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Introduction (context and objectives)

In the context of the depletion of fossil fuel resources and global warming, the valorization of the lignocellulosic biomass, also called second generation biomass, through the development of chemical processes for the production of biofuels and bioproducts, has received considerable attention. Those processes may include a phase of pyrolysis during which the decomposition of cellulose, hemicellulose and lignin leads to the formation of oxygenated compounds with multiple oxygenbearing molecular functions, thus qualified as "multifunctional molecules" [START_REF] Huber | Synthesis of transportation fuels from biomass: chemistry, catalysts, and engineering[END_REF] . In fact, compositional analysis of the bio-oils reveals, in addition to monofunctional molecules such as alcohols, aldehydes and acids, the presence of sugars, furan compounds (lactones), phenolic compounds, and other aromatic oxygenated compounds (guaiacols, syringols, …) 2,[START_REF] Féjean | Représentation thermodynamique des charges oxygénées étude bibliographique et constitution d'une base de données[END_REF] which explain the complexity of these fluids.

In order to design industrial processes that can deal with such complex compounds and their mixtures, a good knowledge of thermodynamic properties is needed. This is particularly true at the first stages of a process development, which involve evaluating the feasibility of a process with almost no data. We thus need a predictive model able to predict phase equilibria even with the presence of strong associations and/or polar interactions leading to thermodynamic non ideality IFPEN has chosen to work for several years with the PC-SAFT [START_REF] Gross | Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules[END_REF][START_REF] Gross | Application of perturbation theory to a hard-chain reference fluid: an equation of state for square-well chains[END_REF] (Perturbed-Chain Statistical Association Theory) model. One way of extending the predictive power of the PC-SAFT EoS was through addition of a polar term [START_REF] Huynh | Modélisation thermodynamique de mélanges symétriques et asymétriques de composés polaires oxygénés et/ou aromatiques par GC-SAFT[END_REF][START_REF] Jog | Application of Wertheim's thermodynamic perturbation theory to dipolar hard sphere chains[END_REF][START_REF] Gross | An equation-of-state contribution for polar components: Quadrupolar molecules[END_REF] : the polar perturbed chain SAFT (PPC-SAFT) version. In order to represent the diversity of the oxygenated molecules, the PPC-SAFT has been combined with a homosegmented group contribution method (GC) developed by Tamouza et al. [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] leading to the current predictive GC-PPC-SAFT EoS. This method is now available in a process simulator (ProSimPlus) [START_REF]PROSIM logiciels de simulation de procédés et de génie chimique[END_REF] and has proved to be efficient for hydrocarbons and most monofunctional oxygenated compounds. PC-SAFT model not based on GC method have been also developed to deal with multifunctional molecules (sugar solutions) [START_REF] Carneiro | Solubility of sugars and sugar alcohols in ionic liquids: Measurement and PC-SAFT modeling[END_REF] . However, it is not the best in term of predictivity since specific molecular parameters are regressed for each sugar independently.

Representation of pure component behavior

The model behaves well for linear or close to linear molecules. In fact, as shown in Table 1.1, looking at the average absolute relative deviation (%AARD) of calculated vapor pressures using the actual GC-PPC-SAFT developed by IFPEN from experimental data extracted from DIPPR correlations [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] , the first seven linear alkanes of the table show a deviation below 5% which is the DIPPR estimated value of the experimental error. This result is expected since these molecules have been used for regression to obtain the parameters of this model by Tamouza [START_REF] Sofiane | Utilisation Prédictive de l'Equation d'Etat SAFT[END_REF] whereas the remaining linear alkanes, used for extrapolation of the model, show higher deviation but the %AARDs are relatively small showing good predictability of vapor pressures by the model for linear alkanes (Average %AARD = 2.4% < experimental error = 3% ). However, recent work has highlighted the limitations of this model such as the difficulties in describing vapor pressures of a number of molecules. We can distinguish two types of difficulties: (1) branching and (2) the presence of multiple oxygenated groups. When dealing with branched alkanes using a homosegmented GC-PPC-SAFT, second order groups have been proposed [START_REF] Tihic | Predictive Group-Contribution Simplified PC-SAFT Equation of State: Application to Polymer Systems[END_REF] to account for proximity effects and improve the predictability of branched alkanes properties. More recently, IFPEN 15 identified other second-order groups. The results obtained Table 1-2 are in coherence with the experimental error of ≃5% overall in vapor pressure and liquid density. However, the description is quite complicated: the definition of the second order corrections is sometimes ambiguous. Moreover, the approach only takes into account short range effects rather than long range effects.

Table 1-2: Deviations (%AARD*) from experimental data (DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] ) of calculated Vapor pressures of branched alkanes using the actual GC-PPC-SAFT EoS developed by IFPEN [START_REF] Sofiane | Utilisation Prédictive de l'Equation d'Etat SAFT[END_REF]15 . CH 2 , CH 3 and CH parameters are taken from Tamouza's work [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] while C quaternary from Hoang-Vu 15 (with second order groups ). where w may be vapor pressure or liquid molar volume.
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Multifunctional effect 1.1.2

When dealing with alkanediols using a homosegmented [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF][START_REF] Nguyen | Extension de l'équation GC-PPC-SAFT aux mélanges contenant de l'eau, des hydrocarbures et des composés oxygénés multifonctionnels[END_REF] GC-PPC-SAFT approach, the OH groups have different associative parameters according to their position in the molecule. For an approach to be totally predictive, one would expect to have a reduced number of parameters that can be determined straightforwardly from the molecular structure.

Thesis objectives

The main objective of this thesis work is to develop and evaluate a predictive approach to reproduce phase equilibria for mixtures containing multifunctional oxygen-bearing compounds. The main challenges in achieving this goal are (1) taking into account the molecular topology and (2) the multiple inter-and intramolecular polar and associating interactions taking place in such systems. Several models are available in process simulation softwares. In this thesis work, an evaluation and a systematic comparison of the available models using the available experimental data will be carried out in order to identify the improvements that are still required and the situations where the precision is not sufficient.

The final objective is to develop a predictive thermodynamic tool for multifunctional oxygen-bearing molecules to contribute to the development of processes on the valorization of biomass. To reach this objective, we have adopted the following strategy:



A bibliographical review is first established. This review involves inventorying the available predictive models and approaches for reproducing phase equilibria (chapter 2)



As IFPEN has been successfully working with the GC-PPC-SAFT model for more than 10 years, we wish to evaluate its predictive capacity on branched multifunctional oxygen-bearing molecules. As we will see later, such work has been started by one of our partners [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF] : the University of Stuttgart (Prof. J. Gross and his team). They suggested using a heterosegmented-version of SAFT to take the branching into account. A 4-months scientific fellowship was pursued within this team in order to collaborate on these issues (developing and implementing the so-called heterosegmented approach). The aim of this fellowship was to extend the GC-PPC-SAFT EoS to branched multifunctional molecules using a heterosegmented approach. (chapter 3)



After the evaluation and comparison of the predictive power of the heterosegmented model as compared to some available models considering branched alkanes (chapter 4), some possible improvements such as a modification of the proposed heterosegmented approach [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF][START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] have been proposed to improve the predictability of the model when dealing with multifunctional molecules (chapter 5).

State of the Art

Since in process engineering not all the needed data can be measured, predictive methods are very useful. This is specially the case for the early stages of process design, when the feasibility of the process has to be evaluated with the available data and with no further specific experiments. In this case, predictive models can be used to calculate properties such as mutual solubilities, liquid-liquid and liquid-vapor phase equilibrium, phase properties (Cp, densities, enthalpies …) of a certain system under certain in absence of experimental data. Our objective is to have such a model to determine those properties.

In the present chapter, we summarize the approaches available in the literature for phase equilibrium calculation. In a first section we review two approaches to describe phase equilibrium using the socalled "Rachford-Rice" equation. In the second section, we present some thermodynamic models to be used with these approaches. In the third section, we present predictive methods of parameterization of these models.

Calculating two-phases equilibria: vapor-liquid equilibria 1

The Rachford-Rice equation 2.1.1 Consider a fluid with molar composition z i . A phase equilibrium calculation consists in computing the composition and amounts of the phases at equilibrium. The most common approach is the so-called "Rachford-Rice" equation:

∑ 𝑧 𝑖 (𝐾 𝑖 -1) 1+(𝐾 𝑖 -1)𝜓 𝑖 = 0 2-1
Where 𝜓 represents the vapor molar fraction and 𝐾 𝑖 =y i /x i. Once 𝐾 𝑖 𝜓 is known, x i and y i (the liquid and vapor composition respectively) can be calculated by:

𝑥 𝑖 =
𝑧 𝑖 1+(𝐾 𝑖 -1)𝜓
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𝑦 𝑖 = 𝐾 𝑖 𝑧 𝑖 1+(𝐾 𝑖 -1)𝜓
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The partition coefficient 𝐾 𝑖 is independent of composition in the case of ideal mixtures. Equation 2-1 can then be solved directly for 𝜓.

For non-ideal mixtures 𝐾 𝑖 depends also on composition. The calculation is then iterative 1.

Guess a value for 𝐾 𝑖 2.

Solve equation 2-1 for 𝜓 3.

Calculate x i and y i using 2-2 and 2-3 4.

Calculate 𝐾 𝑖 using a homogeneous or heterogeneous approach as will be discussed later 5.

Solve equation 2-1 for 𝜓 6.

If 𝜓 changed, return to step 3 (successive substitution step 3 to 6) 7.

Update x i and y i using 𝜓 calculated in step 6.

Note that in the case of a pure component, phase equilibrium is reached when K i =1 (x=y=1).

Computation of K i 2.1.2

The fundamental thermodynamic relationship for phase equilibrium is the equality of chemical potentials, or, which is equivalent, of fugacities in the two phases. It is possible to distinguish two approaches to calculate 𝐾 𝑖 :

-Homogeneous approaches: the same model is used for the vapor and the liquid phase.

The partition coefficient K i each compound i is written as the ratio of the fugacity coefficients of component i in the two phases (V for vapor, L for liquid)

𝐾 𝑖 = 𝜑 𝑖 𝐿 𝜑 𝑖 𝑉 2-4
Where the fugacity coefficient is defined as

𝜑 𝑖 𝐿 = 𝑓 𝑖 𝐿 𝑃𝑥 𝑖
and 𝜑 𝑖 𝑉 = 𝑓 𝑖 𝑉 𝑃𝑦 𝑖
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Where P is the pressure and f 𝑖 the fugacity of component i, and the exponents L and V refer to liquid and vapor respectively.

-Heterogeneous approaches: different models are used for the different phases: for example, an equation of state (EoS) for the vapor phase (to compute φ i V ) and an activity coefficient model for the liquid phase (to compute γ i ) or two different EoS for each phase.

The partition coefficient at low pressure written using activity coefficients is:

𝐾 𝑖 = 𝑃 𝑖 𝑠𝑎𝑡 𝛾 𝑖 𝑃 2-6
Where the saturation pressure of a component is represented by P i Sat , the pressure of the system by P and γ i is the activity coefficient.

The analysis of activity coefficients may sometimes be useful for understanding non-ideal behavior (𝛾 𝑖 ≠ 1). Yet, in this work, we will focus on equations of state which allow computing fugacity coefficients for all phases.

Equations of State (EoS)

EoSs are mathematical equations that make it possible to compute volume and residual properties as a function of composition, temperature and pressure.

Most often these equations are expressed as residual Helmholtz energy (A res ) contributions relative to the ideal gas (id) as a function of temperature (T), volume (V) and composition (N, number of moles), such as the total Helmholtz energy is A(T,V)= A id (T,V)+ A res (T,V).

Our focus is on phase equilibria, which implies the calculation of fugacity coefficients and/or chemical potential of species in the solution in a given phase.

The residual chemical potential (µ i res (𝑇, 𝑃)) of a species i can be calculated from the derivatives of the residual Helmholtz energy: 

µ 𝑖 𝑟𝑒𝑠 (
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The EoSs can be classified into four groups: virial (empirical models, highly accurate but require a large set of parameters and thus are hardly predictive, thus not discussed here), cubic, lattice-based and molecular-based (perturbation theory).

Cubic EoSs 2.2.1

Cubic EoSs are extensions of the Van der Waals equation.

The appellation "cubic" comes from the fact that a cubic equation is found when solving volume at a known pressure and temperature, equation 2-8 is written as [START_REF] De Hemptinne | Select thermodynamic models for process simulation: A practical guide using a three steps methodology[END_REF] :

𝑃 = 𝑅𝑇 𝑣-𝑏 - 𝑎(𝑇) 𝑣 2 +𝑢𝑣𝑏+𝑤𝑏 2 2-9
Where u and w are characteristic parameters of the cubic equation (example : u=1 and w=0 for the Redlich and Kwong equation [START_REF] Redlich | On the Thermodynamics of Solutions. V. An Equation of State. Fugacities of Gaseous Solutions[END_REF] ; u=2 and w=-1 for Peng-Robinson [START_REF] Peng | A: New Two-Constant Equation of State[END_REF] ) . The first term accounts for repulsive interactions (through the covolume 𝑏 of the molecule) and the second term for the attractive ones (through the energy parameter 𝑎). Parameters 𝑎 and 𝑏 are calculated using the critical Pressure (Pc), the critical Temperature (Tc) and the acentric factor (ω).

It was not until the work of Redlich and Kwong 21 that a sufficiently reliable EoS for engineering applications was available. Several empirical modifications were proposed to improve the accuracy of cubic EoS, leading to the most popular and most widely used cubic EoS in the industry, SRK [START_REF] Redlich | On the Thermodynamics of Solutions. V. An Equation of State. Fugacities of Gaseous Solutions[END_REF] , and PR [START_REF] Peng | A: New Two-Constant Equation of State[END_REF] .

The accuracy of these equations depends on the quality of the parameters. We distinguish pure component parameters and binary parameters: 1.

Pure component: Most often, pure component parameters are based on critical parameters pressure and temperature, leading to an exact representation of the vapor pressure at the critical point.

To improve the vapor pressure calculations, a so-called "alpha function" is used. The Soave function [START_REF] Soave | Equilibrium constants from a modified Redlich-Kwong equation of state[END_REF] , which is based on the acentric factor (ω), aims at providing a predictive approach for this function.

2.

Mixtures: The calculation of mixture properties requires "mixing rules". These mixing rules rely on parameters 𝑘 𝑖𝑗 , 𝛼 𝑖𝑗 … ) that can be adjusted for certain models.

Lattice Fluid based EoS 2.2.2

One popular theory to describe how molecular structure affects fluid properties, is the lattice cluster theory (LCT), originally developed by Freed et al. [START_REF] Freed | Lattice theories of polymeric fluids[END_REF] and extended to compressible systems by Dudowicz et al. [START_REF] Dudowicz | Role of molecular structure on the thermodynamic properties of melts, blends, and concentrated polymer solutions: Comparison of Monte Carlo simulations with the cluster theory for the lattice model[END_REF] . The equation of state contains two adjustable parameters for each molecule: a characteristic segmental interaction energy, 𝜀 𝑖 , that describes the average interaction energy between the segments of two molecules and a reference volume, v i *. LCT uses a double series expansion in the inverse coordination number and the reduced interaction energy to arrive at the free energy of a structured lattice fluid characterized by several combinatorial numbers giving the number of distinct ways to find a given substructure in the molecular architecture of the fluid under consideration. It has been tested against lattice Monte Carlo simulation and extended to include semi flexibility and association interactions in the same lattice formalism. The group of Enders [START_REF] Langenbach | Development of an EOS based on lattice cluster theory for pure components[END_REF][START_REF] Langenbach | Prediction of the solid-liquid-liquid equilibria of linear and branched semi-crystalline poly-ethylene in solutions of diphenyl ether by Lattice Cluster Theory[END_REF][START_REF] Langenbach | New formulation of the lattice cluster theory equation of state for multi-component systems[END_REF][START_REF] Zeiner | Calculation of the liquid-liquid equilibrium of aqueous solutions of hyperbranched polymers[END_REF][START_REF] Zimmermann | Modelling of adsorption isotherms of isomers using density functional theory[END_REF] has applied it successfully for polymeric and nonpolymeric systems. However, as a lattice theory, LCT sometimes performs weakly for the gas phase.

Perturbation Theory-Based EoSs

2.2.3

The Equations used in the Statistical Associating Fluid Theories (SAFT) are based on Wertheim's Thermodynamic Perturbation Theory (TPT) for associating fluids [START_REF] Wertheim | Fluids with highly directional attractive forces. I. Statistical thermodynamics[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. II. Thermodynamic perturbation theory and integral equations[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. III. Multiple attraction sites[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. IV. Equilibrium polymerization[END_REF] .

Many versions of the SAFT theory have been developed such as the original SAFT [START_REF] Chapman | Phase equilibria of associating fluids[END_REF] , Chen-Kreglewski SAFT (CK-SAFT) [START_REF] Huang | Equation of state for small, large, polydisperse, and associating molecules[END_REF] , simplified SAFT [START_REF] Fu | A Simplified SAFT Equation of State for Associating Compounds and Mixtures[END_REF] , Lennard-Jones SAFT (LJ-SAFT) [START_REF] Kraska | Analytic and Fast Numerical Solutions and Approximations for Cross-Association Models within Statistical Association Fluid Theory[END_REF] , soft-SAFT [START_REF] Blas | Prediction of Binary and Ternary Diagrams Using the Statistical Associating Fluid Theory (SAFT) Equation of State[END_REF] , variable-range SAFT (SAFT-VR) [START_REF] Gil-Villegas | Statistical associating fluid theory for chain molecules with attractive potentials of variable range[END_REF] , perturbed-chain SAFT (PC-SAFT) [START_REF] Gross | Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules[END_REF] , Polar PC-SAFT (PPC-SAFT) [START_REF] Jog | Application of Wertheim's thermodynamic perturbation theory to dipolar hard sphere chains[END_REF][START_REF] Gross | An equation-of-state contribution for polar components: Quadrupolar molecules[END_REF][START_REF] Gross | An equation-of-state contribution for polar components: Dipolar molecules[END_REF] …The main asset of SAFT EoS is to take into account explicitly the different types of intermolecular interactions. Our purpose here is not to review the different versions of the SAFT EoS, but it is important to mention that differences among them are principally due to the choice of the reference system and the descriptions of repulsive and attractive interactions.

The Perturbed-Chain SAFT (PC-SAFT) equation of state adopts a hard-sphere chain fluid as a reference fluid. The equation of state consists, thus, of a reference hard-chain equation of state (A hc ) and a perturbation contribution(A pert ):

𝐴 𝑟𝑒𝑠 = 𝐴 ℎ𝑐 + 𝐴 𝑝𝑒𝑟𝑡 2-10 With 𝐴 ℎ𝑐 = (𝑚𝐴 ℎ𝑠 + 𝐴 𝑐ℎ𝑎𝑖𝑛 ) 2-11
The perturbation applied to this reference is based on the pair potential (square well…). The hard spheres are assumed to contain association sites, and using Wertheim's theory while considering infinite association strengths between sites, it is possible to construct a chain. The equation for the final residual Helmholtz energy is given as a follows:

𝐴 𝑟𝑒𝑠 = (𝑚𝐴 ℎ𝑠 + 𝐴 𝑐ℎ𝑎𝑖𝑛 ) + 𝐴 𝑑𝑖𝑠𝑝 + 𝐴 𝑎𝑠𝑠𝑜𝑐 + 𝐴 𝑝𝑜𝑙𝑎𝑟
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Where A hs is the Helmholtz energy of the hard-sphere reference term and A disp of the dispersion term, A chain is the contribution from chain formation, A assoc is the contribution from association and A polar the polar contribution.

Thus in equation 2-12, the dispersive term is the first correction to the reference hard-chain term.

The Figure 2-2 illustrates PPC-SAFT EoS and its construction, along with the parameters of the equation: ε (energy parameter, dispersive well depth), σ (diameter parameter, repulsive parameter), m (length parameter, number of segments). Additional parameters are needed when association or polarity is taken into account: association strength parameters 𝜀 𝐴𝐵 , 𝑘 𝐴𝐵 and dipolar (µ) and/or quadrupolar (Q) moments respectively. 

Group contribution method

EoS will require parameters in order to distinguish the specific behavior of each compound or mixture. One may distinguish unary or binary parameters. The most usual way to determine these parameters consists in regressing on experimental phase equilibrium data. This methodology breaks down when no such data exist or are insufficient. This is the case for example with molecules from biomass.

Predictive methods must then be developed. In the following section, we discuss the group contribution method a predictive parameterization method.

In Group-contribution (GC) methods, the molecular structure is decomposed into building blocks referring to functional groups and any property of the corresponding molecule is estimated as a function of the sum of the contributions of these building blocks. The assumption is that a parameter value of any group has the same contribution to the physical property of any molecule where it appears. GC methods are thus predictive by definition.

GC methods can be classified depending on the number and extend of groups used in the correlative model. The first order (FOG) [START_REF] Joback | estimation of pure-component properties from groupcontribution[END_REF] describes the simple functional groups present in the molecule whereas the second (SOG) [START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF] and the third order (TOG) [START_REF] Benson | Additivity rules for the estimation of thermochemical properties[END_REF] include other groups/fragments allowing a better description of the molecule and acting as a correction of the first order to improve the accuracy of the method according to:

𝑌 = ∑ (𝑛 𝑖 𝐶 𝑖 ) 𝐹𝑂𝐺 𝐹𝑂𝐺 𝑖=1 + ∑ (𝑛 𝑗 𝐶 𝑗 ) 𝑆𝑂𝐺 𝑆𝑂𝐺 𝑗=1 + ∑ (𝑛 𝑘 𝐶 𝑘 ) 𝑇𝑂𝐺 𝑇𝑂𝐺 𝑘=1
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Thus the property Y of a molecule can be estimated using the additive contribution of the groups present in the molecule where C is the contribution of each group.

The advantage of GC methods is that they are computationally simple to use but the principal limitations are the lack of parameters for some molecules, their inability to distinguish between isomers (for FOG) and to capture the long range effects when many strong polar groups are present in a molecule (which explains again the use of higher group contribution orders to overcome this limitation with proximity effects). Also, the decomposition of the molecule in groups of first and higher orders is not unique and may lead to ambiguities.

Application of GC to estimation of pure component properties 2.3.1

Critical property data are of great practical importance as they are the basis for the estimation of a large variety of thermodynamic properties using the corresponding states principle. In addition, critical temperature and pressure data provide valuable information for the regression and prediction of vapor pressures at high temperature and are required by cubic equations of state for the description of pure component and mixture behavior. Unfortunately, most components are not sufficiently stable at or near the critical temperature, and as a result experimental measurements of their critical properties are difficult, if not impossible. It is therefore of importance that prediction methods be developed to provide not only reasonably accurate predictions, but which are also reliable when extrapolated. Since the first developments of group contribution methods, a large number of methods have been developed for the estimation of critical property data and other properties. Predictive methods can thus be used for the estimation of pure components such as critical temperature/volume/pressure [START_REF] Joback | estimation of pure-component properties from groupcontribution[END_REF][45][46][START_REF] Marrero | Group-contribution based estimation of pure component properties[END_REF] as well as the acentric factor [START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF][START_REF] Pitzer | Origin of the Acentric Factor. Phase equilibria and fluid properties in the chemical industry: Estimation and correlation / a symposium[END_REF] .

Application to equation of state parameters 2.3.2

Cubic EoS

The best-known mixing rules for cubic EoSs are the so-called "classical mixing rules" [START_REF] Vidal | Thermodynamics: Applications in chemical engineering and the petroleum industry[END_REF] , which provide acceptable results only for hydrocarbon mixtures. Two new parameters, the so-called binary interaction parameters (k ij and l ij ) appear in the combining rules.

GC methods designed for estimating the k ij of a cubic EoS were developed (example : PPR78 model [START_REF] Peng | A: New Two-Constant Equation of State[END_REF][START_REF] Robinson | The Characterization of the Heptanes and Heavier Fractions for the GPA Peng-Robinson Programs[END_REF] , which is a Peng Robinson EoS, version of 1978). Huron and Vidal [START_REF] Huron | New mixing rules in simple equations of state for representing vapor-liquid equilibria of strongly non-ideal mixtures[END_REF] proposed a mixing rule for the parameter a so as to combine the power of activity coefficient models with equations of state to calculate complex phase behaviors of mixtures (for example mixtures with water and n-octanol). Later, other mixing rules were proposed [START_REF] Michelsen | A modified Huron-Vidal mixing rule for cubic equations of state[END_REF] .

The Lattice Fluid EoS

The so-called Group contribution Lattice Fluid "GCLF" Eos has been proposed by High and Danner [START_REF] High | Application of the group contribution lattice-fluid EOS to polymer solutions[END_REF] , based on the Panayiotou-Vera 54 equation. Group parameters have been determined using low molecular weight component densities and vapor pressures. This predictive approach is particularly worthwhile for polymer mixtures where it may be difficult to determine pure component parameters. The GCLF EoS has been applied to compute several properties (pure polymer density, VLE of low and high molecular weight mixtures, weight fraction activity coefficients, liquid-liquid equilibria).

