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Abstract 

 

Ionic liquids (ILs) are highly regarded in the scientific community due to their unique 

characteristics, including low vapor pressure, non-volatility, wide electrochemical potential 

window, and relatively low melting points below 100 ℃. Their diverse applications in physics, 

chemistry, and engineering, make them a prominent research focus in recent decades. Currently, 

double salts ionic liquids (DSILs), which are mixtures of ILs with varying cations, anions, or both, 

are gaining increasing attention among researchers. DSILs offer the ability to tailor their 

physicochemical properties and provide diverse molecular interactions, guiding the synthesis of 

task-specific ILs for specific applications. These properties result from various interactions, 

including hydrogen bonding, dipole-dipole interactions, coulombic interactions, and electron pair 

donor-acceptor interactions. Understanding the structural and physicochemical properties of 

DSILs is crucial for their potential use as solvents. In this study, 1-butyl-3-methyl imidazolium 

chloride ([C4mim]Cl) and 1-butyl-3-methyl imidazolium acetate ([C4mim]CH3CO2), were used 

for the preparation of DSILs, while maintaining a constant cation [C4mim]+ and varying the anion 

composition of [C4mim](CH3CO2)1-xClx (where x is the mole fraction of ILs). The structure of 

DSILs was investigated by utilizing ATR-FTIR, Raman, and NMR spectroscopic techniques. 

Furthermore, the study assesses the impact of ionic interactions on the liquid structure of DSILs 

through FTIR and Raman spectroscopy. To understand the adjustable characteristics of DSILs and 

differentiate them from conventional ILs, an investigation into their physicochemical properties is 

essential. In this study, temperature-dependent assessments of density, viscosity, refractive index, 

and conductivity were conducted from entire composition range, spanning from 30 to 70 ℃. 

Excess properties, including excess molar volume, excess viscosity, and excess refractive index, 

using appropriate models and equations were also evaluated. These analyses provide a deeper 

understanding of the interactions among the constituent ions [C4mim]+, Cl-, and CH3CO2
- within 

the DSILs. For the evaluation of DSILs as material, ILs and DSILs were subjected to UV-visible 

absorption spectroscopy, fluorescence spectroscopy, thermogravimetric analysis (TGA) and 

differential scanning calorimetry for investigating the optical and thermal properties of the DSILs 

and ILs. UV-Visible absorption spectroscopy reveals that DSILs showed UV-shielding behavior. 
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Thermal stabilities of the DSILs are in the range of 220 to 280 ℃ and isotherm TGA reveals the 

enhanced stability regarding the DSILs compared to ILs at 120 ℃. Heat capacities of the DSILs 

increase linearly with the operation temperature and DSILs have slightly lower heat capacities 

compared to ILs. Finally, the glass transition temperature (Tg) of the DSILs exhibits similar 

behavior as the single ILs. However, Tg decreased in case of DSILs compared to ILs. In this 

research, for the first time DSILs was used over the whole mole fractions for the dissolution of 

cellulose. Due to the synergistic effect of the Cl-, and CH3CO2
- ions in DSILs, the dissolution 

enhanced upto 32.8 wt% in [C4mim](CH3CO2)0.6Cl0.4 at 100 ℃. Cellulose was isolated from jute 

using kraft pulping process. It was found that [C4mim](CH3CO2)0.6Cl0.4 is able dissolve 30.5 wt % 

of pre-hydrolysed kraft pulp (PHKP). Cellulose was regenerated from cellulose –DSILs solution 

using anti-solvent water. Effect of pre-hydrolysis pulping of jute fiber was investigated for the 

dissolution of cellulose. PHKP showed better solubility than KP due to higher purity of PHKP. As 

ILs are much more expensive than other common solvents involved in the cellulose dissolution 

and derivatization process, recovery operations of ILs must be highly efficient to make it 

economically viable and sustainable. In this study, the attempts that were taken for recycling a 

DSIL of [C4mim](CH3CO2)0.6Cl0.4 after the dissolution of PHKP are discussed. The recycled DSIL 

was repeatedly use for the dissolution of fresh PHKP and regeneration of PHKP up to five times. 

A novel process was also developed to produce cellulose acetated (CA) from PHKP using 

[C4mim](CH3CO2)0.6Cl0.4.  The successful acetylation was confirmed by FTIR and NMR 

spectroscopy. A strong band for stretching vibration of –OH of cellulose was absent and a strong 

band for carbonyl (C=O) group was observed in FTIR spectra suggesting successful esterification 

of PHKP. All cellulose, regenerated cellulose and synthesized cellulose acetate were characterized 

by FTIR, XRD, TGA, and SEM analysis. Finally, correlations were established with the obtained 

physicochemical properties of ILs and DSILs with the dissolution of cellulose. 

 

 

 

 

 

 

Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository



iii 
 

Title of the Thesis 

     Ionic Liquids and Their Double Salts for  

      Dissolution and Modification of Cellulose 
 

 

Submitted by 

Mohammad Mahbubur Rahman, Ph.D. Student, Department of Chemistry, University of 

Dhaka, Dhaka-1000, Bangladesh 

 

The general description and outline of this thesis are given below. 

Chapter 1. General Introduction 

In Chapter 1, the background, necessity, and objectives of the current research are discussed 

extensively. 

Chapter 2. Structure of Imidazolium-Based Double Salt Ionic Liquids at Molecular Level 

Chapter 2 describes structural information of the Double Salt Ionic Liquids (DSILs) 

through spectroscopic investigations. DSILs exist as distinct material compared to mixture of ILs. 

Moreover, the structure of the DSILs vary depending on the composition of the individual 

component which creates different electronic environment around the IL constituents. A deeper 

understanding of the composition and arrangement of DSILs made of two ILs, namely 1-butyl-3-

methyl imidazolium chloride ([C4mim]Cl) and 1-butyl-3-methyl imidazolium acetate 

([C4mim]CH3CO2)  while maintaining a cation constant of [C4mim](CH3CO2)1-xClx (where x 

represents the mole fraction of ILs) was attemted. This has been achieved through the utilization 

of ATR-FTIR, Raman, and NMR spectroscopy techniques. The application of ATR-FTIR 

spectroscopy provides valuable information regarding the interactions and functional groups that 

are present in DSILs. The C(2)-H stretching absorption peaks in FTIR spectra of DSILs have been 

significantly affected by the mixturing of [C4mim]Cl and [C4mim]CH3CO2 at varying mole 

fractions. These particular peaks exhibit greater susceptibility to external factors. Significant blue 

shifts are found in the case of DSILs as compared to the [C4mim]CH3CO2. The observed notable 

blue shifts seen with the addition of [C4mim]Cl in [C4mim]CH3CO2 suggest that the Cl– and 

CH3CO2
– ions synergistically participate in the creation of hydrogen bonds with the C(2)-H 

protons in DSILs, resulting in a weakening of the C(2)-H bond. The utilization of Raman 

spectroscopy enabled the identification of ring deformation within the [C4mim]+ cation. The 
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chemical shifts of C(2)-H, C(4,5)-H, and alkyl chain hydrogen in the imidazolium have been 

determined using 1H NMR and 13C NMR spectroscopy. These findings have contributed to the 

understanding of cation-anion interactions on the imidazolium cations. This study provides 

significant observations regarding the chemical changes shown by different nuclei in DSILs, 

including both proton and carbon nuclei. Chemical changes demonstrate a significant degree of 

responsiveness to the electronic environment in their immediate proximity, hence aiding the 

exploration of molecular structure.  

Chapter 3. Physicochemical Properties of Imidazolium-Based Double Salt Ionic Liquids 

In chapter 3, important features and properties of the both imidazolium based ILs and 

prepared DSILs is discussed extensively. More specifically the discussion revolves around the 

physicochemical properties such as density, viscosity, refractive index, and conductivity of both 

ILs, [C4mim]CH3CO2 and [C4mim]Cl, and their DSILs with different component mole fractions. 

All of the properties have been measured under varying temperature from 30 to 70 ℃. The changes 

following the different temperature environment have been further analyzed. The excess 

properties, namely excess molar volume, excess viscosity, and excess refractive index, were 

determined in order to gain a deeper understanding of the interactions between the constituent ions 

[C4mim]+, Cl–, and CH3CO2
–. This was achieved by employing suitable models and equations. 

Redlich-Kister (R-K) polynomial equation was employed to establish a fitting model for the 

determination of excess molar volume, excess viscosity, and excess refractive index. The 

measurement of excess viscosity allows for a qualitative evaluation of the degree of intermolecular 

contacts, as viscosity is influenced by molecular-level phenomena such as electrostatic forces, 

hydrogen bonding, and van der Waals interactions. The departure from the conventional Arrhenius 

behavior was elucidated by the utilization of the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) 

equation and the modified Vogel-Fulcher-Tammann (mVFT) equation. By applying these two 

equations to the data, the glass transition temperature (Tg) and fragility index (m) were determined. 

The investigation focused on examining the thermodynamic characteristics associated with the 

viscous flow of DSILs. Specifically, the changes in activation free energy (ΔG), activation entropy 

(ΔS), and activation enthalpy (ΔH) were analyzed. The measurement of the ionicity of the prepared 

DSILs was conducted using the Walden plot. The excess molar volume of DSILs was determined 

to be of negative value suggesting a decrease in volume upon mixing the two ILs, indicating a 

volume contraction phenomenon. The presence of significant intermolecular interactions between 
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[C4mim]+, CH3CO2
–, and Cl– in DSILs is shown by the negative values of excess molar volume. 

The excess viscosity is found to be of positive value for most of the DSIL samples indicating the 

significant interactions between the [C4mim]CH3CO2 and [C4mim]Cl. ΔG and ΔS were found to be 

positive indicating the favorable mixing behavior of constituent ILs. The activation enthalpy ΔH 

increased with increase in the number of the Cl– ions restricting the movement of ions. The positive 

excess refractive index values of IL and DSIL increased with temperature, indicating stronger 

polarization at higher temperatures. DSILs have higher ionic conductivity due to triple ions 

disrupting inter-ionic interactions, exhibiting good IL behavior with temperature and amount. 

Chapter 4. Evaluation of Double Salt Ionic Liquids as Materials 

Chapter 4 discusses about the various important features necessary for the utilization of 

DSILs as materials in various field of applications. These important properties of materials include 

the optical and thermal properties for large scale application. Optical properties were analyzed 

with the UV-visible absorption spectroscopy and fluorescence spectroscopy. UV-visible 

absorption spectroscopy reveals that DSILs showed UV-shielding behavior. On the other hand, 

the thermal properties were determined using TGA and differential scanning calorimetry (DSC) 

technique. Fluorescence spectroscopy was used to investigate the optical properties of ILs and 

DSILs, with a particular DSIL sample demonstrating superior cellulose dissolution capability. 

Fluorescence spectra revealed self-association behavior of ILs and DSILs moieties, with the 

presence of the imidazolium ring contributing to emission spectra. Recycled DSIL from cellulose 

solution showed different properties compared to DSIL, with increased formation of associative 

species. Thermal analysis was conducted in three stages, determining thermal stabilities and heat 

capacity. ILs and DSILs showed good thermal stability at 220-250 ℃, with mixtures showing 

increased thermal conductivity (Td) compared to ILs. DSILs showed increased heat capacities with 

increasing temperature, with CH3CO2 species increasing their heat capacity. Glass transition 

temperature (Tg) exhibits similar behavior as ILs, however decreases in DSILs. The 

aforementioned characteristics of ILs and DSILs have the potential to create novel opportunities 

for various applications, including but not limited to cellulose dissolving, enhanced reaction 

environments, optoelectronics, photoelectrochemical applications, sustainable fuel cell materials, 

and more. 
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Chapter 5. Enhanced Dissolution of Cellulose in Imidazolium-Based Double Salt Ionic 

Liquids 

In chapter 5, dissolution characteristics of cellulose in ILs and prepared DSILs have been 

investigated. As mentioned in the previous chapter, the DSILs have been prepared using two ILs 

namely [C4mim]CH3CO2 and [C4mim]Cl with varying mole fraction. The cellulose sources 

selected for this study are commercial cellulose powder, kraft pulp, and prehydrolysis kraft pulp. 

The solubility of cellulose was shown to be positively correlated with temperature and the 

concentration of [C4mim]Cl in DSILs, such as [C4mim](CH3CO2)0.6Cl0.4. At a temperature of 100 

℃, the highest solubility observed for commercial cellulose powder was 32.8 wt% when dissolved 

in a solution of [C4mim](CH3CO2)0.6Cl0.4. In comparison, both kraft pulp and prehydrolysis kraft 

pulp exhibited solubilities of 30.1 and 30.5 wt% respectively under the same experimental 

conditions. DSILs that incorporate both chloride, Cl– and acetate, CH3CO2
- anions have the 

potential to have a synergistic impact, leading to increased solubility of cellulose. Cellulose was 

successfully regenerated from DSILs through the utilization of water as an anti-solvent. The 

characterization of the regenerated cellulosic materials involved the analysis of their structure and 

morphology using various techniques, including ATR-FTIR, XRD, TGA, and SEM. The 

regenerated cellulose displayed a reduced level of crystallinity and a decreased degradation 

temperature. The expected advantage of a reduced crystallinity content in cellulose lies in its 

potential to facilitate future chemical processing initiatives involving various chemicals, hence 

enabling the production of diverse cellulosic products. 

Chapter 6. Effect of Pre-Hydrolysis on the Hardwood Pulp Dissolution in Ionic Liquids 

Chapter 6 describes the pre-hydrolysis process of the hardwood pulp prior to dissolution 

and expounds on the methods efficiency. Cellulose, a renewable biomass, is solubilized by the 

viscose method, predominantly derived from the pre-hydrolysis kraft process. The extraction of 

hemicellulose from the lignocellulosic matrix is a selective method for separating the 

hemicellulose. Hemicellulose inhibits the subsequent viscose processing step. Hence, ILs have 

been proposed as a potential solvent for the dissolution of cellulose, thereby necessitating a 

comprehensive understanding of the impact of hemicellulose on the dissolution of pulp in ILs and 

the subsequent regeneration process. The production of hardwood pulps was carried out using the 

kraft (KP) and pre-hydrolysis kraft (PHKP) processes in this study. The α-cellulose and residual 

pentosan levels in PHKP were found to be 95.6% and 4.2%, respectively. In comparison, KP had 
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α-cellulose and residual pentosan amounts of 84.3% and 9.9%, respectively. Both pulps were 

dissolved in DSILs of [C4mim](CH3CO2)0.6Cl0.4 at 90℃ due to its initial efficiency in dissolving 

higher amount of cellulose. Water was used to regenerate the dissolved pulps, which were then 

characterized by FTIR, TGA, X-ray diffraction, and viscosity measurements. The pre-hydrolysis 

procedure significantly improved α-cellulose content and reduced residual pentosan in pulp, 

increasing cellulose solubility in both ILs and DSIL. The regenerated cellulose exhibited a more 

pronounced absorption peak at 1647 cm−1, which corresponds to the C–O stretching vibration of 

C–O–H. A homogeneous and smooth cellulose film was formed during regeneration of KP and 

PHKP in DSIL, suggesting complete dissolution and plasticization after treatment with 

[C4mim](CH3CO2)0.6Cl0.4. The crystallinity index and crystalline structure of regenerated PHKP 

in both ILs [C4mim]CH3CO2 and [C4mim]Cl were similar, indicating the pre-hydrolysis process 

helped maintain the original structure of cellulose I. The regenerated PHKP films showed good 

mechanical properties. 

Chapter 7. Recycling and Reuse of Double Salt Ionic Liquids  

This chapter focuses on the efforts made to recycle a DSIL of [C4mim](CH3CO2)0.6Cl0.4 

subsequent to the dissolving of pre-hydrolyzed kraft pulp (PHKP). A DSIL of 

[C4mim](CH3CO2)0.6Cl0.4 has been prepared for the dissolution of PHKP. The pulp was coagulated 

using anti-solvent for cellulose water, and the regenerated (R) PHKP was obtained from the 

precipitate. DSIL was recycled from the filtrate by evaporation of water, and after the fifth 

recycling, 99.4% of DSIL was recovered and 96% of RPHKP was obtained. The structure of DSIL 

and recycled DSIL was investigated using FTIR and 1H NMR spectroscopy. The FTIR spectra 

showed similar C-H stretching vibrations for DSIL and recycled DSIL. The 1H NMR investigation 

revealed no obvious difference between the synthesized DSILs and the recycled DSIL. The δ 

values for DSIL being 10.65, 7.56, 7.31, and 10.51, 7.55,7.40 for the fifth times recycled DSIL, 

respectively. The thermal stability of DSIL and recycled DSILs was 197.9 and 227.6 ℃, 

respectively. The structure of PHKP converted from cellulose I to cellulose II and the crystallinity 

index of the regenerated cellulose (RC) decreased significantly. SEM images showed a relatively 

homogeneous macrostructure of RC fibers, with lower thermal stability observed by TGA analysis. 

However, the high cost of ILs limits their large-scale industrial application, necessitating efficient 

recovery operations to make them economically viable and sustainable. 
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Chapter 8. Functionalization of Jute-Based Cellulose in Double Salts Ionic Liquids 

In chapter 8, the possible industrial application of the DSIL in functionalization of the 

cellulose is demonstrated by synthesizing acetylated cellulose from jute fiber in DSIL medium. As 

previously discussed in previous chapter, [C4mim](CH3CO2)0.6Cl0.4 exhibited better dissolution of 

cellulose compared to other DSILs. Hence, the [C4mim](CH3CO2)0.6Cl0.4 was used as the solvent 

for the functionalization of cellulose derived from jute fibers. The characterization of the selected 

DSIL has been conducted using two spectroscopic techniques, FTIR and NMR spectroscopy. 

Furthermore, the prepared cellulose acetate is characterized using FTIR, 1H NMR, XRD, TGA-

DSC, and SEM. The degree of substitution (DS) of the CA samples were calculated using 1H NMR 

technique. Maximum value of DS was found to be about 2.85 for CA4. The CA was synthesized 

successfully confirmed from the presence of strong band for carbonyl (C=O) group and absence 

of a strong band for stretching vibration of –OH of cellulose in the FTIR spectra of CA samples. 

XRD patterns were analyzed to find the crystallinity of the cellulose and CA samples. The 

crystallinity index of PHKP was found to be at 51.1% that was lowered upon acetylation. Finally, 

the TGA and DSC were conducted to assess the thermal stability and changes occurring during 

thermal treatment. 

Chapter 9. Correlation of the Properties of Imidazolium-Based Ionic Liquids and Their 

Double Salts with the Dissolution of Cellulose 

In this chapter, the dissolution performance of the DSILs has been correlated with the 

physicochemical properties of the DSILs. As the physicochemical properties dictate the behavior 

of the solvent and its dissolution performance. Physicochemical properties that affect the 

dissolution of cellulose includes, density, viscosity, and conductivity of the ILs. This study 

investigated the correlation between the density, viscosity, and conductivity of ILs and DSILs and 

their ability to dissolve cellulose. Cellulose dissolution can be impeded by increased densities and 

viscosities, as solvents with higher viscosities can limit mobility and hence lower the effectiveness 

of the dissolution process. The achievement of a suitable balance between penetration and 

solubility can be facilitated by the utilization of a viscosity level that is considered moderate. ILs 

and DSILs possessing enhanced electrical conductivities exhibit improved efficacy in the process 

of cellulose dissolving. The process of cellulose regeneration from a cellulose-ILs solution was 

conducted by employing water as an anti-solvent. Subsequently, an investigation was carried out 

to analyze the crystallinity and thermal stability of both cellulose and the regenerated cellulose.  
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Chapter 10. General Conclusions and Future Prospects 

In Chapter 10, the general conclusions are presented in a comprehensive manner, 

encompassing overall findings and prospects for future research on DSILs. Specifically, the 

chapter focuses on their potential as effective solvents for cellulose dissolution for cellulose 

modification. 
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Chapter 1 

General Introduction 

  

1.1. Introduction 

Cellulose, a polysaccharide composed of interlinked D-glucose molecules via 1,4-β-

glycosidic bonds, present abundantly within cellular walls of plants and serves as a fundamental 

structural element in the plant kingdom. As an abundant biopolymer, cellulose has garnered 

significant attention as a viable and sustainable raw resource for the prospective chemical industry 

[1,2]. Additionally, cellulose has a number of desirable qualities, including outstanding 

biocompatibility, complete biodegradability, high mechanical property, and structural 

designability. In several areas of human society, cellulose, and its derivatives are being exploited 

in our daily life, such as textiles, paper, food, pharmaceutical, engineering materials, composites 

and biofuels, etc. This natural polymer is environmentally benign and may play an alternate role in 

our over-dependence on fossil resources [1, 3-6]. Cellulose holds significance from an additional 

standpoint. The escalating demand for fibers with superior physiological performance, particularly 

in terms of moisture management and absorbance, is more effectively fulfilled by natural fibers 

like cellulose. In contrast, synthetic fibers made of petroleum i.e., polyamide, polyester, 

polyacrylonitrile, and polypropylene, lack these attributes and also exhibit a lower brightness and 

a variable molecular-weight distribution [6]. Cellulose is a linear biopolymer characterized by its 

elongated and rigid rod-like structure, which is facilitated by the equatorial conformations of the 

glucose units. The glucose molecules in a chain possess several hydroxyl groups (–OH) that 

engage in hydrogen bonding with oxygen atoms on either the same or adjacent chains. This 

intermolecular interaction results in the solid cohesion of the chains, leading to the formation of 

microfibrils characterized by exceptional tensile strength [1, 6]. The presence of strong hydrogen 

bonding inside natural cellulose results in its inherent crystalline structure. Cellulose, with its  

highly ordered structure and strong H-bonding network, exhibits a lack of meltable and soluble 

properties in commonly used solvents [1]. In recent decades, a range of derivatizing and non-

derivatizing techniques have been devised for the dissolution of cellulose. These methods involve 

the process of viscose preparation [7], the N-methylmorpholine-N-oxide (NMMO) process [8], the 

cuprammonium rayon method [9], and the CarbaCell process [10], among others. Several solvent 

systems, i.e., molten salt hydrates, [Cu(NH3)4](OH)2, ZnCl2, and others, have been developed for 
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the purpose of dissolving cellulose. Notable examples include N, N-dimethylacetamide/lithium 

chloride (DMAc/LiCl), N,N-dimethylformamide/dinitrogen tetroxide (DMF/N2O4), and dimethyl 

sulfoxide/tetrabutylam [11-13]. All of these solvent systems exhibit significant limitations, 

including the requirement for pre-treatment procedures, instability, toxicity, high expenses, limited 

dissolving capacity, stringent processing conditions, challenges in solvent recyclability, and other 

related issues. These facts ultimately limit the utilization of mentioned methods in cellulose processing 

chemistry and hampers its application industrially. Hence, designing of an efficient solvent system 

cellulose – which will be stable, inexpensive, non-toxic, recyclable, biodegradable and yield high 

amount of desired product - for the dissolution and catalysis of cellulose is very crucial.  

Ionic liquids (ILs), due to its attractive properties as solvents, could exhibit immense 

potential in the industrial cellulose processing. ILs are defined as a type of molten salts that melts 

and exist as liquid below 100 ℃ [14-16]. These materials in its entirety consists of ions. Their 

exceptional low vapor pressure is one of their significant characteristics. Hence, solvents like these 

are referred as "green" solvents, as opposed to conventional volatile organic compounds (VOCs). 

Ionic liquids (ILs) provide numerous appealing characteristics, including an excellent solvation 

capacity, the ability to adjust their structures, minimal vapor pressure, non-flammability, excellent 

thermal and chemical resistance, nontoxicity, recyclability, and a broad electrochemical potential 

window [14,15,17]. The ability to design task-specific ILs for different applications is enabled by 

the vast and easily accessible variety of ILs which have different physical properties, created by 

straightforward modification to the cations or anions - hence frequently referred to as “designer 

solvents” [14,16,18]. Therefore, one key interest may lie in the modification and manipulation of 

IL media, which has recently been addressed using the concept of mixtures of two or more ILs – 

which Rogers and their group have termed as Double Salt Ionic Liquids (DSILs) [19]. 

A DSIL is a new type of IL which is a combination of at least two different cations or 

anions; the combination is such that fixing one particular cation, one can vary the anions - and vice 

versa – to prepare a DSIL; combination of more than two different cations or anions has also been 

reported however. The concept lies in the fact that a single IL can be tuned to getting desirable 

electric and rheological properties without the use of volatile molecular solvents. Two possibilities 

arise when two ILs are mixed together- formulation of properties outside the range of the 

individual ILs or mixing being close to ideal; either outcome is considered as promising from the 

perspective of scientific understanding as well as applications. Having been a relatively new field 
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of research, the focus has been principally on the physicochemical and theoretical understanding 

through rheological, spectroscopic, and computational studies of DSILs- albeit scattered reports 

of their applications in gas sensing, organic reaction media and electrodeposition have been 

observed [20-22]. Some DSILs exhibit positive molar properties, when others show the opposite- 

which has its origin at the molecular environment and variation of ionic counterparts. Through the 

estimation of excess properties, DSILs have been claimed to behave similar to the mixtures of 

linear alcohols. One interesting feature of DSILs is that formation and manipulation of nano-

structures are possible. A qualitative molecular model, the pseudo-lattice model, proposes that the 

ionic constituents are fixed and constricted but rather are fleeting and constantly changing their 

configurations [19]. As a result, the ionic contacts are random throughout the whole mixture. More 

flexible ionic placements in DSILs may contribute towards its increased conductivity and diffusion 

coefficient values. Based on optical Kerr effect spectroscopy, it was suggested that depending on 

the variation of anionic constituents, DSILs may even exhibit structural properties similar to the 

block- or random co-polymers [23]. Moreover, DSILs with one cation but two different anions 

exhibited unique thermal properties that are influenced solely by the anomaly in electronic 

environment imposed by the presence of different anions. Multiple local ionic combinations with 

each local arrangement having their unique electron density distribution is assumed to be the key 

to the exquisite physicochemical properties of DSILs – albeit more profound understanding on the 

topic requires cover a wide range ionic species to be combined to one another as well as more 

experimental data. Meanwhile, DSILs have garnered much interest in the field of chemical and 

industrial applications; fields include catalysts and solvents for organic synthesis, extraction and 

separation, solvent in gas-liquid chromatography, biomass processing and so on [19].  

Long et al. reported complete dissolution of cellulose into industrially useful chemicals 

using DSILs- in which the ratios of various cations were manipulated in order to achieve both 

cellulose dissolution and low molecular weight organic products achieved by cellulose conversion 

through catalysis [24]. Moreover, DSILs were used to solubilize Pd(0) nanoparticles and lignin in 

DSILs. Enhanced transport of O to the active metal centers and the higher extent of oxidation of 

lignin have been observed in case of DSILs [25].  Notably, DSILs gained advantage over single 

ILs for by increasing the solubility of cellulose and provided with a route to one-pot robust and 

recyclable process with high product selectivity. Therefore, DSILs shows much promise – not only 

as a catalyst/solvent for dissolution of cellulose but also for gaining fundamental insight into the 
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effects of variation of cation and/or anion on the physicochemical aspects of DSILs; the 

understanding would prove to be pivotal for designing task-specific DSILs for ensuring highest 

efficiency and greener ionic media for performing cellulose processing chemistry.  

This chapter basically describes the fundamentals and review of previous studies involving 

the dissolution of cellulose in ILs and DSILs. The physicochemical properties of ILs and DSILs 

that influence the dissolution of cellulose in ILs, ILs, and mixture of ILs, regeneration of cellulose 

from cellulose-ILs solution, derivatization of cellulose in ILs and mixture of ILs, recycling of ILs, 

purification of ILs, and reuse of ILs have been discussed. 

 

1.2. Ionic liquids (ILs) 

ILs are classified as type of molten salts with the presence of asymmetric organic cations 

and organic or inorganic anions. These compounds possess the unique property of being able to 

undergo melting at temperatures below 100 ℃. These substances possess several distinctive 

attributes, such as exceptional solvency, non-volatility, elevated thermal stability, increased 

chemical stability, and easy recyclability. Walden for the first time introduced molten salts of ethyl 

ammonium nitrate ([EtNH3][NO3]) which melts at 12 ℃ and therefore referred as room 

temperature ILs (RTILs) [26]. These liquids started to draw significant attention after binary ILs 

consisting of aluminum(III) chloride and 1,3-dialkylimidazolium chloride or N-alkyl pyridinium 

has been discovered [27,28].  The moisture sensitivity was the major drawback of all 

chloroaluminate(III) ILs. In 1992, Wilkes and Zaworotko successfully synthesized 1-ethyl-3-

methylimidazolium (C2mim) based ILs that exhibited stability in the presence of water and 

moisture. These ILs were produced with various anions [29]. After that different types of cation 

and anions containing ILs have been developed for task-specific applications. Structures of some 

common types of cation and anions containing ILs are presented below. 
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Scheme 1.1. Structures of some common (A) cations and (B) anions of ILs 
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In 1934, Graenacher proposed the utilization of molten N-ethylpyridinium chloride, along 

with nitrogen-containing bases, as a potential solvent for cellulose dissolution [30]. Rogers and his 

group in 2002 successfully introduced ILs having imidazolium cations with varying alkyl group 

i.e., [C4mim]+, [C6mim]+  and [C8mim]+ and anions of Cl–, Br–, SCN-, BF4
– and PF6

– for the 

dissolution of cellulose. As ILs are nonderivatized in nature these materials are excellent as 

solvents for the dissolution of cellulose. They also investigated that some of the ILs are nonsolvent 

for the dissolution of cellulose such as noncoordinating anions of BF4
- and PF6

-. Following to this, 

numerous research efforts have been undertaken to synthesize novel ILs with the purpose of 

facilitating the dissolution of cellulose [31].  Moreover, ILs have the numerous applications as 

new, sustainably acceptable solvents in organic synthesis [32,33], catalysis [32-34], 

electrochemistry [34], liquid-phase extraction [35], and analytical chemistry [36, 37] has increased 

significantly over the past 20 years. 

 

1.2.1. Properties of ILs for the dissolution of cellulose 

Paul Walden in 1914 first reported IL of ethylammonium nitrate [38]. ILs can be made in 

an unlimited combination of irregularly sized cations and anions. Consequently, ILs have 

significantly lower melting points and lattice energies than conventional crystalline structures [39]. 

Most ILs have a variety of cations, including imidazolium, pyridinium, and pyrrolidium as well as 

tetra-alkyl phosphonium and tetra-alkyl ammonium. [40]. Anions range from smaller anions such 

as halides, hydrogen sulphate, nitrate, and acetate to larger complex anions like acesufamate [41]. 

Hence, it is possible to create ionic liquids (ILs) with precise characteristics such as density, 

conductivity, viscosity, melting point, and other relevant properties. The potential of ILs was 

highlighted by Abushammala and Mao, who emphasized on the utilization of 1-alkyl-3-

methylimidazolium ([Cnmim]+) as an IL cation for the purpose of dissolving and fractionating 

wood and cellulose. The goal of this [Cnmim]+ was to dissolute wood and cellulose and 

subsequently increase their susceptibility towards enzymatic hydrolysis for the generation of 

biofuels, fractionation of the components of wood, and extraction of cellulose nanoparticles from 

wood and cellulose, etc. [42]. Moreover, the characterization of its component ions and their 

physicochemical characteristics of ILs are crucial factors for the purpose of dissolving and 

fractionating wood and cellulose. The most important physicochemical properties i.e., density, 

viscosity, melting point, conductivity etc. of few imidazolium-based ILs are presented in Table 
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1.1. For example, at room temperature [C4mim]Cl and [C2mim]Cl exist as solid whereas 

[C4mim]CH3CO2 and [C2mim]CH3CO2 exist as liquids. On the other hand, at room temperature 

[C4mim]BF4 and [C2mim]BF4 exist as liquid however [Bnmim]BF4 remain as solid. The viscosity 

of [C4mim]HSO4 and [C2mim]HSO4 are 31.0 and 15.0 P, respectively. The enhanced van der Waal 

force of alkyl chain length is the reason for the elevated viscosity of [C4mim]HSO4 [43,44]. Their 

viscosity is significantly more compared to the viscosities of [C4mim]BF4 and [C2mim]BF4 and 

[C4mim]PF4 and [C2mim]PF4, respectively. It was found that viscosities of the ILs change as the 

alkyl chain length of the carboxylate anions (formate, acetate, propionate, and butyrate) is varied 

with [C4mim]+ cation. The viscosities of ILs having carboxylate anions show a positive correlation 

with the length of the alkyl chain [45]. It is crucial to note that the presence of water and 

contaminants has noticeable impact on the values of melting temperature and viscosity. This is the 

cause of the literature's inconsistent reporting of melting point and viscosity value. Imidazolium-

based ILs have a significantly higher density (1.0 to 1.4 g/cm3) than typical organic solvents (0.7-

1.0 g/cm3) [46]. The cation and anion's molecular masses have a significant impact. For instance, 

[C4mim]PF6 has a higher density than [C4mim]BF4. Compared to [C4mim]Cl, [C4mim]Br, and 

[C4mim]CH3CO2, they are both higher [47].  
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Table 1.1. Properties of imidazolium-based ILs for the purpose of dissolving and fractionating 

wood and cellulose [42] 

 

ILs Melting 

point (K) 

Density 

(g/cm3) at 

298 K 

Viscosity 

(P) at 293-

303K 

Conductivity 

(mS/cm) at 

298K 

References 

[C4mim]CH3CO2 -293 1.1 2.08 1.4 [48,49] 

[C4mim]Cl 314-343 1.1 Solid - [16,17] 

[C4mim]Br 333-354 1.1 Solid - [48-50] 

[C4mim]I -345 1.4-1.5 11.10-11.83 0.5 [48,49] 

[C4mim]HSO4 - 1.3 30.88 - [48,49] 

[C4mim]BF4 -356-347 1.1-1.3 0.72-2.33 3.2 [48,49] 

[C4mim]PF6 284 1.3-1.4 2.07-4.50 1.5-4.8 [48,49] 

[C4mim]ACC 303 1.2 8.00 0.5 [51] 

[C2mim]CH3CO2 -318-287 1.0-1.1 0.91-1.62 2.5-2.8 [48,49] 

[C2mim]Cl 353-362 1.1-1.2 Solid - [48,49] 

[C2mim]Br 338-364 - Solid - [48,49] 

[C2mim]I 352-358 - Solid - [48,49] 

[C2mim]HSO4 - 1.4 15.10 0.5 [49] 

[C2mim]BF4 279-288 1.2-1.4 0.34-0.66 13.0-14.1 [48,49] 

[C2mim]PF6 331-337 1.4 4.50 5.2 [48-50] 

[C2mim]ACC 307 1.3 5.56 0.6 [51] 

[Amim]Cl 320 - - - [48] 

[Amim]I 330 - - - [48] 

[Bnmim]Cl 348 - Solid - [48] 

[Bnmim]BF4 351 - Solid - [48] 

[Bnmim]PF6 403-408 - Solid - [48,49] 

 

Thermophysical properties, i.e., melting point (Tm), degradation temperature (Td), glass 

transition temperature (Tg), freezing point (Tf), cold crystallization temperature (Tcc) and heat 

capacities are very important for the designing of an industrial process. These properties depend 

on the constituents of ILs. Fredlake et al., [52] investigated the thermophysical properties of 13 

imidazolium based ILs with different cations and anions. They found that features of ILs varies 
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with the variation of cations and anions. Thermal stability has positive correlation with the size of 

the anions and heat capacities show positive correlation with the temperature and population of 

ions in ILs. In their study, Ngo et al. examined the thermal characteristics of imidazolium-based 

ILs through the utilization of DSC and TGA coupled with simultaneous differential thermal 

analysis (TGA/SDTA). The findings of their investigation revealed that a significant number of 

ILs exhibit a liquid state at temperatures below ambient conditions, transitioning into a glassy state 

at lower temperatures. They also found that these ILs have very low vapour pressure up to their 

degradation temperature (>400 ℃). The decomposition of ILs with inorganic anions and organic 

anions possess endothermic and exothermic processes respectively. Halide ions drastically reduce 

the decomposition temperature (˂300 ℃) (53). Chancelier et al., reported that anions are mainly 

responsible for the thermal stability of imidazolium-based ILs. The degradation temperature 

changes between 473 to 773K and increases according to [PF6] > [BF4] > [Cl] = [Br] = [I] [54]. 

But, in [C2mim] and [C4mim] based ILs, minor changes in the degradation temperature occur [55]. 

The presence of cellulose in ILs could alter the degradation process. For example, the endothermic 

degradation of  [C2mim]CH3CO2 turned to exothermic process of degradation [56]. Erdmenger et 

al., reported that branches of alkyl side chain in the imidazolium-based ILs influences the 

thermophysical properties of ILs such as Tm, Tg, Tf, and Tcc. They investigated that branching to 

the side chain in the alkyl constituents in the ILs can utilized to synthesize tailor made ILs for fine 

tuning of its thermophysical properties [57]. The acid/base properties of imidazolium-based ILs 

play an important role in their task-specific application. For example, [C4mim]HSO4 is an acidic 

ILs, whereas [C4mim]CH3CO2 is basic due to the acidic nature of HSO4
- and basic nature of 

CH3CO2
- ions. Anion's acidity and basicity significantly affects acidity and basicity of 

imidazolium ILs. For example, [C4mim]CH3CO2 is significantly more basic than [C4mim]Cl 

because of higher basic nature of CH3CO2
- ion, whereas [C2mim]CH3CO2 shows slightly more 

basic than [C4mim]CH3CO2 due to longer alkyl chain length [58]. 

 

1.3. Double salt ionic liquids (DSILs) 

DSILs, defined as the combination of more than two types of ions, can be formed by the 

combination of two ILs of similar cations (a), two ILs of similar anions (b), or two ILs with both 

different cations and anions (c) are presented below where x is the mole fraction of single ILs. 

(a) [C4mim](CH3CO2)xCl1-x   
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(b) [C4mim]x [C2mim]1-xCl  

(c) [C4mim]x [C2mim]1-x(CH3CO2)xCl1-x       

Thus, DSILs can be defined as the combination of more than two types of ions and adjusted 

physicochemical properties different from component ILs that can overcome the limitations of ILs, 

resulting in a new liquid phase consisting of both sets of ions and exhibit different properties than 

their individual components. The ions that make up a DSIL are thought of as one substance rather 

than as mixture of different salts when they crystallize together to form a DSIL, even though DSILs 

could be melted and the ion combinations categorized into more straightforward salts. DSILs is 

the combination of two ILs rather than a simple mixture of two different ILs, and behave as a 

unique compound, which is liquid (<100 ℃) and new intermolecular interactions and properties 

have been developed [59-64]. 

 

1.3.1. Selective properties of DSILs 

To understand the new intermolecular interactions and properties that have been developed 

in DSILs to expand their application, it is imperative to study the physicochemical properties i.e., 

density, viscosity, conductivity, thermal stability, etc. These properties of DSILs mainly provide 

ideas relating to the association, dispersion and interactions existing in the DSILs. 

 

1.3.1.1. Density 

To understand the volumetric properties of DSIL, the measurement of densities is crucial. 

From the density data of DSILs or a mixture of ILs, the excess molar volume (Vm
E ) of DSILs can 

be measured. The value of Vm
E helps to understand the types of interaction occurred in DSILs. The 

positive Vm
E value indicates volume expansion, whereas the negative Vm

E value indicates volume 

contraction. Vm
E  can explain the deviational behavior from the ideal additivity behavior of DSILs. 

Vm
E  can be determined using eq. 1 [65] 

 

𝑉𝑚
𝐸 = (

𝑋1𝑀1 +  𝑋2𝑀2

𝑑𝑚𝑖𝑥
) − (

𝑋1 𝑀1 

𝑑1
+  

𝑋2 𝑀2

𝑑2
) (1) 

 

where, d1, d2 are the densities and M1, M2 are the molar masses of the ILs. 
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In recent years, a fair amount of research has been carried out on the physicochemical 

properties of pure ILs and their interactions with molecular solvents [66-72]. But, at present 

mixture of ILs or DSILs has become more attentive to the researchers. They found that the mixing 

of ILs exhibits closer to linear behavior. Seddon et al. investigated the Vm
E of mixture of two ILs 

with identical cation of [C4mim] combined with different anions of 

bis(trifluoromethylsulfonyl)amide, hexafluoro phosphate (PF6) and tetra fluoro borate (BF4). The 

density of DSIL of [C4mim](NTf2)x(BF4)1-x, [C4mim](NTf2)x(PF6)1-x and [C4mim](PF6)x(BF4)1-x 

(where x is the mole fraction of each ILs) were measured at temperature from 298 to 333 K and 

calculated the Vm
E. It was observed that all systems exhibit Vm

E values that are significantly low 

and positive, demonstrating minimal dependence on pressure and temperature. These values are 

typically on the order of a few tenths of cm3 mol–1. They also found that, the result showed additive 

trend and Vm
E value become more positive if the chain length of the alkyl side in the cation 

increased. These results can be considered as nearly ideal [73]. Navia et al. also examined 

comparable findings [74]. The studied for the DSILs of common anion of [C2mim]x[C6mim]1-

x(BF4), and [C4mim]x[C6mim]1-x(BF4), and common cation with different of [C4mim](BF4)x(PF6)1-

x, and [C4mim](BF4)x(MeSO4)1-x (where x is the mole fraction of each ILs) [74]. Densities were 

measured over the whole molar compositions at the temperature range from 298.15 to 303.15 K. 

Song et al. investigated the DSILs of [C2mim]x[C3mim]1-x[BF4], [C3mim]x[C6mim]1-x[BF4], and 

[C2mim]x[C6mim]1-x[BF4] with common anion over the whole mole fraction range in atmospheric 

pressure and the temperature range from 293.15 to 343.15 K and found that a small negative Vm
E. 

They also fitted their experimental data with Redlich-Kister polynomial equation. They 

investigated that their experimental results follow Grunberg and Nissan’s mixing law and only a 

small deviated from ideality [75]. 

 

1.3.1.2. Viscosity  

Viscosities have a vital role as fundamental data in the design of equipment, solution 

theory, process modeling, and molecular dynamics [76,77]. A comprehensive understanding of 

viscosity is essential for the development of computational models pertaining to heat transfer, mass 

transfer, and fluid dynamics, and holds significant physicochemical significance. The control of 

viscosity influences the production and processing of various products across a wide range of 

industrial applications [78]. Viscosity for binary mixes provides information about the mixtures' 
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fluidity as well as the presence of molecular interactions in the system [79]. Recent years have 

seen a significant studies on the viscosity of binary mixes involving a range of constituents, and 

the results have been mainly explained using molecular interactions model between the 

constituents [80-82]. The viscosity of ILs can be manipulated by changing chain length of alkyl 

side of the cations and constituent ions [83-85]. The excess viscosity (ηE) of ILs mixture is the 

viscosity which is determined by the extent deviation from the ideal behavior of experimental 

viscosity. ηE variation provides a qualitative assessment of the strength of intermolecular contacts 

because viscosity is connected with molecular interactions for example electrostatic forces, 

hydrogen bonds, and van der Waals interactions. The ηE of the DSILs can be calculated from the 

data obtained from experiments involving ILs and DSILs by using eq. 2 [86] 

 

𝜂𝐸 = 𝜂𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝜂𝑖𝑑𝑒𝑎𝑙 (2) 

 

Bingham’s eq. 3 has been used to calculate ideal viscosity based on the principle of additivity [87]. 

ηdeal = X1η1 + X2η2 (3) 

 

Simple Arrhenius relaxation is not applicable to glass formers or supercooled liquids. The 

viscosities of ILs at their Tg increase quickly and sharply, exhibiting super Arrhenius behavior. 

This rise in viscosity cannot be predicted by Eyring’s equation which assumes ideality. To model 

this behavior, phenomenological equations such as the VFT eq. 4 [88] are used 

log 𝜂 = log 𝜂𝑜 +
𝐵

𝑇 − 𝑇𝑜
 (4) 

where, ηo is the viscosity at infinite temperature, B is a constant related to fragility, and To is the 

Vogel temperature which can be taken as Tg. The most widely used method for simulating and 

forecasting non-Arrhenius viscous flow is the VFT equation. While it works well above working 

temperatures, it approximates poorly at lower temperatures. Mauro et al. modified the VFT 

equation to a form having both Tg and m [89] 

log 𝜂(𝑇) = log 𝜂𝑜 +
(12 − log 𝜂𝑜)2

𝑚 (
𝑇
𝑇𝑔

− 1) + (12 − log 𝜂𝑜)
 

(5) 
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where T and η are the variables and ηo, m, and Tg are the fitting parameters. They also proposed a 

new equation, now known as the MYEGA equation based on the temperature dependence of 

configurational entropy (SC) which performs well at lower temperatures. 

log 𝜂(𝑇) = log 𝜂𝑜 + (12 − log 𝜂𝑜)
𝑇𝑔

𝑇
𝑒𝑥𝑝 [(

𝑚

12 − log 𝜂𝑜
− 1) (

𝑇𝑔

𝑇
− 1)] (6) 

 

1.3.1.3. Conductivity  

ILs consist of cations and anions as opposed to conventional liquids like water or organic 

solvents, which are composed of neutral molecules [90]. These ions are often big and asymmetric, 

which helps explain why ILs have special features. ILs have drawn a lot of attention as electrolyte 

materials for a variety of electrochemical technologies, such as batteries, supercapacitors, fuel 

cells, organic dye-sensitized solar cells, actuators, smart windows, and more [91]. This is because 

many ILs show attractive features, including superior electrochemical/thermal resistivity, a wide 

range of liquidity, reduced flammability, non-volatility at standard pressure, and conductivity [90, 

91]. The ionic conductivity [92], which measures the quantity of ionic carriers and their mobility, 

is a critical factor in determining whether ILs may be used in electrochemical devices. 

Conductivity of room temperatures ILs, is typically too low to allow for their employment 

in industrial products [93]. Their room temperature conductivities can be improved with the 

addition of different solvents. Fox et al. investigated the effect of aprotic solvents on the 

physicochemical properties of ILs composed of bis(trifluoromethane sulfonyl)imide (TFSI−) salts 

with N-methyl-N-pentylpyrrolidinium (PY15
+), piperidinium (PI15

+), or morpholinium (MO15
+) 

cations. The viscosity of the mixed system greatly reduces increasing the overall conductivities 

[92]. The addition of organic solvents might also accelerate the ionic mobilities of ILs. Saba et al. 

(2014) studied the behavior of binary mixtures composed of 1-butyl-3-methyl imidazolium 

chloride ([C4mim]Cl) and different organic solvents at 25 ℃.  The added organic solvents break 

up the bond connections existing between [C4mim]+ and Cl-, allowing ions to move around freely. 

This free mobility of ions increases conductivity and reduces viscosity to variable degrees in all 

the analyzed mixtures [93]. Ionic conductivity can be boost significantly when two or more ILs 

are mixed together to form DSILs. Transport properties of DSILs based on protic and aprotic ILs 

have been analyzed by Thawarkar et al. at 298.15 K. When DSILs are compared to their individual 

pure IL-constituents, a considerable improvement in ionic conductivity has been shown, and also 
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this improvement varies depending on the composition of the ILs. The increased conductivity is 

attributable to availability of more ions in the DSILs [94].  The ionic conductivities of 1,8-

Diazabicyclo-[5,4,0]-undec-7-ene (DBU), an organic super-strong base, were examined in a 

different work by Miran et al. using a variety of anions. The [DBU]-based ILs displayed ionic 

conductivity in the range of 10-2 S cm-1 at 150 °C [95]. Sometimes, it is found that the resultant 

conductivities of the DSILs are even higher than that of the linear additions of the conductivities 

of the constituents ILs. Zhang et al. generated triple ion based DSILs to investigate the conductive 

nature of the system. It has been seen that the DSILs exhibited more ionic conductivities than the 

linear averages of the conductivities of the ILs demonstrating a positive deviation [96]. The 

Walden rule is a measure of the ionicity of ILs. Under Walden's rule, the solid line denotes 

favorable ionic behavior. A Walden plot is utilized to estimate the ionicity approximately, with an 

aqueous solution of KCl as the reference line. The ideal line has a slope of one and symbolizes full 

ion dissociation. The variation from this ideal line approximates ionicity. The Walden plot depicts 

the categorization of ILs into superionic, good, and poor liquids, as well as the relationship between 

low equivalent conductivity and low ionicity (ion pairing) [94, 97]. The existence of ionic couples 

or aggregation can be inferred from any deviation from the ideal Walden solid line [98,99]. The 

Walden rule can be expressed as 

𝛬. 𝜂 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (7) 

 

where, Λ is molar conductivity at infinite dilution and η is viscosity at infinite dilution [97].  

 

1.3.1.4. Thermal stability 

The interest in ILs has developed quite significantly in accredited to its tunable properties 

depending on the composition of the ILs [100]. These tunable properties enable ILs to be utilized 

as superior alternative to conventional solvent. One of the intriguing characteristics of ionic liquids 

(ILs) is their exceptionally low vapor pressure, rendering them highly desirable as solvents 

[101,102]. Moreover, it is non-flammable and mostly non-toxic. These properties of ILs open new 

possibilities for construction of specific solvents to dissolute certain compounds which are 

insoluble or difficult to dissolute in conventional solvents [103]. Depending on the composition of 

ILs their properties vary. Recent studies have focused on the application of single ILs for the 

dissolution of certain compounds, in this case, cellulose [104,105]. Single ILs are limited in their 
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ability to dissolve cellulose, hence studies have been conducted using mixture of different solvents 

and ILs as potential solvents. Although these mixtures provide somewhat of enhanced dissolution 

characteristics compared to single ILs, there are still room for improvement [106-108]. 

DSILs exhibit promising potential to cover the lacking of single ILs by introducing 

properties unique to single ILs. DSILs are commonly described as mixture of two single ILs 

involving more than two different types of ions. Each DSIL is unique in terms of combination of 

types of ions, ratio of ions, their characteristics compared to single ILs [62]. Currently, DSILs are 

considered to be mixture of molecular solvents rather than distinct ILs, which is not ideal for a 

deep analysis of the physicochemical properties of the DSILs. The studies regarding the 

physicochemical properties of DSILs have been very sparse hence, these materials need to be 

characterized to investigate their physicochemical properties. Understanding the physicochemical 

properties of DSILs is very important for designing solute specific solvents. The thermal properties 

of deep eutectic solvents with ionic liquids (DSILs) necessitate investigation in order to assess 

their thermal behavior. For applications in industrial level, thermal properties of DSILs are very 

important finding their operational temperature range.  

Tm, Tg, Td etc. are various thermal properties that need to be determined to optimize the operational 

temperature range for the DSILs. Moreover, heat capacities provide insight into the heat storage 

capacity of the materials as well as can estimate the heating and cooling requirements of the 

material. Imidazolium based ILs are interesting as these ILs are mostly used in dissolution of 

cellulose [109]. There exists a substantial body of literature pertaining to the thermal properties of 

ILs that are based on imidazolium cations [52,110-112]. DSILs of imidazolium based ILs could 

be formed by combining different ions resulting in a vast combination of DSILs. This large field 

has been left little investigated or unexamined. Thus, thermal behavior of DSILs need to be 

evaluated for further applications for the purpose of dissolving the cellulose. Researches regarding 

the thermal behavior of imidazolium based DSILs have been conducted to a very few extent [113]. 

