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Abstract 

The purpose of this thesis is to develop a predictive group-contribution Statistical Asso-

ciating Fluid Theory (SAFT-7) by extending the molecular-based SAFT-VR equation 

of state (Gil-Villegas et al, 1997) to treat heteronuclear molecules which are formed 

from fused segments of different type. The underlying molecular model of the pro-

posed theory is thus a heteronuclear generalisation of the standard homonuclear model 

used within other group contribution approaches based on the SAFT equation of state 

(Chapman et al, 1989, 1990). The key advantage of the method is that, unlike the 

homonuclear approaches, the binary interaction parameters between groups can be es-

timated directly from an examination of pure components alone. This means that, as 

a first approximation, the fluid-phase equilibria of mixtures of compounds comprising 

the groups considered can be predicted without the need for any adjustment of the 

binary interaction parameters (which is common in other approaches). 

Initially, a group-contribution theory is developed to model the thermodynamic 

properties of compounds formed from tangent heteronuclear square-well segments (whether 

united-atom or all-atom). The inadequacy of these tangent models to describe accu-

rately the fluid-phase equilibria of relatively small molecules such as the n-alkanes is 

demonstrated. 

The SAFT-7 group-contribution theory, which represents the molecular chains as 

collections of fused heteronuclear groups, is also developed. In the SAFT-7 approach, 

each functional group in the molecule is modelled as a united-atom spherical (square-

well) segment. The different groups are characterised by size (diameter), energy (well-

depth) and range parameters representing the dispersive interaction, and by shape 



factor parameters (which denote the extent to which each group contributes to the 

overall molecular properties). For associating groups a number of bonding sites are 

included on the segment: in this case the site types, the number of sites of each type, 

and the appropriate association energy and range parameters also have to be specified. 

A number of chemical families (n-alkanes, branched alkanes, n-alkylbenzenes, mono-

and di-unsaturated hydrocarbons, 2-ketones, carboxylic acids, primary amines and n-

alkan-l-ols) are treated in order to assess the quality of the SAFT-7 description of the 

vapour-liquid equilibria and to estimate the parameters of various functional groups. 

The group parameters for the functional groups present in these compounds (CH3, 

CHa, CH3CH, ACH, ACCH2, CH2=, CH=, C=0 , COOH, NHg and OH) together with 

the unlike energy parameters between groups of different type are obtained from an 

optimal description of the pure component phase equilibria. The approach is found to 

describe accurately the vapour-liquid equilibria with an overall %AAD of 3.60% for the 

vapour pressure and 0.86% for the saturated liquid density. The fluid phase equilibria 

of some larger compounds comprising these groups, but which were not included in 

the optimisation database, and some binary mixtures are examined to confirm the 

predictive capability of the SAFT-7 approach. A very good agreement between the 

predictions and the experimental data is again demonstrated. 

In view of the above promising results, the extension of the existing parameter 

table, the assessment of the predictive adequacy of the approach for other types of 

phase equilibrium (LLE, SLE) and the application for molecular design is discussed. 
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Chapter 1 

Introduction 

1.1 Motivation for this work 

The synthesis, design and optimisation of chemical processes are performed today by 

developing process models with the help of process simulators. The calculation of the 

physical properties of the chemical systems involved constitutes one of the most im-

portant aspects of any process model. Thus, success in process modelling is critically 

dependent upon accurate descriptions of the thermodynamic properties and phase be-

havior of the systems concerned. For instance, during the design of a distillation 

column, an error in the correct value of the separation factor a of 5% leads to an 

overestimation of the number of theoretical stages by more than 100%. In other words, 

property estimation methods are the raw material of chemical process design (Dohrn 

and Pfohl, 2002). In order to calculate the required thermophysical properties, an 

option is to use a correlative model. For this purpose, it is necessary to fit the model 

parameters to experimental data for the pure component or mixture under considera-

tion, and then the model can be used for the estimation of the required properties. In 

order to obtain the model parameters for the pure components, a parameter estimation 

problem is formulated and the parameters are fitted to pure component experimental 

data. Even though combining rules are often used for the calculation of mixture para-

meters based on the pure component values, they rarely provide an accurate description 
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of the mixture data. Thus, binary interaction parameters are commonly fitted to mix-

ture data to improve the quality of the description. In view of the above, it becomes 

clear that these models lack predictivity since their molecular parameters need to be 

regressed from the experimental data of the pure compounds or mixtures considered. 

The advantage of such approaches, however, is that they are typically more accurate 

than predictive methods. Examples of such correlative models include; 

• pure-component property correlations, such as vapour-pressure equations (Majer 

and Svoboda, 1989) 

• activity coefficient models, such as Wilson (Wilson, 1964), UNIQUAC (Abrams 

and Prausnitz, 1975) 

• equations of state, such as Peng-Robinson (Peng and Robinson, 1976), SRK 

(Soave, 1972) 

The modern chemical industry is interested in a huge number of pure components 

and mixtures. As a result, in many cases there are no available experimental data 

for the mixture under study. In this situation, predictive methods are usually used to 

obtain the physical properties and phase equilibria, especially during the early stages of 

process design where higher errors can be tolerated. Once a preliminary design of the 

process has been formulated using a predictive technique for the physical properties, a 

more accurate correlative model (which would need system-specific experimental data) 

for a more detailed simulation and optimisation of the process can be employed. 

In addition, predictive techniques find another important application in molecu-

lar design through Computer Aided Molecular Design (CAMD) methods (Gani, 2004; 

Harper et al, 1999). The underlying concept of this type of techniques can be con-

sidered as a reverse approach to property prediction (where given the identity of the 

molecule a set of target properties is calculated). In this case, given a set of structural 

groups and a specified set of target properties, a large number of molecular structures 

are generated which are then evaluated and compared with respect to the extent that 

they match the desired properties. The values of these properties are typically deter-

mined by predictive models, since they do not need any experimental data in order to 
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predict the properties of the large number of the candidate molecular structures being 

considered during the solution of the CAMD problem. In another variation of the 

CAMD techniques, the objective is not property matching, but process-performance 

optimisation. In this case, the aim is to select the solvent (or mixture of solvents) 

which optimises a predefined process-performance criterion; the evaluation of this cri-

terion requires a simulation of the entire process (within which the predicted physical 

properties are needed). Hence, this type of method allows for a tight integration of 

process operation and solvent design and constitutes a valuable tool for making solvent 

choices. 

From the above discussion it becomes clear that predictive models have an impor-

tant role to play in process and molecular design. In particular, group contribution 

(GC) methods are today the most widely used predictive tools in both process and 

product design. Within the group contribution formalism, a system (pure component 

or mixture) is treated at the level of representative functional groups (as opposed to 

entire molecules), and the properties of the system are obtained by considering the sep-

arate contributions that the groups make to an overall property. GC methods require 

experimental data only during the development stage for the estimation of the group 

parameters. These parameters are then tabulated in a parameter matrix which can be 

used to treat other systems for which there are no experimental data. In other words, 

one is able to avoid correlating experimental data and instead utilise the method's 

parameter table in a predictive manner to obtain the thermophysical properties of in-

terest. In the context of process design, the prediction of physical properties and phase 

equilibria of the mixtures of interest with a GC approach is essential in order to avoid 

parameter fitting (when a correlative model is used) during early stages of process 

development. At the level of molecular design, the accurate prediction of the physical 

properties of candidate molecular structures through GC methods is an integral part of 

CAMD techniques. In this case optimal molecules with a desired set of properties are 

designed and a group contribution method is used for the screening of the candidate 

molecules. 
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Due to their popularity, a vast amount of research has been devoted to date to 

the development of GC methods (Gmehling, 1986). The existing models are based 

on a wide range of fundamentally different theories. However, most of the effort has 

probably focused on group contribution activity coefficient models such as UNIFAC 

(Fredenslund et al, 1975; Fredenslund et ai, 1977), which is currently considered as 

the state-of-the-art predictive thermodynamic approach. Though these methods yield 

satisfactory results for small, and nearly-spherical molecules, the quality of the descrip-

tion deteriorates when considering large, chain-like compounds such as polymers. In 

addition these approaches are typically based on a lattice model and thus they can-

not capture compressibility effects. In addition, various popular methods have been 

presented when the GC concept is incorporated into an equation of state to develop 

a predictive thermodynamic theory. In order to create a group contribution approach 

of this type, the Statistical Associating Fluid Theory for Potentials of Variable Range 

(SAFT-VR) (Gil-Villegas et al, 1997; Galindo et al, 1998) has been selected as the 

underlying theory in this work. This approach has been shown to describe accurately 

the fluid phase behaviour of a wide range of systems, from small strongly associating 

molecules, to long-chain molecules and charged systems, and its form naturally lends 

itself to a group contribution treatment. 

1.2 Thesis Objectives 

In view of the above discussion, the objectives of this thesis are: 

1. to develop a predictive group-contribution Statistical Associating Fluid Theory 

(SAFT-7) by extending the molecular-based SAFT-VR equation of state to treat 

heteronuclear molecules which are formed from fused segments of different type; 

2. to generate a parameter table for this new group contribution technique by fitting 

the parameters of a number of groups to pure component vapour-liquid equilib-

rium data; 

3. to demonstrate the correlative capabilities of the new approach by assessing the 



1. Introduction 

phase equihbria description of the compounds included in the parameter estima-

tion database; 

4. to illustrate the predictive capabilities of the method by predicting the phase 

equilibria of larger compounds which were not included in the database; 

5. to confirm the predictive character of the new method by using the parameter 

table to examine the phase behaviour of selected binary mixtures. 

1.3 Thesis Overview 

This thesis is organised as follows; 

• A critical literature review of the general concept of GC methods is presented 

in Chapter 2. The different group contribution models are categorised based on 

the systems they can describe and their underlying theories. Special emphasis 

is given to GC activity coefficient methods as they are the most widely used 

approaches of this kind. The advantages and limitations of the various classes of 

methods are highlighted. The main predictive approaches which are not strictly 

considered as GC methods are also briefly discussed. 

• The heteronuclear GC theories developed in this work based on the SAFT-VR 

equation of state are presented in detail in Chapter 3. The molecular models 

(tangent and fused segments) and the interaction potentials which are used in 

the context of these theories are described. It is shown that a GC theory which 

is based on tangent molecular models (united-atom or all-atom) is inadequate to 

describe accurately the fluid-phase equilibria of relatively small molecules such as 

the n-alkanes. The GC theory (SAFT-7) for molecules formed from fused groups 

is also developed here, but its excellent representation of the phase behaviour of 

a wide array of chemical families is separately demonstrated in Chapters 5 and 

6. 
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• The parameter estimation procedure which has been followed in this work to 

estimate the group parameters of the SAFT-7 EoS is described in Chapter 4. The 

auxiliary algorithms that have been developed for the robust solution of the pure 

component VLB problem and the calculation of the critical point are discussed 

first. The methodology followed in order to set up the estimation problem and 

additional information regarding the groups considered and the experimental 

data used are then presented. 

• The group parameters and the assessment of the phase equilibria description of 

the database compounds are considered in Chapter 5. Emphasis is placed on 

investigating physical trends in the parameter values and the accuracy of the 

description for the various chemical families studied. 

• The predictive adequacy of the method is assessed in Chapter 6. It is shown that 

the approach not only gives an accurate representation of the phase behaviour 

of heavy members of the chemical families investigated, but also provides a good 

agreement with the experimental data of various classes of binary mixtures. 

• Finally, the contributions of this project in the area of group contribution models 

are summarised in Chapter 7. A number of suggestions for future work are also 

presented. 



Chapter 2 

Theoretical Background 

Group contribution (GC) methods are based on the concept that every pure compound 

or mixture can be broken down into a predefined set of functional groups (e.g., CH3, 

CH2, OH), and that the properties under study can be estimated by considering the 

contributions that the various groups involved make to the target property. The group 

contributions are referred to as the group parameters within the framework of this 

type of approach. The main applications of this concept can be classified into three 

categories; 

• group contribution estimation of pure component properties 

• group contribution activity coefficient models 

• group contribution equations of state 

In this chapter the key contributions to the above application areas are reviewed. In 

addition, the main predictive thermodynamic models that do not in essence fall within 

the category of GC methods, but which are relevant due to their predictive value, are 

briefly discussed. 
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2.1 Group contribution est imation of pure compo-

nent propert ies 

2.1.1 Genera l principles 

Group contribution methods are the most widely used techniques for the estimation 

of thermophysical properties of pure compounds for which no experimental data are 

available. Usually, the properties under investigation are the critical constants (tem-

perature Tc, pressure and volume %=), the acentric factor (w), the normal boiling 

point (Tb), the normal melting point {Tm) and the enthalpy of formation (AHf). Most 

of the research effort has focused on the estimation of the critical constants, because 

their values are required for the estimation of pure component parameters in many 

(mainly cubic) equations of state. 

In these methods, the molecular structure of the compound is divided into sub-

structures, which represent functional chemical groups, such as CH3, OH and COOH. 

Then, each property of the material is estimated as a combination of the contributions 

of the groups to the property under study. In other words, the property of a compound 

is calculated as a function of the sum of the number of occurrences of each group in 

the molecule multiplied by its contribution. For instance, the equation proposed by 

Joback and Reid (1987) for the estimation of the normal boiling point Th (in K) is 

(Zb = 1913.2 (2.1) 
ieJ 

where rii is the number of occurrences of group i in the molecule, Tbi is the contribution 

of this group to the value of the boiling point and J is the set of groups. 

The fundamental assumption of this type of group contribution method is addi-

tivity. Any one of the defined groups is assumed to contribute the same to a given 

property regardless of the compound in which it appears. This means that in group 

contribution methods the specific way in which groups are connected within the whole 

molecule does not affect the estimated property value. Due to this simplification, these 

models cannot distinguish isomers (since identical property values are estimated for 
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such components) and are unable to capture proximity effects (for instance they can-

not provide an accurate description of the properties of a molecule with two strongly 

polar groups situated next to each other). 

For compounds where the above assumption is not realistic, corrections can be in-

cluded in the calculations to take into account the environmental or proximity effects 

of the groups. Thus, methods with several levels of contributions are available in the 

literature for the estimation of pure component properties (Constantinou and Gani, 

1994; Constantinou et al, 1995; Marrero and Gani, 2001). The role of the higher-order 

groups is to provide more structural information about portions of the molecular struc-

ture of a compound where the description through first-order groups is not sufficient. 

To illustrate, the general form of a second-order group contribution method would be 

(Constantinou and Gani, 1994): 

nijD, (2.2) 
ieJi jeJ2 

where f { X ) is a simple function of the property X, Q is the contribution of a first-order 

group i which occurs rii times in the molecule and Dj is the contribution of a second-

order group j with rrij occurrences. Ji and J2 are the sets of first and second-order 

groups respectively. The constant W is set to unity when a second-order approxima-

tion is required for a specific compound and to zero when only first-order groups are 

employed. 

The first step in the development of pure component group contribution methods is 

the identification of the distinct groups from which the molecules are built. Usually, the 

application to a wide range of species begins with saturated hydrocarbons followed by 

extensions to other homologous series by adding different types of bonds, ring structures 

and heteroatoms (Poling et ai, 2001). The second step is the selection of a suitable 

function f { X ) based on some specific criteria. Finally, a regression is carried out in 

order to estimate the group contributions, usually by minimising the sum of the squares 

of the differences between experimental and calculated values. In the next section a 

brief review of the most popular group contribution methods that are used for the 

estimation of pure compound properties is presented. 
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In addition to the group contribution methods, bond and atom contribution meth-

ods have been developed for the estimation of pure component properties. The con-

ceptual basis for these methods is the same but they differ in that the properties of 

a compound are calculated from contributions of the atoms involved (atom contribu-

tions) or from contributions of the bonds between pairs of atoms (bond contributions). 

The assumption of additivity is also made within these models and the atom or the 

bond contributions are estimated by fitting to experimental data. Examples of these 

kinds of models include the ABC approach (Mavrovouniotis, 1990; Constantinou et al, 

1993; Constantinou et al, 1994), in which atom and bond contributions are combined, 

and a bond contribution method by Marrero-Morejon and Pardillo-Fontdevila (1999). 

Another category of predictive pure component methods that has received much atten-

tion is the Quantitative Structure-Property Relationship (QSPR) techniques (Kier et 

al., 1975; Hall et al, 1975). The main concept in this case is to establish a correlation 

between the overall molecular structure and the property under study by introducing 

molecular connectivity indices that describe the overall skeletal branching of the mole-

cule. Once a sufficient correlation is found, any number of compounds can be readily 

screened in order to select structures with the desired properties. 

2.1.2 Main pure-component group contr ibut ion methods 

One of the first successful group contribution methods was presented by Lydersen 

(1955) for the estimation of the critical constants (temperature pressure Pc, mo-

lar volume Vc) • Group parameters were estimated for 43 functional groups of various 

organic compounds such as hydrocarbons, alcohols, acids, esters, aldehydes. The es-

timated average absolute error (AAE )̂ of this model for the regressed compounds is 

8.1 K, 3.3 bar and 10.0 for T ,̂ Pc and K, respectively (Joback and Reid, 

1987). Since then, the availability of more experimental data and advances in com-

putational tools have allowed for the development of many other techniques of this 

type. 

A related group contribution model was developed by Ambrose (1978, 1979) for the 

^AAE = i where N is the number of data points 
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prediction of the critical constants. An extensive group parameter table that includes 

functional groups of many homologous series was developed. The AAE of this model for 

the fitted compounds is 4.3 K, 1.8 bar and 8.5 cm^mol"^ for and Vc respectively 

(Joback and Reid, 1987). 

Joback and Reid (1987) adopted the group selection of Lydersen (1955) to create 

a technique for the estimation of the following physical properties: normal boiling 

point Tb, normal freezing point T f , critical temperature Tc, critical pressure Pc, critical 

molar volume V ,̂ enthalpy of formation of ideal gas at 298 K Aiy°298> Gibbs energy 

of formation of ideal gas at 298 K AGf^298°, heat capacity of ideal gas (7°, enthalpy of 

vaporisation AH^, enthalpy of fusion AHf and liquid viscosity %. The values of the 

AAE for the fitted compounds' Tc, Pc and Vc were 4.8 K, 2.1 bar and 7.5 cm^mol"^ 

respectively. Estimations of Tb and Tf are not very accurate (Joback and Reid, 1987) 

and can only be considered as very approximate (the reported AAE of % and Tf are 

12.9 K and 22.6 K respectively). 

For the three methods discussed above the estimation of the properties is carried 

out by using one-level group contributions (first-order approximation). Thus, these 

models cannot capture isomeric differences and are also unable to take into account 

proximity effects. In an effort to overcome this significant drawback of first-order 

approximations, Constantinou and Gani (1994) and Constantinou et al. (1995) have 

presented a second-order approach in which the estimation is performed at two levels: 

contributions from first-order groups are used at a basic level, and at a second level, 

contributions of the second-order groups are included, which provide a correction to the 

first-order estimation. The second-order groups are specifically selected so as to provide 

more structural information of the molecule when needed. For instance, in the case of 

1,2-butanediol, the first-order groups are two CHg, one CH, one CHg, and two OH. At 

the second level, the information that the two OH groups are bonded to adjacent carbon 

atoms is incorporated into the method by introducing the second-order group (OH)-

CH2-CH-(0H). This technique can be used for the estimation of ten different physical 

properties (]],, T^, Tc, Pc, Vc, AHf, AHy, AG/, w, vi) and is able to distinguish 

between isomers and to take into account proximity effects. The compounds that can 
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be treated include hydrocarbons (aromatic and non-aromatic), alcohols, phenols, acids, 

ethers to name but a few. Good accuracy is obtained by the use of this model; the 

values of the AAE of T^, and are 4.85 K, 1.13 bar and 6 cm^mol~^, respectively 

for the fitting database in the case of second-order approximations (Constantinou and 

Gani, 1994). One should note that while the critical pressure and volume predictions 

are significantly improved compared to the results obtained from the Ambrose model, 

the critical temperature predictions appear to be slightly worse. This discrepancy can 

be attributed to the fact that difi^erent experimental data sets have been used for the 

development, and thus a direct comparison of the two methods cannot be made. 

Finally, a three-level property estimation technique has been developed by Marrero 

and Gani (2001) for the estimation of nine properties (TJ,, T ,̂ Pc, K, AiJ/ , AHy, 

AG/, AHfus)- The first level consists of a large set of simple groups that allows the 

description of a large variety of compounds. This level is only intended to deal with 

simple and monofunctional molecules. The second level (for polyfunctional, polar or 

nonpolar compounds of medium size, C = 3 — 6) incorporates groups which allow 

a better description of proximity effects and differentiation among isomers while the 

third level (for complex heterocyclic and large polyfunctional acyclic compounds, C? 

- Geo) provides molecular structure information about fragments of compounds whose 

description is insufficient through the first- and second-order level. The applicability 

of the method extends to many homologous series of organic compounds. In terms of 

accuracy, the overall deviation for the fitted compounds (AAE) of Tc, Pc and Vc are 

4.87 K, 0.74 bar and 7.25 cm^mor^ respectively in the case of third-order approxima-

tions. The shghtly worse description of the critical volume compared to the previous 

second order technique could be due to the fact that different experimental data have 

been used for the comparison. 

