
 

 

 

Abstract—This work focused on the influence of temperature on 

the activity coefficients of biodiesel ester/ VOC (volatile organic 

compound) interactions. The VOC families studied in this work were 

alkanes, alcohols, aromatic compounds and ester solutes. Solubility 

predictions in the form of infinite dilution activity coefficients were 

made using the Modified UNIFAC Dortmund group contribution 

model, and were computed using a Microsoft Excel spreadsheet 

specifically designed for this purpose. It was found that alkane 

activity coefficients decrease with increasing temperature, but do not 

approach ideality with increasing temperature. Alcohol activity 

coefficients decreased with increasing temperature, thereby tending 

towards ideality. Activity coefficients of aromatic compounds 

increased with increasing temperature, and also tended towards 

ideality. It was found that the activity coefficients of ester solutes in 

biodiesel generally tended towards ideality with increasing 

temperature, especially when observing the trends of ethyl formate. 

 

Keywords—Activity coefficients, increasing temperature, esters, 
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I. INTRODUCTION 

UE to increasingly stringent legislation imposed by 

national and international authorities, chemical industries 

are continuously searching for reliable technologies to remove 

volatile organic compounds (VOCs) from waste gas streams. 

Physical absorption processes are proven technologies for 

treatment of industrial end-of-pipe emissions, provided the 

process is designed to be efficient and where possible, 

profitable.  

One factor that influences the efficiency and profitability of 

an absorption process is the selection of a suitable absorbent. 

This requires a good understanding of solvent-solute 

interactions. Most VOCs quickly saturate in water, and 

therefore organic solvents are an option especially for the 

scrubbing of non-polar solutes from waste gas streams. The 

various fatty acid esters which comprise biodiesel have been 

found to possess all the properties of a good solvent, and due 

to its biodegradability it is environmentally friendly [1], [2]. 

In order to accurately model the absorption process, phase 

equilibrium data is often required in the infinitely dilute region 
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because VOCs are present in very dilute concentrations in 

waste gas streams [3]. For preliminary design purposes, it is 

impractical and uneconomical to perform phase equilibrium 

measurements, and thus prediction of thermodynamic data 

such as infinite dilution activity coefficients becomes useful. A 

suitable thermodynamic model such the Modified UNIFAC 

Dortmund is often used for this purpose.  

This work is continuation of our focus on the use of 

biodiesel as a suitable solvent for physical absorption systems. 

Biodiesel (being essentially non-polar) is well suited for 

absorbing non-polar and moderately polar solutes. However 

the optimum temperature at which to operate the absorption 

system differs for each VOC family. The Modified UNIFAC 

Dortmund group contribution model, developed by Weidlich 

and Gmehling [4] in 1987 was selected to compute the phase 

equilibrium data. The phase equilibrium fundamentals, the 

modified UNIFAC Dortmund group contribution method, 

relevant previous studies of interest, computational procedure 

as well as solvent and thermodynamic model selection have 

been previously discussed [1] – [2],[4] – [9] . 

 

II. THE THEORY OF INTERMOLECULAR FORCES 

For all intermolecular interactions involving non-electrolyte 

solutions, three types of van der Waals intermolecular forces 

occur between molecules. These are dipole – dipole 

interactions (Keesom forces), dipole – induced dipole 

interactions (Debye forces) and instantaneous dipole – induced 

dipole interactions (London dispersion forces). 

A. Dipole – dipole (Keesom) Forces 

Keesom interactions are electrostatic in nature and are either 

attractive or repulsive. They occur between two polar 

molecules possessing permanent dipoles, the polarity arising 

from large differences in electronegativity between atoms in 

the molecule. The electron density in these molecules has 

shifted from the less electronegative atoms to the more 

electronegative atoms, hence creating a relatively positive 

centre (denoted δ+) and a relatively negative centre (denoted 

δ-). Examples of permanent dipoles include hydrogen chloride, 

water and formaldehyde. 

Hydrogen bonding is a special type of dipole-dipole 

interaction, and is much stronger than standard Keesom 

interactions. A hydrogen atom is bound directly to highly 

electronegative atoms, usually nitrogen (N), oxygen (O) or 
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fluorine (F). The electron cloud of hydrogen is shifted so 

heavily to the electronegative atom that the hydrogen proton is 

exposed, leaving a strong partial positive charge at the 

hydrogen end of the bond. The hydrogen atom then associates 

with a neighbouring highly electronegative atom (N, O or F) 

forming a hydrogen bond between the two molecules. 

Hydrogen bonded substances have much higher boiling points 

due to the strong intermolecular attraction created by hydrogen 

bonding.  

