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ABSTRACT 

Prediction of the Phase Behavior and Properties of Hydrocarbons with 

a One-Parameter PC-SAFT Approach Assisted by a Group 

Contribution Method 

by 

Renato Feijo Evangelista 

Modeling thermodynamic properties can be challenging when the data 

available for parameters identification is limited. Fully-predictive group contribution 

(GC) methods have been developed as an alternative to overcome data scarcity. 

Although providing a higher degree of accuracy, most recent GC approaches require 

detailed information of the molecular structure, which is not acquirable for systems 

with unspecified components. This work intends to establish the foundation to 

address this specific scenario. The proposed PC-SAFT approach assisted by a 

homosegmented group contribution scheme permits parameters calculation with 

accuracy due to one adjustable parameter without requiring meticulous information 

regarding the molecular structure, for instance, the relative position between carbon-

centered groups. This semi-predictive approach is especially suitable for cases in 

which some data is often available, but cannot be taken into consideration by current 

GC models. Sensitivity analyses indicated good predictability in the extreme case 

where a single vapor pressure data point is provided to adjust the model parameter, 

whereas enhanced predictions may be achieved if more data are available.  
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This original modeling approach was further enhanced by redefining the 

groups based on carbon-13 nuclear magnetic resonance (13C-NMR). In this version, 

the groups are defined by spectrum segments delimited by specified boundaries, 

while the relative amount of groups in a molecule is quantified as the relative 

intensity of signals comprised within each specified range. Therefore, the 13C-NMR 

analysis of the fluid of interest may suffice as the sole source for the required 

structural information.  The model parameter is fitted to at least one vapor pressure 

data point, which can be estimated using refractive index and molecular weight data, 

through a series of newly defined correlations. This approach is especially useful for 

cases where saturation pressure measurements are not practical, but refractive index 

is more easily quantified. Furthermore, these correlations represent an alternative 

method for calculating critical properties and acentric factor of non-polar 

hydrocarbons, as a function of molecular weight and refractive index, which has 

numerous potential applications.  

The concepts established in this work have shown promising potential for 

some industrial applications given the simplified experimental and computational 

implementation. For instance, equations of state have been extensively used to 

predict the phased behavior of petroleum fluids in the oil and gas industry, however 

obtaining the model parameters for these systems is still a challenge given that they 

often consist of undefined components. Therefore, the application of the concepts 

presented in this work is especially valuable in this scenario. In this context, a 

methodology for applying the approach to the modeling of petroleum fluids and in a 

fully-predictive manner was proposed and exemplified over hydrocarbon mixtures. 
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With this work, I aim to motivate further evaluation of the proposed methodology for 

application to actual petroleum fluids and to inspire the development of practical 

methods to perform thermodynamic calculations of complex multicomponent 

mixtures. 
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Introduction  

1.1. Research Motivation and Objectives 

Modeling thermodynamic phase equilibrium is necessary for the design and 

development of mixtures in various industrial sectors, ranging from oil and gas 

exploration, chemical synthesis, material processing, to even transportation. 

Hydrocarbons are the focus of extensive thermodynamic modeling mostly due to the 

large economic impact that their derivatives have, from fuels to specialty polymers. 

This significant need to understand hydrocarbon behavior has driven important 

advances in thermodynamic modeling.  Models such as equations of state have been 

developed and extensively applied on this matter. However, a different set of model 

parameters is required every time an unprecedented compound or fluid has to be 

modeled. These parameters are often fitted given an experimental data training 

database, and therefore, this practice becomes challenging when the data availability 

is limited. In these cases, the model parameters may be estimated using empirical 
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correlations that are suitable for the system under investigation. More recently, the 

group contribution concept has also been explored as a more generalized alternative 

for calculating model parameters. Unfortunately, the structure of complex molecules 

or hypothetical compounds is not completely well understood and, consequently, the 

knowledge regarding specific molecular arrangements required for current group 

contribution approaches is not easily achievable. Moreover, the application of the 

most sophisticated group contribution methods may require exhausting structural 

analysis of the analyte or complicated implementation as a thermodynamic model. 

Therefore, the objective of this work it to develop a simple method that permits 

straightforward computational implementation with an existing equation of state 

without the requirement of more than conventional molecular characterization as 

input for the group contribution scheme. This conceptual work moves against the 

evolution of group contributions methods, which have become more specific and 

input demanding over the last decade, to revisit the possibility of achieving 

reasonable accuracy in predicting phase equilibria by allowing a single adjustable 

parameter.  

1.2. Thesis Structure 

Even though this research consists of a single main objective, the project is 

considerably ambitious and, therefore, its progression was segmented into multiple 

stages. For easy comprehension, an individual chapter was dedicated to every major 

step achieved towards this objective.  
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Chapter 2 provides relevant introductory information about thermodynamic 

modeling using equations of state, the group contribution concept, and optimization 

techniques.  

In chapter 3 a novel group contribution approach that permits the use of 

available experimental data to adjust the single model parameter is proposed. The 

viability of the method was evaluated on the prediction of vapor pressure and 

saturated liquid density of pure hydrocarbons.  

In chapter 4 the established formulation is implemented based on a more 

comprehensive selection of structural groups and parameters training database. An 

appropriate optimization routine was developed so that all model constants could be 

simultaneously defined. Further sensitivity analysis was performed to assess the 

minimal number of data required for adjustment of the single model parameter in 

order to yield accurate predictions.  

In chapter 5 the method was intrinsically integrated to a molecular 

characterization technique so that exhausting identification of every group consisting 

the molecule under investigation is no longer required. The characterization 

technique was selected considering the optimal synergy with the group contribution 

formulation. Proper modifications the optimization routine were required in order to 

address the modified formulation and a larger number of variables. The predictability 

of the new method was systematically evaluated.  

In chapter 6 the possibility of estimating the required input data for the group 

contribution method based on straightforward experimental measurements was 
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explored. Empirical correlations were developed and implemented along with the 

group contribution approach in a fully predictive manner.  

Finally, the concepts presented in previous chapters are combined in Chapter 

7 and applied on the prediction of phase behavior and properties of hydrocarbon 

mixtures. A possible methodology for the application of the combined group 

contribution approach to petroleum fluids was also proposed as future work.  
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Background  

This chapter intends to provide supporting information to facilitate the 

understanding of the following chapters. Moreover, each sub-chapter presents 

currently available approaches relevant to their specific topic and provides the 

reasoning culminating in the selections made for this work.  

2.1. Thermodynamic Modeling and Equations of State 

Predictive thermodynamic models are regularly used by industries that 

involve chemical or physical processes. Particularly, equations of state (EoS) have 

become popular due to their satisfactory prediction accuracy provided with a 

relatively simple formulation. First introduced by Van der Waals1 in 1873, cubic 

equations of state have evolved and are still widely used up to date, mostly as 

proposed by Soave-Redlich-Kwong2 (SRK) or by Peng–Robinson3 (PR). These EoS 

were established with the critical properties of fluids as model parameters. More 
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recently, robust statistical mechanics-based equations of state that offered improved 

modeling results have been proposed. Particularly the statistical associating fluid 

theory (SAFT), originally developed by Chapman et al.4,5 based on Wertheim s first-

order perturbation theory6–9 has emerged as a promising approach to handling more 

complex systems that conventional cubic equations of state fail to accurately 

represent. Among several variations of SAFT, the perturbed-chain SAFT (PC-SAFT) 

proposed by Gross and Sadowski10, has shown enhanced predictive potential over 

cubic EoS11, especially for modeling high-molecular-weight fluids12. The PC-SAFT has 

been extensively used for modeling polymers systems and petroleum fluids, with versions readily available in commercial packages such as KBC s Multiflash13, Calsep s 
PVTsim14 and VLXE Blend15. For these reasons, the PC-SAFT EoS was selected as the 

foundation for this work. The reader is referred to the original work for detailed 

information and for the complete formulation of the model10.  

In general, SAFT models represent a real molecule by a chain of hard spherical 

segments. The equation of state calculates thermodynamic properties based on the 

residual Helmholtz free energy, which is expressed in the model as the cumulative 

contributions due to hard-sphere repulsive interactions, chain formation through 

segments bonding, association and dispersion forces. Figure 2.1 shows a schematic 

representation of the physical basis of the SAFT model16.  
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For non-associating compounds, the PC-SAFT EoS requires three model 

parameters: the number of segments in the chain ( ), the spherical segment diameter 

(�) and the dispersion interaction energy between segments (�/ ). These parameters 

can be tuned to match available experimental data, most commonly the saturated 

liquid density and vapor pressure of the pure substances. Several researchers have 

obtained the PC-SAFT EoS parameters for a number of pure compounds, therefore a 

large database of simulation parameters is currently available10,17. However, the 

estimation of parameters for compounds with limited experimental data available is 

still a challenge. In some cases the, required experimental data is either nearly 

nonexistent or it is not economically feasible to be extensively generated, thus the 

determination of model parameters for individual species present in a mixture is 

often inviable. For instance, there are thousands of hydrocarbon compounds in a 

Figure 2.1. Representation of the SAFT model.  The reference fluid consists of chains formed 

through covalent bonding of hard spheres that may interact through association. Dispersion 

forces are addressed as a perturbation to the reference fluid. Reprinted with permission 

from Economou16. Copyright 2002 American Chemical Society. 
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given petroleum fluid. The sampling of reservoir fluids is expensive and even more so 

the required experimental evaluation of their thermodynamic properties. 

Fortunately, the minimum sets of experiments required for the parameter 

determination can be lowered if the thermodynamic characterization model is 

simplified. In addition, empirical correlations have been proposed to estimate the PC-

SAFT parameters of pseudo-components with a reduced number of tunable 

parameters applied to petroleum systems18–20.  

2.2. Group Contribution Theory applied to Equations of State 

Alternatively, group contribution (GC) methods have been successfully 

applied to SAFT parameters estimation, where the parameters can be calculated once 

structural information of the analyte molecule is available. Succinctly, these methods 

segment molecules into a number of functional groups defined based on their 

hypothetical contribution to a particular molecular property of interest. Though this 

is not a new concept, the integration of group contribution to equations of state, and 

more specifically to SAFT models, is fairly recent. In 2004, Vijande et al.21 pioneered 

this line of research on fully-predictive SAFT approaches by applying the group 

contribution formalism to the PC-SAFT EoS in order to describe liquid density and 

saturation pressure of hydrofluoroethers. The approach was founded on mixing rules 

for parameters that represent the contribution of different homonuclear (or 

homosegmented) functional groups to the each of the three molecular PC-SAFT 

parameters. These parameters were simply trained based on previously fitted PC-
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SAFT parameters and still provided a reliable estimation of the PVT behavior for the 

investigated pure compounds.  

Later that same year, Tamouza et al.22 selected both the original SAFT5 and 

SAFT variable-range (SAFT-VR)23 models, to implement a homosegmented group 

contribution method for vapor-liquid equilibrium calculations of n-alkanes, alkyl-

benzenes, alkyl-cyclohexanes, α-olefins, and 1-alkanols. The obtained parameters 

were able to yield satisfactory prediction of the vapor-liquid equilibria of binary 

mixtures, bearing in mind that the predictions were performed without considering 

binary interaction parameters24 (kij). Their work initiated a series of research efforts 

aimed to expand and enhance the proposed approach while maintaining the same 

principles. Nguyen Thi et al.25 applied the concept (GC-SAFT) to the same two SAFT 

versions as well as to the PC-SAFT for modeling the phase behavior of esters. An 

additional dipole-dipole interaction term26 was implemented to allow the method to 

distinguish between isomers. NguyenHuynh et al.27 extended the approach to 

polyaromatic hydrocarbons by adding three new groups and a supplementary term 

to account for quadrupole-quadrupole interactions. In their work, isomers were 

distinguished by having a compound-dependent contribution to the model molecule 

chain length (  parameter  for one of the three functional groups polyaromatics  
group), while all the other group contribution parameters were kept solely 

dependent on the nature of the chemical group. In 2008, NguyenHuynh et al.28 

modified the previously proposed GC-SAFT by integrating the method with the 

segment approach for chain molecules29 to model phase equilibria of polar systems. 

The inclusion of multipolar terms significantly improved the predictability for a vast 
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variety of compounds and mixtures28,30,31. Rozmus et al.32,33 focused their work on 

exploring the promising potential of the group contribution version of the polar PC-

SAFT (GC-PPC-SAFT) by means of predicting amine and alcohol mixtures as well as 

the phase behavior and properties of multifunctional molecules. Group contribution 

methods for kij values were also developed to be applied with their polar GC-SAFT 

approach, first involving molecule-group parameters34 and later based on London s 
Theory35,36. The latter may involve pure compound parameters, such as experimental 

values of ionization energy, but is a more predictive approach compared to the 

former, in which the binary interaction parameters are not transferable among 

mixtures containing distinct nonhydrocarbon light compounds and, thus, data for 

parameter fitting might still be required.  

Other homosegmented GC methods accounting for different structural aspects 

or focused on particular categories of molecules were also developed over the last 

decade. The former concept proposed by Vijande et al.21 was recently refined to 

account for proximity effect without indefinitely increasing the number of functional 

groups37. Their approach included an additional perturbation term to their original 

mixing rules to reflect the influence of neighboring groups given their relative 

positions. The group contribution parameters were once again optimized based on 

model parameters, initially for non-associating compounds37 using previously 

reported PC-SAFT parameters as reference and later to primary alcohols and 

amines38 including re-fitted parameters to identify the values for the additional 

groups and the association parameters. Tihic et al.39 combined the simplified PC-

SAFT40 to the Constantinou & Gani group contribution method41 so that the PC-SAFT 



 

11 

 

parameters of non-associating compounds could be determined based on first order 

groups (FOG) and, occasionally, to an additional second order group (SOG) term. 

Their group contribution parameters were also estimated by linear regression of the 

three PC-SAFT parameters, previously fitted17 to vapor pressure and liquid density 

data calculated using DIPPR correlations42. The methodology used by Tihic et al. was 

originally developed for polymer applications39,43, but further investigation of its 

predictive capability for high molecular weights compounds and binary mixtures was 

also conducted44. Burgess et al.45 later extended their GC method for calculating PC-

SAFT parameters of pure compounds to accurately predict phase density and 

derivative properties of hydrocarbons at a broader pressure range. Their hybrid 

approach could predict properties of normal and branched alkanes, aromatics, and 

cycloalkanes at temperatures to 533 K and pressures to 276 MPa. Peters et al.46 also 

proposed a homosegmented method focused on polymers, in which the PC-SAFT 

parameters were obtained using simple mixing rules over only five specific groups to 

predict not only thermodynamic properties of pure polymers but also their liquid-

liquid phase equilibria with solvents. Their methodology was initially constructed for 

polyolefins, poly(acrylates) and poly(methacrylates), but was further expanded to 

aromatic, oxygen- and silicon-based polymers with the successive implementation of 

six additional groups47. A supplementary GC-based method for calculating binary 

interaction parameters between polymers and solvents using a geometric mixing rule 

to combine interaction parameters concerning the comprising groups was later 

developed48. Their work has proved capable of reproducing experimental data of 

polymer and copolymer systems with similar accuracy magnitude as when using 
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fitted parameters and of performing calculations in cases where PC-SAFT parameters 

were not yet available.   

The main downside of homosegmented approaches is their inherent inability 

to account for fine structural differences, such as proximity effects and isomerism, 

without any sort of second-order correction. These approaches have the group 

contribution concept employed as a mixing rule for estimating the model parameters 

instead of intrinsically implementing the method into the statistical associating fluid 

theory. More recently, heterosegmented SAFT versions49,50,12 have been developed as 

well as group contribution formulations founded on these models. In these versions, 

the model parameters are assigned to building blocks representing a number of 

recurring segments instead of to the molecule. Therefore, the chains consist of 

distinct groups, while the homosegmented approach assumes all the segments have 

equal segment diameter and interaction energy for a given compound. Peng et al.51 

proposed a group contribution scheme with molecules described as chains formed 

from tangent segments to the heterosegmented SAFT-VR. As expected, the GC-SAFT-

VR carries a more sophisticated formulation than the homonuclear approaches, 

requiring cross-interactions parameters such as the segment–segment energy range 

and well depth parameters, although the model is capable of accurately predicting the 

phase behavior of mixtures without requiring binary interaction parameters. 

Supplementary work has extended the applicability of the GC-SAFT-VR originally 

developed based on non-associating hydrocarbons51 to alcohols, amines, aldehydes 

and carboxylic acids52 as well as to polymer systems in a fully predictive manner53. 

Further segregation of benzene rings into smaller groups has been performed to 
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better describe π-π electronic interaction54. An analogous group contribution scheme was adopted by Paduszyński and Domańska on the development of the hs-PC-SAFT55. 

This version was thoroughly designed over 99 saturated hydrocarbons compounds 

and its performance was evaluated considering a variety of properties, such as phase 

equilibria, enthalpy of vaporization, surface tension and derivative properties. 