Summarising, the earlier methods by Lydersen (1955) and Ambrose (1978) do not 

appear to be as accurate as the others discussed above (Poling et ah, 2001). In addition, 

the group contribution techniques that exhibit the widest range of applicability are 

the ones developed by Joback and Reid (1987) and Constantinou and Gani (1994)-

Constantinou et al. (1995). They are able to provide all pure component constants 
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and heat capacities, and properties of formation of ideal gases with a single group 

formulation. There are several other group contribution methods for the estimation 

of pure component properties. However, they are either restricted to specific types of 

compounds or they are of lower accuracy than the above (Pohng et al, 2001). 

2.2 Group contribution activity coefficient meth-

ods 

2.2.1 Phase equilibria f rom activity coefficient models 

In contrast to the pure component models presented in the previous section, GC activity 

coefficient models are used for the prediction of mixture fluid phase behaviour. To 

understand how these models are applied for the description of phase equilibria, we 

consider two fluid phases a and b in equilibrium. Starting from the isofugacity criterion 

(Bett et al, 1975) 

jT* == % = 1,S!, (2.3) 

where N is the total number of components, the phase equihbria can be modelled by 

using activity or fugacity coefficients to account for the real behavior of the differ-

ent phases. There are two approaches which are broadly used for the vapour-liquid 

equilibria calculation (Prausnitz et al., 1999): 

1. the j-cj) approach, which employs activity coefficients to describe the real behavior 

of the liquid phase and fugacity coefficients for the vapour phase, 

2. the (p-cf) approach, which makes use of fugacity coefficients for both the liquid and 

the vapour phases. 

For the modelling of the liquid phase through the application of the approach, 

numerous group contribution activity coefficient models have been developed which 

are used in conjunction with an equation of state for the calculation of the fugacity 

coefficients in the vapour phase. In addition, various GC activity coefficient models 
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can be used for the representation of both liquid phases in the case of hquid-hquid 

equilibria. These group contribution approaches will be discussed in this section. 

In the (p-cj) approach, the required fugacity coefficients are typically derived by using 

equations of state to model both phases. A vast amount of work has been undertaken 

on group contribution versions of popular equations of state and it is presented in 

section 2.3. 

2.2.2 Basic principles - Historical review 

The extension of the group contribution concept to mixtures is extremely attractive, 

because even though the number of multicomponent mixtures of interest in the chem-

ical industry is huge, they can be represented by a relatively small number of distinct 

functional groups that comprise them. Therefore, if the activity coefficients of a liquid 

mixture are estimated as a function of the parameters of the groups of the components 

in the mixture, it is possible to predict the activity coefficients and hence phase equi-

libria for mixtures for which no experimental data exist. The application of the group 

contribution concept to mixtures is shown in figure 2.1. A vast amount of research has 

been carried out for the development of group contribution methods for the estimation 

of activity coefficients of liquid mixtures. In most of these models, the activity coef-

ficient of each component (7^) are estimated as a sum of a combinatorial term (7^) 

and a residual term (7^). The combinatorial term takes into account the non-ideality 

of the mixture due to differences in size and shape of the molecules and the residual 

term adds the non-ideality due to energy interactions. In other words, the combinato-

rial contribution incorporates the entropy effects arising from differences in molecular 

size and shape while the residual contribution is primarily due to intermolecular forces 

which are responsible for the enthalpy of mixing. The former (7?) depends only on 

the composition and on molecular structure data of the pure components (e.g. molec-

ular surface area) while the latter (7^) depends also on the intermolecular forces; the 

adjustable group parameters, therefore, appear only in the residual part. In order to 

estimate the group contributions to the residual activity coefficient, group structural 

data (e.g. group surface area) and group interaction parameters are required. The lat-
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ter are typically estimated by regression using experimental vapour-liquid equilibrium 

(VLE) data (Gmehling, 1986). 

The most significant approaches of this kind have been the UNIFAC (UNIversal 

quasichemical Functional group Activity Coefficients) (Fredenslund et al., 1975; Fre-

denslund et al, 1977) method and the ASOG (Analytical Solution Of Groups) method 

(Redlich et al, 1959; Papadopoulos and Derr, 1959; Wilson and Deal, 1962; Wilson, 

1964). In addition, several other group contribution activity coefficient approaches have 

been proposed such as modified-UNIFAC (Gmehfing et al., 1993), AGSM (Nguyen and 

RatchfF, 1974), SIGMA (Ashraf and Vera, 1980), effective UNIFAC (Nagata and Koy-

abu, 1981), DISQUAC (Kehiaian, 1983), SUPERFAC (Fredenslund and Rasmussen, 

1985), and QCGST (Abusleme and Vera, 1985) to name but a few; see the compre-

1-propanol + n-hexane 

Pure 

Components 

CH3- 1 -CHo-1 -CHo" i -OH 

CH3- I-CH2-1-CH2-1 -CH2 I-CH2-i -CH3 

GC Representation (-CH3) 

ofhdbdure 

^ 
Figure 2.1: Schematic illustration of the group contribution concept in a mixture of propanol 

+ n-hexane 
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hensive review by Gmehling (Gmehling, 1986). One should note however that the 

availability of parameters for these is not as widespread as for the UNIFAC and ASOG 

approaches. Thus, in this section these two models are described, with a particu-

lar emphasis on UNIFAC and its modifications, which is currently considered as the 

state-of-the-art activity coefficient model. 

2.2.3 The ASOG (Analytical Solution of Groups) me thod 

The Analytical Solution of Groups (ASOG) method is based on the Wilson represen-

tation of the activity coefficients (Redlich et al, 1959; Papadopoulos and Derr, 1959; 

Wilson and Deal, 1962; Wilson, 1964; Derr and Deal, 1969). According to this ap-

proach the activity coefficient of a component i (ji) in a mixture of N components 

consists of a configurational term (7?) due to differences in molecular size, and a group 

interaction term (7^) due to intermolecular forces, so that 

ln7i = l n 7 f - M n 7 f , i = 1,2,.., A'". (2.4) 

In this method there is a distinction between the number of size groups (sj) in molecule 

j and the number of interaction groups {vkj) of type k in molecule j. These groups 

are the clearly-recognizable chemical groups that are able to interact uniquely. From 

this point of view, acetone can be represented by three groups (two CH3 and one 

C = 0 ) , which could be used to represent both interactions {uchs = 2, uc=o = 1) and 

size (5 = 3). However, this is not the case in compounds where the groups that can 

describe the molecule's energetic interactions (interaction groups) are different from the 

groups that can describe the molecular structure (size groups). For example, acetone 

could also be represented by three interaction groups (two CH3 and one C=0) and four 

size groups (two CH3, one carbon C and one oxygen O), in order to provide a better 

representation of the molecular structure of the compound. A rational choice should 

always be made based on the nature of the possible interactions and on the sizes of the 

molecules under consideration. 

The configurational term (7?) depends only on the number of size groups in the 
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components of the mixture and it is given by 

ln7f = 1 - + lni?j, z = 1,2, ..,7V, (2.5) 

where Ri is the ratio of the number of size groups (sj) of component i to the sum of the 

number of size groups (sj,) of every component j in the mixture times its mole fraction 

(Zj): 

Si Ri = i = 1,2,.., TV. (2.6) 

Here, the summation extends over all components N, including component i. The 

number of interaction groups (ukj) of type k in molecule j is only used in the equations 

for the estimation of the group interaction term (7^) of the activity coefficient. To cal-

culate the interaction-group mole fractions Xk in the mixture have to be determined 

first from 

Xk = EN 
j=l ^ j ^ k j 

En v"^ ' 

7 = 1 ^ k e J 

keJ, (2/n 

where subscript k stands for a particular interaction group in molecule j, Vkj is the 

number of interaction groups k in molecule j , and J is the set of interaction groups in 

the mixture. The term 7 ? is then given by 

ln7f = J^z/fcilnFfc - i = 1,2,..,TV, (2.8) 
keJ keJ 

where Tk is the activity coefficient of interaction group k in the mixture, and ^ is 

the activity coefficient of interaction group k at the standard state of pure component 

i. The activity coefficient is obtained from 

XiAik 
I n n = - l n 

leJ 

i - Y " 
Im 

keJ, (2.9) 

where the summations extend over all interaction groups present in the mixture. The 

parameters Aki and Aik {Aki 7̂  Aik) are group interaction parameters for the interaction 

groups k and I. Equation (2.9) is also used to find for component z, but in this 

case it is applied to a mixture of groups as found in the pure component v. 

•In 
. leJ 

i - E 
lej 

keJ, % = 1,2,..A^, (2.10) 
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where is now is the fraction of group type k in the molecular structure of pure 

component i defined by 

* = 1,2, -N. (2.11) 
Z-^keJ 

To illustrate this, if i is benzene, there is only one kind of group and In ^ is zero. 

However, if i is methanol, InF^^ has a finite value for both the hydroxyl and methyl 

groups. 

In common with other GC activity coefficient models, the predictive application 

of the method involves two steps. First, the parameters Aki and Aik for each pair 

of interaction groups k and I are regressed to provide an optimal description of the 

available experimental data for mixtures involving the groups of interest. Second, 

these parameters are used for the calculation of the activity coefficients in mixtures for 

which no experimental data exist. 

For the estimation of the binary parameters of the model, infinite dilution activity 

coefficient (7°°) data have been used by Derr and Deal (1969). Unfortunately, the 

parameter matrix that was generated was relatively small, restricting the range of 

applications and the usefulness of the method. In an effort to tackle this drawback, in 

their monograph Kojima and Tochigi (1979) reported the estimation of a substantial 

number of new parameters and the revision of some of the old parameters, which very 

much extended the range of applicability of the method. Later, the usefulness and 

applicability of the method was further extended with the parameters reported by 

Tochigi and Tiegs (1990) and Tochigi (1998). Today, the parameter table of the ASOG 

method contains the group interaction parameters for 43 interaction groups, including 

main functional groups such as CHg, C=C, COO, COOH, CN, OH, and NHg. Thus, 

the model can be used for the prediction of vapour-liquid equilibria of multicomponent 

mixtures that contain several classes of compounds. Tochigi (1998) has investigated 

the accuracy of the method in predicting low-pressure vapour-liquid equilibria of 39 

binary systems containing alcohols, hydrocarbons, ketones, esters, ethers, aromatic 

compounds and water, in a temperature range from 283 K to 418 K; an AAE of 0.019 

for the predicted vapour phase mole fraction y is reported in this work. 
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2.2.4 T h e UNIFAC me thod 

Description 

The UNIversal quasichemical Functional group Activity Coefficients (UNIFAC) ap-

proach is today the most widely used method for the estimation of liquid-phase activ-

ity coefficients. It is based on the quasichemical theory of liquid solutions proposed by 

Guggenheim (Guggenheim, 1952), later generalised by Abrams and Prausnitz (1975), 

and apphed to functional groups making up the molecules (rather than to the molecules 

themselves) by Fredenslund and co-workers (Fredenslund et al, 1975; Fredenslund et 

al, 1977). Nowadays, it is integrated into many commercial process simulators. 

The basic assumption of the UNIFAC approach is that the functional groups form-

ing the molecules contribute independently from one another to the activity coefficients 

of the mixture components. In this model, the activity coefficient of component i in a 

mixture of N components is expressed as the sum of a combinatorial part (7^) and a 

residual part (7^): 

In 7, = ln7^ -k In 7^, i = l,2,..,N. (2.12) 

The combinatorial part is due to differences in size and shape of the molecules, while 

the residual part is due to energy interactions. The combinatorial part has the same 

functional form as the corresponding term in the UNIQUAC model (Abrams and Praus-

nitz, 1975). The residual part is given by the sum of the contributions of each group 

in the mixture minus the sum of the contributions in a pure component reference en-

vironment. The combinatorial part of the activity coefficient of component i in the 

UNIFAC method is given by 

In7^ = In — 4- In ^ 4- Z; i = l,2,..,N, (2.13) 
Xi 2 Xi 

where 

4 = ^ ( n - %) - (n - 1), i = l,2,..,N, (2.14) 



2. Theoretical Background 20 

di = 

7 = 1 Q j ^ j 

i = 1,2, ..,N, 

z = l ,2 , ..,iV, 
EjV 

% 

keJ 

= ^ = 1,2, ..,7V. 
keJ 

(215) 

(2.16) 

(2.17) 

(2.18) 

Here, z is the coordination number of an underlying lattice which is usually set to a 

value of 10, and 9i and are the molecular surface area fraction and molecular volume 

fraction for component i respectively; Rk is the volume parameter for group k, Qk is 

the surface area parameter for group k, Xi is the mole fraction of component i and 

is the number of groups of type k in component i. The molecular volume r, and 

surface area % are calculated from the group volumes % and the group surface areas 

Qk using equations (2.17) and (2.18). The summations in equations (2.13), (2.15) and 

(2.16) are over the number of components and the summations in (2.17) and (2.18) are 

over all groups present in the mixture. The values of the group volumes and surface 

areas are taken from the work on molecular structure data presented by Bondi (1968). 

The residual part of the activity coefficient of component i in the UNIFAC method 

is given by 

ln7f = ^/^^'^[InTfc - i = 1,2, ..,iV, 

km 
In Tfe = Qk 1 — In I ^ 2 dm^mk I — 

\meJ meJ 

C = , meJ, 

Xm = 

X^neJ QnXn 

(i). 
me J, 

, keJ, 

(2.19) 

(2.20) 

(221) 

(2.22) 
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InrW = Qk 

gii) -

In E - E 
\?7l€J Z^nej"'^ ^nm 

YlneJ QnX; n 
meJ, i = 1,2, ..N, 

xi;) = meJ, i = 1,2, ..N, 

keJ, 2 = 1,2, ..N, 

(2.23) 

(2.24) 

(2.25) 
Z^neJ 

where is the activity coefficient of group k in the mixture, is the activity coef-

ficient of group /c in a reference mixture containing only molecules of type i, and Xm 

is the fraction of group m in the mixture; 9m is the area fraction of group m, Xm is 

the fraction of group m in pure component i and 9m is the area fraction of group m 

in pure component i. The summations are over all the groups present in the mixture 

and the group-interaction parameter ^nm is given by 

^nm — exp 
T 

(2.26) 

The group interaction parameter a„m represents the difference between the energy of 

interaction of a group n and a group m and the interaction energy of two groups n. For 

every pair of groups in the mixture there are two binary group interaction parameters, 

<3nm 7̂  0"mn, which are assumed to be temperature independent. The parameters that 

have to be known for the application of the method are the group surface area and 

volume parameters (Qk and Rk) as well as the binary group interaction parameters for 

every pair of groups in the mixture. 

Group distinction and parameter estimation 

A matter of primary importance for group contribution methods is the suitable selec-

tion of the functional groups that comprise the molecules under study. As the number 

of groups is increased, the basic assumption of group independency in group contribu-

tion methods becomes more realistic and the accuracy is enhanced. On the other hand, 
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increasing the number of groups also requires the estimation of more interaction para-

meters. Thus, the definition of groups in the UNIFAC method was carried out in an 

effort to achieve a compromise between engineering utility and accuracy of prediction. 

Furthermore, the choice of groups was based on experience from fitting the model to 

experimental data. The functional groups that were selected were the ones that gave 

the best fit, as long as the utihty of the group contribution method was not jeopardized 

(Fredenslund et al, 1977). For example, it was noticed that often the addition of a 

carbon atom to the smallest possible group improved the fit of the model (this was the 

case for the groups COOC, CHg-O and CNHg, which were included as distinct groups 

in the parameter matrix, instead of COO, -0- and NH2 respectively). 

In their work, Fredenslund and co-workers (Fredenslund et al., 1975; Fredenslund 

et al., 1977) estimated the values of the binary interaction parameters for 25 main 

groups. Each one of these main groups was divided into several subgroups. All sub-

groups within a main group are assumed to have the same interaction parameters, but 

different values for Qk and Rk- This assumption was made in order to incorporate 

more information about volumes and areas of the groups into the model. For the 

estimation of the interaction parameters of the UNIFAC method, low-pressure vapour-

liquid equilibrium data for approximately 2500 binary isotherms or isobars were used 

(Fredenslund et al, 1977). Based on those experimental data, experimental activity 

coefficients were calculated. The objective function which was used for the parameter 

estimation problem is the following: 

= , (2.27) 
J = 1 1=1 

where the summations are over all components N and experimental points Np, thus 

including all binary VLE data sets; 7^^^ is the experimental activity coefficient and 7^'= 

is the activity coefficient calculated by the UNIFAC approach. The estimation of the 

interaction parameters was carried out one pair at a time. During this procedure the 

order in which the group interaction parameters are calculated is crucial. For instance, 

if the objective is to estimate the OH, CH2CO parameters from alcohol-ketone data, 

the OH, CH2 parameters should first be obtained from alcohol-alkane data, and the 
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CH2CO, CH2 parameters from alkane-ketone data. Another approach for solving this 

problem would be to optimise all the parameters at the same time. However, in this case 

the size of the parameter estimation problem that has to be solved becomes virtually 

intractable and also there is no possibility of redetermining some of the parameters or 

adding new groups within this framework. The temperature range of the binary VLB 

data that were used for the fitting and hence in which the UNIFAC method can be 

applied with best results is 275-425 K (Fredenslund et al, 1975). 

The accuracy and the range of applicability of UNIFAC depend on the number of 

available reliable group parameters. This is the reason why several attempts have been 

made to revise and extend the original parameter matrix (Fredenslund et al, 1975; 

Fredenslund et al, 1977), which contained several gaps for some group interactions 

because of lack of experimental data. Skjold-Jorgensen et al. (1979) estimated the 

parameters for eight new groups and also revised the values of some of the previously 

published parameters using new vapour-liquid equilibrium data. Gmehling et al. (1982) 

have also added the parameters for seven new groups and filled some of the gaps of 

the parameter table. Later, Macedo et al. (1983), Tiegs et al. (1987) and Hansen 

et al. (1991) presented further revisions and extensions of the parameter table. In 

more recent years the UNIFAC Consortium at the University of Oldenburg has added 

several new or revised parameters in the UNIFAC matrix (as well as in the matrix of 

the modified UNIFAC which is described below). Due to this continuous effort in the 

extension of the method, large parameter tables are today available for wide varieties 

of chemical families; there are now over 65 chemical groups in the UNIFAC parameter 

database (The UNIFAC Consortium, 2007). 

Accuracy of the method 

The accuracy of the UNIFAC model has been thoroughly assessed by Fredenslund et al. 

(1977). They predicted vapour-liquid equihbria for binary mixtures whose experimental 

VLE data had been included in the database for the parameter estimation as well as 

for binaries that had not been included in the database. As expected, in the latter case 

the accuracy of the method is poorer. The quality of the phase equilibria description 
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is evaluated in terms of the following form of deviations (Ay) of the predicted vapour 

mole fractions, where the summation is over all experimental points Np-. 

^ - y T ' l (2.28) 

For binaries whose experimental VLE had been used for parameter estimation Ay was 

found to range from 0.002 to 0.096, while when extrapolating to binaries not included in 

the database Ay ranges from 0.004 to 0.091 (with most of the values in the upper part 

of the interval). Moreover, Weidlich and Gmehhng (1987) have reported an average 

absolute error (AAE) of the vapour mole fraction of 0.0105 in the prediction of binary 

VLE containing alka,nes, alkenes, aromatics, alcohols and ketones. 

Method Limitations 

Despite the fact that UNIFAC can provide a good representation of the fluid phase 

behaviour of a wide array of mixtures, it also exhibits a number of significant limitations 

which are summarised below (Fredenslund and Rasmussen, 1985; Fredenslund, 1989) : 

• The method cannot take into account details in the molecular structure, because 

it does not incorporate any connectivity information. Thus, it is unable to distin-

guish between isomers. For instance, in the case of 3-hexanone and 4-hexanone, 

the position of the carbonyl group is not considered and the same activity coef-

ficient values would be calculated for the two isomers. Furthermore, the method 

cannot describe "proximity effects", i.e. it is unable to handle with the required 

accuracy components with two or more strongly polar groups situated near each 

other in the molecular structure (in this case the basic assumption of group in-

dependence is highly inaccurate). 

• It has been shown that the method cannot give quantitative predictions of liquid-

hquid equilibria (LLE), because the parameter matrix which is used is estimated 

from experimental vapour-liquid equilibria data. This is the reason why a sep-

arate parameter table especially suited for the prediction of LLE was developed 

by Magnussen et al (1981). The LLE group interaction parameters have been 
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estimated for 32 main groups based on binary LLE experimental data. The 

UNIFAC-LLE model (UNIFAC model with the specific parameters for LLE) has 

been tested by Gupte and Banner (1987). The fact that the same parameter 

table cannot be used for all applications constitutes a fundamental deficiency of 

the model. 

• Due to the fact that the temperature range of the experimental data used for 

the development of the method was 275-425 K, the method cannot be apphed 

accurately outside this range. 

• The activity coefficients are normally used to predict phase equilibria at relatively 

low or moderate pressures and thus no pressure dependence is included in the 

model. Therefore, UNIFAC is limited to applications below 10-15 atm in pressure. 

• The UNIFAC model cannot be used for mixtures with electrolytes. In this case 

important corrections are required to the model for the long-range forces between 

charged particles. 

• The model cannot be used for solvent-polymer mixtures because it does not take 

into account the differences in free volumes between the solvent and the polymer. 

• The method is not able to give satisfactory results for activity coefficients at infi-

nite dilution, especially for asymmetric systems (Weidlich and Gmehling, 1987). 

This is due to the fact that the binary VLE experimental data which were used 

do not usually contain data points in the very dilute region and mainly contain 

components of similar size. 

