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ABSTRACT 

The use of volatile organic compounds in industries has over the years proven to be toxic on the 

environment along with contributing to unsustainable activity. Ionic liquids (ILs) are classified as green 

and ecologically friendly solvents. They are regarded as promising choices for replacing harmful 

volatile organic solvents. Due to the fascinating physicochemical properties of ionic liquids (ILs) and 

their recyclability, these solvents are gaining momentum as suitable replacements for volatile organic 

solvents. ILs can be synthesized using countless combinations of cations and anions options, every one 

of the ions contributing differently towards the overall physicochemical properties of ILs. Application 

of ILs in different areas, generally require ILs to be mixed with other solvents in order to modify their 

physicochemical properties. Accurate data of thermophysical and excess thermodynamic properties are 

required for the configuration process in different process designs and industries.  

 

In this work, density (ρ), speeds of sound (u), viscosity (η) and refractive index (𝑛𝐷) of the binary 

mixtures of 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]+[PF6]−), 1-ethyl-3-

methylimidazolium tetrafluoroborate ([EMIM]+[BF4]−) and 1- butyl -3-methylimidazolium 

tetrafluoroborate ([BMIM]+[BF4]−)  with polyethylene glycol 200 (PEG200), including those of pure 

liquids, were measured at (293.15, 303.15, 313.15, 323.15  and 333.15) K under atmospheric pressure 

of p = 0.1 MPa. An Anton Paar DSA 5000M, digital vibrating tube densimeter was used to measure the 

density and speed of sound, while viscosity measurements were carried out using Lovis 2000 M/ME 

attachment. Refractive indices were measured using an Atago 7000α. The FT-IR spectra analysis of the 

pure components and their binary mixtures were also performed using a Shimadzu IR Prestige unit. 

 

Two test systems were measured to confirm the accuracy of the methods, the apparatus used and the 

calculations of the excess properties. The density (ρ) and excess molar volumes (𝑉𝐸)  for the binary 

systems of [BMIM]+[Bf4]− (1) + methanol (2) was measured and calculated respectively at 298.15 K 

and p = 0.1 MPa. Similarly, the densities (ρ) and excess thermal expansion coefficient (𝛼𝑃
𝐸) for 

the binary system of nicotine (1) + 1-butanol (2) were measured and calculated respectively at 303.15 

K and p = 0.1 MPa. The density (ρ) and excess molar volumes (𝑉𝐸) were used to confirm the 

calculations for the excess partial molar properties (�̅�𝑖
𝐸). 

 

For this work, excess thermodynamic properties were calculated for the new binary systems of selected 

ILs and PEG200. Excess thermodynamic properties such as excess molar volume (𝑉𝐸), excess 

isentropic compressibility (𝐾𝑠
𝐸), excess viscosity (𝜂𝐸), excess refractive index (𝑛𝐷

𝐸), excess thermal 
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expansion coefficient (𝛼𝑃
𝐸) were calculated from the thermophysical properties. The excess 

thermodynamic properties were best correlated using the Redlich-Kister polynomial. Excess partial 

molar volumes (�̅�𝑖
𝐸) and excess partial molar volume at infinite dilution ( �̅�𝑖

𝐸,∞
) were calculated.  

 

Excess thermodynamic properties such as excess molar volume (𝑉𝐸), excess isentropic compressibility 

(𝐾𝑠
𝐸), excess thermal expansion coefficient (𝛼𝑃

𝐸), excess partial molar volumes (�̅�𝑖
𝐸) and excess partial 

molar volume at infinite dilutions (�̅�𝑖
𝐸,∞

) all displayed negative deviation throughout the entire 

composition range for the new systems studied in this work. 

 

The results showed strong ion-dipole interactions between the different molecules in the mixture. 

Excess thermodynamic properties such as excess viscosity (𝜂𝐸) and excess refractive index (𝑛𝐷
𝐸) all 

exhibited positive deviation also confirming the existence of strong ion-dipole interactions between the 

two different molecules. 

For 𝑉𝐸, the maximum values were observed at (𝑉𝐸 ≈ -1.1 cm3·mol−1  at 𝑥1 ≈ 0.4), ( 𝑉𝐸 ≈ -1.0 cm3·mol−1  

at 𝑥1 ≈ 0.25) and (𝑉𝐸 ≈ -0.88 cm3·mol−1 at 𝑥1 ≈ 0.4) for the 1-butyl-3-methylimidazolium 

hexafluorophosphate ([BMIM]+[Pf6]−), 1-ethyl-3-methylimidazolium tetrafluoroborate 

([EMIM]+[Bf4]−) and 1- butyl -3-methylimidazolium tetrafluoroborate ([BMIM]+[Bf4]−)  with 

polyethylene glycol 200 (PEG200), respectively .  For 𝐾𝑠
𝐸, the maximum values were observed at (𝐾𝑠

𝐸  ≈ 

-13 TPa−1 at 𝑥1 ≈ 0.30, 𝐾𝑠
𝐸  ≈ -15 TPa−1 at x1 ≈ 0.34 and 𝐾𝑠

𝐸  ≈ -21 TPa−1 at 𝑥1 ≈ 0.38). For 𝛼𝑃
𝐸, the 

maximum values were observed at (𝛼𝑃
𝐸  ≈ -0.0220 K−1 at 𝑥1 ≈ 0.48, 𝛼𝑃

𝐸  ≈ -0.010 K−1 at 𝑥1 ≈ 0.37 and 

𝛼𝑃
𝐸  ≈ -0.008 K−1 at 𝑥1 ≈ 0.6). All the binary mixtures follow the order: [EMIM]+[BF4]− > 

[BMIM]+[PF6]−  > [BMIM]+[BF4]−. 

 

For 𝜂𝐸, the minimum values were observed at at  (𝜂𝐸  ≈ 1.0 mPa.s at 𝑥1 ≈ 0.57, 0.9 mPa.s at 𝑥1 ≈ 0.5 

and 0.75 mPa.s at 𝑥1 ≈ 0.58) for the systems of [BMIM]+[Pf6]−, [EMIM]+[Bf4]− and [BMIM]+[Bf4]−  

with polyethylene glycol 200 (PEG200), respectively.  For 𝑛𝐷
𝐸 , the maximum values were observed at 

(𝑛𝐷
𝐸  ≈ 0.004 at 𝑥1 ≈ 0.35, 𝑛𝐷

𝐸  ≈ 0.0025 at  𝑥1 ≈ 0.32 and 𝑛𝐷
𝐸  ≈ 0.0022 at x1 ≈ 0.35). All the binary 

mixtures follow the order: [EMIM]+[BF4]− > [BMIM]+[PF6]−  > [BMIM]+[BF4]−. Thus, the effect of 

temperature on the studied binary mixtures showed that the temperature increases with the ion-dipole 

interactions. 

 

FT-IR spectroscopy was further utilized to confirm the presence of ion-dipole interactions/hydrogen 

bonding between the molecules of ILs and PEG200. The FT-IR spectra results support the results 

obtained from calculated excess thermodynamic properties suggesting that there are strong ion-dipole 
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interactions/hydrogen bonding present between the ions of ILs and molecules of PEG200. The results 

both from excess thermodynamic calculations and FT-IR spectroscopy analysis confirmed the presence 

of ion-dipole interactions/hydrogen bonding. The strength of ion-dipole interactions formed between 

molecules of PEG200 and ions of ILs for all the binary mixtures follows the order:  [EMIM]+[BF4]− > 

[BMIM]+[PF6]− > [BMIM]+[BF4]−. This study of the IL + PEG200 binary mixtures contributes to the 

knowledge and data of thermophysical and excess thermodynamic properties. 
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CHAPTER ONE 

 

INTRODUCTION 

Molecular thermodynamic investigations of solute-solvent binary mixtures are increasing owing to its 

relevance in scientific and engineering applications. There is a continuous necessity for reliable 

thermodynamic data of mixtures for chemical industries in the design of processes involving chemical 

separation, heat transfer, mass transfer, and fluid flow. 

 

Intermolecular forces such as ion-dipole interactions, Van der Waals and charge transfer, etc. play an 

important role in determining the properties of the liquid mixtures. They influence orientation, 

arrangement, and conformations of molecules in the solutions. Excess thermodynamic calculations are 

a useful tool for an in-depth understanding of the molecular mechanism of components in mixtures. 

Thermophysical measurement and their excess parameters provide better insight into the molecular 

environment of mixtures. 

 

Most certainly, for non-ideal mixtures, direct experiments are performed over the entire composition 

range. For an efficient and reliable engineering process design, precise and accurate excess 

thermodynamic data is required for a certain mixture. All the excess thermodynamic properties are 

derived from thermophysical measurements, thus, thermophysical measurements should be accurate, 

consistent and reliable (Mirgane, 2011).  

 

The intermolecular interactions of liquid phases are complex in nature. Thus, calculations and 

correlations of derived thermodynamic parameters is a challenging concept to overcome. Therefore, the 

characteristic departure from ideal behaviour of physical properties can be established to understand 

the intermolecular interactions of mixed components (Deenadayalu and Bhujrajh, 2006).  Thus, 

molecular thermodynamic properties depend mainly on the deep understanding of molecular structure 

and the forces of molecular interactions.  

 

1.1 Blending of polyethylene glycols (PEGs) and ionic liquids (ILs)  

Both ILs and PEGs are considered within the framework of green chemistry due to their ‘tunable’ 

physicochemical properties. Blending ILs with PEGs may bring about a medium that has fascinating 

and positive physicochemical properties (Rodriguez et al., 2009). Both PEGs and ILs have numerous 

physicochemical properties such as non-volatility, low melting point, low flammability, good 

miscibility strength and excellent polarity properties (Zhou et al., 2011, Wasserscheid and Welton, 

2008). 
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Thermophysical properties of ILs such as viscosity (η), density (ρ), conductivity (γ) and polarity can be 

improved or changed by the addition of co-solvent such as alcohols (Moosavi et al., 2015), polymers 

(Calado et al., 2013), water (Masaki et al., 2010),  ketones (Zhao et al., 2015), and aldehydes (Manoj et 

al., 2018) . In retrospect, properties of PEGs may likewise be modified by combining PEGs with an IL 

(Chen et al., 2002). The advantages of blending ILs with PEGs are discussed in detail in chapter 2 

section 2.7. 

 

1.2 Recent scientific investigations  

Generally, the binary mixtures composed of ILs and volatile organic solvents such as alcohols are the 

most investigated systems (Krishna et al., 2016, Matkowska and Hofman, 2013, Moosavi et al., 2015). 

However, thermophysical and thermodynamic data for binary mixtures of alkyl imidazolium-based ILs 

with polymers such as PEGs has received considerably little attention (Krishna et al., 2016). Thus, the 

intention of this study is to fully explore and understand the molecular interactions present between the 

molecules of imidazolium ILs and PEG200.  In this study PEG (Mw = 200) was selected on the basis 

that it is a low weight molecular component. Low molecular weight compounds are liquid at room 

temperature, making it easy to mix it with ILs  (Chen et al., 2005).  

 

The aim of this study was to carry out an extensive investigation into the intermolecular interactions of 

the binary mixtures composed of alkyl imidazolium-based ionic liquids (ILs) such as (1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM]+[PF6]−), 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM]+[BF4]−) and 1-butyl-3-methylimidazolium tetrafluoroborate 

([BMIM]+[BF4]−) blended with polyethylene glycol 200 (PEG200) at various concentrations and 

temperatures. The measured thermophysical properties, derived/calculated thermodynamic properties 

and FT-IR spectroscopic measurements were used to study the intermolecular interactions occurring in 

the mixtures.  

 

The objectives of this study were:  

i. To measure the thermophysical properties such as density (ρ), speed of sound (u), viscosity (η) 

and refractive index (𝑛𝐷) of ionic liquids (ILs) and their binary mixtures with polyethylene 

glycol (PEG200) at various temperatures and concentrations.  

ii. To calculate the excess thermodynamic properties such as excess molar volume (𝑉𝐸), excess 

isentropic compressibility (𝐾𝑠
𝐸), excess viscosity (𝜂𝐸), excess refractive index (𝑛𝐷

𝐸), excess 
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thermal expansion (𝛼𝑃
𝐸), excess partial molar volume (�̅�𝑖

𝐸), partial molar volume at infinite 

dilution (�̅�𝑖
𝐸,∞

 ) for all the binary mixtures at different temperatures. 

iii. To correlate and check the accuracy of excess thermodynamic properties using the Redlich-

Kister polynomial model. 

iv. To investigate the behaviour of molecular interactions present within the studied binary 

mixtures using both excess thermodynamic properties and FT-IR spectroscopic measurements. 

v. To investigate the effect of temperature and concentration upon the binary mixtures. 

vi. To investigate the effect of anions and cation of ILs in the molecular interactions with PEG200. 

 

1.3 Outline of this thesis 

In this study, extensive investigations of the intermolecular interactions between the imidazolium-based 

ILs such as 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]+[PF6]−) or 1-ethyl-3-

methylimidazolium tetrafluoroborate ([EMIM]+[BF4]−) or 1- butyl -3-methylimidazolium 

tetrafluoroborate ([BMIM]+[BF4]−) with polyethylene glycol 200 (PEG200) were performed. 

Measurements were carried out at different concentrations, under atmospheric pressure of p = 0.1 MPa 

and over the temperature range from (293.15 to 333.15) K with 10 K intervals.  

 

Chapter two presents a brief background to ILs, its history, and applications as a substitute for harmful 

organic solvents. In addition, PEGs are discussed with a focus on PEG200. The advantages of blending 

PEGs with ILs are also discussed.  

 

Chapter three presents measured thermophysical properties and calculated excess thermodynamic 

properties selected for this study using both theoretical definition and mathematical definition.  

Different data correlation techniques used in this study for both binary mixtures and pure components 

measurements are also discussed in chapter three. The definition, importance, advantage, and 

disadvantage of FT-IR spectroscopic measurements are also discussed in detail in chapter three.  

 

Chapter four summarises the information presented in the literature on the three selected ILs studied in 

this work with different polymers. Excess thermodynamic properties of binary mixtures of ILs blended 

with different polymers are also discussed and summarised in chapter four. 

Chapter five presents the experimental procedure for this study. That is, degassing methods for all the 

chemicals used, calculations used to prepare different concentrations of ILs and PEGs. Methods used 

to measure all the samples in this study are also presented and discussed in chapter five. The methods 
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and formulation used to calculate the combined standard uncertainty for the measured thermophysical 

properties and the mole fraction (𝑥1) are also presented and discussed in chapter five. 

 

Chapter six presents, the details of chemicals used, and the purity data of chemicals before and after 

degassing. All the calibration data and test systems performed prior to the main measurements for this 

study is presented in chapter six.  The plotted data for all the measured thermophysical and excess 

thermodynamic properties of the selected binary mixtures are presented in chapter six. Chapter six also 

presents the discussion of intermolecular interactions present in the binary mixtures of ILs and PEG200. 

Parameters obtained using Redlich-Kister polynomial model, the relative standard deviations for excess 

thermodynamic data are also included. The combined calculated standard uncertainty of mole fraction 

(𝑥1) and measured thermophysical data for both test systems and main measurements are well presented 

in chapter six. Lastly, chapter six also presents the FT-IR spectra analysis of the three studied binary 

mixtures and the discussion of intermolecular interactions observed from FT-IR spectroscopy. 

 

Lastly, the conclusions and recommendations are provided in Chapters seven and eight respectively. 
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CHAPTER TWO 

 

LITERATURE REVIEW ON IONIC LIQUIDS (ILs) AND POLYETHYLENE GLYCOLS 

(PEGs)  

This chapter presents a brief background to ILs, its history, and applications as a substitute for harmful 

organic solvents. In addition, PEGs are discussed with a focus on PEG200. The advantages of blending 

PEGs with ILs are also discussed.  

 

2.1 Ionic liquids (ILs) 

An appropriate definition of an IL, is that it is a salt in the liquid state and is composed of a cation and 

an anion (González et al., 2007). While common IL are composed entirely of ions, it is a neutral liquid 

overall. ILs are liquids at ambient temperatures, unlike traditional molecular organic solvents. This 

includes organic or inorganic molten salts, fused salts, non-aqueous ILs and liquid organic salts 

(Bahadur et al., 2016). ILs differ from ionic solutions, in a way that ILs contains no free or unattached 

neutral molecules but only ions, while ionic solutions are composed of both ions and neutral molecules 

such as salt fused together. Figure 2.1 explains the difference between ionic solutions and ILs. 

 

Figure 2.1: Difference between an ionic solution and an ILs (Hess et al., 1995). 

 

ILs generally have lower melting points below or at 100 o C. Due to its low melting point, ILs remain 

as liquids within a broad temperature window (Yang and Pan, 2005). The melting point of ILs is mainly 

affected by the chemical and morphological arrangement of molecules (Keskin et al., 2007). This refers 

to the low symmetry and the large size of either the cation or the anion in ILs which may also be used 

to explain the melting point of ILs (Laus et al., 2005). 
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Ethanol-ammonium nitrate with a melting point of 52 -55 o C was the first IL to be synthesized (Gabriel 

and Weiner, 1888). In 1963, Yoke discovered that the mixture of a solid copper chloride with alkyl 

ammonium chloride formed a liquid at room temperature (Yoke III et al., 1963). In the 1970s, the 

University of Alabama discovered and characterized a multiple of compounds that were not usual at 

that time. These components were viewed as liquid clathrates and were made up of more aromatic 

molecules with an aluminum alkyl compound salt. Presently, they are viewed as ILs, though due to the 

aromaticity, they are not strictly ILs (Wilkes, 2002). 

 

In the 1970s and 1980s, ILs composed of cations such as imidazolium or pyridinium and anions such 

as halide or tri-halogen aluminate were originally developed for electrolytes applications in batteries 

(Chum et al., 1975). A modern era of ILs was first experienced in 1978, after the measurements of 

physical and chemical properties of 1- butyl pyridinium chloride aluminum chloride mixture [BPC-

AlCl3] were published. It was regarded as a modern era because for the first time people started to 

explore the investigation of ILs and their application (Wilkes, 2002). During the early 90s, Wilkes and 

Zawarotko synthesized ILs possessing weak coordinating anions such [BF4]− and [PF6]−. These types 

of ILs allowed a wider range of applications in different areas (Wilkes and Zaworotko, 1992). 

 

For this study, the imidazolium ILs were selected based on their unique polarity property strength. For 

binary mixtures, imidazolium ILs composed of cation such as CnMIM  and anion such as [BF4]− and 

[PF6]− are the most investigated ILs due to their unique polarity property. Polarity of different 

chemicals is commonly used to classify the solvents. Polarities are generally related to the values of 

dielectric constant, dipole moments and polarizabilities. Polar solvents are able to dissolve and stabilize 

dipolar or charged solutes. Thus, ILs are highly polar solvents (Keskin et al., 2007). Since polarity is 

the simplest indicator of solvent strength, different researchers compared the polarities of different ILs 

and conventional solvents (Carmichael and Seddon, 2000). (Carmichael and Seddon, 2000) showed that 

1-alkyl-3-methylimidazolium ILs made of anions such as [BF4]− and [PF6]− are within the same 

polarity range.  

 

ILs having anions such as [BF4]− and [PF6]−  are the most used and investigated ILs. The effects of an 

anion towards an IL is much more significant and intense as compared to a cation (Keskin et al., 2007). 

(Chiappe and Pieraccini, 2005) performed an extensive study of cations of the following group of ILs: 

ammonium, sulfonium, phosphonium, imidazolium, pyridinium, picolinium, pyrrolidinium, 

thiazolium, oxazolium, and pyrazolium. The conclusion based on the polarity investigations of ILs, 
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suggested that the imidazolium ILs such as BMIM and EMIM possess a higher degree of polarity. Thus, 

high polarity implies that imidazolium ILs have a greater ability to form hydrogen bonding with other 

polar solvents (Chiappe and Pieraccini, 2005). The organic and chemical structure of ILs used in this 

study are shown in Figure 2.2. 

 

 

Figure 2.2: Chemical structure of the three selected ILs 

  

2.2 Physicochemical properties of ILs 

ILs are advantageous due to their distinctive physicochemical properties. The application of ILs have 

grown significantly in the last 20 years. The most distinctive physicochemical properties of ILs are 

listed below. 

 Negligible vapour pressure, which makes them environmental-friendly (Welton, 1999) 

 High electrical conductivity (Tanaka and Wiley-VCH, 2003)  

 High thermal stability (Dupont, 2004)  

  ILs have controlled miscibility, which brings about a significant number of workable 

combinations of cations and anions (Yao et al., 2012).  

 Low flammability hazards (Fox et al., 2008). 

 Excellent polarity properties for most of organic and inorganic compounds (Plechkova et al., 

2010). 
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 Wide electrochemical window (Schröder et al., 2000) 

 Wide liquid range (Huddleston et al., 2001). 

 

ILs have physicochemical properties that might be reasonable for energy devices such as batteries 

(Bruce et al., 2012).  Important physical properties for heat transfer and energy storage applications are 

melting point, density (ρ), viscosity (η) and conductivity (γ) (Van Valkenburg et al., 2005). In chemical 

engineering, ρ and η data are needed for calculations concerning chemical separations, fluid flow, mass, 

and heat transfer (Dávila et al., 2009). 

 

Unlike organic solvents, ILs have reasonably good γ. In view of the way that ILs are made exclusively 

out of ions, it would be reasonable to conclude that ILs have high γ (Endres and Zein El Abedin, 2006). 

The γ of ILs is contrarily connected to their η. Subsequently, ILs of higher η exhibit lower γ. As the 

temperature increases, γ values increases while the η values decrease (Endres and Zein El Abedin, 

2006). 

 

Since heat-transfer fluids are generally used in flowing systems, η is an important physical property 

(Van Valkenburg et al., 2005). Accurate η data is an important transport property needed for industrial 

applications, as it is needed for the design of process units, such as flow meter devices and pumping 

systems. One of the special characteristics of ILs is their η, which is frequently larger than those for the 

volatile organic liquids commonly used in the chemical industry (Gardas and Coutinho, 2008). The η 

of ILs ranges from 10 mPa.s to around 500 mPa.s at room temperature (Welton, 1999). Most ILs are 

viscous fluids, with η fairly similar to viscosities of oils, being two to three orders of magnitude larger 

than those for volatile organic solvents (Marsh et al., 2004). The η of ILs is determined by the type of 

intermolecular interactions present within the chemical structure of an IL alone. Thus, the different 

types of electrostatic force play an imperative part towards the η. The stretching of an alkyl chain length 

leads to an expansion in η (Bonhote et al., 1996). This is due to the dominance of strong van der Waals 

forces between anion and cation of an IL. A strong van der Waals forces is a result of high energy 

motion of molecules. For an IL, the strength of the hydrogen bonding is prominent on the anion rather 

than the cation. The viscosity of the IL is greatly affected by the anion as compared to the cation 

structure. ILs having fluorinated anions in their molecular structure exhibit hydrogen bonding.  This 

makes the ILs more viscous to ILs with a non-fluorinated anion. Generally, the viscosity (η) of ILs 

decrease with increasing temperature (Wasserscheid et al., 2002). 

Since ILs are known to have a melting point below 100 0 C the melting point of an IL is affected by the 

combination of anion with cations (Endres and Zein El Abedin, 2006). As the anion increases, the 

melting point decreases. The melting point of an IL is affected by the size and structure of a cation. 

Large cations and increased asymmetric substitution results in a melting  point reduction (Tanaka and 
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Wiley-VCH, 2003). Hydrogen bonding strength, the arrangement of particles and the van der Waals 

interactions are the primary factors that affect the melting point of ILs (Marsh et al., 2004). 

 

The density (ρ) is an important property for sizing of equipment for thermal, heat and energy storage 

devices and though ρ is not a thermal property but it is needed to calculate other thermally related 

quantities such as heat storage capacity (Ficke et al., 2010).  

 

 ILs, in general, are denser than water with values ranging from 1 to 1.6 g cm−3 and their densities 

decrease with increase in the length of the alkyl chain in the cation (Marsh et al., 2004). The ρ of ILs 

are also influenced by the character of anions (Endres and Zein El Abedin, 2006).  

 

2.3 Limitation of ILs 

The main limitation known to this point based on ILs, is their high viscosity, η (Bates et al., 2002).  The 

η of ILs are reported to be approximately 40 times larger compared to normal organic solvents, and 

commonly the η of ILs ranges between 20-2000 cP (Anderson et al., 2007). ILs are made of a 

combination of cations and anions blended together, this combination causes strong coulombic 

attraction between ions of opposite side. These strong coulombic forces taking place cause ILs to 

possess high η. Thus, the high η of ILs limits the application of this material in different areas of 

industry. Thus, in an attempt to decrease the high η of ILs, ILs are mixed/blended together with other 

organic solvents (Huang et al., 2005). It is reported that the toxicity of most ILs is not well known, as 

compared to other common organic solvents. In order to fully understand the toxicity of ILs, more 

research on the effects and application of ILs is needed (Hasib-ur-Rahman et al., 2010).  

Fluorinated ILs are found to be much more toxic as compared to the other ILs and have low 

biodegradability (Muldoon et al., 2007). ILs are considered to be green solvents meaning they are not 

harmful to the air because they possess low volatility. However, possible release of ILs into the soil or 

water-courses could become persistent pollutants and pose environmental risks (Hasib-ur-Rahman et 

al., 2010).   

 

Currently, synthesis of ILs is a challenge, thus not all research institutions have the necessary equipment 

to carry out the correct synthesis of these fluids. To prepare pure ILs or to execute post-synthesis 

purification steps are often  challenging processes (Mikkola et al., 2007).   

 

2.4 ILs as a replacement for volatile organic compound 

The use of volatile organic compounds has proven to be toxic to the environment. Volatile organic 

compounds are released on a daily basis to the atmosphere through indoor and outdoor activities. Indoor 

activities include smoking and cooking, and outdoor activities include combustion of fuel, emission 
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from petrochemical and chemical facilities. The high amount of concentration of volatile organic 

compounds realized into the atmosphere causes numerous issues such as global warming. According to 

WHO, volatile organic compounds contribute significantly to the formation of cancerous cells in 

humanity and the animal kingdom (Cohen, 1996). 

 

The use of volatile organic compounds in industry has proven to contribute to global warming due to 

their toxicity and flammability.  ILs serve as an attractive alternative to replace classic volatile organic 

compounds in green technology, leading to a more sustainable and environmentally friendly chemical 

industry, especially with respect to air emissions. ILs are able to solubilize many different compounds 

and this is due to their distinctive properties, especially their negligible vapour pressure, these unique 

chemical and physical properties are presented in Figure 2.3. The use of ILs in industry could potentially 

lead to a reduction of harmful emissions caused by volatile organic compounds. The  replacement of 

volatile organic compounds with ILs could be economical due to the fact that ILs are recyclable (Pereiro 

et al., 2006). 
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Figure 2.3: Comparison between ILs and organic solvents (Plechkova and Seddon, 2008). 

 

2.5 Application of ILs 

The application of ILs has grown significantly both in academics and industry in the last decade, with 

approximately 8000 papers published as reported by (Plechkova and Seddon, 2008). There are 

approximately one million ILs that can be effectively arranged in the laboratory by combination of 

various cations and anions and this aggregate is only for the basic primary system. On the off chance 

that there are one million conceivable basic ILs system, there are one billion possible blends of ILs, and 

one trillion ternary possible ILs system that can be set up from the combination of anions, cations, and 

substituents. To date, there are approximately 300 ILs available for commercial use. Thus, a huge gap 

needs to be filled with knowledge of the synthesis and application of ILs. This growth can be observed 

in Figure 2.4 which shows the number of publications and citations per year, with the number of 

publications increasing exponentially. 
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Figure 2.4: The growth of the ILs community as demonstrated through the number of citations (left 

image) in the figure above and the number of peer-reviewed journal articles ( right image) (McCrary 

and Rogers, 2013). 

 

ILs have drawn massive interest from both academic and industrial applications. They have been 

applied in different areas in the past, such as bioreactor technology, heat transfer fluids, processing 

biomass, and as the working fluid to the electrochemical devices such as (Li-ion batteries, dye-

sensitized solar cells, double-layer capacitors, Solid-state electrochemical actuators, and fuel cells). 

Applications of ILs in other areas include the synthesis of nano-particles, areas such as (extraction and 

separation technology or in catalysis and MALDI matrices) analysis, pharmaceuticals, food, and bio-

products (Alvarez et al., 2011). Over a period of 20 years, the application of ILs in different areas has 

drastically increased. Based on figure 2.5, the number of entries of ILs was over 8000 in 2007. This 

shows that applications of ILs in different areas have grown significantly. 
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Figure 2.5: Applications of ILs in different areas (Smiglak et al., 2007). 

 

2.6 Application of ILs in different areas. 

Research has shown that, electrolytes used in metal air batteries can be replaced with ILs-based 

electrolytes. The energy supply has become one of the great challenges.  As a result, ILs are seen as one 

of the best alternatives due to their high heat capacity and high stability. ILs are able to evaporate at 

lower rates than water and organic compound thus, increasing battery life by drying slower 

(Goodenough and Park, 2013).  

 

Perceiving that roughly half of business pharmaceuticals are organic salts, ILs formed from various 

pharmaceuticals have been examined. Combining a pharmaceutically active cation with a 

pharmaceutically active anion leads to a dual dynamic IL in which the activities of two medications are 

combined (Stoimenovski et al., 2010). In biomedicine, ILs are considered to have the potential to 

advance formulation science protein-based pharmaceutical arrangements and cellular therapies 

(Plechkova et al., 2010). 

 

Cellulose is the natural organic compound that is considered as an important bio-renewable compound. 

The application of cellulose as a bio-renewable feedstock has not be exploited as much due to the fact 

that a suitable solvent is lacking. In the absence of a suitable solvent, the chemical conversion process 

of cellulose into useful bio-renewable compound is a challenge. Thus ILs have proven to be suitable 
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solvents for the conversion process of cellulose into useful bio-renewable compounds (Deetlefs and 

Seddon, 2003).  

 

ILs have been used to recover uranium and other useful metals from the nuclear fuel and pyrochemical 

process. This was done by modifying ILs to non-aqueous electrolytes media (Giridhar et al., 2007). 

 

A painting company known as Degussa markets ILs under the name of “TEGO Dispers”. These 

products are added to different types of paints to improve the appearance and the quality of paints 

(Plechkova et al., 2010). 

 

ILs such as 1-butyl-3-methylimidazolium chloride completely dissolves freeze-dried banana pulp and 

with an additional 15% DMSO, (dimethyl sulfoxide) lends itself to Carbon-13 NMR analysis. In this 

manner nutrients such as sucrose, starch, glucose, and fructose can be well monitored during the 

ripening of a banana (Fort et al., 2006). Extractions of useful compounds from plants for nutritional, 

pharmaceutical and cosmetic applications are achieved using ILs as an extraction agent (Lapkin et al., 

2006).  

 

2.7 Polyethylene glycols (PEGs) 

Polyethylene glycols (PEGs) are a group of polymers used in many industrial processes. New toxicity 

studies on PEG concluded that PEGs are non-toxic, and harmless to the environment (Heldebrant et al., 

2006, Herold et al., 1989). PEGs have progressed towards becoming co-solvents of major importance 

due to their intriguing properties that can  be change limitlessly by just fluctuating the average molecular 

weight and polymeric chain length (Harris and Zalipsky, 1997). Interesting characteristics that make 

PEGs special are their good biocompatibility and low immunogenicity. PEGs have the ability to amend 

their chemical structures in accordance with the polarity of the solution (Chen et al., 2002). 