Alternatively, Lymperiadis et al.56 developed a group contribution scheme founded 

on the fused-heteronuclear united-atom representation and implemented into a 

SAFT-VR-based model, referred to as SAFT-γ. Besides two energy and range 
parameters that describe association between sites, an additional shape parameter 

was introduced along with unlike energy parameters between some groups in a 

compound. SAFT-γ groups were originally defined based on hydrocarbons and 

alcohols, but additional groups were included to describe the vapor-liquid equilibria 

of ketones, carboxylic acids and primary amines57. In this latter version, large 

functional groups such as ketones and carboxylic acids were modelled as multiple 

fused spherical segments. Similar to other heterosegmented approaches, SAFT-γ does 
not require binary interaction parameters when modelling phase equilibria of 

mixtures, as the unlike interaction parameters for different types of groups can 

usually be estimated based on pure compound data. Exceptions occur, for instance, when a component in the mixture represents a single functional group  such as in 
aqueous solutions, but the interaction parameters in these cases might still be 

obtained from a reduced amount of data and transferred among similar systems58. 

Finally, Papaioannou59 et al. incorporated the Mie interaction potential between 

segments60 into the SAFT-γ group contribution formulation instead of square-well 



 

14 

 

(SW) model of variable range. SAFT-γ Mie has shown outstanding performance 
calculating fluid-phase behavior and derivative properties of pure n-alkanes, pure n-

alkyl esters and their binary mixtures as well as significant improvement near-critical 

region when compared to SAFT-γ SW. A review comprising the supplementary 
research regarding SAFT-γ Mie and a compilation of new functional groups  
parameter sets is reported elsewhere61.  

Unfortunately, the structure of complex molecules or hypothetical pseudo-

components is not completely well understood and, consequently, the knowledge 

regarding specific molecular arrangements required for current group contribution 

approaches is not easily achievable. Moreover, the implementation of the most 

sophisticated group contribution methods may require exhausting structural 

analysis of the analyte or partial modification of the original equation of state. 

Therefore, the objective of this work it to develop a simple method that permits the 

straightforward computational implementation to existing PC-SAFT algorithms 

without the requirement of more than conventional carbon characterization as input 

for the group contribution scheme. This conceptual work moves against the evolution 

of group contributions methods, which have become more specific and input 

demanding over the last decade, to revisit the possibility of achieving reasonable 

accuracy in predicting phase equilibria with a single tunable parameter.  
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2.3. Optimization Techniques 

Once the group contribution method formulation is defined, the values for the 

GC constants have to be identified. This procedure is often performed by assigning 

the group contribution parameters as variables to be optimized in order to minimize 

the deviation of the model predictions with respect to reference data. Because this 

procedure may involve a high cost in computational time, the GC parameters 

identification is often performed progressively, starting with a database including 

only compounds consisted of more fundamental molecular arrangement. Once the 

initial set of group contributions constants is defined, more complex molecular 

structures are gradually taken into consideration. However, this methodology may 

not accurately address these additional groups. Because the group contributions 

parameters previously defined are fixed in the process, the parameters for the new 

groups may assume less representative values in order to optimize the predictions 

for the compounds included in the training database, compromising the 

predictability. In general, enhanced predictive potential is expected when all the 

model parameters are simultaneously defined and, therefore, optimization 

techniques that can make it feasible were further investigated for this work.  

In order to select the most suitable optimization method, the problem has to 

be properly stated and classified. Given that more than one group contribution 

parameter might be associated to each structural group included in the optimization 

procedure, the problem is clearly a multi-variable case. Besides, because the model is 

founded on the PC-SAFT EoS, the problem also contains highly non-linear equation 
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sets and is potentially multimodal. Therefore, a global optimization approach is 

required and derivative-based method should be avoided to ensure stability through 

calculations without requiring precise initial estimation for each variable. Overall, 

global optimization methods are suitable for non-smooth and potentially 

discontinuous fitness (objective) functions62. Evolutionary algorithms are especially 

suitable for this application since they are derivative-free global optimizations 

methods. The generic algorithm is the most popular among these population-based 

optimization algorithms that were inspired by the observation of the natural 

evolution. In general, genetic algorithms submit a set a solutions, represented as 

individuals, to a series of modifications through simulated generations (iterations). 

Concisely, these individuals may have their chromosomes (encoded strings) altered 

either by mutation or via crossover until the best individual (global optimum) 

satisfies the provided termination criteria. In addition, multi-objective genetic 

algorithms63,64 generally allow efficient implementation of parallel computing and 

output a set of Pareto solutions, therefore eliminating the necessity for specifying 

appropriate weighting factors. 

Even though genetic algorithm (GA) optimization method is robust and most 

suitable to the problem stated in this section, the computational time demanded for 

calculating properties such as vapor pressure for a large number of compounds 

included in the training database and over multiple optimization generations may 

become prohibitive. In addition, a larger number of individuals in the initial 

population might be required as a greater number of groups is taken into 

consideration, aggravating the problem. Therefore, the genetic algorithm concept will 
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be used as a base for simultaneously defining group contribution constants in later 

chapters, but the development of an appropriate optimization routine to enhance the 

convergence and minimize the computational cost is still required.  
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Model Formulation and Proof of Concept 

The development of a group contribution method involves several stages.  

First, a theoretical formulation is designed. Then, a diverse and representative 

collection of compounds is selected and a database of reference fluid properties is 

compiled. Later, the group contribution parameters are defined by minimizing the 

difference between calculated and previously fitted PC-SAFT parameters or by 

optimizing the model predictions. Finally, the predictability of the approach is 

extensively tested. Because this design of a consistent formulation is challenging and 

its evaluation is time-consuming, group contributions methods are often initially 

designed to address few functional groups and additional groups are progressively 

considered. Therefore, the development of a novel group contribution approach that 

accounts for available experimental data to provide satisfactory predictions while yet 

consisted of a practical formulation as proposed in this work is fairly ambitious. For 

this reason, the definitive group contribution approach was initially defined over a 
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reduced number of structural groups and fluid properties database. This chapter 

intends to describe the proposed group contribution formulation and show the 

method viability. 

3.1. Methodology 

3.1.1. From molecules to group contribution 

Group contribution methods are founded on segregating molecules into 

recurrent groups pursuing a generalization of individual structures  influence on the 
investigated molecular property. In this work, the properties to be estimated via 

group contribution are the PC-SAFT EoS chain volume and segment dispersive 

energy.  

The selection of the total number of groups and their nature was based on the 

balance between accuracy when predicting liquid density and vapor pressure of pure 

compounds and simplicity regarding the required experimental analysis. Good 

balance was achieved with six groups centered in a single carbon (united-atom), in 

which groups of same molecular formula were possibly discriminated depending on 

their original homologous series. The defined groups are listed as follow: C, CH, CH2, 

CH3, Caro, CHaro. Three constants for each of the six groups are required for this 

approach: The group volume ( � �), the group energy per effective superficial area 

(� �⁄ � �) and the group area correction (�� �∗ ). The area correction was implemented 

to account for intrinsic steric effects due to the presence of adjacent groups, which 

may cause a reduction in the extent of intermolecular forces and to distortion of the 
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electron cloud as molecules grow in size. These constant values along with mixing 

rules can then be used to calculate group contribution parameters associated to pure 

component molecules, as will be described in the current section. In the following 

section, a procedure to calculate the PC-SAFT EoS parameters from the GC 

parameters and a single tunable parameter is explained. An illustrative 

representation of the approach is pictured in Figure 3.1. Note that the saturated and 

unsaturated aliphatic groups were not discriminated in this preliminary formulation.  

 

 

The GC parameters for a pure compound can be calculated using the GC 

constants, whose values are presented in Table 3.1 of the results section. Equations 

3.1 to 3.3 show the additive rules to calculate the molecule volume, segment energy 

and area correction. 

Figure 3.1. Representation of the PC-SAFT parameters calculation procedure based on 

group contribution theory. Reprinted with permission from Evangelsita and Vargas65. 

Copyright 2017 American Chemical Society. 
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� = ∑ � � �
�
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�

�=    (3.3) 

 

 where �  is the GC molecule volume, � �⁄ �  is the GC segment energy per area, ��∗  

is the GC overall area correction, �  is the number of groups i present in the molecule 

and  is the total number of groups. 

3.1.2. From group contribution to the PC-SAFT EoS 

The PC-SAFT EoS parameters � and �/k are expressed as a function of m and 

the GC parameters as defined in Eqs 3.4 and 3.5. 

� = ( � ) /
 (3.4) 

 �⁄  =  ( �� )� � − ��∗     (3.5) 

 

 

Where �  is the cumulative surface area of m segments and can be expressed 

as a function of m and � . Therefore, Eq 3.5 can be alternatively expressed as by Eq 

3.6. 
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�⁄  =  ( �� )� ⁄ ( � ) ⁄ − ��∗
 (3.6) 

  

3.1.3. Estimation and optimization of the GC constants 

Thirty-eight compounds including n-alkanes, n-alkenes, cyclic components, 

branched alkanes, polynuclear aromatics and benzene derivatives were considered 

for the estimation and optimizations of the group contribution constants. The 

procedure was performed by iteration over two stages, as demonstrated in Figure 

3.2. 

 

 

In the first stage, the GC constants were adjusted to minimize, for each 

compound, the difference between the model s chain volume and segment energy 

calculated using the group contribution method and the corresponding values 

Adjust GC constant & 

calculate σi and ε/ki

k = k + 1

k = 1?

Yes

No

mi = mi,ref

i = i + 1

Fit m values to match 

the reference results

i = nc?

No

Yes

k = 0

i = 0

Figure 3.2. Schematic of the two-stages optimization procedure, where i and k are the 

component and iteration count, respectively. 
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obtained from reference parameters. The GC volume was obtained according to (3.1, 

while the reference values were calculated using reported PC-SAFT parameters10,18 

as input for Eq. 3.7. The GC segment energy parameter was calculated using Eq. 3.6, 

while the reference value was designated as the PC-SAFT dispersion interaction 

parameter (�/ ).  

= �  (3.7) 

 

For the first iteration, the reference m parameter values were used to acquire 

the initial group contribution volume and energy. An evolutionary method was used 

for estimating the GC constants and also for optimizing them in subsequent iterations. 

The fitness function addressed the minimization of both average and variance of 

deviations between the group contribution and reference values among the 38 

compounds. The arguments in the objective cells were weighted differently to obtain 

a balance between the overall absolute deviation and its distribution among 

individual compounds. 

In the second stage, the m parameters were treated as variables and were 

fitted for every pure compound to match saturated liquid density and vapor pressure 

values calculated using the reference parameters. The new m values were then used 

in the next iteration for the GC constants optimization. The phase equilibria 

calculations were performed using Infochem Multiflash 4.4 (Excel interface), while 

the optimization routine was developed in Visual Basic for Applications (VBA). 
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3.2. Results 

A total of 6 iterations were performed to ensure convergence. The optimum 

GC constants are reported in Table 3.1. The fitted m parameters, the reference 

parameters and the range of temperatures covered in the second stage calculations 

are listed per compound in Table 3.2. The average absolute percentage deviations 

(AAD%) in vapor pressure and saturated liquid density obtained when applying the 

proposed group contribution approach are also included for each compound.  

 

Group 
               

(Å3) 

��   
 

K/Å2) 

�∗                

(Å2) 

CH3 18.4 13.54 21.22 

CH2 12.7 21.05 14.47 

CH 7.3 21.63 4.27 

C 2.7 4.62 -14.41 

CAro 4.5 4.73 -5.12 

CHAro 10.5 21.39 12.00 

 

 

  

 

 

 

Table 3.1. Preliminary group contribution constants 



 

25 

 

Component 
Refa               

m 

Refa               

σ (Å) 

Refa        

ε/k (K) 

Fitted              

m 

Temperature  

Range (K)b 

Vapor P. 

AAD% 

Density       

AAD% 

Toluene 2.81 3.72 285.7 2.71 300 - 600 1.21 1.42 

p-xylene 3.17 3.78 283.8 3.01 300 - 620 1.65 3.46 

Ethylbenzene 3.08 3.80 287.4 3.04 300 - 620 0.51 0.54 

Propylbenzene 3.34 3.84 288.1 3.36 300 - 640 0.24 1.67 

Butylbenzene 3.77 3.87 283.1 3.73 320 - 660 0.26 1.16 

Tetralin 3.31 3.88 325.1 3.10 340 - 725 3.17 0.81 

Biphenyl 3.89 3.82 327.4 3.80 380 - 750 1.27 0.50 

1-Methylnaphtalhene 3.41 3.90 345.7 3.48 380 - 750 0.83 0.38 

Pentane 2.69 3.77 231.2 2.77 300 - 460 0.84 0.46 

Hexane 3.06 3.80 236.8 3.14 300 - 500 0.77 0.53 

Heptane 3.48 3.80 238.4 3.51 300 - 540 0.32 0.22 

Octane 3.82 3.84 242.8 3.89 300 - 580 0.80 1.07 

Nonane 4.21 3.84 244.5 4.27 300 - 600 0.61 1.11 

Decane 4.66 3.84 243.9 4.65 300 - 620 0.27 0.42 

Undecane 4.91 3.89 248.8 5.04 300 - 640 1.59 0.86 

Dodecane 5.31 3.90 249.2 5.42 360 - 660 1.09 0.54 

Tridecane 5.69 3.91 249.8 5.80 380 - 680 1.23 0.66 

Tetradecane 5.90 3.94 254.2 6.19 380 - 700 2.59 2.14 

Hexadecane 6.65 3.96 254.7 6.95 420 - 725 2.42 1.36 

Cyclopentane 2.37 3.71 265.8 2.30 300 - 500 0.72 0.29 

Methylcyclopentane 2.61 3.83 265.1 2.41 300 - 520 2.03 1.30 

Cyclohexane 2.53 3.85 278.1 2.69 300 - 540 1.49 2.27 

methylcyclohexane 2.66 4.00 282.3 2.80 300 - 560 1.47 0.99 

Benzene 2.47 3.65 287.4 2.69 300 - 560 2.46 2.29 

Naphthalene 3.09 3.83 348.4 3.19 360 - 750 0.71 2.89 

Phenanthrene 3.49 4.11 403.1 3.94 440 - 900 5.77 1.61 

   

Table 3.2. Reference and calculated PC-SAFT EoS parameters for pure compounds 
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Component 
Refa               

m 

Refa               

σ (Å) 

Refa        

ε/k (K) 

Fitted         

m 

Temperature  

Range (K)b 

Vapor P. 

AAD% 

Density       

AAD% 

1-pentene 2.60 3.74 232.0 2.36 300 - 460 1.03 9.30 

1-hexene 2.99 3.78 236.8 2.75 300 - 500 1.22 7.98 

1-octene 3.74 3.81 243.0 3.52 300 - 520 1.48 4.45 

Cyclopentene 2.29 3.67 267.8 2.24 300 - 500 0.52 0.41 

isobutane 2.26 3.76 216.5 2.21 300 - 400 0.24 1.20 

Isopentane 2.56 3.83 230.8 2.57 300 - 460 0.09 0.25 

Neopentane 2.35 3.96 225.7 2.35 300 - 420 0.01 0.00 

2-methylpentane 2.93 3.85 235.6 2.91 300 - 500 0.25 0.12 

2,2-dimethylbutane 2.60 4.00 243.5 2.59 300 - 480 0.41 1.99 

2,3-dimethylbutane 2.69 3.95 246.1 2.79 300 - 500 0.77 2.39 

3-methyl pentane 2.89 3.86 240.5 2.95 300 - 500 0.41 1.78 

2-methylhexane 3.35 3.86 237.4 3.26 300 - 540 0.82 1.34 

    a Values reproduced from Gross and Sadowski work10.  

    b The reported temperature ranges apply to the parameters calculated in this work only. 

3.3. Chapter Summary 

This chapter described the theoretical formulation for a novel group 

contribution-based approach developed to minimize the number of fitting 

parameters in the PC-SAFT EoS for non-associating hydrocarbons. The most 

recurrent carbon-centered molecular structures were selected and their group 

contribution constants were defined using a simple two-stage optimization method. 