In order to take into account hydrogen bonding, an extension to the lattice-fluid EoS has been proposed [START_REF] Panayiotou | Nonrandom Hydrogen-Bonding Model of Fluids and Their Mixtures. 2. Multicomponent Mixtures[END_REF] and called non Random Hydrogen-Bonding model (NRHB). It adds onto a slightly modified Panayiotou-Vera EoS the possibility to consider the presence of proton acceptors and donors. It is shown to provide good quality predictions of both vapor-liquid and liquid-liquid equilibria of highly polar and hydrogen-bonding molecules. Recent work by Langenbach et al. have extended this approach to describe complex molecules, using the Lattice Cluster Theory 28 .

SAFT-Type EoSs

Depending on the model used, GC-SAFT methods can be classified in: -homosegmented GC methods: molecular chains are considered to be composed of identical segments (the segments representing the various chemical functional groups) and averaging rules are used for determining molecular parameters from functional group parameters.

-heterosegmented GC methods: molecules are modeled as chains composed of different segment types, there is no use of averaging rules and the equations use the group parameters directly.

Examples of each of the two approaches are given below.

Homosegmented GC-SAFT approaches

Three principal homosegmented Group contribution approaches can be used to determine SAFT molecular parameters: the dispersive energy (ε), the diameter (σ) and the chain length (m).

a) Vijande et al.

Vijande et al. [START_REF] Vijande | Description of PVT behavior of hydrofluoroethers using the PC-SAFT EOS[END_REF][START_REF] Vijande | Group-Contribution Method for the Molecular Parameters of the PC-SAFT Equation of State Taking into Account the Proximity Effect. Application to Nonassociated Compounds[END_REF][START_REF] Vijande | Group-Contribution Method with Proximity Effect for PC-SAFT Molecular Parameters. 2. Application to Association Parameters: Primary Alcohols and Amines[END_REF] developed a homosegmented approach using the PC-SAFT EoS by considering a linear relation of pure component parameters of a homologous series on the molecular mass. The group parameters proposed have been adjusted to a database of individually adjusted pure component parameters of the chemical families studied (eg: hydrofluoroethers, n-alkanes). The mixing rules are presented in the following equations where ε i , σ i and m i represent respectively the dispersive energy, the diameter and the chain length, n αi being the number of groups α in molecule i:

𝑚 𝑖 = ∑ 𝑛 𝛼 𝑖 𝛼 𝑚 𝛼 2-14 𝑚 𝑖 𝜀 𝑖 = ∑ 𝑛 𝛼 𝑖 𝛼 𝑚 𝛼 𝜀 𝛼 2-15 𝑚 𝑖 𝜎 𝑖 3 = ∑ 𝑛 𝛼 𝑖 𝛼 𝑖 𝑚 𝛼 𝜎 3 𝛼 2-16 b) S.Tamouza et al.
The group of de Hemptinne et al. [START_REF] Nguyen Thi | Application of group contribution SAFT equation of state (GC-SAFT) to model phase behavior of light and heavy esters[END_REF][START_REF] Nguyenhuynh | Application of GC-SAFT EOS to polar systems using a segment approach[END_REF] used different mixing rules compared to Vijande et al. [START_REF] Vijande | Description of PVT behavior of hydrofluoroethers using the PC-SAFT EOS[END_REF][START_REF] Vijande | Group-Contribution Method for the Molecular Parameters of the PC-SAFT Equation of State Taking into Account the Proximity Effect. Application to Nonassociated Compounds[END_REF][START_REF] Vijande | Group-Contribution Method with Proximity Effect for PC-SAFT Molecular Parameters. 2. Application to Association Parameters: Primary Alcohols and Amines[END_REF] and the group parameters have been adjusted to experimental pure-component data such as vapor pressure data and liquid density data and the three molecular parameters were calculated through averages using the Lorentz Berthelot combining rules such as:

𝑚 𝑖 = ∑ 𝑛 𝛼 𝑖 𝛼 𝑅 𝛼 2-17 𝜀 𝑖 = √ ∏ 𝜀 𝛼 𝑛 𝛼 𝑖 𝛼 ∑ 𝑛 𝛼𝑖 𝛼 2-18 𝜎 𝑖 = ∑ 𝑛 𝛼 𝑖 𝜎 𝛼 𝛼 ∑ 𝑛 𝛼 𝑖 𝛼 2-19
NguyenHuynh [START_REF] Nguyenhuynh | A modified group-contribution PC-SAFT equation of state for prediction of phase equilibria[END_REF] proposed to improve the GC method proposed by Tamouza et al. [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] to estimate parameters of the PC-SAFT . The improvement is the "exclusion" of the over-accounting of dispersion energy between intra-molecular segments through an empirical correlation parameter as shown in equation 2-20 compared to the original equation 2-18. Three families (n-alkanes, n-alkyl-cycloalkanes and n-alkyl-benzenes were investigated). It allowed to improve significantly the prediction capability of the model, particularly the prediction of vapor pressure, liquid density, and enthalpy of vaporization of heavy alkanes.

𝜀 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = √∏ 𝜀 𝑖 𝑛 𝑖 𝑛 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖=1 (∑ 𝑛 𝑖 𝑛 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖=1 ) -𝑛 𝑔𝑟𝑜𝑢𝑝𝑠 𝛼 2-20
In this equation, the correction factor (α) is considered to be a universal adjustable parameter. It is regressed simultaneously with the other group's parameters from the vapor pressure and liquid density of n-alkanes.

c) Tihic et al. 14

This team proposed also a GC approach applied to the PC-SAFT EoS but with different mixing rules compared to the ones presented before and presented in the equations below. They have chosen to use the Constantinou-Gani GC method [START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF] to allow the distinction between First Order Groups (FOG: CH 3 , CH 2 , CH…) and Second Order Groups (SOG: larger groups). This way, they account for proximity effects and structural isomers as shown in Figure 2 
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Their method gave a reliable tool for accurate modeling phase equilibria with polymers.

In a recent work, Burgess et al. [START_REF] Burgess | New Group-Contribution Parameters for the Calculation of PC-SAFT Parameters for Use at Pressures to 276 MPa and Temperatures to 533[END_REF] extended the group contribution model of Tihic and co-workers, developed for polymers, to accurately determine PC-SAFT parameters for alkanes (linear and branched), aromatics, and cycloalkanes in high temperature and high pressure conditions (HTHP, above 423.15 K and 69 MPa) to be able to accurately predict density properties at those conditions. When using second-order group contributions, it was possible to distinguish the differences in density among isomers.

Heterosegmented GC-SAFT approaches

SAFT models consider molecules as chains of tangent spherical segments. In the homosegmented approaches, all spherical segments are identical, with average parameters as shown in the previous section. It is also possible to consider a molecule consisting of (spherical) segments of different type, for example different segment size parameters, or each with an own van der Waals (dispersive) energy parameter.

a) Gross et al.

Banaszak et al. [START_REF] Banaszak | Copolymer SAFT Equation of State. Thermodynamic Perturbation Theory Extended to Heterobonded Chains[END_REF] , and Chapman et al. [START_REF] Shukla | SAFT equation of state for fluid mixtures of hard chain copolymers[END_REF] developed the basics for dealing with heterosegmented molecules when it comes to copolymers. Gross et al. [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF] later extended this approach in the context of the PC-SAFT model.

Two differences can be observed between homo-and hetero-segmented approaches:

1.

The dispersive energy and diameter parameter of the segments are used explicitly rather than a molecular average (this is why no GC mixing rule is needed any more).

2.

The chain term no longer assumes a linear molecule, but each bond is considered separately.

More details on this model are provided below in section 3.2. Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] have compared this method with the homo-segmented approach, as discussed in the next chapter.

b) McCabe and co-workers

McCabe and co-workers [START_REF] Peng | Developing a predictive group-contribution-based SAFT-VR equation of state[END_REF] combined a GC approach to the-SAFT-VR [START_REF] Mccabe | The thermodynamics of heteronuclear molecules formed from bonded square-well (BSW) segments using the SAFT-VR approach[END_REF][START_REF] Peng | On the thermodynamics of diblock chain fluids from simulation and heteronuclear statistical associating fluid theory for potentials of variable range[END_REF] model leading to a GC-SAFT-VR. Because of the consideration of specified chain connectivity, the GC-SAFT-VR EoS can distinguish between various structural isomers. Several chemical families such as alkanes, esters, alkylbenzenes, and associating chemical families have been studied. Furthermore, the GC-SAFT-VR EoS has been applied to describe phase equilibria of small molecules in polymer systems.

c) Lymperiadis et al.

Lymperiadis et al. [START_REF] Lymperiadis | A group contribution method for associating chain molecules based on the statistical associating fluid theory (SAFT-gamma)[END_REF][START_REF] Lymperiadis | A generalisation of the SAFT-group contribution method for groups comprising multiple spherical segments[END_REF] developed a GC EoS based on SAFT-VR, called the SAFT-𝛾 EoS, assuming that the molecule is constructed by fused heteronuclear united-atom groups. Within this formalism, an extra parameter (shape parameter S k ) is introduced for each group, which essentially characterizes the portion of the group that overlaps with neighboring segments. That leads to a description equivalent to parameter 𝑚 𝑖𝛼 introduced earlier by Gross et al. [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF] . The authors present optimized group parameters for CH 3 , CH 2 , CH 3 CH.

Conclusion

To conclude on this state of the art, two families of thermodynamic models can be used to describe phase equilibrium (EoS and activity coefficient models). EoS models have the advantage to allow direct computation of vapor pressures and volumetric properties as compared to activity coefficient models and that's why we chose to work with an EoS. We discussed also GC methods as parameterization methods that can be applied to these models. GC methods are based on the structure of the molecule. When combined to a group contribution method, the EoS can become predictive. A new application would be the use of heterosegmented GC-PPC-SAFT for multifunctional molecules.

In the following chapter, we present SAFT EoS and some results concerning the implementation of the heterosegmented approach.

SAFT homo vs heterosegmented

Our first objective is to have a model to represent and predict phase equilibria of mixtures involving multifunctional species. Representing phase equilibrium is done by calculating properties such as bubble pressure. EoS-type models are selected among the other presented models because they allow the computation of both pure component and mixture properties using the same model. However, polar and/or associative interactions due to the presence of oxygenated molecules in biomass-based fluids lead to strong thermodynamic non-ideality. Classical models such as Cubic Equations of State used in the oil and gas industry, do not incorporate the same details in terms of the molecular interactions. Their parameterization (Tc, Pc, ω) is often based on the corresponding states principle that is mainly based on volatility and requires many additional parameters for polar and hydrogenbonding molecules. A good attempt of correcting cubic EoS is the Cubic-Plus-Association (CPA) [START_REF] Yakoumis | Vapor-liquid equilibria for systems using the CPA Equation of state[END_REF] equation which adds a SAFT-type associative term to the two cubic terms so as to account for those interactions. Yet, no predictive parameterization method has been developed yet. It appears that the equations derived from statistical mechanics contain a large amount of molecular information that has been validated on molecular simulation [START_REF] Ungerer | Applications of Molecular Simulation in Oil and Gas Production and Processing[END_REF] . SAFT describes explicitly repulsive and dispersive interactions of chain molecules, hydrogen bonding and polarity. As already discussed in the introduction, IFPEN has chosen to develop PPC-SAFT and when coupled to a GC method, it leads to a predictive model. The parameters can thus be determined knowing the structure of the molecule by Group contributions leading to the GC-PPC-SAFT EoS [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF][START_REF] Nguyen-Huynh | Modeling Phase Equilibria of Asymmetric Mixtures Using a Group-Contribution SAFT (GC-SAFT) with a kij Correlation Method Based on London's Theory. 2. Application to Binary Mixtures Containing Aromatic Hydrocarbons, n -Alkanes, CO 2 , N 2 and H 2[END_REF][START_REF] Chapman | Phase behavior applications of SAFT based equations of state-from associating fluids to polydisperse, polar copolymers[END_REF] . Also, IFPEN and its partners have a long experience in terms of application and parameterization of this model on monofunctional oxygenated 6,16,74-77 compounds.

Mathematical description of Homosegmented GC-PPC-SAFT: Equations of the contribution to the total Helmholtz energy

We go back to equation 2-12 in order to describe the different contributions to the total Helmholtz energy:

The Hard sphere term 3.1.1

The hard sphere reference [START_REF] Boublík | Hard-Sphere Equation of State[END_REF][START_REF] Mansoori | Equilibrium thermodynamic properties of the mixture of hard spheres[END_REF] contribution to the Helmholtz energy accounts for the hard sphere repulsion interaction energy and is defined by the term:

𝐴 ℎ𝑠 𝑅𝑇 = 6 𝜌𝜋 [( 𝜁 2 3 𝜁 3 2 -𝜁 0 ) 𝑙𝑛(1 -𝜁 3 ) + 3𝜁 1 𝜁 2 1-𝜁 3 + 𝜁 2 3 𝜁 3 (1-𝜁 3 ) 2 ]
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Where, 𝜌 = 𝑁 𝑉 is the molecular density, V the total volume, N the number of molecules and the reduced density 𝜁 is defined as

𝜁 𝑙 = 𝜋𝑁 6𝑉 ∑ 𝑥 𝑖 𝑚 𝑖 𝑑 𝑖 𝑙 𝑖 l=0,1,2,3 3-2
Where 𝑥 𝑖 is the mole fraction of component i 𝐴 𝑟𝑒𝑠 = (𝑚𝐴 ℎ𝑠 + 𝐴 𝑐ℎ𝑎𝑖𝑛 ) + 𝐴 𝑑𝑖𝑠𝑝 + 𝐴 𝑎𝑠𝑠𝑜𝑐 + 𝐴 𝑝𝑜𝑙𝑎𝑟

And 𝑑 𝑖 = 𝜎 𝑖 [1 -𝜆 𝑒𝑥𝑝 (-3

𝜀 𝑖 𝑘𝑇 )] 3-3
with 𝑑 being the temperature dependent segment diameter parameter, 𝜎 the segment diameter parameter and 𝜆 the sphere softness with the value of 0.12 80 .

Special case for water

To obtain accurate thermodynamic modeling of water and its mixtures with hydrocarbons and oxygenated species, a new value for σ (equation 3-3) was defined by Ahmed et al. [START_REF] Ahmed | A New PC-SAFT Model for Pure Water, Water-Hydrocarbons, and Water-Oxygenates Systems and Subsequent Modeling of VLE, VLLE, and LLE[END_REF] for water:

𝜎 𝑇,𝑊 = 𝜎 𝑊 + 𝑇 𝑑𝑒𝑝,1 . 𝑒𝑥𝑝(𝑇 𝑑𝑒𝑝,2 × 𝑇) + 𝑇 𝑑𝑒𝑝,3 𝑇 2 3-4
This, 𝜎 𝑇,𝑊 is used in equation 3-3 with 𝜆=0.203.

The hard chain term 3.1.2

Chapman et al. [START_REF] Chapman | Phase equilibria of associating fluids[END_REF] developed an EoS based on the Wertheim perturbation theory of first order [START_REF] Wertheim | Fluids with highly directional attractive forces. I. Statistical thermodynamics[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. II. Thermodynamic perturbation theory and integral equations[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. III. Multiple attraction sites[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. IV. Equilibrium polymerization[END_REF] by assuming homonuclear chains of 𝑚 number of segments.

𝐴 𝑐ℎ𝑎𝑖𝑛 𝑅𝑇 = ∑ 𝑛 𝑖 (1 -𝑚 𝑖 ) 𝑙𝑛(𝑔 𝑖𝑖 ℎ𝑠 ) 𝑖=1 3-5 With 𝑔 𝑖𝑗 ℎ𝑠 = 1 1-𝜁 3 + 𝑑 𝑖𝑗 3𝜁 2 (1-𝜁 3 ) 2 + 𝑑 𝑖𝑗 2 2𝜁 2 2
(1-𝜁 3 ) [START_REF] Féjean | Représentation thermodynamique des charges oxygénées étude bibliographique et constitution d'une base de données[END_REF] 
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Where 𝑑 𝑖𝑗 = ( 𝑑 𝑖𝑖 𝑑 𝑗𝑗 𝑑 𝑖𝑖 +𝑑 𝑗𝑗 ) , 𝑛 𝑖 is the number of moles of component i, and the radial distribution function, 𝑔 𝑖𝑗 ℎ𝑠 , is calculated using Equation 3.6.

The dispersive term 3. 1.3 As already discussed, the dispersive term 5 𝐴 𝑑𝑖𝑠𝑝 is calculated using a second order perturbation such that :

𝐴 𝑑𝑖𝑠𝑝 𝑅𝑇 = 𝐴 1 𝑅𝑇 + 𝐴 2 𝑅𝑇
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Where the two perturbation terms are written as:

𝐴 1 𝑅𝑇 = -2𝜋𝜌𝑛 𝑚 2 𝜀𝜎 3 ̅̅̅̅̅̅̅̅̅ 𝐼 1 3-8
And

𝐴 2 𝑅𝑇 = -𝜋𝜌𝑚 ̅ 𝑛 (1 + 𝑍 ℎ𝑐 + 𝜌 𝜕𝑍 ℎ𝑐 𝜕𝜌 ) -1 𝑚 2 𝜀 2 𝜎 3 ̅̅̅̅̅̅̅̅̅̅ 𝐼2 3-9
n is the total number of moles.

Expressions of the I 1 and I 2 , integrals of the perturbation theory can be substituted by simple power series in density. They will not be detailed here but can be obtained in the original PC-SAFT paper [START_REF] Gross | Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules[END_REF] .

𝑚 2 𝜀𝜎 3 ̅̅̅̅̅̅̅̅̅ and 𝑚 2 𝜀 2 𝜎 3 ̅̅̅̅̅̅̅̅̅̅ are abbreviations for the following equations in the case of mixtures of i and j components: The association Term 3.1.4

𝑚 2 𝜀𝜎 3 ̅̅̅̅̅̅̅̅̅ = ∑ ∑
The association is defined as a strong local attraction between two sites (denoted by capital letters A and B) and located on molecules i and j. Before any computation, one must define the sites on all molecules of the mixture (denoted by the double notation A i and B j for site A on molecule i and site B on molecule j.

The association term is given as:

𝐴 𝑎𝑠𝑠𝑜𝑐 𝑅𝑇 = ∑ 𝑛 𝑖 𝑖 ∑ [(𝑙𝑛 𝑋 𝐴 𝑖 - 𝑋 𝐴 𝑖 2 ) + 1 2 𝑀 𝑖 ] 𝐴 𝑖
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Where M i is the number of association sites on molecule i and the fraction of un-bonded association sites A is expressed by:

𝑋 𝐴 𝑖 = [1 + ∑ 𝜌 𝐵 𝑗 𝑋 𝐵 𝑗 𝛥 𝐴 𝑖 𝐵 𝑗 ] -1

3-13

Equation 3-13 is true for each association site, not only 𝐴 𝑖 .

And the association strength between two sites 𝐴 𝑖 and 𝐵 𝑗 is given by: 𝛥 𝐴 𝑖 𝐵 𝑗 = 𝑔 𝑖𝑗 ℎ𝑠 (𝑑 𝑖𝑗 )𝑑 𝑖𝑗 [START_REF] Féjean | Représentation thermodynamique des charges oxygénées étude bibliographique et constitution d'une base de données[END_REF] [𝑒𝑥𝑝 ( 𝜀 𝑎𝑠𝑠,𝐴 𝑖 𝐵 𝑗 𝑘𝑇 ) -1)] 𝜅 𝑎𝑠𝑠,𝐴 𝑖 𝐵 𝑗
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Where 𝑔 𝑖𝑗 ℎ𝑠 (𝑑 𝑖𝑗 ) is the radial distribution function for the hard sphere as computed in Equation 3-6, 𝜀 𝑎𝑠𝑠,𝐴 𝑖 𝐵 𝑗 , the association energy and 𝜅 𝑎𝑠𝑠,𝐴 𝑖 𝐵 𝑗 , the association volume (two adjustable parameters).

The Polar Term 3. 1.5 Two main approaches exist to account for multipolar interactions:

-the "molecular" approach 82 : the considered polar molecule is treated as an equivalent spherical molecule -the "segment" approach [START_REF] Jog | Application of Wertheim's thermodynamic perturbation theory to dipolar hard sphere chains[END_REF][START_REF] Ghosh | Perturbed Dipolar Chains: A Thermodynamic Model for Polar Copolymers[END_REF] : considers that the dipole moments of the molecule are localized on certain segments of the molecule as depicted in the figure below : Multipolar interactions do occur between polar segments of the chain molecules. Gosh et al. [START_REF] Ghosh | Perturbed Dipolar Chains: A Thermodynamic Model for Polar Copolymers[END_REF] introduced polar fractions 𝑥 𝑝 for dipolar (µ) and quadrupolar (Q) interactions.

𝐴 𝑝𝑜𝑙𝑎𝑟 = 2 33 2 1 AB A AA A   3-15
For detailed expression of this term, refer to the work of Jog et al. [START_REF] Jog | Application of Wertheim's thermodynamic perturbation theory to dipolar hard sphere chains[END_REF] .

Expected model improvements

Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] , aimed at evaluating the performance of a homosegmented and a heterosegmented GC approach based on the perturbed-chain polar SAFT (PCP-SAFT) equation of state (EoS). Group parameters of 22 functional groups were adjusted to pure component property data. The comparison between homo and hetero GC approaches shows that the heterosegmented GC approach leads to significantly better agreement with experimental data for various chemical families. Percentage average absolute deviations (% AAD) have been calculated and presented by these authors as shown in Table 3.1. All parameters presented in Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] were adjusted to experimental data (liquid density and vapor pressure simultaneously). All data were taken into account, this means that there was no distinction between training set and test set. Their parameters of CH 3 , CH 2 , >CH, and >C< were adjusted simultaneously to all alkanes data. This means, that if one adjusts only CH 3 and CH 2 parameters to n-alkane data, one will find a better result (means smaller residuals in the description of n-alkanes). But then the description of the branched alkanes gets worse. All other chemical families were adjusted separately. For instance, the OH parameters were adjusted to alcohols data points using CH 3 , CH 2 , >CH, and >C< parameters as constant parameters.

Table 3-1: % AAD from experimental liquid density (ρ L ) and vapor pressure data (p sat )for the examined chemical families from Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] .

For the alkane families, better agreement between experimental and predicted vapor pressures is observed using the heterosegmented approach (lower % AAD), but slightly better agreement for liquid density data is observed with the homosegmented approach. Concerning cyclohexanes, cyclopentanes and alkylbenzenes families, the heterosegmented approach led to better agreement in terms of vapor pressure data but the homosegmented one showed lower deviations for liquid density data. Concerning 1-alkanols, a better vapor pressure description is obtained using the heterosegmented approach. For ketones, ethers, formates, and esters, the homosegmented approach showed better results concerning deviations from liquid density data. Thus, in these comparisons, it appears that the heterosegmented GC approach led to better results for the considered families in the description of vapor pressure. The heterosegmented approach seems to better reproduce the physics. This is the reason why in the first place, we implement this approach in the IFPEN server, Carnot (the IFPEN Thermodynamic models library) and intend to extend this model to multifunctional molecules.

As a reminder, the two principal difficulties encountered when trying to represent phase equilibrium of pure components using the homo-GC-SAFT approach and presented in the introduction of this work are: (1) branching and (2) the presence of multiple oxygenated groups. In chapter 4, the proposed improvement of the model using a heterosegmented approach concerns the first difficulty. In chapter 5, we will try to overcome the second difficulty concerning intramolecular association as described briefly in the following paragraph.

Implementation of the Heterosegmented GC-PPC-SAFT at IFPEN

Structure of Carnot 3.3.1

Carnot is the thermodynamic server of IFPEN. All the thermodynamic models used in industrial software of IFPEN are developed and capitalized via the Carnot server. It is coded in C++, an objectoriented language, which simplifies its maintenance for an industrial use. To benefit from the features of the model, it was thus decided to develop a SAFT EoS able to take into account the heterosegmented character of oxygen-bearing multifunctional molecules as an extension of the homosegmented PPC-SAFT already coded in Carnot and available at IFPEN. An explanation of the structure of Carnot as well as the description of the implementation of the heterosegmented GC-PPC-SAFT model is presented in Appendix 4.

Mathematical Description of Heterosegmented GC-PPC-SAFT

model implemented

In this section, a summary of the equations used to calculate the total Helmholtz energy using a heterosegmented approach is presented. Only the differences as compared to the original GC-PPC-SAFT equations presented in section 3.1.2 are exposed according to the equations presented by Gross et al. [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF][START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] . In the heterosegmented version, no molecular parameters are used, only group parameters.

The subscripts α and β correspond to groups within molecules, i and j, while A and B correspond to association sites, generally located on the groups.

The main differences between the homosegmented and the heterosegmented approach are summarized in Table 3.2: the global SAFT equation is written in the same way (sum of terms on Helmholtz energy). Differences are observed for the parameters, the hard chain term, the hard sphere term, the dispersive term and the association term. Each of these differences is detailed in the following subsections.

