affinity 

toward alkaline and amine-based absorbents. While this behaviour may improve capture efficiency, 

it may also promote solvent consumption, degradation phenomena, and formation of sulphite- and 

sulphate-containing species, progressively affecting solvent performance and regeneration capability. 

These aspects become particularly important in absorption-based gas treatment systems, where 

solvent stability and regeneration efficiency represent critical factors for industrial applicability. 

Consequently, the development of alternative absorbent systems characterized by improved chemical 

and thermal stability has become an important research area in sulphur dioxide capture and acid gas 

treatment technologies [1] [3] [4]. 

1.2 Capture processes and materials 

Following the overview of acid gases and sulphur dioxide characteristics presented in the previous 

chapter, the focus is shifted toward the technologies and materials employed for their removal. 

Different capture approaches have been developed depending on process requirements, target species, 

and operating conditions, leading to the investigation of both conventional absorbents and emerging 

alternatives. This chapter introduces the main capture processes and materials employed for acid gas 

removal, providing the basis for the subsequent discussion on ionic liquids and their potential 

application for sulphur dioxide capture. 

1.2.1 Overview of acid gas removal technologies 

The removal of acid gases from industrial gas streams represents a fundamental operation in many 

industrial sectors, including refining, chemical manufacturing, and flue gas treatment systems. The 

necessity for gas purification originates from a combination of environmental regulations, product 

quality specifications, equipment protection requirements, operational safety, and downstream 

process compatibility. Depending on the origin of the gas stream and the target application, acid gas 

treatment may involve the removal of carbon dioxide, hydrogen sulphide, sulphur-containing 

compounds, and, in combustion-derived streams, sulphur oxides and nitrogen oxides. Acid gas 

purification technologies can be classified according to the separation mechanism and operating 

principle employed. Depending on the gas composition, process conditions, and required separation 

performance, different approaches may be adopted, ranging from absorption-based systems to 
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adsorption, membrane, cryogenic, and biological processes. The main acid gas removal technologies 

and their classification are summarized in Figure 1.1. 

Among the available technologies reported in Figure 1.1, absorption-based systems currently 

represent the dominant industrial solution because of their high versatility, relatively mature 

technological development, and ability to achieve stringent purification specifications [4]. In 

particular, solvent absorption processes can be divided into physical absorption and chemical 

absorption systems. Physical solvents remove acid gases mainly through dissolution phenomena and 

are generally favoured at relatively high acid gas partial pressures. Under these conditions, the 

solubility of the acid gas becomes sufficiently high to enable efficient separation with relatively low 

regeneration energy requirements. However, physical solvents are generally less effective at 

achieving very deep purification levels and may present higher co-absorption of heavier 

hydrocarbons. Chemical absorption systems, on the other hand, rely on reversible chemical 

interactions between the absorbent and the acid gas species. Because of these reactions, chemical 

solvents are capable of achieving significantly lower residual acid gas concentrations even at 

relatively low partial pressures. This is because the chemical reaction continuously consumes the 

dissolved free acid gas species, reducing its concentration in the liquid phase and shifting the 

dissolution equilibrium. As a consequence, the driving force for mass transfer can be maintained at 

higher values, allowing increased absorption capacity and deeper purification compared with purely 

physical absorption processes. For this reason, chemical absorption technologies have become one of 

the most widely adopted approaches for acid gas removal in industrial applications. The choice 

between physical and chemical solvents strongly depends on the operating pressure, acid gas 

concentration, required outlet specifications, and process economics. In general, relatively high acid 

Figure 1.1:ЮClassification of the main acid gas removal technologies. Reproduced from [4]. 
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gas partial pressures favour physical solvents, whereas lower partial pressures and stricter purification 

requirements favour chemical absorption systems. Consequently, the choice between physical and 

chemical absorption systems can be schematically represented according to the acid gas partial 

pressure range, as shown in Figure 1.2Ю 

Figure 1.2 summarizes the applicability range of the main acid gas removal technologies according 

to inlet and outlet acid gas partial pressure conditions. Besides physical and chemical absorption 

systems, the diagram also highlights the operating regions associated with alternative technologies, 

including adsorption systems, molecular sieves, membranes, and hot potassium carbonate processes, 

depending on process requirements and target outlet specifications.  

Among the available technologies, chemical absorption systems based on aqueous alkanolamine 

solutions represent one of the most widely adopted industrial approaches for acid gas removal. 

Amines are particularly attractive because they combine relatively fast absorption kinetics, high 

removal efficiency, reversible reaction mechanisms, and well-established industrial operability [4]. 

1.2.2 Chemical absorption and amine-based systems 

Amines are organic compounds derived from ammonia through the substitution of one or more 

hydrogen atoms with hydrocarbon groups. Depending on the degree of substitution, amines are 

classified as primary, secondary, or tertiary amines. This structural difference strongly affects their 

reactivity, selectivity, absorption kinetics, and regeneration behaviour. A simplified process flow 

diagram of a conventional amine absorption unit is shown in Figure 1.3. 

Figure 1.2:ЮSelection of absorption technologies according to acid gas partial pressure and separation requirements. 

Reproduced from [4]. 
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Considering the process scheme reported in Figure 1.3, the sour gas stream (i.e., stream that contains 

significant amounts of toxic and corrosive compounds, mainly CO2 and H2S, to be removed) enters 

the absorber column, where acid gases are selectively absorbed by the downward-flowing lean amine 

solution. The treated sweet gas (i.e., the treated gas stream) exits from the top of the contactor, while 

the rich amine stream leaving the bottom is sent to the regeneration section. After pressure reduction 

in the flash tank and heat recovery through the leanïrich heat exchanger, the rich amine enters the 

stripper column, where thermal desorption releases the absorbed acid gases. The regenerated lean 

amine is subsequently cooled and recycled back to the absorber. Additional process units, such as 

filters, charcoal beds, and reclaimers, are commonly employed to reduce solvent degradation, remove 

contaminants, and maintain long-term solvent performance. 

In industrial gas treatment applications, amines are generally employed as aqueous alkanolamine 

solutions at concentrations typically ranging between approximately 15 and 50 wt%. The presence of 

hydroxyl groups in alkanolamines reduces solvent volatility and improves handling and process 

operability. Among the most employed solvents are monoethanolamine (MEA), diethanolamine 

(DEA), methyldiethanolamine (MDEA), diglycolamine (DGA), and several proprietary formulated 

blends. The removal of acid gases through amine-based systems occurs through a combination of 

physical absorption and chemical reaction mechanisms. Initially, the acid gas dissolves into the liquid 

phase, followed by acidïbase reactions between the dissolved species and the amine molecules. These 

reactions are generally exothermic and reversible, allowing solvent regeneration through thermal 

desorption and pressure reduction. The following reactions schematically represent the main 

absorption mechanisms occurring in amine-based systems and are generally applicable to 

alkanolamine solvents, although reaction pathways and kinetics may vary depending on the specific 

Figure 1.3: Typical industrial amine-based gas sweetening process. Reproduced from [4]. 
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amine structure. Hydrogen sulphide reacts rapidly with primary, secondary, and tertiary amines 

through proton-transfer mechanisms, leading to the formation of soluble amine hydrosulphide 

species, as reported in Equation 1.1. Then, carbon dioxide absorption is more complex and may 

proceed through different mechanisms depending on the amine structure. In tertiary amines, CO  

absorption mainly occurs through bicarbonate formation, as specified in Equation 1.2. Eventually, 

primary and secondary amines may additionally react through carbamate formation mechanisms, 

which generally provide faster CO  absorption kinetics (Equation 1.3). For clarity, carbamate 

formation requires the presence of a reactive hydrogen atom and therefore mainly occurs with primary 

and secondary amines. 

Ὑὔ ὌὛᵶὙὔὌ ὌὛ  (1.1) 

ὅὕ Ὄὕ ὙὔᵶὙὔὌ Ὄὅὕ  (1.2) 

ὅὕ ςὙὔὌᵶὙὔὌ Ὑὔὅὕὕ  (1.3) 

These differences in reaction mechanisms (Equations from 1.1 to 1.3) strongly influence solvent 

performance and process selectivity. Primary amines such as MEA are highly reactive and capable of 

achieving deep purification levels, making them suitable for applications requiring extensive CO  and 

H S removal. However, they are also associated with relatively high regeneration energy 

requirements, higher corrosion tendencies, solvent losses due to volatility, and irreversible 

degradation reactions with sulphur-containing contaminants such as COS and CS . Tertiary amines 

such as MDEA generally exhibit lower regeneration energy demand and improved selectivity toward 

H S removal because CO  absorption proceeds through slower bicarbonate formation mechanisms. 

This behaviour allows partial CO  slip while maintaining efficient H S capture. Consequently, 

MDEA-based systems are widely employed in industrial acid gas treatment applications because of 

their favourable selectivity and regeneration characteristics. Formulated amine blends, often based 

on MDEA combined with activators such as piperazine, have also been developed to improve CO  

absorption kinetics while maintaining favourable regeneration characteristics. Piperazine is one of 

the most widely used activators in formulated amine systems because of its rapid reaction kinetics 

with acid gases. In particular, the addition of piperazine can significantly enhance CO  absorption 

rates, allowing MDEA-based solvents to combine improved mass-transfer performance with the 

relatively low regeneration energy requirements characteristic of tertiary amines. Based on these 

differences in reaction pathways and operating behaviour, amine solvents exhibit distinct 

performances in terms of absorption capacity, regeneration energy demand, and selectivity. A 

comparison of the most used amines for industrial acid gas treatment is presented in Table 1.3.  
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Table 1.3: Characteristics and performance comparison of commonly used amines for acid gas absorption processes. 

Adapted from [4]. 

The difference between rich and lean acid gas loading represents the effective working capacity of 

the solvent and strongly affects solvent circulation rate, regeneration energy requirements, and overall 

process efficiency. Owing to the different reaction mechanisms and operating characteristics 

discussed above, amine solvents exhibit distinct performances in terms of absorption capacity, 

selectivity, and regeneration behaviour. These aspects, together with the operational challenges 

associated with industrial amine units, are discussed in the following section [4]. 

1.2.3 Limitations and operational challenges of amine systems 

Despite their widespread industrial adoption, amine-based systems present several operational 

limitations that may progressively affect solvent stability, process efficiency, and long-term 

operability. One of the most important issues is the formation of degradation products and heat-stable 

salts (HSS). Amines may react irreversibly with carbon dioxide, oxygen, and sulphur-containing 

contaminants, generating organic acids and non-regenerable species that accumulate within the 

solvent solution. The presence of HSS alters solvent composition and may promote fouling, foaming, 

solvent losses, and reduced absorption performance. In industrial facilities, these contaminants are 

commonly removed through reclaiming operations, which typically involve the treatment of a 

slipstream corresponding to approximately 1ï3% of the circulating amine flow [4]. 

Corrosion represents another major challenge in amine treating units. Corrosion severity is influenced 

by amine concentration, oxygen contamination, acid gas loading, and the concentration of 

degradation products and HSS. Highly loaded amine solutions generally promote more aggressive 

corrosive environments because of the increased concentration of dissolved acidic species. 

Particularly severe corrosion may develop in absorber bottoms, rich amine sections, and regeneration 

Amine Type 

Typical rich 

loading 

(mol/mol) 

Typical lean 

loading 

(mol/mol) 

Regeneration 

energy 
Main advantages Main limitations 

MEA Primary 0.45ï0.52 ~0.12 High 
High reactivity, deep 

purification 

High regeneration 

energy, corrosion, 

degradation 

DEA Secondary 0.21ï0.81 ~0.01 Moderate 
Good absorption 

capacity 

Moderate 

degradation issues 

MDEA Tertiary 0.21ï0.61 0.005ï0.01 Low 

Low regeneration 

energy, H S 

selectivity 

Slower CO  kinetics 
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systems, where protective oxide or sulphide layers can become unstable under changing operating 

conditions. 

A further limitation of amine systems is the relatively high regeneration energy requirement. Acid gas 

absorption reactions are strongly exothermic, and the absorbed species must subsequently be released 

through thermal regeneration. Consequently, solvents characterized by higher heats of reaction 

generally require larger thermal duties, increasing both operating costs and overall energy 

consumption. For conventional alkanolamine systems, the heat of absorption typically ranges from 

approximately 58 to 88 kJ mol ĭ CO , depending on the solvent structure and reaction mechanism. 

Tertiary amines such as MDEA generally exhibit lower heats of absorption (å58.6 kJ mol ĭ CO ) 

compared with secondary amines such as DEA (å70 kJ mol ĭ CO ) and primary amines such as MEA 

(å87.9 kJ mol ĭ CO ) [5]. These differences directly affect regeneration requirements, as solvents 

characterized by stronger CO  binding generally require higher thermal duties during desorption. In 

industrial post-combustion capture applications, conventional 30 wt% aqueous MEA solutions 

typically exhibit regeneration energy demands in the range of approximately 3.5ï4.0 GJ t ĭ CO , 

making solvent regeneration one of the major contributors to overall process operating costs [5]. 

Although these values are primarily reported for CO  capture systems, they illustrate the intrinsic 

energy penalty associated with amine regeneration, which remains an important consideration for 

acid gas removal processes in general. 

To maintain acceptable long-term performance, industrial amine units require extensive solvent 

management practices. Filtration systems are employed to remove suspended solids and 

contaminants, while activated charcoal beds are commonly used to limit solvent degradation and 

foaming phenomena. Reclaiming operations are also necessary to control the accumulation of HSS 

and degradation products. In addition, proper control of oxygen contamination, solvent concentration, 

makeup water quality, and acid gas loading is essential to ensure stable operating conditions and 

minimize solvent deterioration. 

These limitations become even more significant in sulphur dioxide capture applications, where the 

simultaneous presence of oxygen, water vapour, particulate matter, and combustion-derived 

contaminants may further accelerate degradation phenomena and oxidative instability. Consequently, 

the limitations associated with conventional amine systems motivate the investigation of alternative 

absorbent materials characterized by improved chemical and thermal stability under SO  capture 

conditions [4]. 

1.3 Sulphur dioxide emissions and flue gas treatment 

Sulphur dioxide represents one of the main acid gas pollutants generated during combustion and 

industrial processing activities. Its concentration and treatment requirements strongly depend on the 

origin of the flue gas stream, fuel composition, and process operating conditions. Consequently, 
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several treatment strategies have been developed to reduce sulphur dioxide emissions and comply 

with increasingly stringent environmental regulations. This section provides an overview of sulphur 

dioxide emissions, flue gas characteristics, and the main treatment technologies employed for sulphur 

dioxide removal. 

1.3.1 Sources and environmental impact of SO  emissions 

Sulphur oxide emissions (SO ), particularly sulphur dioxide (SO ), represent one of the major 

atmospheric pollutants associated with fossil fuel combustion and large-scale industrial activities. 

Sulphur emissions originate from both natural and anthropogenic sources. Natural emissions mainly 

include volcanic activity, geothermal emissions, oceans, vegetation, and land emissions, whereas 

anthropogenic emissions are predominantly associated with industrial processes and energy 

production systems based on sulphur-containing fossil fuels. Among anthropogenic sources, 

combustion processes represent the dominant contribution to global SO  emissions. Electricity 

generation from coal- and oil-fired power plants, industrial fuel combustion, metal processing 

industries, refinery operations, and several sulphur-containing chemical production processes all 

contribute significantly to sulphur oxide release into the atmosphere. Power generation systems 

account for the largest fraction of global anthropogenic SO  emissions. The relative contribution of 

the main anthropogenic sectors to sulphur dioxide emissions is summarized in Table 1.4. 

Table 1.4: Summary of the major anthropogenic sources of sulphur dioxide emissions. Reproduced from [6]. 

Emission sources Percentage of emission 

Electricity utility fuel combustion 69.7 

Industrial fuel combustion 13.6 

Metal processing 3.8 

Highway vehicles 3.5 

Other fuel combustion 2.6 

All other sources 6.8 

Table 1.4 highlights the strong predominance of combustion-related sources in anthropogenic sulphur 

dioxide emissions. The concentration of emissions within a limited number of sectors has promoted 

the development and implementation of dedicated sulphur control technologies, particularly for flue 

gas treatment and desulphurization applications. The large-scale use of fossil fuels for energy 

production strongly influences sulphur dioxide emissions because sulphur-containing compounds 

naturally occur in coal, crude oil, and several gaseous fuels. Coal may contain sulphur concentrations 

ranging from less than 1 wt% for low-sulphur coals up to 5 wt% or higher for sulphur-rich coals, 

while crude oils may contain sulphur concentrations between approximately 0.05 and 5 wt%. Sulphur 
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in gaseous fuels is commonly present as hydrogen sulphide (H S) and other organosulphur 

compounds such as thiols, sulphides, disulphides, and thiophenic species. During combustion, 

sulphur-containing compounds are oxidized, leading primarily to sulphur dioxide formation. 

Consequently, combustion-derived flue gases typically contain nitrogen, carbon dioxide, water 

vapour, residual oxygen, sulphur oxides, nitrogen oxides, and particulate matter. Compared with 

natural gas treatment applications, flue gas treatment systems generally operate under significantly 

different conditions, including lower pressure, larger volumetric flow rates, dilute pollutant 

concentrations, and strongly oxidizing environments. A simplified schematic representation of 

sulphur dioxide generation in a coal-fired thermal power plant, together with the preliminary 

particulate removal stage and the resulting flue gas composition [6], is presented in Figure 1.4. 

 

 

 

 

 

 

 

 

 

 

 

 

The diagram in Figure 1.4 highlights the large volumetric flow rates associated with flue gas streams 

together with the relatively dilute sulphur dioxide concentrations generated during combustion. The 

figure also shows the preliminary particulate removal stage through electrostatic precipitation prior 

to atmospheric release. These characteristics distinguish flue gas treatment from conventional natural 

gas purification processes and strongly influence the design and selection of sulphur dioxide control 

technologies. 

Because of the environmental and toxicological impact associated with sulphur dioxide emissions, 

increasingly stringent regulations have driven the development of sulphur control technologies. Best 

Available Techniques (BATs) represent the most effective and advanced industrial techniques 

currently available for preventing or minimizing pollutant emissions while maintaining economically 

and technically viable operation. Within the European regulatory framework, BAT-associated 

emission levels (BAT-AELs) provide reference emission ranges that can be achieved under normal 

operating conditions through the implementation of these techniques [7]. Consequently, BAT-AELs 

Figure 1.4: Schematic representation of sulfur dioxide generation and flue gas composition in a coal-fired thermal 

power plant. Reproduced from [6]. 
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are widely used as benchmarks for evaluating the environmental performance of modern combustion 

systems. Representative BAT-associated emission levels for sulphur dioxide emissions from different 

combustion plant categories are summarized in Table 1.5. 

Table 1.5: Representative BAT-associated emission levels (BAT-AELs) for SO  emissions from large combustion plants 

according to the European LCP BREF (2017). Emission concentrations are expressed as dry flue-gas concentrations 

(mg/Nmį) at 273.15 K and 101.3 kPa. BAT-AEL values refer to yearly average emissions and are corrected to the 

reference oxygen content specified for each combustion system (typically 6 vol% O  for solid-fuel combustion plants, 3 

vol% O  for liquid-fuel-fired boilers, and 15 vol% O  for gas turbines). Adapted from [7] . 

Fuel / Plant type Thermal input (MWth) 
SO  BAT-AEL (mg/Nmį)  

(yearly average) 
Approximate SO  (ppm) 

Coal / lignite <100 150ï200 ~52ï70 

Coal / lignite 100ï300 95ï200 ~33ï70 

Coal / lignite (PC boiler) Ó300 10ï130 ~3.5ï45 

Coal / lignite (fluidised-bed boiler) Ó300 20ï180 ~7ï63 

Solid biomass / peat <100 15ï100 ~5ï35 

Solid biomass / peat 100ï300 10ï70 ~3.5ï24 

Solid biomass / peat Ó300 10ï50 ~3.5ï17 

HFO / gas-oil boilers <300 50ï175 ~17ï61 

HFO / gas-oil boilers Ó300 35ï110 ~12ï38 

Gas-oil gas turbines All sizes 35ï60 ~12ï21 

Reciprocating engines (HFO / gas oil) All sizes 100ï200 ~35ï70 

Chemical industry process fuels Boilers 10ï110 ~3.5ï38 

Sulphur removal strategies may generally be classified into pre-combustion, combustion, and post-

combustion approaches. 

Pre-combustion desulphurization aims to reduce sulphur content in fuels before combustion through 

physical, chemical, or catalytic treatments. However, these approaches are often limited by process 

complexity, incomplete sulphur removal, or economic constraints, particularly in coal-based systems. 

Consequently, post-combustion sulphur removal technologies, commonly referred to as flue gas 

desulphurization (FGD) systems, have become the dominant industrial approach for sulphur dioxide 

emission control in large-scale combustion plants [6][8]. 

1.3.2 Flue Gas Desulphurization Technologies (FGD) 

Several flue gas desulphurization technologies have been developed for sulphur dioxide removal from 

industrial flue gas streams. These technologies differ in terms of operating conditions, sorbent type, 

regeneration strategy, byproduct management, energy consumption, and industrial applicability. 
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Conventionally, FGD systems may be categorized according to sorbent regeneration strategy and 

process configuration (wet or dry systems). Accordingly, FGD technologies are generally divided into 

once-through and regenerable processes, each of which may operate under wet or dry conditions.  

In once-through technologies, the sorbent permanently reacts with sulphur dioxide and is 

subsequently disposed of as a waste or recovered as a stable byproduct, such as gypsum. Conversely, 

regenerable technologies are based on reversible absorption mechanisms, where sulphur dioxide is 

released during solvent regeneration and may subsequently be recovered, concentrated, or converted 

into sulphur-containing products such as sulphuric acid or elemental sulphur. FGD systems may also 

be classified as wet or dry processes. In wet systems, sulphur dioxide removal occurs through contact 

between the flue gas and an aqueous absorbent slurry or solution, generally producing wet byproducts 

and water-saturated outlet gas streams. In dry systems, sulphur dioxide removal occurs through dry 

or semi-dry sorbent injection processes, generating dry solid byproducts and reducing water 

consumption requirements. The previously described classification of flue gas desulphurization 

technologies is summarized schematically in Figure 1.5. 

Among the available technologies, wet once-through systems currently represent the most mature and 

widely adopted industrial solution because of their high sulphur dioxide removal efficiency, large-

scale operating experience, and relatively low sorbent cost. In particular, limestone-based wet 

scrubbing processes have become the dominant industrial benchmark technology for sulphur dioxide 

removal in coal-fired power plants [6]. 

1.3.3 Wet Limestone Flue Gas Desulphurization 

Among wet FGD technologies, limestone forced oxidation (LSFO) systems represent one of the most 

widely adopted industrial solutions for sulphur dioxide removal in coal-fired power plants because of 

their high desulphurization efficiency, operational reliability, and gypsum byproduct generation. Wet 

limestone FGD systems are currently considered the dominant large-scale SO  control technology in 

Figure 1.5: General classification of flue gas desulfurization (FGD) technologies according to process 

configuration and operating approach. Reproduced from [6]. 
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utility power generation applications. The main process units and operating configuration of a 

conventional wet limestone FGD system are schematically illustrated in Figure 1.6. 

 

 

 

 

 

 

 

 

 

In wet limestone flue gas desulphurization systems, sulphur dioxide removal is achieved through 

contact between the flue gas stream and an alkaline aqueous slurry, typically composed of finely 

ground limestone (CaCO ) or lime-based sorbents. The most employed industrial configuration 

consists of a counter-current spray tower absorber, where the upward-flowing flue gas comes into 

intimate contact with the downward-flowing absorbent slurry. Inside the absorber, sulphur dioxide 

dissolves into the aqueous phase and reacts with the alkaline sorbent particles, leading initially to the 

formation of calcium sulphite species. The absorber effluent is subsequently transferred to a reaction 

tank, where oxidation reactions progressively convert calcium sulphite into calcium sulphate 

dihydrate (gypsum). Fresh limestone slurry is continuously supplied to maintain the desired alkalinity 

and sulphur dioxide removal efficiency, while the regenerated slurry is recirculated back to the 

absorber unit. The main reactions involved in the wet limestone desulphurization process may be 

schematically represented as reported in Equations 1.4 to 1.5, respectively. 
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The oxidation of calcium sulfite into gypsum (Equation 1.5) may occur directly inside the reaction 

tank (in situ oxidation) or in a separate oxidation vessel (ex situ oxidation). In limestone forced 

oxidation (LSFO) systems, compressed air is injected into the slurry to promote nearly complete 

sulphite oxidation. This approach significantly improves process stability and minimizes scaling 

phenomena associated with uncontrolled natural oxidation inside the absorber. The resulting gypsum 

byproduct exhibits improved settling and dewatering properties compared to calcium sulphite solids 

Figure 1.6: Simplified process flow diagram of a wet limestone flue gas desulfurization unit. Reproduced from [8]. 
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and may be recovered for commercial applications such as wallboard manufacturing. When 

byproduct recovery is not economically feasible, the gypsum-rich waste stream may alternatively be 

disposed of through landfill or stacking operations. 
Modern LSFO systems can achieve sulphur dioxide removal efficiencies exceeding 95% while 

maintaining high industrial reliability and long-term operational stability. Because of their high 

desulphurization efficiency, reduced scaling tendency, gypsum byproduct generation, and extensive 

commercial maturity, LSFO systems currently represent one of the dominant benchmark technologies 

for large-scale sulphur dioxide removal in coal-fired power plants [6][8]. 

1.3.4 Advantages and Limitations of Wet Limestone FGD 

Despite their extensive industrial adoption and high sulphur dioxide removal efficiency, wet 

limestone systems present several operational and economic limitations. These systems generally 

require large process equipment, significant slurry recirculation rates, elevated water consumption, 

and relatively high auxiliary energy demand associated with pumps, blowers, and oxidation systems. 

In addition, wet scrubbers are frequently affected by scaling, corrosion, fouling, and solids-handling 

issues caused by the continuous formation and circulation of sulphite- and sulphate-containing 

slurries. The simultaneous presence of water vapour, oxygen, acidic species, and particulate 

contaminants may progressively affect equipment durability and long-term process operability. 

Byproduct management and gypsum disposal may also represent important operational constraints 

depending on plant configuration and local environmental regulations. These limitations have 

stimulated increasing interest in alternative sulphur dioxide capture technologies characterized by 

lower water consumption, improved regeneration capability, reduced corrosion phenomena, and 

simplified process operation.  

Besides conventional once-through technologies, several regenerable and solvent-based sulphur 

dioxide capture systems have also been investigated. In these systems, sulphur dioxide is reversibly 

absorbed into a liquid absorbent phase and subsequently released during solvent regeneration through 

thermal or pressure-driven processes. Different absorbent systems have been proposed for these 

applications, including alkaline solutions, ammonia-based systems, and amine-containing solvents. 

In analogy with conventional acid gas treatment technologies, solvent-based systems may provide 

improved selectivity and allow sulphur dioxide recovery and concentration instead of direct 

stabilization into solid waste products. However, sulphur dioxide generally exhibits significantly 

stronger chemical interactions with absorbent materials compared to carbon dioxide, frequently 

promoting solvent degradation, oxidative instability, sulphite- and sulphate-containing byproduct 

formation, and progressive loss of absorption performance. These degradation phenomena become 

particularly critical in flue gas treatment applications because of the simultaneous presence of oxygen, 

water vapour, particulate matter, and combustion-derived contaminants.  
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Consequently, increasing attention has been directed toward alternative absorbent systems 

characterized by improved thermal and chemical stability, lower volatility, enhanced regeneration 

capability, and stronger resistance toward degradation phenomena. Within this context, ionic liquids 

have emerged as promising candidates for sulphur dioxide capture applications because of their 

tunable physicochemical properties, negligible vapour pressure, and potentially high affinity toward 

sulphur-containing species [9]. 