In the first stage, an initial estimation of the GC constants is obtained based on fitted 

PC-SAFT parameters, while in the second stage the GC constants are refined in order 

to match vapor pressure and saturated liquid density prediction yielded with these 
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reference parameters. Six iterations were performed over the two stages in order to 

optimize the predictions accuracy and ensure uniformity over all 38 considered 

compounds and to ensure convergence. The predictions represented fairly well the 

experimental data and were comparable to the results obtained when using reference 

PC-SAFT parameters. The observed robustness is most likely due to the single 

adjustable parameters m, which provides flexibility and allows the three PC-SAFT 

parameters to adapt, given some available experimental data. Overall, the work 

described in this chapter establishes the foundation for the development of a more 

comprehensive approach that addresses additional carbon-center molecular 

structures and with the group contribution constants defined through a more 

thorough optimization procedure.  
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Model Generalization for Non-Polar Hydrocarbons  

With the novel group contribution formulation defined and validated, a more 

thorough implementation can be performed. For instance, additional structural 

groups can be taken into consideration. In this case, a larger pure compounds 

database is desirable for defining the group contribution constants. As a consequence, 

the optimization procedure has to be revised as increased computational cost is 

expected. Besides, further sensitivity analysis is required to understand the 

limitations of the model, given that experimental data points are required for the 

single model parameter calibration to fluid under investigation. The work presented 

mainly in this chapter has been published elsewhere65. 
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4.1. Methodology 

4.1.1. Structural groups selection 

The selection of the total number of groups and their nature were defined 

aiming for a balance between accuracy, when predicting liquid density and vapor 

pressure of pure compounds, and simplicity, regarding potential experimental 

analysis. Good balance was achieved with nine groups centered in a single carbon 

(united-atom) and with similar groups discriminated depending on their molecular 

geometry. The groups are defined as follows: two groups with aromatic structure 

(Caro and CHaro) and seven groups with aliphatic configurations; four with saturated 

configuration (C, CH, CH2 and CH3) and three comprising unsaturated carbons (Cunsat, 

CHunsat and CH2unsat). 

4.1.2. Estimation and optimization of the GC constants 

Sixty-nine compounds, including n-alkanes, n-alkenes, cyclic compounds, 

branched alkanes/alkenes, polynuclear aromatics and benzene derivatives were 

considered for estimating and optimizing the group contribution constants. Multi-

objective genetic-algorithm optimization was selected as the base for the 

optimization routine due to the high nonlinearity of the problem addressed in this 

work. The procedure was performed in two steps: First, a preliminary population was 

selected based on the projected � and �/  values for the nc species and later seeded 

into a second stage for optimizing the actual vapor pressure and liquid density 
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predictions. The complete procedure, including the optimization key parameters, is 

schematized in Figure 4.1. 

 

Figure 4.1. Schematic of the genetic algorithm-based optimization routine, where Gen, i and 

k are the generation, component and temperature count, respectively. Reprinted with 

permission from Evangelsita and Vargas65. Copyright 2017 American Chemical Society. 
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In the first step, the GC constants were adjusted for each compound to achieve 

the best match between the calculated and the reference PC-SAFT EoS parameters � 

and �/ . In this work, the reference parameters correspond to the set of PC-SAFT 

parameters directly fitted to experimental data, as they are expected to yield the best 

achievable results for a model. Although the PC-SAFT parameters for the 69 

compounds were readily available elsewhere10,17 even for a wider range of 

temperatures, they were re-tuned to DIPPR database66 values for vapor pressure and 

saturated liquid density; first, to ensure uniformity over the same source of data and, 

second, aiming for enhanced balance between the prediction accuracy of these two 

properties. DIPPR data were also used for parameter training and referred as 

reference values throughout this work. The selected set of data for each component 

was contained between reduced temperature of 0.5 and 0.9, similar to methodologies 

adopted elsewhere55,56. The list of PC-SAFT parameters obtained and used as 

reference in this work is provided in the Appendix A. The initial population for the 

genetic algorithm at this stage was created through uniform distribution within 

widely spaced boundaries, which shrinks along with the population size over each 

iteration via two types of selection: 1) natural selection, limited by the range 

enclosing any resulting variable value of the remaining individuals at the end of each 

generation; 2) or by a post selection that eliminates undesired anchor points of the 

Pareto solutions domain (i.e. set of parameters that would yield at least one 

anomalous fitness/objective score and, therefore, unrealistic PC-SAFT parameters). 

The probability rate that an individual entry undergoes mutation into a random value 

selected uniformly over the intervals enclosed by the moving boundaries was 0.1. The 
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crossover was performed by taking a weighted average of the parents, where the 

weighting factors were randomly assigned at each occurrence, and the termination 

criteria was defined based on the average variation in the spread of Pareto solutions.  

Equations 4.1 and 4.2 correspond to the average absolute percentage 

deviations (AAD%) for � and �/  averaged over all the 69 compounds and, along with 

their respective largest AAD% at each generation, were independently considered 

during the multi-objective optimization procedure. These four fitness functions were 

tailored to minimize the deviation between the calculated and reference parameters 

as well as to even out the discrepancies over the 69 compounds. 

= ∑ |� � � − � �� � | %��
�=  (4.1) 

 

=  ∑ | �/ � � − �/ ��/ � | %��
�=  (4.2) 

 

The second optimization stage was performed with the same configurations 

but with two exceptions: The fitness functions were built around the vapor pressure 

(� �∗ ) and the corresponding saturated liquid density ( � ) for each compound 

instead of the PC-SAFT parameters (Eqs. 4.3 and 4.4) and adaptive mutation was 

applied rather than uniform. Note that the properties were evaluated at  points 

within a specific temperature range for each compound. 

 = ∑ ∑ | � �, − �,�, |= 0 %��
�=  (4.3) 
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= ∑ ∑ |� � �,�∗ − � �,�∗� �,∗ |= 0 %��
�=    (4.4) 

 

Prioritizing robustness, the  parameters were tuned for every compound 

and for every individual in the population, either by golden section search or 

parabolic interpolation67,68, and the vapor pressures were calculated using bisection 

method. To minimize the computation time, a PC-SAFT version simplified for pure 

compounds was implemented along with parallel computing.  

This methodology allowed defining all nine GC parameters by simultaneously 

optimizing vapor pressure and liquid density calculations for the 69 compounds. 

Therefore, this approach can prevent possible error accumulation that may occur 

when the parameters are progressively identified, from simpler molecules that 

consist of a limited number of groups to more comprehensive structural 

configurations.  
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4.2. Results  

The optimal GC constants were selected by inspection of the Pareto solutions 

at the last generation based on the overall AAD% as well as considering the largest 

deviation among compounds and are reported in Table 4.1. 

 

 

Group 
               

(Å3) 

��   
 

K/Å2) 

�∗                

(Å2) 

C 3.04 40.40 6.13 

CH 7.37 27.42 8.10 

CH2 12.55 14.82 11.77 

CH3 17.68 7.94 17.34 

Cunsat 3.24 34.55 7.62 

CHunsat 10.23 20.58 11.84 

CH2
unsat 17.55 8.04 15.68 

Caro 6.00 23.27 3.58 

CHaro 10.21 15.32 9.50 

Consistent and physically meaningful trends can be observed over the 

resulting optimized group contribution parameters. As the number of hydrogens in 

united-atom groups increases the normalized interaction energy monotonically 

decreases, whereas the volume and area correction increase. Higher values of volume 

and area corrections are observed for isomeric groups as they go from aliphatic to 

unsaturated or aromatic conformation, while the interaction energy becomes less 

Table 4.1. Optimized group contribution constants. Adapted with permission from 

Evangelsita and Vargas65. Copyright 2017 American Chemical Society. 
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accentuated. Clearly, the volume among groups of similar nature is incremented by 

the presence of additional hydrogen atoms. However, the volume of groups 

comprising the same atoms with distinct arrangements decreases in the presence of 

a double bond or aromatic assembly. This behavior agrees with the volume 

increments trends estimated by Slonimskii et al.69. In their work, the volume 

increments of repeating polymer units or atomic groups were calculated as the 

volume of the atom, represented as a sphere, minus the volume of segment cuts by 

overlapping adjacent valence-bonded atoms. Therefore, even though the length of an 

aromatic bond is slightly shorter than the aliphatic, groups centered in aliphatic 

carbons will always have an additional adjacent carbon than the corresponding group 

in aromatic configuration.  

Several optimized  values along with their corresponding � and �/  

parameters and the resulting AAD% of both vapor pressure and liquid density for 

each compound are provided in Table 4.2. The selection of 19 compounds displayed 

in this table attempts to provide good representation of all considered species and, 

therefore, were chosen bearing in mind the diversity in structural arrangement. The 

values for all 69 compounds are provided in the Appendix B. The overall AAD% was 

of 2.14% in vapor pressure and 1.60% in saturated liquid density, with maximum 

deviations of 8.87% and 6.25%, respectively. Besides achieving satisfactory accuracy, 

considering the simplicity of the homosegmented group contribution scheme, the 

approach was also able to capture isomeric differences and, to some extent, 

compensate for proximity effects without requiring second-order corrections due to 
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the partial adjustment of the model parameters to the training data, even though it 

cannot explicitly account for fine structural differences.  

  

Table 4.2. PC-SAFT parameters of representative pure compounds obtained using the 

optimized group contribution constants. Adapted with permission from Evangelsita and 

Vargas65. Copyright 2017 American Chemical Society. 

 

Compound 

Fitted Calculated AAD% 

m σ (Å) ε/k (K) 

Vapor 

Pressure 

Liquid 

Density 

A
ro

m
at

ic
s 

Toluene 2.75 3.73 290.1 0.13 1.04 

tert-Butylbenzene 3.30 4.03 294.4 1.57 0.94 

1-Methylnaphthalene 3.45 3.90 342.7 1.24 1.68 

1-Phenylnaphthalene 4.03 4.11 367.6 8.87 2.27 

Acenaphthene 3.10 4.08 388.9 5.59 1.86 

Pyrene 4.07 4.02 404.0 4.17 2.73 

C
yc

li
c 

Cyclohexane 2.61 3.81 273.2 0.99 1.29 

Cyclooctane 3.58 3.77 271.9 6.71 6.25 

1,1-Dimethylcyclohexane 2.87 4.07 281.3 2.00 0.62 

Decylcyclohexane 5.61 4.09 282.5 3.28 2.98 

Cyclooctene 3.34 3.80 277.5 1.08 4.66 

1,3-Cyclohexadiene 2.72 3.59 270.1 2.49 1.03 

A
lk

an
es

 &
 A

lk
en

es
 

n-Heptane 3.87 3.65 225.8 4.16 0.22 

n-Hexadecane 6.43 3.97 259.1 3.10 2.45 

2,2,3-Trimethylbutane 2.98 3.99 246.4 2.42 1.79 

2,2,4,4-Tetramethylpentane 3.45 4.10 250.7 2.62 1.99 

2,2-Dimethyloctane 4.00 4.02 253.0 1.95 1.38 

1-Octene 3.62 3.85 248.1 0.73 0.84 

2,3-Dimethyl-1,3-butadiene 2.79 3.75 252.7 1.17 0.84 
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4.3. Sensitivity Analysis and Predictability  

In order to evaluate its predictive ability, the method was applied to 

compounds that were not part of the parameter training database. The additional 

compounds were selected comprising all the structural categories considered before 

and a variety of molecular sizes. The PC-SAFT EoS parameters obtained for the 

additional 18 compounds along with their corresponding AAD% of both vapor 

pressure and liquid density are provided in Table 4.3. The overall AAD% among the 

extra compounds was 2.92% in vapor pressure and 2.41% in saturated liquid density, 

with maximum deviations of 8.23% and 5.47%, respectively.     

With the purpose of comprehending the sensitivity of the method regarding 

the amount of training data provided for the  parameter identification, a systematic 

procedure was adopted for all eighteen additional compounds considered in this 

work and at nine different scenarios. The group contribution approach was applied 

inputting the data points corresponding to all considered temperatures, to the upper 

and lower extremities and to a single temperature at the center of the range for each 

compound. Besides considering both vapor pressure and saturated liquid density, 

each property was also independently tested in each case. The results for all scenarios 

are shown in Table 4.4. 

Satisfactory results were observed in all cases where both properties were 

addressed. Naturally, the best results were achieved when all the points were 

considered. However, the predictions obtained using a single point for each property 

were more accurate than on the two-points case. The observed behavior is most likely 
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due to the fact that the middle points are more reliable for parameter identification, 

as higher uncertainty might be experienced in extreme regions of the saturation 

curves.  

 

Compound 

Fitted Calculated AAD% 

m σ (Å) ε/k (K) 

Vapor 

Pressure 

Liquid 

Density 

A
ro

m
at

ic
s 

m-Xylene 2.82 3.91 304.6 3.72 1.30 

o-Xylene 2.92 3.86 302.5 2.28 1.12 

Indane 2.65 4.03 347.7 4.32 2.91 

p-tert-Butylstyrene 3.80 4.10 305.6 1.03 1.55 

1-Butylnaphthalene 4.11 4.07 334.0 6.32 1.17 

1-Hexylnaphthalene 4.71 4.10 327.6 8.23 1.91 

1-Decylnaphthalene 5.76 4.18 319.3 0.71 3.55 

C
yc

li
c 

Cycloheptane 3.13 3.77 271.9 4.26 3.90 

1,1-Dimethylcyclopentane 2.51 4.07 281.0 2.73 2.63 

Isopropylcyclopentane 2.91 4.04 285.3 1.07 2.18 

Butylcyclopentane 3.35 4.01 282.3 2.50 2.74 

Methylcyclopentadiene 2.77 3.54 262.2 0.92 5.47 

A
lk

an
es

 &
 A

lk
en

es
 

n-Pentadecane 6.14 3.95 257.3 2.58 2.46 

n-Octadecane 7.01 4.01 261.9 4.77 2.75 

n-Eicosane 7.59 4.04 264.2 5.77 3.44 

3,4-Dimethylhexane 3.49 3.93 249.2 0.64 1.61 

2,2-Dimethylheptane 3.67 4.01 250.2 0.45 1.53 

3-Methyl-1-pentene 2.62 3.93 247.4 0.21 1.06 

 

Table 4.3. Calculated PC-SAFT EoS parameters of pure compounds. Adapted with permission 

from Evangelsita and Vargas65. Copyright 2017 American Chemical Society. 
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Fitted to: 

AAD% 

Vapor Pressure Liquid Density 

mean max mean max 

B
ot

h
 

P
ro

p
er

ti
es

 All Points 2.918 8.225 2.405 5.474 

2 points 4.257 11.157 2.484 5.407 

1 Point 3.243 9.484 2.369 5.470 

V
ap

or
 

P
re

ss
u

re
 All Points 2.914 8.227 2.409 5.466 

2 points 4.164 11.237 2.486 5.408 

1 Point 3.786 10.026 2.398 5.470 

L
iq

u
id

   
 

D
en

si
ty

 All Points 46.803 114.340 1.189 2.921 

2 points 40.158 114.340 1.351 3.405 

1 Point 67.036 198.450 3.710 12.423 

                     * )n both properties  case,  and  points are considered for each property 

 

Remarkably, the values obtained using only vapor pressure are comparable to 

the results attained when including the saturated liquid density. As expected slight 

improvement in vapor pressure calculation was observed when the liquid density 

was not considered in the  parameter identification except for the 1 point case, 

where the overall trend for some compounds may not have been captured as well as 

when an additional point is considered. In these three cases, the accuracy in density 

prediction was not significantly affected.  

The vapor pressure predictions obtained using a single density value in the 

fitting procedure were not satisfactory, even though significant improvements in 

Table 4.4. Sensitivity analysis of the one-parameter PC-SAFT approach applied over species not 

included in the group contribution parameters training database. Adapted with permission from 

Evangelsita and Vargas65. Copyright 2017 American Chemical Society. 
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density calculation were observed. Once again, the one-point case was not capable of 

capturing the trends for all compounds as well as when one additional data point is 

taken into account.  

Although AAD% values as high as 10.03% on 3-Methyl-1-pentene vapor 

pressure prediction and 5.47% on methylcyclopentadiene density calculation in the 

one-point case using only vapor pressure data were observed, the method has shown 

the capability of predicting the overall trend of physical properties for all pure fluids 

with average deviations of 3.79% and 2.40% for vapor pressure and liquid density, 

respectively. It is worth mentioning that all the results presented in this work are the 

direct output of a systematic optimization procedure, therefore no compound was 

addressed individually nor had their parameters exclusively fine-tuned in a case-by-

case basis. The predicted values for representative compounds, in this case, are 

plotted in Figures 4.2-4 along with the reference data.  
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Figure 4.2. Vapor pressure and saturated liquid density of aromatics. The red lines 

correspond to predicted values and the black circles to reference data. The points used for 

the m parameter fitting are highlighted (filled markers). m-Xylene (m-X), indane (ind.), p-

tert-Butylstyrene (ptb-sty) and 1-Butylnaphthalene (1b-naph) were selected as 

representative molecules. Reprinted with permission from Evangelsita and Vargas65. 

Copyright 2017 American Chemical Society. 