These researches mainly focused on the heat capacities, thermal stability, thermal storage density 

etc. of the DSIL. Most of the works varied only the anion keeping one common cation. Other 

works included the effect of variation of the alkyl side chain length of the imidazolium group on 

the thermal properties of the ILs and DSILs have also been investigated [52].  
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1.3.1.5. Thermodynamic properties 

The process of cellulose dissolving in ILs exhibits an exothermic nature, suggesting that 

the cellulose-ILs interaction is thermodynamically favorable [13, 114-118]. Andanson et al. [119] 

investigated the thermodynamic parameters of dissolution of cellulose in [C2mim]CH3CO2. The 

enthalpy of cellulose dissolution in [C2mim]CH3CO2 was exothermic in nature releasing about 

−132 ± 8 J/g of energy. The negative value of enthalpy of dissolution indicates a highly favorable 

interaction occurred between cellulose and ILs. Hence, temperature do not affect the dissolution 

of cellulose in either positively or negatively, at least not in the thermodynamic aspect. With the 

increase in temperature, the fluidity of ILs increased which facilitated the transport properties of 

ILs. As a result, solubility of cellulose in ILs enhanced [120]. By breaking the H-bonds in cellulose, 

ILs may dissociate with cations and anions as the temperature rose. This assisted in the dissolution 

of cellulose. [118,121,122]. Andanson et al. also reported that mixing of co-solvent dimethyl 

sulfoxide (DMSO) with [C2mim]CH3CO2 does not influence the enthalpy of dissolution 

significantly indicating co-solvent does not take part significantly with the ions of 

[C2mim]CH3CO2 and dissolved cellulose chains [119]. 

 

1.4. Excellence of ILs for the dissolution of cellulose 

Currently, bulk cellulose is isolated in the industry from wood by employing Kraft pulping, 

which is an environmentally detrimental process. To overcome the environmental problem, Fort 

et al. approached this issue with simplicity and novelty by solubilizing cellulose in [C4mim]Cl 

[123]. The duration of dissolution and temperature had been reduced significantly at high pressure 

which was reported by Ibrahim et al. They also observed that ILs directly dissolves cellulose 

without any modification and it is regenerated by anti-solvent and can be shaped into fibers, films, 

beads, or other types [124]. Swatloski et al. [6] for the first time reported that [C4mim]Cl could 

achieve efficient dissolution of cellulose. The formation of H-bonds between the –OH proton of 

cellulose and the Cl- of the IL has been proposed as the cause of high solubility of cellulose in 

[C4mim]Cl [125]. The dissolving process involves active interactions between the [C4mim]Cl 

anions, cellulose sites, and water molecules, as demonstrated by molecular dynamics simulations. 

Kosan et al. investigated cellulose dissolution in different ILs, namely [C4mim]Cl, 

[C4mim]CH3CO2, [C2mim]CH3CO2 and [C2mim]CH3CO2 and the results regarding dissolution 

were contrasted with cellulose solutions in monohydrate N-methyl-morpholine-N-oxide. Ionic 



17 
 

solutions with an acetate anion are more likely to contain the dopes than those that contain chloride 

at larger concentrations of cellulose [126]. To overcome the viscosity problem of cellulose solution 

in ILs an experiment was conducted by Yamamoto and Miyake [127]. They combined 

[C4mim]CH3CO2 with the co-solvents DMSO, DMAc, and DMF. Depending on the process 

temperature, [C4mim]CH3CO2/DMSO could undergo a violent exothermic reaction. Viron et al 

(2021) [128] observed that the IL, 1-butyl-3- ethylimidazolium bromide [C4eim]Br solution did 

not dissolve α-cellulose immediately, rather IL just absorbed on α-cellulose. The cellulose began 

to dissolve after the mixture reached 60 °C, and the mixture subsequently crystallized into a clear, 

viscous solution. According to Cao et al.  the IL in this instance, [C4eim]Br, disrupts the H-bonding 

between the –OH groups of cellulose. The interaction between the [C4eim]Br and the O and H 

atoms of the –OH occurs through the electron donor-acceptor mechanism (EDA) [129]. The O 

atom functions as an electron donor and engages in an interaction with the [C4eim]+ of the 

[C4eim]Br compound. The Br– of the [C4eim]Br compound engages in hydrogen bonding with the 

H atom of the –OH group. The H-bonding disruption both between and within the α-cellulose 

molecules caused the unfolding of the chains of cellulose, consequently dissolving cellulose in the 

ILs [6,129]. 

Although many ILs have been used to dissolved cellulose, but, [C4mim]Cl and 

[C4mim]CH3CO2 are the most widely used. Many studies have made the tendency of anions of ILs 

to form H-bonds responsible for the enhanced solubility of cellulose [130]. Xia et al. was 

synthesized N-vinylimidazole and 2-chlorthanol and applied them to cellulose dissolution [131]. 

The experimental findings indicate that the prepared IL could readily dissolve cellulose without 

the need for derivatization or degradation, hence preserving the inherent properties of cellulose 

intact. In their study, Raut et al. [132] observed the dissolution of cellulose samples with varying 

weight percentages (30, 28 , and 25 wt%) and different degrees of polymerization (789, 1644, and 

2082) in N-allyl-N-methylmorpholinium acetate ([AMMorph][CH3CO2]) at a temperature of 120 

℃ during a duration of 20 mins. In a study conducted by Ibrahim et al. [124], it was demonstrated 

that 1-ethyl-3-methylimidazolium acetate ([C2mim][CH3CO2]) dissolved 5 wt.% cellulose 

solutions in 40% DMSO within 1 h at 80 °C under pressure of 20 bar. This was achieved utilizing 

a high pressure solubility measuring equipment. Regenerated cellulose from IL/DMSO exhibit 

below par thermal stability and crystallinity compared to the original microcrystalline cellulose. 

Reyes et al. [133] used five different ILs: [C4mim]Cl , [C4mim]CH3CO2, [C4mim][HSO4], 
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[C2mim]Cl, [C2mim]CH3CO2 to dissolved Bleached Hardwood Kraft Pulp. All of these ILs are 

capable to dissolve cellulose at different levels. 

Table 1.2. Dissolution of cellulose in imidazolium ILs 

ILs Cellulose 

source 

Method Temperature 

(°C) 

Solubility 

(g/100g) 

Ref. 

[C4mim]Cl Dissolving pulp  Heating 100 10 [6] 

[C4mim]Cl Dissolving pulp  Microwave 

heating  

- 25 [6] 

AmimCl Dissolved pulp Heating 80 14.5 [114] 

AmimCl Cotton liter Heating 80 8.0 [114] 

Amim[HCOO] MCC(DP250) Heating 60-85 10-20 [115] 

AmimCl MCC(DP250) Heating 100 10 [115] 

AmimCl MCC Sonication - 27 [134] 

AmimCl Cotton linter Sonication - 13 [134] 

AmimCl Kraft pulp Sonication - 8 [134] 

[AMMorph][CH3CO2] MCC(DP789) Heating 80 17 [135] 

[AMMorph][CH3CO2] MCC(DP789 Heating 100 28 [132] 

[AMMorph][CH3CO2] MCC(DP789 Heating 120 30 [132] 

[C8mim]CH3CO2 Avicel Heating 110 <1  

[C4mim]CH3CO2 Avicel Heating 100 12  

 

1.4.1 Mechanism of the dissolution of cellulose in ILs 

Scheme 1.2 illustrates the plausible interactions between ILs and functional sites of 

cellulose. In their key study, Swatloski et al. [6] were the first to employ ILs in the process of 

dissolving cellulose. The researchers demonstrated that cellulose is capable of undergoing 

dissolution in imidazolium-based ILs containing Cl– anions, at concentrations reaching up to 25% 

(w/w), opening new opportunity for the processing of cellulose for various industrial applications. 

Since then, various ILs have been synthesized and applied for numerous industrial applications 

[136-141]. ILs are organic or inorganic anions that can melt at temperatures lower than 100 °C 

when combined with asymmetric organic cations [142,143]. The cations could be imidazolium, 

pyridinium and pyrrolidinium cores, which can consist of different allyl-, ethyl-, or butyl-side 

chains. The anions of ILs could be chloride, acetate, formate, and alkyl phosphate and so on [143-

146].  

Donor-acceptor interactions have been used as explanation to understand the dissolution 

of cellulose in ILs, which involves the cellulose O atom serving as the electron pair donor and the 

cellulose H atom serving as the electron pair acceptor [146,147]. The solubility of cellulose in ILs 
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is mainly influenced by the nature of constituents of ILs. Many studies reveal that anions of ILs 

play the major role for the dissolution of cellulose. The more the electronegativity of anions can 

dissolve the more amount of cellulose. For example, [C4mim]Cl have higher dissolving ability 

than[C4mim]Br, and [C4mim]I [148,149]. Solubility of cellulose in ILs is highly dependent on the 

viscosity of ILs. Chain length of the alkyl side in imidazolium cation had positive correlation with 

the viscosity of ILs. Lower viscosity of ILs have a higher capability to dissolve more amount of 

cellulose [148]. Another important can be mentioned that, the capacity of the ILs that have the 

ability to break down the supramolecular structure of cellulose by the cleavage of inter and 

intramolecular H-bonds of the cellulose sheets resulting in the dissolution of cellulose [150]. The 

basic process by which ILs dissolve cellulose is by the formation of H-bonds between the anions 

of ILs and the cellulose H+ of the –OH group in cellulose [151].  

 

Scheme 1.2. Schematic representation of the mechanism of cellulose dissolution in [C4mim]Cl 

[14] 

 

Several studies have been conducted utilizing a combination of ILs that had a capacity to 

dissolve a greater amount of cellulose. The mixture of ILs with co-solvent such as DMSO, DMAC, 

DMF, etc., increases the solubility of cellulose in the mixture of ILs. The cations of ILs are solvated 

by the co-solvents and produced a greater number of free anions that is involved in the process of 

dissolution. Xu, et al. investigated the solubility of cellulose in [C4mim]CH3CO2 + DMSO system 

and observed that this system can dissolve more amount of cellulose compared to ILs. They, 

suggested that, DMSO solvated the [C4mim]+  and more amount of free CH3CO2
-  produced which 

enhanced the dissolution process [152]. Another crucial element is that co-solvents can make ILs 
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less viscous, which is vital for the dissolving of more cellulose [153]. Research also showed that 

mixture of ILs enhanced the solubility of cellulose. Stolarska et al. investigated the solubility of 

cellulose in DSILs of [C2mim](CH3CO2)0.7Cl0.3, and their eutectic of mixture 

[C2mim](CH3CO2)0.49Cl0.51 and found that about 43 wt% of cellulose is dissolved in the mixture 

of of [C2mim](CH3CO2)0.7Cl0.3 +DMSO system. They claimed that the synergistic effect of anions 

for breaking of the intra and intermolecular H-bonds of cellulose molecules is responsible for the 

dissolution of higher amounts of cellulose [154]. Zhao and coworkers [155] investigated the effect 

of co-solvents such as DMSO, DMF, CH3OH and H2O with [C4mim]CH3CO2 for the dissolution 

of cellulose using molecular simulation and density functional theory (DFT) calculation. It was 

also reported by them that solubility of cellulose in ILs is influenced by both electrostatic 

interaction and H-bonding of cellulose-CH3CO2
-, and addition of co-solvents i.e., DMF and 

DMSO further enhanced the solubility. The role of co-solvent is to solvate the [C4mim]+ and break 

apart the [C4mim]+  and CH3CO2
-  ion pair. Thus, free CH3CO2

- ions are produced which take part 

in H-bonding with cellulose consequently enhancing the solubility of cellulose in IL-solvent 

system. The schematic diagram of the mechanism of cellulose dissolution in the 

[C4mim]CH3CO2+DMSO mixture have been presented in the following scheme. 

 

 

Scheme 1.3.  Mechanism of the dissolution of cellulose in the [C4mim]CH3CO2+DMSO mixture 
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1.4.2 Limitation of ILs for the dissolution of cellulose 

Many researchers were motivated to develop a green alternative solvent due to the 

limitations of ILs, which include issues with toxicity, low biodegradability, and high cost [156]. It 

is true that large-scale industrial application of ILs is hindered by its high cost. Hence, recovery 

operations of ILs must be highly efficient to make them economically viable and sustainable. So 

far, various researches have been carried out to make the recycling of ILs economically sustainable 

[157-159]. In fact, efficient recycling and reuses can make ILs industrially feasible. Several studies 

have been conducted utilizing a combination of ILs that had a capacity to dissolve a greater amount 

of cellulose i.e., food, pharmaceutics, cosmetic, green energy storage materials, and polymer-based 

nanocomposites for sensor, energy storage, biomedicine, etc. [160-165] 

 

 1.5. Prospects of binary mixed ILs for the dissolution of cellulose 

One of the important factors of ILs is their viscosity which heavily influences the solubility 

of cellulose in ILs. The viscosity of ILs is negatively correlated with the dissolution ability of the 

ILs. Hence, the viscosity of the ILs need to be reduced in order to efficiently solubilize cellulose. 

Individual ILs exhibit poor dissolution ability of cellulose due to its high viscosity. Thus, 

modification of the ILs system is required for enhanced dissolution of cellulose. Several studies 

have been conducted to reduce the viscosity of ILs and most preferred way is to add solvents in 

the ILs system. Table 1.3 presents the mixture of ILs and solvent system utilized to dissolve 

cellulose efficiently. In mixed solvent system, viscosity of the ILs is reduced and the mobility of 

the ions in the ILs increases. Consequently, this mobility of the ions is responsible for the increased 

solubility of cellulose in the IL system. Moreover, the conductivity of the system positively 

correlates with the addition of solvent and subsequent reduction of viscosity. 
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Table 1.3. Dissolution of cellulose in a mixture of ILs 

ILs medium Cellulose 

source 

Method Temp

. (°C) 

Solubility 

(g/100g) 

Ref. 

C2mim]Cl+[C2mim]CH3CO2 

(30:70 mol/mol) 

MCC 

Sigma–

Aldrich 

Heating 100 40 [166] 

[C2mim]Cl - Heating 100 12 [166] 

[C2mim]CH3CO2 - Heating 100 23 [166] 

[C4mim]CH3CO2+DMSO 

(RDMSO=2.54:1) 

MCC (DP-

229) 

Immersed in an 

oil bath 

25 15.0 [152] 

[C4mim]CH3CO2+DMF 

(RDMF=2.71:1) 

MCC (DP-

229) 

Immersed in an 

oil bath 

25 13.0 [167] 

[C4mim]CH3CO2+DMAc 

(RDMA=1.14:1) 

MCC (DP-

270) 

Immersed in an 

oil bath 

25 9.0 [168] 

[A2im](CH3OCH2CO2)+MI

M 

(RMIM=0.50 

MCC 

Sigma–

Aldrich 

Immersed in an 

oil bath  

25 25.2 [169] 

[A2im](CH3OCH2CO2)+DM

SO 

(RDMSO=1.01) 

MCC (DP-

270) 

 

Immersed in an 

oil bath 

 

25 26.1 [170] 

[A2im](CH3OCH2CO2)+DM

Ac (RDMAc=1.01) 

MCC (DP-

270) 

Immersed in an 

oil bath 

25 21.8 [170] 

[C4mim]CH3CO2+LiAc - -  20.0 [171] 

[C4mim]CH3CO2+LiCl - -  20 [171] 

[C4mim]CH3CO2+LiClO4 - -  21 [171] 

RDMSO RDMA, RDMF, RNMP is the molar ratio of DMSO, DMAc, DMF and NMP to respective ILs.  

 

1.6. Regeneration of cellulose from cellulose-ILs solution 

Cellulose has the potential to undergo regeneration from a solution of cellulose-ILs by the 

addition of anti-solvents, including but not limited to water, acetone, ethanol, methanol, and 

acetonitrile [6,114,117, 134, 193, 194]. In theory, any solvent that dissolves IL can also be used as 

an anti-solvent. Cellulose-IL interaction is hampered because IL is dissolved in an anti-solvent, 

and cellulose precipitates out of the cellulose/IL solution as a result. The addition of anti-solvent 

to the solution is crucial for the cellulose regeneration process as it controls the morphology of the 

cellulose. The rapid addition of water with cellulose-IL solution results in the precipitation of 

cellulose in powder form [6].  The extrusion of the cellulose solution enables the formation of thin 
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fibers and rods [6, 126, 195]. Casting cellulose-ILs solution onto a glass plate leads to formation 

of cellulose thin films [114, 115, 196]. Cellulose aerogels can be prepared if the regenerated 

cellulose (RC) is washed with liquid CO2 followed by drying under supercritical conditions [197]. 

The properties of RC changed from the native cellulose. The crystallinity of RC decreased [198], 

thermal stability decreased [199], and cellulose I (native cellulose) converted to cellulose II [200], 

degree of polymerization (DP) and weight average molecular weight decreased [6,132] and 

changed their surface morphology [133]. However, the majority of studies have consistently 

shown that the chemical composition of all research chemicals (RC) stays unaltered. The variety 

of structural forms of RC is the advantage for cellulose modification for various applications. 

 

1.7. Functionalization of cellulose in ILs 

Cellulose can be derivatized in homogeneous or heterogeneous synthesis methods. 

Heterogeneous synthesis method is applied for industrial production, but the method has some 

limitations for cellulose derivatives such as sluggish rate of reaction and lack of regioselectivity. 

The ability to overcome these restrictions is dependent upon the accessibility of -OH inside 

cellulose, which serves as the primary determinant for selectivity and the degree of substitution 

(DS). But when the derivatization of cellulose is conducted in a homogeneous phase system, the 

regioselectivity depends on the -OH groups but not the accessibility of -OH [172]. Due to their 

function as non-derivatizing solvents for cellulose, researchers have recently emphasized on the 

potential of ILs as innovative, environmental-friendly, homogenous reaction media for the 

production of derivatives of cellulose. Since –OH groups are widely dispersed in cellulose, it has 

an excellent capacity for chemical modification. The ILs are novel classes of aprotic and protic 

polar solvents that are extremely polar, chemically inert, and thermally stable, making them 

excellent media for the homogenous modification of cellulose. Nearly all typical cellulose 

derivatives were carefully and controllably created over the last two decades by homogenous 

reactions in the ILs. The recent introduction of numerous novel and functional groups onto 

cellulose chains through the process of modularization modification has given cellulose materials 

a number of new properties, including, melt processing capability, excellent solubility and 

processability, super-hydrophobicity, optical performance, flame-retardant capability, stimuli 

responsiveness, and adsorption and separation capabilities. 
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Cellulose derivatization is a process commonly employed for the synthesis of cellulose-

based products, with heterogeneous methods traditionally being the preferred approach. However, 

researchers are recently motivated by the utilization of homogeneous methods for this purpose 

[173,174]. The homogeneous reaction has the following benefits: expanding the possibilities for 

the introduction of novel functional groups, providing fresh opportunities for product design, and 

providing a means of controlling the overall degree of replacement [175]. However, cellulose is 

very challenging to dissolve due to its rigid nature and close chain packing caused by multiple 

inter and intramolecular H-bonding. Appropriate solvents that can dissolve cellulose and create an 

environment that is conducive to the homogenous reaction are urgently required. Only a few 

solvent systems, namely DMAc/LiCl, DMF/N2O4, NMNO, and DMSO/TBAF, as well as some 

molten s/alt hydrates, including LiClO4.3H2O and LiSCN.2H2O, have been discovered so far. It 

has also been reported that homogeneous cellulose derivatizations, such as esterification, 

etherification, and other processes, can produce new compounds in these solvents [173,176-178]. 

Furthermore, these approaches may give rise to significant environmental challenges due to their 

inability to effectively recycle and reuse materials [114]. According to Zhang and his coworkers, 

homogeneous acetylation of cellulose in AMIMCl without requirement of any catalysts could be 

achieved. In addition, cellulose acetates with a variety of degrees of substitution could be produced 

[8]. Heinze and Barthel investigated the acetylation and carbonylation reaction of cellulose with 

[C4mim]Cl without using any catalyst in mild conditions such as short reaction time and low 

amount of reagent.[115]. Heinze et al., carried out carboxymethylation and acetylation of cellulose 

with [C4mim]Cl without using any catalyst to produce highly substituted cellulose 

derivatives.[179]. Erdmenger et al. investigated the homogeneous tritylation of cellulose in 

[C4mim]Cl using pyridine as base and observed the effect of duration of reaction and amount of 

trityl chloride. At about 3 h and a six times excess of trityl chloride were required to get DS of ̴ 

1[180]. Yang et al., [181] carried out an esterification reaction of cellulose using switchable ILs 

of [DBUH][O2COCH3] composed of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), methanol and 

CO2 mixing with DMSO. This [DBUH][O2COCH3]-DMSO system could dissolve 8 wt% of 

cellulose. This solution was undergone a homogeneous esterification reaction to produced 

different esters such as cellulose acetate (CA), cellulose propionate (CP), and cellulose butyrate 

(CB) without using another catalyst. They observed that the DS of the product was maintained by 

optimizing the reaction condition and DMSO can facilitate the esterification reaction [182]. 
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Similar to this research cellulose solution was used for homogeneous derivatization to produce 

CA, cellulose methyl carbonate, and cellulose levulinate [183-185]. Liu et al., carried out 

homogeneous modification of cellulose succinilation with the mixture [C4mim]Cl and DMSO and 

succinic anhydride in the presence of N-bromosuccinimide (NBS) as a catalyst. They found that 

the catalyst showed a significant effect on DS of succinylated cellulosic samples were 0.24-2.31 

[186]. Barthel and coworkers (2006) carried out homogeneous acetylation and carbonylation of 

cellulose with the aprotic ILs of [C4mim]Cl, [C2mim]Cl, 1-butyl-2,3-dimethylimidazolium 

bromide ([C4dmim]Br and 1-allyl-2,3-dimethylimidazolium bromide ([Admim]Br) for 2h at 80 °C 

under mild conditions, small excess reagent, and short period of reaction. They found that DS of 

CA in the range from 2.5 to 3.0 [187]. Huang et al., prepared cellulose stearates with the DS value 

of 2.15, 2.19 and 2.57 from a homogeneous solution of cellulose and [C4mim]Cl [188]. Liu et al. 

prepared cellulose acetoacetate (CAA) with the reaction of tert-butyl acetoacetate and AmimCl. 

Self-healing polysaccharide hydrogel was prepared by mixing this CAA with aqueous solution of 

chitosan through a Schiff-base reaction. The DS of CAA depends on the molar ratio of tert-butyl 

acetoacetate and AmimCl and the reaction time [189]. Polysaccharide hydrogels exhibiting 

redox/pH dual sensitive behavior were successfully synthesized, hence enabling self-healing 

capabilities [190]. Granström et al. carried out a green homogeneous esterification reaction of 

cellulose to produce highly water-repellent cellulose-stearoyl ester in AmimCl. This aerogel can 

spontaneously form from cellulose stearoyl esters with low DS, and the long stearoyl tails in 

combination with the porous aerogel structure cause a considerable rise in hydrophobicity from an 

aqueous contact angle of 0 to 124º [191]. Water soluble ionic cellulose can be formed from 

cellulose-dimethyl imidazolium methylphosphite solution at over 120 C by phosphorylation 

reaction. Depending on the temperature and length of the reaction, the DS of phosphorylated 

cellulose varied between 0.4 and 1.3. With the DS value, this ionic cellulose became easier to 

dissolve [192]. 

 

1.8. Recycling of ILs 

ILs are gaining popularity as promising solvents for a wide range of applications in 

academia and business. Due to ILs' inexpensive and effective utilization, there are currently few 

industrial processes that utilize them. Recycling and reusing ILs can increase their economic 

efficiency. Researchers have attempted various attempts to recover and recycle ILs throughout the 
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course of the previous few decades. For example, recycling ILs after cellulose processing offers a 

significant value proposition by reducing the IL preprocesses cost and making it more 

environmentally friendly [159]. However, thorough investigation is needed to optimize the 

economic aspect of the recycle process on a large scale. IL extraction techniques that have been 

researched include liquid-liquid extraction, distillation, induced phase separation, adsorption, and 

membrane-based procedures [158]. Because of restrictions related to hydrophobicity, all 

techniques are not equally applicable to all ILs. The known techniques for removing ILs from 

aqueous solution generally require a lot of money, require a lot of chemicals, or demand a lot of 

energy since ILs that solubilize cellulose are naturally water soluble. The biomass residues left in 

the aqueous coagulation and wash baths must be taken into consideration when using biomasses 

with higher levels of natural contaminants, such as fruit wastes. As a result, distillation—one of 

the most popular recapture techniques for hydrophilic ILs—is certainly unsuitable. Two 

procedures would likely be required to remove ILs from recycling streams using the most effective 

approaches, the first of which involves the removal of biomass residues and the second of which 

involves the removal of water [201,202]. As ILs are not susceptible to evaporation in typical drying 

process, it can be recycled from wood solution through evaporation of existing co-solvent and anti-

solvent after the constituents of wood have been separated from the solution [203]. Due to their 

exceptional thermal stability and minimal vapor pressure, it has been suggested that ILs possess a 

high degree of recyclability with negligible losses. ILs, however, deteriorate because of the high 

temperatures utilized for the dissolution of wood and cellulose, according to numerous research. 

[204]. The wood moieties produced during dissolution may potentially act as a catalyst to 

accelerate their degradation [205]. The previously listed side reactions are another possible cause  

of losses [206,207]. 

 

In addition to mass loss, the performance of the recycled IL is also used to determine its 

recyclability of it. Wood could degrade and form oligomers at high dissolving temperatures 

rendering it impossible to regenerate from IL. These oligomers form aggregation in the IL resulting 

in reduction in its effectiveness [208,209]. The visual observation of darkening in ILs can be 

attributed to the presence of wood oligomers and heat degradants [210]. It is crucial to mention 

that that ILs may be evaporated in order to remove these oligomers. The successful execution of 

this process necessitates a significant heat and vacuum energy [211,212]. To solve this problem, 
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some methods have been developed, such as the creation of distillable carbenes and the back-

alkylation of the anion [212]. In a range of applications, ILs have proven to be a potential 

alternative to traditional solvents. However, because ILs are somewhat expensive, very few 

methods are really commercialized. As a result, the commercialization of IL-using processes 

depends greatly on the recovery and reuse of ILs. The knowledge of the recyclability of ILs based 

on the literature that is now available in a variety of application domains is still in its early years, 

and this is acknowledged by ILs research communities. 

 

1.9. Purification of ILs  

The hygroscopic property of ILs facilitates their absorption of water during synthesis and 

utilization in diverse academic research or industrial applications. When ILs are exposed to 

atmospheric conditions, it becomes imperative to ascertain the water content inside ILs. Several 

techniques have been utilized to ascertain the water or moisture content in ionic liquids (ILs). The 

determination of small amounts water in ILs can be efficiently carried out using Karl-Fischer 

titration, which is a frequently employed method [213]. This technique allows for rapid 

measurement of water in ILs. Another method that can be employed for the determination of small 

quantities of water from ILs is gas chromatography (GC). This technique utilizes a single, clearly 

defined peak of H2O, which does not have any impact on other components [214]. However, the 

process of water evaporation from ion ILs poses significant challenges due to its strong interaction 

with water molecules. Nevertheless, considering the little vapor pressure exhibited by ILs, the 

elimination of water from ILs can be achieved by means of controlled evaporation. The 

hydrophobic ILs can be purified by a series of steps involving washing with deionized water 

followed by evaporation. However, the purification of ILs can be achieved by the evaporation 

technique, which involves the measurement of electrical conductivity and the electrolysis of water 

molecules inside the ILs [215-220]. Momin et al. [221] have devised an electrochemical approach 

utilizing a platinum cathode and glassy carbon anode system to effectively eliminate water from 

ILs where water is broken down into H2 and O2 via the hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER), respectively, as described in eqs. 8 and 9. 

 

Anodic reaction:    2 H2O = O2 + 4 H+ + 4 e– (8) 

Cathodic reaction: 4 H2O + 4 e- = 2 H2 + 4 OH– (9) 
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Finally, a custom designed electrochemical cell with two compartments was used to remove water 

from an ILs system by employing a potentiostatic bulk electrolysis approach. The cell was 

composed of a cathode constructed from a graphite carbon plate, an anode composed of a platinum 

mesh in one compartment and an ionic liquid-based silver/silver ion reference electrode positioned 

in another compartment. They were successful to remove of water that has been studied using the 

O2/O2
- couple redox reaction, the surface oxidation-reduction reactions of Au electrode, 

conductivity testing by using Karl Fisher titration. 

  

1.10. Reuse of ILs 

As ILs are highly cost, reuse of it several times may be a possible way to make ILs 

economically viable and sustainable at industrial scale. These applications include producing 

regenerated cellulose for textile industries, the yield of RC and the amount of recycled ILs is very 

important [158, 159, 223, 224]. In fact, efficient recycling and reuse can make ILs industrially 

feasible. So far, ILs have demonstrated promising features in various industrial applications such 

as food, pharmaceutics, cosmetics, green energy storage materials, and polymer-based 

nanocomposites for sensors, energy storage, biomedicine, etc. [160-165]. The recycling and reuse 

of ILs is crucial for implementing environmentally sustainable processes in several sectors. 

Numerous research has been conducted to investigate the recycling of ILs using various 

methodologies. The retrieval of the IL from the cellulose-IL solution was accomplished by 

introducing deionized water, which serves as an anti-solvent for the cellulose. The cellulose was 

subsequently isolated from the solution through the process of filtration. The filtrate obtained was 

subsequently subjected to evaporation and subsequent drying processes to get a purified IL. When 

subjected to significant biomass loadings, it is common for a gel phase to be generated, resulting 

in challenges in separating cellulose. However, this issue can be mitigated by employing a solution 

consisting of water and acetone in a 1:1 volume-to-volume ratio, as suggested by Sun et al. (2009). 

The IL recovery rate attained in a study done by Raut et al. was 97 wt%. Consequently, the 

investigators proceeded with further examination of the retrieved IL through the utilization of 1H 

NMR spectroscopy. Remarkably, there was no observed deterioration of the IL throughout the 

process of cellulose dissolution and subsequent regeneration. In the investigation conducted by 

Raut et al. it was observed that the IL exhibited successful utilization in the dissolution of cellulose 
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for three consecutive cycles, while consistently retaining its performance, even when exposed to 

roughly 3 wt% water. This way the reutilization of ILs could provide successive implementation 

of the ILs for the purpose of dissolving cellulose. These methods are not only economic but also 

environment-friendly making it feasible for the industrial application. 

 

1.11. The complexity of DSILs for the dissolution of cellulose 

The complexity due to DSILs for the dissolution of cellulose may arise from the multiple 

ions coexisting in DSILs. These DSILs typically consist of more than two complex organic cations 

and organic or inorganic anions, and their unique interactions with cellulose contribute to their 

distinctive properties. As DSILs are composed of multiple ions, complexity increases in their 

understanding of their interactions with cellulose and how these interactions affect the dissolution 

process. The properties of DSILs and interactions with cellulose can be tuned by varying the exact 

ion combination in them making it difficult to gain a deeper understanding. These combinations 

of ions in DSILs may cause high viscosity which influences the solubility of cellulose. The choice 

of anions in DSILs which play a major role in the dissolution can significantly impact their 

solvating ability and selectivity for cellulose. Theoretical studies could valuable insight into the 

complexity raised due to the use of DSILs during the dissolution of cellulose. This deep 

understanding could help in engineering ways to minimize this complexity.  

 

1.12. Theoretical studies on ILs for the dissolution of cellulose 

Computer simulation provides clear understanding of the microscopic interactions of 

cellulose-ILs solution and the reason of the enhancement of the dissolution of cellulose. Often 

confusion arises from the experimental studies of the dissolution of cellulose with ILs. For 

instance, the solubility of cellulose in ILs was found to be highly dependent on the anions of ILs 

interaction via H-bonding [219,220]. While some experiments revealed that interactions with 

anions are the major factor controlling cellulose dissolving [221,222] others revealed that cations 

significantly contribute in the cellulose dissolution process [223]. Hence, the underlying process 

of cellulose dissolution remains unclear. To understand the actual mechanism of the dissolution of 

cellulose in ILs or a mixture of ILs, Gupta et al.  [224] have reviewed a number of computational 

studies. Simulations would give a better and thorough understanding of the enhancement of the 

dissolution of cellulose in DSILs. In recent years, several studies have explored the properties and 



30 
 

behavior of ILs through the utilization of molecular simulations. It is established experimentally 

and theoretically that mixtures of ILs with protic or aprotic co-solvents or DSILs tune their 

physicochemical properties for task-specific applications. Phadagi et al. [225] investigated 

experimentally and theoretically the role of co-solvent DMF with ILs of 1-butyl-3-

methylimidazolium chloride ([C4mim]Cl), 1-allyl-3-methylimidazolium chloride ([Amim]Cl) and 

1-butyl-3-methylpyridinium chloride ([bmpy][Cl) for the dissolution of cellulose. Using the 

COSMO-RS theory and conceptual density functional theory (CDFT), they proved that DMF 

enhanced the dissolution of cellulose. In their study, Trenzado et al. [226] employed molecular 

dynamics techniques to explore the characteristics of the diffusion of [BF4]
– and [TFSI]– anions 

within the [C2mim][BF4]0.5[TFSI]0.5 liquid interface, as well as the underlying process of interface 

crossing. The findings provide a comprehensive analysis of the investigated DSIL. Therefore, the 

inclusion of multiple ions in ILs can be regarded as a potential approach to modulate 

physicochemical properties. This strategy enables the enhancement and alteration of the fluid's 

properties, thereby expanding its applicability across several domains. Dhakal et al., [227] 

reviewed a number of articles based on molecular simulation analyses of the bulk properties and 

structure of ILs mixture. They mentioned that the mixing of ILs is a powerful technique for 

synthesizing DSILs of two cations or anions with tailor-made properties.  

 

1.13. Objectives of the study 

The main aim of this study is to develop a green and sustainable DSILs system for the efficient 

dissolution of cellulose through the following specific objectives.  

1. Developing method for dissolution of cellulose using green solvents, ILs and their DSILs 

2. Designing and computational modeling of the ILs and DSILs used for the dissolution of 

cellulose 

3. Purification of dissolved cellulose via the concept of fractional precipitation and 

4. Modification of cellulose via both physical and chemical means 
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1.14. Strategic plan of this study  

The following strategies will be followed in order to accomplish the objectives of the proposed 

work-  

 Utilizing various ILs – including protic and aprotic ILs – to develop an integrated 

processing route that would cover the efficient pulp extraction from natural sources and 

dissolution of cellulose from the pulp 

 Studying the underlying physical chemistry of the dissolution process using spectroscopic, 

rheological and electrochemical methods 

 Designing various combinations of DSILs – using a variety of cations and anions for the 

purpose-  and preparation of the DSILs at various IL-to-IL mole fraction ratio 

 Investigating the solution dynamics, rheology and nano-structure formation mechanism 

within the DSILs 

 Applying density functional computational modeling to design and understand the nature 

of hydrophilic and hydrophobic regions in the DSILs and non-covalent interactions within 

the ions for ensuring the most efficient design of task-specific DSIL-based solvent media    

 Applying the DSILs in the dissolution of cellulose and comparing their physical chemistry 

and efficiency with those of ILs 

 Controlling the morphology of cellulose through physical means as well as perform 

chemical modification on cellulose using ILs and DSILs 

 Gaining a deeper view of the structure of the cellulose IL systems from physical and 

chemical standpoint with an aim of industrial application 

 

1.15. Experimental initiatives of this study  

The cellulose used for the research will be obtained mainly from commercially available 

sources or by pulping any of the important common sources such as cotton, jute, wood, etc. Large 

batch will be prepared and the quality, average molecular weight, polydispersity etc. will be 

determined using solvent extraction, liquid chromatography, gel permeation chromatography, zeta 

potential measurement, and so on. 

A range of DSILs using ILs with difference in structure of the cation and anion to give 

different hydrophilicity, in other words, hydrophobicity will be prepared at different compositions 



32 
 

and their physicochemical properties will be investigated in detail by studying density, viscosity, 

refractive index, solvatochromic behavior, conductivity, thermal stability, etc. The molecular 

environment in the DSIL systems will be studied by spectroscopic, computational and light 

scattering measurements.  

Solutions of cellulose in ILs and DSILs will be prepared at different compositions. The 

solubility will be tested at different temperatures solubility limit determination. Correlation 

between IL structure, cellulose characteristics and solubility behavior will be developed. 

Measurements of density, refractive index, and electrical conductivity will be performed 

on the cellulose solutions in ILs and DSILs. Density and refractive index data will provide 

information on volume change upon dissolution of cellulose in solvent and the molecular volumes. 

Electrical conductivity measurements will provide an understanding of the ionic environment of 

the polymer solutions. In order to gain insight into structure and nature of the solutions, a 

comparative analysis will be conducted between the empirical data and several theoretical models. 

The variation of physicochemical properties of ILS and DSILs at different compositions 

will be exploited to purify/grade dissolved cellulose by varying the composition of the constituent 

ILs in the DSILs via the concept of fractional precipitation. The morphology of the cellulose will 

be analyzed by standard means using electron microscopy and x-ray diffraction, and differential 

scanning calorimetry. The dissolution of cellulose will be carried out in ILs and DSILs and it will 

be functionalized by oxidation to modify cellulose structure. The structural details of the modified 

cellulose will be elucidated. 
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Chapter 2 

Structure of Imidazolium-Based Double Salt Ionic Liquids at Molecular Level 

 

Abstract 

Ionic liquids (ILs) have attracted significant attention in the scientific community owing to their 

distinctive qualities. These features include minimal vapor pressure, non-volatility, wide 

electrochemical potential window, and relatively low melting point. ILs have a widespread 

application in the field of physics, chemistry, and engineering and have been an emerging topic in 

the field of research in the last few decades. But at present, mixture of ionic liquids such as double 

salts ionic liquids (DSILs) varying cations, anions or both gain more attention to the researcher 

over single ILs, because DSILs can tune their physicochemical properties, and provide different 

types of molecular interactions and guidelines for the synthesis of task-specific ionic liquids 

(TSILs) for desired applications. Their properties are imposed by various types of interactions, 

such as H-bonding, dipole-dipole interactions, coulombic interactions and electron pair donor-

acceptor interactions, etc. For the potential application of DSILs as a solvent, understanding of 

their structural and physiochemical properties is crucial. The objective of this study is to gain 

insight into structure of DSILs, 1-butyl-3-methyl imidazolium chloride ([C4mim]Cl) and 1-butyl-

3-methyl imidazolium acetate ([C4mim]CH3CO2), and their DSILs keeping cation constant of 

[C4mim](CH3CO2)1-xClx (where x is the mole fraction of ILs) by using ATR-FTIR, Raman and 

NMR spectroscopy. The effect of ionic interactions on the liquid structure of DSILs have been 

analyzed using FTIR and Raman spectroscopy. The sharp blue shifts observed in ATR-FTIR 

spectra for C-H stretching vibrations for DSILs with the addition of [C4mim]Cl in 

[C4mim]CH3CO2 indicated the disruption of the hydrogen bonds in DSILs due to the synergistic 

effect of of Cl- and  CH3CO2
- ions which weakens the C(2)-H bond, but it is less significant in 

C(4)-H and C(5)-H bonds. 1H and 13C NMR spectroscopy have been used to understand the 

insights of the interactions between ionic species in DSILs. It can reveal information about ion 

pairing, hydrogen bonding, and other intermolecular interactions that influence the DSIL's 

properties. 1H NMR chemical shifts of C(2)-H, C(4)-H and C(4)-H and alkyl chain of imidazolium 

ring proton provided useful information about the cation-anions interaction in DSILs. 
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2.1. Introduction 

Ionic liquids (ILs) are a unique class of liquids consisting entirely of ions, which are 

charged particles [1-4]. They typically exhibit melting points often below 100 ℃, and exhibit 

variety of physical and chemical properties [1]. Due to their fascinating characteristics, ILs have 

drawn substantial interest in various fields, including materials science, engineering, and 

chemistry.  The constituents of ILs include bulky, asymmetric organic cations in combination with 

either inorganic or organic anions. The combination of different cations and anions allows for a 

wide variety of ILs with different properties [2]. One of the most notable features of ILs is their 

low volatility, which makes them non-volatile or low-volatile compared to traditional molecular 

solvents. This property contributes to their potential as ecofriendly and sustainable replacements 

for volatile organic solvents. Several studies have been focused on ILs owing to their interesting 

solvent properties [3]. Due to their ionic nature, they can dissolve a wide range of polar and non-

polar compounds, making them versatile solvents for numerous applications. Furthermore, ILs, 

with their excellent ionic conductivity and thermal stability, is considered be promising candidates 

for various electrochemical applications [3, 4].  

Double salt ionic liquids (DSILs) are a subclass of ILs that contain at least three different 

types of ions, typically derived from two distinct salts [5-10]. These unique liquids offer 

synergistic properties and functionalities providing superior efficiency in various applications [5]. 

DSILs are the homogeneous mixture of two different ILs, resulting in a more complex ILs structure 

[6,7].  In addition, DSILs are formed by the results of strong interactions among multi-ions systems 

where all the interactions affecting the physicochemical properties considerably. The multi-ionic 

environment in DSILs does not behaves as a simple mixture of ions rather acts as distinct material. 

The presence of multi-ions in DSILs can lead to enhanced properties, such as increased solubility, 

improved conductivity, and tunable physicochemical characteristics [6, 9]. These features of 

DSILs make them attractive for a variety of applications, i.e., electrochemistry, separation 

processes, catalysis, and biological activity [10-15]. To understand the enhanced properties of 

DSILs the investigation of its physicochemical properties and structural elucidation is crucial. 

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) analysis is a 

valuable characterizing technique for analyzing DSILs [8, 16]. ATR-FTIR provides information 

about the functional groups present in DSILs, their molecular structure, and the ionic interactions 
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within the liquid [9, 17]. ATR-FTIR spectroscopy allows for the analysis of both the cation and 

anion components, providing insights into their chemical environments and bonding 

characteristics. By measuring the absorption of infrared light, ATR-FTIR analysis can identify 

specific functional groups and their variations within the DSILs [10,18]. One of the key 

applications of ATR-FTIR analysis in the characterization of DSILs is the investigation of ion 

pairing and interactions. DSILs often exhibit unique ion-ion interactions due to the presence of 

two different salts. FTIR-ATR spectroscopy can provide information about the formation and 

stability of ion pairs within the DSILs. A study by Cha et al. [11, 19] utilized ATR-FTIR 

spectroscopic analysis to investigate the ion pairing behavior in the mixture imidazolium ILs with 

nonpolar solvent. They observed that, C(2)-H and Cl– ion pair include higher frequency of H-

bonding in high concentration and lower frequency of H-bonding in low concentration. FTIR 

spectra indicated presence of ion pairs and allowed them to investigate the influence of different 

cation-anion combinations on ion pairing. This technique can detect shifts in vibrational bands and 

peak intensities, providing information about the molecular arrangement and ordering of the ions 

within the liquid. They found an absorption band at 3020 cm-1 for the stretching vibration of C(2)-

H…..Cl-  H-bond.  Jaganathan et al. [12, 20] investigated the structural changes due to changing 

oxidative anions of [C4mim] based ILs. They observed changes in the FTIR spectra upon heating, 

indicating phase transitions and changes in the molecular arrangement of the ILs. Moreover, ATR-

FTIR analysis [16-18] can provide insights into the solvation behavior of DSILs. It can help to 

determine the interactions between the ILs and other molecules or surfaces. By measuring the 

shifts in vibrational bands or the appearance of new peaks, ATR-FTIR spectroscopic analysis can 

identify specific interactions, i.e., H-bonding or ion-surface interactions. Bonomo et al.  [13, 21] 

utilized ATR-FTIR spectroscopy to investigate ILs and silica surfaces interaction. They observed 

shifts of peaks in FTIR spectra, indicating the formation of hydrogen bonds between the ILs and 

the silica surface. In summary, ATR-FTIR spectroscopic analysis is a valuable technique for the 

characterization of DSILs. It provides information about the functional groups, ion pairing 

behavior, structural changes, and solvation behavior within ILs [16-18]. The application of ATR-

FTIR spectroscopy enhances the understanding of the molecular properties and interactions among 

the ions in DSILs, contributing to their further development and utilization in various applications 

[19-21]. 
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Raman spectroscopy is a powerful technique for the characterization of DSILs. Raman 

analysis provides valuable information about the vibrational modes, molecular structure, and 

interactions within DSILs. Raman spectroscopy allows for the identification and structural 

elucidation of DSILs [22, 23]. It provides information about the molecular vibrations and chemical 

bonds present in DSILs, enabling the determination of the structures of cation and anion [16]. The 

Raman spectrum of DSILs can exhibit characteristic peaks corresponding to the stretching, 

bending, and rotational vibrations of the ions. By comparing the Raman spectra with reference 

compounds or using spectral deconvolution techniques, the constituents and structures of DSILs 

can be determined. For example, a study by Fujii et al. [25] utilized the Raman spectroscopic 

technique to understand influence of anions on the structure of room temperature ILs. They 

investigated that the characteristic Raman peaks corresponding to specific vibrational modes, 

allowing for the determination of the ILs structures and confirming the presence of specific anions. 

In addition to structural characterization, Raman spectroscopy provides insights into the 

interactions and phase behavior of DSILs [18, 26]. The Raman spectrum can exhibit shifts or 

changes in peak intensities due to ion-ion interactions, hydrogen bonding, or solvation effects. 

These spectral changes can be used to investigate the solvation behavior of DSILs, the formation 

of ion pairs, or the presence of specific intermolecular interactions [24,25]. A study by Zhu et al. 

[18, 26] employed Raman spectroscopy to investigate the solvation behavior of DSILs with 

different cations and anions. The researchers observed shifts and changes in the Raman peaks, 

providing information about the solvation structures and interactions within the DSILs. 

Furthermore, Raman spectroscopy can be used to study the dynamic behavior and phase transitions 

of DSILs. The Raman spectrum can exhibit changes in peak positions or intensities upon variations 

in temperature, pressure, or composition, indicating phase transitions or changes in molecular 

arrangements. This allows for the characterization of phase behavior, crystal formation, and phase 

transitions in DSILs. Zhu et al.  [18, 26] investigated the structure of DSIL by the experimental 

together with the theoretically vibrational structure. Raman spectroscopy enables the 

determination of chemical structures, investigation of intermolecular interactions, and study of 

phase behavior and dynamic processes within DSILs [24]. The application of Raman spectroscopy 

provides valuable insight into the properties and behavior of DSILs, facilitating their further 

development and utilization in various fields [25,26].  
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Nuclear Magnetic Resonance (NMR) spectroscopy is an important technique for the 

characterization of DSILs. NMR analysis provides valuable information about the chemical 

structure, dynamics, and interactions within DSILs [27,28]. NMR spectroscopy allows for the 

identification and structural elucidation of DSILs. It can provide information about the 

connectivity and arrangement of atoms within the DSIL molecules, as well as the presence of 

impurities or side products [20,28]. The chemical shifts observed in NMR spectra can be correlated 

to specific functional groups, allowing for the determination of the cation and anion structures in 

DSILs. Recently, Damodaran et al. [21,29] reviewed the development of NMR spectroscopic 

techniques for understanding the structure of ILs and their dynamics. They found that ILs have a 

large number of NMR active nuclei, allowing for the broad utilization of multinuclear NMR 

investigations. ILs and the products created by their covalent interactions with other materials are 

frequently studied using chemical shifts and multinuclear coupling constants. In addition to 

structural characterization, NMR analysis can provide insights into the dynamics and mobility of 

ions within DSILs. NMR relaxation measurements can determine the rotational or translational 

motions of the ions, which are related to the viscosity and diffusion properties of the DSILs [30]. 

By analyzing the relaxation times, one can obtain information about the molecular dynamics and 

the influence of temperature and composition on the mobility of DSIL ions. A study by Tokuda et 

al. [31-33] employed the NMR technique to investigate the structure of RTILs with the variation 

of cations, anions, and the alkyl chain length of cation. Furthermore, NMR spectroscopy can be 

used to probe the interactions and solvation behavior of ILs with other molecules or surfaces 

Through the observation of chemical shift changes, NMR can provide information about ion-

solvent or ion-solute interactions. This is particularly useful for understanding the solvation 

properties and interactions in DSIL-based electrolytes. A study by Pauric et al. [23] utilized NMR 

spectroscopy to investigate the solvation behavior of binary system electrolytes with lithium ions. 
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2.2. Materials and Methods 

The materials and methodologies employed in this chapter for the purpose of conducting this study 

have been described in the subsequent sections. 

 

2.2.1. Materials 

1-butyl-3-methylimidazolium chloride (purity >98%) and 1-butyl-3-methylimidazolium 

acetate (purity >95%,) used in this study were purchased from Sigma -Aldrich and used without 

further purification.  

 

2.2.2. Preparation of DSILs 

The IL, [C4mim](CH3CO2) was added to the IL, [C4mim]Cl at varying mole fractions to 

prepare [C4mim](CH3CO2)xCl1-x, ( where x is 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 mole 

fraction of single ILs). The mass of the individual IL needed for the mixture was calculated and 

measured using a METTLER TOLEDO electrical balance, model no. MS105, EMC with a 

precision level of ±0.00001 g. About 2 g of the mixtures for each mole fraction of DSILs were 

prepared, taken into vials, sealed to restrict moisture, and then heated at 75 ℃ above the melting 

point of [C4mim]Cl with continuous stirring in an oil bath for proper mixing until a clear 

homogeneous phase was obtained. To DSILs were stored in an electric desiccator. Since the 

physicochemical properties of ILs is negatively affected by the water content resulting in poor rate 

of dissolution of cellulose, maximum precaution was made to avoid moisture. The ILs and 

synthesized DSILs were stored in an electrical desiccator to protect them from moisture.   

2.2.3. Characterizations 

The structure of synthesized DSILs have been characterized using different spectroscopic 

techniques. The methods and instrumental descriptions have been presented below. 

2.2.3.1. ATR-FTIR spectroscopy 

The structural identification of the cellulose samples and ILs were carried out by attenuated 

total reflectance-Fourier transform-infrared (ATR-FT-IR) spectroscopy (Frontier, Perkin-Elmer, 

UK; Software: Spectrum version 10.4.4). The FT-IR spectra were recorded in ATR mode equipped 

with a diamond crystal. For every measurement, the crystal of the diamond was polished with 

acetone, and a background scan was taken before every measurement. The spectra were recorded 

between 650 to 4000 cm-1 range at 4 cm-1 spectral resolution and with 16 scans per spectrum.  
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2.2.3.2. Raman spectroscopy 

Raman spectroscopic measurements of ILs and DSILs were carried out by Horiba T64000 

Raman spectrometer with He-Ne laser as source of light. All measurements were conducted with 

He-Ne laser with wavelength at 632.8 nm and 10 mW of power. The laser beam was focused on 

the sample, and the resulting Raman-scattered radiation was collected using an oblique collecting 

geometry at (70 to 90°) a large-aperture convex lens with an aperture of 0.98. This radiation was 

then focused to the entrance window of the optical fiber. The unnecessary Rayleigh Scattering was 

attenuated using a Weuseda 632.8 nm notch filter (COHERENT) located in front of the optical 

fiber entrance. The entrance slit of Czerny Turner configured spectrograph Acton Spectra Pro-

2758 was attached with the outlet of the optical fiber. CCD camera (Princeton PIMAX with 

unigene II coating) with imaging array of 1024×1024 pixels cooled to –200 ℃ by a Peltier cooler 

is utilized as detector to record the spectrum. The resolution was 2 cm–1
. Raman spectra were 

acquired using a backscattering geometry across various spectral bands ranging from 200 to 3500 

cm–1. 