1.4 Ionic Liquids for Acid Gas Capture 

Among the emerging materials investigated for acid gas capture, ionic liquids (ILs) have attracted 

considerable attention due to their tunable physicochemical properties and potential application in 

selective and regenerative separation processes. Their negligible vapour pressure, thermal stability, 

and structural versatility have promoted increasing interest in their use as alternative absorbents for 

acid gas removal. Particular attention is dedicated to sulphur dioxide capture systems and task-

specific ionic liquids, as these represent the conceptual basis for the further investigation of the 

tetramethyl guanidiniumïimidazole system. 

1.4.1 General Overview of Ionic Liquids 

ILs are generally defined as organic salts entirely composed of ions with melting temperatures below 

100 ÁC, remaining liquid at or near ambient conditions due to the presence of bulky and asymmetrical 

ions that reduce crystal packing efficiency and lower the melting point. Unlike conventional 

electrolyte solutions, ionic liquids do not require a molecular solvent phase, as the liquid itself is 

entirely constituted by ionic species. Since the first ionic liquid, ethylammonium nitrate, reported by 

Walden in 1914, ionic liquids have progressively attracted increasing scientific and industrial 

attention, particularly during the last two decades, owing to their highly tunable physicochemical 

properties and broad applicability in chemical engineering and materials science [11]. 

The interest in ionic liquids mainly arises from the possibility of tailoring their properties through 

appropriate combinations of cations and anions. This structural tunability has led to the definition of 

ionic liquids as designer solvents, since properties such as polarity, viscosity, thermal stability, ionic 

conductivity, hydrophobicity, gas affinity, and reactivity can be modulated according to the target 

application. Figure 1.7 shows representative cationic and anionic species commonly employed in 

ionic liquid design. 
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Ionic liquids can be broadly classified into aprotic ionic liquids (AILs) and protic ionic liquids (PILs) 

according to their synthesis route and molecular structure [10]. Aprotic ionic liquids, often referred 

to as classical ionic liquids, are generally composed of bulky organic cations paired with organic or 

inorganic anions. Their ionic character originates from covalent bond formation during synthesis, 

typically through quaternization reactions, and they do not contain readily transferable protons. In 

contrast, protic ionic liquids are formed through proton transfer between a Brßnsted acid and a 

Brßnsted base, resulting in the presence of a dissociable proton within the ionic structure. 

Consequently, PILs may exhibit reversible acidïbase equilibria and extensive hydrogen-bonding 

interactions, which contribute to their unique physicochemical behaviour. 

Compared with conventional salts, both AILs and PILs contain large asymmetric ions with 

delocalized charge distributions. This charge delocalization weakens purely electrostatic interactions 

and promotes the coexistence of additional intermolecular forces, including hydrogen bonding, van 
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Figure 1.7: Representative examples of cationic (top) and anionic (bottom) building blocks commonly employed in 

ionic liquid design. Reported from [10]. 
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der Waals interactions, and ḯ́ stacking. As a result, ionic liquids often exhibit heterogeneous liquid 

structures characterized by the formation of polar and non-polar nanodomains. The balance between 

Coulombic interactions and hydrogen-bonding networks strongly influences important properties 

such as viscosity, ionic conductivity, thermal stability, and gas absorption behaviour. In particular, the 

presence of dynamic hydrogen-bonding interactions in PILs has attracted significant interest for acid-

gas capture applications, where both physical absorption and specific chemical interactions may 

contribute to enhanced sorption performance. This distinction is particularly relevant for sulphur 

dioxide capture, since proton transfer and hydrogen-bonding interactions may contribute to 

absorption mechanisms that are not typically observed in purely aprotic systems [10].  

Compared with conventional volatile organic solvents, ionic liquids often exhibit favourable 

properties, including negligible vapour pressure, low volatility, relatively high thermal stability, 

reduced flammability, and wide liquid operating windows. However, recent studies have shown that 

these properties strongly depend on the selected ionic structure, and therefore, ionic liquids may 

exhibit significantly different behaviours regarding volatility, stability, and chemical resistance.  

Owing to these characteristics, ionic liquids have been investigated in numerous applications 

including catalysis, extraction and separation processes, electrochemical systems, biomass 

conversion, energy storage technologies, gas separations, and environmental applications. Particular 

interest has recently emerged toward acid gas capture processes, where ionic liquids are considered 

promising alternatives to conventional absorbents because of their negligible solvent losses, tunable 

interactions with target species, and potentially improved thermal and chemical stability.  

Despite their promising characteristics, industrial implementation of ionic liquids remains limited, 

and several aspects still require further investigation, particularly regarding physicochemical 

characterization, transport properties, process integration, regeneration behaviour, and thermal 

stability under realistic operating conditions. These aspects become particularly relevant in acid gas 

capture applications, where absorbents are exposed to elevated temperatures, exothermic absorption 

phenomena, oxidative environments, and repeated regeneration cycles, making thermal stability 

assessment a critical aspect for process development and industrial implementation [10] [12]. 

1.4.2 Ionic liquids for sulphur dioxide capture 

Sulphur dioxide capture has emerged as one of the most investigated acid gas separation applications 

for ionic liquids because of the environmental impact associated with SO  emissions and the 

limitations of conventional flue gas desulphurization technologies. Ionic liquids have attracted 

increasing interest in this field owing to their potentially high SO  affinity, negligible vapour pressure, 

tunable chemical structure, and improved regeneration capability compared with conventional 

absorbents. In contrast with traditional wet limestone flue gas desulphurization systems, where 

sulphur dioxide is irreversibly converted into sulphite and sulphate solid products, ionic liquids may 
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enable reversible sulphur dioxide uptake and regeneration, potentially allowing sulphur recovery 

while reducing solid waste generation. 

Depending on their chemical structure and active sites, ionic liquids may interact with SO  through 

different capture mechanisms involving physical dissolution, specific non-covalent interactions, 

chemical absorption, or multifunctional active sites. In bulk ionic liquids, SO  uptake is generally 

described as an absorption process, since the gas is dissolved within the liquid phase and may 

subsequently interact physically or chemically with the ionic liquid matrix. Adsorption phenomena 

are instead mainly relevant when ionic liquids are immobilized on porous supports, incorporated into 

membranes, or combined with solid adsorbents, where interfacial and surface interactions contribute 

significantly to the capture process. Spectroscopic techniques such as FTIR and NMR are frequently 

employed to distinguish these mechanisms and identify the formation of reaction products or specific 

interactions between sulphur dioxide and the ionic liquid phase. The main SO  capture pathways 

proposed for ionic liquid systems are schematically summarized in Figure 1.8. 

Physical absorption of sulphur dioxide is mainly controlled by non-covalent interactions, including 

van der Waals forces, electrostatic interactions, and hydrogen bonding. Sulphur dioxide is a bent and 

highly polarizable molecule presenting an anisotropic charge distribution, where sulphur atoms 

exhibit partial positive character and oxygen atoms possess partial negative charge. Consequently, 

strong interactions may occur with polar and basic sites within ionic liquids. 

Figure 1.8: Main sulphur dioxide capture mechanisms proposed for ionic liquid systems, including physical adsorption, 

chemical absorption, multifunctional ionic liquids, and synergistic capture approaches. Reproduced from [12]. 
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The ionic liquid structure plays a major role in determining sulphur dioxide affinity. In particular, 

polarity, charge distribution, and basicity of cations and anions strongly affect SO  uptake. Increasing 

ionic liquid polarity and basicity generally enhances sulphur dioxide dissolution and adsorption 

through stronger intermolecular interactions. Physical absorption mechanisms usually provide good 

reversibility and easier solvent regeneration; however, they often exhibit lower selectivity and strong 

dependence on operating temperature. 

Besides physical interactions, sulphur dioxide capture may also proceed through chemical absorption 

mechanisms. In these systems, sulphur dioxide forms stronger interactions with reactive ionic liquid 

sites through acidïbase interactions or coordination mechanisms. Sulphur dioxide behaves as a Lewis 

acid because of the partial positive charge localized on sulphur atoms, while functional groups within 

the ionic liquid may act as Lewis bases [13]. 

Acidïbase interactions are particularly relevant in functionalized ionic liquids containing basic 

anions, amino groups, azole species, or other electron donor functionalities. The absorption strength 

is strongly affected by ionic liquid basicity and frequently correlates with the pKa of the conjugated 

acid associated with the active site. Literature studies indicate that increasing basicity generally 

promotes sulphur dioxide absorption and enhances selectivity toward SO . 

Recent developments have increasingly focused on ionic liquids containing multiple interaction sites. 

Unlike conventional systems based on a single interaction mechanism, these absorbents combine 

different capture mechanisms simultaneously, including physical absorption, hydrogen bonding, 

charge transfer, acidïbase interactions, and coordination effects. The coexistence of several active 

sites may significantly improve sulphur dioxide uptake and selectivity. Several studies have shown 

that ionic liquids containing nitrogen-rich functional groups, ether functionalities, tertiary amines, or 

azole species may achieve high sulphur dioxide absorption capacities because multiple interaction 

centres participate simultaneously in the uptake mechanism. In some systems, both physical and 

chemical contributions coexist, leading to synergistic capture mechanisms and improved absorption 

performance. 

Operating conditions, particularly temperature and pressure, also influence SO  uptake and 

regeneration behaviour. Consequently, lower temperatures often favour sulphur dioxide absorption 

by increasing gas solubility and stabilizing intermolecular interactions. Pressure exhibits the opposite 

effect. Increasing sulphur dioxide partial pressure generally enhances gas dissolution and mass 

transfer, resulting in higher absorption capacities. In practical flue gas treatment applications, sulphur 

dioxide is typically present at concentrations ranging from hundreds to a few thousand ppm and 

coexists with other components such as CO , NO , oxygen, water vapour, and particulate matter. 

These species may influence SO  capture through competitive interactions, modifications of the 

absorption mechanism, or solvent degradation phenomena, making absorbent selectivity an important 

requirement for industrial applications. Despite their promising characteristics, the industrial 

implementation of ionic liquids for sulphur dioxide capture remains limited by challenges associated 
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with viscosity, mass-transfer resistance, regeneration behaviour, and large-scale process integration. 

These aspects must be carefully considered when evaluating the applicability of ionic liquids as 

industrial absorbents and continue to motivate the development of improved ionic liquid systems. 

Within this context, ionic liquids based on strongly basic and multifunctional structures may represent 

promising candidates for sulphur dioxide capture. In particular, systems containing multiple active 

centres and acidïbase functionalities may provide synergistic interactions with sulphur dioxide while 

maintaining regeneration capability and improved capture performance [12] [13]. 

1.4.3 TetramethylguanidineïImidazole Ionic Liquid for SO  Capture 

Among the guanidinium-based ionic liquids proposed for sulphur dioxide capture applications, 

particular attention has been devoted to systems derived from tetramethylguanidine (TMG) because 

of the strong basicity of the guanidine moiety and the possibility of tailoring the absorption behaviour 

through different counterions. In previous studies, a series of guanidinium-based ionic liquids 

(GBILs), including tetramethyl guanidiniumïphenol ([TMG][PHE]), tetramethyl guanidiniumï

2,2,2-trifluoroethanol ([TMG][TE]), and tetramethyl guanidiniumïimidazole ([TMG][Im]), were 

synthesized and evaluated as sulphur dioxide absorbents [14]. Figure 1.9 shows a simplified 

representation of the ionic liquid formation mechanism for the tetramethyl guanidiniumïimidazole 

system.  

SO  absorption experiments were performed under atmospheric pressure by bubbling sulphur dioxide 

through approximately 1 g of ionic liquid maintained under controlled temperature conditions inside 

a thermostatic oil bath. The experimental setup in Figure 1.10 included gas drying, flow control, 

temperature regulation, pressure monitoring, and alkaline treatment of outlet gases before venting. 

The outlet gas stream was finally treated with NaOH solution before release to neutralize residual 

sulphur dioxide. 

 

 

 

 

Figure 1.9: Simplified representation of tetramethyl guanidiniumïimidazole ionic liquid formation. The experimental 

synthesis was performed in ethanol, followed by solvent removal under vacuum. Reproduced from [14]. 
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Temperature strongly influenced the sulphur dioxide absorption and desorption behaviour of the 

investigated guanidinium-based ionic liquids (GBILs). Higher sulphur dioxide uptake was observed 

at lower temperatures, whereas increasing temperature progressively reduced both equilibrium 

capacity and absorption rates. This behaviour is consistent with the exothermic nature of absorption 

phenomena and with the coexistence of physical and chemical contributions to sulphur dioxide 

uptake, where reversible interactions and temperature-dependent physical absorption may both 

influence the overall sorption behaviour [14]. Figure 1.11 compares the absorptionïdesorption 

performances of the different GBIL systems under atmospheric absorption conditions and 

regeneration under vacuum. 

Considering Figure 1.11, among the investigated systems, [TMG][TE] exhibited the highest 

equilibrium sulphur dioxide loading at low temperature, reaching values up to approximately 4 mol 

SO /mol IL at 20 ÁC. However, [TMG][IM] showed particularly interesting behaviour at intermediate 

Figure 1.10: Experimental apparatus employed for SO  absorption experiments with guanidinium-based ionic liquids. 

Reproduced from [14]. 

 

Figure 1.11: Comparison of SO  absorption and desorption behaviour for the investigated guanidinium-based ionic 

liquids at atmospheric pressure and regeneration under vacuum conditions. Reproduced from [14]. 
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temperatures (40ï70 ÁC), maintaining relatively high absorption capacity while simultaneously 

exhibiting improved desorption behaviour during regeneration under vacuum conditions. Overall, 

Figure 1.11 highlights the different absorptionïdesorption performances of the investigated GBILs. 

Although [TMG][TE] exhibited the highest sulphur dioxide uptake at low temperature, [TMG][IM] 

provided a more favourable balance between absorption capacity and regeneration performance. The 

wider thermal operating window, together with the improved regeneration capability, makes 

[TMG][IM] particularly interesting for sulphur dioxide capture applications involving repeated 

absorptionïdesorption cycles. Previous studies also demonstrated that sulphur dioxide affinity in 

these systems is significantly higher than that observed for carbon dioxide under comparable 

conditions. For [TMG][IM], CO  absorption remained below approximately 0.4 mol CO /mol IL at 

ambient conditions, whereas sulphur dioxide loading exceeded 2 mol SO /mol IL, confirming the 

strong selectivity of the system toward sulphur-containing acidic gases [14]. 

Spectroscopic analyses suggested that sulphur dioxide uptake in GBIL systems occurs through the 

coexistence of physical and chemical interactions. FTIR measurements revealed the appearance of 

characteristic bands attributable to S=O and SïOïH species after absorption, while NMR analyses 

supported the formation of new sulphur-containing interactions. 

Although the interaction mechanism was experimentally proposed only for [TMG][PHE], where 

sulphur dioxide interaction with the tetramethyl guanidinium moiety was suggested, a similar 

contribution may reasonably be hypothesized also for [TMG][IM]. In this case, the coexistence of the 

strongly basic tetramethylguanidine fragment and the amphoteric imidazole moiety may provide 

multiple interaction sites toward sulphur dioxide, potentially combining physical interactions with 

acidïbase contributions.  

Based on the interaction mechanisms proposed for guanidinium-based ionic liquids and considering 

the amphoteric character of imidazole, a cooperative sulphur dioxide uptake mechanism may be 

hypothesized for the [TMG][IM] system. Although direct spectroscopic evidence is not currently 

available for [TMG][IM], literature reports suggest that both guanidinium and imidazole moieties 

may contribute to SO  uptake through different interaction pathways. In particular, spectroscopic 

investigations performed on analogous guanidinium-based ionic liquids containing the same 

tetramethyl guanidinium cation confirmed chemical interactions between the amino group of the 

TMG moiety and SO , leading to the formation of a ïSO H group [14]. Therefore, considering that 

the cationic fragment remains unchanged, a similar chemical contribution may reasonably be 

expected also for the [TMG][IM] system. In addition, literature reports on azole- and imidazole-based 

ionic liquids suggest that nitrogen-containing heterocyclic moieties may provide additional SO  

interaction sites through coordination-type interactions, secondary interactions, and multi-site capture 

mechanisms [12]. Consequently, the coexistence of the tetramethyl guanidinium and imidazole 

functionalities may promote a cooperative uptake mechanism involving both physical and chemical 

contributions, potentially explaining the high sulphur dioxide affinity experimentally observed for  
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this system. The hypothesized interaction mechanism is schematically illustrated in Figure 1.12. 

This proposed cooperative mechanism may explain the unusually high SO  uptake observed for 

[TMG][IM], since multiple interaction sites could allow the stabilization of more than one SO  

molecule per ionic liquid unit. 

1.4.4 Future Perspectives and Challenges 

Despite the promising results reported for sulphur dioxide capture, several challenges still limit the 

large-scale implementation of ionic liquids in industrial flue gas treatment processes. One of the main 

limitations concerns the presence of competing gas species, such as CO , NO  and water vapour, 

which may influence sulphur dioxide uptake through competitive interactions and occupation of 

active sites, reducing the overall absorption capacity. 

Although ionic liquids have demonstrated promising sulphur dioxide capture performances, several 

technological and operational challenges still limit their large-scale implementation. At the same time, 

current research is identifying new strategies to improve absorption efficiency, selectivity, 

regeneration capability, and process applicability. The main challenges and future development 

directions for ionic liquid-based SO  capture systems are summarized schematically in Figure 1.13. 

Another critical aspect is represented by operating conditions. Temperature strongly affects SO  

absorption behaviour, generally favouring capture at lower temperatures while promoting 

regeneration at higher temperatures. Consequently, the optimization of absorptionïdesorption cycles 

remains an important requirement for industrial implementation. Future developments are expected 

to focus on the design of multifunctional ionic liquids capable of providing multiple interaction sites 

toward sulphur dioxide while maintaining high regeneration efficiency and thermal stability. In 

parallel, increasing interest is being directed toward hybrid systems combining ionic liquids with 

porous materials, activated carbon, or metalïorganic frameworks (MOFs), aiming to improve 

adsorption capacity, selectivity, and mass transfer characteristics. 

For tetramethylguanidineïimidazole systems, the coexistence of multiple potential interaction sites 

may represent an interesting opportunity for further investigation. In particular, future studies could 

Figure 1.12: Hypothetical multifunctional sulphur dioxide uptake mechanism proposed for the tetramethyl 

guanidiniumïimidazole ionic liquid based on literature mechanisms reported for the guanidinium and imidazole systemд 
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focus on validating the proposed multifunctional uptake mechanism and clarifying the relative 

contribution of physical and chemical interactions during sulphur dioxide absorption.  

 

 

 

 

 

 

 

 

 

 

 

In parallel, further investigation of the thermal behaviour and stability of tetramethylguanidineï

imidazole systems may provide additional information on their applicability under absorptionï

desorption operating conditions, particularly considering the strong influence of temperature on 

sulphur dioxide capture and regeneration processes. Moreover, thermal stability assessment may also 

become relevant for potential process scale-up and production of these materials, where thermal 

management, safety aspects, and reactor operation conditions may differ significantly from 

laboratory-scale synthesis and testing [12][13] . 

 

 

 

Figure 1.13: Main challenges and future perspectives for ionic liquid-based sulphur dioxide capture systems, including 

competitive gas absorption effects and development of advanced multifunctional and hybrid absorbents. Reported from 

[12]. 
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Chapter 2 

Thermal stability assessment 

Thermal stability assessment is essential for the characterization and safe development of chemical 

systems, particularly when reactive environments, thermal regeneration, process scale-up, or elevated 

operating temperatures are involved. Thermal analysis and calorimetry provide complementary 

information on thermal transitions, decomposition phenomena, energetic effects, and potential safety 

hazards. This chapter introduces the main principles of thermal stability assessment, the 

thermoanalytical and calorimetric techniques commonly employed for thermal characterization, and 

the key indicators used for thermal hazard and decomposition evaluation, providing the basis for the 

experimental investigations presented in this work. 

2.1 Fundamentals of Thermal Stability Assessment 

Degradation and decomposition represent chemically driven transformations and are particularly 

relevant for thermal stability investigations. Although the distinction between the two phenomena is 

not always strict and may depend on the investigated system, experimental conditions, and analytical 

approach adopted, they are often used to describe different manifestations of thermally induced 

chemical change. 

Decomposition generally refers to a chemical transformation in which the original material undergoes 

irreversible changes, leading to the formation of new chemical species. Decomposition processes may 

involve bond breaking, rearrangement reactions, oxidation phenomena, or the release of volatile 

products and can be associated with measurable thermal effects. Depending on the investigated 

system, decomposition may occur over different time scales and may exhibit either endothermic or 

exothermic behaviour. In many systems, decomposition tends to occur over a more restricted 

temperature interval than degradation phenomena, often resulting in a relatively localized 

experimental response, although the specific behaviour depends on the investigated system and 

operating conditions. 

Degradation, conversely, generally describes progressive modifications of material properties 

occurring during thermal exposure and leading to partial loss of performance, stability, or integrity. 

Degradation phenomena may involve slow chemical reactions, structural modifications, volatilization 

of minor species, oxidation processes, or formation of degradation products. Compared with 

decomposition, degradation is often characterized by a more gradual evolution of the material 

properties and may extend over a broader temperature range, although the associated thermal 

response may vary considerably depending on the investigated system and operating conditions. In 

practice, the experimental manifestations of degradation and decomposition may partially overlap, 
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and a strict distinction between the two phenomena is not always possible. Both may generate 

measurable thermal signals, pressure variations, or other detectable experimental responses, with their 

intensity and shape depending on the specific transformation mechanisms involved. 

Both degradation and decomposition phenomena may also be accompanied by pressure variations 

when volatile species or gaseous products are generated during thermal treatment. Pressure increase 

may originate from evaporation processes, formation of gaseous decomposition products, or changes 

in the volatility of the investigated system during thermal exposure. In decomposition processes, 

pressure increase is frequently associated with the formation of new chemical species and gas 

generation resulting from bond breaking or secondary reactions. However, pressure evolution is not 

necessarily observed in every decomposition phenomenon and strongly depends on the specific 

reaction pathway and operating conditions. Similarly, degradation phenomena may also produce 

measurable pressure variations, particularly when progressive volatilization, release of minor species, 

or slow chemical transformations occur during heating. Consequently, pressure evolution cannot 

always be directly correlated with the magnitude of the thermal response and should be interpreted 

considering both the chemical transformations and the volatility behaviour of the investigated system. 

For the purposes of the present work, degradation and decomposition were operationally 

distinguished according to the shape of the corrected temperature-derivative profiles obtained during 

thermal testing. This criterion was adopted as a practical tool for data interpretation. The main 

characteristics associated with degradation and decomposition phenomena, as discussed above, are 

summarized in Table 2.1. 

Table 2.1: Summary of the main characteristics associated with degradation and decomposition phenomena. 

 

 

 

 

 

 

 

 

 

 

 

Characteristic Degradation Decomposition 

Nature of the 

transformation 

Progressive chemical and/or 

structural modification 

Irreversible chemical transformation 

leading to new species 

Temporal evolution 
Often gradual and distributed over a 

broad temperature range 

Often localized within a more restricted 

temperature interval 

Identification of 

onset and end point 
May be difficult to define precisely 

Often easier to identify when a distinct 

transformation event is observed 

Thermal response 
May range from weak to clearly 

detectable depending on the system 

Often associated with a more evident 

thermal response, although behaviour 

may vary 

Pressure evolution May occur May occur 

Correlation with 

pressure increase 
Not necessarily correlated Not necessarily correlated 

Overlap with 

physical phenomena 

May be difficult to distinguish from 

evaporation or volatilization effects 

Often easier to distinguish when a distinct 

transformation event is observed 
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The distinction between these phenomena becomes particularly relevant in thermal stability 

assessment because different analytical techniques may exhibit different sensitivity toward thermal 

events, mass variations, gas evolution, and energetic effects. Consequently, the combined use of 

complementary thermo analytical methods is often required to achieve a comprehensive interpretation 

of thermal behaviour.  

2.2 Principles of Thermal Analysis and Calorimetry 
Thermal analysis (TA) represents a broad group of experimental techniques employed to investigate 

the behaviour of materials and chemical systems under controlled temperature programs. In thermal 

analysis, one or more physical properties of the investigated sample are monitored as a function of 

temperature or time during heating, cooling, or isothermal conditions. Depending on the adopted 

technique, the monitored property may include heat flow, mass variation, temperature evolution, 

dimensional changes, electrical properties, or structural transformations. Calorimetry can be 

considered a specific subset of thermal analysis focused on the measurement of heat exchange and 

energetic effects associated with physical or chemical transformations occurring within the 

investigated system. Calorimetric techniques are particularly relevant for the investigation of thermal 

stability, reaction energetics, decomposition phenomena, and process safety assessment. The general 

operating principle of thermo analytical instruments is based on subjecting the sample to a controlled 

thermal program while continuously monitoring the selected response variable. The sample is 

typically placed inside a temperature-controlled environment and exposed to a predefined 

temperature profile, while sensors record the variation of the investigated property. The measured 

signal is subsequently calibrated and correlated with the thermal phenomena occurring within the 

system, as schematically illustrated in Figure 2.1. 

 

 

 

 

 

 

 

Figure 2.1: General operating principle of a thermo analytical instrument. Reproduced from [15]. 
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Thermo analytical techniques can be classified according to the physical property monitored during 

the experiment. Among the most widely employed methods for thermal stability investigations are 

Differential Scanning Calorimetry (DSC), based on heat flow measurements associated with thermal 

events; Thermogravimetric Analysis (TGA), which monitors sample mass variation during heating; 

Differential Thermal Analysis (DTA), where temperature differences between sample and reference 

materials are measured; Heating and Cooling Curve Analysis (HCCA), based on direct monitoring 

of sample temperature evolution during controlled thermal programs; and Accelerating Rate 

Calorimetry (ARC), widely employed for thermal hazard and runaway investigations. The general 

classification proposed is summarized in Table 2.2. Additional thermo analytical methods may 

involve dimensional, optical, electrical, magnetic, or structural measurements depending on the 

investigated system. 

Table 2.2: Classification of thermo analytical techniques commonly employed for thermal stability investigations. 

Adapted from [15] . 

Most thermo analytical methods operate under dynamic conditions and therefore do not necessarily 

correspond to thermodynamic equilibrium states. During thermal analysis, temperature gradients may 

develop both between the sample and its surroundings and within the sample itself. These effects 

become particularly relevant when the material undergoes evaporation, decomposition, heat 

Technique 
Measurement 

principle  
Typical outputs 

Main measured 

property 
Typical applications 

Heating and Cooling 

Curve Analysis 

(HCCA) 

Temperature 

monitoring during 

controlled thermal 

programs 

Temperature vs. time profiles, 

heating/cooling curves, 

thermal excursions 

Sample temperature 

evolution 

Thermal screening, 

decomposition studies, 

stability evaluation 

Differential Thermal 

Analysis (DTA) 

Differential thermal 

analysis 

Temperature difference (ȹT) 

vs. temperature or time, 

thermal event peaks 

Temperature difference 
Thermal events and 

phase transitions 

Differential Scanning 

Calorimetry (DSC) 
Heat-flow calorimetry 

Heat flow vs. temperature or 

time, transition and reaction 

peaks 

Heat flow difference 
Thermal transitions, 

decomposition onset 

Thermogravimetric 

Analysis (TGA) 
Mass-change analysis 

Sample mass or mass loss vs. 

temperature or time, residual 

mass 

Sample mass variation 

Evaporation, 

degradation, 

volatilization 

Accelerating Rate 

Calorimetry (ARC) 
Adiabatic calorimetry 

Self-heating rate and pressure 

evolution vs. temperature, 

runaway onset profiles 

Self-heating and 

temperature evolution 

Thermal hazards and 

runaway assessment 
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generation, mass transfer phenomena, phase transitions, or structural modifications. Consequently, 

the measured thermal response may depend not only on intrinsic material properties but also on 

experimental conditions such as heating rate, atmosphere, pressure, sample mass, geometry, and 

sample morphology. 