Modifications of the method 

In order to eliminate some of the above limitations of the original model, several mod-

ifications in the combinatorial and the residual part have been suggested. Probably 

the most successful modification has been the so-called modified UNIFAC (Dortmund) 

model which was introduced by Weidlich and Gmehling (1987) at the University of 

Oldenburg. As with the original UNIFAC approach, this model is also integrated 
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in commercial simulators worldwide and both models are considered as the state-of-

the-art models for the prediction of reliable thermodynamic mixture data. The main 

differences with respect to the original model were the introduction of a different com-

binatorial term and temperature-dependent parameters. The surface area and volume 

parameters (Qt, Rk) were fitted to experimental data and not taken from the molecu-

lar structure data of Bondi (1968). When the model was introduced, the parameters 

were fitted simultaneously to VLB, activity coefficients at infinite dilution (7°°) and 

excess enthalpies {h^). Later, the database used for the fitting procedure was also 

enriched with azeotropic, excess heat capacity (c^), liquid-liquid equilibria and solid-

liquid equilibria (SLE) data. The modified UNIFAC (Dortmund) allows not only the 

reliable prediction of VLB, but also of 7°°, SLE and LLE. This model is described 

in detail in a series of articles (Weidlich and Gmehling, 1987; Gmehling et al, 1993; 

Gmehling et al, 1998; Gmehling et ai, 2002; Lohmann et al, 1998; Wittig et aL, 

2001; Lohmann et al, 2001). According to Weidlich and Gmehling (1987) this model 

exhibits better accuracy than the original UNIFAC in the prediction of VLE of binary 

systems; the reported AAE of the predicted vapour mole fraction is 0.0081 (compared 

to 0.0105 of the original UNIFAC). 

A very similar method to the modified UNIFAC (Dortmund) was developed by 

Larsen et al. (1987), the so-called modified UNIFAC (Lyngby) method. As in the 

modified UNIFAC (Dortmund) model, the combinatorial part of the original UNIFAC 

is modified and temperature-dependent parameters are introduced. The group inter-

action parameters have been estimated for 21 groups. 

The addition of second-order terms to the UNIFAC equations, in order to provide 

extra molecular structural information and to take proximity effects into account, was 

proposed by Abildskov et al. (1996) and Abildskov et al. (1999). In particular, a 

second order term was suggested for the calculation of the molecular volumes Ri and 

surface areas Qi and a term expressing the contributions of the second order groups 

to the residual term of the activity coefficient was also included. The second-order 

groups which were introduced in this work were: -CH(CH3)2, >CH-OH, CH3COCH2-

and -CH(OH)CH(OH)-. The volume parameter the surface area parameter 
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and the group interaction parameter a j j were estimated by fitting to binary 

VLE data. The use of this second-order UNIFAC model is able to give significantly 

improved results with respect to the original first-order UNIFAC for the prediction of 

VLE of binary systems containing the second-order groups. 

The extension of UNIFAC to the estimation of solvent activities in solvent-polymer 

solutions was the aim of the work of Oishi and Prausnitz (1978). In this work, the 

UNIFAC equations are modified to yield activities (a,) rather than activity coefficients 

(7j). Moreover, in addition to the combinatorial and the residual terms, a free-volume 

contribution is added to the model to account for the free volume difference between the 

solvent and the polymer molecules which is not negligible as in the case of "ordinary" 

(modest molecular weight) liquid mixtures. The need for the addition of a free volume 

contribution follows from Flory's theory (Flory, 1941). Another activity coefficient 

model based on UNIFAC was presented by Kontogeorgis and Fredenslund (1993) for 

the treatment of solvent-polymer solutions. It consists of two terms, a "combined" 

combinatorial-free volume term and the residual term of UNIFAC. Some other UNIFAC 

extensions to polymer solutions include those by Holten-Andersen et al. (1987) and 

Elbro et al. (1990). 

Several authors have described modifications of the UNIFAC model for other appli-

cations. Achard et al. (1994) have discussed the combination of the modified UNIFAC 

(Lyngby) model with the extended form of the Debye-Hiickel equation for the calcula-

tion of vapour-liquid equilibria in ternary water-alcohol-electrolyte mixtures. Gmehling 

et al. (1978) have also estimated the activity coefficient of a solid solute in a solvent 

using the UNIFAC model, in order to calculate solubilities and solid-liquid equilibria. 

The application of UNIFAC to associating mixtures by the introduction of an associ-

ation contribution to the liquid activity coefficient was proposed by Mengarelli 

et al. (1999), while Foisy et al. (1997) discussed the reduction of the set of UNI-

FAC groups into individual atoms based on the ABC property estimation approach 

(Mavrovouniotis, 1990; Constantinou et al., 1993; Constantinou et al, 1994). 



2. Theoretical Background 28 

2.3 Application of GC concept within equations of 

s ta te 

The group contribution activity coefficient models of the previous section are indeed 

very useful and powerful methods for the prediction of activity coefficients and hence 

of phase equilibria of binary and multicomponent mixtures. Their main advantage 

is predictivity, i.e., they avoid the measurement and correlation of experimental data 

during early scoping studies for new products and processes. Unfortunately, such 

approaches cannot handle systems at even moderate pressure conditions, let alone at 

supercritical conditions, and they cannot provide the values of properties other than 

phase equilibria, such as densities, enthalpies, heat capacities, etc. On the other hand, 

equations of state (EoS) can provide accurate results in these cases which cannot be 

handled by group contribution activity coefficient models. In order to combine the 

predictivity of GC models with the advantages of equations of state, significant effort 

has been dedicated on the development of models that are based on both approaches; 

this area of research is discussed in the following section. 

2.3.1 Group-cont r ibut ion EoS-gf^ methods 

In EoS-g-® methods a GC activity coefficient model (also called predictive mod-

els because one first obtains expressions for the excess Gibbs energy and then the 

activity coefficients are derived through standard thermodynamic relations in these ap-

proaches) is used to obtain a mixing rule for the calculation of the mixture parameters 

within a given equation of state. This is achieved by equating the excess Gibbs energy 

g^ obtained from the GC activity coefficient model (which depends on the parameters 

of the groups present in the mixture) to that derived from an equation of state (which 

depends on the mixture parameters of the EoS), establishing a relationship between a 

mixture parameter and g^ (see below for an example). Therefore, the GC model group 

parameters are used to calculate g^ and thus the mixture parameter, and then the EoS 

can be used for modelling both phases and solving the phase equilibria. The resulting 

theories (so-called EoS-g-® methods) become predictive as no fitting of binary interac-
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tion parameters (&%) is required. It should be noted, however, that a knowledge of the 

pure component parameters for the equation of state is essential for the application of 

these methods, which constitutes a limiting factor for their applicability. 

The first work that introduced models into equation of state mixing rules, the 

so-called mixing rules, was presented by Huron and Vidal (1979) in an effort to 

extend the range of applicability of the existing equations of state to polar systems, 

because for these kinds of systems the conventional mixing rules fail. Following this 

work, many researchers have incorporated both correlative g^ models such as the 

Wilson equation (Wilson, 1964), the NRTL equation (Renon and Prausnitz, 1968) and 

UNIQUAC (Abrams and Prausnitz, 1975), and predictive models such as UNIFAC 

and ASOG into the mixing rules of EoS. The resulting models are the so-called EoS-

g^ models. In this section, we are only concerned with methods in which an EoS is 

coupled with a predictive activity coefficient model. 

One of the most successful group contribution EoS-^-^ models is the Predictive 

Soave-Redlich-Kwong (PSRK), which was developed by Holderbaum and Gmehling 

(1991). It is described in a series of articles (Holderbaum and Gmehling, 1991; Gmehhng, 

1995; Gmehling, 2003) and it is based on the Soave-Redlich-Kwong (Soave, 1972) equa-

tion of state with two modifications. Firstly, a different expression is used to describe 

the temperature dependence of the pure component attractive parameter o,. Secondly, 

the mixing rule which is used for the estimation of the mixture parameter a is the 

modified Huron-Vidal first-order (MHVl) rule proposed by Michelsen (1990), which 

links the parameter a to the excess Gibbs energy at zero pressure g^ by 

a (2.29) 

where b and 6, are mixture and pure component parameters respectively, Ai is a known 

constant, and Xi is the mole fraction of component i. Any group-contribution method 

such as UNIFAC or ASOG can be used to calculate g§ in the above equation, due to 

the assumption of zero pressure and to the fact that the pressure dependence of g^ 

is small at low pressures. In the PSRK model, the original UNIFAC method and its 
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parameter table are used to calculate and thus the attractive parameter a. As a 

result the model becomes predictive, since the kij binary parameter (which appears in 

the usual quadratic mixing rules for the parameter a and normally has to be fitted to 

binary data) is avoided and no experimental data are required. The pure component 

parameters o, and 6, are estimated through correlations of pure component constants 

(critical constants, acentric factor, etc.), while the mixture parameter b is obtained 

through a linear mixing rule based on the pure component parameters 6,. 

The PSRK model gives reliable results for vapour-liquid equilibria and gas solubility 

in large temperature and pressure ranges. However, it also exhibits certain weaknesses. 

Firstly, poor results are obtained for the liquid densities of pure compounds and mix-

tures. Furthermore, as expected, it exhibits some of the limitations of the UNIFAC 

method, i.e., the estimated activity coefficients at infinite dilution and vapour-liquid 

equilibria for very asymmetric systems are poorly predicted (Gmehling, 2003). The 

PSRK approach has further been extended by the introduction and estimation of pa-

rameters of new functional groups (Fischer and Gmehling, 1995; Gmehling et al, 1997; 

Horstmann et a/., 2000). A modification in order to improve the results for the VLE 

of very asymmetric systems was proposed by Li et al. (1998). 

A very similar model to the PSRK is the modified Huron-Vidal second order 

(MHV2) model (Dahl and Michelsen, 1990; Dahl et al, 1991). There are two main dif-

ferences between the two models. The first is that in this case the modified Huron-Vidal 

second order (MHV2) mixing rule is used for the estimation of the mixture parameter a 

(as opposed to MHVl used in PSRK). The second difference is that in MHV2 the SRK 

equation of state is combined with the modified UNIFAC (Lyngby) approach (Larsen 

et al, 1987) and not with the original UNIFAC. The mixture parameter a can again be 

estimated by using the available parameter matrix of the modified UNIFAC (Lyngby) 

model. 

Another approach which has received much attention is the development of a new 

mixing rule as a linear combination of the Vidal (Huron and Vidal, 1979) and modified 

Huron-Vidal first-order (MHVl) rules for the attractive parameter in cubic equations of 

state. This new mixing rule, coupled with the translated and modified Peng-Robinson 
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(t-mPR) EoS (Magoulas and Tassios, 1990) and the original UNIFAC, leads to the 

LCVM model, which was proposed by Boukouvalas et al. (1994). Good results are 

obtained for the vapour-liquid equilibria of polar and nonpolar systems at low and high 

pressures. 

Skjold-Jorgensen (1984) has successfully combined the quasichemical treatment of 

the attractive contribution, which is at the heart of the UNIFAC approach, with a hard-

sphere repulsive residual free energy [obtained from the Carnahan and Starhng (1969) 

EoS] in the so-called GC-EoS. According to this approach, the attractive part of the 

residual Helmholtz energy [{A^/RT)att] can be expressed using a complex group con-

tribution version of the NRTL expression. Several pure and binary group-parameters 

needed to calculate are fitted to a variety of experimental data (pure component 

vapour pressures, low- and high-pressure VLE, etc.). The values of the parameters 

have been estimated for 35 functional groups making the method applicable to var-

ious homologous series such as alkanes, aromatic hydrocarbons, and alcohols. The 

GC-EOS model covers wide temperature ranges and pressures below 25 MPa. A num-

ber of revisions and extensions of the method have been presented in the literature 

(Skjold-Jorgensen, 1988; Gros et al, 1996; Espinosa et al, 2000; Espinosa et al, 2002). 

Apart from the aforementioned approaches, numerous other methods of this kind 

have been suggested. Gupte et al. (1986) combined the van der Waals equation of state 

with the original UNIFAC method in order to create the mixing rule for the parameter 

a, and the resulting model was called UNIWAALS. A different approach was followed 

by Wong and Sandler (1992) who developed a set of mixing rules where the parameters 

a and b are determined to give the correct quadratic composition dependence of the 

second virial coefficient. A purely predictive model based on these mixing rules and 

coupled with the original UNIFAC was later proposed by Orbey et al. (1993). Finally, 

an application of the UNIFAC model to the excess Helmholtz energy associated with 

the equations of state of SRK (Soave, 1972) and of Peng-Robinson (Peng and Robinson, 

1976) has been developed by Lermite and Vidal (1992). The mixing rule thus defined 

was applied to the vapour-liquid equilibria of mixtures containing methane, ethane, 

carbon dioxide, parafEnic and aromatic hydrocarbons, alcohols, and ketones with sat-
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isfactory accuracy in calculating the bubble-point pressures and the compositions of 

the two phases. 

2.3.2 Models wi th G C calculation of EoS pa ramete r s 

In the previous section we considered a sub-category of methods where one couples an 

EoS and a GC activity coefficient model through a consistency in the thermodynamic 

properties of the fluid (namely, the excess free energy). One can consider another 

implementation of the GC formalism within an equation of state where a group contri-

bution scheme is applied directly to the calculation of the molecular parameters of the 

theory, imparting a predictive capability to the EoS. This type of approach has been 

followed for various equations of state and is discussed here. 

Majeed and Wagner (1986) have presented the Parameters From Group Contribu-

tions (PFGC) EoS in which the Flory-Huggins lattice theory and Wilson free energy are 

combined in a GC framework for four molecular parameters. Later, an extra parameter 

was introduced by Moshfeghian (1989), resulting in the so-called PFGC-MES EoS, for 

which an extended parameter table was published. Another group contribution imple-

mentation of an EoS is the GSPHCT of Georgeton and Teja (Georgeton and Teja, 1988) 

who use the Simplified Perturbed Hard Chain Theory (SPHCT) (Kim et al, 1986) and 

specify the size, energy and chain length parameters in terms of the contributions 

of the specific groups. High and Banner (1989) developed the Group Contribution 

Lattice-Fluid (GCLF) equation of state by recasting the Panayiotou and Vera (1982) 

lattice-fluid (LF) EoS in terms of group contributions. This model was specifically 

designed for the prediction of phase equihbria in polymer-solvent systems through the 

GC representation of the molecular interaction energy and volume parameters. Pults et 

al. (1989) proposed the Chain-Of-Rotators Group Contribution CORGC-EoS, where 

the repulsive contribution of the chain molecules of the Chain-Of-Rotators EoS (Chien 

et al, 1983) is combined with the Redlich-Kwong (RK)(1949) attractive contribution, 

and the EoS parameters are calculated through a group contribution scheme. The 

popular cubic Peng-Robinson (PR) (1976) EoS has also been examined within a GC 

formalism by Coniglio et al. (1993); two slightly modified versions of this model were 
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later presented (Coniglio et al., 2000; Crampon et al., 2004). 

More recent examples of this type of group contribution EoS approaches include 

the work by Elvassore and Bertucco (2002), by Elliott and Natarajan (2002), and by 

Jaubert and Mutelet (2004), as well as the GC versions of the Statistical Associating 

Fluid Theory (SAFT) (Lora et al., 1999; Vijande et al, 2004; Tamouza et al., 2004; 

Tamouza et al., 2005; Thi et al., 2005; Thi et al., 2006). The latter theories, due to the 

particular relevance to our current work, are discussed separately and in more detail 

in the next section. 

2.3.3 G r o u p contr ibut ion versions of the SAFT EoS 

The SAFT approach (Chapman et al, 1989, 1990), which is based on Wertheim's 

(Wertheim et al, 1984a, 1984b, 1986a, 1986b; Jackson et al., 1988; Chapman et al., 

1988) first-order thermodynamic perturbation theory (TPTl) for associating systems 

(see Galindo et al. (2002) and Hansen and McDonald (2006) for a more recent descrip-

tion of the T P T l formalism), represents one of the most successful modern equations 

of state for complex fluids. The SAFT approach (in its many incarnations) is seen to 

describe accurately the fluid phase behaviour of a wide range of systems, from small 

strongly associating molecules, to long-chain molecules and charged systems. The 

reader is directed to the comprehensive reviews of Miiller and Gubbins (Miiller and 

Gubbins, 1988; Miiller and Gubbins, 2001) and Economou (2002) for further details. 

One of the first applications of the GC formalism within a SAFT EoS is the 

work of Lora et al. (1999) in the context of a study of the fluid phase behaviour 

of poly(alkylacrylates) in ethylene and carbon dioxide; these authors determined the 

contributions that the CH3, CHg, CH, and the acrylate ACgr groups make to the overall 

molecular chain-length (m) and segment size (volume, vq) parameters for hydrocarbon 

systems; unfortunately this method lacks full predictive capability because the energy 

parameters are not treated at the GC level. Vijande et al. (2004) have subsequently 

described the chain length, size, and dispersive energy parameters within a complete 

GC context by using the PC-SAFT (Gross and Sadowski, 2001) EoS for the pure com-

ponent vapour-liquid equilibria (VLE) of hydrofluoroethers (including CH3, CH2, CF3, 
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CF2, and ether -0- groups). A good description of the VLE is obtained with this 

approach; one should note that in obtaining the GC parameters for the various groups, 

Vijande et al. use the usual molecular parameters optimised to the vapour pressure 

and saturated liquid densities for each pure component separately, and then describe 

the parameters with a GC relation to establish the contribution that each group makes 

to the overall molecule. 

The most complete GC treatment within the SAFT formalism is that of Tamouza 

and co-workers (Tamouza et al, 2004, 2005; Thi et al., 2005; Thi et al, 2006). In 

this case the separate contributions that the various groups make to the overall chain 

length, size, dispersive energy (range where appropriate), and association parameters 

are obtained by optimising the description of the vapour pressure and saturated liquid 

density of pure components. Chemical families including the n-alkanes, alkylbenzenes, 

alkylcyclohexanes, a-olefins, 1-alkanols, and ethers were considered in this case within 

the Chapman et al. (Chapman et al., 1989, 1990), SAFT-VR (Gil-Villegas et al., 1997), 

and PC-SAFT (Gross and Sadowski, 2001) versions of the theory. An excellent descrip-

tion of the fluid phase behaviour of the pure components (Tamouza et al., 2004) and 

representative mixtures of these systems (Tamouza et al., 2004, 2005; Thi et al., 2005; 

Thi et al., 2006) is obtained with the GC-SAFT approach of Tamouza and co-workers. 

The main disadvantage of this type of approach is that one employs a GC treatment 

directly for the molecular parameters rather than developing an underlying theory ex-

plicitly in terms of the different groups making up the molecules. This means that 

all of the segments making up the chain are identical (homonuclear model molecules) 

each with the same (average) parameters; the segments making up the molecules thus 

contain information about the groups only in an average manner. The reader will find 

that this specific point is addressed in some detail in this thesis. 

In addition to the aforementioned homonuclear applications of the group contri-

bution concept within the SAFT formalism, heteronuclear versions of the Wertheim 

T P T l free energy (on which the SAFT EoS are based) have also been developed for 

purely repulsive (Archer and Jackson, 1991; Amos and Jackson, 1991, 1992; Sear et 

aZ., 1993; Sear and Jackson, 1994; Archer ef a(., 1996) and for attractive van der Waais 
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(Archer et ai, 1996), square-well (McCabe et al, 1999; Adidharma and Radosz, 1998, 

1999; Peng et al, 2006; Morgado et al, 2007), and Lennard-Jones (Banaszak et al., 

1996; Bias and Vega, 1997; Gross et al., 2003; Banaszak and Radosz, 2002) segments. 

These will be described in more detail in the following chapter. Though heteronuclear 

versions of the SAFT thermodynamics are available, these have not been used within 

a full GC formalism to obtain a wide variety of group parameters as has been done 

with UNIFAC. One should also note that all of the heteronuclear versions of the T P T l 

theory mentioned here describe molecules formed from tangent segments. 

2.4 Addit ional predictive methods 

Though not group contribution methods in the strict sense of the terminology com-

monly employed in this area, we should also briefly mention other predictive approaches 

that do not fall into any of the categories discussed thus far. The common thread link-

ing these techniques is that one can not usually describe the contributions that the 

specific chemical groups make to the thermodynamics in a closed analytical (algebraic) 

form. 

Transferable (united-atom and all-atom) group intermolecular potential models are 

used widely in molecular simulation approaches to describe the thermodynamic, struc-

tural, and transport properties of fluid and solid phases (Schlick, 1988). Probably the 

most popular of the transferable potentials used in simulation are the Optimised Poten-

tials for the Liquid State (OPLS) models developed by Jorgensen et al. (1996). With 

the OPLS approach the chemical groups are represented as united-atom Lennard-Jones 

spherical segments with a number of extra charges to describe the polarity of the group 

(where appropriate). The parameters for groups to describe the alkanes, alkanols etc. 

have been developed, typically by optimising the description of the thermal properties 

(enthalpy) and hquid densities. The OPLS parameters for the various groups are widely 

used in a transferable (predictive) manner to simulate the thermophysical properties of 

molecules formed from these groups and their mixtures (Jorgensen and Tirado-Rives, 

2005). Other common transferable potentials used in molecular simulation include, for 
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example, the MM2 (Allinger, 1977) (used for conformational analysis of small organic 

molecules), and the AMBER (Pearlman et al, 1995), CHARMM (Brooks et al, 1983), 

and GROMOS (Scott et al, 1999) force fields (primarily used in the simulation of 

macromolecules, proteins and DNA). 

