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SYNOPSIS 

 

The efficient synthesis of ionic liquids (ILs) is of paramount significance in large-scale 

applications across various fields, ranging from catalysts to energy storage. The advancements 

in innovative synthesis methods and advanced chemical reactors, typified by microwave-

assisted and ultrasound-assisted techniques, have significantly elevated reaction efficiency, 

product purity, and the overall economics of the production process. However, challenges, 

including substantial equipment costs, intricate operation procedures, and scale-up limitations, 

still impede the large-scale implementation of ILs. Therefore, it is of utmost importance to 

explore alternative methods or reactors that can better meet the distinctive requirements of 

various types of IL synthesis for further advancement in the field. The Taylor-Couette Reactor 

(TCR) and high-shear mixer (HSM) stand out as highly effective reactors for IL synthesis, 

owing to their excellent mixing and mass transfer capabilities. In TCRs and HSMs, ultra-high 

shear stress can be generated in a controllable manner, which can substantially enhance reaction 

rates and improve mass transfer efficiency, making them well-suited for liquid-liquid, gas-

liquid, and multiphase systems. Moreover, the application of CFD has provided valuable 

insights for optimizing reactor performance. By simulating the flow field, turbulence behavior, 

and shear effects, CFD enables more precise control over the synthesis process. 

 

Therefore, the main objective of this doctoral research is to enhance synthesis methods of ionic 

liquids and optimize the process by analyzing the mechanisms of different reactors. This 

approach aims to offer novel insights for subsequent ionic liquid synthesis studies. The 

outcomes of this work will contribute to the ongoing development of reactor technologies and 

offer a theoretical foundation for optimizing the synthesis processes of ionic liquids, thus 

aligning with the demands of various industrial applications in the future. This research focuses 

on the classic ionic liquid, 1-butyl-3-methylimidazolium bromide ([BMIM]Br), as the primary 

subject of investigation. To achieve these goals, a variety of methods and approaches were 

employed to systematically analyze the performances and advantages of different reactors in 
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the ionic liquid synthesis process. 

 

(1) In Chapter 2, we conducted preliminary synthesis studies of the ionic liquid 1-butyl-3-

methylimidazolium bromide ([BMIM]Br) using different types of chemical reactors. The UV-

vis, NMR, electrical conductivity method, and rheological techniques were used to characterize 

the products. The performance of these reactors in the synthesis of [BMIM]Br is evaluated 

based on the conversion rates and reaction times, allowing us to determine which type of reactor 

offers the highest efficiency for [BMIM]Br synthesis. We also explored key influencing factors 

during the synthesis process and evaluated the efficiency and product quality under various 

conditions. This study found that the high shear mixer performed better than the traditional lab-

scale stirred tank reactor, achieving high-quality [BMIM]Br products in much shorter reaction 

times. This can be attributed to the superior mixing performance and high-shear capability of 

this type of reactor. These findings demonstrate the significant potential of high-shear 

technology in synthesizing ionic liquids, which also drives us to conduct an in-depth study on 

the apparent reaction kinetics of [BMIM]Br synthesis in this reactor in Chapter 3. In contrast, 

the microreactors of different configuration designs evaluated in this study failed to meet the 

expected conversion rates. Finally, we confirmed the potential of the Taylor-Couette reactor in 

synthesizing [BMIM]Br, although the synthesis efficiency under low rotational speeds of the 

rotor is far below the ideal value. Therefore, Chapter 8 will further investigate [BMIM]Br 

synthesis in a newly designed Taylor-Couette flow reactor and compare the synthesis 

performance by adopting different reactors. 

 

(2) In Chapter 3, a high shear mixer was used for the first time to investigate the reaction 

kinetics of the [BMIM]Br, studying the thermal behavior of the synthesis process and its impact 

on product quality by employing two distinct reactant feeding modes: fast pouring and slow 

dripping. It was shown that the synthesis via fast pouring requires more reaction time to achieve 

a high conversion rate compared to slow dripping. A higher rotor speed and an increase in 

temperature for fast pouring increased the final conversion rate; the dripping speed mainly 



 

 5 / 364 

 

influenced the reaction process (e.g., discoloration) while having a minimal impact on the final 

conversion for slow dripping. Additionally, significant droplet size, density evolution, and 

phase separation during the reaction were revealed by monitoring the flow pattern. Therefore, 

the reaction rate was calculated based on the data from the initial stages of the reaction with 

mass transfer being negligible, and the activation energy of the [BMIM]Br synthesis reaction 

was determined to be 70.64 kJ/mol at a 1:1 molar ratio of 1-bromobutane to 1-methylimidazole 

under the temperature range of 35-55 . 

 

(3) In Chapter 4, this study investigates the effects of rotor speed and fluid viscosity on the 

internal flow field, shear rate, energy dissipation, and power consumption within a high-shear 

mixer (HSM), serving as a complementary analysis to the synthesis work in Chapter 3. 

Computational Fluid Dynamics (CFD) results show that when the internal fluid is single-phase 

water (k-ɤ SST), the high-speed rotation of the rotor drives the fluid motion and generates jets 

through the stator holes. The formation of these jets and their subsequent collisions with the 

surrounding fluid led to intense energy dissipation. Both jet velocity and turbulence intensity 

increase with higher rotational speeds. Higher rotational speeds provide stronger shear forces 

and turbulence effects, enhancing efficient fluid mixing. The rise in viscosity significantly 

influences the flow patterns within HSM. High-viscosity fluids (laminar) enhance damping 

near walls, which exhibit more localized shear forces in the rotor-stator gap and near the stator 

slots, with more significant velocity gradients, particularly in the rotor region. This work 

provides a detailed explanation of the effects of rotor speed and fluid viscosity on HSM flow 

behavior, offering theoretical support for Chapter 3ôs synthesis experiments and valuable 

insights for the further development and application of HSMs. 

 

(4) Chapter 5 investigates the flow behavior of water-oil systems in a vertically aligned Taylor-

Couette Reactor (TCR) through modelling (Eulerian-Eulerian method) and experimental (high-

speed imaging) study. The impact of dispersed phase properties on overall fluid distribution 

and flow characteristics is analyzed. Complementary CFD simulations are conducted to 
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investigate the single-phase and two-phase flow dynamics in the TCR, focusing on velocity 

fields, shear rates, and turbulent kinetic energy (TKE) distributions. Additionally, the mixing 

characteristics at different time points in the two-phase simulations are compared to revealing 

the evolution of flow structures and their effect on mixing efficiency. The results provide 

significant insights into the optimization of TCR operational parameters and the enhancement 

of mixing performance, offering valuable guidance for industry. 

 

(5) In Chapter 6, we introduced a typical hydrolysis experiment of 4-nitrophenyl acetate in a 

sodium hydroxide aqueous solution, using both continuous and semi-batch reaction modes to 

characterize the mass transfer of immiscible two-phase systems in a new vertically aligned 

Taylor-Couette flow reactor (TCFR). The results demonstrated that rotational speed is a key 

factor influencing the mass transfer performance of TCFR, particularly in high-viscosity fluid 

reaction systems. Additionally, the conversion rate can achieve a maximum of approximately 

98% when the volume ratio of the continuous phase to the dispersed phase is five in a batch 

reaction process. Continuous hydrolysis experiments indicate that increasing the rotational 

speed improves the conversion rate, achieving an optimal value of 100% at 2500 rpm. The 

TCFR apparatus exhibits high turbulence characteristics, and the trends at high Reynolds 

numbers reveal fundamentally different mechanisms in the boundary layer dynamics compared 

to those at low Reynolds numbers. Furthermore, the reaction kinetics data under various 

reaction conditions in this study was found to span from 1.81 to 29.1 (10-3 s-1). The liquid-

liquid mass transfer coefficient under continuous mode was also used in Chapter 8 to calculate 

the Damkºhler number (Da) of synthesizing the ionic liquid [BMIM]Br reaction. Compared to 

other reactors, TCFR exhibited a lower mass transfer coefficient. However, it offers significant 

economic and efficiency advantages in chemical engineering applications.  

 

(6) Chapter 7 investigates the impact of shear rate variation (employing different rotational 

speeds of the inner cylinder) on the micro-mixing efficiency within the TCFR. The iodate-

iodide reaction system was used to measure the segregation index, and CFD modelling 
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(Reynolds Stress Model) was employed to analyze the hydrodynamics, in particular the 

turbulence induced shear characteristics within the Taylor-Couette flow reactor. As the shear 

rate (‎ͯ ) in the TCFR increases from 3110-6220 s-1 (1500 to 3000 rpm), the segregation 

index decreases from 0.114 to 0.044, corresponding to a micro-mixing time reduction from 

0.0049s to 0.0018s. These findings are consistent with the performance of the rotor-stator mixer 

in the same reaction system. The results have indicated that as the shear rate increases, the 

turbulence induced shear within the reactor is enhanced, leading to a decrease in the segregation 

index. By comparing the experimental data with those previously published, it was 

demonstrated that the micro-mixing in such vertically aligned TCFR is strongly correlated with 

turbulence induced shear, reflected by changes in the micro-mixing time. CFD modelling 

results on power consumption have revealed that an increase in the power consumption will 

result in higher shear rate, consequently giving out a reduction in the segregation index. A new 

correlation was proposed to estimate the micro-mixing time. By considering the local 

turbulence dissipation rate and its corresponding occupied spatial volume fraction, where the 

turbulence dissipation rate surpasses the average turbulent dissipation rate in the TCFR, it was 

found that that the micro-mixing time is inversely proportional to the ratio of the local 

turbulence dissipation rate to the average turbulence dissipation rate in the TCFR. 

 

(7) Following Chapter 2, an in-depth investigation is conducted into the continuous synthesis 

of ionic liquid 1-butyl-3-methylimidazolium bromide ([BMIM]Br) with TCFR in Chapter 8. 

The present study has employed a TCFR to generate local high shear flow for investigation of 

the impacts of turbulence-induced shear rates (through varying the inner cylinder rotational 

speed), reaction temperatures and feed flowrate on the conversion rate, reaction rate, 

production rate (PR), and space-time yield (STY) for [BMIM]Br synthesis. It has been revealed 

that the conversion rates exceed 90% at around 8.8 minutes and reach maximum values of 94% 

and 96% at 17.6 minutes, respectively. The PR of the ionic fluid decreases with an increase in 

the residence time but can be enhanced with a higher shear rate by controlling the reaction 

temperature in the range of 80-85ÁC. The synthesis performance was compared to using 
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different reactors, including the TCFR, microreactor, and high shear mixer (HSM). It has been 

demonstrated that the PR and STY can increase when taking a higher reaction temperature, 

with the STY being able to reach six times greater than that of using the traditional lab-scale 

synthesis methods when adopting the TCFR. The study has further revealed that reducing the 

retention time of 1-methylimidazole and carefully controlling the radial temperature variation 

in the TCFR can produce a pure, colorless product of [BMIM]Br. The results of hydrodynamics 

in the TCFR obtained by CFD modelling using the Reynolds Stress Model (RSM) indicate that 

as the mean shear increases, the local turbulence-induced shear in the reactor significantly 

increases and is enhanced, which plays a crucial role in the early stages of the ionic liquid 

synthesis process. Strong correlations exist between the PR, STY of the ionic fluid, and the 

local turbulence-induced shear rate in the TCFR. 

 

These research objectives revolve around various experimental and simulation methods, 

aiming to comprehensively understand the ionic liquid synthesis process and its behavior in 

different reactors, providing theoretical guidance and technical support for further optimization 

of production processes and improvement of product quality. 
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Chapter 1: Current Status of the Synthesis of Ionic Liquids with 

Chemical Reactors 

 

1.1 Background 

Ionic liquids (ILs), as salts composed of cations and anions, exhibit unique physical and 

chemical properties, such as low melting points, non-volatility, high solubility, and broad 

chemical stability, which make them promising candidates for applications in catalysis, 

separation, solvents, and energy storage. With the increasing demand for green chemistry and 

sustainable development, the synthesis methods for ionic liquids have been continuously 

innovated. Traditional solvent-based chemical reactions have been gradually replaced by novel 

technologies such as microwave-assisted synthesis and ultrasound-assisted synthesis. These 

methods enhance reaction efficiency and improve product purity and performance. However, 

these synthesis reactors still face high equipment costs, operational complexity, and scaling-up 

limitations. Therefore, exploring alternative reactors that better suit the synthesis of ionic 

liquids to meet their growing application demands remains an urgent task. 

 

The choice of reactors and the optimization of operating parameters are crucial in synthesizing 

ionic liquids. Due to their excellent mixing performance and efficient mass transfer capabilities, 

the Taylor-Couette reactor (TCR) and high shear mixer (HSM) are two key types of reactors 

that have become vital tools in various synthesis studies. The TCR promotes reactions and mass 

transfer between phases, especially in liquid-liquid or gas-liquid reactions, by generating shear 

forces from rotating inner and outer cylinders. In contrast, the HSM utilizes the intense shear 

forces generated by a high-speed rotating rotor and stator to achieve efficient material mixing 

and transfer within a short time, and it is widely used in the synthesis of emulsions, suspensions, 

and other multiphase systems. 

 

Computational fluid dynamics (CFD) methods are extensively applied to optimize reactor 
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performance to simulate and analyze the flow field and mass transfer characteristics in TCRs 

and HSMs. CFD helps researchers understand how factors such as fluid flow, turbulence 

behavior, and shear effects impact the reaction process, thereby providing theoretical support 

and experimental guidance for reactor design and operating condition optimization. Through 

CFD simulations, researchers can predict the influence of different operational parameters 

(such as rotational speed, viscosities, etc.) on the ionic liquid synthesis process, enhancing 

reaction efficiency and reducing energy consumption. 

 

In this Ph. D thesis, we discuss the synthesis of ionic liquids in different reactors and delve into 

the working principles and performance characteristics of TCR and HSM through reaction 

kinetics experiments, droplet imaging, mass transfer, and micro-mixing studies. Additionally, 

we explored how to optimize these reactors' applications in synthesizing ionic liquids in 

conjunction with relevant CFD work. 

 

1.2 The Fundamental Properties and Application of Ionic Liquids 

1.2.1 Classification of Ionic Liquids 

As the name implies, Ionic liquids are composed entirely of ions. As the commonsense 

intuitions, ionic compounds such as KCl and KOH exist only in their molten state at high 

temperatures. Compounds made up of ions are subject to Coulombic forces between their 

anions and cations; therefore, in this category of chemicals, exceptionally high temperatures 

are necessary to overcome the ionic bonding to dissolve them into the liquid state. The Ionic 

liquids investigated in this research are compounds composed of ions that also take the liquid 

at or near room temperature [1, 2]. The term widely used for liquid ionic compounds is ómolten 

saltsô. Indeed, during an early exploration process, scientists were not involved in the low 

melting point salt part; the term óionic liquidô was also used to represent the same functional 

meaning [3, 4]. With the deepening of research, many confusing synonyms for ionic liquids 

can make the research work troublesome. However, the distinction between ionic liquids and 

molten salts is not merely a matter of their literal definitions. Ionic liquids have unusual 



 

 31 / 364 

 

characteristics of higher-temperature molten salts, such as strong interactions between ions. 

Therefore, the synonyms that best fit the idea of ionic liquids are ómodern solventsô, óionic 

fluidsô, ólow-temperature molten saltô, and óroom temperature molten saltô [5].  

 

The earliest ionic liquid, ethyl ammonium nitrate [EtNH3][NO3], with a melting point of 12, 

was introduced by Walden [6]; however, the first patent for ionic liquids did not appear until 

1934 [7]. In 1940, Frank Hurley and Tom Weir obtained a clear colorless liquid by adding a 

warm powder of organic salt to aluminum chloride (AlCl3) [8], eventually creating a salt liquid 

at room temperature, which became an IL. Scientists discovered that ionic liquids with low 

melting points could serve as solvents for organic synthesis in the mid-1980s [9, 10]. In 

addition, before discussing the ionic liquids, Green Chemistry has to be mentioned here. Green 

Chemistry is mainly achieved through adjusting and designing chemical products, improving 

reaction processes, and reducing or eliminating the use of harmful substances [11, 12]. In the 

past decades of continuous exploration, Green Chemistry has proved that it is possible to 

achieve economic conclusions while ensuring human health, safety, and the environment 

through basic scientific methods [13]. The most widely studied new solvent systems include, 

but are not limited to, water, supercritical fluids, solvent-free processes, and ionic liquids. 

However, due to the controversy over the complex history of ionic liquids, the environmental 

impact and green chemistry of ionic liquids were not mentioned at óThe Faraday Discussion on 

Ionic Liquids: From Fundamental Properties to Practical Applicationsô held in Cambridge in 

2017 [14]. Therefore, the difficulty of finding a suitable ionic liquid will only be more 

complicated than imagined, but this is still a direction worthy of effort and research. 

 

Ionic liquids typically consist of sizable organic cations and diminutive inorganic anions. They 

are classified into two categories: simple salts, consisting of a single anion and cation, and 

binary ionic liquids, which maintain equilibrium [15]. However, there are also cases where they 

are not only composed of ions, such as deep eutectic solvents (DES) [16] and some protic ionic 

liquids that depend on the acid-base equilibrium constant [17], like Olahôs reagent [18, 19]. 
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Obviously, in the decades after the advent of ionic liquids, the number of ionic liquid 

compounds has increased several times, and it would be impossible to achieve a compilation 

describing all the anions and cations. Thus, the classification method of such materials should 

be continuously improved according to different fundamental theories [20]. For example, the 

most common way to classify ILs is based on the types of cations and anions of composition 

[21]. Different cations and anions combine to form different ionic liquids [22]. Figure 1-1 

shows the common cations and anions. Common cations are derivatives of N, Nô-substituted 

imidazolium, N-substituted pyridinium, tetra-alkylated ammonium, tetra-alkylated 

phosphonium, etc. [23]. Since the early papers on such materials in 1982, the most common 

ionic liquids are salts based on the combination of 1,3-dialkyl imidazolium cation and various 

polyatomic anions, for example, halide ions, tetra chloroaluminate (AlCl4
-), 

hexafluorophosphate (PF6
-), tetrafluoroborate (BF4

-), bis (perfluoro methyl-sulfonyl) imide 

anion ((CF3SO2)2N
-) = bistriflate imide (Tf2N

-) [24]. The production process of most cations is 

the substitution of heteroatoms by protons or alkyl groups in the molecular structure of ionic 

liquids. Adding groups of R+ and H+ ions to cations can synthesize óaproticô and óproticô ionic 

liquids. The primary difference between aprotic and protic ILs is that protic ILs have proton 

acceptor and donor atoms and thus have the ability to form a huge H-bonding network [17, 25, 

26]. Another classification method is based on the physical properties of ionic liquids, which 

are divided into 11 categories: neutral, acidic, alkaline, chiral, protic, etc. [27]. In addition, 

according to the different chemical substance types of ILs, ILs can also be categorized into 

room-temperature ILs (RTILs), task-specific ILs (TSILs), polyionic liquids (PILs), supported 

IL membranes (SILMs), and so on [28-33]. Nevertheless, the organic ionic properties and 

intermolecular interactions generated by mixed ionic liquids have led to a more complex and 

diverse field of ion research, making it impossible to generalize about these interactions. 

Therefore, scientists need to have the ability to screen applicable ILs for specific processes 

quickly [1]. To this end, explaining the structure-performance relationships of ionic liquids 

necessitates a comprehensive integration of experimental, theoretical, and computational 

methodologies. Thus, it is inevitable that we must summaries the discoveries in this field and 
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reveal the guiding principles inherent in these complicated phenomena. 

AnionsCations

 

Figure 1-1 Main cations and anions delineated in the literature [34]. 

Numerous anions and cations can provide many synthesizable pairs in different combinations 

[35]. Their physical and thermal properties highly depend on the species of cations and anions 

and the length of the alkyl group on the cation [36]. The considerable steric hindrance allows 

anions and cations to vibrate, rotate, and even translate freely at room temperature, destroying 

an ordered crystal structure. Completely different ILs can be created by varying the length and 

degree of branching of the alkyl group added to the cation [37], such as hydrophilicity or 

hydrophobicity flexibility, ILs viscosity variations, the improved stability of ILs, and realizing 

the maximum yield and concentration of separated products, and so on [34]. According to the 

statistics of Plechkova and Seddon, the number can reach as many as 1012-1018 [38]. Trillions 

of permutations are possible if the outlook considers the binary and ternary mixtures commonly 

found in high-temperature inorganic molten salts [5]. This extraordinary combination of 

diversity also tracks down possible approaches to customize specific solvents for specific 

applications. By adjusting the combination of cations and anions to maintain the particular 

features of the ions or achieve partial modification of ions, the purpose of optimizing specific 

reactions can be realized [34]. Therefore, ionic liquids are also known as ódesign solventsô [20, 

39]. However, even that, dozens of common salts still cover vast information on physical and 

solvent properties, making generalization difficult. Therefore, the complex physicochemical 

properties of dazzling ILs have been raised in the literature, the recorded data related to new 

solvents are insufficient for reference, and the unpredictable properties of unknown ILs are all 
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obstacles in the path of exploration.  

 

Nevertheless, researchers have never stopped exploring novel ILs. Numerous functional ILs 

and IL-based composite materials have been produced through chemical modification 

(covalent functionalization or ion exchange metathesis) or the physical integration of ILs with 

conventional materials. Zhang et al. reviewed the latest advances in IL-based smart responsive, 

optical, energetic, and IL/carbon composite materials [40]. Additionally, Zhang et al. discussed 

the structure and characteristics of ILs contained within nanoporous structured matrices [41]. 

Cui et al. synthesized novel imidazolium-based norbornene polymerized ionic liquids (PILs) 

via ring-opening metathesis polymerization (ROMP), incorporating various counterions 

(CH3SO3
-, CF3SO3

-, CF3(CF2)3SO3
-, FSI-, Tf2N

-), and these novel ILs exhibited excellent 

mechanical properties and self-healing capabilities [42]. Leyma et al. synthesized innovative 

ammonium and phosphonium ILs with thiosalicylic acid (TS) derivatives as anions, 

showcasing their efficacy in removing heavy metals from aqueous solutions [43]. Al-Rashed 

and Abdel Nazeer successfully synthesized two novel ILs (1-butyl-1-methyl-pyrrolidinium 

imidazolate (BMPyrIM) and bis(1-butyl-3-methyl-imidazolium imidazolate) (BBMImIM)), 

and these ILs were designed to investigate the effects of cations (pyrrolidinium and 

imidazolium) and the dimerization effect of imidazolium-based ILs [44]. Furthermore, 

Figueiredo et al. explored magnetic ILs that combine the ideal characteristics of conventional 

ILs with the distinctive capacity to react to external magnetic fields [45]. They also highlighted 

the essential role of computational methods in elucidating the complexity of these materials. 

Therefore, ILs, with their complex diversity, continue to be a novel and exciting avenue for 

research in IL chemistry and materials science. 

 

1.2.2 Characteristics of Ionic Liquids 

The preliminary research on the characteristics of room-temperature ILs is focused on 

exploiting and comprehending the correlation between the properties and structures of anions 

and cations and the physicochemical properties of the synthesized pairs [37]. The prerequisite 
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for the research in this direction is that some researchers have confirmed that ILs with different 

purities have the apparent discrepancy presented in physical and chemical properties. They are 

very viscous solvents for some chemical processes and perform differently in water-based and 

traditionally utilized organic media [2]. Taking account of the wide variety of ILs and the wide 

range of application coverage, it is undoubtedly challenging for researchers to summarize their 

characteristics and give an account of the general trends [46]. Some authors emphasize 

differences or similarities among them, and some authors enumerate the values of various 

physical properties of ILs [5, 39, 47].  

 

Due to the continuous efforts of research scholars, we can still consult comprehensive data on 

the physical and chemical characteristics of a significant portion of ILs in the existing literature. 

Berthod, et al. reported that óThe US National Institute of Standards and Technology (NIST)ô 

is a free inquiry database for concluding the most reliable references for studying the properties 

of ILs [48]. Several common IL properties of chemical reactions are compiled in Table 1-1. 

Not only that, but other properties such as acidity, polarity, vapor pressure, crystallization 

temperature, refractive index, isentropic compressibility, expansibility, thermodynamic 

functions, phase equilibria, etc., as well as more memorable properties have been shown in the 

literature [17, 49, 50]. Not all properties affect chemical reactions, and some are not in the least 

concerned about the results. For example, one characteristic that demonstrates the superiority 

of ILs is their low volatility; thus, the research value of the vapor pressure, boiling point, critical 

pressure, heat of vaporization, and flash point of most ILs is relatively low. This statement is 

unsuitable for all situations. Ïye et al. discussed the thermodynamics and structure of 

Chloroaluminate melts MCl-AlCl3 [51]. By using an improved boiling point method, the vapor 

pressure values of 1-methyl-3-ethyl-imidazolium chloride (MEICl)-aluminum chloride with a 

concentration of 70-80 mole% were obtained at temperatures between 191 and 267. Just 

to complicate matters, ILs have not only interionic interaction, including hydrogen bonding, 

dipole-dipole, and van der Waals interactions, but also ionic interactions, for example, mutual 

electrostatic attraction, repulsion of charged particles, which results in their high miscibility 
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with polar substances [52]. What is striking is that there is a significant impact on the structural 

size of cations and anions [53]. With a more profound understanding of the medium, improved 

experimental techniques, and more accurate data measurement methods, some properties of 

ILs are contradictory to the previous results, such as overestimated thermal stability, 

distillability under certain conditions, that is, volatility, and there is also an electrochemical 

window aspect [54]. The one clear thing is that impurities have several essential consequences 

on the ionic liquid mechanism. When water exists as an impurity in the ionic liquid, even a tiny 

amount will have an underlying impact on acidity, density, viscosity, biocatalytic activity, 

interfacial tension, and so on [55, 56]. Besides, the water in the ILs can hydrolyze the ILs at 

high concentrations under their strong intermolecular interactions [55]. Rivera-Rubero and 

Baldelli utilized surface-sensitive vibrational spectroscopy to confirm how water would affect 

the surface of room-temperature ILs [57]. The results suggest that hydrophobic ions dissolve 

water molecules to reorient their cations to respond to the addition of water. Facing water 

impurities, ILs with surface hydrophobic and immiscible properties are more sensitive than 

hydrophilic and miscible ones. Seddon et al. conducted an inaugural systematic investigation 

on the influence of impurities and additives on the physical appearance of room-temperature 

ILs [58]. It is exciting that they found that the viscosity changes during the reaction were 

predictable because the mixturesô viscosity mainly depends on the added molecular solvent 

mole fraction rather than their characteristics. In addition, the chloride impurities generated 

during the preparation of ILs can significantly increase the viscosity. Recently, methods for 

quantifying impurities have been continuously developed, such as ion chromatography and 

ICP-MS. The properties discussed below are all presuppositions of pure matter.  
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Table 1-1 Solvent properties [5]. 

Thermal 

properties 

General physical 

properties 

Spectroscopic 

properties 

Chemical 

properties 

Toxicity 

and safety 

Electrical 

properties 

Colligative 

properties 

Heat of 

vaporization 

Surface tension Refractive index  Empirical solvent 

parameters 

DOT and 
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class  

Ionic 

conductivity 

Freezing point 

constant 

Heat of formation  Density Critical temperature, 

critical pressure 
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Boiling point 
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Heat capacity  Viscosity  Optical activity Toxicity     

Thermal 

conductivity 

Vapor pressure  Absorption (UV-Vis-

IR window, UV-

cutoff, IR window 

compatibility) 

Flash point  Dielectric 

constant 

  

Thermal stability Surface tension and 

wetting 

 Disposal Dipole 

moment  
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I. Viscosity 

A prominent characteristic of ILs is their viscosity, which forms a diffusion barrier to slow 

down the chemical reaction rate in diffusion-controlled reactions. Therefore, the high or low 

viscosity can limit the application range of ILs [39]. High viscosity may result in not only a 

decrease in the many organic reaction rates but also a reduction in the diffusion rate of redox 

species. Currently, identifying low-viscosity ILs is a primary requirement for advancing new 

IL synthesis research. In general, the viscosity of ILs typically exceeds that of water and is 

similar to that of oil, varying between <10 and >1000 cP at the ambient temperature, with the 

trend changing inversely proportional to temperature [5, 35]. Typically, the simple IL viscosity 

adheres to the Arrhenius Law, with a linear relationship between the viscosity and 1/T. Such 

liquids are called óstrong glass formersô [5]. However, the temperature dependence of viscosity 

in ILs is more complicated than in most molecular solvents. Hence, their viscosity follows non-

Arrhenius behavior, and these ILs exhibit fragile or intermediate behavior. However, 

sometimes ILs that apply to the Vogel-Fulcher-Tammann (VFT) equation, which is shown 

below (A, B, and T0 = constant) [35, 39]: 

 – ὃὩὼὴ
ὄ

Ὕ Ὕ
 

(1-1) 

By detecting various combinations of anion-cation, it was discovered that the increase in 

viscosity was mainly attributed to the enhancement of van der Waals forces after selectively 

changing the anion or cation [59]. Crosthwaite et al. discovered that the viscosity of 

pyridinium-based ILs increases with the number and length of alkyl substituents on the cation; 

additionally, it is worth noting that imidazolium salts are usually slightly less viscous than the 

equivalent pyridinium compounds [47]. Greaves and Drummond proposed in the article that 

viscosity is often subject to ion-ion interaction, for example, van der Waals interactions and 

hydrogen bonding, and viscosities are positively associated with interactions [17]. They stated 

that for aprotic ILs (AILs), previous documents have indicated that van der Waals interactions 

increase by increasing the length of the alkyl chains, thereby enhancing viscosity. As for the 

delocalization of the charge on anions, for instance, fluorination, the viscosity is reduced by 

the weakening of the hydrogen bonding. Considering the protic ILs (PILs) containing 
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alkylammonium cations, they claim that the observed number of viscosities increases with the 

elongation of the alkyl chain; moreover, the substitution of hydroxyl or methyl groups into the 

alkyl chain will improve the viscosity dramatically. In the case of the protic ILs (PILs) 

containing imidazolium cations, they observed a similar trend. However, the changes in 

viscosity of such ILs are more susceptible to the influence of anions than cations. Talebi et al. 

argued that although the high-viscosity ILs restrict their application in extraction technologies 

and synthesis, including mixing or mass transfer reactions, they are of interest in specific 

industries such as lubrication and stationary phases in gas-liquid chromatography [60]. 

Scholars conducted experiments to synthesize 18 different branched-chain dicationic ILs 

(DILs), and the conclusion was that compared with the most traditional mono-cationic ILs, the 

viscosity of DILs is higher in most cases. Compared to their linear chain analogs, the di-cation 

ILs containing branched alkyl chains have higher viscosity. In addition, the branched alkyl 

group's substitutional position also strongly affects viscosity properties. Weingªrtner discussed 

the relationship between chemical reactions and viscosity. For diffusion-controlled chemical 

reactions, the rate constant has an inverse relationship with the viscosity of solvents [39]. 

Considering solvents' high viscosity, the rates of many chemical reactions in ILs cannot be 

compared with those in molecular solvents. The activation energy of the diffusion-controlled 

chemical reaction is approximately equal to the viscosity activation energy; it is often identified 

using the measurement results of the temperature dependence of the reaction rate constant. 

 

II.  Density  

Almost every application of ILs must provide solvent density, the most basic physical property 

of ILs, to be measured and reported. Results explain that the density values documented in 

most literature are calculated at a singular temperature, and the most common setting is 20 or 

25. Often, ILs exhibit a density greater than waterôs, with values changing from 1 to 1.6 

g/cm3 [5, 61]. Marsh et al. recorded changes in the density of 1-alkyl-3-methylimidazolium 

hexafluorophosphates by setting a temperature variable of 5-100 and reaching pressures of 

600 bar [37]. The results indicated that the density decreases systematically as the length of 
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the alkyl chain increases. Rilo et al. provided experimental data on surface tension and density 

for all possible concentration ranges of binary mixtures of the IL family 1-alkyl-3-

methylimidazolium tetrafluoroborate with water and ethanol at 25 and atmospheric pressure 

[62]. They focused mainly on the influence of the alkyl chain length in the binary mixtures on 

the physical properties. These results imply that the increase in the alkyl chain cations or the 

decrease in the mole fraction of the ILs in the binary mixtures will lower the density. Kulkarni 

et al. prepared over 50 ILs using imidazolium, quaternary ammonium, and guanidinium 

chloride salts, exchanging them with different anions, such as TSA- and DCA- [63]. Based on 

the data on various physical and chemical features of the synthesized ILs, scholars made a 

statement about the trend of density change. ILs with aromatic rings are denser in the 

imidazolium group than those with long alkyl chains. Such an ionic liquid has nothing to do 

with the type of anion, and the order of density from small to large is C10mim
+, C8mim

+, Bzmim+, 

and BzimBz+. As for anion parts, when keeping the cation constant, the density of the ILs is 

proportional to the bulkiness of the anion and the number of fluorine atoms, and the density of 

the counter anion is in descending order: Tf2N
-, SAC-, TfO-, TFA-, SCN-, DCA-. 