2.2.3.2. NMR spectroscopy 

For the measurement of 1H and 13C NMR of the prepared ILs and DSILs used in this 

investigation were dried individually to eliminate the moisture absorbed during preparation under 

a high vacuum at 70 ℃ for 24 h. All 1H and 13C NMR spectra were recorded by BRUKER 400 

UltraShieldTM. 
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2.3. Results and Discussion 

The structure and characteristics of ILs and DSILs can be studied using spectroscopic methods 

such as FTIR, Raman, and NMR spectroscopy. These spectroscopic methods each offer distinctive 

perceptions of ILs and their DSILs, advancing knowledge of their molecular and structural 

characteristics. Scheme 2.1 represents possible structure of DSILs. 

 

Scheme 2.1. Possible structure of DSIL 

 

2.3.1. ATR-FTIR spectroscopy 

FTIR spectroscopy provides valuable information about the functional groups and the 

interactions at a molecular level in DSILs. The ATR-FTIR spectra of ILs synthesized DSILs of 

[C4mim](CH3CO2)1-xClx  (x is the mole fraction of ILs)  over the whole mole fraction range have 

been plotted in  Fig. 2.1. Extensive information regarding the structure and interaction 

characteristics of ILs and DSILs can be found in the C-H stretching vibrational regions, 

particularly those present in the aromatic ring of the cation [35]. Fig. 2.1(a) and (k) represent the 

spectra regarding [C4mim]Cl and [C4mim]CH3CO2, respectively. The rest of the spectra, from Fig. 

2.1(b) to (j), are for DSILs prepared by mixing [C4mim]Cl and [C4mim]CH3CO2 in different mole 

ratios. 
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Figure 2.1. ATR-FTIR spectra of (a) [C4mim]Cl, (b) [C4mim](CH3CO2)0.1Cl0.9, (c) 

[C4mim](CH3CO2)0.2Cl0.8 (d) [C4mim](CH3CO2)0.3Cl0.7 (e) [C4mim](CH3CO2)0.4Cl0.6 (f) 

[C4mim](CH3CO2)0.5Cl0.5  (g) [C4mim](CH3CO2)0.6Cl0.4  (h) [C4mim](CH3CO2)0.7Cl0.3 (i) 

[C4mim](CH3CO2)0.8Cl0.2 (j) [C4mim](CH3CO2)0.9Cl0.1 (k) [C4mim]CH3CO2 

 

In Fig. 2.1, the wavenumber range 3190–2800 cm–1 represents the C-H stretching 

vibrations in [C2mim]+
 cation.  Fig. 2.2 depicts the deconvoluted ATR-FTIR spectra for (A-

B)[C4mim]Cl, (C-D) [C4mim]CH3CO2, and (E-F) [C4mim](CH3CO2)0.9Cl0.1. In this study, the 

bands at 2873, 2936, and 2956 cm–1 represent several C-H stretching vibrations of the alkyl group 

and 3059 and 3141 cm-1 indicates C(2)-H and C(4, 5)-H stretching vibrations, respectively for 

[C4mim]Cl (Fig. 2.2, A). The bands at 2874,2936,2960 cm–1 for C-H stretching vibration for alkyl 

side chain and 3006 and 3028 cm-1 for C(2)-H and C(4,5)-H, respectively for [C4mim]CH3CO2 

(Fig. 2.2,C). Again for [C4mim](CH3CO2)0.9Cl0.1, C-H stretching vibration for alkyl group in 

imidazolium cation was found to be 2873,2935,2959 cm-1 and 3057, 3140 cm–1 for C(2)-H and 

C(4,5)-H, respectively (Fig. 2.2,E). A similar observation was made by many researchers. 

Umebayashi et al. [36] have found bands 2951, 2970, and 2992 cm-1 for C-H stretching vibrations 

of alkyl group. They also found C(2)-H and C(4, 5)-H stretching vibrations at 3124 and 3162 cm-

1, respectively. Cha et al. [37] found C(2)-H and C(4,5)-H stretching vibrations at 3114 and 3163 
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cm-1, respectively. Bands at 2877, 2938, and 2965 cm-1 are attributable to several C-H stretching 

vibrations of alkyl group. In all the spectra, for both ILs and DSILs, the C-H stretching region 

marked with a rectangle in Fig. 2.1 remains somewhat unaltered with very little or minute 

alterations. This behavior suggests that the simultaneous presence of both ILs has slightly 

perturbed local structures [36]. Fig. 2.2 (A), (C), and (E) depicts this slight perturbation effectively 

in the deconvoluted spectra. The bands approximately at 3141 and 3059 cm-1 are ascribed to 

coupled C-H stretching modes of C(4, 5)-H and C(2)-H of the imidazolium cation. The rest are for 

C-H stretching vibrations of the aliphatic part. These slight variations may have resulted from the 

extent of the H-bond in ILs and DSILs. The geometric nature of H-bonds also gets modified in the 

DSILs. This may occur due to the presence of Cl- and CH3CO2
- simultaneously [35,36]. The band 

near 1375 cm-1
 (marked with redline) is absent in Fig. 2.1(a). It becomes much more prominent as 

the mole fraction of [C4mim]CH3CO2 is increased, eventually becomes maximum for 

[C4mim]CH3CO2. 
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Figure 2.2. Deconvoluted ATR-FTIR spectra of (A-B)[C4mim]Cl, (C-D) [C4mim]CH3CO2, and 

(E-F) [C4mim](CH3CO2)0.9Cl0.1 

 

The band at 1570-1560 cm-1 can be seen for both of the ILs and for all the DSILs. The 

deconvoluted spectrum in Fig. 2.2(B) reveals the presence of only a peak. So, it can be concluded 

that this band may be attributed to ring C=C for [C4mim]Cl. Again, the deconvoluted spectra of 

both DSILs and [C4mim]CH3CO2 (Fig. 2.2, D and F) near 1570-1560 cm-1 demonstrate the 

presence of two bands. They may have originated because of the vibration of C=O of the CH3CO2
- 

ion and C=C of the imidazolium ring [36, 38].  
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Figure 2.3. ATR-FTIR spectra of the  ILs and DSILs in the region of 1700-1100 cm-1 

 

The range at 1700-1100 cm-1 has been shown in Fig. 2.3. This region holds significant and 

valuable information regarding the characterization of ILs and DSILs. All the bands of both ILs 

and the corresponding DSILs are similar. This signifies that the mixing of ILs have not generated 

any new functional groups. There is no chemical interaction here, the interaction is physical in 

nature. With the increase in the amount of [C4mim]CH3CO2 in the DSILs then the absorbance of 

all the functional groups is boosted and eventually becomes maximum for  [C4mim]CH3CO2. This 

means that the population of different functional groups increases. In [C4mim]Cl, 1567 cm-1  

indicates C=C bond. Shiflett et al. [38] identified new peaks at 1666, 1508, 1323 cm-1 in the ATR-

FTIR spectra. These peaks are consistent with spectra of Fig. 2.3 with slight shift in the 

wavenumbers. At 1578 and 1379 cm-1, the acetate carboxylate (C=O and C-O combined) band 

appears. In DSILs, both C=O and C=C groups are present simultaneously. The bands at 1561 and 

1571 cm-1 represent C=C and C=O, respectively.  
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Figure 2.4. Variation of stretching frequency of C(2)-H in imidazolium ion in 

[C4mim](CH3CO2)xCl1-x with the mole fraction of [C4mim]Cl 

 

The C(2)–H proton, owing to the electron deficit nature of the C=N bond, is highly acidic 

in nature. In Fig. 2.4, all the stretching frequencies of C(2)-H in [C4mim]+ ion in DSILs with the 

mole fraction of [C4mim]Cl have been plotted. The C(2)–H  stretching absorption band for 

[C4mim]CH3CO2 occurs near 3025 cm-1. All the other bands occur higher than 3025 cm-1. The 

stretching band for [C4mim]Cl occurs near 3060 nm-1. All the C(2)-H bands for DSILs occur in 

between these two values except for [C4mim](CH3CO2)0.8Cl0.2. The blue shift in DSILs is quite 

reasonable with increasing [C4mim]Cl mole fraction as its C(2)-H band lies at  3060 cm-1. These 

changes in wavenumber for DSILs suggest an alteration of interaction strengths. The Cl- and 

CH3COO- anions now can simultaneously form H-bonds with the C(2)-H. As a result, the C(2)-H 

bond gets weakened hence peaks of  C(2)-H  can be observed blue shift in the DSILs. The H-bond 
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strength between C(2)-H is stronger for Cl– than that for CH3COO– hence it can be seen a  higher 

wavenumber for [C4mim]Cl than [C4mim]CH3CO2 [37, 38]. 

 

2.3.2. Raman spectroscopic analysis 

Raman spectroscopy offers a unique and characteristic identification method for ILs due 

to its capacity to detect and analyze alterations in polarizability that occur during molecular 

vibrations. This property renders it very suitable for the identification and characterization of 

DSILs. Comparative examinations of the structures of ILs and DSILs have been conducted with 

the Raman spectroscopy. Fig. 2.6 displays the Raman spectra of [C4mim]Cl, [C4mim]CH3CO2 and 

their DSILs. 

 

 

Figure 2.5. Raman spectra of [C4mim](CH3CO2)xCl1-x  

 

The halogen anions, in this case, Cl–, exhibit inactivity in Raman scattering. But lattice vibrations 

are still present located below 200 cm-1 [39, 40]. Hence, all existing Raman bands in Fig. 2.5 is 
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attributable to the [C4mim]+ cation and CH3CO2
- anion. As a result, [C4mim]+ cation exhibits two 

distinct conformations in those salts according to Fig. 2.5. At least one cation in [C4mim]Cl must 

assume the same molecular shape. The variations in the Raman spectra arises because of the 

rotational isomerism of butyl chain of the [C4mim]+ cation specifically around C7-C8 [39, 40]. 

 

Figure 2.6. Raman spectra of [C4mim](CH3CO2)xCl1-x in the region of 200-1100 cm-1 

 

Fig. 2.6 showcases the Raman spectra of all the ILs and DSILs in the region of 200-1100 cm-1. All 

the bands are common here and prevail in all the studied systems. The bands at 697 and 627 cm-1 

corresponds to ring deformation of [C4mim]+ cation. Rest of the bands also result from some extent 

of ring and chain distortion. Relative intensity of the bands is very much pronounced in all the 

DSILs and [C4mim]CH3CO2 compared to [C4mim]Cl. This pronounced absorption intensity is due 

to the presence of acetate anion [20, 41].  In Fig. 2.6, some significant bands with high intensity 

are 326.6, 601, 627, 902 and 1021 cm-1. Rolf W. Berg [42] found similar bands with slight 

alterations. They found absorption at 327.1, 619.6, 636.2, 945.3, and 1043.6 cm-1. All of these 

bands are associated with ring and chain vibrations. The symmetric (1383 cm-1) and asymmetric 

modes of CH3COO- is highly Raman active hence give strong absorption. In Fig. 2.7 it is seen that 

with increasing the content of [C4mim]CH3CO2, the absorption intensity increases except 

[C4mim](CH3CO2)0.9Cl0.1. From this, it can be inferred that CH3COO- anion imparts a strong 
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influence on the intensity of the absorption of Raman intensity of the DSILs [43].  With the mixed 

spectroscopic analysis with FTIR (Fig. 2.9) and Raman spectroscopy (Fig. 2.7), we can conclude 

that the strong band near 1572 cm-1 results corresponds to C=C of the ring rather than the CH3COO- 

anion [43]. 

 

Figure 2.7. Raman spectra of [C4mim](CH3CO2)xCl1-x in the region of 1100-1700 cm-1 

 

In Fig. 2.7, it is seen that there have been some shifts in wavenumber for DSILs. Significant 

bands in this figure are 1117, 1337, 1383, 1421, 1450 and 1572 cm-1. These are associated with 

ring, chain deformations. Similar results were found by Rolf W. Berg [42] having bands 1106.6, 

1324.3, 1388.9, 1413.6, 1443.7, and 1450.6 cm-1 

 

2.3.3. NMR spectroscopic analysis 

NMR spectroscopy is imperative in elucidating the intricate molecular structure of DSILs, 

encompassing the precise positioning of atoms and the spatial alignment of functional groups. It 

offers valuable insights into the chemical changes shown by various nuclei within DSILs, 

encompassing both proton and carbon nuclei. Chemical changes exhibit a remarkable degree of 
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sensitivity towards the electronic surroundings in their immediate vicinity, hence facilitating the 

process of structural investigation. 

 

2.3.3.1. 1H NMR 

The 1H NMR chemical shifts (δ) of DSILs of [C4mim](CH3CO2)1-xClx for whole mole 

fractions range have been presented in Fig. 2.8 and  2.9. The δ values extracted from Fig. 2.8 and 

2.9 for all protons of imidazole ring with different substituents and counter anions of ILs and 

DSILs are tabulated in Table 2.1. There are two important factors that have strongly influenced 

the δ values. The protons are forming hydrogen bonds with the anion, while the presence of the 

anion is inducing an effect on the imidazolium ring [37, 44]. The imidazole cation's C(2)-H proton 

is closest to the two neighboring electron-withdrawing groups of nitrogen atoms from the structure 

itself, which caused the NMR signals to be slightly in downfield. To understand the structure of 

DSILs, three important chemical shifts for the proton of C(2)-H, C(4)-H, and C(5)-H in [C4mim]+ 

ion are crucial. The chemical shifts for the proton of C(2)-H, C(4)-H, and C(5)-H in 

[C4mim]CH3CO2 are 10.60, 7.35, and 7.22 ppm, respectively whereas δ values regarding the 

proton of C(2)-H, C(4)-H, and C(5)-H in  [C4mim]Cl are 10.24, 7.64, and 7.35 ppm, respectively. 

Hesse‐Ertelt et al. [45] investigated chemical shifts values for [C4mim]CH3CO2 were found 10.03, 

7.85, and 7.78ppm for C(2)-H, C(4)-H, and C(5)-H, respectively and 9.50, 7.86 and 7.78 for C(2)-

H, C(4)-H, and C(5)-H, respectively for [C4mim]Cl. Zaoui et al. [46] reported that the 3-octyl-1-

vinylimidazolium bromide imidazolium ring structure also had δ values at 7.32, 7.68, and 9.69 

ppm, which corresponds to C(5)-H, C(4)-H, and C(2)-H, respectively. The δ values of C(2)-H 

protons of all mole fractions showed the highest value in the more downfield region. The anions 

of Cl- and CH3CO- form H-bonding with the C(2)-H proton due to the more acidic nature as its 

respective carbon is attached to two electron-withdrawing N atoms. The ions of imidazolium-based 

ILs have a significant role in the variation of δ values of protons. Bystrov et al. [47] investigated 

the local mobility of [C4mim]+ in response to changes in reaction temperature and counter anion 

type such as BF4
-, Cl-, Br-, I-, NO3

-, and TfO- utilizing the NMR relaxation technique. The results 

revealed that the reaction temperature and nature of counter anions had a substantial impact on the 

δ values of 1H NMR spectra pattern. Cha, et al. investigated 1H NMR of [C4mim]Cl, [C4mim]Br, 

and [C4mim]I keeping cation fixed and with the varying of anions of  Cl-, Br-, and I- and found 

that with increasing H-bond strength increased the δ values of C-H protons are 10.22, 9.78, and 
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9.28 ppm, respectively. The H-bonds strength of C(2)-H protons are increased with the following 

order C(2)–H…..Cl > C(2)–H……Br > C(2)–H……I. These results were also supported by Shukla 

et al., [47] (2010) that the δ values of C(2)-H protons with halide by  DFT calculation suggested 

possibly responsible for the material’s structures. The strength of H-bonding depends on the halide 

ions especially on its electronegativity.  Electronegativity positively affects the H-bond formation. 

Computer investigations utilizing the cluster and polarizable continuum models show that 

hydrogen bonding interaction is mostly responsible for the chemical downfield shift of the acidic 

protons of the aromatic ring [44, 48].  Another research was carried out by Pillai et al. [49] with 

the variation of cations of [C8mim]+
, [C10mim]+, and [C12mim]+ keeping [BF4]

- constant 

investigated the structure of ILs and observed that δ values of C(2)-H, C(4)-H, and C(5)-H have 

been affected. The δ values of C(2)-H, C(4)-H, and C(5)-H for [C8mim][BF4]
-  are  8.849, 7.45, 

and 7.388, for [C10mim][BF4]
-  are 8.843, 7.429 and 7.356 and 8.884, 7.446, and 7.371 ppm for 

[C12mim][BF4]
–, respectively. The C(2)-H protons in DSILs showed more downfield with higher 

δ  values for all most all mole fractions exhibited 10.87, 10.74, 10.65, 10.64, 10.61, 10.63 ppm of 

[C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.4Cl0.6,  [C4mim](CH3CO2)0.3Cl0.7, respectively due to the synergistic effect of 

Cl- and CH3CO-  ions forming in strong H-bonds with the C(2)-H protons compared to [C4mim]Cl 

and [C4mim]CH3CO2 due to less proton around the nucleus of H. The strength of H-bonds forming 

by anions of DSILs is possibly higher than H-bonds strength forming by anions of ILs. The δ 

values of C(2)-H, C(4)-H, and C(5)-H protons are shown in Fig. 2.10. The δ value C(2)-H showed 

more downfield region compared to  C(4)-H and C(5)-H protons and C(4)-H protons of all mole 

fractions showed a slightly higher δ value than C(5)-H. The δ values of C(4)-H is almost close to 

all DSILs except for [C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.2Cl0.8, and [C4mim](CH3CO2)0.1Cl0.9  showed 

slightly higher δ values of 7.37, 7.56, 7.55, 7.54, and 7.57 ppm, respectively. The higher δ values 

of C(4)-H and C(5)-H compared to substituents protons due to the formation of H-bonds by Cl- 

and CH3CO-  ions result in more downfield shifts. 

For the butyl chain of [C4mim]+, the δ values rapidly decreased starting from the C(7)-H 

protons, and then it decreased monotonically as a function of the studied protons of C(7)-H, C(8)-

H, C(9)-H and C(10)-H numbered according to their distance from the imidazolium ring. The δ 

values of C(7)-H, C(8)-H, C(9)-H and C(10)-H protons of [C4mim]CH3CO2 are 4.22, 1.75, 1.25, 
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0.85, and 4.05, 1.80, 1.29, 0.88 ppm for [C4mim]Cl, respectively. DSILs, e.g., 

[C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.4Cl0.6, and [C4mim](CH3CO2)0.2Cl0.8 of C(7)-H, 

C(8)-H, C(9)-H and C(10) protons showed δ values of 4.66,  1.35,1.17, 0.93, 4.30, 1.88, 1.35, 0.98, 

and 4.20, 1.77, 1.24, 0.82 ppm, respectively. The δ values of C-11 protons of DSILs showed in the 

downfield region comparative to C(8)-H, C(9)-H, and C(10)-H protons due to the -C=O  groups 

attached to it [45]. 

 

Table 2.1. 1H and 13C NMR chemical shifts for all protons and carbons of the ILs and DSILs 

DSILs Chemical shifts (ppm) 

[C4mim]CH3CO2 
1H: 10.60 (H2), 7.35(H4), 7.22(H5), 4.45(H7), 4.22(H6), 1.75(H8),   

       1.25(H9), 0.85(H10) 

13C: 177.32(C12), 139.82(C2), 123.11(C4),121.22(C5), 49.91(C7),  

        36.41(C6), 32.31(C8), 19.8(C9), 13.51(C10) 

[C4mim](CH3CO2)0.9Cl0.1 
1H:10.87(H2), 7.54(H4), 7.24(H5), 4.76(H7), 4.26(H6), 1.93(H-11), 

1.86(H8), 1.80(9), 0.92(10) 

13C:177.95 (C12), 139.93(C2), 122.82(C4), 121.19(C5), 49.67(C7), 

36.36(C6), 32.15(C8), 24.97 (C-11), 19.47(C9), 13.42(C10) 

[C4mim](CH3CO2)0.8Cl0.2 
71H: 10.46(H2), 7.37(H4), 7.26(H5), 4.11(H7), 3.87(6), 1.69(H8), 

1.18(H9), 0.77(H10)  

13C: 177.5(C12), 138.5(C2), 123.6(C4), 121.7(C5), 49.4(C7), 36.2(C6), 

32.0(C8), 25.1(C11),19.4(C9), 13.7(10) 

[C4mim](CH3CO2)0.7Cl0.3 
1H: 10.74(H2), 7.30(H4), 7.22(H5), 4.27(H7), 4.04(H6), 1.94(H-11), 

1.86(H8), 1.80(H9), 0.95(H10) 

13C: 177.82(C12), 139.42(C2), 122.96(C4), 121.32(C5), 49.73(C7),  

       36.44(C6), 32.15(C11), 24.80(C8), 19.47(C9), 13.42(C10) 

[C4mim](CH3CO2)0.6Cl0.4 
1H: 10.65(H2), 7.56(H4),7.23(H5), 4.66(H7), 4.28(6),  

       1.35(H8),1.17(H9), 0.93(H10) 

13C: 178(C12), 139.1(C2), 136.8(C4), 123.9(C5), 49.6(C7), 36.4(C6),  

        31.9(C11), 24.6(C8), 19.4(C9), 13.7(C10) 
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[C4mim](CH3CO2)0.5Cl0.5 
1H: 10.64(H2), 7.34(H4), 7.24(H5), 4.65(H7), 4.30(H6), 1.95 (H-11), 

1.89(H8), 1.46(H9), 0.94(H10) 

13C: 177.61(C12), 139.0(C2),123.07(C4), 121.42(C5), 49.79(C7), 

36.53(C6), 32.15(C11), 24.49(C8), 19.48(C9), 13.42(C10) 

[C4mim](CH3CO2)0.4Cl0.6 
1H: 10.61(H2), 7.55(H4), 7.35(H5), 4.30(H7), 4.09(H6), 1.95(H11), 

1.88(H8), 1.35(H9), 0.98(H10) 

13C: 138.7(C2), 123.1(C4), 121.6(C5), 49.9(C7), 36.4(C6), 32.3(C8), 

19.7(C9), 13.6(C10) 

[C4mim](CH3CO2)0.3Cl0.7 
1H: 10.63(H2), 7.34(H4), 7.26(H5), 4.32(H7), 4.09(H6), 1.99 (H11), 1 

.87(H8), 1.42(H9), 0.97(H10) 

13C: 138.71(C2), 123.07(C4), 121.46(C5), 49.90(C7), 36.64(C6), 

32.16(C8), 19.49(C9), 13.43(C10) 

[C4mim](CH3CO2)0.2Cl0.8 
1H: 10.23(H2), 7.54(H4), 7.26(H5), 4.20(H7), 3.97(H6), 1.77(H8),  

       1.24(H9), 0.82(H10) 

13C: 177.3(C12), 139.8(C2), 50.0(C7), 36.5(C7), 32.4(C7), 25.0(C),  

        19.8, 13.7 

[C4mim](CH3CO2)0.1Cl0.9 
1H: 10.30(H2), 7.53(H4), 7.39(H5), 4.30(H7), 4.27(6), 1.93(H11), 

1.91(H8), 1.34(H9), 0.91(H10)  

13C: 137.84(C2), 123.95(C4), 121.85(C5), 49.75(C7), 36.58(C6), 

32.14(C8), 19.44(C9), 13.42(C10) 

[C4mim]Cl 1H: 10.24(H2), 7.64(H4), 7.35(H5), 4.25(H7), 4.05(H6), 1.80(H8), 

1.29(H9), 0.88(H10) 

13C: 137.68(C2), 123.75(C4), 121.98(C5), 49.68(C7), 36.61(C6), 

32.14(C8), 19.49(C9), 13.38(C10) 
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Figure 2.8. 1H NMR spectra of (A)[C4mim]Cl (B) [C4mim](CH3CO2)0.8Cl0.2 (C) 

[C4mim](CH3CO2)0.6Cl0.4 (D) [C4mim](CH3CO2)0.4Cl0.6 (E) [C4mim](CH3CO2)0.2Cl0.8 (F) 

[C4mim]CH3CO2 
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Figure 2.9. 1H NMR spectra of (A) [C4mim](CH3CO2)0.9Cl0.1 (B) [C4mim](CH3CO2)0.7Cl0.3 (C) 

[C4mim](CH3CO2)0.5Cl0.5 (D) [C4mim](CH3CO2)0.3Cl0.7 (E) [C4mim](CH3CO2)0.1Cl0.9 
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Figure 2.10. Variation of 1H NMR chemical shifts of C(2)-H, C(4)-H and C(5)-H in 

imidazolium ion of [C4mim](CH3CO2)xCl1-x with the  mole fraction of [C4mim]Cl 
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Figure 2.11. Variation of 1H NMR chemical shifts of C(2)-H in imidazolium ion of 

[C4mim](CH3CO2)xCl1-x with the  mole fraction of [C4mim]Cl 

 

2.3.3.2. 13C NMR 

Similarly, 13C NMR spectroscopy is used to characterize and determine the structure of 

imidazolium-based ILs [47, 50, 51]. The 13C NMR chemical shifts (δ) of DSILs of 

[C4mim](CH3CO2)1-xClx for the whole mole fractions range have been presented in Fig. 2.12, Fig. 

2.13  and Fig. 2.14. The δ values extracted from Fig. 2.12, Fig. 2.13, and Fig. 2.14 for all carbons 

present in ILs and DSILs are tabulated in Table 2.1. Three important signals namely C2, C4 and 

C5 have been used to determine the structure of imidazolium-based ILs. Two significant aspects 

that have exerted a substantial influence on the δ values are the H-bonding within the anion and 

the imidazolium ring, as well as the inductive effect resulting from the presence of the anion. [37, 

44, 51]. In their study, Cha et al. [37] further examined the factors contributing to the δ values, 
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identifying the same two main influences as formerly explained. The proximity of the C(2)-H 

proton of the imidazole cation to the adjacent nitrogen atoms, which possess electron-withdrawing 

properties, is responsible for the minor downfield shift observed in the NMR signals. In this 

investigation, signals of C2, C4 and C5 for [C4mim]CH3CO2 were found at the position of 138.5, 

123.6, and 121.7 ppm, respectively. The δ values for [C4mim]Cl for the same carbons were found 

at 137.68, 123.75, and 121.98, respectively. Hesse‐Ertelt et al. [45] investigated chemical shift 

values C2, C4 and C5 using different solvents for [C4mim]CH3CO2 and found that the position at 

138.3, 122.7, 124.0, and 137.2 122.7 124.0 ppm shows respectively for [C4mim]Cl. These results 

are very close to the experimental results. Fig. 2.15 shows the δ position of C2, C4 and C5 for ILs 

and DSILs with the varying of composition of [C4mim]CH3CO2 and [C4mim]Cl. It was 

investigated that; no regular trend was observed for δ values. Fig. 2.16 represents the of δ values 

C2  of DSILs with the mole fraction of [C4mim]Cl, it can be seen that as the mole fraction of 

[C4mim]Cl increased in DSILs the of δ values of C2 moved towards in the downfield region. Many 

research works have been conducted to investigate the structure of imidazolium-based ILs with 

the variation of cationic and anionic species. Ameta et al. [51] investigated the structure of 1,3-

dibutylimidazolium [C4mim]+-based ILs with the change in anionic species such as Br-, [SO4]
- , 

[Tos]-, and  [TfO]- and found that no discernable change in δ value for C4 and C5 carbons, but 

significant change was observed for C2 signal position. The δ values shifted more downfield region 

following the increase in the strength of H-bonds of anions with C(2)-H. They found the δ values 

in downfield region according to the following order of strength C(2)-H···Br > C (2)-H···[SO4]>C 

(2)-H···[TfO] > C (2)-H···[Tos]  which affects δ. Similar results were found by Kavya et al. [42]. 

The C2 of 1-octyl-3- methylimidazolium underwent a greater δ value in the presence of Br- anion 

than with PF6
- anion as a result of a larger H bonding effect from the interaction of Br- counter 

anions with the hydrogen atom that joined the carbon atom. The δ value of C2 for [C4mim]CH3CO2 

is higher than [C4mim]Cl that are 139.82(C2),and 137.68(C2), respectively owing to the formation 

of strong H-bonds by CH3CO2
- than Cl- ion attached to the H atoms of that carbon. A similar 

observation was made by the group of Hesse‐Ertelt, et al. [45] and found that δ value of 

[C4mim]CH3CO2 and [C4mim]Cl were 138.3 and 137.2 ppm, respectively whereas 137.9 and 137.0 

ppm for [C2mim]CH3CO2  and [C2mim]Cl, respectively. In DSILs, as the [C4mim]Cl was mixed 

with [C4mim]CH3CO2  showed an adjustable d shifting in between ILs except for 

[C4mim](CH3CO2)0.9Cl0.1 with higher d value was observed for C2 carbon 139.93 ppm, due to 
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synergistic behavior of the anions of CH3CO2
- than Cl- ions. For the butyl chain of [C4mim]+, the 

δ values rapidly decreased starting from the C7 and then it decreases monotonically as a function 

of the examined carbons of C7, C8, C9 and C10 numbered according to their distance from the 

imidazolium ring. The δ values for alkyl chain of [C4mim]CH3CO2 were observed 49.91(C7), 

36.41(C6), 32.31(C8), 19.8(C9), 13.51(C10) and 49.68(C7), 36.61(C6), 32.14(C8), 19.49(C9), 

13.38(C10) ppm for [C4mim]Cl, respectively. DSILs, e.g., [C4mim](CH3CO2)0.9Cl0.1 showed 

49.67(C7), 36.36(C6), 32.15(C8), 19.47(C9), 13.42(C10). The δ values of C11 carbons of DSILs 

showed in the downfield region comparative to C8, C9, and C10 protons due to the -C=O  groups 

attached to it. The carbons of C=O groups denoted with C12 showed more downfield shifting with 

maximum values of 177.95, 177.5, 177.82, 178, 177.61, 177.3 ppm for [C4mim](CH3CO2)0.9Cl0.1, 

[C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.5Cl0.5, respectively due to the attachment of electro negative O atom to the 

carbon atoms [45]. 

 

 

 

Figure 2.12. 13C NMR spectra of (A)[C4mim]Cl (B) [C4mim](CH3CO2)0.6Cl0.4 (C) 

[C4mim]CH3CO2 
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Figure 2.13. 13C NMR spectra of (A) [C4mim](CH3CO2)0.9Cl0.1 (B) [C4mim](CH3CO2)0.8Cl0.2 

(C) [C4mim](CH3CO2)0.7Cl0.3 (D) [C4mim](CH3CO2)0.3Cl0.7 (E) [C4mim](CH3CO2)0.1Cl0.9 
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Figure 2.14. 13C NMR spectra of (A)[C4mim](CH3CO2)0.4Cl0.6 (B) [C4mim](CH3CO2)0.3Cl0.7 (C) 

[C4mim](CH3CO2)0.2Cl0.8 (D) [C4mim](CH3CO2)0.1Cl0.9  
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Figure 2.15. Variation of 13C NMR chemical shifts of C(2)-H, C(4)-H and C(5)-H in  

imidazolium ion of [C4mim](CH3CO2)xCl1-x  with the mole fraction of [C4mim]Cl 
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Figure 2.16. Variation of 13C NMR chemical shifts of C(2)-H in imidazolium ion of 

[C4mim](CH3CO2)xCl1-x with the mole fraction of [C4mim]Cl 
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2.4. Conclusions 

Double salts ionic liquids have been prepared by the homogeneous mixing of 1-butyl-3-methyl 

imidazolium chloride ([C4mim]Cl) and 1-butyl-3-methyl imidazolium acetate ([C4mim]CH3CO2) 

over the whole mole fraction range. The structure of the prepared DSILs have been investigated at 

a molecular level by the help of ATR-FTIR, Raman and NMR spectroscopy. ATR-FTIR 

spectroscopy reveals the insights of interactions and functional groups present in DSILs. The most 

vulnerable C(2)-H stretching absorption peaks for DSILs  in FTIR spectra have been strongly 

influenced by the mixing of [C4mim]Cl and [C4mim]CH3CO2 with different mole fractions. The 

stretching absorption peaks at  3025, 3060, 3065, 3050, 3053, 3054, 3056, 3054, 3061, 3059, and 

3060 cm-1 for [C4mim]CH3CO2, [C4mim](CH3CO2)0.9Cl0.1  [C4mim](CH3CO2)0.8Cl0.2  

[C4mim](CH3CO2)0.7Cl0.3  [C4mim](CH3CO2)0.6Cl0.4 [C4mim](CH3CO2)0.5Cl0.5  

[C4mim](CH3CO2)0.4Cl0.6  [C4mim](CH3CO2)0.3Cl0.7  [C4mim](CH3CO2)0.2Cl0.1,  

[C4mim](CH3CO2)0.1Cl0.9, and   [C4mim]Cl respectively. These sharp blue shifts for the addition 

[C4mim]Cl in [C4mim]CH3CO2 indicated the synergistic participation of Cl- and  CH3CO2
- ions in 

the H-bonds formation with the C(2)-H protons in DSILs which weakens the C(2)-H bond. Raman 

spectroscopy offers a unique and characteristic identification of DSILs due to its capacity to detect 

and analyze alterations in polarizability that occur during molecular vibrations. The bands at 697 

and 627 cm-1 correspond to ring deformation of [C4mim]+ cation. Rest of the bands also result 

from some extent of ring and chain distortion. Relative intensity of the bands is very much 

pronounced in all the DSILs and [C4mim]CH3CO2 compared to [C4mim]Cl. This pronounced 

absorption intensity is due to the presence of acetate anion. NMR spectroscopy is imperative in 

elucidating the intricate molecular structure of DSILs. It offers valuable insights into the chemical 

changes shown by various nuclei within DSILs, encompassing both proton and carbon nuclei. 

Chemical changes exhibit a remarkable degree of sensitivity towards the electronic surroundings 

in their immediate vicinity, hence facilitating the process of structural investigation. The C(2)-H 

protons in DSILs showed more downfield with higher chemical shifts (δ)  values for all most all 

mole fractions exhibited 10.87, 10.74, 10.65, 10.64, 10.61, 10.63 ppm of 

[C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.4Cl0.6,  [C4mim](CH3CO2)0.3Cl0.7 , respectively due to the synergistic effect of 

Cl- and CH3CO-  ions forming in strong H-bonds with the C(2)-H protons compared to [C4mim]Cl 

and [C4mim]CH3CO2 due to less electron around the nucleus of H. The strength of H-bonds 
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forming by anions of DSILs is possibly higher than H-bonds strength forming by anions of 

[C4mim]Cl and [C4mim]CH3CO2. The δ value C(2)-H showed more downfield region compared 

to  C(4)-H and C(5)-H protons. Similar to 1H NMR, the of δ values C2 of DSILs shifted to the 

more downfield region with the increase of the amount of [C4mim]Cl in DSILs. 
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Chapter 3 

 

Physicochemical Properties of Imidazolium-Based Double Salt Ionic Liquids 

 

 

Abstract 

A new type of ionic liquid (IL) with different properties from ILs is created by mixing two ILs 

with a common cation, anion, or four different ions. These mixtures are termed double salt ILs 

(DSILs). To get an insight into tunable properties of DSILs and to gather the knowledge on how 

these properties are different from the ILs, the physicochemical properties are need to be 

investigated. In this chapter, temperature-dependent measurements of the density, viscosity, 

refractive index, and conductivity of imidazolium-based ILs and their DSILs were made for the 

entire composition range between 30 and 70 °C. The studied ILs were 1-butyl-3-methyl 

imidazolium chloride ([C4mim]Cl) and 1-butyl-3-methyl imidazolium acetate ([C4mim]CH3CO2) 

and their DSILs [C4mim](CH3CO2)1-xClx (x is the mole fraction of ILs). The excess properties 

such as excess molar volume, excess viscosity, and excess refractive index were calculated for a 

improved comprehension of interactions between constituent ion interactions of [C4mim]+, Cl-  and  

CH3CO2
- using appropriate models and equations. The Redlich-Kister (R-K) polynomial equation 

was used to fit the excess molar volume, excess viscosity, and excess refractive index. The 

variation of excess viscosity provides a qualitative assessment of the extent of intermolecular 

interactions because viscosity is connected with molecular-level interactions such as electrostatic 

force, hydrogen bond, and van der Waals interaction. The deviation from straightforward 

Arrhenius behavior was explained by the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) equation 

and the modified Vogel-Fulcher-Tammann (mVFT) equation. Fitting the data into these two 

equations yielded the glass transition temperature (Tg) and fragility index (m). For the viscous flow 

of DSILs, the thermodynamic parameters of change in activation free energy (ΔG), change in 

activation entropy (ΔS), and change in activation enthalpy (ΔH) were investigated. The ionicity of 

the prepared DSILs was measured using the Walden plot. 

 

Keywords: Double salt ionic liquids, conductivity, viscosity, density, and refractive index 
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3.1. Introduction 

Ionic liquids (ILs) are a distinct class of solvents with melting points below 100 °C that are 

entirely made up of ions of large organic cations and relatively small organic or inorganic anions. 

The asymmetric combination and strong electrostatic attraction between cations and anions of ILs 

form a stable liquid phase at room temperature. The numerous physicochemical features of ILs, 

namely their insignificant vapor pressure, nonflammability, high ionic conductivity, superior 

thermal stability, wide electrochemical windows, chemical, and electrochemical stability, ability 

to dissolve solutes, and ability to recycle, have contributed to the gradually increasing interest in 

them [1-5]. Because of their special qualities in fields like chemistry, materials science, 

engineering, and pharmaceuticals, ILs have a wide range of industrial applications. They are used 

as solvents, electrolytes, catalysts, and more, offering advantages over traditional solvents and 

materials in terms of performance, safety, and environmental impact [5-16]. The IL designer idea 

has given flexibility in selecting various combinations of cations and anions as well as 

manipulating physicochemical attributes for the anticipated applications. Theoretically, the 

combination of two, three, or four pure ILs are expected to prepare about 1018 various kinds of ILs 

[13]. Tokuda et al., looked into how different anionic species can change the physicochemical 

characteristics of pure ILs [17] in addition to the variation in alkyl chain length [18], and the 

cationic structures [19]. [C4mim]-based ILs were studied with the change of several anionic 

species such as bis-(trifluoromethyl sulfonyl) imide (CF3SO2)2N, trifluoroacetate (CF3CO2), 

trifluoromethane sulfonate (CF3SO3), etc. Similarly, keeping the anion constant as (CF3SO2)2N, 

the effect of variations in cationic species such as [C4mim], butylpyridinium, [C4py], N-butyl-N-

methylpyrrolidinium, ([C4mpyr]) etc., on the physicochemical property directing parameters, i.e., 

ionic conductivity, density, viscosity, and thermal behavior of the system were studied. They 

discovered that the combined impact of the inductive interactions between the ions, aggregates, 

and clusters and the supramolecular interactions among the ionic species determines the features 

of ILs. As the alkyl chain length varies, so do the forces that interact among the ILs. There has 

been a lot of investigation into the physicochemical properties of ILs and their binaries with 

molecular solvents in recent years [20-26]. 

Recently, double salt ionic liquids (DSILs) have gained more attention from researchers 

for their fine-tuning ability of the physical and chemical traits of ILs by the variation of ionic 

constituents. The combination of ILs offers a potential method for adjusting their characteristics. 
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DSILs are formed by joining two identical ILs that share a common anion or cation, or by using 

entirely different cations and anions which results in a new type of IL that has different properties 

than individual ILs. Each DSIL is thus considered to have distinct unique properties [27]. During 

the formation of DSILs, the ion association in individual ILs was disrupted, and several molecular 

interactions were established. DSIL solvent properties can be fine-tuned by varying the 

composition and abundance of ions involved in the supramolecular interactions like hydrogen 

bonds and electrostatic interactions between the ions [28]. In addition to adjusting physicochemical 

properties, DSILs provide instructions for synthesizing task-specific ILs (TSILs) and aid in 

facilitating the development of thermodynamic models that may be used in selecting the optimal 

DSIL for applications with set physicochemical features [29]. DSILs have been potentially used 

in several field of applications such as gas solubilities [30], dye-sensitized solar cells [31-33]. A 

few theoretical investigations of DSILs have also been conducted [34-36]. The physical 

characteristics of DSILs have been measured only sometimes such as transport and volumetric 

properties [37, 38], molecular association [39], dielectric measurements [40], and nanostructures 

[41]. There are have been some instances of improved characteristics than the pure ILs [30, 37] 

It is necessary to understand, how changing the ions can affect the physicochemical properties of 

DSILs and their possible application. Physicochemical properties, thermal behavior, and structures 

of  DSILs are investigated by theoretical studies like MD simulations, and their applications in 

absorptions are only a few of the topics covered in recent studies [27, 42, 43]. Niedermeyer et al. 

examined the existing research on these IL mixtures to determine the way their properties change 

and whether they might be used [42]. For the majority of DSILs, near-ideal behavior is reported 

[44-49]. However, certain DSILs exhibit non-ideal behavior because of unanticipated 

modifications to their physicochemical characteristics and molecular rearrangements that are 

absent from pure ILs [27]. Canongia Lopez et al. [44] investigated that DSILs with a common 

cation or anion showed ideal behavior: [Cnmim]x[Cmmim]1-x[NTf2], [C4mim][NTf2]1-x[PF6]x, 

[C4mim][NTf2]x[BF4]1-x, [C4mim][BF4]x[PF6]1-x, found that the excess molar volume (Vm
E)  of 

DSILs is -0.06 to -0.18 which was 1.5 % less than total volume difference of pure ILs. Navia et al. 

[45,46] also investigated the negative value of Vm
E of DSILs with common [C4mim]+ and varying 

anions of [BF4] and [PF6]. Recently, Stoppa et al. [47] investigated the nearly ideal behavior of 

[C2mim][BF4]1-x[SCN]x. However, Larriba et al. have looked into the volumetric properties of 

DSILs based on pyridinium [48].  Navia et al. [46] also investigated the viscosities of the DSILs 
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with a common ion [C6mim]x[C2mim]1-x[BF4], [C6mim]x[C4mim]1-x[BF4], 

[C4mim][BF4]x[MeSO4]1-x and [C4mim][PF6]x[BF4]1-x considering the temperature from 298.15 to 

308.15 K. The effect of temperature on viscosity for ILs is evaluated using the Vogel-Tammann-

Fulcher (VFT) equation, and various mixing rules are applied to the DSILs. They discovered that, 

if the "ideal" Grunberg and Nissan and Katti mixing laws are assumed to apply to the viscosity of 

an ideal mixture, the systems show almost ideal behavior. Experimental and theoretical 

investigation on the structure of DSILs of ([b3mpy][BF4]x[N(CN)2]1-x and [b3mpy]x[o3mpy]1-

x[BF4]) at molecular level was carried out by Aparicio and Atilhan. These findings demonstrate 

that the mixture properties of the analyzed mixed systems are influenced by the dilution effects of 

the corresponding ions, and their parameters almost linearly change over time. [49]. Song et al. 

[50] investigated the density and viscosity of DSILs of  ([C2mim]x[C3mim]1-x [BF4], 

[C3mim]x[C6mim]1-x[BF4], and [C2mim]x[C6mim]1-x[BF4] over the range of temperature from 

298.15 K to 343.15 K. Redlich−Kister type polynomial equation was used to calculate and 

correlate the excess molar volume. The viscosity of the ILs was analyzed using the VFT equation 

and the mixture was treated with ideal mixture principles. 

On the contrary, the refractive indices have a close relation with particular chemical 

characteristics such as polarity and relative ability to give and receive hydrogen bonds, which helps 

in calculating reaction rates, partition constants, and solubility [51]. In order to confirm materials, 

ensure their purity, or determine the concentration of a mixture, it is typically crucial to know the 

refractive index of a compound. Additionally, it has to do with how molecules interact with one 

another or behave in solutions [52], and can be easily connected using thermodynamic equations 

with particular material characteristics like the dielectric constant and density [53]. The addition 

of co-solvent with ILs allows for fine-tuning of material density and refractive index. Saba et al., 

(2014) measured the density and refractive index of [C4mim]Cl with organic molecular solvent 

and found that refractive index values depend on the concentration of [C4mim]Cl [54]. However, 

the refractive index not only gives insight into the purity of the ILs but also correlates with the 

density and refractive index of the ILs. The relationship between the density and refractive index 

of ILs made of imidazolium was inspected by A.N. Soriano et al.  They discovered that the results 

reported by various literature for the density and refractive indices of imidazolium-based ILs are 

comparable. Moreover, the refractive indices vary with temperature linearly [55]. Iglesias-Otero 

et al. also conducted a study to predict the density from the refractive indices of ILs containing 
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imidazolium and the binary mixtures of them with organic solvents such as ethanol, nitromethane, 

1, 3-Dichloropropane, etc. [56]. In contrast, studies involving the refractive index of DSILs is 

scarce and need to be addressed with in-depth analysis. As the combinations of DSILs changes, 

their physicochemical properties changes. This is the reason the density of these different 

combinations of DSILs will have different values.    

Similar to viscosity measurement, it has been conducted many experiments for the 

determination of conductivities of ILs with molecular solvents [57-59]. Only a few research are 

available for the measurements of conductivities of the mixture of ILs. In their investigation of the 

conductivity of DSILs made of [C2mim][NTf2]x[OTf]1-x, MacFarlane et al. [60] discovered that, 

for all compositions examined, the molar conductivity deviated positively from a simple linear 

mixing rule and exceeded the value of the higher conducting simple liquid. This behavior was 

explained on the basis of more charge carrier ions or enhanced movement of the ions. They claimed 

that the enhanced conductivity can be explained by decreased ion clustering, which results in less 

coupled ion movement and more independent charge carriers. This is due to the fact that the self-

diffusion constants of the ions remained relatively constant across the range of compositions. 

Additionally, DSILs of [C2mim][BF4]x[N(CN)2]1-x were found to deviate positively from linear 

mixing, however, the values for the mixtures were inferior to that of the pure component with the 

highest conductivity [47]. It is necessary to conduct additional systematic investigations on 

volumetric behavior to promote applications of new combinations of DSILs.  

It is thus clear from the above discussion that the proper choice of ions of participating ILs 

in DSILs and their compositions are crucial for achieving the desired physicochemical properties 

as a solvent. In this study, measurements of density, viscosity, refractive index, and conductivity 

of [C4mim]CH3CO2, [C4mim]Cl, and their DSILs have been carried out. The detailed investigation 

of DSILs of whole mole fractions is limited. So, the systematic investigation of the 

physicochemical properties of DSILs at various temperatures over the whole mole fractions range 

has been discussed. This study will help to reveal the underlying features of DSIL media used for 

enhanced solubility of cellulose studied in the following chapters. 
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3.2. Materials and Methods 

The materials and methods applied in this chapter for the purpose of conducting this study have 

been described in the subsequent sections. 

3.2.1. Materials 

ILs, [C4mim]Cl and [C4mim]CH3CO2, were purchased from Sigma-Aldrich with purities 

of >98% and >95%,  respectively.  

3.2.2. Preparation of DSILs 

The preparation DSILs have been carried out by mixing of [C4mim]Cl  and 

[C4mim](CH3CO2) at varying mole fractions to prepare [C4mim](CH3CO2)xCl1-x, ( where x is 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 mole fraction of single ILs). The details of the preparation 

procedure have been described in chapter 2 (sub-section 2.2.2).  

3.2.3. Characterizations 

The physicochemical properties of DSILs have been studied by measuring density, viscosity, 

refractive index and conductivity. The details procedure of these techniques have described in the 

following sub-sections. 

3.2.3.1. Measurement of Density  

The densities of the ILs, and their DSILs were measured with the density meter (Model: 

DMA 4500 M, Anton Paar, UK) that works on the basis of the oscillating U-tube method. Prior to 

measurement, the density meter was calibrated with ultra-pure water and then ethanol. It was 

allowed to dry at atmospheric pressure. The repeatability of density measurement was 0.00001 

g/cm3 and the accuracy of measurement was 0.000005 g/cm3. As the density is highly temperature-

dependent, the measuring cell was highly thermostated. Densities were measured by injecting a 

small amount of sample (less than 2 mL) into a U-shaped borosilicate glass tube and setting the 

temperatures from 30 to 70°C at 10 °C intervals. Air and water checks were performed before 

measuring the density of samples. For each measurement, deionized water and ethanol were used 

to clean and dry the glass tube. 

3.2.3.2. Measurement of Viscosity  

An Anton Paar micro-viscometer (Model: Lovis 2000 ME, UK) was used to measure the 

viscosity of the ILs and their DSILs following the rolling ball principle having an accuracy of 

±106 mPa.s. Glass capillaries with diameters of 1.59 mm and 2.50 mm and corresponding gold 

balls with a maximum deviation of 0.2% were used for the measurements. The rolling ball 
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principle, which this device uses, involves rolling a ball through a closed, liquid-filled capillary 

that is angled at a particular angle. Three inductive sensors calculate the rolling time of the ball 

between the designated markings. The viscosity of the sample is directly proportional to the rolling 

time. The micro viscometer records the time of rolling. Measurement of opaque liquids is made 

possible by inductive sensors. To control the temperature, the temperature was controlled by a 

built-in thermostat with a precision level of ±0.01 K. Using a syringe and a temperature-controlled 

capillary block, a tiny amount of sample (nearly 1 mL) was injected into a glass capillary. This 

block was angled in various predetermined ways. Measurements were carried out from 30 to 70 

℃ at 10 ℃ intervals. 

3.2.3.3. Measurement of Refractive Index  

An automated refractometer (Abbemat 300, Anton Paar) with a high-resolution optical 

sensor was used to measure the refractive index of ILs and DSILs. To control the temperature, a 

built-in temperature controller with an accuracy level of 0.01 K was used. The refractive index 

was determined using reflected light. To regulate the temperature, a built-in temperature controller 

with an accuracy level of 0.01 K was used. The reflected beam was detected by a sensor array. 

This led to the calculation of the critical angle for total reflection, which was then used to ascertain 

the refractive index of the sample. 