Molecules can be hydrogen bond (H-bond) donors if they 

have a hydrogen atom directly bonded to one of the highly 

electronegative atoms. These atoms can also be H-bond 

acceptors. Compounds that are H-bond donors are water, 

alcohols, primary and secondary amines, amides and 

carboxylic acids. Other compounds that possess only highly 

electronegative atoms with no hydrogen directly bonded to 

them can only accept hydrogen bonds and are referred to as H-

bond acceptors. These are the tertiary amines, ketones, 

aldehydes, ethers, nitriles and esters. 

B. Dipole – induced dipole (Debye) Interactions 

Debye interactions occur between a molecule possessing a 

permanent dipole (i.e. a polar molecule) and a non-polar 

molecule. When a polar molecule encounters the electron 

cloud of a non-polar molecule, the polar molecule distorts the 

electron cloud of the non-polar molecule for an instant. A 

dipole is therefore induced in the non-polar molecule. Debye 

induction forces are always attractive. 

The degree to which the dipole is induced in the non-polar 

molecule is dependent on the polarizability of the non-polar 

molecule.  The larger the non-polar molecule, the greater the 

ease in which its electron cloud can be distorted. Generally, 

molecules with lower electronegativity also polarize easier 

than those with higher electronegativities.  Thus Debye forces 

increase in strength with an increase in polarizability. 

C. Instantaneous dipole – induced dipole (London) Forces 

London dispersion forces are always attractive, and unlike 

Keesom and Debye forces, are present in all molecular 

interactions even in polar interactions  

London forces arise when temporary random fluctuations in 

the electron density of one molecule results in small localised 

charges on the molecule; hence a dipole is created. This 

resulting fleeting random polarity which arises in the one 

molecule in turn induces a dipole in a neighbouring molecule. 

The degree of polarizability of the induced dipole also 

determines the strength of London forces – thus these forces 

increase with an increase in molecular weight and atomic size. 

For non-polar molecules, London forces are the only forces 

that occur during interactions with other molecules. The 

strength of London forces increase with an increase in surface 

area due to the increase in contact points between molecules. 

For polar molecules, dispersion forces increase with an 

increase in the hydrocarbon chain length whilst the effect of 

the Debye and Keesom forces diminish in effect due to the 

shielding effect of the hydrocarbon tail. 

III. RESULTS & DISCUSSION 

Infinite dilution activity coefficients were predicted for 15 

VOCs in four C18 methyl esters of varying degrees of 

unsaturation. A temperature range of 30 - 50°C was selected 

for the purposes of establishing trends. Most absorption 

systems are usually operated within a range of 30 – 40°C [1]. 

A mole fraction of 1 × 10
-5

 was selected to represent infinite 

dilution conditions, as recommended by Alessi et al [3]. The 

notation described by Van Gerpen et al [10] was adopted to 

describe the characteristics of the ester solvent chain, with the 

prefix „1-‟ being used to identify the solvent as a methyl ester. 

Trends of selected VOC families were plotted to evaluate the 

influence of temperature on VOCs - C18 esters interactions.  

Schiller and Gmehling [11] generalized an approach towards 

ideal behaviour with increase in temperature.  

A. Ester/ Alkane Interactions 

Activity coefficients for the C18 ester solvent/ alkane 

interactions at the various temperatures are shown in Fig.1. It 

was observed that ester/ alkane interactions yielded a uniform 

decrease in activity coefficients with increasing temperature, 

regardless of whether the activity coefficients were above or 

below 1. Thus it can be assumed that alkanes did not approach 

ideality as was suggested by Schiller and Gmehling [11]. 

The cause of the decrease in activity coefficients with 

increasing temperature is possibly due to the increased energy 

available to break the weak London forces between solute-

solute bonds, increasing the ease in which solute-solvent 

attractions can occur. 

Activity coefficients decreased with an increase in the 

degree of ester solvent unsaturation. Since London forces are 

the only forces that interact between solute and solvent, the 

shape of both the solute and the solvent are of importance. 

Alkanes are generally straight chains but this is not the case for 

the solvent. For methyl stearate (1-C18:0) the solvent molecule 

is straight, thus maximum contact points are presented between 

solute and solvent resulting in the strongest London 

interactions; hence these interactions produces the lowest 

activity coefficients. With the addition of double bonds in the 

solvent tail, the shape of the solvent molecule becomes 

increasingly bent. This results in a decrease in the amount of 

contact points between the solute and the solvent and thus the 

strength of London forces is accordingly weakened. 
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a) b) c)  

Fig.1 Temperature dependence of alkanes in C18 ester solvents, (a) n-butane; (b) n-hexane; (c) cyclohexane 

 

 

(a)  (b) c)  

 

Fig.2 Temperature dependence of alcohols in C18 ester solvents, (a) n-butanol; (b) sec-butanol; (c) tert-butanol 

 

B. Ester/ Alcohol Interactions 

The interactions between primary, secondary and tertiary 

alcohols in C18 ester solvents with increasing temperature are 

shown in Fig.2 above. The primary, secondary and tertiary 

alcohols studied were the C4 carbon chain length alcohols, 

namely n-butanol, sec-butanol and tert-butanol. It was 

observed in all cases that activity coefficients decreased with 

increasing temperature, approaching ideality. 