 

III.  Melting Point 

Together, the melting point and thermal stability define the temperature range for using ILs as 

solvents, with the melting point being the lower limit of this range. This property can be tuned 

by adjusting anions and cations. Thus, scholars have used this feature to explore the correlation 

between a given IL structure and its melting point [35]. It is remarkable, however, that if the 

ionic liquid is subjected to supercooling and the formation of glass or the impurity substance 

exists in solvents, these conditions may cause resistance to determining the melting point 

accurately [20, 34, 35]. Even worse, there is no clear distinction between glass formers and ILs 

[39]. For example, there was an experiment to prepare a novel ionic liquid, and it took two 

months to discover that it had crystallized in the NMR tube. The supercooling of ILs makes the 

freezing point very unreliable and unreproducible. In the case of ILs forming glass, the glass 

transition temperature is usually recorded rather than the melting point. At such cold 
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temperatures, glass transitions are typically minimal and viscous; thus, the solvents have no 

real value in most chemical reactions at sub-zero temperatures [5]. 

 

Despite this, researchers have verified the laws among ILs of similar compositions through 

inspections. They mainly focused on the connection between various IL types of molecular 

structures and melting points. They also summarized the four factors that influenced the 

melting temperature of ILs: the charge distribution of the ions, H-bonding capability, ion 

symmetry, and the van der Waals interactions [37]. Salts composed of large and asymmetrical 

ions typically exhibit low melting points [37, 48]. For instance, the melting point of 

imidazolium cation-based ILs diminishes with an increase in the size and asymmetry of the 

cation, whereas it rises with greater branching on the alkyl chain [53, 64, 65]. Compared with 

traditional ILs, di-cationic ILs often display higher melting points depending on their higher 

Columbic forces. Talebi et al. studied the influence of substituent group location and type on 

the physical and chemical properties of ILs by synthesizing them with different di-cationic 

groups [60]. They discovered that, akin to conventional ILs, cation symmetry is a favorable 

factor for their melting point. For example, including branched alkyl spacer chains in two 

cationic groups can reduce the melting point of such ILs. Nonetheless, the presence of 

unsaturated bonds in the alkyl spacer chains results in elevated melting points for the ILs. In 

the case of anions, this typeôs electronic pattern and hydrogen bond-forming ability make the 

work more challenging. For imidazolium ILs, including similar structural anions, such as bis 

(triflyl) imide (Tf2N) and triflate (TfO-), the lower melting temperature of the former is due to 

the electron delocalization and the relative inability of the anion to support hydrogen bonding 

with the protons of the cation [66]. Although the interaction between anions and cations 

remains controversial, hydrogen bonds between counter anions reveal the physicochemical 

property changes in imidazolium ILs. An example is that there is indeed a hydrogen bonding 

between the protons of the imidazolium ring and basic counteranions (MCl4, M = Co or Ni) 

[67]. Besides, Kºlle and Dronskowski made several meaningful points in their report that the 

ILsô thermodynamic properties would be worst affected by the size, geometry, and charge 
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distribution of anions and cations that fit to each other [68]. Subsequent studies have developed 

similar classes of salts, though they had a slight change of the uncharged shape; covalent 

regions of ions are likely to figure prominently in the results. The energy associated with 

melting is primarily dictated by the entropy change from an ordered lattice to a liquid state. 

Consequently, room-temperature ILs with low melting points generally comprise soft, 

unsymmetrical ions that possess internal rotational degrees of freedom, rendering them 

dynamic in a liquid state [69]. 

 

Considering the difficulty in ascertaining the dependence of melting point on IL molecular 

structure and the ever-growing need to predict the mechanisms affecting IL synthesis, 

achieving a fairly reliable forecast is the critical step in making a rational design of ILs. 

Katritzky et al. used the CODESSA program to correlate the melting points of several 

imidazolium-based ILs, or ionic liquid analogs, to develop tools for predicting appropriate 

ionic liquid salts [70]. They successfully associated the melting point of imidazolium and 

benzimidazolium bromides, including different substituents, but they finally suggested that 

new imidazolium bromide derivatives should be prepared to validate and improve the model. 

Turner et al. studied  1-alkyl-3-methyl imidazolium halide-based ILs by using the ab initio 

calculations method, and they demonstrated the correlation between melting point and 

interaction energy and found that the calculated interaction energy decreased as the alkyl chain 

length increased at the Hartree-Fock level, but the trend with increasing anion radius was not 

found [71]. Katritzky et al. applied the quantitative structure-property relationship (QSPR) as 

an excellent indicator for predicting the melting points of 126 structurally diverse pyridinium 

bromides [72]. Statistical results show the four most important parameters affecting the melting 

points: the coordination capacity of cations based on molecular geometry and symmetry, 

electrostatic intermolecular interactions, and the quantity of conformational and rotational 

degrees of freedom in the solid and liquid states. Machine learning (ML) techniques have been 

employed to forecast the melting points of diverse ILs by integrating 141 anions and 1369 

cations [73]. 
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IV.  Thermal Stability 

Thermal decomposition, as opposed to the melting point, represents the upper limit of the 

temperature range at which an IL can maintain its liquid phase. The stability of most ILs 

employed as solvents ensures that the upper-temperature limit does not place any limits on 

chemical reactions [5]. Unlike organic solvents and water, some ILs can maintain thermal 

stability at temperatures as high as 450. The empirical facts have suggested that most liquids 

can maintain thermal stability in a short period in high temperature environments, but will 

decompose as the exposure time increases. With their extremely low vapor pressure, ILs only 

require simple heating under a vacuum to remove water, so the water content in most liquids 

can be easily controlled below 1 ppm [61]. Wasserscheid and Keim proposed that the strength 

of their heteroatom-carbon and heteroatom-hydrogen bonds determines the thermal stability of 

ILs [74]. The tendency of ILs obtained by amine or phosphane alkylation to undergo thermally 

induced transalkylation or dealkylation reactions and their anionic properties are closely linked. 

Considering that the thermal gravimetric analysis (TGA) onset temperature is clearly defined, 

reproducible, and easily measurable, the TGA onset temperature analysis is usually used to 

report thermal stability. It can be seen from the TGA thermogram that some ILs will be 

decomposed in an environment below the onset temperature. Isothermal gravimetric analysis 

experiments were proposed for a more realistic thermal stability evaluation. However, this type 

of experiment cannot gain a single number that directly reflects stability. The results show that 

ILs with higher TGA onset temperatures have higher stability than those with lower TGA onset 

temperatures under the same experimental conditions. However, more comprehensive 

isothermal experiments must be performed to satisfy the demands of particular applications 

where solvents maintain long-term stability even at relatively high temperatures [5]. 

 

V. Conductivity 

One of the most critical properties of chemical engineering involving many ILs is conductivity. 

ILs possess superior ionic conductivity compared to organic solvents/electrolyte systems. 

Some ILs have conductivity up to 20 mS/cm [34], and some systems can even reach 100 mS/cm 
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in a high-temperature environment such as 200. Although it may seem that the presence of 

only ions in ILs allows us to predict high conductivity, the reality is that their conductivities at 

room temperature are often lower than those of concentrated aqueous electrolytes. This is 

because conductivity is subject to the double impact of charge carriersô quantity and mobility. 

The ILôs large constituent ions reduce the ion mobility and thus the conductivity. Not only that, 

but the formation of ion pairs and aggregation will also be one of the reasons for the decrease 

in conductivity. ILs with higher viscosity, on the contrary, show lower conductivity. Therefore, 

increasing the temperature will decrease the viscosity of ILs but increase their conductivity 

[61]. Despite there usually being an apparent correlation between viscosity and conductivity, 

the behavior of conductivity should not be judged only on viscosity. Meanwhile, the size and 

weight of ion factors must also be considered. For example, EtMeIm+TA- has better 

conductivity than the corresponding salts Tf2N
-; the representation is the consequence of the 

same viscosity and slightly lower density combined with lower formula weight (FW) and a 

smaller anion. Other examples could be discussed outside of this one, such as EtMeIm+TfO- 

and BuEtIm+Tf2N
- have similar viscosity and density, but the conductivity of the two is twice 

as different [75]. In most cases, imidazole-based ILs have higher conductivity than ammonium 

ones, and the conductivity of solvents is to be primarily determined by the combined effects of 

viscosity, density, ion size, anionic charge delocalization, aggregations, and ionic motion 

factors [76]. 

 

VI.  Polarity and Solubility 

Polarity, a crucial attribute for elucidating the solvent effect in chemical reactions, is worthy of 

discussion. Furthermore, no one parameter or direct measurement has successfully 

characterized IL polarity [34]. Researchers have proposed solutions to ascertain the solvent 

polarity of ILs, including spectroscopic techniques, liquid-liquid and liquid-gas equilibrium 

distribution methods, and evaluating polarity based on solvent effects in chemical reactions 

[20]. The range of Et(30) values of polar molecular solvents encompasses the Et(30) value of 

most ILs. However, many ILs are insoluble or difficult to dissolve in water, which differs from 
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that of molecular solvents with similar Et(30) polarity values. According to Reichardtôs polarity 

scale standard, the scientists involved put different weights on the different influencing factors; 

hydrogen-bonding interactions play a much more significant role in this scale. Abrahamôs 

solvation parameter model was used in ILs to prove the similarity of solvation properties 

between ILs and polar organic solvents [48]. Cl§udio et al. explained that for the same solvent, 

using different solvatochromic dye sets, experimental methods or procedures, and the 

concentration of ILs can lead to varying values of solvatochromic parameters [77]. The trend 

is always associated with the co-effect of the varied and intricate interactions between the 

solvent and the specific solute. That is, the polarity scale is contingent upon the solute. Each 

empirical coefficient corresponds only to a uniquely defined relative polarity scale, introduced 

expressly for this purpose. They provided the relationship between the experimental hydrogen-

bond basicity values and the COSMO-RS hydrogen-bonding energies in equimolar cation-

anion pairs while attempting to solve the limits caused by the relative polarity scale of a finite 

selection of ILs. The polarity of cations depends on the nature of the substituent connected to 

the charged center. For the same substituent, the order of the polarity of a cation is arranged 

from small to large: pyrrolidinium, pyridinium, imidazolium, and ammonium. For anions, they 

are in a similar order: PF6
-, BF4

-, NTf2
-, C(CN)3

-, ClO4
-, SCN-, CF3SO3

-, I-, CH3SO4
-, C2H5SO4

-, 

N(CN)2
-, trifluoroacetate, NO3

-, Br-, Cl-, dimethylphosphate, benzoate, and acetate [48]. 

 

1.2.3 Applications of Ionic Liquids 

It is widely known that ILs can be used as green solvents and catalysts to replace traditional 

volatile organic solvents. Nonetheless, the future appears promising for ILs in the domains of 

synthesis, catalysis, materials science, physical chemistry, electrochemistry, genetic inheritance, 

nuclear physics, and pharmaceutical chemistry engineering as industrial and laboratory-scale 

research continues to advance [2].  

 

I. Ionic Liquids in Chemical Synthesis 

The polarity and adjustable characteristics of ILs render them optimal solvents for dissolving 
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a diverse array of organic and inorganic compounds. In organic synthesis reactions, selecting 

the appropriate IL solvent can enhance the selectivity and efficiency of the reaction. 

Particularly in cases where traditional solvents fail to dissolve specific reactants, ILs provide 

an effective medium for dissolution. On the other hand, due to their ability to withstand high 

temperatures and harsh chemical conditions, ILs can serve as green catalysts in various organic 

reactions. Compared to traditional catalysts, ILs increase reaction rates, reduce by-product 

formation, and exhibit better recyclability. Currently, there are three well-established 

applications of ILs in organic synthesis. The first involves using organic aluminates as ILs in 

Lewis acid-promoted reactions, capitalizing on the regulated acidity of these melts. The second 

application entails employing ILs as "neutral" solvents or liquid carriers for transition metal 

catalysts. The final application incorporates task-specific ILs as ligands, catalysts, or 

extractants for metal ions [78]. The transformation of fluid ILs into porous materials integrates 

the distinctive properties of ILs with conventional polymers and porous substances. Zhang et 

al. reviewed the latest developments in the design of porous ILs, introducing their broad 

applications in catalysis, adsorption, sensing, and actuation [79]. They noted that ILs in this 

new research direction are still in the early stages, but the potential is vast. 

 

Biopharmaceuticals are key in controlling incurable diseases, yet their limited solubility and 

stability impede their application and storage. As a result, researchers have developed ILs for 

the preservation and enhancement of biopharmaceutical transport and to serve as reaction 

media in chemical synthesis [80]. ILs can function as alternate media to water and volatile 

organic solvents, enhancing chemical and biological processes, including amino acid and 

peptide ligations [81]. Furthermore, high concentrations of 1-ethyl-3-methylimidazolium 

acetate ([C2MIm][CH3COO]) (3 to 6 M) have a similar positive effect on peptides [82], while 

low concentrations of 1-butyl-3-methylimidazolium chloride ([C4Mim]Cl) and 1-butyl-3-

methylimidazolium thiocyanate ([C4Mim][SCN]) do not impact the thermal stability of insulin 

at acidic pH [83]. Ferreira et al. confirmed that low concentrations (approximately 0.1 to 0.3 

M) of imidazole and ammonium-based ILs also preserve the structure of rabbit serum 
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immunoglobulin G1 [84]. 

 

ILs can perturb the hydrogen bond network of biopolymers, increase the flexibility of the 

polymer chains and reduce friction, thereby producing materials with diverse morphologies 

and mechanical properties. As a result, ILs are considered an ideal choice for biopolymer 

plasticization [85]. It has been demonstrated that ILs are superior solvents for dissolving 

various biopolymers, including carbohydrates, proteins, cellulose, and enzyme-catalyzed 

polymers [86]. ILs can affect both intermolecular and intramolecular interactions within 

biopolymer systems. Cellulose-silk films prepared with ILs such as 1-allyl-3-

methylimidazolium chloride ([Amim]Cl), 1-ethyl-3-methylimidazolium chloride ([C2mim]Cl), 

1-butyl-3-methylimidazolium chloride ([C4mim]Cl), or 1-ethyl-3-methylimidazolium acetate 

([C2mim][OAc]) exhibit superior clarity, strength, and reduced brittleness compared to other 

comparable films [87]. Additionally, Figure 1-2 shows common ionic liquids used as 

plasticizers. When [C4mim]Cl IL is used as a plasticizer in starch processing, the resulting 

product typically exhibits lower water absorption and a fourfold increase in elasticity, from 

100% to 400% [88, 89]. Wang et al. proposed a synthesis method for imidazole-based polymer 

ionic liquids (PILs) and used them as plasticizers for starch [90]. The resulting materials were 

thermally compressed into transparent films exhibiting enhanced elasticity. Zhang et al. 

demonstrated that [C2mim][OAc] successfully modified starch into optically transparent 

conductive films [91]. Furthermore, in the design of biopolymer electrolytes, ionic liquids have 

been suggested for use as both electrolytes and plasticizers. For instance, starch films 

plasticized with [C2mim]-based ionic liquids exhibit high electrical conductivity [92]. 
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Figure 1-2 Ionic liquid ions are commonly reported in the literature as plasticizers [85]. 

 

II.  Ionic Liquids in Separation Technology 

In addition to replacing conventional organic solvents in some cases due to their excellent 

physicochemical properties, ILs also have a variety of reactions, such as acid-base reactions, 

electron transfer reactions, substitutions, elimination, addition, acid-catalyzed reactions, base 

or nucleophilic reactions, transition metal catalyzed reactions, and so on [28]. ILs can be 

advanced fluids that analyze natural products using separation, extraction, or purification 

techniques. 

 

The significant impact of carbon dioxide (CO2) emissions on global warming and climate 

change has become a prevalent environmental issue in recent years, and CO2 capture using ILs 

is also a popular research direction for IL applications. Anthony et al. investigated the solubility 

of nine different gases in [Bmim]PF6 and determined that water and CO2 exhibit significant 

interactions [93]. In comparison to the solubility of gases like methane, carbon monoxide, 

hydrogen, and nitrogen in ILs, CO2 exhibits higher solubility in ILs. The complex synthesis 

and purification steps of ILs, along with their high viscosity, lead to slow CO2 diffusion and 

mass transfer, which are the major obstacles to the practical application of ILs in CO2 capture 

[94]. ILs are combined with other suitable substances, such as water and amines, to address 

this issue. Standard IL-amine mixtures include monoethanolamine (MEA), 1-butyl-3-

methylimidazolium tetrafluoroborate ([Bmim]BF4) and H2O mixtures, and MEA, 1-(2-

hydroxyethyl)-3-methylimidazolium ([Hemim][DCA]) and H2O mixtures [95]. Recently, deep 

eutectic solvents (DES) have been introduced as a new class of ILs. They exhibit numerous 

advantageous properties of ILs and are economically comparable to amines used for CO2 

capture [95]. Zhou et al. chemically fixed imidazole ionic liquids onto graphene oxide (GO) to 

develop a novel catalyst, GO - SmImBr, which was confirmed in batch reaction systems to have 

the potential for efficient and sustainable CO2 utilization [96]. Supporting ILs on porous solid 

materials is also a widely used approach to enhance the CO2 capture rate [97]. 
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Heavy metals can infiltrate the human metabolic system via ingestion, posing a substantial risk 

to human health. Therefore, removing heavy metals from wastewater and recovering valuable 

metals from electronic waste has significant environmental and economic implications. 

Polymer inclusion membranes (PIMs)-based separation offers the advantage of simultaneous 

extraction and stripping, while PIMs based on ionic liquids (ILs) enhance the selective 

extraction and recovery of various metal ions [98]. PIMs incorporating phosphonium, 

ammonium, and imidazole-based ILs are frequently employed for the transport and separation 

of Cd(II), Cr(III), Fe(II), and Fe(III) from chloride or nitrate aqueous solutions [99, 100]. 

Turgut et al. used imidazole bromide-based IL as a carrier for Cr removal and prepared PIMs 

based on poly(vinylidene fluoride-co-hexafluoropropylene) [101]. Radzyminska-Lenarcik et 

al. employed imidazole-based ILs as carriers, achieving up to 86% silver recovery [102]. 

 

The imidazole-based ILs are used as the extraction solvent, and the extraction of amino acids 

into the IL phase not only follows the ion exchange mechanism but also strongly depends on 

the pH value in the aqueous phase. ILs can be considered suitable modifiers on the stationary 

phase of high-performance liquid chromatography to effectively separate acidic, basic, and 

neutral amino acids [103].  

 

Currently, magnetic ionic liquids (MILs) are also popular research topics. MILs refer to ionic 

liquids in which magnetic materials, such as magnetic nanoparticles or metal oxides, are added 

to traditional ILs, giving them magnetic properties. These magnetic materials impart unique 

magnetic-responsive characteristics to the ionic liquids, allowing them to exhibit tunable 

physicochemical properties under the influence of an external magnetic field. MILs combine 

the excellent properties of ionic liquids, such as low volatility, wide liquid temperature ranges, 

and high solubility, while possessing magnetic properties that can be controlled or guided in a 

magnetic field [45]. For example, due to the f-f transition characteristics of trivalent Dy atoms 

(with an electron configuration of 4f 9) and the activation of lanthanide atoms by imidazolium 

cations as sensitizers, MILs such as 1-dodecyl-3-methylimidazolium hexabromodymium (III) 
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[C12C1im]3[DyBr6] exhibit high luminescence [104]. MILs also perform excellently in 

extracting and separating metal ions, such as palladium and platinum, from aqueous solutions. 

They can selectively extract metal ions from the solution under the influence of a magnetic 

field, facilitating subsequent recovery and reuse [105-107]. 

 

III.  Ionic Liquids in Energy Storage Devices 

Ionic liquids, with unique and highly tunable properties, have shown significant potential in 

various energy applications. For instance, ILs that exhibit high conductivity and satisfactory 

electrochemical stability have been widely used as electrolytes in batteries and supercapacitors. 

Compared to traditional liquid electrolytes, ILs offer low volatility and higher thermal stability 

advantages, making them suitable for high-temperature conditions. They can enhance battery 

safety, operating temperature range, and energy capacity [108]. For example, Brutti et al. 

developed an ionic liquid electrolyte by coupling imidazolium and tetraalkylammonium 

cations with bis(perfluoroalkylsulfonyl)imide anions, which can be used in high-voltage 

lithium-ion battery systems [109]. This electrolyte also ensures high ionic conductivity at low 

temperatures, thus ensuring sufficient power density for the battery. Wang et al. demonstrated 

that electrolytes such as [Bmim][TFSI], [PP14][TFSI], and [TMBA][TFSI] are much safer than 

traditional carbonate-based electrolytes [110]. The viscosity of ILs is one of the factors that 

hinder particle mobility. Therefore, ILs based on pyrrolidinium (PYR), such as [PYR14][TFSI], 

[PYR13][TFSI], and [PP13][TFSI], are widely studied for lithium batteries owing to their 

relatively low viscosity, high ionic conductivity, and outstanding electrochemical stability [111-

113]. Similarly, imidazolium-based ILs serve as electrolytes in batteries owing to their high 

ionic conductivity and relatively low viscosity. Plashnitsa et al. used [EMI][BF4] as an IL 

electrolyte to enhance the thermal stability of sodium-ion batteries (NIBs) [114]. Cai et al. 

synthesized a novel [Bmim][TFSI] IL composite electrolyte and successfully applied it in 

lithium-oxygen (Li - O2) batteries [115]. Additionally, ILs have been used as electrolytes in 

lithium-sulfur, all-solid-state, and dual-ion batteries, among other examples. ILs have been 

applied in advanced supercapacitors to achieve efficient energy storage and long-lasting cycle 



 

 51 / 364 

 

life [116]. The ILs explored in supercapacitors generally consist of mixtures of imidazolium, 

tetraalkylammonium, pyrrolidinium, piperidinium, or pyridinium cations paired with 

multifunctional anions [117-119]. Pan et al. investigated the low-temperature electrochemical 

efficacy of symmetric supercapacitors constructed with nitrogen-doped porous carbon 

electrodes and IL electrolytes [120]. Bi et al. examined the double-layer charging mechanism 

in supercapacitors featuring conductive metal-organic framework (MOF) electrodes and 

[Emim]BF4 IL electrolytes [121]. Wang et al. studied the relationship between anion types and 

the electrochemical performance of IL-based supercapacitors through molecular dynamics 

simulations [122]. 

 

The phase change properties of ILs allow them to efficiently store and release thermal energy, 

particularly in renewable energy storage systems such as solar and wind energy. The thermal 

storage capacity of ILs can operate stably over a wide temperature range, enabling them to 

release heat when needed, thereby improving the energy efficiency of the system [123]. So far, 

the phase change temperature range of most IL-based phase change materials (PCMs) studied 

falls between 0 and 200ÁC [124]. Figure 1-3 shows the thermal performance of known IL PCM 

series and their potential applications. ILs fill the gap for stable and efficient PCMs between 

100 and 200ÁC, with one crucial application being the Carnot battery [125, 126]. The most 

studied group of ILs for thermal energy storage is imidazolium salts, which exhibit broad 

antimicrobial properties with imidazolium ions and hydrophobic alkyl chains [127]. 

Imidazolium ammonium ILs can also be used as PCMs in cold chain logistics, not only due to 

their strong CO2 adsorption and desorption capabilities in both physical and chemical terms 

[128], but also because imidazolium ammonium ILs have excellent water absorption over a 

wide range of humidity [129]. Another advantage is their high stability in radioactive 

environments, making them suitable for temperature regulation of spacecraft under extreme 

conditions, ranging from direct solar radiation to near-complete darkness [130]. Similarly, it 

has been shown that radiation effects on the interfacial characteristics and phase behavior of 

imidazolium-based microemulsions with varying alkyl chain lengths are negligible [131]. 
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Therefore, due to the advantages of imidazolium ionic liquids, they can be advanced as next-

generation PCMs. A review by Piper et al. further supports the application of ILs in phase 

change materials and emphasizes the significance of computational techniques in adjusting the 

thermal performance of ILs [124]. A recent application of ILs is in perovskite solar cells (PSCs). 

PSCs have emerged as one of the most promising photovoltaic technologies owing to their 

outstanding optoelectronic characteristics. ILs have helped address low efficiency, inadequate 

stability, and repeatability in large-area PSCs. Ding et al. used methylammonium chloride 

(MACl) as a dopant and the Lewis basic IL additive 1,3-bis(cyanomethyl)imidazolium chloride 

([Bcmim]Cl) to inhibit the degradation of perovskite precursor solutions (PPS), suppress MACl 

aggregation, and produce perovskite films with high crystallinity, fewer defects, and a stable, 

phase-homogeneous structure [132]. Their method achieved the highest certification for PSCs 

and demonstrated long-term operational stability. Zhan et al. successfully miniaturized 

MAPbBr3 perovskite film lasers to subwavelength scales and simplified the cavity design, 

introducing ionic liquids to improve the quality of MAPbBr3 perovskite films, including large 

grains, absence of pinholes, and uniform coverage [133]. Peng et al. used ionic liquid-assisted 

embossing to fabricate high-efficiency, stable quasi-2D perovskite solar cells with controlled 

phase distribution [134]. As research progresses, the application of ILs in various fields is 

expected to bring more innovative solutions in terms of energy efficiency, device safety, and 

comfort. This also proves that the demand for ILs is increasing daily, and further advancements 

in IL synthesis processes are required to meet the high demand for ILs in various applications. 
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Figure 1-3 Thermal data of different ionic liquid PCM cation families and deep eutectic 

solvent plotted as melting enthalpy (Jg-1) versus melting point (ÁC) [123]. 

 

1.2.4 Challenges of Ionic Liquids 

In general, the advantages of ILs at ambient temperature shall comprise, but not be limited to, 

the following items: adjustable solubility, acidity, and basicity; low viscosity and vapor 

pressure or non-volatility; long-term thermal stability; and relatively very low corrosivity to 

mineral acids and bases [135]. By their vapor pressure being as close to negligible as possible, 

ILs do not exhibit the same research risks as volatile organic solvents, and they are less likely 

to cause side effects on atmospheric photochemistry [28]. On the other hand, non-volatility will 

result in non-flammability under environmental temperatures, such as pet ether, acetone, and 

dichloromethane [2]. The imidazole cation-based ILs are particularly favorable for a variety of 

industrial applications. Their solvation properties, non-volatility, low melting point, air and 

water stability, high conductivity, and wide electrochemical stability window allow these 

materials to be excellent alternatives for catalysis [136], capacitors, batteries [137], liquid-

liquid extraction [138], and absorption heat pumps [139, 140]. 

 

Despite the wide range of advantages of ILs, there are still challenges in applying them to 

industrial processes. Currently, laboratories primarily produce ILs, requiring cost reductions of 

100 times or more to outperform conventional solvents economically. A comprehensive 

understanding of how the fundamental properties of the relevant cation, anion, or substituent 

groups affect the chemical and physical properties is a prerequisite for solvent design. 

Unfortunately, there is a lack of experimental measurements of the various underlying 

properties and a lack of relatively reliable thermodynamic models of phase behaviors. Despite 

the existence of some cheminformatics-based modeling approaches, such as quantitative 

structure-property relationship (QSPR), the shortage of detailed data on ionic properties, such 

as toxicity and corrosiveness, prevents them from providing pseudo-quantitative property 

predictions for compounds of interest [141]. The essential factor in acquiring dependable data 
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for physical, chemical, and biological analysis is the presence of a precise, lucid, and 

comprehensive examination of the analytical grade ILs [142]. That is remarkable compared to 

the exponential growth trend of publications in the ILs field; few details were known about the 

routine analytical methods for determining impurity ions in ILs. Conventional operations, 

distillation or extraction, etc., for the purification of organic compounds, are not entirely 

applicable to ILs because of their unique properties, such as low vapor pressure and high 

solvation ability, which can lead to deterioration of results [2].  

 

Another hazardous risk, for example, is the uncertainty about the potential environmental 

impacts of ILs, which must also be considered in any assessment of chemical entities. The 

inspection and testing shall comprise, but not be restricted to, toxicity, thermal decomposition, 

hydrolysis during use, recovery challenges, and resistance to environmental degradation [143]. 

This indicates that a differentiation must be established between species instead of addressing 

the greenness of IL. Therefore, both processes must be evaluated, namely the application and 

manufacturing processes. Life cycle assessment indicates that various factors significantly 

influence the manufacturing process, including the level of risk for operators and neighboring 

communities, product yield and purity, and residence time, all of which are affected by the 

scale of the reactors used [144]. Phenomena will undoubtedly arise that must adhere to green 

chemistry principles in synthesizing ILs. In certain situations, substantial quantities of 

chemicals and solvents are employed to synthesize ILs, resulting in numerous by-products that 

pose possible adverse effects on human health and the environment, which are unavoidable 

[145]. An important issue that prevents ILs from replacing traditional solvents is their high cost. 

However, the main reason is that the high charge nature of ions leads to high purification costs 

[20]. The obstacles to the adoption of ILs in the chemical industry remain significant, even 

after all the technical challenges have been overcome, due to the low return on investment of 

the current economic structure of the chemical industry [146]. 

 

The many complex problems in the field of IL design and development do not hinder their 
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progress, and chemical engineers are always seeking different ways to solve these issues. For 

example, in-depth knowledge of the important physical and chemical properties of IL is 

required by industries such as chemical processing, pharmaceuticals, and fine chemicals, which 

offers the possibility of developing skills specific to these applications. Baaqel et al. proposed 

that the ecological effects of ILs, such as toxicity, biodegradability, and high cost, limit their 

application range [147]. However, interpreting the results of comparing ILs with existing 

solvents is difficult due to the use and trade-offs of multiple indicators in the current techno-

economic and life cycle assessments. They combined the monetization concept with detailed 

process modeling and life cycle assessment (LCA) to evaluate the actual costs of the IL, and 

the results proved that this method could provide new ideas for future sustainable IL research 

and development. The appropriate method for the purification and recovery process is selected 

according to the physical and chemical characteristics of ILs; pre-purifying certain specific 

starting materials effectively removes some contaminants [2]. 

 

1.3 Process Intensification Methods and Chemical Reactors for Ionic Liquid Synthesis 

1.3.1 Preparation of Ionic Liquids 

The general procedure for synthesizing ILs can be categorized into two primary steps (Figure 

1-4) [74]. The first step in the synthesis of ILs is to form the required anions and cations; that 

is, amines are protonated by acid or through the quaternization reaction of amines with 

haloalkane to form cations, and the quaternization reaction is based on the alkylation agents to 

obtain salts with different anions.  

 

In the case where the desired anion cannot be directly formed through the quaternization 

reaction, a further step is carried out to treat the halide salts with Lewis acids to produce a 

Lewis acid-based IL or to achieve anion exchange through anion metathesis [15, 74]. AlCl3-

base salts are the most widely used Lewis acidic ILs in applications. A simple addition reaction 

is involved in this type of salt in which Lewis acids or metal halides are mixed with halide salts, 

forming respective acidic ILs with an additional halide species. More than one anionic species 
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can be formed according to the ratio of quaternary halide salt (Q+X-) and Lewis acid or metal 

halides (MXn). For example, when [Emim]Cl and AlCl3 are mixed in equimolar amounts, 

neutral ionic liquids will be formed, and when the molar quantity of [Emim]Cl is excessive, 

basic ILs will be formed; conversely, when AlCl3 is excessive, acidic ILs will be formed. 

Besides, a few metal halides can be used to prepare the FeCl3, BCl3, AlEtCl2, CuCl and InCl3 

Lewis acids with one more halide species. Anion metathesis, or anion exchange reactions, of 

1,3-dialkylimidazolium cations are common for preparing water- and air-stable ILs. The anion 

metathesis is also applicable to the silver/sodium/potassium salts of NO2
-, NO3

-, BF4
-, (SO4)2

- 

and CO2CH3
- or many more corresponding anionsô free acids to treat the halide salts [2, 15]. 

 

Figure 1-4 Preparation pathways for synthesizing ionic liquids [74]. 