For this reason, interpretation of thermal behaviour generally benefits from the combined use of 

complementary analytical techniques rather than relying on a single experimental method. The 

integration of thermo analytical methods with spectroscopic, structural, or chemical analyses may 

improve the interpretation of thermal events and provide a more comprehensive understanding of 

decomposition mechanisms and stability behaviour. Beyond material characterization, thermal 

stability assessment also plays a fundamental role in process safety investigations. In reactive 

systems, uncontrolled heat generation may lead to progressive temperature increase and acceleration 

of reaction rates, potentially resulting in loss of thermal control and runaway conditions. These 

phenomena become particularly relevant during process scale-up, where larger reaction volumes may 

reduce heat dissipation efficiency and increase heat accumulation effects. Consequently, thermo 

analytical and calorimetric techniques are widely employed not only to evaluate thermal transitions 

and decomposition behaviour but also to support hazard assessment, safe process design, and thermal 

risk evaluation during production and industrial implementation. These aspects become particularly 

important when considering larger-scale synthesis, regeneration cycles, and operation under elevated 

temperature conditions. In the following sections, the thermo analytical techniques most relevant for 

thermal stability assessment are introduced and discussed [15]. 

2.3 Thermo analytical Techniques for Thermal Stability Evaluation 

This section introduces the main thermo analytical techniques commonly employed for thermal 

stability investigations and thermal hazard assessment. The operating principles, monitored variables, 

and general applicability of the different methods are briefly discussed to highlight the type of 

information obtainable from each technique and their relevance for the characterization of thermal 

phenomena. 

2.3.1 Heating and Cooling Curve Analysis (HCCA)  

Heating and Cooling Curve Analysis (HCCA) is a thermo analytical technique in which the evolution 

of sample temperature is monitored while the material is subjected to controlled heating or cooling 

programs, as illustrated in Figure 2.2. The method represents one of the simplest thermo analytical 

approaches and is based on direct analysis of sample temperature variation during an imposed thermal 

program. 
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Unlike differential methods such as DTA and DSC, HCCA directly follows the thermal response of 

the sample itself and therefore provides information regarding temperature evolution as a function of 

time and imposed thermal conditions. The resulting thermal profiles may provide information 

regarding thermal transitions, phase changes, evaporation phenomena, and the general temperature-

dependent behaviour of the investigated system. Analysis of temperature evolution and derivative 

curves may further support the identification of characteristic thermal events and transition regions. 

Because of its relatively simple operating principle and direct interpretation of thermal response, 

HCCA is widely employed for preliminary thermal characterization and qualitative evaluation of 

temperature-dependent phenomena in materials and chemical systems. Methods based on heating and 

cooling curve analysis constitute the theoretical basis for several thermal screening approaches 

employed in stability investigations and process safety studies. Several thermal screening methods 

may operate through direct monitoring of temperature evolution during controlled thermal programs, 

allowing evaluation of thermal behaviour and decomposition phenomena [15].  

2.3.2 Thermal Screening Unit (TSU) 

Thermal Screening Units (TSUs) represent thermal screening instruments based on the principles of 

Heating and Cooling Curve Analysis (HCCA), allowing simultaneous monitoring of sample 

temperature, oven temperature, and internal cell pressure under controlled thermal programs. A 

schematic representation of a typical TSU configuration is shown in Figure 2.3. 

Figure 2.2: Schematic representation of a heating/cooling curve analysis apparatus. Reproduced from [15]. 



 

ΟΥ 

 

 

 

 

 

 

 

 

 

 

As shown in Figure 2.3, the TSU is mainly composed of the following components: 

¶ Electric oven: the oven provides the thermal energy required for the experiment through 

electrical resistance heating. The furnace temperature is controlled according to the selected 

thermal program and represents the driving force for heat transfer to the sample. 

¶ Sample holder cell: the sample is contained within a sealed reaction cell suspended inside the 

furnace. Depending on the application, cells made of different materials may be employed, 

including stainless steel, glass, and Hastelloy. From a process perspective, the sample holder can 

be considered as a small closed batch reactor. 

¶ Temperature indicators: the apparatus is equipped with two thermocouples. One thermocouple 

is positioned in contact with the sample to continuously monitor the sample temperature, while 

the second is located on the furnace wall to monitor the oven temperature throughout the 

experiment. 

¶ Pressure indicator: the internal pressure of the cell is continuously monitored through a pressure 

sensor connected to the upper section of the vessel. Since the cell operates as a closed system, 

the measured pressure is assumed to be representative of the pressure conditions inside the 

reaction environment. 

¶ Gas inlet and vent line: a dedicated tubing line is connected to the cell and is used both for leak 

testing before the experiment and for controlled venting and depressurization of the system after 

completion of the thermal test. 

The TSU can be operated according to different thermal programs depending on the objectives of the 

investigation. These operating modes allow the study of thermal behaviour under constant 

Figure 2.3: Schematic representation of the Thermal Screening Unit (TSU) and its main components. Reported from 

[22]. 
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temperature conditions, controlled heating ramps, or combinations of heating and isothermal phases. 

The main operating modes available within the TSU are summarized in Table 2.3. 

Table 2.3: Main operating modes available in the Thermal Screening Unit (TSU). 

Operating mode Description 

Isothermal The sample is maintained at a constant temperature throughout the experiment. 

Ramped The oven temperature is increased according to a constant predefined heating rate. 

Ramped + Isothermal A heating ramp is followed by an isothermal holding period at the selected temperature. 

Isothermal + Ramped An initial isothermal stage is followed by a constant heating ramp. 

Double Ramped 
Two consecutive heating ramps with different operating conditions are applied during the 

same experiment. 

Among the available operating modes, ramped experiments are commonly employed for thermal 

stability investigations. In this configuration, the oven temperature is increased according to a 

constant predefined heating rate while continuously monitoring sample temperature and internal cell 

pressure. The execution of a TSU experiment requires the definition of operating parameters and 

safety limits within the control software. These settings determine the thermal program applied to the 

sample and the conditions under which the experiment is automatically terminated to preserve the 

integrity of the apparatus. Typical operating parameters and safety limits are summarized in Table 

2.4. 

Table 2.4: Typical operating parameters and safety limits employed in TSU investigations. 

Parameter Value 

Heating rates 2ï5 ÁC min ĭ  

Maximum oven temperature 400 ÁC 

Maximum sample temperature 350 ÁC 

Maximum operating pressure 80 bar 

Cooling termination temperature 60 ÁC 

During a TSU experiment, sample temperature, oven temperature, and internal cell pressure are 

continuously monitored and recorded. The experiment proceeds until a predefined operating or safety 

limit is reached, after which the system automatically enters the cooling stage. Under normal 

operating conditions, the experiment is typically terminated when the maximum oven temperature of 

400 ÁC is attained. Cooling occurs naturally through heat exchange with the surrounding 

environment, without the application of active cooling systems. Data acquisition is maintained 
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throughout the cooling stage until the sample temperature decreases to approximately 60 ÁC, allowing 

complete recording of the thermal and pressure evolution of the investigated system. 

2.3.3 Differential Thermal Analysis (DTA) 

Differential Thermal Analysis (DTA) is a thermo analytical technique in which the temperature 

difference between a sample and a reference material is monitored while both are subjected to the 

same controlled temperature program. The measured signal corresponds to the temperature 

difference, ɝὝ, between the sample and the reference as a function of temperature or time. Thermal 

events occurring within the sample, such as melting, crystallization, decomposition, oxidation, or 

phase transitions, generate deviations from the reference response and produce characteristic peaks 

in the resulting thermogram. In a typical DTA experiment, the sample and an inert reference material 

are simultaneously subjected to identical heating or cooling conditions inside the same furnace. Since 

the reference does not undergo thermal transformations within the investigated temperature range, 

any endothermic or exothermic process occurring in the sample produces a temperature deviation 

relative to the reference material. Consequently, the resulting DTA curve provides qualitative 

information regarding the occurrence and temperature range of thermal events. Two main 

instrumental configurations are generally employed for DTA systems and are reported in Figure 2.4: 

free-standing crucible systems and block measuring systems. 

In free-standing configurations (Figure 2.4a), the sample and reference materials are placed inside 

independent crucibles suspended within the furnace. The temperature difference is measured through 

thermocouples directly contacting the crucibles, allowing indirect monitoring of the thermal response 

through the sample containers. Alternatively, block measuring systems (Figure 2.4b) position the 

specimens inside dedicated cavities within a furnace block. In this configuration, the temperature 

sensors are located directly inside the specimens, enabling more direct monitoring of sample and 

reference temperatures while maintaining more uniform thermal conditions provided by the 
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Figure 2.4: Differential Thermal Analysis (DTA) instrumental configurations: (a) free-standing crucible measuring 

system; (b) block measuring system. Reported from [15]. 
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surrounding block. Compared with Heating and Cooling Curve Analysis (HCCA), DTA employs a 

differential measurement approach and therefore provides improved sensitivity toward thermal events 

and transformations occurring within the sample. However, unlike Differential Scanning Calorimetry 

(DSC), the measured signal corresponds to temperature difference rather than heat flow [15]. 

2.3.4 Differential Scanning Calorimetry (DSC) 

DSC is a thermo analytical technique in which the difference in heat flow rate between a sample and 

a reference material is monitored while both are subjected to the same controlled temperature 

program. Unlike DTA, where the measured signal corresponds to the temperature difference between 

sample and reference materials, DSC provides a calorimetric measurement of heat flow variations 

associated with thermal events occurring within the sample. The relationship between DSC and DTA 

is closely connected, since DSC may be regarded as an extension of differential thermal analysis in 

which the measured temperature difference is converted into heat flow through appropriate 

calorimetric calibration. Consequently, DSC provides quantitative information regarding energetic 

phenomena occurring during heating or cooling processes. Thermal events such as melting, 

crystallization, glass transitions, phase transformations, decomposition reactions, and 
heat capacity variations produce characteristic endothermic or exothermic signals in the DSC 

thermogram, allowing identification of transition temperatures and energetic effects. Two principal 

DSC configurations are generally employed and shown in Figure 2.5: heat flux DSC and power 

compensating DSC.  

In heat flux DSC systems, the sample and reference materials are positioned inside a common furnace, 

and the heat flow difference is obtained from the measured temperature difference between the two 

specimens through calorimetric calibration. Conversely, power-compensating DSC systems employ 

two independent miniature furnaces, one for the sample and one for the reference material. The 

instrument continuously adjusts the supplied heating power to minimize temperature differences 

between the two cells, and the additional power required to maintain thermal equilibrium is directly 
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Figure 2.5: Differential Scanning Calorimetry (DSC) instrumental configurations: (a) heat flux DSC; (b) power 

compensating DSC. Reported from [15]. 
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related to the heat flow associated with thermal events occurring in the sample. Compared with DTA, 

DSC provides direct calorimetric information and therefore allows quantitative analysis of energetic 

phenomena, making it one of the most widely employed thermo analytical techniques for thermal 

characterization and stability investigations [15]. 

2.3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA), also referred to as thermogravimetry (TG), is a thermo 

analytical technique in which the variation of sample mass is monitored while the material is 

subjected to a controlled temperature program. The method allows evaluation of mass changes 

occurring during heating, cooling, or isothermal conditions and therefore provides information 

regarding processes involving volatilization, evaporation, decomposition, oxidation, or release of 

gaseous products. In a typical TGA experiment, the sample is placed inside a thermobalance and 

subjected to a predefined thermal program while the mass evolution is continuously recorded as a 

function of temperature or time, as illustrated in Figure 2.6. The resulting thermogravimetric curve 

provides information regarding thermal stability limits, decomposition stages, and mass loss 

phenomena occurring during the experiment. 

 

 

 

 

 

 

 

Because the measured signal corresponds directly to mass variation, TGA is particularly useful for 

investigating evaporation processes, degradation mechanisms, volatilization phenomena, and thermal 

decomposition reactions. Furthermore, the technique may provide information regarding the 

temperature range associated with specific decomposition events and the amount of volatile species 

released during thermal treatment. Compared with DSC and DTA, which monitor thermal effects and 

Figure 2.6: Basic configuration of a thermogravimetric analysis system. Reported from Handbook of Thermal Analysis 

and Calorimetry [15] . 

[15] 
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energetic phenomena, TGA directly follows mass evolution and therefore provides complementary 

information regarding physical and chemical transformations occurring during thermal exposure [15]. 

2.3.6 Accelerating Rate Calorimetry (ARC) 

Accelerating Rate Calorimetry (ARC) is an adiabatic or pseudo-adiabatic calorimetric technique 

widely employed for thermal hazard assessment, decomposition studies, and process safety 

investigations. Unlike conventional thermo analytical methods, ARC operates under conditions 

designed to minimize heat exchange with the surroundings, allowing the system to approach adiabatic 

behaviour and enabling the observation of self-heating phenomena and runaway reactions. For this 

reason, ARC is particularly suitable for the evaluation of thermal stability limits and safety-related 

parameters of reactive systems. 

The most common ARC operating procedure is the HeatïWaitïSearch (HWS) mode, schematically 

illustrated in Figure 2.7. During this sequence, the system is heated stepwise to predefined 

temperatures and allowed to reach thermal equilibrium before monitoring the occurrence of self-

heating behaviour. When the self-heating rate exceeds a predefined threshold, the calorimeter 

switches to adiabatic tracking conditions, allowing characterization of decomposition phenomena and 

thermal runaway behaviour.  

 

 

 

 

 

 

The information obtained from thermo analytical and calorimetric techniques provides the basis for 

the determination of thermal stability indicators and kinetic parameters. The following section 

introduces the main parameters commonly employed for thermal characterization and hazard 

assessment [17]. 

2.4 Thermal Stability Indicators  

Thermal runaway represents one of the main thermal hazards associated with reactive and exothermic 

systems. This phenomenon occurs when the heat generation rate exceeds the heat removal capacity 

of the system, leading to heat accumulation and progressive temperature increase. Since reaction rates 

Figure 2.7: Schematic representation of the HeatïWaitïSearch (HWS) operating sequence adopted in Accelerating Rate 

Calorimetry (ARC). Reported from [17]. 
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increase with temperature, this imbalance may induce self-accelerating conditions and loss of thermal 

control. The relationship between heat generation and heat removal can be schematically represented 

using the Semenov diagram, shown in Figure 2.8.  

In this representation, the heat generation rate increases nonlinearly with temperature, while heat 

removal generally follows an approximately linear behaviour. The intersection between the two 

curves defines the operating conditions of the system. Stable conditions are obtained when heat 

removal compensates the generated heat, whereas exceeding the critical condition may lead to 

thermal instability and runaway behaviour. The Semenov approach provides a simplified but effective 

framework for the preliminary interpretation of thermal hazards and reactive system stability [16]. 

While the Semenov approach provides a theoretical framework for understanding thermal runaway 

phenomena, experimental thermal screening techniques are commonly employed to identify 

deviations from stable thermal behaviour under controlled conditions. Among these methods, Heating 

and Cooling Curve Analysis (HCCA), as implemented in the Thermal Screening Unit (TSU), allows 

direct monitoring of the sample temperature evolution during programmed heating and cooling 

cycles. Under stable conditions, the temperature profile is expected to follow the imposed thermal 

program and the associated heat-transfer behaviour. However, thermal phenomena occurring within 

the system may produce measurable deviations from the expected temperature evolution. Exothermic 

processes generate additional heat and result in positive deviations from the expected behaviour, 

whereas endothermic phenomena such as evaporation, melting, phase transitions, or heat-absorbing 

reactions may produce deviations in the opposite direction. Figure 2.9 schematically illustrates this 

concept for an exothermic reaction.  

 

 

Figure 2.8: Simplified Semenov diagram showing heat generation and heat removal rates as a function of temperature 

and the critical condition associated with thermal runaway.  
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A deviation from the expected temperature profile is not necessarily associated with heat-generating 

phenomena. Endothermic processes may also produce measurable departures from the extrapolated 

stable behaviour, although in the opposite direction. A schematic example of an endothermic 

deviation is shown in Figure 2.10. 

 

 

 

 

 

 

 

 

 

 

The extrapolated stable behaviour represents the temperature trend expected in the absence of 

significant heat generation or absorption, whereas the observed deviation reflects the contribution of 

thermal phenomena occurring during thermal treatment. The deviation point is commonly associated 

with the onset temperature (Ton), while the magnitude and direction of the deviation provide 

qualitative information regarding the nature and intensity of the thermal event. Positive deviations 

may indicate heat-generating processes and potential self-accelerating behaviour, whereas negative 

deviations are generally associated with heat-absorbing phenomena. 
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Figure 2.9: Schematic representation of the deviation from the expected temperature profile caused by an exothermic 

decomposition event. The onset condition marks the beginning of the self-heating process, while the exothermic peak 

corresponds to the maximum thermal excursion generated by the exothermic process. 

 

Figure 2.10: Schematic representation of an endothermic deviation from the expected stable temperature profile during 

HCCA analysis. 



 

ΠΣ 

 

Thermal stability investigations commonly rely on characteristic parameters describing the onset, 

energetic severity, and kinetic behaviour of thermal events. These parameters provide information 

regarding decomposition initiation, thermal hazard potential, and reaction evolution, and are 

frequently employed for material characterization and process safety assessment. 

Among the onset indicators, the onset temperature (Ton) represents one of the most widely used 

parameters and is generally associated with the beginning of detectable thermal activity or deviation 

from baseline behaviour. In systems involving gas generation phenomena, pressure evolution may 

also be considered through the determination of an onset pressure (Pon). Pressure indicators are often 

more difficult to interpret because pressure variations may originate not only from decomposition 

phenomena but also from evaporation, vapour pressure effects, gas expansion, or volatilization 

processes. Consequently, pressure evolution is commonly interpreted together with thermal signals 

and is frequently associated with Ton determination rather than being employed as an independent 

indicator. Pressure effects may also contribute significantly to thermal hazard severity. During 

decomposition phenomena, secondary reactions and thermal degradation processes may lead to the 

formation of volatile species or gaseous products, producing pressure increase and potentially 

contributing to system pressurization and loss of containment. 

Thermodynamic parameters are also relevant for thermal stability assessment. The decomposition 

enthalpy (ȹHr) provides information regarding the energetic contribution associated with 

decomposition phenomena and therefore represents an indicator of process severity. Under adiabatic 

conditions, where heat exchange with the surroundings is neglected, the released energy contributes 

entirely to temperature increase. In this case, the theoretical temperature increase may be estimated 

through the adiabatic temperature rise (ȹTad), which is commonly employed as an indicator of 

runaway severity and excursion potential. The definition of the ȹTad is reported in Equation 2.1.  

Here, ȹHr is the decomposition or reaction enthalpy associated with the thermal event, and Cp 

represents the average heat capacity of the investigated system over the considered temperature 

interval. 

Looking at Equation 2.1, it can be inferred that higher values of ȹTad generally indicate larger thermal 

excursions under adiabatic conditions. However, this parameter represents a static indicator and does 

not provide information regarding runaway dynamics or reaction rates. 

Thermal events may also be described through kinetic parameters. The reaction rate constant (k), 

activation energy (Ea), pre-exponential factor (A), and apparent reaction order are commonly 

employed to characterize reaction kinetics and thermal sensitivity. These quantities are often 

introduced through Arrhenius-type formulations, as reported in Equation 2.2. Here, k is the reaction 

rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the universal gas 

constant, and T is the absolute temperature. 
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The determination of the kinetic parameters reported in Equation 2.2 generally requires the adoption 

of reaction models and assumptions regarding decomposition mechanisms. Consequently, activation 

energy, reaction order, and kinetic constants are frequently interpreted as apparent parameters 

associated with the selected model and experimental conditions [16]. 
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Chapter 3 

Materials and Methods 

This chapter describes the materials, experimental procedures, and analytical methods adopted for 

the synthesis, characterization, and thermal investigation of the studied systems. In addition to the 

final ionic liquids, precursor compounds and intermediate mixtures were also examined to support 

the interpretation of the observed thermal behaviour. The chapter first presents the synthesis 

procedures and characterization techniques employed for material preparation and physicochemical 

evaluation. Subsequently, the experimental campaign and the Design of Experiments (DoE) 

methodology adopted for thermal investigations are introduced. Finally, the approaches used for onset 

determination, kinetic analysis, and thermodynamic evaluation are described. 

3.1 Synthesis of ionic liquids 

The synthesis procedures adopted in this work were based on methodologies previously reported in 

the literature. The primary synthesis route was selected according to the procedure employed for the 

preparation and application of the investigated guanidinium-based ionic liquid systems [14]. In 

addition, an alternative synthesis pathway reported in the literature was also investigated and 

thermally characterized within this work [18]. The two synthesis routes differ primarily in the use of 

ethanol as reaction solvent, allowing the influence of solvent-assisted and solvent-free synthesis 

conditions on the properties of the resulting ionic liquids to be evaluated. The purpose of introducing 

the alternative route was to obtain a second ionic liquid system prepared through a different synthetic 

approach and subsequently compare its thermal behaviour and stability with those of the reference 

system. Consequently, the analyses performed in this work included both ionic liquid systems and the 

corresponding precursor and intermediate mixtures. 

It should be noted that the ionic liquid produced through the reference synthesis route was previously 

investigated in the literature for SO  capture applications. In contrast, the ionic liquid obtained 

through the alternative synthesis procedure has not been directly evaluated for SO  absorption. 

Consequently, although both materials were characterized and compared in the present work, the SO  

capture performances reported for the reference system cannot be automatically extended to the ionic 

liquid produced through the alternative route. 

The chemicals employed in this work were purchased from Sigma-Aldrich and used as received 

without further purification. Their main physicochemical properties relevant to the synthesis and 

thermal investigations are summarized in Table 3.1.  
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Table 3.1: Main properties of the pure compounds employed for ionic liquid synthesis and thermal investigations  

 [20][19][21] 

Component Supplier Purity 

Molecular 

weight 

(g/mol) 

Melting 

point 

(ÁC) 

Boiling 

point (ÁC) 

Density 

(g/cmį) 

NFPA 

hazard 
GHS Hazard Pictograms 

Ethanol 
Sigma-

Aldrich 
99% 46.07 -114 78.5 0.79 

  

TMG 
Sigma-

Aldrich 
99% 115.18 -30 161 0.92 

  
 

Imidazole 
Sigma-

Aldrich 
99% 68.08 90 257 1.03 

  

3.1.1 Solvent-Assisted Synthesis Route 

The first synthesis route was based on the literature procedure [14] and employed ethanol as a reaction 

medium and solvation agent during the preparation of the ionic liquid system. The presence of a 

solvent may promote mixing and improve the contact between reactants, reducing mass transfer 

limitations and favouring a more homogeneous reaction environment. Furthermore, the solvent-

assisted approach may contribute to improved heat dissipation and reduce the occurrence of localized 

regions characterized by incomplete interaction between the reacting species. However, the use of a 

solvent will require further separation stages, which may hinder the industrial applicability of the 

solution. Therefore, the advantages of using a solvent during the synthesis must be carefully assessed. 

The reagent quantities employed in this work were derived from the literature procedure [14]. 

However, the original formulation was proportionally rescaled to reduce the total mixture volume 

from approximately 396.97 mL to a maximum working volume of approximately 200 mL. This 

rescaling was required by laboratory and equipment constraints while preserving the original molar 

ratios among the synthesis components. Consequently, all reagent quantities were multiplied by a 

common scaling factor corresponding to the ratio between the target mixture volume and the original 

formulation volume. Figure 3.1 depicts a schematic representation of the preparation procedure. 
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Initially, tetramethylguanidine (TMG) was gradually added to ethanol. The resulting mixture was then 

subjected to magnetic stirring until a homogeneous solution was obtained. Subsequently, imidazole 

was dissolved in ethanol under vigorous stirring to ensure effective dissolution and obtain a 

homogeneous solution. Subsequently, the previously prepared TMGïethanol solution was transferred 

to a round-bottom flask. The imidazoleïethanol solution was then gradually added under continuous 

stirring to promote mixing and interaction between the reacting species. The compositions of the 

TMGïethanol and imidazoleïethanol solutions employed during the synthesis are reported in Table 

3.2. 

Table 3.2: Composition of the TMGïethanol and imidazoleïethanol precursor solutions employed during the solvent-

assisted synthesis of [TMG][Im]. 

 

 

 

 

 

To ensure controlled thermal conditions throughout the synthesis, the flask was placed in a 

thermostatic bath equipped with magnetic stirring and temperature control. The system temperature 

was maintained at 25 ÁC, corresponding to the room temperature conditions adopted for the synthesis 

procedure. The purification stage was carried out using a rotary evaporator system consisting of a 

heated water bath, a rotating flask holder, a condenser section, and a vacuum pump. The heated bath 

supplied the thermal energy required for solvent evaporation, while the condenser section enabled 

Solution Component Mass (g) Amount (mol) Volume (mL) 

TMG solution Ethanol 98.982 2.1486 125.95 

 
TMG 14.248 0.1239 15.487 

Imidazole solution Ethanol 39.593 0.8594 50.38 

 
Imidazole 8.42 0.1237 8.175 

Figure 3.1: Flowchart of the solvent-assisted synthesis route adopted for the preparation of the investigated ionic 

liquid. 
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ethanol condensation and collection under reduced-pressure conditions generated by the vacuum 

system. The experimental setup adopted for solvent removal is shown in Figure 3.2. 

Following completion of the reaction stage, which was carried out for 30 h to ensure complete 

conversion, compared with the 24 h reaction time reported in the literature, ethanol and possible 

moisture traces were removed by rotary evaporation under reduced pressure to obtain the final ionic 

liquid product. The purification procedure was progressively adjusted with respect to the literature 

conditions according to the observed mass variation associated with solvent removal. 

The purification endpoint was defined according to the stabilization of the sample mass. More 

specifically, the purification procedure was considered completed when the mass variation over 

consecutive intervals of approximately 2 h became lower than 0.2 g, corresponding to approximately 

0.9% of the theoretical final product mass. 

In addition, a mass-based recovery index was introduced to compare the experimentally recovered 

mass with the theoretical ionic liquid mass expected from the initial reactants, as defined in 

Equation 3.1.  

 

ὙὩὧέὺὩὶώ ὍὲὨὩὼϷ
ά

ά
ρππ (3.1) 

Figure 3.2: Rotary evaporator system employed for solvent removal and purification. Main components involved in 

solvent evaporation, condensation, heating, and vacuum generation are highlighted. 
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Here mtheoretical represents the expected ionic liquid mass estimated from the initial reactants, and 

mobtained corresponds to the experimentally recovered mass after purification. 

3.1.2 Solvent-Free Synthesis Route 

The second synthesis route was based on a direct neutralization approach between 

tetramethylguanidine and solid imidazole without the use of a solvent. In this case, ionic liquid 

formation was achieved through direct interaction between the two reactants, while ethanol was 

completely excluded from the synthesis procedure. The main stages of the solvent-assisted synthesis 

route adopted for ionic liquid preparation are schematically illustrated in Figure 3.3.  

The literature procedure employed equimolar quantities of 0.25 mol for both TMG and imidazole. 

During synthesis, imidazole was progressively divided into smaller portions and sequentially added 

to TMG under vigorous stirring to promote homogenization and facilitate mixing. 

In the present work, the synthesis was proportionally rescaled for practical and handling 

considerations while preserving the original molar ratio. Equimolar quantities of 0.14 mol were 

therefore employed for both reactants. The quantities adopted during the synthesis are summarized 

in Table 3.3. 