Figure 4.3. Vapor pressure and saturated liquid density of alkanes and alkenes. The red 

lines correspond to predicted values and the black circles to reference data. The points used 

for the m parameter fitting are highlighted (filled markers). n-Pentadecane (n-c15), n-

eicosane (n-c20), 2-2-dimethylheptane (2dm-c7) and 3-methyl-1-pentene (3m-1c5) were 

selected as representative molecules. Reprinted with permission from Evangelsita and 

Vargas65. Copyright 2017 American Chemical Society. 
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The 1653 vapor pressure and 1740 liquid density predicted values for the 87 

compounds were plotted against their respective reference data and are shown in 

Figure 4.5. The 87 data points used for the m parameter identification were also 

included.  

 

 

 

Figure 4.4. Vapor pressure and saturated liquid density for cyclic compounds. The red lines 

correspond to predicted values and the black circles to reference data. The points used for 

the m parameter fitting are highlighted (filled markers). 1-1-Dimethylcyclopentane (1dmc-

c5), isopropylcyclopentane (ip-c5) and butylcyclopentane (bc-c5) were selected as 

representative molecules. Reprinted with permission from Evangelsita and Vargas65. 

Copyright 2017 American Chemical Society. 
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Inputting only density data for the parameter training may be considered in 

situations that this is the most relevant property. The flexibility of the methods 

permitted further optimization of density predictions when saturated liquid density 

was solely considered in the  parameter identification process, even though the 

ability of predicting other properties was compromised.  

A fair comparison to group contribution methods proposed by other authors 

is not feasible due to several possible reasons: 1) The other method is implemented 

to a different variation of SAFT; 2) It was developed for specific hydrocarbon family 

series; 3) It is focused on polymer systems applications; 4) It either requires very 

refined molecular structure information or it was built over a much larger number of 

groups;  5) Methods differ in optimum temperature and pressure ranges of 

application; 6) The method has additional limitations such as the inability to 

distinguish isomers. Besides, there is always a compromise between the prediction 

Figure 4.5. Predicted vapor pressure and saturated liquid density plotted against the 

respective reference data for all 87 compounds. The red circles are the predicted values and 

the black circles are the points used for the m parameter identification. Reprinted with 

permission from Evangelsita and Vargas65. Copyright 2017 American Chemical Society. 
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accuracy of a group contribution method and its cost in terms of input requirement, 

thus the most suitable method varies from case to case. Moreover, the presented 

method was developed to fill a specific gap of applicability and shall not overlap with 

other current methods. For these reasons, any comparison performed here would be 

either merely speculative or an attempt to trace a comparison among distinct 

scenarios. 

 

4.4. Chapter Summary 

The version presented in this chapter accounts for all possible carbon-

centered groups present in non-associating hydrocarbons (without heteroatoms). A 

database consisted of vapor pressure and saturated liquid density of sixty-nine pure 

hydrocarbons was compiled. A genetic algorithm-based routine was developed to 

determine the group contribution parameters by simultaneously optimizing vapor 

pressure and saturated liquid density calculations of all selected compounds. Further 

analysis indicated good predictability in the extreme case where a single vapor 

pressure data point is provided to adjust the model parameter, with average 

percentage absolute deviation of 3.79% in saturation pressure and 2.40% in 

saturated liquid density over 18 additional compounds. The predictions can still be 

significantly improved when a larger number of reliable vapor pressure data points 

are provided for the model parameter tuning or when liquid density data is also taken 

into consideration in the fitting process. Therefore, the proposed method may be a 

preferred alternative over models that involve a large number of adjustable 
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parameters and do not provide the same degree of accuracy or that are restricted to 

specific families of molecules. This method may also be advantageous over fully-

predictive group contribution approaches when some experimental data are 

available or in scenarios where these approaches are not applicable, as the proposed 

concept does not require thorough molecular structure identification and still holds 

satisfactory robustness. Due to an adjustable parameter, the method is, for instance, 

capable of distinguishing between two isomers without requiring information 

regarding the relative position of carbon-centered groups. In summary, a PC-SAFT 

approach assisted by a homosegmented group contribution scheme that permits 

parameters calculation with accuracy due to one adjustable parameter without 

requiring meticulous information regarding the molecular structure has been 

developed and successfully evaluated. This method provides the foundation for the 

development of practical solutions when integrated to proper experimental 

procedures, as explored in the next chapter. 
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13C-NMR – Based Group Contributions 

In principle, a hypothetical representative molecule can be defined from a 

complex mixture characterization and have its equation of state parameters 

calculated using a group contribution method. For instance, every functional group of 

each molecule in a mixture can be detected by the interaction of a particular atom or 

bond with either an incident light or a magnetic field. Techniques such as Raman, 

Fourier transform infrared (FT-IR) and Nuclear magnetic resonance (NMR) 

spectroscopies have been extensively used for this matter. Later, the relative amount 

of functional groups in the mixture could be estimated and assigned to a 

representative molecule, which properties may be assumed, hypothetically, a rough 

average of those of the components present in the mixture. However, if the group 

contribution approach requires information such as the relative position between 

atoms it might as well be sensitive to the uncertainty in the representative molecular 

structure. With this in mind, this chapter is focused on integrating an experimental 
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characterization procedure to the group contribution approach developed in the 

previous chapter, which does not require the relative position between groups.  

5.1. Methodology  

5.1.1. Molecular characterization technique selection 

A proper understanding of the analyte molecular structure is required for the 

application of a group contribution method. Fortunately, reliable characterization 

techniques can assist in the identification of a molecule composition and 

configuration. For instance, spectroscopy can be used to investigate how 

electromagnetic radiations interact with matter and has been extensively applied for 

this purpose. A sample can be characterized by different spectroscopy techniques 

depending on how its atom or bonds respond when subjected to electromagnetic 

radiation from a specific wavelength. For instance, changes in the vibrational state of 

a molecule can occur as consequence of the infrared radiation absorption by a group 

possessing dipole moment (asymmetric). In this case, for a particular wavenumber, 

the amount of energy absorbed by the molecules in order change their vibrational 

state can be quantified by the FT-IR technique. As a result, useful information can be 

obtained, used to identify characteristic bonds or functional groups and to quantify 

their presence among the IR active bonds. Alternatively, The Raman Effect can be 

observed when using monochromatic light. After reaching a sample containing 

Raman active bonds (symmetric bonds), light may scatter and structural information 

of the analyte can be identified based on the scattering pattern.  
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Nuclear magnetic resonance spectroscopy (NMR) can also provide an 

understanding of a compound structure by taking advantage of the difference of 

energy between the nuclei spin states. In this technique, an external magnetic field is 

applied to the sample molecules in order to align their nuclei spins. Upon incident 

radiation, the spins may flip (absorbing energy) and later, when the nuclei undergo 

relaxation, the released energy can be detected and converted into signal. Finally, the 

information can be displayed in the form of nuclear magnetic resonance spectra, in 

which the position of the peaks is related to the analyte molecular structure. Given 

that the group contribution approach proposed in the previous chapter is formulated 

over carbon-centered groups, carbon-13 NMR (13C-NMR) is naturally suitable for 

providing the information required as input to the method. In principle, each peak 

may correspond to a group in the GC method, however, a large number of groups 

would be required making the application of the approach extremely tedious and the 

optimization of the GC constants probably impracticable. Fortunately, distinct 

carbons in a molecule that are represented by neighboring peaks in the 13C-NMR 

spectrum share similarities in terms of structural arrangement and may be 

congregated in groups. 

Selecting NMR as the standard technique to be integrated into the GC approach 

has additional advantages. Besides the robustness of the method, NMR can detect all 

carbons in a molecule regardless of the type of bonds they form. Even though the 

integration of carbon NMR peaks is not as quantitative as of the hydrogen NMR, the 

method was still selected due to the fact that is 13C-NMR is compatible with the group 

contribution formulation. In the 13C NMR spectrum, the area under a peak is not 
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necessarily proportional to the number of carbons associated to that signal if 

elucidation techniques such as the Nuclear Overhauser Effect (NOE) from proton 

decoupling is applied. However, even if a technique that can significantly affect the 

relative intensity of the peaks is applied, the group contribution approach may still 

be implemented as long as its constants are defined based on a database of spectra 

acquired using that specific technique. In other words, any discrepancy that may 

occur when using different instrumental techniques can be taken into consideration 

when defining the group contribution constants as long as the signals are consistent 

and reproducible. Analogous to the formulation presented in the previous chapter 

and as presented in the next section, the group contribution parameters are 

calculated basically as the summation of the relative intensity of each group 

multiplied by the corresponding GC constant, which is identified based on a training 

database consisted of actual 13C-NMR spectra of various compounds. Therefore, it is 

expected that, for groups in which the signals are weaker, the GC constants will 

assume higher values than the ones that would be obtained if the signals were not 

inhibited. Essentially, the GC constants should adapt to experimental effects so that 

the model predictions will match the properties in the database. 

5.1.2. Implementation 

The Eqs. 3.1-3 can be reformulated by replacing �  with the 13C-NMR relative 

intensity of signal ( � ) multiplied by the total count of carbons present in the 

molecule ( . The new functional forms are presented as Eqs. 5.1-3. 
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� = ∑ � � � �
�

�=  (5.1) 

  

 ( �� )� = ∑ � � ( �� )� �
�

�=  (5.2) 

  

�∗� = ∑ � � ��∗ �
�

�=  (5.3) 

  

The same genetic algorithm-based routine reported in the previous chapter 

was modified to address a flexible total number of groups with the constants 

identified based on the 13C-NMR spectra of compounds included in the optimization 

database. The spectrum segments corresponding to distinct functional groups were 

delimited by arbitrary boundaries, which were assigned as variables and also 

optimized in the process. In other words, given a fixed number of groups, similar 

neighboring molecular structures in the spectrum were optimally allocated into  

bins in order to yield satisfactory prediction for all the substances considered in the 

training database. The original algorithm was, therefore, expanded through the 

modification illustrated in Figure 5.1. The NMR spectra of 69 compounds were 

extracted from the AIST spectral database for organic compounds70 (SDBS) while the 

model predictions were compared against the values from the DIPPR database66, 

which will be denoted throughout this work as reference . Both properties were 
evaluated at 20 temperatures comprised within a range bounded by each compound 

reduced temperatures of 0.5 and 0.9. 
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Multi-objective optimization was used to independently assess the overall 

percentage average absolute deviation (AAD%) in vapor pressure and saturated 

liquid density, as well as the maximum AAD% among the individual compounds. 

These fitness functions are given as Eqs. 5.4-7. The optimization procedure was first 

applied to a total number of 20 groups. Later, the approach was applied considering 

24 groups to verify if significant improvement could be achieved. It is important to 

note that the number of optimization variables increases at the rate =  � + � −
 and, therefore, the genetic algorithm initial population size was adjusted in order 

to obtain satisfactory solutions. Figure 5.2 shows the comparison between these two 

cases. There are two main disadvantages in increasing the number of groups in the 

optimization procedure: 1) fewer functional groups are comprised into each 

spectrum bin, compromising the generalization capability of the method. In other 

Figure 5.1. Modification to the GC approach formulation illustrated over one genetic 

algorithm generation and for one substance. The group contribution input values are 

obtained from 13C-NMR spectrum range and the corresponding relative intensity. The 

complete evaluation routine was previously presented in Figure 4.1. 
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words, one may expect better agreement between reference and calculated values for 

compounds included in the training database, but worse predictions for new 

substances. 2) The computational cost highly increases as a larger population size is 

required. No significant improvement that could justify the increase in number of 

groups was observed. Finally, the optimization was performed considering 18 

groups, but with the same initial population size as in the  groups  case. The results 
are also compared in Figure 5.2. In this case, considerably higher deviations were 

observed from all considered fitness functions. Therefore, the  groups  case was 
selected for further analysis given that satisfactory results were obtained with a good 

balance between accuracy and number of groups. The optimum 13C-NMR spectrum 

sections are reported in Table 5.1 along with their respective group contribution 

constants. The overall AAD% for each property is listed per compound in the 

Appendix C.  

 = ∑ ∑ | � �, − �,�, |= 0 %��
�=  (5.4) 

  

= ∑ ∑ |� � �,�∗ − � �,�∗ |= 0
��

�=  (5.5) 

 

= � { ∑ | � − |�= 0 % ∶ = , … ,  }  (5.6) 

  

= � { ∑ |� � �∗ − � �∗ |�= 0 ∶ = , … ,  }  (5.7) 
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Figure 5.2. Percentage average absolute deviation in vapor pressure and saturated liquid 

density evaluated with the GC approach considering different total number of groups. Mean  corresponds to the overall AAD% for 69 compounds and max  to the largest 
individual deviation.  
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Spectrum 
range 
(ppm) 

               

(Å3) 

  ( �� )  

 

K/Å2) 

�∗                

(Å2) 

0 - - - 

14.42 17.026 12.049 18.499 

16.93 13.435 14.775 14.434 

18.08 17.219 10.398 17.427 

22.81 15.029 15.775 16.77 

23.17 13.674 16.541 13.345 

26.93 11.987 17.146 10.407 

36.50 12.99 17.401 13.848 

38.88 11.183 23.728 11.205 

42.68 13.212 23.7 15.021 

49.17 10.859 25.031 11.263 

81.53 20.991 8.9845 17.903 

117.77 10.496 26.505 13.712 

123.18 7.1473 25.913 8.7516 

127.76 8.9031 22.183 9.1455 

130.95 10.041 19.472 11.062 

132.05 8.3291 31.564 7.0051 

137.14 8.8346 21.093 9.0096 

138.58 17.075 24.693 17.133 

145.41 14.596 9.8286 13.107 

160 10.435 22.457 8.615 

 

 

Table 5.1. Optimum 13C-NMR spectrum sections and 

respective group contribution constants 
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5.2. Results 

The proposed methodology was applied to 11 additional compounds with 

varied molecular structure. The group contribution parameters were calculated using 

Eqs. 5.1-3 and the GC constants reported in Table 5.1, with the spectrum range and 

relative intensity obtained from the compound 13C-NMR spectrum. The PC-SAFT � 

and �/  parameters were later calculated using Eqs. 3.4 and 3.5 while optimizing the 

m parameter to match a single vapor pressure data point. The resulting PC-SAFT 

parameters and the corresponding AAD% are listed per compound in Table 5.2. A 

comparison between the predicted properties and their respective reference values 

is presented in Figure 5.3 for all 11 extra compounds at various temperatures. 

 

 

 

 

Figure 5.3. Comparison between predicted and reference properties for the 11 

representative compounds not included in the GC parameters training database.   
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Compound 

Fitted Calculated AAD% 

m σ (Å) ε/k (K) 
Vapor 

Pressure 

Liquid 

Density 

m-Xylene 2.71 4.04 309.1 6.60 4.65 

o-Xylene 3.22 3.68 287.9 2.02 2.98 

3-4-Dimethylhexane 3.47 3.96 249.3 0.24 4.12 

Cycloheptane 3.48 3.68 256.3 7.12 8.73 

n-Eicosane 9.15 3.84 242.2 6.61 4.55 

n-Pentadecane 6.56 3.98 247.4 1.35 8.16 

n-Octadecane 8.36 3.83 240.9 5.86 4.95 

Phenanthrene 4.57 3.73 349.2 8.54 3.17 

Styrene 3.10 3.66 296.7 2.93 5.86 

1-Heptene 3.38 3.78 240.1 1.42 0.37 

Ethylcyclopentane 2.86 3.97 271.3 1.23 5.35 

    

The method has shown great predictive potential given that good results were 

observed for all considered compounds, which represent a comprehensive collection 

of common hydrocarbon molecular structures.  

5.3. Chapter Summary  

A group contribution concept that integrated the formulation presented in 

Chapter 4 to the 13C-NMR technique was developed. In this method, the groups are 

defined by spectrum segments delimited by defined boundaries while the relative 

amount of groups in a molecule can be quantified as the relative intensity of signals 

Table 5.2. PC-SAFT parameters obtained using the optimized group contribution constants 

for representative compounds not included in the optimization procedure 
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comprised within each specified range. The 13C-NMR spectrum was fractionated into 

20 bins and the group contribution constants were simultaneously defined using a 

genetic algorithm-based optimization routine. The optimization procedure included 

69 compounds with diverse molecular configurations. Both vapor pressure and 

saturated liquid density were taken into consideration. Sensitivity analysis was 

performed to ensure that the selected total number of groups yield a good balance 

between accuracy and predictive potential. Further evaluation was conducted over 

11 additional compounds, where average percentage absolute deviation of 3.99% in 

vapor pressure and 4.81% in saturated liquid density were observed.  

The presented concept illustrates a direct implementation of spectroscopy to 

an equation of state, eliminating the need of explicit molecular structure 

identification before applying a conventional group contribution method. Although 

the hydrocarbons selected for this work did not include atoms that could significantly 

affect the chemical shift of signal in the NMR spectrum when present, the formulation 

presented in this chapter may be extended to specific applications simply by 

optimizing the group contribution constants over a selection of compounds 

containing the most relevant functional groups from case to case. Additional 

spectrum bins can also be added in order to address the presence of very particular 

functional groups.  