 

1.3.2 Process in Suitable Chemical Reactor for Synthesis of Ionic Liquids 

I. Traditional Synthesis of Ionic Liquids 

The synthesis of ILs in traditional lab-scale reactors is a prevalent technology. Various types of 

ILs can be efficiently synthesized by precisely controlling reaction parameters such as 

temperature, reaction time, and solvent. However, the synthesis of ILs in traditional lab-scale 

reactors typically requires long reaction times, especially when the reaction rate of the reactants 

is slow or the reaction conditions are harsh. Extended reaction times increase energy 

consumption and may lead to higher production costs. For example, in the synthesis of 

imidazolium-based ILs, the alkylation reaction may take several hours to complete, and 

prolonged reaction times may result in the decomposition of reactants or the formation of by-

products. Moreover, the synthesis of ILs often requires precise temperature control, particularly 
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for high-melting-point ILs, which typically involves heating to elevated temperatures and 

maintaining this heat for extended periods, leading to higher energy consumption. Although 

many ILs can be synthesized in lab-scale reactors without the use of solvents, specific synthesis 

processes still require the use of organic solvents. Solvents can cause environmental pollution 

and lead to solvent recovery issues or increase the costs associated with solvent treatment. 

Additionally, the synthesis of ILs often requires large reaction vessels and complex post-

treatment processes, which contribute to high production costs and present challenges for large-

scale industrial production. 

 

II.  Microwave Irradiations Synthesis of Ionic Liquids 

In addition to traditional methods, various techniques have been developed to synthesize a 

range of ionic liquids, such as microwave (MW) irradiation synthesis. MW synthesis is an 

efficient and green method that allows for rapid and uniform energy delivery to the reaction 

system, promoting the reaction [2]. Varma and Namboodiri reported the first microwave-

assisted synthesis of several imidazolium-based ILs in an open container under excess alkyl 

halide reaction conditions [148]. This improvement method markedly decreased the reaction 

duration from several days to only minutes. This is because the ionic liquids formed under 

microwave irradiation increased the polarity of the medium, thereby enhancing microwave 

absorption. However, their synthesis method also has a drawback; using alkyl halides in an 

open container is hazardous, and synthesizing highly hygroscopic compounds in open 

containers under intense heating leads to strong water absorption, preventing any potential 

scale-up. Additionally, they found that continuous irradiation could lead to the decomposition 

of the cationic portion, so intermittent irradiation and mixing of the reaction mixture were 

necessary until a clear single phase was formed. Building on this foundation, Law et al. pointed 

out that microwave irradiation equipment is typically expensive, especially in industrial-scale 

production, where the cost of large-scale use of microwave reactors could be high [149]. They 

also emphasized the significant overheating under continuous irradiation, which could lead to 

uncontrolled reactions in solvent-free systems. They added a preheating system based on 
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Varma and Namboodiri's [148] work and optimized reaction conditions by adjusting 

microwave power levels and heating times. Law et al.'s [149] improvements produced purer 

ionic liquids compared to Varma and Namboodiri [148], but this technique is still limited to the 

synthesis of alkyl bromides.  

 

Pal and Kumar synthesized novel imidazolium-based IL crystalline dimers under microwave 

(MW) conditions, which include calamitic-calamitic, calamitic-discokic, and discotic-discotic 

components [150]. Over a wide temperature range, some of these bromide-based ionic liquids 

exhibited mesophase characteristics that conventional heating conditions could not 

successfully achieve. Aljuhani et al. also synthesized novel imidazolium, pyridinium, and 

diazonium-based ionic liquids via microwave-assisted methods [151]. One year later, Aljuhani 

et al. synthesized a series of novel pyridinium-based ionic liquids using a green microwave-

assisted method, achieving yields as high as 95%, and applied these ILs in anticancer research 

[152]. Pham-Truong et al. employed microwave-assisted methods to prepare nano-sized doped 

carbon dots (CDs) in the presence of biobased materials and ionic liquids (such as 1-ethyl-3-

methylimidazolium ethyl sulfate) [153]. Furthermore, Cagli et al. proposed an improved one-

step microwave-assisted synthesis method for preparing surface-functionalized magnetite 

nanoparticles with high saturation magnetization, which are suitable for separation and 

catalysis [154]. These examples demonstrate that microwave irradiation synthesis of ionic 

liquids is a rapid, efficient, and green method, offering advantages such as shortened reaction 

times, improved yields, reduced energy consumption, and minimized environmental pollution. 

However, the method also has drawbacks, including high equipment costs, challenges with 

uniformity control, and limited applicability. In practical applications, combining microwave 

irradiation synthesis with other synthesis methods may be necessary to leverage its advantages 

fully. 

 

III.  Ultrasound-assisted Reactions for Ionic Liquids Synthesis 

Ultrasonic synthesis of ILs utilizes high-frequency ultrasonic energy to promote chemical 
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reactions and has gradually become a widely recognized method due to its advantages, such as 

rapid reaction rates, high yields, and high energy efficiency [2]. L®v°que et al. employed 

ultrasound-assisted synthesis to prepare several 1-butyl-3-methylimidazolium salts (such as 

BF4, PF6, CF3SO3, and BPh4) and achieved significant results [155]. All cases showed 

noticeably higher yields, significantly reduced reaction times, and improved product quality. 

In addition, the ILs were ready for use without requiring further purification steps after brief 

treatment. Zbancioc et al. synthesized 1,3-diazole derivatives under ultrasonic irradiation and 

conventional heating, demonstrating that the N-alkylation reaction under ultrasonic irradiation 

is considered environmentally friendly due to its higher yield, reduced solvent usage, and 

significantly shorter reaction time, leading to higher overall energy efficiency [156]. Zaoui et 

al. conducted polymerization experiments on 3-octyl-1-vinylimidazolium bromide using 

ultrasound and found that, compared to conventional heating methods, the ultrasound method 

exhibited higher polymerization rates and shorter reaction times [157]. Ultrasound has also 

been used to synthesize ammonium-based ionic liquids. For instance, in the synthesis of 1-

butyl-3-methylimidazolium chloride ([Bmim]Cl), ultrasound effectively promoted the reaction 

of choline-based compounds with halides, enabling rapid synthesis of the target IL. 

Additionally, Ameta et al. employed a green and straightforward ultrasound-assisted method to 

synthesize imidazolium-based IL derivatives [158]. Their results indicated that this method 

required milder conditions, shorter reaction times, higher yields, and selectivity, without 

needing transition metals or base catalysts. However, similar to microwave-assisted synthesis, 

ultrasound-assisted synthesis also has certain drawbacks, such as high equipment costs, issues 

with uniformity control, and limited applicability to specific reaction systems. 

 

IV.  Micro-reactors 

Microreactor technology has been widely applied in chemical reaction synthesis in recent years, 

especially in the synthesis of ILs, because of its unique small volume, high surface area, and 

excellent heat and mass transfer properties, which have shown great potential [159, 160]. 

Renken et al. utilized a microreactor system to produce ethylmethylimidazolium ethyl sulfate 



 

 60 / 364 

 

via a solvent-free alkylation reaction, achieving a three-order-of-magnitude increase in space-

time yield relative to traditional batch processing methods [161]. Additionally, Waterkamp et 

al. enhanced the synthesis of [Bmim]Br using a continuous-flow microreactor system and 

confirmed that even at 85ÁC, the microreactor could effectively control the heat of the strongly 

exothermic alkylation reaction, achieving high reaction rates and product purity exceeding 99% 

in a solvent-free mode [144]. This process intensification achieved about a 20-fold 

enhancement in space-time yield compared to conventional batch procedures. Furthermore, Hu 

et al. reported kinetic studies on the synthesis of [Bmim]Br in a microchannel reactor [162], 

while GroÇe Bºwing and Jess designed a microreactor for the kinetic analysis of 

ethylmethylimidazolium ethyl sulfate synthesis [163]. Zhang et al. combined solvent-free 

conditions with microreactor technology to synthesize tetraalkylammonium-based ionic liquids 

in a capillary microreactor using diethyl sulfate and triethylamine, achieving a maximum yield 

of 94% at 90ÁC with a residence time of 300 s [164]. They also validated the reliability of the 

associated reaction kinetics study. These examples demonstrate that microreactor synthesis of 

ionic liquids is an efficient, energy-saving, and highly controllable method that enhances 

reaction rates, reduces energy consumption, increases yields, and is environmentally friendly. 

However, its high equipment costs, operational complexity, and challenges in scaling up limit 

its widespread application in some cases. 

 

1.3.3 Synthesis Process in Taylor-Couette Reactor and High Shear Mixer  

The Taylor-Couette Reactor (TCR) is commonly used to study fluid dynamics, mass transfer, 

and the effects of shear on chemical reactions. Therefore, when TCR is applied in catalysis and 

nanomaterial synthesis, the use of ionic liquids as catalysts or solvents is more prevalent, often 

not involving the synthesis of ionic liquids themselves. Jeong et al. discovered that using ILs 

such as tetramethylammonium tetrafluoroborate ([TMA]BF4), [Emim]BF4, 1-ethyl-3-

methylimidazolium ethyl sulfate ([Emim]EtSO4), and 1-ethyl-3-methylimidazolium 

hexafluorophosphate ([Emim]PF6) with water as the base solvent as working fluids in Taylor-

Couette flow results in consistent high shear rates, effective mass transfer, and significant radial 
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mixing throughout the entire length of the reactor, and this process allows for the rapid bulk 

production of 2D nanosheets [165]. Furthermore, Jeong et al. utilized the strong shear forces 

and high mixing capabilities of the Taylor-Couette flow to prepare defect-free graphene sheets 

dispersed in water, and during the synthesis of RuO2/graphene catalysts, they incorporated the 

ionic liquid 1-ethyl-3-methylimidazolium ([Emim]BF4) as a graphene exfoliant and stabilizer 

[166]. Nuvoli et al. discovered that 1-hexyl-3-methylimidazolium hexafluorophosphate can 

facilitate graphene exfoliation via ultrasound without requiring any chemical modification 

[167]. Tao et al. investigated the combined effects of uniform shear rates generated by Taylor 

vortex flow and the macromolecular structure of solutions formed with polyionic liquids during 

protein crystallization [168]. They found that the uniform shear forces generated by Taylor 

vortex flow accelerated the primary nucleation rate, while the protein products prepared using 

polyionic liquids exhibited higher stability in the crystallization solution. 

 

A high-shear mixer (HSM) is primarily used for emulsification, dispersion, and 

homogenization, whereas the primary applications of ionic liquids do not fully align with HSM. 

Additionally, the high shear forces in HSM may affect the structural integrity of certain ionic 

liquids, thereby limiting their application in such systems. As a result, research on the synthesis 

or application of ionic liquids using HSM remains limited. Zhu et al. developed a novel static 

micro-mixing scrubber to remove ionic liquids from alkylation oil [169]. This mixer enhances 

the mixing of the two phases, thereby improving the efficiency of alkaline washing in removing 

ionic liquids and extending the operational cycle of alkylation oil units utilizing ionic liquids. 

Huang et al. utilized polyionic liquid ([PEP-MIM]Cl) as an auxiliary agent and employed HSM 

to directly prepare polyionic liquid-functionalized graphene nanosheets (GNSPIL) from graphite 

[170]. 

 

1.4 Intensification of the Synthesis Processes for Ionic Liquids in Taylor-Couette 

Reactor and High Shear Mixer 

The previous section has outlined various methods for synthesizing ionic liquids, highlighting 
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their advantages and disadvantages. As the demand for ionic liquids continues to grow, the 

existing synthesis processes often fail to meet the practical requirements regarding efficiency 

and cost. Therefore, there is an urgent need to explore a more efficient and cost-effective 

synthesis process to meet the demands of industrial production. We propose using Taylor-

Couette reactors and high-shear mixers to synthesize ionic liquids in this context. These two 

devices offer significant advantages in enhancing reaction efficiency, improving mixing, and 

reducing energy consumption. First, the Taylor-Couette reactor provides a unique flow 

structure and shear forces that facilitate efficient mixing and mass transfer, thereby improving 

the reaction rate and selectivity of the synthesis process. Second, due to their powerful shear 

forces, high-shear mixers can significantly enhance the dispersion of reactants and accelerate 

the reaction rate while effectively minimizing side reactions. By thoroughly discussing the 

characteristics of these two reactors, we aim to provide a reliable theoretical foundation and 

technical support for future ionic liquid synthesis processes. 

 

1.4.1 Hydrodynamics of Taylor-Couette Reactors and High-Shear Mixers 

I. Taylor-Couette Reactors 

The Taylor-Couette flow was named after its inventors, including G. I. Taylor [171] and M. 

Couette [172]. Couette was the first systematic description of classic Couette flow at low 

turbulence levels [172]. He observed that the torque required rotation of the outer cylinder, and 

the inner cylinder remained stationary. As the rotational speed grew linearly and approached 

the critical speed, the flow transited from stable to unstable, and the torque increased faster 

when the flow was unstable. The formation of counter-rotating stable vortices when the 

turbulence intensity was increased in the gap between the rotating cylinder and the shell and 

the instability of the flow between two concentric rotating cylinders was observed by Taylor 

both theoretically and experimentally [171]. Taylor successfully applied linear stability theory 

to viscous flow and compared the theoretical outcomes with observations of flow patterns. 

Scholars have published research directions on flow patterns found at higher turbulence levels 

since the middle of the twentieth century. Andereck et al. studied the flow between concentric 
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and independent rotating cylinders using flow visualization and spectroscopy techniques [173]. 

They revealed that the influencing factors leading to different flow states include their 

symmetry under rotation and reflection, azimuthal and axial wavenumbers, and the rotation 

frequencies of azimuthal travelling waves. In addition, the transition between flow patterns 

depends on the Reynolds number function of inner and outer cylinders. Coles demonstrated 

that there are two different types of transitions in the Couette flow between concentric rotating 

cylinders [174]. The first is that when the inner cylinderôs angular velocity exceeds the outer 

cylinderôs, the motion characteristic is called the transition by spectral evolution. With the 

increase of speed, the secondary mode, axial periodicity, namely Taylor motion, and 

circumferential periodicity, that is, the travelling waves mode, will be exciting. The second is 

that when the angular velocity of the outer cylinder is greater than that of the inner cylinder, it 

is called a catastrophic transition. Snyder experimentally described that the waveform at the 

onset of instability in the rotating Couette flow may exhibit asymmetry relative to the rotation 

axis, thus verifying previous predictions [175]. However, these studies focused on the 

exploration of flow phenomena. Subsequently, the purpose of research had experienced great 

changes to the design of reactors and the numerical simulation based on the observed vortex 

generation and axial dispersion, and then the Taylor-Couette Reactor was manufactured as a 

new device. 

 

A basic Taylor-Couette reactor usually comprises two coaxial cylinders that form an annular 

gap containing liquid. Typically, the inner cylinder rotates while the outer cylinder is stationary. 

The inner cylinder rotation can generate toroidal or Taylor vortices to promote the reaction 

medium to mix radially effectively [176, 177]. In the annular gap of the Taylor-Couette reactor, 

various flow patterns can be formed with the change in the rotation speed of the inner cylinder. 

The Newtonian fluid could maintain laminar flow or Couette flow (CF) when the rotation speed 

of the inner cylinder is low. When the rotation speed of the inner cylinder exceeds a critical 

value, the flow pattern transitions from laminar flow to stationary toroidal vortices, namely 

Taylor vortex flow (TVF), due to a primary instability emerging. When the rotation of the inner 
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cylinder further increases beyond the secondary critical value, a secondary instability appears, 

and cellular vortices oscillate axially with a wavy vortex boundary, which is called wave vortex 

flow (WVF) [171, 173, 178]. The cascades of flow instability and various flow states are 

essential in improving our understanding of basic flow fields and complex processes, such as 

polymer-clay flocculation, heterogeneous versus homogeneous catalysis, and liquid-liquid 

mixing [179]. The Taylor-Couette reactor is based on the óTaylor-Couette flowô flow regime. 

The goal of precise control of various biochemical conversions can be achieved by changing 

the reactor characteristics, such as the flow regime and operating conditions in the reactor, and 

it is even possible to achieve continuous reactions by continuously infusing the reaction media 

into the reactor [180]. By varying the cylinder rotation speed and geometric conditions of the 

Taylor-Couette reactor, one can set different mixing conditions, regardless of the axial flow. 

Therefore, the reactor can achieve the flow regimes specially customized according to the 

process requirements, such as ranging from mixing and dispersion caused by high shear forces 

to plug-flow behavior due to high flow segregation [181, 182]. Such reactors are bound to be 

put into academic applications, including research areas covering homogeneous transition 

metal catalysis, photocatalytic and enzymatic reaction polymer synthesis, etc. [180]. Further 

applications include liquid extractors, filtration apparatus, and emulsion polymerization 

equipment. Likewise, mixing Taylor-Couette reactors is also desirable for biological 

applications, such as cell cultivation, blood detoxification, and protein shearing [183]. TCR is 

still limited by its changeable design and operation and complicated flow pattern model in 

terms of wide application and scale-up; thus, it is still worthy of analysis and research on its 

internal fluid dynamics. 

 

Taylor-Couette Reactors can be operated horizontally or vertically according to the orientation 

of the rotating cylinder (Figure 1-5 and Figure 1-6). In both types of contractors, the flow 

behavior is characterized by homogeneous dispersion, banded dispersion, or stratified flow, in 

which two phases maintain their respective integrity [184]. To properly design such devices, it 

is critical to understand in advance the conditions under which the flow transitions from one 
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state to another. Since most industrial-scale TC equipment chooses vertical orientation, this 

problem must be solved for vertical flow.  

 

Before discussing and evaluating the application and progress of the Taylor-Couette reactor, it 

is necessary to fully understand the principle of its basic phenomena and clarify the reference 

of key parameters such as vessel geometry and flow regimes. Given this, one of the most 

important concepts is to define the achievable flow regime. The Taylor number (Ta) is the 

characteristic number employed to establish uniform flows, quantifying the relative 

contribution of centrifugal force on viscous dissipation; a larger value indicates an elevated 

degree of turbulence. Some authors have also proposed the concept of the rotational Reynolds 

number. If there is an axial flow in the system, another important dimensionless dynamic 

parameter, namely the axial Reynolds number, is added [176, 179, 180, 183]. 
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where the d is the gap width, ri is the radius of the inner cylinder (or the mean radius of the 

annulus when d Ḻ r), ɤ is the rotational speed of the inner cylinder, ɜ is the kinematic viscosity 

of the fluid, Ὗ represents the mean axial velocity derived from the volumetric flow rate and 

the cross-sectional area of the annular gap. 

 

When the axial Reynolds number is a small or moderate value, the general flow structure 

remains intact while vortices drift through the annular space in the form of stacking and at a 

velocity of UV. Generally, drift is obtained using the vortex drift velocity ratio, a function of 

the Taylor and axial Reynolds numbers [176]. 
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(1-5) 

When the relative drift velocity is close to 1, the vortices move in superposition, and vortices 
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carry all axial mass transport, and each vortex can be considered an individual entity. When the 

relative drift velocity is not equal to 1, the vortex carries only part of the axial mass transport. 

The mass balance necessitates a bypass stream circumventing the vortices to provide a path for 

fluid transportation from the inlet to the outlet [185, 186]. 

 
Figure 1-5 Schematic of vertical annular domain: (1) rotating inner cylinder, (2) outer 

stationary cylinder, (3) annular region [187]. 

 

Figure 1-6 Cross-section of concentric cylinders and vortex formation in a Taylor-Couette 

contactor [184]. 

There are two critical parameters related to reactor geometry. One is that the aspect ratio (ũ) is 

defined as the ratio of the annulus height to the gap, while the radius ratio (ɖ) is defined as the 

ratio of the radius of the inner cylinder to the outer cylinder radius, which can be used to capture 

the relative curvature range of the fluid streamline [179, 183]. While the state of the system is 

not determined solely upon the values of ɖ, ũ, ri, ro they certainly are major playing factors in 
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the final selection of flow regimes. The full specification of flow states must involve properties 

such as the Taylor vortices number, azimuth mode wavenumbers, and external control 

parameters [173]. Nevertheless, several papers have shown the existence of five flow modes in 

the annular where there is no axial flow, and one of the papers indicated that (d/ri = 0.62 and 

1.14): laminar flow (Ta < Tacr); laminar vortex/singly periodic flow (Tacr < Ta < 800); transition/ 

doubly periodic flow (800 < Ta < 2000); turbulent vortex flow (2000 < Ta < 10000~15000); 

turbulent flow (Ta > 15000) [181]. Nemri et al. identified a series of flow instabilities within 

the vertical TCR (ɖ = 0.85) using visualization and CFD techniques and determined several 

critical Reynolds numbers and structural features of flow states through spectral analysis [188]. 

Figure 1-7 shows the visualization of the flow structure, ranging from Taylor vortices to 

turbulence. Their results are consistent with previous predictions of the Reynolds number 

transition point. The horizontal TCR exhibits different flow patterns at varying inner cylinder 

rotational speeds. Campero and Vigil extended recent optical experiments to other liquid-liquid 

systems by describing liquid-liquid (kerosene-water) Taylor-Couette flow with a minor applied 

axial flow (Taylor-Couette-Poiseuille flow) [189]. They studied the influence of physical 

properties and operating parameters on the vortex structure. Three different flow patterns were 

detected based on the operating conditions: a translating banded structure, a spatially 

homogeneous structure, or the alternating area pattern composed of the first two structures. 

 

Figure 1-7 Illustration of different flow regimes (– = 0.85). (a) Visualization of experiments 

and (b) numerical simulations [188]. 
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II.  High-Shear Mixers 

High shear mixers (HSM), also called high shear reactors (HSRs), rotor-stator mixers, and high 

shear homogenizers, consist of a driven mixing component, referred to as the rotor, and fixed 

elements in close proximity, known as the stator. They are characterized by high rotor blade tip 

speeds (ranging from 10 to 50 m/s), extremely high shear rates (ranging from 20000 to 100000 

s-1), high localized energy dissipation rates adjacent to the mixing head, and increased power 

consumption compared to traditional mechanically stirred vessels [190]. This phenomenon is 

ascribed to the centrifugal forces generated by the relative motion between the lightly spaced 

rotor and stator (ranging from 100 to 3000 ɛm) [191]. The significant shear stresses produced 

by the gap between the rotor and stator result in vigorous lateral mixing of the continuous 

media in the HSMs. In HSMs, the rotor's spinning generates a pressure gradient, causing the 

rotor to function as a centrifugal pump. The rotor draws fluid axially towards the center and 

expels it through the stator bore in axial, radial, and tangential directions, contingent upon the 

design [192]. A single rotor and stator unit HSM is available for industrial processes with 

viscosities less than 150 PaĀs, which makes the HSM valuable process equipment [192]. 

 

HSM, featuring a high degree of localized energy dissipation, is used extensively in the process 

industries to reduce the size of dispersed phases during reactive mixing [193]. HSMs have 

practical applications in liquid-liquid emulsification, especially for the production of less 

viscous liquid-liquid dispersions [194-197] or bitumen-like [198] high-viscosity emulsions, as 

well as mini-emulsions where the desired polymerization and the control of droplet size need 

to be achieved [199, 200]. HSMs are also applied in the manufacture of pharmaceuticals and 

electronic products to produce homogeneous and stable suspensions with the desired 

rheological properties of nanoparticles [201-205], as well as in the production of inks, coatings, 

and crystallization processes for pharmaceuticals that require controlled polycrystalline 

transformations [206]. Furthermore, HSMs also have applications in chemical reaction 

processes such as producing fine chemicals or intermediates [207-209] and suspension 

polymerization preparations [210]. 
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The HSM designs have numerous geometric variations, primarily categorized as in-line and 

batch units. In-line HSMs in the commercial are typically configured as either rotor-stator 

teethed or blade-screen configurations. On the other hand, batch units are available in radial-

discharged or axial-discharged designs [196, 211, 212]. HSMs are differentiated from 

conventional mixers by having a controlled, quantified, and uniform size distribution. They 

enhance industrial processes in mixing operations by being the most demanding equipment 

[213]. The rotor-stator structure (also known as a generator) can operate continuously, semi-

batch, or in a batch. Using HSMs, either on their own or with an auxiliary conventional impeller 

(especially for larger vessels), can improve the bulk mixing of batch or semi-batch processes 

by inducing circulation flow and generating concentrated energy dissipation. Combining the 

batch HSM with the in-line HSM makes it possible to enhance product quality and shorten 

processing time while the in-line unit operates in a circulation loop downstream [193]. Batch 

HSMs are capable of processing low-viscosity fluids, and the assembly consists of an elongated 

driving shaft with supporting rods, as shown in Figure 1-8 below (i). Large vessels can 

experience a small circulation flow due to the small diameter of the mixers. Therefore, batch 

HSMs are often utilized in chemical industries to improve equipment utilization and develop 

new products [214]. The processing of very viscous fluids at elevated throughput is achievable 

using in-line HSMs, which are housed within a casing featuring an inlet and outlet (ii). In-line 

HSMs can have different stator heads and single or multiple passes within a recycling loop. 

Multiphase applications at laboratory and pilot scales can be achieved with commercially 

available multi-stage HSMs.  
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Figure 1-8 (i) Batch, and (ii) in-line mode of operation with different configurations of stator 

head ((b) disintegrating, (c) square, (d) emulsion screen, (e) slotted disintegrated, and (f) axial 

flow head [192]. 

The stator and rotor structures of high-shear mixers are diverse, with narrow shear gaps, 

varying hole shapes and sizes, and high-speed rotor rotation, resulting in very complex flow 

patterns. Currently, the main experimental techniques used to analyze the flow field of high-

shear mixers include Charge Coupled Device Camera (CCD), Laser Doppler Anemometry 

(LDA), and Particle Image Velocimetry (PIV). However, these techniques also have certain 

limitations; when the stator and rotor shear head are made of opaque materials, the detailed 

flow behavior of the fluid inside the stator holes and shear gaps cannot be captured. Mortensen 

et al. used PIV technology to study the flow field near the stator-rotor of a Tetra Pak Scanima 

rotor (with six straight tooth blades) and stator (with long slot holes) [215]. When the rotor 

blades approach the stator holes, jet and recirculating flow are observed near the stator holes 

below the rotor. Given the relatively low fluid velocity inside the stator holes, the high-speed 

jet effectively transports these fluids out of the stator holes. The carried fluid separates at the 

outer edge of the upstream stator opening, forming one or more recirculating flows. The jet 

velocity is approximately 1.3 times the tip speed of the rotor. As the rotor blades continue to 

rotate towards the stator holes, the jet intensity in the stator holes decreases while the jet 

intensity in the shear gap increases. When the rotor blades are aligned with the stator holes, the 

jet intensity in the shear gap is the strongest, approximately 1.9 times the tip speed. Doucet et 

al. through experimental studies of the flow in a straight-tooth stator-rotor mixer, discovered 

that at low Reynolds numbers, a pseudo-cavitation phenomenon occurs near the stator-rotor 

shear head, where the well-mixed fluid is surrounded by stagnant external fluid, forming a 

cylindrical shape [216]. As the Reynolds number increases, the pseudo-cavitation is partially 

disrupted, and the lower portion of the cavity is broken, allowing the fluid to extend toward the 

cylinder wall. As the Reynolds number further increases, both the upper and lower parts of the 

fluid reach the wall, resulting in a positive macroscopic mixing effect. Ma et al. conducted a 

thorough investigation of the impact of rotor and stator configurations, as well as rotor velocity, 

on the flow characteristics of a coaxial serrated HSM through PIV experiments [217]. They 
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discovered that augmenting the rotor speed expedited fluid flow in the HSM and markedly 

improved both the strain rate (Sxy) and the turbulence kinetic energy dissipation rate (Ů). In the 

mixing head, minimizing the shear gap between the stator and rotor enhanced Sxy and Ů, with 

the shear gapôs width exerting a more pronounced influence on Ů than on Sxy. Consequently, 

augmenting the rotor speed can markedly enhance rapid chemical reactions, emulsification, 

and liquid-liquid mass transfer activities in the HSM.  

 

Power draw is an important parameter that describes the dynamic mixing state and is essential 

in selecting motors for mixer design, optimization, and scale-up. Padron indicated that the 

power number (Po) is a function of the Reynolds number (Re), which are inversely proportional 

to each other in laminar flow, whereas in turbulent flow it becomes a constant [218]. Po varies 

between 1 and 6 under turbulent conditions. The transition from laminar to turbulent flow 

occurs at around Re~104 [219]. The calculation of the power number for batch HSMs under 

turbulence can be referred to as the typical stirred tank reactor [190]. The power draw in 

conventional stirred tanks is commonly calculated by electrical, calorimetric, torque, or strain 

methods and is expressed as a dimensionless power number, Po [220]. 

 ὖ
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(1-6) 

In this context, P represents the shaft power, D denotes the impeller diameter, N indicates the 

rotor speed, and ɟ signifies the density of the liquid. The geometry of the device, rotor size, 

rotational speed, and properties of the fluid process can influence the power draw of HSMs. 

Batch HSMs have power draws that vary depending on the vessel size, internal configurations 

(such as the presence of baffles or obstructions), and mounting orientations (centering or off-

centering) [193] 

 ὖ ς“ὔὓ (1-7) 

M is the torque, and N is the rotational speed of the rotor. To better distinguish between laminar 

and turbulent flow using the Reynolds number, the outer diameter of the rotor is selected as the 

hydraulic characteristic length. The formula for calculating the Reynolds number is given as 

follows.  



 

 72 / 364 

 

 ὙὩ
”ὔὈ

‘
 

(1-8) 

In contrast to conventional mixing tanks where the primary length scale of the impeller (rotor) 

diameter is required to define Re and Po, for batch-type HSM systems (mainly radial or axial 

discharge impellers), HSMs need to take into account several characteristic lengths, including 

the nominal rotor diameter, the distance between the rotor and the stator (or the shear gap width), 

and the hydraulic radius of the stator slots/holes [190, 218]. Conventional definitions of Re and 

Po, based on the nominal rotor diameter D, indicate that the power curves for Newtonian fluids 

in batch HSMs resemble those of stirred vessels, exhibiting a comparable Po range [190]. 

Nonetheless, the actual power consumption of HSMs is higher because they typically operate 

at higher rotational speeds. Table 1-2 delineates the dimensionless power correlations for 

Newtonian fluids in batch HSMs [193]. 

Table 1-2 A summary of power number correlations for Newtonian fluids in batch high shear 

mixers. 

HSM configurations Power number correlations 

Greerco 1.5 HR  

 [212] 

ὖ ȟὙὩ ρππ; ὖ ḳρȢτ ςȢσ in turbulent regime 

Ross ME 100LC and Silverson 

L4R [218] 

ὖ ᶿ  , independent of stator geometry in laminar 

regime; ὖ ḳςȢτ σ  for the Ross mixing head; ὖ ḳ

ρȢχ ςȢσ  for the Silverson mixing head in turbulent 

regime 

VMI Rayneri with straight 

blades [216] 

HSM: ὖ σρτὙὩȢ ȟὙὩ ρππ ; ὖ ḳσ  in 

turbulent regime 

Rotor only: ὖ ωςȢχὙὩȢ ȟὙὩ ρππ ; ὖ ḳσ  in 

turbulent regime 

Dual shaft (Paravisc impeller& 

VMI Rayneri with curved 

blades) 

 [221] 

HSM only: ὖ ȟὙὩ ρππ;  

Paravisc only or Dual shaft: ὖ ȟὙὩ ρππ 
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James et al. conducted a comprehensive investigation on laminar flow, Metzner-Otto constants, 

and turbulent power numbers [222]. Three experimental setups were employed: the Silverson 

L5M, AX3, and GX10 HSM. The GX10 is the largest configuration, featuring a container 

diameter of 0.6096 m and a stator head comprising 360 holes, each measuring 5 mm in diameter. 

Water and silicone oil served as Newtonian fluids, whilst aqueous carboxymethyl cellulose 

(CMC) solution functioned as a non-Newtonian fluid. Power consumption data for various 

configurations are compared, as shown in Figure 1-9. Under laminar flow conditions, the power 

number Po is linearly related to the Re, and it is independent of the stator geometry. In turbulent 

conditions, the power number remains essentially constant. 

 

Figure 1-9 Power curves for the (a) L5M, (b) AX3, and (c) Silverson GX10 rotor-stator 

mixers [192].  