3.2.3.4. Measurement of Conductivity  

Electrochemical impedance spectroscopic (EIS) measurements of ILs and DSILs were 

performed using a high-performance Autolab PGSTAT302N impedance analyzer with the 

FRAN32M module over a large frequency range of 10 μHz to 32 MHz. In order to measure the 

ionic conductivity, stainless steel electrodes were used. Before measuring the impedance, the ILs 

and DSILs were filled between two mirror-finished stainless-steel electrodes using a teflon ring 

spacer. 
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3.3. Results and Discussion 

The physicochemical properties of ILs and their DSILs have been characterized by 

measuring density, viscosity, refractive index, and conductivity of the ILs and DSILs. The details 

have been provided in below subsections. 

3.3.1. Density of pure ILs and DSILs 

The densities (ρ) of [C4mim]CH3CO2 and [C4mim]Cl and their DSILs of  

[C4mim](CH3CO2)xCl1-x  (x is the mole fraction of  ILs) were measured between 30-70 °C at 10 

°C intervals in the whole mole fraction range are listed in Table 3.1 and plotted in Fig. 3.1 and 3.2. 

The ρ of [C4mim]CH3CO2 are found to be 1.04896, 1.04294, 1.03692, 1.03097, 1.02506 g/cm3 at 

30, 40, 50, 60, 70 °C, respectively. The ρ of [C4mim]Cl was measured only at 70 °C was 1.06001 

g/cm3
 , due to the sampling restriction of [C4mim]Cl as it is solid at room temperature. It was found 

that the ρ of [C4mim]CH3CO2 and [C4mim]Cl were 1.02506 and 1.06001 g/cm3 at 70 °C, 

respectively. All DSILs showed values of ρ in between the ILs at all temperatures. Fig. 3.1 shows 

that ρ decreases with increasing temperature and increases with increasing mole fraction of 

[C4mim]Cl in DSILs because of the dominance of the ρ of [C4mim]Cl. A provable reason for the 

decrease in ρ of DSILs with temperature is that the raise in temperature increases the thermal 

motion of the constituent ions in the systems that causes the expansion of volume which lowers 

the ρ. Ijardar et al. [61] carried out a similar to this experiment between [C2mim][Ntf2], 

[C2mim][EtSO4] and their DSILs and investigated the change in densities for [C2mim][Ntf2], 

[C2mim][EtSO4] and their DSILs in the whole mole fraction range from  25-50 °C at 5 °C intervals. 

They found that densities decrease with the temperature and the amount of [C2mim][EtSO4]. They 

observed that the density of [C2mim][Ntf2], [C2mim][EtSO4] were 1.51301 and 1.23378 g/cm3 

were, respectively, at 30 °C and increased with the mole fraction of [C2mim][Ntf2] for DSILs. In 

this analysis, all the measured densities of ILs and DSILs were correlated with the Levenberg-

Marquardt method of linear expression of the equation, ρ = a - b(T), where a and b denote the 

adjustable parameters, and T is the temperature [19]. The slope and intercept of the plot were used 

to calculate the correlation parameters a and b, respectively.  It was investigated that ρ of ILs and 

DSILs were linearly dependent on temperature are plotted in Fig. 3.2. The equation parameters of 

a and b and coefficients of determination (R2) values of ILs and DSILs are tabulated in Table 3.2. 

It was discovered that R2 values for all measurements are ~1.00, demonstrating the linearity of the 

relationship and indicating there is no requirement to use polynomial equations of higher degrees 

at the experimental temperature. 
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Figure 3.1. Densities of [C4mim](CH3CO2)xCl1-x  at T = 30 - 70 °C 

 

 

 
 

Figure 3.2. Densities of [C4mim](CH3CO2)xCl1-x  as a function of temperature 
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Table 3.1. Density (g/cm3) of [C4mim](CH3CO2)xCl1-x  at different temperatures 

 

DSILs 30 °C 40 °C 50 °C 60 °C 70 °C 

[C4mim]CH3CO2 1.04896 1.04294 1.03692 1.03097 1.02506 

[C4mim](CH3CO2)0.9Cl0.1 1.0525 1.04652 1.04054 1.03461 1.02874 

[C4mim](CH3CO2)0.8Cl0.2 1.05775 1.05178 1.04584 1.03998 1.03411 

[C4mim](CH3CO2)0.7Cl0.3 1.05938 1.05348 1.04761 1.04173 1.0359 

[C4mim](CH3CO2)0.6Cl0.4 1.06441 1.05852 1.05265 1.0468 1.04096 

[C4mim](CH3CO2)0.5Cl0.5 1.06685 1.06104 1.0552 1.0494 1.0436 

[C4mim](CH3CO2)0.4Cl0.6 1.06939 1.06363 1.05784 1.05209 1.04635 

[C4mim](CH3CO2)0.3Cl0.7 1.07277 1.06705 1.06132 1.05558 1.04989 

[C4mim](CH3CO2)0.2Cl0.8 1.07568 1.07003 1.06436 1.05869 1.05304 

[C4mim](CH3CO2)0.1Cl0.9 1.07951 1.07386 1.06818 1.06252 1.05684 

[C4mim]Cl - - - - 1.06001 

 

 

Table 3.2. Different parameters extracted from density measurement data of 

[C4mim](CH3CO2)xCl1-x 

 

 

DSILs 

ρ = a - b(T) 

b/10-4 gcm-3 °C-1 a/gcm-3 R2 / 10-1
 

[C4mim]CH3CO2 5.98 1.07 9.99 

[C4mim](CH3CO2)0.9Cl0.1 5.94 1.07 9.99 

[C4mim](CH3CO2)0.8Cl0.2 5.91 1.08 9.99 

[C4mim](CH3CO2)0.7Cl0.3 5.85 1.08 9.99 

[C4mim](CH3CO2)0.6Cl0.4 5.86 1.08 1.00 

[C4mim](CH3CO2)0.5Cl0.5 5.81 1.08 1.00 

[C4mim](CH3CO2)0.4Cl0.6 5.76 1.09 1.00 

[C4mim](CH3CO2)0.3Cl0.7 5.72 1.09 1.00 

[C4mim](CH3CO2)0.2Cl0.8 5.66 1.09 1.00 

[C4mim](CH3CO2)0.1Cl0.9 5.67 1.10 1.00 
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3.3.1.1. Isobaric Thermal Expansion Coefficient  

The coefficient of thermal expansion (αp) of ILs and DSILs was calculated from the 

experimental ρ values using eq. (1) [62] 

𝛼(K−1) =
1

𝑉𝑚
(

𝛿𝑉𝑚

𝛿𝑇
)

𝑝
= − (

𝛿𝜌

𝛿𝑇
)

𝑝
 

 

(1) 

The αp values of [C4mim]CH3CO2 and DSILs were determined and listed in Table 3.3. It was 

investigated that [C4mim]CH3CO2 showed the highest of 5.75 whereas it is slightly decreased with 

the addition of [C4mim]Cl with DSILs. The αp values of DSILs do not change significantly in the 

temperature range of 30-70 ℃ and 0.1MPa. Almeida et al. also reported similar findings [62].  

Table 3.3. Thermal expansion coefficients, α for the studied [C4mim](CH3CO2)xCl1-x 

ILs and DSILs Thermal expansion coefficient 104 (αp) 

[C4mim]CH3CO2 5.75 + 0.01 

[C4mim](CH3CO2)0.9Cl0.1 5.70 + 0.02 

[C4mim](CH3CO2)0.8Cl0.2 5.65 + 0.03 

[C4mim](CH3CO2)0.7Cl0.3 5.58 + 0.02 

[C4mim](CH3CO2)0.6Cl0.4 5.58 + 0.01 

[C4mim](CH3CO2)0.5Cl0.5 5.57 + 0.05 

[C4mim](CH3CO2)0.4Cl0.6 5.45 + 0.02 

[C4mim](CH3CO2)0.3Cl0.7 5.38 + 0.05 

[C4mim](CH3CO2)0.2Cl0.8 5.35 + 0.04 

[C4mim](CH3CO2)0.1Cl0.9 5.30 + 0.05 

 

3.3.1.2. Excess molar volume of DSILs 

To study the volumetric behavior of DSILs, excess molar volume (Vm
E) represents the 

interactions between the constituent ions in DSILs, The Vm
E can be calculated by eq. (2) 

𝑽𝒎
𝑬 =

𝒙𝟏𝐌𝟏 + 𝐱𝟐𝐌𝟐

𝝆
− [

𝐱𝟏𝑴𝟏

𝝆𝟏
+

𝒙𝟐𝐌𝟐

𝝆𝟐
] (2) 

 

 

where, ρ denotes the density of the DSILs, ρ1 and ρ2 denote the densities of  ILs, x1 and x2 represent 

the mole fractions, M1 and M2 represent the molar masses of [C4mim]CH3CO2 and [C4mim]Cl, 

respectively. The experimental densities were used to calculate Vm
E volume for the system of 
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[C4mim](CH3CO2)xCl1-x  (where x = 0.1-0.9).The calculated Vm
E  are plotted in Fig. 3.3 and listed 

in Table 3.4. 

 

 

Figure 3.3. Excess molar volume of [C4mim](CH3CO2)xCl1-x with the variation of mole fraction 

of [C4mim]Cl fitted with Redlich-Kister (R-K) polynomial equation 

 

The Vm
E signifies the volume expansion or volume contraction by mixing of two or more 

ILs. The main factors that cause volume expansion in mixed systems include weak London 

dispersion forces, disruption of stronger and more specific interactions between the dissimilar 

components, and an unfavorable packing effect between the mixed components. On the other hand, 

the contraction of volume in mixtures may be caused by ion-dipole, dipole-dipole, hydrogen 

bonding, donor-acceptor (D-A) complexes, n-π and π-π interactions present in the various 

components of the mixture, and geometrical fitting of smaller molecules into other interstices [63, 

64]. Fig. 3.4 depicts that all the calculated Vm
E of DSILs at 70 ℃ are negative indicating volume 

contraction. This indicates that strong intermolecular interactions between [C4mim]+, CH3CO2
– 
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and  Cl– are present in DSILs. It was investigated that with the increase in [C4mim]Cl in DSILs 

the value reaches a minimal value and then increases. In the minimal value where the maximum 

interaction occurred [64, 65]. This kind of trend is typically seen as a result of a significant 

discrepancy between the molar volume and molar mass of the constituting components in DSILs 

[66]. 

 

Table 3.4. Summary of different parameters of [C4mim](CH3CO2)xCl1-x 

DSILs Excess molar 

volume 

Excess 

viscosity 

Excess Gibbs free 

energy of activation 

[C4mim]CH3CO2 0 0 0 

[C4mim](CH3CO2)0.9Cl0.1 -0.12238 1.97574 -5386.85824 

[C4mim](CH3CO2)0.8Cl0.2 -0.52754 -0.51147 -2971.00811 

[C4mim](CH3CO2)0.7Cl0.3 -0.26444 3.1028 -1546.16405 

[C4mim](CH3CO2)0.6Cl0.4 -0.5126 0.63385 -517.84189 

[C4mim](CH3CO2)0.5Cl0.5 -0.42369 1.28647 74.52509 

[C4mim](CH3CO2)0.4Cl0.6 -0.28707 8.90441 511.15529 

[C4mim](CH3CO2)0.3Cl0.7 -0.26413 8.03941 753.9697 

[C4mim](CH3CO2)0.2Cl0.8 -0.17771 17.36646 805.89775 

[C4mim](CH3CO2)0.1Cl0.9 -0.13614 2.96427 628.0893 

[C4mim]Cl 0 0 0 

 

3.3.2. Viscosity of ILs and DSILs 

Viscosity serves as a crucial parameter regarding the ILs that are taken into account for 

prospective industrial applications. It assists other properties of the ILs such as flow resistance, 

mixing, and electrical conductivities. The viscosities of ILs are generally higher than those of 

conventional solvents. The viscosities of ILs and DSILs were measured at a temperature range of 

30 to 70 °C at 10 ℃ intervals in the whole mole fraction range and are listed in Table 3.5. The 

viscosities are plotted in Fig. 3.4 and 3.5. The viscosities of [C4mim](CH3CO2) are 235.3, 124.1, 

72.15, 45.56, 30.74 mPa.s at 30, 40, 50, 60, and 70 ℃, respectively.  [C4mim]Cl is solid, so due to 

the instrumental restriction viscosity at 70 ℃ was measured only is 38.09 mPa.s. Fig. 3.4 shows 

the viscosity of DSILs is higher with various compositions of [C4mim]Cl and [C4mim]CH3CO2 
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compared to ILs. The viscosity of DSILs not have been following a regular order. The order of 

viscosity of DSILs was found to be [C4mim](CH3CO2)0.2Cl0.8 > [C4mim](CH3CO2)0.3Cl0.7 > 

[C4mim](CH3CO2)0.4Cl0.6 > [C4mim](CH3CO2)0.1Cl0.9 > [C4mim](CH3CO2)0.7Cl0.3  > 

[C4mim](CH3CO2)0.5Cl0.5 >  [C4mim](CH3CO2)0.6Cl0.4 >  [C4mim](CH3CO2)0.9Cl0.1  > 

[C4mim](CH3CO2)0.8Cl0.2 at 30 ℃. Two factors may play a vital role in the variation of viscosity 

among the DSILs. These include the ion size or entanglement and the development of strong 

interactions between various ions. The most vicious [C4mim](CH3CO2)0.2Cl0.8 might have strong 

interaction among the ions of [C4mim]+  CH3CO2
- and  Cl- and the capability to the formation of 

strong H-bonding of C(2)-H of the common cation  [C4mim]+  and the different anions CH3CO2
- 

and  Cl–
 [67]. Fig. 3.5 shows the decrease in the viscosity with the temperature for ILs and DSILs. 

With the increase in temperature, the ions in ILs and DSILs get energy to move freely. Song et al., 

(2014) [68] investigated the viscosities of DSILs with the variation of cationic species 

[C2mim]x[C3mim]1-x[BF4], [C3mim]x[C6mim]1-x[BF4], and [C2mim]1[C6mim]1-x[BF4] at 

atmospheric pressure and a temperature range of 20 ℃ to 70 ℃. They discovered that the 

experimental outcomes were not significantly different from the ideal mixture.  

 

Table 3.5. Dynamic viscosity (mPa.s) of [C4mim](CH3CO2)xCl1-x  at different temperatures 

DSILs 30 °C 40 °C 50 °C 60 °C 70 °C 

[C4mim]CH3CO2 235.3 124.1 72.15 45.56 30.74 

[C4mim](CH3CO2)0.9Cl0.1 268.5 140.1 80.57 50.14 33.45 

[C4mim](CH3CO2)0.8Cl0.2 245.5 129.6 75.26 47.22 31.7 

[C4mim](CH3CO2)0.7Cl0.3 304.1 156.7 88.91 54.69 36.05 

[C4mim](CH3CO2)0.6Cl0.4 290.2 145.1 83.33 51.78 34.38 

[C4mim](CH3CO2)0.5Cl0.5 293.5 153 87.47 54.04 35.7 

[C4mim](CH3CO2)0.4Cl0.6 407.5 204.5 113.4 68.29 44.05 

[C4mim](CH3CO2)0.3Cl0.7 407.9 205 113.4 68.17 43.92 

[C4mim](CH3CO2)0.2Cl0.8 563.3 273 146.3 85.67 53.96 

[C4mim](CH3CO2)0.1Cl0.9 340.5 176.9 100.5 61.56 40.32 

[C4mim]Cl - - - - 38.09 
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Figure 3.4. Viscosity of [C4mim](CH3CO2)xCl1-x  at T=30-70 °C 
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Figure 3.5. Variation of the viscosity of ILs and DSILs with the variation of temperature 

 

3.3.2.1. Excess viscosity  

Excess viscosity (ηE) refers to the deviation of experimental viscosities from the ideal 

behavior. The variation of excess viscosity provides a qualitative assessment of the extent of 

intermolecular contacts because viscosity is connected with molecular interactions, i.e., 

electrostatic forces, hydrogen bonds, and van der Waals interactions. The ηE  of the prepared DSILs 

was calculated using the eq. 3. 

𝜂𝐸 = 𝜂𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝜂𝑖𝑑𝑒𝑎𝑙 (3) 

 

Bingham’s equation was used to calculate ideal viscosity based on the principle of additivity, ηdeal 

= X1η1 + X2η2. The ηE of DSILs over the whole mole fractions range was calculated at 70 °C and 

are tabulated in Table 3.4. The ηE has been plotted against mole fractions [C4mim]Cl and the data 

were fitted with Redlich-Kister (R-K) polynomial equation that is presented in Fig. 3.6. The ηE of 

[C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.7Cl0.3, 
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[C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.4Cl0.6, 

[C4mim](CH3CO2)0.3Cl0.7, [C4mim](CH3CO2)0.2Cl0.8, and [C4mim](CH3CO2)0.1Cl0.9 are found to be 

1.97574, -0.51147, 3.1028, 0.63385, 1.28647, 8.90441, 8.03941, 17.36646, and  2.96427, 

respectively. ηE values of all DSILs are found to be positive except [C4mim](CH3CO2)0.8Cl0.2. The 

positive ηE values of DSILs indicate that the interactions between [C4mim]Cl and 

[C4mim]CH3CO2 or its complexes in the liquid state are greater than those of the individual 

C4mim]Cl and [C4mim]CH3CO2. This strong association can occur by the formation of hydrogen 

bonds among, unlike ILs. The negative ηE i.e., lower viscosities than the ideal values can arise 

from the trapping of smaller molecules into the matrices of larger species [69, 70]. 

 

 

Figure 3.6. Variation of excess viscosity of DSILs with the variation of mole 

 fraction of [C4mim]Cl 
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3.3.2.2. Dynamic viscosity  

Simple Arrhenius relaxation is not applicable to glass formers or supercooled liquids. As 

the temperature falls to the Tg, their viscosities increase quickly and sharply, exhibiting super 

Arrhenius behavior. This rise in viscosity cannot be predicted by Eyring equation (eq. 4) which 

assumes ideality. To model this behavior, phenomenological equations such as the VFT equation, 

eq. (4) [71] are used 

 

log 𝜂 =. log 𝜂𝑜 +
𝐵

𝑇 − 𝑇𝑜
 (4) 

 

where, To is the Vogel temperature, which can be thought of as Tg, and ηo is the viscosity at infinite 

temperature. B is a constant related to fragility. 

The VFT equation is the most popular choice for modeling and predicting non-Arrhenius viscous 

flow. While it performs excellently at working temperatures and above, it shows poor 

approximation at lower temperatures. Mauro et al. modified the VFT equation to a form having 

both Tg and m in the form of eq.5 [72] 

log 𝜂(𝑇) = log 𝜂𝑜 +
(12 − log 𝜂𝑜)2

𝑚 (
𝑇
𝑇𝑔

− 1) + (12 − log 𝜂𝑜)
 

          (5) 

 

where T and η are the variables and ηo, m, and Tg are the fitting parameters. 

 

They also proposed a new equation, now known as the MYEGA equation (eq.6) on the basis of 

temperature-dependent configurational entropy (SC) which performs well at lower temperatures. 

 

log 𝜂(𝑇) = log 𝜂𝑜 + (12 − log 𝜂𝑜)
𝑇𝑔

𝑇
𝑒𝑥𝑝 [(

𝑚

12 − log 𝜂𝑜
− 1) (

𝑇𝑔

𝑇
− 1)] (6) 

 

The change in logarithmic dynamic viscosity of [C4mim]CH3CO2,  [C4mim](CH3CO2)0.9Cl0.1, 

[C4mim](CH3CO2)0.8Cl0.2,[C4mim](CH3CO2)0.7Cl0.3,[C4mim](CH3CO2)0.6Cl0.4,[C4mim](CH3CO2)

0.5Cl0.5, [C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.3Cl0.7, [C4mim](CH3CO2)0.2Cl0.8, and 

[C4mim](CH3CO2)0.1Cl0.9 are plotted with temperature and fitted with mVFT (Fig. 3.7) and 

MYEGA equation (Fig. 3.8). Fig. 3.7 and 3.8 show that the viscosity decreases with the raise in 
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temperature. The highest viscosity observed in [C4mim](CH3CO2)0.2Cl0.8 followed by 

[C4mim](CH3CO2)0.3Cl0.7, [C4mim](CH3CO2)0.4Cl0.6 , [C4mim](CH3CO2)0.1Cl0.9, 

[C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.6Cl0.4 ,  

[C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.8Cl0.2  and [C4mim]CH3CO2. As the increase in the 

amount of [C4mim]Cl in DSILs,  the viscosity increases, but does not follow the regular trend. The 

increase in viscosity is due to the interactions and H-bonding between ions of [C4mim]+,  Cl- and  

CH3CO2
-. Chatel et al. [73] investigated that viscosity can be correlated with various types of 

intermolecular interactions. These include electrostatic interactions, van der Waals interactions, 

and hydrogen bonding interactions. The degree of hydrogen bonding capacity displayed by the 

anions in the investigated ILs and DSILs can be correlated with the order of viscosity of those 

substances. The type and ratio of the anions could be the reason for the higher viscosity of 

[C4mim](CH3CO2)0.2Cl0.8. Hunt et al. [74] looked into how different anions affected the viscosity 

of ILs. They found the following order of [C2mim]+ based ILs with various anions [MeSO3]
− > 

[CH3CO2]
− > [ESO4]

− > [OTf]− > [NTf2]
− > BF4

−. The fitting parameters obtained from them are 

the Tg, the fragility index (m) and viscosity at infinite temperature (log ηo). All the parameters have 

been compiled in Table 3.6. In nearly all the ILs and DSILs studied, the mVFT equation seems to 

higher values of Tg and m than eq. (6). 

Table 3.6. mVFT and MYEGA equation-fitted Tg, m and log ηo for the [C4mim](CH3CO2)xCl1-x 

DSILs Tg / K m Log ηo 

 mVFT MYEGA mVFT MYEGA mVFT MYEGA 

 [C4mim]CH3CO2 220 200 164 77 -3.8 -3.1 

[C4mim](CH3CO2)0.9Cl0.1 217 199 151 74 -3.9 -3.2 

[C4mim](CH3CO2)0.8Cl0.2 217 198 152 73 -3.9 -3.2 

[C4mim](CH3CO2)0.7Cl0.3 216 198 143 72 -4.0 -3.3 

[C4mim](CH3CO2)0.6Cl0.4 227 207 188 83 -3.6 -2.9 

[C4mim](CH3CO2)0.5Cl0.5 214 196 136 70 -4.0 -3.4 

[C4mim](CH3CO2)0.4Cl0.6 216 199 132 70 -4.1 -3.4 

[C4mim](CH3CO2)0.3Cl0.7 215 198 129 69 -4.1 -3.4 

[C4mim](CH3CO2)0.2Cl0.8 216 200 125 69 -4.2 -3.4 

[C4mim](CH3CO2)0.1Cl0.9 211 194 125 67 -4.2 -3.5 

 [C4mim]Cl - - - - - - 
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Figure 3.7. Log(η) of [C4mim](CH3CO2)xCl1-x against temperature, fitted with  

mVFT equation 

 



110 
 

 
Figure 3.8. Log(η) of [C4mim](CH3CO2)xCl1-x  as a function of temperature, fitted with  

MYEGA equation 

 

3.3.3. Thermodynamic parameters 

3.3.3.1. Energy of activation for viscous flow 

Changes in the activation free energy of viscous flow of [C4mim]CH3CO2 and DSILs has 

been calculated from 303.15 K to 343.15 K by using the Eyring eq. (7), 

Δ𝐺 = 𝑅𝑇 ln
𝜂𝑉

ℎ𝑁
 (7) 

 

 

The work required to create a hole in the liquid for the viscous flow is related to the change in 

Gibbs free energy of activation, ΔG. Due to the dense packing of each ion inside a "cage" created 

by its closest neighbors, each ion's motion is primarily restricted to vibration. An energy barrier of 
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height G/NA, where NA represents the Avogadro number, serves as a visual representation of this 

"cage". A molar free energy of activation ΔG is required for the stationary fluid to "escape" the 

cage into the nearest hole or unoccupied site. The calculated ΔG of [C4mim]CH3CO2 and DSILs 

from temperature 303.15-343.15K are tabulated in Table 3.7. Fig. 3.9 shows how the temperature 

affects the ∆G of ILs and DSILs. From Table 3.7, it has been noted that the highest ΔG was found 

for [C4mim](CH3CO2)0.2Cl0.8 followed by [C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.3Cl0.7, 

[C4mim](CH3CO2)0.1Cl0.9, [C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.8Cl0.2[C4mim]CH3CO2 

are 31.18, 30.44, 30.40, 29.87, 29.43, 29.67, 29.51, 29.58, 29.32, 29.29 kJ/mol at 303.15 K, 

respectively. Fig. 3.9 shows that the positive values of ΔG of ILs and DSILs decrease as the 

temperature increases. This indicates the favorable mixing of constituent ILs efficiently forming 

the DSILs [75]. This phenomenon is further supported by the changing trends in entropy presented 

in Fig. 3.10 and Table 3.8. The value of the energy barrier to cross is lowered when thermal energy 

increases because it makes it easier for ions to move around.  

Table 3.7. Changes in the activation-free energy of viscous flow, ∆G of [C4mim](CH3CO2)xCl1-x 

determined at different temperatures 

DSILs 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 

[C4mim]CH3CO2 29.29 28.61 28.08 27.69 27.41 

[C4mim](CH3CO2)0.9Cl0.1 29.58 28.88 28.33 27.91 27.61 

[C4mim](CH3CO2)0.8Cl0.2 29.32 28.63 28.11 27.70 27.41 

[C4mim](CH3CO2)0.7Cl0.3 29.84 29.11 28.53 28.08 27.75 

[C4mim](CH3CO2)0.6Cl0.4 29.67 28.86 28.30 27.88 27.56 

[C4mim](CH3CO2)0.5Cl0.5 29.51 28.95 28.38 27.94 27.61 

[C4mim](CH3CO2)0.4Cl0.6 30.44 29.66 29.04 28.55 28.17 

[C4mim](CH3CO2)0.3Cl0.7 30.40 29.63 29.00 28.50 28.12 

[C4mim](CH3CO2)0.2Cl0.8 31.18 30.33 29.64 29.09 28.66 

[C4mim](CH3CO2)0.1Cl0.9 29.86 29.16 28.58 28.13 27.78 

[C4mim]Cl - - - - - 
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Figure 3.9. Change in ΔG of activation for [C4mim](CH3CO2)xCl1-x  as a  

function of temperature. 

 

3.3.3.2. Entropy of activation for viscous flow 

   The change in activation entropy for the viscous flow, (ΔS) of ILs and DSILs was 

calculated by using the equation of −d(ΔG)/dT. Table 3.8 lists the calculated ΔS values for DSILs 

and [C4mim]CH3CO2. The change in ΔS with respect to temperature is presented in Fig. 3.10. Fig. 

3.10 shows that ΔS decreases with increases in temperature despite some discontinuity. From table 

3.8 it has been noted that the highest ΔG was found for [C4mim](CH3CO2)0.2Cl0.8 followed by 

[C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.3Cl0.7, 

[C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.1Cl0.9, [C4mim](CH3CO2)0.5Cl0.5, 

[C4mim](CH3CO2)0.9Cl0.1, [C4mim]CH3CO2,  and [C4mim](CH3CO2)0.8Cl0.2 are 84.37, 81.14, 

77.69, 77.45, 72.72, 70.61, 70.38, 70.29, 68.45, and 68.15 at 303.15 K. The positive values of ΔS 

denote that the system becomes less organized relating to its starting states [76]. The decrease in 

ΔS with an increase in temperature shown in Fig. 3.10 suggests that at higher temperatures ordered 
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structure of ILs and DSILs became more random and have a high value of entropy. So, the required 

change in entropy of activation for viscous flow lowers. As the increase in highly viscous 

[C4mim]Cl in DSILs the ΔS of activation increased. 

 

Table 3.8. Summary of entropy of activation, ΔS in kJ/mol for viscous flow of 

[C4mim](CH3CO2)xCl1-x determined at different temperatures 

DSILs 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 

[C4mim]CH3CO2 68.45 60.63 45.83 33.18 27.50 

[C4mim](CH3CO2)0.9Cl0.1 70.29 62.58 48.49 36.09 30.07 

[C4mim](CH3CO2)0.8Cl0.2 68.15 60.61 46.82 34.76 28.94 

[C4mim](CH3CO2)0.7Cl0.3 72.72 65.24 51.24 38.85 32.98 

[C4mim](CH3CO2)0.6Cl0.4 81.14 68.25 49.00 37.10 31.56 

[C4mim](CH3CO2)0.5Cl0.5 70.38 63.34 50.17 38.42 32.82 

[C4mim](CH3CO2)0.4Cl0.6 77.69 69.96 55.66 43.46 37.83 

[C4mim](CH3CO2)0.3Cl0.7 77.45 70.23 56.37 44.03 38.34 

[C4mim](CH3CO2)0.2Cl0.8 84.37 76.84 62.17 49.03 43.04 

[C4mim](CH3CO2)0.1Cl0.9 70.61 63.99 51.61 40.31 34.78 

[C4mim]Cl - - - - - 
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Figure 3.10. Change in ΔS of activation for [C4mim](CH3CO2)xCl1-x  as a function of 

temperature 

 

3.3.3.3. Enthalpy of activation for viscous flow 

The change in activation enthalpy for the viscous flow, (ΔH) of ILs and DSILs was 

calculated using the following thermodynamic relation by eq. (8). 

 

Δ𝐻 = Δ𝐺 + 𝑇Δ𝑆 (8) 

 

The values of ΔH of DSILs and [C4mim]CH3CO2 for the temperatures of 303.15 to 343.15K are 

tabulated in Table 3.9. The change in ΔH with the temperature have been presented in Fig. 3.11. 

Similar to ΔH and  ΔS the ΔH value of [C4mim](CH3CO2)0.2Cl0.8, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.3Cl0.7, [C4mim](CH3CO2)0.7Cl0.3, 

[C4mim](CH3CO2)0.1Cl0.9, [C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.9Cl0.1, [C4mim]CH3CO2, 

are found to be 56.76, 54.27, 53.99, 53.88, 51.88, 51.27,  50.98, 50.89,  50.04,  and 49.97at 
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303.15K, respectively. Positive values for ΔH suggest that the synthesis procedure of DSILs is an 

endothermic process. Fig. 3.11 shows that ΔH decreases with the increase in temperature. This 

figure also indicates that ΔH increased with the increase in Cl– ion concentration in DSILs to 

restrict the movement of ions. This indicates the increase of activation energy for viscous flow. 

This is based on the idea that holes are necessary for solvents to flow, according to the hole theory 

[77, 78].  

Table 3.9. Calculation of the activation enthalpy for viscous flow (ΔH, kJ/mol) of 

[C4mim](CH3CO2)xCl1-x  at various temperatures 

DSILs 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 

[C4mim]CH3CO2 50.04 47.59 42.89 38.74 36.85 

[C4mim](CH3CO2)0.9Cl0.1 50.89 48.48 44.00 39.94 37.93 

[C4mim](CH3CO2)0.8Cl0.2 49.97 47.61 43.23 39.28 37.34 

[C4mim](CH3CO2)0.7Cl0.3 51.88 49.54 45.09 41.03 39.07 

[C4mim](CH3CO2)0.6Cl0.4 54.27 50.23 44.14 40.24 38.39 

[C4mim](CH3CO2)0.5Cl0.5 50.98 48.78 44.59 40.74 38.88 

[C4mim](CH3CO2)0.4Cl0.6 53.99 51.57 47.03 43.03 41.15 

[C4mim](CH3CO2)0.3Cl0.7 53.88 51.62 47.21 43.17 41.27 

[C4mim](CH3CO2)0.2Cl0.8 56.75 54.39 49.73 45.42 43.44 

[C4mim](CH3CO2)0.1Cl0.9 51.27 49.20 45.26 41.55 39.71 

[C4mim]Cl - - - - - 
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Figure 3.11. Change in ΔH of activation for [C4mim](CH3CO2)xCl1-x  as a function of 

temperature 

 

3.3.4. Refractive index of ILs and DSILs 

The refractive index (nD), which can reflect electronic polarizability and provide crucial 

details about interactions in the solution, is an effective tool for understanding the optical 

characteristics of a mixture of ILs. The dimensionless intensive property of a phase known as the 

index of refraction, or n, can be described by the eq. (9) 

𝑛 =
𝑐0

𝑐
 (9) 

 

where the speed of light in a vacuum, c0, is equal to the speed of light in a phase difference, c. In 

temperature intervals of 10 °C, the refractive indices of ILs and the synthesized DSILs were 

measured in the temperature range of 30 to 70 ℃. All the measured refractive index values of ILs 

and DSILs are enlisted in Table 3.10. The experimental refractive index has been plotted against 

the mole fraction of [C4mim]Cl (Fig. 3.12) and temperature (Fig. 3.13). With an increase in 
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[C4mim]Cl concentration, the refractive index of DSILs rises and decreases with increasing 

temperature. The range of refractive index measurement is narrow (1.49877 to 1.51631). The order 

of refractive index of the DSILs are [C4mim](CH3CO2)0.1Cl0.9 > [C4mim](CH3CO2)0.2Cl0.8 > 

[C4mim](CH3CO2)0.3Cl0.7 > [C4mim](CH3CO2)0.4Cl0.6 > [C4mim](CH3CO2)0.5Cl0.5 > 

[C4mim](CH3CO2)0.6Cl0.4 > [C4mim](CH3CO2)0.7Cl0.3 > [C4mim](CH3CO2)0.8Cl0.2 > 

[C4mim](CH3CO2)0.9Cl0.1. This indicates that the refractive index of DSILs clearly depends on the 

amount of Cl- ion concentration. As Cl- ion concentration rises, n rises as well, indicating 

maximum light interaction in the solution and consequently less free space within the molecule. 

As a result, it is quite obvious that intermolecular interactions and aggregate formation occur. The 

formation of aggregates that would raise the refractive index may be predicted as a result of the 

numerous inter- and intramolecular interactions between/within the molecules of DSILs [79]. The 

variation of n is very much in agreement with the results of the density of DSILs shown in Table 

3.1. As the density of DSILs increased the refractive index also increased. Fig. 3.13 shows the 

temperature dependence refractive index of ILs and DSILs. It is observed that a highly linear 

temperature dependence refractive index of ILs and DSILs were observed, as in the case of 

temperature dependences of density (Fig. 3.2). 

 

3.3.4.1. Excess refractive index of DSILs 

The excess refractive index gives the clear understanding about the interaction among the 

ions in DSILs. The excess refractive of DSILs can be calculated using  eq. (11) [80] 

 

Δ𝑛𝐷 = 𝑛𝐷 − (𝜒1𝑛𝐷1 + 𝜒2𝑛𝐷2) (11) 

 

where χ 1 and χ 2 are the refractive indices of [C4mim]Cl and [C4mim]CH3CO2, respectively, and 

n1 and n2 are the mole fractions of the substances. The excess refractive index of the synthesized 

DSILs is tabulated in Table 3.11. The excess refractive was plotted against mole fraction of 

[C4mim]Cl in Fig. 3.14 and R-K polynomial equation was used to fit the data. Most of the values 

of excess refractive index of DSILs were found to be negative except [C4mim](CH3CO2)0.8Cl0.2, 

[C4mim](CH3CO2)0.7Cl0.3 and [C4mim](CH3CO2)0.2Cl0.8. Strong specific molecular forces, like 

hydrogen bonds between constituent molecules, result in positive refractive index deviations. [81-

83]. Excess molar refraction varies with the degree of intermolecular interactions. The magnitude 
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and sign of any variation in excess molar refraction between identical molecules serve as a measure 

of their size. When two different molecules with different molar volumes are combined, the 

intestinal position of one molecule may fit into another [84]. The positive excess refractive index 

values of DSILs and increased with temperature suggest that at low temperatures, the experimental 

n was closer to the ideal n and that polarization was stronger at high temperatures [85]. 

 

Table 3.10. Refractive index of [C4mim](CH3CO2)xCl1-x  at different temperatures 

DSILs 30 °C 40 °C 50 °C 60 °C 70 °C 

[C4mim]CH3CO2 1.49383 1.48446 1.47862 1.47454 1.47099 

[C4mim](CH3CO2)0.9Cl0.1 1.49877 1.48719 1.47902 1.47116 1.46622 

[C4mim](CH3CO2)0.8Cl0.2 1.49945 1.49192 1.48616 1.48142 1.47744 

[C4mim](CH3CO2)0.7Cl0.3 1.50321 1.49447 1.48887 1.4831 1.47878 

[C4mim](CH3CO2)0.6Cl0.4 1.49995 1.49139 1.48599 1.48123 1.47733 

[C4mim](CH3CO2)0.5Cl0.5 1.50186 1.49289 1.48775 1.48335 1.47885 

[C4mim](CH3CO2)0.4Cl0.6 1.50381 1.49457 1.48988 1.48575 1.48054 

[C4mim](CH3CO2)0.3Cl0.7 1.51027 1.49824 1.49391 1.49068 1.48815 

[C4mim](CH3CO2)0.2Cl0.8 1.51503 1.50847 1.50517 1.50139 1.49718 

[C4mim](CH3CO2)0.1Cl0.9 1.51631 1.50975 1.50292 1.49488 1.48999 

[C4mim]Cl 1.52035 1.51419 1.50612 1.49929 1.49428 

 

 

Table 3.11. Excess refractive index of [C4mim](CH3CO2)xCl1-x at different temperatures 

DSILs 30 °C 40 °C 50 °C 60 °C 70 °C 

[C4mim]CH3CO2 0 0 0 0 0 

[C4mim](CH3CO2)0.9Cl0.1 0.002291 -0.00045 -0.00235 -0.00585 -0.0071 

[C4mim](CH3CO2)0.8Cl0.2 0.000311 0.001084 0.002034 0.001925 0.001787 

[C4mim](CH3CO2)0.7Cl0.3 0.001416 0.000445 0.001992 0.001128 0.000796 

[C4mim](CH3CO2)0.6Cl0.4 -0.00473 -0.0061 -0.00388 -0.00343 -0.00319 

[C4mim](CH3CO2)0.5Cl0.5 -0.00522 -0.00749 -0.00461 -0.00356 -0.00378 

[C4mim](CH3CO2)0.4Cl0.6 -0.00592 -0.00898 -0.00522 -0.00363 -0.00441 

[C4mim](CH3CO2)0.3Cl0.7 -0.00211 -0.0085 -0.00394 -0.00117 0.000871 

[C4mim](CH3CO2)0.2Cl0.8 7.95E-05 -0.00136 0.004649 0.007139 0.007642 

[C4mim](CH3CO2)0.1Cl0.9 -0.00139 -0.00338 -0.00045 -0.00194 -0.00196 

[C4mim]Cl 0 0 0 0 0 
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Figure 3.12. Variation of the refractive index of DSILs with the variation of mole fraction of 

[C4mim]Cl at temperature of 30 to 70 ℃. 

 

 
 

Figure 3.13. Change in the refractive index of DSILs with the temperature of 30 to 70 ℃ of 

different mole fractions of [C4mim]Cl 
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Figure 3.14. Variation of the excess refractive index of DSILs with mole fraction of [C4mim]Cl 

at the temperature of 30 to 70 ℃ and fitted with R-K equation 

  

3.3.5. The conductivity of ILs and DSILs 

The investigated conductivities of DSILs and their ionic conductivities have been measured 

at various temperatures from 30 to 70 ℃ with 10 ℃ intervals (Table 3.12). The variation of 

conductivities with the variation of mole fractions of [C4mim]Cl have been presented in Fig. 3.15 

and with temperature in Fig. 3.16.  

3.3.5.1. Effect of mole fraction 

As introducing [C4mim]Cl with [C4mim]CH3CO2 then the number of available overall 

ionic species such as [C4mim]+, Cl-, and CH3CO2
- increases in DSILs thus conductivity of DSILs 

increased with some exceptions shown in Table 3.12 and Fig. 3.15. The order of conductivities of 

DSILs are found to be [C4mim](CH3CO2)0.1Cl0.9 > [C4mim](CH3CO2)0.3Cl0.7 > 

[C4mim](CH3CO2)0.6Cl0.4 > [C4mim](CH3CO2)0.5Cl0.5  > [C4mim](CH3CO2)0.4Cl0.6 > 
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[C4mim](CH3CO2)0.8Cl0.2 > [C4mim](CH3CO2)0.7Cl0.3 > [C4mim](CH3CO2)0.2Cl0.8  > 

[C4mim](CH3CO2)0.9Cl0.1. and found to be 3.34892, 2.53857, 2.51569, 2.49981, 2.47309, 2.30413, 

1.86679, 1.78434, 1.77763 mS/cm at 30 ℃ respectively. The mobility of Cl- ion is much greater 

than compared to CH3CO2
- ions [86, 87]. Hence, with the addition of Cl- ion in DSILs, the overall 

conductivity boosts. Moreover, the presence of triple ions [C4mim]+, Cl-, and CH3CO2
- in DSILs 

disrupts the prevailing inter-ionic interactions and H-bonds making the ionic species more mobile 

and freer [88]. Therefore, DSILs have a higher ionic conductivity than ILs.  

3.3.5.2. Effect of temperature 

The conductivities in each case increase with increasing temperature as shown in Fig. 3.16, 

attributable to the linear decrease in density values and viscosities of each DSILs. The density and 

viscosity have been presented in Table 3.1 and Table 3.5. Two crucial macroscopic attributes, 

density and viscosity of ILs and DSILs represent the microscopic qualities dictated by a number 

of interconnected factors, including molar mass, ionic shape and size, intermolecular and interionic 

interacting forces like as hydrogen bonding, Coulombic interactions, and van der Waals [89-91]. 

 

Table 3.12. Conductivity (mS/cm) of [C4mim](CH3CO2)xCl1-x at different temperatures 

DSILs 30 °C 40 °C 50 °C 60 °C 70 °C 

[C4mim]CH3CO2 1.8608 2.63628 3.71189 5.43254 8.77794 

[C4mim](CH3CO2)0.9Cl0.1 1.77763 2.50308 3.58708 5.40511 8.52143 

[C4mim](CH3CO2)0.8Cl0.2 2.30413 3.20975 4.82345 7.73568 9.96012 

[C4mim](CH3CO2)0.7Cl0.3 1.86679 2.69076 4.65094 6.84614 8.78506 

[C4mim](CH3CO2)0.6Cl0.4 2.51569 3.51599 6.06438 8.46957 11.07548 

[C4mim](CH3CO2)0.5Cl0.5 2.49981 4.37438 6.28387 8.86744 11.97649 

[C4mim](CH3CO2)0.4Cl0.6 2.47309 3.71175 6.09321 8.74013 11.98813 

[C4mim](CH3CO2)0.3Cl0.7 2.53857 3.6054 5.39284 8.60956 11.8125 

[C4mim](CH3CO2)0.2Cl0.8 1.78434 2.58273 3.56124 6.40116 9.14211 

[C4mim](CH3CO2)0.1Cl0.9 3.34892 5.60963 8.7042 11.43139 15.62249 

[C4mim]Cl - - - - - 
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Figure 3.15. Variation of conductivities of [C4mim](CH3CO2)xCl1-x  at T=30-70 °C 
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Figure 3.16. Variation of conductivities of [C4mim](CH3CO2)xCl1-x  as a function of 

temperature. 

 

3.3.5.3. Ionicity of DSILs 

In the context of electrolytes, estimating and comprehending ionicity are critical. The 

ionicity is roughly estimated using a Walden plot, with a KCl aqueous solution serving as the 

reference line. The ideal line, which represents complete ion dissociation, has a slope of 1. The 

variation from this ideal line approximates ionicity. The Walden plot depicts the categorization of 

ILs into superionic, good, and poor liquids, as well as the relationship between low equivalent 

conductivity and low ionicity (ion pairing) [92, 93]. Fig. 3.17 represents the Walden plot for the 

studied DSILs system. As the temperature increases and fraction of [C4mim]Cl, then in both cases, 

the ionic conductivity of DSILs seem to improve exhibiting good ILs behavior. In some 

compositions, superionic behavior is also seen. These kinds of trends seen in Walden plot, 

demonstrate superior ionic conductivity of the synthesized DSILs. 
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Figure 3.17. Walden plot for [C4mim](CH3CO2)xCl1-x. A 0.01 M KCl aqueous solution with 

perfect dissociation represented by the solid line 
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3.4. Conclusions 

At atmospheric pressure and over the entire mole fraction range, the density, viscosity, 

refractive index, and conductivity of [C4mim]Cl and [C4mim]CH3CO2 and their DSILs have been 

measured at various temperatures (from 30 to 70 ℃). The excess molar volume and isothermal 

expansion coefficient have been determined from the density data. The excess molar volume of 

DSILs were measured at 70 ºC only as [C4mim]Cl is solid at room temperature found to be negative 

that indicates the volume construction occurred when two  ILs are mixed together. The negative 

vales of excess molar volume also indicate that strong intermolecular interactions between 

[C4mim]+, CH3CO2
- and  Cl- are present in DSILs. The excess viscosity was also calculated at 70 

ºC for the same reason. All excess viscosity found to be positive except [C4mim](CH3CO2)0.8Cl0.2. 

The positive excess viscosity values of DSILs indicate that the interactions between [C4mim]Cl 

and [C4mim]CH3CO2 or its complexes in the liquid state are greater than those of the individual 

[C4mim]Cl and [C4mim]CH3CO2. This strong association can be occurred by the formation of 

hydrogen bonds among, unlike ILs. As the increase in the amount of [C4mim]Cl in DSILs,  the 

viscosity increases, with a few exceptions. The increase in viscosity is due to the interactions and 

H-bonding between ions of [C4mim]+,  Cl- and  CH3CO2
-. The viscosity data were used to estimate 

the thermodynamic characteristics of DSILs. ΔG of [C4mim]CH3CO2 and DSILs were found to be 

positive and decreased with the temperature indicating favorable mixing of constituent ILs 

efficiently forming of the DSILs. The positive ΔS values of DSILs denote that the system becomes 

less organized relating to its starting states and decreases with increasing temperature suggesting 

at higher temperatures ordered structure of ILs and DSILs became more random and have a high 

value of entropy. Consequently, the required change in activation entropy for viscous flow 

decreases. ΔH decreases with the increase in temperature indicates that ΔH increased with the 

increase in Cl- ion concentration in DSILs to restrict the movement of ions increasing the activation 

energy. This is based on the idea that holes are necessary for solvents to flow, according to the hole 

theory. Excess refractive index are found to be negative except [C4mim](CH3CO2)0.8Cl0.2, 

[C4mim](CH3CO2)0.7Cl0.3 and [C4mim](CH3CO2)0.2Cl0.8. The fact that the positive excess 

refractive index values of IL and DSIL rose with temperature suggests that polarization was 

stronger at higher temperatures and that the experimental refractive index was closer to the ideal 

at lower temperatures. DSILs have a higher ionic conductivity than ILs. The presence of triple ions 

[C4mim]+, Cl-, and CH3CO2
- in DSILs disrupts the prevailing inter-ionic interactions and H-bonds 
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making the ionic species more mobile and free. The Walden plot depicts with the temperature and 

amount of [C4mim]Cl, the ionic conductivity of DSILs seem to be improve exhibiting good ILs 

behavior.  
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Chapter 4 

Evaluation of Double Salt Ionic Liquids as Materials 

Abstract 

Ionic liquids (ILs) have been recently used as solvent material for dissolution of cellulose however, 

it has certain limitations. ILs mixture such as double salt ionic liquids (DSILs) can serve as 

wonderful alternative to ILs. Although researches regarding physicochemical properties of the ILs 

are available, physicochemical properties of DSILs are scarce in literature due to huge number of 

possible combinations of DSILs. In this study, two ILs namely, [C4mim] CH3CO2 and [C4mim]Cl 

have been taken as precursor for the preparation of DSILs with formula, [C4mim] (CH3CO2)xCl1–

x. Nine composition of DSILs have been prepared with mole fraction of x = 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, and 0.9. ILs and DSILs have been subjected to UV-Visible absorption spectroscopy, 

fluorescence spectroscopy, thermogravimetric analysis and differential scanning calorimetry for 

investigating the optical and thermal properties of the DSILs and ILs. Optical spectroscopy reveals 

the possible presence of imidazolium associative species in the DSILs. Moreover, the recycled 

DSIL shows an increase in the association of imidazolium ring moieties due to interruption from 

cellulose molecules. Hence, the associative species plays an important role in the dissolution of 

cellulose. Thermal stabilities of the DSILs are in the range of 220 to 280 ℃ and isotherm TGA 

reveals the enhanced stability regarding the DSILs compared to ILs at 120 ℃. Heat capacities of 

the DSILs increase linearly with the operation temperature and DSILs have slightly lower heat 

capacities compared to single ILs. Finally, the glass transition temperature (Tg) of the DSILs 

exhibits similar behavior as the single ILs. However, Tg decreased in case of DSILs compared to 

ILs.  

Keywords: Double salts ionic liquids, UV-visible spectroscopy, UV-fluorescence, Thermal 

properties 

4.1 Introduction 

Ionic liquids (ILs) are widely used in a wide range of industries [1–6] due to the freedom 

with which their properties can be changed by altering their ionic component. Salts known as ILs 

have a low melting point of approximately 100 °C or less. It has been referred to as "designer 

solvents" [7] because of the flexibility of altering the characteristics with various ionic components 

in ILs. Numerous studies have been done to describe different aspects of the ILs. These research 
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studies have brought insight into a number of inherent characteristics of ILs, such as their high 

volatility, high thermal stability, high viscosity, high electrical conductivity, etc. The most 

appealing feature of ILs as a solvent is their low vapor pressure. Subsequently, ILs are more 

environmentally friendly than traditional solvents because of this characteristic and their capacity 

to be recycled. Therefore, the majority of research is done on present-day environmental and 

energy-related challenges. However, despite having distinct advantages over traditional solvents, 

ILs exhibit a variety of issues, including poor biodegradability [8, 9], high cost [10], and possible 

toxicity [11], which hinders their use in industry [12, 13]. Despite these possible drawbacks, there 

are a number of IL studies that include both an anion and a cation. IL combinations, as it turns out, 

can offer a wide range of alternatives for various fields of study [5, 14]. This is ideal for the 

development of task-specific ILs. 

These IL mixtures are referred to as Double Salt Ionic Liquids (DSILs), which include 

more than two different types of ions. Each DSIL is distinct in terms of the combination of ion 

types, ion ratios, and their attributes [14]. The features of each combination are distinct from those 

of two ion ILs because each combination of ion types forms a unique DSIL. These DSILs respond 

differently than diverse mixtures of ILs for each distinct combination of ion types [14]. In recent 

research, these ions have been considered a mixture of molecular solvents rather than distinct ILs, 

which is less than ideal for an in-depth investigation of the physicochemical characteristics of 

DSILs [15, 16]. These studies investigate the most important physicochemical parameters that 

deviate from ideal behavior. Depending on the property being measured, the combination may 

behave optimally or not. As a result, it is important to research DSILs in order to identify new ion 

combinations that have distinctive and different characteristics from pure ILs [17]. 

The ILs have been the subject of several spectroscopic research in recent works. 

Characterizations regarding NMR, Raman, and IR spectroscopic characteristics have been made 

[18–20]. There are, however, very few publications that discuss the optical characteristics of ILs. 