Table 3.3: Composition employed for the solvent-free synthesis route. 

Component Mass (g) Amount (mol) Volume (mL) 

TMG 16.14 0.14 17.54 

Imidazole 9.53 0.14 9.25 

TMG was initially transferred into a round-bottom flask, while imidazole was divided into multiple 

portions and progressively added under vigorous stirring. The stepwise addition procedure was 

adopted to improve homogenization and reduce the formation of localized imidazole accumulations 

within the reaction mixture. After reactant addition, the reaction mixture was maintained under 

continuous stirring for approximately 4 h. As in the solvent-assisted synthesis route, the flask was 

placed in a thermostatic bath equipped with temperature control and magnetic stirring, maintaining 

the reaction mixture at 25 ÁC throughout the reaction stage. The experimental setup adopted during 

Figure 3.3: Schematic representation of the solvent-free synthesis procedure adopted for the preparation of the 

investigated ionic liquid. 
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synthesis corresponded to that previously illustrated for the solvent-assisted approach. Upon 

completion of the reaction stage, the resulting material was purified using the rotary evaporation 

system previously described. In this case, purification was mainly intended to promote moisture 

removal from the synthesized ionic liquid. The literature procedure proposed purification under 

vacuum conditions for approximately 24 h [18]. In the present work, purification was performed at 

60 ÁC under mild vacuum conditions through two consecutive stages for a total duration of 

approximately 8 h. As in the previous synthesis route, the purification endpoint was defined according 

to sample mass stabilization. The process was interrupted when the mass variation measured over 

consecutive intervals of approximately 2 h became lower than 0.9% of the theoretical final product 

mass. For recovery calculations, complete conversion and full ionic liquid formation were assumed. 

3.2 Materials characterization 

The synthesized systems were characterized through spectroscopic and physicochemical analyses to 

evaluate the properties of the obtained ionic liquid products and compare them with the systems 

previously reported in the literature. The characterization campaign was performed both to investigate 

the structural and thermophysical properties of the synthesized materials and to verify whether the 

adopted synthesis procedures led to products exhibiting properties comparable with those reported 

for the corresponding literature systems. 

The characterization techniques adopted in this work included Fourier Transform Infrared 

Spectroscopy (FTIR), density, conductivity, viscosity, and heat capacity measurements. 

3.2.1 FTIR Characterization 

Fourier Transform Infrared Spectroscopy (FTIR) was employed to investigate the chemical structure 

of the synthesized systems and evaluate the formation of the ionic liquid products through comparison 

with literature data. The obtained spectra provide information regarding the characteristic vibrational 

modes associated with the chemical bonds and functional groups present within the investigated 

materials. 

The spectra were acquired within the wavenumber range between 4000 and 400 cm ĭ using an 

Attenuated Total Reflectance (ATR) configuration and were reported as transmittance (%) versus 

wavenumber (cm ĭ). In the ATR technique, a small quantity of sample is directly placed in contact 

with the crystal surface of the measuring accessory. The infrared radiation propagates through the 

ATR crystal and undergoes multiple internal reflections, generating an evanescent wave that 

penetrates a short distance into the sample surface. The interaction between the evanescent wave and 

the investigated material produces the characteristic absorption spectrum of the compound. The ATR 

approach enables rapid measurements with limited sample preparation requirements and is 

particularly suitable for ionic liquids and liquid systems due to the possibility of direct analysis 

without additional treatment. 
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3.2.2 Density Measurements 

Density measurements were performed at approximately 20 ÁC, corresponding to room temperature 

conditions. The density determination was based on direct measurement of sample mass and volume. 

A graduated glass pipette equipped with a pipette filler was employed for sample collection. 

Approximately 20 mL of sample was transferred for each measurement. A volume close to the upper 

measurement range of the pipette was selected to reduce the relative uncertainty associated with 

volume determination. The collected sample was subsequently transferred into a container placed on 

an analytical balance for mass determination. The density was then calculated from the ratio between 

measured mass and sample volume. 

3.2.3 Viscosity Measurements 

Viscosity measurements were performed using a rotational viscometer (Brookfield DV-III+) 

consisting of a rotating cylindrical element immersed in the investigated fluid. The measurement 

chamber was equipped with an external temperature control system, allowing circulation of a thermal 

fluid to regulate and maintain the sample temperature during the analysis. The experimental apparatus 

employed for viscosity measurements is shown in Figure 3.4. 

The characterization campaign was conducted by varying both the rotational speed and the operating 

temperature to evaluate the rheological behaviour of the investigated systems and verify the possible 

dependence of viscosity on shear conditions. The rotational speed was varied within a range selected 

according to the operating conditions, providing the highest measurement stability and reliability for 

the employed instrument. The investigated rotational speeds were 100, 125, 150, 175, and 200 rpm. 

Figure 3.4: Rotational viscometer employed for viscosity measurements and temperature-controlled analysis of the 

investigated systems. 
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Under the adopted measurement conditions, the rotational speed was assumed to be proportional to 

the applied shear rate. Measurements were performed at different temperatures, approximately 

corresponding to 20, 25, 35, and 40 ÁC, to evaluate the variation of viscosity with temperature. The 

variation of viscosity with rotational speed was investigated to verify whether the synthesized systems 

exhibited Newtonian behaviour, characterized by viscosity values independent of shear rate, or 

possible non-Newtonian responses. Additionally, selected operating conditions were maintained for 

extended periods to evaluate possible time-dependent variations of viscosity. 

For each experimental condition, the instrument output exhibited oscillations between four 

consecutive viscosity readings generated during the same measurement. Therefore, the final viscosity 

value associated with each operating condition was calculated as the arithmetic average of these four 

values to reduce measurement fluctuations and improve result reproducibility. 

3.2.4 Electrical Conductivity Measurements 

Electrical conductivity measurements were performed using a conductivity/TDS/salinity meter 

(HI2003, Hanna InstrumentsÈ) equipped with a four-ring EC/temperature immersion probe 

(HI763100) inserted into the investigated liquid samples. During the measurements, the samples were 

placed inside a thermostatic bath equipped with magnetic stirring and temperature control. The 

thermostatic system was employed to maintain the desired operating temperature while 

simultaneously ensuring continuous mixing and homogenization of the investigated samples during 

the analysis. 

The characterization campaign included measurements of the synthesized ionic liquids, pure 

compounds, and intermediate precursor systems. In particular, conductivity measurements were also 

performed on equimolar TMGïimidazole mixtures containing different ethanol fractions to compare 

the electrical behaviour before and after ionic liquid formation and evaluate the influence of ethanol 

concentration on the investigated systems. For each investigated composition, electrical conductivity 

was measured at approximately 20 ÁC and 40 ÁC to evaluate the variation of conductivity with 

temperature. The selected temperature range was adopted to investigate the influence of thermal 

conditions on charge transport within the investigated systems. In ionic liquid systems, conductivity 

is generally affected by temperature due to variations in ion mobility and transport properties. 

3.2.5 Heat Capacity Measurements 

Heat capacity measurements were performed by Modulated Differential Scanning Calorimetry 

(MDSC) using a heat-only modulation method. The analyses were carried out on both synthesized 

ionic liquid systems.  

The measurements were performed within a temperature range between ī80 ÁC and 100 ÁC using a 

heating rate of 2 ÁC min ĭ. The modulation conditions included an oscillation time of 60 s. 

Modulated DSC combines the conventional linear temperature ramp with a superimposed periodic 

temperature modulation. This approach enables the separation of the total heat flow signal into its 
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reversing and non-reversing components, providing improved characterization of thermal transitions 

and more accurate determination of heat capacity. The reversing heat flow is associated with 

equilibrium processes that respond directly to the imposed temperature modulation, primarily 

reflecting the heat capacity of the sample. Conversely, the non-reversing heat flow is related to kinetic 

phenomena that occur over longer timescales and do not immediately follow the modulation, 

including crystallization, solvent loss, chemical reactions, and decomposition processes. 

In the present work, a heat-only modulation mode was employed, in which the periodic temperature 

modulation is applied exclusively during the heating segment, allowing the evolution of heat capacity 

and thermal behaviour to be monitored as a function of temperature. 

3.3 Experimental Campaign 

The experimental campaign was organized through a Design of Experiments (DoE) approach to 

systematically investigate the thermal behaviour of pure compounds, precursor mixtures, and ionic 

liquid systems. The DoE methodology was adopted to support experimental planning, improve 

organization of the analyses, and ensure systematic variation of the investigated factors while 

reducing the influence of possible systematic errors through experiment randomization. 

Different experimental campaigns were developed according to the investigated systems and 

synthesis stages. The adopted matrices included precursor compounds, intermediate mixtures, and 

final ionic liquid systems characterized by different compositions and operating conditions. For all 

investigated campaigns, the pure systems without solvent addition were also included within the 

experimental matrices and employed as reference conditions for comparison with the corresponding 

mixtures. For simplicity, the ionic liquid obtained through the solvent-assisted synthesis route is 

hereafter referred to as IL1, whereas the ionic liquid synthesized through the solvent-free route is 

referred to as IL2. The main characteristics of the experimental campaigns are summarized in Table 

3.4, while the complete experimental matrices adopted for each DoE are reported in Appendix A. 

Table 3.4: Summary of the Design of Experiments campaigns adopted in this work. 

 

 

 

 

 

 

 

 

The response variables extracted from the experimental thermal profiles depend on the thermal 

behaviour observed for the investigated system. Systems classified as degradation or decomposition 

System 
Heating rate 

levels (ÁC min ĭ) 

Mass solvent-to-

solute ratio levels 

Mass TMG-to-

Imidazole ratio levels 

Number of 

Experiments 

TMG+ethanol 2.5; 5 0; 0.1; 0.5; 1 - 8 

Imidazole+ethanol 2.5; 5 0; 0.25; 0.5; 1 - 8 

TMG+Im+ethanol 2.5; 5 0; 0.25; 0.5; 1 0.8459; 1.692 16 

IL1+ethanol 2; 5 0; 0.5; 1 - 6 

IL2+ethanol 2; 5 0; 0.5; 1 - 6 
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phenomena were characterized through onset-related indicators, including onset temperature (Ton), 

onset pressure (Pon) and the corresponding onset time (ton) identified from the thermal and pressure 

profiles. For systems classified as decomposition phenomena, additional thermodynamic and kinetic 

parameters were also evaluated, including final temperature (Tfin) and pressure (Pfin) conditions, 

decomposition enthalpy (̓Hr), adiabatic temperature rise (̓Tad), activation energy (Ea), and kinetic 

parameters associated with the adopted reaction models. Conversely, for systems classified as 

degradation phenomena without evident decomposition behaviour, the analysis was limited to onset-

related indicators and qualitative evaluation of the thermal and pressure evolution. The response 

variables considered in the present work were selected not only for their ability to characterize the 

thermal behaviour of the investigated systems, but also for their practical relevance in thermal 

stability and process safety evaluations. The response variables extracted from the experimental data 

depend on the type of thermal event observed. As discussed in Chapter 2.1 and further detailed in the 

following sections, different parameters can be determined depending on whether the thermal 

behaviour is classified as degradation or decomposition. Table 3.5 summarizes the response variables 

adopted throughout the experimental campaign, their applicability to the different thermal-event 

classifications, and their practical significance for thermal stability assessment. 

Table 3.5: Response variables adopted in the experimental campaign, corresponding thermal event classification, and 

practical relevance for thermal stability and process safety assessment. 

Parameter Applicable to Industrial relevance 

Ton Degradation / Decomposition Defines safe storage and operating temperature limits. 

Pon Degradation / Decomposition Defines pressure conditions associated with the onset of thermal activity. 

ton Degradation / Decomposition Estimates the available time before the onset of a thermal event. 

Tfin Decomposition 
Useful for evaluating the maximum thermal excursion reached by the 

system. 

Pfin Decomposition 
Useful for evaluating final pressurization conditions and containment 

requirements. 

ȹHr Decomposition Indicates the energetic severity of decomposition phenomena. 

ȹTad Decomposition 
Estimates the maximum theoretical temperature rise under adiabatic 

conditions and potential runaway severity. 

Ea Decomposition 
Indicates the sensitivity of the decomposition rate to temperature 

variations. 

A/Kk Decomposition 
Describes the intrinsic frequency of successful reaction events and 

contributes to the overall decomposition rate. 

n Decomposition 

Describes the dependence of the decomposition rate on reactant 

concentration and provides information on the apparent reaction 

mechanism. 

k Decomposition Quantifies the decomposition rate under the investigated conditions. 

In addition to the experimental matrices reported in Table 3.4, four supplementary experiments were 

performed outside the Design of Experiments framework. These tests were conducted as confirmatory 

investigations to support the interpretation of specific trends observed during the screening campaign 

and were therefore not included in the statistical analysis. 
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Three supplementary experiments were carried out at a heating rate of 1.25 ÁC min ĭ in a selected 

composition range to further investigate the pressure evolution observed under low heating-rate 

conditions. An additional experiment was performed under selected operating conditions to provide 

further confirmation of the observed thermal behaviour. 

For all investigated systems, except for the fourth extra test, which has a total mass of 3.2 g, the total 

sample mass introduced into the TSU cell was maintained constant at 3 g to ensure comparable 

thermal and pressure responses among different experiments. 

In addition, pure ethanol was investigated at all adopted heating rates and employed as a reference 

system throughout the study. The ethanol profiles were primarily used as benchmark conditions for 

the interpretation of evaporation phenomena and pressure evolution. 

The experimental results obtained from the different campaigns were analyzed through Response 

Surface Methodology (RSM) using MinitabÈ Statistical Software. The software was employed both 

for the generation and management of the Design of Experiments matrices and for the subsequent 

statistical analysis of the experimental responses, allowing evaluation of the influence of the 

investigated factors on the measured thermal responses and identification of possible interaction 

effects between variables. Regression models, including main effects and interaction terms, were 

analysed through a stepwise regression approach combined with backward elimination. During the 

fitting procedure, statistically non-significant terms were progressively removed from the model 

according to their associated p-values. The backward elimination procedure was performed using a 

significance level ɻ πȢρ. Consequently, factors characterized by p-values higher than 0.1 were 

considered statistically non-significant and excluded from the final regression model. The selected 

threshold was considered appropriate for the exploratory nature of the present thermal screening 

campaign and the limited number of experimental runs associated with some investigated systems. 

The experimental campaigns and statistical methodologies described in this section constituted the 

basis for the thermal analyses and stability investigations discussed in the following sections. 

3.4 Adopted experimental approach 

This section describes the experimental thermal analysis methodologies adopted for the investigation 

of the synthesized systems and precursor mixtures. Thermal analysis was performed to evaluate the 

thermal stability of the investigated materials and identify the occurrence of degradation or 

decomposition phenomena under controlled heating conditions. Particular attention is dedicated to 

the experimental thermal screening approach, the analysis of thermal and pressure profiles, and the 

extraction of characteristic thermal stability indicators from the experimental data. 

The adopted methodologies include the description of the experimental setup and operating 

procedure, the determination of onset conditions from thermal and pressure signals, the evaluation of 

kinetic parameters through model-based approaches, and the estimation of thermodynamic quantities 
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associated with decomposition phenomena. The implemented analysis procedures provided the basis 

for the thermal characterization and stability assessment discussed in the subsequent chapters. 

3.4.1 Experimental Procedure 

Thermal investigations were carried out using a Thermal Screening Unit (TSU, HEL GroupÈ) 

operating according to the principles described in Section 2.3.2. All experiments were performed in 

ramped mode using the operating conditions and safety limits previously introduced, namely a 

maximum oven temperature of 400 ÁC, a maximum sample temperature of 350 ÁC, a maximum 

operating pressure of 80 bar, and a cooling stage extending until the sample temperature decreased to 

approximately 60 ÁC. The experimental procedure adopted in this work follows the typical workflow 

employed in TSU-based thermal screening investigations, and a Hastelloy cell has been used for all 

the tests. A schematic overview of the main experimental steps is presented in Figure 3.5, while a 

detailed description of the procedure is provided below.  

For each experiment, the empty TSU sample holder cell was first weighed using an analytical 

balance. This reference value was subsequently used to determine the amount of sample loaded into 

the cell and to evaluate the residual mass after completion of the test. 

The desired mixture composition was prepared in a glass beaker according to the selected 

experimental conditions. A total amount larger than the final quantity required for the TSU test was 

prepared in order to facilitate handling operations while maintaining the desired component ratios. 

The mixture was placed on a magnetic stirring plate equipped with heating capabilities and 

homogenized using an appropriately sized magnetic stirrer. This step was particularly important for 

systems containing solid components, where prolonged stirring was required to achieve complete 

dissolution and obtain a homogeneous sample. 

Following homogenization, approximately 3 g of the sample was transferred into the TSU cell using 

an analytical balance. The cell was subsequently sealed and connected to the upper section of the 

TSU apparatus through the dedicated threaded fitting system. 

Prior to the start of each experiment, a leak test was performed by connecting the cell to a nitrogen 

line through the vent connection. The cell was pressurized to approximately 5ï10 bar and isolated 

Figure 3.5: Schematic overview of the typical workflow adopted for TSU-based thermal screening investigations, from 

sample preparation to sample collection. 
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from the gas supply. The pressure signal was then monitored through the TSU software to verify the 

absence of pressure losses. After successful completion of the leak test, the cell was slowly 

depressurized to atmospheric pressure and disconnected from the nitrogen line. 

The sealed cell was positioned inside the TSU oven, and the protective enclosure was closed. The 

experimental conditions were then defined within the WinISOÈ control software by selecting the 

ramped operating mode, the desired heating rate, and the corresponding safety limits. The experiment 

was subsequently started, and temperature and pressure data were continuously recorded throughout 

the thermal program. 

Upon reaching one of the predefined termination criteria, the TSU automatically entered the cooling 

phase. Temperature and pressure data continued to be recorded until the sample temperature 

decreased to approximately 60 ÁC. The cell was then removed from the apparatus, carefully vented 

to release any residual pressure, and weighed to determine the remaining sample mass. The recovered 

liquid residues were collected in labelled sample vials and stored for possible subsequent analyses. 

3.4.2 Classification of Thermal Behaviour 

The investigated systems were classified according to the characteristics of the thermal activity 

observed during the TSU experiments. The classification adopted in this work distinguishes between 

degradation and decomposition phenomena based on the evolution of the corrected temperature 

derivative profile. 

Decomposition phenomena were identified by the presence of a well-defined thermal event occurring 

within the investigated operating range. In particular, the corrected temperature derivative exhibited 

a recognizable increase followed by a subsequent decrease, resulting in a detectable peak in the 

temperature profile. This behaviour indicates that the thermal activity develops and substantially 

terminates within the experimental window, allowing the event to be characterized through onset, 

kinetic, and thermodynamic parameters. 

Conversely, degradation phenomena were characterized by the absence of a clearly defined thermal 

peak within the investigated temperature range. Although thermal activity could still be present, the 

corrected temperature derivative generally exhibited either a gradual increase without a subsequent 

decrease or only weak deviations from the baseline profile. Consequently, the thermal event could 

not be considered completed within the experimental window, and only onset-related parameters were 

determined. 

Systems exhibiting no detectable thermal activity in the temperature or derivative profiles were also 

classified as degradation phenomena. In these cases, onset determination was based exclusively on 

pressure evolution, which will be described in Section 3.4.3. Representative examples of 

decomposition and degradation behaviours are reported in Figure 3.6. 
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3.4.3 Onset points determination 

The determination of onset conditions represents a fundamental step in the interpretation of TSU 

experiments and in the evaluation of thermal stability. In thermal screening studies, the onset 

temperature (Ton) is commonly defined as the lowest temperature at which detectable activity 

associated with a thermal event is observed. Since degradation and decomposition processes do not 

start at a unique and well-defined temperature, the experimentally determined onset depends not only 

on the investigated system but also on the sensitivity of the measurement technique and the adopted 

data analysis methodology. 

Two different approaches were adopted for onset determination in the present work. When the 

investigated system exhibited a sufficiently distinguishable thermal response, onset conditions were 

determined directly from the thermal signal through graphical analysis of the temperature profile and 

its derivatives. Conversely, when the thermal response could not be reliably distinguished from the 

background behaviour, as observed for some degradation processes, onset conditions were estimated 

from deviations of the experimental pressure profile from the expected physical baseline. The 

methodology adopted for each approach is described in the following sections. 

Graphical determination of onset values 

For systems exhibiting detectable thermal activity, onset conditions were determined through 

graphical analysis of the experimental TSU outputs. The adopted methodology was based on the 

identification of deviations from the expected background behaviour of the system and was applied 

to different representations of the experimental data to exploit all the information available from the 

TSU measurements. Although the graphical procedure was originally developed and described in 

  

Figure 3.6: Representative temperature derivative profiles adopted for the classification of thermal phenomena. (a) 

Decomposition behaviour, showing a well-defined thermal event that develops and substantially terminates within the 

investigated temperature range. (b) Degradation behaviour, showing a progressive increase of thermal activity without 

a complete attenuation before the end of the experiment. 
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the literature for the analysis of specific signal representations [23]. The same onset identification 

criterion based on the intersection of characteristic trends was consistently extended in this work to 

all the investigated TSU outputs. Five graphical representations were considered: 

1. Sample temperature versus time (T vs t); 

2. First temperature derivative versus time (dT/dt vs t); 

3. First temperature derivative versus sample temperature (dT/dt vs T); 

4. Natural logarithm of the first temperature derivative versus time (ln(dT/dt) vs t); 

5. Natural logarithm of the first temperature derivative versus sample temperature (ln(dT/dt) vs 

T). 

For all representations, the onset determination procedure followed the same general workflow. First, 

an interval surrounding the expected onset region was identified through visual inspection of the 

profile. This region corresponded to the portion of the curve where the experimental behaviour 

departed from the trend expected in the absence of degradation or decomposition phenomena. 

Subsequently, two approximately linear regions were selected on either side of the deviation zone. 

Linear regressions were performed on the selected data subsets, and the resulting trend lines were 

extrapolated. The intersection between the two regressions was then determined and interpreted 

according to the specific graphical representation considered. 

The corresponding onset pressure (Pon) was determined from the experimental pressure profile 

associated with the identified onset condition. Once the onset temperature (Ton) had been obtained 

through the selected graphical method, the corresponding pressure value was extracted from the 

experimental pressure curve at the same onset point. When Ton did not coincide exactly with an 

experimental data point, both temperature and pressure values were determined through linear 

interpolation between the adjacent experimental measurements. The final onset values reported in 

this work were calculated as the arithmetic average of all applicable onset determinations. Since each 

graphical method identifies the onset condition from a different representation of the experimental 

response, small differences among the estimated values may arise. The use of the average value 

reduces the influence of method-specific variability and provides a more robust estimate of the onset 

condition. A representative example of the graphical onset determination procedure is reported in 

Figure 3.7.  
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The figure illustrates the identification of the onset region through the selection of two approximately 

linear trends and the determination of their intersection point, from which the onset temperature is 

subsequently obtained according to the adopted graphical representation. Finally, the alternative 

methodology was applied only when the thermal signatures obtained from the temperature and 

derivative profiles were insufficient to allow a reliable graphical determination of onset conditions. 

Alternative onset determination for degradation phenomena 

For some degradation phenomena, the thermal signatures observed in the temperature and derivative 

profiles were not sufficiently pronounced to allow reliable application of the graphical onset 

determination procedures described above. In these cases, onset determination was based on pressure 

evolution. 

The adopted approach relied on the construction of a baseline pressure profile representing the 

behaviour expected in the absence of degradation phenomena. The baseline model was assumed to 

consist of two independent contributions:  

(i) the vapour-pressure contribution associated with the volatile components present in the 

system  

(ii) the pressure contribution associated with the thermal expansion of the gas phase initially 

contained within the TSU cell, which was assumed to consist predominantly of nitrogen 

introduced during the leak-testing procedure and calculated with the ideal gas law 

Figure 3.7: Example of graphical onset determination based on the intersection of linear regressions applied to 

experimental TSU data. The onset temperature is identified according to the criterion associated with the selected data 

representation. 
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For systems containing ethanol, the vapour-pressure contribution was obtained directly from 

experiments performed on pure ethanol at the same heating rate. These experiments provided an 

experimental description of the pressure evolution associated exclusively with physical phenomena, 

including ethanol vaporization and thermal expansion effects. To allow comparison under identical 

initial conditions, the nitrogen contribution originally contained in the ethanol reference experiment 

was first removed and subsequently recalculated through the ideal gas law using the initial pressure 

conditions of the investigated experiment. The resulting profile, therefore, represented the pressure 

evolution expected from ethanol vaporization and gas-phase expansion alone. 

For systems not containing ethanol, the vapour-pressure contribution was estimated using pure-

component vapour-pressure correlations retrieved from the Aspen PlusÈ thermodynamic database 

(TMG and imidazole). This contribution was then combined with the pressure increase predicted by 

the ideal gas law for the nitrogen initially present in the TSU cell. The resulting baseline profile, 

therefore, represented the expected pressure evolution if only physical phenomena were occurring 

within the system. 

The experimental pressure profile was subsequently compared with the corresponding baseline 

profile, and the relative deviation between the two curves was calculated throughout the entire 

temperature range. Under purely physical conditions, the experimental pressure evolution was 

expected to remain close to the predicted baseline behaviour. Therefore, a progressive deviation from 

the reference profile was interpreted as evidence of additional pressure contributions associated with 

degradation phenomena and the formation of volatile products. 

To identify the onset region, an interval corresponding to relative pressure deviations between 10% 

and 20% with respect to the baseline profile was selected. These thresholds were not intended to 

represent intrinsic physical limits of the system but were adopted as engineering criteria for the 

practical identification of the transition between purely physical behaviour and measurable 

degradation-induced pressure generation. The resulting interval, therefore, defined an operational 

onset region rather than a unique physical onset condition. 

The onset condition was subsequently assigned to the midpoint of the identified interval, 

corresponding to a relative pressure deviation of approximately 15% from the baseline profile. This 

value was likewise adopted as an engineering criterion to provide a consistent and reproducible onset 

definition across the investigated systems. The temperature and pressure associated with this 

condition were reported as the onset temperature (Ton) and onset pressure (Pon), respectively. 

A representative example of the adopted procedure is reported in Figure 3.8. The figure compares the 

experimental pressure evolution with the corresponding baseline profile and illustrates the 

identification of the onset interval based on the selected deviation criterion. 
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3.4.4 Thermodynamic Data 

The thermal hazard associated with the investigated systems was assessed through the estimation of 

the decomposition enthalpy and the corresponding adiabatic temperature rise. Since the Thermal 

Screening Unit (TSU) operates under externally heated and non-adiabatic conditions \ , the 

measured thermal response results from the combined effects of decomposition heat generation, heat 

transfer between the sample and the test cell, and heat exchange with the surrounding furnace 

environment. Consequently, suitable corrections were applied to estimate the thermal behaviour of 

the reacting system under quasi-adiabatic conditions. 

The first step consisted of evaluating the self-heating contribution associated with the decomposition 

process. This was achieved by subtracting a reference baseline from the measured heating-rate signal. 

The baseline represents the temperature evolution expected in the absence of thermal activity and 

accounts for the heat transfer occurring between the oven and the sample. The reaction contribution 

was therefore calculated as reported in Equation 3.2. 