Alcohols are highly polar because the hydroxyl (OH) group 

is capable of hydrogen bonding – they are both H-bond donors 

and acceptors. Thus the increase in kinetic energy imparted to 

the solute molecules as a result of increasing temperature 

assists in breaking the solute-solute bonds. This facilitates 

easier solute-solvent bonding, resulting in increased solubility.  

It was found that activity coefficients decreased with 

increase in branching i.e. from primary to tertiary alcohols. 

This is because branching serves to shield the polarity of the 

hydroxyl group, making the solute molecule less polar. For 

primary and secondary alcohols, activity coefficients decrease 

with an increase in the degree of solvent unsaturation. This is 

possibly due to the Debye interactions between the polar solute 

and the non-polar solvent which polarize the solvent double 

bonds. Thus an increase in solvent double bonds results in 

increased polarizability which in-turn increases the solubility 

of the VOCs into the ester. Since the polarity of the tertiary 

alcohol hydroxyl is much shielded it is unable to interact with 

the solvent double bonds, and the solute thus acts like a non-

polar solute. 
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a) b) c)  

Fig.3 Temperature dependence of aromatic compounds in C18 ester solvents, (a) xylene; (b) cumene; (c) phenol 

 

 

C. Ester/ Aromatic Compounds Interactions 

It is evident from Fig.3 that all interactions of aromatic 

compounds in ester solvents showed an increase in activity 

coefficients with an increase in temperature. Thus it can be 

seen that aromatic compounds generally approach ideality with 

an increase in temperature. 

It appears as if the benzene ring controls the behaviour of 

aromatic compounds with an increase in temperature, rather 

than the functional groups attached to the benzene ring.  This 

is seen by the increase in activity coefficients with increasing 

temperature for the alkane aromatics xylene and cumene, 

whilst as was observed for ester/ non-aromatic alkane 

interactions activity coefficients decrease with increasing 

temperature. 

For ester/ non-polar solute interactions activity coefficients 

increased with increasing solvent bond unsaturation whilst 

those for ester/ polar interactions decreased with increasing 

solvent bond unsaturation. 

 

D. Ester Solvent Interactions with Ester Solutes  

The interactions between smaller carbon chain esters and 

C18 ester solvents with increasing temperature are shown in 

Fig.4. 

It was observed that, with the exception of methyl pivalate 

activity coefficients of ester solutes in ester solvents tended 

towards ideality with an increase in temperature. The activity 

coefficients of methyl pivalate were little changed with 

increasing temperature.  Methyl pivalate was the only solute to 

have branching before the carbonyl side of the ester functional 

group and, due to the branching shielding the polar carbonyl 

group, this solute became non-polar. Thus unlike the polar 

unbranched esters, activity coefficients of methyl pivalate 

increased with an increase in solvent bond unsaturation.  

 

 

a) b) c)  
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d) e) f)  

 

Fig.4 Temperature dependence of ester solutes in C18 ester solvents, (a) butyl acetate; (b) methyl pivalate; (c) butyl propionate; (d) amyl 

acetate; (e) ethyl formate; (f) butyl formate 

 

It was observed that the location of the solute ester 

functional group influenced activity coefficients, with the C7 

terminal ester (amyl acetate) yielding higher activity 

coefficients than the C7 internal ester (butyl propionate). The 

terminal ester, being more exposed, is possibly more polar 

than the internal ester which is flanked by methylene groups on 

either side of the functional group. Activity coefficients 

decreased with increasing solvent bond unsaturation for all 

unbranched esters. However unlike the other unbranched 

esters butyl propionate activity coefficients increased from 1-

C18:2/ solute interactions to 1-C18:3/ solute interactions. This 

is possibly due to the Debye forces of butyl propionate being 

too weak to effectively polarize the three double bonds of 

methyl linolenate (1-C18:3) due to the extreme bending of the 

solvent molecule. Thus London forces tend to dominate these 

interactions and hence solubility decreases. 

Ethyl formate was the only solvent studied that showed 

evidence of tending towards ideality with increasing 

temperature. Ethyl formate interactions with 1-C18:0 and 1-

C18:1 yielded decreasing activities with increasing 

temperature whilst interactions with 1-C18:2 and 1-C18:3 

increased with increasing temperature. 
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