Another predictive methodology in the physical sciences invariably makes use of ah 

initio quantum mechanical techniques. As a particularly popular example of this, recent 

developments in computational chemistry have been used to develop the COnductor-

like Screening MOdel for Real Solvents (COSMO-RS) proposed by Klamt and co-

workers (Klamt, 1995; Klamt et al, 1998; Klamt and Eckert, 2000). In COSMO-RS, 

which is based on the COSMO approach (Klamt and Schuurmann, 1993), a quantum 

mechanical calculation is carried out for every component of a mixture to obtain the 

charge distribution of the molecular surface (if the screening charge density profile for 

the compound is not already in the database); the ground state (zero temperature) 

quantum mechanical energies are then used to estimate the free energy contributions 

of the mixture at the temperature of interest from which the thermodynamic properties 

of the liquid state (deviations from ideality) are obtained. The COSMO-RS approach 

has now been coupled with equations of state for the vapour phase to describe the fluid 

phase equilibria of a wide variety of mixtures including very non-ideal systems, e.g., 

alkane-alcohol, cycloalkane-alkylbenzene, alkane-ketone (Spuhl and Arlt, 2004). 

As a final comment we should also acknowledge the Nonrandom Two-Liquid Seg-

ment Activity Coefficient Model (NRTL-SAC) method (Chen and Song, 2004) which is 

a popular predictive technique for the estimation of solubilities of organic compounds 

in common solvents. With this approach the molecular parameters of the solute (hy-

drophobicity X, polarity types Y- and Y+, and hydrophilicity Z) are first obtained 

from regression to solubility data of this solute in four to eight solvents. These para-

meters can subsequently be used for the prediction of the solute solubility in any other 

solvent or mixture of solvents. One should note that the molecular parameters of the 

solvents also have to be available; these are estimated by fitting to VLE or LLE data 

for binary systems of solvent and certain reference molecules that exhibit hydropho-

bic, hydrophilic and polar behaviour (hexane, water and acetonitrile respectively). An 
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extensive table with the parameters for 63 common industrial solvents has been pub-

lished by Chen and Song (2004). This method mainly serves as a valuable tool for the 

solvent selection task within the chemical sunthesis and recipe development phase of 

the pharmaceutical industry. 

2.5 Concluding remarks 

The literature review presented in this chapter demonstrates the vast amount of re-

search that has been devoted to the development of group contribution methods. In 

addition, the fact that the numerous GC thermodynamic models are based on a wide 

range of fundamentally different theories is highlighted. 

The pure component GC methods are reliable and easy to use predictive techniques, 

but their applicability is limited to pure component properties. They are however 

particularly useful when used in conjunction with an equation of state to provide pure 

component constants that are typically used for the determination of the EoS mixture 

parameters. 

On the other hand, group contribution activity coefficient models can be used for 

the prediction of mixture phase behaviour with satisfactory results. Nevertheless, these 

approaches exhibit certain drawbacks and limitations, such as problematic application 

at high pressures or in the critical region. 

By incorporating the GC concept within equations of state, one is able to avoid the 

limitations of the GC activity coefficient models while adding a predictive character 

to the EoS. In EoS-g-® methods a GC activity coefficient model is used to obtain a 

mixing rule for the calculation of the mixture parameters within a given equation of 

state. Nevertheless, a knowledge of the pure component parameters is essential for the 

application of these methods, which constitutes a limiting factor for their applicabil-

ity. In another sub-category of these theories, a group contribution scheme is applied 

directly for the calculation of the EoS molecular parameters. Even though this type 

of approach offers a predictive and convenient way for obtaining the pure component 

parameters, difficulties arise when mixtures are considered and binary interaction pa-
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rameters need to be estimated. Several such models have been developed where the 

underlying theory is the SAFT equation of state. 

It is important to recall that existing group contribution approaches based on the 

SAFT EoS are developed at the level of the molecular parameters, which are then 

introduced as average values into the standard homonuclear versions of the theory. 

Thus, there is a need for adjusting binary interaction parameters when considering 

the phase equilibria of mixtures. In order to overcome this limitation, we opt for 

the development of a group contribution method within the SAFT formalism (in our 

case the SAFT-VR expressions) where the theory is constructed at the level of the 

heteronuclear groups making up the molecule. 

Summarising, to our knowledge there is currently no other fully-developed group-

contribution heteronuclear version of the SAFT theory in the literature. Hence, the 

main goal of this work is the implementation of such a theory which will be applicable 

to a wide array of compounds. 



Chapter 3 

Models and theories 

3.1 In t roduct ion 

In this chapter two group contribution theories developed in this work based on the 

SAFT-VR equation of state are presented. The main feature that differentiates these 

approaches is the molecular model used to represent the molecules. In the first theory 

the molecular species are modelled as chains of tangent heteronuclear segments, while 

the second one is based on representing the molecular chains as collections of fused 

heteronuclear groups. 

The chapter begins with a discussion of the intermolecular potential models incor-

porated into the new theories in section 3.2. Next, the group-contribution theory which 

has been developed for modeUing the thermodynamic properties of compounds formed 

from tangent heteronuclear square-well segments (whether united-atom or all-atom) 

is presented in section 3.3. The inadequacy of these tangent models to describe accu-

rately the fluid-phase equilibria data of relatively small molecules such as the ra-alkanes 

is demonstrated in section 3.4. Though the theory can describe the thermodynamic 

properties of the tangent models accurately (as has been shown by comparison with 

simulation (McCabe et ai, 1999; Peng et al, 2006)), the representation of real mole-

cules formed from groups of tangent segments is in general seen to be unrealistic. To 

rectify this deficiency, the theory is extended for molecules formed from fused heteronu-

39 
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clear square-well united-atom groups in section 3.5; we refer to this approach as the 

SAFT-7 group contribution equation of state. 

3.2 Inter molecular Potent ial Models 

As with the other SAFT equations of state the molecules are modelled as chains of 

spherical segments with off-centre bonding sites to mediate association. In most ver-

sions of SAFT homonuclear models are used. By contrast, the segments of the mole-

cular models in this work are of different size and represent the functional groups 

characterising the molecules (united-atom approach) or represent the individual atoms 

making up the molecule (all-atom approach). Our models are thus a heteronuclear 

generalisation of the standard SAFT molecular models. 

The different intermolecular models which are examined in this work are depicted 

in figure 3.1(b,c,d). The most commonly employed models in SAFT approaches are the 

homonuclear chains of united-atom attractive segments (Lennard-Jones, square-well, 

etc.) represented in figure 3.1a in the case of an n-alkane. Though in the Wertheim 

T P T l theory at the heart of SAFT approaches one formally assumes that flexible chains 

of m tangent spheres are formed from a reference monomer system with an integer 

number of spheres, non-integer values of m can also be used to represent molecules 

formed from fused segments; the theoretical justification for this type of approximation 

has been examined within the formalism of scaled particle theory (SPT) (Boublik, 1989; 

Boublik et al, 1990; Amos and Jackson, 1992; Sear et al, 1993). 

Tangent models of molecules formed from heteronuclear united-atom segments (e.g., 

the model of propane shown in figure 3.1b) have also been studied in the context of 

the Wertheim T P T l approach for purely repulsive hard-sphere segments (Archer and 

Jackson, 1991; Amos and Jackson, 1991, 1992; Sear et al., 1993; Sear and Jackson, 

1994; Archer et al, 1996) and for attractive van der Waals (Archer et al, 1996), 

square-well (McCabe et al., 1999; Adidharma and Radosz, 1998, 1999; Peng et al., 

2006; Morgado et al., 2007), and Lennard-Jones (Banaszak et al, 1996; Bias and 

Vega, 1997; Gross et al, 2003; Banaszak and Radosz, 2002) segments. These tangent 
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a) 

b) 

c) 

d) 

F i g u r e 3.1; Schemat ic of various molecular models; (a) homonuclear chain of un i ted-a tom 

segments; (b) t angen t heteronuclear un i t ed -a tom representa t ion of propane; (c) tangent het-

eronuclear a l l -a tom representa t ion of p ropane (the box is used to denote the CHg group 

which in this case comprises three spherical segments); (d) fused heteronuclear un i ted-a tom 

represen ta t ion of p ropane (left) and 1-propanol (right). 
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models can easily be generalised to describe heteronuclear molecules within the all-

atom framework (e.g., the model of propane shown in figure 3.1c). A theory of the 

thermodynamic properties of compounds formed from united-atom (cf. figure 3.1b) and 

all-atom (cf. figure 3.1c) tangent heteronuclear segments is developed in section 3.3, 

and its adequacy in describing the properties of real molecules such as the n-alkanes 

is assessed in section 3.4. The final class of models examined in this work are models 

of molecules formed from fused heteronucear united-atom attractive segments (e.g., 

see the models of propane and l-propanol depicted in figure 3.Id), and the respective 

theory is presented in section 3.5. 

The repulsive and attractive (dispersive) interactions between segments are de-

scribed in terms of a simple square-well potential model of variable range (cf. figure 3.2) 

in the theories investigated in this work. Though here we are using the square-well 

form, the Sutherland, Yukawa, Lennard-Jones, or Mie potentials could also be used 

within the same framework (Gil-Villegas et al, 1997; Davies et al, 1999); the range of 

the potential in the square-well, Sutherland, Yukawa, and Mie models is particularly 

useful in describing molecules with varying degrees of polarity. The interactions be-

tween a spherical segment (group or atom) of type k with another segment of type I is 

described in the square-well form as 

CO, r < o w 

= < OM<r<AweM , (31) 

0, r>AwOw 

where r denotes the distance between the centres of the two segments, aki = {o'kk+o'ii)/2 

denotes the contact distance between the segments, and Xki = {̂ kkO'kk + Xii< îi)/{o'kk + 

ail) denotes the range of the attractive interaction of well depth £ki- Though we use 

this simple arithmetic relation for the range of the dispersive interaction to reduce 

the number of parameters that define the unlike group interactions, one could also, of 

course, adjust the value of Xki to experimental data. 

In these approaches the heteronuclear segments of the molecules are bonded to-

gether to form the non-spherical chain molecules. Within a Wertheim (Wertheim et 
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a-u 

^kl^kl 

Figure 3.2: Schematic of the square-well potential between a segment of type k and a 

segment of type Z; Uki{r) is the potential energy at a distance r between the centres of the 

two segments, aki is the contact distance between the segments, and \ki is the range of the 

attractive interaction of well depth Ski-

al, 1984a, 1984b, 1986a, 1986b; 1987) description, the association (hydrogen bond-

ing) contribution is modelled by considering additional off-centre sites on the segments 

(placed a distance from the centre of a given segment) which interact through a 

square-well potential of shorter range the interaction of a site a on a segment k 

with a site b on another segment I is given by 

'^klabi'^ab) — 
—e .HB r , ^ 

klab — klab (3.2) 

0 

where Vab is the distance between the centres of the two sites. In spite of its sim-

plicity, this model includes the relevant features found in associating chain molecules, 

repulsive, attractive, and associative interactions together with connectivity. 

Based on these different molecular representations, a group k in the tangent united-

atom framework is a spherical segment characterised by cr̂ ki ^kki ^kki and, if appro-

priate, one or more site types, the number of sites of each type, and the relevant 
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association energies and ranges {rh^ab)- addition, cross interaction parame-

ters define the interactions with other groups I (ski, e îab In the tangent 

all-atom framework, each group is first defined by a number of segments and the po-

tential parameters now correspond to the interactions between individual segments (as 

opposed to groups in the united-atom case). For instance, in figure 3.1c a CH3 group 

consists of one segment of type 1 (black) and three segments of type 2 (grey). Each 

segment type is characterised by a diameter, a dispersive energy, and an attractive 

range, and the unlike parameters describe the interactions with other segment types. 

Within the fused united-atom framework an additional shape parameter (shape factor) 

is introduced for each group; this is discussed in detail in section 3.5. 

3.3 Group contribution theory for tangent heteronu-

clear models 

A theory of the thermodynamic properties of non-associating heteronuclear molecules 

formed from tangent square-well segments has already been described within the SAFT-

VR framework (McCabe et al, 1999; Peng et al, 2006). We extend the work of McCabe 

et al. (1999) and reformulate the expressions for a mixture of NC components, where 

each heteronuclear molecular species i is formed from tangent segments (groups or 

atoms) of type k. The treatment is extended to deal with association between bonding 

sites on the various segments where appropriate. 

Each segment type is characterised by a set of potential parameters (size, energy, 

range, hydrogen bonding energy and range) for like and unlike interactions that are 

used in a transferable fashion regardless of the molecules that contain the segment. 

In this sense our approach is equivalent to other group contribution methods such as 

UNIFAC (Fredenslund et al, 1975; Fredenslund et al, 1977), but is different from 

other SAFT-based group contribution approaches such as GC-SAFT (Tamouza et al, 

2004; Tamouza et al., 2005; Thi et al, 2005; Thi et al, 2006) in which the group 

parameters are averaged to form molecules defined by average homonuclear parameters; 

the segments are thus all identical. This means that in the latter case one is not 
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able to identify specific unlike parameters between groups which can be particularly 

problematic in dealing with mixtures where additional binary interaction parameters 

are often required. 

Throughout this work, the subscripts i and j will refer to a component and will be 

understood to run from 1 to NC, the number of components. Similarly, k and I will 

refer to groups and will run from 1 to NS, the number of group types. Finally, the 

subscripts a and b will refer to site types and will run from 1 to NSTk, the number of 

site types of group k. 

In common with other SAFT approaches, the Helmholtz free energy of the mixture 

is given as a sum of different contributions per molecule: 

^ JfJDEAL J^MONO j^CHAIN j^ASSOC 

m g T Ar&BT ' 

where is the free energy of an ideal gas of the molecules, jg resid-

ual free-energy contribution due to hard-sphere repulsion and dispersive interactions 

between segments, is the contribution to the free energy due to the forma-

tion of chains of heteronuclear segments, and jg term that describes the 

free energy contribution due to intermolecular association between sites on associating 

segments; N is the total number of molecules in the mixture, T the temperature and 

ks the Boltzmann constant. Each one of the terms of the overall free energy of the 

mixture is described separately and presented below. 

3.3.1 Ideal contr ibut ion 

The ideal contribution to the Helmholtz free energy of a mixture is given in the usual 

form by (Lee, 1988) 

AIDEAL \ 

Ifvjk-ir- = --1- (3.4) 

The sum is over all components NC, a:,, pt = Ni/V, and iVj are the mole fraction, 

number density, and the number of molecules of component i, respectively, and V is 
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the volume of the system. Here, A, is the de Broglie wavelength of molecular component 

i, which in this case includes the translational and rotational kinetic contributions; the 

precise description of the kinetic contributions to the ideal free energy does not affect 

phase equihbria. 

3.3.2 Monomer contr ibut ion 

The contribution due to the repulsive and attractive interactions between the monomers 

(̂ ĵ MONO^ is obtained by applying a second-order high-temperature perturbation ex-

pansion (Barker and Henderson, 1976) over the hard-sphere mixture that acts as a 

reference 

^ As , _ 

where is the free energy due to hard-sphere repulsion and Ai and A^ are the two 

perturbation terms related to the attractive energy. The hard-sphere contribution is 

given by 

/NC #3 
= X ] (3.6) 

where is the hard-sphere contribution per segment. Here, NS is the number of 

distinct segment types in the mixture, and 1/̂ ,* the number of segments of type k 

in component i so that the molecule comprises a total of segments. The 

expression of Boublik (1970) and Mansoori et al. (1971) for multicomponent mixtures 

of hard spheres is employed as the reference contribution 

- ( o l l n ( l - C 3 ) + 3 T ^ ^ ^ 
Cl J 1 - Cs Cs (1 - Cs) 

(3/0 
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where the segment number density of the mixture ps is now related to the molecular 

density p = N/V by 

/NC NS \ 

Ps = P i ^2 I 
\i=l fc=l / 

(3.8) 

By combining equations (3.6), (3.7) and (3.8) we obtain 

NksT Tip 
2 (3.9) 

1 ~ Cs Cs (1 — Cs) . 

The reduced densities are defined in terms of the segments as 

NS 

Cm = y ^ — 0, 1, 2, 3, (3.10) 
fc=l 

where a^k is the diameter of spherical segments of type k and Xs,k the fraction of 

segments of type k in the mixture: 

r u = l /g 1 1\ 
J^s,k — „7VC 

l^i=l Z^k'=l ^k',i 

Substituting equation (3.11) into (3.10) and using (3.8), we re-express the reduced 

densities as 

= y Z E m = 0,1,2,3. (3.12) 
i=l k=l 

In a similar way the mean attractive energy per molecule (Gil-Villegas et al, 1997; 

Galindo et aL, 1998) is expressed as 

Al 
A; 

/NC NS \ 

f I W , 
® \ 2=1 fc=l / 
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where the attractive energy per segment ai is given by the sum of the partial terms a!f 

which correspond to the pair attractive contribution between segments k and I in the 

mixture: 

~ ^ ^ ] ̂ s,k^s,lO'l • (3.14) 
k=l 1=1 

One should note here the use of the specific definition of group fractions Xs,k given 

by equation (3.11). In the spirit of the SAFT-VR approach (Gil-Villegas et ai, 1997; 

Galindo et ai, 1998), the mean-attractive energy between groups of type k and I is 

obtained by using the mean-value theorem and a mapping to the contact value of 

the pair distribution function of the effective reference fluid for each pair-attractive 

contribution: 

o" = (3.15) 

Here, is the pair correlation function of a hypothetical pure fluid of di-

ameter Gx evaluated at contact and at an effective packing fraction (the explicit 

dependence is omitted from the expressions for compactness), and is the van der 

Waals attractive parameter, which for square-well segments k and I is given by 

Oh" = Y^m4I(X'U - 1) • (3-16) 

In this expression X î is the range of the square-well interaction of well depth eki 

and Gki is the contact distance of segments k and I (see equation 3.1). The radial 

distribution function of a pure hard-sphere fluid of diameter ax evaluated at contact 

at an effective packing fraction is obtained in the Carnahan and Starling form as 

(Carnahan and Starling, 1969; Lee, 1988) 

CJ')' 
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The effective packing fraction is estimated using the packing fraction of a hypo-

thetical pure reference fluid (C )̂ according to the parameterisation employed in the 

SAFT-VR approach (Gil-Villegas et al., 1997; Galindo et aL, 1998) 

(3.18) 

/ ci,fcA 

C2,M 

\C3,W/ 

/ 2.25855 -1.50349 0.249434 \ / 1 A 

-0.669270 1.40049 -0.827739 Aw 

\ 10.1576 -15.0427 5.30827 / \Xl iJ 

(3.19) 

The packing fraction of the reference fluid is related to the effective diameter through 

TT 

where the following mixing rule is used : 

(3.20) 

7/a 
(3.21) 

k=l 

We use this mixing rule rather than the usual van der Waals mixing rule employed in 

earlier work (Gil-Villegas et al, 1997; Galindo et al, 1998) as it provides the correct 

limiting volume of a heteronuclear molecule when the diameter of one or more of the 

segments is taken to zero. The choice of such a mixing rule ensures that the description 

is still appropriate when the groups are of distinctly different size. To illustrate this, 

we consider the heteronuclear representation of figure 3.1c). Let the black segments be 

of type 1 and the grey segments be of type 2. To obtain the effective diameter of this 

molecule ax, one could employ the van der Waals one-fluid mixing rule: 

o-z = ^ ^ . (3 22) 
fc=i (=1 
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However, when the diameter <722 is taken to zero, the above expression does not reduce 

to (Til (which is the correct hmiting behaviour), because of the finite value of ^12-

Substituting equation (3.21) into (3.20) and using the definition of the fraction of 

groups Xŝ k (3.11) and equation (3.8), we can write; 

Cx = ^ ^ (3.23) 
i = l fc=l 

Using equations (3.11), (3.13), (3.14), and (3.15), the final expression for the mean 

attractive energy per molecule is obtained as 

It is clear that in our representation the mean-attractive energy is written as a sum over 

components and over the groups making up the molecules (i.e., a group contribution 

formalism). 