 

1.4.2 Mixing in the Synthesis Processes Coupling with Chemical Reactors 

Multiphase flow systems are widely present in various industrial equipment, such as bubble 

beds, liquid-liquid extraction columns, and stirred tanks. These systems can generally be 

classified into gas-liquid, gas-solid, solid-liquid, liquid-liquid, and gas-liquid-solid three-phase 

systems. The progress of a chemical reaction depends not only on the presence of the reacting 

substances but also on the interaction between the reactants, as they must contact each other to 

enable the reaction to occur. Mass transfer between phases often influences effective contact 

between reactants in multiphase flow systems. If the products of the reaction accumulate locally, 
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these can result in changes in reactant concentration in specific areas, which can hinder the 

continuation of the reaction. Such local concentration changes may slow or stop the reaction 

and lead to side reactions, thereby reducing product yield and selectivity. In addition to 

chemical factors, such as catalysts, solvents, reactant stoichiometry, and temperature, physical 

factors also play a crucial role in chemical reactions. Factors such as mixing intensity, reactor 

type, solvent viscosity, reactant addition rate, and reaction temperature significantly influence 

the reaction rate, the distribution of reactants, and the formation of the final products. In 

multiphase reactions, the mixing effect of the fluids directly affects the uniform distribution of 

reactants and the mass transfer efficiency, which in turn impacts the progress of the reaction. 

Therefore, optimizing the mixing process in multiphase flow systems is vital for enhancing 

reaction efficiency and product quality. In this chapter, we will briefly review the literature on 

the multiphase mixing and reaction processes inside TCR and HSM reactors, exploring how 

these devices improve the flow and mixing conditions to enhance multiphase reaction 

efficiency. 

 

I. Multiphase mixing 

Despite extensive research on single-phase TC flow, the impact of a second immiscible phase 

on the fluid dynamics of TCR remains to be further explored. Sathe et al. used computational 

fluid dynamics (CFD) and flow visualization techniques, including PIV and PLIF, to 

investigate the two-phase behavior of water and kerosene in a TCR [184]. They found that the 

two-phase flow dynamics in the vertical annular zone could either be uniformly dispersed, 

banded dispersed, separated, or exhibit stratified flow, with each phase maintaining its integrity. 

They also attempted to illustrate the transitional outcomes using a state map with Eotvos and 

Taylor numbers as the two coordinates.  

 

Two immiscible liquids are radially stratified by centrifugal force in an annular space between 

coaxial cylinders that rotate in the same direction. Despite the flow pattern generating a 

comparatively limited interfacial surface area, Taylor vortices can be formed in one or both 
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fluids when the inner cylinder rotates beyond a critical speed. The local vortex motion 

facilitates significant mass transfer across phases, enabling effective continuous processing by 

incorporating countercurrent axial flow. Baier et al. verified the practicability of the two-fluid 

Taylor-Couette flow with the countercurrent axial flow and explored the mass transfer 

characteristics of radially stratified two-fluid [223]. Experimental evidence demonstrates that 

axial dispersion diminishes at the initial emergence of the vortex, whereas interphase mass 

transfer escalates. The extraction performance is enhanced with the increasing differential 

rotation speed, and the mass transfer coefficient is directly related to the strength of the Taylor 

vortex. The evidence suggests that a higher relative rotation rate can be achieved exceptionally 

high extraction efficiency. In addition to the calculation aspect, the boundary layer theory and 

computational fluid dynamics are combined to provide a reliable method for predicting 

extraction performance. The Taylor-Couette flow, enhanced by superimposed axial flow, 

demonstrates superior performance and shows promising potential for development as a new 

reactor [176].  

 

Compared to a Continuous Stirred Tank Reactor (CSTR), the behavior of the Taylor-Couette 

Reactor is more similar to that of a Plug Flow Reactor (PFR), and each reaction volume has a 

larger heat transfer surface, enabling better temperature control. Due to the advantages of TCR 

in continuous polymerization, Liu et al. studied the free radical continuous polymerization of 

methyl methacrylate (MMA) with xylene as a solvent and 2,2-azobis(isobutyronitrile) (AIBN) 

as an initiator in a laboratory-scale Taylor-Couette reactor [224]. They found that the 

hydrodynamic conditions, including the mean residence time, rotational speed, inner cylinder 

diameter, and gap width, influenced the polymerization products' properties (molecular weight 

distribution). The weight-average molecular weight decreased with increasing mean residence 

time, which was closely related to the reactor's geometry and independent of the shear rate in 

the gap. The width of the molecular weight distribution slightly decreased with increasing 

residence time, increased with higher shear rates, and showed a weak correlation with the inner 

cylinder diameter.  
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A substantial body of literature reports on the application of HSM in liquid-liquid systems. 

HSMs generate intense shear forces through the high-speed rotation of the rotor and stator, 

which effectively disperses particles or bubbles in different phases (such as gas-liquid, liquid-

liquid, and solid-liquid) into smaller sizes. This increases the contact area between the phases, 

enhancing mass transfer efficiency, particularly in multiphase reactions where mass transfer 

controls the reaction rate. S§nchez-Cant¼ et al. introduced high-shear mixers into biodiesel 

production to assist in transesterification reactions [225]. The nanoscale droplets produced by 

the high-shear mixer facilitated effective contact between the reactants and the catalyst, 

minimizing mass transfer resistance and driving the reaction equilibrium toward ester exchange 

products. At ambient temperature and pressure, a reaction time of 10 seconds achieved a 

conversion rate of 94.5%, which gradually increased, reaching 97.1% after 40 seconds. 

Compared to high-temperature reactions with long durations under traditional stirring 

conditions, using a high-shear mixer at room temperature for 40 seconds achieved the same 

conversion rate while consuming 44 times less energy. In addition, high-shear mixers can also 

control the size distribution of particles or droplets. In processes such as emulsification and 

suspension, adjusting the shear rate allows for the desired particle size distribution, affecting 

the final product's properties. Yuan et al. used a high-shear mixer in the preparation of graphene 

oxide (GO) and nickel hydroxide (Ni(OH)2) composite electrodes [226]. Compared to 

conventional stirring, the high shear forces provided by the high shear mixer suppressed the 

agglomeration of graphene oxide, allowing it to disperse evenly, thus enhancing the reduction 

of GO while inhibiting the grain growth of Ni(OH)2 and preventing aggregation. High shear 

mixing significantly improved the uniformity and electrochemical performance of the GO/ 

Ni(OH)2 composite material, resulting in excellent electrochemical properties. This method can 

also be applied to prepare other graphene-based or 2D nanocomposites. High shear mixers can 

maintain satisfactory mixing efficiency, particularly in high-viscosity fluids, suspension 

systems, non-Newtonian fluids, or systems with high solid content. Therefore, HSM holds 

excellent potential in synthesizing ionic liquids, a high-viscosity system. 
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II.  Micro-mixing 

Micromixing refers to the homogenization process at the molecular scale, controlled by viscous 

convection and diffusion [227]. When the micromixing rate is slower than or equal to the 

chemical reaction rate, the effectiveness of micromixing directly influences fast reactions or 

parallel competing reactions, including the yield, selectivity, and product distribution, such as 

in phosgenation reactions, azo coupling reactions, and others [228, 229]. Furthermore, 

micromixing can also have a significant impact on the crystal size distribution and the average 

crystal size in crystallization processes [230].  

 

Currently, the performance of micromixing can be quantitatively characterized by chemical 

reaction systems. Commonly used reactions include continuous competitive reaction systems 

and parallel competitive reaction systems. The continuous competitive reaction system 

involves two reactants, A and B, where the first reaction generates an intermediate R, which 

then reacts with B in the second reaction to produce the final product S. When used to assess 

the micromixing performance of a reactor, the reaction rates of both reaction (1-9) and reaction 

(1-10) must be greater than or equal to the micromixing rate. Additionally, the reaction rate of 

reaction (1-9) should be significantly higher than that of reaction (1-10). In the reaction, the 

amount of reactant B should be less than twice the amount of reactant A to ensure that reactant 

B is wholly consumed, allowing for the measurement of micromixing efficiency. 

 
ὃ ὄᴼὙ 

(1-9) 

 
Ὑ ὄᴼὛ 

(1-10) 

The parallel competitive reaction system involves three reactants: A, B, and C. Reactants A and 

C simultaneously compete with reactant B, producing products P and Q, respectively. When 

used as a chemical probe to assess micromixing performance, the reaction rates of both 

reactions must be greater than or equal to the micromixing rate, with one being significantly 

higher than the other. Unlike in a continuous reaction system, the amount of reactant B added 

should be less than that of reactant A. Typical parallel and continuous competitive reaction 

systems are the iodide-iodate and the diazo coupling reaction systems, respectively. Both 
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systems can measure processes with a high energy dissipation rate, with the iodide-iodate 

system offering advantages such as low cost and ease of operation.  

 
ὃ ὄᴼὖ 

(1-11) 

 
ὅ ὄᴼὗ 

(1-12) 

The micromixing performance is intricately linked to the flow structure within the reactor. Liu 

and Lee studied the micromixing efficacy of TCR under various flow regimes using the 

Villermaux-Dushman reaction system [231]. Their findings indicated that rotor speed exerted 

minimal influence on micromixing efficiency under laminar Couette flow, whereas 

micromixing efficiency markedly improved under weak turbulent Taylor vortices. Chu et al. 

investigated the micromixing efficiency of HSR using a parallel competing iodide-iodate 

reaction system [232]. They considered the effect of operating conditions (e.g., rotor speed and 

reagent concentration) as well as the impact of different rotor-stator combinations and the 

number of rotor and stator rings on the micromixing efficiency (characterized by the separation 

index XS). Their experimental results indicated that different types of rotor-stator combinations 

have similar micro-mixing efficiencies when operated at relatively high rotor speeds, in 

addition to demonstrating the superior micro-mixing efficiency of HSMs compared to rotating 

packed beds. In conclusion, it is crucial to examine the interplay of the internal structure, flow, 

chemical reactions, and micromixing performance of reactors. 

 

III.  Mass transfer in Liquid-Liquid phases 

The mass transfer characteristics of the homogeneous system are crucial to the study of the 

device's mixing characteristics. The elements influencing mass transfer between the two 

immiscible liquids in the mixing vessel include concentration gradient, interfacial area, and 

mass transfer coefficient. The thorough correlation between mass transfer coefficients and 

interface areas is essential for the optimized design and enhancement of reaction equipment 

[233]. Schindler and Treybal used ethyl acetate (dispersed phase) and water (continuous phase) 

to explore the area-free continuous-phase mass-transfer coefficients for continuous flow in a 

baffled vessel [234]. The results indicated that continuous phase mass transfer coefficients 
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positively correlate with the impeller Reynolds number and dispersed-phase holdup. By 

analyzing the relationship between the holdup effect and droplet coalescence and redispersion, 

these coefficients are usually more significant than those predicted based on the existing 

correlation of suspended solids. A few years later, Mok and Treybal used paraldehyde saturated 

with water as the dispersed phase and water as the continuous phase to verify that a significant 

difference in the frequency of coalescence would be created by using a liquid that provided a 

substantially smaller density difference between the droplet and the continuous phase [235]. 

Keey and Glen also studied the area-free mass transfer coefficients of similarly designed 

continuous-worked extractors [236]. However, they chose a ternary system in which the solute 

is extracted from the dispersed phase to the continuous phase. The results dictate that the 

coefficients relate to the assumption of a turbulent boundary layer surrounding the particles. 

These studies have not established a comprehensive correlation of a series of physical 

characteristics because they are limited to a single system. Skelland and Lee summarized the 

influence of impeller type, speed, size, location, and liquid characteristics on the mixing degree 

of two immiscible liquids in a baffled vessel [237]. Five systems were used to establish a more 

general correlation of mass transfer coefficients. A few years later, Skelland and Lee measured 

and correlated the continuous phase mass transfer coefficient with the corresponding droplet 

size, taking into account the mass transfer that occurs due to periodically fluctuating surface 

renewal rates associated with droplet circulation through varying turbulence within the 

container [233]. 

 

This chapter will examine the mass transfer characteristics in multiphase systems, where the 

diffusion of molecules at phase boundaries significantly limits reaction or separation rates, 

rendering it a critical consideration in reactor design. The mass transfer coefficient in 

multiphase systems is denoted as k, and because the mass transfer resistance on the gas side is 

generally insignificant, k is frequently termed the liquid-side mass transfer coefficient (kl). 

Since kl is challenging to obtain directly, it is typically calculated using kla, which is the product 

of the mass transfer coefficient (kl) and the interfacial area (a) [180]. To add a deeper 
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understanding of various fluid dynamics and interfacial forces in the mass transfer process and 

more clearly distinguish the contribution of different types of reactors, reaction operating 

parameters, and physical properties of the phases to related parameters; thus, the overall mass 

transfer coefficient and interfacial area are generally studied separately [238]. According to the 

dual-film theory by Whitman [239], kla can be used directly to calculate the flux of components 

at the interface. To achieve this, equilibrium concentrations and phase boundary concentrations 

must be known. The flow for liquid-liquid systems is articulated in the following simple 

statement [240]: 

 ὸὶὥὲίὪὩὶ ὪὰόὼὯὥЎὅ (1-13) 

æC is the concentration gradient. In the expression for estimating the mass transfer in 

multiphase systems, the interface area is also an indispensable factor, and the ability of two or 

more phases in close contact in the reactor is determined by various parameters of the device. 

The commonly used expression is 

 ὥ
φϽ•

Ὠ
 

(1-14) 

űd is the dispersed phase hold-up, and d32 is the Sauter mean diameter of the dispersed particles. 

The former variable represents the proportion of a particular phase dispersed by shear stress to 

another continuous phase, and the latter variable represents the theoretical diameter of a particle. 

This formula is contingent upon the uniformity of the total volume of all particles while 

preserving the total surface area of the initial particle ensemble, which comprises bubbles, 

droplets, or solid particles. Investigating various two-phase systems to determine the different 

formulas that need to be combined with the applicable d32 under various conditions is an 

effective way to solve the dispersion definition. Skelland and Kanel developed a simulation 

model for calculating the transient Sauter mean droplet diameter and the mass transfer fraction 

in batch agitated liquid-liquid dispersions, considering the significant resistance effects of the 

continuous phase, dispersed phase, or two phases on mass transfer [241]. 

 

The total mass transfer coefficient is composed of the continuous phase mass transfer 

coefficient (kc) and the dispersed phase (kd). Previously, a significant amount of experimental 
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data and mathematical rigor supported these findings. Several correlations in the liquid-liquid 

agitation batch and continuous flow systems have been revealed after considering the droplet 

size distribution, breakup and coalescence, interfacial area, and other factors. Moreover, the 

resistance of dispersed and continuous phases can strongly influence the overall mass transfer 

results [240]. The Whitman two-film theory referenced herein pertains to situations where the 

film resistances significantly exceed the interface resistances, and the expression is as follows: 

 ρ
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(1-15) 
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(1-16) 

The variable m represents the distribution coefficient among the phases. The resistance of the 

dispersed phases has the greatest impact on the overall mass transfer coefficient when m is very 

small; in this case, the mass transfer of the dispersed phase becomes the most important control 

factor, especially when its viscosity exceeds that of the continuous phase [238, 240, 242]. 

 

The reactor design philosophy fully utilizes molecular diffusion on the phase boundary, which 

significantly limits the reaction or separation rate. The following expression shows the 

relationship between the diffusion coefficient of the continuous phase (Dc) and the mass 

transfer coefficient of the continuous phase (kc): 

 ὯᶿὈ  (1-17) 

The exponent (n) has a uniform value based on the film theory. Toor and Marchello proposed 

two main models for processing the mechanism of mass transfer and heat transfer between two 

phases: film theory and penetration theory [243]. They also concluded that these theories are 

applicable to solve three types of problems, which are, respectively, the transfer between solids 

and fluids in turbulent flow, the transfer between two fluids when at least one fluid is in a 

turbulent state, and the transfer between two fluids in a device with discontinuous geometry 

(but if the flow other than the mixing point is laminar, neither of the two theories is suitable for 

the analysis of the liquid phase). They indicated that the film theory and the penetration theory 

are complementary instead of mutually exclusive and that the value of the index n is between 

1/2 and 1, which also follows the film-penetration theory with a periodically varying surface 
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renewal rate proposed by Skelland and Moeti [244]. Kozinski and King reviewed other 

theoretical mechanisms, and some mechanisms that allow n to be close to 0 are also included 

[245]. By measuring the desorption rates of several slightly soluble gases from water to a 

nitrogen carrier gas in agitated and baffled vessels, they thoroughly and reliably determined 

the effect of molecular diffusivity on the mass transfer coefficient of the liquid phase at the 

main and free gas-liquid interface. The various models and observations mentioned above, as 

well as conflicting statements about liquid mass transfer in stirred liquid-liquid systems, need 

to be resolved experimentally [244]. 

 

Based on other literature, the dimensionless Sherwood number (Sh), which can be considered 

analogous to the Nusselt number in heat transfer, is used to quantify mass transfer. Sh is 

described as a ratio of effective mass transfer to characteristic length (b) compared to pure 

diffusion mass transfer in a static system. The correlation of Sh and the more easily obtainable 

diffusion coefficient (Di) is then used to determine kl [180]. 

 ὛὬ
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(1-18) 

Studies on the dynamics of the Taylor-Couette reactor are solved by moving the vortex axially 

and determining the dimensionless flow numbers Reax and Ta. Schrimpf et al. concluded with 

some generalizations likely to provide some explanations of hydrodynamic phenomena: the Sh 

exhibits significant periodicity in the axial direction when axial flow is not introduced, while 

as the axial flow increases, the sinusoidal variation of Sh will be distorted and the average value 

will decrease [180]. Therefore, the value of Sh is positively associated with the number of Ta 

but negatively with the number of Reax. 

 

The above analysis indicates that the dispersed phase droplets are the key factor in calculating 

mass transfer in multiphase systems. Most studies have been purely experimental and focused 

on the breakup of droplets [196, 246, 247]. In general, an immiscible phase (liquid or solid) is 

dispersed into a mainly continuous phase (liquid) by reactors, and the nature and strength of 

the flow can influence the interaction between the dispersed and continuous phases, which, in 
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turn, can affect the efficiency and kinetics of the dispersion process. The distribution and size 

of droplets in a given system are limited to a specific range, making it impossible for them to 

be homogeneous. Therefore, the Sauter mean diameter (d32) instead of the maximum diameter 

(dmax) in a liquid-liquid system is employed to describe the drop size distribution (DSDs). Here 

are shown several correlations for d32 and dmax in HSMs [194, 195]. 
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(1-19) 

Where ni is the number of drops, di is the nominal diameter, and m is the number of sizes. 

Further, d32 can be expressed in terms of dispersed volume and area, 

 Ὠȟ
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(1-20) 

where  ʟis the volume of the dispersed phase and av is the total interfacial area per unit volume 

for the mixed phases. In the chemical industry, it is typical to find d32 at a range of 1000-50 ɛm, 

while in the cosmetics, pharmaceuticals, and paint industries, it can be between 0.5-50 

ɛm. Concerning liquid-liquid emulsions, droplet sizes can be even less than 0.5 ɛm [248]. A 

comparison of drop size for the liquid-liquid system can be seen in Table 1-3. 

Table 1-3 Drop size classification of immiscible liquid-liquid systems [190]. 

Equipment Energy dissipation 

range ( ) 

Drop 

size (‘ά) 

Comments  

Static mixers 10-1000 50-1000 Narrower DSD than agitated vessel 

Agitated vessel 0.1-100 20-500 Usually broad DSD, with Rushton 

turbine in a fully baffled vessel 

Rotor-stator mixers 1000-100000 0.5-100 It can be smaller with the correct 

chemistry 

Valve homogenizer ~108 0.5-1 Requires high pressure, υπππ  to 

ρπȟπππ ὴίὭ 

Ultra-sonication 

devices 

~109 0.2-0.5 Sonification 
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Hinze [249] and Kolmogoroff [250] developed two mechanisms for droplet breakup in distinct 

turbulent regimes, assuming a uniformly isotropic flow. The behavior of droplets is influenced 

by inertial hydrodynamic stresses and surface tension, as noted by Kolmogoroff [250], 

although Hinze [249] attributes variations in droplet dynamics to viscous stresses and surface 

tension.  

 

The definition of the universal equilibrium range in turbulent fluids is the wavenumber range 

related to the small and statistically stable eddies that cause viscous energy dissipation. 

Kolmogoroffôs theoretical assumption is that the eddy current in this equilibrium state depends 

solely on the energy dissipation rate (Ů) and the kinematic viscosity (ɡ). Kolmogoroffôs length, 

speed, and time scale are defined from dimensional reasoning as follows [233]: 
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Droplet size distribution can be related to the fluid dynamics and physical properties of liquid-

liquid systems using the capillary number (Ca) in laminar flow and the Weber number (We) in 

turbulent flow. Laminar and turbulent flow rates are estimated using the following expressions: 

 ὅὥ
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(1-24) 

 Ὠȟ Ὠ ‎ ὅ‎  (1-25) 

 Ὠ ὅ„Ȣ‐ Ȣ” Ȣ (1-26) 

 Ὠȟ ὅ‐ Ȣ (1-27) 

 Ὠ ὅ‎ ὅ‐ Ȣ (1-28) 

where Cacr is the critical capillary number, ‎ is the shear rate, ů is the interfacial tension, ɛc 

is the viscosity of the continuous phase, Ů is the energy dissipation rate per unit mass, ɟc is the 

density of the continuous phase, dmax is the maximum drop size, and C1-C5 are empirical 

constants. Equations (1-26) and (1-27) were developed by Hinze [249], assuming that 
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disruptive normal stresses become significant when the droplet size exceeds Kolmogorov's 

length scale. Additionally, Equation (1-28) was developed for droplets smaller than 

Kolmogorov's length scale and subjected to shear stresses [251]. 

 

IV.  Kinetic Study of Chemical Reactions 

In non-reactive liquid-liquid systems, mass transfer rates are determined by the mass transfer 

coefficient and the interfacial area; in reactive systems, the influence of the chemical processes 

on the overall transfer rate must be taken into account [240]. For single mixing-control 

reactions, rapid mixing can substantially enhance reaction rates, thereby minimizing reaction 

time and decreasing the reactor volume; for multiple reactions, mixing can affect the reaction 

rates and dramatically modify the distribution of reaction products. In certain instances, mixing 

is significant because it augments product yields, prevents the creation of by-products, 

streamlines manufacturing isolation and purification, and optimizes the conversion of raw 

materials into products. Understanding the internal mixing principle of the reactor is necessary 

to analyze the product distribution of many rapid single-phase or multi-phase reactions. The 

capacity to modify the yield of reactant products can be obtained through both chemical means, 

such as catalysis, solvent, temperature, etc., as well as physical means, such as agitation 

intensity, reactor type, and solvent type [227].  

 

It is well known that the entrainment and mixing processes of the gas phase in the turbulent 

plane mixing layer with non-reactive conditions are dominated by the dynamics of large-scale 

vortical structures. Under a mixing background, the difference between gas and liquid phases 

is their different molecular diffusivities, and gas phases have a high mass diffusion coefficient; 

on the contrary, liquid phases are characterized by a low mass diffusion coefficient [252]. When 

there are chemical reactions in a turbulent fluid with a rate-controlling step apart from the first 

order, the time-average reaction rate needed depends on the mixing and chemical kinetics. The 

simplest reaction expression of enormous significance is as follows [253, 254]: 

 ὃ ὲὄO ὴὶέὨόὧὸί (1-29) 
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With the rate-controlling step 

 ὶ Ὧὅὅ (1-30) 

Hence, the time-average rate for an isothermal reaction 

 ὶӶ Ὧὅ ὅ ὧὧ  (1-31) 

The key to predicting the time-average rate lies in the ὧὧ term, which is closely related to 

turbulent mixing and chemical reactions. This variable's magnitude, plus or minus, depends on 

how the reactants are introduced into the reactor, such as whether the reactants are premixed 

[253, 254]. Very fast bimolecular reactions are quickly controlled by diffusion and tend to form 

thin reaction zones or sheets that separate the reactants, which are randomly distributed 

throughout the turbulent mixing region; maintaining near-perfect separation results in a limited 

average conversion rate [255]. The intensity of agitation also influences the distribution of 

products in the two-phase multiple reaction. In a competitive-consecutive response, the more 

mixing in the reactor, the more intermediate product yields. In addition, faster mixing can also 

increase the division between the yields of different products [227]. 

 

In the liquid-liquid biphasic flow reaction, Hosoya et al. proved that the slug flow in a standard 

tube reactor can increase the reaction rate to a certain extent, but a larger tube diameter will 

lead to a lower reaction rate [256]. Moreover, slug flow formation depends on factors such as 

tube diameter, mixer size, and pump mechanism. Therefore, the technical difficulties of slug-

flow will become an obstacle to scaling up reactors. To solve the problems caused by industrial-

scale restrictions, they proposed replacing the liquid-liquid two-phase flow reaction with a 

Taylor vortex reactor. In fact, research suggested that the mass transfer performance of this 

reactor is superior to batch and slug-flow systems.    

 

Consider the contact of a near-organic liquid óAô (such as an ester) with an aqueous solution 

containing a reactive anion óBô (such as hydroxide ions) that is insoluble in the organic phase. 

The reaction occurs by partitioning organic substances into an aqueous solution and then 

reacting there. The overall reaction rate is a function of the two processes occurring in the series. 
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Set on diffusion resistance on the organic side of the interface [257]. 

  

Figure 1-10 Concentration profiles across the film for reaction slow relative to diffusion time 

[257]. 

The mass transfer rate is given by: 

 ὶὥὸὩή Ὧὥὧ ὧ  (1-32) 

kl is the mass transfer rate, a is the interfacial area, csat is the solubility of A in the B phase, cbulk 

is the actual bulk concentration of A in the B phase.  

 

Assuming first-order or pseudo-first-order reaction of A in the receiving B phase, the chemical 

reaction rate is given by: 

 ή Ὧὧ ὠ (1-33) 

V is the volume of the phases in which the reaction occurs.  

These two rates must be equal: 

 Ὧὥὧ ὧ Ὧὧ ὠ (1-34) 

Putting a and rearranging this gives: 
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(1-35) 
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When a chemical reaction is more rapid than the mass transfer equation reduces to: 

 ὶ ὧ Ὧὥ (1-37) 

When mass transfer is more rapid than the chemical reaction equation reduces to: 
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 ὶ ὧ Ὧ (1-38) 

 

1.5 Modelling of Ionic Liquid Synthesis Process 

1.5.1 Mathematics Modelling of the Synthesis Process 

As highly promising alternative compounds, ILs are becoming an essential direction for 

developing new technologies due to their unique properties as solvents and catalysts. The 

realization of these technologies requires a cohesive strategy for product and process design to 

identify ILs with optimal performance at an industrial scale, thereby promoting cost-effective 

and sustainable technological development. With the advent of the digital age and the 

application of multi-scale research methods, the research paradigm has shifted from traditional 

experimental studies to a combined experimental-computational process engineering approach. 

Therefore, the following section discusses some powerful simulation methods used to analyze 

the synthesis, applications, and process optimization of ILs to facilitate their technological 

development and competitiveness. Figure 1-11 delineates the typical sequential steps followed 

in other research, corresponding to the methods utilized to accomplish the primary 

responsibilities of concept and fundamental engineering in chemical process development. 

 

I. COSMO-RS 

The Conductor-like Screening Model (COSMO), introduced by Klamt and Sch¿¿rmann [258], 

serves as a practical variant of the dielectric continuum solvation method in quantum chemical 

computations, while the COSMO-RS (Conductor-like Screening Model for Real Solvents) is 

an extension of COSMO that goes beyond the dielectric limit and utilizes a statistical 

thermodynamic approach based on COSMO quantum chemical analyses [259-261]. The core 

concept of the COSMO-RS model is to treat molecules as charged conductors, simulating the 

distribution of electronic density within the solvent and predicting solubility and other 

thermodynamic properties by calculating the electronic density. For ILs, COSMO-RS is widely 

used to predict properties such as solubility, distribution coefficients, and reactivity. 

Furthermore, the COSMO-RS model helps researchers predict interactions between ionic 
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liquids and other solutes (such as organic compounds and metal ions) and their solubility, 

providing theoretical support for the application of ILs in solvent chemistry, separation 

processes, catalysis, and other fields. 

 

Liu et al. used COSMO-RS to evaluate 90 different ILs to achieve optimal performance and 

they performed process simulations to evaluate the effect of the selected ILs on CO2 absorption 

[262]. Given the permissible toxicity and viscosity of ILs, [Bmim][NTf2] was chosen as the IL 

with the highest CO2 solubility and selectivity. Santiago et al. screened over 700 IL adsorbents 

using the COSMO-RS method and identified [Emim]DCN to be the most effective absorbent 

[263]. Figure 1-12 shows a comparison of activity coefficients for non-associating solutes and 

co-solutes at infinite dilution, as well as CO2 solubility in ILs, using different versions of the 

COSMO-RS model. The results from Han et al.ôs [264] work demonstrate that the optimized 

parameters of the COSMO-RS model provided the most reliable results, as expected. 

 

In addition, Ferro et al. proposed a procedure for developing other non-database compounds 

and specifying the COSMO-SAC property model [265]. Navarro et al. used the COSMO-

SAC/Aspen model and the ILUAM database to screen 100 ionic liquids based on mass-based 

extraction characteristics for separating binary mixtures of toluene + n-heptane and 

multicomponent reformate gasoline mixtures to achieve commercial aromatic recovery rates 

and purity [266]. Palomar et al. used the COSMO-RS method to predict the density and molar 

liquid volume of 40 imidazolium-based ionic liquids and proposed an ion-pair molecular model 

to simulate pure ionic liquid compounds [267]. Khan et al. screened 800 possible ionic liquids 

by COSMO-RS, selecting 40 cations (including imidazolium, pyridinium, pyrrolidinium, 

ammonium, and phosphonium) and 20 different anions for liquid-liquid extraction (LLE) to 

remove phenolic compounds [268]. They also predicted the selectivity and capability of these 

ILs for removing phenolic compounds at infinite dilution. 
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Figure 1-11 Step-based strategy for applying process simulation in conceptual design, 

analysis, and development of IL-based applications at process scale [269]. 

 

Figure 1-12 Comparison between experimental data and predicted results by the COSMO-

RS model in different versions [264]. 

 

II.  Density functional theory (DFT) 

Density Functional Theory (DFT) is a quantum mechanical computational method widely used 

to study the electronic structure of many-electron systems. DFT is based on the Hohenberg-

Kohn theorem and the Kohn-Sham equations, the latter providing a framework for solving the 

system's energy through electron density. In the study of ILs, DFT is extensively used to 
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understand and predict important properties such as electronic structure, molecular interactions, 

and solubility. ILs are typically composed of charged cations and anions, and their complex 

structure and strong electrostatic interactions make it difficult for traditional models and 

experimental methods to describe them accurately. Through DFT, it is possible to investigate 

the influence of individual ions in ionic liquids on solvent molecules, metal ions, or other 

compounds. Seyedhosseini et al. developed the [dMA][AA] ionic liquid and used DFT to 

simulate its CO2 capture capability [270]. Fu et al. used DFT calculations to validate the CO2 

adsorption process and confirmed that the anion of IL can react with CO2 to form carbamate 

[271]. Janesko used DFT-D simulations to study the interactions between the anion and cation 

of (1,3)-dimethylimidazolium chloride [mmim]Cl ionic liquid with (1,4)-dimethoxy-ɓ-D-

glucopyranose and 1-(4-methoxyphenyl)-2-methoxyethanol, representing models for cellulose 

and lignin phenols, respectively [272]. Furthermore, DFT combined with vibrational 

spectroscopy was used to investigate possible structural variants of imidazolium-based ILs and 

their ion-pair molecular structures [273]. Grimme et al. employed dispersion-corrected DFT 

methods to calculate the dissociation potential energy curves of cation-anion associations 

representing ionic liquid structural units [274]. 

 

III.  Molecular dynamics (MD) 

Molecular Dynamics (MD) is a computational method used to simulate the time-dependent 

behavior of molecular systems by numerically solving Newton's equations of motion to predict 

the dynamics of molecules and their interactions. MD is widely applied in the study of ILs to 

investigate their structure, dynamic properties, solubility, molecular interactions, and 

interactions with solutes or other ions. For example, MD simulations help determine the 

physical properties of ILs, elucidate the microscopic mechanisms of CO2 adsorption, and study 

the behavior of ILs. Ricci et al. examined the effect of CO2 adsorption on the melting properties 

of amorphous polystyrene (aPS), using MD simulations at an atomic scale to investigate the 

solubility and diffusion rate of CO2 [275]. Prakash and Venkatnathan used MD simulations to 

study the molecular mechanisms of high-pressure CO2 adsorption in [P4444][Lys] ILs [276]. 
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Budhathoki et al. employed MC and MD simulations to calculate the solubility and self-

diffusion coefficients of CO2, CH4, and their mixtures in the ionic liquid [C4mim]
+[Tf2N]

- at 

different pressures [277]. Ong et al. combined MD and DFT to study the cathodic and anodic 

limits of six room-temperature ILs composed of two common cations, 1-butyl-3-

methylimidazolium (Bmim) and N,N-propylmethylpyrrolidinium (P13), and three common 

anions, PF6, BF4, and bis(trifluoromethylsulfonyl)imide (TFSI), obtaining results that closely 

match existing experimental data [278]. Mendez-Morales et al. used MD simulations to study 

the structure and dynamics of ionic liquids containing the cation 1-butyl-3-methylimidazolium 

([Bmim]+) and three different anions (hexafluorophosphate PF6
-, tetrafluoroborate BF4

-, and 

bis(trifluoromethylsulfonyl)imide [NTf2]
-), doped with various molar fractions of lithium salts 

[279]. 