Therefore, there are several information gaps in this area. UV-visible spectroscopy and 

fluorescence spectroscopy are used to examine the optical characteristics of ILs based on 

imidazolium. Although the majority of research focuses on the optical behavior of the dissolved 

solutes in these ILs, there are not many studies that address the optical behavior of the IL solvent 

[21–24].  
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Optical properties of the ILs in the available literature includes UV-visible absorption 

spectroscopy, fluorescence spectroscopy, and refractive index. UV-visible absorption spectra of 

the ILs reveal the possible electronic activity of the cationic moiety present in the ILs. In general, 

the cationic moiety contributes towards the UV-visible activity of the ILs. This is due to the fact 

that the possible electronic transition states depend on the structure of the cations as most of these 

cations are unsaturated or aromatic organic cations. As a result, transitions like π→π* or n→π* 

occurs revealing the photoactivity of the ILs. However, most of the studies related to the UV-

visible absorption spectra of ILs indicate that ILs are transparent in the visible range of the 

electromagnetic spectrum whereas it shows distinct UV absorption due to the presence of 

unsaturated or aromatic cation moiety. Zhu et al. investigated the interaction between the pyrene 

in the pyridinium ILs as solvent. They concluded that there is red shift in the absorption peak of 

the pyrene dissolved in pyridinium ILs. However, the red shift is not because of the concentration 

of pyrene but the fraction of ILs present in the solution. This is due to formation of different reasons 

such as change in polarity of the solvents, microstructure formation, and different chemical and 

physical interaction of the ILs [25]. In case of imidazolium based ILs, most of the works are 

conducted using the ILs as solvent. It is observed that imidazolium based ILs show little absorption 

in the visible range and is deemed as transparent in under visible light. Furthermore, these ILs 

show absorption in the UV range due to the presence of ring structure and unsaturated species and 

are termed as semi-transparent in the UV range of the electromagnetic spectrum. Studies related 

to UV-visible spectra of solutes dissolved in imidazolium based ILs have been conducted. The 

purpose of these studies was to evaluate the coordination and ligand sphere of the cations of 

Lanthanide series and Actinide series [26, 27]. Other applications include investigating the 

progress of the oxidation of olefins in ILs solvent systems [28]. Thus, identifying the solvent 

polarity through the solvatochromic shift of dissolved dyes has by far been the focus of the majority 

of UV-visible spectroscopic measurements in ILs.  

The purpose of conducting fluorescence spectra of ILs is generally divided into two parts. 

The most common reason for this approach is to measure the solvent polarity of the ILs through 

dissolving dye molecules in these systems. On the other hand, determination of solvation dynamics 

of different dye molecules in the ILs by time resolved fluorescence spectroscopy is also done 

extensively. However, very few studies are conducted to evaluate the luminescence properties of 

the ILs as they are transparent in visible light region. López et al. discussed the optical properties 
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of symmetric ILs i.e., cations with symmetric structure [29]. Samanta et al. studied the optical 

characteristics of imidazolium-based ILs, such as UV-visible absorption and emission spectra [23–

24, 30]. They discovered that the fluorescence spectra of imidazolium-based ILs exhibit the “red 

edge effect” [31]. The maximum emission wavelength of REE is said to have shifted toward the 

red edge of the absorption band as a result of a change in the excitation wavelength. The 

microheterogeneity of the ILs and the existence of different related species are responsible for this 

behavior [32]. Due to the absence of excited state events such as solvation energy or energy 

transfer, imidazolium ILs have uneven fluorescence lifetimes [32]. Additionally, unlike the 

traditional solvents, the ILs feature complicated interactions like coulombic, dipolar, van der 

Waals, or H-bonding, among others [32]. Most of the fluorescence spectral studies include 

complex of lanthanide series elements with the ILs. These complex exhibit significant 

luminescence properties and do not need any stabilization of the liquid states with co-ligands. 

Hence, there is a need of in-depth study to be focused on the inherent fluorescence properties of 

the ILs itself.    

Although studies concerning the optical characteristics of pure imidazolium-based ILs 

have recently been reported, the new focus should be on DSILs of imidazolium-based ILs. DSILs 

containing imidazolium moiety are anticipated to exhibit distinctive optical features since the 

imidazolium moiety of ILs is responsible for the optical behavior in the UV region of the 

electromagnetic spectrum [23]. DSILs with imidazolium moiety are expected to have distinctive 

optical characteristics. There are not many studies on the optical characteristics of DSILs, and the 

ones that are available are novel work. 

Among the physicochemical properties, thermal properties of the DSILs need to be 

investigated to find the thermal behavior of the DSIL. For applications in the industrial level, the 

thermal properties of DSILs are very important in finding their operational temperature range. 

Melting points (Tm), glass transition temperature (Tg), thermal decomposition temperature (Td) etc. 

are various thermal properties that need to be determined to optimize the operational temperature 

range for the DSILs. Moreover, heat capacities provide insight into the heat storage capacity of the 

materials as well as estimate the heating and cooling requirements of the material. Imidazolium-

based ILs are interesting as these ILs are mostly used in the dissolution of cellulose [33]. There 

are numerous reports on the thermal properties of imidazolium based ILs [34–37]. DSILs of 

imidazolium based ILs could be formed by combining different ions resulting in a vast 
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combination of DSILs. This large field has been left little investigated or unexamined. Thus, 

thermal behavior of DSILs need to be evaluated for further applications into the dissolution of 

cellulose. Researches regarding the thermal behavior of imidazolium based DSILs have been 

conducted to a very few extent [38]. These researches mainly focused on the heat capacities, 

thermal stability, thermal storage density etc. of the DSIL. Most of the works varied only the anion 

keeping one common cation. Other works included the effect of variation of the alkyl side chain 

length of the imidazolium group on the thermal properties of the ILs and DSILs have also been 

investigated [34].  

This research aims to investigate the optical characteristics of [C4mim]Cl and 

[C4mim]CH3CO2 and their DSILs in various ratios. Both of the solvents are examined using UV-

visible absorption spectroscopy, and fluorescence spectroscopy. This research analyzes the optical 

properties of both the ILs and their DSILs in great detail. Moreover, several different compositions 

of DSILs have been subjected to thermal treatment to find important thermal properties such as 

thermal stability, heat capacity, and heat storage ability of the DSILs. Thermal analysis of the 

single ILs also have been conducted. The various processes occurring during the thermal treatment 

have been characterized by the differential scanning calorimetry (DSC). In addition to that, the 

results obtained has been compared with the existing literature. 
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4.2 Materials and Methods 

The materials and methods applied in this chapter to conduct this study have been described in the 

following sub-sections. 

4.2.1 Materials 

ILs, [C4mim]Cl and [C4mim]CH3CO2, were purchased from Sigma-Aldrich with purities 

of >98% and >95%,  respectively. Acetone is purchased from Sigma-Aldrich with purity of > 99.5. 

4.2.2 Preparation of DSILs of [C4mim]Cl and [C4mim]CH3CO2 

The preparation DSILs have been carried out by mixing of [C4mim]Cl  and 

[C4mim](CH3CO2) at varying mole fractions to prepare [C4mim](CH3CO2)xCl1-x, ( where x is 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 mole fraction of single ILs). The details of the preparation 

procedure have been described in chapter 2 (sub-section 2.2.2).  

 

4.2.3. Spectroscopic analysis 

The optical properties and associative behaviors of DSILs have been examined using UV-

visible spectroscopy and fluorescence spectroscopy. 

4.2.3.1. UV-Visible 

Spectroscopic characterization of the IL and DSIL samples were performed in a quartz 

cuvette with an optical pathway of 1 cm. UV-visible absorption spectroscopy were conducted by 

using Perkin-Elmer Lambda 35 spectrophotometer.  

4.2.3.2. UV-fluorescence 

Photoluminescence properties of the DSIL and IL were recorded using a Perkin-Elmer FL 

6500 spectrofluorimeter equipped with pulse Xe lamp with user defined power settings with peak 

power varying from 20 kW to 120 kW, maximum resolution of 1 nm, wavelength scan speed of 

24000 nm/min and with a fast response of 0.002 seconds. The samples were excited at the 

wavelength 200 nm, their respective λmax, and at 375 nm. DSIL with superior cellulose dissolution 

capability were selected prior to dissolution and for excitation wavelength dependent fluorescence 

spectra with wavelength ranging from 280 nm to 440 nm. Similarly, recycled DSIL from the 

dissolution solution were also subjected to excitation wavelength dependent fluorescence 

spectroscopy applying the same range of excitation wavelength.  
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4.2.4. Thermal analysis 

The thermal properties of the ILs and DSILs need to be investigated to find the thermal 

behavior of the ILs and DSIL. For applications in the industrial level, the thermal properties of 

DSILs are very important in finding their operational temperature range. Melting points (Tm), glass 

transition temperature (Tg), thermal decomposition temperature (Td), heat capacity (Cp) etc. have 

been measured by the using following techniques. 

4.2.4.1. Thermogravimetric analysis (TGA) 

Thermogravimetric measurements and differential thermal analysis of the DSILs were 

performed by using a Hitachi TG/DTA 7200 under a N2 atmosphere. Aluminum pans served as 

sample holders and reference pans. The measurement sensitivity for DTA was 0.06 V and for TG 

analysis it was 0.2 g. TGA of DSILs was performed with a gas flow rate of 60 mL min-1 in a N2 

environment. A programmed heating from 300 to 550 ℃ with a heating rate of 100 ℃ min-1 was 

carried out for each measurement. From the TG analysis, the onset temperature (Tonset) was 

calculated. The thermal decomposition temperatures have an uncertainty of ±2 °C due to the 

manual determination of the tangent point for the onset temperature, which is the source of the 

highest uncertainty. 

4.2.4.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetric measurements carried out using Hitachi DSC 7020 under N2 

atmosphere. Sealed aluminum pans were used as sample holder and reference pans. The range of 

DSC instrument is ±350 mW and sensitivity is 0.2 μW. DSC measurements were carried out by 

cooling the samples from 100 °C to -150 °C, followed by heating from -150 ℃ to 100 ℃ under 

N2 atmosphere. Tm and Tg were determined from the heating curve in the DSC thermograms. Both 

cooling and heating scans were performed at a rate of 5.0 ℃ min-1. A cooling system using liquid 

N2 was installed in the system.   
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4.3. Results and Discussion 

4.3.1. UV shielding property  

UV-shielding, also known as ultraviolet (UV) protection or UV-blocking, refers to the ability of 

a material or substance to block or reduce the penetration of harmful ultraviolet radiation from 

the sun or artificial UV sources. The prepared DSILs shows UV-sheilding phenomenon which is 

explain by the study of UV-visible spectroscopy. 

Table 4.1. λmax and absorbance of ILs and DSILs 

DSILs λmax, nm Absorbance 

[C4mim]CH3CO2 352 0.34 

[C4mim](CH3CO2)0.9Cl0.1 303 5.51 

[C4mim](CH3CO2)0.8Cl0.2 311 1.73 

[C4mim](CH3CO2)0.7Cl0.3 306 1.64 

[C4mim](CH3CO2)0.6Cl0.4 304 0.97 

[C4mim](CH3CO2)0.5Cl0.5 303 0.82 

[C4mim](CH3CO2)0.4Cl0.6 295 1.04 

[C4mim](CH3CO2)0.3Cl0.7 238 2.56 

[C4mim](CH3CO2)0.2Cl0.8 229 2.76 

[C4mim](CH3CO2)0.1Cl0.9 267 1.23 

[C4mim]Cl 220 10.00 

 

 

Figure 4.1. UV-visible absorption spectra of [C4mim]CH3CO2, [C4mim]Cl, and their DSILs 
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Fig. 4.1 depicts the absorption spectra of [C4mim]CH3CO2 and [C4mim]Cl and their DSILs as 

measured with 1 cm path length cuvette without adding any solvent into the system. Almost in all 

cases, the absorption peak is located at around the UV region. The absorbance for each system is 

significant indicating strong interaction with UV light. Another important observation is the 

presence of long absorption tail for all the systems. In case of pure ILs, absorption bands are 

located at different wavelengths even though the cationic moiety is the same in both cases. 

Moreover, [C4mim]CH3CO2 exhibits absorption peak of lower intensity compared to [C4mim]Cl. 

In contrast, DSILs consisting of [C4mim]CH3CO2 show significant increase in the intensity which 

is absent in case of pure [C4mim]CH3CO2. Furthermore, absorption peaks of the DSILs are located 

at different wavelength depending on the composition of DSILs. The absorption band of pure ILs 

is due to the π−π* transition of the monomeric imidazolium molecule, and the extended absorption 

tail has been attributed to the presence of energetically different associated species. [23, 40]. This 

long absorption tail originates from the presence of imidazolium moiety and not because of 

impurities as it was thought before [21]. Fig. 4.2 depicts the variation of λmax with the increase in 

the amount of the [C4mim]Cl. As the amount of [C4mim]Cl is increased, blue shift in λmax is 

observed which is closer to the λmax of the [C4mim]Cl. The effect of anion on the absorption peak 

of the ILs and DSILs are noticeable. The anions contribute significantly towards the π−π* 

electronic transition of the imidazolium moiety. The blue shift towards shorter wavelengths with 

increasing [C4mim]Cl concentration suggests potential tuning of UV-shielding properties, while 

the role of anions highlights the importance of molecular structure in determining their UV-

absorbing behavior. Table 4.1 lists the λmax and corresponding absorbance of the pure ILs and the 

DSILs. These wavelengths are utilized as excitation wavelength for the PL spectra. Samanta et al. 

have conducted study on the optical properties of imidazolium based ILs where UV-visible 

absorption spectra of [C4mim][PF6] is reported. It has been noticed that the imidazolium based ILs 

generally show λmax at lower than 300 nm. This confirms the π−π* electronic transition of the 

imidazolium moiety of the ILs [39].      
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Figure 4.2. Variation of λmax, and absorbance of [C4mim]Cl, [C4mim](CH3CO2) and DSILs 

 

4.3.2. Photoluminescence properties 

Fig. 4.3 demonstrates the PL spectral behavior of both pure ILs and their DSILs. The fluorescence 

spectra of ILs and DSILs are obtained and two excitation wavelengths (λex) were varied. Fig. 4.3 

shows the PL spectra of the DSILs at λex of 200 nm. Significant number of emission bands are 

observed and most of these bands are located closer to the UV region of the spectra. Two intense 

bands are noticeable in this figure both of which is in the range of 220 to 270 nm wavelength. In 

case of [C4mim]Cl 0.1, the most intense band is closer to the 220 nm and as the amount of 

[C4mim]Cl increases the intensity of the band decreases. That is evident in case of [C4mim]Cl 0.9 

DSILs in which the second band has almost similar intensity compared to the first band. The high 

number of peaks present in the PL spectra with λex of 200 nm is due to the isolated imidazolium 

cation. Most of the single cation moiety is present in the DSILs in different energy states hence, 

more discrete peaks are observed. This indicates most of the single imidazolium cation population 

exist in the DSILs closer to the UV region of the of the PL spectra.  
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Figure 4.3. PL spectra of DSILs of [C4mim]Cl and [C4mim](CH3CO2) at λex = 200 nm 

Fig. 4.4 depicts the PL spectra of the DSILs with λex optimized to the λmax of the corresponding 

DSILs obtained from the UV-visible absorption spectra. This was done to observe whether the 

DSILs exhibit emission spectra in visible region of the electromagnetic spectrum. This figure 

shows various broad bands of emission for different DSILs which gives peak at different 

wavelength than each other. This could be attributed towards the Red Edge Effect (REE), which 

results in photoluminescence dependent on the λex of the light irradiated. Due to irradiating the 

DSILs at different λex, the position of the emission band varied for different DSILs. Intensity of 

the emission bands also varied for different DSILs. The lowest intensity is observed for the 

[C4mim]Cl 0.1 whereas the highest intensity is exhibited by the [C4mim]Cl 0.9. Emission of broad 

band at longer wavelength for all of the DSILs is due to the associative nature of the imidazolium 

cation present in the both the ILs [40]. Even in the pure ILs this association exists which suggest 

that this interaction also exists in the prepared DSILs. Moreover, the different anions affect the 

associative behavior between the molecules. One of the studies is conducted by varying the anion 

of the pure ILs which resulted in change in fluorescence behavior with similar imidazolium cation. 

It was found that the larger the anion, the lesser the association occurred between the IL molecules 

resulting in a blue shift in the PL spectra. However, this is only observed for the imidazolium based 

ILs [39]. Majhi et al. studied the effect of size of anion on the associative behavior of the 

imidazolium based ILs by using time resolved fluorescence spectroscopy, NMR and fluorescence 

correlation spectroscopy. They found the more the size of the anion, the lesser the aggregation 
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between the imidazolium cation and the anion. Interestingly, the particle size of the IL with larger 

anion has been found smaller compared to the particle size of the IL with smaller size of anion. 

This further confirms that association between the imidazolium cation and anion increases with 

the decrease in the size of the anion [40]. In this case, both [C4mim]Cl and [C4mim]CH3CO2 

contains same imidazolium cation but Cl– is smaller in size compared to the CH3CO2
–. So, 

[C4mim]Cl should exhibit more associative behavior than [C4mim]CH3CO2.  

 

Figure 4.4. PL spectra of DSILs of [C4mim]Cl and [C4mim](CH3CO2) at λex optimized at λmax 

for corresponding DSILs 

The PL spectra of the equimolar DSILs and ILs at 375 nm is given at Fig. 4.5. [C4mim](CH3CO2) 

exhibited intense emission band at ~450 nm whereas [C4mim]Cl showed a weak band at lower 

wavelengths than [C4mim](CH3CO2). As the DSILs are excited at wavelength 375 nm, the position 

of the emission band varied with the composition of DSILs. DSILs with higher composition of 

[C4mim](CH3CO2) showed intense emission band located around 450 nm. However, blue shift of 

the emission band is observed with increased composition of [C4mim]Cl in the DSILs. These PL 

spectra are expected to be convolution of individual bands arising from the distinct emission of 

associated structures in the ILs.   
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[C4mim]Cl exhibited band at lower wavelength due to the anion effect. Both ILs used in 

this work are imidazolium based and have the same cation. Hence, any change in the optical 

properties of the DSILs is related to the effect of anion. Generally, the size of the anion affects the 

fluorescence behavior of the ILs [39]. The association within IL moieties increased with the 

decrease in the size of the anion, in this case Cl– has higher ionic radius compared to CH3CO2
–. As 

a result, [C4mim](CH3CO2) exhibits red shifted and intense band compared to [C4mim]Cl. 

Intensity of the PL spectra of the DSILs varied according to the composition of the ILs.  

 

Figure 4.5. PL spectra of [C4mim]Cl and [C4mim](CH3CO2) and their DSILs at various 

composition (λex = 375 nm) 

The intensity of the bands is dependent on the specific extinction co-efficient and the 

degree of association of the ILs. Interestingly, the intensity of the band for 

[C4mim]Cl0.2(CH3CO2)0.8 lowered compared to [C4mim]Cl0.3(CH3CO2)0.7. 

[C4mim]Cl0.4(CH3CO2)0.6 and [C4mim]Cl0.5(CH3CO2)0.5 exhibit peaks located at longer and 

shorter wavelength with similar intensity, respectively. PL Bands of [C4mim]Cl0.2(CH3CO2)0.8 and 

[C4mim]Cl0.4(CH3CO2)0.6 has identical peak shape and a presence of weak shoulder located around 

emission maxima. In contrast to, spectra of [C4mim]Cl0.3(CH3CO2)0.7 and 
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[C4mim]Cl0.5(CH3CO2)0.5 shows similar shape with a presence of shoulder with noticeable 

intensity. Other PL bands of the DSILs show significant decrease in the intensity due to the 

presence of higher composition of the [C4mim]Cl.  

Reduced intensity of the [C4mim]Cl0.2(CH3CO2)0.8 indicates probable reduction of the associated 

structures in the DSILs whereas, increase in the intensity of the [C4mim]Cl0.3(CH3CO2)0.7 suggests 

formation of new association. This association of the DSILs occurs as a consequence of 

microheterogeneities arising from two different anion groups existing in the same mixture at 

different compositions.   

 

Figure 4.6. PL spectra of pure [C4mim]Cl0.4(CH3CO2)0.6 DSIL with different λex ranging from 

280 to 440 nm 

The different association of IL moieties exist at different state of energies in the DSILs 

which exhibit emission at different wavelength depending on the λex of the light. 

[C4mim]Cl0.4(CH3CO2)0.6 has been utilized to dissolve cellulose and then recycled from the 

solution. To differentiate between the fluorescence behavior of [C4mim]Cl0.4(CH3CO2)0.6, λex 

dependent fluorescence has been conducted for both pure and recycled DSIL. λex has been varied 

from 280-440 nm to identify the presence of different interaction between both the ILs. Fig. 4.6 

and 4.7 depicts the fluorescence spectra for pure and recycled [C4mim]Cl0.4(CH3CO2)0.6,  
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respectively. It is observed from Fig. 4.6 as the λex increases the emission peak shifted towards 

longer wavelength exhibiting Red Edge Effect (REE). At λex = 280 and 290 nm,  emission 

wavelength is located at ~400 nm with increasing intensity, respectively. Similarly, from λex = 

300-340 nm, red shifting of the emission band is observed with increasing intensity. Emission 

spectra for λex = 360 nm exhibit significant band shift towards longer wavelength around ~450 nm 

with maximum intensity. In contrast to PL spectra at longer wavelengths (>360 nm), showed 

continuous red shifting with decreasing intensity.  

 

Figure 4.7. PL spectra of recycled [C4mim]Cl0.4(CH3CO2)0.6 DSIL with different λex ranging 

from 280 to 440 nm 

Emission spectra at λex = 375 nm, showed maximum emission intensity indicating the association 

species at this energy level is mostly present in the DSIL. Hence, other distinct association species 

are lower in population compared to the former one. In case of recycled [C4mim]Cl0.4(CH3CO2)0.6, 

REE is observed and peak intensity for λex = 280-300 nm exhibits lower intensity compared to the 

synthesized DSILs which indicates depletion of associated species in that energy state. In contrast 

to  DSILs, associated species with low energy states increased in population which may have been 

caused by interaction with cellulose molecules and existing associative moieties. This observation 
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suggests that during the dissolution of cellulose in the DSILs, certain association moieties broke 

down and other moieties started to build up. Even though ILs are highly recyclable, cellulose 

molecules persisted in the recycled IL.  

4.3.3. Thermal properties of ILs and DSILs 

Thermal properties of prepared ILs and DSILs have been investigated by TGA and DSC. 

The thermal stability has been determined by the TGA while the thermal parameters have been 

identified using the DSC technique. Table 4.2 lists the Tg and Td of the single ILs and DSILs. Tg 

has been determined using the DSC analysis whereas the Td has been evaluated from the 

thermograms of the samples. Thermograms of [C4mim]Cl, [C4mim] CH3CO2, and their DSILs 

have been depicted in Fig. 4.8.  

Table 4.2. Determination of glass transition temperature (Tg ) and decomposition temperature 

(Td) of DSILs at different temperature 

DSILs Tg / °C Td / °C 

  1st   2nd  

[C4mim]CH3CO2 -65.5 218.9 - 

[C4mim](CH3CO2)0.9Cl0.1 -68.3 224.6 268.8 

[C4mim](CH3CO2)0.8Cl0.2 -70.3 222.0 279.5 

[C4mim](CH3CO2)0.7Cl0.3 -69.0 221.7 280.0 

[C4mim](CH3CO2)0.6Cl0.4 -67.6 223.3 277.8 

[C4mim](CH3CO2)0.5Cl0.5 -61.6 224.3 278.2 

[C4mim](CH3CO2)0.4Cl0.6 -63.8 221.8 277.2 

[C4mim](CH3CO2)0.3Cl0.7 -65.9 223.8 279.0 

[C4mim](CH3CO2)0.2Cl0.8 -64.7 224.1 277.4 

[C4mim](CH3CO2)0.1Cl0.9 -65.4 218.8 274.5 

[C4mim]Cl -61.0 263.1 - 

 

  ILs [C4mim] Cl and [C4mim] CH3CO2 exhibits single Td in contrast to DSILs which 

consists of two distinct Td as observed from the thermogram. This observation is consistent with 

the fact that DSILs are mixture of two ILs having two different Td. The first Td of the DSILs is 
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related to the [C4mim] CH3CO2 component and the second Td at a higher temperature than the 

former corresponds to the [C4mim] Cl component. One interesting observation is that, both Td in 

case of DSILs have increased from its respective pure components. This increase in Td suggests 

that DSILs have higher thermal stability than ILs. The first Td increased to a maximum of 224.6 

℃ which is ~6 ℃ from the Td of the [C4mim]CH3CO2. Similarly, the second Td for the DSILs 

increased to a maximum of 280.0 ℃ which is ~17 ℃ more than the Td of [C4mim] Cl. This 

enhancement of Td indicates that the DSILs exhibit a noticeable change in thermal behavior 

compared to the ILs. Fig. 4.9 shows the variation of first and second Td with increasing mole 

fraction of [C4mim] Cl. Td values vary with the mole fraction of [C4mim] Cl and the first and 

second Td values are confined within range of ~225 and ~280 ℃, respectively. DTG curves of the 

corresponding TGA curves gives insight into the thermal behavior of the prepared DSILs. Fig. 

4.10 depicts the DTG curves for the corresponding TGA curves. As expected, pure ILs show only 

single significant loss of mass. DSILs exhibits two peaks which corresponds to the loss of mass 

corresponding to the components of the pure ILs in the DSILs mixtures. Moreover, the extent of 

loss of mass for each component in the DSILs depends on its mole fraction. As the mole fraction 

of any component increases, the loss of mass for that component in DSILs also increases which is 

expected.  

 

Figure 4.8. TGA curves of DSILs 
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Figure 4.9. 1st and 2nd decomposition temperature of DSILs 

The thermal decomposition of the ILs occurs by the complete structural degradation of the 

imidazolium ring. As both of the ILs and DSILs consists of [C4mim]+ cation and under thermal 

treatment at the range of 218-280 ℃ completely degrades the [C4mim]+ cation [41]. The variation 

in the thermal stability between the ILs and their DSILs arises from the anions. As expected, 

inorganic anion, Cl– is much more thermally stable compared to the organic CH3CO2
– anion. 

Hence, [C4mim]Cl is slightly more stable compared to [C4mim]CH3CO2. The higher thermal 

stability of the DSILs in comparison to ILs is interesting to observe. These DSILs consisting of 

various mole fractions of two different ILs behave as solutions to an extent. DSILs [C4mim] 

(CH3CO2)x Cl1–x, behave somewhat as solution. This solution exhibits higher thermal stability due 

to two reasons. One, the colligative properties of the solution can be responsible for the enhanced 

thermal stability and second, there is the presence of associative species in the DSILs, as suggested 

from its PL spectra, which contribute towards the higher thermal decomposition temperature of 

the DSILs. Fig. 4.11 illustrates the DTA curves of the prepared ILs and DSILs. Curves related to 

the single ILs exhibit a single endothermic peak indicating the decomposition of the ILs. In contrast 
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to, DSILs show two different endothermic peaks suggesting the decomposition of individual 

component of  

 

Figure 4.10. DTG thermographs of (a) [C4mim]Cl, (b) [C4mim](CH3CO2)0.1Cl0.9 (c) 

[C4mim](CH3CO2)0.2Cl0.8 (d) [C4mim](CH3CO2)0.3Cl0.7 (e) [C4mim](CH3CO2)0.4Cl0.6 (f) 

[C4mim](CH3CO2)0.5Cl0.5 (g) [C4mim](CH3CO2)0.6Cl0.4 (h) [C4mim](CH3CO2)0.7Cl0.3 (i) 

[C4mim](CH3CO2)0.8Cl0.2 (j) [C4mim](CH3CO2)0.9Cl0.1 (k) [C4mim]CH3CO2. (b) (c) (d) (e) (f) (h) 

(i) under an N2 atmosphere 

the DSILs. This is an expected result which has been previously discussed in the results of TGA 

and DTG curves. As there are two different components in the DSILs, two different Td are observed 

and the generated heat is proportional to the mole fraction of each component in the DSILs. 

Decomposed gas of the corresponding ILs and DSILs may consist of 4 species, NH4
+, CH3

+, 

CH3Cl+, C3H2N
+, and C4H4 [41]. These species indicate the decomposition of the imidazolium 

ring. Moreover, the presence of inorganic ions such as Cl– increases the thermal stability of the 

[C4mim]Cl and also the DSILs in comparison to the [C4mim]CH3CO2.  
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Fig. 4.12 illustrates ITG curves of ILs and DSILs at 120 ℃ for 120 min to determine whether any 

processes are propagating at this particular temperature. The curves of [C4mim]CH3CO2 and DSILs 

gradually decreased at this temperature however, [C4mim]Cl shows a decrease in different steps. 

This change is responsible for the evaporation of trapped water in the IL structure. Single ILs and 

DSILs are thermally stable under 120 ℃ and can be used at solvent in this temperature window. 

 

Figure 4.11. DTA thermographs of (a) [C4mim]Cl, (b) [C4mim](CH3CO2)0.1Cl0.9 (c) 

[C4mim](CH3CO2)0.2Cl0.8 (d) [C4mim](CH3CO2)0.3Cl0.7 (e) [C4mim](CH3CO2)0.4Cl0.6 (f) 

[C4mim](CH3CO2)0.5Cl0.5 (g) [C4mim](CH3CO2)0.6Cl0.4 (h) [C4mim](CH3CO2)0.7Cl0.3 (i) 

[C4mim](CH3CO2)0.8Cl0.2 (j) [C4mim](CH3CO2)0.9Cl0.1 (k) [C4mim]CH3CO2 

Tg and heat capacities of ILs and prepared DSILs have been investigated with DSC technique. 

Table 4.3. enlists the various heat capacity of the prepared DSILs within –23 to 37 ℃ temperature. 

Fig. 4.13 shows the heating curve of the prepared DSILs from –100 to 10 ℃. This figure shows 

the presence of one endothermic peak which corresponds to the Tg of the DSILs. This Tg brings 

about changes in the properties of the DSILs. DSILs forms amorphous glass like phase during 

cooling and upon heating this amorphous glass transforms into liquid. One interesting observation 

is the absence of freezing or melting points in the DSC curves even though the DSILs are liquid at 
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room temperature. From literature, [C4mim] Cl and [C4mim] CH3CO2, show Tg at –69 and –70 ℃, 

respectively [42, 43]. In this study, [C4mim] Cl and [C4mim] CH3CO2 show different Tg located at 

–61.0 and –65.3 ℃, respectively. [C4mim](CH3CO2)0.9Cl0.1 exhibit significantly higher Tg 

compared to their ILs components. As the mole fraction of [C4mim]Cl increased the Tg decreased. 

However, further increasing the mole fraction of [C4mim] Cl increased the Tg closer to the value 

of the ILs. [C4mim] (CH3CO2)0.5 Cl0.5 again show larger value of Tg similar to the [C4mim] Cl. 

This fluctuation of Tg highly depends on the arrangement of the ILs moieties in DSILs as well as 

the mole fraction of the ILs components.   

 

Figure 4.12. ITG curves of (a) [C4mim]CH3CO2 (b) [C4mim](CH3CO2)0.8Cl0.2 (c) 

[C4mim](CH3CO2)0.6Cl0.4 (d) [C4mim](CH3CO2)0.4Cl0.6 (e) [C4mim](CH3CO2)0.2Cl0.8 (f) 

[C4mim]Cl at 120 °C for 2 h under an N2 atmosphere 

Heat capacities of the prepared DSILs show various results depending on the combination of the 

ILs components. As expected, the Cp values increase with the increase in the operation 

temperature. [C4mim](CH3CO2)0.9Cl0.1 and [C4mim](CH3CO2)0.2Cl0.8 shows more or less similar 

values of Cp ranging from ~329 to 386 J K–1 mol–1 along in the range of –23 to 37 ℃. 

[C4mim](CH3CO2)0.8Cl0.2 shows uniquely lower values of Cp at the higher temperature compared 
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to other DSILs. [C4mim](CH3CO2)0.7Cl0.3 and [C4mim](CH3CO2)0.3Cl0.7 exhibits similar values of 

Cp increasing up to ~307 J K–1 mol–1. [C4mim](CH3CO2)0.6Cl0.4 is exhibits increased heat capacity 

at 37 ℃. Finally, [C4mim](CH3CO2)0.5Cl0.5 and [C4mim](CH3CO2)0.4Cl0.6 shows similar values of 

Cp starting initially from ~175-185 and ending up at 324-338 J K–1 mol–1. The variation of heat 

capacities depends on the presence of molecules and their degree of freedoms.  

 

 

Table 4.3. Heat capacity of DSILs media at different temperatures 

DSILs Heat capacity (Cp, J K-1 mol-1) 

250 K 260 K 270 K 280 K 290 K 300 K 310 K 

[C4mim](CH3CO2)0.9Cl0.1 365.13 362.63 371.32 383.10 391.03 394.02 386.80 

[C4mim](CH3CO2)0.8Cl0.2 258.64 281.21 252.62 248.77 256.20 210.63 150.41 

[C4mim](CH3CO2)0.7Cl0.3 276.87 249.80 268.34 286.00 308.41 309.40 307.20 

[C4mim](CH3CO2)0.6Cl0.4 241.95 181.67 238.90 216.02 294.84 260.72 324.15 

[C4mim](CH3CO2)0.5Cl0.5 186.15 264.31 239.22 256.22 250.45 293.25 338.39 

[C4mim](CH3CO2)0.4Cl0.6 175.91 176.92 135.72 211.62 273.21 291.96 314.64 

[C4mim](CH3CO2)0.3Cl0.7 283.27 260.26 292.08 300.84 307.51 308.93 306.79 

[C4mim](CH3CO2)0.2Cl0.8 340.79 329.74 343.31 353.78 360.10 362.20 342.00 

[C4mim](CH3CO2)0.1Cl0.9 282.32 304.37 292.66 296.15 302.34 301.77 307.64 

 

DSIL moieties contribute towards the storing heat through translational, vibrational, and rotational 

motions. Hence, the higher the degree of freedoms of the IL moieties, the higher the Cp. The DSILs 

show lowered Cp compared to [C4mim] CH3CO2 whereas the Cp of the increased in contrast to 

[C4mim] Cl. As the number of molecules in the DSILs increases, the energy storage modes also 

increase and thus, the overall heat capacity increases as well [42]. The effect of anion is another 

factor affecting the value of Cp. The higher the size of the anion, the higher the heat capacity hence, 

when the Cl– is added into the [C4mim]CH3CO2, heat capacity increases. 
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Figure 4.13. DSC thermographs of (a) [C4mim](CH3CO2)0.9Cl0.1 (b) [C4mim](CH3CO2)0.8Cl0.2 

(c) [C4mim](CH3CO2)0.7Cl0.3  (d) [C4mim](CH3CO2)0.6Cl0.4 (e) [C4mim](CH3CO2)0.5Cl0.5 (f) 

[C4mim](CH3CO2)0.4Cl0.6 (g) [C4mim](CH3CO2)0.3Cl0.7 (h) [C4mim](CH3CO2)0.2Cl0.8 (i) 

[C4mim](CH3CO2)0.1Cl0.9 under an N2 atmosphere 
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4.4. Conclusions 

In this work, the optical and the thermal analysis of single ILs and DSILs have been carried 

out to gain insight into the optical and thermal behavior of the subjected materials. The optical 

properties of ILs and DSILs have been investigated using fluorescence spectroscopy. One 

particular DSIL sample with superior cellulose dissolution capability has also been subjected to 

fluorescence spectroscopy to find any changes in the optical behavior of DSILs after recycling. On 

the other hand, the thermal stabilities and the identification of thermal processes have been studied 

using TGA and DSC techniques. Fluorescence spectra of the samples reveal the self-association 

behavior of the ILs and DSILs moieties. The presence of the imidazolium ring in both samples 

contribute towards the emission spectra. Interestingly, two different emission spectra are observed 

at higher and lower wavelengths which corresponds to the single and associative imidazolium ring. 

Moreover, the recycled DSIL from the cellulose solution exhibit different properties compared to 

only DSIL. Recycled DSIL shows increased formation of associative species than the DSIL prior 

to recycling. Cellulose molecules thus, modifies the association behavior of the DSILs. Thermal 

analysis has been carried out in three stages. First, thermal stabilities of the ILs and the DSILs have 

been determined from the TGA analysis. ILs and DSILs both exhibit good thermal stability at 

around 220-250 ℃. Interestingly, the mixtures of ILs show increased Td in comparison to single 

ILs which is a positive factor in case of industrial usage. DSC has been carried out to find the glass 

transition temperature (Tg) and determine the heat capacity (Cp) of the DSILs. Tg of ILs are 

observed at higher temperature than other literature. The Tg of the DSILs do not drastically deviate 

from the single ILs however, it slightly decreased. All of the values of Tg for DSILs did not exceed 

the individual values of the ILs. Cp of the DSILs increased proportionally with increasing 

temperature as expected. As the CH3CO2 species increased, Cp of the DSILs also increased. Hence, 

the anion and their composition in the DSILs largely affects their Cp. The above-mentioned 

properties of ILs and DSILs will open new pathways for applications such as the dissolution of 

cellulose, efficient reaction medium, optoelectronics, photoelectrochemical applications, 

sustainable fuel cell materials, and so on.   
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Chapter 5 

Enhanced Dissolution of Cellulose in Imidazolium-Based Double Salt Ionic Liquids 

 

Abstract 

The dissolution of cellulose has been investigated in double salt ionic liquids (DSILs). To address 

the issue, acetate, and chloride salts of 1-butyl-3-methylimidazolium were used to prepare DSILs, 

[C4mim](CH3CO2)xCl1-x (x is the mole fraction of the single component ionic liquids) and for the 

first time used for a detailed investigation for the enhancement of solubility of cellulose. 

Commercial cellulose powder, kraft pulp, and prehydrolysis kraft pulp were chosen as cellulose 

sources. The solubility of cellulose increased with an increase in temperature and with increasing 

[C4mim]Cl in DSILs as in [C4mim](CH3CO2)0.6Cl0.4. The maximum solubility of commercial 

cellulose powder was 32.8 wt% in [C4mim](CH3CO2)0.6Cl0.4 at 100 oC, while for kraft pulp and 

prehydrolysis kraft pulp solubilities were 30.1 and 30.5 wt% respectively at the same condition. 

The cellulose was regenerated from the DSILs using water as an anti-solvent. The structure and 

morphology of the regenerated cellulosic materials were characterized using ATR-FTIR, XRD, 

TGA, and SEM. The regenerated cellulose exhibited lower crystallinity and degradation 

temperature. Finally, the prospects of DSILs for enhanced dissolution and regenerated cellulose 

for further chemical processing to produce different cellulosic materials have been envisioned. 

 

Keywords: Cellulose solubility, Double salt ionic liquids, Regenerated cellulose, Crystallinity, 

Cellulose II 

 

5.1. Introduction  

Cellulose is the most widely available, cheap, non-toxic, renewable, and abundant polymer 

on the earth based on forestry plants. However, the extensive hydrogen bonding network and 

organized structure of cellulose prevent the penetration of solvent molecules in the framework 

making it insoluble in common solvents such as water. Therefore, the application of cellulose in 

practical purposes necessitates its transformation into a soluble derivative [1]. Recently, cellulose 

has been dissolved and derivatized using ionic liquids (ILs), a neoteric solvent having chemical 

and thermal stability, non-flammability, and very low vapor pressures [2-4]. ILs can directly 
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dissolve cellulose without any modifications. Bodachivskyi et al. have presented a clear and 

concise discussion of the various features of ILs as solvents for dissolution of cellulose to foster 

new perspectives and encourage further research into exploiting the full potential of ILs as a new 

promising alternative in the realm of cellulose processing [5]. Interestingly, cellulose can be 

regenerated using an anti-solvent which can be reshaped into fibers, beads, or films, or other types. 

Swatloski et al. reported for the first time that cellulose samples are effectively dissolved in 1-

butyl-3-methylimidazolium chloride ([C4mim]Cl) [6]. The superb dissolution of cellulose in 

[C4mim]Cl has been attributed to the generation of extensive hydrogen-bonds among the -OH 

protons of cellulose and the Cl- ions of the ILs [7]. Although several ILs have been used to dissolve 

cellulose [8-10], [C4mim]Cl and [C4mim]CH3CO2  are common. The hydrogen bond acceptor 

capability of anions of ILs is responsible for the solubility of cellulose [11]. Raut et al. reported 

that 30, 28, and 25 wt% of cellulose with degree of polymerization of 789, 1644, and 2082, 

respectively, could be solubilized in N-allyl-N-methylmorpholinium acetate ([AMMorp]CH3CO2) 

at 120 oC in 20 min [12]. Ibrahim et al. have showed that 1-ethyl-3-methylimidazolium acetate 

[C2mim]CH3CO2 along with a 40% (v/v) load of dimethyl sulfoxide (DMSO) could generate 5 wt 

% cellulose solutions within a time span of 1 h at 80 oC under the influence of applied pressure of 

20 bar [13]. The regenerated cellulose from ILs/DMSO exhibited lower thermal stability and 

crystallinity in comparison with the original microcrystalline cellulose. Reyes et al. have used five 

different ILs: [C4mim]Cl, [C4mim]CH3SO2,1-butyl-3-methylimidazolium hydrogen sulfate 

[C4mim]HSO4, 1-ethyl-3-methylimidazolium chloride [C2mim]Cl, and [C2mim]CH3CO2 to 

dissolve bleached hardwood kraft pulp [14]. All of these ILs have the capability to dissolve 

cellulose to different extents.  

Furthermore, the properties of ILs may be modified with the variations of anionic species 

[15], the alkyl chain length [16] and the cationic structures [17]. [C4mim]-based ILs were studied 

with the change of several anionic species such as bistrifluoromethylsulfonyl imide (CF3SO2)2N, 

trifluoroacetate (CF3CO2), trifluoromethane sulfonate (CF3SO3). Similarly, keeping the anion 

constant as (CF3SO2)2N, the effect of variations in cationic species such as [C4mim], 

butylpyridinium, [C4py], N-butyl-N-methylpyrrolidinium, ([C4mpyr]) on the properties of the 

system were studied. The variations of anionic and cationic species demonstrated pronounced 

effects on the ion dynamics, especially on the “ionicity” of the room temperature ILs.  Modification 

of ionicity directly influences the hydrogen bonding capabilities of the ILs. The interacting forces 



167 
 

among the ILs change as the length of the alkyl chain changes, and the characteristics of the ILs 

are then dictated by the cumulative impact of the electrostatic interactions between the ionic 

species and the induction interactions between the ions, aggregates, and clusters. The variation of 

alkyl change length of ILs can reduce the viscosity and thus enhance the rate of dissolution of 

cellulose [12]. 

According to molecular dynamics simulations, the anion of [C4mim]Cl tends to interact 

strongly to disrupt the hydrogen bonding network through displacement of the hydroxyl proton to 

water or cellulose oxygen during the dissolution process [14]. Kosan et al. have investigated 

cellulose dissolution in different ILs such as [C4mim]Cl, [C4mim]CH3SO2, [C2mim]Cl and 

[C2mim]CH3CO2 and characterized them by means of light microscopy, rheometry and particle 

analysis [18]. The results have been compared with those of cellulose solutions in N-methyl-

morpholine-N-oxide monohydrate. ILs containing CH3CO2
- anion rather than Cl- enabled spinning 

dopes at higher cellulose concentrations. To overcome the viscosity problem of cellulose solution 

in ILs, Yamamoto and Miyake have used mixed solvents of [C4mim]CH3CO2 with DMSO, 

dimethyl acetamide (DMAc), N, N-dimethylformamide (DMF), dimethyl disulfide (DMDS) and 

dimethyl sulfide (DMS) [19]. Depending on the process temperature, [C4mim]CH3CO2/DMSO 

could undergo a violent exothermic reaction. The enthalpy of reaction for 

[C4mim]CH3CO2/DMSO has been reported as 377 J g-1 at 230°C, while it is 14.6 J g-1 for 

[C4mim]CH3CO2/DMF and 25.9 J g-1 for [C4mim]CH3CO2/DMAc. Sealed-cell differential 

scanning calorimetric (SC-DSC) mixtures were carried out on mixtures of [C4mim]CH3CO2 and 

possible decomposition products of DMSO. Exothermic reactions occurred with 

[C4mim]CH3CO2/DMDS and with [C4mim]CH3CO2/DMS, although no exotherms were observed 

for the pure substances. These results indicate that abnormal reactions occurred between 

[C4mim]CH3CO2 and DMDS, and between [C4mim]CH3CO2 and DMS. This abnormal reaction 

probably caused the violent exothermic reaction of [C4mim]CH3CO2/DMSO. To increase the 

cellulose dissolution efficiency, mixtures of ILs, [C4mim]CH3CO2 and 1-butyl-3-

methylimidazolium thiocyanate ([C4mim]SCN) with a molar ratio of  4:1 has been studied [20]. 

The viscosity of cellulose solution has been found to decrease due to the addition of a co-solvent 

in each system and a system with [C4mim]CH3CO2+DMF mixture has been found to exhibit an 

improved result on cellulose dissolution dissolving 22.3 wt%, which is about twice of the value 

for individual [C4mim]CH3CO2. 
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Despite a plethora of positive outcomes, ILs also have seen their disadvantages in this 

particular field, for example, not all ILs are efficient as solvent media in cellulose dissolution – the 

most popular ILs comprising alkylimidazolium cations with anions such as tetrafluoroborate, 

ethylsulfate, hexafluorophosphate, methanesulfonate have been found to act as non-solvents for 

cellulose. Most of the processes involving ILs also require the presence of water- and water is one 

of the principal obstacles for dissolution of cellulose. In addition, cellulose dissolution in ILs is a 

tedious and time-consuming process. Furthermore, ILs are much more expensive than 

conventional solvents involved in the cellulose dissolution and derivatization process, recovery 

operations of ILs must be highly efficient to make it economically viable and sustainable. So far, 

various researches have been carried out to make the recycling of ILs economically sustainable 

[21-23]. One of the ways of making ILs industrially feasible is by efficiently recycling and reusing 

it. ILs have demonstrated incredible potential in various industrial applications such as food, 

pharmaceutics, cosmetic, green energy storage materials and polymer-based nanocomposites for 

sensor, energy storage, biomedicine, etc. [24-29]. As the ILs can only dissolve small amount of 

cellulose therefore, ensuring complete interfacial contacts between cellulose and the ILs media is 

often difficult – resulting in poor efficiency of the overall process. Therefore, one key interest may 

lie in the modification and manipulation of IL media to minimize the above-mentioned limitations, 

through the exploitation of the concept of double salt ionic liquids (DSILs). 

DSILs are special types of ILs that are usually composed of a combination of organic 

cations with organic or inorganic anions. These liquids have unique properties compared to 

traditional ILs, including increased solubility and conductivity. DSILs are formed by combining 

two different ILs that can overcome the limitations of pure ILs, resulting in the formation of a new 

liquid phase that contains both sets of ions and does not retain their individual nature [30, 31]. This 

allows for the creation of liquids with specific properties, such as increased solubility for specific 

chemical compounds like cellulose or increased ionic conductivity for use in electrochemical 

devices like batteries [32] or fuel cells [33]. The binary mixtures of two protic ILs namely 

diethylmethylammonium hydrogensulfate ([dema]HSO4) and diethylmethylammonium 

bis(trifluoromethanesulfonyl)amide ([dema][NTf2] exhibited enhanced electrochemical properties 

originating from anion/H+ exchange via hydrogen bonds that alter the N−H bond strengths. The 

anion/H+ exchange results in average N−H bond strength making the system suitable for fuel cell 
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application. The change in the open circuit potential played an important role for the improved 

responses in fuel cells and batteries.  

Long et al. have reported the complete dissolution of cellulose into industrially useful 

chemicals using DSILs- in which the ratios of various cations were manipulated in order to achieve 

both cellulose dissolution and catalytic conversion of cellulose into low molecular weight organic 

products [34]. Moreover, DSILs were used to solubilize Pd(0) nanoparticles and lignin in DSILs, 

which improved the transport of oxygen to the active metal centers and increased the oxidation of 

lignin [35].  DSILs thus have the potential to overcome the disadvantages of single ILs for 

dissolution of cellulose. They have promise – not only as a solvent for dissolution of cellulose but 

for fundamental insight into the effects of anion and/or cation variation on the physicochemical 

aspects of DSILs. In this study, mixtures of ILs, [C4mim]Cl and [C4mim]CH3CO2 with a common 

cation in different mole ratios were used to prepare a series of DSILs and to dissolve commercial 

(CC) cellulose and jute pulp. The dissolved cellulose was regenerated with the controlled addition 

of an anti-solvent, water. The solubility profile was monitored with optical microscopy by 

monitoring cellulosic fiber in the mixture. The regenerated cellulose was characterized by state of 

the art techniques and the prospect for modification of cellulose for further applications was 

envisaged.  The ultimate goal has been to design a DSIL for enhanced dissolution of cellulose 

followed by its efficient regeneration and cost-effective recycling of DSILs from the solution. 

Furthermore, this study explores the potential of task-specific DSILs as efficient components in 

cellulose processing chemistry.  
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5.2. Materials and Methods 

The materials and methods used in this chapter to carry out this study have been described in the 

following sub-sections. 

5.2.1. Materials 

Commercial cellulose powder (CAS number 9004-34-6, white color, grain size for column 

chromatography, fiber size 0.01 to 0.10 mm) was purchased from Merck KGaA, Germany. Kraft 

pulp (KP) and prehydrolysis kraft pulp (PHKP) were prepared from jute by following the detailed 

conditions described elsewhere [36]. Acetone (Sigma-Aldrich, > 99.5%) and distilled water 

(distilled by Laboratory Water Purification System, MRC) were used throughout the study. ILs, 

[C4mim]Cl and [C4mim]CH3CO2, were purchased from Sigma-Aldrich with purities of >98% and 

>95%,  respectively. 

 

5.2.2. Preparation of DSILs 

The preparation DSILs have been carried out by mixing of [C4mim]Cl  and 

[C4mim](CH3CO2) at varying mole fractions to prepare [C4mim](CH3CO2)xCl1-x, ( where x is 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 mole fraction of single ILs). The details of the preparation 

procedure have been described in chapter 2 (sub-section 2.2.2).  

 

5.2.3. Dissolution of cellulose and regeneration 

To minimize the water content and any traces of volatile compounds, the samples were always 

dried under vacuum at 90 oC for 2 h prior to dissolution of cellulose experiments. For each 

experiment, a known amount of DSILs (ca. 2 g) was placed in a vial containing a magnetic stirring 

bar. Initially, 2 wt% of cellulose was added to the vial and stirred for half an hour at room 

temperature. The cellulose-IL mixture was then heated in an oil bath with constant stirring at 80 

oC. Cellulose samples used in this study were dried for 24 h under vacuum before use. The 

dissolution of cellulose was carried out in a closed system. All the experiments were carried out 

very carefully to keep the moisture at a negligible amount to avoid adsorption by cellulose samples 

for consequent interference with the dissolution process. The dissolution of cellulose was followed 

by an optical microscope (Oxion, Euromax, Holland) as well as by visual monitoring. Initially, the 

dissolution of cellulose is relatively fast with 5 wt% cellulose dissolving in 40 min. The saturation 

of cellulose in solution was carried out by the subsequent addition of cellulose. The degree of 
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dissolution was monitored at 3 h intervals. The effect of temperature on the dissolution was 

monitored by increasing temperature in the presence of excess amount of cellulose in the system. 