The second-order perturbation term of the attractive energy per molecule is given 

by 

(02), (3.25) 

where the fluctuation term per segment og is given as a sum of the pair contributions 

a2 between segments k and I: 

NS NS 

02 = Xs,kXs,ia2- (3-26) 
k=l l~l 

The fluctuation of the attractive interaction between segments k and I is described 

using the local compressibility approximation (LCA) based on the idea that the energy 



3. Models and theories 51 

fluctuations are related to the variation of the local density of the fluid with pressure 

(Barker and Henderson, 1967a; Barker and Henderson, 1967b): 

o*' == (3.27) 

where the density derivative is given by 

(3.28) 0,kl 

The isothermal compressibility of the reference hard-sphere mixture = kBT(dps/dP) 

is obtained from the Carnahan and Starling (1969) expression: 

- ( 1 ^ 4 C 3 l V g - 4 C j . C I ) -

One should note that, though in the usual SAFT-VR approach (Gil-Villegas et al, 1997; 

Galindo et al, 1998) the Percus-Yevick (PY) isothermal compressibility is used, we 

opt for the Carnahan and Starling expression for consistency with the mean-attractive 

energy. When equations (3.26), (3.27), (3.28) and (3.29) are substituted into (3.25), 

using the expression for the fraction of groups Xs,k (3.11), one can write the final 

expression for the second-order term as 

(3.31) 

where the necessary derivatives are given by 
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acj' 

2-5 - Cj' 
(3.32) 

(&33) 

8C= 
Cl,kl + 2C2,feiCx + SCg^wCzi (3.34) 

% 
8(3 = 1. (3.35) 

3.3.3 Chain contr ibut ion 

The chain contribution of an existing theory for heteronuclear molecules formed from 

tangent square-well segments (McCabe et al, 1999) is reformulated for mixtures of 

molecules composed of arbitrary segments. As a result the contribution to the free 

energy due to the formation of chains of heteronuclear segments is expressed in terms 

of the number of contacts between all pairs of segments on the molecule and the 

segment-segment pair correlation function at contact: 

^CHAIN 

NkeT 

wc 

^ 12 E ^ ; Cs), (3.36) 

2=1 k=l l=^k 

where is the number of contacts (bonds) between segments of type k and segments 

of type I on component i. The square-well pair correlation function at contact distance 

aki for the actual packing fraction (3 of the mixture is obtained from a high-temperature 

expansion up to first order, and a self-consistent representation of the pressure from 

the virial and free energy routes (Gil-Villegas et al, 1997; Galindo et al, 1998): 

(3) = (3) £kl 
90,ki {^li - 1) 

Aw ^ aCw 
e f f 

3 OA, kl 
- (3-

8(3 
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(3.37) 

where g^i^icrki] (g) is the contact value of the pair correlation function for the reference 

hard-sphere mixture obtained from the expression of Boublik (1970) as 

gw (̂o-M; Cs) = 1 3 . ( 2 

1 ~ Cs cTfcfc + (1 — Ca)̂  
O'kkO'll a 

^kk + CT;// (1 — ^3) 
(3.38) 

The value of the radial distribution function at contact the diameter of the 

hypothetical pure fluid) for a mixture of hard-spheres at an effective packing fraction 

is obtained as in the attractive term (equation (3.17)). The only derivative in 

equation (3.37) which is not contained in the monomer term is j , which is given 

by 

9Cj eff 

dX hi 
"(53; "I" Sz gA aA ki dX kl 

(3.39) 

(3.40) 

/aci,M/aAkA /-1.50349 0.249434 \ 

ac2,M/aAw = 1.40049 -0.827739 

\ac3,M/8Aw/ \-15.0427 5.30827 / 

It is again clear from the general expressions developed in this section that the chain 

contribution is reformulated entirely in terms of the segment-segment contacts. 

3.3.4 Association contr ibut ion 

The contribution to the Helmholtz free energy due to association between sites on 

groups making up the molecules is expressed in terms of the number Uka of sites of 

type a on a particular group type k, where a = 1,.., NSTk, and NST^ is the number 

of site types of group k. Thus, an extra summation over the segment types of each 

component is included in the expression of Chapman et al. (1988): 
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J^ASSOC NSi NSTk / 1 — X-

^ Xj ^ ^ nta I In Xii^ H ) , (3.41) 
JVfe r • t r V 

where the first sum is over the components NC, the second is over the segment types 

NSi of component i, and the third is over the site types NSTk on a segment of type 

k. The quantity Xika represents the fraction of component i not bonded at site type a 

which is located on a segment of type k. 

The fraction Xika is obtained by the numerical solution of the following system of 

non-linear equations; 

~ 1 , V̂ JVC ̂ NSj ^NSTi ^ J 7 ' (3.42) 
1 + ^j—1 jlhlS-klab 

Here, £̂ kiab is a quantity related to the strength and accessible volume of the association 

between sites a and b located on segments k and I, which is approximated by Jackson 

et al. (1988) 

Atfab = Cs) exp j - 1 

where e îab is the well depth of the associative square-well site-site interaction energy 

for the interaction of the sites a and b located on segment types k and I. The available 

bonding volume of sites a and b located at groups k and /, Kkiab^ is given from the 

expression of Jackson et al. (1988): 

Kklabi (3.43) 

In ^ ( O r L + 1 8 w : L - 24r=) 

c2 + kkw + 2r j - - 8r^ 

+ Okz)] , (3 44) 

where the reduced distance ra/crki of the sites from the centre of the sphere of interaction 

is set to 0.25. The parameter is the cut-off distance of the square-well potential 

between sites a and b located on segments k and I. This description is equivalent to 

describing the bonding volume Kuab solely in terms of the range of association a 

more physically intuitive parameter. 
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3.4 Fluid phase equilibria description with tangent 

models 

The theory described in the previous section is a generalisation of that developed earlier 

for heteronuclear tangentially bonded square-well segments (McCabe et al., 1999; Peng 

et al., 2006; Adidharma and Radosz, 1998, 1999). The theory has been shown to 

provide a good description of such tangent square-well models by comparison with 

simulation (McCabe et al., 1999; Peng et al, 2006), and studies have also been made 

for heteronuclear Lennard-Jones chains (Bias and Vega, 1997; Banaszak and Radosz, 

2002). Heteronuclear versions of the SAFT approach have been used to describe the 

fluid-phase equilibria of co-polymers and branched polymers (Banaszak et al., 1996; 

Adidharma and Radosz, 1998, 1999; Gross et al., 2003) and for perfluoroalkylalkanes 

(Morgado et al., 2007). Apart from the early work with the mean-field versions of 

SAFT on the critical properties of the n-alkanes (Archer et al., 1996), heteronuclear 

models have not been used to study the fluid-phase equilibria of smaller molecules. In 

this section we assess the adequacy of the heteronuclear tangent square-well (all-atom 

or united-atom) models in describing the vapour-liquid equilibria of the n-alkanes with 

unique sets of transferable parameters characteristic of the segments present. 

The theory presented in section 3.3 is applicable to both the united-atom (flg-

ure 3.1b) and the all-atom (figure 3.1c) tangent heteronuclear models which differ only 

in the precise description of the molecular structure of the compound (i.e., the num-

ber and type of segments used to model the molecule). For instance, propane can be 

described by two identical CH3 segments and a CH2 segment within an united-atom 

framework, while it can be represented using three carbon and eight hydrogen segments 

following the all-atom model. 

The united-atom and all-atom tangent models are assessed by refining the inter-

segment potential parameters to describe the experimental vapour pressure and satu-

rated liquid density data of the n-alkanes homologous series simultaneously (ethane to 

n-decane) in order to assess the quality of the theory; for more details of the objective 

function and the parameter estimation technique the reader is directed to Chapter 4. 
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Three separate parameters are determined for each non-associating segment k (be it a 

united-atom group or a single atom): the hard-sphere diameter akk, and the square-well 

energy ekk and range Xkk', additionally a cross-interaction energy parameter Eki for each 

pair of segments present in the molecule (a single pair in the case of the n-alkanes) is 

also fitted. One should note that the unlike diameter aki and range Xki parameters are 

fixed to the values obtained from the simple arithmetic relations given in section 3.2. 

A total of seven parameters are thus employed to describe the whole n-alkanes series 

with either the united-atom or all-atom tangent models (cf. figure 3.3). 

a) United-atom model b) All-atom model 

h - 5 i i H 

2̂2 

1̂1 X22 

£11 £22 

1̂2 

Figure 3.3: Schematic of the tangent molecular models examined in the case of propane: 

(a) united-atom model; (b) all-atom model. Seven parameters are fitted for both models to 

describe the interactions between the two types of segments (groups or atoms) present. 

3.4.1 Investigation of the tangent un i ted-a tom molecular model 

The vapour-pressure curves obtained when using the tangent united-atom model (fig-

ure 3.1b) for the n-alkanes with an optimised set of transferable CH3 and CHg group 
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parameters (cf. table 3.1) are presented in figure 3.4. The description of the saturated 

liquid and vapour densities of the n-alkanes corresponding to the same set of parame-

ters is shown in figure 3.5. The average absolute deviation (%AAD)^ (see section 5.1 

for a more detailed definition) for the vapour pressure and the saturated liquid density 

are then presented in table 3.2. 

Table 3.1: Optimised parameter values of the CH3 and CHg groups within the tangent 

united-atom model 

Segment o-tk/A ^kk (E&k/^g)/K (£A:Z/^B)/K 

CH3 3.11 1.8 109.81 87.20 

CH2 2.65 1.8 8&57 87^0 

It becomes apparent through the examination of table 3.2 that the tangent united-

atom molecular representation does not provide a sufficient description of the phase 

behaviour of n-alkanes. The overall %AAD, obtained as an average of the %AADs for 

individual compounds, is found to be 19.81% for the vapour pressure and 9.91% for the 

saturated liquid density. It is also clear that the quality of the description deteriorates 

fast as we examine larger compounds; the average absolute deviation for the vapour 

pressure increases rapidly from 2.67% for ethane to 32.34% for n-decane. One should 

additionally note that the vapour pressures predicted for the tangent united-atom 

model are consistently higher than the experimental values regardless of the n-alkane 

under consideration. A similar failure of this kind of model is found for the saturated 

liquid density: the %AAD for the density is 3.25% for ethane and 14.97% for n-decane. 

The failure of the tangent model to represent the phase equilibria of the n-alkanes could 

be due to the fact that the volume of the molecule is overestimated when the whole of 

the segment is assumed to contribute to the overall volume; this could account for a 

more prominent repulsive contribution which in turn would lead to an overestimate of 

the vapour pressure. 

I nroxp T'calc I 
i%AAD = - — X 100, where n is the number of data points 

71 ' ^ % — i. Zj ; 
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Table 3.2: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the tangent united-atom framework compared to experiment 

(where n is the number of data points) for the n-alkanes. 

Compound T range (K) n %AAD T range (K) n %AAD w 

ethane 91-270 38 2.67 91-270 38 3.25 

propane 97^ai 38 8T6 91-331 39 5.37 

n-butane 139-379 38 17^2 217-379 26 8.37 

n-pentane 144-417 38 24^4 151-417 37 8.65 

n-hexane 177-455 38 2^84 184-455 37 1&26 

n-heptane 191-483 37 28.57 183-483 37 11.16 

n-octane 216-512 38 2&31 224-512 37 13.11 

n-nonane 344.424 15 10.95 258-511 45 14.08 

n-decane 243-553 63 32.34 243-553 63 14.97 

Average %AAD - - 19.81 - - 9.91 

3.4.2 Investigation of the tangent all-atom molecular model 

In the case of the all-atom tangent model of the n-alkanes (figure 3.1c), the black 

(respectively grey) segments in the CH3 and CHg groups are assumed to be identical 

and thus they represent the carbon (respectively hydrogen) atoms of the compounds. 

This modelling approach reduces the number of parameters that define the interactions 

in the n-alkanes homologous series and hence lowers the complexity of the parameter 

estimation procedure. Alternatively, different types of segments could also be used 

for making up the CH3 and CHg groups, which would be characterised by distinct 

intermolecular potential parameters. 

The vapour pressure curves within the tangent all-atom model for the n-alkanes with 

an optimised set of segment parameters are shown in figure 3.6 and the corresponding 
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Figure 3.4: Pressure-temperature {PT) representation of vapour pressure of the n-alkanes 

(ethane to n-decane) with the tangent united-atom model. The circles represent the experi-

mental data, while the continuous curves correspond to the theory description. 

parameter set is given in table 3.3. One should note that the lower bounds which have 

been imposed to the diameter and dispersive energy parameters during the parameter 

estimation procedure were 0.005 A and 1.0 K respectively. The description of the 

saturated liquid and vapour densities corresponding to the same set of parameters is 

shown in figure 3.7, while the corresponding deviations for the vapour pressure and 

saturated liquid density are summarised in table 3.4. 

As in the case of the united-atom model, the vapour pressure description becomes 

worse as we examine heavier compounds; the average absolute deviation increases from 

10.09% for ethane to 65.48% for n-decane with the exception of n-nonane where however 
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Figure 3.5: Saturated liquid and vapour densities of the n-alkanes (ethane to n-decane) 

with the tangent united-atom model. The circles represent the experimental data, while the 

continuous curves correspond to the theory description. 

the experimental data range is limited between 0.58-0.71 of the experimental critical 

temperature. Since higher deviations are typically observed at low temperature ranges 

(where vapour pressure measurements are quite unreliable), the exceptionally high 

temperature range of the n-nonane data points is probably responsible for the decrease 

in the %AAD of the vapour pressure. The predicted vapour pressure curves of the 

individual compounds are consistently shifted upwards with respect to the experimental 

ones, especially for the heavier members of the series. In addition, it can be seen by 

comparing figures 3.4 and 3.6 that the extent of the vapour pressure overestimate is 
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Table 3.3: Optimised parameter values of the carbon and hydrogen segments making 

up the CH3 and CH2 groups within the all-atom model 

Segment c&t/A ^kk (Ekk/AB)/K {ski/ks)/^ 

C 285 1.8 114.25 1.0 

H 0.005 1.79 1.0 1.0 

higher than that of the united-atom model. In terms of the overall description, the 

average %AAD is found to be 37.35% for the vapour pressure and 14.47% for the 

saturated liquid density for ethane to n-decane. The description is significantly worse 

than that obtained with the tangent models discussed in the previous section (where 

the overall %AAD is 19.81% for the vapour pressure and 9.91% for the saturated liquid 

density). 

The worse description and the higher overestimate of the vapour pressure obtained 

by the all-atom model appear to be in agreement with the reasoning of the united-atom 

model failure; within the all-atom model more tangent segments (atoms) are used than 

in the united-atom counterpart to model the molecules, which results in an even more 

dominant repulsive interaction due to a greater overestimate of the molecular volume. 

In order to counter this unphysical trend the size and the energy of the outer segments 

(hydrogen atoms) of the n-alkanes are found to tend to their lower bounds (which are 

exceptionally small) with such a model during the parameter estimation procedure (cf. 

table 3.3). The all-atom tangent models thus reduce to the united-atom analogues in 

the optimised description of the vapour-liquid equilibria as they tend to cancel out the 

outer segments. 

3.4.3 Conclusions f rom the tangent model investigation 

Based on the above discussion, our main finding is that tangent models (at least with 

square-well segments) do not provide a good physical description of the intermolecular 



3. Models and theories 62 

Table 3.4: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the tangent all-atom framework compared to experiment 

(where n is the number of data points) for the n-alkanes. 

Compound T range (K) n %AAD T range (K) n %AADp, 

ethane 91-270 38 10.09 91-270 38 40.67 

propane 97^81 38 33.58 91-331 39 21.94 

n-butane 139-379 38 3^75 217-379 26 8J^ 

n-pentane 144-417 38 3&67 151-417 37 4.12 

n-hexane 177-455 38 3&43 184-455 37 4.84 

n-heptane 191-483 37 4&27 183-483 37 7.52 

n-octane 216-512 38 45.94 22^512 37 11.68 

n-nonane 344r424 15 24.91 258-511 45 14.40 

n-decane 243-553 63 65.48 243-553 63 16.97 

Average %AAD _ - 37.35 - - 14.47 

interactions of small molecules such as the n-alkanes. It should be stressed that this 

is not a problem with the theory (heteronuclear version of SAFT), the adequacy of 

which has been verified by comparison with simulation (McCabe et al, 1999; Peng 

et al, 2006) for the same model molecules, but with the underlying respresentation 

of the molecule in terms of heteronuclear tangent segments. The modelling of n-

alkanes with the original SAFT equation of state (Chapman et al., 1990) using a 

tangent Lennard-Jones chain (one segment per carbon atom in the molecule) suffers 

from the same deficiency: the size of the segment is seen to decrease as the chain length 

increases (see table 1 of the work from Chapman et al. (1990)) to compensate for the 

larger overall length (and volume) of the molecule. In their recent work using tangent 

square-well models to describe the molar volume of perfiuoroalkylalkanes, Morgado et 
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Figure 3.6: Pressure-temperature (FT) representation of vapour pressure of the n-alkanes 

(ethane to n-decane) with the tangent all-atom model. The circles represent the experimental 

data, while the continuous curves correspond to the theory description. 

al. (2007) also find that the description of the molar volume of shorter chain molecules 

is less good (the theory overestimates the experimental values) than for the longer 

molecules, which is consistent with our conclusion. The fact that tangent models 

provide a good description of larger oligomers and copolymers appears to be due to 

the smaller proportion of tangent bonding in the overall molecular structure. 

In view of the results presented in this section, we will no longer assume that 

the molecules can be modelled in terms of tangent segments. Instead we develop a 

new group contribution theory for molecules formed from fused heteronuclear united-

atom groups which will turn out to provide a much more physical description of the 

interactions. 
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Figure 3.7: Saturated liquid and vapour densities of the n-alkanes (ethane to n-decane) 

with the tangent all-atom model. The circles represent the experimental data, while the 

continuous curves correspond to the theory description. 

3.5 Group contribution theory for fused heteronu-

clear models ( S A F T - 7 ) 

As with other SAFT descriptions of the thermodynamic properties, we again use a 

perturbation theory. The Helmholtz free energy of the fused heteronuclear models 

is partitioned into ideal, monomer, chain and associative contributions as in equa-

tion (3.3). We consider a united-atom (rather than all-atom) representation of the 

functional groups of the molecule which as we show provides an excellent description 
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of the fluid phase behaviour. A fused group k as depicted in figure 3.Id is now char-

acterised by a shape factor Sk, a diameter cr^t, a dispersive energy Skk and range A f̂c, 

and, if appropriate, one or more site types, the number of sites of each type, and 

the relevant association energies and ranges The cross parameters for 

the interactions with other groups I (aki, 6%;, Xki, 6^^ and also have to be de-

fined. In this work a^i and Xki are obtained by the simple arithmetic relations given 

in section 3.2. Though in the following sections we develop our group contribution 

formalism (SAFT-7) using the SAFT-VR approach (Gil-Villegas et al, 1997; Galindo 

et al, 1998), it can also be extended to other versions of SAFT. 

In common with the group contribution theory for tangent models, the Helmholtz 

free energy of the mixture is given as a sum of different contributions per molecule: 

J^IDEAL J^MONO j^CHAIN j^ASSOC 

jV&ar 

3.5.1 Ideal contr ibut ion 

The ideal contribution to the Helmholtz free energy of a mixture has the same form as 

equation (3.4) 

AI DEAL \ 
(3.46) 

3.5.2 Monomer contr ibut ion 

The free energy contribution due to the repulsive and attractive interactions of the 

groups making up the molecules is given by 

(3.47) 
Tf&g]" yyAgT JVAa]"' 

as in equation (3.5), but where the hard-sphere contribution per molecule is now ob-

tained from 
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'Arc 
(3.48) 

. i~l k=l 

Here, we have introduced a new parameter Sk (shape factor) which corresponds to 

the proportion of the spherical united-atom group that contributes to the properties 

of the molecule. Thus, we assume that a molecular species i formed from Uk̂ i groups 

of each type k comprises Y^k=i ^KiSk groups (in contrast to the tangent model case 

where the molecule comprises groups). To illustrate, propane is described by 

a total of 3 groups (two CHg groups and a CH2 group) within the tangent united-atom 

framework (figure 3.1b), while it is represented by 2S'ch3 +5ch2 groups within the fused 

united-atom framework (figure 3.Id). 

The reference hard-sphere free energy per segment is given by the expression of 

Boublfk (1970) and Mansoori et al. (1971) as before: 

A . ( | - C o ) l n ( l - C 3 ) + 3 ^ + 
CI 

C a d - C s r • 

where the group number density of the mixture ps is now related to the molecule density 

/) by: 

ps = pl^XiY2^k,iSky (3.50) 
\ i = l k=l ) 

Combining equations (3.48), (3.49) and (3.50) we obtain 

( | - C . ) l n ( l - C 3 ) + 3 j ^ 
NUbT Tip 

The reduced densities are defined as 

NS 

Cm = 772 = 0,1,2,3, 

+ CI 

Cs Cs (1 — Cs) 

k=l 

(3.51) 

(3.52) 

but in contrast to the case of the tangent models, the fraction Xĝk of group type k is 

now expressed in terms of the shape factor Sk-
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X . - ^i^k,ibk , 
•^s,k r^NC sr^NS o • (,o.ocj; 

Z^i=l 2 f̂c'=l ^k',î k' 

Substituting equation (3.53) into (3.52) and making use of equation (3.50), we re-

express the reduced densities as 

NC NS 

Cm — ^ 3=1 ^ m = 0,1,2,3. (3.54) 
i=l fc=l 

In a similar way the mean attractive energy per molecule is expressed as 

^ (oi), (3.55) 

where the attractive energy per segment ai is obtained as for the tangent model case: 

vvg NS 
(i\ = ^ ^ ̂  ^ Xĝ kXŝ iQjy . (3.56) 

k=l 1=1 

Here, one should recall the new definition of group fractions Xĝk defined through equa-

tion (3.53). In the spirit of the SAFT-VR approach, the mean-attractive energy be-

tween groups of type k and I is given by 

af = (3.57) 

where the pair correlation function has been factorised out of the expression with the 

aid of the mean-value theorem (Gil-Villegas et al, 1997; Galindo et al, 1998). The van 

der Waals attractive parameter alf"" for the square-well groups k and I is obtained from 

equation (3.16), and the radial distribution function of a pure hard-sphere fluid 

of diameter evaluated at contact at an effective packing fraction is obtained in 

the Carnahan and Starling form (Carnahan and Starling, 1969; Lee, 1988) as: 
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HS _ 
9o,kl — 3 • 

}-<'") 

The usual SAFT-VR expressions for the effective packing fraction are used: 

(3.58) 

+ C2,w(j + C3,wCz, (3.59) 

^Ci w\ Cl,M 

C2,kZ 

\C3,M/ 

/ 2.25855 -1.50349 0.249434 \ A \ 

-0.669270 1.40049 -0.827739 A&z , (3.60) 

\ 10.1576 -15.0427 5.30827 / 

though the packing fraction of the reference pure fluid (Ci) is now given in terms of a 

different definition of the group fraction Xs,k [compare equations (3.11) and (3.53)]. 