 

IV.  Computational Fluid Dynamics (CFD) 

Computational Fluid Dynamics (CFD) is a computational tool that uses numerical methods and 

algorithms to address fluid flow issues. The CFD model calculates the spatial and temporal 

distribution of physical parameters such as velocity, pressure, temperature, and fluid density, 

aiding researchers in comprehending and forecasting fluid dynamics. CFD primarily relies on 

fluid dynamics equations, including the Navier-Stokes equations, and it solves these equations 

using discretization methods like the finite volume and finite difference methods. CFD can aid 

in studying the flow behavior, heat transfer properties, and solubility of ILs under different 

conditions, especially in industrial applications involving complex flow and heat transfer 

processes. Due to the unique physicochemical properties of ILs (such as high viscosity, low 

volatility, and high ionic conductivity), traditional flow analysis methods often fail to describe 

them accurately. CFD provides a powerful tool for simulating and optimizing the applications 

of ILs. For example, CFD methods can study bubble behavior and mass transfer in IL-CO2 

systems. Bao et al. developed a CFD algorithm with two adjustments, including a resistance 

equation suitable for IL systems and a mass transfer model that accounts for the effect of CO2 

concentration in the liquid phase on the viscosity of ILs [280]. Ali et al. developed a CFD 
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model to directly assess the fluid dynamic characteristics of ILs and conventional amine 

solvents, studying three ionic liquids in a 3D flat-bubble column and comparing their higher 

viscosity with three amine solvents [281]. Sumayli et al. compared the separation performance 

of three new green ILs, including [Bmim][PF6], [Bmim][BF4], and [Emim][EtSO4], with pure 

water through simulations to evaluate the feasibility of enhancing CO2 removal efficiency 

through membrane contactors [282]. The results confirmed that the addition of the ILs, as 

mentioned above, significantly improved the separation rate of CO2 molecules compared to 

pure water. Pourtalebi et al. found through CFD simulations, validated by experimental data, 

that the addition of nanoparticles (NPs) and ILs significantly improved CO2 absorption [283]. 

Considering the unique properties of ILs, Wang et al. used a coupled CFD-PBM model for the 

first time to predict the mass transfer characteristics of CO2 absorption in ionic liquids [284].  

 

Bao et al. formulated a CFD model with a drag force equation tailored for IL systems, 

incorporating the effect of CO2 concentration in the liquid phase on the viscosity of ILs in the 

mass transfer model [280]. They regressed the liquid viscosity in relation to the CO2 

concentration in the liquid phase and solved the Navier-Stokes equations using continuity and 

momentum equations, the VOF equation, and the transport equation for the CO2 mass fraction. 

Figure 1-13 distinguishes between their simulation process and traditional CFD methods. They 

obtained the CO2 concentration field in ionic liquids through simulations, and the results 

showed the distribution of dissolved CO2 behind the bubbles, forming a straight line in pure 

ionic liquids, as shown in Figure 1-14. Additionally, their CFD results accurately describe 

bubble behavior and mass transfer characteristics, CO2 mass transfer is controlled by kinetics 

in pure ionic liquids, whereas in aqueous ionic liquids, CO2 mass transfer is controlled by 

thermodynamics. 

 

Ali et al. studied three ILs ([Bmim]SCN, [Hmim]BF4, and [Hmim]PF6)in a 3D flat bubble 

column and carefully examined their higher viscosity by comparing them with three amine 

solvents [281]. They applied the CFD-PBM Eulerian method for simulation and found that the 
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velocity of the IL increased with the height of the column, whereas in the amine solvents, the 

velocity of the ionic liquid decreased with height. Additionally, CO2 exhibited non-coalescence 

behavior in the ionic liquids, while coalescence and break-up phenomena were observed in the 

amine solvents. Figure 1-15 presents snapshots of the flow patterns of ionic liquids and amine 

solvents at an apparent CO2 velocity of 0.0014 m/s. The figure shows that within the viscosity 

range of 0.02 PaĀs to 0.16 PaĀs, all ILs had an identical non-oscillatory flow pattern. CO2 

bubbles in the ionic liquids did not oscillate, and subsequently, CO2 ascended constantly in a 

straight trajectory within the viscous ionic liquids without any vortex formation. Their 

hydrodynamic data confirmed the viability of substituting corrosive amine solvents with non-

volatile and readily regenerable ionic liquids in CO collection devices. 

 

Most researchers focus on CFD simulations of CO or other gas absorption by ILs; however, 

this work emphasizes CFD simulations in the synthesis process of ILs. Therefore, the following 

provides some CFD simulation studies related to the liquid-liquid synthesis or applications of 

ILs. For example, Sen et al. conducted CFD simulations while studying the synthesis of the 

imidazolium-based IL 1-ethyl-3-methylimidazolium ethyl sulfate ([Emim][EtSO4]) in a 

microreactor, simulating momentum, heat, and mass transfer within the microreactor [285]. 

The simulation results were used to confirm experimental observations. Figure 1-16 shows the 

variation in the concentration of 1-methylimidazole across three microreactors. It can be 

observed that the serpentine and segmented reassembly microreactors exhibited better mixing 

effects compared to the T-junction microreactor. The predictions from this simulation 

effectively confirmed the experimental trends based on reactant mixing. 

 

Using CFD techniques, Nandwani et al. simulated a surfactant flooding experiment in a 3D 

geometric model [286]. The surfactant used in the study was a high-salinity aqueous mixture 

containing the surfactant ionic liquid ([C16mim]Br) and the non-ionic surfactant (TERGITOL 

15-S-9). The mixture model was treated as a multiphase model to study the multiphase flow in 

a packed bed. They incorporated a mass transfer model into the simulation to account for how 
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the surfactant transfers between the oil and water phases. Unlike the study by Sen et al., they 

assumed no chemical reactions in their model [285]. They found that the mixed surfactant 

system exhibited higher efficiency in oil recovery due to minimal fingering effects, ultra-low 

interfacial tension between the surfactant solution and oil, and a lower diffusion rate of 

surfactant into the residual oil and brine, which aligned well with experimental data. Van Eygen 

et al. employed CFD simulations to investigate the extraction of aromatic amines in a flat-

supported liquid membrane contactor and proposed a novel mass transfer mechanism to 

elucidate the observed changes in the experimental results [287]. Zhu et al. developed a novel 

tapered vortex shear mixing washer and simulated its phase distribution and internal pressure 

loss [169]. The newly developed static micro-mixing washer enhanced the interphase mixing, 

markedly improving the efficiency of alkali washing for removing ILs and prolonging the 

operational cycle of the IL alkylation oil unit.  

 

Overall, CFD is a powerful and valuable tool for simulating flow dynamics in reactors under 

different operating conditions. However, research on CFD simulations of ionic liquid synthesis 

processes is relatively scarce, with most studies focusing on reactor simulations. Therefore, 

this work will consider the unique physicochemical properties of ionic liquids and focus on the 

impact of different reactors under various reaction settings on the overall flow behavior. In the 

following sections, we will discuss the basic theory of different CFD models, analyze the types 

of simulations applicable to other reactors, and provide references from the literature. 
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Figure 1-13 Framework of simulation procedure (  refers to the differences compared with 

the conventional CFD method) [280]. 

 

Figure 1-14 CO2 mass fraction field in pure [C4C1im][BF4] IL (temperature 40, pressure 2 

MPa) [280]. 

 

https://www.sciencedirect.com/topics/materials-science/computational-fluid-dynamics
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Figure 1-15 Instantaneous snapshots of flow pattern. ILs (aïc) in comparing amine solvents 

(dïf) with superficial CO2 velocity of 0.0014 m/s. 

 

Figure 1-16 Concentration profiles of 1-methylimidazole in the three microreactors for 10 s 

residence time and reaction temperature of 80ÁC. Values are the maximum and minimum 

concentrations of 1-methylimidazole at the outlet [285]. 

 

1.5.2 Modelling of Chemical Reactors 

The irregularly rotating motion of fluids in space and time is named turbulence. It exemplifies 

spatially extended nonlinear dissipative systems with many length scales simultaneously 

excited and firmly coupled. This phenomenon has been extensively investigated in engineering, 

astrophysics, oceanography, and meteorology [288].  

 

In the theory of fluid mechanics, the mass conservation equation, the energy conservation 

equation, and the momentum conservation equation form a closed set of equations. 

Theoretically, complete information about the flow field can be obtained by solving the closed 

equation directly, and the accuracy of the equations is high, with errors only due to numerical 

calculations, since no assumptions are introduced. Turbulent motion involves dynamics 

throughout a broad spectrum of spatial and temporal scales, ranging from the microscopic to 

the macroscopic, encompassing both energy exchanges with the surroundings and internal 

energy exchanges. Large-scale vortices are predominantly influenced by the boundary 

conditions of the flow, with their dimensions comparable to the size of the flow field. In contrast, 

small-scale vortices are mainly governed by viscous forces, with scales potentially measuring 



 

 98 / 364 

 

merely one-thousandth of the size of the flow field. Moreover, the ratio of large to small scales 

increases rapidly with the Reynolds number (Re). Therefore, directly solving the conservation 

equations (i.e., Direct Numerical Simulation, DNS) is highly challenging due to the enormous 

computational effort required. Turbulent flows in practical engineering often occur at high 

Reynolds numbers, making the computational complexity challenging to handle with modern 

computer storage capacity and processing speed. Currently, DNS is primarily used to study the 

mechanisms of flows at low Reynolds numbers (Re~200) and within simple geometric 

boundaries (flat plate boundary layer and fully developed channel flow) [289, 290]. Another 

compromise approach is called Large Eddy Simulation (LES). This method directly simulates 

the turbulent fluctuations by averaging (filtering) the Navier-Stokes equations within a small 

spatial domain to remove small-scale eddies from the flow field and derive the equations 

satisfied by the large eddies. The influence of the small eddies on the large eddies appears in 

the large eddy equations and is modelled by establishing a sub-grid-scale model to simulate the 

effects of the small eddies. This is because the structure of large eddies in turbulence strongly 

depends on the boundary shape and boundary conditions of the flow field. Ordinary turbulence 

models have difficulty describing large eddy structures with different boundary characteristics, 

making direct simulation more suitable. Small eddy structures do not directly depend on 

boundary conditions and are primarily isotropic, giving sub-grid-scale models more 

remarkable universality. Since Deardorff [291] pioneered the engineering application of LES 

computations, the LES model has become one of the valuable tools for simulating turbulence 

[292-295]. However, it is still constrained by computational limitations and other factors.  

 

Reynolds [296] proposed the concept of Reynolds averaging and established the Reynolds-

averaged equations. To close the system of equations, he introduced the Reynolds stress όό. 

The main task of turbulence modelling is to model the Reynolds stress in order to close the 

system of equations. Research on turbulence models has made significant progress with the 

deepening understanding of the turbulence mechanisms. It has evolved from linear eddy-

viscosity models and second-moment closure models to nonlinear eddy-viscosity models. 
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Additionally, the empirical calibration of model coefficients has progressed to rational 

derivation. The traditional model of turbulence is based on the theory of continuum mechanics. 

Currently, statistical mechanics methods, such as the probability density function method [297-

299] and renormalization group theory [300, 301], have also been successfully applied to 

studying turbulence models.  

 

Various levels of turbulence simulation methods are shown in Figure 1-17. Except for DNS, 

all require the construction of turbulence models. Turbulence models are one of the critical 

factors affecting the accuracy of engineering turbulence simulations and play a crucial role in 

computational fluid dynamics simulations. Currently, the forms of various turbulence models 

are highly diverse. However, the closure of Reynolds-averaged equations remains empirical, 

lacking in-depth research into the coordination and control mechanisms in the competition of 

various interactions in complex flows. 

  

Figure 1-17 A generic multiscale framework for modeling turbulent flows [302]. 

 

I. Eddy Viscosity Model 

Boussinesq [303] first proposed the eddy viscosity concept and established the first turbulence 

model. He believed that the essence of turbulent motion is the movement of vortices and that 

turbulent vortices increase the effective viscosity felt by the fluid in the flow field. He increased 

the eddy viscosity coefficient in the Navier-Stokes equations to simulate the turbulent flow 

process, and the value of the eddy viscosity coefficient was determined through experimental 



 

 100 / 364 

 

methods. With further research, the concept of Boussinesq eddy viscosity has evolved into a 

series of models collectively known as eddy viscosity models. The basic assumption of the 

eddy viscosity models can be expressed as follows: 

 όό
ς

σ
Ὧ‏ ‘

‬ό

‬ὼ

‬ό

‬ὼ
 

(1-39) 

ɛt is the eddy viscosity coefficient, Ὧ όό is the turbulent kinetic energy. 

The earliest proposed eddy viscosity model assumes a linear relationship between the Reynolds 

stress and the strain rate. Once the mean velocity strain rate is determined, solving a single 

eddy viscosity coefficient allows one to choose the six Reynolds stresses. This eddy viscosity 

coefficient, which is isotropic, can be modelled by solving some additional turbulence 

quantities such as turbulent kinetic energy k, specific dissipation rate ɤ, dissipation rate Ů, or 

other turbulence parameters ὰ ὯȢȾ‐ , † ὯȾ‐ , ή ЍὯ . Depending on the introduced 

turbulence quantities, different eddy viscosity models can be classified, such as the commonly 

used k-Ů and k-ɤ model and the later developed q-ɤ, k-Ű, k-l model. The eddy viscosity 

coefficient can be expressed as ‘ ὅὯȾ‐ , ‘ ὅὯȾ‘ , ‫ ὅήȾ‘ , ‫ ὅὯ†  or 

‘ ὅЍὯὰ, respectively. 

 

To close the governing equations, the number of additional turbulence variables introduced 

must equal the number of additional differential equations that must be solved. Based on the 

number of differential equations solved, turbulence models are generally classified into three 

categories: zero-equation models, one-equation models, and two-equation models.  

 

II.  Zero-equation model 

The so-called zero-equation model refers to directly modelling the eddy viscosity coefficient 

ɛt using average flow physical quantities without introducing any additional end quantities. 

This model type primarily relies on empirical or semi-empirical formulas to estimate the 

turbulent eddy viscosity coefficient. For example, Prandtl's mixing length theory [304] is a 

typical zero-equation model. 
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(1-40) 

l is the mixing length. 

Under the zero-equation model framework, the Baldwin-Lomax model [305] is the most widely 

used. The Baldwin-Lomax model applies to turbulent boundary layers, and its primary 

contribution lies in adopting a zonal eddy viscosity model, using vorticity instead of the strain 

rate, and modifying the mixing length near the wall. Different mixing length assumptions are 

employed for the inner and outer layers of the turbulent boundary layer. The zero-equation 

model is simple and computationally efficient; however, it lacks universality and may 

encounter difficulties when directly applied to the numerical simulation of complex flow fields. 

 

III.  One-equation model 

In the zero-equation model, turbulent viscosity ɛt and mixing length l relate Reynolds stresses 

to the mean velocity gradient, considering local equilibrium while neglecting the effects of 

convection and diffusion. The single-equation model introduces a turbulent transport equation, 

typically a function of turbulent kinetic energy, allowing the system of equations to be closed. 

The single-equation model commonly refers to the Spalart-Allmaras (S-A) model [306], a 

turbulence model specifically designed for aerospace applications, particularly suitable for 

wall-bounded flows such as the flow field analysis of aircraft wings [307, 308]. However, 

despite its relatively low computational cost, the single-equation model is not suitable for all 

types of flows. It may produce significant errors, especially for specific free shear flows such 

as planar and circular jets. 

 

IV.  k-Ů two-equation model 

The standard k-Ů model requires solving the transport equations for turbulent kinetic energy k 

and its dissipation rate Ů. The turbulent kinetic energy transport equation is derived through 

exact equations, while the dissipation rate equation is obtained through physical reasoning and 

mathematical modelling analogous to prototype equations. This model assumes a fully 

turbulent flow where the effects of molecular viscosity can be neglected. Therefore, the 
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standard k-Ů model is only suitable for simulating fully turbulent flow processes. The 

dissipation rate of the turbulent kinetic energy per unit mass of fluid is 
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(1-41) 

In the standard k-epsilon (k-Ů) model, the equations for k and Ů are as follows: 
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(1-43) 

Among them, the turbulent viscosity can be expressed as a function of k and Ů, namely: 

 ‘ ”ὅ
Ὧ
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(1-44) 

C1Ů, C2Ů and Cɛ are empirical constants, while ůk and ůŮ are the Prandtl numbers corresponding 

to turbulent kinetic energy k and dissipation rate Ů, respectively.  

 

The standard k-Ů model was proposed by Launder and Spalding [309]. Additionally, there are 

various improved versions of the k-Ů model, with the RNG k-Ů model [310] and the Realizable 

k-Ů model [311] being among the most widely used. The standard k-Ů model is known for its 

robustness, cost-effectiveness, and reasonable accuracy in predicting various turbulent flows. 

It is a semi-empirical model, with its equations derived based on phenomenological 

considerations and empirical observations. Despite its potential lack of precision in certain 

scenarios, such as dealing with complex free shear flows, strong swirling flows, curved wall 

flows, or flows with curved streamlines, the standard k-Ů model remains one of the most used 

turbulence models in Computational Fluid Dynamics (CFD). 

 



 

 103 / 364 

 

The RNG k-epsilon model is derived using a statistical method known as renormalization group 

theory. This approach systematically removes small-scale motions from the governing 

equations by representing their effects through large-scale motions and modified viscosity 

terms. The model introduces an additional term in the epsilon equation, which enhances 

accuracy for high-speed flows and accounts for the influence of eddies on turbulence. While 

the standard k-Ů model is suitable for high Reynolds number flows, the RNG differential 

equations provide a means to derive effective viscosity analytically, considering low Reynolds 

number effects. However, the effective use of this characteristic depends on the appropriate 

treatment of the near-wall region. These features make the RNG k-Ů model more accurate and 

reliable than the standard k-Ů model across a broader range of flows. The equations are as 

follows 
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The variables ɛeff and C2Ů
* are calculated using the following equations: 
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The turbulent viscous coefficient ɛt is calculated as below: 
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’ ‘ Ⱦ‘, ὅ ρππ. By integrating this equation, the impact of vortex scale on turbulent 

transport can be determined, enhancing the performance of the model for low Reynolds number 

and near-wall flows. 

 

The RNG k-Ů model is capable of effectively simulating moderately complex flow phenomena 

such as jet impingement, separated flows, secondary flows, and swirling flows. However, it 

still shares some of the same drawbacks as the standard k-Ů model, such as the inability to 

predict the spreading angle of a round jet accurately. 

 

In the Realizable k-Ů model, the turbulent viscosity incorporates elements related to rotation 

and curvature, and a new transport equation for the dissipation rate is introduced. In this model, 

the constant Cɛ in the calculation formula for turbulent viscosity is no longer a fixed value; 

instead, it varies with the development of the mean flow and turbulence. The revised transport 

equation for the dissipation rate is derived from the exact transport equation for the vorticity 

fluctuations. 

The modeled transport equations for k and Ů in the realizable k-Ů model is 
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where  
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The difference between the realizable k-Ů model and the standard and RNG k-Ů models is that 

Cɛ is no longer constant. It is computed from 

 
ὅ

ρ

ὃ ὃ
ὯὟz
‐

 
 

(1-57) 

where 

 Ὗᶻ ὛὛ ɱ ɱ  
(1-58) 

And 

 ɱ ɱ ς‐ ‫  (1-59) 

 ɱ ɱ ‐ ‫  (1-60) 

where ɱ is the mean rate of rotation tensor views in a rotating reference frame with the 

angular velocity ɤk. The model constants A0 and As are given by  

 ὃ τȢπτ (1-61) 

 ὃ Ѝφὧέί‰ (1-62) 
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The realizable k-Ů model improves the accuracy of computations for rotational flows and 

boundary layer flows with strong adverse pressure gradients, separated flows, and secondary 

flows. However, this model has a limitation: when the computational domain includes rotating 

and stationary fluid regions, it can generate non-physical turbulence viscosity. As a result, 

applying this model in multiple reference frames can lead to specific issues. 

 

V. k-ɤ two-equation model 

The k-epsilon (k-Ů) model struggles to predict adverse pressure gradient flows accurately and 
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encounters numerical difficulties in the viscous sublayer. To address these shortcomings, 

Wilcox [312] proposed the k-omega (k-ɤ) model, which overcomes many of the deficiencies 

of the k-Ů model, particularly in near-wall flows. The k-ɤ model incorporates modifications to 

account for low Reynolds number effects, compressibility, and shear flow spreading issues. It 

performs better in predicting free shear flow spreading rates and far wake, mixing layer, and 

planar, circular, and radial jet flows. However, the k-ɤ model is susceptible to the value of ɤ 

in the free stream. Menter [313] combined these two models using a blending function, 

preserving the favorable characteristics of the k-ɤ model in the near-wall region and the k-Ů 

model in the free shear layer while overcoming its sensitivity to the free stream ɤ value. Based 

on the k-ɤ model, he further refined the definition of the eddy viscosity coefficient, considering 

the transport effects of turbulent shear stress in adverse pressure gradient boundary layers, and 

developed the Shear Stress Transport (SST) model. Compared to the k-ɤ and k-Ů models, the 

SST model enhances the accuracy of predicting the onset and extent of separation in strong 

adverse pressure gradients [314, 315]. 

 

In the SST k-ɤ turbulence model, Menter initially transforms the k-Ů model into the form of 

the k-ɤ model. The transformed form differs from the original k-ɤ model by adding a cross-

diffusion term on the right-hand side of the equation, which changes its coefficients. A minor 

diffusion term is neglected, which does not impact the results. Finally, a blending function F1 

is applied to combine the two models. 

 
$”Ὧ

$Ô

Ћ

Ћὼ
‘ „‘

ЋὯ

Ћὼ
ʐ
Ћό

Ћὼ
‍ᶻ”Ὧ‫ 

 

(1-67) 

 $”‫

$Ô

Ћ

Ћὼ
‘ „‘

Ћ‫

Ћὼ

‎

’
ʐ
Ћό

Ћὼ
ɼ”Ὧ‫ ς”ρ

Ὂ „
ρ

‫

‬Ὧ

‬ὼ

‬‫

‬ὼ
 

 

(1-68) 

In this context, the turbulent shear stress is denoted as  
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and the eddy viscosity coefficient is denoted as 
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(1-70) 

In the region close to the wall, the value of F1 is 1, activating the k-ɤ model; as the distance 

from the wall increases, F1 approaches 0, thereby activating the transformed k-Ů model. The 

performance of the hybrid model is such that in approximately 50% of the boundary layer 

region, it behaves similarly to the k-ɤ model, while in other areas of the flow field, it behaves 

more like the k-Ů model. If ű1 and ű2 represent the constants in the k-ɤ model and the 

transformed k-Ů model, respectively, then the constant ű in the new hybrid model is: 

 • Ὂ• ρ Ὂ •  (1-71) 

Note: F1 is a blending function that varies between 0 and 1 depending on the distance from the 

wall. 

The original k-ɤ model: 

 „ πȢυ (1-72) 

 „ πȢυ (1-73) 

 ‍ πȢπχυ (1-74) 

 ‍ᶻ πȢπω (1-75) 

 ‖ πȢτρ (1-76) 
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The transformed k-Ů model: 

 „ ρ (1-78) 

 „ πȢψυφ (1-79) 

 ‍ πȢπψςψ (1-80) 

 ‍ᶻ πȢπω (1-81) 

 ‖ πȢτρ (1-82) 
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The definition of the blending function F1 is 

 Ὂ ÔÁÎÈ ὥὶὫ (1-84) 
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y denotes the shortest distance from the current point to the surface. 

Menter [313] limited the eddy viscosity in regions where the production of turbulent kinetic 

energy exceeds its dissipation, thereby constructing the SST model. The redefined eddy 

viscosity coefficient formula is: 
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(1-87) 

|ɋ| is the magnitude of the vorticity tensor, and the constant Ŭ1 = 0.31. F2 equals 1 in the 

boundary layer and 0 in the free shear layer. The Bradshaw assumption may not hold in the 

free shear layer, necessitating the use of the original eddy viscosity formula. In addition, the 

production term is greater than the dissipation term in boundary layers with an adverse pressure 

gradient (ɋ > Ŭ1ɤ). The switch function F2 is defined as follows: 

 Ὂ ÔÁÎÈ ὥὶὫ (1-88) 
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In addition, the ůə1 = 0.85 is refined in the SST model. 

 

From the above descriptions of various models, it can be observed that the advantage of eddy 

viscosity models lies in their direct establishment of the relationship between Reynolds stress 

and the mean velocity field. However, since these models are all based on the Boussinesq 

assumption of eddy viscosity, they share several common drawbacks. Firstly, eddy viscosity 

models are purely dissipative and cannot reflect the redistribution process of turbulence. 

Secondly, they cannot account for the effects of rotation, such as distinguishing between plane 

shear, plane strain, and rotating plane shear. Lastly, the eddy viscosity coefficient in these 

models is isotropic. Recently, with the development of chemical and industrial technologies, 
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the flow problems that need to be addressed have become increasingly complex, requiring 

consideration of chemical reaction effects. This has gradually brought to light the limitations 

of eddy viscosity models. Consequently, researchers have begun to modify these models, 

developing a series of nonlinear eddy viscosity models. 

 

VI.  Reynolds stress transport models 

The foundation of the second-order moment closure model is the Reynolds stress transport 

equation, which treats Reynolds stress as the unknown quantity in the turbulent stress transport 

model. This equation inherently contains convection and diffusion terms for Reynolds stress, 

thereby reflecting the non-locality of turbulence. The model primarily achieves the closure of 

the fundamental governing equations by modelling the newly introduced unknown terms in the 

transport equation and combining them with the time-averaged continuity equation. The 

Reynolds stress transport equation is given as follows: 
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(1-90) 

The second term on the left-hand side of the equation is the convection term (Cij). On the right-

hand side, the first term is the turbulent diffusion term (Dij
T), the second term is the molecular 

viscous diffusion term (Dij
L), the third term is the shear stress production term (Pij), the fourth 

term is the buoyancy production term (Gij), the fifth term is the pressure strain term (ʟij), the 

sixth term is the viscous dissipation term (Ůij), and the seventh term is the system rotation 

production term (Fij). 

 

Chou [316] and Rotta [317] made pioneering contributions to the Reynolds stress model, 
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directly calculating the Reynolds stress tensor in the Navier-Stokes equations from the 

Reynolds stress transport equations or their simplified algebraic forms, thereby discarding the 

concept of the turbulence viscosity coefficient.  

 

Building on the work of their predecessors, Launder et al. recalibrated the coefficients of 

various models and established the renowned LRR second-moment closure model [318]. This 

model has long been regarded as the benchmark for second-moment closure models. To date, 

the fundamental framework of the second-moment model has not undergone significant 

changes, with only some improvements made to modelling specific terms, such as the diffusion 

term, pressure-strain term, and dissipation term.  

 

Unlike standard turbulence models, the Reynolds Stress Transport Model (RSTM) directly 

solves for each component of the Reynolds stress tensor, allowing it to more accurately capture 

the anisotropic effects of turbulence, such as buoyancy effects, rotational effects, curvature 

effects, and near-wall effects. Additionally, this model provides higher accuracy by solving 

more equations than two-equation turbulence models. Consequently, RSTM is well-suited for 

scenarios requiring high-precision turbulence predictions, such as internal flows in turbines 

and compressors, high-speed airflow interactions with complex terrain or obstacles, and flow 

mixing and heat transfer within complex geometries. However, this ability comes at a 

significantly higher computational expense than standard turbulence models, as well as stricter 

requirements on mesh resolution. Therefore, despite the strong capability of the second-

moment closure model to simulate complex flows, its application in the industry remains 

limited. 

 

VII.  Probability Density Function Reynolds Stress Model 

In statistical mechanics, a certain probability density relationship exists between turbulent fluid 

particles, which can be used to obtain information about the turbulent field through the 

evolution of the probability density function (PDF). The Probability Density Function (PDF) 
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Reynolds Stress Model is an advanced method for turbulence simulation that combines the 

concepts of the probability density function and the Reynolds stress model. It observes 

turbulent flows from a Lagrangian perspective to more accurately capture the complex 

statistical characteristics and nonlinear behaviours of turbulent particle flows. Haworth and 

Pope established a PDF-based model by describing the universal Langevin equation for fluid 

particle motion [319]. The transport equations of Reynolds stress are directly solved within the 

PDF framework. These equations describe the variations of Reynolds stress with time and 

space, including convection, diffusion, production, and dissipation terms. However, solving the 

PDF and Reynolds stress transport equations requires closure for the turbulent viscosity and 

pressure-velocity correlation terms. The main advantage of the PDF method is its natural ability 

to handle complex reaction kinetics and multimodal distributions, which typically require 

additional assumptions or simplifications in traditional turbulence models, albeit at the cost of 

higher computational expense. 

 

VIII.  Renormalization Group Method 

Yakhot and Orszag were the first to apply the renormalization group (RNG) theory to the study 

of turbulence and developed the k-Ů model based on this theory [310]. In their approach, they 

introduced the "correspondence principle" to the Navier-Stokes equations in spectral space, 

using Gaussian statistics to expand the equations in equilibrium. Through a series of operations 

involving the removal of small-scale components and the rescaling of the remaining parts, they 

derived an equation for large-scale motions, where the influence of tiny scales on large scales 

is represented by turbulent viscosity. Similar to the standard k-Ů model, the RNG model also 

employs the equations for turbulent kinetic energy (k) and its dissipation rate (Ů), but these 

equations include additional terms and corrections derived from the renormalization group 

theory. These terms enable the RNG model to better describe turbulence's complex behavior. 

Although the k-Ů turbulence model based on renormalization group theory has the same form 

as the traditional k-Ů model, its coefficients are derived from theoretical analysis rather than 

empirical data, offering advantages in near-wall treatment. However, the model lacks further 
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flow mechanisms and may not perform well in flows with strong anisotropies. 

 

IX.  Modification of the Model for Turbulent Flow in the Presence of Solid Walls 

In turbulent flows, the presence of solid walls significantly impacts the flow characteristics. 

Therefore, turbulence models must be appropriately modified to accurately describe the flow 

behaviour in the near-wall region. This is mainly because most existing models are developed 

based on high Reynolds number flows, applicable to fully developed turbulence. In turbulent 

flows constrained by wall boundaries, the no-slip condition near the wall leads to lower flow 

velocities, insufficiently developed turbulence, and smaller Reynolds numbers. This situation 

results in the turbulent boundary layer near the wall exhibiting characteristics different from 

those of free turbulence. Specifically, turbulence fluctuations near the wall are constrained by 

the wall, exhibiting pronounced three-dimensional characteristics compared to free turbulence, 

such as the appearance of longitudinal vortices. An interaction between the inner and outer 

layers of the turbulent boundary layer forms a complex structure within the turbulent boundary 

layer. Additionally, turbulence in the near-wall region is highly anisotropic due to the 

impermeability of the wall, and the velocity gradient near the solid wall is extensive, with 

turbulent viscosity being dominant. Another issue arises in the modelling of the Ů equation, 

where the Ů/k term appears. On the solid wall, k equals zero while Ů does not, causing Ů/k to 

approach infinity. This results in a large source term in the calculations, making it difficult for 

the results to converge. Therefore, high Reynolds number turbulence models require 

appropriate near-wall modifications when applied to wall-bounded flows. The leading 

solutions currently available are the Wall Function method and the Low-Reynolds Number 

Model. 

 

The wall function method employs semi-empirical formulas and functions to link physical 

quantities at the wall with the solution variables within the core turbulent region. The nodal 

variable values of the control volumes adjacent to the wall are obtained by solving these semi-

empirical formulas and functions. When using the wall function method to mesh, it is 
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unnecessary to refine the mesh at the wall; instead, the first inner node should be placed within 

the logarithmic law region, ensuring it is in the region where turbulence is fully developed. 