 

For this study, PEG of low molecular weight such as PEG (Mw = 200) was selected. The selection of 

PEG200 was based on the fact that PEG200 is a liquid at room temperature, making it easy to blend 

with ILs (Chen et al., 2005). PEG200 possesses a high dielectric constant of 𝜀 = 20.26 at 298.15 K 

(Bonhote et al., 1996), which makes components possessing lesser dielectric constants such ILs to be 

entirely miscible in it. In a practical sense, this means that all the selected ILs are entirely miscible in 

PEG200 (Bahadur et al., 2016). The organic and chemical structure of PEG is shown in Figure 2.6. 

 



15 
 

   

Figure 2.6: Chemical structure of PEG200. 

 

PEGs have numerous distinctive properties such as non-volatility, low melting point, low flammability 

and are biodegradable (Zhou et al., 2011). PEGs with shorter chain length such as PEG200 have good 

miscibility strength (Heisel and Belloni, 1991, Rodriguez et al., 2009). 

 

PEGs compounds are considered as amphiphilic compounds because they contain both alcoholic –OH 

and partially etheric –O in their structures. PEGs are polar compounds, thus PEGs fluids are both a 

proton donor and acceptor (Kim et al., 2002). Polar compounds are able to form strong intra and inter-

molecular through hydrogen bonding, and also PEGs compounds are able to undergo polymerization 

process that may differ depending on the chain length, temperature and position of OH group (Visak et 

al., 2011, Philippova et al., 1985).  

 

2.8 PEGs + ILs  

ILs with PEGs when blended may bring about a medium that has fascinating and positive 

physicochemical properties (Rodriguez et al., 2009). Thermophysical properties of ILs can be improved 

or changed by the addition of a co-solvent such as alcohols (Moosavi et al., 2015), polymers (Calado et 

al., 2013), water (Masaki et al., 2010),  ketones (Zhao et al., 2015), aldehydes (Manoj et al., 2018) and 

other hydroxyl compounds In retrospect, properties of PEGs may likewise be modified by combining 

PEGs with an IL (Chen et al., 2002).  

 

The blending of ionic liquids (ILs) and polyethylene glycols (PEGs) is relatively new and this research 

has gained momentum recently from both an applied research field and fundamental basis (Rajput et 

al., 2013, Rodriguez et al., 2009). In the last 10 years, substantial consideration has being given to 

hybrid-materials or blended solvents, made out of sustainable components such as biodegradable 

polymers or polymers and ILs (Vuksanovic et al., 2013). Irrespective of the information available on 

the molecular interactions between ILs and PEGs, the intermolecular interactions data of these mixtures 

is still insufficient (Daneshvar and Moosavi, 2016). 
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The blending of  ILs and PEGs have been proposed in polymeric electrolytes in batteries (Lodge, 2008, 

Rodriguez et al., 2009). Due to the efficient ionic conduction of both ILs and PEGs, this material blend 

can be utilized as electrolytes in different electrochemical devices (Watanabe et al., 1993). The ion 

transport properties of PEGs containing ILs have been subjected to extensive studies lately, indicating 

that the synergetic actions between the ILs and the PEGs matrices are crucial for achieving improved 

transport properties (Simone and Lodge, 2009, Vuksanovic et al., 2013, Calado et al., 2013) 
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CHAPTER THREE 

 

 

THEORETICAL FRAMEWORK OF THERMOPHYSICAL PROPERTIES AND EXCESS 

THERMODYNAMIC PROPERTIES 

This chapter presents the theoretical and mathematical background of the selected thermophysical and 

excess thermodynamic properties for this study. The fundamental thermodynamics expressions are 

presented before the discussion of the literature data presented for similar systems studied in this work. 

 Data correlation is of great importance to the scientific field, and the mathematical expressions used 

for data correlation are presented in this chapter.  FT-IR spectroscopy is an important analytical tool 

used to provide an in-depth analysis of the interaction of both pure components and their mixtures. The 

definition, the importance, advantage, and disadvantage of FT-IR spectroscopic measurements are also 

discussed in detail in this chapter. 

 

3.1 Density (ρ) 

In engineering, ρ is essential in the development of equations of states which are usually used to 

correlate two or more parameters. Examples of these parameters are pressure, internal energy, 

temperature, and volume. The ideal gas law is one of the well-known examples of state functions. 

 

The density (ρ) data of multicomponent solutions play an important role in industrial-scale process 

design as in vessel sizing, heat and mass transfer. Thermophysical data of ρ is an important concept for 

developing models and simulations for engineering applications (Vercher et al., 2015). 

 

 In the study of ILs ρ is one of the most measured properties and usually, ILs are much denser than 

water. It was proven that the ρ of imidazolium-based ILs decreases with longer length of alkyl chains 

in the cations.  

 

 Density (𝜌) is the quantity of mass (m) to volume (𝑉) in an amount of material.  The equation 3.1 

represents the mathematical expression of ρ: 

ρ =
m

V
 

3.1                                                

Thermophysical data of ρ are frequently needed to investigate the thermodynamic properties of binary 

systems, and ρ data should be accurate in order for the thermodynamic data to be reliable.  
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3.2 Refractive index (𝒏𝑫) 

The refractive index (𝑛𝐷) is the thermophysical property defined as the speed of light (c) of a given 

wavelength in an empty space (vacuum) divided by its velocity (v) in a substance. It can be expressed 

as: 

nD =
c

𝑣
 

3.2                                                

The refractive index (𝑛𝐷) provide data about the conduction of light. At the point when light goes 

through a substance, the speed diminishes by expanding the refractive index of a substance. These 

results are due to association or interaction between atoms of parts in substrate and impact of these 

associations on light. Moreover, in most substrates, the 𝑛𝐷 decreases by increasing temperature. The 

interactions between particles decreases with increasing temperature. 

  

Maxwell introduces the equation relating the permeability and permittivity to the 𝑛𝐷. The relation is 

known as Maxwell’s equation, thus expressed by:  

nD =  ±√εrμr 3.3                                                

Where 𝜇𝑟 and 𝜀𝑟 represent the material of both the relativity of permeability and permittivity, 

respectively. Mostly, the natural occurrence of material  permeability (𝜇𝑟) is very close to 1 (Urzhumov, 

2007). 

 

Another definition of nD is the ratio of the sine of the angle of incidence (medium 1) 𝜃1 and the angle 

of refraction of (medium 2) 𝜃2 and is given by equation 3.4 (Iglesias-Otero et al., 2008). 

nD =  
sinθ1

sinθ2
 

3.4                                                

The angles measured are perpendicular to the surface. This definition is based on Snell's law 

(Iglesias-Otero et al., 2008) and is equivalent to the definition above if the light enters from the reference 

medium (a vacuum). 

 

Refractive index (𝑛𝐷) values of liquid mixtures are used to understand the electronic polarizability of 

the molecule and intermolecular interactions between unlike and similar molecules in the mixture. 

Industries such as pharmaceutical also uses nD to determine the concentration of different samples. The 

refractive index (𝑛𝐷) data are also used for the estimation of useful hydrocarbons in the petroleum 

industry (Koohyar, 2013).  

 

3.3 Viscosity (η) 

Viscosity (η) is a transport property that is defined as an internal fluid friction, which can transform 

kinetic energy of macroscopic motion into heat energy such as the friction between moving solids 

(Merritt, 1967). In liquid mixture, there is no static friction existing. Nonetheless, there is, instead, 
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dynamic friction due to random motion of species (i.e. molecules, atoms or ions) in a liquid. The η is 

essentially caused by the transfer momentum between species and inter-species forces.  

 

The viscosity (η) can be expressed as the shear stress divided by the shear rate (Çengel and Gharaj, 

2014). 

η = −
F

γ
 

3.5                                                

The shear stress is denoted by F and it represent the drag force of the fluid on the moving plate over the 

surface of the plate and 𝛾 is the shear rate that is the gradient of the velocity of a fluid layer over the 

distance from the plate to the layer. 

 

The viscosity (η) measurements are needed to understand operations such as mixing, pumping, stirring 

and diffusion of other molecules through the ILs. The anion and cation of ILs influence the η, viscosity 

(η) increases with alkyl chain length (cation). Longer alkyl chain length increases the Van der Waals 

forces between cations, causing the energy of molecules to accelerate rapidly. Generally, ILs possess 

lower diffusion coefficient because they are held together by strong coulombic forces, thus resulting in 

higher η. 

 

ILs have higher η and this is one of their disadvantages when compared to the volatile organic solvents. 

Ongoing research on ILs to replace volatile organic solvent consider this as an important property. 

Therefore, ILs are usually mixed with other solvents such as alcohol so that they can become easier to 

handle.  

 

3.4 Speed of sound (u) 

The speed of sound (u) is the distance travelled per unit time by a sound wave as it propagates through 

an elastic medium. The speed of sound (u) can be associated with the first partial derivative of density 

and accurate data of u can be used to derive equations of states. By measuring u (p, T), the u data can 

be used to obtain other useful thermophysical properties at an extreme experimental condition such as 

calorimetric data at high pressure (Barbosa, 2003). 

 

Measurement of u is a helpful source of information i.e., to detect minor changes in gas composition or 

effect of small concentration change about the thermophysical properties of chemical substances. It is 

also to understand the intra and intermolecular interactions between liquid mixtures. Measurements of 

u are a useful tool in process simulation and equipment design (De Azevedo et al., 2004). 
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 Historically, the speed of sound (u) values were used to determine excess property such as isothermal 

compressibility (𝐾𝑇). Thus, this excess property was also used to understand interactions between 

molecules. This is defined as: 

KT = −
1

V0,i
(

∂V0,i

∂P
)

T
 

3.6                                                

  

Where 𝑉0,𝑖 and P represent molar volume and pressure. 

The method for calculating KT yielded results which were of low precision and accuracy, as a result, 

this method was modified to isentropic compressibility(𝐾𝑠). Presently isentropic compressibility (𝐾𝑠) 

values are used to understand the complexity of interactions between the molecules in the liquid 

mixture. This is defined as: 

Ks = −
1

V0,i
(

∂V0,i

∂P
)

S
=

1

ρ
(

∂ρ

∂P
) 

3.7                                                

  

𝐾𝑠 is computed directly from the measured values of u and ρ using the Newton-Laplace equation 

(Salinas et al., 2015). 

 Ks =  
1

ρu2
=

V0,i

Mu2
 

3.8                                                

For an ideal mixture  𝐾𝑠 is considered to be additive in terms of volume fraction. This is 

considered to be isentropic mainly due to the fact that when the sound wave penetrates the 

liquid, the temperature and pressure fluctuate with the microscopic volume but the entropy 

remains constant (Douhéret et al., 2001). 

 

  

3.5. Excess thermodynamic properties   

Excess thermodynamic data derived from thermophysical properties can provide valuable information 

regarding the behaviour of real mixtures. Molecular excess thermodynamics investigation of the 

solvent-solute binary system can be useful in different field such as direct application in chemical plant 

design, in processing and product formation in many industries application, to test theories which 

attempt to predict binary mixture properties from pure component data and provide data for the 

evaluation of parameters characterizing interactions between unlike species. The importance and 

application of blending of ILs with other solvents to make up binary or tertiary system were discussed 

in chapter two. 

 

Excess property ( 𝑍𝐸) is defined as the difference between the properties of ideal liquid mixtures (𝑍𝑖𝑑) 

and the real liquid mixtures/measured thermophysical property (Z) (Smith et al., 2005). This is defined 

mathematically as: 
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ZE = Z − Zid 3.9                                                

  

In this study, 𝑍𝐸  represent excess thermodynamic properties. Equations 3.10 - 3.24 represent different 

excess thermodynamic properties calculated for this study. 

 

3.5.1 Excess molar volume ( 𝑽𝑬)            

There are two methods used to determine the excess molar volume (𝑉𝐸) that is a direct and indirect 

method. The direct method measures the total volume change upon the mixture. Indirect method 

calculate 𝑉𝐸 from measured ρ values. The reliability of the indirect method for 𝑉𝐸 depends greatly on 

the accuracy and the precision of the method used to measure ρ (Bahadur et al., 2016).  

 

There are three types of indirect methods that are utilized to measure ρ; these include the magnetic float 

densimeter, mechanical oscillating densitometer and the pycnometry (Handa and Benson, 1979). In this 

study, the magnetic float densimeter was used to measure density (ρ) and these measurements were 

used to calculate 𝑉𝐸 values. The method used in this study is an indirect method. With adequate 

precision from ρ measurements, this method is likewise accurate and simple. Equation 3.10 is used to 

calculate 𝑉𝐸 . 

VE = V0,i − Vid 3.10                                                

Where        

V0,i =  
∑ xi

2
i=2 Mi

ρmixture
  and  Vid = ∑

xiMi

ρi

2
𝑖=1  

3.11                                                

𝑉𝐸 and  𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 represent excess molar volume and density of the mixture respectively.  𝑥𝑖,  𝑀𝑖  and 

𝜌𝑖 represent mole fraction, molecular weight and density of the i-th component respectively. 

 

3.5.2 Excess viscosity ( 𝜼𝑬) 

ηE = η − ηid 3.12                                                

Where 

ηid = ∑ xiηi

2

i=1

 

3.13                                                

η represent the viscosity of the mixture.  𝑥𝑖 and 𝜂𝑖 represent mole fraction and viscosity of the i-th 

component respectively. 
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3.5.3 Excess refractive index ( 𝒏𝑫
𝑬) 

 

nD
E = nD − nD

id 3.14                                                

Where 

nD
id = ∑ xinD,i

2

i=1

 

3.15                                               

𝑛𝐷 represent the refractive index of the mixture.  𝑥𝑖 and 𝑛𝐷,𝑖 represent mole fraction and refractive 

index of the i-th component respectively. 

 

3.5.4 Excess isentropic compressibility ( 𝑲𝒔
𝑬) 

For this study, the excess isentropic compressibility (𝐾𝑠
𝐸) is calculated in the manner as suggested by 

(Benson and Kiyohara, 1976, Srinivasa Rao et al., 2018, Kiyohara et al., 1979). 

Ks
E = Ks − Ks

id 3.16                                                

Where  

Ks =  
1

u2ρmixture
   and  Ks

id = ∑ φiKs,i
2
𝑖=2 + T [ ∑

φiV0,i(αP.i)2

CP,i

2
𝑖=1 −

Vid(αP
id)

2

CP
id ] 

3.17                                                

u, 𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒, and T represents the speed of sound, density and absolute temperature of the mixture 

respectively.  𝐾𝑠,𝑖, 𝐶𝑃,𝑖 and 𝑉0,𝑖 represent isentropic compressibility, molar isobaric heat capacity and 

molar volume of the i-th component respectively. 

 

The values of 𝜑𝑖, 𝛼𝑃
𝑖𝑑 and 𝐶𝑃

𝑖𝑑 are calculated using the following equations: 

φi =

xiMi
ρi

∑
xiMi

ρi

2
i=1

 

 

3.18                                                

αP
id = ∑ φiαP.i

2

𝑖=1

 

3.19                                                

CP
id = ∑ xiCP.i

2

𝑖=1

 

3.20                                                

𝜑𝑖, 𝛼𝑃,𝑖 and 𝐶𝑃,𝑖 are the volume fraction, thermal expansion coefficient and molar isobaric heat capacity 

of i-th component respectively. 
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 3.5.5 Excess thermal expansion coefficients (𝜶𝑷) 

A frequently applied derived value for industrial mixtures is the temperature dependence of volume, 

which is expressed by 𝛼𝑃. It is further used  to understand the change in the structure of binary mixture 

between two components during mixing; 𝛼𝑃 are calculated for every mixture composition (Stec et al., 

2014). The αP values of pure components are calculated from the measured ρ by the relation expressed 

by: 

αP   =
1

V0 
(

∂V0,i

∂T
)

p
=  −

1

ρ
(

∂ρ

∂T
)

p
 

3.21                                                

Differentiation of  𝑉0 with respect to T resulted in the following equation: 

(
∂V0,i

∂T
)

p
=  (

∂VE

∂T
)

p

+
∂(∑ xiV0,i

2
1 )

∂T
 

3.22                                                

The summation of equation 3.21 and equation 3.22 leads to equation 3.23: 

αP   =
1

V0,i
[(

∂VE

∂T
)

p

+ ∑ αixiV0,i

2

i=1

] 

3.23                                                

Solution thermal expansion coefficients are presented in terms of excess values to emphasize solute-

solvent influence on thermal expansion. Equation 3.24 represents the excess thermal expansion 

coefficient. 

αP
E =  αP − αid 3.24                                                

  

 

3.6 Partial molar volume properties (�̅�𝑖) 

The partial molar volume (�̅�𝑖) is a good indicator to assess the level of interactions between molecules 

within the binary mixtures. It offers some intuitions about the structural changes during the blending of 

different components (Mohammadi and Omrani, 2018). 

 

The partial molar volume of each component is expressed by: 

V̅i = (
∂V0,i

∂ni
)

T,p,ni

 
3.25                                                

By adding Redlich Kister equation to Equation 3.10, this leads to a final equation for partial molar 

volumes equation (�̅�𝑖) (Wood and Battino, 1990). Equation   3.26 and 3.27 represent partial molar 

volumes for components 1 (�̅�1) and components 2 (�̅�2). The partial molar volume of component 1 is 

expressed as:      

V̅1 = VE +  V0,1 + (1 − x1) (
∂VE

∂x1
)

p,T

 
3.26                                                

The partial molar volume of component 2 is expressed by: 
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V̅1 = VE +  V0,1 + (1 − x1) (
∂VE

∂x1
)

p,T

 
3.27                                                

𝑉0,1 and 𝑉0,2 are the molar volumes of the pure components of ILs and PEG200 respectively.  

 

Simplifying equation 3.26 and 3.27 leads to equations 3.28 and 3.29 for partial molar volumes (�̅�1 and 

�̅�2) of components 1 and 2 of any binary mixture respectively. 

V̅1 = VE + V0,1 + x2
2 ∑ Ai(2x1 − 1)i + 2x1x2

2 ∑ Ai(2x1 − 1)i−1

4

i=1

4

i=0

 

3.28                                                

V̅2 = VE + V0,2 + x1
2 ∑ Ai(2x1 − 1)i − 2x1

2x2 ∑ Ai(2x1 − 1)i−1

4

i=1

4

i=0

 

3.29                                                

The excess partial molar volumes, �̅�1
𝐸 and �̅�2

𝐸 over the whole composition is calculated using the 

following expressions: 

V̅1
E = V̅1 − V0,1 3.30                                                

V̅2
E = V̅2 − V0,2 3.31                                                

 

Values of the excess partial molar volumes (�̅�𝑖
𝐸) of the solute and solvent at  infinite dilution (�̅�𝑖

𝐸,∞) 

can be calculated from the adjustable parameters of the Legendre polynomials when 𝑥1 → 0 and 𝑥2 → 

1. Under such circumstances, the excess partial molar volumes (�̅�𝑖
𝐸) of the solute and solvent at infinite 

dilution (�̅�𝑖
𝐸,∞) is calculated using the following equations:      

V̅1
E,∞ = V0,1 + A0−A1 + A2−A3+A4 3.32                                                

V̅2
E,∞ = V0,2 + A0+A1 + A2+A3+A4 3.33                                                

                                                  

3.7 Data correlation  

3.7.1 Pure components 

Due to the fact that ILs are composed of a vast number of anions and cations, data correlation by fitting 

the measured data are needed to check the accuracy of measured values. The R2-value should be 

presented to illustrate the fit of the correlation. 

 

Generally, thermophysical properties such as 𝜌, 𝜂, 𝑢 and 𝑛𝐷 usually, tend to decrease with increasing 

temperature. However, properties are influenced differently by temperature and the relationship with 

the temperature can vary greatly from property to property.  

 

 Thermophysical values are mostly correlated by a linear correlation. This is mostly because of the 

accuracy of the correlation method. However, sometimes it is more suitable to fit thermophysical values 
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using higher-order polynomial expression. In this study; 𝜌, 𝑢 and 𝑛𝐷 data were correlated by means of 

the polynomial linear fit equation written and compiled in a MATLAB@ program (Gu and Brennecke, 

2002). The polynomial linear equation is expressed by: 

z = ∑ Bi

2

i=0

Ti 

3.34                                                

z, 𝐵𝑖 and 𝑇𝑖  represent the thermophysical measured values, polynomial coefficient, and absolute 

temperature respectively. 

 

In this study, 𝜂 data were correlated by means of the Vogel–Fulcher–Tammann (VFT) equation written 

and compiled in a MATLAB@ program. VFT is easy to compute and is also known to correlate 𝜂 data 

with high precision (Vogel, 1926). The equation below represents the VFT equation:  

η = Ae
B

T−Tg 
3.35                                                

A and B are fitting parameters, 𝑇𝑔 is the ‘ideal glass transition temperature’ obtained from the literature. 

The temperature cannot be reached in a finite time experiment, it is therefore replaced by the 

experimental glass transition temperature (𝑇𝑔). 𝑇𝑔 provides information regarding the nature state 

(rigidity and flexibility) of an IL at a certain temperature. A and B do not have a clear theoretical 

meaning but are strongly dependent on 𝑇𝑔 (Angell and Sare, 1970).   

 

3.7.2 Binary mixtures 

When dealing with the binary mixtures, the impact of the composition on the physicochemical 

properties is ordinarily studied via analysis of their excess properties.  

 

The Redlich-Kister polynomial model is a very popular model used to correlate excess thermodynamic 

data and this equation is easy to compute. In this work, the Redlich-Kister polynomial equation was 

used to correlate the following excess thermodynamic properties; 𝑉𝐸 ,  𝑛𝐷
𝐸 , 𝐾𝑠

𝐸 , αp
E, 𝜂𝐸 and 𝑛𝐷

𝐸 . The 

Redlich-Kister polynomial model is used to check the accuracy of the calculated excess thermodynamic 

properties (Redlich and Kister, 1948). A MATLAB@ program was compiled and used to correlate 

excess thermodynamic properties using the Redlich-Kister polynomial model. The Redlich-Kister 

polynomial equation for binary mixtures is expressed as: 

 

ZE = xixj ∑ Ai

4

i=0

(xi − xj)
i
 

3.36                                                

 

𝑍𝐸, 𝑥𝑖,  𝑥𝑗 and 𝐴𝑖 represent excess thermodynamic properties, mole fraction of the IL, mole fraction of 

PEG200 and polynomial coefficient for the binary system respectively. 
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3.7.3 Relative standard deviation 

To attain a good correlation of the experimental data for both the pure components and mixtures, the F-

test is usually used to determine the appropriate number of parameters. To evaluate the quality fit, the 

standard relative deviation is used:  

 

σrel = √∑
(

Zexp − Zcal

Zcal )
2

N

N

i

 

 

3.37                                               

 

𝑍𝑒𝑥𝑝,  𝑍𝑐𝑎𝑙  and N represent the experimental values, calculated values and the number of measurements 

performed respectively. Deviation of experimental points is presented in the form of the standard 

relative deviation (σrel). 

 

3.8 Fourier Transform Infrared (FT-IR) spectroscopy 

FT-IR spectroscopy is an analytical technique widely used and applied in science and engineering 

studies to understand the in-depth molecular mechanism present in different components and mixtures.  

FT-IR spectroscopy is an important tool for both qualitative and quantitative characterization of liquid 

material, gas or solid phase. FT-IR spectroscopy is a microscopic instrument that uses light to detect 

microscopic changes in the ion and dipole moment such as inter and intramolecular interactions in 

liquids, gases, and solids (Pal et al., 2016). 

 

FT-IR analysis is based on the interplay of electromagnetic radiation with a medium or the measurement 

of radiation emitted from the medium. Electromagnetic radiation is represented by its energy E (J). The 

relationship is represented below. 

E = ћ ∙ f =  
ћ ∙ c

λ
 

3.38                                               

  

ћ, λ, and c represent Planck's constant (6.63 × 10-34 J.s), wavelength and speed of light respectively. 

Infrared radiation is electromagnetic radiation which is defined as light in the range of wavelength 

between 4000 and 400 cm−1 (Michelson, 1891).  
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3.8.1 Advantages and limitations of FT-IR Spectroscopy 

Table 3.1 present the limitation and advantages of utilizing FT-IR spectroscopy. 

 

Table 3.1: Advantages and limitations of FT-IR spectroscopy (Torabi, 2001) 

Advantage  Limitation 

FT-IR is a throughput method, implying that all 

the infrared light passes through the sample at 

once. 

In FT-IR analysis, the detector receives a large 

amount of light during a short scanning tine. 

Since FT-IR detects chemical bonds between 

atoms, it is not practical for the analysis of 

monatomic materials. 

Other solvents have strong spectral bands, it, 

therefore, it can be very challenging to 

characterize chemicals in a low concentration 

solution.  

FT-IR spectroscopy is sensitive to the 

background since it cannot make a simultaneous 

comparison of the background and the sample. 

Any changes in the background may affect the 

accuracy of the instrument. 
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CHAPTER FOUR 

 

LITERATURE REVIEW ON SELECTED IONIC LIQUIDS (ILs) + POLYMERS 

This chapter summarises the information presented in literature on the three selected ILs studied in this 

work with different polymers. Excess thermodynamic properties of the binary mixtures of polymers 

and ILs are also discussed in this chapter. 

 

4.1 Previously studied binary mixtures  

The survey of the open literature indicates that the intermolecular interactions of binary mixtures 

between polymers and ILs have been given less attention in recent years. No data has been reported for 

thermophysical property, excess thermodynamic property, and FT-IR spectra analysis of all the binary 

mixtures selected in this study.  

 

Table 4.1 presents a literature review based on the investigation of intermolecular interactions between 

the selected ILs and polymers using thermophysical and excess thermodynamic data at atmospheric 

pressure of p = 0.1 MPa. Due to the lack of thermophysical and thermodynamic data on ILs (1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM]+[PF6]−), 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM]+[BF4]−) and 1- butyl -3-methylimidazolium tetrafluoroborate 

([BMIM]+[BF4]−)) blended with PEG200, this further strengthens the need for measurements of these 

combinations. 
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Table 4. 1: A review of the open literature on the thermophysical and thermodynamic properties for 

binary mixtures of [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]−, [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− and  [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + polymers at 

atmospheric pressure of p = 0.1 MPa. 

 [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−  [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 

Di-EGMME (Pal et al., 2010) (Pal and Kumar, 

2012) 

[-] 

PGMEE and PGMME (Pal et al., 2010) [-] [-] 

Tri-EGMME (Pal et al., 2010) (Pal and Kumar, 

2012) 

[-] 

Tri-EGDME and Tetra-

EGDME 

(Pal et al., 2010) [-] [-] 

EGMEE and Tri-EGMEE (Pal and Kumar, 

2011) and (Krishna et 

al., 2017) 

[-] [-] 

PEG200 and PEG400 (Trivedi and Pandey, 

2011) 

[-] [-] 

 EGMPE and EGEE (Krishna et al., 2016) [-] [-] 

EGMME (Krishna et al., 2017) (Pal and Kumar, 

2012) 

(Reddy et al., 

2016b) 

 

From table 4.1, polymer (EGMME) is the only polymer which has been blended with all the three 

selected ILs for the investigation of the intermolecular interactions.  

The discussion of the intermolecular interactions based on the thermodynamic data for all the binary 

mixtures presented in table 4.1 is presented in section 4.3.  

 

4.2 Excess thermodynamic properties 

The dispersion forces and weak interactions between molecules are denoted by positive deviation of 

 𝑉𝐸, �̅�𝑖
𝐸,  �̅�𝑖

𝐸,∞, 𝐾𝑆
𝐸  and 𝛼𝑃

𝐸, and negative departures of 𝑛𝐷
𝐸   and 𝜂𝐸   for binary mixtures. The strong 

specific interaction is represented by negative departures of  𝑉𝐸, �̅�𝑖
𝐸,  �̅�𝑖

𝐸,∞, 𝐾𝑆
𝐸 and 𝛼𝑃

𝐸, and positive 

departures of 𝑛𝐷
𝐸   and 𝜂𝐸  for binary mixtures (Krestov, 1991, Srinivasa Rao et al., 2018). 
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4.2.1 Excess molar volume (𝑽𝑬) 

The negative values of  𝑉𝐸 are as a result of the following factors (Pandey, 2012): 

There are strong chemical interactions between molecules of a solvent and a solute in the mixture and 

this is known as ion-dipole interactions or also called hydrogen bonding. Negative values of  𝑉𝐸 also 

suggest that there are geometrical fittings between molecules of a solvent and a solute upon the mixture. 

Molecules possessing smaller volume fit into the free space of molecules having larger volume size, 

thereby, resulting in contraction of the mixture volume (Pandey, 2012). Thus, due to contraction of the 

mixture volume, the formation of ion-dipole interactions/hydrogen bonding is dominant. The formation 

of ion-dipole interactions/hydrogen bonding is between nitrogen atoms of imidazolium cation 

(Yokozeki et al., 2007b) of ILs and dipolar hydroxyl group –OH of polymer molecules (Krishna et al., 

2017).  

 

Positive values of  𝑉𝐸 suggest that there are no geometric fitting between molecules of components 

mixed together. Thus, their molar volume is either the same or the difference is significantly small. This 

also leads to the expansion of volume between two components. Positive values also imply that there 

are no specific interactions whether it is dipole-dipole interactions, ion-dipole interactions also known 

as hydrogen bonding and charge transfer interactions between molecules of components mixed together 

(Pandey, 2012). Additionally, positive values suggest that the geometric fitting of polymers into the 

void space of ILs are not favourable, due to the same molar volumes of two components.  Thus, there 

is an expansion of volume upon the mixture. This implies that there are no specific intermolecular 

interactions between the molecules of polymers and ILs. 

 

4.2.2 Excess isentropic compressibility (𝐊𝐬
𝐄) 

Interpretation of  𝐾𝑠
𝐸 data is generally not straightforward and simple because the 𝐾𝑠

𝐸 values are affected 

by both molecular packing and the patterns of molecular aggregation induced by molecular interactions 

(Papari et al., 2013).  

 

The negative values of  𝐾𝑠
𝐸 of ILs with polymers imply that there is volume contraction upon the mixture 

which leads to the decrease in compressibility. The negative values of  𝐾𝑠
𝐸 imply that the molecules in 

the mixture are more rigid or less compressible than their pure components. In other words, (VE < 0)) 

(Alavianmehr et al., 2017). Additionally, volume contraction is attributed to the strong attractive 

interactions between the ions of ILs and molecules of polymers in the mixture. The strong interactions 

are due to the solvation of ions upon the mixture of different compounds.  The strong intermolecular 

interactions through ion-dipole interactions and interstitial accommodation leads to a more compact 

structure/or a contraction in volume (Umapathi et al., 2014). 
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Positive values of 𝐾𝑠
𝐸  imply that molecules are not packed together or are not rigid which means more 

compressibility. There is an expansion of volume (𝑉𝐸 > 0) which increases the compressibility (𝐾𝑠
𝐸 >

0) of the mixture. Expansion of volume mixture suggests that there are no specific intermolecular 

interactions. Additionally, the positive values of 𝐾𝑠
𝐸 for binary mixtures suggest that there is no 

solvation of ions in a polymer mixture (Anuradha et al., 2005). 

  

4.2.3 Excess viscosity (𝜼𝑬)    

 The negative values of 𝜂𝐸 can be attributed to the decrease in the number and strength of hydrogen 

bonds upon mixing. This suggests that the strong coulombic interactions between the cation and anion 

are weakened upon mixing with polymers, which leads to a higher mobility of ions and consequently a 

lower η of the mixtures (Vercher et al., 2015). The viscosities of associates formed between unlike 

molecules are relatively less than those of the pure component (Roy et al., 2006).  

 

The positive values of 𝜂𝐸 suggest that the associates formed between unlike molecules are relatively 

more than those in the pure components (Kavitha et al., 2012a).  