The Hard Sphere Term

The reference term A hs is calculated in both the homo and the heterosegmented approach according to Equation 3.1. The definition of 𝜁 is slightly different:

𝜁 𝑙 = 𝜋𝑁 6𝑉 * ∑ 𝑥 𝑖 𝑚 𝑖 𝑖 ∑ 𝑧 𝑖𝛼 𝑑 𝑙 𝛼 𝛼 with l=0,1,2,3 3-16
Where the segment fraction is defined as: 𝑧 𝑖𝛼 = 𝑛 𝑖𝛼 * 𝑚 𝛼 𝑚 𝑖
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n iα is the number of groups α in molecule i, m α the chain length of an α group and m i is the total molecular segment number and thus corresponds to the sum of all segment numbers such that:

𝑚 𝑖 =∑ 𝑛 𝑖𝛼 𝑚 𝛼 𝛼 3-18
This is why we may also write as in Table 3.2:

𝜁 𝑙 = 𝜋𝑁 6𝑉 * ∑ 𝑥 𝑖 𝑖 ∑ 𝑛 𝑖𝛼 𝑚 𝛼 𝑑 𝑙 𝛼

𝛼

And the temperature dependent segment diameter of a segment type α is given by:

𝑑 𝛼 = 𝜎 𝛼 (1 -0.12𝑒𝑥 𝑝 (-3 𝜀 𝛼 𝑘𝑇
)) 3-19 σ α and ε α are respectively the chain length, the diameter and the dispersive energy of an α group.

The Hard Chain Term

It is now calculated as follow:

𝐴 𝑐ℎ𝑎𝑖𝑛 𝑅𝑇 = -∑ 𝑛 𝑖 𝑖 ∑ ∑ 𝑏 𝛼𝛽 𝑙𝑛𝑔 𝛼𝛽 ℎ𝑠 (𝑑 𝛼𝛽 ) 𝛽 𝛼
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In order to be consistent with the heterosegmented approach, a group-group radial distribution function is formulated:

𝑔 𝛼𝛽 ℎ𝑠 (𝑑 𝛼𝛽 ) = 1 1 -𝜁 3 + ( 𝑑 𝛼 𝑑 𝛽 𝑑 𝛼 + 𝑑 𝛽 ) 3𝜁 2 (1 -𝜁 3 ) 2 + ( 𝑑 𝛼 𝑑 𝛽 𝑑 𝛼 + 𝑑 𝛽 ) 2 2𝜁 2 2 (1 -𝜁 3 ) 3 = 1 1-𝜁 3 + 3 𝑑 𝛼𝛽 𝜁 2 (1-𝜁 3 ) 2 + 2 (𝑑 𝛼𝛽 𝜁 2 ) 2
(1-𝜁 3 ) [START_REF] Féjean | Représentation thermodynamique des charges oxygénées étude bibliographique et constitution d'une base de données[END_REF] 
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The main difference between the homo-and heterosegmented approaches for the chain term is the introduction of information concerning the connectivity. The measure used to describe chain connectivity is the new parameter 𝑏 𝛼𝛽 and is defined as the number of bonds between the segments of type α and β within a molecule i. For example, in the case of 3 

Proposed correction

If we compare equations 3.20 and 3.5, the hetero GC PPC-SAFT does not reduce to the homo-GC-PPC-SAFT "naturally" even if one assumes that all segments in the molecule are identical (which means that all σ α and ε α are identical). Thus, as such, both formalisms are not consistent.

They would be consistent if the value of m in the homosegmented version would be an integer corresponding to the number of groups in the molecule. Yet, m is generally considered as an adjustable parameter. In fact, when using a molecular representation (often needed for small molecules), the parameter m is different from 1, and a chain term is used. Equation 3.20, as it is written, does not allow for this.

One way to gain consistency between hetero and homo-GC-PPC-SAFT approaches is to replace b αβ in equation 3.20 by:

𝑏 ′ 𝛼𝛽 = 𝑏 𝛼𝛽 [ 1 𝑛 𝑏 -( 𝑚 𝛼 𝑛 𝛼 + 𝑚 𝛽 𝑛 𝛽 )] 3-22
Where 𝑛 𝛼 and 𝑛 β are the number of neighbours of α and β respectively and 𝑛 𝑏 number of possible bonds considering the number of groups Such that the new chain term is written, instead of equation 3.20, as:

𝐴 ℎ𝑐 𝑅𝑇 = ∑ 𝑛 𝑖 𝑖 ∑ ∑ 𝑏 ′ 𝛼𝛽 𝑙𝑛𝑔 𝛼𝛽 ℎ𝑠 (𝑑 𝛼𝛽 ) 𝛽 𝛼

3-23

As an example; for the case of n-butane figure 3-3, the number of possible bonds between the groups is 3 (CH 3 -CH 2 , CH 2 -CH 2 and CH 3 -CH 3 bonds) and

∑ ∑ 𝑏 ′ 𝛼𝛽 𝛽 𝛼 = 2 [ 1 3 -( 𝑚 𝐶𝐻 3 1 + 𝑚 𝐶𝐻 2 2 )] +1 [ 1 3 -( 𝑚 𝐶𝐻 2 2 + 𝑚 𝐶𝐻 2 2 )]
3-24 When all the segments are considered identical (m CH 2 = m CH 3 = m α ), and using equation 3.23, equation 3.24 is reduced to :

∑ ∑ 𝑏 ′ 𝛼𝛽 𝛽 𝛼 = 1-4𝑚 𝛼 = 1 -𝑚 𝑖 3-25
Because 𝑚 𝑖 is the sum of the four group values of 𝑚 𝛼 (Equation 3.18), then we recover equation 3.5.

Note that b ′ 𝛼𝛽 is not an integer in contrast to b αβ (which is the number of bonds of type α -β as defined by Sauer and al [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] ) ! This modification implies using different groups parameters than the ones proposed by Sauer et al [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] . A new parametrization will therefore be discussed in details in section 3.3.1.

The Dispersive Term

The dispersive term 𝐴 𝑑𝑖𝑠𝑝 is calculated by a second order perturbation as presented in section 3.1.2.

𝑚 2 𝜀𝜎 3 ̅̅̅̅̅̅̅̅̅ 𝑎𝑛𝑑 m 2 ε 2 σ 3
̅̅̅̅̅̅̅̅̅̅̅ of equations 3-10 and 3-11 are now defined as: 

𝑚 2 𝜀𝜎 3 ̅̅̅̅̅̅̅̅̅ = ∑ ∑

The association Term

The association term in the heterosegmented model is calculated by:

𝐴 𝑎𝑠𝑠𝑜𝑐 𝑅𝑇 = ∑ 𝑛 𝑖 𝑖 ∑ (𝑙𝑛𝑋 𝐴 𝑖 𝐴𝑖 - 𝑋 𝐴 𝑖 2 + 1 2 𝑀 𝑖 ) 3-28
And the association strength is defined between groups as:

𝛥 𝐴𝛼𝐵𝛽 = 𝑔 𝛼𝛽 ℎ𝑠 (𝑑 𝛼𝛽 )κ ass,A 𝛼 B 𝛽 𝑑 𝛼𝛽 3 𝑒𝑥𝑝 ( ε ass,A 𝛼 B 𝛽 𝑘𝑇 -1) 3-29
Where A and B are associating sites on segments α and β such as in figure 34: Note that the interactions are defined between sites, while the parameters are generally attributed to the groups (in the same way as they are attributed to molecules in the molecular approach equations 3-13 and 3-14). This is why it is needed to keep the double notation A 𝛼 and B 𝛽 .

We apply the CR1 combining rules [START_REF] Wolbach | Using Molecular Orbital Calculations To Describe the Phase Behavior of Cross-associating Mixtures[END_REF] to calculate the cross-interaction association parameters such as:

ε ass,A 𝛼 B 𝛽 = (ε ass,A 𝛼 +ε ass,B 𝛽 ) 2
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κ ass,A 𝛼 B 𝛽 =(κ ass,A 𝛼 κ ass,B 𝛽 ) 1 2
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Note that for homosegmented GC-PPC-SAFT the equations are identical (the association sites are always located on groups). The difference is that the group-group diameter 𝑑 𝛼𝛽 is used rather than the molecule-molecule diameter 𝑑 𝑖𝑗 and as consequence the group-group radial distribution function 𝑔 𝛼𝛽 ℎ𝑠 instead of 𝑔 𝑖𝑗 ℎ𝑠 .

For the rest of this work, the sites on the same group will be considered as having identical parameters, and for facility A 𝛼 will be written as α and B 𝛽 as β.

Table 3-2: Table showing the main differences between the homosegmented and heterosegmented GC-PC-SAFT

Homosegmented GC-PC-SAFT Heterosegmented GC-PC-SAFT SAFT equation

𝐴 𝑟𝑒𝑠 = 𝐴 ℎ𝑠 +𝐴 𝑑𝑖𝑠𝑝 + 𝐴 𝑐ℎ𝑎𝑖𝑛 + 𝐴 𝑎𝑠𝑠𝑜𝑐 parameters 𝑚 𝑖 = ∑ 𝑛 𝛼 𝑖 𝛼 𝑅 𝛼 𝜀 𝑖 = √ ∏ 𝜀 𝛼 𝑛 𝛼 𝑖 𝛼 (∑ 𝑛 𝛼 𝑖 𝛼 ) 𝜎 𝑖 = ∑ 𝑛 𝛼 𝑖 𝛼 𝜎 𝛼 ∑ 𝑛 𝛼 𝑖 𝛼 m α ε α σ α
Hard sphere contribution

ζ l = πN 6V ∑ x i m i d i l i 𝑑 𝑖 = σ 𝑖 [1 -0.12 exp (-3 ε 𝑖 kT )] ζ l = πN 6V * ∑ x i i ∑ n iα m α d l α α d α = σ α [1 -0.12exp (-3 ε α kT )]
Hard chain contribution

A chain RT = ∑ n i (1 -m i ) ln(g ii hs ) i=1 g ij hs = 1 1 -ζ 3 + 3 d ij (1 -ζ 3 ) 2 + 2 (d ij ζ 2 ) 2 (1 -ζ 3 ) 3 A chain RT = -∑ n i i ∑ ∑ b αβ lng αβ hs (d αβ ) β α g αβ hs (d αβ ) = 1 1 -ζ 3 + 3 d αβ (1 -ζ 3 ) 2 + 2 (d αβ ζ 2 ) 2 (1 -ζ 3 ) 3
Dispersive contribution

m 2 εσ 3 ̅̅̅̅̅̅̅̅̅ = ∑ ∑ x i x j m i j i m j ε ij kT σ ij 𝟑 m 2 ε 2 σ 3 = ∑ ∑ x i x j m i j i m j ( ε ij kT ) 2 σ ij 3 m 2 εσ 3 ̅̅̅̅̅̅̅̅̅ = ∑ ∑ x i x j j i ∑ ∑ 𝑛 𝑖𝛼 𝑚 𝛼 𝑛 𝑗𝛽 𝑚 𝛽 ( β α ε αβ kT )σ αβ 3 m 2 ε 2 σ 3 ̅̅̅̅̅̅̅̅̅̅̅ = ∑ ∑ x i x j j i ∑ ∑ 𝑛 𝑖𝛼 𝑚 𝛼 𝑛 𝑗𝛽 𝑚 𝛽 ( β α ε αβ kT ) 2 σ αβ 3 Associative contribution Δ A 𝑖 B 𝑗 = g ij hs (d ij )κ ass,A 𝑖 B 𝑗 D ij 3 exp ( ε ass,A 𝑖 B 𝑗 kT -1) Δ A 𝛼 B 𝛽 = g αβ hs (d αβ )κ ass,A 𝛼 B 𝛽 d αβ 3 exp ( ε ass,A 𝛼 B 𝛽 kT -1)

Evaluation and comparison of these improvements

Comparison between original hetero and "consistent" hetero chain term 3.4.1

For comparison of the heterosegmented approach as proposed by Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] (i.e. the hetero without correction, equation 3.20) with the new "consistent" heterosegmented approach (i.e. the corrected one, equation 3.22), the parameters of both heterosegmented approaches were regressed according to a method similar to the one used by Tamouza et al. [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] for the homosegmented approach. The data all originate from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] . Instead of considering the actual experimental data, we have used the DIPPR correlations for vapor pressure and liquid molar volume. Eleven points were calculated, evenly distributed between the minimum and maximum accepted temperature provided by DIPPR (different for 𝑃 𝑖 𝜎 and 𝑣 𝑖 𝑙𝑖𝑞 ). This choice was done so as to give identical weight to all compounds and distribute it evenly across the temperature range. Details on the temperature range are given in Appendix 1. The procedure follows three steps (summarized in Figure 345). In a first step, CH 3 and CH 2 parameters were regressed on linear alkanes going from C3 to C10. A second step is used to determine CH parameters on the database shown in the figure. The third step focuses on the quaternary carbon where all parameters are taken from the previous steps and only the three >C< parameters are regressed on the database given in figure 345. 

Figure 3-5: Methodology of regression

ε α σ α m α CH 2 ok
                        3-32
Where 𝑁 𝑃 𝜎 and 𝑁 𝑣 𝑙𝑖𝑞 are respectively the number of the experimental data of the vapor pressure 𝑃 𝑖 𝜎 or the saturated liquid phase volume 𝑣 𝑖 𝑙𝑖𝑞 . The superscripts 'calc' and 'exp' represent respectively the calculated and experimental values.

In what follows, the two heterosegmented approaches are compared with homosegmented GC-SAFT [START_REF] Sofiane | Utilisation Prédictive de l'Equation d'Etat SAFT[END_REF]15 .

The resulting parameters and deviations are provided in Table 3- 
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With w is the property of interest (vapor pressure or liquid density) and Np denotes the number of datapoints for each type of data. It is interesting to point out that the σ parameter has a similar trend in the homo and the corrected hetero and this trend is opposite to the one observed in the hetero without correction: -In the homosegmented and the corrected heterosegmented: σ (CH 3 ) < σ (CH 2 ) although this seems unphysical. It is observed in molecular simulations using a TRAPPE force-field [START_REF] Martin | Transferable Potentials for Phase Equilibria. 1. United-Atom Description of n-Alkanes[END_REF] .

-In heterosegmented without correction: σ (CH 3 ) > σ (CH 2 ). This trend seems more physical since the CH 3 group is a bigger group and thus we expect it to have a bigger diameter. It is observed in molecular simulations using a AUA force-field molecular simulation [START_REF] Ungerer | Optimization of the anisotropic united atoms intermolecular potential for n -alkanes[END_REF] .

-In all version, m (>C<) <0, because of steric hindrance (most crowded group). Note that despite the negative value, the molecular chai length m i always remains positive. When a quaternary carbon is present, the molecule becomes more "bulky" which corresponds to a smaller chain length. We will see later that additional corrections are needed.

A comparison of vapor pressure (Pvap) calculations Figure 3.6 using the three approaches with the obtained regressed parameters and extrapolating to molecules not included in the regression sets showed that:

-Homosegmented SAFT used by IFPEN predicts better Pvap for linear and monomethyl alkanes as compared to both Heterosegmented approaches. However, the comparison with the homosegmented approach is not fair because the homosegmented has one more adjustable parameter as compared to both heterosegmented approaches, which explains the better results. In fact, in order to account for the branching of molecules, the contribution of the parameter 𝑅 𝛼 of the group equation 2-17 is adjusted depending on the position i of the group when it is a ramification on the linear chain.

-The results obtained with both heterosegmented approaches are comparable even though the heterosegmented version without correction extrapolates much better than the corrected one.

-Better extrapolation with heterosegmented version without correction for n-alkanes

In the case of molecular species, i.e. containing a single group (as for example water, methane, methanol, …), the contribution of the molecule for the chain term is switched to that of the homosegmented approach such that for these molecules (no group contribution) the same results are obtained as with homosegmented SAFT. This leads to a hybrid approach for binary systems, for example methane (1) with n-butane (2): Even though the corrected heterosegmented version (equation 3.22) seems to be more consistent with the homosegmented approach than the heterosegmented without correction (equation 3.20), the numerical comparison better results. That's why for the rest of this work, we will stick to the non-corrected heterosegmented version.

𝐴 ℎ𝑐 𝑅𝑇 = 𝑛 1 (1 -𝑚 1 ) 𝑙𝑛 𝑔 1 1 ℎ𝑠 + 𝑛 2 ( 2 𝑙𝑛 𝑔 𝐶𝐻 3 -𝐶𝐻 2 ℎ𝑠 +1 𝑙𝑛 𝑔 𝐶𝐻 2 -𝐶𝐻 2 ℎ𝑠 ) 3-34

New Approach for branched alkanes parameterization using the GC-SAFT framework 2

Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] compared the homosegmented approach and the heterosegmented approach for the PC-SAFT model using the same concept of parameter regression and the same training data, regressing all parameters simultaneously on the entire database. Their work showed that the heterosegmented GC approach leads to systematically better agreement with experimental data on the calculation of liquid density and vapor pressure properties for various chemical families including alkanes. Percentage average absolute deviations (% AARD) have been calculated and presented by these authors in their work. The %AARD in liquid density and vapor pressure are respectively 1.14% and 4.64% for n-alkanes, 3.29% and 2.77 % for methylalkanes, 1.24% and 4.27% for ethylalkanes, 7.58% and 7.22 % for dimethylalkanes, 5.13% and 6.80% for trimethylalkanes for all conditions of experimental data covered by the DIPPR database.

A closer look suggests that the results of Sauer et al. may still need further improvement to provide average deviations below 5% for dimethylalkanes and trimethylalkanes. In this work, we thus evaluate the performance of the heterosegmented GC-PC-SAFT as proposed proposed by Gross et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF][START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF] for branched alkanes.

Data Analysis

We here stress the importance of critically evaluating the available experimental data. The compounds investigated in this work are listed in Appendix 1.

The DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] database generally provides uncertainties for their correlations, which are obtained from their methodology based on an internal consistency assessment (i.e. evaluating the thermodynamic consistency between different types of pure component properties, as for example the Clapeyron rule) [START_REF] Cox | The Properties of Gases and Liquids, 5th Edition By Bruce E. Poling[END_REF] . We propose using data analysis, consisting in evaluating patterns in fluid phase behavior, as also proposed by Mathias et al. [START_REF] Mathias | Some Patterns of Fluid Phase Behavior[END_REF] . We have used the approach by Rozmus et al. [START_REF] Rozmus | Long chain multifunctional molecules with GC-PPC-SAFT: Limits of data and model[END_REF] to further evaluate the quality of the vapor pressure correlations (i.e. consistency within a family of molecules). This analysis is very similar to that proposed by Mathias et al. [START_REF] Mathias | Some Patterns of Fluid Phase Behavior[END_REF] .

Rozmus et al. [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] proposed to assess experimental data using a method based on the Clausius-Clapeyron equation:

  ln 1 sat vap dP hR dT    4-1
hère R is the gas constant, sat P the vapor pressure, With the Clausius-Clapeyron assumptions (liquid volume negligeable with respect to vapor volume, which itself can be approximated with the ideal gas behavior ; constant enthalpy of vaporization), the logarithm of the vapor pressure is linear with respect to the inverse of temperature so that the vapor pressure is approximately known if one point and the slope is known. For many substances, experimental data exist at the normal boiling point and we thus use this point for data analysis. Yet, the graph, as it is, does not clearly reveal the effect of the molecular topology. For better isolating the effect of branching, we find it advantageous to take the linear n-alkane with the same number of carbons as a reference and graphically represent the difference with its branched isomers for both enthalpy of vaporization and normal boiling temperature, according to , the trends are somewhat blurry, but it seems that 2-methyls behave as if they were more volatile (more linear or less bulky) compared to 3-methyls. Yet, looking at 4-methyls, the trend is opposite: the farther away the methyl group lies from the chain end, the bulkier it behaves. Although the number of available data is lower for dimethyls, the trend observed for 2,2-dimethyls and 3,3-dimethyls is similar as that observed for 2-and 3-monomethyls: the 3,3-dimethyls behave as less 'bulky' than 2,2-dimethyls.

∆ℎ 𝑣𝑎𝑝 𝑖𝑠𝑜𝑚𝑒𝑟 (𝑠ℎ𝑖𝑓𝑡) = ∆ℎ 𝑣𝑎𝑝 𝑖𝑠𝑜𝑚𝑒𝑟 -∆ℎ 𝑣𝑎𝑝 𝑛-𝑎𝑙𝑘𝑎𝑛𝑒 4-2 𝑇 𝑏 𝑖𝑠𝑜𝑚𝑒𝑟 (𝑠ℎ𝑖𝑓𝑡) = 𝑇 𝑏 𝑖𝑠𝑜𝑚𝑒𝑟 -𝑇 𝑏 𝑛-𝑎𝑙𝑘𝑎𝑛𝑒 4 
Diagrams such as Figure 4.2 make it possible to visualize the effect of molecular topology. If a trend can be made visible on such a plot, then our goal is to ensure that the group contribution method is capable to capture this trend. It can give rationale for decision making about what substances require a more refined or individualized parameterization, and where neighboring groups are particularly relevant.

For example, if 2-methyl-, 3-methyl-, or 4-methyl-nonane do not fall approximately within the same location in the diagram, one cannot expect a simple GC-approach (i.e. unable to distinguish among isomers) to be successful.

In addition, if a substance falls out of the expected corridor in the ∆h vap -T b diagram one can speculate on whether the experimental data is reliable. In figure 4.2, we observe two such cases, which are 2methyloctane and 4-methylnonane, which we have discarded from our experimental database. We recognize that this logic implies that the phenomenon that is considered (here vapor pressure) can be entirely described by considering only the number of groups. Examples can be found where such trend does not exist (e.g. melting point of di-acids). The reason for this is that other phenomena, that cannot be described by a simple GC scheme (as for example steric issues related to the molecular conformation), have a significant effect on the property at hand.

Improved group contribution method for the heterosegmented PC-SAFT approach Principle

4.2.1

In this work, we suggest to further improve the heterosegmented SAFT approach by considering that group parameters may be affected by neighboring groups. Such considerations have already been investigated by Wu & Sandler [START_REF] Wu | Use of ab initio quantum mechanics calculations in group contribution methods. 1. Theory and the basis for group identifications[END_REF] who used ab initio calculations to help GC developers define molecular fractions that truly can be considered transferable. Unfortunately, their work leads to the conclusions that rather large groups should be used, thus leading to the need of a large amount of data and reducing the scope of GC methods. We therefore considered the method proposed by Vijande et al. [START_REF] Vijande | Group-Contribution Method for the Molecular Parameters of the PC-SAFT Equation of State Taking into Account the Proximity Effect. Application to Nonassociated Compounds[END_REF] who suggest using a correction term on group parameters that is inversely proportional to the distance with other groups, according to

П 𝛼 = П 𝛼 0 + ∑ Ʌ 𝛼𝛽 𝑃 𝛼𝛽 𝛽≠𝛼
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Where П α can be any parameter (such as ε, σ, m) of the considered group α, П α 0 is the initial parametervalue of a simple GC-PC-SAFT EoS (without correction), further, index β runs through all groups of the molecule and Ʌ αβ is the correction parameter for each pair of groups (indices are not interchangeable). The quantity P αβ is the (integer-valued) 'distance' (in terms of bonds) between two functional groups. As an example, consider n-butane. At first, each individual group is labeled (shown here as superscripts):

CH 3 (1) -CH 2 (2) -CH 2 (3) -CH 3 (4)
Then, the distance between the leftmost CH 3 (α = 1) and the first CH 2 (β = 2) is P αβ =1.

To decide on which parameter (ε, σ, m) the neighborhood-correction should be applied, we use the assumption initially used by Tamouza at al. [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] which is to consider that the branching should be captured by the segment number parameter m α . They modified the chain length contribution of a side-methyl as a function of its distance to the end of the alkane chain. It is then observed that the effect of the closest neighbor (i.e. when P αβ =1), is often quite different from that of groups that are farther away. Hence, it was decided to use a specific neighborhood parameter for the closest neighbors, thus modifying the original equation as follows:

𝑚 𝛼 = 𝑚 𝛼 0 + ∑ ( Ʌ (𝛼𝛽)1 𝑃 𝛼𝛽 =1 ) 𝛽(𝑃 𝛼𝛽 =1) + ∑ ( Ʌ (𝛼𝛽)𝑁 𝑃 𝛼𝛽 ) 𝛽(𝑃 𝛼𝛽 >1)
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Where the two parameters Ʌ (αβ)1 and Ʌ (αβ)N refer to the neighborhood-parameter for immediate neighboring groups or for more distant groups, respectively.

As an example, we apply equation 4.5 to the 2,2,3,5-tetramethylhexane (Figure 4-3) and correct the chain length parameter m of the >C< group (number 2) by considering proximity effects with CH groups. There are two CH groups in the molecule. The first one (number 5) is at a distance P αβ =1, so that the correction parameter to be used is Ʌ (>C<-CH) 1 the second one (group number 8) is located at P αβ =3 from the group we consider, so that the correction parameter to be used is Ʌ (>C<-CH) N . The equation is then: 

𝑚 >𝐶< (2) = 𝑚 >𝐶< 0 + ( Ʌ (>C< ( 

First regression: without neighborhood-correction, to investigate which 4.2.2 families require correction

The regression is always performed on the objective function equation 3.32.

All the group parameters (ε, σ or m) are first regressed simultaneously to the entire database listed in Appendix 1. We use vapor pressure and liquid density correlations from DIPPR choosing 11 evenly distributed points for each alkane between the minimum and maximum temperature in the accepted experimental data and excluding species with data not following the trend of other substances as identified in section 4.1 (2-methyloctane and 4-methylnonane). Here, unlike the approach presented in chapter 3, we regress all group parameters on the full database at once. Only correlated experimental data rather than experimental data are used and consequently, the number of points (Np) is 11 in our case for each alkane, independently of the number of available experimental points for that same alkane. All compounds contribute therefore with the same weight to the objective function.