Through wall functions, the turbulence model only needs to be solved in regions outside the 

wall, thus reducing the computational load. The commercial FLUENT software provides wall 

functions, including standard wall functions and non-equilibrium wall functions. The standard 

wall function adopts the near-wall treatment method that Launder and Spalding [309] provided, 

achieving satisfactory simulation results in practical engineering flows. The non-equilibrium 

wall function method is more sensitive to pressure gradients in the logarithmic distribution of 

the mean velocity and employs a double-layer concept for calculating turbulent kinetic energy 

near the wall. This approach addresses the solution of the turbulent kinetic energy equation for 

cells near the wall. The most representative model in the low Reynolds number regime is the 

low Reynolds number k-Ů model proposed by Jones and Launder [320]. This model posits that 

flows with a low Reynolds number are primarily characterized by the viscous sublayer, where 

the viscous effects of fluid molecules play a dominant role. Consequently, several 

modifications must be made to the high Reynolds number k-Ů model. Firstly, the diffusion 

coefficients in the governing equations must include both turbulent and molecular diffusion 

coefficients to reflect the influence of molecular viscosity. Secondly, the coefficients in the 

governing equations need to account for the effects of different flow regimes, and the 

anisotropy of turbulent kinetic energy dissipation near the wall must be considered in the k 

equation. 

 

1.5.3 Model Validations 

CFD is a mature software tool that offers various turbulence models for selection. The type of 

reactor, whether the flow regime inside the reactor is single-phase, gas-liquid, liquid-liquid, or 

solid-liquid two-phase, or even gas-liquid-solid three-phase, as well as the presence of 

chemical reactions between phases, all significantly influence the choice of turbulence model. 

These factors directly affect the accuracy of simulated flow characteristics, mass transfer 

efficiency, and reaction rates within the reactor, making the selection of an appropriate 
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turbulence model critical for accurately simulating the flow and reaction processes inside the 

reactor. Given that our research focuses on the chemical reaction processes involved in ionic 

liquid synthesis using TCR and HSM, choosing the appropriate CFD model is essential based 

on different operating conditions, such as fluid properties, reactant concentrations, and 

temperature. Therefore, this chapter will focus on selecting suitable CFD models based on the 

characteristics of TCR and HSM, considering the specific operating conditions, to guide 

subsequent numerical simulation work. This approach will not only help improve the accuracy 

of the simulation results but also provide theoretical support for reactor design optimization 

and industrial applications. 

 

I. Taylor-Couette Reactor 

Many researchers have explored the flow and heat transfer dynamics within the TCR in 

previous studies [187, 321]. Liu and Khomami [322] used direct numerical simulations (DNS) 

to model the flow of polymer solutions in a Taylor-Couette apparatus. They found that the large 

Taylor vortices induced by the polymer split into smaller vortices, which significantly increased 

wall shear stress. Gao et al. employed an Euler-Euler two-fluid method to study the influence 

of bubbles on the Taylor-Couette flow pattern during the transition from laminar to turbulent 

vortical flow [323]. They discovered that the gas velocity influenced the vortex wavelength, 

and increasing the gas flow rate caused the vortices to elongate axially. Tian et al. integrated a 

microreactor with a Taylor-Couette reactor (TCR) in a microreactor system for the continuous 

production of 2,2'-dibenzothiazole disulfide [324]. They also used CFD techniques to validate 

the mixing characteristics of TCR. Anabaraonye et al. applied a systematic CFD approach to 

simulate the liquid-phase diffusion and convective transport phenomena occurring in the TCR 

and extracted statistical data from large eddy simulations to adjust the anisotropic Reynolds 

stress model [325]. They validated that the numerical model could successfully fit the 

published torque correlation. Figure 1-18 shows the average XZ plane velocity distribution at 

Re = 43000. It can be seen that the vortices between the inner and outer walls also generate 

nearly closed flow structures with a high fluid recirculation rate. Therefore, it can be expected 
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that the advection mass concentration between each closed vortex ring will experience 

significant jumps. They characterized the relative increase in turbulent advection diffusion by 

defining a new local turbulent Peclet number and observed that as the Reynolds number 

doubled, the turbulent contribution increased by 29%. Zeng et al. recently investigated liquid-

liquid immiscible flow and mass transfer in a novel Taylor-Couette microreactor (TCMR) [326]. 

However, due to rotational shear and micro-scale effects, each phase flows in the form of 

helical ribbons rather than as dispersed droplets, as seen in traditional equipment. Based on the 

movement and inclination of the ribbons, helical vortices (HV), mixed helical vortices (MHV), 

and stationary helical vortices (SHV) can be distinguished. They studied the mass transfer 

performance of the TCMR using a water/benzoic acid/n-octane system, and the results showed 

that the mass transfer coefficient could increase several times with increasing rotational speed. 

 

Figure 1-18 Flow visualizations of the XZ plane (LES at Re = 4.3 Ĭ 104). (a) mean velocities 

showing the Taylor vortices, (b) fluid kinetic energy, (c) Reynolds stress component in 

the radial direction, and (d) Reynolds stress component in the tangential direction [325]. 

 

II.  High shear mixer 

Currently, when examining the geometry and flow state variations of HSM, CFD remains the 

most time- and cost-effective method. The accuracy of flow field predictions is closely related 

to the choice of turbulence model, treatment of near-wall conditions, handling of the interaction 

between the stator and rotor, and computational model settings such as mesh density. Compared 

to the Multiple Reference Frame (MRF) model, the Sliding Mesh (SM) approach is more 

suitable for simulating transient processes with strong interaction between the stator and rotor. 

https://www.sciencedirect.com/topics/engineering/taylor-vortex
https://www.sciencedirect.com/topics/engineering/reynolds-stress
https://www.sciencedirect.com/topics/engineering/radial-direction
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In the literature, almost all CFD simulations of the flow field in high shear mixers utilize the 

standard k-Ů turbulence model (Table 1-4). The experimental and numerical study was carried 

out several times by JasiŒska et al. [327] using the same materials used in the work of Hall et 

al. [328]. The Quadrature method of moments (QMOM) was used in conjunction with a k-Ů 

turbulence model to simulate the breakage kinetics. A decrease in the number of tank turnovers 

and an increase in rotor speed led to a reported decrease in d32. Numerical investigations of 

HSM performance were carried out to scale up further and improve the design by Pacek et al. 

[329], JasiŒska et al. [327], and Bağdyga et al. [330]. The combination of CFD and PBM 

contributes to an in-depth understanding of the droplet breakup mechanism and droplet size 

distribution in the rotor-stator mixing apparatus [331, 332]. Qin presented an innovative 

theoretical framework grounded in the energy-minimization-multiscale (EMMS) concept to 

refine CFD-PBM simulations in multiphase systems. The mesoscale energy dissipation was 

considered to resolve the population balance equations, where the simulation results agreed 

with the experimental results. Large eddy simulations predict the flow and power 

characteristics of HSMs more accurately than Reynolds-averaged Navier-Stokes methods. 

Both Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES) continue to be 

excessively time-consuming and impractical for industrial-scale applications. In addition, the 

simulation of the liquid-liquid flow in agitated tanks using LES has not been quantitatively 

validated [333]. Among turbulence models, the standard k-Ů model is widely used. The obvious 

drawback, however, is the inability to describe turbulent anisotropy and the inability to allow 

a complete and detailed description of turbulence energy dissipation [334], which is a common 

problem in the impeller region and the impeller stream in stirred vessels. Coroneo et al. 

concluded that the Reynolds averaging of the convection-diffusion equation is a valid 

approximation, following a systematic and rigors evaluation of the accuracy of prevalent 

Reynolds-averaged Navier-Stokes (RANS) simulations utilizing the k-Ů model closure for 

stirred vessels [334]. To date, RANS methods with appropriate, computationally efficient 

turbulence modelling may be regarded as the primary instruments for contemporary industrial 

applications.  
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1.6 Recapitulation and Concluding Remarks 

In recent years, ionic liquids (ILs) have attracted widespread attention as innovative fluids or 

materials. Due to their unique physicochemical properties, such as low melting points, non-

volatility, excellent solubility, and broad chemical stability, ILs are considered ideal candidates 

for various applications in catalysis, separation, solvents, and energy storage. In this chapter, 

we introduce several recent advancements in ILs. For instance, ILs exhibit rich crystallization 

behaviors and versatile thermal ñcustomizationò properties, making them suitable for 

renewable thermal energy storage [130]. They are also crucial as electrolytes in advancing 

electrochemical energy storage technologies [108]. Furthermore, ILs demonstrate significant 

potential as efficient catalysts in converting CO2 into value-added products, and ILs combined 

with metal-organic framework (MOF) composites are promising in gas and liquid separation 

prospects [335]. 

 

With the growing demand for green chemistry and sustainable development, this chapter also 

discusses how this demand has driven innovations in IL synthesis methods. In this context, 

traditional solvent-based chemical reactions have gradually been supplemented by emerging 

technologies, including microwave-assisted synthesis, ultrasound-assisted synthesis, and 

microreactor synthesis. These methods offer significant advantages in reaction efficiency, 

product purity, and performance. However, these reactors still face challenges, such as high 

equipment costs, operational complexity, and limited scalability, which hinder the 

industrialization of IL synthesis. Therefore, one of the main objectives of this chapter is to 

explore new synthesis reactors and processes to better meet the demands of IL synthesis in 

industrial applications. 

 

The selection of reactors and optimizing operating conditions are crucial for IL synthesis. 

Considering the high viscosity of ILs and the multi-phase reactions involved in the synthesis 

process, this chapter mainly addresses the importance of shear in the synthesis process and 

introduces two reactors with excellent mixing performance and efficient mass transfer 



 

 118 / 364 

 

capabilities: the Taylor-Couette Reactor (TCR) and the High Shear Mixer (HSM). Compared 

to traditional stirred tanks, tubular reactors, or other process intensification contractors, the 

TCR is able to effectively control mass transfer characteristics by generating different Taylor 

flow regimes, offering a controllable residence time distribution. The relatively small gap of 

the TCR helps reduce velocity distribution imbalances, thus overcoming viscosity distribution 

imbalances [180]. These advantages result in higher energy dissipation rates and more uniform 

mixing in IL synthesis. Meanwhile, the HSM achieves rapid and efficient material mixing 

through the high-speed interaction of a rotor and stator, making it particularly suitable for 

multiphase reaction systems. Its key features, such as narrow shear gaps and high rotor tip 

speeds, have made the HSM widely used in energy-intensive processes, including 

emulsification, depolymerization, and chemical reactions [336]. 

 

In addition to reactor selection and performance optimization, process simulation has also 

played an important role in developing IL synthesis technologies. This chapter reviews various 

commonly used simulation methods, with most IL application studies based on the COSMO 

model [269]. However, Computational Fluid Dynamics (CFD) simulations are regarded as a 

powerful tool for optimizing reactor performance. CFD simulations not only help better 

understand flow behavior, turbulence, and shear effects, but they also allow for the prediction 

of how different operating parameters (such as rotational speed and viscosity) influence the IL 

synthesis process, thus further improving reaction efficiency and reducing energy consumption. 

 

Overall, although the new synthesis methods currently show multiple advantages, the issues 

related to reactors remain as bottlenecks hindering the development of IL synthesis technology. 

Therefore, this chapter lays the foundation for investigating alternative reactors and process 

intensification strategies. The following chapters will further explore experimental studies on 

reaction kinetics, mass transfer, and micromixing processes in TCR and HSM, along with 

optimizing these reactors for IL synthesis through CFD simulations. 
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Table 1-4 Details of previous CFD study in liquid-liquid dispersion in different reactors. 

Ref. System investigated Working fluid Research tool 

Continuous Dispersed  

 

[336] 

 

Blind-side HSM 

ρπρπȢψὯὫȾά  density; 

πȢπππωωὖὥϽί viscosity 

ψφπȢψὯὫȾά  density; 

πȢπππτυὖὥϽ ί viscosity 

Standard Ὧ ‐; CFD-

PBM 

 

[337] 

Stirred tanks ωωψὯὫȾά  density; 

πȢππρὖὥϽ ί viscosity 

ρπςςὯὫȾά  density; 

πȢπππχςὖὥϽ ί viscosity 

Standard Ὧ ‐; CFD-

PBM 

 

[338] 

4 LRT (Silverson) with a built-in tachometer Water  - Standard Ὧ ‐ 

model; LDA 

 

[339] 

A Silverson L4RT rotorïstator mixer  Water  - Standard Ὧ ‐ 

model; LDA 

 

[340] 

Ultra-Turrax stirred tank A surfactant solution in 

substitute ocean water 

Mineral oil πȢρωςὖὥϽ ί 

viscosity 

Standard Ὧ ‐ 

model; LD 

 

[333] 

Standard Rushton disk turbine The barium chloride 

aqueous solution 

χψωȢυὯὫȾά  density; 

πȢππςὖὥϽ ί viscosity 

EASM; standard Ὧ

‐ model 

 

[341] 

A cylindrical tank with a standard six-blade 

Rushton turbine and four baffles on the tank wall 

water - EASM 

 A baffled stirred vessel agitated with different types water - Standard Ὧ ‐ 
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[342] of impellers (DT, PBTD60, PBTD45, PBTD30, and 

HF) 

model; RSM; LES; 

LDA 

 

[343] 

Solvent extraction (SX) pump-mixer 

(R320 impeller with various clearances, and R320 

with an auxiliary upper A310 impeller) 

ρπππὯὫȾά density; 

πȢππρὖὥϽ ί viscosity 

ωσπὯὫȾά  density; 

πȢππσὖὥϽ ί viscosity 

1-Eqn-SGS-TKE-LES 

model; PIV 

 

[344] 

An unbaffled stirred tank by a Rushton turbine ρπππὯὫȾά density; 

πȢππρὖὥϽ ί viscosity 

- The Smagorinsky-Van 

Driest sub-grid LES 

model 

 

[345] 

The stirred vessel reactor 

 

 

 

ρπσωὯὫȾά density; 

πȢπρυωὖὥϽ ί viscosity 

- SST Ὧ ;model ‫ 

The Smagorinsky-Van 

Driest sub-grid LES 

model 
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Chapter 2: Experimental Investigations on the Synthesis of the Ionic 

Liquid 1-Butyl -3-Methylimidazolium Bromide ([BMIM]Br )  

 

2.1 Introduction 

Ionic liquids have emerged as versatile and sustainable solvents with a wide range of 

applications in catalysis, electrochemistry, materials synthesis, and green chemistry [135, 139, 

346-351]. Due to their low vapor pressure, high thermal stability, tunable viscosity, and 

excellent solvating properties [2, 352-357], ionic liquids possess significant advantages over 

traditional volatile organic solvents. Among various ionic liquids, 1-butyl-3-

methylimidazolium bromide ([BMIM]Br) has gained considerable attention due to its 

effectiveness as a catalyst, electrolyte in electrochemical devices, and medium for biomass 

processing [358], as well as its relatively low cost. Additionally, [BMIM]Br is often used as the 

starting material to synthesize other functional ionic liquids.  

 

The synthesis of [BMIM]Br is a strongly exothermic alkylation reaction with an enthalpy of 

reaction of -96 kJ/mol [144]. To date, most reported research efforts have primarily focused on 

the study of the physicochemical properties of 1-butyl-3-methylimidazolium bromide 

([BMIM]Br) and the applications of its derivatives across various fields [359, 360]. However, 

significant challenges remain in synthesizing [BMIM]Br and other imidazolium-based ionic 

liquids [361], such as low reaction efficiency, high production costs, substantial energy 

consumption, and potential thermal runaway risks. These issues hinder the large-scale 

industrial production and practical application of imidazolium-based ionic liquids. Therefore, 

identifying an efficient synthesis process and suitable chemical reactors that can both prevent 

thermal runaway and achieve high conversion rates is crucial for the practical application and 

advancement of ionic liquid chemistry. To address these challenges, this study investigates 

different types of chemical reactors, including a traditional stirred tank reactor, five distinct 

microreactor designs, a Taylor-Couette reactor, and a high-shear mixer. By evaluating these 
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reactors based on their conversion rates and residence times during the synthesis of [BMIM]Br, 

we aim to determine the most efficient reactor configuration for practical applications. 

 

Most reported research in the literature has adopted stirred tank reactors to synthesize ionic 

liquids. Stirred tank reactors are widely used for their simplicity, versatility, and ability to 

handle various reaction conditions. However, due to the complex flow dynamics and relatively 

low and non-uniform mixing rates, they may not always provide the optimal conditions for 

achieving high conversion rates and minimizing energy consumption. Such conditions can lead 

to inefficient reactions and increased energy consumption, which are significant challenges in 

synthesizing ionic liquids like [BMIM]Br. 

 

Additionally, the traditional synthesis method often involves adding solvents to the reaction 

system in the stirred tanks to prevent thermal runaway. However, this approach can lead to 

prolonged reaction times, lower conversion rates, and challenges in ionic liquid purification 

[144, 162, 362]. These limitations become particularly pronounced as the demand for high-

purity ionic liquids increases, alongside the need for larger production scales. This necessitates 

the exploration of alternative reactor designs to enhance reaction and process efficiency. In 

recent decades, microreactors have emerged as promising alternatives to conventional stirred 

tank reactors, offering advantages such as improved heat and mass transfer, precise control 

over reaction conditions, and scalability through parallelization [363, 364]. Various 

microreactor designs, including circular, serpentine, and sawtooth serpentine micro-mixers, 

have been investigated for their potential to optimize ionic liquid synthesis [363, 365, 366]. 

Additionally, hybrid design schemes that combine microreactors with traditional reactors were 

also attempted to leverage the strengths of both systems [324]. However, despite these 

innovations, achieving the desired high conversion rates in the microreactor-based synthesis of 

[BMIM]Br remains a significant challenge, indicating the need for further advancements in 

reactor design and process optimization.  
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Meanwhile, high-shear mixers have also been explored in the synthesis of ILs due to their 

potential to improve mixing efficiency and reaction rates. High-shear mixers facilitate rapid 

mass transfer and uniform mixing through intense mechanical agitation, which is critical for 

achieving high conversion rates and consistent product quality in chemical synthesis [194-197]. 

The Taylor-Couette reactor stands out among chemical reactors due to its unique design, which 

generates high turbulence and shear forces within the reaction mixture [367-371]. The Taylor-

Couette reactor, characterized by the relative rotation of two concentric cylinders, can create 

complex flow patterns that enhance mixing and potentially improve reaction kinetics [372]. 

However, published literature has not yet reported the practical application of Taylor-Couette 

reactors in synthesizing ionic liquids. Several factors, including reactor size and rotation speed, 

play significant roles in determining their effectiveness for this purpose. 

 

This chapter aims to identify the most efficient reactors for synthesizing [BMIM]Br by 

conducting experiments in different chemical reactors, including traditional stirred tank 

reactors, microreactors, Taylor-Couette reactors, and high-shear mixers. The evaluation criteria 

include conversion rates and residence times, both of which are critical parameters governing 

the overall efficiency and scalability of the synthesis process. By systematically analyzing the 

performance of these reactors in IL synthesis, this research will determine the most effective 

reactor design for the high-yield and high-purity production of [BMIM]Br. 

 

2.2 Experimental  

2.2.1 Materials 

1-methylimidazole (616-47-7, 99%), 1-bromobutane (109-65-9, 99%), 1-butyl-3-

methylimidazolium bromide (85100-77-2, >99%), ethyl acetate (141-78-6, 99.8%), acetonitrile 

(75-05-8, chromatographic grade), and acetic acid (64-19-7, >99%) were purchased from 

Shanghai Titan Scientific CO., LTD. As listed above, all reagents used in this experiment are 

of analytical purity and do not require pretreatment. Figure 2-1 shows the reaction equation for 

synthesizing [BMIM]Br. The physical properties of reactants and products are shown in Table 
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2-1 [373]. 

 

Figure 2-1 Reaction equation for the synthesis of 1-butyl-3-methylimidazolium bromide 

([BMIM]Br). 

Table 2-1 The physical properties of each reactant. 

Physical Data 1-bromobutane 

(Brbu) 

(C4H9Br) 

1-methylimidazole 

(MIM) 

(C4H6N2) 

1-butyl-3-

methylimidazole 

bromide ([BMIM]Br) 

(C8H15N2Br) 

Molecular Weight 137 g/mol 82 g/mol 219 g/mol 

Appearance Colorless transparent 

liquid 

Liquid White crystals 

Melting point -112 -6  76 

Boiling point 103 198 273 (decomposition 

temperature) 

Relative density 1.2676 g/ml 1.036 g/ml 1.3 g/ml 

Surface tension 2.6 cP 3.49 cP 1462 cP 

Interfacial tension [BrBu] and [BMIM]Br is 7.05 Mn/m at 40 

Heat capacities - 132.7(J/Kg/k) 

[285] 

1.35(J/g/K) 

(at 25) [374] 

Heat of dilution - - 29.7kJ/Kg [374] 

Solubility Ethanol/EA-Y 

Water-N 

Water-Y Water/ACN/Ethanol-Y 

EA/Alkane-N 

The [BMIM]Br density trend with temperature follows Figure 2-2.  
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Figure 2-2 Density measurement of pure 1-butyl-3-methylimidazolium bromide [BMIM]Br 

as a function of temperature [375]. 

 

2.2.2 Analytical Methods 

I. UV-vis 

UV spectroscopy can characterize ionic liquids due to the distinct characteristic absorption 

peaks of organic cations in the UV region. In this study, UV-vis measurements were carried out 

using Thermo Evolution 201 Ultraviolet-visible spectroscopy. 

 

II.  NMR Characterization of IL Structure 

Nuclear Magnetic Resonance (NMR) techniques effectively monitor the electron cloud's 

density around an atom's nucleus. 1H and 13C NMR chemical shifts are the most commonly 

used analytical methods for detecting the chemical environment of atomic nuclei [75, 376]. 

The products obtained in this experiment were structurally characterized by NMR hydrogen 

spectroscopy (400 MHz) with deuterated chloroform (CDCl3) as the reagent (Figure 2-3). The 

synthesis product is [BMIM]Br, which does not affect the NMR hydrogen spectrum given that 

the anion in [BMIM]Br is a bromine ion. 



 

 126 / 364 

 

 

Figure 2-3 The chemical structure of [BMIM]Br. 

In NMR, the number and type of H atoms in a molecule can be determined from the chemical 

shift values of the absorption peaks, groups, and the integral curve of the peak area, which 

confirms the structure of the ionic liquid. The NMR hydrogen spectrum of a standard sample 

of [BMIM]Br was measured at 25 using deuterated chloroform (CDCl3) as the solvent, and 

the result is shown in Figure 2-4. The NMR hydrogen spectrum of standard samples of BrBu 

and MIM was measured using the same method, and the results are shown in Figure 2-5.  

 

Figure 2-4 The NMR spectrum results of [BMIM]Br. 

The analysis is as follows: 1H NMR (400 MHz, Chloroform-d, ŭ): 10.29 (s, 1H, -NCHN-), 7.59 

(t, 1H, -NCH=), 7.46 (t, 1H, -NCH=), 4.29 (t, 2H, -NCH2-), 4.08 (s, 3H, -NCH3), 1.86 (tt, 2H, 

-CH2CH2CH3), 1.33 (h, 2H, -CH2CH2CH3), 0.91 (t, 3H, -CH2CH3). 
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Figure 2-5 The 1H NMR spectrum results of MIM (a) and Brbu (b). 

 

III.  Rheological Properties 

Although there is a wealth of data in the literature on the viscosity of pure ionic liquids, only 

limited information is available on the viscosity of the reacting mixture, which dynamically 

varies as the reaction proceeds [47, 377-379]. It has been reported that the increasing viscosity 

and the formation of biphasic phases during the reaction process can significantly reduce mass 

transfer efficiency [373, 380]. Therefore, understanding these dynamic changes is crucial for 

optimizing reaction conditions and improving overall process efficiency. This research aims to 

offer more details about the viscosity variation and dynamic phase change of reacting mixtures, 

ultimately leading to more efficient and scalable processes for producing high-quality ionic 

liquids. Viscosity measurements were carried out using a KNX5002C Kinexus pro rotational 

rheometer. This viscometer has a torque range of 0.05 ɛNm to 200 mNm and a frequency range 

of 6.28 ɛrad/s to 942 rad/s. The instrument has a maximum temperature range of +200  and 

a minimum of 40  below ambient. 

 

IV.  High-Performance Liquid Chromatography (HPLC) 

One valuable method to determine the conversion rate of this reaction is through measurement 

using HPLC [144, 381, 382]. The specific HPLC analysis method follows: the mobile phase 

consists of acetonitrile and ammonium acetate aqueous solution (concentration: 5 mmol/L) in 

varying ratios. The flow rate of the mobile phase is 1.0 ml/min, with a UV detection wavelength 

of 210 nm. The injection volume is 20 ɛL, and the chromatographic column used is an Eclipse 
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Plus C18 (5 ɛm, 4.6 Ĭ 250 mm). The standard curve for [Bmim]Br is constructed using the 

external standard method. HPLC measurements were carried out using a Thermo 

ULtimate3000. 

 

V. Conductivity Methods for Detecting the Concentration of ILs 

Since the alkylation reactions proceed slowly at room temperature, sample handling and a rapid 

analysis are crucial for obtaining valid kinetic data. Because [MIM] and [Brbu] are non-ionic, 

whereas [BMIM]Br is ionic, we identified a method for rapid determination of the conversion 

[285, 383, 384]. Conductivity measurement of conversion has been demonstrated by Zhang et 

al. [164], who synthesized tetraalkylammonium-based ionic liquids (ILs) with diethyl sulfate 

and triethylamine in a capillary microreactor. They conducted ionic conductivity 

determinations by dissolving the collected reaction effluent in anhydrous ethanol. A linear 

correlation existed between the conductivity and the concentration of the purified 

[N2222][EtSO4] in ethanol, suggesting that the concentration of the IL in the reaction effluent 

can be correctly quantified by the conductivity meter. 

 

The procedure is based on determining the ionic liquid concentration in the reaction mixture, 

which is related to generating [BMIM]Br by the conductivity method. First, a standard 

calibration curve is constructed by dissolving a specified quantity of standard [BMIM]Br in a 

fixed volume of anhydrous ethanol at room temperature and measuring the conductivity of the 

resulting solution. After each experiment, 0.5 mL of the reactor effluent is diluted in 14.5 mL 

of anhydrous ethanol, and its conductivity is measured. The instrument was calibrated with the 

standard solution before and after the measurements. The temperature of the sample was 

maintained at room temperature. Each measurement was repeated three times, and the stateable 

values were recorded. This measured value and the calibration curve are used to quantify the 

conversion rate of the products in the reactor effluent. Conductivity measurements were carried 

out using a Mettler Toledo/SevenDirect SD30 conductivity meter. The instrument conductivity 

ranges from 0 ɛS/cm to 2000 mS/cm. The instrument possesses a full-scale resolution of 0.001 



 

 129 / 364 

 

and an accuracy of 0.5%.  

 

VI.  Visualization Method for Characterizing the Phase Status of a Reaction System 

The evolutions of the droplets during the synthesis of the IL [BMIM]Br using a stirred-tank 

reactor and a high-shear reactor were photographed with a microscope camera. 0.2 mL of the 

sample was taken from the reaction system at different time intervals and placed on a petri dish. 

A high-speed microscope camera instantly photographed the behavior of the dispersed phase 

(optical microscope (N-800F, NOVEL, Yongxin Optec Instrument Co., Ltd., China) equipped 

with a high-speed camera (20-megapixel, NOVEL, Yongxin Optec Instrument Co., Ltd., China) 

(magnification is 40 times or 100 times)). 

 

2.2.3 Experimental Apparatus and Procedures 

I. Determine the Exothermic of the Synthesis Process 

There is no heating and no stirring for the reaction conditions. Equal MIM and BrBu molar 

ratios were weighed and added directly to a three-necked flask fitted with a condenser tube 

(Figure 2-6). The experimental procedure was divided into two types: one in which the reaction 

was kept under nitrogen throughout to avoid interference from oxidation of MIM by exposure 

to air, and the other in which the three-necked flask was first flushed with nitrogen. Then, the 

nitrogen was turned off, and the reaction system was closed immediately after placing the two 

materials. A thermometer, inserted below the liquid surface and sealed to the mouth of the flask 

with a rubber stopper, was used to detect temperature changes during the reaction, with the 

reaction temperature inside the flask recorded over 6 hours (ambient temperature is 20ÁC). In 

addition, the three-mouth flask was wrapped in thermal wool and tin foil to prevent the heat 

from escaping.  
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Figure 2-6 Direct mixing experimental apparatus: photograph (a), schematic diagram (b). 

 

II.  Synthesis of the Ionic Liquids [BMIM]Br in a Stirred Tank 

The experimental procedure used the traditional synthesis method to synthesize [BMIM]Br. 

First, the reaction system was assembled, as illustrated in Figure 2-7. The system was then 

heated in a water or oil bath to maintain a constant temperature of 40ï100ÁC. A thermometer 

was inserted into the system, submerging the bulb below the liquid level. The required amount 

of MIM was accurately weighed using an electronic balance and poured into a 100 mL three-

necked flask. Once the temperature stabilized, BrBu was slowly added dropwise to the flask at 

a controlled rate of 0.2ï3 ml/min. During the reaction, the rotor in the three-necked flask was 

set to 600 rpm, and cold water was circulated through the condensation return tube to maintain 

a consistent temperature and prevent evaporation. Simultaneously, the mechanical stirrer in the 

hot bath operated at a paddle speed of 300 rpm to ensure uniform temperature distribution in 

the bath (Exp. 12-19). 

 

Upon completion of the reaction, the product was cooled to 20ÁC using a cold-water bath. The 

crude product was then washed with 100 mL of ethyl acetate; a process repeated 2-3 times to 

remove impurities. The washed sample was dried in a drying oven at 70ÁC for 5 hours, after 

which the final product was stored in a refrigerator to ensure its stability. The conversion rate 

of the reaction was determined through mass calculations. Nineteen experiments were 

conducted under varying conditions to prepare [BMIM]Br, with the details summarized in 

Table 2-3. 
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Figure 2-7 The experimental apparatus using a stirred tank: photograph (a), schematic 

diagram (b). 

 

III.  Synthesis of the Ionic Liquids [BMIM]Br in Different Microreactors 

Microreactors are highly preferred in the synthesis of ionic liquids due to their large surface 

areas and efficient heat dissipation [144, 363, 381, 385]. This study conducted a series of 

experiments to synthesize [BMIM]Br using different types of microreactors, as shown in Figure 

2-8. The microreactors employed include the following configurations: 

Type a-c: Microreactors with a single internal channel of varying shapes. 

Type-a: Circular structure with an inlet diameter of 1 mm and a reaction channel diameter of 1 

mm. 

Type-b: Single serpentine channel with an inlet diameter of 2 mm and a reaction channel 

diameter of 1 mm. 

Type-c: A zigzag-shaped continuous serpentine channel with an inlet diameter of 2 mm and a 

reaction channel diameter of 1 mm. 

Type-d: A combination of two microreactors (type-a and c). 

Type-e: Combines a microreactor (type-c) and a three-necked flask. 

 

All microreactors were fabricated using stainless steel. The feed tubes used in all experiments 

had a uniform diameter of 2 mm, and both the feed tubes and reaction channels were configured 
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according to the specific design of each microreactor type.  

 

The IL synthesis system comprises different micro-mixers, two high-pressure PTFE pumps 

(HANGZHOU JINGJIN Technology CO., LTD, JJRZ-02004F), two reactant storage tanks, a 

cold bath for cooling the samples, and a hot bath for circulating hot medium to control the 

required reaction temperature in experiments. Conductivity measurements were carried out to 

determine the concentration of synthesized [BMIM]Br in this study. Specific design parameters 

and reaction settings for each microreactor type are summarized in the table below (Table 2-4). 

 
Figure 2-8 The experimental apparatus using different microreactors: photograph (a), 

schematic diagram (b). 

 

IV.  Synthesis of the Ionic Liquids [BMIM]Br in a Taylor-Couette Reactor 

The experimental setup for TCR is depicted in Figure 2-9. The IL synthesis system comprises 

different TCRs with volumes of 63.45 ml, two high-pressure PTFE pumps (HANGZHOU 

JINGJIN Technology CO., LTD, JJRZ-02004F), two reactant storage tanks, a cold bath for 

circulating cooling medium to cool the sealing gear of the TCR, and a hot bath for circulating 

hot medium to control the required reaction temperature in experiments. The TCR consists of 

two concentric cylinders: the inner cylinder is made of polytetrafluoroethylene (PTFE), and the 

outer cylinder is made of 316 stainless steels. Table 2-2 shows the detailed structure parameters 

of the TCRs used in the present work. 