 

4.2.4 Excess Refractive index (𝒏𝑫
𝑬) 

For 𝑛𝐷
𝐸 , the deviation is always opposite to the 𝑉𝐸. Positive values indicate that there are strong 

interactions involving the formation of ion-dipole interactions/hydrogen bonding between the 

component molecules of the mixture.  Positive 𝑛𝐷
𝐸  values denote that there is volume contraction in the 

mixture, and this causes a decrease in the intermolecular distance. This leads to an increase in nD due 

to the enhancement of the dispersion forces (Hirsehfelder et al., 1954). 

 

Negative values  of 𝑛𝐷
𝐸  indicate weak interactions between the unlike molecules (Kawaizumi et al., 

1977). Negative 𝑛𝐷
𝐸  values mean that there is an expansion in the volume of the binary mixtures. This 

expansion of molecules causes the intermolecular distance to increase and causes the refractive index 

to decrease. The decrease of refractive index causes the reduction of the dispersion forces existing 

between molecules of two components. 

 

 

4.2.5 Excess thermal expansion coefficients (𝜶𝑷
𝑬) 

Excess thermal expansion coefficient values (𝛼𝑃
𝐸) are always connected with the values of  𝑉𝐸 function 

and interactions in the solution (Tamura et al., 1997). 

 

Negative values of  𝛼𝑃
𝐸 suggest that the expansivity of the solution is lower than that of pure liquids, 

thus resulting in the contraction of volumetric thermal expansion between two different compounds 
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(Shafaati and Almasi, 2017). Negative values of 𝛼𝑃
𝐸 reflects the association of components in the 

mixture are strongly associated in the mixture, meaning there is a breaking of H-bonds followed by 

specific ion-dipole interactions occurring upon mixing of two different components (Krishna et al., 

2016). As a result, the average intermolecular distance between the molecules of polymer and ILs 

decreases as well leading to the contraction of volume upon the mixture. The decrease in volumetric 

thermal expansion suggests that there is a specific attraction force involved between the molecules of 

two components, which results in an increase in volumetric thermal expansion upon  mixing which 

causes the thermal expansivity of the mixture to decrease (Krishna et al., 2016).  

 

The positive values of  𝛼𝑃
𝐸  indicate self-association of components in the mixtures, implying that there 

is no breakage of  H-bonds upon mixing the two different components. As a result, no new specific 

interactions are formed between unknown molecules of two dissimilar components (Alavianmehr et al., 

2017). Additionally, positive values of  𝛼𝑃
𝐸  suggest that there is an increase in volumetric thermal 

expansion upon the mixing. This increases in volumetric thermal expansion suggest that there is no 

specific attraction forces involved between the molecules of two components.  

Thus, the average intermolecular distance between the molecules of two different components 

increases. This implies that there is volume expansion upon the mixture, thus, no specific interactions 

are formed.  

 

4.2.6 Excess partial molar volume (�̅�𝒊
𝑬) 

The negative (�̅�𝑖
𝐸)  values designate the dominance of strong solute-solvent interactions between 

molecules, whereas the positive (�̅�𝑖
𝐸)values indicate the presence of weak solute-solvent interactions 

(Desnoyers and Perron, 1997). 

 

The excess partial molar volume at infinite dilution (�̅�𝑖
𝐸,∞

) is calculated from  (�̅�𝑖
𝐸) values. The  (�̅�𝑖

𝐸,∞) 

calculations are of interest because at an infinite dilution it is difficult to study the presences and absence 

of any molecular interactions. Therefore, the values of partial molar volumes at infinite dilution provide 

information about solute-solvent interactions that are independent of the composition (Rezaei-Sameti 

and Rakhshi, 2017).  

 

The negative values of (�̅�𝑖
𝐸,∞) suggest that, the self-association of pure components between 

homogeneous molecules are removed effectively and strong interactions between different molecules 

are formed (Alavianmehr et al., 2017). This leads to volume contraction and the values of excess partial 

molar volume at infinite dilution become negative. 
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Positive values of (�̅�𝑖
𝐸,∞) are attributed to self-association of pure components in the mixtures, implying 

that there is no breakage of any H-bonds upon mixing two different components. As a result, no new 

specific interactions are formed between unknown molecules of two dissimilar components. 

 

4.3 Excess thermodynamic properties of selected ILs with different polymers (polyethers) 

This section discusses the effect of the cation/anion of the three selected ILs towards the molecules (as 

presented in table 4.1) of EGMME, tri-EGMME and Di-EGMME at 298.15 K under atmospheric 

pressure of p = 0.1 MPa.  

 

4.3.1 ILs + EGMME  

This section discusses the effect of cation/anion of ILs towards EGMME using calculated 

thermodynamic data. 

(Reddy et al., 2016a) reported ρ, u and 𝑛𝐷 for [EMIM]+[BF4]−+ EGMME under atmospheric pressure 

of p = 0.1 MPa at T = (298.15, 298.15, and 328.15) K.  The experimental values were used to calculate 

the 𝑉𝐸, V̅i
E, �̅�𝑖

𝐸,∞
, 𝛼𝑃

𝐸, 𝑛𝐷
𝐸  and 𝐾𝑠

𝐸. The 𝑉𝐸 values are both positive and negative, �̅�1
𝐸 values are negative, 

and V̅2
E values are both negative and positive. The values of 𝛼𝑃

𝐸 and 𝐾𝑠
𝐸 are all negative and lastly the 

values of 𝑛𝐷
𝐸  are all positive. 

 

(Pal and Kumar, 2012) reported ρ and u for [BMIM]+[BF4]−+ EGMME under atmospheric pressure of 

p = 0.1 MPa at T = (298.15, 288.15, and 318.15) K.  Experimental values were used to calculate the 𝑉𝐸 

and 𝐾𝑠
𝐸 for the binary mixtures. The binary 𝑉𝐸 are negative and 𝐾𝑠

𝐸 are also negative. 

 

(Krishna et al., 2017) reported ρ, u and 𝑛𝐷 for [BMIM]+[PF6]−+ EGMME under atmospheric pressure 

of p = 0.1 MPa at T = (298.15, 298.15, and 323.15) K.  Experimental values were used to calculate 

the 𝑉𝐸, �̅�𝑖
𝐸, �̅�𝑖

𝐸,∞
 and Ks

E for the binary mixtures. The 𝑉𝐸, �̅�1
𝐸, �̅�2

𝐸, and 𝐾𝑠
𝐸 for the binary mixture, all 

resulted in negative deviations. The FT-IR spectra were further used to confirm the ion-dipole 

interactions formed. 

 

The following section discusses the excess thermodynamic properties of the above binary mixtures. 

Figure 3.1 presents the variation of  𝑉𝐸, 𝐾𝑠
𝐸 and �̅�𝑖

𝐸 as a function of mole fraction of  ILs. The excess 

thermodynamic values for all the studied binary systems are negative over the entire ILs composition 

range. 

 



34 
 

 

 

Figure 4.1: Excess thermodynamic for (•) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− (Pal and Kumar, 2012),  (□) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− (Reddy et al., 2016a) and △[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− 

(Krishna et al., 2017) + EGMME at T = 298.15 K under atmospheric pressure of p = 0.1 MPa. 
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For  𝑉𝐸, the [EMIM]+[BF4]− + EGMME system has S-shaped behaviour showing both negative and 

positive values for 𝑉𝐸. The behaviour at the low mole fraction of IL implies that there are; volume 

contraction upon the mixture, geometric and packing effect taking place and formation of a strong ion-

dipole interactions between ion of IL and dipolar molecules of EGMME The geometric effect of 

molecules is due to a large difference between the molar volumes of IL and the molar volume of 

EGMME. This means that EGMME tends to fill the free space of  [EMIM]+[BF4]−  much better at a 

low mole fraction of [EMIM]+[BF4]− due to the formation of hydrogen bonding. 

 

Positive values of 𝑉𝐸 occur at a high mole fraction of IL implying that there is no packing effect between 

the large molecules of ILs and the small molecules of EGMME. As a result, there is volume expansion 

upon mixing. Thus, the intermolecular forces between the ions of IL and dipole molecules of EGMME 

are weak to form any specific interactions also known as the dissociation of hydrogen bonding.  

 

Negative values of  𝑉𝐸 for  [BMIM]+[BF4]−  and  [BMIM]+[PF6]− + EGMME imply that there is 

volume contraction upon the mixture, geometric and packing effect taking place and formation of a 

strong ion-dipole interactions between ion of IL and dipolar molecules of EGMME. From the results 

the magnitude of  𝑉𝐸 values for EGMME with ILs follow the order; [BMIM]+[PF6]− > [BMIM]+[BF4]− 

> [EMIM]+[BF4]−.  

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and [BMIM]+[BF4]−, the magnitude of  𝑉𝐸 

follow the order [PF6]− > [BF4]−. The minimum negative value of [PF6]− anion reached is greater than 

the 𝑉𝐸 negative value of  [BF4]− anion. This implies that the [PF6]− anion has much more ability to 

form stronger intermolecular interactions/hydrogen bonding with EGMME than with the [BF4]− anion. 

It is clear that the chemical structure of an anion is strongly affected the 𝑉𝐸 values.  

 

Comparing the effect of the cation of [BMIM]+[PF6]−  and [BMIM]+[BF4]−, the magnitude of 𝑉𝐸 

follows the order [BMIM]+  >  [EMIM]+. The 𝑉𝐸 values of binary system of  [BMIM]+ cation are more 

negative than that of  [EMIM]+. It is clear that the shorter butyl cation has a greater ability to form 

stronger interactions/hydrogen bonding with EGMME than the longer ethyl cation chain of IL.  

 

The negative values of 𝐾𝑠
𝐸 , imply that the mixture is rigid (less compressible) than the corresponding 

ideal mixture. With the mixture being more rigid (with lower compressibility (𝐾𝑠
𝐸 < 0)), the molecules 

are more packed together implying that there is a contraction of volume present. Negative values 
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suggest that there is a geometric fitting between solute and a solvent leading to a more compact/rigid 

structure. The rigidity of the mixture means that there are strong ion-dipole interactions. Additionally, 

negative values are due to the solvation of the ions in the solution, indicating that there are ion-dipole 

interactions/hydrogen bonding (Umapathi et al., 2017). The solvation of EGMME molecules in the 

mixture increases as the concentration of IL increases. Thus, the compressibility (contraction) of the 

mixture decreases, causing the mixture to be more compact. The values of 𝐾𝑠
𝐸 for ILs with EGMME 

follow in this order: [BMIM]+[BF4]− > [EMIM]+[BF4]−.   

 

The negative values of 𝐾𝑠
𝐸 is consistent with negative values of  𝑉𝐸. This suggests that the binary 

mixtures of all the binary mixtures are less compressible than the corresponding ideal mixture indicating 

the presence of ion-dipole interactions. 

 

Thus, it is clear that the alkyl chain of cation affects the strength of molecular interactions and hydrogen 

bonds. The magnitude of 𝐾𝑠
𝐸 values for EGMME with ILs follow the order; [BMIM]+[BF4]− > 

[EMIM]+[BF4]−. The longer the alkyl chain of a cation the greater the solvation of ion. 

For �̅�𝑖
𝐸, negative deviation is observed for binary mixture of [BMIM]+[PF6]− and [EMIM]+[BF4]−+ 

EGMME. In general, the negative of �̅�1
𝐸 and �̅�2

𝐸  values suggest that there is a strong solute-solvent 

interactions between ion of ILs and dipolar molecules of EGMME molecules.  

The values of �̅�1
𝐸 and �̅�2

𝐸 for ILs with EGMME follow in the order: [BMIM]+[PF6]− > [EMIM]+[BF4]−. 

Thus, it is clear that the alkyl chain of cation and the molecular weight of an anion affects the strength 

of the molecular interactions.  

Figure 4.2 presents the FT-IR spectra for the [BMIM]+[PF6]−  + EGMME. 

 

Figure 4.2: Normalized FT-IR spectra of pure  (∎) [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]−, (∎) [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− + 

EGMME mole fraction of (𝒙𝟏 = 𝟎. 𝟓) and (∎) EGMME at temperature T = 298.15 K under 

atmospheric pressure of p = 0.1 MPa (Krishna et al., 2017). 
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The frequency region of 3100 – 3200 cm-1 represents the C-H bonds predominantly originating from 

the aromatic imidazolium ring of the ILs (Dhumal et al., 2011). The two broad bands are observed in 

the region  (3100 – 3200 cm-1), these two broad bands rings may exist in two different environments, 

e.g in dissociated ions and ion pairs (Pandey et al., 2013).  

 

On addition of EGMME, these two different peaks representing (C-H stretching mode) shifts towards 

lower frequencies. This shift is due to ion-dipole interactions/hydrogen bonding between nitrogen 

molecules of imidazolium cation of ILs (Yokozeki et al., 2007b)  and dipolar hydroxyl (–OH) group of 

EGMME molecules. 

 

All the calculated excess thermodynamic data and FT-IR spectra are in good agreement with each other, 

implying that the results are reliable and consistent. From all the results, it is clear that the intermolecular 

investigation can be conducted using both excess thermodynamic properties and FT-IR spectra analysis. 

From FT-IR spectra analysis, the strong ion-dipole interactions arise from the hydroxyl (OH) group of 

the dipolar EGMME molecules and nitrogen molecules of alkyl imidazolium ILs. Excess 

thermodynamic indicates that the strength of ion-dipole interactions formed in these binary systems 

follow the order: [BMIM]+[PF6]− > [BMIM]+[BF4]− > [EMIM]+[BF4]−. 

 

4.3.2 ILs + Di-EGMME 

This section discusses the effect of the cation/anion of ILs towards Di-EGMME using calculated 

thermodynamic data. 

 

(Pal et al., 2010) reported ρ, u and 𝑛𝐷 for [BMIM]+[PF6]−+ Di-EGMME under atmospheric pressure 

of p = 0.1 MPa at T = (288.15, 298.15, and 308.15) K.  Experimental values were used to calculate 

the 𝑉𝐸, 𝑛𝐷
𝐸  and 𝐾𝑠

𝐸 for the binary mixtures. The binary 𝑉𝐸 are negative, 𝑛𝐷
𝐸  are positive and 𝐾𝑠

𝐸 are 

negative.  

 

(Pal and Kumar, 2012) reported ρ and u for [BMIM]+[BF4]−+ Di-EGMME under atmospheric pressure 

of p = 0.1 MPa at T = (288.15, 293.15, 298.15, 303.15, 308.15, 313.15 and 318.15) K.  Experimental 

values were used to calculate the  𝑉𝐸 and 𝐾𝑠
𝐸 for the binary mixtures. The binary 𝑉𝐸 and 𝐾𝑠

𝐸 are all 

negative.  
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The following section discusses the excess thermodynamic properties of the above binary mixture. 

Figure 4.3 presents the variation of  𝑉𝐸 and 𝐾𝑠
𝐸 as a function of mole fraction of  ILs. The excess 

thermodynamic values for all the studied binary systems are negative over the entire ILs composition 

range. 

  

Figure 4.3: Excess thermodynamic for  Excess thermodynamic for (•)[𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− (Pal et al., 

2010, Pal and Kumar, 2012)  and (□)[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− (Pal et al., 2010) + Di-EGMME at T = 298.15 

K under atmospheric pressure of p = 0.1 MPa. 

 

The negative values of  𝑉𝐸 of [BMIM]+[PF6]−and [BMIM]+[BF4]−  + Di-EGMME suggests that there 

is volume contraction upon the mixture. This is due to the geometric and packing effect between the 

molecules of ILs and Di-EGMME. This results in strong ion-dipole interactions/hydrogen bonds 

between the molecules of ILs and Di-EGMME. From the results the magnitude of 𝑉𝐸 values for Di-

EGMME with ILs follow the order: [BMIM]+[PF6]− > [BMIM]+[BF4]−.  

 

Comparing the effect of the anion, the magnitude of  𝑉𝐸 follow the order [PF6]− > [BF4]− and thus 

there is a strong packing effect by associations between ILs and Di-EGMME molecules through 

hydrogen bonding. Thus, the ability of  [BMIM]+[PF6]− to accommodate molecules of Di-EGMME 

into its free space is much greater than that of  [BMIM]+[BF4]−. It is clear that the size of anion affects 

the formation of hydrogen bonds, the larger the anion the greater the interactions and vice versa.  
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The negative values of 𝐾𝑠
𝐸 , imply that the binary mixture is less compressible than the corresponding 

ideal mixture. The strong intermolecular interactions through interstitial accommodation (volume 

contraction) and orientational ordering leads to a more rigid structure. Thus the strong intermolecular 

interactions are due to the solvation of ions in the solution (Umapathi et al., 2017). The solvation of Di-

EGMME molecules into the mixture increases as the concentration of IL increases. Thus, the 

compressibility (contraction) of the mixture decreases, causing the mixture to be more compact. 

 

The magnitude of 𝐾𝑠
𝐸 values follow the order: [BMIM]+[PF6]− > [BMIM]+[BF4]−. Comparing the 

effect of the anion of [BMIM]+[PF6]−  and [BMIM]+[BF4]−, the magnitude of 𝐾𝑠
𝐸 follow the order 

[PF6]−> [BF4]−. Thus, it is clear that the size of the anion affects the formation of hydrogen bonding. 

Hence the larger the anion the stronger the interactions. The results of 𝐾𝑠
𝐸 are consistent with the  𝑉𝐸 

results. 

 

4.3.3 ILs + Tri-EGMME 

This section discusses the effect of the cation/anion of ILs towards Tri-EGMME using calculated 

thermodynamic data. 

 

(Pal and Kumar, 2011) reported ρ and u for [BMIM]+[PF6]−+ Tri-EGMME under atmospheric pressure 

of p = 0.1 MPa at T = (288.15- 318.15) K with 5 K interval.  Experimental values were used to calculate 

the 𝑉𝐸 and 𝐾𝑠
𝐸 for the binary mixtures. The binary 𝑉𝐸 and 𝐾𝑠

𝐸 are all negative across the composition 

range.  

 

(Pal and Kumar, 2012) reported ρ and u for [BMIM]+[BF4]− + Tri-EGMME under atmospheric pressure 

of p = 0.1 MPa at T = (288.15 – 318.15) K with 5 K interval.  Experimental values were used to calculate 

the  𝑉𝐸 for the binary mixtures. The binary VE are all negative across the composition range.  

  

The following section discusses the excess thermodynamic properties of the above binary mixture. 

Figure 4.4 presents the variation of  𝑉𝐸 as a function of mole fraction of  ILs. The excess thermodynamic 

values for all the studied binary systems are negative over the entire ILs composition range. 
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Figure 4.4: Excess thermodynamics for the binary mixtures of  (□)[BMIM]+[BF4]− (Pal and Kumar, 

2012)  and   (●)[BMIM]+[PF6]−  (Pal et al., 2010) + Tri-EGMME at 298.15 K under atmospheric 

pressure of p = 0.1 MPa. 

 

The negative values of 𝑉𝐸  for the following binary system; ILs + Tri-EGMME suggest that there is 

volume contraction upon mixing. Volume contraction is due to interstitial accommodation and 

orientational ordering leading to a more compact structure which contributes to negative values of  𝑉𝐸. 

Thus volume contraction leads to strong ion-dipole interactions/ hydrogen bonding between the dipolar 

hydroxyl –OH molecules of Tri-EGMME and nitrogen atoms of imidazolium cation (Yokozeki et al., 

2007b).  The magnitude of  𝑉𝐸 values for Tri-EGMME with ILs follow the order; [BMIM]+[BF4]− >  

[BMIM]+[PF6]−.  

 

Comparing the effect of the anion, the magnitude of 𝑉𝐸 follows the order [PF6]− > [BF4]−. The ability 

of [BMIM]+[PF6] to accommodate molecules of Tri-EGMME into its free space is greater than that of  

[BMIM]+[BF4]−. Thus, there is interstitial accommodation between the molecules of ILs and Tri-

EGMME. The geometric accommodation suggests that there is volume contraction upon the binary 

mixture. Volume contraction is also due to strong ion-dipole interactions between the molecules of Tri-

EGMME and ILs. Thus, it is clear that the size of anion affects the formation of hydrogen bonds.  Hence 

the larger the anion the greater the interactions and vice versa.  
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CHAPTER FIVE 

 

 

EXPERIMENTAL METHODS 

This chapter presents the experimental procedures used in this study. The first section of this chapter 

presents the details of the methods used to dry the ILs used in this study. The second section presents 

the calculations used to prepare different concentrations of mixtures for measurements. The third 

section presents the details of the instruments used to measure all thermophysical properties 

investigated in this study. This is followed by the fourth section which presents the details of the FT-IR 

spectroscopy instrument used to investigate the intermolecular interactions present upon mixing.  

 

5.1 Analysis of the water content 

ILs are said to be hygroscopic in nature, thus an excess amount of water available in ILs may influence 

the measurements and results. It is vital to know the water content of ILs and the water content should 

be kept at a low value (Kallidanthiyil Chellappan, 2012). 

 

Besides the water content present in compounds, halides are also said to affect the thermophysical data 

of ILs. However, the halide content could not be determined since compounds used were purchased and 

not synthesized in the laboratory. Furthermore, determination of the amount of halides is only possible 

if compounds used were synthesized in the laboratories. 

 

ILs used in this study were dried using the vacuum degassing method (ultrasonic bath filled with oil 

and vacuum pump). The chemicals were placed under vacuum pressure at T = 343.15 K for at least 72 

hours prior to measurements in order to reduce the water content. After the degassing method, the 

chemicals were then stored under room temperature and atmospheric pressure in a desiccator filled with 

molecular sieves to reduce and avoid moisture. In this study, the Karl Fisher titration method was used 

to measure water content in all ILs used.  

 

The Karl Fisher titration method is accepted globally to measure water content in different industries 

such as pharmaceuticals, food, oil and chemicals (Neukermans, 2015). In this study, the Karl-Fischer 

Moisture Titrator (MKS-500) purchased from Trilab was used. The titrant hydranal-composite 5 was 
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purchased from Sigma-Aldrich. Hydranal-composite 5 is one component which contains all reactants 

such as sulphur dioxide, iodine, and one or more bases.  

 

5.2 Sample preparation 

The mole fraction of components (𝑥𝑖) in the mixture were prepared to cover the entire composition 

range. Binary samples were prepared by starting with the pure component being PEG as a first sample 

and continuing with sample two. This was done by mixing different masses of ILs and PEG200, thus 

the number of moles (𝑛𝑖) was obtained. Equation 5.1 represents the number of moles obtained. 

ni =
mi

Mi
 

5.1                                               

𝑚𝑖 and 𝑀𝑖  represent the mass and molecular weight of the i-th component respectively. The summation 

of the total number of moles (𝑛𝑖) for both components is important. Equation 5.2 represent the total 

number of moles (𝑛𝑖) for component 1 and 2. 

∑ ni

2

𝑖=1

 = n1 +  n2 

5.2                                               

𝑛𝑖 is the number of molecules for the i-th component and ∑ 𝑛𝑖
2
𝑖=1  is the sum of the number of moles for 

the two i-th components. 

 

The mole fraction of components (𝑥𝑖) in the mixture were calculated by dividing equation 5.1 with 

equation 5.2. Thus equation 5.3 present the overall mole fraction of components (𝑥𝑖) 

xi =
ni

∑ ni
2
𝑖=1

 
5.3                                               

Air-tight Stoppard glass vials were filled with different mass ratios and weighed on the analytical mass 

balance (Ohaus) having an accuracy of ± 0.0001 g. The binary mixtures were shaken to ensure complete 

homogeneity of the ILs and PEG200 mixture. 

 

A medical syringe was used to withdraw the sample from the glass vial. The homogeneous samples 

were then injected into the different instruments used to measure the thermophysical properties. The 

injection process via the medical syringe was slow as this was done to avoid the formation of bubbles 

inside the measuring instrument. 

 

5.3 Thermophysical measurements  

5.3.1 Density (ρ), speed of sound (u) and viscosity (η) measurements  

The Anton Paar DSA 5000 is known to have high precision and accuracy and this instrument is mainly 

designed to measure the density (ρ) and speed of sound (u) simultaneously. The Lovis 2000 M/ME is 

designed to measure viscosity (η). This viscometer used in this study is directly connected to Anton 

Paar DSA 5000. Thus, all the measurements of ρ, u and η were measured simultaneously using the 
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Anton Paar DSA 5000 combined with Lovis 2000 M/ME. Prior to each experimental run, the accuracy 

of both the Anton Paar DSA 5000 and Lovis 2000 M/ME were first verified using standard calibration 

solutions as obtained from the manufacturer. After the calibration, deionized water (liquid 1) was used 

to clean the instrument followed by acetone (liquid 2). The unit was then dried with dehumidified air at 

atmospheric pressure. The measurements were repeated four times for ρ, u and η. This was done to 

ensure the consistency of results.  

 

5.3.1.a Density (ρ) measurements 

The measurement of 𝜌 for both the pure compounds and their binary mixtures were carried out using 

the digital vibrating tube densimeter (Anton Paar DSA 5000M) with an accuracy of T = ±0.02 K. The 

instrument is designed to measure both u and ρ simultaneously. The instrument capacity to measure ρ 

is within the range of (0 to 3) g. cm-3 and a temperature range of T = (0 - 70) °C with pressure variation 

from p = (0 to 0.3) MPa. The accuracy, repeatability, and reproducibility of the digital vibrating tube 

densimeter is (± 7 × 10-6, ± 1 × 10-6 and ± 5 × 10-6) g. cm-3 respectively (Anton Paar, 2017a).  

 

The vibrating tube for measuring ρ consists of a U-shaped thin-walled glass tube that is held in a large 

body that separates it from external mechanical perturbations. This tube is filled with the liquid sample 

mixture and ρ can be derived starting from the equation for the period (τ) of a vibrator oscillating at its 

resonance frequency in the fundamental harmonic mode: 

τ = 2π√
mtube + ρ × Vtube

C
 

5.4                                               

With 𝑚𝑡𝑢𝑏𝑒 and 𝑉𝑡𝑢𝑏𝑒, the mass and volume of the tube, respectively, and C being a constant depending 

on the size and shape of the tube (proportional to Young’s modulus). The ρ of the fluid can be described 

as:   

ρ = A + Bτ2 5.5                                               

A and B represent constants for the instrument for every individual oscillator. Mathematical expressions 

for constants A and B are shown in equations 5.6 and 5.7, respectively. 

A(T, p) =
c(T, p)

4π2Vtube(T, p)
 

5.6                                               

B(T, p) =
mtube

Vtube(T, p)
 

5.7                                               

  

5.3.1.b Speed of sound (u) measurements 

The measurement of 𝑢 for both pure compounds and their binary mixtures were carried out using the 

speed of sound analyzer cell (Anton Paar DSA 5000M) with an accuracy of T = ± 0.02. The instrument 

capacity to measure u is within the range of (1000 to 2000) m. s-1, a temperature ranges of T = (0 - 70) 
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°C with pressure variation from p = (0 to 0.3) MPa. The accuracy, repeatability, and reproducibility of 

the speed of sound analyzer are (± 2 × 10-1, ± 1 × 10-1 and ± 5 × 10-1) m. s-1, respectively (Anton Paar, 

2017a). 

 

Speed of sound (u) measurements were conducted in a cell with piezoelectric transducers in opposing 

walls. This technique is known as the propagation time technique (De Azevedo et al., 2004).  The 

sample passes through the piezoelectric ultrasound transmitter, which is made up of two transducers.  

The first transducer is responsible for the emission of sound waves that pass through the sample and the 

second transducer acts as a receiver for sound waves emitted by the first transducer  (Fortin et al., 2013). 

Thus, u is determined by the ratio between the known distance of the transmitters and the receiver. This 

is achieved by the propagation time of the sound waves (De Azevedo et al., 2004). The temperature is 

kept constant in the same manner as the ρ measurement. 

 

5.3.1.c Viscosity (η) measurements 

The η measurements for this study were determined using Lovis 2000 M/ME with an accuracy of T = 

± 0.02 K. The instrument capacity to measure viscosity is within the range of (0.3 - 10 000) mPa.s in 

temperature range of T = (5 - 100) °C with pressure variation from p = (0 to 0.3) MPa. The accuracy, 

reproducibility, and repeatability of the viscometer are ( ± 2 × 10-3, ± 1 × 10-3 and ± 2 × 10-3) mPa.s  

respectively (Anton Paar, 2017b).  

 

The Lovis 2000 M/ME is a rolling-ball viscometer and the process follows the Hoeppler’s falling ball 

principle. According to this principle, the viscosity (η) is determined by measuring the time it takes for 

the ball to pass through the liquid. The Hoeppler’s principle defines a falling angle of 70°. A liquid bath 

thermostat is responsible for the temperature control. Results are given as kinematic, intrinsic or 

dynamic η. In order for the Lovis 2000 M/ME to measure η accurately, a capillary should be inserted 

inside the viscometer cell.  

 

Three capillaries were available from the manufacturer which had the following diameters (1.6, 1.8 and 

3.0) mm, and ball diameters of (1.5, 1.5 and 1.8) mm with η ranges respectively (0.3-10, 2.5-70 and 20-

230) mPa.s. All three capillaries were tested and the capillary having 1.8 mm diameter gave valid results 

while the other two capillaries having a diameter of 1.5 mm yielded invalid results. Erroneous results 

are due to the ball getting stuck inside the capillary during viscosity measurements. Generally, ILs 

mixtures are very viscous, thus a capillary with a larger diameter is needed. A capillary having a 

diameter of 1.8 mm was used and the viscosity data were reproducible with each other implying that 

the ball was able to pass through the mixture during the measuring process. When the set temperature 

was reached, these capillaries were placed at angles of 70° and -70° to measure the time it takes for the 
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ball to move from one detector to another through the mixture. The falling and rolling ball η is calculated 

by: 

η = k × (ρball − ρmixture) × t 5.8                                               

k is the constant that depends upon the type of capillary used, the distance and the angle between two 

detectors. ρball is the density of the falling ball and 𝑡 is the time needed for the ball to move from the 

first detector to the second. 

 

5.3.2 Refractive index (𝒏𝑫) measurements 

In the study, the 𝑛𝐷 measurements were determined using an Atago 7000α with an accuracy of T = 

±0.03 K. Prior to each experimental run, the instrument was firstly cleaned with deionized water and 

dried with acetone. The measurements were repeated four times for 𝑛𝐷 measurements. This was done 

to ensure the consistency of the results. The instrument capacity to measure the refractive index is within 

the range of (1.32700 - 1.58000) in temperature range of T = (5 - 70) °C. The accuracy, repeatability, 

and reproducibility of the refractometer are (± 4 × 10-5, ± 2 × 10-5 and ± 4 × 10-5)  respectively (ATAGO 

U.S.A., 2017).  

 

The Atago 7000α refractometer is equipped with a microflow cell and an integrated Peltier thermostat 

ensuring accurate and automatic temperature control. The refractometer contains an optical lens and 

requires approximately 1 ml of each sample to cover the lens. A conical design ensures even distribution 

of the sample over the lens. A base plate covers the sample to avoid contact with the external 

environment or any dust particles from invalidating the measurement. The refractometer has an LCD 

display and the measurement time is 10 seconds for each sample. Refractive indices are recorded with 

a resolution of ± 1 × 10-6.  