ὨὝ

ὨὸÒÅÁÃÔÉÏÎ

ὨὝ

ὨὸÍÅÁÓÕÒÅÄ

ὨὝ

ὨὸÂÁÓÅÌÉÎÅ
 (3.2) 

The decomposition enthalpy for a mole of mixture was subsequently estimated by integrating the 

corrected self-heating rate between the onset temperature (Ton) and the maximum temperature 

reached during the decomposition event (Tmax). The integration limits were selected assuming that 

the contribution of any residual reaction occurring during the subsequent cooling phase is negligible 

  

Figure 3.8: Pressure-based onset determination methodology for degradation phenomena without a clearly detectable 

thermal signature. (a) Comparison between the experimental pressureïtemperature profile of the investigated mixture 

and the corresponding ethanol reference profile used as the baseline model in the heating phase. (b) Enlargement of the 

onset region employed for onset determination.  
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compared with the heat released during the main decomposition stage. In addition, the energy 

associated with evaporation of the components was taken into account through an enthalpy of 

vaporization correction. The resulting decomposition enthalpy was calculated as summarized in 

Equation 3.3. Here, ῳὌ  is the enthalpy associated with the evaporation for a mole of mixture, 

ὅȟsample is the specific molar heat capacity of the sample, and ‰ is the thermal inertia factor. 

ῳὌ ῳὌ ὅȟÓÁÍÐÌÅױ‰
ὨὝ

ὨὸÍÅÁÓÕÒÅÄ

ὨὝ

ὨὸÂÁÓÅÌÉÎÅ
 Ὠὸ (3.3) 

In the present formulation, the decomposition enthalpy is reported according to the thermodynamic 

sign convention. Consequently, exothermic decomposition events are associated with negative values 

of ῳὌ, while the vaporization contribution represents a positive energy term that is subtracted from 

the overall energy balance correction. 

The thermal inertia factor accounts for the finite heat capacity of the test cell. During decomposition, 

a fraction of the released energy is absorbed by the calorimetric vessel rather than being entirely 

converted into sample self-heating. The thermal inertia factor corrects for this effect and is defined as 

reported in Equation 3.4. Here msample, mcell and ὅȟsample, ὅȟcell represent the mass and mass specific 

heat capacity of the sample and test cell, respectively. For (‰ = 1), the heat capacity of the test cell is 

neglected, and all the released energy is assumed to remain within the reacting sample.  

‰
άƚċůƓũĲὅȟƚċůƓũĲάĦĲũũὅȟĦĲũũ

άƚċůƓũĲὅȟƚċůƓũĲ
 (3.4) 

The mass-specific heat capacities of both the sample and the test cell were treated as temperature-

dependent properties. The heat capacity function of the test cell was provided by the instrument 

manufacturer, whereas the mass sample heat capacity was evaluated along the experimental pressureï

temperature trajectory and numerically integrated within the enthalpy calculation. Details regarding 

the implemented correlations and numerical procedure are reported in Appendix B. 

The evaporation contribution was estimated independently through thermodynamic simulations 

performed in Aspen PlusÈ. A pressureïtemperature trajectory representative of the experimental 

heating process was reproduced, and the enthalpy difference between an equilibrium liquidïvapour 

system and the corresponding fully liquid state was evaluated at each condition. This enthalpy 

difference represents the energy required to generate the equilibrium vapour fraction and was 

incorporated into the decomposition enthalpy calculation as the vaporization contribution. 

Due to the absence of validated interaction parameters involving tetramethylguanidine (TMG), all 

thermodynamic calculations were performed assuming ideal liquid-phase behaviour. Consequently, 

the estimated vaporization enthalpies and heat capacities should be regarded as approximate values 

intended to provide a consistent correction of the experimental data rather than an exact 

thermodynamic description of the system. 
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Since the investigated ionic liquids are not available in the Aspen PlusÈ component database and 

exhibited negligible volatility under the investigated conditions, no vaporization contribution 

associated with the ionic liquid was included in the enthalpy calculations. This assumption is also 

consistent with literature reports describing the extremely low vapour pressure and negligible 

volatility typically exhibited by ionic liquids under comparable operating conditions [10] . For the 

estimation of the sample heat capacity, the ionic liquid contribution was obtained from experimentally 

measured values, while the ethanol contribution was obtained from the Aspen PlusÈ database. The 

overall heat capacity of the mixture was then evaluated using a mole-fraction-weighted averaging 

approach and considered constant throughout the heating trajectory. Further details of the 

thermodynamic model and calculation procedure are provided in Appendix B. 

While temperature-dependent heat capacities were used for the evaluation of the decomposition 

enthalpy, the adiabatic temperature rise was calculated using an average heat capacity representative 

of the experimental trajectory. The adiabatic temperature rise was then estimated from the corrected 

decomposition enthalpy according to Equation 3.5. 

ɝὝ
ɝὌ

ὅȟƚċůƓũĲ
 (3.5) 

Although the experiments were not performed under adiabatic conditions, the calculated T̓ad 

provides an estimate of the maximum temperature increase that would occur if all the decomposition 

heat were retained within the reacting material. Therefore, T̓ad represents one of the most relevant 

indicators for assessing the potential severity of a decomposition event and is widely employed in 

thermal hazard and process safety evaluations [24]. 

3.4.5 Kinetic Analysis 

Kinetic analyses were performed to estimate the apparent activation energy, pre-exponential factor, 

and global reaction order associated with the thermal events observed during the TSU experiments. 

The adopted methodology was based on a single apparent reaction model, in which the overall 

decomposition behaviour is represented through an apparent kinetic expression involving a single 

reacting pseudo-component. The reaction rate was therefore expressed as reported in Equation 3.6. 

Here, r is the reaction rate, kk is the apparent kinetic constant, [A] is the concentration of the reacting 

species, and n is the apparent global reaction order. 

ὶ Ὧ ὃ  (3.6) 

Such an approach can adequately describe systems in which the overall reaction rate is controlled by 

a dominant reacting species, when additional components remain approximately constant during the 

reaction, or when the rate-determining step can be associated with the formation or consumption of a 

single intermediate species. This assumption is commonly adopted for degradation and 

decomposition processes, where the overall thermal behaviour can often be represented by the 
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evolution of a single dominant species. In the case of multicomponent systems, the same concept can 

be extended through a pseudo-component approach, in which the complex mixture is represented by 

a single equivalent species whose conversion describes the overall reaction progress. Consequently, 

the resulting kinetic parameters should be interpreted as apparent quantities representative of the 

global thermal behaviour rather than of an elementary reaction mechanism. 

Assuming that the temperature rise observed during the decomposition event is proportional to the 

reaction progress, the conversion degree can be related to the experimental temperature evolution 

according to Equation 3.7. Here, Ŭ is the conversion degree, Ton is the onset temperature, and TF is 

the final temperature of the investigated decomposition event. 

‌
Ὕ Ὕ

Ὕ Ὕ
 (3.7) 

Under this assumption, the concentration of the reacting pseudo-component can be expressed as a 

function of conversion, allowing the material balance to be reformulated in terms of the 

experimentally measured temperature profile. Combining the conversionïtemperature relationship 

with the adopted apparent kinetic model leads to the following expression for the apparent kinetic 

constant, as reported in Equation 3.8. 

Ὧ

ὨὝ
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ɝὝ ὅ

 (3.8) 

Here, dT/dt is the corrected self-heating rate obtained after baseline subtraction, ȹTad is the adiabatic 

temperature rise, TF is the final temperature of the investigated thermal event, and CA0 is the initial 

concentration of the reacting pseudo-component. In the present work, the adiabatic temperature rise 

adopted in Equation 3.8 was evaluated according to the thermodynamic procedure described in 

Section 3.4.4, rather than from the experimental temperature excursion measured during the TSU test. 

Since the TSU apparatus operates under non-adiabatic conditions, ȹTad was calculated from the 

corrected decomposition enthalpy and the average molar heat capacity of the reacting mixture 

according to Equation 3.5. This definition provides an equivalent adiabatic temperature rise that 

incorporates the corrections applied to account for heat losses and the thermal inertia of the 

experimental apparatus, allowing the kinetic analysis to be performed using thermodynamic 

quantities representative of the equivalent adiabatic behaviour of the investigated system. 

On the other hand, the temperature dependence of the apparent kinetic constant was described through 

the Arrhenius equation, reported in Equation 3.9. 

Here, A is the pre-exponential factor, Ea is the apparent activation energy, R is the universal gas 

constant, and T is the absolute temperature. Taking the natural logarithm of the Arrhenius equation 

yields a linear relationship between ln (kk) and 1/T, as summarised in Equation 3.10.  

Ὧ ὃὩ Ⱦ  (3.9) 
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Using the last-mentioned definition, the activation energy was obtained from the slope of the resulting 

linear regression, while the pre-exponential factor was determined from the intercept. 

The apparent reaction order n was estimated through a trial-and-error procedure. Different values of 

n were tested, and the corresponding kk profiles were calculated using Equation 3.8. For each assumed 

value of n, an Arrhenius plot of ln (kk) vs 1/T was constructed. The value of n providing the highest 

degree of linearity was selected as the most appropriate apparent reaction order for the investigated 

system. 

Although the adopted model represents a simplified and apparent description of the actual 

decomposition mechanism, it provides a practical framework for comparing the thermal reactivity of 

the investigated systems and for estimating kinetic parameters relevant to thermal hazard assessment 

[24]. 
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Chapter 4 

Results and Discussions 

This chapter presents and discusses the experimental results obtained throughout the thermal and 

physicochemical characterization campaign described in Chapter 3. The thermal behaviour of the 

investigated systems is analysed progressively, from ethanol-based reactive mixtures to the final ionic 

liquids, allowing the influence of composition and synthesis conditions to be evaluated. Particular 

attention is devoted to the interpretation of the TSU results, including onset conditions, thermal-event 

classification, thermodynamic parameters, and kinetic behaviour. In addition to the experimental 

observations, a physical interpretation framework is proposed to rationalize the observed trends. The 

discussion focuses on the interplay between evaporation and decomposition phenomena, the role of 

ethanol in modifying the thermal response of the system, and the influence of heat-transfer and 

pressure-generation mechanisms on the measured behaviour. This approach is used to provide a 

coherent interpretation of the experimental results and of the thermal stability characteristics of the 

investigated systems. 

4.1 Thermal Characterization of the Pure Components 

The thermal characterization of the pure components was first performed to establish the reference 

behaviour of each individual species prior to the investigation of binary mixtures, the ternary reacting 

system, and the synthesized ionic liquids. The analysis of ethanol, imidazole, and 

tetramethylguanidine enables the identification of the main physical and chemical phenomena 

occurring under the adopted TSU operating conditions, providing the basis for distinguishing 

vaporization, degradation, and decomposition events in the progressively more complex systems 

discussed throughout this chapter. 

For each compound, the interpretation was based on the combined analysis of sample temperature 

evolution, temperatureïtime derivative, pressure evolution, and pressureïtemperature profiles. This 

approach allowed thermal events, pressure-generation phenomena, and possible irreversible 

transformations to be identified consistently. Representative experiments are discussed in the 

following sections, whereas additional experiments exhibiting analogous qualitative behaviour are 

reported in Appendix C for completeness. 

4.1.1 Ethanol 

For pure ethanol, all the investigated heating rates (2, 2.5, and 5 ÁC min ĭ) exhibited analogous 

qualitative behaviour. Therefore, only the experiment performed at 5 ÁC min ĭ is discussed in detail, 

whereas the experiments performed at 2.5 ÁC min ĭ are reported in Appendix C. 
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To assess the consistency of the experimental measurements, the pressure evolution recorded during 

the TSU tests was compared with the vapour-pressure behaviour reconstructed from literature 

correlations [25]. Since the total measured pressure includes the contribution of the initial nitrogen 

atmosphere inside the test cell, an ideal-gas correction was applied to isolate the pressure contribution 

associated exclusively with ethanol vaporization. Figure 4.1 compares the experimental pressure 

evolution with the corresponding reference behaviour reconstructed from literature vapour-pressure 

correlations after correction for the contribution of the initial nitrogen atmosphere. 

A satisfactory agreement is observed between the nitrogen-corrected experimental profile and the 

reconstructed vapour-pressure curve. The small discrepancies can be attributed to the dynamic 

heating conditions of the TSU experiments, which prevent complete thermodynamic equilibrium, and 

to the ideal-gas approximation adopted for the nitrogen correction. Nevertheless, the overall 

agreement supports the assumption that the thermal and pressure evolution can be approximated 

through a sequence of near-equilibrium states, providing confidence in the thermodynamic approach 

adopted throughout this work. The pressureïtemperature profile reported in Figure 4.1b exhibits only 

a limited hysteresis between the heating and cooling branches, confirming the absence of significant 

irreversible phenomena. The enclosed area reflects the transient evaporationïcondensation cycle 

occurring during the experiment and further supports the use of ethanol as a benchmark system for 

distinguishing physical effects from degradation and decomposition phenomena in the subsequent 

reactive mixtures. 

  

Figure 4.1: Thermal and pressure behaviour of pure ethanol under TSU conditions at a heating rate of 5 ÁC min ĭ. (a) 

Comparison between the experimental pressure evolution and the vapour-pressure profile reconstructed from literature 

correlations, corrected for the contribution of the initial nitrogen atmosphere. (b) Pressureïtemperature evolution 

during the heating and cooling stages of the experiment. 
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4.1.2 Imidazole 

For pure imidazole, no significant qualitative differences were observed between the investigated 

heating rates. Therefore, the experiment performed at 2.5 ÁC min ĭ is discussed as a representative 

case, whereas the experiment performed at 5 ÁC min ĭ is reported in Appendix C. 

To facilitate the interpretation of the pressure behaviour, the experimental results were compared with 

a predictive model accounting for the thermal expansion of the initial nitrogen atmosphere according 

to the ideal gas law and the vapour-pressure contribution of imidazole estimated from literature 

thermodynamic data. This comparison provides the expected pressure evolution in the absence of 

degradation or decomposition phenomena. The corresponding experimental and calculated profiles 

are reported in Figure 4.2. 

  

As shown in Figure 4.2a, the temperature profile exhibits a regular evolution throughout the entire 

thermal cycle, with no evidence of localized thermal events or deviations that could be associated 

with degradation or decomposition phenomena. A slight inflection can be observed in the temperature 

profile at approximately 90 ÁC, which is consistent with the melting temperature of imidazole reported 

in the literature. Apart from this transition, the sample temperature follows the imposed heating 

programme without significant anomalies. Similar behaviour was observed at the remaining 

investigated heating rates. 

The pressureïtemperature profile reported in Figure 4.2b exhibits a smooth and continuous evolution 

during both the heating and cooling stages, with only limited hysteresis between the two branches. 

The experimental profile also remains in good agreement with the predictive model based on nitrogen 

thermal expansion and imidazole vapour pressure, indicating that the observed pressure evolution is 

Figure 4.2: Thermal behaviour of pure imidazole at a heating rate of 2.5 ÁC min ĭ. (a) Sample and oven temperature 

evolution as a function of time. (b) Pressureïtemperature evolution during the heating and cooling stages compared 

with the predicted pressure profile obtained from the combined contribution of nitrogen thermal expansion and 

imidazole vapour pressure. 
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governed predominantly by physical phenomena rather than by gas-generating chemical 

transformations. Overall, the absence of detectable degradation or decomposition within the 

investigated temperature range confirms pure imidazole as a suitable reference material for the 

interpretation of the more complex imidazole-containing systems. 

4.1.3 Tetramethylguanidine 

Unlike ethanol and imidazole, pure tetramethylguanidine (TMG) exhibited measurable thermal 

activity within the investigated temperature range. Similar qualitative behaviour was observed at both 

investigated heating rates; however, the experiment performed at 2.5 ÁC min ĭ was selected for 

detailed discussion, whereas the experiment performed at 5 ÁC min ĭ is reported in Appendix C. The 

lower heating rate provides a longer residence time at elevated temperatures, allowing the thermal 

event occurring near the end of the investigated temperature range to be resolved more clearly. At 5 

ÁC min ĭ, the shorter residence time reduces the extent to which the thermal event can be 

experimentally resolved. The corresponding temperature, pressure, and temperature-derivative 

profiles are reported in Figure 4.3. 
  

As shown in Figure 4.3a, the temperature profile initially follows the imposed heating programme 

until approximately 220 ÁC, where a thermal plateau becomes evident. This behaviour is consistent 

with TMG vaporization, during which part of the supplied heat is consumed as latent heat rather than 

contributing to the temperature increase. Once the vaporization stage is completed, a localized 

thermal event is observed, as confirmed by the corresponding derivative profile (Figure 4.3b). The 

pronounced derivative peak is consistent with the occurrence of a decomposition event following the 

vaporization stage.  

Figure 4.3: Thermal behaviour of pure tetramethylguanidine (TMG) at a heating rate of 2.5 ÁC min ĭ. (a) Sample and 

oven temperature evolution as a function of time. (b) Corresponding temperatureïtime derivative profile. 
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To distinguish pressure changes associated with vaporization from those generated by decomposition, 

the experimental pressure evolution was compared with a reference profile obtained by combining 

the contribution of the initial nitrogen atmosphere and the equilibrium vapour pressure of TMG 

calculated from thermodynamic data available in the Aspen PlusÈ database. The comparison is 

reported in Figure 4.4. 
  

The experimental pressure initially follows the reference behaviour, indicating that the system 

response is dominated by nitrogen expansion and TMG vaporization. However, a clear deviation 

develops in correspondence with the thermal event previously identified from the temperature and 

derivative profiles. The pressureïtemperature representation further highlights this behaviour through 

the progressive divergence between the experimental and theoretical curves and the pronounced 

hysteresis observed between the heating and cooling branches. Together, these observations provide 

consistent evidence that the thermal event is associated with the decomposition of pure TMG 

accompanied by the generation of gaseous products. 

4.2 Imidazole-Ethanol Systems 

Following the analysis of the pure compounds, the thermal behaviour of imidazoleïethanol mixtures 

was investigated to evaluate the combined effects of solvent evaporation and possible chemical 

transformations. Representative temperature and derivative profiles obtained for a solvent-to-solute 

mass ratio of 1:1 at a heating rate of 5 ÁC min ĭ are reported in Figure 4.5. Similar qualitative 

behaviour was observed for all the investigated solvent-to-solute ratios and heating rates, although 

minor differences were observed in the duration and position of the evaporation plateau. 

Figure 4.4: Pressure-based analysis of pure tetramethylguanidine (TMG) at a heating rate of 2.5 ÁC min ĭ. (a) 

Experimental and theoretical pressure evolution as a function of time. (b) Experimental and theoretical pressureï

temperature profiles. 
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As shown in Figure 4.5, the temperature profile is characterized by a pronounced plateau associated 

with ethanol vaporization, during which a significant fraction of the supplied heat is consumed as 

latent heat. After the evaporation stage, the temperature resumes its increase, and the derivative 

progressively rises owing to the reduced vaporization contribution. This behaviour is consistent with 

the progressive increase in the thermal gradient between the oven and the sample, together with the 

reduced ability of the system to absorb energy through vaporization. However, the derivative profile 

alone does not allow an unambiguous interpretation, since a weak degradation process could produce 

a similar response. Consequently, pressure measurements were analysed to distinguish between 

purely physical behaviour and possible chemical transformations. 

The experimental pressure evolution was compared with a conservative reference profile representing 

the maximum pressure expected from nitrogen expansion and ethanol vaporization (Figure 4.6). The 

reference was obtained from the experimental pressure profile of pure ethanol measured under the 

same TSU operating conditions after subtraction of the pressure contribution associated with the 

initial nitrogen atmosphere. The resulting pressure was then scaled according to the initial liquid-

phase mole fraction of ethanol in the investigated mixture, while the contribution of imidazole was 

neglected owing to its negligible volatility under the investigated conditions. Since the liquid-phase 

composition was assumed to remain equal to its initial value throughout the calculation, although 

ethanol progressively evaporates during the experiment, the resulting reference represents a 

conservative upper-bound estimate of the pressure expected from purely physical vaporization 

phenomena. Consequently, any sustained experimental pressure exceeding this limit may indicate the 

Figure 4.5: Representative thermal profiles obtained for an imidazoleïethanol mixture at a solvent-to-solute mass ratio 

of 1:1 and a heating rate of 5 ÁC min ĭ. (a) Sample and oven temperature evolution as a function of time. (b) 

Corresponding temperatureïtime derivative profile used for thermal-event identification. 
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occurrence of additional gas-generation processes. The resulting comparison is reported in Figure 

4.6. 
  

As shown in Figure 4.6a, the pressure evolution of the imidazoleïethanol mixture closely resembles 

that of the ethanol reference system. Although a direct comparison at equal times is not entirely 

rigorous because the two systems experience different thermal histories, the overall agreement 

indicates that the measured pressure increase is predominantly governed by ethanol vaporization. The 

lower absolute pressure observed for the mixture is consistent with the smaller amount of volatile 

material available for vaporization compared with the pure ethanol system. 

The pressureïtemperature representation reported in Figure 4.6b further supports this interpretation. 

Throughout the thermal cycle, the experimental pressure profile remains below the conservative 

reference curve and exhibits a hysteresis comparable to that of the ethanol reference system, 

indicating the absence of significant additional pressure generation or irreversible transformations. 

Taken together, these observations indicate that the thermal behaviour of the investigated imidazoleï

ethanol mixtures is predominantly governed by physical phenomena, while any possible chemical 

contribution remains too small to be unambiguously detected under the investigated conditions. 

Similar results were obtained for all the investigated solvent-to-solute ratios and heating rates. 

Although minor differences were observed in the position and duration of the evaporation plateau, 

the overall trends remained qualitatively similar, with no clear evidence of decomposition under the 

investigated conditions. 

Figure 4.6: Pressure-based analysis of the imidazoleïethanol system at a solvent-to-solute mass ratio of 1:1 and a 

heating rate of 5 ÁC min ĭ. (a) Comparison between the experimental pressure evolution and the corresponding ethanol 

reference profile as a function of time. (b) Comparison between the experimental pressureïtemperature profile and the 

pressure expected from vapourïliquid equilibrium calculations after correction for the actual mixture composition. 
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4.3 TetramethylguanidineïEthanol Systems 

The thermal behaviour of the TMGïethanol mixtures was subsequently investigated using the same 

experimental approach adopted for the imidazoleïethanol systems. In contrast to the behaviour 

discussed in the previous section, the introduction of tetramethylguanidine resulted in a markedly 

different thermal response, suggesting the occurrence of additional phenomena beyond solvent 

evaporation. Representative temperature and derivative profiles obtained for an ethanol-to-TMG 

mass ratio of 0.5 at a heating rate of 2.5 ÁC min ĭ are reported in Figure 4.7. Similar qualitative 

behaviour was observed for the remaining investigated compositions and heating rates, although the 

intensity of the thermal response varied with the experimental conditions. 
 

 

As shown in Figure 4.7a, the thermal profile differs substantially from the behaviour previously 

observed for the imidazoleïethanol systems. Following the evaporation plateau associated with 

ethanol vaporization, the temperature rapidly increases, clearly deviating from the behaviour expected 

for a system governed solely by physical phenomena. The observed thermal excursion is localized 

within a relatively narrow temperature and time interval and is consistent with the occurrence of an 

exothermic decomposition process. The corresponding derivative profile reported in Figure 4.7b 

further supports this interpretation. A distinct peak is observed after the evaporation stage, indicating 

a rapid increase in the self-heating contribution of the system. According to the criteria introduced in 

Chapter 2, such behaviour is consistent with a decomposition event, as the thermal activity exhibits 

both a clearly identifiable onset and a localized thermal response. 

Similar features were observed in most of the investigated TMGïethanol systems, although the 

intensity and visibility of the thermal event varied depending on the experimental conditions. The 

Figure 4.7: Representative thermal profiles obtained for a TMGïethanol mixture with an ethanol-to-TMG ratio of 0.5 

and a heating rate of 2.5 ÁC min-1. (a) Sample and oven temperature evolution as a function of time. (b) Corresponding 

temperatureïtime derivative profile. 
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influence of composition and heating rate on the observed behaviour is discussed in the following 

sections. Pressure measurements were subsequently analysed to determine whether the observed 

thermal activity was accompanied by additional pressure generation. To this end, the experimental 

pressure profiles were compared with a reference behaviour based on ethanol vaporization under 

equivalent initial conditions. The results are reported in Figure 4.8. 
  

As shown in Figure 4.8, the pressure evolution differs markedly from that of the ethanol reference 

system. Although the two systems do not necessarily experience the same thermal history, the TMGï

ethanol mixture exhibits a substantially greater pressure increase than expected from ethanol 

vaporization alone. The pressureïtemperature representation further highlights this behaviour 

through the pronounced hysteresis between the heating and cooling stages and the sustained pressure 

exceeding the conservative reference profile, despite the lower ethanol content of the investigated 

mixture. Together, these observations indicate that the measured pressure cannot be explained solely 

by vaporization phenomena and provide strong evidence of gas generation associated with the 

decomposition event identified from the thermal profiles. 

4.3.1 Effect of Solvent-to-Solute Ratio 

Having established the occurrence of thermal activity in TMGïethanol systems, the influence of the 

solvent-to-solute ratio was subsequently investigated. Throughout this section, the investigated 

compositions are identified by the solvent-to-solute mass ratio, Ὑ ά Ⱦά , where ά  and 

ά  represent the initial masses of ethanol and TMG, respectively. Figure 4.9 compares the thermal 

and pressure responses obtained at different mixture compositions at a heating rate of 2.5 ÁC min ĭ, 

Figure 4.8: Pressure-based analysis of a representative TMGïethanol system. (a) Experimental pressure evolution 

compared with ethanol reference profile. (b) Pressureïtemperature evolution of the investigated system and 

corresponding ethanol reference. 
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selected because it allowed the most complete development of the thermal phenomena within the 

investigated temperature range. 

As shown in Figure 4.9a, increasing the ethanol content progressively modifies the thermal response 

of the system. In particular, the evaporation plateau becomes increasingly pronounced and extends 

over a wider temperature interval as the solvent-to-solute ratio increases. Despite these differences, 

all investigated systems exhibit thermal activity within a relatively similar temperature range, 

consistent with the onset conditions reported in Table 4.1. Similar onset conditions can also be 

observed from the pressure profiles reported in Figure 4.9b, although significant differences emerge 

in the subsequent pressure evolution and hysteresis behaviour. 

Table 4.1: Average onset temperatures and kinetic parameters obtained for the investigated TMGïethanol systems at 

different solvent-to-solute ratios and heating rates. Values marked with an asterisk (*) were excluded from the 

comparative analysis and are reported for completeness. ND: Not Defined. The parameter could not be reliably 

determined from the experimental data. 

The onset temperatures reported in Table 4.1 were obtained from the average of five graphical 

determination methods. Four of the investigated approaches yielded highly consistent results, 

  

mass ratio 

ET/TMG  

HR 

(°C/min) 

Tonset 

(°C) 

ȹHr 

(kcal/mol) 

ȹTad 

(K)  

Ea 

(kJ/mol) 
ln(K k,inf) n Category 

0 2.5 227 -11.8 193 249 58 2 Decomposition 

0.1 2.5 217 ND ND ND ND ND Decomposition 

0.5 2.5 216 -6.94 128 228 53 1 Decomposition 

1 2.5 216 -5.92 133 200 46 1 Decomposition 

0 5 249 ND ND ND ND ND ND 

0.1 5 214 ND ND ND ND ND ND 

0.5 5 219 -8.2 183 177 41 1 Decomposition 

1* 5* 154* ND* ND* ND* ND* ND* ND* 

Figure 4.9: Effect of solvent-to-solute ratio on the thermal and pressure behaviour of TMGïethanol systems at a 

heating rate of 2.5 ÁC min ĭ. (a) Sample temperature evolution as a function of time for the investigated compositions. 

(b) Corresponding pressure evolution as a function of time. 



 

ΥΜ 

 

whereas the direct temperatureïtime method showed slightly larger deviations, likely due to the 

greater subjectivity associated with the selection of the fitting range. 