The packing fraction of the reference fluid is related to the effective diameter through 

TT 
Cx — (3.61) 

where the following mixing rule is used : 

'y y ^S,k^kk- (3.62) 
k=l 

One should recall that the choice of such a mixing rule is made to ensure that the 

description is still appropriate when groups are of a distinctly different size (see sec-

tion 3.3). Substituting equation (3.62) into (3.61) and using the definition of the 

fraction of groups Xŝ k (3.53) and equation (3.50), we can write: 

i = i fc=i 

Using equations (3.53), (3.55), (3.56), and (3.57), the final expression for the mean 

attractive energy per molecule is obtained as 
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^ JVC 
" ^ (3.64) 

The second-order perturbation term of the attractive energy per molecule is given 

by 

yL / 1 / " c " a 

NksT KksT, 

where, as for the tangent models, 

^ y ^k,iSk j (O2), (3.65) 

^2 = Xs,kXs,ial\ (3.66) 
k=l 1=1 

with the interactions between groups of type k and I given by 

< = (3.67) 

The derivative with respect to the group density in this expression is obtained as 

in relations (3.28) and (3.29). When equations (3.66), (3.67), (3.28) and (3.29) are 

substituted into (3.65), using the expression for the fraction of groups Xs,k (3.53), one 

can write the final expression for the second-order term as 

/, zrJifg / I \ 2 WC NC Ng NS 

m i r " ^ ^ ^ ^ "til/, 
\ / 2=1 j=l k=l 1=1 

^Bs I /- ^9o,ki 9Cki 

where the isothermal compressibility of the reference hard-sphere mixture is given 

by equation (3.30), and the derivatives in equation (3.68) are obtained by the respective 

expressions in the tangent theory [(3.32), (3.33), (3.34), and (3.35)]. 
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3.5.3 Chain contr ibut ion 

In order to obtain the free energy contribution due to chain formation, we now introduce 

a set of effective parameters for each molecular species i of the mixture; an effective 

diameter an, square-well energy su and range Xn. The effective molecular parameters 

are related to the group parameters in the following way; 

,3 _ Y^k=l ^k,iSkO'kk 
a ~ ^r^NS ri ' 

cr. (&69) 

ATg JVg 
^ii — ^ ^ ] ̂ k,iZl,i£kl-) (3.70) 

k=l 1=1 

and 

NS NS 

^ii — ^ y ^ ] ^k,iZl̂ iXkli (3.71) 
k=l 1=1 

where is the fraction of group type k in the molecular structure of component i 

defined by 

^ (3.72) 
Z^fc=l ̂ k,i^k 

The fact that the group fractions and the effective parameters of the molecules are 

independent of composition simplifies the numerical formulation of the approach; no 

additional composition derivatives are required. By reformulating the Wertheim T P T l 

chain contribution in terms of these effective parameters one can express the chain free 

energy explicitly in terms of the number of different groups making up the molecules: 
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j^CHAIN 

NkeT 

NC /NS \ 

= - X ] I X ] - 1 I \ngf^{aii-(3). 
i = l \ f c = l / 

(3.73) 

The form of the chain contribution described here ensures that the expression reduces 

to the SAFT-VR chain contribution when all groups on a given molecule are identical. 

The function {aa] (3) is now the square-well pair correlation function at the effective 

contact distance an and the actual packing fraction 3̂ of the mixture. It is related to the 

effective molecular parameters of the mixture species and (as in the case of the tangent 

models described in section 3.3) is obtained using a high-temperature expansion up to 

first order: 

(3) = (3)+ 

Here, g^^(aij; (3) is the effective contact value of the pair correlation function for the 

reference hard-sphere mixture at the actual packing fraction (3 which is obtained from 

the expression of Boublik (1970) as 

ftf C3) = ^ + ( 1 ( 3 . 7 5 ) 

One should note that the radial distribution function g^fj of the hypothetical hard-

sphere fluid of diameter cr̂  evaluated at contact at an effective packing fraction is 

required in equation (3.74). As with the mean-attractive energy [cf. equation (3.58)], 

ĝ  f j is obtained in the Carnahan-Starling form as 

The effective packing fraction is related to the packing fraction of the pure fluid (̂x 

[given by equation (3.63)] and the effective attractive range Xij through the SAFT-VR 

parameterisation (Gil-Villegas et a/., 1997; Galindo et al., 1998): 



3. Models and theories 72 

+ Cg.ijCj + C3,^(z (3.77) 

C2,u 

/ 2.25855 -1.50349 0.249434 \ F L \ 

Xi V (3.78) -0.669270 1.40049 -0.827739 

\ 10.1576 -15.0427 5.30827 / 

Finally, the expressions for the derivatives in equation (3.74) are essentially the same 

as the ones in the tangent framework, but now the respective effective quantities are 

employed: 

0 , i j (3.79) 

dc-uj A , yz I a3 (3.80) 

/ -1.50349 0.249434 ^ 

1.40049 -0.827739 

\^-15.0427 5.30827 / 

03.81) 

9(3 ac , acs' 
(3.82) 

- Cl,̂ j + 2C2,(jC: + (3.83) 

dCx 

dCs 
= 1. (3.84) 
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3.5.4 Associat ion contr ibut ion 

The contribution to the Helmholtz free energy due to association between sites on 

groups making up the molecules is expressed in terms of the number Uka of different 

site types a on a particular group type k (where a = l,..,NSTk and NST/. is the 

number of site types of group k) and is of the same form as for the tangent models of 

section 3.3: 

/ l — TT \ 
-ATIT-iFT = 4- I - 03 85) 

^ i=l k=l a=l V ^ / 

The association contribution thus corresponds to sums over the numbers of components 

NC, group types NSi of component z, and sites types NSTk of group type k. As in 

the usual Wertheim T P T l approach, the fractions of molecules not bonded Xi^a are 

obtained from the numerical solution of the following system of non-linear equations: 

1 1 ^NSTi y A ' (3.86) 
1 + Zjj=l Av|=l ^6=1 PXj^ljTT'lbXjlbAijklab 

where \ jk iab depends on the strength of the association between sites a and b located 

on groups k and I of components i and j, which is now given by 

^ijklab — 9ij (^U; Cs) e x p ( ^ l - l Kijklab- (3.87) 

Here, is the square-well correlation function at the effective contact dis-

tance aij and at the real packing fraction (3, described by equation (3.74). In order to 

evaluate the cross-correlation function needed to describe the association contribution 

for mixtures we require additional cross effective parameters; 

cTy = (3.88) 
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Aij = , (3 519) 
crii + ajj 

and 

SJMANI - - 1 ) 

' « = i p f ^ T ) • 

The first two are simple relations for the size and range parameters that relate to 

the spherical geometry of the interactions, while the last corresponds to a Berthelot-

like relation for the cross van der Waals attractive energy parameter. It is important 

to note that the expression for the effective cross energy parameter is used only 

to estimate the effective contact pair correlation functions in mixtures of associating 

molecules; no mixing rule (Berthelot or otherwise) is used to describe the true unhke 

energy interaction parameters £ki between groups of different type k and I in pure 

components or mixtures. Instead the latter are obtained by regression to the pure 

component experimental vapour-liquid equilibria during the development of the group 

parameter tables. The parameter Kij^iab is the volume available for bonding of sites a 

and b located on groups k and I of components i and j: 

J^ijklab 2 

klab 

111 IBrdrZL* -- SUrS) 

4- [Tkiab + — ^ij)\ — Sr̂ . 

+ 4 ) ] ' 

where the reduced distance r^loij of the sites from the centre of the sphere of interaction 

is set to 0.25. One should note that in contrast to the tangent model case where the 

association strength (and thus the fraction Xika) only depends on the nature of the 

groups where the sites are located, the association term now incorporates a contribution 

from all the groups composing the molecules. 
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3.6 Computa t ion of other propert ies 

Once the Helmholtz free energy is obtained by either of the theories described above, 

the other thermodynamic properties follow from well-established relations of classical 

thermodynamics. In particular, the pressure and the chemical potential of species i, 

which are the properties of interest for phase equihbria calculations, are obtained by: 

Mi — -{9A/dNi)Nj^.y^T, (3.92) 

J) = /I 

It is clear that the derivative of the free energy with respect to the number of molecules 

Ni of a component i is required for obtaining the chemical potential fii of that compo-

nent. This derivative is estimated analytically and the corresponding expressions are 

given in Appendix A for the SAFT-7 group contribution theory. 

3.7 Summary 

In this chapter, the group-contribution theories which have been developed for describ-

ing the thermodynamic properties of real molecules were presented. The theories are 

formulated by modifying the molecular-based SAFT-VR equation of state to allow for 

the modelling of compounds as chains of heteronudear square-well segments. 

In the first theory, molecules are treated as heteronuclear chains formed from tan-

gent square-well segments. The inadequacy of the theory to accurately describe the 

phase equilibria of the n-alkanes has been demonstrated in the context of the united-

atom and the all-atom modelling frameworks. 

The second completely novel theory allows for the treatment of molecular models 

comprising fused united-atom segments (groups), and it is referred to as the SAFT-7 

equation of state. The key feature of this approach is the introduction of the shape 
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factor for each group type which essentially describes the portion of the group that 

contributes to the overall molecular properties. 

In the next chapters, the SAFT-7 group-contribution equation of state introduced 

here is used to describe the phase equihbria properties of a wide array of compounds 

(and selected binary mixtures). The parameters of the model are fitted to pure com-

ponent vapour-liquid data and an extended parameter table is generated. The specific 

details of the procedure used to estimate the group parameters are discussed in the 

following chapter. 



Chapter 4 

Estimation of group parameters 

4.1 In t roduct ion 

Once a group contribution theory has been developed, its group parameters need to 

be determined by fitting to experimental data for the thermophysical properties of 

interest. The objectives of this procedure are twofold: to assess the adequacy of the 

approach in accurately describing the properties, and to generate a parameter table 

whose size ultimately determines the range of applicability of the model. 

In this chapter the parameter estimation procedure followed in this work is pre-

sented. Though we discuss the methodology specifically in relation to the fused united-

atom model (SAFT-7), the same general method was employed for the tangent models 

of section 3.3. Two auxilliary algorithms are implemented to provide essential infor-

mation during the regression of the parameters; a pure component VLB algorithm 

and a critical point calculation algorithm. In section 4.2, the parameter estimation 

problem being solved for the refinement of the SAFT-7 parameters is defined. The 

formulation of the VLB and the critical point algorithm are discussed in sections 4.3 

and 4.4 respectively. Finally, the parameter estimation implementation is summarised 

in section 4.5 and additional information is provided regarding the groups considered 

and the experimental data used. 

77 
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4.2 Pa rame te r est imation problem 

For a given model, the objective of the parameter estimation problem is to obtain the 

optimal estimate of the unknown model parameters 0 that provide the best fit of the 

model predictions to the experimental data. A model is in most cases unable to de-

scribe the physical behaviour of a system in an exact manner. Furthermore, the data 

invariably contain experimental error. Thus, the model predictions can not be antic-

ipated to match the experimental values exactly; instead determining the parameter 

values that yield the best possible representation of the experimental data is the aim 

of parameter estimation. There are several interpretations of how this can be achieved 

in the literature, using for instance maximum likelihood estimation or least-squares 

estimation (Beck and Arnold, 1977). 

In this work, the objective of the parameter estimation procedure is to obtain 

the group parameters of the SAFT-7 theory that provide an optimal description of 

pure component vapour pressure (Pg) and saturated liquid density {pi) data in the 

least-squares sense. The parameters are fitted simultaneously to the VLE data of a 

large number of pure compounds (cf. sections 4.5.3 and 4.5.4 for more details on the 

methodology). The procedure is carried out via the minimisation of a relative least 

squares objective function: 

Arc 

c i = l j=l k=l 

(4.1) 

where the first sum is over the number of compounds NC, the second over the number 

of measured variables NVi of compound i (e.g. Pg and pi) and the third over the 

number of data points DPij for variable j {j = Pg, pi) for species i. In the objective 

function, is the experimental value of variable j of species i, and is the 

value of variable j of species i calculated from the SAFT-7 approach. Finally, 0 is 

the set of the parameters to be estimated. 

The evaluation of the objective function requires the calculation of the vapour 

pressure and saturated liquid density for given temperature T and group-parameter 
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set 6. In order to obtain these values the pure component vapour-liquid equilibrium 

problem needs to be solved; an algorithm is developed for the solution of this problem, 

and it is described in the next section. 

4.3 Solution methodology for pure component vapour-

liquid equilibria 

4.3.1 P r o b l e m formulat ion 

We consider a pure fluid at temperature T that coexists in two phases, a liquid phase 

with a packing fraction rji and a vapour phase with a packing fraction The properties 

of both phases are described by the same equation of state. The pure component 

vapour-liquid equilibrium problem is defined as follows. Given a temperature T and a 

group parameter vector 0, calculate the vapour pressure Ps and the packing fractions 

of the two coexisting phases, rji and rjy, that satisfy the equality of pressures and 

the equality of chemical potentials in the two phases. The equilibrium conditions are 

described in a mathematical form as: 

jp(:r, == o, (4.2) 

KT, Vh G) - KT, Vv, = 0, 

where P{T,r]i,9) is the pressure of the liquid phase and P{T,r]y,6) is the pressure of 

the vapour phase; the chemical potentials of the liquid and the vapour phase are given 

by /i(T, r]i, 6) and /i(T, 7]y,6), respectively. Within the scope of this work, the pressure 

and chemical potential of both phases are obtained from the SAFT-7 equation of state. 

The packing fractions of the two phases (77; and %) are the unknown variables in 

the equilibrium conditions (4.2). Therefore, the pure component VLE problem can 

be treated by solving the 2x2 non-linear system (4.2). A standard numerical method 

which is applied for solving such systems is Newton's method. Convergence in Newton's 

method can however only be achieved provided that an initial guess sufficiently close to 
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the solution is available; initialisation is probably the most crucial issue for the effective 

performance of this method. To overcome this deficiency, an additional method is 

implemented in this work for the solution of pure component VLE to provide a good 

starting point for Newton's method; this auxiliary technique is the Maxwell equal area 

construction (Elhassan et al., 1997), which is presented in the next section. 

4.3.2 Descr ipt ion of Maxwell Equal Area Cons t ruc t ion 

The key concept of the equal area construction is shown schematically in figure 4.1; a 

horizontal tie-line of a given isotherm at temperature T must divide the isotherm into 

two loops of equal area for vapour and liquid to coexist in equilibrium. Thus, if the 

shaded regions in figure 4.1 are of equal area, the corresponding pressure is the vapour 

pressure Pg and the volumes Vi and Vy are the saturated volumes of the liquid and 

vapour phase respectively. 

t 
P 

Vr y . 

Figure 4.1; Schematic of the basic principle of the equal area construction. 
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Table 4.1: Description of equal area construction implementation. 

1. For a given temperature T in the feasible VLE range, determine the extrema 

of the function P{T,r]) by solving {dP/difjT = 0, where -q e {r]min,Vmax)-

2. Assign the solutions that correspond to the minimum and maximum of P(T, rj), 

to rjii, and rjub respectively. 

3. Evaluate P{T, IJN) and P(T, RJUB) to obtain PN, and PUB-

4. Set r]ub as the upper bound for the vapour packing fraction search area and rjit, 

as the lower bound for the liquid packing fraction search area. 

5. Set the iteration counter k = 0. Set the midpoint between Pu, and P^b as the 

starting pressure: P° = {PIH + Set the convergence tolerance e. 

6. Solve P^ - f (T, %) = 0 for < Vv < Vub and - P(T,T]I) = 0 for 

Vlb — Vl — Vmax 

7. Calculate numerically the integral ^dr] 

8. Calculate the pressure that satisfies the equal area construction criterion: 

f ' " = / , ! # - i ) 

9. If < e, terminate. Else, set fc = fe + 1 and return to Step 6. 

The mathematical statement of the Mawxwell equal area construction is readily derived 

from the equality of the chemical potential of the coexisting liquid and vapour phase 

and it is given by (Elhassan et al, 1997): 

f-aO/L - == (4.3) 
Jvi 

If this mathematical statement is re-expressed in terms of packing fraction, we obtain: 
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1 1 P 

where rji and % are the saturated packing fractions of the hquid and vapour phase 

respectively. Based on the equal area construction criterion (equation 4.4), the pure 

component vapour-liquid equilibrium problem for given group parameters 6 and a 

specific temperature T can be solved following the procedure summarised in table 4.1. 

The method takes advantage of the form of sub critical isotherms, where the function 

P(T,rj) exhibits one miminum and one maximum. The procedure starts with the 

identification of the two extrema as the roots of the first derivative of pressure {dP/drj)T 

in Step 1. The packing fractions rm, and correspond to the minimum and maximum 

of P(T, rj) respectively. The corresponding pressures Pib and Pub provide the starting 

point := {Pib + P„6)/2 for the algorithm. During the kth iteration (in step 6) the 

roots at the current pressure are found by solving the equation P^ — P(P , r/) = 0 

while bounding the vapour phase root % between rjmin and and the liquid 

phase root r] = rji between r]ib and rjmax- At each iteration the investigated pressure 

P^ is compared to the pressure that satisfies the equal area construction criterion 

P^"^^ = in Step 9. The method ultimately converges to the 

pressure P*=, for which the difference — b e c o m e s smaller than the convergence 

tolerance 6. 

The lower bound 7]min of the packing fraction is set to zero, while the upper bound 

Vmax is set to 0.74, which is the closed packed limit in an fcc/hcp hard sphere lattice. 

The non-linear equations {dP/drj)T = 0 and P^ — P{T, r]) = 0 are solved numerically 

by combining a root bracketing routine (zbrac) and a root converging routine (zbrent) 

from Press et al. (1986). To determine if a pressure P^ is the vapour pressure at 

the input temperature T, the value of the integral ^ d r j is required. This is evalu-

ated numerically using a Gauss-Legendre integration routine (qgaus) from Press et al. 

(1986). 
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4.3.3 P u r e component vapour-l iquid equi l ibr ium a lgor i thm 

The equal area construction described above is coupled with Newton's method for 

the development of an algorithm for the solution of the pure component vapour-liquid 

equilibrium problem. The key concept is that the equal area construction is only 

applied in the cases when no suitable initial guess is available for the Newton method. 

The procedure being followed is shown schematically in figure 4.2. 

INPUT 
T ,e 

No_calls=1 
qRIT-TprevpTwAx 

CALL Newton Method 
Use as: Initial Gu#s (he solution; 

from tlie last call 

CALL Equal Area Method 
Obtain theiriltial Guess for the 

next call 

OUTPUT 
Failure code 

Figure 4.2: The vapour-liquid equilibrium algorithm 

The required inputs are the temperature T and the parameter vector 9. The first 

step is to check if this is the first call of the VLB algorithm or if the difference between 

the input temperature T and the temperature of the previous call Tprev is larger than 

a specific value TMAX', if the procedure is called for the first time, there does not exist 

an initial guess for the packing fractions % and rji in Newton's method; if | r — Tprevl > 
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TMAX, the initial guess, which is the solution for the temperature of the previous call 

Tprev, might not be sufficiently close to the solution for the new temperature T. In either 

of these two cases Newton's method would probably fail or converge to a meaningless 

solution in the unstable region and therefore the equal area construction is used, which 

does not require an initial guess. The fact that the equal area construction does not 

need to be initialised comes with the drawback that it is quite expensive compared 

to Newton's method. However, it is typically only used once when calling the VLE 

routine repeatedly during the calculation of a phase boundary of a certain compound. 

When \T — Tprev\ < TMAX the solution of the previous call is then provided to Newton's 

method as a starting point for solving the system (4.2). If Newton's method fails the 

equal area construction is subsequently used to solve the VLE and provide a good 

initial guess for the next call. When the equal area construction is used for solving the 

VLE at a certain temperature, the problem is subsequently also solved via Newton's 

method in order to achieve better accuracy, 

4.4 Critical point calculation 

For certain combinations of T and 6 the pure component vapour-liquid equilibrium 

problem becomes infeasible as T may be supercritical or it may be extremely low with 

respect to the critical temperature based on the equation of state. Before applying 

the algorithm described in the previous section, one should therefore determine if the 

input temperature T falls within the feasible VLE temperature range for the input 

parameter set 6. Thus, the calculation of the critical point corresponding to the input 

parameter vector 9 is essential in order to avoid applying the VLE algorithm in non-

feasible temperature regions. 