 

5.4 Fourier transform infrared (FT-IR) spectroscopy 

FT-IR spectra analysis of both the pure components and the binary mixture were performed at room 

temperature. The FT-IR analysis of the binary mixture (ILs + PEG200) were performed at equimolar 

sample (𝑥1 = 0.5). This was done for all the binary mixtures studied for this work. All the spectroscopic 

analyses for this study were carried using FT-IR spectrometer (Shimadzu IR Prestige –21). Prior to the 

measurements the instrument was cleaned with deionized water and dried with acetone. This was to 

remove impurities.  FT-IR spectra is very sensitive, thus air scanning was done to remove any CO2 

absorption in the background. Samples were placed upon the pellet disc for the analysis.  The scanning 

range of the pellet disks used were from (400 – 4000) cm-1 with 4.0 cm-1 resolution. The analyses were 

performed to investigate the presence of ion-dipole interactions/hydrogen bonding and the strength of 

molecular association in these mixtures. The IR data from the instrument was initially saved as an Ascii 
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file then as an Excel document by using the PC connected to the instrument.  The data analysis was 

done using Excel software. 

 

5.5 Uncertainties of the measured thermophysical quantities 

5.5.1 Combined standard uncertainty for ρ, u, 𝒏𝑫  and η 

The description and equations for the uncertainties of the measured variables for this study are explained 

clearly in Appendix G.1. The combined uncertainty u(x) of the measured thermophysical properties is 

calculated from the uncertainty which arises from any of the two categories of uncertainty type A or 

type B. Type A refers to evaluation of data based on the statistical approach in which the mean is taken 

to represent the true value (Taylor and Kuyatt, 1994). To evaluate type A uncertainty both mean and 

standard deviation should be calculated. The uncertainty of the composition measurements of type A is 

expressed as:  

u(xi) =
s(xi)

√n
 

5.9                                               

Where 𝑥𝑖, n and 𝑠(𝑥𝑖) represent each thermophysical measured value, number of all the 

measured values and standard deviation (variance of measured values). 

 

 

Type B uncertainty is evaluated by several methods and information related to the measurements. The 

uncertainty type B is evaluated by other means (not purely statistical) such as literature and information 

provided by the manufacturer (accuracy, repeatability, and reproducibility). The overall standard 

uncertainty is represented by: 

u(xi) =  
∆a

√3
 

5.10                                               

where ∆𝑎 is the half the width of the interval. The rectangular distribution model is the default model 

in the absence of any other information (Taylor and Kuyatt, 1994). Thus, the combined standard 

uncertainty for measured thermophysical properties is given by: 

u(x) =  ±√ua(x)2 + urep(x)2 + ub(x)2 
5.11                                               

Where x represents thermophysical properties such as 𝜌, 𝜂, 𝑢 and nD. 𝑢𝑟𝑒𝑝(𝑥) is the measurement 

repeatability values for thermophysical properties, 𝑢𝑎 and 𝑢𝑏 are the accuracy and reproducibility of 

the instrument respectively. 

 

5.5.2 Combined standard uncertainty in the mixture composition 

The accuracy of the overall standard uncertainty of the measured properties is dependent upon the 

standard uncertainty of the mole fractions of two components used in this study i.e, 𝑥1 for IL and 𝑥2 for 

PEG200. For a homogeneous mixture composition mole fraction (𝑥1) is constant throughout 

irrespective of the change in temperature and pressure. The equation that is used to compute the standard 
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uncertainty for mole fraction (𝑥1)  is derived from the mass of the two components (𝑚1) and (𝑚2) 

representing ILs and PEG200 respectively, as mass is the only measured quantity that is used to 

determine mole fraction (Mohammed, 2016). The standard uncertainty u(𝑥1) is given in terms of the 

relative standard uncertainties ur (𝑚1) and ur (𝑚2) of the two mass measurements as follows: 

 

u(x1) = (1 − x1)[ur
2(m1) + ur

2(m2)]
1

2⁄  5.12                                               

 

The derivation of equation 5.12 is presented in Appendix G.2 
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CHAPTER SIX 

 

 

RESULTS AND DISCUSSIONS 

The results of the thermophysical property measurement of  𝜌, u, η and 𝑛𝐷 and calculations of the excess 

properties are detailed in this chapter. The results are presented in five sections, with section one 

presenting the information such as the supplier details and purity of all chemicals used in this study. 

Section two presents the calibrations performed prior to the main measurements. Section three presents 

the results of the two test systems measured. Section four presents the thermophysical property 

measurements and excess thermodynamics associated plots for all the binary mixture of PEG200 + ILs, 

followed by the discussion of the intermolecular interactions between the molecules of PEG200 and 

ILs. Section four also presents the excess thermodynamic parameters fitted using the Redlich-Kister 

polynomial equation and calculated combined standard uncertainties for both selected measured 

thermophysical properties and mole fractions (𝑥1).  Section five presents the FT-IR spectra of the 

studied binary mixtures and analysis of the intermolecular interactions. 

 

6.1 Details of the chemicals used in this study 

The solvent used in the present study, polyethylene glycol 200) (CAS No: 25 322-68-3) was purchased 

from Sigma-Aldrich. Imidazolium based ILs used in the present study, namely 1-butyl-3-

methylimidazolium tetrafluoroborate [BMIM]+[BF4]− (CAS No: 174501-64-5), 1-butyl-3-

methylimidazoilum hexafluorophosphate [BMIM]+[PF6]− (CAS No: 174501-64-5) and 1-ethyl-3-

methylimidazolium tetrafluoroborate [EMIM]+[BF4]−- (CAS No: 43314-16-3) were purchased from 

Ionic Liquids Technologies Inc. The details of pure components are presented in table 6.1. 

 

The vacuum degassing method used in this study was effective, thus there was a significant change in 

water content before and after degassing. The water content present in the chemicals before and after 

degassing are presented in table 6.1. 
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Table 6.1: List of chemicals used and supplier details. 

Component Supplier % Purity 

(wt)a 

Initial water content 

(ppm) 

Final water 

content (ppm) 

PEG200 Sigma-Aldrich 99 550 350 

[𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 

 

Ionic Liquids 

Technologies 

Inc 

99 

 

310 210 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− 

 

Liquids 

Technologies 

Inc 

99 

 

360 220 

 

[𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 

Ionic Liquids 

Technologies 

Inc 

98 400 240 

 a As stated by the supplier. 

 Karl Fisher analysis was used to measure water content. 

 Vacuum degassing method (using ultrasonic bath, rotary evaporator and vacuum pump at high 

pressure) was used to purify and dry the chemicals. 

 

6.2 Combined standard uncertainty  

6.2.1 Combined standard uncertainty for thermophysical properties   

In any experimental work, it is important to maintain high precision and accuracy of results. This is to 

ensure the credibility of results. To ensure this, experimental procedure, cleaning and calibration of the 

instruments were performed and handled with high caution. The calibrations were done to ensure that 

the measuring instrument and reported values were the true and correct readings. 

 

For the experimental values and results to be reliable, the numerical value of the measured values should 

be accompanied by the calculated uncertainty. In computing, the uncertainty of measurements, the 

repeatability uncertainty, the accuracy uncertainty and reproducibility uncertainty of the instrument 

were incorporated.  Equation 6.1 was used to compute the uncertainty of the measured values. 

                                       u(x) =  ±√ua(x)2 + urep(x)2 + ub(x)2                                                      6.1 

Where x represents the thermophysical property such as ρ, η, u and 𝑛𝐷. The repeatability of the 

measured value is represented by 𝑢𝑟𝑒𝑝, with 𝑢𝑎 and 𝑢𝑏 representing the accuracy and reproducibility 



50 
 

of the instrument used, respectively.  The formulation and methods for computing the uncertainty are 

presented and discussed in Appendix G.1. 

 

6.2.2 Combined standard uncertainty for the binary mixture composition 

The accuracy of the overall standard uncertainty of the measured properties is dependent upon the 

combined standard uncertainty of the mole fractions of two components used in this study, that is, 𝑥1 

for IL and 𝑥2 for PEG200. Equation 6.2 was used to compute the standard uncertainty of the binary 

mixture composisition. 

The standard uncertainty u(𝑥1) is given in terms of the relative standard uncertainties 𝑢𝑟(𝑚1) and 

𝑢𝑟(𝑚2)  of the two mass readings as follows: 

                                                       u(x1) = (1 − x1)[ur
2(m1) + ur

2(m2)]
1

2⁄                                        6.2 

Thus, the methods and formula for calculating uncertainty of the mixture composition are explained in 

detail in Appendix G.2. 

 

6.3 Calibrations  

 In any experimental work, calibration prior to main measurements is very important as it is used to 

maintain accuracy and reliability of results. In this work, calibrations were performed for density (ρ), 

viscosity (η), and refractive index (𝑛𝐷). All the calibration data and associated graphs are presented in 

appendix A.  

 

The calibration of the devices used in this study were explained in section 5.5. Table 6.2 presents the 

combined standard uncertainties for all the calibration data.  

 

Table 6.2: Combined standard uncertainties of the calibration values. 

𝝆/𝒈. 𝒄𝒎−𝟑 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

± 0.00002 ±0.002 ±0.00005 

 Temperature standard uncertainties for calibration of density (ρ), viscosity (η) and refractive index (𝑛𝐷)  

is u (T) = ± 0.01 K, u (T) = ± 0.01 K and 0.05 K respectively.
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6.4 Test systems 

Two test systems were measured before experiments on the PEG200 + ILs systems could be performed. 

This was necessary to check the accuracy of the instrument used for ρ measurements. This also helped 

to understand the methods and techniques needed for this study.  The test systems were selected based 

on the availability of data in the literature. The excess thermodynamic data for 𝑉𝐸, �̅�1
𝐸  and �̅�2

𝐸  and  αP
E   

for the test systems are presented in appendices B.1 – B.3 respectively. 𝑉𝐸 and 𝛼𝑃
𝐸  were correlated by 

means of the Redlich-Kister polynomial model using a MATLAB@ program compiled and written for 

this study. 

 

For test systems, (𝑉𝐸 and 𝛼𝑃
𝐸) were correlated using the Redlich-Kister polynomial equation. Equation 

6.3 represents a Redlich-Kister polynomial equation which was used for the correlation of test systems 

as discussed in details in section 4.6.2. 

                                                           ZE = xixj ∑ Ai
4
i=0 (xi − xj)

i
                                                      6.3 

𝑍𝐸, 𝑥𝑖,  𝑥𝑗 and 𝐴𝑖 represent excess thermodynamic properties, mole fraction of component i, mole 

fraction of component j  and polynomial coefficient for the binary system, respectively. 

 

6.4.1 Excess molar volume ( 𝑽𝑬 ) 

Density (ρ) measurements for [BMIM]+[Bf4]−(1) + methanol (2) were performed at 298.15 K and p = 

0.1 MPa. The measured  data compared well with literature (Vercher et al., 2015) as shown in Figure 

6.1. 

 

 

Figure 6.1: Plot of 𝑉𝐸 versus liquid mole fraction for the system of [BMIM]+[BF4]−(1) + methanol 

(2) at T = 298.15 K and p = 0.1 MPa. 𝑉𝐸  (●−), calculated values (This work); 𝑉𝐸(□ − −) literature 

values (Vercher et al., 2015). Solid and dotted lines represent the Redlich-Kister model. 
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Table 6.3: The Redlich Kister fitting parameters  and standard deviation values for the literature 

system of  𝑽𝑬, for the system [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−(𝟏) + methanol (2) at T = 298.15 K. 

𝒁𝑬 T/K A0 A1 A2 A3 A4 𝝈 

𝑽𝑬 (lit) 298.15 -2.127 1.842 -1.258 2.158 -2.053 0.01925 

𝑽𝑬(cal) 298.15 -0.0021 0.0021 -0.0006 0.0012 -0.0036 1.74 × 10−5 

 

Lit: Vercher et al. (2015) 

 

The  𝑉𝐸 values for the binary test system are negative over the entire [BMIM]+[BF4]− composition 

range. There were calculated using the measured density (ρ) data of [BMIM]+[BF4]−(1) + methanol 

(2) system at 298.15 K and p = 0.1 MPa. The results calculated compared well to those reported in 

literature   (Vercher et al., 2015). The solid and dotted line represent the Redlich Kister polynomial fit. 

A standard deviation value of the literature data is higher than that of calculated values (test system) 

which are 0.01925 and 0.0000174 respectively. The high standard deviation value of the literature data 

is mostly likely due to the inconsistent of data point at the liquid mole fraction of nicotine of 0.3. Thus, 

based on the comparison between the calculated values and the literature values, it can therefore be 

concluded that the method performed in measuring the test system was handled with care and caution 

as compared to the literature data. Thus, making the test system more accurate and reliable than the 

literature values.  
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6.4.2 Excess thermal expansion coefficient (𝜶𝑷
𝑬)  

Figure 6.2 presents the test system of 𝛼𝑃
𝐸, for the binary mixture of nicotine (1) + 1-butanol (2) at T = 

303.15 K and p = 0.1 MPa. 

 

Figure 6.2: Thermal expansion coefficients,𝜶𝑷
𝑬, versus liquid mole fraction for the system of nicotine 

(1) + 1-butanol (2) at T = 303.15 K and  p = 0.1 MPa.  𝜶𝑷
𝑬 (∗), Calculated values (This 

work); 𝜶𝑷
𝑬 (□)literature values (Soldatovic et al., 2016) Solid and dotted lines represent the Redlich-

Kister model. 

 

Table 6.4: The Redlich Kister fitting parameters and standard deviation values for the literature 

system of 𝜶𝑷
𝑬, for nicotine (1) + 1-butanol (2) binary system at T = 303.15 K and p = 0.1 MPa. 

𝒁𝑬 T/K A0 A1 A2 A3 A4 𝝈 

 𝜶𝑷
𝑬 (lit)  303.15 27.89 -26.63 13.42 5.791 -6.862 0.32980 

 𝜶𝑷
𝑬 (cal) 303.15 28.36 -26.29 5.961 6.031 10.61 0.09792 

Lit: Soldatović et al. (2016) 

 

The  𝛼𝑃
𝐸 values for the binary test systems are all positive over the entire  composition range. Using the 

measured density (ρ) values of nicotine (1) + 1-butanol (2) system at 303.15 K and p = 0.1 MPa, the 

thermal expansion coefficients were determined. The calculated results compare well to those reported 

in literature  (Soldatovic et al., 2016). The solid and dotted lines represent the Redlich Kister polynomial 

fit. The standard deviation value from literature is higher than that of calculated values (test system) 

which are 0.3298 and 0.09792 respectively. The high standard deviation of literature is mostly likely 

due to the inconsistent data point at the liquid mole fraction of nicotine between 0.5 and 0.6 mole 

0,0

2,0

4,0

6,0

8,0

10,0

0,0 0,2 0,4 0,6 0,8 1,0x1

 𝜶
𝑷

 
𝑬

/ 
𝑲

 −
𝟏

 



54 
 

fraction. Thus, based on the comparison between the calculated data and the literature data, it can 

therefore be concluded that the test system method was handled with care and caution as compared to 

the literature. Thus, confirming the test system method to be more accurate and reliable than the 

literature data. 

 

6.4.3 Excess partial molar volumes ( �̅�𝟏
𝑬 𝐚𝐧𝐝 �̅�𝟐

𝑬  )  

Density (ρ) measurements for nicotine (1) + 1-butanol (2) were performed at 303.15 K and p = 0.1 MPa. 

Figure 6.3 presents the test system of (�̅�1
𝐸  and �̅�2

𝐸  ) as a function of volume fraction of nicotine. The 

(�̅�1
𝐸  and �̅�2

𝐸  ) values for the binary test systems are positive over the entire nicotine composition range. 

The measured data compared well with literature (Soldatovic et al., 2016). Since there were no reported 

excess properties for the [BMIM]+[BF4]−(1) + methanol (2) system, it was necessary to validate the 

calculation methods of the excess properties.  Hence, the nicotine + 1-butanol system was measured 

and studied. 

 

Figure 6.3: Plot of �̅�𝟏
𝑬 𝐚𝐧𝐝 �̅�𝟐

𝑬  versus liquid mole fraction for the system of nicotine (1) + 1-butanol 

(2) at T = 303.15 K and p = 0.1 MPa. �̅�𝟏
𝑬 (□ −) and �̅�𝟐

𝑬 (△ −) , calculated values (This work); ; 

�̅�𝟏
𝑬 (∗ − −) and �̅�𝟐

𝑬 (● − −), literature values (Soldatovic et al., 2016). The solid and dotted line 

represents the trendline. 
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6.4.4. Calculated combined standard uncertainty for the test systems 

Table 6.5 presents the calculated combined standard uncertainties for density (ρ) and speed of sound 

(u) measurements.  

 

Table 6. 5: Combined standard uncertainties for the test systmes. 

Binary mixtures 𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 

[𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−(𝟏) + methanol  

and of nicotine (1) + 1-butanol (2) 

±0.0004 ± 0.00002 ±0.02 

 Temperature standard uncertainties for Anton Paar: u(T) = ± 0.01. 

 

 6.5 Comparison of the experimental values and literature values for validation of reliable results 

A comparison of the experimental values of density (𝝆), refractive index (𝒏𝑫) and molar isobaric heat 

capacity (𝑪𝑷) of pure liquids with the corresponding literature values at different temperatures and at p 

= 0.1 MPa are discussed. The purity of the chemicals were further assessed by comparison of the 

experimental 𝝆, u and 𝒏𝑫values with literature values as shown in the table 6.6.  

 

Table 6.6: Comparison of the experimental values of 𝝆, 𝒏𝑫 and 𝑪𝑷 of pure liquids with the 

corresponding literature values at different temperatures and at p = 0.1 MPa. 

Component T/K 𝝆𝒍𝒊𝒕,𝒂 𝝆𝒆𝒙𝒑 𝒏𝑫
𝒍𝒊𝒕,𝒃

 𝒏𝑫
𝒆𝒙𝒑

 𝑪𝒑
𝒍𝒊𝒕,𝒄 𝑪𝒑

𝒄𝒂𝒍 

  (𝐠. 𝐜𝐦−𝟑)  (𝐉. 𝐦𝐨𝐥−𝟏. 𝐊−𝟏) 

PEG200 293.15 

303.15 

313.15 

323.15 

333.15 

1.12481 

1.11641 

1.10901 

1.10822 

1.09311 

1.1249 

1.1169 

1.1089 

1.1081 

1.0929 

1.46001 

1.45753 

1.45321 

1.44971 

1.44631 

1.4607 

1.4575 

1.4538 

1.4504 

1.4470 

413.54 

417.24 

422.04 

426.84 

- 

- 

- 

- 

- 

432.9d 

 

 

[𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 

 

 

 

 

 

 

293.15 

303.15 

313.15 

323.15 

333.15 

1.20445 

1.19745 

1.19086 

1.18307 

1.17638 

1.2046 

1.1974 

1.1903 

1.1833 

1.1763 

1.42329 

1.420610 

1.417911 

1.415311 

1.412512 

 

1.4230 

1.4205 

1.4179 

1.4154 

1.4129 

362.513 

367.213 

371.913 

376.613 

381.413 

 

- 

- 

- 

- 

- 
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Table 6.7: cont. 

 

 

 

 

 

Component T/K 𝝆𝒍𝒊𝒕,𝒂 𝝆𝒆𝒙𝒑 𝒏𝑫
𝒍𝒊𝒕,𝒃

 𝒏𝑫
𝒆𝒙𝒑

 𝑪𝒑
𝒍𝒊𝒕,𝒄 𝑪𝒑

𝒄𝒂𝒍 

  (𝐠. 𝐜𝐦−𝟑)  (𝐉. 𝐦𝐨𝐥−𝟏. 𝐊−𝟏) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− 

 

293.15 

303.15 

313.15 

323.15 

333.15 

1.371214 

1.362415 

1.354316 

1.345917 

1.337616 

1.3710 

1.3624 

1.3540 

1.3457 

1.3375 

1.411014 

1.407318- 

1.405018 

1.403018 

1.400014 

1.4108 

1.4074 

1.4058 

1.4032 

1.4005 

- 

405.019 

410.319 

416.019 

421.919 

430.220 

 

- 

- 

- 

- 

- 

[𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 293.15 

303.15 

313.15 

323.15 

333.15 

1.282614 

1.275014 

1.267414 

1.260014 

1.252514 

1.2822 

1.2750 

1.2670 

1.2595 

1.2521 

1.414014 

1.411120 

1.409014 

1.406021 

1.403421 

1.4142 

1.4119 

1.4092 

1.4066 

1.4039 

306.513 

309.813 

313.213 

316.813 

320.613 

- 

- 

- 

- 

- 

 

aDensity, brefractive index literature values and cmolar isobaric heat capacity literature values at T = 

(293.15 – 323.15) K with an interval of 10 K at p = 0.1 MPa. dMolar isobaric heat capacity value 

obtained using the least square method (Appendix C). 

   1(Živković et al., 2013)                                           2(Wu et al., 2013)              

   3(Ali et al., 2013)                                                     4(Francesconi et al., 2007) 

   5(Ciocirlan et al., 2011)                                           6(Wu et al., 2015) 

   7(Gardas et al., 2007)                                               8(Montalban et al., 2015) 

   9(Vakili-Nezhaad et al., 2012)                               10(Iglesias-Otero et al., 2007) 

11 (Ciocirlan et al., 2014)                                          12(Tariq et al., 2009) 

13 (Waliszewski et al., 2005)                                    14 (Bahadur et al., 2016) 

15 (Zafarani-Moattar and Shekaari, 2005)                16(Huo et al., 2007) 

 17(Krishna et al., 2017)                                            18(Soriano et al., 2009)                

 19(Troncoso et al., 2006)                                          20(Ciocirlan et al., 2014) 

 21(Carissimi et al., 2019) 
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6.6 Measurements of thermophysical properties for pure ILs  

The thermophysical data measured are presented in tabular format in Appendix D. The associated 

graphs for ρ, η, u and 𝑛𝐷 are presented in Figure 6.4. 

 

 

Figure 6.4: Plot of the thermophysical properties for pure components (♦) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, 

(●)[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]−and (□) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− at p = 0.1 MPa.  

The ρ, η, u and 𝒏𝑫 plots are represented by a, b, c, and d respectively. The solid lines for ρ, u and 𝒏𝑫 

were correlated using the least-squares model and the solid line for η was correlated using the Vogel–

Fulcher–Tammann (VFT) model. 
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The thermophysical data such as ρ, u and 𝑛𝐷 were correlated using a linear least square equation as 

shown in Equation 6.3 and discussed in section 3.7.1.                                                   

                                                              z = ∑ Bi
2
i=0 Ti                                                                  6.3 

where z, 𝐵 and 𝑇𝑖  represent the thermophysical measured values, polynomial coefficient, and absolute 

temperature, respectively.  

 

Table 6.7 presents the calculated least-square fitting parameters and standard deviation for measured 

values such as density (𝜌), speed of sound (u) and refractive index (𝑛𝐷). 

Table 6.8: Least square fitting parameters for pure 𝝆, u and  𝒏𝑫 of ILs from (293.15 to 333.15) K at p 

= 0.1 MPa. 

Z ILs B0 B1 B2 𝝈 

 

𝝆  

[BMIM]+[BF4]− 1.452 -0.0009667 4.140 × 10-7 1.859 × 10-5 

 [EMIM]+[BF4]− 1.529 -0.0009184 2.642× 10-7 2.731× 10-5 

[BMIM]+[PF6]− 1.425 0.0001382 -6.317× 10-7 7.804 × 10-5 

 

 

u 

[BMIM]+[BF4]− 2456 -3.597 0.002057 0.2594 

 [EMIM]+[BF4]− 2564 -3.858 0.002414 .08629 

[BMIM]+[PF6]− 2513 -4.777 0.003971 0.2086 

 

 

𝒏𝑫
 

[BMIM]+[BF4]− 1.494 -0.0002304 -3.685 × 10-8 4.057 × 10-5 

 [EMIM]+[BF4]− 1.452 - 0.0000151 -3.866 × 10-7 9.751 × 10-5 

[BMIM]+[PF6]− 1.447 -0.0000058 -4.001 × 10-7 4.195 × 10-5 

                                             

The viscosity (𝜂) data was correlated using a Vogel–Fulcher–Tammann (VFT) equation. Equation 6.4 

represents the expression used.                                                    

                                                                        η = Ae
B

T−Tg                                                                     6.4 

Where A and B are fitting parameters, 𝑇𝑔 is the ‘ideal glass transition temperature’ obtained from the 

literature. The VFT model used for correlation of η was discussed in section 3.7.1. 

                                                    

Table 6.8 presents the calculated VFT fitting parameters and standard deviation for measured values 

such as viscosity (𝜂).  
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Table 6.9: Vogel–Fulcher–Tammann (VFT) fitting parameters for pure η of ILs from (293.15 to 

333.15) K at p = 0.1 MPa. 

ILs A B 𝑻𝒈/K 𝝈 

[𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 0.7548 0.5709 176.24a 0.09 

 [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− 0.03235 0.3387 187b 0.10 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− 0.5566 0.3616 190.6c  0.07 

a (Vila et al., 2006); b (Hayamizu et al., 2004); c (Zhang et al., 2006). 

 

6.6.1 Density (ρ) 

The values of ρ for the three pure ILs as a function of temperature are shown in Figure 6.4.a. The ρ of 

all the 1-alkyl-3-methylimidazolium-based ILs decreases linearly with temperature. This linear 

behavior is common to ILs in general.  The ρ of all three ILs follow the order [BMIM]+[PF6]− >

 [EMIM]+[BF4]− > [BMIM]+[BF4]−.  

 

For ILs such as [BMIM]+ [BF4]− and [BMIM]+ [PF6]−, the density for these ILs follow the trend: 

[PF6]− > [BF4]−. For these pure ILs, the ρ values increases as the molecular weight of an anion 

increases. The ρ values for the IL with the   [PF6]− anion is much greater than the ρ values for the IL 

with the  [BF4]− anion. According to (Fröba et al., 2008) a large anion has much more ability to 

accommodate itself closer to the relatively large cation as compared to a small anion.  

 

For ILs such as [BMIM]+[BF4]− and [EMIM]+ [BF4]−, the densities of these ILs follow the trend: 

[EMIM] > [BMIM]. The ILs with shorter cation chain length are much denser than ILs with a longer 

cation chain length. The dispersive interactions of ILs are known to be affected by the alkyl chain length 

of imidazolium cation. From the order above, the dispersive interactions within the ILs increase with 

alkyl chain length, causing a nanostructural organization in polar and non-polar regions. The cation 

alkyl chain of an IL make up the non-polar region whereas the anion makes up both the non-polar and 

polar region (Kolbeck et al., 2010). 

 

As observed in Figure 6.4.a the ρ values decrease with an increase in temperature, which is caused by 

the thermal agitation of the molecules. As the temperature increases, the kinetic energy of the molecules 

also increases causing the molecules to accelerate and to spread apart. This is termed thermal agitation, 

which causes the molecules to take up more volume hence a decrease in ρ. A change in ρ values of 

anions and cations clearly shows that the ρ of ILs is affected by the molecular weight and structural 

arrangement of ions.  
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6.6.2 Viscosity (η) 

The viscosity (η) for the three pure ILs as a function of temperature are shown in Figure 6.4.b. The η of 

all the 1-alkyl-3-methylimidazolium-based ILs decreases exponentially with temperature in the range 

(293.15 to 333.15) K. All three ILs possess high values of 𝜂  at the low temperature.  The η of all three 

ILs follow the order: [BMIM]+[PF6]− > [BMIM]+[BF4]− >   [EMIM]+[BF4]−. 

 

 For ILs such as [BMIM]+ [BF4]− and [BMIM]+ [PF6]−, the viscosity of the ILs follow the order: 

[PF6]− > [BF4]−. It is clear that the  [PF6]− anion possesses  higher values of η and the  [BF4]− anion 

possesses lower values of η. Anions having greater molecular weight tend to be much more viscous 

than anions having small molecular weight. The explanation for the rise of η values for 

[BMIM]+[Bf4]− and  [BMIM]+[Pf6]−  is that the size of the anion is large enough to facilitate the 

interactions between the anion and cation (Kavitha et al., 2012a). 

 

For ILs such as [BMIM]+[BF4]− and [EMIM]+ [BF4]−, the viscosity of the ILs follows the order: 

[BMIM]+ > [EMIM]+. The [EMIM]+ cation possesses lower values of  𝜂 and the [BMIM]+ cation 

possesses the highest values of η. For cations, the shorter the alkyl chain, the lower the η of the IL and 

vice versa for longer alkyl chains. According to (Bonhô, 1996), van der Waals (Debye forces) 

interactions increase with increasing cation alkyl chain length, thus leading to higher viscosities. The 

values of η decreases with an increase in temperature. This is due to an increase in the Brownian motion 

of the constituent molecules of the IL (Capelo et al., 2012). The viscosity trends of the ILs studied is in 

good agreement with the study done by (Navia et al., 2008) using the same  ILs. 

 

6.6.3 Speed of sound (𝒖) and refractive index (𝒏𝑫) 

It is observed that u and 𝑛𝐷 behave in a similar manner. The values of 𝑛𝐷 and u for the three pure ILs 

as a function of temperature are shown in figure 6.6.c for u and figure 6.6.d for 𝑛𝐷. The u and 𝑛𝐷 of all 

the 1-alkyl-3-methylimidazolium-based ILs decreases linearly with temperature in the range (293.15 to 

333.15) K. This is the usual trend observed for pure ILs (Gusain et al., 2018). All three ILs possess high 

values of u and 𝑛𝐷 at a low temperature.  The values of u and nD for all three ILs follow the order  

 [EMIM]+[BF4]− >  [BMIM]+[BF4]− >  [BMIM]+[PF6]−. 

 

For the [BMIM]+ [BF4]− and [BMIM]+ [PF6]− ILs, the u and 𝑛𝐷 follow the order:[BF4]− > [PF6]−. It 

is observed that the  [BF4]− anion possesses higher values of u and nD, while the [PF6]− anion possesses 

lower values of 𝑛𝐷 and u. The anion having more fluorine molecules and possessing greater molecular 

weight tend to have lower values of u and 𝑛𝐷  than an anion of lower molecular weight and less fluorine 

molecules.  
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For ILs such as [BMIM]+[BF4]− and [EMIM]+ [BF4]−, the speed of sound and refractive indices follow 

the order: [EMIM]+ > [BMIM]+.  The IL with the[BMIM]+ cation possess the lowest values of u and 

𝑛𝐷, while the [EMIM]+ cation possess the highest values of 𝑛𝐷 and u. Cations behave in a similar 

manner to anions, i.e., the smaller the molecular weight the higher the u and 𝑛𝐷 and the larger the 

molecular weight the lower the 𝑛𝐷 and u. The shorter the alkyl chain, the higher the u and 𝑛𝐷 of the IL 

and vice versa for longer alkyl chains. From the results the values of u and nD  decreases with an increase 

in temperature. The conclusion is that the size and structural arrangement of ions affect the overall 

thermophysical property.
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6.7 Thermophysical properties for binary mixtures  

The measured thermophysical data of the binary mixtures of [BMIM]+[BF4]−, [BMIM]+[PF6]− and 

[EMIM]+[BF4]−   with PEG200 are presented in appendices D.1– D.3 respectively. Only the graphical 

plots are presented in this section. 

 

6.7.1 Density (𝝆 )  

Figure 6.5 presents the variation of 𝜌  as a function of mole fraction of ILs. The 𝜌 values for all the 

studied binary systems are positive over the entire ILs composition range. 

 

 

 

Figure 6.5: Plot of ρ versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−.Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid line is the trendline.