It is important to emphasize that very specific knowledge of molecular 

structure is no longer required, thus the applicability extent of groups contribution 

methods may be reconsidered from a new perspective. Finally, the applicability of the 
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method for modeling hydrocarbon mixtures as a single pseudo-compound and in a 

fully-predictive manner is investigated in chapter 7. 
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Parameter Estimation Using Optical Properties  

In the previous chapters, semi-predictive group contribution-based 

approaches were proposed as an intermediate solution between empirical 

correlations that often lack the generalization over a large number of molecular 

structures and fully-predictive group contribution methods that required knowledge 

of relative position between atoms. These methods presented satisfactory 

predictability while still consisted of a simple formulation that does not demand deep 

understating of molecular structure by allowing a single parameter to be adjusted. 

However, the method relies on vapor pressure data for the model parameter 

adjustment. Unfortunately, the experimental procedure for measuring saturation 

pressure may be challenging in some cases making the method not applicable even if 

only a single data point is required. Therefore, correlations for estimating saturation 

pressure are desirable to complement the proposed semi-predictive group 

contribution concept, so that it can be also applied in a fully-predictive manner.    
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6.1. Methodology 

6.1.1. Properties selection 

The possibility of developing empirical equations that express model 

parameters such as critical properties and acentric factor as a function of more 

convenient variable have been extensively explored71–75. However, these correlations 

still require the normal boiling temperature of the substance, and therefore they are 

not appropriate for some applications, such as heavy petroleum fractions. For these 

cases, cubic equation of state parameters have been correlated to molecular weight 

and density76. Correlations relating critical temperature and acentric factor of 

hydrocarbons as a function of molecular weight and refractive index at standard 

conditions were also proposed77. Empirical correlations were also proposed for the 

estimation of PC-SAFT parameters10,17. These equations were expressed as a function 

of molecular size and are usually restricted to specific hydrocarbon families or 

homologous series. The same concept has been applied to petroleum system in order 

to obtain representative parameters of petroleum fractions78. In the same context, 

more generalized equations have been proposed by expressing the model parameters 

as a function of molecular weight in addition to refractive index79 or other 

conformation related properties80–84. 

In view of the work previously reported and reviewed in this section, 

molecular weight and refractive index at normal conditions were selected as base 

properties for developing new correlations as they might suffice to characterize both 

the size and the structural configuration of a molecule. The critical temperature, 
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critical pressure, and acentric factor regression as a function of these two variables is 

described in the next section. Further application of the proposed correlations for 

estimating vapor pressure and evaluation of the group contribution approach 

performance when using estimated values as input data is presented in section 6.1.3. 

6.1.2. Parameters regression 

Wang et al.77 expressed critical properties and acentric factor as a function of 

molecular weight and refractive index at standard conditions. In their work, the 

correlations were applied to the calculation of volumetric properties of pure nonpolar 

hydrocarbons, hydrocarbon mixtures, and crude oil samples. Similar approach was 

adopted in this work, where n-alkanes and aromatic compounds were regressed into 

a universal trend line with the form �� ��� and zero intercept, where � � = −/ +  is a function of refractive index given by the Lorentz85 and Lorenz86. 

Refractive index data at ˚C and atmospheric pressure reported elsewhere77,87 was 

used for the regression. The resulting curves were plotted in Figure 6.1 along with 

values corresponding to compounds included in the training database and to several 

additional species. The regression constants are presented on Eqs. 6.1-3 and the list 

of considered compounds with the corresponding calculated values is displayed in 

Tables 6.1 and 6.2. 
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Figure 6.1. Universal curve for estimating critical temperature, critical pressure and acentric 

factor as a function of refractive index and molecular weight. Values corresponding to 

compounds selected for the regression procedure are represented by black squares and 

estimated values for additional species by red circles. 
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� = .  � �/ ��/
 (6.1) � = . ×  � �/ �� −  (6.2) � = . × − � �− ��  (6.3) 

 

Compound 

�  �  �   � 

Calc. A.D. Calc. A.D. Calc. A.D. 

n-Pentane 461.23 8.47 33.00 0.70 0.28 0.03 

n-Hexane 499.23 8.59 29.58 0.67 0.32 0.02 

n-Heptane 531.77 8.36 26.70 0.70 0.37 0.02 

n-Octane 564.43 4.27 24.70 0.20 0.40 0.00 

n-Decane 607.59 10.11 20.35 0.75 0.49 0.00 

n-Dodecane 650.00 8.20 17.67 0.53 0.58 0.00 

n-Pentadecane 708.71 1.71 14.99 0.19 0.70 0.01 

Benzene 574.47 12.31 48.90 0.05 0.23 0.02 

Toluene 598.84 7.05 40.89 0.19 0.27 0.01 

p-Xylene 623.20 7.00 35.44 0.33 0.31 0.01 

1-Methylnaphthalene 768.01 3.99 35.75 0.25 0.35 0.01 

* Calc. = Calculated value; A.D. = Absolute deviation.  

 

 

 

 

Table 6.1. Critical properties and acentric factor of compounds selected to the regression 

procedure 
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Compound 

�  �  �   � 

Calc. A.D. Calc. A.D. Calc. A.D. 

Ethane 295.2 10.1 49.46 0.74 0.16 0.06 

Propane 361.5 8.4 42.16 0.32 0.20 0.05 

n-Butane 413.8 11.3 36.62 1.34 0.25 0.04 

n-Nonane 585.8 8.8 22.21 0.69 0.45 0.01 

n-Tridecane 668.5 6.5 16.54 0.26 0.62 0.00 

n-Tetradecane 685.9 7.1 15.55 0.15 0.66 0.02 

n-Hexadecane 717.6 5.4 13.86 0.14 0.75 0.03 

n-Heptadecane 736.7 0.7 13.53 0.13 0.78 0.01 

n-Ocatadecane 746.4 0.6 12.51 0.19 0.83 0.02 

n-Nonadecane 759.8 1.8 11.93 0.17 0.88 0.02 

n-Eicosane 772.5 4.5 11.40 0.20 0.92 0.01 

Ethylbenzene 623.4 6.3 35.47 0.62 0.31 0.01 

n-Propylbenzene 643.0 4.7 31.00 1.00 0.36 0.01 

n-Butybenzene 662.0 1.5 27.59 1.31 0.40 0.01 

n-Heptylbenzene  712.9 1.1 20.81 0.99 0.53 0.00 

m-Xylene 624.4 7.4 35.59 0.18 0.31 0.01 

Naphthalene 746.0 2.4 39.72 0.78 0.31 0.01 

Cyclohexane 534.9 18.9 36.33 4.47 0.28 0.07 

Methylcyclohexane 556.6 15.6 30.82 3.98 0.33 0.10 

* Calc. = Calculated value; A.D. = Absolute deviation.  

 

Good properties predictions were obtained for all 19 compounds that were 

not part of the regression database. In general, smaller absolute deviations were 

observed for larger molecules. It is important to note that in these cases the accuracy 

Table 6.2. Critical properties and acentric factor of compounds not included in the 

regression procedure database 
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is even accentuated if relative deviations are considered instead. It is also worthy to 

highlight that the critical properties and acentric factor for two cyclic compounds 

were evaluated even though no cyclic compound were included in the regression 

procedure. Although highest relative deviations were observed for cyclohexane and 

methylcyclohexane compared to the values predicted for the other compounds, these 

calculated properties are still considered satisfactory for several applications. In this 

regard, quantitative analysis on error propagation is addressed over further sections 

in this work. Moreover, this fact is an evidence of these correlations transferability 

potential over different molecular structures. 

6.1.3. Application to equations of state 

Evidently, the proposed correlations are readily suitable for cubic equations 

of state application.  Alternatively, the group contribution methods presented in the 

previous chapters require a single vapor pressure data point for parameter training, 

which can be estimated by making use of the acentric factor definition (Eqs. 6.4 and 

6.5) complemented by the correlations proposed in this chapter.  

� = − � � −     �    � = .   (6.4) � = − �+
    �    � = .  (6.5) 

 

The method presented in chapter 4 will be applied here to evaluate this 

approach. The viability of this approach integrated with the group contribution 

method described in chapter 5 will be investigated in next chapter.  
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6.2. Results 

In order to assess the approach, calculated values for 25 compounds including 

n-alkanes, aromatics, and cyclic molecules along with reference values extracted from 

the DIPPR database66 were plotted in Figure 6.2.  

 

 

Once again it has been observed that the prediction accuracy is enhanced as 

the molecular size increases and that the two cyclic compounds presented the largest 

deviations. For this reason, the two cyclic compounds, as well as four n-alkanes and 

four aromatic compounds with varied molecular sizes, were selected as 

representative samples for further investigation. Figures 6.3-5 show the saturated 

liquid densities and vapor pressure values predicted by the group contribution 

method when using the saturation pressure calculated with Eqs. 1-3 and 10 as input 

Figure 6.2. Comparison between saturation pressures calculated based on the acentric 

factor definition supported by the proposed correlations (red circles) and reference values 

(black crosses). 
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for these 10 compounds. Values extracted from the DIPPR database are referred from 

here on as reference data. The saturation pressure calculated for each compound 

using the acentric factor definition is also included in the plots.   

  

 

 

 

Figure 6.3. Saturated liquid densities and vapor pressure values of aromatic compounds 

predicted by the GC approach (red curves) when using the saturation pressure estimated 

according to this work as input (black crosses). Reference values (black circles) are 

included for reference. m-Xylene (m-X), n-butylbenzene (n-c4-Bz), n-heptylbenzene (n-c7-

Bz) and 1-methylnaphtalene (1-MN) were selected as representative molecules. 
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Figure 6.4. Saturated liquid densities and vapor pressure values of n-alkanes predicted by 

the GC approach (red curves) when using the saturation pressure estimated according to 

this work as input (black crosses). Reference values (black circles) are included for 

reference. n-Heptane (n-C7), n-dodecane (n-C12), n-hexadecane (n-C16) and n-eicosane (n-

C20) were selected as representative molecules. 

Figure 6.5. Saturated liquid densities and vapor pressure values of cyclic compounds 

predicted by GC approach (red curves) when using the saturation pressure estimated 

according to this work as input (black crosses). Reference values (black circles) are 

included for reference. Cyclohexane (cyc-c6) and methylcyclohexane (mcyc-c6) were 

selected as representative molecules. 
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Figure 6.6 compares the reference data for the 10 selected compounds against 

the respective values predicted via four different procedures: 1) The group 

contribution approach using calculated saturation pressure according to the 

methodology proposed in this work; 2) and using the corresponding point acquired 

from the reference database; 3) The SRK equation of state using critical properties 

and acentric factor obtained using Eqs. 1 to 3; 4) and using the actual critical 

properties and acentric factor. The absolute deviations averaged over all considered 

temperatures are listed per compound in Table 6.3. The four different methodologies 

are referred as numbered above. Similar predictions of vapor pressure were 

satisfactorily obtained in all cases over temperatures ranging from .  �  and .  �  

of each compound. Conversely, more distinct results were observed for density 

predictions over the same temperature range. As expected, the cubic equation of state 

under-predicted the density in both cases. Among these two scenarios, the results 

obtained using parameters collected from the literature were only slightly more 

precise than when the parameters were calculated according this work, except for 

cyclic compounds in which the difference was more accentuated. Remarkable 

accuracy on density predictions was observed when applying the group contribution 

approach, regardless the adopted procedure. The difference between the two cases 

was negligible even for the cyclic compounds, therefore the method was not sensitive 

to any uncertainty in saturation pressure calculated at � = .  as described in this 

work.  
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Figure 6.6. Calculated vapor pressure and saturated liquid density plotted against 

respective reference data for 4 aromatics, 4 n-alkanes, and 2 cyclic compounds. Four 

different predictive methods were considered: The GC approach using saturation pressure 

calculated according to the methodology proposed in this work (Case 1) and using the 

corresponding point acquired from the reference database (Case 2); The SRK equation of 

state using critical properties and acentric factor obtained using the proposed equations 

(Case 3) and using parameters from literature (Case 4).  
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Compound 

Vapor pressure A.A.D. (bar) Saturated liq. density A.A.D. (kg/m3) 

1 2 3 4 1 2 3 4 

n-Heptane 0.36 0.13 0.33 0.03 1.6 1.3 88.8 78.0 

n-Dodecane 0.14 0.01 0.18 0.03 8.4 10.2 126.2 112.9 

n-Hexadecane 0.00 0.01 0.06 0.01 13.7 14.0 142.3 139.9 

n-Eicosane 0.09 0.03 0.04 0.03 21.0 19.7 150.0 141.7 

n-Butylbenzene 0.21 0.04 0.16 0.05 17.3 15.4 121.4 94.0 

n-Heptylbenzene 0.03 0.06 0.10 0.16 18.2 17.7 142.0 116.5 

m-Xylene 0.37 0.15 0.26 0.06 9.8 7.9 102.4 102.7 

1-Methylnaphthalene 0.13 0.06 0.20 0.04 16.0 14.4 136.6 126.4 

Cyclohexane 0.27 0.09 0.52 0.05 10.0 8.5 113.1 54.1 

Methylcyclohexane 0.16 0.06 0.19 0.07 14.4 12.1 116.8 58.1 

* A.A.D. = Average absolute deviation 

 

Overall the approach proposed in this work is a simple and reliable alternative 

for estimating model parameters. Even though refractive index at 20˚C and 

atmospheric pressure can be easily measured, it can also be estimated from liquid 

density data by means of the Lorentz-Lorenz equation88–90. Vargas and Chapman87 

have observed that a function of refractive index is approximately equivalent to one-

third of the fluid density at same conditions. Hosseinifar et al.79 applied the one-third 

rule for a similar purpose and reported satisfactory results. This relation may be 

easily applied to translate the equations proposed in this work to be expressed as a 

function of molecular weight and liquid density instead, but it might introduce 

additional uncertainties as identified and evaluated over volumetric properties by 

Table 6.3. Average absolute deviations of vapor pressure and saturated liquid density 

predicted according to the four different procedures applied in this work. 
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Wang et al.77. The group contribution approach has shown more favorable results and 

is recommended when the required molecular structure information is available. The 

direct use of cubic equations of state along with the proposed equations has yielded 

satisfactory vapor pressure predictions, but significantly inaccurate density values. 

Fortunately, this is an intrinsic feature of this class of equations and has been 

addressed. For instance, Peneloux et al.91 have proposed a volume shift for the SRK 

EoS to correct this systematic density under prediction. Therefore, it is expected that 

corrections proposed for these equations of state will similarly improve the 

predictions using the combined approach presented in this work, given that minimal 

differences were observed between the results obtained using the estimated and the 

reference parameters.   

It is important to emphasize that proposed methodology permits the 

adaptation of the PC-SAFT parameters to a substance specific physical property. In 

principle, this should enhance the approach predictability over the trivial solution of 

proposing an additional functional form for calculating the m parameter based on 

group contribution. The group contribution constants are necessarily determined by 

a limited number of species and may, eventually, not be able to accurately represent 

molecules significantly different from the original database without any sort of 

flexibility. In addition, the combined deviation from each strictly calculated PC-SAFT 

parameter from its optimum value may be significantly intensified when propagated 

to further predictions. Besides, equations were hardly able to simultaneously 

describe the m parameter of molecules with very distinct structural arrangements 

with acceptable accuracy. Higher error propagation has been associated to the 
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equation that attempts to describe the m parameter when compared to the 

correlations for the other model parameters79. Favorable synergy among estimated 

parameters is expected by providing a reference point for adjustment to ensure the 

best outcome within the method limitations. Moreover, this new procedure for 

obtaining the PC-SAFT parameters can be used when no experimental data is 

available, while the accuracy of predictions can still be enhanced as additional 

experimental data becomes available. 

6.3. Chapter Summary 

Even though the group contribution approaches proposed in chapters 4 and 5 

were robust when inputting a single vapor pressure data point for the PC-SAFT 

parameters estimation, the applicability of the method may be compromised in 

scenarios where the measurement of saturation pressure is not practical. However, 

the acquisition of some optical properties at standard conditions is in general quite 

straightforward. Motivated by this fact, a methodology for estimating a saturation 

data point from refractive index was developed by making use of correlations 

proposed in this chapter and the acentric factor definition. Besides, these correlations 

represent an alternative method for calculating critical properties and acentric factor 

as a function of molecular weight and refractive index, which can be readily applied 

to the use of cubic equations of state. In order to assess the transferability of these 

correlations, cyclic molecular structures which were not present in the training data 

was included on the sensitivity analysis and further properties calculation using 

equations of state.  
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When applying the estimated parameters to a cubic equation of state, 

predictions comparable to those using critical properties and acentric factor reported 

in the literature were obtained for all tested compounds. The proposed correlations 

were also used along with the acentric factor definition to estimate the vapor 

pressure of pure hydrocarbons at Tr = 0.7. The estimated values were later applied 

as input data to the group contribution approach presented in chapter 4 for 

predicting vapor pressure and saturated liquid density of 10 representative 

compounds with significantly distinct molecular structures. Minimal differences 

were observed when comparing the predictions obtained when applying the 

proposed methodology to those performed using values reported in the literature.  