As previously discussed, the onset temperatures reported in Table 4.1 remain within a relatively 

narrow range (219-249 ÁC) for most of the investigated systems, suggesting that the initiation of the 

thermal event is only weakly affected by the solvent-to-solute ratio. The only significant deviation is 

represented by the experiment performed at a solvent-to-solute ratio of 1 and a heating rate of 5 ÁC 

min ĭ, which was treated as an outlier and excluded from further analysis because the decomposition 

event was only partially developed and could not be reliably distinguished from the underlying 

heating profile. Under these conditions, the combination of high ethanol content and high heating rate 

resulted in a limited residence time at elevated temperatures, preventing a reliable characterization of 

the thermal event. Several parameters are reported as ND (Not Defined). For the experiment 

performed at R = 0.1 and at a heating rate of 2.5 ÁC min ĭ, the thermal response exhibited evidence 

of overlapping phenomena, including a localized energy-absorption stage occurring during the 

decomposition process. This behaviour suggests the presence of multiple partially superimposed 

events and prevents a reliable kinetic interpretation. In contrast, the experiments performed at a 

heating rate of 5 ÁC min ĭ and R = 0.1 and R = 0 showed only a limited development of the thermal 

event within the investigated temperature range. Although their behaviour remained qualitatively 

consistent with decomposition phenomena, the available data were insufficient to allow a reliable 

determination of the corresponding kinetic parameters. 

As expected, both the decomposition enthalpy and the adiabatic temperature rise are strongly 

influenced by the amount of reactive material present in the investigated system. Since all quantities 

are expressed per mole of mixture, the pure TMG system exhibits the highest energetic severity  

(ȹHr = -11.8 kcal/mol, ȹTad = 193 ÁC) among the investigated conditions. The progressive addition 

of ethanol generally leads to lower values of both ȹHr and ȹTad, consistent with a dilution effect 

associated with the reduction of the reactive fraction within the mixture. Nevertheless, the role of 

ethanol cannot be interpreted exclusively as that of an inert diluent. Possible interactions between 

ethanol and TMG may also influence the observed behaviour and require further investigation. In 

addition, the system characterized by R = 0.5 and a heating rate of 5 ÁC min ĭ exhibits energetic 

parameters comparable to those obtained for pure TMG (ȹHr = -8.2 kcal/mol, ȹTad = 183 ÁC) 

indicating that factors other than simple dilution contribute to the overall thermal response.  

The apparent activation energy generally decreases with increasing ethanol content, from 

approximately 249 to 177 kJ mol ĭ, accompanied by a corresponding decrease in the pre-exponential 

factor. Since both parameters are derived from apparent kinetic analysis, they should be interpreted 

with caution, as they may be influenced by the overlap between decomposition and solvent 

vaporization rather than exclusively reflecting changes in the intrinsic reaction kinetics.  

The apparent reaction order obtained from the kinetic analysis was approximately equal to unity for 

most ethanol-containing systems, whereas a value closer to two was obtained for pure TMG. This 
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difference should not be interpreted as direct evidence of a change in the intrinsic reaction mechanism. 

Rather, it may reflect the influence of overlapping physical phenomena, particularly solvent 

vaporization and its progressive disappearance during the experiment, which can affect the apparent 

kinetic behaviour extracted from the thermal profiles. Consequently, the estimated reaction orders 

should be regarded as apparent kinetic parameters representative of the overall observed process. 

While Table 4.1 provides a quantitative summary of the onset conditions and kinetic parameters, 

additional information can be obtained from the qualitative comparison of the thermal and pressure 

profiles reported in Figure 4.9. Significant differences emerge after the onset region. This behaviour 

is consistent with the hypothesis that increasing ethanol content promotes a more localized thermal 

event, concentrating the thermal response within a narrower temperature interval despite the lower 

amount of reactive material present. Conversely, as the ethanol concentration decreases, the thermal 

activity becomes distributed over a broader time interval, resulting in a more gradual temperature 

evolution. The pressureïtemperature profiles reported in Figure 4.9b reveal even more substantial 

differences among the investigated systems. While all experiments exhibit hysteresis between the 

heating and cooling stages, the magnitude of the hysteresis and the final pressure levels do not follow 

a simple monotonic trend with increasing ethanol content. 

In particular, the systems characterized by intermediate solvent-to-solute ratios exhibit the largest 

pressure generation and the most pronounced hysteresis loops, whereas the highest ethanol 

concentration does not correspond to the highest-pressure response. 

These observations indicate that the role of ethanol cannot be interpreted solely in terms of vapour-

pressure contribution. Instead, the experimental results suggest the presence of competing effects that 

influence both the extent of the thermal event and the associated pressure evolution. A more detailed 

analysis of these phenomena is presented in the following sections. 

4.3.2 Proposed Physical Interpretation 

The results discussed above suggest that the thermal behaviour of the investigated systems is 

governed by the combined effects of TMG decomposition, TMG evaporation, and ethanol 

evaporation. A physical interpretation was therefore developed to rationalize the influence of the 

solvent-to-solute ratio on the thermal and pressure responses. 

The relatively similar onset temperatures observed for all investigated compositions indicate that the 

initiation of the thermal event is primarily controlled by TMG. This interpretation is supported by the 

behaviour of the pure TMG system, which exhibits thermal activity within the same temperature 

range observed for the ethanol-containing mixtures. Consequently, ethanol appears to exert only a 

limited influence on the temperature at which the thermal event begins, while significantly affecting 

its subsequent evolution. The thermal profile of pure TMG further suggests that evaporation 

phenomena occur before decomposition. A partial stabilization of the temperature can be observed 
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immediately before the thermal event, indicating that a fraction of TMG absorbs heat through 

vaporization.  

The comparison between the investigated compositions indicates that ethanol plays a dual role within 

the system. Ethanol evaporation contributes to pressure build-up inside the closed cell, which may 

kinetically hinder the transfer of TMG from the liquid phase to the vapour phase. Consequently, a 

larger fraction of TMG may remain available in the liquid phase, where decomposition is assumed to 

occur predominantly. This assumption is consistent with the significantly higher concentrations of 

reactive species in the liquid phase compared with the vapour phase, as well as with the generally 

faster reaction rates expected in condensed phases. At the same time, increasing the ethanol content 

directly reduces the amount of TMG available for decomposition. Since all experiments were 

performed using approximately the same total sample mass, higher solvent-to-solute ratios 

correspond to lower initial TMG contents. Therefore, although ethanol may favour the retention of 

TMG within the liquid phase, it simultaneously reduces the quantity of reactive material available for 

chemical transformation. 

A further contribution arises from the thermal evolution of the system after the evaporation plateau. 

Higher ethanol contents generate a more pronounced plateau and, upon completion of the evaporation 

stage, produce a larger temperature difference between the furnace and the sample. The resulting 

increase in thermal gradient promotes a more rapid traversal of the temperature interval where TMG 

evaporation and decomposition coexist. This interpretation is consistent with the larger thermal peak 

area observed for the R = 0.5 system compared with the R = 1 one. Consequently, less time is available 

for TMG evaporation before decomposition develops, potentially increasing the fraction of TMG 

remaining in the liquid phase when the thermal event occurs. The experimental observations can be 

consistently interpreted through the combined effects of pressure generation, phase behaviour, and 

thermal-gradient evolution induced by ethanol. Within the investigated conditions, no clear 

experimental evidence was found requiring the direct involvement of ethanol in the decomposition 

process or the formation of additional reactive species. Furthermore, ethanol is routinely employed 

as a solvent during the synthesis of the investigated ionic-liquid systems. Therefore, the observed 

trends in hysteresis magnitude, pressure generation, and thermal response are attributed primarily to 

physical effects, which appear sufficient to explain the experimental behaviour. 

The comparison between the R = 0.5 and R = 1 systems provides particularly useful insight into the 

role of ethanol. Despite the higher ethanol content of the R = 1 system, the R = 0.5 one exhibits larger 

hysteresis loops, higher final pressures, and a larger thermal peak area. This observation is particularly 

significant because the R = 1 system would be expected to benefit more strongly from the physical 

effects associated with ethanol, including the larger thermal gradient generated after the evaporation 

plateau and the reduced time available for TMG evaporation prior to decomposition. Furthermore, if 

ethanol directly contributed to the pressure-generating process, a comparable or even larger pressure 

response would be expected for the R = 1 system. 
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The fact that the opposite behaviour is observed indicates that the amount of TMG available for 

decomposition remains the dominant factor controlling the overall extent of the transformation. 

Although the higher ethanol content promotes conditions that may favour TMG retention in the liquid 

phase, the lower quantity of reactive material ultimately limits the total energy release and the 

associated pressure generation. Under these conditions, the R = 0.5 system appears to provide a more 

favourable balance between TMG availability, and the physical effects induced by ethanol, resulting 

in the largest hysteresis loop and pressure generation among the investigated compositions.  

The behaviour of the pure TMG and R = 0.1 systems further supports this interpretation. Although 

the introduction of ethanol may favour TMG retention within the liquid phase, the overall response 

of the R = 0.1 system remains lower than that of pure TMG, as evidenced by its smaller hysteresis 

loop. This suggests that, at low ethanol contents, the beneficial effects associated with ethanol are 

insufficient to compensate for the reduction in the amount of TMG available for decomposition. 

Interestingly, the R = 1 system exhibits the smallest hysteresis among all the investigated 

compositions. Since this mixture also contains the lowest amount of TMG, this observation further 

supports the hypothesis that the quantity of reactive material available for decomposition remains the 

dominant factor controlling the overall extent of the transformation, despite the increasingly 

favourable physical effects associated with ethanol. 

Together, these observations indicate that neither TMG availability nor ethanol-induced effects alone 

are sufficient to explain the experimental behaviour. Instead, the observed response appears to result 

from the balance between these competing contributions, leading to an optimum intermediate 

composition characterized by the largest hysteresis and pressure generation. This hypothesis will be 

further examined through the additional experiments discussed in the following section. The 

experimental observations therefore support a coherent physical framework capable of explaining the 

investigated trends without requiring the assumption of a direct chemical role of ethanol in the 

decomposition mechanism. The proposed interpretation is summarized in Table 4.2. 

Table 4.2: Proposed interpretation of the pressureïtemperature hysteresis observed in TMGïethanol systems. The table 

summarizes the qualitative balance between reactive material availability and ethanol-induced effects used to explain 

the experimentally observed hysteresis magnitude at different solvent-to-solute ratios. 

Solvent-to-

solute ratio 

TMG 

availability 

Ethanol-

induced effects 

Hysteresis 

magnitude 
Proposed interpretation 

0 Maximum Absent High 
A large amount of reactive material is available for 

decomposition, but no ethanol-induced effects 

0.1 High Weak Moderate 
Reduction in TMG content is not yet compensated by 

ethanol-induced effects 

0.5 
Intermediate-

high 
Significant Highest 

Optimal balance between TMG availability and 

ethanol-induced effects 

1 Low Strong Lowest 
Ethanol effects are present, but limited reactive 

material is available for decomposition 
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4.3.3 Additional Experimental Evidence 

To further evaluate the proposed interpretation, an additional experiment was performed at R = 0.6. 

Unlike the previous tests, the amount of TMG was kept constant with respect to the R = 0.5 system, 

while the ethanol content was increased. Consequently, the total sample mass increased from 

approximately 3.0 g to 3.2 g. This experiment was specifically designed to assess whether the addition 

of ethanol alone could further enhance the thermal and pressure response of the system or whether an 

optimum composition had already been reached at the R = 0.5 condition. 

The thermal and pressure responses obtained for the R = 0.5 and R = 0.6 systems are compared in 

Figure 4.10 through the sample temperature evolution and the corresponding pressureïtemperature 

profiles. 
  

Figure 4.10: Comparison between the R = 0.5 and R = 0.6 TMGïethanol systems at a heating rate of 2.5 ÁC min ĭ. (a) 

Sample temperature evolution as a function of time. (b) Pressureïtemperature profiles highlighting the hysteresis 

behaviour of the investigated systems. 

As shown in Figure 4.10, increasing the ethanol content while maintaining the same amount of TMG 

does not enhance either the thermal or the pressure response of the system. The R = 0.6 composition 

exhibits a lower thermal peak and a smaller hysteresis loop compared with the R = 0.5 system. This 

behaviour is particularly significant because the additional ethanol increases the potential vapour-

pressure contribution of the mixture while leaving the amount of reactive material unchanged. 

If ethanol directly participated in the pressure-generating process, a comparable or even larger 

response would be expected for the R = 0.6 system. Instead, both the thermal peak intensity and the 

pressureïtemperature hysteresis decrease upon increasing the ethanol content. The reduced hysteresis 

suggests a lower extent of chemical transformation despite the identical TMG content. 
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These observations support the hypothesis that the beneficial effects previously attributed to ethanol 

reach a maximum within an intermediate composition range. Beyond this point, the additional ethanol 

appears to introduce stronger dilution and dissipative effects, reducing the overall intensity of the 

thermal event. Consequently, the results further support the existence of an optimum intermediate 

composition close to the R = 0.5 system. 

To further investigate the validity of the proposed interpretation within the low-to-intermediate 

composition range, additional experiments were performed at a heating rate of 1.25 ÁC min ĭ using 

Ὑ πȢρυ, Ὑ πȢςπ, and Ὑ πȢσπ. Although these experiments were conducted under different 

operating conditions from those discussed previously, they provide useful supporting evidence 

regarding the evolution of the system response as R increases. The corresponding thermal and 

pressure responses are reported in Figure 4.11, which compares the sample temperature evolution as 

a function of time and the corresponding pressureïtemperature profiles for the investigated 

compositions.  
  

As shown in Figure 4.11a, all investigated compositions exhibit a comparable thermal behaviour, 

characterized by an initial evaporation plateau followed by the development of a thermal event within 

a similar temperature range. However, the intensity of the observed response progressively increases 

as R is increased from R = 0.15 to R = 0.30. This trend is more clearly observed in the pressureï

temperature profiles reported in Figure 4.11b. Both the maximum pressure reached by the system and 

the magnitude of the hysteresis loop increase with increasing ethanol content. While part of the 

pressure increase may be attributed to the larger vapour-pressure contribution associated with ethanol, 

Figure 4.11: Influence of ethanol content on the thermal and pressure response of TMGïethanol systems at a heating 

rate of 1.25 ÁC min ĭ. (a) Sample temperature evolution as a function of time for R = 0.15, R = 0.20, and R = 0.30. (b) 

Corresponding pressureïtemperature profiles highlighting the evolution of the hysteresis behaviour with increasing 

ethanol content. 
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the simultaneous increase in hysteresis suggests that the observed trend cannot be explained solely 

by physical evaporation effects. 

According to the interpretation proposed in the previous section, increasing the ethanol content within 

this composition range may enhance the beneficial physical effects associated with ethanol, including 

the kinetic limitation of TMG evaporation and the larger thermal gradients established after the 

evaporation plateau. As a result, a larger fraction of TMG may remain available for decomposition in 

the liquid phase, leading to a more pronounced thermal and pressure response. A further confirmation 

is found in Table 4.3, where the main thermal, thermodynamic, and kinetic parameters obtained for 

the investigated systems are summarized. 

Table 4.3: Thermal, thermodynamic, and kinetic parameters obtained for the additional TMGïethanol systems 

investigated at a heating rate of 1.25 ÁC min ĭ. ND: Not Defined. The parameter could not be reliably determined from 

the experimental data. 

Although these experiments were performed at a different heating rate and therefore cannot be 

directly compared with the results obtained at 2.5 ÁC min ĭ, they remain consistent with the proposed 

interpretation and provide additional support for the existence of an optimum composition at 

intermediate ethanol contents. A further confirmation is provided by the thermodynamic parameters 

reported in Table 4.3. Both the decomposition enthalpy and the adiabatic temperature rise increase 

from ī4.88 to ī8.84 kcal mol ĭ and from 98 to 183 ÁC, respectively, as the solvent-to-solute ratio 

increases from R = 0.15 to R = 0.30, indicating a progressively more intense thermal event as the 

ethanol content increases within this composition range. This trend is fully consistent with the 

qualitative observations derived from the thermal and pressure profiles and further supports the 

proposed interpretation of the role of ethanol in the investigated systems. The apparent activation 

energy remains essentially constant, varying only from 181 to 179 kJ mol ĭ, while only minor 

variations are observed in the corresponding pre-exponential factor (40ï41). Although these 

parameters may be influenced by the overlap between evaporation and decomposition phenomena, 

no clear evidence of significant changes in the underlying reaction kinetics is observed. 

4.3.4 Summary of Statistically Derived Parameters 

In addition to the direct interpretation of the thermal and pressure profiles, several derived parameters 

were analysed to identify possible relationships between the experimental factors and the observed 

system response. Given the limited number of experiments for which reliable kinetic and 

thermodynamic parameters could be determined, the statistical analysis was intended to identify the 

mass ratio ET/TMG 
HR 

(ÁC/min) 
Tonset (ÁC) ȹHr (cal/mol) ȹTad (K) 

Ea 

(kJ/mol) 
ln(Kk,inf) n Category 

0.30 1.25 207 -709 119 255 60 1 Decomposition 

0.20 1.25 193 -453 61 255 65 1 Decomposition 

0.15 1.25 213 -463 62 ND ND ND Decomposition 
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main trends within the experimental dataset rather than to develop predictive models. A backward 

stepwise regression procedure with a significance level of Ŭ = 0.10 was adopted. It should also be 

noted that the number of observations differs depending on the analysed response. Onset-related 

parameters, such as Ton, Pon, and ton, could be determined for a larger number of experiments, 

providing a higher number of residual degrees of freedom. Conversely, thermodynamic and kinetic 

parameters could only be evaluated for experiments in which the thermal event was sufficiently 

developed and clearly interpretable. As a result, the corresponding statistical models are based on 

fewer observations and should be interpreted with greater caution. Owing to the limited residual 

degrees of freedom, only main effects were considered, while interaction and higher-order terms were 

not included. Consequently, the following results should be interpreted by considering both their 

statistical significance and their consistency with the experimentally observed physical behaviour. 

The regression analysis performed on the onset time confirmed the expected influence of both R and 

the heating rate. According to the backward stepwise regression procedure (Ŭ = 0.10), both heating 

rate and solvent-to-solute ratio were retained in the final model. As shown by Equation 4.1, increasing 

the ethanol content delayed the onset of the thermal event, primarily due to the longer evaporation 

plateau associated with larger ethanol fractions. Conversely, increasing the heating rate reduced the 

time required to reach the onset conditions. These effects explain 98% of the observed variability and 

are fully consistent with the thermal behaviour discussed in the previous sections. The heating rate 

exhibited the strongest influence on the response (p < 0.001), while the solvent-to-solute ratio showed 

a weaker but still significant effect (p = 0.069). This difference is also reflected in the Pareto chart of 

the standardized effects, where the contribution of the heating rate is substantially larger than that of 

R. 

ὸ ρχυȟυω ςςȟρς ὌὙ ρτ ίέὰὺὩὲὸȾίέὰόὸὩ (4.1) 

Where ton is the onset time (min), HR is the heating rate (ÁC min ĭ), and the solvent-to-solute mass 

ratio is defined as ά Ⱦά (ï). A statistically significant relationship was also identified for 

the onset pressure. As shown by Equation 4.2, increasing the ethanol content resulted in higher onset 

pressures due to the larger partial pressure of ethanol present within the closed cell prior to the onset 

of decomposition. Consequently, systems containing larger ethanol fractions reached the 

decomposition onset under higher pressure conditions. This behaviour is expected from the physical 

characteristics of the investigated mixtures. The corresponding regression model explained 58 % of 

the observed variability, suggesting that additional factors may also contribute to the evolution of the 

onset pressure. According to the backward stepwise regression procedure (Ŭ = 0.10), the heating rate 

was initially included in the analysis but was subsequently removed from the model due to its lack of 

statistical significance (p = 0.698). In contrast, the solvent-to-solute ratio remained significant 

throughout the selection procedure, with its p-value decreasing from 0.065 in the complete model to 

0.029 in the final regression equation. These results indicate that the onset pressure is primarily 

controlled by the amount of ethanol present in the system, while the influence of the heating rate is 
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negligible within the investigated experimental domain. Although the final model explains only 58 

% of the observed variability, the identified dependence is physically consistent with the expected 

increase in vapour pressure associated with increasing ethanol content. 

ὖ φȟωωφȟχω ίέὰὺὩὲὸȾίέὰόὸὩ (4.2) 

Where Pon is the onset pressure (bar) and the solvent-to-solute mass ratio is defined as 

ά Ⱦά (ï). Among the investigated parameters, the apparent activation energy exhibited one 

of the strongest statistical responses. The regression model reported in Equation 4.3 indicated a 

significant dependence on both heating rate and solvent-to-solute ratio. According to the backward 

stepwise regression procedure (Ŭ = 0.10), both factors were retained in the final model, with p-values 

of 0.038 and 0.046 for heating rate and solvent-to-solute ratio, respectively. The resulting model 

explained more than 99 % of the observed variability, indicating that the selected factors capture most 

of the variation observed within the available dataset. 

From a kinetic perspective, the activation energy represents the energy barrier that must be overcome 

for the thermal event to proceed. Lower values of Ea are therefore associated with a greater probability 

of reaction occurrence at a given temperature. However, since the investigated thermal event results 

from the overlap of decomposition and evaporation phenomena, the obtained values should be 

interpreted as apparent activation energies rather than intrinsic kinetic constants. 

Both increasing heating rate and increasing ethanol content resulted in lower apparent activation 

energies. Since the intrinsic activation energy of a chemical reaction should not depend on the 

imposed heating rate, this behaviour strongly suggests that the observed trend is influenced by the 

physical phenomena occurring simultaneously with decomposition. In particular, the reduction in 

apparent Ea is consistent with the interpretation proposed in the previous sections, where increasing 

ethanol content and heating rate modify the relative contribution of evaporation and decomposition 

processes. Consequently, the calculated activation energies should be regarded as global descriptors 

of the overall thermal behaviour rather than as fundamental kinetic parameters of the decomposition 

reaction itself. 

Ὁ ςωωρχψρωσυς ὌὙ τωρφτ ίέὰὺὩὲὸȾίέὰόὸὩ (4.3) 

Where Ea is the apparent activation energy (kJ mol ĭ), HR is the heating rate (ÁC min ĭ), and the 

solvent-to-solute mass ratio is defined as ά Ⱦά (ï). No statistically significant relationships 

were identified for the remaining derived parameters. Although the regression analysis did not 

identify statistically significant effects, the observed qualitative trends remain physically meaningful 

and are therefore discussed below. In all cases, the backward stepwise regression procedure resulted 

in the exclusion of the investigated factors, as their p-values exceeded the selected significance 

threshold (Ŭ = 0.10). Consequently, no statistically robust dependence on either heating rate or 

solvent-to-solute ratio could be established within the available dataset. 

Nevertheless, some qualitative observations can be made regarding the estimated adiabatic 

temperature rise and reaction enthalpy. Although no statistically significant dependence on the 
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investigated factors could be established, both parameters exhibited non-monotonic behaviour. The 

highest values were obtained for the pure TMG system, whereas among the ethanol-containing 

mixtures, the largest values were generally observed for intermediate compositions, particularly for 

the R = 0.5 system. This behaviour is also consistent with the definition of the reported 

thermodynamic parameters, which are expressed per mole of mixture rather than per mole of TMG. 

Consequently, the progressive addition of ethanol inherently reduces the fraction of reactive material 

present in the system, contributing to lower values of both ȹHr and ȹTad. Therefore, the decrease 

observed for ethanol-containing systems should not necessarily be interpreted as evidence of a less 

energetic decomposition process, but rather as the combined result of dilution effects and the physical 

phenomena governing the development of the thermal event. In addition, for comparable 

compositions, higher heating rates tended to be associated with larger values of both ȹTad and ȹHr. 

Since the thermal event is attributed to TMG decomposition in all investigated systems, these 

differences cannot be directly associated with changes in the intrinsic chemical process. Instead, they 

suggest that the extent to which the decomposition develops during the experiment is strongly affected 

by the physical environment created by the presence of ethanol. The competing effects previously 

discussed, including ethanol evaporation, TMG evaporation, pressure build-up, and heat-transfer 

limitations, may either promote or attenuate the observable thermal response despite the 

decomposition mechanism itself remaining unchanged. 

Consequently, the non-linear behaviour observed for ȹTad and ȹHr is consistent with the pressure 

and hysteresis trends discussed in the previous sections and further supports the existence of an 

optimum intermediate composition resulting from the balance between TMG availability and ethanol-

induced physical effects. 

4.4 TMGïImidazoleïEthanol Systems 

The thermal behaviour of the TMGïimidazoleïethanol systems was subsequently investigated using 

the same experimental approach adopted for the previously discussed TMGïethanol mixtures. 

Although several aspects of the interpretation developed in the previous section remain applicable, 

the presence of imidazole and the formation of the ionic liquid introduce additional phenomena that 

may contribute to the observed thermal response. In addition to ethanol evaporation, TMG 

evaporation, and TMG decomposition, the investigated systems may also be affected by ionic liquid 

formation as well as by subsequent ionic liquid degradation and/or decomposition processes. The 

simultaneous occurrence and possible overlap of these phenomena may significantly increase the 

complexity of the observed thermal and pressure behaviour compared with that of the binary TMGï

ethanol systems.  

Consequently, the experimental response results from the overlap of multiple physical and chemical 

phenomena, making its interpretation inherently more complex than that of the binary TMGï

ethanol systems. An overview of the investigated experimental conditions and their corresponding 
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classification is reported in Table 4.4. The sixteen experiments were performed by varying the 

ethanol-to-(TMG+imidazole) ratio (E), the TMG-to-imidazole ratio (T), and the heating rate. Based 

on the characteristics of the observed thermal response, each experiment was classified either as a 

decomposition process or as a degradation process.  

Table 4.4: Experimental conditions, onset temperatures, and corresponding classification of the investigated TMGï

imidazoleïethanol systems. 

ET/(TMG+Im) TMG/Im HR (ÁC min ĭ) Tonset (ÁC) Category 

0 1.692 2.5 150 Degradation 

0.5 0.8459 5 150 Degradation 

0.5 0.8459 2.5 171 Degradation 

0 0.8459 2.5 148 Degradation 

0.25 0.8459 2.5 164 Degradation 

0.5 1.692 2.5 135 Degradation 

1 1.692 5 168 Decomposition 

0 0.8459 5 165 Degradation 

0.25 0.8459 5 164 Degradation 

0.5 1.692 5 158 Decomposition 

0 1.692 5 185 Degradation 

1 0.8459 5 146 Decomposition 

0.25 1.692 5 184 Decomposition 

1 1.692 2.5 160 Decomposition 

1 0.8459 2.5 161 Decomposition 

0.25 1.692 2.5 181 Degradation 

Therefore, the thermal events observed in the ternary mixtures cannot be interpreted solely as the 

decomposition of free TMG. Although unreacted TMG may still contribute to the thermal and 

pressure response, the lower onset temperatures indicate that additional processes associated with the 

ionic liquid phase are likely involved. For this reason, the experimental results were analysed using 

the same combination of thermal and pressure profiles previously employed for the TMGïethanol 

mixtures, while considering the additional phenomena potentially occurring within the system. 

The classification of the experimental results further highlights the differences between the ternary 

TMGïimidazoleïethanol systems and the previously investigated TMGïethanol mixtures. Among 

the sixteen experiments performed, only six exhibited a clearly identifiable decomposition event 

characterized by a localized thermal response associated with a measurable pressure increase. The 

remaining experiments were instead classified as degradation processes, as no distinct thermal peak 

could be identified despite the presence of pressure evolution within the system. 