1,07

1,09

1,11

1,13

1,15

1,17

1,19

1,21

0,0 0,2 0,4 0,6 0,8 1,0
x1

1,05

1,10

1,15

1,20

1,25

1,30

1,35

0,0 0,2 0,4 0,6 0,8 1,0
x1

𝝆
/𝒈

.𝒄
𝒎

−
𝟑

1,08

1,13

1,18

1,23

1,28

0,0 0,2 0,4 0,6 0,8 1,0x1

𝝆
/𝒈

.𝒄
𝒎

−
𝟑

𝝆
/𝒈

.𝒄
𝒎

−
𝟑

 

a b 

c 



63 
 

 

Figure 6.5 shows the measured values of ρ for alkyl imidazolium-based ILs with PEG200 at T= (293.15, 

303.15, 313.15, 323.15 and 333.15) K over the entire composition range plotted against the mole 

fraction of the IL. It is observed that the ρ values increase as the concentration of the ILs in the mixture 

increases. The ρ values decreases as the temperature increases for all imidazolium-based ILs systems 

under atmospheric pressure. Generally, ILs are completely miscible with medium to high dielectric 

liquids and immiscible with components that possess low dielectric constant (Domanska and 

Krolikowska, 2010).  

 

PEG200 possesses a high dielectric constant of 𝜀 = 20.26 at 298.15 K (Bonhote et al., 1996), making 

ILs to be entirely miscible in PEG200. In a practical sense, this means that all the selected ILs are 

entirely miscible in PEG200 (Bahadur et al., 2016). The increase in ρ values for binary mixtures (ILs + 

PEG200) is possibly due to the increase in the solute-solvent interactions between the IL and PEG200 

(Jamal et al., 2016). The ρ values of imidazolium-based ILs with PEG200 follow the order: 

[BMIM]+[PF6]− > [EMIM]+[BF4]− > [BMIM]+[BF4]−. 

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and [BMIM]+[BF4]−, the ρ follow the order 

[PF6]−> [BF4]−. The binary mixture containing the [BF4]− anion possesses much lower ρ values as 

compared to the binary mixture with the  [Pf6]− anion at the same condition. Due to lower ρ values of 

 [BF4]−  binary mixture, [BMIM]+[BF4]− + PEG200 possess weaker interaction than binary mixture 

composed of [BMIM]+[PF6]− . Therefore, the highest ρ values for mixtures with [PF6]− is due to the 

increased size of the anion with the same cation. 

 

Comparing the effect of the cation of [BMIM]+[PF6]−  and [BMIM]+[BF4]−, the ρ follow the order 

[EMIM]+ > [BMIM]+. This cation order indicates that the lower alkyl chain length is much denser than 

longer alkyl chain length. This is due to the ion-ion pair interactions decreasing with increasing size of 

cation alkyl chain length, resulting in a nano-structural organization in polar and non-polar regions. 

Polar group region possesses the cationic head groups and the anions while the non-polar regions are 

composed of alkyl chains. When the chain length of the cation is enhanced, the non-polar region 

increases and takes up more space, as a result the IL with of greater cation alkyl chain experiences lower 

ρ (Umapathi et al., 2014). From the order, the highest values of ρ are due to the decreased length of the 

cation with the same anion and vice versa. The results obtained give a clear indication that the ρ of the 

binary mixtures is affected by two factors: the size of the anion and the length of the alkyl group of 

cation.  
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6.7.2 Viscosity (𝜼 )  

Figure 6.6  presents the variation of η as a function of mole fraction of ILs. The 𝜂 values for all the 

studied binary systems are positive over the entire ILs composition range. 

 

 

Figure 6.6: Plot of η versus the IL (𝒙𝟏) for the IL + PEG200 systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−.  Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa. The solid line represents the trendline. 
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Figure 6.6 shows the measured values of η for alkyl imidazolium-based ILs with PEG200 at T = 

(293.15, 303.15, 313.15, 323.15 and 333.15) K over the entire composition range plotted against the 

mole fraction of the IL. The thermophysical properties of ILs are dependent upon the length of the alkyl 

chain and molecular structure of the anion. The η values of the alkyl imidazolium-based ILs with 

PEG200 follow the order: [BMIM]+[PF6]− > [BMIM]+[BF4]− > [EMIM]+[BF4]−. It is also observed 

that the η values decreases as the temperature increases for all the binary systems at atmospheric 

pressure. This may be due to the increase in the Brownian motion of the constituents molecules of ILs 

(Capelo et al., 2012).  

 

Binary mixtures of [BMIM]+[BF4]−+ PEG200 and [BMIM]+[PF6]−+ PEG200 behave similarly; the 

value of η increases with a mole fraction of ILs at all temperatures investigated. This behavior implies 

that there are strong molecular interactions between the ions of IL and PEG200 molecules. An increase 

is observed and this suggests that the coulombic interactions are strengthened as the concentration of 

ILs increases, leading to lower mobility of ions (Govinda et al., 2013).  

 

The opposite behavior is observed for [EMIM]+[BF4]− with PEG200, in which the η values decreases 

as the concentration of the ILs increases. This behavior implies that intermolecular interactions between 

the ions of IL and molecules of PEG200 are weak, suggesting that van der Waals forces are dominant. 

These interactions lead to much lower η values as compared to the IL with the BMIM+ cation.  

 

The reason for the low η values is that, the size of the cation [EMIM]+  is not large enough to facilitate 

the interactions between anion IL and PEG200 (Govinda et al., 2013). Additionally this low value of η 

of IL [EMIM]+ is also due to charge delocalization in the anion, leading to any dissociation of bond 

formation (Kavitha et al., 2012b). Due to a large gap in size between [EMIM]+ and [BF4]−, the 

interactions are not sufficient to enhance the η values. The results might imply that the greater motions 

of ions is responsible for the lower η values of [EMIM]+[Bf4]−with PEG200. 

 

For the two ILs composed of the same cation [BMIM]+ with the two different anions combinations 

[BF4]− and [PF6]−, the η values follow the order: [PF6]− > [BF4]−. It is clear that the η values of the 

binary mixture is affected by the size of the anion, indicating that the greater the molecular weight, the 

high the η values for the binary mixture. [PF6]− is able to facilitate strong intermolecular interactions 

with [BMIM]+ and PEG200 molecules much stronger than the [BF4]−anion. 

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]− , the η values yielded 

opposite results. For the [BMIM]+ mixture, the coulombic interactions increases as the concentration of 
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ILs increases. For the [EMIM]+  mixture, the van der Waals forces increases as the concentration of IL 

increases. 

 

From the results, it is clear that the η values of the binary mixture is affected by the size and the 

molecular structure of both anion and cation.  

 

6.7.3 Speed of sound (u)  

Figure 6.7  presents the variation of u as a function of mole fraction of ILs. The u values for all the 

studied binary systems are positive over the entire ILs composition range. 

 

 

 

Figure 6.7: Plot of u versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid line is the trendline.
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Figure 6.7 shows the measured values of u for alkyl imidazolium-based ILs with PEG200 at T= (293.15, 

303.15, 313.15, 323.15 and 333.15) K over the entire composition range plotted against the mole 

fraction of the IL. The values of u are one of the essential thermophysical properties, which can be used 

to understand the molecular interactions between liquids. The knowledge of the ultrasonic studies of 

imidazolium-based ILs and their mixtures are vital in several industrial processes (Govinda et al., 2016). 

 

The thermophysical properties of ILs are dependent on the alkyl chain of the cation and nature of the 

structure of anion. The u values of the alkyl imidazolium-based ILs with PEG200 follow the 

order: [EMIM]+[BF4]− > [BMIM]+[BF4]− > [BMIM]+[PF6]−and u values of all three selected binary 

mixture of ILs with PEG200 decreases with increasing temperature. 

 

For binary  mixtures of [BMIM]+[BF4]−, [BMIM]+[PF6]−  and [EMIM]+[BF4]−  with PEG200, the 

values of u initially increase as the concentration of ILs  increases up to 𝑥1 ≈ 0.16, 𝑥1 ≈ 0.058 and 

𝑥1 ≈ 0.38  respectively. This increase implies that there are self-interactions occurring between the ions 

of ILs and the molecules of PEG200 (Kavitha et al., 2014). 

 

Thereafter, the u of [BMIM]+[BF4]−, [BMIM]+[PF6]− and [EMIM]+[BF4]−  with PEG200 drastically 

decreases with increasing mole fraction of ILs at 𝑥1 > 0.16, 𝑥1 > 0.058 and 𝑥1 > 0.38 respectively at all 

studied temperatures. This inconsistent behavior of u may be due to diminished ion-ion interactions 

between ILs and PEG200 as the concentration of ILs increases (Kumar et al., 2016).  

 

Figure 6.7 presents the u for two ILs composed of the same [BMIM]+ cation and two different anions 

[BF4]−and [PF6]− . Comparing the effect of the anion, the u follow the order [BF4]− > [PF6]−. This 

order indicates that the interaction of smaller sized anion [Bf4]− with PEG200 is stronger than the 

interactions of ILs having smaller molecular weight [PF6]− (Govinda et al., 2015). The u values for the 

binary mixture with the [PF6]− anion decreases much more rapidly than the binary mixture with the  

[BF4]− anion. Thus, the [PF6]− anion possesses much lower u values as compared to the system with 

the [BF4]− anion. This is due to the diminished ion-ion interactions. 

 

Figures 6.7.a and 6.7.c show the u values for the two binary mixtures of ILs composed of the same 

[BF4]− anion and two different cations combinations [BMIM]+and [EMIM]+ . The u results follow the 

order: [EMIM]+ > [BMIM]+. This order indicates that the self-interaction of the lower alkyl cation chain 

length cation is much stronger than the larger alkyl cation chain length (López and Illas, 1998). The 

order follows the same behavior for ion-ion molecular interactions. Therefore, the differences in the 

speed of sound results for the ILs with PEG200 are mainly due to the sizes of anion and varying alkyl 

chain length of the cation. 
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6.7.4 Refractive index (𝒏𝑫)  

Figure 6.8  presents the variation of  𝑛𝐷  as a function of mole fraction of ILs.  

 

 

Figure 6.8: Plot of 𝒏𝑫 versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid line is the trendline.
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Figure 6.8 shows the measured values of  𝑛𝐷 for alkyl imidazolium-based ILs with PEG200 at T = (293.15, 

303.15, 313.15, 323.15 and 333.15) K over the entire composition range plotted against the mole fraction 

of the IL. The 𝑛𝐷 can be used as a measure of the electronic polarizability of a molecule and can also 

provide useful information about the interactions between molecules (Govinda et al., 2016). The values of 

𝑛𝐷 decreases with increasing concentration and temperature of ILs in the mixture. This trend is mainly due 

to weakened ion-ion pair interactions between the IL and molecules of PEG200 and self-interaction 

between the ions of ILs (Govinda et al., 2015).  The 𝑛𝐷 values of the alkyl imidazolium-based ILs with 

PEG200 follow the order: [BMIM]+[BF4]− > [EMIM]+[BF4]− > [BMIM]+[PF6]−.  

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and  [BMIM]+[BF4]−, the 𝑛𝐷 follow the order [BF4]− 

> [PF6]−. For ILs with the same cation that is [BMIM]+ with different anions of various molecular size, the 

𝑛𝐷 values decreases as the molecular weight of the anion increases. It is observed that the mixtures with 

[PF6]− possesses lower values of  𝑛𝐷  while mixtures with [BF4]−possess higher values of 𝑛𝐷. The ion-ion 

interactions of ILs with PEG200 decreases with increasing molecular size of the anion. This implies that 

the smaller anions have a greater ability to form stronger interactions with the molecules of PEG200 as 

compared to the ILs with larger anions.   

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]−, the 𝑛𝐷 follow the order 

[BMIM]+ > [EMIM]+.This implies that the ion-ion interaction between ILs and PEG200 decreases with 

decreasing size of alkyl cation chain length. Thus, the cation size affects the overall values of 𝑛𝐷 . 
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6.8 Excess thermodynamic properties of binary mixtures 

The excess thermodynamic data of the binary mixtures of [BMIM]+[BF4]−, [BMIM]+[PF6]− and 

[EMIM]+[BF4]− with PEG200 are presented in appendices E.1 – E.3, respectively. The graphical plots are 

presented in this section.  

 

6.8.1 Excess molar volume (𝑽𝑬)  

Figure 6.9  presents the variation of  𝑉𝐸   as a function of mole fraction of ILs. The 𝑉𝐸 values for all the 

studied binary systems are negative over the entire ILs composition range. 

 

Figure 6.9: Plot of 𝑽𝑬 versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid lines represent the correlation 

obtained with the Redlich-Kister polynomial equation. 
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The 𝑉𝐸 values for all the studied binary systems are negative throughout the entire ILs composition and 

temperature range. The negative values of 𝑉𝐸 arise from the chemical contributions that compromise of 

specific interactions such as hydrogen bonding or ion-dipole interactions and charge transfer (donor-

acceptor) complexes (Krishna et al., 2016).  

 

The structural and geometric contribution is also known to contribute to the sign inversion of  𝑉𝐸 for binary 

systems. Structural contributions are due to the geometrical fitting of the molecules of different molecular 

sizes into one another structure/s resulting in either negative or positive departure from ideal behaviour (Ali 

and Nain, 2002). The ILs exists as a 3-D network and is bulkier than the polymers, so it easily 

accommodates the smaller sized polymer molecules into the interstices upon mixing. This leads to volume 

contraction upon mixing (Zafarani-Moattar and Shekaari, 2006). 

 

All the studied binary mixtures resulted in negative deviation from ideal behaviour.  This implies that there 

exists strong hydrogen bonding between PEG200 and the alkyl imidazolium ILs. Hydrogen bonds between 

PEG200 and ILs are formed (i) by proton donation of the acidic protons (mainly C2-H) from the 

imidazolium cation to the hydroxyl -OH from PEG200 monomer unit, (ii) through proton acceptance, 

proton acceptance is due to hydrogen bond basicity of  ILs anion accepting the protons from the PEG200 

terminal –OH groups (Rodriguez et al., 2009). The negative 𝑉𝐸 of the studied binary mixtures, is due to the 

large difference in molar volume between ILs and PEG200. This implies that it is possible for the small 

PEG200 molecules to fit into the interstices of ILs upon mixing at all investigated temperatures. 

 

The results revealed that the values of 𝑉𝐸 becomes more negative or decreases when the temperatures 

increase from 293.15 K to 333.15 K. The strength of the hydrogen bonding is dependent upon the 

temperature, since as the temperatures increases the kinetic energy of molecules increases, causing the ion-

dipole interactions to intensify (Bahadur et al., 2016). Therefore, the ion-dipole interactions (ions from ILs 

and dipole of PEG200 molecules) become more significant due to the availability of greater number of  

PEG200 dipoles, leading to a decrease in mixture volume (Wang et al., 2005). Furthermore, the expansion 

in free volume due to an increase in temperature seems to be dominated by more favourable fitting of 

smaller PEG200 molecules into the larger voids created by the larger IL molecules at high temperatures, 

leading to a contraction in volume. 

 

The magnitude of 𝑉𝐸 varies from low concentrations to higher concentration of ILs. From the results, it is 

observed that the magnitude of the negative sign decreases as the mole fraction of ILs increases. It is clear 

that the more efficient parking is due to the different sizes and shapes of IL cation and anion combinations. 
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All the 𝑉𝐸 curves are asymmetric and negative in the entire composition range, indicating negative 

deviation from ideal behaviour. The magnitude of the 𝑉𝐸 of all the binary mixtures follow the 

order: [EMIM]+[BF4]− > [BMIM]+[PF6]−  > [BMIM]+[BF4]−, having maximum values at (𝑉𝐸 ≈ -1.1 

cm3·mol−1  at 𝑥1 ≈ 0.4), ( 𝑉𝐸 ≈ -1.0 cm3·mol−1  at 𝑥1 ≈ 0.25) and (𝑉𝐸 ≈ -0.88 cm3·mol−1 at 𝑥1 ≈ 0.4), 

respectively. 

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and  [BMIM]+[BF4]−, the magnitude of  𝑉𝐸 follow 

the order [PF6]− > [BF4]−. The net value of 𝑉𝐸  for [BMIM]+[PF6]− mixture is greater than the 𝑉𝐸 of  

[BMIM]+[BF4]−.  From the results, it is clear that the chemical structure of the anion in the imidazolium 

based ILs strongly affects the 𝑉𝐸. The mixture with the   [PF6]− anion possesses a greater negative value 

than the [BF4]− anion.  

 

The hydrogen bonding between the ILs and polymers mainly depend on the size and the basicity of the 

anion of the ILs (Kavitha et al., 2012c).  The high 𝑉𝐸 negative values in [PF6]− based IL systems may be 

due to the basicity of the [PF6]− anion being stronger than that of the [BF4]− anion, which leads to the 

strength of the hydrogen bonds and ion-dipole interactions to increase rapidly.  

 

Similarly, the ability of  [BMIM]+[PF6]− interstices to accommodate PEG200 is much greater than that of 

 [BMIM]+[BF4]−, which makes the strength of the ion-dipole interactions between the molecules of 

[BMIM]+[PF6]−+ PEG200 to be stronger than that of [BMIM]+[BF4]− + PEG200.  

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]−, magnitude of  𝑉𝐸 follow the 

order [EMIM]+ > [BMIM]+. The results show that the values of VE is much more negative for shorter alkyl 

cation chain length under the same experimental conditions. The more negative value of 𝑉𝐸 serves as 

evidence of the ion-dipole interactions and enhanced packing effect with the IL possessing shorter alkyl 

cation chain. Clearly, moderate steric hindrance is expected from the alkyl chain of [BMIM]+. Therefore, 

it is vital to note that the strength of ion interactions between the molecules of ILs and PEG200 is highly 

dependent on the nature of the cation. 
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6.8.2 Excess viscosity (𝜼𝑬)  

Figure 6.10  presents the variation of  𝜂𝐸 as a function of mole fraction of ILs. The 𝜂𝐸 values for all the 

studied binary systems are positive over the entire  composition range. 

 

 

Figure 6.10: Plot of 𝜼𝑬 versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid lines represent the correlation 

obtained with the Redlich-Kister polynomial equation. 
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Figure 6.10 shows the 𝜂𝐸 graphs of the binary mixtures of ILs and PEG200. The 𝜂𝐸 trends are positive 

throughout the entire composition range. All the binary mixtures are asymmetric and the magnitude of 𝜂𝐸 

follows this order:  [EMIM]+[BF4]− > [BMIM]+[PF6]− > [BMIM]+[BF4]−. The maximum 𝜂𝐸 point for 

[EMIM]+[BF4]−, [BMIM]+[PF6]− and  [BMIM]+[BF4]− binary systems are observed at  (𝜂𝐸  ≈ 1.0 mPa.s 

at 𝑥1 ≈ 0.57, 0.9 mPa.s at 𝑥1 ≈ 0.5 and 0.75 mPa.s at 𝑥1 ≈ 0.58), respectively. 

The maximum and positive values of 𝜂𝐸 suggest that the association formed between unlike molecules are 

relatively more than those in the pure components (Kavitha et al., 2012a).  For a positive deviation of the 

binary mixture of ILs with PEG200, 𝜂𝐸  values decrease with increasing temperature as shown in figure 

6.10. As the temperature increases, the interactions become acutely reduced because of the dissociation of 

the IL ion pair (Kavitha et al., 2012b).  

 

The positive values of 𝜂𝐸 suggest that there is high capacity packing occurring between the ions of ILs and 

molecules of PEG200, which implies that there is volume contraction upon mixing. This high packing effect 

(contraction of volume) suggests that there are strong ion-dipole interaction forces also known as hydrogen 

bonding between the ions of ILs and molecules of PEG200.  

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and  [BMIM]+[BF4]−, the magnitude of  𝜂𝐸 follow 

the order [PF6]− > [BF4]−.The 𝜂𝐸 values decreases with decreasing molecular weight of anion, which 

suggests that the strength of the interaction decreases from [PF6]− to [BF4]− with PEG200. 

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]−, magnitude of  𝜂𝐸 follow the 

order [EMIM]+ > [BMIM]+.  The results explicitly elucidates that the 𝜂𝐸 values decrease with an increase 

in cation alkyl chain length. Thus, the coulombic interactions between the molecules of PEG200 and ions 

of ILs decreases as the cation alkyl chain length increases. It is clear from the above discussion that the 

nature and structure of both the cation and anion greatly influences the 𝜂𝐸 values. 

 

The 𝜂𝐸 values are found to be opposite to the sign of 𝑉𝐸 for all three binary mixtures, which is in agreement 

with the view proposed by (Roy et al., 2010). A relationship between the sign of  𝜂𝐸 and 𝑉𝐸 has been 

observed for a number of binary systems (Roy et al., 2011), i.e., 𝜂𝐸 is positive when 𝑉𝐸 is negative and 

vice-versa. 
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 6.8.3 Excess isentropic compressibility (𝑲𝒔
𝑬)  

Figure 6.11 present the variation of  𝐾𝑠
𝐸   as a function of mole fraction of ILs. The 𝐾𝑠

𝐸 values for all the 

studied binary systems are negative over the entire ILs composition range. The CP values are needed to 

calculate 𝐾𝑠
𝐸. Table 6.8 presents 𝐶𝑃 values for all three ILs and PEG200 at different temperature. The 𝐶𝑃 

value of PEG200 at 333.15 K was not available in the literature, thus it was calculated. The estimated fitting 

parameters for 𝐶𝑃 which are 𝐶0, 𝐶1 and 𝐶3 were calculated using linear equation 4334. From the linear 

equation, the 𝐶𝑝 value for 333.15 K was estimated and calculated using an extrapolation method. The 

estimated and calculated 𝐶𝑃 value at 333.15 K for PEG200 is 432.9 J. mol−1. K−1. These details can be 

found in Appendix C. 

 

 

Figure 6.11: Plot of  𝑲𝒔
𝑬  versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid lines represent the correlation 

obtained with the Redlich-Kister polynomial equation. 
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In figure 6.11, the negative 𝐾𝑠
𝐸 values indicate strong ion-dipole interactions between the molecules of 

PEG200 and ions of ILs. Mixing of ILs with PEG200 induces the dissociation of PEG200, thus during the 

mixing process, the molecules of PEG200 will solvate in the interstitial accommodation of ILs. This will 

lead to a decrease in the intermolecular free space and formation of closer molecular aggregates. A strong 

intermolecular interaction through ion-dipole interactions, charge transfer, interstitial accommodation, and 

orientational ordering leads to a more compact, rigid structure which contributes to the negative deviation 

of  𝐾𝑠
𝐸 (Sharrna et al., 2010).  

 

The fitting curves for binary systems of ( [BMIM]+, [BMIM]+[PF6]− or [EMIM]+[BF4]− + PEG200) are 

all symmetric and present the minimum values in the ILs mole fraction at (𝐾𝑠
𝐸  ≈ -13 TPa−1 at 𝑥1 ≈ 0.30, 

𝐾𝑠
𝐸  ≈ -15 TPa−1 at 𝑥1 ≈ 0.34 and 𝐾𝑠

𝐸  ≈ -21 TPa−1 at 𝑥1 ≈ 0.38), respectively.  

 

The negative values of 𝐾𝑠
𝐸 for ILs with PEG200 imply that the solvent molecules around the solute are less 

compressible than the solvent moleculesF in the bulk solutions. As PEG200 is added to ILs, there is a 

decrease depicted in the compressibility graph at all temperature ranges. The decrease in compressibility is 

due to volume contraction upon the mixtures. Therefore, at high temperatures the mixture becomes more 

rigid (with less compressibility (𝐾𝑠
𝐸 < 0)) thus, there is volume contraction (molecules are more packed 

(𝑉𝐸 < 0)) (Alavianmehr et al., 2017). Additionally, contraction of volume implies that there are strong ion-

dipole interactions in the mixture. The strong interactions are due to the solvation of the ions in the solution. 

The magnitude of 𝐾𝑠
𝐸 values follow the order: [EMIM]+[BF4]− > [BMIM]+[PF6]− > [BMIM]+[BF4]−. 

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and  [BMIM]+[BF4]−, the magnitude of  𝐾𝑠
𝐸 follow 

the order [PF6]− > [BF4]−.. This means that the mixture composed of large size of anion [Pf6]− is much 

more rigid (less compressibility) and compact than with a mixture with anion composed of smaller 

molecular weight [BF4]− anion. Rigidity of a mixture means there is a volume contraction upon the mixture, 

which is attributed to strong ion-dipole interactions. Therefore, the solvation of ions in the solution is much 

greater for ILs with the  [PF6]−  anion than [BF4]−  anion. 

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]−, magnitude of  Ks
E follow the 

order [EMIM]+ > [BMIM]+. Results depicted that the  𝐾𝑠
𝐸 values for binary system with the  [EMIM]+ 

cation are more negative than that of  [BMIM]+. The more negative  𝐾𝑠
𝐸 values for mixtures with [EMIM]+  

serves as further evidence that the mixture is more rigid (less compressibility and more volume contraction) 
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for the smaller ethyl cation chain length ([EMIM]+)  of IL as compared to a longer butyl cation chain length 

([BMIM]+)  of  IL mixture. 

 

The rigidity of a mixture means there is a volume contraction upon the mixture, which is attributed to strong 

ion-dipole interactions. Therefore, the solvation of ions in the solution is much greater for [EMIM]+ cation 

as compared to [BMIM]+ cation. Thus, it clear that the strength of the intermolecular interactions between 

ions of ILs and molecules of PEG200 depends upon the chain length of the alkyl group and the size of the 

anion of ILs. 

 

Figure 6.11 depicts negative values of 𝐾𝑠
𝐸 over the entire composition range at all temperatures. From the 

results, the effect of temperature is more obvious for 𝐾𝑠
𝐸 as compared to 𝑉𝐸, and this behavior is observed 

for all the binary systems. As a consequence of increasing temperature, the 𝐾𝑠
𝐸 values become more 

negative. The 𝐾𝑠
𝐸 values decrease much more with increasing temperature, with the temperature increase 

due to the kinetic energy of the molecules increasing resulting in free PEG200 molecules being available 

in the mixture which causes a hydrogen bonding. The formation of hydrogen bonding is a result of 

individual breaking of hydrogen bonds between individual unknown molecules. This behavior suggests that 

there are strong interactions between free PEG200 dipolar molecules and the ions of ILs. The interactions 

indicate complete solvation of free PEG200 molecules. Also, there is structural fitting taking place between 

the molecules of PEG200 and free space created by ILs.  This behavior causes volume contraction (Rao et 

al., 2004). 
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6.8.4 Excess Refractive index (𝒏𝑫
𝑬) 

Figure 6.12  presents the variation of  𝑛𝐷
𝐸   as a function of mole fraction of ILs. The nD

E  values for all the 

studied binary systems are positive over the entire ILs composition range. 

 

 

Figure 6.12: Plot of 𝒏𝑫
𝑬   versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid lines represent the correlation 

obtained with the Redlich-Kister polynomial equation. 

 

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0 0,2 0,4 0,6 0,8 1,0
x1

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0030

0,0 0,2 0,4 0,6 0,8 1,0
x1

𝒏
𝑫𝑬

0,0000

0,0010

0,0020

0,0030

0,0040

0,0050

0 0,2 0,4 0,6 0,8 1
x1

𝒏
𝑫𝑬

𝒏
𝑫𝑬

 

a 

c 

b 



79 
 

All the 𝑛𝐷
𝐸  curves are asymmetric and follow the order: [EMIM]+[BF4]− > [BMIM]+[PF6]− > 

[BMIM]+[BF4]−, having the maximum values at (𝑛𝐷
𝐸  ≈ 0.004 at 𝑥1 ≈ 0.35, 𝑛𝐷

𝐸  ≈ 0.0025 at 𝑥1 ≈ 0.32 and 

𝑛𝐷
𝐸  ≈ 0.0022 at 𝑥1 ≈ 0.35),  respectively. 

 

The positive value of 𝑛𝐷
𝐸  for all the studied ILs binary systems increases as the temperature increases, 

indicating that the light propagates at lower velocity when temperature increases (Mrad et al., 2016). 

Positive 𝑛𝐷
𝐸  values are attributed to the ion-dipole interactions/ hydrogen bonding between the molecules 

of PEG200 and ions of ILs (Mrad et al., 2016). Positive 𝑛𝐷
𝐸  values mean that there is contraction in volume 

of the binary mixtures, and this contraction will cause a decrease in intermolecular distance which will 

results in ions of ILs and dipole molecules of PEG200 coming close together, causing a strong ion-dipole 

interactions. This, therefore, forces the refractive index to increase. The decrease in intermolecular distance 

is due to enhancement of London dispersion forces which leads to strong intermolecular interactions such 

as hydrogen bonding/ion-dipole interactions (Reis et al., 2010). It is worth mentioning that the values of 𝑛𝐷
𝐸  

is always opposite to the values of  𝑉𝐸 (Akbar and Murugesan, 2012) .  

 

Positive deviations of 𝑛𝐷
𝐸  always correspond to negative deviations of  𝑉𝐸, with the minimum and maximum 

of both values existing at the  corresponding mole fraction of IL (Brocos et al., 2003). The positive deviation 

of 𝑛𝐷
𝐸  is mainly due to the fact that there are less free volume available. As a result, photons are likely to 

interact with molecules causing contraction of volume upon the mixture (Iglesias-Otero et al., 2008). 

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and  [BMIM]+[BF4]−, the magnitude of  𝑛𝐷
𝐸  follows 

the order [PF6]− > [BF4]−.This implies that, the large size of anion [PF6]−  may form  strong intermolecular 

interactions with PEG200 molecules as compared to the smaller sized anion [BF4]− . Therefore, the volume 

contraction upon mixing is much greater for [PF6]−  anion than [BF4]−  anion. 

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]−, magnitude of  𝑛𝐷
𝐸  follows the 

order [EMIM]+ > [BMIM]+. The more positive 𝑛𝐷
𝐸  values for the ethyl cation of IL serves as further 

evidence that the interactions between small sizes of ethyl cation IL with PEG200 are stronger than in the 

higher butyl chain IL. 

 

These results show that the strength of the intermolecular interactions between ions of ILs and molecules 

of PEG200 depends on the chain length of the alkyl group and the size of the anion of ILs 
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6.8.5 Excess thermal expansion coefficients (𝜶𝑷
𝑬) 

Figure 6.13  presents the variation of  𝛼𝑃
𝐸   as a function of mole fraction of ILs. The 𝛼𝑃

𝐸 values for all the 

studied binary systems are negative over the entire ILs composition range. 

 

 

 

Figure 6.13: Plot of  𝜶𝑷
𝑬/𝑲−𝟏  versus the IL (𝒙𝟏) for the IL + PEG systems. (a) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (b) 

[𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− and (c) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−. Exp data from this work: (♦)293.15 K, (○)303.15 K, 

(∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  The solid lines represent the correlation 

obtained with the Redlich-Kister polynomial equation. 
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All the 𝛼𝑃
𝐸 curves are asymmetric and follow the order:  [EMIM]+[BF4]− > [BMIM]+[PF6]− > 

[BMIM]+[BF4]−, having the minimum values at (𝛼𝑃
𝐸  ≈ -0.0220 K−1 at 𝑥1 ≈ 0.48, 𝛼𝑃

𝐸  ≈ -0.010 K−1 at 𝑥1 ≈ 

0.37 and 𝛼𝑃
𝐸  ≈  -0.008 K−1 at 𝑥1 ≈ 0.6), respectively. The values of  𝛼𝑃

𝐸 is also used as a tool to provide 

useful information about the orientation and structural packing of the molecules (Pires et al., 2013).  

 

The negative values of  𝛼𝑃
𝐸 implies that volumetric thermal expansion of the solution is smaller and lesser 

than that of pure components. Additionally, small volumetric expansion of the solution implies that there 

is a decrease in the average intermolecular distance between ILs and PEG200 as compared to the pure 

components. Thus, the solution structure of the binary mixture does not break easily (Srinivasa Rao et al., 

2018). This implies that there is contraction of volume occurring upon mixing. 