The algorithm developed in this work for the calculation of the critical point is 

based on the solution of the system of the criticality conditions: 
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The only input required is the parameter vector 6 for which the critical point is sought, 

and the steps followed in the procedure are presented in table 4.2. The main idea is to 

find a subcritical temperature which is relatively close to the critical temperature, and 

to use the packing fractions that correspond to its extrema and the actual temperature 

to initialise and bound the two variables (T, rj) of the system 4.5. The algorithm is 

initiated with the assignment of a starting value to the temperature r ° . The iterative 

procedure is then initiated in step 2, where at the pth iteration the extrema of the 

isotherm at temperature over the range of physically reasonable values of packing 

fraction are determined by following step 1 of table 4.1. The number of the extrema 

is subsequently checked in step 3 to determine the relative position of the isotherm 

with respect to the critical temperature. If no extrema are found, the isotherm is 

supercritical and therefore the search for a subcritical temperature should be continued 

at lower temperatures; the temperature is halved and step 2 is executed again until an 

isotherm with two extrema is located. A common feature of non-cubic equations of state 

is that the isotherms corresponding to extremely low temperatures with respect to the 

critical temperature, might exhibit more than two extrema (Koak et al, 1999). This is 

not normally problematic as it corresponds to temperatures well within the solid phase, 

but it can lead to numerical difficulties. In this case, the temperature is increased within 

the procedure and the number of extrema is redetermined via step 2 until an isotherm 

with one minimum and one maximum is found. Finally, if two extrema are obtained 

for temperature T^, the corresponding isotherm is subcritical. We can conclude that 

the critical temperature in this case would be larger than T^, while the critical packing 

fraction (%) would lie between the packing fractions corresponding to the minimum 

{r]ub) and maximum (ijib) of P{T^,ri). Hence, the temperature of the isotherm is 

used as the lower bound and initial guess for the temperature, and the packing fraction 

is bounded between r]ib and and initialised at the midpoint (r/ib + T]ub)/2, when 
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Table 4.2; Critical point algorithm. 

1. Set a starting point for the investigated temperature and the iteration 

counter p = 0. 

2. Follow step 1 from table 4.1 to determine the number of extrema riext of P{T, rj) 

for TP. 

3. Check the number of extrema 

If Uext — 0 (supercritical), set 7"̂ +^ := 0.5T^, p = p-\-l GOTO STEP 2 

If > 2 (TP « ] ; ) , set := 1.27^, p = p + 1 GOTO STEP 2 

If == 2 (feajutde VTJ3 rajige), (]()}fT7irfUE: 

4. Assign the packing fractions corresponding to the minimum and maximum of 

P{TP,r]) respectively to r]ub and r]n,. 

5. Solve system 4.5 via Newton's method; Use as the lower bound and initial 

guess for the temperature. Bound the packing fraction between r]ih and 

and set the midpoint {rjib + Vub)/2 as the initial guess. 

6. Check status of Newton's method 

If SUCCESS, solution is 7^, evaluate critical pressure from f (7^,%), 

RETURN (11:,^^,%) 

If FAIL, the temperature is not sufficiently close to Tc, set ;= 1.2T^ 

to move closer to the solution, set p = p 4-1, and GOTO STEP 2 
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solving system (4.5) via Newton's Method. By using these bounds and starting points 

for the temperature and the packing fraction, Newton's method converges fast to the 

critical point solution in most cases. If however it fails, the investigated temperature 

is probably not sufficiently close to the critical temperature and thus the initial guess 

used is not in the solution neighborhood; the temperature is then increased to move 

closer to the critical temperature, and the whole procedure is repeated by returning to 

step 2. 

4.5 Pa rame te r est imation implementat ion 

4.5.1 P a r a m e t e r es t imat ion methodology 

The vapour-liquid equilibria and critical point algorithms are implemented in FOR-

TRAN 90 and they are used to provide essential information during the parameter 

estimation. The two routines are interfaced with the gPROMS process modelling tool 

(gPROMS, 2005) using the Foreign Object Interface. A gPROMS Foreign Object (FO) 

is an external piece of software that provides physical property information to process 

modelling tools. In addition to the VLE and critical point algorithms, the SAFT-7 

EoS routine has also been encapsulated in the FO and can be used for the calcula-

tion of several physical properties. The modular architecture of tliis Foreign Object is 

presented in figure 4.3. Since the complex thermodynamic calculations (i.e. VLE and 

critical point calculation) are performed externally and within the FO, gPROMS is 

employed solely for the estimation of the SAFT-7 group parameters. This is achieved 

through the minimisation of a relative least squares objective function (see section 4.2); 

a sequential quadratic programming (SQP) method is used for the optimisation. 

At every iteration of the optimisation a new parameter set 6 is considered. The 

critical temperatures (based on SAFT-7 EoS) of the fitted compounds are calculated 

by the critical point algorithm. Obtaining the critical temperatures allows us to deter-

mine the temperature range where the VLE is feasible for each species, and to restrict 

the applicability of the VLE algorithm within this range. An upper and a lower cut-ofl^ 

temperature are used to bound the feasible VLE range during the parameter estima-
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INPUT 

T, V , N, 0 

VLE Algorithm — 

Tc Algorithm 

Phys Props 
Calculation 

T . V . N 

U, S, H 
OUTPUT 

- S A F T - Y Foreign Object 

gPROMS 
Process Modelling 

(simulation, optimization, 
parameter estimation) 

Figure 4.3; The modular architecture of the SAFT-7 foreign object 

tion; the feasible region is restricted from above by the critical temperature Tc and 

from below by a general lower bound of 0.252^. The lower bound prevents extremely 

low temperatures, which probably fall in the solid phase region, from being examined 

for phase coexistence. If the temperature of a data point does not belong in the feasible 

VLE range, artificial values for the vapour pressure and the saturated hquid density are 

passed to the optimisation solver. These values increase exponentially with respect to 

the difference between the experimental temperature and the temperature correspond-

ing to the lower/upper bound of the feasible range (if the experimental temperature 

is below or above the feasible VLE range respectively). As a result, if some of the 

data point temperatures fall above or below the feasible VLE range, the value of the 

objective function also increases exponentially; this causes the optimiser to search in 

a different region of the parameter space, for which all the experimental temperatures 

of the compounds fitted would be contained in their respective feasible VLE ranges. 
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4.5.2 P a r a m e t e r definit ion 

As has already been mentioned, the use of the SAFT-7 formalism introduces an ex-

tra shape parameter Sk per group k. Thus, four parameters are required per non-

associating group k, namely the hard sphere diameter akk, the square-well energy Skk 

and range Xkk, and the shape factor additionally a cross (unlike) energy parameter 

£ki for each pair of groups k and I has to be considered. The unlike diameter and at-

tractive range parameters are fixed as described in section 3.2, where aki = {crkk + o'u)/2 

and Xki = {XkkO-kk + > ^ u c r i i ) / + cru)- For associating (hydrogen bonding) groups the 

number of site types, the number of sites of each type, and the relevant association 

energies {ekkab) and ranges also have to be determined. In the case of more than 

one associating group types, additional unlike association parameters {Ckiab &nd 

have to be considered. However, this instance is not examined in this work. 

In order to provide information about the molecular structure of the fitted com-

pounds and to specify the group parameters to be optimised, a self-contained text file 

(SAFT-7 Group Estimation file - SGE file) is used within the gPROMS environment. 

A sample SGE file, which can be used for the optimisation of eight group parameters 

to ethanol, 1-propanol and 1-butanol data is presented in figure 4.4. This file is di-

vided into a STRUCTURE and a PARAMETER section. The first section specifies 

the molecular structure of the fitted compounds and the association schemes employed 

for the various groups comprising the species. The second section specifies the number 

and the type of the parameters to be fitted. More specifically, an SGE file is structured 

as follows: 

• Initiator of the molecular structure description "STRUCTURE" 

• Number of fitted components 

• Number of group types in the fitted components 

• Number of site types on the fitted components 

• Molecular structure of each component i. For each species v. 
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- number of group types NSi 

- for each group type k the number of groups of type k on this species 

• Group association schemes. For each group type k: 

- group type and number of types of association sites on this group type (NSTk), 

- if JVSTt f 0: 

- for each site type a the number of sites of this type on group k {nk,a) 

• Initiator of the parameters specification "PARAMETERS" 

• Number of parameters to be optimised 

• For each parameter to be optimised: 

- type of parameter to be estimated specified by the integer indicators which 

appear in the first column of table 4.3. 

- indices of the group(s) and, where applicable, the association site types to 

which this parameter relates 

- lower bound used during the estimation of this parameter 

- upper bound used during the estimation of this parameter 

• Terminator of parameter file "END" 

4.5.3 G r o u p definit ion 

Several chemical families are treated in this work in order to validate the adequacy 

of SAFT-7 in describing the coexistence properties of real fluids, and to estimate the 

parameters of various functional groups. The chemical families which are examined 

are: 
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Table 4.3: The indicators used within the SPE file to specify the parameters to be 

optimised. 

Parameter 

indicator 

Symbol Units Description 

1 

2 

3 

4 

5 

10 

11 

<^kk 

^kk 

Sk 

Aw 

^ki/ks 

klab 

m Diameter of group type k 

Square-well range of group type k 

K Square-well energy of group type k 

Shape factor of group type k 

Number of association sites of type a on 

group type k 

K Association energy between site types a and 

b on group k 

m Association cut-off range between site types 

a and b on group k 

Square-well range between group types k and 

I 

K Square-well energy between group types k 

and I 

K Association energy between site type a on 

group k and site type b on group I 

m Association cut-off range between site type a 

on group k and site type h on group I 
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STRUCTURE 
3 Number of components 
3 Number of segment types 
2 Number of site types 

3 Number of segment types of ethanol 
1 1 Segment type - Number of segments of this type 
2 1 Segment type - Number of segments of this type 
3 1 Segment type - Number of segments of this type 

3 Number of segment types of 1 -propanol 
1 1 Segment type - Number of segments of this type 
2 2 Segment type - Number of segments of this type 
3 1 Segment type - Number of segments of this type 

3 Number of segment types of 1-butanol 
1 1 Segment type - Number of segments of this type 
2 3 Segment type - Number of segments of this type 
3 1 Segment type - Number of segments of this type 

1 0 Segment type - Number of association types 
2 0 Segment type - Number of association types 
3 2 Segment type - Number of association types 
1 2 Site type - Number of sites of this type 
2 1 Site type - Number of sites of this type 

PARAMETERS 
8 Number of parameters 
1 Parameter type to be estimated : SiGH/IA 
3 Segment type to which this parameter corresponds 
0.1d-10 Lower bound 
6.0d-10 Upper bound 
2 Parameter type to be estimated : LAMBDA 
3 Segment type to which this parameter corresponds 
1.2d0 Lower bound 
1.8d0 Upper bound 
3 Parameter type to be estimated ; EPSILON/K 
3 Segment type to which this parameter corresponds 
lO.OdO Lower bound 
400.0d0 Upper bound 
4 Parameter type to be estimated : SHAPE FACTOR 
3 Segment type to which this parameter corresponds 
1.0d-15 Lower bound 
1.0d0 Upper bound 
9 Parameter type to be estimated : EPSILON/K 
1 3 Segment type to which this parameter corresponds 
lO.OdO Lower bound 
400.0d0 Upper bound 
9 Parameter type to be estimated : EPSILON/K 
2 3 Segment type to which this parameter corresponds 
lO.OdO Lower bound 
400.0d0 Upper bound 
6 Parameter type to be estimated : E_hb 
3 3 1 2 Segment and site types 
lOOO.OdO Lower bound 
3000.0d0 Upper bound 
7 Parameter type to be estimated : Rc_hb 
3 3 1 2 Segment and site types 
0.1d-10 Lower bound 
6.0d-10 Upper bound 
END 

Figure 4.4; SAFT-7 Group Estimation (SGE) file for fitting eight parameters to ethanol, 

1-propanol and 1-butanol data 
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• 77,-alkanes 

• branched alkanes 

• n-alkylbenzenes (aromatics) 

• mono- and di-unsaturated hydrocarbons (alkenes) 

• 2-ketones 

• carboxyhc acids 

• primary amines 

• n-alkan-l-ols (1-alkanols). 

The group parameters are estimated from pure component vapour pressure Pg and 

saturated hquid density pi experimental data. The functional groups contained in 

the above chemical families and for which the parameters are fitted to the data are: 

CHg, CHs, CH3CH, ACH, ACCH2, CH2=, CH=, C = 0 , COOH, NHg, and OH. Here, 

ACH represents the CH= group of the aromatic ring and ACCH2 represents a methyl 

substituted aromatic carbon. It turns out that the contribution that a lone CH group 

makes to the overall molecular volume is small so that it is more appropriate to define a 

larger spherical CH3CH group for which we can adequately capture the coarser nature 

of the interaction. In contrast, the volume contribution of the ketone and carboxylic 

acid functional groups ( C = 0 and COOH respectively) appears to be too large to allow 

for the accurate representation of each of these groups by just one spherical segment. 

Thus, we choose to model the C = 0 group as two identical fused segments and the 

COOH group as three identical fused segments. 

4.5.4 Es t imat ion sequence and exper imenta l d a t a used 

In the parameter estimation procedure, we initially regress the CH3 and CHg parame-

ters to optimise the description of the vapour pressure and saturated liquid density 

for the n-alkanes experimental data (ethane to n-decane). These optimal values of 
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the alkane group parameters are then transferred to another chemical family so that 

the parameters of each new group are estimated in a sequential manner. Following 

this methodology we obtain the CH3CH parameters from data for branched alkanes, 

the ACH and ACCH2 parameters from data for n-alkylbenzenes (ethylbenzene to n-

decylbenzene), the CH2= and CH= parameters from data for mono- and di-unsaturated 

hydrocarbons, the C—0 parameters from data for 2-ketones, the COOH parameters 

from data for carboxylic acids, the NH2 parameters from data for primary amines, and 

the OH parameters from n-alkan-l-ols data (ethanol to n-decan-l-ol). 

A three-site association model is used for the alcohols and amines, which corre-

sponds to two sites of type a and one site of a different site type b (i.e., for the alcohols 

NSTQH = 2, NOH,a = 2 and NOH,B = !)• This choice is justified by the fact that this 

kind of associating compounds tends to form chain and tree-like aggregate structures 

(Jeffrey, 1997). In addition, the assumption of one site of a single type a is used in 

the case of the carboxylic acids, as the hydrogen bonding of this family's compounds 

mainly results in the formation of dimers. 

The range of the experimental temperatures used in the fitting database is between 

Q_3j'exp_Q_gj'exp^ where is the experimental vapour-liquid critical temperature. The 

vicinity of the critical point is not included because, as is commonly accepted, this 

would deteriorate the quality of the description for temperatures removed from the 

critical region. The lower bound of temperature corresponds to the triple point of the 

compound which in many cases is ~ 0.37^. The vapour-liquid equilibria data for the 

n-alkanes used in this work are obtained from the compilation of Smith and Srivastava 

(Smith and Srivastava, 1986a; Smith and Srivastava, 1986b), while the data sets for 

all the other chemical families are taken from the Detherm database (Fletcher et al, 

1996). 

4.6 Summary 

In this chapter, the procedure followed to estimate the parameters of the SAFT-7 

equation of state presented in chapter 3 was considered. The key idea behind this 
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procedure is the couphng of the gPROMS parameter estimation tool with two external 

algorithms that provide essential information during the solution of the parameter 

estimation problem. 

The first algorithm implemented provides the solution of the pure component 

vapour-liquid equilibrium problem for each fitted compound, and for the temperature 

and parameter set considered; it involves combining two distinct methods for treating 

the VLE problem, namely Newton's method and the equal area construction. The 

main concept is to apply the equal area construction when Newton's Method cannot 

be initiahsed properly, and to subsequently use Newton's method for solving the VLE 

at all the remaining temperatures. It is clear that this procedure can only be applied 

at temperatures where the vapour-liquid coexistence problem is feasible for a given 

parameter set. To obtain the feasible VLE temperature range, one should determine 

the critical temperature of the compounds under investigation. Thus, a second algo-

rithm has been developed that calculates the critical points of the fitted compounds 

for a certain parameter set by solving the system of the criticality conditions. This is 

achieved by using the temperature of a subcritical isotherm and the packing fractions 

corresponding to its extrema to initialize and bound the variables of the criticality 

system. 

The methodology for parameter estimation by least squares involves defining the 

feasible VLE range with respect to the critical point and returning artificial values 

of the fitted variables for temperatures outside this range, to cause an exponential 

increase of the objective function. 

In the next chapter the group parameters estimated are presented and the quality 

of the phase equilibria description of the database compounds is discussed. 



Chapter 5 

Derivation of S A F T - 7 parameters 

5.1 In t roduc t ion 

Using the sequential parameter estimation procedure described in the previous chap-

ter, the optimal group parameter values are obtained. These parameters are tabulated 

and presented in this chapter. In addition, the quality of the description of the vapour 

pressure and saturated liquid density data of the compounds included in the fitting 

database is assessed; the descriptor being used for this assessment is the average ab-

solute deviation (%AAD), given for each data type (vapour pressure and liquid density) 

of each species by 

1 " 
n /—/ 

^exp ^calc 
xlOO, (5J) 

where n is the number of points, is the experimental value of the variable and 

is the calculated value of the same variable. The group parameter tables are presented 

in section 5.2. The physical significance of the parameter values and the accuracy of 

the phase behaviour description are then discussed separately for each of the chemical 

families investigated. 

96 
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5.2 P a r a m e t e r tab les 

As has been mentioned earher, the group parameters are regressed by considering the 

fluid phase equihbria of the chemical families of the n-alkanes, branched alkanes, n-

alkylbenzenes, mono- and di-unsaturated hydrocarbons, 2-ketones, carboxylic acids, 

primary amines, and 1-alkanols. They are collected in table 5.1. In addition, the 

values of the unlike energy parameters Ski between the different types of groups k 

and I characterising the chemical families examined in this work are summarised in 

table 5.2. The advantage of using an approach like SAFT-7 now becomes particularly 

clear: unlike parameters can be obtained exclusively from pure component data. The 

similarity between table 5.2 and the typical UNIFAC parameter tables is also evident. 

One can easily see that the optimal parameter values follow physically meaningful 

trends: the value of the diameter akk of a group k is significantly larger for the larger 

groups such as ACCH2; the shape parameter also exhibits a reasonable behaviour 

considering the size of group k and its position in a molecule (for instance the value of 

the shape factor is found to be considerably larger for groups located at the end of the 

chain than for the ones in the middle of the chain, because in the former case there is 

one neighboring overlapping group while in the latter case there are two neighboring 

groups). In table 5.1 the parameters of the functional groups exhibiting hydrogen 

bonding are collected together at the bottom of the matrix; the ketone group C = 0 is 

not included amongst them since ketones are not self-associating compounds. However, 

when considering a ketone in a mixture with associating species (e.g., water), additional 

unlike association parameters (e^^ and have to be obtained, as in this case the 

carbonyl group interacts by hydrogen bonding. It should also be mentioned that an 

asterisk next to a group in tables 5.1 and 5.2 denotes that the group is represented by 

more than one identical segments, as explained in section 4.5.3. 
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Table 5.1: Individual group parameters for the SAFT-7 equation of state. The groups 

denoted with an asterisk are modelled by more than one identical segment; the C = 0 

group is modelled as two spherical segments and the COOH group is modelled as three 

segments one of which has one site of type a. The OH and NH2 groups have two site 

types (a and b), two sites of type a and one of type b. 

Group Ckt/A ^kk Sk 

CH3 3.810 1.413 252.601 0.667 - -

CH2 4.027 1.661 240.482 0.333 - -

CH3CH 4.518 1.643 243.723 0.487 - -

ACH 3.241 L765 240.600 0.390 - -

ACCH2 4A59 L772 273.274 0.644 - -

CH2 = 3.628 L469 190.917 0.670 - -

CH= 3.558 1697 315.343 0.370 - -

c = o * 2^%7 1.782 386.833 0.482 - -

COOH* 2.806 L538 269.285 0.644 3594.295 2.244 

NH2 3.908 1.527 398.872 0.472 953.630 2.637 

OH 4J23 1.74 336.839 0.223 2583.781 2.358 



Table 5.2: Cross group energy parameters {ski/kB)/'^ for the SAFT-7 equation of state. 

Groups CH3 CH2 CH3CH ACH ACCHg CH2 = CH= C=0* COOH* NH2 OH 

CH3 252.601 261.520 279.720 139.763 195.618 241301 232.335 294.070 257.515 283.840 37&901 

CHg 261.520 240.482 244.718 244.400 156.222 233.444 221.117 207.512 283.497 308.722 306.818 

CH3CH 279.720 244.718 243.723 - - - - - - - -

ACH 139.763 244.400 - 240.600 238.038 - - - - - -

ACCHg 195.618 156.222 - 238.038 27&2^ - - - - -

CH2 = 244.301 233.444 - - - 190.917 230.720 - - - -

CH= 232.335 221.117 - - - 230.720 315.343 - - - -

C=0* 294.070 207.512 - - - - - 386.833 - - -

COOH* 257.515 283.497 - - - - - - 269.285 - -

NH2 283.840 308.722 - - - - - - - 398.872 -

OH 378.901 306.818 - - - - - - - - 33&8^ 

a 

I 
CO 

% 

i 
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5.3 P h a s e equil ibria descr ipt ion for t h e n-a lkanes 

The agreement of the SAFT-7 description of the fluid phase equilibria with the experi-

mental data obtained for the n-alkanes is summarised in table 5.3. The overall %AAD, 

obtained as an average of the %AADs for individual compounds, is found to be 3.98% 

for the vapour pressure and 0.57% for the saturated liquid density for n-ethane to 

n-decane. The description is significantly better than that obtained with the tangent 

models discussed in section 3.3 (see also table 3.2). This represents a very good descrip-

tion of the coexistence data considering a single set of CH3 and CH2 group parameters 

is used to describe the entire series (cf. tables 5.1 and 5.2). The description is compa-

rable to that obtained with the usual SAFT-VR expressions, where the parameters for 

each homonuclear compound are fitted separately (Paricaud et al, 2004). 

Table 5.3: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the SAFT-7 framework compared to experiment (where n is 

the number of data points) for the n-alkanes. 