This behaviour differs significantly from that observed for the binary TMGïethanol mixtures, where 

decomposition events were detected under most investigated conditions. In the present case, the 

thermal response appears to be distributed over a broader temperature range, making the identification 

of a localized decomposition event more difficult. Interestingly, the occurrence of decomposition was 
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not randomly distributed among the investigated conditions. All experiments exhibiting a clear 

decomposition event were associated with favourable combinations of ethanol content, heating rate, 

and TMG-to-imidazole ratio. Furthermore, when comparing experiments performed under similar 

ethanol concentrations and heating conditions, systems characterized by higher TMG-to-imidazole 

ratios more frequently exhibited decomposition behaviour. 

These observations suggest that both ethanol content and TMG concentration play an important role 

in determining whether the thermal event develops into a clearly distinguishable decomposition 

process or remains distributed over a wider temperature interval, appearing experimentally as a 

degradation phenomenon. 

To facilitate interpretation of the experimental behaviour, a representative subset of experiments 

performed at a constant T = 0.8459 and a heating rate of 5 ÁC min ĭ was selected. The corresponding 

temperatureïtime and pressureïtemperature profiles are reported in Figure 4.12 and provide an 

overview of the main thermal and pressure responses observed within the investigated systems. While 

T = 0.8459 and a heating rate of 2.5 ÁC min ĭ is reported in Appendix C. 
  

Although only the system characterized by E = 1 was classified as a decomposition process under 

these conditions, the overall temperature profiles remain qualitatively similar. The distinction arises 

from the evolution of the thermal event itself, which becomes localized in time and exhibits the 

characteristic rise-and-decay behaviour associated with decomposition, whereas the remaining 

systems display a more distributed thermal response consistent with degradation behaviour. More 

significant differences emerge from the pressureïtemperature profiles. The ethanol-free system and 

the mixtures with E = 0.25 and E = 0.5 exhibit hysteresis loops of comparable magnitude despite the 

Figure 4.12: Representative temperatureïtime (a) and pressureïtemperature, open circles indicate the approximate 

onset of the deviation associated with the investigated thermal event. (b) profiles obtained for TMGïimidazoleïethanol 

systems at a constant T = 0.8459 and a heating rate of 5 ÁC min ĭ for different E. 
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progressive reduction in the amount of TMG available within the system. In particular, the E = 0.5 

composition generates one of the largest pressure responses and one of the largest hysteresis loops 

among the investigated conditions. This behaviour is noteworthy because increasing the ethanol 

content introduces two competing effects. On one hand, the amount of TMG available for 

decomposition decreases. On the other hand, the contribution of ethanol to the overall pressure 

evolution becomes increasingly important. Despite these competing effects, the systems containing 

intermediate ethanol contents exhibit hysteresis loops comparable to, or even larger than, those 

observed for the ethanol-free mixture. This suggests that ethanol influences not only the pressure 

level through vapour-pressure effects, but also the extent to which the thermal transformation 

develops during the experiment. 

The system characterized by E = 1 exhibits a different behaviour. Despite being the only composition 

classified as a decomposition process under these conditions, it presents a smaller hysteresis loop 

than the E = 0.25 and E = 0.5 systems. This observation indicates that the occurrence of a localized 

decomposition event does not necessarily correspond to the largest overall pressure response. Instead, 

the distribution of the transformation over time and temperature appears to play an important role in 

determining the final evolution of the system. 

Overall, the results indicate that ethanol exerts a non-linear influence on the behaviour of the ternary 

mixtures. The observed response cannot be explained solely by the increase in vapour-pressure 

contribution associated with ethanol evaporation, suggesting the presence of additional effects 

influencing the extent and distribution of the thermal transformation. The final behaviour therefore 

appears to result from the combined interaction between ethanol content, TMG availability, and 

TMG-to-imidazole ratio. 

The experiments performed at a heating rate of 2.5 ÁC min ĭ exhibited behaviour generally consistent 

with that observed at 5 ÁC min ĭ. Although some variations in the relative magnitude of the pressure 

response were observed, the overall trends remained unchanged. In particular, ethanol-containing 

systems continued to exhibit hysteresis loops comparable to, or larger than, those of the corresponding 

ethanol-free mixtures, confirming that the observed behaviour cannot be attributed solely to vapour-

pressure effects. These results further support the proposed interpretation and suggest that the 

identified trends are maintained across the investigated heating-rate range.  

To further evaluate the influence of the TMG-to-imidazole ratio, a second representative set of 

experiments performed at a constant T = 1.692 and a heating rate of 5 ÁC min ĭ was analysed. The 

corresponding temperatureïtime and pressureïtemperature profiles are reported in Figure 4.13. While 

T = 1.692 and a heating rate of 2.5 ÁC min ĭ is reported in Appendix C. 
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A qualitative comparison between Figures 4.12 and 4.13 indicates that increasing the TMG-to-

imidazole ratio does not substantially alter the general shape of the thermal and pressure responses, 

although differences in the magnitude of the pressureïtemperature hysteresis can be observed for 

specific compositions. Comparison of experiments performed at identical ethanol contents and 

heating rates indicates that increasing the TMG-to-imidazole ratio may enhance the magnitude of the 

pressureïtemperature hysteresis, while preserving the overall qualitative behaviour of the system. 

The effect is most evident for the highest ethanol content, whereas intermediate ethanol 

concentrations exhibit very similar hysteresis profiles for TMG-to-imidazole ratios. These 

observations suggest that the TMG-to-imidazole ratio primarily influences the extent of the 

transformation rather than the underlying mechanisms governing the thermal response. 

A complementary analysis of the calculated kinetic and thermodynamic parameters was also 

performed and is summarized in Table 4.5. Since reliable kinetic and thermodynamic parameters can 

only be extracted from experiments exhibiting a clearly identifiable thermal event, the analysis was 

restricted to the systems previously classified as decomposition processes. Due to the limited number 

of experiments classified as decomposition processes (n = 6), the statistical analysis was performed 

on a relatively restricted dataset. Consequently, the identified trends should be interpreted primarily 

as qualitative indications rather than definitive statistical evidence. 

 

 

 

 

Figure 4.13: Representative temperatureïtime (a) and pressureïtemperature, open circles indicate the approximate 

onset of the deviation associated with the investigated thermal event. (b) profiles obtained for TMGïimidazoleïethanol 

systems at a constant T = 1.692 and a heating rate of 5 ÁC min ĭ for different E. 
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Table 4.5: Kinetic and thermodynamic main parameters calculated for the TMGïimidazoleïethanol systems classified 

as decomposition processes. 

ET/(TMG+Im) TMG/Im HR (ÁC min ĭ) Tonset (ÁC) ȹHr (kcal mol ĭ) ȹTad (K) Ea (kJ mol ĭ) ln(Kk,inf) n 

1 0.8459 2.5 161 -3.22 72 225  57 1 

1 1.692 2.5 160 -8.04 170 401  106 3 

0.25 1.692 5 184 -8.84 15 522  129 3 

0.5 1.692 5 158 -5.75 119 253  63.4 1.5 

1 0.8459 5 146 -4.88 115 163  40.6 1 

1 1.692 5 168 -4.18 83 167  41.3 1 

The statistical analysis was performed using the same backward stepwise regression procedure (Ŭ = 

0.10) adopted in the previous sections. Consistent statistically significant relationships were identified 

only for a limited number of variables. As expected, the onset pressure generally increased with 

ethanol content, while the onset time was primarily influenced by both heating rate and solvent 

composition. Conversely, no statistically significant dependence on the TMG-to-imidazole ratio was 

identified for the investigated responses, and the corresponding terms were therefore excluded from 

the final regression models.  

Parameters associated with the thermal event itself, including ȹTad, ȹHr, Ea, and the apparent reaction 

order, did not exhibit statistically significant relationships within the investigated experimental 

domain. Nevertheless, some qualitative differences can be observed. In particular, the calculated 

values span a relatively wide range, with ȹHr varying from ī3.22 to ī8.84 kcal mol ĭ, ȹTad from 15 

to 170 K, and Ea from 163 to 522 kJ mol ĭ, despite the limited variation of the investigated factors, 

suggesting that the overall response is strongly influenced by the simultaneous occurrence of multiple 

physical and chemical phenomena. The overlap between ethanol evaporation, TMG evaporation, 

ionic-liquid formation, and subsequent degradation and/or decomposition processes may therefore 

obscure simple factorïresponse relationships. 

Consequently, the pressureïtemperature and temperatureïtime profiles provided a more informative 

basis for interpretation than the statistical analysis of the derived parameters alone. The 

thermodynamic and kinetic parameters should therefore be regarded primarily as complementary 

descriptors of the observed behaviour rather than as independent evidence of specific mechanistic 

trends. This behaviour is consistent with the greater complexity of the TMGïimidazoleïethanol 

systems, where the overlap of multiple physical and chemical processes limits the ability of simple 

regression models to isolate the contribution of individual experimental factors. Several trends 

previously observed for the TMGïethanol systems remain recognizable after the introduction of 

imidazole, despite the substantial changes observed in the onset region and in the prevalence of 

degradation behaviour. The formation of the ionic liquid clearly affects the thermal stability of the 

system, as demonstrated by the lower onset temperatures (146ï184 ÁC, compared with approximately 

214ï249 ÁC for the TMGïethanol systems), and the increased prevalence of distributed degradation 

behaviour. However, the influence of ethanol content and TMG availability on pressure generation 
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and hysteresis development remains evident across the investigated compositions and heating rates. 

This suggests that the formation of the ionic liquid modifies the conditions under which the 

transformation occurs rather than completely altering the mechanisms governing the subsequent 

evolution of the system. 

4.5 Physicochemical Characterization of the Synthesized Ionic Liquids 

The synthesized ionic liquids were subsequently characterized in terms of their physicochemical 

properties. The objective of this analysis was to compare the materials obtained through the solvent-

assisted and solvent-free synthesis routes and to evaluate the influence of residual ethanol on their 

physical and thermal behaviour. The discussion is organized according to the investigated properties 

and includes a comparison with available literature data whenever possible. 

4.5.1 FTIR and DSC Characterization 

FTIR spectroscopy and DSC analyses were performed to further compare the ionic liquids obtained 

through the two synthesis routes. FTIR measurements were used to evaluate possible structural 

differences between the synthesized materials, whereas DSC analyses provided information regarding 

their thermal behaviour and phase transitions. 

The FTIR spectrum obtained for IL1 was first compared with the corresponding spectrum reported 

in the literature [14]for the same ionic liquid. The comparison is reported in Figure 4.14. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Comparison between the FTIR spectrum obtained for IL1 and the corresponding spectrum reported in the 

literature for the same ionic liquid. 
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Figure 4.14 shows an excellent agreement between the experimental and literature spectra. The main 

absorption bands are observed at the same wavenumbers and exhibit very similar relative intensities, 

indicating that the synthesized material possesses the same characteristic functional groups as the 

ionic liquid reported in the literature. The overall degree of spectral overlap confirms that the adopted 

synthesis procedure successfully reproduced the ionic liquid structure described by previous studies. 

Only minor differences can be observed within the 1000ï1200 cm ĭ region. This spectral region 

contains several overlapping vibrational modes, including contributions associated with CïO 

stretching vibrations, as well as other modes related to the ionic liquid structure. Consequently, the 

observed discrepancy may originate from differences in sample composition, residual impurities, or 

variations in the purification procedures adopted in the two studies. Since the purity of the ionic liquid 

reported in the literature [14] was not quantitatively determined, a definitive assignment of this 

difference is not possible based solely on the present comparison. 

Nevertheless, the excellent overall agreement between the spectra demonstrates that the synthesized 

ionic liquid is fully consistent with the material reported in the literature and provides further 

validation of the synthesis procedure. To further investigate the origin of the observed differences, a 

direct comparison between the spectra of IL1 and IL2 is shown in Figure 4.15. 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 shows an excellent degree of overlap between the spectra of IL1 and IL2, confirming that 

both synthesis routes successfully produced the same ionic liquid. Most of the characteristic 

absorption bands appear at identical wavenumbers and exhibit very similar intensities, indicating a 

high degree of structural similarity between the two samples. 

Figure 4.15: Comparison between the FTIR spectra obtained for IL1 and IL2. 



 

ΦΤ 

 

The most noticeable difference is observed in the region around 1600 cm ĭ, where IL2 exhibits a 

slightly more intense absorption band than IL1. This spectral region is commonly associated with 

vibrational modes involving the C=N functionality of the guanidine moiety. Since protonation of 

TMG during ionic liquid formation modifies the electronic distribution within the guanidine group 

and partially delocalizes the C=N bond character, variations in this band may reflect differences in 

the local chemical environment of the guanidinium cation. 

The observed difference may reflect slight variations in the extent of ionic liquid formation between 

the two synthesis routes. Under this interpretation, the lower intensity of the C=N-related band 

observed for IL1 could be associated with a greater degree of protonation of the guanidine moiety. 

Nevertheless, FTIR evidence alone is insufficient to unequivocally establish differences in 

conversion. Nevertheless, the overall spectral agreement remains excellent and confirms the 

successful synthesis of the target ionic liquid through both preparation routes. 

DSC analysis was performed in the temperature range from ī80 to 100 ÁC to evaluate the heat 

capacity behaviour of the synthesized ionic liquids. The heat capacity profiles obtained for IL1 and 

IL2 are reported in Figure 4.16. 

 

 

 

 

 

 

 

 

 

 

As shown in Figure 4.16, IL2 exhibits a relatively stable heat capacity over most of the investigated 

temperature range, with values close to approximately 2.25 J g ĭ ÁC ĭ. Only minor oscillations are 

observed around room temperature, after which the signal remains almost constant. This behaviour 

indicates a stable thermal response of the solvent-free ionic liquid within the investigated range. 

In contrast, IL1 shows a less stable heat capacity profile. After the oscillations observed around room 

temperature, a progressive decrease in the apparent heat capacity can be observed starting from 

approximately 50 ÁC, together with more pronounced fluctuations at higher temperatures. This 

Figure 4.16: Reversing heat capacity profiles obtained by modulated DSC for IL1 and IL2 in the temperature range 

from ī80 to 100 ÁC. 
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behaviour may be associated with the presence of residual ethanol in the sample. During heating, 

partial evaporation of residual solvent may occur, leading to changes in sample composition and 

effective mass during the measurement. Therefore, the measured heat capacity becomes less 

representative of a stable single-phase material. 

Overall, the DSC results indicate that IL2 exhibits a more stable heat capacity profile than IL1 under 

the investigated conditions. The behaviour of IL1 further supports the hypothesis that residual ethanol 

affects not only transport properties, such as electrical conductivity, but also the apparent thermal 

response of the synthesized material. 

4.5.2 Viscosity 

Viscosity measurements were performed over a range of rotational speeds and temperatures to 

evaluate the rheological behaviour of the synthesized ionic liquids. For both IL1 and IL2, viscosity 

remained essentially independent of rotational speed throughout the investigated range, indicating 

Newtonian behaviour. Furthermore, no time-dependent effects were observed during repeated 

measurements under constant operating conditions. Consequently, the viscosity values obtained at 

different rotational speeds were averaged to determine a single representative viscosity value for each 

temperature. The temperature dependence of the average viscosity values obtained for IL1 and IL2 is 

reported in Figure 4.17. 

 

 

 

 

 

 

 

 

 

 

 

The viscosities of IL1 and IL2 remain relatively similar over the investigated temperature range, 

indicating that both synthesis routes produce materials with comparable rheological properties. 

However, a difference can be observed in their temperature dependence. IL2 exhibits slightly higher 

Figure 4.17: Average viscosity as a function of temperature for IL1 and IL2. 
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viscosity values at low temperatures, whereas the difference progressively decreases as temperature 

increases. As a result of its stronger temperature dependence, IL2 reaches viscosity values comparable 

to, and slightly lower than, those measured for IL1 at the highest investigated temperatures. 

Comparison with literature data further supports the reliability of the experimental results. For both 

ionic liquids, the measured viscosities remain within approximately 10% of the corresponding 

literature values throughout the investigated temperature range (20ï40 ÁC). At 40 ÁC, the relative 

deviations were approximately 5.4% for IL1 and 4.4% for IL2 [14][18]. Considering the experimental 

uncertainty associated with viscosity measurements and the possible presence of residual ethanol in 

IL1, this agreement can be considered satisfactory and confirms the consistency of the synthesized 

materials with previously reported systems. 

4.5.3 Density and Electrical Conductivity 

The effectiveness of the purification procedure was first evaluated through the recovery index 

introduced in Section 3.1.1. The calculated recovery index for IL1 was equal to 94.2%, corresponding 

to an estimated residual ethanol content of 1.3647 g in the final sample. These results indicate that 

the solvent removal step was largely effective, although a limited fraction of ethanol remained within 

the synthesized material after purification. 

Density measurements were subsequently performed both to evaluate the possible influence of 

residual ethanol on the bulk properties of the synthesized ionic liquids and to compare the obtained 

values with literature data as an additional validation of the synthesis procedure. The measured 

densities are summarized in Table 4.6 together with the corresponding literature values and relative 

deviations. 

Table 4.6: Experimental density values of IL1 and IL2 at 20 ÁC, comparison with literature data, and corresponding 

relative deviations. 

Sample Density (g cm į) Literature Density (g cm į) Relative Deviation (%) 

IL1 0.984 0.99 0.6 

IL2 0.985 0.99725 1.23 

Electrical conductivity measurements were subsequently performed to evaluate the mobility of ionic 

species within the synthesized materials and to further compare the ionic liquids obtained through the 

two synthesis routes. The temperature dependence of the measured conductivity values is reported in 

Figure 4.18. 
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Figure 4.18 shows that both ionic liquids exhibit the same qualitative behaviour, with electrical 

conductivity increasing as temperature increases. However, a clear difference can be observed over 

the entire investigated temperature range, with IL2 consistently exhibiting higher conductivity values 

than IL1. Furthermore, the conductivity gap between the two samples remains approximately constant 

with temperature, suggesting that the factor responsible for this difference affects the conductivity 

level without substantially altering its temperature dependence. 

The lower conductivity observed for IL1 may be associated with the presence of residual ethanol 

remaining after the purification step. Since conductivity is directly related to the concentration and 

mobility of charge-carrying ionic species, the presence of a non-ionic component may reduce the 

overall conductivity of the system. This interpretation is consistent with the recovery index analysis 

and will be further investigated through the conductivity measurements performed on ionic liquidï

ethanol mixtures discussed in the following sections. 

Comparison with literature data provides additional support for the validity of the synthesized 

materials [14]. In particular, the conductivity values measured for IL1 (2925 ɛS/cm) exhibit a relative 

deviation of approximately 2.4% from the corresponding literature values (3014 ɛS/cm), indicating 

excellent agreement. This result further confirms the successful formation of the target ionic liquid. 

The higher conductivity values measured for IL2 are consistent with the absence of residual ethanol 

and suggest that the solvent-free synthesis route produces a material whose conductivity is less 

affected by dilution effects. 

To further investigate the influence of residual ethanol on the electrical conductivity of the 

synthesized ionic liquids, the conductivity of TMGïimidazoleïethanol mixtures was analysed at a 

Figure 4.18: Electrical conductivity as a function of temperature for IL1 and IL2. 
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fixed TMG-to-imidazole molar ratio of 1:1, corresponding to the stoichiometric ratio employed 

during ionic liquid synthesis. The ethanol content was progressively increased while maintaining the 

molar ratio between the two reactants constant. For comparison purposes, conductivity measurements 

were also performed on the pure compounds. As expected, both ethanol and TMG exhibited 

negligible electrical conductivity at both 20 ÁC and 40 ÁC when compared with the corresponding 

mixtures, confirming that the observed conductivity originates primarily from the ionic species 

generated within the system. The conductivity values measured at 20 ÁC and 40 ÁC are reported in 

Figure 4.19.  

 

 

 

 

 

 

 

 

 

Despite the different operating temperatures, both datasets exhibit a very similar trend. Electrical 

conductivity decreases progressively as the ethanol mass fraction increases, indicating a progressive 

reduction in the concentration of charge-carrying ionic species within the mixture. The effect is 

particularly pronounced at low ethanol contents, where relatively small additions of ethanol produce 

a substantial reduction in conductivity. 

The similarity of the trends observed at 20 ÁC and 40 ÁC suggests that the influence of ethanol 

concentration is significantly more important than the influence of temperature within the 

investigated range. Consequently, the conductivity of the system appears to be primarily controlled 

by composition rather than by thermal effects. 

These results provide a possible explanation for the conductivity differences observed between IL1 

and IL2. Although the amount of residual ethanol remaining after purification is relatively small, the 

strong conductivity reduction observed at low ethanol concentrations indicates that even limited 

quantities of residual solvent may significantly affect the measured conductivity. Therefore, the lower 

conductivity values measured for IL1 are consistent with the presence of residual ethanol identified 
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through the recovery index analysis and further support the interpretation proposed in the previous 

section. 

4.5.4 Thermal Stability of IL1 

Before investigating the influence of ethanol on the thermal behaviour of IL1, the pure ionic liquid 

was first analysed in order to establish a reference response for the system. Although experiments 

were performed at different heating rates, the results obtained at 2 ÁC min ĭ were selected for detailed 

discussion, even if a heating rate of 5 ÁC min ĭ produces the same results, which are reported in 

Appendix C. The corresponding thermal and pressure responses are reported in Figure 4.20 through 

the temperatureïtime profile, its first derivative, the pressure evolution with time, and the pressureï

temperature representation. For comparison purposes, the measured pressure evolution was also 

compared with a reference profile calculated considering only the thermal expansion of the initial 

nitrogen atmosphere according to the ideal gas law. This comparison provides a useful baseline for 

identifying additional pressure-generating phenomena associated with degradation and/or 

decomposition processes. 
  

  

Figure 4.20: Thermal and pressure response of pure IL1 at a heating rate of 2 ÁC min ĭ. (a) Sample and oven 

temperatures as a function of time. (b) First derivative of temperature with respect to time. (c) Pressure evolution as a 

function of time compared with the pressure increase predicted from the thermal expansion of the initial nitrogen 

atmosphere according to the ideal gas law. (d) Corresponding pressureïtemperature profile showing the same 

comparison. 
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The thermal and pressure profiles reported in Figure 4.20 provide clear evidence of a well-defined 

decomposition event. As shown in Figure 4.20a, the sample temperature deviates significantly from 

the heating profile imposed by the furnace, resulting in a localized thermal event that is readily 

identifiable from the temperatureïtime curve. This behaviour is further confirmed by the first 

derivative of the temperature signal reported in Figure 4.20b. The derivative initially increases above 

the baseline, reaches a maximum, and subsequently decreases towards values close to zero before 

stabilizing. Such behaviour is characteristic of a localized thermal event and indicates the occurrence 

of a process associated with a transient heat release. 

Additional confirmation is provided by the pressure evolution. As shown in Figure 4.20d, the 

experimental pressureïtemperature profile exhibits a substantial deviation from the reference 

behaviour predicted considering only the thermal expansion of the initial nitrogen atmosphere 

according to the ideal gas law. Assuming a limited vapour-pressure contribution from the ionic liquid 

under the investigated conditions, this excess pressure generation cannot be explained by physical 

expansion effects alone. Instead, it strongly suggests the formation of gaseous species during the 

thermal event. The combined evidence obtained from the thermal and pressure responses therefore 

supports an unambiguous classification of the observed phenomenon as a decomposition process 

rather than a simple degradation event. To facilitate the comparison among the investigated IL1ï

ethanol systems, the main experimental, kinetic, and thermodynamic parameters are summarized in 

Table 4.7. The table also reports the qualitative classification assigned to each experiment based on 

the observed thermal and pressure response. 

Table 4.7: Main experimental, kinetic, and thermodynamic parameters obtained for the investigated IL1ïethanol 

systems. Parameters reported as ND could not be reliably determined due to the absence of a clearly identifiable 

decomposition event. 

ETOH/IL1 
HR  

(ÁC min ĭ) 
Tonset (ÁC) Ponset (bar) tonset (min) 

ȹHr 

(kcal mol ĭ) 

ȹTad 

(K) 

Ea  

(kJ mol ĭ) 
ln(Kk,inf) n Category 

0 2 116 2.61 75 -5.1 52 118 30.4 1 Decomp 

0.5 2 158 6.51 128 ND ND ND ND ND ND 

1 2 141 6.01 128 -8.2 121 25.6 66.6 2 Decomp 

0 5 117 2.39 35 -4.89 50 117 29.8 1 Decomp 

0.5 5 158 6.65 61 -ND ND ND ND ND ND 

1 5 143 5.49 60 -13.2 160 94.4 22.1 1 Decomp 

Among the six experiments performed, four clearly showed the characteristic features of 

decomposition, including a localized thermal event associated with a measurable pressure response. 

The remaining two experiments also showed evidence of thermal activity, but their classification was 

less straightforward. One test displayed a highly oscillatory derivative signal, preventing a reliable 

interpretation of the thermal event, while the other showed a marked increase in the temperatureïtime 

derivative but ended before the event could fully develop. Therefore, although these two cases were 
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not treated as complete decomposition events, the overall behaviour of IL1 and its mixtures was 

predominantly decomposition-like. 

A preliminary indication of the influence of ethanol can be obtained by analysing the onset 

temperatures reported for the investigated systems. The onset temperature of the pure ionic liquid was 

observed at approximately 116 ÁC, whereas the ethanol-containing mixtures exhibited onset 

temperatures ranging from 141 to 158 ÁC. This behaviour is consistent with the observations 

previously made for TMG-containing systems and may be attributed to the superposition of physical 

and chemical phenomena occurring within the sample. The presence of ethanol introduces additional 

evaporation effects that contribute to the overall thermal response and may partially mask the early 

stages of decomposition. Therefore, the deviation from the baseline associated with the 

decomposition process becomes detectable only at higher temperatures, leading to an apparent 

increase in the measured onset temperature. 

The E = 1 mixture exhibited a slightly lower onset temperature than the E = 0.5 composition (143 vs 

158 ÁC at 5 ÁC min ĭ; 141 vs 158 ÁC at 2 ÁC min ĭ). This behaviour suggests that the measured onset 

temperature is not determined exclusively by the physical contribution of ethanol, but also by the 

characteristics of the decomposition event itself. In particular, a more localized thermal event can 

become distinguishable from the underlying physical phenomena at an earlier stage, leading to a 

lower experimentally detected onset temperature. Consequently, the lower onset observed for the E 

= 1 mixture may indicate that the decomposition process develops over a narrower temperature 

interval and therefore emerges more readily from the baseline response.  

To further investigate the influence of ethanol on the thermal evolution of the system, the 

corresponding pressureïtemperature profiles were analysed and are reported together with the 

temperatureïtime curves in Figure 4.21. For clarity, only the experiments performed at a heating rate 

of 5 ÁC min ĭ are discussed in detail, while the corresponding results obtained at 2 ÁC min ĭ are 

reported in Appendix C. The higher heating rate was selected because the resulting thermal events 

appear less affected by the prolonged evaporation stage associated with ethanol, thereby allowing the 

decomposition behaviour to be identified more clearly and facilitating comparison among the 

investigated compositions. 
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Figure 4.21b shows that the magnitude of the pressureïtemperature hysteresis progressively 

decreases with increasing ethanol content. The pure ionic liquid exhibits the largest hysteresis loop, 

followed by the E = 0.5 mixture and finally the E = 1 composition. This behaviour is consistent with 

a dilution effect, as increasing ethanol concentration reduces the relative amount of ionic liquid 

available for decomposition while increasing the fraction of non-reactive solvent within the system. 

Unlike the TMG-containing systems discussed previously, the present mixtures do not contain 

significant amounts of volatile reactive species at the beginning. Ionic liquids are generally 

characterized by extremely low vapour pressures and therefore their direct contribution to pressure 

generation through evaporation can be considered negligible within the investigated temperature 

range. Consequently, the observed pressure evolution is primarily associated with ethanol evaporation 

and with the gaseous products generated during ionic liquid decomposition. 