 

Additionally negative values of 𝛼𝑃
𝐸 reflects the association of components in the mixture. Strong association 

in the mixture means that there is breaking of H-bonds followed by specific ion-dipole interactions 

occurring upon mixing, which is observed for all the ILs and PEG200 (Rezaei-Sameti and Rakhshi, 2017). 

The volumetric thermal expansion decreases with increasing temperature. Thus, implying that the ion-

dipole interactions becomes stronger as the temperature increases. 

 

Comparing the effect of the anion of [BMIM]+[PF6]−  and  [BMIM]+[BF4]−, the magnitude of  αP
E follows 

the order [PF6]− > [BF4]−. This means that the decreasing volumetric thermal expansion is much greater 

and significant for the binary system having larger sized anion [PF6]− as compared to the binary mixture 

composed of smaller molecular weight anion [Bf4]−.Thus, the decreases in volumetric thermal expansion 

is attributed to the formation of strong ion-dipole interactions.  

 

Comparing the effect of the cation of [BMIM]+[BF4]−  and [EMIM]+[BF4]−, magnitude of  𝛼𝑃
𝐸 follows the 

order [EMIM]+ > [BMIM]+.The more negative values of αP
E  for [EMIM]+  cation of IL serves as further 

evidence that the decrease in volumetric thermal expansion between ions of    [EMIM]+ cation and PEG200 

molecules is much greater than that of [BMIM]+ cation and PEG200 molecules. The decrease in volume 

thermal expansion suggest that the mixture is rigid thus leading to the formation of ion-dipole interactions. 

Thus, the ion-dipole interactions is much stronger for short alkyl cation chain length ([EMIM]+)  than long 

alkyl cation chain length ([BMIM]+). 
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The results, therefore, indicate that the volumetric thermal expansion and the strength of intermolecular 

interactions between ions of ILs and molecules of PEG200 depend upon the chain length of cation and the 

size of the anion of ILs. 

 

6.8.6 Excess partial molar volume (�̅�𝟏
𝑬 𝐚𝐧𝐝 �̅�𝟐

𝑬) 

Figure 6.14 presents the variation of  (�̅�1
𝐸  and �̅�2

𝐸)  as a function of mole fraction of ILs. The 

(�̅�1
𝐸  and �̅�2

𝐸) values for [BMIM]+[Bf4]−+ PEG200 are negative over the entire ILs composition range. 

 

Figure 6.14: Plot of  ( �̅�𝟏
𝑬 and �̅�𝟐

𝑬 )  versus the IL (𝒙𝟏) for the system [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−+ PEG200. Exp 

data from this work: (♦)293.15 K, (○)303.15 K, (∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 

MPa.  The solid line is a trendline. 

 

Figure 6.15 presents the variation of  (�̅�1
𝐸  and V̅2

E)  as a function of mole fraction of ILs. The (�̅�1
𝐸  and �̅�2

𝐸) 

values for [BMIM]+[PF6]+ PEG200 are negative over the entire ILs composition range. 
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Figure 6.15: Plot of  ( �̅�𝟏
𝑬 and �̅�𝟐

𝑬 )  versus the IL (𝒙𝟏) for the system [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]+ PEG200. Exp data 

from this work: (♦)293.15 K, (○)303.15 K, (∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 MPa.  

The solid line is a trendline. 

 

Figure 6.16 presents the variation of  (�̅�1
𝐸  and �̅�2

𝐸)  as a function of mole fraction of ILs. The (�̅�1
𝐸  and �̅�2

𝐸) 

values for [EMIM]+[BF4]− + PEG200 are negative over the entire ILs composition range. 

 

Figure 6.16: Plot of  ( �̅�𝟏
𝑬 and �̅�𝟐

𝑬 )  versus the IL (𝒙𝟏) for the system [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + PEG200. Exp 

data from this work: (♦)293.15 K, (○)303.15 K, (∎)313.15 K, (△)323.15 K, (●)333.15 K at p = 0.1 

MPa.  The solid line is a trendline. 
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The overall excess partial molar volumes for ILs and PEG200 i,e. �̅�1
𝐸 and �̅�2

𝐸, are negative over the entire 

IL mole fraction range and temperatures investigated. The binary mixtures become more strongly negative 

with increasing temperatures.   

 

A close examination of figures 6.14 - 6.16 indicates that �̅�1
𝐸 and �̅�2

𝐸 for ([EMIM]+[BF4]−and 

[BMIM]+[Bf4]−+ PEG200) exhibit negative deviation over the entire composition range. Binary systems 

with [BMIM]+[PF6]−  possesses both negative and positive values for ( V̅1
E and �̅�2

𝐸 ). For �̅�1
𝐸, negative 

values are observed at almost over the entire mole fraction range, and slightly positive between the region 

of  𝑥1 ≈  0.97 – 1. For �̅�2
𝐸 values, all the binary systems exhibited negative deviation from ideal behavior, 

thus �̅�2
𝐸 values are all negative through the entire composition and slightly positive in the region of  𝑥1 >  

0.98.  

 

The negative deviation of  ( �̅�1
𝐸 and �̅�2

𝐸  ), suggest that the molar volumes ( 𝑉0,1 and 𝑉0,2 )  of both IL and 

PEG200 in the mixtures are  lower than their individual molar volumes ( 𝑉0,1 and 𝑉0,2 ) in the pure state. 

This indicates that there is contraction/ decrease of volume upon the binary mixture at all the temperatures 

studied. In general, the negative of ( �̅�1
𝐸 and �̅�2

𝐸 )  indicate the presence of significant solute-solvent 

interactions between unlike molecules (Desnoyers and Perron, 1997). 

 

For systems with  [BMIM]+[PF6]−, the negative values of  �̅�1
𝐸 suggest that there are strong solvent-solute 

intermolecular interactions between the molecules of PEG200 and the ions of ILs. The positive values 

suggest that there are weak solute-solvent interactions. However, from the results, it is clear that the 

negative values of  �̅�1
𝐸 are dominant, meaning strong interactions between a solvent and a solute is 

dominant.             

 

Examination of Figure 6.14 – 6.16 not only reveals the existence of strong forces between the unlike 

molecules but also conforms with  the deductions drawn from 𝑉𝐸 (Nayeem et al., 2014). The overall 

magnitude of excess partial molar volume ( �̅�1
𝐸 and �̅�2

𝐸  ) supports the conclusions drawn from the analysis 

of the results of  𝑉𝐸 , 𝐾𝑠
𝐸 , 𝑛𝐷

𝐸 , and 𝛼𝑃
𝐸. 
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6.8.7 Excess partial molar volume at infinite dilution ( �̅�𝒊
𝑬,∞

) 

The excess partial molar volume at infinite dilution ( �̅�𝑖
𝐸,∞

) is of interest because at the limit of infinite 

dilution the solute-solvent interaction disappears. Therefore, the values of partial molar volumes at infinite 

dilution provides information about solute-solvent interactions that are independent of the composition 

(Rezaei-Sameti and Rakhshi, 2017). 

Table 6.9 presents ( �̅�1
𝐸,∞and �̅�2

𝐸,∞ )  values for [BMIM]+[BF4]− + PEG200, over the temperature range 

293.15 K to 333.15 K with 10 K intervals under p = 0.1 MPa. 

Table 6. 10: The (�̅�𝟏
𝑬,∞

and �̅�𝟐
𝑬,∞) values for  [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + PEG200 at T = (293.15 to 333.15) K 

intervals under and p = 0.1 MPa. 

T/K �̅�𝟏
∞ 𝑽𝟎,𝟏

 
�̅�𝟏

𝑬,∞
 �̅�𝟐

∞ 𝑽𝟎,𝟐
 

�̅�𝟐
𝑬,∞ 

(𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏) 

293.15 184.405 187.4766 -3.0716 176.575 177.7936 -1.2190 

303.15 185.113 188.7537 -3.6403 177.889 179.2501 -1.3611 

313.15 185.612 189.8873 -4.2753 178.935 180.3609 -1.4263 

323.15 186.139 191.0171 -4.8777 179.743 181.6662 -1.9237 

333.15 185.744 192.1416 -6.3977 180.478 182.9948 -2.5168 

 

Table 6.10 presents ( V̅1
E,∞and V̅2

E,∞)  values for [BMIM]+[PF6]−−
 + PEG200, over the temperature range 

293.15 K to 333.15 K with 10 K intervals under p = 0.1 MPa. 

Table 6.11: The ( �̅�𝟏
𝑬,∞

and �̅�𝟐
𝑬,∞)  values for  [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− + PEG200 at T = (293.15 to 333.15) K 

intervals under  and p = 0.1 MPa.. 

T/K �̅�𝟏
∞ 𝑽𝟎,𝟏

 
�̅�𝟏

𝑬,∞
 �̅�𝟐

∞ 𝑽𝟎,𝟐
 

�̅�𝟐
𝑬,∞ 

(𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏) 

293.15 199.325 207.314 -7.9900 177.793 178.3850 -0.5920 

303.15 200.260 208.5890 -8.3290 179.068   179.7191 -0.6511 

313.15 201.003 209.883 -8.8793 180.361 181.0890 -0.7280 

323.15 200.777 211.178 -9.6796 181.666 182.4021 -0.7361 

333.15 202.797 212.476 -10.4011 182.995- 183.9111 -0.9161 
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Table 6.11 presents ( �̅�1
𝐸,∞and �̅�2

𝐸,∞)  values for [EMIM]+[BF4]− + PEG200, over the temperature range 

293.15 K to 333.15 K with 10 K intervals under p = 0.1 MPa. 

Table 6.12: The  (�̅�𝟏
𝑬,∞

and �̅�𝟐
𝑬,∞) values for  [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + PEG200 at T = (293.15 to 333.15) K 

intervals under and p = 0.1 MPa. 

T/K �̅�𝟏
∞ 𝑽𝟎,𝟏

 
�̅�𝟏

𝑬,∞
 �̅�𝟐

∞ 𝑽𝟎,𝟐
 

�̅�𝟐
𝑬,∞ 

(𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏) 

293.15 150.660 154.4063 -3.7462 175.582 177.7931 -2.2110 

303.15 193.335 155.3322 -4.6370 176.6451 223.3787 -2.4230 

313.15 192.479 156.2560 -5.4930 177.2901 180.3611 -3.0710 

323.15 191.624 157.1836 -6.3480 178.124 181.6662 -3.5420 

333.15 190.621 

 

158.1148 -7.3510 178.958 182.9949 -4.0370 

 

The partial molar volumes of  of both ILs and PEG200 at infinite dilution ( �̅�1
𝐸,∞

 and  �̅�2
𝐸,∞

 ) are less than 

the corresponding pure molar volume (𝑉0,1 and 𝑉0,2 ). This suggests that, the self-association of pure 

components between homogeneous molecules are removed effectively and strong ion-dipole interactions 

between the ions of ILs and the molecules of PEG200 are formed (Alavianmehr et al., 2017). This leads to 

decrease/contraction in volume and the values of excess partial molar volume at infinite dilution becomes 

negative as the temperature increases suggesting that the contraction of volume increases with temperature. 

Thus due to contraction of volume, the hydrogen bonding/ion-dipole interactions also increases with 

temperature. 

 

The �̅�1
𝐸,∞

 values of ILs are more negative than  �̅�2
𝐸,∞

 values of PEG200 at all studied temperatures. This is 

due to the fact that alkyl imidazolium ILs possess greater ability and tendencies to form hydrogen bonds 

than PEG200. Hence, the conclusion that the strong interactions among the unlike molecules of the mixtures 

increases as the temperature increases (Srinivasa Rao et al., 2018).  

 

The given values of the excess partial molar volumes ( �̅�1
𝐸 and �̅�2

𝐸  ) and excess partial molar volume at 

infinite dilution (�̅�1
𝐸,∞ and  �̅�2

𝐸,∞) should be taken with reservation and the qualitative interpretation is not 

necessarily representative of the general behaviour of these systems because of the limited number of 

experimental points for dilute solutions. Thus, this implies that the general behaviour regarding formation 
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or dissociation of ion-dipole interactions is interpreted by either negative or positive deviation from ideality 

(Domańska et al., 2006). 

 

These observations are consistent with the  𝑉𝐸  values obtained for the binary systems. Closer examination 

of these (�̅�1
𝐸,∞ and  �̅�2

𝐸,∞) not only reveals the existence of strong solvent-solute interactions between 

unlike molecules but also supports the deductions drawn from the analysis of the results of  𝑉𝐸 , 𝐾𝑠
𝐸 , 𝑛𝐷

𝐸 , 𝛼𝑃
𝐸, 

 �̅�1
𝐸 and �̅�2

𝐸. 

 

6.9 Calculated combined standard uncertainty  for the selected binary mixtures 

Table 6.12 presents the calculated experimental combined standard uncertainties for selected 

thermophysical properties and mixture composition 𝑢(𝑥1) of the studied binary systems. 

 

Table 6.13: Combined standard uncertainties for the measured variable. 

Binary mixtures 𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

ILs + PEG200 ±0.0004 ± 0.00002 ±0.02 ±0.002 ±0.00005 

 Standard uncertainties for temperature for the Anton Paar unit  and refractometer: u(T) = ± 0.01 and u(T) 

= ± 0.05 K respectively. 

  

6.10 Fitting parameters for excess thermodynamic properties using the Redlich-Kister equation 

 

Tables 6.13, 6,14 and 6,15 presents the calculated parameters of Redlich Kister polynomial equation for 

the [BMIM]+[BF4]− + PEG200, [BMIM]+[PF6]− + PEG200,  and [EMIM]+[BF4]− + PEG200 systems, 

respectively. As shown in the previous sections and respective figures, the Redlich Kister polynomial 

correlates the measured data well. The standard deviations as reported in the tables below are well within 

accepted errors. Slightly higher errors are observed for 𝐾𝑠
𝐸. 

for all systems. This is most likely due to the combined uncertainties for density (ρ) and speed of sound (u) 

which is used in the calculations. 
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Table 6.14: Redlich Kister parameters for the  [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−+ PEG200 at varying temperatures and p 

= 0.1 MPa. 

ZE T/K A0 A1 A2 A3 A4 𝝈 

 

 

𝑽𝑬/𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 

293.15 -3.086 2.065 0.33290 -1.0620 0.5311 0.00557 

303.15 -3.151 2.035 0.02754 -0.8052 0.7128 0.00377 

313.15 -3.246 1.916 0.00104 -0.4915 0.3942 0.00270 

323.15 -3.331 1.969 -0.11260 -0.492 0.04286 0.00459 

333.15 -3.439 1.989 -0.06146 -0.3251 -0.6802 0.00149 

        

 

 

𝑲𝒔
𝑬/𝑻𝑷𝒂−𝟏 

293.15 -39.98 22.06 -13.53 26.83 -18.600 0.04406 

303.15 -43.15 25.03 -14.95 30.71 -16.450 0.05953 

313.15 -46.52 31.34 -24.74 18.98 2.635 0.17500 

323.15 -49.17 32.42 -31.56 23.26 -0.806 0.03686 

333.15 -55.26 30.59 -31.16 29.11 -4.030 0.15870 

        

 

 

𝜼𝑬/𝒎𝑷𝒂. 𝒔 

293.15 3.465 0.9799 -0.1515 -0.3056 -0.6146 0.01066 

303.15 3.238 0.9275 -0.2601 -0.3791 -0.8486 0.00708 

313.15 3.022 0.9013 -0.5376 -0.5987 -0.9015 0.00493 

323.15 2.814 0.9979 -0.7328 -1.064 -0.8887 0.00373 

333.15 2.606 1.0130 -0.7663 -1.168 -1.0900 0.00499 

        

 

 

𝒏𝑫
𝑬  

293.15 0.0077 -0.0047 0.0011 -0.0033 0.0038 0.00002 

303.15 0.0080 -0.0054 0.0029 -0.0035 0.0012 0.00001 

313.15 0.0084 -0.0053 0.0023 -0.0034 0.0029 0.00001 

323.15 0.0089 -0.0055 0.0013 -0.0049 0.0056 0.00003 

333.15 0.0094 -0.0062 0.0017 -0.0036 0.0052 0.00001 

        

 

 

𝜶𝑷
𝑬/𝑲− 

293.15 -0.0298 -0.0092 -0.0076 -0.0129 -0.0094 0.00013 

303.15 -0.0303 -0.0090 -0.0105 -0.0133 -0.0077 0.00013 

313.15 -0.0311 -0.0089 -0.0109 -0.0120 -0.0072 0.00015 

323.15 -0.0318 -0.0088 -0.0110 -0.0125 -0.0096 0.00013 

333.15 -0.0329 -0.0091 -0.0109 -0.0114 -0.0116 0.00015 
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Table 6.14: Redlich Kister parameters for the  [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]−+ PEG200 at varying temperatures and p 

= 0.1 MPa. 

ZE T/K A0 A1 A2 A3 A4 𝝈 

 

 

𝑽𝑬/𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 

293.15 -3.096 3.029 -2.108 1.262 1.5050 0.00242 

303.15 -3.176 3.030 -2.061 1.360 1.3000 0.00167 

313.15 -3.264 3.007 -1.807 1.572 0.7707 0.00111 

323.15 -3.352 2.960 -2.570 1.837 0.3179 0.00290 

333.15 -3.411 2.978 -1.583 1.920 0.2124 0.00382 

        

 

 

𝑲𝒔
𝑬/𝑻𝑷𝒂−𝟏 

293.15 -44.03 48.43 -23.500 14.28 -12.10 0.02423 

303.15 -47.96 49.33 -20.600 19.22 -19.45 0.10160 

313.15 -51.96 50.54 -16.200 22.87 -37.52 0.09773 

323.15 -56.51 49.91 -8.180 32.2 -45.99 0.09700 

333.15 -61.51 50.27 -6.806 37.27 -54.16 0.08926 

        

 

 

𝜼𝑬/𝒎𝑷𝒂. 𝒔 

293.15 4.138 -0.3840 -1.824 0.5086 -1.2500 0.00821 

303.15 3.961 -0.3030 -1.906 0.4375 -1.2260 0.00567 

313.15 3.768 -0.2765 -2.278 0.3912 -0.6047 0.00611 

323.15 3.556 -0.2753 -2.200 0.4379 -0.8878 0.00325 

333.15 3.369 -0.1972 -2.175 0.2251 -1.1180 0.00586 

        

 

 

𝒏𝑫
𝑬  

293.15 0.0078 -0.0072 0.0026 0.0043 -0.0041 0.00002 

303.15 0.0085 -0.0076 0.0028 0.0034 -0.0034 0.00002 

313.15 0.0095 -0.0081 0.0028 0.0025 -0.0019 0.00002 

323.15 0.0097 -0.0081 0.0038 0.0015 -0.0022 0.00002 

333.15 0.0103 -0.0082 0.0041 0.0006 -0.0009 0.00003 

        

 

 

𝜶𝑷
𝑬/𝑲− 

293.15 -0.0351 0.0290 -0.0138 -0.0019 0.0038 0.00011 

303.15 -0.0354 0.0293 -0.0153 -0.0025 0.0037 0.00013 

313.15 -0.0364 0.0293 -0.0131 -0.0014 0.0011 0.00015 

323.15 -0.0370 0.02970 -0.0105 -0.0001 -0.0033 0.00010 

333.15 -0.0376 0.0300 -0.0109 -0.0006 -0.0043 0.00013 
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Table 6.15: Redlich Kister parameters for the  [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + PEG200 at varying temperatures and p 

= 0.1 MPa. 

ZE T/K A0 A1 A2 A3 A4 𝝈. 

 

 

𝑽𝑬/𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 

293.15 -3.794 1.286 0.6294 -0.5183 0.1561 0.00676 

303.15 -3.970 1.266 0.4591 -0.1591 -0.0191 0.00654 

313.15 -4.117 1.352 0.2654 -0.1159 -0.4051 0.00601 

323.15 -4.258 1.451 0.0191 -0.0480 -0.7063 0.00536 

333.15 -4.427 1.398 -0.0467 0.2593 -1.2200 0.00293 

 

 

 

𝑲𝒔
𝑬/𝑻𝑷𝒂−𝟏 

293.15 -69.86 40.46 -19.95 -25.06 40.81 0.10780 

303.15 -75.52 45.84 -21.04 -27.68 31.28 0.19470 

313.15 -80.25 49.17 -26.94 -26.36 37.78 0.33780 

323.15 -85.50 53.45 33.65 -26.44 36.85 0.39400 

333.15 -86.31 55.66 -42.09 -21.93 38.35 0.30400 

 

 

 

𝜼𝑬 

293.15 4.504 0.9594 -1.2710 0.1978 0.88910 0.01729 

303.15 4.206 0.8683 -0.9257 0.3311 -0.05723 0.01203 

313.15 3.923 0.8996 -1.077 0.2822 0.00139 0.01078 

323.15 3.691 1.015 -1.164 -0.03326 -0.1383 0.00958 

333.15 3.443 1.063 -1.183 -0.2661 -0.5762 0.01332 

 

 

 

𝒏𝑫
𝑬  

293.15 0.0143 -0.0079 0.0069 0.0015 -0.0069 0.00002 

303.15 0.0151 -0.0085 0.0065 0.0021 -0.0051 0.00002 

313.15 0.0158 -0.0087 0.0062 0.0018 -0.0038 0.00002 

323.15 0.0164 -0.0088 0.0063 0.0018 -0.003 0.00002 

333.15 0.0171 -0.0091 0.0071 0.0012 -0.0024 0.00002 

        

 

 

𝜶𝑷
𝑬/𝑲− 

293.15 -0.0854 0.0119 0.0165 -0.0021 -0.0048 0.00009 

303.15 -0.0868 0.0115 0.0154 0.0004 -0.0052 0.00011 

313.15 -0.0883 0.0124 0.0150 0.0003 -0.0063 0.00009 

323.15 -0.0895 0.0130 0.0119 -0.0005 -0.0044 0.00010 

333.15 -0.09112 0.0129 0.01462 0.0014 -0.01086 0.00010 
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6.11 Fourier-transform infrared spectroscopy of three selected binary mixtures 

Excess thermodynamic and thermophysical properties can only provide possible explanations of the nature 

of non-ideal behaviour in the mixture. However, only spectroscopic analysis can give a proper and clear 

insight into molecular interactions between components in the mixture and confirm assumptions made by 

excess thermodynamic properties. The FT-IR spectra enables one to observe the dissociation or association 

of any ion-dipole interactions between the ILs and PEG200. 

 

Figures 6.17 – 6.19 presents the FT-IR spectra for the binary mixture of  [BMIM]+[BF4]−, 

[BMIM]+[PF6]− , [EMIM]+[BF4]  + PEG200  respectively. These were obtained using the FT-IR spectra 

as discussed in section 5.4. 

 

Figure 6.17: Normalized FT-IR spectra of pure  (∎) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (∎) [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + PEG200 

sample (𝒙𝟏 = 𝟎. 𝟓) and (∎) PEG200 at temperature T = 298.15 K under atmospheric pressure of p = 0.1 

MPa. 
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Figure 6.18: Normalized FT-IR spectra of pure  (∎) [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]−, (∎) [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− + PEG200 

sample (𝒙𝟏 = 𝟎. 𝟓) and (∎) PEG200 at temperature T = 298.15 K under atmospheric pressure of p = 0.1 

MPa. 

 

 

Figure 6.19: Normalized FT-IR spectra of pure  (∎) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]−, (∎) [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + PEG200 

sample (𝒙𝟏 = 𝟎. 𝟓) and (∎) PEG200 at temperature T = 298.15 K under atmospheric pressure of p = 0.1 

MPa. 
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Figures 6.17 – 6.19 shows the normalized FT-IR spectra in the range 3000 - 3700 cm-1 recorded for ILs + 

PEG200 mixtures.  The figures presented are for pure components and different binary mixtures at 

equimolar composition (𝑥1 = 0.5).  

 

The FT-IR spectra presents four different broadband regions responsible for hydrogen bonding.  These four 

broadband regions are 3390 – 3410 cm-1, 3590 – 3650 cm-1, 3550 – 3200 cm-1 and 3100 – 3200 cm-1. These 

broadband regions represent the following; –OH group of pure PEG200, the stretching of the O-H due to 

free O–H,  O–H stretching due to intermolecular hydrogen bonding and lastly the C–H stretching bond due 

to ion-dipole interactions (Pandey et al., 2013), respectively. 

 

 The interpretation of the formation of hydrogen bonding between the frequencies of 3400 cm-1 and 3100 

cm-1 – 3200 cm-1 is different. 

 

For the frequency change on 3400 cm-1; a broadband is observed for pure PEG200 at 3395 cm-1 and there 

is significant change in the frequency upon the addition of ILs at (x1 = 0.5). There is a slight shift from 

lower frequencies to higher frequencies, indicating the reduction in hydrogen bonds intensity of individual 

compounds such as ions from ILs and dipolar molecules from PEG200. The reduction of individual 

hydrogen bonds suggests that there are strong formation of ion-dipole interactions present upon  mixing 

(Krishna et al., 2017).  

 

For the frequency change on 3100 cm-1 – 3200 cm-1; the intensity of the hydrogen bonding between the 

molecules on the FT-IR spectra analysis is based on the position of the shifted broad bands. The shift of the 

broad bands towards the lower frequency suggests that the hydrogen bonding is more extensive, and the 

shift in the broad band towards the higher frequency denotes less extensive hydrogen bonding (Yokozeki 

et al., 2007a).  

 

The frequency region of 3100 – 3200 cm-1 represents the C–H bonds predominantly originating from 

aromatic imidazolium ring of the ILs (Dhumal et al., 2011). Two broad bands are observed in the region  

(3100 – 3200 cm-1).  These two broad bands ring may exist in two different environments, e.g in dissociated 

ions and ion pairs (Pandey et al., 2013). The two peaks are due to C–H stretching vibrations in the 

imidazolium ring. The first broadband is observed at 3125 cm-1 for all the investigated ILs, and the second  

broadbands rings are observed at 3163 cm-1, 3163 cm-1 and 3171 cm-1  for [BMIM]+[BF4]− , 

[EMIM]+[BF4]− and  [BMIM]+[PF6]−, respectively. On addition of PEG200 the two different peaks 

representing (C–H  stretching mode) shift towards lower frequencies. This shift is due to ion-dipole 
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interactions/hydrogen bonding between nitrogen molecules in the imidazolium cation of ILs (Yokozeki et 

al., 2007b)  and dipolar hydroxyl (–OH) group of PEG200 molecules. The shift is more noticeable and 

pronounced for the binary mixture composed of [EMIM]+[BF4]− (3125 cm-1 and 3163 cm-1 to 3116 cm-1 

and 3155 cm-1 ) followed by  [BMIM]+[PF6]− (3125 cm-1 and 3171 cm-1  to 3116 cm-1 and 3163 cm-1) and 

lastly [BMIM]+[Bf4]−(3125 cm-1 and 3163 cm-1 to 3120 cm-1 and 3157 cm-1). Thus the  strength of the ion-

dipole interactions follows the order:   [EMIM]+[BF4]− > [BMIM]+[PF6]− > [BMIM]+[BF4]−.  

 

The deductions inferred from the FT-IR spectra observed for all the three binary mixtures are consistent 

with results and explanations drawn from the excess thermodynamic properties, as discussed in section 6.8. 
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CHAPTER SEVEN 

 

CONCLUSIONS 

Imidazolium based ILs ([BMIM]+[BF4]−, [BMIM]+[PF6]− and [EMIM]+[BF4]−)   blended with PEG200 

were selected for investigation, due to the lack of data available for thermophysical measurement and excess 

thermodynamic calculations in the open literature. 

Thermophysical properties such as ρ, u, η and 𝑛𝐷 were measured at five different temperatures (293.15, 

303.15, 313.15, 323.15 and 333.15) K under p = 0.1 MPa. From the experimental data, excess 

thermodynamic data were calculated to get a deeper understanding of the intermolecular behaviour and 

arrangement between the ions of ILs and molecules of PEG200.   

 

Excess thermodynamic properties such as 𝑉𝐸, 𝐾𝑠
𝐸, 𝜂𝐸, 𝑛𝐷

𝐸 , 𝛼𝑃
𝐸, �̅�1

𝐸, �̅�2
𝐸, �̅�1

𝐸,∞
 and �̅�2

𝐸,∞
  were calculated for 

all the binary mixtures throughout the entire composition. Excess thermodynamic properties such as 𝑉𝐸, 

𝐾𝑠
𝐸, 𝛼𝑃

𝐸, �̅�1
𝐸, �̅�2

𝐸, �̅�1
𝐸,∞

 and  �̅�2
𝐸,∞

 resulted in a negative deviation. This implies that there exist strong ion-

dipole interactions between the ions of ILs and the molecules of PEG200. For 𝜂𝐸 and 𝑛𝐷
𝐸  , results indicated 

positive deviations which implies that there exist strong ion-dipole interactions between the ions of ILs and 

the molecules of PEG200. The excess thermodynamic data apart from �̅�1
𝐸 and �̅�2

𝐸 were correlated and fitted 

with a Redlich-Kister polynomial model.  

The magnitude of the 𝑉𝐸 of all the binary mixtures follow the order: [EMIM]+[BF4]− > [BMIM]+[PF6]−  

> [BMIM]+[BF4]−, having maximum values at (𝑉𝐸 ≈ -1.1 cm3·mol−1  at 𝑥1 ≈ 0.4), (𝑉𝐸 ≈ -1.0 cm3·mol−1  at 

𝑥1 ≈ 0.25) and (𝑉𝐸 ≈ -0.88 cm3·mol−1 at 𝑥1 ≈ 0.4), respectively. 

 

All the binary mixtures are asymmetric and the magnitude of 𝜂𝐸 follows this order:  [EMIM]+[BF4]− > 

[BMIM]+[PF6]− > [BMIM]+[BF4]−. The minimum 𝜂𝐸point for [EMIM]+[BF4]−, [BMIM]+[PF6]− and  

[BMIM]+[BF4]− binary systems were observed at  (𝜂𝐸  ≈ 1.0 mPa.s at 𝑥1 ≈ 0.57, 0.9 mPa.s at 𝑥1 ≈ 0.5 and 

0.75 mPa.s at 𝑥1 ≈ 0.58), respectively. 

 

The fitting curves for binary systems are all symmetric and the magnitude of the 𝐾𝑠
𝐸 of all the binary 

mixtures follow the order: [EMIM]+[BF4]− > [BMIM]+[PF6]−  > [BMIM]+[BF4]−, having the maximum 

values at (𝐾𝑠
𝐸  ≈ -13 TPa−1 at 𝑥1 ≈ 0.30, 𝐾𝑠

𝐸  ≈ -15 TPa−1 at 𝑥1 ≈ 0.34 and 𝐾𝑠
𝐸  ≈ -21 TPa−1 at 𝑥1 ≈ 0.38), 

respectively.  
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All the 𝑛𝐷
𝐸  curves are asymmetric and follow the order: [EMIM]+[BF4]− > [BMIM]+[PF6]− > 

[BMIM]+[BF4]−, having the maximum values at (𝑛𝐷
𝐸  ≈ 0.004 at 𝑥1 ≈ 0.35, 𝑛𝐷

𝐸  ≈ 0.0025 at 𝑥1 ≈ 0.32 and 

𝑛𝐷
𝐸  ≈ 0.0022 at 𝑥1 ≈ 0.35),  respectively. 

All the 𝛼𝑃
𝐸 curves are asymmetric and follow the order:  [EMIM]+[BF4]− > [BMIM]+[PF6]− > 

[BMIM]+[BF4]−, having the minimum values at (𝛼𝑃
𝐸  ≈ -0.0220 K−1 at 𝑥1 ≈ 0.48, 𝛼𝑃

𝐸  ≈ -0.010 K−1 at 𝑥1 ≈ 

0.37 and 𝛼𝑃
𝐸  ≈  -0.008 K−1 at 𝑥1 ≈ 0.6), respectively. 