As stated early in this chapter, equations correlating thermodynamic models 

parameters solely as a function of molecular weight and refractive index have been 

previously proposed and successfully applied to hydrocarbons. Therefore, this work 

reinforces the concept that refractive index is a good descriptor for molecular 

arrangement and is a useful property to complement molecular weight on the 

development of correlations for estimating model parameters.  
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Application to Non-Polar Hydrocarbon Mixtures  

A new group contribution approach has been proposed and progressive 

improvements were implemented through the previous chapters. The results have 

shown that satisfactory predictions are possible provided a simple quantification of 

different carbon groups based on the type of bonds they form and a single saturation 

pressure point. Therefore, given that the proposed approach does not require the 

relative position between groups in a molecule, the method may extend the 

applicability of group contribution concept to some specific industry applications. For 

instance, equations of state have been extensively used to model hydrocarbon 

systems in the oil and gas industry over a large number of applications, from 

upstream to downstream operations. The ability to predict the phase behavior of 

petroleum fractions is crucial to the flow assurance and to guarantee safe operations, 

which prevents from enormous financial losses as consequence of production 

interruption or due to property deterioration. However, obtaining modeling 
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parameters for petroleum fluids is still a challenge given these systems are often ill-

defined. Their characterization in situ is expensive or may not be feasible or practical, 

resulting in data scarcity. Therefore, the application of the concepts presented in this 

work is especially valuable under this scenario and a potential methodology for their 

application to the modeling of petroleum systems is proposed in this chapter.  A 

thorough evaluation of this methodology with actual crude oils is recommended as 

future work. 

7.1. The oil industry 

Despite the continuous oil price fluctuation and the recent low in the value of 

a barrel, the worldwide oil demand is solid and growing. As shown in the latest BP 

statistical review of world energy92, oil remains the most used source of energy, 

corresponding to approximately one-third of the total world fuel consumption in 

2016, and its production is essential for meeting the energy demand. In view of this, 

the continuous development of technology that can enhance the efficiency of the oil 

extraction is crucial.  

The group contribution concept proposed in this work has promising potential 

for the petroleum industry applications. This approach is, in principle, capable of 

providing a single set of representative PC-SAFT parameters for a complex 

multicomponent mixture, which is of utmost relevance to the petroleum industry. In 

this context, this specific feature of the proposed group contribution method should 

be further investigated.  
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7.2. Methodology 

7.2.1. Petroleum fluid characterization  

Reservoir fluids consist of hundreds or even thousands of components. 

Clearly, it is not practical to experimentally identify every single compound in the 

petroleum and, even if it was possible to individually addressing each one of them, 

modeling the fluid phase behavior with such degree of detail using an equation of 

state would be computationally unfeasible. Therefore, characterization methods have 

been developed so that the number of components is properly reduced by grouping 

compounds with similar properties into pseudo-fractions. Later, the required input 

parameters for the selected model are estimated for each predefined fraction using 

correlations expressed as a function of measurable properties. 

In general, the gas and liquid phases are separately characterized and then 

combined based on the gas-to-oil ratio to represent the live oil. However, the specific 

procedure for characterizing each phase may significantly vary depending on the 

predictive model formulation and the compositional data that is available. Since the 

characterization of the gas phase is relatively simple and well-defined, this section is 

intended to provide a brief introduction to different approaches for characterizing 

the liquid fraction.  

Boiling temperature-based approach: 

The liquid fraction of the petroleum is often separated into fraction based on 

their boiling point. High-temperature distillation is usually applied in this case, even 
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though this characterization can also be simulated using gas chromatography 

techniques. Given that the operational conditions are limited, the remaining fraction 

from the distillation processes is a combination of the heaviest components in the oil 

and are referred as the plus fraction (e.g. C20+). If further expansion of the heavy 

fraction is desired, an approximate characterization can be performed using 

mathematical distribution methods, such as proposed by Pedersen et al.76,80.  

SARA-based approach: 

Alternatively, a method that uses the Saturates, Asphaltenes, Resins, and 

Aromatics (SARA) compositional analysis as a base for the characterization has been 

developed20,93–95.  In this method, the liquid phase usually consists of three pseudo-

fractions: saturates, aromatics + resins (A+R), and asphaltenes. The main advantage 

of this approach is the discrimination of compounds by their molecular configuration, 

although a larger distribution of molecular sizes might be present in each fraction in 

comparison to the boiling temperature-based approach.   

  

7.2.2. Combined group contribution approach 

Figure 7.1 presents an overview of the procedure for applying the formulation 

proposed in chapter 3 and with group contribution parameters defined in chapter 4.  
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Later, an alternative group contribution approach using segments of the 13C-

NMR spectrum instead of predefined groups and a method for estimating one 

saturation pressure data point was proposed. Figure 7.2 summarizes the 

modifications to the original procedure shown in Figure 7.1 upon implementations of 

the concepts developed in the chapters 5 and 6. The combined approach requires the 

13C-NMR spectrum, molecular weight, refractive index and total carbon number of 

each pseudo-fractions taken into consideration in the fluid characterization as input. 

The group contribution parameters are calculated for each 13C-NMR spectrum range 

listed in Table 5.1 using the Eqs. 5.1-3. The refractive index and molecular weight are 

required for the critical properties and acentric factor calculation according to Eqs. 

6.1-3. Later, these parameters are used along with the acentric factor definition as 

expressed in Eq. 6.5 to estimate the pseudo-fraction saturation pressure at the 

Figure 7.1. Overview of the procedure for applying the one-parameter PC-SAFT approach 

assisted by a group contribution method as formulated in chapter 3 and using the GC 

constants defined in chapter 4. 
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reduced temperature of 0.7. Finally, the PC-SAFT parameters � and �/  calculation is 

performed using Eqs. 3.4 and 3.5 along with the group contribution parameters and 

the  parameter, which is simultaneously adjusted to the estimated saturation 

pressure.  

 

 

7.2.3. Experimental procedure 

In order to evaluate the combined approach, the required input properties for 

the model were experimentally measured for various mixtures as described in this 

section.  

Figure 7.2. Overview of the procedure for applying the one-parameter PC-SAFT approach 

assisted by a group contribution method as formulated in chapter 3 and upon 

implementations of the concepts developed in the chapters 5 and 6. 
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13C-NMR spectra: 

Quantitative 13C NMR spectroscopy analyses were performed using a Bruker 

AVANCE III HD 600 MHz high-performance digital spectrometer operating at 150.9 

MHz for carbon. The spectra were obtained using a deuterated chloroform (CDCl3) as 

the solvent and tetramethylsilane (TMS) as an internal reference. The sample was 

prepared with the concentration of approximately 0.5 wt% in 0.5 mL CDCl3 and in a 

5 mm tube. The carbon spectra were collected with a 0.9 s acquisition time, a 36057 

Hz sweep width, 30ᵒ pulse flip angle, and a recycle delay of 1 s. The spectra resulted 

from 128 scans and were referenced to the CDCl3 resonance at 77 ppm. 

Molecular weight: 

The freezing point depression of a p-xylene (solvent) upon addition of the 

analyte was measured using the Precision Systems Inc. CRYETTE WR cryoscope with 

precision of 0.001℃.  Ethylene glycol (33 wt% aqueous solution) was used as cooling 

fluid. The calibration was performed both with pure solvent and with a 2.5 mL 

standard solution of 0.2 molal n-decane in p-xylene. All measured samples were 

similarly prepared, but with the analyte as the solute. The solute average molecular 

weight was then calculated using the colligative properties principle and molal 

freezing point depression constant of 4300℃�/  for the p-xylene. 

Refractive index: 

The refractive index was measured with the automatic Anton Paar WR 

refractometer under the sodium D wavelength, 589.3 nm, as described elsewhere77. 
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The measurements were performed at ˚C and atmospheric pressure with refractive 

index resolution of 0.000001 and thermostat accuracy of ±0.03˚C.  

Total carbon number: 

The total carbon number was not experimentally measured, but calculated 

based on the number of carbons in each compound consisting the mixtures. 

Techniques that can measure total organic carbon (TOC) are recommended for 

estimating this input property for the model. In general, these techniques measure 

the amount of carbon dioxide generated upon sample oxidation, often caused by 

combustion.   

7.3. Preliminary Results 

The procedure suggested in the previous section is exemplified in this section 

by modeling hydrocarbons mixtures as pseudo-compounds and in a fully-predictive 

manner. Binary mixtures containing n-heptane (aliphatic), toluene (aromatic) and 

cyclohexane (cyclic) were prepared and analyzed. The measured molecular weight, 

refractive index and 13C-NMR spectrum for each mixture is reported in Appendix D. 

The estimated critical properties, acentric factor, saturation pressure at the reduced 

temperature of 0.7 and the PC-SAFT parameters are provided in the Appendix D. It is 

important to note that the properties were measured for the mixture and not for the 

pure compounds. Therefore, the critical properties and saturation pressure were 

estimated for a hypothetical pseudo-component that behaves as a pure compound. 

Therefore, in order to compare the results to reference values, each mixture was then 
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modeled as part of a ternary system, upon addition of a volatile compound at various 

concentrations (10, 20 and 30 wt%). Propane was selected as the volatile compounds 

so that the binary interaction parameters (kij) could be neglected. Previously reported 

PC-SAFT parameters were used for modeling propane10. 

Figures 7.3-5 show the saturation pressure and saturated liquid density 

predictions obtained using PC-SAFT parameters calculated according to the proposed 

methodology. In all figures presented in this section, the reference data was extracted 

from NIST REFPROP software96. It is important to highlight that, even though these 

values are treated here as reference data for comparison purpose, they were also 

predicted using a model developed based on the GERG-200897. Saturation pressure 

predictions obtained by modeling the system as three individual components and 

using PC-SAFT parameters reported in the literature10 were also included for 

reference. It is relevant to note that modeling the system with 3 components instead 

of lumping two hydrocarbons in a single pseudo-component shall naturally yield 

better predictions since each compound is addressed with a particular set of model 

parameters. Overall, the proposed model was able to accurately capture the fluid 

phase behavior for all three cases, with highest deviations observed in the n-

heptane/cyclohexane/propane case at higher temperatures and pressures. 

Remarkably, the predictions obtained when applying the proposed methodology are 

comparable to the predictions obtained when modeling the fluid as three 

components. 
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Figure 7.3. Saturation pressure for a system initially consisted of n-heptane and toluene 

(equal weight fractions) with addition of  (a) 30, (b) 20 and (c) 10 wt% of propane. The 

saturated liquid density predictions were also presented (d). Black markers represent the 

reference data, blue lines the predictions performed using reference PC-SAFT parameters 

and red lines the predictions performed using the proposed methodology.  
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Figure 7.4. Saturation pressure for a system initially consisted of n-heptane and 

cyclohexane (equal weight fractions) with addition of  (a) 30, (b) 20 and (c) 10 wt% of 

propane. The saturated liquid density predictions were also presented (d). Black markers 

represent the reference data, blue lines the predictions performed using reference PC-SAFT 

parameters and red lines the predictions performed using the proposed methodology.  
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An additional system consisted of an n-heptane/n-dodecane mixture was 

considered to assess the predictability of the method for mixtures of compounds with 

significant boiling temperatures difference. For reference, Table 7.1 shows the 

normal boiling point of all considered compounds in this section, with exception of 

propane that was modeled as an individual component. Figure 7.6 compares the 

predicted values obtained according to the proposed methodology to the reference 

data. Once again, saturation pressure predictions obtained when modeling the system 

with three components and using reference parameters were included for 

comparison. Predictions obtained considering three individual components but 

Figure 7.5. Saturation pressure for a system initially consisted of toluene and cyclohexane 

(equal weight fractions) with addition of  (a) 30, (b) 20 and (c) 10 wt% of propane. The 

saturated liquid density predictions were also presented (d). Black markers represent the 

reference data, blue lines the predictions performed using reference PC-SAFT parameters 

and red lines the predictions performed using the proposed methodology.  
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performed using PC-SAFT parameters estimated according to the proposed 

methodology were also included in Figure 7.6.  

Compound n-Heptane Toluene Cyclohexane n-Dodecane �  �  371.58 383.78 353.87 489.473 

 

 

 

Table 7.1. Normal boiling point of hydrocarbons included in the investigated systems 

Figure 7.6. Saturation pressure for a system initially consisted of n-heptane and n-dodecane 

(equal weight fractions) with addition of  (a) 30, (b) 20 and (c) 10 wt% of propane. The 

saturated liquid density predictions were also presented (d). Black markers represent the 

reference data, blue lines the predictions performed using reference PC-SAFT parameters 

and red lines the predictions performed using the proposed methodology (dashed lines 

were used to represent the case where n-heptane and n-dodecane were modeled as 

individual components).  
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Less accurate predictions were obtained in this case when compared to the 

three previous systems. However, the predictions were significantly improved when 

n-heptane and n-dodecane were addressed individually. Therefore, the observed 

results show evidence that the model accuracy may be compromised when lumping 

compounds with very distinct boiling temperature. Therefore, one may conclude that 

the boiling temperature-based approach for the petroleum fluid characterization 

described in section 7.2.1 might yield better results over the SARA-based method. 

Further evaluation is recommended in order to validate the hypothesis.  

Finally, a system consisted of 5 components was considered. The proposed 

approach was applied considering a mixture of n-heptane, toluene and cyclohexane 

(equal mass fractions) as a single pseudo-component. n-Dodecane was addressed 

individually to represent the heavy fraction, while propane was once again selected 

as the volatile component. Reference parameters were used for the pure component 

fractions so that the viability of applying the proposed methodology to 

multicomponent pseudo-fractions could be strictly evaluated. For comparison, 

calculations considering 5 components and using reference PC-SAFT parameters 

were performed. For this specific system, the reference data from NIST REFPROP was 

obtained using parameters estimated by the software for one or more binary pairs in 

this mixture. Figure 7.7 shows excellent agreement between the predictions 

performed according to the proposed methodology and the reference values. These 

results are especially remarkable since three compounds were represented by a 

single pseudo-component.  
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The limitations of the method were further explored by performing similar 

calculations with the previously obtained PC-SAFT parameters, but with carbon 

dioxide (CO2) as the volatile compound. In these cases, binary interaction parameters 

were taken into consideration. For the calculations using reference PC-SAFT 

parameters, reported kij values between the pure compounds and CO2 were adopted 

as provided in Table 7.2, while the kij values between hydrocarbons were set equal 

zero. For the calculations performed according to the proposed method, the kij 

between the pseudo-compounds (hydrocarbon binary or ternary mixtures) and CO2 

Figure 7.7. Saturation pressure for a system initially consisted of 50 wt% of a mixture 

containing n-Heptane, toluene and cyclohexane (equal weight fractions) and 50 wt% n-

dodecane with addition of  (a) 30, (b) 20 and (c) 10 wt% of propane. The saturated liquid 

density predictions were also presented (d).  Black markers represent the reference data, 

blue lines the predictions performed using reference PC-SAFT parameters and red lines the 

predictions performed using the proposed methodology.  
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were fitted to a single reference bubble pressure data point at the reduced 

temperature of 0.7. The fitted kij values for all systems are also reported in Table 7.2.  

Compound                Reference  Mixture                

n-Heptane 0.129 Gross and Sadowski10  n-Heptane/Toluene 0.114 

Toluene 0.090 Gonzalez19    

n-Heptane 0.129 Gross and Sadowski10  n-Heptane/Cyclohexane 0.146 

Cyclohexane 0.130 Gross and Sadowski10    

Toluene 0.090 Gonzalez19  Toluene/Cyclohexane 0.139 

Cyclohexane 0.130 Gross and Sadowski10    

n-Heptane 0.129 Gross and Sadowski10  n-Heptane 0.126 

n-Dodecane 0.129 Fixed equal to above  n-Dodecane 0.126 

n-Heptane 0.129 Gross and Sadowski10  Ternary Mixture 0.116 

Toluene 0.090 Gonzalez19    

Cyclohexane 0.130 Gross and Sadowski10    

        * For the 5 components system, n-dodecane was modeled with kij of 0.129 in both cases. 

Figures 7.8-12 presents the comparison between the predictions obtained as 

proposed in this chapter and reference values upon 10 and 30 wt% addition of CO2. 