The resulting regression deviations and parameters are given in In Table 4-2, the average absolute relative deviation in vapor pressure represented for each family of alkanes shows that uncertainties on dimethyls without quaternary carbon, dimethyls with quaternary carbon, trimethyls and multimethyls are still higher than the desired uncertainties (of ≃ 5% as taken from DIPPR). The value of ε α /k was set to zero because this gave the best results. The quaternary carbon has no external surface and therefore does not contribute significantly to the dispersive energy. Improvement should thus be proposed to try to meet those experimental uncertainties on the identified families.

Second regression: using neighborhood-correction, to improve the results

4.2.3

The same method of regression as in section 4.2.2 was used but applying the neighborhood correction, as shown in equation 4.5. The fitted parameters are now the three group parameters of the quaternary C, as well as Ʌ (α-β)1 and Ʌ (α-β)N between the quaternary group and some other groups as shown in Table 4-3. Ʌ (α-β)1 and Ʌ (α-β)N have opposite signs, which confirms the need to distinguish closer from further neighbours. Note also that the Ʌ (α-β) are not symmetric, but that it was decided, in view of reducing the number of adjustable parameters, to set the correction parameters between >CH and >C< equal to those between >C< and >CH. A total of 9 parameters were thus regressed. The resulting values are given in Table 4.3 and deviations are improved as shown in Table 4-4 shows that the heterosegmented GC-PC-SAFT with neighborhood-corrections improves the deviations for all the families of alkanes where proximity effects have been taken into account (dimethyls with >C<, trimethyls with 1 >C<, and multimethyls).

We have also investigated the possible improvement brought by the proximity correction (equation 4-5) to other compounds (e.g. containing two CH groups), but no significant improvement could be achieved.

The results with and without neighborhood-corrections for all alkanes used in the regression process are presented in Appendix 1. The liquid densities were not discussed here because the improvements seem to mainly affect vapor pressure calculations without worsening the prediction of saturated liquid densities.

Analysis and discussion of results

The improvement can now also be illustrated with a ∆h vap -T b diagram as shown in Figure 4.4. The blue diamonds show experimental data obtained from the DIPPR correlations, red squares are computed using parameters from the first regression section 4.1.2 while green triangles are results using the neighborhoodparameters from this work (Table 4.3). The first regression, is an approach similar to the original approach of Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] and made it difficult to distinguish isomers (such as the 2,2-dimethylhexane and the 3,3dimethylhexane) compared to the method provided in this work that uses the neighborhood correction.

Figure 4-4: Experimental data from DIPPR (blue diamonds) compared to calculated data using the regression without neighborhood (red squares) and the regression with neighborhood corrections (green triangles).

The predicted enthalpy of vaporization of alkanes at their normal boiling point using the heterosegmented GC-PC-SAFT EoS are very satisfactory compared to other GC methods [START_REF] Jia | Prediction of the Enthalpy of Vaporization of Organic Compounds at Their Normal Boiling Point with the Positional Distributive Contribution Method[END_REF] specialized for this particular property: 0.47% average relative deviation from experimental data in our work compared to 2.7 % in the cited work.

It is also worth assessing the quality of the results obtained for the normal boiling point calculations compared to a number of well-known group contribution methods. Table 4.5 shows that the GC-SAFT approach predicts this property with an accuracy below 0.7% for all families (as compared to the experimental uncertainty of 3% from DIPPR database), which cannot be attained by the selected alternative methods [START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF][START_REF] Marrero | Group-contribution based estimation of pure component properties[END_REF] . Detailed results are available in Appendix 2. 

Conclusion

The heterosegmented GC-PC-SAFT model was shown by Sauer et al. [49] to be superior to the homosegmented approach. Results for branched alkanes, however, show higher deviations than expected when analyzing vapor pressure experimental data. This can be explained by the fact that neighboring groups may perturb the electron density of a given group. To alleviate the problem, this study proposes neighborhood-corrections, where group-contribution parameters are incremented depending on the distance to other significant groups.

When considering complex molecules, which are the aim of our study, it is expected that the regular group contribution approach will not work. The proposed modification can then be extended to adjust other parameters or other groups.

The liquid densities were not discussed here because the improvements seem to mainly affect vapor pressure calculations without worsening the prediction of saturated liquid densities. Other properties will probably also be affected by the proposed approach but were not investigated here.

Some trends in the volatility behavior of branched alkanes with respect to the linear equivalent could be spotted and reproduced using the model. It would be very helpful to have data on additional branched alkanes to validate the observed trends. In particular, the effect of the position of the methyl with 4-and 5methylalkanes as well as 3,3-; 4,4-and 5,5-dimethylalkanes.

A group-contribution approach for the PC-SAFT model trageting multifunctional molecules 5.1 Introduction

In chapter 4 we developed a new approach to parameterize branched alkanes as the backbone for more complex molecules. The final objective of this work is to extend the GC-PPC-SAFT equation to multifunctional molecules from biomass such as aromatic oxygenated compounds (guaiacols, syringols, glucose, saccharose…). The implementation of a group contribution method for these molecules implies allowing the model to better describe local structure modifications (such as ring formation) and complex interactions (such as associative interactions due to the presence of oxygenated molecules in biomass-based fluids). This will require developing a parameterization strategy of the model dealing first with pure multifunctional components and later with mixtures involving multifunctional molecules.

In all cases, we use data analysis of available experimental data before regression to evaluate patterns in fluid phase behavior: we need to identify trends needed to be captured by the GC-approach. Property diagrams can help identify substances that require a more refined or individualized parameterization, and where proximity effects are particularly relevant. This is done whenever possible using graphical representations of key properties such as boiling temperatures and enthalpies of vaporization.

After presenting the parameterization strategy of this chapter, we will discuss its application to pure alcohols and then to mixtures with alkanes and water as a first step to biomolecules.

Parameterization strategy

As already mentioned in the state of the art of this work, some limitations were observed with the simple GC-PPC-SAFT methods. As an example of these limitations, the need to adapt OH associative parameters according to the position of the OH in the chain [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF][START_REF] Nguyen | Extension de l'équation GC-PPC-SAFT aux mélanges contenant de l'eau, des hydrocarbures et des composés oxygénés multifonctionnels[END_REF] . Many authors propose second order groups [START_REF] Tihic | Predictive Group-Contribution Simplified PC-SAFT Equation of State: Application to Polymer Systems[END_REF][START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF] to overcome these limitations. However, this approach remains local (concerns only close neighbors): they cannot take into account long range effects as for example ring formation.

Here we chose to extended the approach taking into account proximity effects as proposed by Vijande et al. [START_REF] Vijande | Group-Contribution Method for the Molecular Parameters of the PC-SAFT Equation of State Taking into Account the Proximity Effect. Application to Nonassociated Compounds[END_REF][START_REF] Vijande | Group-Contribution Method with Proximity Effect for PC-SAFT Molecular Parameters. 2. Application to Association Parameters: Primary Alcohols and Amines[END_REF] and described earlier section 4.1.1. In this chapter, we propose to extend the approach by using a generalized function 𝑓 𝛼𝛽 that can be adapted depending on the type of interactions such that:

П 𝛼 = П 𝛼 0 + ∑ 𝑓 𝛼𝛽 (Ʌ 𝛼𝛽 , 𝑃 𝛼𝛽 ) 𝛽≠𝛼 5-1
Where 𝑓 𝛼𝛽 is a generalized function that must be able to extrapolate to long chains, 𝑃 𝛼𝛽 is the 'distance' between two functional groups and 𝑓 𝛼𝛽 = Ʌ 𝛼𝛽 𝑃 𝛼𝛽 for branched alkanes in equation 4.5.

The challenge discussed in this chapter is to identify the functional form of 𝑓 𝛼𝛽 as well as the parameters that need to be modified.

Pure Compounds

As a first step, we must be able to represent pure components with the proposed approach.

Parameterization of Mono-alcohols 5.3.1

Since in chapter 4 we proposed an improved group contribution method for the heterosegmented PC-SAFT approach applied to hydrocarbons leading to new group parameters, we can't simply use the OH parameters for 1-alkanols from Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] but rather, we need to re-adjust those parameters and investigate secondary alcohols not treated by Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] .

Data analysis: need for distinguishing primary and secondary alkanols

Most group contribution models in the literature distinguish between primary and secondary alcohols (modified UNIFAC [START_REF] Gmehling | A modified UNIFAC model. 2. Present parameter matrix and results for different thermodynamic properties[END_REF] , PSRK [START_REF] Holderbaum | PSRK: A Group Contribution Equation of State Based on UNIFAC[END_REF] , …). This was not so with the homosegmented version of GC-PPC-SAFT [START_REF] Huynh | Modélisation thermodynamique de mélanges symétriques et asymétriques de composés polaires oxygénés et/ou aromatiques par GC-SAFT[END_REF] where only one parameter was adapted to the position of the OH group. A first question that must be investigated is whether this distinction is necessary. It will be analyzed in two distinct ways: first using a graphical representation of the data themselves, and second using regression.

Graphical Analysis

In chapter 4, we have shown how it was possible to visualize the effect of molecular conformation on the vapor pressure curve using the ∆h vap -T b -diagram: by subtracting the behavior of the equivalent n-alkane (same number of carbons), the effect of the molecular weight on the vapor pressure was removed, and the graph thus showed the trends resulting only from molecular topology (∆h vap and T b values of all branched alkanes shifted to negative values indicating that they have a higher volatility than their corresponding nalkane).

In this chapter, we want to focus on the OH group in order to evaluate how the position of this group affects the compound volatility. To this end, we propose to compare the ∆h vap andT b values with those of the corresponding branched alkane (alkane obtained by replacing the OH of the monoalcohol by a CH 3 group).

In Figure 5.1 we thus define:

∆ℎ 𝑣𝑎𝑝 𝑚𝑜𝑛𝑜𝑎𝑙𝑜ℎ𝑜𝑙 (𝑠ℎ𝑖𝑓𝑡) = ∆ℎ 𝑣𝑎𝑝 𝑚𝑜𝑛𝑜𝑎𝑙𝑐𝑜ℎ𝑜𝑙 -∆ℎ 𝑣𝑎𝑝 𝑎𝑙𝑘𝑎𝑛𝑒 5-2
𝑇 𝑏 𝑚𝑜𝑛𝑜𝑎𝑙𝑐𝑜ℎ𝑜𝑙 (𝑠ℎ𝑖𝑓𝑡) = 𝑇 𝑏 𝑚𝑜𝑛𝑜𝑎𝑙𝑐𝑜ℎ𝑜𝑙 -𝑇 𝑏 𝑎𝑙𝑘𝑎𝑛𝑒 5-3

As an example, for 2-butanol, we get

∆h vap 2-butanol (𝑠ℎ𝑖𝑓𝑡) = ∆h vap 2-butanol -∆h vap 2-methylbutane
This correction removes the effect of the molecular mass and topology. The location of a compound in the proposed diagram then better shows the effect of polarity on the vapor pressure (the higher the polarity of a molecule, the stronger the inter-molecular attractions between the molecules due to the non-homogeneous distribution of charges, the lower its volatility and thus its vapor pressure): the more polar a compound behaves, the more its representative point will be located on the upper right of the diagram. Figure 5.1 clearly shows that primary alcohols (1OH) have a distinct behavior as compared to secondary alcohols (2-and 3-OH). The primary alcohols (1OH) show a strong shift in heat of vaporization and a small one in boiling temperature, in contrast with the secondary alcohols (2-and 3-OH). Also, it is observed that the longer the chain length, the more the molecular behavior is shifted towards the left side of the diagram: the molecule behaves as if it was less polar. 

Regression of monoalcohols parameters

We have attempted to regress a single parameter set for monoalcohols, both primary and secondary.

OH group parameters were obtained regressing all the group parameters (ε α , σ α , m α , ε ass,α , κ ass,α ) simultaneously to the entire database listed in Table 5-2. We use vapor pressure correlations from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] choosing 11 points for each alkanol from the temperature range containing the accepted experimental data.

The obtained parameters are presented in Table 5-1. All regressions are performed by minimizing the objective function equation 3-32. The OH group is assumed to have a 2B association scheme (one positive and one negative site).

We observe in Table 5-2 that using the same parameters for primary and secondary/tertiary alcohols makes it difficult to obtain good correlative results in vapor pressure with high deviations (23.1 % overall on vapor pressure calculations). We need thus to treat primary and secondary monoalcohols differently.

Table 5-1: Parameters obtained using same parameters for primary and secondary alcohol. m α is the segment number, σ α the segment diameter, ε α the depth of the potential well, index α denotes the type of segment, 𝜀 𝑎𝑠𝑠,𝛼 𝑖𝑠 the association energy and 𝜅 𝑎𝑠𝑠,𝛼 the association volume. Clearly, to meet the desired deviations of 5%, the estimated experimental uncertainty according to DIPPR, it is not possible to use the same parameters for all the mono-alcohols.

ε α /k (K) σ α (Å) m α ε ass,α /k (K) κ ass,
As a result of this analysis, we will treat in the next section the primary and secondary OH separately.

Parameterization of primary monoalcohols

As a consequence of the above analysis, the end-of-chain hydroxyl group was considered different than the middle of chain one. At first, the OH group parameters for 1-alkanols (1OH) were obtained regressing all the group parameters (ε α , σ α , m α , ε ass,α , κ ass,α ) simultaneously to the entire 1-alkanols database listed Table 5.4. We use vapor pressure and liquid density correlations from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] choosing 11 points for each 1-alkanol from the temperature range containing the accepted experimental data. The obtained parameters are presented in Table 5.3. 

Parameterization of secondary monoalcohols: nOH

When using parameters of primary alcohols for secondary alcohols, very bad results are obtained with average deviation of 47% and 6.5% in vapor pressure and liquid density calculations respectively. This confirms the need for distinguishing primary and secondary alkanols observed in the data analysis section.

Figure 5.1 also shows that 2-OH alcohols must be treated differently than 3-OH alcohols. In the following section, a deeper analysis of experimental data from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] is performed on available secondary alcohols to observe experimental trends that need to be reproduced by the model.

Secondary alcohols: Analysis of experimental data and observation of trends

In order to evaluate whether a distinction is needed between 2-and 3-alcohols, Figure 5.2 shows a zoom of Figure 5.1. We observe that:

-Alcohols having an OH group on the third carbon of the hydrocarbon chain (identified as 3-OH alcohols in the figure) are shifted towards the left part of the diagram as compared to alcohols having an OH group on the second carbon of the hydrocarbon chain (identified as 2-OH alcohols). 

Proposed Correction for secondary alcohols

The reason for the different shift observed for secondary OH groups is attributed to steric effects: the more the OH is 'buried' within a molecule, the smaller its associative character. Hence, we decided to adjust the association volume,κ ass,α so as to take this phenomenon into account. It will be corrected as a function of the chain length considering the number of bonds between the OH group and each end of the chain CH 3 group as described We propose a corrective term on κ ass,α (which corresponds to П α of equation 5.1) that is function of the number of bonds between the OH group and each end of the chain CH 3 group, the function f αβ in equation 5.1 being an exponential according to :

𝜅 𝑎𝑠𝑠,𝛼 = 𝜅 𝑎𝑠𝑠,𝛼 0 + ∑ к 𝛼𝛽 𝑐𝑜𝑟𝑟 𝛽≠𝛼 * 𝑒𝑥𝑝 (-𝑃 𝛼𝛽 2 ) 5-4
where к αβ 𝑐𝑜𝑟𝑟 is the binary neighborhood-correction parameter (= OH and  = CH 3 ). The sum covers the two CH 3 groups (one term for each) which makes it possible to capture both short and long range effects.

nOH group parameters for secondary alkanols were obtained regressing the six group parameters (ε α , σ α , m α , ε ass,α , κ ass,α 0 , к αβ 𝑐𝑜𝑟𝑟 ) simultaneously to the database listed Table 5.5. We use vapor pressure and liquid density correlations from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] choosing 11 points for each alkanol from the temperature range containing the accepted experimental data. The obtained parameters are presented in table Applying the neighborhood-correction on secondary alcohols, acceptable resulting deviations from experimental data are now given in Table 5.5, that is 3.9 % average deviation on vapor pressure as compared to 47and 0.7 in liquid density as compared to 6.5%. We may note that the correction term is positive, meaning that the association volume decreases when the OH is farther from the CH 3 group, i.e. more "buried" in the molecule: a 2-OH has 𝑃 𝑂𝐻-𝐶𝐻 3 = 1 resulting in a bigger correlative term than the equivalent 3-OH (P OH-CH 3 = 2).

Parameterization of diols 5.3.2

Now that we have the parameters for monoalcohols, we can investigate diols. Before proposing a parameterization, the data are analyzed.

Data analysis

Inconsistencies in vapor pressure behavior of the end-of chain diol data were already observed by Rozmus et al. [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] . In Figure 5.4, we have attempted an analysis similar as that of Rozmus et al. Our objective is both to identify trends and to select the best possible data for further analysis.

vap h  at normal boiling point is calculated using the correlations proposed by DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] and NIST [START_REF]Nist standard Reference Simulation Website[END_REF] databases. References to the authors of measurements are given, whenever possible, in Table 5-7. Here we used both databases in order to increase the number of molecules to be analyzed but also additional molecular simulation data obtained from the work of Ferrando et al [START_REF] Ferrando | Transferable force field for alcohols and polyalcohols[END_REF] . For the purpose of this study, additional molecular simulation computations for 2,4-pentanediol and 1,3-pentanediol were also performed (see appendix 3).

DIPPR data are consistent with Clausius Clapeyron equation, discussed earlier equation 4-1 [START_REF] Cox | The Properties of Gases and Liquids, 5th Edition By Bruce E. Poling[END_REF][START_REF] Jaber | An improved group contribution method for PC-SAFT applied to branched alkanes: Data analysis and parameterization[END_REF] From Figure 5.4, it appears that experimental data from different databases are not necessarily consistent with each other. For example, the 2,3-butanediol encircled in black in the figure corresponds to two distinct points on the ∆h vap -T bdiagram depending on the source of experimental data (NIST vs DIPPR). And this can be a problem because to parameterize a model, we need to identify on which experimental data we should rely.

The zoom of the same figure also shows the uncertainties associated with the data: in NIST the uncertainties are already given in kJ/mol for the enthalpy of vaporization and in K for boiling temperature, but in DIPPR Zooming in and focusing on DIPPR and NIST databases to see experimental errors they are given in % so we compute the uncertainty in kJ/mol or K by multiplying the % uncertainty with the experimental value (the uncertainty bars are then drawn by adding and substracting the value of the uncertainty in kJ/mol or K from the experimental value). Uncertainties of vaporization enthalpies are large, but not sufficient to explain the differences between NIST and DIPPR data. It must be stressed that some difficulties are encountered while trying to obtain experimental values of vaporization enthalpy at the normal boiling point. For example, as stated by Derawi et al. [START_REF] Derawi | Application of the CPA equation of state to glycol/hydrocarbons liquid-liquid equilibria[END_REF] , the difficulties related to the experimental measurements for heavy alkanediols are probably due to the chemical decomposition phenomenon.

The position of a substance in a plot as that shown above (∆h vap -T b ) depends on several factors, some of which have been discussed in chapter 4: molecular weight and molecular topology. If we want to extract the role of the hydrogen bonding associated to the hydroxyl groups, we need to modify the presentation in such a way that the effect of the carbon skeleton is removed. This is done as for monoalcohols in section 5.3.1, by subtracting, for each alcohol, the vaporization enthalpy and boiling temperature values of the alkane with similar structure and similar molecular weight. For doing so, it is assumed that the non-polar equivalent of an OH group is a CH 3 group.

The ∆h vap -Tb-shift diagram is then constructed by plotting:

∆ℎ 𝑣𝑎𝑝 𝑑𝑖𝑜𝑙 (𝑠ℎ𝑖𝑓𝑡) = ∆ℎ 𝑣𝑎𝑝 𝑑𝑖𝑜𝑙 -∆ℎ 𝑣𝑎𝑝 𝑎𝑙𝑘𝑎𝑛𝑒 5-5 𝑇 𝑏 𝑑𝑖𝑜𝑙 (𝑠ℎ𝑖𝑓𝑡) = 𝑇 𝑏 𝑑𝑖𝑜𝑙 -𝑇 𝑏 𝑎𝑙𝑘𝑎𝑛𝑒 5-6
For 2,3-butanediol, as an example, we get ∆h vap 2,3-butanediol (𝑠ℎ𝑖𝑓𝑡) = ∆h vap 2,3-butanediol -∆h vap 2,3-dimethylbutane

In the following table, the data from the NIST and the DIPPR databases used to construct the The ∆h vap -Tb-diagram figure are summarized. 

.5 shows the shift in enthalpy of vaporization vs the shift in boiling temperature according to the above equations. Only the effect of the polarity of the hydroxyl groups is retained. Molecules that appear on the upper right corner of the diagram are more polar; on the lower left they are more similar to the reference alkane (which is the origin of the plot) and therefore less polar. Following trends can be identified:

-As the number of carbons increases (from 3 to 8), the corresponding diols are shifted towards the left according to parallel lines (blue lines). Clearly, small molecules are systematically more polar than heavy molecules. This phenomenon is similar to that observed on mono-alcohols. This is consistent with the fact that the hydroxyl density decreases in the hydrocarbon skeleton. Rozmus et al [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] also analyzed this trend, and they pointed to the fact that while the boiling temperature shift clearly diminishes with increasing molecular weight, the heat of vaporization shift remains constant. This is also observed here, but to a lesser extent: the ∆ℎ 𝑣𝑎𝑝 shift of the heavy compounds (beyond C10) is smaller than that of the lighter ones. This peculiar behavior was explained by the possible formation of rings (intramolecular hydrogen bonding).

-For a given molecular weight (i.e. following isomers), the more distant the OH groups are from each other on a given carbon structure, the more polar the compound behaves. Each of the blue lines, referring to a specific number of carbons, shows this trend: on the upper right, both hydroxyls are located at the end of the chain, while at the lower left, they are close to each other in a 1,2 position.

-For isomers, it appears that the deeper these two OH groups are 'buried' in the chain, the less polar the molecule behaves (from 1,2 to 2,3 isomers). Unfortunately, only one example of such isomers where the distance between OH groups is identical, could be found (C4). A similar observation can be made when comparing 1,3 and 2,3 isomers). The latter are indicated in the plot using red arrows.

-In Figure 5.5, one substance encircled in green seems to not follow the trends imposed by the red arrows. In fact, we would expect the 2,3-butanediol from DIPPR database, to be shifted to the left (near to the position of the 2,3-butanediol from NIST database) as compared to the 1,3-butanediol (whether from NIST or DIPPR). Thus, for this substance, we will rely on data from NIST rather than on DIPPR. 

Selection of reliable experimental data:

The data that have been retained for further analysis are summarized in Table 5.8.

For some substances like the 1,3-propanediol, 1,2-propanediol and 1,2-butanediol, the experimental uncertainties of DIPPR and NIST converge and also the data follow similar general trends observed Figure 5.5.

However, looking at Figure 5.4 the problem concerns more substances like 1,5-pentanediol (encircled in grey), 1,4-butanediol (encircled in yellow) and 1,10-decanediol (encircled in orange) that have distinct points on the ∆h vap -T bdiagram depending on the source of data (NIST vs DIPPR vs molecular simulation). For these substances, the experimental uncertainties of each database do not converge and we need to decide on which data we can rely for later work: -1,4-butanediol (Figure 5.4): no available data from NIST. Comparing data from DIPPR and molecular simulation, data from molecular simulation seem to align visually with other data  we will rely on molecular simulation for this substance. -1,5-pentanediol: looking at encircled substances in blue figure 5.5, data from DIPPR for this substance are more coherent with observed trends (align along the blue line for C5 isomers) but this is not the case from NIST database. Comparing now data from DIPPR and molecular simulation (figure 5.4), data from molecular simulation seem to align more visually with other data  we will rely on molecular simulation for this substance. -1,10-decanediol (Figure 5.4): data from DIPPR seem to align visually with other data (which is not the case of data from NIST) and are closer to the data from molecular simulation  we will rely on experimental data from DIPPR for this substance.

However, we must be aware that our selection is based on observations on the ∆h vap -T bplots and assumes that the indicated trends have a physical origin (and are not the result of experimental scatter). There may be other unobservable reasons on this graph which explain the positions of the substances. 

Parametrization of diols with end of chain (primary) OHs

The group contribution concept assumes that the group parameters can be transferred from one type of substance to another independently of the neighboring groups. Hence, we tried to use primary and secondary groups, as defined in section 5.3.1) to compute predictively the diols properties.

As shown in Table 5.9, the average absolute relative deviations in vapor pressure and liquid density are 42.1% and 5.2 % respectively, which is not acceptable. We thus need to improve the predictability of the model for primary diols.

Table 5-9: Calculated deviations (%AARD as defined in equation 3-33) for diols with primary OHs using 1OH parameters from monoalcohols. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] .

%AARD vapor pressure %AARD liquid density Rozmus et al. [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] previously proposed a parametrization of homosegmented GC-PPC-SAFT for multifunctional substances including diols by introducing additional group parameters. In fact, they suggested considering a variable value for the association volume parameter of all sites on the OH groups such that: , , , 01

(1 2 / )

ass ass ass n          5-7
Where n is the distance (number of carbons) between two associative groups and , 0 ass   the original value for the (OH) association volume for 1,2-ethanediol. The use of the nomenclature , ass   and its link with the site-site interaction parameters 𝜅 𝑎𝑠𝑠,𝐴 𝛼 𝐵 𝛽 is explained in section 3.3.2.4. For longer chains, the association volume increases and reaches a limiting value when n tends to infinite. The new regressed parameter is , 1 assoc   . They thus obtained an improved representation of the diols. Yet, they introduced the overall chain length (which is here the distance between the groups) in the parameterization.