When cellulose was swollen in ILs, fibers could be clearly observed, number of visible fibers 

reduced after partial dissolution, and finally no fiber was observed for the complete dissolution of 

cellulose in the microscopic image. All dissolution experiments were carried out in triplicate and 

the average reading was recorded. The protic anti-solvent, water, was added to the cellulose 

solution to precipitate out cellulose. The obtained precipitates were separated from the H2O/ILs 

mixture by filtration with G-2 filter (Funnels, Buchner, with Sintered Disc, Glasscolabs) under 

vacuum. The precipitates were washed several times until complete removal of ILs from the 

precipitates. The obtained regenerated cellulose was dried under vacuum for 24 h at 75 °C and 0.1 

MPa. ILs were recycled from the filtrate of H2O/ILs by the evaporation of H2O and removing 

cellulose completely. The recycled ILs were mixed with acetone to precipitate the trace amount of 

cellulose remaining in the recycled ILs. Then it was filtered again to remove cellulose. This process 

was repeated several times to remove cellulose and trapped water completely from recycled ILs.  

 

5.2.4. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) of cellulose samples was carried out in a Hitachi TGA 

analysis (TG- DTA 6200) operated from an initial temperature of 30 oC to a final temperature of 

550 oC at 10 oC min-1 under an inert nitrogen atmosphere (100 mL min-1) in aluminum pans.  

 

5.2.5. X-ray diffraction (XRD) analysis 

The crystallinity and crystal structure of the jute pulp and the regenerated cellulose was studied by 

an X-ray diffractometer (ARL TM EQUINOX 1000 X-ray diffractometer, Thermo Fisher scientific, 

USA). The analyzer was operated at 40 kV and 15 mA with CuK α radiation of wavelength 0.156 

nm with an acquisition time of 10 min. 

 

5.2.6. FT-IR spectroscopic analysis 

The structural identification of the cellulose samples and ILs were carried out by attenuated 

total reflectance-Fourier transform-infrared (ATR-FT-IR) spectroscopy (Frontier, Perkin-Elmer, 

UK, Software: Spectrum version 10.4.4). The FT-IR spectra were recorded in ATR mode equipped 

with a diamond crystal. For every measurement, the crystal of the diamond was polished with 
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acetone, and a background scan was taken before every measurement. The spectra were recorded 

between 650 to 4000 cm-1 range at 4 cm-1 spectral resolution and with 16 scans per spectrum.  

 

5.2.7. Scanning electron microscopy analysis  

Scanning electron microscopy (SEM) (EV018, Carl ZEISS AG, UK) was used to study the 

morphological structures of cellulose samples isolated from jute fiber and regenerated cellulose, 

under the condition of vacuum and accelerating voltage of 5.0 kV. The samples were dried and 

coated with gold on an aluminum stub. The SEM micrographs were taken at 5.0 KX 

magnifications. 

 

5.2.8 Dynamic viscosity measurement 

Dynamic viscosity of KP and ReKP were measured by a rotational rheometer (Brand: Anton-Paar, 

Model: RheolabQC) using a measuring cup (C-DG26.7/SS.QC-LTD) and cylinder (double gap; 

DG26.7) with a variable shear rate, 10-50 s-1 at 30-80 °C in 5 °C intervals. 
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5.3. Results and Discussion 

5.3.1. Dissolution of commercial cellulose in DSILs 

Dissolution of CC in DSILs, [C4mim](CH3CO2)xCl1-x was investigated in different mole 

ratios at different temperatures. As presented in Fig. 5.1, the dissolution of C-C increased with an 

increase in temperature. Approximately, 2 wt% of CC was added each time. Initially, 5 wt% of 

cellulose required only 40 min for dissolution. After that, as the CC-DSIL solution became viscous, 

longer time was required for further dissolution. For example, [C4mim](CH3CO2)0.6Cl0.4 solvent 

system required an overall 30 h for dissolution of 26.2 wt% of cellulose at 80 oC. Then, the 

temperature was raised to dissolve more amount of CC. Approximately, 40 h was required to 

dissolve 32.8 wt% of CC at 100 oC. Similar observations were noted in the case of KP and PHKP. 

Dissolution of CC in [C4mim]CH3CO2 alone was 11.2 wt% at 80 °C, which increased to 18.0 wt% 

at 100 °C. Dissolution of CC increased with increasing mole fraction of [C4mim]Cl in DSILs up 

to [C4mim](CH3CO2)0.6Cl0.4. CC of 26.2, 31.2, and 32.8 wt% was dissolved in 

[C4mim](CH3CO2)0.6Cl0.4 at 80, 90 and 100 °C, respectively. The most important factor of the 

dissolution process is the disruption of hydrogen bonds inside the cellulose. The intermolecular 

hydrogen bonding in cellulose molecules is originated from the hydroxyl groups of cellulose. 

Mohd et al. have described that ILs having Cl- and CH3CO2
- anions are used widely for the 

dissolution of cellulose [37]. The Cl- ion in ILs forms hydrogen bonds with the hydroxyl groups 

of cellulose which results in the solubilization of cellulose; on the other hand, ILs with CH3CO2
- 

ion can dissolve cellulose through bonding associated with the conjugation of cellulose reducing 

ends [38, 39]. Although it is the intermolecular hydrogen bonding, mediated by entrapped water, 

that must be disrupted to affect dissolution; the reducing-end conjugation has also been reported 

to contribute to cellulose dissolution albeit the contribution from the end group would seem to be 

an extremely minor path to the full solvation of cellulose polymers of any even moderate sized 

chain length. DSILs containing both Cl- and CH3CO2
- anion may have a synergistic effect, which 

results in higher dissolution of cellulose.  

The computational studies could give a better idea and thorough understanding of 

enhancement of the dissolution of cellulose in DSILs. A number of research articles have appeared 

in the literature over the last few years investigating ILs by means of molecular simulations. It is 

established experimentally and theoretically that mixtures of ILs with protic or aprotic co-solvents 

or DSILs tune their physicochemical properties for task-specific applications. Phadagi et al. 
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investigated experimentally and theoretically the role of co-solvent DMF with  ILs of 1-butyl-3-

methylimidazolium chloride ([C4mim]Cl), 1-allyl-3-methylimidazolium chloride ([Amim]Cl) and 

1-butyl-3-methylpyridinium chloride ([bmpy][Cl) for the dissolution of cellulose [42]. Using the 

COSMO-RS theory and conceptual density functional theory (CDFT), they proved that DMF 

enhanced the dissolution of cellulose. Trenzado et al. investigated the insights of the DSIL of 

[C2mim][BF4]0.5[TFSI]0.5 using molecular dynamics methods to examine the diffusion of [BF4]
- 

and [TFSI]- anions in the [C2mim][BF4]0.5[TFSI]0.5 liquid interface, and the mechanism of interface 

crossing [43]. The results allow a multiscale characterization of the considered DSIL. Thus, ILs 

containing several types of ions can be considered for tuning their physicochemical properties, 

increasing and changing the nature of these fluids, and thus the suitability for different 

applications. Dhakal et al. reviewed a number of articles based on molecular simulation analyses 

of the bulk properties and structure of ILs mixture [44]. They mentioned that the mixing of ILs is 

a powerful technique for synthesizing DSILs of two cations or anions with tailor-made properties. 

Based on the observations in this study, theoretical calculations are in progress to understand the 

actual mechanism for the enhanced dissolution of cellulose in DSILs. The results will be presented 

elsewhere.  

Furthermore, dissolution of cellulose in ILs became highly viscous up to the solubility level 

shown in Fig. 5.1, and stirring using the magnetic bar became increasingly difficult. As the 

temperature was increased, viscosity started to reduce and more cellulose was dissolved. An 

inverse relationship between the degree of polymerization (DP) and the content of dissolved 

cellulosic material was reported in the study of Raut et al. [12]. In fact, [AMMorp]CH3CO2 could 

dissolve 17.0 wt% microcrystalline cellulose (DP = 789), 13.0 wt% cellulose (DP = 1644) and 

11.0 wt% cellulose (DP 2082), respectively, in 20 min at a temperature of 80 °C resulting in the 

formation of a transparent gel.  The solubility of cellulose increased markedly at an elevated 

temperature. In fact, ILs containing halide, acetate, formate, and alkylphosphonate anions 

demonstrate positive impacts toward good solubility of cellulose [8, 45, 46].  

In addition, complexity due to the use of DSILs for the dissolution of cellulose may arise from the 

multiple ions coexisting in DSILs. These DSILs typically consist of more than two complex 

organic cations and organic or inorganic anions, and their unique interactions with cellulose 

contribute to their distinctive properties. As DSILs are composed of multiple ions, complexity 

increases in their understanding of their interactions with cellulose and how these interactions 
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affect the dissolution process. The properties of DSILs and interactions with cellulose can be tuned 

by changing the exact ion combination in them, which makes it difficult to gain a deeper 

understanding. These combinations of ions in DSILs may cause high viscosity which can affect 

the dissolution of cellulose. The choice of anions in DSILs which play a major role in the 

dissolution can significantly impact their solvating ability and selectivity for cellulose. Further 

extensive work is underway through theoretical studies to resolve the issue.  

 

 
Figure 5.1. Dissolution of commercial cellulose in [C4mim]Cl, [C4mim]CH3CO2 and DSILs of 

[C4mim](CH3CO2)xCl1-x. of different mole ratios (where, x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 

and 0.9) at 80, 90, and 100 °C 

 

Fig. 5.2 shows images of prepared DSIL ([C4mim](CH3CO2)0.6Cl0.4), solution of PHKP in 

[C4mim](CH3CO2)0.6Cl0.4 and recycled ILs, ([C4mim]Cl and [C4mim]CH3CO2), DSIL of 

[C4mim](CH3CO2)0.6Cl0.4. The prepared DSIL was a clear liquid while the dissolved cellulose in 

DSIL and recycled ILs and DSIL were darker. Raut et al. have also reported that the yellow color 

of cellulosic solution in [AMMorp]CH3CO2 darkened as the content of cellulose they 

progressively increased in the solvated state [12]. Raut et al. have also observed darkening upon 

heating of cellulose solution in [C4mim]HSO4 [12]. On the contrary, Reyes et al.  have reported 

formation of highly viscous and transparent hydrogel upon dissolving pulp in [C4mim]Cl [14]. 
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This strongly depends on the molar mass of cellulose and viscosity of the cellulose- [C4mim]Cl 

solution [47].  

 

 
Figure 5.2. Photographs of (A) prepared [C4mim](CH3CO2)0.6Cl0.4, (B) solution of PHKP in 

[C4mim](CH3CO2)0.6Cl0.4, (C) recycled [C4mim]Cl, (D) recycled [C4mim]CH3CO2, and (E) 

recycled [C4mim](CH3CO2)0.6Cl0.4 

 

Dissolution of cellulose in DSILs was also monitored by an optical microscope. As shown 

in Fig. 5.3, the cellulosic fibers can be visually observed in the snaps taken with the aid of a 

microscope after the soaking of cellulose in ILs at room temperature (A), a few fibers were 

observed when cellulose was partially dissolved, indicating the incomplete dissolution of cellulose 

(B), and after the total dissolution of cellulose in ILs and DSILs at other temperatures, no cellulosic 

strands were noticed in the microscopic images (C). 

 

 
Figure 5.3. Optical microscopic images of various states of cellulose in ionic liquids at room 

temperature: (A) insoluble, (B) partially soluble, and (C) completely soluble. All images were 

taken at 10X magnification. 
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5.3.2. Dissolution of jute pulp in DSILs 

Similar to CC, jute pulp from kraft and prehydrolysis kraft processes were dissolved in [C4mim]Cl, 

[C4mim]CH3CO2, and DSILs of [C4mim](CH3CO2)xCl1-x at different mole ratios at different 

temperatures as shown in Fig. 5.4. With increase in temperature, larger amount of pulp can be 

dissolved. The amount of ILs in DSILs also influenced the dissolution of cellulose. Liu et al. have 

also observed that solubility of cotton pulp in [C4mim]Cl increased to 24.0 wt% at 130 °C from 

10.0 wt% at 80 °C [40]. The highest dissolution of pulp was observed in [C4mim](CH3CO2)0.6Cl0.4 

at 100 °C. For further increase of [C4mim]Cl in the DSILs, solubility of cellulose decreased. No 

significant difference could be observed between KP and PHKP. But the solubility of pulp was 

slightly lower than the CC due to impurities, like lignin, hemicellulose, and extractives present in 

the pulp.  

 

Figure 5.4. Dissolution of KP in  [C4mim]CH3CO2 (E1), PHKP in [C4mim]CH3CO2(E2), KP in 

[C4mim](CH3CO2)0.6Cl0.4 (E3), PHKP in [C4mim](CH3CO2)0.6Cl0.4 (E4), KP in 

[C4mim](CH3CO2)0.5Cl0.5 (E5), PHKP in [C4mim](CH3CO2)0.5Cl0.5 (E6), KP in 

[C4mim](CH3CO2)0.4Cl0.6 (E7), PHKP in [C4mim](CH3CO2)0.4Cl0.6 (E8), KP in [C4mim]Cl (E9), 

and PHKP in [C4mim]Cl (E10) at 80, 90, and 100 °C 

 

The solubility of cellulose in ILs also depends on the DP [5]. A high solubility of cellulose with 

microcrystalline morphology as high as 25.0 wt% was found in [Amim]Cl. But with increasing 

DP of cellulose samples to 516 and 726, the content of dissolved cellulose in ILs decreased to 15.0 

and 6.0 wt% respectively. Liu et al. have dissolved 16.0 wt% and 14.0 wt% cotton pulp in 
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[C2mim]CH3CO2 and [C2mim]Cl respectively at 90 °C for 7 h [40]. The higher solubility of 

cellulose in DSILs in this investigation can be explained by the disruption of the cellulose 

hydrogen-bonded network through the hydrogen-bonding between anions of DSILs and moieties 

of the cellulose network. 

 

5.3.3. Regeneration of cellulose 

Figure 5.5. Optical photographs of (A) KP, (B) PHKP, (C) RePHKP from [C4mim]Cl, (D) 

RePHKP from [C4mim]CH3CO2, (E) RePHKP from [C4mim](CH3CO2)0.6Cl0.4, and (F) RePHKP 

from [C4mim](CH3CO2)0.5Cl0.5 

Water was used as an anti-solvent to regenerate dissolved cellulose in ILs and DSILs. All 

cellulose regeneration was carried out from dissolved PHKP. The regenerated cellulose (RC) was 

characterized using wide-angle XRD, SEM, FT-IR spectroscopy, and TGA Fig. 5.5 shows the 

photograph of RC and isolated cellulose (pulp) obtained from jute. The appearance of the RC from 

[C4mim]Cl solution was lighter in color, while the same from [C4mim]CH3CO2 and DSIL solution 

was darker. This is consistent with the observations of Raut et al. [12], wherein they have reported 

that the regenerated pulp from [C4mim]CH3CO2, [C4mim]HSO4 and [C4mim]Cl was darker in 

color as compared to a whiter regenerated pulp in the case of [C4mim]Cl and [C2mim]CH3CO2. 

 
 A 
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The partial hydrolysis of cellulose into sugars, which is then broken down by oxidative processes 

to produce the distinctive brown hue, may be one cause of the dark color of the regenerated pulp 

[48], and the presence of residual ions and moisture is another reason for color changes [49]. 

As shown in Fig. 5.6, both the KP and PHKP became plasticized after treatment with 

[C4mim](CH3CO2)0.6Cl0.4. The surface of the regenerated pulp (B and D) was found to be 

homogeneous, soft, smooth, and more densely packed compared to the rough, hard, and scattered 

outer layer surface of the isolated pulp samples (A and C) as observed in the SEM images presented 

in Fig. 5.6. Reyes et al. have observed whiter plasticized structures of regenerated pulp from 

[C4mim]CH3CO2 compared to smooth gel-like structures from [C2mim]CH3CO2 [14]. Partly 

broken fibers are obsrved on the surface of the regenerated pulp (B). Some H-bonds remained 

unbroken during the dissolution process. Similar observations were reported by many researchers 

[50, 51]. 

 

 

Figure 5.6. SEM micrographs of (A) KP, (B) ReKP from [C4mim](CH3CO2)0.6Cl0.4, (C) PHKP, 

and (D)  RePHKP from [C4mim](CH3CO2)0.6Cl0.4 
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5.3.4. X-ray diffraction of cellulose and regenerated cellulose 

To understand the changes in the crystallinity of the cellulose (KP and PHKP) on the 

dissolution in [C4mim]Cl, [C4mim]CH3CO2 and DSILs, a wide-angle XRD pattern was taken. Fig. 

5.7, shows the XRD pattern of the cellulose (pulp) and RC. The peaks for native cellulose I (I) 

are located at 2θ = 14°, 16°, 22.5°, and 35° corresponding to the (101), (101), (002) and (040) 

crystallographic plane reflections, respectively [52, 53]. All cellulose and RC showed these peaks 

except RC from the [C4mim]CH3CO2 solution of KP and PHKP. These results clearly indicate that 

upon regeneration of the dissolved cellulose in [C4mim]CH3CO2, the transformation from 

cellulose I into cellulose II occurred.  Cao et al. also reported that the RC from corn husk dissolved 

in [C2mim]CH3CO2 was cellulose II [54]. After the dissolution of cellulose in 

[C2mim]CH3CO2/DMSO and its concomitant recovery with water, the regenerated cellulose 

demonstrated a diffraction pattern at 2θ = 20.5°, originating from the cellulose II form [13]. Zhao 

et al. have also observed conversion of cellulose I to cellulose II from cellulose I in native cellulose 

during regeneration from phosphate based ILs [55]. 

 

 

Figure 5.7. XRD patterns of (a) KP, (b) PHKP, (c) RePHKP from [C4mim]CH3CO2, (d) 

RePHKP from [C4mim]Cl, (e) RePHKP from [C4mim](CH3CO2)0.6Cl0.4, and (f) RePHKP from 

[C4mim](CH3CO2)0.5Cl0.5 
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As shown in Table 5.1, the crystallinity of KP increased from 48.5% to 55.1% on pre-hydrolysis 

resulting from the deletion of hemicellulose during pre-hydrolysis process. After dissolution of 

cellulose samples in [C4mim]Cl, [C4mim]CH3CO2 and DSILs, the RC showed similar diffraction 

patterns, which indicate no alteration of the original cellulose structure I.   

 

Table 5.1. Crystallinity of cellulose and regenerated samples 

Sample 2 /  Crystallinity 

(%) 

KP 22.7 48.5 

PHKP 22.5 55.1 

ReKP from[C4mim]Cl 22.5 26.5 

ReKP from [C4mim]CH3CO2 20.6 25.2 

RePHKP from [C4mim]Cl 22.3 25.2 

RePHKP from [C4mim]CH3CO2 20.6 28.8 

RePHKP from [C4mim](CH3CO2)0.6Cl0.4 22.5 26.6 

RePHKP_from 

[C4mim](CH3CO2)0.5Cl0.5 

22.4 27.7 

 

A significant diminution of crystallinity was noticed for the RC. The crystallinity index of 

regenerated KP (ReKP) decreased to 26.5 and 25.2% from the [C4mim]Cl and [C4mim]CH3CO2 

solution respectively from the original crystallinity of 48.5%, and the crystallinity of regenerated 

PHKP (RePHKP) decreased to 25.1, 28.8, 26.6, and 27.7% from the [C4mim]Cl, [C4mim]CH3CO2, 

C4mim](CH3CO2)0.6Cl0.4 and C4mim](CH3CO2)0.5Cl0.5 respectively.  

In general, the structure of regenerated cellulose possesses a cellulose II structure. For both 

dissolution and regeneration, H-bonding plays an important role. Dissolution in ILs is initiated by 

the disruption of H-bonds in cellulose, driven by the formation of H-bonds between cellulose and 

anions, as well as the hydrophobic interactions with cations. For regeneration, antisolvents possess 

a strong affinity for ILs, and disrupt the newly formed H-bonds between cellulose and ILs; 

consequently, cellulose–cellulose H-bonds get reformed and is precipitated. In this study, 

regenerated cellulose from [C4mim]Cl, [C4mim](CH3CO2)0.6Cl0.4  and [C4mim](CH3CO2)0.6Cl0.4 

remain in original form of cellulose I structure. This is the consequence of some intra and 
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intermolecular H-bonds in the supramolecular structure of cellulose that remained unbroken during 

the dissolution process. Therefore, when cellulose was regenerated from cellulose-ILs solution, 

the regenerated cellulose remained in its original form however, its crystallinity decreased. These 

results are supported by the FT-IR spectra (Fig. 5.9f) of the RC from the solution of 

[C4mim](CH3CO2)0.6Cl0.4. The -OH stretching band of the cellulose structure was expected to shift 

towards a higher wavenumber as seen from FT-IR spectra of the cellulose II structure. This shifting 

to higher wavenumber for -OH stretching band indicates the change in the crystallinity of cellulose 

I to cellulose II due to the reduced H-bonding in RC [56]. However, the -OH stretching band 

remained at the same position indicating the presence of cellulose I structure. Hence, the RC 

regenerated from the [C4mim]Cl, [C4mim](CH3CO2)0.6Cl0.4  and [C4mim](CH3CO2)0.6Cl0.6 

consists of the cellulose I structure suggesting the lack of H-bond rearrangement during 

regeneration.  

 

5.3.5. Thermogravimetric analysis 

The thermal degradation of CC, KP, PHKP, and regenerated pulp from [C4mim]CH3CO2 

and [C4mim](CH3CO2)0.6Cl0.4  is shown in Fig. 5.8. The initial mass loss was about 5% at 110 °C 

due to evaporation of retained moisture, followed by a slow mass loss for CC, KP, and PHKP up 

to around 275 °C, regenerated pulp from [C4mim]CH3CO2 up to 185 °C, and regenerated pulp 

from [C4mim](CH3CO2)0.6Cl0.4  up to 245 °C. Then each sample started to decompose and 

underwent an obvious mass loss because of the pyrolytic cleavage of the polysaccharide units. As 

summarized in Table 5.2, the degradation temperature of CC was 322 °C, which was close to the 

degradation temperature of KP and PHKP. The degradation temperature of ReKP and RePHKP 

from [C4mim]CH3CO2 was 245 and 260 °C, while RePHKP from [C4mim](CH3CO2)0.6Cl0.4 was 

310 °C. This can be explained in terms of crystallinity (Fig. 5.7). The dissolution and subsequent 

regeneration processes disrupt the hydrogen bond networks and crystal structures of cellulose, 

consequently lowers the thermal stability of cellulose. A similar result was also observed by Liu 

et al. where cellulose was dissolved in [C4mim]CH3CO2 and regenerated by compressed CO2 [41]. 
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Figure 5.8. TGA thermograms of (a) CC, (b) KP, (c) PHKP, (d) REKP from [C4mim]CH3CO2, 

(e) RePHKP from [C4mim]CH3CO2, and (f) RePHKP from [C4mim](CH3CO2)0.6Cl0.4 

 

Table 5.2. The onset degradation temperature (Td) of KP and PHKP, ReKP from 

[C4mim]CH3CO2. RePHKP from [C4mim]CH3CO2 and RePHKP from [C4mim](CH3CO2)0.6Cl0.4 

Sample Td / oC 

CC 322 

KP 337 

PHKP 340 

ReKP from[C4mim]CH3CO2 245 

RePHKP from [C4mim]CH3CO2 260 

RePHKP from 

[C4mim](CH3CO2)0.6Cl0.4 

310 

 

 

5.3.6 FTIR spectra of cellulose and RC 

As displayed in Fig. 5.9, ATR-FTIR spectra of the RC were very close to that of the original 

cellulose, suggesting that except for the breakage of hydrogen bonds no other changes on chemical 

structure occurred in the dissolution of cellulose and regeneration processes [57]. The broad 

absorption band originated due to the strong stretching vibration of OH groups occurring at 3300–
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3500 cm−1, the vibration for methylene (CH2) groups at 2700–2900 cm−1 were observed in all 

samples [58]. The RC demonstrated a strong absorption band at 1647 cm−1 attributable to the C–

O stretching vibration of the C–O–H bond, as reported in other studies [40]. Furthermore, a sharp 

band at 896 cm−1 was observed for the RC corresponding to the glycosidic C–H deformation with 

ring vibration and O–H bending, which is characteristic of β-glycosidic linkages between glucose 

in cellulose [59]. The band at 896 cm−1 is attributable to the amorphous part of cellulose and 

cellulose II absorption. This band is usually more prominent in RC. The band at around 

1425 cm−1 depicts the crystalline region absorption band and is usually more striking in cellulose 

I, which is the stronger band in original cellulose [60]. This is consistent with XRD data. Other 

studies also reported similar FT-IR results of RC [41]. 

 
Figure 5.9. Normalized ATR-FTIR spectra of (a) CC, (b) KP, (c) PHKP, (d) ReKP from 

[C4mim]CH3CO2, (e) RePHKP from [C4mim]CH3CO2, and (f) RePHKP from 

[C4mim](CH3CO2)0.6Cl0.4 
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5.3.7. Dynamic viscosity of KP and ReKP 

The dynamic viscosity of KP and ReKP are presented in Fig. 5.10 and Fig. 5.11. The 

viscosity of KP and ReKP decreases with increasing temperature and shear rate. The viscosity of 

KP and ReKP at 30 °C is 32950, 20340, and 7760, 3314 mPa-s at 80 °C respectively. The lower 

viscosity for ReKP is due to the more amorphous regions of regenerated cellulose produced due 

to the disruption of hydrogen bonds. The decrease in viscosity with shear rate indicates the shear 

thinning properties of KP and ReKP solution in [C4mim](CH3CO2)0.6Cl0.4. Similarly, increasing 

the temperature decreases viscosity and leads to highly homogeneous cellulose/DSIL solutions. 

These results confirmed the dispersal ability of [C4mim](CH3CO2)0.6Cl0.4, resulting in increased 

local intermolecular interactions between polymer chains and [C4mim](CH3CO2)0.6Cl0.4. The 

observed shear-thinning behavior was caused by an increase in the repulsion between the KP and 

ReKP and the anions CH3CO2
- and Cl- in contact with them and less interaction between hydroxyl 

groups of cellulose and anions of DSILs [61]. Chen. et al. investigated the shear thinning behavior 

of 10 wt% cellulose/[C4mim]Cl solution resulting from both shear induced reduction in the number 

of entanglements and the dissolution of macromolecules by the high shear rate [62].  

 

Figure 5.10. Variation of viscosity of 5 wt % solution of KP and ReKP in 

[C4mim](CH3CO2)0.6Cl0.4  as a function of  temperature 
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A B 

Figure 5.11. Variation of viscosity of (A) 5 wt % solution of KP in [C4mim](CH3CO2)0.6Cl0.4  (B) 

Regenerated KP in [C4mim](CH3CO2)0.6Cl0.4  at a different shear rate as a function of temperature  

 

5.3.8. Recycling of ILs/DSIL 

As ILs are usually more expensive compared to other solvents involved in the cellulose 

dissolution and derivatization process, recovery operations must be highly efficient to make the 

process economically viable and sustainable. The recycling should effectively eliminate solutes 

and demand use of the least amount of new or non-recycled reagents and avoidance of any 

significant degradation of the ILs/DSILs. The recycling and reuse of single ILs are reported in the 

literature [22, 23]. In this work, the recycling experiments of both ILs and DSILs were carried out 

to check whether the solvent system may be economically viable and sustainable for industrial 

applications, such as producing regenerated cellulose for textile industries. For example, the DSIL 

of [C4mim](CH3CO2)0.6Cl0.4 has been used for the dissolution of cellulose and recycled and reused 

five times successively. More than 99% of [C4mim](CH3CO2)0.6Cl0.4 has been recovered from each 

cycle and was characterized by FTIR, 1H NMR spectroscopy, and TGA. No change in the chemical 

structure was noticed and degradation did not occur during dissolution and regeneration process. 

This has been first instance of recycling and reuse of a DSIL, [C4mim](CH3CO2)0.6Cl0.4. A detailed 

study is now underway for the recycling and reuse of ILs for the regeneration of cellulose from 

cellulose-ILs/DSIL solution. The dependence of the dissolution and yield recovery of regenerated 

cellulose on the particle size, DP, and the structure of the ILs and composition of the constituent 

DSIL will be communicated elsewhere. 

 



187 
 

5.4. Conclusions 

The dissolution of CC, KP, and PHKP were studied in [C4mim]Cl and [C4mim]CH3CO2 

and their DSILs at three different temperatures 80, 90 and 100 °C. Dissolution of CC in 

[C4mim]CH3CO2 and [C4mim]Cl alone was 11.2  and 9.3 wt% at 80 °C respectively, which 

increased to 18.0 and 15.3 wt%  at 100 °C respectively.  Dissolution of CC was further enhanced 

using DSILs increased with increasing mole fraction of [C4mim]Cl in DSILs up to 

[C4mim](CH3CO2)0.6Cl0.4. CC of 26.2, 31.2, and 32.8 wt% was dissolved in 

[C4mim](CH3CO2)0.6Cl0.4 at 80, 90 and 100 °C, respectively. The most important factor of the 

dissolution process has been the disruption of hydrogen bonds inside the cellulose, which enhanced 

through the hydrogen-bonding between anions of DSILs and moieties of the cellulose network. 

DSILs containing both Cl- and CH3CO2
- anion may have a synergistic effect, which results in 

higher dissolution of cellulose. A similar trend was observed for KP and PHKP. The highest 

dissolution of KP and PHKP was observed in [C4mim](CH3CO2)0.6Cl0.4 at 100 °C were 30.13 and 

30.52 wt% respectively. But the solubility of pulp was slightly lower than the CC due to impurities, 

like lignin, hemicellulose, and extractives present in the pulp. The dissolved cellulose can be 

regenerated by adding water, and the crystallinity index of regenerated cellulose decreased. The 

crystallinity index of ReKP decreased to 26.5% and 25.2% from the [C4mim]Cl and 

[C4mim]CH3CO2 solution respectively from the original crystallinity of 48.5%. The crystallinity 

of RePHKP decreased to 25.1, 28.8, 26.6 % from the [C4mim]Cl, [C4mim]CH3CO2, and 

C4mim](CH3CO2)0.6Cl0.4  respectively from the original crystallinity of 55.1%. This is supported 

by the glycosidic C–H deformation with ring vibration and O–H bending vibration in FT-IR 

spectra. The TGA analysis showed a reduced degradation temperature of regenerated cellulose. 

The structure of the regenerated cellulose from [C4mim]CH3CO2 system was converted to 

cellulose II. Weaker structural organization results from the lower crystallinity content of 

cellulose, which is projected to be beneficial for its future chemical processing with other 

chemicals to produce different cellulosic materials. Computational analyses of the cellulose-DSILs 

system are in progress. These analyses will give insights into the microscopic interactions between 

cellulose and DSILs, which will reveal the significant factors responsible for the enhanced 

dissolution of cellulose in DSILs. Computer simulation may also assist to reveal the underlying 

factors associating the use DSILs with asymmetric ions. 
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Chapter 6 

Effect of Pre-Hydrolysis on the Dissolution of Hardwood Pulp in Ionic Liquid 

 

Abstract 

Cellulose, an abundant and sustainable bio-resource, stands as the foremost constituent on earth. 

The cellulose is derivatized to dissolve it; such process is called viscose process. Viscose is 

produced from the dissolving pulp, which is produced predominantly by pre-hydrolysis kraft 

process. Pre-hydrolysis is conducted as a preliminary step preceding pulping in order to selectively 

extract hemicellulose from the lignocellulosic matrix. This deliberate extraction of hemicellulose 

poses challenges during the subsequent viscose processing stage. Ionic liquids (ILs) are potentially 

alternative solvent for the cellulose dissolution. It is an interest to gather knowledge on, how 

hemicellulose affects in pulp dissolution in ILs and the regeneration process. In this study, 

hardwood pulps were produced by kraft (KP) and pre-hydrolysis kraft (PHKP) processes. The α-

cellulose and residual pentosan contents were 95.6% and 4.2% in PHKP and 84.3% and 9.9% in 

KP, respectively. Both pulps were dissolved in 1-butyl-3-methylimidazolium chloride [C4mim]Cl, 

1-butyl-3-methylimidazolium acetate [C4mim]CH3CO2 and their double salt (DSILs) of  

[C4mim](CH3CO2)0.6Cl0.4 at 90℃. It was observed that PHKP had slightly higher solubility in both 

ILs and DSILs. The dissolved pulps were regenerated by water and characterized by FTIR, TGA, 

X-ray diffraction, and viscosity. Regenerated pulp film formed smooth and homogenous surface. 

The viscosity of regenerated PHKP was higher than PHKP, which affected the strength of the 

produced cellulose film. As observed in FTIR, the regenerated cellulose showed a stronger 

absorption band at 1647 cm−1 corresponding to the C–O stretching vibration of C–O–H.  The 

crystalline structures of regenerated PHKP from [C4mim]CH3CO2 and regenerated KP and PHKP 

from DSILs were found to change to form cellulose II. The crystallinity index of regenerated KP 

from [C4mim]Cl decreased, while the same from other regenerated pulps remained same or 

increased.  

 

Keywords: Prehydrolysis, Double salt ionic liquid, Cellulose regeneration, Crystallinity, 

Viscosity 
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6.1. Introduction 

Concerns with climate change have motivated scientist and policymaker to replace fossil 

fuel based materials and energy consuming processes by sustainable materials and energy efficient 

processes [1-3]. Lignocellulosic materials are promising alternative for replacing fossil fuel based 

polymers [4-7]. Cellulose is the most abundant biopolymer followed by lignin and hemicellulose 

on earth. In high-tech fields like biomedical products, bioenergy sources, and engineered structural 

reinforcing materials, cellulose is being used in a variety of applications [8-10]. Only a little 

percentage of cellulose is being used in these days since it is not soluble in common solvents due 

to the crystalline structure. Therefore, search for effective and green solvents for dissolution of 

cellulose has been the key task for scientist in past few decades. Recently, interest is growing on 

ionic liquids (ILs) for dissolution of cellulose. ILs are a distinct category of innovative organic 

salts that exhibit liquid states at temperatures lower than 100 ℃. The extremely low vapor pressure 

of ILs is an important property. As a result, they are referred to as 'green' solvents, as opposed to 

typical volatile organic compounds. Chemical and thermal stability, nonflammability, strong ionic 

conductivity, and a broad electrochemical potential window are just a few of the appealing 

qualities of ILs [11]. DSILs are special types of ILs that are usually composed of a combination 

of organic cations with organic or inorganic anions. These liquids have unique properties 

compared to traditional ILs, including increased solubility and conductivity. DSILs are formed by 

combining two different ILs that can overcome the limitations of pure ILs, resulting in the 

formation of a new liquid phase that contains both sets of ions and does not retain their individual 

nature [11a,11b]. This allows for the creation of liquids with specific properties, such as increased 

solubility for specific chemical compounds like cellulose or increased ionic conductivity for use 

in electrochemical devices like batteries [11c] or fuel cells [11d]. 

Different ILs are being studied for dissolution of cellulose. For the first time, Swatloski et 

al. [12] reported that [C4mim]Cl could successfully dissolve cellulose. The reason for the high 

solubility of cellulose in [C4mim]Cl is due the formation of H-bonding within –OH of cellulose 

and Cl– of the IL as explained by the authors [13]. The 3-butyric acid-1-methyl imidazolium 

chloride and 3-N,N-diethyl-butyramide-1-methyl imidazolium chloride dissolved 5 wt% cotton 

fibers completely in 3 h at room temperature [14]. Wei et al. [15] showed that the deterioration of 

wood pulped cellulose in the order of 1-ethyl-3-methylimidazolium dimethyl phosphate followed 

by 1-butyl-3-ethylimidazolium diethyl phosphate) and 1-ethyl-3-methylimidazolium diethyl 
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phosphate. No reducing sugar was discovered in any recycled ILs, and the degree of 

polymerization of regenerated cellulose was reduced by 30.4%. Kosan et al. [16] investigated 

cellulose dissolution in different ILs, [C4mim]Cl, [C4mim]CH3CO2, [C2mim]Cl, and 

[C2mim]CH3CO2. The utilization of [C2mim]+ cation within an IL as opposed to a [C4mim]+ 

cation, while maintaining the identical anion, results in decreased zero shear viscosities of the 

spinning dopes. Using a dry-wet spinning process, cellulose solutions in ILs display good 

spinnability and produce fibers with comfortable textile physical characteristics. Fort et al. [17] 

studied a simple and novel alternative approach to soluble in the IL 1-n-butyl-3-

methylimidazolium chloride ([C4mim]Cl). Cellulose dissolution time and temperature were 

reduced significantly at pressurized condition [18]. Dissolution cellulose in ILs can be done 

directly without any modification and is regenerated by anti-solvent, and can be shaped into fibers, 

films, beads or other types. Molecular dynamics simulations revealed that throughout the 

dissolving process, the [C4mim]Cl anions interact strongly with cellulose sites and water 

molecules. Dopes containing ILs with an acetate anion are more likely to contain the higher 

cellulose percentage than the dopes that contain ILs with chloride ion. To overcome the viscosity 

problem of cellulose solution in IL, Yamamoto and Miyake [19] mixed [C4mim]CH3CO2 with 

dimethyl sulfoxide (DMSO), dimethyl acetamide (DMAc), and N,N-dimethylformamide (DMF). 

Depending on the process temperature, [C4mim]Cl/DMSO could experience a vigorous 

exothermic reaction.  

Prehydrolysis is the key process step for purification of the dissolving pulp. The 

hemicellulose removal provides an indication about the efficiency of this prehydrolysis process. 

As a result, bleaching sequences often include at least one stage focused at hemicellulose removal, 

as it disrupts the viscose process [20]. The decrease in filterability of viscose is associated with the 

accumulation of byproducts resulting from the oxidative breakdown of hemicellulose [21]. As a 

result, a high hemicellulose percentage in pulps is detrimental to cellulose dissolution.  The 

spinning properties and viscose fiber quality are extremely dependent on the origin of pulp, 

carbohydrate composition and molecular weight distribution.  The lower contents of ß- and γ-

celluloses, as well as a uniform molecular weight distribution are important for viscose strong fiber 

[22]. During cell wall production, hemicelluloses are deposited as an amorphous element which 

fill gaps within the fibrils in both primary and secondary walls [23]. Because H-bonding and van 

der Waals forces between hemicelluloses and cellulose restrict cellulose separation from the cell 
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wall matrix, removing hemicellulose may enhance cellulosic material breakdown [24,25]. 

Therefore, the presence of hemicellulose may also affect pulp dissolution in ILs. So far, no report 

has been presented on the effect of hydrolysis on the dissolution of pulp in ILs. In this 

investigation, kraft pulp (KP) and prehydrolysis kraft pulp (PHKP) were prepared from hardwood, 

Trema orientalis and the prepared pulps were dissolved in both ILs and their DSILs. The KP, 

PHKP, regenerated (R) KP and RPHKP were characterized by viscosity, FTIR, XRD, and SEM 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



198 
 

6.2. Materials and Methods 

The materials and methods applied in this chapter to conduct this study have been described in the 

following sub-sections. 

6.2.1. Materials 

KP and PHKP were prepared from Trema orientalis in the laboratory by following the 

detailed conditions described elsewhere [6]. The pulping process was carried out in an electrically 

heated stainless-steel digester of 5L capacity, rotating at 1 rpm. The prehydrolysis was done with 

water at 170 oC for 30 min. The material to liquor ratio was 1:5 (g/mL). The time required to raise 

max temperature was 40 min. After completing pre-hydrolysis, pressure was released by venting 

the valve and the liquor was separated from the solid mass by filtration. Then the material was 

washed with water, disintegrated and kept for pulping.The kraft pulping process was done with 

the mention procedure. ILs, [C4mim]Cl and [C4mim]CH3CO2, were purchased from Sigma-

Aldrich with purities of >98% and >95%,  respectively. Acetone (Sigma-Aldrich, >99.5%) and 

distilled water (distilled by Laboratory Water Purification System, MRC) were used throughout 

the study. 

6.2.2. Preparation of DSIL 

To prepare DSIL of [C4mim](CH3CO2)0.6Cl0.4, 0.6 mole of [C4mim]CH3CO2 and 0.4 mole 

of [C4mim]Cl were mixed together to prepare 10 g of DSIL. The details of the preparation 

procedure have been described in chapter 2 (sub-section 2.2.2).  

 

6.2.3. Characterization 

The structure of cellulose and regenerated cellulose, and their morphology and thermal 

stabilities have been investigated by the following methods. 

 

 

6.2.3.1. Thermogravimetric analysis 

Thermogravimetric analysis was employed to investigate the thermal characteristics 

of cellulose samples. A comprehensive account of the instrument specifications and operational 

parameters may be provided in Chapter 5 (Sub-section 5.2.4.1).  
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6.2.3.2. X-ray diffraction (XRD) analysis 

The X-ray diffractometer was utilized to investigate the crystallinity and crystal structure 

of the cellulose samples. A comprehensive account of the instrument specifications and operational 

parameters may be found in Chapter 5 (Sub-section 5.2.4.2). 

 

6.2.3.3. FT-IR spectroscopic analysis 

The characterization of the structure of cellulose samples was conducted through the 

utilization of ATR-FTIR spectroscopy. A comprehensive account of the instrument specifications 

and operational parameters may be described in Chapter 2 (Sub-section 2.2.3.1).  

 

6.2.3.4. Scanning electron microscopic (SEM) analysis  

The investigation of morphology of cellulose samples was conducted by the utilization of 

scanning electron microscopy (SEM). The instrument specifications and operating parameters 

have been thoroughly elucidated in Chapter 5 (Sub-section 5.2.4.4). 
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6.3. Results and Discussion 

The properties of cellulose including degree of solubility in a particular solvent depends on the 

method of pulping. To reveal the role of modification of properties of cellulose on the degree of 

dissolution in ILs, the extents of solubility of KP and KHKP prepared were investigated using 

different ILs media. However, the properties of pulps prepared are discussed first.  

 

6.3.1. Pulp properties 

The cellulose pulp yield in pre-hydrolysis kraft process was 35.8%, while the same in the kraft 

process was 47.9%. During the prehydrolysis step, about 16% of wood biomass (mostly 

hemicellulose) was dissolved, consequently lowering the pulp yield. In another study, 

prehydrolysis of jute fiber at 170 ℃ lowered the yield to roughly 80%, resulting in a decrease in 

overall pulp yield and pulp viscosity [27]. After 60 minutes of prehydrolysis at 150 ℃, jute cutting 

produced 90% solid residue with a residual pentosan concentration of 9.88% [28]. In the present 

study, the purity of cellulose in prehydrolysis kraft process was 95.6% with residual pentosan 

content of 4.2% (Table 6.1). The kappa number of cellulose pulp obtained from the prehydrolysis-

kraft process exhibited a reduction of 2.4 points in comparison to the pulp obtained from the kraft 

process (Table 6.1). In another investigation, the screened pulp yield of Na2CO3 pre-extracted 

Trema orientalis was almost similar to non-preextracted T. orientalis at a kappa number of 21-22, 

where 2% less alkali was required in cooking [29]. The process of prehydrolysis enhances the 

delignification of prehydrolyzed biomass through the augmentation of porosity of wood chips, 

partial degradation of lignin, and cleavage of carbohydrate-lignin linkages [26]. In 10% NaOH 

(S10), both hemicellulose and degraded cellulose are dissolved, while in 18% NaOH (S18) only 

hemicellulose is dissolved. Therefore, S10-S18 represents degraded cellulose. The degraded 

cellulose in prehydrolysis kraft process was 11.62% and in the kraft process was 2.66% only. The 

viscosity of the kraft was 13.61 mPa.s, while the same for pre-hydrolysis pulp was only 3.09 mPa.s. 

The high purity and controlled viscosity are prerequisite for viscose grade dissolving pulp. The 

low cellulose viscosity of dissolving pulp is considered a positive trait for the production of 

superior rayon fiber. In many applications, the viscosity of the dissolving pulp needs to be further 

decreased before processing the dissolving pulp [30]. In this investigation, the effect of pulp 

viscosity on the cellulose dissolution in DSIL will also be observed. 
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Table 6.1. Kraft pulp (KP) and pre-hydrolysis pulp (PHKP) properties 

Parameter PHKP KP 

Yield, % 35.8 47.9 

Kappa number 16.3 18.7 

α-cellulose, % 95.6 84.3 

Pentosan, % 4.2 9.9 

S
18

, % 4.54 15.68 

S
10 

,% 16.16 18.34 

Viscosity, mPa.s 3.09 13.61 

Ash content, % 0.24 0.32 

   

6.3.2. Dissolution of pulp in ILs 

The dissolution of KP and PHKP in [C4mim]Cl, [C4mim](CH3CO2) and 

C4mim](CH3CO2)0.6Cl0.4 at 90 ℃ are presented in Table 6.2. The pulp solubility in [C4mim]Cl and 

[C4mim]CH3CO2 was 14.5% and 19.2% for KP and 15.2% and 20.3% for PHKP, respectively. 

The solubility increased to 28.7% and 31.3% for KP and PHKP, respectively, using their DSIL. In 

the previous investigation, solubility of cellulose enhanced with temperature, however the solution 

became darker in color (Chapter 5). Therefore, pulp solubility was carried out at 90 ℃ in this 

investigation.  

It has been reported that the dissolution of cellulose can be improved by the inclusion of 

co-solvent, which consequently reduces the viscosity of the mixture of ILs. Olsson et al. [31] used 

N-methylimidazole as a promising co-solvent together with the IL 1-ethyl-3-methylimidazolium 

acetate and increased cellulose solubility through the reduction of solution viscosity. It was 

observed that PHKP had slightly higher solubility in both ILs and DSIL. This observation indicates 

lowered viscosity of PHKP pulp solution in IL (Table 6.1), which will be discussed later. The 

higher solubility in PHKP can also be explained by impurities, like lignin, hemicellulose, and 

extractives present in KP. Cao et al. [31a] showed that the solubility of cellulose in IL depends on 

the degree of polymerization (DP). Cao et al. discovered that the best dissolution of 

microcrystalline cellulose in AmimCl was up to 25%, however cellulose samples with increased 

DP from 516 to 726 reduced the quantity of dissolved product in ILs from 15% and 6%, 
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respectively [31a]. Liu et al. [32] dissolved 16 wt% and 14 wt% cotton pulp in [C2mim]CH3CO2 

and [C2mim]Cl, respectively at 90 ℃ for 7 h. Ibrahim et al. [18] showed that the cellulose 

dissolution increased under pressurized conditions due to the greater penetration of IL into the 

cellulose network and breaking the intramolecular hydrogen bonding easily. The higher solubility 

in DSIL in this investigation is due to the formation of hydrogen bonds between hydroxyl groups 

cellulose and Cl- and CH3CO2
- anions of DSIL. The anions played a vital role in cellulose solubility 

through the formation of H- bond. Liu et al. [32] showed that the change of anion Cl− by Br− 

keeping cation intact, the cellulose solubility decreased because Br– had more difficulty 

in forming hydrogen bonds with cellulose than Cl–.  

 

Table 6.2. Dissolution of KP and PHKP in ILs at 90 ℃ 

ILs Dissolution (weight %) 

KP PHKP 

[C4mim]Cl 14.5 15.2 

[C4mim]CH3CO2 19.2 20.3 

[C4mim](CH3CO2)0.6Cl0.4 28.7 31.3 

 

 

6.3.3. Regeneration of KP and PHKP 

The water was used as an anti-solvent to regenerate dissolved cellulose in IL. The 

regenerated cellulose was characterized by SEM, XRD, thermogravimetric analysis (TGA), and 

Fourier transform infrared (FTIR) spectroscopy. Fig. 6.1 shows that photograph of KP and PHKP 

solution and regenerated cellulose. The appearance of the KP solution and was slightly lighter in 

color, which can be explained by lower viscosity. Raut et al. [33] also showed that the regenerated 

pulp in ILs [C4mim]CH3CO2, [C2mim]CH3CO2 [C4mim][HSO4] and [C2mim]Cl was darker color 

compared to a whiter regenerated pulp for [C4mim]Cl and [C2mim]CH3CO2 ILs. The dark color 

in the regenerated pulp can be explained by several occurrences: first, the possible conversion of 

cellulose into sugars through partial hydrolysis, which is subsequently broken down by oxidative 

reactions giving the samples a characteristic brown color [34]. Furthermore, the presence of 

residual ions resulting from the synthesis process, condensed gaseous substances, or water vapor 

can potentially induce alterations in hue [35]. 
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Figure 6.1. Photographs of (A) KP, (B) PHKP, (C) RKP, (D) RPHKP, (E) film before drying, 

(F) film after drying, (G) KP solution in [C4mim](CH3CO2)0.6Cl0.4 and (H) PHKP solution in 

[C4mim](CH3CO2)0.6Cl0.4 

SEM analysis was performed on the samples to assess the morphology of the regenerated 

cellulose films KP and PHKP.  As shown in SEM images in Fig. 6.2, homogeneous and smooth 

surface of cellulose film suggested that the dissolution of both KP and PHKP in DSIL was 

successful. Moreover, the film became plasticized after treatment with [C4mim](CH3CO2)0.6Cl0.4. 

The regenerated cellulose film from PHKP was much smoother than KP. Reyes et al. [36] found 

plasticized forms resembling smooth gels in [C4mim]CH3CO2 which was whiter in contrast to a 

less white in [C2mim]CH3CO2 their studies also showed a smooth surface during the regeneration 

of cellulose film, but nodules and contours were found [37, 38]. Liu et al. also showed that nodules 

and contours in cellulose film when plasticized (sorbitol and carboxymethyl cellulose) was used, 

but a better homogeneous and smooth morphology of the cellulose film was observed when 

cellulose solution blended with glycerol.  
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KP 

 

PHKP 

                                          Figure 6.2. SEM micrographs of KP and PHKP 

 

6.3.4. Viscosity of regenerated KP, PHKP 

After a steady state of homogeneous cellulose solution formation, the shear to the cellulose 

solution was applied by the rotation in rheometer cone. In general concept, viscosity increases with 

polymer concentration and decreases with temperature. In this experiment, cellulose concentration 

was constant. The viscosities of 5 wt% KP, PHKP, RKP, and RPHKP dissolved in 

[C4mim](CH3CO2)0.6Cl0.4 and investigated as a function of temperature.  