The saturated liquid density predictions were separately compared to the NIST 

REFPROP data and PC-SAFT prediction performed using reference parameters 

because significant deviations were observed for the systems including CO2. Although 

significant deviations were observed when compared to the NIST REFPROP data, the 

predictions were comparable to the reference curves obtained using PC-SAFT. Thus, 

the limitations of the method might be mainly produced by the PC-SAFT model as 

applied in this chapter, since association interactions become relevant when 

Table 7.2. Binary interaction parameters between modeled compounds/mixtures and CO2 
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modeling systems that include CO2 and the PC-SAFT association parameters were not 

addressed at the current stage. Besides, it is important to remind that even though 

the data obtained from NIST REFPROP was treated here as reference data, they were 

also obtained using a model and may not exactly represent the actual experimental 

data for these particular systems. Therefore, considering these observations, the 

method has once again shown promising predictive potential even when 

representing multicomponent mixtures with a single set of PC-SAFT parameters. 

 

Figure 7.8. Saturation pressure for a system initially consisted of n-heptane and toluene 

(equal weight fractions) with addition of  (a) 30, and (b) 10 wt% of CO2. The saturated 

liquid density predictions were also presented (c and d). Black markers represent the 

reference data, blue lines the predictions performed using reference PC-SAFT parameters 

and red lines the predictions performed using the proposed methodology. 
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Figure 7.9. Saturation pressure for a system initially consisted of n-heptane and 

cyclohexane (equal weight fractions) with addition of  (a) 30, and (b) 10 wt% of CO2. The 

saturated liquid density predictions were also presented (c and d). Black markers represent 

the reference data, blue lines the predictions performed using reference PC-SAFT 

parameters and red lines the predictions performed using the proposed methodology. 
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Figure 7.10. Saturation pressure for a system initially consisted of toluene and cyclohexane 

(equal weight fractions) with addition of  (a) 30, (b) 20 and (c) 10 wt% of CO2. The 

saturated liquid density predictions were also presented (d). Black markers represent the 

reference data, blue lines the predictions performed using reference PC-SAFT parameters 

and red lines the predictions performed using the proposed methodology. 
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Figure 7.11. Saturation pressure for a system initially consisted of n-heptane and n-

dodecane (equal weight fractions) with addition of  (a) 30, and (b) 10 wt% of CO2. The 

saturated liquid density predictions were also presented (c and d). Black markers represent 

the reference data, blue lines the predictions performed using reference PC-SAFT 

parameters and red lines the predictions performed using the proposed methodology 

(dashed lines were used to represent the case where n-heptane and n-dodecane were 

modeled as individual components). 
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7.4. Total Carbon Number Estimation 

Even though the total amount of carbons in a molecule can be experimentally 

measured, an estimation method using the 13C-NMR-based group contribution 

concept and the compound molecular weight is proposed here. The total carbon 

number can be calculated according to Eq. 7.1 by inputting the compound molecular 

weight (��) and the group contribution constants listed in Table 7.3.  The GC 

constants optimization was performed similarly as presented in chapter 5, but the 

fitness functions were expressed as function of the total carbon number instead and, 

Figure 7.12. Saturation pressure for a system initially consisted of 50 wt% of a mixture 

containing n-Heptane, toluene and cyclohexane (equal weight fractions) and 50 wt% n-

dodecane with addition of  (a) 30, and (b) 10 wt% of CO2. The saturated liquid density 

predictions were also presented (c and d). Black markers represent the reference data, blue 

lines the predictions performed using reference PC-SAFT parameters and red lines the 

predictions performed using the proposed methodology.  
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therefore, PC-SAFT calculations were not necessary. Average absolute deviation of 

0.39% was observed over the 69 compounds included in the training database, with 

maximum deviation of 1.43% for cyclooctane.  

= �� ∑ � � � � �
�

�=
−

 (7.1) 

  

Spectrum 
range 
(ppm) 

�          

(g/mol) 

 Spectrum 
range 
(ppm) 

�          

(g/mol) 

0 -  81.53 14.96 

14.42 14.90  117.77 13.27 

16.93 14.46  123.18 12.47 

18.08 14.89  127.76 12.69 

22.81 14.37  130.95 13.00 

23.17 14.02  132.05 12.45 

26.93 13.83  137.14 12.52 

36.50 14.13  138.58 14.57 

38.88 13.77  145.41 13.40 

42.68 14.10  160 13.00 

49.17 13.88  - - 

 

The approach was later applied to 11 additional compounds and to the 

mixtures considered in this chapter to evaluate its predictability. Table 7.4 compares 

the estimations to their theoretical values.  

Table 7.3. Optimum 13C-NMR spectrum sections and respective molecular weight group 

contribution constants for total carbon number calculation 
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Compound/Mixture  ,  AAD% 

m-Xylene 8 7.93 0.88 

o-Xylene 8 8.10 1.25 

3-4-Dimethylhexane 8 7.96 0.56 

Cycloheptane 7 6.95 0.70 

n-Eicosane 20 19.87 0.66 

n-Pentadecane 16 14.95 6.55 

n-Octadecane 18 17.88 0.67 

Phenanthrene 14 14.03 0.20 

Styrene 8 8.03 0.35 

1-Heptene 7 6.99 0.13 

Ethylcyclopentane 7 6.93 1.00 

    

n-Heptane/Toluene 7.00 6.90 1.39 

n-Heptane/Cyclohexane 6.46 6.43 0.44 

Cyclohexane/Toluene 6.48 6.42 0.93 

n-Heptane/n-Dodecane 8.85 8.83 0.28 

Ternary Mixture 6.64 6.55 1.24 

 

Deviations within 1.39% were observed for all compounds and mixtures with 

the exception of n-pentadecane. In this specific case, higher AAD% of 6.55% was 

observed because a peak with a relative intensity of 14.3% was detected at 22.82 ppm 

and, therefore, misplaced in the 22.81-23.17 ppm bin. The same did not occur with n-

octadecane, where the corresponding peak was detected at 22.79 ppm, yielding 

observed AAD% of 0.67%. 

Table 7.4. Total carbon number obtained using the optimized group contribution 

constants for representative compounds and mixtures 
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7.5. Chapter Summary  

The group contribution concept proposed in this work has promising potential 

applicability to petroleum systems. In this chapter, the possibility of representing a 

complex multicomponent mixture with a single set of representative PC-SAFT 

parameters was explored. The systems assessed in section 7.3 were carefully selected 

to be relevant for future extensions to petroleum mixtures. The results have shown 

that the approach is, in fact, capable of performing phase behavior calculations of a 

multicomponent mixture at various temperatures and pressures, in which only the 

molecular weight, refractive index at ambient conditions and 13C-NMR spectrum are 

needed as input data.  
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Conclusion and Recommendations  

A single parameter PC-SAFT model assisted by a group contribution method 

was proposed and validated in this work. The proposed approach differs from 

conventional group contribution methods since it does not require very specific 

information regarding the molecular structure such as the relative position between 

groups, although it requires experimental data to adjust the model parameter. The 

model has shown good predictability when a single vapor pressure point is provided 

as input, whereas the prediction accuracy can still be enhanced if additional data is 

available for the parameter fitting. Motivated by the fact that the model was founded 

over carbon-centered groups, an alternative approach was formulated no longer 

based on predefined groups, but on segments of the compounds 13C-NMR spectra. In 

this case, the relative intensity of signals comprised within each spectrum bin 

corresponds to the relative amount of groups present in the fluid of interest and, 
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therefore, the 13C-NMR analysis is sufficient as the sole source for the required 

structural information. A genetic algorithm-based routine was developed to 

simultaneously determine all the 20 spectrum bins and the 60 group contribution 

constants by optimizing both vapor pressure and saturated liquid density predictions 

of 69 compounds with varied molecular configurations. Finally, a method for 

estimating a vapor pressure data point from molecular weight and refractive index 

measurements was also proposed to supplement the model, so that it can be 

implemented in a fully predictive manner when necessary. In the last chapter, all 

concepts proposed and evaluated in this thesis were combined and applied to 

modeling non-polar hydrocarbons mixtures. The results have validated the viability 

of the concept, which may motivate the development of practical solutions not only 

for the petroleum industry but for any area that involves thermodynamic calculations 

of complex multicomponent fluids. 

Upon implementation of the method, it is important that the group 

contribution constants are optimized founded on a training database that is suitable 

for each particular application. Attempting to generalize the method will most 

probably reduce the accuracy of the model predictions. As the number of functional 

groups included in the training database increases, each group considered in the 

model becomes less representative, unless the total number of groups also increases. 

In this case, computational limitations will become evident as it represents a 

significant increase in the number of variables to be optimized. If a specific functional 

group is not expected to be present in the objective application, there is no benefit in 
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including compounds with similar structural arrangement in the training database 

and, therefore, it should be avoided. For the specific application to petroleum 

systems, the total number of 13C-NMR bins may still be increased in order to address 

additional functional groups that include heteroatoms commonly present in 

petroleum samples (e.g. nitrogen, oxygen and sulfur). Another benefit of expanding 

the number of bins, in this case, is to transition the discrete distribution of spectrum 

bins into a more continuous behavior so that eventual accentuated deviations as 

consequence of misplacing a peak in a less representative bin can be prevented or 

minimized (e.g. as observed for n-pentadecane in section 7.4). The extension of the 

method to include the PC-SAFT association parameters in the formulation by 

following similar approach is also recommended and may significantly improve 

prediction of systems that are expected to present relevant association interaction. 

Finally, proper implementation of the proposed methodology to actual petroleum 

fluids is suggested as future work.  
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Appendix A 

Tables A1-4 show the PC-SAFT fitted via standard procedure and used as 

reference in this work. The corresponding vapor pressures and saturated liquid 

densities AAD% for all the 69 selected compounds were also reported.  
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Table A1.  PC-SAFT parameters of aromatic compounds fitted via standard procedure and 

used as reference in this work and the corresponding deviations between DIPPR data and 

predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

A
ro

m
at

ic
s 

1-Ethylnaphthalene 3.80 3.88 333.01 0.86 0.32 

1-Methylnaphthalene 3.48 3.86 341.49 0.73 0.66 

1-Phenylnaphthalene 4.97 3.81 329.37 0.69 0.96 

2-Methylnaphthalene 3.11 4.05 360.98 1.60 1.29 

Acenaphthene 3.62 3.86 356.61 0.66 1.12 

Anthracene 3.50 4.11 403.12 1.65 2.04 

Benzene 2.49 3.63 286.03 0.58 0.42 

Biphenyl 3.92 3.79 326.40 0.78 0.28 

Butylbenzene 3.79 3.86 282.29 0.43 0.89 

Ethylbenzene 3.12 3.78 285.57 0.52 0.60 

Indene 2.92 3.87 333.35 1.47 1.92 

Naphthalene 3.07 3.88 349.09 0.70 0.64 

p-Xylene 3.07 3.80 289.21 0.32 0.71 

Propylbenzene 3.51 3.81 280.25 1.10 1.02 

Pyrene 3.93 4.08 411.51 2.48 2.84 

tert-Butylbenzene 3.40 4.00 289.75 1.47 0.77 

Tetralin 3.30 3.88 326.03 0.11 0.21 

Toluene 2.78 3.73 288.32 0.12 0.58 
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Table A2. PC-SAFT parameters of n-alkanes and non-cyclic alkenes fitted via standard 

procedure and used as reference in this work and the corresponding deviations between 

DIPPR data and predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

n
-A

lk
an

es
 

n-Decane 4.66 3.84 243.99 0.43 0.51 

n-Dodecane 5.38 3.87 247.56 0.63 0.48 

n-Heptane 3.49 3.79 238.27 0.16 0.38 

n-Hexadecane 6.83 3.90 251.45 0.94 0.44 

n-Hexane 3.04 3.80 237.75 0.57 0.36 

n-Nonane 4.29 3.82 241.93 0.39 0.49 

n-Octane 3.85 3.82 241.64 0.17 0.59 

n-Tetradecane 6.14 3.88 249.09 0.83 0.40 

n-Tridecane 5.81 3.87 247.33 0.64 0.46 

n-Undecane 5.02 3.85 246.02 0.72 0.49 

n
on

-C
yc

li
c 

A
lk

en
es

 1-Hexene 3.14 3.70 230.58 0.59 0.19 

1-Octene 3.57 3.88 249.77 0.84 0.76 

1-Pentene 2.56 3.75 234.38 0.35 0.56 

2,3-Dimethyl-1,3-butadiene 2.69 3.79 258.10 0.76 0.33 

2,4,4-Trimethyl-1-pentene 3.04 4.08 257.44 0.90 0.38 

3-methyl-1-hexene 3.27 3.82 237.29 0.56 0.19 
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Table A3. PC-SAFT parameters of cyclic compounds fitted via standard procedure and used 

as reference in this work and the corresponding deviations between DIPPR data and 

predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

C
yc

li
c 

C
om

p
ou

n
d

s 

Cyclohexane 2.46 3.87 283.10 0.59 0.29 

Cyclooctane 2.86 4.02 308.47 0.48 0.54 

Butylcyclohexane 3.56 4.07 287.70 1.69 1.23 

Decylcyclohexane 5.92 4.04 274.64 0.89 0.71 

Isopropylcyclohexane 3.29 4.03 283.34 0.35 0.54 

Methylcyclohexane 2.65 4.01 283.03 0.57 0.47 

Methylcyclopentane 2.67 3.79 261.43 0.48 0.14 

Propylcyclohexane 3.28 4.04 285.74 1.24 0.69 

Propylcyclopentane 3.26 3.91 270.82 0.10 0.27 

1,1-Dimethylcyclohexane 2.70 4.17 290.97 0.70 0.80 

cis-Decahydronaphthalene 2.96 4.19 332.38 0.83 0.55 

trans-Decahydronaphthalene 3.10 4.15 316.45 0.54 0.24 

Cycloheptene 2.99 3.75 276.83 0.69 0.52 

Cyclohexene 2.50 3.78 284.01 0.73 0.47 

Cyclooctene 3.14 3.83 288.29 0.64 0.24 

Cyclopentene 2.29 3.67 267.67 0.28 0.39 

1,3-Cyclohexadiene 2.59 3.67 277.35 0.81 1.11 
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Table A4. PC-SAFT parameters of branched alkanes fitted via standard procedure and used 

as reference in this work and the corresponding deviations between DIPPR data and 

predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

B
ra

n
ch

ed
 A

lk
an

es
 

2,2,3-Trimethylbutane 2.76 4.08 257.19 0.26 0.15 

2,2,3-Trimethylpentane 3.11 4.06 260.05 0.16 0.57 

2,2,4,4-Tetramethylpentane 3.21 4.19 261.11 0.44 0.10 

2,2,4-Trimethylpentane 3.18 4.07 247.91 0.35 0.10 

2,2,5-Trimethylhexane 3.63 4.04 245.57 0.46 0.17 

2,2-Dimethyl-3-ethylpentane 3.58 4.01 254.61 0.59 0.25 

2,2-Dimethylbutane 2.54 4.03 246.53 0.50 0.13 

2,2-Dimethylhexane 3.46 3.96 242.63 0.28 0.14 

2,2-Dimethyloctane 4.23 3.96 245.35 0.52 0.09 

2,3,4-Trimethylpentane 3.16 4.04 260.36 0.64 0.36 

2,3-Dimethylbutane 2.64 3.97 248.42 0.68 0.40 

2,3-Dimethylhexane 3.54 3.90 246.00 0.72 0.40 

2,3-Dimethylpentane 3.03 3.94 251.34 0.46 0.43 

2-Methylhexane 3.29 3.87 239.69 0.40 0.20 

2-Methylpentane 2.99 3.82 233.12 0.48 0.23 

3,4-Dimethylhexane 3.38 3.95 253.99 0.25 0.06 

3-Ethylpentane 3.27 3.85 243.48 0.61 0.46 

3-Methylpentane 2.86 3.86 241.72 0.36 0.06 
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Appendix B 