Compound T range (K) n %AAD T range (K) n %AAD/)z 

n-ethane 38 3.93 91-270 38 1.02 

n-propane 38 4.09 91^81 39 0.65 

n-butane 139-379 38 3.44 217-379 26 0.55 

n-pentane 144-417 38 5.39 151-417 37 0.54 

n-hexane 177-455 38 3.60 184-455 37 0.47 

n-heptane 191-483 37 4IW 183-483 37 0.51 

n-octane 21&-512 38 3.69 224.512 37 0.45 

n-nonane 344-424 15 3.01 258-511 45 0.40 

n-decane 243-553 63 4.63 24&-553 63 0.52 

Average %AAD - - 3.98 - - 0.57 
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Figure 5.1: Vapour pressures of the n-alkanes (n-ethane to n-decane). The circles represent 

the experimental data, while the continuous curves correspond to the SAFT-7 description 

with the parameters estimated in this work. In a) the vapour-pressure curves are shown as a 

pressure-temperature PT representation and in b) as a Clausius-Clapeyron plot. 
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Figure 5.2: Saturated liquid and vapour densities of the fitted n-alkanes (n-ethane to n-decane). The circles represent the 

experimental data, while the continuous curves correspond to the SAFT-7 description with the parameters estimated in this 

work. 
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The diameter of 4.027 A for the CH2 group is seen to be comparable though slightly 

larger than that of 3.810 A for the CH3 group; this is consistent with the shape factors 

of ~ 0.33 and ^ 0.67 obtained for the CH2 and CH3 groups, respectively. We should 

note that in this instance we have chosen to fix the values of the shape factor in order 

to retain the successful correlation between the overall length of the molecule (the m 

parameter in the homonuclear SAFT approaches) and the number of carbon atoms C in 

the n-alkane chain commonly used to describe these molecules (Jackson and Gubbins, 

1989; Gil-Villegas et al., 1997); 

C — 1 
m = — 1-1. (5.2) 

In terms of the shape factors of the CH3 and CH2 groups making up the n-alkanes, 

an effective aspect ratio can be defined as m = 2 % % + (C — 2)S'ch2 which reduces to 

the homonuclear expression (5.2), when the shape factors of the CH3 and CH2 groups 

are fixed to 0.667 and 0.333, respectively. The values of the shape factors of ~ 0.67 

and ~ 0.33 used for the CH3 and CH2 groups within our SAFT-7 approach are also 

consistent with the values of 0.63 and 0.18 obtained by Georgeton and Teja (1988) for 

the contributions of the groups to the overall n-alkane chain length (Prigogine c-factor) 

with a GC version of the Simplified Perturbed Hard Chain Theory - SPHCT (Kim et aL, 

1986). The cross energy parameter for the CH3 - CH2 interaction ~ 262 K 

is consistent with the like values of ~ 253 and ~ 240 K. 

The heavier n-alkanes (C > 10) were not included in the estimation of the CH3 

and CH2 group parameters because of the less extensive and reliable data, and because 

these compounds have very low vapour pressures which introduce a bias in the objective 

function owing to the larger relative deviations. The agreement with experiment can be 

improved significantly by not including the low-temperature (and low vapour-pressure) 

points in the parameter estimation (e.g., see the work of Lafitte et al. (2006)). 

The excellent description of the vapour-pressure and coexistence densities for the n-

alkanes is evident from figures 5.1 and 5.2, respectively. The vapour pressures are shown 

as PT representations as well as Clausius-Clapeyron plots to make the low temperature 

range clearer. Apart from an overestimate of the critical temperature and pressure, 
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which is commonly found with other equations of state unless a special treatment of 

the critical region is made (McCabe and Kiselev, 2004), an accurate representation of 

the vapour-pressure and vapour and liquid densities is seen. For comparison reasons 

with other SAFT approaches, the effective molecular parameters of the rz-alkanes are 

presented in table 5.4. 

Table 5.4: The effective molecular parameters of the n-alkanes chemical family corre-

sponding to the estimated group parameters. 

Compound f i i /A ^ii (Ea/A;a)/K 

ra-ethane 1.33 3.810 1.413 2&1601 

n-propane 1.66 3.856 1.464 254.970 

n-butane 2.0 3.885 1̂ W7 255.218 

n-pentane 2.33 3.906 1.521 254.743 

n-hexane 2.66 3.922 1.538 254.031 

ra-heptane 3.0 3.934 1.552 253.265 

n-octane 3.33 3.944 1.563 252.519 

n-nonane 3.66 3.951 1.572 25L821 

n-decane 4.0 3.958 1.580 251.179 

5.4 P h a s e equil ibria descr ipt ion for o the r chemical 

families 

As explained earlier, the CH3 and CHg group parameters obtained from the regression 

of the n-alkanes are then transferred to the fitting procedure of the other groups, 

and the parameters of each additional group are estimated in a sequential manner. 

In particular, the additional groups which are being investigated are: CH3CH, ACH, 
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ACCH2, CH2=, CH—, C = 0 , COOH, NH2, and OH. The quahty of the description 

of the experimental vapour pressures and saturated liquid densities for each of the 

chemical families studied to obtain the parameters of these groups (branched alkanes, 

n-alkylbenzenes, mono- and di-unsaturated hydrocarbons, 2-ketones, carboxylic acids, 

primary amines and 1-alkanols) is discussed separately below. 

5.4.1 branched alkanes 

The new group in the case of the branched alkanes is CH3CH for which the parameters 

are refined from experimental vapour-liquid equilibria data of selected methyl and di-

methyl substituted alkanes. The deviations from the experimental vapour pressures 

and saturated liquid densities for these compounds are summarised in table 5.5, and 

the respective fluid phase behaviour is depicted in figures 5.3 and 5.4. 

The diameter of 4.518 A for CH3CH is larger than those of the CH3 and CH2 

groups, 3.810 A and 4.027 A, respectively, which is physically reasonable. It is clear 

from table 5.5 that SAFT-7 provides an accurate description of the phase behaviour of 

the branched alkanes; the overall %AAD for all compounds of this family is 2.92% for 

the vapour pressure and 0.39% for the saturated liquid density. One should also note 

that the description for the di-methylated compounds is seen to be as good as for the 

mono-methylated compounds. 

5.4.2 n-alkylbenzenes (aromatics) 

It is very encouraging to see (cf. table 5.6 and figures 5.5 and 5.6) that the approach also 

accurately describes the vapour-liquid coexistence of aromatic compounds which are 

chemically very distinct (with more significant quadrupole moments and the possibility 

of TT — TT interactions) from the hydrocarbons considered up until this stage. In the 

case of the n-alkylbenzenes, two new groups (ACH and ACCH2) are introduced; the 

parameters for the groups are regressed together to provide an optimal description of 

the experimental data of the n-alkylbenzenes (ethylbenzene to n-decylbenzene). 

The optimal diameter values of the new groups appear to be physically meaningful. 
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Table 5.5: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the SAFT-7 framework compared to experiment (where n is 

the number of data points) for the branched alkanes. 

Compound T range (K) n %AAD T range (K) n %AAD A 

2-methylbutane 190-410 30 2.55 145-410 36 0.57 

2-methylpentane 289-445 19 2.24 158-445 34 0.47 

2-methylhexane 273-477 36 2.68 273-477 36 0.26 

2-methylheptane 233-500 37 2.82 277-500 31 0.34 

2-methyldecane 273-462 24 2.44 253-553 12 0.42 

2-methylundecane 356-483 9 4.71 253-553 12 0.38 

2-methyldodecane 373-502 9 4.23 273-588 11 0.44 

2,4-dimethylpentane 289-463 32 2.77 273-463 35 0.26 

2,5-dimethylhexane 246-495 37 2.57 273-495 33 0.39 

2,7-dimethyloctane 293-432 28 2.18 253-523 11 0.36 

Average %AAD _ _ 2.92 - 0.39 

as the estimated value for the ACCH2 group (4.159 A) is significantly larger than that 

of the ACH group (3.241 A). The larger values of the square-well range parameter 

for the ACH and ACCH2 groups (1.765 and 1.772, respectively) compared with the 

hydrocarbon groups considered so far could be related to the longer range nature of the 

quadrupole interaction. In addition, the shape factor value of the ACH group (~ 0.39) 

is consistent with the value of ^ 0.27 obtained by Georgeton and Teja (Georgeton and 

Teja, 1988) for the relative size (Prigogine c-factor) of the aromatic carbon with a GC 

version of the Simplified Perturbed Hard Chain Theory (SPHCT). 
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Figure 5.3: Vapour pressures of the branched alkanes. The circles represent the experimental 

data, while the continuous curves correspond to the SAFT-7 description with the parameters es-

timated in this work. In a) the vapour-pressure curves are shown as a pressure-temperature PT 

representation and in b) as a Clausius-Clapeyron plot. The continuous curves shown in a) repre-

sent monobranched alkanes (from left to right: 2-methylbutane, 2-methylpentane, 2-methylhexane, 

2-methylheptane, 2-methyldecane, 2-methylundecane and 2-methyldodecane). The dashed curves in 

a) correspond to dibranched alkanes (from left to right 2,4-dimethylpentane, 2,5-dimethylhexane and 

2,7-dimethyloctane). In b) the continous and dashed curves represent the same compounds but in 

reverse order (right to left). 
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Figure 5.4: Saturated liquid densities of the branched alkanes. The symbols represent the 

experimental data, while the continuous curves correspond to the SAFT-7 description with 

the parameters estimated in this work. The results for a) monobranched alkanes (from right to 

left: 2-methylbutane, 2-methylpentane, 2-methylhexane, 2-methylheptane, 2-methyldecane, 

2-methylundecane and 2-methyldodecane) and b) dibranched alkanes (from right to left: 2,4-

dimethylpentane, 2,5-dimethylhexane and 2,7-dimethyloctane). 
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Table 5.6: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the SAFT-7 framework compared to experiment (where n is 

the number of data points) for the n-alkylbenzenes. 

Compound T range (K) n %AAD T range (K) n %AADp; 

n-ethylbenzene 424-554 29 2J4 193-490 37 1.52 

ra-propylbenzene 348-433 20 3.91 22&.543 10 1.46 

n-butylbenzene 253-418 18 2.78 223-583 11 1.51 

n-pentylbenzene 233-477 12 5.00 233-593 35 3.18 

n-hexylbenzene 263-463 21 2.68 298-487 64 0.77 

n-heptylbenzene 381-513 2 5J8 281-368 11 1.27 

n-octylbenzene 293-463 18 5J^ 353-648 8 1.10 

ra-nonylbenzene 303-466 19 2.99 28&J68 9 1.13 

n-decylbenzene 476-571 9 6.62 273-678 11 1.50 

Average %AAD _ - 4J2 _ - 1.49 

5.4.3 mono- and di- unsaturated hydrocarbons (alkenes) 

Unsaturated hydrocarbons (mono- and di-) are also considered here, and two additional 

groups CH2= and CH= are included in the analysis. The parameters of these groups are 

fitted together to the experimental data of a selected group of 1-alkenes, trans-2-alkenes, 

cis-2-alkenes, and dialkenes. A physically meaningful trend is again observed for the 

estimated diameters; the value of 3.628 A for the CH2= group is seen to be slightly 

larger than that of 3.558 A for the CH= group. In addition, the shape factor values 

of ~ 0.67 and ^ 0.37 for the CH2= and CH= groups respectively are in agreement 

with the relative position of the groups within the chain molecules; the CH2= group 

is always located at the end of the chain (one neighbouring group), whilst the CH= 

group in the middle of the chain (two neighbouring groups). Hence, the portion of 
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Figure 5.5: Vapour pressures of the n-alkylbenzenes (n-ethylbenzerie to n-decylbenzene). 

The circles represent the experimental data, while the continuous curves correspond to the 

SAFT-7 description with the parameters estimated in this work. In a) the vapour-pressure 

curves are shown as a pressure-temperature PT representation and in b) as a Clausius-

Clapeyron plot. 

the group that contributes to the overall molecular properties (i.e., the shape factor) is 

anticipated to be larger for the CH2— group, because (in contrast to the CH= group) 



5. Derivation of SAFT-7 parameters 111 

8 0 0 -

700 -

6 0 0 -

500 -

400 -

300 

2 0 0 -

C l O - B z 

0.000 0.002 0.004 0.006 

p / (mol cm"^) 

0.008 0 . 0 1 0 

Figure 5.6; Saturated liquid densities of the n-alkylbenzenes (n-ethylbenzene to n-

decylbenzene). The symbols represent the experimental data, while the continous curves 

correspond to the SAFT-7 description with the parameters estimated in this work. 

this group is only fused with only one neighbouring group. 

The adequacy of the SAFT-7 approach in describing the vapour pressure and sat-

urated liquid density is again very good, as can be seen from the AADs reported in 

table 5.7 and figures 5.7, 5.8 and 5.9. From this it is clear that one is able to treat both 

-cis and -trans isomers with comparable accuracy. Though within the Wertheim T P T l 

approach employed here one is not able to distinguish between different conformations 

of the molecule, the properties of both isomers are included in the estimation in an 

average manner. Despite the fact that the -cis and -trans isomers are treated in an 

identical way, we choose to include experimental data of both conformations in the 

estimation procedure to capture their average properties. 
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Table 5.7: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the SAFT-7 framework compared to experiment (where n is 

the number of data points) for the mono- and di-saturated olefins (alkenes). 

Compound T range (K) n %AAD T range (K) n %AAD pz 

propene 110-320 23 4.77 110-320 23 0.66 

1-butene 213-371 26 &73 I5&.37I 24 0.58 

1-pentene 213-413 35 &23 153-413 23 0.87 

1-hexene 213-448 48 1.65 193-448 23 0.69 

trans-2-butene 206-293 25 9.83 230-291 26 0.36 

1-heptene 223-433 39 3.37 213-483 21 0.55 

1-octene 243-453 40 &00 233-503 31 0.41 

trans-2-pentene 213-383 19 4^0 203-403 18 1.19 

trans-2-hexene 292-341 13 4.69 193-463 11 1.28 

1-nonene 278-421 31 2.27 223-503 9 1.23 

1-decene 360-444 18 &35 223-538 10 0.81 

trans-2-octene 356-398 5 1.14 2O&.5I8 11 0.84 

cis-2-butene 19&jW2 33 &67 21&342 39 1.87 

cis-2-pentene 281-427 20 &08 150-427 37 0.36 

cis-2-heptene 314-371 31 1.42 288-299 7 0.06 

cis-2-nonene 380-425 16 3.20 293-332 14 0.16 

1,3-butadiene 164-373 23 &48 164-373 23 0.42 

1,4-pentadiene 194491 12 15.23 203-428 11 0.89 

1,5-hexadiene 273-363 20 7.05 173-443 11 0.83 

Average %AAD - - 4J8 - - 0.74 
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Figure 5.7: Pressure-temperature PT representation of vapour pressures of the alkenes. 

The circles represent the experimental data, while the continuous curves correspond to the 

SAFT-7 description with the parameters estimated in this work. Results are presented for 

a) 1-alkenes (1-propene to 1-decene), b) trans-2-alkenes, c) cis-2-alkenes, and d) dialkenes 

(1,3-butadiene, 1,4-pentadiene and 1,5-hexadiene). 

5.4.4 2-ketones 

The SAFT-7 approach is applied here to describe the fluid phase behaviour of the 2-

ketone chemical family through the introduction of the carbonyl group C = 0 . Initially, 

an attempt has been made to model this group as one distinct segment. However, 

it is found that the representation of the C = 0 group by two identical spherical seg-
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Figure 5.8: Clausius-Clapeyron plots of vapour pressures of the alkenes. The circles repre-

sent the experimental data, while the continuous curves correspond to the SAFT-7 descrip-

tion with the parameters estimated in this work. Results are presented for a) 1-alkenes (1-

propene to 1-decene), b) trans-2-alkenes, c) cis-2-alkenes, and d) alkyldienes (1,3-butadiene, 

1,4-pentadiene and 1,5-hexadiene). 

ments provides a considerably better description of the vapour-liquid data. One should 

also note that since ketones are not self-associating compounds, we do not consider 

hydrogen-bonding sites for modelling the interactions of the carbonyl group. 

The parameters of each of the two segments comprising the carbonyl group are 

adjusted to give an optimal description of the vapour-liquid equilibria for an extended 
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Figure 5.9: Saturated liquid densities of the alkenes with the SAFT-7 model. The symbols 

represent the experimental data, while the continuous curves correspond to the SAFT-7 

description with the parameters estimated in this work. In a the vapour pressure curves 

represent 1-alkenes (l-propene to 1-decene), in b trans-2-alkenes, in c cis-2-alkenes and in d 

alkyldienes (1,3-butadiene, 1,4-pentadiene and 1,5-hexadiene). 

selection of 2-ketones (propan-2-one to undecan-2-one). The larger value of the square-

well range for the C = 0 group (1.782) compared with the hydrocarbon groups consid-

ered is consistent with the longer range nature of the dipole interaction. As can be 

seen in table 5.8 and figures 5.10 and 5.11, an accurate representation of the phase 

equilibria data is obtained with an overall %AAD of 3.47% for the vapour pressure and 
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Table 5.8: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the SAFT-7 framework compared to experiment (where n is 

the number of data points) for the 2-ketones. 

Compound T range (K) n %AAD T range (K) n %AAD # 

propan-2-one 259-453 46 1.26 374-453 17 3.21 

butan-2-one 208-473 35 3J8 195-453 27 1.21 

pentan-2-one 342-505 34 7.44 233-503 10 0.93 

hexan-2-one 307-428 30 2J3 283-332 16 0.69 

heptan-2-one 274-452 45 2.10 290-428 35 0.77 

octan-2-one 263-462 22 3.31 253-433 42 0.44 

nonan-2-one 283-467 20 3.01 298-437 37 0.72 

undecan-2-one 393-538 27 4.11 - - -

Average %AAD _ _ 3.47 _ - 1.14 

1.14% for the saturated liquid density. 

5.4.5 carboxylic acids 

The analysis is also extended to carboxylic acids and the new group being considered in 

this case is the carboxyl group COOH. As explained in the previous chapter, we choose 

to model the COOH group by three identical segments, one of which contains an associ-

ation site to mediate dimerisation. The use of one site to model the hydrogen bonding 

effects is justified by the fact that the carboxylic acids are well known to dimerise; 

if more sites were included, chain structures would also be taken into account. The 

representation of the carboxyl group by 3 segments is physically reasonable considering 

its size, and it provides a more accurate description of the phase behaviour than the 

one-segment and two-segment group representations. Due to the hydrogen-bonding 
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Figure 5.10: Vapour pressures of the 2-ketones (propan-2-one to undecan-2-one). The circles 

represent the experimental data, while the continuous curves correspond to the SAFT-7 

description with the parameters estimated in this work. In a) the vapour-pressure curves are 

shown as a pressure-temperature PT representation and in b) as a Clausius-Clapeyron plot. 

interactions, the group is characterised by an additional two parameters (energy and 

range of the association interaction); extra parameters of this type are also considered 

in the analysis of the remaining associating groups presented below (primary amines, 

n-alkan-l-ols). 
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Figure 5.11: Saturated liquid densities of the 2-ketones (propan-2-one to nonan-2-one). The 

symbols represent the experimental data, while the continuous curves correspond to the 

SAFT-7 description with the parameters estimated in this work. 

The group parameters are fitted to the vapour-liquid data of the carboxylic acids 

(propanoic acid to decanoic acid) and the agreement obtained is summarised in table 

5.9 and figures 5.12 and 5.13. The accuracy of the description is seen to be similar 

to the other functional groups examined up until this stage; the %AADs between the 

calculated and the experimental values are 3.60% for the vapour pressure and 1.42% 

for the saturated liquid density. 

5.4.6 primary amines 

It is a little surprising to find that the best description of the fluid phase equilibria is 

obtained for an associating class of compounds, namely for the primary amines. The 

additional group NHg is introduced to facilitate the treatment of this chemical family. 

As noted earlier, an association model consisting of two sites of type a and one site of 
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Table 5.9: Average absolute deviations (%AAD) of vapour pressures Pg and saturated 

liquid densities pi within the SAFT-7 framework compared to experiment (where n is 

the number of data points) for the carboxylic acids. 

Compound T range (K) n %AAD f:, T range (K) n %AAD# 

propanoic acid 328-438 35 6.20 237-490 33 2.90 

butanoic acid 343-452 34 472 343-563 21 0J3 

pentanoic acid 303-465 19 2.47 23&-553 26 0.78 

hexanoic acid 355-478 38 3J5 273-588 27 1.19 

heptanoic acid 348-494 40 3.24 263-583 16 1.44 

octanoic acid 403-513 35 2.52 293-573 22 1.31 

nonanoic acid 372-529 11 1.43 288-323 7 1.56 

decanoic acid 350-543 13 4.45 313-573 14 0.97 

Average %AAD _ - 3.60 - - 1.42 

a different site type b is used for the NH2 group. 

The group parameters are regressed to give an optimal description of the vapour-

liquid data of the primary amines (ethan-l-amine to decan-l-amine). It should be 

noted that the considerably lower value of the association energy parameter 954 

K) of the NH2 group compared with that of the carboxyl group 3594 K) is con-

sistent with the weaker nature of the hydrogen-bonding interactions in the primary 

amines (compared with the carboxylic acids) (Jeffrey, 1997). The deviations from the 

experimental vapour pressures and saturated liquid densities for these compounds are 

presented in table 5.10 and their phase behaviour is illustrated in figures 5.14 and 5.15. 

An excellent representation of the vapour pressure (%AAD 1.64%) and liquid densities 

(%AAD 0.53%) is found, which is better than that of the other compounds considered. 