As is expected, the viscosity decreased with temperature (Fig. 6.3). The viscosity of KP 

was 32950 mPa.s at 30 ℃, which decreased to 20340 mPa.s on regeneration, while the viscosity 

of PHKP 27140 Pa.s, which increased 36380 mPa.s on regeneration. It means that a slight 

degradation of KP occurred during the dissolution process but in the PHKP new crystalline 

structure was formed during the regeneration process. Thus, the regenerated PHKP films are 

expected to have good mechanical properties. 
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Figure 6.3. The variation of viscosity of 5 wt % KP, PHKP, RKP and RPHKP in 

[C4mim](CH3CO2)0.6Cl0.4 solution at temperatures 30-80 ℃ with 5 ℃ intervals 

 

6.3.5. XRD analysis 

The X-ray diffraction patterns of original KP and PHKP and regenerated pulps are shown 

in Fig. 6.4. The diffraction pattern of original KP and PHKP exhibited typical cellulose I structure. 

Characteristic sharp diffraction peak was located at 22.6◦ and a wide peak between 15.5º, which 

correspond to (200) and (110) planes, respectively. The peak at 2θ = 22º is sharper for PHKP. The 

sharper detraction peak is an indication of higher crystallinity degree. The crystallinity index of 

KP was found to be 75.7 %, which increased to 79.7 % during hydrolysis due to the loss of 

amorphous hemicellulose.  
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Figure 6.4.  XRD patterns of  (a) KP, (b) PHKP (c) RKP regenerated from [C4mim]Cl, (d) 

RPHKP from [C4mim]Cl, (e) RKP from [C4mim]CH3CO2, (f) RPHKP from 

[C4mim]CH3CO2,(g) RKP from [C4mim](CH3CO2)0.6Cl0.4, (h) RPHKP from 

[C4mim](CH3CO2)0.6Cl0.4 

 

The regenerated KP and PHKP regenerated from cellulose and DSIL solution and regenerated KP 

from cellulose and [C4mim]CH3CO2 solution demonstrated broad peak at approximately 12.8 and 

20.5º with Miller indices of (110), (110) (direction c of the unit cell is along the chain axis of the 

polymer), which characterized for the crystalline form of cellulose II structure. The findings 

revealed that the cellulose I crystal structure shifted to cellulose II during pulp disintegration and 

regeneration [39]. This phenomenon was also reported in other studies for cellulose dissolution in 

ILs [18]. The simple association or aggregation of cellulose chains in ILs may have been what 

caused this change in the crystalline structure of the cellulose pulp. But the regenerated KP and 

PHKP from [C4mim]Cl and RPHKP from [C4mim]CH3CO2 maintained their original cellulose I 

structure. There was no significant difference between the crystallinity index of original KP and 
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PHKP with RKP and RPHKP (Table 6.3) except regenerated KP from [C4mim]Cl.  The 

crystallinity index and crystalline structure of regenerated PHKP in both ILs [C4mim]CH3CO2 

[C4mim]Cl were similar, which indicated that the pre-hydrolysis process help to get original 

structure of cellulose II. In most of the studies showed that the crystallinity index decreased during 

the regeneration process from the ILs solution due to the breaking down of hydrogen bonds in the 

dissolution process, thus destroying the original crystalline [32, 37].  

 

Table 6.3. The crystallinity of KP, PHKP, RKP and RPHKP regenerated from different IL media 

Pulp Crystallinity degree 

(2 / º) 

Crystallinity 

index (%) 

KP 22.5 75.7 

PHKP 22.7 79.7 

RKP from [C4mim]Cl 22.3 61.6 

RPHKP from [C4mim]Cl 22.1 85.5 

RKP from [C4mim]CH3CO2 20.0 73.7 

RPHKP from [C4mim]CH3CO2 22.3 75.7 

RKP from [C4mim](CH3CO2)0.6Cl0.4 20.3 74.4 

RPHKP from [C4mim](CH3CO2)0.6Cl0.4 20.1 76.7 

 

 

6.3.6. FTIR spectroscopic analysis 

Fig. 6.5 shows that the FTIR spectra of the regenerated pulps from dissolved KP and PHKP 

in [C4mim]Cl, [C4mim]CH3CO2 and their DS was similar to that of the original KP and PHKP. 

This observation indicates that the dissolution and regeneration processes solely included the 

breaking of H-bonds, without any other chemical reactions taking place. As shown in Fig. 6.5, the 

band at 3340-3420 cm-1 related to stretching of H-bonded OH groups and around 2900 cm-1 to the 

C-H stretching [40, 41] . The peak at around 1645 cm−1 was observed in all samples, which is 

attributed to water associated with the amorphous region [42]. All samples showed a band at 1430 

cm-1, indicating that they all contained a mixture of amorphous cellulose and crystalline cellulose 

II. [39]. The bending vibration of O-H is giving rise to the band at 1372 cm–1, whereas stretching 

vibration of the C-O bond is responsible for the characteristic band at 1215 cm–1. All samples 

exhibited bands at 1375, 1315, and 1156 cm–1 corresponding to CH-stretching, CH2 wagging, and 
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C-O stretching in cellulose IL, respectively [43]. These results suggested that the all samples had 

mixture of cellulose I and II in different proportions. 

 

 

Figure 6.5. ATR-FTIR spectra of (a) KP of Nalita, (b) pre-hydrolyzed PHKP of Nalita, (c) 

Regenerated (R) KP from [C4mim]Cl, (d) RPHKP from [C4mim]Cl, (e) RKP from 

[C4mim]CH3CO2, (f) RPHKP from [C4mim]CH3CO2,(g) RKP from [C4mim](CH3CO2)0.6Cl0.4, 

(h) RPHKP from [C4mim](CH3CO2)0.6Cl0.4 

 

A clear band at 894 cm–1 was discovered, which corresponds to glycosidic C-H deformation with 

ring vibration and O-H bending of glycosidic linkages between glucose molecules in cellulose, 

that had higher intensity in the spectra of regenerated KP and PHKP from DSIL and KP from 

[C4mim]CH3CO2 [44]. This observation is well consistent with XRD results (Table 6.3). It also 

noted that a similar FTIR result was found for regenerated cellulose films from ILs [37]. Carrillo 

et al. also showed that the intensity of this band was relatively higher in cellulose I as compared 

with cellulose II. 
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6.3.7. TG analysis 

The TGA and DTG thermograms of KP, PHKP and regenerated pulps from different ILs are shown 

in Figs. 6.6 and 6.7 As shown in Fig. 6.6, the water desorption was observed at around 100-110 

℃, which accounts 5-6% for KP and PHKP, while regenerated KP and PHKP from [C4mim]Cl 

lost 4-5% weight at around 85C then the weight loses remained constant up to 230 ℃. Initial 

weight loss for regenerated KP and PHKP was about 6-7% at around 150 ℃.  

 

 

Figure 6.6. XRD pattern of  (a) KP of Nalita, (b) PHKP of Nalita, (c) Regenerated (R) KP from 

[C4mim]Cl, (d) RPHKP from [C4mim]Cl, (e) RKP from [C4mim]CH3CO2, (f) RPHKP from 

[C4mim]CH3CO2,(g) RKP from [C4mim](CH3CO2)0.6Cl0.4, (h) RPHKP from 

[C4mim](CH3CO2)0.6Cl0.4 

 

The rapid decomposition was observed between 240 and 390 ℃ depending on samples. Due to 

the higher onset temperature of decomposition of KP, it exhibited the highest thermal stability. 

But the degradation behavior of PHKP was different, the degradation temperature started at 230 

℃ and continued to 364 ℃, where 40% residues remained. Further rise of temperature, the 
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degradation continued up to 545 ℃ and residue remained 28%. The high degree of crystallinity of 

cellulose showed superior thermal stability. Cellulose with higher DP values had a greater 

resilience to thermal breakdown than the cellulose with lower DP values [44]. Pang et al. [37] 

investigated this relation between DP values and the thermal stability. It was observed that the 

enhanced thermal stability of regenerated cellulose had a positive correlation with the rise in the 

DP values. These results suggested that the thermal stability of cellulose is somewhat dependent 

on the DP values of the cellulose. As seen from the DTG curves in Fig. 6.7, pyrolysis of 200 PHKP 

revealed two degradation peaks, indicating that the PHKP contains some low molecular weight 

cellulose. This result is consistent with viscosity data (Fig. 6.7). 

 

 

Figure 6.7. XRD patterns of  (a) KP, (b) PHKP, (c) RKP from [C4mim]Cl, (d) RPHKP from 

[C4mim]Cl, (e) RKP from [C4mim]CH3CO2, (f) RPHKP from [C4mim]CH3CO2,(g) RKP from 

[C4mim](CH3CO2)0.6Cl0.4, (h) RPHKP from [C4mim](CH3CO2)0.6Cl0.4 
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6.4. Conclusions 

The pre-hydrolysis procedure improved α-cellulose content (95.6%) and reduced residual 

pentosan (4.2%) in pulp. The pre-hydrolysis process also increased cellulose solubility in both ILs 

and DSIL. Cellulose film with a homogeneous and smooth surface was formed during the 

regeneration of both KP and PHKP in DSIL, which suggested a complete dissolution of both KP 

and PHKP occurred and became plasticized after treatment with [C4mim](CH3CO2)0.6Cl0.4. The 

crystallinity index and crystalline structure of regenerated PHKP in both ILs [C4mim]CH3CO2 

[C4mim]Cl were similar, which indicated that the pre-hydrolysis process helped to get the original 

structure of cellulose II. The pre-hydrolysis process decreased pulp viscosity. The viscosity of 

PHKP was 27140 mPa.s, which increased by 36380 mPa.s on regeneration, which is expected to 

have good mechanical properties of the regenerated PHKP films. 
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Chapter 7 

Recycling and Reuse of Double Salt Ionic Liquid  

 

Abstract 

Ionic liquids (ILs) are much more expensive than other common solvents involved in the cellulose 

dissolution and derivatization process, recovery operations of ILs must be highly efficient to make 

it economically viable and sustainable. Double salt ionic liquids (DSIL) is the combination of two 

single ILs with common ions or different ions where new intermolecular interactions occur 

producing tunable physicochemical properties. In this chapter, the attempts that were taken for 

recycling a DSIL of [C4mim](CH3CO2)0.6Cl0.4 after the dissolution of pre-hydrolyzed kraft pulp 

(PHKP) are discussed. The recycled DSIL was used repeatedly use for the dissolution of fresh 

PHKP and regeneration of PHKP up to five times. The regenerated cellulose (RC) was obtained 

from cellulose-DSIL solution using water as an anti-solvent, which was then removed via 

filtration. The filtrate was subsequently evaporated and dried to obtain purified DSIL. The PHKP 

was completely dissolved in recycled DSIL, and RC was 94-98%. The recovery of DSIL was 

99.4% after five consecutive cycles. The recycled DSIL and RC were characterized by 1H NMR, 

FT-IR, TGA, and SEM analysis. The 1H NMR analysis indicated that there was no noticeable 

difference observed between the synthesized DSILs and recycled DSIL. The FTIR spectra of 

recycled DSIL was superimposed on the synthesized DSIL, which confirms that the chemical 

structure remained unchanged during the dissolution. The crystallinity index of PHKP was found 

to be 55.69% previously, which was decreased to 20.53% on regeneration and converted from 

cellulose I to cellulose II structure. SEM images showed that the morphology of the RC fibers was 

fused into a relatively homogeneous macrostructure, and RC had lower thermal stability as 

observed by TGA analysis.  

Keywords: Double salts ionic liquids, recycling, and reuse. 

 

7.1. Introduction 

Ionic liquids (ILs) have developed into a hopeful method for biomass fractionation and 

dissolving. These ILs consist of a combination of organic cations and organic or inorganic anions 

with a melting temperature below 100 ℃. ILs have attracted considerable interest as potential 
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environmental-friendly solvents due to their advantageous properties such as low vapor pressure, 

excellent chemical and thermal stability, non-flammability, and convenient reusability and 

recyclability. Pretreatment in ILs often takes place under conditions of moderate temperatures and 

ambient pressure. Certain ILs completely dissolve wood and other lignocelluloses. A precipitating 

agent, commonly water or alcohol, is introduced to induce the precipitation of a cellulose fraction 

within the dissolved biomass. Subsequently, the cellulosic product that has been successfully 

recovered is subjected to a washing procedure in order to eliminate any remaining ILs. The 

resultant mixture of precipitation and wash liquids is then subjected to further treatment with the 

aim of recovering the ILs and any remaining solutes derived from the biomass. The high expense 

associated with ILs is an important challenge to its successful commercialization. One potential 

approach for addressing this issue involves the implementation of large-scale IL generation, a 

strategy that has already been successfully implemented.  

Another way is to successfully recycle and reuse ILs, which is also vital for protecting the 

environment. Many studies were carried out regarding the recycling of ILs in different methods. 

The recovery of the ILs from the solution of cellulosic-ILs was achieved through the addition of 

deionized water, which acts as an anti-solvent for the cellulose. The cellulose was subsequently 

separated from the solution by the process of filtration. The resulting filtrate was then subjected to 

evaporation and subsequent drying in order to get ILs.  

Sun et al. [1] investigated that at high biomass loadings, a gel phase is often formed, then cellulose 

separation becomes difficult, which can be avoided by using water: acetone (1:1, v/v) solution . In 

a study conducted by Raut et al. [2], a recovery rate of 97 wt% of the IL was achieved. The 

researchers therefore continued to investigate the recovered IL using 1H NMR spectroscopy. 

Interestingly, no degradation of the IL was seen during the cellulose dissolution-regeneration 

cycle. They also observed that the ILs, after recovery, was successfully employed in the dissolution 

of cellulose for three successive cycles, while maintaining a consistent performance, even in the 

presence of approximately 3 wt% water. In another study, Huang et al. [3] employed molecular 

distillation to extract the ILs of 1-allyl-3-methylimidazolium chloride (AmimCl) from a 

homogenous cellulose acetylation reaction media. The IL underwent a total of five cycles of 

recycling and reutilization under a homogenous cellulose acetylation system, following the 

application of ideal conditions. The level of purity achieved in the fifth iteration of recycled IL 

was measured to be 99.56%. Xiong et al. [4] introduced an innovative approach to retrieve ILs 
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through the utilization of carbon dioxide (CO2)-induced creation of aqueous two-phase systems 

(ATPSs). This study revealed that the addition of amines to aqueous IL solutions at 25 ℃ and 

atmospheric pressure resulted in the creation of ATPSs upon introduction of CO2. These ATPSs 

consisted of an upper phase rich in ammonium salts and a lower phase rich in ILs. Elsayed et al. 

[5] examined the spinnability and recyclability of CH3CO2
- based ILs   across five consecutive 

cycles. The ILs were retrieved from the coagulation bath through a series of successive heat 

treatments conducted under reduced pressure. Consequently, the ILs that were retrieved were 

employed in dissolving cellulose with a weight percentage of 13% in each cycle, without the need 

for additional IL, resulting in the formation of a uniform solution appropriate for the dry-jet wet 

spinning process. In their study, Mai et al. [6] conducted an investigation on the utilization of 

simulated moving bed (SMB) chromatography, which was equipped with an ion exclusion column 

holding the [C2mim]+ cation. The purpose of this investigation was to separate sugars, specifically 

glucose and xylose, as well as 1-ethyl-3-methylimidazolium acetate [C2mim]CH3CO2. A four-zone 

SMB system, consisting of two ion exclusion columns in each zone, was employed to extract 

glucose, xylose, and [C2mim]CH3CO2   from the aqueous mixture of biomass treated with IL. The 

system achieved yields of 71.38% for glucose, 99.37% for xylose, and 98.92% for [C2mim]. A 

rotary evaporator was employed to achieve a recovery rate of 90% for [C2mim]CH3CO2. 

Furthermore, according to Lazko et al. [7], the binary system is predominantly composed of 

[C4mim]Cl, accounting for around 95% of its composition. Additionally, the study found that 

[SBmim][HSO4], specifically 1-(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate, showed 

the ability to be recovered and reused up to three times without experiencing any loss in its activity.  

In chapter 5, it was observed that is [C4mim](CH3CO2)0.6Cl0.4 efficiently dissolved 

cellulose due to double anion Cl- and CH3CO2
-
 effectively broke the extensive hydrogen bonding 

network and the ability to dissolve the higher amount of cellulose than the conventional solvent 

systems. In this study, 5 wt% PHKP was dissolved in the DSIL of [C4mim](CH3CO2)0.6Cl0.4, and 

cellulose was regenerated by using anti-solvent. The DSIL was recovered by evaporation of anti-

solvent, and the recovered DSIL was again used to dissolve pure 5 wt%  of PHKP, and this process 

was repeated five times. The RC was characterized by means of XRD, FTIR, TGA, and SEM, and 

recovered DSILs were characterized by 1H-NMR, FTIR, and TGA. 
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7.2. Materials and Methods 

The chemicals and methods applied in this chapter to conduct this study have been described in 

the following sub-sections. 

7.2.1. Materials 

PHKP were prepared from Trema orientalis in the laboratory by following the detailed 

conditions described elsewhere [6] and have been used as a source of cellulose throughout the 

study. ILs, [C4mim]Cl and [C4mim]CH3CO2, were purchased from Sigma-Aldrich with purities of 

>98% and >95%,  respectively. Acetone (Sigma-Aldrich, >99.5%) and distilled water (distilled by 

Laboratory Water Purification System, MRC) were used throughout the study. 

 

7.2.2. Preparation of DSIL 

To prepare DSIL of [C4mim](CH3CO2)0.6Cl0.4, 0.6 mole of [C4mim]CH3CO2 and 0.4 mole 

of [C4mim]Cl were mixed together to prepare 10 g of DSIL. The details of the preparation 

procedure have been described in chapter 2 (sub-section 2.2.2).  

 

7.2.3. Methods for recycling and reuse of DSILs  

The way of recycling, purification, and reuse of DSIL, and regeneration of cellulose from 

cellulose-DSIL solution are illustrated in Scheme 7.1. At first, 5 wt % cellulose was added with 

the synthesized DSIL. Dissolution of cellulose was carried out by heating at 80 ℃ with continuous 

stirring. The dissolution of cellulose was confirmed visually and using optical microscopy viewing 

the absence of cellulose fibers in images. Then, non-solvent for cellulose, water was added to the 

cellulose-DSILs solution to precipitate cellulose. It was then filtered. The solid phase was termed 

as regenerated cellulose (RC), which was washed with water several times to remove DSIL 

completely. The filtrate contained DSILs. Water was evaporated from the filtrate by heating. 

Acetone was added with the recycled DSIL and heated to evaporate water completely. The 

recycled DSIL was reused for the dissolution of cellulose. 
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Scheme 7.1. Recycling of DSIL and regeneration of cellulose 

 

7.2.4. Characterizations 

The structure and thermal properties of DSIL, and crystallinity, morphology, and thermal 

properties of PHKP and regenerated PHKP, have been investigated by the following methods. 

 

7.2.4.1. ATR-FTIR spectroscopic analysis 

The structure of ILs and DSIL, cellulose, and RC were characterized by using ATR-FTIR 

spectroscopy. The details of the instrument and operating conditions have been described in 

Chapter 2 (Sub-section 2.2.3.1) 

 

7.2.4.2. 1H NMR spectroscopic analysis 

The structure of ILs and DSIL were characterized by using 1H NMR spectroscopy. The 

details of the instrument and operating conditions have been described in Chapter 2 (Sub-section 

2.2.3.3) 
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7.2.4.3. X-ray diffraction (XRD) analysis 

The crystallinity and crystal structure of the cellulose and the RC were studied by an X-ray 

diffractometer. The details of the instrument and operating conditions have been described in 

Chapter 5 (Sub-section 5.2.4.2) 

 

7.2.4.4. Scanning electron microscopic analysis  

The morphology of PHKP and regenerated PHKP were studied by using scanning electron 

microscopy (SEM). The details of the instrument and operating conditions have been described in 

Chapter 5 (Sub-section 5.2.4.4) 

 

7.2.4.5. Thermogravimetric analysis 

The thermal properties ILs, DSIL, cellulose and RC have been studied by 

thermogravimetric analysis. The details of the instrument and operating conditions have been 

described in Chapter 5 (Sub-section 5.2.4.1) 
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7.3. Results and Discussion 

The necessity of recycling of ILs are important, since the commercial utilization of ILs in 

biomass pretreatment, fractionation, and cellulose dissolving requires the implementation of 

recovery and recycling processes due to their high cost. In addition, recycling and successful 

repeated use of ILs media by keeping the desired quality of RC would be challenging task that are 

to be clarified.   

 

7.3.1. Efficiency of DSIL recycled 

The detailed recycling procedure is discussed above. The cellulose was dissolved in the 

synthesized DSIL. The dissolution of cellulose was carried out by breaking strong intra and inter-

molecular H-bonding among the cellulose network. Water was used as an anti-solvent for cellulose 

as a coagulation solvent for the regeneration of cellulose from the cellulose-DSIL solution. The 

precipitation, filtration, and RC washing were done several times. The outcomes of these 

experiments are presented in Table 7.1. Subsequently, the cellulose was separated from the 

solution using the process of filtration. Finally, the filtrate underwent evaporation and subsequent 

drying in order to acquire DSIL.  

As shown in Table 7.1, cellulose was completely dissolved in recycled DSIL, and 

regenerated cellulose was 94-98%. The recovery of DSIL was 99% after five cycles. Raut et al. 

[2] recovered 97% IL (N-allyl-N-methylmorpholinium acetate). There was no decomposition of 

IL occurred upon cellulose dissolution-regeneration cycle as evident by 1H NMR. Lan et al. [11] 

have used the molecular solvent acetonitrile for the recycling of concentrated [C4mim]Cl solution. 

They obtained 95% of ILs by the evaporating the molecular solvent followed by drying. They also 

observed a change in the color of the recycled [C4mim]Cl solution to an amber hue which is likely 

to be attributed to the presence of pollutants within the [C4mim]Cl solution. The color of recycled 

DSIL in this experiment was increasingly darker with increased recycle numbers (data are not 

shown). In a study conducted by Li et al., [12] wood was pretreated with [C4mim]Cl and was 

recycled four times, and the yield of the recycled IL was found to be 96% when methanol was 

used as the anti-solvent solvent. On the other hand, when water was used as the anti-solvent, the 

regeneration yield of the IL was determined to be 91%. The following parts will discuss the 

attributes of DSIL that have been successfully restored. 
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The regeneration of cellulose occurred by the formation of H-bonds between water and the free 

anions in the system and then it removes free anions from the cellulose surface and hydrates the -

OH groups of the cellulose network resulting in the formation of H-bonding between the cellulose 

chain and reformed it [7a]. The presence of cellulose components in the recycled DSIL will result 

in a decrease in the recovery efficiency of DSILs. The solid RC was washed and dried. The ILs 

have a strong interaction with water. Troshenkova et al. [8] reported that 11 kJ mole-1
 energy was 

required for the removal of water which was strongly bonded with ILs forming a complex of 

[C2mim][OAc]·12H2O. Dibble et al. [9] proposed the utilization of the strong interaction between 

water and other solvents that act as hydrogen bond donors with hydrophilic ILs.  

Using this concept, in this study dry acetone (<0.1 wt% H2O) has been used as shown in 

Scheme 7.1. When there is a substantial biomass loading, cellulose separation is challenging 

because the addition of water causes a gel phase to form. The gel formation was avoided with the 

addition of water: acetone (1:1, v/v) solution [1]. Gutowski et al., [10] suggested an alternate 

method for the recycling of ILs, which involves the addition of an aqueous solution containing a 

kosmotropic anion, such as PO4
3-, CO3

2- or SO4
2-. This approach is based on the ability of the ILs 

to form a biphasic system. According to the report, an aqueous biphasic system was formed using 

[C4mim]Cl, water, and K3PO4.  

 

Table 7.1. Amount of recycled DSILs and regenerated cellulose (RC) 

Cycle No. 
 Cellulose  DSILs Regenerated cellulose Recycled DSILs 

g g g % (g) % 

Cycle-1 

0.50 

10.98 0.49 98 10.82 98.54 

Cycle-2 10.82 0.47 94 10.79 99.72 

Cycle-3 10.79 0.48 96 10.75 99.62 

Cycle-4 10.75 0.47 94 10.70 99.53 

Cycle-5 10.70 0.48 96 10.64 99.44 
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7.3.2. Quality of ILs and DSILs recycled 

The recycled ILs media were characterized by following spectral analysis as described below. 

7.3.2.1. FTIR spectral analysis 

 

 
Scheme 7.2.  Possible structure of DSIL 

 

The FTIR spectra of ILs and recycled ILs have been presented in Fig. 7.1. The FT-IR 

spectra of synthesized DSIL and recycled DSIL are depicted in Fig. 7.2. As shown from the figures, 

the FTIR spectra of recycled IL and DSIL are identical to the FTIR spectra of IL and synthesized 

DSIL. In both spectra, the bands at 3200–2800 cm-1 represents the C-H stretching vibrations of the 

aromatic ring and the alkyl chain length of common cation [C4mim]+ of  [C4mim]Cl and 

[C4mim]CH3CO2 and recycled [C4mim]Cl and [C4mim]CH3CO2 . In Fig. 7.1, the absorption bands 

at 2869, 2933, and 2958 cm-1 represent several C-H stretching vibrations of the alkyl group. The 

bands at 3058 and 3146 cm-1 indicate the stretching vibration of C(2)-H and C(4, 5), respectively. 

Cha et al. [13] found absorption bands for C(2)-H and C(4, 5)-H stretching vibrations at 3114 and 

3163 cm-1, respectively. Bands at 2877, 2938, and 2965 cm-1 represent several C-H stretching 

vibrations of the alkyl group. In Fig. 7.2, the C-H stretching vibrations of the alkyl chain and of 

C(2)-H and C(4, 5)  stretching vibrations are found to be similar are 2870, 2935, 2955, and 3046, 

3147 cm-1, respectively. The peak intensity at 3400 cm-1 was almost similar to recycled and 

corresponding IL. However, in the case of recycled DSIL, the peak intensity at 3397 cm-1 was 

stronger than the synthesized DSIL due to the presence of water. A similar result was observed for 

the recycled IL, which was assigned to H-bonding due to the presence of water investigated by 

Haron et al. [14].  For [C4mim]Cl and [C4mim]CH3CO2, peaks at 2856, 2877, 2913, 2938 and 

2965 cm-1 are attributed to the modes of ssCH2, ssCH3, asCH2, FRCH3 and asCH3, respectively 

(ss, as, and FR represent the symmetric stretch, the antisymmetric stretch, and the Fermi resonance, 
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respectively)[15, 16]. The FTIR spectra of ILs and recycled ILs indicate that the structure remains 

unchanged which indicates the potential of the recycling of ILs. All of these results suggest the 

possible structure of IL used is conserved as illustrated in Scheme 7.2. 

 

 

Figure 7.1. ATR-FTIR spectra of (a) [C4mim]Cl, (b) [C4mim]CH3CO2, (C)  Recycled 

[C4mim]Cl, and (d) Recycled [C4mim]CH3CO2 
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Figure 7.2. FTIR spectra of (a) [C4mim](CH3CO2)0.6Cl0.4 and (b) Recycled 

[C4mim](CH3CO2)0.6Cl0.4 

 

7.3.2.2. 1H NMR spectroscopic analysis  

1H NMR is a powerful tool that has been used to determine the structure of imidazolium-

based ILs and DSILs. The 1H NMR chemical shifts (δ) of [C4mim]Cl, [C4mim]CH3CO2, 

[C4mim](CH3CO2)0.6Cl0.4 and recycled [C4mim]Cl, [C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4 

are presented in Fig.7.3 and Fig. 7.4. The 1H NMR δ values extracted from Fig. 7.3 and Fig. 7.4 

have been tabulated in Table 7.2. The findings obtained from the 1HNMR analysis indicated that 

there was no discernible distinction between [C4mim]Cl, [C4mim]CH3CO2, 

[C4mim](CH3CO2)0.6Cl0.4 and recycled [C4mim]Cl, [C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4  

samples. In the imidazolium cation, [C4mim]+, acidic proton C(2)-H, which mainly participates in 

task-specific applications such as the dissolution of cellulose, is the most important proton. As two 

electron-withdrawing N atoms are attached to C-2 (Scheme 7.2) that makes the C(2)-H proton 

more acidic, which causes the NMR δ in a more downfield region. There are two factors such as 

inductive effect and hydrogen bonding that strongly influence the δ values of protons in the 

imidazolium cation and the alkyl chain [17].  
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Figure 7.3. 1H NMR spectra of (A) [C4mim]Cl, (B) Recycled [C4mim]Cl, (C) [C4mim]CH3CO2, 

(D) Recycled [C4mim]CH3CO2   

 

 

 

Figure 7.4. 1H NMR spectra of (A) [C4mim](CH3CO2)0.6Cl0.4 (B) Recycled 

[C4mim](CH3CO2)0.6Cl0.4 (Cycle-5) 
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To understand the structure of [C4mim](CH3CO2)0.6Cl0.4   and ,  recycled 

[C4mim](CH3CO2)0.6Cl0.4  three important δ values for the proton of C(2)-H, C(4)-H, and C(5)-H 

in [C4mim]+ ion is crucial. The δ values of C(2)-H, C(4)-H, and C(5)-H for 

[C4mim](CH3CO2)0.6Cl0.4  are found to be 10.65, 7.56,7.31 and 10.51, 7.55,7.40 for fifth times 

recycled [C4mim](CH3CO2)0.6Cl0.4 respectively. However, a slight disparity was observed in the 

1HNMR spectrum recycled [C4mim]Cl, [C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4 compared to 

recycled [C4mim]Cl, [C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4, suggesting the presence of 

trace impurities in the recycled ILs. The presence of these pollutants can arise due to the presence 

of celluloses.  A similar observation was evident in recycled [C4mim]Cl by Li et al. [18].  Cha et 

al. also examined the factors which contributed to the δ values, which were shown to be influenced 

by two main aspects: the hydrogen bonding between the anion and the imidazole ring, and the 

inductive effect of their interaction. FTIR and 1H-NMR analyses confirmed the recycling of DSIL 

after the fifth recycle does not alter the structure of DSIL, which helps for the potential application 

of the dissolution of cellulose. 

 

Table 7.2. 1H NMR chemical shifts for all protons of the ILs and DSILs 

ILs and DSILs Chemical shifts (δ, ppm) 

[C4mim]Cl 

 

1H: 10.32(H2), 7.68(H4), 7.32(H5), 4.44(H7), 4.21(H6), 1.75(H8), 

1.25(H9), 0.81(H10) 

Recycled [C4mim]Cl 1H: 10.40 (H2), 7.65(H4), 7.35(H5), 4.30(H7), 4.10 (H6), 1.73(H8), 

1.35(H9), 0.93(H10) 

[C4mim]CH3CO2 

 

1H: 10.85 (H2), 7.24(H4), 7.18(H5), 4.23(H7), 4.00(H6), 1.81(H8), 

1.33(H9), 0.88(H10) 

Recycled[C4mim]CH3CO2 

 

1H: 10.90 (H2), 7.56(H4), 7.16(H5), 4.24(H7), 4.04(H6), 1.85(H8), 

1.35(H9), 0.93(H10) 

[C4mim](CH3CO2)0.6Cl0.4 
1H: 10.65(H2), 7.56(H4),7.31(H5), 4.67(H7), 4.30(H6),1.35(H8), 

1.93 (H11), 1.17(H9), 0.94(H10) 

Recycled 

[C4mim](CH3CO2)0.6Cl0.4 

1H: 10.51(H2), 7.55H4),7.40(H5), 4.66(H7), 4.26(H6), 1.34(H8), 

1.91 (H11), 1.18(H9), 0.92(H10) 
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7.3.3. Assessment of quality of cellulose regenerated by reusing ILs media 

The assessment of the quality of cellulose regenerated by reusing ILs media can be measured by 

studying its structure, crystallinity, thermal stability, and morphology. 

7.3.3.1. FTIR spectral characterizations  

Typically FTIR spectra of PHKP and regenerated PHKP (RPHKP) from cycle-1 to cycle -

5 are displayed in Fig. 7.5. The FTIR analysis reveals that both PHKP and cellulose, which has 

undergone repeated regeneration up to five cycles from the PHKP-[C4mim](CH3CO2)0.6Cl0.4  

solution, have identical fundamental structures, as depicted in Fig. 7.5. Compared to the Fig 7.2, 

it is seen that the characteristic peaks for the [C4mim](CH3CO2)0.6Cl0.4 were absence, which 

indicated the complete removal of DSIL after washing. The range between 3400 and 3300 cm-1 

was determined to be attributed to hydrogen bonding in both DSIL and RPHKP samples. Man et 

al. [19] reported a C–H stretching vibration at 2900 cm-1, as well as a peak around 1426 cm-1 due 

to the  –CH2– (C6)– bending vibration in cellulose moiety. This showed that amorphous cellulose 

and crystalline cellulose II were present together in all samples. [20]. A weak shoulder at around 

1650 cm-1 for –OH bending of absorbed water in cellulose-water interaction was seen for PHKP, 

RPHKP-2 and RPHKP-3. A strong peak at around 1010 cm-1 attributed to the CO of carbohydrates 

was seen in all samples. The presence of a distinct peak at 890 cm−1 in the spectra indicates the 

occurrence of glycosidic C–H deformation accompanied by ring vibration and O–H bending in the 

𝛽-glycosidic links between glucose molecules inside cellulose. This particular peak exhibited a 

greater intensity in the RC derived from DSIL [21]. All samples showed bands at 1366, 1310, and 

1150 cm−1, which is due to the stretching and wagging vibration of -CH, -CH2, and C–O stretching 

in cellulose II, respectively [22]. These results suggested that all samples had a mixture of cellulose 

I and cellulose II structures in different proportions. 
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Figure 7.5. ATR-FTIR spectra of (a) PHKP, (b) RPHKP-1 (1st recycling), (c) RPHKP-2 (2nd 

recycling), (d) RPHKP-3 (3rd recycling), (e) RPHKP-4 (4th recycling), and (f) RPHKP-5 (5th   

recycling) 

 

7.3.3.2. Microstate analysis 

The XRD patterns of PHKP and RC from recycled DSIL are shown in Fig. 7.6 and their 

crystallinity index have been tabulated in Table 7.3. Cellulose I structure was identified from the 

XRD pattern of PHKP giving a sharp peak at 23.0° and a broad peak between 15.5°, which 

corresponds to (200) and (110) planes, respectively. However, RC showed cellulose II structure 

and broad peaks at around 20°. The peak at 2θ=23o was sharper for PHKP, while the peak intensity 

at around 20° for RC decreased drastically. This indicates that PHKP exhibits higher crystallinity 

compared to RC. The crystallinity index of PHKP was found to be 55.69 %, which was decreased 

to 20.53% after regeneration. Recycled DSIL dissolved fresh PHKP and showed similar results. 

The crystallinity index of RC from dissolved PHKP in fifth time recycled DSIL was 24.15%. Li 

et al. [12] showed that the degree of crystallinity decreased in RC from hardwood and softwood 
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pulps dissolved in [C4mim]CH3CO2, and cellulose I was permanently converted to cellulose II. 

Dadi. [23] showed that the RC can easily hydrolysable to short glucose oligomers, making it easier 

to mass transfer in the overall reaction. In addition, the authors proposed that the RC contains a 

higher proportion of β-glucosidic linkages that are accessible to cellulose as a result of the 

pretreatment process's reduced crystallinity and a probable increase in the surface area. Therefore, 

regenerated cellulose from IL is more reactive to produce cellulose based products. 

 

 

Figure 7.6. XRD pattern of a) PHKP, (b) RPHKP-1 (c) RPHKP-2 (d) RPHKP-3 (e) RPHKP-4, 

and (f) RPHKP-5  

 

Table 7.3. The crystallinity index of PHKP and RPHKP (RC) 

Samples Crystallinity (%) 

(a) PHKP 55.69 

(b) RPHKP-1 20.53 

(c) RPHKP-3 18.37 

(d) RPHKP-4 24.97 

(e) RPHKP-5 24.15 
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7.3.3.3. Evaluation of morphology  

The SEM images of PHKP and RPHKP displayed in Fig. 7.7. The morphology of RPHKP 

significantly changed compared to PHKP. In the RPHKP, it is evident that the fibers are merged 

together, and homogenous microstructure has been developed, related observations have been 

made elsewhere [1, 24]. The macroscopic morphology of the RC varied depending on the IL 

solution and the recycled ILs. Powdery floc-type cellulose was formed by the rapid mixing of ILs 

with an aqueous system. Thin fibers and rods can be made by extruding the IL/cellulose solution 

into water. 

 

 

Figure 7.7. SEM images of (A) PHKP and (B) RPHKP-5  

 

 

7.3.4. Thermal stability 

Among the physicochemical properties, the thermal properties of the DSILs and cellulose need to 

be investigated to find the thermal behavior the DSIL and cellulose. For applications in industrial 

level, the thermal properties of DSILs and cellulose are very important in finding their operational 

temperature range such as melting points (Tm), glass transition temperature (Tg), thermal 

decomposition temperature (Td) etc. and various thermal properties that need to be determined to 

optimize the operational temperature range for the DSILs and cellulose.  
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7.3.4.1. ILs and recycled ILs 

The thermal properties of ILs and DSILs have been studied by TGA as it the most versatile 

technique to investigate the stability of ILs and DSILs. The thermograms of [C4mim]Cl, 

[C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4 and recycled [C4mim]Cl, [C4mim]CH3CO2, 

[C4mim](CH3CO2)0.6Cl0.4 have been presented in Fig. 7.8. The degradation temperature Td of 

[C4mim]Cl, [C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4 and recycled [C4mim]Cl, 

[C4mim]CH3CO2, [C4mim](CH3CO2)0.6Cl0.4 .4 have been tabulated in Table 7.4.   

 

Table 7.4. Decomposition temperature (Td) of ILs and DSIL at different temperature 

DSILs Td / °C 

1st   2nd  

[C4mim]Cl 238 - 

Recycled [C4mim]Cl 252.3 - 

[C4mim](CH3CO2)0.6Cl0.4 197.9 256.9 

Recycled [C4mim](CH3CO2)0.6Cl0.4 227.6 266.3 

[C4mim]CH3CO2 197.9 - 

Recycled [C4mim]CH3CO2 201.3 - 

 

In Table 7.4, it can be seen that [C4mim]Cl, [C4mim]CH3CO2 exhibits single (Td) in 

contrast to [C4mim](CH3CO2)0.6Cl0.4 and recycled [C4mim](CH3CO2)0.6Cl0.4  displays two distinct 

Td as observed from the thermogram. This observation is consistent with the fact that 

[C4mim](CH3CO2)0.6Cl0.4 is mixture of [C4mim]Cl, [C4mim]CH3CO2  having two different Td. The 

first Td of the [C4mim](CH3CO2)0.6Cl0.4 is related to the [C4mim]CH3CO2 component and the 

second Td at a higher temperature than the former corresponds to the highly stable [C4mim]Cl 

component. One interesting observation is that both Td in the case of [C4mim](CH3CO2)0.6Cl0.4 lies 

in between [C4mim]Cl, [C4mim]CH3CO2 . As shown in Fig. 7.7. The weight loss at 170 ℃ of 

[C4mim](CH3CO2)0.6Cl0.4 was only 3.5% and 13.5% for recycled [C4mim](CH3CO2)0.6Cl0.4. This 

was due to the presence of moisture in the recycled [C4mim](CH3CO2)0.6Cl0.4. The first and second 

Td of [C4mim](CH3CO2)0.6Cl0.4  are 197.9 and 256.9 ℃, respectively. Similarly, the first and 

second Td of recycled [C4mim](CH3CO2)0.6Cl0.4 are 198 and 265 ℃, respectively. The slight 

increase in  Td of recycled [C4mim](CH3CO2)0.6Cl0.4  is due to the presence of impurities such as 
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cellulose. The Td of [C4mim](CH3CO2)0.6Cl0.4  was started at 202 ℃ and continued up to 300 ℃ 

with 1.8 % residual mass. On the other hand, Td of recycled [C4mim](CH3CO2)0.6Cl0.4   started at 

198 ℃ and continued up to 318 ℃ with 5% residual mass. The above results indicated that 

recycled DSIL remained unchanged and remained thermally stable. 

 

 

Figure 7.8. TGA thermograms of (a) [C4mim]Cl, (b) Recycled [C4mim]Cl (c) [C4mim]CH3CO2 

(d) Recycled [C4mim]CH3CO2 (e) [C4mim](CH3CO2)0.6Cl0.4 and (f) recycled 

[C4mim](CH3CO2)0.6Cl0.4 

 

7.3.4.2. PHKP and regenerated PHKP 

Fig. 7.9 represents TGA curves of PHKP and RPHKP. A small weight loss was observed 

for all samples at around 110 ℃, which was due to the evaporation of moisture. The RPHKP 

showed lower Td compared to PHKP indicating lower thermal stability of the RPHKP. The lower 

stability can be explained by the lower crystallinity index of the RPHKP (Table 7.3). As shown in 

Table 7.5, the Td of PHKP was 320 ℃, which decreased to 282.7 ℃ on RC from first recycling. 

The RC from the PHKP dissolved in the fifth time recycled DSIL was 253.7 ℃. Other studies also 

showed lower thermal stability compared to original cellulose [12, 25]. The Td of RPHKP is lower 



236 
 

than and regenerated PHKP from DSIL. The crystallinity of RPHKP is also lower than PHKP. The 

Td decreased with the decrease in crystallinity. This suggests that the hydrogen bond networks and 

crystal structure in cellulose may have been largely disrupted by the processes of dissolution and 

subsequent regeneration, which are responsible for the decrease in the thermal stability of 

regenerated PHKP. DTG curves of the corresponding TGA curves gives insight into the thermal 

behavior of the prepared PHKP and RPHKP. Fig. 7.10 depicts the DTG curves for the 

corresponding TGA curves. As expected, rate of maximum degradation for RPHKP should be 

occurred at lower temperature except for RC from 3rd cycle. Fig. 7.9 and Table 7.6 provide clear 

evidence that the thermal stability of PKHP is influenced by the crystallinity of PHKP. 

Specifically, the thermal stability of PKHP decreases as the crystallinity of PHKP decreases.  

 

Table 7.5. Decomposition temperature (Td) of ILs and PHKP and regenerated PHKP 

Sample Degradation temperature 

(Td), °C 

Derivatives of TG 

 (μg/min) at temperature (°C)  

PHKP 320 367.7 

RPHKP-1 282.7 343.2 

RPHKP-2 319.8 366.5 

RPHKP-3 243.4 319.1 

RPHKP-4 284.3 347.1 

RPHKP-5 253.7 332.5 

 



237 
 

 

 

Figure 7.9. TGA thermograms of (a) PHKP, (b) RPHKP-1 (c) RPHKP-2 (d) RPHKP-3 (e) 

RPHKP-4, and (f) RPHKP-5  
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Figure 7.10. DTG thermograms of a) PHKP, (b) RPHKP-1 (c) RPHKP-2 (d) RPHKP-3 (e) 

RPHKP-4, and (f) RPHKP-5  
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7.4. Conclusions 

A double salt ionic liquid of [C4mim](CH3CO2)0.6Cl0.4 has been prepared and used for the 

dissolution of pre-hydrolyzed kraft pulp (PHKP). Anti-solvent for cellulose water was used for the 

coagulation of pulp from pulp-DSIL solution. The regenerated (R) PHKP was obtained from the 

precipitate. DSIL was recycled from filtrate by the evaporation of water. The recycled DSIL has 

been used for the dissolution of fresh PHKP. Consecutive five recycling and regeneration of PHKP 

have been carried out. After the fifth recycling of DSIL, 99.4 % DSIL was recovered and 96 % of 

RPHKP was obtained. The structure of DSIL and recycled DSIL was investigated by FTIR and 1H 

NMR spectroscopy. The FTIR spectra reveal that the C-H stretching vibrations of the alkyl chain 

and of C(2)-H and C(4, 5)  stretching vibrations for [C4mim]+ cation was found to be similar for 

DSIL and recycled DSIL were  2870, 2935, 2955, and 3046, 3147 cm-1, respectively. To 

understand the structure of DSIL   and,  recycled DSIL,  three important δ values for the proton of 

C(2)-H, C(4)-H, and C(5)-H in [C4mim]+ ion is crucial. The δ of C(2)-H, C(4)-H, and C(5)-H for 

DSIL  was found to be 10.65, 7.56,7.31 and 10.51, 7.55,7.40 for fifth times recycled DSIL 

respectively. The thermal stability of DSIL and recycled DSILs was found to be 197.9 and 227.6 

°C respectively. FTIR spectroscopy confirmed the structure of PHKP and RPHKP. The 

crystallinity and the thermal stability of RPHKP were decreased. The structure of PHKP converted 

from cellulose I to cellulose II. SEM images showed that the morphology of the RC fibers was 

fused into a relatively homogeneous macrostructure, and RC had lower thermal stability as 

observed by TGA analysis. It is true that for the high cost of ILs is a limitation in case of their 

large-scale industrial application. As ILs are much more expensive than conventional solvents 

involved in the cellulose dissolution and derivatization process, recovery operations of ILs must 

be highly efficient to make them economically viable and sustainable.  
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CHAPTER 8 

 

Functionalization of Jute-Based Cellulose in Double Salts Ionic Liquids 

 

Abstract 

A novel process has been developed to produce cellulose acetated (CA) from pre-hydrolyzed kraft 

pulp (PHKP) from jute using double salts ionic liquids (DSILs), which include more than two 

different types of ions. Each DSIL is distinct in terms of the combination of ion types, ion ratios, 

and their attributes. The features of each combination are distinct from those of two ion ILs because 

each combination of ion types forms a unique DSIL. Ionic liquids (ILs) have found extensive 

applications across several industries owing to their ability to modify their properties by 

manipulating their ionic constituents. ILs, a type of salts, exhibit a relatively low melting point, 

typically at or below 100 ℃. A DSIL of [C4mim](CH3CO2)0.6Cl0.4, was prepared from 1-butyl-3-

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

([C4mim]CH3CO2). The structure of DSIL was characterized by FTIR and NMR spectroscopy. 1H 

NMR spectroscopy confirmed the complete structure of cellulose acetate. The maximum degree 

of substitution (DS) of the synthesized CA was found to be 2.85. The synthesized CA samples 

were characterized by FTIR, 1H NMR, XRD, TGA-DSC, and SEM. A strong band for stretching 

vibration of –OH of cellulose was absent and a strong band for carbonyl (C=O) group was observed 

suggesting successful esterification of PHKP. The crystallinity index of PHKP was determined to 

be 51.1%, which decreased upon acetylation. All these results indicate that the esterification of 

cellulose is successful. The exothermic and endothermic peaks on DSC thermograms provides 

insight into the thermal change that is taking place. 

 

Keywords: PHKP, Cellulose acetate, Acetylation, Degree of substitution, 1H NMR spectroscopy 
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8.1. Introduction 

Cellulose derivatives, particularly those prepared through various chemical modifications 

using ionic liquids (ILs), have gained significant interest owing to their potential for application in 

a wide range of industries. So far, ILs have proved to be promising material for various industrial 

applications such as food, pharmaceutics, cosmetic, green energy storage materials, and polymer-

based nanocomposites for sensor, energy storage, biomedicine, etc. [1-10]. There are several 

methods of modification i.e., esterification, etherification, nitration, and oxidation etc. that could 

be done in IL medium. Among these modifications, cellulose esterification is indeed one of the 

most important and widely studied processes as esters of cellulose are of significant importance 

due to its extensive applications in different fields and industries i.e., plastics, textiles, films, fibers, 

cigarette industries etc. [11-13]. Hence, the production of cellulose esters plays an important role 

in both socio-economic and environmental aspects as it is produced and utilized in large scale. 

Esters of cellulose are generally produced chemically in either heterogeneously or homogeneously. 

Although both processes have been widely utilized in different industries and fields, their quality 

of product and the efficiency of the process is quite different. Industrially, the heterogeneous 

process is widely employed however, the efficiency of the process and the quality of the product 

is poor compared to the homogeneous process [14, 15]. In heterogeneous process, the cellulose 

raw material is kept in solid form undissolved and the esterification is carried out on this solid 

form. Esterification reaction targets the –OH groups of the cellulose which are underexposed in 

heterogeneous process due to cellulose being a complex network of polymer chains. Thus, the 

esterification is inefficient in this method. In contrast, homogeneous reaction enables the cellulose 

chains to open up consequently –OH groups are exposed for effective esterification [16, 17]. As a 

result, homogeneous esterification of cellulose is highly efficient compared to heterogeneous 

esterification of cellulose. The limitation of homogeneous process lies in the dissolution of 

cellulose. 

Cellulose is very challenging to dissolve due to its rigid nature and close chain packing 

caused by multiple inter and intramolecular H-bonding. Appropriate cellulose solvents that can 

dissolve cellulose and create an environment that is conducive to the homogenous reaction are 

urgently required. Only a few solvent systems, such as DMAc/LiCl, DMF/N2O4, NMNO, and 

DMSO/TBAF, as well as some hydrates of molten salt, including LiClO4*3H2O and 

LiSCN*2H2O, have been discovered so far. It has also been reported esterification, etherification, 
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and other homogeneous derivatization processes, can produce new compounds in these solvents 

[18–21]. Moreover, these methods sometimes create serious environmental problems for unable 

to recycle and reuse [22, 23]. Recent years have seen a lot of interest in ILs as the "green" reaction 

medium for homogeneous cellulose derivations. According to Zhang and his coworkers, cellulose 

could be homogeneously acetylated in AMIMCl with varying without degrees of substitution (DS) 

the need for any catalysts [24]. ILs provide a much better system to dissolve cellulose for further 

derivatization due to it being extremely polar, chemically inert, and thermally stable. Several 

studies have been conducted in dissolving cellulose using different ILs [23, 25–28]. However, 

there are limitations in terms of dissolution percentage in ILs. In addition to that, catalysts are 

required during the derivatization process which increases the system complexity and after the 

reaction the catalyst need to be removed from the system that is also a major limitation [29]. Many 

research studies have taken these limitations into consideration and proposed a different solution 

to these problems. One of the approaches is to create binary solvent systems with the ILs and other 

organic solvent to enhance its dissolution efficiency. Barthel and coworkers carried out 

homogeneous acetylation and carbonylation of cellulose with the aprotic ILs of [C4mim]Cl, 

[C2mim]Cl, 1-butyl-2,3-dimethylimidazolium bromide ([C4dmim]Cl and 1-allyl-2,3-

dimethylimidazolium bromide ([Admim]Br) for 2 h at 80 ℃ under mild conditions, small excess 

reagent, and short reaction time. They found that DS of CA in the range from 2.5 to 3.0 [30]. Liu 

et al. prepared cellulose acetoacetate (CAA) with the reaction of tert-butyl acetoacetate and  

AmimCl. CAA was utilized to prepare self-healing polysaccharide hydrogel incorporating with 

chitosan aqueous solution through a Schiff-base reaction. The DS of CAA is dependent on the 

molar ratio of tert-butyl acetoacetate and AmimCl and the reaction time [31]. 

One of the novel approaches of the IL mixture that is yet to be explored with in-depth analysis, is 

the mixture of two different ILs with common cation or anion or completely different ions pairs. 