Tables B1-4 show the PC-SAFT parameters and the corresponding vapor 

pressures and saturated liquid densities AAD% for all 69 compounds as results of the 

optimization procedure performed in chapter 4. 
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Table B1.  PC-SAFT parameters of aromatic compounds obtained using the optimized 

group contribution constants and the corresponding deviations between DIPPR data and 

predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

A
ro

m
at

ic
s 

1-Ethylnaphthalene 3.62 3.98 340.5 2.68 2.68 

1-Methylnaphthalene 3.45 3.90 342.7 1.24 1.68 

1-Phenylnaphthalene 4.03 4.11 367.6 8.87 2.27 

2-Methylnaphthalene 3.39 3.92 344.1 2.93 0.89 

Acenaphthene 3.10 4.08 388.9 5.59 1.86 

Anthracene 4.27 3.84 362.6 8.71 1.55 

Benzene 2.79 3.47 268.0 3.76 0.15 

Biphenyl 3.83 3.85 329.8 1.25 1.62 

Butylbenzene 3.58 3.91 291.7 1.50 2.40 

Ethylbenzene 3.01 3.81 291.4 0.48 0.96 

Indene 2.88 3.85 336.8 1.33 3.71 

Naphthalene 3.32 3.78 334.5 3.47 0.66 

p-Xylene 2.80 3.92 305.0 3.19 1.80 

Propylbenzene 3.26 3.88 292.2 1.02 2.42 

Pyrene 4.07 4.02 404.0 4.17 2.73 

tert-Butylbenzene 3.30 4.03 294.4 1.57 0.94 

Tetralin 3.06 4.00 339.0 2.88 1.53 

Toluene 2.75 3.73 290.1 0.13 1.04 
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Table B2.  PC-SAFT parameters of n-alkanes and non-cyclic alkenes obtained using the 

optimized group contribution constants and the corresponding deviations between DIPPR 

data and predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

n
-A

lk
an

es
 

n-Decane 4.69 3.81 243.6 1.02 1.31 

n-Dodecane 5.26 3.88 250.5 0.73 1.77 

n-Heptane 3.87 3.65 225.8 4.16 0.22 

n-Hexadecane 6.43 3.97 259.1 3.10 2.45 

n-Hexane 3.63 3.56 215.8 6.81 0.60 

n-Nonane 4.39 3.77 239.1 1.71 0.82 

n-Octane 4.12 3.72 233.4 3.09 0.41 

n-Tetradecane 5.85 3.93 255.4 2.09 2.28 

n-Tridecane 5.56 3.91 253.2 1.84 2.46 

n-Undecane 4.98 3.85 247.4 0.71 1.61 

n
on

-C
yc

li
c 

A
lk

en
es

 1-Hexene 2.99 3.76 237.2 2.09 0.82 

1-Octene 3.62 3.85 248.1 0.73 0.84 

1-Pentene 2.67 3.70 228.9 1.23 0.40 

2,3-Dimethyl-1,3-butadiene 2.79 3.75 252.7 1.17 0.84 

2,4,4-Trimethyl-1-pentene 3.13 4.03 253.3 1.61 0.61 

3-methyl-1-hexene 2.94 3.96 251.7 3.89 1.17 
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Table B3.  PC-SAFT parameters of cyclic compounds obtained using the optimized group 

contribution constants and the corresponding deviations between DIPPR data and 

predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

C
yc

li
c 

C
om

p
ou

n
d

s 

Cyclohexane 2.61 3.81 273.2 0.99 1.29 

Cyclooctane 3.58 3.77 271.9 6.71 6.25 

Butylcyclohexane 3.69 4.02 282.3 1.77 0.68 

Decylcyclohexane 5.61 4.09 282.5 3.28 2.98 

Isopropylcyclohexane 3.26 4.04 284.9 0.12 0.60 

Methylcyclohexane 2.66 3.98 282.6 0.80 1.89 

Methylcyclopentane 2.35 3.94 282.5 3.18 3.36 

Propylcyclohexane 3.35 4.01 282.3 1.49 0.78 

Propylcyclopentane 3.03 3.98 282.3 2.15 2.49 

1,1-Dimethylcyclohexane 2.87 4.07 281.3 2.00 0.62 

cis-Decahydronaphthalene 3.24 4.08 315.8 2.84 2.13 

trans-Decahydronaphthalene 3.11 4.14 316.2 0.86 0.81 

Cycloheptene 2.99 3.76 276.8 0.65 1.05 

Cyclohexene 2.63 3.72 275.9 2.18 0.86 

Cyclooctene 3.34 3.80 277.5 1.08 4.66 

Cyclopentene 2.19 3.70 275.4 0.93 3.05 

1,3-Cyclohexadiene 2.72 3.59 270.1 2.49 1.03 
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Table B4.  PC-SAFT parameters of branched alkanes obtained using the optimized group 

contribution constants and the corresponding deviations between DIPPR data and 

predicted properties. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

B
ra

n
ch

ed
 A

lk
an

es
 

2,2,3-Trimethylbutane 2.98 3.99 246.4 2.42 1.79 

2,2,3-Trimethylpentane 3.32 4.00 250.0 1.83 3.19 

2,2,4,4-Tetramethylpentane 3.45 4.10 250.7 2.62 1.99 

2,2,4-Trimethylpentane 3.15 4.07 249.4 0.18 0.76 

2,2,5-Trimethylhexane 3.46 4.09 252.5 1.29 1.63 

2,2-Dimethyl-3-ethylpentane 3.62 4.03 252.9 0.53 2.52 

2,2-Dimethylbutane 2.72 3.93 237.6 1.82 0.69 

2,2-Dimethylhexane 3.35 3.99 246.9 0.80 1.12 

2,2-Dimethyloctane 4.00 4.02 253.0 1.95 1.38 

2,3,4-Trimethylpentane 3.32 3.99 253.1 0.70 1.71 

2,3-Dimethylbutane 2.80 3.88 240.6 1.26 0.77 

2,3-Dimethylhexane 3.45 3.94 249.4 0.27 0.37 

2,3-Dimethylpentane 3.16 3.90 245.4 0.74 1.19 

2-Methylhexane 3.33 3.83 238.7 0.46 1.94 

2-Methylpentane 3.03 3.78 232.1 1.31 2.08 

3,4-Dimethylhexane 3.49 3.93 249.2 0.64 1.61 

3-Ethylpentane 3.41 3.80 237.9 2.05 0.98 

3-Methylpentane 3.10 3.75 231.3 2.69 0.35 
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Appendix C 

Tables C1-4 show the PC-SAFT parameters and the corresponding vapor 

pressures and saturated liquid densities AAD% for all 69 compounds as results of the 

optimization procedure performed in chapter 5. 
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Table C1.  PC-SAFT parameters of aromatic compounds obtained using their 13C-NMR 

spectra and the optimized group contribution constants. The corresponding deviations 

between DIPPR data and predicted properties were also reported. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

A
ro

m
at

ic
s 

1-Ethylnaphthalene 3.49 4.05 346.2 4.57 3.71 

1-Methylnaphthalene 3.85 3.73 323.8 3.43 0.80 

1-Phenylnaphthalene 5.05 3.90 324.1 0.90 8.89 

2-Methylnaphthalene 3.45 3.85 341.9 4.49 4.16 

Acenaphthene 3.68 3.85 353.5 0.74 1.25 

Anthracene 3.79 4.01 387.0 3.77 1.93 

Benzene 2.84 3.44 266.6 4.65 1.68 

Biphenyl 4.14 3.76 315.8 1.79 3.77 

Butylbenzene 4.48 3.71 257.9 6.03 7.30 

Ethylbenzene 3.43 3.65 271.2 3.98 0.93 

Indene 3.00 3.82 329.0 2.01 1.99 

Naphthalene 3.85 3.60 310.0 8.76 2.64 

p-Xylene 3.57 3.57 267.9 5.70 2.58 

Propylbenzene 3.22 3.88 294.3 1.18 3.95 

Pyrene 4.13 4.02 401.2 4.28 2.88 

tert-Butylbenzene 3.17 3.99 302.6 2.15 8.78 

Tetralin 3.49 3.92 313.5 0.09 9.85 

Toluene 2.78 3.72 288.4 0.12 0.62 
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Table C2.  PC-SAFT parameters of n-alkanes and non-cyclic alkenes obtained using their 
13C-NMR spectra and the optimized group contribution constants. The corresponding 

deviations between DIPPR data and predicted properties were also reported. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

n
-A

lk
an

es
 

n-Decane 4.52 3.88 247.9 1.00 0.66 

n-Dodecane 5.53 3.86 243.7 1.16 2.76 

n-Heptane 3.35 3.83 243.6 1.26 1.23 

n-Hexadecane 6.95 3.90 249.0 1.11 1.86 

n-Hexane 3.14 3.76 233.3 1.32 0.56 

n-Nonane 4.14 3.86 246.5 1.12 0.74 

n-Octane 3.71 3.86 246.9 1.26 1.52 

n-Tetradecane 6.17 3.90 248.2 1.10 1.81 

n-Tridecane 5.75 3.89 248.2 1.07 0.79 

n-Undecane 4.97 3.88 247.0 1.09 0.81 

n
on

-C
yc

li
c 

A
lk

en
es

 1-Hexene 2.97 3.76 237.7 2.27 1.32 

1-Octene 3.83 3.79 240.3 1.91 1.14 

1-Pentene 2.62 3.72 231.6 0.67 0.55 

2,3-Dimethyl-1,3-butadiene 2.87 3.72 248.8 1.99 1.54 

2,4,4-Trimethyl-1-pentene 2.72 4.25 273.3 3.39 0.77 

3-methyl-1-hexene 2.88 3.99 256.5 6.86 2.01 
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Table C3.  PC-SAFT parameters of cyclic compounds obtained using their 13C-NMR spectra 

and the optimized group contribution constants. The corresponding deviations between 

DIPPR data and predicted properties were also reported. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

C
yc

li
c 

C
om

p
ou

n
d

s 

Cyclohexane 2.91 3.71 256.5 3.48 6.19 

Cyclooctane 1.98 4.52 380.7 10.50 6.16 

Butylcyclohexane 3.18 4.25 304.7 4.73 0.94 

Decylcyclohexane 5.69 4.10 279.6 3.20 0.93 

Isopropylcyclohexane 3.25 4.09 284.6 0.84 3.22 

Methylcyclohexane 2.30 4.19 306.4 3.68 2.75 

Methylcyclopentane 2.49 3.92 271.1 2.55 2.11 

Propylcyclohexane 3.04 4.16 297.1 2.66 0.76 

Propylcyclopentane 2.87 4.09 289.8 4.58 0.79 

1,1-Dimethylcyclohexane 3.16 4.03 265.5 3.61 7.50 

cis-Decahydronaphthalene 2.52 4.44 363.3 5.28 1.20 

trans-Decahydronaphthalene 2.83 4.34 331.2 3.36 3.53 

Cycloheptene 3.00 3.75 276.5 0.79 0.65 

Cyclohexene 2.29 3.94 297.1 2.41 3.07 

Cyclooctene 2.73 4.04 310.4 5.31 0.73 

Cyclopentene 2.26 3.69 269.6 0.68 0.44 

1,3-Cyclohexadiene 2.33 3.77 295.3 1.68 3.48 
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Table C4.  PC-SAFT parameters of branched alkanes obtained using their 13C-NMR spectra 

and the optimized group contribution constants. The corresponding deviations between 

DIPPR data and predicted properties were also reported. 

 

Component 

Fitted Calculated AAD% 

 � (Å) �/  (K) 

Vapor 

Pressure 

Liquid 

Density 

B
ra

n
ch

ed
 A

lk
an

es
 

2,2,3-Trimethylbutane 2.93 4.00 249.2 2.00 0.94 

2,2,3-Trimethylpentane 3.06 4.07 262.5 0.32 1.13 

2,2,4,4-Tetramethylpentane 3.34 4.14 255.7 1.53 0.97 

2,2,4-Trimethylpentane 2.36 4.46 293.7 8.73 5.92 

2,2,5-Trimethylhexane 3.60 4.00 247.7 0.76 3.99 

2,2-Dimethyl-3-ethylpentane 3.23 4.16 269.0 3.43 0.59 

2,2-Dimethylbutane 2.69 3.87 240.4 2.71 6.63 

2,2-Dimethylhexane 2.88 4.11 270.0 4.69 10.10 

2,2-Dimethyloctane 3.77 4.06 261.6 3.78 5.70 

2,3,4-Trimethylpentane 3.68 3.88 239.0 3.96 5.31 

2,3-Dimethylbutane 3.11 3.75 227.4 4.54 0.61 

2,3-Dimethylhexane 3.42 3.94 250.6 0.40 0.41 

2,3-Dimethylpentane 3.29 3.86 239.8 1.88 2.85 

2-Methylhexane 3.16 3.91 245.3 1.64 1.65 

2-Methylpentane 3.08 3.79 229.1 1.28 1.24 

3,4-Dimethylhexane 3.47 3.96 249.3 0.20 4.11 

3-Ethylpentane 2.87 4.05 261.1 4.18 1.03 

3-Methylpentane 3.28 3.70 224.1 4.33 2.38 
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Appendix D 

Table D1 presents the measured molecular weights and refractive indices of 

the mixtures evaluated in chapter 7, whereas Table D2 shows their estimated critical 

properties, acentric factors and saturation pressures at the reduced temperature of 

0.7. Tables D3-7 report the overall relative intensity comprised within each group 

contribution bin based on the 13C-NMR spectra acquired for these selected mixtures.  
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Table D1.  Refractive index and molecular weight measurement of hydrocarbon mixtures. 

Mixture �  �/   �� 

n heptane/toluene 100.0 1.4349 0.2609 

n-heptane/cyclohexane 91.6 1.4046 0.2449 

toluene/cyclohexane 88.7 1.4566 0.2722 

n-heptane/ n-dodecane 129.8 1.4037 0.2444 

n heptane/toluene/cyclohexane 93.2 1.4304 0.2586 

Table D2.  Estimated critical properties, acentric factor and saturation pressure at reduced 

temperature of 0.7 for hydrocarbon mixtures. 

Mixture �  �  �   � �   

n heptane/toluene 568.4 31.46 0.33 1.47 

n-heptane/cyclohexane 531.4 31.02 0.32 1.48 

toluene/cyclohexane 564.9 37.96 0.28 1.99 

n-heptane/ n-dodecane 586.3 21.83 0.46 0.76 

n heptane/toluene/cyclohexane 553.8 33.27 0.31 1.63 
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Spectrum 
range 
(ppm) 

�  
 Spectrum 

range 
(ppm) 

�  

0 -  81.53 0.00 

14.42 0.17  117.77 0.00 

16.93 0.00  123.18 0.00 

18.08 0.00  127.76 0.07 

22.81 0.21  130.95 0.27 

23.17 0.00  132.05 0.00 

26.93 0.00  137.14 0.00 

36.50 0.25  138.58 0.03 

38.88 0.00  145.41 0.00 

42.68 0.00  160 0.00 

49.17 0.00  - - 

 

 

 

 

 

 

 

 

Table D3.  Overall relative intensity comprised within each group contribution bin based 

on the 13C-NMR spectrum acquired for the n-heptane/toluene mixture 
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Spectrum 
range 
(ppm) 

�  
 Spectrum 

range 
(ppm) 

�  

0 -  81.53 0.00 

14.42 0.18  117.77 0.00 

16.93 0.00  123.18 0.00 

18.08 0.00  127.76 0.00 

22.81 0.03  130.95 0.00 

23.17 0.13  132.05 0.00 

26.93 0.03  137.14 0.00 

36.50 0.62  138.58 0.00 

38.88 0.00  145.41 0.00 

42.68 0.00  160 0.00 

49.17 0.00  - - 

 

 

 

 

 

 

 

 

Table D4.  Overall relative intensity comprised within each group contribution bin based 

on the 13C-NMR spectrum acquired for the n-heptane/cyclohexane mixture 
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Spectrum 
range 
(ppm) 

�  
 Spectrum 

range 
(ppm) 

�  

0 -  81.53 0.00 

14.42 0.00  117.77 0.00 

16.93 0.00  123.18 0.00 

18.08 0.00  127.76 0.08 

22.81 0.06  130.95 0.29 

23.17 0.00  132.05 0.00 

26.93 0.03  137.14 0.00 

36.50 0.51  138.58 0.03 

38.88 0.00  145.41 0.00 

42.68 0.00  160 0.00 

49.17 0.00  - - 

 

 

 

 

 

 

 

 

Table D5.  Overall relative intensity comprised within each group contribution bin based 

on the 13C-NMR spectrum acquired for the toluene/cyclohexane mixture 
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Spectrum 
range 
(ppm) 

�  
 Spectrum 

range 
(ppm) 

�  

0 -  81.53 0.00 

14.42 0.16  117.77 0.00 

16.93 0.00  123.18 0.00 

18.08 0.00  127.76 0.00 

22.81 0.20  130.95 0.00 

23.17 0.00  132.05 0.00 

26.93 0.00  137.14 0.00 

36.50 0.65  138.58 0.00 

38.88 0.00  145.41 0.00 

42.68 0.00  160 0.00 

49.17 0.00  - - 

 

 

 

 

 

 

 

 

Table D6.  Overall relative intensity comprised within each group contribution bin based 

on the 13C-NMR spectrum acquired for the n-heptane/n-dodecane mixture 
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Spectrum 
range 
(ppm) 

�  
 Spectrum 

range 
(ppm) 

�  

0 -  81.53 0.00 

14.42 0.08  117.77 0.00 

16.93 0.00  123.18 0.00 

18.08 0.00  127.76 0.04 

22.81 0.11  130.95 0.15 

23.17 0.00  132.05 0.00 

26.93 0.00  137.14 0.00 

36.50 0.62  138.58 0.00 

38.88 0.00  145.41 0.00 

42.68 0.00  160 0.00 

49.17 0.00  - - 

 

 

Table D7.  Overall relative intensity comprised within each group contribution bin based 

on the 13C-NMR spectrum acquired for the n-heptane/toluene/cyclohexane mixture 