 

Further more, excess partial molar volumes ( �̅�1
𝐸 and �̅�2

𝐸  ) and  excess partial molar volume at infinite 

dilutions ( �̅�1
𝐸,∞ and  �̅�2

𝐸,∞) were obtained to further support the deduction drawn from 𝑉𝐸, 𝐾𝑠
𝐸 , 𝑛𝐷

𝐸  and 𝛼𝑃
𝐸. 

The negative deviation of ( �̅�1
𝐸 and �̅�2

𝐸  )  and  the negative values of ( �̅�1
𝐸,∞ and  �̅�2

𝐸,∞) are in good 

agreement with the conclusion drawn from 𝑉𝐸 , 𝐾𝑠
𝐸 , 𝑛𝐷

𝐸  and 𝛼𝑃
𝐸. 

 

The binary mixtures were also analysed using FT-IR spectroscopy and the results from FT-IR spectra 

supports the formation of a strong ion-dipole interactions between unlike molecules. The results from  both 

excess thermodynamic calculations and FT-IR spectroscopy analyses  indicated that the strength of ion-

dipole interactions formed in these binary systems follow the order:  [EMIM]+[BF4]− > [BMIM]+[PF6]−  

> [BMIM]+[BF4]−. 
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CHAPTER EIGHT 

 

 

RECOMMENDATIONS 

The density (ρ) data of multicomponent solutions play an important role in industrial-scale such as process 

designing, liquid-liquid phase separation design, developing models, heat and mass transfer (Vercher et al., 

2015).  

 

In this study, the ρ data were utilized to calculate excess thermodynamic such as excess molar volume (𝑉𝐸), 

excess isentropic compressibility (𝐾𝑠
𝐸), excess thermal expansion coefficient (𝛼𝑃

𝐸) excess partial molar 

volumes (V̅i
E) and excess partial molar volume at infinite ( �̅�𝑖

𝐸,∞
). This therefore makes ρ data very 

important in deriving excess thermodynamic data. The Peng–Robinson equation of state has been applied 

for correlation and prediction of pure ILs density (ρ) and other thermophysical properties in a wide range 

of temperatures and pressures (Bagheri and Ghader, 2017). Thus, the Peng–Robinson equation of state was 

found to give the best fit for all the newly measured data sets for binary mixtures.  These model are therefore 

recommended for the regression of the data sets for thermophysical properties should this study be extended 

to varying pressures.  

 

A computational simulation known as density functional theory (DFT) model has been used to investigate 

the dissociation and association of hydrogen bonding (Singh et al., 2011). DFT program codes can analyse 

complex an enormous range of chemical, structural, vibrational, optical, spectroscopic, thermodynamic 

phenomena and elastic (Hasnip et al., 2014). Understanding of intermolecular interactions of compounds 

is challenging since it involves thousands and hundreds of molecules and atoms. The atoms and molecules 

are affected by various external factors, such as temperature and pressure. Therefore, the DFT simulations 

is able to perform routinely on systems of hundreds of atoms, with calculations for thousands of atoms 

being demanding, but possible (Hasnip et al., 2014). For future work, the DFT model may be used to get a 

deeper understanding of the mechanism of binary systems between ILs and polymers. 
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Appendices 

Appendix A 

This appendix section presents all the calibration data and all the calibration plots performed prior to the 

main measurements.  The calculated standard uncertainty for calibration data of 𝜌, η and 𝑛𝐷 is presented in 

table 6.2 from section 6.3 of chapter 6. 

 

Appendix A.1: Calibration 

A.1 Densimeter and viscometer calibration 

Calibration for 𝜌 and η were carried under the following condition: T = (298.15, 313.15, 323.15 and 333.15) 

K at atmospheric pressure of p = 0.1 MPa. The Standard solutions for 𝜌 and η used for calibration were 

provided by the manufacturer. Samples were analyzed three times and an average deviation for the 𝜌 and η 

were obtained within a tolerance of 0.00001 and 0.002 respectively.  

 

Table A.1: Density (𝝆) calibration data perfomed at T = (298.15, 313.15, 323.15 and 333.15) K under 

atmospheric pressure of p = 0.1 MPa. 

T/K 𝝆/𝒈. 𝒄𝒎−𝟑 (Standard solution) 𝝆/𝒈. 𝒄𝒎−𝟑 (exp) 

298.15 0.81529 0.81523 

313.15 0.80496 0.80490 

323.15 0.79809 0.79799 

333.15 0.79116 0.79107 

 

Table A.2: Viscosity (𝜼) calibration data perfomed at T = (298.15, 313.15, 323.15 and 333.15) K under 

atmospheric pressure of p = 0.1 MPa. 

T/K 𝜼/𝒎𝑷𝒂. 𝒔 (Standard solution) 𝜼/𝒎𝑷𝒂. 𝒔 (exp) 

298.15 4.014 4.014 

313.15 2.894 2.894 

323.15 2.397 2.413 

333.15 2.025 2.041 
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Figure A.1: Calibration plot of 𝝆 and η; Comparison between (○) standard solution and the (∗) 

experimental value. The ρ and η plots are represented by a and b respectively. The solid lines for 𝝆 and η 

represent the least squares and Vogel–Fulcher–Tammann (VFT) model respectively. 

 

Table A.3: The trendline equations for the calibration data of density and viscosity. Where x represent the 

temperature. 

Thermophysical data Trendline equation R2 Std uncertainty 

Density (g/cm3) y = −0.0007x + 1.021 1.000 ±0.00001 

Viscosity (mPa.s) y = 1265e−0.019x 0.9958 ±0.0023 

 Temperature standard uncertainties for calibration of density (ρ) and viscosity (η) is u(T) = ± 0.01 K and 

u(T) = ± 0.01 K respectively. 
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A.2 Refractometer calibration 

Calibration for 𝑛𝐷 were carried under this condition: T = (298.15, 308.15, 318.15 and 328.15) K at 

atmospheric pressure of p = 0.1 MPa. Standard solution was not available, thus a literature data was used 

for calibration. Samples were analyzed three times and an average deviation was obtained within a tolerance 

of 0.00001. 

 

Table A.4: Refractive index (𝒏𝑫) calibration data perfomed at T = (298.15, 308.15, 318.15, 328.15 and 

333.15) K under atmospheric pressure of p = 0.1 MPa 

T/K 𝒏𝑫 (Lit) 𝒏𝑫 (exp) 

298.15 1.3280 1.3281 

308.15 1.3238 1.3238 

318.15 1.3197 1.3199 

328.15. 1.3157 1.3157 

 

 

 

Figure A.2: Calibration plot of  𝒏𝑫; Comparison between (○) lit (Ghotli et al., 2015) and the (∗) 

experimental value. The solid lines represent the least-squares model. 

Table A.5: The trendline equations for the calibration data of refractive index. Where x represent 

temperature. 

Thermophysical data Trendline equation R2 Std uncertainty 

Refractive index y = −0.0004x + 1.4501 0.9999 ±0.00005 

 Temperature standard uncertainties for calibration of refractive index (nD)  is u(T) =  0.05 K. 
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Appendix B 

This appendix section present the excess thermodynamic data for the three selected test systems i.e. excess 

molar volume (𝑉𝐸), excess partial molar volumes ( �̅�1
𝐸 and  �̅�2

𝐸  ) and excess thermal expansion coefficients 

(𝛼𝑃
𝐸). This section only presents the excess thermodynamic data and section 6.4 of chapter 6 present all the 

graphs for test systems that is figure 6.1 - 6.3 

Appendix B.1: Test systems 

B.1 Test system of (𝑽𝑬)  

The binary mixture of a binary mixture test system of ([BMIM]+[BF4]−(1) + methanol (2)) performed at 

298.15 K under atmospheric pressure of p = 0.1 MPa (Vercher et al., 2015). The test system was performed 

prior to the main measurements. 

Table B.1: Excess molar volume (𝑽𝑬) test system of ([𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]−(𝟏) + methanol (2)) performed at 

298.15 K under atmospheric pressure of p = 0.1 MPa 

𝒙𝟏 (lit) 𝑽𝑬(lit) 𝒙𝟏 (exp) 𝑽𝑬(cal) 

0.0000 0.0000 0.0000 0.0000 

0.0499 -0.4000 0.0145 -0.1422 

0.0998 -0.5700 0.0281 -0.2529 

0.1498 -0.6500 0.0449 -0.3496 

0.1998 -0.6900 0.0649 -0.4745 

0.3002 -0.7100 0.0880 -0.5253 

0.4004 -0.6200 0.1165 -0.5910 

0.5001 -0.5200 0.1519 -0.6513 

0.6004 -0.4300 0.2116 -0.6899 

0.6987 -0.3100 0.2504 -0.7166 

0.8005 -0.2200 0.2755 -0.7158 

0.8486 -0.1500 0.3259 -0.6848 

0.8987 -0.1200 0.4345 -0.5918 

0.9476 -0.0400 0.5313 -0.4822 

1.0000 0.0000 0.6576 -0.3536 

- - 0.8508 -0.1660 

- - 1.0000 0.0000 
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B.2 Test system of (�̅�𝟏
𝑬 and �̅�𝟐

𝑬) 

A binary mixture test system of (nicotine (1) + 1-butanol (2)) performed at 303.15 K under atmospheric 

pressure of p = 0.1 MPa (Soldatovic et al., 2016). This test system is the second test system performed prior 

to the main measurements. 

Table B.2: Excess partial molar volumes (�̅�𝟏
𝑬 and  �̅�𝟐

𝑬)  test system of of (nicotine (1) + 1-butanol (2)) 

performed at 303.15 K under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏(lit) 𝒙𝟏 (𝒆𝒙𝒑) �̅�𝟏
𝑬 (lit) �̅�𝟏

𝑬 (cal) �̅�𝟐
𝑬 (lit) �̅�𝟐

𝑬 (cal) 

0.0000 0.00000 -3.2728 -3.3118 0.0000 0.0000 

0.1000 0.04861 -2.5933 -2.9620 -0.1343 -0.0087 

0.1960 0.10293 -2.0241 -2.5978 -0.1343 -0.0386 

0.3000 0.16391 -1.4959 -2.22149 -0.3082 -0.0966 

0.3931 0.23418 -1.0979 -1.8294 -0.5191 -0.1941 

0.5000 0.31385 -0.7240 -1.4369 -0.8204 -0.3423 

0.5930 0.40687 -0.4671 -1.0456 -1.1296 -0.5626 

0.7000 0.51680 -0.2457 -0.6661 -1.5337 -0.8832 

0.7931 0.64634 -0.1135 -0.3431 -1.9227 -1.3352 

0.9000 0.80345 -0.0256 0.0274 -2.4058 -1.9746 

1.0000 1.00000 0.0000 0.0000 -2.8870 -2.8820 

 

B.3 Test system of (𝜶𝑷
𝑬) 

A binary mixture test system of (nicotine (1) + 1-butanol (2)) were performed at 303.15 K under 

atmospheric pressure of p = 0.1 MPa (Soldatovic et al., 2016).  

Table B.3: Excess thermal expansion coefficients  (𝜶𝑷
𝑬) test system of of (nicotine (1) + 1-butanol (2)) 

performed at 303.15 K under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏(𝒍𝒊𝒕) 𝒙𝟏 (𝒆𝒙𝒑)  𝜶𝑷
𝑬 (lit)  𝜶𝑷

𝑬(cal) 

0.0000 0.0000 0.0000 0.0000 

0.1000 0.0486 4.7928 4.5928 

0.1960 0.1029 7.2622 7.3536 

0.3000 0.1639 8.3409 8.3709 

0.3931 0.2342 8.2415 8.3003 

0.5000 0.3139 7.3389 7.5820 
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Table B.4: Excess thermal expansion coefficients  (𝜶𝑷
𝑬) test system of of (nicotine (1) + 1-butanol (2)) 

performed at 303.15 K under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏(𝒍𝒊𝒕) 𝒙𝟏 (𝒆𝒙𝒑)  𝜶𝑷
𝑬 (lit)  𝜶𝑷

𝑬 (cal) 

0.5930 0.4069 5.0378 5.3612 

0.7931 0.6463 2.9051 2.7931 

0.9000 0.8035 1.2710 1.3538 

1.0000 1.0000 0.0000 0.0000 
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Appendix C 

This section present estimated fitting parameters of PEG200 

 

Appendix C.1: Molar isobaric heat capacity . 

C.1 calculated parameters for molar heat capacity values 

This appendix section presents the estimated fitting parameters which are 𝐶0, 𝐶1, 𝐶2 and their estimated 

standard deviation (σ). The 𝐶𝑃 values for all the ILs and PEG200 for this study are provided in section 6.5 

of chapter 6 (table 6.6).  

Table C.1: Estimated fitting parameters for 𝑪𝑷 of PEG200 from (293.15 to 333.15) K with 10 K interval 

under atmospheric pressure of 0.1 MPa. The below table is taken from (Francesconi et al., 2007). 

Component C0 C1 C2 𝝈 

PEG200 579.1381 -1.4716 0.0031 0.45 
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Appendix D 

This appendix section presents all the thermophysical measured data performed for the binary mixtures of 

ILs and PEG200. The selected thermophysical properties are 𝜌, η u and 𝑛𝐷. This section only present 

thermophysical data and chapter 6 present all the plotted curves. 

 

Appendix D.1: Thermophysical properties of ILs + PEG200 

D.1 Thermophysical properties of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎. 

The below table D.1 present all the measured thermophysical properties of [BMIM]+[BF4]− + PEG200. 

Table D.1: Thermophysical properties of [BMIM]+[BF4]− + PEG200 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

T/K = 293.15 

0.0000 1.12490 1617.26 62.600 1.46074 

0.0748 1.13282 1628.76 64.483 1.45880 

0.1528 1.14079 1631.92 66.144 1.45640 

0.2865 1.15362 1628.73 69.002 1.45197 

0.4001 1.16318 1623.22 71.144 1.44780 

0.4873 1.16982 1618.12 73.014 1.44429 

0.6341 1.18018 1608.15 75.011 1.43849 

0.7719 1.18943 1597.20 83.074 1.43282 

0.9504 1.20126 1582.20 111.544 1.42530 

1.0000 1.20460 1578.14 128.226 1.42300 

T/K = 303.15 

0.0000 1.11689 1584.63 38.439 1.45726 

0.0748 1.12497 1596.82 39.005 1.45549 

0.1528 1.13306 1601.23 39.499 1.45320 

0.2865 1.14592 1599.06 40.734 1.44893 

0.4001 1.15552 1594.72 41.895 1.44485 
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Table D.1: Thermophysical properties of [BMIM]+[BF4]− + PEG200 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

0.4873 1.16225 1590.20 42.902 1.44142 

0.6341 1.17278 1581.09 45.175 1.43574 

0.7719 1.18215 1571.96 50.104 1.43019 

0.9504 1.19405 1557.26 68.000 1.42280 

1.0000 1.19743 1554.03 77.203 1.42054 

T/K = 313.15 

0.0000 1.10889 1553.03 25.043 1.45381 

0.0748 1.11715 1564.19 25.485 1.45220 

0.1528 1.12531 1570.98 25.954 1.44998 

0.2865 1.13819 1571.12 26.592 1.44581 

0.4001 1.14789 1567.58 27.257 1.44184 

0.4873 1.15473 1563.24 27.913 1.43847 

0.6341 1.16545 1555.69 30.674 1.43292 

0.7719 1.17493 1546.23 35.157 1.42745 

0.9504 1.18692 1534.23 44.581 1.42018 

1.0000 1.19029 1531.16 48.654 1.41794 

T/K = 323.15 

0.0000 1.10092 1522.04 17.339 1.45038 

0.0748 1.10941 1534.88 18.682 1.44892 

0.1528 1.11763 1541.60 20.089 1.44681 

0.2865 1.13057 1542.86 22.515 1.44277 

0.4001 1.14037 1539.68 24.532 1.43889 

0.4873 1.14728 1536.22 26.032 1.43561 

0.6341 1.15809 1529.81 28.446 1.43014 

0.7719 1.16779 1522.31 30.522 1.42476 

0.9504 1.17992 1511.24 33.025 1.41759 

1.0000 1.18325 1508.27 33.755 1.41541 

 



125 
 

Table D.1: Thermophysical properties of [BMIM]+[BF4]− + PEG200 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

T/K = 333.15 

0.0000 1.09293 1491.47 12.617 1.44702 

0.1528 1.11002 1512.71 12.953 1.44369 

0.2865 1.12298 1514.83 13.236 1.43979 

0.4001 1.13286 1513.14 13.463 1.43602 

0.4873 1.13989 1511.10 13.961 1.43281 

0.6341 1.15089 1505.98 15.498 1.42741 

0.7719 1.16068 1499.20 17.695 1.42210 

0.9504 1.17307 1488.50 22.156 1.41507 

1.0000 1.17632 1485.61 24.082 1.41289. 

Standard uncertainties: 𝑥1 = ±0.0004, ρ = ± 0.00002, u = ±0.02, η = ±0.002 and 𝑛𝐷 = ± 0.00002. 
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D.2 Themophysical properties of [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− + 𝐏𝐄𝐆𝟐𝟎𝟎 

The below table D.2 present all the measured thermophysical properties of [BMIM]+[PF6]− + PEG200.  

Table D.2: Thermophysical properties of [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− + 𝐏𝐄𝐆𝟐𝟎𝟎 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

T/K = 293.15 

0.0000 1.1250 1617.26 62.600 1.46074 

0.0604 1.14469 1618.86 71.254 1.45835 

0.1254 1.16480 1614.78 80.086 1.45558 

0.2420 1.19791 1597.84 95.586 1.45075 

0.3466 1.22514 1577.88 103.922 1.44574 

0.4305 1.24582 1560.29 108.002 1.44125 

0.5795 1.28078 1528.86 115.002 1.43343 

0.7291 1.31395 1499.21 137.215 1.42549 

0.9384 1.35785 1463.85 239.399 1.41434 

1.0000 1.37082 1454.26 293.440 1.41077 

T/K = 303.15 

0.0000 1.11689 1584.63 38.439 1.45726 

0.0604 1.13670 1587.43 42.174 1.45508 

0.1254 1.15672 1583.22 45.211 1.45242 

0.2420 1.18978 1567.55 49.954 1.44772 

0.3466 1.21697 1548.88 51.121 1.44282 

0.4305 1.23762 1532.12 51.752 1.43842 

0.5795 1.27254 1502.15 52.001 1.43070 

0.7291 1.30568 1473.55 61.112 1.42288 

0.9384 1.34951 1439.10 124.002 1.41188 

1.0000 1.37082 1454.26 293.440 1.41077 

T/K = 313.15 

0.0000 1.10889 1553.03 25.043 1.45381 

0.0604 1.12874 1556.65 26.001 1.45181 
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Table D.2: Thermophysical properties of [BMIM]+[PF6]− + PEG200 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

0.1254 1.14870 1553.15 30.102 1.44928 

0.2420 1.18162 1538.27 30.011 1.44466 

0.3466 1.20878 1520.89 31.211 1.43988 

0.4305 1.22942 1505.01 32.211 1.43551 

0.5795 1.26431 1476.79 33.244 1.42787 

0.7291 1.29736 1448.98 38.233 1.42015 

0.9384 1.34115 1416.04 82.386 1.40925 

1.0000 1.35404 1406.85 109.970 1.40577 

T/K = 323.15 

0.0000 1.10092 1522.04 17.339 1.45038 

0.0604 1.12078 1526.38 19.222 1.44855 

0.1254 1.14072 1523.85 20.005 1.44612 

0.2420 1.17351 1509.15 20.125 1.44162 

0.3466 1.20061 1493.09 21.423 1.43691 

0.4305 1.22127 1478.88 21.453 1.43260 

0.5795 1.25617 1451.87 20.215 1.42511 

0.7291 1.28911 1425.10 24.245 1.41748 

0.9384 1.33286 1393.15 57.321 1.40669 

1.0000 1.34574 1384.41 78.829 1.40323 

T/K = 333.15 

0.0000 1.09293 1491.47 10.001 1.44702 

0.0604 1.11281 1496.53 10.888 1.44530 

0.1254 1.13266 1494.88 12.003 1.44310 

0.2420 1.16543 1481.21 12.111 1.43856 

0.3466 1.19248 1466.23 12.164 1.43392 

0.4305 1.21311 1452.95 12.452 1.42969 

0.5795 1.24800 1427.88 12.501 1.42227 

0.7291 1.28092 1401.98 13.456 1.41471 

0.9384 1.32466 1371.22 39.003 1.40399 

1.0000 1.33752 1362.50 52.776 1.40052 

Standard uncertainties: 𝑥1 = ±0.0004, ρ = ± 0.00002, u = ±0.02, η = ±0.002 and 𝑛𝐷 = ± 0.00002.  
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D.3 Thermophysical properties of [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎 

The below table D.3 present all the measured thermophysical properties of  [EMIM]+[BF4]− + PEG200. 

Table D.3: Thermophysical properties of [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa.  

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

T/K =293.15 

0.0000 1.12490 1617.26 62.600 1.46074 

0.0845 1.13860 1631.89 61.110 1.45867 

0.1707 1.15268 1647.89 59.555 1.45598 

0.3143 1.17589 1663.85 57.000 1.45014 

0.4323 1.19438 1666.85 54.755 1.44457 

0.5204 1.20799 1664.98 53.000 1.44014 

0.6643 1.22999 1660.55 49.985 1.43270 

0.7944 1.24972 1653.55 47.000 1.42569 

0.9563 1.27515 1643.22 43.122 1.41660 

1.0000 1.28215 1640.75 42.000 1.41420 

T/K =303.15 

0.0000 1.11689 1584.63 38.422 1.45726 

0.0845 1.13088 1600.85 37.758 1.45538 

0.1707 1.14495 1618.22 37.070 1.45281 

0.3143 1.16818 1634.36 35.969 1.44720 

0.4323 1.18673 1637.55 34.921 1.44177 

0.5204 1.20030 1637.22 34.055 1.43742 

0.6643 1.22239 1632.99 32.495 1.43010 

0.7944 1.24219 1627.33 30.881 1.42323 

0.9563 1.26750 1619.38 28.653 1.41435 

1.0000 1.27451 1616.43 28.014 1.41189 

T/K =313.15 

0.0000 1.10889 1553.03 25.044 1.45381 

0.0845 1.12311 1569.22 24.839 1.45192 

0.1707 1.13733 1587.32 24.630 1.44945 

0.3143 1.16048 1603.72 24.329 1.44402 
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Table D.3: Thermophysical properties of [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎 at (293.15 to 333.15) K with 10 K 

interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝆/𝒈. 𝒄𝒎−𝟑 𝒖/𝒎. 𝒔−𝟏 𝜼/𝒎𝑷𝒂. 𝒔 𝒏𝑫 

0.4323 1.17901 1607.95 23.969 1.43869 

0.5204 1.19268 1607.55 23.609 1.43443 

0.6643 1.21481 1605.96 22.871 1.42720 

0.7944 1.23469 1600.55 22.037 1.42042 

0.9563 1.26011 1595.12 20.765 1.41163 

1.0000 1.26697 1592.84 20.399 1.40918 

T/K =323.15 

0.0000 1.10092 1522.04 17.339 1.45038 

0.0845 1.11542 1540.00 17.319 1.44865 

0.1707 1.12968 1559.55 17.311 1.44634 

0.3143 1.15285 1576.02 17.321 1.44101 

0.4323 1.17134 1580.85 17.236 1.43582 

0.5204 1.18508 1581.35 17.081 1.43163 

0.6643 1.20722 1580.41 16.652 1.42449 

0.7944 1.22728 1576.55 16.098 1.41780 

0.9563 1.25270 1572.11 15.161 1.40908 

1.0000 1.25950 1569.65 14.901 1.40662 

T/K =333.15 

0.0000 1.09293 1491.47 12.617 1.44691 

0.0845 1.10768 1512.33 12.598 1.44542 

0.1707 1.12201 1532.85 12.614 1.44319 

0.3143 1.14512 1549.50 12.658 1.43801 

0.4323 1.16372 1554.89 12.623 1.43288 

0.5204 1.17751 1556.01 12.508 1.42874 

0.6643 1.19975 1556.13 12.135 1.42172 

0.7944 1.21992         1554.11 11.655 1.41510 

0.9563 1.24535 1549.11 10.808 1.40645 

1.0000 1.25208 1546.82 10.602 1.40398 

Standard uncertainties: 𝑥1 = ±0.0004, ρ = ± 0.00002, u = ±0.02, η = ±0.002 and 𝑛𝐷 = ± 0.00002.  
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Appendix E 

The first section of this appendix presents all the calculated excess thermodynamic data that is excess molar 

volume ( 𝑉𝐸), excess isentropic compressibility ( 𝐾𝑠
𝐸), excess viscosity ( 𝜂𝐸),  excess refractive index (𝑛𝐷

𝐸) 

and excess thermal expansion coefficients (𝛼𝑃
𝐸). The second present the excess partial molar volumes ( V1

E 

and V2
E) thermodynamic data. The third section of this appendix present infinite excess partial molar volume 

( �̅�1
𝐸,∞

 and �̅�2
𝐸,∞

).  

 

Appendix E.1: Excess thermodynamic properties of ILs + PEG200 

Table E.1, E,2 and E.3 present all the calculated excess thermodynamic properties of [BMIM]+[BF4]−, 

[BMIM]+[PF6]− and [EMIM]+[BF4]− + PEG, respectively. 

Table E.1: Excess thermodynamic properties of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. . 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏 𝜼𝑬/𝒎𝑷𝒂. 𝒔 𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

T/K = 293.15 

0.0000 0.0000 -0.0005 0.0026 -0.0075 0.0000 0.0000 

0.0748 0.0786 -0.2610 -6.6073 0.1562 0.0009 -0.0016 

0.1528 0.1599 -0.4937 -9.6741 0.3575 0.0016 -0.0033 

0.2865 0.2976 -0.7820 -11.1582 0.6060 0.0020 -0.0055 

0.4001 0.4131 -0.8359 -10.8827 0.7870 0.0021 -0.0066 

0.4873 0.5008 -0.7817 -10.1144 0.8662 0.0020 -0.0074 

0.6341 0.6465 -0.5848 -8.0016 0.8520 0.0017 -0.0078 

0.7719 0.7813 -0.3523 -5.1923 0.6822 0.0011 -0.0069 

0.9504 0.9529 -0.0634 -1.0947 0.1665 0.0003 -0.0029 

1.0000 1.0000 0.0000 0.0000 -0.0012 0.0000 0.0000 

T/K = 303.15 

0.0000 0.0000 -0.0013 0.0000 -0.0022 0.0000 0.0000 

0.0748 0.0786 -0.2808 -7.0992 0.1383 0.0010 -0.0017 

0.1528 0.1599 -0.5269 -10.6230 0.3171 0.0017 -0.0035 

0.2865 0.2976 -0.8067 -12.0831 0.5640 0.0022 -0.0057 

0.4001 0.4131 -0.8512 -11.8306 0.7335 0.0023 -0.0068 
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Table E.1: Excess thermodynamic properties of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏 𝜼𝑬/𝒎𝑷𝒂. 𝒔 𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

0.4873 0.5008 -0.7991 -10.9326 0.8086 0.0022 -0.0075 

0.6341 0.6465 -0.6066 -8.5221 0.7942 0.0018 -0.0080 

0.7719 0.7813 -0.3710 -5.4021 0.6267 0.0012 -0.0071 

0.9504 0.9529 -0.0660 -0.9661 0.1400 0.0003 -0.0030 

1.0000 1.0000 -0.0002 0.0000 0.0000 0.0000 0.0000 

T/K = 313.15 

0.0000 0.0000 0.0001 0.0000 -0.0007 0.0000 0.0000 

0.0748 0.0786 -0.3051 -6.8229 0.1199 0.0010 -0.0018 

0.1528 0.1599 -0.5552 -11.3502 0.2797 0.0017 -0.0037 

0.2865 0.2976 -0.8230 -13.3491 0.5169 0.0022 -0.0059 

0.4001 0.4131 -0.8699 -12.9697 0.6806 0.0023 -0.0070 

0.4873 0.5008 -0.8215 -11.7462 0.7524 0.0022 -0.0077 

0.6341 0.6465 -0.6368 -9.3233 0.7390 0.0018 -0.0082 

0.7719 0.7813 -0.3957 -5.7679 0.5633 0.0012 -0.0072 

0.9504 0.9529 -0.0763 -1.1591 0.1095 0.0003 -0.0030 

1.0000 1.0000 0.0000 0.0000 0.0008 0.0000 0.0000 

T/K = 323.15 

0.0000 0.0000 0.0000 0.0000 0.0012 0.0000 0.0000 

0.0748 0.0786 -0.3348 -7.8714 0.1167 0.0012 -0.0019 

0.1528 0.1599 -0.5869 -12.3255 0.2431 0.0019 -0.0039 

0.2865 0.2976 -0.8499 -14.4137 0.4734 0.0024 -0.0060 

0.4001 0.4131 -0.8962 -13.7106 0.6248 0.0025 -0.0072 

0.4873 0.5008 -0.8449 -12.4739 0.6936 0.0024 -0.0079 

0.6341 0.6465 -0.6502 -9.8504 0.6969 0.0019 -0.0083 

0.7719 0.7813 -0.4210 -6.5202 0.5100 0.0013 -0.0074 

0.9504 0.9529 -0.0907 -1.3911 0.0818 0.0003 -0.0031 

1.0000 1.0000 0.0000 0.0000 -0.0020 0.0000 0.0000 

T/K = 333.15 

0.0000 0.0000 0.0001 0.0000 -0.0003 0.0000 0.0000 

0.0748 0.0786 -0.3684 -8.3689 0.0973 0.0012 -0.0021 
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Table E.1: Excess thermodynamic properties of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏  𝜼𝑬/𝒎𝑷𝒂. 𝒔  𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

0.1528 0.1599 -0.6343 -13.4727 0.2110 0.0020 -0.0041 

0.2865 0.2976 -0.8798 -15.5145 0.4279 0.0025 -0.0063 

0.4001 0.4131 -0.9191 -15.0243 0.5771 0.0026 -0.0074 

0.4873 0.5008 -0.8722 -14.0814 0.6384 0.0025 -0.0082 

0.6341 0.6465 -0.6790 -11.3451 0.6501 0.0020 -0.0086 

0.7719 0.7813 -0.4367 -7.6008 0.4664 0.0014 -0.0076 

0.9504 0.9529 -0.1132 -1.6708 0.0618 0.0004 -0.0032 

1.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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Table E.2: Excess thermodynamic properties of [𝐁𝐌𝐈𝐌]+[𝐏𝐅𝟔]− + 𝐏𝐄𝐆𝟐𝟎𝟎  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏 𝜼𝑬/𝒎𝑷𝒂. 𝒔 𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