The progressive reduction of hysteresis with increasing ethanol concentration suggests that dilution 

of the decomposing ionic liquid represents the dominant effect under these conditions. As the ethanol 

content increases, the amount of ionic liquid available for decomposition decreases, resulting in a less 

pronounced thermal event. Although ethanol contributes to the overall pressure through its vapour 

pressure, this effect does not alter the general trend associated with the progressive dilution of the 

reactive phase. 

The experiments performed at 2 ÁC min ĭ showed behaviour generally consistent with that observed 

at 5 ÁC min ĭ, confirming the influence of ethanol on the pressure response of the system. However, 

the lower heating rate increased the contribution of physical phenomena, making the pressure 

evolution less straightforward to interpret quantitatively.  

Figure 4.21: Temperatureïtime (a) and pressureïtemperature (b) profiles obtained for IL1ïethanol mixtures at a 

heating rate of 5 ÁC min ĭ with different E. 
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A complementary statistical analysis was performed on the main experimental, kinetic, and 

thermodynamic parameters. Similar relationships to those previously observed for the TMG-

containing systems were identified for the tonset and Ponset. Increasing ethanol content generally 

resulted in higher onset pressures and longer onset times owing to the additional evaporation stage 

introduced by the solvent. Since these trends are consistent with those already discussed in the 

previous sections, they are not analysed further here. Among the investigated parameters, the 

estimated adiabatic temperature rise exhibited the most significant behaviour. As shown by Equation 

4.4, the final regression model retained ethanol content as the only significant factor: 

ῳὝ υπȢψ ωπȢρ ίέὰὺὩὲὸȾίέὰόὸὩ (4.4) 

Where ȹTad is the adiabatic temperature rise (K) and the solvent-to-IL1 mass ratio is defined as 

ά Ⱦά (ï). According to the backward stepwise regression procedure (Ŭ = 0.10), the ethanol-

to-IL1 ratio was retained as the only statistically significant factor (p = 0.044), whereas the heating 

rate was removed from the final model (p = 0.144). The resulting regression model explained 

approximately 87% of the observed variability, indicating that ethanol exerts a measurable influence 

on the apparent severity of the thermal event. This trend is consistent with the thermal profiles 

discussed previously. Although increasing ethanol content reduces the amount of reactive ionic liquid 

present in the system, it also modifies the physical environment in which decomposition occurs. In 

particular, the evaporation stage associated with ethanol may promote a more localized thermal event, 

leading to larger estimated values of ȹTad. The obtained thermodynamic quantities should 

nevertheless be interpreted with caution. The calculation of ȹTad and ȹHr relies on simplified 

assumptions regarding the ethanol contribution throughout the thermal event, which are discussed in 

Appendix B. Consequently, the calculated values should be regarded primarily as comparative 

indicators rather than absolute thermodynamic quantities. 

No statistically significant relationships were identified for the remaining kinetic parameters. Using 

the same backward stepwise regression procedure with Ŭ = 0.10, all investigated factors were 

removed from the models. The absence of robust statistical trends for these parameters is likely related 

to the limited number of decomposition experiments available for analysis, as well as to the 

simultaneous occurrence of multiple physical and chemical phenomena contributing to the overall 

thermal response. Consequently, within the investigated experimental domain, no evidence of 

systematic changes in the apparent kinetic behaviour associated with ethanol content or heating rate 

could be established. 

4.5.5 Thermal Stability of IL2 

The thermal behaviour of IL2 and its ethanol-containing mixtures was investigated using the same 

experimental methodology previously adopted for IL1. Although the investigated systems exhibited 

several similarities with the behaviour observed for IL1, important differences emerged in the extent 
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and localization of the thermal events. In particular, the distinction between degradation and 

decomposition systems appeared less evident, with several experiments exhibiting broad thermal 

responses that could not be unambiguously classified as localized decomposition events. 

Before evaluating the influence of ethanol, the thermal response of the pure ionic liquid was first 

analysed in order to establish a reference behaviour for the system. As for IL1, the experiment 

performed at a heating rate of 2 ÁC min ĭ was selected for detailed discussion, even if a heating rate 

of 5 ÁC min ĭ produces equivalent results (in Appendix C). The corresponding thermal and pressure 

responses are reported in Figure 4.22 through the temperatureïtime profile, its first derivative, the 

pressure evolution with time, and the pressureïtemperature representation. For comparison purposes, 

the measured pressure evolution was also compared with a reference profile calculated considering 

only the thermal expansion of the initial nitrogen atmosphere according to the ideal gas law. 
 

 

 

 

Figure 4.22: Thermal and pressure response of pure IL1 at a heating rate of 2 ÁC min ĭ. (a) Sample and oven 

temperatures as a function of time. (b) First derivative of temperature with respect to time. (c) Pressure evolution as a 

function of time compares with the pressure increase predicted from the thermal expansion of the initial nitrogen 

atmosphere according to the ideal gas law. (d) Corresponding pressureïtemperature profile showing the same 

comparison. 
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The thermal and pressure profiles reported in Figure 4.22 are consistent with a degradation process 

rather than a localized decomposition event. As shown in Figure 4.22a, the sample temperature 

follows the imposed heating profile without exhibiting a clearly identifiable thermal event. This 

observation is further supported by the first derivative of the temperature signal (Figure 4.22b), which 

does not display the characteristic rise-and-decay behaviour previously associated with 

decomposition processes. Instead, the derivative remains relatively stable and mainly exhibits an 

oscillatory behaviour throughout the experiment. 

A different behaviour is observed in the pressure response. Both the pressureïtime and pressureï

temperature profiles show a substantial deviation from the reference curve calculated considering 

only the thermal expansion of the initial nitrogen atmosphere. Assuming a negligible vapour-pressure 

contribution from the ionic liquid under the investigated conditions, this additional pressure 

generation suggests the formation of gaseous species during heating. However, unlike the 

decomposition events discussed previously, the pressure increase is not accompanied by a localized 

thermal response. 

The combination of significant pressure evolution and the absence of a clearly identifiable thermal 

event indicates that the transformation occurs progressively over a broad temperature interval rather 

than through a localized decomposition process. Consequently, the observed behaviour was classified 

as degradation. To facilitate the comparison among the investigated IL2ïethanol systems, the main 

experimental, kinetic, and thermodynamic parameters are summarized in Table 4.8. The table also 

reports the qualitative classification assigned to each experiment based on the observed thermal and 

pressure response. 

Table 4.8: Main experimental, kinetic, and thermodynamic parameters obtained for the investigated IL2ïethanol 

systems. Parameters reported as ND could not be reliably determined due to the absence of a clearly identifiable 

decomposition event. 

ETOH/IL2 
HR 

(ÁC min ĭ) 

Tonset 
(ÁC) 

Ponset 

(bar) 

tonset 

(min) 

ȹHr 

(kcal mol ĭ) 

ȹTad 

(K) 
Ea 

(kJ mol ĭ) 
ln(Kk,inf) n Classification 

0 2 109 2.06 72 ND ND ND ND ND Degradation 

0.5 2 192 11.7 143 ND ND ND ND ND Degradation 

1 2 191 12.1 150 -7.94 96 246 60 2 Decomposition 

0 5 140 3 36 ND ND ND ND ND Degradation 

0.5 5 172 7.37 60 ND ND ND ND ND ND 

1 5 183 10.7 67 ND ND ND ND ND ND 

As shown in Table 4.8, only one experiment exhibited a sufficiently developed decomposition event 

to allow the calculation of kinetic and thermodynamic parameters. Two additional experiments, both 

performed at a heating rate of 5 ÁC min ĭ, displayed thermal responses that were more consistent with 

the onset of a decomposition process than with simple degradation behaviour. In these cases, the first-
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derivative profiles showed features similar to those previously associated with decomposition events. 

However, the thermal response did not develop sufficiently to allow a clear identification of the 

complete event, preventing a reliable kinetic analysis and therefore their classification as fully 

developed decomposition processes. The onset temperatures reported in Table 4.8 provide a first 

indication of the influence of ethanol. The two experiments performed using pure IL2 exhibited the 

lowest onset temperatures (109 and 140 ÁC), whereas all ethanol-containing mixtures showed 

substantially higher onset values (172ï192 ÁC). This behaviour is consistent with the observations 

previously discussed for IL1 and for the TMG-containing systems, suggesting that ethanol contributes 

to the physical background of the thermal response through evaporation phenomena, thereby delaying 

the appearance of a clearly detectable thermal event. Interestingly, all experiments exhibiting 

decomposition-like behaviour were associated either with the highest ethanol-to-ionic-liquid ratio (E 

= 1) or with the higher heating rate (5 ÁC min ĭ). This observation suggests that both ethanol content 

and heating rate may favour the localization of the thermal event, making the decomposition 

contribution more distinguishable from the underlying physical phenomena.  

To further investigate the influence of ethanol on the thermal evolution of IL2, the corresponding 

pressureïtemperature profiles were analysed and are reported together with the temperatureïtime 

curves in Figure 4.23. For clarity, only the experiments performed at a heating rate of 5 ÁC min ĭ are 

discussed in detail, while the corresponding results obtained at 2 ÁC min ĭ are reported in Appendix 

C. As previously discussed for IL1, the higher heating rate was selected because the resulting thermal 

events appear less affected by the prolonged evaporation stage associated with ethanol, thereby 

allowing the decomposition behaviour to be identified more clearly and facilitating comparison 

among the investigated compositions. 

  

Figure 4.23: Temperatureïtime (a) and pressureïtemperature (b) profiles obtained for IL2ïethanol mixtures at a 

heating rate of 5 ÁC min ĭ and different E. 
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Figure 4.23b shows a progressive reduction in the pressureïtemperature hysteresis with increasing 

ethanol content. The pure ionic liquid exhibits the largest hysteresis loop, while the E = 0.5 and E = 

1 mixtures display progressively smaller hysteresis values. Despite the greater uncertainty associated 

with the classification of the thermal events compared with IL1, the overall trend remains clearly 

identifiable. This behaviour is consistent with a dilution effect. Since the total sample mass was 

maintained approximately constant throughout the experiments, increasing the ethanol fraction 

reduces the amount of ionic liquid available for degradation and/or decomposition. Consequently, the 

extent of irreversible transformation decreases, leading to a progressive reduction in hysteresis 

magnitude. As previously discussed for IL1, ethanol contributes to the overall pressure through its 

vapour pressure but does not appear to directly promote the thermal transformation. Instead, its 

primary effect is to modify the physical environment in which degradation and decomposition occur. 

The observed hysteresis trend therefore suggests that dilution of the reactive ionic-liquid phase 

remains the dominant effect under the investigated conditions. 

The experiments performed at 2 ÁC min ĭ exhibited a qualitatively similar behaviour and are reported 

in Appendix C. However, the lower heating rate increased the relative contribution of evaporation 

phenomena, making the interpretation of the pressure response less straightforward and the 

compositional trends less clearly defined. 

A complementary statistical analysis was performed on the main experimental parameters. Similar 

relationships to those previously observed for IL1 and for the TMG-containing systems were 

identified for both the tonset and Ponset. The onset pressure was found to depend significantly on the 

solvent-to-solute ratio, confirming the contribution of ethanol evaporation to the pressure conditions 

established prior to the onset of the thermal event. Likewise, the onset time remained significantly 

influenced by both heating rate and solvent-to-solute ratio, in agreement with the trends previously 

discussed for the investigated systems. 

In contrast with the previous cases, the onset temperature also exhibited a statistically significant 

dependence on the solvent-to-solute ratio. The final regression model obtained through backward 

stepwise elimination (Ŭ = 0.10) retained only the solvent-to-solute ratio as a significant factor: 

Ὕ ρσσȢρ φςȢψ ίέὰὺὩὲὸȾίέὰόὸὩ (4.5) 

Where Tonset is the onset temperature (ÁC) and the solvent-to-IL2 mass ratio is defined as 

ά Ⱦά (ï). The model explained approximately 63% of the observed variability. The solvent-

to-solute ratio was statistically significant with p = 0.036, whereas the heating-rate effect was 

removed during the backward elimination procedure because its p-value p = 0.956 exceeded the 

selected significance threshold. This result is consistent with the experimentally observed increase in 

onset temperature upon ethanol addition. As previously discussed, the increase in onset temperature 

should not be interpreted as an enhancement of the intrinsic thermal stability of the ionic liquid. 

Rather, it is likely associated with the increasing contribution of physical phenomena, particularly 
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ethanol evaporation, which overlaps with the initial stages of degradation and decomposition and 

delays the appearance of a clearly detectable thermal event. No statistically significant relationships 

were identified for the remaining kinetic and thermodynamic parameters. Using the same backward 

stepwise regression procedure with Ŭ = 0.10, all investigated factors were removed from the 

corresponding models. The absence of robust statistical trends is likely related to the limited number 

of experiments exhibiting well-defined decomposition behaviour, as well as to the substantial overlap 

between physical and chemical phenomena contributing to the overall thermal response. 
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Conclusions 
 

The present work investigated the thermal behaviour of tetramethylguanidine-based ionic-liquid 

systems for acid gas capture through a progressive analysis of pure compounds, binary mixtures, 

ternary reactive systems and the synthesized ionic liquids. Rather than focusing exclusively on the 

final products, the study followed the entire synthesis pathway, enabling increasingly complex 

thermal phenomena to be interpreted on the basis of the behaviour of the individual components. This 

hierarchical approach proved essential for understanding the evolution of the investigated systems 

and for establishing reliable links between composition, thermal response and reaction progression. 

Beyond the characterization of the investigated materials, one of the principal contributions of this 

work is the development of an integrated methodology for the interpretation of complex reactive 

systems. The obtained results demonstrate that temperature measurements alone are often insufficient 

to reliably distinguish physical phenomena from degradation or decomposition processes, particularly 

when evaporation, heat transfer and chemical reactions occur simultaneously. A more robust 

interpretation was achieved by combining thermal measurements with pressure-reference models, 

thermodynamic reconstruction and statistical analysis. In particular, dedicated pressure-reference 

models enabled deviations associated with chemical transformations to be identified, while the 

combined evaluation of temperature evolution, pressure generation and pressureïtemperature 

hysteresis provided practical criteria for distinguishing localized decomposition events from more 

distributed degradation behaviour. Furthermore, the proposed thermodynamic procedure allowed 

corrected decomposition enthalpies and equivalent adiabatic temperature rises to be estimated from 

non-adiabatic TSU experiments by integrating experimental measurements with Aspen PlusÈ 

simulations. Collectively, these developments provide a general methodological framework that can 

be extended to the investigation of other reactive systems exhibiting complex thermal behaviour. 

The systematic investigation of increasingly complex mixtures also provided important insight into 

the mechanisms governing the observed thermal response. For the TMGïethanol systems, the results 

indicate that ethanol primarily affects the thermal behaviour through physical rather than chemical 

effects. No direct experimental evidence supporting its participation in the decomposition mechanism 

was identified. Instead, ethanol modifies the thermal environment through evaporation, pressure 

evolution, heat transfer and the residence time of TMG within the liquid phase, thereby influencing 

the apparent development of decomposition phenomena. Consequently, the onset temperature 

remained relatively constant whenever decomposition developed as a clearly localized event, whereas 

its apparent dependence on ethanol became progressively more evident only when the thermal signal 

was increasingly masked by physical contributions. 
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The progressive introduction of imidazole further increased the complexity of the investigated 

systems, producing a gradual transition from well-localized decomposition events towards more 

distributed degradation behaviour. At the same time, onset temperatures progressively decreased until 

the synthesized ionic liquids exhibited the lowest values among all the investigated systems. These 

observations indicate that ionic-liquid formation substantially modifies the thermal response of the 

reacting system while confirming that such behaviour can only be properly interpreted through the 

simultaneous evaluation of thermal, pressure and thermodynamic information rather than any single 

experimental observable. 

The comparison between the two synthesized ionic liquids represents one of the most significant 

findings of this work. Although FTIR analyses confirmed that IL1 and IL2 possess very similar 

chemical structures, their thermal responses differed considerably. Under the investigated conditions, 

IL1 generally exhibited well-localized thermal events, whereas IL2 displayed a more distributed 

thermal behaviour. These differences are likely related to the synthesis route and, in particular, to the 

amount of residual ethanol retained within the final products. At the same time, the solvent-assisted 

synthesis adopted for IL1 may promote a higher conversion towards the desired ionic liquid, partially 

compensating for its more pronounced thermal activity. Consequently, the selection of the most 

appropriate synthesis strategy should not rely exclusively on thermal behaviour, but should also 

consider conversion efficiency, purification requirements and the intended application of the final 

product. 

From an industrial perspective, the obtained results provide useful information for the future 

development of guanidine-based ionic liquids for acid gas capture. Future absorption studies should 

determine whether the comparable physicochemical properties of IL1 and IL2 are accompanied by 

similar capture performances. If confirmed, the solvent-free synthesis route could represent an 

attractive alternative by eliminating the solvent-removal step, simplifying production and reducing 

manufacturing costs. Conversely, if the solvent-assisted synthesis provides substantially higher ionic-

liquid conversion, the additional purification requirements may be justified by the improved 

production efficiency. These considerations highlight the importance of simultaneously evaluating 

thermal behaviour, synthesis performance and process economics when selecting the most 

appropriate production route. 

Future work should therefore focus on extending the proposed methodology to additional reactive 

systems while further improving the understanding of the mechanisms governing their thermal 

behaviour. Particular attention should be devoted to identifying gaseous and condensed 

decomposition products, evaluating the influence of ionic-liquid purity and residual solvent content 

on thermal stability, validating the proposed pressure-based methodology on different reactive 

systems, and optimizing the synthesis procedures, which were reproduced from literature but not 

specifically optimized within the present work. Finally, the direct comparison of IL1 and IL2 in acid-
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gas absorption applications would allow thermal stability, synthesis efficiency, production costs and 

separation performance to be assessed simultaneously, providing a comprehensive basis for selecting 

the most suitable industrial process. 

Overall, this work demonstrates that the thermal behaviour of complex reactive systems cannot be 

interpreted by considering physical and chemical phenomena separately. Instead, it results from their 

continuous interaction throughout the thermal event. Beyond the characterization of 

tetramethylguanidine-based ionic liquids, the principal contribution of this thesis lies in the 

development of an integrated methodology that combines thermal, pressure, thermodynamic and 

statistical analyses to systematically distinguish and interpret these coupled phenomena. This 

framework provides a robust basis for the future study, optimization and safe industrial 

implementation of reactive ionic-liquid systems. 
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Nomenclature 
Symbol Description Unit 

[A] Concentration of the reacting pseudo-component mol L ĭ 

A / Kk Pre-exponential factor varies* 

CA0 Initial concentration of the reacting pseudo-component mol L ĭ 

ὅ Specific mass heat capacity J kg ĭ K ĭ 

ὅ Molar heat capacity J mol ĭ K ĭ 

E Ethanol-to-solute mass ratio ï 

Ea Apparent activation energy kJ mol ĭ 

HR Heating rate ÁC min ĭ 

k Apparent reaction rate constant varies* 

m Mass g 

n Apparent reaction order ï 

P Pressure bar 

Pfin Final pressure bar 

Pon Onset pressure bar 

R Ethanol-to-TMG mass ratio ï 

r Apparent reaction rate varies* 

t Time min 

ton Onset time min 

T Temperature ÁC 

Tfin Final temperature ÁC 

Tmax Maximum temperature during the thermal event ÁC 

Ton Onset temperature ÁC 

Tmass ratio  TMG-to-imidazole mass ratio  ï 

* Depends on the adopted kinetic model. 
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Greek Letters 

Symbol Description Unit 

Ŭ Significance level ï 

ȹHd Decomposition enthalpy kcal mol ĭ 

ȹHvap Vaporization enthalpy kcal mol ĭ 

ȹHr Reaction/decomposition enthalpy kcal mol ĭ 

ȹTad Adiabatic temperature rise K 

◖ Thermal inertia factor ï 

ɟ Density g cm į 

Acronysm 

Acronym Meaning 

ARC Accelerating Rate Calorimetry 

Aspen PlusÈ Process simulation software 

ATR Attenuated Total Reflectance 

BAT Best Available Techniques 

DOE Design of Experiments 

DSC Differential Scanning Calorimetry 

DTA Differential Thermal Analysis 

FGD Flue Gas Desulphurization 

FTIR Fourier Transform Infrared Spectroscopy 

GBIL Guanidine-Based Ionic Liquid 

HCCA Heating and Cooling Curve Analysis 

IL Ionic Liquid 

IL1 Ionic liquid synthesized through the solvent-assisted route 

IL2 Ionic liquid synthesized through the solvent-free route 

MDSC Modulated Differential Scanning Calorimetry 

ND Not Determined 

SO Sulphur dioxide 

TGA Thermogravimetric Analysis 

TMG Tetramethylguanidine 

TSU Thermal Screening Unit 
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Appendix A  

Design of Experiments 
 

A.1 TMGïEthanol systems 

Table A.1: Complete Design of Experiments (DoE) matrix 

adopted for the TMGïethanol experimental campaign. 

ÑĲƚƣШf? ET/TMG mass ratio Heating rate (ÁC min ĭ) 

1 1.0 5.0 

2 0.5 2.5 

3 0.0 2.5 

4 0.1 2.5 

5 1.0 2.5 

6 0.1 5.0 

7 0.5 5.0 

8 0.0 5.0 

 

A.2 ImidazoleïEthanol systems 

Table A.2: Complete DoE matrix for the 

imidazoleïethanol experimental campaign. 

ÑĲƚƣШf? 
ET/Im mass 

ratio 
Heating rate (ÁC min ĭ) 

1 1.00 5.0 

2 0.50 2.5 

3 0.00 2.5 

4 0.25 2.5 

5 1.00 2.5 

6 0.25 5.0 

7 0.50 5.0 

8 0.00 5.0 
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A.3 TMG-ImidazoleïEthanol systems 

Table A.3: Complete DoE matrix for the TMG-imidazoleïethanol experimental campaign. 

Test ID ET/(TMG+Im) mass ratio TMG/Im mass ratio Heating Rate (ÁC/min) 

1 0 1.6920 2.5 

2 0.50 0.8459 5.0 

3 0.50 0.8459 2.5 

4 0 0.8459 2.5 

5 0.25 0.8459 2.5 

6 0.50 1.6920 2.5 

7 1.00 1.6920 5.0 

8 0 0.8459 5.0 

9 0.25 0.8459 5.0 

10 0.50 1.6920 5.0 

11 0 1.6920 5.0 

12 1.00 0.8459 5.0 

ΝΟ ΜЮΞΡ ΝЮΣΦΞΜ ΡЮΜ 
ΝΠ ΝЮΜΜ ΝЮΣΦΞΜ ΞЮΡ 
ΝΡ ΝЮΜΜ ΜЮΥΠΡΦ ΞЮΡ 
ΝΣ ΜЮΞΡ ΝЮΣΦΞΜ ΞЮΡ 

A.4 IL1ïEthanol systems 

Table A.4: Complete DoE matrix for the IL1ïethanol experimental campaign. 

Test ID ETOH/IL1 Mass ratio Heating Rate (ÁC min ĭ) 

1 1.00 5.0 

2 1.00 2.0 

3 0.00 2.0 

4 0.50 2.0 

5 0.00 5.0 

6 0.50 5.0 

A.5 IL2ïEthanol systems 

Table A.5: Complete DoE matrix for the IL2ïethanol experimental campaign. 

Test ID ETOH/IL2Mass ratio Heating Rate (ÁC min ĭ) 

1 0.50 5.0 

2 0.00 5.0 

3 0.00 2.0 

4 1.00 2.0 

5 1.00 5.0 

6 0.50 2.0 
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Appendix B  

Details on the calculation of selected 

thermodynamic properties 
 

B.1 Enthalpy of vaporization (◕╗○╪▬) 

The molar vaporization enthalpy used for the correction of the thermal signal was evaluated according 

to different procedures depending on the investigated system. All calculations were performed in 

Aspen PlusÈ. For multicomponent systems, the assumption of ideal-mixture behaviour was made. 

Unless otherwise stated, all vaporization enthalpies refer to one mole of the overall mixture. 

For the multicomponent mixtures, the vaporization enthalpy was estimated along the experimental 

pressureïtemperature trajectory recorded during the TSU test. At selected points along the trajectory 

(every 5K in the temperature reaction range), a flash calculation was performed to determine the 

equilibrium vapour-phase enthalpy of the mixture. The corresponding liquid-phase enthalpy was then 

calculated at the same temperature and pressure. The molar vaporization enthalpy was obtained as 

the difference between the equilibrium vapour-phase and liquid-phase enthalpies under identical 

thermodynamic conditions. An interpolation function was fitted to the calculated values, and its time-

averaged value over the reaction interval was used as the representative molar vaporization enthalpy 

of the mixture.  

For pure TMG, the vaporization enthalpy was obtained directly from the Aspen PlusÈ property 

database. The value corresponding to the average temperature within the chemical reaction interval 

was adopted.  

For ethanolïionic liquid mixtures, the vaporization contribution was estimated by considering only 

the ethanol fraction. The molar vaporization enthalpy of ethanol, evaluated at the average 

decomposition temperature, was multiplied by the initial molar fraction of ethanol present in the 

mixture. This simplified approach provides a conservative estimate of the vaporization contribution, 

as the initial ethanol composition was assumed to remain constant throughout the thermal event, 

whereas the ethanol content in the liquid phase is expected to decrease progressively owing to 

vaporization. 

B.2 Heat capacity of the TSU cell (╒▬ȟcell) 

The massive heat capacity of the TSU cell was evaluated using the temperature-dependent correlation 

provided by the instrument manufacturer. The specific heat capacity of the cell was calculated as a 

polynomial function of temperature according to: 
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ὅȟ ὧ ὧὝ ὧὝ  

Where T is the cell temperature (K), ὧ πȢρπςφ, ὧ τȢτπρπ, and ὧ ρȢσψρπ . The 

resulting heat capacity, expressed in cal/g/K, was subsequently used to evaluate the thermal inertia 

factor (‰-factor) throughout the experiment. 
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Appendix C  

Additional experimental results  

This appendix reports supplementary experimental results that were not included in the main text for 

conciseness.  

C.1 Pure Ethanol (HR = 2.5 ÁC min-1) 
  

Figure C.1: Thermal and pressure behaviour of pure ethanol under TSU conditions at a heating rate of 2.5 ÁC min ĭ. (a) 

Comparison between the experimental pressure evolution and the vapour-pressure profile reconstructed from literature 

correlations after correction for the contribution of the initial nitrogen atmosphere. (b) Pressureïtemperature evolution 

during the heating and cooling stages of the experiment. 

C.2 Pure Imidazole (HR = 5 ÁC min-1) 

 
 

Figure C.2: Thermal behaviour of pure imidazole at a heating rate of 5 ÁC min ĭ. (a) Sample and oven temperature 

evolution as a function of time. (b) Pressureïtemperature evolution during the heating and cooling stages compared 

with the predicted pressure profile obtained from the combined contribution of nitrogen thermal expansion and 

imidazole vapour pressure. 
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C.3 Pure TMG (HR = 5 ÁC min-1) 

  
  

Figure C.3: Thermal behaviour of pure tetramethylguanidine (TMG) at a heating rate of 5 ÁC min ĭ. (a) Sample and 

oven temperature evolution as a function of time. (b) Corresponding temperatureïtime derivative profile. (c) 

Experimental and theoretical pressure evolution as a function of time. (d) Experimental and theoretical pressureï

temperature profiles. 

C.4 TMG-IM-ETOH Mixture (HR = 2.5 ÁC min-1, T =0.8459) 

 

 

Figure C.4: Representative temperatureïtime (a) and pressureïtemperature (b) profiles obtained for TMGïimidazoleï

ethanol systems at a constant T = 0.8459 and a heating rate of 2.5 ÁC min ĭ for different E. 