In a way similar to that of Rozmus et al. [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] , we will investigate how the association volume parameter changes as a function of the distance between OH groups.

For this purpose, we first estimate the optimal value of the κ ass,α parameter of the 1OH for each individual substance listed Table 5-10 using experimental vapor pressure and liquid density data of primary diols (with the corresponding source of data). This can be done easily because the two groups considered are identical and only 1OH-1OH intermolecular interactions are thus considered. We then plot this value as a function of the distance between the OH groups. Figure 5.6 shows the optimized association volume parameter as a function of the distance between the OH groups. A bell-shape curve appears with a maximum close to P(OH-OH) =6. It indicates that the intermolecular association is strongest for 1,6-hexanediol compared to other diols. One can try explaining these observations by stating that for small chains, increasing the chain length (i.e. from C3 to C4), the hydroxyls are farther apart and therefore are more accessible to other substances (less steric hindrance). On the other hand, beyond C6, ring formation may occur, which is intramolecular bonding, therefore reducing the available hydrogen-bonding sites to other substances. It therefore makes sense to correlate the parameter with the distance between OH groups.

Following polynomial was chosen because it is the lowest order that correctly describes the bell-shape Figure 5.6:

𝜅 𝑎𝑠𝑠,𝛼 = a* 𝑃 𝛼𝛽 3 -b* 𝑃 𝛼𝛽 2 + c* 𝑃 𝛼𝛽 -d 5-8
Where a =1.9669 * 10 -5 , b=6.17697 * 10 -4 , c=5.33681 * 10 -3 and d=3.17389 * 10 -3

Equation 5-8 is valid for diols having up to 𝑃 𝛼𝛽 = 13 (case of 1,12-dodecanediol). We do not have experimental data of diols having a number of bonds between the two hydroxyl groups superior to 13. However, it must be stressed that the extrapolation above 13 is not valid because the shape of the curve changes and is no longer coherent because the value of 𝜅 𝑎𝑠𝑠,𝛼 becomes negative.

In Table 5-10, we calculate liquid density and vapor pressure of end of chain diols using all the 1OH parameters of Table 5.3 except the κ ass,α which is now calculated using equation 5-8. We improved the results from 42.1 % average relative deviation on vapor pressure to 10.9 % and from 5.2% average relative deviation on liquid density to 2.9% which brings us closer to the results found by Rozmus et al. [START_REF] Rozmus | Université Pierre et Marie Curie Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] after the correction they made. 

Parameterization of diols with end of chain OH and middle of chain OH

Concerning now diols with one end of chain OH and one middle of chain OH, Table 5.11 shows that using the non-adapted, mono-alcohol parameters (from Table 5-3 and Table 5-6), we cannot find adequate vapor pressures and liquid densities (average deviations of 34.5% and 9.7% respectively). This is why a correction term has been applied, again on the association volume (i.e. assuming the origin of the deviation is steric hindrance on the hydrogen bond). Using equation 5.4 presented earlier, we propose a corrective term on κ ass,α that is now function of the number of bonds between the OH groups (and not between the OH group and each end of chain CH 3 as for monoalcohols), the function f αβ equation 5.1 taken an exponential in the same way as for the CH3-OH interactions:

𝜅 𝑎𝑠𝑠,𝛼 = 𝜅 𝑎𝑠𝑠,𝛼 0 + ∑ к 𝛼𝛽 𝑐𝑜𝑟𝑟 𝛽≠𝛼 * 𝑒𝑥𝑝 (-𝑃 𝛼𝛽 2 )
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where к αβ 𝑐𝑜𝑟𝑟 is the binary neighborhood-correction parameter. Note that the functional form of this correction is difficult to assess because only 1,2 and 1,3-diols (𝑃 𝛼𝛽 =3 and 𝑃 𝛼𝛽 =4 respectively) are available in the database. We consider here a single correction parameter for all four substances investigated, by considering that к 𝛼𝛽 𝑐𝑜𝑟𝑟 = к 𝛽𝛼 𝑐𝑜𝑟𝑟 . This correction comes on top of the OH-CH 3 correction (table 5.6), which means that there are two types of non-zero contribution to 𝜅 𝑎𝑠𝑠,𝛼 .

Table 5.12 gives the numerical values of the parameters and Table 5.13 the deviations after applying the correction equation 5.9. We improved the results from 34.5 % average relative deviation on vapor pressure to 14.1 % and from 9.7% average relative deviation on liquid density to 2.4%. 

Parameterization of diols with middle of chain OHs

Concerning diols with middle of chain OHs, a predictive calculation (i.e. using the nOH monalcohol parameters Table 5.6) yields the relatively high deviations shown in Table 5.14 (57.5 % and 11,6% average deviations in vapor pressure and liquid density). Clearly, here again, a correction must be introduced. In the same way as for 1OH -1OH interactions, we first regress the κ ass,α parameter of nOH group (Table 5.6) on a compound-by compound basis. This is possible because all association sites considered have identical parameters: only nOH-nOH intermolecular hydrogen bonds exist. We then plot the value as a function of the distance between the OHs, 𝑃 𝛼𝛽 . Correlated data for vapor pressure and liquid density from DIPPR are used.

Figure 5-7: Value of the associative volume parameter of diols with n-OHs, substance by substance, as a function of the distance between the hydroxyl groups.

Figure 5.7 shows a large scatter in the results. The values are much lower than the value of monoalcohols with nOH (κ ass,α =0.0450552, see table 5-6). No trend appears with respect to the distance between the OH groups. We decided to use a single, average value, for all compounds κ ass,α =0.025.

According to table 5-15, improved the results from 57.5 % average relative deviation on vapor pressure to 22.2 and from 11.6% to 13.4% on liquid density. 

Analysis and discussion of results

The global picture of the behavior of alkanediols would be strongly improved is additional pure compounds data were available. More specifically, the effect of the position of the two OH groups within a long chain molecule (1,2; 2,3; 3,4 isomers of the same chain length).

Calculated data were plotted on a T b -vap h  diagram Figure 5.8, and we recovered tendencies observed in Figure 5.5 for experimental data: as the length increases (from 3 to 8 carbons), the corresponding diols are shifted towards the left according to somehow parallel lines (blue lines). Also, when the position of the OH is shifted from 1,3 to 2,3 for a same diol, the position of the diol is shifted to the lower left (diols in red, shift represented by red arrows).

Figure 5-8: Analysis of calculated data of diols with improvements taking the branched alkanes as a reference.

Considering the limited number of experimental data points, we did not have sufficient flexibility to propose predictive tests, i.e. on compounds that were not included in the regression database. For example, it would have been interesting to have more experimental data for 1,2 isomers.

So at this point, we will consider the results calculated with our improved models for diols as optimized since we manage to lower the deviations of results from the EoS to experimental data as compared to the model without improvement that uses parameters of monoalcohols to predict properties of diols.

Mixtures

Once all the pure compound parameters have been determined, we now consider mixtures. The final goal in this section is to be able to model the behavior of mixtures involving diols. We will focus on two types of mixtures, which are the most extreme in terms of polarity: mixtures with alkanes and mixtures with water. As a first step, the binary interactions between water and the alkyl groups must be optimized. Next, OH + alkyl and finally OH + water are investigated.

Mixtures with alkanes

5.4.1

In this section we consider mixtures of functional substances with alkanes. Both VLE and LLE are considered. The Detherm (2017) 139 database has been searched for all possible binary mixtures featuring these systems.

Monoalcohols + alkanes

Concerning mixtures of monoalcohols and alkanes, predictive calculations of experimental vaporliquid equilibria (VLE) data yield the deviations shown in Table 5-16. In this work we have focused our attention on substances with three or more carbon atoms, because the objective was to investigate the predictive quality of the group contribution approach. Few liquid-liquid equilibria (LLE) exist for these mixtures as shown Figure 56789. Hence, only vapor-liquid equilibria are investigated below. The investigation of mixtures featuring an azeotrope is of great interest because this phenomenon is observed when the two components have similar volatilities. The curvature of the bubble pressure curve exhibits more directly the non-ideality of the mixture. As an example, Figure 5-11shows the azeotrope of the 1-butanol + n-octane mixture. Clearly, the model under predicts the non-ideal behavior. This may point to an underestimation of the alcohol self-association or the need of introducing a dispersive binary interaction parameter. As we work with the heterosegmented GC version of PC-SAFT, this parameter is necessarily a group-group parameter (OH-CH 3 and OH-CH 2 ). 

Figure 5-9: Available data of VLE and/or LLE in DETHERM (2017) for varying number of carbons (nC) in alkanes and number of carbons in monoalcohols. Empty diamonds are systems having VLE, Full diamonds have both VLE and LLE, the framed points in red show azeotrope. Table 5-16: Deviations (%AARD, as defined in equation 3-33) calculated using parameters from Table 5.6 and Table 5.3 . For isobaric systems, the bubble temperature was computed and compared to experimental temperature (TEMP). For isothermal data, bubble pressure was computed and compared with experimental pressure (PRESS). In all cases, when vapor compositions are available, they are compared with calculated values and indicated as "Y1" for deviations on the first component and "Y2" for deviations on the second component.

Diols + alkanes

Diols are very polar substances. As a consequence, when mixed with alkanes, they may form liquidliquid phase splits. This is especially so for small diols with long chain alkanes. Note that as illustrated in Figure 5.5, the farther apart two hydroxyl groups, the more polar the substance, and therefore the more likely the split occurs (stronger non-ideality).

Figure 5 

LLE VLE

For the case of ethane/1,2-propanediol and propane/1,2-ethanediol, the deviations in vapor pressure are relatively high. To understand the behavior of the model, we analyze the isothermal equilibrium in Figure 5-13. We observe a change of slope of the curves (calculated and experimental) suggesting that the first part of the graph (below 5 MPa) corresponds to a VLE, while the second part (above 5 MPa) corresponds to a LLE. In fact, in Figure 5-12, the green symbol represents the mixture of ethane + 1,2ethanediol, where indeed both VLE and LLE are observed. The model is capable of detecting the change in phase equilibrium.

It is visible that the Henry constant is underestimated and that this has a consequence on the solubility calculations. Table 5-17 shows large deviation on pressure, but this has only a meaning for the first part of the curve (VLE) but not for the second part (LLE).The model as it is shown here does not include any k ij and thus underestimates the non-ideality as was pointed out with Figure 5-11. It is expected that when the OH-alkyl non-ideality is increased, it will also increase the diol-alkane nonideality thus improving the representation found here. The same phenomenon is expected for propane/1,2-ethanediol. 

Mixtures with water 5.4.2

Now that we studied the predictive power of our model for systems of functional substances and alkanes, we can test it on more complex systems: systems of functional substances and water. Water is a solvent that is ubiquitous in fluids originating from biomass. Our objective is to be able to predict phase equilibrium properties of mixtures involving water and functional substances.

Data analysis

Analyzing mixture data is much more complex than pure components because they contain one more variable, which is composition. Binary phase diagrams of water with an organic fluid often show liquid-liquid phase splits. Nguyen et al. 151 have shown that when the compounds are soluble, the inverse of the infinite dilution activity coefficient is a good indication of the solubility. This property is defined as

𝛾 𝑖 ∞ = 𝜑 𝑖 ∞ 𝜑 𝑖 * 5-10
where 𝜑 𝑖 is the fugacity coefficient of component i, and the exponent * indicates it is taken for the pure component, while the exponent ∞ says that it is taken at infinite dilution. The activity coefficient is equal to one for ideal mixtures. When the activity coefficient is larger than one, it means that the interactions between unlike compounds (A-B) are unfavorable (they don't like each other, or they don't want to mix). If 𝛾 𝑖 ∞ >10, this repulsion is likely to result in a liquid-liquid phase split [START_REF] De Hemptinne | Select thermodynamic models for process simulation: A practical guide using a three steps methodology[END_REF] . In water + alkane mixtures, the Infinite Dilution Activity Coefficient (IDAC = 𝛾 𝑖 ∞ ) of alkanes in water is typically of the order of 10 6 , indicating an actual solubility of 1ppm (≈ 1/𝛾 𝑖 ∞ ).

Even though the log (𝛾 ∞ ) is not truly linear with 1/T, the slope (proportional to the partial molar excess enthalpy at infinite dilution) close to room temperature can be estimated so as to be able to create a graphical representation of the behavior of these compounds in water as a solvent (example with diols Figure 5-15). Figure 5-15 shows very small logarithmic values of 𝛾 𝑖 ∞ with negative slopes.

In general, the polarity of diols is very similar to that of water which may explain these very low values. The longer the carbon chain length, the larger the activity coefficient. It can also be observed that when the temperature increases, so does the activity coefficient, probably because of decreasing cross-association. When the hydroxyls are farther apart, the activity coefficient is larger. This is somehow unexpected because we saw that 1OH was more associative than nOH. The slope is positive, indicating an increase in solubility with increasing temperature.

Alcohols have a much lower value of the IDAC, indicating a much higher solubility, and, for the small alcohols (propanol, ethanol and methanol), a full miscibility. The slope is negative. This shows that when temperature is raised, the solubility decreases or the IDAC increases. The reason is that solute solvent interactions are governed by a competition between self-and cross-association. Increasing temperature results in breaking the cross-association that is the reason for the high solubility. Hence, this temperature rise will decrease the attractive interactions between alcohol and water. When log(𝛾 ∞ )<2 approximately (horizontal line Figure 5-16), no liquid-liquid phase split exist, and only vapor-liquid equilibria (VLE) can be evaluated.

Diols contain both strong polar parts (OH) and nonpolar chains. As a consequence, their interactions with water are much stronger and their IDAC is far below 10, indicating that only VLE can be found. Not enough experimental investigations exist to have a very complete view of the effect of isomers on the waterdiol mixtures. In fact, the data are rather scattered when presented in such a plot. In what follows, we will therefore analyze the full VLE behavior rather than only the infinite dilution behavior. Table 5-18 list all the experimental data used in this analysis. 

Water + alkanes

The parameters of water come from the work of Ahmed et al. [START_REF] Ahmed | A New PC-SAFT Model for Pure Water, Water-Hydrocarbons, and Water-Oxygenates Systems and Subsequent Modeling of VLE, VLLE, and LLE[END_REF] . Alkanes are characterized by very low solubility in water. A non-zero dispersive binary interaction parameter that is independent of temperature k αβ may be necessary to model asymmetric mixtures such as those containing water and an alkane. Using modified Lorentz-Berthelot combining rules that relate parameters ε αβ between segments of substances, we have:

𝜀 𝛼𝛽 = (1 -𝑘 𝛼𝛽 ) √ 𝜀 𝛼 𝜀 𝛽 5-11
Where α and β subscripts refer to groups (and not to substances to remain consistent with a heterosegmented approach). Yet, one of the groups is pure water.

The experimental data used in this work are correlations for mutual solubilities from Nguyen T.B. et al. 168 for alkanes going from pentane to nonane. Distinct correlations have been developed for "aqueous solubility", X aq , representing the solubility of organic compound in the aqueous phase and "organic solubility", X org , representing the solubility of water in the organic phase (these quantities being mole fractions). The regressions were performed minimizing the objective function defined as:
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Where N is the number of points, the superscripts 'calc' and 'exp' represent respectively the calculated and experimental values, 'HC' and 'W' the hydrocarbon component and the water . The numerical values of the resulting binary parameters are presented in Table 5-19. The deviations between experimental and calculated mutual solubilities are provided in Table 5-20 The results are good compared to those reported by Nguyen T.B. et al. 168 for water and organic solubilities. 

Water + Monoalcohol

Alcohols are oxygen bearing hydrocarbons. When considering the alkyl chain length, up to propanol, alcohols are completely miscible with water and dissolve in all proportions. However, the hydrocarbon chain in alcohol is hydrophobic and hence for alcohols heavier than n-butanol, phase separate with water in a range of composition, as indicated by the large IDAC in Figure 5-16 . We need to be able to describe the solubility of alcohols in water.

Monoalcohols with 1OH + water

Since we consider only long chain alcohols, the analysis focuses on liquid-liquid equilibria. To test the predictability of our model on these systems, we used the experimental data correlations for mutual solubilities from Nguyen T.B. et al. 168 for alcohols going from 1-butanol to 1-octanol using the parameters for monoalcohols originating from Table 5.3 as well as the binary parameter determined Table 5-19.

The deviations between experimental and calculated mutual solubilities are provided in Table 5-21 and a visual example is illustrated Figure 5-17. They reveal the need for new parameters to improve the predictions.

Table 5-21: Predicted deviations (%AARD, as defined in equation 3-33) between experimental correlations 169 and calculated mutual solubilities (LLE) for water + monoalcohols with 1OH systems. X aq is the "aqueous solubility" and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" and represents the solubility of water in the organic phase. Lines represent calculated solubilities while points are for experimental data 169 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part.

As discussed above, the interactions between water and alcohols are largely driven by the crossassociation. The model defines the cross-association parameters using combining rules. The so-called CR1 combining rules initially introduced by Wolbach et al. [START_REF] Wolbach | Using Molecular Orbital Calculations To Describe the Phase Behavior of Cross-associating Mixtures[END_REF] and later named and evaluated by Derawi et al. [START_REF] Derawi | Application of the CPA equation of state to glycol/hydrocarbons liquid-liquid equilibria[END_REF] are used here. They can be corrected using binary interaction parameters (w αβ and u αβ ) as follows:

𝜀 𝑎𝑠𝑠,𝛼𝛽 = 𝜀 𝑎𝑠𝑠,𝛼 +𝜀 𝑎𝑠𝑠,𝛽 2

(1 -𝑤 𝛼𝛽 ) 5-13

𝛫 𝑎𝑠𝑠,𝛼𝛽 = √𝛫 𝑎𝑠𝑠,𝛼 * 𝛫 𝑎𝑠𝑠,𝛽 (1 -𝑢 𝛼𝛽 ) 5-14

Please note as was already pointed out in section 3.3.2.4 with equations 3-30 and 3-31 that the interactions are in fact site-site properties. They are presented here as group-group parameters assuming that all sites on a given group have identical parameters.

The cross association parameters between water and the hydroxyl group (1OH) of alcohols were regressed on experimental mutual solubility data correlations from Nguyen T.B. et al. 168 for alcohols going from 1-butanol to 1-octanol. Eleven points were calculated, evenly distributed between the minimum and maximum temperature range.

Considering the strong inter-correlation between the two association parameters, only one of the two, the u αβ parameter was actually regressed. Yet, it was found necessary to also use the dispersive groupgroup binary interaction parameter k αβ .

The results are presented in The obtained results are now in better agreement with experimental data as shown Figure 5-18 and Table 5-23 for LLE and Table 5-24 for VLE.

Table 5-23: Correlated deviations (%AARD as defined in equation 3-33) between experimental correlations 169 and calculated mutual solubilities for water + monoalcohols with 1OH systems using binary parameters from Table 5-22. X aq is the "aqueous solubility», and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" represents the solubility of water in the organic phase. 

T /K alcohol mole fraction

Once these interaction parameters have been determined, they can be used to evaluate the VLE data that exist on alcohol + water systems. This is shown in Table 5-24.

Table 5-24: Deviations (%AARD as defined in equation 3-33) calculated using binary parameters from Table 5-22. Bubble temperatures were computed and compared to experimental data (TEMP). The corresponding vapor composition was also compared to the data: "Y1" is the deviation for the first component and "Y2" for the second component. 

Monoalcohols with nOH + water

Again, we test the predictability of our model as compared to experimental data: aqueous solubility data correlations from Nguyen et al 173 and experimental organic solubility data correlations from this work. In fact, Nguyen et al. did not propose an analysis of the secondary alcohols with water. We therefore have used the same correlation (equation 5.15) and fitted the parameters on experimental data from Detherm.

𝑙𝑜𝑔 𝑋 𝑜𝑟𝑔 =A + 𝐵 𝑇/𝐾 + C * 𝑙𝑛(𝑇/𝐾) 5-15
The new parameters of equation 5.15 are given Table 5-25. The predicted deviations using the parameters of monoalcohols with nOH from Table 5-6 and the binary parameters from Table 5-19 are given Table 5-26. An example Figure 5-19 is given for better illustration of the obtained predictive results. The poor predictive power of the model justifies the need for additional parameters in the same way as in the case of monoalcohol with 1OH + water systems.

Table 5-26: Predicted deviations (%AARD as defined in equation 3-33) between experimental correlations from this work (table 5-25) and calculated mutual solubilities for water + monoalcohols with nOH systems using eleven points distributed evenly between the given temperature range in table 5-25. X aq is the "aqueous solubility", and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" represents the solubility of water in the organic phase. 

T/K log alcohol mole fraction

The cross association parameters between water and the hydroxyl group (nOH) of alcohols were regressed on experimental aqueous solubility data correlations from Nguyen T.B. et al. 168 and experimental organic solubility data correlations from this work (Table 5-25), using objective function equation 5-12.

The group-group interaction binary parameter 𝑘 𝛼𝛽 was also regressed based on those correlations. The optimized parameters are presented Table 5-27. The obtained results are in agreement with experimental data as shown in Figure 5-20 and Table 5-28 for LLE and in Table 5-29 for VLE.

Table 5-28: Correlated deviations (%AARD as defined in equation 3-33) between experimental correlations from this work (table 5-25) and calculated mutual solubilities for water + monoalcohols with nOH systems using binary parameters Table 5-27. Eleven points distributed evenly between the given temperature range in table 5-25 were considered for each compound. X aq is the "aqueous solubility", and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" and represents the solubility of water in the organic phase. The organic solubility is better predicted as compared to the aqueous solubility. Remember however that the aqueous solubility is low for these compounds. Every added carbon results in a decrease of the solubility.

Table 5-29: Deviations (%AARD as defined in equation 3-33) between calculated and experimental data using binary parameters from Table 5-27. Bubble temperatures were computed and compared to experimental data (TEMP). The corresponding vapor composition was also compared to the data; "Y1" is the deviation for the first component and "Y2" for the second component. 

Water + diols

Predictive tests

So far, we adjusted k αβ between water and CH 3 , CH 2 groups as well as group-group k αβ and u αβ parameters for water + monoalcohols (1-alkanols and secondary alcohols) systems. To test the predictability of our model on diols, we try to recover the experimental liquid-vapor equilibria of the systems for which data exist. In what follows, we will look subsequently at diols containing two end of chain hydroxyls (1OH + 1OH), one end of chain and one middle of chain (1OH + nOH) and two middle of chain hydroxyls (nOH + nOH).

For diols with two end of chain hydroxyls, equilibrium data of only 3 systems are found in literature 139 : 1,2-ethanediol, 1,3-propanediol and 1,4-butanediol in water. We will consider as examples a system of 1,3-propanediol + water and a system of 1,4-butanediol + water. solubility for two compounds of different volatility. The model, however, shows that at high concentration of propane-diol (the heavier compound), the bubble curve deviates significantly from the data: the bubble temperature is overestimated. Such a behavior indicates a strong negative deviation from ideality (𝛾 ∞ <1). Yet, the experimental IDAC of this diol-water system is close to one (close to ideal mixture), but not less than one (negative deviation), see Figure 5-16.

Figure 5-21: Liquid-vapor equilibria of 1,3-propanediol+ water. Lines are the calculated data using parameters Table 5-3, Table 5-19 and Table 5-27 while points represent experimental data 176 .

Similarly, Figure 5-22, the model shows an overestimation of the bubble temperatures. 

T/K diol mole fraction

It appears that the predictive approach (parameters originating from the mono-alcohols) yields a crossassociation that is much too strong. A possible physical explanation for this phenomenon is that in the presence of water, the hydroxyl groups of the diol substance form intramolecular bonds, thus reducing the site availability to intermolecular bonds with water.

For the case of diols with one end of chain and one middle of chain (1OH + nOH), only experimental data for 1,2-propanediol + water system are available 139 . Predictive results of VLE isobars are presented Table 5-30.

Concerning diols with two middle of chain hydroxyls, data have been found with small diols (propanediol and butanediol) yielding VLE and with long chain diols (decanediol and octanediol) yielding LLE. The predicted results are shown in ). The corresponding vapor composition was also compared to the data: "Y1" is the deviation for the first component and "Y2" for the second component. For LLE data, "X1" is the deviation for the first component (diol in the aqueous phase) and "X'2" is the deviation for the second component (water in the organic phase). 

Parameter analysis for improving diols with water

From the observed behavior, it appears that the diol hydroxyl groups cross associate too much with water. A recent paper by Pereira et al. 181 showed that the number of association sites has a strong effect on the representation of phase equilibria on binary systems. In fact, the more polar the solvent, the lower the number of association sites. In this work, we cannot remove sites, but we propose to tune the association strength according to the need.