T/K = 293.15 

0.0000 0.0000 -0.0005 0.0000 -0.0075 0.0000 0.0000 

0.0604 0.0697 -0.4143 -6.8912 0.1166 0.0006 -0.0040 

0.1254 0.1433 -0.7261 -11.3641 0.3005 0.0013 -0.0067 

0.2420 0.2713 -0.9716 -14.2952 0.6842 0.0021 -0.0098 

0.3466 0.3822 -0.9593 -13.9817 0.9100 0.0023 -0.0103 

0.4305 0.4685 -0.8726 -12.5540 1.0268 0.0022 -0.0096 

0.5795 0.6165 -0.6511 -8.9770 0.9783 0.0017 -0.0075 

0.7291 0.7584 -0.3861 -5.1206 0.7070 0.0011 -0.0049 

0.9384 0.9467 -0.0194 -0.9888 0.1148 0.0002 -0.0011 

1.0000 1.0000 0.0000 0.0000 0.0003 0.0000 0.0000 

T/K = 303.15 

0.0000 0.0000 -0.0013 0.0000 0.0000 0.0000 0.0000 

0.0604 0.0697 -0.4316 -7.6264 0.0994 0.0008 -0.0041 

0.1254 0.1433 -0.7399 -12.0247 0.2750 0.0015 -0.0068 

0.2420 0.2713 -0.9892 -15.1856 0.6437 0.0023 -0.0100 

0.3466 0.3822 -0.9796 -14.9936 0.8661 0.0025 -0.0104 

0.4305 0.4685 -0.8914 -13.5119 0.9716 0.0024 -0.0097 

0.5795 0.6165 -0.6687 -9.8280 0.9461 0.0018 -0.0076 

0.7291 0.7584 -0.4008 -5.7049 0.6704 0.0012 -0.0050 

0.9384 0.9467 -0.0244 -1.0769 0.1051 0.0003 -0.0012 

1.0000 1.0000 0.0004 0.0000 0.0000 0.0000 0.0000 

T/K = 313.15 

0.0000 0.0000 0.0001 0.0000 -0.0007 0.0000 0.0000 

0.0604 0.0697 -0.4500 -8.2320 0.0918 0.0008 -0.0042 

0.1254 0.1433 -0.7607 -12.9131 0.2538 0.0015 -0.0069 

0.2420 0.2713 -1.0021 -16.0535 0.5963 0.0023 -0.0101 

0.3466 0.3822 -0.9955 -15.9742 0.8160 0.0025 -0.0106 

0.4305 0.4685 -0.9110 -14.4563 0.9179 0.0024 -0.0099 

0.5795 0.6165 -0.6891 -10.7786 0.9008 0.0018 -0.0078 
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Table E.2: Excess thermodynamic properties of [BMIM]+[PF6]− + PEG200  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏 𝜼𝑬/𝒎𝑷𝒂. 𝒔 𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

0.7291 0.7584 -0.4104 -6.2112 0.6220 0.0012 -0.0051 

0.9384 0.9467 -0.0291 -1.3338 0.0989 0.0003 -0.0012 

1.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

T/K = 323.15 

0.0000 0.0000 0.0000 0.0000 0.0012 0.0000 0.0000 

0.0604 0.0697 -0.4643 -8.8353 0.0727 0.0010 -0.0043 

0.1254 0.1433 -0.7825 -13.9590 0.2241 0.0018 -0.0071 

0.2420 0.2713 -1.0162 -16.7676 0.5528 0.0027 -0.0102 

0.3466 0.3822 -1.0076 -16.8172 0.7710 0.0029 -0.0107 

0.4305 0.4685 -0.9294 -15.6697 0.8684 0.0027 -0.0101 

0.5795 0.6165 -0.7137 -11.7551 0.8459 0.0021 -0.0079 

0.7291 0.7584 -0.4193 -6.8242 0.5843 0.0014 -0.0051 

0.9384 0.9467 -0.0322 -1.3881 0.0813 0.0003 -0.0012 

1.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

T/K = 333.15 

0.0000 0.0000 0.0001 0.0000 0.0003 0.0000 0.0000 

0.0604 0.0697 -0.4804 -9.4806 0.0003 0.0010 -0.0043 

0.1254 0.1433 -0.7936 -15.0162 0.0676 0.0018 -0.0071 

0.2420 0.2713 -1.0353 -17.9122 0.1950 0.0027 -0.0102 

0.3466 0.3822 -1.0237 -17.9859 0.5178 0.0029 -0.0107 

0.4305 0.4685 -0.9435 -16.8382 0.7304 0.0027 -0.0101 

0.5795 0.6165 -0.7275 -13.0403 0.8219 0.0021 -0.0079 

0.7291 0.7584 -0.4294 -7.6419 0.7963 0.0014 -0.0051 

0.9384 0.9467 -0.0354 -1.7054 0.5541 0.0003 -0.0012 

1.0000 1.0000 0.0000 0.0000 0.0571 0.0000 0.0000 
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Table E.3: Excess thermodynamic properties of [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏 𝜼𝑬/𝒎𝑷𝒂. 𝒔 𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

T/K = 293.15 

0.0000 0.0000 -0.0005 0.0000 0.0000 0.0000 0.0000 

0.0845 0.0741 -0.3133 -6.3625 0.2502 0.0016 -0.0066 

0.1707 0.1515 -0.5922 -12.8028 0.4722 0.0030 -0.0122 

0.3143 0.2845 -0.9007 -18.4217 0.8746 0.0039 -0.0189 

0.4323 0.3978 -0.9656 -18.5790 1.0608 0.0038 -0.0212 

0.5204 0.4849 -0.9312 -16.9399 1.1205 0.0035 -0.0213 

0.6643 0.6319 -0.7494 -13.3414 1.0692 0.0028 -0.0177 

0.7944 0.7702 -0.4669 -8.5917 0.7651 0.0019 -0.0121 

0.9563 0.9500 -0.1049 -1.7967 0.2217 0.0004 -0.0027 

1.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

T/K = 303.15 

0.0000 0.0000 -0.0013 0.0000 0.0000 0.0000 0.0000 

0.0845 0.0741 -0.3623 -7.3468 0.2155 0.0018 -0.0069 

0.1707 0.1515 -0.6389 -14.5165 0.4253 0.0031 -0.0125 

0.3143 0.2845 -0.9472 -20.1004 0.8185 0.0041 -0.0192 

0.4323 0.3978 -1.0155 -19.9623 0.9988 0.0040 -0.0216 

0.5204 0.4849 -0.9705 -18.4951 1.0496 0.0037 -0.0216 

0.6643 0.6319 -0.7893 -14.2562 0.9870 0.0029 -0.0180 

0.7944 0.7702 -0.5030 -9.2515 0.7274 0.0020 -0.0124 

0.9563 0.9500 -0.1087 -2.2616 0.1842 0.0005 -0.0027 

1.0000 1.0000 0.0000 -0.0012 0.0003 0.0000 0.0000 

T/K = 313.15 

0.0000 0.0000 0.0001 0.0016 0.0000 0.0000 0.0000 

0.0845 0.0741 -0.3994 -7.9601 0.1874 0.0019 -0.0071 

0.1707 0.1515 -0.6993 -15.8639 0.3791 0.0033 -0.0129 

0.3143 0.2845 -0.9915 -21.4810 0.7449 0.0042 -0.0196 

0.4323 0.3978 -1.0493 -21.3560 0.9331 0.0042 -0.0220 

0.5204 0.4849 -1.0121 -19.4634 0.9823 0.0038 -0.0220 

0.6643 0.6319 -0.8225 -15.4249 0.9126 0.0030 -0.0183 
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Table E.3: Excess thermodynamic properties of [𝐄𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎  at (293.15 to 333.15) K 

with 10 K interval under atmospheric pressure of p = 0.1 MPa. (Continued) 

𝒙𝟏 𝝋𝟏 𝑽𝒎
𝑬 /𝒄𝒎𝟑. 𝒎𝒐𝒍−𝟏 𝑲𝒔

𝑬/𝑻𝑷𝒂−𝟏 𝜼𝑬/𝒎𝑷𝒂. 𝒔 𝒏𝑫
𝑬  𝜶𝑷

𝑬/𝑲−𝟏 

0.7944 0.7702 -0.5320 -9.6751 0.6831 0.0021 -0.0126 

0.9563 0.9500 -0.1318 -2.4420 0.1630 0.0005 -0.0028 

1.0000 1.0000 0.0000 0.0013 -0.0003 0.0000 0.0000 

T/K = 323.15 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0845 0.0741 -0.4462 -8.9158 0.1626 0.0020 -0.0073 

0.1707 0.1515 -0.7513 -17.5974 0.3448 0.0034 -0.0132 

0.3143 0.2845 -1.0415 -23.0623 0.6807 0.0044 -0.0200 

0.4323 0.3978 -1.0851 -22.7637 0.8727 0.0044 -0.0223 

0.5204 0.4849 -1.0508 -20.8629 0.9302 0.0040 -0.0223 

0.6643 0.6319 -0.8482 -16.3839 0.8591 0.0032 -0.0186 

0.7944 0.7702 -0.5668 -10.5305 0.6411 0.0022 -0.0129 

0.9563 0.9500 -0.1466 -2.7758 0.1391 0.0006 -0.0029 

1.0000 1.0000 0.0000 -0.0014 0.0000 0.0000 0.0000 

T/K = 333.15 

0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 

0.0845 0.0741 -0.4901 -8.9158 0.1320 0.0021 -0.0076 

0.1707 0.1515 -0.8039 -17.5974 0.3052 0.0036 -0.0135 

0.3143 0.2845 -1.0770 -23.0623 0.6185 0.0046 -0.0203 

0.4323 0.3978 -1.1289 -22.7637 0.8125 0.0045 -0.0227 

0.5204 0.4849 -1.0933 -20.8629 0.8731 0.0042 -0.0227 

0.6643 0.6319 -0.8885 -16.3839 0.7959 0.0033 -0.0189 

0.7944 0.7702 -0.6044 -10.5305 0.5935 0.0023 -0.0131 

0.9563 0.9500 -0.1623 -2.7758 0.1061 0.0006 -0.0030 

1.0000 1.0000 0.0000 -0.0014 0.0000 0.0000 0.0000 
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Appendix F 

This appendix presents all the calculated excess partial molar volumes ( 𝑉1
𝐸 and 𝑉2

𝐸) thermodynamic data 

and excess partial molar volume at infinite dilusions ( �̅�1
𝐸,∞

 and �̅�2
𝐸,∞

).  

 

Appendix F.1: Excess partial molar volume (�̅�𝐢
𝐄 ) properties of Ils + PEG200  

Table F.1, F,2 and F.3 present all the calculated excess partial molar volume (�̅�𝑖
𝐸) properties of  

[BMIM]+[BF4]−, [BMIM]+[PF6]− and [EMIM]+[BF4]− + PEG, respectively. 

Table F.1: Excess partial molar volumes (�̅�𝟏
𝑬 and �̅�𝟐

𝑬 ) of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa.  

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

(𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏) 

T/K=293.15 

0.0000 184.5014 187.6304 -3.2250 177.7936 177.7936 0.0000 

0.0748 184.7388 187.6304 -2.8916 177.7691 177.7936 -0.0245 

0.1528 185.2052 187.6304 -2.4252 177.6726 177.7936 -0.1210 

0.2865 186.2023 187.6304 -1.4280 177.3124 177.7936 -0.4812 

0.4001 186.9648 187.6304 -0.6655 176.8691 177.7936 -0.9245 

0.4873 187.3852 187.6304 -0.2451 176.5237 177.7936 -1.2699 

0.6341 187.7190 187.6304 0.0887 176.1283 177.7936 -1.6652 

0.7719 187.7198 187.6304 0.0894 176.1081 177.7936 -1.6855 

0.9504 187.6336 187.6304 0.0033 176.1832 177.7936 -1.6104 

1.0000 187.6304 187.6304 0.0000 175.9906 177.7936 -1.2190 

T/K=303.15 

0.0000 185.0287 188.7539 -3.6403 179.0695 179.0695 0.0000 

0.0748 185.5114 188.7539 -3.2423 179.0380 179.0695 -0.0315 

0.1528 186.1507 188.7539 -2.6030 178.9264 179.0695 -0.1431 

0.2865 187.2839 188.7539 -1.4698 178.5478 179.0695 -0.5216 

0.4001 188.0675 188.7539 -0.6862 178.1067 179.0695 -0.9628 

0.4873 188.4844 188.7539 -0.2693 177.7677 179.0695 -1.3018 

0.6341 188.8207 188.7539 0.0670 177.3652 179.0695 -1.7042 

0.7719 188.8399 188.7539 0.0862 177.3185 179.0695 -1.7509 

0.9504 188.7588 188.7539 0.0051 177.5835 179.0695 -1.4860 
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Table F.1 Excess partial molar volumes (�̅�𝟏
𝑬 and �̅�𝟐

𝑬 ) of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

(Continued) 

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

   (𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏)    

1.0000 188.7537 188.7539 0.0000 177.5985 179.0695 -1.1809 

T/K=313.15 

0.0000 185.2533 189.8873 -4.2753 180.3609 180.3609 0.0000 

0.0748 186.1960 189.8873 -3.6913 180.3193 180.3609 -0.0416 

0.1528 187.0969 189.8873 -2.7904 180.1893 180.3609 -0.1716 

0.2865 188.3999 189.8873 -1.4874 179.7922 180.3609 -0.5688 

0.4001 189.2015 189.8873 -0.6858 179.3583 180.3609 -1.0027 

0.4873 189.6027 189.8873 -0.2846 179.0375 180.3609 -1.3235 

0.6341 189.9031 189.8873 0.0158 178.6644 180.3609 -1.6965 

0.7719 189.9161 189.8873 0.0288 178.5401 180.3609 -1.8208 

0.9504 189.8848 189.8873 -0.0025 178.0240 180.3609 -1.7207 

1.0000 189.8873 189.8873 0.0000 177.5129 180.3609 -1.4263 

T/K=323.15 

0.0000 186.0871 191.0171 -4.8777 181.6662 181.6662 0.0000 

0.0748 187.1533 191.0171 -3.8637 181.6218 181.6662 -0.0444 

0.1528 188.1325 191.0171 -2.8846 181.4877 181.6662 -0.1786 

0.2865 189.4772 191.0171 -1.5398 181.0935 181.6662 -0.5728 

0.4001 190.2746 191.0171 -0.7425 180.6696 181.6662 -0.9967 

0.4873 190.6764 191.0171 -0.3407 180.3493 181.6662 -1.3169 

0.6341 191.0059 191.0171 -0.0111 179.9423 181.6662 -1.7240 

0.7719 191.0550 191.0171 0.0379 179.7933 181.6662 -1.8730 

0.9504 191.0189 191.0171 0.0019 179.7246 181.6662 -1.9417 

1.0000 191.0171 191.0171 0.0000 181.6662 181.6662 -1.9237 

T/K=333.15 

0.0000 186.2886 192.1416 -6.3977 182.9948 182.9948 0.0000 

0.0748 187.8595 192.1416 -4.2821 182.9418 182.9948 -0.0529 

0.1528 189.0853 192.1416 -3.0563 182.7970 182.9948 -0.1978 

0.2865 190.5401 192.1416 -1.6015 182.4066 182.9948 -0.5881 

0.4001 191.3351 192.1416 -0.8065 181.9973 182.9948 -0.9974 
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Table F.1: Excess partial molar volumes (�̅�𝟏
𝑬 and �̅�𝟐

𝑬 ) of [𝐁𝐌𝐈𝐌]+[𝐁𝐅𝟒]− + 𝐏𝐄𝐆𝟐𝟎𝟎 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

(Continued) 

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

   (𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏)    

0.4873 191.7342 192.1416 -0.4074 181.6815 182.9948 -1.3133 

0.6341 192.0794 192.1416 -0.0622 181.2511 182.9948 -1.7436 

0.7719 192.1527 192.1416 0.0111 181.0370 182.9948 -1.9578 

0.9504 192.1412 192.1416 -0.0004 180.7363 182.9948 -2.2585 

1.0000 192.1416 192.1416 0.0000 180.4758 182.9948 -2.5168 
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Table F.2: Excess partial molar volumes (�̅�1
𝐸 and �̅�2

𝐸 ) of [BMIM]+[PF6]− + PEG200 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

(𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏) 

T/K=293.15 

0.0000 199.3246 207.3146 -7.9905 177.7931 177.7936 0.0000 

0.0604 201.3431 207.3146 -6.3843 177.7311 177.7936 -0.4758 

0.1254 203.1610 207.3146 -4.8783 177.5441 177.7936 -0.9746 

0.2420 205.4574 207.3146 -2.8273 177.0151 177.7936 -1.7490 

0.3466 206.6111 207.3146 -1.6614 176.4898 177.7936 -2.2621 

0.4305 207.0924 207.3146 -1.0933 176.1239 177.7936 -2.5412 

0.5795 207.4031 207.3146 -0.5611 175.6805 177.7936 -2.7632 

0.7291 207.4344 207.3146 -0.2648 175.5181 177.7936 -2.6605 

0.9384 207.3352 207.3146 0.0027 176.8457 177.7936 -0.9662 

1.0000 207.3139 207.3146 0.0008 178.3851 177.7936 0.5925 

T/K=303.15 

0.0000 200.2630 208.5890 -8.3303 179.0681 179.0695 0.0000 

0.0604 202.4309 208.5890 -6.5911 179.0061 179.0695 -0.4922 

0.1254 204.3341 208.5890 -4.9953 178.8298 179.0695 -0.9769 

0.2420 206.6859 208.5890 -2.8923 178.3730 179.0695 -1.6831 

0.3466 207.8524 208.5890 -1.7162 177.9590 179.0695 -2.0875 

0.4305 208.3409 208.5890 -1.1395 177.6886 179.0695 -2.2696 

0.5795 208.6664 208.5890 -0.5913 177.3736 179.0695 -2.3619 

0.7291 208.7069 208.5890 -0.2830 177.2689 179.0695 -2.1987 

0.9384 208.6098 208.5890 -0.0036 178.3580 179.0695 -0.7336 

1.0000 208.5890 208.5890 0.0004 179.5201 179.0695 0.4527 

T/K=313.15 

0.0000 201.0036 209.8826 -8.8792 180.3611 180.3609 0.0000 

0.0604 203.4610 209.8826 -6.8718 180.2960 180.3609 -0.5153 

0.1254 205.5116 209.8826 -5.1318 180.1164 180.3609 -1.0056 

0.2420 207.9295 209.8826 -2.9553 179.6638 180.3609 -1.6995 

0.3466 209.0976 209.8826 -1.7806 179.2542 180.3609 -2.1025 

0.4305 209.5936 209.8826 -1.2001 178.9778 180.3609 -2.2945 
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Table F.2: Excess partial molar volumes (�̅�1
𝐸 and �̅�2

𝐸 ) of [BMIM]+[PF6]− + PEG200 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

(Continued) 

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

   (𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏)    

0.5795 209.9493 209.8826 -0.6224 178.6322 180.3609 -2.4182 

0.7291 210.0064 209.8826 -0.2867 178.5112 180.3609 -2.2604 

0.9384 209.9031 209.8826 -0.0086 179.5783 180.3609 -0.8122 

1.0000 209.8826 209.8826 0.0000 180.6401 180.3609 0.2786 

T/K=323.15 

0.0000 202.7773 211.17828 -10.4011 181.6662 181.6662 0.0000 

0.0604 204.9617 211.17828 -6.5598 181.6051 181.6662 -0.5412 

0.1254 206.8565 211.17828 -5.5500 181.4322 181.6662 -1.0625 

0.2420 209.1778 211.17828 -3.0286 180.9845 181.6662 -1.7756 

0.3466 210.3374 211.17828 -1.7932 180.5702 181.6662 -2.1688 

0.4305 210.8428 211.17828 -1.2317 180.2847 181.6662 -2.3445 

0.5795 211.2293 211.17828 -0.7006 179.9079 181.6662 -2.4347 

0.7291 211.3195 211.17828 -0.3561 179.7620 181.6662 -2.2989 

0.9384 211.2061 211.17828 -0.0206 181.2928 181.6662 -1.4354 

1.0000 211.1783 211.17828 0.0000 182.8592 181.6662 -0.8071 

T/K=333.15 

0.0000 202.8091 212.4761 -9.6795 182.9949 182.9948 0.0000 

0.0604 205.6492 212.4761 -7.3149 182.9051 182.9948 -0.5707 

0.1254 207.9074 212.4761 -5.3660 182.7391 182.9948 -1.0500 

0.2420 210.4382 212.4761 -3.0733 182.2869 182.9948 -1.7442 

0.3466 211.6196 212.4761 -1.8796 181.8806 182.9948 -2.1390 

0.4305 212.1268 212.4761 -1.2924 181.5971 182.9948 -2.3419 

0.5795 212.5204 212.4761 -0.6837 181.2131 182.9948 -2.5089 

0.7291 212.6030 212.4761 -0.3033 181.0625 182.9948 -2.3617 

0.9384 212.4968 212.4761 -0.0148 182.1288 182.9948 -0.9090 

1.0000 212.4761 212.4761 0.0000 183.1239 182.9948 0.1163 
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Table F.3: Excess partial molar volumes (�̅�1
𝐸 and �̅�2

𝐸 ) of [EMIM]+[BF4]− + PEG200 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

(𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏) 

T/K=293.15 

0.0000 150.6593 154.4063 -3.7467 177.7931 177.7936 0.0000 

0.0845 151.0760 154.4063 -3.6432 177.4488 177.7936 -0.6570 

0.1707 151.6865 154.4063 -3.3119 177.0484 177.7936 -1.3363 

0.3143 152.7542 154.4063 -2.5528 176.3646 177.7936 -2.3285 

0.4323 153.4732 154.4063 -1.8987 175.8434 177.7936 -2.9148 

0.5204 153.8666 154.4063 -1.4709 175.5216 177.7936 -3.2022 

0.6643 154.2514 154.4063 -0.9043 175.1802 177.7936 -3.3618 

0.7944 154.3860 154.4063 -0.4871 175.1171 177.7936 -3.1423 

0.9563 154.4074 154.4063 -0.1038 175.4201 177.7936 -2.4773 

1.0000 154.4063 154.4063 0.0000 175.5821 177.7936 -2.2105 

T/K=303.15 

0.0000 150.6952 155.3322 -4.6383 223.3787 179.0695 0.0000 

0.0845 151.5686 155.3322 -4.1259 222.9779 179.0695 -0.7617 

0.1707 152.4058 155.3322 -3.5652 222.5561 179.0695 -1.4601 

0.3143 153.5955 155.3322 -2.6839 221.8599 179.0695 -2.4646 

0.4323 154.3350 155.3322 -2.0126 221.3372 179.0695 -3.0556 

0.5204 154.7386 155.3322 -1.5641 221.0062 179.0695 -3.3416 

0.6643 155.1460 155.3322 -0.9755 220.6323 179.0695 -3.5344 

0.7944 155.3003 155.3322 -0.5349 220.5325 179.0695 -3.3478 

0.9563 155.3329 155.3322 -0.1080 220.8015 179.0695 -2.6845 

1.0000 155.3322 155.3322 0.0000 220.9557 179.0695 -2.4217 

T/K=313.15 

0.0000 150.7630 156.2560 -5.4929 180.3611 180.3609 0.0000 

0.0845 152.0925 156.2560 -4.5629 179.9092 180.3609 -0.8514 

0.1707 153.1538 156.2560 -3.8014 179.4618 180.3609 -1.5987 

0.3143 154.4724 156.2560 -2.7750 178.7515 180.3609 -2.6012 

0.4323 155.2383 156.2560 -2.0670 178.2255 180.3609 -3.1851 

0.5204 155.6480 156.2560 -1.6200 177.8935 180.3609 -3.4798 
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Table F.3: Excess partial molar volumes (�̅�1
𝐸 and �̅�2

𝐸 ) of [EMIM]+[BF4]− + PEG200 from the 

temperature range of (293.15 to 333.15) K with 10 K interval under atmospheric pressure of p = 0.1 MPa. 

(Continued) 

𝒙𝟏 �̅�𝟏 𝑽𝟏
⋆  �̅�𝟏

𝑬 �̅�𝟐 𝑽𝟐
⋆  �̅�𝟐

𝑬 

   (𝐜𝐦𝟑. 𝐦𝐨𝐥−𝟏)    

0.6643 156.0557 156.2560 -1.0228 177.5165 180.3609 -3.6673 

0.7944 156.2094 156.2560 -0.5785 177.3754 180.3609 -3.5178 

0.9563 156.2545 156.2560 -0.1333 177.3339 180.3609 -3.1591 

1.0000 156.2560 156.2560 0.0000 177.2901 180.3609 -3.0711 

T/K=323.15 

0.0000 150.8356 157.1836 -6.3480 181.6662 181.6662 0.0000 

0.0845 152.6117 157.1836 -5.0181 181.1560 181.6662 -0.9564 

0.1707 153.9025 157.1836 -4.0325 180.6789 181.6662 -1.7387 

0.3143 155.3598 157.1836 -2.8653 179.9563 181.6662 -2.7514 

0.4323 156.1521 157.1836 -2.1167 179.4331 181.6662 -3.3183 

0.5204 156.5654 157.1836 -1.6690 179.1041 181.6662 -3.6130 

0.6643 156.9703 157.1836 -1.0616 178.7264 181.6662 -3.7881 

0.7944 157.1235 157.1836 -0.6270 178.5547 181.6662 -3.6784 

0.9563 157.1803 157.1836 -0.1499 178.3013 181.6662 -3.5115 

1.0000 157.1836 157.1836 -6.3480 178.1242 181.6662 -3.5420 

T/K=333.15 

0.0000 150.8356 158.1148 -7.3509 182.9949 182.9948 0.0000 

0.0845 152.6117 158.1148 -5.4861 182.4280 182.9948 -1.0571 

0.1707 153.9025 158.1148 -4.2602 181.9352 182.9948 -1.8637 

0.3143 155.3598 158.1148 -2.9754 181.2217 182.9948 -2.8503 

0.4323 156.1521 158.1148 -2.2237 180.6987 182.9948 -3.4252 

0.5204 156.5654 158.1148 -1.7641 180.3560 182.9948 -3.7324 

0.6643 156.9703 158.1148 -1.1321 179.9474 182.9948 -3.9361 

0.7944 157.1235 158.1148 -0.6800 179.7303 182.9948 -3.8692 

0.9563 157.1803 158.1148 -0.1673 179.2716 182.9948 -3.8858 

1.0000 157.1836 158.1148 0.0000 178.9579 182.9948 -4.0371 
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Appendix G 

This first section of this appendix gives full details on the uncertainty in experimental quantities. The second 

section of this appendix gives full details on the combined standard uncertainty of the mole fraction (𝑥1).  

Appendix G.1: Standard uncertainty 

 F.1: Experimental uncertainty  

In any experimental measurements, Type A and B are the only methods used to calculate the standard 

uncertainty of measured values (Bich et al., 2012).   

Type A method is based on the statistical approach technique (Taylor and Kuyatt, 1994). In which the mean 

values and the experimental standard deviation value should be calculated first. The mean and standard 

deviation values are calculated using equation F.1 and F.2, respectively. 

x̅ =  
1

n
∑ xi

n

i=1

 
G.1                                                

s(xi) = √
1

n − 1
∑(xi − x̅)

n

i=1

  

G.2                                                

Where �̅�, 𝑥𝑖, n and 𝑠(𝑥𝑖) represent mean value, each thermophysical measured value, number of all the 

measured values and standard deviation value. 

 

The calculations of standard uncertainty using type A is evaluated using equation G.3 (Taylor and Kuyatt, 

1994).   

u(xi) =
s(xi)

√n
  

G.3                                                

 

Type B uncertainty is evaluated by several methods and information related to the measurements. 

Information such as manufacturer information, literature, and previous experience values and in this study 

calibrations data provided by the manufacturer of different instruments are needed in order to evaluate the 

standard uncertainty. The uncertainty can lie anywhere between the distribution and such distributions are 

known as rectangular.  

The overall standard uncertainty is represented by: 
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u(xi) =  
∆a

√3
 

F.4                                                

where ∆a is the half the width of the interval. The rectangular distribution model is always the default model 

in the absence of any other information (Taylor and Kuyatt, 1994). The rectangular type B standard 

uncertainty, the change between lower (minimum) and upper (maximum) limits is represented by a+ for 

upper limit and  a− being the lower limit. The change between to lower and upper limit represented as ∆a =

 
a+− a−

2
, thus the uncertainty can lie anywhere between the distribution. 

 

The combined standard uncertainty for measured thermophysical properties for this study was calculated 

using equation G.5  

u(x) =  ±√ua(x)2 + urep(x)2 + ub(x)2 
G.5                                                

Where x is measured properties such as 𝜌, 𝜂, 𝑢 and 𝑛𝐷 . Where urep is the measurement repeatability values 

for thermophysical properties, 𝑢𝑎 and 𝑢𝑏 is the accuracy and reproducibility of the instrument respectively.  

 

F.2: The combined standard uncertainty of the mixture composition mole fraction ( 𝒙𝟏 )  

The standard uncertainty of the mole fraction contributes highly to the overall standard uncertainty of 𝜌, 𝜂, 𝑢 

and 𝑛𝐷. For homogeneous mixture composition mole fraction (𝑥1) is constant throughout irrespective of 

the change in temperature and pressure, therefore mass is the only quantity that determine the mole fraction 

and the mole fraction is determined using the following equation: 

xi =
ni

∑ ni
2
i=1

 
G.6                                                

where, 𝑛𝑖 is the number of mole the i-th component is defined as: 

ni =
mi

Mi
 

G.7                                                

where 𝑚𝑖 and 𝑀i are the mass and molecular weight of the i-th component respectively. 

For a binary mixture component, equation G.6 can be re-written as follows: 

xi =
n1

n1 + n2
 

G.8                                                

Substituting equation G.7 into G.8 gives:  
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xi =
n1

n1 + n2
=     xi =

m1/M2

m1/M2 + m2/M1
 

G.9                                                

By taking L.C.M equation to further simplify to  

xi =
m1M2

m1M2 + m2M1
 

G.10                                                

The quotient rule is applied to equation G.10, this is done in order to obtain the partial derivative of  𝑥𝑖 with 

respect to m1. Equation G.11 represents the derivation of equation G.10 

∂x1

∂m1
=

(m1M2 + m2M1) × [
∂(m1M2)

∂m1
⁄ ] − (m1M2) × [

∂(m1M2 + m2M1)
∂m1

⁄ ]

(m1M2 + m2M1)2
 

G.11                                                

Evaluating the partial derivatives in the square-blankets in equation G.11 yields: 

∂x1

∂m2
=

m1M2
2 + M2M1m2 − m1M2

2

(m1M2 + m2M1)2
 

G.12                                                

Equation G.12 reduces to: 

∂x1

∂m1
=

M2M1m2

(m1M2 + m2M1)2
 

G.13                                                

Similarly, the partial derivatives of 𝑥1 with respect to 𝑚2 can be obtained by differentiating equation G.12 

with respect to m2 using quotient rule as follows: 

∂x1

∂m2
=

(m1M2 + m2M1) × [
∂(m1M2)

∂m2
⁄ ] − (m1M2) × [

∂(m1M2 + m2M1)
∂m2

⁄ ]

(m1M2 + m2M1)2
 

G.14                                               

Evaluating the partial derivatives in the square-blankets in equation G.14 yields: 

∂x1

∂m2
=

−M2M1m1

(m1M2 + m2M1)2
 

G.15                                               

Thus, in this case, equations G.13 and G.15 provide the partial derivatives of the mole fraction of  ionic 

liquids (𝑥1) with respect to both mass of ILs (𝑚1), and that of PEG200 (𝑚2) and by substituting the 

values of the two masses and molar masses, the partial derivatives can be evaluated. 

The relative uncertainties of m1 and m2 influences the uncertainty of 𝑥1 through the partial derivatives 

are given by: 

∂x1

∂m2
=

−M2M1m1

(m1M2 + m2M1)2
 

G.16                                               

Simplifying expression G.15 and G.16 separately yields equation G.17: 
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m2 (
∂x1

∂m2
) = −x1(1 − x1) and (

∂x1

∂m1
) = x1(1 − x1) G.17                                               

Hence, the standard uncertainty u(𝑥1) is given in terms of the relative standard uncertainties ur(𝑚1) and 

ur(𝑚2) of the two mass measurements as follows: 

u(x1) = (1 − x1)[ur
2(m1) + ur

2(m2)]
1

2⁄  G.18                                               

 

 