These are termed as double salt ionic liquids (DSILs) which contains components of two different 

ILs. Interestingly, the properties of the DSILs are quite different not only from their components 

but also from their different mole fractions [32]. This unique change of properties depending on 

different mole fractions of  ILs present in DSILs provide a promising way for tuning the properties 

of IL mixtures according to the requirements. Thus, the limitations of the  ILs could be mitigated 

by preparing a suitable DSILs for the purpose of dissolving cellulose. Furthermore, derivatization 

of cellulose is easily obtained under mild reaction conditions. 
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This study explores the use of jute, a cost-effective textile fiber, as a potential source of cellulose 

for acetylation. Jute, historically known as the "Golden fiber of Bangladesh," has been widely used 

in packaging materials. It is a key export of Bangladesh, providing jobs to many. However, due to 

competition from synthetic materials, its traditional applications have declined, leading to reduced 

demand. This research aims to find new uses for jute to revitalize the jute industry. In this study, 

DSIL of [C4mim](CH3CO2)0.6Cl0.4 was employed as solvent for the purpose of dissolving cellulose. 

The dissolved cellulose system was subjected to the acetylation for the preparation of CA.  
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8.2. Materials and Methods 

The materials and methods that were followed to accomplish this work are discussed below. 

8.2.1. Materials  

The prehydrolysis kraft pulp (PHKP) were prepared from jute fiber in the laboratory by 

following the detailed conditions described elsewhere [32]. The pulping procedure was conducted 

utilizing a 5-liter capacity stainless-steel digester, which was electrically heated and rotated at a 

rate of 1 revolution per min (rpm). Prehydrolysis was carried out employing water at a temperature 

of 170 ℃ for a duration of 30 min. The material to liquor ratio was maintained at 1:5 (g/mL). 

Maximum temperature was reached after 40 min. Following the completion of the prehydrolysis 

phase, pressure was released through venting the valve, and subsequently, the liquid component 

was filtered to separate it from the solid mass. The material was then subjected to washing with 

water, disintegration, and reserved for the ensuing kraft pulping procedure, which was executed 

following the aforementioned protocol. ILs, [C4mim]Cl and [C4mim]CH3CO2, were purchased 

from Sigma-Aldrich with purities of >98% and >95%, respectively. Acetone (Sigma-Aldrich, 

>99.5%) and distilled water (distilled by Laboratory Water Purification System, MRC) were used 

throughout the study. The standard cellulose acetate, average Mn ~ 30000 by GPC, assay 39.3-

40.3%, were purchased from Sigma-Aldrich, CHEMIE Gmbh.   

8.2.2. Preparation of DSIL 

To prepare DSIL of [C4mim](CH3CO2)0.6Cl0.4, 0.6 mole of [C4mim]CH3CO2 and 0.4 mole 

of [C4mim]Cl were mixed together to prepare 6 g of DSIL. The detail procedure for the preparation 

of DSIL have been discussed in Chapter 2 (sub-section 2.2.2) 

8.2.3. Synthesis of cellulose acetate using DSIL 

Cellulose acetate (CA) was synthesized following the method mentioned in the reference 

with few modifications [33]. 5 wt% of PHKP was added with DSIL. It was the kept for 30 min for 

swelling. The cellulose-DSIL mixture was then heated at 80 ℃ with constant stirring in an oil 

bath. Cellulose samples used in this study were dried for 24 h under vacuum before use. The 

dissolution of cellulose was carried out in a closed system. All the experiments were carried out 

very carefully to keep the moisture at a negligible amount to avoid adsorption by cellulose samples 

for consequent interference with the dissolution process. The dissolution of cellulose was followed 

by an optical microscope (Oxion, Euromax, Holland) as well as by visual monitoring. After that, 
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2-3 mL of acetic anhydride was added with the cellulose solution. It was heated at 80-100 ℃ for 

2-3 h for the acetylation of cellulose. Methanol was added for the regeneration of CA. It was the 

filtered with G-2 filter (Funnels, Buchner, with Sintered Disc, Glasscolabs) under vacuum. The 

precipitates were washed five times to remove unreacted chemical species from the product. The 

obtained CA was dried under vacuum for 24 h at 75 ℃ and 0.1 MPa. 

 

 

Scheme 8.1. A schematic diagram for the preparation of cellulose acetate (CA) 

8.2.4. Characterizations 

The structure of DSIL and CA were determined by spectroscopic techniques and 

crystallinity, morphology, and thermal properties of CA have been investigated by the following 

methods. 

 

8.2.4.1. Spectroscopic analysis 

The structure DSIL and CA were characterized by using ATR-FTIR spectroscopy and 1H 

NMR spectroscopy.  
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8.2.4.1.1. ATR-FTIR spectroscopy 

The structure DSIL and CA were characterized by using ATR-FTIR spectroscopy and 1H 

NMR spectroscopy. The details of the instrument and operating conditions have been described in 

Chapter 2 (Sub-section 2.2.3.1) 

 

8.2.4.1.2. 1H NMR spectroscopic analysis 

The structure of DSIL and CA was characterized by using 1H NMR spectroscopy. The 

details of the instrument and operating conditions have been discussed in Chapter 2 (Sub-section 

2.2.3.3) 

 

8.2.4.2. X-ray diffraction (XRD) analysis 

The crystallinity of CA was studied by an X-ray diffractometer. The details of the 

instrument and operating conditions have been described previously in Chapter 5 (Sub-section 

5.2.4.2). The crystallinity index (CI) was calculated using the eq. 1 [34]. 

𝐶𝐼 =
𝐴 (cryst. )

𝐴 (total)
×  100 (1) 

where, A (cryst.) is area of crystalline domain and A (total) is the area of crystalline and amorphous 

domain, respectively. 

 

8.2.4.3. Scanning electron microscopic analysis  

The morphology CA was studied by using scanning electron microscopy (SEM). The 

details of the instrument and operating conditions have been described in Chapter 5 (Sub-section 

5.2.4.4). 

 

8.2.4.4. Thermogravimetric analysis 

The thermal properties CA have been studied by thermogravimetric analysis. The details 

of the instrument and operating conditions have been described in Chapter 5 (Sub-section 5.2.4.1) 

 

8.2.4.5. Determination of degree of substitution (DS) 

1H-NMR were recorded on a 500 MHz Bruker AVIII spectrometer (Germany) at 25 ℃ 

using DMSO-d6. The DS of the CA samples were determined using the integration peaks of 1H-
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NMR spectra. From the spectra, the ratio of the 1/3 of the integration peak of acetyl group and 1/7 

of anhydroglucose unit is calculated. Eq. 2 was used to calculate DS. [35] 

DS =
7 × I(CH3, H)

3 × I(AGU, H)
 (2) 

The variable I(CH3, H) represents the integration area of the peaks that correspond to the three 

methyl protons of the acetyl group, which are typically observed at a chemical shift range of 

approximately 1.6-2.3 ppm. On the other hand, I(AGU, H) refer to the integration of the peaks 

associated with the seven ring protons of the anhydroglucose unit, which are typically observed at 

a chemical shift range of approximately 2.8-5.5 ppm. It is important to note that the signal for 

residual water at a chemical shift of 3.3 ppm is excluded from this integration. 

 

8.2.4.6. Determination of %Yield  

The percent yield of the product was determined on the dry weight basis using the eq. 3 

[36]. 

 

Yield (%) =
Weight of dried CA

Weight of dried cellulose
× 100 (3) 
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8.3. Results and Discussion 

As described above, the preparation of DSIL and synthesis of CA were attempted to be carried 

out. Here the results obtained from DSIL are described and then the initiatives taken for the 

synthesis of CA and related observations are systematically discussed.   

8.3.1. Evaluation of structure of DSIL 

The structure of prepared DSIL was determined by the ATR-FTIR and 1H NMR spectroscopic 

measurements. 

8.3.1.1. ATR-FTIR spectroscopic analysis 

FTIR spectroscopy is a useful analytical technique that offers significant insights into the 

functional groups and molecular-level interactions present in DSIL. The deconvoluted  ATR-FTIR 

spectra of synthesized DSILs of [C4mim](CH3CO2)0.9Cl0.1 is presented in Fig. 8.1. The Fig. 8.1 (A) 

represents the C-H stretching vibration of imidazolium ion [37]. The C-H stretching vibrational 

bands, especially those associated with the aromatic ring of the cation, give a lot of structural 

information. Fig. 8.1 (B) presents absorption bands obtained in 1100-1650 cm-1. The analysis of 

this spectrum revealed several prominent peaks that provide valuable information about the 

molecular structure of [C4mim]+, which is likely an DSILs. The identified bands at specific 

wavenumbers are indicative of different types of chemical bonds and molecular vibrations within 

the [C4mim]+ ion. The bands at 2875, 2936, and 2961 cm–1 represent several C-H stretching 

vibrations of the alkyl group. These three peaks correspond to C-H stretching vibrations of the 

alkyl group within the [C4mim]+ ion. The presence of C-H stretches in this region suggests the 

presence of alkyl chains in the molecule, typically associated with the DSIL structure. 

The peaks at 3025 and 3055 cm-1 indicates C(2)-H and C(4,5)-H, stretching vibrations, 

respectively. These specific wavenumbers provide critical information about the nature and 

location of carbon-hydrogen bonds within the [C4mim]+ of DSILs. Similar observations regarding 

the FTIR spectral bands corresponding to C-H stretching vibrations of alkyl groups and specific 

C-H stretching vibrations at different positions have been made by many researchers. These 

findings provide valuable consistency and confirmation of the molecular structure and vibrational 

modes of the [C4mim]+ ion, particularly in the context of ILs. Umebayashi et al. [38] have found 

bands 2951, 2970, and 2992 cm-1 for C-H stretching vibrations of alkyl group. They also found 
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C(2)-H and C(4, 5)-H stretching vibrations at 3124 and 3162 cm-1, respectively. Cha et al. [39] 

found C(2)-H and C(4,5)-H stretching vibrations at 3114 and 3163 cm-1, respectively. Bands at 

2877, 2938, and 2965 cm-1 are attributable to several C-H stretching vibrations of alkyl group. The 

bands at 1561 and 1571 cm-1 indicates the presence of C=C and C=O in [C4mim](CH3CO2)0.6Cl0.4.  

 

 

Figure 8.1. Deconvoluted ATR-FTIR spectra of [C4mim](CH3CO2)0.6Cl0.4 : (A) C-H stretching 

region and (B) 1650-1100 cm-1 region 

 

8.3.1.2. 1H NMR spectroscopy 

1H NMR chemical shifts (δ) pertaining to DSIL [C4mim](CH3CO2)0.6Cl0.4 is illustrated in 

Fig. 8.2. These δ values exhibit distinct features influenced significantly by two key factors. Firstly, 

the protons in the system participate by H-bonding with the anion. Secondly, the presence of the 

anion exerts an effect on the chemical environment of the imidazolium ring. [40, 41]. The C(2)-H 

proton of the [C4mim]+ is located in close proximity to two nearby two electron-withdrawing N 

atom. The observed δ values undergo a significant downfield shift due to the spatial arrangement. 

The observed δ values can be attributed to the deshielding effect caused by nearby electron-

withdrawing groups. This impact perturbs the immediate electronic environment of the proton, 

leading to the observed shift. To understand the structure of DSIL three important chemical shifts 

for the proton of C(2)-H, C(4)-H, and C(5)-H in [C4mim]+ ion is crucial. The δ values of C(2)-H, 

C(4)-H, and C(5)-H in [C4mim](CH3CO2)0.6Cl0.4 are found to be 10.4, 7.6, and 7.4 ppm, 
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respectively. Zaoui et al. [42] reported that the 3-octyl-1-vinylimidazolium bromide imidazolium 

ring structure also had δ values at 7.32, 7.68, and 9.69 ppm, which corresponds to C(5)-H, C(4)-

H, and C(2)-H, respectively. The δ values of C(2)-H protons of all mole fractions showed the 

highest value in the more downfield region. The anions of Cl- and CH3CO2
-  form H-bonding with 

the C(2)-H proton due to its acidic nature as its respective carbon is attached to two electron-

withdrawing N atoms. The δ values of the other protons of [C4mim](CH3CO2)0.6Cl0.4 are found to 

be 4.3, 4.0, 1.9, 1.8, 1.3, and 0.9 ppm for C(7)-H, C(6)-H, C(11)-H, C(8)-H, C(9)-H, and C(10)-H 

respectively. These δ values also provide information about the local electronic environment of 

these protons, which can be influenced by the nearby atoms and functional groups in the molecule. 

The δ values of C-11 protons of DSILs showed in the downfield region comparative to C(8)-H, 

C(9)-H, and C(10)-H protons due to the -C=O  groups attached to it [43]. 

 

Figure 8.2. 1H NMR spectrum of DSIL  
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8.3.3. Synthesis of CA 

The solubility, mechanical, chemical, physical, and thermal properties of CA depend on DS value. 

The DS value of prepared CA from PHKP was found to be 2.77, 2.70, 2.65 and 2.85 for CA1, 

CA2, CA3 and CA4, respectively, as summarized in Table 8.1. The maximum value of DS was 

found to be 2.85 for CA4 at 100 ℃ for 3 h reaction time. This happened due to possible increase 

in contact between cellulose and reactants. Consequently, the rate of reaction increased and as a 

result the DS value increases. The DS value increased to 2.85 from 2.77 with the increase in 

reaction time and temperature. Li et al. [44 has been suggested that during the initial stages of the 

reaction, the reaction system exhibited heterogeneity, whereby the –OH groups present on the 

surface of solid cellulose were selectively subjected to acetylation. Subsequently, as the acetylation 

process advanced, the acetylated cellulose gradually underwent dissolution within the reaction 

medium, leaving behind unreacted –OH groups. The –OH groups were replaced by larger acetate 

groups in case of CA samples with higher DS. Similar results are observed for 

carboxymethylcellulose preparation [36, 45]. The percent yield of the synthesized CA was found 

to be 145, 138, 125, 125 % for CA1, CA2, CA3, and CA4 respectively have been tabulated in 

Table 8.1. The solubility of CA were tested in di-methylsulfoxide (DMSO) and acetone. The 

solubility of the synthesized CA were found completely soluble in DMSO. 

Table 8.1. The percent yield, DS and solubility of CA 

Sample 

name 

Reaction 

time (h) 

Reaction 

temperature 

(ºC) 

Solubility 

in acetone 

Solubility in 

DMSO 
DS Yield (%) 

CA1 2 80   2.77 145 

CA2 2 80   2.70 138 

CA3 3 100   2.65 125 

CA4 3 100   2.85 152 

: soluble; : insoluble 
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8.3.4. Identification of functional groups of CA synthesized 

The FTIR spectra of PHKP, standard CA and synthesized CA have been presented in Fig. 8.3. The 

strong absorption bands at 3308 cm-1 in PHKP are due to –OH stretching, which completely 

disappeared upon acetylation. All prepared CA exhibited a strong band of the carbonyl (C=O) 

group at 1735 cm-1, confirming the effective chemical conversion to an ester. Shaikh et al. also 

observed the disappearance of –OH stretching and the formation of a prominent band of carbonyl 

(C=O) group [46]. Rodrigues Filho et al. [47] reported the presence of a strong band at 1746 cm-

1, corresponding to the stretching vibration of the C=O of CA, and a corresponding decrease in the 

intensity of the –OH stretching band at 3460 cm-1. The bands at approximately 1050 cm-1 for C–

O–C in anhydroglucose units of cellulose were also clearly seen. As seen from Fig. 8.3, the 

intensity of this band was almost similar, which indicated that the esterification was happened only 

in –OH group [46]. The bands at 1364 cm-1 and 1223 cm-1 corresponds to C–H bending and C–O 

stretching vibrations of acetyl group, respectively. Das et al. [26] also observed increased band 

intensity for the carbon-hydrogen (C-H) bending vibration at 1369 cm−1 and carbon-oxygen (C-

O) stretching vibration at1220 cm−1. The intensity of band absorption bands for amorphous region 

in CA at 896 cm-1 was higher than the PHKP. 
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Figure 8.3. ATR-FTIR spectra of (a) PHKP, (b) standard CA, (c), CA1, (d) CA2 (e) CA3 and (f) 

CA4, and (g) [C4mim](CH3CO2)0.6Cl0.4 

 

8.3.5. 1H NMR spectroscopic analysis of prepared CA 

Fig. 8.4 displays the 1H-NMR spectra of CA-1 dissolved in DMSO-d6 recorded at 25 ℃ that has 

been produced with a DS of 2.77. The H atoms present in the methyl (–CH3) of acetyl groups are 

corresponded to chemical shift of around 1.9 – 2.1 ppm. The resonance peak observed at a 

chemical shift of 1.9 ppm can be attributed to the H atom attached to the third carbon atom (C3) 

inside the framework of cellulose. Similarly, the resonance peak observed at a chemical shift of 

2.1 ppm can be attributed to the proton attached to the sixth carbon atom (C6). The observed peaks 

within the chemical shift range of 5.20 – 2.80 ppm can be attributed to the seven ring protons of 

anhydroglucose unit (AGU). However, the large signal observed at ~3.3 ppm corresponds to the 
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residual water which is not part of the AGU. Similarly, peaks arising at δ value of 2.5 is attributable 

to the DMSO-d6. The signals observed at δ of 4.7, 4.5, 5.1, 3.7, and 3.8 ppm were assigned to the 

carbon atoms C1, C2, C3, C4, and C5, respectively. Additionally, the signal at 4.3 and 4.1 ppm 

was attributed to the carbon atoms C6 and C60 of the AGU compound, as reported in reference 

[48]. The DS was determined by utilizing the integration of the 1H-NMR spectra [34]. The DS is 

thus calculated by taking the ratio of the 1/3 and 1/7 of the integrated peaks of acetyl group and 

AGU, respectively. The DS for the CA1 sample are at around 2.77.  

 

 

Figure 8.4. 1H NMR spectra of CA1 

 

8.3.6. Crystallinity of the prepared CAs 

Fig. 8.5 represents XRD pattern of PHKP and CA obtained from acetylation reactions at different 

conditions. The main peak for PHKP was observed at 2θ = 23.0º and 15.4º for crystalline and 

amorphous phase respectively, which attributed to crystalline cellulose, corresponds to the (200) 
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plane [49]. A prominent peak at around 2θ of 15.4° is observed, corresponding to the overlapping 

of crystallographic planes characterized by Miller indices (1–10) and (110). The XRD patterns of 

CA exhibited the absence of these peaks, indicating the successful esterification of cellulose. The 

crystallinity index of PHKP was 51.5%, which was completely changed on acetylation. Other 

studies also showed disappearance of these peaks on esterification [50]. During the process of 

substituting –OH groups with acetyl groups, the inter- and intra-molecular hydrogen bonds of 

cellulose were entirely disrupted. A low intensity semi-crystalline CAs diffraction peaks showed 

at 2θ of 8.7°, 10.5° and 11.5°, while the diffraction peak for amorphous material is found at the 2θ 

of 17.5° [51]. Chen et al. [52] also observed similar XRD pattern of CA. 

 

 

 

Figure 8.5. XRD patterns of (a) PHKP, (b) CA1, (c) CA2, (d) CA3, and (e) CA4 

8.3.7. Thermal properties of CA 

The TGA thermograms have been presented in Fig. 8.6 for the precursor PHKP and prepared 

cellulose acetate samples. The thermograms could be segregated into three regions. The first region 

ranging from 25 to 100 ℃ exhibits a slight loss of mass for the both the cellulose and acetate 
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samples. This region depicts mass loss because of the desorption of water from the surface of the 

sample. This mass loss is more prominent in case of cellulose sample than the acetylated samples. 

This observation leads to the fact that cellulose acetate is hydrophobic in nature compared to the 

cellulose sample. Second region of the thermogram varies depending on the cellulose acetate 

sample. In case of CA-1 and CA-2, onset and end thermal degradation temperature is at 295 and 

373 ℃. On the other hand, CA-3, CA-4, and PHKP showed similar onset and end degradation 

temperature at around ~340 and ~390 ℃, respectively. CA-3 has slightly greater thermal stability 

compared to CA-4 and all of the cellulose acetate samples exhibit better thermal stability compared 

to their precursor PHKP. This region with the highest loss of mass indicates the decomposition of 

polymer chains of cellulose and cellulose acetate samples [53, 54]. The degradation of the 

crystalline region of the CA and cellulose samples and disintegration of polymer chains occur 

simultaneously in this temperature range. Consequently, the crystalline cellulose and cellulose 

acetate transformed into amorphous structure and the degree of polymerization (DP) decreased. 

Finally, at around 400-550 ℃, crystalline region of the samples has been degraded completely and 

the cellulose is converted into D-glucopyranose monomer. This D-glucopyranose could be further 

degraded into free radicals [53].  On the other hand, thermogram curve of DSIL 

[C4mim](CH3CO2)0.6Cl0.4 could be divided into two part change of mass. The two onset 

degradation temperature at 219 and 271 ℃ are observed attributable to the decomposition of the 

[C4mim](CH3CO2) and [C4mim]Cl component of the DSIL, respectively. Thermogram of the DSIL 

exhibit that the degradation is initiated prior to the decomposition of PHKP and CA samples. 

Moreover, the complete removal of DSIL is confirmed from the absence of initial loss of mass at 

around 219 and 271 ℃ for CA samples. 
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Figure 8.6. TGA thermograms of PHKP, prepared CA samples and [C4mim](CH3CO2)0.6Cl0.4 

DSC plays a crucial role in understanding the changes in material with respect to heat treatment. 

The typical DSC thermogram could provide valuable information about the thermal processes 

occurring in specific temperature regions. Moreover, DSC provides clear picture about the nature 

specific process by categorizing it on the basis of heat released or absorbed. The phases of materials 

change with the heat treatment and different processes takes place during this phase changes. 

Consequently, the exothermic or endothermic changes could give insight into the thermal change 

that is taking place. For instance, crystallization temperature, glass transition temperature, melting 

point, etc. could be identified based on the nature of the thermal change. Fig. 8.7 illustrates the 

DSC thermogram of cellulose acetate samples CA1 to CA4. Peaks and valleys in this thermogram 

indicate exothermic and endothermic changes, respectively. Initially an endothermic change is 

observed at temperature around 95 ℃. This change corresponds to the dehydration of the materials. 

In case of CA4, large endothermic change is observed at around 244 ℃ indicating the melting of 

the cellulose acetate which is consistent with the literature [55]. On the other hand, CA1 exhibit 

broad endothermic change associated with melting of the cellulose acetate. CA1 and CA2 depicts 



261 
 

almost similar changes along the thermogram. First at 300 ℃, both samples show endotherm of 

fusion suggesting their semi-crystalline nature [56].  Second, an exotherm located at 345 ℃ for 

both samples which is attributable to the decomposition of the polymer and also due to the 

disintegration of the intra molecular hydrogen bond of the cellulose acetate samples [1]. CA4 

displays lower melting point compared to the CA1 and CA2 which is due to the more non-uniform 

acetylation leading to formation of more heterogeneous structure [57].     

 

Figure 8.7. DSC thermograms of the prepared CAs  

8.3.8. Morphology of CA 

The morphology of the PHKP and CA monitored by SEM is typically depicted, in Fig. 8.8. The 

surface of PHKP is fibrous. The CA produced from PHKP had a surface that displayed a collapsed 

morphology. The presence of a porous structure in the CA fibers was readily apparent, indicating 
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its likely formation during the process of regeneration. Cao et al. [58] showed that CA with DS 

2.84 was rich in pores and almost all the cellulose structure was destroyed. 

 

 

Figure 8.8. SEM images of (A) PHKP, (B) CA1 
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8.4 Conclusions 

The present investigation showed that the cellulose acetate (CA) could be produced from PHKP 

by using double salts ionic liquid (DSIL). The prepared DSIL was characterized by FTIR and 1H 

NMR spectroscopy. These two important bands which is associated with the structure of DSIL 

correspond to C-H stretching vibrations of imidazolium cation [C4mim]+ were found to be  at 3025 

and 3055 cm-1 indicating C(2)-H and C(4,5)-H, stretching vibrations, respectively. The 1H NMR 

spectroscopy proved the chemical shifts (δ)  values of C(2)-H, C(4)-H, and C(5)-H in 

[C4mim](CH3CO2)0.6Cl0.4 are found to be 10.4, 7.6, and 7.4 ppm, respectively. The synthesized 

CA was characterized by FTIR and 1H NMR spectroscopy. The strong absorption bands at 3308 

cm-1 in PHKP are due to –OH stretching, which completely disappeared upon acetylation. All 

prepared CA exhibited a strong band of the carbonyl (C=O) group at 1735 cm-1, confirming the 

effective chemical conversion to an ester. The absence of C(2)-H stretching absorption bands in 

the region of 3200-2800 cm-1 indicate the complete removal of [C4mim](CH3CO2)0.6Cl0.4 from CA 

samples.The protons present in the methyl (–CH3) of acetyl groups are corresponded to chemical 

shift of around 1.9-2.1 ppm. Similarly, the resonance peak observed at a chemical shift of 2.1 ppm 

can be attributed to the hydrogen atom attached to the sixth carbon atom (C6). The observed peaks 

within the chemical shift range of 5.20 - 2.80 ppm can be attributed to the presence of the seven 

ring protons of anhydroglucose unit (AGU). The crystallinity index of PHKP was 51.1%, which 

has been decreased on acetylation, demonstrating the successful esterification of cellulose. The 

exothermic and endothermic peaks on DSC thermograms provides insight into the thermal change 

that is taking place. 
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Chapter 9 

Correlation of the Physicochemical Properties of Imidazolium-Based Ionic Liquids and 

Their Double Salts with the Dissolution of Cellulose 

 

Abstract 

The physicochemical properties of imidazolium-based ionic liquids (ILs) and their double salts 

(DSILs) play a crucial role in their ability to dissolve cellulose. 1-butyl-3-methylimidazolium 

chloride ([C4mim]Cl ) and1-butyl-3-methylimidazolium acetate ([C4mim]CH3CO2) were used to 

prepared for DSILs over the whole mole fraction range. The structure of DSILs was investigated 

by using FTIR and NMR spectroscopy. The physicochemical properties such as density, viscosity 

and conductivity were measured. The measured density, viscosity and conductivity of ILs and 

DSILs were correlated with the dissolution of cellulose. Higher densities and viscosities in ILs and 

DSILs can hinder cellulose dissolution. This is because a more viscous solvent may have reduced 

mobility, making it less effective in penetrating and disrupting the cellulose structure. On the other 

hand, moderate viscosity can be beneficial, providing a balance between penetration and solubility. 

ILs and DSILs with higher electrical conductivities typically facilitate cellulose dissolution more 

efficiently. Enhanced conductivity signifies greater ion mobility, which aids in breaking down the 

cellulose structure by disrupting hydrogen bonds. Cellulose was regenerated from cellulose-ILs 

solution by using anti-solvent water. The crystallinity and thermal stability of cellulose and 

regenerated cellulose were studied. The thermal stability was decreased in the course of 

regenerated cellulose. 

Keywords: Corelation, Ionic Liquids, DSILs, Density, Viscosity, and Conductivity 

 

9.1. Introduction 

Properties of ionic liquids (ILs) and double salt ionic liquids (DSILs) such as density [1], viscosity 

[2], conductivity [3], and entropy of activation [4] are interlinked with each other. Their trends in 

changes can be easily correlated with each other [1-4]. In this work, [C4mim]CH3CO2 and 

[C4mim]Cl ILs were used. These were mixed in different composition to obtain DSILs. The total 

number of prepared DSILs were nine. All of these along with the ILs were characterized with 

several physical techniques. Some important properties namely density, viscosity, conductivity, 
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and entropy of activation were determined and the corresponding values are presented in Table 2. 

All the experiments were conducted at 70 ℃.  In all of the cases, densities, viscosities, 

conductivities, and energies of activation increases in general. However, there are some exceptions 

in between. As we increase the proportion of [C4mim]Cl with [C4mim]CH3CO2 then the number 

of available ions increases which lead to increased ionic conductivities. Again, as the overall 

number or population of ions in the DSILs increases. This also facilitates the overall electrical 

conductivity [5, 6]. Furthermore, density as well as viscosity increases due to the increased number 

of ions such as [C4mim]+, Cl-, and CH3CO2
-. The [C4mim]+ ion now can form H-bonds with both 

Cl- and CH3CO2
-. This enhanced concentration and amount of H-bond networks restrict the ionic 

motion of the constituent ions increasing the density and viscosity of the DSILs [7, 8]. All these 

changes are induced due to the mixing of the ILs. The increase of entropy of activation indicates 

the facile mixing of [C4mim]CH3CO2 and [C4mim]Cl to give the DSILs [4]. 

These parameters have a pronounced impact on the dissolution of cellulose. They dictate the 

percentage of dissolution of cellulose [9, 10]. Highest dissolution was achieved using the DSIL 

[C4mim](CH3CO2)0.6Cl0.4. 26.2 and 32.8% cellulose were dissolved in this DSIL at 80 and 100 ℃ 

temperatures, respectively. The unprecedented outcomes can be explained with the help of density, 

viscosity and conductivity. At this particular [C4mim]CH3CO2 : [C4mim]Cl = 6 : 4 composition, 

all of these properties are so well adjusted that the aid the most in cellulose dissolution. The tri-

ionic system of [C4mim]+, Cl-, and CH3CO2
- forms many supramolecular bonds such as H-bonds, 

and electrostatic bonds with the -OH functional groups of cellulose [11]. These types of bonds pull 

the threads or fibers of cellulose apart from each other destroying the prevailing H-bonds among 

them [9, 10]. This causes the efficient dissolution of cellulose in the [C4mim](CH3CO2)0.6Cl0.4 

system. In the rest of the systems, the ions are not in correct harmony with each other to act upon 

the cellulose fibers together, hence they are less efficient for cellulose dissolution.   
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9.2. Materials and Methods 

9.2.1. Materials 

Commercial cellulose powder and cellulose obtained from jute fiber have used in this chapter for 

the correlation of dissolution of cellulose with different physicochemical properties such as 

density, viscosity, and conductivity of ILs and DSILs. The 1H NMR spectroscopic properties of 

ILs and DSILs have also been correlated with the dissolution of cellulose. The details of cellulose 

and ILs and DSILs have been discussed in Chapter 5 in materials and methods section. 

9.2.2. Methods 

The methods used for the measurement of density, viscosity, and conductivity have been discussed 

in materials and methods section of chapter 3. 1H NMR spectroscopic method has been discussed 

in Chapter 2 (sub-section 2.2.3.2). X-ray diffraction technique has been discussed in chapter 5 

(sub-section 5.2.5) 
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 9.3. Results and Discussion 

The correlation of the physicochemical properties of ILs and DSILs and their spectroscopic 

properties with the dissolution of cellulose have been discussed in the following sections 

9.3.1. Correlation of density of ILs and DSILs with the dissolution of cellulose  

The density of ILs and DSILs can have a significant impact on their ability to dissolve cellulose. 

While a direct linear correlation between ILs density and cellulose dissolution does not exist 

however, several factors come into play that influence the dissolution process. The measured 

density of ILs and DSILs at 70 ℃ have been presented in Table 9.1. The variation of the dissolution 

of cellulose with the density of DSILs have been presented in Fig. 9.1. The density of DSILs are 

found to be 1.02874, 1.03411, 1.0359, 1.04096, 1.0436, 1.04635, 1.04989, 1.05304, 1.05684, 

1.06001 g/cm for [C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.7Cl0.3, 

[C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.4Cl0.6, 

[C4mim](CH3CO2)0.3Cl0.7, [C4mim](CH3CO2)0.2Cl0.8, [C4mim](CH3CO2)0.1Cl0.9, respectively. It 

can be seen that the density of DSILs lies in between the component ILs of [C4mim]Cl and 

[C4mim]CH3CO2. The dissolution of cellulose increased up to [C4mim](CH3CO2)0.6Cl0.4, where 

the solubility of cellulose  was found 26.2 wt% after that it is decreased. The density of an IL is 

closely linked to its molecular structure and composition. ILs with higher densities often have 

more closely packed ions, which can lead to stronger interactions between the solvent and 

cellulose. These stronger interactions can facilitate the dissolution process by breaking the 

hydrogen bonds between cellulose chains. Hanabusa et al. [12] investigated correlation of the 

physicochemical properties of protic ILs (PILs) with the dissolution of cellulose. They investigated 

the variation of density of 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) with the change in anions. 

They found that as the density of PILs increases the dissolution of cellulose increased. 
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Table 9.1. Correlation between density, viscosity and conductivity with solubility of cellulose 

ILs and DSILs Density 

(g/cm3) at 70 

℃ 

Viscosity 

(mPa.s) at 

70 ℃ 

Conductivity 

(mS/cm) at 

70 ℃ 

Solubility of 

cellulose (wt 

%) 80 ℃ 

[C4mim]CH3CO2 1.02506 30.74 8.77794 11.2 

[C4mim](CH3CO2)0.9Cl0.1 1.02874 33.45 8.52143 13.5 

[C4mim](CH3CO2)0.8Cl0.2 1.03411 31.7 9.96012 14.9 

[C4mim](CH3CO2)0.7Cl0.3 1.0359 36.05 8.78506 14.5 

[C4mim](CH3CO2)0.6Cl0.4 1.04096 34.38 11.07548 26.2 

[C4mim](CH3CO2)0.5Cl0.5 1.0436 35.7 11.97649 24.1 

[C4mim](CH3CO2)0.4Cl0.6 1.04635 44.05 11.98813 22.6 

[C4mim](CH3CO2)0.3Cl0.7 1.04989 43.92 11.8125 12.2 

[C4mim](CH3CO2)0.2Cl0.8 1.05304 53.96 9.14211 10.5 

[C4mim](CH3CO2)0.1Cl0.9 1.05684 40.32 15.62249 12.4 

[C4mim]Cl 1.06001 38.09 - 9.3 

 

 

 

Figure 9.1. The correlation of the density of DSILs with the solubility of cellulose 
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9.3.2. Correlation of viscosity of ILs and DSILs with the dissolution of cellulose  

The viscosity of ILs can have a significant impact on the dissolution of cellulose. Lower viscosity 

ILs are generally preferred for efficient cellulose dissolution, as they promote better interaction 

between the solvent and cellulose chains, leading to improved solubility and processing efficiency. 

In general, there is an inverse relationship between the viscosity of ILs and its ability to dissolve 

cellulose [13-15]. The viscosity of ILs and DSILs have been tabulated in Table 9.1. The correlation 

of variation of viscosity of DSILs at 70 ℃ with the dissolution of cellulose have been shown in 

Fig. 9.2. In Fig. 9.2 can be seen that the dissolution of cellulose is increases as the viscosity of 

DSILs increased with the addition of [C4mim]Cl. The increase in the dissolution of cellulose 

continued up to [C4mim](CH3CO2)0.6Cl0.4. where the maximum solubility of cellulose found 26.2 

wt%. From Table 9.1, it can be seen that the viscosity of ILs and DSILs are 30.74, 33.45, 31.7, 

36.05, 34.38, 35.7, 44.05, 43.92, 53.96, 40.32, 53.96,  40.32, and 38.09 mPa.s for 

[C4mim]CH3CO2, [C4mim](CH3CO2)0.9Cl0.1, [C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.7Cl0.3, 

[C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.4Cl0.6, 

[C4mim](CH3CO2)0.3Cl0.7, [C4mim](CH3CO2)0.2Cl0.8, [C4mim](CH3CO2)0.1Cl0.9, and  [C4mim]Cl at 

80 ℃, respectively. Their corresponding dissolution of cellulose were found to be 11.2, 

13.5,14.9,14.5,26.2,24.1,22.6,12.2,10.5,12.4,9.3 wt % at 80 ℃. The higher dissolution of cellulose 

was found in the composition of [C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.5Cl0.5, 

[C4mim](CH3CO2)0.4Cl0.6 whose viscosity were 34.38, 35.7, 44.05 mPa.s, respectively,  that are 

greater than [C4mim]CH3CO2 and [C4mim]Cl. The higher dissolution of cellulose in this 

composition can be explain  as viscosity increases due to the increased number of ions of 

[C4mim]+, Cl-, and CH3CO2
-. These ions can penetrate into cellulose structure, allowing for better 

interaction between the solvent and cellulose chains, and destroy the supramolecular structure of 

cellulose which facilitates dissolution [16, 17].  
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Figure 9.2. Correlation of viscosity of DSILs and the solubility of cellulose with the mole 

fraction of [C4mim]Cl 

 

9.3.3. Correlation of conductivity of ILs and DSILs with the dissolution of cellulose  

The correlation between the electrical conductivity of ILs and the dissolution of cellulose is of 

significant academic interest due to its relevance in green chemistry and sustainable materials. ILs, 

being non-aqueous electrolytes, exhibit varying levels of electrical conductivity, which can 

influence their ability to dissolve more amount of cellulose [18-21]. The experimental ionic 

conductivities of ILs and DSILs and their corresponding amount of the dissolution of cellulose 

have been tabulated in Table 9.1. The variation of conductivities of ILs and DSILs and their 

corresponding amount of dissolve cellulose with the mole fraction of [C4mim]Cl have been 

presented in Fig. 9.3. The conductivities of  [C4mim]CH3CO2, [C4mim](CH3CO2)0.9Cl0.1, 

[C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.6Cl0.4, 
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[C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.3Cl0.7, 

[C4mim](CH3CO2)0.2Cl0.8, [C4mim](CH3CO2)0.1Cl0.9, and  [C4mim]Cl at 70 ℃ are 8.77794, 

8.52143, 9.96012, 8.78506, 11.07548, 11.97649, 11.98813, 11.8125, 9.14211, 15.62249, 

respectively. Their respective amount of the dissolution of cellulose are found to be 11.2, 13.5, 

14.9,14.5, 26.2,24.1,22.6,12.2,10.5,12.4 wt% at 80 ℃. Similar to the density, viscosity highest 

conductivity was found at [C4mim](CH3CO2)0.6Cl0.4 in which the maximum amount of the 

dissolution of cellulose obtained is 26.2 wt%. This is due to the mobility of [C4mim]+, Cl-, and 

CH3CO2
- ions are maximum which enhanced the dissolution of cellulose [22, 23]. 

 

Figure 9.3. Correlation of conductivity of ILs and DSILs with the solubility of cellulose with the 

mole fraction of [C4mim]Cl 
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9.3.4. Correlation of C(2)-H,  1H NMR chemical shifts of ILs and DSILS with the dissolution 

of commercial cellulose (wt%) at 80 ℃ 

The chemical shift of the C(2)-H proton in the imidazolium cation, as observed in 1H NMR 

spectroscopy, reflects the hydrogen bonding ability of the anion in ILs and DSILs. A downfield 

shift indicates strong anion-C(2)-H hydrogen bonds, while an upfield shift suggests weaker or 

fewer hydrogen bonds. Cellulose dissolution in ILs or DSILs relies on disrupting cellulose's 

hydrogen bonds. ILs with anions forming strong hydrogen bonds with the C(2)-H proton penetrate 

cellulose effectively, breaking its hydrogen bonds. A more downfield C(2)-H proton shift 

correlates with higher cellulose solubility, indicating ILs with such anions are better cellulose 

solvents [24-26]. The C(2)-H chemical shifts of  [C4mim]CH3CO2, [C4mim](CH3CO2)0.9Cl0.1, 

[C4mim](CH3CO2)0.8Cl0.2, [C4mim](CH3CO2)0.7Cl0.3, [C4mim](CH3CO2)0.6Cl0.4, 

[C4mim](CH3CO2)0.5Cl0.5, [C4mim](CH3CO2)0.4Cl0.6, [C4mim](CH3CO2)0.3Cl0.7, 

[C4mim](CH3CO2)0.2Cl0.8, [C4mim](CH3CO2)0.1Cl0.9, and  [C4mim]Cl  are 10.60, 10.87, 10.46, 

10.74, 10.65, 10.64, 10.61, 10.63, 10.23, 10.30, and 10.24, respectively. Their respective amount 

of the dissolution of cellulose are found to be 11.2, 13.5, 14.9,14.5, 26.2,24.1,22.6,12.2,10.5,12.4 

wt % at 80 ℃ that have tabulated in Table 9.2 and C(2)-H chemical shifts, dissolution of cellulose 

with the mole fraction of [C4mim]Cl  have been presented in Fig. 9.4. It can be seen that the down 

field shifts of the C(2)-H of [C4mim](CH3CO2)0.6Cl0.4, [C4mim](CH3CO2)0.5Cl0.5, 

[C4mim](CH3CO2)0.4Cl0.6, shows higher amount of the dissolution of cellulose. In this 

composition, the anions of DSILs form strong H-bonds with the C(2)-H proton in [C4mim]+ that 

have been participated in the disruption of H-bonds in the supramolecular structure of cellulose, 

results more amount of the dissolution of cellulose. 
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Table 9.2. Relationship between C(2)-H chemical shifts of ILs and DSILS with the dissolution 

of commercial cellulose (wt%) at 80 ℃ 

ILs and DSILs Chemical shift (ppm) C(2)-H Solubility of cellulose (wt 

%) 80 ℃ 

[C4mim]CH3CO2 10.60 11.2 

[C4mim](CH3CO2)0.9Cl0.1 10.87 13.5 

[C4mim](CH3CO2)0.8Cl0.2 10.46 14.9 

[C4mim](CH3CO2)0.7Cl0.3 10.74 14.5 

[C4mim](CH3CO2)0.6Cl0.4 10.65 26.2 

[C4mim](CH3CO2)0.5Cl0.5 10.64 24.1 

[C4mim](CH3CO2)0.4Cl0.6 10.61 22.6 

[C4mim](CH3CO2)0.3Cl0.7 10.63 12.2 

[C4mim](CH3CO2)0.2Cl0.8 10.23 10.5 

[C4mim](CH3CO2)0.1Cl0.9 10.30 12.4 

      [C4mim]Cl 10.24 9.3 

 

 

 

Figure 9.4. Correlation of C(2)-H chemical shifts of ILs and DSILs with the solubility of 

cellulose with the mole fraction of [C4mim]Cl 
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9.3.5. Correlation between crystallinity of cellulose and the degradation temperature 

Cellulose exists in two main forms: crystalline and amorphous. Crystalline cellulose has a highly 

ordered structure, with cellulose chains arranged in a regular pattern. Amorphous cellulose lacks 

these regular orderly arrangements. The more crystalline cellulose is, the higher its degradation 

temperature tends to be. This is because the well-ordered crystalline structure requires more energy 

to break the intermolecular bonds during degradation. This correlation between crystallinity and 

degradation temperature is crucial in various industrial applications. For example, in the paper and 

textile industries, where cellulose fibers are prevalent, high crystallinity is desirable to ensure 

thermal stability during processing. On the other hand, in applications like pharmaceuticals and 

food products, where cellulose derivatives with lower crystallinity are used, lower thermal stability 

may be acceptable or even advantageous. Table 9.3 and Fig. 9.5 show the correlation between 

degradation temperature of different native cellulose and regenerated cellulose and their 

crystallinity index (CrI). It is clearly observed that degradation temperature is linearly correlated 

with CrI. The correlation coefficient (R2) is 0.974. Yang et al. [27] showed that the crystalline 

regions of cellulose improved the thermal stability. The highest crystalline index and higher 

crystallite size of cellulose also increased thermal stability [28]. Authors also showed that a higher 

amount of hydrogen bonds between neighboring cellulose increased crystallinity and thermal 

stability. H-bonds was disrupted in ILs causing dissolution of cellulose, consequently, CrI of 

regenerated cellulose was lower and ultimately degradation temperature was lower. 

 

Table 9.3. Correlation between crystallinity and thermal decomposition temperature of cellulose 

Sample Crystallinity (%) Td / ℃ 

KP 48.5 337 

PHKP 55.1 340 

ReKP from[C4mim]CH3CO2 25.2 245 

RePHKP from [C4mim]CH3CO2 28.8 260 
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Figure 9.5. Correlation of the degradation temperature and crystallinity of cellulose 
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9.4. Conclusions 

The physicochemical properties of imidazolium-based ionic liquids and their double salts are 

pivotal determinants of their effectiveness in cellulose dissolution. This study utilized 1-butyl-3-

methylimidazolium chloride ([C4mim]Cl) and 1-butyl-3-methylimidazolium acetate 

([C4mim]CH3CO2) to synthesize DSILs across the entire mole fraction range. The structural 

characteristics of DSILs were investigated through FTIR and NMR spectroscopy. The study 

demonstrated that certain physicochemical properties, including density, viscosity, and 

conductivity, significantly influence cellulose dissolution. Higher densities and viscosities in ILs 

and DSILs can hinder cellulose dissolution by reducing solvent mobility, limiting its ability to 

penetrate and disrupt the cellulose structure. Conversely, moderate viscosity can strike a balance 

between penetration and solubility. 
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Chapter 10 

General Conclusions and Future Prospects 

 

10.1. General Conclusions 

Double salts ionic liquids could be prepared by the homogeneous mixing of 1-butyl-3-methyl 

imidazolium chloride ([C4mim]Cl) and 1-butyl-3-methyl imidazolium acetate ([C4mim]CH3CO2) 

over the whole mole fraction range and the structure of the prepared DSILs could be determined 

at a molecular level. ATR-FTIR spectroscopy reveals the insights of interactions and functional 

groups present in DSILs. The most vulnerable C(2)-H stretching absorption bands for DSILs in 

FTIR spectra have been strongly influenced by the mixing of [C4mim]Cl and [C4mim]CH3CO2 

with different mole fractions. These sharp blue shifts for the addition [C4mim]Cl in 

[C4mim]CH3CO2 indicated the synergistic participation of Cl- and  CH3CO2
- ions in the formation 

of hydrogen bonds with the C(2)-H protons in DSILs which weakens the C(2)-H bond. NMR 

spectroscopy is imperative in elucidating the intricate molecular structure of DSILs. The chemical 

shifts value of C(2)-H showed more downfield region. The physicochemical properties of ILs and 

DSILs were investigated by the measurement of density, viscosity, refractive index, and 

conductivity. The excess properties were evaluated which gave the insights into the DSILs. The 

negative values of excess molar volume also indicated that strong intermolecular interactions 

between [C4mim]+, CH3CO2
- and  Cl- are present in DSILs. Viscosity data were used to evaluate 

thermodynamic properties of DSILs. ΔG for [C4mim]CH3CO2 and DSILs was positive and 

decreased with temperature, signifying efficient mixing and DSIL formation. Positive ΔS values 

suggest increasing disorder with rising temperature, particularly at higher temperatures, indicating 

higher entropy. ΔH decreases with temperature, signifying increased activation energy due to 

higher Cl- ion concentration in DSILs, consistent with the hole theory for solvent flow. DSILs 

exhibit superior ionic conductivity compared to ILs due to the presence of triple ions [C4mim]+, 

Cl–, and CH3CO2
–. These ions disrupt existing inter-ionic interactions and hydrogen bonds, 

enhancing ion mobility. The Walden plot illustrates that by increasing temperature and [C4mim]Cl 

concentration, DSILs show improved ionic conductivity, behaving similarly to good ILs. In this 

work, the optical and the thermal analysis of single ILs and DSILs have been carried out to 

investigate the optical and thermal behavior of the subjected materials. The optical properties of 
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ILs and DSILs were investigated using fluorescence spectroscopy. The blue shift towards shorter 

wavelengths with increasing [C4mim]Cl concentration suggests potential tuning of UV-shielding 

properties, while the role of anions highlights the importance of molecular structure in determining 

their UV-absorbing behavior. ILs and DSILs exhibit good thermal stability around 220-250 ℃. 

Mixtures of ILs demonstrate higher thermal decomposition temperatures (Td) than ILs, which is 

advantageous for industrial applications. DSC analysis determined glass transition temperatures 

(Tg) and heat capacity (Cp). The Tg of DSILs, while similar to ILs, slightly decreased. Cp in DSILs 

increased with temperature and with a higher CH3CO2 species content, showing the significant 

influence of anions and composition on Cp. These properties expand the potential applications of 

ILs and DSILs in cellulose dissolution, efficient reactions, optoelectronics, photoelectrochemical 

processes, sustainable fuel cells, and more. The dissolution of commercial cellulose and jute 

cellulose were carried in ILs and DSILs. The highest dissolution of cellulose was obtained in 

[C4mim](CH3CO2)0.6Cl0.4 at 100 ℃ was 32.8 wt% and 30.5 wt% for pre-hydrolysed kraft pulp 

(PHKP). The higher amount cellulose was dissolved in this composition due to the synergistic 

participation of both anions of CH3CO2
- and Cl- ions. Kraft pulping process showed a significant 

impact on the dissolution of cellulose. The dissolution of PHKP in ILs and DSILs was higher due 

to the purity of cellulose. The cellulose was regenerated from the solution using anti-solvent water. 

From the point of view of economic and sustainability, [C4mim](CH3CO2)0.6Cl0.4 was recycled 

successfully and reused for five times without alteration of the chemical structure. Cellulose was 

efficiently functionalized with the use of DSILs and formed cellulose acetate (CA). The successful 

acetylation was confirmed by FTIR and NMR spectroscopy. A strong band for stretching vibration 

of –OH of cellulose was absent and a strong band for carbonyl (C=O) group was observed in FTIR 

spectra suggested successful esterification of PHKP. All cellulose and regenerated cellulose (RC) 

samples were characterized by the state of art instrument FTIR, XRD, TGA, and SEM. The XRD 

analysis of cellulose confirmed the conversion of crystalline cellulose I to amorphous cellulose II 

structure. TGA studies confirmed that thermal stability of RC decreased on regeneration. A smooth 

and rough surface was observed for RC. Finally, the results obtained from the correlation of the 

physicochemical properties of ILs and DSILs with the dissolution of cellulose established the 

optimized density, viscosity, and conductivity of ILs and DSILs for enhanced the dissolution of 

cellulose. 
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10.2 Future Prospects 

The future prospects of DSILs hold significant promise across various industrial 

applications. DSILs are engineered by fine-tuning the physicochemical and spectroscopic 

properties of ionic liquids , resulting in novel properties that offer substantial benefits in diverse 

fields, including food, pharmaceuticals, cosmetics, textiles, and fuel cell devices. One particularly 

exciting avenue for DSILs is their potential in the realm of biomass fractionation and 

functionalization. Their enhanced properties, such as improved cellulose dissolution capabilities, 

can significantly reduce the quantity of ILs needed for specific applications. This not only 

enhances cost-effectiveness but also contributes to sustainability in industrial processes. Moreover, 

ability of DSILs to dissolve substantial amounts of cellulose opens up new possibilities for 

synthesizing cellulose-based derivatives with unique properties, expanding their utility in various 

industries. DSILs are also poised to make ILs more economically viable for industrial applications. 

ILs are known to be relatively expensive, but DSILs offer a potential solution to this cost challenge 

while maintaining sustainability. Furthermore, DSILs can play a pivotal role in reducing 

environmental pollution. Unlike conventional volatile solvents, ILs, including DSILs, are non-

volatile. This property can lead to a reduction in environmental pollution associated with the use 

of volatile solvents, making processes more environmentally friendly. In conclusion, the future 

prospects of DSILs are bright and multifaceted. Their potential applications in cellulose dissolution 

and derivatization represent just one facet of the vast opportunities they offer. DSILs hold the 

potential to revolutionize industrial processes, making them more efficient, cost-effective, and 

environmentally sustainable. Their adoption in various sectors is likely to spark new avenues for 

academic research and innovation. 
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