 

This work employed batch and continuous methods to synthesize ionic liquids. The batch 
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synthesis involved preheating the reactor environment to the desired temperature, setting the 

inner cylinder speed to the required rotational speed, and ensuring stable operation before 

introducing BrBu and MIM simultaneously. After a reaction period, samples were taken from 

the bottom of the reactor, and the conversion rate of the reaction at that moment was measured. 

The continuous synthesis method is similar to the batch synthesis approach, with the reactor 

environment preheated to the required temperature, the inner cylinder speed set and stabilized, 

and BrBu and MIM introduced at different feed rates. The residence time is determined by the 

reactor volume and the total feed rates of the two substances. The sampling time at the top of 

the reactor is ensured to be 2-3 times the residence time, with three samples taken in each 

experiment to ensure the accuracy of the conversion rate measurement. The specific reaction 

conditions are presented in Table 2-5, and the conductivity measurements were carried out to 

determine the concentration of synthesized [BMIM]Br in this study. 

Table 2-2 Structural parameters of the Taylor-Couette Reactor. 

Structural Parameters Region 

Reactor length, ὒ(άά) 99 

Outer cylinder radius, ὶ(άά) 52 

Inner cylinder radius, ὶ(άά) 50 

Gap size, Ὠ(άά) 2 

Total volume (άὰ) 63.45 

Relevant aspect ratio ɜ  (-) 49.5 

Ratio ὶ  (-) 0.96 
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Figure 2-9 The experimental apparatus using the Taylor-Couette Reactor: photograph (a), 

schematic diagram (b). 

 

V. Synthesis of the Ionic Liquids [BMIM]Br in a High-shear Mixer 

As outlined below, the detailed experimental procedures for synthesizing [BMIM]Br involved 

fast pouring and slow dripping (Figure 2-10). 

Fast Pouring Method: The reaction system was first assembled, and the heat bath was set to the 

desired temperature. The circulation speed of water bath in the jacketed reactor was maintained 

at 1547 ml/min, with a fixed distance of 4 cm from the stirrer bar end to the neck mouth. A total 

of 0.5 mol of MIM (41 g) was introduced into the jacketed reactor and preheated to match the 

temperature of the circulating water. The high-shear mixer was set to a speed of 1000 rpm. 

Separately, 0.5 mol of BrBu (68.5 g) was preheated in a hot bath to the same temperature and 

quickly poured into the jacketed reactor. The speed of the high-shear mixer immediately 

increased to 6000 rpm, and temperature variations during the reaction were continuously 

recorded. At different intervals, samples were tested for conversion to monitor the reaction. 

Slow Dripping Method: In the slow-dripping experiments, the reaction system was built and 

heated to a constant temperature of 65 or 90ÁC using an oil bath. 0.5 mol of MIM was weighed 

with an electronic balance and poured into a 250-mL three-necked flask. The rotor of the high-

shear mixer was set to a rotational speed of 4000 rpm. Once the system temperature stabilized, 

0.5 mol of BrBu was added dropwise into the flask using a high-pressure PTFE pump at a 
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controlled rate of 2ï6 ml/min. The velocity of the external circulating water was kept at a 

relatively rapid rate to maintain consistent cooling. Temperature variations were recorded 

throughout the reaction. After completion, the reaction mixture was cooled to 20ÁC using a 

cold bath.  

 

The product was then washed with 100 mL of ethyl acetate, repeated 2ï3 times to remove 

impurities, and dried in a drying oven at 70ÁC for 5 hours. The final product was preserved in 

a refrigerator to maintain stability. Conductivity measurements were performed for both 

methods to determine the synthesized [BMIM]Br concentration. Table 2-6 summarizes the 

experimental conditions and results from the eight experiments conducted in this study. 

 

Figure 2-10 The experimental apparatus using a high shear mixer: photograph (a), schematic 

diagram (b). 
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Table 2-3 Experimental details to synthesize 1-butyl-3-methylimidazolium bromide under different conditions (Stirred Tank). 

Exp. 

Number 

╜║►╫◊ 

□▫■ 

╜║►╫◊ 

□▫■ 

Hot bath 

( ) 

╠║►╫◊  

□■Ⱦ□░▪ 

Residence 

time (h) 

Conversion 

rate (%) 

State of Product Mechanical 

stirring 

Exp.1 0.18 0.15 40 0.2 30 75.76 White crystal N 

Exp.2 0.18 0.15 50 0.2 30 75.95 White crystal N 

Exp.3 0.18 0.15 60 0.2 30 97.4 White crystal N 

Exp.4 0.18 0.15 65 0.2 27 62.23 Yellow crystal N 

Exp.5 0.18 0.15 80 1 20 43.44 Yellow crystal N 

Exp.6 0.18 0.15 90 1 16 41.46 Yellow crystal N 

Exp.7 0.18 0.15 90 2 16 77.81 White crystal N 

Exp.8 0.18 0.15 100 2 16 74.22 Yellow crystal N 

Exp.9 0.18 0.15 100 3 16 78.92 Yellow crystal N 

Exp.10 0.18 0.15 100 4 16 81 Yellow crystal N 

Exp.11 0.18 0.15 110 4 16 55.71 Yellow crystal N 

Exp.12 0.3 0.3 65 0.5 24 96.78 White crystal Y 

Exp.13 0.3 0.3 65 1 20 95.4 White crystal Y 

Exp.14 0.3 0.3 80 1 20 96.87 White crystal Y 

Exp.15 0.3 0.3 90 2 16 96.85 White crystal Y 
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Exp.16 0.3 0.3 100 2 16 96.36 White crystal Y 

Exp.17 0.3 0.3 100 2 10 95.65 Yellow crystal and 

viscous liquid mixture 

Y 

Exp.18 0.3 0.3 100 2 6 90.4 Yellow viscous liquid Y 

Exp.19 0.3 0.3 100 3 16 96.4 Yellow crystal Y 

 All experiments were conducted at the same magnetic stirrer speed, 600rpm. The mechanical stirring (300rpm) was used to heat dissipation for 

a hot bath. 

 

Table 2-4 Experimental details to synthesize 1-butyl-3-methylimidazolium bromide under different conditions (Microreactor). 

Exp. 

Number 

Preh

eat  

( ) 

Hot 

bath 

( ) 

QBrbu  

(ml/mi

n) 

QMIM 

(ml/m

in) 

Reaction 

tube 

length (m) 

Vreactio

n region 

(ml) 

Micro

-type 

Hot bath 

for STR  

Reaction 

time in 

STR (h) 

State of Product 

Exp.1 60 80 4 2 5 15.7 a - - clear phase separation 

Exp.2 60 90 4 2 5 15.7 a - - clear phase separation 

Exp.3 60 90 4 2 8 25.1 a - - clear phase separation 

Exp.4 65 100 2 1.5 8 25.1 b - - the heterogeneous solution containing 

white flocs 

Exp.5 65 100 2 1.5 10 31.4 b - - the light yellow viscous homogeneous 
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solution 

Exp.6 65 110 2 1.5 8 25.1 b - - the heterogeneous solution containing 

white flocs 

Exp.7 65 110 2 1.5 10 31.4 b - - the light yellow viscous homogeneous 

solution 

Exp.8 65 120 2 1.5 8 25.1 b - - the heterogeneous yellow solution 

containing white flocs 

Exp.9 65 120 2 1.5 10 31.4 b - - the dark yellow viscous solution 

Exp.10 75 100 6 4 8 62.8 c - - light yellow, viscous, and turbid solution 

Exp.11 75 110 6 4 8 62.8 c - - light yellow, viscous, and turbid solution 

Exp.12 75 120 6 4 8 62.8 c - - light yellow, uniformly viscous, and 

turbid solution 

Exp.13 - 100 2 2 4.8 15.1 d - - the heterogeneous solution  

Exp.14 - 100 3 2 4.8 15.1 d - - the heterogeneous solution containing 

white flocs 

Exp.15 - 100 2 2 8.8 27.6 d - - uniformly viscous solution 

Exp.16 75 90 6 4 8 62.8 e 100 6h Yellow crystal 

Exp.17 75 100 6 4 8 62.8 e 100 6h Yellow crystal 
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Exp.18 75 100 6 4 8 62.8 e 110 6h Yellow crystal 

Exp.19 75 110 6 4 8 62.8 e 100 4h Dark yellow crystal 

 All experiments were used 0.15mol BrBu and 0.15mol MIM. 

Type a-inlet tube: inlet length is 2m, ὠ   is 6.28 ml; reaction tube: diameter 2mm; the preheating process is before the inlet process 

Type b-inlet tube: inlet length is 2m, ὠ   is 6.28 ml; reaction tube: diameter 2mm; the preheating process is before the inlet process 

Type c-inlet tube: inlet length is 1m, ὠ   is 3.14 ml; preheat tube: length is 1m, diameter is 2mm for 80cm and 4mm for 20cm, V(ipreheated 

tube) is 5ml; reaction tube: diameter 4mm for the first 4m and 2mm for the following 4m; the preheating process is after the inlet process; 

Type d- inlet tube: inlet length is 1m, ὠ   is 3.14 ml; the tube connects the first and second micro-mixer: length is 0.8m, diameter is 2mm, 

ὠ   is 2.5 ml; reaction tube: diameter 2mm; without the preheating process 

Type e-type c + Stirred tank 

 

Table 2-5 Experimental details to synthesize 1-butyl-3-methylimidazolium bromide under different conditions (Taylor-Couette Reactor). 

Exp. 

Number 

╜║►╫◊ 

□▫■ 

╜║►╫◊ 

□▫■ 

Hot bath 

( ) 

╠║►╫◊  

□■Ⱦ□░▪ 

╠╜╘╜  

□■Ⱦ□░▪ 

Inner cylinder 

speed (rpm) 

Residence 

time (h) 

Conversion 

rate (%) 

Exp.1 0.5 0.5 85 3 2 3000 0.22 51.6 

Exp.2 2 2 90 3 2 3000 0.22 78.8 

Exp.3 0.25 0.25 80 - - 2000 0.25 41.3 

Exp.4 0.25 0.25 80 - - 2500 0.25 43 
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Exp.5 0.25 0.25 80 - - 3000 0.25 50.1 

Exp.6 0.25 0.25 80 - - 3000 0.33 56.7 

Exp.7 0.25 0.25 90 - - 2500 0.33 59.4 

Exp.8 0.25 0.25 90 - - 3000 0.33 60.2 

 

Table 2-6 Experimental details to synthesize 1-butyl-3-methylimidazolium bromide under different conditions (High-shear mixer). 

Exp. Number Hot bath () ╠║►╫◊ □■Ⱦ□░▪ Rotor speed (rpm) Residence time 

(h) 

State of Product Conversion 

(%) 

Exp.1 35 Fast pouring 6000 3.5 Turbid and stratified 

viscous solution 

65.9 

Exp.2 40 Fast pouring 6000 3 White crystal 83.8 

Exp.3 45 Fast pouring 6000 3 White crystal 83.9 

Exp.4 50 Fast pouring 6000 2 White crystal 94.7 

Exp.5 55 Fast pouring 6000 2 White crystal 95.5 

Exp.6 65 2 4000 1 White crystal 96.2% 

Exp.7 80 4 4000 0.67 White crystal 96.2 

Exp.8 90 6 6 0.17 White crystal 98.9 

 All experiments were carried out with 0.5mol Brbu and 0.5 mol MIM. 
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2.3 Results and Discussions 

2.3.1 Properties of Ionic Liquids 

I. Characterization of [BMIM]Br 

The reaction product, [BMIM]Br, tends to form crystals when the temperature of the reaction 

system or the ambient temperature during subsequent purification steps is lower than the 

product's melting point. As shown in Figure 2-11, the product was a white crystalline salt at the 

end of the reaction at room temperature due to the melting point of [BMIM]Br being 65.6  

[375]. 

 

Figure 2-11 Product crystallization after washing with (a) ethyl acetate and (b) the final 

product after drying. 

The absorbance of dilute solutions of the standard sample [BMIM]Br in the 200-400 nm range 

was determined using acetonitrile as a solvent and reference, respectively, at mass 

concentrations between 0.0365 g/L and 0.01825 g/L. The results are shown in Figure 2-12.  

 

Figure 2-12 UV absorption spectra of the standard sample [BMIM]Br. 
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The maximum absorption wavelength in the 200-400 nm range remains constant for different 

mass concentrations of [BMIM]Br. As can be seen from Figure 2-13, the absorption 

wavelength curves of dilute solutions of [BMIM]Br-acetonitrile at different mass 

concentrations showed an identical trend in the range of 200-400 nm. The diagram indicates 

the results of the standard curve of standard ionic liquids ([BMIM]Br) at concentrations of 100 

mmol/L, 90 mmol/L, 80 mmol/L, 70 mmol/L, 60 mmol/L, and 50 mmol/L diluted 600 times using 

acetonitrile solution, respectively, which is plotted by the UV-Vis spectrophotometer at the 

wavelength of 210 nm. 

 

Figure 2-13 The standard ionic liquid [BMIM]Br curve at 210 nm. 

The structure of the synthesized ionic liquid [BMIM]Br was analyzed by HNMR using an 

NMR spectroscopy apparatus, and the analysis results followed the structure of [BMIM]Br. 

The 1H NMR spectrum was almost devoid of impurity peaks, and the intensity was minimal, 

and the integration yielded the product with a purity of more than 99%. The 1H NMR spectra 

result of some samples are shown in Figure 2-14. The hydrogen spectra of the samples from 

the various experiments and the [BMIM]Br standard samples are highly overlapping, and there 

are no peaks of MIM and BrBu, proving that the products obtained from the experiments are of 

high purity [BMIM]Br. 
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Figure 2-14 600 MHz 1H NMR spectrum results for some parts of samples from the stirred 

tank and high shear mixer. 

It should be noted here that viscosity is a crucial physical property of ionic liquids, significantly 

influencing the diffusion of substances dissolved or dispersed within the pre-prepared reactants. 

The viscosity of ionic liquids is primarily affected by the nature of the cations, anions, and their 

interactions, such as hydrogen bonding and ion symmetry, which govern their flow behavior 

[386]. Ionic liquids can exhibit either Newtonian or non-Newtonian flow behaviors depending 

on the specific preparation conditions. In the case of ionic liquids behaving like non-Newtonian 

fluids, the viscosity will not be a constant but varies with the shear rate [387]. This dependency 

is a key factor that needs to be considered in CFD simulations. The rheological properties of 

ionic liquids such as [BMIM]Br can be modelled using the Ostwald-de Waele power-law 

equation (equation (2-1)) [388, 389], which can well capture their shear-thinning or shear-

thickening behaviour over a specified range of shear rates.  

†‎ ὑ‎  (2-1) 

where Ű is the shear stress, ɔ is the shear rate (s-1), K is the consistency index, and n is the power-

law index. Figure 2-15 shows the rheological test results of the final products obtained from 

the experiments at different shear rates and temperatures. The viscosity of [BMIM]Br decreases 

slightly as the shear rate increases, indicating shear-thinning behavior. However, the viscosity 

tends to stabilize at shear rate of 400-1000 s-1, approaching a nearly constant value, akin to that 

of a Newtonian fluid. 
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Figure 2-15 Viscosity (a) and shear stress (b) versus shear rate for [BMIM]Br ionic liquid at 

different temperatures. 

The melting point of [BMIM]Br is approximately 60. However, it is not solid when it is 

below the melting point. It is glassy and macroscopically appears as a viscous solution like 

paint and honey. Therefore, the viscosity increases steeply when it is below the melting point. 

This particular phenomenon has not been able to give a reasonable explanation for now 

regarding the mechanism [390]. The viscosity of the ionic liquids at several temperatures (25 

to 100) is presented in Figure 2-16(a), and the results indicate that the viscosity decreases 

with increasing temperature. The temperature-dependent viscosity plot for [BMIM]Br is given 

by the Arrhenius plot of viscosity against temperature, Figure 2-16(b). The result is a nonlinear 

curve that is similar to that described by Tshibangu et al. [375]. 

 

Figure 2-16 Viscosity measurement of pure [BMIM]Br as a function of temperature. 
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Accurate and rapid detection of the conversion rate during a reaction is a fundamental 

requirement for ensuring the reliability and precision of experimental data. In this study, we 

initially selected high-performance liquid chromatography (HPLC) to monitor the conversion 

rate. To optimize the test conditions, various mobile phase concentrations and flow rates were 

evaluated, along with gradient elution techniques. However, despite extensive condition 

screening, achieving effective separation of the reactants and products using HPLC was still 

impossible. This limitation hindered the generation of accurate concentration profiles 

throughout the reaction. Consequently, we adopted conductivity detection as an alternative 

method to monitor the reaction process. This approach overcame the separation challenges and 

provided a simple yet effective alternative for real-time monitoring of the reaction's conversion 

rate. Tshibangu et al. found that the conductivity of pure ionic liquids [BMIM]Br increased 

with increasing temperature [375]. The tendency of conductivity to increase with temperature 

in the same solvent is not intensely concentration-dependent, and the tendency of conductivity 

to increase with temperature is approximately the same with increasing concentration [391]. 

Therefore, samples were kept at room temperature during the testing of their conductivity. 

Figure 2-17 shows the correlation between the calculated standard concentrations of [BMIM]Br 

and the conductivity values measured by the conductivity meter. It is obvious that a strong 

linear relationship can be found, indicating that the conductivity method is satisfactory for 

determining the concentration of the product [BMIM]Br. 

 

Figure 2-17 The standard curve between the [BMIM]Br concentration and the electrical 

conductivity. 
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II.  Determine the Exothermic of the Synthesis of [BMIM]Br 

The synthesis of this ionic liquid is spontaneous and accompanied by significant exothermic 

reactions. By adopting a no-heat, no-stir operation for an equimolar number of reactants 

directly co-mixed in a closed three-neck flask system (0.2 and 0.3 mol) purged in advance with 

nitrogen and an open three-neck flask system (0.2 mol) purged with nitrogen throughout. The 

spontaneity of the reaction process and the temperature rise conditions in the flask were then 

observed (Figure 2-18). 

 

Figure 2-18 Temperature rise curve of directly mixing reaction. 

It can be noted that the peak temperature rises for the 0.3 mol mixing experiment is higher and 

faster than that of the 0.2 mol mixing experiment. In addition, the maximum value of the 0.2 

mol mixing experiment with the open system is the same as that of the closed system, but the 

peak time is delayed by about one hour. Given that there is an overly sharp rise in direct mixing, 

it can easily lead to the reaction getting out of control and the generation of by-products, thus 

reducing the efficiency of the reaction. Therefore, altering the feed method by selecting one 

reactant to be added dropwise and controlling the feed rate effectively reduces the temperature 

change during the reaction. Since 1-methylimazole is soluble in ionic liquids and has a high 

boiling point that is difficult to remove through subsequent purification steps, BrBu was chosen 

dropwise to the MIM. 
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III.  Droplet Behavior Between BrBu and [BMIM]Br 

Solvent-free mixing of MIM and BrBu in an equimolar ratio (Ȣ

ȟ
ρ) results in a single, 

homogeneous reaction phase. The solubility of MIM in the product [BMIM]Br is high, whereas 

BrBu is highly insoluble in the product (mole fraction approx. 10%) [392]. With the reaction 

proceeding, the second phase, the [BMIM]Br-rich product phase, is formed when a MIM 

conversion between 5% and 10% is exceeded. However, the concentration of BrBu falls below 

the solubility limit when the MIM conversion reaches 90%-95%, which means the single phase 

can be obtained currently [392]. Owing to the unique property that the reactant BrBu is 

mutually soluble in the reactant MIM and slightly soluble in the product [BMIM]Br, it is of 

interest to study the relationship between shear speed and droplets at different volume 

percentage occupancies between BrBu and [BMIM]Br. Therefore, the volume fraction of 

BuBr:MIM was chosen to be 1:9 at ambient temperature, and droplets were photographed at 

4000 rpm and at different times. Droplet sizes were analyzed using the software of the 

microscopic filming device (Figure 2-19). The evolutions of the droplets at different moments 

during the synthesis of the ionic liquid [BMIM]Br using a high-shear reactor under various 

conditions were photographed with a microscope camera (Figure 2-20). 

 

Figure 2-19 clearly illustrates that, despite operating at a high rotational speed of 4000 rpm for 

1 hour, the phases of [BMIM]Br and BrBu remain distinctly separated, indicating pronounced 

phase separation within the system. Furthermore, the droplet size remains essentially 

unchanged throughout the reaction process, closely resembling the initial droplet size observed 

at the onset of stirring. Additionally, Figure 2-20 depicts the phase state changes in the reaction 

system over time during the synthesis of [BMIM]Br under high-shear conditions of 45ÁC and 

6000 rpm. Initially, as [BMIM]Br begins to form, the reaction system transitions from a single-

phase to a two-phase state, indicating a tendency for product separation. However, as the 

reaction progresses and achieves a high conversion rate, the system reverts to a single-phase 

state. This process indicates that under high-shear conditions, the reaction system undergoes 

complex phase transitions, and at high conversion rates, the two-phase system can remerge into 
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a single-phase system. These dynamic phase changes reflect alterations in the solubility and 

interactions of [BMIM]Br during the reaction process, suggesting the need to optimize reaction 

conditions to maintain a more stable single-phase reaction system. Such optimization would 

enhance reaction efficiency and improve product quality by preventing excessive phase 

separation and ensuring uniform mixing throughout the reaction. 

 

Figure 2-19 IL-Brbu flow patterns in high-shear mixer with IL as the continuous phase at 

different times under 4000 rpm (5, 10, 30, 60min from left to right). 

 

Figure 2-20 Photo of dispersed phase droplets at different times at 45 using high-shear 

mixer (Exp. 3 from Table 2-6). 

 

2.3.2 Comparison of Ionic Liquids Synthesis in Different Reactors 

I. Stirred Tank Reactor 

The experimental data presented in Table 2-3 demonstrate that when using a stirred tank reactor 

to synthesize the ionic liquid [BMIM]Br under reaction conditions Exp. 12-19, conversion rates 

exceeding 90% were consistently achieved. Specifically, when the residence time was 

sufficiently long (Ó10 hours), the reaction temperature had minimal impact on the conversion 

rate of [BMIM]Br. Even at a relatively low reaction temperature of 65ÁC, conversion rates still 
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surpassed 95%. This indicates that the stirred tank reactor effectively facilitates the reaction 

process under prolonged reaction times. However, when the residence time was reduced (e.g., 

to only 6 hours), increasing the reaction temperature to 100ÁC resulted in a conversion rate of 

merely 90.4%, and there were noticeable effects on the color and physical state of the product. 

This suggests that while the stirred tank reactor achieves high conversion rates for ionic liquid 

synthesis under extended residence times, it necessitates longer reaction durations to ensure 

complete reaction progression. 

 

Furthermore, the introduction of mechanical stirring during the synthesis process to enhance 

heat dissipation significantly positively impacted the synthesis of [BMIM]Br at high 

temperatures. As clearly illustrated in Figure 2-21, mechanical stirring effectively controlled 

the temperature within the reaction system, preventing localized overheating that could degrade 

product quality. Therefore, subsequent synthesis experiments should emphasize maintaining 

uniform and stable heating conditions to ensure the smooth progress of the reaction and the 

consistency of the product. 

 

In addition, detailed records of the temperature profiles of the reaction system under identical 

reaction temperatures but varying feed rates were documented, as shown in Figure 2-22. The 

experimental results indicate that flow rate is a critical parameter influencing both the 

temperature fluctuations and the overall reaction time. At lower flow rates (e.g., 0.5 ml/min), 

the release of reaction heat is relatively slow, resulting in mild temperature fluctuations within 

the reaction system. In contrast, at higher flow rates (e.g., 3 ml/min), the system experiences 

rapid temperature increases accompanied by swift cooling processes. This phenomenon 

suggests that higher feed rates can effectively regulate the heat release rate, preventing 

excessive temperature rises and the potential for thermal runaway. Further analysis revealed 

that different reaction temperatures are compatible with different material feed rates. For 

instance, yellow crystalline products were obtained at 90ÁC and a feed rate of 1 ml/min; 

however, such crystallization did not occur at a feed rate of 2 ml/min (Figure 2-21). This finding 
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is attributed to the accelerated reaction rate at higher temperatures, which rapidly consumes the 

introduced BrBu, thereby reducing the accumulation of reactants within the reaction system 

and minimizing the risk of thermal runaway. Consequently, by adjusting the material feed rate 

and the initial reaction temperature, effective control of overheating release and system 

temperature can be achieved, thereby optimizing reaction efficiency and preventing the 

occurrence of side reactions. These results indicate that residence time and flow rate are critical 

parameters in stirred tank reactors that must be carefully optimized and controlled based on 

specific reaction requirements to achieve an efficient and stable synthesis process for ionic 

liquids. 

 

Figure 2-21 Final products from the experiments using a stirred tank (Exp. 4, 5, 7, 12, 13, and 

15 from Table 2-3). 

 

Figure 2-22 Temperature variation of synthesis process using stirred tank (Exp. 12, 13, 16, 

and 19 from Table 2-3). 

II.  Microreactors 

The experimental data in Table 2-4 indicate that when using microreactors to synthesize the 
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ionic liquid [BMIM]Br, the resulting solutions under various reaction conditions commonly 

exhibit pronounced phase separation or viscous and heterogeneous characteristics. Such 

behavior makes the accurate determination of reaction conversion rates challenging. However, 

based on the observed state of the products, it can be preliminarily inferred that the conversion 

rates are generally low (Figure 2-23). Despite attempting four to five different microreactor 

synthesis systems, including the micro-type e, it was necessary to continue the reaction in a 

stirred tank reactor for an additional 4-6 hours to obtain crystalline products, and the adverse 

effects of high temperatures were not entirely mitigated. Therefore, a notable characteristic of 

microreactors is their ability to facilitate ionic liquid synthesis within relatively short residence 

times; however, the overall conversion rates remain low. In this study, the microreactor mixers 

were on a millimeter scale, which was more significant than the microreactors employed in 

other studies. This size discrepancy may be one of the reasons for the unsatisfactory final 

conversion rates. Additionally, the microreactor synthesis systems in this study did not 

demonstrate significant advantages in heat dissipation, further limiting the improvement of 

reaction efficiency. In summary, although microreactors theoretically offer the potential to 

enhance mixing efficiency and reaction control, practical applications still face challenges such 

as low conversion rates and insufficient heat dissipation. Future research should consider 

adopting smaller scale microreactor designs to improve reaction efficiency and enhance the 

reactors' heat dissipation capabilities, thereby improving the overall performance of ionic liquid 

synthesis. 

 

Figure 2-23 Final products from the experiments using different Micro-type reactors under 

100 (Exp. 5, 10, and 15 from Table 2-4). 
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III.  Taylor-Couette Reactor 

The experimental data presented in Table 2-5 indicate that when using a TCR with a continuous 

method for the synthesis of [BMIM]Br, a conversion rate of 78.8% can be achieved despite a 

short residence time of only 13 minutes under conditions of high temperature (90Ņ) and high 

rotational speed (3000 rpm). This demonstrates the significant advantage of TCR in attaining 

high conversion rates within a brief timeframe. In contrast, when employing a batch method 

for [BMIM]Br synthesis, increasing either the rotational speed or the reaction temperature did 

not substantially improve conversion rates, which remained relatively low. This comparative 

outcome underscores the superior performance of the TCR under continuous reaction 

conditions. Furthermore, this series of experiments demonstrates the potential application value 

of the Taylor-Couette Reactor in the synthesis of ionic liquids, suggesting its possible 

significant role in future ionic liquid production processes. Although it performs poorly under 

batch conditions, the TCR exhibits excellent potential for optimizing continuous synthesis 

processes, warranting further research and development. 

 

IV.  High-Shear Mixer 

Figure 2-24 illustrates the temperature variation during the synthesis processes of [BMIM]Br 

ILs in a high-shear mixer at different bath temperatures while maintaining a constant rotation 

speed of 6000 rpm. All experiments utilized the fast-pouring method to introduce the reactants. 

As shown in the figure, the reaction system only experienced a slight rise in temperature across 

all bath temperatures. Notably, even at the highest bath temperature of 55ÁC, the maximum 

temperature increase remained below 10. Furthermore, the elevated temperature of the 

reaction system was quickly stabilized by the circulating bath water, attributed to the strong 

turbulence and rapid heat transfer generated by the rotorôs high agitation speed. This 

observation highlights that the high-speed mixers exhibit excellent temperature control under 

fast pouring conditions, effectively preventing overheating during synthesis.  

 

The data summarized in Table 2-6 indicates that bath temperature significantly impacts the 
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conversion rate under fast pouring conditions. For example, at a bath temperature of 35ÁC, the 

conversion rate of the reactant is only 65.9% with a long residence time of 3.5 hours. In stark 

contrast, when the bath temperature increases to 55ÁC, the conversion rate dramatically rises 

to 95.5% with a shorter reaction time of just 2 hours. This illustrates that elevating bath 

temperatures can substantially enhance the efficiency of the reaction conversion. 

 

In addition, the slow-dripping method yielded higher conversion rates with considerably 

shorter reaction times than the fast-pouring method. Under the dripping method, the reaction 

time was significantly reduced while achieving high conversion rates and high-quality ionic 

liquid products at the same or lower reaction temperatures. These results indicate that the high 

mixing efficiency under high-shear conditions offers substantial advantages in synthesizing 

[BMIM]Br, particularly in managing complex phase transitions, thereby effectively improving 

reaction efficiency and product quality. Therefore, future research will further optimize the 

[BMIM]Br synthesis process under high-shear conditions to enhance conversion rates and 

product quality (Figure 2-25) while exploring more efficient heat dissipation mechanisms to 

support large-scale production. 

 

Figure 2-24 Temperature variations inside the HSM at 6000 rpm for different reaction 

temperatures (35-55 ) (Exp. 1-5 from Table 2-6)in fast-pouring feeding mode. 
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Figure 2-25 Final products from the experiments using a high-shear mixer (Exp. 7 from Table 

2-6). 

 

2.4 Conclusions 

This study has comprehensively evaluated various chemical reactors to identify the most 

efficient system for synthesizing the ionic liquid 1-butyl-3-methylimidazolium bromide 

([BMIM]Br). The reactors assessed include traditional stirred tank reactors, five distinct 

microreactor designs, Taylor-Couette reactors, and high-shear mixers. The evaluation criteria 

focused on conversion rates and residence times, which are critical for optimizing synthesiser 

efficiency and scalability. 

 

The experimental results unequivocally demonstrate that high-shear mixers outperform 

traditional stirred tank reactors by achieving high-quality [BMIM]Br products within 

significantly shorter reaction times. This superior performance demonstrates the substantial 

upside of high-shear technology in ionic liquid synthesis, highlighting its capability to enhance 

reaction efficiency and product quality. In contrast, the various microreactor designs evaluated 

in this study failed to achieve the anticipated conversion rates, revealing significant limitations 

in their current configurations for ionic liquid synthesis. These shortcomings suggest that while 

microreactors offer theoretical advantages in terms of mixing efficiency and reaction control, 

practical challenges, such as reactor size and heat dissipation, must be addressed to fully realize 

their potential. Moreover, the experiments with Taylor-Couette reactors revealed promising 
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aspects, particularly the generation of high turbulence and shear, which are conducive to 

efficient mixing and reaction kinetics. However, the observed conversion rates and product 

purity were not as high as those achieved with high-shear mixers, primarily due to limitations 

in reactor size and rotational speed. Despite these constraints, the inherent capabilities of 

Taylor-Couette reactors indicate significant potential for optimization and future application in 

ionic liquid synthesis. 

 

In summary, high-shear mixers emerge as the most effective reactors for the efficient synthesis 

of [BMIM]Br, offering considerable advantages over traditional and microreactor systems. 