Table 5-31 shows the "effective" association volumes of the hydroxyl groups. The table shows that this parameter was found to vary significantly for hydroxyls depending on its environment. We call "effective" association volume the value of κ ass,α that needs to be used if the predictive combining rule CR1 (equation 5-14, without u αβ ) was used. Whenever the two groups are identical (α=β), this value is the actual value that is used. When the two groups are different, typically for describing water + alcohols interactions, the effective association volume for the OH group is calculated as: Κ ass,α = ( √ Κ ass,OH * Κ ass,W (1-u αβ )) 2 Κ ass,W
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With κ ass,W = 0.044394 (Ahmed et al. [START_REF] Chen | Applications of the Augmented van der Waals Theory of Fluids: I. Pure Fluids[END_REF] ) and Κ ass,OH , u αβ values given in the corresponding reference table. The associating group is labelled as mono when it refers to a monoalcohol or "diols" when it refers to one of the OH groups of a diol molecule. In this latter case, the parameter value depends on the nature of the other OH (1OH or nOH) and of the distance with this other group. The nature of this other group is indicated between brackets and the distance is indicated as P αβ in both the « min » and « max » columns. The purpose of this table is to show how this parameter for the hydroxyl group has changed in the subsequent steps of this work: for the 1OH group, it has a rather low value for OH-OH interactions, which nevertheless varies with a factor 5 between the minimum value of 1OH (nOH) diols and the maximum value of 1OH (1OH) diols. This is compensated by a larger value of ε 𝑎𝑠𝑠,𝛼 compared to nOH values. It is clear, however, that for interactions with water, systematically larger values for the effective 𝜅 𝑎𝑠𝑠,𝛼 are found. Yet, we observe that for the 1OH (1OH) diols + W these values are too large (predicted versus regressed, table 5-31). The association volumes of nOH groups are clearly larger than those of the 1OH, in almost all cases. Yet, here, the values are acceptable to reproduce the data correctly. The need for reducing the interaction energies between the 1OH + water from a diol compared to the 1OH + water from a 1-alcohol can be justified using the concept of intramolecular bonding as follows. The SAFT association term only describes intermolecular bonding. Any bond that is created inside the substance (thus resulting in ring formation) removes an active site for intermolecular bonding. Some theories [START_REF] Chapman | Phase equilibria of associating fluids[END_REF]182 exist for describing this phenomenon explicitly in the SAFT theory, but they have not been implemented here. Rather, it is proposed to describe this phenomenon by reducing the corresponding association volume. When water approaches the diol substance, its hydroxyl groups will bend towards each other so as to reduce the accessible hydrogen bonding volume for water. It is expected that this phenomenon will depend on the intramolecular distance between the two OH groups. 

A method for describing intramolecular association resulting from interactions with a second compound

We found that the cross association volume of the diol having end of chain hydroxyl groups with water must be lowered compared to that of the monoalcohol (1OH) with water. Yet, at this point, we have no parameter that allows to do so: the OH-water parameters are determined from equation 5-14 where κ ass,α of the OH group is that of the diol. In order to adapt the combining rule, we propose to keep equation 5-14 but modify 𝑢 𝛼𝛽 so as to be able to take into account the distance between the two OH groups in the diol molecule:

𝑢 𝛼𝛽 = 𝑢 𝛼𝛽 0 + ∑ 𝑢 𝛼𝛽𝛾 𝑃 𝛽𝛾 𝛾≠𝛽
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Where the sum runs over all groups of the diol and 𝑃 𝛽𝛾 is the distance between the two OHs groups 𝛽𝛾.

Note that the order of the indices must be respected: the two first refer to the two hydrogenbonding sites. Since these are symmetric, a correction to αβ must necessarily also apply to βα. Hence, 𝑢 𝛼𝛽𝛾 = 𝑢 𝛽𝛼𝛾 , and in principle, we should write the equations as

𝑢 𝛼𝛽 = 𝑢 𝛽𝛼 = 𝑢 𝛼𝛽 0 + ∑ 𝑢 𝛼𝛽𝛾 ( 1 𝑃 𝛽𝛾 𝛾≠𝛽 + 1 𝑃 𝛼𝛾 ) 5-17
We only investigate here the case where α is water, it is a single group and no interaction exists within the water. The two last indices indicate the two groups between which the distance must be accounted for (Figure 5 The ternary parameters were regressed using all available data from Detherm (isothermal VLE and isobaric VLE, references listed Table 5.33).

The obtained regressed parameter is listed in Table 5-32. The large positive value of u αβγ parameter will lower the calculated value of 𝜅 𝑎𝑠𝑠,𝛼𝛽 for mixtures of diols with 1OHs in water. The obtained deviations are shown Table 5.33. The water + 1,3-propanediol is plotted again in Figure 5-25 and shows this time acceptable results. Rather large deviations on pressure remain visible on the table, but this can be easily understood when looking at the figure: as already pointed out earlier, the pure compound diol vapor pressure is not very well represented.

Conclusion on mixtures 5.4.3

The analysis of the mixture data of multifunctional compounds with either very polar (water) or nonpolar (n-alkanes) solvents has shown that in many cases very few data were available:

-Diols with alkanes: Most data focus on very small diols (1,2-ethane diol). The effect of the relative positions of the OH groups on the phase behavior needs to be benchmarked experimentally.

-Diols with water: Diols with less than four carbon atoms have been measured in the presence of water. Because of the high polarity of this substance, only VLE are observed for low molecular weights. It would be of interest to have data indicating the limit (number of carbons) needed to observe LLE with water.

The capacities of the model have been investigated for each of the binary systems based on the existing data:

alkane + monoalcohols: only VLE data were analyzed. The phase diagram can be predicted qualitatively. The deviation from ideality is underestimated. This is made visible on an azeotropic system.

alkane + diols: most of the data are LLE. The phase diagram can be predicted qualitatively, the deviation from ideality is also underestimated, considering that calculated mutual solubilities are much higher than experimentally. -alkanes + water: for these systems, the water-alkyl groups dispersive interaction parameter has been regressed. The resulting mutual solubilities are well represented. water + monoalcohols: considering that only long chain alcohols are investigated in this study, the phase diagrams all show liquid-liquid phase splits. It was found needed to add a binary correction to both association and dispersive energy.

water + diols: these mixtures show close to ideal behavior (activity coefficient close to one). The predictive model for VLE, however, showed negative deviations from ideality indicating strong cross-interactions that needed to be corrected. For this, a new, ternary, parameter was introduced.

Conclusions of the chapter

The objective of this chapter was a correct representation of phase equilibrium data of multifunctional substances using a heterosegmented GC-PPC-SAFT.

In a first step, pure monoalcohols and diols have been investigated. For monoalcohols, it was necessary to distinguish primary (1OH) from secondary (2-and 3-OH) alcohol parameters. Also, among secondary alcohols, the associative volume parameter was corrected as a function of the distance between the OH group and the ends of chain. Concerning diols, the parameters from monoalcohols were not totally transferable and some corrections were added: for monoalcohols with two end of chain OHs or monoalcohols with one end of chain and one middle of chain OH, the associative volume parameter was corrected as a function of the distance between the other OH group (either an exponential or a polynomial function); for monoalcohols with two middle of chain OHs, the value of the associative volume parameter was set equal to 0.025.

With the proposed corrections, the model predicted well vapor pressure and liquid density properties of pure monoalcohols and diols.

In a second step, mixtures with two types of systems have been investigated: water and n-alkanes (very polar and very non-polar). Data analysis for mixtures has also been attempted, but is more complex than for pure compounds considering the greater number of variables (composition, type of solvent …). Only for water such an analysis has been initiated using the infinite dilution activity coefficient. The trend of each of the major families was clearly identified, but too few data existed to find trends within a family.

Difficulties in using the group contribution method in a predictive manner led us to propose a correction of the parameters based on proximity effects. The proposed corrections were identified through analysis of trends observed with experimental data.

Concerning mixtures (with alkanes or water), we obtain acceptable results. However, for some cases studied, the association may still be too strong (observed with 1,3-propanediol in water, VLE). Maybe a solution to decrease even more the association is to add polarity to our OH group.

General conclusion & Perspectives

Conclusion

The context of this research work is the development of a predictive thermodynamic model able to describe phase equilibria of systems involving multifunctional substances in the context of the valorization of biomass. The focus was here on multi-ols as they are one of the keys to understand natural products as sugars. The complexity of the investigated systems lead to strong non idealities as can be observed from azeotropes or liquid-liquid phase split. The origin of this behavior can be found on a molecular level, since these mixtures form strong hydrogen-bonding networks.

The GC-PPC-SAFT framework has been developed since many years by the thermodynamic team at IFP Energies nouvelles. This model is of great interest because it describes explicitly hydrogen bonding through its association term. Yet, as in all group contribution methods, it is very difficult (impossible without second order groups) to correctly describe the different behavior of isomers.

The first idea of the thesis was the evaluation of the heterosegmented GC-PPC-SAFT approach for branching.

The second idea was to extend the GC-PPC-SAFT Equation of state (EoS) to multifunctional substances by adding information about the connectivity between the groups (number of bonds i.e. distances between the groups). In this manner, one would be able to indirectly take into account intramolecular association, initially not considered in the SAFT theory; and that can modify the observed thermodynamic non-ideality.

After an introductory chapter, we propose a literature review focusing on models adequate to describe mixtures with multifunctional substances. Very few such analyses have been found. Our aim was to develop a predictive model, i.e. one that can be used in extrapolation where no data exist. It appeared that the heterosegmented GC-PPC-SAFT was more adequate to extend to branched substances. It is presented and compared with the homo-GC version in chapter 3. Chapters 4 and 5 are devoted to the applications of the hetero-GC SAFT method, first to non-polar compounds (branched alkanes), then to multi-ols (mono and di-ols) and their mixtures with alkanes and water. In each case, we started with an analysis of trends of the pure component behavior using a plot based on heat of vaporization and boiling temperature. It allowed us to evaluate patterns in fluid phase behavior and propose suitable parameterization strategy. In particular, we observed that:

branched alkanes: are always more volatile compared to the corresponding n-alkane. This phenomenon increases as the number of branches increases.

substances with an associative OH group: the more the OH is 'buried' within a substance, the smaller its associative character. Also, small chain substances are less associative than longer ones.

The key original proposal in this work consists in the introduction of group connectivity in the parameterization as in equation 5-1. In this way, in contrast to methods based on the definition of second order groups, it is possible to take into account long range effects.

The problem raised in this thesis is thus an important challenge for the physics of the model and is evaluated by different aspects:

-Improvement of the description of branched alkanes as the backbone for multifunctional substances using the heterosegmented GC-PPC-SAFT approach: Interactions between quaternary and ternary carbons have been introduced on the chain length parameter.

-Extension of the approach to monofunctional substances: secondary alcohols (2-OH and 3-OH alkanols). Here, the correction is introduced to the association volume as a function of the distance between the OH and CH 3 groups. -Extension to multifunctional substances: diols (end of chain diols, middle of chain diols, middle + end of chain diols). For these compounds, the correction is applied to the association volume as a function of the distance between the two OH groups.

-Evaluation of mixtures with alkanes. No additional correction was brought here: the evaluations were performed on a purely predictive way, with results that are qualitatively correct but underestimate mixtures non-idealities. -Extension to mixtures containing polar and associating substances: water + alkanols, water + diols: it appeared necessary to correct cross-association parameters.

The above mentioned investigations allowed elucidating the merits and weaknesses of the model. We always have attempted to stress the fact that the model predicts experimental trends correctly, rather than only aiming at high accuracy in terms of predictability of the model. The EoS allowed the prediction of numerous thermodynamic properties of pure compounds (mainly vapor pressure and liquid density) and mixtures (liquid-liquid and liquid-vapor phase equilibria, infinite dilution activity coefficients).

The results of modeling show that the heterosegmented GC-PPC-SAFT, parameterized so as to be able to take into account proximity effects, i.e. the perturbation that each group exerts on its neighbors (whether on a short or long range), is more or less able, depending on the case, to correctly predict investigated properties of associative systems.

We also observed that with the heterosegmented GC-PPC-SAFT approach:

for monoalcohols, even though information is added about connectivity, this information by itself is not sufficient because in the heterosegmented approach we still need for example to consider primary and secondary OH groups as having different parameters. A correction must be added to the OH association parameter according to its position in the substance and to the chain length.

for diols, it was necessary to correct associative parameters taking into account proximity effects between OH functional groups, thus adding additional parameters in the heterosegmented approach, since the cross associated parameters were not transferable from monoalcohols to diols.

In conclusion, taking into account proximity effects as a function of the distance between functional groups to recover experimental trends is the true improvement of this work. The originality of this work was the analysis of experimental data to identify parameterization strategies.

Perspectives

The final objective of this work is to be able to predict phase equilibria of complex fluids such as biooils produced from the pyrolysis of lignocellulosic biomass. These bio-oils are characterized by the presence of sugars, furan compounds (lactones), phenolic compounds, and other aromatic oxygenated compounds (guaiacols, syringols…) leading to thermodynamic non ideality (strong associations and/or polar interactions). The work on diols is clearly only a first step: substances originating from biomass contain several additional complexities that should be further investigated:

-Other functional groups: beyond hydroxyl groups, these substances contain acid groups, ether and ester groups, and often several of them on the same substance. Lack of time has not made it possible to extend our approach to these type of groups, but this will be needed in future work -Other type of backbone: so far, we have only investigated linear substances. Yet, in biomass mixtures many aromatic or other cyclic compounds may also exist. The effect of several functional groups on these types of systems would require more work. -Other solvents: In this chapter, we have only investigated water and n-alkanes as solvents. Industrial practice often works with other solvents featuring different types of polar and/or hydrogenbonding interactions (acetone, DMSO, acetonitrile …). Mixtures of biomass-type substances with these solvents need further investigations.

One key physical problem that can be identified with multi-ols is the competition between inter-and intramolecular hydrogen bonding. In this work, the phenomenon was described by adjusting the SAFT association volume. Yet, a recent work has investigated how to take into account intramolecular association in the SAFT EoS. In her thesis 185 , Ane Sogaard Avlund compared the work previously done by Sear et al. 182 and by Chapman et al. 186 on intramolecular association for two association sites and then derived, using a method similar to both approaches, a more general theory. Such an approach could be implemented so as to improve the predictive character of the model. can contain not only the list of groups, but also, more precisely, their position in the molecule and their connectivity(figure 4). Each line of the input file will result in one run through this method.

Figure Appendix 4-3: group connectivity

-3shows that that the new setConnectivity method was added to the CBankElement class within Carnot. This is discussed in the next section. Up to Carnot V7.0 (from which the branch is created where this work is done), the methods and fields involving connectivity did not exist.

Carnot

Modification of CBankElement

Following items were added

The attribute m_Neighbours, defined as an std::vector <VectorInt> m_Neighbours;

Each CBankElement, i.e. each group, contains such a vector. Its size corresponds to the number of nearest neighbours and its content are the numbers of the groups connecting to the one considered.

The new method that is created: allows to transfer the connectivity list to the CBankElement: /** * set the connectivity of a subElement. They summarize the architecture of a call: the very first call goes through the method 'InitializeFromOwner' where all parameters are defined. We will investigate the modifications within this method lateron.

When a computation is requested from a SAFT model, temperature and composition of the fluid is provided, along with, either volume or pressure. Before computing anything, the mixing rules are called so as to compute all parameters that are temperature and/or composition dependent (and their derivatives). Then, if volume is given, the call is directly sent to the 'FUGA(T,V,N)' which is the method where the different terms are computed and added to yield the global Helmholtz residual energy. If pressure, but no volume is given (most of the time), then the equation must first be solved using a Newton-Raphson method that is defined in ModelEos::ResEos(). During this resolution, the same method FUGA(T,V,N) is systematically called at each iteration, but only volume derivatives are computed, to save time. For this, Icode is set at -1. 

Bmat matrix

The connectivity information is collected using the so-called 'Bmat' matrix. It uses the connectivity that was defined in the input file and transferred to the SAFT code (see section 3.3.b) through the variable std::vector<VectorInt> connect;

And extracts from it, for a given molecule, the distance between all group pairs. This information is kept in the variable Array3DDbl Bmat_new;

Which has three indices: the two first ones correspond to the local group indices and the last one to the molecule to which they belong.

This computation is done using the Dijkstra algorithm described later, which needs to define a list of nodes, also provided as global SAFT variable: 

Association sites

The new information needed is determined in CModelAssociatif::initializeAssoc:

MatrixInt idSite identification number (id)of the group on which the site is located MatrixInt nOrdre local group index of the group on which the site is located, in the molecule

InitializeFromOwner

The very first time the model is called, or whenever the parameters must be re-initialzed, the method InitializeFromOwner is called. This method contains two parts: property and combrule.

Property

In CModelPCSaftHetero::property, all unary parameters of the groups and the compounds in the fluid mixtures are set.

SetGroupParams

It first initializes (constructs) all vectors that have been presentedearlier. Then, it gets all properties that are available in the CBank database in the method called 
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 22 Figure 2-2: Illustration of various interactions in SAFT, specific to PPC-SAFT 4-6 .

  -4 and equations 2-21 to 2-23. All group parameters (first and second order) were adjusted to a data-base of pure component {ε i , σ i , m i }-values, rather than directly to experimental data or correlated experimental data.
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 24 Figure 2-4: Group contribution with first order groups (CH 3 , CH, CO) and second order groups (CO(NH) 2, CCH 3, CCO, CCH 2 )
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 3 Figure II-3 : Descriptions correctes à l'aide de groupes de premier ordre
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 31 Figure 3-1: Segment approach: the dipole moment is localized on specific segments of the molecule chain.

  -methylpentane: b (CH3-CH2) = 2, b (CH3-CH) = 1, and b (CH2-CH) = 2 (figure 3-2):
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 32 Figure 3-2: Number of bonds between segments for the 3-methylpentane (in red: CH 2 -CH bonds, in blue: CH 3 -CH 2 bonds and in green CH 3 -CH bonds)

Figure 3 - 3 :

 33 Figure 3-3: The n-butane molecule.
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 34 Figure 3-4: Representation of associations sites on groups according to the heterosegmented approach.

3 and Figure 3 - 6 .

 36 The percentage average absolute deviation (%AARD) is defined as

Figure 3 - 6 :

 36 Figure 3-6: Comparison of vapor pressure calculation for the 3 approaches. "HOMO" stands for homosegmented approach, "HETERO" for heterosegmented. Encircled results are obtained from extrapolation (not included in the regression set). "HETERO without correction "corresponds to equation 3.20 while "HETERO corrected" to equation 3.22.The adjustable parameters for the heterosegmented approaches are ε α , σ α and m α .

  𝑏 ) the enthalpy of vaporization at the normal boiling temperature.2 This chapter is a summary of the publication found in Fluid Phase Equilibria: M. Jaber, W. Babe, E. Sauer, J. Gross, R. Lugo, J.C. de Hemptinne, An improved group contribution method for PC-SAFT applied to branched alkanes: Data analysis and parameterization, vol. 473, p.183-191 (2018) 

  It is possible to represent each component with a single point on a diagram showing vap h  versus T b and observe the trends within a given family (thus possibly identifying outliers). This is done in Figure 4-1, using experimental correlations data for vap h  from the DIPPR database rather than the slope for various branched alkanes. This is possible because as already observed by Mathias et al 91 , the difference between the calculated vap h  from Clausius-Clapeyron equation and the experimental value of vap h  is very small for branched alkanes. Experimental uncertainties on vap h  are relatively small (uncertainties less than 3%), thus it is possible to identify experimental trends. It appears that all substances lie approximately on a line that goes from low enthalpies of vaporization and low boiling temperatures for low molecular weight compounds, to high values for substances of high molecular weight.
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 41 Figure 4-1: Enthalpy of vaporization (∆ℎ 𝑣𝑎𝑝 ) vs boiling temperature (T b ) from experimental data of alkanes.
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 3 an example, for 2-methyloctane, we get ∆h vap 2-methyloctane (𝑠ℎ𝑖𝑓𝑡) = ∆h vap 2-methyloctane -∆h vap nonane This correction removes the effect of the molecular mass, which otherwise shifts heavier substances to the upper right corner of the diagram Figure 4-1. The location of a compound in the proposed diagram then shows the effect of molecular topology better.
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 42 Figure 4-2: Property map for ∆ℎ 𝑣𝑎𝑝 and 𝑇 𝑏 where values are reported relative to values of corresponding nalkanes: the 4-methylnonane and 2-methyloctane do not follow the general trend.

Figure 4 .

 4 Figure 4.2 thus shows the results as presented using equations 4-2 and 4-3, for all compounds investigated in this work (Appendix 1). Linear n-alkanes fall onto the zero-zero position. It can be observed that all branched alkanes have negative values for ∆h vap isomer (shift) and T b isomer (shift) : they are always more volatile compared to the corresponding n-alkane. This phenomenon increases as the number of branches increases. It may be related to an increased bulkiness of the molecules. Considering only single branches (monomethyls), the trends are somewhat blurry, but it seems that 2-methyls behave as if they were more volatile (more linear or less bulky) compared to 3-methyls. Yet, looking at 4-methyls, the trend is opposite: the farther away the methyl group lies from the chain end, the bulkier it behaves. Although the number of available data is lower for dimethyls, the trend observed for 2,2-dimethyls and 3,3-dimethyls is similar as that observed for 2-and 3-monomethyls: the 3,3-dimethyls behave as less 'bulky' than 2,2-dimethyls.
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 43 Figure 4-3: Example on the use of the neighborhood parameter for the correction of a >C< parameter as a function of the distance between CH parameters.
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 51 Figure 5-1: Analysis of experimental data from DIPPR: need for distinction between primary and secondary alcohols.
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 52 Figure 5-2: Zoom of Figure 5.1. The blue lines are guides for the eye and show that 3-pentanol is shifted towards the left part of the diagram as compared to 2-pentanol, same for 3-hexanol as compared to 2hexanol and 3-heptanol as compared to 2-heptanol.

Figure 5 .

 5 3 in order to capture the observed trends. P(CH 3 -OH) = 6 P(CH 3 -OH) =2 P(CH 3 -OH) = 5 P(CH 3 -OH) =3
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 53 Figure 5-3: Distinction between 2-heptanol and 3-heptanol.

  . The consistency of the correlation proposed by NIST with Clausius Clapeyron equation is evaluated in this work by plotting ln P vs 1/T for various diols, estimating the value of vap h  from the slope at each point (which corresponds to vap h  -𝑅 ) and comparing the obtained value with the one proposed by NIST correlation. For example, for 1,2-propanediol the estimated vap h  at normal boiling point is 53.6 kJ/mol and is in agreement with the value proposed by NIST correlation of 51.4 kJ/mol (the experimental uncertainty being lower than 1 kJ/mol). The resulting plot is presented in Figure 5.4.
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 54 Figure5-4: Data for alkanediols as an example of multifunctional molecules. The zoom focuses on the region around the two 2,3 butanediol data. In the upper figure, the blue line represents data that align visually (i.e., the curve through which most of the compounds pass) when all the databases are considered. Encircled in grey are 1,5-pentanediols from different databases, in orange, 1,10-decanediol, in black 2,3butanediol and in yellow1,4-butanediol. These compounds will be analyzed in the text.

Figure 5 - 5 :

 55 Figure 5-5: Enthalpy of vaporization shift (∆ℎ 𝑣𝑎𝑝 ) vs boiling temperature shift (T b ) for diols from NIST database (in red) and DIPPR database (in green) taking as reference the alkane. Blue arrows show jumps for number of carbons, blue lines indicate the trends for isomers with the same number of carbons. Red arrows indicate the shift from right to left of the graph when an end of chain OH is replaced by a middle of chain OH for a same diol. Encircled diols in green and blue are discussed in the text.
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 56 Figure 5-6: Value of the associative volume parameter of diols with end of chain OHs, substance by substance, as a function of the distance between the OH groups.
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 5510 Figure 5-10, shows two examples of how the model restitutes the isobaric VLE of mixtures involving an alkane and a monoalcohol when there is no azeotrope.
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 511 Figure 5-11: Example of an azeotrope of 1-butanol+octane at T=373.15 K [140]. Points represent experimental data while lines are calculated ones.
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 513 Figure 5-13: Representation of equilibria of ethane + 1,2-ethanediol mixture at T=323.15 K. Points represent experimental data 149 while the line is the calculated.
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 55514 Figure 5-14 is a visual representation of deviations for non-azeotropic mixtures: the model is capable of describing correctly the phase equilibria of alkane + diol mixtures.
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 515 Figure 5-15: Determination of the slope used Figure 5-16

Figure 5 -

 5 Figure5-16 shows an analysis of the log (IDAC) of a number of compounds in water at 25°C as a function of the slope close to room temperature. The data from Table5-18 have been used. It can be observed that n-alkanes have very large values of IDAC indicating that they are insoluble in water. The slope is positive, indicating an increase in solubility with increasing temperature.
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 516 Figure 5-16: Analysis of experimental IDAC of alkanes, n-alcohols and diols in water at 298.15 K. Lines are guides for the eye.
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 517 Figure5-17: Predictive solubilities of 1-hexanol + water system at P=101 325 Pa as an example. Lines represent calculated solubilities while points are for experimental data169 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part.
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 518 Figure5-18: Phase diagram for 1-hexanol + water system at P=101 325 Pa using binary parametersTable 5-22. Lines represent calculated solubilities while points are for experimental data correlations169 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part.
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 519 Figure 5-19: Predictive solubilities of 2-butanol + water system at P=101 325 Pa. Lines represent calculated solubilities while points are for experimental data 174 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part.
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 520 Figure 5-20: Phase diagram for water + 2-butanol at P=101 325 Pa. Symbols are experimental data 174 while curves are the model.
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 5 21 and Figure 5-22 show the results. In Figure 5-21, the data show a large equilibrium lens, indicating good mutual
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 5 Figure 5-22: Liquid-vapor equilibria of 1,4-butanediol + water at P=99 325 Pa. Lines are the calculated data and points represent experimental data 177 .

Figure 5 -

 5 Figure 5-23: Liquid-vapor equilibria of 2,3-butanediol + water at atmospheric pressure. Lines are the calculated data and points represent experimental data 178 .
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 524 Figure 5-24: Description of groups when using ternary parameters

Figure 5 -

 5 Figure 5-25: Liquid-vapor equilibria of propanediol+ water at P= 101 330 Pa. Lines are the calculated data and points represent experimental data 183 .

  read this line, a specific procedure was implemented in the interface class 'Cbank' (see for definition the note by de Hemptinne & Ferrando 192 ). It is shown in Figure Appendix 4-2.
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 42 Figure Appendix 4-2: building of the molecules from groups: simple group contribution methodology

  figures a and b of Figure Appendix 4-6. They summarize the architecture of a call: the very first call goes through the method 'InitializeFromOwner' where all parameters are defined. We will investigate the modifications within this method lateron.
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 46 Figure Appendix 4-6: Integration of models ; comparison between SAFT and SAFTHetero
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 47 FigureAppendix 4-7: classes derived from CmodelHelmholtz. The ones framed in red have been added and described in section 4.2

  Some molecular properties have been kept :StdArray2D<CEOSProperty*> dbh_mol, for polar term

  CModelPCSaftHetero::setGrpParams(int indice) Since in the heterosegmented GC-PC SAFT model, no mixing rules are used and group parameters are directly setGrpParams (Figure Appendix 4-8) to get group parameters. The method CModelPCSaft::compute_params used in the homosegmented approach to calculate molecular parameters from group parameters is no longer used.
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 48 Figure Appendix 4-8: C++ method to set the main group parameters
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 515 Determination of the slope used Figure 5-16 ..................................................... Figure 5-16: Analysis of experimental IDAC of alkanes, n-alcohols and diols in water at 298.15 K. Lines are guides for the eye. ....................................................................................

Figure 5 - 17 :

 517 Predictive solubilities of 1-hexanol + water system at P=101 325 Pa as an example. Lines represent calculated solubilities while points are for experimental data169 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part. .........
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 518 Phase diagram for 1-hexanol + water system at P=101 325 Pa using binary parametersTable 5-22. Lines represent calculated solubilities while points are for experimental data correlations169 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part. ................................................................................................... Figure 5-19: Predictive solubilities of 2-butanol + water system at P=101 325 Pa. Lines represent calculated solubilities while points are for experimental data 174 . The solubility of organic compound in the aqueous phase corresponds to the left part of the figure while the solubility of water in the organic phase corresponds to the right part. ...................................

Figure 5 - 20 :

 520 Figure 5-20: Phase diagram for water + 2-butanol at P=101 325 Pa. Symbols are experimental data 174 while curves are the model. ...................................................................Figure 5-21: Liquid-vapor equilibria of 1,3-propanediol+ water. Lines are the calculated data using parametersTable 5-3, Table 5-19 and Table 5-27 while points represent experimental data 176 . ...............................................................................................................Figure 5-22: Liquid-vapor equilibria of 1,4-butanediol + water at P=99 325 Pa. Lines are the calculated data and points represent experimental data 177 . .............................................Figure 5-23: Liquid-vapor equilibria of 2,3-butanediol + water at atmospheric pressure. Lines are the calculated data and points represent experimental data 178 . .............................Figure 5-24: Description of groups when using ternary parameters ......................................Figure 5-25: Liquid-vapor equilibria of propanediol+ water at P= 101 330 Pa. Lines are the calculated data and points represent experimental data 183 . ...................................................

  

  

  

  

  

  

  

  

  

Table 1 -

 1 1: Deviations (%AARD*) from experimental data correlations (DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] ) of calculated Vapor pressures (PRESS) and liquid densities (VLIQ) of linear alkanes using the Homosegmented GC-PPC-SAFT EoS developed by IFPEN. Eleven Points are considered, evenly distributed in the given temperature range.

				Press			Vliq
			T range K	%AARD	Exp error	T range K	%AARD	Exp error
	butane	140-420	2.1	<3%	311-394	0.3	<1%
	pentane	223-470	0.3	<3%	143-443	0.9	<1%
	heptane	194-540	2.2	<3%	183-513	0.7	<1%
	octane	228-569	2.1	<3%	333-533	0.7	<1%
	nonane	311-511	0.5	<3%	223-533	0.5	<1%
	undecane	348-499	1	<3%	253-573	0.3	<1%
	dodecane	289-520	1.6	<3%	263-623	0.4	<1%
	tridecane	290-540	2.1	<3%	273-573	1	<3%
	tetradecane	280-559	3.4	<3%	283-523	0.8	<3%
	pentadecane	346-577	4.6	<3%	283-543	1	<3%
	hexadecane	295-594	6.2	<3%	291-563	1.1	<3%
	Mean		2.4			0.7
	1.1.1	Molecular branching			

  𝑇, 𝑃, 𝑁) = 𝑅𝑇 𝑙𝑛 𝜑 𝑖 =

						𝜕𝐴 𝑟𝑒𝑠 (𝑇,𝑉,𝑁) 𝜕𝑁 𝑖	|	𝑇,𝑉,𝑁 𝑗≠𝑖	-𝑅𝑇 𝑙𝑛 ( 𝑁𝑅𝑇 𝑃𝑉	)	2-7
	Also, another relevant property is the pressure (P) which can be obtained from the volume derivatives
	as follows				
	𝑃 = -	𝜕𝐴 𝑟𝑒𝑠 (𝑇,𝑣,𝑁) 𝜕𝑉	|	𝑇,𝑁	+	𝑛𝑅𝑇 𝑉

  𝑥 𝑖 𝑥 𝑗 𝑚 𝑖

	𝑖	𝑗	𝑚 𝑗	𝜀 𝑖𝑗 𝑘𝑇 𝜎 𝑖𝑗	𝟑	3-10
	𝑚 2 𝜀 2 𝜎 3 ̅̅̅̅̅̅̅̅̅̅ = ∑ ∑ 𝑥 𝑖 𝑥 𝑗 𝑚 𝑖 𝑗 𝑖	𝑚 𝑗 ( 𝜀 𝑖𝑗 𝑘𝑇 ) 2	𝜎 𝑖𝑗	3
	3-11					

  These equations are equivalent to those shown in Table3-2.

	𝑖	𝑗	𝑥 𝑖 𝑥 𝑗 𝑚 𝑖	𝑚 𝑗 ∑ ∑ 𝑧 𝑖𝛼 𝑧 𝑗𝛽 ( 𝛽 𝛼	𝜀 𝛼𝛽 𝑘𝑇 )𝛼 𝛼𝛽	3	3-26
	𝑚 2 𝜀 2 𝜎 3 ̅̅̅̅̅̅̅̅̅̅̅ = ∑ ∑ 𝑥 𝑖 𝑥 𝑗 𝑚 𝑖 𝑗 𝑖	𝑚 𝑗 ∑ ∑ 𝑧 𝑖𝛼 𝑧 𝑗𝛽 ( 𝛽 𝛼	𝜀 𝛼𝛽 𝑘𝑇 ) 2 𝛼 𝛼𝛽	3	3-27
	where z iα = 𝑛 𝛼𝑖	𝑚 𝛼 𝑚 𝑖	and z jβ = 𝑛 𝛽𝑖	𝑚 𝛽 𝑚 𝑗

Table 3 -

 3 

	Homosegmented	ε α /k (K)	σ α (Å)	m α
	CH 3	189.96	3.4873	0.78660
	CH 2	261.09	3.9308	0.38209
	CH	402.02	4.9252	0.2
	>C<	737.11	6.3160	-1.09812
	Corrected heterosegmented	ε α /k (K)	σ α (Å)	m α
	equation 3.22			
	CH 3	207.80	3.6678	0.72639
	CH 2	252.32	3.8388	0.42148
	CH	328.35	4.8630	0.10307
	>C<	24.32	1.9593	-1.40875
	Heterosegmented without correction equation	ε α /k (K)	σ α (Å)	m α
	3.20			
	CH 3	181.49	3.6937	0.77247
	CH 2	157.23	3.0207	0.79120
	CH	269.84	0.9991	0.52235
	>C<	0	0.5435	-0.70131

3: Regressed parameters.

Table 4 -

 4 1 and Table 4-2.

Table 4 - 1 :

 41 Adjusted Alkane Group Parameters of the Heterosegmented GC-PC-SAFT approach. A total of 12 parameters were regressed.

	Group	mα	σα, Å	εα/k, K
	CH3	0.749403	3.70393	185.918
	CH2	0.794548	3.02763	156.784
	>CH	0.564269	0.870882	252.16
	>C<	-0.737247	-0.456943	0

Table 4 -
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2: Regression deviations obtained from this work without neighborhood-correction (detailed results available in Appendix 1).

Table 4 -

 4 4. All detailed deviations are detailed in Appendix 1. Note that the quaternary group parameters are modified in Table 4-3 as compared to Table 4-1.

		n-alkanes	monomethyls	Dimethyls	Dimethyls	Trimethyls	multimethyls
				with >C<	with no >C<	with 1 >C<	
	% AARD						
	in Vapor	4.6	2.8	10.9	7.2	7.1	11.2
	pressure						
	% AARD						
	in Liquid	1.1	4.5	6.5	8.1	2.6	8.6
	density						
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 4 3: Adjusted Alkane group parameters of the Heterosegmented GC-PC-SAFT approach by neighborhood-correction (the used database is listed Appendix 1).

	Group	mα	σα, Å	εα/k, K
	>C<	0.131697	0.923746	0
	Group α	Group β	Ʌ (α-β)1	Ʌ (α-β)N
	>C<	CH 3	0	-0.16937
	>CH >C<	>C< >CH	-0.0505477	0.0606485
	>C<	>C<	-0.0213632	0.0793068
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 4 

	Dimethyls	Trimethyls with 1	Multimethyls
	with >C<	>C<	

4: Regression deviations in vapor pressure obtained with and without introducing neighborhoodcorrections (detailed results available in Appendix 1).
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		Alkanes	Methyls	Dimethyls	Dimethyls	Trimethyls	Multi-
				with >C<	with no	with	methyls
					>C<	1 >C<	
	% AARD						
	heterosegmented						
	GC-PC-SAFT with	0.3	0.3	0.1	0.6	0.2	0.6
	neighborhood						
	correction						
	% AARD Marrero et Gani	3.1	3.0	1.5	1.2	2.0	1.5
	% AARD Constantinou	3.2	2.5	1.0	0.7	1.8	2.3

5: Deviations in the calculation of normal boiling temperatures per family using different group contribution methods as compared to experimental data from DIPPR

[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] 

.

Table 5 -

 5 2: Deviations (%AARD as defined in equation3-33) in vapor pressure obtained using parameters from table 5-1. All Data come from DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] correlations : for each compound 11 points are considered within the given temperature range.

	α

Table 5 - 3 :

 53 Regressed 1OH group parameters.The resulting deviations are given in Table5.4. It shows 4.2 % average error on vapor pressure calculations and 0.2% on liquid density, which are good results in view of the accuracies claimed by DIPPR. The largest deviation is observed for 1-eicosanol, a heavy molecule for which the absolute values of the vapor pressures are low.

		ε α /k (K)	σ α (Å)	m α	ε ass,α /k (K)	κ ass,α
	1OH	323.953	3.01882	0.808274	2769.93	0.005916

Table 5 -

 5 4: Deviations (%AARD as defined in equation3-33) in Vapor Pressure and Liquid density obtained from this work on 1-alkanols. All Data come from DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] correlations: for each compound 11 points are considered within the given temperature range.

Table 5 -

 5 6 and the deviations in Table5-5.
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 5 5: Deviations (%AARD as defined in equation3-33) in vapor pressure and liquid density obtained from this work on secondary alcohols. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] .

		vapor pressure	Liquid density
		%AARD	T range (K)	%AARD	T range (K)
	2-butanol	3.9	279-536	2.1	279-490
	3-hexanol	7.1	264-411	0.2	274-409
	3-pentanol	3.1	246-409	1.3	274-383
	2-heptanol	3.1	244-433	0.3	274-423
	2-pentanol	2.8	294-393	0.4	234-373
	2-hexanol	5.0	241-584	0.4	274-413
	2-octanol	3.1	254-480	0.6	294-308
	3-heptanol	3.0	244-430	0.1	274-413
	Mean	3.9		0.7	

Table 5 -

 5 6: Regressed parameters for secondary alcohols.

		ε α /k (K)	σ α (Å)	m α		ε ass,α /k (K)	κ ass,α
	nOH	248.012	3.36525	0.794138	2088.51	0.0450552
				α	β	
		к αβ	𝑐𝑜𝑟𝑟	OH	CH 3	0.0705936

Table 5 -

 5 7: Vapor pressure and heat of vaporization data from NIST (in red) and DIPPR (in green) used for constructing the plot ∆ℎ 𝑣𝑎𝑝 𝑣𝑠 T b and computed shifts with corresponding homomorphic alkanes.

		Reference diol	/K T b	kJ/mol ∆h vap	T b /K Shift	∆h vap Shift	Reference alkane	
						kJ/mol		
	1,2-propanediol	100-104	460	51.4	159	26.6	2-methylbutane 105-107
	1,3-propanediol	102-104,108	488	56.4	179	30.6	Pentane 109-111
	1,2-butanediol	101,112,113	470	51.8	133	23.8	3-methylpentane 114,115
	1,3-butanediol	101-103,116	481	53.9	148	26.1	2-methylpentane 117,118
	2,3-butanediol	102-104	454	51.0	123	23.8	2,3-dimethylbutane 105,106,119
	1,5-pentanediol	102,119	519	56.2	149	34.0	Heptane 120-122
	1,3-pentanediol		498	56.6	133	25.7	3-methylhexane 102,115
	1,6-hexanediol	119,123	526	59.2	127	24.6	Octane 124,125
	1,3-hexanediol		518	59.0	127	25.7	4-methylheptane 115,126
	1,4-hexanediol		509	55.3	117	21.4	3-methylheptane 105,106,109
	1,5-hexanediol		521	59.8	130	26.0	2-methylheptane 106,115
	2,3-pentanediol		480	54.9	117	24.5	2,3-dimethylpentane 127
	1,10-decanediol	123,126	578	53.6	89	10.0	dodecane
	1.3-heptanediol		517	53.4	102	16.1	4-methyloctane 105
	1.4-heptanediol		524	56.8	109	19.5	4-methyloctane 105
	1.5-heptanediol		539	62.5	122	26.9	3-methyloctane 105,128
	1.6-heptanediol		523	54.4	107	18.0	2-methyloctane 105,128
	2,3-heptanediol		495	48.8	81	13.3	2.3-dimethylheptane 105
	1.5-octanediol		532	55.7	93	14.8	4-methylnonane 119
	1.6-octanediol		534	55.3	93	17.6	3-methylnonane 105,119
	1,2-propanediol	129	461	52	160	27	2-methylbutane	130
	1,3-propanediol	129	488	58	178	32	Pentane	131
	1,2-butanediol	101	470	53	133	25	3-methylpentane	132
	1,3-butanediol	116	481	55	148	27	2-methylpentane	132
	2,3-butanediol	133	454	56	123	28	2,3-dimethylbutane	132
	1,4-butanediol	134	501	62	159	34	Hexane	135
	1,5-pentanediol	136	512	65	141	34	Heptane	132
	1,4-pentanediol	134	494	54	131	23	2-methylhexane	132
	2,4-pentanediol	116	474	56	121	26	2,4-dimethylpentane	137
	1,6-hexanediol	138	526	60	127	26	Octane	132

Table 5 - 8 :

 58 Description of data chosen for later regression on diols.

	Substance	Type of OHs groups		source of data
	1,2-butanediol	1OH	nOH	DIPPR
	1,2-propanediol	1OH	nOH	DIPPR
	1,6-hexanediol	1OH	1OH	NIST
	1,3-butanediol	1OH	nOH	NIST
	1,10-decanediol	1OH	1OH	DIPPR
	2,3-butanediol	nOH	nOH	NIST
	1,3-pentanediol	1OH	nOH	NIST
	1,12-dodecanediol	1OH	1OH	NIST
	1,2-ethanediol	1OH	1OH	NIST
	1,3-propanediol	1OH	1OH	NIST
	1,5-pentanediol	1OH	1OH	Molecular simulation 97
	1,4-butanediol	1OH	1OH	Molecular simulation 97
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 5 10: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation 3-33) of diols with end of chain OHs. Improved results are obtained using the polynomial approximation Equation5.8. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] .

			With improvement	
		𝑃 𝛼𝛽	%AARD vapor pressure %AARD liquid density
	1,6-hexanediol	7	6.3	0.7
	1,10-decanediol	11	14.6	0.4
	1,12-dodecanediol	13	16.9	15.9
	1,2-ethanediol	3	9.9	0.2
	1,3-propanediol	4	15.3	0.3
	1,5-pentanediol	6	5.8	1.6
	1,4-butanediol	5	7.1	1.3
	Mean		10.9	2.9
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		%AARD vapor pressure	%AARD liquid density
	1,2-butanediol	15.8	11.3
	1,2-propanediol	45.8	10.7
	1,3-butanediol	27.6	9.8
	1,3-pentanediol	48.7	6.8
	Mean	34.5	9.7

11: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation 3-33) of diols with end of chain OH and middle of chain OH. The results are calculated using parameters of monoalcohols Table 5.3 and Table

5

.6. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR

[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] 

.
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 5 12: Binary neighborhood-correction parameters for diols with 2 different types of OHs. 𝜅 𝑎𝑠𝑠,𝛼 0 is the value of the OH association parameter from monoalcohols (either primary or secondary).

			α	β	
	к 𝛼𝛽	𝑐𝑜𝑟𝑟	1OH	nOH	-30.504
	к 𝛼𝛽	𝑐𝑜𝑟𝑟	nOH	1OH	-30.504
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		With improvement
		%AARD vapor pressure	%AARD liquid density
	1,2-butanediol	7.5	1.3
	1,2-propanediol	18.3	0.7
	1,3-butanediol	16.9	2.5
	1,3-pentanediol	13.8	5.0
	Mean	14.1	2.4

13

: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation 3-33) of diols with end of chain OH and middle of chain OH. Improved results are obtained using additional parameters: binary neighborhood-correction parameters from Table

5

.12. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR

[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] 

.
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 5 14: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation3-33) of diols with nOHs. The results are calculated using parameters of monoalcohols Table5.6. For each compound, 11 points evenly distributed were computed and compared with the pseudoexperimental correlation from DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] .

		%AARD vapor pressure	%AARD liquid density
	2,3-butanediol	56.9	16.9
	2,4-pentanediol	59.3	15.6
	3,4-hexanediol	63.2	9.1
	2,5-heptanediol	49.3	23.1
	2,3-hexanediol	59.6	9.3
	2,3-heptanediol	61.8	8.8
	2,4-heptanediol	63.5	3.4
	2,6-heptanediol	40.5	13.9
	3,4-heptanediol	67.3	8.4
	2,4-octanediol	70.2	4.6
	2,5-octanediol	46.8	13.4
	3,6-octanediol	59.0	10.7
	3,6-nonanediol	71.3	11.2
	4,5-nonanediol	39.8	13.2
	2,7-decanediol	54.5	12.5
	Mean	57.5	11.6
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 5 15: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation3-33) of diols with nOHs. Improved results are obtained by setting 𝜅 𝑎𝑠𝑠,𝛼 =0.025. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR[START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] .

		%AARD vapor pressure %AARD liquid density
	2,3-butanediol	8.1	17.4
	2,4-pentanediol	16.7	16.9
	3,4-hexanediol	21.7	12.2
	2,5-heptanediol	9.6	23.5
	2,3-hexanediol	23.4	13.0
	2,3-heptanediol	27.9	11.6
	2,4-heptanediol	24.9	5.7
	2,6-heptanediol	25.0	14.9
	3,4-heptanediol	39.2	9.3
	2,4-octanediol	38.1	5.7
	2,5-octanediol	11.7	14.5
	3,6-octanediol	22.8	11.7
	3,6-nonanediol	39.0	12.8
	4,5-nonanediol	6.7	18.2
	2,7-decanediol	18.8	13.8
	Mean	22.2	13.4

  -12 shows the availability of VLE and/or LLE in Detherm 139 .
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				octane mole fraction	

Figure 5-12: Availability of VLE and/or LLE in DETHERM (2017) 139 as a function of the number of carbons (nC) in alkanes and number of carbons in diols. The legend number next to each point is the number of bonds between the OH groups in the diol. Red points are systems having VLE only. Blue diamonds are systems having LLE only. The green square symbol is a point where both VLE and LLE have been observed.

Concerning mixtures of diols and alkanes, predictive calculations of experimental LLE and VLE data yield the deviations shown

Table 5-17. 

One notices that the deviations on liquid-liquid phase splits are rather large. Figure

5

-13 shows an example of the quality of the model for representing this phase split. Prediction of such equilibria is known to be very difficult. We therefore consider that the model is acceptable.

Table 5 -
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17

: Deviations (%AARD, as defined in equation

3-33) 

for LLE and VLE of diols and alkane mixtures. X and X' are the two distinct liquid phases while 1 and 2 are the components in the given order of the system. In the % AARD column, we present for LLE the deviations of the diluted component in each liquid phase, and for VLE the deviations on the bubble pressure.

systems Nb

of points TP range (K, Pa) % AARD References

  

	1,6-hexanediol (1) /heptane (2) (LLE)	5	T= 318.75-341.15 P= 1013250	X1: 57.4	147
	1,4-butanediol (1) /heptane (2) (LLE)	5	T= 312.45-336.05 P= 1013250	X1: 13.9	147
	Hexane (1) /1,2-propanediol (2) (LLE)	5	P= 1013250 T= 293.15-333.15	X'2: 93.7 X1: 46.6	148
	Octane (1) /1,2-propanediol (2) (LLE)	8	P= 1013250 T= 293.15-363.15	X'2: 88.3 X1: 89.9	148
	Ethane/1,2ethanediol (VLE at T=323.15 K)	7	T= 323.15	PRESS: 69%	149
	Propane/1,2-ethanediol (VLE at T=298.15 K)	8	T= 298.15	PRESS: 79%	150

Table 5 -

 5 18: Infinite dilution coefficient data of solutes in water, as found in the DETHERM database139 .

		T-range /K	Reference
	1,2-butanediol	299.2	348.4
	1,3-butanediol	291.1	348
	1,2-propanediol	296.8	348.3
	1,3-propanediol	298	347.5
	1,4-butanediol	299.4	349.9
	2,3-butanediol	299	347.4
	1,2-ethanediol	297.5	348.1
	1,2-propanediol	349.91	366.45
	1-butanol	273.35	333.15
	1-heptanol	283.15	373.15
	1-hexanol	303.15	333.15
	1-nonanol	282.95	363.65
	1-octanol	353.15	278.15
	1-pentanol	298.2	343.2
	1-propanol	273.35	333.15
	2-heptanol	283.35	363.35
	2-nonanol	273.15	363.65
	2-octanol	273.15	363.65
	3-octanol	283.15	363.25
	3-pentanol	303.15	333.15
	butane	298.29	353.14
	decane	374.15	576.15
	heptane	298.15	423.55
	hexane	303.95	443.15
	nonane	298.15	409.75
	octane	298	473
	pentane	273.2	453.2
	propane	298.08	343.18

Table 5 -

 5 

	𝛼	𝛽	𝑘 𝛼𝛽
	water	CH 3	-0.0427993
	water	CH 2	-0.0204676

19

: Binary interaction parameters 𝑘 αβ between substances in water (parameters from Ahmed et al.

[START_REF] Ahmed | A New PC-SAFT Model for Pure Water, Water-Hydrocarbons, and Water-Oxygenates Systems and Subsequent Modeling of VLE, VLLE, and LLE[END_REF] 

) + alkane mixtures. Water is treated as a single group while any linear alkane is made of two groups: CH 3 and CH 2 . Also, 𝑘 αβ =𝑘 βα (symmetric parameters).

Table 5 -

 5 20: Deviations (%AARD, as defined in equation3-33) between experimental and calculated mutual solubilities (with 𝑘 𝛼𝛽 from table5-19). Data are correlations originating from Nguyen T.B. et al.168 using eleven evenly distributed points between the 273 and 513 K.

	system	% AARD in X aq	% AARD in X org
	Water + Pentane	23.53	11.48
	Water + Hexane	28.17	14.30
	Water + Heptane	34.66	12.54
	Water + Octane	40.77	9.42
	Water + Nonane	21.93	25.01

Table 5 -

 5 22. The parameter regression was performed on the experimental database shown in table 5-23 and using the objective function in equation 5-12.
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Table 5 -

 5 22: Binary interaction parameters k αβ as well as group-group u αβ parameters for water +1alkanols systems.

	𝛼	𝛽	u αβ	𝑘 𝛼𝛽
	Water	1OH	-0.600746	-0.256896
	1OH	water	-0.600746	-0.256896

Table 5 -

 5 25: Coefficients of equation 5.15 from this work.