While currently limited by specific operational parameters, Taylor-Couette reactors present a 

viable alternative that warrants further investigation and optimization. As outlined in Chapter 

8, future research will focus on refining the design and operational conditions of Taylor-Couette 

reactors to enhance their performance, thereby contributing to the development of more 

efficient and scalable methods for ionic liquid production. This ongoing work aims to bridge 

the gap between current limitations and the practical application of advanced reactor 

technologies in synthesizing high-purity ionic liquids. 
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Chapter 3: Synthesis of 1-butyl -3-methylimidazolium bromide 

([BMIM]Br ) the Ionic Liquid by Solvent-Free Method in a High-Shear 

Mixer  

 

3.1 Introduction 

Ionic liquids (IL) have become increasingly popular in recent years because of their unique 

characteristics, such as low vapor pressure, non-volatility, non-flammability, low toxicity, good 

thermal stability, non-combustion, unique dissolution properties, designable structure, and 

recyclability [2, 352-357]. These properties make them valuable as alternatives to traditional 

organic solvents in organic synthesis and extraction processes [123, 393], and have promising 

application potential in organic synthesis [394-396], bio-catalysis [136, 397-399], extraction 

and separation [138, 400, 401], electrochemistry [137, 402-405], absorption heat pumps [139, 

140] and other fields [406-408]. ILs usually consist of relatively large asymmetric organic 

cations and weakly coordinating inorganic or organic anions [409, 410]. The most common ILs 

include imidazolium-based ILs, pyridinium-based ILs, phosphonium-based ILs, and 

ammonium-based ILs. These ILs are characterized by their specific cationic structures, which 

influence their properties and applications. 

 

Imidazolium-based ILs are a widely studied class of ILs known for their tunable properties. 

Among them, [BMIM] halide ILs, such as [BMIM]Cl, [BMIM]Br, and [BMIM]I, have garnered 

much attention due to their excellent thermal stability, strong solvating abilities, and high 

conductivity. [BMIM] halide ILs are also commonly used as starting materials for the synthesis 

of other ILs, such as [BMIM] tetrafluoroborate, [BMIM] hexafluorophosphate, and [BMIM] 

bis (trifluoromethyl sulfonyl) imide. The synthesis of BMIM halide ILs typically involves an 

alkylation reaction between an imidazole precursor and an alkyl halide, which is rapid and 

highly exothermic [144]. However, challenges arise in large-scale production due to the need 

for precise control of reaction conditions to prevent overheating and ensure product quality. 
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Scaling up the process while maintaining efficiency and product consistency is a major obstacle 

to producing Imidazolium-based ILs. Consequently, considerable research efforts have been 

focused on studying the synthesis of [BMIM] halide ILs, aiming to understand the reaction 

kinetics and intricate transport properties of the reaction systems throughout the synthesis 

process. The ultimate goal is to enhance yield efficiency, reduce costs, and improve the 

sustainability of ILs.   

 

The conventional synthesis of [BMIM] halide ILs requires substantial solvent usage to regulate 

reaction temperature and avoid thermal runaway in a batch process. This reliance on significant 

solvent quantities in batch synthesis leads to heightened costs for solvent removal in post-

processing, potentially diminishing production efficiency and contributing to environmental 

pollution. Additionally, the slow addition of reactants to the glassware leads to a long reaction 

time, increasing the possibility of material loss and resulting in inefficient reactions [144, 162, 

362]. To solve the problems raised in conventional IL synthesis, other researchers have 

developed methods for producing ILs using microreactors, which have shown potential for the 

batch synthesis of selected compounds [144, 383, 411-413], but barriers to industrial 

application still exist. For example, Waterkamp et al. [144] found that the heat generated by the 

IL synthesis in the microreactor cannot be adequately removed. Thus, the reaction has the 

potential to run out of control, leading to thermally uncontrolled behavior. Hence, there is 

considerable urgency in developing more efficient and simplified alternative methods that can 

be scaled up for industrial synthesis. The ideal process should utilize cost-effective equipment, 

have simple operation procedures, enable continuous production of the desired product, and 

facilitate quick heat dissipation to ensure maximum flexibility in customizing the properties of 

the ILs. 

 

The high shear mixer (HSM) comprises a driven mixing element as a rotor and the proximity 

of fixed elements as a stator, which generates high mixing. To be specific, the rotation of the 

rotor generates a pressure gradient so that the rotor behaves as a centrifugal pump, and the rotor 
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draws fluid in axially towards the center and sucks it out through the stator bore axially, radially, 

and tangentially depending on the design [192]. Featuring a high degree of localized energy 

dissipation, HSMs have been found to have widespread application in process industries for 

dispersed phase size reduction and reactive mixing [193]. This trait has also made HSM utilized 

to improve the efficiency of mixing on a small scale during the chemical reaction process, 

which is crucial for optimizing selectivity and product yields in competitive continuous 

reaction systems [227, 414]. Additionally, HSMs have practical applications in liquid-liquid 

emulsification, especially for the production of less viscous liquid-liquid dispersions [194-197], 

bitumen-like [198] high-viscosity emulsions, as well as mini-emulsions where the desired 

polymerization and the control of droplet size need to be achieved [199, 200]. Recently, the 

bromination of tert-butyl alcohol has been successfully enhanced by HSM technology to 

improve the mixing property [415]. The above analysis makes it worth exploring whether HSM 

could be extended to IL synthesis reactions. 

 

Moreover, obtaining reliable kinetic data is essential for designing and operating reactors for 

IL synthesis. However, the complexity of the reaction system, notably the transition from 

homogeneous to heterogeneous phases and back during the reaction process, poses a significant 

challenge in acquiring the necessary kinetic data for IL synthesis. To achieve the kinetic data 

in the synthesis process of IL, Bºwing and Jess [382] proposed a kinetic model for the solvent-

free two-phase synthesis of 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) in a 

microreactor. The findings indicated that when the 1-methylimidazole (MIM) conversion rate 

is 0.8%, a direct synthesis results in two separate phases, one rich in IL and the other in chloride 

butyl (Cl-Bu), with MIM soluble in both phases. However, introducing ethanol (at 20% volume) 

transforms the synthesis into a single-phase process and boosts the effective rate constant by 

promoting IL formation (known as the salt effect). According to Schwolow et al. [392], the 

solubility of MIM in the product [BMIM]Br is high, whereas 1-bromobutane (BrBu) is highly 

insoluble in the product (mole fraction approx. 10%). With the reaction proceeding, 

[BMIM]Br-rich product phase is generated when MIM conversion surpasses 5% and 10%. 
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Besides, the concentration of BrBu falls below the solubility limit when the MIM conversion 

reaches 90%-95%, indicating that a single phase can be obtained at this point. Such changing 

phase situations with the reaction proceeding affect the accuracy of the results of the reaction 

kinetics calculations. Therefore, the behavior of the droplets formed during the synthesis of 

[BMIM]Br was investigated. Although many studies have been conducted to reveal the kinetics 

of IL synthesis, these research reporting IL kinetics mainly used conventional stirred tank 

reactors or microreactors [144, 162, 362]. Thus, it is worthwhile to study the reaction kinetics 

in HSM more thoroughly to understand the reaction mechanism of ILs in an HSM. 

 

Based on the above analysis, this study employed an HSM to intensify the [BMIM]Br synthesis. 

Subsequently, the kinetics of [BMIM]Br synthesis were carefully examined, while the 

evolution of droplets during IL synthesis and various physical properties of the [BMIM]Br 

product were analyzed. Furthermore, the study explored the impacts of reaction speed, 

temperature, and feeding rate on the reaction process, aiming to elucidate how the factors 

influence the synthesis of ILs in the HSM system. 

 

3.2 Experimental Procedure 

3.2.1 Experimental Materials 

The detailed information of materials used in this study is shown in 2.2.1 Materials (page 123). 

Figure 2-1 shows the reaction for the synthesis of [BMIM]Br. 

 

3.2.2 Experimental Setup 

Figure 3-1 depicts the experimental setup utilized for synthesizing ILs in the present work. It 

features a main reactor in a four-necked glass-jacketed flask with a shear head installed from 

its central neck. The flask has an inner diameter of 60 mm, an outer diameter of 90 mm, and 

an inner height of 150 mm (Figure 3-1 (a)). The configurations for the rotor and stator 

components of the HSM (SHANGHAI HUXI CO., LTD, FJ200-SH) are displayed in Figure 

3-1(b) and (c). The rotor head is submerged in reactant liquids at a depth of around 15 mm 
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below the liquid interface, corresponding to 25 mm of the shear head positioned above the 

flask's bottom. Additionally, the system incorporates an oil bath and water pump to circulate a 

hot medium for regulating the desired reaction temperature. Temperature fluctuations in the 

HSM are monitored using thermocouples installed from the side neck. 

 
Figure 3-1 Schematic diagram of the experimental apparatus, the rotor, and the stator. 

In this study, two feeding methods were employed for comparison, as illustrated in Figure 3-2: 

(a) preheated reactants swiftly poured and mixed directly in the flask, and (b) methylimidazole 

added first, followed by slowing dripping bromobutane using a High-pressure PTFE Pump 

(HANGZHOU JINGJIN Technology CO., LTD, JJRZ-02004F). In the second feeding method, 

the BrBu reactant is fed into the reactor through a PTFE feed tube (1/8*1.5 mm), which is 

positioned parallel to the central shear head from the center neck of the flask. 

 

Based on the above analysis, 18 sets of experiments were conducted to prepare [BMIM]Br in 

this work, as listed in Table 3-1. 
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Figure 3-2 Experimental procedures for (a) fast pouring and (b) slow dripping. 

Table 3-1 Experimental details to prepare 1-butyl-3-methylimidazolium bromide under 

different conditions. 

Exp. 

number 

Hot 

bath 

( ) 

n (Brbu)  

(mol) 

n (MIM)  

(mol) 

Inlet rate 

of Brbu 

(ml/min) 

Rotor 

speed 

(kr/min) 

Reaction 

time (h)  

Convers

ion (%) 

Exp.1 35 0.5 0.5 - 6 7/2 65.9 

Exp.2 40 0.5 0.5 - 6 3 83.8 

Exp.3 45 0.5 0.5 - 6 3 83.9 

Exp.4 50 0.5 0.5 - 6 2 94.7 

Exp.5 55 0.5 0.5 - 6 2 95.5 

Exp.6 50 0.5 0.5 - 2.5 2 90 

Exp.7 50 0.5 0.5 - 4 2 93.2 

Exp.8 50 0.5 0.5 - 8 2 96.4 

Exp.9 50 0.5 0.5 - 4 - 8 2 96.3 

Exp.10 50 0.5 0.5 - 10 2 95.5 
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Exp.11 60 0.5 0.5 3 6 2/3 94.7 

Exp.12 60 0.5 0.5 6 6 2/3 94.5 

Exp.13 65 0.5 0.5 2 4 1 95.5 

Exp.14 70 0.5 0.5 6 6 1/2 96.1 

Exp.15 80 0.5 0.5 3 6 1/3 96.5 

Exp.16 80 0.5 0.5 4 4 1/3 96.2 

Exp.17 80 0.5 0.5 6 6 1/3 96.2 

Exp.18 90 0.5 0.5 6 6 1/6 98.9 

 

3.2.3 Analytical Methods 

I. NMR for Characterization of IL Chemical Structure 

The NMR hydrogen spectrum of a standard sample of [BMIM]Br was measured at 25, and 

the results are presented in Figure 2-4. 

 

II.  Conductivity Methods for Detecting the Concentration of ILs 

Therefore, conductivity measurements (detailed in 2.2.2 Analytical Methods, V Conductivity 

Methods for Detecting the Concentration of ILs, page 128) were adopted to obtain the 

concentration of synthesized [BMIM]Br in this study using the Mettler Toledo/Seven Direct 

SD30 conductivity meter, thus monitoring the reaction progress during the entire IL synthesis 

process (Figure 2-17). 

 

III.  Visualization Method for Characterizing the Phase Status of Reaction System 

The evolutions of the droplets during the synthesis of the IL [BMIM]Br using a high-shear 

reactor under different conditions were photographed with a microscope camera. The detailed 

procedures are in 2.2.2 Analytical Methods, VI Visualization Method for Characterizing the 

Phase Status of a Reaction System, page 129. Furthermore, the image processing software 

provided with the Visualization Equipment was used to identify the edges of the droplets in the 

images for a quantitative analysis of the dispersed phase size. 
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3.3 Reaction Kinetic Study 

In this study, the apparent kinetic parameters of the synthesis of [BMIM]Br were estimated 

based on the results from HSM. As reported, the reaction rate r for the alkylation reaction of 

[BrBu] and [MIM] follows the second-order reaction kinetics [144, 416]. 
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where kc is the temperature-dependent term, i.e., the reaction rate constant, C is the 

concentration. 

According to the experimental procedure, the reactants [BrBu] and [MIM] are completely 

miscible at a concentration of 0.5 mol for each in a combined volume of 98.25 ml. The 

concentration of each reactant at the beginning of the reaction is 
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The kc can also be determined using the Arrhenius equation that describes the temperature 

dependency of the reaction rate constant: 
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In the linear form, this equation can be written as 
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where R is the gas constant, T is the temperature, A is the frequency or pre-exponential factor, 

Ea is the energy of activation. Since the reaction is a fast exothermic reaction, the modeling 

process only considers the initial stages of the reaction. In addition, it is assumed that no 
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reaction occurs in the product phase at the beginning of the reaction due to the low solubility 

of [Brbu] in the IL.  

 

3.4 Results and Discussions 

3.4.1 Characterization of [BMIM]Br 

The reaction product, [BMIM]Br, was shown in 2.3.1 Properties of Ionic Liquids, I 

Characterization of [BMIM]Br, page 141. The results of the 1H NMR spectra of Exp. 3-5 and 

13-15 listed in Table 3-1 are shown in Figure 3-3, and it can be seen that the hydrogen spectra 

of the samples obtained from the various experiments and the [BMIM]Br standard samples are 

highly overlapping, with no peaks of MIM and BrBu, indicating that the products obtained from 

the experiments are of high purity [BMIM]Br. 

 

Figure 3-3 600 MHz 1H NMR spectrum results for samples. 

Figure 2-17 shows the correlation between the calculated standard concentrations of 

[BMIM]Br and the conductivity.  

 

3.4.2 The Effect of the Reaction Temperature 

Temperature (T) plays a crucial role in the reaction rate and should be precisely controlled, 

especially in highly exothermic reaction systems. There is a quick and intense exotherm in this 

IL synthesis experiment at the beginning of the reaction, which can easily lead to thermal 

runaway and discoloration of the product. Therefore, monitoring the temperature to improve 



 

 165 / 364 

 

the synthesis process and obtain purer products is essential. In this study, two feeding methods 

were chosen to investigate the effect of reaction temperature on the reaction: fast pouring at 

low-temperature environments and slow dripping at high temperatures. 

 

Under the reaction conditions of a 1:1 ratio of MIM and BrBu, the two substances were poured 

quickly into the reactor. The rotor speed was set to 6000 rpm during high-speed shear mixing. 

Additionally, rapidly circulating water in the jacketed reactor's hot bath maintained 

temperatures of 35, 40, 45, 50, and 55ÁC for experiments 1 through 5, respectively. The 

relationship between reaction time and temperature under these conditions is shown in Figure 

2-24. Higher initial temperatures lead to slightly elevated steady-state temperatures, with the 

55ÁC condition exhibiting the most significant deviation, according to the data. Conversely, the 

35ÁC condition exhibits the least deviation, indicating that processes occurring at lower initial 

temperatures are more thermally stable. While all systems stabilize over time, those with higher 

initial temperatures show more pronounced deviations from their starting temperatures.  

 

Figure 3-4 illustrates the effect of reaction temperature on the reaction rate and final conversion 

rate (Exp. 1-5). This figure highlights the crucial role of temperature in enhancing reaction 

kinetics and achieving higher conversion rates within shorter reaction times. Lower 

temperatures (35ÁC) result in slower conversion rates (less than 70%) and lower overall 

efficiency, suggesting that energy limitations hinder the reaction progress over time. At 

temperatures of 50ÁC or higher, a conversion rate of up to 95% can be achieved within 2 hours.  

 

Table 3-1 also illustrates the specific experimental conditions (Exp. 12, Exp. 14, Exp. 17, Exp. 

18) used for the slow dripping synthesis. In Figure 3-5, 0 min marks the end of the dripping 

process (dripping time is approximately 8.5 min); the time required for the dripping process to 

reach its maximum conversion rate is much lower than that of a fast-pouring reaction. 

Furthermore, increasing the reaction temperature reduces the time needed for maximum 

conversion rates. For instance, at 90ÁC, 98% conversion can be achieved in just 5 minutes. This 
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behavior aligns with reaction rate theories, where higher temperatures provide incredible 

molecular energy, overcoming activation barriers more efficiently. The higher reaction rate 

observed during slow dripping compared to fast pouring can primarily be attributed to better 

contact time and increased surface area. Furthermore, slow dripping facilitates the controlled 

and gradual dispersion of reactants, which guarantees thorough mixing and uniform 

distribution in the reaction medium. This improves molecular interactions, enhancing the 

reaction rate. 

 

It is crucial to consider that elevated temperatures can lead to yellowing of the resulting 

[BMIM]Br product. Figure 3-6 compares the product produced at 90ÁC and 55ÁC, 

demonstrating significant discoloration at higher temperatures. As a result, it is imperative to 

restrict the reaction temperature to below 100ÁC in slow dripping reactions to prevent 

discoloration, as indicated in reference [363]. 

 

Figure 3-4 Conversion rate as a function of reaction time at different reaction temperatures 

and 6000 rpm in fast-pouring feeding mode. 
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Figure 3-5 Conversion rate as a function of reaction time at different reaction temperatures, 

6000 rpm, and a constant flow rate of 6 ml/min in dripping feeding mode. 

 

Figure 3-6 Pictures showing the color of the final [BMIM]Br product at different 

temperatures: (a) 90ÁC (Exp. 18) and (b) 55ÁC (Exp. 5). 

 

3.4.3 The Effect of the Rotational Speed for Fast-Pouring Mode 

Increasing the rotor speed enhances the mixing of reactants and accelerates reaction rates; 

however, it also increases power consumption. To examine the impact of rotor speed on the 

reaction, Exp. 4, Exp. 6, Exp. 7, Exp. 8, Exp. 9, and Exp. 10 in Table 3-1 were conducted to 

explore its effects on the mixing of reactants and conversion rate. It was found in Figure 3-7 

that, despite the variation in rotational speed, all curves converge to a narrow temperature range 

after the initial rise, suggesting that the system reaches thermal equilibrium regardless of the 
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speed. The minor differences between speeds are due to mechanical effects, but these are not 

substantial enough to cause significant thermal divergence. This highlights the thermal stability 

and efficiency of the system, even at higher rotational speeds, making it suitable for 

applications where temperature regulation is critical.  

 

At rotor speeds equal to or below 2500 rpm (Exp. 6) (Figure 3-10), a noticeable separation 

between the ionic and Brbu phases within the reaction solution was observed, indicating poor 

mixing. However, as the rotor speed increased, the mixing efficiency improved, leading to the 

gradual disappearance of this stratification and the formation of homogeneous emulsions at 

higher speeds. Specifically, at 4000 rpm, the turbulent mixing within the reactor was sufficient 

to eliminate the stratification. Consequently, there was minimal variation in the kinetics during 

the initial phase of the reaction across the speed range of 4000 to 8000 rpm. Figure 3-8 shows 

that the conversion of [BMIM]Br remains constant during the initial reaction period (first hour 

t1), while the overall conversion rate improves with increased rotor speeds. The key features of 

HSM are its high rotational speed and the powerful shear forces generated within the shear gap. 

As the fluid traverses the shear gap in an HSR system, substantial shearing occurs, breaking 

down large eddies into smaller ones and boosting the dissipation of turbulent energy. This 

process is anticipated to enhance molecular-level mixing, potentially improving reaction 

efficiency [417]. Consequently, the system operating at 8000-10000 rpm yielded a higher 

conversion rate after the reaction due to these enhanced mixing effects. In the final series of 

comparative experiments, a lower speed (4000 rpm) was applied during the initial phase of the 

reaction (first hour t1), followed by a higher speed (8000 rpm) for the remainder of the reaction 

to enhance the overall conversion rate. As depicted in Figure 3-9, the results aligned with 

expectations. Using the variable speed approach resulted in a conversion rate equivalent to that 

achieved by maintaining a constant speed of 8000 rpm throughout the process. By 

implementing this operational strategy, both high final conversion rates and energy efficiency 

were achieved. Future industrial-scale production processes can benefit from this innovative 

synthesis approach. 
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Figure 3-7 Temperature variations at different rotor speeds under 50ÁC in fast-pouring 

feeding mode. 

 

Figure 3-8 Conversion rate as a function of reaction time at different rotor speeds under 50ÁC 

in fast-pouring feeding mode. 
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Figure 3-9 Conversion rate as a function of reaction time at different rotor speeds (4000 rpm, 

8000 rpm, and 4000 rpm for the first hour followed by 8000 rpm) under 50ÁC in fast-pouring 

feeding mode. 

 

Figure 3-10 Phase stratification diagram at 2500 rpm with fast-pouring feeding method at 50. 

 

3.4.4 The Effect of Feed Rate for Dripping Feeding Mode 

Li et al. [418] observed that if the feed tube operates at a slow rate and there is a significant 

flow of fluid within the reactor, the solution within the reactor may flow back into the feed tube 

of the toothed HSM. This situation can result in inadequate mixing of reactants within the feed 

tube due to low turbulence, leading to insufficient contact and promoting more side reactions. 

Conversely, material aggregation occurs locally when the feed rate is too rapid, exacerbating 

side reactions. Therefore, the impact of the BrBu feed rate on the reaction was examined in this 

section (Exp. 11, 12, 15, and 17). Figure 3-11 and Figure 3-12 illustrate the relationship 

between temperature and reaction time (under different conditions of reactant flow rates (QBrBu)) 
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at a constant rotational speed of 6000 rpm. At both temperatures (60ÁC and 80ÁC), the higher 

flow rate (6 ml/min) results in a more pronounced temperature spike due to a rapid increase in 

reactant concentration, accelerating heat generation. The lower flow rate (3 ml/min) produces 

smoother and more stable thermal behavior, as the system can dissipate heat more efficiently. 

However, increasing the starting temperature (from 60ÁC to 80ÁC) amplifies the thermal effect, 

leading to more pronounced spikes and longer stabilization times. These findings underscore 

the necessity of optimizing flow rates and adjusting initial temperatures to maintain thermal 

stability and avoid runaway reactions in practical applications. 

 

Figure 3-13 and Figure 3-14 illustrate the conversion rate as a function of reaction time for two 

different flow rates at constant rotational speed but at different temperatures. It is important to 

note that the starting point for the reaction time (0 min) corresponds to the moment the feed 

concludes in each slow-dripping experiment. At 60ÁC, the reaction kinetics are slower, and the 

flow rate significantly influences the reaction progress. A higher flow rate (6 ml/min) 

accelerates the conversion process, leading to faster attainment of higher conversion rates. 

However, the reaction is much faster at 80ÁC, and the system reaches 90-100% conversion 

within just a few minutes, regardless of flow rate. This means the flow rate has minimal impact 

as the reaction proceeds at a maximum rate due to enhanced thermal energy. Increasing the 

flow rate for processes operating at lower temperatures can improve conversion efficiency and 

reduce reaction times. Optimizing the temperature alone is sufficient to achieve rapid and 

complete conversion at higher temperatures, minimizing the importance of flow rate 

adjustments. Therefore, designing the experimental setup requires careful consideration of 

factors such as the temperature of the heat bath, the rotor speed, and the appropriate selection 

of feed rates for the reactants to achieve optimal results. 
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Figure 3-11 Temperature variations at different Brbu feed rates (3 and 6 ml/min) at 60ÁC with 

6000 rpm in dripping feeding mode. 

 

Figure 3-12 Temperature variations at different Brbu feed rates (3 and 6 ml/min) at 80ÁC with 

6000 rpm in dripping feeding mode. 
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Figure 3-13 Conversion rate as a function of reaction time at different feed rates of Brbu (3 

and 6 ml/min) at 60ÁC with 6000 rpm in dripping feeding mode. 

 

Figure 3-14 Conversion rate as a function of reaction time at different feed rates of Brbu (3 

and 6 ml/min) at 80ÁC with 6000 rpm in dripping feeding mode. 

 

3.4.5 Droplet Behavior During the Synthesis Process 

Schwolow et al. [392] conducted a study on the solvent-free synthesis of the ionic liquid 

[BMIM]Br in a microreactor device. They investigated the ternary phase diagrams of 

[BMIM]Br, Brbu, and MIM by analyzing the components of the sample material exiting the 

outlet of their reactants (refer to Figure 3-15). Based on this, the flow patterns were examined 

during the synthesis process of [BMIM]Br in HSM using a microscope, and images were 
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captured simultaneously at various stages of the reaction. The observed phase separation at 

different image conversion points corresponded consistently with the findings outlined in the 

ternary phase diagram (refer to Figure 3-16). 

 

Figure 3-15 Ternary phase diagram with the experimentally determined mole fractions for the 

two-phase liquid phases formed during the [BMIM]Br synthesis- The dotted bimodal curve is 

a rough estimation of the separation between the single-phase region (above the curve) and 

the two-phase region (below the curve-gray region) [392]. 

Figure 3-16 shows that the flow starts as a single-phase flow and converts to a two-phase flow 

after a specific conversion value since the IL produced in the reaction is insoluble in the 

alkylating agent (1-bromobutane) phase. There are significant variations in the size and number 

density of the dispersed droplets as the reaction proceeds. The droplet appearance during the 

reaction varies depending on the reactor and experimental conditions. As shown in Figure 3-17, 

the dispersed droplets evolved significantly in size and number density as the reaction 

progressed. The massive droplets appeared when the conversion rate was 15%, and as the 

reaction proceeded, the droplets gradually decreased until they disappeared at a conversion rate 

of 81.6% and finally formed into a homogeneous single-phase viscous liquid.  

 

Throughout the reaction process, a complex phase transition evolution occurs. At the early 

stage of the reaction, MIM and BrBu mutually dissolve to form the primary phase, while the 

small amount of the generated [BMIM]Br at this stage is the dispersed phase, which exists as 
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large droplets in the reaction solution system (Figure 3-17(a)). The larger droplets exceed 100 

ɛm, with the majority distributed between 10 ɛm and 80 ɛm. In the middle stage of the reaction 

(Figure 3-17(d-f)), the overall solution viscosity increases with the generation of [BMIM]Br, 

and MIM gradually transitions from the system of mutual solubility with Brbu to the 

[BMIM]Br phase. The droplet size gradually decreases, and the droplet size distribution 

narrows to a range of 5-10 ɛm, with droplet fragmentation being the primary behavior in this 

phase. At the later stage of the reaction, a large amount of [BMIM]Br is generated and becomes 

the primary phase, with a small amount of unreacted MIM in this phase, while a small amount 

of Brbu becomes the dispersed phase (Figure 3-17(g)). As the reaction continues, the amount 

of Brbu falls below the dissolution limit in the [BMIM]Br phase (according to the three-phase 

diagram in Figure 3-15). At this point, the overall solution becomes a viscous single phase 

(Figure 3-17(h)); with continued stirring and purification, high-purity [BMIM]Br gradually 

precipitates out in the form of crystals (Figure 3-17(i)). The figure provides a clear visual 

representation of the evolution of a liquid-liquid reaction system across different conversion 

stages (15%ï94.7%). The progression consists of a systematic reduction in droplet size, 

increased dispersion, and eventual stabilization in the delicate product phase. This analysis 

highlights the importance of interface-driven reactions and the correlation between droplet 

morphology and reaction completion. Such insights are critical for optimizing ionic liquid 

synthesis processes. 
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Figure 3-16 Images showing the reaction phase progression and conversion at different times: 

(a) Conversion 15%, (b) Conversion 32.6%. Observations include changes in phase at 0 and 5 

minutes after sampling (scale bar is 100 ɛm). 

 

Figure 3-17 Microscopic images of dispersed phase droplets at different conversion rates: (a) 

15%, (b) 32.6%, (c) 46.5%, (d) 55.7%, (e) 64.2%, (f) 71.5%, (g) 81.6%, (h) 92.4%, (i) 94.7%. 

The reaction was conducted at 50ÁC with a rotor speed of 6000 rpm using HSM (Exp. 4) 

(microscope times are 100, with droplet size indicated as ɛm and scale bar is 100 ɛm). 
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3.4.6 Reaction Kinetic Study 

Reaction kinetic data is indispensable for the design of technical reactors. To better understand 

the kinetics of IL synthesis and develop efficient (continuous) processes, the kinetics of the 

[BMIM]Br IL synthesis from MIM and BrBu were studied in a batch HSM. As shown in Figure 

3-4, the apparent reaction kinetics were enhanced with increasing temperature. However, there 

was a constant decrease in the reaction rate at all temperatures as the reaction progressed due 

to the heterogeneous diffusion hindering the reaction. The reaction kinetic data can explain the 

reason for the variation in the reaction process. From a mechanistic perspective, the reaction 

between MIM and Brbu is expected to be a secondary reaction and is linearly related to the 

concentrations of MIM and Brbu since the reaction proceeds through the SN2 mechanism [205]. 

Thus, the reaction rate constant kc is determined by the quotient of the reaction rate and the 

substrate concentrations. Emulsions of IL-MIM droplets (dispersed phase) are formed in the 

reaction phase due to rapid stirring in an HSM. The droplet results at different conversion rates 

in section 3.4.5 show the inevitable phase separation that occurs after obtaining a conversion 

rate of 30% (Figure 3-17). Therefore, the reaction rate is constant kc was calculated based on 

data from the initial stages of the reaction (conversion 30%), where mass transfer was 

negligible.  

 

The plots of G (Ὃ Ὧὸ from equation (3-7)) versus t are expected to be a straight line, as 

seen in Figure 3-18. Thus, apparent or intrinsic reaction rate constants, contingent upon the 

reaction times, can be derived from the slopes of the graphs at varying temperatures. The 

reaction kinetic rate constant kc is influenced by temperature and obeys the Arrhenius law, 

where the activation energy and the reaction temperature determine the kc. By plotting the 

natural logarithm of the rate constant ln(kc) against the inverse of the temperature 1/T, an 

Arrhenius plot is obtained. In this study, the kinetic rate constants (kc) and activation energy Ea 

for the imidazolium and ILs under investigation were calculated. Figure 3-19 shows the 

Arrhenius plot, which yielded a straight line when plotting ln(kc) against 1/T. As a result, the 

values Ea = 70.64 kJ/mol and A = 1.93Ĭ107 m3/molĀs were derived.  
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Table 3-2 lists the studies of synthesis reaction kinetics and their results by various researchers 

for synthesizing imidazolium-based ILs in different reactors. The kinetic reference values A 

and Ea vary among different ILs. However, even for the same IL, discrepancies in the kinetic 

parameters, particularly the pre-exponential factor A, are observed under different experimental 

operating conditions. From a thermodynamic perspective, the kinetic parameters of a given IL 

should remain constant. Nevertheless, as shown in Table 3, all reported kinetic parameters, 

especially A, depend to some extent on the configuration of the reactor employed [419]. Given 

that these hydrodynamic variables differ among reactor configurations used by different 

research groups, some variation in the reported kinetic parameter values across studies is to be 

expected. It is shown that the activation energy obtained in this work has the lowest value of 

70.64 kJ/mol, which means that compared to other reaction systems, it can cause the synthesis 

of ILs to occur with less energy. 

 

Figure 3-18 Graphs showing the correlation between reaction time and the kinetic constant 

(G) at different temperatures: 35ÁC, 40ÁC, 45ÁC, 50ÁC, and 55ÁC. 
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Figure 3-19 Arrhenius plot showing the relationship between the natural logarithm of the 

reaction rate constant (ln(k)) and the reciprocal of temperature (1/T). 

 

3.5 Conclusions 

This study successfully achieved a solvent-free batch synthesis of 1-butyl-3-

methylimidazolium bromide ([BMIM]Br) using a high-shear mixer. Two distinct feeding 

methods, fast pouring and slow dripping, were employed to investigate the thermal behavior 

of the synthesis process and their impact on product quality. These findings offer valuable 

insights for optimizing the production process of [BMIM]Br. The results revealed that the slow-

dripping method significantly reduced reaction time while maintaining high conversion rates 

compared to the fast-pouring method. Furthermore, the study explored the effects of reaction 

temperature, rotor speed, and dripping speed on the system's conversion rate. It was observed 

that increasing the reaction temperature in the fast-pouring mode resulted in higher conversion 

rates, achieving a 95% conversion rate within 2 hours at 50ÁC. Conversely, in the slow dripping 

mode, higher reaction temperatures led to quicker attainment of maximum conversion rates, 

with a 98% conversion rate achievable within 5 minutes at 90ÁC, albeit with some discoloration.  

 

Rotor speed had a negligible effect on the conversion rate during the initial hour of the reaction 

but was found to increase the final conversion rate when higher speeds were employed, 








































































































































































































































































