		A	B	C	T min /K	T max /K	reference
	2-butanol	-30.49184157	1444.241697	10.30052795	288.97	369.01	174
	2-pentanol	-14.38283704	566.6960901	4.875208409	273.15	363.45	155
	2-hexanol	-15.55925934	596.5954885	5.266585638	273.15	353.25	155
	3-hexanol	-12.52711035	334.4687559	4.33249699	273.15	363.45	155
	3-heptanol	-9.329130288	191.4665839	3.200491058	283.15	363.35	157
	2-octanol	-10.30098016	358.5928001	3.409547786	283.15	363.65	

Table 5 -

 5 27: Binary interaction parameters k αβ as well as group-group w αβ and u αβ parameters for water + secondary alcohols systems.

	𝜶	𝜷	u αβ	𝒌 𝜶𝜷
	water	nOH	-0.26443	-0.441172
	nOH	water	-0.26443	-0.441172

Table 5 -

 5 30 and illustrated by one example Figure 5-23. The VLE are correctly represented but clearly the LLE, even though identified qualitatively, are quantitatively not good. The model underestimates the aqueous solubility by a factor 10. Predicting LLE is much more difficult than predicting VLE.

Table 5 -

 5 30: Predicted deviations (%AARD as defined in equation 3-33) on phase equilibrium calculations for mixtures of diols with two middle of chain OHs or diol with 1OH + nOH and water systems. For the isobaric VLE, bubble temperatures were computed and compared to experimental data (deviations are labelled with "TEMP"

Table 5 -

 5 31: Effective association volumes values 𝜅 𝑎𝑠𝑠,𝛼 for OH groups (min is the minimal value, max is the maximum value of the OH group parameter according to the range of 𝑃 𝛼𝛽 investigated in this work). In mixtures with water (W), the effective association volume for the OH group is computed using equation5-16. 

		min	max	reference
	mono 1OH		0.005916	Table 5-3
	diols 1OH (nOH)	0.00215151 (P αβ =3) 0.00591257 (P αβ =4)	Equation 5-9 with
				𝜅 𝑎𝑠𝑠,𝛼 0 = 0.005916
	diols 1OH (1OH)	0.005 (P αβ =13)	0.011 (P αβ =3)	Equation 5-8
	mono 1OH + W	0.01515909	Equation 5-14 + table 5-22
				Predicted using
	diols 1OH (1OH) +W	0.01281194 (P αβ =13) 0.02818627 (P αβ =3)	Equation 5-14 + Equation 5-8 + table
				5-27
				Calculated from
				Regressed ternary
	diols 1OH (1OH) +W	0.01947021 (P αβ =13) 0.00092165 (P αβ =3)	parameters table 5-32 + Equation 5-14
				+ Equation 5-8 +
				Equation 5-17
	mono nOH		0.0463465	Table 5-6
	diols nOH (nOH)		0.025	Figure 5-7
	diols nOH (1OH)	0.04258208 (P αβ =3)	0.04634314 (P αβ =4)	Equation 5-9
				with 𝜅 𝑎𝑠𝑠,𝛼 0 =
				0.0463465
	mono nOH + W		0.0720335	Equation 5-14 + table 5-27
	diols nOH (nOH) +W			Equation 5-14 +
		0.03996958	using Figure 5-7 +
				table 5-22

Table 5 -

 5 

	32: Regressed ternary parameter. The objective function used is equation 3-32
	with 𝑃𝑅𝐸𝑆𝑆 𝑓𝑜𝑟 𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑉𝐿𝐸 𝑎𝑛𝑑 𝑇𝐸𝑀𝑃, 𝑌1, 𝑌2 for isobaric VLE.	
	𝛼	𝛽	𝛾	𝑢 𝛼𝛽𝛾
	water	1OH	1OH	3.51423

Table 5 -

 5 33: Deviations(% AARD as defined in equation3-33) obtained using ternary parameters. For isobaric systems, the bubble temperature was computed and compared to experimental temperature (TEMP). For isothermal data, bubble pressure was computed and compared with experimental pressure (PRESS). In all cases, when vapor compositions are available, they are compared with calculated values and indicated as "Y1" for deviations on the first component and "Y2" for deviations on the second component.

		data from regression	Nb of points	TP range (K, Pa)		% AARD	reference
	-	water + 1,3-propanediol (VLE isothermal)	19	T= 298.15	-PRESS: 29.1	176
	-	water (1) + 1,3-propanediol (2) (VLE isobaric)	13	T= 314.75-417.65 P=7999.34	-TEMP: 1.09	183
						Y1: 8.14	
			14	T=334.65-442.15		Y2: 70.7	
				P= 21331.58			
			20	T= 349.05-459.45			
				P= 39996			
			15	T= 373.15-487.55			
				P= 101325.02			
			21	T= 342.31-451.65			
				P= 30000.21			
			11	T= 380.81-446.27			
				P= 101299.96			
	-water + 1,4-butanediol (VLE isothermal)	14 14 15 15 16	T= 358.15 T= 353.15 T= 343.15 T= 338.15 T= 333.15	-	PRESS: 15.4	184
	-	water (1) + 1,4-butanediol (2) (VLE isobaric)	9	T= 318.85-331.15 P= 13332	-	TEMP:3.07 Y1: 0.13	177
			10	P =99325 T= 373.25-379.15		Y2: 86.9	

  The class 'CBankElement' is where the unary parameters are defined. It may represent any physical entity, generally either a molecular compound or a group. It contains two subclasses, as illustrated in FigureAppendix 4-4. The CBankGeneric class contains only unary parameters. It is incapable of defining groups as sub-elements. In order to define sub-elements, the compounds must be defined as CBankComposite. Nevertheless, the new methods must be defined at the level of the mother class as virtual methods.

Figure Appendix 4-4: CBankElement and subclasses. Framed elements are new elements implemented.

  MatrixInt NGrp_i_kNumber of occurrences of group k (second index) in molecule i (first index). This number should always be 1MatrixDbl Z_i_kFraction of group k (second index) in molecule i (first index). This number should always be 1/nb_grp_i std::vector<VectorInt> IndexGrp_i_k Index of group k (second index) of molecule i (first index) in the global list of groups described earlier
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The same formalism can be applied to liquid-liquid equilibria

.

Remerciements

Appendix 3 : Molecular simulation Data from this work

Monte Carlo simulations of pure components were carried out in the NVT Gibbs ensemble 187 at four reduced temperature ranging from 0.72 to 0.92 and using the in-house GiBBS Monte Carlo code 188 . The AUA4 force field has been used since it offers a good prediction of liquid/vapor phase equilibrium and critical properties of alkanediols [START_REF] Ferrando | Transferable force field for alcohols and polyalcohols[END_REF] . A total number of 300 molecules were used for each system, except in the vicinity of the critical point where larger systems were used (up to 700 molecules). The convergence to reach equilibrium required at least 50 million steps. For Lennard-Jones interactions, a spherical cutoff equal to the half of the simulation box was used, and classical tail correction was employed 189 . For long-range electrostatic energy, the Ewald sum technique was used, with a number of reciprocal vectors k ranging from -7 to7 in all three directions and a Gaussian width R equal to 2 in reduced units. The different Monte Carlo moves and their attempt probabilities that were used during the simulations are: translation (20%), rigid rotation (20%), configurational-bias regrowth 190 (20%), transfer (39.5%) with insertion bias 191 , and volume change (0.5%). The amplitude of translations, rotations, and volume changes was adjusted during the simulation to achieve an acceptance ratio of 40% for these moves 190 .

The normal boiling temperature T b is determined by calculating the vapor pressure at different temperatures (Table Appendix 3-6-1) and using clausius clapeyron assumptions, since ln 𝑃 𝑣𝑎𝑝 is linear with respect to 1/T, extrapolating the curve to find the value of T leading to a vapor pressure of one atmosphere. Finally, the vaporization enthalpy at normal boiling point is calculated using :

where 𝑁 𝐴 is the Avogadro Number, 𝑃 𝑣𝑎𝑝 (𝑇 𝑏 ) the pressure calculated in the vapor phase at the normal boiling temperature, and 〈𝑈 𝑖 〉, 〈𝑁 𝑖 〉 and 〈𝑉 𝑖 〉 the average potential energy, total number of molecules and volume of phase i respectively.

Calculated normal boiling temperatures and vaporization enthalpies are given in table Appendix 3-6-2. 

General structure

The Carnot code, where all equations are implemented, is a software library (dll). It requires a main code to access it. In our work, this main code is an executable called "InterfaceC", already described in detail by de Hemptinne 192 . In fact the original InterfaceC is designed for running the homo-version of PC-SAFT. We have therefore copied and modified this calling code and renamed it as "InterfaceC_hetero". This last version is now adapted to run the hetero-version of PC-SAFT.

When running this executable, the code will read all necessary information in an input file that is here recognized by its extension ".DAT". After finishing all computations, the code writes the results in two output files, that have the extensions ".detail" and ".mean".

Figure Appendix 4-1summarizes the link between the three elements. The root directory of the interface for the heterosegmented approach is : dev / windows / interfaceC_hetero while for the homosegmeted one it is dev / windows / interface:

The structure of the .DAT file is detailed in the file "README.TXT" located in the root directory. It contains three main sections. A first section, the database, that provides all necessary parameters, a second, optional, section that indicates the parameters that may be regressed, and a third section where the systems to be computed and the type of computation is given.

As described in note R0740R-JCDH/bd -15/292 192 The database section contains unary parameters (molecular or group) and binary parameters (kij, uij, wij). In addition, the molecular structure is defined using a line that bears the keyword "mg" followed by the list of groups appearing in the molecule.

In order to be able to input the molecular structure of the compounds of interest, we needed to be able to provide more detailed information than only the number of each type of groups. This is why we defined an additional method that uses the keyword "mc" and is described below.

The Datafile and its lecture by the interface simple group contribution methodology: if (typeLine=="mg")

Each molecule is defined using a single line. The line contains :

the compound id which is generally the CAS number the keyword "mg"

Datafile InterfaceC_Hetero or iInterfaceC

Carnot:

-Cbank

Connectivity methodology: if (typeLine=="mc")

The new methodology that is now introduced requires several successive lines for each molecule. Note that here each group can only have a single occurrence (i.e. if the molecule contains for example 10 CH2 groups, we will need ten lines, one for each actual group). Each line is then constructed as follows:

-All lines start with the molecular id (preferably the CAS number) -

The second element on the line is the keyword 'mc' -Next, the number of the group within the molecule. This number should be subsequent: strating with 1, 2, 3 etc…

The following number is the id of the group as it should have been defined earlier in the datafile using the keyword 'g'. Typically, following ids are used: (CH3=1, CH2=2, CH=3, Cquat=4, 141=1OH, 14=nOH) -

Then comes an integer indicating the number of neighbors of that group -Finally, we should find the numbers of all the groups that neighbor the group of interest. There must be as many neighbours as announced.

example: 2,2-dimethylhexane (CAS number 590738)

The molecule is decomposed in groups as shown below. It contains 8 groups (four CH3, group id = 1; three CH2, group id =2; one quaternary C, group id = 11). As a consequence, the input file description must contain eight lines: 

Use of the new structure inside the SAFT models

Originally only CModelPCSAFT existed. A new model has been created, called CModelPCSAFTH, which will contain the hetero-version of PC-SAFT. This was needed in order not to modify the existing structure of PC-SAFT. The class was copied and then modified whenever needed. The changes brought to the SAFTH class are described in section 3.2.2.

The information concerning the connectivity is then collected within the PC-SAFT model class as follows in the Homo approach, within CModelPCSAFT::computeParams():

int)obj->getSubElement(l-1)->second; //occurence du groupe l dans la molecule CBankElement* sub = obj->getSubElement(l-1)->first; // le type de groupe proprement dit VectorInt connnect_l; if (connect) connnect_l = obj->getConnectivity(l-1);

The vector connect_l is never used further at this stage. In future versions, it opens the way to include connectivity information in the homo SAFT approach.

And in theHetero-PC-SAFT, within CModelPCSAFTH::getPureParams(): The variable (defined in PCSAFTH.h)

Therefore contains all connectivity information. This is the starting point for all computations with the hetero-PC-SAFT.

The code

The class structure

We refer to the report entitled "Evaluation des optimisations possibles de l'équation GC-PPC-SAFT" written by de Hemptinne J.C. (2017) where the logic of the code is presented. Carnot is the library of thermodynamic models that has been developed in the department of thermodynamics at IFPEN. It is written in C++ language, which takes advantage of inheritance. Inheritance is the capability of a class to derive properties and characteristics from a mother class. It is one of the most important feature of object Oriented Programming. As shown in Figure Appendix 4-5, the class CModelEosAssociative contains all functions that are common to all associating equations of state whether homosegmented or heterosegmented SAFT.

Figure Appendix 4-5: Class structure of SAFT models in Carnot

The computation of the Helmholtz energy and its derivatives, at given N, T and V is performed in the routine called "fuga". Each term of the residual Helmholtz energy (equation 1) is computed in a separate class. The difference between the homo and hetero SAFT approaches are seen by comparing

CModelPhysical

CModelEOS

CModelEosAssociatif

CModelPCSaft

CModelPCSaftHetero CModelCPA

Whenever possible (HC, Disp, polar) the same class was used for both (PC-SAFT and PC-SAFTH) models, possibly distinguishing minor changes through the Boolean "isHetero". The classes for the contributing terms all derive from the mother class CModelHelmholtz (Figure Appendix 4-7). Three new classes are created for the heterosegmented approach : "CModelSAFT_GDR_gg" where the radial distribution function is calculated, CmodelChain_Hetero where the chain term is calculated and CModelSAFTAssociatifHetero where the associative term is calculated.

The new class PCSAFTH

The class variables

In opposition to the homo-version of PC-SAFT, where only type of groups were considered, each occurring a number of times within a given molecule, we consider in the hetero-SAFT version each group separately.

Please note the difference in what follows:

the id (identification number) of a group is a number that makes it possible to find the group, and therefore its parameters, in the Carnot Databank. This number is like a CAS number and may be very large. It is taken from a known group using int Id = grp->getBankId(); it allows finding its corresponding parameters (or CBankElement) using:

CBankElement* sub = CBank::getElement(BankId);

-

The index number is the order number of a group within a vector. Its value is obviously smaller than the size of the vector and is generally small (the first value is zero). Note also that when a compound is described without group decomposition, then it is as if it has a single group, whose id is the compound CAS number.

We have thus defined two types of class variables in the .h file:

global group list:

This is the list of all groups available in the mixture. We have a series of vectors, all of which have the same size. The indices of these vectors refer to the same group. std::vector<int> myGroups; Contains the id numbers of all groups in the mixture.

VectorInt ownerNB_g; Index of the molecule in the mixture to which the group belongs.

Note that if two groups are really identical (i.e. they belong to the same molecule and are not a specific group for which the parameters may depend on the position: OH, Cquat, CH or CH3) then they are std::vector<int> noOrdre; Order number in the molecule in which they belong so as to be able to distinguish among identical groups

The piece of code that defines these vectors is found in CModelPCSAFTH::property() and an extract is found here: 

local group list :

It is also needed to have a specific count of groups within each molecule. Here, each group is counted specifically, irrespective of whether it is a specific case (OH, Cquat, …) or not. We deal here with matrices (i.e. 2D vectors) because we need two indices, one for the compound and one for the group.

VectorInt nb_grp_i; is the number of groups to be found in molecule i

The maximum number of groups in a given molecule is:

This number is used for dimensioning the following matrices (number of compounds, maximum number of groups in compounds): 

Combrule

The method CModelPCSaftHetero::combrule was also adapted so as to allow calculation of all cross parameters needed. For example, the method

MatrixDbl

CModelPCSaftHetero::getGroupGroupParams(CFluid* const fluid, const CParameter::Type paramType) was created in order to extract group-group binary parameters from the CBank Carnot database.

Subsequently, the combrule methods needed to initialize some Helmholtz functions are also called:

assoc->set_nsitass(nsitass); assoc->combrule_assoc(fluid);

The description of these methods is provided below, in the sections describing the association Helmholtz function.

Mixrules()

Once the mixture composition is known, all variables that depend on temperature and composition must be computed, respectively in 'MixrulesT' and 'Mixrules'.

The differences are in the Mixrules of ModelPCSAFTH vs ModelPCSAFT from where the 𝜁 𝑙 will be calculated and gotten for use in several Helmholtz functions. -------------------------------------------------------//------------------------------------------------------------ 

Fuga()

The computation of the Helmholtz functions are performed in the method 

The classes CModelHelmholtz

In this section, the specificities of the heterosegmented approach are detailed for the different terms

The Dispersive Term

The dispersive term is kept identical as in the homo-version of SAFT. Only minor changes needed to be made in the method CModelDisp::mixrules through the use of the 'isHetero' Boolean. This is shown in figure 

CModelChain_Hetero

As discussed earlier, the chain term is written very differently from the homo SAFT version. A new class was therefore created where equaton 3-20 is implemeted as shown figure 17. 

CEOSProperty*gdelta_iajb=gdelta(i-1,a-1)(j-1, b-1); 

Shared Variables

The technical note by de Hemptinne 193 explains that a number of variables are shared among several classes. The mechanism to be used for sharing is also explained in this note: these variables must be defined as global class variables in the ModelPCSAFTH.h, and specific get and set functions are defined in the Helmholtz functions that use them. [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] ) of calculated Vapor pressures of branched alkanes using the actual GC-PPC-SAFT EoS developed by IFPEN [START_REF] Sofiane | Utilisation Prédictive de l'Equation d'Etat SAFT[END_REF]15 . CH 2 , CH 3 and CH parameters are taken from Tamouza's work [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] while C quaternary from Hoang-Vu 15 5-1: Parameters obtained using same parameters for primary and secondary alcohol. m α is the segment number, σ α the segment diameter, ε α the depth of the potential well, index α denotes the type of segment, 𝜀𝑎𝑠𝑠, 𝛼 𝑖𝑠 the association energy and 𝜅𝑎𝑠𝑠, 𝛼 the association volume. ............................ Table 5-2: Deviations (%AARD as defined in equation 3-33) in vapor pressure obtained using parameters from table 5-1. All Data come from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] 3-33) for diols with primary OHs using 1OH parameters from monoalcohols. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR 12 . ............................ Table 5-10: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation 3-33) of diols with end of chain OHs. Improved results are obtained using the polynomial approximation Equation 5.8. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] 5-11: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation 3-33) of diols with end of chain OH and middle of chain OH. The results are calculated using parameters of monoalcohols Table 5.3 andTable 5.6. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] . . Table 5- 5-13: Calculated vapor pressure and liquid density deviations (%AARD as defined in equation 3-33) of diols with end of chain OH and middle of chain OH. Improved results are obtained using additional parameters: binary neighborhood-correction parameters from Table 5.12. For each compound, 11 points evenly distributed were computed and compared with the pseudo-experimental correlation from DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] 5-16: Deviations (%AARD, as defined in equation 3-33) calculated using parameters from Table 5.6 and Table 5.3 . For isobaric systems, the bubble temperature was computed and compared to experimental temperature (TEMP). For isothermal data, bubble pressure was computed and compared with experimental pressure (PRESS). In all cases, when vapor compositions are available, they are compared with calculated values and indicated as "Y1" for deviations on the first component and "Y2" for deviations on the second component. 5-17: Deviations (%AARD, as defined in equation 3-33) for LLE and VLE of diols and alkane mixtures. X and X' are the two distinct liquid phases while 1 and 2 are the components in the given order of the system. In the % AARD column, we present for LLE the deviations of the diluted component in each liquid phase, and for VLE the deviations on the bubble pressure. ......................... Table 5- 3-33) between experimental and calculated mutual solubilities after correlation (with 𝑘𝛼𝛽from table 5-19). Data are correlations originating from Nguyen T.B. et al. 168 using eleven evenly distributed points between the 273 and 513 K. .......... Table 5-21: Predicted deviations (%AARD, as defined in equation 3-33) between experimental correlations 169 and calculated mutual solubilities (LLE) for water + monoalcohols with 1OH systems. X aq is the "aqueous solubility", and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" represents the solubility of water in the organic phase. ... 3-33) between experimental correlations 169 and calculated mutual solubilities for water + monoalcohols with 1OH systems using binary parameters Table 5-22. X aq is the "aqueous solubility», and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" represents the solubility of water in the organic phase. 3-33) between experimental correlations from this work (table 5-25) and calculated mutual solubilities for water + monoalcohols with nOH systems using eleven points distributed evenly between the given temperature range in table 5-25. X aq is the "aqueous solubility", and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" represents the solubility of water in the organic phase. ... 3-33) between experimental correlations from this work (table 5-25) and calculated mutual solubilities for water + monoalcohols with nOH systems using binary parameters Table 5-27. Eleven points distributed evenly between the given temperature range in table 5-25 were considered for each compound. X aq is the "aqueous solubility", and represents the solubility of organic compound in the aqueous phase while X org is the "organic solubility" represents the solubility of water in the organic phase. ....................................... Table 5-29: Deviations (%AARD as defined in equation 3-33) between calculated and experimental data using binary parameters from Table 5-27. Bubble temperatures were computed and compared to experimental data (TEMP). The corresponding vapor composition was also compared to the data; "Y1" is the deviation for the first component and "Y2" for the second component. ............................ Table 5-30: Predicted deviations (%AARD as defined in equation 3-33) on phase equilibrium calculations for mixtures of diols with two middle of chain OHs or diol with 1OH + nOH and water systems. For the isobaric VLE, bubble temperatures were computed and compared to experimental data (deviations are labelled with "TEMP"). The corresponding vapor composition was also compared to the data: "Y1" is the deviation for the first component and "Y2" for the second component. For LLE data, "X1" is the deviation for the first component (diol in the aqueous phase) and "X'2" is the deviation for the second component (water in the organic phase). ........................... 3-33) obtained using ternary parameters. For isobaric systems, the bubble temperature was computed and compared to experimental temperature (TEMP). For isothermal data, bubble pressure was computed and compared with experimental pressure (PRESS). In all cases, when vapor compositions are available, they are compared with calculated values and indicated as "Y1" for deviations on the first component and "Y2" for deviations on the second component. Le but de cette thèse est de développer un modèle prédictif pour les calculs d'équilibre de phases en présence de molécules multifonctionnelles: c'est-à-dire des composés purs ramifiés avec plusieurs groupes polaires et des mélanges de ces composés avec l'eau et les alcanes. Deux défis sont identifiés:

The new shared variables and their significance are provided in Table Appendix 4-1
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Table 5-9: Calculated deviations (%AARD as defined in equation

(1) Le branchement : un modèle GC-PPC-SAFT hétérosegmenté capable de prendre en compte la connectivité entre segments par rapport à l'homosegmenté disponible à ce jour a été codé dans le serveur IFPEN en collaboration avec l'Université de Stuttgart. Le paramétrage est ensuite basé sur une analyse préalable des données expérimentales afin de prédire correctement la pression de vapeur des alcanes linéaires, des alcanes ramifiés, des alcools linéaires et des diols. Une correction des paramètres en fonction de la distance entre différents groupes fonctionnels s'avère nécessaire. Par ailleurs, une correction du terme chaîne dans l'approche heterosegmentée afin de pouvoir réduire l'approche heterosegmentée à l'approche homosegmentée pour des molécules de segments équivalents est proposée.

(2) La multifonctionnalité: certains isomères contenant deux groupes associatifs se comportent différemment selon leur environnement. Ce phénomène est interprété en remarquant que la distance entre les groupes fonctionnels leur permet de se lier à l'hydrogène au sein de la molécule, désactivant ainsi l'association intermoléculaire. Les paramètres de certains groupes sont ensuite adaptés pour prendre en compte leur position dans la molécule. La correction permet d'étendre la prévisibilité du modèle à des mélanges eau + molécule fonctionnelle ramifiée ou alcane + molécules fonctionnelles ramifiées.

Mots clés : Heterosegmenté, contribution de groupes, SAFT, association, liaisons intramoléculaires, connectivité

Extension of the predictive GC-PPC-SAFT Equation of State to multifunctional molecules

Abstract:

The purpose of this thesis is to develop a predictive model for phase equilibrium calculations of multifunctional molecules: branched pure compounds with several polar groups and mixtures of these compounds with water and alkanes. Two challenges have been identified: (1) Branching: a heterosegmented GC-PPC-SAFT model able to take into account the connectivity between segments as compared to the homosegmented GC-PPC-SAFT available so far has been coded in IFPEN server in collaboration with the University of Stuttgart. It is then parameterized using data analysis so as to fit the vapor pressure of linear alkanes, branched alkanes, linear alcohols and diols. A correction of some parameters that is function of the distance between functional groups was needed. In addition, a correction of the chain term in the heterosegmented approach so as to be able to reduce the heterosegmented approach to the homosegmented one for molecules with equivalent segments is proposed.

(2)

Multifunctional molecules: some isomers containing two associating groups behave differently depending on their surroundings. This phenomenon is interpreted by noticing that the distance between functional groups makes it possible for them to hydrogen-bond within the molecule, thus deactivating the intermolecular association. The parameter of some functional groups is then adapted so as to take into consideration their position in the molecule. The correction makes it possible to extend the model predictability to mixtures of water + branched functional molecule or alkane + branched functional molecules. Keywords: Heterosegmented, Group contribution, SAFT, association, intramolecular bonding, connectivity